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Abstract

Triple-negative breast cancer (TNBC) is a subtype of breast cancer for which no
approved targeted therapy is available, and chemotherapy is the mainstay of the
treatment for these patients. Administration of various chemotherapies can be limited
by toxicities and the development of tumour resistance and the median overall
survival of these patients is low. This research aimed at studying the efficacy of
epimers of ginsenoside Rg3 (Rg3), 20(S)-Rg3 (SRg3) and 20(R)-Rg3 (RRg3), in
inhibition of cancer growth and angiogenesis for the potential treatment of this
disease. The preliminary molecular docking studies predicted that Rg3 interacted well
with aquaporin 1 (AQP1), which plays important roles in cancer progression.

First, stereoselectivity of Rg3 epimers was shown in inhibition of proliferation,
migration and invasion of TNBC cell lines and blocking AQP1 water channel. Due to
this stereoselectivity, the combination of both epimers was optimised for inhibition of
loop formation in endothelial cells, using response surface methodology (RSM). It was
shown that this optimised combination, referred to as C3, significantly inhibited the
proliferation and migration of human and murine endothelial cells. Rg3 epimers
worked as allosteric modulators of vascular endothelial growth factor receptor 2
(VEGFR2). C3 decreased the expression of VEGF and significantly decreased the
expression of AQP1 and the phosphorylation of proteins downstream of AKT
signalling in hypoxic and normoxic conditions.

In TNBC monolayer cultures, C3 significantly decreased cell migration but did not
inhibit cell proliferation. In TNBC mammospheres, C3 decreased mammosphere
formation efficiency, with no significant reduction in cell viability. C3 decreased the
expression of CD44 and the ratio of CD44/24. C3 also decreased the function of cells
via affecting the proteins downstream of activation of the mammalian target of
rapamycin (mTOR). In molecular docking, Rg3 epimers showed good binding scores
with VEGFR2 and insulin growth factor-1 receptor amongst the tested tyrosine kinase
receptors. Rg3 epimers also showed a good binding score with rapamycin-binding site
of mTOR and activator of mTOR, Rheb. In a mouse model of metastatic TNBC, when
an extrapolated dose of C3 (23 mg/kg SRg3 + 11 mg/kg RRg3) or an escalated dose (46
mg/kg SRg3 + 23 mg/kg RRg3) was injected into mice, a significant reduction in the
primary tumour volume and decreased load of metastasis in the lungs was noticed.
Furthermore, the number of affected axillary lymph nodes was significantly reduced.

Since Rg3 is prone to extensive metabolism in vivo, the efficacy of deglycosylated
metabolites of Rg3 epimers was also studied. It was shown that these metabolites were
inhibitors of cell proliferation in TNBC and endothelial cells. The mechanism for this
action was induction of necroptosis/necrosis in TNBC cell lines and apoptosis in
endothelial cells. Among the tested metabolites, 20(S)-ginsenoside Rh2 (S-Rh2)
showed the best inhibition of loop formation, and allosteric modulatory action on
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VEGFR2. It was also predicted to be a good blocker of the AQP1 water channel.
Altogether, the findings of this project show the possibilities of Rg3, as a potential
inhibitor of mTOR signalling for the treatment of TNBC patients.
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Chapter 1 Introduction and Literature Review

Chapter 1 Introduction and Literature Review
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer, with
higher prevalence in women < 50 years old, a higher probability of relapse and poorer
overall survival. Due to the lack of targeted therapy for this subtype of breast cancer,
patients have fewer treatment options available. The treatment is limited to
chemotherapy, the application of which is usually limited by toxicities and
development of drug resistance. This thesis aimed at studying a new treatment option
for these patients, ginsenoside Rg3 (Rg3). Rg3 is extracted from a traditional herbal
medicine, Panax ginseng, which has been used by humans safely for thousands of years.
Rg3 is one of the most pharmacologically important molecules extracted from this
plant. Several studies focused on the anticancer effects of Rg3. Rg3 has two structurally
related epimers; 20(S)-Rg3 (SRg3) and 20(R)-Rg3 (RRg3).

This thesis reports studies on the potential of Rg3 epimers as a treatment for TNBC.
The thesis includes 6 chapters. Chapter 1 presents an in-depth review of the literature
on the anti-cancer and anti-angiogenic properties of Rg3 epimers and the druggable
targets in TNBC. Chapter one of this thesis includes 3 review papers. The first review
paper comprehensively studied and categorised the efficacy of each of the epimers as
anticancer agents, focusing on mechanisms of action of these molecules, their
application in combination with chemotherapy treatments, the pharmacokinetics of
these molecules and outcomes of clinical trials on Rg3. The review also discusses the
potential of Rg3 as a blocker of the water transport function of AQP1, which plays
important roles in cancer progression and discusses the potential of Rg3 as a treatment
for TNBC.

The next review paper focused on the anti-angiogenic properties of Rg3 epimers and
for the first time discussed the controversies in the literature regarding the anti- or pro-
angiogenic effects of Rg3. The paper also described pharmacodynamics of action of
Rg3 as an anti-angiogenic drug and summarised the evidence on the anti-angiogenic
actions of Rg3, in vitro and in vivo.

The third review paper discussed druggable targets in TNBC patients, to bring insight
into the current status of the disease and ongoing clinical trials on these patients. The
paper also summarised the promising molecular targets at preclinical and phase I
clinical trial stages.

Chapter 2 focuses on the specific functions of each epimer in TNBC and shows the
stereoselectivity of Rg3. Based on these results, in chapter 3, the concentrations of SRg3
and RRg3 were optimised in combination for anti-angiogenic action and some
mechanisms of the action of this combination were studied. In chapter 4, it was shown
that this combination was optimised for its anti-cancer action in TNBC in vitro models
and mechanisms of anti-cancer actions of this combination were suggested.
Furthermore, the combination was tested in vivo in a metastatic breast cancer mouse
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model. Rg3 is prone to deglycosylation and producing active metabolites. In chapter
5, differential anti-cancer potential of these metabolites is investigated. Chapter 6
summarises the significance of the findings and proposed future studies.

1.1 Publications arising from this thesis

The research conducted in this thesis led to several publications in well-known peer-
reviewed journals. Some of them are still under review for possible publication in high
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Nakhjavani, M., Smith, E., Townsend, A. R,, Price, T. J., and Hardingham, J. E. (2020).
Anti-Angiogenic Properties of Ginsenoside Rg3. Molecules, 25(21), 4905.

Nakhjavani, M., Hardingham, ]J. E., Palethorpe, H. M., Price, T. J., and Townsend, A.
R. (2019). Druggable molecular targets for the treatment of triple negative breast
cancer. Journal of Breast Cancer, 22(3), 341.

Nakhjavani, M., Palethorpe, H. M., Tomita, Y., Smith, E., Price, T.]., Yool, A.]., Pei, J.
V., Townsend, A. R., and Hardingham, J. E. (2019). Stereoselective anti-cancer activities

of ginsenoside Rg3 on triple negative breast cancer cell models. Pharmaceuticals, 12(3),
117.
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ginsenoside Rg3 epimers: in vitro assessment of single and combination treatments.
Cancers, 13(9), 2223.
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Submitted to Pharmaceuticals (under revision).
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This research received the following awards and prizes:
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Cancer Research Top-Up Scholarship, 7000 AUD (2019)
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This thesis is based on the collection of the manuscripts produced during the course
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Library and can be viewed using Adobe Reader.
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Abstract: Breast cancer is still one of the most prevalent cancers and a leading cause of cancer death
worldwide. The key challenge with cancer treatment is the choice of the best therapeutic agents with
the least possible toxicities on the patient. Recently, attention has been drawn to herbal compounds,
in particular ginsenosides, extracted from the root of the Ginseng plant. In various studies, significant
anti-cancer properties of ginsenosides have been reported in different cancers. The mode of action of
ginsenoside Rg3 (Rg3) in in vitro and in vivo breast cancer models and its value as an anti-cancer
treatment for breast cancer will be reviewed.

Keywords: Ginsenoside Rg3; breast cancer; AQP-1; epimer; angiogenesis

1. Metastatic Breast Cancer

Metastatic breast cancer (MBC) is classified as stage IV where the tumor has metastasized to distant
organs such as bones, lungs, liver, or brain [1]. Breast tumors are subdivided into different categories
based on the receptors expressed in the cells: estrogen receptor (ER)- or progesterone receptor (PR)-
positive, human epidermal growth factor receptor 2 (HER?2) positive, and triple negative breast tumors
(ER"/PR"/HER?2") (Figure 1). Hormone receptor expressing tumors including luminal A or luminal B
subtypes constitute the largest portion of patients and have the best prognosis, as these tumors are
inherently less aggressive compared to other subtypes of breast cancer and that the majority of these
tumors are responsive to hormone therapy options such as tamoxifen or letrozole [2]. HER2-expressing
tumors constitute 15-20% of the patients [3]. The prognosis of this group of patients has improved
following the introduction of targeted anti-HER2 medications, such as trastuzumab [4]. Some 15% of
patients have triple negative (basal-like) breast cancer (TNBC) [5] and for these patients, chemotherapy
remains the main treatment option [6]. TNBC is associated with younger age (<50 years) at diagnosis
and BRCA1 mutation, and by the time of diagnosis have larger tumor size, higher grade tumor and the
worst prognosis [7]. Recently, inhibitors of poly ADP ribose polymerase (PARP) have been found to be
effective in the treatment of TNBC patients with BRCA-1 or -2 mutations. Likewise, platinum-based
cytotoxic drugs are being tested in such patients [2]. However, still there is no ultimate cure for MBC
and these patients suffer from the side effects of chemotherapy, until the tumor develops acquired
resistance [8] and the patients succumb to the disease. Hence, many cancer researchers are actively
looking for better treatment options to improve the quality of life of the MBC patients, reduce the
toxicities of the chemotherapy regimens, restrict tumor metastasis, and improve survival. In this

Medicines 2019, 6, 17; d0i:10.3390 / medicines6010017 www.mdpi.com/journal/medicines
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review, the medicinal herb ginseng and the important group of chemicals in its extract are suggested
as one such therapy with the potential for reduced toxicity.

Chy
ol S
E Estrogen ‘ HER-2
2 = 4
o ‘ ' ‘ Progestrone a Trastuzumab
PR* HER2* Triple ) i ¢
‘ ' Tamoxifen :ax‘:‘.: Chemotherapy
1 -

Rad
Figure 1. Subtypes of metastatic breast cancer, based on receptor expression. Hormone-receptor
expressing tumors are treated with anti-hormone therapy (such as tamoxifen), HER2-expressing
tumors are given targeted anti-HER2 monoclonal antibody therapy such as trastuzimab. The main
treatment option for triple negative breast tumors is chemotherapy.

2. Ginseng—History and Medicinal Use

Ginseng, with a long history of human use as a traditional medicine, has various pharmacological
effects [9-11], and is widely used for its nutritional value as a food, energizing the body [10], improving
body performance in sports, relieving menopausal symptoms, and alleviating sexual dysfunction [12].
Panax ginseng, also known as Chinese or Korean ginseng is a species of ginseng, the extract of which
has the highest medicinal value among other species. Ginsenosides are the group of chemicals in
this extract having the highest medicinal value [13]. So far, 38 ginsenosides have been identified [14].
Ginsenosides are saponins having a steroid-like hydrophobic backbone connected to sugar moieties.
Based on their chemical structure, they are categorized into panaxadiol, panaxatriol, and oleanolic
groups [13], with protopanaxadiols being the most abundant group. Protopanaxadiols include Rb1,
Rb2, Rg3, Rh2, Rc, Rd, Ra, and F2 [12] and have various medicinal properties, including anti-diabetic
effects, protection against cardiovascular diseases and anticancer properties [10,12].

Not all of these protopanaxadiols are available in ginseng extract. Commercial ginseng is
produced either by air-drying or steaming (120°C, 4 h) the plant. These processes produce white or
red ginseng, respectively [15-17]. Due to the conversions and chemical changes following heating,
the heat processed or red ginseng has higher medicinal properties than white ginseng. Within this
heating process, polar ginsenosides such as Rb1 or Rb3 convert to less polar ginsenosides such as Rg2
and Rg3 [15,18].

Ginsenoside Rg3 is one of the well-studied members of protopanaxadiols, and arises following
loss of the sugar moiety on Cy in the heating process. Like other ginsenosides, Rg3 has a stereocenter
on Cy, giving it two epimers; 20(R)- and 20(S)-ginsenoside Rg3 (Figure 2). This is due to the selective
attachment of the hydroxyl group to the Cyg after losing the sugar structure. In the 20(R)-Rg3 epimer,
the hydroxyl on Cy is far from the hydroxyl on Cy, whilst in 20(S)-Rg3, these two hydroxyls are close
to each other. Also, the alkene chain connected to Cyg in 20(R)-Rg3 is more flexible compared to its
fixed orientation in 20(S)-Rg3. This makes the alkene in 20(S)-Rg3 less accessible to water and more
prone to hydrophobic interactions while leaving the hydroxyl groups to interact with the receptors.
This may play a part in the increased water solubility of 20(S)-Rg3 compared with 20(R)-Rg3 [19,20].
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Ginsenoside Rg3

Molecularformula Cy,H;,045
Molecular Weight  785.025 g/mol

HO. HO.
OH HO OH HO
0. 0.
HO OH HO OH
OH OH
20(R)-ginsenoside Rg3 20(S)-ginsenoside Rg3

Figure 2. The structure of the epimers of ginsenoside Rg3. The position of the hydrogen on Cyy makes
two epimers for this molecule.

3. Epimers of Ginsenoside Rg3 in the Treatment of Cancer

Depending on the biological system being tested, the two epimers of ginsenoside Rg3, 20(S)-
and 20(R)-Rg3, have distinct effects. For example, while both epimers inhibited the 5-HT34 and
a3p4 nACh receptors, only 20(S)-Rg3 inhibited the voltage-dependent Ca®*, K*, and Na* channel
currents [21,22]. The 20(S)-Rg3 was also a better scavenger of hydroxyl radicals [23] and in the human
gastric cancer cell line AGS, was responsible for inducing apoptosis (through activation of caspase-3,
-8, and -9) [24]. In human hepatocellular carcinoma cell line HepG2, 20(S)-Rg3 was the more effective
epimer in inhibiting cell growth, downregulating the expression of DNA methyltransferases, reducing
global DNA methylation, and in particular, modifying the methylation of the promoter region of some
relevant genes in cancer such as VEGF, TP53, and BCL-2 [25].

In contrast, 20(R)-Rg3 was a better antioxidant against the oxidative stress induced by
cyclophosphamide in mice [26] and can promote the immune response in mice better than
20(S)-Rg3 [27,28]. It was also a better inhibitor of tumor growth in mice bearing H22-transplanted
hepatocellular tumors [28]. Epimers of Rg3 have also been tested in epithelial-mesenchymal transition
(EMT) in lung adenocarcinoma in vitro models. For instance, 20(R)-Rg3 epimer inhibited EMT via
increasing the expression of E-cadherin and inhibiting the expression of vimentin and upregulation of
Snail [29].

4. Mechanisms of Action of Ginsenoside Rg3 in Breast Cancer

Regardless of the stereotype, Rg3 has been studied in several cancer models and various
mechanisms are suggested for its actions. These mechanisms include induction of apoptosis [24,30-52],
induction of autophagy through upregulation of autophagy-associated molecules [53], inhibition
of proliferation [24,25,38,41,42,44-46,50,51,54—63], inhibition of metastasis [29,50,62,64-71] and
angiogenesis [55,56,66], cell cycle arrest [47], immunomodulatory effects [72], sensitization to
radiation [73], reducing multidrug resistance [74], and inducing genotoxicity to the cancer cells [75].
A few studies have focused on the effects of Rg3 in breast cancer models; these mechanisms are
discussed as follows.
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4.1. Induction of Apoptosis and Inhibition of Proliferation

Induction of apoptosis is one of the most studied mechanisms of action of Rg3 in different cancers.
Apoptosis is a complex process, regulated by extrinsic (via the death receptor) and intrinsic (via
mitochondrial) pathways. The intrinsic pathway is activated by DNA damage and oxidative stress
whilst the extrinsic pathway can be triggered by the activation of the members of the TNF receptor
superfamily. Both pathways ultimately activate caspase enzymes.

Caspases can interact with an apoptosis inhibitor such as inhibitors of apoptosis proteins (IAP)
and the Bcl-2 family. Caspases can also go through auto-activation and cleave other substrates,
one of which is PARP, an important DNA repair enzyme. In a TNBC cell line, MDA-MB-231,
Rg3 activated caspase-3, and degraded PARP through the generation of reactive oxygen species
(ROS) [30]. In addition, Rg3 caused an increased ratio of pro-apoptotic Bax and the anti-apoptotic
Bcl-2 [30]. Also, it inhibited the binding of NF-kB to DNA. NF-kB is a transcription factor that is
constitutively active in breast cancer cells and drives further cell cycle progression, proliferation and
inhibition of apoptosis. Proteins Akt and ERK are two kinases involved in the activation of NF-«xB
and it is observed that in MDA-MB-231 cell line, Rg3 inhibited the phosphorylation of Akt and ERK
and hence prevented the activation of NF-Kb [31]. P53, a tumor suppressor protein, has a negative
regulatory effect on Bcl-2 while mutant P53 can prolong the activation of NF-«B and affect the apoptosis
of cancer cells. In MDA-MB-231 cells, Rg3 destabilized mutant P53, suppressed the expression of Bcl-2,
and induced apoptosis [31]. Figure 3 summarizes these mechanisms.

Inhibition of proliferation is another important function proposed for Rg3. For example, in in vivo
settings, Rg3 has shown inhibition of tumor growth in the cancer models of colon [54], lung [38,72],
liver [39], pancreas [76], and gallbladder [32]. As a specific epimer, 20(S)-Rg3 has caused similar
responses in tumors of the gallbladder [47] and ovary [51,68] and 20(R)-Rg3 in melanoma [61,63],
lung [62], and liver [28] cancer models. Invitro, in MCF-7 breast cancer cell lines, 20(S)-Rg3
(100-300 M), caused a cell cycle arrest in Gq-phase and hence inhibited cell proliferation [57]. Table 1
shows other suggested mechanisms of Rg3 in induction of apoptosis and inhibition of proliferation in
other cancer models.

4.2. Inhibition of Migration, Invasion, Angiogenesis, and Metastasis

Ginsenoside Rg3 has been shown to reduce the migration, invasion, and angiogenesis of human
umbilical vein endothelial cells (HUVECSs) both in vitro and in vivo. Treatment of HUVECs with
20(R)-Rg3 reduced cell viability with an ICsy of 10 nM. There was a dose-dependent reduction in the
tube forming capacity of these cells (1-1000 nM) and inhibition of VEGF-induced chemo-invasion
in vitro. In vivo Rg3 inhibited angiogenesis (150 and 600 nM) in a matrigel plug assay. The mechanisms
suggested were inhibition of matrix metalloproteinase (MMP)-2 and -9 [77].

Rg3 has been shown to degrade serum levels of IGF-1 and hence inhibits angiogenesis and tumor
growth in breast cancer [78]. In a study by Chen et al. [69], in the MDA-MB-231 cell line, 20(S)-Rg3
decreased the expression of CXCR4, an important chemokine receptor expressed by breast cancer cells
which is involved in migration and invasion (Figure 3) [69]. Other suggested mechanisms for this
action in other cancer models include decreased expression of MMP-2 [29,77], -9 [66], and -13 [67],
reducing the expression of HIF-1« [55,68], AQP1 [71], and HDACS3 [63], suppressing NF-«kB and
its products (c-Myc, COX-2, MMP-9) [55,64], inhibiting TGF-$1, inactivating proteins involved in
EMT (p38 MAPK and Smad2) [29,55], downregulating FUT4 and EGFR mediated migration through
MAPK and NF-kB [55,62], and decreasing the expression of VEGF [55] and VEGF dependent p38/ERK
signaling [56] (Table 2). Rg3 has also resulted in an increased survival in mice bearing melanoma [50]
and liver tumors [39].
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4.3. Multidrug Resistance (MDR) and Combination Therapy

Rg3 can decrease MDR via inducing membrane fluidity and blocking drug efflux in leukemia cell
lines [74]. In the Caco-2 cell line, 20(S)-Rg3 (80 1tM) was shown to inhibit P-glycoprotein (Pgp) [79].
It has also been shown to increase the accumulation of drugs such as vincristine in MDR cells, but not
in sensitive cells [80]. Likewise, mice bearing MDR tumors showed an increased survival time and
less tumor weight when treated with a combination of doxorubicin and Rg3, rather than doxorubicin
alone [80].

Few studies have shown the effects of co-administration of Rg3 and a chemotherapy agent in breast
tumor models. What is known so far is that mice bearing breast tumors that received a combination
of continuous low-dose capecitabine, a prodrug of fluorouracil (5-FU), and Rg3 showed less toxicity
induced by capecitabine, longer survival, and reduced susceptibility to drug resistance [81]. This is
in part due to the antiangiogenic effect of Rg3 as evidenced by the decreased VEGF expression and
reduced microvasculature density. The outcomes of this study are promising for the oral administration
of capecitabine and improvement in tolerance of the patients.

In addition, Rg3 when co-administered orally with paclitaxel, significantly increased the
relative bioavailability of paclitaxel and decreased the relative breast tumor growth rate in mice
bearing MCF-7 xenograft [79]. Rg3 has been tested in other cancer models in combination with
cyclophosphamide [82,83], gemcitabine [84], temozolomide [85], cisplatin [86-88], docetaxel [89,90],
doxorubicin [91,92], and As,O3 [93] (Table 3).

Cell cycle
progression/

proliferation/
tumorigenesis

Figure 3. Rg3 inhibits cell proliferation and induces apoptosis via different effector molecules and
pathways, in MDA-MB-231 cell line [30,31]. Changes in specific molecules involved in signalling
pathways upon exposure of the cells to Rg3 is shown in this figure. The 1 and | arrows are indicating
increased and decreased levels of certain molecules, respectively, and the X signs show the inhibition
of a signalling pathway or function of a certain protein in the MDA-MB-231 cell line.
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Table 1. Suggested mechanisms for induction of apoptosis (IA) and inhibition of proliferation (IP) by
Rg3 in various cancers are summarized in Table 1. The function of different epimers are indicated by
symbols; * and M represent 20(S)- and 20(R)-Rg3, respectively.

Cancer Mechanism of Action Reference
1A Downregulation of PI3K/Akt and the proteins of the IAP family * [52]
Ovary Activation of caspases -3 and -9 *
Inhibition of Warburg effect by inactivation of Stat3 * [51]
P Suppression of the Warburg effect and modulating the Stat3/HK2 [51]
pathway
1A Activation of AMPK * [45,46]

Increased DNA fragmentation, cleavage of PARP *

Colon Downregulation of Bcl-2 *
Upregulation of p53, Bax, release of cytochrome ¢ and caspase-3 and
9*
Inhibiting the function of B-catenin and the 8-catenin/Tcf signalling [54]
P Inhibits cell proliferation
Reduced mitosis-related proteins * [46]
Reduced DN A-repair proteins *
Changes in the Eph/ephrin signalling axis * [58]
1A Activation of the intrinsic and extrinsic pathways [38,40,41]
Lung Regulation of apoptosis-associated proteins such as BCL2, BAX,
PARP-1
Cleaving caspase-3
Inhibition of EGFR, Stat3, Akt and PI3/ Akt signalling
Decreasing the expression of FUT4 and biosynthesis of LeY ¢ [38,62]
I Decreasing the activation of EGFR and its downstream signaling ¢
Suppression of some of the cell cycle proteins such as cyclin D1 and E, [41]
CDK-2 and -4
Suppression of some of the MAPK-associated growth proteins such
as JNK, ERK and P38
. 1A Activation of the intrinsic and extrinsic pathways through increasing ~ [39,44,49]
Fver Bax, caspase-3, release of cytochrome ¢, decreasing Bcl-2, Bel-xL
Sensitizing liver cancer cells to TRAIL-induced cell death [43]
Promoting TRAIL-induced caspase-dependent apoptosis
(via DR5 upregulation and induction of CHOP)
Multiple 1A Increasing the activity of caspase-3 and expression of Bax [35]
myeloma P Inhibiting the secretion of IGF-1 [42]
Affecting the Akt/mTOR signalling and their proliferation
Leukaemia 1A Activating caspases -3 and -9 [48]
Downregulating PI3K/ Akt family proteins
Gallbladder 1A Increasing caspase-12 (an endoplasmic reticulum stress-mediated [32]
apoptosis)
Activating p53 pathway and intrinsic apoptosis pathway * [47]
Inducing cell senescence *
Gastric 1A Blocking TRMP7 [24,34]
Upregulation of caspase-3, -8, -9, Bax and downregulation of Bcl2
Inhibiting the expression of FUT4 (via regulation of SP1 and HSD1) [24,33]
Activation of caspase-3, -8 and -9
Melanoma 1A Preventing the binding of NF-kB to the FUT4 promoter [36]
Activating intrinsic and extrinsic apoptosis pathways
Increasing the expression of caspase and Bcl-2 * [50]
Decreasing the levels of active Akt * [50]
P Dysregulating the PI3K/Akt pathway, hence affecting the cell cycle *
Inducing a G0/G1 cell cycle arrest © [63]
Decreasing the HDAC3 ¢
Increasing the acetylation and stability of p53 ¢
Reducing FUT4 and LeY ¢ [61]
Inhibiting the EGFR/MAPK signalling pathway 0
Glioblastoma 1A Suppressing the MEK/MAPK signalling pathway and activating ROS [37]
multiforme by the antioxidant enzyme system, leading to apoptosis
Prostate P Inhibition of DNA synthesis * [60]
Affecting the MAPK activity through ERKs, p38 and JNK *
Glioma i Activating Akt and p53/p21 dependent signalling pathways causing [59]

cell senescence *
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Table 2. Suggested mechanisms of inhibition of migration and invasion in different cancer
models. The function of different epimers are indicated by symbols; * and o represent 20(S)- and
20(R)-Rg3, respectively.

Cancer Mechanism Reference
Ovary Inhibition of angiogenesis and cell invasion [66]
Decreased expression of MMP-9
Blocking the EMT * [68]
Reducing HIF-1ox expression *
Colon Suppressing NF-«B and its products (c-Myc, COX-2, MMP-9) [64]
Prostate Decreasing the expression of AQP1 * [71]
Melanoma Inhibiting the expression of MMP-13 [50,67,70]
Reducing cell adhesion, invasion and angiogenesis *
Decreasing the expression of HDAC3 ¢ [63]
Lung Inhibiting TGF-B1 [29]
Inactivating proteins involved in EMT (MMP-2, p38 MAPK and Smad2) ¢
Downregulating FUT4 and EGFR mediated migration [62]
(through MAPK and NF-kB) ¢
Endothelial Decreasing the activation of the VEGF dependent p38/ERK signalling [56]
progenitor cells
Esophageal and Decreasing the expression of VEGF [55]
renal Inhibiting other signalling pathways of HIF-1«, COX-2, NF-kB, STAT3 and
MAPKs

4.4. Aquaporin (AQP) 1—a Putative Target of Rg3

One suggested mechanism of action of Rg3 is by targeting AQP1 [71]. This molecule has roles in
tumor growth, angiogenesis [94-96], metastasis [97,98], acquired resistance in tumors [99], and is highly
expressed in aggressive tumors [100]. AQP1 is a member of the family of AQP membrane channels
which are primarily known for their role in water transport across the lipophilic cell membrane.
AQP1 was the first of the 13 members of the AQP proteins to be discovered [95,101,102]. It is a unique
AQP in that, as well as acting as a water channel, it has a second function of transporting single charged
cations, regulated by cGMP gating. AQP1 also transports gases such as nitric oxide, carbon dioxide,
and ammonia (Figure 4) [102-105]. Rg3 was found to inhibit expression of AQP1 at both the mRNA
and protein levels. Further, in a prostate cancer cell line (PC-3M), Rg3 (up to 10 uM) did not affect cell
proliferation but inhibited cell migration in a transwell assay. Overexpression of AQP1 in this cell line
attenuated the effect of Rg3 in inhibiting migration while silencing AQP1 gene via shRNA resulted in
reduced PC-3M cell migration, and a diminished response to Rg3. These results indicated a critical
role for AQP1 mediating the anti-migratory role of Rg3 [71]. This suggests that Rg3 targeting AQP1
could also be relevant in breast tumors.

ions and gases

__ Top view of
“ ) the monomer

“ ions and gases
® water
' monomer of AQP-1

Figure 4. The structure of AQP1 channel, as a homotetramer, with the dashed arrow showing the
water passage through the water channel of each monomer. The solid violet arrow represents the
passage of ions and gases. The 3D structures were prepared in PyMol, version 1.7.4.5 (Schrodinger, Inc,
Tokyo, Japan).
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AQP1 and Breast Cancer

Invitro data suggest that stable overexpression of AQP1 in MCF-7 (ER* and PRY)
and MDA-MB-231 (TNBC) breast cancer cell lines significantly increases cell invasion and
proliferation [106]. In HUVECs, expression of AQP1 is known to be upregulated by estrogen,
because the promoter of the AQP1 gene has a functional estrogen response element (ERE) and
the homodimerized complex of estrogen-ER can activate this ERE [107]. AQP1 is expressed in
all microvasculature endothelial cells including HUVECs. In HUVECs, estrogen increased the
proliferation, migration, invasion, and tube forming capacity, and these effects were inhibited by
knockdown of AQP1 expression using siRNA [107]. Epidermal growth factor stimulation induced
translocation of AQP1 from the cytoplasm to the cell membrane to enhance cell invasion [106].
AQP1 was also found to colocalize with ezrin, a cytoskeletal protein involved in the proliferation,
cell adhesion, and NO production in the endothelial cells [107].

Animal studies show that AQP1 is highly expressed in mouse breast tumor [108], and AQP1-null
mice show impaired angiogenesis [109]. In mouse models of breast carcinoma with lung metastasis,
AQP1 deficiency decreased the expression of VEGFR2 leading to significantly reduced tumor mass
and volume, microvasculature density, and the number of lung metastases [110].

In humans, AQP1 is abundantly expressed in the endothelium of many tissues [111] including
the endothelium of tumor micro-vasculature, positive for CD31 [100,107]. In normal breast
tissues, the expression of AQP1 is low and limited to the ducts, lymphatics and connective
tissue microvessels [112]. Breast cancer is one of the tumors with increased microvessels and
angiogenesis compared to its matched normal tissue and there is an increased AQP1 expression in the
microvasculature of breast tumor [112,113]. Breast tumors of basal-like TNBC subtype and advanced
breast tumors have higher levels of AQP1 expression compared to normal tissues [112-114]. Benign
breast lesions and ductal carcinoma in situ samples express AQP1 on the membrane of myoepithelial
cells of the ducts, but the majority of invasive ductal carcinoma samples predominantly express AQP1
in the cytoplasm [106,115]. So far, studies have shown that membrane AQP1 expression is associated
with triple-negativity, expression of cytokeratin 14 and smooth muscle actin, higher tumor grade,
medullary-like histology and poor clinical prognosis [113,114]. High AQP1 expression was found to
be an independent prognostic factor in the high-grade subgroup, in the ER-negative subgroup and in
the node-negative subgroup [114]. Cytoplasmic expression of APQ1 is correlated with lymph node
metastasis and advanced features of invasive ductal carcinoma [106].

4.5. Other Suggested Mechanisms of Action

Rg3, when orally administered to mice bearing lung tumors, had immunomodulatory effects,
causing increased splenocyte proliferation [72]. It also increased genotoxicity in osteosarcoma cell
lines, through increased DNA damage and double-strand breaks [75]. This compound sensitized lung
cancer tumors to radiation via suppressing the activation of NF-kB and the proteins regulated by this
transcription factor (such as COX2, MMP-9, VEGE, c-Myc, and cyclin D1), which are either induced by
radiation or are involved in radio-resistance [73].
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Table 3. Suggested effects of Rg3 in combination with chemotherapy agents in in vitro and

in vivo models.

Studied Model Drug Combination Effects Reference
Lewis lung cancer mouse ~ Rg3 + cyclophosphamide Less toxicity induced by capecitabine [82]
model (continuous low-dose) Longer animal survival
Reduced susceptibility to drug resistance
Increased anti-angiogenic activity
Mouse model 20(S)-Rg3 + Inhibiting cyclophosphamide-induced DNA [83]
cyclophosphamide damages in the peripheral lymphocyte cells
and bone marrow cells
Reducing number of apoptotic cells of mice
and improving the anti-oxidative markers in
mice (such as SOD, MDA and GPX)
Mouse bearing Rg3 + cyclophosphamide  Alteration of the expression of Bcl-2 family and [39]
hepatocellular carcinoma induction of intrinsic pathway of apoptosis
model Prolonging mouse survival
Mouse bearing lung Rg3 + gemcitabin Enhancing the efficacy of gemcitabine on [84]
tumor model suppressing tumor growth
Increasing the quality of life
Prolonging mice survival
Increasing tumor’s necrosis rate
Decreasing VEGF expression, microvessel
density (assessed by the expression of CD31)
and arterial blood flow in tumors such as peak
systolic velocity
Glioma cell line Rg3 + temozolomide Inducing cell cycle arrest and apoptosis [85]
Attenuating the expression of VEGF-a and Bcl-2
Glioma allograft model Rg3 + temozolomide Antiangiogenic effect (reduced relative cerebral [85]
of mouse blood volume, VEGF levels and microvessel
density)
Improving the antiangiogenic effects of
temozolomide
No additive effect on tumor growth
Mouse bearing colon Rg3 + cisplatin Improving anti-cancer effects of cisplatin [86]
tumor Inhibiting tumor growth
Reducing the toxicities of cisplatin
(decreasing the intracellular levels of ROS)
Kidney, liver and colon Rg3 + cisplatin Decreasing the high levels of etoxifying [86]
resistant cancer cells enzymes such as heme-oxygenase (HO-1) and
NAD(P)H quinone oxidoreductase (NQO-1)
Cisplatin-resistant Rg3 + cisplatin Synergistic effect in inhibiting the proliferation [87]
bladder tumor cell lines (possibly through activating the intrinsic
apoptosis pathway (decreased Bcl-2 and
increased cytochrome ¢ and caspase-3) and cell
cycle alterations in G2/M phase)
Mouse bearing Rg3 + cisplatin Enhancing the inhibitory effects of cisplatin [88]
oesophageal squamous Reducing the proliferation of cancer cells
cell carcinoma Decreasing the microvascular density of the
tumors
Colon cancer cell lines Rg3 + docetaxel Sensitizing the cells to the docetaxel [89]
Improving its apoptotic effect (via inhibiting
NF-kB and the expression of anti-apoptotic
proteins such as Bcl-2, XIAP, and ciap-1)
Increasing the expression of pro-apoptotic
proteins (such as Bax, caspase-3 and -9)
Prostate cancer cell lines Rg3 + docetaxel Inhibiting cell growth [90]

Inducing apoptosis and its associated protein
Arresting the cells at G0/G1
Modulating cell cycle-associated proteins
Inhibiting the activity of NF-kB
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Table 3. Cont.

Studied Model Drug Combination Effects Reference
Prostate cancer cell lines Rg3 + docetaxel + More effective inhibition of the activity of [90]
cisplatin NF-kB and cell growth
Mouse bearing 20(S)-Rg3 + doxorubicin Suppressing the autophagy via regulating [91]
hepatocellular tumor autophagy-associated proteins

Inhibiting autophagic flux
Synergistic effects in inhibiting tumor growth
Rat model Rg3 + doxorubicin Reducing doxorubicin-induced cardiotoxicity [92]
(by improving the ejection fraction, fractional
shortening and left ventricular outflow)
Improving the oxidative damage and apoptosis
induced by doxorubicin (via the activation of
Akt and the Nrf2-ARE pathway)

NCI-H1299 lung cancer Rg3 + As203 Inhibiting the proliferation of NCI-H1299 lung [93]
cells cancer cells
Mouse bearing lung Rg3 + As203 Promoting apoptosis in tumor cells [93]
tumors Prolonging the survival of the mice

5. Metabolism and Pharmacokinetics of Rg3

Together with the clinical trials, it is pertinent to consider the pharmacokinetics of Rg3 following
oral administration. So far, various studies have focused on the metabolism and pharmacokinetics of
Rg3, as a general compound, and 20(R)-Rg3 in in vitro, animal models and healthy human volunteers.
It is not yet clarified whether the metabolism of 20(S)- and 20(R)-Rg3 differ in any aspects. The general
understanding is that following oral administration, ginsenosides undergo a partial or complete
hydrolysis in the acidic conditions of the stomach and the intestinal microbial flora [116,117]. Rg3,
like other protopanaxadiol ginsenosides, can lose a sugar moiety following metabolism by the anaerobic
intestinal bacteria [118]. Compound K, the final metabolite of the metabolism of ginsenosides can be
detected in human plasma after seven hours post-ingestion [118].

In vitro studies have shown that Rg3 has interactions with isoenzymes of cytochrome P450.
Rg3 can weakly inhibit CYP3A4, moderately inhibit CYP2C19 and CYP1A2, and potently inhibit
CYP2D4 [119] and so interactions between Rg3 and the drugs that are mainly metabolized with these
isoenzymes should be considered. Also, incubation of Rg3 with human fecal microflora resulted in
the formation of ginsenoside Rh2 [120], another member of the ginsenoside family with anticancer
properties [121]. Studies in dogs however failed to detect any Rh2 in the plasma samples following
oral or intravenous (IV) administration of 20(R)-Rg3 [122]. Although in vitro studies suggest that
deglycosylation is one of the main pathways of the metabolism of Rg3, this study failed to show
existence of such molecules in dog plasma samples [122]. This study also suggested a low degree of
metabolism of 20(R)-Rg3, as evidenced by the maximum of 70% of 20(R)-Rg3 recovered from bile [122].

In rats, deglycosylation and oxygenation are reported as two major routes of metabolism for
20(R)-Rg3 [123]. The half-life of Rg3 in rats after an intravenous administration is reported to be
14 min [124] and 18.5 min [123]. The difference between these two reports might be due to the
difference in the solubilisation of Rg3, however, both suggest a rapid rate of metabolic clearance for
this molecule. Absolute bioavailablility of Rg3 in rats was about 2.63% [125].

Intra-species differences seem to play an important role in the metabolism and pharmacokinetics
of Rg3, since in healthy human volunteers, Rg3 can be detected in the plasma for 8 [126,127] and up to
216 hours [126], following oral and intramuscular (IM) administration, respectively.

The epimers of Rg3 also differ in terms of tissue distribution. 20(S)-Rg3, following oral
administration of 68 mg/kg to Sprague-Dawley rats was more concentrated in the gastrointestinal
tissues compared to the plasma. It was also highly distributed in the liver, with the concentration being
four and three times the plasma concentration at two and four hours, respectively. The concentration
of Rg3 in other tissues such as muscle, spleen, lung, and fat was similar or lower than plasma
concentration and trace amounts were detected in the brain, heart, and kidney. However, 20(R)-Rg3
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was only localized in liver and the gastrointestinal tract, and not detected in the plasma [128].
Table 4 summarizes the results of the studies on the pharmacokinetics of Rg3 in animal models
and human trials.

Table 4. A summary of the studies on the pharmacokinetics of Rg3 and the 20(R) epimer in
in vivo models.

Ginsenoside Model Route Dose Sample Detected Rg3 Outcomes Reference
Sprague-Dawley v 1mg/kg Plasma Detected for 12 h ::i;: (2)(1); i ggg: (1251
Rg3 xats Oral 10 mg/kg Plasma  Detected for 12h
Crnax: 15.67 £ 6.14
Healthy humans Oral 3.2mg/kg Plasma Detected for 8 h ng/mL [129]
tmax: 0.66 £ 0.01 h
Healthy humans ™M 10, 3(::;d Q0 Plasma Detected for 216 h [126]
Plasma Detected for 1.5 h ty/2: 14 min
Sprague-Dawley Y Sme/kg Urine Not detected [124]
rats Urine Not detected in 1 -
Oral 50 mg/kg h rapid GI metabolism
Not detected in 1
Plasma h
20(R)-Rg3 Do v 0.3 mg/kg Plasma Detected for 12 h ty2: 171 (£0.11) h [122]
&S Oral 2mg/kg Plasma Detected for 24 h t12:5.99 (£ 1.16) h
v 5mg/kg, Plasma Detected for 1.5 h t1/2: 18.5 min
within 1 min Urine Not detectable N/A
Sprague—l?awley Plasma Not detectable [123]
kg Oral 100 mg/kg Urine Not detectable N/A
6 different
Faces deglycosylated
and oxygenated
metabolites
tmax: 0.66 + 0.10 h
Cmax: 1&£ 6 ng/mL
Healthy humans Oral 3.2mg/kg Plasma Detected for 8 h t1/24: 046 £0.12h [127]

tij2p:491.1h
t1/2(Ka): 028 £ 0.04 h

6. Clinical Trials

6.1. Application and Safety of Ginseng Extract on Healthy Human Volunteers

Studies on healthy human volunteers suggest that administration of the total extract of Panax
ginseng C.A. Meyer is well tolerated and does not cause serious adverse reactions [130,131]. In a
randomized, double-blind, placebo-controlled trial investigating the anti-oxidant properties of the
total extract, 82 healthy volunteers received either placebo (n =27), 1 or 2 g/day (n =27 and n = 28,
respectively) for a month [130]. Of the 82 volunteers, 80 completed the trial; only two, both female,
randomized to receive 2 g/day of the total extract withdrew, one due to insomnia and palpitations
after seven days, and the other due to non-health related reasons. Administration of the total
extract improved the serum levels of anti-oxidant markers. In another randomized, double-blind,
placebo-controlled trial investigating the anti-oxidant effects in postmenopausal women, 41 volunteers
received placebo and 41 received 1 g of the extract thrice daily for 12 weeks [131]. Five volunteers
receiving placebo and six receiving the extract failed to complete the trial. Administration of the total
extract increased the enzyme activity of the serum antioxidant, superoxide dismutase, suggesting that
the total extract may reduce oxidative stress in postmenopausal women. At this dose, reported side
effects included dizziness, sleeplessness, nervousness, and uterine bleeding [131]. Adverse effects
following administration of 1 or 2 g/day of total extract of ginseng to healthy subjects for a month
were reported to be mild (constipation and dyspepsia, insomnia, and hot flash) and it was concluded
that this extract does not cause serious adverse reactions and is safe and tolerable [132].

