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Foreword

“I have often been asked, which was the more important to
the world, pure or applied science. To have the applications
of a science, the science itself must exist. Should we stop its
progress, and attend only to its applications, we should soon
degenerate into a people like the Chinese, who have made no
progress for generations, because they have been satisfied with
the applications of science, and have never. sought for reasons
in what they have done. The reasons constitute pure science.
They have known the application of gunpowder for centuries;
and yet the reasons for its peculiar action, if sought in the
proper manner, would have developed the science of chemistry,
and even of physics, with all their numerous applications.
By contenting themselves with the fact that gunpowder will
explode, and seeking no farther, they have fallen behind in the
progress of the world; and we now regard this oldest and most

numerous of nations as only barbarians.”

— Rowland, Henry Augustus.
"A plea for pure science."
Science 2.29 (1883): 242-250.



Abstract

Traditional Chinese medicine (TCM) is built on a foundation of more than 2,500 years
of Chinese medical practice with most therapies relying on herbal formulae. In China
and the surrounding countries, TCM has been the standard system of medicine. In the
west medical system, it is gradually being accepted as alternative medicine, especially for
some systems and chronic diseases. Although the efficacy of TCM is accepted by many,
the lack of Western-style evidence-based medicine and scientific basis for diagnosis and

treatment is a barrier to acceptance and wider adoption.

Compound Kushen injection (CKI) is a TCM anticancer agent commoditized for more
than 20 years in China. It is primarily used in combination with chemotherapeutic agents
in clinics to relieve cancer pain, cancer metastasis and to enhance immunity. Growing
evidence indicates that several compounds isolated from CKI demonstrate significant

anticancer activity, although questions still remain concerning its underlying mechanisms.

In this thesis, I used a systems-based approach to analyze transcriptomic data from
different cancer cell lines in order to identify candidate molecular anticancer mechanisms
of CKI. Previous research on this topic is incomplete because it was based on the collection
and integration of data from the literature, and there was a lack of data from genome-scale
experiments. [ have addressed these limitations by generating transcriptome data from
cancer cells treated with CKI, and have comprehensively analyzed data sets from different
cancer cell types. I was able to identify a number of novel potential mechanisms of
action and some previously overlooked anticancer effects of CKI. It was clear from the
comparison of gene expression patterns of the cells treated with chemotherapy drugs that

CKI acts through different mechanisms.

By integrating the analysis across different cancer cell types, core features of CKI
dependent gene regulation were identified. CKI is able to regulate the expression of
many genes, with the majority of those down-regulated. Functions associated with down-
regulated genes include energy metabolism, cell cycle, cell migration, some cancer-
relevant pathways and immune response. The genetic networks associated with these
processes or pathways cover almost the entire physiological progression of cancer as well
as the body’s response to the illness. CKI, therefore, appears to act on cancer cells in a

comprehensive fashion.
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A preconceived notion of CKI mechanism only considers its effects to result from the
additive combination of its components. My work has demonstrated this is not necessarily
the case. I compared the effects of oxymatrine, the most abundant compound present
in CKI to those of CKI. An equivalent amount of oxymatrine has some similar effects

compared to CKI, but some of the effects are weaker, or even opposite to CKI.

Altogether, this thesis presents a systems-based approach for identifying the mechanism of
action of CKI. By characterizing and validating the transcriptome data from three cancer

cell lines, we provide candidate pathways for CKI as an anticancer agent.

Keywords: systems biology approach, TCM, CKI, multi-target medicine, anticancer,
pathway/ network research, MCF-7, MDA-MB-231, Hep G2, cell cycle, cancer metabolism,
DSBs
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Chapter 1

Introduction

In this chapter, we provide an overview of TCM extracts and review the literature on their
effects. I discuss how these ideas can be applied to research on CKI to understand its
effects on biological networks and underlying mechanisms. Although TCM formulations
are not widely accepted in Western countries, some pure compounds derived from TCM
extracts have been widely clinically adopted including as cancer therapies. This chapter
reviews some popular herbal extracts and their compounds. We also introduce CKI, the
primary extract investigated in this thesis, and summarise research methods applied to
TCM formulations. We conclude by reviewing the effects of CKI, and the drawbacks
of most current studies. We then describe our research questions and specific research
methods to address those questions. We intend to identify the mechanisms underlying the
modes of action of CKI, which we hope will contribute to the scientific understanding of
TCM.
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The anticancer candidates from traditional Chinese medicine (TCM) and

Compound Kushen Injection (CKI): a review

1. PROJECT SUMMARY

This study will identify TCM anti-cancer mechanism pathway networks through bioinformatic methods.
This paper compares the theoretical principles, clinical characteristics, and mechanisms of modern
medicine and TCM, with the view that current research on TCM does not adequately address TCM
theoretical features and clinical characteristics. Based on this point of view, a system based analytical
methodology has been designed to study the anti-cancer effects of CKI, and to achieve the following

aims:

1) To assess the effects of TCM on cancer cell phenotypes: specifically, the differences between the
effects of single bio-active extracts and complex mixtures, and the characteristics of TCM that are

distinct from single-agent chemotherapeutic agents.

2) To illustrate TCM anti-cancer mechanisms: dissect the effects of a complex mixture with multiple

targets on phenotype [1, 2], in order to identify candidate molecular mechanisms.

In order to achieve the above aims, I have chosen CKI as a representative TCM anticancer drug for

systems biology-based dissection of the molecular effects of TCM on cancer cells.

2. PROJECT DETAILS



2.1 Introduction

Cancer is a genetically heterogeneous disease that involves multiple molecular pathways. Currently,

cancer treatments focus mainly on applying agents to inhibit specific targets or pathways.

The most widely adopted treatments for clinically advanced-stage cancer are chemotherapy and
radiotherapy [3]. At the initial stage, tumors have not yet spread in a patient’s body, and symptoms are
not severe, so removal of tumors via surgery or radiotherapy can be curative. However, when cancer
metastasis occurs, treatment options narrow, and systemic treatments such as chemotherapy are the
accepted standard of care. Because the prognosis for advanced metastatic cancer is poor, patients often
seek to try other therapies, such as novel agents or drugs from other medical systems. Among these

options, traditional Chinese medicine (TCM) is an attractive choice.

Under normal circumstances, TCM is used as a compounded formula made up of different functional
components. Besides, modern medical system regard TCM as combinations of variable bio-active herbal
extracts. In this sense, TCM prescriptions are multi-target medicines containing different components.

Although these components are clinically useful, quality control and consistency are still issues.

Most current research on TCM is not comprehensive since it tends to focus on the effects of single
compounds. Also, it is often focused only on a few typical pathways regulated by these single
compounds, rather than on the overall effect of TCM, which is expected to affect multiple targets and

alter pathway regulation.

I propose that, by using modern system based methods, it will be possible to identify cancer pathways
regulated by TCM, and to summarize the anti-cancer features of TCM in a systematic fashion. By

comparing the differences between TCM and chemotherapeutic agents or single compounds, it may be



possible to supplement the limitations of present research on TCM, and to provide new models and ideas

for further research on TCM formulas.

2.2 Literature Review

This review will discuss some well-characterized pathways that are involved in the processes of cancer
development, as well as pathways relevant to anticancer therapies, such as apoptosis pathways, that are
targets of both modern medicine and TCM. In addition, a broad selection of TCM ingredients will be
systematically reviewed as potential anti-cancer candidates. By reviewing studies on the anticancer
effects of TCM, I will also highlight and discuss the drawbacks of current methods. This review will
contribute to a comprehensive understanding of TCM anticancer mechanisms and propose more

detailed, reliable, and productive methods of identifying TCM mechanisms.

2.2.1 Pathways involved in cancer progression

Cancer progression is a complicated process involving a number of physiological and regulatory
pathways. These pathways can play vital roles during all stages of cancer development and ultimately,
the regulation of these pathways is based on gene expression, including oncogenes and tumor suppressor
genes. Mutations in these genes, as well as dysregulation of gene expression, results in oncogenic

transformation. The following sections will review major pathways and their key genes.

2.2.1.1 Metastasis/migration pathways and cell differentiation

The differentiation, metastasis, and migration of cancer cells are closely intertwined. Two of the most
well-researched pathways relevant to these biological processes are cancer cells’ epithelial-mesenchymal

transition (EMT), and non-directional differentiation [4-6].



EMT plays a crucial role during cancer metastasis and is the product of dysregulation of Transforming
growth factor B 1 (TGF-p), the absence of Phosphatase and tensin homolog (PTEN) and RAS/MAPK,
Zinc Finger E-Box Binding Homeobox 1 (ZEB1), and action of microRNA families, such as miR-200
[7-10]. All of these factors can induce or promote EMT processes in cancer. EMT is the underlying
change that governs how cancer cells can migrate throughout the body via the circulatory system. The
invasive and metastatic features of tumor cells and cancer stem-like cells (CSCs) are triggered by this
process, resulting in poor clinical prognosis [10]. Moreover, some studies have found that, in association
with other pathways, EMT is also able to induce drug resistance and cancer recurrence [11-13]. Because

of its complex regulation, EMT is a difficult target for cancer treatment.

2.2.1.2 Cell metabolism pathways

Cancer cell/tumor metabolism is different to healthy tissues and cells. These pathways are co-regulated
and interact with each other; for example, carbohydrate, glutamine and lipid metabolic pathways are
controlled by central regulators such as the Myc family, in post-transcription level [14]. The oncogene
MYC and its extended protein superfamilies, such as Mondo, Mlx, and Max, not only regulate
translation but also the glycolytic enzymes in cancer cells to regulate the balance of glutaminolysis and

lipogenesis required to maintain metabolism [14-17].

In addition, RAC-a serine/threonine-protein kinase (AKT) and Hypoxia-inducible factors (HIFs) are
also able to alter metabolic regulation in cancer cells. The pathways regulated by these proteins can
maintain metabolism under physiologically extreme circumstances, such as nutrient deficiency and
hypoxia[18, 19]. When cancer cells are exposed to nutrient deficiency, AKT promotes the alternative use
of acetyl coenzyme A (acetyl-CoA) as an acetyl donor to increase histone acetylation required to

regulate cancer metabolic processes [20]. Under hypoxia, HIF family proteins are upregulated in order



to cope with low oxygen tension. HIF-1a is the primary regulator for most HIF target genes and can

regulate glycolysis by altering the rates of glycolytic enzymes and glucose transport [21-23].

Several recent studies have shown that signaling pathways, such as the Wingless and INT-1 (WNT) and
P53 pathways, can regulate metabolism. These pathways usually cooperate with other factors or signals
to affect cancer cell metabolism. Specifically, WNT can up-regulate the AKT-mTOR pathway [24], and

P53 can be inhibited by CD147, a transmembrane glycoprotein, to regulate glucose metabolism [25].

2.2.1.3 Cell proliferation pathways

In terms of tumor proliferation angiogenesis is significant because this process can promote metastasis
and is required for the metabolism of cancer cells[26]. There are multiple molecular factors involved in
the regulation of tumor angiogenesis, including vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), platelet-derived growth factor (PDGF), stromal cell-derived factor 1 (SDF-1a),
Tumor necrosis factor (TNF-a), interleukin 1  (IL-1p) and interleukin 6 (IL-6)[27]. The best example
is VEGF because this factor is able to promote vasodilatation and vascular permeability and to suppress
cancer cell apoptosis [28]. Additionally, the expression of VEGF can also affect the EMT process, to
increase tumorigenicity via angiogenesis [29]. There are also additional signaling pathways relevant to

angiogenesis.

These signaling pathways are active in both normal and cancer cells but are dysregulated in cancer.
From this point of view, the c-Jun N-terminal kinases (JNKs) pathway is a good example in terms of the
regulation of cell proliferation [30-33]. Previous studies have revealed that the JNK pathway regulates
cell proliferation in different ways by associating with different factors. For instance, JNK could be
inhibited to reduce the viability of normal cells, liver/ pancreatic cancer, and colon cancers [34-36].

Conversely, under nutrient-depletion stress, IL-4 can induce prostate cancer cell proliferation by



activating the JNK pathway [37].

In addition, the WNT signaling pathway regulates not only proliferation and metabolism, but also affects
cell migration and self-renewal in cancer stem cells [38, 39]. As a pro-oncogenic gene, WNT mutants
have a variety of complex effects through its downstream pathways, B-catenin pathway in different

cancer types.

2.2.1.4 Cell death pathways

Programmed cell death, or apoptosis, has many causes, and is triggered by a number of genes and
factors, including some tumor suppressor genes and enzymes. Therefore, many anti-cancer drugs have
been developed against these targets in order to kill tumors [40]. Cancer cell apoptosis caused by
therapeutic agents can be divided into the following stages. First, agents induce damage to DNA, RNA
or microtubules; this causes cells to release apoptosis signals to activate the apoptosis process. Then, a
variety of enzymes, including proteases, DNases and RNases, cooperate to induce cell death [41]. P53,
Fas, Bcl-2, Apaf-1 and several other pathways mentioned above are involved in triggering apoptosis by

activating Caspases [42-46].

In summary, carcinogenesis and cancer treatments are complex processes, within which there are not
only single pathway effects, but also crosstalk between pathways [47]. Furthermore, the same pathways
often work differently depending on specific physiological processes [48]. TCM potentially offers a
novel framework for the development of multi-target drugs. For this reason, TCM is gradually being
accepted by modern medicine system as an adjuvant therapy. In the following sections, we will discuss

some modern anti-cancer strategies and uses of TCM.

2.2.2 The pathways involved in anti-cancer medical therapies



First line anti-cancer agents can be classified into the following categories based on mechanisms of
action: 1. Directly acting on DNA to alter the original structure and cause DNA damage; 2. Interfering

with DNA synthesis or antimetabolite agents; 3. Antimitotic.

Inducing DNA damage There are several agents that can lead to DNA damage, such as alkylating
drugs. Alkylating agents usually to alkylate DNA bases leading to DNA damage which inhibits certain
processes, such as DNA replication and/or transcription[49]. As a result of inhibiting these processes,
DNA repair pathways are activated including components of homologous recombination and non-
homologous end-joining [50]. There are a number of rapidly acting cancer cell DNA damage agents that
have been developed, such as nitrogen mustard (Fig.1A), ethylene, nitrosourea, and methane sulfonic

acid ester [51-54].

Inhibiting metabolite pathways These agents inhibit metabolic pathways that synthesize folic acid,
purine, pyrimidine, and pyrimidine nucleosides, thereby inhibiting tumor cell survival and replication
under stress conditions [55]. For example, 5- Fluorouracil (5-FU), in the treatment of intestinal cancer,
can inhibit the APAF-1/Caspase-9 Apoptotic Pathway [56] and the JNK pathway [57], both of which are
pathways that cells use to respond to their environment [58]. Drugs inhibiting the production of folic

acid, pyrimidines and purines all have similar mechanisms (Fig.1B).

Additionally, anti-cancer antibiotics are also able to affect metabolic pathways. As with normal
antibiotics, anti-cancer antibiotics inhibit enzymes and mitosis or alter cell membranes, to alter DNA or
chromatin status [59, 60]. Marcellomycin, mitomycin, bleomycin and actinomycin are commonly used

anti-cancer antibiotic drugs.

Inhibiting DNA replication pathways. These anti-cancer agents consist mostly of heavy metal

preparations, and bioactive peptides, such as TAT-N24 regulating multiple targets [61] (Fig.1C). These



agents can bind with protein receptors [62] and block cancer cell proliferation in S or G1/S phase of the
cell cycle [63]. Platinum complexes are typical drugs with these functions and target pathways such as
STAT signaling and HMGB-1. In addition, these agents, supplemented by other drugs or methods, can
have more pronounced anti-cancer effects. For example, combining with X-ray therapy with platinum

complexes to treat melanoma, affects more pathways[64].

Targeting Multiple pathways (Hormone therapy) In contrast to the above-mentioned agents, drugs
for hormone therapy affect multiple tumor cell pathways, by inhibiting the effects of hormones on
cancer cells. This type of therapy is used on hormone-sensitive tumors of the breast, prostate, ovary, and
womb.[65-67]. The most commonly used agents are aromatase inhibitors, luteinising hormone blockers
and some hormone receptor modulators, such as tamoxifen [68-70]. Obacunone, an aromatase inhibitor,
has been reported to block the p38 MAPK signaling pathway in human breast cancer MCF-7 cells in
vitro [71]. Tamoxifen exhibits different effects on different cancers. In the treatment of breast cancer, the
mutated PI3K/AKT pathway is inhibited by tamoxifen [72], and in stomach cancer, this pathway is
inhibited to reduce multidrug resistance [73]. Although these kinds of agents are reported to be effective,
they cause significant damage to normal tissues. For example, aromatase inhibitors lead to painful joint

symptoms [74], and osteoporosis [75].

Chemotherapy agents are considered to be the most efficient antitumor drugs, and the benefits of these
agents are manifold, but drawbacks of these agents cannot be ignored. Take DNA damaging drugs as an
example, efficacy is always influenced by compensatory effects in patients, and this antagonistic process
will dramatically affect the effective dose that can be used [76, 77]. In addition, after long-term
medication, drug resistance is a concern, and frequent replacement of medications can also produce
significant damage to normal tissues during combination therapy [78]. The significance of these

problems to patient quality of life makes better combination therapy or the development of more

10



advanced drugs imperative.

2.2.3 Molecular pathways affected by traditional medicine extracts

Due to the side effects of chemotherapies and radiotherapies[79], improvements of current methods are
necessary. Researchers have begun to explore some effective natural products from traditional medicine
systems, such as Chinese and Indian medicines. Compared to modern medical concepts, the most
prominent advantage of TCM is the collection of verified medicinal plants [80]. In some areas, TCM is

used to supplement modern therapies in the treatment of cancer [81, 82].

TCM is often characterized by the use of mixtures of multiple compounds as active ingredients to
enhance blood circulation, improve immunity and induce the removal of lesions [83]. These
pharmacologic effects of TCM are reflected in how they are prescribed and combined. The compounds

introduced here are known to be major bioactive ingredients in traditional medical formulas.

Although most of the materia medica of TCM is from herbs, animal drugs, and mineral drugs are not
uncommon in TCM. There are different anti-cancer ingredients in each category. Some highly toxic
plant-extracts have been applied in Western medicine, such as Taxol, Vincristine and Camptothecin
(Fig.2). These agents originally were found in plant-based treatments and are now pre-compounds
extracted from plants. Besides these highly effective but toxic plant extracts, TCM can potentially

provide effective and less toxic formulas for clinical use and offers potential resources to be exploited.

2.2.3.1 Plant Extracts

2.2.3.1.1 Alkaloids (Fig 2)

Herbs commonly used in TCM to treat cancer are classified by different practitioners [84]. The

11



representative drugs and their main bioactive alkaloids are: matrine and oxymatrine (Fig.2) in Kushen
(Sophora flavescens var. flavescens), paclitaxel (Taxol) in Hongdoushan (7axus chinensis), camptothecin
in Xishu (Camptotheca acuminata), triptolide and tripdiolide (Fig.2) in Leigongteng (Tripterygium
wilfordii Hook.f), vinblastine and oxyvinblastione in Changchunhua (Catharanthus roseus), and
berberine (Fig.2) in Huanglian (Coptis chinensis Franch, Coptis deltoidea C. Y. Cheng et Hsiao, Coptis

teeta Wall) etc. The bioactive ingredients from these herbs are considered as alkaloids[84-86].

Alkaloids are regarded as the most bioactive ingredients in TCM material, with different kinds of
sources. Within the herb category, alkaloids exist in forms of organic salts, glycosides, organic acid
esters, and amides [87]. These high water-soluble forms provide favorable conditions for active
ingredients isolation in TCM practice. In recent studies on these water-soluble components, researchers
have started to pay more attention to understand molecular mechanisms and signal regulatory pathways

and networks that relate to cancer cells apoptosis which will be discussed below.

Agents triggering the apoptosis pathways

Matrine and oxymatrine This group has been considered as promising anti-cancer agents, because of
their pleiotropic effect and nontoxicity to normal cells [88]. Matrine can upregulate Fas and Bax, and
downregulate Bcl-2 to trigger apoptosis pathways in cancer cells such as MCF-7 and A549 [89]. It has
been revealed in one recent study that matrine induced the apoptosis of myeloid leukemia cells by
reducing the expression of Bel-xL, Cyclin D1, IL-6 and c-Myc, to affect the IL-6/JAK/STAT3 pathways
[90]. Another experiment on mouse sarcoma showed that the TRPV 1 pathway can be inhibited by
matrine or oxymatrine by decreasing the phosphorylation of ERK and AKT kinases and BAD to inhibit
tumor growth [91]. Besides, Matrine can inhibit leukemia K562 cells differentiation [92, 93].

Oxymatrine can reverse the multidrug resistance of Hep G2/ ADM cells by uncharacterized pathways

12



[94].

Taxol and vinblastine Each of these agents are first-line clinical anti-cancer chemotherapeutic drugs,
and they have similar anti-cancer mechanisms that affect the formation of microtubules in mitosis [95].
This achievement is often accompanied by the upregulation of PI3K/Akt and MAP kinase pathways
[96]. According to clinical requirements for low toxicity and high efficiency, derivatives of both
alkaloids with higher compatibility have also been developed. More influenced pathways are also
getting revealed. For example, combined with curcumin, taxol induces the apoptosis of HPV-positive

HeLa and CaSki cells by acting on the NF-xB-p53-caspase-3 pathway [97].

Camptothecin The anti-cancer mechanism of camptothecin stems from its ability to inhibit the activity
of topoisomerase I leading to an irreversible break in DNA [98]. Thus the pathways it affects are related
to DNA damages and hypoxia, such as ART, FA and BRCA pathways [99]. However, the dosage of
camptothecin can also affect the apoptosis of cancer cells. A study has shown that low-dose
camptothecin can induce autophagy and premature senescence respectively, via the AMPK-TSC2-

mTOR pathway and ATM-Chk2-p53-p21 pathway [99].

Triptolide and tripdiolide Typically, anti-cancer research has focused more on triptolide than
tripdiolide. The significant anti-tumor effects of both are on some well-known pathways, such as by
inhibiting the Wnt/B-catenin pathway to induce the apoptosis of lung cancer cells, downregulating NF-
kB to provide a potential opportunity for the treatment of Pancreatic ductal adenocarcinoma, and
inducing apoptosis in endometrial cancer through a p53-independent mitochondrial pathway [100].
Additionally, the main active ingredients of the “blushwood” berry, which has been reported to kill
cancer in 75% of animal transplanted tumor models tested [101, 102], has a similar chemical structure

(Fig.2) with triptolide, and this might provide a new idea for cancer treatment using triptolide.

