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Abstract

Despite advances in diagnostic techniques and cancer care management, cancer continues
to be one of the leading causes of death worldwide. This thesis used two different
approaches to advance cancer treatments: i) In the first approach, we used natural
compounds as promising sources of new agents for controlling cancer proliferation
and metastasis, and ii) second, we developed a mass-throughput technique for exploring
the role and significance of aquaporins in cancer development.

In phase 1A (chapter 2), using computational and experimental biology approaches, we
identified candidate mechanisms of action of a traditional Chinese medicine, Compound
Kushen Injection (CKI), in a breast cancer cell line. CKI disrupts the cell cycle and
induces apoptosis in breast cancer cells; however, the exact mechanism of its single
compounds and their effects on cancer proliferation, migration and invasion remained
unknown. High-performance liquid chromatography (HPLC) fractionation and molecular
biology techniques were used to define chemical fractions required for CKI to induce
apoptosis. Bioinformatic analysis of RNA-seq data revealed correlations between different
compounds and gene expression and phenotype.

In phase 1B (chapter 3), CKI, fractionated mixtures, and isolated components were
tested on migration assays with colon (HT-29, SW-480, DLD-1), brain (U87-MG, U251-
MG), and breast (MDA-MB-231) cancer cell lines. Human embryonic kidney (HEK-293)
and human foreskin fibroblast (HFF) served as non-cancerous controls. Wound closure,
transwell invasion, and live cell imaging showed CKI reduced motility in all eight lines.
Fractionation and reconstitution of CKI study on cancer cell lines demonstrated that
combinations of compounds were required for activity. Live cell imaging confirmed that
whole CKI strongly reduced migration of HT-29 and MDA-MB-231 cells, moderately
slowed brain cancer cells, and had no effect on HEK-293. CKI uniformly blocked
invasiveness through extracellular matrix. Apoptosis was increased by CKI in breast
cancer but not in non-cancerous lines. Cell viability was not affected by CKI in all
cell lines. Transcriptomic analyses of MDA-MB-231 indicated down-regulation of actin
cytoskeletal and focal adhesion genes with CKI, consistent with the observed impairment
of cell migration. As a result, we found the pharmacological complexity of CKI is
important for effective blockade of cancer proliferation, cell migration and invasion.

In phase 2 (chapter 4-5), our aim was to investigate the primary dogma that aquaporins
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(AQP) are only permeable to water and glycerol. Aquaporins are of interest internationally
as therapeutic targets for treatment strategies in diverse classes of cancers, but
understanding of their full range of substrate permeabilities remains incomplete. Our
primarily aim was to discover new classes of aquaporins that serve as dual water and
ion channels and then provide better insights into the novel function of aquaporins, their
mechanism of gating and signaling networks in human-related diseases such cancer. Using
a combination of molecular biology, electrophysiology, and computational biology, we
introduced the first unbiased screening method for ion channel activity across all 13
classes of human aquaporins, addressing a major gap in knowledge. Using known AQP
ion channel, hAQP1, we optimized an assay which, unlike traditional electrophysiology
methods, provides 1- an unbiased high-throughput screen of ion channel functionality of
diverse phyla, 2- screening a large number of intracellular signals that might govern their
activity and function, 3- mass-screening of drugs, and 4- a broad range of mutagenesis
study of AQP ion channels shorter time frame. Strikingly, we found all hAQPs appear to
have cation permeability, though to some different degree. Moreover, we noted that ion
functionality of hAQPs, unlike most of other ion channels, is active from acidic to neutral
pH values ( pH 5.0-7.4).

Finally, following our study in chapter 4, we used a combination of wet and dry lab
approaches to investigate the potential significance of hAQPs in cancer development.
Using transcriptome analysis, we identified an association between AQP mRNA
expression and cancer severity and their translational importance in patient tissue samples.
As a result, we found AQP9, -7, -5 and -3 as the most promising prognostic marker among
other hAQPs in common cancers. This was followed by unrevealing these four AQP ion
permeability modulatory mechanism using our optimised yeast screening.

In summary, this work augmented our understanding of the fundamental properties of
natural compounds for cancer treatment and introduced a novel approach to dissecting
their downstream targets in different hallmarks of cancer. Moreover, we further discovered
a new set of AQP ion channels and revealed their potential prognostic values in cancer.
Outcomes from this dissertation are likely to serve as a strong foundation for the future
basic research and clinical innovation and shed more light on the significance of ion
channels in cancer development and paved the way for developing an AQP-based therapy.
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Chapter 1

Introduction: Overview of aquaporin (AQP) channel
function and classifications

The work of this dissertation is two-fold. First, I have implemented a yeast screening
method through which I explore the selective permeability of ion and water via aquaporin
channels. I have also applied cellular bioassays to complement the screening assays. For
the second part of the dissertation, I have performed transcriptome analysis of several
human cancers to study the prognostic importance of aquaporin channels and disease
severity in incremental stages. This chapter provides an overview of aquaporins as as
dual water and gated ion channels with complex mechanisms of regulation and diverse
repertoires of substrate permeabilities with their translational relevance in the context
of cancer. This chapter is in the format of the manuscript that was submitted to Journal

Name as a review article.
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Overview of aquaporins (AQP) channels: from classifications to regulation and 
function  
 
Nourmohammadi S 1, Ramesh SA 2, Henderson SW 1, Muita BK 3, Yool AJ 1.  
 
1- School of Biomedicine, University of Adelaide, Adelaide, SA 5005, Australia 
2- College of Science and Engineering, Flinders University, Bedford Park, SA 5042, Australia 
3- Department of Molecular and Biomedical Science, School of Biological Sciences, University of Adelaide,     
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1- Aquaporins are multifunctional channels, found across different phyla 
 

1.1 Conserved features of the Aquaporin superfamily  
 
About 50-65% of body mass is water and maintaining water balance is essential for all living 

creatures. The existence of water pores was first proposed in 1896 by Overton who observed 

that hydrophilic solutes showed an inverse relationship between movement across cell 

membrane and their molecular size, suggesting the possibility of lipid and aqueous pore-like 

combination on the cell membrane (1). In 1956-7, Stein and Denielli (3), in parallel with Sidel 

and Solomon (4), further elaborated on the concept of "aqueous pores" with the proposal that  

the movement of water and  other ions could be due to the presence of hydrophilic pores.  

It was not until the mid-1980s when the first aquaporin channel, isolated from calf and rat 

lenses , was sequenced and structurally analyzed by Gorin and colleagues, and named the major 

intrinsic polypeptide (MIP) (5). They speculated that the primary function of MIP in lens might 

be as a gap junction polypeptide.  

In 1986 Benga and colleagues identified a protein proposed to mediate the rapid water 

movement across human red blood cell membranes (6). Agre and colleagues subsequently 

cloned the channel and confirmed water permeability using the Xenopus laevis oocyte 

expression system. This water channel initially known as CHIP28 and later renamed aquaporin-

1 (AQP1)  (7).  With advances in sequencing technology, genome and transcriptome 

sequencing approaches have uncovered a vast array of orthologous channels across diverse 

kingdoms.  

AQPs across phyla show homology in the primary amino acid sequences and the presence of 

two signature sequence motifs: i) asparagine-proline-alanine (NPA) motifs in both loops B and 

E which form the water pores (8); and ii) a major selectivity filter, usually consisting of 

aromatic residues and an arginine (ar/R), at which the molecular selectivity of permeant 
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substrates is controlled (9). AQPs assemble primarily as homotetramers, or occasionally as 

heterotetramers (10-12). Each monomer (~30 kDa) is composed of six bilayer-spanning 𝛼-

helical domains and intracellular amino and carboxyl termini (13). Two folded loops (B and E) 

that meet within the transmembrane region of each monomer create the intrasubunit pore, well 

characterised in the bidirectional, single-file transport of water (14) (Figure 1). The monomer 

is thought to have evolved from an internal gene duplication of a three transmembrane domain 

and inversion of the internal repeat  resulting in the mature protein  (15). These four monomers 

assemble as a right-handed bundle surrounding a central pore which has been shown to have 

ion conductivity in some aquaporins such as AQP1 (16).  

Cytosolic and extracellular loops have  been associated with gating mechanisms,  subcellular 

trafficking , and sites of post-translational modification including glycosylation (17, 18), 

phosphorylation (19, 20) and  pH-sensitivity (21-23).   

     

 

  
 

      
 
Figure 1: Diagram illustrating the structure of AQP1, adapted from Yool and Campbell (2012). A) 

Transmembrane topology of the AQP1 monomer, with six transmembrane domains (labelled 1 to 6) and 5 loops 

labelled A to E. Two folded loops (B and E) that meet within the transmembrane region of each monomer create 

the water pore. N-T = Amino terminus, C-T = Carboxyl terminus. (B) Representation of an archetypal AQP 

homotetramer (hAQP1) from the top view depicting the pathways for water conductivity (blue circles) and ion 

conductivity (red circles). These pathways are predicted to be shared with AtPIP2;1 from plants (24). (C) 

Depiction of the putative pathways for water and ion conductivity in mammalian AQPs 6 (23) and 0 (25). 
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1.2 AQP channel classes across phyla  
 
1.2.1 Comparison of AQPs in vertebrates and invertebrates 
 
Although the structural architecture shared between AQPs from different forms of life is the 

same, there are some unique structural features in the amino, carboxyl-termini and loops, 

suggesting different roles in modulatory and gating of these protein channels (26, 27). 

Traditional classifications of AQPs that have been founded on solute permeability require 

reconsideration as the number of AQP classes found to be permeable to multiple solutes is 

growing (28). 

Based on sequence similarities, 17 aquaporin isoform genes have been classified in vertebrates 

(AQP0-AQP16) with higher mammals express AQP0-12. Based on both sequences and 

functions, AQPs are divided into three categories: classical or orthodox aquaporins (AQP0, 1, 

2, 4, 5, 6 and 14; aquaglyceroporins (AQP3, 7, 9, 10 and 13); and unorthodox or 

superaquaporins  (AQP11 and 12) with about 20% of amino acid sequence homology to others. 

The aqua-ammoniaporin-like (AQP8) is often placed in the classical AQP category (29-33).    

Whole-genome duplication events through vertebrate evolution have added to the diversity of 

AQP classes  (34). For instance, while human AQP3 and 7  isoforms have been speculated to 

be produced by local gene duplication as they are located on the same chromosome, AQP10 

has been lost (30) or turned to a pseudogene in other vertebrates (35). Among all living 

organisms, the most diverse AQP gene families are found in plants and fish with up to 70 and 

at least 40 paralogs in upland cotton and Atlantic salmon respectively (36).    

 
1.2.2 Plants 
 
Planta show the broadest range of aquaporin channel types, divided into seven categories (37, 

38). The classes of plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins 

(TIPs), and nodulin26-like intrinsic proteins (NIPs), have been well studied (39-42). Two other 

groups, the small basic intrinsic proteins (SIPs) (43) and the uncategorized (X) intrinsic 

proteins (XIPs) (44), have been discovered more recently. The last two groups, GLpF-like 

intrinsic proteins (GIPs) and Hybrid intrinsic proteins (HIPs),  are only found in non-vascular 

plants (mosses) (45). NIPs and GIPs are capable of transporting polyols such as glycerol in 

plants, and are thought to have evolved from horizontal gene transfer of bacterial aqpN 
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channels. PIPs, XIPs and SIPs are speculated to be derived from unicellular eukaryotes and 

vertically transferred to plants and green algae. On the other hand, TIPs and HIPs are thought 

to have evolved from ancient ancestors of Embryophyta, which encodes all seven subfamilies 

(45).  

 
1.2.3 Insects  
 
Insect AQPs have been divided into three subfamilies: water selective, glycerol-permeable  and 

cation permeable  (46, 47). However phylogenetic analyses of predicted insect AQPs suggest 

the presence of six major subfamilies; big brain proteins (BIB) permeable to cations; 

Drosophila intrinsic protein (DRIP) which is water-specific; aquaglyceroporin which mediates 

water and glycerol; Pyrocoelia rufa integral proteins (PRIP) which channel water and urea; 

entomoglyceroporin (Eglp) which is glycerol permeable; and unorthodox aquaporin (AQP12L) 

whose function remains to be defined (48). It has been suggested that insect AQPs may play a 

role in anhydrobiosis and cryoprotection while DRIP and PRIP are involved in maintaining 

water hemostasis in high-volume liquid diets (49). While all subfamilies of AQPs express in 

early arthropods, higher insects such as winged insects, lack AQP.  The loss of AQPs in 

advanced insects probably is due to the gain of glycerol and urea permeability by classical 

AQPs called entomoglyceroporin (Eglp) (48). 

 

1.2.4 Prokaryotic and archaea 
 
Prokaryotes (eubacteria, archaea, and fungi) have been assumed to encode one class of each 

AQP (29). However, using a different phylogenetic analysis, Finn and colleagues proposed that 

prokaryotic AQPs can be separated into four groups (AqpZ, AqpN, AqpM, and GlpF) (30).  

While some bacteria such as E.coli express one aquaporin and one  aquaglyceroporin (AQPZ 

and GlpF) other strains encode multiple AQPs  (33). In some cases, especially high temperature 

growing eukaryotes such as thermophilic archaea (Methanothermobacter marburgensis 

aquaporin, MmAqpM), relatively low number of AQPs has been reported, perhaps reflecting 

independent options for water permeation directly through the plasma membrane at high 

temperatures (50).   
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1.2.5 Unicellular eukaryotic and protozoa 
 
Eukaryotes appear to need high numbers of water and solute transporters due to their  more 

complex metabolic activity as compared to ancestral eubacteria and archaea. AQPs occurrence 

in protozoa ranges from no AQPs in Cryptosporidium parvum, to only one AQP in Plasmodium 

falciparum, to four AQP in Trypanosoma cruzi. The number of AQP classes could reflect the 

need  to adapt to environmental stresses such as nutrient shortage or exposure to toxins, in 

addition to basic water transport (51, 52).  

 
1.2.6 Fungal 
 
Fungi consist of both uni- and multicellular organisms that carry genes for both aquaporin and 

aquaglyceroporin. Some fungi only encode one AQP (S. pombe), while others (Trichoderma 

harzianum) express up to eight AQPs (33). Baker’s yeast, Saccharomyces cerevisiae, has two 

AQPs that appear to be involved in spore formation and cell wall hydrophobicity (53), and two 

glycerol permeable AQPs mainly involved in osmoregulation in response to environmental 

stress, during the mating process (54), and in protection from toxic compounds such as 

metalloids (55).   

1.3 Solute permeabilities and regulation 
 
Phylogenetic studies suggest the early gene duplication event that  launched the separation of 

AQP channels into water and glycerol transporters occurred during the evolution of Prokaryota 

(56). In fact, the view that aquaporins are only permeable to water and glycerol has been 

changing due to the growing array of techniques and expanding knowledge of aquaporin 

functions (see Figure 2). A  study combining high-resolution crystallography and molecular 

dynamic simulation suggested hydrogen bond interactions between water molecules and the 

ar/R selectivity filter and the NPA motifs prevented protons or  ions from passing through the 

monomeric pores (57); the arrangement of residues in the ar/R filter has been associated with 

the functional properties of the channels (58-60). For instance, the selectivity filter in human 

classical AQPs displays a narrowed limiting pore size, about 1.5 Angstroms (Å), to that seen 

in AGQPs (Verma et al., 2015), consistent with the exclusion of glycerol from passage through 

the monomeric pores of orthodox AQPs (Ho et al., 2009).  
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Modulation mechanisms of these channels can depend on microenvironmental pH or ion 

concentration, post-translational modifications, and mechanical stress that alter the channel 

conformation and modulate the heights of electrochemical barriers (28, 61, 62).   

Properties of aquaporins are commonly investigated using heterologous expression of the 

channels in  Xenopus oocytes, cell lines, yeast, bacterial cells, or liposomes with purified 

reconstituted aquaporins (62).  Nearly all aquaporins have been shown to be permeable to 

water, while many are emerging as more complex multifunctional channels (Figure 2 and 

Supplementary S1).  

One of the novel substrates for transport by eukaryotic AQPs that is gaining attention is 

hydrogen peroxide (H2O2), which mediates cell signaling and  responses to oxidative stress 

(63). Vertebrate and plant AQPs have been proposed to transport gases such as NH3 (64, 65), 

CO2 (66) and O2 (66), and others,, although their physiological significance has been 

considered controversial.  

The AQP ion conductance capability has been one of the most hotly debated features of these 

channels. Nevertheless, several studies have shown that a subset of these channels are 

permeable to ions (28, 62). The list of additional AQP ion channels is likely to be expanded.
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Figure 2: phylogenetic tree of AQPs across different phyla and summary of their permeability to solutes.  

Phylogenetic tree illustrating the level of sequence similarities across phyla, and a summary of solute 

permeabilities of aquaporins across different phyla. The sequencing alignment and phylogenetic tree was 

generated using MEGA v11 software (see Supplementary S1 for more details). 

 

1.4 Physiological Functions of AQPs  
 

AQPs found in nearly all tissues are involved in the basic functions of most organs. This is 

especially true in the renal system; in human kidneys AQP2 is the main target of action for 

antidiuretic hormone (AVP) (67). AVP drives the recruitment of AQP2 to the plasma 

membrane from subapical intracellular vesicles to increase water permeability in the collecting 

duct. AQP4 is also found in the kidney and is regulated by phosphorylation by phosphokinase 

C to reduce water permeability. In Drosophila melanogaster, the aquaporins Drip and Prip are 
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expressed in the malphigian tubules (functionally analogous to mammalian kidneys); altering 

the expression of AQPs directly affected organ functionality (68). The renal system primarily 

leverages the water channel functionality of AQPs; however, the additional ion channel 

function contributed by renal AQPs such as AQP1 in proximal tubule might also exhibit utility 

in regulating rates of Na+ and water uptake from the urine. 

 In the human brain, AQP1, AQP4, and AQP9 are expressed in in different cell types. AQP1 

in normal conditions is exclusively expressed in the choroid plexuses (69) with a major role  in 

CSF secretion. AQP1 also is atypically expressed in reactive glia in response to brain injury 

(70). AQP4 and AQP9 are both expressed in astrocytes (71). AQP4 is the most extensively 

studied brain AQP and plays a protective role by facilitating perisynaptic fluid clearance after 

intense neuronal stimulation (72, 73). AQP9 is weakly expressed and its function is yet to be 

resolved however it is thought to be involved in energy metabolism (74). Despite knowledge 

gaps regarding the full range of AQP involvement in the nervous system, they are of interest 

as potential targets for therapeutics for conditions such as brain tumours, epilepsy, stroke and 

neuroinflammation (75).   

AQPs in the lungs (AQP1-4) are believed to be important for lung water clearance at birth and 

maintenance of airway liquid composition (76). In the eye, AQP0, AQP1, AQP3, AQP4 and 

AQP5 are believed to be involved in intraocular pressure regulation, lens and corneal 

transparency, and corneal and conjunctival barrier functions (77). In the digestive system, at 

least six aquaporin isoforms, i.e., AQP1, AQP3, AQP4, AQP5, AQP8, and AQP9, have been 

reported to be expressed in the digestive system for fluid transfer in the digestive tract.  

AQPs play pivotal roles in a broad range of fundamental physiological processes; thus, their 

dysfunction due to mutations or impaired regulation is a leading area of research on 

understanding underlying mechanisms for numerous pathophysiological problems (27, 78, 79).  

There is now compelling evidence that aquaporins herald as a new class of attractive targets 

for drug discovery in both non-infectious  and Infectious diseases (80).  

2- Strategies for assessing novel AQP functions  
 
2.1 Overview of mass-throughput screening tools  
 
Assessment of AQP water channel activity using Xenopus laevis oocytes as a heterologous 

expression system was  first demonstrated by Preston and colleagues who observed volume 

changes in response to an osmotic gradient for oocytes expressing AQP1 (7). Swelling of 

oocytes due to aquaporin-mediated water influx is relatively simple to measure using 
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videography; in contrast, oocytes have been more challenging for screening of novel functions 

such as ion conductance, modulation by signaling networks, or defining AQP-selective 

pharmacological tools, given the technical and labour-intensive methods required. Oocytes 

have been used for single-channel patch clamp analyses of AQP ion channel activity, as 

demonstrated by Anthony and colleagues (81). Parallel automated recording arrays for oocyte 

and single cell electrophysiology offer a method for upscaling throughput rates, but the cost 

can be prohibitive. Comparison of common methods to study ion channels summarized in 

Table 1.  

Since ion channels have relevance to a broad range of diseases, identifying agonists and 

antagonists to modulate ion channels also has been a great area of interest to academic and 

industrial researchers, a goal that would benefit from HTS methods (82-84) that incorporate 

good understanding of both the biology of the channels of interest and the theoretical basis of 

methodologies. Assays that mimic natural membrane environments of channels would be 

expected to provide better insight into gating mechanisms and pharmacology. Automated 

electrophysiology, fluorescent probes, and plate readers provide options; nonetheless, caveats 

are that most assays don't combine features of mass-throughput and high sensitivity with a low 

cost.  
Table 1: Comparison of different methods used for ion channel screening.  

Protocol Cost Information 
content 

Ease of 
operation 

High throughput 

Yeast Growth + + +++ +++ 
LFA  + ++ +++ ++ 
Auto EP  +++ +++ + + 
Membrane 
Potential 

++ + ++ + 

Ligand binding + + +++ + 
MDS + ++ ++ +++ 

+++, High; ++, Medium: +, Low. LFA (Liposome Flux Assay), EP (Electrophysiology), MDS (Molecular Dynamics Simulation), 
Table modified from (85). 

 

2.2 Yeast based studies of established ion channels  
 
Over the past two decades, genetic methods and heterologous expression systems such as yeast 

or bacteria have been powerful approaches for the biological investigation of exogenous ion 

channels (86-89). Yeast as a heterologous system to study ion channels was developed by 

Gaber and colleagues (90, 91). In 1992, two plant  channels, AtKAT1 and AtAKT1,  (92, 93)  

were characterised using a yeast  uptake-deficient strain; subsequent characterisation of a 

mammalian ion channel (94)  used the same approach.  
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Yeast and bacteria have developed unique transport systems that harvest or exclude sodium 

(95, 96), allowing adaptive responses to a range of environmental stresses. Deletion of these 

genes creates an impaired phenotype that can be tested for rescue by introduced genes for 

channels or transporters of interest.  For instance, deletion or inactivation of K+ uptake genes 

in S. cerevisiae ∆trk1∆trk2 (93) and E. coli TK2420 (97),  yielded strains that survive only 

when supplemented with high K+ concentrations, unless introduced exogenous genes are able 

to provide a substitute pathway for K+ entry into the yeast cells and complement the genetic 

deficit (98) (see Figure 3 for more details on ion channels express in yeast). This method offers  

an efficient system for probing functions of ion-conducting channels. While there are many 

advantages of using a high-throughput expression system for ion channels and aquaporins, It 

is also important to consider that heterologous expression of genes in yeast or bacteria also has 

several shortcomings (details discussed in chapter 

Figure 3:  A summary of the major contributors to ion channels in Saccharomyces cerevisiae and mutant strains 
lacking K+ , Na+ or water channels used in this thesis. Modified from (87, 99)  

2.3 Computational modelling for novel channel discovery  
 

Computational biophysics take advantage of multidisciplinary fields from physics and 

computer sciences to chemistry and biology to investigate the physical principles underlying 

biomolecular systems. Molecular Dynamics (MD) is a computational tool that uses the 

principal regime of physics to predict the motion of every atom in molecular systems. 
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The journey of Molecular Dynamic (MD) simulation initiated back in 1957 when a group of 

theoretical physicists, Alder and Wainwright, proposed a method in which the atoms interacted 

only through perfect collisions (100). Later in the late 1960s, as computer science became more 

widespread, MD simulations were developed for more biological complex systems and the 

groundwork by Levitt (101) and Warshel (102)  that enabled these simulations were later 

awarded Nobel Prize in Chemistry, 2013. The first atomistic MD simulation of a protein 

containing 58 amino acids was performed in the late 1970s (103).  

Since then, MD simulations have been used to investigate a variety of protein channels 

questions that maybe slow or difficult to be answered by experiments, including 

conformational flexibility and stability, mutational study, drug screening, protein-protein 

interaction, pH, voltage and mechanical simulation and the effect of microenvironmental 

changes on protein channel modulation and gating mechanisms, for more details see (104).  

The impact of MD simulation in membrane biology has expanded exponentially, mainly 

because of two key developments. First, due to recent breakthroughs in crystallography 

(awarded Nobel prizes in 2003 and 2012), and cryo-EM (awarded a Noble prize in 2017), 

numerous high resolution protein channel structures are now available. This has dramatically 

expanded membrane biology studies which relied, for many decades, predominantly on 

experimental functional characterization of these channels (104). Second, the development of 

graphics processing units (GPUs) enabled MD and its software packages to be conducted 

locally at a lower cost than the supercomputers in the past (105, 106). For more details on some 

of the most common software packages that perform MD computations, see (107-109) and 

methodologies, see (110, 111). K. R. Wilson and his group were the first to use MD simulation 

of an ion channel system in early 1980 (112). However, they could not observe conduction 

events directly due to the short timescale.  

Having increased computer power in recent years, attention has moved to fully unbiased 

exploration of ion motion in a broader time scale (113) from microsecond scale (114) to 

millisecond scales (115). In 1998, using experimental structural biology techniques, R. 

MacKinnon and his group provided the first glimpse of an ion channel molecular architecture, 

KcsA, pivotal for structural modelling studies. Because of the fast motion of water and ions 

(109  waters and 108 ions per second), Aquaporins (AQPs) and ion channels have become an 

ideal candidates for in silico studies (116).  

Structures of various states of many (∼50) aquaporins have been determined by X-ray 

diffraction and cryo-electron microscopy, which provide invaluable insights into atomistic 

molecular architecture in aquaporins. However, one major concern with protein structures 
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obtained from these kinds of studies is that they may not represent the physiological structure 

due to the effect of various experimental conditions from low temperature and radiation 

damage (used in Cryo-EM) to reagent and atom staining (used in X-ray) (117, 118).  

Shortcomings of current experimental methods at the 3D modelling study of AQPs in the 

molecular level could be addressed by MD simulation by providing comprehensive progression 

into the physio-chemical mechanisms and time evolution of the AQP gating mechanisms at 

atomic resolution. Solving the structural architecture of AQP1 (57, 119) and bacterial 

aquaglyceroporin (GlpF) (120)  allowed full permeation events analysis of AQPs at atomistic 

real-time MD simulations (121). Since then, MD simulations of aquaporins have been 

providing precious visions into other potential features of AQPs such as selectivity (60), 

kinetics and channel permeabilities (122),  proton exclusion (123), gating mechanisms (61, 

124), conduction of various gas species and signalling molecules (125, 126), mutational study 

(127), post-translational modification (128) and drug screening (129) and even voltage-

dependence of these channels (130, 131) and many more. We will not discuss them all but shall 

rather focus on the future potential role of MD simulation studies for discovering novel 

functions of these channels that have been remained relatively poorly explored compared to 

properties mentioned above. 

The possibility of coupling between water and ion transport by some ion channels (e.g, K+ 

channels, KcsA) (132) and their general structural similarity with AQPs (16) did raise the 

speculation of a possible ancestral evolution of these channels and potential dual water and ion 

channels functionality for aquaporins (28, 133).  

The first AQP, hAQP1, confirmed to be permeable to ions by MD simulation study was 

conducted by Tajkhorshid, Yool and colleagues (134) which suggested a potential contribution 

of MD for the structure-function investigation of the ion transport features of AQPs. With 

hAQP4 simulated electroporation by MD, M. Brandi and colleagues suggested the possibility 

of sodium and chloride transport via its monomeric and central pores (135). More crystal 

structures of AQPs in various states could facilitate utilizing computational techniques to 

simulate the physiological behaviour, particularly the permeation of ions and the possibility of 

coupled water and ion transport, via these channels. However, the challenge in studying ion 

motion is to create even more accurate and realistic MD models that capture ion-ion or ion-

ligands interaction energies. We must consider the possibility of artifacts and misinterpretation 

from MD studies when assigning AQPs as ion channels, but, the impact on the field could be 

profound.  
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There are only a few examples of AQP ion channels, with some remaining speculative (28), 

requiring further validation. Improved computer simulations could broaden our understanding 

of conformational details of all relevant pathways and states in AQP ion channels. Atomistic 

MD simulations have the potential to support future AQP ion channel discovery by improving 

the length of simulation time scales and enhancing realistic physiological assemblies of 

proteins and lipids (136), identifying candidates to be validated experimentally.  

Lipid and protein interactions impact protein functions (137, 138), and modelling these levels 

of complexity would deliver deeper insights into the dynamic function of aquaporins in natural 

environmentsand responses to microenvironmental changes (139, 140). Simulations could 

inform new drug discovery of modulators,  from synthetic (141-143) or natural product 

compounds (144), which could prove useful in slowing AQP-facilititated cancer progression 

and other disease processes. 

Experimental methods in combination with MD simulations represent a synergistic opportunity 

to study AQP ion channels and their physiological roles. As molecular simulations become 

faster,  less expensive and more accessible, we should expect more candidate AQP ion channels 

to be identified.  

 

2.5 Classes of known AQP ion channels   
 
Aquaporins have been thought to function primarily as a water channel and aquaglyceroporins 

are known to transport water, glycerol and small solute across the cell membrane in all 

kingdoms of life (145). To date, mammalian AQPs 0, 1, 6, 8, 9, Drosophila Big Brain (BIB), 

some isoforms of plants PIPs, TIPs and soybean nodulin 26 have been shown to have ion 

channel activity (81, 146-149). More classes are likely to be discovered. AQP1 and AtPIP2;1 

channels are predicted to conduct ions via the central pore of the tetramer while AQP0, 6 and 

BIB is permeable to ions through individual monomer pores (Figure 1 B and C). 

 

2.5.1 AQP0 
 
Gorin and colleagues were the first to clone bovine lens cell membrane major intrinsic protein 

(MIP), later called AQP0, though the protein’s function was unclear (5). Later in 1991, Pisano 

and colleagues isolated the human AQP0 gene and reported on its genomic structure (150). 

Lens-specific AQP0 is the most abundant protein of lens junctions, and has been shown to 

conduct ions when reconstituted in bilayers (146, 151). However, Kushmerick and colleagues 

have reported the lack of ion conductivity of AQP0 when expressed in the Xenopus oocyte 
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expression system (152). In black lipid membranes, the ion channel activity of AQP0 was 

found to be voltage- and pH-sensitive, activated at acidic pH and closed at neutral pH (153). 

Volume regulation is one of the suggested roles for AQP0 in lens, where the accumulation of 

extracellular fluid is reduced by transporting the water into fiber cells in order to reduce light 

scattering by minimizing the extracellular space and maintain optimal transparency (25). AQP0 

dual water and ion function could be involved in the optimization of lens transparency. 

 

2.5.2 AQP1 
 
Mammalian AQP1 ion channel activity has been well investigated in terms of physiological 

significance and structural and functional properties (154). Primarily, AQP1 was recognized 

as a channel that permeates only water; however, Yool and colleagues later revealed that it also 

carries ions through the membrane (133) and that the AQP1 ion channel does transport 

monovalent cations such as Na+ and K+ but not anions or divalent cations Ca2+ and Mg2+ (133). 

In Xenopus oocytes, electrophysiological studies have shown that AQP1 functions as a cyclic 

nucleotide-gated cation channel with a unitary conductance of about 150 picosiemens (pS) 

when activated by cGMP (81, 133, 155). Upon cGMP activation, the cytoplasmic Loop D 

undergoes a conformational change, that leads to the opening of the ion pore (134). Hence, the 

cGMP-induced conformational change is suggested to be the gating mechanisms of the AQP1 

central ion pore (134). The function of AQP1 as a cGMP gated ion channel has been supported 

by subsequent experiments that employed electrophysiological techniques (156-158). The 

structure of AQP1 with the central ion pore in its tetramer structure has been well discussed 

(134). Further, Campbell and colleagues showed that substituting the amino acid alanine into 

the hydrophobic barrier residues allows the transport of a monovalent cation, 

tetraethylammonium, through the ion central pore (159). This further confirms the capability 

of dual water and ion transport by the AQP1 channel.  

 

2.5.3 AQP6 
 
The mechanism of action of a mammalian dual water and anionic channel AQP6 differs from 

many other types of AQP channels. The channel was rather activated than blocked by the 

treatment of mercuric chloride (HgCl2) (148). This was demonstrated in Xenopus oocytes 

where the introduction of up to 300 μmol/l of HgCl2 to AQP6 increased the water conductivity 

five-fold, and the ion conductivity six‐fold (160). Using site-directed mutagenesis, cysteine 

residues, C155 and C190, were identified as the sites of activation of AQP6 by HgCl2 (148, 
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161). Research showed the similar structural and dual ion and water function activity between 

AQP1- and AQP6 in Xenopus laevis oocytes indicating many classes of AQP channels could 

have common functional activities (159). High AQP6 expression was also shown in some 

ovarian cancers (162) but the contribution of AQP6 dual functionality has yet to be fully 

illuminated. Due to its significant activation to exposure to HgCl2, the physiological relevance 

of AQP6 merits further investigation in AQP6-related diseases such as cancer (see chapter 5). 

 

2.5.4 hAQPs permeable to ammonium cation 
 
Using the oocyte expression system, Holm et al. 2005, investigated the permeability of 

mammalian AQP1, -3, -8, -9 and plant TaTIP2;1 to ammonia (NH3) and ammonium (NH4+). 

The inward current carried by ammonium (NH4+) was evident in oocytes expressing AQP3, -

8, -9, and TIP2;1, but not AQP1. Interestingly, a positive association of NH4+ conductance and 

lowering pH was observed at bath pH of 6.5 which was progressively abolished at pH <7.4. As 

a result, they suggested that AQP3, -8, -9 and TIP2;1 could be ammonium permeable (163). 

Their prior work in a yeast strain deficient in ammonia transport suggested the potential 

permeability of hAQP8 and TaTIP2;1 to ammonia and possibly ammonium (164). Comparing 

the diameter of ar/R constriction domain between AQP8, TIP2;1 and AQP1 revealed histidine-

180 is replaced to phenylalanine results in narrower diameter in AQP1 ar/R constriction.  This 

explained why AQP1 showed no permeability to NH4+ (a bulky cation compared to Na+ and 

K+) in the previous study by Holm et al,. 2005. Mutagenesis study of AQP1 suggested ar/R 

constriction filter is playing role for ammonium cation permeability in AQPs (9).  

In our study (see chapter 3 and 4), using both the yeast and oocyte expression systems, we 

showed a possibility of Na+ and K+ permeability of other AQPs which can be stimulated by pH 

and voltage. In agreement with the above studies, we speculated that ar/R region could be one 

of the potential regions that can contribute towards AQP ion permeability in response to pH 

and voltage. The potential K+/Na+ permeability observed for all AQPs in our study could be 

via ar/R conformational changes associated under pH and/or cell membrane 

hyperpolarization/depolarization changes which in turn may lead to either widening the central 

pore (i.e., responsible for AQP1 ion permeability) or ar/R diameter and facilitate the passing 

of cations through the monomeric pores.  
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2.5.5 AQP9  
 
A study by Yuliya and colleagues in 2012, showed AQP9 -/- mouse erythrocyte had significant 

lower cation conductance when compared with wild type mouse erythrocyte. Using whole-cell 

patch-clamp on mouse erythrocyte, they found the cation conductance was induced by 

oxidative stress (165). This result was indeed very interesting for us, as our optimized yeast 

screening model revealed PfAQP as a potential non-selective cation channel (data not shown).  

 

2.5.6 PIP subfamilies 
 
AtPIP2;1 is one of thirteen plasma membrane intrinsic proteins (PIP) in Arabidopsis (41). 

AtPIP2;1 is highly expressed in roots and stomata, which supports a major function of AtPIP2;1 

to maintain water homeostasis during transpiration (166). AtPIP2;1 ion conductivity was first 

demonstrated using two-electrode voltage clamping of Xenopus oocytes that expressed the 

protein (149). The cation conductance, which was mainly attributed to Na+, was sensitive to 

divalent cations, Ca2+ and Cd2+, and low pH with an IC50 of 6.8 (149). A G103W mutation in 

the AtPIP2;1 water pore impaired both the ion permeability and water transport of the channel 

and co‐expression of AtPIP2;1 with AtPIP2;2, which is 93% identical to AtPIP2;1, or 

AtPIP1;2, enhanced water permeability but completely abolished the ion conductivity (149). 

This suggested that ion currents observed in AtPIP2;1-expressing oocytes was not an indirect 

effect of endogenous oocyte channels in response to swelling.  These results together provide 

evidence that AtPIP2;1 is yet another example of dual water and ion conducting aquaporins. 

The AtPIP2;1 ion conductance and modulatory mechanisms yet to be fully explored. One 

possible signalling cascade to be explored is phosphorylation state that has been recently 

suggested by Qiu et al, (167).  

Two other closely related isoforms of the AtPIP2;1 (AtPIP2;2 and HvPIP2;8) displayed cation 

permeability when expressed in Xenopus laevis oocytes (168, 169).  

Compared to AtPIP2;1, the cation conductance of AtPIP2;2 showed less sensitivity for Ca2+. 

Our prior study showed higher sensitivity of AtPIP2;1 compared to AtPIP2;2 cation 

conductance for Ca2+. We further indicated the voltage-dependent block of both channels ion 

conductance by different divalent cations (169). 

A survey of screening of the barley PIP1 and PIP2 subtypes in Xenopus oocytes, Tran and 

colleagues found barley HvPIP2;8 as the only subclass permeable to monovalent cations (168).  

Similar to Arabidopsis thaliana PIPs the ion current was inhibited by divalent cations. 
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However, compared to AtPIP2;1, barely PIP2;8 showed opposite selectivity preference for Na+ 

and K+  (167).  

 

2.5.7 TIPs subfamilies 
 

Some TIP subfamilies serve as  NH4+ when expressed in Xenopus laevis oocytes. AtTIP2;1 and 

wheat homolog TaTIP2;1 displayed inward ion currents when NH4+ was present in the external 

saline (163). It was suggested that NH3-gated NH4+ conductance by initially binding to 

intersubunit pore in which proton associated with NH3 follows as NH4+ form (28). 

 

2.5.8 Drosophila Big Brain 
 
Drosophila BIB protein, a member of the aquaporin channel family, was shown to transport 

monovalent cations but not water, and was shown to be modulated by endogenous tyrosine 

kinase signalling pathways when expressed in Xenopus oocytes. This activation was impaired 

in the presence of insulin and reversibly activated with lavendustin A, a known tyrosine kinase 

inhibitor (47). Divalent cations Ca2+ and Ba2+, were shown to block the BIB channel, and a 

highly conserved glutamate residue in the first transmembrane domain was demonstrated as a 

binding site for divalent cations (170). Unraveling the role of BIB ion channel activity in early 

development of Drosophila neurogenesis would help to gain better insight into the functional 

relevance of ion conductance (171).  

 

2.5.9 Soybean nodulin 26 
 
 Nod26 is the major membrane aquaporin superfamily protein component in root nodules in 

which nitrogen-fixing bacteroids are enclosed. Although only water and glycerol transport of 

nod26 was previously recognised, the selective ion permeability of Nod26 channels was then 

discovered and reported by Weaver and colleagues in 1994. The group showed both cations 

and anions permeate nod26, with anions selectively being weak (147). Phosphorylation at 

position ser-262 in Nod26 by calmodulin-like domain protein kinase amplified the voltage-

dependent gating activity of nod26 (172). Ion transporting ability of nod26 was further 

confirmed by Hwang and colleagues demonstrating the flow of NH3 out of the symbiosome 

(64) indicating the ion conductance activity of the AQP channel 
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Phylogenetic tree (Figure 4) and Clustal alignment (Figure 5) depicting the level similarities 

between known aquaporin ion channel proteins from different phyla versus previously 

uncharacterized hAQP ion channels (AQP3, 5, 7, 9 and 12s). Human aquaporin 0, 1, 3, 5, 6, 7, 

9, 12A and 12B, rat AQP8, Oryza sativa Japonica PIP1;1, Arabidopsis thaliana PIP2;1 and 

PIP2;2, Hordeum vulgare PIP2;8, Triticum aestivum TIP2;1, Glycine max NOD26 and 

Drosophila melanogaster BIB were used for sequencing alignment (accession number 

Supplementary S2). Residues with at least 70% similarity are highlighted.  

In AtPIP2;1 (RDSHVPVL at loop D) which is conserved for some of other PIP2s isoforms 

(highlighted in the alignment as a green box) shown to be a cytosolic pH-sensor for  water 

transport regulation (173).Potential residues for binding of direct cGMP or phosphorylation 

induced ion permeability by PKG pathway in AQP5, 6 and 9 also suggested based on our yeast 

screening work, chapter 3. (red box, loop D). Our results (chapter 5, Figure 7-8) from hAQP3, 

5, 7 and -9  treated with PK stimuli, suggested PKC and G  as a potential modulator of hAQP 

ion functionality.  

Therefore, using NetPhos website (https://services.healthtech.dtu.dk/service.php?NetPhos-

3.1), we predicted PKC phosphorylation/binding site for AQP9; (S11 at N-terminal, and T33 

at domain 1), for AQP3; (T242 at C-terminal) and AQP7 (S10 at N-terminal, and S216 at end 

of domain 5 facing toward loop E and T299 at C-terminal); as potential for future mutagenesis 

study (highlighted as a yellow box). Predicted PKG phosphorylation/binding site for AQP9 

(R164 at loop D, and AQP5 (R153 at loop D); highlighted in red.  
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Figure 4: Phylogenetic tree 

depicting the level similarities 

between known aquaporin ion 

channel proteins from different 

phyla versus previously 

uncharacterized hAQP ion 

channels (AQP3, 5, 7, 9 and 12s). 

 

Phylogenetic analysis and 

sequencing alignment 

depicting the level of 

sequence similarities (+70% 

similarities regions where 

highlighted) of AQP ion 

channels across different 

phyla. Protein sequences 

were compared (some of the 

newly found hAQP ion 

channels, hAQP3, 5, 7, 9 and 

12s included).  The 

evolutionary history was 

inferred using unweighted 

pair group method with arithmetic mean (UPGMA) method in MEGA11. The bootstrap 

consensus tree concluded from 10,000 replicate. The percentage of the associated taxa are 

shown next to the branches. The evolutionary distances were computed using the Poisson 

correction method. The analysis involved 17 amino acid sequences. Estimated 

transmembrane domains, loops are shown under the sequencing alignments. Level of 

conservation of amino acids in the sequences illustrated under the transmembrane and loop 

domains. The C-terminal of BIB AQP containing extra amino acids were eliminated. 

Potential residues involved in AQP ion functionality were highlighted in yellow at loop D, E 

and N- or C-terminus. 
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Figure 5: Clustal 

alignment comparison 

between unknow AQP ion 

channels and some novel 

hAQP ion channels.  

3- AQP 
pharmacology 
 
Aquaporins are 

expressed in diverse 

tissues and cell types 

and  have crucial roles 

in various 

physiological 

processes such as renal 

water absorption (174, 

175), cell motility, 

production of cerebral 

spinal fluid (157, 176, 

177), skin hydration 

(178) and fat 

metabolism (179, 180). 

The functional role of 

aquaporins in 

pathophysiology has 

been widely studied in 

transgenic mice 

lacking these proteins. 

Aquaporins have been 

shown to have a role in 

pathologies such as 

congenital bilateral 

cataracts (181), 

diabetes insipidus 
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(182, 183), oedema (184, 185) and cancers where in their expression may correlate with 

overall survival (75, 143, 186-188).  

 

Numerous pharmacological modulators of aquaporins (AQPs 1,2, 3 and 4) have been identified 

that act on the water transport through the monomeric pores in aquaporins. Some of these 

modulators include tetraethylammonium – TEA+ (189-191), bumetanide and its derivatives  

(192, 193), arylsulfonamide derivatives (142), methylurea compounds (194), inorganic metal 

compounds (195-197) and natural extracts such bacopsides (198).  Modulators such as TEA, 

some bumetanide derivatives (AqB013) and arylsulfonamide derivatives (142) were shown to 

inhibit water channel activity of aquaporins such as AQP1 and AQP4.  

Tetraethylammonium (concentrations ranging from 100 µM to 10 mM) reduces water 

permeability of different aquaporins (AQP1, 2 and 4) expressed in Xenopus oocytes and is 

thought to act by binding to a tyrosine residue on the extracellular side of transmembrane helix 

(189, 199). However, studies by another group in erythrocytes that natively express AQP1, and 

epithelial cells stably transfected with AQP1 failed to confirm TEA+ mediated inhibition at 

concentrations of up to 100 µM (200). Discrepancy in results was attributed to expression in 

oocytes leading to non-specific effects such as block of K+ channels leading to basal volume 

change and/or lower density of protein expression in the plasma membrane rendering the cells 

more sensitive to low affinity inhibitors in the micro or millimolar range. 

Arylsulfonamide derivative acetazolamide at a concentration of 10 µM inhibited water 

transport from oocytes expressing AQP1 (201) and HEK293 cells expressing AQP1 (202). 

However, this compound did not inhibit endogenous AQPs in human cells (203). Several anti-

epileptic drugs and arylsulfonamides were reported to inhibit water transport activity in AQP4 

expressing Xenopus oocytes with IC50 <1 µM (142). Interestingly in follow up studies using 

stopped-flow water permeability assays, Yang et al., (2008) reported a lack of water transport 

inhibition by arylsulfonamide derivatives in APQ4 stably expressed in Fisher rat thyroid 

epithelial (FRT) cells at concentrations up to 100 µM (204). The authors attributed the Xenopus 

oocyte system as probably unsuitable for such characterisation as change in oocyte volume 

(sampled every minute) after exposure to hypotonic solution depended on factors such as 

volume regulatory mechanisms, proteins expressed, unstirred layers and viability.  

Inorganic metals such nickel chloride (hAQP3 in bronchial epithelial cells, 1 mM) (205), 

copper sulphate (hAQP3 in Swan 71 cells, 100 µM) (206), silver nitrate (hAQP3 in 

erythrocytes, 10 µM) (207), mercury chloride (hAQP1 in Xenopus oocytes – 1mM) (208, 209) 

inhibit water channel activity at varying concentrations. AuPhen a gold containing compound 
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inhibits water channel activity of hAQP3 in erythrocytes (50 µM) and hAQP7 in adipocytes 

(15 µM) (210, 211). 

Furosemide, a loop diuretic medication used to treat fluid build-up due to heart failure inhibits 

hAQP1 at 10 µM in Xenopus oocytes while bumetanide used to reduce excess fluid build-up 

or oedema in the body has been shown to inhibit rat AQP4 expressed in Xenopus oocytes at a 

concentration of 100 µM (212). Bumetanide derivative analog AqB013 inhibited rAQP4 and 

hAQP1 when expressed in Xenopus oocytes (IC50 ~20 µM) (192). The efficacy of the block 

was enhanced when a valine (189) residue was mutated to alanine in AQP4 confirming that 

inhibition was specific to the aquaporin. 

Many small molecules such as Phloretin, DFP00173 and Z433927330 have been shown to 

inhibit aquaglyceroporins AQP3, 7 and 9 when the aquaporins were expressed in either 

Xenopus oocytes (213), proteoliposomes (214), CHO cell lines (194) with IC50 ranging from 

~0.2 µM to 1.1 µM. 

In addition, those described above, studies have screened libraries of diverse drugs in primary 

astrocytes, cells expressing AQP4 (215); AQP1-expressing CHO cells (216) and AQP1-

expressing S. cerevisiae cells (217) to identify compounds that modulate AQP water channel 

function. Study by Mola et al., (2009) identified 4 compounds that modulated both AQP4 and 

AQP1 activity with EC50 values ranging from 20 µM to 50 µM (215). Two classes of 

compounds from sulfonamides and dihydrobenzofurans were found to inhibit AQP1 mediated 

water channel activity (216). Freeze-thaw method used by To et al., (2015) for preliminary 

screening followed by validation of the selected compounds by surface plasmon resonance 

analysis and in rat erythrocytes led to identification of 2 compounds that inhibited water 

transport activity with EC50 ranging between 20 µm to 48 µM (217). 

Interestingly in another study conducted by Esteva-Font et al., (2016), small molecule 

modulators of water transport via AQPs reported in various studies (192, 193, 203, 215-217) 

were tested in different cellular systems and compared against HgCl2 (218). None of the 13 

compounds tested (well above reported IC50 values – 50 µM) were observed to significantly 

effect water transport in rat and human erythrocytes, haemoglobin free ghost membranes and 

in haemoglobin release assays when compared to the inhibition observed with HgCl2 (218). 

The study concluded that any apparent small inhibition of water transport observed in their 

study was likely an artifact due to the tested compounds causing erythrocyte crenation and 

aggregation and none of the previously reported small molecule modulators of AQP water 

transport inhibit water channel activity significantly. 
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In summary these findings suggest that studies conducted in different expression systems may 

lead to varied results and are likely to be confounded by either the sensitivity of the assays 

carried out in these systems, or the fact that a subset of the AQPs transport solutes, small 

molecules, and ions in addition to water. These transport capabilities of AQPs might result in 

changed membrane permeability leading to conflicting results in different expression systems 

and assays. 

 

3.2 Limited array of pharmacological agents for AQP ion channels 
 

The discovery that hAQP1 has the capacity to transport both water and cations (81, 133) caused 

a paradigm shift in the functional role of aquaporins and their importance in physiological 

processes.  Since then, a subset of AQPs (human AQPs 0, 1 and 6,  BIB, plant aquaporins 

AtPIP2;1, AtPIP2;2 and Nod26) have been shown to have ion channel activity along with 

facilitating water movement (47, 81, 147, 149, 160, 219). It has been suggested that in hAQP1 

and AtPIP2;1, water moves along the individual monomeric pores (13, 220) while ions move 

through the central pore created by assembly of 4 subunits as tetramers in the plasma membrane 

(16, 134, 149). In BIB, hAQP0 and hAQP6, ion and water permeation are thought to occur 

through the individual monomeric pores (23, 171, 221). Though the initial discovery of ion 

channel function of aquaporins was disputed (154), given the importance of aquaporins in 

various physiological processes and increasing evidence of their roles in diverse 

pathophysiological processes, this concept is gaining acceptance.  

Current research indicates that ion channel activity of aquaporins may play a key role in 

physiological processes in mammals such as cerebrospinal fluid production (222, 223), 

maintaining optimal lens transparency (hAQP0) (25) and possible roles in acid-base regulation 

(hAQP6) (162, 224, 225) and in plants regulating Na+ entry into cells when exposed to salinity 

(AtPIP2;1) (149). The ion channel activity of AQPs has been shown to have important function 

in diseases such as cancer metastasis (hAQP1, hAQP5, hAQP3) (226-228) and brain oedema 

(hAQP4) resulting from gliomas or traumatic injuries (229).  

Despite this emerging evidence, there are very few modulators or inhibitors of AQP ion channel 

activity currently known. Derivatives of Bumetanide AqB007 and AqB011 are inhibitors of 

hAQP1 ion channel activity with an IC50 of 170 µM and 14 µM respectively (230) and have 

no effect on osmotic water permeability. Compound isolated from medicinal plant Bacopa 

monnieri bacopaside I blocked both water (IC50 117 µM) and ion channel activity (IC50 18 µM) 
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in AQP1 expressing colon cancer cell line HT29 and impaired migration (198). Recently, 5-

Hydroxymethyl-2-furfural (5HMF), a natural component of honeys and two structurally related 

compounds 5-nitro-2-furoic acid (5NFA) and 5-acetoxymethyl-2-furaldehyde were shown to 

effectively inhibit AQP1 mediated ion currents in Xenopus oocytes with IC50 ranging from 0.43 

mM to 3 mM (141). All the three compounds impaired cell motility and migration in high 

AQP1 expressing colon cancer cell line (HT29) and breast cancer cell line (MDA) with 

minimal cytotoxicity. Apart from the mentioned compounds, no other inhibitors have been 

identified that effectively block AQP mediated ion channel activity. 

 

3.3 Roles of AQP channels in cancer progression (candidate therapeutic targets) 

 

Cancer remains one of the leading causes of death worldwide, with numbers expected to 

increase unless effective treatments are identified that can limit or cure the disease and improve 

prognosis and survival. Along with other ion channels, AQPs have been implicated in cancer 

cell invasion and metastasis. The expression AQP1 is highly upregulated in gliomas (231), 

glioblastoma (232, 233) carcinomas of  mammary glands (232), colorectal and lungs and even 

in  multiple myeloma (234).  

AQP1 is expressed in brain microvessel endothelium in contrast to normal brain where there 

is little or no expression of AQP1 (235), however the signals that induce change in expression 

are unknown. It has been suggested that AQP1 expression is upregulated in response to hypoxia 

in the tumour cells and facilitates endothelial cell migration and angiogenesis (236), crucial to 

supply of nutrients, energy for growth and excretion of waste (237). AQP1 knockdown in chick 

embryo and AQP1 deficient mice resulted in reduced angiogenesis and tumour growth (238, 

239). Angiogenesis is a key factor in tumour growth stimulated by vascular endothelial growth 

factor (VEGF) in response to hypoxia (240). In endometrial adenocarcinoma, a positive 

correlation was observed between AQP1 expression, VEGF and intratumoral microvascular 

density (241). Knockdown of AQP1 expression combined with VEGF inhibition led to additive 

inhibition of hypoxia induced angiogenesis in human retinal vascular endothelial cells (242). 

However, AQP1 expression wasn’t altered when VEGF neutralising antibodies were applied 

to these lines. Further, in primary breast tumours, there were no differences in the VEGF levels 

between wild type mice and AQP1 null mice (218) suggesting that VEGF maybe regulated 

independently of AQP1 expression. The AQP1 gene expression is induced under hypoxic 

conditions in the tumours by other factors such as hypoxia-inducible factor (HIF-1α) (243) and 
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the AQP1 promoter has a binding site for HIF_1α which drives AQP1 expression in cultured 

human retinal vascular endothelial cells (244). Thus, it is evident that the expression of AQP1 

is upregulated by hypoxia in tumour cells and may lead to endothelial cell migration and 

angiogenesis. Pharmacological agents that impair increased AQP1 expression and activity have 

the potential to impede angiogenesis crucial for tumour cell survival. 

Epithelial-mesenchymal transition (EMT) in which the epithelial cells lose polarity, cell-cell 

adhesion, gain migratory and invasive capabilities and show downregulation of epithelial 

cadherin is a hallmark of cancer (245-249).  The EMT transition in the cells is induced in 

response to signals from tumour-associated stroma and  growth factors such as the epidermal 

growth factor (EGF), hepatocyte derived growth factor (HGF) and transforming growth factor 

beta (TGF-β) (250-253). These factors in turn induce other transcription factors that repress 

transcription of E-cadherin (254, 255). Different AQPs have been implicated in EMT process. 

Expression of AQP3 is upregulated in colorectal, pancreatic, and gastric cancers (256-258) and 

has been shown to aid in increased cell migration and invasion. In gastric cancer, cells with 

high levels of AQP3 expression had higher levels of mesenchymal phenotype markers such as 

vimentin and fibronectin compared to AQP3 deficient cells (228). Conversely in cells with 

higher expression of AQP3, E-cadherin levels were lower. The mechanisms that govern AQP3 

mediated cell migration in pancreatic and colorectal cancer cells are yet unknown. 

 

In lung adenocarcinoma, AQP1 overexpression correlated with increased migration, invasion 

and downregulation of E-cadherin that enables tight adhesions between epithelial cells and 

links to cytoskeleton (259). The role of AQP4 in cell migration and metastases is not yet clear 

as knock down of AQP4 expression in breast cancer cells resulted in increased expression of 

E-cadherin and β-catenin and  knockdown in glioma cells increased expression of connexin-43 

(260, 261). Interestingly, in primary astrocytes the knockdown of AQP4 resulted in down 

regulation of connexin-43 and increased adhesion in glioma cells transfected with wild type 

AQP4 (262, 263). The expression of AQP5 in non-small lung carcinomas is associated with 

increased invasion, and overexpression leads to  reduction in epithelial cell markers such as E-

cadherin, α and γ-catenin and increased expression of EMT markers such as vimentin and 

fibronectin (264). In hepatocellular carcinoma, expression of AQP9 is down regulated and 

increased expression is associated with reduced tumour growth due to cell cycle arrest at G1 

phase and increased apoptosis and  decreased EMT, leading to reduced invasion and metastasis 

(265). Most studies investigating the role of AQPs in disease and pathology compare the 

expression levels in normal vs cancerous tissues and effect of knockdown or mutations in 
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residues affecting key pathways. Emerging evidence suggests that expression levels of 

different AQPs may have unique effects in influencing the progression of different cancers and 

influence various processes and signalling pathways depending on the type of cancer. 

 

Cell motility 

In normal healthy individuals, cell migration is common during development but decreases at 

later stages, but in pathological conditions such as cancers cell migration is activated leading 

to invasion and metastasis. Numerous AQPs are emerging as players that contribute to 

migration and metastasis in numerous cancers. AQPs 1,4, 5 and 9 have been shown to have 

polarised localisation at the leading edges of migrating cells co-localising with numerous ion 

transporters facilitating the exchange of Na+, H+, Cl- and K+ (266-271). Migration of cells is 

complex involving processes such as formation of protrusions (272) into the extracellular 

matrix (ECM), cytoskeleton interactions such as actin polymerisation and depolymerisation 

(273-275) and increased expression of matrix metalloproteinases (MMP9, MMP2) to degrade 

ECM (276-278) to make space for migrating cells and cell adhesion (279). 

 

The AQP permeability to water, solutes and other ions and expression of a subset of these 

proteins (AQP1, 4, 5 and 9) at the leading edges of migrating cells indicates that they are well 

positioned to facilitate changes in shape, size and cell volume enabling migration and invasion 

in cancer cells. At the leading edges of migrating cells, high AQP1 expression enables rapid 

protrusion formation, cytoskeletal modifications, cell volume and shape changes that allow 

tumour cells to migrate and invade rapidly (280, 281).  In melanoma cells (B16F10) and 

mammary gland tumours cells (4T1) AQP1 was observed to increase cell migration and 

lamellipodial width (282) while in melanoma and endothelial cell lines, AQP1 knockdown was 

observed to impede cytoskeleton reorganisation via interaction with Lin-7/β catenin (283). In 

HT20 colon cancer cells knockdown of AQP1 led to re-localisation of actin in migrating cells 

suggesting that AQP1 acts as a scaffolding protein (284). Further, permeability to ions in 

addition to water is suggested to be important for migration in colon cancer cells (230). 

Interestingly, high AQP1 expression has been correlated with low cell migration in 

cholangiocarcinoma while downregulation of expression is associated with mucin production 

and aggressive invasion of cells (285, 286). 

 

Expression of AQP3 increases invasion and metastases in colorectal carcinoma cells via 

modulation of epidermal growth factor (257, 258) and is differentially expressed along with 

29



AQP1 and AQP8 in cervical carcinoma impacting tumour progression in a study conducted in 

Uygur women (287). However, whether the expression of these AQPs impacted cell shape and 

volume regulation and interactions with cytoskeleton remains to be defined. In samples from 

patients with triple negative breast cancer, AQP3 and 5 were observed to be primarily 

expressed in the membrane and cytoplasm of cancer cells and overexpression of these AQPs 

was associated with size, lymph node status and metastasis (288). In a study that analysed the 

tissue microarray from 486 colon cancer patients, AQP1, 3 and 5 were overexpressed and 

expression strongly correlated with metastasis (289). However, these studies did not define 

whether these AQPs were involved in cell shape and volume regulation. 

 

In gliomas, expression of AQP4 is suggested to have a role in cell migration via cell volume 

regulation and interactions with cytoskeleton. The phosphorylation status of AQP has been 

shown to play an important role with protein kinase C mediated phosphorylation (S180) of 

AQP4 protein leading to decreased invasion in glioma cells (290). Interaction of the protein 

syntrophin with the C-terminus of AQP4 is suggested to induce effects on changes in actin 

cytoskeleton (291). Reduced AQP4 expression correlates with change in shape, impaired F-

actin polymerisation and reduced invasion in gliomas and primary astrocytes (260, 262). 

Further, expression of AQP4 facilitated glioma invasion was shown to be dependent on co-

expression of chloride channels (ClC2) and -chloride transporter (KCC1) in invadipodia which 

are formed in migrating cells (290, 292).  Flux of ions through these transporters could provide 

driving force for water efflux leading to cell shape and volume change. 

 

Expression of AQP5 leads to changes in cell volume regulation, formation of protrusions, 

migration and metastasis. Interaction of AQP5 with growth factor receptor (ERK1/2) directly 

or indirectly is suggested to influence cancer cell migration and invasion (293, 294).  In human 

prostate cancer, lung cancer and colon cancer, expression of AQP5 correlates with metastasis 

and invasion (268, 295). Combination of AQP5 activity and other ion channels such as Na+/H+ 

exchanger is suggested to facilitate cell motility and cell volume regulation (296). 

 

Overexpression of AQP8 in colorectal cancer cell lines (CRC SW480 and HT29) decreased 

proliferation, invasion and metastasis and has been suggested to act by inactivating P13K/AKT 

signalling pathways and inhibiting PCDH7 expression (297). In the human oesophageal cancer 

cells (Eca-109), cell migration and AQP8 expression was observed to be induced by epidermal 
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growth factor (EGF) (298). In colorectal cancer tissues analysed from 40 patients, AQP8 was 

observed to have very low expression in contrast to AQP5 (299).  

 

Formation of filipodial protrusions is dependent on water flux mediated by AQP9 in fibroblasts 

and AQP induced actin polymerisation is via the activation of CDC42 pathway and protein 

kinase C mediated phosphorylation (300). In breast cancer, higher expression of AQP9 was 

associated with worst relapse free survival (301). In hepatocellular carcinoma, expression of 

the AQP9 and associated protein levels are downregulated and aid in increased migration and 

invasion (265). Overexpression of AQP9 in hepatoma cell line (SMMC7721) led to inhibition 

of cell proliferation, increased apoptosis and similar results were obtained in subcutaneously 

xenografted liver tumours in nude mice (265). Overexpression of AQP9 in the cell line induced 

increase in protein levels of forkhead box protein, down regulation of proliferating cell nuclear 

antigen and upregulation of caspase-3 expression. In clear cell renal cell carcinoma, enhanced 

expression of AQP9 correlated with increased invasion and poor patient survival (302). 

Thus, different classes of AQPs have important roles in cell migration and invasion and many 

of the AQPs (AQP1, 2, 4, 5) facilitate these processes via changes in cell shape and volume 

and interactions and modulation of actin cytoskeleton. However more research is needed to 

understand whether the role of these AQPs and the processes they modulate, and influence is 

cancer specific. 

ECM degradation and cell adhesion 

The degradation of extracellular matrix is essential for creating space into and through which 

the cancer cells can migrate and invade. The AQPs 1, 3, 4 and 9 have been shown to interact 

with MMPs (2, 9) to induce ECM degradation in cancers such as lung (303, 304), gastric (305), 

prostrate (306) and glioma cells (260). The mechanism underpinning increased migration and 

invasion is suggested to be via increased ERK1/2 signalling and that AQPs are one of the key 

players in regulating the MMP proteases required for degradation of the ECM facilitating 

invasion. 

During cell movement, interactions between the ECM and actin cytoskeleton are critical to 

facilitate anchoring, extension, and detachment to allow for forward progress (307). Cell 

polarity and organisation of the cytoskeleton regulate the generation and positions of focal 

adhesions that induce cell movement (308, 309). Expression of AQPs 1-4 have been shown to 

interact with cell adhesion molecules in migrating cells. Interaction of β-catenin, focal adhesion 

kinase and integrin with AQP1 in mesenchymal cells is suggested to be important for migration 

of normal cells but whether this interaction occurs in cancer cells is yet to be defined (310-
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312). AQP2 facilitated migration is thought to occur via regulating integrin β1 at the focal 

adhesion sites involving a motif (arginine, glycine, aspartate) in the second extracellular loop 

(269). In the absence of AQP2, integrin β1 remains at the focal adhesion sites, slowing down 

migration of cells. In endometrial carcinoma, expression of AQP2 enables annexin-2 mediated 

adhesion, reorganisation of F-actin filaments and estradiol -induced cell migration (313). In 

oesophageal and oral squamous carcinoma, siRNA mediated knockdown of AQP3 correlated 

with decreased phosphorylation of focal adhesion kinase, diminished cell adhesion and cell 

death (314). In glioma cells from patient biopsies, AQP1 and AQP4 were highly expressed 

however in six glioma cell lines studied (D54, D65, STTG1, U87, U251, GBM62), only 3 cell 

lines (D65, U251, GBM62) retained AQP1 expression when cultured (263). Reintroduction of 

either AQPs restored water permeability, however only the presence of AQP1 increased cell 

growth and migration while the AQP4 expression was linked to cell adhesion but not migration 

(263).  

In summary, a subset of AQPs play an important role in ECM degradation and cell adhesion, 

critical components of cell migration and invasion. However, the role of different AQPs seems 

to be cancer specific and the molecular mechanism that determines processes such as ECM 

degradation and cell adhesion is still needs more research.  

 

3.4 Alternative medicines as sources of new AQP blocking agents (Bacopaside, 

5HMF)  
Current cancer treatments mainly target apoptosis and cell proliferation to halt cancer 

progression and treatment regimens involve a combination of chemotherapeutic drugs, surgery 

and radiotherapy. However, in many patients, tumours develop mutations and become resistant 

to the drugs used (315, 316), rendering treatments less effective and impacting overall survival. 

Further nonselective toxicity and undesirable side effects of many of the drugs are a limiting 

factor in cancer treatments. Thus, drugs that are effective and halt progression of tumours via 

chemo sensitisation are urgently needed.  

Natural plant products used in traditional medicine since dawn of time are a valuable repository 

for identifying therapeutic compounds that maybe effective in limiting cell migration, invasion, 

halting proliferation and promoting apoptosis without the associated side effects. Many 

alkaloids such as quercetin, tetrandrine in various cancers have been shown to be effective in 

inducing apoptosis and re-establishing drug sensitivity in tumour cells by reversing efflux of 

drugs from the cells (317-320). Several studies have looked at plant derived products targeting 
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different pathways in addition to apoptosis for treatments of various cancers, however these 

are out of scope for this review. In this review the focus is instead on natural products that are 

known to act on limiting migration and invasion via modulating AQP activity. 

Bacopasides derived from medicinal plant B. monnieri have been shown to selectively alter 

either the water channel activity or water and ion channel activity mediated by AQP1 (198). 

Bacopaside 1 blocks water and ion permeability mediated by AQP1 in colon cancer cells 

(HT29) but not AQP4 while bacopaside II only acts on water permeation through AQP1. The 

degree of inhibition of water and ion transport was dependent on expression levels of AQP1 in 

the cells as there were minimal effects of these compounds on SW480 cells that have very low 

levels of AQP1 expression (see more information in section 3.2). Bacopaside II has been shown 

to reduce endothelial cell migration, tube formation and induced apoptosis in colorectal cell 

lines (198, 226, 321, 322). Combined treatment with bacopasides I and II in triple negative breast 

cancer cell line (MDA-MB-231) with subpar IC50 doses showed a synergistic effect and 

reduced proliferation with minimal cytotoxicity (323). 

Thus, the classes of compounds i.e., bacopasides and 5HMF are new pharmacological 

antagonists of AQP1 activity, with minimal cytotoxicity, effective in impeding cell migration 

and invasion and should be tested further as therapeutic agents in regulating cancer metastasis 

and progression.  

 

 

3.5 Compound Kushing Injection (CKI) therapeutic effects in limiting cancer 

progression 

A mixture, compound Kushen injection (CKI) derived from two medicinal plants Radix 

Sophora flavescentis and Rhizoma smilacis has been used in traditional Chinese medicine to 

treat solid tumours. Treatment of human breast cancer cell line (MCF-7) with CKI (1 and 2 

mg/ml) inhibited cell proliferation and increased apoptosis in a dose dependent manner (324). 

Further, the number of genes differentially expressed between different treatments was 

observed to dose dependent with twice as many genes down regulated in high dose treatment 

compared to treatment with low dose. The treatment with CKI is suggested to supress 

regulatory proteins involved in the cell cycle and DNA repair pathway while increasing the 

expression of genes important for DNA double strand breaks (325). The treatment with CKI 

also induced reduced glucose consumption and increased energy charge measured as 

ADP/ATP ratio suggesting that pathways for energy production were impaired. 
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In another study, effect of CKI, fractionated mixtures and isolated components were studied in 

colon (HT-29, SW480), brain (U87-MG, U251-MG) and breast (MDA-MB 231) cancer cell 

lines (326). This study revealed that combinations of fractionated mixture were more effective 

than single fractions or isolated compounds (matrine and oxymatrine) in reducing cell motility 

in all cell lines but the degree of inhibition of migration was dependent on the cancer cell line. 

A strong inhibition of migration was observed in HT29 and MDA-MB-231 cells while a 

smaller reduction was observed in brain cancer cell lines but had no effect on non-cancerous 

HEK293 cell line (326). Increased apoptosis was evident in breast cancer cell line in 

comparison to other cell lines. Transcriptomic analysis (RNASeq) of breast cancer cell line 

showed down regulation of genes relating to actin and focal adhesion supporting impaired 

migration in cells treated with CKI.  These studies suggest that multiple bioactive compounds 

present in the mixtures derived from plants and may act on different pathways to limit cancer 

progression.  

Numerous natural plant products that contain alkaloids, flavonoids, terpenoids, polyphenols , 

quinones, saponins and epigallocatechin gallate have been used in traditional medicine as 

treatments for brain cancer or glioblastoma (75). Most of these products have been reported to 

act on apoptosis, cell cycle, matrix metalloproteases, cytoskeleton and signalling pathways 

such as ERK, AKT/mTOR and JAK/STAT3 (see Table 2 and references within) (75). In GBM, 

the expression of AQPs 1 and 4 are highly upregulated and levels correlate with poor overall 

survival. However, current treatments for GBM don’t focus on the AQPs as potential targets 

to limit cell migration and invasion.  

In summary, as many AQPs such as 1, 4 are highly expressed in diverse cancer cells especially 

at the leading edges of migrating cells, involved in protrusion formation, ECM degradation and 

inducing changes in cytoskeleton, it is imperative that future research identifies products that 

can act on these AQPs to limit cell migration and invasion. Carcinogenesis is a complex process 

involving multiple pathways, genes and transport proteins; thus, it is essential that new 

treatment protocols focus on more than a single target to achieve successful outcomes. 
 

4- Summary and significance  
 
Aquaporins are found in all kingdoms of life and are involved in multiple cellular functions, as 

such their study and characterization has led to elucidation of previously unresolved processes. 

Despite the ubiquity and importance of aquaporins there is limited knowledge about them, 

however, there is growing interest in clarifying their function and linkage to different 
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pathophysiological states. Understanding the multifunctional roles of aquaporins opens the 

door to new application in physiological and pathological processes across all forms of life. 

To date aquaporins have been implicated in a range of physiological conditions. For instance, 

in cancer, aquaporins are involved in the growth, invasion, migration and angiogenesis of 

cancer cells facilitating cancer progression. They are believed to be involved in tissue 

inflammation an edema. Aquaporins are also thought to be involved in the mode of action of 

toxins produced by Bacillus thurigiensis bacteria known as Bt toxins. Their involvement in 

abnormal physiological conditions has also made them a target for pharmacological treatments. 

Pharmacological blockers of aquaporins are being investigated as tools for cancer treatment to 

slow cancer progression in reproductive cancer and other cancer that are being discovered to 

be AQP related. Although promising further study to investigate pharmacological agents and 

their effect on cancer progression and growth is needed.  

Characterization of AQP function is important however it has proven to be complicated. Recent 

identification of AQPs as gated channels, requiring phosphorylation or glycosylation 

activation, suggests they may have dual functions in different cells or require specific 

conditions. Human AQP1 has been shown to be a cGMP-gated cation channel and may have a 

physiologically relevant function. The redundancy of having dedicated ion channels and 

aquaporins with ion channel function is a matter of speculation however the exploration of 

pharmacological agents for ion channels may enable the development of therapies 
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6- Supplementary tables 
Supplementary S1:  Functional properties of aquaporins (AQPs) across different phyla.  

Vertebrate aquaporins 
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AQP3 + +  +   +      +    

AQP4 +  +              

AQP5 +  +              

AQP6 + + + + +    +        

AQP7 + +  + +  +        +  

AQP8 + +  + + +           

AQP9 + + + + +  +      + + + + 

AQP10 + +  +   +        +  

AQP11 + ±               

AQP12s +                

AQP13 + +  +             

AQP14 + +  + + +           

AQP15 +                

AQP16 +                

 

Plant aquaporins 
 H2O H2O2 CO2 Urea NH3 Gly As Sb Si Ions NO LA Se O2 metalloids Silicic 

acid 
formamide Boric 

acid 
PIPs + + +       +         

TIPs + + + + + +             

NIPs +    + + +         + + + 
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Microbial aquaporins 
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Invertebrate (insects) & Protozoa aquaporins 
 H2O H2O2 CO2 Urea NH3 Gly As Sb Si Ions NO LA Se O2 Polyols Purines trehalose 

PfAQP + +  + + +            

Drip +                 

Prip +   +              

EGLPs + +             +  + 

BIB          +        

                  
 
Supplementary S1 References: (38, 47, 50, 63, 327-338) 
 
 
Supplementary S2. Amino acid sequences details 
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Protein name Accession number  
hMIP NP_036196.1 
hAQP1 NP_932766.1 
hAQP3 NP_004916.1 
hAQP5 NP_001642.1 
hAQP6 NP_001643.2 
hAQP7 NP_001161.1 
hAQP9 NP_066190.2 
hAQP12A NP_945349.1 
hAQP12B NP_001095937.1 
rAQP8 NM_019158.2 
DmBIB NM_057489 
AtPIP2;1 NM_115202 
AtPIP2;2 NP_181254.1 
OsPIP1;1 NM_001401917.1 
HvPIP2;8 AB808658.1 
TaTIP2;1 AAS19468.1 
GmNod26 AAA02946.1 

 

55



Chapter 2

Fractional deletion of Compound Kushen Injection, a
natural compound mixture, indicates cytokine signaling
pathways are critical for its perturbation of the cell cycle

CKI is a mixture of compounds containing several major and minor components.
Accumulating evidence suggests that CKI has anti-cancer activity. However, the exact
molecular mechanism by which each or a group of single compounds exerts its anti-cancer
activity remains poorly understood. The work for this chapter addressed this question
by using analytical chemistry coupled with cellular and molecular assays. Results here
indicate that the experimental approach for this work has enabled the association of
specific compounds with alterations in specific pathway gene expression. This novel
approach of depleting components from a mixture and observing the effects using both
phenotypic and gene expression studies is likely to be a powerful tool for future research on
the mechanism of action of complex mixtures of compounds. This chapter is published in
Scientific Reports. Specific Aim1: To fractionate and reconstitute CKI in order to examine
the functions and interactions of reconstituted compounds in MDA-MB-231 breast cancer
cell line. Specific Aim2: To determine how specific compounds are responsible for specific
aspects of CKI’s effects on cancer cell gene expression in order to identify genes/pathways
that are associated with specific fractions/components of CKI.
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fractional Deletion of compound 
Kushen injection indicates cytokine 
Signaling pathways are critical for 
its perturbation of the cell cycle
t. n. Aung  1, S. nourmohammadi2, Z. Qu1, Y. Harata-Lee1, J. cui1, H. Y. Shen1, A. J. Yool  2, 
t. pukala  3, Hong Du4, R. D. Kortschak1, W. Wei5 & D. L. Adelson  1

We used computational and experimental biology approaches to identify candidate mechanisms of 
action of atraditional chinese Medicine, compound Kushen injection (cKi), in a breast cancer cell 
line (MDA-MB-231). Because CKI is a complex mixture of plant secondary metabolites, we used a 
high-performance liquid chromatography (HPLC) fractionation and reconstitution approach to define 
chemical fractions required for cKi to induce apoptosis. the initial fractionation separated major 
from minor compounds, and it showed that major compounds accounted for little of the activity of 
CKI. Furthermore, removal of no single major compound altered the effect of CKI on cell viability 
and apoptosis. However, simultaneous removal of two major compounds identified oxymatrine and 
oxysophocarpine as critical with respect to cKi activity. transcriptome analysis was used to correlate 
compound removal with gene expression and phenotype data. Many compounds in cKi are required to 
trigger apoptosis but significant modulation of its activity is conferred by a small number of compounds. 
in conclusion, cKi may be typical of many plant based extracts that contain many compounds in that 
no single compound is responsible for all of the bioactivity of the mixture and that many compounds 
interact in a complex fashion to influence a network containing many targets.

Natural compounds are chemically diverse and have long served as resources for the identification of drugs1. 
However, the standard approach of fractionating natural product extracts to identify a single compound’s biolog-
ical activity can fail because the original activity of the mixture is not present in single compounds after fraction-
ation. This failure to identify single compounds implies that some natural product mixtures derive their activity 
from the interaction of several bioactive compounds within the mixture. Characterising the mode of action of 
natural product mixtures has remained a difficult task as the combinatorial complexity of such mixtures makes it 
unfeasible to screen all combinations of the compounds in the mixture.

We introduce here a “subtractive fractionation approach” using high performance liquid chromatography 
(HPLC) that can pinpoint significant interacting compounds within a mixture when coupled with a suitable 
bioassay. We combined this approach with RNA sequencing (RNAseq) characterisation of our bioassay, corre-
lating the removal of interacting compounds with concomitant alterations in gene expression. This combination 
allowed us to identify specific combinations of compounds associated with specific pathways and regulatory 
interactions. In this report, we have applied this approach for the first time to a particular Traditional Chinese 
Medicine formulation: CKI, which is used to treat approximately 30,000 cancer patients/day in China in conjunc-
tion with Western chemotherapy.

CKI is composed primarily of alkaloids and flavonoids extracted from two herbal medicinal plants: Kushen 
(Sophora flavescens) and Baituling (Heterosmilax chinensis). Twenty-one chromatographic peaks have been 
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identified from CKI with eight compounds being recognised as major components on the basis of their abun-
dance2. The extract containing the most abundant compounds in CKI is derived from Kushen herb which has 
a long history in the treatment of patients suffering immune function disorders3,4. The main component of 
CKI, macrozamin, is a derivative of baituling which has been a suggested therapeutic agent for the treatment of 
inflammatory disease5. Gao and colleagues showed that treatment with each of four of the main compounds of 
CKI (oxymatrine, matrine, sophoridine and N-methylcytisine) at 4 mg/ml significantly decreased cell viability6. 
However, these concentrations are relatively high when compared to the contributing concentration of these four 
main compounds in CKI2. The two main components of CKI, matrine and oxymatrine, may have significant 
anti-cancer activities in various types of solid tumors including breast cancer, non-small cell lung cancer, cervical 
cancer, prostate cancer, synovial sarcoma, and hepatocellular carcinoma7–13. In contrast, the toxicity of medici-
nal herbs containing matrine and oxymatrine as main components has also been reported14. Administration of 
matrine 150 mg/kg and oxymatrine 360 mg/kg significantly increased cytochrome P450 family protein CYPB1/2 
in rats demonstrating a potential therapeutic drawback of these two compounds15. Overall, understanding the 
effects of CKI based on the effects of single compounds present in CKI has been at best partially successful.

Alternatively, by removing one, two or three compounds, we have been able to map the effects of these 
compounds and their interactions to effects on specific pathways based on altered gene expression profiles in 
a cell-based assay. This has illuminated the roles of several major compounds of CKI, which on their own have 
little or no activity in our bioassay. This approach can be used to dissect the roles and interactions of individual 
compounds from complex natural compound mixtures whose biological activity cannot be attributed to single 
purified compounds.

Results
Subtractive fractionation overview. Well-resolved chromatographic separation of CKI was used to collect all 
of the major components of CKI as individual fractions (Fig. 1). We then reconstituted all of the separated fractions 
except for those we wished to subtract. We tested the reconstituted combination of compounds/peaks to see if removal 
of a single (CKI-1) or multiple compounds, (CKI-2 or CKI-3), or removal of all major peaks (minor, MN) or depletion 
of all minor peaks (major, MJ) significantly altered the effect of CKI in our cell based assays. Our cell based assays16 
measured MDA-MB-231 (human breast adenocarcinoma) cell viability, cell-cycle phase and cell apoptosis. A sum-
mary of the subtractive fractions used in the cell-based assays is shown in Table 1. We then carried out RNA isolation 
of cells treated with CKI, individual compounds or CKI deletions for RNAseq. Differentially expressed (DE) genes in 
these samples allowed the association of specific compounds with cell phenotype and underlying alterations in gene 
regulation. By comparing DE genes across treatment combinations, we identified specific candidate pathways that were 
altered by removal of single or multiple compounds, as detailed below.

Figure 1. Fractionation of CKI. Diagram illustrating the process of subtractive fractionation, reconstitution, 
and screening of fractionated compounds using three cell-based assays.
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HPLC fractions and content identification using LC-MS/MS. HPLC fractionation and reconstitution 
was used to generate a number of CKI-1, CKI-2, CKI-3, MJ and MN mixtures, (Fig. 1 and Supplementary Fig. 1) 
with specific combinations and their components shown in Table 1. The concentrations of known compounds 
in CKI and reconstituted subtractive fractions were determined from standard curves (Supplementary Data 1) 
for nine available reference compounds, using cytisine as an internal standard (Table 2). The combined concen-
tration of nine reference compounds from CKI was approximately 10.8 mg/ml, whereas subtractive fractions 
CKI-OmtOspc and CKI-MacOmtOspc had concentrations of reference compounds of 3.8 mg/ml and 2.1 mg/ml 
which were equivalent to the concentrations of these compounds in unfractionated CKI. The depleted OmtOspc 
and MacOmtOspc were not observed in the CKI-OmtOspc and CKI-MacOmtOspc respectively. Based on the 
concentrations of nine measurable major compounds from CKI, CKI-OmtOspc and CKI-MacOmtOspc (Table 2), 
the observed final concentration of nine reference compounds in 1/13.25 dilution of CKI, CKI-OmtOspc and 
CKI-MacOmtOspc that cells were exposed to was 0.82 mg/ml, 0.29 mg/ml and 0.16 mg/ml respectively. These 
collectively suggested any effects observed after the treatments of CKI-OmtOspc and CKI-MacOmtOspc were 
not influenced by the concentrations. A total of 9 (CKI-1), 4 (CKI-3) and 9 (CKI-2) combinations, along with MJ 
and MN deletions were tested in our cell-based assays (Table 1).

HPLC Fractionation Treatments
Proliferation Assay 
(MDA-MB-213)

Cell-Cycle Assay 
(MDA-MB-213)

Apoptosis Assay in Three Cell Lines

MDA-MB-231 HEK-293 HFF

9 known + small unknown Original CKI *** **** ** **

9 known major compounds MJ

Small unknown minor compounds MN ***

CKI-1

CKI-Mac

CKI-Ade

CKI-Tri

CKI-Nme

CKI-Spr

CKI-Mt

CKI-Omt

CKI-Ospc

CKI-Spc

CKI-3

CKI-MacAdeTri

CKI-MtNmeSpr

CKI-OmtOspcSpc

CKI-MacOmtOspc * **** **** **** *

CKI-2

CKI-MacAde

CKI-MacTri

CKI-AdeTri

CKI-MtNme

CKI-MtSpr

CKI-NmeSpr

CKI-OmtOspc * **** **** **** **

CKI-OmtSpc

CKI-OspcSpc

3 compounds

MacAdeTri

MtNmeSpr

OmtOspcSpc

MacOmtOspc

2 compounds

MacAde

MacTri

AdeTri

MtNme

MtSpr

NmeSpr

OmtOspc

OmtSpc

OspcSpc

Table 1. Summarised results of HPLC fractionation and treatments using three cell-based assays at 48-hour 
from Figs 2 and 3 and Supplementary Fig. 2. Statistically significant results of CKI treatment were calculated 
based on comparison against UT whereas those of other treatments were calculated based on comparison 
against corresponding CKI treatments. Statistically significant results were represented as (*)P < 0.05 or (**)
P < 0.01 or (***)P < 0.001 or (****)P < 0.0001.
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Figure 2. XTT cell viability assay and cell-cycle assay of subtractive fractions at 24- and 48-hour timepoint 
treatments in MDA-MB-231 cells treated with 2 mg/ml of CKI and 2 mg/ml equivalent concentrations of all other 
treating agents. (a) Suppression of cell viability from the following fractions: UT (untreated), MJ, MN, MJ + MN 
(combination of MJ and MN) and Syn_CKI (synthetic CKI generated using nine major compounds). (b) 
Effect of 9 (CKI-1) subtractive fractions compared to CKI. (c) Effect of CKI-OmtOspc subtractive fraction and 
OmtOspc compared to CKI. (d) Effect of CKI-MacOmtOspc subtractive fraction and MacOmtOspc, compared 
to CKI. Statistically significant results relative to CKI treatment shown as (*)P < 0.05 or ns (not significant), all 
data were shown as mean ± SD. (e) Effect of 9 (CKI-1) subtractive fractions on cell-cycle in MDA-MB-231 cells 
as determined by PI staining assay. (f) Effect of CKI-OmtOspc subtractive fraction and OmtOspc on cell-cycle in 
MDA-MB-231 cells as determined by PI staining assay. (g) Effect of CKI-MacOmtOspc subtractive fraction and 
MOO on cell-cycle in MDA-MB-231 cells as determined by PI staining assay. (h) The representative histograms 
of cell-cycle analysis by the treatments as compared to UT. Statistically significant results shown as (*)P < 0.05 or 
(**)P < 0.01 or (***)P < 0.001 or (****)P < 0.0001. All data were shown as mean ± SD.
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phenotypic changes associated with compound deletion. Fractionation and full reconstitution of 
WRCKI-H (reconstitution using milliQ H2O buffered with 10 mM HEPES) or WRCKI-B (reconstitution using 
buffer/vehicle control) caused no changes in cell viability compared to original CKI (see methods) at either 24- 
or 48-hour in MDA-MB-231 cells (Supplementary Fig. 2a). As a result, original CKI was used as a basis for 
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Figure 3. Apoptosis and cytotoxicity assays of subtractive fractions at 24- and 48-hour time point treatments. 
Apoptotic effect of CKI-OmtOspc, CKI-MacOmtOspc subtractive fractions, OmtOspc and MacOmtOspc in (a) 
MDA-MB-231 cells, (b) HEK-293 cells, and (c) HFF cells as determined by AnnexinV/PI assay. (d) Cytotoxic 
effect of CKI, CKI-OmtOspc and CKI-MacOmtOspc subtractive fractions was determined using Alamar Blue 
cytotoxicity assay. All treatments were compared against UT. (e) Representative plots of Annexin V and PI 
staining in MDA-MB-231. Statistically significant results shown as (*)P < 0.05 or (**)P < 0.01 or (***)P < 0.001 
or (****)P < 0.0001; ns (not significant). All data were shown as mean ± SD.