6.2. Clinial Trials and Application of Rg3 in Cancer Patients

Presently, there are only three published clinical trials utilizing Rg3 in the treatment of cancer;
two on non-small cell lung carcinoma (NSCLC) [95] [96] and one on hepatocellular carcinoma
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(HCCQ) [99]. In the first study, a total of 133 patients with stage II-IIl NSCLC received either Rg3
alone (43 cases), Rg3 + chemotherapy (46 cases), or chemotherapy alone (44 cases) [133]. Rg3 was
administered twice a day (0.8 mg/kg, equivalent to 40-50 mg/day) for at least 6 months. This study
showed that Rg3 + chemotherapy improved the 3-year survival rates compared to either Rg3 or
chemotherapy alone (54.3% versus either 46.5% or 47.7%, respectively; p > 0.05). In patients expressing
VEGEF, chemotherapy treatment alone resulted in decreased 3-year survival rates compared to patients
with negative VEGF expression (p < 0.01); however, there were no significant differences for the other
two groups. In addition, patients that received Rg3 had a lower incidence of adverse effects and better
immune system function, as evidenced by the increased activity of NK cells and CD4* T cells and the
normal ratio of CD4*/CD8" T cells [133]. This suggests that the option of combining Rg3 therapy with
immunotherapy would be worth investigating.

In the second study, 124 patients with advanced (stage I1I-IV), unresectable NSCLC with EGFR
mutations were divided into two groups receiving a tyrosine kinase inhibitor (TKI) + Rg3 (20 mg orally
for at least 2 months) or TKI alone [134]. The results of this study demonstrated that Rg3 improved the
median progression-free survival by 2.5 months (p = 0.049). Rg3 delayed the acquired resistance to
TKI and had a low toxicity profile, with rash being the worst side effect in both groups and nausea,
diarrhea, and anorexia being the most common side effects in both groups [134].

In the third study, 228 patients diagnosed with advanced (Barcelona clinic liver cancer-stage C)
HCC were randomized in two groups, to receive trans-arterial chemoembolization (TACE) alone or in
combination with Rg3 (20 mg, twice a day, orally) [135]. TACE is a successful method for delivering
chemotherapy directly to the tumor within the liver which prolongs patient survival, but its application
is limited by high recurrence rate, in part due to inflammatory factors promoting metastasis of the
tumor. Inflammation and angiogenesis are associated phenomena in that pro-inflammatory cytokines
such as IL-18 or TNF-« released from activated neutrophils and macrophages cause vasculature
modifications, enhancing proliferation of endothelial cells and hyper-neovascularization [136,137].
Hence, using an anti-angiogenic drug should limit this adverse effect. This study showed that the
patients receiving TACE + Rg3 had longer median overall survival compared to those who received
TACE alone (13.2 versus 10 months; p = 0.002), while there was no significant difference in progression
free survival. Rg3 was well-tolerated, the reported adverse effects being grade 1 or 2 constipation,
epistaxis, and hypertension, and importantly, Rg3 treatment tended to alleviate adverse effects related
to TACE [135].

7. Conclusions

So far, many studies have shown the effects of Rg3 in different cancer models with fewer studies
in human clinical trials. A limited number of studies have focused on the effects of Rg3 in breast
cancer models and more specifically in advanced breast cancer. Out of the six studies on the effects of
Rg3 in breast cancer, only one study has focused on the effects of an isomer, 20(S)-Rg3, and its in vivo
effects in mice in increasing the efficacy of oral paclitaxel [79]. The rest of these studies used Rg3 as a
whole compound [30,31,69,81,138]. In some cases, the source of the Rg3 used is self-produced, and of
unknown purity [30,31]. Given the fact that Rg3 can have stereospecific activities [24,28,29], a mixture
of two enantiomers, with unknown ratios of each enantiomer, cannot scientifically justify the resulting
effects. With this view, stereospecific activity of Rg3 in human breast cancer models, including cell
lines and patient tumor-derived cancer cells, in 2D and 3D in vitro models, and in vivo, is not known.
Furthermore, considering the importance of AQP1 in angiogenesis and the invasiveness of tumors,
together with evidence of survival benefit from clinical trials, the selectivity of Rg3 in targeting AQP1
in metastatic breast tumors should be studied.
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Abstract: Ginsenoside Rg3 (Rg3) is a member of the ginsenoside family of chemicals extracted
from Panax ginseng. Like other ginsenosides, Rg3 has two epimers: 20(S)-ginsenoside Rg3 (SRg3)
and 20(R)-ginsenoside Rg3 (RRg3). Rg3 is an intriguing molecule due to its anti-cancer properties.
One facet of the anti-cancer properties of Rg3 is the anti-angiogenic action. This review describes
the controversies on the effects and effective dose range of Rg3, summarizes the evidence on the efficacy
of Rg3 on angiogenesis, and raises the possibility that Rg3 is a prodrug.

Keywords: ginsenoside Rg3; 20(S)-ginsenoside Rg3; 20(R)-ginsenoside Rg3; angiogenesis; epimer

1. Introduction

The root of the plant Panax ginseng C.A. Meyer, commonly known as ginseng, has been used
as a traditional medicine in Asian countries for thousands of years. It was primarily used as a food
and source of energy and strength. Gradually several pharmacological effects of ginseng on immune
function, cardiovascular system, neurological disorders and cancer treatment were discovered [1].
The major bioactive components of ginseng responsible for its pharmacological action are ginsenoside
saponins. The general structure of ginsenosides is a four-ring steroid backbone with hydrophobic
properties, which is connected to sugar molecules, responsible for the hydrophilicity of the molecule.
Based on the positioning of hydrogen on carbon 20 (C20), ginsenosides have two stereoisomers; 20(S)
and 20(R) epimers. Ginsenoside Rg3 (Rg3) is a member of the ginsenoside family of saponins, and like
other members, Rg3 has two epimers, 20(S)-ginsenoside Rg3 (SRg3) and 20(R)-ginsenoside Rg3 (RRg3)
(Figure 1).

Steam heating the white fresh ginseng for several hours prepares red ginseng which has improved
pharmacological efficacy and is enriched for some ginsenosides including Rg3 [2,3]. This process
produces mainly SRg3 as the major epimer. Furthermore, enzymatic hydrolysis [4,5] or alkali
hydrolysis [6] are other methods of preparation of SRg3. However, production of RRg3 requires
procedures that are more complex [7]. The quantity of Rg3 in red ginseng is very much dependent
on the method of preparation and various methods have resulted in various contents, for example,
1.2 mg/mL Rg3 was recovered by Phellinus linteus fermentation method [8]. The steaming condition also
results in different amounts of Rg3 as reported by different studies such as 25 pug/mL [9], 39 mg/g [2] or
0.28% w/w [10].
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Figure 1. Structure of ginsenoside Rg3 as 2D (a) and 3D, generated in UCSF Chimera program (b),
showing the chiral center at carbon 20, aglycone steroid-like backbone with hydrophobic properties
and glycoside hydrophilic moiety, responsible for the water solubility of ginsenoside Rg3 (Rg3).

Rg3 is one of the most studied and pharmacologically active ginsenosides, with stereoselective
activities by the epimers SRg3 and RRg3 [11,12]. The chemistry of Rg3 epimers could explain this
stereoselective activity. For example, stereoselective activity of Rg3 epimers in interaction with Na*
channels has been described [13]. Positioning of hydroxyl on C20 seems to play an important role in
the pharmacological effects of Rg3. The alkene chain in the aglycone moiety of Rg3 (Figure 1) produces
a tight hydrophobic packing near C20 which makes it inaccessible to water molecules, facilitates
hydrophobic bonding between SRg3 and Na* ion channels and makes a more stabilized hydrogen
binding between the two [13].

One of the important properties of Rg3 is its anti-cancer properties. The mechanisms of Rg3

in inhibition of proliferation, migration and invasion of cancer cells was reviewed previously [11].

Angiogenesis plays a major role in the growth and metastasis of a tumor and one of the important
properties of Rg3 is its action on angiogenesis. This review paper aims to look at the different aspects
of anti-angiogenic properties of Rg3, using PubMed as the search engine with Mesh terms ginsenoside
Rg3 and angiogenesis for all published papers between 1995 and 2020. The first study demonstrating
the anti-angiogenic properties of Rg3 was published by Mochizuki et al. in 1995 [14]. They showed in
a mouse model of metastatic melanoma that 100 pg/mouse intravenous (i.v.) or 300 pg/mouse oral
(p-o.) of either epimer inhibited the formation of vessels oriented towards the tumor mass. This animal
study was, however, a short-term study (6 days), with only three mice per group. It was a remarkable
study in the area since it not only demonstrated the anti-angiogenic potential of Rg3 in vivo, but also
tested both epimers, separately [14]. This is especially important since most of the research published
on Rg3 has not described which specific epimer was studied. Since then, several studies have been
conducted in vitro and in vivo, which are reviewed here.

2. The Controversies on the Effects of Rg3 on Angiogenesis

Studying the proliferation and tube formation of human umbilical vein endothelial cells (HUVECs)
on a layer of Matrigel is the mainstay of drug studies investigating anti-angiogenic properties. With
Rg3, both of these aspects are a matter of controversy. A few studies have shown that the effective
concentration of Rg3 for inhibition of loop formation was at nM ranges (Table 1) [15-19]. For
example, RRg3 at 1-1000 nM inhibited tube-formation and chemotactic migration of HUVECs. At
this concentration, RRg3 also decreased microvascular sprouting and hemoglobin content of tumors
(in a Matrigel plug assay) [15]. Concentrations as low as 1.3 uM Rg3 (not as a specific epimer)
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inhibited tube-forming capacity of HUVECs and hemoglobin content of Matrigel plugs [16]. At 60
and 300 ng/mL, Rg3 showed effectiveness in inhibition of differentiation of endothelial progenitor
cells (EPCs) [18], though it did not inhibit the proliferation of these cells [17]. Although these studies
showed the effectiveness of nM concentrations of Rg3, other studies tested higher doses at M scale
and in most cases showed anti-angiogenic properties. The exceptions are the studies that suggested
Rg3 at M concentrations was proangiogenic (Table 1) [20,21].

Table 1. Controversies on the proangiogenic or anti-angiogenic effects of Rg3 on endothelial cells.

Epimer Concentration Tested Cell Effect Ref

| tube-formation
| chemotactic migration
| microvascular sprouting
1 hemoglobin content of tumors

RRg3  1-1000 nM HUVEC [15]

| tube-forming capacity
Rg3 1.3 uM HUVEC | hemoglobin content of Matrigel [16]
plugs
60-600 1 expression of VEGF and VEGFR2
Rg3 EPC | proliferation, migration and tube [17]
nm/mL .
formation

Anti-angiogenic

Rg3 60, 300 ng/mL EPC inhibition of differentiation [18]

T miR-520h
RRg3 100 nM HUVEC | EphB2 and EphB4 [19]
| proliferation and loop formation

7T expression and phosphorylation of
eNOS
T expression of PI3K, JNK, p38 MAPK
7T gene transcription mediated by ER
and GR
T CaMK-II and AMPK

Pro-angiogenic 1T proliferation (50%)
T DNA synthesis
T migration
7T loop formation [20]
T activation of ERK/Akt/eNOS
Tactivation of PPARy

7T proliferation (10%)
7T loop formation

Rg3 1-10 pg/mL ECV 304 [21]

SRg3 15 uM HUVEC

RRg3 15 uM HUVEC

| tube formation and migration
RRg3 65 uM HUVEC | protein and transcript expression of ~ [22]
VEGE, b-FGF, MMP-2, MMP-9

| proliferation
Rg3 180 pg/mL HUVEC | expression of VEGF and Bcl-2 [23]
S-phase cell cycle arrest

Anti-angiogenic

The study by Kwok et al. showed that 15 uM of SRg3 and RRg3 increased the rate of
proliferation by 50 and 10%, respectively. Only SRg3 induced DNA synthesis (15 pM) and
migration of HUVECs (15-30 uM). SRg3 and to a lower degree RRg3, increased loop formation
in HUVECs. Exposing the cells with SRg3 and not RRg3 led to a prompt and continuous activation
of extracellular signal-regulated kinase (ERK) followed by activation of Akt (phosphorylation at
Ser473) and endothelial nitric oxide synthase (eNOS) (phosphorylation at Ser1177). It also showed
that these two epimers, stereoselectively and with different potencies, interact with and activate
peroxisome proliferator-activated receptor-gamma (PPARy) [20]. PPARY is one of the ligand-dependent
transcriptional factors with polyunsaturated fatty acids as its endogenous ligands. One of the roles of
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PPARY is in regulating angiogenesis [20,24] and they showed that the activation of ERK/Akt/eNOS
pathway by Rg3 is dependent on the activation of PPARy. It is noteworthy that in this study, instead of
vascular endothelial growth factor (VEGF) as a supplement for the growth of HUVECs, fetal bovine
serum was used. This might explain the observed controversy in the literature (see Section 3).

Other studies showed anti-angiogenic effects of Rg3 at uM range. At 65 uM, Rg3 inhibited
tube formation and migration. This inhibition was associated with decreased protein and transcript
expression of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (b-FGF) and
matrix metalloproteinase-2 (MMP-2) and protein expression of MMP-9 [22]. The anti-angiogenic
properties of Rg3 were also studied in combination with temozolomide. Temozolomide is one
of the effective drugs to improve survival rate and progression-free survival of glioblastoma
patients. In a study by Sun et al,, the in vitro data suggested that the combination of the oral
chemotherapeutic temozolomide (10 pg/mL) and Rg3 (10 pg/mL) had additive effects on inhibition
of HUVEC proliferation [23]. At 180 pg/mL, temozolomide and 180 pg/mL Rg3 (144 h), inhibition of
proliferation was observed in HUVECs. This combination also decreased the transcript expression
of VEGF and Bcl-2, a regulator of apoptosis that inhibits the function of proapoptotic proteins, in
HUVECs [23].

Other than the reported controversy about the pro- or anti-angiogenic effect of Rg3 at uM range,
some studies have not shown an anti-proliferative effect of Rg3 on HUVECs. For example, 50 pg/mL
Rg3 did not inhibit the proliferation of HUVECs within 72 h [22] and the anti-proliferative effect at
1-1000 nM, while significant, was very weak and not dose-dependent [15]. A time- and dose-dependent
inhibition of proliferation of HUVECs was reported with Rg3 (0-180 pg/mL). At 180 pug/mL (144 h)
about 28% inhibition of proliferation was observed. Rg3 at these concentrations induced S-phase
cell cycle arrest (not time-dependent). Exposure of HUVECs for 72 h to Rg3 (80 ug/mL) decreased
the expression of VEGF and Bcl-2 [23].

3. Pharmacodynamic Aspects of the Effect of Rg3 on Angiogenesis

To address the question about controversies on the effects of Rg3 on angiogenesis at
various concertation ranges, the possible explanations might depend on the pharmacodynamics
of the interaction of Rg3 with its receptors. VEGF is the main ligand to its receptor, VEGFR2,
the interaction of which plays the key role in angiogenesis. Any full agonist binds to the same binding
site of VEGF on VEGFR2 and mimics the action of VEGF, leading to a maximal effect (Emax).

One possible explanation could be that Rg3 might be a partial agonist at nM concentrations. A
partial agonist, in the absence of an agonist activates the receptor, while in the presence of agonist
acts like an antagonist. In vitro assays with endothelial cells usually use a constant concentration of
VEGF in the media. This concentration is usually low and at the levels of ng/mL. At nM concentrations,
Rg3, if considered as a partial agonist, and in the presence of a constant level of VEGF, might have
a role of a competitive antagonist for VEGFR2. At higher concentrations it could act as an agonist of
the receptor. Two examples of the anti- and pro-angiogenic effects of Rg3 on HUVECs were discussed
above. At nM concentrations and in the presence of VEGF, RRg3 showed anti-angiogenic affects [15]
and at low uM range (up to 30 uM) in the presence of fetal bovine serum, Rg3 had pro-angiogenic
effects [20]. Therefore, at nM range and in the presence of VEGF, Rg3 acted as an antagonist and in
the absence of VEGF acted as agonist.

The other explanation is the possibility of Rg3 having a biphasic U-shaped dose-response curve. In
that case, Rg3 would be one of the many examples of molecules having such a biphasic dose-response
curve. Examples of such molecules are estrogens [25], NO [26], cadmium and mercury [27], opiates [28],
dopamine [29], and anti-angiogenic agents such as endostatin [30], statins [31], captopril [32] and
interferon-alpha [33].

However, as described above and previously reviewed [11], there are many studies that used and
showed the efficacy of Rg3 at high uM ranges up to 230 uM (180 ug/mL) [23]. This opens another
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window for Rg3 to have a triphasic dose-response. Examples of molecules with triphasic dose-response
are vasopressin [34], neurotensin [35] and amphetamine [36].

4. Molecular Mechanisms of Rg3 in Targeting Angiogenesis

When the balance between pro- and anti-angiogenic agents shifts towards pro-angiogenic agents
including VEGEF, as a fundamental player, and other factors such as b-FGF, epidermal growth factor
(EGF), transforming growth factor $ (TGF-$), tumor necrosis factor-alpha (TNF-«), angiogenin,
angiopoietin, and interleukin 8 (IL-8) [37], several intracellular pathways are triggered leading to
activation of endothelial cell proliferation and migration towards the tumor. Migration of endothelial
cells is a complex process which requires coordination of several cellular components and changes
the dynamic of cellular compartments. Below, the molecules and signaling pathways that are affected
following administration of Rg3 are discussed.

4.1. VEGF and its Receptor, VEGFR2

VEGEFR?2, a receptor tyrosine kinase (RTK), is one of the three subtypes of VEGF receptor.
The interaction between VEGF and VEGFR?2 is known as the key driver of angiogenesis (Figure 2a).
One of the commonly described mechanisms of inhibition of angiogenesis is decreased expression
or availability of VEGF and VEGFR2. Rg3 inhibited the protein expression of VEGF in human
hepatocellular (HepG2) [38], esophageal (Eca-109) and renal cell carcinoma (786-0) cell lines [39],
decreased VEGF-A and -C in anaplastic thyroid and papillary thyroid cancer cell lines [40] and
decreased transcripts of VEGF-A, -B and -C in a mouse model of breast cancer [25]. In hypertrophic scar
fibroblasts, RRg3 inhibited the transcript and protein expression of VEGF [41]. Likewise, a decreased
expression of VEGFR2 was shown in EPCs [17]. Many in vivo studies also showed a decreased
expression of VEGF and VEGFR2 (Table 2). The mechanisms involved in such decreased expression
of these factors could be explained by the inhibitory action of Rg3 on the expression of hypoxia
inducible factor-1 (HIF-1«x), cyclooxygenase-2 (COX-2) and nuclear factor-«B (NF-kB) [39]. The VEGF
promoter has a hypoxia-responsive element which upon binding to HIF-1«, activates the expression
of VEGF [42]. Hypoxia also regulates the expression of COX-2, the expression of which correlates
with VEGF [43]. NF-«B is a regulator of various cellular processes that lead to tumorigenesis and
metastasis. Angiogenesis is one of these processes. P65 is one of the important members of NF-«B
family, the expression of which was inhibited by Rg3 [39].

At least four major downstream intracellular signaling pathways are involved in VEGFR2
activation (reviewed in [44]). The major pathway is the activation of phospholipase Cy, which
can activate a number of downstream signaling molecules and pathways including protein kinase
C/Raf/MEK/ERK [45,46]. Activation of this pathway leads to cell proliferation, survival and migration.
Another pathway is PI3K/Akt/mTOR pathway which is involved in cell survival and regulation of
migration [47]. The third signaling pathway includes SRC and small GTPases that are involved in cell
polarization, shape and migration [48]. A fourth signaling pathway involves molecules downstream of
VEGFR? activation: stress kinases such as STATs, G protein-coupled receptor-dependent signaling and
p38 MAPK [44]. The specific action of Rg3 on some of the pathways has been elucidated (Figure 2);
some of the explored signaling pathways which play roles in angiogenesis are described below.
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Figure 2. Signaling molecules and pathways that are affected by Rg3 in an endothelial cell. (a)
VEGF-VEGFR2 interaction and inhibition of the related signaling pathways and molecules, (b)
decreased expression of TGF-B1 and the related signaling molecules, (c) blocking the water transport
function of AQP1 and decreased expression of AQP1. Red arrows | and T show the effect of Rg3 on
decreased and increased expression of molecules, respectively.

Table 2. Antiangiogenic properties of Rg3 studied in different cancer models.

Rg3, Dose and

Cancer ﬁug\all Route of Othe;tl‘iriugs m Results Ref
0d€l Administration y
Low dose :
I L MVD ? and VEGF expression
BalBle  mpikefday aapeaialine, (especially in the combination [49]
mouse p-o. 200 mg/kg/day, i)
p.o. group,
Breast Recombinant | VEGF-A, -B, -C (especially in
the combination group), proteins
rI:‘Jde 5mg/kg qad, n}Ziumtzrt‘in involved in autophagy pathway,  [50]
ouse L S mTOR, PI3K, Akt, JNK and
10mp/kg, gad. Beclin-1
Nude . . I MVD and VEGF expression
fiibtie ip. Cyclophosphamide (eapaBtHELAH) [51]
Ovary
Nude 3 3{3’ 1 agc} | number of vessels oriented 52]
mouse 8/kg/ - ror toward the tumor mass &
20 days, i.p.
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Table 2. Cont.
s Rg3, Dose and 5
Cancer ﬁuanall Route of Othe; tll::;l-lgs m Results Ref
04€ " Administration y
Rg3 (10 mg/kg/d) + gestrinone
significantly decreased
the expression of VEGF, VEGFR2,
Uterus Rats 4 ofr 12{“ dg/kg/d Gestrinone p-Akt and p-mTOR, suggesting [53]
5 ays Rg3 blocks the effect of VEGFR2
via PI3K/Akt/mTOR signaling
pathway
Inhibited the expression of
Nude 25 mg/kgd fo.r angiogenesis-related genes, MVD
12 days, gastric [54]
Colorectal mouse 2 and decreased neo-vessel
perfusion P 3
cancer ormation
Nude 10 mg/kg/d for Rédlothelr(zlipyz T effects of radiation on 55
mouse 30 days, p.o. i the expression of CD31 531
! Gy) for 2 weeks
. Nude 10 mg/kg/d, .
Thyroid S tragaBHic 1 CD31 in the tumors [40]
2?0:_“1%]( Cig:d:y Gemcitabine, | VEGF expression, MVD and
Mouse ( ast'ricy ! 10 mg/kg, i.p. signals of blood flow and peak [56]
B0 every 3rd day systolic velocity of the tumor
perfusion)
Long 600 pg/kg/day | arterial and capillary density,
Mouse (p.o.) for 23 decreased number of [17]
days CD34+/VEGFR2+ EPCs
erasttsar 1 mg/kg | tumor volume and MVD [57]
1.5 mg/kg every
C57BL/6 other day for 20 1 MVD [58]
mouse days (i.v.)
Melanoma
0.3,1.0 or
CS7BL/6 30mgkgRg3  S-Fluorouracil, ¥ "esffl ““l’i'f‘bers.' MV?J and IVEGF .
mouse (i.p.) for 10 20 mg/kg and proliferating cell nuclear [59]
days antigen (PCNA)
A
rabbit
model . b 1 CD31 and VEGF and 7 Bcl-2 and
of liver 6img/kg (Lv) TAE caspase-3 281
VX2
Liver carcinoma
Buffalo 1 MVD, CD31 expression, VEGF
St 1 mg/kg (i.p.) TAE® overexpression, and VEGFR2 [60]
expression and phosphorylation
C57BL/6 10 mg/kg for 10 LMVD 61]
mouse days
e.
LDT® Uneated: S0%
5 mg/kg/d for 8 o 62
10 mg/kg/d for days Rge: b
Glioma Rat d MDT: 64% [23]
8 days (p.o.) MDT i
30 dfor3 LDT: 51%
mgg;gls or LDT + Rg3: 15%.
o4 1MVD

2 MVD: microvessel density. ® TAE: transcatheter arterial embolization. ¢ LDT: low-dose temozolomide. ¢ MDT:
maximum-tolerated dose temozolomide. ¢ rCBV: relative cerebral blood volume.
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4.2. Signaling Pathways Leading to Activation of eNOS

eNOS is one of the important mediators of angiogenesis (Figure 2a) [62]. It was shown that
VEGF-induced activation of phosphatidylinositol 3-kinase (PI3K) activates eNOS by phosphorylation
at Ser1177 [63]. Akt is one of the major kinases downstream of PI3K, which is activated following
VEGEF stimulation and plays a role in cell survival [64]. Activated Akt also directly signals activation
of eNOS (Figure 2a) [65]. It was shown that Rg3 (300 ng/mL) decreased VEGF-dependent Akt/eNOS
signaling in EPCs [18]. The effect of ginsenosides [66] and Rg3 [67] on NO production was shown
previously. Controversies on the effect of Rg3 on eNOS and NO production exist: at 10 ug/mL, increased
NO production was reported to be independent of eNOS in canine carporal smooth muscle [67],
however in human ECV 304 endothelial cells, the same concentration of Rg3 increased expression
and phosphorylation of eNOS via estrogen receptor (ER)-mediated activation of phosphatidylinositol
3-kinase (PI3-kinase) [21]. Involvement of eNOS for production of NO in the Rg3-treated cells might
be a tissue- and species-dependent factor. What is controversial here is whether Rg3 increases or
decreases the activation of eNOS in endothelial cells. It seems that at 300 ng/mL, the activity of
eNOS was decreased [18] while at 10 ug/mL, this activity was increased [21]. Once again it seems
that the effect of Rg3 is dependent on the range of concentration. At nM ranges, the activity of
eNOS was decreased and at uM ranges, the activity increased. Another regulator of this pathway
is a tumor suppressor, phosphatase and tensin homolog deleted on chromosome 10 (PTEN). PTEN
is an inhibitor of the PI3K/Akt pathway. In a mouse model of hepatocarcinoma, the mice receiving
5 mg/kg SRg3 showed a non-significant increase in PTEN and decrease in pAkt, as evidenced by
immunohistochemistry staining of the tumors. These changes were potentiated and statistically
significant when SRg3 was co-administered with sorafenib [68].

The other pathway for the activation of eNOS is via the ER-mediated activation of PI3K/Akt in
endothelial cells (Figure 2a) [69] and Rg3 at 10 ug/mL activates this pathway [21]. It is not yet examined
whether Rg3 has a similar pattern of response at other ranges of concentration. It is noteworthy that
the promoter region of VEGF gene has an estrogen response element (ERE) [70] and the expression of
VEGF is affected by both ER- and - [71]. Rg3 has a steroid backbone and could be a potential ligand
for ER.

The mitogen-activated protein kinase (MAPK) pathway is also another regulator of eNOS
(Figure 2a). Activation of MAPK signaling pathway is dependent on the extracellular stimuli and leads
to cell stress response, cell proliferation, apoptosis, motility and differentiation. The MAPK family has
four subgroups; the p38 group of protein kinases, cjun N-terminal or stress-activated protein kinases
(JNK/SAPK), extracellular signal-regulated kinases (ERKs) and ERK/big MAP kinase 1 (BMK1) [72]. It
was shown that at 10 ug/mL, Rg3 increased the activities of c-Jun N-terminal kinase (JNK), and p38
MAPK. JNK is responsible for a number of cell functions including angiogenesis. It is responsible
for a sustained phosphorylation and activation of VEGFR2 following interaction with VEGF [73] and
plays a role in the phosphorylation (Ser1177) and activation of eNOS [74]. Likewise, p38 MAPK is
activated by VEGFR2 and is necessary to mediate the shear stress-induced angiogenesis [75]. It also
binds to and activates eNOS [76].

The other activator of eNOS is AMP-activated protein kinase (AMPK) (Figure 2a), which is a stress
activated kinase. Cellular stresses such as hypoxia activate AMPK [77] followed by phosphorylation
(Ser1177) and activation of eNOS [78]. Upstream of AMPK is calmodulin-dependent protein kinase II
(CaMK-II). Following exposure of ECV 304 cells with 10 pg/mL Rg3, CaMK-II was phosphorylated
and activated leading to activation of AMPK [21]. However, it is not yet clear if Rg3 has a similar
mechanism at nM or higher uM concentrations.

4.3. Role of Mammalian Target of Rapamycin (TOR), Angiogenesis and Autophagy

mTOR plays crucial roles in cell growth and metabolism including lipid and protein synthesis,
autophagy, mitochondrial metabolism and biogenesis, and angiogenesis. It is one of the conserved
proteins belonging to the PI3K related kinase family sand downstream of activation of PI3K/Akt
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(Figure 2a) [79]. Activation of PI3K/Akt, both in a hypoxia-dependent and -independent manners,
increases the expression of VEGF and regulated the expression of NO and other angiogenic factors.
Hence, inhibitors of PI3K/Akt/mTOR pathway inhibit angiogenesis (reviewed in [80]). Cao et al. (2017)
studied a rat model of endometriosis that received 10 mg/kg/day Rg3 for 21 days, resulting in blocking
the VEGFR2-mediated PI3K/Akt/mTOR signaling pathway. This was evidenced by decreased protein
expression of VEGF, phosphorylated Akt and phosphorylated mTOR and transcript expression of VEGF,
Aktand mTOR [53]. In mice bearing breast tumors, subcutaneous Rg3 (5 mg/kg) alone or in combination
with Endostar, a modified recombinant human endostatin, decreased the transcript expression of
mTOR, PI3K, Akt [50], a pathway that not only is involved in the regulation of angiogenesis, but
also modulates autophagy. This study also showed a decreased transcript expression JNK and of
Beclin-1 [50]. JNK/Beclin-1 is a crucial pathway mediating autophagic cell death.

4.4. Signal Transducer and Activator of Transcription 3 (STAT3)

STATS3 is one of the important members of the STAT family which plays an important role in
angiogenesis, being an activator for the transcription of VEGF [81]. Rg3 inhibited the hypoxia-induced
phosphorylation of STAT3, ERK1/2 and JNK in esophageal and renal cell carcinoma lines [39].

4.5. TGF-p1

TGF-B1 is a member of TGF-f superfamily of cytokines. Downstream to the activation of
TGE-p receptors, activation of Smads and Smad-interacting transcription factors play roles in cellular
responses. Besides Smads, ERK is also activated as a part of non-Smad signaling of TGF-3 receptors
(Figure 2b).

Development of keloid, a hyper-proliferation in a healing wound, requires angiogenesis. Studies
in keloid samples showed that Rg3 inhibited the expression of TGF-$1, VEGF and plasminogen
activator inhibitor-1 (PAI-1). Smad?, a negative feedback regulator in the TGF-B1/Smad pathway, was
increased and the expression levels of p-Smad2 and p-Smad3, which are enhanced by TGF-1, were
markedly decreased, p-ERK1/2 expression was decreased and the protein expression levels of total
Smad2/3 and total ERK1/2 remained almost unchanged [82]. In hypertrophic scar fibroblasts RRg3
inhibited the transcript and protein expression of TGF-f31, protein levels of phosphorylated Smad2
and Smad3 and ERK1/2 and transcripts of VEGFR and platelet-derived growth factor and increased
the protein level of Smad7 [41].

4.6. Aquaporin 1 (AQP1)

AQP1 is one of the members of water channel family of AQP proteins. It exists as a homotetramer,
with every monomer responsible for the transport of water and the central channel between the four
monomers responsible for the transport of ion and gases. The role of AQP1 in angiogenesis has
already been discussed in the literature (reviewed in [11,83]). AQP1 plays key roles in the migration of
cells, contributing to several steps including polarization, protrusion, cell adhesion to extracellular
matrix (ECM), degradation of extracellular matrix and cell retraction (reviewed in [84]). Signaling
of AQP1 in complex with other proteins such as focal adhesion kinase (FAK), -catenin, Lin-7 and
E-cadherin, facilitates the migration of cells (Figure 2c). Lin-7 is one of the proteins that accumulate at
cadherin-catenin junctions [85]. The lin-7/B-catenin complex is also in interaction with AQP1 playing
a role in the effects mediated by AQP1. Lin-7 is one of the scaffolding proteins, with the major role
of assembling components of a functional complex of receptors, channels, signaling and adhesion
molecules [86]. Moreover, at focal adhesion sites, integrins link the extracellular matrix and the actin
cytoskeleton. FAK is another scaffolding protein functioning at these sites and regulating the interaction
of proteins. It was shown that there is a functional cross talk between AQP1 and FAK. AQP1 regulates
the expression of FAK and FAK colocalizes with AQP1 [87]. AQP1 also regulates the expression of
[-catenin [87] and was also shown to be related to the expression of MMP-2 and -9 [88]. AQP1 also
plays a role in regulating cell proliferation via regulating the expression of key cell cycle proteins
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such as cyclin D1 and E1 [89] and transport of oxygen reactive species (ROS), hydrogen peroxide
(H203) [90], the signaling of which plays a role in proliferation, migration and angiogenesis [91]. In
addition, increased mitochondrial ROS enhances necroptotic signaling [92] and AQP1, via effluxing
ROS to the extracellular space, can potentially inhibit ROS-induced necroptosis thereby increasing
cell survival.

AQP1 plays a fundamental role in the proliferation and migration of endothelial cells during
angiogenesis; it is abundantly expressed in tumor microvessels and in endothelial cells in culture [83].
AQP1 has been identified as a promoter of angiogenesis [93], disruption of which impairs
angiogenesis [94]. The promoter of Agp1 has a hypoxia response element, and following hypoxia, not
only the transcription of VEGF but also AQP1 was increased [95]. This is in agreement with AQP1 as an
anti-angiogenesis target. We have shown that blockers of the AQP1 water channel such as AqB013 [96],
AqBO050 [97] and bacopaside II [98] inhibit tube formation in endothelial cells. We have also shown
that SRg3 stereoselectively inhibited AQP1-mediated transport of water [12]. Decreased expression of
AQP1 with Rg3 treatment was also shown in a prostate cancer cell line [99]. This opens new windows
for further investigations of the role of AQP1 as a target of Rg3 in inhibiting angiogenesis.

4.7. MicroRNAs (miRs)

One of the anti-angiogenic mechanisms suggested for Rg3 is via miR regulation of angiogenic
pathways (Figure 2a). Keung et al. [19] screened human miR and found that in RRg3-treated
HUVECs, nine miRs were differentially expressed. Based on microarray data, both hsa-miR-520h and
hsa-miR-487b were increased >10 fold and hsa-miR-219, hsa-miR-342, hsa-miR-524-5p, and hsa-miR
-197 were increased 2-7 fold. Additionally, hsa-miR-23a, hsa-miR-489, and hsa-miR-377 were down
regulated (4 to 35 fold). In validation studies they showed a 3-fold increase in the transcripts of
hsa-miR-520h in RRg3-treated cells and suggested EphB2 and EphB4 as target genes for hsa-miR-540h.
EphB2 and EphB4 are two proteins of the Eph family, the largest RTK family, which upon activation
mediate critical steps in cancer cell migration and angiogenesis. This study also showed that
overexpression of hsa-miR-520h inhibited the proliferation and tube-forming capacity of HUVECs by 18
and 35%, respectively. Injection of hsa-miR-520h into the zebra-fish embryos showed that hsa-miR-520h
significantly inhibited the neovessel formation. Knock-down of hsa-miR-520h expression significantly
reduced the endogenous hsa-miR-520h level in HUVECs, their proliferation and tube-forming
capacity [19]. Overall, this study showed that RRg3, potentially, via targeting hsa-miR-520h, suppressed
the expression of EphB2 and EphB4 and inhibited angiogenesis.

4.8. CD31 and CD34

Cluster of differentiation (CD) 31 and CD34 are two of the surface molecules that have been
studied as a marker of angiogenesis in many studies. These proteins are involved in angiogenesis
and migration of endothelial cells. Rg3 decreased expression of CD34 in EPCs [18] and decreased
expression of CD31 and CD34 in cultured patient keloid samples, by 50 and 65%, respectively [82].
Several animal studies have also demonstrated decreases in CD31 expression in tumors following
treatment with Rg3 (Table 2).

5. Pharmacokinetic Aspects of Administering Rg3

In various in vivo models of cancer, Rg3 has been administered alone or in combination with other
treatments to study the anti-angiogenic properties of this potential drug. Table 2 summarizes these
studies” doses and routes of administration and the major anti-angiogenic outcomes of the studies.
These studies used doses up to 20 mg/kg and the drug was administered either p.o., i.v., intraperitoneally
(i.p.) or subcutaneously (s.c.).

Depending on the structure of any drug candidate, route of drug administration might have
a major role in the disposition of a drug. Among the four determinants of pharmacokinetics,
absorption, distribution, metabolism and elimination, the most important determinant to consider
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for administration of Rg3 seems to be metabolism. From this perspective Rg3 might not be the best
candidate for oral administration. It is rapidly metabolized in the gastrointestinal tract (GIT), going
through partial or complete hydrolysis in the stomach and losing the sugar moieties by the GIT
anaerobic microflora, leaving de-glycosylated active anti-cancer metabolites such as ginsenoside Rh2
and protopanaxadiol (PPD) [100-102]. Rg3 is also a substrate for cytochrome P450 members, which
are abundant in the liver and GIT and also found in other organs including skin, blood, lungs and
kidneys. This means that Rg3 is a potential substrate for metabolism in any of these organs [11]. Oral
administration could facilitate Rg3 metabolism. However, there are controversies in the literature in
terms of the concentration of Rg3 detected in the blood following oral administration. Plasma detection
of Rg3 after oral administration of 10 mg/kg in Sprague-Dawley rats lasted for 12 h [103] and after
50 [104] and 100 mg/kg [105] was not detectable. The absolute bioavailability of Rg3 was calculated
to be 2.63% [103]. In addition, Rg3 has a relatively high lipophilicity (estimated log P 4) (PubChem)
and a low water solubility at pH 7.4 (estimated log S —4.04) (ChemAxon). These, together with the 8
H-bond donors and 13 oxygens in the structure of Rg3, make it a molecule with low permeability and
low bioavailability. This also shows that Rg3 is a violation of Lipinski’s “rule of five” which makes it
an inappropriate candidate for oral administration [106].

The i.p. administration bypasses the GIT metabolism, but the drug will still be exposed to the liver
metabolizing enzymes before distribution in the body. Hence, i.v. and s.c. might result in more
delayed metabolism and potentially a more durable action of Rg3 itself compared to the other routes
of administration. However, even with a single i.v. administration, Rg3 metabolites, ginsenoside-Rh2
and protopanaxadiol, were almost instantly detected in the blood [100]. We already know that these
molecules have anti-tumor and anti-angiogenic properties [107-109]. This raises the question, are
the anti-angiogenic effects of Rg3 in vivo due to Rg3, its metabolites, or a combination of all? In that
case, Rg3 is potentially not only a drug but also a prodrug.

Half-life of Rg3 following i.v. administration was studied in Sprague-Dawley rats. With 10 mg/kg,
Rg3 showed a two-compartment pharmacokinetic model with half-lives of about 12 min and 2 h [103].
With 5 mg/kg, the half-life was reported to be about 14-18.5 min [104,105]. This shows that Rg3 has
a generally short half-life in rats. Furthermore, the highest reported Ciax in human study is about
400 ng/mL [110]. This is a very low concentration, equal to almost 5 x 1077 nM. At this concentration,
in vitro assays fail to show any efficacy of Rg3, and therefore it is possible to conclude that the efficacy
of Rg3 is due to a combination of Rg3 and metabolites. This queries the sufficiency of the dosing
schedule in many of the animal studies (Table 2). Administration of a single dose per day or even
one dose per 3 days seems to be effective, but would they be as effective as administering 3—4 doses
per day?