13



Berberine As a TCM herb used for 3000 years, Huanglian, whose main ingredient is berberine, is used
as a drug for treating intestinal disease. The anti-cancer activity of berberine has been comprehensively
studied. The alkaloid can promote AMPK and inhibit mMTORC1, ERK to shorten the cell cycle of Human
Pancreatic Cancer Cells in vitro, and in vivo [103], and downregulate EGFR-MEK-ERK to accelerate
the apoptosis of human glioblastoma cells [104]. In terms of inducing apoptosis, berberine can enhance
the content of reactive oxygen species to trigger the pro-apoptosis JNK signaling pathway in MCF-7 and

MDA-MB-231 cells [105].

2.2.3.1.2 Flavonoids

Flavonoids are the most common compounds in nature, and have been established as possessing
antioxidant, anti-angiogenic, anti-inflammatory and anti-cancer activities. There are approximately
10,000 different kinds of flavonoids found in plants, which are mainly contained in the flowers and
leaves of Leguminosae sp., Ginkgoales Engler, Rutaceae, Compositae and Labiatae. In TCM herbs, the
most commonly detected flavonoids are flavones, flavonols, anthocyanins, luteolin, quercetin,
kaempferol, naringin, catechin, genistein etc. We will review the anti-cancer effect of different

flavonoids in the next section.

Inhibiting the proliferation of cancer cells and inducing apoptosis

For inhibiting cancer cell proliferation or inducing apoptosis, flavonoids from vegetables and medicinal
herbs have some common features, and TCM emphasizes the homology of medicine and food. Apigenin,
from celery, can suppress the action of PI3K/Akt/FoxO pathways in vivo to improve the quality of life of
mice with prostate cancer [106]. Silibinin, the extract of Silybum marianum, shows significant anti-
cancer effects by decreasing the expression of Bcl-2 in the reactive oxygen species (ROS) pathway so as

to induce cancer cell autophagy[107]. Recently, a newly isolated flavonoid from Streptomyces spp.
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(ERINLG-4) has been reported that, with the assistance of Bcl-2 and caspase dependent pathway,
induces apoptosis of cancer cells by suppressing p53 [108]. Isoliquiritigenin (ISL), a flavonoid
extracted from licorice, shows promising cancer cell toxicity in different cancer cell lines, and can
induce DNA damage in different ways. For example, by downregulating the B-catenin pathway, and
promoting the expression of the WIF1 gene, ISL can reduce the viability of breast cancer stem cells
[109] to inhibit the downstream signals of ataxia telangiectasia mutated (ATM) pathway leading to DNA
damage in oral cancer cells [110]. In addition, ISL also has the ability to reduce PI3K/AKT to limit the
proliferation of breast cancer cells [111]. Apigenin and luteolin can also inhibit cancer cell proliferation
by limiting the angiogenesis process through the HIF-1a and Akt signaling pathways [112, 113].
Furthermore, in the treatment of prostate cancer, apigenin can reduce VEGF expression by acting on the
Smad2/3 mechanism [114]. Another flavonoid, acacetin, shows inhibition of tumor angiogenesis via Akt

and HIF-1a pathways as well [115].

Moreover, although various flavonoids have been reported with the ability to inhibit cancer cell growth,
the pathways contributing to the anti-cancer effects have not been demonstrated clearly enough, because
many of these agents are utilized in association to enhance chemotherapy drugs’ efficacy. Some
examples show luteolin increases interferon-induced JAK/STAT activation, in order to promote its
antiproliferative effect [116], and by inhibiting nrf2[117] or promoting PPRY/COTN2[118] to improve
the efficacy of colorectal anti-cancer drugs. Other flavonoids, for instance, chrysin, from the seeds and
bark of Oroxylum indicum(L.)Vent, have the ability to reverse drug resistance by inhibiting the
PI3K/Akt/Nrf2 and ERK/Nrf2 pathways [119]. The compounds of chrysin, dimethoxyflavone (DMF)
displayed the most effective toxicity leading to breast cancer stem cell death by damaging DNA[120].
DMF can also remarkably decrease the migration and invasion of glioma cells via p38 and ERK

pathways[121]. Galangin, a flavonoid found in galangal, has the ability to change the migration
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characteristics of Hep G2 cells by weakening the TPA induced signaling through PKC/ERK pathways

[122].

Metabolic pathways

ISL can also limit arachidonic acid metabolic pathways in breast cancer cells in vitro [111]. In the
treatment to non-small cell lung cancer cells, a dietary flavonoid, fisetin, has shown good efficacy in the

inhibition of PI3K/Akt and mTOR signaling pathways to regulate cancer cell metabolism [123].

2.2.3.1.3 Polysaccharide

So far, there are approximately 300 species of polysaccharides that have been extracted from TCM
materials, and many of these isolations have been applied in clinical practice in China, such as lentinan,
Astragalus polysaccharide, Polyporus polysaccharide, Achyranthes bidentata polysaccharide and so on
[124]. Most polysaccharides are mainly used as adjuvants to enhance the immune system and activate

innate immune factors such as IL-1, IL-2, IL-6, TNF-a, and INF-y [125].

Apoptosis pathways

Dioscorea polysaccharides can induce TNF-a through Toll-like receptor 4-mediated protein kinase
signaling pathways [126]. Furthermore, it can also promote the anti-melanoma efficacy of DNA vaccine
by inhibiting NF-kB signaling pathway [127]. After red mold fermentation, Dioscorea polysaccharide
shows a stronger anti-leukemic effect, by the activation of IL-1f, TNF-a, IFN-y in the leukemic cell
THP-1 [128]. Another polysaccharide extracted from the fruit body of Trametes robiniophila induces
apoptosis in osteosarcoma xenograft cancer cells by increasing Bax expression and decreasing Bcl-2
expression [129]. A study of RAW 264.7 murine leukemia virus-induced tumor cells revealed that the

polysaccharides from Taraxacum officinale show an anti-inflammatory and anti-oxidant properties
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through the PI3K-Akt signaling pathway [130, 131].

Metastasis pathways

Herbal medicines such as ginseng Panax that contain polysaccharides as their main bioactive, also have
an effect on cancer. Polysaccharides can suppress cancer metastasis by reducing TWIST and AKR1C2
gene expression, and the EMT process [77]. The polysaccharides from Astragalus membranaceus and
Codonopsis pilosulae can alter network regulation to reduce mammary tumor cell metastasis [110]. A
pectic acid polysaccharide from corn also shows a novel anti-cancer effect against cancer cell metastasis,

and the ability to regulate the VEGF pathway [132].

2.2.3.2 Mineral active ingredients

The minerals used in TCM anti-cancer are high toxicity agents, such as white arsenic (As203), realgar
(As2S2), cinnabar (HgS) and other metals such as gold. Usually, these kinds of agents are used at a quite
low dose to avoid patient poisoning. Modern medical research has shown that minerals do mainly induce

cancer apoptosis either alone or by associating with other chemotherapeutic drugs [133, 134].

Apoptotic pathways

Arsenic (As) compounds can be used to treat leukemia and can affect a number of pathways [135, 136].
The main effects of these agents are to deregulate the pathways relating to cancer cell proliferation and
apoptosis, for example, NF-xB, MAPK, mTOR, Hedgehog[135], and SLIT2-ROBOJ[137] pathways.

Moreover, it can also suppress angiogenesis through ROS/miR-199a-5p/HIF-1a/COX-2 pathways [138].

Another TCM arsenide, realgar, has also been reported to have anti-cancer activity by inducing cancer

cell apoptosis, particularly in the context of gastric cancer, liver cancer and leukemia [84]. In the
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treatment of gastric cancer cells, realgar could up-regulate Bax pathways [139], and for leukemia,

realgar could induce PI3-K/Akt pathways leading to cell death [140].

2.2.4 Previous research on Compound Kushen Injection (CKI)

In TCM, treatments are normally based on medical herb formulas, namely combinations of TCM
containing a variety of ingredients from different herbs. Our research candidate, CKI, contains extracts

from two herbs: kushen (Radix Sophorae Flavescentis) and baituling (Rhizoma Smilacis Glabrae).

Of these two herbs, kushen is believed to contain the major therapeutic activity [141]. The primary
bioactive compounds from this plant are alkaloids and flavonoids. Although a lot of work on kushen has
been done on the flavonoids, current studies focus more on the alkaloids [142]. Therefore, some
alkaloids we have mentioned above, such as matrine and oxymatrine, have been comprehensively

studied.

It is believed that the main effects of the alkaloids could reflect on inflammation and cancer and account
for the main effects of CKI, which is used to treat inflammatory disease and cancer, In particular, cancer
pain and bleeding. After 1995, when CKI was first commercialized, it has been widely used in

combination with other therapies on a variety of different cancer types [141, 143, 144].

The main anticancer effects of CKI have been summarized as twofold: 1) direct activity against tumors
by inhibiting cancer cell proliferation by increasing the proportion of cells in G1 phase and decreasing
the proportion in S phase by arresting the progression of cancer cells into S phase and 2) enhance anti-
tumor immune activity through B and T lymphocytes and macrophages [145]. However, as reviewed
above, all these results came from focusing on one or several purified compounds, and involved limited

characterization of effects on one or a few genes or pathways using qPCR or protein expression.
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Because these studies did not use single compounds at the concentration/dose they are present at in CKI
and because they did not consider interactions between multiple compounds, these studies do not reflect
the activity of the overall formula. These limited results do not accurately identify the activity of CKI as

a complex TCM formula.

With the development of systems biology, it is now possible to identify the underlying molecular
mechanisms of TCM. Therefore, by profiling the system-wide effects of CKI on gene expression
networks we can obtain a more accurate understanding of the overall mechanisms of CKI and

demonstrate the application of these methods which we hope will be more broadly used within TCM.

2.2.5 Issues faced

Recent research on potential anti-cancer agent candidates has progressed significantly. However,
because of the side effects of existing drugs, more novel and alternative or complementary drugs are still
under development. Investigating clear anti-cancer pathways of these new multi-target drugs is difficult
with current established study methodologies, because further steps are required to process large data
sets, such as those from high-throughput assays that can investigate multiple targets and multiple

pathways.

2.2.6 Systems biology and TCM research

Due to the complexing of TCM preparations and the interactions of their components, traditional
molecular biology approaches face significant difficulties in explaining TCM’s mechanisms of action.
Therefore, the development of network-based systems biology and similar approaches have provided

reasonable support for the revealing of mechanisms of TCM in the context of molecular networks.

Single TCM extracts have certain similarities to modern medicines [146]. Therefore, an approach to
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researching TCM compounds at the molecular level would be to follow that taken with examining

combination therapy of multi-component drugs [147].

The rapid development in ‘omics’ approaches and systems biology has promoted a systems-level
understanding of biological processes including the interactions between genes, proteins and
environmental factors. Therefore, systems biology provides new conceptions for uncovering the
molecular mechanisms related to the therapeutic efficacy of TCM [148]. Systems biology enriched the
complex interactions at different levels into different networks and illustrate the underlying mechanisms
by analyzing these networks [149]. Applying network-based systems biology to learn effects of TCM
may characterize specific targets of TCM components as well as interactions in the context at the

molecular level.

2.3 Research significance

Currently, first line anti-cancer drugs are mostly chemotherapy agents. For breast cancer only, from
2012-2014 the top five drugs accounted for 62% of treatment costs. Their manufacturers monopolized
nearly 75% of the market [150]. This indicates that there are relatively few TCM anti-cancer agents
available clinically. Meanwhile, the cancer death rate is still increasing, as well as in some developed
countries [151]. Hence, current anti-cancer treatments are necessary to be improved with complementary
and alternative options. As a traditional medical approach, relying on its own unique treatment

philosophy, TCM has served China and surrounding countries for centuries [152].

At the moment, there are obstructions for accepting the TCM validity outside of Asia. Since many anti-
cancer TCM formulas for different purposes have been put on the market, with varying therapeutic
efficacies, it is not easy to evaluate their efficacy. The complex-target feature of TCM agents lead to

improper usage in the modern clinical system, resulting in many excellent anticancer agents being
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misunderstood [153]. Consequently, because TCM theories are different, western consumers generally

hold a cautious attitude to herbal medicines they do not understand.

Based on its theory, the TCM formulas are usually combining medical herbs to affect multiple targets.
Most of the current studies attempt to isolate single components from certain formulas or herb extracts,
to study the effects of major compounds. These methods are not able to determine the mode of action of
TCM medicine; our preliminary experimental results show that the effects of major components are not
equivalent to the effects of the complex mixture they are parts of. Based on this, our research on TCM
formula should provide an integrated understanding of TCM, and better theoretical support on molecular

anticancer mechanisms.

2.4 Research questions

In order to better understand TCM, and to provide clinical support, this project focuses on compound
Kushen injection (CKI), which is an anti-cancer agent, as a candidate. By using a series of

bioinformatics research methods, it should be possible to address the following questions:

* Is CKI, as a type of TCM, a potential anti-cancer agent? This will include studies using the
formulation, the herbs used and some individual molecular components, to determine whether the

single ingredients can represent overall efficacy.

* (Can these research methods be used to investigate more anti-cancer pathways/ networks of TCM?

*  Can this research method establish novel TCM QC & research systems via evaluating the molecular

effects of agents?
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2.5 Hypotheses and Specific Aims.

My central hypothesis is: CKI contains multiple potential anti-cancer candidates, and it regulates

multiple targets/pathways. This gives rise to several sub-hypotheses.

*  Sub-hypothesis 1: the molecular mechanism of CKI is different from chemotherapy agents that

affect specific targets.

B Aim 1: Determine time- and dose-dependent effects of CKI on perturbed gene expression

networks/pathways in multiple cancer cell lines.

B Aim 2: Compare the effects of CKI and 5-FU on the regulation of gene expression

networks/pathways.

*  Sub-hypothesis 2: CKI is a complex mixture, and targets multiple pathways/networks.

B Aim 3: Identify candidate core pathways perturbed by CKI in multiple cancer cell lines.

B Aim 4: Validate specific core CKI pathways perturbed by CKI in cancer cells and compare to

the effects of major compounds on those pathways.
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Figure 1. Simplified typical anticancer mechanisms. A. The mechanism by which nitrogen mustard

induces DNA damage, in a low-halogen environment, nitrogen mustard loses chlorine, and then cross-

links DNA, to damage DNA structure. B. The mechanism of anti-metabolite anti-cancer drugs, within

the process of cell metastasis, Methotrexate (MXT), 5-Fluorouracil (5-Fu), 6-Mercaptopurine(6MP), 6-

Thioguanine (6TG), Arabinosylcytosine (AraC) and similar drugs target different steps to affect the

synthesis/replication of DNA. C. Platinum anti-cancer agents bind to DNA and form complexes,

inhibiting DNA replication and transcription.
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Chapter 2

Identification of Candidate Anti-cancer Molecular
Mechanisms of Compound Kushen Injection Using

Functional Genomics

CKI is used as an adjuvant to cancer chemo- and radiotherapy in the clinic. Several cancer
cell lines, including MCF-7, have been reported to be sensitive to treatment with CKI. In
this chapter, we introduce an approach for comparing the effects on MCF-7 cells of CKI
and the chemotherapeutic agent 5-Fluorouracil (5-FU) at the phenotype and transcriptome
level, in order to identify similarities and differences in their molecular responses. We
determined that CKI primarily affects regulation of the cell cycle and associated biological
processes and that CKI behaved differently to 5-FU. We also identify IncRNA regulated
by CKI, including one known to be important in tumor phenotype. This chapter is in the

format of the manuscript that was published in Oncotarget.
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ABSTRACT

Compound Kushen Injection (CKI) has been clinically used in China for over
15 years to treat various types of solid tumours. However, because such Traditional
Chinese Medicine (TCM) preparations are complex mixtures of plant secondary
metabolites, it is essential to explore their underlying molecular mechanisms in a
systematic fashion. We have used the MCF-7 human breast cancer cell line as an initial
in vitro model to identify CKI induced changes in gene expression. Cells were treated
with CKI for 24 and 48 hours at two concentrations (1 and 2 mg/mL total alkaloids),
and the effect of CKI on cell proliferation and apoptosis were measured using XTT
and Annexin V/Propidium Iodide staining assays respectively. Transcriptome data of
cells treated with CKI or 5-Fluorouracil (5-FU) for 24 and 48 hours were subsequently
acquired using high-throughput Illumina RNA-seq technology. In this report we show
that CKI inhibited MCF-7 cell proliferation and induced apoptosis in a dose-dependent
fashion. We integrated and applied a series of transcriptome analysis methods,
including gene differential expression analysis, pathway over-representation analysis,
de novo identification of long non-coding RNAs (IncRNA) as well as co-expression
network reconstruction, to identify candidate anti-cancer molecular mechanisms of
CKI. Multiple pathways were perturbed and the cell cycle was identified as the potential
primary target pathway of CKI in MCF-7 cells. CKI may also induce apoptosis in MCF-7
cells via a p53 independent mechanism. In addition, we identified novel IncRNAs and
showed that many of them might be expressed as a response to CKI treatment.

INTRODUCTION

The complexity of carcinogenesis at the genetic
level has been investigated more and more deeply by
leveraging fast-developing omics-related techniques
in the past decades [1-3]. Novel genetic mutations and
molecular markers are now comprehensively identified
in cancer genome sequencing projects. More importantly,
whole transcriptome analyses are much more widely used
to identify novel cancer-related transcripts or regulatory
elements, such as long non-protein-coding RNAs
(IncRNAs) and alternative splicing, and are also used to
characterise the underlying molecular mechanisms based

on global gene expression changes in different types of
cancers in vivo or in vitro [4-6]. The current challenge is
to integrate these new techniques to discover or evaluate
novel cancer therapies [7].

Traditional Chinese Medicines (TCMs) are
experience-based remedies derived from hundreds or
thousands of years of clinical use in China. Most TCMs
are extracted from one or more medicinal herbs. The
existence of multiple bioactive ingredients makes many
TCMs potential novel resources for the discovery of new
cancer drugs, such as multi-targeted cancer drugs [8].
Compound Kushen Injection (CKI, also known as Yanshu
injection) is a State Administration of Chinese Medicine-
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approved TCM formula used in the clinical treatment of
various types of cancers in China [9, 10]. It is extracted
from the roots of two medicinal herbs, Kushen (Radix
Sophorae Flavescentis) and Baituling (Rhizoma smilacis
Glabrae), using modern standardised Good Manufacturing
Processes (GMP) [11, 12]. The chemical fingerprint
of CKI contains at least 8 different components, with
primary compounds Matrine and Oxymatrine [12]. This
indicates that multiple compounds in CKI may deliver an
integrated anti-tumor effect through multiple targets and
their associated molecular pathways.

By detecting the expression of key genes or proteins
in single molecular pathways, the anti-tumor effects
of Matrine or Oxymatrine, including the inhibition of
cell proliferation and induction of apoptosis, have been
demonstrated in various types of cancer [13—17]. The
molecular mechanisms of CKI as a system have also
been recently explored [11, 18]. Quantitative detection
of expression changes of key regulators, including beta-
catenin, CyclinD1 and c-Myc, of the canonical Wnt/
beta-catenin pathway, have shown that CKI can suppress
the stem cells in MCF-7 cells by down-regulating this
signalling pathway [11]. In addition, other studies suggest
that CKI can inhibit mouse sarcoma growth and reduce
tumor-induced hyperalgesia via the AKT and TRPV1
signalling pathways by reducing the phosphorylation of
ERK and AKT kinases and BAD [18].

The main goal of modern pharmacology is to
elucidate the molecular mechanisms that can be targeted
by therapeutic compounds. Analyses using purified
single components of TCM can be somewhat useful,
but are limited when it comes to identifying integrated
systemic effects resulting from a multi-compound
formula. Furthermore, previous studies attempting to
understand the mode of action of CKI have only focused
on single or a few molecular pathways by assessing the
expression of key regulators in these pathways. We have
therefore, taken advantage of high throughput whole
transcriptome analyses, and applied these to explore the
system wide molecular mechanisms targeted by TCM.
We have identified a comprehensive list of expressed
genes perturbed by CKI, and used gene expression data
to characterise molecular pathways potentially targeted
by CKI in MCF-7 human breast cancer cells. Our results
show that CKI can alter the expression of many cancer
relevant genes and IncRNAs, correlated with the inhibition
of cell proliferation through cell cycle arrest and the
induction of apoptosis via p53 independent pathways.

RESULTS

CKI inhibits MCF-7 cell proliferation and
induces cell apoptosis

To characterise the effect of CKI on proliferation
of MCF-7 breast cancer cells, we used the XTT assay to
measure cell viability after treating with different doses of

CKI. The proliferation of MCF-7 cells was dramatically
inhibited when treated with a high dose of CKI (2 mg/
mL, based on the total alkaloid concentration in CKI)
and showed a dose-dependent effect (Figure 1A and
Supplementary Figure 1A). An Annexin V/Propidium
Iodide (PI) assay was used to quantify cell apoptosis
when MCF-7 cells were treated with CKI. Percentage of
apoptotic cells, particularly at the higher dose of CKI, was
increased at both time points compared with untreated
cells, indicating that apoptosis was induced in cells treated
with CKI (Figure 1B and 1C). The caspase3/7 colorimetric
assay also showed that there was increased caspase3/7
activity in cells treated with CKI (Supplementary Figure
1B). Altogether, these results showed that CKI could
inhibit growth and induce apoptosis of MCF-7 cells in
Vitro.

Global gene expression changes in MCF-7 cells
treated with CKI

To further investigate the underlying molecular
mechanisms of CKI on MCF-7 cells, we performed
high-depth next generation sequencing using an Illumina
HiSeq 2500. In total, more than 732 million stranded 100
basepairs (bp) paired-end reads were sequenced from 9
groups of MCF-7 cells treated with two doses of CKI or
one dose of chemotherapy drug 5-Fluorouracil (5-FU) for
24 and 48 hours along with untreated cells (Supplementary
Table 1) (GSE78512). The global gene expression profiles
of CKI treated cells, particularly in cells treated with high
dose CKI (2 mg/mL), were clearly different from the
profile of 5-FU treated cells compared with untreated cells
(Supplementary Figure 2). We then used edgeR to identify
the statistically significant differentially expressed (DE)
genes for the pairwise comparisons between cells treated
with 1 mg/mL CKI, 2 mg/mL CKI and 5-FU for 24 or 48
hours respectively (Figure 2 and Supplementary Table 2).
Compared with untreated cells, fewer than 200 genes had
significantly altered expression in cells treated with low
dose CKI (1 mg/mL) for 24 or 48 hours (Figure 2A and 2B).
However, many more DE genes (1,826 genes for 24 hours
and 2,904 for 48 hours) were identified in cells treated with
high dose CKI (2 mg/mL). Interestingly, when comparing
the number of DE genes in cells treated with high dose CKI
with low dose CKI, we observed almost twice as many
genes down-regulated but only a small number of genes
(828 to 791) up-regulated (Figure 2A and 2B). Furthermore,
we compared DE genes in cells treated with high dose CKI
and in cells treated with 5-FU (Supplementary Figure 3).
For up-regulated genes in cells treated with high dose CKI
for 24 hours, approximately half (396 out of 791) of these
were also identified as DE genes, with most (384) being up-
regulated in 5-FU treated cells as well. 459 down-regulated
genes were also shown as DE genes with most of these (424
out of 459) also being down-regulated in cells treated with
5- FU for 24 hours (Supplementary Figure 3A). After cells
were treated with CKI or 5-FU for 48 hours, the number
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of DE genes decreased dramatically in 5-FU treated cells,
but greatly increased in cells treated with 2 mg/mL CKI
(Supplementary Figure 3B). The common DE genes altered
by CKI or 5-FU showed consistent expression changes at
48 hours (Supplementary Figure 3B).