62



6Scientific RepoRtS |         (2019) 9:14200  | https://doi.org/10.1038/s41598-019-50271-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

comparison for further fractionation experiments. Our results in Supplementary Fig. 2a showed that several 
cycles of lyophilisation yielded WRCKI mixtures that were indistinguishable from CKI in our bioassay, indicat-
ing the complete elimination of the solvents used in HPLC fractionation process. Both CKI and reconstituted 
WRCKI caused significantly reduced viability compared to untreated (UT) cells at 48-hour after treatment. The 
MJ subtractive fraction contained a total of nine compounds, including eight previously identified MJ peaks2 and 
adenine, and the MN fraction contained the remaining peaks (Supplementary Fig. 1). MJ had no effect on cell 
viability, while MN reduced cell viability to the same extent as CKI compared to UT (Fig. 2a). The nine major 
compounds were individually depleted from CKI and tested as 9 (CKI-1) subtractive fractions, with no signifi-
cant alterations in cell viability compared to CKI (Fig. 2b). We then assessed the interaction effects of single MJ 
compounds by adding them back to the MN subtractive fraction. No change in cell viability compared to MN 
was observed (Supplementary Fig. 2b). Sets of three compounds from the nine major/standard compounds of 
CKI were depleted to generate 3 (CKI-3) subtractive fractions. The nine reference compounds were allocated into 
three groups, one of which contained structurally similar compounds (Omt, Ospc, Spc) and two other groups 
([Mac, Ade, Tri] and [Nme, Mt, Spr]) that contained structurally different compounds. Of these three groups, only 
CKI-OmtOspcSpc decreased cell viability (albeit not statistically significantly) compared to CKI after 48 hours 
(Supplementary Fig. 2c), and none of the sets of three compounds on their own had any effect on cell viability 
(Supplementary Fig. 2c–e). In order to follow up the suggestion of decreased cell viability from CKI-OmtOspcSpc 
depletion, we then generated 9 (CKI-2) subtractive fractions based on the CKI-3 subtractive fractions (Table 1). 
Out of 9 (CKI-2) subtractive fractions (Supplementary Fig. 2), only CKI-OmtOspc significantly decreased cell 
viability compared to CKI (P < 0.05) (Fig. 2c). We then depleted macrozamin, the only major compound derived 
from Baituling, together with OmtOspc as CKI-3 (CKI-MacOmtOspc) in order to determine if there was an 
additional effect when compared to CKI-OmtOspc. CKI-OmtOspc and CKI-MacOmtOspc both decreased cell 
viability to the same extent (Fig. 2c,d).

While no change in cell viability was found across all CKI-1 treatments, cell-cycle assay was performed to 
identify more subtle differences. There was no statistically significant difference in phases of the cell-cycle of 
MDA-MB-231 cells for many of the CKI-1 treatments compared to CKI except for a statistically significant 
change in G1 phase by CKI-Omt after 48 hours (Fig. 2e). On the other hand, CKI-OmtOspc treatment signif-
icantly altered the cell-cycle for MDA-MB-231 cells and induced significantly higher apoptosis from 0.25 mg/
ml through 2 mg/ml treatments as compared to CKI at both timepoints (Fig. 2f and Supplementary Fig. 3). 
CKI-MacOmtOspc treatment also significantly altered the cell-cycle at both timepoints with generally similar 
effects to CKI-OmtOspc (Fig. 2g,h).

Mixtures Compounds Regression
Coefficient of 
Determination

Concentration 
(mg/ml) (n = 2)

CKI

Macrozamin y = 6E-05x + 6E-05 0.996 1.1 ± 0.03

Adenine y = 0.021x + 0.0074 0.994 0.09 ± 0.09

N-methylcytisine y = 0.0937x + 0.042 0.9895 0.17 ± 0.02

Sophoridine y = 0.1443x + 0.2679 0.987 0.4 ± 0.08

Matrine y = 0.0132x + 0.7512 0.993 1.26 ± 0.06

Sophocarpine y = 0.0343x + 0.3974 0.994 0.54 ± 0.02

Oxysophocarpine y = 0.0371x − 0.0108 0.999 1.1 ± 0.1

Oxymatrine y = 0.0132x + 0.6226 0.992 6.1 ± 0.09

Trifolirhizin y = 0.0026x − 0.0002 0.990 0.08 ± 0.002

Total 10.8

CKI-OmtOspc

Macrozamin y = 6E-05x + 6E-05 0.996 1.1 ± 0.04

Adenine y = 0.021x + 0.0074 0.994 0.3 ± 0.5

N-methylcytisine y = 0.0937x + 0.042 0.9895 0.03 ± 0.03

Sophoridine y = 0.1443x + 0.2679 0.987 0.3 ± 0.07

Matrine y = 0.0132x + 0.7512 0.993 1.7 ± 0.1

Sophocarpine y = 0.0343x + 0.3974 0.994 0.3 ± 0.01

Trifolirhizin y = 0.0026x–0.0002 0.990 0.07 ± 0.01

Total 3.8

CKI-MacOmtOspc

Adenine y = 0.021x + 0.0074 0.994 0.06 ± 0.09

N-methylcytisine y = 0.0937x + 0.042 0.9895 0.02 ± 0.01

Sophoridine y = 0.1443x + 0.2679 0.987 0.04 ± 0.02

Matrine y = 0.0132x + 0.7512 0.993 1.7 ± 0.06

Sophocarpine y = 0.0343x + 0.3974 0.994 0.2 ± 0.02

Trifolirhizin y = 0.0026x–0.0002 0.990 0.08 ± 0.003

Total 2.1

Table 2. Concentration of nine major compounds in CKI (Batch No: 20170322), remaining major compounds 
in CKI-OmtOspc, and remaining major compounds in CKI-MacOmtOspc. *Total alkaloid content in 
CKI = 26.5 mg/ml based on manufacturer’s assay.
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Annexin V/PI apoptosis assays were performed using subtractive fractions on MDA-MB-231, HEK-293 
(human embryonic kidney cells) and HFF (primary human foreskin fibroblasts) cell lines. While CKI at 2 mg/
ml caused increased apoptosis in MDA-MB-231 cells at both 24- and 48-hour after treatment, CKI-OmtOspc 
and CKI-MacOmtOspc subtractive fractions at concentrations equivalent to CKI 2 mg/ml significantly increased 
the percentage of apoptotic cells at 24-hour with increasing apoptosis at the 48-hour timepoint, indicating 
that CKI-OmtOspc and CKI-MacOmtOspc significantly enhanced apoptosis compared to CKI (Fig. 3a,e and 
Supplementary Fig. 4a). Although CKI did not generally cause apoptosis in HEK-293 or HFF cells, CKI-OmtOspc 
and CKI-MacOmtOspc subtractive fractions significantly induced apoptosis in HEK-293 cells (***P < 0.001) at 
24-hour and 48-hour (****P < 0.0001) and in HFF cells (*P < 0.05 and **P < 0.01) at 24-hour and at 48-hour 
(**P < 0.01 and *P < 0.05). CKI only induced apoptosis of HEK-293 at 48-hour (**P < 0.01) and showed no 
significant apoptotic induction in HFF (Fig. 3b,c and Supplementary Fig. 4b,c). These results indicated that the 
CKI-OmtOspc and CKI-MacOmtOspc subtractive fractions induced apoptosis not only in cancerous cells but 
also in non-cancerous cell lines. In contrast, no significant apoptosis was triggered by CKI on HFF cells. A small 
but significant apoptotic induction was observed for HEK-293 cells.

Because of the significantly decreased viability accompanied by increased apoptosis triggered by subtrac-
tive fractions, cytotoxicity tests were carried out for all three cell lines using CKI (2 mg/ml) and CKI-OmtOspc 
and CKI-MacOmtOspc subtractive fractions at concentrations equivalent to CKI 2 mg/ml. CKI-OmtOspc 
and CKI-MacOmtOspc at equivalent concentration to CKI 2 mg/ml were significantly cytotoxic to both 
non-cancerous cell lines (Fig. 3d).

Overall, these results indicated that removal of combinations of specific compounds from CKI had unpredict-
able effects on the ability of CKI to kill cells. While removal of all major compounds from CKI caused no loss of 
activity and removal of all minor compounds caused total loss of activity, removal of selected major compounds 
(CKI-OmtOspc) paradoxically caused major, significant increases in the ability of CKI to reduce cell viability and 
kill cells.

Differential gene expression. In order to understand the interactions of the components in CKI as a result 
of depletion, we carried out RNAseq of MDA-MB-231 cells treated with CKI and subtractive fractions. Four out 
of nine (CKI-1) subtractive fractions, namely CKI-Omt, CKI-Mac, CKI-Tri and CKI-Nme, were selected due to 
their structural differences, and transcriptomes of cells treated with these fractions for 48-hours were sequenced. 
CKI-OmtOspc and CKI-MacOmtOspc, OmtOspc, MacOmtOspc and CKI treated cells were sequenced at 24 and 
48-hour timepoints. A summary of the samples, number of samples, RNA-Seq sample names, processed sample 
names and treatments are shown in Supplementary Table 1.

Two batches of RNAseq results were merged in order to compare CKI-1 to CKI-OmtOspc (CKI-2) and 
CKI-MacOmtOspc (CKI-3) fractions. After removing batch effects with the R package RUV from the merged 
dataset, CKI treated replicates between the two batches clustered together (Fig. 4a), indicating that gene expres-
sion patterns of the samples treated by CKI were similar regardless of the batches. We also examined the corre-
lation between the samples with the same treatments from two batches. The pearson correlation coefficient of 
untreated samples was 0.95 and of CKI treated samples was 0.94 at 48-hour between the two sequencing batches 
(Supplementary Fig. 5), indicating a small batch effect. In addition, clear clustering of all 4 (CKI-1) treated sam-
ples (Fig. 4a and Supplementary Figs 6–9), showed that these replicates share comparable gene expression pat-
terns. Likewise, OmtOspc and MacOmtOspc groups and CKI-OmtOspc and CKI-MacOmtOspc groups showed 
similar changes in gene expression, except for one replicate (CKI-MacOmtOspc, 24-hour) that clustered with UT, 
OmtOspc and MacOmtOspc.

The number of DE genes associated with each treatment was calculated using pairwise comparative analysis. 
CKI treatment was used as a baseline to compare all other treatments in order to emphasize the effect of depleted 
compounds and CKI treatment was compared to UT.

There were thousands of upregulated and downregulated genes at 24- and 48-hours in most pairwise compar-
isons (Fig. 4b). However DE genes between OmtOspc and MacOmtOspc treatments were not observed and there 
were almost no DE genes between CKI-Mac, CKI-Nme and CKI-Tri treatments (Fig. 4b) indicating that these 
three subtractive fractions had very similar effects on gene expression.

When we compared the DE genes found between treatments, there were a large number of DE genes (~71.3%) 
shared between all four (CKI-1) treatments (Supplementary Fig. 10 and Supplementary Table 2). A similar 
number of shared DE genes (~24.6%) between four (CKI-1), OmtOspc and MacOmtOspc and between four 
(CKI-1), CKI-OmtOspc and CKI- MacOmtOspc as compared to CKI at 48-hour indicated that gene expres-
sion patterns from CKI-1 treatments were mostly different from CKI-OmtOspc, CKI-MacOmtOspc, OmtOspc 
and MacOmtOspc treated cells. 55% of the DE genes between UT, OmtOspc and MacOmtOspc were shared. 
When the four (CKI-1) treatments were compared to CKI treatment, 42.8% of DE genes were shared, and when 
CKI-OmtOspc and CKI- MacOmtOspc treatments were compared to CKI, 50.1% DE genes were shared, indi-
cating that CKI-OmtOspc and CKI-MacOmtOspc treatments appeared to be more similar to CKI than CKI-1 
treatments.

The overall levels of similarity in DE genes were as follows: 1) All CKI-1 treatments had approximately 70% 
similar gene expression patterns, 2) OmtOspc and MacOmtOspc treatments were approximately 50% similar 
to UT and 33% similar to CKI-1 treatments, 3) gene expression patterns between CKI-1, CKI-OmtOspc and 
CKI-MacOmtOspc were approximately 37% similar.

Gene ontology and pathway annotation of De genes. DE genes were analysed for over-representation 
in our data sets with respect to biological function using Gene Ontology (GO) annotation. We looked for shared 
DE genes between treatments and identified over-represented functional terms in these shared genes. The only 
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common function enriched across all comparisons was for “cell-cycle checkpoint” (Fig. 5a). This confirmed ear-
lier results16 and was consistent with the phenotype data for CKI.

Subtracted fractionation altered pathways. We also performed pathway-based analysis to look 
for pathway level perturbation by comparing DE genes within Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways between treatments. We used Signaling Pathway Impact Analysis (SPIA) to identify path-
ways with statistically significant perturbation values expected to alter pathway flux. We identified 86 pathways 
(Supplementary Fig. 11) with statistically significant (P < 0.05) perturbations of gene expression and of these, 
15 pathways were most obviously linked to our phenotypes of cell viability, cell-cycle and apoptosis (Fig. 5b). By 
comparing the pathway gene expression global perturbation scores (pG) between treatments, three specific obser-
vations could be made: (1) CKI-1 fractional deletions vs CKI had significant effects on flux in some pathways 

Figure 4. Gene expression clustering and summary of differential gene expression. (a) Clustering of treated 
samples based on gene expression, calculated as transcripts per million using Ward’s hierarchical cluster analysis 
(Ward.D2) method. Number of DE genes (FDR < 0.05 according to edgeR) associated with each treatment 
was calculated using pairwise comparison at (b) 24-hour and 48-hour timepoints. Treatments were compared 
column versus row. Up-regulated genes are shown in shades of red and down-regulated genes are shown in 
shades of blue.
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without phenotypic effects, (2) CKI-OmtOspc vs CKI, which had a pronounced phenotypic effect at both 24- and 
48-hours, had a significant effect on reducing estimated pathway flux for Cytokine-Cytokine Receptor, Cell-Cycle 
and TGF-Beta signaling pathways (Figs 6 and 7 and Supplementary Figs 12–21), (3) comparison of CKI-1 frac-
tional deletions vs fractional deletions of CKI-OmtOspc/CKI-MacOmtOspc showed consistent pathway per-
turbations for Cytokine-Cytokine Receptor and p53 signaling pathways. On this basis, we inferred that different 
major compounds could be deleted with very similar effects, indicating that they may have similar targets. In 
contrast, deleting Omt and Ospc simultaneously caused a significant shift in phenotype and was accompanied by 
specific perturbations in pathways that regulate inflammation, cell-cycle and apoptosis. The combined deletion 
of Omt and Ospc had a synergistic effect on cell viability, cell-cycle and apoptosis and a synergistic effect on gene 
expression, consistent with the observed changes in pathway specific perturbation of gene expression. Because 
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Figure 5. Over-representation analysis of GO functional annotation and KEGG pathway perturbation analysis. 
(a) Over-represented GO terms (Biological Process at level 3) for DE genes identified from comparison of 
subtractive fraction-treated cells against CKI treatment in order to show the relative change from depleting 
compounds. Gene ratio of each term calculated from clusterProfiler was plotted based on the adjusted p-values. 
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particular terms. (b) Identification of significantly perturbed pathways using SPIA (pG < 0.05) analysis. Eighty-
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this double compound deletion potentiated the cell killing effect of CKI we hypothesised that the compounds in 
CKI have multiple targets leading to a phenotypic effect that reflects the integration of stimulation and inhibition 
across all those targets. Removal of Omt and Ospc alters the balance of stimulation and inhibition leading to an 
integrated effect for the remaining compounds in the mixture that caused more cell death than CKI.

More detailed examination of some of these interactions within significantly perturbed pathways highlighted 
the gene-specific changes in expression for some key regulators of inflammation and the cell-cycle. Most effects 
on gene expression from deletion of single versus two compounds were similar, suggesting that the enhanced 
cell killing by CKI-OmtOspc was due to additive effects of the compound deletions. However, by comparing 
differences in pairwise comparisons between treatments at the gene level within the Cytokine-Cytokine Receptor 
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Figure 6. Differential gene expression profiles of all treatments for Cytokine-Cytokine Receptor pathway. The 
left panel shows comparison of subtractive fraction treated cells against CKI treatment and the right panel 
shows comparison of single compound subtractive fraction treated cells against the treatments for two and three 
compound subtractive fractions. Asterisks in green show a subset of genes that had opposite changes in gene 
expression across treatments.
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Interaction and Cell-Cycle pathways we identified a subset of genes that had opposite changes in gene expres-
sion when comparing single compound deletions to CKI-OmtOspc deletion. In the Cytokine-Cytokine Receptor 
Interaction pathway (Fig. 6 and Supplementary Figs 12–14), these genes are IL1-R1 (Interleukin-1 Receptor), 
IL-27RA (Interleukin-27 Receptor alpha subunit), TNFRSF1B (Tumor Necrosis Factor Receptor Superfamily 
Member 1B), TNFRSF14 (Tumor Necrosis Factor Receptor Superfamily, Member 14) and OSMR (Oncostatin M 

Treatments vs CKI

C
el

l c
yc

le
 

U
T

 v
s 

C
K

I 2
4h

r

U
T

 v
s 

C
K

I 4
8h

r

O
m

tO
sp

c 
vs

 C
K

I 2
4h

r

M
ac

O
m

tO
sp

c 
vs

 C
K

I 2
4h

r

O
m

tO
sp

c 
vs

 C
K

I 4
8h

r

M
ac

O
m

tO
sp

c 
vs

 C
K

I 4
8h

r

C
K

I
M

ac
 v

s 
C

K
I 4

8h
r

C
K

I
N

m
e 

vs
 C

K
I 4

8h
r

C
K

I
O

m
t v

s 
C

K
I 4

8h
r

C
K

I
Tr

i v
s 

C
K

I 4
8h

r

C
K

I
O

m
tO

sp
c 

vs
 C

K
I 4

8h
r

C
K

I
O

m
tO

sp
c 

vs
 C

K
I 2

4h
r

C
K

I
M

ac
O

m
tO

sp
c 

vs
 C

K
I 4

8h
r

C
K

I
M

ac
O

m
tO

sp
c 

vs
 C

K
I 2

4h
r

CKI 1 vs CKI 2 & CKI 3
CDKN1C
GADD45A
E2F5
GADD45B
CDKN1A
TGFB2
TP53
MYC
CDK7
CCNH
MAD1L1
STAG2
MDM2
ANAPC1
CDK6
CDC26
ORC4
CREBBP
SMAD2
SMAD4
YWHAG
GSK3B
YWHAE
HDAC2
YWHAQ
SMC3
EP300
SFN
CDK4
BUB3
YWHAH
DBF4
RAD21
WEE1
CDC20
CDC25B
MCM7
MCM2
CCND1
ABL1
FZR1
ZBTB17
ORC6
MAD2L2
ANAPC2
ANAPC11
CDKN2D
TGFB1
STAG1
CDC16
ANAPC13
E2F3
ORC5
ATR
ANAPC4
ATM
ORC2
YWHAZ
YWHAB
ANAPC5
TFDP2
CDC27
CDKN1B
E2F4
CCNE1
CDC14B
CDC23
CUL1
ANAPC7
ORC3
SKP1
RB1
TFDP1
RBX1
SMC1A
PRKDC
SMAD3
HDAC1
CCNB1
CDKN2C
MCM5
PTTG1
CDK2
CHEK1
MAD2L1
CDC6
BUB1
MCM6
MCM3
PCNA
MCM4
RBL1
CCNA2
CDK1
E2F1
CCND3

C
K

I
M

ac
 v

s 
C

K
I

O
m

tO
sp

c 
48

hr

C
K

I
N

m
e 

vs
 C

K
I

O
m

tO
sp

c 
48

hr

C
K

I
O

m
t v

s 
C

K
I

O
m

tO
sp

c 
48

hr

C
K

I
Tr

i v
s 

C
K

I
O

m
tO

sp
c 

48
hr

C
K

I
M

ac
 v

s 
C

K
I

M
ac

O
m

tO
sp

c 
48

hr

C
K

I
N

m
e 

vs
 C

K
I

M
ac

O
m

tO
sp

c 
48

hr

C
K

I
O

m
t v

s 
C

K
I

M
ac

O
m

tO
sp

c 
48

hr

C
K

I
Tr

i v
s 

C
K

I
M

ac
O

m
tO

sp
c 

48
hr

LogFC

2
1

0
1
2

*

*

*

*

*

*

*

*

*

*

*

*

*

Figure 7. Differential gene expression profiles of all treatments for Cell-Cycle pathway. The left panel shows 
comparison of subtractive fraction treated cells against CKI treatment and the right panel shows comparison 
of single compound subtractive fraction treated cells against the treatments for two and three compound 
subtractive fractions. Asterisks in green show a subset of genes that have opposite changes in gene expression 
across treatments.
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Receptor/IL-31 Receptor Subunit Beta), and they all transduce inflammatory ligand signals to the NFkB pathway 
and/or the apoptosis pathway. In the Cell-Cycle pathway (Fig. 7 and Supplementary Figs 15–17), these genes 
are CDKN1C (Cyclin-Dependent Kinase Inhibitor 1C (P57, Kip2)), CDC25B (Cell Division Cycle 25B), ATR 
(ATR Serine/Threonine Kinase), CDKN1B (Cyclin-Dependent Kinase Inhibitor 1B (P27, Kip1)), CDKN2D 
(Cyclin-Dependent Kinase Inhibitor 2D (P19, Inhibits CDK4)), TGFB1 (Transforming Growth Factor Beta 1), 
FZR1 (Fizzy And Cell Division Cycle 20 Related 1), CDC20 (Cell Division Cycle 20), CDC27 (Cell Division 
Cycle 27), ORC2 (Origin Recognition Complex Subunit 2), ANAPC4 (Anaphase Promoting Complex Subunit 
4), ZBTB17 (Zinc Finger And BTB Domain Containing 17) and, ABL1 (ABL Proto-Oncogene 1, Non-Receptor 
Tyrosine Kinase). The opposite changes in gene expression stimulated by CKI-OmtOspc compared to CKI-1 
subfractions provide support for the idea that multiple major compounds can have similar effects on specific 
genes but that the combination of Omt and Ospc can have synergistic and opposite effects on those same genes. 
This means that multiple compounds with overlapping targets (based on their structural similarities) can either 
reinforce a single outcome or exhibit unpredictable and opposite effects when combined.

Overall our results support the concept of multi-compound/multi-target interactions for plant extract-based 
drugs that contain many plant secondary metabolites. Biological effects of complex plant extracts may result from 
interactions of multiple compounds, with negligible effects from single compounds alone. This has implications 
for how we assess the functional evidence for such extracts.

Discussion
Previous studies have demonstrated that CKI can alter the cell-cycle, induce apoptosis and reduce prolifera-
tion and migration in various cancer cell lines6,16–18. CKI also killed leukaemia cells via the Prdxs/ROS/Trx1 
signalling pathway in an acute myeloid leukaemia patient-derived xenograft model and caused cell-cycle arrest in 
U937 leukaemia-derived cells19. Cell-cycle arrest by CKI at checkpoints is correlated with the induction of double 
strand breaks by CKI treatment20. In contrast to our experiments reported above, oxymatrine was previously 
shown to arrest the cell-cycle and induce apoptosis in human glioblastoma cells through EGFR/PI3K/Akt/mTOR 
signaling pathway21 and inhibit the proliferation of laryngeal squamous cell carcinoma Hep-2 cells22. As shown in 
this report, oxymatrine or oxysophocarpine or combined OmtOspc treatment caused no significant change in cell 
viability, the cell-cycle or apoptosis, in agreement with prior work that showed oxymatrine and oxysophocarpine 
exerting no significant effect on apoptosis, cell-cycle or cell proliferation in HCT116 human colon cancer cells23.

The paradoxical result that removal of OmtOspc caused a striking increase in apoptosis is most simply 
explained by a model based on integrating effects of multiple compounds on many targets. The interactions 
between compounds in the mixture can be synergistic and antagonistic such that if two compounds are removed 
that have a synergistic effect that is antagonistic to the remainder of the mixture, the resulting depleted mixture 
will be dis-inhibited compared to CKI. This is illustrated by our studies and others that show single compounds 
alone had no or little effect compared to CKI. For instance, while CKI treatment resulted in increased DNA 
double strand breaks and affected the cell-cycle resulting in decreased cancer cell proliferation, oxymatrine alone 
exhibited only a small effect in the same assay20. Gao and colleagues also reported that oxysophocarpine at 4 mg/
ml had no effect, oxymatrine at 4 mg/ml (*P < 0.05) and CKI at 2 mg/ml (***P < 0.001) significantly reduced 
the proliferation of hepatocellular carcinoma SMMC-7721 cells in vitro6. Although significant inhibition of pro-
liferation by oxymatrine occurred, the concentration used in this experiment was ~8 times higher than that of 
oxymatrine in 2 mg/ml of CKI. These studies agree with our experimental outcomes that oxymatrine and oxys-
ophocarpine individually had no or little effect compared to CKI treatment.

At the level of gene expression in our study, GO analysis indicated that genes for “cell-cycle checkpoint” were 
significantly enriched in cells treated with all fractionated mixtures or mixtures of Omt and Ospc. Consistent with 
other studies, our results also demonstrated that these compounds had little or no phenotypic effect on their own, 
but that when both were deleted, the remaining compounds unexpectedly had significantly greater effects on 
phenotype and gene expression. When examined in the context of specific pathways, treatment with OmtOspc or 
CKI-OmtOspc which had strikingly different effects on phenotype, had similar effects on the perturbation of the 
“Cytokine-Cytokine Receptor Interaction” pathway, the most commonly perturbed pathway seen in our analysis 
that interestingly did not show up when comparing UT to CKI. This is consistent with previous work showing 
that CKI induced cytokines IL4 and IL10 in cancer patients with acute leukaemia24 and administration of CKI 
significantly increased the levels of IgA, IgG, IgM, IL2, IL4 and IL10, and decreased the levels of IL6 and TNF-α in 
rats with induced gastric cancer25. In contrast to this observation, IL4 and IL10 levels were significantly decreased 
in transgenic mice treated with oxymatrine at a dose of 200 mg/kg26. In our experiment, we also observed that 
while CKI and many of the depleted fractions had significant effects on the genes in the “Cytokine-Cytokine 
Receptor Interaction” pathway, OmtOspc and MacOmtOspc had little effect on the genes in that pathway. The 
observation that many genes in the “Cytokine-Cytokine Receptor Interaction” pathway were not affected by 
OmtOspc and MacOmtOspc compared to deletion fractions confirmed that removal of compounds rather than 
treatment with single or a few compounds can be more informative of the role and significance of individual 
compounds as part of mixtures/extracts.

In summary, our approach allowed the identification of both synergistic and antagonistic interactions within 
the drug mixture. Viewed as a network where the compounds and the targets are nodes and the interactions 
between compounds and targets, and between targets are edges, it is clear that the edges (interactions) determine 
the overall effect of the compound mixture. By removing one or two compounds from a mixture, we can poten-
tially perturb the target network(s) to either reduce the effect of the mixture for some outcome or potentiate it 
for another. We believe this approach may be of general use for the study of herbal medicines/extracts, avoiding 
failures that stem from exclusive reliance on the identification of a single compound that accounts for most of the 
biological activity in mixtures.
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Methods
cell lines. MDA-MB-231 cells were purchased from the American Type Culture Collection (ATCC, VA, 
USA). HEK-293 and HFF were kindly provided by Prof. Andrea Yool (Medical School, University of Adelaide). 
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific) with 10% Fetal bovine 
serum (Thermo Fisher Scientific) at 37 °C with 5% CO2.

compound fractionation by HpLc. CKI (Batch No: 20170322, total alkaloid concentration of 26.5 mg/
ml) was provided by Zhendong Pharmaceutical Co.Ltd (China). HPLC separation for CKI was achieved using 
a Shimadzu HPLC instrument (Japan) equipped with a photodiode-array UV-Vis detector with preparative C18 
column (5 µm, 250 × 10 mm) (CA, USA). The following mobile phase was used to fractionate the CKI mixture: 
0.01 M ammonium acetate (adjusted to pH 8.0, solvent A) and acetonitrile + 0.09% trifluoroacetic acid (solvent 
B). The flow rate was 2 ml/min and a linear gradient was used as follows: 0 min, 100% A; 60 min, 65% A; 70 min, 
100% A. The chromatogram was recorded from 200 nm to 280 nm, with monitoring at 215 nm. Samples were 
frozen and lyophilised using a Christ Alpha 1-2 LD lyophiliser (Martin Christ Gefriertrocknungsanlagen GmbH, 
Germany). CKI 1 ml was fractionated on HPLC column and whole reconstituted CKI (WRCKI) was generated 
by collecting all fractions. Three rounds of lyophilisation were performed to remove the solvents used during the 
HPLC fractionation process and final reconstitution for all samples was carried out using vehicle control buffer 
[MilliQ H2O containing 0.25% Tween 80 and 10 mM HEPES (Gibco, Life technologies, USA)] or MilliQ H2O 
buffered with 10 mM HEPES and adjusted to pH 6.8–7.0. For example, WRCKI-H was resuspended with equiva-
lent volume 1 ml using MilliQ H2O buffered with 10 mM HEPES and adjusted to pH 6.8–7.0.

CKI was then processed to deplete single (CKI-1), double (CKI-2) and triple (CKI-3) compounds using HPLC 
by standardizing using nine compounds, namely Oxymatrine (Omt), Oxysophocarpine (Ospc), N-methylcytisine 
(Nme), Matrine (Mt), Sophocarpine (Spc), Trifolirhizin (Tri), Adenine (Ade), Sophoridine (Spr) (Beina 
Biotechnology Institute Co., Ltd, China), and Macrozamin (Mac) (Zhendong Pharmaceutical Co.Ltd, China) 
which were previously reported to be found in CKI. In single compound depletions (CKI-1), CKI-Omt for exam-
ple, Oxymatrine peak between 26–28 minutes was removed and the remaining HPLC fractions were collected, 
lyophilised three times and reconstituted for further experiments. This procedure was applied to all CKI-1, CKI-2 
and CKI-3 fractions. HPLC fractionation separated Minor (MN) and Major (MJ) peaks to determine the prin-
cipal and secondary components. The MJ mixture contained the nine standard compounds mentioned above 
and MN contained the remaining CKI components. In addition, nine CKI-1 fractional deletions, nine CKI-2 
fractional deletions and three CKI-3 fractional deletions were produced.

Identification of reconstituted mixtures by liquid chromatography/mass spectrometry (LC-MS/
MS). Agilent 6230 TOF mass spectrometer was used to determine the concentration of the known compounds 
from the CKI and reconstituted CKI-OmtOspc and CKI-MacOmtOspc mixtures. 10 µl sample was injected with a 
flow rate of 0.8 ml/min, a gradient program of 0 min, 100% A; 25 min, 40% B; 35 min, 60% B; and solvents MilliQ 
H2O + 0.1% formic acid (solvent A) and acetonitrile + 0.1% formic acid (solvent B). The column used was C18 
(5 μm, 150 × 4.6 mm, Diamosnsil, Dkimatech, China). The recovered contents of the samples were measured by 
spike-in compound cytosine. Gas phase ions were generated with an electrospray source, with key instrument 
parameters: gas temperature, 325; sheath gas temperature, 350; vCap, 3500; fragmentor, 175; acquisition range 
(m/z) 60–17000. Calibration curves for nine standard compounds containing various concentrations were shown 
in Supplementary Data.

cell viability assay. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) and 
N-methyl dibenzopyrazine methyl sulfate (PMS) (50: 1, Sigma-Aldrich, St. Louis, MO, USA) assay was used to 
assess cell viability as described in Qu et al.16. Briefly, 8,000 cells in 50 µl of medium were plated in 96-well trays 
overnight prior to drug treatments in triplicate. On the following day, CKI (at a final concentration of 0.25, 0.5, 
1 and 2 mg/ml total alkaloid) and fractionated mixtures (equivalent dilutions of CKI) were added. For example, 
dilution 1/13.25 is equal to CKI 2 mg/ml and equivalent 1/13.25 dilution was performed for all fractionated mix-
tures to achieve 2 mg/ml equivalent dilutions of CKI. Cells were subsequently treated with 50 µl of drug mixtures 
to provide final concentrations of 0.25, 0.5, 1 and 2 mg/ml of total alkaloids in 100 µl. Cell viability was then 
measured at 24- and 48-hour after drug treatment by the addition of 50 µl of XTT:PMS mixture (50: 1 ratio). An 
equal volume of medium and treating agents plus XTT: PMS was used to subtract the background optical density. 
The absorbance of each well was recorded using a Biotrack II microplate reader at 492 nm. The experiments were 
performed twice by each of three different operators and each experiment had three technical replicates.

Annexin V/PI apoptosis assay. Apoptosis resulting from treatment was determined using an Annexin 
V-FITC apoptosis detection kit (Thermofisher Scientific) according to the manufacturer’s protocol. Briefly, 
4 × 105 cells were seeded in 6-well plates in triplicate overnight prior to treatment. On the following day, cells 
were treated with the agents as described for 24 and 48 hours. Data were acquired with a BD LSR Fortessa X20 
(BD BioSciences, NJ, USA) flow cytometer, and FlowJo software (TreeStar Inc., OR, USA) was used to analyse the 
acquired data and produce percent apoptosis values.

cell-cycle assay. Cell culture and drug treatments were performed as described above for cell-cycle analysis. 
A Propidium Iodide (PI) staining protocol27 was used to detect the changes in cell-cycle as a result of treatment 
after 24 and 48 hours. The characteristics of stained cells were measured using a BD LSR Fortessa flow cytometer, 
and acquired data were analysed using FlowJo software. The experiments were performed twice by each of three 
different operators and each experiment had three technical replicates.
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cytotoxicity assay. Cells were seeded in 96-well plates at a density of 2.5 × 103 cells per well in triplicate. 
CKI and fractionated mixtures at final concentrations of 1 mg/ml and 2 mg/ml were added to each well and after 
24 hours of incubation and viable cells were measured using the Alamar Blue assay (Thermo Fisher Scientific). 
5 µM of Mercuric chloride (Sigma-Aldrich) was used as a positive control and wells without cells were set as a 
negative control in the same plate. The experiments were performed twice and each experiment had three tech-
nical replicates.

Sample preparation and RnA sequencing. Cells were plated in 6-well plates with a density of 2 × 105 
cells/well overnight prior to drug treatments. On the following day, CKI (at a final concentration of 2 mg/ml) 
and fractionated mixtures (equivalent dilutions of CKI) were added. Two batches of samples were prepared. 
In the first batch, cells were treated with CKI, CKI-OmtOspc and CKI-MacOmtOspc at 24- and 48-hour time-
points in triplicates and in the second batch, cells were treated with CKI, CKI-Mac, CKI-Nme, CKI-Omt and 
CKI-Tri at 48-hour timepoint in triplicates along with 3 UT replicates in both batches. Total RNA was isolated 
by using PureLinkTM RNA mini kit (Thermo Fisher Scientific) according to the manufacturer’s instructions and 
the quantity and quality of RNA samples were determined using a Bioanalyzer at the Cancer Genome Facility of 
the Australian Cancer Research Foundation (Australia). RNA samples with RNA integrity number (RINs) > 7.0 
were sent to be sequenced at Novogene (China). Briefly, after QC were performed, mRNA was isolated using 
oligo (dT) beads and randomly fragmented by adding fragmentation buffer, followed by cDNA synthesis primed 
with random hexamers. Next, a custom second-strand synthesis buffer (Illumina), dNTPs, RNase H and DNA 
polymerase I were added for second-strand synthesis. After end repair, barcode ligation and sequencing adaptor 
ligation, the double-stranded cDNA library was size selected and PCR amplified. Sequencing was carried out on 
an Illumina HiSeq X platform with paired-end 150 bp reads.

transcriptome data processing. FastQC (v0.11.4, Babraham Bioinformatics) was used to check the qual-
ity of raw reads before proceeding with downstream analysis. Trim_galore (v0.3.7, Babraham Bioinformatics) 
with the parameters:–stringency 5 –paired –fastqc_args was used to trim adaptors and low-quality sequences. 
STAR (v2.5.3a) was then applied to align the trimmed reads to the reference genome (hg19, UCSC) with the 
parameters:–outSAMstrandField intronMotif–outSAMattributes All–outFilterMismatchNmax 10–seedSearch-
StartLmax 30–outSAMtype BAM SortedByCoordinate28. Then, subread (v1.5.2) was used to generate read counts 
data with the following parameters featureCounts -p -t exon -g gene_id29. Significantly differentially expressed 
genes between all treatments and CKI were analysed and selected using edgeR (v3.22.3) with false discovery rate 
(FDR) < 0.0530.

Removal of unwanted variance (RUVs) package in R was applied to two different batches of transcriptome 
datasets to eliminate batch variance31. Pearson correlation coefficient between samples with the same treatments 
(CKI and UT at 48-hour) of two batches were analysed to confirm the variances were minimal between two 
batches. Three replicates of UT from each batch (UT 48; Batch1 and UT 48S; Batch2) and CKI treated samples 
from each batch (CKI 48; Batch1 and CKI 48 S; Batch2) at 48-hour time point were combined in order for the two 
batches of RNA-Seq samples to be processed in one single analysis. CKI treatment was used as a baseline to com-
pare with all other treatments in order to emphasize the effect of depleted compounds. Analyses of Phylogenetics 
and Evolution (APE) was used to cluster the treatments32 followed by RUV. GO and KEGG over-representation 
analyses were performed using clusterProfiler with the parameters ont = “BP”(Biological Process), pAdjust-
Method = “BH”, pvalueCutoff = 0.01, and qvalueCutoff = 0.0533,34. Signalling Pathway Impact Analysis (SPIA) 
was carried out to identify the commonly perturbed pathways within the treatments using the SPIA R package35. 
KEGG database used is the public domain version (KEGG data for SPIA analysis was downloaded from KEGG’s 
website on: 09/07/2012) that is released as part of SPIA. Significantly perturbed pathways were visualised using 
Pathview package in R36.

Statistical analysis. Statistical analyses were carried out using GraphPad Prism 8.0 (GraphPad Software 
Inc., CA, USA). Student’s t‐test or ANOVA (one‐way or two‐way) was used when there were two or three groups 
to compare respectively. Post hoc “Bonferroni’s multiple comparisons test” was performed when ANOVA results 
were significant. Statistically significant results were represented as (*)P < 0.05 or (**)P < 0.01 or (***)P < 0.001 
or (****)P < 0.0001; ns (not significant). All data were shown as mean ± standard deviation (SD).

Declaration of transparency and scientific rigour. This declaration acknowledges that this paper 
adheres to the principles for transparent reporting and scientific rigour of preclinical research recommended by 
funding agencies, publishers and other organisations engaged with supporting research.

Data Availability
All raw data and the processed data (gene row count (logCPM)) obtained in this study were deposited in the 
National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) with the Superseries 
accession number GSE125743, available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125743.
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Chapter 3

Effect of Compound Kushen Injection, a Natural
Compound Mixture, and its identified Chemical
Components on Migration and Invasion of Colon, Brain,
and Breast Cancer Cell Lines

As a result of previous work that showed that CKI significantly disrupted the cell cycle
and induced apoptosis in breast cancer cells, I hypothesized that CKI might also cause
a previously unrecognized inhibition of cancer cell migration and invasion. Effects of
CKI on migration were tested using the complete mixture, fractionated subsets, and single
identified chemical components in various cell lines. Fractionation and reconstitution
experiments showed that multiple compounds in CKI are required to inhibit cell migration.
Transcriptomic analyses of the cancer cells after CKI-treatment indicated down-regulation
of gene expression for actin cytoskeleton and focal adhesion pathways, consistent with the
observed impairment of cell migration by CKI. Work here identifies the pharmacological
complexity of CKI as an important feature of its effectiveness in blocking migration and
invasion of cancer cells. This chapter is published in Frontiers in Oncology. Specific Aim1:
To fractionate and reconstitute CKI in order to determine the effects on cell migration of
reconstituted mixtures as compared to complete CKI in various cancer and non-cancer cell
lines. Specific Aim2: To identify the molecular pathways associated with the inhibition of
cell migration by CKI and CKI fractions.
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Invasion of Colon, Brain, and Breast
Cancer Cell Lines
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Michael Lucio De Ieso 1, Yuka Harata-Lee 2, Zhipeng Qu 2, David L. Adelson 2* and

Andrea J. Yool 1*

1 Adelaide Medical School, The University of Adelaide, Adelaide, SA, Australia, 2Department of Molecular and Biomedical

Science, School of Biological Sciences, The University of Adelaide, Adelaide, SA, Australia

Traditional Chinese Medicines are promising sources of new agents for controlling cancer

metastasis. Compound Kushen Injection (CKI), prepared from medicinal plants Sophora

flavescens and Heterosmilax chinensis, disrupts cell cycle and induces apoptosis in

breast cancer; however, effects on migration and invasion remained unknown. CKI,

fractionated mixtures, and isolated components were tested in migration assays with

colon (HT-29, SW-480, DLD-1), brain (U87-MG, U251-MG), and breast (MDA-MB-231)

cancer cell lines. Human embryonic kidney (HEK-293) and human foreskin fibroblast

(HFF) served as non-cancerous controls. Wound closure, transwell invasion, and live cell

imaging showed CKI reduced motility in all eight lines. Fractionation and reconstitution

of CKI demonstrated combinations of compounds were required for activity. Live cell

imaging confirmed CKI strongly reduced migration of HT-29 and MDA-MB-231 cells,

moderately slowed brain cancer cells, and had a small effect on HEK-293. CKI uniformly

blocked invasiveness through extracellular matrix. Apoptosis was increased by CKI in

breast cancer but not in non-cancerous lines. Cell viability was unaffected by CKI in all

cell lines. Transcriptomic analyses of MDA-MB-231indicated down-regulation of actin

cytoskeletal and focal adhesion genes with CKI treatment, consistent with observed

impairment of cell migration. The pharmacological complexity of CKI is important for

effective blockade of cancer migration and invasion.

Keywords: traditional chinese medicine (TCM), compound kushen injection (CKI), cell migration, invasion, cancer,

gene regulatory networks, alternative medicine

INTRODUCTION

Cancer progression results from uncontrolled migration of cells away from the primary tumor,
intravasation into lymphatic or vascular circulation, invasion into secondary tissues and the
formation of metastasized tumors (1, 2) which are the main cause of cancer-related deaths (3–5).
Migrating cells generate a driving force for cell motility based on the extension of filipodia and
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lamellipodia using actin polymerization at the leading edges of
the cell (6). New approaches for enhancing cancer treatment by
impairing cell migration and metastasis might offer promise for
curing patients with malignancies. Combinations of anticancer
therapeutic regimens that not only reduce cell proliferation but
also limit metastasis would be advantageous (7–9).

Herbal medicines are used in complementary and traditional
medicines (10–12). Traditional Chinese medicine (TCM) relies
on natural product extracts containing complex mixtures
of components, suggested to deliver therapeutic benefit to
individuals suffering from non-small cell lung cancer, liver,
breast, and colorectal cancers (10, 13, 14). The inherent
complexity of TCM suggests principle components might act
in concert with adjuvant components, explaining an apparent
synergy in therapeutic benefits seen from the whole extract as
compared to individual compounds (15). Modulation of multiple
regulatory signaling targets has been proposed as essential for the
anti-proliferative, anti-migratory and anti-metastatic properties
of TCMs (16, 17).

Compound Kushen Injection (CKI) has been used in
combination with chemotherapies such as oxaliplatin and 5-
fluorouracil in China since 1995 for the treatment of gastric,
liver and non-small cell lung carcinomas (18). Composed of
alkaloids, flavonoids, organic acids and saccharides (19), CKI
has been reported to boost immunity, decrease inflammation,
and decrease metastasis (20), for example by repressing RNA
markers associated with tumormetastasis inMCF-7 cells (17, 18),
and impairing migration in hepatocellular carcinoma cells (21).
The challenge for defining mechanisms of action of TCMs such
as CKI is to understand the differential activities of chemical
components not only singly but in combination, recognizing
the likely involvement of multiple gene expression and signaling
pathways in the beneficial outcomes (22).

Work here is the first to show that CKI and defined chemical
fractions slow cancer cell migration and invasion, and to use
systems biology to identify sets of genes linked to cell migration
that are regulated by CKI treatment. Differential expression of
genes in the actin cytoskeleton and focal adhesion pathways
supports the idea that the therapeutic activity of CKI in humans
involves a serendipitous combination of effects on cancer
cell properties.

MATERIALS AND METHODS

Cell Lines
MDA-MB-231, HT-29, SW-480, DLD-1, U-87 MG, U-251MG,
and HEK-293 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) and human foreskin fibroblast
(HFF) was kindly provided by Dr. Eric Smith (Basil Hetzel
Institute, The Queen Elizabeth Hospital, SA, Australia). DLD-
1 cells were grown in RPMI (Roswell Park Memorial Institute)
culture medium (Thermo Fisher Scientific, MA, USA) with 10
% fetal bovine serum (FBS, Thermo Fisher Scientific). All other
cell lines were cultured in Dulbecco Modified Eagle Medium
(DMEM, Thermo Fisher Scientific) with 10 % FBS, except for
HFF (which contained 15 % FBS), at 37◦C in 5 % CO2.

CKI Preparation and Other Chemicals
CKI (Batch No: 20170322, total alkaloid concentration of 25
mg/ml) was obtained from Zhendong Pharmaceutical Co. Ltd
(Shanxi, China). High performance liquid chromatography
(HPLC) fractionation and liquid chromatography-mass
spectrometry (LC-MS/MS) were used to analyse single
compounds and confirm their concentrations in CKI.
Fractionation of CKI was done by using Shimadzu HPLC
SPC-M20A photodiode-array UV-Vis detector (Japan)
equipped with a C18 column (5µm, 250 × 10mm;
Phenomenex, CA, USA), with methods for fractionation
and concentration determinations as described previously (23)
(Supplementary Images 2, 3). The nine compounds comprising
the major fraction (MJ): oxymatrine, oxysophocarpine, n-
methylcytisine, matrine, sophocarpine, trifolirhizin, adenine,
and sophoridine were purchased as isolated compounds from
Beina Biotechnology Institute Co., Ltd (Shanxi, China), and
macrozamin was obtained from Zhendong Pharmaceutical Co.
Ltd (Beijing, China). Two-fold serial dilutions from 2 mg/ml
through to 0.25 mg/ml of total alkaloids in CKI, as well as
equivalent dilutions of the MJ and minor (MN) fractions were
used for bioassay experiments on the cancer and non-cancerous
cell lines and compared with effects of vehicle control treatments;
0.25% Tween 80 (Sigma-Aldrich, MO, USA) and 10mM HEPES
(Thermo Fisher Scientific) in the same cell lines.

Circular Wound Closure Assay
Two-dimensional (2D) cell migration was measured using
circular wound closure rates (24). CKI-based and vehicle control
treatments were applied in low serum DMEM, with the mitotic
inhibitor 5-fluoro-2′-deoxyuridine (FUDR). Initial wound areas
were imaged at 0 h (10x objective) with a Canon EOS 6D camera
(Canon, Tokyo, Japan) on an Olympus inverted microscope
(Olympus Corp., Tokyo, Japan); XnConvert software was used
to standardize the images. NIH ImageJ software (U.S. National
Institutes of Health, MD, USA) was used to quantify wound areas
at 0 h and at a second timepoint (18–24 h), set for each cell line
to ensure wounds were not completely closed. Experiments were
independently repeated three times, with four to eight replicates.

Transwell Invasion Assay
Invasion assays were performed in 24-well transwell inserts
(6.5mm, 8µm pore size; Corning R© Transwell polycarbonate;
Sigma-Aldrich). The upper surface of the filter was layered with
extracellular matrix (ECM) gel from Sigma-Aldrich (at dilutions
empirically optimized for each cell line; Supplementary Table 2),
allowed to dry overnight, and rehydrated with 50 µl of serum-
free media per insert for 1 h prior to cell seeding. Cultures were
grown to 40% confluence and then starved in medium with 2%
FBS serum for 24 h prior to seeding. Cells were detached (at ≤
80% confluency) and resuspended in serum-free culture media
(Supplementary Table 2). Cells were then seeded in transwell
inserts (total 150 µl of cell suspension per transwell, including
50 µl of rehydration medium added earlier) at appropriate
number of cells per well in the presence of CKI, MN or MJ at 2
mg/ml, or vehicle control medium. The chemoattractant gradient
was created with 700 µl of culture medium (containing the
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relevant CKI-based or vehicle treatment), with 5, 10, or 15% FBS
for HEK-293, cancerous cells, or HFF, respectively. Depending on
invasion characteristics, cells from each line were incubated for
an optimized time period ranging from 5 to 24 h at 37◦C in 5%
CO2. Non-invasive cells were scraped from the upper surface of
the filter with a cotton swab; migrated cells on the bottom surface
were counted after staining with crystal violet (Sigma-Aldrich).
The average number of invasive cells was calculated from four
randomly selected fields (x100 magnification). Cell counts were
normalized to numbers in the vehicle control treatment. Three
independent experiments were carried out with two replicates.

Cytotoxicity Assay
Cell viability was measured with the Alamar Blue assay (25)
according to the manufacturer’s instructions (Thermo Fisher
Scientific). Cells were seeded in 96-well plates in media with
2% FBS and FUDR. After overnight incubation, treatments were
applied, and cultures were incubated for 24 h. After application
of 10% Alamar Blue solution (30–90min), fluorescence was
measured by using FLUOstar Optima microplate reader.
Mercuric chloride (2.5mM) served as a positive control, inducing
cytotoxic cell death. A control sample with medium and
treatment agent only (no cells) was included for background
color subtraction.

Apoptosis Assay
Apoptosis assays based on annexin V and propidium iodide
staining were performed as described previously (17). Briefly,
MDA-MB-231, HEK-293 and HFF cells were seeded in 6-
well trays and treated with 2 mg/ml of CKI. After 24 h of
treatment, cells were harvested, and levels of apoptotic cells
were measured using the Annexin V-FITC detection kit (Thermo
Fisher Scientific) according to the manufacturer’s guidelines.
Cells were acquired on a LSRFortessa X-20 (BD Biosciences, NJ,

USA) and data were analyzed using FlowJo software (TreeStar
Inc., OR, USA).

Live Cell Imaging
Cells in 96 well-plates were cultured to 80 % confluency, then
serum-starved for 12–18 h in optimal culture media with 2%
FBS and 400 nM FUDR. Wounds were created as circular lesions
in the confluent monolayers, and treatments were added as
described for the circular wound closure assay above. Plates
were placed in an enclosed humidified chamber at 37◦C with
5% CO2 for 20 h, and images were acquired at 10-min intervals
with a Nikon Ti E Live Cell Microscope (Nikon, Tokyo, Japan)
using Nikon NIS-Elements software. Time-lapse movies as AVI
files were exported from NIS-Elements. ImageJ (U.S. National
Institutes of Health) was used to convert the exported files into
TIFF files and converted files were then analyzed using Fiji
software (26).

Immunofluorescence Labeling and
Confocal Microscopy
Cells were plated in µ-Plate 8 Well dishes (Ibidi, Munich,
Germany), in 2 % FBS with FUDR 400 nM in optimal culture
media and incubated 12–18 h at 37◦C in 5% CO2. The following

day, 2 mg/ml of CKI, MN, MJ or vehicle control treatments
were applied, and cells were incubated for 24 h. After washing
with phosphate-buffered saline (PBS), cells were fixed in 4 %
paraformaldehyde (at room temperature for 10–30min), rinsed
2–3 times with PBS, and permeabilized with 200 µl of 0.1%
Triton X-100 in PBS (3–5min at room temperature). After 2–
3 washes with PBS, Phalloidin-iFluor 488 Reagent CytoPainter
(ab176753; Abcam, MA, USA) at 200 µl per well was used to
stain F-actin cytoskeleton (room temperature in the dark for
1–2 h) and washed again 2–3 times with PBS. Cell nuclei were
labeled with 200µl of 1:1,000 Hoechst stain (cat # 861405; Sigma-
Aldrich) for 5–10min. Cells were visualized using a SP5 laser
scanning confocal microscope (Leica, Germany).

Pathway Enrichment Analysis of Migratory
Genes Affected by CKI
RNA-seq (RNA-sequencing) data (23) of MDA-MB-231 cells
treated with CKI were used to identify cell migration genes
affected by CKI. Gene Ontology (GO) enrichment analyses
were carried out with R package clusterProfiler 3.8.0 (10). The
following parameters for GO enrichment analysis were used:
biological process at the third level; right-sided hypergeometric
test; and Benjamini-Hochberg method to correct p-values. P-
value cutoff 0.05 and FDR (false discovery rate) 0.1 values
were used to identify significantly over-represented GO terms.
Pathways that were significantly perturbed by CKI treatment
were identified with Signaling Pathway Impact Analysis (SPIA)
(27), and visualized using the pathview package in R (28).
KEGG (Kyoto Encyclopedia of Genes and Genomes) functional
analysis was performed with R package clusterProfiler 3.8.0
(10) and OmicCircos v 1.18.0 (29). Venn diagrams were
generated using an online tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/).

Intracellular Protein Staining and
Quantification by Flow Cytometry
Cells cultured in 6-well trays were treated with CKI, MN or MJ
as described above, harvested after 24 h, fixed and permeabilized
using Nuclear Factor Fixation and Permeabilization Buffer
Set (Biolegend, CA, USA) according to the manufacturer’s
instructions. 2× 105 cells were labeled with rabbit anti-Cyclin D1
(CCND1) (92G2, Cell Signaling Technologies, MA USA), rabbit
anti-β-actin (ACTB) (D6A8, Cell Signaling Technologies), rabbit
anti-protein kinase B (AKT1, 2, 3) (Ab32505, Abcam) or rabbit
IgG isotype control (Cell Signaling Technologies), and these
antibodies were detected with anti-rabbit IgG-PE (Cell Signaling
Technologies). For detection of β-catenin, rabbit anti-β-catenin
(CTNNB1)-Alexa Fluor 647 and isotype control for CTNNB1
rabbit IgG-Alexa Fluor 647 (Abcam) were used. The cells were
then sorted, and the data were acquired on a BD LSRFortessa X-
20. Sorting parameters were set to gate and exclude small particles
such as cell debris and large duplex cells. The data were analyzed
using FlowJo software.

Statistical Tests
Statistical analyses were carried out using GraphPad Prism
8 software (San Diego, CA, USA) with one-way ANOVA.
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Statistically significant results were represented as ∗p < 0.05 or
∗∗p < 0.01; ∗∗∗p < 0.001 or ∗∗∗∗p < 0.0001; ns (not significant).
All data are shown as mean ± standard deviation (SD); n values
for independent samples are indicated in italics above the x-axes
in histogram figures, unless otherwise stated.

RESULTS

Functional Annotation of MDA-MB-231
Transcriptome Treated by CKI
Transcriptome (23) analyses were performed to identify over-
represented Gene Ontology (GO) terms and Kyoto Encyclopedia
of Genes and Genomes (KEGG) for all differentially expressed
(DE) genes by comparing MDA-MB-231 gene expression
profiles with and without CKI treatment (Figure 1 and
Supplementary Image 1). Differences in gene expression
levels were used to identify migration related GO terms and
pathways of interest, which were classified by functional
roles via GO and KEGG over-representation analyses.
Enriched GO terms connected to cell migration such as
“positive regulation of locomotion,” “tissue migration,” and
“leucocyte migration” emerged from analyses of DE genes

in CKI-treated MDA-MB-231 cells (Supplementary Image 1

and Supplementary Data Sheet 1). Integration of DE genes
associated with CKI treatment into KEGG pathways showed
that some of the most over-represented pathways were “focal
adhesion,” “regulation of actin cytoskeleton,” “pathways
in cancer,” “TGF-β signaling pathway,” and “adherens
junction” (Figure 1). These results indicated that many of
the genes affected by CKI treatment were involved in cell
migration-related pathways.

Identification of CKI Components
CKI was fractionated and components were selectively
recombined to create MJ and MN fractions
(Supplementary Image 2) as treatments for bioassays on
cultured cells. Concentrations of the nine major compounds
in CKI were measured using LC-MS/MS (see Materials
and Methods). The concentrations of MJ components were
determined (Supplementary Images 3, 4) from calibration
curves of nine standard compounds as previously described
(23) and summarized in Supplementary Table 1. The total
concentration of the nine major compounds in CKI was 9.99
mg/ml which accounted for approximately 40 % of the dry mass
of CKI, and the total concentration of the nine compounds in

FIGURE 1 | Summary of the KEGG analyses of over-represented pathways for differentially expressed genes after CKI treatment in MDA-MB-231 cells. From outer to

inner, the first circle indicates the pathways; the second shows the genes involved; and the third summarizes significant changes in expression for transcript levels that

were upregulated (red) or downregulated (blue) following CKI treatment. P-value cutoff for KEGG analysis was 0.05.
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MJ was 8.62 mg/ml, indicating that the major compounds were
clearly fractionated from CKI, and that MJ and MN components
were well-separated.

Impairment of Cell Migration by CKI and
Fractionated Mixtures
Effects of CKI on two-dimensional cell migration were assessed
using a circular wound healing assay (Figure 2A). Percent wound
closure after 20 h was calculated based on the initial wound
area. CKI-based treatments were tested on six different cancer
cell lines (HT-29, SW-480, DLD-1, U-87MG, U-251MG and
MDA-MB-231) and two non-cancerous cell lines (HEK-293 and
HFF), at five doses ranging from 0 to 2 mg/ml (Figure 2B). In
all cell lines, net migration rates were inhibited more by CKI
than by MN or MJ treatments alone, except in HEK-293 which
showed low sensitivity to CKI. The retention of biological activity
in the fractionated MJ and MN treatments was confirmed by
demonstrating reconstituted CKI (in which MN and MJ were
mixed together) was equally effective as CKI for blocking cell
migration (Figure 2B). The most sensitive cell lines were breast
cancer (MDA-MB-231) and colon cancer (HT-29). DLD-1 and
HEK-293 cell lines were the least sensitive.

In all the CKI-sensitive cell lines, the inhibition of migration
by MN alone was greater than that seen with MJ alone except
in HEK-293 and U-251 MG (Figure 2B), but neither treatment
was as potent as CKI in any cell line. To determine if a single
compound in MJ accounted for the enhanced inhibition seen
with co-application of MJ and MN, each of the isolated major
compounds alone was added in turn to 1 mg/ml MN, at a final
concentration equal to its original concentration in 2 mg/ml
CKI. Wound healing assays showed certain compounds added
to MN produced a significantly greater inhibition than MN
alone, but the effective compounds and levels of potency differed
between cell lines (Figure 2C and Supplementary Image 5).
Matrine was effective in MDA-MB-231, HT-29 and U-251MG
cell lines; sophocarpine was effective in HEK-293; trifolirhizin
was effective in HT-29, SW-480 and U-251MG; and adenine was
effective in HT-29 cells, as determined by a significant decrease in
migration as compared to MN alone. More than one compound
in MJ appeared to contribute to the activity of CKI in blocking
cell migration.

None of the CKI-based treatments induced significant
cytotoxicity at 1 or 2 mg/ml, as assessed by Alamar Blue assays
(Figures 3A–C). The lack of cytotoxicity suggested that the
observed impairment of the two-dimensional cell migration was
not an indirect consequence of reduced cell viability. However,
CKI at 2 mg/ml substantially increased apoptosis in MDA-MB-
231, without a significant effect on HEK-293 or HFF cell lines
(Figures 3D–G). These data extend prior work which showed
CKI increased apoptosis in MCF-7 breast cancer cells (17), and
support the idea that multiple responses induced by CKI could
contribute to its overall anti-cancer effects.

To quantify the effects of CKI on two-dimensional cell
motility in vitro in more detail, trajectories of individual cells
were monitored in real time using live cell imaging (Figure 4).
Vehicle-treated cells were compared with those treated with
2 mg/ml CKI, or 1 mg/ml MN or MJ (doses equal to their
concentration in CKI). Data were compiled for representative

cells from six cancer and two non-cancerous cell lines. Positions
of individual cells as a function of time over 20 h were determined
by the location of the cell nucleus (Figure 4A). Distances moved
per unit time interval showed a Gaussian distribution; the peak
position illustrates the mean distance traveled per increment.
Significant displacement of the curve to the left (representing
a decreased mean distance traveled per time interval) was
evident for CKI treatment in all cell lines as compared to
vehicle-treated controls (Figure 4B and Supplementary Video).
Significant reductions in mean distance by either MN or MJ
were observed in HT-29 and SW-480 cells. Reductions in mean
distance by MN but not MJ were seen in U-87MG, MDA-
MB-231 and HFF cells. U-251MG and DLD-1 cancer cells
responded only to whole CKI. The effectiveness of CKI in
blocking migration depended on the simultaneous presence of
multiple minor and major compounds, but the specific agents
conferring anti-migration activity appeared to depend on the
cell line.

Impairment of Invasiveness by CKI
Treatments in Cancer and Non-cancer
Cell Lines
A transwell Boyden chamber assay with ECM-coated filters
was used to measure the invasiveness of cells in response to a
serum chemoattractant gradient in vehicle control, CKI, MN,
and MJ treatment conditions (Figure 5). CKI treatment and
the combined MN+MJ treatment (i.e., reconstituted CKI) both
significantly reduced invasiveness in all cell types. Smaller but
significant decreases in invasiveness were seen with MN alone
in all cell types except SW-480 and were seen with MJ alone
in all but SW-480 and MDA-MB-231 cell lines. These results
suggested that a combination of major and minor components of
CKI was required for maximal inhibition of invasiveness through
extracellular matrix barriers.

Transcriptome Analysis of MDA-MB-231
Cells Treated With CKI
Functional enrichment analysis was used to narrow the field of
candidate mechanisms potentially associated with the effects of
CKI. The main finding was that the major pathways affected
by CKI treatment were cell migration-related. Perturbations of
KEGG Pathways that were significantly over-represented in DE
genes with CKI treatment were further analyzed using SPIA
(Figure 6A and Supplementary Data Sheet 2). “Melanogenesis,”
“TGF-β signaling pathway,” “focal adhesion,” “regulation of
actin cytoskeleton,” “ErbB signaling pathway,” and “GnRH
signaling pathway” were significantly perturbed based on “global
perturbation values” (pG < 0.05), consistent with the results
of the KEGG analysis. CKI appears to impair cell migration
by altering both adhesion and motility (Figures 6B,C). Genes
from two strongly affected pathways (“focal adhesion” and
“actin cytoskeleton”) were characterized by comparing three
independent gene datasets: (i) a set containing 135 Tumor
Alterations Relevant for Genomics driven Therapy (TARGET)
genes; (ii) a set containing 140 migration related genes collected
from published articles; and (iii) a set containing 1,381 genes
from KEGG pathways. We identified 14 clinically relevant
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FIGURE 2 | Dose-dependent inhibition of cell migration by CKI, MJ and MN fractions in eight cell lines, measured by wound closure assays. (A) Wound areas were

imaged at 0 h (initial) and after 20 h of treatment. (B) Graphs show percent inhibition of cell migration standardized to the initial wound area, as a function of dose for

treatments with CKI (blue), MJ (green), MN (red), and reconstituted CKI with major and minor fractions combined (MN+ MJ; purple). (C) Combinatorial analysis of

effects on wound closure for the MN fraction tested in combination with each of nine individual major compounds of CKI, summarized as a heatmap. Data were

normalized to values for percentage of migration blocked with MN alone at 0.5 mg/ml. Boxes display the net effects of added single major compounds, as no change

(white), increased percentage block (red), or reduced percentage of migration blocked (blue). Statistically significant differences are shown as *p < 0.05 and ***p <

0.001. No symbol in a box indicates the response was not significantly different from that with MN alone.
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FIGURE 3 | Assessment of the effects of CKI and fractions on cell viability and incidence of apoptosis. Viability was measured by Alamar Blue assay in eight cell lines

treated with (A) CKI, (B) MN or (C) MJ fractions (at doses present in 2 mg/ml CKI). Cell viability responses standardized as a percentage to mean values for vehicle

control were not significantly different (ns) in any condition, based on repeated experiments with 8 replicates total. Apoptosis was compared in three cell lines with and

without CKI treatment, for (D) MDA-MB-231, (E) HEK-293, and (F) HFF cells, analyzed by flow cytometry (see Methods for details). Pseudo-color plots illustrate the

percentages of cells in the late (quadrant Q2) and early (Q3) stages of apoptosis. (G) Histogram summarizing compiled data (mean ± SD) depicting percentage

apoptosis in three cell lines with and without CKI treatment. ****p < 0.0001; ns, not significant.

DE genes, which were: CTNNB1, CDH1, AKT1, AKT2, AKT3,
CCND1, MAPK1, JAK2, APC, CDK4, RB1, PIK3CA, and PTEN,
all of which have been shown to affect cell migration (Figure 6D,
Supplementary Table 3, and Supplementary Data Sheet 3),
suggesting that the slowing of cell migration could be clinically
relevant to CKI treatment outcomes.

CKI Interrupts F-actin Polymerization
The results of functional enrichment analysis highlighted the
actin cytoskeleton and focal adhesion pathways as potential
targets of CKI. As a result, we decided to examine the

effect of CKI on F-actin polymerization, filopodia formation
and lamellipodia extension using confocal microscopy in all
eight cell lines (Figure 7). Cells in all lines treated with
CKI, MN and MJ (at doses equal to those in 2 mg/ml
CKI) at 24 h were smaller and lacked cellular processes
such as lamellipodia as compared to vehicle control treated.
Abundant lamellipodia seen in the control treatment were
visibly diminished in the treatment groups. Comparing responses
within the treatment groups, CKI disrupted the lamellipodia
extensions more than was seen with MN or MJ alone. The
impairment of F-actin polymerization was consistent with
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FIGURE 4 | Live-cell imaging of individual cell migration trajectories, with and without the treatments in eight cell lines. Six representative cells located near wound

boundaries were selected at time zero and tracked by time-lapse imaging at 10-min intervals for 20 h by the positions of cell nuclei. (A) Trajectory plots of individual

cells, starting at the graph origin at time 0, were assigned in quadrants based on treatment groups: VC (vehicle control, blue), CKI (red), MN (green), and MJ (violet). X

and Y axis values are in µm. (B) Frequency histograms of distances moved by individual cells per 10-min interval over 20 h . Colors indicate treatment groups, as

above. Total cumulative distances moved per cell are collated in box plots (insets). Boxes enclose 50% of values; error bars show the full range; and horizontal lines

are median values. Statistically significant difference is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001; ns, not significant.

the idea that MN and MJ fractions both contribute slowing
cell migration.

CKI and Fractionated Mixtures Perturb the
Actin Cytoskeleton
To validate the gene expression changes at the protein level, we
performed flow cytometry analyses of four proteins; CTNNB1,
AKT (1–3), CCND1, and ACTB, selected for their significant
contributions in actin cytoskeleton and focal adhesion pathways
in MDA-MB-231, HEK-293, and HFF cell lines. Results shown
in Figure 8 indicated that CKI, MN and MJ significantly
downregulated the protein expression, confirming the gene
expression data. While there was prominent down-regulation
of CTNNB1, CCND1, and ACTB expression in MDA-MB-
231 by all treatments, AKT (1–3) was downregulated by CKI

and MN but not MJ treatments. In HFF cells, all treatments
downregulated ACTB and CCND1 significantly; CKI and MN
significantly reduced AKT (1–3) expression whereas MJ caused

significant increase. In contrast, in the HFF cell line, CTNNB1
protein expression was significantly increased by CKI and MN,

but significantly downregulated by MJ. In HEK-293 cells, CKI
upregulated ACTB, AKT and CCND1, whereas MN upregulated
ACTB and downregulated CTNNB1 with no significant effect
on AKT (1,2,3) or CCND1; MJ had no significant impact on

these four proteins (Figure 8). These results showed that CKI,
MN and MJ significantly downregulated the four proteins in
MDA-MB-231 cells, with similar although not identical results
in the two non-cancer cell lines, providing additional support
for the idea that CKI affects cancer cell migration by altering
cytoskeletal structure.
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FIGURE 5 | Effects of CKI and fractions on cell invasiveness in eight cell lines. Migration efficiencies of cells across an extracellular matrix barrier after treatment with

CKI, minor (MN), major (MJ), or combined (MN+MJ) fractions were measured by transwell invasion assays. (A) Images show stained cells that had passed through

the filter to reach the opposite side of the transwell membrane. CKI, MN and MJ were applied at doses equal to those present in 2 mg/ml CKI; Ctrl is vehicle control.

(B) Compiled results are shown in histograms; n-values are in italics in corresponding figure key. Statistically significant differences compared to vehicle control are

indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.

DISCUSSION

Natural compounds with anti-cancer activities have been

suggested to include potential anti-metastatic agents (17, 21, 30,

31). Clinical chemotherapeutics for cancers are targeted mainly
at killing rapidly dividing cells (32), but cause serious side
effects including immunosuppression, hair loss and infertility,
without eliminating risks of secondary neoplasms (33). Non-
toxic treatments to reduce metastasis as adjuncts to primary
cancer therapies are greatly needed. CKI increased apoptotic
activity in breast cancer MCF-7 and hepatocellular carcinoma

HCC cell lines (17, 21). Results here showed that CKI also
significantly slowed cell migration and invasion, an outcome
consistent with its beneficial clinical effects. CKI is a mixture
of natural compounds containing nine major and numerous
unidentified minor compounds. The complexity of TCM
presents a challenge for identifying single active compounds. By
separating components of CKI into major and minor groups,
and by adding novel screens for migration and invasion into
the analyses of CKI biological activity, we have shown that
co-application of multiple compounds was far more effective
in blocking cell migration than single agents alone, and that
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FIGURE 6 | Identification of significantly perturbed pathways using SPIA analysis. (A) 101 significantly perturbed pathways in MDA-MB-231 treated by CKI 2 mg/ml

were observed. Total perturbation values are shown on the x-axis, and pathway IDs are on the y-axis. The global perturbation P-value (pG < 0.05) was used. (B)

Significantly perturbed “focal adhesion” pathway in MDA-MB-231 treated by CKI 2 mg/ml. (C) Significantly perturbed “regulation of actin cytoskeleton” pathway in

MDA-MB-231 treated by CKI 2 mg/ml. Up- and down-regulated genes are shown in red and green, respectively and genes that were not affected by CKI treatment

are shown in white or gray. (D) 14 “core genes” that are found across three different datasets (see Methods).

different compounds (serendipitously combined in CKI) are
required for activity across diverse cell types. We showed the
inhibition of migration by the major fraction alone was not as
potent as whole CKI in any of the cell lines tested, demonstrating
one or more minor compounds were necessary for the full
effect. Each of the single compounds in the major fraction
was coapplied with the minor fraction to test for a dominant
modulator, but interestingly the most effective combinations
of compounds differed between cell lines (Figure 2C and
Supplementary Image 5). More than one major compound
contributes to the activity of CKI in blocking cell migration.

Components of CKI have both anti-proliferation and
anti-migration activities which differ between cell lines,
suggesting that refinement of the TCM composition could
enable customized management for different cancer types. A
subset of the major compounds in CKI have been investigated
previously. For example, oxymatrine impaired angiogenesis in
mouse breast cancer in vitro and in vivo, by altering NF-κB
pathway and VEGF signaling (34). Matrine inhibited migration
and proliferation of mouse lung adenocarcinoma in vitro and

slowed xenograft growth in vivo, by reducing expression of a
calcium-dependent chloride channel shown to be upregulated
in multiple cancer types (35, 36). Consistent with these findings,
we found matrine added to the CKI minor fraction further
impaired cancer cell migration (Figure 2C); however, in
contrast, addition of oxymatrine to the CKI minor fraction did
not affect the control of migration in any of the cell lines we
tested. Oxysophocarpine slowed metastasis of oral squamous cell
carcinoma in vitro and in vivo, by altering transcription factor
Nrf2 and stress protein signaling pathways (37). In contrast,
our results showed oxysophocarpine partially reversed the
inhibition of migration observed with the CKI minor fraction.
Work here showed that the major components trifolirhizin
and adenine, not previously characterized, when added to CKI
minor fraction further slowed cell migration, suggesting these
agents merit further study as potential therapeutics, singly
and in combination. Not all components of CKI enhance its
anti-cancer activities; for example, depletion of three compounds
(oxymatrine, oxysophocarpine and macrozamin) increased the
anti-proliferative activity of CKI (23).
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FIGURE 7 | Patterns of distribution of polymerized F-actin after CKI-based treatments in eight cell lines, visualized by confocal microscopy. (A) F-actin was labeled

with phalloidin (green), and nuclei with Hoechst (blue), for treatment groups (from left to right): vehicle control (Ctrl), CKI, minor and major fractions at doses present in

2 mg/ml CKI. Scale bars are 50µm. (B) Areas (µm2 ) of F-actin staining per cell are summarized in box plots. Statistically significant results are shown as *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001 and (ns) for not significant.

Rational analysis of the differential effects of agents in a
TCM mixture can benefit from quantitative systems biology
approaches. Transcriptomics has proven valuable for identifying
altered patterns of global gene expression in response to
complex agents such as CKI (18). Our pathway analysis of
the transcriptome of CKI-treated MDA-MB-231 cells revealed
a strong association with genes linked to “TGF-β signaling,”
“focal adhesion,” “GnRH signaling,” and “regulation of actin
cytoskeleton.” These pathways are linked with migratory
phenotype, actin polymerization and lamellipodia protrusion
(38–40). Focal adhesion sites are points of contact with
extracellular matrix, anchoring actin filaments via protein
complexes with transmembrane integrin receptors (41). Matrine
has been reported to disrupt actin filament organization in
DLD-1 colorectal adenocarcinoma cells (42). Work here is

the first to show that treatment with whole CKI significantly
perturbed “focal adhesion” and “regulation of actin cytoskeleton”
pathways, and to confirm predictions of the transcriptomic
results by showing CKI reduced lamellipodial abundance, length
of extension, and area of F-actin polymerization.

Two striking outcomes of our pathway analyses were
the significant negative perturbation of the cytokine TGF-β
(transforming growth factor beta) and positive perturbation of
GnRH (Gonadotropin-releasing hormone) signaling pathways
by CKI treatment. Multifunctional TGF-β promotes the process
of epithelial-mesenchymal transition, which facilitates cell
migration, invasion and metastasis (43, 44). Reduced TGF-β
signaling would be consistent with our findings of impaired
invasion and migration with CKI treatment. Conversely, GnRH
activity has been associated with attenuating migration of
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FIGURE 8 | Flow cytometry analyses of four proteins: CTNNB1, AKT (1–3), CCND1, and ACTB compared in three cell lines with and without CKI-based treatments.

The levels of protein expression for four genes predicted by transcriptomic analysis to be significantly down-regulated were evaluated by FACS in three cell lines (A)

MDA-MB-231, (B) HEK-293, and (C) HFF. Statistically significant differences compared to vehicle controls were analyzed using one-way ANOVA and post hoc tests

and are shown as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and not significant (ns).

DU145 human prostatic carcinoma cells by remodeling the
actin cytoskeleton (45). Increased GnRH signaling would be
consistent with beneficial effects of CKI treatment. Further work
is needed to fully understand the mechanisms of action of CKI
on cell migration and invasion, the signaling pathways involved,
the synergistic effects of combined therapeutic agents, and the

translational potential by extending these analyses to metastatic
cancer cells in vivo. Our results showed not only that more
than one component of CKI is necessary for a beneficial effect
in slowing migration, but that the optimal combinations of
coapplied agents are not universal across all types of cancers.
This work suggests future opportunities exist to refine CKI
composition to target different classes of cancers differentially.

CONCLUSION

The primary outcome of this study is the demonstration that
cancer cell migration and invasion rates are significantly reduced

by CKI, suggesting that therapeutic activity of CKI in human
cancer patients may arise in part from downregulation of a panel
of key molecular targets necessary for adhesion and motility in
metastasis. The secondary outcome of this study is that multiple
compounds in CKI, acting together, are responsible for this effect.
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Supplementary Image 1 | Functional classification of genes by GO

over-representation analyses. Over-represented GO terms (Biological Process,

BP = 3) for differentially expressed (DE) genes were identified from MDA-MB-231

cells treated by CKI. Upregulated and downregulated genes contained in each

term were shown in red and green, respectively. GO terms shown above the blue

line were significant terms related to migration.

Supplementary Image 2 | HPLC profiles of the components present in (A) CKI,

(B) MJ, and (C) MN fractions. Samples (50 µl at 1 mg/ml) were run through a C18

semi-preparative column. Numbers indicate the nine major compounds; 1:

macrozamin, 2: adenine, 3: n-methylcytisine, 4: sophoridine, 5: matrine, 6:

sophocarpine, 7: oxysophocarpine, 8: oxymatrine, and 9: trifolirhizin.

Supplementary Image 3 | (A) Total ion chromatogram (TIC) for CKI in 1 in 100

dilution from 25 mg/ml of stock concentration. Single peaks were extracted based

on the molecular mass. (B) cytisine (spike in control), (C) macrozamin,

(D) adenine, (E) n-methylcytisine, (F) sophoridine and matrine (similar molecular

mass with different retention time) (G) oxysophocarpine, (H) oxymatrine, (I)

sophocarpine, and (J) trifolirhizin.

Supplementary Image 4 | (A) Total ion chromatogram (TIC) for MJ in 1 in 100

dilution from 25 mg/ml of stock concentration. Single peaks were extracted based

on the molecular mass. (B) adenine, (C) cytisine (spike in control), (D)

macrozamin, (E) n-methylcytisine, (F) sophoridine, and matrine (similar molecular

mass with different retention time) (G) oxysophocarpine, (H) oxymatrine, (I)

sophocarpine, and (J) trifolirhizin.

Supplementary Image 5 | Combinatorial analysis of the effects of MN with each

of the nine major individual compounds, analyzed in eight cell lines with wound

closure assays. Data were normalized to results with 0.5 mg/ml minor (MN) alone.

Significantly increased or decreased percent block of migration resulting from the

addition of major compounds is shown as ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001,

and not significant (ns). Data are mean ± SD.

Supplementary Video | Live-cell imaging of the migration blocking effect of CKI

in MDA-MB-231 cells in the wound closure migration assay. Videos show cell

motility and wound closure rate in CKI at 2 mg/ml was reduced as compared to

untreated control. Images were captured at 10-min intervals for 20 h.

Supplementary Data Sheet 1 | Significantly over-represented functional GO

terms, as determined by GO analysis of the transcriptome from CKI treated

MDA-MB-231 cells (P < 0.05).

Supplementary Data Sheet 2 | Significantly perturbed pathways, as determined

by SPIA analysis of the transcriptome from CKI treated MDA-MB-231 cells.

(pG < 0.05).

Supplementary Data Sheet 3 | Matching of genes in two strongly affected

pathways (“focal adhesion” and “actin cytoskeleton”) against three independent

gene datasets containing: (i) a set TARGET gene and (ii) migration related genes

from published articles. 14 core DE genes from three datasets including CTNNB1,

CDH1, AKT1, AKT2, AKT3, CCND1, MAPK1, JAK2, APC, CDK4, RB1, PIK3CA,

and PTEN, are known to have effects on cell migration.

Supplementary Table 1 | Concentration of 9 major compounds in CKI (Batch

No:20151139) and MJ. Total alkaloid content in CKI (Batch No:20151139) = 25

mg/ml based on manufacturer’s assay. Regression line for the calculation of

compounds has previously been described (23).

Supplementary Table 2 | Concentrations of Matrigel and number of cells used

for each cell line in transwell invasion assay.

Supplementary Table 3 | Fourteen clinically relevant DE genes from three

independent gene datasets.
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Chapter 4

The Secret Code Behind the Aquaporin Families;
Discovery of New Subset of Ion Channels

Aquaporins (AQPs) are a subfamily of the Major Intrinsic Protein (MIP) that were initially
considered to be water channels. However, followed by the first discovery of AQP, more
of these proteins were identified and shown to act as multifunctional channels with
a permeability to water and glycerol, as well as a broad range of solutes, including
ions. The overall goal of this project was to investigate human AQPs for novel ion
functionality and uncover the underlying molecular mechanism by which they facilitate
cancer metastasis. As part of aim 1, I developed a yeast heterologous expression system
and screened the potential for all 13 human AQPs to function as cation channels. The
surprising outcome of aim 1, led me to utilize multiple lines of approaches, including site-
directed mutagenesis, drug screening, fluorescent-based lithium probe imaging, confocal
microscopy and alternative model such as E.coli organism model. This was followed by
an electrophysiology study using two-electrode voltage clamp and Xenopus laevis oocyte
to validate and evaluate the outcome from the prior results. This chapter is in the format
of the manuscript to be submitted to a journal.
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Mass-throughput Yeast Screening to Study Aquaporin Ion channel 
Function and Drug Discovery. 
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Abstract 
Aquaporins (AQPs) are multifunctional transmembrane channels that mediate passive 

transport of water, glycerol, signaling molecules, gases, and charged solutes including 

monovalent ions. The discovery and study of AQP ion channels has occurred at a considerably 

slower pace than other AQP substrates, possibly due to electrophysiology methods which are 

often time-consuming, labour intensive and require specialised equipment. Here, to overcome 

these barriers, yeast-based mass-throughput screening assays were developed to investigate the 

potassium (K+) and sodium (Na+) permeability of human AQP-1 (hAQP1). When 

heterologously expressed in Saccharomyces cerevisiae, hAQP1 was permeable to K+ and Na+ 

(at pH between 5.0-7.3), and was inhibited by known hAQP1 ion conductance inhibitors. The 

yeast-based AQP assays were optimised as a multifunctional mass-throughput tool to enable 

the simultaneous investigation of AQP1 ion activity for drug discovery, mutagenesis studies 

and signalling molecule screening, a combinatorial feat nearly impossible in other individual 

expression models, to study ion channel functionality. A previously developed lithium-

sensitive photoswitchable probe was used to confirm hAQP1 ion permeability in the yeast 

strains used in this study. Xenopus laevis oocyte and Escherichia coli  expression systems were 

used to further validate the results from yeast-based screening. The outcomes from this study 

are likely to provide insights into which additional AQPs may function as ion channels, and 

form an initial rapid system for screening AQP antagonists. The new candidate AQP ion 

channels remain to be discover using the novel method we introduced in this study. 
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1. Introduction 
Similar to many other channels and transporters, the channel activity of AQPs can be governed 

via factors including pH (1-13), phosphorylation (14-16), osmotic pressure (17-19), divalent 

cations (20-23) and voltage in some cases (24, 25). However, due to the limitation of current 

methods to study AQP ion activity, the discovery and study of the mechanisms of possible 

regulation of AQP ion conductance remain considerably at a slower pace compared to studying 

their other functional activities.  