6. Safety of Rg3

Regardless of the route of administration, Rg3 seems to be a safe drug. Acute toxicity
testing of 800 and 1600 mg/kg of SRg3 (p.o.) to Sprague-Dawley rats and Kunming mice,
respectively, showed no mortality or toxicity [111]. Repeated oral administration of 20, 60 and
180 mg/kg SRg3 to Sprague-Dawley rats for 26 weeks showed no sign or symptoms of toxicity, with
a no-observed-adverse-effect level (NOAEL) of 180 mg/kg [111]. Another toxicity study with 7, 20,
or 60 mg/kg SRg3 (p.o.) was performed on Beagle dogs for 26 weeks and showed that SRg3 was
safe. The only adverse finding was the increased but reversible kidney weight in dogs that received
60 mg/kg SRg3. The NOAEL in this study was found to be 20 mg/kg [112], the human equivalent
dose of which is approximately 11 mg/kg. In healthy humans receiving intramuscular injections of
10-60 mg/kg SRg3 as a single dose or 30 mg/kg once every two days for 15 days the drug was well
tolerated with no detectable sign or symptoms of toxicity [110]. Furthermore, some clinical trials on
non-small cell lung carcinoma [113,114] and advanced hepatocellular carcinoma [115] have used Rg3
as orally administered anti-angiogenic agent, up to 50 mg/day with no reported toxicity [113-115].
Therefore, Rg3 at these doses appears to be safe and well tolerated.
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7. Conclusions

From the literature, Rg3 has been shown to inhibit the proliferation and survival of endothelial
cells and the expression of various factors involved in angiogenesis. The key driver of this process
is the interaction between VEGF and VEGFR2. As discussed in this review paper, several in vitro
and in vivo studies showed that Rg3 decreased the expression of these two molecules, and it could
be postulated that this is the major mechanism of anti-angiogenic effect of Rg3. In addition, several
other mechanisms are suggested including decreased expression of b-FGF, TGF-$1, AQP1, JNK,
Beclin-1, MMP-2, MMP-9 and Bcl-2. Rg3 also decreased the activation of various signaling pathways
leading to activation of eNOS, including VEGF-induced Akt/eNOS, ER/PI3K/eNOS or AMPK/eNOS
and decreased activation of PI3K/Akt/mTOR pathway, STAT3, ERK1/2 and JNK. It also decreased
hsa-miR-520h-mediated expression of EphB2 and EphB4. With a few exceptions, studies describe
this anti-angiogenic effect at UM range. Yet, some studies show Rg3 is effective at nM range too.
This raises the question whether Rg3 has a biphasic or tri-phasic dose-response curve. In either case,
higher efficacy of Rg3 in nM range is impressive, considering the low bioavailability following oral
administration and high metabolism rate. It seems that administering the drug at uM doses leaves
only nM concentrations in the blood, which is sufficient to exert the anti-cancer effects. Whether
the metabolites of Rg3 also follow the same pattern is an unanswered question.

Considering the high rate of metabolism of Rg3, which leaves low levels of Rg3 in the blood,
a dose-dependent anti-angiogenic effect at nM scale explains the observed in vivo anti-angiogenic
effects, which could especially be potentiated by other metabolites of Rg3. Despite various in vivo
reports supporting the anti-angiogenic action of Rg3, it should be taken into consideration that Rg3 is
potentially a drug and a prodrug, which upon metabolism with active metabolites, ginsenoside Rh2
and PPD, could also contribute to the effects observed for Rg3. Therefore, the in vivo effects observed
from this drug candidate could be attributed to a combination of Rg3 and its metabolites.

The final important issue is that Rg3 has two epimers with stereoselective activities, efficacies
and pharmacokinetic profiles [100]. These epimers should be considered as two separate drugs;
hence, the term Rg3 is vague and might not reflect the true nature and pharmacokinetic profile of
the administered drug.
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ABSTRACT

Breast cancer (BC) is still the most common cancer among women worldwide. Amongst the
subtypes of BC, triple negative breast cancer (TNBC) is characterized by deficient expression
of estrogen, progesterone, and human epidermal growth factor receptor 2 receptors. These
patients are therefore not given the option of targeted therapy and have worse prognosis as
aresult. Consequently, much research has been devoted to identifying specific molecular
targets that can be utilized for targeted cancer therapy, thereby limiting the progression and
metastasis of this invasive tumor, and improving patient outcomes. In this review, we have
focused on the molecular targets in TNBC, categorizing these into targets within the immune
system such as immune checkpoint modulators, intra-nuclear targets, intracellular targets,
and cell surface targets. The aim of this review is to introduce and summarize the known
targets and drugs under investigation in phase II or III clinical trials, while introducing
additional possible targets for future drug development. This review brings a tangible benefit
to cancer researchers who seek a comprehensive comparison of TNBC treatment options.

Keywords: Clinical trial; Drug therapy; Triple negative breast neoplasms

INTRODUCTION

Triple negative breast cancer (TNBC) is one subtype of breast cancer (BC) which is defined as
a group of BCs lacking the expression of 3 major receptors involved in BC; estrogen receptor
(ER), progesterone receptor (PR), and overexpression of human epidermal growth factor
receptor 2 (HER2). The overall incidence of TNBC is approximately 15%-20%, with higher
rates seen in young women and African-Americans [1]. Compared to other types of BC,
patients with TNBC will experience poorer overall survival (OS), and a higher probability of
cancer recurrence.

TNBC is a heterogeneous disease which is subcategorized into various subtypes. Lehmann
etal. [2] described a classification for TNBC subtypes, based on the microarray data on
587 TNBC cases. He introduced 2 basal-like (BL) subtypes. BL1 subtype showed high
expression of cell cycle and DNA damage response genes and BL2 subtype showed high
expression of genes involved in growth factor signaling, nerve growth factor, hepatocyte
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growth factor receptor, insulin like growth factor 1 receptor pathways, glycolysis and
gluconeogenesis, and myoepithelial markers (TP63 and MME). The immunomodulatory
subtype was enriched for immune cell processes and immune signaling. The mesenchymal
stem-like subtype was characterized by a high expression of genes involved in motility,
extracellular matrix, epithelial-to-mesenchymal transition (EMT), and cell differentiation
pathways with a lower expression of genes involved in proliferation. The luminal androgen
receptor (LAR) subtype is associated with a higher expression of genes responsible for
steroid synthesis and androgen/estrogen metabolism. In 2015, Burstein et al. [3] performed
RNA and DNA profiling analysis on 198 TNBC tumors and defined a category consisting of
4 TNBC subtypes; BL immunosuppressed, BL immune-activated, LAR and mesenchymal.
Regardless of the disease subtype and since TNBC does not express/overexpress ER, PR

or HER2, systemic chemotherapy, rather than targeted therapy, has long been the major
treatment option for these patients. Complications associated with single or combination
chemotherapy regimens, and limitations in efficacy, has made oncologists and cancer
researchers more interested in developing and administering targeted therapies to these
patients. In recent years, along with the high efficacy of cancer inmunotherapy in metastatic
and advanced tumors such as lung and melanoma, some researchers have focused their
efforts on the classification of TNBC based on immune markers. For example, Jézéquel et al.
[4] performed microarray profiling on 107 TNBC patients and described 3 TNBC subtypes:
BL with low immune response and high M2-like macrophages, basal-enriched with high
immune response and low M2-like macrophages, and LAR. These subtypes have incidence
rates of 45%, 33%, and 22%, respectively. Highlighting the importance of immunotherapy
today, drugs developed in this area have been included in clinical trials. This review paper
highlights the molecular targets in TNBC, with an emphasis on well-known targets with
available drugs, therapies which are mostly in phase II and III clinical trials, and discussing
plausible targets for future drug development. The authors hope to give a thorough update
on the basic and clinical outcomes and on the current status of clinical drug testing.

IMMUNE CHECKPOINT MODULATORS

Programmed cell death protein 1 (PD-1) and its ligand

PD-1 is a surface receptor expressed by T cells, and when engaged with its ligand has an
immunosuppressive role. Therefore, PD-1 inhibitors inhibit the activation of this receptor,
thereby improving immune function and allowing cancer cells to come under attack.

PD-1 has 2 ligands, PD-L1 and PD-L2 (Figure 1). Reports have suggested that 40.9% of
TNBC patients express PD-L1 [5]. PD-L1 is associated with increased tumor infiltrating
lymphocytes (TILs) [6]. This suggests that anti-PD-1 or anti-PD-L1 agents are efficacious in
these patients. Registered PD-1 and PD-L1 clinical trials are listed in Table 1. Anti-PD-1 drugs
include pembrolizumab, nivolumab, toripalimab, spartalizumab, camrelizumab, FAZ053,
and PF-06936308. Most studies of these drugs are in phase I clinical trials. Currently, 48

and 19 clinical trials are registered to use pembrolizumab and nivolumab, respectively, as

a potential intervention in TNBC patients. Pembrolizumab is widely used in other cancers
with a favorable safety profile. Pembrolizumab, as a monotherapy, was studied in a phase II
clinical trial, in 170 metastatic TNBC (mTNBC) patients, 61.8% of which were PD-L1-positive.
The objective response rate (ORR) in the whole population and in the PD-L1+ population

in this study was 5.3% (95% confidence interval [CI], 2.7-9.9) and 5.7% (95% CI, 2.4-12.2).
Likewise, the disease control rate in these 2 groups was 7.6% (95% CI, 4.4-12.7) and 9.5%
(95% CI, 5.1-16.8), respectively. The median progression-free survival (PFS) and median OS
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Figure 1. Major druggable targets expressed as proteins or glycoproteins and functioning as receptors, ligands,
channels, mitotic protein kinases or nuclear receptors.

TIM-3 =T cell immunoglobulin and mucin-domain containing-3; PD-1 = programmed cell death protein 1;

PD-L1 = programmed death-ligand 1; Hh = hedgehog; VEGFR2 = vascular endothelial growth factor receptor 2;
FGFR = fibroblast growth factor receptor; EGFR = epidermal growth factor receptor; GPNMB = glycoprotein
non-metastatic B; Trop-2 = trophoblast antigen 2; AR = androgen receptor; CSFIR = colony stimulating factor 1
receptor; FZD = frizzled.

in this study was 2 months (95% CI, 1.9-2.0) and 9 months (95% CI, 7.6-11.2), respectively.
While the ORR was low, for patients who responded to treatment, disease control was
durable [7].

Anti-PD-L1 drugs include atezolizumab, durvalumab, avelumab, and M7824. Atezolizumab

is a promising anti-PD-L1 agent, especially in combination with taxane in the treatment

of PD-L1 positive mTNBC [5]. Nabpaclitaxel in combination with atezolizumab or placebo

in 902 mTNBC patients caused a statistically significant increase in the median PFS in the
group receiving atezolizumab (7.2 vs. 5.5 months). In PD-L1+ tumors, the median OS of those
receiving atezolizumab and nabpaclitaxel was 25 months, compared with 15.5 months for
nabpaclitaxel alone. The results of these studies suggest that anti-PD-1 and anti-PD-L1 drugs
may be promising therapies for these patients.

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4)

CTLA-4 is another immune checkpoint protein which is expressed on activated T cells
(Figure 1). CTLA-4 competes with its homologous molecule, CD28 for binding to CD80 and
CD86 on antigen presenting cells. CLTA-4 has a higher affinity for CD80 and CD86, and
unlike CD28, CLTA-4 transmits inhibitory signals to the T cell. CTLA-4 is also expressed
on regulatory T cells (Tregs) mediating immunosuppressive responses. Therefore,
inhibition of CTLA-4 is thought to induce proliferation of T cells leading to a boost of
immune responses in the body [8]. Ipilimumab is an anti-CTLA-4 monoclonal antibody
and a checkpoint blocker, currently undergoing clinical trial testing in combination

with nivolumab (NCT03546686, NCT01928394) or nivolumab and INCAGNO01876 (anti-
human glucocorticoid-induced tumor necrosis factor [TNF] receptor) (NCT03126110,
NCTO03241173). Likewise, tremelimumab, a fully human anti-CTLA-4 monoclonal antibody,
is under clinical investigations in combination with PF-06936308 (NCT03674827), nab-
paclitaxel and carboplatin (NCT02658214), and durvalumab (NCT02527434).
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Table 1. Inhibitors of PD-1 and PD-L1in phase Il and Il clinical trials

Inhibitor Other treatments in the study Status Identifier
Pembrolizumab™ Bemcentinib Phase Il, R NCT03184558
None Phase I, R NCT02411656
Anastrozole, doxorubicin, exemestane, letrozole Phase I, R NCT02648477
Valacyclovir, ADV/HSV-tk, radiation Phase Il, R NCT03004183
Tavokinogene telseplasmid Phase Il, R NCT03567720
Nab-paclitaxel, epirubicin, cyclophosphamide Phase I, R NCT03289819
Carboplatin, gemcitabine Phase Il, R NCT02755272
None Phase I, R NCT03145961
Doxorubicin, cyclophosphamide, paclitaxel, carboplatin, decitabine Phase I, R NCT02957968
Carboplatin, docetaxel, pegfilgrastim Phase Il, R NCT03639948
Enobosarm Phase I, R NCT02971761
Carboplatin, nab-paclitaxel Phase I, R NCT03121352
Radiation therapy Phase Ill, R NCT02954874
None Phase Il, ANR NCT02447003
Capecitabine Phase Il, ANR NCT03044730
Radiotherapy Phase Il, ANR NCT02730130
Imprime PGG Phase Il, ANR NCT02981303
Cyclophosphamide Phase Il, ANR NCT02768701
Capecitabine, eribulin, gemcitabine, vinorelbine Phase I, ANR NCT02555657
Nab-paclitaxel, paclitaxel, gemcitabine, carboplatin, normal saline solution Phase I, ANR NCT02819518
Carboplatin, paclitaxel, doxorubicin, epirubicin, cyclophosphamide, placebo, filgrastim or Phase Ill, ANR NCT03036488
pegfilgastrim
Cisplatin Phase Il, NR! NCT03644589
Lenvatinib Phase I, NR NCT03797326
Carboplatin Phaselll, S NCT03213041
(amendment)
Nivolumab* Cabozantinib Phase Il, R NCT03316586
Radiation therapy, low dose doxorubicin, cyclophosphamide, cisplatin Phase I, R NCT02499367
Ipilimumab Phase I, R NCT03546686
Capecitabine Phase I, R NCT03487666
Carboplatin Phase I, R NCT03414684
Ipilimumab, capecitabine Phase Il, NR NCT03818685
Doxorubicin Phase Il, NR NCT03815890
Toripalimab® Nab-paclitaxel, placebo Phase Ill, NR NCT03777579
Camrelizumab* Apatinib Phase I, R NCT03394287
Atezolizumab® None Phase I, R NCT02478099
Stereotactic radiosurgery Phase I, R NCT03483012
Paclitaxel, carbo/cyclo Phase I, R NCT01898117
Pegylated liposomal doxorubicin, cyclophosphamide, placebo Phase I, R NCTO03164993
Placebo, paclitaxel Phase lll, R NCT03125902
Placebo Phase Ill, R NCT03281954
Paclitaxel, dose-dense doxorubicin or dose-dense epirubicin, cyclophosphamide Phase lll, R NCT03498716
Nab-paclitaxel, placebo Phase I, ANR NCT02425891
Placebo, nab-paclitaxel, doxorubicin, cyclophosphamide, filgrastim, pegfilgrastim Phase IIl, ANR NCT03197935
AZD6738, olaparib Phase II, NR NCT03740893
Capecitabine Phase Il, NR NCT03756298
Carboplatin, paclitaxel Phase I, S NCT02883062
Durvalumab® Olaparib Phase II, R NCT03167619
Olaparib Phase I, R NCT03801369
Placebo, nab-paclitaxel, epirubicin, cyclophosphamide Phase Il, ANR NCT02685059
Tremelimumab Phase Il, ANR NCT02527434
Carboplatin, gemcitabine, nab-paclitaxel, personalized synthetic long peptide vaccine, poly ICLC Phase Il, NR NCT03606967
AZD6738, olaparib Phase Il, NR NCT03740893

Pembrolizumab, nivolumab, toripalimab and camrelizumab are anti-PD-1drugs. Atezolizumab and durvalumab are anti-PD-L1 drugs.
PD-1= programmed cell death protein 1; PD-L1 = programmed death-ligand 1; ADV/HSV-tk = adenoviral vector-mediated herpes simplex virus tyrosine kinase;
R = recruiting; ANR = active, not recruiting; NR = not recruiting; S = suspended.
“Anti-PD-1; TAnti-PD-L1.
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Lymphocyte-activation gene 3 (LAG-3)

LAG-3 (Figure 1) is another immune checkpoint receptor which, like CTLA-4 and PD-1, is

a negative regulator of the activation and proliferation of T cells and a suppressor of Tregs.
About 15% of TNBC patients are reported to co-express PD-1 and LAG-3, associated with
the presence of TILs [9]. Therefore, inhibition of both LAG-3 and PD-1 may have synergistic
antitumor immune effects. Currently, 3 clinical trials investigating anti-LAG-3 antibodies
in TNBC patients, usually in combination with an anti-PD-1 drug, are ongoing. These
include LAG525 (IMP701), an anti-LAG-3 antibody, in combination with spartalizumab in
mTNBC patients (NCT03742349); and TSR-033, another anti-LAG-3 monoclonal antibody,
alone or in combination with anti-PD-1 antibody in various solid tumors including TNBC
(NCT03250832). the third anti-LAG-3 antibody (INCAGN02385) is in phase I clinical trial in
patients with advanced malignancies, including TNBC (NCT03538028).

T cell immunoglobulin and mucin-domain containing-3 (TIM-3)

TIM-3 (Figure 1) is another cell surface receptor and immune checkpoint, which together
with PD-1 and LAG-3 exhausts CD8" T cells. TIM-3 is highly expressed in TILs and tumor
antigen-specific T cells, playing a role in tumor immunity [10]. Currently, INCAGN02390,

an anti-TIM-3 antibody, is in phase I clinical trials in some advanced malignancies, including
TNBC (NCT03652077).

Hedgehog (Hh) and neuropilin-2 (NRP-2) signaling pathway

The Hh signaling pathway is involved in the development and differentiation of embryos,
angiogenesis and regulating cell fate. Importantly, this signaling pathway is a regulator

of immune system, plays a role in TNBC progression [11] and contributes to cancer cell
stemness in TNBC [12]. In addition, NRP-2, a VEGF receptor, is expressed in tumour-
initiating cells involved in the initiation and genesis of TNBCs. In fact, activation of NRP-2
causes expression of GLI1 which induces another key stem cell factor, BMI-1. BMI-1, in an
autocrine loop, enhances the expression of NRP-2. All of these steps could potentially be
targeted to delay tumour initiation. In vitro studies report the successful use of Hh signaling
inhibitors, such as Cyclopamine and Gant61. Vismodegib (NCT02694224) and sonidegib
(NCT02027376) are 2 Hh signaling inhibitors which have been approved for use in basal-
cell carcinoma, and for clinical trials in TNBC patients by the United States Food and Drug
Administration (FDA).

TARGETS WITHIN THE NUCLEUS

Breast cancer susceptibility gene (BRCA) and platinum-based treatment
BRCAI and BRCAZ2 are genes which are responsible for repairing double stranded DNA
breaks. Mutations in these 2 genes causes DNA instability, making the cell more
susceptible to DNA interacting agents, such as platinum salts. BRCA mutation is associated
with inherited BC. More than 80% of the tumors with BRCAI mutations have TNBC
characteristics, and are more aggressive and have higher tumor grade [1]. Platinum-based
drugs are increasingly being utilized in the adjuvant and metastatic setting as well as

other standard chemotherapeutics (including microtubule inhibitors, anthracyclines and
antimetabolites). The results of a phase II clinical trial suggest that platinum monotherapy
is especially effective in patients with BRCA1/2 mutations [13]. Cisplatin in combination
with gemcitabine has a favorable safety profile [14] and could be superior to paclitaxel
plus gemcitabine, based on a phase III multicenter trial. A recent phase III clinical trial

https://doi.org/10.4048/jbc.2019.22.€39 345

53



Druggable Targets for TNBC

Journal

Breast Ca

https://ejbc.kr

comparing carboplatin with docetaxel in 376 TNBC patients showed that the ORR between
the 2 groups was not significantly different (31.4 vs. 34.0 months; p = 0.66). However, in
BRCA mutated patients, ORR with carboplatin (68%) was twice that of the docetaxel group
(33%) (p=0.01) [15]. A randomized phase II clinical trial studied the effects of adding
carboplatin and/or bevacizumab to the chemotherapy regimen (paclitaxel, doxorubicin

and cyclophosphamide) of 433 stage IT and III TNBC patients. The addition of carboplatin
resulted in blood toxicities including neutropenia and thrombocytopenia. However,
pathologic complete responses (pCRs) in breast (60% vs. 46%; p = 0.0018) and breast/axilla
(54% vs. 41%; p = 0.0029) were significantly increased with carboplatin, while bevacizumab
only increased breast pCR (59% vs. 48%; p = 0.0089) [16].

Poly-ADP ribose-polymerases (PARP)

PARP is responsible for repairing single stranded DNA breaks. PARP inhibitor (PARPi) agents
or PARP trappers inhibit the active site of the enzyme. The PARP/PARPi complex binds to

the damaged area, but without the catalytic activity necessary for PARP-dependent DNA
damage repair. The stalling PARP on the DNA can induce a double strand break. In healthy
cells with normal BRCA function, BRCA ultimately repairs this damage and the cell survives.
In cases of BRCA mutations, the double stranded breaks persist and the cell eventually dies.
Therefore, BRCA mutated patients may benefit from PARPi agents together with platinum-
based drugs. There are 5 PARPi agents in phase Il or I1I clinical trials (Table 2). The effects

of olaparib (300 mg, twice a day) were compared with standard monotherapy in 302 patients
with the BRCA mutation and HER2 negative metastatic BCs (OLYMPIAD study). Patients
treated with olaparib had a significantly longer median PFS (7.0 months) and longer response
rate (59.9%) compared to the standard therapy group (4.2 months and 28.8%) (p < 0.0001).
These patients also had a lower rate of grade 3 or higher adverse events (36.6% vs. 50.5%) and
drug discontinuation due to toxic events (4.9% vs. 7.7%) [17]. Olaparib was well-tolerated,
however, the median OS of these patients (19.3 months) was not significantly different from
the patients on standard therapy (17.1 months) (95% CI, 0.66-1.23; p = 0.513) [18]. Olaparib
is under investigation as a monotherapy and as a combination therapy with other agents

such as immunotherapy drugs, cell cycle and cell growth inhibitors. The completed trial on
the combination of olaparib and carboplatin (NCT01445418) on 28 TNBC patients showed
this combination is tolerable, with 1 complete response of more than 69 months, 19% partial
response (median of 4 months) [19]. The safety, tolerability and efficacy of olaparib (200 mg,
twice a day) plus paclitaxel was studied in another phase I clinical trial (NCT00707707) on

a total of 19 mTNBC patients. Results from that trial showed that this combination caused

Table 2. A summary of poly-ADP ribose-polymerases inhibitor drugs in clinical trials phase Il and Il

Inhibitor Other treatments in the study Status Identifier
Olaparib Durvalumib Phase ll, R NCT03801369
Durvalumib Phase ll, R NCT03167619
18F-Fluoromisonidazole, cediranib maleate Phase I, R NCT02498613
Paclitaxel, carboplatin, epirubicin, cyclophosphamide  Phase Il, R NCT02789332
Paclitaxel, carboplatin Phase Il/lll, R NCT03150576
BKM120, BYL719 Phase Il, ANR NCT01623349
None Phase Il, ANR NCT00679783
Veliparib Cyclophosphamide Phasell, C NCT01306032
Cisplatin, placebo Phase Il, R NCT02595905
Fluzoparib Apatinib Phase |, R NCT03075462
Rucaparib Cisplatin Phase II, ANR NCT01074970
Talazoparib None Phase I, R NCT02401347

R = recruiting; C = completed; ANR = active, not recruiting.
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higher-than-expected neutropenia. However, an encouraging response rate was found in
37% (7) of the patients who had a confirmed partial response, and one patient remained on
olaparib monotherapy without disease progression. The authors concluded that further dose
adjustments would be required [20].

The EMBRACA clinical trial studied the effects of talazoparib in 431 patients with advanced
BC and BRCAI/2 mutations. Two hundred and eighty-seven patients received 1 mg/day
talazoparib and 144 patients received standard therapy. Patients in the talazoparib group had
a significantly longer median PFS (8.6 months) compared to the standard therapy group (5.6
months) (p < 0.001). The talazoparib group had a higher ORR (62.2%) compared to standard
therapy (27.2%) (95% ClI, 2.9-8.8; p < 0.001) [21]. Talazoparib is currently in a phase I
clinical trial recruiting TNBC patients (Table 2).

Veliparib is another drug in this group with some completed phase I and II clinical trials. Single
agent veliparib was tested in 88 patients with and without BRCA mutations and results show
that it is well-tolerated and has anti-tumor activity against both tumor types in comparison with
other single PARPi agents [22]. A phase I clinical trial (NCT01104259) using a combination

of veliparib, cisplatin and vinorelbine tartrate in 50 BRCA mutated TNBC patients, showed

a median PFS of 5.5 months (95% CI, 4.1-6.7) [23]. In a phase III clinical trial, veliparib was
added to carboplatin in 634 patients, 316 receiving paclitaxel + carboplatin + veliparib, 160
receiving paclitaxel + carboplatin and 158 receiving carboplatin alone. The first group achieved a
higher pCR (53%) compared to the paclitaxel alone group (31%), but not compared to paclitaxel
+ carboplatin (58%). While veliparib did not add to the toxicity profile it did not provide
additional benefit beyond the benefit seen with the addition of carboplatin. Importantly, the
addition of veliparib + carboplatin to paclitaxel and then doxorubicin + cyclophosphamide
improved the pCR in TNBC patients [24]. Other PARPi agents, including niraparib, fluzoparib,
rucaparib and E7449, have fewer registered clinical trials.

Histone deacetylase (HDAC)

HDACs, important regulators of gene expression and transcription (Figure 1), are
upregulated in BC [25]. HDAC inhibitors (HDACI) have shown a various range of effects in
laboratory cancer models. Panobinostat is one of these drugs under phase I/II clinical trial
in combination with tamoxifen (NCT01194908). A previous clinical trial investigating the
effect of panobinostat in combination with letrozole showed that thrombocytopenia was the
most common adverse reaction [26]. Romidepsin is also undergoing another clinical trial
in locally recurrent or mTNBC. Entinostat was used with azacitidine in a phase II clinical
trial study. The results of this study showed that this combination was well-tolerated but
TNBC patients did not respond to the therapy [27]. Entinostat alone in combination with
atezolizumab (NCT02708680) or azacitidine (NCT01349959) are other examples of HDACi
drugs undergoing phase I clinical trials.

p53, checkpoint kinase 1 (ChK1) and ataxia telangiectasia and Rad3 related
(ATR)

The tumor suppressor gene p53is a well-known oncogene. Studies show that p53 is a nuclear
protein which is responsible for DNA repair, triggering apoptosis in cases of irreparable DNA
damage or inducing senescence, cell cycle arrest, necrosis or autophagy. Mutations in p53 are
very common in TNBC (60%-70%), and result in the loss of p53 mediated tumor-suppression
[28]. Mutated p53loses its ability to monitor the G1 checkpoint of cell cycle and as a result,
the cell relies more on ChK1 to arrest the cell. ChK1 is downstream of activated ATR, another
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coordinator of DNA repair management. The activated ATR-Chk1 pathway affects multiple
DNA damage and replication checkpoint responses. Various ATR and/or Chk1/2 inhibitors
have been designed and synthesized so far. LY2606368 is a ChK1/2 inhibitor which is being
tested in a phase II clinical trial in patients with tumors, including TNBC, aiming to see if this
therapy can help shrink tumors (NCT02203513). AZD6738 is an inhibitor of ATR currently

in phase II clinical trials to assess the safety and efficacy of olaparib (PARPi) in combination
with AZD6738 in TNBC patients (NCT03330847). This drug is also being tested in another
phase II clinical trial to compare its effects as a monotherapy to olaparib or durvalumab (anti
PD-L1) monotherapy in TNBC patients (NCT03740893).

DNA binding agents

Mithramycin or plicamycin is an antibiotic produced by Streptomyces strains. Mithramycin
adheres to DNA and inhibits RNA and protein production. Mithramycin has shown
efficacy in various cancers, and in in vitro and in vivo TNBC models. Trabectedin is another
antineoplastic alkylating agent. Early studies showed the efficacy of trabectedin in TNBC,
however, a phase II clinical trial on TNBC and HER2-overexpressing metastatic BC patients
showed no confirmed responses in mTNBC patients [29].

INTRACELLULAR TARGETS AND SIGNALING MEDIATORS

Androgen receptor (AR)

AR is a member of the steroid and nuclear receptor superfamily and a transcription factor
(Figure 1). The LAR class of TNBC expresses AR. Studies investigating the link between AR
and decreased relapse-free survival [2,28], higher mortality rate [30] or a favorable disease-
free survival [31,32] are controversial. However, this class of TNBC has become a favorable
target for anti-androgen therapy. Bicalutamide, an AR inhibitor, primarily used for metastatic
prostate cancer, was well tolerated with a 19% 6-month clinical benefit rate (CBR) (95% CI,
7%-39%) in a phase II trial study in metastatic BC patients [33]. Enzalutamide, an inhibitor
of AR nuclear localization, was well tolerated in a phase II clinical trial, resulting in a 35%
CBR at 16 weeks and a median PFS of 14% [34]. The use of seviteronel, a dual lyase-selective
CYP17 inhibitor and AR antagonist in a phase II trial in AR+TNBC patients was also well
tolerated [35], and more studies on the drug are underway. Table 3 shows a summary of the
clinical trials on AR drugs in TNBC patients.

Table 3. Phase Il and Ill clinical trials ongoing on anti-androgen drugs in triple negative breast cancer patients

Treatment Other treatments Status/key achievement Identifier
Bicalutamide  Physician's choice, bicalutamide Phase Ill, R NCT03055312
Physician's choice, bicalutamide Phase Il, U NCT02353988
None Phase Il, T (slow enrolment of patients) NCT02348281
Enzalutamide  Paclitaxel Phase IIb, R NCT02689427
None Phase II, ANR NCT01889238
None Phase II, ANR NCT02750358
Enobosarm Pembrolizumab Phase Il, R NCT02971761
None Phase I, T (lack of efficacy) NCT02368691
Seviteronel None Phase Il, C NCT02130700
CR1447 None Phase II, ANR NCT02067741
Darolutamide  Capecitabine Phase Il, R NCT03383679
Orteronel None Phase Il, R NCT01990209

R = recruiting; U = unknown; T =terminated; ANR = active, not recruiting; C = completed.
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Heat shock protein 90 (HSP90)

HSP90 is one of the most common members of HSP class of chaperones which is involved in
many important signaling pathways including those that are implicated in BC progression.
Owing to its wide range of action on important proteins, inhibition of HSP90 could be very
beneficial. The effects of known inhibitors of HSP90 is reviewed in [36]. In vitro studies have
shown that compared to BL or mesenchymal cell lines, the LAR class of TNBC cell lines

are more sensitive to the HSP90 inhibitor, 17-DMAG [2]. In the latest phase II clinical trial
on the single agent ganetespib, good tolerability and regression of lung tumor metastases
in TNBC patients was observed, yet it failed to meet the expected end point of ORR [37].
Ganetespib is no longer available and hence the other clinical trial on ganetespib was
terminated (NCT02637375). A clinical trial of onalespib in combination with talazoparib
(PARPi) was withdrawn (NCT02627430), but the organizers of this trial are recruiting for

a different clinical trial to test the combination of paclitaxel (NCT02474173) and onalespib
(NCT02898207). The future application of this group of drugs remains unclear.

Cyclin-dependent kinases (CDKs)

CDKs are tightly controlled regulators of cell cycle and transcriptional machinery. Aberrant
expression of CDKs, such as CDK4 and CDKG, is one of the characteristics of many tumors and
in TNBC. Various inhibitors of CDKs have been successfully tested in in vivo and in vitro TNBC
models with promising results. A phase I clinical trial on dinaciclib, a pan-CDK inhibitor, in
combination with epirubicine (dinaciclib 20 mg/m? in day 1 and epirubicine 75 mg/m? on day

2 ofa 3-week cycle) in 9 mTNBC patients, was closed due to toxicity issues [38]. Dinaciclib is
currently in another phase I clinical trial in combination with pembrolizumab (NCT01676753).
However, other agents in this group are in phase II clinical trials: trilaciclib, an inhibitor of
CDK4/6 (NCT02978716), ribociclib, an inhibitor of CDK6 and cyclin D1/CDK4 (NCT03090165),
PF-06873600 (NCT03519178) and abemaciclib, inhibitors of CDK2/4 (NCT03130439).

Proteins involved in apoptosis

Programmed cell death or apoptosis is a tightly controlled process. Dysregulation in
apoptosis results in uncontrolled cell proliferation in cancer. Inhibitors of apoptosis proteins
(IAPs) are endogenously produced to inhibit apoptosis. Second mitochondrial-derived
activator of caspase (SMAC) is a mitochondrial protein which binds to IAPs, facilitating
apoptosis in the cells. The SMAC mimetic LCL161 is an orally bioavailable small molecule
which is under investigation for use in TNBC patients. In a study, a TNFo-based gene
expression signature (GS) which is predictive of sensitivity to LCL161 was used and evaluated
as a clinical assay. The results of this phase II clinical trial on adding LCL161 to paclitaxel

in TNBC patients showed that patients who received the combination therapy had a higher
(38.2%) pCR compared to the control (17.2%) GS-positive group. This study also revealed an
array of adverse effects in the combination group, suggesting the importance of biomarker-
driven targeted therapy approach for these patients [39]. LCL161 in combination with
PDROO1 (anti PD-1) is currently in phase Ib clinical trials in TNBC patients (NCT02890069).

Other intracellular targets are summarized in Table 4. These include inducible nitric oxide
synthase, bromodomain and extra-terminal, cyclooxygenase-2 and mitotic protein kinases.
TNBC has a high proliferation rate. Certain protein kinases were found to be important in
the oncogenic transformation of TNBC. Important mitotic protein kinases in TNBC include
polo-like kinase, aurora, dual specificity protein kinase TTK, never in mitosis A-related
kinases and Src tyrosine kinases. These kinases generally phosphorylate either tyrosine,
serine/threonine or all these 3 amino acids, known as dual-specificity protein kinases.
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Table 4. Promising molecular targets generally at preclinical or phase | clinical trial studies

Target Importance/role in TNBC ples of drug candid:; References
Intracellular targets
iNOS Correlated with aggressiveness and poor prognosis L-NMMA [79,80]
BET Regulation of PD-1/PD-L1 axis oTX015* [81]
COX-2 Associated with TNBC and poor prognosis Indomethacin®, celecoxib®, enteric-coated aspirin* [82,83]
TGF-P signalling Plays a role in EMT and metastasis Zerumbone, silibinin, metformin [84-86]
Mitotic tyrosine kinases
PIK Overexpressed PIK1 BI-2536, BI-6727 [87]
Aurora Mutated/over-expressed ENMD-2076", MLN8237" [88,89]
TTK Overexpressed, associated with poor survival and BOS172722" [90-92]
aggressiveness of the breast tumour, poor chemotherapy
response and relapse
NIMA Over-expressed [93]
Src Active in TNBC, affecting cell migration and EMT Dasatinib* [94]
Cell surface targets
Notch and Jagged Higher expression of Notch-1 and Jag-1, associated with poor PF-03084014, Notch-1siRNA [95]
prognosis of TNBC
Aquaporin 1 Highly expressed and correlated with TNBC, poor prognosis, AqBO013, AGB0O50 [96-99]
higher tumour grade
WNT receptors Upregulated involved in WNT/B-catenin signalling LGK974* [100]
CSF-1R Overexpression is correlated with poor prognosis and more ~ MCS110* [101]
tumour invasiveness and metastasis
CSPG4 TNBC metastasis and angiogenesis Novel CFP [102]

PD-1 = programmed cell death protein 1; PD-L1 = programmed death-ligand 1; iNOS = inducible nitric oxide synthase; BET = bromodomain and extra-terminal;
COX-2 = cyclooxygenase-2; TNBC = triple negative breast cancer; TGF-f = transforming growth factor-beta; EMT = epithelial-to-mesenchymal transition; PIK =
polo-like kinase; TTK = dual specificity protein kinase; NIMA = never in mitosis A-related kinases; CSPG4 = chondroitin sulfate proteoglycan 4; CFP = cytolytic
fusion protein; CSFIR = colony stimulating factor 1 receptor.

“The drugs at clinical trial are marked with asterisk.

Phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathway

PI3K is a signal transducer downstream of activated receptor tyrosine kinases (RTKs). The
signaling pathway of PI3K is in association with AKT and mTOR, known as the PI3K/AKT/
mTOR pathway (Figure 2). This pathway is activated in 10%-21% of TNBCs [40] and plays
arole in cell cycle regulation, cell proliferation and quiescence. Activated mTOR is also
implicated in the regulation of cell metabolism and migration. Inhibition of this pathway
is achieved by inhibitors of PI3K, AKT or mTOR. Inhibitors of PI3K including CUDC-907,
AZD8186, taselisib, BKM120, BYL719, BEZ235, GDC-0941, PQR309 and gedatolisib are in
phase I clinical trials for TNBC. Likewise, most of the AKT inhibitors including AZD5363,
ONC201, ARQ 092, ritonavir and GSK2141795 are also in phase I or II clinical trials.

The phase II clinical trial on MK2206 was terminated due to toxicity and no significant
decline in pAKT [41]. Ipatasertib in combination with paclitaxel increased the PFS (by

1.3 months, p=0.037) in a phase II clinical trial [42] and is currently in 2 other phase II
(NCT03337724) and II/IIT (NCT02162719) clinical trials in combination with paclitaxel.
ONC201, an AKT/ERK inhibitor, is in a phase II clinical trial in a methionine-restricted diet
(NCT03733119).

Inhibitors of mTOR are an important class of inhibitors in this pathway. Everolimus is an
mTOR inhibitor which, in combination with carboplatin in mTNBC patients in a phase II
clinical trial, showed efficacy with 36% CBR (95% CI, 21.1%-54.4%), 3 months median

PFS (95% CI, 1.6-4.6) and 16.6 months OS (95% CI, 7.3-not reached). Hemotoxicity, as the
dose limiting factor and was observed with carboplatin AUC5/6 but not with AUC4 [43]. Ina
more recent phase II study of cisplatin, paclitaxel with or without everolimus in stage Il and
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Figure 2. Major druggable signaling pathways with significant roles in triple negative breast cancer.
JAK = Janus kinase; IL = interleukin; RTK = receptor tyrosine kinase; PI3K = phosphoinositide 3-kinase; GPCR = G
protein-coupled receptor; mTOR = mammalian target of rapamycin.

III TNBC patients, the combination of paclitaxel and cisplatin was well tolerated with 50%
complete responses. Everolimus increased the adverse event profile of this combination

and did not improve the desirable clinical responses [44]. Everolimus is currently in

another phase II study with paclitaxel, 5-fluorouracil, epirubicin, and cyclophosphamide
(NCT00499603). Temsirolimus, another mTOR inhibitor, was well tolerated in combination
with cisplatin and erlotinib [45] and was investigated in another phase I study in combination
with neratinib (NCTO01111825). AZD2014 is also in phase I/II clinical trial (NCT02208375).

RAF-MEK-ERK pathway

TNBC is the only subtype of BC that has a higher expression of various genes involved in the
Raf/MEK/ERK pathway [46], highlighting the importance of targeting this signaling pathway in
TNBC (Figure 2). An analysis of reprogramming of the kinome in 9 TNBC patients showed that
targeting MEK in these patients might be a valuable option and pre- and post- administration
of trametinib, a MEK1/2 inhibitor, showed that BL and claudin-low tumors responded
differently to the treatment, with BL tumors showing more upregulation and activation of
RTKs (NCT01467310) [47]. This drug alone or in combination with the an AKT inhibitor,
GSK2141795, was tested in a clinical trial (NCT01138085) and showed limited efficacy in 50
TNBC patients. Only 2 patients in the first group had a partial response and one had stable
disease after 8 cycles [48]. The same combination is being tested in a different clinical trial
(NCT01964924). The other clinical trial still recruiting includes trametinib in combination

with spartalizumab (anti-PD-1) (NCT02900664). Trials of selumetinib in combination with
chemotherapy agents (NCT02685657), in combination with paclitaxel and durvalumab
(NCT03742102), or in combination with the mTOR inhibitor, AZD2014 (NCT02583542) are also
recruiting. MEK162, another MEK inhibitor, completed clinical trial testing in combination
with BKM120 (NCT01363232) and BEZ235 (NCT01337765), with no posted results.
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Janus kinase (JAK)

JAK proteins are a family of 4 tyrosine kinases involved in the JAK-STAT pathway (Figure 2).
This pathway, along with its various roles, alters the transcription of genes involved in cell
proliferation, mammary glands development during the puberty and pregnancy and cancers.
Studies have shown that TNBC tumors are enriched with the amplicon of JAK2 [49] and

that the subsets of TNBC with amplified JAK2 are more sensitive to the effects of specific
inhibitors [50]. Ruxolitinib is an important inhibitor of JAK1 and JAK2, approved by FDA for
the treatment of myelofibrosis. Given the effects of this drug and the importance of JAK2 in
TNBC, currently, 3 clinical trials focusing on this signaling pathway are currently underway.
These include using ruxolitinib combination with pembrolizumab in advanced TNBC
patients (NCT03012230), in combination with paclitaxel, doxorubicin or cyclophosphamide
(NCT02876302), and in combination with paclitaxel for the treatment of triple negative
inflammatory BC (NCT02041429).

CELL SURFACE TARGETS

Vascular endothelial growth factor receptor 2 (VEGFR2)

VEGFR2, an RTK and a key mediator of angiogenesis is implicated in BC pathogenesis.
VEGF, the ligand to VEGFR2, has prognostic importance in TNBC. Sixty percent of TNBCs
show high VEGF-A expression and the prognosis of this group of patients is even worse, with
less than 5 years of survival [51], along with metastasis and poor treatment responses [52].
Mesenchymal stem-like TNBC tumors express higher levels of VEGF-C [53]. The expression
of VEGFR2 is linked to TNBC, tumor invasion and metastasis [54]. Inhibition of this pathway
would include blocking the activation of the VEGF receptor by neutralizing VEGF (e.g.,
bevacizumab), blocking the receptor (e.g., ramucirumab), using receptor mimetics (e.g.,
aflibercept), or using small molecule tyrosine kinase inhibitors that have a wide spectrum of
action on RTKs (e.g., sorafenib).