To validate the gene expression changes from
transcriptome analysis, we performed quantitative PCR
(qPCR) for 6 genes and acquired overall consistent results
(Figure 2C, Supplementary Figure 4 and Supplementary
Table 2).

Annotation of the molecular pathways altered by
CKI in MCF-7 cells

Since CKI likely contains multiple bioactive
ingredients, we used a number of systems biology methods
to explore the molecular mechanisms of CKI.

The over-represented Gene Ontology (GO) terms for
all DE genes identified in cells treated with high dose CKI
(2 mg/mL) for 24 hour and 48 hours are shown in Figure
3A and 3B. Based on their functional similarity, these

GO terms were clustered into several primary categories,
including “Regulation of biological process, cellular
process and metabolic process”, “Cell differentiation,
development”, “Transport, localisation”, “Chromatin
organisation, organelle organisation”, “Cell motility and
migration” and “Secondary metabolic processes and
reactive oxygen species metabolic”. Interestingly, we
found that the majority of cell growth or proliferation
related GO terms included more down-regulated genes,
while GO terms associated with “Secondary metabolic
processes and reactive oxygen species metabolic” showed
enrichment of more up-regulated genes (Figure 3A).
In MCF-7 cells treated with CKI for 48 hours, similar
categories of over-represented GO terms seen at 24
hours were also observed, such as “Metabolic process”,
“Regulation of metabolic process” and “Localization”. In
addition, cell proliferation related terms, including “Cell
cycle”, “Cell growth” and “Cell death” were also over-
represented in DE genes from cells treated with CKI for
48 hours (Figure 3B). Furthermore, we compared the over-
representation of GO terms of the 200 most significantly
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Figure 1: CKI inhibits proliferation and induces apoptosis of MCF-7 cells. A. Inhibition of MCF-7 cell proliferation with CKI
treatment. The level of viability of cells under different treatments was measured using XTT:PMS. Data are represented as mean +SEM
(n=6). B. and C. Induction of apoptosis in MCF-7 cells with CKI treatment. The level of apoptosis was determined by measuring the levels
of Annexin V and PI staining: B) Percentages of Annexin V*/PI" cells, and C) representative plots of Annexin V and PI staining. Data are
represented as mean +SEM (n=6). Statistical analyses were performed using A) two-way ANOVA or B) t-test comparing with “untreated”
(*p<0.05, **p<0.01, ****p<0.0001).
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DE genes in cells treated with CKI or 5-FU for 24 hours to each term. Terms such as “Cellular hormone metabolic

or 48 hours (Figure 3C and 3D). In cells treated with CKI process” and “Pigment metabolic process” were dominated
or 5-FU for 24 hours, over-represented GO terms were by up-regulated genes, which were mainly DE genes
generally divided into two clusters with respect to the from CKI treated cells only. On the other hand, terms
different expression status of the genes that contributed represented by “Chromosome segregation”, “Cell cycle”,
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Figure 2: Differential gene expression in MCF-7 cells treated with CKI or 5-FU for 24 and 48 hours. Numbers of DE genes
(FDR < 0.05 according to edgeR) between different groups at A. 24 hours or B. 48 hours time. Comparison is based on row against column.
Therefore, cells with a red background show numbers of up-regulated genes and cells with a blue background show numbers of down-
regulated genes. C. Validation of transcriptome sequencing. Total of 6 DE genes (7P53, CCND1, CYP1A1, BCL2, IL-20 and H19) identified
by transcriptome sequencing were selected and were subjected to validation analysis by qPCR. Data are represented as mean +SEM (n=9).
Statistical analyses were performed using t-test comparing with “untreated” (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

www.impactjournals.com/oncotarget 66006 Oncotarget

40



“Meiotic nuclear division” and “Somatic diversification
of immune receptors”, were mainly contributed by down-
regulated genes, particularly DE genes from 5-FU treated
cells. After 48 hours, the same over-represented GO terms
in cells treated with CKI or 5-FU for 24 hours were found,
but the proportions of DE genes from cells treated with
CKI were increased for most of these terms, particularly
for “Chromosome segregation” related terms. In addition,
more significantly over-represented GO terms were found
in cells treated with CKI or 5-FU for 48 hours compared
to those in 24 hours, such as “Regulation of viral process”
and “Negative regulation of intracellular transport”, and
the majority of DE genes that contributed to these terms
were down-regulated in cells treated with CKI.

In order to further characterise the potential
functional pathways altered by CKI, we performed over-
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representation analysis of Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways for all DE genes in
cells treated with high dose CKI. Metabolic pathways
represented by “Steroid hormone biosynthesis”, and
including “Pentose and glucuronate interconversions”
and “Drug metabolism” and so on, were over-represented
based on DE genes in cells treated with CKI for 24 hours
(Figure 4A). The majority of DE genes that contributed
to these terms were up-regulated (Figure 4A). Over-
represented cell growth related pathways, such as “Cell
cycle” and “DNA replication”, were also observed
(Figure 4A). In addition, cancer-related pathways, such as
“Prostate cancer”, “Bladder cancer” and “MicroRNA in
cancer”, were also shown as over-represented pathways.
It is also interesting to note that DE genes that contributed
to cell growth and cancer related pathways were generally
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Figure 3: GO functional annotation of DE genes in CKI treated cells. Over-represented GO terms (Biological Process at 3rd
level) for DE genes identified from comparison of CKI treated cells against untreated cells for A. 24 hours or B. 48 hours. Red coloured
nodes mean more than 60% of DE genes that contributed to a term were up-regulated and green coloured nodes mean more than 60%
of DE genes that contributed to a term were down-regulated. The colour gradient represents the proportion of up- or down- regulated
genes between these cut offs, and the node size is proportional to the significance of over-representation. Terms with similar functional
classifications are connected with edges and the most significant term in each cluster is shown in bold. Comparison of over-represented GO
terms for the top 200 significant DE genes in cells treated with 2 mg/mL CKI or 5-FU for C. 24 hours or D. 48 hours. Four different colours
were used to represent the proportion of DE genes from up- or down- regulated genes. For CKI (red = up-regulated and green = down-
regulated) or 5-FU (blue = up-regulated and yellow = down-regulated). Node size is proportional to the significance of over-representation
and terms with similar functional classifications are connected with edges and the most significant term in each cluster is shown in bold.
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down-regulated in cells treated with CKI (Figure 4A).
After cells were treated with CKI for 48 hours, most of
the over-represented pathways found at 24 hours were still
shown as significantly over-represented. However, some
over-represented metabolic pathways and disease-related
pathways at 48 hours were not shown as significantly
over-represented pathways in cells treated with CKI for
24 hours. These pathways included “Arginine and proline
metabolism”, “Pyrimidine metabolism”, “Fructose
and mannose metabolism”, “Parkinson’s disease” and
“Alzheimer’s disease”. In contrast to over-represented
metabolic or disease related pathways in cells treated with
CKI for 24 hours, these 48-hours-only significant over-
represented metabolic or disease pathways were mostly a
function of down-regulated DE genes (Figure 4B). Next,
we compared the over-represented KEGG pathways based

on the top 200 significantly DE genes in cells treated with
CKI or 5-FU. Consistent with the results in Figure 4A and
4B, metabolic related pathways were primarily contributed
by CKI up-regulated genes. Cell growth and cancer related
pathways were also over-represented, and were mostly
contributed by down-regulated genes in cells treated with
CKI or 5-FU (Figure 4C and 4D). More significantly over-
represented cancer-related pathways were found in cells
treated with CKI or 5-FU after 48 hours, and DE genes in
these pathways were mainly down-regulated (Figure 4D).

Many pathways perturbed by CKI in MCF-7
cells were inhibited

From the above gene set enrichment analysis, we
observed that many over-represented GO terms or KEGG
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Figure 4: KEGG functional annotation of DE genes in cells treated with CKI. Over-represented KEGG pathways for all DE
genes identified from comparison of CKI treated cells with untreated cells for A. 24 hours or B. 48 hours. Red coloured nodes mean that more
than 60% of DE genes that contributed to this pathway were up-regulated and green coloured nodes mean that more than 60% of DE genes
that contributed to this pathway were down-regulated. The colour gradient represents the proportion of up- or down- regulated genes between
these two cut offs, and node size is proportional to the significance of over-representation. Pathways with similar functional classifications
are connected with edges and the most significant term in each cluster is shown in bold. Comparison of over-represented KEGG pathways
for the top 200 significant DE genes in cells treated with 2 mg/mL CKI or 5-FU for C. 24 hours or D. 48 hours. Four different colours were
used to represent the proportion of DE genes from up- or down- regulated genes. For CKI (red = up-regulated and green = down-regulated) or
5-FU (blue = up-regulated and yellow = down-regulated). Node size represents the significance of over-representation and terms with similar
functional classifications are connected with edges and the most significant term in each cluster is shown in bold.
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pathways were enriched in down-regulated genes from
cells treated with CKI. We used Signalling Pathway
Impact Analysis (SPIA) to identify significantly perturbed
functional pathways when integrating gene expression
information with signalling pathway topology [19]. 21
KEGG pathways were identified as significantly perturbed
in cells treated with high dose CKI (2 mg/mL) after 24
hours, and the majority of these pathways (16 out of 21)
were shown as inhibited (Supplementary Table 3). In cells
treated with 5-FU for 24 hours, more KEGG pathways
(75) were identified as significantly perturbed, but only
22 of these were shown as inhibited (Supplementary
Table 3). We then compared these significantly perturbed
pathways in cells treated with CKI or 5-FU. Interestingly,
all significantly altered pathways in cells treated with CKI
were also shown as significantly perturbed in cells treated
with 5-FU (Figure 5A). This suggests that at 24 hours, CKI
and 5-FU perturbed some of the same pathways. However,
the perturbation status of these common altered pathways
in cells treated with CKI or 5-FU was quite different. The
majority of inhibited pathways in cells treated with CKI
were shown as activated in cells treated with 5-FU (Figure
5A). Although the perturbation status indicated by SPIA is
just suggestive, it still provides some clues that CKI might
target different genes even though it might perturb the
same pathway as 5-FU. After cells were treated with CKI
or 5-FU for 48 hours, 11 significantly perturbed pathways
were identified in each of treatment group, but only 3 of
these were shown as significantly perturbed pathways in
both cells treated with CKI or 5-FU (Figure 5B).

In order to examine the perturbation of CKI on
KEGG pathways at the individual gene level, we mapped
the expression status of DE genes in cells treated with
CKI or 5-FU on the cell growth and death related pathway
“Cell cycle” as an example (Figure 6). Consistent with
what we observed in the above KEGG over-representation
analyses, the majority of DE genes in the “Cell cycle”
pathway were down-regulated both in cells treated with
CKI or 5-FU. Many essential regulators, such as Cyclin-
dependent kinase 2 (CDK2), Transcription Factor
Dp-1 (DP-1), Origin recognition complex (ORC) and
Minichromosome maintenance protein complex (MCM)
families, which are important in regulation of the G1/S
transition [20, 21], were significantly down-regulated
both in cells treated with CKI or 5-FU. However, some
key regulators in this “Cell cycle” pathway had different
expression status in cells treated with CKI or 5-FU.
For example, CCNDI, which encodes Cyclin-D1 (a
member of the CycD protein family), was significantly
down-regulated in cells treated with CKI compared with
untreated cells. In contrast, CCND3, encoding Cyclin-D3
which also belongs to the CycD protein family, was
significantly up-regulated in cells treated with 5-FU.
Interestingly, as an important pro-apoptosis modulator,
the expression of p53 was opposite in cells treated with
CKI (down-regulated) or 5-FU (up-regulated) compared

to untreated cells. In addition, the protein levels of p53
were significantly decreased in cells treated with CKI for
24 hours and showed no significant change at 48 hours. In
contrast p53 increased in cells treated with 5-FU for both
24 and 48 hours (Figure 6C). Taken together the results
of down-regulated pS3 mRNA and protein levels (Figure
2C and 6C) but elevated apoptosis activity (Figure 1B)
in MCF-7 cells treated with CKI, suggest that CKI may
induce cell apoptosis in a p53 independent fashion. In cells
treated with CKI or 5-FU for 48 hours, essential genes
for G1/S transition (as discussed above) were still shown
as significantly down-regulated. In addition, more genes,
such as Cyclin A1 (CCNAI, encoding CycA), Cyclin Bl
and B2 (CCNBI1 and CCNB2, encoding CycB), Mitotic
Arrest Deficient 1 (MADI, encoding madl) and Mitotic
Arrest Deficient 2 (MAD2, encoding mad2), which are
important regulators of G2 or M phase, were shown as
significantly down-regulated in cells treated with CKI for
48 hours.

The cell cycle assay using flow cytometry indicated
that proportions of cells in G1 and S phases were
significantly lower in MCF-7 cells treated with high dose
CKI (2 mg/mL), while significantly higher in G2/M phase,
indicating a cell cycle arrest at G2/M phase by CKI in MCF-
7 cells (Supplementary Figure 5). In summary, possible p53
independent apoptosis together with perturbation of other
cancer cell growth associated pathways, such as “Cell
cycle”, probably contribute the anti-cancer effect of CKI.

The expression of many clinically relevant
cancer genes was altered in MCF-7 cells treated
with CKI

To investigate the potential molecular targets of CKI
in MCF-7 cells, we examined the changes in expression
of 135 genes in a curated database of Tumour Alterations
Relevant for Genomics-driven Therapy (TARGET) from
The Broad Institute (https://www.broadinstitute.org/
cancer/cga/target). These genes are directly linked to a
clinical outcome when somatically altered in cancer. Many
genes showed similar expression changes in cells treated
with CKI or 5-FU, and this confirmed what we observed
in the pathway analysis (see above) (Figure 7A). However,
the expression of some genes was either of a higher
degree or in a different direction in cells treated with CKI
compared with cells treated with 5-FU. For example, ETS
translocation variant 4 (ETV4), whose overexpression
is oncogenic in prostate cells [22], was greatly down-
regulated in cells treated with CKI compared with cells
treated with 5-FU. On the other hand, Cyclin-Dependent
Kinase Inhibitor 14 (CDKN1A, also named as p21) was
highly up-regulated in 5-FU treated cells but not in CKI
treated cells. We then examined how many significantly
DE genes in cells treated with CKI or 5-FU were also
in this TARGET gene list. In total, 27 DE genes in cells
treated with CKI for 24 hours were in the TARGET gene

www.impactjournals.com/oncotarget

Oncotarget



list, and more up-regulated genes (18 compared to 2) in
cells treated with 5-FU for 24 hours were in the TARGET

treated with CKI, while only 6 of the DE genes from cells
treated with 5-FU for 48 hours were in this list (Figure

gene list (Figure 7B). In cells treated with CKI or 5-FU for 70).
48 hours, 28 DE genes were in the TARGET list from cells
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Figure S: Perturbation of KEGG pathways in cells treated with CKI or 5-FU for A. 24 hours or B. 48 hours inferred with
SPIA. Perturbation accumulation and significance of perturbation for each KEGG pathway were calculated based on the fold changes
of expression of DE genes compared to untreated cells, integrated with the topology information in this pathway. Positive perturbation
accumulation values mean this pathway is activated and vice versa. “5-FU only” or “CKI only” represent pathways that are only significantly

perturbed in one condition not in the other.
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Reconstruction of non-coding and protein-coding
RNA co-expression networks altered by CKI

The differential expression analysis of refGenes
showed that IncRNA, H/19, was significantly down-
regulated after cells were treated with CKI (Figure 2C and
Supplementary Table 2). In order to better understand the
potential expression change of IncRNAs in response to CKI
in MCF-7 cancer cells, we carried out de novo identification
of IncRNAs from this transcriptome dataset. In total, 2,576
IncRNA transcripts, which are from 2,287 unique genomic
loci, were identified (Supplementary Figure 6). We also
found that the majority of these IncRNAs were novel by
comparing the genomic coordinates of these IncRNAs with
two well-annotated human IncRNA datasets (Figure 8A)
[23, 24]. The expression of many IncRNAs was changed in
cells treated with CKI or 5-FU (Figure 8B). The expression
of IncRNAs in cells treated with CKI for 24 hours was

(@]

MFI of anti-p53-stained cells

quite different compared with cells treated with 5-FU for
24 hours. While at 48 hours, we observed more similar
IncRNA expression in cells treated with CKI or 5-FU
(Figure 8B). These results indicate that some of these
IncRNAs may play specific regulatory roles responding to
different reagent treatments.

In order to identify potential IncRNA candidates
that were highly relevant to CKI treatment in MCF-
7 cells, we reconstructed the co-expression networks
for 15,115 detectable refGenes and 2,287 IncRNAs in
9 different samples. 53 co-expression modules were
reconstructed based on the expression profiles of refGenes
or IncRNAs across 9 samples (Supplementary Figure 7
and Supplementary Table 4). Upon examination of the
eigengene expression patterns of these 53 modules, we
found three modules with expression profiles that were
consistent with CKI-specific modules (Figure 8C and
Supplementary Figure 8). Centrality analysis of these
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Figure 6: Comparison of individual gene expression change in MCF-7 cells treated with CKI (2 mg/mL) or 5-FU for
A. 24 hours or B. 48 hours in the cell cycle pathway. Significant DE genes are coloured with red (up-regulated) or green (down-regulated).
Each coloured box is separated into two parts, the left half represents the expression change status in cells treated with CKI and the right
half represents the expression change status in cells treated with 5-FU. White or grey colours represent gene(s) that are not significantly
differentially expressed. C. CKI caused down-regulation (24 hours) or no significant change (48 hours) of p53 protein level. The level
of p53 protein present in cells treated with CKI was measured by flow cytometry. For the top panel, mean fluorescent intensity (MFI) of
cells stained with anti-p53 where MFI of isotype control was subtracted. Data are represented as mean £SEM (n=9). Statistical analyses
were performed using t-test comparing with “untreated” (**p<0.01, ***p<0.001, ****p<0.0001). The bottom panel shows representative

histograms of anti-p53 staining.
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CKlI-specific co-expression modules allowed us to identify
“hub” nodes, many of which belonged to IncRNAs (Figure
8D and Supplementary Figure 8). These results showed
that IncRNAs may be co-regulated or involved in the
same regulatory pathways with protein-coding genes when
MCF-7 cells are treated with CKI. We then performed GO
and KEGG over-representation analysis for the protein-
coding genes in these three CKlI-specific modules, and
“Cell proliferation” was identified as the most significantly
over-represented functional term (Table 1). Interestingly,
we also found genes in these CKI-specific co-expression
modules are over-represented in functions involved in
“intracellular signal cascade” and “second-messenger-
mediated signaling” (Table 1), which might be triggered
by the multiple molecular species present in CKI. In
addition, we also identified three co-expression modules,
which showed highly correlated co-expression profiles in
both cells treated with CKI or 5-FU. We defined these as
“CKI-5FU” modules (Supplementary Figure 9). These
modules contained over-represented genes in “cell cycle”,

A Color Key
B ae—— |
-6 -4 -2 0 2 4
24h 48h

M
[

éﬁgg;ﬁi!2535!%§§§§§§g§i8§§‘§!§8§§§§§i§§!§ES§§§§§Z§Zizg“ﬁagé§53§i§§§§§!§?§§§‘§5§5§§5ﬂ§5§§a_ ssgzgmgzgzgzgaggsssgi

———
E | —_—
o P Ny N &
&Sf &fﬁ ’ &gf &ff :

g

“DNA replication” and other cell growth related pathways
(Supplementary Table 5). This result was consistent with
what we observed in our DE analysis (see above).

DISCUSSION

Many TCMs or other herbal medicines, such as CKI
used in this study, are extracted from multiple medicinal
herbs. The fact that multiple potentially bioactive
ingredients are present in these formulas suggests that
they have multiple targets, and therefore perturb multiple
biological pathways. Transcriptome analysis using high-
throughput next generation sequencing technologies has
been widely used in cancer biology for the identification
of novel biomarkers, mutations and even novel transcripts,
such as IncRNAs, in different cancer types [4, 5, 25, 26].
We have used whole transcriptome analysis to identify
potential molecular mechanisms of CKI in vitro. We
not only identified potential gene targets of CKI based
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Figure 7: Expression change of clinically relevant cancer genes in cells treated with CKI or 5-FU. A. Heatmap showing the
expression fold changes of cancer relevant genes from the TARGET database. Overlap of TARGET genes with DE genes in MCF-7 cells
treated with 2 mg/mL CKI or 5-FU for B. 24 hours or C. 48 hours.
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on differential gene expression, but also characterised We have identified genes whose expression was

potential biological pathways targeted by CKI. Although significantly altered in MCF-7 cells treated with CKI.
further experiments are required to validate these candidate Consistent with the phenotypic analyses, the global gene
targets, our results provide a very important starting point expression changes in cells treated with CKI support a
for subsequent experimental functional validation. dose-dependent effect on MCF-7 cells, which had been
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Figure 8: Expression change of de novo identified IncRNAs and an example of a CKI-specific co-expression module.
A. Overlap of de novo identified IncRNAs (CKI_IncRNAs) with two annotated human IncRNA datasets: “BI_IncRNAs” as annotated
IncRNAs from the Broad Institute and “GENCODEv7 IncRNAs” as IncRNAs from GENCODE version7. B. Heatmap showing expression
fold change of 2,287 IncRNAs in 6 treated cell samples compared to corresponding untreated cells. C. Expression pattern of transcripts in
CKI-specific module “brown1” is shown in top panel, and barplot in bottom panel shows the eigengene values in different samples. Green
represents “under-expressed” and red represents “over-expressed” in the heatmap. The “eigengene value” is defined as the first principal
component of this module, so it can be considered as a representative of the gene expression profiles in this module. D. Visualization of
CKl-specific co-expression module “brownl”. The black labels represent refGenes and gold labels represent IncRNAs. The size of the
node/label and edge weight are proportional to between-ness betweeness centrality.
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Table 1: Significantly over-represented GO and KEGG terms in protein-coding genes from three CKI-specific co-

expression modules (count >4 and P-value < 0.05)

Category Term

Count Fold enrichment P-value

GOTERM_BP_FAT

G0:0008283~cell proliferation 8 3.354 0.009
GO:0010604~positive regulation of

GOTERM_BP_FAT macromolecule metabolic process 1 2.346 0.016
GOTERM_BP_FAT  G0:0032989~cellular component morphogenesis 7 3.223 0.020
GOTERM_BP_FAT GO0:0048514~blood vessel morphogenesis 5 4.332 0.027
GOTERM_BP_FAT GO0:0035295~tube development 5 4.155 0.031
GOTERM_BP_FAT GO0:0007242~intracellular signaling cascade 13 1.892 0.036
GOTERM BP FAT GO:001 9932~secgnd-rpessenger—mediated 5 3.890 0.038
- - signaling
GOTERM BP FAT GO:0000904~ce1.1 morphogenesis involved in 5 3746 0.043
- - differentiation
GOTERM_BP_FAT G0:0000902~cell morphogenesis 6 3.081 0.043
GOTERM_BP_FAT GO:0001568~blood vessel development 5 3.731 0.043
GOTERM_BP_FAT GO:0001944~vasculature development 5 3.642 0.047
KEGG_PATHWAY hsa05200:Pathways in cancer 7 3.391 0.013
KEGG_PATHWAY hsa04020:Calcium signaling pathway 5 4.514 0.021

reported in MCF-7 stem cells and other types of cancer
cells in previous studies [10, 11]. However, we have
generated a far more comprehensive candidate gene list
by considering CKI as a whole rather than looking at
the effect of individual constituents. As expected, genes,
including Cytochrome P450 family 1 (CYPI1AI), Aldo-
Keto Reductase Family 1, Member C2 (AKRI1C2) and
Member C3 (AKRI1C3), which are involved in xenobiotic
compound metabolism, were significantly up-regulated
when cells were treated with CKI [27, 28] but not with
5-FU. On the other hand, many genes involved in cell
growth or used as biomarkers of carcinogenesis, such
as CCNDI [29], were significantly down-regulated.
Interestingly, we observed one IncRNA H79, known to
be over-expressed in several types of cancer [30, 31],
was dramatically down-regulated in cells treated with
CKI. Recently, many IncRNAs have been characterised
as important gene regulators in various types or stages of
carcinogenesis [32]. We hypothesise that IncRNAs may
be also involved in the gene regulatory networks altered
by CKI in MCF-7 cells. Whether IncRNAs are primary
targets or secondary links to regulated pathway, still
requires further study. Compared to traditional single-gene
analyses used to understand the molecular mechanisms of
TCM, transcriptome screening has significant advantages
for identifying potential target genes.