Although heterologous expression systems, such as yeast and bacteria, have been powerful 

approaches for the biological investigation of ion channels involved in fluid homeostasis and 

imbalance (26, 27), the models are poorly considered for discovering AQP ion channels. The 

need for designing a phenotypic-based condition assay in which ion permeability of AQPs is 

intimately tied with phenotypic changes has been a challenge mainly due to: i) the possibility 

that water and glycerol permeability of AQPs might indirectly interfere with yeast cellular 

homeostasis and result in an unspecific phenotypic changes;  ii) non-selective permeability of 

these channels to ions would make analyses more challenging;  iii) limited sources of 

information available on the structural basis of ion permeability studies and the mechanism of  

gating in different classes of AQPs (28),  

 Different approaches have been used to generate a diverse library of yeast mutant strains with 

specific transport deficits to study the effects of specific introduced ion channels in restoring 

yeast cell homeostasis (29). Following the first discovery of an AQP ion channel (24) at least 

eleven additional subtypes of AQPs have been discovered to be cation or anion channels (six 

in planta, four in mammals and one in insects) (28, 30). Growing evidence supports the 

physiological relevance of AQP ion permeability in regulation of cell volume, motility and 

response to environmental stress. The steadily increasing number of AQP ion channels being 

discovered from different phyla led to the design of a new high-throughput yeast-based 

screening approach as a potential unbiased tool overcoming some of the limitations to identify 

and study AQPs ion channel functionality.  

There have been a few attempts to use yeast (Saccharomyces cerevisiae) heterologous 

expression systems to study the potential ion permeability of AQPs (3, 31, 32). Using a 

potassium (K+) deficient yeast strain, Wu et al, showed point mutations in rat AQP1 NPAs (the 

asparagine-proline-alanine sequences) and aromatic/arginine regions (N76, H180, R195) or 

(N192, H180, R195) were sufficient to complement the yeast growth defect in low K+ 

concentration media. Byrt and colleagues (3) showed higher cytosolic sodium (Na+) 
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accumulation in yeast cells that expressed Arabidopsis thaliana PIP2;1. Recent studies from 

the same group illustrated the possibility that C-terminal phosphorylation of AtPIP2;1 controls 

ion permeability in a Na+ efflux deficient yeast strain (32).  

The primary goal of the work here was to define and optimise the conditions for yeast-based 

screening for hAQP1 ion channel function that could consequently expand to screen other 

AQPs for ion channel activity. Therefore, we aimed to develop a mass-throughput heterologous 

expression system based on the quantification of phenotypic changes in yeast. This enabled us 

to confirm the ion permeability of hAQP1 and optimise a high-throughput approach for 

exploring novel AQP ion channels, drug and signalling molecules screening, and mutagenesis 

study for the gating mechanism of AQPs ion permeability. The advantage of our optimised 

assay is that unlike traditional electrophysiology methods which are often expensive, time-

consuming and labour intensive, this approach utilises conditions that provide an unbiased and 

effective screen of a broad range of AQPs from different phyla for the discovery of new ion 

channels, and the intracellular signals that might govern their activity and function. Moreover, 

high-throughput screening for drug discovery could help the development of aqua-iono-porin-

targeted therapies for cancer, sickle cell anaemia, edema and other complex diseases (33-36). 

Using mutagenesis approach to study the consequences of inherited mutations on features of 

channel function in AQP-related disorders, as suggested by correlations with naturally 

occurring SNPs (Single Nucleotide Polymorphism) is another potential value of this assay. In 

the current work, we cloned hAQP1 into three different yeast mutant strains lacking either K+ 

influx, Na+ export capabilities or endogenous native aquaporins. A combination of different 

approaches was used to optimise the assays and define the most sensitive screening method for 

detecting effects of pH, altered substrate concentrations, inhibitors, signalling pathway 

stimulators, and mutagenesis on hAQP1 ion channel activity, as a foundation for new ion 

channel discovery and characterisation. AQPs are an intriguing class of membrane proteins 

that could be valuable targets for improved treatments of diverse conditions ranging from crop 

drought tolerance to human cancers.   
 
2. Materials and methods 
2.1. Cloning and transformation into yeast  

Open reading frames (ORF) of hAQP1 in the mammalian expression vector pCDNA3.1 were 

obtained from GenScript (Supplementary table S1). The full-length AQP gene, with and 

without stop codons, were amplified from pCDNA3.1 by PCR using Platinum™ PCR 

SuperMix High Fidelity (Thermo Fisher Scientific) and gene-specific primers. The amplified 
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PCR products were subcloned into the Gateway entry vector pENTR/D-TOPO (Thermo Fisher 

Scientific). To ensure high copy number in yeast, the yeast expression vector pYES-DEST52 

was used for cloning by recombination using LR Clonase II Enzyme Mix (Thermo Fisher 

Scientific). The plasmids were transformed into chemically competent E. coli strain DH5-α, 

with appropriate antibiotic selection markers. Plasmid DNA from the transformants was 

isolated using GenElute Plasmid DNA Miniprep Kit (Sigma) and confirmed via Sanger 

sequencing prior to transformation into yeast. 

For yeast screening assays, hAQP1 or control genes (AtKAT1, Arabidopsis thaliana potassium 

channel, or AtHKT1, Arabidopsis thaliana sodium transporter) cloned into the pYES-DEST52 

vector (Invitrogen) downstream of the galactose-inducible GAL1 promoter were used. 

Plasmids were transformed into yeast using the LiAc method (37). The yeast strains were either 

a K+ uptake-deficient yeast mutant strain CY162 (Δtrk1, Δtrk2) (38), a Na+ efflux deficient 

strain B31 (Δena1-4, Δnha1) (39) or aquaporin deficient strain, aqy-null, (Δaqy1 Δaqy2) (19) 

(see Table 1 for more details). AtHKT1 was used as positive control for B31 cells, while 

AtKAT1 was the positive control for the CY162 strain.  

Site-directed mutagenesis hAQP1 was performed using the QuickChange II Site-Directed 

Mutagenesis Kit (Agilent). For detection of cell surface expression in CY162 cells, hAQP1 

was tagged with either GFP- (at the N-terminus) or -DsRed (at the C-terminus) by using the 

destination vectors pAG426GAL-EGFP-ccdB and pAG423GAL-ccdB-DsRed respectively 

(Addgene, Susan Lindquist collection).  

 

2.2. Cloning, transformation, and growth experiments in E. coli 

For expression in E. coli, hAQP1 was inserted into a modified pET-DEST42 expression 

plasmid by LR recombination. In the modified pET-DEST42 plasmid, the T7 promoter was 

replaced with the isopropylβ-D-1-thiogalactopyranoside (IPTG) inducible TAC promoter. 

Plasmids, confirmed by sequencing, were then transfected in chemically competent E. coli 

strain  (F–  thi lacZ amx82 rha Δ[trkA] trkD1 Δ[Kdp-FAB]5 endA) (40) by heat shock as 

described (41, 42).  

In this screening, growth media, LB, was supplemented with additional 2 mM KCl (4 mM KCl 

in total including the nominal KCl concentration in the media). Overnight E. coli culture cell 

density (OD600) was measured and cells were washed 2-3 times and resuspended in the same 

washing culture media (low salt LB ~2 mM KCl) for the screening step. In each well of the 

microplate (Corning® 96 well plates), 200 μL of media with or without CPT-cGMP (20 
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µM/mL) were inoculated with cells to a starting OD600 of 0.1.  All test media were 

supplemented with carbenicillin (100 μg/mL), with or without 0.5 mM IPTG. The 96-well 

plates were inserted into FLUOstar Omega Fluorescence microplate reader (BMG LABTECH) 

set to 37 °C and OD600 was measured every 30 minutes for 40 hours with continuous double 

orbital shaking at 200 rpm.  

2.3 Yeast growth conditions 

The  S. cerevisiae strain CY162 (MATα ura3-52 his4-15 trk1Δ trk2Δ1::pCK64) was obtained 

from the National BioResource Project, Japan (NBRP) (https://yeast.nig.ac.jp/yeast/). 

For growth experiments, cells were grown aerobically at 29 °C in Yeast Nitrogen Base, YNB, 

(~7.5 mM KCl, 6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 2 g/L uracil-

dropout amino acid mixture, supplemented with 100 mM KCl), and for screening conditions 

(inducing medium) K+ free YNB (6.7 g/L yeast nitrogen base without amino acids, 2% 

glucose+2% raffinose, 1.98 g/L uracil-dropout amino acid mixture, supplemented with 

indicated KCl, and 2% agar for solid media) was used.  

The  S. cerevisiae strain B31  is a derivative of W303-1A (39), and was obtained from the 

Australian Centre for Plant Functional Genomics. For preparation, cells were grown 

aerobically at 29 °C on normal YNB (~7.5 mM KCL, 6.7 g/L yeast nitrogen base without 

amino acids, 2% glucose, 2 g/L uracil-dropout amino acid mixture), and for screening 

conditions normal YNB (~7.5 mM KCl, 6.7 g/L yeast nitrogen base without amino acids, 2% 

glucose+2% raffinose, 1.98 g/L uracil-dropout amino acid mixture and 2% agar for solid 

media) was used. The YNB media was supplemented with the indicated amount of NaCl in 

B31 assays. The S. cerevisiae strain aqy-null (MATa leu2::hisG trp1::hisG his3::hisG ura3-52 

aqy1::KanMX4 aqy2::HIS3) is a derivative of  S. cerevisiae 10560-6B (19) and was kindly 

provided by Dr Grozman (ANU, Australia). Cells were cultivated similar to the B31 growth 

conditions except for the screening conditions in which additional indicated NaCl or KCl was 

added for the osmotic stress assays. 

To avoid deactivating/overheating temperature sensitive ingredients, agar media preparation 

was done by preparing YNB ingredients for 1L volume and resuspended in 200 mL MQ water, 

filtered, stored at room temperature, and mixed with 800 mL autoclaved MQ water containing 

2% agar/L. 

For liquid screening, media was initially prepared in 2X concentration, half a volume was used 

to adjust pH and appropriate KCl concentrations, and then media was made up to the desired 

volume for 1X concentration, filtered and stored at 4 °C.  To avoid having additional K+ or Na+ 
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interfering with non-selective permeability of AQPs, pH was adjusted using MES and Tris 

base.  For pH 5.0, 5.7 and 6.4, 10 mM MES was added and Tris base was used to adjust the pH 

to the desired pH. pH 7.3 was adjusted using Tris base only.  

Yeast cells grown to early logarithmic phase in Yeast Extract–Peptone–Dextrose (YPD) media 

for B31 and aqy1aqy2 or YPD+100 mM KCl for CY162, and were transformed by a lithium 

acetate method (37). Cells were plated on normal YNB plates with no additional KCl for B31 

and aqy1aqy2, or YNB+100 mM KCl for CY162.  

 

2.4. Growth assay on agar plates of CY162 cells 

For yeast growth assays to infer the K+ permeability of heterologously expressed genes, the 

transformants were grown on YNB+2% glucose+100 mM KCl agar plates for 3-4 days from 

glycerol stocks. Selected colonies were grown overnight in YNB+100 mM KCl and OD600 was 

measured using a NanoDrop 2000 spectrophotometer in cuvette mode (Thermo Fisher 

Scientific) and adjusted to 0.5 with autoclaved MQ water. This was followed by five serial 

dilutions (10-fold) and 5 μl aliquots of each dilution were spotted on the YNB plates with 

indicated pH values and concentrations of KCl. Plates were incubated at 29 °C and the digital 

images of the cells were taken at the indicated times (usually days 3–5).  

 

2.5. Liquid growth assay of yeast strains 

For testing the effect of pH on AQP-mediated growth rescue of CY162, the cells expressing 

hAQP1 were grown on solid YNB media (2% glucose+100 mM KCl) for 3-5 days. Single 

colonies were selected and grown overnight in the same media without agar. This was followed 

the next day by adjusting the cell density to desired OD600 in the same media, which was 

followed by two washes with autoclaved MQ water and resuspension in unbuffered K+ free 

YNB+2% galactose+2% raffinose+6 mM KCl medium. For screening of K+-uptake, cells were 

inoculated to a starting optical density (OD600) of 0.05-0.1. 

The yeast cell wall in the stationary phase is stiffer and less permeable due to increased 

thickness of the wall as a result of mannoprotein layer formation (43). Thus, to screen for AQP 

modulators and drugs, the starting OD600 was set to lower cell number (~0.005-0.01) for better 

comparison of growth differences between conditions. The pH of media was adjusted to 5.0, 

5.7, 6.4, or 7.3 (± 0.1) using MES or Tris base as mentioned above. 200 µL cultures were grown 

in clear flat-bottom Corning® 96-well plates. The plate lid was removed, and wells were sealed 

by MicroAmp Optical Adhesive Film (Thermo Fisher Scientific). Double orbital shaking was 

98



used for liquid cultures to avoid sedimentation and cell clumping during the repeated sampling 

assays. 

To assess the potential effects of Na+ permeability mediated by AQP expression on the growth 

of CY162, the initial cell numbers were set at OD600 ~0.05-0.1. Adjusting the cell number can 

be slightly variable in different laboratory settings but can be optimised depending on the strain 

of yeast cell line used.  

For testing the effect of Na+ toxicity mediated by hAQP1 expressing B31, the same steps were 

taken as CY162 to grow and prepare the cells for liquid screening. Normal YNB (~7.5 mM 

KCl)-uracil+2% galactose+2% raffinose inducing media was used for B31) and media was 

supplemented with indicated additional Na+ concentrations. For testing the effect of osmotic 

stress on aqy1aqy2 cells expressing hAQP1, the same media as B31 were used to grow and 

prepare cells, and the indicated K+ and Na+ concentrations were added to induce osmotic stress 

in the screening media.   

 

2.6. hAQP1 subcellular localization in yeast 

CY162 colonies carrying either GFP-hAQP1, hAQP1-DsRed or with pYES-DEST52-DsRed 

(control) were inoculated in 4 ml starter culture (YNB + glucose+100 mM KCl, without 

transcription inducer) and grown to stationary phase (overnight, 29 °C, 200 rpm). The over-

night cultures were washed 2-3 times with autoclaved MQ-water and ~10 µl of cells were 

resuspended in 4 ml inducing medium and grown until cells reach stationary phase (~48 hours). 

About 5μl of yeast cells were spotted on polylysine coated slides (Thermofisher scientific) and 

mounted with cover slip and sealed with clear nail varnish. Sub-cellular GFP- or -DsRed 

signals were visualised on a Leica TCS SP5 laser-scanning confocal microscope (Leica, 

Wetzlar, Germany) with the x60 objective selected. eGFP was excited at 488 nm and emission 

was recorded at 495-570 nm. DsRed was excited at 558 nm and emission was recorded at 584-

645 nm. Hoechst 33258 (cat # 861405; Sigma-Aldrich, St. Louis, MO) was used for nuclear 

staining (10 minutes at room temperature, in a 1:1000 dilution, at excitation 405 nm, and 

emission 461 nm). For membrane staining, MemBrite™ (green or red) were used and cells 

were stained as per manufacturer’s instructions. The signal was recorded at Ex= 488 nm and 

Em = 513 nm for green signals and Ex= 561 nm and Em = 603 nm for red signals. Fiji (ImageJ) 

software (U.S. National Institutes of Health) was used to quantify signal as previously 

described (cite Victor’s Lithium paper). 

 

2.7. Preparation and expression of human AQP1 in Xenopus laevis oocytes  
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Frog surgery and oocyte preparation were done following the guide for the Care and Use of 

Laboratory Animals, (approval number M-2018-016) as described (20) using an approved 

protocol by the University of Adelaide Animal Ethics Committee. cRNA synthesis was carried 

out from NheI linearized pGEMHE plasmid with the mMessage mMachine T7 kit (Ambion) 

using published methods (3, 44). NCBI Protein Accession Numbers for hAQP1 cDNA 

construct used in the study is: NM_198098.3 (HsAQP1, Homo sapiens). Collagenase A was 

used to defolliculate oocytes; stage V–VI oocytes were manually injected with 50 nL of 1 ng 

of hAQP1 cRNA using a microinjection pipette (Drummond Scientific, Broomall, PA, USA) 

and compared with control oocytes injected with 50 nL of RNase free water only or non-

injected oocytes. Injected oocytes were incubated in standard Frog Ringers saline (mM: 96 

NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, 100 U/ml penicillin, and 100 µg/ml streptomycin, 

pH 7.4) for 2–3 days to allow protein expression. All oocytes were rinsed in Ca2+ free Ringers 

saline prior to experiments and successful expression of hAQP1 was confirmed by osmotic 

swelling assays (20).  

 

2.8. Two Electrode Voltage Clamp Recordings 

Using electrophysiological methods described previously (35), two-electrode voltage clamp 

recordings were used to record currents from control and hAQP1-expressing oocytes at room 

temperature in either isotonic K+ saline (100 mM KCl, 1 mM NaCl, 1 mM MgCl2, 5 mM 

HEPES) or Na+ saline (100 mM NaCl, 1 mM KCl, 1 mM MgCl2, 5 mM HEPES).   The pH 

was adjusted by replacing 5 mM HEPES with MES for final pH values of 5 to 6 or adjusted by 

Tris/Base for pH 7.4 salines. Capillary glass electrodes (1–3 MΩ) were backfilled with 1 M 

KCl. Each oocyte was preincubated in the corresponding saline and indicated pH for ~10 

minutes prior to the recording.  Oocytes were clamped using a GeneClamp 500B amplifier 

(Molecular Devices, CA United States). A membrane permeable form of cyclic GMP, Cyclic 

nucleotide analogs [8-(4-chlorophenylthio)guanosine 3′,5′-cyclic monophosphate (CPT-

cGMP) (Sigma-Aldrich), was applied in the extracellular bath at a final concentration of 20 

μM.  Current responses were monitored over 30 minutes after cGMP addition using repeated 

steps to +40 mV (800-ms duration) every 6s from a holding potential of −40 mV, using 

Clampex 9.0 software (pClamp 9.0 Molecular Devices, Sunnyvale, CA, USA). CdCl2 (600 

µM) was applied at the to test for block hAQP1 ion conductance.  

Conductance values were calculated from the slope of linear fits of current amplitudes as a 

function of step voltages from +60 to -120 mV, from a holding potential of -40 mV. Current 

responses to ramped voltages were captured with a protocol that stepped from the holding 
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potential of -40 to 0 mV, then ramped linearly up to +100 mV, followed by a step to 0 mV and 

ramp to -100 mV, over sweep durations of 20 sec each, repeated 4 times in succession.  Data 

were analysed with Clampex 9.0 software (pClamp 9.0, Molecular Devices, CA United States) 

and GraphPad Prism 9 software.  

 

2.9. Photo switching experiments in Yeast 

The lithium sensitive photoswitchable probe (known as SHL) was prepared as described in our 

previous study (45). For cell preparation, empty vector and AQP1-expressing CY162 cells 

were initially grown overnight in liquid YNB, containing 2% glucose supplemented with 100 

mM KCl. Cells were washed 2-3 times with autoclaved MQ water and aliquots were inoculated 

(OD600 ~0.2-0.5) into induction culture medium (K+ free YNB, -uracil, 2% galactose+ 2% 

raffinose, 100 mM KCl). Cell cultures were incubated on a rotary shaker for ~ 48 h (250 rpm, 

29 °C) to allow time for protein expression. For confocal imaging, cells were spun down and 

washed 2-3 times with MQ water, resuspended in SHL buffer (1.8 M sorbitol, 50 mM SHL 

sensor, 5 mM CaCl2, 10 mM Tris adjusted to pH 8 with HCl), and incubated on a rotary shaker 

for 60 min at 29 °C. Cells were then harvested by centrifugation (1000 G, 5 minutes), 

resuspended in imaging buffer (1.8 M sorbitol, 50 mM LiCl, 5 mM CaCl2, 10 mM Tris adjusted 

to pH 8 with HCl) and transferred into eight-well uncoated Ibidi m-Slides (Ibidi, Munich, 

Germany). Slides were covered in aluminium foil and transported to the laser scanning 

confocal microscope, the University of Adelaide  (Leica, Wetzlar, Germany). Initial images 

were taken after the cells were exposed to white light for 10 minutes (with the SHL probe in 

the OFF-state). Cells were exposed to UV radiation (632 nm) for 10 minutes, in order to convert 

the photoswitchable sensor back into a Li+-sensitive activatable fluorescent state (ON-state), 

and a second image was taken (Imaging using Ex/Em=514 nm/550-650 nm). Confocal images 

and fluorescence intensities were quantified using Image J software (National Institutes of 

Health, MD USA). 
 
 
3. RESULTS 

Establishing a mass-throughput yeast assay to discover new AQP ion channel/s. 

Due to the limitations of electrophysiology methods (mentioned in the Introduction), we aimed 

to establish a high-throughput screening assay for AQP ion channel activity. To date, eleven 

AQPs from different kingdoms have been proposed to transport either cations or anions (46). 

We used yeast mutant strains with sensitivity to K+ and Na+ fluxes to investigate a novel 
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approach, addressing the gap in knowledge on how many of diverse classes of aquaporins serve 

as potential ion channels.   

Table 1: Yeast strains used in this study.  
Strain Source/Reference  Phenotype  Amino Acid Genotype 

CY162 Ko and Gaber et al. 

(1991) 

K+ and Na+ sensitive Uracil  MATα ura3–52 trk1Δ his3Δ200 his4–15, 

and trk2Δ:: pck64 

B31 Bañuelos et al. (1998) Na+ sensitive  Uracil MATa ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 mall0 

ena1D::HIS3::ena4D nha1D::LEU2  

aqy1aqy2 

 

Leitão et al. (2014) Osmotic stress 

sensitive 

Uracil  Mat α; leu2::hisG; trp1::hisG, his3::hisG; 

ura352 aqy1D::KanMX aqy2D::KanMX 

 

Both K+-uptake deficient (CY162) and Na+-efflux deficient (B31) yeast strains have been used 

previously for identifying novel cation channels and transporters (26). The CY162 line is 

defective in native K+ uptake mechanisms, has a hyperpolarized resting membrane potential,  

is sensitive to low pH conditions (47), and shows strict discrimination for balancing net fluxes 

of alkali metals including sodium (48, 49). Rescue of cell survival in CY162 yeast is observed 

when the introduced genes complement the mutations and provide a pathway for K+ entry into 

the yeast cells (50-53). Inhibition of growth by excessive Na+ influx which causes cell toxicity 

also has been successfully used with CY162 (54, 55). Conversely, the B31 line lacks effective 

Na+ efflux, and shows growth inhibition in high Na+ media if the heterologous introduced genes 

act as inwardly directed (towards the cytoplasm) sodium-permeable channels (56-58).  

We have used both approaches as tools to further investigate hAQP1 ion channel activity in 

the yeast model (28). The yeast system allows correlation of cloned channel function with cell 

viability, constituting an unbiased high-throughput phenotypic based assay. These assays not 

only showed potential for discovery of novel candidate AQP ion channels but also can be used 

to test a matrix of intracellular signaling stimuli, ion channel modulators, optical probes, and 

effects of site-directed mutagenesis to identify key residues involved in functional properties. 

Similarly, it is feasible to investigate the effects of environmental factors such as pH on channel 

function. The evaluation of a broad matrix of parameters that is feasible in the yeast high-

throughput screening system would be a combinatorial feat nearly impossible to implement in 

the frog oocyte or other individual cell expression models.  

 

3.1. Optimising and functional expression of hAQP1 in S. cerevisiae for AQP ion channels 

discovery. 
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Potassium is the most abundant inorganic cation in cells and plays key role in the maintenance 

of cell functions. While yeast cells are capable of growing in vitro in a broad range of 

extracellular K+ concentrations (from mM to µM), intracellular levels are maintained by a set 

of transport mechanisms that allow adaption to the growth conditions (53). Studies using black 

lipid membrane (BLM) methods led to the discovery of first AQP ion channel, named as AQP0 

(24). Subsequent discovery of hAQP1 as non-selective cation channel used the Xenopus 

oocytes as a heterologous expression model (59).   

Here we used a high-copy number plasmid pYES-DEST52 to express hAQP1 in S. cerevisiae 

CY162, and analysed yeast cell survival and growth to explore the cation conducting properties 

of hAQP1 when cultured in a range of extracellular K+ concentrations (3, 6 or 9 mM KCl) 

(Figure 1A).  AtKAT1 served as a positive control, and pYES-DEST52 (empty vector) was the 

negative control. After optimising ion concentrations and pH buffer conditions, the assays 

allowed reliable monitoring of the rates of growth of yeast cells with and without expression 

of classes of hAQP1. As shown in Figure 1A, the time course of growth in unbuffered growth 

media of hAQP1-expressing transformants (blue) in comparison with those carrying empty 

vector (red) in the inducing medium revealed nearly indistinguishable growth patterns for 

empty vector and a slight growth rescue in cells expressing hAQP1 at 6 and 9 mM extracellular 

K+. Clones expressing AtKAT1 (green) showed robust growth that was also K+-dependent. 

Growth rates were quantified as Area Under Curve (AUC). Graphs show average mean growth 

rates compiled from two independent experiments (n=3 each); error bars indicate standard 

deviation (mean ± SD) (Figure 1C).  
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Figure 1: Complementation (evaluated as growth on both liquid and solid media and low K+ at different pH 
values) of K+-uptake deficient CY162 yeast mutant line by transfection with hAQP1. 
A-B) hAQP1 mediates K+ uptake in a pH-dependence manner in yeast. Yeast CY162 strain lacking both 
endogenous potassium channels Trk1 and Trk2 expressing hAQP1 were grown (200 µl/well) in either A) 
unbuffered (~pH 4.5) inducing medium or B) adjusted pH 5.0, 5.7, 6.4 or 7.3. Medium was supplemented with 
either 3, 6 or 9 mM KCl. Mock transformed yeast (pYES-DEST52, red) or yeast transformed with an Arabidopsis 
potassium channel (AtKAT1, green) served as negative and positive controls respectively. OD600 is plotted vs time 
(in hours). Growth curves represent the averages of two independent experiments. Growth was monitored at 
regular intervals spectrophotometrically by recording absorbance at 600 nm. The optical density was recorded 
every 15 min but only 6 hrs time point plotted for better visualisation of curves. Initial cell density (time 0) was ~ 
OD600 0.1.  C) Growth characteristics were determined by calculation of Area Under Curve (AUC). D) 
Phenotypic yeast assay on solid medium for K+ and pH-dependent of hAQP1. Cells suspension expressing 
hAQP1 and controls (OD600 = 1.0) were spotted in serial 1:10 dilutions on low-salt yeast nitrogen base medium at 
different pH, supplemented with 6 mM KCl and incubated for 5 days. Yeast expressing hAQP1 and controls grow 
equally well on standard mediums (controls: 2% glucose with addition of 100 mM KCl, or +2% galactose +2% 
raffinose with addition of 100 mM KCl). Panel C, number 1-3 = pYES-DEST52, represent 3, 6, and 9 mM KCL 
respectively, 4-6 = AtKAT1, 7-9 = hAQP1.   
 

3.2. hAQP1 ion permeability is sensitive to extracellular pH in the yeast system. 

Some ion channels expressed in yeast are only functional over a narrow pH range (60). Yeast 

has been used to investigate the effect of pH on AQP channel gating for water, glycerol and 

urea permeability (1, 2, 11, 31, 61, 62). We assessed the growth characteristics in liquid cultures 

of CY162 expressing empty, AtKAT1 or hAQP1 plasmids at extracellular pH values of 5.0, 5.7, 

6.4 and 7.3 (Figure 1B). Both hAQP1-expressing and positive control cultures showed growth 

rates that were dependent on external K+ concentrations at all pH values. In acidic pH 

conditions (5.0 and 5.7), the final OD600 levels that were reached at stationary phase for hAQP1 

cells were lower than that seen for AtKAT1-expressing cells, indicating hAQP1 ion 

permeability is pH sensitive compared to the control in the yeast system. These results also 

indicated that hAQP1 ion conductance is functional at acidic and neutral pH values (pH 5.0-

7.3), as reported previously (59).  

While AtKAT1 growth was relatively pH-independent in the conditions tested, hAQP1-

expressing cells showed enhanced growth in buffered media (pH5.7, 6.4 and 7.3) as compared 

to unbuffered (pH ~4.2+/-0.2) or pH 5.0. Near neutral pH (pH 6.4 and 7.3), growth rate 

differences between AtKAT1- and hAQP1-expressing cells were less evident (Figure 1B, last 

two panels). The greatest difference in growth rates between AtKAT1- and hAQP1-expressing 

cells was seen in acidic pH values (~4.5-5.7) (Figure 1A and B), indicating the hAQ1 ion 

permeability appeared to be reduced at high extracellular proton concentrations (< pH 5.0). 

The highest growth rates for hAQP1-expressing cells occurred near neutral pH values (pH 6.4 

and 7.3) indicating optimal channel permeability to K+ was favoured at physiological pH, 

which might reflect indirect effects of pH on the membrane environment or direct effects on 
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channel structure and function, or a combination. The Area Under Curve showed a negative 

correlation between proton concentration and cell-expressing hAQP1 growth (Figure 1C). 

 CY162 line expressing empty vector, hAQP1 and AtKAT1 were grown on solid minimal media 

containing 6 mM KCl, with either glucose or induction medium (Figure 1D). Growth rates 

were compared between unbuffered (pH ~4.5 ± 0.2) and buffered media (pH 5.0, 5.7, 6.4 and 

7.3). In glucose medium lacking inducers of heterologous gene expression, all three clones 

grew at the same rates. However, in the induction medium, cells expressing hAQP1 and 

AtKAT1 showed enhanced growth rates relative to that of negative control cells.  

The complementation of the growth defect in empty vector-expressing cells at the highest 

concentration of KCl (9 mM) in pH 5.7 and 6.4 (Figure 1A) could be due to a potential 

involvement of CY162 endogenous AQPs (AQY1 and AQY2) on ion permeability, an idea 

that remains to be explored in future work.  

 

3.3. Analysis of water and ion channel activities of hAQP1 in the rescue of yeast cell growth.  

To test whether the rescue of growth by hAQP1 expression was mediated by increased water 

or cation transport, we analysed the effects of selected site-directed mutations, and the 

pharmacological effects of the previously described AQP1 inhibitors, CdCl2 (a non-selective 

blocker of ion channels including AQP1) and mercury chloride (HgCl2, a blocker of AQP1 

water pores) (Figure 2A-B). The C189F mutation is shown to impair hAQP1 water channel 

activity (63).  A mutation that impairs both water and ion permeability, as shown in AtPIP2;1 

G103W (3), as well as its equivalent mutation in hAQP1 (G72W) were tested. Additionally, a 

mutation that is shown to switch cation to anion selectivity in rat AQP6 (K75E) (7) was 

included using equivalent mutations in hAQP6 (K72E) to test whether there is a similar 

potential switch between selectivity in hAQP6 resulting a failure in growth rescue mediated by 

hAQP6 K+ uptake.  

Based on results of a dilution series (data not shown), 25 µM HgCl2 concentrations were 

selected in this study as doses that allowed AtKAT1 transformants and untreated cells to grow 

normally without evidence of toxicity in induction medium.  Other mutations demonstrated to 

impair hAQP1 ion channels without altering water flux are addressed in Figure 5. There was 

no significant growth alteration observed between cells expressing wild type hAQP1 and 

C189F as well as when cells expressing were exposed to Hg2+ (Figure 2A), suggesting the 

growth rescue of CY162 strain by hAQP1 is independent of its water transport. The mutation 

G103W in the yeast assay (Figure 2B) led to failure in rescuing growth of CY162 yeast cells 

expressing AtPIP2;1; the equivalent mutation in hAQP1 (G72W) also failed to rescue growth 
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though the comparable loss of hAQP1 channel function remains to be confirmed in an 

expression system such the oocyte. The predicted loss of growth in cells expressing hAQP6 

K75E was not observed (Figure 2B); growth of yeast expressing the mutant construct was 

similar to wild type. It is possible that differences between human and rat channel 

conformations in the pore lining regions will show that the tested mutations G72W and G103W 

are not equivalent, and the key site remains to be identified in AQP6. Nonetheless, the results 

confirm that functional expression of hAQP1 can restore cell growth by complementing K+ 

influx in the CY162 yeast type.  

 

Figure 2: Effect of hAQP1 expression on mercury sensitivity of yeast. hAQP1-induced growth rescue in yeast 
is independent of their water transport functionality.  
A-B) Investigation the hAQP1 water permeability involvement in rescuing yeast growth defect. A) CY162 
yeast strain harbouring either hAQP1 or C189F mutants were grown with or without HgCl2. HgCl2 treated cells 
show slight reduced growth in pH 5.0 as compared with pH 5.7-7.3. Impairing water permeability by substitution 
of hAQP1 mercury binding site (cysteine 189 to phenylalanine) showed no significant growth reduction. B) 
hAQPs potassium permeability involvement in rescuing yeast growth defect. CY162 growth rescue failed 
when expressing hAQP1 G72W (equivalent to AtPIP2;1 G103W), and AtPIP2;1 G103W but not hAQP6 K75E 
(equivalent to ratAQP6 K72E).  
 

3.4. Fluorescence-tagging effects on subcellular localization of hAQP1 and ion 

conductance-dependent rescue of yeast growth. 

Expression and localization of hAQP1 was visualised by fluorescence microscopy using N-

terminal GFP- and C-terminal DsRed fusion constructs (Figure 3). Confocal images were taken 

with a 100X objective to evaluate the localization of markers for the nucleus and plasma 

membrane and the tagged protein and used to generate images merged with phase contrast 
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(Figure 3A panels 1-5). Nuclear staining indicated single cells (Figure 3A1). Relative 

fluorescence intensity measurements across the cell diameter were used to assess the level of 

colocalization of fluorescent-tagged protein and subcellular markers (Figure 3B). 

Colocalization of hAQP1 constructs was quantified by linear regression analyses. The co-

relation between signal intensities for hAQP1-tagged proteins and plasma membrane markers 

was plotted using ImageJ software (Figure 3C). Linear profiles of fluorescence intensities 

suggested a small proportion of the tagged fusion-protein channels showed plasma membrane 

localization for both GFP-hAQP1 and hAQP1-DsRed, though the predominant fractions 

remained intracellular. The percentages of green and red signals within the zone delineated by 

membrane marker were measured and standardised to total signal intensity from two separate 

images. This analysis estimated that 8.5 ± 3.1 % of the GFP-AQP1 channel population and 

10.3 ± 2.6 % of the AQP1-DsRed population were in the plasma membrane.    

The intracellular GFP fluorescence signals appeared to be mainly associated with endoplasmic 

reticulum and perinuclear structures for both constructs. Cells expressing DsRed plasmid only 

showed cytosolic signals (see Supplementary S1 for images of DsRed signals; and 

Supplementary S2 for a Z-stack 3D video for hAQP1-tagged fluorescence).   

The C-terminal DsRed fusion protein did not rescue growth at any pH, suggesting a loss of ion 

channel function, an observation consistent with prior work showing the integrity of the C-

terminal domain of AQP1 was necessary for ion channel activation but had no effect on water 

channel activity (64). A parallel attempt to tag the hAQP1 channel with C-terminal His-V5 

epitope tag also showed limited success in rescuing yeast growth (data not shown). In contrast, 

the N-terminal tagged GFP construct was able to rescue growth at pH 5.7 and 6.4, though more 

slowly than wild type (Figure 3D). Neither fluorescent-fusion hAQP1 protein was able to 

rescue growth at acidic pH 5.0. 

 As an addition line of evidence to  test whether the subpopulations of tagged hAQP1 channels 

that appeared to be in the plasma membrane (Figure 4B-C) were indeed present and functional, 

the water transport properties of the tagged proteins were assessed by osmotic stress assays 

using the aqy1aqy2 yeast strain, which lacks native AQPs and shows sensitivity to osmotic 

stress (65). Both N- and C-terminal AQP1 fusion proteins showed water transport comparable 

to that wild-type, as seen by the failure of transformants to grow under hypertonic osmotic 

stress conditions. These results confirmed that the tagged AQPs that were expressed in the 

yeast plasma membrane were functional channels. In sum, the results support the interpretation 
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that the rescue of K+-transport deficient yeast cells can be accomplished by a relatively small 

increase in cation conductance.  

 
Figure 3: Functionality and sub-cellular localization of GFP- and DsRed-tagged hAQP1 in yeast. 
A) Tagging hAQP1 abolishes ion permeability dependent growth rescue in yeast. Live cell bioimaging of S. 

cerevisiae expressing GFP- or -DsRED tagged hAQP1 at N-terminal or C-terminal respectively. DAPI 

fluorescence (1); red plasma membrane dye (2 upper row), and green plasma membrane dye (2, lower row); GFP-

hAQP1 fluorescence (upper row) or hAQP1-DsRed (lower row) (3); merged (4); phase contrast (5). All images 

were generated at 100 times magnification. Scale bar, 1µm. Cells were grown in inducing medium containing 

(gal/raf + 6 mM KCl) for about 70 hours before imaging. B) One cross-section through cell centers were selected 

and signal intensities of hAQP1, membrane dye and nuclei dye (upper row) or  hAQP1 and membrane dye (lower 

row) in the cross-sectional lines were plotted as a function of X-Y distance across the cells. DsRed only control 

showed diffuse cytosolic localized signal (supplementary 1). Z-stack video showing GFP- and hAQP1-DsRED 

expression (supplementary 1). C) Linear regression analyses quantified the correlation between hAQP1 signal 

intensities and membrane dye signal (upper plot for GFP- and lower plot for -DsRed). D) Growth analysis of 

CY162-transformed hAQP1-fluorecsent protein. Cells transformed with plasmids encoding wild-type hAQP1 

(blue), GFP- (green) or AQP-DsRed (red) were cultivated in YNB medium containing +2% (w/v) gal/raf+ 6 mM 

KCl at 29°C for 70 hours at different pH values. Area Under the Curve (AUC) for each construct-expressing cells 

are shown as bar plot (merged average of three independent experiments, n=6). See Figure 5C and D for furthered 

validation of membrane localization and water functionality of tagged-hAQP1.   

 

3.5. Characterising hAQP1 ion permeability-dependent growth rescue by mutagenesis study 

in yeast 

Our prior studies on structural mechanisms regulating the ion conductance properties of 

hAQP1 in the oocyte expression system identified a series of intracellular gating loop (loop D) 
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residues involved in channel activation by cGMP (66, 67).  Seven mutations (the double mutant 

R159A+R160A, and single mutants D158P, R160P, G166P, G57N, E17N and G72W) were 

tested for capacity to rescue growth in CY162 K+-transport deficient yeast cells, as compared 

to hAQP1 wild type. The mutation equivalent to G103W in AtPIP2;1 was G72W in hAQP1.  

All of the hAQP1 mutations except R159A+R160A and D158P, failed to rescue yeast cell 

growth at pH 5.0, and significantly reduced the growth rate at pH 5.7. Closer to physiological 

pH (pH 6.4 and 7.3) R160P and G166P expressing cells showed growth rescue similar to wild 

type hAQP1. Cells bearing E17N and G72W mutants failed to rescue yeast growth at all pH 

values (Figure 4A). None of the mutant constructs introduced into yeast cells prevented growth 

in permissive control medium (gal/raf+100 mM KCl), indicating that yeast viability was not 

compromised by the exogenous expression of the hAQP1 mutants (Figure 4A, last panel).  

The role of water permeation in osmotic stress tolerance in yeast has been examined previously 

for aquaporins, establishing feasibility of this heterologous expression system (65, 68). To 

determine the failure in growth rescue induced by tagged protein, and the mutants 

R159A+R160A (abbreviated RR/AA), E17N and G72W were not due to an impaired 

expression or localization, growth assays were performed under osmotic stress imposed by 

additional KCl or NaCl in the medium for aqy-null yeast strain. Figure 4B-C show growth tests 

for aqy1aqy2 yeast with wild type and mutant hAQP1 constructs, and empty vector as a 

negative control in liquid YNB medium containing osmotically equivalent concentrations of 

1.75 M KCl, 2.4 M sorbitol, or increased NaCl (0.25 M and 0.5 M). Normal YNB and 

YNB+sorbitol was used as a control for osmotic stress, showing all colonies grew equally, 

indicating correct protein function and membrane localization. High-throughput functional 

screening of AQP-expressing yeast using an osmotic stress approach allowed us to rule out the 

possibility that the loss of growth rescue by mutants and tagged-channels was due to failure to 

express the modified channels in the yeast plasma membrane. The observed changes in osmotic 

sensitivity confirmed that the channels were assembled and trafficked to plasma membrane and 

retained functionality as water pores. These results confirm that the gating domain mutations 

directly compromised growth rescue, indicating the key role of the introduced hAQP1 was in 

conferring ion conductivity. 

Comparing the different clones, all cells bearing mutants showed growth reduction indicating 

the functional protein integrated to the membrane, with weaker growth inhibition for hAQP1-

DsRed and G72W expressing cells.   

Based on confocal microscopy data and osmotic stress assay for GFP- and DsRed-tagged 

hAQP1, we concluded that tagging the channel could potentially affect the membrane 
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localization expression levels and/or have some impact on the channel water and ion 

permeability. On the other hand, as was observed for AtPIP2;1 (G103W), hAQP1 G72W may 

cause a loss of function effect on water and ion permeability of the channel (Figure 4B, middle 

panel). Additionally, hAQP1 ion transport shown to be through the central pore and introducing 

tryptophan with less flexible side chain to the channel may have caused conformational 

changes or residues interaction which in turn may result in central pore deformation and loss 

of ion permeability. The idea remains to be explored for potential future work using 

electrophysiology in oocytes expressing hAQP1 G72W. On the other hand, only yeast 

expressing G72W in the 0.5 M NaCl medium, did not show a clear growth inhibition as 

compared to other constructs in which the growth rescue inhibition was p < 0.05 (Figure 4C, 

right panel). The cells grew equally well in 0.25 M NaCl, although a slightly greater growth 

reduction was observed in hAQP1- and GFP-tagged expressing cells as compared to other 

constructs.  

These results confirmed the membrane localization of the channels and showed water 

permeability of constructs (except for G72W and -DsRed constructs) are not affected and the 

other constructs grew relatively equal to wild-type hAQP1.  

 
Figure 4: Investigation of pH-induced hAQP1-ion permeability dependent growth in yeast.  
A) Growth analysis of hAQP1 mutations affecting pH sensitivity or water and ion permeability of hAQP1. 

CY162 transformed with hAQP1 (wild-type), ion-permeable related mutants (R159,R160/AA, D158P, R160P, 

G166P, G57N), water and ion-permeable mutant (G72W) or pH-dependent mutant (E17N) and K+ uptake-

dependent growth rescue mediated by these constructs measured at different pH values. AUC plots showing the 

growth rate differences amongst the constructs. Growth curves of all constructs in control medium. B-C) Yeast 
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membrane localization of hAQP1 constructs using aqy-null strain of S. cerevisiae under osmotic stress. S. 

cerevisiae that does not express endogenous aquaporins (aqy1 and aqy2) was transformed with mutants and 

florescent-tagged constructs that failed to rescue yeast growth defect and grow under osmotic stress at different 

pH values. pYES-DEST52 (control, black), hAQP1 (wild-type, blue), GFP- (greed), -DsRed (red), RR/AA (pink), 

E17N (brown) and G72W (orang). Hyperosmotic stress was applied by osmo-equivalent concentration of either 

KCl, NaCl or sorbitol. Yeast containing the indicated plasmids were grown in 96-well plates in normal YNB 

medium supplemented with gal/raf and exposed to the indicated concentrations of KCl (B) and NaCl (C). YNB 

only or sorbitol conditions were used as control media in which all cells grow equally (B, first and last plot). The 

growth inhibition ratio mediated by efflux of water via functional channels under osmotic stress measure against 

control and plotted as AUC (merged average of two independent experiments). Empty vector and wild-type 

hAQP1 were served as controls. 
 

3.6. hAQP1 exhibits sodium permeability in yeast cells. 

The yeast CY162 line deficient in Na+ export has been used to characterise Na+ permeability 

of exogenously expressed channels (54, 69-71), based on the demonstration that an 

accumulation of cytosolic Na+ mediated by introduced Na+ permeable channels results in 

growth inhibition of CY162 cells. AtKAT1 and hAQP1 were introduced into CY162 yeast and 

assessed for Na+ permeability under different pH conditions and extracellular Na+ 

concentrations.  Initial assay optimisation determined the concentrations of Na+ for liquid 

cultures that did not substantially impair growth of AtKAT1 expressing cells (positive control, 

AtKAT1 channels are K+ but not Na+ permeable) (54). The non-toxic concentrations of 

extracellular NaCl concentrations ranging from 25 to 100 mM were used for testing hAQP1, 

in media with 6 mM KCl at different pH values (Figure 5A-C).  

When grown in 100 mM NaCl at different pH, cells harbouring hAQP1 did not reach stationary 

phase, whereas AtKAT1-expressing cells reached the maximal growth, although with a slight 

growth inhibition by NaCl as compared to untreated cells (Figure 5A-B). Growth of hAQP1-

expressing cells was strongly inhibited by NaCl in a dose- and pH-dependent manner.  All cells 

grew similar in different NaCl concentration in the control medium (2% gal+ 2% raf+100 mM 

KCl), ruling out the possibility of toxicity of tested concentration of NaCl on the cells.  These 

results further validated the function of hAQP1 in yeast as a non-selective cation channel and 

demonstrated that yeast assay is a capable tool to be used for characterising ion permeabilities 

of diverse AQP subtypes and can potentially extended to identifying intracellular and 

environmental cues that govern mechanisms of novel AQP ion channel gating.  

Data in Figure 5C showing the inhibition of growth seen in CY162 cells expressing hAQP1 

but not in control was confirmed in an assay using solid medium with 6 mM KCl and 100 mM 
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NaCl, as in agreement with the results in Figure 5A. This data shows the inhibition of CY162 

cell growth requires a hAQP1 Na+-permeable channel functionality. 

 

To gain further insight into the mechanism by which hAQPs are involved in inhibiting the 

mutant phenotype yeasts, we transformed B31 yeast strain with hAQP1. In this assay, we 

predict that Na+ flows down its electrochemical gradient, when Na+-selective channels are 

present, and Na+ efflux being thermodynamically unfavourable, requires energy for active 

transport. When a Na+-ATPase is expressed in B31, the yeast regain the ability to grow in high 

concentrations of extracellular Na+  (72). As shown in Figure 5D, B31 cells expressing empty 

vector (negative control), AtHKT1 (positive control) or hAQP1 screened in medium 

supplemented with 200-400 mM NaCl. The results indicated that hAQP1 did not complement 

the defect in B31, as expected since hAQP1 is an ion channel and not an ATPase pump. In 

contrast, the hAQP1 ion channel rescued growth in CY162 by allowing channel mediated K+ 

influx, an effect that was boosted by addition of 20 µM cGMP as an activator of hAQP1 ion 

channels (see Figure 6A).  These results suggest that the baseline levels of cGMP in yeast might 

be sufficient to activate a proportion of the hAQP1 ion channel population, or that additional 

regulatory factors such as tyrosine phosphorylation of the hAQP1 channel may be promoting 

an adequate baseline level of ion permeability. The results from the B31 yeast strain indicate 

the rescue observed in CY162 is unlikely to be an artifact of heterologous channel expression 

in upregulating endogenous yeast channels or transporters.   

 
Figure 5: Na+ permeability of hAQP1 is pH sensitive in yeast.  
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Salt sensitivity of the hAQP1 growth inhibition assays in CY162 strains. A) Na+-induced growth inhibition 
of CY162 expressing AtKAT1 or B) hAQP1 at pH 5.7, 6.4 or 7.3 (note that pH 5.0 condition was dropped out 
from our further screening as hAQP1-expressing cell growth rescue were negligible). C) Na+-mediated growth 
inhibition comparison in cells expressing hAQP1 or control on solid medium containing 6 mM KCl with or 
without indicated NaCl at pH 7.0. D) Growth inhibition comparison of B31 yeast strain cells (defective in Na+ 
efflux, Ena and Nha) expressing AtHKT1 (positive control), pYES-DEST52 (negative control) or hAQP1. Cells 
were grown in YNB medium with the indicated concentrations of NaCl at 29 °C for 70 hours.  
 

3.7. Optimising the assay for mass-screening and drug discovery for aquaporin ion channel. 

hAQP1 ion channel, not water channel, blockers inhibit growth of S. cerevisiae in a dose-

dependent manner. 

Knockout mice have been used to study the possible physiological significance of AQP channel 

functions and have supported the potential focus on these channels as therapeutical targets for 

drug discovery. Nevertheless, progress in the field of AQP drug discovery has been slow, in 

part due to complexities caused by diverse interactions with signaling pathways and proteins, 

and difficulties in defining screening methods to show efficacy and target specificity of the 

candidate drugs.  

As an initial step towards addressing the unmet need for AQP ion channel drug discovery tools, 

we performed a pilot study using both a spot test and the liquid assay approaches, in which 

wild-type hAQP1-expressing cells were grown at different pH conditions in the presence of 

either water or ion channel inhibitors. Growth in liquid screening was more easily quantified 

than on solid medium, allowing the growth difference to distinguished between various 

conditions. A low starting cell density (~0.005-0.01 cells/200 µl as the initial condition) was 

more effective for detection of inhibitory drug actions.  

To confirm the growth sensitivity of hAQP1-expressing cells in CY162 to known ion channel 

blockers, wild type hAQP1-expressing cells were treated with AqBO11 (60, 90, 120 µM), 

5HMF (0.5, 1, 1.25 mM), KeenMind (22, 33, 44 µM), AqF026 (20, 30, 40 µM) or 

Acetazolamide (200, 300, 400 µM) in either pH 5.7, 6.4 or 7.3 (± 0.1) for 70 hours. Growth 

was monitored by optical density (OD) at 600 nm by spectrophotometer every 30 minutes., but 

the plots show data only at 6 hours intervals for visual clarity. The hAQP1 ion channel 

inhibitors (AqBO11, 5HMF) caused dose-dependent inhibition of growth, in contrast to the 

lack of effect of hAQP1 water channel modulators (the blocker Bacopaside II as a major 

component of the herbal extract KeenMind, and the water channel agonist AqF026). A slight 

growth inhibition induced by KeenMind at pH 6.4 and 7.3 could be due to the presence of low 

levels of Bacopaside-I (which blocks hAQP1 ion permeability) (73). We also noted, a slight 

growth reduction by acetazolamide which was shown to inhibit hAQP1 water permeability. 

Based on the yeast result, however, it is worth testing acetazolamide on hAQP1 ion 
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permeability at different pH values in other expression models such as oocytes. The Area 

Under Curve quantification (bar plots) allows comparison of the inhibitory effect of each drug 

(Figure 6A). Possible pH sensitive effects of AqB011 and 5HMF for example might reflect 

proton competition for the binding site, or conformational changes resulting from pH sensitive 

amino acids in regions crucial for ion channel function.  

Preservation of the viability of cells in the presence of the highest used concentrations drugs 

were confirmed by growth in control medium (gal/raf+100 mM KCl), in which cells grew 

equally well in the presence or absence of the drugs (Figure 6B). The inhibitory effect of ion 

channel but not water channel inhibitors on yeast growth showed that rescue depended on 

hAQP1 ion permeability. This modified yeast screening method thus shows promise as an 

effective screening system for detecting hAQPs channel modulators by quantifying small 

changes in growth rates and might be useful for high throughput discovery of novel agents for 

studying AQP ion channels across different phyla.  

 

pH 5.7

0 12 24 36 48 60 72
0

1

2

3

4 hAQP1 (UT)
KeenMind (22µM) (33µM) (44µM)

A

pY
ES52

 

5H
MF (0

.5m
M)

(1m
M )

(1.
25

mM)
0.00

0.02

0.04

0.06

0.08

0.10
ns

DMSO (0
.4 

%)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

Ar
ea

 U
nd

er
 C

ur
ve

 (A
U

C
)

0 12 24 36 48 60 72
0

1

2

3 hAQP1 (UT)
(1mM )5HMF (0.5mM) (1.25mM)

0 12 24 36 48 60 72
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0) hAQP (UT)

AqB011 (60µM) (120µM)(90µM)

hA
QP1 (

UT)

AqB
01

1 (
60
µM

)

AqB
01

1 (
90
µM

)

AqB
01

1 (
12

0µ
M)

0.00

0.02

0.04

0.06

0.08

0.10

* **

S
lo

pe

DMSO (0
.4 

%)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

Ar
ea

 U
nd

er
 C

ur
ve

 (A
U

C
)

pY
ES52

 

5H
MF (0

.5m
M)

(1m
M )

(1.
25

mM)
0.00

0.02

0.04

0.06

0.08

0.10

ns ***

DMSO (0
.4 

%)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

Ar
ea

 U
nd

er
 C

ur
ve

 (A
U

C
)

0 12 24 36 48 60 72
0

1

2

3

pY
ES52

 

5H
MF (0

.5m
M)

(1m
M )

(1.
25

mM)
0.00

0.02

0.04

0.06

0.08

0.10

ns ** ***

0 12 24 36 48 60 72
0

1

2

3

4

pY
ES52

 

5H
MF (0

.5m
M)

(1m
M )

(1.
25

mM)
0.00

0.02

0.04

0.06

0.08

0.10

* **

pH 6.4

0 12 24 36 48 60 72
0

1

2

3

pY
ES52

 

5H
MF (0

.5m
M)

(1m
M )

(1.
25

mM)
0.00

0.02

0.04

0.06

0.08

0.10

***

DMSO (0
.4 

%
)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

A
re

a 
U

nd
er

 C
ur

ve
 (

A
U

C
)

DMSO (0
.4 

%
)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

A
re

a 
U

nd
er

 C
ur

ve
 (A

U
C

)

DMSO (0
.4 

%
)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100

A
re

a 
U

nd
er

 C
ur

ve
 (A

U
C

)

pH 7.3

0 12 24 36 48 60 72
0

1

2

3

DMSO (0
.4 

%)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100
ns *** ****

0 12 24 36 48 60 72
0

1

2

3

DMSO (0
.4 

%)

AqB
O11

 (6
0 µ

M)

AqB
O11

 (9
0 µ

M)

AqB
O11

 (1
20

 µM
)

0

25

50

75

100
* **** ****

0 12 24 36 48 60 72
0

1

2

3

4

Meth
an

ol 
(0

.4 
%

)

Kee
nM

ind
 (2

2 µ
M)

Kee
nM

ind
 (3

3 µ
M)

Kee
nM

ind
 (4

4 µ
M)

0

25

50

75

100
ns *

0 12 24 36 48 60 72
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0) hAQP (UT)

AqB011 (60µM) (120µM)(90µM)

0 12 24 36 48 60 72
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0) hAQP (UT)

AqB011 (60µM) (120µM)(90µM)

0 12 24 36 48 60 72
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0) hAQP (UT)

AqB011 (60µM) (120µM)(90µM)

0 12 24 36 48 60 72
0

1

2

3 hAQP1 (UT)
(1mM )5HMF (0.5mM) (1.25mM)

0 12 24 36 48 60 72
0

1

2

3 hAQP1 (UT)
(1mM )5HMF (0.5mM) (1.25mM)

0 12 24 36 48 60 72
0

1

2

3 hAQP1 (UT)
(1mM )5HMF (0.5mM) (1.25mM)

0 12 24 36 48 60 72
0

1

2

3

4 hAQP1 (UT)
KeenMind (22µM) (33µM) (44µM)

0 12 24 36 48 60 72
0

1

2

3

4 hAQP1 (UT)
KeenMind (22µM) (33µM) (44µM)

0 12 24 36 48 60 72
0

1

2

3

4 hAQP1 (UT)
KeenMind (22µM) (33µM) (44µM)

114



 
Figure 6: Effect of hAQP1 water or ion permeability inhibitors on the complementation of yeast strain CY162 
growth defect.  
A) Complementation of growth defect induced by hAQP1 K+ uptake is inhibited by ion channel inhibitors not 
water transport inhibitors. CY162 yeast strain expressing hAQP1 were grown in inducing medium without (blue), 
with known hAQP1 ion permeability inhibitors (AqB011, 5HMF) or water transport inhibitors (KeenMind, 
AqF026 or Acetazolamide) for 68 hours in the presence of 6 mM KCl at pH 5.7, 6.4 or 7.3. (back=highest dose, 
bright grey=lowest dose). Growth rate differences were determined by calculation of a Area Under Curve (AUC). 
B) Yeast expressing hAQP1 and drug treatments (at their highest dose) grow equally well on standard medium, 
with the exception of an increased growth by KeenMind (control: 2% gal+2% raf with addition of 100 mM KCl). 
Relevant vehicle control was used as untreated (UT) for each drug as follow; DMSO for AqB011, 5HMF, 
methanol for KeenMind, water for AqF026 and acetazolamide. Merged average of three independent experiments 
with two technical replicates are shown.  
 
 
3.8. The KCl-induced growth rescue by hAQP1 is attenuated by divalent cations. 

As shown in Figure 7, CY162 cells exhibit K+- and pH-dependent growth enhancement 

mediated by hAQP1 expression, in media supplemented with low KCl (6 mM). This growth 

was tested for inhibition by divalent cations and showed differential sensitivity with the rank 

order of CdCl2>CaCl2 >>BaCl2>CoCl2, NiCl2 at pH 6.4 and 7.3. Except for CdCl2 less or no 

sensitivity to other divalent cations observed at pH 5.7. CdCl2  is known as a non-selective 

blocker of diverse classes of ion channels including AQPs (20). Cell viability at their highest 

used concentrations of divalent cations was not affected; all cells grew equally well in control 

medium (gal/raf+100mM KCL) (Figure 7B), showing no adverse effects of divalent cations on 

cell survival. These results confirm prior work showing ion permeability of hAQP1 can be 

inhibited by divalent cations (20).  
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Figure 7: The effect of divalent cation on hAQP1 ion permeability in yeast.  
A) Effect of divalent cations on hAQP1 K+ uptake-dependent growth rescue at different pH values. Growth of 
CY162 yeast strain expressing hAQP1 without (blue) or Cd2+ (red), Ni2+ (green), Co2+ (pink), Mn2+ (orange), Ba2+ 
(black) and Ca2+ (sage) in presence of 6 mM KCl and indicated pH values. Growth rate differences were 
determined by calculation of an Area Under Curve (AUC). B) Yeast expressing hAQP1 grow equally well on 
standard medium without (Blue) or with addition of divalent cations (control: 2% galactose+2% raffinose with 
addition of 100 mM KCl). Concentration of divalent cation decided based on previous studies on frog oocyte and 
our pilot screening in yeast in which indicated doses did not show any cell viability toxicity in control medium 
(data not shown). The average of at least two independent experiments with two technical replicates are shown 
with each point representing mean ± SD. 
 

 

3.9. Optimising an assay for simultaneous testing of a matrix of intracellular signaling 

stimuli.  

Yeast intracellular messenger systems have been shown to respond to protein kinase 

stimulators (74, 75). Despite the demonstrated value of yeast for discovery of proteins 

important for human biology including signaling proteins (76-78), using yeast to study 

mechanisms of channel gating has not been well explored. Post-translational modifications 

have key roles in controlling gating mechanisms of aquaporins (32) and other protein channels 

(79). Yeast as a heterologous system offers a unique method to define mechanisms of ion 

channel gating and modulation. This potential was tested here by investigating the effects of 

modified protein kinase (PK) signaling on aquaporin ion channel activity, assessed by the 

rescue of yeast cell growth.   

In Figure 8, the effects of PK stimulators on hAQP1 ion conductance activity, measured as the 

rescue of growth of CY162 in liquid medium with 6 mM KCl, was tested in the presence and 

pH 5.7 pH 6.4 pH 7.3A

0 12 24 36 48 60 72
0

1

2

3

0 12 24 36 48 60 72
0

1

2

3

0 12 24 36 48 60 72
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0) hAQP1 (UT)

+CdCl2 (10 µM)
+NiCl2 (400 µM)
+CoCl2 (400 µM)
+MnCl2 (400 µM)
+BaCl2 (200 µM)
+CaCl2 (2 mM)

B

0 12 24 36 48 60 72
0

1

2

3
(Gal/Raf + 100 mM KCL)

hA
QP1 (

UT)

+C
dC

l 2 
(1

0 µ
M)

+N
iC

l 2 
(4

00
 µM

)

+C
oC

l 2 
(4

00
 µM

)

+M
nC

l 2 
(4

00
 µM

)

+B
aC

l 2 
(2

00
 µM

)

+C
aC

l 2 
(2

 m
M)

0

25

50

75

100

125

150

A
re

a 
U

nd
er

 C
ur

ve
 (A

U
C

)

****
ns***

ns
ns

**

hA
QP1 (

UT)

+C
dC

l 2 
(1

0 µ
M)

+N
iC

l 2 
(4

00
 µM

)

+C
oC

l 2 
(4

00
 µM

)

+M
nC

l 2 
(4

00
 µM

)

+B
aC

l 2 
(2

00
 µM

)

+C
aC

l 2 
(2

 m
M)

0

25

50

75

100

125

150

A
re

a 
U

nd
er

 C
ur

ve
 (A

U
C

)

****
ns*

ns
**

***

hA
QP1 (

UT)

+C
dC

l 2 
(1

0 µ
M)

+N
iC

l 2 
(4

00
 µM

)

+C
oC

l 2 
(4

00
 µM

)

+M
nC

l 2 
(4

00
 µM

)

+B
aC

l 2 
(2

00
 µM

)

+C
aC

l 2 
(2

 m
M)

0

25

50

75

100

125

150

A
re

a 
U

nd
er

 C
ur

ve
 (A

U
C

)

****
ns*

ns
**

***

(gal/raf +100 mM KCl)

116



absence of pharmacological activators of PKs:  Forskolin (Protein Kinase-A, PKA), PMA 

(Protein Kinase C, PKC), cGMP (Protein Kinase G, PKG), and the non-selective PK inhibitor 

H7, in pH 5.7, 6.4 or 7.3. PK modulators that resulted in increased hAQP1 ion channel 

permeability would be predicted to facilitate growth rescue, whereas PK modulators that 

decreased hAQP1 ion channel activity would be predicted to suppress yeast growth. Published 

work has demonstrated that the ion channel activity of hAQP1 was enhanced by tyrosine kinase 

mediated phosphorylation (80) and by threonine phosphorylation via PKA and PKC  (81), or 

by activators of PKG (44). In agreement, we found that PKA, PKC and PKG activators, 

enhanced the growth rescue mediated by hAQP1 ion permeability in a pH-dependent manner 

as shown and quantified in Figure 8A. The rescue of growth by hAQP1 was inhibited by H7. 

These results independently confirm prior work showing that hAQP1 ion channel gating is 

modulated by post-translation modifications. Cells grown in the presence of highest 

concentration of PK agents were not affected and grew equally well in control medium 

(gal/raf+100 mM KCl) (Figure 8B) indicating the growth inhibition of yeast by H7 treatment 

was not an indirect effect of cell death.  
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Figure 8: Stimulation of hAQP1-induced growth rescue by modulators of protein kinases.  
A) The growth mediated by hAQP1 ion permeability in yeast is sensitive to PKA, C and G and reduced by PKs 
inhibitor in a pH-dependent manner.  CY162 cells bearing hAQP1 were grown in YNB inducing medium+6 mM 
KCl at pH5.7, 6.4 or 7.3. Vehicle (0.4% (v/v) DMSO) or water (UT) was served as control condition and the 
growth rescue rate was compared with when cells were treated with protein kinase activator/inhibitor. Forskolin 
(PKA activator), PMA (PKC activator), cGMP (PKG activator) or H7 (PK inhibitor) were used at indicated doses 
based on studies on frog oocyte and our pilot screening (data not shown). B) Growth rate comparison between 
different treatment in control medium. The average of at least two independent experiments with two technical 
replicates are shown.  
 

3.10. A lithium-sensitive probe confirms functional hAQP1 ion channels in yeast plasma 

membrane. 

The role of hAQP1 ion channels in mediating fluxes of monovalent cations was assessed using 

a lithium-sensitive photo switchable probe (known as 'SHL') previously designed and 

characterised as an optical tool for detecting hAQP1 ion conductance (45). Extracellular Li+ is 

permeable through activated hAQP1 ion channels. The entry of Li+ into CY162 cells 

expressing hAQP1 or empty vector was tested in growth permissive YNB medium containing 

2% gal+ 2% raf+100 mM KCl (Figure 9A, middle row), and compared to media in which 

hAQP1 expression was not induced (YNB + glucose+100 mM KCl, without transcription 

inducer) (Figure 9A, lower row).  

Yeast cells were preincubated in the Li+ sensitive probe (SHL) for 2 hours, rinsed and 

transferred into Li+-substituted saline, and imaged. An approximately 2.5-fold higher Li+ signal 

intensity was observed when cells expressing hAQP1 as compared to those with empty vector 

expressing cells (Figure 9B), independently demonstrating the presence of a non-selective 

cation channel specifically in the yeast strain expressing hAQP1 channels, and ruling 

endogenous yeast membrane permeability to Li+, at least to a detectable level by microscopy. 

Since Δtrk1 Δtrk2 yeast cells are sensitive to alkali metals (48) and hAQP1 is permeable to 

monovalent cations including Li+ (45), we tested the effect of Li+ on yeast viability for the 
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same duration of exposure used for the SHL experiment (6 hours), and confirmed the cells 

remained healthy. Figure 9C showing normal growth with Li+ ruled out the possibility that 

fluorescent signals were indirectly due to cell death. The low signal in control cells confirmed 

the background leak of Li+ through other channel pathways was minimal compared to that 

induced by hAQP1.  

 
Figure 9: Quantitative confocal analysis of functional hAQP1 ion permeability in yeast. 
A) Photo-switchable lithium probe confirms functional hAQP1 ion channel in yeast. CY162 cells bearing hAQP1 
or empty vector (control) grown in inducing medium+100 mM KCl overnight and resuspended in sensor buffer 
and incubated on rotatory shaker at 29 °C for 90-120 minutes. Prior to imaging, cells were resuspended in imaging 
buffer and the sensor was turn on by UV radiation for 5 minutes. Imaging was done using Ex/Em=514 nm/550-
650 nm. (see material and methods for more details). YNB+glucose+100 mM KCl used as control growth medium 
without inducing the protein expression (A, lower row). B) Total cellular fluorescence for 10-20 yeast cells, 
imaged as in A, was measured, and mean fluorescence intensities for all cells is presented as scatter plots. 
Student’s t test was performed to assess significance (p<0.0001***). C) The effect of lithium on yeast cell viability 
bearing hAQP1 or empty vector in indicated concentration at pH 7.3. Scale bars are 10 µM.  
 

3.11. Using E.coli potassium deficient strain to investigate AQP1-dependent potassium 

permeability and growth rescue. 

The bacterium E. coli was used as another heterologous system to test the growth rescue of 

hAQP1 mediated ion permeability (Figure 10). The E. coli strain TK2463 is defective in its 

native K+ uptake mechanisms (40) and has been used previously for characterising 

heterologously expressed ion channels (41). We transformed TK2463 bacteria with hAQP1 

and control plasmids; protein expression was driven by the IPTG-inducible tac-promoter (41). 

In low K+ medium (4 mM KCl), expression of wild type hAQP1 improved growth substantially 

over the levels seen for the non-transfected control or transfected cells not treated with IPTG 
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(Figure 10), suggesting hAQP1 ion permeability can be characterised in the E.coli model. 

hAQP1-expressing cells treated with cGMP-CPT showed slight increased, though not 

statistically significant, E.coli growth. When hAQP1 expression was induced by IPTG, E.coli 

growth was restored compared to control (p <0.05 *).  E.coli thus shows promise as an 

alternative model for screening of AQPs ion channel activity as well as modulators and might 

be adapted to take advantage of differences in intracellular signaling pathways between 

bacteria and yeast to define the pathways controlling AQP ion channel activation. 

 
Figure 10: Functional test of functional hAQP1 ion permeability in E. coli.  
Potassium deficient E. coli line TK2463 (defective in K+ uptake) bearing pET-DEST42 vector or with hAQP1 
were grown in low K+ medium (4 mM KCl) with or without additional of gene expression inducer (0.6 mM 
isopropylβ-D-1-thiogalactopyranoside, IPTG) in the present or absent of cGMP. 100 μg/mL carbenicillin was 
used as selective marker (left panel). Growth rate of two independent experiments (n= 3) was monitored in OD600 
every 6 hour in 96-well microplate reader. Growth rates were determined by calculation of a slope between 6-30 
hours (highlighted) (middle panel). AUC plot indicating the growth rate different between conditions. Significant 
differences were analysed by unpaired t test and are reported as p < 0.05*; ns, not significant (right panel).  The 
average of at least two independent experiments with two technical replicates are shown.  
 
 

3.12. hAQP1 does not elicit differential pH and voltage sensitive currents in X. laevis oocytes. 

A correlation between pH and permeability of aquaporins to different substrates has been 

suggested (1-4, 23, 82). However, the possible pH-dependence of the ionic conductance 

associated with some of the classes of AQPs remains to be fully defined.  

The CY162 yeast model has a strongly negative resting membrane potential and prompted 

further investigation of the possible effects of hyperpolarizing voltage steps on hAQP1 ion 

channel properties in the oocyte expression system using two-electrode voltage clamp. 

Voltage-clamped hAQP1-expressing oocytes were stepped from a resting membrane potential 

of -40 mV to -120 mV, and the voltage was ramped to +60 mV over 300 ms to evaluate the 

current-voltage responses (Figure 11).  

hAQP1-expressing oocytes were activated by bath application of a membrane-permeable cyclic 

GMP analogue at 20 μM (see Methods), as per established protocols (44) at  pH 5.1, 6.1 or 7.4. 

0 12 24 36 48
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0)

EV (-IPTG) EV (+IPTG)
hAQP1 (-IPTG) hAQP1 (+IPTG)
hAQP1 (-IPTG+cGMP) hAQP1 (+IPTG+cGMP)

EV (-
IP

TG)

EV (+
IP

TG)

hA
QP1 (

-IP
TG)

hA
QP1 (

+IP
TG)

hA
QP1 (

-IP
TG+c

GMP)

hA
QP1 (

+IP
TG+c

GMP)
0

20

40

60

80

100

* * ns

Ar
ea

 U
nd

er
 C

ur
ve

 (A
U

C
)

EV (-
IP

TG)

EV (+
IP

TG)

hA
QP1 (

-IP
TG)

hA
QP1 (

+IP
TG)

hA
QP1 (

-IP
TG+c

GMP)

hA
QP1 (

+IP
TG+c

GMP)
0.00

0.02

0.04

0.06

S
lo

pe
 * ns

120



The current responses to the voltage ramp protocol showed slight stimulation toward more 

positive and negative voltage, however, the response did not seem to be significant or pH 

dependent (Figure 11C). The hAQP1 ion conductance was functional over a range of pH values 

(pH 5.1 to 7.3). At pH 7.4 the activated current amplitude was 8.785 ± 1.652 µS (n=5) and was 

blocked by Cd2+ (5.3 ± 1.9 µS). The mean current amplitude at pH was 6.1 5.1 ± 1.1 µS  (n=4), 

and blocked by Cd2+ (2.6 ± 0.9 µS). At pH 5.1 the activated current amplitude was 7.7 ± 1.4 

µS (n=5), blocked by Cd2+ (2.5 ± 1.9 µS) (all means SEM) (600µM Cd2+ was used in saline 

bath for each indicated pH values) (Figure 11A-B).   

The initial ionic conductance seen in hAQP1 expressing oocyte in pH 7.4 or 6.1 immediately 

after the recording electrodes were inserted into the oocytes were slightly higher than those in 

pH 5.1, which might be due to low n values; or higher baseline activation of cGMP levels or 

channel conformation effects of the lower pH value (Figure 11B). No significant ion 

conductance after application of cGMP were observed in non-hAQP1 expressing control 

oocytes at different pH values during 30-minutes recording sessions (P > 0.05) (Figure 11B).  

Cd2+ block of the ion conductance of the channel appeared to be greater at pH 7.3 than pH 5.1 

or 6.1. The onset of Cd2+ block appeared to be slower at pH 5.1 (Figure 11C, blue arrows), in 

agreement with the observed pH-dependence of Cd2+ inhibition of yeast growth (Figure 7). A 

similar phenomena was proposed for regulation of plant AQPs by pH and CdCl2 (22). No 

activation was observed from water injected (Figure 11D) or uninjected control oocytes.  

 

Significant differences were not detected for hAQP1 currents in the oocyte system in acidic 

and alkaline conditions (Figure 11E-F). Activating the channel in extracellular NaCl or KCl 

bath salines did alter the reversal potential, consistent with the non-selective cation 

permeability of the AQP1 ion channel. The oocyte results showed less evidence for pH-

dependent ion conductance mediated by hAQP1 than was observed in the yeast system, which 

could be due to many reasons, including: a need for higher n values to distinguish more subtle 

effects in the oocyte, differences in membrane potential or membrane composition between 

these two models, or the comparatively short time intervals used for recording oocyte responses 

(<1h) as compared to 3 to 5 days for yeast screening (see discussion for a more detailed 

comparison). In agreement with our yeast screening, we found hAQP1 retains ion permeability 

over a range of pH values and might show pH sensitivity though this remains to be addressed 

in future work. 

In summary, pH or membrane potential were not found to have a measurable impact on hAQP1 

K+ and Na+ conductance under the conditions tested.  
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Figure 11: Effects of pH on ionic current responses in oocytes expressing hAQP1. 
A) Current–voltage relationships were obtained by two-electrode voltage-clamp. Currents recorded from oocytes 
expressing hAQP1 channels in pH 5.1, 6.1 and 7.4 activated by 20 µM cGMP (red) and blocked by 0.6 mM CdCl2 

(green). Voltage steps (from −120 to +60 mV, from a holding potential of −40 mV). B) Box plot summary of 
compiled data for control and hAQP1 expressing oocytes stimulated by cGMP before and after Cd2+ application 
(n=4 from two independent batches of oocyte preparation, mean ± SD). (p < 0.005***); (p < 0.05**);  (p < 0.5*), 
ns (not significant); using ANOVA with post-hoc Bonferroni tests. C-D) A series of voltage steps were applied, 
and the resulting steady state currents recorded. The examples are from an oocyte expressing hAQP1 or water 
injected (control) bathed in 100 mM KCl at indicated pH, activated by cGMP, and blocked CdCl2. Control oocytes 
were not treated by CdCl2 as no activation was observed by cGMP treatment. Current trace of an oocytes for both 
hAQP1 and control shown under voltage traces in panel C and D at indicated conditions. The initial early-point 
activation of hAQP1 ionic current under different series of voltages marked with red arrows. The inhibition 
comparison voltage traces by CdCl2 at different pH marked with blue arrows.  
E) The current amplitude of hAQP1 ion conductance in high Na+ saline. Two-electrode voltage-clamp 
currents were recorded in high Na+ saline from oocytes expressing hAQP1 channel at indicated pH values 
activated by cGMP and blocked by CdCl2 and plotted as I-V plot. G) Box plot summary of compiled data for 
control and hAQP1 expressing oocytes activated by cGMP before and after Cd2+ treatment (n=5 from two 
independent batches of oocyte, mean ± SD). (p < 0.05**); ns (not significant). F) Current trace of an oocytes 
expressing hAQP1 at indicated pH are shown. IV plot and trace of currents from control oocyte not shown as they 
were similar to our previous studies. All solutions contained an additional (mM) 1 NaCl, 1 MgCl2, 5 HEPES Tris 
base for pH6.1 and 7.4, or 5 MES and Tris base for pH 5.1. Osmolality of different saline and indicated pH values 
was measure by osmo-meter.   
 
4. Discussion 
 

pH 7.4

hA
QP1 p

H 7.
4 (

ini
tia

l)

+c
GMP

+C
dC

l 2

pH
 6.

1 (
ini

tia
l)

+c
GMP

+C
dC

l 2

pH
 5.

1 (
ini

tia
l)

+c
GMP

+C
dC

l 2

Cntr
 pH

7.4
 (in

itia
l)

+c
GMP

pH
6.1

 (in
itia

l)

+c
GMP

pH
5.1

 (in
itia

l)

+c
GMP

0

5

10

15

20

Io
ni

c 
co

nd
uc

ta
nc

e 
(µ

S)

* ** *** ns ns ns

-150 -120 -90 -60 -30 30 60 90

-2500

-2000

-1500

-1000

-500

500

1000

1500

+cGMP (20 µM)

aqp1 (initial)

+CdCl2 (600 mM)

 C
ur

re
nt

 (µ
 A

)

V (mV)

-150 -120 -90 -60 -30 30 60 90

-2500

-2000

-1500

-1000

-500

500

1000

1500

-150 -120 -90 -60 -30 30 60 90

-2500

-2000

-1500

-1000

-500

500

1000

1500

pH 6.1

pH 5.1

A

B

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0004.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0007.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
h_23032021_aqp1_ph6_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
h_23032021_aqp1_ph6_ramp prog_0004.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000
Transferred Traces

h_23032021_aqp1_ph6_ramp prog_0007.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
k_23032021_aqp1_ph5_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
k_23032021_aqp1_ph5_ramp prog_0004.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000
Transferred Traces

k_23032021_aqp1_ph5_ramp prog_0007.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
c_23032021_cnt_ph7_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-6000

-4000

-2000

0

2000

4000

6000

Transferred Traces
c_23032021_cnt_ph7_ramp prog_0004.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-6000

-4000

-2000

0

2000

4000

6000

Transferred Traces
L_23032021_aqp1_ph5_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
N_23032021_AQP1_ph5_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0003.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0006.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
c_23032021_cnt_ph7_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
c_23032021_cnt_ph7_ramp prog_0003.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
h_23032021_aqp1_ph6_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
h_23032021_aqp1_ph6_ramp prog_0003.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000 Transferred Traces
h_23032021_aqp1_ph6_ramp prog_0006.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
S_22042021_CNTR_pH 6_ramp prog_0001.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000
Transferred Traces

S_22042021_CNTR_pH 6_ramp prog_0007.abf

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-4000

-2000

0

2000

4000

Transferred Traces
S_22042021_CNTR_pH 6_ramp prog_0000.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000

Transferred Traces
S_22042021_CNTR_pH 6_ramp prog_0006.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000

Transferred Traces
k_23032021_aqp1_ph5_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
k_23032021_aqp1_ph5_ramp prog_0003.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
k_23032021_aqp1_ph5_ramp prog_0006.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000
Transferred Traces

N_23032021_AQP1_ph5_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
L_23032021_aqp1_ph5_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

C

Transferred Traces
P_23032021_AQP1_ph7_ramp prog_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Initial +cGMP +CdCl2 Initial +cGMP 
D

pH 7.4

pH 6.1

pH 5.1

pH 7.4

pH 6.1

pH 5.1

3 µA
25 mS

Cu
rr

en
t (

µA
)

Time (mS)

Transferred Traces
A_09122020_aqp1_0000.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000

Transferred Traces
A_09122020_aqp1_0002.abf

20 40 60 80 100 120 140 160 180 200

-4000

-2000

0

2000

4000 Transferred Traces
A_101220_aqp1_0002.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000

Transferred Traces
A_101220_AQP1_pH7_Nacl_0000.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000

Transferred Traces
D_101220_AQP1_pH7_0002.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000 Transferred Traces
D_101220_AQP1_pH6_kCL_0004.abf

50 100 150 200 250 300 350 400 450 500

-4000

-2000

0

2000

4000

3 µA

25 mS

Time (mS)

Cu
rr

en
t (

µA
)

F
Initial +cGMP +CdCl2

pH
 7.

4 (
ini

tia
l)

pH
 7.

4 (
+ c

GMP)

pH
 7.

4 (
+C

dC
l 2)

pH
 5.

1 (
ini

tia
l)

pH
 5.

1 (
+ c

GMP)

pH
 5.

1 (
+C

dC
l 2)

pH
 7.

4 (
ini

tia
l)

pH
 7.

4 (
+ c

GMP)

pH
 5.

1 (
ini

tia
l)

pH
 5.

1 (
+ c

GMP)
0

5

10

15

20

Io
ni

c 
co

nd
uc

ta
nc

e 
(µ

S) ** ** ns ns

-150 -120 -90 -60 -30 30 60 90

-3000

-2500

-2000

-1500

-1000

-500

500

1000

1500

 c
ur

re
nt

 (µ
 A

)

V (mV)

aqp1 (initial)

+cGMP (20 µM)

+CdCl2 (600 mM)

pH 7.4

-150 -120 -90 -60 -30 30 60 90

-3000

-2500

-2000

-1500

-1000

-500

500

1000

1500

pH 5.1

E G

122



In the present study, we introduced a novel and an unbiased high-throughput system and 

confirmed that hAQP1 has the capacity to allow monovalent cation influx across membranes. 

This function appears to be modulated by intracellular signalling pathways such as 

phosphorylation by protein kinases or binding of signalling molecules (such as cGMP) as 

shown in the previous studies. It is exciting to consider the possibility that the approaches 

introduced here might be used to discover a vast array of ion-conducting AQP channels from 

all kingdoms of life.  
 

Yeast versus conventional electrophysiologic models for ion channel studies 
The adaptable yeast expression system as a mass-throughput screening assay has proven useful 

for:  

i) exploring structure-function relationships of ion channels by mutagenesis (83, 84) and patch-

clamp recording of heterologously expressed ion channels (85, 86);   

ii)  defining fundamental eukaryote mechanisms  for governing cellular ion homeostasis (26, 

27);   

iii) validating  unusual ion channels that lack signature sequence motifs  such as the 

Trypanosoma cruzi cation channel (87);  

iv) studying channels that are not expressed in the plasma membrane of native host cells, but 

can be assessed in isolated yeast vacuoles (88, 89);  

v) testing the regulation of ion channels by protein–protein Interactions (90, 91).  

This powerful system benefits from having a broad range of strain libraries including strains in 

which the growth phenotype changes and can be used to deduce the function of introduced ion 

channels. Furthermore, the yeast system can detect channels that are weakly or non-selectively 

permeable to ions. Gaber and colleagues showed a subset of KAT1 mutations that weakly 

restored growth in S. cerevisiae ∆trk1∆trk2 cells are impotent to show detectable ion currents 

when expressed in Xenopus oocytes (60). Yeast and oocyte expression systems both have been 

used to demonstrate the effects of pH on ion channel activity (92-94). The ability to identify 

weakly ion-permeable channels could be due to the time scale of the experiments, covering 

hours to days in yeast growth assays vs seconds to minutes timescales used in patch and 

voltage-clamp.    

Yeast intracellular messenger systems including network activation and post-translational 

modifications sensitive to respond to a broad array of standard modulatory pharmacological 

agents (95-98), making it possible to study activation mechanisms of ion channels (e.g., 

classical cyclic nucleotide-gated ion channels, and cGMP-gated like hAQP1 ion channels) that 
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rely on concerted actions of stimuli and interactions and are governed at the converging point 

of several cell signaling mechanisms.  

 

Limitations  
While there are many advantages of using a high-throughput expression system for ion 

channels and aquaporins, shortcomings must be noted for heterologous expression of genes in 

yeast or bacteria. For instance: i) not all ion channel genes are adequately expressed and 

localized in the membrane due to signal peptide variation between the host and heterologous 

expression system, ii) artifactual outcomes might arise by interference from yeast signalling 

pathways that are not necessarily involved in the native gating mechanism (99, 100) but induce 

false-positive phenotypes (101);  iii) yeast cell walls represent a barrier that can limit access of 

agents to channels  in the plasma membrane. Notwithstanding these limitations, the 

heterologous expression strategy has made numerous key contributions to our understanding 

of AQP water and solute homeostasis and will indubitably continue to provide invaluable 

insights for the field in the future.  

 

Introducing a novel approach for mass-throughput yeast expression system for 

AQPs ion channel discovery 
All living organisms need a delicate balance of ions, including K+ and Na+, to survive. When 

subjected to environmental stress, yeast employ unique transport systems that harvest K+ or 

exclude Na+ (56). Deletion or inactivation of K+ uptake genes, S. cerevisiae Δtrk1Δtrk2 (102), 

or Na+ efflux genes, Δena1-4, Δnha1 (39), have resulted in powerful systems for K+ and Na+ 

ion channel discovery. Some of the first plant (103)  and mammalian (104) potassium channels 

were characterised using yeast mutant strains. This unicellular system also can be used for 

fluorescence-based detection of on influx, allowing channel activity to be monitored optically 

(105). This yeast heterologous expression system can be extended to testing other classes of 

protein channels which have previously been thought to lack any ion permeability, such as the 

AQPs (3, 31).  

Since the first cloning and characterisation of the AQP1 water channel about three decades ago 

(106), significant progress has advanced understanding of the structure and function of these 

channels. However, AQP drug discovery has progressed at a considerably slower pace, and the 

exploration of AQP substrates other than water and glycerol has been an increasing area of 

focus (36). One reason for the modest rate of progress might be limited adoption of high-
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throughput heterologous expression systems as research tools. A facile reproducible system for 

identifying new AQP ion channels described here could be expanded to more effective 

screening of modulatory agents and permeation properties, with a long-term goal of uncovering 

novel therapeutic agents. 

The intriguing possibility that emerges is maybe all AQPs, regardless of their origin, can be 

permeable to monovalent cation channels, although some would likely be at very low 

conductance levels. Additional lines of data indicate that classes of AQP ion channels show 

differential sensitivity to pH, intracellular messengers, and protein kinase-dependent 

signalling. 