Bevacizumab, a monoclonal antibody, was withdrawn for use in BC by the FDA, following 2
trials showing increased toxicity and no survival benefit in HER2 negative BC [55]. However,
itwas tested in adjuvant/neoadjuvant settings and clinical trials in TNBC have suggested

an improved pCR [16,56], although, the long-term outcomes of adding bevacizumab to
chemotherapy regimens is still unclear [16]. The primary results of a phase III clinical trial
on invasive BC patients receiving bevacizumab as an adjuvant drug did not improve the OS
of the patients [57]. Docetaxel, carboplatin and bevacizumab were administered to stage II/
III TNBC patients (phase II). Encouragingly, positive results were observed including positive
PCR and clinical response of 42% and 96%, for stage II and stage III TNBC, respectively [58].
Bevacizumab plus chemotherapy (epirubicin, cyclophosphamide, docetaxel) was studied in
another phase III clinical trial of 678 TNBC patients in the neoadjuvant setting. The pCR in
the combination vs chemotherapy only groups were 39.3% vs. 27.9%, and the OR, 1.73 (95%
CI, 2.3-2.42; p=0.002). This study showed a significant improvement in pCR in the patients
that received bevacizumab [59].

Bevacizumab was also tested in patients with metastatic tumors. A phase III clinical
trial on HER2 negative metastatic breast tumors receiving chemotherapy (capecitabine,
anthracycline, taxane) with or without bevacizumab showed that the combination group
had a longer median PFS, but this was not statistically significant [60]. The other phase
I study on mTNBC patients receiving second-line chemotherapy (taxane, gemcitabine,
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capecitabine, or vinorelbine) with bevacizumab showed a median PFS of 6 months in the
combination group vs. 2.7 months in the chemotherapy alone group. Likewise, the median
OS (17.9 months and 12.6 months, respectively) and ORR (41% and 18%, respectively) was
also improved with bevacizumab [61]. Nab-paclitaxel, carboplatin and bevacizumab were
administered to mTNBC patients in a phase II study. These combinations showed a median
PFS 0f 9.2 months (95% CI, 7.8-25.1), an ORR of 85% (95% CI, 69-95), a CBR of 94% (95%
CI, 80-99), and was well-tolerated [62].

The results of other completed phase II clinical trials including bevacizumab (NCT00608972,
NCT00472693, NCT01094184, NCT02456857, and NCT00861705) have not yet been

reported. Ramucirumab is a similar drug currently in a phase III clinical trial with docetaxel
(NCT00703326). Small tyrosine kinase inhibitors like sorafenib (NCT02624700) and lenvatiniv
(NCT03797326) are in phase II clinical trials. Data on the effects of lucitanib has not yet been
reported (NCT02202746). In a phase II study on previously treated advanced TNBC patients
sunitinib did not improve efficacy in comparison with single-agent standard-of-care [63].

Epidermal growth factor receptor (EGFR)

EGEFR has important roles in the survival of many solid tumors, including tumor metastasis,
cell cycle progression, cell proliferation, differentiation, angiogenesis and apoptosis. At least
50% of TNBCs overexpress EGFR [64] which is negatively correlated with patient survival [65].
Two classes of EGFR inhibitors are currently available, including small molecule tyrosine kinase
inhibitors, such as gefitinib and erlotinib, and monoclonal antibodies, such as cetuximab
(SCT200). Gefitinib (NCT01732276) and afatinib (NCT02511847) are both registered for

clinical trials (unknown status). Erlotinib in combination with paclitaxel albumin-stabilized
nanoparticle formulation and bevacizumab in a phase II study was well-tolerated. The expected
PFS was not reached but clinical benefit in most patients was achieved [66].

Cetuximab is an anti-EGFR antibody, which has been trialed in several early phase studies
in TNBC with only modest benefit. Ixabepilone alone and in combination with cetuximab
was tested in 77 advanced TNBC patients. The combination group had 35.9% ORR (95% CI,
21.2-52.8) vs. 30% (95% CI, 16.6-46.5) in the monotherapy group. Median PFS was equal in
both groups (4.1 months) and overall, both groups showed similar clinical results [67]. In
another phase II clinical study, cisplatin alone or in combination with cetuximab showed an
of ORR 20% (95% CI, 13-29) in the combination group and 10% in the monotherapy group
(95% CI, 4-21). Cetuximab improved PFS (3.7 months vs. 1.5 months) and OS (12.9 months
vs. 9.4 months). Yet the primary endpoints of the study were not met [68]. Cetuximab plus
docetaxel was tested in another phase II clinical trial showing modest activity and acceptable
toxicity. The study showed a 24% pCR rate (95% CI, 7.3-40.7) and 22% complete clinical
response rate [69]. Cetuximab plus irinotecan was tested in another phase II clinical trial on
BC patients with 58% being TNBC. The combination was tolerable but showed low overall
activity. The treatment resulted in 11% ORR (95% CI, 1-33), one partial response and one
complete response. TNBC patients had 18% response rate vs. no response in non-TNBC.
The median time to progression and median OS was 1.4 months (95% CI, 1.0-2.2) and 9.4
months (95% CI, 2.8-16.1), respectively [70].

Fibroblast growth factor receptor (FGFR)

FGFR is another RTKs protein of which there are 5 (FGFR1-5). A total 4% of TNBCs
overexpress FGFR2. FGFR1 and FGFR2 are reported to account for about 16 and 13% of
TNBC patients [71]. Expression of FGFR2 could be considered as an independent prognostic
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factor of OS in TNBC patients [72]. Therefore, small molecule tyrosine kinase inhibitors or
monoclonal antibodies (e.g., IM-412) may be applicable in certain types of TNBC [73].

Trophoblast antigen 2 (Trop-2)

Trop-2 is a cell surface receptor and an epithelial glycoprotein-1, involved in various aspects
of cancer including cancer cell proliferation, EMT, migration, invasion and metastasis.
Overexpression of Trop-2 is common in TNBC [74]. Irinotecan is a prodrug to the
topoisomerase I inhibitor, SN-38. Sacituzumab govitecan-hziy (or IMMU-132 or hRS7-SN-38)
is a conjugate of SN-38 and humanized anti-trop-2 monoclonal antibody. This drug (10 mg/
kg) was studied in a phase I/II clinical trial on 108 TNBC patients who had received 2-10
therapies and was associated with durable objective responses. The response rate was 33.3%
(95% CI, 24.6-43.1) of which 1 had a complete response and 33 had partial responses. The
median PFS and OS were 5.5 months (95% CI, 4.1-6.3) and 13.0 months (95% CI, 11.2-13.7),
respectively, with the CBR of 45.4%. The main adverse reactions were myelotoxic effects
[75]. The efficacy of sacituzumab govitecan in mTNBC patients refractory or relapsing

after at least 2 prior chemotherapies is currently being tested in a phase III clinical trial.
Approximately 150 institutions across the United States and Europe are involved in this
clinical trial (NCT02574455). The drug is also being tested in another phase I/II clinical trial
in various tumors including TNBC (NCT01631552). The other preclinical compound under
investigation, is anti-Trop-2 conjugated with a nano-carrier-linked with doxorubicin.

Glycoprotein non-metastatic B (GPNMB)

GPNMB, or osteoactivin, is a type I transmembrane glycoprotein, which is overexpressed in
40%-60% of BCs [76], associated with triple-negativity [77] and poor patient outcome [77].
CDX-101 or glembatumumab vedotin, an antibody targeting GPNMB, in a phase I/II study on 42
patients with locally advanced or metastatic BC showed an acceptable safety profile [76]. Out
of these patients 16 out of 19 were GPNMB+. The overall median PFS was 9.1, 17.9 and 18 weeks
for all patients, TNBC patients and GPNMB+ patients, respectively [76]. Yet, despite being

well tolerated, the drug alone could not meet the endpoint of ORR in a different phase II study
[78]. In this study with 124 patients, more than 25% of the tumors were GPNMB+ and the ORR
was 30% (7 of 23) in the glembatumumab vedotin group vs. 9% in the chemotherapy group. In
TNBC patients, the ORR was 18% vs. 0%, and in GPNMP overexpressing TNBC patients, it was
40% vs. 0%, respectively. The results of another phase II clinical trial on the effect of CDX-011 in
patients with metastatic GPNMB overexpressing TNBC is not yet published.

CONCLUSION

The development targeted therapy of TNBC is still a challenge that is being investigated by
many cancer researchers around the world with the hope of finding improved treatment
regimens for these patients. Due to the high rate of PD-1 expression in TNBC patients, the
immune system has been uncovered as a major contributing factor to TNBC pathogenesis as
revealed by newer TNBC classifications, and the success rate of drugs in this category, today,
much attention is paid to immune checkpoint modulators, especially anti-PD-1 and anti-PD-L1
agents. Favorable clinical response rates of phase Il studies on PARPi and platinum salts are
impressive, and due to the high rate of mutations in p53, the ongoing clinical trials on CDK
and ATR inhibitors might lead to phase III clinical trials. Inhibitors of VEGFR2 are also in
phase III clinical trials, and anti-androgen drugs, due to specific application in LAR TNBC
patients, are attracting some attention. There are many drugs in phase I, Il and III clinical
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trials, investigating novel molecules either alone or in combination with other novel agents or
standard chemotherapeutics that are promising for improved clinical outcomes. The results

of these studies may pave the way for researchers and open new doors for better treatment and
improvement in outcomes of TNBC patients. However, there are many completed clinical trials
with no accessible published data, placing the outcomes under question.
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Chapter 2 Stereoselective activity of the epimers of ginsenoside Rg3

2.1. Background

As reviewed in the previous chapter, the role of Rg3 had been investigated in
several cancer models. Rg3 is extracted from any part of the plant Panax ginseng, but
the most important and common part is the root. The extraction procedure usually
includes heating up the ginseng root, which raises the production of several members
of the ginsenoside family of saponins, Rg3 being one of them. Depending on the
extraction conditions, such as temperature and pressure, the ratio of Rg3 epimers
changes. A big concern with reviewing the efficacy of Rg3 published in the literature
was that in numerous studies, Rg3 was extracted in experimental settings and without
further specification of the extracted epimer or mixture of epimers, or the purity of the
molecule extracted, was studied in vitro and in vivo. As mentioned in several papers
reviewed in chapter one, Rg3 epimers showed stereoselectivity action in interaction
with ion channels, inhibition of epithelial-mesenchymal transition, antioxidant effect
and promoting immune function. Due to this stereoselective action, it is very
important to identify the exact molecule that is being studied. In the current chapter,
continuing with the search for a better treatment for TNBC, anti-cancer effects of each
Rg3 epimer were evaluated and stereoselectivity of epimers was shown.

As reviewed in the previous chapter, AQP1 is highly expressed in TNBC and its
expression is correlated with higher tumour grade, poorer prognosis and overall
survival of these patients. In this paper, using in silico molecular docking studies, the
interaction of Rg3 with AQP1 water channel was studied. Following promising results
from this in silico study, an in vitro assay was performed to show the interaction of Rg3
with AQP1 water channel, using oocyte swelling assay.

SRg3-specific blockage of AQP1 was an important finding, leading to further
experiments on TNBC cell lines. The experiments showed that only SRg3 inhibited the
proliferation of MDA-MB-231, a mesenchymal-like TNBC cell line. However, it was
only RRg3 that inhibited the invasion of these cells in a spheroid invasion assay. The
epimers also differently inhibited the migration of MDA-MB-231 in circular scratch
wound closure and in transwell migration assays. These findings in TNBC models
confirmed the stereoselective activities of Rg3.

The findings of this chapter showed the potential of Rg3 epimers as a treatment for
TNBC. It also paved the way for optimisation of the combination of both epimers,
which is the topic of chapter 3.

This chapter has been published as:

Nakhjavani, M., Palethorpe, H. M., Tomita, Y., Smith, E., Price, T. J., Yool, A. J., Pei, J.
V., Townsend, A. R., and Hardingham, J. E. (2019). Stereoselective anti-cancer activities
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Abstract: Ginsenoside Rg3 (Rg3) has two epimers, 20(S)-ginsenoside Rg3 (SRg3) and 20(R)-ginsenoside
Rg3 (RRg3), and while Rg3 itself has been reported to have anti-cancer properties, few studies have
been reported on the anti-cancer effects of the different epimers. The aim was to investigate the
stereoselective effects of the Rg3 epimers on triple negative breast cancer (TNBC) cell lines, tested using
cell-based assays for proliferation, apoptosis, cell cycle arrest, migration and invasion. Molecular
docking showed that Rg3 interacted with the aquaporin 1 (AQP1) water channel (binding score
—9.4 k] mol™1). The Xenopus laevis oocyte expression system was used to study the effect of Rg3
epimers on the AQP1 water permeability. The AQP1 expression in TNBC cell lines was compared
with quantitative-polymerase chain reaction (PCR). The results showed that only SRg3 inhibited
the AQP1 water flux and inhibited the proliferation of MDA-MB-231 (100 uM), due to cell cycle
arrest at GO/G1. SRg3 inhibited the chemoattractant-induced migration of MDA-MB-231. The AQP1
expression in MDA-MB-231 was higher than in HCC1143 or DU4475 cell lines. These results suggest a
role for AQP1 in the proliferation and chemoattractant-induced migration of this cell line. Compared
to SRg3, RRg3 had more potency and efficacy, inhibiting the migration and invasion of MDA-MB-231.
Rg3 has stereoselective anti-cancer effects in the AQP1 high-expressing cell line MDA-MB-231.

Keywords: breast cancer; epimer; stereoselective; Ginsenoside Rg3; triple negative breast cancer

1. Introduction

Ginsenosides are a class of natural triterpenoid saponins with the general structure of an aglycone
steroid backbone and a glycoside side chain. They are extracted from the plant Panax ginseng Meyer,
commonly known as ginseng, and play an important role in the medicinal effects of ginseng extract [1,2].
Ginsenoside Rg3 (Rg3) is one of the extensively studied members of the ginsenoside family, having a
variety of biological actions and efficacies, including anti-oxidant properties [3] and protective effects
in cardiovascular diseases [4-6], neurological disorders [7-10], diabetes [11-13], immune function
and inflammation [14-17], and cancer [18]. Although many papers refer to Rg3 as a single molecule
and report the effects of Rg3, rather than a specific epimer, it is noteworthy that Rg3, like other
ginsenosides, has two epimers: 20(S)-ginsenoside Rg3 (SRg3) and 20(R)-ginsenoside Rg3 (RRg3). Each
of these epimers has distinct pharmacological actions, intracellular targets, effects and efficacies. For
example, the SRg3 epimer activates caspases in the human gastric cancer cell line [19] and inhibits
Ca?*, Na* and K* ion channels [20], while the RRg3 epimer has antioxidant properties to combat
cyclophosphamide-induced cellular stress [3].
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The anti-cancer properties of Rg3 have made it a notable drug candidate for many cancer models.
Few studies have focused on the anti-cancer effects of Rg3 in breast cancer models, specifically in triple
negative breast cancer (TNBC), a subtype of breast cancer with a poor prognosis [21]. Since this subtype
of breast tumour lacks the expression or overexpression of an estrogen receptor, progesterone receptor
or human epidermal growth factor receptor (HER) 2, there are as yet no targeted therapies for TNBC;
chemotherapy regimens, along with their adverse effects, remain the mainstay of treatment in most
TNBC patients. Thus, finding a targeted biological agent for TNBC would make a paradigm shift in
the treatment of these patients. Previous reported studies have shown that Rg3-induced apoptosis [22]
inhibited the activation of NF-kB [23], induced G0/G1 arrest [24] and inhibited chemoinvasion directed
by CXCR4 [25] in breast cancer cell lines. However, these studies did not use a specific epimer of Rg3,
nor did they specify the ratio of the two epimers.

Aquaporin 1 (AQP1) is a member of the AQP family of water transporters. Like other AQPs,
AQP1 is a homo-tetramer. Each monomer, as depicted in Figure 1A, works as a single channel for
water transport. The central pore of the tetramer is responsible for gas and ion transport, the latter
of which is gated by cGMP. It is already shown that AQP1 plays a role in the growth, angiogenesis
and metastasis of tumours [26-29]. AQP1 is highly expressed in mouse models of breast tumour [30],
and AQP1 deficiency in such models decreased the number of lung metastases [31]. Furthermore,
clinical studies have shown that some TNBC tumours have higher levels of AQP1 expression and an
expression correlated with a poorer prognosis [32,33].

To date, no studies have focused on the stereoselectivity of Rg3 epimers on TNBC cell lines, and
no studies have shown the interaction between Rg3 epimers and AQP1. The aim of our study was to
investigate the stereoselective effects of Rg3 on human TNBC cell lines. In particular, our aim was to
investigate whether these two epimers have effects on different functions on TNBC in cell line models,
including proliferation, apoptosis, cell cycle, migration and invasion. Furthermore, in line with our
previous research focus [28,34-37], we investigated the interaction of Rg3 epimers with AQP1 in in
silico models.

2. Results
2.1. Interaction of Rg3 with AQP1

2.1.1. Molecular Docking of Rg3

The in silico molecular docking studies were performed on Rg3 docked within the water channel
of AQP1, AQP2, AQP4 and AQP5. The results in Table 1 are the scores based on Gibbs free energy
(kJ mol1).

Table 1. The results of the in silico molecular docking of Rg3 with aquaporin water channels in
comparison with other blockers of AQP1. The results are presented as Gibbs free energy (k] mol ™).

Binding Score (kJ mol~1)

Molecule
AQP1 AQP2 AQP4 AQP5
Ginsenoside Rg3 -9.4 -6.4 -6.1 -4
Bacopaside I -9.2[38] 7.4 -5.2 -6.9
Bacopaside II -9.3[38] 22 =52 -6.4

The modelled binding energetically favoured AQP1 (9.4 k] mol™') at a level comparable to
known AQP1-inhibitors such as bacopaside I (-9.2 k] mol™!) and bacopaside II (-9.3 k] mol 1) [38].

Figure 1A illustrates the role of the AQP channels in migration and invasion (as reviewed in [39]).

We showed that the water channel of the AQP1 monomer was blocked by Rg3 (Figure 1B,C). The
H-bonding between the OH group (located on the C4’ of the second sugar molecule) with Gly®®
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(located in the second transmembrane helices, between loops A and B), with a distance of 3.4 A, is
shown in Figure 1D.

A

' AQP1 Channel
o Water molecule
o lon and gases

Figure 1. (A) The role of aquaporin 1 (AQP1) in cell migration and invasion (as reviewed in [39]). AQPs
are redistributed to the leading edge of the migrating cell, leading water, ions and gases inside the cell;
hence, along with changes in actin polymerisation, they play a role in the forward movement of the cell.
AQP1 is a tetramer. Water passes through the pore of each monomer, and ions and gases pass through
the central pore of the tetramer. (B) Top view of an AQP1 monomer, being blocked with Rg3, the black
structure, (C) Side view of an AQP1 monomer, blocked with Rg3, and (D) H-bonding between Rg3 and
Gly 65.

2.1.2. Stereoselectivity of Rg3 in Inhibiting AQP1 Water Channel

To find out if this interaction of Rg3-AQP1 is stereoselective, a Xenopus laevis oocyte expression
system expressing human AQP1 was used. Native Xenopus laevis oocytes lack water channels, and
hence a heterologous expression of human AQP1 on these cells makes them permeable to water.
Following exposure to hypotonic media, water penetrates the cells based on osmotic driving forces.
Figure 2A shows the result of the double swelling assays. The slope (+ standard error) of the swelling
rate for untreated, vehicle, RRg3 and SRg3 groups was 0.9 £ 0.1, 0.9 + 0.2, 1.0 + 0.2 and 0.4 + 0.1,
respectively. This shows that the rate of swelling in untreated, vehicle or RRg3 treated oocytes was
similar, while the rate of swelling for SRg3 treated cells was reduced by almost 2.6 times, indicating the
blockage of AQP1 with SRg3.
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Figure 2. (A) Double swelling assay showing the swelling rates for the first and the second swelling
on a single oocyte. Eight oocytes per treatment were measured for swelling in a hypotonic medium,
before and 2 h after exposure to a vehicle or epimers of Rg3. The results were analysed and presented
with a linear regression. (B) The AQP1 transcript expression in MDA-MB-231, HCC1143 and DU4475
cell lines. Each data point represents a mean + SD value of 3 replicates, and comparisons were made
with the vehicle control group (*** p < 0.0001).

2.2. Rg3 Has Stereoselectivity and Cell Line-Specificity in Inhibition of Proliferation

To study the effect of Rg3 epimers on the proliferation of TNBC cell lines, MDA-MB-231, HCC1143
and the non-adherent DU4475 were tested. Within 3 days of treatment, all of the cell lines showed
an increased cell proliferation. Interestingly, only SRg3 at 100 uM had an anti-proliferative effect on
MDA-MB-231 in both assays (Figure 3A,B). A crystal violet assay showed that SRg3 (100 M) inhibited
the proliferation of cells by 45%. This indicates a stereoselective activity and cell line specificity of
Rg3, since neither of the other cell lines showed an inhibition of proliferation with SRg3 or RRg3. A
potential mechanism for the effect of SRg3 on the inhibition of proliferation in MDA-MB-231 was
investigated by measuring the AQP1 transcript expression. Since the MDA-MB-231 cells had an 11
and 19 times higher expression of AQP1 compared to the HCC1143 and DU4475 cell lines, respectively
(p < 0.0001) (Figure 2B), SRg3 may, in part, exert its activity through blocking AQP1.

A
40 MDA-MB-231 25 HCC1143
®
230 L
8 d 15 - Vehicle
£20 x i < RRg3 (25 M)
B g ~ RRg3 (50 iM)
<5 05 SRg3 (50 M)
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0 1 2 3 4 0 1 2 3 4
Time (day) Time (day)
B
20 MDA-MB-231 14 HCC1143 10 DU4475
% 15 12 08
0.6
10 / 10 i
2 ?
{05 08 02
0.0 0.6+ 0.0+
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (day) Time (day) Time (day)

Figure 3. Effect of SRg3 and RRg3 on the proliferation of MDA-MB-231, HCC1143 and DU4475 triple
negative breast cancer cell lines, after 3 days, with (A) a crystal violet assay on the adherent cell lines
and (B) an MTS assay. Only 100 uM of SRg3 showed an inhibition of proliferation of MDA-MB-231
in both assays, indicating the cell line selectivity and stereoselective effect of Rg3 for the inhibition of
proliferation. Each data point represents a mean + SD value of 6 replicates, and comparisons are made
with the vehicle control group (**** p < 0.0001).
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2.3. Cytostatic Effect of SRg3 Inhibits Cell Proliferation in MDA-MB-231 Cell Line without Inducing
Apoptosis

The MDA-MB-231 cell line was exposed to a concentration of 100 M SRg3 for 3 days, after which
the cells were tested to see if the inhibition of proliferation was due to the induction of apoptosis. As
shown in Figure 4A,B, there were no significant differences between the amount of apoptosis induced
by vehicle (11.29% =+ 3.22) or 100 uM of SRg3 (6.96% + 1. 81) (p = 0.11). Since SRg3 was not inducing
apoptosis, the cells were tested to determine if the inhibition of proliferation was due to cell cycle arrest.
The percentages of cells in each cell cycle phase for the untreated cells were 51.3% =+ 2.9 for G0/G1,
29.8% + 1.8 for S, and 17.1% + 1.9 for G2/M (Figure 4C,D). Vehicle-treated cells have similar values,
at 52.8 + 5.1, 27.6 + 3.0 and 19.8 + 1.2, respectively. The statistical analysis showed no significant
differences between the untreated and vehicle control groups for each phase. However, the cells treated
with 100 uM of SRg3 for 3 days showed a significant accumulation of cells in G0/G1 (65.3% =+ 3.22)
(p < 0.0001) and a reduction of cells in the G2/M phase (12.5% + 1.4) (p < 0.05), compared to the vehicle
group. Together, these data suggest that 100 uM SRg3 inhibited the MDA-MB-231 proliferation by
inducing a GO/G1 cell cycle arrest.
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==§ o ’ 1o a "f" =
i ; 1
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E 2 1% %
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Figure 4. The effect of SRg3 on apoptosis and cell cycle arrest in the MDA-MB-231 cell line. (A) Total
apoptotic cells (%) induced by vehicle or 100 uM SRg3 after 3 days of exposure; (B) Scatter plots of
untreated cells or the cells treated with vehicle or SRg3. The left lower quadrant, right lower quadrant,
right upper quadrant and left upper quadrant indicate viable cells, early apoptotic cells, late apoptotic
cells and necrotic cells, respectively. (C) Cell population (%) in each of the G0/G1, S and G2/M phases of
the cell cycle. (D) Histograms of the untreated, vehicle and SRG3-treated cells, following staining with
PL The violet, yellow and green curves represent events in the G0/G1, S and G2/M phases, respectively.
The data presented is representative of 3 repeats.

2.4. Stereoselective Inhibition of Migration of MDA-MB-231 Cell Line

To study if the epimers of Rg3 had any effect on the MDA-MB-231 migration, the cells were
pre-treated with Rg3 epimers for 3 days, after which they were seeded for a circular wound closure
assay. The results of this assay showed that after 24 h, the untreated and vehicle cells closed the circular
wound by about 80% (Figure 5A). The wound closure in the cells treated with 100 uM of SRg3 was 76%
+ 3.8, not significantly different to the vehicle (p = 0.81), while the wound closure in the cells treated
with 50 uM of RRg3 was inhibited by 22 % compared to the vehicle control group (p = 0.001).

We showed, using a chemoattractant transwell migration assay, that at 50 and 100 uM of RRg3
and SRg3, the transwell migration of MDA-MB-231 cells was significantly inhibited by 69 and 68%,
respectively (p < 0.0001).
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Figure 5. Migration assays on the MDA-MB-231 cell line following exposure to RRg3 and SRg3. (A)
The percentage of wound closure following exposure of the MDA-MB-231 cell line to RRg3 and SRg3.
Data is presented as mean =+ SD of 6 repeats, and comparisons are made with the vehicle control group
(** p=0.001). (B) The transwell migration assay on the MDA-MB-231 cell line following exposure to
RRg3 and SRg3. Data are presented as mean + SD of 3 replicates, and comparisons are made with the
vehicle control group (*** p < 0.0001).

2.5. Stereoselective Inhibition of Invasion

The ability of epimers of Rg3 to inhibit invasion was tested with a spheroid invasion assay. As
shown in Figure 6, 50 uM of RRg3 resulted in inhibition (p = 0.0001). The inhibition of invasion was
78% for the spheroids treated with 50 uM RRg3. SRg3 did not inhibit spheroid invasion in this assay.

>

Invasion (%)

150

100

Vehicle 10 100
RRg3 (uM)

SRg3 (uM)

Day 0

Figure 6. Spheroid invasion assay on the MDA-MB-231 cell line following exposure to RRg3 and
SRg3. (A) The percentage of increase in the area, as an indicator of invasion to the extracellular matrix,
following exposure of the MDA-MB-231 spheroids to RRg3 and SRg3. Data are presented as mean
+ SD of 3 replicates, and comparisons are made with the vehicle control group (***) p = 0.0001. (B)
Representative images of the vehicle control and RRg3-treated spheroids after 7 days, indicating the
inhibition of spheroid invasion in the RRg3-treated spheroids.
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3. Discussion

This is the first study to investigate the stereoselective effects of epimers of Rg3 on TNBC cell
lines. To our knowledge, the literature has no comparable studies that define the Rg3 epimers, or the
specific ratio of SRg3/RRg3 in breast cancer models. Notably, we showed the stereoselectivity of Rg3
in the inhibition of proliferation in MDA-MB-231, the only cell line that showed sensitivity toward
the anti-proliferative effects of SRg3. Neither of the Rg3 epimers inhibited the proliferation of the
HCC1143 or DU4475 cell lines. MDA-MB-231 is a basal-like B [40,41] but with claudin-low [42] or
mesenchymal-like [41] features, representative of tumours with a worse prognosis and more aggressive
nature. Higher levels of AQP1 expression in breast tumours have been correlated with a triple
negativity, poorer prognosis of the disease and higher tumour grade [33,43]. We showed that the AQP1
expression in MDA-MB-231 is much higher than in the HCC1143 and DU4475 cell lines. Molecular
docking studies showed that Rg3 had a promising binding score with AQP1, comparable with some
other blockers of AQP1 such as AqB013 [44], bacopaside I and bacopaside II [38]. Furthermore, for
the first time, we showed that SRg3 was the only epimer that inhibited the AQP1 water flux. This
stereoselective inhibition of the AQP1 water flux and inhibition of proliferation in the cell line with a
higher expression of AQP1 by SRg3 suggests that AQP1 might be one of the important proteins involved
in the proliferation of MDA-MB-231. Importantly, it is already reported that the over-expression of
AQP1 in MDA-MB-231 significantly increased the proliferation and chemotactic invasion [45].

We also showed that the inhibition of proliferation of MDA-MB-231 by SRg3 was not due to
the induction of apoptosis, but rather due to cell cycle arrest at the GO/G1 phase of the cell cycle.
This G0/G1-arrest mechanism was comparable with similar studies in prostate [45], melanoma [46]
and breast cell lines [24]. None of them, however, have defined a specific epimer in their studies.
For example, the study on the breast cancer cell line exposed MCF7 (an estrogen and progesterone
receptor positive cell line) to Rg3 and the heated extract of ginseng, containing about 5% Rg3 [24].
We have shown that it is SRg3 that causes G0/G1-arrest in MDA-MB-231. In fact, it has been shown
that the over-expression of AQP1 causes a higher level of cyclin D and E, which are crucial for phase
transition [47]. Cyclin E is a regulator for G1-S transition, and the blockage of AQP1 or inhibiting the
expression of AQP1, as suggested by Pan et al. [45], inhibits the G1-S transition and arrests the cells in
GO/G1.

Migration was tested in two assays. While the scratch wound closure assay measures the rate
of cells migrating on plastic to close the circular wound, the transwell migration assay measures the
ability of cells in suspension to migrate toward a chemoattractant [48]. Both of the epimers inhibited
the chemoattractant-induced migration of cells. Notably, SRg3, which inhibited the water transport
function of AQP1 in a stereoselective manner, was only effective in the chemoattractant-induced
migration of cells as opposed to adherent cells migrating on plastic. This suggests that these epimers
might have different mechanisms of action for the inhibition of migration. For example, in ovarian
carcinoma cell lines, SRg3 was the only epimer that inhibited migration and invasion via blocking
hypoxia-induced epithelial-mesenchymal transition (EMT), the degradation of hypoxia-inducible
factor-1a (HIF-1ex) and the transcriptional repression of Snail and hence E-cadherin [49]. Importantly,
Rg3 decreased the expression of AQP1 in the PC-M3 prostate cancer cell line, causing the inhibition of
the chemoattractant-induced migration of these tumour cells [45]. It is already known that AQP1 is
involved in the chemotactic migration of the cancer cells [29,50,51]. The chemotactic movement of
the cancer cells is an important driver toward metastasis. Cancer cells sense the chemotactic gradient,
and polarize into the leading edge to move forward toward the chemotactic agent. AQP1 is found on
the leading edge of migrating cells (Figure 1A). AQP1, via directing the water influx and interactions
with the actin cytoskeleton at the protrusion site of the migrating cell, plays roles in the migration
of cancer cells, as reviewed in [39]. In our studied assays of migration and invasion, the transwell
migration assay was the only assay in which the chemoattractant-induced migration of cells was
assessed and SRg3, as a stereoselective inhibitor of AQP1, showed inhibitory effects. This suggests that
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AQP1, along with other mechanisms, is involved in the chemoattractant-induced migration of highly
AQP1-expressing MDA-MB-231 cells.

While SRg3 showed no efficacy in the inhibition of migration in the wound closure migration
assay nor in the spheroid invasion assays, RRg3, with a higher potency, inhibited migration and
invasion in all of the studied assays. This suggests that RRg3 modulates different targets and pathways.
Similar to our results, studies on the lung cancer A549 cell line showed that RRg3 at concentrations
< 50 pg/mL did not inhibit the proliferation of the cells, but, in a stereoselective manner, suppressed
TGF-B1-induced EMT, through repressing the Snail expression and inhibiting the activation of Smad
and non-Smad (p38 MAPK) signalling pathways, hence inhibiting the E-cadherin expression [52]. The
RRg3 inhibition of TGF-f1-induced EMT caused the inhibition of migration, invasion and anoikis
resistance. RRg3 inhibited the TGF-f1-induced MMP-2 expression and inhibited the activation of
Smad2 and p38 MAPK [52]. Other suggested mechanisms for the RRg3 inhibition of EMT and invasion
were through the downregulation of fucosyltransferase IV (FUT4) [53]. FUT4 is an enzyme responsible
for abnormal fucosylation in cancer cells, associated with the proliferation and metastasis of breast
tumour cells [54], and it is also suggested as a biomarker for the diagnosis of breast tumours [55].

This is the first paper to study the stereoselectivity of epimers of Rg3 in TNBC cell lines and
demonstrates that SRg3 and RRg3 have distinct effects. Furthermore, this is the first time that the
interaction between Rg3 epimers and AQP1 is demonstrated. The effect of Rg3 epimers on the
inhibition of proliferation of TNBC cell lines was specific to MDA-MB-231, suggesting that basal-like
claudin-low or mesenchymal type tumours, with a high AQP1 expression, might be better candidates
for treatment with SRg3. SRg3 had cytostatic effects on the MDA-MB-231 cell line, leading to the
inhibition of proliferation. It inhibited the chemoattractant-induced cell migration and, notably,
was the only epimer that blocked the AQP1 water channel function. This suggests that the SRg3
blocking of the AQP1-mediated water flux is a potential contributor to the mechanism of inhibition of
chemoattractant-induced cell migration and the inhibition of proliferation in this cell line, but may
not be the only target of action. Importantly, RRg3 is not cytotoxic to the cells, yet it inhibited the
cell migration and invasion of MDA-MB-231, with a higher potency. The distinct and stereoselective
actions of each epimer suggest that SRg3 and RRg3 should be considered as separate drug candidates.
Although this study was limited to cell lines and in vitro assays, these results will inform the doses of
each epimer to be tested in a mouse model of breast cancer.

4. Materials and Methods

4.1. Materials

SRg3 (Sigma-Aldrich, St Louis, MO, USA) and RRg3 (AdooQ Bioseciences Irvine, CA, USA)
epimers, both with purities > 98%, were dissolved in dimethyl sulfoxide (DMSO) at 12.7 and 6.5 mM
stocks and stored in aliquots at —20 °C. Due to the low water solubility, log S —4.04 (ChemAxon,
Cambridge, MA, USA), and relatively high lipophilicity (logP 4) of Rg3, these stocks were found to
have the highest stock concentration of Rg3, which did not precipitate out upon dilution in aqueous
media. The maximum concentration of DMSO with no observable biological effects in this study was
found to be 0.8%. Triple negative breast cancer cell lines; MDA-MB-231 (basal-like with mesenchymal
or claudin-low phenotype), HCC1143 (basal-like), and DU4475 (basal-like) were purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA) and used at low passage numbers.

4.2. Molecular Docking of Rg3

The molecular docking of Rg3 on aquaporin (AQP) channels was performed as previously
described [38,56]. The crystal structures of the proteins were obtained from the protein data bank of
NCBI (RCSB PDB). The structure IDs were as follows: AQP1 (1FQY), AQP2 (4NEF), AQP4 (3GDS8),
AQP5 (3D9S). The SMILES structure of Rg3 was obtained from PubChem. The three-dimensional
structure of Rg3 was prepared in the UCSF Chimera program (version 1.13.1-mac64). The Autodock
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Vina algorithm (version 1.1.2_Mac) and UCSF Chimera program were used for in silico molecular
docking. Images were prepared in the PyMol Molecular Graphics System, The X Window System,
XQuartz 2.7.11. Notably, Autodock uses a stochastic search method to explore the conformational
space of the ligand molecule, and this is by the random generation of distinct conformations, leading
to finding a global energy minimum, expressed by a score for the Gibbs free energy of protein-ligand
binding [57]. Due to this random generation of conformations, it is not practical to study a single
epimer with this algorithm.

4.3. Oocyte Expression System and Swelling Assay

The unfertilized oocytes from a native Xenopus laevis frog were prepared and maintained, as
previously described [38]. Briefly, the oocytes were injected with 3 ng of AQP1 cRNA and incubated at
16-18 °C for 3 days to allow for AQP1 expression. The inhibitory effect of Rg3 epimers on the AQP1
water channel was measured with the double-swelling assay. The swelling rate in hypotonic media
(50% saline) for each oocyte was recorded and measured with Image]J software (Wayne Rashband,
National Institutes of Health, Bethesda, MD, USA), before and after a 2 h exposure to normal saline (as
the untreated group), vehicle, or 50 M of RRg3 or SRg3. Each treatment group consisted of 8 oocytes,
and the rate of swelling in each group was compared with the vehicle group, using a linear regression
analysis, as previously described [38].

4.4. Cell Culture

All of the TNBC cell lines were cultured as recommended by ATCC. The cells were thawed, and
cultured in their respective media supplemented with a final concentration of 10% foetal bovine serum
(FBS; Corning, Corning, NY, USA), 1% penicillin-streptomycin solution (Life Technologies, Grand
Island, NY, USA) and 1% GlutaMax (Life Technologies), and they were incubated at 37 °C, 5% CO» in
the air.

4.5. Quantitative PCR for Expression of AQP1

The cell lines were seeded at 5 x 10° cells/well in 6-well plates. Following an overnight incubation,
RNA was extracted using the PureLink RNA mini kit (Life Technologies), followed by the reverse
transcription of 200 ng RNA with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA). The duplex TagMan Gene Expression Assays for aquaporin-1 (AQP1; Hs01028916_m1; Applied
Biosystems, Foster City, CA, USA) and the reference gene serine-rich coiled-coil domain-containing
protein 2 (CCSER2; HS00982799_mH, Applied Biosystems, Foster City, CA, USA) were used to
determine the transcript expression, as previously described [58]. Reactions were performed using the
Applied Biosystems ViiA 7 Real-Time PCR System (Life Technologies) with activation for 30 s at 95 °C,
followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. The AQP1 transcript expression was calculated
using the 2"2Ct formula.

4.6. Proliferation Assay

The effect of Rg3 epimers on the proliferation of the MDA-MB-231 and HCC1143 adherent cell
lines was tested with a crystal violet assay, as described previously [58]. DU4475, a non-adherent cell
line, along with the two adherent ones, were also tested with the MTS assay (CellTiter 96® AQueous
Non-Radioactive Cell Proliferation Assay, Promega, Madison, W1, USA), as described previously [34].
Briefly, 7 x 10° cells/well were seeded in 96-well plates, incubated overnight and treated with 0~100 pM
(final concentration) Rg3 epimers (6 replicates). The absorptions at 595 nm (for the crystal violet assay)
and 490 nm (for the MTS assay) were measured at 0, 24 and 72 h of treatment.
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4.7. Apoptosis Assay

An apoptosis assay was performed using the Annexin-V-FLUOS staining kit (Roche Diagnostics,
Mannheim, Germany), based on the previously described method [34]. Briefly, a density of 1 x 10°
cells/well of 6-well plates were seeded in triplicate and incubated overnight. MDA-MB-231 cells were
treated with 100 uM SRg3 for 72 h. Paclitaxel (400 nM) was used as a positive control. A control for
necrosis was prepared by heating the cells at 63 °C for 30 min. Following the staining of the samples,
they were analysed in BD FACSCanto II (BD Biosciences, San Jose, CA, USA) and Flow]Jo software,
v 10.4 (Flow]Jo, LLC, Ashland, OR, USA).

4.8. Cell Cycle Analysis

MDA-MB-231 cells were seeded at 1 x 10° cells/well of 6-well plates, in triplicate. After an
overnight incubation, 100 uM of SRg3 was added to the cells. After 3 days, propidium iodide staining
and a cell cycle analysis were performed on the cells, as previously described [59,60]. The samples
were analysed with BD FACSCanto II and FlowJo software, v 10.4.

4.9. Scratch Wound Closure Assay

MDA-MB-231 cells were pre-treated with Rg3 epimers for 3 days and then seeded at 8 x 10*
cells/well in 96-well plates for a scratch wound closure assay. The cells were exposed to different
concentrations of RRg3 and SRg3, and the assay was performed as described previously [61]. Images
were taken at time 0 and 24 h using a Nikon microscope, and the wound closure (%) was measured
using Image] software. The relative wound closure (%) at time 24 h was calculated compared to time 0,
with 6 replicates.

4.10. Transwell Migration Assay

MDA-MB-231 cells were pre-treated with either vehicle or Rg3 epimers for 3 days. Then, 1 x 10°
cells were suspended in 250 pL of serum-free DMEM containing vehicle or Rg3 epimers and placed in
the upper chamber of the Corning® transwells (8 um pore size). The lower chamber was filled with
750 uL. DMEM supplemented with final concentrations of 10% FBS, 1% penicillin-streptomycin solution
and 1% GlutaMax. The cells were incubated for 4.5 h, after which the cells on top of the membrane
were removed with a cotton swab. The migrated cells on the other side of the membrane were fixed in
10% neutral buffered formalin for 30 min, stained in a crystal violet solution (1% crystal violet in 2%
ethanol) for 10 min, and washed in distilled water. The experiment was carried out in triplicate, and
the total migrated cells were counted in five fields of view per chamber, at 200x magnification using
NIS-Elements (Nikon, Tokyo, Japan). The migration percentage for each treatment group is presented
relative to the average vehicle control group.