Carcinogenesis is a complex cellular process
involving multiple genetic alterations that perturb
different biological processes or pathways [33]. By

screening transcriptome-wide gene expression changes
in vitro, one can do more than the mere identification of
molecular markers for cancer diagnosis or therapy, one
can also provide useful evidence to better characterise
the underlying mechanisms of drug effects on cancer
at pathway or network levels [34, 35]. Using whole
transcriptome analysis, we identified multiple potential
molecular pathways altered by CKI in MCF-7 cells.
Cell growth related pathways, such as cell cycle, cell
division, DNA replication and so on, were significantly
altered in MCF-7 cells treated with CKI. By integrating
the expression data and topologic information of genes
involved in these pathways, it appears that cell cycle arrest
might be one of the primary anti-tumour mechanisms of
CKI in MCF-7 cells. As expected, 5-FU also significantly
altered these cell growth related pathways, as reported in
previous studies [36, 37]. However, when we consider the
expression change of individual genes in these pathways,
we found that many different genes were significantly
altered by CKI or 5-FU, but the overall perturbation
status of these pathways was consistent. We also
noticed that CKI and 5-FU had opposite effects on some
pathways, such as the p53 signalling pathway. Although
the expression of the key p53 gene in the p53 signalling
pathway was significantly down-regulated in cells treated
with CKI, we still observed changes in the expression of
down-stream genes in the apoptosis pathway, such as Bcl-
2. Bcl-2 is an important anti-apoptotic gene [38], which
was significantly down-regulated in CKI treated cells,
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indicating that MCF-7 cells still underwent apoptosis
when treated with CKI. The down-regulation of Bc/-2 had
been reported in other types of cancer cells treated with
Matrine or Oxymatrine, two of the major components of
CKI[16, 39—41]. Taking into account the results from the
apoptosis assay, we propose that CKI may induce MCF-
7 cell apoptosis via p53 independent pathways. As CKI
is normally clinically used in combination with other
cancer chemotherapies, our results also provide primary
molecular evidence for this potential simultaneous effect
in clinical usage [11].

Advances in omics technologies have allowed the
development of new cancer therapies [42]. Improved gene
therapies, such as targeted cancer therapies or precision
medicine, are attracting more and more attention as
a result of improved abilities to characterise cancer
mechanisms in individual patients [42, 43]. On the other
hand, therapies involving whole body system modulation,
such as immunotherapy [44] and multiply-targeted
therapies [45], are also proposed as potentially effective
or complementary weapons for cancer treatment [46]. The
nature of many TCMs or ancient medicines that include
multiple bioactive ingredients, suggests that they can be a
rich resource for identifying or developing multi-targeted
cancer drugs [47]. However, most TCMs or ancient
medicines are experience-based medicines developed
from a long history of clinical use and little is known of
their molecular modes of action. Classical pharmacology
has used a reductionist strategy of purification and testing
of single components from TCM, but this limits our
understanding of the potential interaction or cumulative
effects of multiple components on a functional system.
The application of systems biology techniques, such as
whole transcriptome analyses, is a good starting point to
understand the functional system effects of TCMs, as a
basis for further improvement and optimisation of existing
TCMs in the context of evidence based medicine.

Studies have confirmed that many IncRNAs
play important regulatory roles in cancer [32]. Our de
novo identification of IncRNAs showed that some of
these may contribute to regulatory networks, and even
be specifically or differentially expressed in MCF-7
cancer cells treated by CKI. By integrating IncRNAs
with protein-coding RNAs to reconstruct co-expression
networks, we showed that this can be used as another
powerful tool to understand global transcription changes
potentially sensitive to TCM. We were able to confirm
that “Cell cycle” and other cell growth related pathways
might be the primary target pathways of CKI in MCF-
7 cell line as shown in DE analysis, but were able to do
this in a more general sense, because we included all
expression detectable transcripts during the reconstruction
of co-expression networks. In addition, we also showed
co-expression networks may be useful in identifying
potential co-expressed “hub” transcripts, including both
protein-coding RNAs and IncRNAs, for further functional

experiments [48]. In conclusion, we applied and integrated
multiple transcriptome analysis tools to describe and
analyse the complexity of molecular mechanisms altered
by CKI in MCF-7 breast cancer cells, and we hope that
this can be useful to harness the “magic power” of TCM.

MATERIALS AND METHODS

Cell culture and drugs

MCF-7 cells were purchased from ATCC (HTB-
22™_ VA, USA) and were cultured in DMEM medium
(Thermo Fisher Scientific, MA, USA) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and
0.01 mg/mL human recombinant insulin (Thermo Fisher
Scientific) at 37°C with 5% CO,. CKI (total alkaloids
concentration of 20.8 mg/mL) was obtained from
ZhenDong pharmaceutical Co.Ltd (Shanxi, China), and
5-FU was ordered from Sigma-Aldrich (MO, USA). For
all in vitro experiments performed in this study, CKI was
used at dilution of final concentration of either 1 mg/mL
or 2 mg/mL of total alkaloids, and 5-FU was used at a final
concentration of 10 ug/mL.

For cell culture in 6-well trays used for cell
apoptosis assay, cell cycle assay, p53 protein staining
assay and RNA extraction, each well was seeded with
5x10° cells in 2 mL of medium and cultured overnight. On
the following day, 1 mL of either medium, CKI or 5-FU
was added to the cells. After 24 and 48 hours of treatment,
cells were harvested and used in the above assays.

Cell viability assay

The wells of 96-well trays were seeded with 1x10*
cells in 50 pL of medium and cultured overnight. On the
following day, 50 uL of either medium, CKI or 5-FU were
added to the cells. Viability of the cells was measured at 0,
24 and 48 hours after the treatment by adding XTT:PMS
(50:1; Sigma-Aldrich). After 4-hour incubation at 37°C
optical density (OD) of each well was read at 490 nm. The
background OD was also measured and the average was
subtracted from the OD readings of appropriate wells.

Apoptosis assay by annexin V/PI staining

Cells were cultured in 6-well trays and treated
with drugs as described above. After 24 and 48 hours of
treatment, cells were harvested and the rate of apoptosis
was measured using Annexin V-FITC detecton kit
(Biotool, TX, USA) according to the manufacturer’s
instructions. The stained cells were sorted and data
acquired on an LSRII (BD Biosciences, NJ, USA) and the
data were analysed using FlowJo software (TreeStar Inc.,
OR, USA).
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Caspase 3/7 colorimetric assay

Caspase 3/7 activity in cells was measured with
a Caspase-3/7 Colorimetric Assay Kit (BioVision, CA,
USA). Cells were cultured in 6-well trays and treated
with drugs as described above. After 24 and 48 hours
of treatment, cells were harvested and proteins from
cells were extracted according to the manufacturer’s
instructions and concentrations were determined with a
Nanodrop 2000 (Thermo Scientific). Caspase-3/7 activity
was then measured according to the manufacturer’s
instructions.

Cell cycle assay

Cells were cultured in 6-well trays and treated
with drugs as described above. After 24 and 48 hours
of treatment, cells were harvested and subjected to cell
cycle analysis by PI staining as described previously [49]
and the stained cells were sorted and the data acquired on
LSRII and the data were analysed using FlowJo software.

Intranuclear/intracellular staining for p53

Cells were cultured in 6-well trays and treated
with drugs as described above. After 24 and 48 hours
of treatment, cells were fixed and permeabilised using
Nuclear Factor Fixation and Permeabilization Buffer Set
(Biolegend, CA, USA) according to the manufacturer’s
instructions. 2x10° cells were labelled either with anti-
p53-PE or mouse IgG2b-PE (1 pg/mL; Biolegend) and the
cells were sorted and the data were acquired on an LSRII,
and the data were analysed using FlowJo software.

RNA extraction and sequencing

Cells were cultured in 6-well plates with a seeding
density of 5x10° cells/well and treated with CKI or
5-FU for 24 and 48 hours as above. Total RNA was
isolated with the mirVana PARIS Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. RNA
samples were sent to the Cancer Genome Facility of the
Australian Cancer Research Foundation (SA, Australia)
for sequencing. The quality of the total RNA was verified
on a Bioanalyzer ensuring all samples had RINs >7.0.
Starting with 1 ug of total RNA, the polyA fraction was
enriched using a NEBNext(r) Poly(A) mRNA Magnetic
Isolation Module. Stranded mRNA libraries for [llumina
sequencing were prepared using the NEBNext(r) Ultra
Directional RNA kits from New England Biolabs, Inc.
according to the manufacturer’s protocol (Version 2.0 July
2013). Actinomycin D was added during cDNA synthesis
to ensure high levels of strand specificity. All libraries
were run on a Bionanalyzer to confirm library size and
yield. Barcoded libraries were normalized and pooled
based on concentrations determined by qPCR with Library
Quantification kits from KAPA Biosystems. Libraries

were sequenced using an Illumina HiSeq 2500 across 5
lanes with stranded paired-end 100 base pair reads. Raw
and processed data were deposited at the Gene Expression
Omnibus (GEO) data repository (GSE78512).

Data processing and functional annotation

Low quality and adaptor sequences in raw reads
were trimmed using Trim_galore (v0.3.7, Babraham
Bioinformatics) with the following parameters:
--stringency 6 --paired. Then cleaned reads were
aligned to the reference genome (hgl9, UCSC)
using STAR 2.4.0j with the following parameters:
--outSAMstrandField intronMotif --outSAMattributes All
--outFilterMismatchNmax 10 --seedSearchStartLmax 30
[50]. Differential expression analysis was performed with
edgeR and DE genes were selected with a False Discovery
Rate (FDR) < 0.05 [51].

GO and KEGG over-representation analyses were
performed using ClueGO with the following settings:
biological process at 3rd level (for GO); right-sided
hypergeometric test for enrichment analysis; p values were
corrected for multiple testing according to the Benjamini-
Hochberg method. Over-represented terms/pathways were
visualised with Cytoscape v3.2.1 [52, 53]. Signalling
Pathway Impact Analysis (SPIA) was performed with
SPIA package in R [19]. Gene expression status mapping
in KEGG pathways was visualised with the R Pathview
package [54].

Transcriptome validation with qPCR

Cells were cultured in 6-well trays and treated with
drugs as described above. Untreated cells as well as cells
treated for 24 and 48 hours were harvested and the cell
pellets were snap-frozen in liquid nitrogen. Total RNA
was extracted using PureLink RNA Mini Kit (Thermo
Fisher Scientific) and treated with TURBO DNA-Free
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. cDNA synthesis was performed using High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

gqPCR reactions were set up with PowerUp SYBR
Green Master Mix where forward and reverse primers
were added at a final concentration of 400 nM each.
Reactions were run on the StepOne Plus Real-Time PCR
system and the data were analysed using its software
v2.3 (Thermo Fisher Scientific). Relative levels of target
mRNAs were calculated as 1/22¢T, where ACT=CT of
target — CT of RSP13. The sequences of all primers used
in this study are provided in Supplementary Table 6.

LncRNA identification

The flowchart for IncRNA identification is shown
in Supplementary Figure 6. In summary, short reads
were mapped against the genome and assembled into
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longer transcripts, and then transcripts shorter than 200
nucleotides (nt) were removed. Genomic coordinates
of long transcripts were checked against refGenes
from UCSC and classified into “refGene transcripts”,
“intergenic transcripts”, “intronic transcripts” and
“antisense transcripts”. The latter three classes of
transcripts were selected to filter unannotated protein-
coding potential transcripts by following two steps: 1)
Sequence similarity search against the Swiss-Prot protein
database; 2) Predict Open Reading Frame(s) (ORF). In
order to get a more reliable IncRNA dataset, we selected
transcripts with expression higher than 1 count per million
(CPM, normalised using the TMM method in edgeR) in at
least 2 of 27 individual samples.

Reconstruction of co-expression networks

RefGenes were pre-filtered by expression (> 1
CPM in at least 2 of 27 individuals). Expression matrices
for all pre-filtered refGenes and IncRNAs were merged
to reconstruct co-expression networks with WGCNA
[55]. “16” was selected as the soft thresholding power
according to the protocol of WGCNA. Co-expression
modules were visualized with Cytoscape v3.2.1. Between-
ness centrality was used to select “hub” nodes. GO and
KEGG over-representation analyses were performed with
DAVID (Database For Annotation, Visualization and
Integrated Discovery) [56].
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Chapter 3

The Effect of Compound Kushen Injection on Cancer
Cells: Integrated Identification of Candidate Molecular

Mechanisms.

The effects of CKI on biological processes of MCF-7 cells were characterized in the
previous chapter. In this chapter, we extend this analysis to two additional cell lines to
identify a core set of molecular responses to CKI associated with CKI induced apoptosis.
The two cell lines used in this study are, a breast cancer cell line, MDA-MB-231, and
a liver cancer cell line, Hep G2. After analyzing the shared transcriptional responses of
these two cell lines, we then integrated the analysis with the data set from MCF-7 in the
previous chapter. The identification of genes sharing similar patterns of regulation across
the three cell lines after treatment with CKI has highlighted some core gene regulatory
networks and pathways that respond to CKI. Integration of these data with available online
data for gene regulation responses to single compounds found in plant extracts suggests
functional roles for specific compounds present in CKI. This chapter is in the format of a

manuscript that has been submitted to Phytomedicine.
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Abstract

Background: Because TCM preparations are often combinations of multiple herbs
containing hundreds of compounds, they have been difficult to study. Compound Kushen
Injection (CKI) is a complex mixture cancer treatment used in Chinese hospitals for over

twenty years.

Purpose: To demonstrate that a systematic analysis of molecular changes resulting from
complex mixtures of bioactives from Traditional Chinese Medicine can identify a core set of

differentially expressed (DE) genes and a reproducible set of candidate pathways.

Study Design: We used a cancer cell culture model to measure the effect of CKI on cell cycle
phases, apoptosis and correlate those phenotypes with CKl induced changes in gene

expression.

Methods: We treated cancer cells with CKl in order to generate and analyse high-
throughput transcriptome data from two cancer cell lines. We integrated these differential

gene expression results with previously reported results.

Results: CKl induced cell-cycle arrest and apoptosis and altered the expression of 363 core
candidate genes associated with cell cycle, apoptosis, DNA replication/repair and various
cancer pathways. Of these, 7 are clinically relevant to cancer diagnosis or therapy and 14
are cell cycle regulators, and most of these 21 candidates are downregulated by CKI.
Comparison of our core candidate genes to a database of plant medicinal compounds and
their effects on gene expression identified one-to-one, one-to-many and many-to-many

regulatory relationships between compounds in CKl and DE genes.

Conclusions: By identifying promising candidate pathways and genes associated with CKI
based on our transcriptome-based analysis, we have shown this approach is useful for the

systematic analysis of molecular changes resulting from complex mixtures of bioactives.

Keywords:
Compound Kushen Injection, cancer cell, transcriptome, multiple targets, cell cycle,

apoptosis
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Abbreviations:

TCM, traditional Chinese medicine; CKIl, compound Kushen injection; GO, Gene Ontology;
DO, Disease Ontology; KEGG, Kyoto Encyclopedia of Gene and Genomes; PI, propidium
iodide.

Introduction

The treatments of choice for cancer are often radiotherapy and/or chemotherapy, and
while these can be effectie, they can cause quite serious side-effects, including death. These
side-effects have driven the search for adjuvant therapies to both mitigate side-effects
and/or potentiate the effectiveness of existing therapies. Traditional Chinese Medicine
(TCM) is one of the options for adjuvant therapies, particularly in China, but increasingly so
in the West. While clinical trial data on the effectiveness of TCM is currently limited, it
remains an attractive option because of its long history and because its potential
effectiveness is believed to result from the cumulative effects of multiple compounds on
multiple targets (Jiang, 2005). Because TCM often has not been subjected to rigorous
evidence based assessment and because it is based on an alternative theoretical system

compared to Western medicine, adoption of its plant derived therapeutics has been slow.

In this report, we continue to characterise the molecular effects of Compound Kushen
Injection (CKI) on cancer cells. CKI has been approved by the State Food and Drug
Administration (SFDA) of China for clinical use since 1995 (Shu et al., 2014) (State medical
license no. Z14021231). CKl is an herbal extract from two TCM plants, Kushen (Sophora
flavescens) and Baituling (Smilax Glabra) and contains more than 200 different chemical
compounds. These compounds include alkaloids and flavonoids such as matrine, oxymatrine
and kurarinol that have been reported to have anti-cancer activities (Shu et al., 2014; Wang
et al., 2015; Zhang et al., 2013; Zhao et al., 2014). Some of these activities have been shown
to influence the expression of TP53, BAX, BCL2 and other key genes known to be important
in cancer cell growth and survival (Liao et al., 2015; Ninomiya and Koketsu, 2013; Wu et al.,

2015; Zhang et al., 2001).

We have previously characterised the effect of CKl on the transcriptome of MCF-7 breast

carcinoma cells and in this report, we extend our previous results to two additional human
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cancer cell lines (MDA-MB-231, breast carcinoma and HEPG2, hepatocellular carcinoma).
Both cell lines have also been shown to undergo apoptosis in response to the ingredients of
CKI (Wang et al., 2015; Wu et al., 2015; Zhang et al., 2010; Zhao et al., 2014). HEPG2 is one
of the most sensitive cancer cell lines with respect to exposure to CKI (Yang et al., 2017) and
CKl is often used in conjunction with Western chemotherapy drugs for the treatment of liver
cancer patients in China. While the specific mechanism of action of CKl is unknown, several
recent studies have reported that CKl or its primary compounds affect the
regulation/expression of oncogene products including B8-catenin, TP53, STAT3 and AKT (Liu
et al., 2014; Ma et al., 2016; Shu et al., 2014; Wang et al., 2015; Yu et al., 2009).

However, these and other reports did not evaluate the entire range of molecular changes
from treatment with a multi-component mixture such as CKI (Gao et al., 2018; Hao and Xiao,
2014). Whilst several research databases and tools for TCM research have been developed
(Cui et al.,, 2014; Song et al., 2013; Wang and Chen, 2013), they are limited by the fact that
most of the studies that contribute to the corpus of these databases are from different
experimental systems, use single compounds or measure effects based on one or a handful

of genes/gene products.

In contrast to previous studies, our strategy was to carry out comprehensive transcriptome
profiling and network reconstruction from cancer cells treated with CKI. Instead of focusing
on specific genes or pathways in order to design experiments, we have linked phenotypic
assessment and RNA-seq analysis to CKI treatment. This allows us to present an unbiased,
comprehensive analysis of CKl specific responses of biological networks associated with
cancer. Our results indicate that different cancer cell lines that undergo apoptosis in
response to CKI treatment can exhibit different CKl induced gene expression profiles that

nonetheless implicate similar core genes and pathways in multiple cell lines.

The current study presents the effects of CKI on gene expression in cancer cells with an aim
to identify candidate pathways and regulatory networks that may be perturbed by CKl in
vivo. To this end we primarily use concentrations of CKI higher than used in vivo in order to
be able to detect effects in the short time frames available to tissue culture experiments.
We also combine our current analysis with previously published data to focus on a shared,

much smaller set of candidate genes and pathways.

Material and Methods
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Cell culture and reagents

CKI (total alkaloids concentration of 25 mg/mL) in 5 ml ampoules was provided by Zhendong
Pharmaceutical Co. Ltd. (Beijing, China). Chemotherapeutic agent, Fluorouracil (5-FU) was
purchased from Sigma-Aldrich (MO, USA). A human breast adenocarcinoma cell line, MDA-
MB-231 and a hepatocellular carcinoma cell line HEPG2 were purchased from American
Type Culture Collection (ATCC, Manassas, VA). The cells were cultured in Dulbecco's

Modified Eagle Medium (DMEM; Thermo Fisher Scientific, MA, USA) supplemented with

10% foetal bovine serum (Thermo Fisher Scientific). Both cell lines were cultured at 37°C

with 5% CO..

For all in vitro assays, 4x10° cells were seeded in 6-well trays and cultured overnight before

being treated with either CKI (at 1 mg/mL and 2 mg/mL of total alkaloids) or 5-FU (150 u
g/ml for HEPG2 and 20 ug/ml for MDA-MB-231. As a negative control, cells were treated

with medium only and labelled as “untreated”. After 24 and 48 hours of treatment, cells

were harvested and subjected to the downstream experiments.