In agreement with previous studies (107, 108), we found hAQP1 integrate into the yeast plasma 

membrane, though the trafficking efficiency is reduced by fusion-protein tagging with a 

fluorescent marker (Figure 3 and 4). Intact N- and -C terminal domains are required for 

membrane targeting, ion channel activation, and regulation by phosphorylation (80).  Cytosolic 

loops also serve as regulators of channel function s (22). hAQP1 with C-terminal tags failed to 

rescue yeast growth in low K+ medium, despite some level of membrane localization, 

suggesting physical interference or steric hindrance of the  hAQP1 loop D domain required in 

ion channel gating (80) (Figure 3D). Conversely, tagging the channel at N-terminal reduced 

the level of membrane localization of the channel compared to wild type, and slowed but did 

not prevent the ion conductance needed for yeast growth rescue.  

Plasma membrane localization and correct assembly of the AQP channel proteins in yeast were 

confirmed using an osmotic stress assay (Figure 4B-C), showing that constructs which failed 

to fully rescue yeast growth were not misfolded or mislocalized. In the osmotic stress assay, 

the presence of water-permeable pores (AQPs) caused inhibition of growth by water loss, 

showing the wild type and mutant AQPs were present in the membrane, and folded correctly 

into functional water channels. The loss of growth rescue in the CY162 strain can thus be 

attributed directly to the effect of the mutation on compromising ion channel functionality 

specifically.    

 

Introducing a yeast-based screening for AQP ion channel modulators and drug 

discovery 
We tested for dose-dependent inhibition of hAQP1-mediated K+ uptake-dependent yeast 

growth by benchmarking responses to previously published modulators for AQP1 ion and 

water channel activity. The rescue of growth was inhibited by the hAQP1 ion channel blockers 
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AqB011, 5HMF, and partially by KeenMind. The hAQP1 water transport agonist, AqF026 

(109, 110) showed no effect (ns) suggesting water permeation is not a rate-limiting factor for 

yeast growth. Acetazolamide a non-specific agent suggested to block AQP water channels 

showed a trend towards growth reduction though the effect was not dose-dependent (*p < 0.05= 

acetazolamide). Inhibiting hAQP1 water transport appears to have minimal effects on the yeast 

growth in the conditions tested. KeenMind exhibited some inhibition of the channel which was 

pH-dependent. This outcome might be attributed to the presence of the hAQP1 ion channel 

blocker Bacopaside-I in the plant extract mixture (73, 111), in addition to the major component 

Bacopaside-II which selectively blocks the hAQP1 water channel. 

Success in screening divalent cations produced results (Figure 7) that agreed with our previous 

electrophysiological studies in oocytes (3, 20, 22); the rescue of yeast growth by hAQP1 was 

inhibited by divalent cations with the highest sensitivity to Cd2+>Ca2+>>Ba2+>Co2+, Ni2+ at pH 

6.4 and 7.3.  No block at pH 5.7 was seen for divalent ions except Cd2+. This work suggests 

the possibility of the pH-sensitive sites of interaction with divalent cations or changes in 

conformation altering access to the divalent blocking site. 

High-throughput screening of chemical libraries for modulators of AQP ion activities offers a 

promising method. We demonstrated feasibility of using the yeast system for one of the best 

studied AQP ion channels, AQP1, suggesting potential for future screening of large libraries 

and identification of more potent modulators. A long-term goal is building a definitive portfolio 

of AQP ion channel antagonist and agonist molecules as tools for basic research and clinical 

innovation in the ion channel field.  

The yeast model described offers potential to validate many properties of AQP ion channels, 

including substrate specificity, sensitivity to kinases, and identification of pharmacological 

activators and inhibitors. In particular, we showed PKA (forskolin), PKC (PMA), PKG 

(cGMP) stimulators trigger the ion conductance of hAQP1 in the yeast system (Figure 8). In 

agreement with the oocyte studies, we found the rescue of yeast growth was increased by agents 

that activate hAQP1 ion channels, forskolin, and cGMP (close to physiological pH) or PMA 

(at all different pH values) in a dose-dependent manner. Using the protein kinase 

phosphorylation blocker agent (H7), we showed the enhanced growth rate mediated by hAQP1 

ion uptake was reduced, consistent with the proposed role of phosphorylation in modifying 

AQP ion channel availability. 

The yeast system can also be used for fluorescence-based detection in which the kinetics of 

ions transport linked to the target channel’s ion activity can be monitored. Using a lithium prob 

sensor designed and developed in our lab, we further confirmed the permeability of hAQP1 in 
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CY162 in real-time (Figure 9). The potential use of unicellular models for AQP ion 

permeability discovery was also illustrated in the E.coli mutant strain defective in K+ uptake 

(Figure 10). In agreement with our yeast screening for hAQP1, we showed K+ and Na+ 

conductance of hAQP1 in oocyte expression system between pH 5.1-7.4 (Figure 11).  

 

Conclusion  
Attempts have been made using yeast as a heterologous expression to study the potential ion 

permeability of hAQP1 (31), and plant PIP aquaporins (3, 32, 112); however, contrasting 

findings might reflect differences between heterologous expression systems or a need for  

refined detection methods. The detection method introduced here might provide a tool to 

bypass some of the difficulties and limitations of current traditional electrophysiological 

methods and offer a combined platform for discovery of new classes of AQP ion channels, 

modes of action, mechanisms of gating, and potential target-specific drug discovery. A further 

benefit of the system is relatively ease and affordability. Since AQPs are expressed in all 

kingdoms of life, the expansion of roles into new functions as proposed here for all hAQPs 

might solve mysteries still surrounding ion homeostasis 

 

Future directions 
Caveats must be considered regarding the future candidate AQPs ion channels proposed here, 

recognising that artefacts or confounding factors might contribute indirectly to the observed 

outcome. However, if the findings are validated by other groups, the impact on the field could 

be revolutionary. AQP ion permeability is likely to have both beneficial and detrimental 

consequences in physiology and remains as an open question. Outcomes of this study draw 

attention of emerging breadth of ion channel roles in the ancient story of AQPs.  
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Chapter 5

Investigating the Role of Aquaporin Ion Channels in
Cancer; is Beneficial or Detrimental, that is the Question.

As a result of chapter 4, that all hAQPs displayed potential ion permeability in a wide range
of pH and given that most other ion channels are functional in a narrow pH spectrum, I
hypothesized that AQP ion channel functionality could be the answer for the compensatory
mechanism of ion homeostasis balance in cancer cells puzzle. The overall goal of this
project was to investigate the correlation between AQPs and cancer severity and clinical
outcome. In aim 1, I used bioinformatics tools and found a positive correlation between
AQP expression and cancer stages. The transcriptomic data analysis suggested AQP9,
7, 5 and 3 as the most promising AQPs that their expression was significantly altered in
almost all common cancer types. These results led me to study the potential regulatory
mechanisms that govern the ion permeability of these four channels. This was achieved by
means of the novel high-throughput yeast screening assay. This chapter is in the format of
the manuscript to be submitted to a journal.
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Abstract 
Human aquaporins (hAQPs) are multifunctional protein channels that are capable of 
transporting water, glycerol and expanding range of solutes. The permeability of a subset of 
AQPs to monovalent cations and anions is established. Moreover, our prior studies suggested 
the potential role of hAQP1 ion conductance in colon cancer cell migration, yet our 
understanding of the exact relationship between hAQP ion permeability and cancer is limited.  
Using the novel mass-throughput yeast-based assay we developed, herein we discovered a new 
set of hAQP ion channels and revealed their modulatory mechanism. Furthermore, we explored 
the prognostic values of all human aquaporins subclasses in 8 cancer types (10 cancer subtypes) 
using the publicly available mRNA expression data. We then performed both univariable and 
multivariable analyses using the tertile as the cutpoints to stratify the patients having high 
(33%) and low (67%) AQP expressions to correlate their associations with the survival 
outcome. In our analyses, four AQPs; AQP3, AQP5, AQP7 and AQP9 were significantly 
differently expressed in at least 5 of the 8 cancer types studied. In multivariable analysis using 
stage as a co-variate, higher AQP3, AQP5 and AQP7 expressions in later stages of cancer types 
are associated with worse outcomes and the hazard ratios increase as the tumor grades become 
higher. Using mass-throughput yeast-based assay we found all four AQPs we analysed were 
permeable to K+ (to the same degree) and Na+ (AQP9>7>>5>3) in a pH range between 5.0-7.3. 
AQP9 ion permeability was induced by protein kinase C and G activators, whereas AQP7 and 
-5 ion permeability were increased by PKC and PKG activator, respectively. All tested AQPs 
ion permeability mediated by PK activators were pH sensitive. Our results indicated that high 
expressions of four AQPs studied here predict worse outcomes with increasing tumor stages 
and appear to have stage dependent associations with survival outcomes highlighting their 
prognostic importance in human cancers. Work here also introduced a possible link between 
AQP ion functionality and cancer development, however, investigation of full range of 
properties of these AQPs partially shown here remain to be explored in vivo and in 
translational/clinical research.  
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1. Introduction  
 

Despite the overall reduction in cancer deaths due to improved diagnosis and treatment 

advances, cancer remains one of the leading causes of death worldwide (1). Proliferation and 

metastasis, along with resistance and recurrence are known as cancer hallmarks. The 

development of cancer results from interactions of the tumor cells with their microenvironment 

leading to angiogenesis and metastasis (2, 3). Understanding the crosstalk between the tumor 

cells and the surrounding cellular and physical environment is crucial for identifying the unique 

features of tumor development that will ultimately lead to finding companion diagnostics tests 

for various treatment options.  

Among them, pH-dependent signaling pathways and hypoxia are one of the key drivers of 

tumour development and have been recognized to be core processes for cancer persistence and 

progression as compared to normal tissue microenvironments (4-6).  This acidotic process is 

mainly due to a metabolic shift of cancer cells towards glycolysis and lactate accumulation, 

resulting in increased levels of metabolic acids (pH<6.5) (7) and hypoxia (8, 9) in tumor 

microenvironments. Furthermore, compared to physiological pH conditions (~7.4), free proton 

concentration in tumor microenvironments can be up to 10-fold higher, creating acidosis which 

does not impair tumor development but dampens the immune system responses (10-13). 

Although these unique features offer a promising opportunity for developing target-specific 

therapies, understanding the physiology of Tumor Microenvironment (TME) is challenging 

and depends on distinguishing between many factors that often are shared between cancerous 

and non-cancerous tissues. One promising approach is to design pH-responsive drugs that can 

be activated at a specific pH value found in tumor microenvironment sites (14-16).  

Many proteins including membrane proteins (17) function in a narrow spectrum of optimal pH, 

indicating the significance of pH to cell fate (6).  Having pH-sensitive membrane sensors is 

vital for both normal and cancerous cells to adapt to pH alterations. This is accomplished in 

part by  a set of transmembrane proteins known as ion channels (18). Although investigating 

the roles of ion channels in cancer has been a focus in the field, the pH landscape, and its effect 

on regulatory mechanisms of ion channels, as well as the potential pathophysiological 

consequences, remain less understood.  

pH alteration is closely coupled to membrane potential changes (acidosis=depolarization and 

alkalisation=hyperpolarization) and provides a fine-tuning for the cell process (6, 19, 20). 

Interestingly, having a depolarized resting membrane potential, ranging from -5 to -55 mV, is 

another unique feature of cancer cells as compared to normal cells (-35 to -95mV), which is a 
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critical factor for membrane protein functions and downstream singalling pathways (21, 22). 

Tumor microenvironment acidosis often shuts down the cation channel functions such as, 

potassium voltage-gated channel (23-26), Ca2+-activated K+ channels (27, 28), potassium 

inwardly-rectifying channels (29, 30), sodium channels (31), transient receptor potential cation 

channels (32), calcium channels (26, 33), mechanosensitive ion channels (34, 35) and ligand-

gated ion channels (36). Conversely, some ion channels are inhibited in alkali pH, including 

potassium channels (37-39) or activated at low pH (40, 41). Blocking potassium channels 

abolished pH-dependent resting membrane potential depolarization (19, 42). More specifically, 

some of K2p family channels are only functional in a narrow physiological pH value, and their 

currents are inhibited by acidification (30) or alkalization of extracellular pH (37). K2P known 

for their role for adjusting the membrane potential (43) and four members of their family 

functionally involved in tumor development (44). TRP channels have different sensitivity to 

extra- or intracellular proton concentration changes (45). The link between TRP family cancer 

proliferation (46, 47), cell migration (48, 49) has been suggested. Voltage-gated proton 

channel, HV1, gating mechanism is governed by the pH gradient difference in intracellular and 

extracellular space (50). The association of HV1 pH-regulation and cancer cell migration 

demonstrated (51-53). Voltage-gated sodium channels (54) and Piezo1 channels (34) are 

inhibited by extracellular acidification and have shown to promote cancer cell migration, 

invasion and proliferation (35, 55-57). ATP-gated Na+-, K+- and Ca2+-permeable channels, 

P2X, are modulated by extracellular pH (58), and acidosis of the environment inhibits the 

channels’ function. The association between P2X family and cancer development has been 

studied (59). For instance, the association of colorectal and melanoma tumor progression with 

P2X7 activity through tumor-infiltration immune cells has been suggested (60). On the other 

hand, low extracellular pH induced the acid-sensing ion channels resulting from a competition 

of multiple protons and Ca2+ at the channels activation site. However, these channel’s functions 

are shown to be in a narrow acidification window (~4.5 for ASIC2a, pH ~6.5 for ASIC1a and 

ASIC3; ~6.1 for ASIC1b) with some depending on the presence of Ca2+ (61). Since activation 

of acid-sensing ion channels occurs in a narrow spectrum of pH (17, 62), cancer cells 

potentially use compensatory mechanisms, possibly through an alternative set of ion channels 

that have broader pH-insensitivity, to progress in unfavourable Na+/K+ gradient created by 

inactivation of other ion channels as a consequence of pH alteration and hypoxia.  

AQPs are a representative subfamily of the Major Intrinsic Protein (MIP) that are considered 

to be multifunctional channels with a permeability range from water and glycerol to a broader 

range of solutes (63, 64). Following the first discovery of AQP ion channels, (the bovine MIP, 
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now known as AQP0) (65, 66), more classes of AQPs have been identified as either cation or 

anion channels, from humans and plants to Drosophila melanogaster. Notably, these proteins 

are involved in many biological functions (63, 67, 68), and dysregulation (69-73), expression 

alteration (74-76) or inhibition of AQPs (77, 78) leads to disturbed cell water and ion 

homeostasis in both normal and cancerous organs making these channels an attractive 

therapeutic targets. The implications of several AQPs that have been identified in tumor 

angiogenesis, cellular dissociation, migration, invasion and expression patterns have been 

discussed and reviewed in (73, 79-82), yet their mechanisms of action, solute-dependent 

permeability and roles in regulating these processes still remain to be fully understood. 

Therefore, we hypothesised that investigating their functions and prognostic importance might 

reveal their potential for malignant transformation of different cancer types.  

Although multifunctional AQPs solute permeability in human physiology and their regulatory 

by pH has been studied (83-90), but apart from their water, glycerol (91) and signalling 

molecules transport (92) in cancer progression, the exact mechanism of other solute , including 

ions and anions, permeability and the effect of pH on the channels gating remained poorly 

explored.  

In the present study, we explored the correlation of AQPs and cancer severity and found them 

as potential prognostic marker for cancer. Moreover, we identified a new set of AQP ion 

channels, and explored the role of pH in regulating their function using in vitro yeast-based 

screening assays we previously developed. We further identified the roles of kinase signaling 

pathways in the regulation of ion permeability, assessed by phenotype complementation in the 

yeast model. To start, we retrieved data for 13 human AQPs that are prevalent across multiple 

types of cancers, for 8 cancer types from TCGA data base (https://portal.gdc.cancer.gov/), to 

access the possible correlations between transcript levels and cancer prognoses. The severity 

of cancer progression at different stages of tumors was associated with the patterns of AQP 

expression. The long-term goal of this work is to extend understanding of AQPs as independent 

prognostic factors for risk of cancer progression and explore functional contributions of the 

channels to cancer cell survival and invasiveness. The role of AQPs in human 

pathophysiologies such as cancer might lead to the development of novel therapeutics against 

cancer. Results in this study show cancer-linked classes of AQPs show cation permeability; 

however, the full range of channel properties including the pH-dependence and regulation by 

intracellular signaling pathways remain to be explored and defining the value of these channels 

as targets in cancer treatments awaits future in vivo and in clinical research.  
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2. Materials and methods 
 

2.1. cDNA cloning and construction of yeast expression plasmids  

Molecular biology, cloning and In vitro experiments preparation for yeast screening were done 

as described previously (see chapter 4). But briefly, coding sequence of all 13 human AQPs 

were designed and commercially synthesised by GenScript as Gateway-enabled entry vectors. 

Yeast harbouring AQPs plasmid were selected by colony PCR and glycerol stocks were made 

and kept at liquid nitrogen for long and -80 °C for short time storage to be used for weekly 

experiments. The yeast mutant strains CY162 and aqy-null, were used for further 

characterization of human AQPs.  

 

2.2 Yeast growth conditions 

For preparation, cells were grown aerobically at 29 °C on Yeast Nitrogen Base, YNB, (~7.5 

mM KCl, 6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 2 g/L uracil-dropout 

amino acid mixture, supplemented with 100 mM KCl for CY162 strain or without additional 

KCl for aqy-null strain), and for screening conditions (inducing medium) potassium free YNB 

(6.7 g/L yeast nitrogen base without amino acids, 2% glucose+2% raffinose, 1.98 g/L uracil-

dropout amino acid mixture, supplemented with indicated KCl, and 2% agar for solid media) 

was usedThe potassium free YNB media were supplemented with 6 mM KCl for liquid 

screening and indicated amount of sodium chloride was added where we examined these AQPs 

for Na+ permeability in osmotic stress assay as described previously (see chapter 4). 

 

2.3. Liquid growth assay of yeast strains 

For testing the effect of pH on AQP-mediated growth rescue of CY162 under different 

conditions (i.e., Na+ permeability or protein kinases stimuli molecules), the cells were grown 

on solid YNB media without uracil (2% glucose+ 100 mM KCl) for 3-5 days. Single colonies 

were selected and grown overnight in the same media without agar. This was followed the next 

day by washing the cells two times with autoclaved MQ water and resuspended in unbuffered 

potassium free YNB+6 mM KCl. For screening of potassium-uptake, cells were inoculated to 

a starting optical density (OD600) of 0.05-0.1 but increased 2-3 folds (initial OD600= ~0.2) for 

Na+ permeability or osmotic stress assay. The yeast cell wall in late exponential toward 

stationary phase is stiffer, making it less accessible for molecules and drugs to reach the cell 

membrane. Therefore, when it comes to cell treatment or small molecules screening assays, we 
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found reducing the cell number to initial OD600= ~0.005-0.01 make it easier to the distinguish 

the difference between the effect of treatments on cells expressing exogenous proteins.  pH 

was adjusted to 5.0, 5.7, 6.4, or 7.4 using MES or Tris base as mentioned before. 200µL culture 

was used in Corning® 96-well clear flat-bottom. The plate lid was removed, and wells were 

sealed by MicroAmp Optical Adhesive Film (Thermo Fisher Scientific). Double orbital 

shacking option was used for liquid screening to avoid sedimentation and cell clumping during 

the kinetic assay. 

 

2.4. Bioinformatics and omics analysis 

RNA-seq gene expression profiles of 3429 patients from 8 different cancer types (10 subtypes) 

were analysed in this study. The associated clinical information of the patients was obtained 

from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database. The FPKM 

(Fragments Per Kilobase of transcript per Million mapped reads) values were used as a measure 

of 13 different AQPs gene expression. Significantly differentially expressed AQP genes 

between primary and solid tissue normal samples were identified using edgeR in R studio with 

false discovery rate (FDR) < 0.05. Common genes that are significantly expressed were 

identified using ggvenn package in R studio. Four most commonly expressed AQP genes in 

most common cancer types (AQP9, AQP7, AQP5 and AQP3) were selected for further 

downstream analyses. Univariable analysis was performed for overall survival (OS) associated 

with AQP expression using Kaplan–Meier and log rank test analysis, comparing high and low 

gene expression groups for all cases and within each cancer type stages. RNA expression was 

dichotomized as high and low expression using the cut point as high-30% and low 70% for all 

genes in every cohort. To avoid using potentially biased cut-points splitting high and low AQPs 

expressing participant groups, a two-sample t-test using continuous AQP mRNA expression 

values (with no cut-point required) compared mRNA expression between alive and deceased 

participants.  Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software 

Inc., CA, USA) and RStudio 2022.02.0+443 (Inc., Boston, MA). Multivariable analysis for 

overall survival was also performed to determine whether mRNA expression was associated 

with OS in each tumor stage (I: IV). Finally, AQP mRNA expressions between normal tumor 

adjacent tissue and tumor samples from different stages were analysed with a one-way 

ANOVA (normal vs stage I, stage II, stage III and stage IV). 

 

 

2.5. Statistics 
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Statistical analyses were performed using GraphPad Prism 9.1.0 (GraphPad Software Inc., CA, 

USA) and R. studio 1.4.1106 (Inc., Boston, MA). All data shown are mean ± SD. Different 

letters indicate significance (P<0.05) between values as determined by analysis of variance 

with post hoc tests as detailed in the figure legends or text. Kaplan–Meier plots for overall 

survival (OS) were computed and comparisons were made by the log-rank test using survival 

and survminer packages in R studio. Post hoc Benjamini-Hochberg (BH) multiple comparisons 

test was performed when the results for each variable in survival analyses were significant. To 

perform univariable analyses of AQP expressions associated with OS, a Cox proportional 

hazards model was fitted to predict survival. For the multivariable analysis, a Cox proportional 

hazards model was learned using high (30%) vs low (70%) and stage as predictors.  For each 

test, we quote the hazards ratio associated with each level of a factor compared to the base 

reference level, and the associated p-values. 

 

3. RESULTS 

3.1. Bioinformatics and omics analysis 
The expression of hAQP1 facilitates  cancer migration and metastasis in subtypes of cancer 

cells such as colorectal cancer and glioblastoma, and pharmacological inhibition of the channel 

water and ion permeability has been shown to slow  cancer cell line cell migration and invasion 

(78). McCoy and colleagues showed the role of hAQP1 in glioma cell migration is not 

replaceable by hAQP4, suggesting a unique function of hAQP1 in cell migration (93). The full 

range of AQPs substrate permeabilities remains to be identified. The significance of AQPs in 

cancer progression has likely been underestimated to date, with more linkages yet to be 

discovered. Work here is focused on four classes of AQPs not previously shown to have ion 

channel activity; these classes were selected objectively based on an assessment of AQP 

transcript levels that correlated most strongly with the probabilities of overall survival for 

cancer patients across multiple cohorts of cancer types (Table 1). Transcriptional expression 

data for all 13 classes of AQPs from 3429 patients were compiled for cancer types representing 

8 cancer cohorts, using FPKM with follow-up information from TCGA. The 

clinicopathological features of the patients in the cohorts are summarised in Table 1.  

Table 1: Clinicopathological features of the cohorts used for this study. 

Characteristic 
Bladder 
(n=430)  

Breast 
(n=1218)  

Colon 
(n=512) 

Liver 
(n=424) 

Thyroid 
(n=568) 

Rectal 
(n=177)  

Lung-
LUAD 
(n=585) 

Lung-LUSC 
(n=550) 

Kidney-
KIRC 

(n=607) 

Kidney-
KIRP 

(n=321) 

N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

Age                     

  Median 
(Range)  68(34-90) 58 (26-90) 67 (31-90) 60 (16-

90) 41 (16-89) 64.5 (31-
90) 65 (33-88)  67 (39-90) 61 (26-90) 62 (28-88) 
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Gender 
Demographic     

      
  

        

  Male 313 (73) 13 (1) 266 (52) 281 (66) 156 (27) 94 (53) 269 (46) 406 (74) 401 (66) 234 (73) 

  Female 117 (27) 1203 (99) 244 (48) 143 (34) 412 (73) 83 (47) 316 (54) 144 (26) 206 (34) 87 (27) 

Stage                      

Not 
Reported/Not 
Determined 

2 (0.5) 24 (2) 12 (2) 

32 (8) 2 (0) 

10 (6) 9 (2) 

4 (1) 3 (0) 29 (9) 

  I 3 (0.7) 202 (17) 82 (16) 191 (45) 321 (57) 34 (19) 316 (54) 270 (49) 294 (48) 187 (58) 

  II 134 (31) 693 (57) 205 (40) 98 (23) 59 (10) 53 (30) 135 (23) 179 (33) 69 (11) 23 (7) 

  III 148 (34) 275 (23) 139 (27) 97 (23) 124 (22) 53 (30) 97 (17) 89 (16) 139 (23) 63 (20) 

  IV 143 (33) 22 (2) 72 (14) 6 (1) 59 (10) 26 (15) 28 (5) 8 (8) 102 (17) 19 (6) 

Vital Status                     

Alive 236 (55) 1016 (84) 395 (77) 258 (61) 548 (96) 145 (82) 369 (63) 303 (55) 407 (67) 270 (84) 

Dead 193 (45) 200 (16) 115 (23) 164 (39) 20 (4) 31 (18) 216 (37) 247 (45) 200 (33) 51 (16) 

Not Reported 1 (0) 0 (0) 0 (0) 2 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

History of 
Neoadjuvant 

Treatment 
                    

  Yes 10 (2) 14 (1) 4 (1) 2 (0) 6 (1) 1 (1) 4 (1) 7 (1) 18 (3) 0 (0) 

  No 420 (98) 1200 (99) 506 (99) 422 
(100) 562 (99) 175 (99) 580 (99) 543 (99) 589 (97) 321 (100) 

Not Reported 0 (0) 3 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Date of Data 
Extraction 

April 17 
2022 April 17 2022 April 17 

2022 
April 17 

2022 
April 17 

2022 
April 17 

2022 
April 17 

2022 April 17 2022 April 17 
2022 

April 17 
2022 

Type of Data RNA 
(FPKM) RNA (FPKM) RNA 

(FPKM) 
RNA 

(FPKM) 
RNA 

(FPKM) 
RNA 

(FPKM) 
RNA 

(FPKM) RNA (FPKM) RNA 
(FPKM) 

RNA 
(FPKM) 

3.2. The Correlation between AQPs Expression and Overall Survival and Cancer Severity 
 
3.2.1. Differences in AQP Expression in Several Cancer Types 
 
The assessment human AQP transcript levels in eight different cancer types indicated that 

AQP3, AQP5, AQP7 and AQP9 showed the highest expression across multiple cancer types, 

as compared to levels of other hAQPs (Figure 1A). Significant expression of AQP9 was 

observed in five cancer types including Breast, Colon, Kidney, Liver and Lung cancers. AQP3, 

AQP5 and AQP7 showed significantly increased expression in four cancer types (Figure 1B). 

These four AQP classes were selected for further assessment of possible associations with 

clinical outcomes and deeper in vitro investigation on their functions, ion permeability and  

modulatory, in particular.  
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Figure 1: Differential mRNA expression of AQPs in eight cancer types.   
A) A heatmap depicting the differential expression of 13 hAQPs from the publicly available TCGA database 
comparing the primary tumor regions against solid tissue normal. Expression difference in fold change  (P values 
adjusted and shown as FDR; false discovery rate < 0.05). (B) Expression of common AQPs in eight cancer types. 
AQP3, AQP5, AQP7 and AQP9 were significantly expressed in most cancer types including breast, colon, kidney, 
liver and lung.  
 
 
3.2.2. Association of AQP Expression with Survival.  
Kaplan–Meier analyses of participants with Breast, Colon, Kidney, Liver and Lung cancers 

with respect to the expression of AQP3, 5, 7 and -9 (high-33% vs low-67%) were conducted. 

Results from a univariable cox regression model indicated that significantly better overall 

survival was associated with high expression of AQP7 in KIRC (Kidney Renal Clear Cell 

Carcinoma) (Hazard Ratio (HR) = 0.65, P = 0.003**) and LUAD (Lung Adenocarcinoma) (HR 

= 0.73, P = 0.025*) (Supplementary S1). AQP3 high expression was significantly associated 

with worse outcome in in Breast and Liver (HR = 1.3), whereas significantly better overall 

survival was seen for Colon (HR=0.87), Kidney and Lung (HR=0.75). A trend towards 

association with worse outcome in Breast (HR=1) and Kidney (HR=1.1) was seen for AQP5, 

however, its high expression was positively associated with better survival in Colon 

(HR=0.89), Liver (HR=0.75) and Lung (HR=0.82). Although not significant, high AQP9 

expression showed a trend towards association with worse outcome in Breast (HR = 1.3), Colon 

(HR = 1.1), Kidney (HR = 1.3) and Liver (HR = 0.83) (Supplementary S1 and S2). 

Investigation of whether AQP9 expression predicts OS (Overall Survival) with stage as a co-

variate factor in multivariable survival analysis models showed that the hazard risk factor 

increased as a function of higher stages in all cancer types (Figure 2). Similarly, multivariable 
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analysis using stages as the predictor indicated that higher AQP3, AQP5 and AQP7 expressions 

in later stages of cancer types were associated with worse outcomes and the hazard ratio 

increased as the tumor grades became higher (Figure 3-5). For instance, in KIRC subtype of 

Kidney cancer, although high AQP3 expression predicted better outcomes (HR = 0.71, P = 

0.021*), increased HR was observed in stage II (HR = 1.33), stage III (HR = 2.79, p <0.001 

***) and stage IV (HR = 7.04, p <0.001***) as compared to stage I patients (Figure 5). 

Likewise, upon multivariable analysis, high AQP5 expression conferred worse prognosis in 

KIRC (HR = 1.2), with the strength of the effect increasing with tumor stage, for example in 

breast cancer, (stage I vs II (HR=1.4), stage I vs III (HR=2.7, p=0<0.001***) and stage I vs IV 

(HR=7.1, p<0.001***) (Figure 4). 

Altogether, these results indicated all four classes of AQPs with increased expression levels 

were associated with worse outcomes, with severity increasing at advanced tumor stages. These 

results support to have stage dependent associations of high AQP3, 5, 7 and 9 expression levels 

with worse patient outcomes. 

 
Figure 2: Multivariable analysis of AQP9 mRNA expression in breast, colon, liver, Kidney (KRIC and KRIP 
subtypes) and Lung (LUAD and LUSC subtypes). Hazard ratios with their 95% confident intervals as well as P-
values resulting from the comparisons between low (67%) and high (33%), stage I vs stage II, III and IV are 
shown.  

Multivariable Analysis of AQP9 in different cancers
AQP (Case comparison)

AQP9 − Low vs High (387 vs 784)
AQP9 − I vs II (202 vs 679)
AQP9 − I vs III (202 vs 268)
AQP9 − I vs IV (202 vs 22)
AQP9 − Low vs High (157 vs 318)
AQP9 − I vs II (80 vs 193)
AQP9 − I vs III (80 vs 133)
AQP9 − I vs IV (80 vs 69)
AQP9 − Low vs High (128 vs 258)
AQP9 − I vs II (190 vs 96)
AQP9 − I vs III (190 vs 95)
AQP9 − I vs IV (190 vs 5)
AQP9 − Low vs High (198 vs 401)
AQP9 − I vs II (289 vs 69)
AQP9 − I vs III (289 vs 139)
AQP9 − I vs IV (289 vs 102)
AQP9 − Low vs High (96 vs 193)
AQP9 − I vs II (185 vs 23)
AQP9 − I vs III (185 vs 62)
AQP9 − I vs IV (185 vs 19)
AQP9 − Low vs High (186 vs 377)
AQP9 − I vs II (310 vs 133)
AQP9 − I vs III (310 vs 93)
AQP9 − I vs IV (310 vs 27)
AQP9 − Low vs High (178 vs 360)
AQP9 − I vs II (267 vs 175)
AQP9 − I vs III (267 vs 88)
AQP9 − I vs IV (267 vs 8)

HR

1.5
1.4
2.4
11.7

1
1.8
3.3
9.2
0.85
1.26
2.28
5.57
1.1
1.4
2.6
6.9
0.89
0.83
4.12

13.51
0.8
2.5
3.5
3.8
1.2
1.1
1.5
3.7

P−Value

0.019*
0.122

<0.001***
<0.001***

0.942
0.216

<0.001***
0.04*
0.37
0.286

<0.001***
0.001***

0.391
0.28

<0.001***
<0.001***

0.707
0.81

<0.001***
<0.001***

0.116
<0.001***
<0.001***
<0.001***

0.303
0.423
0.02*

0.002**

Cancer (subtype)

Breast
Breast
Breast
Breast
Colon
Colon
Colon
Colon
Liver
Liver
Liver
Liver

Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIP)
Kidney (KRIP)
Kidney (KRIP)
Kidney (KRIP)
Lung (LUAD)
Lung (LUAD)
Lung (LUAD)
Lung (LUAD)
Lung (LUSC)
Lung (LUSC)
Lung (LUSC)
Lung (LUSC)

02.557.5 12.5 17.5 22.5 27.5
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Figure 3: Multivariable analysis of AQP7 mRNA expression in breast, colon, liver, Kidney (KRIC and KRIP 
subtypes) and Lung (LUAD and LUSC subtypes). Hazard ratios with their 95% confident intervals as well as P-
values resulting from the comparisons between low (67%) and high (33%), stage I vs stage II, III and IV are 
shown.  
 

Multivariable Analysis of AQP7 in different cancers
AQP (Case comparison)

AQP7 − Low vs High (387 vs 784)
AQP7 − I vs II (202 vs 679)
AQP7 − I vs III (202 vs 268)
AQP7 − I vs IV (202 vs 22)
AQP7 − Low vs High (157 vs 318)
AQP7 − I vs II (80 vs 193)
AQP7 − I vs III (80 vs 133)
AQP7 − I vs IV (80 vs 69)
AQP7 − Low vs High (128 vs 258)
AQP7 − I vs II (190 vs 96)
AQP7 − I vs III (190 vs 95)
AQP7 − I vs IV (190 vs 5)
AQP7 − Low vs High (198 vs 401)
AQP7 − I vs II (289 vs 69)
AQP7 − I vs III (289 vs 139)
AQP7 − I vs IV (289 vs 102)
AQP7 − Low vs High (96 vs 193)
AQP7 − I vs II (185 vs 23)
AQP7 − I vs III (185 vs 62)
AQP7 − I vs IV (185 vs 19)
AQP7 − Low vs High (186 vs 377)
AQP7 − I vs II (310 vs 133)
AQP7 − I vs III (310 vs 93)
AQP7 − I vs IV (310 vs 27)
AQP7 − Low vs High (178 vs 360)
AQP7 − I vs II (267 vs 175)
AQP7 − I vs III (267 vs 88)
AQP7 − I vs IV (267 vs 8)

HR
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9.3
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1.3
2.3
5.8
0.72
1.33
2.57
6.84
0.65
0.82
4.1

13.49
0.87
2.55
3.54
3.63
0.85
1.1
1.48
3.58

P−Value

0.324
0.108

<0.001***
<0.001***

0.831
0.215
0.013*

<0.001***
0.649
0.253

<0.001***
0.001***
0.027*
0.324

<0.001***
<0.001***

0.156
0.792

<0.001***
<0.001***

0.33
<0.001***
<0.001***
<0.001***

0.236
0.516
0.022*
0.003**

Cancer (subtype)

Breast
Breast
Breast
Breast
Colon
Colon
Colon
Colon
Liver
Liver
Liver
Liver

Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIC)
Kidney (KRIP)
Kidney (KRIP)
Kidney (KRIP)
Kidney (KRIP)
Lung (LUAD)
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Lung (LUSC)
Lung (LUSC)
Lung (LUSC)
Lung (LUSC)

02.557.5 12.5 17.5 22.5 27.5
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Figure 4: Multivariable analysis of AQP5 mRNA expression in breast, colon, liver, Kidney (KRIC and KRIP 
subtypes) and Lung (LUAD and LUSC subtypes). Hazard ratios with their 95% confident intervals as well as P-
values resulting from the comparisons between low (67%) and high (33%), stage I vs stage II, III and IV are 
shown.  
 

Multivariable Analysis of AQP5 in different cancers
AQP (Case comparison)

AQP5 − Low vs High (387 vs 784)
AQP5 − I vs II (202 vs 679)
AQP5 − I vs III (202 vs 268)
AQP5 − I vs IV (202 vs 22)
AQP5 − Low vs High (157 vs 318)
AQP5 − I vs II (80 vs 193)
AQP5 − I vs III (80 vs 133)
AQP5 − I vs IV (80 vs 69)
AQP5 − Low vs High (128 vs 258)
AQP5 − I vs II (190 vs 96)
AQP5 − I vs III (190 vs 95)
AQP5 − I vs IV (190 vs 5)
AQP5 − Low vs High (198 vs 401)
AQP5 − I vs II (289 vs 69)
AQP5 − I vs III (289 vs 139)
AQP5 − I vs IV (289 vs 102)
AQP5 − Low vs High (96 vs 193)
AQP5 − I vs II (185 vs 23)
AQP5 − I vs III (185 vs 62)
AQP5 − I vs IV (185 vs 19)
AQP5 − Low vs High (186 vs 377)
AQP5 − I vs II (310 vs 133)
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7.1
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0.75
2.5
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P−Value

0.67
0.135

<0.001***
<0.001***

0.979
0.215
0.013*

<0.001***
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<0.001***
0.002**
0.245
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<0.001***

0.041*
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0.402
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Figure 5: Multivariable analysis of AQP3 mRNA expression in breast, colon, liver, Kidney (KRIC and KRIP 
subtypes) and Lung (LUAD and LUSC subtypes). Hazard ratios with their 95% confident intervals as well as P-
values resulting from the comparisons between low (67%) and high (33%), stage I vs stage II, III and IV are 
shown.  
 
 
 
3.2.3. Differences of AQP Expressions between Cancer Stages 
 
Levels of AQP expression were compared between tumor-adjacent healthy tissue and tumor 

samples from different stages and analysed via one-way ANOVA for each pair (Normal vs 

Stage I, Stage II, Stage III, and Stage IV). Results showed no significant difference in AQP5 

and AQP7 expression levels between different stages across all cancer types. Although AQP9 

expression was not statistically different between normal and cancer stages in Colon, Kidney, 

and Liver cancer types, significantly higher AQP9 transcript levels were observed in Breast 

and Lung cancers in normal tissues vs Stage I, Stage II, Stage III and Stage IV cancers 

(Supplementary S3). Similarly, significantly higher transcript levels for AQP3 were observed 

in normal tissues vs Stage I, Stage II, Stage III and Stage IV in Lung cancer (Supplementary 

S3-C), but not in Breast, Colon, Kidney and Liver cancers. These results while illustrating a 

recurring involvement for AQP3, 5, 7, and 9 in cancer progression, also highlight a large 
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variability in AQPs gene expression patterns for different cancer types, and variable 

associations with clinical outcomes and prognoses. 

 
3.2. Screening and Functional Expression of hAQPs in S. cerevisiae for AQP ion channels 

discovery. All hAQPs can potentially transport K+ and Na+ although to different degrees and 

conditions.  

 
After establishing a novel method carefully optimised to be suitable for investigating AQP ion 

channel permeability for K+ and Na+ (see chapter 4) we tested the hypothesis that whether other 

classes of hAQPs are ion channel, and thus capable of complementing the growth defect of 

CY162 yeast line in limited potassium conditions. Clones bearing the empty vector (pYES-

DEST52), each of the 12 classes of hAQPs (AQP0-12, except hAQP1 that we previously 

investigated its ion permeability in yeast), and AtKAT1 plasmid were grown on solid minimal 

medium (potassium-free YNB) supplemented with 6 mM KCl, and either glucose or 

galactose/raffinose +100 mM KCl at different pH values (Figure 6).  

The growth recue was measured in unbuffered (pH ~4.5+/-0.2) and buffered media (pH 5.0, 

5.7, 6.4 or 7.3). In inducing medium supplemented with 100 mM KCl, all clones grew to the 

same extent, including controls as expected. At a lower extracellular K+ concentration (6 mM), 

the cells expressing the hAQPs and AtKAT1 proteins showed enhanced growth, in contrast to 

a lack of growth in negative control cells. The rescue of growth, similar to results with liquid 

media K+ screening in Figure 7 was pH-dependent for hAQPs, but not for AtKAT1. The highest 

growth rates for K+-dependent growth rescue by AQPs expression were seen at 5.7-6.4 and 

minimum growth was observed in unbuffered or pH 5.0 media, suggesting the novel idea that 

ion conducting functionality is more ubiquitous property of AQPs than was previously 

considered. The slight differences in patterns of pH sensitivity observed across the classes of 

AQPs might suggest their ion channel conducting mechanisms are not identical, with cells 

expressing AQP 2, 6 or 12s for example showing less growth than those with other AQPs at 

pH 7.3 (Figure 6).  

Since the cell number on solid media were lower (initial OD600 ~ 0.5 followed by four 1:10 

dilutions) than in liquid cultures (with initial OD600 ~0.05 to 0.1), the detectable rescue of 

hAQP-expressing cell growth at pH 7.3 required more time for 3rd dilution and higher 

(photographed images shown are at 3 days incubation). All cells harbouring AQPs rescued the 

yeast growth defect at pH 7.3 when allowed to grow for 5 days (data not shown).  These results 

indicated that all classes of hAQP proteins appear to be capable of mediating a level of 
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potassium uptake that is sufficient to confer rescue of growth when introduced into transport-

defective yeast cells. The rescue of growth showed no pH sensitivity in yeast cells expressing 

AtKAT1, arguing against a non-specific effect of pH on yeast cell viability. Results here 

established that hAQPs are capable of rescuing yeast cell growth in limited potassium 

conditions by a process sensitive to extracellular pH.  

 

 
Figure 6: Yeast-based phenotypic aquaporin assays in different pHs.  
Phenotypic yeast assay on solid medium for potassium and pH-dependent of all hAQPs. CY162 yeast mutant 
strain cells suspension expressing all human AQPs (0-12, except for AQP1 which was shown in figure 1) and 
controls (OD600 = 0.5) were spotted in serial 1:10 dilutions on low-salt yeast nitrogen base medium at pH 5.0, 5.7, 
6.4, 7.3 or unbuffered (pH ~ 4.5). Medium supplemented with 6 mM KCl. Growth shown is at 3 days. Yeast 
expressing hAQPs and controls grow equally well on standard medium (control: containing 2% galactose+2% 
raffinose (w/v) with addition of 100 mM KCl). Unlike yeast harbouring AtKAT1, cells that express the hAQPs 
show pH-dependent growth. Uptake of potassium is facilitated pH-independently by expression of a potassium 
channel (AtKAT1, positive control) or pH-dependently by hAQPs with highest rates at pH 5.7-7.3. Cells 
expressing empty vector grew on control but not low potassium medium. Longer lag phase noted at neutral pH 
(5-7 days to reach maximum growth, data not shown). This is possibly due to the yeast strain pH sensitivity at 
<pH7.0. All plates were incubated at 29 °C for 72 hours and photographed. 
 
3.3. Analysis of water and ion channel activities of hAQPs in the rescue of yeast cell growth. 

We have previously showed the CY162 growth defect was rescued by K+ influx through 

hAQP1 (see chapter 4) which was independent of its water transport. To test whether the rescue 

of growth by other hAQPs expression was mediated by increased water or cation transport, we 

furthered analysed the pharmacological effects of CdCl2 (a non-selective blocker of ion 

channels) and HgCl2 (a blocker of AQPs water pores) (Figure 7). Based on results of a dilution 

series (data not shown), 5 µM Cd2+ and 25 µM Hg2+ concentrations were selected in this study 
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as doses that allowed AtKAT1 transformants and untreated cells to grow normally without 

evidence of toxicity in induction medium.  

All hAQPs-expressing cultures showed slower growth rates in medium with 5 µM cadmium 

chloride treatment (Figure 7A). Total growth quantified as Area Under Curve, as shown in the 

histogram plot, controls cells were less sensitive to Cd2+ than AQP-expressing cells, supporting 

the interpretation that the rescue of yeast growth was mediated by AQP ion conductance. The 

delay to onset of growth in hAQP-expressing cells was prolonged in the presence of Cd2+ but 

no significant growth alteration was observed when cells were exposed to Hg2+ (Figure 7B). 

The inhibitory effect of Cd2+ was stronger near neutral pH (7.3). Hg2+ showed a slight inhibition 

of growth at acidic pH (5.0), but no significant difference at higher pH values (Figure 7B). 

These data support the interpretation that the complementation of the yeast growth defect by 

hAQP-expression is independent of the channel water permeability. 

 
Figure 7: Effect of hAQPs expression on cadmium and mercury sensitivity of yeast.  
AQPs-induced growth rescue in yeast is independent of their water transport functionality.  
A) Inhibition of potassium permeability by cadmium chloride (CdCl2) in yeast strains expressing hAQPs. 
CY162 cells transformed with either pYES-DEST52, AtKAT1 plasmid (controls) or hAQPs were grown on low 
potassium medium (6 mM) without or with 5 µM CdCl2 (AtKAT1: dark green bar for untreated and bright green 
bar represent CdCl2 treated, empty vector: red bar represents untreated and orange for CdCl2 treated, and hAQPs: 
dark gray bar represents untreated and bright gray bar for CdCl2 treated. Area Under the Curve (AUC) for each 
hAQPs and controls with or without CdCl2 are shown as bar plot (merged average of two experiments). hAQPs-
expressing cells show different reduced growth treated with CdCl2 when compared to controls. B) Investigation 
the hAQP water permeability involvement in rescuing yeast growth defect.  CY162 yeast strain harbouring 
AQP0-12 were grown with or without HgCl2 in pH 5.0, 6.0 or 7.0. HgCl2 treated cells show slight reduced growth 
in pH 5.0 as compared with pH 5.7-7.3. Some AQPs are highlighted for better visualisation between treated and 
untreated conditions.  
 
 
3.3. Using Phenotypic Yeast Assay for the Effect of AQP3, 5, 7, 9 on Yeast Na+ Induced 
Growth Inhibition 
   
Following on the idea that ion channel function of hAQP1 was demonstrated to be a factor in 

enhancing aggressive cancer cell migration, we used our novel high-throughput liquid 

screening approach to further confirm K+ permeability of hAQPs and test whether any of the 

AQP channels were permeable to Na+. The CY162 yeast line was used to characterise AQPs 

pY
ES-D

EST52
 

 +C
d2

+

AtK
AT1 +

hA
QP0 +

hA
QP1 +

hA
QP2 +

hA
QP3 +

hA
QP4 +

hA
QP5 +

hA
QP6 +

hA
QP7 +

hA
QP8 +

hA
QP9 +

hA
QP10

 +

hA
QP11

 +

hA
QP12

A +

hA
QP12

B +
0

20

40

60

80

100

Ar
ea

 U
nd

er
 C

ur
ve

 (A
U

C
)

A B
pH 7.0

0 20 40 60
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0)

hAQP1 +HgCL2

other hAQPs

hAQP3 +HgCL2

hAQP5 +HgCL2

hAQP7 +HgCL2
hAQP9 +HgCL2
hAQP12A +HgCL2
hAQP12B +HgCL2

—o—   +HgCl2

0 12 24 36 48 60 72
0

1

2

3

0 12 24 36 48 60 72
0

1

2

3
pH 5.0 pH 6.0 pH 7.0

0 20 40 60
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0)

hAQP1 +HgCL2

other hAQPs

hAQP3 +HgCL2

hAQP5 +HgCL2

hAQP7 +HgCL2
hAQP9 +HgCL2
hAQP12A +HgCL2
hAQP12B +HgCL2

—o—   +HgCl2

0 20 40 60
0

1

2

3

Time (Hour)

C
ul

tu
re

 D
en

si
ty

 (O
D

60
0)

hAQP1 +HgCL2

other hAQPs

hAQP3 +HgCL2

hAQP5 +HgCL2

hAQP7 +HgCL2
hAQP9 +HgCL2
hAQP12A +HgCL2
hAQP12B +HgCL2

—o—   +HgCl2

153



growth-induced or inhibiting effects of K+ or Na+ influx, respectively. 50 and 100 mM NaCl 

were added to the inducing medium containing 6 mM KCl, and growth of AQP-expressing and 

control cells was measured as function of time in liquid medium at pH 5.7, 6.4 and 7.3 (Figure 

8).  

In agreement with our solid medium screening, Figure 6, all of AQPs displayed a pattern of 

pH-sensitive of growth induced by extracellular K+. Interestingly, growth inhibition induced 

by Na+ influx in cells expressing hAQPs in a dose-dependent manner. As expected, cells 

expressing our positive control (AtKAT1) did not show a significant growth reduction 

compared to untreated condition (only 6 mM KCl, no NaCl) as AtKAT1 is not permeable to 

Na+. The reduction in growth was significantly higher for some AQPs close to physiological 

pH (Figure 8) whereas for some the growth inhibition was stronger toward acidic pH. The 

rescue of growth, similar to results shown in Figure 6 and 7, was pH-dependent for some 

hAQPs, but not for AtKAT1. However, we noted the highest growth rates and/or inhibition 

varies amongst hAQPs, suggesting their ion functionality could be associated with their native 

microenvironment pH conditions in their host organs. Furthermore, some AQPs showed less 

sensitivity to external sodium or pH (Figure 8). Growth induction or inhibition quantified as 

Area Under Curve and shown as bar plots. 
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Figure 8: Characterization of hAQPs K+ and Na+ permeability in yeast.  
K+-dependent growth rescue and Na+-induced growth inhibition of CY162 expressing hAQPs at indicated pH and 
was investigated. (K+ concentration: 6 mM, and Na+ concentration: 50 or 100 mM). Cells expressing AtKAT1 
(positive control) top left, first row (green curve). Cells were grown in inducing YNB medium with or without 
the indicated concentrations of NaCl at 29 °C for 70 hours. OD600 is plotted vs time (in hours). Growth curves 
represent the averages of two independent experiments. Growth was monitored at regular intervals 
spectrophotometrically by recording absorbance at 600 nm. The optical density was recorded every 15 min but 
only 6 hours time-point plotted for better visualisation of curves. Initial cell density (time 0) was ~ OD600 0.05. 
Growth characteristics were determined by calculation of Area Under Curve (AUC). Statistical significance was 
shown as P < 0.05 (*), P < 0.01 (**), P< 0.001 (***), and not significant (ns). 
 
 
3.4. PKs-dependent Sodium Permeability in CY162 for AQP 3, 5, 7, 9. 
 
To determine the regulatory mechanisms of new hAQPs ion channels, we next narrowed our 

screening to AQP3, 5, 7 and 9, as these four AQPs showed the highest expression across 

different common cancer types when compared to levels of other hAQPs.  

We therefore extended our screening to determine the mechanism of these four AQPs Na+ 

permeability in the presence of different protein kinase activators. CY162 cells bearing AQP3, 

5, 7 and 9 were grown on inducing medium+6 mM KCl. The medium was supplemented with 

50 mM NaCl in the presence of either Forskolin (PKA), PMA (PKC), or cGMP (PKG) 

activator at pH 5.7, 6.4 or 7.3 (Figure 9). The expectation in this assay was if AQP Na+ 

permeability was triggered via phosphorylation (or prevention of phosphorylation), a 

concomitant growth inhibition would be observed. Cd2+ was used as a potential Na+ blocker in 

the assay in which by blocking the channel ion functionality, enhanced growth rate was 

expected. However, due to the non-specificity of cation channel inhibition by Cd2+, there was 

a chance of blocking AQP channel K+ influx, required for the growth of CY162. As a result, 

we found Cd2+ treated cells grew less well when compared with their untreated controls and 

that the idea of blocking Na+ permeability and enhancing the growth rate did not work. 

However, we found the AQPs displayed a different patterns of pH-sensitivity to Cd2+ induced 

inhibition; with greater inhibition for AQP9>7>5 and 3 at pH 5.7, AQP9 and 5>7>3 at pH 6.4 

and 7.3, suggesting the difference in response to Cd2+ was due to their ion permeability 

properties, e.g., ion transport via different pore domains as shown for some AQPs ion channels 

(94) However, further work would be required to validate this hypothesis. 
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In response to PK activators, inhibition of growth in AQP3-expressing cells was slightly 

reduced at pH 6.4 and 7.3 (p<0.05*) as compared to untreated or vehicle control (quantified as 

Area Under Curve, shown in the bar plot) (Figure 9A). AQP5 and 9-expressing cells showed 

significant pH-sensitive inhibition of growth in response to cGMP at pH 6.4 and 7.3 

(p<0.01**). AQP9 Na+ permeability was induced by PMA at pH 7.3 (p<0.01**), cGMP and 

PMA at pH 6.4 although less than the pH 7.3 growth reduction (p<0.05*) (Figure 9D). The fact 

that the growth inhibition induced by stimulators was pH-sensitive ruled out the possibility of 

any artifact or cell toxicity due to an indirect effect of stimulators on the growth rate. Inhibition 

of AQP7-expressing cell growth was induced by PMA in pH 7.3 (p<0.05*), however, growth 

reduction induced by all stimuli was observed at pH 6.4 (p<0.05*), and only PMA at pH 7.3  

p<0.05*) (Figure 9C).  

 

  
Figure 9: Characterization of AQP3, 5, 7 and 9 sodium uptake permeability gating mechanism.  
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A-D) The growth inhibition mediated by hAQP3, 5, 7 and 9 sodium permeability in yeast is sensitive to 
activators and inhibitor of protein kinases in a pH-dependent manner.   
CY162 cells expressing the indicated AQPs were grown in a similar medium as panel A but supplemented with 
additional 50 mM NaCl (red), PK stimulators or inhibitor as indicated in different colours. Growth inhibition 
difference was plot as AUC at indicated pH values. Growth curves represent the averages of two independent 
experiments (n=3 replicates). Error bars indicating the standard deviation (mean ± SD). (p < 0.05 **); (p < 0.5*), 
ns (not significant).  
 

These results indicated the Na+ transport by AQPs tested here are induced by PKs with AQP9 

having Na+ permeability mediated potentially by PKG>>PKC>PKA, followed by AQP7 with 

PKC>PKG, PKA, and AQP5 with PKG. The growth inhibition mediated by stimulators 

seemed to be pH-dependent with more potent induction at pH 6.4 and 7.3. Conversely, AQP3 

showed growth reduction induced by all PK stimuli at pH 6.4 (p <0.05*).  

Furthermore, the we tested the effect of the PK modulators on K+ permeability of these four 

channels. H7 (PK inhibitor) were used for the direct validation of PK activators involment on 

K+-influx dependent growth rescue via AQPs (Figure 10). AQP3 and -5 expressing cells 

showed no obvious growth rescue alteration by PK stimuli and thus no reduction in response 

to H7 (Figure 10A-B). The rescue of AQP7 and -9 growth was enhanced in the presence of 

PMA at pH 6.4 and 7.3. Interestingly, complementation of the growth defect following PMA 

treatment was reduced by H7 as compared with untreated controls (Figure 10C-D). This 

observation suggested that growth rescue by AQP7 and -9 mediated K+ uptake induced by PKC 

and can be inhibited by H7 (a non-specific PK signalling inhibitor). Additionally, the effect of 

PMA on K+ uptake through AQP7 and 9 was similar to that with PMA, in showing pH-

dependence (Figure 10C-D). In summary, the possible non-selective cation permeabilities of 

AQP5, 7 and 9 appear to be modulated by PK signaling pathways.   

We herein established and illustrated a novel way of screening, characterising, and discovery 

of new candidate AQP ion channels for further research in heterologous expression systems. 
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Figure 10: Characterisation of AQP3, 5, 7 and 9 potassium uptake permeability gating mechanism.  
A-D) The growth mediated by AQP3, 5, 7 and 9 potassium permeability in yeast is sensitive to activators 
and inhibitor of protein kinases in a pH-dependent manner. CY162 cells expressing indicated AQPs were 
grown in YNB inducing medium+6 mM KCl at indicated pH values. Vehicle (0.2% (v/v) DMSO) or water (UT) 
served as control conditions and the growth rescue rate was compared between treated and untreated protein 
kinase activator/inhibitor. Forskolin, PMA, cGMP or H7 were used at indicated doses based on prior data for 
hAQP1 in yeast. 
 
3.5. Proposed Significance of novel contribution of AQPs in cancer progression.  
The excess proton (H+), created in the glycolytic pathway, is exported by NHE1 to the 

extracellular microenvironment to maintain intercellular pH (pHi= 7.1-7.7). This results in 

acidic extracellular pH (pHO=6.1-6.8) (95) (Figure 11A). Voltage-gated potassium channels 

export positive charges from the intra- to the extracellular space initiating hyperpolarization 

(red line) required to facilitate the transition between G0/G1 to the S-phase. In contrast, 

opening of some Ca2+ and/or Na+ channels during the S-phase causes depolarization of 
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membrane potential. The transition of S- to G2/M phase is associated Na+ and/or Ca2+ channel 

activities causing depolarization (red line) of the cell until cell division and returning to 

hyperpolarization in the G0/G1 (96). Inhibition of K+ channels leads to prolonged 

depolarization and induces apoptosis (97) (Figure 11B). Following tumor microenvironmental 

acidosis, upper half of dash line, most of the ion channels, including K+, Na+ and Ca2+ function 

shut down (6). The effect of hypoxia, another tumor microenvironment stimuli, effecting ion 

channels causing an increase in some AQPs expression shown in lower half of dash line (48, 

98). Briefly, the influx of Ca2+ via mechanosensitive families, TRPs, is shown to promote CaM-

dependent protein kinases and facilitate AQPs phosphorylation and increase membrane 

localization, as shown in astrocytes (99) (Figure 11C). As shown in Figure 1-5, we found 

AQP9, 7, 5 and 3 have positive correlation with cancer severity and therefore, speculated 

hypoxia mediated upregulation AQPs could be one of the potential compensatory mechanisms 

that cancer cells use to cope with ion channel imbalance when in unfavourable 

microenvironmental conditions. 

 
 

 
Figure 11: Proposed mechanism of AQPs ion permeability in cancer progression.   
A) Intra- and extracellular pH control by Na+/H+ exchanger 1 (NHE1) in cancer cells. The excess proton 
(H+), created in glycolytic pathway, is exported by NHE1 to the extracellular microenvironment to maintain 
intercellular pH (pHi = 7.1-7.7). This results in acidic extracellular pH  (pHO = 6.1-6.8) (95). B) Schematic 
representation of Na+, K+, Cl- and Ca2+ channel activities during cancer cell cycle. Voltage-gated potassium 
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channels export positive charges from the intra- to the extracellular space initiating hyperpolarization (red line) 
required to facilitate transition between G0/G1 to the S-phase. In contrast, opening of some Ca2+ and/or Na+ 
channels during the S-phase cause deperpolarization of membrane potential. The transition of S- to G2/M phase 
associated Na+ and/or Ca2+ channel activities causing depolarization (red line) of the cell until cell division and 
return to hyperpolarization in the G0/G1 (96). Inhibition of K+ channels lead to prolonged hyperpolarization and 
induce apoptosis (97). C) Schematic representation of ion channel activity during cell migration under 
acidosis and hypoxia. Following microenvironmental acidosis, upper half of the migrating cells, most of the ion 
channel function shuts down (6). On the other side, lower half of the migrating cells, hypoxia cause 
downregulation and/or inactivation of ion channels (48, 98) and initiates fluid imbalance. Influx of Ca2+ via 
mechanosensitive families, TRPs, shown to promotes CaM-dependent protein kinases and facilitate AQPs 
phosphorylation and increase membrane localization as shown in astrocytes (99).  
Proposed involvement of AQPs in cancer progression (proliferation and migration) is shown as a blue colour 
channel during microenvironmental stimuli (created with https:// biorender.com). 
 

4. Discussion 

Cancer therapeutics have revolutionised the treatment of various cancer types, but despite these 

improvements, cancer incidence is expected to increase in future decades at a rate of 

approximately 2% per year based on data from 2018-2020 (100, 101). Despite the large focus 

on personalised cancer medicine, a small number of patient population benefits from existing 

therapies, hence it is critical to identify new molecular targets and develop alternative target-

specific therapies to enable proactive provision of more effective cancer treatment strategies.  

The role of ion channels in cancer progression has been an area of emerging interest as a 

process essential for cancer cell development and proliferation  (6, 102). Notably, about 15% 

of currently used drugs in the market target ion channels (103), indicating the significance of 

this function in human physiology. A better understanding of tumor and normal tissue 

microenvironments and the molecular basis of cancer cells’ responses to environmental stimuli 

is likely to advance the development of target-specific therapies. pH signaling is one of the 

critical drivers of malignant cancers (4, 104). Interestingly tumor microenvironment pH is 

shown to be distinct from that of normal tissue microenvironment (105, 106), and its alteration 

regulates ion channel function. Therefore, understanding the mechanism of pH changes and 

decoding the crosstalk between pH-regulated ion channels in cancerous cells, tumor immunity 

and TME is essential for developing novel pH-oriented therapeutic strategies. Remarkably, 

most ion channels are inhibited in acidic pH and hypoxic environments, causing lower level of 

available ATP, or have a narrow pH spectrum tolerance to maintain their physiological 

function. Whether ion channels inhibition mediated by acidosis results in ineffective innate 

tumor immunity remains to be answered. Nevertheless, cation transport is maintained in cancer 

cells, probably by upregulation of several channels, including TRPV4 required for Ca2+ influx 

and possibly AQPs that are shown to overexpressed after hypoxia insult (99) or with an acidic 

stimulus (i.e., upregulation of AQPs in tumor tissues). AQP regulation via Ca2+-dependent 
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protein kinases was also reported in planta (107). Thus, in a phenomenon when ion channels 

are not functioning, we speculate the stage-dependent upregulation of AQPs in tumor tissues 

(compared to normal ones from the same origin shown in this study), could be a compensatory 

mechanism of alternative ion channel involvement to help facilitating cancer proliferation and 

metastasis. 

In the present work, we found all classes of hAQPs as potential ion channels using yeast as a 

heterologous expression model. we further, aimed to investigate the potential significance of a 

subset of these novel ion channels that have been associated with cancer development based 

on transcriptomic analyses. The hypothesis was that there is a stage-dependent correlation 

between the level of hAQPs expression and the severity of common cancers when compared 

to adjacent normal tissue of the same patients, and that the predominant cancer-linked AQP 

classes have ion channel activity. The prognostic importance of all hAQPs in diverse cancer 

types was assessed from analyses of publicly available RNA-seq datasets for determination of 

their associations with patients' risk of death. We found AQP9, -5, -3 and -7 were the classes 

with the greatest differential expression in eight types of cancers (ten subtypes), as compared 

with the other 9 classes of hAQPs (Figure 1A-B). High transcript levels for AQP9 have been 

associated with poor prognoses and increased risk of distant metastases in the literature (108, 

109), indicating its potential as an important prognostic factor in many cancer types. In the 

eight cancer types analysed, the most prominent differential expression of AQPs was noted in 

Breast, Colon, Liver, Kidney cancer subtypes KIRC and KIRP, and Lung cancer subtypes 

LUAC and LUSD. AQP9, -5, -3 and -7 roles in these five common cancer types were selected 

for further in-depth analyses. 

In breast cancer, the upregulation of AQP9, -5, -3 and -7 expression, although not statistically 

significant, was associated with an increased risk of death (Supplementary S1 A-D). Previous 

findings (110, 111),  reported moderately increased levels of AQP9, -5, -3 and -7 were found 

in breast cancer biopsies as compared to normal tissues. Similarly, we noted significant 

differential expression for AQP3, -4, -5, -6, -7, -9 and -11 in breast cancer (82, 110, 112-115).  

AQP1 expression is induced by estrogen (116) in breast cancer, and high levels of expression 

have been correlated with shorter overall survival (117). Interestingly, our analysis of AQP1 

transcript levels in the TCGA data for the breast cancer cohort did not indicate higher AQP1 

as compared to adjacent normal tissue from the same patients. AQP0 however emerged as a 

potential player in breast cancer (Figure 1A-B), although the protein expression levels and 

association with survival time remain to be determined.  
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In non-cancerous colon tissues, AQP1, -3, -4, -7 and -8 are the major isoforms (118), and have 

been shown to be expressed in colorectal cancer (119-124). A correlation between AQP1 

expression and colorectal invasiveness and poor survival of patients has been suggested (125, 

126), and supported by results showing that the knock down or inhibition of AQP1 by 

molecular and pharmacological means reduced colorectal cell migration (127-129). Prior work 

illustrated the importance of AQP1 dual water and ion channel function in enhancing colorectal 

cancer cell migration (78); however, upregulated AQP1 transcript levels were not observed in 

the TCGA colon cancer cohort, which showed no appreciable differences between primary 

cancer  and  normal tissues, indicating  AQP1 is unlikely to be a robust prognostic marker for 

overall survival. AQP5 overexpression was shown to induce colorectal cell proliferation via 

the Ras-MAPK signalling pathway (130), Conversely, silencing of AQP5 expression lowered 

cell proliferation and induced apoptosis (44).  

Investigating the correlations between AQP3, -5, -7, and -9 with overall survival indicated 

overexpression of AQP3 and -9 showed a trend towards association with worse prognoses in 

patients with colorectal cancer (Supplementary S1) although the difference was not statistically 

significant. Follow-on studies using different levels as cutpoints for categorising results might 

offer more insight into possible associations of AQP transcript levels with clinical outcomes. 

General  categories grouped into set divisions (e.g., median, tertiles, quartiles, deciles), have 

not always been successful in reflecting the underlying  importance of biological markers 

(131). Further work defining optimal cutpoints for stratifying patient samples into high and 

low AQP expression categories might reveal better predictive value for AQPs as prognostic 

factors, using a tool such as xTile for biomarker assessment and outcome-based cut-point 

optimization.  

The association of immune cell infiltration and AQP9 expression in colorectal cancer 

development has been suggested (45). Colorectal cancer patients with higher expression of 

AQP9 showed more sensitivity to chemotherapy, highlighting the potential the significance of 

AQPs in regulating chemosensitivity (132). We observed AQP3 and -7 transcript levels were 

associated with better overall survival for patients with kidney cancer subtype KIRC 

(Supplementary S1). Similarly, high AQP7 levels showed a trend toward better outcomes for 

the KIRP kidney cancer patients, although not statistically significant. While the majority of 

AQP ion channels have been found to aid cancer progression, some AQPs such as AQP3 and 

-7 might facilitate the balancing of tumor microenvironment and have a protective role in some 

cancer types.  

164



In lung cancer, significantly improved chances of survival were observed for patients with high 

expression of AQP3 (HR = 0.75, p = 0.05*) and -7 (HR = 0.73, p = 0.025*).  Upregulation of 

AQP5 also appeared to favour better prognostic outcome although not statistically significant. 

Prior worked report that upregulation of both AQP3 and -5 was linked to poor survival (133), 

suggesting that combined assessment of two or more AQPs might strengthen the predictive 

value of these channels as prognostic markers (134), an idea that merits further study.   

High transcript levels for AQP3 and -7 were associated with poor survival in liver cancer 

patients (Supplementary S1).  Although AQP9 was negatively correlated with survival in 

breast, colon, kidney, and lung cancers, its high expression in liver cancer showed a trend 

towards better outcomes but this was not statistically significant.  

Multivariable analyses were performed using stage as a co-variate to evaluate prognostic values 

of AQPs.  All hazard ratios for all four AQPs showed incremental amplification as a function 

of higher tumor stage (Figure 2-5 and Supplementary S4-S10). Strikingly, all four AQPs in all 

five common cancer types (7 subtypes) showed stage-dependant associations with poor 

prognoses. Taken together, our analyses indicate that AQP expression is dynamically regulated 

in cancer development, and that the probabilities of overall survival decrease with increasing 

levels of expression of most classes of AQPs, as seen in higher tumor grades. The four classes 

of AQPs studied here were selected for the greatest changes in expression seen across a 

majority of cancer types (Figure 1B).  Outcomes reinforce the idea that AQPs have value as 

prognostic markers in several common cancer types. As shown in Figure 1A and 1B, other 

AQPs (AQPs 0, 1, 2, 6, 8, 4, 10, and 11) show individual pattern of association with different 

cancers, and merit further investigation to highlight possible importance in particular types of 

cancers.   

In summary, the patterns of AQPs expression inferred from transcript levels showed a strong 

association with worse prognoses in five common cancer types (7 subtypes) for most of the 

AQP classes, though a subset of AQPs appeared to correlate with protective effects and could 

serve as negative prognostic indicators. The mechanisms by which AQPs might facilitate 

cancer progression is an area of current interest. It is important to note that mRNA transcript 

and protein expression levels are not necessarily equivalent. Given that proteins play the 

functional roles in cells, further studies of AQP protein levels in different cancer types will be 

essential. The proposed association between AQPs mRNA expression levels and disease 

severity could inspire new therapeutic strategies exploring combinations of selected AQP 

modulating pharmacological agents as novel cancer therapeutics. 
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Using our yeast mass-throughput assay, we confirmed K+ and Na+ permeability with an 

apparent rank order of AQP9 > 7 >> 5 >3 (Figure 6-10), and showed that the regulation of 

AQP-mediated Na+ and K+ permeability was influenced by protein kinases by processes that 

appear to be sensitive to pH (Figure 9-10). The proposed link between hAQP ion channel 

functionality and cancer cell proliferation and metastasis is summarised in Figure 11, in which 

we illustrated the potential association between tumor microenvironmental stimuli and AQP 

ion permeability and the possibility of this function in cancer progression.  

Work here sheds light on the link between ion channels in cancer development and paves the 

way for developing AQP-based therapies. The new candidate AQP ion channels reported here, 

if confirmed in future work could have a profound impact not only in cancer therapy but also 

in understanding the basic mechanisms for maintaining homeostasis in all types of organisms 

from plants to humans, with relevance to challenges spanning agriculture to medicine. 
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7. Supplementary files 
  

 
Supplementary S1: Univariable analysis of AQP9, -5, -3 and -7 in breast, colon, liver, Kidney (KRIP subtype) 
and Lung (LUAD subtype). Hazard ratios with their 95% confident intervals as well as P-values (log-rank) 
resulting from the comparisons between low (67%) and high (33%), are shown.  
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Supplementary S2: Univariable analysis of AQP9, -5, -3 and -7 in breast, colon, liver, Kidney (KRIP subtype) 
and Lung (LUAD subtype). Hazard ratios with their 95% confident intervals as well as P-values (log-rank) 
resulting from the comparisons between low (67%) and high (33%), are shown. 
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Supplementary S3: A two-sample t-test using continuous AQP mRNA expression values (with no cut-point 
required) to compare mRNA expression between normal tissues and stage I, stage II, stage III and stage IV 
patients. Statistical significance was shown as P < 0.05 (*), P < 0.01 (**), P< 0.001 (***), P < 0.0001 (****) and 
not significant (ns). 
 

 
Supplementary S4: Multivariable analyses of AQP9, -7, -5 and -3 in breast cancer. 
 
 

 
Supplementary S5: Multivariable analyses of AQP9, -7, -5 and -3 in colon cancer. 
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Supplementary S6: Multivariable analyses of AQP9, -7, -5 and -3 in kidney cancer (KRIC subtype). 
 

 
Supplementary S7: Multivariable analyses of AQP9, -7, -5 and -3 in kidney cancer (KRIP subtype). 
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Supplementary S8: Multivariable analyses of AQP9, -7, -5 and -3 in liver cancer. 
 

 
Supplementary S9: Multivariable analyses of AQP9, -7, -5 and -3 in lung cancer (LUAD subtype). 
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Supplementary S10: Multivariable analyses of AQP9, -7, -5 and -3 in lung cancer (LUSC subtype). 
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Chapter 6

General discussion and future directions

6.1 Review of aims and hypotheses
Many approaches to cancer management with single anti-cancer agents are often
ineffective due to adverse reactions, drug resistance or inadequate target specificity.
In contrast, a combinatorial approach where the application of two or more anti-cancer
agents at their respective effective dosages can achieve a synergistic effect that boosts
the cytotoxicity of cancer cells. In cancer, aberrant apoptotic pathways allow the survival
of cells that should be killed, leading to cancer progression. Mutations that arise during
apoptosis can consequently result in chemoresistance during the treatment. Moreover, the
development of cancer resulting from interactions with their microenvironment leads to
angiogenesis and metastasis which make it challenging to deal mainly when the tumor cells
have spread to several distant organs in the body. Despite advances in target-specific and
personalized cancer therapies, we are yet to define and optimize pharmacological agents
and approaches to better understand the unique mechanisms that the cancer cells utilize in
conditions that favour their development. In this regard, naturally occurring mixtures of
compounds that are believed to have multiple specific targets with minimal acceptable side-
effects are now of interest to many researchers. However, understanding the molecular
mechanisms underlying the combinatorial effect of complex drugs is a complicated
task. The best possible natural compound combinations, including herbal mixtures and
conventional drugs, are based on an understanding of the cancer-specific context of the
target genes as well as their regulatory pathways. On the other hand, membrane protein
channels, including AQPs and ion channels, have recently been of interest as therapeutic
targets for treatment strategies in diverse classes of cancers. Although studying the role of
these channels has been the main focus of channelopathy studies in cancer, the effect of
tumor microenvironmental stimuli, such as pH or hypoxia and their regulatory actions
upon the channels are poorly understood. Therefore, the aims of this dissertation were to
address these gaps using two different distinct approaches.
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6.2 The first phase of this thesis 
In the first approach, we seek to reveal these complications by utilizing computational biology 

approaches to identify the potential mechanisms of Compound Kushen Injection (CKI), a 

traditional Chinese medicine, on the hallmarks of cancer (i.e., proliferation and invasion).  

Compound Kushen Injection (CKI), a combination of alkaloid and flavonoid compounds extracted 

from two herbal medicines Kushen (Radix Sophorae Flavescentis) and Baituling (Rhizoma 

Smilacis Glabrae), has been shown to reduce toxicity as a combined chemotherapeutic drug. It 

modulates immunity, decreases inflammation, relieves cancer pain, and, most importantly, causes 

antineoplasticity. Twenty one chromatographic peaks which represent the compounds piscidic 

acid, macrozamin, 5α,9α-hydroxymatrine, oxysophoridine, 9α-hydroxysophocarpine, sophornol, 

oxymatrine, oxysophocarpine, sophoridine, matrine, sophocarpine, 9α-hydroxymatrine, 

lamprolobine, isomatrine, baptifoline, N-methylcytisine, and trifolirhizin were identified in CKI. 

Excluding macrozamin (which came from Heterosmilacis japonicae rhizomae), almost all 

identified compounds in CKI are derived from Sophorae flavescentis radix and trifolirhizin is the 

only flavonoid detected in the drug.   

This was divided into two different projects (published and included as chapter 2 and 3).  

In more detail, the first project was divided into three phases (chapter 2-3); 1- using a chemistry 

analytical approach, fractionated compounds were collected and grouped. A total of nine standard 

compounds 1) Adenine, 2) Macrozamin, 3) Sophoridine, 4) Oxymatrine, 5) Matrine, 6) 

Sophocarpine, 7) Oxysophocarpine, 8) N-methylcytidine, and 9) Trifolirhizin, were standardized 

and fractionated from the original compound mixture.  2- in vitro cellular approach was used to 

investigate the effect of these fractionated mixtures on cancer cells phenotypes. Of all the 

fractionated and reconstituted standard compounds of CKI, the best possible combination that gave 

the highest cytotoxic activity were selected for further analysis by RNA-seq. In more detail, we 

tested CKI as a whole mixture as well as HPLC (high-performance liquid chromatography) 

fractionated components to systematically explore the interactions of the compounds within the 

drug mixture with respect to phenotypic changes after CKI treatment. We used MDA-MB-231 as 

an in vitro model and integrated HPLC, LC/MS (Mass Spectrometry), cell viability and apoptosis 

assays. 3- computational biology approach was conducted to unrevealed the underlying mode of 

action of these mixtures in breast cancer cells. As the result, we found depleting two specific 
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compounds (i.e., oxymatrine and oxysophocarpine) had the most potential effects of CKI. 

Removing N-OmtOspcparadoxically from the mixture displayed the most inhibitory effect on the 

cell cycle and caused apoptosis. In this phase, using LC-MS/MS we have successfully identified 

the nine major known compounds in both crud and fractionated mixtures, which in turn facilitated 

our analytical comparison of the fractionated mixtures when compared to the original mixture. 

Future experiments can benefit using this fractional deletion approach and the application of LC-

MS/MS when studying natural medicine. RNA sequencing and transcriptomics analysis to reveal 

the underlying molecular mode of action of CKI. As a result, we have developed a novel research 

strategy for dissecting the molecular mode of action of components within CKI by associating 

phenotypic and global gene expression changes. 

This was followed by linking our transcriptome data from various fractionated mixtures to map 

the alteration of gene expression associated with cancer hallmarks and phenotypic cell  changes 

(second project). In that regard, the effect of different mixtures on six cancer cell lines cell 

migration and invasion were investigated. HPLC was used to separate minor compounds from 

majors and use them in different migration and invasion assays. We found the inhibitory effect of 

CKI, as a whole mixture more effective compared to either of major and minor mixtures, 

suggesting both fractions synergistically contribute to the activity of the original mixture. 

Moreover, we showed the underlying mechanism of the inhibition is associated with actin 

cytoskeleton formation and perturbation of lamellipodial extension through downregulation of 

gene products.  

One advantage of using natural mixture is that, unlike a single drug treatment, several targets can 

be affected by multiple components. As a summary of the first phase of this dissertation, we 

unrevealed the unpredictable interactions between components in CKI and support the concept 

that single compounds in natural mixture may not have obvious effects, but those combinations of 

such compounds can have significant effects on cancer cells with less side effect compare to 

common chemigraphy treatment.  

Natural compounds have been shown to stimuli tumor microenvironment in several ways 

including inhibition of ECM degradation and angiogenesis and reversing immunosuppression. In 

our signaling pathway analyses from CKI treated cancer cells, significant perturbation of, protein 

channels (e.g., ion channels and aquaporins), cytokine-cytokine and ECM-receptor interaction, 

and chemokine signaling pathways were detected by CKI treatment suggesting its potential impact 
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on the tumor microenvironment. The in vitro experiments conducted here were initially intended 

to be used for drug development. However, the fundamental data provided may still have 

uncertainty on the fact that not always in vitro outcomes can be used for translational medicine. It 

is worthy to note that when using the herbal drug mixture, the impurities need to take into account 

which as a result as may provide false-positive results of the molecules during drug screening. 

Therefore, a suitable in vivo model is further required to examine CKI in follow-on experiments 

to ensure better outcomes in cancer treatment. The main contribution of phase one of this 

dissertation is that we introduced a novel way for compound-specific target gene identification 

that uses a systematic fractionation methodology. 

Nevertheless, the exact protein targets affected by these compounds remained to be answered. As 

potential future work, characterisation of the specific proteins that compounds bind to, needs to be 

considered in order to address a clinically important of CKI.  

One approach to answer this gap is the use of yeast as a model for high-throughput screening on 

target proteins. Budding yeast, Saccharomyces cerevisiae, has been used as a powerful model 

organism for genomic, genetic, and proteomic technologies as well as for studying cellular process 

and proteins of distant phyla, including humans. Moreover, potassium deficient yeast mutant 

strains have been used previously for identifying new cation transporters and channels; clones are 

selected by the observed rescue of yeast cell survival when introduced genes complement the 

mutations and provide a pathway for K+ entry into the yeast cells.  S. cerevisiae has two orthodox 

aquaporins and one aquaglyceroporin. AQY1 which is spore-specific water channel and AQY2 

that only expressed in dividing cells and controlled by osmotic signalling pathways AQY2 is 

shown to be regulated by two regulatory pathways; protein kinase A reverse the repression of this 

channel expression whereas Kss1 mitogen-activated protein kinase pathway suppresses its 

expression. The advantage of a mass screening technique using yeast rescue is that it will enable 

simultaneous testing of a matrix of intracellular signalling stimuli on the candidate AQP channels, 

a combinatorial feat nearly impossible in the frog oocyte or other individual expression models. 

Yeast intracellular messenger systems have been shown to respond to agents, such as forskolin 

and 8B-cAMP to stimulate cAMP and protein kinase A, okadaic acid to block protein 

phosphatases, and H7 to block protein kinases, sodium nitroprusside to stimulate cGMP, phorbol 

esters to activate and block protein kinase C,  and tyrosine kinase and G-protein activators and 
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inhibitors. Therefore, using this model, we aimed to investigate human AQPs for discovery of new 

ion channels and explore their potential as a target for cancer development and metastasis. 

6.3 Role of AQPs in migration and invasion 

The Role of AQPs water permeability in migration and invasion has been suggested. Cell 

polarization is the first key feature in cancer cell migration and is established by the trafficking of 

lipids, small GTPases, and proteins, positioning of organelle, the activity of cytoskeletal dynamics, 

and maintenance of functional cytoplasmic and plasma membrane domains. The involvement of 

various aquaporins in the process of cell migration such as polarization and protrusion have been 

reported, and AQP1, 2, 3, 4, 8 and 9 have been recognized to play important role in this polarization 

process. For example, single particle imaging analysis showed that rapid polarization of the cell 

was facilitated by the movement of AQP1 in the plasma membrane and a functional polarization 

of astrocytes foot process in vivo was largely distributed by high expression of AQP4. 

Subsequently, decreased E-cadherin expression is an important characteristic of epithelia and 

mesenchymal transition (EMT) and correlation between AQP4 knockdown with the increased 

expression of E-cadherin as well as AQP1 overexpression with E-cadherin downregulation in lung 

adenocarcinoma cells has been reported. Besides, its association with EMT, AQP1 is over-

expressed in multiple human cancer types, in which AQP1 expression at the leading edge of the 

migrating cells was shown to accelerate migration, for instance, in mouse melanoma B16F10 and 

breast cancer 4T1 cell lines in vitro. These observations suggested that AQPs play crucial roles in 

migration and invasion. Cell protrusion and the extension of cellular membranes caused by 

lamellipodia and filipodia protrusions is the second important feature of cell migration process. It 

was shown that high AQP9 expression induces filopodial protrusions in several cell types 

suggesting the involvement of AQP9 in the migration process. These experiments highlighted the 

importance of various AQPs in cell migration and invasion process. 

 
 
6.3.1 Prior work showing AQP genetic knockdown degreases migration and 
invasion 

Although, it is evident from various experiments that cell migration is highly dependent upon the 

expression of AQPs, the genetic analyses of changes in AQP expressions caused by environmental 

factors and drug treatments are still not complete. Therefore, genetic screenings of AQP expression 
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to identify the functionally cryptic AQPs, would enhance the search for therapeutics in treating 

various diseases. Functions of AQP channels can be explored in vitro using site directed 

mutagenesis. The deletion of AQP1 destabilizes the Lin-7/beta-catenin/F-actin complex resulting 

the decreased migration and invasion of human endothelial and melanoma cell lines. Knockdown 

of AQP1 expression by genetic deletion or small-interfering-RNAs has been shown to 

substantially impair cell migration in vitro. It was also shown that migration of fibroblasts was 

impaired by knocking down AQP3 RNA expression. In addition, RNA interference of AQP4 

expression massively reduced migration and invasion of glioblastoma cells in vitro and in vivo. 

Modification of amino acid sequence of AQPs will be a critical tool for uncovering the cryptic 

functions of AQPs and their integrated signalling networks.  For example, AQP1 ionic current 

activation was impaired by mutation of aspartate (D237) and lysine (K243) in the carboxyl 

terminal domain, indicating the C-terminal domain influences the efficacy of cGMP-mediated 

activation. The blocking effect is improved by substituting amino acid AQP4 valine-189 to alanine 

in AQP1. Substitution of two amino acids in the water pore region of AQP1 creates new 

permeability to glycerol. Single amino acid substitution in AQP 11 causes renal failure. To explore 

more classes of AQP ionic permeabilities, a potassium-transport deficient yeast strain can be used 

to identify new cation transporters and AQP channels; by introducing AQP genes that complement 

the potassium deficient channels and therefore rescue the yeast survival in low potassium 

environment.  Collectively, these results altogether pinpointed that impairment of AQPs function 

is highly responsible for the cell migration inhibition and that AQP channels merit exploration as 

therapeutics that target cancer cell migration and invasion. 

