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ARTICLE INFO ABSTRACT

Keywords: Aims: Recently, strategies of cancer treatment using combination of agents with distinct molecular mechanism
Breast Cancer (s) of action are considered more promising due to its high efficacy and reduced systemic toxicity. The study is
Centchroman aimed to improve the efficacy of selective estrogen receptor modulator, Centchroman (CC) by combination with
Ormeloxifene the phytoestrogen Genistein (GN).

gf;;/tig Methods: Cytotoxicity was evaluated by Sulforhodamine B assay. Cell cycle analysis was done through flow
Apoptosis cytometry. Further, Apoptosis was analyzed using Annexin V/PI staining, tunel assay and electron microscopic

examination and verified using western blot analysis. In order to validate the in vitro results, in vivo analysis was
performed using 4T1-syngeneic mouse model.

Key findings: In this study, we report that the dietary isoflavone genistein (GN) synergistically improved anti-
neoplasticity of CC in breast cancer by arresting cells at G2/M phase culminating in ROS dependent apoptosis.
The combination of CC plus GN caused dysregulation of Bax and Bcl-2 ratio inducing mitochondrial dysfunction,
activation of Caspase-3/7, -9 and PARP cleavage. Further, combination significantly suppresses phosphorylation
of PI3K/Akt/NF-xB, enhancing apoptosis. Additionally, combination markedly reduced tumor growth compared
to CC and GN alone in mouse 4T1 breast tumor model.

Significance: Together, these studies suggest that GN represents a potential adjunct molecule whose role in CC
induced apoptosis deserves attention.

1. Introduction

Despite remarkable progress in cancer diagnostics, treatment of
breast cancer (BC) remains a higher challenge and enigma [1]. This is
perhaps due to the chemo-resistant nature of BC towards various che-
motherapeutic agents or radiotherapy [2]. Besides, development of
systemic cytotoxicity poses severe limitations on the anti-cancer effi-
cacy of chemotherapy. Centchroman (CC), a non-steroidal oral con-
traceptive is a type of selective estrogen receptor modulator, having
estrogen antagonist action in breast, ovary and uterus & agonistic in
bone [3]. We and others have demonstrated its anticancer action
against various malignancies including breast, endometrial, pancreatic
and head & neck cancer [4-8].

Phytoestrogen genistein (GN), a prominent isoflavone of soy has
received great attention due to its explicit and almost exclusive activity
on cancer cells rather than non-transformed and normal cells. Several in
vitro and in vivo studies have shown that GN inhibits the proliferation of
many cancer cells through cell cycle arrest (G2/M) by decreasing cyclin
B1, cdc 2 expression and induction of apoptosis by activation of cas-
pase-9 &-3 [9]. Studies have shown that defects in the genes and
multiple signaling pathways are the major cause of cancer therefore; a
combination of agents which targets several signaling pathways
without causing any systemic toxicity would be a promising strategy for
cancer prevention. Various studies have demonstrated that GN prevents
the growth and proliferation of cancer cells by synergistically ameli-
orating the effect of anticancer drugs [10-12].
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Fig. 1. CC and GN synergistically inhibits proliferation of HBCCs. (A) Cytotoxicity analysis of 10 uM CC and 50 uM GN separately and together in MCF-7/MDA MB-
231, 4T1 and MCF-10A cells. (B) Cell cycle analysis was performed using flow cytometry in MCF-7/MDA MB-231 cells treated with 10 pM CC & 50 pM GN separately
and together. (C) Western blot analysis of the indicated proteins, GAPDH was used as loading control. (D) Graphical representations indicating normalized relative
band intensity. *p < 0.05; **p < 0.01; ***p < 0.001, calculated compared to control. $p < 0.05; $$p < 0.01; $$$p < 0.001 with respect to CC alone and

#p < 0.05; ##p < 0.01; ###p < 0.001 with respect to GN alone.

The rationale behind the present study is to evaluate the efficacy of
the dietary GN in improving CC action in Human Breast Cancer Cells
(HBCCs). Our previous study suggests that GN potentiates CC action in
HBCCs where the exact molecular pathway of synergism remains un-
elucidated [13]. Here, our results demonstrate that the combination of
CC plus GN arrests cells at G2/M phase and induces apoptosis by down-
regulating expression of Bcl-2, Akt, NF-kB and up-regulating Bax, Cas-
pase-3/7& -9. The results obtained in vitro are remarkably supported by
the tumor regression in combination group in mouse 4T1 breast tumor
model. Together, our data illustrates that CC plus GN possesses con-
siderably high anticancer potential which combination may offer
greater therapeutic response to the adenocarcinoma of the breast.

2. Materials and methods
2.1. Reagents
Dulbecco's Modified Eagle's Medium (DMEM), Genistein, Trypsin,

Sulforhodamine B (SRB), Bovine Serum Albumin (BSA), Anti-pCdc2
(Cdk1) (pTyrl5), Anti-Cyclin B1 were procured from Sigma Aldrich (St.