Cell cycle and apoptosis assay

The assay was performed as previously described (Qu et al., 2016). For each cell line, three
operators replicated the assay twice in order to ensure reproducibility of the observations.
The results were obtained by flow cytometry using either FACScanto or LSRII (BD

Biosciences, NJ, US).
RNA isolation and sequencing

The treated cells were harvested and the cell pellets were snap frozen with liquid nitrogen
and stored at -80 °C. Total RNA was isolated with PureLink™ RNA Mini Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. After quantified using a NanoDrop
Spectrophotometer ND-1000 (Thermo Fisher Scientific), the quality of the total RNA was
verified on a Bioanalyzer by Cancer Genome Facility (SA, Australia) ensuring all samples had

RINs >7.0.
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For both cell lines, the sequencing was performed in Ramaciotti Centre for Genomics (NSW,
Australia). The sample preparation for each cell line was TruSeq Stranded mRNA-seq with
dual indexed, on the NextSeq500 v2 platform. The parameter was 75bp paired-end High
Output. The fastq files were generated and trimmed through Basespace with application

“FASTQ Generation v1.0.0”.

Bioinformatics analysis of RNA sequencing

The clean HEPG2 reads were aligned to reference genome (hg38) using STAR v2.5.1 with
following parameters: --outFilterMultimapNmax 20 --outFilterMismatchNmax 10 --
outSAMtype BAM SortedByCoordinate --outSAMstrandField intronMotif (Dobin et al.,
2013). The clean MDA-MB-231 reads were aligned to reference genome (hg19) using
TopHat2 v2.1.1 with following parameters: --read-gap-length 2 --read-edit-dist 2 (Kim et al.,
2013). Differential expression analysis for reference genes was performed with edgeR and
differentially expressed (DE) genes were selected with a False Discovery Rate (FDR) < 0.05

(Robinson et al., 2010).

The DE genes in common for both HEPG2 and MDA-MB-231 cell lines at 24 hours and 48
hours after CKI treatment were selected as “shared” genes. These shared genes were

utilized to describe the major anti-cancer functions and principal mechanisms of CKI.

Gene Ontology (GO), and Kyoto Encyclopedia of Gene and Genomes (KEGG) over-
representation analyses of both cell lines were carried out using the online database system
ConsensusPathDB (Kamburov et al., 2008) with the following settings: “Biological process”
(BP) at third level (for GO); g values (<0.01) were corrected for multiple testing with the
system default settings. Disease ontology (DO) over-representation analyses of both cell
lines were performed by using the Bioconductor R package clusterProfiler v3.5.1 (Yu et al.,
2012). For the function analyses of shared/core genes, the method was as similar as our
previous study (Qu et al., 2016) using ClueGO app 2.2.5 in Cytoscape v3.6.0. We enriched
our GO terms in the biological process category level 3 and KEGG pathways, showing only
terms/pathways with p values less than 0.01. Specific Over-represented terms/pathways
and gene expression status mapping in KEGG pathways were visualised with the R package
“Pathview” (Luo and Brouwer, 2013).

Gene expression-based investigation of bioactive components in CKI
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To integrate with previous data from MCF-7 cells (Qu et al., 2016), all the shared DE genes
regulated by CKl identified in all three cell lines using edgeR were mapped to the BATMAN-
TCM database (Liu et al., 2016). The pharmacophore modelling method (Li et al., 2012) was
used to generate the interaction network between the key genes and TCM components

using R package igraph (Csardi and Nepusz, 2006).

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

RT-gPCR was performed as previously described (Qu et al., 2016). The list of target genes
selected for this study and the sequences of all primers are shown in Additional file 1: Table

S1.
Results
Effect of CKI on the cell cycle and apoptosis

In our previous study, CKI significantly perturbed/suppressed cancer cell target
genes/networks. In the current study we present results that confirm and generalise our
previous work. We observed in the MCF-7 study, low concentrations of CKl in our short-
term cell assay showed no/little phenotypic effect within 48 hours, and very high doses
resulted in excessive cell death at 48 hours precluding the isolation of sufficient RNA for
transcriptome analysis (Qu et al., 2016). Therefore, in our current study with the two
additional cell lines, to ensure consistency, we also selected 1 mg/ml and 2 mg/ml total
alkaloid concentrations of CKI for our assays because they generated reproducible and

significant phenotypic effects in our cell culture assay.

We used flow cytometric analysis of propidium iodide (PI) stained cells to assess both CKI
induced alterations to the cell cycle and apoptosis. In HEPG2 cells, CKI treatment resulted in
an overall increase in the proportion of cells in G1 phase and decrease in S phase (Fig. 1a
and b). Similarly in MDA-MB-231 cells, although a consistent increase in G1 phase was not
observed, CKI caused a decrease in S phase particularly at the 24-hour time point (Fig. 1a
and b) indicating possible incidence of cell cycle arrest at G1 phase. Furthermore, at 2
mg/ml of total alkaloids, CKI consistently induced significantly higher level of apoptosis in
both cell lines at both time points compared to untreated controls (Fig. 1c). These data

together suggest that CKI has effects on the cell cycle by interfering with the transition
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197 between G1to S phase as well as by acting on the apoptosis pathway and promoting cell

198 death.

199  CKI perturbation of gene expression

200 In order to elucidate the molecular mechanisms of action of CKI on these cancer cells,
201  transcriptome analysis of CKl treated cells was performed. As mentioned above, RNA
202  samples from two cell lines were sequenced with 2x75 bp paired-end reads. We had
203  previously sequenced transcriptomes from CKIl treated MCF-7 cells (Qu et al., 2016) and
204  have included those results for comparison below. The samples from each cell line

205 contained 7 groups at 3 time points (Fig. 2a), in triplicate for every group. In the

206  multidimensional scaling (MDS) analysis, each cell line clustered independently and

207  generally, within the cell line clusters, untreated cells clustered apart from treated cells

208 (Additional file 2: Fig. S1).

209  With the mapping rate were around 90% (Additional file 3: Table S2), a P-value based

210 ranked list of DE genes (compared to untreated from each time point) was generated for
211  both cell lines (Additional file 4: Table S3, sheet 1-4). This list was used to select the shared
212  DE genes. This analysis generated thousands of DE genes (Additional file 4: Table S3, sheet

213  5) across two cell lines.

214  Because for each cell line the respective treatment groups clustered together on the MDS
215  plot, there were large numbers of shared genes between them. As a result, we identified a
216  set of 6852 shared DE genes by identifying common DE genes from HEPG2 and MDA-MB-
217 231 cell lines, at 24hours and 48 hours (Fig. 2b). These shared genes might predict a

218 common molecular signature for CKI’s activity. However, there were still a large number of
219 DE genes that were not shared by both cell lines, as seen in the heatmap in Fig. 2c. The

220  expression of the shared gene set in both HEPG2 and MDA-MB-231 is highly consistent.
221 Interestingly, this consistency is with respect to treatment time, rather than with respect to

222 cell line.

223  RT-qPCR validation and dose response of gene expression to CKI
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Based on our previous results (Qu et al., 2016), and analysis below, we selected the 4 top
ranked DE genes expressed in G1-S phase of the cell cycle (TP53 and CCND1 for expression
level validation and E2F2and PCNA for low dose response), as well as the proliferation and
differentiation relevant ras subfamily encoding gene (RAP1GAP1) for low dose response. We
also selected a prominently expressed gene (CYP1A1) for validation because of its sensitivity
to CKl treatment. CYP1A1, TP53 and CCND1 expression changes were validated with RT-
gPCR with all three genes showing similar patterns of expression in the transcriptome data

and RT-qPCR (Fig. 3a).

Because low dose treatment with CKI did not cause significant gross phenotypic effects in
either cell line, we decided to use gene expression as a more sensitive measure of
phenotype to look at the effect of lower doses of CKI. We used 0.125 mg/ml, 0.25 mg/ml,
0.5 mg/ml and 1mg/ml concentrations to look for dose dependency of gene expression.
Our results showed an obvious dose-dependent expression trend (Fig. 3b) in both cell lines.
Because the 0.125mg/ml concentration of CKl is equivalent to what cancer patients are

treated with, our results are potentially clinically relevant.

Function enrichment analysis

To identify candidate mechanisms of action of CKI, we carried out functional enrichment
analysis. We used ConsensusPathDB(Kamburov et al., 2008) and Clusterprofiler (Li et al.,
2012) along with GO and KEGG pathways for over-representation analysis, along with

disease ontology (DO) (Schriml et al., 2011) enrichment.

GO over-representation test was determined based on Biological Process level 3 and g value
<0.01. The results for both cell lines at both time points were summarised and visualized
based on semantic analysis of terms in Fig. 4a. From this result, it was obvious that there
were a large proportion of enriched GO terms relating to cell cycle, such as “cell cycle

checkpoint”, “negative/positive regulation of cell cycle process” and so on prominently

featured for all data sets (Additional file 5: Fig. S2, Additional file 6: Table S4, sheet 1-4).

We then used KEGG pathways to determine the specific pathways altered by CKl in cancer.

The most regulated over-representative KEGG pathways are summarized according to KEGG
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Orthology (KO) (Fig. 4b). Cell cycle related pathways such as “cell cycle”, “DNA replication”,
and “apoptosis” were also consistently seen in the KEGG enrichment results (Additional file
6: Table S4, sheet5-8) at both 24 and 48 hours. Moreover, in addition to the cell cycle
relevant pathways, some cancer related pathways were also observed, such as “prostate
cancer” and “chronic myeloid leukaemia”, and a large number of DE genes (283) from the

two cell lines were relevant in “pathways in cancer”.

Because the KEGG enrichment revealed many pathways relating to diseases, most of which
were cancers, we decided to explore the enrichment of DE genes with respect to DO terms
(Fig. 4c). In the DO list (Additional file 6: Table S4, sheet 9-12), all top ranked terms listed are
cancers. Interestingly, most cancer types listed are from the lower abdomen, for example
“ovarian cancer”, “urinary bladder cancer “and “prostate cancer” etc. occurring in

genitourinary organs (Additional file 6: Table S4, sheet 9-12). For both KEGG pathway and

DO enrichment, the effects of CKl on both cell lines were similar.

In addition to cell line specific functional enrichment of DE genes, we also analysed the over-
represented GO terms for shared DE genes (Fig. 5a). The most significant clusters were
highly relevant to metabolic process, such as “cellular macromolecule metabolic process”,
as well as the corresponding positive/negative regulatory biological process (Additional file
6: Table S4, sheet 13). Moreover, various signalling pathways, though not forming a large
cluster, were also significant, for example, “regulation of signal transduction” and
“intracellular receptor signalling pathway”. Finally, some “cell cycle” related terms
constituted relatively large sub-clusters, including “cell division” and “mitotic cell cycle
process”. The enriched GO analysis was consistent with the cell line specific enriched

results, and with our previous analysis of MCF-7 cells (Qu et al., 2016). It is worth noting that

for “cell cycle” related terms, most of the participating genes were down-regulated by CKI.

Similar results were observed from KEGG analysis (Fig. 5b, and Additional file 6: Table S4,
sheet 14) of shared genes. Various pathways related to cancer, formed a large cluster.
Pathways such as “DNA replication”, “Ribosome” and “cell cycle” were mostly down-
regulated, while up-regulated pathways included “inositol phosphate metabolism” and

“protein processing in endoplasmic reticulum”.
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We also carried out over-representation analysis of DO terms (Fig. 5¢) for all shared DE
genes. The analysis results were consistent with the single cell line DO term analysis with
mostly cancer related terms; in particular genitourinary or breast cancer terms. While this
was also partially similar to the KEGG results for shared DE genes, there were some
differences in the KEGG results for disease pathways compared to the DO results, such as
“bacterial invasion of epithelial cells”, “Fanconi anemia pathway” and “AGE-RAGE pathway
in diabetic complications”.

Regulation of specific pathways related to cancer

Specific to the therapeutic potential of CKI for cancer treatment, we applied our data set
mapping to KEGG cancer pathways: pathways in cancer- homo sapiens (Additional file 7: Fig.
S3). The R package Pathview (Luo and Brouwer, 2013) was used to integrate log fold change
values of all the genes expression patterns into these target pathways. Within the 21
pathways in cancer, the “cell cycle” still featured prominently (Fig. 6a). The expression of
almost every gene in the cell cycle pathway was affected by CKI, with most of them
suppressed. We did not observe this kind of overall pathway suppression in any of the other
pathways. We have displayed the summaries for the remaining 20 pathways in the heatmap
in Fig. 6b. Although all the pathways were all perturbed by CKl, they include both over and
under expressed genes in roughly equal proportions.

Collectively, these results suggest a direct anticancer effect of CKl, and implicate specific
candidate mechanisms of action based on the perturbed molecular networks. The most
obvious example is the cell cycle, where G1-S phase is significantly altered, resulting in the
induction of apoptosis. The downstream process triggered by CKl is the suppression of gene
expression of cell cycle regulators, including P53 and CCND1. The other perturbed cancer
pathways provide additional candidate mechanisms of action for CKI. In the following
section we integrate these results with previous results reported in the literature to refine

the core set of genes and pathways perturbed by CKI.

Discussion

Although HEPG2 (liver cancer — mesodermal tissue origin) and MDA-MB-231 (mammary
epithelial adenocarcinoma — ectodermal tissue origin) are different cancer types, they

shared a large number of CKI DE genes with similar expression profiles, presumably these
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shared genes include CKI response genes that are essential to the apoptotic response
triggered by CKI. However, the number of shared CKI DE genes is too high to allow straight
forward identification of genes critical to the CKl response. We therefore decided to
combine these data with previously reported CKI DE genes from MCF-7 cells (Qu et al.,
2016) in order to reduce the number of core CKl response genes. The intersection of MCF-7
CKI DE genes with the shared CKI DE genes yielded 363 core CKI DE genes (Additional file 8:
Fig. S4).

Among the 363 core CKI DE genes, cytochrome P450 family 1 subfamily A member 1
(CYP1A1) gene is the most over-expressed. This gene is consistently up-regulated by CKl in
all three cell lines, and showed significant dose response. In liver cancer cells, over-
expression of CYP1A1 induced by plant natural products has been associated with Aryl-
hydrocarbon Receptor transformation (Anwar-Mohamed and El-Kadi, 2009; Zhou et al.,
2016). Furthermore, as a steroid-metabolizing enzyme, CYP1A1 is part of cancer metabolic
processes relevant to steroid hormone responsive tumours, such as breast cancer, ovarian
cancer and prostate cancer (Mitsui et al., 2016; Nandekar et al., 2016; Ou et al., 2016;
Piotrowska-Kempisty et al., 2017). Therefore, CYP1A1 may be of particular interest for

understanding the mechanism of action of CKI on cancer cells.

Comparison of the 363 core genes to the 135 Tumour Alterations Relevant for Genomics-
driven Therapy (TARGET) genes (version 3) from The Broad Institute
(https://www.broadinstitute.org/ cancer/cga/target) identified 7 DE genes that were shared
across the three cell lines and two time points (Fig. 7a). Of these seven genes, six (TP53,
CCND1, MYD88 (Myeloid differentiation primary response gene 88) , EWSR1, TMPRSS2 and
IDH1 (isocitrate dehydrogenase 1)) were similarly regulated (either always over-expressed
or under-expressed), while CCND3 was over-expressed in all three cell lines at both time

points except at 48 hours in MCF-7 cells, where it was under-expressed.

The TP53 gene encodes a tumor suppressor protein, that can induce apoptosis (Harris and
Levine, 2005). However, in all cell lines TP53 was down-regulated, and all cell lines showed
increased apoptosis. This suggests that CKl induced apoptosis was not TP53-dependent.
Support for this comes from the fact that transcripts for PCNA (proliferating cell nuclear

antigen), and a group of transcription factors: MCM (mini-chromosome maintenance)
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complex and the E2F family are down-regulated. The E2F transcription factors regulate the
cell cycle and TP53-dependent and -independent apoptosis (Hollern et al., 2014; Sun et al.,
2013; Woods et al., 2007; Zaldua et al., 2016). In addition, other core genes present in the
TARGET database have also been shown to induce apoptosis. For example, inhibition of
MYD88 induces apoptosis in both triple negative breast cancer and bladder cancer
(Christensen et al., 2017; Zhang et al., 2016). The increased expression of IDH1 may be
important, as IDH1 is frequently mutated in cancers (Li et al., 2012) and when mutated, it
causes loss of a—ketoglutarate production and may be important for the Warburg effect.
TMPRSS2 (transmembrane protease, serine 2) has also been shown to regulate apoptosis in

cancer (Afar et al., 2001). Therefore, CKI may induce apoptosis through a variety of means.

In the GO (Fig. 7b) and KEGG (Fig. 7c) over-representation analysis of the 363 core genes
yielded enrichment for cell cycle and cancer pathways. In the GO enriched genes, cell cycle
and related pathways accounted for the majority of functional sub-clusters. In the KEGG
enriched pathways, cell cycle and cancer pathways predominated in a single cluster. Most of

the core genes in GO and KEGG clusters were down-regulated by CKI.

In addition to the cell cycle, CKI treatment also caused enrichment for terms or pathways
related to cancer progression, such as “focal adhesion” and “blood vessel development”.
(Additional file 6: Table S4, sheet 5-8). These developmental processes contribute to
tumorigenesis and metastasis(Luo and Guan, 2010; Warren et al., 1995). It is tempting to
speculate that CKI may alter these functions in vivo, possibly altering angiogenesis which is
critical for tumours (Hanahan and Folkman, 1996). In addition, there were metabolic
pathways and terms that were also identified as perturbed by CKI. Effects on many
targets/pathways is one of the expected features of TCM drugs which likely hit multiple
targets (Efferth et al., 2007).

We have examined the effect of a complex mixture of plant natural products (CKI) on
different cancer cell lines and have identified specific, consistent effects on gene expression
resulting from this mixture. However, the complexity of CKI makes it difficult to determine
the mechanism of action of individual components, and often testing of individual
components has resulted in either no effect or contradictory results in the research

literature. In spite of this complexity, it is possible to map our results on to a pre-existing

69



371
372
373
374
375
376
377
378
379

380

381
382
383
384
385
386
387
388
389

390

corpus of work that links individual natural compounds to changes in gene expression. We
have used BATMAN (Liu et al., 2016), an online TCM database of curated links between
compounds and gene expression. Based on this resource, we have identified 14 components
of CKI that have been linked to the regulation of 52 of our core genes (Fig. 7d). We can see
from the network diagram in Fig. 7d that one to one, one to many and many to many
relationships exist between CKI components and genes which is consistent with previous
studies (Liu et al., 2014; Wu et al., 2015; Zhang and Yu, 2016). As more information becomes
available for individual components, we will be able to construct a more comprehensive

model of CKI mechanism based on network analysis.

Conclusions

Our systematic analysis of gene expression changes in cancer cells caused by a complex
herbal extract used in TCM has proven to be effective at identifying candidate molecular
pathways. CKI has consistent and specific effects on gene expression across multiple cancer
cell lines and it also consistently induces apoptosis in vitro. These effects show that CKl can
suppress the expression of cell cycle regulatory genes and other well characterized cancer
related genes and pathways. Validation of a subset of DE genes at lower doses of CKI has
shown a dose-response relationship that suggests that CKI may have similar effects in vivo
at clinically relevant concentrations. Our results provide a molecular basis for further

investigation of the mechanism of action of CKI.
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Figure legends

Fig. 1

Effects of different treatment on cell cycle and apoptosis of HEPG2 and MDA-MB-231 cells.
a The apoptosis and cell cycle distribution of each cell line after 24- and 48-hour treatments
with CKI or 5-Fu assessed Pl staining. b Percentages of cells in different phases of cell cycle
resulting from treatment. ¢ Percentage of apoptotic cells after treatment. Results shown are
mean +SEM (n=6). Statistically significant differences from untreated control were identified

using two-way ANOVA (*p<0.05, **p<0.01, ****p<0.0001).

Fig. 2

DE genes shared in both cell lines at both time points. a. Work flow diagram showing
experimental design and sample collection. b Venn diagram showing the number of shared
DE genes between HEPG2 and MDA-MB-231. c Heatmap presenting the overall gene
expression pattern in both cell lines treated with CKIl. Heatmap is split into four parts based
on gene content and expression pattern: 5442 differentially regulated genes with
expression not shared between the two cell lines, 3157 upregulated genes shared between
both cell lines, 3522 down-regulated genes shared between both cell lines, and 173

discordantly regulated genes with differential expression shared between both cell lines.

Fig. 3

Validation of gene expression and effects of low dose CKI using RT-qPCR. a Comparison of
DE genes between RNA-seq results (left) and RT-gPCR validation (right) for each cell line at 2

time-points. Three DE genes (CYP1A1, TP53 and CCND1) were chosen for validation. Gene
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expression was generally consistent between transcriptome data and gPCR data. b Dose
response of CKl using a subset of genes with conserved expression in HEPG2 (left), and
MDA-MB-231 (right) from 0 mg/ml to 1 mg/ml of total alkaloids. Six genes (CYP1A1, TP53,
CCND1, Rap2GAP1, E2F2 and PCNA) were selected based on their relevance to important
pathways perturbed by CKI. RT-qPCR results are presented as expression relative to RPS13.
Data are represented as mean +SEM (n>3). A t-test was used to compare CKI doses with

“untreated” (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Fig. 4

Functional annotation of DE genes for each cell line as a result of CKI treatment. Summary of
over-represented a GO terms for Biological Process, b KEGG pathways and ¢ DO terms for
DE genes as a result of CKI treatment in each cell line at two time points. For GO semantic
and enrichment analysis, Lin’s algorithm was applied to cluster and summarize similar
functions based on GO terms found in every treatment. Similarly, by back-tracing the
upstream categories in the KEGG Ontology, we were able to obtain a more generalized
summary of KEGG pathways for each treatment. The size of each bubble represents the
number of GO terms/pathways, and the colour shows the statistical significance of the
relevant function or pathways. The DO summary for each treatment was determined by

back-tracing to parent terms.

Fig. 5

Functional annotation of DE genes with shared expression in both cell lines as a result of CKI
treatment. Over-representation analysis was performed to determine a GO terms for
Biological Process, b KEGG pathways, and ¢ DO terms for DE genes shared in both cell lines.

In nodes for both GO terms and KEGG pathways, node size is proportional to the statistical
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significance of over-representation. For DO terms, all the enriched terms are statistically
significant (p<1x10) in each category, and the bar length represents the number of

expressed genes that map to the term.

Fig. 6

Comparison of shared genes expression in specific pathways across two cell lines. a Cell
cycle pathways, where each coloured box is separated into 4 parts, from left to right
representing 24h CKl treated HEPG2, 48h CKl treated HEPG2, 24h CKI treated MDA-MB-231
as well as 48h CKI treated MDA-MB-231. b Heatmap of pathways in cancer. The top two
heatmaps summarise the effects of CKI on HEPG2 cells for two time-points, and the bottom
two heatmaps show the effects of CKI on MDA-MB-231 cells. In addition to the cell cycle
pathway, there were 21 associated pathways in cancer that were perturbed by CKI. The
effects of CKl on both cell lines were similar, with changes in TARGET database genes
indicated by arrows. Compared to other pathways in cancer, the effects of CKI on the cell

cycle pathway showed overall down-regulation.

Fig. 7.