6.3.2 The effect of Pharmacological blocking of AQPs on cell migration  

In addition to genetic interference, functions of AQPs can be studied using pharmacological 

interventions. Understanding the underlying molecular mechanisms under the treatment of AQP 

blockers is essential for developing the therapies relative to diseases caused by aquaporin 

dysfunction. Agents blocking water flux have been shown to slow cancer cell migration. Heavy-

metal based compounds have been shown to effectively block AQP water permeability. For 

instance, silver compound based AQP blocker, AgNO3, strongly inhibits the AQP1 water channel 

in red blood cell.  Mercury was shown to block AQP1 yet it was reported to have highly toxic 

profiles for treatment in clinics. In addition, synthetic and natural compounds derived AQP 
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blockers have been shown to inhibit the water and/or ion permeability of AQP channels. Invasive 

feature of astrocytomas has been associated with highly expressed AQP4 level involved in glial 

cells migration, and blockers including sumatriptan and thiadiazole have been claimed to inhibit 

AQP channel suggesting their efficacies as anti-migration agents. Unfortunately, confirmation of 

the effect of these compounds have been reported as failures in follow-on experiments. On the 

other hand, a derivative of bumetanide, AqB013, is an AQP blocker that was shown to inhibit 

AQP1 and AQP4 water channels leading to the migration reduction of HT29 and HCT-116 colon 

cancer cell lines. Other bumetanide derivatives such as AqB011 and AqB007 blocked AQP1 ionic 

conductance in oocyte expression system and strongly inhibited cancer cell migration in AQP1 

expressing cell line HT29, suggesting that the cation channel activity can have a key physiological 

role in cancer cell migration. A conserved pair of arginine residues in loop D are required for 

inhibition of the AQP1 ion channel by AqB011, confirming that the compound interacts at the 

loop D gating region. Research also showed that blocking of EGF-induced AQP3 expression by 

curcumin was found to be associated with the reduction of human ovarian cancer cells migration, 

through the inhibition of AKT/ERK and PI3K pathways. These works suggested the 

pharmacological block of AQPs can impair cell migration and invasion. 

6.3.3 AQP ion channel inhibitors reduce metastasis in vivo 

Several AQP inhibitors that were shown to effectively block the migration and invasion of cancer 

cells have been applied to in vivo models of disease to develop new strategies for intervention. 

Although some agents consistently showed effective blockade both in vitro and in vivo, some 

failed to produce therapeutic efficacy. For example, AqB050 inhibits proliferation, motility, and 

metastasis of mesothelioma in vitro but showed no profound effect in an in vivo system. On the 

other hand, acetazolamide diminishes tumor metastasis in mice harbouring Lewis lung carcinoma. 

Moreover, suppressing of AQP1 water channel function by topiramate treatment leads to the 

significant reduction of lewis lung carcinoma metastasis in mice. Therefore, many types of AQP 

inhibitors such as auphen for AQP3, AqB011 for AQP1 ion channel and bacopaside II for AQP1 

water channel, which have been shown to block migration and invasion of different cell types are 

needed to explore their effectiveness in an in vivo system. These compounds merits further 

investigation to investigate to what extent these suppress cancer invasion and metastasis.  
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6.3.4 Genetic knockdown of AQPs decreased metastasis 

Besides pharmacological intervention, impairment of cancer metastasis can be achieved by genetic 

interference of AQP function. It was demonstrated that AQP1 deletion decreases metastasis and 

tumor growth in mice. Knocking down AQP1 dramatically inhibited the angiogenesis in chick 

embryo chorioallantoic membrane, and deletion of AQP1 in mice showed reduced angiogenesis 

and tumor growth in B16F10 melanoma cells implanted transgenic mice. These results showed 

that blocking AQP1 dual ion and water function either by genetic deletion or by pharmacological 

blocker facilitates impairment of cancer metastasis and angiogenesis in vivo. Other classes of 

AQPs that might potentially possess both dual ion and water permeability virtue further 

investigation for the development of treatment interventions based on the findings from in vitro 

experiments. 

6.3.5 Effect of pharmacological agents remain unknown 

The discovery of small molecule pharmacological AQP modulators have been developed for 

therapeutic interventions over the years. Despite of the advancement of many pharmacological 

agents with target specificity in vitro further works using in vivo models are required to translate 

into the therapeutic development. In addition, new AQP modulators that are being identified are 

required to define their differential contributions in various diseases related to fluid imbalance 

disorders. 

6.4 Second phase of this thesis 

Therefore, the second approach of this dissertation was plan to study AQPs ion permeability in 

cancer. The second approach thus was divided into two phases (chapter 4-5); 1- to develop a mass-

throughput heterologous model suitable for AQP ion channel discovery and pharmacological 

inhibitors screening, 2- to determine the physiological significance and regulation of this function 

in human related diseases.  

To answer some longstanding mysteries surrounding cellular ion leaks in fluid transport and ion 

homeostasis disorders in humans such as cancer and to overcome some limitations of time-

consuming, relatively costly to operate and labour-intensive electrophysiology methods, we first 
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successfully developed a novel high-throughput assay to enable simultaneous screening of all 13 

AQPs from humans for discovering new AQP(s) that serve as dual water and ion channels. All 13 

human AQPs were initially subcloned in potassium- and sodium-deficient yeast mutant strains for 

further analysis and discovery of new AQPs ion channels. Aquaporin-deficient yeast strain was 

used for studying water permeability of the channels as well as high-throughput membrane 

localization of AQPs under osmotic pressure. As discussed in chapter 3, we ended up with a 

surprising outcome that all AQPs could potentially serve as ion channel in a wide range of pH 

values. To have more lines of evidence on this finding, we used hAQP1 as a known ion channel 

to optimize the assays for different approaches including drug discovery, signalling pathways 

analysis, mutagenesis for functional study and used a fluorescent-based probs designed and 

developed in our lab to monitor the kinetic of monovalent cation, lithium, in yeast expressing 

AQPs. We further, validated our assay, using other heterologous expression assay, E.coli 

potassium deficient strain.  

Secondly, using a combinational of electrophysiology and computational tools, we investigated 

mechanisms contributing toward signalling and ion channel gating, which could aid in the 

development of a definitive portfolio of AQP agonist and antagonist compounds as tools for 

clinical innovation and basic research. This was followed by using bioinformatics tools to analyse 

genomic datasets to determine the relationship between AQPs expression, cancer severity and 

clinical outcomes in common cancers. As a result, we identified a positive association between 

different stages of tumor grades as one important predictor dependant on different AQP 

expressions. The goal of this effort was to extend our understanding of AQPs in clinical importance 

and shed more light on the primary dogma that aquaporins (AQP) are only permeable to water and 

glycerol. The outcome of this phase highlighted the potential of AQPs as independent prognostic 

factors for cancer progression. 

6.5 Future directions  

To further investigate the role of CKI single compounds as a potential inhibitor for AQPs ion 

and/or water permeability, and to characterise the pathophysiological significance of these novel 

functions and potential agonist or antagonist in vitro model under different microenvironmental 

stimuli including different pH is recemented is required.  
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Other classes of AQPs might be discovered as ion channels using the assay we developed here. 

This is the first systematic, objective, and comprehensive approach to begin to address a huge gap 

in research knowledge, the number of classes of aquaporins that can function as cation channels, 

opening new areas of research with translational impact in agriculture and health applications. 

 

6.6 Implications for clinical management of cancer  

 
Uncovering the functional and regulatory role of aquaporin dual water and ion channels is 

important for understanding their value as therapeutic targets. Yet, knowledge on the direct role of 

specific AQPs in animal pathologies is still limited due to large number of different AQP isoforms 

and the lack of selective pharmacological modulators. Study of hAQP ion channels here is 

expected to increase the understanding of mechanistic changes and pathways associated with 

cancer progression. This proposal aimed to assist the development of new disease control and 

cancer therapy strategies. The outcome of this research could uncover the molecular mechanisms 

by which block of AQP ion channels impedes cancer migration and metastasis. A long-term goal 

of this research is to elucidate the regulatory pathways of AQP involved in imbalances of fluid 

homeostasis in mammals and other fields.  

 

6.7 Concluding remarks 

In this thesis, the effect of a natural compound mixtures was investigated to determine their 

mechanism of action on breast, colon, and brain cancer cell lines. Results obtained introduced a 

novel approach on dissecting complex mixture and a systematic approach was used indicate that a 

unique combination of single compounds can be developed for specific cancer types. However, 

additional research is required for validation of this outcomes in vivo.  

We also developed a high-throughput assay which led us to discover a new set of AQP ion 

channels. Our bioinformatics further revealed AQPs as a prognostic marker in common cancer 

types for future study. Further research is required to determine whether these AQPs and their 
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novel function enabling cancer in real time and whether impairing their function by means of 

pharmacological or genetic approach will inhibit cancer progression.   

Future work is anticipated to utilize the effective drugs with minimal toxic side effects in terms of 

achieving optimal effectiveness to block the AQPs in human diseases and to study the mechanisms 

of action of AQPs inhibitors at a molecular level via different biophysical methods. In future, 

cancer therapeutic interventions such as surgical, chemo and radiotherapy, might be found to 

benefit from adjunct treatment with AQP blockers for slowing cancer metastasis. 

I also extended our screening to other subtype of AQPs from malaria and drosophila (manuscripts 

under preparation) and found the results in agreement with our conclusion mentioned for all AQPs 

can potentially function as ion channel, but to different degree. However, that was beyond of the 

scope of this thesis and hence not included. 
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Objective assessment of tumor infiltrating
lymphocytes as a prognostic marker in melanoma
using machine learning algorithms
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Summary
Background The prognostic value of tumor-infiltrating lymphocytes (TILs) assessed by machine learning algo-
rithms in melanoma patients has been previously demonstrated but has not been widely adopted in the clinic. We
evaluated the prognostic value of objective automated electronic TILs (eTILs) quantification to define a subset of mel-
anoma patients with a low risk of relapse after surgical treatment.

Methods We analyzed data for 785 patients from 5 independent cohorts from multiple institutions to validate our
previous finding that automated TIL score is prognostic in clinically-localized primary melanoma patients. Using
serial tissue sections of the Yale TMA-76 melanoma cohort, both immunofluorescence and Hematoxylin-and-Eosin
(H&E) staining were performed to understand the molecular characteristics of each TIL phenotype and their associa-
tions with survival outcomes.

Findings Five previously-described TIL variables were each significantly associated with overall survival (p<0.0001).
Assessing the receiver operating characteristic (ROC) curves by comparing the clinical impact of two models sug-
gests that etTILs (electronic total TILs) (AUC: 0.793, specificity: 0.627, sensitivity: 0.938) outperformed eTILs
(AUC: 0.77, specificity: 0.51, sensitivity: 0.938). We also found that the specific molecular subtype of cells represent-
ing TILs includes predominantly cells that are CD3+ and CD8+ or CD4+ T cells.

Interpretation eTIL% and etTILs scores are robust prognostic markers in patients with primary melanoma and may
identify a subgroup of stage II patients at high risk of recurrence who may benefit from adjuvant therapy. We also
show the molecular correlates behind these scores. Our data support the need for prospective testing of this algo-
rithm in a clinical trial.
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Research in context

Evidence before this study

TIL scores visually assessed by the pathologists have not
been broadly clinically implemented due to the lack of
reproducibility caused by subjective assessment
between pathologists and institutions. Automated TIL%
(eTILs%) score, defined by the machine learning algo-
rithm NN192, developed using open-source software,
QuPath, has been shown to be prognostic in mela-
noma1 but its clinical utility has not yet been broadly
proven.

Added value of this study

This study pools patients with melanoma from a series
of international cohorts and supports the previous find-
ing that automated TIL score (eTIL%) is an independent
prognostic marker in primary melanoma patients.

Implications of all the available evidence

we additionally show that the prognostic performance
of eTIL% is stage specific. The use of NN192 machine
learning algorithm could be a valuable and easy-to-
implement tool for prospective testing of patients with
early-stage melanoma and could be validated as a
selector for patients that can safely omit immunother-
apy in the adjuvant setting.

Introduction
Melanoma is considered a highly immunogenic tumor
and is responsive to immunotherapy.2 Checkpoint
inhibitor immunotherapies targeting programmed cell
death protein 1 (PD-1) or cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4) have been shown to signifi-
cantly improve the overall survival of patients with
advanced stage metastatic disease.3,4 Furthermore, adju-
vant treatment with immune checkpoint blockade (or
BRAF pathway targeted therapy in BRAF mutant mela-
noma patients) improved relapse-free survival (RFS)
compared to placebo in phase 3 clinical trials5,6 and is
now regarded as standard of care in high-risk stage III
melanoma patients. Furthermore, it was recently

reported that adjuvant anti-PD1 immunotherapy
improved relapse-free survival in high-risk stage II mel-
anoma patients. However, up to 30% of stage III
patients treated with adjuvant immunotherapy devel-
oped disease recurrence. Furthermore, treatment-
related adverse events occur in at least one in five
patients, and treatment related fatalities have been
reported in up to one in one hundred patients.5,7 There
is therefore an urgent need to identify patients at high
risk of disease relapse who may benefit from adjuvant
therapies and those patients at low risk of relapse who
can be safely spared further treatment and the concomi-
tant risks of treatment related adverse events.

Tumor-infiltrating lymphocytes (TILs) reflect the host's
immune response against cancer cells.2,8 Correlation
between different TILs infiltrates and improved survival in
melanoma patients has been reported in multiple stud-
ies.9-12 Traditionally, TIL scores have been visually assessed
by the pathologists, but due to the lack of reproducibility
caused by subjective assessment between pathologists and
institutions, TIL scoring techniques have not been broadly
clinically implemented.13 To increase objectivity, a machine
learning algorithm developed using open source software,
QuPath, has been shown to facilitate the investigation of
complex spatial patterns by firstly classifying four cell
types, including tumor cells, TILs, stromal cells, and
“other” cells, for the assessment of the proportion TILs
within different cell populations.1,14 Acs et al. highlighted
the robustness of the NN192 machine learning algorithm
by comparing the performance between eTIL scores and
pathologist TIL scores.1 The latter study also showed that
TILs score assessed by the NN192 algorithm was an inde-
pendent prognostic marker in melanoma.

Here, we used the same cell classifier to validate the
association of percent electronic TILs (eTIL%) with dis-
ease-specific survival in patients with melanoma in a
broad set of cohorts from melanoma centers around the
world. For this effort, we used the previously established
cut-point of eTIL%1 to test The Cancer Genome Atlas
(TCGA) melanoma cohort and four other melanoma
cohorts from Yale School of Medicine, Melanoma Insti-
tute Australia, Tubingen University, and New York Uni-
versity. Furthermore, we also tested both cell types and
area, variables that pathologists cannot easily calculate,
for their prognostic significance. The goal of this effort
is not to help pathologists more accurately assess TIL,

Articles

2 www.thelancet.com Vol 82 Month August, 2022

196



but to validate this prognostic assay for potential pathol-
ogist-independent use in future prospective trials to
determine which melanoma patients might be spared
immunotherapy in the adjuvant setting. We aimed to
specify the most reliable operator-independent identifi-
cation of eTIL%, which can be prospectively validated in
future studies. Finally, we assessed the prognostic role
of the immunophenotypic subtypes of TILs, as defined
by CD45+, CD3+, CD4+, CD8+, CD56+, CD20+, and
FOXP3+ cells, using the Yale cohort to better under-
stand the TIL subsets/phenotypes and their associations
with patients' survival. Our ultimate goal was to deter-
mine the best approach for utilizing TIL infiltrates to
predict disease outcome in melanoma patients that can
be validated prospectively with the goal of proving clini-
cal utility to select the high-risk subset of melanoma
patients that are likely to not require immunotherapy in
the adjuvant setting.

Methods

Study population
We assessed retrospectively collected samples from 5
independent cohorts from: (1) the Department of
Pathology, Yale University, (2) the Melanoma Institute
Australia (MIA), (3) Tubingen University, (4) TCGA
and (5) Langone Medical Center, New York University
(NYU). Two cohorts were in tissue micro-array (TMA)
format and 3 in Whole Tissue Sections (WTS) format.
The Yale University cohort comprised tissues from 187
stage I and II patients diagnosed between 1998 and
2011 with a median follow-up of 64 months. The Tubin-
gen University TMA cohort consisted of 231 stage I and
II and 20 stage III and IV melanoma patients diagnosed
between 1992 and 2000 with 97 months median fol-
low-up. The MIA WTS cohort consisted of 55 stage I
and II patients and 41 stage III and IV patients diag-
nosed between 1998 and 2019 with 70.3 months
median follow-up. The NYU WTS cohort consists of 88
high-staged patients diagnosed between 2009 and 2019
with 2.3 months median follow-up. The publicly avail-
able WTS-TCGA melanoma cohort comprised 139 stage
I and II patients diagnosed between 1994 and 2013
with 38.6 months median follow-up (https://portal.gdc.
cancer.gov/repository). Patients in the TCGA cohort
were classified according to the 4th, 5th, 6th, and 7th Edi-
tions of the American Joint Committee on Cancer
(AJCC) tumor, node, metastasis (TNM) staging system.
All other cohorts were classified according to the 8th edi-
tion of the AJCC tumor,15,16 node, metastasis (TNM)
staging system (Table 1).

Ethics
All tissue samples from Yale cohorts were collected with
approval from the Yale Human Investigation Commit-
tee protocol #9505008219. Written informed consent,

or waiver of consent in some cases, was obtained from
Yale cohort patients with the approval of the Yale
Human Investigation Committee. Tissue samples from
MIA cohort were collected with approval from the Syd-
ney Local Health District (RPAH Zone) protocols #X17-
0312 & 2019/ETH07604 and #X15-0311 & 2019/
ETH06854. Tissue samples from Tuebingen cohort
were collected with approval protocol #883/2019BO2.
Tissue samples from NYU cohort were collected from
the NYU Interdisciplinary Melanoma Cooperative
Group: A Clinicopathological Database protocol #
C10362. To ensure scientific integrity, the investigator
was blinded to the clinical information during image
processing.

Digital image analysis using NN192 algorithm
H & E images for the Yale cohort TMA, and the WTS H
& E slides from the Sydney and NYU cohorts were digi-
tised using the Aperio ScanScope XT platform (Leica
Biosystems, Wetzlar, Germany) slide scanner at 20x
with a pixel size of 0.4986 µm x 0.4986 µm. The WTS
digital TCGA images were downloaded from the NIH
CDC porta specimen repository (https://portal.gdc.can
cer.gov/repository). The H & E-stained TMA slide of the
Tubingen cohort was digitised using Hamamatsu Nano-
zoomer HT slide scanner at 20x with a pixel size of
0.4986 µm x 0.4986 µm. QuPath open-source software
(version 0.1.2)7 based NN192 melanoma machine learn-
ing algorithm with neural network method1 was applied
for cell classification in this study. For WTS, the tumor
and a 1�2-millimeter (mm) diameter surrounding
tumor microenvironment to be analysed were carefully
selected for accurate prediction of TILs. The area selec-
tion was reviewed by a pathologist. Due to the varying
intensity both between and within cohorts, the
“estimate stain vectors”, ESV, function in QuPath was
used to refine the H&E stain for each digitised slide.
The workflow for stain normalisation using ESV func-
tion was shown in Supplementary Figure 2. The num-
ber of cells identified as tumor and immune cells (in %)
across multiple centers were shown in Supplementary
Figure 3. Cell segmentation and classification were per-
formed using the parameters previously described.1

Assessment of eTILs using five variables
The machine-defined TILs variables were constructed
using five different methods, as previously described.17

The first and established method was to calculate eTIL%
representing the proportion of TILs over tumor cells,
calculated as (TILs/TILs + tumor cells) x 100.1 Four
additional methods were used to measure TILs as
follows:

1) Measurement of the proportion of TILs over total
cells: etTIL % = (TILs/total cells) x 100
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Characteristic Sydney Cohort
(n=97)

Tubingen Cohort
(n=253)

Yale Cohort
(n=202)

NYU Cohort (n=88) TCGA Cohort
(n=139)

N (%) N (%) N (%) N (%) N (%)

Age NA NA

Median (Range) 63 (6-98) 69.7 (24.5-89.5) 63 (15-90)

Gender NA NA

Male 116 (60.7) 54 (61.4) 53 (38.1)

Female 76 (39.3) 34 (38.6) 86 (61.9)

Morphology NA NA NA

Superficial spreading 21 (21.6) 200 (79.1)

Lentigo maligna 3 (3.2) 20 (7.9)

Nodular 40 (41.2) 17 (6.7)

Other 33 (34.0) 14 (5.5)

Breslow depth

Median (Range) 3.30 (1.05-50.00) 0.70 (0.13-20.00) 1.40 (0.50-16.00)

Ulceration

Yes 42 (43.3) 23 (9.1) 37 (19.4)

No 46 (47.4) 228 (90.1) 154 (80.6)

Stage (8th Edition) Stage (4th, 5th, 6th,

7th Edition)

I 0 (0) 202 (79.8) 124 (66.3) 0 (0) 41 (29.5)

II 56 (57.7) 25 (9.9) 63 (33.7) 0 (0) 98 (70.5)

III 41 (42.3) 17 (6.7) 0 (0) 27 (30.7) 0 (0)

IV 0 (0) 7 (2.8) 0 (0) 61 (69.3) 0 (0)

Clark’s level NA NA NA

I 0 (0) 1 (0.6)

II 0 (0) 2 (1.1)

III 11 (11.3) 30 (16.6)

IV 62 (63.9) 144 (79.6)

V 22 (22.7) 4 (2.2)

BRAF status NA NA NA

Wild type 0 (0) 61 (69.3)

Mutant 0 (0) 22 (25)

Not Assessed 72 (74.2) 5 (5.7)

BRAF positive 8 (8.2) 0 (0)

NRAS positive 3 (3.1) 0 (0)

Both Negative 14 (14.4) 0 (0)

Treatment NA NA NA NA

Ipilimumab (Ipi) 8 (9.1)

Nivolumab (Nivo) 6 (6.8)

Ipi+Nivo 16 (18.2)

Ipi/(Ipi/Nivo) 20 (22.7)

Pembrolizumab 30 (34.1)

Other treatment 8 (9.1)

Dead of disease NA

Yes 38 (39.2) 28 (11.1) 54 (26.3) 28 (31.8)

No 59 (60.8) 225 (88.9) 148 (73.7) 60 (68.2)

Dead of any cause NA NA

Yes 46 (47.4) 49 (19.4) 26 (18.7)

No 51 (52.6) 204 (80.6) 113 (81.3)

Table 1: Clinicopathological features of five cohorts from multiple institutions.
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2) Measurement of the proportion of TILs over stro-
mal cells: esTIL % = (TILs/total cells � tumor cells)
£ 100

3) Measurement of the density of TILs over tumor
region: eaTILs (mm2) = TILs/sum of tumor region
areas analysed (mm2)

4) Measurement of the density of TILs over stromal
area: easTIL % = [sum of TIL area (mm2) /stroma
area (sum of tumor region areas analysed (mm2) �
sum of tumor cell area (mm2))] £ 100

The last method mimics the manual pathologist
scoring of stromal TILs according to the International
Immuno-Oncology Biomarker Working Group on
Breast Cancer.18 The variables are shown schematically
in Figure 3a.

Immunofluorescence staining for immunophenotypic
subtyping of TILs
Eleven commercially available antibodies including
CD34 (1:4500; clone: QBE10, Dako), CD56 (1:200;
clone: 123C3, Cell Signaling Technology), CD66b
(1:500; clone: 80H3, LifeSpan Biosciences), FOXP3
(1:100; clone: D2W8E, CST), CD8 (1:250; clone: 144B,
Dako), CD14 (1:500; clone: D7A2T, Cell Signaling Tech-
nology), CD3 (1:100; clone: SP7, Novus Biologicals),
CD45 (1:200; clone: 2B11 + PD7/26, Dako), CD68
(1:200; clone: C8/144B, Dako), CD20 (1:150; clone: L26,
Dako) and CD4 (1:100; clone: SP35, SpringBio) were
tested in four multiplex panels including: (1) CD14/
CD66b/CD68/S100/DAPI, (2) CD14/CD45, CD34/
S100/DAPI, (3) CD3/CD56/CD20/S100/DAPI and (4)
CD4/CD8/FOXP3/S100/DAPI. Multiplexed immuno-
fluorescent (IF) staining on four serial sections of Yale
TMA 76 (YTMA-76) was performed as described previ-
ously for simultaneous detection of multiple markers.19

Briefly, formalin-fixed paraffin-embedded (FFPE) TMA
sections were deparaffinised and incubated using xylene
and ethanol. The pretreatment heating device PT Mod-
ule (Lab Vision, Thermo Fisher Scientific) was used for
antigen retrieval in EDTA buffer pH 8 at 97°C for 20
minutes. To block endogenous peroxidase activity, 2.5%
hydroxyl peroxide in methanol was used, and incubated
the TMA slides for 30 minutes at room temperature.
Non-specific antigens were then blocked with 0.3%
Bovine Serum Albumin in 0.1 mol/L of Tris-buffered
saline with 0.05% Tween 20 for 30 minutes. TMA sec-
tions were then incubated with the primary antibodies
of interest. Primary monoclonal antibodies for cell pro-
filing were co-incubated or sequentially incubated one
after the other at room temperature for 1 hour, followed
by the incubation of three horseradish peroxidase
(HRP)-conjugated secondary antibodies at room tem-
perature for 1 hour before tyramide-based labeling for
10 min. To quench HRP activity, the sections were

incubated with 1 mM benzoic hydrazide solution with
0.15% hydrogen peroxide for 10 minutes. The secondary
antibodies used in this study were anti-rabbit EnVision
(Dako), anti-mouse EnVision (Dako), anti-mouse IgG3
(1:700; Abcam), and anti-mouse IgG2a (1:200; Abcam).
The substrates were biotin tyramide (1:50; Perki-
nElmer), TSA Plus Cy3 tyramide (1:100; PerkinElmer),
and Cy5 tyramide (1:50; PerkinElmer), respectively. Sec-
tions were then treated with streptavidin�Alexa Fluor
750 conjugate (1:100; Invitrogen) for 1 hour. Finally, to
identify melanoma cells, sections were incubated with
mouse anti-S100 (1:100; 15E2E2; BioGenex) and goat
anti-mouse Alexa 488 (1:100; Invitrogen) for 1 hour.
The slides were then counterstained with 40,6-diami-
dino-2-phenylindole (DAPI) and mounted with ProLong
Gold Mounting Medium (Invitrogen) to visualise
nuclei.

Multispectral image acquisition and cell counting on
serial sections YTMA-76
Image acquisition of the stained slides was performed
using Vectra/Polaris (Akoya Biosciences, Marlborough,
MA) microscope to obtain MSIs (multispectral images).
Briefly, a low magnification scan of the whole TMA
slide was performed at 4£. The regions of interest
(ROI) scan were then selected from a low-resolution
using the Phenochart viewer (Akoya Biosciences), and
the ROIs were subsequently acquired at the higher reso-
lution MSIs at 20£. To analyse the MSIs, the spectra
were extracted from acquired images to build the spec-
tral library consisting of all fluorophores using inForm
image analysis software version 2.4.9 (Akoya Bioscien-
ces), and the absence of spectral overlap between chan-
nels was checked by evaluating the unmixed images.
The acquired multispectral images were then decom-
posed using a spectral library. Tumor, stroma, and back-
ground were identified using the trainable tissue
segmentation option in InForm. Cell segmentation
within tumor and stroma regions was performed using
the parameters including minimum nuclear size and
splitting sensitivity and the signals of the nuclei, cyto-
plasm, and membrane components as individual cells.
Once the machine learning cell segmentation algorithm
was optimised, cells were then phenotyped. CD34+,
CD68+, CD56+, CD66b+, FOXP3+, CD8+, CD14+,
CD3+, CD45+, CD20+ and CD4+ cells from MSIs were
counted. Finally, the phenotype counts, density, and
mean expression data were analysed using phenoptrRe-
ports (Akoya Biosciences) in R to generate the data for
cell densities/area (mm2).

Hematoxylin & Eosin (H & E) staining for serial sections
of YTMA-76
To count total TILs in the same TMA sections where
molecular subtypes of cells were determined, coverslips
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were removed, and H & E staining was performed. The
fluorescently stained YTMA-76 serial sections were
incubated overnight with gentle shaking in 10X TBST
to remove the coverslips. The YTMA-76 sections were
stained with Hematoxylin (Dako) for 5 minutes, fol-
lowed by Eosin Y for 60 seconds. The brightfield H & E
images were digitised at 20X using the ScanScope AT2
platform (Leica Biosystems, Wetzlar, Germany).

Statistical analysis
Statistical analyses were performed using GraphPad
Prism 9.1.0 (GraphPad Software Inc., CA, USA) and R.
studio 1.4.1106 (Inc., Boston, MA). The cut-points for
cell types and area variables were determined using X-
tile cut-point finder.20 Kaplan�Meier plots for disease-
specific survival (DSS) and overall survival (OS) were
computed and comparisons were made by the log-rank
test using survival and survminer packages in R studio.
Post hoc Benjamini-Hochberg (BH) multiple compari-
sons test was performed when the results for each vari-
able in survival analyses were significant. ROC curves
were constructed from logistic regression models for
the prediction of DSS. All statistical tests were two-
sided, and significance was represented as (*) p<0.05,
(**) p<0.01, (***) p<0.001, (****) p<0.0001, or not
significant (ns). To perform univariable analyses of each
factor, a Cox proportional hazards model was fitted to
predict survival from each factor in turn. For the multi-
variable analysis, a Cox proportional hazards model was
learned using eTIL%, age, gender and stage as predic-
tors. These variables were chosen, since they were all
present in a common group of 3 cohorts. For each test,
we quote the hazards ratio associated with each level of
a factor compared to the base reference level, and the
associated p-values.

Role of funding source
None of the funders were directly involved in the study
design, data collection, analyses, interpretation, or writ-
ing of the manuscript. The corresponding author (David
L Rimm) has full access to all the data and the final
responsibility for the decision to submit for publication.

Results

Measurement of eTIL% as a prognostic variable in
cohorts from multiple-institutions
Assessment of eTIL% using the NN192 machine learn-
ing cell classifier and the established cut-point of 16.6
% in the five cohorts from multiple institutions showed
that high eTIL% was associated with longer overall sur-
vival in TCGA cohort (hazard ratio (HR) = 0.1, p <

0.0001), better disease-specific survival in Tubingen
cohort (HR = 0.31, p = 0.013), and Yale cohort
(HR = 0.37, p = 0.005) (Figure 1c, 1e, 1f), but not in the

NYU or Sydney cohorts (Figure 1a, 1b). However, the
assessment of visual pathologist-read TILs in Yale
Cohort showed no significant association with disease
specific survival (Log-Rank p = 0.39, Figure 1g). Evalua-
tion of the stage distribution of these cohorts showed
that approximately 98% of patients in the NYU cohort
and 43 % of patients in the Sydney cohort were stage III
and IV patients, whereas stage III and IV patients in the
Tubingen, Yale and TCGA cohorts were 6%, 0% and
0% respectively (Figure 1d). The results indicated that
assessing eTIL% scores as a prognostic factor for
patients with melanoma may be stage dependent as
high eTIL% were associated with better prognosis
mainly in patients with stage I and II disease. We gener-
ated a combined cohort containing 764 patients from
Yale, Tubingen, Sydney, TCGA, and NYU cohorts. Uni-
variable and multivariable analyses were performed to
assess the association of eTIL% and the clinical patho-
logical features with survival (Table 2). eTIL% (with a
predefined 16.6 % cut-point), Stage, Breslow, ulceration
and histogenesis were all significantly associated with
survival in univariable analyses. The multivariable anal-
ysis showed that eTIL% was a significant predictor,
even when combined with the other pathological fea-
tures in a single model. Further, in an analysis of stage
2 only patients of the combined cohort with the 16.6 %
cut-point, the results showed that higher eTIL% is asso-
ciated with better prognosis (HR = 0.45, p = 0.00068)
(Figure 2a), but not stage III and IV (HR = 1.48,
p = 0.14) (Figure 2b). Our results could support the pre-
vious finding that patients with eTIL% >=16.6 have a
significantly better prognosis.

Assessment of five TIL variables in multi-institutional
stage I and II combined cohort
To identify the best approach to measure eTILs for
potential future clinical adoption, we tested five differ-
ent methods to assess the densities and proportions of
eTILs based on the cell types and the area analyzed. We
used the TCGA cohort as a training set to find every pos-
sible cut-point and the association of each TIL variable
with patient outcome. The optimal cut-points defined in
the TCGA cohort for each variable, the p-values, and
HRs derived for measurement of the cohorts from
assessing the optimal cut-points are shown. Since the
purpose of this assessment was to compare the perfor-
mance of five variables, it is statistically unsound to
compare the p-values of each variable but ok to compare
the HRs to determine relative prognostic strength. We
compared the estimated difference between the HRs,
with confidence intervals (CIs), between variables, and
reported the p-value evaluating the null hypothesis of
no association between the prognostic variable and out-
come. Our results show a significant association of all
variables with OS (Figure 3b). The HRs between all five
TIL variables are similar, but eTILs (HR=0.31, 95% CI
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(confidence interval) =0.19-0.5, p < 0.0001) and etTILs
(HR=0.29, 95% CI=0.18-0.44, p < 0.0001) appeared to
be more robust methods in the combined cohort
(although not statistically significantly better). This indi-
cates that eTILs and etTILs might be better performing
methods than the remaining three methods in large
future cohorts. This is concordant with the prognostic
results with eTIL% previously reported in melanoma.1

Identification of molecular subtypes of TILs
Lymphocytic subtypes of TILs were identified by multi-
plexed IF on the serial sections of a Yale melanoma

cohort (YTMA-76). Representative multispectral IF
(MIF) images of the first panel (CD14/CD45/CD34)
were shown in Figure 4a and of the panel (CD4/CD8/
FOXP3/S100B) were shown in Supplementary Figure
4. The representative image of H & E staining on the
same tissue section and cell classification using NN192
is shown in Figure 4b. In addition to the lymphoid line-
age markers including CD3, CD4, CD8, CD20, CD45,
CD56, and FOXP3, we also examined myeloid lineage
markers such as CD14, CD68, CD34 to accurately iden-
tify the specific cell types within the tumor microenvi-
ronment of YTMA-76. The relationship between each
molecular subtype of cell and TILs% was assessed by

Figure 1. Assessment of eTIL% using the NN192 machine learning cell classifier and the established cut-point of 16.6% in the five
cohorts from multiple institutions. (a) Kaplan-Meier curves of DSS in WTS NYU validation cohort (b) DSS in WTS Sydney University
cohort, (c) OS in WTS TCGA cohort, (e) DSS in TMA Tubingen University Cohort, (f) DSS in TMA Yale University Cohort by eTIL%
dichotomised at 16.6 % (G) pathologist’s TIL scores. (d) Bar plot depicting the stage distribution of each cohort.
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Pearson linear regression which showed a high positive
correlation of TILs with cell types including CD45
(R = 0.83, p < 2.2e-16), CD3 (R =0.78, p = 8.6e-15), CD8
(R =0.76, p = 8e-14), CD20 (R =0.62, p = 1.4e-08), CD4
(R =0.52, p = 6.8e-06) and a weak correlation with cell
types such as FOXP3 (R = 0.3), CD56 (R = 0.12) and
CD66b (R = 0.02) (Figure 4c). These results indicate
that the lymphocytic phenotypic marker most highly

correlated to TILs is CD45 (leukocyte common antigen),
and the specific phenotypic subtype of cells represent-
ing TILs may be CD3+ or CD8+ or CD4+ T cells. This
was similarly reported previously in melanoma.1,21

These findings were corroborated by the cell type-spe-
cific survival analyses, which showed similar profiles
(Supplementary Figure 1). The Kaplan�Meier estimates
of survival test using the median as a cut-point showed

Variables Univariable Analysis Multivariable Analysis

HR (95% CI) P value HR (95% CI) P value

eTILs% 0.4 (0.29-0.55) <0.001 0.5 (0.30-0.75) 0.001

Age 1.0 (0.99-1) 0.63 1.0 (0.98-1.01) 0.751

Gender (M vs F) 0.7 (0.46-1.1) 0.11 0.7 (0.46-1.09) 0.116

Stage (vs I)

II 3.0 (2.1-4.3) 0.001 1.5 (0.87-2.41) 0.153

III 5.3 (3.4-8.1) 0.001 3.1 (0.98-9.91) 0.055

IV 19.9 (10.2-38.8) <0.001 6.0 (2.56-14.12) <0.001

Breslow (vs <0.8)

1>4.0 8.1 (4.5-14.6) <0.001

10.8-1.0 3.2 (1.5-6.7) 0.002

11.0-2.0 2.4 (1.4-4.4) 0.003

12.0-4.0 4.3 (2.4-7.7) <0.001

Ulceration (Yes vs No) 2.0 (1.2-3.2) 0.01

Histogenesis (11 Categories)

Max: 2.90E+07 (NA) <0.001

Min: 9.97E-01 (NA)

Table 2: Univariable and multivariable Cox-proportional Hazards Regression analyses to assess the association of eTIL% and the clinical
pathological features regarding disease-specific overall survival in all stage multi-institutional combined cohort.

Figure 2. Assessment of eTIL% in stage specific combined cohorts. (a) Kaplan-Meier curve of OS in stage II only combined cohort
and (b) Kaplan�Meier curve of OS in stage III and IV combined cohorts by eTIL% dichotomised at 16.6 %.
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that patients with high cell counts of CD3 (HR = 0.21,
p = 0.015) and CD8 (HR = 0.2, p = 0.015), as well as
myelocytic macrophage marker CD68 (HR = 0.33,
p = 0.015) have significantly improved DSS (Figure 4d).
As accumulated evidence showed that CD3+ and CD8+
lymphocytic cell infiltration is the primary determinant
of immunotherapy outcome, evaluating the combina-
tion of both TILs and a group of specific molecular

subtypes of TILs in association with the clinical out-
come might assist in defining a subset of patients that
might respond to immunotherapy.

Next, we assessed the utility of TILs and specific
molecular subtypes of cells to predict event risk. We
generated the area under the receiver operating charac-
teristic (ROC) curves (C-statistic) for TILs variables such
as eTILs and etTILs, and all lymphocytic markers

Figure 3. Assessment of five TILs variables including eTILs, etTILs, esTILs, eaTILs and easTILs. (a) Schematic diagram illustrating the
variables (created with BioRender.com). (b) Forest plot of DSS in stage I and II combined discovery set. The optimal cut-points
defined in the TCGA cohort as a training set for each variable, the p-values (log-rank) and HRs with 95% CI derived for measurement
of the cohorts from assessing the optimal cut-points were shown.
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including CD4, CD3, CD8, CD45, CD20, FOXP3 and
CD56 (Figure 5) to measure the risk prediction associ-
ated with these markers. eTILs achieved a favorable

prognostic performance where the area under the curve
(AUC) value for DSS was 0.77 (CI: 0.642-0.894). Of
seven markers tested for AUC, CD4 (AUC: 0.723, CI:

Figure 4. Identification of molecular subtypes of TILs. (a) Representative multispectral IF images of the panel (CD14/CD45/CD34)
profiling in YTMA-76, tissue block 2, cut-64. (b) The representative H & E image and cell classification on the same tissue section
using NN192. (c) Pearson linear regression between each molecular subtype of cells and TILs. (d) Forest plot of DSS in stage YTMA-
76. The predefined cut-point 16.6% for eTILs, the optimal cut-point 14.3 defined in the TCGA cohort for etTILs and the median cut-
points for all other cell types were used to stratify the patients. The adjusted p-values (log-rank, adjusted by Benjamini and Hoch-
berg, BH) and HRs with 95% CI derived for measurement of the cohorts from assessing the optimal cut-points were shown.
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0.593�0.853) showed the highest prognostic perfor-
mance (Figure 5a). In agreement with the prior work,21

our results suggested that the prognostic value of TILs
appeared to be driven by CD4+ T cells. The AUC of
myelocytic macrophage marker CD68 was 0.678 (CI:
0.535-0.823), exhibiting a higher prognostic value. Our
AUC analysis of etTILs variable predicting event risk in
YTMA-76 showed that etTILs (AUC: 0.793, CI: 0.672-
0.914, specificity: 0.627 and sensitivity: 0.938) outper-
formed eTILs (AUC: 0.77, CI: 0.642-0.897, specificity:
0.51 and sensitivity: 0.938) which validated our finding
in a low-stage combined cohort from multiple institu-
tions (Figure 5b). Taken together, assessment of ROC
curves by comparing the clinical impact of two variable
models (i.e., eTILs and etTILs) suggests that etTIL%
might be a more robust variable to use clinically.

Discussion
The use of immunotherapies, including Pembrolizu-
mab and Ipilimumab in the adjuvant setting, has been
shown to successfully manage stage III melanoma.5,7

However, since more patients with stage I or II mela-
noma are diagnosed than stage III,22 it is important to
evaluate the role of these agents as adjuvant therapies in
patients with early-stage melanoma. This is especially
important because only one in five of stage III mela-
noma patients benefit from immunotherapy, and 50%
are cured by surgery alone as seen in the placebo arm.5

These data suggest that we could identify the subset of
patients that could potentially be spared immunother-
apy toxicity since they are unlikely to benefit.1 Our study
pools patients with melanoma from international
cohorts and supports the previous finding that eTIL%
score is an independent prognostic marker in

melanoma and shows that the effect is seen only in low
stage patients, the population containing the stage 2
patients that receive adjuvant therapy.

A highly reproducible estimate of the TIL calculation
is needed to use the machine learning TIL score in the
clinic. Unlike the NN192 algorithm, which relies on cell
detection and classification, there are many machine
learning models that train with patches rather than with
cell detection to generate a TIL map that characterises
lymphocytic infiltrates in intra-tumoral, peri-tumoral,
and adjacent stromal regions.23 To identify the best
approach for calculating TILs, we considered using mul-
tiple variables based on both the cell types (tumor cells,
immune cells, fibroblasts, or other cells) and the area of
interest (tumor and adjacent 1,2 mm diameter stroma).
The test of five TIL variables in the low stage multi-insti-
tutional combined cohort showed that all TIL variables
had comparable prognostic value; but eTIL% and etTILs
% had the best performance. We note that TILs can also
be predictive for immunotherapy, but evaluation of
these variables in the context of immunotherapy is
beyond the scope of this work.

A key limitation of our work is that we have used a
machine learning algorithm that is susceptible to cell
assignment error during cell classification. Another lim-
itation is that melanoma cells have uneven membrane
patterns and highly irregular cell shapes. Since mela-
noma cells change their shape and can adopt the
appearance of other cells to invade any tissue in the
body,24 it is often difficult to accurately classify tumor
cells resulting in misclassification of malignant mela-
noma cells as the fibroblasts or other cells. As etTIL%
was calculated using total cells as the denominator, the
likelihood of incorrect percentage automated TIL calcu-
lation due to assignment error might be reduced as

Figure 5. Identification of TIL variables for use as clinical utilities. (a) ROC curves indicating predictive accuracy of the markers: eTILs,
CD3, CD8, CD4, CD45, CD20, CD56 and FOXP3. (b) ROC curves showing predictive accuracy, sensitivity, and specificity of eTILs and
etTILs variables.
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opposed to eTIL% method, which used the sum of only
immune and tumor cells as its denominator. As a
result, etTIL% may have higher reproducibility than
eTIL% in patients with melanoma. However, we found
no statistically significant difference between our two-
best model variables. Finally, the use of 0.6-mm diame-
ter tissue cores TMAs is an additional limitation of this
study. The advantage of large numbers of cases accessi-
ble by TMA is the trade-off between assessing the frac-
tion of the tumor and maximizing the number of
samples. As such, the evaluation of TILs in both TMA
and WTA formats show significant association with sur-
vival. Further we note the the TILs quantification done
here is to illustrate the heterogeneity of the immune
infiltrate that is recognized as eTIL. We do not attempt
to validation the prognostic value of molecularly defined
TIL in this work.

TILs comprise a heterogeneous cell population
including natural killer (NK) cells, B cells and various
subsets of T cells with complex functional states (e.g.,
naive, effector, memory, and dysfunctional) and thus,
the prognostic value of the automated TIL may arise
from the unbiased combination of distinct molecular
subtypes.25 Here, we evaluated various molecular sub-
types of lymphocytes within the TILs population and
their prognostic values assessed by DSS. Concordant
with the study by Piras, et al.,26 our results show that
high CD8+ and CD3+ cells were associated with favor-
able DSS though the hazard ratio was higher than that
of eTIL% and etTIL% variables (0.2 versus 0.13 and
0.075). In the study of Acs, et al., only a weak-fair corre-
lation was reported between eTILs and CD4 and CD8
expression.1 The inherently subjective nature of the
user-supervised training process for cell segmentation
of IF images using cell segmentation algorithm might
be a major contributor to this variation. The cell count
analyses using IF cell segmentation platforms can lead
to inconsistent outcomes, especially if the assessed
cohort is not statistically powered. The provisional solu-
tion might be to use a combined application of both IF
and H & E that are sufficiently generic to be easily train-
able while consistently achieving high sensitivity and
specificity with validation.

In summary, we validated that eTIL% score is a
robust prognostic marker in patients with early-stage
melanoma and identified distinct TIL subpopulations
that carry the prognostic value. Pending prospective val-
idation, the use of the NN192 machine learning algo-
rithm might evolve into a useful and easy-to-implement
tool that will aid in risk stratification of patients with
early-stage melanoma. In the future, the use of eTILs
might be complemented with molecular subtyping of
cells for more discriminating analyses. The use of a
combined marker signature may be proven to be the
best approach to define a subset of patients that will not
benefit from immunotherapy or might develop signifi-
cant toxicities.
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Abstract  

Purpose 

Toll-like receptor 4 (TLR4) is increasingly recognized for its ability to govern the etiology and 

prognostic outcomes of colorectal cancer (CRC) due to its profound immunomodulatory 

capacity. Despite widespread interest in TLR4 and CRC, no clear analysis of current literature 

and data exists. Therefore, translational advances have failed to move beyond conceptual ideas 

and suggestions.  

Methods 

We aimed to determine the relationship between TLR4 and CRC through a systematic review 

and analysis of published literature and datasets. Data was extracted from nine studies that 

reported survival, CRC staging and tumor progression data in relation to TLR4 expression. 

Primary and metastatic tumor samples with associated clinical data were identified through the 

Cancer Genome Atlas (TCGA) database. 
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Results 

Systematic review identified heterogeneous relationships between TLR4 and CRC traits, with 

no clear theme evident across studies. A total of 448 datasets were identified through the TCGA 

database. Analysis of TCGA datasets revealed TLR4 mRNA expression is decreased in 

advanced CRC stages (P < 0.05 for normal vs Stage II, Stage III and Stage IV). Stage-

dependent impact of TLR4 expression on survival outcomes were also found, with high TLR4 

expression associated with poorer prognosis (stage I vs III (HR = 4.2, P = 0.008) and stage I vs 

IV (HR = 11.3, P < 0.001)). 

Conclusion 

While TLR4 mRNA expression aligned with CRC staging, it appeared to heterogeneously 

regulate survival outcomes depending on the stage of disease. This underscores the complex 

relationship between TLR4 and CRC, with unique impacts dependent on disease stage.  

Keywords: Toll-Like Receptor 4, Colorectal Neoplasms, Systematic Review, Humans 
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Introduction 

Colorectal cancer (CRC) remains one of the most prevalent cancer diagnoses worldwide, with 

incidence rates in the United States of America of 37.8 per 100,000 (National Cancer Institute: 

Surveillance 2021). This places CRC as the fourth most common cancer in western populations 

(Australian Institute of Health and Welfare 2020; National Cancer Institute: Surveillance 2021) 

which when coupled with its high mortality rates, cements this disease as a major healthcare 

burden. While significant advances have been made in identifying high level risk factors for 

CRC, heterogeneity in tumor progression and treatment response continues to challenge the 

understanding of its etiology (Buikhuisen, Torang & Medema 2020). Few factors remain 

significant when traditional, largely unmodifiable risk factors (e.g. age, sex) are adjusted for, 

pointing to complex mechanisms governing tumor microenvironment which dictate growth 

trajectory and vulnerability to anti-cancer therapy (Buikhuisen, Torang & Medema 2020).  

The tumor microenvironment is a complex system of molecular and cellular components, 

produced by both host and tumor (Wang J. J, Lei K F & Han F 2018). The microenvironment’s 

contribution to prognosis and clinical outcome has proven controversial, although evidence 

supports both beneficial and inhibitory roles. For example, the microenvironment facilitates 

immune invasion and destruction of tumor tissue (Fang et al. 2014). In contrast, it also 

contributes to tumor development, cancer cell survival and treatment resistance (Zhao et al. 

2019). Irrespective of this complexity, it is clear that infiltration of peripheral immune cells 

into the tumor microenvironment is related to CRC progression and prognosis. A 2019 study 

using the cancer genome atlas (TCGA) and gene expression omnibus (GEO) databases reported 

that M0 macrophages, M1 macrophages and CD4+ memory T cells were more abundant in CRC 

tissue compared to healthy tissues (P < 0.02) (Ge et al. 2019). Furthermore, higher infiltration 

of M1 macrophage populations in CRC tissue correlated with lower participant survival (P = 

0.04) (Ge et al. 2019). This underscores the involvement of the host immune system in CRC.    
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In light of the strong immune-mediated mechanisms that appear to be linked with CRC etiology 

and treatment response, there has been substantial interest in the potential role of the innate 

immune surveillance protein, toll-like receptor 4 (TLR4). TLR4 is a pattern recognition 

receptor, which upon activation, initiates a strong inflammatory response (Takeda & Akira 

2004). TLR4 requires the accessory proteins myeloid differentiation factor 2 (MD-2) and 

cluster of differentiation 14 (CD14) to efficiently bind to ligands including, LPS, heat shock 

proteins (Hsp70 and Hsp90) and high-mobility group protein I (HMGBI) (Cheng Z et al. 2015). 

TLR4 signaling is vital to intestinal homeostatic maintenance, as previously reviewed (Bruning 

et al. 2021). TLR4 is notably upregulated in the intestine under inflammatory states including 

in people with ulcerative colitis, and this is further linked to ulcerative colitis-associated CRC 

risk and development (Fukata M et al. 2007). Furthermore, genetic variants of TLR4 

(rs10116253, rs192791 1, rs7873784) have been linked to CRC (Huang, BZ et al. 2018).  

TLR4 is expressed on a range of different cell types within the tumor microenvironment, 

including dendritic, stromal, macrophage and epithelial cells (Li J et al. 2017). The importance 

of site-specificity of TLR4 expression in healthy and diseased states, including CRC, is well 

documented (Bruning et al. 2021). Pre-clinical CRC models indicate that TLR4 has both pro- 

and anti- tumor roles, with expression sites being a possible differentiating factor between 

whether TLR4 aids in cancer destruction or survival (Li J et al. 2017). To add further 

complexity, TLR4 has also been identified to modulate toxicity following cancer therapy, 

including diarrhea and pain (Wardill et al. 2016). As such, it is currently unclear whether TLR4 

is beneficial, or, potentially harmful in the CRC microenvironment, and whether it is a rationale 

target for intervention. We therefore aimed to systematically review current published evidence 

and datasets to crystalize the relationship between TLR4 and CRC staging, treatment toxicity 

and survival. 
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Methods 

Search strategy, study selection and data retrieval 

PubMed, Cochrane Library and Embase were searched between January and February 2022 

for peer-reviewed journal publications using keywords listed in Supporting Information Table 

1 and were screened for inclusion based on specific criteria; original research, clinical trials 

and studies conducted between 2010-2021; archival human tissue; CRC; participant survival; 

tumor recurrence; prognosis; toxicity; and TLR4 expression. Exclusion criteria included: 

animal models; cell lines; and cancer types other than CRC. Eligible publications were 

reviewed with the following data being extracted manually by two independent authors (EEC, 

JKC) using a computer-based template: sample size; CRC stage; chemotherapy treatments; 

participant demographics; type of TLR4 analysis; TLR4 specific outcomes (including 

expression rates and site-specificity); survival data (overall survival (OS), progression-free 

survival (PFS) or disease-free survival (DFS)); and tumor progression data. Summary 

outcomes are presented in Table 1. 

TCGA clinical CRC cases database extraction and statistical analysis 

RNA sequencing data and associated clinical metadata with a total of 512 samples in read 

counts (HTSeq-Counts) of CRC were obtained from the TCGA data portal 

(https://portal.gdc.cancer.gov/, accessed in December 2020). Data related to TLR4 mRNA 

expression, CRC staging and OS were extracted. TLR4 mRNA expression was dichotomized 

into high and low expression using the tertile cut point. The OS curve was constructed using 

Kaplan–Meier and log-rank test analysis, comparing high and low TLR4 expression groups for 

all cases and within each CRC stage. Statistical analyses were performed using GraphPad 

Prism 8.3.1 (GraphPad Software Inc., CA, USA) and R. studio 1.2.5033 (Inc., Boston, MA).  
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Multivariate analysis was also performed to determine whether mRNA expression was 

associated with OS in each tumor stage where variables included tumor stage (I: IV), sex and 

age. To avoid using potentially biased cut-points splitting low and high TLR mRNA expressing 

participant groups, a two sample t-test using continuous TLR4 mRNA expression values (with 

no cut-point required) compared mRNA expression between alive and deceased participants. 

Finally, TLR4 mRNA expression between normal tumor adjacent tissue and tumor samples 

from different stages were analyzed with a one-way ANOVA (normal vs stage I, stage II, stage 

III and stage IV).  

Results 

180 publications were initially identified, with 9 meeting inclusion criteria for final analysis 

(Figure 1). 6 publications were clinical trials with a combined participant total of 1081. The 

remaining 3 publications used archival tissue from previous clinical research. Only 2 

publications analyzed advanced stage CRC (non-resectable tumor stage II – IV), whereas 7 

publications included mixed analysis of varying CRC stage. Participant survival data was 

extracted from 8 publications, inclusive of DFS, PFS and OS dependant on individual study 

outcomes. Only 1 publication included data regarding toxicity in relation to TLR4 expression. 

Finally, CRC recurrence was analyzed in 3 publications. TLR4 expression in the publications 

was assessed using immunohistochemistry (5/9, all of which used different primary 

antibodies), polymerase chain reaction (PCR) (3/9) and flow cytometry (1/9). Only 4 

publications included site-specific analysis of TLR4 expression in CRC (Table 1) (Cammarota 

et al. 2010; Eiro N 2013; Formica et al. 2013; Sussman et al. 2014). Of the 9 publications, 4 

analyzed formalin fixed and paraffin embedded tissue blocks, 4 analyzed peripheral blood 

samples and 1 (Sussman et. al. 2014) analyzed tumour tissue microarray slides provided by the 

NCI Cancer Diagnosis Program (CDP). 
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Impact of TLR4 genotype and expression on CRC survival 

Of the 8 publications to report on CRC survival, one reported that wild-type (WT) TLR4 

genotype was beneficial to CRC participant survival rates (Tesniere et al. 2010). Metastatic 

CRC participants with the WT TLR4 allele had higher PFS (hazard ratio (HR): 0.73; 95% 

confidence interval (CI) = 0.53 – 1.00; P < 0.05) and OS (HR = 0.72; 95% CI = 0.52 – 1.01; P 

= 0.05) compared with participants bearing the TLR4 loss-of-function (Asp299Gly) variant 

post-oxaliplatin chemotherapy treatment (Tesniere et al. 2010). No differences in DFS among 

participants bearing the WT versus the variant TLR4 alleles were observed.  

In contrast, 2 publications suggested that increased TLR4 expression is detrimental to 

participant survival (Cammarota et al. 2010; Wang et al. 2010). Cammarota et al. found that in 

mixed stage CRC tissue, participants with lower TLR4 expression in the tumor stroma 

compartment had improved DFS compared to participants with higher TLR4 expression (risk 

ratio (RR) 2.36; log-rank chi-square 4.25, P < 0.05) (Cammarota et al. 2010). Furthermore, 

participants with pT3 adenocarcinoma with high TLR4 expression (over 50% positive cells) 

relapsed sooner (14 months) compared to participants with low TLR4 expression (40 months, 

RR 3.15; log-rank chi-square 4.03, P < 0.05) (Cammarota et al. 2010). This is supported by 

Wang and colleagues, who confirmed that CRC tissue displayed expression of TLR4 in 78 of 

108 samples (72%), of which 22 displayed high TLR4 expression (Wang et al. 2010). In 

addition, increased TLR4 expression was associated with liver metastasis (P = 0.0015) and 

advanced tumor stage (stage IV) (P = 0.0197). Upon univariate analysis there was no difference 

in 5-year DFS rate for low versus high TLR4 expression, but OS was reduced with high TLR4 

expression (HR (95% CI) 2.17 (1.15 – 4.07), P = 0.015) (Wang et al. 2010). However, this was 

not retained in multivariate analysis. In contrast, when samples exhibited high expression of 

both TLR4 and the adapter protein MyD88, DFS and OS were poorer (HR (95% CI) 2.11 (1.05 

– 4.23) P = 0.0352) (Wang et al. 2010).  
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The conflicting nature of outcomes may be reflective of the lack of site-specific TLR4 

investigations throughout human CRC research. Eiro and colleagues reported TLR4 expression 

by fibroblasts, not tumor cells themselves, was associated with a shortened OS of CRC 

participants (P = 0.022). Furthermore, TLR4 expression in fibroblasts was a significant and 

independent factor associated with DFS (P = 0.0001), and OS (P = 0.013) (Eiro N 2013).  

Four publications reported that TLR4 expression does not impact upon CRC survival. Formica 

and colleagues found that in 31 metastatic CRC participants, neutrophil TLR4 expression at 

baseline, or 1-month post-chemotherapy, had no association with PFS (P > 0.05) (Formica et 

al. 2013). This is supported by Sussman and colleagues who, in N = 279, found no associated 

between TLR4 expression in stromal tissue and OS after correcting for both CRC stage and 

grade. Furthermore, epithelial TLR4 expression was also not associated with OS (Sussman et 

al. 2014).  

More recently, Zhang and colleagues found that in an advanced CRC cohort (N = 94) post-

standard Fluorouracil-based adjuvant chemotherapy and radical surgery, the measured level of 

TLR4 expression was independent of DFS; hence no impact of TLR4 on overall DFS (Zhang 

et al. 2019). In addition, TLR4 was not a significant factor in survival outcomes following 

univariate or multivariate analyses (Zhang et al. 2019). However, high amounts of 

Fusobacterium (Fn), an anaerobic bacterium known to activate the TLR4 pathway in CRC 

cells, correlated with poor DFS (P = 0.028) (Zhang et al. 2019). Finally, Gray and colleagues 

analyzed previously collected tissues from two large-scale clinical trials, the SCOT 

(ISRCTN59757862) trial and COIN (ISRCTN27286448) trial (Gray et al. 2019). Data 

generated from SCOT showed no association of any TLR4 single nucleotide polymorphism 

(SNP) with survival (Gray et al. 2019). There was also no association of the TLR4 SNP, 

rs867228, with DFS in cases with functional polymorphisms (Gray et al. 2019). Data from 
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COIN showed no association of any tested TLR4 SNP with OS by either log-rank test or 

univariate or multivariable Cox regression (Gray et al. 2019).  

CRC Recurrence 

Three publications reported on TLR4s contribution to CRC recurrence, with 2 publications 

identifying a detrimental role of TLR4 in CRC recurrence (Wang et al. 2010; Zhang et al. 

2019). Wang and colleagues (2010) report upon 5 year follow-up of 108 mixed stage CRC 

participants, 53 participants had tumor recurrence (DFS rate: 49%), with participants exhibiting 

high expression of TLR4 and its accessory protein MyD88 displaying increased recurrence 

rates compared to those with low expression (TLR4+MyD88 (low vs high) 5-year DFS HR 

(95% CI) = 2.25 (1.27 – 3.99) P = 0.0053) (Wang et al. 2010). Furthermore, participants with 

CRC and liver metastasis showed higher TLR4 and MyD88 expression versus CRC without 

liver metastasis (Wang et al. 2010). Among the 14 liver metastases obtained by hepatectomy, 

12 were TLR4 positive and 6 showed a high expression (Wang et al. 2010). These findings are 

supported by Zhang and colleagues who showed high expression of TLR4 (P = 0.036) were 

more likely detected in participants with CRC recurrence, compared with participants without 

recurrence (Zhang et al. 2019). 

In contrast, Eiro and colleagues observed that recurrence was dependent on the site of TLR4 

expression, not its overall quantitative expression such that TLR4 expression by tumor cells 

was associated with a lower rate of recurrence in tumors from left colon/rectum compared to 

those from right colon/rectum (P = 0.028) (Eiro N 2013). Further, TLR4 expression by 

fibroblasts was associated with a high rate of recurrence (P = 0.0001) in left colon/rectum 

tumors (Eiro N 2013). 
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Toxicity post-chemotherapy in participants with CRC 

Only 1 publication investigated the role of TLR4 in relation to post-chemotherapy toxicity 

outcomes, including diarrhea and nausea. Wong and colleagues investigated a cohort of 46 

advanced stage CRC (stage III – IV), treated with first cycle of irinotecan-based chemotherapy 

(irinotecan monotherapy or in combination with fluorouracil and leucovorin - IFL regimen) 

(Wong et al. 2021). Participants the variant TLR4 SNPs rs4986790 and rs4986791 had more 

severe diarrhoea (50%) compared to those without the variants (15%) (Wong et al. 2021). 

When looking at diarrhea of all severities, all participants (100%) with the variant TLR4 SNPs 

developed diarrhea, compared to only 50% of those without the variants (20 participants each, 

rs4986790, P = 0.012 vs. rs4986791, P = 0.012).(Wong et al. 2021) There was no association 

with nausea (Wong et al. 2021). 

TCGA Database Results 

TLR4 expression differs due to cancer stage 

Summary of participant clinical data is presented in supporting information Table 2. Although 

TLR4 expression was not statistically different between normal and stage I, significantly higher 

TLR4 expression was observed in normal tissues vs Stage II, Stage III and Stage IV (Figure 

2A). 

TLR4 expression is associated with survival in respect to tumor stage 

Number of participants per tumor stage is presented in Figure 2C. OS of participants with CRC 

with respect to TLR4 expression (low vs high) was conducted. TLR4 expression was not a 

significant prognostic factor (HR = 1.1, P = 0.64) when all stages were combined (Figure 2B) 

or compared between stages (Figure 3). In contrast, multivariate analysis revealed high TLR4 

expression prior to treatment conferred worse prognosis, with the strength of the effect 

increasing with tumor stage (stage I vs II (HR = 2.2, P = 0.138), stage I vs III (HR = 4.2, P = 
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0.008) and stage I vs IV (HR = 11.3, P < 0.001); Figure 4). Sex and age had no impact on OS 

(Figure 4). In stage I disease, those that were alive had lower TLR4 expression at diagnosis (P 

= 0.034).  For all other stages TLR4 expression at diagnosis was higher in those still alive (P = 

0.035) (Figure 5). 

 

Discussion 

TLR4 is an attractive target for controlling cancer development and optimizing treatment 

response due to its potent regulation of systemic immune responses. Our analysis exposes the 

significant heterogeneity in CRC outcomes linked with TLR4 expression. We have shown that 

TLR4 expression decreases with increasing CRC tumor stage at prognosis, and appears to have 

stage-dependent associations with participant outcomes. We highlight two novel findings 

related to high TLR4 expression in early- and late-stage CRC being; (1) in stage I CRC results 

in worse participant outcomes, and (2) in stage IV CRC results in improved participant 

outcomes. With TLR4 expression decreasing in higher grade CRC, this potential reduction of 

innate immune signaling may prove to be the causative mechanism behind unfavourable 

treatment responses and reduced survival.  

TLR4 expression relative to tumor stage is well documented in the literature (Li et al. 2019; 

Omrane et al. 2014). These patterns of TLR4 expression reflect its core physiological 

mechanism of inducing inflammation, a process known to be carcinogenic. Our data showed a 

significant decrease in TLR4 expression in later stage CRC (stages II – IV) compared to normal 

tissue. This decrease in TLR4 expression was not found in stage I tumors, suggesting that the 

slightly higher TLR4 expression in early CRC may align with the well-defined concept that 

inflammatory processes are involved in the early development of CRC (Karin & Greten 2005). 

However, our analysis did show that non-tumour comparative tissue had the highest TLR4 

expression. As this tissue was primarily collected from adjacent tissue in the same participants, 
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systemic inflammatory responses may have impacted on interpretation. The finding that TLR4 

expression decreases with tumor growth is also consistent with the current understanding of 

tumor development, with tumors often adapting to evade immune detection and control. 

Activation of the receptor, programmed death 1 (PD-1), has been found to inhibit immune 

control of tumor growth, with the PD-1 ligand, PD-L1, being significantly upregulated in solid 

tumors like CRC (Hino et al. 2010). Therefore, this upregulation of PD-L1 is suggested to play 

a crucial role in the tumors ability to evade host immune system (Dong et al. 2002). This is of 

particular interest in the context of TLR4 research, as PD-L1 has also been shown to block the 

cytolytic activity of PD-1+ tumor infiltrating CD4+ and CD8+ T cells, which are reliant on 

dendritic cell -TLR4 interaction (Brahmer et al. 2012; Fife et al. 2009). In addition, Xiao et. al. 

(2016) reported that inhibition of TLR4 signaling via a blocking antibody significantly reduced 

the number of PD-1+ B cells in human hepatoma tissues, where PD-1+ B cell populations 

promoted cancer growth (Xiao et al. 2016). Furthermore, Huang (2018) found that 

improvement in clinical outcome is resultant of cytosolic HMGB1 triggering dendritic cell 

maturation through TLR4 activation, whereby consequently recruiting PD-1+ tumor-

infiltrating lymphocytes to the tumor site (Huang, CY et al. 2018). These findings highlight the 

importance of TLR4 to this particular tumor kill pathway and outlines the importance for TLR4 

expression for improved clinical outcomes of people living with CRC.  

While our findings suggest a likely relationship between TLR4 expression and tumor stage, the 

relationship between TLR4 and long-term outcome was less clear cut in both our systematic 

review and genetic analyses. When looking at all tumor stages, there was no significant impact 

on OS in low vs high TLR4 expressing tumors. This contradicts existing data, as a metanalysis 

of 212 people living with CRC found that high TLR4 expression associated with a significantly 

reduced OS and poorer prognosis (HR (95% CI) 2.30 (1.41,3.75), P = 0.001) (Hao B et al. 

2018). However, this analysis did not classify the cohort based on CRC stage which may have 
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masked some findings and increased bias towards advanced stage disease. While our initial 

analyses showed no effect of TLR4 expression on OS, analysis of this relationship within 

specific tumor stages revealed that TLR4 may in fact have an impact but, in a stage-specific 

manner. Specifically, we showed that TLR4 expression in Stage IV disease was higher in 

tumors from people still alive compared to those that were not. While we weren’t able to show 

this in our longitudinal OS analyses, this may reflect the lack of power when breaking down 

our cohort of 488 into specific stages.   

This heterogeneity in how TLR4 may act to regulate overall survival for Stage I vs Stage IV 

disease is likely to reflect the differences in how these disease stages are treated. Stage I disease 

is almost always treated with surgery, but no cytotoxic therapy, whereas stage IV disease will 

certainly contain cytotoxic therapy. TLR4 is considered to exert its impact on treatment 

outcomes via its ability to modulate immunogenic cell death (Fang et al. 2014; Kroemer et al. 

2013). Immunogenic cell death acts in concert with direct cytotoxicity, and collectively results 

in more thorough tumor clearance, and thus long-term survival. As such, higher TLR4 

expression would theoretically confer a larger immune response and thus better response in 

late-stage CRC. This is supported by the Isambert et al. study (2013) which found that increased 

activation of TLR4 via a lipid A analogue (OM-174) enhanced inflammatory anti-tumor 

response in metastatic CRC and improved clinical outcomes (Isambert N et al. 2013). 

Furthermore, data from Huang and colleagues (2018) showed improved DFS in people living 

with late-stage rectal cancer with increased activation of TLR4 via HGMB1 binding (Huang, 

CY et al. 2018). 

Despite new interpretation of stage-specific roles of TLR4, we must acknowledge some 

limitations of our approach. Firstly, the studies included within the literature review were 

varied, often with low sample sizes and differing approaches to measuring TLR4 expression. 

Furthermore, our genetic analysis relied on previously collected data and exhibited low power 
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when analysing within the specific CRC stages. It is also important to acknowledge that we 

relied solely on TLR4 tumor-expression data; whereas evidence from pre-clinical work 

suggests expression of TLR4 in host tissues (typically non-cancerous) may be critical in setting 

immune tone of host and thus response (Li J et al. 2017). Nonetheless, our findings indicate a 

general trend towards higher TLR4 expression being associated with favourable OS outcomes 

in stage IV CRC suggesting its ability to induce immunogenic cell death is critical in CRC 

prognosis.  
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Figure 1: Flow diagram of literature search results for systematic review. 
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Figure 2: (A) Comparison of TLR4 expression between stage specific tumor and adjacent 

normal tissues from TCGA cohort. One-way ANOVA was performed by comparing solid 

tissue normal vs stage I, stage II, stage III, and stage IV participants. Statistical significance 

was represented as P < 0.05. (B, C) Assessment of TLR4 mRNA expression using the tertile 

cut-point. (B) Kaplan-Meier curves of overall survival (OS) in TCGA cohort. (C) Bar plot 

depicting the stage distribution of the cohort.   
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Figure 3: Assessment of TLR4 mRNA expression in stage specific CRC participants from 

TCGA cohort. (A) Kaplan-Meier curves depicting the OS in stage I participants (B) stage II 

participants, (C) stage III participants and (D) stage IV participants using the tertile cut point. 

No significant difference between groups. 
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Figure 4: Forest plot of OS in stage specific participants. The tertile cut-point, the p-values 

and HRs with 95% CI derived for measurement of the cohorts from assessing the cut-point 

were shown. Statistical significance was represented as P < 0.05. 
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Figure 5: Comparison of TLR4 expression in Fragments per Kilobase of transcript, per Million 

mapped reads (FPKM) with respect to OS. Analysis of TLR4 expression using two sample t-

test based on participants’ survival in (A) stage I, (B) stage II, (C) stage III, and (D) stage IV 

participants. Statistical significance was represented as P < 0.05. 
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Table 1: Summary of studies investigating impacts of TLR4 expression on human CRC clinical outcome 

 Author 

(Date) 

 

Archival

/ Clinical 

Study 

Sample 

Size 

(n) 

CRC Stage Anti-

Cancer 

Treatments 

TLR4 

Analysis 

Site-

Specific 

TLR4 

(Y/N) 

Survival 

Outcomes  

(Y/N) 

Type of 

Survival  

Cancer 

Recurrence  

(Y/N) 

Key Findings  

Cammarota 

et. al. (2010) 

Archival  132 

 

Mixed stage, 

stages I - IV  

NR IHC Y Y  DFS Y -  TLR4 cells =  grade of 

dysplasia. 

-  % of TLR4+ cells in the 

tumor stromal compartment 

=  DFS and later relapse 

compared to  % of TLR4+ 

cells in the stromal 

compartment (RR 2.36; log 

rank chi-square 4.25, p < 

0.05). 

Tesniere et. 

al. (2010) 

Clinical 

trial 

668 Non-

resectable 

metastases 

of colorectal 

adenocarcin

oma and 

Stage II non-

metastatic 

CRC 

LV5FU2 

followed by 

FOLFOX6 

to 

FOLFOX6 

and 

by FOLFIRI, 

or, surgical 

removal of 

the tumor 

PCR 

TLR4  

N Y  PFS, or,  

progression 

5 years after 

diagnosis 

Y -  WT TLR4 allele =  PFS 

(HR: 0.73; CI=0.53–1.00; 

P<0.05) and OS (HR=0.72; 

CI =0.52–1.01); P=0.05), 

compared to loss-of-function 

TLR4 allele following 

treatment. 

Wang et. al. 

(2010) 

Clinical 

trial 

138 Mixed stage, 

stages I - IV  

Surgery, 

chemotherap
y and/or 

radiation 

treatment 

details NR.  

IHC 

 

N Y DFS and OS N -  TLR4 =  5-year DFS 

(HR (95% CI) 1.62 (0.87 – 
2.99), P = 0.1213) and  5-

year OS (HR (95% CI) 2.17 

(1.15 – 4.07), P = 0.015). 

-  TLR4+MyD88 =  5-

year DFS (HR (95% CI) 2.25 

(1.27 – 3.99) P = 0.0053) and 

 5-year OS (HR (95% CI) 

2.97 (1.64 – 5.38) P = 

0.0003). 
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-  TLR4 expression was 

significantly associated with 

liver metastasis (P=0.0001)  

 -  co-expression of 

TLR4/MyD88 was 

significantly associated with 

vascular invasion 

(P=0.0186), liver metastasis 

(P=0.0002), and TNM stage 

(P=0.0036). 

Eiro et. al. 

(2013) 

Clinical 

trial 

104 

 

Resectable, 

mixed stage, 

tumor stages 

I - IV 

Surgery, 

varying 

chemotherap

y and 

radiation 

treatments 

throughout 

sample 

population 

IHC Y Y OS Y -  TLR4 expression by 

tumor cells =  rate of 

tumor recurrence (P=0.01) 

-  TLR4 expression by 

fibroblasts =  tumor 

recurrence (P=0.019) 

- TLR4 expression by 

fibroblasts =  OS 

(P=0.022). 

- TLR4 expression by 

fibroblasts was an 

independent factor associated 

with relapse-free survival 

(P=0.0001), and OS 

(P=0.013).  

Formica et. 

al. (2013) 

Clinical 

trial 

31 Mixed stage, 

stages I to 

III 

 FOLFIRI  

with 

bevacizumab 

FC of 

TLR4 on 

neutrophi

ls 

Y Y  PFS and OS N 

 

 

- No association between 

baseline or one-month post-

treatment neutrophilic TLR4 

expression and PFS or OS (P 

= 0.30 and P = 0.34 

respectively).  

 

 

Sussman et. 

al. (2014) 

Archival 279  

 

Mixed stage, 

stages I - IV 

NR IHC Y Y  OS N - No difference in TLR4 

stromal staining and OS (P = 

0.16), no difference in 

epithelial TLR4 staining and 

OS (P = 0.11). 
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-  TLR4 tumor stroma 

intensity score in stages 3 

and 4 compared to stage 1 

(Stage 1 = 2.80, Stage 2 = 

3.24,Stage 3 = 4.36, Stage 4 

= 3.75; p = NS, 0.0004, and 

0.04, respectively).  
-  TLR4 tumor epithelium 

intensity score for stages 2 

and 3 compared to stage 1 

(Stage 1 = 0.17, Stage 2 = 

0.64, Stage 3 = 0.64, Stage 4 

= 0.92; p =0.01, 0.002, and 

NS, respectively). 

Gray et. al. 

(2019) 

Clinical 

trial 

4877 Mixed 

stages 

inclusive of  

stage II, 

stage III and 

stable or 

responding 

metastatic 

CRC 

SCOT trial 

(ISRCTN59

757862): 

oxaliplatin-

based 

adjuvant 

chemotherap

y COIN trial 

(ISRCTN27

286448): 

cetuximab 

added to 

oxaliplatin-

based 

chemotherap

y  

PCR 

TLR4  

N Y  DFS and 

OS 

N - SCOT trial: no statistically 

significant association of any 

TLR4 SNP and OS or DFS.  

- COIN trial: no statistically 

significant association of 

either TLR4 SNP with OS or 

DFS.  

 

Zhang et. al. 

(2019) 

Clinical 

trial 

94 Advanced 

stage, stages 

II and III 

Standard 5-

Fu-based 

adjuvant 

chemotherap

y after 

radical 

surgery 

WB, IHC N Y DFS Y -  Fn (P = 0.028) and  

BIRC3 expression (P = 

0.046) correlated with  

DFS.  

- TLR4 expression was 

independent of DFS; TLR4 

was not a factor in univariate 

or multivariate cox 

regression analyses for DFS. 
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-  TLR4 (p = 0.036) and  

BIRC3 (p = 0.008) resulted 

in  recurrence.  

Wong et. al. 

(2021) 

Clinical 

trial 

46  Mixed 

stage, stages 

III–IV 

Irinotecan 

monotherapy 

or in 

combination 

with 5-Fu 

and IFL 

regimen  

PCR 

TLR4  

N N NR N - Participants with TLR4 

SNPs rs4986790, rs4986791 

 severe diarrhoea (50%) 

than wild-type homozygous 

(15%).  

- Participants with TLR4 

SNPs presented any grade of 

diarrhoea, contrasting with 

one half of the AA and CC 

WT groups (20 patients each, 

AG + GG, P = 0.012 vs. AA; 

and CT + TT, P = 0.012 vs. 

CC) that showed no signs of 

gastrointestinal toxicity 

- No impact of TLR4 

polymorphisms on 

occurrence / severity of 

nausea 

 

* Calcium leucovorin, citrovorum factor, folinic acid (LV5FU2), folinic acid, fluorouracil, and oxaliplatin (FOLFOX6), fluorouracil, leucovorin 

and irinotecan (FOLFIRI), Fluorouracil (5-Fu), irinotecan, folinic acid, and fluorouracil (IFL). Immunohistochemistry (IHC), polymerase-chain 

reaction (PCR), flow cytometry (FC), western blot (WB). Overall survival (OS), disease-free survival (DFS), progression-free survival (PFS). No 

record (NR) 

Supporting information Table 1: literature database search strategies and publication results. 
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Database Date Accessed Search Strategy Identified Literature 

PubMed January 2022 – 

February 2022  

 

“Toll-Like Receptor 4”[mh] OR TLR4[tiab] OR Toll 4 Receptor[tiab] OR Toll Like Receptor 4[tiab] 

AND “Antineoplastic Protocols”[mh] OR chemotherap*[tiab] NOT ("Animals"[Mesh] NOT 

("Animals"[Mesh] AND "Humans"[Mesh])) and (((((“Toll-Like Receptor 4”[mh] OR TLR4[tiab] OR 

Toll 4 Receptor[tiab] OR Toll Like Receptor 4[tiab]) AND (“Antineoplastic Protocols”[mh] OR 

chemotherap*[tiab])) AND (colon OR colo* OR bowel)) AND (cancer OR cancer* OR tumour* OR 

tumor)) NOT (("Animals"[Mesh] NOT ("Animals"[Mesh] AND "Humans"[Mesh])))) AND (((("Toll-

Like Receptor 4"[mh] OR TLR4[tiab] OR Toll 4 Receptor[tiab] OR Toll Like Receptor 4[tiab]) AND 

("Antineoplastic Protocols"[mh] OR chemotherap*[tiab])) AND (colon OR colo* OR bowel)) AND 

(cancer OR cancer* OR tumour* OR tumor)) NOT (("Animals"[Mesh] NOT ("Animals"[Mesh] AND 

"Humans"[Mesh]))). 

36 individual publications 

- 34 when within 2010 – 

2021 timeframe 

- only 2 conformed with 

eligibility criteria 

Cochrane Library January 2022 – 

February 2022  

 

“Trials AND TLR4 AND cancer and colorectal” 5 individual publications 

- No publications conformed 

with eligibility criteria 

Embase January 2022 – 

February 2022  

 

“Toll Like Receptor 4”/de OR TLR4:ti,ab OR “Toll 4 Receptor*”:ti,ab OR “Toll Like Receptor 

4”:ti,ab AND “Antineoplastic Protocols”:ti,ab OR chemotherap*:ti,ab OR chemotherapy/exp NOT 

([animals]/lim NOT [humans]/lim) and ('toll like receptor 4'/de OR tlr4:ti,ab OR 'toll 4 receptor*':ti,ab 

OR 'toll like receptor 4':ti,ab) AND ('antineoplastic protocols':ti,ab OR chemotherap*:ti,ab OR 

'chemotherapy'/exp) AND (colon OR colorectal OR bowel OR intestine) NOT ([animals]/lim NOT 

[humans]/lim) AND (cancer OR tumour OR tumor OR 'malignant neoplasm'). 

 

and 

 

((Toll Like Receptor 4 or TLR4 or Toll 4 Receptor* or Toll Like Receptor 4) and (Antineoplastic 

Protocols or chemotherap* or chemotherapy) and (toll like receptor 4 or tlr4 or toll 4 receptor* or toll 

like receptor 4) and (antineoplastic protocols or chemotherap* or 'chemotherapy) and (colon or 

colorectal or bowel or intestine) and (cancer or tumour or tumor or malignant neoplasm)).af 

139 individual publications 

- 52 when within 2010 – 

2021 timeframe 

- 3 duplicates removed 

- 4 articles removed due to 

ineligibility with inclusion 

and exclusion criteria 

- Only 7 conformed with 

eligibility criteria 
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Supporting Information Table 2: Summary of clinical participant data (n = 448) from TCGA 

analyses. Data are n (%) unless otherwise stated. Data extracted on 6/6/2020. 

 

Supporting Information Table 2: Summary of clinical participant data (n = 448) from TCGA 

analyses. Data are n (%) unless otherwise stated. Data extracted on 6/6/2020. 

Characteristic N (%) 

Age 
 

Median (Range) 68.00 (31-90) 

Sex 
 

 Male 239 (53) 

 Female 209 (47) 

CRC stage at prognosis 
 

  I 76 (17) 

  II 172 (38) 

  III 127 (28) 

  IV 62 (14) 

not reported 11 (2) 

TLR4 (CPM) 
 

Median (Range) 9.23 (3.7-2.8) 

Site of resection or biopsy 
 

Ascending colon 87 (19) 

Cecum 90 (20) 

Colon, NOS 98 (22) 

Descending colon 16 (4) 

Hepatic flexure of colon 15 (3) 

Recto sigmoid junction 8 (2) 

Sigmoid colon 110 (25) 

Splenic flexure of colon 5 (1) 

Transverse colon 19 (4) 

Vital Status 
 

Alive 352 (79) 

Deceased 96 (21) 

History of neo-adjuvant treatment 
 

Yes 0 (0) 

No 448 (100) 
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Abstract
Aquaporins (AQPs) are multifunctional transmembrane channel proteins permeable to water and an expanding array of 
solutes. AQP-mediated ion channel activity was first observed when purified AQP0 from bovine lens was incorporated 
into lipid bilayers. Electrophysiological properties of ion-conducting AQPs since discovered in plants, invertebrates, and 
mammals have been assessed using native, reconstituted, and heterologously expressed channels. Accumulating evidence 
is defining amino acid residues that govern differential solute permeability through intrasubunit and central pores of AQP 
tetramers. Rings of charged and hydrophobic residues around pores influence AQP selectivity, and are candidates for further 
work to define motifs that distinguish ion conduction capability, versus strict water and glycerol permeability. Similarities 
between AQP ion channels thus far include large single channel conductances and long open times, but differences in ionic 
selectivity, permeability to divalent cations, and mechanisms of gating (e.g., by voltage, pH, and cyclic nucleotides) are 
unique to subtypes. Effects of lipid environments in modulating parameters such as single channel amplitude could explain 
in part the variations in AQP ion channel properties observed across preparations. Physiological roles of the ion-conducting 
AQP classes span diverse processes including regulation of cell motility, organellar pH, neural development, signaling, 
and nutrient acquisition. Advances in computational methods can generate testable predictions of AQP structure–function 
relationships, which combined with innovative high-throughput assays could revolutionize the field in defining essential 
properties of ion-conducting AQPs, discovering new AQP ion channels, and understanding the effects of AQP interactions 
with proteins, signaling cascades, and membrane lipids.

Keywords Aquaporin · Patch clamp · Ion channel · Phospholipid bilayer · Membrane · Protein structure

Introduction

Aquaporins (AQPs) are multifunctional proteins known for 
their capacity to facilitate water flux across cell membranes. 
They are governed by a diverse array of physiologically rel-
evant control mechanisms, including phosphorylation, pH, 
 Ca2+ and osmotic gradients (Tyerman et al. 2021). In addi-
tion to facilitating water flux, AQPs across phyla have an 
unexpected breadth of roles in transporting gases such as 
carbon dioxide  (C02) and oxygen  (02); ions such as sodium 
 (Na+), potassium  (K+) and chloride  (Cl–); signaling agents 

such as hydrogen peroxide  (H2O2), purines and pyrimidines; 
metabolites and nutrients including glycine, lactic acid, urea, 
ammonia  (NH3), glycerol, polyols and more, contributing 
much more than simple water permeation to cells and tis-
sues (Conde et al. 2010; Hachez and Chaumont 2010; Wag-
ner et al. 2021; Ishibashi et al. 1994; Hara-Chikuma et al. 
2015; Bienert et al. 2008; Jahn et al. 2004; Uehlein et al. 
2003). Preceding the first discovery that AQPs mediated 
transmembrane water permeability (Preston et al. 1992), 
the bovine (Bos taurus) Major Intrinsic Protein of lens fiber 
26 (MIP26, now classified as AQP0), was shown to con-
duct ions using black lipid membrane (BLM) bilayer elec-
trophysiological techniques (Ehring et al. 1990; Shen et al. 
1991; Zampighi et al. 1985). Since then, more subtypes of 
AQPs have been identified as either anion or cation perme-
able channels, including two classes from human, one from 
Drosophila melanogaster and four from plants. Emerging 
evidence supports the physiological relevance of AQP ion 
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channel functions in motility, volume regulation, and adap-
tive responses to environmental stimuli. In silico and micro-
organism-based approaches are promising tools that could be 
used for characterizing AQP ion channel activity that, with 
electrophysiological approaches, could help address remain-
ing knowledge gaps of AQP-mediated ion channel function.