4.11. Spheroid Invasion Assay

A single cell suspension (3 x 10° cell/well) and 1X Spheroid Formation ECM (Cultrex®, Trevigen
Inc., Gaithersburg, MD, USA) (5 uL/well) was prepared, and 50 uL of this suspension was placed in
each well of the 96-well ultra-low attachment Costar® plates (Corning Inc., Corning, NY, USA). The
plate was centrifuged at 200x g for 3 min and incubated in a 37 °C, 5% CO, incubator for 72 h. Then,
the plate was left on ice for 15 min, and 50 uL of Invasion Matrix (Cultrex®) was added to each well
(day 0). The plate was then centrifuged at 300x g, 4 °C, 5 min, followed by a 1 h incubation. The
spheres were then treated with different concentrations of Rg3. At day 0 and day 7, images were taken
of the spheres using a Nikon Eclipse TE2000-U light microscope, and the area of each sphere was
measured using NIS-elements software (Nikon, Tokyo, Japan). The invasion (%) of each spheroid was
normalized to the mean invasion area of the vehicle group.
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4.12. Statistical Analysis

A one-way or two-way analysis of variance (ANOVA) was performed for the data analysis using
GraphPad Prism (version 7.02). The data are presented as the mean + standard deviation (SD). p < 0.05
was considered as the level of statistical significance.
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3.1. Background

Cancer angiogenesis is a complex but highly regulated and organised process, which
fulfils a tumour's nutritional requirements and facilitates tumour cells' metastasis to
other organs. Some tumours, including breast, show high levels of angiogenesis, hence
the administration of anti-angiogenic drugs became a part of cancer treatment
regimens for these tumours. However, the administration of the current clinically
approved anti-angiogenic treatments is accompanied by serious side effects and drug
resistance. Therefore, drug development programs are actively ongoing to introduce
safer and more effective drugs.

As described in the first chapter, one important aspect of the anti-cancer efficacy of
Rg3 is its anti-angiogenic action. Blood vessels have a single layer of endothelial cells.
These cells, via proliferation, migration and invasion are responsible for angiogenesis.
Hence, an important part of preclinical in vitro assessment of anti-angiogenic
candidates focuses on their efficacy in inhibiting these critical steps of angiogenesis in
these cells.

As discussed before, AQP1 is highly expressed in endothelial cells and promotes
angiogenesis. Blockers of AQP1 have shown anti-angiogenic properties. In the first
chapter, anti-angiogenic properties of Rg3 were reviewed and in chapter 2, it was
shown that SRg3 blocked AQP1 water channel. Based on these and the stereoselective
efficacy of Rg3 epimers, for the first time, I have shown the anti-angiogenic efficacy of
an optimised combination of SRg3 and RRg3. The optimisation of the SRg3 and RRg3
combination was found using response surface methodology (RSM) modelling based
on loop formation assay. Loop formation assay is an in vitro measurement of
angiogenesis, which takes into account both the migration and invasion of endothelial
cells.

To evaluate the anti-angiogenic efficacy of Rg3, human and murine endothelial cells
were used. This would also give an estimation about the sensitivity of human or mouse
tumours to the applied drug, and of use in the mouse model of breast cancer. The
combination was also tested in migration and proliferation assays to confirm the
efficacy of the drug candidate. The mechanism of inhibition of proliferation and mode
of cell death was studied.

VEGEF, the expression of which is increased in hypoxic conditions, is one of the crucial
pro-angiogenic factors and its interaction with VEGFR2 is the key driver of
angiogenesis. Therefore, to further study the mechanisms of the drug, the effect of Rg3
on this interaction was studied in silico and in vitro. In addition, the effect of the drug
on the signalling of PI3K/AKT, and expression of AQP1 and FAK was studied. Since
hypoxia is one of the important conditions that encourages angiogenesis, these
mechanisms were studied in both normoxia and hypoxia.
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Simple Summary: Angiogenesis is a critical step in tumour progression and metastasis. The appli-
cation of current inhibitors of angiogenesis is accompanied by adverse effects. Therefore, there is a
need for developing better treatments. Panax ginseng is a traditional herbal medicine that has been
used by humans for thousands of years. 20(S) ginsenoside-Rg3 and 20(R) ginsenoside-Rg3 are two
structurally similar molecules extracted from this plant, with distinct mechanisms of action. In this
research, a combination of both of these molecules was optimised (C3) to inhibit angiogenesis, in lab
settings. The results showed the role of C3 as a novel anti-angiogenic drug.

Abstract: Tumour angiogenesis plays a key role in tumour growth and progression. The application
of current anti-angiogenic drugs is accompanied by adverse effects and drug resistance. Therefore,
finding safer effective treatments is needed. Ginsenoside Rg3 (Rg3) has two epimers, 20(S)-Rg3
(SRg3) and 20(R)-Rg3 (RRg3), with stereoselective activities. Using response surface methodology,
we optimised a combination of these two epimers for the loop formation of human umbilical vein
endothelial cell (HUVEC). The optimised combination (C3) was tested on HUVEC and two murine
endothelial cell lines. C3 significantly inhibited the loop formation, migration, and proliferation of
these cells, inducing apoptosis in HUVEC and cell cycle arrest in all of the cell lines tested. Using
molecular docking and vascular endothelial growth factor (VEGF) bioassay, we showed that Rg3
has an allosteric modulatory effect on vascular endothelial growth factor receptor 2 (VEGFR2). C3
also decreased the VEGF expression in hypoxic conditions, decreased the expression of aquaporin 1
and affected AKT signaling. The proteins that were mostly affected after C3 treatment were those
related to mammalian target of rapamycin (mTOR). Eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1 (4E-BP1) was one of the important targets of C3, which was affected in both
hypoxic and normoxic conditions. In conclusion, these results show the potential of C3 as a novel
anti-angiogenic drug.

Keywords: ginsenoside Rg3; response surface methodology; optimisation; epimer; angiogenesis

1. Introduction

Tumour angiogenesis is a critical step in tumour growth, survival, and metastasis.
Several pro- and anti-angiogenic factors and signaling pathways contribute to regulate
angiogenesis and facilitate tumour growth and metastasis [1-3]. The key driver of angio-
genesis is the signaling of vascular endothelial growth factor receptor 2 (VEGFR2). VEGFR2
is activated upon interaction with its major ligand, VEGE. Hence, VEGF; VEGFR2; or the
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downstream signaling of VEGFR?2, including PI3K/AKT, could be potential key targets in
anti-angiogenesis drug development. Currently, the clinically approved anti-angiogenic
agents are either antibodies against VEGF such as bevacizumab or small molecule ty-
rosine kinase inhibitors (TKIs). The administration of bevacizumab in advanced cancer
patients could be accompanied by severe and sometimes fatal adverse effects, including
hematological disorders, respiratory disorders, perforation and hemorrhage in the gas-
trointestinal system, and nervous system disorders [4]. TKIs also cause hematological and
non-hematological events that may limit the application of treatment [5]. Furthermore, the
administration of current anti-angiogenic treatments may also be limited because of drug
resistance [6]. Therefore, developing effective less-toxic treatments is a fundamental effort
for improving patient outcomes and it is the main aim of this research.

Epimers of ginsenoside Rg3 (Rg3), SRg3, and RRg3 are some of the most important
pharmacologically active members of the ginsenosides family of chemicals extracted from
Panax ginseng [7]. These molecules seem to be suitable anti-angiogenic candidates for drug
development studies, because several studies have described their effects of inhibiting
angiogenesis, and have shown their potential as anti-cancer agents (reviewed in [8,9]).
Furthermore, in vitro and in vivo studies in animals and humans have shown tolerability
and a low toxicity profile for these molecules (reviewed in [8,9]). These factors make Rg3
epimers intriguing candidates. In this regard, one important aspect of pharmacology of
these epimers is their stereoselective anti-cancer action. We previously showed that these
epimers have stereoselective activities for the inhibition of the migration and invasion of
triple-negative breast cancer cell lines [10]. In addition, we showed that only SRg3 blocks
the water transport function of aquaporin 1 (AQP1) [10], a protein that plays important roles
in angiogenesis, tumour growth, and metastasis [11-13]. Furthermore, other studies have
shown the stereoselectivity of these epimers on ion channels [14], the relaxation of the swine
coronary artery [15], the anti-oxidant effect [16], promotion of immune system [17,18], and
the inhibition of epithelial-mesenchymal transition [19]. Considering this stereoselective
anti-cancer activity, these epimers should be considered as separate drugs that could
be combined.

For the first time, in this research, the concentrations of these epimers in combination
was optimised to yield the highest anti-angiogenic efficacy. The optimal combination was
determined using response surface methodology (RSM), a statistical and experiment design
modelling process, which aims at reducing the number of experiments and costs associated
with the experiment design [20]. In recent years, RSM has gained popularity in drug
design [21], drug interaction [22], and combination therapy in cancer treatment studies [23].
It describes a three-dimensional dose-response surface, measures drug interactions, and
defines the optimised combination of two drugs [24]. In this study, the efficacy of the
optimal combination of Rg3 epimers was confirmed in migration and proliferation assays
in human and murine endothelial cells. The mode of cell death and several potential
intracellular targets of this combination that play roles in angiogenesis were studied.
These targets included the expression of VEGEF, activation of VEGFR?2, signaling of AKT
downstream of the activation of VEGFR2, and expression of AQP1. Because of the essential
role of hypoxia in driving angiogenesis in a rapidly growing tumour, the role of this
combination was studied in both normoxic and hypoxic conditions. [25].

2. Materials and Methods
2.1. Reagents, Cell Lines, and Cell Culture

Human umbilical vein endothelial cell (HUVEC) and its media, endothelial cell growth
medium-2 (EBM-2; Clonetics, Lonza, Belgium), were purchased from Lonza, Belgium.
Murine endothelial cell lines, 2H-11 and 3B-11, and human triple-negative breast cancer cell
line MDA-MB-231 were purchased from the American Type Culture Collection (Manassas,
VA, USA) and maintained in Dulbecco’s Modified Eagle Medium (DMEM,; Life Technolo-
gies, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Corning, Corning,
NY, USA), 50 U/mL penicillin, and 50 pg/mL (Life Technologies). The cells were used
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within the first 10 passages. SRg3 (>98%) and RRg3 (>98%) (ChemFaces®, Wuhan, China)
were dissolved in dimethyl sulfoxide (DMSO, HYBRI-MAX, Sigma-Aldrich, St. Louis,
MO, USA). Aliquots of SRg3 and RRg3 at 6.5 and 12.7 mM, respectively, as the maximum
concentrations of Rg3 epimers in aqueous media, were stored at —20 °C. The concentration
of DMSO in the experiments did not exceed 0.8%, as described previously [10].

2.2. Response Surface Methodology (RSM)

To develop the RSM, the central composite design technique was employed with three
levels, namely: low, mid, and high values corresponding to —1, 0, and +1, respectively, for
the input parameters. The input parameters were the concentration of SRg3 and RRg3,
which ranged from 0-100 1M for SRg3 and 0-50 uM for RRg3. Table 1 represents the values
corresponding to low, mid, and high bounds of concentrations for the Rg3 epimers. The
design matrix used in the RSM analysis is shown in Supplementary Table S1. To optimise
the combination of concentrations, the RSM model reduced the total experiments to 13
iterations, with loop formation being the “main measurable target parameter”.

Table 1. Low, mid, and high values used for response surface methodology (RSM) model.

Concentration (uM)

Parameter Index
Lowest value (—1) Centre Value (0) Highest Value (+1)
SRg3 A 0 50 100
RRg3 B 0 25 50

Following optimising the combination, two other combinations were used to con-
firm the validity of the RSM model. These two combinations (C1 and C2) are as fol-
lows, which were tested along with the optimised combination (C3). Combination 1 (C1):
SRg3 (12.5 uM) + RRg3 (6.25 uM). Combination 2 (C2): SRg3 (25 uM) + RRg3 (12.5 uM).

2.3. Proliferation Assay

A crystal violet assay was performed as previously described [26]. Briefly, cells were
seeded at 800 cells per well of a 96-well plate and were cultured overnight. Single or
combination concentrations of Rg3 epimers were added to the wells, and the absorbance
was read at 595 nm at 3 time points, on days 0, 1, and 3, in order to assess the effect of the
Rg3 epimers on the proliferation of the endothelial cell lines. The experiment included six
replicates and the data are shown as mean + standard deviation (SD).

2.4. Flow Cytometric Analysis of Cell Death

The cells were seeded at 5 x 10* cells per well on six-well plates overnight and were
then exposed to Rg3 combinations for three days. Then, the samples were collected and
stained using the Annexin-V-FLUOS staining kit (Roche Diagnostics, Mannheim, Germany),
as previously described [10]. The samples were analysed in the BD FACSCanto II (BD
Biosciences, San Jose, CA, USA) and Flow]o software, v 10.4 (Flow]Jo, LLC, Ashland, OR,
USA). The experiment was performed in triplicate and the data are shown as mean =+ SD.

2.5. Flow Cytometric Analysis of Cell Cycles

The cells were seeded at 5 x 10* cells per well on six-well plates, cultured overnight,
and then exposed to C3 for 3 days. The cells were collected, fixed, stained, and analysed
using BD FACSCanto II and Flow]o software, v10.4, as previously described [10]. The
experiment was performed in triplicate and the data are shown as mean =+ SD.

2.6. Migration Assay

A migration assay was performed based on the previously described method [27].
Briefly, HUVECs, 2H-11, and 3B-11 cells, either not pretreated or pretreated for 3 days
with Rg3 epimers, were seeded in 96-well plates at 3.5 x 104, 1.2 x 104, and 4 x 10* cells
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per well, respectively, and were incubated overnight. A circular scratch was made in the
cell monolayer. The area of the circular wound was measured based on a time of 0 and
10 h (murine endothelial cells), or 16 h (HUVEC), using Image] software (version 1.53a,
National Health of Institute, Bethesda, MD, USA). The experiment included six replicates
per treatment and the data are shown as mean =+ SD.

2.7. Loop Formation Assay

A loop formation assay was optimised based on the cell proliferation index, viability,
and cell number, and was performed as previously described [28]. Endothelial cells were
seeded at 1.5 x 10* cells per well of a p-plate (Ibidi, Martinsried, Germany) coated with
Matrigel® (Corning) according to the manufacturer’s protocol. The number of loops formed
was counted at 16 h for HUVEC and 4 h for 2H-11 and 3B-11. The results are presented
relative to the vehicle control. The experiment was performed in triplicate and the data are
shown as mean =+ SD.

2.8. Molecular Docking

For the molecular docking of Rg3 on the VEGF receptors, the SMILES structures of Rg3,
sorafenib, and lenvatinib were obtained from PubChem. The crystal structure of VEGFR2
(2XIR and 3V2A) and VEGFR1 (5EX3) were from the protein data bank of NCBI (RCSB
PDB). The UCSF Chimera program (version 1.15-mac64) and Autodock Vina algorithm
(version 1-1-1-mac-catalina-64bit) were used to build the 3D structure of Rg3 and perform
the molecular docking. The prediction of the Gibbs free energy of the protein-ligand
binding was based on the flexible ligand docking simulations run within the docking grids
on the interaction site of each protein, as previously described [10].

2.9. VEGFR?2 Specific Interaction

To study the interaction between Rg3 epimers and VEGFR2, a VEGF bioassay kit
(Promega, Madison, WI, USA) was used. It is a bioluminescent assay using KDR /NFAT-
RE HEK293 cells. Upon activation of VEGFR2, intracellular signals triggered NFAT-RE-
mediated luminescence. The experiment was performed according to the manufacturer’s
protocol. Briefly, the cells were seeded in white, flat-bottom 96-well assay plates (Delta
Surface ™, Thermo Scientific, Roskilde, Denmark). Serial dilutions of SRg3 and RRg3 at
final maximum concentrations of 100 and 50 M were used alone or in combination with
VEGF-A (recombinant VEGF, Promega, Madison, WI, USA) at a constant final concentration
of 35 ng/mL (80% effective concentration). Bevacizumab (Avastin®, a maximum final
concentration of 6 ug/mL) and VEGF-A (a maximum final concentration of 0.1 ug/mL)
were used as the controls. The cells were incubated with the drugs for 6 h before a
10 min incubation with the Bio-Glo™ Reagent. Bioluminescence was measured using
a FLUOstar Optima microplate reader (BMG LABTECH, Offenburg, Germany). The
relative luminescence units (RLU) in each well were subtracted from the background. The
experiment was performed in duplicate. GraphPad Prism (version 9.0.0 for Mac, GraphPad
Software, San Diego, CA, USA, www.graphpad.com (accessed on 11 March 2021)) was
used for plotting the dose-response curves (non-linear regression using log(inhibitor) vs.
normalised response) and calculating the half inhibitory concentration (ICs).

2.10. Quantitative PCR for the Expression of AQP1

The cells were seeded at 0.5 x 10° cells per well on six-well plates and were incubated
overnight. Then, the cells were treated with Rg3 for 3 days at a normoxic (21% O,) or
hypoxic (0.1% O,) condition. PureLink RNA mini kit (Life Technologies) was used to
extract RNA and 20 ng RNA was used for reverse transcription using iScript cDNA Synthe-
sis Kit (Bio-Rad Laboratories, Hercules, CA, USA). The duplex TagMan Gene Expression
Assays for aquaporin-1 (AQP1; Hs01028916_m1; Life Technologies) and the reference gene
CCSER2 (HS00982799_mH, Life Technologies) was used in the study. Three biological repli-
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cates were used. Reactions were performed in triplicate and were analysed as previously
described [10].

2.11. Enzyme-Linked Immunosorbent Assay (ELISA) for the Expression of VEGF-A

HUVEC and MDA-MB-231 cells were seeded on six-well plates at 1 x 10° cells per
well on a 96-well plate. After overnight culture, the cells were exposed to C3 for three days.
The expression of VEGF in these cells was compared in normoxic and hypoxic conditions.
Following treatment, the supernatants were collected and centrifuged to pellet any debris.
The cells were then lysed with a RIPA Lysis and Extraction Buffer (Pierce Biotechnology,
Rockford, IL, USA) and the total protein was measured using Bio-Rad protein assay (Bio-
Rad Laboratories). VEGF production was measured using the human VEGF-A ELISA Kit
(RayBiotech, Norcross, GA, USA). The experiment was performed in duplicate, and the
results are shown as mean =+ SD.

2.12. Western Blotting for the Expression of Proteins Involved in Migration and Invasion

The total cell lysates were prepared and quantified as described above. Western blot
was performed as previously described [28]. The anti-aquaporin-1 antibody [EPR20325]
(ab219055, Abcam, Cambridge, UK, 1:1000) and goat anti-rabbit IgG H&L (ab6721, Abcam,
1:3000) were used as the primary and secondary antibodies, respectively. The experiments
were repeated three times and the results are shown as mean & SD.

2.13. AKT Pathway Phosphorylation Array

To assess the effect of Rg3 on the signaling of AKT, a Human/Mouse AKT Pathway
Phosphorylation Array C1 (RayBiotech) was used. The HUVEC cells were pretreated with
Rg3 or a vehicle (DMSO) for three days at normoxic and hypoxic conditions, and then the
protein was collected using lysis buffer, protein inhibitor, and phosphatase inhibitor, as
per the manufacturer’s protocol. The protein concentration was determined using Bio-Rad
Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, CA, USA). The
density of each dot was measured using Image Lab™ Software (version 6.1). The results
are shown as the mean =+ SD of the two replicates.

2.14. Statistical Analysis

The results were analysed using parametric one-way or two-way analysis of variance
using GraphPad Prism (version 9.0.0 for mac, GraphPad Software, San Diego, CA, USA,
www.graphpad.com). The results are presented as mean =+ SD for two to eight replicates,
with p < 0.05.

3. Results
3.1. Optimisation of Concentration Combination of SRg3 and RRg3

The results of the response surface methodology modelling are depicted in Figure 1.
Parameters A (SRg3), B (RRg3), and the combination of both (AB), all have significant effects
(Figure 1a). Notably, AA is defined as a high concentration of SRg3, which is included
as a reference. For further analysis, the Pareto chart analysis for the loop formation data
(Figure 1b) reflects the effectiveness of each parameter and shows the critical parameters
that needed to be investigated in this study. This chart shows that the concentration of
SRg3 (A), RRg3 (B), and the combination of both drugs (AB) are key parameters playing a
major role in the anti-angiogenic effects. The highest effect is sourced from SRg3, followed
by the combination of both drugs and RRg3. Accordingly, the key parameter requiring
optimisation is the combination of both drugs (AB), which shows a plausible efficacy
and reduces the concentration needed of each if used singly. Both the Pareto analysis
and standardised effect plots showed that the combination parameter is a key factor
determining the efficacy of loop formation. By optimising the concentrations, the optimum
region for a concentration of both drugs to give the minimum loop formation was identified,
and is shown in a contour plot (Figure 1c) and surface plot (Figure 1d).
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Figure 1. The calculated results of the response surface methodology developed using the central composite design
technique for the optimisation of SRg3 and RRg3 drugs. (a) Standardised effect chart showing the critical parameters that
need to be investigated, (b) Pareto chart analysis for loop formation data that reflects the effectiveness of each parameter, (c)
contour plot, (d) surface plot for the percentage of loop formation following a combination of SRg3 or RRg3, (e) contour
plot highlighting the area with the best efficacy for the combination, and (f) contour plot showing the predicted responses of
two other combination treatments. A and B stand for SRg3 and RRg3, respectively, and AB represents the combination of
SRg3 and RRg3. AA and BB show a mathematical expression of high concentrations of SRg3 and RRg3, respectively.

Notably, AA is defined as a high concentration of SRg3, which is included as a
reference. For further analysis, the Pareto chart analysis for the loop formation data
(Figure 1b) reflects the effectiveness of each parameter and shows the critical parameters
that need to be investigated in this study. This chart shows that the concentration of
SRg3 (A), RRg3 (B), and the combination of both drugs (AB) are key parameters playing a
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major role in the anti-angiogenic effects. The highest effect is sourced from SRg3, followed
by the combination of both drugs and then RRg3. Accordingly, the key parameter requiring
optimisation is the combination of both drugs (AB), which shows a plausible efficacy
and reduces the concentration needed of each if used singly. Both the Pareto analysis
and standardised effect plots showed that the combination parameter is a key factor
determining the efficacy of loop formation. By optimising the concentrations, the optimum
region for a concentration of both drugs to give the minimum loop formation was identified
and is shown in a contour plot (Figure 1c) and surface plot (Figure 1d).

Accordingly, different areas, shown with different colours (Figure 1c), show the per-
centage of loop formation in response to the combination of concentrations of SRg3 and
RRg3. As represented in Figure le, by narrowing down the identified region of the result
to 0-5% loop formation, the response of the combination of 50 uM SRg3 + 25 uM RRg3
(C3) was minimised to 0.1%, in which loop formation was almost completely suppressed.
Notably, a concentration of 50 uM SRg3 is a concentration that blocks AQP1 water chan-
nels [10], which, in combination with 25 pM RRg3, gives a minimum loop formation. To
validate the results of this RSM model, two other combinations (C1 and C2) were consid-
ered and tested for loop formation. Figure 2a shows the results of the validation of the
RSM model on HUVEC cells. As shown in Figure 1f, C1 and C2 are predicted to provide
responses of 60-80% and 20-40% loop formation, respectively. In Figure 2a it is shown that
C1 and C2 give mean responses of 74% and 22%, which is within the predicted regions
in Figure 1f. Therefore, the identified concentration of C3 was used to conduct the rest of
the experiments.

3.2. Effect of Rg3 on Loop Formation and Migration of Endothelial Cells

To show the effects of Rg3 epimers alone and in combination, loop formation and
migration assays were performed at two-time points: on non-pretreated cells and three-day
pretreated cells (Figure 2). In the non-pretreated state, HUVECs were the most sensitive of
the three cell types to inhibitory effects of single and combination of Rg3 epimers, with C3
being the most effective combination to completely inhibit loop formation (Figure 2a—c)
and cell migration (Figure 2d-f). In these cells, in this state, a dose-response relationship
was observed for a single or combination of Rg3 epimers. The loop formation with RRg3 at
25 uM and 50 uM (p = 0.0001) was 76% and 50%, respectively. Loop formation with 50 uM
SRg3 was inhibited by 74% (p < 0.0001) and was completely inhibited with 100 uM SRg3
(p < 0.0001).

With combinations of C1 and C2, loop formation was reduced to 74% (p = 0.0348)
and 21% (p < 0.0001), while C3 completely inhibited loop formation (p < 0.0001). In this
state, the murine 2H-11 and 3B-11 cell lines were less sensitive to the inhibitory effects
of Rg3 and the treatment required more time to show an inhibitory action in these cell
lines. 2H-11 was more sensitive to the effects of RRg3, and at 25 uM and 50 M, loop
formation was 63% and 45% (p = 0.0023), respectively (Figure 2b). However, only SRg3
inhibited loop formation in 3B-11. With 50 uM and 100 uM SRg3, 40% (p = 0.0005) and 21%
(p < 0.0001) loop formation occurred, respectively (Figure 2c). Although the combinations
did not significantly inhibit the loop formation of murine endothelial cell lines in the
non-pretreated state, a dose-response pattern was observed with these treatments.

To study the time-dependency of the effects of Rg3, a three-day pretreatment was
performed. Following this pretreatment of cells with Rg3, the inhibitory effects of treatment
were exacerbated in all of the tested cells. In HUVEC, RRg3 at 25 and 50 uM inhibited loop
formation by 35 and 70%, respectively (p < 0.0001), and RRg3 completely inhibited loop
formation (p < 0.0001). With C1, only 35% loop formation occurred, and no loops formed
with C2 and C3 (p < 0.0001). In the pretreated state, the effect of single and combination
drugs increased in both murine cell lines. In 2H-11, 25 and 50 uM RRg3 decreased loop
formation by an average of 59% (p = 0.0004) and 96% (p < 0.0001), respectively. SRg3 at
50 and 100 uM inhibited loop by 53% (p < 0.0026) and 83% (p < 0.0001), respectively. C1,
C2 and C3, inhibited loop formation by 68%, 78% and 100% (p < 0.0001), respectively.
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In pretreated 3B-11 cells, all single drugs inhibited loop formation by more than 90%
(p <0.0001), and C2 and C3 inhibited it by 73 and 100% (p < 0.0001), respectively. These
results showed that Rg3 has a time- and dose-dependent effect on the inhibition of loop
formation for endothelial cells.
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Figure 2. Effect of Rg3 epimers on loop formation (a—c) and migration (d—f) of human umbilical vein endothelial cell
(HUVEC), 2H-11, and 3B-11 cells. Analysis of the loop formation and migration was performed at two timepoints; non-
pretreated cells and 3-day pre-treated cells. Treatments are shown on the x axis, and (a—c) show the results of the loop
formation in the HUVEC, 2H-11, and 3B-11 cell lines, respectively, at peak loop formation timepoints—16 h for HUVEC and
4 h for 2H-11 and 3B-11 cells. The experiments were done in triplicate and the results are presented as mean + standard
deviation (SD; p < 0.05). (d—f) show the results of cell migration in HUVEC, 2H-11 and 3B-11 cell lines, respectively. Results
are presented as mean + SD of 3 and 6 replicates for loop formation and migration assays, respectively (p < 0.05). The
images represent the pre-treated cells. C3 represents a combination of 50 uM SRg3 + 25 uM RRg3. * p < 0.05, ** p < 0.01,
*** p < 0.001 and **** p < 0.0001.
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In the migration assay, the efficacy of single or a combination of Rg3 epimers was
studied in non-pretreated or 3-day pretreated cells (Figure 2d—f). The trend of cells’ response
in this assay was similar to the results of loop formation assay. Similar to the inhibitory
effects of Rg3 on loop formation, HUVEC was the most sensitive cell to the anti-migration
effects of Rg3 (Figure 2d).

In non-pretreated HUVEC, only SRg3 inhibited cell migration by 66% and 80% for 50
and 100 uM, respectively (p < 0.0001; Figure 2d). C1, C2, and C3 inhibited loop formation
dose-dependently by 16%, 75% (p < 0.0001), and 89% (p < 0.0001), respectively (Figure 2d).
2H-11 and 3B-11 were not sensitive to single epimers, but the C2 (p < 0.001) and C3
(p<0.0001) significantly inhibited cell migration. A three-day exposure of the cells with
the drugs increased the effects of single drugs. In HUVEC, the inhibitory effects of RRg3
increased and both concentrations of SRg3 completely inhibited migration (p < 0.0001). In
2H-11, the inhibitory effects of higher concentrations of SRg3 and RRg3 increased, while
in 3B-11, the effects of all single epimers were increased. In both cell lines, C3 almost
completely inhibited cell migration (Figure 2e,f). This experiment also showed time- and
dose-dependent inhibition of migration by Rg3 epimers and confirmed the results of Rg3
in the loop formation assay.

3.3. Anti-Proliferative Effects of Rg3 in Endothelial Cells

As shown in Figure 3a, HUVEC was the most sensitive cell type to the anti-proliferative
effects of Rg3. At equimolar concentrations, RRg3 was a less potent inhibitor of cell prolif-
eration in HUVEC, while SRg3, C2, and C3 almost completely inhibited cell proliferation
(p <0.0001), and C1 had no significant inhibitory action. 2H-11 and 3B-11 were more
sensitive to the combination of SRg3 and RRg3 compared with single epimers. In these
two cell lines, C3 was the most effective inhibitor of cell proliferation (Figure 3a).

The induction of cell death was studied by staining the cells with annexin V and pro-
pidium iodide (PI; Figure 3b). In HUVEC cells, C2 and C3 induced about 29% (p = 0.0003)
and 92% (p < 0.0001), respectively, cell death after three days of treatment. The cell death
induced by C3 was associated with G0/G1 arrest in HUVEC (p < 0.0001; Figure 3c). Further
studies showed that C2 and C3 induced the activation of caspase 3/7 in HUVEC by 536%
and 980%, respectively (Figure 3d), with subsequent increases in the number of PI-positive
cells (Figure 3e), consistent with late apoptosis. Interestingly, single epimers of Rg3 did
not induce caspase activation in HUVEC. This shows that SRg3 and RRg3 in C2 and C3
combinations play a synergistic role in the induction of apoptosis in this cell.

In contrast, in murine 2H-11 and 3B-11 endothelial cells, C2 and C3 did not induce
significant cell death (Figure 3b), while the cells were arrested in S phase (Figure 3c).
Induction of cell cycle arrest in the S-phase was by 42% (p = 0.0006) and 63% (p = 0.0001)
in 2H-11 and 3B-11, respectively. Therefore, it seems that the major mechanism of the
inhibition of proliferation in these two cell lines is via the induction of cell cycle arrest.
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Figure 3. HUVEC, 2H-11, and 3B-11 cells were exposed to 0.8% dimethyl sulfoxide (DMSO) as a vehicle control or at
concentrations of 25 and 50 tM RRg3; 50 and 100 uM SRg3; or three combinations of RRg3 + SRg3 at 6.2 + 12.5 (C1),
12.5 + 25 (C2), and 25 + 50 uM (C3). (a) The effect of single or combination Rg3 epimers on the proliferation of these cells in
a three-day time frame. Each data point represents mean =+ SD of six replicates. (b) The flow cytometric analysis of the
induction of cell death and (c) cell cycle arrest in these cells by C2 and C3. Each data point represents mean + SD of three
replicates. (d) Activation of caspase 3/7, shown by red spots and (e) propidium iodide (PI) staining of cells shown by blue
spots in HUVEC cells. Images are at 72 h and scale bars show 400 um. Each data point represents mean =+ SD of eight
replicates. Statistical analyses were performed between the Rg3 and vehicle-treated cells (p < 0.05). * p < 0.05, ** p < 0.01,
*** p < 0.001 and **** p < 0.0001.
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3.4. The Effect of Rg3 on VEGF, VEGFR2, and Their Interaction

To further investigate the role of Rg3 epimers in angiogenesis, molecular docking
was performed on two of the receptors VEGF—VEGFR1 and VEGFR2. As a comparable
reference, molecular docking was also performed on two small-molecule TKIs—sorafenib
and lenvatinib—which are known to interact with and inhibit VEGFR activity [29]. Human
VEGFR2 includes an extracellular site with seven immunoglobulin (Ig)-like domains, and
an intracellular tyrosine kinase domain, which are connected with a short transmembrane
and a juxta-membrane domain (Figure 4a) [30]. The results of the molecular docking
between Rg3 epimers and VEGFR1 and VEGFR?2 predicted good binding scores between
TKIs and the ATP-binding pocket of these receptors (Table 2). Molecular docking of
SRg3 and RRg3 at this site of VEGFR2 predicted that both epimers have a strong binding
with this site of the receptor, with scores of —9.0 and —8.9 k]J/mol, respectively. These
scores are comparable with the binding scores of sorafenib (—9.9 k] /mol) and lenvatinib
(—=9.1 kJ/mol; Table 2).

Table 2. Binding score (kJ/mol) of Rg3 epimers and growth factor receptors and the number of
hydrogen binding (H-bond) predicted by Chimera program and Autodock vina algorithm.

Binding Score (kJ/mol) (Number of H-Bonds)

Molecule
VEGFR1 VEGFR2! VEGFR2 2
SRg3 4.8 (0) —9.0 (8) -7.2(3)
RRg3 —7.4(6) —8.9 (5) —7.0(5)
Sorafenib —4.9(0) —-9.9(0) —
Lenvatinib —8.9(0) -9.1(0) -

! Interaction with ATP-binding pocket; ? interaction with vascular endothelial growth factor (VEGF)-binding site.

As shown in Figure 4a and summarised in Table 2, 8 and 5 H-bonds were predicted
between VEGFR2 and the two epimers, SRg3 and RRg3, respectively. In both cases, Asn108,
Asp180, Arg27, and Argl79 were suggested as potential H-bond residues. Although the
ATP-binding cassette of VEGFR2 plays an important role in the activation of the receptor,
the VEGF binding site in the extracellular side of the receptor is a key interaction site
between VEGF and VEGFR?2 to facilitate the intercellular signal transduction. Out of the
7 Ig-like domains, the first three domains, especially 2 and 3, mediate VEGF binding [31].
We performed a molecular docking on domains 2 and 3 of VEGFR2 and each of the
Rg3 epimers. The results of this in silico study predicted binding scores of —7.2 and
—7.0 k] /mol for SRg3 and RRg3, respectively. These scores, together with the number of H-
bond interactions with the receptor, were 3 and 5 H-bonds for SRg3 and RRg3, respectively,
indicating strong binding. For both epimers, glycine, asparagine, and valine were the
predicted amino acid residues to make H-bonds with each epimer at different positions of
the domains, and provide affinity positions for H-bonds (Figure 4a).

To investigate the interaction between Rg3 and VEGFR?, in vitro, a VEGF bioassay was
conducted. Figure 4b,c shows two dose-response curves of VEGF in a stimulatory state and
a bevacizumab inhibitory state, respectively. VEGEF, as the activator of the receptor, shows
a stimulatory dose-response curve (Figure 4b) with a half effective concentration (ECsg) of
0.001 ng/mL (Table 3). The anti-VEGF monoclonal antibody, bevacizumab, antagonised
the action of VEGF (Figure 4c) with the ICsy of 0.11 pg/mL (Table 3).
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Figure 4. (a) A demonstration of the interaction between SRg3 and RRg3 (in black) with VEGFR2 at VEGF binding site or
ATP-binding pocket. The interaction sites were predicted using molecular docking performed by AutoDock Vina algorithm.
The predicted H-bonds between Rg3 and amino acid residues are shown with dashed lines. Dose-response curve of (b)
VEGE, SRg3, and RRg3 in the presence of 35 ng/mL VEGF (stimulatory dose-response state) and (c) bevacizumab in the
presence of 35 ng/mL VEGF, SRg3, and RRg3 alone (inhibitory dose-response state). Expression of VEGF in the presence of
Rg3 in normoxic or hypoxic conditions in (d) HUVEC and (e) MDA-MB-231. The experiment was performed in duplicate,
and the results are shown as mean =+ SD, with p < 0.05. RLU—relative light units. *** p < 0.001.
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To test the activity of Rg3 on VEGFR?2, the bioassay was performed in two states:
(i) in the presence of high levels (ECgp) of VEGF, which is a condition that encourages
angiogenesis and highly activates VEGFR2, and (ii) in the absence of VEGF to test whether
the molecules alone have any stimulatory or inhibitory effect on the receptor. In the
presence of an ECgy value of VEGF (35 ng/mL), Rg3 epimers shifted the VEGF dose—
response curve to the right. This means that Rg3 epimers reduced the efficacy of VEGF
for the activation of VEGFR2. The ECs) values of SRg3 and RRg3 in this state were about
28 and 6.5 UM (Table 3). This means that RRg3 is almost four-fold more potent than SRg3
at reducing the efficacy of VEGF. SRg3, although less potent, more effectively shifted the
VEGF dose-response curve to the right (Figure 4b).

Table 3. Calculated IC5p and EC5 values for VEGF (ng/mL), bevacizumab (ug/mL), SRg3 (utM),
and RRg3 (uM) alone or in combination with 35 ng/mL VEGE, in interaction with VEGFR2. The
experiment was performed in duplicate using the VEGF bioassay system (Promega) and was analysed
using Prism software.

Compound ICsp ECsp 95% CI 1 R Squared
VEGF - 0.001 0.001-0.002 0.9781
Bevacizumab 0.11 — 0.08-0.15 0.9644
SRg3 21.23 - 3.25-8008 0.3391
RRg3 20.67 — 15.06-30.82 0.6963
SRg3 + VEGF - 27.95 23.79-32.44 0.9670
RRg3 + VEGF — 6.52 4.84-8.66 0.9411

! Cl—confidence interval

To test whether the Rg3 epimers had any stimulatory effect on VEGFR?2, the dose
response curve was studied in the absence of VEGF. In this state, Rg3 epimers showed an
almost steady response, except for the highest concentration (Figure 4c), and the regression
analysis approach was not a plausible technique to fit a non-linear sigmoidal dose-response
function, which resulted in poor R squared values (Table 3). However, the overall trend of
their effect was inhibitory, as at the highest concentrations used (100 and 50 uM for SRg3
and RRg3, respectively), the response was minimised (Figure 4c). The decreased biolumi-
nescence detected at the highest tested concentrations could be due to the cytotoxicity of
the molecules, rather than the inhibitory effect of the drugs on the receptor.

Given the observed effects of Rg3 in this system and the results obtained from the
molecular docking, it seems probable that Rg3 is an allosteric modulator of VEGFR2. In the
absence of VEGEF, as the primary ligand, SRg3 and RRg3 had a minimum activity on the re-
ceptor, while in the presence of VEGF, Rg3 epimers decreased the efficacy of VEGF-VEGFR2
interactions potentially by changing the conformation of the receptor. Furthermore, the
efficacy of C3 on the VEGF expression in normoxic and hypoxic conditions in HUVEC
and MDA-MB-231 cells was studied (Figure 4d,e). C3 did not have any significant effect
on VEGF expression in MDA-MB-231 (Figure 5e), but in hypoxic HUVEC cells, when the
expression of VEGF was significantly increased in vehicle-treated cells, Rg3 decreased this
expression (p = 0.0008; Figure 4d).
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3.5. Effect of Rg3 on the AKT Signalling Pathway and AQP1

Signaling of PI3K/AKT and its interaction with the Raf/MEK/ERK signal transduc-
tion pathway (Figure 5a) regulates several proteins controlling cell survival, proliferation,
migration, and metabolism. To test whether C3 treatment has any effects on the signal-
ing of AKT, a protein array was performed. C3 affected the phosphorylation of proteins
downstream of the activation of AKT in both normoxia and hypoxia, although the effects
in normoxia were more extensive (Figure 5). In normoxic conditions, Rg3 combined with
C3 affected the phosphorylation of several proteins important in the signaling of AKT. The
phosphorylation of AKT was decreased (p = 0.017) and regulators for the activation of
AKT, including AMP-activated protein kinase (AMPK), phosphatase and tensin homolog
(PTEN), and phosphoinositide-dependent kinase-1 (PDK1), were decreased (p < 0.0001)
(Figure 5b). C3 also decreased the phosphorylation of the BCL2 associated agonist of
cell death (BAD; p = 0.0048; Figure 5b), which plays important roles in AKT-mediated
cell survival. C3 decreased the phosphorylation of cyclin-dependent kinase inhibitor 1B
(p275P1; p = 0.0015; Figure 5b), hence keeping it in its active form, which could cause
p27KiPl-mediated G1 arrest. With C3, the activation of p53 also decreased (p = 0.0003),
which could also affect the activation of mTOR.

This experiment showed that C3 decreased the phosphorylation of mTOR (p = 0.0045),
PRAS40 (p = 0.0012), P70S6K (p < 0.0001), 4E-BP1 (p < 0.0001), and RPS6 (p < 0.0001). These
proteins play roles in the translation function of migrating cells. Furthermore, C3 decreased
the phosphorylation of Raf (p = 0.0187), ERK 1/2 (p = 0.0066), RSK1, and RSK2 (p < 0.0001).
In hypoxic conditions, the C3 affected proteins included 4E-BP1 (p = 0.0003), glycogen
synthase kinase-3a (GSK3a; p = 0.0086), and p27XiP! (p = 0.0323).