Analysis of CKl regulated core genes from this report combined with previous available data.
a Fold changes of TARGET and cell cycle regulatory gene expression in MDA-MB-231, HEPG2
and MCF-7(Qu et al., 2016) cell lines 24 and 48 hours after CKI treatment. Only seven
TARGET genes are affected by CKl in all three cell lines. Most of the 14 cell cycle regulatory
genes differentially expressed in all three cell lines are down-regulated. b GO term
enrichment analysis of 363 core genes from MDA-MB-231, HEPG2 and MCF-7 cell lines. ¢
KEGG pathway enrichment of 363 core genes from MDA-MB-231, HEPG2 and MCF-7 cell

lines. d Some individual compounds present in CKl linked to genes they regulate that are
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Chapter 4

Cell Cycle, Glycolysis and DNA Repair Pathways in
Cancer Cells are Suppressed by Compound Kushen

Injection

In the previous two chapters, I have focused on the analysis of transcriptome data
from three cell lines treated with CKI. This integrated analysis identified specific
biological processes and pathways perturbed by CKI. Specifically, three pathways; energy
metabolism, DNA repair and cell cycle regulation were identified as promising candidates
for validation at the protein level. In this chapter, I chose two cell lines with differing
sensitivity to CKI: Hep G2 and MDA-MB-231, and validated expression levels of key
proteins in these pathways in time series from untreated and CKI treated cells. I have also
characterized the levels of key components in energy metabolism and the quantity and
cellular distribution of DNA double strand breaks. This chapter largely validates the core

pathways identified from our transcriptome analysis of CKI treated cells.
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Abstract

In this report, we examine candidate pathways perturbed by Compound Kushen Injection (CKI) a
Traditional Chinese Medicine (TCM) that we have previously shown to alter the gene expression
patterns of multiple pathways and induce apoptosis in cancer cells. We have measured protein levels
in Hep G2 and MDA-MB-231 cells for genes in the cell cycle pathway, DNA repair pathway and
DNA double strand breaks (DSBs) previously shown to have altered expression by CKI. We have
also examined energy metabolism by measuring [ADP]/[ATP] ratio (cell energy charge), lactate
production and glucose consumption. Our results demonstrate that CKI can suppress protein levels
for cell cycle regulatory proteins and DNA repair while increasing the level of DSBs. We also show
that energy metabolism is reduced based on reduced glucose consumption and reduced cellular
energy charge. Our results validate these pathways as important targets for CKI. We also examined
the effect of the major alkaloid component of CKI, oxymatrine and determined that it had no effect
on DSBs, a small effect on the cell cycle and increased the cell energy charge. Our results indicate
that CKI likely acts through the effect of multiple compounds on multiple targets where the

observed phenotype is the integration of these effects and synergistic interactions.

Keywords:
alkaloid, matrine, cyclin, Ku70, Ku80, cell-cycle

Abbreviations

DSBs, double strand breaks; Ku70/Ku80,the Ku heterodimer proteins

Introduction

Compound Kushen Injection (CKI) is a complex mixture of plant bioactives extracted from Kushen
(Sophora flavescens) and Baituling (Smilaz Glabra) that has been approved for use in China since
1995 by the State Food and Drug Administration (SFDA) of China (State medical license no.
714021231). CKI is widely used in China as an adjunct for both radiotherapy and chemotherapy in
cancer. While most of the data supporting its use have been anecdotal and there is little clinical trial
data demonstrating its efficacy, it has been shown to be effective at reducing sarcoma growth and

cancer pain in an animal model[l] and cancer pain in patients [2].
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CKI contains over 200 chemical compounds including alkaloids and flavonoids such as matrine,
oxymatrine and kurarinol, and has previously been shown to affect the cell cycle and induce
apoptosis in cancer cells[l, 2, 3, 4, 5, 6, 7]. Furthermore, functional genomic characterization of the
effect of CKI on cancer cells using transcriptome data indicated that multiple pathways were most

likely affected by CKI [4]. These observations support a model wherein many/all of the individual

compounds present in CKI can act on many single targets or on multiple targets to induce apoptosis.

Based on previously reported work [4] and our currently unpublished work (Cui et al)[8], specific
pathways were selected for follow up experiments to validate their response to CKI in order to
formulate more specific hypotheses regarding the mechanism of action of CKI on cancer cells. We
had previously shown that CKI altered the cell cycle and induced apoptosis while altering the
expression of many cell cycle genes in three cancer cell lines [4, 8]. We had also shown that DNA
repair pathway genes were significantly down-regulated by CKI and that energy production related
to NAD(P)H synthesis from glycolysis and oxidative phosphorylation was reduced by CKI. As a
result, we focused on the following candidate pathways: cell cycle, DNA repair and glucose
metabolism to validate their alteration by CKI. We used two cell lines for these validation
experiments, one relatively insensitive to CKI (MDA-MB-231) and one sensitive to CKI (Hep G2).
Furthermore, while the literature shows varying effects for major compounds present in CKI on
cancer cells [9, 10], we also tested oxymatrine, the major alkaloid found in CKI and widely believed

to be very important for the effects of CKI, on our selected pathways.

Materials and methods

Cell culture and chemicals

CKI with a total alkaloid concentration of 26.5 mg/ml in 5 ml ampoules was provided by Zhendong

Pharmaceutical Co. Ltd. (Beijing, China). Cell culture methods have been previously described [4].

A human breast adenocarcinoma cell line, MDA-MB-231 and a hepatocellular carcinoma cell line
Hep G2 were purchased from American Type Culture Collection (ATCC, Manassas, VA). The cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, MA, USA)
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supplemented with 10% fetal bovine serum (Thermo Fisher Scientific). Both cell lines were cultured
at 37 with 5% CO2. For all in vitro assays, cells were cultured overnight before being treated with
either CKI (at 1 mg/ml and 2 mg/ml of total alkaloids). As a negative control, cells were treated

with medium only and labeled as untreated. After 24 and 48 hours of treatment, cells were harvested

and subjected to the downstream experiments.

All the in vitro assays employed either 6-well plates or 96-well plates. The seeding density for
6-well plates for both cell lines was 4x10° cells and treatment methods were as previously described
[4]. The seeding density of Hep G2 cells for 96 well plates was 4x10% cells per well and for
MDA-MB-231 cells was 8x10* cells per well, and used the same treatment method as above: after
seeding and culturing overnight, cells were treated with 2 mg/ml CKI diluted with complete medium

for the specified time.

Glucose consumption assay

Glucose consumption was determined by using a glucose oxidase test kit (GAGO-20, Sigma, St.
Louis, MO). After culturing for different durations (3, 6, 12, 24 and 48 hours), 50 ul of culture
medium was collected from untreated groups and treated groups. The cells were trypsinized for cell
number determination using trypan blue exclusion assay and the number of bright, viable cells were
counted using a hemocytometer. Collected suspension, blank medium and 2 mg/ml CKI, were all
filtered and diluted 100 fold with MilliQQ water. The absorbance at 560 nm was converted to glucose
concentration using a 5ug/ml glucose standard from the kit as a single standard. Glucose
consumption was calculated by subtracting the blank medium value from treated/collected medium

values. Glucose consumption per cell was calculated from the number of cells determined above.

Measurement of [ADP]/[ATP] ratio

Cells were cultured in white 96-well plates with clear bottoms. The [ADP]/[ATP] ratio of both cell
lines was determined immediately after the incubation period (24 and 48 hours) using an assay kit
(MAK135; Sigma Aldrich, USA) according to the manufacturer’s instructions. Levels of luminescence

from the luciferase-mediated reaction were measured using a plate luminometer (PerkinElmer 2030
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multilabel reader, USA for CKI experiments or Promega, USA for oxymatrine experiments). The
[ADP]/[ATP] ratio was calculated from the luminescence values using a formula provided by the kit

manufacturer.

Lactate content assay

The concentration of lactate, the end product of glycolysis, was determined using a lactate
colorimetric assay kit (Abcam, Cambridge, MA, USA). Cells were cultured in 6-well plates, and then
harvested and deproteinized according to the manufacturer’s protocol. The optical density was
measured at 450 nm and a standard curve plot (nmol/well vs. OD 450 nm) was generated using
serial dilutions of lactate. Lactate concentrations were calculated with the formula provided by the

kit manufacturer.

Cell cycle assay

Cells were cultured in 6-well plates and treated with 2 mg/ml CKI or 0.5 mg/ml oxymatrine. After
culturing for 3, 6, 12, 24 and 48 hours, cells were harvested and subjected to cell cycle analysis by
Propidium lodide staining as previously reported [4]. Data were obtained by flow cytometry using
Accrui (BD Biosciences, NJ, US) and analysed using FlowJo software (Tree Star Inc, Ashland,
Oregon, USA).

Microscopy

After culturing for 48 hours on 8 well chamber slides, control and treated cells were fixed in 1%
paraformaldehyde for 10 minutes at room temperature, washed with Phosphate Buffered Saline three
times and permeabilized with 0.5% Triton X100 for 10 minutes. After fixation and permeabilization,
cells were blocked with 5% Fetal Bovine Serum for 30 minutes. Permeabilized cells were stained with
5pg/ml of Alexa Fluor@®)594 conjugated anti-H2AX.X Phospho (red) (Biolegend, Ser139) in 5%
Fetal Bovine Serum overnight followed with Alexa Fluor®)488 conjugated Phalloidin (green)
(Biolegend) staining for 20 minutes at 4°C.
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Stained cells were mounted with 4’,6-diamidino-2-phenylindole (DAPI) and visualized with an 86

Olympus FV3000 (Olympus Corporation, Tokyo, Japan) confocal microscope using a 60 oil objective. s

J

<

Fluorescence intensity was quantified using Imaris software (Bitplane, Saint Paul, MN) and averaged s

using at least 10 cells in each experiment. 89
Flow-cytometry quantification of protein expression %
Cells were cultured in 6-well plates and treated with CKI. After 24 and 48 hours, cells were a1

harvested to detect intranuclear/intracellular levels of proteins involved in cell cycle and DNA DSBs o
pathways using the following antibodies; (cell cycle primary antibodies: (Cell Signaling Technologies, o
Danvers, MA, USA: P53 Rabbit mono-Ab, CCND1 Rabbit mono-Ab, CDK2 Rabbit mono-Ab) o
(Abcam, Cambridge, UK:CDK1 Rabbit mono-Ab), for these primaries, cell cycle isotype control: o
Cell Signaling Technologies: Rabbit igG, cell cycle secondary antibody Anti-rabbit (PE conjugated), o
additional primary antibody: CTNNB1 Rabbit mono-Ab (Alexa Fluor@®)647 conjugated) and isotype o
control: Rabbit IgG (Alexa Fluor®)647 conjugated), both from Abcam)(DSBs antibody: Anti-H2AX
(PE conjugated) primary antibody and isotype control: Mouse IgG1 (PE conjugated) both from %

BioLegend, San Diego, CA, USA) (DNA repair antibodies: primary antibodies - KU70 Rabbit 100
mono-Ab (Alexa Fluor®)647 conjugated) and KU80 Rabbit mono-Ab (Alexa Fluor@®647 101
conjugated), Isotype control: Rabbit IgG (Alexa Fluor@®)647 conjugated), all from Abcam) Cells 102
were sorted and the data acquired on a FACS Canto (BD Biosciences, NJ, US) or Accrui (BD 103
Biosciences, NJ, US), and the data were analysed using FlowJo (Tree Star Inc.) software. 104
Cell cycle functional enrichment re-analysis 105

In order to identify the phases of the cell cycle affected by CKI, differentially expressed gene data 106
from [4] was submitted to the Reactome database[11], and used to identify functionally enriched 107

genes. 108
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Statistical analysis

All measurements above were performed in triplicate and repeated at least three times. Statistical

significance was determined by twoway ANOVA test; error bars represent standard deviation.

Results

Pathway validation

Based on our previous results indicating that CKI could suppress NAD(P)H synthesis [4] and
(Supplementary Material, Figure S1), we examined the effect of CKI on energy metabolism by
measuring glucose uptake, [ADP]/[ATP] ratio and lactate production. We measured glucose uptake
in both CKI treated and untreated cells from 0 to 48 hrs after treatment and observed a reduction in
glucose uptake (Fig. 1A). The growth curves for both cell lines were relatively flat after CKI
treatment, in contrast to untreated cells. MDA-MB-231 cells, which are less sensitive to CKI in
terms of apoptosis, had a higher level of glucose uptake than Hep G2 cells, which are more sensitive
to CKI. Because the overall glucose uptake was consistent with the cell growth curves, the glucose
consumption per million cells for each cell line under treatment was different. Untreated Hep G2
cells maintained a relatively flat rate of glucose consumption per million cells, while for CKI treated
Hep G2 cells the rate of glucose consumption per million cells decreased with time, becoming
significantly less towards 48 hrs. The glucose consumption variance for both untreated and treated
MDA-MB-231 cells was high, but both overall glucose consumption and glucose consumption per

million cells appeared to decrease over time.

Because changes in glucose consumption are mirrored by other aspects of energy metabolism, we
assessed the energy charge of both CKI treated and untreated cells by measuring the [ADP]|/[ATP]
ratio at 24 and 48 hours after treatment (Fig. 1B). Hep G2 cells had a lower energy charge (higher
[ADP]/[ATP] ratio) compared to MDA-MB-231 cells and after CKI treatment both cell lines showed
a decrease in energy charge, consistent with our previous measurements using a
2,3-Bis(2-methoxy-4-nitro-5-sulfonyl)-2H-tetrazolium-5-carboxanilideinner salt (XTT) assay

(Supplementary Material, Figure S1). However, the decrease in energy charge was earlier and much
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more pronounced for Hep G2 cells compared to MDA-MB-231 cells.

The flip side of glucose consumption is the production of lactate via glycolysis, which is the initial
pathway for glucose metabolism. We, therefore, measured lactate production in order to determine if
the observed decreases in energy charge and glucose consumption were directly attributable to
reduced glycolytic activity. We measured intracellular lactate concentration in both CKI treated and
untreated cells at 24 and 48 hours after treatment (Fig. 1C) and found that lactate concentrations
increased as a function of CKI treatment in both cell lines. This result is consistent with a build up
of lactate due to an inhibition of the Tricarboxylic Acid (TCA) cycle leading to decreased oxidative
phosphorylation and lower cellular energy charge. CKI must, therefore, inhibit cellular energy
metabolism downstream of glycolysis, most likely at the level of the TCA cycle. Decreased energy
charge can have widespread effects on a number of energy-hungry cellular processes involved in the

cell cycle, such as DNA replication.

Having validated the effect of CKI on cellular energy metabolism, we proceeded to examine the
perturbation of cell cycle and the expression of cell cycle proteins, as these are energy intensive
processes. We had previously identified the cell cycle as a target for CKI based on transcriptome
data from CKI treated cells [4, 8]. We carried out cell cycle profiling on CKI treated and untreated
cells using Propidium lodide staining and FACS (Fig. 2A) as described in Materials and Methods.
The two cell lines displayed slightly different profiles to each other, but their response to CKI was
similar in terms of an increase in the proportion of cells in G1-phase. For Hep G2 cells, CKI caused
consistent reductions in the proportion of cells in S-phase accompanied by corresponding increases in
the proportion of cells in G1-phase. This is indicative of a block in S-phase leading to accumulation
of cells in G1-phase. For MDA-MB-231 cells, CKI did not promote a significant decrease in the
proportion of cells in S-phase, but did cause an increase in the percentage of cells in G1 phase at

24hrs and a pronounced decrease in cells in G2/M phase at 12 hours.

We also examined the levels of key proteins involved in the cell cycle pathway (Cyclin
D1:CCND1,Cyclin Dependent Kinase 1:CDK1, Cyclin Dependent Kinase 2:CDK2, Tumor Protein
p53:TP53 and Catenin Beta 1:CTNNBI) at 24 and 48 hours after CKI treatment previously shown
to have altered transcript expression by CKI (Fig. 2B). Both cell lines showed similar results for all
five proteins, with decreased levels caused by CKI, and validated previous RNAseq data [4, 8].
CCNDI regulates the cell-cycle during G1/S transition. CDK-1 promotes G2-M transition, and

97

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164



regulates G1 progress and G1-S transition. CDK-2 acts at the G1-S transition to promote the E2F
transcriptional program and the initiation of DNA synthesis, and modulates G2 progression. TP53
acts to negatively regulate cell division. CTNNBI1 acts as a negative regulator of centrosome
cohesion. Down-regulation of these proteins is therefore consistent with cell cycle

arrest /dysregulation and the cell cycle result in Fig. 2A. These results indicate that CKI alters cell
cycle regulation consistent with cell cycle arrest. Cell cycle arrest is also an outcome that can result

from DNA damage such as DSBs [12].

We had previously observed that DNA repair genes had lower transcript levels in CKI treated
cells [4, 8], so hypothesised that this might result in increased numbers of DSBs. We measured the
expression of 7-H2AX in both cell lines (Fig. 3A) and found that it was only over-expressed at 48
hours in CKI treated Hep G2 cells. We also carried out localization of 7-H2AX using quantitative
immunofluorescence microscopy and determined that the level of v-H2AX increased in nuclei of CKI
treated cells in both cell lines (Fig. 3B). These results indicated an increase in DSBs as a result of
CKI treatment. In order to confirm if reduced expression of DNA repair proteins was correlated with
the increase in DSBs, we measured levels of Ku70/Ku80 proteins in CKI treated cells (Fig. 3C). In
Hep G2 cells, Ku80, a critical component of the Non-Homologous End Joining (NHEJ) DNA repair
pathway was significantly down regulated at both 24 and 48 hours after CKI treatment. In
MDA-MB-231 cells, Ku70 expression was down-regulated at both 24 and 48 hours after CKI
treatment, and Ku80 was down-regulated at 24 hours. Because Ku70/Ku80 are subunits of a
required DNA repair complex, reduced expression of either subunit will result in decreased DNA
repair. Our results, therefore, support a suppressive effect of CKI on DNA repair, likely resulting in

an increased level of DSBs.

Effect of Oxymatrine, the principal alkaloid in CKI

Because CKI is a complex mixture of many plant secondary metabolites that may have many targets
and there is little known about its molecular mode of action, we examined the effects of the most
abundant single compound found in CKI, oxymatrine, on the most sensitive cell line, Hep G2.
Oxymatrine is an alkaloid that has previously been reported to have effects similar to CKI, so we

expected it might have an effect on one or more of our three validated pathways.
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Oxymatrine, at 0.5 mg/ml which is equivalent to the concentration of oxymatrine in 2mg/ml CKI,
did not have an equivalent effect on the cell cycle compared to CKI (Fig. 4A vs Fig. 2A).
Oxymatrine caused only minor changes to the cell cycle with small but significant increases in the
proportion of cells in G1-phase at 3 and 48 hours and a small but significant decrease in the
proportion of cells in S1-phase at 48 hours. Oxymatrine also caused a significant increase in the
proportion of cells undergoing apoptosis in Hep G2 cells, albeit at a lower level than CKI

(Supplementary Material, Figure 2).

Oxymatrine had no effect on H2AX levels in Hep G2 cells (Fig. 4B). This was in stark contrast to
the effect of CKI (Fig. 3A) at 48 hours and indicated that oxymatrine alone had no effect on the
level of DSBs.

Surprisingly, oxymatrine had the opposite effect on energy metabolism compared to CKI, causing
a decrease in [ADP]/[ATP] ratio indicating a large increase in the energy charge of the cells (Fig.
40).

Integration of results

The effect of CKI on cancer cells was validated in all three of our candidate pathways: cell cycle,
energy metabolism and DNA repair. Because these pathways are not isolated, but instead are

integrated aspects of cell physiology CKI may act through targets in some or all of these three

pathways or may act through other targets that either directly or indirectly suppress these pathways.

CKI may also act through the synergistic effects of multiple compounds on multiple targets in our
candidate pathways. This possibility is consistent with the partial and minor effects of oxymatrine

on our candidate pathways.

Discussion
We have validated three pathways (cell cycle, energy metabolism and DNA repair) that are
perturbed by CKI and that can be used as the focus for further investigations to identify specific

molecular targets that mediate the perturbations.
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Cell cycle perturbation by CKI

Our results show that CKI can perturb the cell cycle by altering the proportions of cells in G1-phase,
S-phase and G2/M-phase. This result is similar to what we have observed before [4, 8], but has not
been widely reported in the literature. The alkaloid oxymatrine, the most abundant compound

present in CKI, has also been shown previously to perturb a number of signaling pathways [13] and
alter/arrest the cell cycle in a variety of cancer cells [14, 15, 16, 17, 18] and we have confirmed this
observation (Fig. 4A) in Hep G2 cells. Our results permit direct comparison with CKI because our

experiments have been done using equivalent concentrations of oxymatrine alone or in CKI. While

oxymatrine has an effect on the cell cycle, it is not as effective at perturbing the cell cycle as is CKI.

This indicates that oxymatrine must interact with other compounds in CKI to have a stronger effect

on the cell cycle.

Energy metabolism suppression by CKI

We have shown for the first time that CKI can inhibit energy metabolism as demonstrated by lower
levels of NADH/NADPH and a higher [ADP]|/[ATP] ratio. These results, combined with lower
glucose utilisation and higher lactate levels indicate that this suppression was likely due to inhibition
of the TCA cycle or oxidative phosphorylation. Previously, Gao et al [3] have reported that CKI
significantly increased the concentration of pyruvate in the medium and this observation in
combination with our results supports a decrease in metabolic flux through the TCA cycle as the
likely cause of the reported suppression of energy metabolism. Interestingly, oxymatrine on its own
had the opposite effect on [ADP]/[ATP] ratio compared to CKI, indicating that it can enhance

energy metabolism and increase the energy charge of the cell.

DNA repair suppression by CKI

There is only one report in the literature of oxymatrine inducing DSBs [19] and no reports with

respect to CKI. Our results show for the first time that not only does CKI induce DSBs, but that is
also likely inhibits DNA repair by decreasing the expression of the Ku70/Ku80 complex required for
NHEJ mediated DNA repair. It is worth noting, however, that the reported effect of oxymatrine on
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DSBs [19] uses significantly higher (4-8 fold) concentrations of oxymatrine compared to our
experiments. In our hands oxymatrine alone at 0.5mg/ml showed no effect on DSBs as judged by the

level of v-H2AX after 24 or 48 hours.

Conclusions

CKI causes suppression of energy metabolism and DNA repair along with altered cell cycle

(summarized in Fig. 5). CKI has also previously been reported to induce apoptosis in cancer cells [4].