AQP ion channel activity in native, 
heterologous and recombinant expression 
systems

Ion conduction properties are evident from published stud-
ies of AQP channels across different phyla, with continuing 
work beginning to identify the structural components that 
regulate ion conduction through AQP monomeric and tetra-
meric pores. Three of the classes of ion-conducting AQPs 
have been tested in bilayers as well as expression systems; 
these are described below, summarizing ion selectivity, 
mechanisms of activation, and regulation of function.

1. Major intrinsic protein of lens tissue (MIP)

Bovine MIP (MIP26, referred to here as BtAQP0) was 
the first cloned mammalian AQP (Gorin et al. 1984), later 
redesignated AQP0 (Agre et  al. 1993). AQP0 is highly 
expressed in ocular lens fibre cells, and was initially con-
sidered to be a gap junction protein, not a water channel. 
Cloned BtAQP0 cDNA was predicted to encode a 26 kDa 
protein comprising six transmembrane segments that formed 
a channel-like pore (Gorin et al. 1984), features later con-
firmed as ubiquitous across the AQP family. Ion chan-
nel activity was evident within 5 to 10 min after purified 
BtAQP0-enriched lens membrane proteins were added to a 
preformed planar lipid bilayer (Zampighi et al. 1985). Chan-
nels were voltage dependent with a single channel amplitude 
of 200 pS in 100 mM KCl (Zampighi et al. 1985). HPLC-
purified BtAQP0 was relatively anion selective in planar 
bilayers  (PCl–/PK+ approximately 1.8) and showed two main 
conductance states (160 and 380 pS) plus multiple sub-
conductance states in 100 mM KCl (Ehring et al. 1990). 
Further experiments using spectrometry in liposomes and 
electrophysiology in planar bilayers showed that BtAQP0 
was permeable to  K+, sucrose, and  Na+ (Shen et al. 1991). 
The open probability of the channel was inversely propor-
tional to voltage, and  Cs+ reduced the mean channel open-
ing time (0.13 s) but did not decrease the single-channel 
conductance in 100 mM KCl (Shen et al. 1991), implying 
that BtAQP0 gating but not pore permeation is modulated by 
cations. Phosphorylation of BtAQP0 at serine-243 located 
near the C-terminus is required for voltage-dependent clo-
sure of the channels, reconstituted into planar lipid bilay-
ers (Ehring et al. 1992). Sucrose permeability of BtAQP0 

reconstituted into liposomes, measured by osmotic swell-
ing, was blocked in the presence of  Ca2+ and calmodulin 
(CaM);  Mg2+ had no effect (Girsch and Peracchia 1985). 
Membranes from chicken lens enriched in a MIP homolog 
(originally named MIP28, referred to here as GdAQP0) 
also formed channels with functional properties similar to 
those of BtAQP0 (Modesto et al. 1990); two prominent uni-
tary conductances (60 and 290 pS in symmetric 150 mM 
KCl) were voltage-dependent, closing at ± 80 mV. Chan-
nels were relatively anion preferring, with a permeability 
ratio  (PCl–/PK+) of 1.87; open probability was reduced in 
the presence of 5 mM  Ca2+ (Modesto et al. 1996). However 
unlike BtAQP0, GdAQP0 channels were not phosphorylated 
at the C-terminus. A C-terminal truncated variant generated 
by partial hydrolysis, lacking the equivalent serine-243 of 
BtAQP0, retained conductance and voltage sensitivity prop-
erties similar to those of the full-length GdAQP0 channel 
(Modesto et al. 1996). These studies showed in liposomes 
and planar bilayers that AQP0 proteins are non-selective 
ion channels with long open and closed times, and multiple 
conductance states that are modulated by phosphorylation 
(in BtAQP0) and  Ca2+.

Although the original studies showed robust and repro-
ducible ion channel activity in artificial bilayers, no currents 
associated with BtAQP0 expression were detected in Xeno-
pus laevis oocytes using the two-electrode voltage clamp 
(TEVC) technique (Mulders et al. 1995). This work did con-
firm that BtAQP0-expressing oocytes showed a 4- to fivefold 
increase in water permeability as compared to water-injected 
control oocytes (Mulders et al. 1995). The water channel 
activity of BtAQP0 expressed in oocytes showed positive 
correlations with the concentrations of  Ca2+ and protons 
 (H+) (Németh-Cahalan et al. 2013). Each BtAQP0 monomer 
was suggested to act cooperatively in the tetrameric AQP0 
channel (Németh-Cahalan et al. 2013). A comparison of the 
single channel properties of AQP0 in oocytes with those pre-
viously determined in BLMs would be interesting to assess 
details of  Ca2+ and pH modulation, and possible effects of 
membrane lipid environments.

2. Nodulin-26

Nodulin-26 (NOD26) is the major protein present in 
peribacteroid membranes of the nitrogen-fixing root nod-
ules in soybean Glycine max (Fortin et al. 1987). Cloned 
GmNOD26 was noted to show amino acid sequence similar-
ities to AQP0 and AQP1, and proposed to facilitate nutrient 
fluxes between the plant and the symbiotic bacteria living 
within the root nodules (Miao and Verma 1993). The first 
functional characterisation involved the incorporation of 
purified native GmNOD26 from soybean root membranes 
into BLMs, revealing GmNOD26 was an ion channel with 
a large unitary conductance (3.1 nS) in 1 M KCl (Weaver 
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et al. 1994). Weakly selective for anions, as indicated by a 
permeability ratio  (PCl–/PK+) of 1.21, GmNOD26 displayed 
channel open times ranging from 1 to 50 ms, and subcon-
ductance states ranging from 0.5 to 2.5 nS. Recombinant 
poly-histidine tagged GmNOD26 protein produced in E. 
coli showed almost identical biophysical properties to native 
GmNOD26 in BLMs (Lee et al. 1995). A Ser-262-Asp phos-
phomimetic mutant of GmNOD26 showed more frequent 
closure and preferential occupancy of lower subconduct-
ance states than wild type, which indicated phosphorylation 
modulates NOD26 ion conductivity (Lee et al. 1995). The 
physical properties of GmNOD26 in planar lipid bilayers 
are strikingly similar to those of MIP channels measured in 
the same system.

Using Xenopus oocytes and proteoliposomes, GmNOD26 
was later shown to be a water channel with a relatively low 
transport rate, as well as a glycerol facilitator (Dean et al. 
1999; Rivers et al. 1997). Treatment of GmNOD26-express-
ing oocytes with the phosphatase type 1 and 2A inhibitor 
okadaic acid, led to a fourfold increase in water permeability 
(Guenther et al. 2003). This suggested that  Ca2+-dependent 
protein kinase phosphorylation at Ser-262, which occurs 
in planta, stimulates GmNOD26 water channel activity 
(Guenther et al. 2003). It is interesting that phosphoryla-
tion at Ser-262 stimulated NOD26 water channel activity 
in oocytes, but inhibited its ion channel activity in BLMs. 
Supporting the originally proposed role of GmNOD26 in 
nutrient flux, the recombinant channel reconstituted into pro-
teoliposomes was shown to be  NH3 permeable.  NH3 uptake, 
protonation, and subsequent alkalinisation of the liposome 
interior were measured by monitoring decreased fluores-
cence of preloaded carboxyfluorescein using stopped-flow 
spectrophotometry (Hwang et al. 2010). Hence GmNOD26 
is now considered to be multifunctional.

3. Aquaporin 1 (AQP1)

The Channel-forming Integral Protein of 28  kDa 
(CHIP28) isolated from erythrocytes showed an amino acid 
similarity with BtAQP0 that prompted the idea it might have 
channel-like activity (Smith and Agre 1991). Expressed in 
Xenopus oocytes, CHIP28 showed constitutive water chan-
nel activity (Preston et al. 1992) and was renamed AQP1 
(referred to here as HsAQP1). A non-selective monovalent 
cationic conductance with a permeability sequence  K+ ≃ 
 Cs+  >  Na+  > tetraethylammonium  (TEA+) was shown using 
TEVC in HsAQP1-expressing oocytes, after indirect activa-
tion by forskolin or intracellular injection of protein kinase 
A catalytic subunit (Yool et al. 1996) via an H7-sensitive 
kinase signaling pathway proposed to enhance cGMP (Yool 
and Stamer 2004). Single HsAQP1 channels from inside-
out patches of oocyte membranes were directly activated 
by cGMP, and showed a unitary conductance of 150 pS in 

symmetrical 0.1 M  K+ with flickery subconductance states 
(Anthony et al. 2000). To assess native AQP1 ion channels, 
the rat (Rattus norvegicus) homolog (RnAQP1) was exam-
ined in primary cultured choroid plexus cells, patch-clamped 
in whole cell and excised patch configurations. A cGMP-
activated,  Cd2+-sensitive, monovalent cation conductance 
of 166 pS was characterized, with properties comparable 
to those of HsAQP1 channels expressed in oocytes (Boassa 
et al. 2006; Anthony et al. 2000). The cGMP-dependent 
AQP1-like channel activity was abrogated in cells trans-
fected with siRNA constructs to knock down RnAQP1 
expression (Boassa et al. 2006). However when purified 
native or recombinant HsAQP1 was reconstituted into planar 
lipid bilayers, cGMP activation gave rise to channel events 
with small unitary conductances of 2, 6, and 10 pS in 0.1 M 
 Na+ or  K+ (Saparov et al. 2001). The small unitary con-
ductances might reflect differences in the physical proper-
ties of the bilayers in reconstituted versus eukaryotic cell 
membranes. The recombinant HsAQP1 channels studied by 
Saparov et al. (2001) were assessed in bilayers formed with 
E. coli total lipids, consisting predominantly of phosphatidy-
lethanolamine (PE). Preliminary data in our lab (Henderson 
et al., unpublished) suggest that recombinant HsAQP1 pro-
duces high conductance single channels (~ 75 pS) with long 
open times when reconstituted into proteoliposomes made 
with soybean azolectin (Fig. 1) which consists predomi-
nantly of phosphatidylcholine (PC), as used successfully for 
studies of mechanosensitive and other ion channels (Marti-
nac et al. 2010). The difference in headgroups (ethanolamine 
or choline) between PE and PC can influence transmembrane 
protein structure, as shown for μ opioid receptors with con-
formational states controlled by lipid interactions (Angladon 
et al. 2019). Lipids affect properties of many channel types 
(see below), and might be expected to influence the structure 
and function of AQP channels as well. Patch-clamping pro-
teoliposomes with various defined lipid compositions should 
enable comparisons of environmental effects on ion channel 
activity of AQP1 and other AQPs to test the hypothesis that 
membrane lipids modulate AQP channel activity.

Differences in aquaporin channel properties 
could depend on membrane composition

Membrane protein activity (e.g., of mechanosensitive 
channels, KcsA  K+ channels, and nicotinic acetylcholine 
receptors) is affected by the physical properties of the 
surrounding lipid environment, including thickness, elas-
ticity, viscosity, and tension (Lee 2004). As summarized 
above, properties of ion conducting AQPs differ between 
membrane preparations. The sensitivity of AQPs to the 
lipid environment is supported by results of studies of 
water channel activity, which also show variability when 
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channels are reconstituted into proteoliposomes compris-
ing different lipid types and proportions. Single channel 
water fluxes in two reconstituted human AQP4 isoforms 
decreased with increasing membrane bilayer compressibil-
ity and thickness, induced by addition of cholesterol and 
sphingomyelin (Tong et al. 2012). Similarly, the unitary 
water permeability of purified BtAQP0 was lower in prote-
oliposomes containing high cholesterol or sphingomyelin 
(Tong et al. 2013). Liposomes made from 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) showed high water 
permeability when reconstituted with AQPZ from E. coli; 
however, AQPZ did not enhance water permeability in 
liposomes made with 1,2-Dioleoyl-sn-glycero-3-phos-
phoglycerol (DOPG) (Zhao et al. 2013). The absence of 
cardiolipin, which is naturally prevalent in bacterial and 
mitochondrial membranes, was shown to reduce AQPZ 
water permeability in proteoliposomes (Laganowsky et al. 
2014). Another factor setting the optimal water perme-
ability of AQPZ was the lipid-to-protein ratio, which was 
maximal at 200:1 in proteoliposomes (Zhao et al. 2013).

The functional properties of several ion channels, for 
example  K+ ion channels and ligand-gated nicotinicoid 
receptors, are modified by the surrounding lipids or by 
direct lipid-protein interactions (Poveda et al. 2014; Till-
man and Cascio 2003). It is reasonable to postulate that 
AQP ion channel activity is also modulated by changes in 
the lipid environment surrounding the protein, and could 
explain the variability in single channel conductance values 
reported for the same AQP in different cell or lipid bilayer 
preparations (Table 1). Experiments to determine AQP ion 
channel modulation by lipid composition should be feasible 
with proteoliposomes and BLMs. Some ion channel AQPs 
thus far have been tested only in eukaryotic cells such as 
Xenopus oocytes or human embryonic kidney (HEK) cells, 
so the potential influence of bilayer composition on channel 
properties remains to be determined.

Other classes of ion channel AQPs

In addition to ion channel AQP classes presented in the 
“Introduction,” “AQP ion channel activity in native, heter-
ologous and recombinant expression systems,” and “Dif-
ferences in aquaporin channel properties could depend on 
membrane composition” sections above, several other sub-
types have been shown to mediate macroscopic ion currents 
in expression systems, primarily Xenopus oocytes, but have 
not yet been characterized in purified reconstituted prepara-
tions. These classes are summarized below.

4. Aquaporin (AQP6)

Conflicting lines of evidence have been reported for the 
properties and gating of aquaporin 6 (AQP6). The human 
AQP6 coding sequence was first isolated from a kidney 
cDNA library, and denoted hKID (Ma et al. 1996). hKID 
mapped to the 12q13 locus, which also contained AQP0 
and AQP2. When expressed in Xenopus oocytes, hKID 
(referred to here as HsAQP6) elicited a 2.6-fold increase 
in osmotic water permeability, which was inhibited 72% 
by mercury  (Hg2+), in agreement with the precedent set for 
 Hg2+-inhibition of AQP1-mediated osmotic water perme-
ability (Preston et al. 1992). HsAQP6 expression in oocytes 
conferred no measurable glycerol or urea flux, suggesting 
that water was the only permeable substrate (Ma et al. 1996).

The homolog from rat (RnAQP6) initially could not be 
characterized (Ma et al. 1993) though subsequently was 
successfully expressed in oocytes. Unexpectedly, it was not 
blocked but was activated by  Hg2+, which enhanced both 
water and ion fluxes (Yasui et al. 1999a). The ion conduct-
ance but not water permeability of RnAQP6 also was acti-
vated by acidic pH, which unlike  Hg2+ has relevance as a 
physiological stimulus. A positive shift in Erev measured for 
acid-activated RnAQP6 when external  Cl– was replaced with 

Fig. 1  Single channel activity of recombinant histidine-tagged human 
AQP1 reconstituted into proteoliposomes measured using the patch-
clamp technique. (Left) Coomassie stained SDS-PAGE of purified 
recombinant HsAQP-His6. (Right) Upper trace is a patch from a con-
trol (empty) liposome showing no channel activity. Lower trace is a 

patch from an HsAQP1-His6 reconstituted liposome showing closing 
events (downward deflections, estimated unitary conductance 75 pS). 
Both patches were recorded in the presence of 10 µM CPT-cGMP at a 
holding potential of + 100 mV in symmetrical  K+. Dashed lines indi-
cate the zero current levels
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gluconate, but not when  Na+ was replaced with N-Methyl-
D-glucamine (NMDG) (Yasui et al. 1999a), suggested cur-
rents were carried by  Cl– not  Na+. However,  Hg2+-activated 
single channels measured in inside-out patches of RnAQP6-
expressing oocytes showed, in contrast, no change in Erev 
when either  Na+ or  Cl– were reduced, suggesting equal per-
meability to  Na+ and  Cl– (Hazama et al. 2002). The  Na+ 
permeability of  Hg2+-activated RnAQP6-expressing oocytes 
was validated with a 22Na radiotracer influx assay (Hazama 
et al. 2002). Similar tests showed fluxes of 14C-glycerol and 
14C-urea in  Hg2+-activated RnAQP6-expressing oocytes 
(Holm et al. 2004), highlighting a potentially remarkable 
substrate diversity, but also illustrating the diversity of 
conclusions that have been drawn from different studies. 
Experimental parameters that influence channel function 
and baseline membrane permeability apparently remain to 
be fully defined.

In mammalian cells, the intracellular vesicular localiza-
tion of RnAQP6 made electrophysiological analyses of ion 
channel activity difficult until a N-terminal GFP fusion con-
struct was found to localize to plasma membrane in trans-
fected HEK293 cells (Ikeda et al. 2002), enabling whole-
cell patch-clamp measurement of acid-activated RnAQP6 
currents. The GFP-RnAQP6 fusion protein showed per-
meability to halide anions with a permeability sequence: 
 NO3

– ≥  I– ≥  Br– ≥  Cl– (Ikeda et al. 2002). When Asn-60 was 
mutated to Gly, the anion permeability of RnAQP6 was 
abolished and the protein became highly water permeable 
in a  Hg2+-independent manner (Liu et al. 2005).

Differences in ionic selectivity of RnAQP6 when gated by 
 Hg2+ (selective to water, anions, cations, glycerol and urea) 
or pH (selective to anions) suggest that  Hg2+ and protons 
induce different structural changes that impact the AQP6 
monomeric pore (Yasui et al. 1999a). The relevance of acid 
activation of RnAQP6 anion fluxes aligns with the subcel-
lular localization of this channel in intracellular vesicles 
of acid-secreting cells of the kidney (Beitz et al. 2006a). 
Intriguingly, AQP6 anion channel activity has only been 
demonstrated for RnAQP6, and not for HsAQP6 despite 
high (77%) sequence identity. Opposing effects of  Hg2+ on 
the water permeability of HsAPQ6 and RnAQP6 warrant 
further clarification, since the cysteine residues that define 
the  Hg2+ sensitivity of RnAQP6 have been identified (Cys-
158 and Cys-193) (Yasui et al. 1999a), and are conserved in 
HsAQP6. Residues that determine pH-gating of RnAQP6 
remain an area of interest for future investigation.

5. Drosophila big brain

Drosophila BIB amino acid sequence similarities to the 
AQPs MIP26, NOD26, and the E. coli glycerol facilita-
tor GlpF led to speculation that BIB also was a channel-
like protein (Rao et al. 1990). Unlike orthologous AQPs, 

BIB showed no appreciable water channel activity when 
expressed in oocytes (Yanochko and Yool 2002). Con-
versely, BIB mediated a voltage-insensitive, nonselective 
cation conductance in oocytes with a permeability sequence 
of  K+  >  Na+  ≫  TEA+ (Yanochko and Yool 2002). The BIB 
ion conductance was blocked by divalent cations  Ba2+ and 
 Ca2+ but not  Mg2+ (Yanochko and Yool 2004). BIB currents 
were inactivated by tyrosine phosphorylation and activated 
by a tyrosine kinase inhibitor, consistent with regulated sign-
aling roles for BIB in early nervous system development in 
the fly (Yanochko and Yool 2004; Rao et al. 1990).

6. Plasma membrane intrinsic protein 2;1 (PIP2;1) and 
homologs

A renaissance of AQP ion channel research in plants 
was catalyzed by the characterization of Plasma membrane 
Intrinsic Protein 2;1 (PIP2;1) from the model plant Arabi-
dopsis thaliana as a non-selective cation channel when 
expressed in Xenopus oocytes, measured using TEVC (Byrt 
et al. 2017). Currents in AtPIP2;1-expressing oocytes resem-
bled a  Ca2+-sensitive cation conductance previously meas-
ured in isolated Arabidopsis root cell protoplasts but not 
identified at the protein level (Demidchik and Tester 2002). 
AtPIP2;1 is now thought to be the molecular mechanism for 
the leak current (Byrt et al. 2017). An ortholog, AtPIP2;2 
also elicited an ionic conductance when expressed in oocytes 
(Byrt et al. 2017). A homolog from barley, HvPIP2;8 in 
oocytes showed  Na+ and  K+ (but not  Cl–) conductances that 
were inhibited by divalent cations (Tran et al. 2020). Other 
plant ion-channel AQPs likely await discovery. Phosphoryla-
tion status regulates the ionic conductance of AtPIP2;1 in 
oocytes (Qiu et al. 2020), fitting the broad theme seen across 
diverse AQP ion channel types reviewed here. To date, het-
erologous expression in Xenopus oocytes has been the pri-
mary experimental system used for measuring ion channel 
activity of PIP-type AQPs. Further research on plant AQP 
ion channel properties using proteoliposome reconstitution 
is in progress.

In summary, AQP ion channels show a panel of simi-
lar features. They are generally permeable to monovalent 
anions and/or cations, blocked by divalent cations (except 
 Mg2+), can display large unitary conductances in permissive 
environments, with multiple conductance states and long 
open and closed times that are gated by subtype-specific 
signaling mechanisms (including for example pH, voltage, 
cyclic nucleotides, and phosphorylation). The activation of 
ion-conducting RnAQP6 intrasubunit pores by  Hg2+ and the 
block of intrasubunit water pores in other AQPs relies on 
covalent modification of cysteine residues likely inducing 
protein conformational changes, rather than electrostatic 
interactions that reversibly block the pores (seen for exam-
ple with  Ba2+ and  Ca2+). The cell type or membrane used 
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to measure AQP ion conductance can profoundly influence 
the observed ion channel activity. These properties are sum-
marized in Table 1. Application of classical biophysical 
approaches, such as reconstitution into artificial membranes, 
may help further elucidate the functional properties of AQP 
ion channels, and guide future structure–function studies.

The structural basis of AQP‑mediated 
transport activity

In addition to the signature asparagine-proline-alanine 
(NPA) motifs in loops B and E, AQPs also show high con-
servation of a Glu residue in M1, and a His residue proximal 
to the first NPA domain in loop B, found with few exceptions 
across the broad MIP family (Reizer et al. 1993), as illus-
trated in the subset of ion channel AQPs shown in Fig. 2. 
An in-depth analysis of the conserved Glu/His pair in the 
aquaglyceroporin HsAQP10 (Gotfryd et al. 2018) showed 
glycerol permeability of the intrasubunit pore was regu-
lated by a pH-dependent interaction of the M1 Glu residue 
with the conserved loop B His residue. Expressed in adipo-
cytes, AQP10 mediates an increased rate of glycerol flux 
in response to an acidic change in intracellular pH during 
lipolysis in response to beta-adrenergic stimulation, enabling 
the physiological release of glycerol. Molecular modeling by 
Gotfryd and colleagues indicated that protonation of H80 in 
HsAQP10 at low pH facilitated reorientation and interaction 
with E27, widening the diameter of the intrasubunit pore to 
allow glycerol flux, without changing the basal level of water 
flux. The presence of the Glu/His gate alone is not sufficient 
to endow glycerol permeability; a comparison with other 
AQPs which have identical amino acids in equivalent posi-
tions showed no glycerol permeability at any pH (for exam-
ple in the orthodox channel AQP2), or glycerol permeability 
at neutral not acidic pH in aquaglyceroporins AQPs 3, 7 and 
9 (Gotfryd et al. 2018). It is interesting to speculate that this 
Glu/His pair of residues could be a ubiquitous subcompo-
nent of complex AQP gating mechanisms that would appear 
to need involvement of other subtype-specific domains to 
achieve specialized mechanisms of action. A possible role 
in regulating ion channel AQPs, particularly subtypes such 
as RnAQP6 and DmBIB thought to allow ion permeation 
via the intrasubunit rather than the central pore (Yool and 
Campbell 2012; Yool 2007), remains to be determined.

Differential block of water and ion fluxes by pharmaco-
logical agents in mammalian AQP1 supports the presence of 
independent parallel permeation pathways that use the cen-
tral pore for ion conduction and intrasubunit pores for water 
(Pei et al. 2016; Kourghi et al. 2017b). In a subset of AQPs, 
sites have been identified for reversible block of water flux 
by extracellular  TEA+ at Tyr (Y), and covalent block by mer-
curic compounds at Cys (C), as noted in Fig. 2a and covered 

in prior reviews. Mutation of loop D residues changes ion 
channel activation and sensitivity to blockers of the ionic 
conductance (Kourghi et al. 2017b). A comparison of the 
level of sequence homology for the ion-conducting classes 
of AQPs is depicted as a phylogenetic tree (Fig. 2b), inter-
estingly showing that the anion-preferring subtypes AQPs 0 
and 6 are clustered together, as are the cation-preferring sub-
types human AQP1 and plant PIP2;1 along with insect BIB. 
More distantly related are human AQP8 and plant NOD26, 
which are both permeable to  NH3 (Hwang et al. 2010; Sap-
arov et al. 2007) and perhaps ammonium  (NH4

+) based on 
AQP8-induced rescue of  NH4

+-transporter-deficient yeast 
(Beitz et al. 2006b). The motifs that define the ion-conduct-
ing AQP subtypes are yet to be identified, but the process 
will be complicated for now by the likelihood that not all 
AQPs capable of conducting ions have been identified, and 
their potential activating stimuli remain unknown.

The substrate selectivity of the intrasubunit water pore 
is influenced by an electrostatic barrier formed by Asn 
side chains from the two NPA motifs, and by residues on 
the extracellular side of the NPA hourglass known as the 
aromatic/arginine selectivity filter that forms the narrow-
est section of the pore (Wang and Tajkhorshid 2007; Beitz 
et al. 2006b). The intrasubunit pore diameter is narrower 
in orthodox AQPs as compared with glycerol-permeable 
classes, accommodating single file water movement. The 
limiting diameter of the intrasubunit pore creates a selectiv-
ity filter, which in the water channel E. coli AQPZ, is framed 
by Phe and His as aromatic residues on one side, faced by 
a charged Arg on the opposite side. The aromatic residues 
at equivalent positions in the aquaglyceroporin E. coli GlpF 
are Trp and Phe, comparatively less polar than in the water-
selective channels. Combined mutations of residues H-180, 
R-195, and F-56 in HsAQP1 enhanced permeability to  NH3, 
urea or glycerol without altering water permeability, whereas 
mutations neutralizing the Arg charge appeared to allow the 
passage of protons, reinforcing the role of these residues 
in AQP substrate selectivity in the intrasubunit pore (Beitz 
et al. 2006b).

The central pore, located at the four-fold axis of sym-
metry in the tetramer, mediates cyclic GMP-dependent 
activation of a nonselective cation conductance in mamma-
lian AQP1, gated by the loop D domain (Yu et al. 2006). In 
crystal structures presumed to reflect the ion channel closed 
state, the central pore is lined by inner and outer rings of 
hydrophobic Leu and Val residues contributed by the M2 
and M5 domains of the four subunits. As well, at the intra-
cellular face of the central pore, the distal half (Leu, Gly, 
Gly) of the four loop D domains covers the cytoplasmic ves-
tibule, flanked by charged Arg-rich proximal half of the loop 
D domains which serve as the site of interaction with cyclic 
GMP (Fig. 2c). Binding of cGMP is proposed to facilitate a 
conformational change in loop D, opening the loops outward 
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Fig. 2  Amino acid sequence alignment and structure of ion chan-
nel aquaporins. a Amino acid sequence alignment of ion-conducting 
mammalian, plant and insect aquaporin channels. Transmembrane 
domains are M1 to M6 (yellow highlight). AQP channel gating 
regions are found in M1, loop B, and loop D (teal highlight). Circles 
(●) mark residues involved pH-dependent gating of glycerol flux 
through the intrasubunit pore. Diamonds (♦) show residues in the 
aromatic/arginine filter domain, which influences substrate selectiv-
ity of intrasubunit pores. Crossed circles ( ⊗) show sites for reversible 
block of water flux by extracellular tetraethylammonium at Tyr (Y), 
and covalent block by mercuric compounds at Cys (C). Squares (■) 
mark Asn 60 in AQP6 which when mutated to Gly was reported to 
eliminate  Hg2+-induced anion permeation and enhance otherwise low 
osmotic water flux (Liu et al 2005), and Lys 72 which when mutated 
to Glu changed ion selectivity from anionic to cationic. Amino 
acid sequences are from Homo sapiens NP_036196.1 (HsAQP0); 
NP_932766 (HsAQP1); NP_001643.2 (HsAQP6); NP_001160.2 

(HsAQP8); Arabidopsis thaliana P43286.1 (AtPIP2;1); Drosophila 
melanogaster NP_001260313.1 (DmBIB, 'Big Brain'), and Glycine 
max NP_001235870.2 (GmNOD26, nodulin-26). COBALT (https:// 
www. ncbi. nlm. nih. gov/ tools/ cobalt/) multisequence alignment was 
run at a 3 bit conservation setting (more stringent than default) to 
show strongly conserved residues (font red) and moderately con-
served residues (font blue). b Phylogenetic tree depicting levels of 
sequence similarities for ion conducting AQP channels by proxim-
ity of branchpoints, from COBALT results of the sequence align-
ment shown in (A). c Structural view using the human AQP1 homo-
tetramer (PDB ID 1IH5) as an example to illustrate locations of the 
different gating domains, generated using the National Center for 
Biotechnology Information interactive iCN3D viewer (https:// www. 
ncbi. nlm. nih. gov/ Struc ture), with gating regions E17, H74, and loop 
D depicted in space-fill format with charges indicated by color (red 
(-), blue ( +), gray (neutral))
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away from the center of symmetry. In silico modeling sug-
gests the loop D reorientation triggers the opening of the 
inner hydrophobic barrier, followed by pore hydration, open-
ing of the outer hydrophobic barrier, and  Na+ permeation. 
Site-directed double mutation of the first two Arg residues 
in the gating loop to Ala disrupted ion current activation 
by cGMP without altering osmotic water permeability, con-
firming the mutant channels were functional and targeted 
to the plasma membrane but lacked the Arg sites necessary 
for ion channel activation (Yu et al. 2006). The role of the 
central hydrophobic rings as barriers to ion permeation was 
tested by quadruple mutation of Val-50, Leu-54, Leu-170, 
Leu-174 all to Ala, which induced inward rectification and 
increased permeability to the bulky cation  TEA+ compared 
to wild type AQP1. In the same study, mutation of Lys-51 
to Cys at the external side of the central pore (in a cysteine-
less background) created de novo sensitivity of the ion con-
ductance to block by mercury (Campbell et al. 2012). The 
C-terminus was found to have a modulatory role for AQP1 
ion channel function (Boassa and Yool 2002). Phosphoryla-
tion of Tyr-253 in the carboxyl terminal domain, confirmed 
by Western blot, modulated the availability of the AQP1 
channels to be activated by cGMP, suggesting that tyros-
ine phosphorylation state acts as a master switch (Campbell 
et al. 2012), perhaps one of many layers of control that sets 
the proportion of the AQP channel population that are dual 
water-and-ion channels, versus electrically silent pathways 
for principally just osmotic water flux. Even if only a tiny 
proportion (< 0.002%) of AQP1 proteins were functional as 
ion channels in an epithelium, the outcome was predicted to 
have a meaningful physiological effect on net fluid and  Na+ 
transport, based on quantitative modeling of renal proximal 
tubule function (Yool and Weinstein 2002).

Other AQPs such as AQP6 have been proposed to use the 
intrasubunit pores as the ion conducting pathways, based on 
the effects of specific mutations near the intrasubunit NPA 
domain and correlated effects on water permeation. Asn 60 
in the AQP6 M2 domain (Fig. 2a) when mutated to Gly 
(characteristic of other AQP sequences at this position) was 
reported to eliminate the  Hg2+-induced anion permeation 
and enhance an otherwise low osmotic water flux as com-
pared with wild type AQP6 (Liu et al. 2005). Lys-72 on 
the proximal side of the loop B NPA motif (Fig. 2a) when 
mutated to Glu changed AQP6 ion selectivity from anionic 
to cationic (Yasui et al. 1999a). A similar possibility has 
been proposed for the insect DmBIB aquaporin, which does 
not mediate osmotic water flux, but carries a nonselective 
cation current with properties that are strongly influenced 
by mutations of the conserved M1 Glu residue involved in 
intrasubunit pore gating (Yanochko and Yool 2004; Yool and 
Campbell 2012; Yool 2007).

In addition to gating the central pore in channels such as 
mammalian AQP1, loop D domains found in plant AQPs 

such as spinach SoPIP2;1 are regulated by phosphoryla-
tion to control activity of the intrasubunit water pores, in 
response to changes in pH and salinity (Törnroth-Horsefield 
et al. 2006). The extended length of the SoPIP2;1 loop D 
domain allows it to interact in the unphosphorylated state, 
via H-bonds with the N-terminus, to occlude the intrasubu-
nit pore and impose a closed state. Supported by molecular 
modeling, phosphorylation was shown to disrupt tethering, 
unblocking the pore by releasing loop D from the cytoplas-
mic vestibule site, and also retracting a hydrophobic barrier 
in the pore-lining domain to promote water flux, as an open 
state (Törnroth-Horsefield et al. 2006).

In sum, aquaporin channels in the MIP family serve as 
key mechanisms for transport and homeostatic regulation of 
diverse processes in prokaryotes and eukaryotes, facilitating 
transmembrane fluxes of water, glycerol, urea,  CO2, nitric 
oxide, and other small solutes. Emerging evidence across 
mammalian, insect and plant classes of AQPs shows that 
subsets of these channels also can conduct ions, as has been 
shown thus far for AQPs 0, 1, and 6, Drosophila BIB, soy-
bean NOD26, and Arabidopsis AtPIP2;1. More classes are 
likely to be discovered.

Physiological relevance of AQP ion 
conductivity

The biological roles of the subset of aquaporins that can 
transport both water and ions is a fascinating area of work 
that has only begun to be explored. AQP0, expressed in lens 
fibers, functions as an adhesive protein forming thin mem-
brane junctions with low water permeability when expressed 
in Xenopus oocytes (Bloemendal and Hockwin 1982; Zam-
pighi et al. 1985), and has been linked to regulation of gap 
junction channels, cell–cell adhesion and maintenance of 
ocular lens transparency (Chandy et al. 1997; Chepelinsky 
2009). Reduced membrane expression of AQP0 channels 
due to missense mutations leads to impaired water flux and 
congenital cataracts in humans and mice (Berry et al. 2000; 
Varadaraj et al. 1999). Expression of AQP1 in the lens of 
 AQP−/− knockout mice only partially restored lens trans-
parency, which could reflect the additional role of AQP0 
in cell–cell adhesion (Varadaraj et al. 2010). AQP0 but not 
AQP5 null mice showed a reduced compressive load-bearing 
capacity in lens, suggesting the cell–cell adhesion function 
of AQP0 contributes to biomechanical properties (Sindhu 
Kumari et al. 2015). AQP0 permeability to ions has been 
demonstrated in bilayers, but the physiological function 
of the ion conductance remains to be defined. The role of 
AQP0 ion channels in maintaining optimal lens transparency 
could involve the generation of osmotic gradients or regula-
tion of transmembrane signals.
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In addition to normal physiological roles in fluid transport 
and homeostasis, some classes of AQPs have been impli-
cated in augmenting cancer cell invasion and metastasis, by 
mechanisms suggested to involve local volume regulation 
supporting membrane process extension and cytoskeletal 
assembly (De Ieso and Yool 2018; McLennan et al. 2020). 
Expression of HsAQP1 is upregulated in gliomas, mammary, 
lung and colorectal carcinomas, hemangioblastoma, glio-
blastoma, ovarian, and gastric cancers and multiple myeloma 
(Saadoun et al. 2002; El Hindy et al. 2013; Endo et al. 1999; 
Hoque et al. 2006; Moon et al. 2003; Vacca et al. 2001; Chen 
et al. 2006; Longatti et al. 2006; Nagashima et al. 2006; 
Verkman et al. 2008; Wang et al. 2020; Wei and Dong 2015; 
Zhang et al. 2012). AQP1 plays a significant role in tumor 
cell metastasis and invasion, which are critical in cancer 
progression (De Ieso and Yool 2018). Water flux mediated 
by AQPs has an important role in facilitating formation of 
lamellipodia involved in cell motility and migration (Oster 
and Perelson 1987). AQP1-mediated osmotic water flux 
could occur in response to solute influx and actin depolymer-
isation at the leading edges of migrating cells (Papadopou-
los and Verkman 2013). AQP1 facilitated water fluxes may 
also enable changes in cell shape and volume of migrating 
tumor cells, particularly relevant during movement through 
tight extracellular spaces (Papadopoulos et al. 2008). An 
‘osmotic engine model’ proposed by Stroka and colleagues 
linked the water flux and ion transport mediated by aqua-
porins and  Na+/H+ pumps as keys for rapid cell migration 
(Stroka et al. 2014). Polarized distributions of ion chan-
nels and transporters such as AQP1,  K+ and  Cl– channels 
in the leading edges of migrating cells are consistent with a 
direct role in osmotic fluid flow for membrane extension and 
motility (Schwab and Stock 2014; Stock and Schwab 2015). 
Inhibiting the AQP1 ion conductance with pharmacological 
blockers AqB011 and 5-hydroxymethyl furfural impaired 
invasiveness of colorectal (HT29) and breast cancer (MDA) 
tumor cells (De Ieso et al. 2019; Chow et al. 2020; Kourghi 
et al. 2016). Combined block of both ion and water fluxes 
mediated by AQP1 more potently inhibited cell migration 
in colon cancer cells than either alone (De Ieso et al. 2019). 
Both water flux and ion currents mediated by AQP1 con-
tribute to the acceleration of cell migration and invasion 
in subtypes of cancers that upregulate this class of channel 
during pathological cancer progression.

AQP6, in intracellular acid-secreting vesicles inter-
calated in the renal collecting duct, is co-localized with 
 H+-ATPase (Kwon et al. 2001; Yasui et al. 1999b). The 
V-type  H+-ATPase causes acidification of intracellular orga-
nelles in the kidney renal collecting duct; the  Cl– channel 
ClC-5 co-localized with  H+-ATPase is thought to provide 
electroneutral balance (Günther et al. 1998). Interestingly, 
ClC-5 deactivates at pH values below 6.5 while the anion 
conductance of AQP6 is turned on at pH values below 6.5, 

suggesting AQP6 and CLC-5 functions could be comple-
mentary (Rambow et al. 2014). AQP6 mediated  NO3

– per-
meation across the vesicle membrane could be linked to the 
regulation of  H+-ATPase activity in acid-secreting interca-
lated cells (Arai et al. 1989; Ikeda et al. 2002). AQP6 is 
expressed in some ovarian cancers and appears to have a pro-
tective role in certain viral pathologies but mechanisms and 
roles in these processes remain unknown (Ma et al. 2016; 
Molinas et al. 2016).

Big Brain in Drosophila, in parallel with the other neu-
rogenic genes Notch (transmembrane receptor) and Delta 
(ligand for Notch), regulates early development of the nerv-
ous system (Artavanis-Tsakonas et al. 1999), contributing 
to interactions that govern the neuroblast versus epidermal 
cell fate by a process of lateral inhibition (Doherty et al. 
1997; Rao et al. 1990). Loss of function mutations in this 
gene cause defects in cell fate determination during neuro-
genesis, and deleterious overgrowth of the nervous system 
(Lehmann et al. 1983; Brand and Campos-Ortega 1988; 
Artavanis-Tsakonas et al. 1999). BIB functions as a voltage 
insensitive non-selective monovalent cation channel when 
expressed in Xenopus oocytes, but unlike most AQPs shows 
no water permeability (Yanochko and Yool 2002; Yool and 
Stamer 2004). Ion conductance is decreased when oocytes 
expressing BIB are treated with insulin, and enhanced by 
the tyrosine kinase inhibitor lavendustin A. The level of BIB 
activity depends on the pattern of phosphorylation at mul-
tiple tyrosine kinase consensus sites in the long C-terminal 
domain. Tyrosine kinases downstream of growth factor 
receptors mediate multiple aspects of neural development; 
the cation conductance mediated by BIB has been proposed 
to lead to membrane depolarisation in turn influencing epi-
dermal cell fate determination (Yanochko and Yool 2002). 
Mutation of a glutamate residue in the first transmembrane 
domain to asparagine (E71N) in BIB abolishes ion channel 
activity, and when E71N is co-expressed with wild type BIB, 
it appears to impose a dominant-negative effect (Yool 2007).

Nitrogen is an essential plant macronutrient required 
for growth and reproduction. The ion-conducting AQP 
GmNOD26 in soybean could contribute to the essential 
role of the nodule in nitrogen fixation. The symbiosome 
compartment is acidic due to  H+-ATPase activity, which 
would compromise neutral  NH3 export out of the sym-
biosome (Masalkar et al. 2010). As  NH3 is protonated to 
ammonium  NH4

+, the movement of charged  NH4
+ across 

the symbiosome membrane is facilitated by the transmem-
brane potential generated by  H+-ATPase activity (Udvardi 
and Day 1997). A non-selective cation channel (NSCC) con-
ductance permeable to  NH4

+ was identified in symbiosome 
membranes in soybean and Lotus japonicus but the molecu-
lar identity remained unknown (Obermeyer and Tyerman 
2005; Roberts and Tyerman 2002; Tyerman et al. 1995). 
NOD26 has a binding site in the C-terminus for glutamine 
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synthetase (GS) which carries out the first enzymatic step in 
the  NH3 assimilation pathway, and uses  NH4

+ as a substrate. 
It is interesting to consider the idea that NOD26, if shown to 
be permeable to  NH4

+, could contribute to a protein complex 
which exports fixed nitrogen (such as  NH4

+) from the nodule 
into the host plant, supporting the symbiotic relationship 
(Eisenberg et al. 2000; Masalkar et al. 2010). The proposed 
role of NOD26 as the NSCC permeable to  NH4

+ remains to 
be explored.

Arabidopsis PIP2;1 in plant cell plasma membranes is 
highly permeable to water, and regulated by divalent cations, 
 Ca2+ and low pH (Alexandersson et al. 2005; Verdoucq et al. 
2008). Expression of AtPIP2;1 in Xenopus oocytes confers 
cation conductance  (Na+) also sensitive to  Ca2+ and low pH 
(Byrt et al. 2017). Two related PIPs AtPIP2;1 and AtPIP2;2 
from Arabidopsis and one from barley HvPIP2;8 also serve 
as ion-permeable channels (Qiu et al. 2020; McGaughey 
et al. 2018; Tran et al. 2020). The NSCC identified in roots 
(Demidchik and Tester 2002) appears to be mediated by the 
AtPIP classes of non-selective cation channels (Byrt et al. 
2017).

The adaptive benefits of dual ion and water transport by 
plant aquaporins are likely to include improved tolerance 
of salinity stress. Increased salinity leads to reduced phos-
phorylation, internalization of AtPIP2;1 into intracellular 
vesicles, and recycling in vacuoles (Boursiac et al. 2005; 
Ueda et al. 2016; Luu et al. 2012).  Na+ taken in during the 
endocytosis is sequestered in vacuoles as a mechanism to 
reduce  Na+ toxicity (McGaughey et al. 2018). Regulation 
of AQP ion and water conducting states via phosphoryla-
tion is likely to be a key mechanism for modulating relative 
ion fluxes  (Na+ and  K+) and water across cell membranes in 
response to salinity, limiting water loss as a mechanism for 
survival in saline soils. Among the kingdoms of life, plants 
have the greatest diversity of classes of aquaporins, leaving 
open the possibility that there are many aquaporins with 
yet unidentified functions that might provide a portfolio of 
highly specialized ion and water conducting states, which 
can be tuned for optimal growth promoting responses to 
diverse environmental conditions.

Future directions

Functional insights from heterologous hosts

Heterologous expression systems, such as yeast or bacte-
ria, are useful approaches for studying ion channel function 
(Tomita et al. 2017; Locascio et al. 2019; Fairbairn et al. 
2000). Examples include screening of known ion channels 
for channel modulators (Zaks-Makhina et al. 2004; Kawada 
et al. 2016), mutagenesis to identify key residues (Ros et al. 
1999), and evaluation of intracellular trafficking mechanisms 

(Bernstein et al. 2013; Bagriantsev et al. 2014). Heterolo-
gous expression systems also can be adapted as through-put 
screening tools to enable discovery of new classes of ion 
channels. The main challenges are in establishing a robust 
phenotype that shows ion selective effects, and in developing 
tools for correlating the ion channel function with measure-
able parameters such as cell growth or optical probe signal 
intensity.

Yeast and bacteria have evolved selective transport sys-
tems for acquiring  K+ and excluding  Na+ (Yenush 2016; 
Stautz et al. 2021). Inactivation of  K+ uptake genes in the S. 
cerevisiae yeast strain Δ trk1 Δ trk2 (Sentenac et al. 1992) 
and in E. coli (Epstein et al. 1993) has yielded cell lines that 
survive only when supplemented with high concentrations 
of external  K+. Expression of plant (Rubio et al. 1995) and 
mammalian (Tang et al. 1995)  K+ channel genes rescues cell 
growth in standard low extracellular  K+, enabling the mass-
throughput characterization of channel activity and  K+ con-
duction. Fluorescence-based monitoring of ion flux kinet-
ics also in possible using heterologous expression systems 
(Zhou et al. 2007). A few studies have used heterologous 
expression in yeast to study the potential ion permeability 
of AQP1 (Wu et al. 2009) and plant PIP aquaporins (Byrt 
et al. 2017; Qiu et al. 2020). Yeast mass-throughput assays 
could provide a rapid tool for the future evaluation of novel 
classes of AQPs as possible cation channels, and identify 
candidate pharmacological and regulatory compounds as 
tools for further research.

In silico predictions

Molecular dynamics (MD) simulations have been used to 
provide insight into channel functions that are difficult to 
dissect with conventional methods. The number of MD stud-
ies focused on investigating AQPs is increasing steadily in 
parallel with those on other channels (Fig. 3). Solving the 
structural architectures of AQP1 (Murata et al. 2000; Sui 
et al. 2001), bacterial aquaglyceroporin (GlpF) (Fu et al. 
2000), and others has allowed in depth analyses of substrate 
permeation through AQP pores at the atomic level (Tajk-
horshid et al. 2002). The first AQP shown by MD simula-
tion to be permeable to ions was HsAQP1 (Yu et al. 2006). 
Sodium and  Cl– transport via monomeric and central pores 
of HsAQP4 has also been predicted (Bernardi et al. 2019). 
MD simulations of AQPs have provided views into the 
molecular basis of features such as substrate selectivity (Hub 
and De Groot 2008), proton exclusion (Chakrabarti et al. 
2004), gating mechanisms (Törnroth-Horsefield et al. 2006; 
Fischer et al. 2009), and the conduction of gases and signal-
ing molecules (Wang et al. 2007; Yusupov et al. 2018). MD 
simulations have provided insights into the critical residues 
(Hadidi and Kamali 2021), post-translational modifications 
(Sachdeva and Singh 2014), drug interactions (De Almeida 
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et al. 2017), and voltage-dependence properties (Hub et al. 
2010; Mom et al. 2021) that impact the channel function. 
Given the large number of structures (∼50) determined for 
aquaporins by X-ray diffraction and cryo-electron micros-
copy, computational techniques to simulate permeation of 
ions or coupling of water and ion transport via these chan-
nels are within reach as exciting new areas of research. Fur-
ther applications might include simulating protein channel 
activity in different lipid mixtures relevant to a variety of 
cell membranes (Aponte-Santamaría et al. 2012; Gu et al. 
2017), modeling multiple aquaporins isoforms simultane-
ously (Pei et al. 2019; Kapilan et al. 2018), and evaluating 
mechanisms of block and potentiation of ion conductance 
and other substrate fluxes by pharmacological AQP modula-
tors that have been derived from synthetic (Chow et al. 2020; 
Huber et al. 2007; De Ieso et al. 2019) and natural (Aung 
et al. 2019) sources.

Conclusions

The first AQP ion channels were discovered almost 40 years 
ago. Their biophysical properties are likely to be defined not 
only by their tetrameric architecture, but also by the lipid 
environments in which the AQP tetramers reside, as well 
as interacting proteins and signaling mechanisms. Residues 
involved in the selectivity, gating, and permeation pathways 
of the central and intrasubunit pores of ion-conducting AQP 
tetramers are being uncovered. These candidate motifs can 
be investigated with the classical array of electrophysi-
ological methods, but continuing work will benefit from 

incorporating novel approaches using microorganisms 
(e.g., yeast, bacteria) and computational methods such as 
MD simulation, to further define the functional roles of ion 
conductivity in classes of AQPs across all the biological 
kingdoms of life.
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Inhibition of the Aquaporin-1 Cation
Conductance by Selected Furan
Compounds Reduces Red Blood Cell
Sickling
Pak Hin Chow1, Charles D. Cox2,3, Jinxin V. Pei4, Nancy Anabaraonye5,
Saeed Nourmohammadi1, Sam W. Henderson1, Boris Martinac2,3, Osheiza Abdulmalik5 and
Andrea J. Yool1*

1Aquaporin Physiology and Drug Discovery Program, School of Biomedicine, University of Adelaide, Adelaide, SA, Australia,
2Victor Chang Cardiac Research Institute, Darlinghurst, NSW, Australia, 3St Vincent’s Clinical School, University of New South
Wales, Darlinghurst, NSW, Australia, 4Research School of Biology, College of Science, Australian National University, Canberra,
ACT, Australia, 5Division of Hematology, Children’s Hospital of Philadelphia, Philadelphia, PA, United States

In sickle cell disease (SCD), the pathological shift of red blood cells (RBCs) into distorted
morphologies under hypoxic conditions follows activation of a cationic leak current
(Psickle) and cell dehydration. Prior work showed sickling was reduced by 5-
hydroxylmethyl-2-furfural (5-HMF), which stabilized mutant hemoglobin and also
blocked the Psickle current in RBCs, though the molecular basis of this 5-HMF-
sensitive cation current remained a mystery. Work here is the first to test the
hypothesis that Aquaporin-1 (AQP1) cation channels contribute to the monovalent
component of Psickle. Human AQP1 channels expressed in Xenopus oocytes were
evaluated for sensitivity to 5-HMF and four derivatives known to have differential
efficacies in preventing RBC sickling. Ion conductances were measured by two-
electrode voltage clamp, and osmotic water permeability by optical swelling assays.
Compounds tested were: 5-HMF; 5-PMFC (5-(phenoxymethyl)furan-2-carbaldehyde); 5-
CMFC (5-(4-chlorophenoxymethyl)furan-2-carbaldehyde); 5-NMFC (5-(2-
nitrophenoxymethyl)-furan-2-carbaldehyde); and VZHE006 (tert-butyl (5-formylfuran-2-
yl)methyl carbonate). The most effective anti-sickling agent, 5-PMFC, was the most
potent inhibitor of the AQP1 ion conductance (98% block at 100 µM). The order of
sensitivity of the AQP1 conductance to inhibition was 5-PMFC > VZHE006 > 5-CMFC ≥ 5-
NMFC, which corresponded with effectiveness in protecting RBCs from sickling. None of
the compounds altered AQP1 water channel activity. Combined application of a selective
AQP1 ion channel blocker AqB011 (80 µM) with a selective hemoglobin modifying agent 5-
NMFC (2.5 mM) increased anti-sickling effectiveness in red blood cells from human SCD
patients. Another non-selective cation channel known to be expressed in RBCs, Piezo1,
was unaffected by 2 mM 5-HMF. Results suggest that inhibition of AQP1 ion channels and
capacity to modify hemoglobin are combined features of the most effective anti-sickling
agents. Future therapeutics aimed at both targets could hold promise for improved
treatments for SCD.
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1 INTRODUCTION

Sickle cell disease (SCD) results from an inherited mutation in the
oxygen-carrying molecule hemoglobin in red blood cells. Unlike
wild type hemoglobin (Hb), hemoglobin carrying the SCD
mutation (HbS) polymerizes more readily in low oxygen
conditions into stiff strands which distort red blood cell
morphology into diagnostic dysfunctional shapes. The SCD
single point mutation in HbS converts a key glutamate residue
to valine (Pauling et al., 1949; Eaton 2020). When deoxygenated,
HbS molecules aggregate into rigid polymers, changing red blood
cell shape, and increasing fragility, solute loss and stickiness
(Pauling et al., 1949; Joiner 1993). Clinical concerns include
chronic anemia, acute ischemia, severe pain episodes, and
organ damage (Steinberg 1999; Rees et al., 2010). Current
interventions include blood transfusions to alleviate symptoms,
and hydroxyurea treatment to reduce pain crises and anemia, but
chronic side effects and variability in individual responsiveness to
hydroxyurea limit its usefulness (Perutz and Mitchison 1950;
Charache et al., 1987; Segal et al., 2008). Transplanting stem cells
from donor bone marrow is the only cure for SCD (Saraf and
Rondelli 2019), an option not available to most patients around
the world.

Pharmacological treatment strategies have focused on
identifying chemical modifiers to stabilize HbS. Promising
compounds such as aromatic aldehydes and benzaldehydes
have been tested in sickle cells (Zaugg et al., 1977; Beddell
et al., 1984; Abraham et al., 1991). 5-Hydroxymethyl-2-
furfural (5-HMF) forms a Schiff base with HbS, increasing
oxygen affinity, reducing polymerization risk, and protecting
red blood cells from sickling (Abdulmalik et al., 2005).
Building on this discovery, Abdulmalik, Safo and others (Xu
et al., 2017) engineered a group of ester and ether derivatives of 5-
HMF which they tested for effectiveness in modifying Hb,
improving oxygen affinity, and preventing hypoxia-induced
sickling of human SCD red blood cells. Of interest, four of the
12 synthesized compounds conferred better protection from
sickling than 5-HMF (at 2 mM) and were effective in
modifying hemoglobin, pointing to a new generation of
candidate therapeutics. Curiously, some derivatives in the
group such as 5-NFMC and 5-CMFC (despite yielding
significant modification of Hb), were similar or worse than 5-
HMF in preventing sickling (Zaugg et al., 1977; Xu et al., 2017).
We considered this a clue that effective anti-sickling agents might
serendipitously be affecting secondary targets, in addition to
hemoglobin.

Volume regulation in RBCs involves a network of ion and
water transport mechanisms which enable careful control of
hemoglobin concentration within a narrow window (Gallagher
2017). In the resting state, normal RBC membrane cation
permeability is low, but increases in cation fluxes are evident
during SCD cell sickling, mediated by the K+-Cl− cotransporter
(KCC), the Ca2+-activated K+ (Gardos) channel, and a less well
understood leak pathway known as “Psickle” (Joiner 1993; Lew
and Bookchin 2005). The involvement of a cation leak current in
the sickling process has been appreciated for decades based on
imbalances in K+ and Na+ levels in SCD cells (Tosteson et al.,

1952). However, a mystery concerning the molecular basis of
Psickle has persisted, despite widespread interest in finding a
Psickle inhibitor for expanding therapeutic strategies (Lew et al.,
1997; Hannemann et al., 2014; Al Balushi et al., 2019; Kaestner
et al., 2020). Cation leak currents are activated in sickle cell RBCs
during deoxygenation (Joiner 1993; Joiner et al., 1988; Ma et al.,
2012) and can be potentiated by membrane shear stress (Johnson
and Gannon 1990), such as that experienced in the
microcirculation (McMahon 2019).

AQP1 is expressed in red blood cells (Ma et al., 1998; Maeda
et al., 2009), and tissues including kidney, vascular system, heart,
brain and others (Venero et al., 2001; Badaut et al., 2002;
Papadopoulos et al., 2002; Speake et al., 2003; Montiel et al.,
2020). AQP1 serves dual roles as a water channel and a non-
selective cation channel regulated by cGMP acting at the loop D
domain (Yu et al., 2006; Kourghi et al., 2018). Although initially
controversial, converging lines of evidence have shown AQP1
conducts non-selective monovalent cations via the central pore of
the tetramer, which is functionally and pharmacologically distinct
from the water-selective pores in the monomeric subunits
(Anthony et al., 2000; Saparov et al., 2001; Boassa and Yool,
2003; Yu et al., 2006; Zhang et al., 2007). As reviewed elsewhere,
other classes of AQPs also function as ion channels including
AQP0, AQP6, Drosophila Big Brain, soybean Nodulin and
Arabidopsis PIP2; 1 (Yool and Campbell 2012; Tyerman et al.,
2021).

A possible role for AQP1 ion channels as the monovalent
component of the Psickle conductance has not previously been
considered. Recent work demonstrated that 5-HMF caused dose-
dependent block of the AQP1 ion conductance, inducing 90%
block of the cGMP activated ion current at 10 mM, 74% at 1 mM
and 43% at 0.5 mM, with no effect on AQP1-mediated water
fluxes (Chow et al., 2020), supporting the hypothesis tested here
that the furan derivatives which are effective in reducing red
blood cell sickling also act as pharmacological inhibitors of the
AQP1 cation conductance.

In summary, results here showed two furan derivatives that are
effective in preventing SCD cell sickling, 5-PMFC and VZHE006,
significantly inhibited the AQP1 cation conductance, as did the
parent compound 5-HMF. No inhibition of the AQP1 ion
conductance was observed with 5-NMFC or 5-CMFC, which
modified hemoglobin but were less effective in reducing sickling.
Piezo1, a mechanosensitive cation channel proposed to mediate
Psickle in RBCs, is unlikely to account in full for the Psickle
current, since it was not affected by 5-HMF. However, a further
role for Piezo1 in Ca2+ entry associated with the Psickle current
and RBC dehydration seems likely. AQP1 ion channels are
selective for monovalent cations, not Ca2+ (Yool et al., 1996),
whereas Piezo1 enables Ca2+ permeation (Gnanasambandam
et al., 2015). To test the idea that effective anti-sickling furan
agents acted on both HbS and AQP1, red blood cells from human
SCD patients were tested with 5-NMFC which modifies Hb, in
combination with the bumetanide derivative AqB011 which
blocks AQP1 ion channels (Kourghi et al., 2016). Results
showed that combined agents increased the duration of
protection from sickling in human SCD cells in hypoxic
conditions as compared to either agent alone, and approached
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the protective effect of 5-PMFC which affects both targets
simultaneously.

This work is the first to identify AQP1 as a molecular
component of the monovalent Psickle current, and to establish
AQP1 as a therapeutic target for consideration in the
development of anti-sickling treatments. In practice, useful
therapeutic agents would not need to prevent sickling
completely, but simply would need to slow the process of HbS
polymerization sufficiently that a larger proportion of RBCs could
successfully pass through the microcirculation (Eaton 2020).
Novel therapeutic agents with combined actions on AQP1 ion
channel inhibition and HbS stabilization could offer the desired
slowing of dehydration and HbS polymerization, a goal of
international interest for expanding the range of affordable
clinical options for treating sickle cell disease.

2 MATERIALS AND METHODS

2.1 Furan Compounds
5-HMF (5-hydroxymethyl-2-furfural); 5-PMFC (5-
(phenoxymethyl)furan-2-carbaldehyde); 5-CMFC (5-(4-
chlorophenoxymethyl)furan-2-carbaldehyde); and 5-NMFC (5-
(2-nitrophenoxy methyl)-furan-2-carbaldehyde) were purchased
from Sigma Aldrich Chemicals (MO, United States). VZHE006
(tert-butyl (5-formylfuran-2-yl)methyl carbonate), synthesized at
Virginia Commonwealth University (United States) as described
previously (Xu et al., 2017) was kindly provided by Dr Martin
Safo. 5-HMF was dissolved in water, and other compounds were
dissolved in dimethylsulfoxide (DMSO) to create 1,000x stock
solutions, which were diluted 1 µl/ml into experimental salines to
final concentrations. The AQP1 ion channel antagonist AqB011
(Kourghi et al., 2016) also was made as a 1,000x stock solution in
DMSO for dilution in experimental salines. Pharmacological
agents as powders were stored dry at −20°C, resuspended as
stock solutions in DMSO and kept at 4°C for up to 8 months, and
diluted in fresh saline prior to experimental use. Equivalent
amounts of DMSO alone in saline served as the vehicle control.

2.2 Oocyte Preparation and Injection
Unfertilized oocytes were harvested from Xenopus laevis frogs in
accord with national guidelines (Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes), using a
protocol approved by the University of Adelaide Animal Ethics
Committee (#M2018-016). Oocytes were defolliculated with
collagenase type 1A (2 mg/ml) in isotonic saline (100 mM
NaCl, 2 mM KCl, 5 mM MgCl2, and 5 mM HEPES; pH 7.6) at
approximately 16–18°C for 1.5 h. Oocytes were washed 3–4 times
at ∼10 min intervals with isotonic saline and kept at 18°C in frog
Ringers saline (isotonic saline supplemented with 0.6 mM CaCl2,
5% horse serum (v/v), 100 units/ml penicillin, 0.1 mg/ml
streptomycin, and 0.5 mg/ml tetracycline). Human AQP1
(Genbank # NM--198098) and human AQP4 (Genbank #NM--

001650, OriGene) genes were subcloned into a Xenopus ß-globin
expression vector (Anthony et al., 2000). AQP1 cDNA was
linearized with BamHI and cRNA was synthesized in vitro
with the T3 mMessage mMachine kit (Invitrogen,

United States). Human AQP4 cDNA was linearized with
NheI-HF (BioLabs) and synthesized in vitro with the T7
mMessage mMachine Kit. RNAs were resuspended in sterile
water and stored at −80°C. Oocytes were injected with 50 nl of
sterile water (sham injection) or 50 nl of water containing 1 ng of
AQP1 or AQP4 wild type cRNA. Injected oocytes were incubated
in frog Ringer’s saline at 18°C for 48 h or more to allow time for
protein expression. All chemicals were from Sigma-Aldrich (St.
Louis, MO United States), unless otherwise indicated.

2.3 Quantitative Swelling Assays
Prior to swelling assays, sham-injected (non-AQP1 controls) and
AQP1-expressing oocytes were rinsed in isotonic saline (without
serum, antibiotic-free) for at least 1 h at room temperature.
Swelling rates were measured in 50% hypotonic saline
(isotonic Na+ saline diluted with an equal volume of water,
without test compounds present) and quantified by changes in
the oocyte cross-sectional area imaged by videomicroscopy
(Cohu, CA United States) at 1 frame per second for 30–60 s,
using NIH ImageJ software (National Institutes of Health, MD
United States). In double-swelling assays, swelling was first
measured without drug treatment (first swelling “S1”). Oocytes
were then incubated for 2 h in isotonic saline with vehicle or one
of the test compounds, and reassessed in a second swelling assay
(“S2”) in hypotonic saline without pharmacological agents, as
described previously (Migliati et al., 2009). Swelling rates were
measured from slopes of linear regression fits of relative volume
as a function of time using Prism software (GraphPad Inc., CA
United States).

2.4 Electrophysiology
Two-electrode voltage clamp recordings of non-AQP1 control
and AQP1-expressing oocytes in isotonic Na+ saline were done
with capillary glass electrodes (1–3 MΩ) filled with 1 M KCl,
using a GeneClamp 500B (Molecular Devices, CA United States)
amplifier. Bath application of membrane permeable 8CPT-cGMP
(8-(4-chlorophenylthio)-guanosine 3′,5′-cyclic monophosphate)
at 10 µM final or SNP (sodium nitroprusside) at 1–3 mM final
was used to activate the ionic conductance in AQP1-expressing
oocytes, as described previously (Campbell et al., 2012; Kourghi
et al., 2018). Changes in current as a function of time were
monitored by repeated +40 mV voltage steps from a holding
potential of −40 every 6 s. Conductance values were measured as
the slope of linear fits (from −40 to +60 mV) using a current-
voltage protocol with steps from +60 to −110 or −120 mV.
Recordings were filtered at 2 kHz, and stored to hard disk for
offline analysis. Data were analyzed with Clampex 9.0 software
(pClamp 9.0, Molecular Devices, CA United States) and Prism
software.

Piezo1−/− HEK293T cells (a kind gift from Ardem
Patapoutian) stably transfected with human Piezo1 were plated
on 35 mm dishes for patch-clamp analysis. The extracellular
solution for cell-attached patches consisted of 90 mM
potassium aspartate, 50 mM KCl, 1 mM MgCl2 and 10 mM
HEPES (pH 7.2; adjusted using KOH). The pipette solution
contained 140 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM
MgCl2 with 10 mM HEPES (pH 7.2; adjusted using NaOH).
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Negative pressure was applied to patch pipettes using a High-
Speed Pressure Clamp-1 (ALA Scientific Instruments) and
recorded in millimeters of mercury (mmHg) using a
piezoelectric pressure transducer (WPI, Sarasota, FL,
United States). Borosilicate glass pipettes (Sigma, St Louis,
MO, United States) were pulled using a vertical pipette puller
(PP-83, Narashige, Japan) to produce electrodes with resistances
of 2.0–2.3 MΩ. Single-channel Piezo1 currents were amplified
using an AxoPatch 200B amplifier (Axon Instruments), and data
were acquired at a sampling rate of 10 kHz with 1 kHz filtration
and analyzed using pCLAMP10 software (Axon Instruments).
Boltzmann distribution functions were used to analyze
dependence of mesoscopic Piezo1 channel currents and open
probability on the negative pressure applied via patch pipettes.
The Boltzmann plots were obtained by fitting open probability
Po∼I/Imax versus negative pressure using the expression Po/(1–Po)
� exp [α(P–P1/2)], where P is the negative pressure (suction)
[mmHg], P1/2 is the negative pressure at which Po � 0.5, and α
[mmHg−1] is the slope of the plot ln [Po/(1–Po) � [α(P–P1/2)]
reflecting the channel mechanosensitivity.

2.5 Analyses of Sickling in Human SDC Red
Blood Cells
Blood samples from homozygous SCD patients were used with
informed consent in accord with an Institutional Review Board
approved protocol for research involving human subjects at the
Children’s Hospital of Philadelphia. Blood suspensions
(hematocrit values of 20%) were incubated under air with
and without 80 µM AqB011 and furan compounds 5-NMFC
and 5-PMFC at 2.5 mM concentrations at 37°C for 1 h, then
subjected to hypoxia (100% nitrogen) at 37°C for 1 h. Samples
were fixed without exposure to air in buffered 2%
glutaraldehyde solution, and imaged by microscope for
quantitative assessment of the percentages of cells showing
sickling morphologies in the treatment conditions. The
percentages of sickled cells were determined using validated
NIH ImageJ machine-learning software analyses of microscopic
images, a method enabling reliable and reproducible detection
of sickled shapes based on a combination of circular and
elliptical shape factors, as previously reported (Abdulmalik
et al., 2005; Xu et al., 2017).

2.6 In Silico Docking Modeling
In silico modeling was carried out using methods successfully
employed previously to identify candidate sites for
pharmacological modulators of AQP1 channels (Kourghi et al.,
2016). The human AQP1 protein crystal structure (PDB ID:
1FQY) was obtained from the NIH National Center for
Biotechnology Information Structure database (available at
www.ncbi.nlm.nih.gov/Structure/pdb/1FQY). Structures for 5-
HMF and the derivatives were downloaded from NIH
PubChem (pubchem.ncbi.nlm.nih.gov) and converted into
software-compatible 3D structures in. pdb format using the
online SMILES Translator and Structure File Generator
(National Cancer Institute, U.S. Department Health and
Human Services, Washington DC). MGLtools was used for

preparing both AQP1 and ligand docking coordinates. The
docking was performed using Autodock Vina (Trott and
Olson 2010), setting the docking grid to cover the intracellular
face of the tetrameric pore.

2.7 Data Analysis and Statistics
Results compiled from replicate experiments are presented as box
plots to show the full range of data points. Boxes represent 50% of
the data points; the error bars indicate the full ranges; horizontal

FIGURE 1 | Electrophysiological recordings illustrating the effects of
furan derivatives on the 8CPT-cGMP-activated AQP1 ion conductance.
Representative sets of traces recorded by two-electrode voltage clamp of
AQP1-expressing oocytes showing the initial conductance; the
response induced by the first application of membrane-permeable 8CPT-
cGMP; and the response to a second application of cGMP after 2 h of
incubation in isotonic saline containing (A) equivalent DMSO vehicle; and
0.5 mM of (B) 5-PMFC; (C) VZHE006; (D) 5-HMF; (E) 5-NMFC; (F) 5-CMFC.
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bars are median values. Statistically significant differences were
evaluated as indicated in the Figure legends.

3 RESULTS

Electrophysiological analyses tested the effects of four furan
derivatives, 5-PMFC, VZHE006, 5-NMFC, and 5-CMFC at
0.5 mM each, on the 8CTP-cGMP-activated ionic conductance
in human AQP1-expressing oocytes (Figure 1), and confirmed
block by the original scaffold compound 5-HMF at 0.5 mM.
Currents were measured before (“initial”) and after activation
by the cyclic GMP agonist (“cGMP 1st”), at approximately
30 min for 8CPT-cGMP (Campbell et al., 2012) or 10–15 min
for SNP (Kourghi et al., 2018). After the initial recording, oocytes
were removed from the bath chamber, then incubated for 2 h in
isotonic saline with vehicle or the indicated agents, and then
returned to the bath chamber for another set of voltage clamp
recordings of responses to the second application of cGMP
agonist (“cGMP 2nd”) without furans present in the bath
saline. Prior work demonstrated that the establishment of

AQP1 block by 5HMF was time-dependent, and required 1 h
pre-incubation for full inhibition (Chow et al., 2020). Consistent
with an intracellular site of action, the block was slowly reversible,
showing recovery over hours after washout. Incubation with
vehicle did not impair subsequent conductance responses of

FIGURE 2 | Trend plots showing the amplitude of the ionic currents,
before (initial) and after the first activation by SNP (1st), the recovery after 2 h
incubation with the indicated compound at 0.5 mM (post-incub), and the
response reactivated by a second SNP application (2nd). Consistent
recovery was seen after vehicle, 5-NMFC, or 5-CMFC but not after incubation
with 5-PMFC or VZHE006 indicating ion channel inhibition. The n values are as
shown; each line represents a series of recordings from one oocyte.

FIGURE 3 | Compiled data showing the effects of furan derivatives on
the amplitude of the cGMP-dependent AQP1 ion conductance activated by
SNP. (A) Compiled box plot data showing statistically significant inhibition of
the AQP1 ion conductance by 5-PMFC or VZHE006, but not vehicle, 5-
NMFC or 5-CMFC. n values were four each for all but 5-NMFC which was 5.
Statistical significance was determine by paired Students t test; *p < 0.05; NS
not significant. (B) Space filling structures of the compounds tested; the three
on the left act as AQP1 inhibitors. (C) In silico docking model illustrating the
predicted site for the most favorable interaction of 5-PMFC with AQP1,
located near the central pore vestibule of the tetrameric channel in the loop D
gating domain, which is seen as a curved purple strand connecting
transmembrane helices (left panel). Higher magnification view of the predicted
hydrogen bond interaction between 5-PMFC and Ser167 (right panel).
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AQP1-expressing oocytes to cGMP agonists, which remained
comparable in amplitude in repeated trials. Conductance
responses were differentially inhibited following incubation in
0.5 mM 5-HMF, 5-PMFC, or VZHE006. No appreciable changes
in responsiveness to cGMP were observed after incubation with
0.5 mM 5-NMFC or 5-CMFC.

During the 2 h incubation period (without the cGMP agonist
SNP present), the ionic conductance recovered completely, as
confirmed in trend plots tracking the conductance values for
vehicle saline-incubated individual oocytes through the treatment
series (Figure 2). Amplitudes of ion conductances after the
incubation period (“post incub”) in all treatment groups were
comparable to those in the initial condition, showing responses
were uniformly reversible, and ruling out toxicity or cell damage.
Second applications of cGMP agonist in normal saline were used
to assess the level of block established during the incubation
period. The AQP1 conductance was fully reactivated in oocytes
incubated in vehicle treatment, showing that repeated recordings
were well tolerated. The profound lack of AQP1 reactivation by
cGMP after 2 h incubation in 0.5 mM 5-PMFC demonstrated
effective block of the ion conductance. VZHE006 caused
moderate inhibition, whereas 5-NMFC and 5-CMFC showed
no appreciable blocking effect. No current activation by cGMP
or effects of furan compounds were seen in non-AQP-expressing
controls (see Figure 4 below).

Ion conductance values were calculated from linear slope
values from of current-voltage recordings, and compiled in a
box plot (Figure 3) and dot plots (Supplementary Figure S1) to
evaluate cGMP-activated conductance levels in AQP1-expressing
oocytes, and effects of incubation with vehicle or furan
compounds. Responses measured from the same oocytes after
incubation with 5-PMFC or VZHE006 were significantly reduced
as compared to initial responses to SNP used to induce
intracellular cGMP signaling (Figure 3A). Structures of the
furan derivatives are illustrated in (Figure 3B). Figure 3C
shows the results of in silico modeling of the predicted
binding site for 5-PMFC on the AQP1 channel, suggesting
that the most energetically favourable site for interaction is
located at the intracellular side of the central pore of the
tetramer, in the gating domain (loop D) at a highly conserved
serine residue (serine 167 in human AQP1). The predicted
interaction energy of 5-PMFC at this site is −5.1 kcal/mol,
which is more favorable than the predicted energy of
interaction of 5HMF (−4.9 kcal/mol), consistent with the
greater effectiveness of 5-PMFC in blocking the AQP1 ion
conductance (Figure 3A). This region in the loop D domain
appears to be important for channel activation; mutation of an
adjacent highly conserved residue, glycine 166 to proline, was
found previously to significantly augment cGMP activation of the
AQP1 ion conductance (Kourghi et al., 2018). Additional poses
identified by in silico docking for AQP1 and predicted energies of
interaction with 5-PMFC are illustrated in Supplementary
Figure S2.

Figure 4 shows the dose-dependent block of nonselective cation
current by 5-PMFC in AQP1-expressing oocytes, with no effect in
non-AQP-expressing control oocytes. The boxplot (Figure 4A)
shows compiled data for conductance levels activated by 3 mM

SNP, measured from slopes of current-voltage plots. AQP1-
expressing oocytes showed plateau activation of ion
conductances by 8 min after 3 mM SNP application, which was
blocked by 1–2 h incubation in isotonic saline with 5-PMFC at
doses of 100–500 µM. No significant inhibition was observed at
50 µM. Control oocytes and AQP4-expressing oocytes showed no
current activation in response to SNP. AQP4-expressing oocytes
had high osmotic water permeability but showed no current

FIGURE 4 | Dose-dependent inhibition of AQP1 ion channel
conductance by 5-PMFC. (A) Box plot compilation of SNP-activated
conductance values measured after 1–2 h incubation with the indicated
concentration of 5-PMFC in isotonic saline. Conductances were
calculated from slopes of current-voltage (I–V) plots measured at 8 min after
application of 3 mM extracellular SNP used to stimulate intracellular cGMP. No
current activation by SNP was observed in non-AQP controls with or without
5-PMFC incubation, or in AQP4-expressing oocytes. n values in italics are
above the x-axis. Significant differences were found between AQP1 at 0 µM 5-
PMFC (*) and all other treatment groups shown, except AQP1 at 50 µM PMFC
(#) which was not significantly different from AQP1 0 µM 5-PMFC. Statistical
significance was assessed by one-way ANOVA and Šidák’s multiple
comparisons test; *p < 0.01; # not significant. (B) Current-voltage plots of
responses recorded in series for the same AQP1-expressing oocyte, showing
initial low conductance, activation by SNP (‘cGMP 1st′), recovery during 2 h
incubation in 500 µM 5-PMFC (incub PMFC), and block of the second
response to SNP (‘cGMP 2nd′). Reversal potentials shifted from near −20 mV
in the initial and cGMP (1st) conditions to approximately −50 mV after 5-PMFC
treatment (in incubation and cGMP (2nd) conditions), consistent with inhibition
of a non-selective cation conductance, and not native oocyte K+ channels. (C)
Traces illustrating data shown in the I-V plots in (B).
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activation by SNP, confirming that the capacity for aquaporins to
show cGMP-induced ion currents depends on the type of AQP
expressed and is not an indirect effect of increased osmotic water
permeability in the oocyte expression system. A set of current-
voltage plots for a single AQP1-expressing oocyte taken through a

series of treatments (Figure 4B) shows low initial current,
subsequent activation of the ion current by SNP, recovery to
baseline after incubation in saline with 500 µM 5-PMFC, and
inhibition of the subsequent current activation by SNP,
illustrating channel inhibition. The negative shift in the reversal
potential between recordings done before and after 5-PMFC
treatment was consistent with block of a non-selective cation
channel and not endogenous K+ channels. Figure 4C shows
traces corresponding to the data shown in the current-voltage
plots in Figure 4B.

None of the furan derivatives had any effect on AQP1-
mediated osmotic water permeability (Figure 5). AQP1 water
channel activity depends on intrasubunit water pores rather than
the central pore, and has been shown previously to differ from the
central pore in pharmacological sensitivities to inhibitors (Yool
and Campbell 2012). Non-AQP-expressing control oocytes as

FIGURE 5 | Osmotic water permeability of AQP1-expressing oocytes is
not altered by treatment with the furan derivatives. (A) Mean swelling
responses of AQP1 expressing oocytes in 50% hypotonic saline were not
affected after 2 h of preincubation in the furan derivatives (2 mM). Data
are mean ± SEM; n values are as shown in the key. (B)Compiled box plot data
showing comparable swelling rates measured in the same oocytes for the first
(S1) assay before and second (S2) assay after 2-h incubation in saline with
indicated treatments. Statistical significance was assessed by ANOVA and
post hoc paired Student T tests; NS not significant. (C) The plot of S1 vs. S2
swelling rates for individual oocytes shows a linear relationship (slope values
near 1.0) in all treatment conditions, indicating no effect on water channel
activity, and no change in oocyte membrane integrity or levels of AQP1
channel expression during pharmacological incubation or repeated assays.
“Vehic” is vehicle control (equivalent DMSO).

FIGURE 6 | The Piezo1 ion channel conductance is not sensitive to
block by 5-HMF. (A) Representative traces from cell-attached recordings of
human Piezo1 currents (upper row) measured in HEK293T cells stably
transfected with Piezo1, shown for cells in the control treatment (left),
after 2 mM 5-HMF for 60 min (center), or after 100 µM GdCl3 applied in the
bath for ≥5 min before patching (right). Square wave pressure pulses (lower
row) were applied to the patch pipette using a high-speed pressure clamp. (B)
Amplitudes of peak currents recorded from cell attached patches from
HEK293T cells in control, 5-HMF and Gd3+ treatment groups as specified in
panel A. ** is p < 0.01; NS is not significant; n values are above the x-axis. (C)
Pressure-sensitive activation of Piezo1 currents in control, 5-HMF and Gd3+

treatment groups. Statistical significance was assessed by Kruskal-Wallis
ANOVA and post hoc Dunn’s multiple comparisons tests; **p < 0.01; NS not
significant.
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expected showed very little osmotic swelling. Oocytes expressing
AQP1 after 2 h incubation in saline with the indicated
compounds (2 mM) or an equivalent vehicle, were assessed for
osmotic water permeability using an optical swelling assay
without blocker (Figure 5A). All AQP1-expressing oocytes
showed strong swelling in hypotonic extracellular saline.
AQP1-mediated swelling showed no effects of vehicle or furan
treatments, as summarized in the box plot (Figure 5B). AQP1-
expressing oocytes were tested in double swelling assays, in which
each oocyte was tested before and after 2 h incubation in isotonic
saline containing vehicle or the furan compounds at 2 mM. There
were no significant differences between the first (S1) and second
(S2) swelling rates for individual oocytes in any of the treatment
groups (Figure 5C), as indicated by the slope values near 1.0 in
plots of S1 versus S2 swelling rates. These results showed that
none of the furan compounds affected AQP1 osmotic water
permeability, and also confirmed that the AQP1 channels
remained functionally intact and localized in oocyte plasma
membrane through the experimental treatments.

Piezo1, a cation channel present in human RBCs and
previously proposed to contribute to the Psickle current
(Cahalan et al., 2015), showed no effect of treatment with
2 mM 5-HMF in bath saline after 1 h incubation (Figure 6).
As expected, Piezo1 current was inhibited within 5 min by the
known blocker Gd3+ at 100 μM, shown previously to block
mechanosensitive ion channels (Yang and Sachs 1989)
including Piezo1 (Coste et al., 2010). The Gd3+ blocker was
added to the bath for Piezo1-expressing HEK cells in advance
of cell-attached electrophysiological recording. This protocol
achieved full channel block, serving as a positive control.
Human Piezo1 channel currents were recorded in cell-attached

patches from stably transfected HEK293T cells, and activated by
square-wave pressure pulses (Figure 6A). Currents were
significantly reduced in amplitude after treatment with Gd3+,
but not 5-HMF (Figure 6B). 5-HMF did not alter the pressure
dependence of Piezo1 for ion channel activation (Figure 6C).

A comparison of the effects of 5HMF and structural
derivatives on the amplitude of the AQP1 ion conductance

FIGURE 7 | Effects of selected furan compounds on percent block of
AQP1 ion conductance amplitudes, percent structural modification of
hemoglobin (Hb), and percent inhibition of sickling in SCD red blood cells
exposed to low oxygen. Tests of AQP1 block were done with agents at
0.5 mM each; tests for hemoglobin modification and sickling risk were done at
2 mM each. Data for Hb modification and red blood cell sickling were based
on results presented in published tables (Xu et al., 2017).

FIGURE 8 | Combined application of agents that inhibit AQP1 ion
channels (AqB011) and that modify hemoglobin (5-NMFC) reduce the rate of
sickling of human SCD cells in hypoxic conditions, approaching the protection
seen with 5-PMFC alone. (A)Data for percent sickling were standardized
to the mean maximum sickling (at 45 min) measured in the vehicle controls in
the same experimental group; data within treatments were averaged for all
experiments to determine mean and SEM values, and plotted as a function of
time in full nitrogen starting at time zero. Estimated t1/2 values (figure legend)
show the times needed in minutes to reach 50% of the net maximal sickling
level, set as the level observed for vehicle-treated cells at 45 min. Data were
compiled from three separate experiments with 2 to 3 replicate samples each.
n values are as shown in the dot plot below. (B) Dot plot summary of raw data
for the percentages of sickled cells at 20 min hypoxia compiled from three
independent experiments. Concentrations of agents used were 2.5 mM for 5-
NMFC and 5-PMFC, 80 µM for AqB011, and equivalent DMSO for the vehicle
control. Significant differences were determined by ordinary one-way ANOVA
with Šidác’s multiple comparisons test. **p < 0.01; NS is not significant.
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(results here), and the level of hemoglobin modification, and the
percentage of SCD cell sickling in hypoxic conditions
(summarised from prior work for comparison) is illustrated in
Figure 7. The magnitude of sickle cell inhibition at 2 mM was 5-
PMFC > VZHE006 > 5-HMF > 5-NMFC > 5-CMFC (Xu et al.,
2017). The agents 5-PMFC, VZHE006 and 5-HMF significantly
inhibited the AQP1 ion channel at 0.5 mM, whereas 5-NMFC
and 5-CMFC were not effective at concentrations up to 2 mM.
Interestingly, though 5-PMFC and VZHE006 yielded levels of Hb
modification similar to those of 5-HMF and 5-NMFC, these
agents did not protect SCD RBCs from sickling, indicating that
Hbmodification alone does not account for a full beneficial effect.
Instead the furan agents showed efficacies consistent with a
dependence on both the ability to modify Hb and the ability
to block the AQP1 ion channel conductance, supporting a novel
dual targeting mechanism.

The prediction that a combination of AQP1 block and HbS
modification should improve protection from sickling over either
treatment alone was tested by co-application of AqB011 (a
pharmacological inhibitor of the AQP1 ion conductance
(Kourghi et al., 2016)), and the furan derivative 5-NMFC
which causes Hb modification (Xu et al., 2017) without
blocking AQP1. Data in Figure 8 show that the presence of
80 µM AqB011 in combination with 2.5 mM 5-NMFC conferred
a significant increase in protection of human SCD red blood cells
from sickling during hypoxia. The combination was more
effective than either alone. The time (t1/2) needed for the
proportion of sickled cells to reach 50% of maximum
(referenced to the % sickled cells in vehicle treatment at
45 min) differed across the treatment groups (Figure 8A).
Rapid onset of sickling was seen in vehicle-treated and
AqB011-treated groups (estimated t1/2 6–7 min). The window
of protection was doubled with 5-NMFC alone (t1/2 13 min), but
was substantially increased in treatment with combined 5-NMFC
+ AqB011, and treatment with 5-PMFC, for which t1/2 values
were prolonged 3 to 4 fold over vehicle control (t1/2 20 min or
more). The percentages of sickled cells after 20 min hypoxia
(Figure 8B) were reduced significantly by coapplication of
AqB011 with 5-NMFC, as compared with 5-NMFC alone. 5-
PMFC was the most effective of the agents tested in reducing
sickling in human SCD cells.