AQP1 in combination with other proteins at the leading edge of a migrating cell
facilitates cell migration (Figure 5d). We showed that in normoxic conditions, the levels
of AQP1 transcript (p < 0.0001) and protein (p = 0.0268) were significantly decreased. In
hypoxic conditions, although the transcript levels were increased, the protein levels were
decreased (p = 0.0195; Figure 5e,f). In addition, in a mouse endothelial cell line, 3B-11, a
significantly decreased expression of the AQP1 transcript was observed (Supplementary
Figure S1). However, we did not detect any significant changes in the activation of focal
adhesion kinase (FAK), as another player in the AQP1-facilitated migration in HUVECs
(Supplementary Figure S2). Therefore, it seems that AQP1 is a more important protein
in the C3-induced inhibition of migration in HUVECs. Furthermore, preliminary testing
showed that in C2 treated HUVEC, the expression of the AQP1 transcript and protein and
the activation of AKT were reduced (Supplementary Figure S3).

4. Discussion

A few studies have investigated the mechanisms of action of Rg3 as an anti-angiogenic
agent. Keung et al. (2016) showed that RRg3 exerted its anti-angiogenic effects via an
increased expression of hsa-miR-520h, which targeted ephrin type-B receptor 2 (EphB2)
and EphB4 as a mediator of cancer migration and angiogenesis [32]. In addition, it was
shown that an unspecified epimer of Rg3 (64 uM) decreased the protein and transcript
expression of VEGEF, basic fibroblast growth factor (b-FGF), matrix metalloproteinase-2
(MMP-2), and MMP-9 [33]. Because of the stereoselective activity of Rg3 epimers, for the
first time, in this study, C3 was introduced as an optimised combination of SRg3 and RRg3
and a novel anti-angiogenic agent. This combination showed time- and dose-dependent
anti-angiogenic properties in vitro. HUVECs were more sensitive to these effects of Rg3
than to the murine endothelial cell lines.

To further investigate the mechanisms involved in the anti-angiogenic properties of
Rg3 and more specifically C3, (i) the effects of Rg3 on the VEGF-VEGFR?2 interaction and (ii)
the anti-angiogenic mechanisms Rg3 combination (C3) were studied. Molecular docking
predicted good biding scores and VEGFR2, comparable to the binding of known TKIs.
We showed that Rg3 has no stimulatory action on VEGFR2. The antiangiogenic effects
observed by Rg3 are not comparable with a drug such as bevacizumab. Bevacizumab is a
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monoclonal antibody against VEGF, while Rg3 has several mechanisms, one of which is via
the interaction with the activation of VEGFR2. For the first time, we showed that the inter-
action between Rg3 and VEGFR2 decreased the efficacy of VEGF on the system, working as
an allosteric modulator. Allosteric modulators are of special interest in pharmacology. Since
the introduction and successful treatment profile of benzodiazepines as allosteric ligands
of y-aminobutyric acid-A (GABA ) receptors, versus the toxic direct-acting agonists of this
receptor, much more attention has been paid to finding and registering allosteric drugs for
various diseases (reviewed in [34]). Allosteric modulators offer several advantages over
orthosteric ligands, such as subtype selectivity within receptor families and less adverse
side effects [34,35]. Of special interest are tyrosine kinases, which play roles in several
human diseases such as cancer. The ATP-binding pocket of kinases is a highly conserved
part, and this results in a low selectivity and, consequently, off-target and side effects for
the inhibitors designed for this target. Other types of inhibitors either bind at the ATP
site extending into an adjacent allosteric pocket, specifically bind to the allosteric pockets
near the ATP pocket, or bind to allosteric sites more remote from the ATP pocket [34].
The fact that Rg3 has been administered to humans without any reported serious side
effects (reviewed in [8,9]) could be evidence for the safety of Rg3 allosterism. This research
provided evidence of the anti-VEGFR?2 action of Rg3 epimers as one of the anti-angiogenic
mechanisms of these molecules. To confirm the interaction site of Rg3 with VEGFR2,
further experiments are required in future research.

This research also provided evidence of the effectiveness of C3 in hypoxic conditions.
This is especially important because of the importance of hypoxia in driving tumour
invasiveness [36]. Hypoxia is a common feature of rapidly growing tumours, which
affects tumour metabolism, metastasis, and resistance to chemotherapy [37], and is linked
to a poor prognosis for several tumours (reviewed in [38]). Hypoxia leads to VEGF
expression to encourage angiogenesis in the tumour. Increased VEGF expression promotes
endothelial cell proliferation and migration, inhibits apoptosis in these cells, and facilitates
the degradation of the extracellular matrix and endothelial cell migration and invasion [39].
Some solid tumours such as breast cancers overexpress VEGF and its receptors. This led to
the development of anti-angiogenic drugs for these patients [40]. Our group is interested in
developing novel treatments for breast cancer, in which VEGF expression is an independent
prognostic factor and a possible target of treatment [41]. Both endothelial and breast cancer
cells have an autocrine VEGF signaling pathway that supports angiogenesis and cancer
progression [42]. Hence, we measured VEGF expression in both HUVEC and MDA-MB-
231, in hypoxic and normoxic conditions, and showed that C3 significantly decreased
VEGEF expression only in hypoxic HUVEC cells and not in MDA-MB-231. Whether C3
has efficacy on other breast cancer cell lines should be further assessed. However, the
responding cells, endothelial cells, play key roles in angiogenesis.

Downstream of the activation of VEGFR2, several signaling pathways are activated,
including PI3K/AKT/mTOR signaling, the activation of which is one of the hallmark
signaling pathways in cancer and angiogenesis [43,44]. Therefore, inhibitors of mTOR
signaling have gained plenty of attention in cancer treatment. Currently, 70 trials of the
inhibitors of mTOR signaling are recruiting in several tumour types, such as breast, lung,
colorectal, and hematological tumours (https://clinicaltrials.gov/ (accessed on 11 March
2021)). In addition to several cellular functions, the activation of mTOR also plays roles
in VEGF production and angiogenesis [45]. Inhibitors of this pathway, inhibiting either
PI3K/mTOR or mTOR alone, show anti-angiogenic properties (reviewed in [46]). For
example, rapamycin, an inhibitor of mMTORC1, also inhibits VEGF production and angio-
genesis [47]. As reviewed before, in leukemic and ovarian cancer models, Rg3 affected
PI3K/AKT signaling [8]. Therefore, we examined the effects of C3 on this signaling path-
way in normoxic and hypoxic conditions. In the normoxic condition, except GSK3, all other
tested proteins were affected with C3. The proteins that showed more than 30% decreased
phosphorylation were those that were related to mTORC1 function, including PRAS40
(a component and substrate of mMTORC1); P70S6K, which phosphorylates and activates
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RSP6, a component of 40S ribosomal subunit; and 4E-BP1, which, upon phosphorylation,
releases elF-4E, as one of the key components of ribosomal translation initiation for reg-
ulators of mTOR function including PDK1 and RSKs. PRAS40, when dephosphorylated,
inhibits mTOR signaling, consequently decreasing ribosomal transcription via affecting the
activation of 4E-BP1 and P70S6k, both of which play roles in tumour angiogenesis [48,49].

Decreased phosphorylation of 4E-BP1 was also observed both in hypoxic and nor-
moxic HUVEC cells exposed to C3, thus implicating 4E-BP1 as having an important role
in C3 mediated anti-angiogenic effects. In particular, as mTORC1, via mechanisms in-
volving 4E-BP1, drives VEGF signaling in hypoxic conditions [50], it could be considered
that the decreased expression of VEGF observed in these cells was mediated through
mTORC1/4E-BP1. The leading edge of migrating cells is where many fundamental biologi-
cal and biochemical processes occur to facilitate cell migration, including 4E-BP1, PRAS40,
mRNAs, and translation initiation factors [51,52]. Therefore, one major mechanism of C3
could be via the inhibition of the translational function of mTOR.

Additionally, hypoxia-induced-endothelial cell proliferation requires functional mTOR
complexes [53]. C3, via the decreased phosphorylation of 4E-BP1, could decrease the
functionality of mMTORC1 and hence play a contributing role in the decreased proliferation
of these cells. C3, in hypoxic conditions, caused minor increased levels of p-p27XiP!, which
is a negative regulator of G1 cell cycle progression. It has been shown that GSK3 stabilises
the levels of p275iP! and decreases cell proliferation [54] and hence, the observed minor
increased levels of p27XiP! could be a consequence of the deactivation of GSK3.

GSK3 is a constitutively active kinase, an activator of AKT, mTORC1, and mTORC2,
which is in feedback and crosstalk with PI3K/AKT/mTOR. Phosphorylation on SER-21
(GSK3a) and SER-9 (GSK3Db) is initiated by the growth factor activation of AKT/mTOR
and inhibits GSK3 function [55], and C3 increased this phosphorylation to decrease the
activation of this signaling. This could further decrease the functionality of mTORC1
and mTORC?2. This is especially important, as mTORC2 is an essential cellular energy
production element, which promotes cancer progression via lipid formation and fueling
the PI3K/AKT/mTOR pathway [56]. It also plays roles in driving angiogenesis multi-
ple myeloma, where mTORC?2 inhibitors restrict angiogenesis in this tumour model [57].
mTORC?2 is one of the molecular targets that is in advanced stages of translational applica-
tion, and whether C3 has any inhibitory action on mTORC2 needs to be further investigated.

Some AQPs such as AQP1, AQP4, and AQP5 localise at the leading edge of migrating
cells [58]. AQP1, for example, polarises at the leading edge, a phenomenon that is associ-
ated with an increased turnover of cell membrane protrusions and enhanced cell migration
(reviewed in [12]). AQP1 was recognised as a pro-angiogenic factor [59], which, inde-
pendent of VEGF, was required for the hypoxia-induced tube forming capacity of human
retinal vascular endothelial cells [60]. AQP1-deficient cells were shown to have impaired
migration and tube formation [61]. We have also shown that blockers of AQP1 impair
angiogenesis [27,28]. In addition, using the molecular docking and oocyte swelling assay,
we showed that Rg3 blocked AQP1 [10]. Therefore, it could be concluded that the blockage
of AQP1 could contribute to the immediate inhibition of the loop formation observed. After
a three-day pretreatment with C2 and C3, the protein expression of AQP1 was decreased.
FAK, another important contributor to endothelial cell migration via VEGFR2-signalling or
complexing with AQP1 (reviewed in [13]), did not seem to be involved in the mechanism
of action of C3, which further highlights the role of AQP1 in this process.

5. Conclusions

In conclusion, we showed that Rg3 had a time- and dose-dependent inhibition of the
migration and invasion of endothelial cells. The optimised combination of SRg3 and RRg3
inhibited the proliferation, migration, and invasion of endothelial cells. SRg3 and RRg3
potentiated each other’s action in activating caspase 3/7 and inducing apoptosis, which was
the major anti-angiogenic mechanism. This action was measured after 3 days of exposure
with the treatment. Besides the induction of apoptosis, other inhibitory mechanisms were
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also involved that assisted with the anti-angiogenic action of Rg3. As our studies showed,
these molecules were allosteric modulators of VEGFR2, and therefore potentially had far
fewer off-target effects with less clinical side effects expected. A reduced expression of
VEGF and AQP1, and decreased PI3K/AKT/mTOR signaling are suggested mechanisms
of this drug. Further studies are needed to confirm the anti-angiogenic effects of C3 in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13092223 /51, Figure S1: Quantitative PCR for transcript expression of AQP1 in murine
3B-11 cell line following exposure with C3 for 3 days. Figure S2: Western blot analysis of activation of focal
adhesion kinase (FAK) in HUVEC exposed to vehicle (V) or C3 (50 uM SRg3 + 25 1M RRg3), in normoxia
or hypoxia conditions. Figure S3: HUVEC was exposed to vehicle (V) or C2 (25 uM SRg3 + 12.5 uM RRg3)
for 3 days. Table S1: Design table developed for the RSM model.
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Supplementary data

Supplementary Table S1. Design table developed for the RSM model.

RRg3
Run* SRg3 (A) (B)
1 0 0
2 0 0
3 -1 1
4 0 1
5 -1 -1
6 0 0
7 1 -1
8 0 0
9 0 -1
10 -1 0
11 0 0
12 if 1
13 1 0

*See Table 1 for values corresponding to the bounds -1, 0 and 1.
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Supplementary Figure S1. Quantitative PCR for transcript expression of AQP1
in murine 3B-11 cell line following exposure with C3 for 3 days. PureLink RNA
mini kit (Life Technologies, Grand Island, NY, USA) was used to extract RNA
and 20 ng RNA was used for reverse transcription using iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA). The duplex TagMan
Gene Expression Assays for aquaporin-1 (AQP1; Mm01326465_g1; Applied
Biosystems, Foster City, CA, USA) was used for the mouse endothelial cell line
with Eef2 (Eef2; Mm01171434_g1; Applied Biosystems, Foster City, CA, USA)
as the reference gene. Reactions were performed in triplicate and analyzed as
previously described [28].
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Supplementary Figure S2. Western blot analysis of activation of focal adhesion kinase (FAK) in
HUVEC exposed to vehicle (V) or C3 (50 uM SRg3 +25 uM RRg3), in normoxia or hypoxia conditions.
Western blot was performed as previously described [28]. The antibodies used for immunostaining
include anti-VEGF Receptor 2 antibody [EPRER16Y] (ab134191, Abcam, Cambridge, UK), anti-AQP1
antibody [EPR20325] (ab219055, Abcam, Cambridge, UK, 1:1000), anti-FAK antibody [EP6954]
(ab40794, Abcam, Cambridge, UK, 1:1000), anti-phospho FAK antibody [EP2]60Y] phosphor Y397 (ab
81298, Abcam, Cambridge, UK, 1:1000). Goat anti-rabbit IgG H&L (HRP) (ab6721, Abcam,
Cambridge, UK, 1:3000) was used as the secondary antibody. The experiments were repeated 3 times
and the results are shown as mean + SD.
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Supplementary Figure S3. HUVEC was exposed to vehicle (V) or C2 (25 uM SRg3 + 12.5 uM RRg3)
for 3 days. (a) Quantitative PCR for transcript expression of AQP1 shown as mean + SD of three
experiments, (b) western blot protein expression of AQP1 and (c) activation of AKT in these cells.
Anti-AQP1 antibody [EPR20325] (ab219055, Abcam, Cambridge, UK, 1:1000), anti-AKT antibody
[E.32.10] (Invitrogen, Rockford, USA) and anti-phospho AKT antibody [104A282] (Invitrogen,
Rockford, USA) were used.
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Appendix A

To perform the circular wound migration assay, HUVECs, 2H-11, and 3B-11 cells,
either not pretreated or pretreated for 3 days with Rg3 epimers, were seeded in 96-
well plates at 3.5 x 104, 1.2 x 10%, and 4 x 10* cells per well, respectively, and were
incubated overnight. Then, to inhibit cell proliferation, the cells were exposed with
culture media containing 2% FBS and 1 pg/mL mitomycin C and incubated overnight.
The following day, when a confluent monolayer was achieved, circular wounds were
made using suction through a sterile p10 pipette tip. Using Image] software (version
1.53a, National Health of Institute, Bethesda, MD, USA), the area of each circular
wound was measured at two timepoints, based on a time of 0 and 10 h (murine
endothelial cells), or 16 h (HUVEC). Cell migration was calculated for each well as a
percentage of the initial wound area at time 0. The experiment included six replicates
per treatment and the data are shown as mean + SD.
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Chapter 4 Effects of ginsenoside Rg3 on triple negative breast cancer
models

4.1. Background

As reviewed in chapter 1 and investigated in chapter 2, Rg3 epimers have potential to
be studied as a treatment for TNBC and especially metastatic TNBC. TNBC has a high
potential of developing metastasis and therefore, to inhibit metastasis, two general
options are considered: (1) to inhibit angiogenesis and (2) to inhibit migration of cancer
cells. Anti-angiogenic properties of Rg3 were reviewed in chapter 1 and further
investigated in chapter 3. Given the stereoselective activities of Rg3 epimers, the
efficacy of the combination of Rg3 epimers, C3, was evaluated in vitro in chapter 3,
which provided further evidence of the potential of C3 for application in TNBC.

The main question in this chapter was whether C3 had any efficacy on TNBC models.
To answer this question, two TNBC cell lines were chosen, one derived from a
metastatic site with more mesenchymal characteristics and one from a primary tumour
with more epithelial characteristics. First, an RSM model was developed and the
efficacy of C3 in TNBC cell migration in 2D and 3D models was evaluated. Then, to
study the efficacy of this treatment in a more relevant model to human breast tumour,
mammospheres were used. The efficacy of C3 on mammosphere formation and stem
cell markers was studied. Stem cell markers studied in this research were CD44 and
CD24, the ratio of which plays important roles in invasiveness of this disease and
metastasis.

Furthermore, using in silico molecular docking, a screening of interaction of Rg3
epimers with a number of receptor tyrosine kinases was performed to find potential
targets. Then, the effect of C3 on the PI3K/AKT signalling of TNBC mammospheres
was studied using a protein array. Since the results indicated that C3 affected mTOR
signalling, the interaction of Rg3 with rapamycin binding site of mTOR and Rheb, an
activator of mTOR, was studied. Furthermore, it was investigated whether C3 affected
the expression of AQP1 and FAK in TNBC mammospheres.

Subsequently, the efficacy of C3 was evaluated in an in vivo orthotopic mouse model
of metastatic TNBC. This model was based on using immunodeficient Nod scid gamma
(NSG) mice, which are capable of growing human TNBC cells. An almost complete
lack of immune system in this model and use of a highly metastatic cell line (MDA-
MB-231-Luc) makes this model a highly aggressive model, in which the cells
spontaneously metastasise to distant organs. The growth of the primary and
secondary tumours was monitored using IVIS spectrum. The dose of the drug was
extrapolated from C3, based on the total body volume of water in an average mouse
of 18 g. To bypass the first-pass effect, the drug was injected subcutaneously.

118



Chapter 4 Effects of ginsenoside Rg3 on triple negative breast cancer models

Following the promising results of the first animal study, a second dose-escalation
study was designed and performed.

This chapter was submitted to "Pharmacological Research" journal and is currently under

review.
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Abstract: Key problems of chemotherapies, as the mainstay of treatment for triple-
negative breast cancer (TNBC), are toxicity and development of tumour resistance
leading to the low survival rate of these patients. Using response surface
methodology (RSM), we previously optimised the combination of epimers of
ginsenoside Rg3 (Rg3) for anti-angiogenic action. Here, we show that the optimised
combination (C3), derived from an RSM model of migration of TNBC cell line MDA-
MB-231, inhibited migration of MDA-MB-231 and a second TNBC cell line, HCC1143,
in 2D and 3D migration assays (p < 0.0001). C3 significantly inhibited mammosphere
formation efficiency in both cell lines, while it did not cause significant cell death. The
combination significantly decreased the CD44* stem cell marker in the
mammospheres. Molecular docking showed that Rg3 epimers had a better binding
score with IGF-1R than with EGFR, HER-2 or PDGEFR. In addition, this in silico
screening predicted an mTOR inhibitory function of Rg3. C3 affected the signalling
of AKT as phosphorylation of 4E-BP1, P70S6K, PTEN and RPS6 in MDA-MB-231
mammospheres was decreased and phosphorylation of PRAS40, PTEN, Raf-1, RPS6
and RSK1 was decreased in HCC1143. The combination was then tested in a mouse
model of metastatic TNBC. A dose of 23 mg/kg SRg3 + 11 mg/kg RRg3 or an escalated
dose of 46 mg/kg SRg3 + 23 mg/kg RRg3 was administered to NSG mice bearing
MDA-MB-231-Luc cells. Calliper and IVIS spectrum measurement of the primary and
secondary tumour showed that the treatment shrunk the primary tumour and
decreased the load of metastasis in mice. In conclusion, this combination of Rg3
epimers showed promising results as a potential treatment option for TNBC patients.

Keywords: Ginsenoside Rg3, Epimer, Triple negative breast cancer, Metastasis,
Response surface methodology, Nod scid gamma mice

1. Introduction

Triple-negative breast cancer (TNBC) is a subtype of breast cancer for which
limited targeted therapy is available. Chemotherapy is the mainstay of the treatment
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for TNBC. Administration of various chemotherapies can be limited by toxicities and
the development of tumour resistance [1]. Despite using selected chemotherapy
regimens, these patients have a higher rate of developing visceral metastases [2] with
a median overall survival of 13.3 months [3].

Cancer cells undergo epithelial to mesenchymal transition (EMT), and acquire
cancer stem cell characteristics [4], one of the mechanisms by which cells become
resistant to chemotherapies (reviewed in [5]). Different subtypes and stages of breast
cancer have their unique expression of stem cell markers such as CD44, CD24 and
aldehyde dehydrogenase (ALDH) [4, 6] and the search for drugs which reduce cancer
stemness is an essential investigation in drug discovery and development programs.
Phosphatidylinositol 3-kinase /protein kinase B/mammalian target of rapamycin
(PIBK/AKT/mTOR) pathway is one of the several self-renewal pathways existing in
breast cancer cells [4] and inhibitors of this pathway may reduce ‘stemness’ of cancer
cells. Targeting this pathway is therefore important in overcoming drug resistance [7,
8], cell survival, and metastasis in this cancer [9, 10]. Several clinical studies are
ongoing to evaluate the efficacy of the inhibitors of this pathway in TNBC patients
(reviewed in [11]).

Natural products have always been a major source of therapeutic drugs. About
70% of the current cancer treatments are derived from or imitate natural products [12].
Natural inhibitors of PIBK/AKT signal transduction pathway have been under
investigation for the treatment of breast cancer [13]. Ginsenoside Rg3 (Rg3) is a
member of the ginsenosides family of molecules extracted from Panax ginseng. The
molecule has two epimers, 20(5)-Rg3 (SRg3) and 20(R)-Rg3 (RRg3). We have
previously discussed the potential of these molecules as a treatment for metastatic
breast cancer [14, 15]. Besides, studies showed that Rg3 decreased the activation of
PI3K/AKT pathway in several tumour models such as leukemia, ovarian, and lung
carcinoma (reviewed in [14]). Based on this background, Rg3 might be a potential
candidate for the treatment of metastatic TNBC (mTNBC). We previously showed that
the epimers of Rg3 have stereoselectivity in their anti-cancer actions [16] such that only
SRg3 inhibited the proliferation of MDA-MB-231 and blocked aquaporin 1 (AQP1)
water channel, which plays important roles in the proliferation, migration, and
invasion of cancer cells and in angiogenesis. Furthermore, it was only RRg3 that
inhibited the invasion of MDA-MB-231 cells. SRg3 and RRg3 inhibited the migration
of TNBC cells in wound closure and transwell migration assays with different manners
[16]. Based on these findings, SRg3 and RRg3 could be considered as two different
drugs. Therefore, we determined the optimal concentration of SRg3 and RRg3 using
response surface methodology (RSM) modelling. RSM is one of the well-established
methods of studying drug combinations which is especially important and helpful in
cancer treatment studies [17-19]. The optimisation, which was based on the anti-
angiogenic effects of the molecules [20], showed that a combination of 50 uM SRg3 +
25 uM RRg3 had the best efficacy in inhibition of loop formation and cell migration of
endothelial cells. This treatment induced cell death and cell cycle arrest in human and
murine endothelial cell lines, decreased the expression of vascular endothelial growth
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factor (VEGF), AQP1 and phosphorylation of several proteins downstream of
activation of AKT.

The current study aimed at investigating the efficacy of this combination on TNBC
cell lines and in a murine model of mTNBC. The optimised combination of both
molecules was assessed using RSM to confirm that the combination is effective in
inhibiting TNBC cell migration. Next, the efficacy of the treatment was studied on
mammospheres, as a more relevant model of human breast tumour and the effects of
the treatment on stem cell markers and PI3K/AKT signalling pathway was
investigated. Lastly, the in vivo efficacy of the treatment was studied in an orthotopic
model of murine mTNBC.

2. Materials and Methods

2.1. Materials

SRg3 and RRg3 (both with a purity of > 98% by HPLC) were purchased from
ChemFaces®, Wuhan, China. Stocks of SRg3 and RRg3 were prepared in dimethyl
sulfoxide (DMSO D2650, HYBRI-MAX, Sigma-Aldrich, Steinheim, Germany) and
stored at -20°C, as previously described [16]. TNBC cell lines; MDA-MB-231 (basal-like
with mesenchymal or claudin-low phenotype) and HCC1143 (basal-like with
epithelial phenotype) and MCF-12A (immortalised normal human breast epithelial
cell line) were purchased from American type culture collection (ATCC). Luciferase-
expressing MDA-MB-231-Luc cells were purchased from CellBank Australia. All cells
were mycoplasma-free. As previously described, cells were tested for mycoplasma
using MycoAlert Detection Kit (Lonza) and/or a custom PCR-based assay [21, 22].

2.2. Cell culture of adherent cells

MDA-MB-231 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,;
Life Technologies, CA, USA) and HCC1143 cells were grown in Roswell Park
Memorial Institute (RPMI) 1640 medium (Life Technologies, Carlsbad, CA, USA).
Media was supplemented with 10% foetal bovine serum (FBS; Corning, Corning, NY,
USA) and 1% penicillin-streptomycin solution (Life Technologies). MCF-12A cells
were grown in MammoCult™ media supplemented with 5% FBS (Corning), 10%
MammoCult™ proliferation supplement, 0.5% hydrocortisone and 0.2% heparin (all
from Stem Cell Technologies, Vancouver, Canada). MDA-MB-231-Luc cells were
cultured in L-15 media supplemented with 15% FBS and 1% penicillin-streptomycin
(Life Technologies). A week before the animal experiment, the cells were harvested,
washed in Dulbecco's phosphate-buffered saline (DPBS, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and grown as mammospheres in MammoCult™ media
(described below).

2.3. Circular scratch migration assay

The experiment was performed as previously described [16]. Briefly, three-day
pre-treated MDA-MB-231 and HCC-1143 cells were seeded in 96-well cell culture
plates (Corning® Costar®, Corning, NY, USA), at 4 x 10* and 8 x 10* cells/well,
respectively. Following overnight incubation, a circular scratch was made on a
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monolayer of cells and images at time 0 and 24 h were taken using a Nikon microscope.
The migration (%) of the cells was measured based on the area of the circular wound
measured with Image] software (version 1.53a, National Health of Institute, Bethesda,
MD, USA). The experiment was replicated 6 times and results represented as mean *
standard deviation (SD).

2.4. Response surface methodology (RSM)

To confirm that the effective combination of Rg3 epimers on endothelial cells was
effective on TNBC cells, an RSM model was developed for the migration of MDA-MB-
231, as previously described (Supplementary Table 1 and Table 2) [20]. The tested
combinations were 12.5 uM SRg3 and 6.2 pM RRg3 (C1), 25 uM SRg3 and 12.5 uM
RRg3 (C2), and 50 uM SRg3 and 25 uM RRg3 (C3).

2.5. Transwell migration assay

The experiment was performed as previously described [16]. A total of 1 x 10° of
pre-treated MDA-MB-231 and HCC-1143 cells were collected in 250 pL of serum-free
media containing vehicle control or Rg3 combinations. The cells were added to the
upper chamber of Corning® transwell plates (8 um pore size) with complete media in
the lower chamber. The experiment was performed in triplicate and the results were
represented as mean + SD.

2.6. Proliferation assay

Crystal violet assay (CVA) was used to study the effect of Rg3 on the proliferation
of TNBC cells, as previously described [16]. Briefly, MDA-MB-231, HCC1143 and
MCE-12A cells were seeded at 5 x 10° cells/well of 96-well flat-bottom cell culture
plates. After overnight incubation, the cells were exposed to the vehicle or Rg3
combinations. On days 0 (drug exposure day), 1 and 3, cells were stained with crystal
violet and the absorbance was measured at 595 nm using FLUOstar Optima microplate
reader (BMG Labtech, Offenburg, Germany). Each treatment replicated 6 times and
the data were shown as mean + SD.

2.7. Culture of mammospheres

Mammospheres were grown in MammoCult™ Human Medium Kit (Stem Cell
Technologies, Vancouver, Canada) as recommended by the manufacturer. The media
was supplemented with MammoCult™ proliferation supplement, hydrocortisone and
heparin at final concentrations of 10%, 0.5% and 0.2%, respectively. Briefly, the cells
were harvested, washed and resuspended in complete MammoCult media at the
density of 4 x 103 cell/cm? in 6-well ultra-low attachment plates (Corning® Costar®).
Following a 7-day period, mammospheres were collected in a tube, centrifuged at 350
x g, 10 min, 4°C, and dissociated using 100 uL TrypLE™ Express (phenol red-free,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and pipetting. Then, 1 mL of
cold DPBS supplemented with 2% FBS was added to the cells. The cells were then
centrifuged at 350 x g, 10 min, 4° C. Supernatant was then removed, and single cells

125



were suspended in MammoCult media, counted and seeded in 6-well ultra-low
attachment plates exposed with vehicle or C3 for 3 days.

2.8. Mammosphere formation efficiency (MFE)

Mammospheres, exposed to vehicle or Rg3, were collected, counted, seeded in 24-
well ultra-low attachment plates at the density of 4000 cell/cm?2. They were exposed to
the vehicle or Rg3 for 4 days. Then, MFE was calculated as per the equation MFE (%)
= number of mammospheres per well / number of seeded cells per well x 100, as
previously described [23].

2.9. Cell viability analysis

Cells were grown and exposed to the drugs, as described in the previous
paragraph. Single cells were prepared, and cell viability was measured using
CellDrop™ FL Fluorescence Cell Counter (DeNOVIX). The experiment was performed
in triplicate and the results are expressed as mean + SD.

2.10. Expression of stem cell markers

Mammospheres were grown, treated with C3, collected and dissociated into single
cells as before. Then the cells were washed in cold fluorescence-activated cell sorting
buffer (FACS, 2% FBS, 0.05% sodium azide in DPBS), counted and 1 x 10¢ cell/mL FACS
was prepared. The antibodies used to study the expression of CD44 and CD24 markers
were as follows: APC mouse anti-human CD44 (BD Pharmingen™, BD Biosciences,
CA, USA), APC mouse IgG2b, k isotype control (BD Pharmingen™, BD Biosciences,
CA, USA), PE mouse anti-human CD24 (BD Pharmingen™, BD Biosciences, CA, USA)
and PE mouse IGg2a, « isotype control (BD Pharmingen™, BD Biosciences, CA, USA).
APC-Cy7 (100 uL per tube) was used to select for live cells. Incubation with antibodies
or isotype controls was for 30 min in darkness at 4°C. Cells were washed twice in 1 mL
FACS buffer and resuspended in 100 pL of FACS buffer. Expression of ALDH was
studied using ALDEFLUOR™ Kit (Stem Cell Technologies), based on the
manufacturer's protocol. An aliquot of 1 x 10° cells/tube was prepared on ice for 30 min
staining with 20 pL antibody or isotype control. Prior to analysis, the cells were
washed twice in 1 mL FACS buffer and resuspended in 100 uL of FACS buffer. The
experiments were performed in triplicate and the results are expressed as mean + SD.

2.11. AKT pathway phosphorylation array

A Human/Mouse AKT Pathway Phosphorylation Array C1 (RayBiotech,
Norcross, GA, USA) was used to evaluate the effect of C3 on the signalling of AKT.
This array measures the expression of 18 phosphorylated proteins in this signalling
pathway. Mammospheres were grown from both TNBC cell lines, exposed to drugs
and collected as described above. Mammospheres were washed twice in cold DPBS.
Protein was extracted with a protein inhibitor cocktail and phosphatase inhibitors
included as recommended by the manufacturer. Bio-Rad Protein Assay Dye Reagent
Concentrate (Bio-Rad, Hercules, CA, USA) was used for the determination of protein
levels. Image Lab™ Software (version 6.1) was used to measure the density of each
dot. The results are shown as the mean + SD of two replicates.
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2.12. In silico molecular docking

The interaction of Rg3 with four tyrosine kinase receptors was studied via
molecular docking. The SMILES structure of Rg3 isomers, sorafenib, lenvatinib and
rapamycin were obtained from PubChem. The crystal structure of epidermal growth
factor receptor (EGFR) (3W33), human epidermal growth factor receptor-2 (HER-2)
(3PP0), insulin-like growth factor-1 receptor (IGF-1R) (1JQH), and platelet derived
growth factor receptor (PDGFR) (5GRN), the FKBP12 rapamycin-binding (FRB)
(1IFAP) and Ras homolog enriched in brain (Rheb) (6BSX) were obtained from the
protein data bank of NCBI (RCSB PDB). The UCSF Chimera program (version 1.15-
mac64) and Autodock Vina algorithm (version 1.1.2_Mac) were used to make the 3D
structure of Rg3, perform the molecular docking. The Gibbs free energy of protein-
ligand binding (kJ/mol) was predicted based on the flexible ligand docking simulations
within the docking grids on defined interaction sites of each specific protein, as
previously described [16].

2.13. Developing the mouse model of mTNBC

Female Nod scid gamma (NSG) mice (6-8 weeks old) were purchased from Animal
Resources Centre (Canning Vale, WA, Australia). Five days prior to commencement
of the study, the mice were acclimatized to the animal housing facility, in pathogen-
free conditions. Throughout the study, the mice were weighed and checked on a daily
basis for general well-being or any signs of toxicity. The experiments were performed
according to the guidelines for the ethical use of animals in research and were
approved by the Animal Ethics Committees of the University of Adelaide (M-2019-
068, 01/08/2019). To prepare MDA-MB-231-Luc cells for injection into mice, they were
grown as mammospheres for 7 days. On the day of cell inoculation, the cells were
collected, centrifuged at 350 x g, for 5 min at 4°C and washed twice in DPBS. The cells
were counted and 1 x 10° cells (viability > 95%) were resuspended in 50 uL cold DPBS.
A total of 100 uL of cells in a 1:1 ratio of Matrigel (Corning® Matrigel® Basement
Membrane Matrix, Phenol red-free, LDEV-free)/DPBS were injected into the 4th right
mammary fat pad (MFP), using aseptic technique.

2.14. Drug administration and toxicity assessment

Drugs were dissolved in DMSO and stored at -20°C as aliquots. Before injection to
mice, an aliquot was thawed, mixed with 70% DPBS and 20% Cremophor EL®
(Millipore Corp., Billerica, MA USA). The vehicle group received a combination of 10%
DMSO, 20% Cremophor EL and 70% DPBS. Doses administered to mice were an
extrapolation of in vitro results considering the total body water volume (10.35 mL) in
a mouse of an average weight of 18 g. In the first study (study A) the mice received a
combination of 50 uM SRg3 and 25 uM RRg3, equivalent to 23 and 11 mg/kg (combo
A), respectively. Based on the encouraging results of this study, study B was designed
in which the mice received a combination of 100 uM SRg3 and 50 uM RRg3, equivalent
to 45 and 23 mg/kg (combo B), respectively. Drug administration started on day 12 in
study A and day 5 in study B. Study A and B lasted for 40 and 23 days, respectively.
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The drugs were injected subcutaneously three times a week. To assess the toxicity of
the treatment, the mice were daily checked for any adverse changes including changes
in body weight, changes in behaviour, fur condition, movement, posture, breathing
and hydration level.

2.15. 1VIS imaging and tumour size measurement

To non-invasively monitor the growth of the tumour and development of
metastasis, the IVIS® Spectrum Imaging system (PerkinElmer, Boston, Massachusetts,
USA) was used. The mice were anaesthetized and given a subcutaneous injection of
100 pL of luciferin solution (Xenolight™ D-luciferin potassium salt, PerkinElmer) at
150 mg/kg, 20 min before imaging. Mice were imaged once a week. Living Image®
software (version 4.7.3; Perkin Elmer) was used to quantify the photons emitted from
the mice as photons/sec/cm?. Furthermore, calliper measurement was used to measure
the volume of the primary tumour using the equation: (shortest diameter of the
tumour)? x longest diameter of the tumour / 2.

2.16. H&E staining and proliferative area measurement

At the end of the experiment, the mice were humanely euthanized. Primary
tumours and organs including lungs and lymph nodes were fixed in formalin neutral
buffered, 10%, histological tissue fixative (Sigma-Aldrich) for 2 days, dehydrated and
wax infiltrated (Excelsior AS™ Tissue Processor, Thermo Scientific™) and embedded
in paraffin (HistoStar™ Embedding Workstation, Thermo Scientific™). Then, 4-pm
thick tissue sections were prepared using a Microm HM 325 Microtome. Tissue slides
were then stained for H&E, imaged using a NanoZoomer 2.0-HT slide scanner and
viewed with NDP.view?2 software (Hamamatsu Photonics, Shizuoka, Japan). The area
of necrotic tissue relative to the whole cross-sectional area of the tumours was
measured using Image].

2.17. Statistical analysis

GraphPad Prism (version 9.0.0 for mac, GraphPad Software, San Diego, California
USA, www.graphpad.com) was used to perform student's t-test, one- or two-way
analysis of variance. The significance cut-off was considered to be p <0.05.

3. Results

3.1. RSM for the effect of Rg3 on cell migration

The RSM contour plot (Figure 1a) shows the regions of optimised concentrations
of SRg3 and RRg3 for migration (%) in MDA-MB-231 cell line. Different regions with
different colours in the contour plot show the predicted percentage of cell migration
in response to the combination of SRg3 and RRg3. Figure 1b shows the 3D surface plot
of the combination of SRg3 and RRg3 in this cell line. The optimum region in which
minimum migration is achieved is shown with dashed line circles. Based on the RSM
modelling, in this region, the concentration of the two drugs is optimised to achieve
the maximum inhibition of migration. Previously, we showed that the combination of
50 uM SRg3 and 25 uM RRg3 was the optimised combination for inhibition of loop
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formation in HUVEC cells [20]. Based on this RSM, this combination gives 22.5% cell
migration in MDA-MB-231 (Figure 1c). As shown in Figure 2a, the average cell
migration achieved with C3 was about 15%, which falls into the predicted region in
the RSM model.
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Figure 1. The calculated (a) contour plot and (b) 3D surface plots (viewed
from two angles) for cell migration based on the response surface
methodology model developed to optimise and confirm the efficacy of SRg3 +
RRg3 drugs in combination in MDA-MB-231 cell line. Dashed circles show the
optimised minimal response area. (c) shows the predicted cell migration (%)
with different combinations of SRg3 and RRg3. Results (%) is the percentage
of expected migration.

3.2. Rg3 inhibits migration but not proliferation in TNBC cell lines

The effect of individual or combinations of Rg3 epimers on the migration of TNBC
cells was tested in a circular scratch-wound (2D) and a transwell (3D) migration assay
(Figure 2).

After a three-day pre-treatment with individual or combinations of Rg3 epimers,
MDA-MB-231, compared to HCC1143, showed more sensitivity to the anti-migratory
effects of Rg3 only in the 2D assay. In MDA-MB-231, each of the three tested
combinations, C3, C2 and Cl, significantly inhibited cell migration to 15%, 38% and
52% of vehicle control, respectively (Figure 2a). This was similar to the predicted RSM

129



model of <30%, 40-50% and 60-70% for C3, C2 and C1, respectively (Figure 1b). In
HCC1143, 50 and 100 uM SRg3 inhibited cell migration by about 30% (p < 0.05) and
among the combinations, only C3 significantly inhibited the 2D migration of cells (p <
0.0001) (Figure 2a). These results also indicated that with C1 and C2 average cell
migration was about 62% and 48%, respectively, which fall into the appropriate
regions predicted by RSM (Figure 1b). These regions are 60-70% for C1 and 40-50% for
C2, respectively (Figure 1b). C3 inhibited cell migration by about 85% and 92% in
MDA-MB-231 and HCC1143 cell lines, respectively.
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Figure 2. Effects of SRg3, RRg3 and the combination of both on (a) circular
scratch migration and (b) transwell migration assays on MDA-MB-231 and
HCC1143. Datapoints show mean + standard deviation (SD) of 6 (a) and 3 (b)
replicates. (c) Anti-proliferative effect of C3 (50 uM SRg3 + 25 uM RRg3) on
TNBC cell lines (MDA-MB-231 and HCC1143) and a normal breast cell line
(MCF-12A). Each data point represents 6 replicates and shown as mean + SD.
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All comparisons are with the vehicle-treated cells, p < 0.05. * p < 0.05, ** p <
0.01, ** p < 0.001 and *** p < 0.0001.

The transwell assay showed that in both cell lines, single epimers significantly
inhibited cell migration (p < 0.0002) (Figure 2b). All three combinations in HCC1143
and C2 and C3 in MDA-MB-231 showed efficacy in inhibition of 3D migration of cells
(p < 0.0001). In MDA-MB-231, C3 showed the highest efficacy by almost completely
inhibiting cell migration across the membrane (p < 0.0001). Figure 2c shows the anti-
proliferative effects of C3 on the TNBC cell lines and a normal breast epithelial cell
line. As shown in this figure, this treatment did not inhibit the proliferation of these
cell lines.

3.3. Rg3 decreases MIFE in TNBC 3D models, via decreasing ‘stemness’ of the cells

The cells in the presence of vehicle formed mammospheres and in the presence of
C3, mostly remained as single cells. MFE was significantly reduced in MDA-MB-231
(p =0.0003) and HCC1143 (p < 0.0001) (Figure 3a). Viability of both MDA-MB-231 and
HCC1143 cells were not significantly decreased (Figure 3b). Flow cytometric analysis
of apoptosis (Supplementary Figure 1la) and cell cycle (Supplementary Figure 1b)
showed that there were no significant changes in the percentage of apoptotic cells or
induction of cell cycle arrest.