The overarching question is if CKI has independent effects on these three pathways or if the primary
effect of CKI is through a single pathway that propagates effects to other, physiologically linked
pathways. It may be that CKI suppresses energy metabolism thus disrupting downstream,
energy-hungry processes such as DNA replication and DNA repair. Alternatively, there could be
independent effects on DNA repair leading to checkpoint-induced cell cycle perturbation/arrest. Our
results based on oxymatrine treatment of Hep G2 cells indicate that the cell-cycle is likely directly
affected by oxymatrine and thus CKI. However, oxymatrine alone had no effect on DNA repair and
boosted, rather than reduced the energy charge of the cell. Taken together, these results support a
model of many compounds/many targets [20] for the mode of action of CKI, where multiple
compounds affect multiple targets and the synergistic, observed effect is significantly different to that

seen with individual components.
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Figure 1. The energy metabolism determination assays in the two cell lines. A. Compar-
ison of glucose consumption analysis between the two cell lines at 3, 6, 12, 24 and 48 hours. Overall
glucose consumption is divided by cell number to calculate the consumption of glucose per million
cells. B. [ATP]/[ADP] ratio assay result for the two cell lines at 24 and 48 hours. C. Lactate content
detection for the two cell lines at 24 and 48 hours. Statistical analyses were performed using two-way
ANOVA comparing treated with untreated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001); bars

show 1 standard deviation from the mean.
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Figure 2. Cell cycle shift by CKI and undulating expression of the key proteins . A.
Cell cycle shift regulated by CKI over 48 hours. In both cell lines, the earliest shifted cell cycle
phase was S phase 6 hours after treatment. Compared to Hep G2, MDA-MB-231 showed delayed
responses. B. Expression levels for 5 proteins (cendl, edkl, edk2, p53 and catenin /3 1) as a result of
CKI treatment at both 24 hours and 48 hours. Statistical analyses were performed using two-way

ANOVA comparing with untreated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001); bars show 1
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Figure 3. DSBs were increased by CKI treatment. A. 7-H2AX expression from 3 hours to 48
hours after treatment with 2 mg/ml CKI in two cell lines. B. Localization of v~-H2AX in two cell lines
after CKI treatment for 48 hours. Green shows the cytoskeleton stained with an antibody to F-actin,
blue is DAPI staining of nuclei, pink/red is staining of DSBs with antibody to v-H2AX. The bar graph
shows a quantification of the average number of v-H2AX foci per cell detected in immunofluorescence
images of 2 mg/ml CKI treated and untreated groups. At least 10 images of 3 independent replicate
experiments were analyzed. C.Expression of DSBs repair proteins, Ku70 and Ku80, as a result of
treatment with 2 mg/ml CKI in two cell lines. Statistical analyses were performed using two-way
ANOVA comparing treated with untreated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001); bars

show 1 standard deviation from the mean.
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Figure 4. Effect of oxymatrine alone on validated pathways. Oxymatrine was tested at
0.5mg/mL which is equivalent to its concentration in CKI. A. Effect of oxymatrine on cell cycle
in Hep G2 cells over 48 hours. B. Effect of oxymatrine on v-H2AX (DSBs) levels after 24 and 48
hours. C. Effect of oxymatrine on [ADP]/[ATP] ratio after 24 and 48 hours. Statistical analyses were
performed using two-way ANOVA comparing treated with untreated (*p<0.05, **p<0.01, ***p<0.001,

R <0.0001); bars show 1 standard deviation from the mean.
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Figure 5. Integration of the three pathways altered by CKI. A. General presentation of

energy metabolism affected by CKI. Glucose utilization is down-regulated by CKI. This is accompanied

by increased lactate in the cytoplasm as CKI inhibits glucose metabolism downstream of glycolysis,

leading to an increase in [ADP]/[ATP| and decrease in NADH/NADPH. B. Effects on DNA repair in

cancer cells by CKI. CKI may be able to directly induce DSBs, but CKI may also indirectly induce

DSBs by arresting checkpoint functions during the cell cycle. In addition, CKI may also inhibit

NHEJ, the major repair mechanism for DSBs. C. Reactome functional enrichment of cell cycle genes

based on shared differentially expressed (DE) genes from previous studies. From M/G1 to S phase,

the shared DE genes from both cell lines were significantly enriched. Most of these DE genes, were

down-regulated.
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Chapter 5

Traditional Chinese Herbal Formula YQCT Reduces
Gefitinib-induced Drug Resistance in Non-Small Cell
Lung Cancer by Targeting Apoptosis and Autophagy
Pathways

In previous chapters, we have applied transcriptome analysis and pathway validation to
the analysis of CKI driven apoptosis. In this chapter, many of those methods were applied
to the analysis of a different TCM formulation, Yiqi Chutan Tang (YQCT). In the absence
of transcriptome data for response to YQCT, we have characterized candidate pathways
associated with lung cancer cell drug resistance to Gefitinib and predict candidate targets

relevant to the mechanism of action of YQCT.
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Abstract

Background: Epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKI) are first-
line therapeutic agent for non-small cell lung cancer (NSCLC) patients with EGFR mutations.
However, most patients with sensitizing EGFR mutations become resistant to EGFR-TKI after 9
to 13 months of EGFR-TKI treatment. Yiqi Chutan Tang (YQCT) has been prescribed for over 20
years to treat lung cancer in China. Over this period YQCT has been shown to reduce drug
resistance of NSCLC patients. The objective of this study is to explore the underlying molecular
mechanisms leading to drug resistance reduction of YQCT in NSCLC with EGFR mutations.
Methods: The major chemical compounds were characterized by High-performance liquid
chromatography (HPLC), the cell viability and DNA synthesis were detected by A 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and 5-ethynyl-2’-deoxyuridine
(EdU), flow cytometry was used to distinguish cell cycle and apoptosis in different groups, the
effect of autophagy activation is detected by western blot. In addition, Gene Ontology (GO) terms
and Kyoto Encyclopedia of Genes and Genomes (KEGG) were also used for characterizing the
potential molecular mechanisms of YQCT.

Results: In this report we show the application of YQCT decreases gefitinib-induced drug

resistance via slightly arresting the cell cycle, inducing gefitinib-induced apoptosis and activating
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the autophagy pathway.

Conclusions: At the molecular level, YQCT may reduce drug resistance and improve anti-cancer
effects when associated with gefitinib. This could be a result of enhancement of apoptosis and
autophagy in the EGFR-TKI resistant NSCLC cell line.

Keywords: EGFR-TKI; Gefitinib; Drug Resistance; Non-Small Cell Lung Cancer; Apoptosis;

Autophagy; Yiqi Chutan Tang

Background

High incidence and mortality for lung cancer lead to low survival rates worldwide. Among all lung
cancer cases, NSCLC is the most common subgroup (85%-90%) [1]. For NSCLC patients,
platinum-based chemotherapy is the first line therapy of choice [2]. While treatments with EGFR-
TKI, including gefitinib, erlotinib, afatinib, AZD9291, have been shown to be more effective in
improving survival rate compared to standard platinum-based chemotherapy in patients
with EGFR-mutated NSCLC [3, 4]. However, after 9 to 13 months of EGFR-TKI therapy, most
patients with sensitizing EGFR mutations become resistant to EGFR-TKI, greatly reducing its
effectiveness [5-8]. Therefore, there is an urgent need for new strategies to treat patients with
EGFR-TKI resistance.

Traditional Chinese medicine (TCM) has been proposed to be an important source of effective
antitumor therapies, as well as reduce drug resistance for NSCLC [9, 10]. YQCT is a formula used
to treat NSCLC, which is consisted of American Ginseng (Xi Yang Shen), Bulbus Fritillariae
Thunbergii (Zhe Bei Mu), Radix Ranunculi Ternati (Mao Zhua Cao), Bombyx Batryticatus (Jiang
Can), Herba Sarcandrae (Zhong Jie Feng), Indian Iphigenia Bulb (Shan Ci Gu), Rhizoma Pinelliae

(Ban Xia) and Lucid Ganoderma (Ling Zhi), has been shown to inhibit tumor growth [11], reduce
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drug resistance in lung cancer cells [12, 13], prolong the median survival time [14] and reduce
chemotherapy-related fatigue in NSCLC patients [15].

Our previous research suggests YQCT can inhibit EGFR-TKI-resistant tumor growth in vivo, and
the mechanism may be related to the regulation of the endoplasmic reticulum stress (ER Stress)
response by up-regulating CHOP / GADD153 and GADD?34 protein expression [16]. CHOP is
important in ER stress-induced apoptosis, with CHOP~~ mice shown to have a low apoptosis rate
in response to ER stress [17]. Since the PERK/elF2a/CHOP pathway is essential for inducing
autophagy associated with ER stress [18, 19], CHOP also plays an important role in regulating
autophagy, with CHOP able to regulate transcription of several autophagy-related genes (ATG),
such as microtubule-associated protein 1 light chain 3f (MAP1LC3B) and autophagy-related gene
5 (ATGS) [20]. Furthermore, dysregulated autophagy may also trigger ER stress as a feedback
mechanism [21, 22]. It appears the regulation of ER stress, apoptosis and autophagy are reflected
in more than the aspect of YQCT’s overall effect. Our previous research has discussed the anti-
cancer mechanism of YQCT via ER stress and apoptosis [16, 23]. In this study, we focus on drug
resistance reduction of YQCT in gefitinib-resistant human NSCLC cell line H1975 and explore

the underlying molecular mechanisms.

Methods

Reagents

Dimethyl sulfoxide (DMSO) and MTT were provided by Sigma-Aldrich (St. Louis, MO, USA).
BCA Kit, RIPA lysis buffer, Cell Cycle Analysis Kit and Apoptosis Analysis Kit were obtained
from Beyotime Institute of Biotechnology (Haimen, Jiangsu, China). Cell-Light EQU Apollo 488

In Vitro Kit was obtained from Guangzhou Ribo Bio Co., Ltd. (Guangzhou, Guangdong, China).

118



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Primary antibodies atg3, atgl2, and secondary antibody were purchased from Cell Signaling
Technology, Inc (Danvers, Massachusetts, USA). The B-actin primary antibody was purchased
from Santa Cruz Biotechnologies Inc (Dallas, Texas, USA). Western blot detection reagents
were provided by Bio-Rad Laboratories (Hercules, CA, USA). Gefitinib was purchased from

Selleck Chemicals (Houston, Texas, USA).

YQCT Preparation

Herbs used were purchased from Guangdong Kang Mei Pharmaceutical Company Ltd (Jieyang,
Guangdong, China). The herbs were soaked in double distilled water (1L) for 30 minutes, mixed
and boiled in 8 volumes of water (v/w) by moderate heating for 2 hours, and finally re-boiled in 8
volumes of water for 1 hour [24]. The extracts were filtered and dried by lyophilization. The
resulting supernatant was diluted in the cell culture media and filtered with a 0.22uM filter.

The plant materials were authenticated by one of the authors, Prof. Lizhu Lin, and the formula
specimens were deposited at International Institute for Translational Chinese Medicine,

Guangzhou University of Chinese Medicine (specimens ID: IITCM 58-65).

HPLC Analysis

Briefly, the samples solutions were put into the HPLC (Agilent 1200 HPLC system, Santa Clara,
CA, USA) and separated on the chromatographic column C18 (4.6 mmx250mm, 2.7um). The
mobile phase consisted of acetonitrile (A) and 25mM acetic acid with ammonia (B). The gradient
elution program was as follows: 0%-0% A at 0—10 minutes, 40%-90% A at 3545 minutes, 90%-

100% A at 45-50 minutes, 0%-0% A at 51-58 minutes. The flow rate was 1 ml/min and the detection
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wavelength was at 254 nm. The injection volume was 10uL and the column temperature was

maintained at 30°C.

Cell Culture

Human EGFR mutated lung cancer cell line H1975 was provided by the Chinese Academy of
Science (Shanghai, China). All culture materials were purchased from Gibco Laboratories (Grand
Island, NY, USA). Cells were maintained in RPMI-1640 medium supplemented with 10% FBS

and 1% penicillin/streptomycin in a 5% CO> incubator at 37°C.

Cell Viability Assay

4 x 103 H1975 cells were seeded in 96-well plates and incubated for 24 hours. Following seeding
and initial incubating the cells were incubated with YQCT and gefitinib. The effects of YQCT and
gefitinib on cell viability were detected using the MTT assay. After 48 hours of incubation, 100uL
of MTT stock solution (0.5mg/ml) was added into each well and the plates were incubated for
another 4 hours. Finally, 150uL of DMSO was added to each well, the plates were shaken for 10

minutes for crystal dissolution. Absorbance and cell viability were then determined.

EdU Incorporation and Immunofluorescence Staining

100uL of 1:1,000 dilution of EdU-labeling reagent was added to culture medium after 48 hours
of cell culture for EAU labelling. The culture medium was discarded after 2 hours followed by the

addition of 50uL of cell fixative reagent to each well and incubation at room temperature for 30
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minutes. The medium was discarded and 50ml (2 mg/ml) glycine was added to each well before
further incubation in a shaker for 5 minutes. 100uL of 1 X Apollo reagent was added into the culture
medium and incubated in a dark shaker for 30 minutes. The medium was again discarded and
100uL of 0.5% TritonX-100 was added. Finally, 100uL of 1 x Hoechst 33342 reagent was added
and then incubated in a dark shaker for 30 minutes. Cells were detected by Leica spectral confocal

fluorescent microscopy at 488 nm.

Cell Cycle Distribution Analysis

H1975 cells were seeded into 6-well plates overnight. Following adding 12.5uM of gefitinib
combined with or without 0.5mg/ml YQCT for 48 hours incubation. Cells were then resuspended
in 1 ml of PBS containing 1 mg/ml of RNase and 50ug/ml of PI and then were incubated in dark
for 30 minutes at room temperature. A total of 1 x 10* cells were acquired by flow cytometer (BD

Biosciences, San Diego, CA, USA) to determine cell cycle distribution under the drug treatments.

Quantification of Cellular Apoptosis Using Flow Cytometry

Apoptotic cells were quantitated using the annexin V: PI apoptosis detection kit. After cells were
treated with gefitinib at 12.5 uM combined with or without 0.5mg/ml YQCT for 48 hours, cells
were trypsinized, washed and re-suspended at a concentration of 1 x 10° cells/ml. Then cells were
gently re-suspended in 1 % binding buffer with 2.5ul of annexin V: PI in a total volume of 100ul
and incubated in dark for 15 minutes at room temperature. Apoptotic cells were quantified using

flow cytometer (BD Biosciences, San Diego, CA, USA).
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Western Blot Analysis

Cell lysates were prepared in RIPA lysis buffer containing 1% phenylmethanesulfonyl fluoride and
1% phosphatase inhibitor. The soluble protein fractions were collected after centrifugation at
1.35x10* g for 10 minutes. Protein concentrations were determined by BCA protein assay Kkit.
30mg of proteins were separated on 8-12% SDS-PAGE and were incubated with different
antibodies overnight at 4°C. Membranes were incubated with the appropriate secondary antibody.

Signals were measured by an ECL chemiluminescence detection agent.

Data Processing and Functional Annotation

PubChem IDs were submitted into BATMAN system [25] to identify genes that are regulated by
nine major bioactive components in YQCT with a cut-off score of 20. After identifying highly
relevant genes, functional enrichment analysis was performed based on KEGG and GO terms

using cluster Profiler (v3.5) [26].

Statistical Analysis

Statistical analysis was performed using SPSS 24.0 software. Statistical comparisons were
performed using the Independent-Samples T test. Data measurement was expressed as mean values

+ standard deviation. p < 0.01 was considered significantly statistically significant.

Results

The chemical composition of YQCT
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High-performance liquid chromatography (HPLC) was used to characterize YQCT, which reveal
9 major chemical compounds: Rosmarinic Acid, Resorcinol, Isofraxidin, Ganoderic Acid B,

Ganoderic Acid C2, Ganoderic Acid A, Peimine, Peiminine and Beta-Sitosterol (Figure 1).

YQCT inhibits cell viability, DNA synthesis and reduces gefitinib-induced drug resistance

in H1975 cells

A 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) cell viability assay
showed that high concentration of YQCT inhibited H1975 cell viability at 48 hours (Figure 2a). In
addition, 5-ethynyl-2’-deoxyuridine (EdU) was used to monitor DNA synthesis [27] and the results
indicated that application of YQCT inhibited DNA synthesis in vitro in a dose-dependent fashion
(Figure 2b). For this study, 0.5mg/ml of YQCT (0.5mg/ml of freeze-dried YQCT powder is
extracted from 10mg/ml of YQCT formula) was selected as the routine concentration for the
experiments, as the dose did not show obvious cytotoxicity, but could inhibit DNA synthesis.

The EGFR-TKI resistant lung cancer cell line, H1975, showed more obviously resistance to
gefitinib (EGFR-TKI) challenge than EGFR-TKI sensitive lung cancer cell line A549 (Figure 2c¢).
Compared to treatment with gefitinib alone, treatment with gefitinib combined with YQCT
significantly decreased H1975 cell viability (Figure 2d).

These results indicate YQCT may inhibit cell viability and DNA synthesis, as well as improving
the anti-cancer effect and reducing gefitinib-induced drug resistance in H1975 cells when

combined with gefitinib.
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YQCT induces slight cell cycle arrest, enhances gefitinib-induced apoptosis while activating

the autophagy pathways

EdU is incorporated into replicated chromosomal DNA during the S phase of the cell cycle [27,
28]. As its incorporation is cell cycle-dependent, we used EdU to determine if YQCT can modulate
the cell cycle in NSCLC. H1975 cells were treated with 12.5uM gefitinib either with or without
the addition of 0.5mg/ml YQCT for 48 hours. The YQCT and gefitinib (combined group) and
YQCT group showed a slight arrest at the G2/M phase in H1975 cells compared to the gefitinib
group (Figure 3a, b).

Gefitinib-induced apoptosis in the presence and absence of YQCT was measured with a PI-FITC
apoptosis assay in H1975 cells. Apoptotic cells were quantified by flow cytometric analysis. The
percentage of late apoptotic cells in the combined group was 1.7 folds higher than gefitinib only
for 48 hours (Figure 3c, d).

As apoptosis is relevant to autophagy [29], we examined whether apoptosis was also related to
autophagy in this research. Autophagy-related 3 (atg3) and autophagy-related 12 (atgl2), key
transcription factors for microtubule-associated protein 1A/1B-light chain 3 (LC3) expression,
were detected by western blot assay (Figure 3e). We observed up-regulated protein expression of
atg3 and atgl2 in H1975 cells in the combined group compared to gefitinib alone, indicating that

autophagy was enhanced by YQCT.

Potential molecular mechanisms

To characterize the potential molecular mechanisms of YQCT anti-cancer activity, we submitted

the PubChem IDs of the nine principal compounds (Additional file 1) to the Batman [25] database
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to identify genes that were regulated by these bioactive components. 269 genes (gid.csv) were
associated with these nine compounds (Additional file 2), 19 genes were relevant to cancer (figure
4a): tumor necrosis factor (TNF), apoptotic peptidase activating factor 1 (4PAF 1), death-associated
protein kinase 2 (DAPK?), toll like receptor 3 (7LR3), receptor interacting serine/threonine kinase
1 (RIPK1), fibroblast growth factor 10 (FGF'10), transforming growth factor beta 2 (TGFB2), AKT
serine/threonine kinase 1 (4KT1), ALK receptor tyrosine kinase (4LK), annexin Al (ANXAI),
kinesin family member 14 (K/F'14), ABL proto-oncogene 1, non-receptor tyrosine kinase (4BL1),
androgen receptor (4R), A-Raf proto-oncogene, serine/threonine kinase (ARAF), aurora kinase A
(AURKA), catenin beta 1 (CTNNB1), estrogen receptor 1 (ESR1), fibroblast growth factor receptor
2 (FGFR2), retinoic acid receptor alpha (RARA).

We carried out functional enrichment analysis for these genes based on Gene Ontology (GO) terms
and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Additional file 3, 4). Significantly over-
represented GO and KEGG functional terms in protein-coding genes are shown in Tables 1 and 2.
Apoptosis and cell cycle categories are shown in the GO terms (Figure 4b). Meanwhile, NSCLC
related pathways identified as significantly affected by YQCT are shown in Figure 4c. From the
analysis we focused on specific pathways related to cancer. Pathways in cancer and in NSCLC are

shown in Figure 5a, b.

Table 1. Significantly over-represented GO terms in protein-coding genes

Title 1 Title 2 Title 3
GO0:0008219 cell death 102
G0:0042493 response to drug 47
GO:0007049 cell cycle 47
GO0:0097190 apoptotic signaling pathway 39
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GO:1903047 mitotic cell cycle process 26

G0:0044770 cell cycle phase transition 19
G0:0007050 cell cycle arrest 11
G0:0097194 execution phase of apoptosis 6

Table 2. Significantly over-represented KEGG Pathway in protein-coding genes

Pathway Description Count
hsa05200 Pathways in cancer 40
hsa05202 Transcriptional misregulation in cancer 12
hsa04210 Apoptosis 10
hsa05222 Small cell lung cancer 8
hsa05223 Non-small cell lung cancer 8
hsa04151 PI3K-Akt signaling pathway 6
hsa04150 mTOR signaling pathway 4

Discussion

YQCT was formulated based on the TCM theories of enhancing immunity and removing phlegm.
The nine bioactive compounds of YQCT were reported to have an anti-cancer effect [30] and
reversal of drug resistance [31] by causing cell cycle arrest [32], inducing apoptosis [33] and
activating autophagy [34, 35]. However, the effect of YQCT on drug resistance has not been
studied.

EdU is an indicator of cell proliferation [27, 28]. According to the EQU and MTT assays, 0.5mg/ml
of YQCT can inhibit cell proliferation, but shows no obvious cell cytotoxicity. Therefore, its effect

of reducing drug resistance appears to be based solely on cell proliferation inhibition. Cell cycle
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regulation is the basic mechanism underlying proliferation, differentiation and cell death [36]. As
shown in Figures 3a and 3b, our research provides further weight to the recent studies showing
gefitinib arrests TKI-resistant lung cancer cells in the GO/G1 phase [37, 38]. Cell cycle arrest leads
to DNA breaks, which ultimately leads to the inhibition of cell proliferation. YQCT group and
combined group showed a slight arrest in G2/M phase on H1975 cells, this result indicates that the
YQCT group and combined group could inhibit tumor cell proliferation via G2/M phase arrest
which is also consistent with the result of the EdU assay.

In the treatment of cancer, manipulating apoptosis by modulation of the key regulators of apoptosis
is a promising therapeutic strategy [39]. Gefitinib has an effect on apoptosis regulation by
competitively binding to the tyrosine kinase domain of EGFR, leading to the EGFR signaling
pathway being blocked [40]. The lack of gefitinib binding to the TKI domain in EGFR-TKI
resistant cell lines leads to a reduction in apoptosis, which reduces the effectiveness of NSCLC
treatment. Therefore, YQCT combined with gefitinib may be an effective therapy for NSCLC
because it induces apoptosis.

It is reported that autophagy occurs upstream of apoptosis and activates it, therefore inducing
apoptosis indirectly [29, 41]. Loss of autophagy or the inability to increase autophagic flux above
basal levels might contribute to the development of acquired EGFR-TKI resistance [42]. The
autophagy-related genes ATG3 and ATG12 are involved in tumorigenesis and cancer progression.
They also mediate essential steps in the early autophagy pathway which contributes to
autophagosome maturation and formation processes respectively [43]. Recent research shows that
cells lacking atgl2 and atg3 proteins accumulate abnormal perinuclear late endosomes that are
unable to fuse with lysosomes, thereby abrogating autolysosome formation [44]. Our results

indicate YQCT induces autophagy by up-regulating atg3 and atgl2 and in turn promoting the late
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endosomes to fuse with lysosomes to form autolysosomes.