4 DISCUSSION

Cellular loss of K+, Cl− and water drives dehydration and
increases the concentration of HbS in red blood cells of
patients with SCD, leading to cell sickling (Joiner 1993;
Gibson and Ellory 2002; Lew and Bookchin 2005).
Compounds structurally related to 5-HMF were shown
previously by Abdulmalik and others to protect SCD cells
from sickling, with differences in efficacies thought to be due
to levels of modification of HbS and oxygen affinity (Xu et al.,
2017). Prior observations that 5-HMF inhibited the Psickle cation
leak (Hannemann et al., 2014), and blocked the AQP1 ion
conductance (Chow et al., 2020) suggested a novel link with
cation conductance pathways. Results here demonstrate that the

most effective of the anti-sickling 5-HMF derivatives, 5-PMFC, is
the most potent inhibitor of the cationic conductance of AQP1.
AQP1 has not previously been considered as a component of
Psickle, but results here support it as a strong candidate for the
monovalent cation leak component that is pharmacologically
distinct from the Piezo1, KCC and Gardos channels, and
important as an early step in the dehydration cascade leading
to the sickling phenomenon.

Multiple lines of evidence now support the initially
controversial concept that AQP1 is an ion channel (Yool
et al., 1996; Agre et al., 1997; Yool and Campbell 2012),
permeable to Na+, K+, Cs+ and Li+ but not divalent cations, as
demonstrated by electrophysiology experiments, structure-
function analyses, molecular dynamic modeling, and real-time
visualization with a photoswitchable optical probe (Anthony
et al., 2000; Yool and Weinstein 2002; Yu et al., 2006;
Campbell et al., 2012; Kourghi et al., 2016; Kourghi et al.,
2017; Pei et al., 2019). Unlike classic cyclic nucleotide-gated
channels in sensory cells (Broillet and Firestein 1999), the
AQP1 ion channel shows very slow activation and
deactivation kinetics in response to cGMP on a time scale of
minutes, with slow modal behavior marked by a low probability
of initial opening, and long bursts of large conductance openings
once channels are activated (Anthony et al., 2000). In
heterologous expression systems, only a small percentage of
the AQP1 water channels are active as ion channels (Saparov
et al., 2001; Yool and Campbell 2012); nonetheless this low
proportion has been modeled as being sufficient to impose
meaningful changes in net ion transport across membranes
(Yool and Weinstein 2002). The proportion of AQP1 available
for ion channel gating in the total water channel population is
modulated by tyrosine phosphorylation in the carboxyl terminal
domain (Campbell et al., 2012) and potentially by other factors
such as membrane and cytoskeletal protein interactions (Cowan
et al., 2000).

5-HMF is known to decrease sickling of RBCs from disease-
affected patients, with effects originally attributed to decreased
hemoglobin crosslinking (Safo et al., 2004). Of interest to us was
the observation that 5-HMF blocked the Psickle current at doses
comparable to those used to reduce RBC sickling (Hannemann
et al., 2014). At millimolar concentrations, 5-HMF reduced the
Psickle component as measured by Rb+ uptake in SCD cells; the
magnitude of the monovalent ion flux compared for treated and
untreated cells correlated strongly with the percentage of cell
sickling. In contrast, Gardos activity showed a small reduction by
5-HMF, and no evidence of direct block (Hannemann et al.,
2014). SCD cell membranes show increased permeability to K+,
Na+, Cs+, Rb+ and Li+ (Joiner et al., 1993), and an accumulation of
intracellular radiolabelled Ca2+ that was attributed to increased
membrane Ca2+ permeability (Etzion et al., 1993). The concept
that Psickle was caused by one class of leak channel was adopted,
with the logical caution that a single pathway for both mono- and
divalent ions remained unproven (Lew et al., 1997), and thus
cation leaks might rely on more than one mechanism (Kaestner
et al., 2020). Consistent with the idea of more than one pathway
for monovalent and divalent leak currents, deoxygenation-
induced fluxes of K+ and Na+ in sickle cells were found to be
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blocked by extracellular divalent cations; 2 mMCa2+ reduced Na+

influx by approximately 30% as compared to Ca2+-free solution,
and reduced K+ efflux by 10% (Joiner et al., 1995), suggesting
Ca2+ blocked part of the monovalent cation component directly,
with an asymmetry possibly reflecting outward rectification.

RBCs deformed by shear stress showed an increase in Na+

influx and K+ efflux, not dependent on Ca2+ or Cl−, without an
overall change in cation content (Ney et al., 1990). A typical RBC
resting potential around −10 mV (Hoffman and Laris 1984) near
the Cl− and HCO3

− equilibrium potentials would be expected to
impose similar driving forces for Na+ entry and K+ exit through a
non-selective cation channel pathway, consistent with the lack of
effect of Psickle activity on overall transmembrane osmotic
gradients. Dehydration results from progressive intracellular
ion loss, which could be driven in part by a Na+-leak induced
activation of the Na+-K+-ATPase pump which asymmetrically
moves 3 cations out (Na+) for 2 cations in (K+), in a background
of high anion and water permeability (Joiner et al., 1986). The
molecular identity of the Psickle current has been elusive. Since
human RBCs lack DNA, proteins mediating Psickle could
reasonably be assumed to be expressed in all RBCs, where
their contribution to normal homeostatic control would be
expected to provide some selective advantage, perhaps subtle
enough to go undectected in normal conditions, but rising
dysfunctionally in SCD cells under hypoxic conditions. A
random low-probability channel activation during successive
hypoxic events is needed to explain the observed stochastic
behavior of Psickle, and the broad distribution of sickle cell
phenotypes within RBC populations (Lew and Bookchin 2005).

The mechanosensitive Piezo1 channel was suggested
previously as a molecular candidate for the Psickle current,
based on observations that Piezo1 is expressed in RBCs,
activated by membrane deformation (Cox et al., 2016),
permeable to mono- and divalent cations, affected by inherited
mutations linked to erythrocyte hydration disorders (Gallagher
2017; Lew and Tiffert 2017), and sensitive to block by a tarantula
spider toxin which appeared to partially inhibit Psickle
monovalent cation fluxes in deoxygenated conditions, as
measured by whole cell patch clamp in SCD cells (Ma et al.,
2012). Psickle activation has been associated with Ca2+ entry and
Mg2+ exit (Ortiz et al., 1990; Willcocks et al., 2002). Piezo1
channels are permeable to K+, Na+, Cs+, Ba2+, Ca2+ and Mg2+

(Gnanasambandam et al., 2015). Shear stress increases
monovalent cation flux in RBCs (Johnson and Gannon 1990).
Piezo1 is gated directly by membrane tension with rapid response
times on the order of milliseconds, and is expressed across diverse
phyla for feedback control of adaptive responses to
environmental physical stressors (Cox et al., 2019). Based on
data shown here, the insensitivity of Piezo1 channels to 5-HMF
suggests that they do not account for all Psickle properties. We
propose the Psickle current is mediated by more than one ion
conduction pathway, with Piezo1 positioned as a strong
candidate for the divalent cation leak, and AQP1 a logical
mechanism accounting for the 5HMF-sensitive monovalent
cation leak.

A number of properties of AQP1 ion channels are consistent
with a direct contribution to the Psickle conductance. These are:

1) Psickle currents are found in red blood cells, in which AQP1 is
expressed (Agre et al., 1995). 2) The Psickle current is blocked by
5-HMF (Hannemann et al., 2014), which also blocks the AQP1
ion conductance (Chow et al., 2020). As shown here, anti-sickling
efficacies of 5-HMF-related derivatives correlate with their
effectiveness in blocking the AQP1 ion current. 3) SCD cells
show elevated levels of cGMP as compared with controls,
consistent with an increased activity of the cGMP-dependent
AQP1 ion conductance. As measured by enzyme-linked
immunosorbent assay (ELISA), cGMP was 6-fold higher in
sickle RBCs as compared to control (Conran et al., 2004). In
the homozoygous Townes mouse model of SCD, cGMP levels in
RBCs were elevated 9- to 13-fold as compared to control animals
(Almeida et al., 2020). 4) Psickle monovalent currents are reduced
by extracellular Ca2+ (Joiner et al., 1995). Multiple classes of
AQPs that act as ion channels (including AQP1) show outwardly
rectifying block by extracellular divalent cations (1 mM Ca2+,
Cd2+ or Ba2+, but not Mg2+), suggesting a conserved mechanism
across phyla (Kourghi et al., 2017). AQP1 binding sites for
divalent cations also have independently been proposed from
effects on the AQP1 central pore structure seen in electron cryo-
crystallography analyses (Ren et al., 2000) and the presence of a
putative candidate Ca2+-binding motif in the carboxyl terminal
domain (Fotiadis et al., 2002). 5) The stochastic behavior of
Psickle suggests a dependence on low-probability channel
activation events (Lew and Bookchin 2005). The probability of
AQP1 channel opening is low, modulated by tyrosine
phosphorylation state, and the kinetics of channel gating are
slow (Anthony et al., 2000; Campbell et al., 2012), consistent with
a low amplitude background current that might escape detection
in normal cells and account for the stochastic nature of Psickle in
hypoxic SCD cells.

Considering current drug discovery work for SCD, it is
interesting to note that the compound GBT1118 is structurally
related to Voxelotor, an approved drug recently shown in the
HOPE Phase III clinical trial to be effective in increasing SCD
patient hemoglobin concentrations, which in turn correlated with
reduced incidence of vaso-occlusive crises (Howard et al., 2021).
GBT1118 reduces RBC sickling, increases oxygen affinity,
stabilizes HbS structure, and decreases cation fluxes mediated
by Psickle, Gardos and KCC pathways (Al Balushi et al., 2019).
Psickle (defined as the clotrimazole-insensitive component
measured by radiolabelled Rb+ entry in low oxygen) was the
component most sensitive to block by GBT1118 (with an
estimated IC50 near 0.6 mM). In the presence of GBT1118, an
expected correlation between Psickle activity and Gardos activity
was lost (Al Balushi et al., 2019), perhaps suggesting the
GBT1118-sensitive Psickle K+ current is separate from the
Ca2+ permeation pathway. The possibility that AQP1 is an
unrecognized secondary target of action for Voxelotor is
currently being explored.

Results here are the first to identify AQP1 as a molecular
candidate for the monovalent Psickle current. In the SCD red
blood cell, optimal anti-sickling agents might act in parallel to
reduce HbS polymerization (countering morphological
deformation), and to block the AQP1 ion channel (countering
the Psickle leak). Further optimization of the agents and
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treatment conditions will be needed, and further analyses of roles
for other candidates such as Piezo1 channels are of interest for
future work. It is interesting to note the proposal by Eaton and
others that beneficial agents do not need to block sickling
completely, but should slow the process of sickling to facilitate
the successful passage of more RBCs through the
microcirculation (Eaton 2020). Our data suggest that
combined targeting of AQP1 and HbS might achieve this
essential aim, prolonging the window of protection.

In addition to RBCs, AQP1 channels are expressed in
endothelial and epithelial membranes of many cells (Ma et al.,
1998; Agre 2004; Maeda et al., 2009) including vascular
endothelium, which is a key player in SCD vaso-occlusion
events. The endothelial cell could be an important additional
site of action of AQP1 pharmacological inhibitors. AQP1 merits
consideration as a co-target in the development of anti-sickling
treatments. Candidate drugs, perhaps similar to 5-PMFC with
combined actions on both HbS stabilization and AQP1 ion
channel inhibition, could be valuable starting points for
generating affordable clinical options for treating sickle cell
disease around the world.
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ABSTRACT
Aquaporin-1 (AQP1) dual water and ion channels enhance
migration and invasion when upregulated in leading edges of
certain classes of cancer cells. Work here identifies structurally
related furan compounds as novel inhibitors of AQP1 ion
channels. 5-Hydroxymethyl-2-furfural (5HMF), a component of
natural medicinal honeys, and three structurally related com-
pounds, 5-nitro-2-furoic acid (5NFA), 5-acetoxymethyl-2-fural-
dehyde (5AMF), and methyl-5-nitro-2-furoate (M5NF), were
analyzed for effects on water and ion channel activities of human
AQP1 channels expressed in Xenopus oocytes. Two-electrode
voltage clamp showed dose-dependent block of the AQP1 ion
current by 5HMF (IC50 0.43 mM), 5NFA (IC50 1.2 mM), and 5AMF
(IC50 ∼3 mM) but no inhibition by M5NF. In silico docking
predicted the active ligands interacted with glycine 165, located
in loop D gating domains surrounding the intracellular vesti-
bule of the tetrameric central pore. Water fluxes through
separate intrasubunit pores were unaltered by the furan
compounds (at concentrations up to 5 mM). Effects on cell
migration, invasion, and cytoskeletal organization in vitro
were tested in high-AQP1–expressing cancer lines, colon
cancer (HT29) and AQP1-expressing breast cancer (MDA),

and low-AQP1–expressing SW480. 5HMF, 5NFA, and 5AMF
selectively impaired cell motility in the AQP1-enriched cell
lines. In contrast, M5NF immobilized all the cancer lines by
disrupting actin cytoskeleton. No reduction in cell viability was
observed at doses that were effective in blocking motility.
These results define furans as a new class of AQP1 ion
channel inhibitors for basic research and potential lead
compounds for development of therapeutic agents targeting
aquaporin channel activity.

SIGNIFICANCE STATEMENT
5-Hydroxymethyl-2-furfural (5HMF), a component of natural
medicinal honeys, blocks the ion conductance but not the water
flux through human Aquaporin-1 (AQP1) channels and impairs
AQP1-dependent cell migration and invasiveness in cancer cell
lines. Analyses of 5HMT and structural analogs demonstrate
a structure-activity relationship for furan compounds, supported
by in silico docking modeling. This work identifies new low-cost
pharmacological antagonists for AQP1 available to researchers
internationally. Furans merit consideration as a new class of
therapeutic agents for controlling cancer metastasis.

Introduction
Aquaporin (AQP) channels, found in all kingdoms of life,

serve essential roles in transmembrane fluid and solute
fluxes, enabling regulation of volume and osmotic gradients
across cell membranes (Agre et al., 1993; Reizer et al., 1993;
Hohmann et al., 2000; Gomes et al., 2009). AQP channels are
tetramers of subunits with monomeric pores that facilitate
osmotic water flux (Jung et al., 1994; Sui et al., 2001). In
AQP1, the central pore is a cGMP-gated nonselective cation
channel, permeable to monovalent cations such as Na+, K+,

Cs+, and Li+, and pharmacologically distinct from the intra-
subunit water pores (Yool et al., 1996; Saparov et al., 2001;
Boassa and Yool, 2003; Yu et al., 2006; Campbell et al., 2012;
Kourghi et al., 2018; Pei et al., 2019). Ion channel activity has
been reported for other AQPs expressed in mammals (AQP0,
AQP6), as well as in insects (Drosophila Big Brain) and plants
(soybean nodulin 26 and rockcress AtPIP2; 1) (Weaver et al.,
1994; Anthony et al., 2000; Hazama et al., 2002; Yanochko and
Yool, 2002; Boassa et al., 2006; Byrt et al., 2017).
Chemical modulators of AQP water and glycerol channel

activities have been characterized by research teams around
the world (Yool et al., 2010; Huber et al., 2012; Martins et al.,
2013; Seeliger et al., 2013; Pei et al., 2016a). Inhibitors of the
human AQP1 ion conductance identified thus far include
bacopaside I from the Ayurvedic medicinal plant Bacopa
monnieri and derivatives of bumetanide, AqB007 and AqB011,
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which also act to slow cell migration and decrease invasive-
ness in classes of cancer cell lines that express high levels of
AQP1 (Kourghi et al., 2016; Pei et al., 2016b). Divalent cations,
such as Cd2+ and Ca2+, also inhibit AQP1 ion conductance
(Boassa et al., 2006; Kourghi et al., 2017). The ongoing search
for modulators is important for developing a pharmacological
armamentarium for AQP research, for identifying drug can-
didates aimed at potential future clinical translations, and for
building understanding of ligand structure-activity relation-
ships for diverse classes of AQPs.
Traditional medicines have been used by humans for more

than 4000 years as valuable mixtures of agents with likely
therapeutic effects, including anticancer activities (Khan, 2014;
He et al., 2019). Natural remedies based on manuka and
tualang honeys are reported to have antioxidant (Khalil et al.,
2012), anti-inflammatory (Gasparrini et al., 2018), antibacte-
rial (Girma et al., 2019), and antidiabetic (Lori et al., 2019)
effects, with benefits in gastrointestinal disorders (Ghosh and
Playford, 2003), wound infections (Shan, 2019), and cancers
(Attia et al., 2008; Aryappalli et al., 2017; Abel et al., 2018; Afrin
et al., 2018). Medicinal extracts have been useful as sources of
new pharmacological agents to modulate proteins involved in
diverse physiologic functions, including for example ion chan-
nels, receptors, and transporters (Sucher and Carles, 2015).
One of the compounds naturally occurring in both manuka

and tualang honeys is 5-hydroxymethyl-2-furfural (5HMF),
which shows differences in concentration levels that have been
suggested to correlate with therapeutic effectiveness (Ahmed
and Othman, 2013). 5HMF confers protective effects in brain
and cardiac ischemic injurymodels. Intraperitoneally injected
5HMF (12mg/kg) reduced neurologic deficits and brain edema
in mice after transient global cerebral ischemia (Ya et al.,
2017). In perfused isolated rat hearts, 5 mM 5HMF reduced
damage during 20-minute no-flow ischemia, enhanced coro-
nary artery relaxation, and accelerated recovery to normal
sinus rhythm during reperfusion (Wölkartet al., 2017).
Work here tested for effects of 5HMF and related com-

pounds on the ion conductance and the water channel activity
of human AQP1 channels expressed in Xenopus oocytes and
evaluated the effects of the same agents on the rates of
migration and invasiveness of AQP1-expressing breast cancer
(MDA) and colon cancer (HT29) cell lines and a colon cancer
line with low levels of AQP1 (SW480). Results showed that
5HMF blocked the ion conductance but not the osmotic water
fluxmediated by AQP1, and provided evidence for a structure-
activity relationship for furan compounds, which was sup-
ported by results from in silico docking modeling. Block of cell
migration in AQP1-positive lines correlated with effectiveness
in inhibiting AQP1 for three (5HMF, 5ANF, 5NFA) of the four
agents tested. The fourth compound, M5NF, blocked motility
in all cell lines by an AQP1-independent mechanism. These
results expand the panel of known AQP1 modulatory agents
and identify new low-cost pharmacological antagonists that
are available from commercial suppliers internationally.
Possible therapeutic activities of improved furan derivatives
in animal models of cancer metastasis could be of interest in
future research.

Materials and Methods
Oocyte Preparation and cRNA Injection. Unfertilized oocytes

were harvested from anesthetized female Xenopus laevis frogs in

accordance with national guidelines (Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes), using protocols
approved by the University of Adelaide Animal Ethics Committee
(M2018-016). Harvested oocytes were defolliculated in collagenase
type 1A (2 mg/ml) in isotonic saline (100 mM NaCl, 2 mM KCl, 5 mM
MgCl2, and 5 mM HEPES; pH 7.6) for 1.5 hours at approximately 18°
C. Oocytes were washed three times with isotonic saline and trans-
ferred into frog Ringer’s saline [isotonic saline supplemented with
0.6 mM CaCl2, 5% horse serum (v/v), 100 U/ml penicillin, 0.1 mg/ml
streptomycin, and 0.5 mg/ml tetracycline]. Healthy oocytes were
injected with 50 nl of sterile water (non-AQP1 control oocytes) or 50
nl wild-type humanAQP1 cRNA (approximately 1 ng in sterile water).
Injected oocytes were incubated in frog Ringer’s saline at 18°C for
48 hours or more to allow time for protein expression. Prior to
experimental assays, control and AQP1-expressing oocytes were
rinsed in isotonic saline (without serum, antibiotic free) for at least
1 hour.

Human AQP1 cDNA (National Center for Biotechnology Informa-
tion GenBank NM_198098) (Preston et al., 1992) subcloned in
a Xenopus b-globin expression plasmid was linearized with BamHI
and transcribed using T3 polymerase (T3 mMessage mMachine;
Ambion, Austin, TX). The cRNA was resuspended in sterile water
and stored at280°C. All chemicals are from Sigma-Aldrich Chemicals
(St. Louis, MO) unless otherwise indicated.

Furan Compounds. 5HMF and three structurally related com-
pounds: 5-nitro-2-furoic acid (5NFA); 5-acetoxymethyl-2-furaldehyde
9 (5AMF), andmethyl 5-nitro-2-furoate (M5NF), were purchased from
Sigma-Aldrich Chemicals. 5HMF was dissolved in water, whereas
other compounds were dissolved in DMSO to create 1000� stock
solutions, diluted 1 ml/ml into experimental salines to final concen-
trations. The equivalent amount of DMSOalone (0.1%) in saline or cell
culture medium was used as the vehicle control.

Quantitative Swelling Assay. For the swelling assays, each
oocyte served as its own control, as described previously (Migliati
et al., 2009). Each oocyte was tested first without drug treatment,
incubated for 2 hours in isotonic saline with vehicle or with one of the
furfural-related compounds, and then reassessed in a second swelling

Fig. 1. Electrophysiological recordings illustrating the effects of 5HMF
and related compounds on the cGMP-activated AQP1 ion conductance. 5-
Hydroxymethyl-2-furfural, 5-nitro-2-furoic acid, 5-acetoxymethyl-2-fural-
dehyde, and methyl 5-nitro-2-furoate were tested for effects on the ionic
conductance of AQP1-expressing oocytes. Each row shows responses
recorded during the sequential treatment of a single oocyte: first, prior to
application of 8CPT-cGMP (initial; left); second, at 30 minutes after the
first application of 8CPT-cGMP (cGMP first; middle); and third, after 2
hours incubation in the indicated treatment followed by 30 minutes
reapplication of 8CPT-cGMP (cGMP second; right).
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assay. Swelling rates weremeasured in 50% hypotonic saline (isotonic
saline diluted with an equal volume of water, without test compounds
present). Oocytes were imaged with a grayscale camera (Cohu, San
Diego, CA) on a dissecting microscope (Olympus SZ-PT; Olympus,
Macquarie Park, Australia) at one frame per second for 30 seconds
using NIH ImageJ software. Oocytes were then incubated in isotonic
saline alone, with vehicle, or with the indicated compound and
were reassessed in a second swelling assay. The swelling rates
were calculated from slope values of linear regression fits of cross-
sectional areas as a function of time using GraphPad Prism.

Electrophysiology. Two-electrode voltage-clamp recordings of
control and AQP1-expressing oocytes in isotonic Na+ saline were done
with capillary glass electrodes (1–3 MV) filled with 1 M KCl using
a GeneClamp amplifier. Bath application of membrane-permeable
8-(4-chlorophenylthio)-guanosine 39,59-cyclic monophosphate (8CPT-
cGMP) activated the ionic conductance in AQP1-expressing oocytes,
as described previously (Campbell et al., 2012). The ionic conductance
in AQP1-expressing oocytes was activated by application of a bolus of
8CPT-cGMP to achieve a final bath concentration of 10 mM. Changes
in current over time were monitored by brief repeated voltage step
protocols to +40 mV from a holding potential of 240 every 6 seconds.
Conductance values were measured using voltage steps from +60 to
2110 mV. Recordings were filtered at 2 kHz and stored to hard disk
for offline analysis. Data were analyzed with Clampex 9.0 software
(pClamp 9.0; Molecular Devices, Sunnyvale, CA) and Prism software
(GraphPad, San Diego, CA).

Molecular Modeling. In silico modeling was conducted as
reported previously (Pei et al., 2016b). The protein crystal structures
of human AQP1 were obtained from the Protein Data Bank (Protein
Data Bank ID:1FQY). Structures for 5HMF and related compounds
were downloaded from PubChem and converted into software-
compatible three-dimensional structures in .pdb format using the
online SMILES Translator and Structure File Generator (National
Cancer Institute, U.S. Department Health and Human Services,
Washington, DC). Both AQP1 and ligand coordinates were prepared
for docking using MGLtools (version 1.5.4; Scripps Institute, San
Diego, CA). The docking was carried using Autodock Vina (Trott and
Olson, 2010), with a docking grid covering the intracellular face of the
tetrameric pore.

Cancer Cell Culture and Migration Assays. HT29 and SW480
colon cancer cell lines and MDA-MB-231 (referred to here as “MDA”)
breast cancer cell lines (from American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1� glutaMAX (Life Technologies, Mul-
grave, Australia), penicillin and streptomycin (100 U/ml each), and
10% FBS (v/v) at 37°C in a 5% CO2 humidified environment. For
wound healing assays of two-dimensionalmigration over flat surfaces,
confluent cultures of cancer cell lines were tested using the circular
wound closure method (De Ieso and Pei, 2018) to measure the effect of
5HMF and related compounds on the rates of cell migration. Cells
were plated in flat-bottomed 96 well plates at 1.25� 105 cells per well
forHT29, or 1� 105 cells perwell forMDAand SW480 lines, inDMEM
supplemented with 1� glutaMAX (Life Technologies), penicillin and
streptomycin (100 U/ml each), and 10% FBS. Cultures were incubated
at 37°C in 5% CO2 for 18–24 hours. Once cells achieved 80%–

90% confluence, the culturemediumwas replacedwith reduced serum
(2% FBS) DMEM medium with 400 nM of the mitotic inhibitor 5-
fluoro-2’-deoxyuridine, and cells were incubated overnight to achieve
a confluent monolayer. Circular wounds were created with a sterile
p10 pipette tip; wells were washed two times with PBS to remove cell
debris. Reduced serum DMEM culture medium (containing either
vehicle or furan derivatives) was applied into the wells. Images of
wounds were taken at 0 and 24 hours with a Canon 6D camera on an
Olympus CK2 microscope (10� objective). Wound areas were quanti-
fied using NIH ImageJ software (US National Institutes of Health) as
described previously (De Ieso and Pei, 2018).

Transwell invasion assays were used tomeasure three-dimensional
migration through an extracellular matrix. Cells were grown to

approximately 40% confluence under normal culture conditions
and transferred into reduced serum (2% FBS) DMEM medium for
32–34 hours before seeding. Corning Transwell polycarbonate
membrane cell culture inserts (8-mm pore size; product #3422;
Sigma-Aldrich) were prepared by coating the upper surface of the
filter with 40 ml of extracellular matrix-like gel from Engelbreth-
Holm-Swarm murine sarcoma (diluted to 25 mg/ml in sterile water;
Sigma-Aldrich), allowed to dry overnight in a sterile hood, and then
rehydrated with 50 ml of serum-free DMEM 2 hours before cell
seeding. In the lower chamber, 600 ml of DMEM with 10% serum
(chemoattractant) was added with or without the vehicle or furan
agents. Cells were seeded into the upper chamber at 2.5 � 105 cells
per well for HT29, 1.5 � 105 cells per well for SW480, and 1 � 105

cells per well for MDA in serum-free DMEM, with DMSO or furan
agents matching in the lower chamber. Durations of incubations for
Transwell assays were optimized empirically in previous work
(Nourmohammadi et al., 2019); durations used were 6 hours for
MDA and 24 hours for HT29 and SW480, at 37°C in 5% CO2. For
quantitation of invasion, nonmigrated cells were wiped from the
upper surface of the membrane with a cotton swab; migrated cells
on the trans (lower) surface were counted after staining with
crystal violet (Sigma-Aldrich). Numbers of migrated cells were
determined for three fields per replicate, with two replicates per

Fig. 2. Differential inhibition of the cGMP-activated AQP1 conductance
by 5HMF and related compounds. (A) Box plot showing inhibition of
the cGMP-activated AQP1 ionic conductance with 5-hydroxymethyl-2-
furfural, 5-nitro-2-furoic acid, and 5-acetoxymethyl-2-furaldehyde but not
with vehicle (DMSO) or methyl 5-nitro-2-furoate. Boxes contain 50% of the
data points; bars show the full range of data values; horizontal bars show
the median value. n values are above the x-axis. Statistical comparisons
used two-tailed paired t tests within treatment groups. (B) Structures of
the compounds tested. Statistical comparisons are indicated as P, 0.0001
(***); P , 0.001 (**); or N.S. (P $ 0.05); see Methods for details.
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experiment, and normalized to the mean number of migrated cells
in the vehicle control treatment of the same cell line.

Cell Viability Assay. HT29, MDA, and SW480 cell viabilities
were assessed using the alamarBlue assay (Molecular Probes,
Eugene, OR). Cells were plated at 104 cells per well in 96-well plates,
and fluorescence signals were measured with a FLUOstar Optima
microplate reader (BMGLabtech,Ortenberg, Germany) after 24 hours
of incubation with vehicle, 5HMF, or related furan compounds.

Actin Staining. HT29, SW480, and MDA cells were cultured in
m-plate eight-well dishes (Ibidi, Munich, Germany) in 2% FBS with 5-
fluoro-2’-deoxyuridine (400 nM) and incubated at 37°C in 5% CO2.
After 12–18 hours of incubation, cells were treated with DMSO
(vehicle) or furan derivatives and incubated for another 24 hours.
Cells were then washed with PBS and fixed with 4% paraformalde-
hyde at room temperature for 10–30 minutes. Fixed cells were rinsed
two to three times with PBS and permeabilized with 200 ml of

0.1% Triton X-100 in PBS for 3–5 minutes at room temperature.
Phalloidin-iFluor 488Reagent CytoPainter (ab176753; Abcam,MA) at
1:1000 dilution was used to stain F-actin cytoskeleton at room
temperature in the dark for 1–2 hours. Hoechst stain (diluted 1:
1000; catalog # 861405; Sigma-Aldrich) was used to label cell nuclei.
Cells were visualized using an SP5 laser scanning confocal microscope
(Leica, Germany) at Adelaide Microscopy core facilities.

Quantitative Polymerase Chain Reaction Analysis of AQP1
Expression. HT29, SW480, and MDA cells were seeded in triplicate
at 4 � 105 cells per well in six well plates and incubated at 37°C in
humidified 5% CO2 environment overnight. The PureLink RNA Mini
Kit (Invitrogen, Carlsbad, CA) was used for total RNA extraction for
all cancer cell lines. cDNAwas synthesized from1mg of extractedRNA
using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Ger-
many). Synthesized cDNA was quantified using a NanoDrop (Life
Technologies, Carlsbad, CA). A final concentration of 50 ng cDNAwas
used to perform real-time quantitative Reverse Transcription-PCR
analyses using SYBR Green PCR Master Mix (Applied Biosystems,

Fig. 3. Trend plots showing the effects of 5HMF and related compounds
on ion conductances. Conductance values were measured for AQP1-
expressing (left) and non–AQP-expressing (right) oocytes. Lines link the
values for single oocytes recorded before 8CPT-cGMP (initial), 30 minutes
after 8CPT-cGMP (“1st cGMP”), after 2-hour incubation in saline with
vehicle or furan compounds without cGMP (“post-incub”), and after
reapplication of 8CPT-cGMP (“2nd cGMP”). Treatments (listed right) were
applied during the 2-hour recovery interlude between “1st cGMP” and
“post-incub” steps. n values are shown in italics above the x-axis.

Fig. 4. Dose dependence and rate of onset of block of the cGMP-activated
AQP1 ionic conductance. (A) Dose-response curves showing mean percent
block (6S.E.M.) as a function of concentration of the furan compounds.
Estimated IC50 values are listed in the legend. n values were three per dose
for 5-hydroxymethyl-2-furfural (except 1 mM which was n = 7), three per
dose for 5-nitro-2-furoic acid, and three per dose for 5-acetoxymethyl-2-
furaldehyde (except 5 mM, which was n = 4). n values indicate individual
oocytes; data were combined from four batches of oocytes. (B) Time of onset
of block of AQP1 ionic conductance during incubation in 1 mM 5HMF. The
mean level of inhibition of the AQP1 ionic conductance (6S.D.) was 21%6
3% at 15 minutes (n = 4), 41%6 6% at 30 minutes (n = 4), and 75%6 5% at
60 minutes (n = 8) of incubation time. n values indicate individual oocytes;
data were combined from two batches of oocytes. Statistical analyses used
two-tailed paired t tests to compare initial and second timepoints for the
same oocytes. Statistical comparisons are indicated as P, 0.00001 (****);
or P , 0.001 (**); see Methods for details.
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Foster City, CA). StepOne Plus real-time PCR software was used for
data analysis. The primer sequences used for AQP1 were forward 59-
CGCAGAGTGTGGGCCACATCA- 39 and reverse 59 -CCCGAGTTC
ACACCATCAGCC - 39, amplifying a product of 217 bp. Ribosomal
protein S13 (RPS13) was used as a standard, and target mRNA
levels relative to RPS13 were calculated from the differences
in cycle thresholds quantified using the individual-efficiency-
corrected method.

Data Analysis and Statistics. Results compiled from replicate
experiments are presented as box plots to show the full range of data
points. Boxes represent 50% of the data, the error bars indicate the full
range, and the horizontal bar is the median value. Statistical differ-
ences were evaluated using one-way ANOVA, paired or unpaired
Student’s t tests, or Dunnett’s Multiple Comparisons as indicated.
Symbols used in figures show P , 0.00001 (****); P , 0.0001 (***);
P , 0.001 (**); P , 0.05 (*); or N.S. (P $ 0.05).

Results
Effects of Furan Compounds on the AQP1 Ion

Channel Conductance. Effects of 5HMF and three struc-
turally related compounds (5NFA, 5AMF, and M5NF) were
assessed using two-electrode voltage clamp to record ion
conductance amplitudes in AQP1-expressing oocytes (Fig. 1).
Currents were measured before (“initial”) and 30 minutes
after activation by 8CPT-cGMP (“cGMP first”). Oocytes were
then incubated 2 hours in isotonic saline with vehicle or the
indicated agents. During the incubation period (without
8CPT-cGMP present), the ionic conductance recovered to
initial levels as described previously (Kourghi et al., 2016).
Incubation with the vehicle (DMSO) did not impair the second
conductance response to 8CPT-cGMP (“cGMP second”).
Responses were inhibited after incubation in 5HMF or
5NFA at 1 mM, and partially in 5AMF at 3 mM. No
appreciable block was observed after incubation with M5NF
(5 mM).
Compiled data for conductance responses (Fig. 2) show ampli-

tudes of cGMP-activated conductances in AQP1-expressing

oocytes, with each oocyte measured before and after incuba-
tion with vehicle or a furan derivative, as indicated. Paired
t tests were used for statistical comparisons with treatment
groups. Conductance responses to cGMP were reduced after
treatment with 5HMF, 5NFA, or 5AMF as compared with
the initial cGMP-activated responses in the same oocytes
(Fig. 2A). M5NF was not effective. Structures of the furan
derivatives are illustrated in Fig. 2B. The active agents have
a carboxylic acid (5NFA) or aldehyde (5HMF, 5AMF) group on
the furan ring; methylation of the carboxylic acid group in
M5NF correlated with absence of any apparent inhibition of
AQP1 ion channels.
Trend plots (Fig. 3) summarize conductance responses mea-

sured by two-electrode voltage clamp for AQP1-expressing
and non–AQP-expressing (control) oocytes. Initial conductances
in AQP1-expressing and control oocytes were similarly low
before addition of 8CPT-cGMP. After application of the agonistFig. 5. In silico modeling of predicted binding sites for 5HMF and related

compounds. (A) Docking modeling results suggested the most favorable
energy of interaction for the ligands was in the loop D domains, which
surround the tetrameric central pore. Glycine 165 in human AQP1 is
predicted to interact by hydrogen bonding (blue dotted line) with polar
aldehyde or acid moieties of 5HMF and 5NFA, respectively. 5AMF and
M5NF appeared to fit into the central pore domain, but specific amino
acid interactions were not identified by the model. (B) Magnified views
of hydrogen bonding interactions for 5HMF and 5NFA with Gly165 as
predicted by in silico modeling.

Fig. 6. Osmotic water permeability of AQP1-expressing oocytes is not
altered by treatment with 5HMF or related compounds. (A) Osmotic
swelling was monitored as the increase in oocyte volume, standardized to
initial volume, as a function of time after introduction of each oocyte into
50% hypotonic saline at time zero. Data are means6 S.E.M. The control n
value was 10; other n values were as shown in B. (B) Linear regression fits
of responses (illustrated in A) were used to calculate slope values
indicating swelling rates, which were compiled into a box plot. Swelling
rates of AQP1-expressing oocytes were measured before (initial) and after
2 hours of incubation in saline with vehicle or 5 mM furan compounds as
indicated. Boxes show 50% of the data; whiskers show the full range;
horizontal bars are median values; n values are in italics above the x-axis.
None of the treatment groups showed responses that were different from
untreated, based onANOVAP= 0.1799 and two-tailed paired t testswithin
treatment groups. Statistical comparisons indicating no significant differ-
ence are shown as NS (P $ 0.05); see Methods for details.
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(“first cGMP”), currents in AQP1-expressing oocytes increased to
a maximum amplitude by approximately 30 minutes, whereas
control oocytes showed no substantial effect of cGMP in the same
timeframe. Oocytes were then transferred into incubation
salines containing vehicle or the indicated furan derivatives for
2 hours. Initial ionic conductances recorded after the incubation
period (“post-incub”) were comparable to those in the starting
initial condition, confirming that ion channel activation was
reversible. Second applications of 8CPT-cGMP in normal saline
were used to assess levels of inhibition established during the
incubation period. The AQP1 conductance was fully reactivated
by 8CPT-cGMP (“second cGMP”) after incubation in saline with
vehicle, showing that repeated recordings were well tolerated.
The impairment of AQP1 reactivation by cGMP after incubation
in 1 mM 5HMF, 3 mM 5NFA, or 5 mM 5AMF indicated
inhibition of the ionic conductance.M5NFshowedno appreciable
blocking effect. Non–AQP1-expressing control oocytes showed
little or no effects of cGMP, vehicle, or furan derivatives.
The effects of the active furan derivatives on the AQP1 ionic

conductance were dose-dependent and required time to
establish (Fig. 4). Dose-response relationships (Fig. 4A) for
percent block (mean6 S.E.M.) provided estimated IC50 values
for 5HMF (0.43 mM), 5NFA (1.2 mM), and 5AMF (3 mM or
higher). The onset of block of the AQP1 conductance by 5HMF

was not immediate, requiring time for establishment (Fig. 4B).
8CPT-cGMP–activated ion conductance responses were mea-
sured for the same AQP1-expressing oocytes at time zero and
at a second time point thereafter. During the interlude,
oocytes were incubated in 1 mM 5HMF for 15, 30, or
60 minutes before being rinsed in standard saline and tested
for reactivation with the second application of 8CPT-cGMP.
Statistical comparisons were done with paired t tests. The
magnitude of block increased with longer times of incubation
in 1 mM 5HMF, reaching near maximal block after 1 hour of
incubation (Fig. 4B). The time needed to establish block was
consistent with a predicted intracellular site of action of
5HMF at the AQP1 channel. Similar latencies for onset of
block (1 to 2 hours) have been described for agents such as
AqB013, AqB011, and bacopasides that act at the intracellular
side of the AQP1 channel (Migliati et al., 2009; Kourghi et al.,
2016; Pei et al., 2016b) and require time to cross the plasma
membrane.
In silico docking analyses were used to investigate candi-

date sites for interaction of the ligand 5HMF with the human
AQP1 channel (Fig. 5). Views from the intracellular side of the
channel show the site that emerged as having the most
favorable energy of interaction was in the loop D regions,
which surround the intracellular face of the central pore

Fig. 7. Circular wound closure in HT29, MDA, and SW480 cells is differentially impaired by 5HMF and related compounds. (A) Box plots depicting
results for percent wound closure of HT29, MDA, and SW480 cells after treatment with or without vehicle or furan derivatives. HT29 and MDA showed
block by all compounds; SW480 was sensitive only to M5NF. n = 8 for all groups except HT29 5NFA (0.75 mM) and HT29 M5NF (0.75 mM), which were
n = 7 each. Statistical analyses were done with one-way ANOVA and Dunnett’s Multiple Comparisons tests for each column as compared with vehicle
control. (B) Representative images showing circular wounds at 0 (upper row) and 24 hours (bottom row) in cultured HT29 cells treated with vehicle,
5HMF, or M5NF. (C) Superimposed outlines of circular wound perimeters at 0 (black) and 24 (gray) hours for representative examples from each
treatment group were generated by ImageJ software. Statistical comparisons are indicated as P , 0.00001 (****); see Methods for details.
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(Fig. 5A). These cytoplasmic loops, connecting the fourth and
fifth transmembrane domains of each subunit, modulate AQP
channel gating (Yu et al., 2006; Nyblom et al., 2009; Kourghi
et al., 2018). In silico models of predicted binding sites for
5HMF and 5NFA suggest formation of hydrogen bond inter-
actions between the ligand and glycine 165 (Fig. 5B), a residue
conserved in AQP1 amino acid loop D sequences across species
(Kourghi et al., 2018). Predicted energies of interaction (kcal/mol)
estimated from the in silico docking model were 5HMF (24.9),
5NFA, (24.3), 5AMF (24.0), and M5NF (23.9).
Effects of Furan Compounds on AQP1 Osmotic Water

Fluxes. The furan derivatives did not inhibit AQP1 osmotic
water permeability (Fig. 6). Oocytes expressing AQP1 and
non-AQP1 control oocytes were assessed for osmotic water
permeability as quantified by swelling rates in 50% hypotonic
saline (Fig. 6A) as per published methods (Migliati et al.,
2009). Swelling rates were measured for the same oocytes
before and after treatment with furan compounds (Fig. 6B).
AQP1-expressing and non-AQP control oocytes were tested in
initial swelling assays and then transferred into isotonic
saline with DMSO vehicle (“untreated”) or with furan deriv-
atives (5 mM) for 1 hour. After incubation, oocytes were rinsed
briefly in saline and tested again for swelling in hypotonic
saline. Based on paired t test evaluations within treatment
groups, there were no differences between the first and second
swelling rates (Fig. 6B), indicating that none of the furan
compounds appreciably affected AQP1 water permeability.
Effects of Furan Derivatives on Cancer Cell Migra-

tion Rates. Effects of the furan derivatives on the migration
of breast and colon cancer cell lineswere tested using a circular
wound closure assay. Results in Fig. 7 show that HT29 cell

migration was reduced by furan derivatives as compared with
vehicle control. Cell migration was reduced 85% by 5HMF
(P , 0.0001), 68% by 5NFA (P , 0.0001), and 37% by 5AMF
(P , 0.0001) (each at 1 mM), indicating that the agents that
were found to block the AQP1 ion conductance were also
effective in reducing motility. A similar pattern was observed
forMDA cellmigration, whichwas reduced 43% by 5HMF (P,
0.0001), 37% by 5NFA (P , 0.0001), and 27% by 5AMF (P ,
0.0001). In contrast, SW480 cells showed no sensitivity to
5HMF (P = 0.9997), 5NFA (P = 0.929), or 5AMF (P = 0.4849),
with migration rates comparable to that of vehicle control and
consistent with the low level ofmembraneAQP1 protein in the
SW480 cell line. However, M5NF (which did not affect AQP1
water or ion channel activities), unexpectedly inhibited mi-
gration in all three cell lines, reducing HT29 cell migration by
87% (P , 0.0001), SW480 by 77% (P , 0.0001), and MDA by
60% (P , 0.0001). These results suggest that M5NF targets
a widespread process that is required for cell motility but is
not mediated by AQP1.
Cell metabolic activity as an estimator of viability was

measuredwith the alamarBlue assay, with results normalized
to metabolic activity levels of vehicle-treated groups in the
same cell lines (Fig. 8). Metabolic activity was not impaired by
5HMF or related compounds at 1 mM in any of the cell lines
(Fig. 8, A–C), suggesting the reduced cancer cell motility seen
at this concentration could not be attributed primarily to
reduced cell viability. Furan derivatives did impair metabolic
activity at higher concentration (2 mM) in all cell lines,
suggesting an upper limit for a potential therapeutic window,
depending on cell type. Oocytes showed no evidence of toxicity
from any of the agents at any of the doses tested (up to 5 mM),

Fig. 8. Analysis of dose-dependent cytotoxic effects of
treatments and confirmation of AQP1 mRNA expression
levels in the cancer cell lines. Cell viability shown in box plot
summaries was measured by alamarBlue assay for (A)
HT29, (B) MDA, and (C) SW480 cells. Data were standard-
ized to results for untreated cells. Statistical analyses were
done with one-way ANOVA and Dunnett’s Multiple Com-
parisons tests for each column as compared with vehicle
control. n = 6 in all treament groups. (D) AQP1 transcript
levels, standardized to transcript levels of RPS13, were
higher in HT29 and MDA than in SW480, as determined by
quantitative reverse-transcription PCR. Histogram bars
show means 6 S.D.; n values are indicated in italics.
Statistical comparisons are indicated as P , 0.00001
(****); P , 0.0001 (***); P , 0.05 (*); or N.S. (P $ 0.05);
see Methods for details.
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based on the observed maintenance of normal low ionic
conductances in non-AQP1 control oocytes throughout the
treatment protocols (Fig. 3), normal appearance, and typical
resting membrane potentials (data not shown).
Levels of AQP1 transcript measured using quantitative

PCR were confirmed to be high in MDA and HT29 cell lines
and low in SW480 cells (Fig. 8D), consistent with results
reported previously (Pei et al., 2016b, 2019; Nakhjavani et al.,
2019). The low level of AQP1 protein that is expressed in
SW480 cells has been shown to be mainly intracellular,
consistent with the insensitivity of these cells to effects of
AQP1 channel blockers (De Ieso et al., 2019).
Effects of Furan Derivatives on Cancer Cell In-

vasiveness. The effect of furan derivatives on cancer cell
invasiveness was tested using a Transwell invasion assay, in
which cells migrated through an extracellular matrix–like
material layered on a semipermeable membrane toward
a chemoattractant (FBS) and then were stained with crystal
violet and counted on the trans-side of the filter (Fig. 9). HT29
cell invasiveness was impaired 30% by 5HMF (P, 0.001) and
25% by 5NFA (P , 0.001), as compared with vehicle control;
5AMF (P = 0.1175) was not effective. In MDA cells, invasion
was blocked 49% by 5HMF (P , 0.001); NFA (P = 0.6415) and
5AMF (P = 0.9858) were not effective. SW480 cells showed no
block of invasion by 5HMF (P = 0.9958), 5NFA (P = 0.9996), or

5AMF (P = 0.9971). However, M5NF intriguingly caused
almost complete block of invasion in all three cell lines,
suggesting effects on a ubiquitous motility mechanism.
Effect of Furan Derivatives on Actin Polymerization.

Pathways involved in cancer cell motility and metastasis are
frequently found to include kinase and GTPase signaling
cascades that converge on the regulation of actin cytoskeletal
organization (Foxall et al., 2016). To examine the effects of
M5NF on F-actin polymerization as an endpoint (Hinz and
Jucker, 2019), HT29,MDA, and SW480 cells were treatedwith
furan derivatives and then labeled with fluorescent phalloi-
din, which binds F-actin polymers with high affinity and
reveals actin parallel fiber and network structures (Wulf et al.,
1979).
Confocal imaging showed that fluorescence signal intensi-

ties were reduced in all three cell lines after treatment with
M5NF, which disrupted the transverse parallel fiber tracts of
actin, leaving trace residual staining against cell boundaries
(Fig. 10). In contrast, treatments of HT29, MDA, and SW480
cells with the other furan derivatives had no discernable
effects on actin signal intensity or structural organization as
compared with vehicle control or untreated. M5NF effects
on cell motility were distinct from those of the other furan
derivatives and appeared to involve pathways controlling
actin organization or assembly.

Fig. 9. Effects of 5HMF and related compounds on Transwell cell invasiveness of HT29,MDA, and SW480 cells. (A) Box plots depicting HT29,MDA, and
SW480 cell migration across Transwell filters with extracellularmatrix with or without treatment with vehicle or furan derivatives at 1mMas indicated.
Statistical comparisons were done with ANOVA and unpaired t tests compared with vehicle controls. n values are seven each per treatment group for
HT29 and six each per treatment group for SW480 andMDA. (B) Images illustrating differences in the abundance of successfully migrated cells (stained
purple) on the trans sides of filters for the three cell lines untreated and in the different treatment conditions (at 1 mM, or equivalent DMSO for vehicle).
Statistical comparisons are indicated as P , 0.00001 (****); P , 0.0001 (***); or P , 0.001 (**); see Methods for details.
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Discussion
AQP1 is upregulated in classes of breast, glioblastoma,

colorectal, and other cancers and has been suggested to
correlate with poor prognoses (El Hindy et al., 2013; Yoshida
et al., 2013; Wang et al., 2017; Luo et al., 2018; Shimasaki
et al., 2018). The dual water and ion channel function of AQP1
facilitates cancer cell migration and invasiveness in vitro
(Kourghi et al., 2016; Pei et al., 2016b; De Ieso et al., 2019;
Tomita et al., 2019), suggesting this channel might be of
interest when considering new approaches to control cell
motility (De Ieso and Yool, 2018). Fifteen classes of AQP
(AQP0–14) have been identified to date in mammals (Denker
et al., 1988; Preston and Agre, 1991; Ishibashi et al., 2009;
Finn et al., 2014). Furans remain to be tested on other classes
of AQPs. AQP1 expression has been linked to migration in
certain aggressive cancer subtypes and has been proposed as
a potential target for treatments to restrain cancer metastasis
(Hu and Verkman, 2006; McCoy and Sontheimer, 2007; Jiang
et al., 2009; Dorward et al., 2016; Pei et al., 2016a; De Ieso and
Yool, 2018). In these cancer subtypes, AQP1 is localized at the
leading edges of the migrating cells (McCoy and Sontheimer,
2007; Pei et al., 2019), where it is thought to facilitate rapid
volume changes during process extension and retraction
(Verkman et al., 2008; Yool and Campbell, 2012).
5HMF is a naturally occurring compound in alternative

medicinal treatments, with diverse reported effects, including
benefits in some edema-associated conditions. This study
tested the hypothesis that 5HMF might act as an inhibitor
of AQP1 water or ion channel activities. Results showed that
5HMF blocked the cationic conductance of AQP1 with an IC50

value of approximately 400 mM, but it did not alter water
channel activity. The AQP1 ion current was also inhibited by

5NFA and 5AMF; however, no AQP1 inhibition was observed
with M5NF. Excluding M5NF, the AQP1-inhibitory efficacy
appeared to be inversely related to the size of the moiety at
position 5 on the furan ring; themost potent agent, 5HMF, has
the smallest group (hydroxy-methyl), and the least effective
agent, 5AMF, has the largest group (acetoxy-methyl), al-
though other differences could also be important. The methyl
ester group on M5NF would be expected to increase relative
hydrophobicity, and if anything, enhance membrane perme-
ability and thus access to a proposed intracellular binding
site; however, this feature did not rescue any AQP1 channel
blocking effect. An amino acid predicted by in silico docking to
be involved in ligand interaction is glycine 165, located in the
loop D domain, a region which has been suggested to gate AQP
channel activities (Tornroth-Horsefield et al., 2006; Yu et al.,
2006; Kourghi et al., 2018). Predicted interactions of other
ligands with loop D similarly have been correlated with
inhibition of AQP1 ion channel activity (Kourghi et al., 2016;
Pei et al., 2016b). Results here are consistent with the idea
that furan ligands do not interact with intrasubunit pores to
alter osmotic water fluxes but could alter loop D gating to
inhibit ion conductance through the central pore.
Several lines of evidence support the conclusion that

5HMF and certain structural analogs pharmacologically
target the AQP1 ion channel directly to slow migration and
invasion in AQP1-expressing cancer cell lines. The high-
AQP1–expressing cell lines HT29 and MDA were sensitive
to furan-based AQP1 ion channel blockers, whereas the low-
AQP1–expressing cell line SW480 was not. The absence of
effects of 5HMF, 5NFA, and 5AMF on SW480 cells showed
that the agents did not impair motility indirectly via general
cytotoxicity. Histologic analyses ruled out the idea that AQP1-
blocking furans impaired migration indirectly by disrupting
cytoskeleton. Furan compounds at 5 mM did not alter osmotic
water fluxes in oocytes, confirming that the pharmacological
treatments did not reduce AQP1 protein levels in oocyte
plasma membranes, nor did they disrupt AQP1 tetrameric
subunit organization which is a prerequisite for water channel
activity (Jung et al., 1994). In contrast, M5FA impaired
migration through a general mechanism that did appear to
involve actin disorganization.
In summary, results here showed that 5HMF and related

furan compounds 5NFA and 5AMF are AQP1 ion channel
blockers. The level of pharmacological inhibition is dose-
dependent anddiffers between compounds, suggesting a chem-
ical structure-activity relationship. Cancer wound closure and
invasion are inhibited by AQP1-blocking furan derivatives in
AQP1-enriched cancer cell lines. These outcomes add support
for the proposal that the ion channel function of AQP1 is an
important component of mechanisms of migration in some
classes of cells. Development of furan agents using 5HMF as
a lead compound might have promise for the development of
new AQP1-based therapeutics for selected cancers and other
disorders.
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combined pharmacological 
administration of AQP1 ion channel 
blocker AqB011 and water channel 
blocker Bacopaside II amplifies 
inhibition of colon cancer cell 
migration
Michael L. De ieso  1, Jinxin V. pei  1, Saeed nourmohammadi1, eric Smith  1,2, 
pak Hin Chow1, Mohamad Kourghi1, Jennifer e. Hardingham  1,2 & Andrea J. Yool  1

Aquaporin-1 (AQP1) has been proposed as a dual water and cation channel that when upregulated 
in cancers enhances cell migration rates; however, the mechanism remains unknown. Previous work 
identified AqB011 as an inhibitor of the gated human AQP1 cation conductance, and bacopaside II 
as a blocker of AQP1 water pores. In two colorectal adenocarcinoma cell lines, high levels of AQP1 
transcript were confirmed in HT29, and low levels in SW480 cells, by quantitative PCR (polymerase 
chain reaction). Comparable differences in membrane AQP1 protein levels were demonstrated by 
immunofluorescence imaging. Migration rates were quantified using circular wound closure assays and 
live-cell tracking. AqB011 and bacopaside II, applied in combination, produced greater inhibitory effects 
on cell migration than did either agent alone. The high efficacy of AqB011 alone and in combination 
with bacopaside II in slowing HT29 cell motility correlated with abundant membrane localization of 
AQP1 protein. In SW480, neither agent alone was effective in blocking cell motility; however, combined 
application did cause inhibition of motility, consistent with low levels of membrane AQP1 expression. 
Bacopaside alone or combined with AqB011 also significantly impaired lamellipodial formation in both 
cell lines. Knockdown of AQP1 with siRNA (confirmed by quantitative PCR) reduced the effectiveness 
of the combined inhibitors, confirming AQP1 as a target of action. Invasiveness measured using 
transwell filters layered with extracellular matrix in both cell lines was inhibited by AqB011, with a 
greater potency in HT29 than SW480. A side effect of bacopaside II at high doses was a potentiation of 
invasiveness, that was reversed by AqB011. Results here are the first to demonstrate that combined 
block of the AQP1 ion channel and water pores is more potent in impairing motility across diverse 
classes of colon cancer cells than single agents alone.

Cancer is a leading cause of death worldwide, and accounted for 8.2 million deaths in 2012 according to the 
World Health Organization1, primarily due to metastasis2,3. Colorectal cancer is the second most common cancer 
in women and third in men1. A link between disease severity and upregulation of aquaporin-1 (AQP1) expression 
in certain cancer types has been documented previously4,5. AQP1 normally serves essential roles in fluid absorp-
tion and secretion in tissues including kidney, brain, eye and vascular system6. In aggressive cancers including 
subtypes of colorectal cancers, gliomas, lung adenocarcinoma, laryngeal cancer and cholangiocarcinomas, AQP1 
channels are upregulated7–11. Levels of AQP1 expression show a positive correlation with angiogenesis, tumour 
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progression, growth, migration and metastasis12. Knockdown of AQP1 with small-interfering RNAs substan-
tially impaired cancer cell migration in vitro13. Conversely, transfection of AQP1 into deficient lines (B16F10 
melanoma, and 4T1 mammary gland tumour) accelerated cell migration in vitro and increased the likelihood of 
lung metastases in mice in vivo14. Colon cancer cells (HT20) transfected with AQP1 similarly exhibited increased 
cell migration rates and enhanced extravasation after injection via the tail vein in mice15. AQP1 channels have 
been proposed to facilitate extension of the leading edges (lamellipodia) of migrating cells to speed the rate of 
movement16.

Inhibition of AQP1 channel activity is a strategy of interest for potential therapeutic control of metastasis in 
AQP1-expressing cancers. In AQP1-dependent cancer lines, other mammalian water channels such as AQP4 do 
not substitute for AQP1 in facilitating movement17, suggesting the migration-enhancing property relies on more 
than water permeability. Converging lines of evidence support the idea that AQP1 is dual water and ion channel, 
mediating osmotic water flow through individual subunit pores, and cation conductance through the central pore 
of the tetramer18–20. The non-selective monovalent cation conductance is gated by cGMP and depends on loop 
D structural integrity for channel activation19,21–24. In some expression systems, AQP1 ion channels have a low 
opening probability25 or are not detectable26, suggesting gating of AQP1 is subject to additional regulation such as 
tyrosine phosphorylation27. The idea that the AQP1 cation pore at the four-fold axis of symmetry is separate from 
the individual water pores in each monomer19,27,28 is supported by differences in pharmacological sensitivities 
and differential effects of site-directed mutations25,29,30. There is a gap in knowledge regarding the properties of 
AQP1 that permit its migration-enhancing effect, but the inability of other water-selective channels to substitute 
suggests the dual ion and water channel activities of AQP1 might be involved31. The discovery of pharmacological 
modulators of AQP1 has allowed dissection of the mechanisms of action of AQP1 in cell migration at a level not 
possible previously.

Pharmacological modulators of the AQP1 ion conductance include the agonist cyclic GMP21, and antagonists 
cadmium32, calcium33 and pharmacological derivatives of bumetanide such as AqB007 and AqB01134. Blocking 
native AQP1 ion channels in choroid plexus with Cd2+ was shown to alter net cerebrospinal fluid production in 
vitro32. AqB011 is a bumetanide derivative that selectively blocks the ion pore of AQP1, binding at the intracel-
lular loop D gating domain24 without affecting water fluxes, and slows the migration of AQP1-expressing cancer 
cells34. Pharmacological modulators of the AQP1 water pore include the antagonists mercury35, tetraethylammo-
nium29,36,37, metals38, AqB01339 and bacopasides40, and the agonist AqF02630. The inhibitor AqB013 and a related 
compound, AqB050, have been shown to reduce cancer cell migration rates in vitro41,42. The natural medicinal 
plant product, Bacopaside II, isolated from Bacopa monnieri appears to dock in the cytoplasmic vestibule of the 
AQP1 water pore, occluding water flux without affecting the AQP1 ion conductance, and slows cell migration in 
an AQP1-expressing colon cancer line40.

Prior reports have focused on measuring effects of single AQP1 modulators using two-dimensional wound 
closure assays of cancer lines. This study is the first to assess synergistic actions of AQP1 ion and water channel 
inhibitors applied together, and to evaluate effects on three-dimensional invasion through extracellular matrix. 
The two human colorectal adenocarcinomas cell lines with epithelial morphologies selected for comparison were: 
HT29 with high levels of AQP1 expression, and SW480 with low levels of AQP1 expression40,43. Results here 
showed that combined administration of AQP1 water and ion channel blockers produced an amplified block of 
colon cancer cell migration in both colon cancer lines. Inhibition of the AQP1 ion channel reduced cancer cell 
invasiveness. The relative efficacy of the AQP1 inhibitors was dependent on the abundance and localization of 
AQP1 protein in the plasma membranes, which was greater in HT29 than in SW480 cells. In summary, AQP1 
water and ion fluxes appear to have a coordinated role in facilitating AQP1-dependent cancer cell migration. 
Simultaneous targeting of both the water and ion channel functions of AQP1 appears to offer opportunities to 
control cancer metastasis at lower doses and across more diverse classes of cancers than would be possible with 
single agents alone.

Results
AQP1 expression and localization in HT29 and SW480 cell lines. Levels of AQP1 expression were 
quantified previously in HT29 and SW480 cell lines by western blot and quantitative real-time reverse-transcrip-
tion polymerase chain reaction (qRT-PCR), and showed that AQP1 transcript and protein levels were signifi-
cantly higher in HT29 than in SW480 cells40,43. Quantitative PCR on the same passages of cells used in the present 
study demonstrated a fifteen-fold higher level of AQP1 transcript in HT29 as compared to SW480 cells (Fig. 1A), 
confirming prior results. Confocal imaging demonstrated that HT29 further exceeded SW480 in AQP1 levels 
when the subcellular distribution in the plasma membrane was considered. Membrane-associated AQP1 protein 
was almost three-fold higher in HT29 cells than in SW480 cells (Fig. 1B). Amplitudes of colocalized plasma 
membrane and AQP1 fluorescence signals were significantly lower in SW480 (0.38 ± 0.04; n = 6) than in HT29 
(1.05 ± 0.15) cells.

AQP1 signal localization in HT29 and SW480 cells was assessed in greater detail by immunofluorescent 
labelling of AQP1 in combination with a fluorogenic membrane dye (MemBrite™), and Hoechst nuclear stain 
(Fig. 2A). Using Fiji software (ImageJ, National Institutes of Health), intensities were quantified for anti-AQP1 
and membrane dye signals, and plotted as a function of cross-sectional distance for six transects in each cell line 
(Fig. 2B,C). Anti-AQP1 signals showed a robust correlation with the membrane signal in HT29 cells, whereas in 
SW480 cells the AQP1 signals were predominantly in the submembrane and cytoplasmic domains.

Combined treatment with bacopaside II and AqB011 produced enhanced block of wound 
closure in colon cancer cells. The effects of AqB011 and bacopaside II alone and combined on 
two-dimensional migration of HT29 and SW480 cells were tested using circular wound closure assays (Fig. 3A,B). 
In HT29 cells at 24 h, significant impairment of migration was observed with AqB011 alone (at 20 to 100 µM), or 
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bacopaside II alone (at 7.5 and 15 µM), as compared to vehicle control (Fig. 3C), confirming previous findings34,40. 
With agents applied singly, migration was reduced 38% by AqB011 (20 µM), and 44% by bacopaside II (15 µM). 
However, the combined treatment produced a block of 81%, significantly greater than with either agent alone. 
Conversely, SW480 cells showed no appreciable sensitivity of migration to individual AqB011 or bacopaside II 
treatments (Fig. 3D), again confirming previous findings34,40. However, the combined treatment of SW480 cells 
with AqB011 (20 µM) and bacopaside II (15 µM) resulted in a 50% block of migration, showing that the com-
bination of inhibitors was more potent than either agent alone. These data indicate AqB011 and bacopaside II 
applied in combination can slow migration in a line that would otherwise escape control by single agents alone 
at non-cytotoxic doses.

Timelapse video files show the migration processes in vehicle control and treatment groups in more detail 
(Supplementary Videos ‘HT29’ and ‘SW480’).

Cell viability was not affected by AqB011 and bacopaside II. Cell viability data measured with the 
alamarBlue assay were standardized to results for untreated groups in each cell line (Fig. 4). HT29 cell viability was 
99.6 ± 1.4% in AqB011 (100 µM), and 94.5 ± 0.7% in combined treatment. In contrast, cytotoxic mercuric chloride 
(5 µM) resulted in 3.1 ± 0.04% viability. SW480 cell viability was 97.6 ± 0.2% in AqB011 (100 µM), 96.2 ± 0.6% in 
combined treatment, and 2.4 ± 0.04% in mercuric chloride (5 µM). The lack of effects of bacopaside II and AqB011 
on cell viability demonstrated that cytotoxicity did not account indirectly for the reduced cell migration.

Knockdown of AQP1 reduced the sensitivity of HT29 cells to block by bacopaside II and 
AqB011. The role of AQP1 as a primary target of action for the combined inhibitors was tested using siRNA 
transfection with two different AQP1-siRNA sequences (siRNA1 and siRNA2), as compared with scrambled 
controls. Figure 5A shows that siRNA2 significantly reduced AQP1 transcripts levels (~44 fold decrease), as com-
pared to scrambled control siRNA. In contrast, siRNA1 was not effective in knocking down AQP1. Matched 
scrambled controls also had no effect on AQP1 transcript levels.

AQP1 knockdown via siRNA has been shown previously to reduce cell migration44–46. In Fig. 5B, in order 
to highlight differences in pharmacological sensitivity that were due specifically to siRNA effects, all results for 
percent block were standardized to the mean percent block measured in the scrambled siRNA control group 
(Scr Dual, set by definition as 100%). Only siRNA2 significantly impaired the effect of the combined inhibitors 
in slowing migration. The other groups (untreated, siRNA1) showed no change in pharmacological sensitivity as 
compared with scrambled siRNA. At 24 hours, vehicle-treated cells transfected with scrambled siRNA achieved 
20 ± 1% wound closure. Vehicle-treated cells transfected with AQP1 siRNA1 achieved 17 ± 1% wound closure. 
When cells transfected with scrambled siRNA were treated with combined inhibitors, wound closure was almost 
completely blocked (0.5 ± 0.4%). The cells transfected with AQP1 siRNA2 retained a greater capacity for wound 
closure in the presence of the combined inhibitors (6 ± 0.6%), demonstrating a reduced pharmacological sen-
sitivity to the AQP1 inhibitors. These results suggested that the effectiveness of the inhibitors on cell migration 
correlated with the level of AQP1 expression.

Live cell imaging of bacopaside II and AqB011 effects on individual cell migration trajecto-
ries. The effects of the AQP1 modulators on individual cell trajectories were tracked over 24 hours for HT29 
(Fig. 6), and SW480 (Fig. 7) cells using live cell imaging. In HT29 cells, slowed wound closure with AQP inhibi-
tors was evident in time lapse images of the wound edge (Fig. 6A). Impaired velocity and direction of migration 
were evident in the short convoluted trajectories in the treatment groups as compared with untreated and vehicle 
controls (Fig. 6B). In contrast, SW480 cells showed normal wound edge closure (Fig. 7A) and migration trajec-
tories (Fig. 7B) in the treatment groups with single agents; however the combined agents appeared to reduce the 
total distance travelled, yielding shorter trajectories.

Total distance travelled (the cumulative length of the trajectory) and net displacement (the difference in posi-
tion between the starting and ending point) per cell were quantified from analyses of live cell imaging results 
(Fig. 8). HT29 cells showed a dose-dependent effect of AqB011 in decreasing total distance travelled as compared 

Figure 1. AQP1 transcript and membrane expression levels were higher in HT29 cells than SW480 cells. (A) 
AQP1 mRNA levels in HT29 cells (n = 11) and SW480 cells (n = 10), as determined by qRT-PCR. (B) Ratios of 
signal intensity (anti-AQP1 to membrane dye), in HT29 and SW480 cells showing relative levels of membrane 
AQP1 expression. See methods for statistical analysis details.
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with vehicle-treated cells (Fig. 8A). Bacopaside II at 15 µM also significantly reduced total distance. Combined 
AqB011 (20 µM) and bacopaside II (15 µM) was more effective than either agent alone in HT29 cells. In contrast, 
SW480 showed no effect of AqB011 alone (Fig. 8B); the total distance after treatment with 100 µM AqB011;was 
not significantly different from vehicle-treated cells. Similarly, bacopaside II (15 µM) alone had no appreciable 
effect on SW480 cell total distance travelled. Combined AqB011 (20 µM) and bacopaside II (15 µM) treatment 
appeared to reduce total distance travelled, but the difference was not statistically significant.

Net displacement over 24 h was significantly reduced in all treatment groups as compared with vehicle in 
HT29 cells (Fig. 8C). In SW480 cells, a significant decrease of net displacement (Fig. 8D) was seen only with the 
combined pharmacological treatment. Bacopaside II alone or AqB011 alone yielded net displacement values in 
SW480 cells comparable to vehicle-treated cells. The overall distances travelled were greater in SW480 than HT29 
cells, illustrating an inherently higher two-dimensional migration velocity (Fig. 8E) with a low sensitivity to 
AQP1 modulators, indicating mechanisms other than AQP1 can enable motility in some cancer lines. However, 
the significant impairment of net displacement suggested that the directionality of movement (i.e., the ability to 
maintain a consistent vector over successive intervals) was compromised by the combined treatment in both cell 
lines.

Figure 2. Confocal images and quantitative analyses of AQP1 subcellular localization measured by 
immunolabelling. (A) Confocal images of a single field of view for HT29 (top row) and SW480 (bottom row) 
cells. The panels in each row (from left to right) depict nuclear staining (blue); membrane staining (green); 
AQP1 signal (red); and an overlay of the three images (right). (B,C) Each graph shows the intensities (y-axis) 
of the membrane stain (green) and the AQP1 signal (red), as a function of distance across the diameters of 
individual HT29 (B) or SW480 (C) cells, for two cross-sections per cell.
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Effects of bacopaside II and AqB011 on lamellipodial formation. Cell migration typically involves 
the formation of membrane protrusions such as actin-rich lamellipodia, which extend in the direction of loco-
motion and provide a base on which cells move forward12,47. A loss of lamellipodial structures has been associated 

Figure 3. Wound closure assay showing the block of cell migration in HT29 cells by bacopaside II, AqB011 
and combined treatments. (A) Representative images showing HT29 cells treated with vehicle, bacopaside 
II (15 μM), and combined treatment at 0 hours (upper row) and 24 hours (bottom row). Scale bar applies 
for both (A,B). (B) Representative images showing SW480 cells treated with vehicle, bacopaside II (15 μM), 
and combined treatment at 0 hours (upper row) and 24 hours (bottom row). (C) Box plot depicting percent 
block (%) of HT29 wound closure after 24 hours. White bars represent single treatments; grey bars represent 
combined treatment with AqB011 and bacopaside II. AqB011 (20 μM) and bacopaside II (15 μM) treatment 
yielded block that was significantly greater than vehicle (****), AqB011 (20 μM) alone (####), and bacopaside 
II (15 μM) alone (++++), suggesting an additive interaction; n-values are in italics above the x-axis for 
(C,D). (D) Box plot depicting wound closure block (%) for SW480 after 24 hours. White bars represent 
single treatments; grey bars represent combined treatment with AqB011 and bacopaside II. SW480 cells were 
insensitive to block by AqB011 or bacopaside II alone. AqB011 (20 μM) and bacopaside II (15 μM) combined 
treatment yielded block that was significantly greater than vehicle (****), AqB011 (20 μM) alone (####), or 
bacopaside II (15 μM) alone (++++).

283



6Scientific RepoRtS |         (2019) 9:12635  | https://doi.org/10.1038/s41598-019-49045-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

with reduced rates of migration48. Images of representative cells illustrate the differential effects seen with single 
and combined inhibitor treatments in HT29 (Fig. 9A) and SW480 (Fig. 9B) cells. Vehicle-treated control groups 
in both cell were characterized by a high proportion of cells with membrane protrusions. Most HT29 control cells 
had flat sheet-like protrusions or bipolar wing-like processes. Most SW480 control cells had a primary lamellipo-
dium that was slender, long, and ramified into a flattened lobed protrusion at the distal end.

In all treatments (bacopaside II and AqB011, alone and combined), HT29 lamellipodia were reduced in length 
as compared to vehicle-treated cells (Fig. 9A), and in frequency, seen as a smaller proportion of the cell popula-
tion that showed processes. In contrast, SW480 lamellipodial extensions appeared to be unaffected by AqB011. 
However SW480 extensions were reduced in size and number in treatments with bacopaside II alone, or com-
bined agents (Fig. 9B).

To quantify morphological data objectively, a score for ‘cell complexity’ was developed. Computer-based anal-
yses were used to transform single cell images into skeletonized segments connected in branchworks to repre-
sent the morphological structures including cellular processes. Scores for cell complexity were calculated as the 
summed lengths of segments per cell (Fig. 9C,D). Simple circular cells were captured by a single line across the 
diameter, giving a low score. Complex cells with multiple or branched processes required a branchwork of skel-
etonized segments, giving a higher score. Scores in Arbitrary Units (AU) are based on the number of pixels. In 
HT29, cell complexity scores were significantly lower in all treatment groups, with AqB011 (mean 58 ± 3 AU), 
bacopaside II (51 ± 4), or combined (43 ± 6), as compared to vehicle control (98 ± 10). In SW480, cell complexity 
scores in AqB011 (129 ± 15) were not significantly different from vehicle control, but were reduced in bacopaside 
II (86 ± 7) and combined groups (79 ± 6), as compared to vehicle (150 ± 18). In summary, AqB011 reduced cell 
complexity scores in HT29 but not SW480 cells; bacopaside II reduced cell complexity scores for both cell lines; 
and combined treatment reduced complexity scores for both cell lines. The treatments which compromised lamel-
lipodial structures were consistent with the loss of directional movement measured by net displacement (Fig. 8).

AqB011, but not bacopaside II, inhibits colon cancer cell invasiveness. In cancer metastasis, cells 
move in three dimensional space across tissue boundaries and through extracellular matrix (ECM), involving 
attributes that are not fully captured in two-dimensional wound closure models. The effects of AQP1 inhibitors 
were tested on transwell invasion through an ECM layer on a semi-permeable filter towards a chemoattractant 
(FBS), quantified by staining and counting migrated cells at set times (Fig. 10).

Treatment with AqB011 alone resulted in approximately 40% reduction of HT29 cell invasiveness at concen-
trations ≥10 µM (Fig. 10A; row 1). The highest dose of AqB011 (80 µM) also impaired SW480 cell invasiveness; 
lower doses had no significant effect (Fig. 10B; row 1). Unexpectedly, higher doses of bacopaside II alone poten-
tiated invasiveness in both cell lines (row 2), increasing transwell movement by 2.7 fold in HT29 cells, and 4.5 
fold in SW480 cells. Bacopaside II potentiation in HT29 cells was reversed in full by co-application of AqB011 
(Fig. 10A, row 3), and partially reversed in SW480 (Fig. 10B, row 3). Transwell invasion required the presence 
of a chemotactic gradient (FBS), and an ECM gel layer (Fig. 10D). Even though the average surface migration 
velocity was slower for HT29 cells (Fig. 8E), their capacity for invasion (269 ± 16 cells per field of view; n = 15) 
was significantly greater than SW480 (90 ± 8 cells per field of view; n = 15) (Fig. 10E).

This work is the first to show the anti-invasive effects of AQP1 ion channel blocker AqB011 in colon can-
cer cells, suggesting a novel role for AQP1 ion conductance in facilitating cancer invasion. HT29 was more 
sensitive to the inhibitory effect of AqB011 than SW480, consistent with observations from 2D assays. In con-
trast, bacopaside II surprisingly enhanced cancer cell invasion in both cell lines, suggesting this agent is likely 

Figure 4. Summary histogram of the effects of pharmacological treatments on viability measured by 
alamarBlue assay for HT29 and SW480 cells. ‘Combined’ indicated cotreatment with AqB011 (20 µM) and 
bacopaside II (15 µM). Mercuric chloride served as a positive control for cell death; ‘no-cell’ controls confirmed 
minimal background fluorescence. All treatments were n = 4. Data were standardized to results for untreated 
(UT) cells.
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to have multiple targets of action, and that its side effects are mediated at least in part at a level upstream of 
AQP1-dependent signalling.

Discussion
Cell migration and invasion are key pathological processes in cancer metastasis. Upregulation of AQP1 expres-
sion has been shown to enhance cell migration and metastasis in certain subtypes of cancers13–15. In other 
types of cancers, AQP3, AQP4, or AQP5 are increased in expression and influence viability, proliferation and 
migration12,49–52. Process formation during migration is thought to be driven by reversible assembly of actin 
filaments53–55, and local cell volume increases facilitated by water and ion fluxes31,56,57. To achieve a paired water 
and ion flux at the membrane leading edges, classes of AQPs that are upregulated in cancers would in theory 
be dual water and ion channels themselves, or water channels that can be co-localized with ion transporters or 
channels. AQP1-mediated water influx at leading edges, leading to local volume changes associated with process 
extension and cell movement31, enhances cancer cell motility and invasion. In glioma cells AQP4 colocalizes with 
the chloride channel (ClC2) and the potassium-chloride co-transporter 1 (KCC1), which could provide a driving 
force for water efflux leading to cell shrinkage, augmenting invasiveness58,59. AQP5 is not known to have an ion 
channel function21, but can colocalize with ion channels or transporters such as the Na+/H+ exchanger in breast 
cancer cells56.

Figure 5. Effects of siRNA knockdown of AQP1 on the pharmacological sensitivity of HT29 cell migration 
to block by the combined inhibitors AqB011 and bacopaside II. (A) AQP1 siRNA2 (si2) but not siRNA1 (si1) 
significantly decreased AQP1 mRNA levels, as compared with scrambled control siRNA (Scr) and untreated 
(WT) in HT29 cells (n = 3 per group). (B) Box plot showing the decreased sensitivity of HT29 cell migration 
to pharmacological block after siRNA knockdown of AQP1. Values for HT29 wound closure at 24 h were 
standardized as a percentage of the scrambled control treated with combined inhibitors (Scr Dual; 100%), 
specifically to illustrate the differences in pharmacological effectiveness of the combined agents in siRNA1, 
siRNA2, and untreated. The effectiveness of the combined inhibitors was significantly impaired only in the 
siRNA2-transfected group (si2 Dual). siRNA1 (si1 Dual), scrambled (Scr Dual) and non-transfected (untr 
Dual) groups showed no loss of sensitivity to the combined inhibitors (n = 14 per group).
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Results here showed that efficacy of AqB011 in impairing motility required the plasma membrane localization 
of AQP1 in the cancer cells. The block of migration by combined treatment with AqB011 and bacopaside II was 
significantly reduced following knockdown of AQP1 via siRNA transfection in HT29 cells. These data showed 
that the effectiveness of the blockers AqB011 and bacopaside II correlated with the levels of AQP1 expression in 
the membrane. AqB011 was not effective in blocking cell migration and invasion in SW480 as compared to HT29, 
an effect consistent with the low membrane levels of AQP1 measured in SW480. The fast rate of two dimensional 

Figure 6. Live cell imaging of HT29 cells and plots of migration trajectories in treatments with bacopaside II 
and AqB011 alone, and in combination. Single cells at the boundaries of circular wounds were tracked with 
time-lapse images taken at 30 minute intervals for 24 hours at 37 °C. (A) Panels of six images each from time-
lapse series are shown at 4-hour intervals, for treatments with vehicle, AqB011 (20 μM), bacopaside II (15 μM), 
and combined AqB011and bacopaside II. (B) Trajectory plots of individual cells (n = 9–11 per treatment 
group), monitored by the position of the cell nucleus at 60 minute intervals over 24 hours. Movement was 
referenced to the starting position set as 0,0 on graph axes; X and Y units are μm.
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migration in the low-AQP1-expressing SW480 cells suggested alternative mechanisms can drive fast movement, 
but interestingly the high surface velocity did not translate into an increased invasive potential across extracellular 
matrix. The higher invasive potential correlated with the high-AQP1-expressing HT29 cells. In both cell lines, 
combined block of the AQP1 ion channel and water pores was more potent in impairing motility across colon 
cancer types than single agents alone. The combined agents were able to restrain migration in the SW480 line, 
which escaped control by either single agent alone. The ability of SW480 cells to show normal wound closure with 

Figure 7. Live cell imaging of SW480 cells and plots of migration trajectories in treatments with bacopaside 
II and AqB011 alone, and in combination. Single cells at the boundaries of circular wounds were tracked with 
time-lapse images taken at 30-minute intervals for 24 hours at 37 °C. (A) Panels of six images each from time-
lapse series are shown at 4-hour intervals, for vehicle, AqB011 (20 μM), bacopaside II (15 μM), and combined 
(Combined) treatment groups. (B) Trajectory plots of individual cells (n = 10–12) per treatment group, 
monitored by the position of the cell nucleus at 60 minute intervals over 24 hours; X and Y values are in μm.
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AqB011 or bacopaside II suggested these blockers did not act by causing non-specific disruption of cell mem-
brane transport, metabolism, cytoskeletal structure, or other essential processes.

SW480 cells showed uniformly fast two-dimensional migration rates minimally affected by AqB011, sug-
gesting that this class of cells achieves rapid migration via mechanisms largely independent of AQP1. The small 
amount of AQP1 that was seen in the SW480 plasma membrane might contribute to parallel roles such as steer-
ing, as needed to maintain a consistent direction of movement, or other functions. Low levels of AQP1 in the 
SW480 plasma membrane might contribute in small part to the enhanced cell motility. Contributions of other 
classes of AQPs remain to be explored; for example, SW480 cells express high levels of AQP560–62. The role of the 
intracellular pool of AQP1 in SW480 cells remains to be defined. For example, in rat cholangiocytes, secretin 
stimulates translocation of AQP1 from vesicules to the plasma membrane and increases osmotic water perme-
ability, an effect blocked by mercuric chloride63. Future work might identify signals that induce trafficking of 
intracellular AQP1 to the membrane, and alter motility in cancer lines.

Two-dimensional migration and three-dimensional invasiveness rely on different mechanisms. Surprisingly, 
bacopaside II alone strongly increased the invasiveness of both HT29 and SW480 cell lines, contradicting expec-
tations based on wound closure assays. AqB011 fully reversed the pro-invasive effects of bacopaside II in HT29 
cells, and partially reversed the enhanced invasion in SW480, in a pattern that was consistent with the levels of 
AQP1 membrane localization. Bacopaside II is a chemically complex molecule with a triterpene backbone64, 
unlikely to be selective for AQPs alone. Based on docking modelling40, the terpene is not involved in the AQP1 
water pore block, which is mediated by the bacopaside sugar groups. Improved compounds in the future might 
use a trimmed version of the compound carrying the specific AQP1 channel blocking moeity. Terpenes increase 
the overall fluidity in phospholipid bilayers such as in parasites and mammalian cells65–67. Increased membrane 
fluidity correlates with augmented cancer invasiveness68, and invasive capacity of cancer cells can be suppressed 
by pharmacological reduction of membrane fluidity69. Unexpected effects of bacopaside on invasiveness reported 
here might be due to the membrane-fluidizing effects of the terpene component; this mechanism remains to be 

Figure 8. Summary plots of total distances travelled and net displacement of HT29 and SW480 cells in each 
treatment group, measured by live cell imaging. (A) 20 μM AqB011 or 15 μM bacopaside II treatments alone 
significantly reduced the total distance migrated by HT29 cells as compared to vehicle-treated (0 AqB011, 0 
Bacopaside II). The level of inhibition was significantly enhanced in the combined treatment as compared 
with either agent alone (###). (B) No significant block of SW480 total distance was seen in any treatment 
as compared with vehicle. (C) Net displacement in HT29 cells was reduced by all treatments as compared 
to vehicle. Combined treatment showed a significantly greater block of HT29 net displacement than either 
treatment alone (##). (D) Only the combined treatment reduced SW480 net displacement as compared to 
vehicle, or as compared to either treatment alone (####). (E) SW480 mean migration velocity was significantly 
greater than that of HT29. Distance and displacement measures for untreated (UT) showed no significant 
differences from vehicle-treated in all panels (A–D; symbols not shown). n-values in italics are above the x-axis.
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tested. However, bacopaside II appeared to reduce cell size and promote separation of individual cells from adja-
cent cells, suggesting a boost in invasiveness also might come from reduced cell-to-cell adhesion and decreased 
cell volumes, which could facilitate movement through narrow passages. The chemotactic gradient imposed by 
serum might restore the capacity for directional movement which appeared to be lost following bacopaside II 
treatment. At high doses bacopaside II is cytotoxic; at non-toxic doses it inhibits colon cancer growth by inducing 
cell cycle arrest, apoptosis43, and reducing angiogenesis70. Thus, bacopaside II and its metabolites in vivo are likely 
to affect a diverse array of processes, which could account for some of the observed effects on cell migration and 
invasion, as well as its beneficial effects as a traditional medicinal herb in a variety of applications71,72.