The expression of CD44/CD24 (Figure 3c and 3d) and ALDH (Figure 3e) was
studied in both TNBC mammospheres. Cancer stem cells play important roles in
driving initiation, progression, metastasis and recurrence and CD44, CD24 and ALDH
are widely known breast cancer stem cell markers [6]. It was shown that a high ratio
of cells expressing CD44 to CD24 was correlated with strong tumorigenicity of breast
cancer and ALDH was correlated with the metastatic capacity of the tumour. These
markers were correlated with breast cancer malignancy [6]. The CD44+/CD24/low
phenotype was also correlated with poorer prognosis in TNBC patients and together
with ALDH" are expressed in axillary lymph node (aLN) metastasis [6, 24]. MDA-MB-
231 and HCC1143 cell lines have mesenchymal and epithelial characteristics,
respectively, which is also reflected in the expression of CD44*/CD24°w phenotype in
mammospheres. Figure 3c and 3d show that compared to HCC1143, MDA-MB-231
had higher expression of CD44*/CD24- phenotype as mammospheres. Exposure to C3,
decreased the expression of CD44*/CD24- phenotype in MDA-MB-231 mammospheres
by 35% (p = 0.001) (Figure 3c). MDA-MB-231 showed a more significant decrease in
the ratio of cells expressing CD44 to CD24 (p =0.001); a double negative subpopulation
was also observed (Figure 3c and 3d).

Likewise, with HCC1143 mammospheres, upon exposure to C3, a double-negative
subpopulation of cells was created and the ratio of cells expressing CD44 to CD24 was
significantly decreased (p = 0.02) (Figure 3d). In both mammospheres, expression of
CD44 was significantly decreased (Figure 3e). MDA-MB-231 cells express low levels
of ALDH [25] and that expression was not altered by C3. Expression of ALDH in
HCC1143 was only slightly decreased by C3 treatment (p <0.05) (Figure 3e). Therefore,
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decreased expression of CD44* phenotype and decreased ratio of CD44 to CD24 might
play a more important role in the anti-cancer effects of C3.
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Figure 3. (a) Mammosphere formation efficiency (MFE) and (b) viability of
MDA-MB-231 and HCC1143 grown as mammospheres and exposed to C3 (50
UM SRg3 + 25 uM RRg3). Expression of (¢) CD44*/CD24- phenotype, (d) ratio
of CD44 and CD24 expressing cells, (e) CD44* expression and (e) expression of
ALDH in mammospheres exposed to combination of SRg3 + RRg3. Each
datapoint represents mean + SD of three replicates. Statistical comparisons are
between the treated and vehicle groups, p <0.05.

3.4. Effect of Rg3 on Akt/mTOR signalling

Receptors tyrosine kinases (RTKs) such as EGFR and IGF-1R are overexpressed in
TNBC, are considered to be prognostic and predictive markers [26-28], and are
potential targets for treatment. Activation of RTKs triggers multiple signalling
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pathways which guarantees cell cycle progression, proliferation, survival, migration
and angiogenesis (Figure 4a). We had previously shown that Rg3 interacts with
VEGFR2, in silico and in vitro, and functions as an allosteric modulator of the receptor
[20]. In this study, we screened the interaction of Rg3 with some other RTKs.

Table 1 shows the binding scores of Rg3 epimers with EGFR, HER-2, IGF-1R and
PDGEFR. The binding scores were compared with those of two known tyrosine kinase
inhibitors (TKIs), sorafenib and lenvatinib.

As shown in Table 1, both TKIs are predicted to have good binding scores with the
receptors. With Rg3 epimers, the best scores belonged to the interaction of SRg3 and
RRg3 with IGF-1R, being -8 and -7.5 kJ/mol, respectively. Figure 4b and 4c show the
interaction of SRg3 and RRg3 with ATP-binding pocket of IGF-1R, respectively. As
shown in these Figures, Rg3 molecules are predicted to be well placed in the ATP-
binding pocket of the receptor.

Table 1. Binding score (kJ/mol) between Rg3 epimers and tyrosine kinase
receptors, FRB site of mTOR or Rheb, and the number of hydrogen bonds (H-
bonds) predicted by Chimera program and Autodock vina algorithm.

Binding score (kJ/mol) (number of H-bonds)
Molecule EGFR HER-2  IGF-1R PDGFR FRB Rheb

SRg3 -6.9 (2) 27(0) -8.0(2) -2.8 (1) -70(1) -8.0(3)

RRg3 -6.9 (2) 27(1)  -7.5(0) -2.8 (1) -72(1)  -8.0(4)
Sorafenib -9.6(0) -108(1) -89(1) -11.2(1) n.d.* n.d.
Lenvatinib ~ -10.4 (1) -96(1) -79(1) -10.1(1) n.d. n.d.
Rapamycin n.d. n.d. n.d. n.d. -7.6 (0) n.d.

* not determined

Following activation of a RTK, different downstream signalling pathways might
be activated. PI3K/AKT and Ras/Raf/MEK/ERK are two such pathways which are in
crosstalk. PI3K phosphorylates and activates AKT. AKT has several targets, the action
of which leads to cell survival, migration, proliferation and angiogenesis. One of the
important targets of AKT is mammalian target of rapamycin complex 1 (mTORC1),
which is sensitive to and regulated by several signals including nutrients and growth
factors [29].

Two key substrates of mTORC1 are eukaryotic translation initiation factor 4E
(eIF4E)-binding protein 1 (4E-BP1) and P70 ribosomal protein S6 kinase (P70S6K).
They are crucial factors in translation initiation that predominantly mediate the
translational functions of mTORC1. mTORC1, via phosphorylation of 4E-BP1,
inactivates this protein, releasing p-4E-BP1 from elF-4E. Activated elF-4E, then
initiates translation (Figure 4a). mTORC1 also phosphorylates and activates P70S6K.
Activated P70S6K phosphorylates and activates ribosomal protein S6 (RPS6), a
component of 5S40 ribosomal subunit, which plays an important role in global
translation and cell growth and glucose homeostasis (Figure 4a) [30]. The effect of C3
on the phosphorylation of proteins downstream of the activation of AKT on two TNBC
mammosphere models is shown in Figure 4d-e. Mammospheres, originated from two
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different TNBC cell lines with mesenchymal (MDA-MB-231) or epithelial (HCC1143)
characteristics reacted differently to C3.

In MDA-MB-231, the expression of phosphorylated forms of 4E-BP1 (p < 0.0001),
RPS6 (p = 0.0001), P70S6K (p = 0.0032) and phosphatase and tensin homolog (PTEN)
(p = 0.0109) were significantly decreased (Figure 4d). PTEN is a tumour suppressor
gene, an inhibitor of the activation of PI3K and its subsequent signalling (Figure 4a).
In this study, phosphorylation of Ser380, which inactivates PTEN was measured. It
was shown that C3 significantly decreased the levels of inactive phosphorylated PTEN
(p =0.0109), which would improve the tumour suppressor function. In MDA-MB-231,
C3 also reduced mTOR-initiated ribosomal translation via decreased phosphorylation
of 4E-BP1, P70S6K and RPS6.
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Rg3 is affecting and affected proteins are shown in blue. Interaction of (b) SRg3
and (c) RRg3 with ATP-binding pocket of IGF-1R. The effects of C3 (50 uM
SRg3 + 25 uM RRg3) on the expression of phosphorylated proteins
downstream of activation of AKT signalling in (d) MDA-MB-231 and (e)
HCC1143 cell lines. The data show mean + SD of two replicates. Statistical
comparisons are between the treated and vehicle groups, p < 0.05, (f) FKBP12
rapamycin-binding site of mTOR binding to SRg3 and RRg3 and (g) Rheb
protein binding to SRg3 and RRg3. * p <0.05, ** p <0.01, *** p <0.001 and ****
p <0.0001.

Similar to MDA-MB-231, C3 treatment of HCC1143 mammospheres reduced the
levels of the phosphorylated forms of PTEN (p < 0.0001) and RPS6 (p < 0.0001). In
addition, the expression of phosphorylated forms of proline-rich AKT substrate of
40 kDa (PRAS40) (p < 0.0001), Raf-1 (p < 0.0001), and ribosomal S6 kinase (RSK1) (p =
0.0038) were also decreased (Figure 4e). PRAS40 is a substrate of AKT and a
component and substrate of mMTORC1 (Figure 4a). AKT mediated phosphorylation of
PRAS40 at Thr246, studied in this assay, inactivates PRAS40 in a way that mTORC1
restores its function [29]. Hence, decreased phosphorylation of PRAS40 decreases the
activation of mTORCI.

RSK1 is a member of the family of 90 kDa RSKs. RSKs are activated downstream
of activation of Ras/Raf/MEK/ERK pathway. The signalling of Ras/Raf/MEK/ERK
plays roles in cell proliferation, survival, migration and angiogenesis. It is in
interaction with the signalling of the AKT pathway. Upon activation, RSKs play roles
in regulating several cellular functions including cell proliferation, survival and
motility [31], via interaction with phosphorylation of 4E-BP1 and RPS6 [32]. Raf-1 is a
proto-oncogene and a serine/threonine protein kinase that is activated downstream of
activation of Ras, leading to activation of MEK and ERK. Phosphorylation at SER-301
of Raf-1, studied in this assay, is a result of ERK-mediated feedback phosphorylation
of Raf-1 [33].

Considering the changes in the phosphorylation of proteins downstream of
activation of mTOR, we performed molecular docking to find out if Rg3 epimers have
any good binding with mTORCI. In this preliminary screening, we tested two sites of
the complex, the FRB and Rheb. The FRB site is one of the functional domains of mTOR
kinase, where rapamycin binds. At this site, SRg3 and RRg3 have binding score of -7
and -7.2 kJ/mol, respectively, which are comparable to the binding score of rapamycin,
-7.6 kJ/mol (Table 1). Furthermore, SRg3 and RRg3 had binding scores of -8.0 kJ/mol
with Rheb. Rheb is a GTP-binding protein that upon insulin and growth factor
stimulation, binds to and activates mTORC1. Molecular docking showed that Rg3 has
a good binding score with Rheb and hence, could decrease the signalling of mTOR
axis, the inhibition of which is important in cancer treatment [34, 35].

3.5. In vivo evaluation of the efficacy of Rg3 combo

To evaluate the in vivo efficacy of C3 two in vivo studies were conducted. With
combo A (23 mg/kg SRg3 + 11.5 mg/kg RRg3) weekly IVIS imaging demonstrated that
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the treatment significantly decreased the growth rate of the primary tumour (p =
0.0004) (Figure 5a). This result was confirmed with calliper measurements (Figure 5b).
This treatment also significantly decreased the total body tumour burden (p < 0.0001)
(Figure 5c) and thoracic tumour load (p = 0.0066) (Figure 5d). Lung metastases were
confirmed with ex vivo imaging (Figure 5e) and H&E staining (Figure 5f).

Treatment with C3 significantly reduced the number of metastatic aLNs (Figure
5¢g). Five of 8 mice in the vehicle group showed an enlarged contralateral (left) aLN,
whilst only one mouse in the treatment group had an affected left aLN. Mice in both
groups had an enlarged ipsilateral (right) aLNs. Ex vivo imaging (Figure 5h) and H&E
staining (Figure 5i) confirmed the presence of tumour in the metastatic alL.Ns.
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Figure 5. Outcomes of administration of combo A and B to a metastatic model
of TNBC in NSG mice. Administration of combo A (a) decreased the rate of
primary tumour growth measured with IVIS spectra, (b) primary tumour
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volume measured with a calliper, (¢) body burden of the tumour, (d) the load
of metastasis in the thorax and (g) number of enlarged left axillary lymph
nodes, indicated with white arrows. (e) and (h) show representative ex vivo
IVIS images of lung and lymph nodes and (f) and (i) are the results of histology
on lung and lymph node, respectively, showing tumour cells in the tissues.
Black arrows show the region in the tissue that is magnified. The scale bar
shows 25 um. Administration of combo B to mice, (j) decreased, though not
significantly, the average body burden of the tumour, (k) primary tumour
volume measured with a calliper in situ, or () ex vivo. (m) The treatment also
significantly decreased the load of tumour in the lungs of mice, (n) there were
no significant differences between the groups in terms of necrotic or viable
area, black arrow shows the necrotic area and dashed arrow shows the
proliferative region and the scale bar shown 2.5 mm. Each treatment group
included 8 mice. All IVIS scales show count values between 600-60000. The
data are presented in (a-c), (j-n) are mean + SD with p <0.05. * p <0.05, ** p <
0.01, *** p <0.001 and *** p < 0.0001.

Next, we doubled the doses to 46 mg/kg SRg3 and 23 mg/kg RRg3 (combo B).
Administration of a higher dose of Rg3 to mice caused a lessening trend in the average
total flux of the whole body (Figure 5j), which started as early as the second dose.
However, this decrease in total body flux was not statistically significant. The escalated
dose also significantly decreased the size of the primary tumour. A significant
difference between the treatment and the vehicle group was noticed as early as day 14
(p =0.01). Tumour volume measurements on days 16 (p = 0.01), 18 (p = 0.0056), 21 (p <
0.0001) and 23 (p < 0.0001) confirmed the decreased size in the treatment group (Figure
5Kk).

Ex vivo measurement confirmed the treatment significantly decreased the primary
tumour volume (p = 0.0002) (Figure 51). Ex vivo imaging of the excised lungs also
showed a significant decrease in the bioluminescence photons detected in the
treatment group lungs (p = 0.0197) (Figure 5m). Furthermore, there were no significant
differences between the groups in terms of necrotic or proliferative areas (Figure 5n).
In these two studies, no signs or symptoms of drug toxicity were observed. There were
no significant differences between the two groups in terms of weight loss, fur
condition, posture and behaviour (Supplementary Figure 3).

4. Discussion

The objective of this research was to study and introduce a plausible treatment
option for TNBC and mTNBC. In our previous studies, we showed that epimers of Rg3
have stereoselective activities [16] and then using an RSM model, the combination of
these two epimers was optimised for its anti-angiogenic effects, in vitro [20]. In the
current study, first, the validity of the optimised combination was tested in MDA-MB-
231 and it was shown that the combination (C3) exerted a high anti-migration effect in
the circular scratch migration assay. The validity of the RSM model was also tested
with two other combinations (C1 and C2). In both migration assays, C3 showed high
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efficacy in inhibiting cell migration of both TNBC cell lines, while it had no anti-
proliferative effect on them. Then the efficacy of C3 was tested in mammospheres,
which better mimic the in vivo drug responses of human breast tumour. Formation of
mammosphere is related to ‘stemness’” of the cancer cells [36]. The treatment
significantly inhibited MFE. As tested in this study, one contributing reason for the
decreased MFE could be the decreased ‘stemness’ of the cells.

In this study, combined expression of CD44 and CD24 were studied. CD44 and
CD24 are markers that are more expressed on progenitor-like cells and more
differentiated cells, respectively. In breast cancer cells with CD44* phenotype, genes
that are involved in cell motility and angiogenesis were highly expressed, the cells
were more mesenchymal, motile, and predominately estrogen receptor negative. In
breast cancer patients, CD44"/CD24- phenotype related to triple negativity and
unfavourable prognosis [37] worse clinical behaviour [38] and distant metastasis [39].
These cells expressed higher levels of pro-invasive genes and had highly invasive
properties [40]. Studies also showed that downregulation of CD44 reduced
doxorubicin resistance of CD44*/CD24- breast cancer cells [41]. It was previously
shown that 50 uM SRg3 decreased the CD44*/CD24- subpopulation in MDA-MB-231
[42]. In our study, RRg3 was added as a co-treatment and the combination caused a
double negative subpopulation of cells. In addition, it was previously reported that
Rg3 inhibited EMT via inactivating P38 MAPK and Smad?2, increased expression of E-
cadherin and Snail and decreased expression of vimentin (reviewed in [14]). Decreased
expression of CD44 might be another contributing factor to this phenomenon, because
CD44 also plays roles in EMT [43].

The mechanism by which expression of these stem cell markers is decreased in
these cells might be via inhibition of PI3K/AKT pathway. It has been shown that
inhibitors of this signalling pathway, such as quercetin [44] decreased
CD44+/CD24 phenotype and hence breast cancer ‘stemness’. Previously, Rg3 was
shown to affect the PI3K/AKT signalling and decreased the activation of Akt, mTOR,
GSK-33, 4E-BP1, Src, and P70S6K (reviewed in [14]). In the present study, it was shown
that C3 affects AKT/mTOR signalling in both TNBC cell lines tested. Rg3 also was
predicted to have a good binding score with IGF-1R and could be a blocker of mTOR
activation via blocking the interaction site of Rheb with mTOR. mTOR regulates
several cellular functions including cell adhesion, changes in extracellular matrix and
migration [45]. C3 may have exerted its anti-cancer actions by affecting the regulatory
function of mTOR.

We previously showed that in endothelial cells, C3 was an inhibitor of AKT
signalling, with the highest efficacy on p-mTOR and its substrates, p-4E-BP1 and p-
P70S6K. Consistent with those results, in MDA-MB-231, both of these proteins were
affected. 4E-BP1 plays a role in the mTOR-initiated translation of factors involved in
metastasis such as matrix metalloproteinase-9, fibroblast growth factor, vascular
endothelial growth factor, C-MYC and cyclin D1 [45]. Along with these roles, 4E-BP1
was introduced as an oncogene in breast cancer [46], playing a role in the proliferation
of breast cancer cells [47]. Furthermore, mMTORC1/4E-BP1 regulated neural stem cell
renewal capacity [48], a pathway which also might play a role in stem cell renewal in
breast cancer and needs further investigation.
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p-P70S6K plays roles in cell growth and cell cycle progression and is also identified
as an important factor in breast cancer survival and predicting response to treatment
[49]. This protein may also play roles in metastasis as overexpression of p-P70S6K was
linked to metastasis in gastric carcinoma [50]. It is also responsible for the
phosphorylation of protein S56. RPS6 is involved in the regulation of cell size and
glucose homeostasis [30]. Hyperphosphorylation of this protein via
AKT/mTOR/p70S6K pathway was relevant to the progression of non-small cell lung
carcinoma (NSCLC) [51]. In both of our tested cell lines, the levels of p-RPS6 were
significantly reduced, which might indicate the importance of this protein in the Rg3-
induced effects observed in both cell lines and potential of involvement of IGF-1R and
glucose metabolism. The role of Rg3 with IGF-1 was previously studied and it was
shown that Rg3 decreased the expression of IGF-1 causing a reduced cell proliferation
in multiple myeloma and breast tumours (reviewed in [14]). This could further
highlight the role of Rg3 in IGF-1R signalling.

p-PRAS40 is an important component and regulator of mMTORC1. The expression
of p-PRAS40 has been reported to be prognostic in gastric cancer [52]and prostate
cancer [53] patients. Raf-1 and RSK1 are activated downstream of activation of
Ras/Raf/MEK/ERK pathway. RSKs, via enhancing proliferation, migration and
invasion, have multiple roles in breast cancer [54]. RSK inhibitors were developed to
bypass the side effects of MEK inhibitors, as RSKs have fewer but important targets
which play roles in metastasis. The fact that 85% of these patients have activated RSKs
makes them a good therapeutic target in TNBC [55].

In addition, the leading edge of migrating cells has a crucial role in cell migration
and is a centre for local translation of required proteins for cell migration [56] for which
mTOR plays a central role [57]. AQP1 together with other proteins important in cell
migration such as focal adhesion kinase (FAK), work in complex at the leading edge
to facilitate cell migration. Our preliminary testing has shown that C3 caused
decreased activation of FAK and minor decreased expression of AQP1 in MDA-MB-
231 and HCC1143 mammospheres (Supplementary Figure 2). A decreased level of
AQP1 expression was previously noted in endothelial cells exposed to C3 [20].

The efficacy of C3 was also evaluated in an mTNBC mouse model. Previously
some studies reported the efficacy of Rg3 in mice breast cancer models (reviewed in
[14]). In these studies, orally administered Rg3 promoted the anti-cancer effects of
paclitaxel and capecitabine, and improved mice survival (reviewed in [14]). Although
many studies suggested anti-migration mechanisms for Rg3 epimers and anti-
metastatic efficacy of Rg3 was shown in melanoma and colon cancer models (reviewed
in [14]), until now, no studies have investigated the efficacy of Rg3 on an mTNBC
mouse model. For the first time, we have evaluated the efficacy of Rg3 combination in
a highly aggressive orthotopic mouse model of mTNBC. Furthermore, we changed the
route of administration from oral to subcutaneous injection, hence, bypassing the
gastrointestinal metabolism, first-pass effect and low bioavailability of Rg3 (reviewed
in [14]). The primary and the increased dosing both showed efficacy in this mouse
model. Reduction in tumour size was more meaningful with the escalated dosing,
however, the percentage of necrotic tissue between the two groups was not
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significantly different. Mollard et al. (2016), in a simulation study, showed that in this
mTNBC mouse model, necrotic tissue had an almost constant ratio against total tissue
volume [58]. Consistent with that, combo B did not change the ratio between necrotic
and proliferative tissues in the vehicle or treated groups, however, primary tumour
shrinkage was observed. This could mean that the treatment reduced the rate of
proliferation in the primary tumour, which caused tumour shrinkage. Previously, we
showed that at 100 uM SRg3, the proliferation of MDA-MB-231 was inhibited [16].
Furthermore, epimers of ginsenoside Rh2 and protopanaxadiol were suggested as
potential active metabolites of Rg3, detected after intravenous injection to rats
(reviewed in [14]), and these molecules have shown anticancer effects in MDA-MB-
231 [59, 60]. Therefore, the effects observed in this study might be a result of the
combination of Rg3 and its metabolites. Further studies are required to investigate it.
For the first time, we reported the anti-metastatic efficacy of combination Rg3 epimers
in an mTNBC mouse model. Reduced metastatic load observed in this study is very
impressive. Whether this treatment targets angiogenesis in vivo requires further
investigation. Furthermore, the treatment was tolerable in mice and no signs of toxicity
were observed. Single epimers administered to human have not shown toxicities
(reviewed in [14, 20]) and therefore, it is not expected that the tested combination be
any more toxic.

5. Conclusions

In conclusion, the optimised combination of SRg3 + RRg3 showed efficacy in
inhibition of migration of TNBC cell lines, inhibited the MFE, reduced the ‘stemness’
of these cells and inhibited phosphorylation of proteins downstream of AKT/mTOR
signalling. In silico studies suggest that Rg3 might be a potential mTORC1 inhibitor.
Furthermore, in an mTNBC mouse model, the treatment shrunk the primary tumour
and reduced the load of metastasis in mice, which introduces this drug as a potential
treatment for TNBC.
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Appendix A. Supplementary data

The central composite design technique (CCD) was employed with three levels;
low, mid, and high values corresponding to -1, 0 and +1 for input parameters which
are concentration of SRg3 and RRg3. In the present study, the concentration ranged
from (0-100 uM) for SRg3 and (0-50 pM) for RRg3 were selected. Supplementary Table
1 represents the values corresponding to low, mid, and high bounds of concentrations
for Rg3 epimers.

Supplementary Table 1. Low, mid and high values used for RSM model.

Concentration (uM)
Lowest value (-1) Centre Value (0) Highest Value (+1)
SRg3 A 0 50 100
RRg3 B 0 25 50

Parameter Index

Supplementary Table 2 represents the designed matrix used in the RSM analysis
and the response (percent of cell migration). To optimize the combination of
concentrations, the RSM model has reduced the total experiments to 13 iterations, with
cell migration being the “main measurable target parameter”.

Supplementary Table 2. Design Matrix developed for the RSM model.

SRg3 RRg3 Response (%)

Run* A B (A) (B)
1 -1 -1 0 0 79.23
2 0 0 50 25 18.40
3 0 0 50 25 14.19
4 0 0 50 25 15.55
5 1 0 100 25 57.24
6 0 0 50 25 12.09
7 1 1 0 50 64.33
8 -1 0 0 25 79.23
9 0 -1 50 0 72.40
10 1 1 100 50 53.45
11 0 1 50 50 63.92
12 0 50 25 16.14
13 0 -1 100 0 75.09
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Supplementary Figure 1. MDA-MB-231 cells were grown as mammospheres
and exposed to C3 (50 uM SRg3 + 25 uM RRg3). (a) shows induction of
apoptosis and (b) shows cell cycle arrest in these mammospheres exposed to
vehicle or drug. The experiment was performed in triplicate and results are
shown as mean + SD.

Apoptosis This assay was performed on mammospheres using Annexin-V-
FLUOS staining kit (Roche Diagnostics, Mannheim, Germany) as previously
described [61]. Changes in the cell cycle of cells grown as mammospheres were
studied using propidium iodide staining and BD FACSCanto™ II analysis, as
previously described [62]. The experiment was performed using the BD
FACSCanto™ II (BD Biosciences, San Jose, CA, USA) and Flow]Jo software, v
10.4 (FlowJo, LLC, Ashland, OR, USA).
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Supplementary Figure 2. (a) Expression of AQP1 transcripts in MDA-MB-231
and HCC1143 cells grown as monolayer or mammospheres. The experiment
was performed in duplicate and the results are presented as mean + SD.
PureLink RNA mini kit (Life Technologies, Grand Island, NY, USA) was used
to extract RNA and 20 ng RNA was used for reverse transcription using iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA). The duplex
TagMan Gene Expression Assays for aquaporin-1 (AQP1; Hs01028916_m1;
Applied Biosystems, Foster City, CA, USA) and the reference genes were
CCSER2 (HS00982799_mH, Applied Biosystems, Foster City, CA, USA).
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Protein expression of (b) AQP1 and (c) activation of FAK in MDA-MB-231 and
HCC1143 mammospheres exposed to vehicle control (V) or C3 (50 uM SRg3 +
25 uM RRg3). Total cell lysates were prepared and quantified. The
experiments were repeated 2 times with 20 or 50 pg proteins. The antibodies
used for immunostaining include anti-AQP1 antibody [EPR20325] (ab219055,
Abcam, Cambridge, UK, 1:1000), anti-FAK antibody [EP6954] (ab40794,
Abcam, Cambridge, UK, 1:1000), anti-phospho FAK antibody [EP2]60Y]
phosphor Y397 (ab 81298, Abcam, Cambridge, UK, 1:1000). Goat anti-rabbit
IgG H&L (HRP) (ab6721, Abcam, Cambridge, UK, 1:3000) was used as the
secondary antibody.
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Supplementary Figure 3. Weight pattern of mice in the vehicle- or Rg3-treated
groups in study A and B. There were no significant differences between the
groups in terms of changes in body weight.
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5.1. Background

As reviewed in chapter 1, a fundamental challenge with the administration of Rg3,
which is more evident in oral administration, is its extensive metabolism. In fact, Rg3
could be considered as not only a drug, but also a prodrug. The major active
metabolites of Rg3 are deglycosylated epimers of ginsenoside Rh2 (S-Rh2 and R-Rh2)
and protopanaxadiol (S-PPD and R-PPD). In this chapter, the efficacy of these
molecules in inhibition of proliferation of a TNBC cell line and a human endothelial
cell were studied. The mode of cell death in both cell types and the possibility of two
programmed cell death types, apoptosis and necroptosis, was investigated using live
cell imaging and discussed.

Furthermore, the effect of epimers on loop formation and their potential anti-
angiogenic effects is discussed. The interaction of the epimers with VEGFR2 was
studied using in silico molecular docking and in vitro studies. In silico molecular
docking was also used to screen for the interaction of these molecules with AQPs to
see whether these molecules have the potential to block AQP water transport.

This chapter was submitted to "Journal of Ginseng Research" and is currently under

review.
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Abstract

Epimers of ginsenoside Rg3 (Rg3) have low bioavailability and are prone to
deglycosylation, which produces epimers of ginsenoside Rh2 (S-Rh2 and R-Rh2) and
protopanaxadiol (S-PPD and R-PPD). This study aimed to compare the efficacy and
potency of these molecules as anti-cancer agents. Crystal violet staining was used to
study the anti-proliferatory action of the molecules on MDA-MB-231 and HUVEC
cells and compare their potency. Cell death and cell cycle were studied using flow
cytometry and the mode of cell death was studied using live cell imaging. Anti-
angiogenic effects of the drug were studied using loop formation assay. Molecular
docking showed the interaction of these molecules with vascular endothelial growth
factor receptor-2 (VEGFR2) and aquaporin (AQP) water channels. VEGF bioassay
was used to study the interaction of Rh2 with VEGFR?2, in vitro. HUVEC was the more
sensitive cell line to the anti-proliferative effects of S-Rh2, S-PPD and R-PPD. The
molecules induced necroptosis/necrosis in MDA-MB-231 and apoptosis in HUVEC.
S-Rh2 was the most potent inhibitor of loop formation. In silico molecular docking
predicted a good binding score between Rh2 or PPD and the ATP-binding pocket of
VEGFR2. VEGEF bioassay showed that Rh2 was an allosteric modulator of VEGFR2.
In addition, SRh2 and PPD had good binding scores with AQP1 and AQPS5, both of
which play roles in cell migration and proliferation. The combination of these
molecules might be responsible for the anti-cancer effects observed by Rg3.

Keywords: Ginsenoside Rg3, Ginsenoside Rh2, Protopanaxadiol, Epimer, Triple
negative breast cancer, Angiogenesis

1. Introduction

Ginsenoside Rg3 (Rg3) is one of the best studied members of the ginsenoside
family of molecules extracted from Panax ginseng. Like other ginsenosides, Rg3 has
two epimers; 20(5)-ginsenoside Rg3 (SRg3) and 20(R)-ginsenoside Rg3 (RRg3). Several
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studies have reported the anticancer properties of epimers of Rg3 (reviewed in [1, 2]).
Orally administered Rg3 is a registered drug in China [3] and has been evaluated as a
single drug in clinical trials in lung [4] and liver cancer patients [5] or in combination
with other chemotherapies [3, 6]. However, several in vitro and in vitro animal studies
have suggested an extensive metabolism of Rg3 in the gastrointestinal tract (reviewed
in [1]). For example, low bioavailability of less than 3% was reported in Sprague—
Dawley rats [7]. Furthermore, after oral administration of 3.2 mg/kg of Rg3 [8] and
RRg3 [9] in healthy people, tmax (time required to reach the maximum plasma
concentration) was about 40 minutes and Cmax was about 16 and 1 ng/mL, respectively.
These data suggested that metabolites of Rg3 could contribute to the oral efficacy of
Rg3. While deglycosylation and oxygenation are reported as two major metabolic
pathways of Rg3, deglycosylation is a more important pathway as it leads to the
formation of the active metabolites ginsenoside Rh2 (Rh2) and protopanaxadiol (PPD)
(Figure 1). Peng et al. (2016) showed that after oral or intravenous administration of
SRg3 and RRg3, the respective deglycosylated epimers are detected in rats' plasma,
namely 20(S)-ginsenoside Rh2 (S-Rh2), 20(R)-ginsenoside Rh2 (R-Rh2), 20(S)-
protopanaxadiol (S-PPD) and 20(R)-protopanaxadiol (R-PPD) (Figure 1) [10].

— 20(S)-ginsenoside Rg3 20(R)-ginsenoside Rg3

Deglycosylation

Deglycosylation

Figure 1. The structure of epimers of ginsenoside Rg3 and their metabolites.
Deglycosylation of 20(S)- and 20(R)-ginsenoside Rg3 produces 20(S)- and
20(R)-ginsenoside Rh2 and 20(S)- and 20(R)-protopanaxadiol. The stereocenter
on Cz is highlighted with a red colour and heteroatoms of the sugar molecules
are shown in green.
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Our group has been interested in finding novel treatments for metastatic triple-
negative breast cancer patients. We have shown the stereoselective activities of SRg3
and RRg3 in inhibition of the proliferation, migration and invasion of triple negative
breast cancer cell lines [11]. Aquaporins (AQPs) have been shown to play roles in cell
proliferation, migration, invasion and angiogenesis (reviewed in [2, 12]). AQP1, AQP4
and AQP5 localize at the leading edge of migrating cells and facilitate cell migration.
Using molecular docking, we showed that Rg3 blocks AQP1 water channel with a
good binding score (-9.4 kJ/mol), and in vitro, using oocyte swelling assay we showed
that only SRg3, stereoselectively, blocked the water transport function of AQP1 [11].

Continuing with the screening of ginsenosides as potential treatment options for
metastatic triple-negative breast cancer, given the in vivo efficacy of Rg3 in lung and
liver cancer, the aim of the current research was to investigate the anticancer properties
of epimers of Rh2 and PPD, as potentially active metabolites of Rg3, which could
contribute to the effects observed by this drug.

2. Materials and Methods

2.1. Cell lines, reagents and cell culture

MDA-MB-231 was purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA) and grown in Dulbecco’s modified Eagle’s medium (DMEM,; Life
Technologies, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum (FBS)
(Corning, NY, USA) and 1% penicillin-streptomycin (pen strep; Life Technologies,
Carlsbad, CA, USA). Human umbilical vein endothelial cells ( HUVECs) and its media,
EBM-2 Endothelial Cell Growth Medium-2 were both from Lonza (Lonza, Basel,
Switzerland). 20(S)- and 20(R)- epimers of ginsenoside Rh2 and protopanaxadiol were
from ChemFaces Biochemical Co. (Wuhan, China). Drugs were dissolved in dimethyl
sulfoxide (DMSO D2650, HYBRI-MAX, Sigma-Aldrich, St Louis, MO, USA). Stocks of
50 mM of the molecules was prepared and 25 mM aliquots were kept at -20°C to avoid
freeze-thawing cycles. Concentrations of 0-100 uM of ginsenosides were used with
maximum of 0.2% DMSO as the vehicle control. Cell lines were mycoplasma-free, as
determined using the MycoAlert Detection Kit (Lonza) and/or a custom PCR-based
assay, as described previously [13, 14].

2.2. Proliferation Assay

To test the efficacy of the ginsenosides on cell proliferation, crystal violet assay
(CVA) was used, as previously described [11]. Briefly, MDA-MB-231 and HUVEC cells
were seeded at 3 x 10° and 0.8 x 10° cells/well of 96-well plates. On days 0, 1 and 3, CVA
was performed and the absorbance of each well was read using FLUOstar Optima
microplate reader (BMG Labtech, Offenburg, Germany) at 595 nm. The experiment
included 6 replicates and the data are shown as mean + standard deviation (SD).

2.3. Cell viability and half-maximal inhibitory concentration (ICso) calculation

Based on CVA data on day 3, cell viability and dose-response curves were plotted
using non-linear regression using log(inhibitor) vs. normalized response using
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GraphPad Prism (version 9.0.0 for Mac, GraphPad Software, San Diego, California
USA, www.graphpad.com) to calculate ICso.

2.4. Loop formation assay

As previously described [15], 10 uL of Matrigel® (Corning® Matrigel® Basement
Membrane Matrix, LDEV-free, cat# 354234, NY, USA) was used to coat each well of an
Angiogenesis 96 Well p-Plate (Ibidi, Martinsried, Germany). HUVEC was seeded at
1.5 x 10* cells/well and exposed to the vehicle or 1, 10, 50 and 100 uM of ginsenosides.
The number of formed loops in each well was counted after 8 h. The experiment was
performed in triplicate. The data are presented as mean * SD.

2.5. Flow cytometric analysis of cell death

The assay was performed as previously described [11, 16]. Briefly, MDA-MB-231
and HUVEC cells were seeded at 1 x 10° and 0.5 x 10° cells/well of six-well plates and
incubated overnight and then exposed with the drugs or vehicle for 3 days. Cells were
harvested, stained using Annexin-V-FLUOS Staining Kit (Roche Diagnostics,
Mannheim, Germany) and analysed using a BD FACSCanto II (BD Biosciences, San
Jose, CA, USA), capturing 10,000 single-cell events per sample. Data were analysed
using Flow]Jo software v10.4.0 (Flow]Jo, LLC, Ashland, OR, USA). The experiment was
performed in triplicate and the data are presented as mean + SD.

2.6. Flow cytometric analysis of cell cycle

The assay was performed as previously described [11, 16]. Briefly, MDA-MB-231
and HUVEC cells were seeded at 1 x 10° and 0.5 x 10° cells/well of six-well plates and
incubated overnight. Cells were exposed to the drugs or vehicle. After a 3-day
exposure, the cells were harvested, washed twice and resuspended ice-cold Dulbecco’s
phosphate buffered saline (DPBS, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) with drop-wise addition of an equal volume of 100% ice-cold ethanol. The cells
were fixed at -20°C for 2 h, washed and resuspended in 100 pL of propidium iodide
(PI) staining solution consisting of 25 ug/mL PI (Sigma-Aldrich, St Louis, MO, USA),
40 pg/mL bovine pancreas ribonuclease A (Sigma-Aldrich), and 0.25% Triton X-100
(Sigma-Aldrich) in DPBS. The stained cells were analysed with a BD FACSCanto II,
capturing 10,000 single-cell events per sample. Data were analysed using FlowJo. The
experiment was performed in triplicate and the data are presented as mean + SD. The
sub-G1 population was considered as cell death. To calculate cell cycle arrest in each
phase, the sub-G1 population was excluded.

2.7. Studying mode of cell death using IncuCyte

MDA-MB-231 and HUVEC cells were seeded at 6.6 x 10°> and 1.5 x 10° cells/well of
96-well flat-bottomed plates. Following overnight incubation, the cells were treated
with Rh2 and PPD epimers or vehicle, containing 1:1000 dilution of Caspase-3/7 Green
Detection Reagent (CellEvent™, Thermo Fisher Scientific) to detect apoptosis. To
detect necrosis, 2.5 pg/mL PI was used. Drozitumab 100 ng/mL and staurosporine 0.25
uM (Sigma-Aldrich) were used as positive controls for apoptosis in MDA-MB-231 and
HUVEC, respectively [17, 18]. Drozitumab was freshly prepared by combining equal
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volumes of 100 ng/uL of drozitumab (Genentech, South San Francisco, CA, USA) with
100 ng/uL of affinity purified goat anti-human IgG Fcy fragment (Jackson
Immunoresearch Laboratories West Grove, PA, USA), incubating for 30 min at 4° C,
and then diluting in culture medium for a final concentration of 100 ng/mL of
drozitumab [18]. The number of positive cells for activation of caspase 3/7 or staining
with PI was determined using an IncuCyte S3 Live-Cell Analysis System (Sartorius,
Goettingen, Germany), acquiring four images per well every 2 h for 48 h.

2.8. Molecular docking

Crystal structures of VEGFR2 (2XIR and 3V2A), AQP1 (1FQY), AQP2 (4NEF),
AQP4 (3GD8) and AQP5 (3D9S) were obtained from the protein data bank of NCBI
(RCSB PDB). Canonical SMILES structures of Rh2 [19] and PPD [20] available on
PubChem were used to prepare the 3D structure of each molecule in the UCSF Chimera
program (version 1.15-mac64). The molecular docking was performed as previously
described [11, 21], using UCSF Chimera program and Autodock Vina algorithm (version
1.1.2_Mac_Catalina_64bit). The energies of interaction were predicted based on the
flexible ligand docking simulations run within the docking grids on the intracellular
side of the monomeric pores.

2.9. VEGF bioassay

VEGF Bioassay (Promega, Madison, WI, USA) was used to study the effects of S-
Rh2 on the activation of VEGFR2. This bioluminescent kit includes KDR/NFAT-RE
HEK293 cells, in which activation of VEGFR2 triggers NFAT-RE-mediated
luminescence. According to the manufacturer’s protocol, the cells were seeded in
white, flat-bottom 96-well assay plates (Delta Surface ™, Thermo Scientific, Roskilde,
Denmark). Cells received serial dilutions of S-Rh2 at a maximum final concentration
of 100 uM,, alone or in combination with VEGF-A (recombinant VEGF, Promega) at a
constant final concentration of 35 ng/mL (80% effective concentration). Controls
included bevacizumab and VEGF-A at the maximum final concentration of 6 ug/mL
and 0.1 ug/mL, respectively. After 6 h of incubation, the cells were exposed to Bio-
Glo™ Reagent, incubated for 10 minutes and then the luminescence was read using
the Optima plate reader. The relative luminescence units (RLU) in each well were
subtracted from the background. The experiment was performed in duplicate.

2.10. Statistical analysis

One-way or two-way analysis of variance (ANOVA) was performed using GraphPad
Prism version 9.0.0 for Mac, GraphPad Software, San Diego, California USA,
www.graphpad.com.

3. Results
3.1. Rh2 and PPD inhibit the proliferation of HUVEC and MDA-MB-231

The results of the anti-proliferative effects of epimers of Rh2 and PPD are shown
in Figure 2, and the associated ICso are presented in Table 1. In MDA-MB-231, 50 uM
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(p =0.007) and 100 uM (p = 0.0009) S-Rh2 significantly inhibited cell proliferation and
in HUVEC, 12.5, 25, 50 and 100 uM (p < 0.0001) significantly inhibited cell proliferation.
The ICso for S-Rh2 was 59 uM in MDA-MB-231, while the ICso in HUVEC was 9 uM,

showing that HUVEC was more sensitive to the anti-proliferation effects of S-Rh2.
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Figure 2. Crystal violet assay on MDA-MB-231 and HUVEC cells exposed to
0-100 uM of S-Rh2, R-Rh2, S-PPD or R-PPD for up to 3 days. Each data point
represents mean + SD of 6 replicates. * p =0.01, ** p =0.007, ** p < 0.001, **** p
<0.0001.

R-Rh2 showed much less inhibitory action on MDA-MB-231 and HUVECs (Figure
2) and ICso values could not be calculated for this molecule, indicating that S-Rh2 is the
active form of Rh2 responsible for its anti-proliferative action in these cells. Similar to
S-Rh2, S-PPD was more effective on HUVECs. All of the tested concentrations of S-
PPD significantly inhibited the proliferation of HUVECs (p < 0.0001), while in MDA-
MB-231, only 50 uM (p = 0.0002) and 100 uM (p < 0.0001) significantly inhibited the
proliferation (Figure 2).