To find out potential reduce drug resistance mechanisms of YQCT, we found that 269 genes
showed a significant relationship (score>20) with these 9 compounds in YQCT. Three of these
genes, APAF'l, TNF and DAPK?2, were reported to mediate apoptosis and inhibit cell proliferation
and metastasis [45-48]. GO terms also showed a significant relationship between YQCT and both
apoptosis and cell cycle, as can be seen in Figure 4b.

In the pathways in cancer and, specifically NSCLC, the FGF-FGFR and EGF-EGFR pathways are
of interest as they were relevant to YQCT. Both of them are upstream effectors of the PI3K-Akt
pathway, which relevant to apoptosis. Our previous study indicated that YQCT down-regulates the
expression of p-Akt in A549 lung cancer cells[49]. Moreover, our KEGG enrichment analysis
suggested that the PI3K-Akt signaling pathway was affected by YQCT. From this, we speculate
that YQCT down-regulates the PI3K-Akt pathway, up-regulates apoptosis by affecting both the
FGF-FGFR and EGF-EGFR pathways. These results provide a potential research direction to

screen the relevant pathways in more comprehensive studies.

Conclusions

We have demonstrated that YQCT can inhibit cell proliferation, slightly arrest cell cycle at G2/M
phase, induce apoptosis and activate the autophagy pathway. Together these results indicate YQCT
has the ability to reduce gefitinib-induced drug resistance. We speculate that this might be through
up-regulation of apoptosis and autophagy in EGFR-TKI resistant NSCLC cells.

Although EGFR-TKI is very effective in patients with EGFR oncogenic mutations [50, 51],
acquired drug resistance is still a problem. Our findings may help in the development of a new
strategy for reducing gefitinib resistance during treatment of NSCLC patients with EGFR

mutations.

128



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

List of abbreviations
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like receptor 3; RIPK1: Receptor interacting serine/threonine kinase 1; FGF10: Fibroblast growth
factor 10; TGFB2: Transforming growth factor beta 2; AKT1: AKT serine/threonine kinase 1;
ALK: ALK receptor tyrosine kinase; ANXAT1: Annexin Al; KIF14: Kinesin family member 14;
ABL1: ABL proto-oncogene 1, non-receptor tyrosine kinase; AR: Androgen receptor; ARAF: A-
Raf proto-oncogene, serine/threonine kinase; AURKA: Aurora kinase A; CTNNBI1: Catenin beta
1; ESR1: Estrogen receptor 1; FGFR2: Fibroblast growth factor receptor 2; RARA: Retinoic acid

receptor alpha; DMSO: Dimethyl sulfoxide.
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461  Figures and Legends

462

463 Figure 1. Alcohol extractions of YQCT were qualitatively analyzed with HPLC. The numbers in the chromatograms indicate the
464 constituent peaks 1. Rosmarinic Acid, 2. Resorcinol, 3. Isofraxidin, 4. Ganoderic Acid B, 5. Ganoderic Acid C2, 6. Ganoderic Acid A, 7.
465 Peimine, 8. Peiminine and 9. Beta-Sitosterol. A typical chromatogram is shown (n =3)
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Figure 2. Effects of YQCT on H1975 cells. (a) MTT assay for cell viability. Cells were seeded in
96-well plates (4x10° cells/well) overnight and subsequently were treated with 6.25mg/ml,
12.5mg/ml, 25mg/ml and 50mg/ml YQCT for 48 hours. Values are cell viability ratios. (b) Cells
were seeded in 96-well plates (4x10° cells/well) overnight and subsequently were treated with
6.25mg/ml, 12.5mg/ml, 25mg/ml and 50mg/ml YQCT for 48 hours, then were stained for EAU
and visualized using a fluorescence microscope. (c) Cells were seeded in 96-well plates (4x10°
cells/well) overnight and subsequently were treated with 6.25 uM, 12.5 uM, 25 uM and 50 uM
gefitinib for 48 hours. Values are in percentage of cell viability. (d) Cells were seeded in 96-well
plates (4x10° cells/well) overnight and treated with 12.5 uM gefitinib for 48 hours with or without
0.5mg/ml YQCT. Values are in percentage of cell viability. Independent-Samples T test were used

for analysis, *** indicates p <0.01 (n = 3).
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Figure 3. YQCT induces slight cell cycle arrest, enhances apoptosis and autophagy pathways. (a)
Effect of YQCT on the cell cycle. FACS detection of propidium lodide stained cells was used to
measure the distribution of specific cell populations in Sub-G1, GO/G1, S, and G2/M phases in
H1975 cells. Cells were treated with 12.5uM gefitinib with and without 0.5mg/mL YQCT for 48
hours and then analysed by flow cytometry. (b) Plots the data from (a) to better illustrate the
quantitative changes in cell cycle phases. Data are the mean + SD of independent experiments. (c¢)
YQCT induced apoptotic cell death in H1975 cells. Cells were incubated with gefitinib at 12.5 uM
in the presence and absence of 0.5mg/ml YQCT for 48 hours, then analysed by flow cytometry.
Flow cytometric plots of specific cell population were calculated by FlowJo software. (d) Plots the
data from (c) to better illustrate the quantitative changes in late apoptosis. Data represents the mean
+ SD of independent experiments. Independent-Samples T test was used for analysis, *** indicates

p < 0.01. (e) Western blot for autophagy proteins. H1975 cells were incubated with gefitinib at
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494  6.25 uM, 12.5 uM, 25 uM and 50 uM in the presence or absence of 0.5mg/ml YQCT for 48 hours.
495  atg3, atgl2 and B-actin were visualized via Western blot.

496
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Figure 4. Potential molecular mechanisms of YQCT. (a) Genes regulated by YQCT. Orange nodes
represent chemical components and blue nodes represent genes. (b) GO term enrichment results.
The color of each node indicates the significance of the enriched term, the redder means the higher
relevance. The size of each node represents the number of GO term associated genes, the bigger
means the higher association. The name of most significant terms in each cluster were shown. (c)
KEGG pathway enrichment results. The color of each node indicates the significance of the
enriched term, the redder means the higher relevance. The size of each node represents the number
of GO term associated genes, the bigger means the higher association. The name of most

significant terms in each cluster were shown.
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509  Figure 5. KEGG pathways relevant to YQCT. (a)Pathways in cancer. (b)Pathways in NSCLC.

510 Potential factors which relevant to YQCT were colored in red.
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Chapter 6

Conclusions and Future Directions

TCM is a major source of alternative and complementary therapy, particularly in cancer
therapy in China and surrounding countries. However, there is limited acceptance of TCM
in western countries because of limited data with respect to molecular modes of action for
TCM formulations. We have focussed on CKI as a TCM candidate for investigation in

order to identify the molecular processes altered by CKI in cancer cells.

Throughout my thesis, I have used systems-biology and functional genomics methods to
analyze the effects of CKI on cancer cells and extended these methods to another TCM
formula. We have developed a novel approach to identify the gene networks and pathways

that are perturbed or targeted by CKI based on transcriptome profiling.

Briefly, by comparing transcriptomes from different treatment groups, we can identify
differentially expressed (DE) genes associated with responses to CKI. These genes
were then mapped against existing computational annotations or pathway databases
for biological systems to identify significant biological functions affected by CKI. We
have replicated this analysis on several cancer cell lines and integrated these analyses
to find core DE genes and biological functions. As a result of this approach, we have
determined that CKI can modulate/perturb multiple complex pathways or biological
processes. We have also validated the expression of key genes and proteins involved in

these functions.

My study showed that CKI can regulate the expression of numerous genes in multiple
cell lines, and most of these differentially expressed genes were positively regulated. Our
results show that CKI primarily regulates the cell cycle, energy metabolism, and other
pathways including DNA repair. While this systematic approach provided a comprehensive
analysis of cancer cell responses to CKI in selected cell lines, there are still significant

limitations to our results.
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One of the primary limitations of this thesis is the limited number of cell lines and
transcriptome datasets used for this analysis. Even though we integrated these analyses
of three cell lines, we were still left with hundreds DE genes to investigate. This is a too
large number of genes for detailed validation and required us to restrict the set of genes
and pathways used for validation. The addition of additional cell lines and the inclusion
of protein interaction networks to our analysis would have likely yielded a smaller, more

manageable set of candidate genes for validation.

Another limitation was the method for selection of target proteins. Due to a lack of
protein expression data, we selected the target proteins based on the expression level of
DE genes from our transcriptome data. This limited the number of proteins we could test

to those that we felt certain would be expressed at a high enough level to detect.

In addition, although our research subject was a TCM formulation, throughout the thesis,
we rarely mentioned the relationship between our findings and TCM theories. This lack
of connection between TCM theory and scientific verification is probably an impediment
to the modernization of TCM.

Therefore, in this thesis, there are many aspects where further analysis would be fruitful.
Specifically, it would be an improvement to expand our research to more cancer cell types,
in order to identify a smaller, core set of mechanisms for CKI. The methods we used
to identify core genes can be improved by better statistical analysis in order to include
weightings for both statistical significance and expression fold change. In order to improve
the selection of target proteins, the use of proteomics to complement transcriptome-based

approaches would be superior.

Collectively, my findings have for the first time comprehensively identified specific,
complex candidate mechanisms of action for CKI. These mainly serve to down-regulate
biological processes thereby inducing cell death in cancer. Our results from this
comparative analysis and identification of relevant biological networks have provided a
basic set of concepts that can be applied to CKI/ TCM, and can be used as a starting point

for the future scientific characterization of TCM theory.
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All the supplementary tables for chapters 2, 3 and 5 can be acquired from the shared
Supplementary Tables online: https://goo.gl/73LCzb.

1. For chapter 2, there are five supplementary tables including:

a) Table S1: Summary of RNA-seq datasets used in this study

b) Table S2: Summary of significantly differentially expressed genes for different

comparisons
c) Table S3: Significantly perturbed KEGG pathways based on SPIA analysis
d) Table S4: Numbers of transcripts in 53 co-expression modules

e) Table S5: Significantly over-represented GO and KEGG terms in protein-coding
genes from three CKI-5FU co-expression modules (count > 4 and P-value < 0.05)

f) Table S6: Primers used for gPCR
2. For chapter 3, there are four supplementary tables including:

a) Table S1. RT-qPCR target genes and their primer sequences.
b) Table S2. Mapping rate of each cell line.
c) Table S3. List of DE genes in each cell line at each time point.

d) Table S4. The summary of the functional analysis of both separate datasets and shared

datasets.
i. Sheet 1-4: GO enrichment of each cell line at two time points. Selection standard:
cut off p value<0.01, cut off q value<0.01.

ii. Sheet 5-8: KEGG enrichment of each cell line at two time points. Selection

standard: cut off p value<0.01, cut off q value<0.01.

iii. Sheet 10-12: DO enrichment of each cell line at two time points. Selection

standard: cut off p value<0.01, cut off q value<0.01.

iv. Sheet 13: GO enrichment of shared genes by both cell lines. Selection standard:
cut off p value<0.01.

v. Sheet 14: KEGG enrichment of shared genes by both cell lines. Selection
standard: cut off p value<0.01.

3. For chapter 5, there are four supplementary tables including:

a) Table S1. The principal components in the formula and the associated
b) Table S2. The gene enriched from BATMAN
c) Table S3. GO terms. Selection standard: cut off p value<0.01, cut off q value<0.01.

d) Table S4. KEGG pathways. Selection standard: cut off p value<0.01, cut off q
value<0.01.
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Supplementary Figure 1: CKI inhibited MCF-7 cell growth in a dose-dependent fashion and increased caspase-3/7
activity. A. The level of viability of cells after different treatments were measured using XTT:PMS. Data are represented as mean =SEM
(n=9). X-axis is log2 scaled. B. The level of caspase-3/7 activity in cells was measured with Caspase-3/7 Colorimetric Assay Kit. Data are
represented as mean +SEM (n=3). Statistical analyses were performed using two-way ANOVA (**p<0.01, ***p<0.001).

145



www.impactjournals.com/oncotarget/ Oncotarget, Supplementary Materials 2016

'+ WILRF
N 1 FU
E - - 24h_5FU_f##h_SFU_R3
o
O 24h_5FU_R1
LL R /
3
;) Oh_Ctrl_R2
c © ; o
o Oh_Ctrl_R4 48h Ctrl R: 0 e
8 i 24h_Ctrl_R3
=5 vah £4h-_1ma_R4 24h_Ctrl_R2
Oh_Ctrl_R5
‘T | 24h_2mg R4 48h Cirl R1 24h_1mg_R1
24h_2mg_R2
24h_1mg_R2
24h_2mg_R3
| | | | | | |

Leading logFC dim 1

Supplementary Figure 2: Multiple dimensional scaling (MDS) plot for samples based on expression profiles of all
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Supplementary Figure 3: Venn diagrams showing the overlap of DE genes in cells treated with CKI (2 mg/mL) or 5-FU
for A. 24 hours or B. 48 hours.
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Supplementary Figure 4: Normalised expression values of the top10 significantly differentially expressed genes in cells
treated with CKI (2 mg/mL) or 5-FU for 24 hours A. and B. or 48 hours C. and D.
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Supplementary Figure 5: Effect of CKI on cell cycle and apoptosis in MCF-7 cells. Proportions of cells in either apoptosis, G1,
S or G2/M phase were determined by measuring the DNA contents of permeabilised cells stained with Propidium lodide. A. Percentages
of cells in each cell cycle phase. B. Representative histograms of PI staining with gating designation. Data are represented as mean £SEM
(n=9). Statistical analyses were performed using t-test comparing with “Untreated” (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Supplementary Figure 8: Expression patterns of transcripts in CKl-specific modules “indianred2” and
“mediumpurple2” are shown in the top panels A. and C. and the barplot in the bottom panels (A and C) shows the eigengene
values for different samples. Green represents “under-expressed” and red represents “over-expressed” in the heatmap. The “eigengene
value” is defined as the first principal component of this module, so it can be considered as representative of the gene expression profiles in
this module. Visualization of CKI-specific modules “indianred2” and “mediumpurple2” B. and D. The black labels represent refGenes and
gold labels represent IncRNAs. The size of the node/label and edge weight is proportional to betweenness centrality.
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Supplementary Figure 9, Representative CKI-SFU co-expression modules. Expression patterns of transcripts in CKI-5FU
modules A. “green3”, B. “indianred4” and C. “magenta2” are shown in the top panels, and the barplot in the bottom panels show the
eigengene values in different samples. Green represents “under-expressed” and red represents “over-expressed” in the heatmap. The
“eigengene value” is defined as the first principal component of this module, so it can be considered as representative of the gene expression

profiles in this module.
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Figure S1. MDS plot of the DE gene distribution of two cell lines under
different conditions.
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Figure S2. The GO semantic similarity analysis of each data set.
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(A-D) Each small square represents a GO biological process functions in level 3.
Size of the squares positively correlates with the statistical significance of
related biological process. Different colour is to distinguish biological process
clusters that are descripted by the top shaded functional representatives.
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Figure S3. DE genes distribution of two cell lines in the pathways in cancer.
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In the cell cycle pathway, each coloured box is separated into 4 parts, from left
to right representing 24h CKI treated HepG2, 48h CKI treated HepG2, 24h CKI
treated MDA-MB-231 and 48h CKI treated MDA-MB-231.
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Figure S4. The heatmap of core genes of three cell lines.
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Heatmap revealing the expression fold changes of core genes in three cell lines
at two time points. All the core genes can be separated into 3 clusters, namely
consistently up/down regulated genes and uneven genes.
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Supplementary Material.

Cell Cycle, Energy Metabolism and DNA Repair
Pathways in Cancer Cells are Suppressed by
Compound Kushen Injection

Jian Cui, Zhipeng Qu, Yuka Harata-Lee, Thazin Nwe Aung, Hanyuan Shen and David L Adelson

The University of Adelaide, School of Biological Sciences, Dept of Molecular and Biomedical Sciences

1 SUPPLEMENTARY DATA

1.1 Methods

XTT assay: The wells of 96-well tray were seeded with 4x 103 cells per well for HEPG2 cells and
8x10* cells per well for MDA-MB-231 cells in 50 zL of medium and cultured overnight. On the following
day, 50 uL of either medium, CKI or 5-FU were added to the cells. Viability of the cells was measured at 0,
24 and 48 hours after the treatment by adding XTT:PMS (50:1; Sigma-Aldrich). After 4-hour incubation at
37C optical density (OD) of each well was read at 490nm. The background OD was also measured and the
average was subtracted from the OD readings of appropriate wells.

1.2 Figures
A HEPG2 B MDA-MB-231
2.0 2.0
-~ Medium only
1.54 1.54 !
£ E -# \V/C 2 mg/ml equivalent
c = .
§ 1.0 § 1.0 -+~ \/C 1 mg/ml equivalent
a Liiid a wAXS -~ CKI2 mg/ml
o © sl [ = CKI 1mg/m
-+ 5-FU
0.0 T T 1 0.0+ T T N
0 20 40 60 0 20 40 60
Time (hours) Time (hours)

Figure S1. XTT assay result of HEPG2 and MDA-MB-231 cell lines. The XTT assay measures levels
of NADH and NADPH by producing a formazan dye product that can be detected at 490nm. A. XTT assay
result for HEPG?2 cells. The assay was carried out at three time points: 0, 24, and 48 hours. 5 treatment
groups were used and compared, 150 pg/ml 5-FU as a positive control for a cytotoxic agent, 1 mg/ml and
2 mg/ml CKI as well as the corresponding concentration of vehicle control (VC). CKI has a clear effect on
the amount of formazan dye produced indicating a significant and marked suppression in the production
of NADH and NADPH. B. XTT result of MDA-MB-231 cells. This test is with a low concentration of
5-FU (20 pg/ml). CKI has a clear and marked effect on the level of formazan dye produced indicating a
significant and marked suppression in the production of NADH and NADPH. Statistical analyses were
performed using two-way ANOVA comparing with untreated (****p<0.0001); bars show 1 standard
deviation from the mean.
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Figure S2. Cell apoptosis assay. A. Cell apoptosis in HEPG2 cells treated with CKI. The assay was
carried out at 5 time points to detect apoptosis levels between untreated and 2 mg/ml CKI treated groups.
From 3 to 12 hours, both groups maintained a baseline level of apoptosis. After 24 hour, apoptosis of CKI
treated cells increased, with the difference attaining statistical significance at 48 hours. B. Cell apoptosis in
MDA-MB-231 cells treated with CKI. From 3 to 24 hours, both groups show similar, if noisy results. By 48
hours apoptosis has increased and was statistically significantly different to the control. C. Cell apoptosis
in HEPG2 cells treated with oxymatrine. We compare apoptosis levels between an untreated group and a
group treated with 0.5 mg/ml oxymatrine. From 3 to 24 hours we observed a baseline level of apoptosis.
By 48 hours apoptosis in the oxymatrine treated group is significantly greater than in the control group.
Statistical analyses were performed using two-way ANOVA comparing with untreated (****p<0.0001);
bars show 1 standard deviation from the mean.
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Abbreviations

AKR1C2 Aldo-keto reductase family 1 member CPM Copy number per million
C2

CTNNBI1 Catenin beta 1
AKT AKT 224 serine/threonine kinase 1

CXCL16 C-X-C motif chemokine ligand 16
ALK ALK receptor tyrosine kinase

CYP1A1 Cytochrome P450 family 1 subfamily
ALK ALK receptor tyrosine kinase A member 1
AMPK 5" AMP-activated protein kinase DAPI 4’ 6-diamidino-2-phenylindole
ANOVA Analysis of variance DAPK2 Death associated protein kinase 2
APAF1 Apoptotic peptidase activating factor 1 DMF Dimethoxyflavone
ARAF A-Raf proto-oncogene, DMSO Dimethyl sulfoxide

serine/threonine kinase

E2F2 E2F transcription factor 2
ATG Autophagy related gene

EBC-6 Bioactive in blushwood
AURKA Aurora kinase A

ECL Chemiluminescence detection agent
BAD BCL2 associated agonist of cell death

EGFR Epidermal growth factor receptor

BATMAN A Bioinformatics Analysis Tool
for Molecular mechanism EMT Epithelial-mesenchymal transition
of Traditional Chinese Medicine

ERCC1 ERCC excision repair 1, endonuclease
BAX Bcl2 associated x, apoptosis regulator non-catalytic subunit
BCL2 BCL2, apoptosis regulator ERINLG-4  Flavonoid from Streptomyces spp.
BNIP3 BCL2 interacting protein 3 ETV4 ETS variant 4
BRCA Breast and ovarian cancer H19 H19, imprinted maternally expressed

susceptibility protein transcript (non-protein coding)
CCND1 Cyclin D1 HCC Family with sequence similarity 126
member A

CCND3 Cyclin D3

HCC Thyroid carcinoma, Hurthle cell
CDK1 Cyclin dependent kinase 1

IDH1 Isocitrate dehydrogenase (NADP(+)) 1,
CDK2 Cyclin dependent kinase 2 cytosolic
CKI Compound Kushen injection MAPILC3B Microtubule associated protein 1 light

chain 3 beta
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MTT

MXT

MYC

MYDS88

NADH

NHEJ

NSCLC

ORF

PCNA

PTEN

SDF

SFDA

SLIT2

SMAD7

SPIA

3-(4, 5-38 dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide

Methotrexate

MYC proto-oncogene, bhlh
transcription factor

Myeloid differentiation primary
response 88

Nicotinamide adenine dinucleotide
phosphate

Non-homologous end joining
Non-small cell lung cancer
Open reading frame
Proliferating cell nuclear antigen
Phosphatase and tensin homolog
Retinoic acid receptor alpha

The stromal cell-derived factor

The State Food and Drug
Administration

Slit guidance ligand 2
SMAD family member 7

Signalling pathway impact analysis
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STAT

TCA
TCM
TGFB2
TKI

TMM

TMPRSS2
TNF
TP53

TRPV1

VEGF

WGCNA

WIF1

XTT

YQCT

Signal transducer and activator of
transcription 3

The Tricarboxylic Acid
Traditional chiese medicine
Transforming growth factor beta 2
Tyrosine kinase inhibitors

Trimmed mean of M-values method in
edger (R package)

Transmembrane serine protease 2
Tumor necrosis factor
Tumor protein p53

Transient receptor potential cation
channel subfamily V member 1

Vascular endothelial growth factor

An R package for weighted correlation
network analysis

WNT inhibitory factor 1
2,3-Bis(2-methoxy-4-nitro-5-sulfonyl)-
2H-tetrazolium-5-carboxanilideinner

salt

Yigichutan fomula