Results here are the first to show that AQP1 ion channel blocker AqB011 reduces colon cancer cell invasive-
ness in vitro, and to show that sensitivity to this agent depends on AQP1 localization in the plasma membrane. 
In summary, AQP1 water fluxes and ion conductance appear to exhibit a coordinated role in facilitating cell 
migration in AQP1-dependent cancer cell lines. Combined pharmacological block of both the AQP1 water and 

Figure 9. Images of actively migrating HT29 and SW480 cells in different treatment groups, showing three 
representative examples each. Vehicle-treated HT29 (A) and SW480 (B) cells (top row) showed distinct 
membrane protrusions. AqB011 and bacopaside II reduced protrusion sizes of HT29 cells as compared to 
vehicle in all treatment groups (A; rows 2–4). For SW480 cells, cellular protrusions appeared smaller in 
bacopaside II (B; rows 3 and 4) but not changed by AqB011 (B; row 2). “Cell complexity” values were quantified 
as the summed lengths of skeletonized morphological structures for indivual cells (see Methods for details) 
located at wound frontier positions for HT29 (C) and SW480 (D) cells (n = 12 per group). (C) HT29 cells 
treated with 10 μM AqB011 (AqB011), 15 μM bacopaside II (Bac II) or combined treatment (Combined) 
showed significant decrease in cell complexity compared with vehicle control (Veh). (D) In SW480 cells, 
bacopaside II and combined treatment decreased cell complexity as compared with vehicle control (Veh), but 
AqB011 had no appreciable effect.
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Figure 10. Transwell invasiveness of HT29 and SW480 cells in treatments with bacopaside II, AqB011, and 
combined agents. Box plots depicting cell invasiveness at 24 hours for HT29 (A) and SW480 (B) cells treated with 
AqB011 (row 1), bacopaside II (row 2), or both (row 3). (A) HT29 cell invasiveness was inhibited by AqB011 
(10 to 80 μM). In contrast, bacopaside II (10 and 15 μM) potentiated HT29 invasiveness. Combined treatment 
blocked invasiveness, overriding the potentiation effect. (B) SW480 cell invasiveness was inhibited by AqB011 
only at the highest dose tested (80 μM), and potentiated by bacopaside II (15 μM). Combined treatment partially 
counteracted the potentiation effect. (C) Images of HT29 and SW480 show cells that successfully crossed the 
ECM-like layer to reach the trans-side of the chamber in treatments with vehicle, AqB011 80 μM, or bacopaside 
II 15 μM. (D) Histograms showing the reduced invasiveness of HT29 and SW480 cells in the absence of ECM 
(no matrix gel; NMG), or in the absence of a serum gradient (no serum; NS), as compared with vehicle controls 
(vehicle) having both a serum gradient and ECM. (E) Untreated HT29 cells were significantly more invasive than 
SW480 cells. n-values are shown in italics above the y-axis (or in panel E, within the histogram bars).
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ion channels in HT29 and SW480 colon cancer cells amplified the inhibition of 2D cell migration, as compared 
with effects of either inhibitor alone. The prospect of a cooperative role between the AQP1 water flux and ion con-
ductance is promising, in that lower doses of two compounds when combined could produce a beneficial level of 
cell migration impairment. Combined AQP1 inhibitors could act on target cells (such as migrating cancers) that 
require both the AQP1 water and ion channel activities, while minimizing side effects on other cells and tissues 
by being applied at lower concentrations. Future work is needed to explore effects of AQP1 inhibitors on other 
cancer cell types, to optimize bacopaside-related compounds for modulating AQP1 water flow, and to test the 
effectiveness of AQP1 agents in restraining metastasis in vivo.

Methods
cell lines. Human colorectal adenocarcinoma cell lines HT29 (ATCC HTB-38TM) and SW480 (ATCC CCL-
228TM) were cultured in T-75 plates in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, Grand 
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Life Technologies), 1% Gibco GlutaMAX 
(Life Technologies) and 100 units/ml each of penicillin and streptomycin (Life Technologies). Cell cultures were 
grown at 37 °C in a humidified 5% CO2 incubator.

Quantitative PCR analysis of AQP1 expression. Cells plated in triplicate wells at 4 × 105 cells/well 
were incubated at 37 °C in a humidified 5% CO2 incubator overnight. Total RNA was extracted using PureLink™ 
RNA Mini Kit (Invitrogen™); 1 µg total RNA was used for cDNA synthesis. cDNA was synthesized using 
QuantiTect® Reverse Transcription Kit (Qiagen®). cDNA was quantified using NanoDrop™ (Life Technologies); 
50 ng cDNA was used in the polymerase chain reaction. Real-time qRT-PCR analyses were performed using 
SYBR™ Green PCR Master Mix (Applied Biosystems™) in a final volume of 10 µl with StepOne Plus™ 
Real-Time PCR system (Applied Biosystems™). Data were analysed by StepOne Plus™ Real-Time PCR soft-
ware v2.3. The primer sequences for AQP1 were forward: 5′-CGCAGAGTGTGGGCCACATCA-3′, and reverse: 
5′-CCCGAGTTCACACCATCAGCC-3′, amplifying a product of 217 bp. RPS13 was used as a standard and target 
mRNA levels relative to RPS13 were calculated using the formula 2−ΔCT 73.

immunofluorescence. Cells were seeded 2–3 days prior to cell fixation on 8-well uncoated Ibidi® 
µ-Slides (Ibidi, Munich, Germany) at a density of 5 × 104 cells/well. Once 80% confluent, cells were stained with 
MemBrite™ Fix Cell Surface Staining Kit (Biotium, Fremont, CA, USA; cat # 30093), and purchased from Gene 
Target Solutions (Dural, NSW, Australia). Membrane staining was performed prior to cell fixation, as per manu-
facturer’s instructions. Cells were fixed with 1:1 (v/v) acetone and methanol at −20 °C and incubated for 15 min at 
room temperature. Immunofluorescence staining was conducted as previously described by Wardill et al.74. The 
AQP1 primary antibody used for immunofluorescence was H-55 rabbit polyclonal (Santa Cruz Biotechnology, 
Dallas, TX, USA). The secondary antibody was Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568 (Life Technologies; cat# A-11011). For nuclear staining, cells were incubated for 
10 minutes at room temperature in a 1:1000 dilution of Hoechst 33258 (cat # 861405; Sigma-Aldrich, St. Louis, 
MO). The µ-Slide was imaged using an Olympus FV3000 Confocal Microscope. For the signal emitted by Hoechst 
33258, excitation (Ex = 405 nm) and emission (Em = 461 nm) settings were used. For Alexa Fluor 568, settings 
were Ex = 561 nm and Em = 603 nm. For MemBrite™, settings were Ex = 488 nm and Em = 513 nm. Fiji (ImageJ) 
software (U.S. National Institutes of Health) was used to measure relative intensities of AQP1 signal standardized 
to membrane marker signal as a function of cross-sectional distance per cell as previously described75.

AQP1 Inhibitors. The bumetanide derivative AqB011 (Aquaporin ligand; Bumetanide derivative; number 
11 in a series) was synthesized by Dr Gary A. Flynn (SpaceFill Discovery LLC, West Yellowstone, MT, USA)34. 
Powdered AqB011 was dissolved in dimethyl sulfoxide (DMSO) to create 1000x stock solutions and diluted in 
culture medium to final concentrations for testing in the circular wound closure76, transwell invasion, live cell 
imaging, and alamarBlue assays. Bacopaside II was purchased from Sigma-Aldrich (St. Louis, MO), solubilized 
in methanol to yield 100x stock solutions, and stored at −20 °C in an airtight vial to minimize evaporation. For  
experimental use, bacopaside II stocks were diluted at 1/100 in culture medium. A combination of DMSO (1 μL/mL)  
and methanol (10 μL/ml) in culture medium was used as the vehicle control.

Circular wound closure assay. Circular wound closure assays were performed using methods described by 
De Ieso and Pei76,77. In brief, cells were plated at 1 × 105 cells/mL in DMEM culture medium with GlutaMAX and 
antibiotics (as above), reduced serum (2% FBS), and 400 nM of the mitotic inhibitor 5-fluoro-2′-deoxyuridine 
(FUDR). A confluent monolayer was achieved at 2–3 days following plating; circular wounds were created with 
a sterile p10 pipette tip. After washing two to three times with phosphate-buffered saline to remove cell debris, 
media were applied with and without AQP inhibitors or vehicle in low serum (2% FBS) DMEM with FUDR for 
the wound closure assay. Complete wounds were imaged at 10x magnification with a Canon 6D camera on a 
Nikon inverted microscope. Images were standardized using XnConvert software, and wound areas were quan-
tified using Fiji software (ImageJ; version 1.51 h; U.S. National Institutes of Health). Closure was calculated as 
a percentage of the initial wound area for the same well as a function of time. All experiments were repeated in 
duplicate wells.

Cytotoxicity assay. Cell viability was quantified using an alamarBlue assay78, following manufacturer’s 
guidelines (Life Technologies). Cells were plated at 105 cells/mL in 96-well plates, in the same FUDR-containing 
low serum culture media as used in the migration assays. At 12–18 hours after plating, treatments were applied, 
and cells were incubated 24 hours. At 24 hours, cells were treated with 10% alamarBlue solution for 1–2 hours. 
Fluorescence signal levels were measured with a FLUOstar Optima microplate reader for control and treatment 
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groups. Mercuric chloride (HgCl2) served as a positive control for inducing cytotoxic cell death, and a no-cell 
control was included to confirm low background fluorescence.

Small interfering RnA transfection. The experiment was performed using a similar method as previ-
ously published79. Prior to transfection, HT29 cells were grown to 30% confluence in DMEM medium with 10% 
FBS. DharmaFECT 1 transfection reagent (T-2001-01; Dharmacon) was used to transfect Ambion Silencer Select 
AQP1 siRNA (siRNA1; 4390824; Life Technologies), Dharmacon ON-TARGETplus AQP1 siRNA (siRNA2; 
J-021494-05-0002; Dharmacon), and scrambled siRNA (4390843; Life Technologies). Each siRNA was adminis-
tered at a concentration of 50 nM. Cells were incubated in 5% CO2 at 37 °C for 48 hours prior to wound closure 
assay and quantitative reverse-transcription polymerase chain reaction (RT-PCR) analyses.

Live cell imaging. Cells were seeded on eight-well uncoated Ibidi μ-Slides (Ibidi) at a density of 1 × 105 cells/mL.  
A confluent monolayer was achieved 2–3 days after plating. Cells were conditioned in low serum culture medium 
(2% FBS) in the presence of FUDR (400 nM) for 12–18 hours before wounding. Three circular wounds were created 
in each well using techniques described above for the wound closure assays. Slides were mounted on a Nikon Ti E 
Live Cell Microscope (Nikon, Tokyo, Japan) in an enclosed humidified chamber kept at 37 °C with 5% CO2. Images 
were taken at 30-minute intervals for 24 hours, using Nikon NIS-Elements software. AVI files were exported from 
NIS-Elements and converted into TIFF files using Fiji (ImageJ). Converted files were analyzed using Fiji software80 
with the Manual Tracking plug-in. Total distance per cell was calculated as the cumulative distance travelled over 
the full duration of the experiment. Displacement was calculated as the net distance travelled between the first and 
last time points.

Quantification of cell morphology. Images generated from the circular wound closure assay at the 
24 hour time point were processed using FIJI. Images were first converted into binary file Process > Binary > Make 
Binary) and then skeletonized (Process > Binary > Skeletonize). Individual cells were randomly chosen for 
analysis from the leading edge of the wound. The total skeleton length of an individual cell was measured 
(Analyze > Measure) and classified as cell “complexity”.

Transwell invasion assay. Assays were performed using 6.5 mm Corning® Transwell® polycarbonate 
membrane cell culture inserts with 8 μm pore size (cat #3422; Sigma-Aldrich, St. Louis, MO), as previously 
described81. The upper surface of the filter was coated with 40 μL of water-diluted extracellular matrix (ECM) 
gel from Engelbreth-Holm-Swarm murine sarcoma (final concentration 25 μg/mL; Sigma-Aldrich, St. Louis, 
MO), and left to dehydrate overnight, and rehydrated 2 hours prior to cell seeding with 50 μL of serum-free 
DMEM per transwell insert. Cells were grown to approximately 40% confluence under normal conditions, and 
transferred into reduced serum (2% FBS) medium for 32–34 hours prior to seeding. Cells were harvested, resus-
pended in serum-free DMEM, and 2.5 × 105 cells in 100 μL was added to the upper chamber (total 150 μL of cell 
suspension per transwell, including 50 μL of rehydration medium added earlier). To the lower chamber, 600 μL 
of pharmacological treatment in DMEM supplemented with 10% serum (chemoattractant) was added, and cells 
were incubated for 24 hours at 37 °C in 5% CO2. Non-migrated cells were scraped from the upper surface of the 
membrane with a cotton swab; migrated cells remaining on the bottom surface were counted after staining with 
crystal violet82.

Statistical analyses. Statistical analyses performed with GraphPad Prism 7.02 software involved one-way 
ANOVA and post-hoc Bonferroni tests. Statistically significant outcomes are represented as (*)p < 0.05, (**)
p < 0.01, (***)p < 0.001, or (****)p < 0.0001; NS is not significant; other characters indicating significance (# 
and +) use the same pattern for defining p values. All data are presented as mean ± standard error of the mean 
(SEM); n values for independent samples are indicated in italics above the x-axes in histogram figures.

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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ABSTRACT
This is the first work to use a newly designed Li1-selective
photoswitchable probe Sabrina Heng Lithium (SHL) in living
colon cancer cells to noninvasively monitor cation channel
activity in real time by the appearance of lithium hot spots
detected by confocal microscopy. Punctate Li1 hot spots are
clustered in the lamellipodial leading edges of HT29 human
colon cancer cells and are colocalized with aquaporin-1
(AQP1) channels. AQP1 is a dual water and cyclic-nucleotide-
gated cation channel located in lamellipodia and is essential for
rapid cell migration in a subset of aggressive cancers. Both the
Li1 hot spots and cell migration are blocked in HT29 cells by
the AQP1 ion channel antagonist AqB011. In contrast, Li1 hot
spots are not evident in a poorly migrating colon cancer cell
line, SW620, which lacks comparable membrane expression of

AQP1. Knockdown of AQP1 by RNA interference in HT29 cells
significantly impairs Li1 hot spot activity. The SHL probe loaded
in living cells shows signature chemical properties of ionic
selectivity and reversibility. Dynamic properties of the Li1 hot
spots, turning on and off, are confirmed by time-lapse imaging.
SHL is a powerful tool for evaluating cation channel function in
living cells in real time, with particular promise for studies of
motile cells or interlinked networks not easily analyzed by electro-
physiological methods. The ability to reset SHL by photoswitch-
ing allows monitoring of dynamic signals over time. Future
applications of the Li1 probe could include high-throughput
optical screening for discovering new classes of channels, or
finding new pharmacological modulators for nonselective cation
channels.

Introduction
Cell migration is central to critical processes of repair,

regeneration, immune protection, development, and mainte-
nance of multicellular organisms, and in disease conditions
such as cancermetastasis (Friedl andWolf, 2003; Papadopoulos
et al., 2008; Olson and Sahai, 2009; Petrie et al., 2009; Krummel
et al., 2016). In addition to regulating fluid balance (Agre et al.,
1993; King et al., 2004), some aquaporins facilitate rapid cell
migration. For example, aquaporin-1 (AQP1) enhances the
mobility of some of the most motile cells, such as T cells,

fibroblasts, cancers, and amoebae (Pei et al., 2016a).While the
exact mechanisms have yet to be determined, we do know that
elevated expression of AQP1 is apparent at the leading edges
of lamellipodia in these classes of migrating cells. Genetic
knockdown of AQP1 expression can impair cell migration
significantly (Hu andVerkman, 2006;McCoy and Sontheimer,
2007), whereas reintroduction of AQP1 but not other channels,
such as AQP4, can restore motility (McCoy and Sontheimer,
2007). A major difference is that AQP1, but not AQP4, can
function as a nonselective monovalent cation channel gated
by cGMP, as well as a water channel (Anthony et al., 2000;
Boassa andYool, 2003). Dissecting the role of AQP1 ion channels
in cell migration would advance our knowledge of basic mecha-
nisms that enhance motility in cancer, stem cells, and regener-
ating tissues, and identify possible targets for intervention,
such as in cancer metastasis.
Here, we demonstrate that a newly designed reversible

lithium sensor Sabrina Heng Lithium (SHL) can be used to
monitor cation channel activity in living cells, and we demon-
strate proof of principle using ametastatic colon cancer cell line
(HT29) that relies on high levels of AQP1 expression for rapid
migration capability (Dorward et al., 2016) as comparedwith a
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relatively sedentary colon cancer line (SW620), which lacks
high AQP1 expression (Smith et al., 2018). SHL was designed
to be selective for a low-abundance monovalent ion, Li1, over
Na1 and K1. AQP1 ion channels have properties that make
them an excellent choice for this study; once activated, they
show long open times (with open bursts lasting hundreds of
milliseconds), a high single-channel conductance (150 pS in
physiologic salines), and high permeability to monovalent
cations Na1, K1, and Cs1 (Anthony et al., 2000). Work here
shows the AQP1 ion channel is also permeable to Li1 and,
thus, can be hypothesized to enable Li1 ion influx, which could
be detected by the SHL probe. The exciting finding that
launched this study was the observation that the punctate
SHL signals are clustered in the lamellipodia of migrating
cancer cells. Subsequent confirmation that SHL detects
AQP1-mediated Li1 entry took advantage of the selective
AQP1 ion channel inhibitor (AqB011), cation-substituted
extracellular salines, andmolecular knockdown of AQP1 to
show that Li1 entry into the cells and the punctate hot spot
signals depended on the presence of ion-conducting AQP1
channels.
Results here show that activation of the sensor intracel-

lularly is dependent on transport of extracellular Li1 into
the cell. Since the SHL probe is membrane-permeable, it is
expected to be uniformly distributed through the cell; the
presence of discrete points of fluorescent signal (“hot spots”)
implies locations of increased lithium entry. Selective inhibi-
tion of AQP1 with AqB011 and knockdown of AQP1 with small
interfering RNA show that the Li1 transport occurs through
AQP1 channels. These results provide the first evidence of
hot spots that colocalize with nonselective monovalent cation
channels, as confirmed by properties of pharmacological sensi-
tivity, ion selectivity, and levels of expression. These data
illustrate the selectivity and applicability of the SHL probe as
a powerful biologic tool and add further support to the idea
that the ion channel function of AQP1 is an intriguing target
for new strategies to manage AQP1-expressing cancers.

Materials and Methods
Oocyte Expression and Electrophysiology. Two electrode volt-

age clamp recordings were used to determine the ability of Li1 to carry
current in AQP1-expressing oocytes. Oocyte preparation and cRNA
injection were performed as detailed in previous studies (Kourghi et al.,
2016; Pei et al., 2016b). In brief, with a protocol approved by the
University of Adelaide Animal EthicsCommittee (M2018-016) in accord
with Australian National Guidelines, partial ovariectomy of anesthe-
tized adult Xenopus laevis female frogs was used to obtain lobes of
unfertilized oocytes. Oocytes were separated from follicular coats
with collagenase, rinsed inCa21-free isotonic Na1 saline, and incubated
in frog Ringer’s saline at 16–18°C. Selected oocytes were injected with
30–50 nl of sterile water with and without 1 ng of cRNA from cloned
human Aquaporin-1 (NM_198098), linearized, and transcribed in vitro
as per published methods. Oocytes without AQP1 cRNA served as non–
AQP-expressing controls. Recordings were performed at room temper-
ature in standard isotonic Na1 saline or in Li1-substituted isotonic
saline containing either 100 mM NaCl or 100 mM LiCl, and 2 mM
KCl, 4.5 mM MgCl2, and 5 mM HEPES, pH 7.3. Capillary glass
electrodes (1–3 MV; 1 M KCl) were used for recordings. cGMP was
applied to the bath saline at a final concentration of 10–20mMusing the
membrane-permeable cGMPanalog [Rp]-8-[para-chlorophenylthio]-cGMP
(Sigma-Aldrich, Castle Hill, NSW, Australia). Ion conductances were
determined by linear fits of current amplitudes as a function of voltage,
applied by a step protocol from160 to2110mV froma240-mVholding

potential (Kourghi et al., 2016; Pei et al., 2016b). Ionic conductance values
were monitored over 25 minutes after the bath application of cGMP
to allow sufficient time to achieve maximal response. Recordings were
done using aGeneClamp amplifier and pClamp 9.0 software (Molecular
Devices, Sunnyvale, CA).

Cancer Cell Cultures and Confocal Imaging. HT29 and SW620
colorectal cancer cell lines (American Type Culture Collection,Manassas,
VA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (v/v), penicillin and
streptomycin (100 U/ml each), and 1� glutaMAX (Life Technologies,
Scoresby, VIC, Australia), referred to as complete DMEM. Cultures
were maintained in 5% CO2 at 37°C. Cells were seeded on eight-well
uncoated Ibidi m-Slides (Ibidi, Munich, Germany) at a density of
1.0 � 105 cells/ml and allowed 24 hours to settle.

All imaging experiments were performed in a darkroom. Prior to
imaging, cells were incubatedwith 50mMSHLsensor for 2 hours, then
washed twice with warm phosphate-buffered saline. For the AqB011-
treated group, cells were then incubated with 20 to 80 mMAqB011 for
2 hours or with vehicle (0.1% dimethylsulfoxide). All cells were stained
with 0.5 mg/ml of Hoechst 33258 for 20 minutes. Either Li1 saline
(137 mM LiCl, 3.5 mM KCl, 0.68 mM KH2PO4, 5 mMHEPES, 10 mM
glucose, and 4.4 mM MgSO4) or tetraethylammonium (TEA1) saline
(with 137 mM TEA Cl substituted for LiCl and all other components
identical to those in Li1 saline) was used for the imaging. The m-Slide
was mounted on a Leica TCS SP5 laser-scanning confocal microscope
(Leica, Wetzlar, Germany) with the 63� objective selected. To detect
the signal emitted by the SHL sensor, the following excitation
(Ex)/emission (Em) settingwasused:Ex5513nM/Em5550nm–700nM.
For visualizing Hoechst 33258 staining, the following setting was
used: Ex 5 405 nM/Em 5 425–500 nM.

Small Interfering RNA Transfection. HT29 cells were cultured
in six-well plates or eight-well uncoated Ibidi m-Slides in complete
DMEMmedium to reach 30% confluency prior to transfection. Trans-
fection with Lipofectamine 2000 (11668019; Life Technologies) used
50 nM of either Ambion Silencer Select AQP1 siRNA (4390824; Life
Technologies) or Ambion Silencer Select Negative Control #1 siRNA
(4390843; Life Technologies), together with 50 nM Dharmacon siGLO
Green Transfection Indicator (D-001630-01-05; Millennium Science,
Mulgrave, VIC, Australia). Cells were incubated in 5% CO2 at 37°C
for 48 hours prior to confocal imaging or real-time polymerase chain
reaction (PCR) analyses. For signals emitted by siGLO Green, the
setting Ex 5 496 nM/Em 5 506 nm–606 nM was used.

Quantitative Reverse-Transcription Polymerase Chain
Reaction. At 48 hours post-transfection, cells were harvested from
six-well plates, and RNA was extracted using Invitrogen PureLink
RNA Mini Kit (1876897; Life Technologies) according to the manu-
facturer’s protocol. RNAwas quantified in Take3Micro-VolumePlates
with a Synergy 2 plate reader (BioTek, Winooski, VT). RNA (1 mg) was
reverse transcribed using the QuantiNOVA Reverse Transcription
kit (205413; Qiagen, Chadstone Centre, VIC, Australia). Quantitative
reverse-transcription polymerase chain reactions of the reference
sequence ribosomal protein S13 (RPS13) and AQP1 were performed
usingSYBRSelectMasterMix (4472908; Life Technologies) in triplicate
using the Rotorgene 6000 (Qiagen). Primers used for AQP1 were as
follows: forward primer, AGTCACTTCCCCAAGATCTGC; reverse
primer, CAGGTGGGTCCCTTTCTTTCA.

Immunohistochemistry. Cells were cultured in eight-well Ibidi
m-Slides to achieve 50% confluency prior to the experiment. Cells were
rinsed with phosphate-buffered saline (PBS), fixed in 4% parafor-
maldehyde for 20 minutes at room temperature (RT), and washed
four times in PBS (5-minute washes at RT) on a rocker. Cells were
permeabilized with 0.1% PBS Tween for 5 minutes, washed three
times with PBS at RT for 5 minutes on a rocker, and then blocked
with 10% goat serum in PBS (GS/PBS) for 40 minutes at RT on a
rocker. Incubation with the rabbit anti-AQP1 antibody (ab15080;
Abcam, VIC, Australia) in 0.1%GS/PBS lasted 2 hours at RT. The cells
were then washed three times in PBS (7 minutes; RT) on a rocker and
incubated with AlexaFluor 488-conjugated goat anti-rabbit antibody
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(ab150077; Abcam) diluted in 0.1% GS/PBS (35 minutes; RT, in the
dark). After washing three times in PBS (7 minutes; RT) on a rocker,
cellswere incubatedwithHoechst 33258 (Sigma-Aldrich) for 5minutes
in the dark. The cells were rinsed with PBS twice and mounted using
Hydromount mounting medium (Sigma-Aldrich).

In Cell Photoswitching Experiment. The plate was mounted
on a microscope with an overhanging UV lamp and table light. The
first image was taken after the plate had been exposed to white light
for 10 minutes (OFF1). The second image was taken after subsequent
UV (632 nM) light exposure for 10 minutes (ON1). Over the next
10 minutes, images were captured every 2 minutes during white light
exposure, ending with the seventh image (OFF2). The final image was
taken after 10-minute incubation in total darkness (ON2). Fluorescent
intensities were quantified using ImageJ software (National Institutes
of Health, Bethesda, MD).

Chemical Synthesis and Characterization. Details for the
synthesis of SHL are reported as SupplementalMaterials (Supplemental
Synthesis Experiment and Supplemental Scheme 1). The character-
ization of SHL is provided as Supplemental Materials (Supplemen-
tal Spectroscopic Experiments), which show the absorbance spectrum
(Supplemental Fig. 1), Job’s plot analysis of binding stoichiometry
(Supplemental Fig. 2), photoswitching properties (Supplemental
Fig. 3), metal ion titration tests (Supplemental Fig. 4), and results
for excitation to emission to absorbance integration (Supplemental
Fig. 5).

Statistics. Differences were analyzed for significance using one-way
analysis of variance for multiple comparisons where relevant and post
hoc analyses by Student’s unpaired t test unless otherwise indicated.

Results are reported asP, 0.001 (***) and P, 0.0001 (****); n values
are indicated above the x-axis (n) in histograms.

Results
Design andCharacterization of the Reversible Lithium

Sensor SHL. The sensor described here (see Fig. 1A for SHL
structure) contains a photochromic spiropyran that can be
reversibly switched between a nonfluorescent spiropyran
isomer (SP) and a charge-delocalized fluorescent merocyanine
isomer (MC) when interacting with an appropriate metal
ion (Rivera-Fuentes et al., 2015), such as Li1 (Fig. 1A). The
ability to switch between the two states is advantageous for
visualizing Li1 transport into cells. SHL shows enhanced
fluorescence when complexed to Li1 (MC-Li1 complex in
Fig. 1A) while maintaining low background fluorescence in
the absence of the ion (SP isomer in Fig. 1A). This sensor
characteristic is desirable for visualizing ion binding with
confocal microscopy and is predicted to yield better resolu-
tion than conventional fluorescent probes due to its enhanced
signal-to-background ratio (Kolmakov et al., 2010; Klajn, 2014).
A critical characteristic of the SHL sensor is its selectivity
for Li1 over other biologically abundant ions. We showed that
incorporation of suitable ionophores on the spiropyran nucleus
provided selective binding of defined ions (Heng et al., 2017).
Here, we incorporated a 1-aza-15-crown-5 substituent at

Fig. 1. Properties of the lithium sensor SHL. (A) Structures of the SP and merocyanine-lithium complexes of the sensor SHL [MC(SHL)-Li+] and
reversible binding of Li+. The ring-closed spiropyran has lower fluorescence than the open merocyanine. (B) Fluorescence intensities of SHL (50 mM) in
the presence of Li+ or other biologically relevant metal ions. Excitation wavelength = 532 nm; emission wavelength = 625 nm. (C) Fluorescence spectra of
SHL in water (50 mM). Black spectrum, SHL with no added Li+; red spectrum, SHL with Li+ (100 mM).

Lithium Hot Spots in Migrating Cancer Cells 575

 at A
SPE

T
 Journals on June 17, 2022

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

298



C8 and a hydroxyethyl substituent at N1 to impart selectivity
for Li1 (Fig. 1A). Finally, we incorporated an NO2 substituent
at C6 of the benzopyran ring as an electron-withdrawing group
at that position, known to stabilize the ring-opened MC form,
thus favoring ion binding. Details on the synthesis of SHL
are reported in the synthesis section of the Supplemental
Information. In brief, the Li1 sensor was prepared from 1-aza-
15-crown-5 and 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-
ium to give SHLwith an overall yield of 20%using amodification
to existing methodology (Heng et al., 2013; Stubing et al., 2016).
The addition of excess Li1 (100 mM) to SHL (50 mM) gave

rise to strong fluorescence (lex 5 532 nm) at approximately
lem 5 635 nm, as shown in Fig. 1C, which is consistent with
the formation of the MC(SHL)-Li1 complex as expected based
on our sensor design. Importantly, the red fluorescence repre-
sents an emission bandwidth that is distinct from the blue
nuclear stain (Hoechst 33258) and green AQP1 immunofluo-
rescence signals. Additional spectroscopic properties of SHL,
such as absorbance, detection limits, photoswitching, and

quantum yields, are detailed in the Supplemental Note
section. The selectivity of SHL for Li1 over other biologically
relevant ions was confirmed through ion binding assays with
the addition of excess ions (Li1, Na1, K1, Cs1, Mg21, Mn21,
Cu21, or Zn21). Results in Fig. 1B show that SHL had the
highest affinity for Li1 and relatively little response to similar
monovalent ions, such as Na1 and K1. The red-emitting prop-
erties and selectivity of SHL for Li1 demonstrated that the
emission observed in the cell was not due to autofluores-
cence or interaction of the sensor with other endogenous
ions; the signal was specific to the MC(SHL)-Li1 complex.
The AQP1 Cation Channel Is Permeable to Li1 and

Blocked by AqB011. AQP1-expressing and non-AQP con-
trol Xenopus oocytes were recorded by two-electrode voltage
clamp in isotonic saline with 137 mM Li1 substituted for
standard physiologic Na1. Ion currents in isotonic Li1 saline
(Fig. 2A) weremeasured for humanAQP1-expressingXenopus
oocytes and nonexpressing control oocytes before (“initial”)
and after treatment with a membrane-permeable analog of

Fig. 2. AQP1 ion channels are permeable to Li+ and blocked by the pharmacological agent AqB011, which also impairs migration in an AQP1-expressing
cancer cell line. (A) Two-electrode voltage clamp recordings in Li+ isotonic saline of human AQP1-expressing (AQP1+) and nonexpressing control (AQP12)
Xenopus oocytes. After initial recordings (initial), ionic conductance responses were activated in AQP1+ but not AQP12 oocytes by 25 minutes after
application of CPT-cGMP (cGMP). Post incubation in AqB011 (30 mM; 2 hours), the AQP1 conductance was unresponsive to the second application of
cGMP (AqB011). (B) Trend plots illustrate responses for AQP+ oocytes measured before (initial) and after the first application of chlorophenylthio-cGMP
(cGMP), and after the second application of CPT-cGMP following 2-hour incubation in saline with AqB011. Ion conductance responses were not observed
inAQP1 control oocytes. (C)Migration trajectories for individualHT29 cells weremonitored by live cell imaging at 50-minute intervals over 24 hours with
(AqB011) and without AqB011 (UT) (80 mM). n = 8 cells per treatment. (D) Compiled Gaussian distributions of individual cell distances moved per
50-minute interval and illustration of impaired rates of migration in the AqB011-treated HT29 cells (mean6 S.E.M. was 5.696 0.54 mm/h with AqB011
and 8.83 6 0.22 mm/h with AqB011; n = 8 per treatment group). UT, untreated.
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cGMP (chlorophenylthio-cGMP; see Materials and Methods
for details), demonstrating Li1 permeability of the ion conduc-
tance in AQP1-expressing oocytes and not in control oocytes.
Oocytes were then incubated 2 hours in 30 mM AqB011 and
tested for reactivation by cGMP (“AqB011”) in Li1 saline.
Results (Fig. 2B) showed that approximately 90% of the cGMP-
induced current in AQP1-expressing oocytes was successfully
blocked by AqB011, whereas control oocytes (AQP12) lacked
appreciable cGMP-activated current responses and showed no
effect of the AqB011 inhibitor.
AqB011 Blocks Migration in AQP1-Expressing HT29

Colon Cancer Cells. Live-cell imaging was used to map the
trajectories of cultured HT29 cells (Fig. 2C) to quantify migra-
tion rates in the presence and absence of the AQP1 ion channel
blocker AqB011. Histogram summaries of the distances
moved by individual cells per unit time interval show that
the Gaussian distribution was substantially shifted to shorter
distances in the presence of the AQP1 inhibitor (Fig. 2D),
demonstrating that block of the ion channel activity impaired
cell migration.
Li1 Entry through Hot Spots in AQP1-Expressing

HT29 Cells. The ability of SHL to detect Li1 in live cells was

investigated using confocal microscopy. HT29 colon cancer
cells are known to have highAQP1 expression (Pei et al., 2016b)
and were chosen as a useful model for testing cellular imaging
of Li1 permeation through nonselective cation channels. SHL
(50 mM in physiologic saline) was incubated with the HT29
cells for 2 hours prior to imaging to allow loading of SHL into
the cells. The cells were counterstained with Hoechst 33258
to label nuclei.
Illuminationwith green laser light activated theMC(SHL)-Li1

complex, which resulted in a red fluorescence signal charac-
teristic of this chemical interaction (Fig. 3A, ON1). Exposure
of the cells to continuous white light for 10 minutes pro-
gressively shifted the signal to a low level of fluorescence,
consistent with the expected photoswitching from the fluores-
cent MC(SHL)-Li1 complex to the nonfluorescent SP isomer.
After prolonged white light illumination, the probe was reset
to a responsive state by 10-minute recovery in darkness, which
allowed reactivation of the probe signal (ON2). Fluorescence
intensity decreased as a single-phase decay function over
time when cells were illuminated with standard white light
(Fig. 3B), as illustrated by images taken at 2-minute intervals.
The normalized signal intensity decreased from 100 relative

Fig. 3. Confocal time series for SHL signals in
HT29 cells. (A) HT29 cells were incubated with
50 mM SHL for 2 hours prior to imaging. Cell
nuclei were labeled with Hoechst 33258 (blue).
Four distinctive states of the sensor during
the photoswitch cycles are illustrated. Cells
were first illuminated under visible light radi-
ation for 10 minutes to convert the majority of
the sensor back to nonfluorescent SP isomer
(OFF1). Then, cells were illuminated under UV
light for 10 minutes to convert SP isomer to
fluorescent MC(SHL)-Li+ complex (ON1), fol-
lowed by exposure under white light for 10 min-
utes with measurement taken every 2 minutes
(OFF2). Finally, cells were incubated in the
dark for 10 minutes to allow the formation of
theMC isomer and the binding of Li+ to form the
MC(SHL)-Li+ complex (OFF2). (B) Ten-minute
white light illumination was applied to cells after
ON1 state; images were taken every 2minutes as
illustrated. RedSHL signals gradually fadedwith
time. (C) Red fluorescent signals were measured
for individual cells in the field of view, and values
were normalized toON1 state. Data are themean
6 S.E.M.; the n value is 43. A single-phase decay
functionwas fitted to values betweenON1 (100%)
and OFF2 (44.51%) states; the half-life was
determined to be 4.13 minutes, with a t value
estimated at 5.95 minutes. After 10-minute
incubation in the dark, sensors converted back
to the MC isomer, and the normalized intensity
increased from 44.51% (OFF2) to 84.65% (ON2).
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fluorescence units (RFUs) to 44.51 RFUs after 10 minutes of
visible light radiation (Fig. 3C). Under these experimental
conditions, the half-life was determined to be 4.13 minutes
with a t value estimated at 5.95 minutes. Recovery in darkness
for 10 minutes allowed the formation of the MC isomer. The
binding of Li1 regenerated the MC(SHL)-Li1 complex at a
normalized intensity of 84.65 RFUs (Fig. 3C; ON2). Repeated
cycles of photoswitching performed on the same cells gave
reproducible changes in fluorescence, demonstrating the
ability of SHL to photoswitch reversibly in living cells. This
innovation defines a new probe for monitoring changes in
intracellular Li1 in a biologic sample over time without loss of
sensitivity imposed by photobleaching of a sensor. The photo-
switching property allows repeated comparisons of function
acrossmultiple experimental treatments and provides additional
advantages for biologic assays in which sample availability
can be limited.
Distinctive punctate signals, referred to here as lithium

“hot spots,” were observed in HT29 cells when imaged in
Li1-containing saline (Fig. 4A, 1). A loss of hot spot events
was observed after treatment with the AQP1 ion channel
antagonist AqB011 (20 mM for 2 hours), after which only a
faint background fluorescence was observed (Fig. 4A, 2).
The removal of Li1 from the extracellular saline by equi-
molar substitution with the TEA1 ion also caused a loss of hot
spots (Fig. 4A, 3), showing that the observed events resulted
from Li1 ion entry. In saline with TEA1, application of the
blocker AqB011 had no additional effect on hot spot activity
(Fig. 4A, 4). The fluorescent signal for the entire cell was
reduced 2-fold in HT29 cells when Li1 entry was compromised
by pharmacological block of the ion channel with AqB011 or by
removal of extracellular Li1 ion via replacement with other
cations as chloride salts (Fig. 4B). Collectively, these data
confirmed that the bright punctate Li1 signals depended on
the presence of extracellular Li1 and the presence of
functional AQP1 ion channels, and ruled out the possibility
that hot spots were indirectly due to nonspecific interactions
with other intracellular cations or entry of Li1 through other
cation pathways. The most parsimonious interpretation is that
the lithium hot spots represent Li1 entry across the plasma
membrane through AQP1 cation channels.
Knockdown of AQP1 expression with small interfering

RNA (siRNA) resulted in a dramatic loss of red Li1 hot spots,
specifically in transfected HT29 cells (labeled green with cotrans-
fected siGLO transfection indicator) and not in nontransfected
cells in the same culture plate (Fig. 4C). The fluorescence
intensity of signals from the SHL Li1 probe (Fig. 4D) and the
levels of AQP1 transcript assessed by quantitative PCR (Fig. 4E)
both were reduced significantly with AQP1-siRNA treatment,
but not with control scrambled siRNA treatment. These data
confirm that in HT29 cells, the appearance of Li1 hot spots
requires the expression of AQP1 channels.
Li1 Hot Spots Were Not Observed in SW620 Cells

Lacking High Levels of AQP1 Expression. The role of
AQP1 ion channels in mediating the lithium hot spot events
was tested by comparison with another colon cancer cell line
(SW620) which is similar to HT29 in having an adherent
epithelial phenotype (Fogh et al., 1977) but different in that
rates of migration are slower. Levels of AQP1 expression
were approximately 2.6-fold lower in SW620 than in HT29
cells (Fig. 5, A and B); this finding is further supported by the
reverse-transcription PCR data (Fig. 5C). HT29 cells and

SW620 cells were preincubated in SHL for 2 hours, transferred
into Li1-substituted saline, and imaged. Results show that
the lithium hot spots are more abundant and brighter in
HT29 cells (Fig. 5D, 1–3) than in SW620 cells (Fig. 5D, 4–6).
In migrating HT29 cells, lithium hot spots are concentrated
in leading edges (Fig. 5D, 2 and 3) in contrast to the uniform
distribution seen in nonmigrating cells (Fig. 5D, 1). This ob-
servation is consistent with the known clustering of AQP1
channels in the leading edges of specific classes of cells during
migration (McCoy and Sontheimer, 2007), where these chan-
nels are proposed to facilitate fluid movements needed for
volume changes during extension, and possibly to compensate
for changes in osmotic pressure associated with actin poly-
merization and depolymerization (Hu and Verkman, 2006).
AQP1 expression and localization were determined by immu-

nofluorescent imaging using confocal microscopy. AQP1 protein
was immunolabeled with anti-AQP1 primary antibody and
green fluorescent AlexaFluor 488 secondary antibody and
visualized by 488-nm laser excitation.HT29 cells demonstrated
high AQP1 signal intensities as compared with SW620 cells
(Fig. 6, A andB). ComparisonwithSW620 cells confirmed that a
reduced abundance of lithium hot spots correlated with lower
levels of AQP1 expression. In combination, results here based
on pharmacology, ion substitution, and a comparison of cell
lines with different levels of AQP1 expression provide evidence
that the lithium hot spots measured by the novel probe SHL
mark the locations of active AQP1 ion channels.
LithiumHot Spots Are Colocalizedwith AQP1Channels

in HT29 Cells. The spatial correlation between the locations
of the lithium hot spots and AQP1 channels was assessed
using confocal microscopy. Signal intensities using Z-stack
compiled images were measured as a function of distance
across the cell diameter (indicated by straight lines cross-
ing the cell centers; two cross-sections per cell). Signals were
plotted as a function of X-Y distance to quantify the correspon-
dence between the SHLLi1 fluorescence intensity [red channel;
MC(SHL)-Li1 complex] and the AQP1 protein signal intensity
(green channel; immunofluorescence). Results in Fig. 6C show
that the two fluorescence signals were strongly colocalized in
HT29 cells (with superimposed red and green signals repre-
sented as yellow), yielding RFUs ranging from 50 to 200 that
were consistent with data shown in Fig. 5A. The spatial profiles
of the red and green signals across the cell diameter are
illustrated by plots of signal intensity (Fig. 6D). Li1 and AQP1
signals in HT29 cells were strongly correlated, with R2 values
ranging 0.61 to 0.68. In contrast, SW620 cells (Fig. 6D) showed
low signal intensities and poor spatial correlation, with signal
values mainly at 0–50 RFUs and R2 values ranging from 0.06
to 0.09. This work opens new avenues for the potential real-
time visualization of cation channel function and the localiza-
tion of active channel domains in living cells, and provides
additional insight into the relevance of cation channels such as
AQP1 in dynamic cellular responses, such as migration.
LithiumHot Spots Are Dynamic When Imaged in HT29

Cells. The ability of SHL to detect dynamic Li1 entry through
AQP1 was tested using a 300-second time-lapse video of an
SHL-loaded cell directly after perfusion with Li1-substituted
extracellular saline. The intensity of Li1 hot spots increased
during the first half of the recording, then cycled between
increasing and decreasing signal intensities during the second
half (Fig. 7). The montage shows a time series for a 2 � 3–mm
field of view (rectangle), illustrating the dynamic fluorescence
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Fig. 4. Lithium hot spot signals depend on functional AQP1 channels. (A) Distinctive punctate Li+ hot spots were observed in HT29 cells imaged in Li+-
substituted extracellular saline (1). In cells that were pretreated with 20 mMAqB011 for 2 hours, Li+ hot spots were not observed (2). Similar losses of hot
spot events were observed after the removal of Li+ from the extracellular saline by equimolar substitution of TEA+ (3). Pretreatment with 20 mMAqB011
(2 hours) caused no further change in the signal in the absence of extracellular Li+ (4). (B) Li+-selective fluorescent signals were quantified by measuring
red fluorescence intensities of individual cells. Intensities were normalized to those of HT29 cells imaged in Li+ saline. Li+ entry was significantly
compromised by pharmacological block (AqB011) or removal of Li+ ion from the saline by equimolar replacement with other cations, such as TEA+.
Significant differences were analyzed by comparing the Li+ AqB011, TEA+UT, and TEA+ AqB011 groups to the Li+ UT group (seeMaterials andMethods
for details). (C) HT29 cells were transfected with either siRNA targeting AQP1 (si-AQP1, upper panels) or scrambled siRNA (scrambled, lower panels)
before confocal imaging. Cells were preincubated in transfection indicator siGLO Green (green, 1 and 5) and SHL (red, 2 and 6). Stacked images of both
green and red channels are illustrated in 3 and 7, and bright field images are illustrated in 4 and 8. Li+ signals were impaired in cells successfully
transfectedwithAQP1 siRNA (cells with green nucleus, 3) but not in cells transfectedwith scrambled siRNA (cells with green nucleus, 7). (D) Li+-selective
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emission properties. A movie depicting Li1 hot spot activity in
HT29 cells in real time is available as Supplemental Material
(Supplemental Video).

Discussion
Work with confocal imaging presented here is the first to

demonstrate the use of a new Li1-selective photoswitchable
probe as a tool for monitoring nonselective cation entry in
living cells, with AQP1 ion channels of migrating cancer cells
selected as a model for illustrating feasibility and potential
significance. Nonselective monovalent cation channel activ-
ity was monitored with the probe SHL, which is selective for
Li1. Lithium hot spots were abundant in HT29 colon cancer
cells expressing high levels of AQP1 and rare in SW620 colon
cancer cells which have comparatively little AQP1. The spatial

localization of Li1 hot spots at the leading edges of HT29 cells
was an exciting observation, fitting the predicted location of
AQP1 ion channels. Future studies characterizing the dynamic
temporal and spatial properties of ion fluxes in migrating cells
at higher resolution will be of interest.
The initial proposal thatAQP1works as a nonselective cation

channel in addition to its known role as a water channel (Yool
et al., 1996) generated controversy (Agre et al., 1997; Tsunoda
et al., 2004). Subsequent analyses confirmed the capacity of
AQP1 to function as a dual water and ion channel, showing the
ion channel activity was gated directed by intracellular cGMP
and indirectly regulated by intracellular signaling cascades
including tyrosine phosphorylation (Anthony et al., 2000; Saparov
et al., 2001; Boassa and Yool, 2003; Campbell et al., 2012), but
left unclear the physiologic relevance of the dual water and ion
channel function (Saparov et al., 2001). Recent work has since

Fig. 5. Characterization of lithium hot spots in
AQP1-expressing and AQP1-deficient cells. (A)
Cells were labeled with Hoechst nuclear stain
(blue) and anti-AQP1 antibody (tagged with fluo-
rescent secondary antibody; green). (B) Anti-AQP1
immunofluorescence intensities for HT29 cells
were approximately 2.6-fold higher than in SW620
cells. (C) AQP1RNA levels measured by reverse-
transcription quantitative PCR were more than
100-fold lower in SW620 cells as compared with
HT29 cells. (D) HT29 and SW620 cells were
loaded with SHL for 2 hours prior to imaging. A
strong Li+ signal was observed in all HT29 cells
(1, 2, 3) as compared with the minimal Li+ signals
observed in SW620 cells (4, 5, 6). In nonmigrat-
ing HT29 cells, Li+ hot spots appeared as widely
distributed across the cell (1). InmigratingHT29
cells, Li+ hot spots were concentrated at leading
edges of the cells (2, 3). White scale bars indicate
5 mm. Significant differences were analyzed by
unpaired t test and are reported as P , 0.001
(***) (see Materials and Methods for details).

fluorescent signals were quantified by measuring red fluorescent intensities of individual cells that were either transfected (green nucleus signal) or
nontransfected (no nucleus signal). Li+ entry was significantly impaired in cells with AQP1 knockdown. Significant differences were analyzed by one-way
ANOVA with post hoc Bonferroni tests and are reported as P, 0.0001 (****). (E) AQP1 RNA levels were quantified by using reverse-transcription PCR.
AQP1 RNA levels were lowered in cells transfected with siRNA targeting AQP1 compared with either cells without transfection (UT) or cells with
scrambled siRNA transfection (scrambled). UT, untreated.
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demonstrated that the AQP1 ion conductance is essential for
rapid cell movement in a subset of cancer cells which show high
metastasis or invasiveness (Kourghi et al., 2016; Pei et al., 2016b),
demonstrating a functional role for the AQP1 ion channel.
AQP1 channels are not the only pathway for Li1 trans-

port across cell membranes. Li1 is also conducted through

voltage-gated Na1 channels (Hille, 1972; Richelson, 1977;
Timmer and Sands, 1999) and the Na1-proton exchanger
(Lenox et al., 1998). Some of the Li1 signal described here
could involve additional channels or transporters. However,
the alternative hypothesis that the lithium signal observed in
HT29 cancer cells is due entirely to mechanisms unrelated to

Fig. 6. Quantitative confocal analyses of the colocalization of AQP1 and Li+ hot spots. HT29 cells (A) and SW620 cells (B) were preincubated with SHL
(red) and then fixed and labeled with AQP1 primary antibody and AlexaFluor-488–conjugated secondary antibody (green). Nuclei were stained with
Hoechst (blue). Both the Li+ and AQP1 signals were at higher intensities in HT29 cells than in SW620 cells. In the far-right panels, all three signal
bandwidth images are combined, with colocalized red and green signals seen as yellow. Fluorescence signals from the MC(SHL)-Li+ complex and AQP1
were strongly colocalized in HT29 cells but not in SW620 cells. (C) Two cross-sections through cell centers were selected (labeled 1 and 2 for HT29,
3 and 4 for SW620). The red Li+ and green AQP1 signal intensities in the cross-sectional lines were plotted as a function of X-Y distance across the cell.
HT29 cells showed robust levels and a strong correlation between Li+ and AQP1 signal intensities, which was not seen in SW620 cells. (D) Linear
regression analyses quantified the correlation between Li+ signal and AQP1 signal intensities in HT29 cells (pink) and SW620 cells (orange) for data from
(C). R2 values calculated using GraphPad Prism 7 were 0.61 and 0.68 for HT29 cell cross sections, and 0.06 and 0.09 for SW620 cells.
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AQP1 seems unlikely for several reasons. First, results here
show that pharmacological inhibitionwith theAQP1 ion channel
blocker AqB011 significantly diminished the Li1 signal to a level
similar to the response observed in cells imaged in saline with
TEA1 (which does not bind to SHL). Other AQP modulators in
the library of bumetanide derivatives that include AqB011
have been shown to be selective for specific AQP classeswithout
off-target effects on other signaling and transport mechanisms
(Migliati et al., 2009; Yool et al., 2013). Second, the punctate
Li1 signal pattern was not evident in SW620 cells that have
low levels of AQP1 expression but otherwise express various
channels and transporters required for basic cellular func-
tion and low-level motility. Third, the colocalization of AQP1
expression and Li1 signals showed a robust correlation.
Since SHL passively diffuses across the membrane, it should

achieve a reasonably uniform distribution on the cytoplasmic
side. PunctateLi1hot spots indicate local areas of Li1 entry and
accumulation. As shown using the oocyte expression system,
AQP1 ion channels mediate Li1 influx. In combination with
results of pharmacological block and siRNAknockdown, data
here support the interpretation that the interaction of Li1

with SHL resulting in hot spots occurs in the vicinity of active
AQP1 ion channels. The remaining intracellular SHL through-
out areas without substantial Li1 influx would remain predom-
inantly in the nonfluorescent form, consistentwith the low-level
background fluorescence.
The increased incidence of hot spots in cellular protrusions

was consistent with work from others indicating that AQP1
is localized at the leading edges in migrating cells (McCoy
and Sontheimer, 2007). The slow temporal resolution used here
for image capture was sufficient to illustrate the dynamic
property of the Li1 hot spots, which turned on and off over
time (as shown in Fig. 7). The observed on/off dynamics of
SHL in AQP1-expressing cells was limited by our confocal
microscopy setup to a minimal image acquisition rate of
3 seconds per frame; optimization will be needed to enable
better evaluations of channel kinetics. Our focus on AQP1
for testing the SHL probemay have benefitted from the usually
slow gating properties of the AQP1 ion channel, which once

opened, shows long bursts persisting for hundreds of millisec-
onds and sets of bursts lasting for seconds (Anthony et al., 2000).
Evidence that AQP1 is not just a water channel but also

functions as a monovalent cation channel contributes to our
understanding of the diverse mechanisms that govern cell
migration. Looking ahead to translational applications, we
propose that the lithium sensor will be useful for investigating
cation channel function in many types of living cells, including
sensory cells, immune cells, cancer cells, and more. The AQP1
ion channel itself is an attractive candidate for development of
new therapeutics, and the Li1 sensor SHL could be a powerful
tool in high-throughput screening for new pharmacological
agents that might ultimately help manage metastasis in aggres-
sive AQP1-dependent cancers.
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Aquaporins are integral proteins that facilitate the transmembrane transport of water

and small solutes. In addition to enabling water flux, mammalian Aquaporin-1 (AQP1)

channels activated by cyclic GMP can carry non-selective monovalent cation currents,

selectively blocked by arylsulfonamide compounds AqB007 (IC50 170µM) and AqB011

(IC50 14µM). In silico models suggested that ligand docking might involve the

cytoplasmic loop D (between AQP1 transmembrane domains 4 and 5), but the predicted

site of interaction remained to be tested. Work here shows that mutagenesis of two

conserved arginine residues in loop D slowed the activation of the AQP1 ion conductance

and impaired the sensitivity of the channel to block by AqB011. Substitution of residues

in loop D with proline showed effects on ion conductance amplitude that varied with

position, suggesting that the structural conformation of loop D is important for AQP1

channel gating. Human AQP1wild type, AQP1mutant channels with alanines substituted

for two arginines (R159A+R160A), and mutants with proline substituted for single

residues threonine (T157P), aspartate (D158P), arginine (R159P, R160P), or glycine

(G165P) were expressed in Xenopus laevis oocytes. Conductance responses were

analyzed by two-electrode voltage clamp. Optical osmotic swelling assays and confocal

microscopy were used to confirm mutant and wild type AQP1-expressing oocytes were

expressed in the plasma membrane. After application of membrane-permeable cGMP,

R159A+R160A channels had a significantly slower rate of activation as compared with

wild type, consistent with impaired gating. AQP1 R159A+R160A channels showed

no significant block by AqB011 at 50µM, in contrast to the wild type channel which

was blocked effectively. T157P, D158P, and R160P mutations had impaired activation

compared to wild type; R159P showed no significant effect; and G165P appeared to

augment the conductance amplitude. These findings provide evidence for the role of the

loop D as a gating domain for AQP1 ion channels, and identify the likely site of interaction

of AqB011 in the proximal loop D sequence.

Keywords: major intrinsic protein, MIP, AQP1, water channel, non-selective cation channel, cyclic GMP,

arylsulfonamide
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Kourghi et al. Aquaporin Ion Channel Gating and Inhibition

INTRODUCTION

Aquaporins (AQPs) are a diverse family of channels for water and
solutes, classified as major intrinsic proteins (MIPs) (Benga et al.,
1986; Agre et al., 1993; Reizer et al., 1993). In mammals, classes
of AQPs are differentially expressed in endothelial, epithelial and
other cell types, and comprise key components of mechanisms
for fluid homeostasis in single cells, barrier tissues, and organs
(Nielsen et al., 1993; Boassa and Yool, 2005; Hachez and
Chaumont, 2010). Some classes of aquaporin channels have been
found shown to transport molecules other than water across the
cell membrane, including glycerol, ammonia, urea, protons, as
well as CO2 and O2 gases (Madeira et al., 2014; Kitchen et al.,
2015), and ions (Yool, 2007; Yool and Campbell, 2012).

Aquaporin ion channel functions have been described for
multiple members of the MIP family. Recent work has shown
that a plant aquaporin channel (AtPIP2;1) serves as a non-
selective cation channel that is sensitive to Ca2+ and pH (Byrt
et al., 2016), addressing a mystery regarding the molecular
basis of a Ca2+-inhibited leak current known to be involved
in environmental stress responses of roots (Demidchik and
Tester, 2002). The insect aquaporin Big Brain (BIB) channel
in Drosophila (Yanochko and Yool, 2002) and mammalian
lens MIP (AQP0) have been characterized as ion channels
(Zampighi et al., 1985; Ehring et al., 1990); their importance
of these channels is evident from the consequences of genetic
knockouts resulting in impaired nervous system development
(Rao et al., 1992) and cataract formation (Berry et al., 2000),
respectively. However the precise roles of their ion channel

activities in cell signaling and development remain to be
determined.

Controversy on the role of AQP1 as an ion channel, first
proposed in 1996 (Yool et al., 1996), stemmed from a paradigm
which stated AQP1 was nothing but a water channel (Tsunoda
et al., 2004). An extensive body of work published since has
shown: (i) AQP1 is a dual water and cation channel with a
unitary conductance of 150 pS under physiological conditions,
permeable to Na+, K+, and Cs+, and gated by the binding
of cGMP at the intracellular loop D domain (Anthony et al.,
2000; Yu et al., 2006). (ii) AQP1 carries water through the
individual intra-subunit pores, whereas cations pass through
the central pore of the tetramer (Yu et al., 2006; Campbell
et al., 2012). (iii) Single channel activity of natively expressed
AQP1 is selectively lost after small interfering knockdown of
AQP1 expression (Boassa et al., 2006). (iv) The availability
of AQP1 to be activated as an ion channel is regulated by
tyrosine kinase phosphorylation of the carboxyl terminal domain
(Campbell et al., 2012). (v) AQP1 ion channel properties are
altered by site-directed mutagenesis of the central pore domain,
which changes the cationic selectivity of the current, and creates
a gain-of-function blocking site by Hg2+ via introduction of
a cysteine residue at the extracellular side (Campbell et al.,
2012). (vi) Mutations of the carboxyl terminal domain of
hAQP1 alter the efficacy of cGMP in activating the ionic
conductance (Boassa and Yool, 2003). (vii) Molecular dynamic
simulations confirmed it was theoretically feasible to move
Na+ ions through the AQP1 central pore and identified the

cytoplasmic loop D domain as involved in gating of the ion
channel; mutation of key loop D residues impaired ion channel
activation without preventing water channel activity (Yu et al.,
2006).

The ability to change specific ion channel properties of
activation, ion selectivity, and block using site-directedmutations
of the AQP1 amino acid sequence have provided convincing
evidence that AQP1 directly mediates the observed ionic current
(Anthony et al., 2000; Boassa and Yool, 2003; Yu et al., 2006;
Campbell et al., 2012). The alternative suggestion that responses
were due to unidentified native ion channels translocated into
the membrane along with AQP1 was ruled out by these studies,
which showed that the altered ion channel functions associated
with mutations of AQP1 did not prevent normal assembly and
plasma membrane expression of AQP1 channels as evidenced by
immunolabeling, western blot, and measures of osmotic water
permeability.

While the ion channel function of AQP1 was confirmed
independently by other groups (Saparov et al., 2001; Zhang
et al., 2007), the physiological relevance of AQP1 ion channel
function remained uncertain, given the low proportion of ion
conducting channels observed in reconstitutedmembrane assays.
Mathematical modeling tested the premise, assuming only a
tiny fraction of AQP1 acted as ion channels, and showed the
predicted effects were sufficient for a meaningful impact on
net transport in epithelial cells (Yool and Weinstein, 2002).
Interestingly the relative amplitudes of ion currents and water
fluxes for mammalian AQP6, also thought to be a dual water and
ion channel (Yasui et al., 1999), were similar to those of AQP1,
suggesting AQP6 similarly has a low proportion of functioning
ion channels within the total population. Although high densities
of water channels might be needed to move substantial fluid
volumes, the apparently low ratios for aquaporins reinforce a
basic concept in the ion channel field; relatively few charge-
selective ion channels are needed to alter transmembrane voltage
gradients (Hille, 2001).

With development of the first selective AQP1 ion channel
inhibitor AqB011 (Kourghi et al., 2016), the question of the
physiological function of the AQP1 ion channel could be directly
addressed. Kourghi and colleagues showed AqB011 selectively
inhibited migration in AQP1-expressing cancer cell lines, but
not in those without AQP1, demonstrating that the AQP1 ion
conductance can serve an essential role in cellular functions such
as migration. Of the pharmacological inhibitors of AQP1 ion
channel identified thus far, AqB011 is the most potent (IC50

14µM). Osmotic water fluxes in hAQP1-expressing oocytes
were not altered by 200µM AqB011, indicating the block is
selective for AQP1 ion channel activity. Molecular docking
models suggested loop D domain as a candidate binding site for
the AqB011 (Kourghi et al., 2016), but the prediction remained
to be tested.

The role of AQP1 loop D residues in ion conductance
activation and in mediating block by AqB011 was tested
here using site-directed mutations of amino acids. Conserved
arginine residues at positions 159 and 160 in human AQP1
were mutated to alanines. As compared with wild type, the
cGMP-mediated activation of the AQP1 ionic conductance
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FIGURE 1 | Human AQP1 ionic conductances activated by cGMP differ in

sensitivity to the inhibitor AqB011 in wild type and R159A+R160A expressing

oocytes. (A) Electrophysiology traces showing currents recorded in control

non-AQP oocytes, and in hAQP1 wild type and R159A+R160A expressing

oocytes. The current traces are shown prior to stimulation (initial), after the first

maximal response to CPT-cGMP (1st cGMP), and after the second maximal

response (2nd cGMP) following a 2 h incubation with 50µM AqB011 or vehicle

(DMSO). (B) Trend plots show the ionic conductance amplitudes for individual

oocytes through each series of treatments for AQP1 wild type, mutant, and

non AQP-expressing control oocytes, measured before stimulation (initial),

after the first CPT-cGMP (1st cGMP), after 2-h recovery in cGMP-free saline

containing vehicle or 50µM AqB011 (“incubat”), and after the second

CPT-cGMP (2nd cGMP). (C) Compiled box plot data illustrate statistically

significant block of AQP1 wild type but not R159A+R160 ion conductances

following incubation in 50µM AqB011. n values are above the x-axis. Boxes

show 50% of data points; error bars show the full range; horizontal bars show

median values. ****p < 0.0001.

response was significantly slower in R159A+R160A channels,
the maximal amplitude of the activated current in the
mutant construct was reduced as compared to wild type,
and the mutant was insensitive to the inhibitor AqB011.
Human AQP1 mutant constructs in which proline was
substituted for conserved single residues threonine (T157P),
aspartate (D158P), arginine (R159P, R160P), and glycine
(G165P) showed differential effects on conductance activation
depending on position, which suggested the conformation of
loop D is important for AQP1 ion channel gating. Proline
enables tight bends in peptide structures (Vanhoof et al.,
1995). These results support the role of conserved loop
D residues in AQP1 ion channel activation and inhibition

FIGURE 2 | Rates of activation of ion conductance responses to CPT-cGMP

in oocytes expressing AQP1 wild type or R159A+R160A channels. (A) Ion

current responses were monitored after application of CPT-cGMP using

repeated series of brief steps to +40, 0, and −80mV from a holding potential

of −40mV (10 per minute; 150ms each). Traces are shown at 4min intervals

for clarity. Numbers indicate time in minutes post-application of CPT-cGMP.

(B) The plot of steady state current amplitudes at +40mV as a function of time

after application of CPT-cGMP at time zero illustrates the difference in latency

to activation in representative examples of AQP1 wild type and

R159A+R160A expressing oocytes.
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by AqB011, and provide further support for the concept
that loop D is a gating domain for the AQP1 central
ion pore.

FIGURE 3 | Confirmation of expression of AQP1 wild type and AQP1

R159A+R160 mutant channels in oocyte plasma membranes by significantly

increased osmotic water permeabilities as compared to non-AQP1 expressing

controls. (A) Osmotic water permeabilities (mean ± SEM) assessed by

quantitative swelling assays for AQP1 wild type (open circles) and AQP1

R159A+R160 mutant (squares) compared with non-AQP1 expressing control

oocytes (filled circles). Relative volumes as a function of time after introduction

into 50% hypotonic saline at time zero were measured from video-imaged

cross-sectional areas. (n = 6 per group). (B) Box plot data showing osmotic

swelling rates were higher in oocytes expressing AQP1 wild type and AQP1

R159A+R160 mutants than non-AQP1 expressing controls (one way ANOVA;

post-hoc Bonferroni tests). *p < 0.05; ****p < 0.0001; n = 6 per group. Boxes

show 50% of data points; error bars show the full range; horizontal bars show

median values.

MATERIALS AND METHODS

Oocyte Preparation and Injection
Unfertilized oocytes were harvested by partial ovariectomy from
anesthetized Xenopus laevis frogs following national guidelines
(Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes), and approved by the University of Adelaide
Animal Ethics Committee (approval # M2013-167). Oocytes
were defolliculated with collagenase (type 1A, 1 mg/ml; Sigma-
Aldrich, St. Louis, MO) in the presence of trypsin inhibitor (0.05
mg/ml; Sigma-Aldrich, St. Louis, MO) for 1 to 1.5 h in OR-2
saline (96mM NaCl, 2mM KCl, 5mM MgCl2, penicillin 100
units/ml, streptomycin 0.1 mg/ml, and 5mM HEPES; pH 7.6).
Oocytes were then washed 4 times with OR-2 saline at ∼10min
intervals, and kept at 16–18◦C in isotonic Frog Ringers saline
[96mM NaCl, 2mM KCl, 5mM MgCl2, 0.6mM CaCl2, 5mM
HEPES buffer, horse serum (5%; Sigma-Aldrich, St. Louis, MO),
penicillin 100 units/ml streptomycin 0.1 mg/ml, and tetracycline
0.5 mg/ml, pH 7.6]. Oocytes were injected with 50 nl of water
(control oocytes), or 50 nl of water containing 1 ng of AQP1 wild
type cRNA, or 2 ng of AQP1 mutant cRNAs. Oocytes were then
transferred to sterile dishes containing Frog Ringers saline and
incubated at 16–18◦C for 48 h or more to allow time for protein
expression. Isotonic Na+ saline used for electrophysiology and
osmotic swelling assays contained (in mM): NaCl 96mM, KCl
2mM, MgCl2 5mM, CaCl2 0.6mM, and HEPES 5mM, pH 7.3,
without antibiotics or serum.

Site Directed Mutagenesis of AQP1
Site-directed mutations were generated in human AQP1
cDNA in the Xenopus expression vector (pxBGev), using the
QuikChange site-directedmutagenesis kit (Agilent Technologies,
Forest Hills, VIC, Australia) with custom-synthesized primers as
described previously (Yu et al., 2006). The correct sequences of
the constructs were confirmed by replicate DNA sequencing of
the full-length cDNA constructs. Wild-type AQP1 and mutant
cDNAs were linearized using BamHI and transcribed with T3
RNA polymerase using the mMessage mMachine kit (Ambion,
Austin, TX).

Osmotic Swelling Assays and Confocal
Microscopy
Swelling assays or confocal microscopy were used to confirm
AQP1 wild type and mutant channels were expressed in
oocyte plasma membranes. Swelling assays were performed
in 50% hypotonic saline (isotonic Na+ saline diluted with
equal volume of water). Prior to swelling assays the control
(non-AQP expressing), AQP1 wild type and AQP1 mutant
expressing oocytes were rinsed in isotonic saline (without
horse serum or antibiotics) for 10min. Rates of swelling were
imaged using a grayscale camera (Cohu, San Diego, CA)
fixed on a dissecting microscope (Olympus SZ-PT; Olympus,
Macquarie Park, Australia), and images were captured at 0.5Hz
using Image J software from National Institutes of Health
(http://rsbweb.nih.gov/ij/). Swelling rates were determined from
slope values of linear regression fits of relative volume as a
function of time using Prism (GraphPad Software Inc., San
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Diego, CA). For confocal microscopy, oocytes were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and
incubated with rabbit polyclonal anti-AQP1 antibody (provided
by WD Stamer; Duke University, USA) diluted in buffered
solution with 300mMNaCl, 30mMNa citrate, 1% bovine serum
albumin, 0.05% TritonX-100, and 0.02% sodium azide. After
secondary labeling with FITC-conjugated goat anti-rat antibody,
preparations were imaged with a Leica (Nussloch, Germany)
TCS-4D laser scanning confocal microscope.

Electrophysiological Recordings
Two-electrode voltage clamp recordings were performed at room
temperature in standard isotonic Na+ saline using a GeneClamp
amplifier and Clampex 9.0 software (pClamp 9.0 Molecular
Devices, Sunnyvale, CA, USA). Data were filtered at 2 kHz and
stored to hard disk for analysis. Capillary glass pipettes (∼1 M�)
were filled with 1M KCl. Initial conductance values were
determined from current-voltage relationships measured prior
to cGMP stimulation, by application of the nitric oxide donor
sodium nitroprusside (SNP) at a final concentration of 7.5mM,
or by application of membrane permeable CPT-cGMP(8-(4-
chlorophenylthio)-guanosine-3′,5′-cyclic monophosphate) at a
final concentration of 10µM, as per published methods (Boassa
and Yool, 2003; Campbell et al., 2012). From a holding potential
of −40, voltage steps from +60 to −110mV were applied to
measure conductance. Repeated steps to +40mV at 6 s intervals
were used to monitor changes in ion current responses as a
function of time after application of an activator or inhibitor.

For the studies of pharmacological inhibition by AqB011, after
recording the conductance for the first response to CPT-cGMP,
oocytes were transferred into isotonic Na+ saline with either
AqB011 or vehicle for 2 h. Incubation allowed recovery to
initial conductance levels as well as time for AqB011 to cross
the membrane to reach its intracellular site of action, as
described previously (Kourghi et al., 2016). Recovery from
block was very slow, taking hours after removal of the agent
from the extracellular medium. Oocytes were then re-evaluated
for responsiveness to a second application of CPT-cGMP to
test for inhibition post-incubation without AqB011 present.
AqB011 was synthesized by G Flynn (SpaceFill Enterprises
LLC, Bozeman Montana USA) with preparation methods and
chemical structure as previously published (Kourghi et al., 2016).
AqB011 was prepared as a 1000x stock solution in the vehicle
dimethylsulfoxide (DMSO) and diluted in recording saline to
the final concentration; vehicle control saline was made with the
equivalent amount of DMSO (0.1% V/V). Box plot histograms
show 50% of data (boxes), the full range of data (error bars), and
the median value (horizontal bar).

RESULTS

Reduced Sensitivity to Block by AqB011 in
AQP1 R159A+R160A Channels
Voltage clamp recordings showed that application of
extracellular CPT-cGMP activated ionic conductance responses
in human AQP1 wild type and R159A+R160A mutant

FIGURE 4 | Amino acid sequence alignment for the loop D and flanking domains of AQP1 channels from diverse classes of vertebrates (mammals, fish, and birds).

Amino acid sequences downloaded from the National Center for Biotechnology Information (NCBI) Protein database (www.ncbi.nlm.nih.gov/protein) were aligned

using the NCBI BlastP online application (blast.ncbi.nlm.nih.gov) for multiple sequences. Residues in black are identical with the query sequence Homo sapiens

AQP1. Variations in sequence are highlighted in red.
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expressing oocytes (Figure 1A). Initial recordings measured
before the application of CPT-cGMP showed uniformly low
currents, comparable to those of non-AQP control oocytes. The
ionic conductance increased after application of CPT-cGMP
in AQP1 wild type and R159A+R160A expressing oocytes,
but in not non-AQP control oocytes. After recording the first
response, oocytes were transferred into isotonic Na+ saline
with 50µM AqB011 or vehicle. Figure 1B shows trend plots of
the conductance responses of individual oocytes through each
series of treatments. After 2 h incubation, the ionic conductance
responses recovered to initial levels, and a second application
of CPT-cGMP was used to assess the level of reactivation of
current (Figures 1A,B). CPT-cGMP activated currents were not
observed in non-AQP expressing control oocytes. Figure 1C
shows compiled box plot data for the ionic conductance values
for human AQP1 wild type and R159A+R160A mutants. AQP1

wild type currents were strongly blocked after incubation in
AqB011 but not after incubation with vehicle. The amplitude
of maximal activation was lower in R159A+R160A mutant-
expressing oocytes than wild type, and the R159A+R160A
conductance was not sensitive to block by AqB011.

The recovery of the AQP1 wild type and mutant currents
to baseline levels during the incubation period demonstrated
that the responses were reversible, thus not due to oocyte
damage or leak. Complete reactivation of wild type ionic
conductance response to the second application of CPT-
cGMP (after incubation in saline with vehicle) demonstrated
that prior activation did not impair responsiveness of the
AQP1-expressing oocytes to subsequent stimulation. AQP1
wild type-expressing oocytes incubated in saline with AqB011
were not re-activated by a second application of CPT-cGMP,
confirming inhibition of the ion current as described previously

FIGURE 5 | Conserved amino acids in the AQP1 loop D domain influence the ion conductance response, as assessed by proline mutagenesis. (A) Schematic

summary of the level of conservation of loop D amino acids in AQP1 sequences (data shown in Figure 4) created with the online WebLogo tool (http://weblogo.

berkeley.edu/logo.cgi). Letter sizes represent corresponding relative frequencies of occurrence at that position in the sequence set. (B) Box plot data showing the net

conductance values (maximal—initial) for hAQP1 wild type and proline substituted mutant channels. Position-specific effects of proline-scanning mutagenesis on ion

conductance responses in human AQP1 suggested less conserved positions are more tolerant of proline substitution. Statistical significance was evaluated with

ANOVA and post-hoc two-tailed Mann Whitney. **p < 0.01; NS not significant, as compared with wild type; n values are above the x-axis. (C) Graph of mean volumes

measured during optical swelling assays and standardized as a percentage of initial volume, for control oocytes and oocytes expressing wild type hAQP1 and

proline-substituted mutants as a function of time after introduction of the oocyte into 50% hypotonic saline at time zero. (n values given in D). (D) Box plot histogram of

swelling rates for hAQP1 wild type, proline mutant and control oocytes. Significant differences were determined by ANOVA (p < 0.0001) and post-hoc unpaired

T-tests. ** indicates a significant difference from control, p < 0.0001. O indicates no significant difference from wild type, p > 0.05. A significant difference from wild

type is indicated as # at p < 0.05, or ## for p < 0.0001.
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(Kourghi et al., 2016). In contrast, the AQP1 R159A+R160A
mutant channels showed no change in the second response to
CPT-cGMP after incubation with or without AqB011, showing
that sensitivity to the inhibitor was eliminated by the altered
loop D sequence. The insensitivity of the R159A+R160A current
furthermore demonstrated that the observed pharmacological
block of wild type current by AqB011 cannot readily be
ascribed to off-target effects on native oocyte channels or
transporters, confirming the specificity of action of the antagonist
compound.

Increased Latency to Activation for AQP1
R159A+R160A Channels
The conductance responses of wild type and R159A+R160A
mutant channels differed in rates of activation after application of
CPT-cGMP. Oocytes expressing AQP1 wild type activated more
rapidly and reached a higher maximal current amplitude that did
those expressing AQP1 R159A+R160A channels (Figure 2A). In
wild type, the maximal response was reached by ∼20–30min
after application of CPT-cGMP, whereas 50–60min was needed

FIGURE 6 | Confocal images of anti-AQP1 immunolabeled oocytes

expressing wild type and proline substituted mutant channels confirmed

protein expression in the oocyte plasma membrane. See Methods for details.

for R159A+R160A expressing oocytes (Figure 2B). The latency
to the onset of activation was considerably slower for the mutant
construct. The long latency for R159A+R160A was consistent
with prior work which reported no appreciable activation of the
R159A+R160Amutant channels when assessed over a short time
frame (within 8min after application of the nitric oxide donor,
sodium nitroprusside, which was used to stimulate endogenous
oocyte cGMP production, and successfully activated AQP1 wild
type ion currents) (Yu et al., 2006).

Osmotic Water Permeability of AQP1 Wild
Type and R159A+R160A Expressing
Oocytes
Osmotic water permeability data (Figure 3A) confirmed
successful expression of wild type and R159A+R160A mutant
AQP1 channels in oocyte plasma membranes. The water channel
activities of AQP1 wild type and R159A+R160A expressing
oocytes were both were significantly greater than those of
non-AQP1 expressing control oocytes (Figure 3B), confirming
that both AQP1 channel types were expressed, assembled,
and trafficked to the plasma membrane of oocytes. Expression
levels for the R159A+R160A mutant channels estimated by
osmotic water permeability were ∼10% lower than wild type;
however the mean conductance response in the arginine double
mutant (Figure 1C) was half that of wild type, consistent with
impairment of channel activation.

Effects of Proline Mutagenesis of the Loop
D Amino Acid Sequence
Proline substituted mutant channels showed significant
differences in response amplitudes that correlated with the
degree of conservation of the amino acid residue in the loop
D sequence. Sequence alignments for loop D and flanking
domains illustrate the high level of identity for amino acids
in AQP1 gene coding sequences from a diverse array of
vertebrates, including mammals, fish, and birds (Figure 4).
Net conductances, measured from amplitudes of the ionic
conductance response, were calculated as the difference between
the initial level and the final amplitude after SNP-mediated
cGMP stimulation (Figure 5). Wild type AQP1 channels showed
activation in response to SNP stimulation (Figure 5B) that
was comparable in amplitude to that seen after application of
CPT-cGMP (Figure 1). Control non-AQP-expressing oocytes
showed no appreciable response. However, significantly impaired
responses were seen for oocytes expressing AQP1 T157P, D158P,
and R160P mutant channels (Figure 5B). T157, D158, and
R160 residues exhibit complete identity across AQP1 sequences
from diverse animals (Figure 5A). In contrast, AQP1 R159P
expressing oocytes showed no significant difference from AQP1
wild type, which could fit with the observation that slightly more
variation in amino acid sequence appears to be tolerated at that
position. Interestingly, a significant difference also was observed
for mutation to proline at the highly conserved G166, but the
result was to promote rather than inhibit the activation of the
conductance response as compared to wild type. The expression
of functional channels in the oocyte membrane was confirmed
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FIGURE 7 | Ion conductance responses of oocytes expressing human AQP1 wild type and G166P channels. (A) Currents recorded from wild type (left), G166P

(middle), and non-AQP expressing control oocytes (right) by two-electrode voltage clamp before (initial) and after stimulation of intracellular cyclic GMP by application

of the nitric oxide donor, sodium nitroprusside at a final concentration of 7.5mM (after SNP). Perfusion of fresh bath saline without SNP (wash) promoted rapid

recovery. (B) Current voltage relationships for the traces shown in (A). (C) Steady state current amplitudes at +40mV monitored as a function of time after three

sequential applications of SNP (2.5mM each) at times indicated by arrows, and after perfusion of bath saline without SNP (wash) shown by the horizontal bar, for wild

type (C1), G166P (C2), and control (C3) oocytes. Data are from the same oocytes as shown in (A).
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by the demonstration of high osmotic water permeabilities for
all the proline mutant constructs that were significantly greater
that that of the non-AQP-expressing controls (Figures 5C,D).
Confocal images of oocytes expressing AQP1 wild type and
proline mutant channels confirmed that the constructs were
expressed in the oocyte plasma membrane (Figure 6).

The conductance properties of AQP1 G166P-expressing
oocytes, as compared with wild type and non-AQP control
oocytes, are summarized in Figure 7. The ion conductance
responses of AQP1 wild type and G166P-expressing oocytes
showed an increase in amplitude but not in apparent kinetics
(Figure 7A), reversal potential (Figure 7B), latency to activation,
or reversibility of the responses after bath washout with fresh
saline to remove SNP (Figure 7C). Control oocytes showed
negligible responses to SNP (Figures 7A,B).

DISCUSSION

The aim of this study was to evaluate a candidate binding site
for the AQP1 ion channel antagonist AqB011 suggested from
prior in silico modeling, and to test the role of the intracellular
loop D domain in AQP1 ion channel activation. Discovery
of pharmacological tools for AQPs has been an area of keen
interest for many years (Huber et al., 2012). As illustrated by the

FIGURE 8 | Schematic diagrams illustrating the separate pathways proposed

to mediate water and ion transport in the AQP1 tetrameric channel, and the

position of the mutations tested in the loop D domain by proline mutagenesis.

(A) AQP1 channels assemble as homomeric tetramers in the membrane

bilayer. Water pores (blue) are located in each subunit; cations are thought to

permeate via the central pore at the four-fold axis of symmetry in the channel

(rose). (B) Loop D is a cytoplasmic loop between the 4 and 5th

transmembrane domains in each subunit; loops D in the tetramer surround the

central pore. (C) Amino acid residues in loop D tested by mutation to proline.

Structural data used to create the diagrams were downloaded from the NCBI

Structure database (www.ncbi.nlm.nih.gov/structure/), for PDB ID 1IH5 human

AQP1 (Ren et al., 2001); and PDB 1JN4 bovine AQP1 (Sui et al., 2001).

diagram in Figure 8, AQP1 ion channels are proposed to conduct
solutes and water through pharmacologically distinct pathways
(Saparov et al., 2001; Yool et al., 2002), with water transport
mediated through the individual pores of the subunits (Jung et al.,
1994), and ion transport proposed to be mediated by the central
pore of the tetramer following activation by intracellular cGMP
(Anthony et al., 2000; Yool and Weinstein, 2002; Campbell et al.,
2012). The water channel function of hAQP1 is modulated by
antagonists such as mercurial compounds (Preston et al., 1993);
gold and silver compounds (Niemietz and Tyerman, 2002); the
arylsulfonamide AqB013 (Migliati et al., 2009); medicinal herb
compounds bacopasides I and II (Pei et al., 2016); aromatic
carboxylic acid blockers referred to as CPD 1, 2, and 3 (Seeliger
et al., 2013); and by agonist compounds such as AqF026 (Yool
et al., 2013). Other inhibitors include TGN-020 for AQP4
(Igarashi et al., 2011), and gold-bipyridyl compounds for AQP3
(Martins et al., 2013; Graziani et al., 2017). The human AQP1
ion channel is pharmacologically distinct from the water pore,
supporting the involvement of a separate pathway for ions
through the central pore of the tetrameter (Figure 8). The AQP1
ion pore is blocked by Cd2+ (Boassa et al., 2006), other divalent
cations (Kourghi et al., 2017b), and arylsulfonamide compounds
AqB007 and AqB011 (Kourghi et al., 2016).

AqB011 inhibits the human AQP1 ion current but not
the water flux, and slows the migration of AQP1-expressing
human colon cancer cells (Kourghi et al., 2016). Molecular
docking studies suggested that AqB011 might interact with
a conserved arginine residues located on loop D domain of
AQP1, a region that has been suggested to be involved in
gating of the central pore of the AQP1 channel (Yu et al.,
2006). The role of the conserved loop D domain was tested
using a mutant construct of the AQP1 channel in which the
positively charged arginine residues in positions 159 and 160
of the human AQP1 amino acid sequence were replaced with
alanine. The mutation R159A+R160A did not prevent the
channel from being expressed on the membrane of oocytes,
as demonstrated by measured osmotic water permeability. The
hAQP1 R159A+R160A channel had previously been thought to
be non-functional as an ion channel (Yu et al., 2006). However,
work here showed the R159A+R160A ion conductance was
activated by CPT-cGMP albeit at a significantly slower rate, to
a lower maximal amplitude, and with a longer latency than for
AQP wild type channels, which would have made it difficult to
detect in protocols used previously. Nonetheless the residual ion
channel function in the R159A+R160A mutant was significantly
greater than in non-AQP controls and was sufficient to allow
evaluation of a possible difference in sensitivity to block by
AqB011.

The ion conductance in wild type AQP1 expressing oocytes
was significantly inhibited by AqB011, confirming prior work
(Kourghi et al., 2016). In contrast, AqB011 had no effect on the
ion conductance response in R159A+R160A expressing oocytes.
These results provide evidence that AqB011 is acting directly
on the AQP1 channel, and not indirectly through hypothetical
native oocyte channels or transporters associated with AQP1
proteins. The plant AQPAtPIP2;1 is a dual ion and water channel
which also is insensitive to AqB011 (Kourghi et al., 2017b).
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AtPIP2;1 has many amino acid sequence differences as compared
to AQP1, but these include the absence of the poly-arginine
series in loop D. Together these data suggest that selective
pharmacological targeting of different classes of aquaporin ion
channels will be possible, as structure-activity data for active
agents continues to accrue, and discover of new agents expands
the tools available for evaluating physiological roles of dual water
and ion channels in the MIP family.

Proline scanning mutagenesis was used here to assess the
role of the loop D domain in activation of the AQP1 ion
conductance. Scanning mutagenesis is a method for analyzing
the functional roles of amino acid residues in proteins by
systematic replacement with another amino acid, such as
alanine, cysteine, or proline (Cunningham and Wells, 1989;
Kürz et al., 1995; Patel et al., 2013). Alanine is compact,
lacking a bulky side group, and preserves 3D structure without
influencing electrostatic characteristics (Cunningham andWells,
1989). Alternatively, conformational structure can be deliberately
altered by substituting residues with proline, which is distinctive
in having the nitrogen atom covalently bound in a 5-membered
ring, which impairs formation of intermolecular hydrogen
bonds (Williams and Deber, 1991), and introduces “kinks” in
secondary structure (Barlow and Thornton, 1988; Woolfson
and Williams, 1990; Sankararamakrishnan and Vishveshwara,
1992). Proline scanning mutagenesis has been used to investigate
gating mechanisms of ion channels such as the inward rectifier
and transient receptor potential (TRP) channels (Sadja et al.,
2001; Jin et al., 2002). Sadja et al. (2001) showed proline
substitution in the second transmembrane domain of G-protein-
coupled inwardly rectifying potassium channels shifted the
channels into an active conformation, suggesting the site for
Gβγ mediated gating. Dong et al. (2009) showed proline
substitutions in the fifth transmembrane domain of TRPML1

ion channels locked the channels in an active state, which
similarly allowed definition of the site of cation conductance
gating. Proline scanning mutagenesis used here showed that
the AQP1 cation channel is sensitive to mutations capable of
altering the structure of the loop D domain, with both down-
and upregulation of channel activity observed depending on the
location of the mutation in the conserved amino acid sequence
(Figure 8).

In sum, results here support the hypothesis that interaction
of the inhibitor AqB011 depends on the structure of the loop
D domain of the AQP1 channel, and that this domain is
important for AQP1 ion channel gating. Aquaporin channels
are more than simple pathways for the passive flux of water
and glycerol. As a group they are increasingly being found to
include highly specialized, regulated, multifunctional channels
with diverse roles across the kingdoms of life (Gomes et al., 2009;
Kourghi et al., 2017a). Results here contribute to understanding
the structural basis for gating and pharmacological block of the
human AQP1 ion channel, and add further evidence supporting
the role of the central pore as the pathway for ion flux in human
AQP1.
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