Table 1. The calculated half-maximal inhibitory concentration (ICso) causing
reduced survival of MDA-MB-231 and HUVEC cells treated with S-Rh2, S-
PPD or R-PPD, at 72 h.

ICs0 (UM) (95% log confidence interval)

S-Rh2 S-PPD R-PPD
MDA-MB-231 59 (1.625-1.940) 50 (1.691-1.712) 16 (1.183-1.247)
HUVEC 9(8.619-8.644) 5 (0.7334-0.7334) 9 (0.9696-0.9696)

ICs values of S-PPD in MDA-MB-231 and HUVECs were 50 and 5 uM,
respectively (Table 1). This showed that HUVECs were more sensitive to the anti-
proliferation effects of S-PPD. R-PPD, compared to S-PPD, was more potent on MDA-
MB-231. All tested concentrations of R-PPD significantly inhibited the proliferation of
this cell line (p < 0.0001) (Figure 2). The ICso of R-PPD in MDA-MB-231 and HUVEC
was 16 uM and 9 uM, respectively (Table 1). R-PPD, at any concentration above 12.5
uM significantly (p < 0.0001) inhibited the proliferation of HUVEC (Figure 2).
Altogether, the above data suggested that HUVEC was more sensitive than MDA-MB-
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231 to the anti-proliferative effects of these molecules. Except for R-Rh2, all the other
molecules showed effective inhibition of proliferation. In HUVEC, S-Rh2, S-PPD and
R-PPD showed similar efficacies. In contrast, MDA-MB-231 was more sensitive to R-
PPD than S-Rh2 and S-PPD.

3.2. Rh2 and PPD epimers induce cell death and cell cycle arrest

In MDA-MB-231, the pattern of distribution of dead cells was different from
HUVEC. Although a high proportion of MDA-MB-231 and HUVEC cells were located
in quadrant (Q) 3 of the flow cytometry plot, annexin V-positive, MDA-MB-231 cells
also had a distinct population in Q2 annexin V-/Pl-positive, late apoptosis or
necroptosis/necrosis (Figure 3). In these cells, 50 uM S-Rh2 did not induce cell death
(Figure 3a) but increased cell cycle arrest in S phase by 34% (Figure 3b). At 100 uM (p
= 0.0004) S-Rh2 induced approximately 80% cell death (Figure 3a) and increased cell
cycle arrest in S phase by 99% (p < 0.0001) in the remaining 20% cells (Supplementary
Figure 1). To determine whether the cells were undergoing apoptosis or necrosis,
caspase 3/7 reagent was used to detect the activation of apoptosis or with PI to detect
loss of cell membrane integrity (Figure 4). At 50 and 100 uM S-Rh2, no activation of
caspase 3/7 was observed (Figure 4a). In contrast, at 100 uM a rapid increase in PI
staining was observed, consistent with the observed cell death. These findings suggest
that the annexin V-positive MDA-MB-231 cells observed following S-Rh2 treatment
are not due to induction of apoptosis but are likely to be the result of a loss in
membrane integrity. Necroptosis is a caspases-independent programmed cell death,
in which similar to apoptotic cells, phosphatidylserine in the cell membrane is flipped
and cell rupture results in the release of DAMPs recruiting immune cells to also
prompt a non-inflammatory cell death [22, 23]. In vitro and in the absence of immune
cells and phagocytosis, the cell membrane of late necroptotic cells becomes leaky and
the cells become positive for both annexin V and PI [24]. The rapidly increased PI
staining induced by 100 uM S-Rh2 in MDA-MB-231 might indicate a
necroptotic/necrosis phenomenon or a combination of both.

In HUVEC, 50 and 100 uM S-Rh2 rapidly (within 2 h) induced activation of caspase
3/7 (Figure 4c) and loss of membrane integrity (Figure 4d). The count of positively
stained cells reduced over time and examination of the images revealed that this was
due to progressive disintegration of the positive cells. After 3 days of treatment, the
majority of the remaining cells (71% for 50 and 100 uM) were annexin V-positive/PI-
negative (Figure 3c). These remaining cells had arrested at S phase and the G2/M
population had disappeared (Figure 3d, Supplementary Figure 1). Overall, results
showed that S-Rh2 was an inducer of necrosis in MDA-MB-231 and apoptosis in
HUVEC.

In both cell types, R-Rh2 caused a minimal increase in annexin V/PI staining
(Figure 3a and 3c), indicating a minimum induction of cell death, consistent with the
results of proliferation assay (Figure 2) and the caspase 3/7 and PI experiments (Figure
4). It induced cell cycle arrest in S phase by about 40% (p < 0.0001) in MDA-MB-231
and cell cycle arrest in GO/G1 phase in HUVEC by about 3% (p < 0.01) suggesting that
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cell cycle arrest is a dominant mechanism of this molecule in inhibition of proliferation
(Supplementary Figure 1).
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Figure 3. Analysis of (a) cell death and (b) cell cycle arrest in MDA-MB-231
cell line and (c) cell death and (d) cell cycle arrest in HUVEC following a three-
day exposure to S-Rh2, R-Rh2, S-PPD, and R-PPD. Each data point represents
mean + SD of three replicates. All comparisons are between the treatments and
the vehicle control cells, p <0.05. * p <0.05, ** p < 0.01, ** p <0.001 and **** p
<0.0001.
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In MDA-MB-231, 50 and 100 uM S-PPD induced a significant increase in the
proportion of cells that stained annexin-positive (Figure 3a). S-PPD did not induce
caspase 3/7 activation in MDA-MB-231 (Figure 4a). Instead, it significantly increased
the PI count within 4 h with 100 uM (p < 0.0001) and 12 h with 50 uM (p = 0.0002)
(Figure 4b), suggesting that it induced a necroptotic/necrotic cell death.
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Figure 4. Mode of cell death in MDA-MB-231 and HUVEC cells exposed to
Rh2 and PPD epimers. (a) and (c) show activation of caspase 3/7 in MDA-MB-
231 cells, and HUVEC respectively. White arrows pointing at red dots show
activation of caspase 3/7 in cells. (b) and (d) show staining of cells PI in MDA-
MB-231 and HUVEC cells, respectively. Blue spots indicate cells positive for
PI. Staurosporine or drozitumab were used as positive controls. Scale bars
show 400 um. Each data point represents mean + SD of 8 replicates.

161



In HUVEC, a significant increase in annexin V-positive/PI-negative cells (Figure
3c), and an increase in the caspase 3/7-positive cell count, which peaked at 8 h with 100
uM and 10 h with 50 uM (Figure 4c), was observed. The increase in the caspase 3/7 cell
count was closely followed by a significant increase in PI-positive cell count (Figure
4d).

R-PPD was the most potent anti-proliferative molecule in MDA-MB-231 (Table 1).
At 25 uM (p = 000.9) and 50 uM (p = 0.0001), R-PPD, in a concentration-dependent
manner, induced 53% and 83% cell death (Figure 3a) and 30% cell cycle arrest in S
phase (Supplementary Figure 1). Similar to other studied epimers, R-PPD did not
induce activation of caspase 3/7 in MDA-MB-231 (Figure 4a) but increased PI staining,
dose-dependently (Figure 4b). This could indicate that R-PPD is also an inducer of
necroptotic/necrotic cell death in this cell line. In HUVEC, R-PPD induced 95% cell
death at both tested concentrations (p < 0.0001), and 15% cell cycle arrest in G0/G1
(Supplementary Figure 1), accompanied by a gradual increase in caspase 3/7 activation
and PI count, indicating apoptosis. Overall, these findings suggest that S-Rh2, S-PPD
and R-PPD induced necroptosis/necrosis in MDA-MB-231 and induced apoptosis in
HUVEC. These molecules induce S-phase arrest in MDA-MB-231 and G0/G1 arrest in
HUVEC.

3.3. S-Rh2 is the most potent inhibitor of loop formation

Figure 5 shows the results of loop formation assay following exposure with
ginsenosides. Vehicle treated HUVEC formed clear loops with elongated cells. Among
the four tested molecules, S-Rh2 was the most potent in inhibiting loop formation. At
100 uM, cell migration was completely inhibited, and no loops were formed (p <
0.0001), which could be due to the rapid cell death induced by this drug (Figure 4c and
4d). At lower concentrations of S-Rh2 loop formation was also significantly inhibited
(p < 0.0001). The results indicate that the mechanism by which S-Rh2 inhibits loop
formation might be different at different concentrations. At 1 uM, though the
concentration was very low, the cells made deformed and unusual loops. This low
concentration, after two days of exposure, increased the activation of caspase 3/7
(Supplementary Figure 2). At 10 uM no significant induction of cell death was
observed in the cells (Supplementary Figure 2) and the cells survived on Matrigel. As
shown in Figure 4c and 4d, 50 uM SRh2 induced significant cell death in HUVEC
within the first 2 hours, which could be considered as the major anti-loop formation
mechanism of this drug. Based on the number of loops formed, a dose-dependent
reduction in loop formation was observed in the 10-100 uM range (p < 0.0001).

R-Rh2 did not show any biologically relevant inhibition of proliferation (Figure 2)
but showed some level of inhibition of loop formation at 10 (p = 0.0003), 50 (p =0.0001)
and 100 uM (p < 0.0001). However, unlike S-Rh2, at 1 uM R-Rh2 had no efficacy on
loop formation. S-PPD and R-PPD showed a U-shaped dose-response curve in loop
formation assay, showing inhibition of loop formation only in lower concentrations.
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Figure 5. (a) Loop formation assay in HUVEC cells following exposure to S-
Rh2, R-Rh2, S-PPD, and R-PPD, (b) schematic structure of VEGFR2 showing
the extracellular domain, VGEF binding site, a transmembrane domain,
intracellular domain and the ATP-binding pocket of VEGFR2. Molecular
docking of S-Rh2 with (¢) VEGF-binding site and (d) the ATP-binding pocket
of VEGFR2, and the dose-response curves relating to the action of (d)
bevacizumab, (e) VEGF and S-Rh2 with or without VEGF in the VEGF
bioassay system are shown. Each data point represents mean + SD of two or
three replicates. All comparisons are between the treatments and the vehicle
control cells, p <0.05.

3.4. VEGFR2 and AQP1 as potential targets of Rh2

To screen for the possible targets of Rh2 and PPD, molecular docking was
performed. A key driver of angiogenesis is the interaction between VEGF and
VEGFR2, so the interaction of Rh2 and PPD with VEGFR2 was studied. VEGFR2 has
two major binding sites, the ATP-binding pocket and the VEGF-binding site (Figure
5b), both of which were studied in this molecular docking. As shown in Table 2, both
Rh2 and PPD were predicted to have a better interaction with the ATP-binding pocket
than with the receptor. PPD was predicted to have a better binding score with this site
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of VEGFR2. However, given the U-shaped dose-response curve of PPD on loop
formation of HUVECs, it is difficult to conclude whether this interaction is inhibitory
or stimulatory.

Table 2. Binding scores (number of H bonds) of Rh2 and PPD with different
aquaporin water channels, ATP-binding pocket or the VEGF-binding site of
VEGFR2.

Binding score (kJ/mol) (number of H-bonding)

Molecules 5 ~rRo* VEGFR2™ AQPI AQP2 AQP4  AQP5
Rh2 76(1) 712  81@Q2) -52(1) -63(3) -81()
PPD 82(1) -69(1)  -84(0) -69(0) -56(0) -7.7(1)

*ATP-binding pocket of the receptor **VEGF binding site of the receptor

Figure 5c and 5d show the interaction sites of Rh2 with VEGF-binding site and the
ATP-binding pocket of VEGFR?2, respectively. To test the interaction of S-Rh2 with
VEGFR2 in vitro, a VEGF bioassay was performed. In this assay, upon the activation
of VEGFR2 with its ligand, the cells luminesce and in the presence of an inhibitor such
as bevacizumab, the luminescence is inhibited. In this assay, bevacizumab, which was
used in the presence of VEGF, showed an ICso of 0.11 pg/mL (Figure 5e). S-Rh2 was
used with no VEGF to see if it has a stimulatory action on the receptor. In this state, a
steady luminescence was detected except at 100 uM. Since Rh2 is highly cytotoxic at
100 uM, the reduced luminescence from the cells at this concentration could be due to
cell death. S-Rh2 alone did not affect the activation of the receptor, but in the presence
of VEGF, 5-Rh2 shifted the dose-response curve of VEGF to right (Figure 5f), indicating
that S-Rh2 potentially acted as an allosteric modulator of the receptor, binding to the
allosteric site, changing the conformation of the receptor and as a result, decreasing
the affinity and potency of VEGF on this receptor.

Furthermore, molecular docking was performed with four members of the
aquaporin family, AQP1, AQP2, AQP4 and AQP5. AQPs have a homo-tetramer
structure where each monomer is responsible for the transport of water. Each
monomer consists of six transmembrane domains (M1-M6) and three loops (B, D and
E) (Figure 7a). Loops B and E are responsible for water transport function of the
channel [25]. Figure 7b-7e shows the molecular docking of Rh2 and PPD into AQP1
and AQP5. Rh2 had good binding scores with both AQP1 and AQP5, with binding
scores of -8.1 kJ/mol (Table 2). With AQP1, Rh2 made two H-bonds at HIS-67 and VAL-
72 (Figure 7b) of loop B (water pore) [25]. With AQP5, it made 4 H-bonds at M2, loop
B (Pro 795, Arg-819 (2), and GLN-814. PPD had a better binding score with AQP1 (-8.4
kJ/mol) (Table 2). However, molecular docking showed no H-bonds between the two
molecules which might suggest a loose binding compared to that of Rh2. With AQP5,
PPD showed a single H-bond with ASN-961 in Mé.

As shown in Figure 7, both Rh2 and PPD showed a better blocking of AQP1. The
surface views suggest that both Rh2 and PPD fit inside the water channel and
completely block the passage of water. In the case of AQP5, though the binding scores
and number of H-bonds are encouraging, the molecules seem to attach to one side of
the water channel and leaving the water passage open (Figure 7c and 7d). Functional
assays are required to confirm these in silico findings.
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Figure 7. (a) Schematic structure of a monomer AQP1 showing
transmembrane domains (M1-M6), loops B and E responsible for water
transport and loop D. Molecular docking of (b) Rh2 and (c) PPD in AQP1 and
molecular docking of (d) Rh2 and (e) PPD in AQP5. Rh2 makes two H-bonds
with HIS-67 and VAL-72 of loop B (water pore).

4. Discussion

Ginsenoside Rg3 has long been a candidate for investigation as an anticancer drug.
Several studies have shown that Rg3 epimers have stereoselective activities [11, 26, 27].
Also, preclinical studies have shown the efficacy of Rg3 for the treatment of breast
cancer [11, 28, 29]. In China, Rg3 is a registered anti-angiogenic agent. Several studies
have shown that oral or parenteral administration of Rg3 leads to the metabolism of
Rg3 (reviewed in [1]), leaving mainly active metabolites in the body. Peng et al. (2016)
showed that following either of the routes of administration of Rg3 epimers, two major
deglycosylated metabolites were produced; SRg3 produced S-Rh2 and S-PPD, and
RRg3 produced R-Rh2 and R-PPD [30]. In this study, looking for treatment options for
triple negative breast cancer, we looked at the potential of metabolites of Rg3 as anti-
cancer agents.
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These molecules have been a subject of several studies. S-Rh2 showed efficacy
against acute promyelocytic leukemia [31], T-cell acute lymphoblastic leukemia [32]
and colon cancer models [33], in vitro. There is a lack of literature on the anticancer
efficacy of R-Rh2: it was shown that only S-Rh2 and not R-Rh2 inhibited the
proliferation of prostate cancer cell lines [35]. Similar to that result, we showed that in
MDA-MB-231 and HUVEC, S5-Rh2 had a more profound anti-proliferative effect. PPD
has also been a subject of some studies. S-PPD induced apoptotic cell death in
endometrial cancer cells [36], fibrocarcinoma cells [37], colorectal adenocarcinoma
cells [38, 39], breast, prostate and osteosarcoma cell lines [39]. Injection of 30 mg/kg
PPD (every 2 days for 3 weeks) to a xenograft mouse model of colorectal cancer
showed a significant decrease in tumour size in this model [39]. In colorectal cancer
cells, PPD showed anti-proliferative effects via induction of G1/S cell cycle arrest and
targeting MAPK and NF-kB signalling [39]. This was in agreement with our finding
showing S-PPD induced G1 cell cycle arrest in MDA-MB-231.

We have shown that S-Rh2 is a more potent anti-proliferative molecule compared
to its R counterpart. This is similar to the effects observed with SRg3, being the only
epimer that inhibited the proliferation of MDA-MB-231 [11]. We have shown that
except for R-Rh2, three other ginsenosides have anti-proliferative effects in the tested
TNBC cell line. In this cell line, the most potent molecule was R-PPD with an ICso of 16
uM. Choi et al. (2009) studied the effects of Rh2 (unspecified epimer) on two breast
cancer cell lines, MCF-7 and MDA-MB-231 [40]. In their studies, in a 48-h exposure to
40 uM Rh2, a slight increase in G1 population of cells was observed. They showed that
the Rh2-induced cell cycle arrest was via p15 and p27-dependent inhibition of kinase
activities of G1-S specific Cdks/cyclin complexes [40]. Their result may not be
completely comparable with ours due to lack of specification of the epimer used and
the difference in the exposure time. However, it is possible to conclude that in lower
concentrations and shorter exposure times (such as 48 h), 5S-Rh2 might induce cell cycle
arrest and this cell cycle arrest might lead to cell death in longer exposure times (such
as 72 h in our experiment).

The anti-proliferative concentrations of these molecules significantly increased
annexin V/PI staining, as an indicator of cell death. Kwak et al. (2014) showed that S-
PPD at a short-time exposure and a low concentration (2.5 and 5.8 uM, 24 h) induced
apoptosis in MDA-MB-231 via activation of caspase-8, -3 and poly ADP-ribose
polymerase [41]. We looked at the mechanism of cell death induced by higher
concentrations of all four molecules. At high concentrations, in MDA-MB-231, S-Rh2,
S-PPD and R-PPD induced cell death as indicated by both annexin V positive and
annexin V/PI positive subpopulations. For the first time, we showed that the
mechanism of cell death induced in MDA-MB-231 at these concentrations is not
apoptosis, but a necroptotic/necrotic cell death. The R enantiomer of alkanin, known
as shikonin, was the first reported inducer of necroptosis [42, 43] and these
ginsenosides, if confirmed with complementary experiments, could be another group
of natural inducers of necroptosis.

Similar to apoptotic cells, in necroptotic cells phosphatidylserine is flipped to the
outer bilayer cell membrane [44] and hence, the cells are stained positive for annexin
V. Necroptosis is a regulated process, which unlike apoptosis, is caspase 3/7
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independent. The induction of necroptosis is usually dependent on the activation of
tumour necrosis factor (TNF) receptor superfamily, interferon receptors, T-cell
receptors and Toll-like receptors [45]. Genotoxic stress and anti-cancer agents such as
shikonin are also amongst the inducers of necroptosis [45]. Shikonin was shown to
overcome cancer drug resistance [43, 46] and inhibit osteosarcoma-induced lung
metastasis [47] via induction of necroptosis. The role of necroptosis in cancer treatment
has been widely discussed in recent years. It is important to remember that different
types of programmed cell death, including apoptosis, necroptosis and autophagy,
might coexist with one playing a dominant role. This paper shows for the first time
that, in MDA-MB-231, these molecules do not induce apoptosis but are potential
inducers of necroptosis/necrosis.

Our results demonstrated that HUVECs were a more sensitive target for the anti-
proliferative action of these molecules, a finding relevant to their anti-angiogenic
activity. We showed that S-PPD and R-PPD have ICs values of about 5 and 11 uM in
HUVECs, respectively, which are close to the values reported by Usami et al. (S-PPD:
5 uM and R-PPD: 14 uM) [48]. We showed that both epimers are strong inducers of
apoptosis in HUVECs, however, with different rates. S-PPD induces the activation of
caspase 3/7 more rapidly; a process that is more gradual with R-PPD. Wang et al.
showed that S-PPD induces apoptosis via endoplasmic reticulum stress by activating
protein kinase R-like endoplasmic reticulum kinase (PERK)-elF2a signalling pathway
[49]. They used up to 20 uM S-PPD and concluded that high concentrations of S-PPD
could be used for the treatment of angiogenesis-related diseases. Our results with the
loop formation assay showed that S-PPD and R-PPD have U-shaped dose-response
curves. This U-shaped dose-response curve was also reported for Rg3 epimers. As
reviewed before [2], Rg3 at nM concentrations had anti-angiogenic properties, at low
uM ranges, such as 10-15 uM, had proangiogenic effects and at high uM
concentrations showed anti-angiogenic effects. It should also be considered that the
observed effects on loop formation are a cells' immediate response to these agents.
With pretreated cells, it is expected that the anti-loop formation effects of drugs be
much increased. As shown in the proliferation assay, in a three-day exposure, low and
high concentrations of the drugs considerably inhibited proliferation. Therefore, it
could be concluded that, the molecules are very potent anti-angiogenic agents. We also
tested the anti-proliferative effects of these four molecules at nM and low uM ranges
in HUVECs (Supplementary Figure 3). Unlike the reported effects for Rg3 (reviewed
in [2]), these molecules do not have anti-proliferative effects at such low concentrations
in HUVEC, although, after 2 days of exposure to 1 uM S-Rh2, evidence of activation
of caspase 3/7 is observed (Supplementary Figure 2).

Our results showed that Rh2 had a better immediate anti-angiogenic action.
Amongst the four molecules, S-Rh2 was the most potent molecule in inhibition of loop
formation. An unspecified epimer of Rh2 was studied by Zhang et al. [50] for its anti-
angiogenic properties. They showed that Rh2 inhibited the proliferation of HUVECs
only at high doses (>125 uM), but pretreatment of cells with 1 and 10 uM Rh2
significantly inhibited the VEGF-induced cell proliferation and migration. They
showed that 10 uM Rh2 decreased the activation of GRB2-associated-binding protein
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1 (Gabl), vascular endothelial growth factor receptor 2 (VEGFR2), protein kinase B
(PKB or AKT) and extracellular signal-regulated kinase 1/2 (ERK 1/2) [50]. We showed
that 10 uM S-Rh2 caused small levels of decrease in the expression of AQP1 and
activation of focal adhesion kinase (FAK) (Supplementary Figure 4), which could
contribute to the anti-angiogenic properties of this drug. Also, preliminary data show
that at this concentration, S-Rh2 caused a non-significant reduction in the size of MDA-
MB-231 mammospheres (Supplementary Figure 5). This effect, which might indicate a
looser cell-cell connection in these mammospheres, could be further exacerbated in
higher concentrations.

To investigate potential targets of these molecules, we performed molecular
docking on some of the candidate proteins. The interaction between VEGF-VEGFR2
plays a crucial role in induction of angiogenesis. For the first time, using molecular
docking we showed that there is a good binding score between these molecules and
VGEFR2. VEGF bioassay showed that Rh2 shifted the dose-response curve of VEGF to
the right. The extracellular domain of VEGFR?2 consists of seven immunoglobulin (Ig)
homology domains; D1 to D7 are located at the N-terminus to the closest to the cell
membrane, respectively. D2-3 domains have the highest affinity for VEGF and D4-7
reduce binding affinity by about 10 fold, playing role in regulating the activation and
function of the receptor [51]. The intracellular domain of VEGFR?2 is responsible for
the kinase activity and downstream signalling. Small-molecule kinase inhibitors such
as sunitinib compete with ATP and interact with the ATP-binding pocket of the
intracellular domain [52]. Adjacent to this orthosteric ATP-binding site, there is an
allosteric site [53]. Despite the good binding score of Rh2 and PPD with ATP-binding
pocket of VEGFR2, S-Rh2 alone did not stimulate or inhibit the receptor. The only
exception was the highest concentration used (100 uM) which is a cytotoxic
concentration. In the presence of VEGF, S-Rh2 shifted the dose-response of VEGF to
the right. This is typical of allosteric modulators. Unlike orthosteric ligands that bind
to their agonist-binding site and initiate downstream signalling, allosteric ligands bind
to distinct sites distant from the orthosteric site, change the conformation of the
receptor and change the efficacy of the orthosteric ligands or function of the receptor
[53]. Our preliminary studies have not shown whether S-Rh2 changes the affinity of
VEGF or the function of the receptor, but we have shown that S-Rh2 in the presence of
high concentrations of VEGF (ECrs), reduced the activation of VEGFR2. This could be
particularly important in the hypoxic regions of a tumour when angiogenesis is
occurring, and high levels of VEGF exist.

AQPs were another target of screening in this study. AQPs are primarily
responsible for the transport of water across the cell membrane. AQP1, AQP2, AQP4
and AQP5, the AQPs for which a human crystal structure is published, were
investigated in this study. Molecular docking showed that Rh2 and PPD have good
binding with AQP1 and AQP5, both of which play roles in cancer. AQP1 and AQP5
play roles in proliferation, migration, invasion and angiogenesis (reviewed in [2, 12]).
Both of these AQPs localize at the leading edge of a migrating cell and facilitate cell
migration. Despite the good binding score of these ginsenosides with AQP5, the water
transport function of AQP5 channel might not be effectively blocked by these
molecules. Based on molecular docking data, Rh2 and PPD seem to be a better blocker
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of AQP1 water channel. In comparison, Rg3 had a better binding score with AQP1 (-
9.4 kJ/mol) [11]. The binding score of Rh2 and PPD is also weaker than those of other
known blockers of AQP1 with saponin structure, such as bacopaside I and II [54].
Using oocyte expression assay, we showed that Rg3 epimers have stereoselectivity in
blocking AQP1 water channel; SRg3 is a selective blocker of AQP1 [11]. Whether the
epimers of Rh2 and PPD have a similar stereoselectivity needs further investigations.
Also, in molecular docking studies, Rg3 was more selective for AQP1 and did not show
a good binding score with AQP5. Considering the current results of molecular
docking, it is possible to conclude that upon administration of Rg3 and production of
its metabolites, these ginsenoside could work together and contribute to the observed
anti-cancer activities of Rg3. Blocking the water channel function of AQP1 may have
an immediate role in inhibition of loop formation and anti-angiogenic effects of Rh2.

In conclusion, we have shown that metabolites of Rg3 are more potent anti-
proliferative agents than Rg3. They are potential inducers of S-phase arrest and
necroptosis in MDA-MB-231 and inducers of G0/G1 arrest and apoptosis in HUVEC.
S-Rh2 was a most potent anti-angiogenic agent and it was shown that S-Rh2 had
allosteric modulatory action on VEGFR2 function. Rh2 and PPD have the potential of
blocking AQP1 and AQP5. Altogether, these data suggest that metabolites of Rg3
could potentially increase the anti-cancer properties of Rg3, in vivo. Single or
combination of these molecules could be considered as potential anti-cancer treatment
options for future studies.

Funding: This research was funded by the Margaret Elcombe Hospital Research Foundation Research
Grant.

Conflicts of Interest: The authors declare no conflict of interest.

169



Appendix A. Supplementary data
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Supplementary Figure 1. The effect of Rh2 and PPD epimers on cell cycle,
excluding the sub-G1 cells. The experiment was performed in triplicate and
the data are shown as mean + SD of three replicates. All comparisons are
between the treatments and the vehicle control cells, p < 0.05. * p <0.05, ** p <
0.01, ** p < 0.001 and *** p < 0.0001.
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Supplementary Figure 2. Effect of 1 and 10 uM S-Rh2 on the (a) activation of
caspase 3/7 (red spots) or (b) staining with PI (blue spots) in HUVEC cells in a
3-day study. After 2 days of exposure, a significant increase in the activation
of caspase 3/7 is observed with 1 uM S-Rh2. Each datapoint represents mean
+ SD of 8 replicates. All comparisons are between the treatments and the
vehicle control cells, ** p = 0.0068.
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Supplementary Figure 3. The effect of low concentrations of Rh2 and PPD
epimers on the proliferation of HUVEC cells. Each datapoint represents mean
+ SD of 6 replicates. All comparisons are between the treatments and the
vehicle control cells, p <0.05.
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Supplementary Figure 4. (a) Expression of AQP1 and (b) activation of focal
adhesion kinase (FAK) following a 3-day exposure with 10 uM S-Rh2. Total
cell lysates were prepared, and 50 ug total protein was used for Western
blotting. The antibodies used for immunostaining included anti-AQP1
antibody [EPR20325] (ab219055, Abcam, Cambridge, UK, 1:1000), anti-FAK
antibody [EP6954] (ab40794, Abcam, Cambridge, UK, 1:1000), anti-phospho
FAK antibody [EP2]60Y] phosphor Y397 (ab 81298, Abcam, Cambridge, UK,
1:1000) Goat anti-rabbit IgG H&L (HRP) (ab6721, Abcam, Cambridge, UK,
1:3000) was used as the secondary antibody.
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Supplementary Figure 5. Effect of 10 uM 5-Rh2 on the formation of MDA-MB-
231 mammospheres. MDA-MB-231 cells, at 4000 cell/cm?2 of 24-well ultra-low
attachment plates, were grown as mammospheres using MammoCult™
Human Medium Kit (Stem Cell Technologies, Vancouver, Canada), exposed
to vehicle or 10 uM S-Rh2. After 4 days, the number of mammospheres larger
than 50, 100 and 150 um was counted. The experiment was performed in
duplicate and the results are shown as mean + SD.
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Chapter 6 Conclusion
In the research conducted for this thesis, an evaluation of combined Rg3 epimers was
performed as a treatment option for TNBC. A series of experiments were conducted
not only to produce novel experimental data on the optimisation of a combination of
SRg3 and RRg3, but also to test the efficacy of this combination using in silico, in vitro
and in vivo models. The following sections demonstrate the significance of this study
and make some recommendations for future studies.

6.1. Significance of the presented study

In this project, a thorough and deep literature review was performed considering
pharmacokinetic, pharmacodynamic and toxicity aspects of administering this drug.
Furthermore, a comprehensive review was performed on TNBC, the currently
available treatment options, the success rates of the current treatments and the
potential targets for the treatment of this disease. Based on this background and
preliminary in silico molecular docking studies between ginsenoside molecules and
AQP1, lab-based experiments were performed and a novel candidate for the treatment
of TNBC was introduced. The first important contribution of this project was to show
the stereoselectivity of Rg3 epimers and their blocking effect on AQP1. This led to the
second significance of this project, optimising the combination of the drugs for their
anti-cancer actions. The following conclusions were drawn:

1. It is known that AQP1 plays several roles in cancer progression. It is involved
in cell proliferation, migration, invasion and angiogenesis. Specifically,
overexpression of AQP1 is correlated with worse prognosis of TNBC, higher
tumour grade and lower overall survival. In this research, for the first time,
using in silico molecular docking, the interaction between Rg3 and AQP1 water
channel was shown. This indicated that Rg3 had potential as a treatment option
for TNBC. Further studies using in vitro oocyte swelling assay showed that only
SRg3 blocked AQP1-mediated water transport function of AQP1. Rg3 epimers
were not potent inhibitors of cell proliferation in TNBC in vitro models and only
SRg3 inhibited the proliferation of MDA-MB-231, a mesenchymal basal-like cell
line. SRg3 and RRg3, differently inhibited cell migration in 2D and 3D models
and only RRg3 inhibited invasion of these TNBC cells. The overall conclusion
of these studies was that Rg3 epimers have stereoselective efficacies in these
models and could be considered as separate drugs.

2. In several published studies, Rg3 was extracted in experimental settings,
without sufficient information on the purity and the type of specific epimer
used. Extraction procedures might lead to different ratios of SRg3 and RRg3,
and considering the stereospecific functions of Rg3, it is critical to identify the
purity of specific epimers and the ratio between them. In the current study, the
effects of purified (> 98%) epimers were investigated. Following demonstrating
the stereoselectivity of the epimers in TNBC models, for the first time, an RSM
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model was developed to optimise the combination of SRg3 and RRg3. The
optimised combination showed efficacy on endothelial and TNBC cells.
Furthermore, it was shown that in HUVEC, these epimers as a single agent, did
not induce apoptosis, but potentiate each other in combination and induced
apoptosis in a dose-dependent pattern.

. A critical aspect of the action of any investigational drug candidate in
preclinical studies is to show time- and dose-dependency in its actions. In this
research, combinations of SRg3 and RRg3 were studied at two time-points on
loop formation and migration of endothelial cells. It was shown that Rg3
combinations followed these basic principles of pharmacokinetics.

. The key driver of angiogenesis is the interaction of VEGF and VEGFR2.
Previously, some studies suggested that Rg3 had inhibitory effects on the
expression of VEGF and hence affected angiogenesis. For the first time, in this
research, the interaction of Rg3 epimers with VEGFR2 was studied. It was
shown that Rg3 epimers had allosteric modulatory action on the dose-response
curve of VEGF. Allosteric modulators, due to higher target-specificity and
lower toxicity profile, are of special interest to pharmaceutical industries.

. The optimised combination of Rg3 epimers showed the best efficacy on AKT
signalling in endothelial cells grown in normoxia. For endothelial cells grown
in hypoxia, the treatment affected AKT signalling and also decreased VEGF
expression, which has a great impact on angiogenesis.

. The optimised combination also affected AKT signalling in TNBC cell lines.
These cells were grown as mammospheres, which are enriched with cancer
stem cells and compared to 2D models of cell culture, are a better representation
of a human breast tumour. For the first time, the effect of the combination of
Rg3 epimers was studied on mammospheres. This study showed that the
optimised combination of Rg3 epimers also decreased the ‘stemness” of TNBC
cells via decreased expression of CD44 and decreased ratio of CD44/CD24.
Cancer stem cells play several roles in cancer progression and resistance to
treatment. The proposed treatment could decrease the expression of stem cell
markers and reduce the invasiveness of the disease.

. Based on the results achieved from the effects of Rg3 on AKT signalling, the
common proteins that were affected were those that were related to mTOR
signalling. Further in silico molecular docking studies showed that Rg3 epimers
could be potential mTOR inhibitors, as they have good binding with the
rapamycin binding site of mTOR and block the interaction site of Rheb, the
mTOR activator protein. Considering the importance of PI3K/AKT signalling
inhibitors in general and specifically mTOR inhibitors in the treatment of TNBC
patients, inhibition of this signalling by Rg3 could be considered an important
mechanism with potential clinical efficacy in these patients.

. The in vivo model of metastatic TNBC used in this study was a highly aggressive
model and metastasised tumour cells were detectable in mice as early as two to
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10.

11.

three weeks after tumour cell injection. Secondary tumours were detectable
with IVIS before the treatment started. Despite this, the treatment could
significantly inhibit the growth of the primary tumour and secondary tumours,
which is a significant finding in such an aggressive tumour model. In future
research, the study could be modified by reducing the number of cells injected
into the mammary fat pad and commencing treatment sooner.

Several studies showed that Rg3 epimers are prone to extensive metabolism,
which is more evident with the orally administered drug. The major active
metabolites of Rg3 are deglycosylated forms of Rg3; epimers of Rh2 and
epimers of PPD. To find out if these molecules have any contribution to the anti-
cancer effects of Rg3, some preliminary testing was performed on a TNBC and
an endothelial cell type. For the first time, the results of this study compared the
anti-proliferative effects of Rg3 epimers and its deglycosylated metabolites and
showed that unlike Rg3, its metabolites are potent anti-proliferative agents.
While only SRg3 at 100 uM showed anti-proliferation effects on MDA-MB-231,
its metabolites, except R-Rh2, had a dose-dependent anti-proliferative action at
6.2-100 uM range. The other difference between these molecules and their
metabolites are their anti-proliferative mechanism. With SRg3, the main anti-
proliferative mechanism was cell cycle arrest at G0/G1 and with the metabolites,
the major cell death mechanism was a necroptotic cell death. In addition, S-Rh2
could also contribute to the effects of Rg3 on mammosphere formation and
stemness of the cells. The different mechanisms involved suggests that a
combination of all of these molecules could contribute to the observed anti-
cancer effects of Rg3.

The anti-angiogenic effects of these deglycosylated molecules were also studied
in HUVEC. Except for R-Rh2, these molecules potently (ICs < 10 uM) inhibited
the proliferation of HUVEC. These deglycosylated molecules or the parent
drug, all activated caspase 3/7 and induced apoptosis in these cells. The most
potent anti-loop formation agent was S-Rh2. The anti-loop formation
mechanisms of this molecule at different concentrations were different. At high
UM concentrations, such as 50 and 100 uM, apoptotic cell death prevailed, but
at 1 and 10 pM, other anti-migration mechanisms could be involved in
inhibiting loop formation.

To investigate the anti-migration effects of these molecules, the interaction of
Rh2 and PPD with VEGFR2 and AQPs was studied. For the first time, in this
project, it was shown that S-Rh2, similar to its parent drug, had allosteric
modulatory action on VEGFR2, which suggests that S-Rh2 also contributed to
the anti-angiogenic effects of Rg3. Furthermore, molecular docking results
suggested that these molecules are a better blocker for AQP1 rather than AQPS5.
Both AQP1 and AQP5 localise at the leading edge of migrating cells and
facilitate cell migration.
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12. One outcome of this research was that, either with Rg3 epimers or its
metabolites, endothelial cells were more sensitive to the anti-proliferative
effects of either Rg3 epimers or its metabolites. This might suggest that the
principal function of these molecules might be anti-angiogenic action, with
other mechanisms acting on TNBC cells such as inhibition of AKT signalling.

6.2. Recommended future work

In this thesis, a novel treatment for TNBC patients was proposed. This treatment
included a combination of SRg3 and RRg3, which was optimised in RSM models. The
efficacy of this treatment on in vitro angiogenesis and TNBC models and in an in vivo
metastatic model of TNBC was demonstrated and some of the mechanisms of action
of this drug were proposed. Furthermore, this project investigated the efficacy of
deglycosylated metabolites of Rg3 and suggested a possible contribution of these
molecules to the observed anti-cancer effects of Rg3. However, despite the significant
knowledge developed in this field, some gaps exist that could be considered for further
investigation and pave the way for the commercialisation of these findings. Some
recommendations are as follows:

1. Contribution of AQP1 to the anti-angiogenic effects of the drugs

Preliminary in silico molecular docking studies on the interaction of Rh2 and
PPD with AQP1 showed promising results and oocyte swelling assay could be
performed to confirm the blocking effect of these molecules. Using this assay, it
was shown that SRg3 was a blocker of AQP1 water transport. A growing body
of evidence shows the role of AQP1 in angiogenesis and cancer progression. In
this thesis, it was shown that the expression of AQP1 in endothelial cells was
decreased in long-term exposure to Rg3. However, the drugs showed
immediate anti-loop formation effects on non-pretreated cells, too. It could be
hypothesised that blocking AQP1 was responsible for that immediate effect.
Further studies on endothelial cells could test whether blocking AQP1 plays a
major role in anti-angiogenic action of Rg3. In addition, further studies could
study the mechanisms of anti-loop formation effects of S-Rh2.

2. Further in vivo animal studies
i. In the current study, an immunocompromised mouse model was used to
study the efficacy of the proposed drug. This model had some advantages
including growing human tumour cells and developing metastasis.
However, being an immunocompromised model, the interactions of the
immune system with the tumour and the treatment is lacking. Considering
the fact that Rg3 epimers have been shown to improve immune function in
animal models and the important role of the immune system in preventing
cancer progression, it would be recommended to study the efficacy of the
optimised combination in an immunocompetent BALB/c mouse model. This
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il.

iii.

iv.

3.

l.

requires further in vitro studies on murine breast tumour cell line, 4T1, and
injecting those cells into the mammary fat pads of those mice.
Currently, the published literature has suggested the short half-life of Rg3
and in clinical trials, Rg3 is administered two times a day to overcome this
issue. In the current study, the dosing schedule of the drug was limited to
three doses per week. It is, therefore, recommended to use a more frequent
dosing schedule of the drug to have a better estimation of the anti-cancer
effects of this drug.
Further animal studies are suggested to evaluate the pharmacokinetic
parameters of this drug. Using plasma of animals receiving this drug, not
only the pharmacokinetics of the injectable form of the drug will be
evaluated, but also the presence of metabolites will be measured. Based on
the outcome of that study, it would be easier to predict and conduct more
studies on the role of each of the Rg3 epimers, their metabolites, and the
combination of those in the observed anti-cancer effects.
Administration of these drugs to mice, at the described dose and dosing
schedule, caused no toxicity as recorded by weight score, posture, fur
condition, movement, behaviour, breathing and hydration level. Rg3 has also
been administered to humans with no serious reported toxicities. To further
improve the preclinical studies on these drugs, animal toxicity assays will
need to be performed. Several parameters such as type of drug formulation,
dose, duration of exposure and route of administration affect the adverse
effects. Subacute (14-28 days) and subchronic (90 days) animal toxicity
testing including full biochemical and haematological screens and histology
of the major organs should be performed to confirm the safety of the drugs
prior to administration to humans.

Designing novel formulations to improve the solubility and bioavailability

of the drug:

Ginsenosides have relatively large triterpenoid structures, with low water
solubility and bioavailability. Therefore, the following are recommended:

Structure-activity relationship (SAR) and quantitative SAR (QSAR) studies
to be performed and evaluate the relationship between the chemical
structure of these molecules and their biological activity. Therefore,
potentially by modifying the structure, smaller molecules with better
solubility and bioavailability could be designed and tested.

Novel pharmaceutical formulation modifications could be used to improve
the solubility and bioavailability of these molecules. These modifications
could include using nanosuspension and nanocrystal technologies or
application of liposomes and cyclodextrins.
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Overall, the findings of this thesis show the potential of the SRg3 and RRg3 optimised
combination as an anti-cancer treatment for application in TNBC patients.
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