Louis, MO 63103 USA). Anti-Bcl-2, Anti-Bax, Anti-Bcl-xL, Anti-AIF,
Anti-Cleaved PARP, Anti-CuZnSOD, Anti-MnSOD, Anti-Catalase, Anti-
Caspase-3, -8 & -9 (active) were purchased from BioVision Research
Product (Mountain View, CA 94043 USA). Anti-pNF-xB, Anti-PI3K,
Anti-pAkt, Anti-Akt and Anti-pmTOR, mTOR and Anti-GAPDH were
procured from Santa Cruz Biotechnology (Texas 75220, USA.). CC was
obtained from CSIR-Central Drug Research Institute, Lucknow (Uttar
Pradesh), India.

2.2. Cell culture

MCF-7/MDA MB-231 cells were procured from National Centre for
Cell Sciences, Pune. MCF-10A and 4T1 cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA). All the cells
were cultured as described previously [13,14].

2.3. Evaluation of cell viability

Sulforhodamine B (SRB) assay was performed for the analysis of cell
viability. Briefly, 1 x 10* cells were cultured in DMEM/F-12 medium
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Fig. 2. Combination induces apoptosis in HBCCs. (A) Morphological analysis of MCF-7/MDA MB-231 cells treated with 10 uM CC & 50 pM GN separately and
together. (Scale bar = 100 pm) (B) Post-drug treatment, cells were stained with Annexin V/PI and analyzed through flow cytometry (C) Transmission electron
microscopic analysis of MDA MB-231 cells (a) control (b) 10 pM CC (¢) 50 uM GN (d) 10 uM CC plus 50 pM GN. Yellow and red arrows indicating nucleus and
mitochondria respectively (Scale bar = 2 pm). (E) Tunel assay was performed after incubating HBCCs with the respective doses and analyzed using flow cytometry.
Data shown are representative of three similar experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

and exposed with 10 uM CC & 50 UM GN separately and together for
48 h. Thereafter, SRB assay was performed as before [13] and absor-
bance was measured in SpectraMaxM2°Elisa Microplate Reader (Mo-
lecular Devices Inc.) at 510 nm.

2.4. Analysis of cell cycle kinetics

To assess cell cycle, MCF-7/MDA MB-231 cells were placed in 6-well
plate and exposed to 10 uM CC and 50 uM GN separately and together.
After 48 h, cells were permeabilized and re-suspended in PBS con-
taining PI (40 ug/ml) and RNase (100 pg/ml). Flow cytometry analysis
was performed on FACS Calibur employing CellQuest Software (Becton
Dickinson, San Jose, CA, USA) [15].

2.5. Annexin V/PI binding assay

Annexin-V apoptosis detection kit (Sigma Chemical Co. St. Louis,
MO, USA) was used to analyze the exposure of phosphatidylserine at
the cell surface. Briefly, 0.2 x 10° cells were plated in 6-well plate,
exposed with 10 pM CC & 50 uM GN separately and together for 48 h.
Apoptotic cells were analyzed after double staining the cells with FITC
conjugated Annexin V and propidium iodide (PI) through flow cyto-
metry.

2.6. TUNEL assay

To examine DNA fragmentation, TUNEL assay was performed using
ApoDIRECT In Situ DNA Fragmentation/Assay Kit (Biovision, Milpitas,
CA 95035, USA) according to manufacturer's protocol. MCF-7/MDA
MB-231 cells (0.2 x 10°) were cultured in 6-well plates, incubated with
10 uM CC & 50 uM GN separately and together for 48 h. Thereafter,
staining was done according to the protocol and cells were analyzed by
flow cytometry [7].

2.7. Detection of intracellular reactive oxygen species (ROS) generation

Time-dependent ROS was quantified post-drug challenge in HBCCs
after 6, 12 & 24 h. Briefly, 0.2 x 10° cells were plated in 6-well plate
exposed to respective doses for 6, 12 & 24 h. Subsequently, cells were
washed with PBS, incubated with 10 uM 2’,7’ Dichlorofluorescein dia-
cetate (DCFDA) at 37 °C for 30 min in the dark and analyzed through
flow cytometry (FACS Calibur employing CellQuest Software) [15].

2.8. Analysis of mitochondrial membrane potential (MMP)

Alteration in MMP was evaluated using MitoTracker® Deep Red FM
(Life Technologies, Eugene, OR, USA) per the manufacturer's
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Fig. 3. Combination alters reactive oxygen species (ROS) generation. (A) After incubation with the indicated drugs for 6, 12 & 24 h, MCF-7/MDA MB-231 cells were
stained with DCFDA and analyzed through flow cytometer. (B) CuZnSOD, MnSOD and catalase protein expression levels were determined using western blot analysis,
GAPDH was used as loading control. Graph represents densitometric analysis of the respective proteins. Data shown are mean * SD is one of three similar
experiments. *p < 0.05; **p < 0.01; ***p < 0.001, calculated compared to control. $p < 0.05; $$p < 0.01; $$$p < 0.001 with respect to CC alone and

#p < 0.05; ##p < 0.01; ###p < 0.001 with respect to GN alone.

instructions. Following treatment, cells were washed with PBS and in-
cubated with MitoTracker Deep Red FM (200 nM) for 30 min. Analysis
for mean fluorescence intensity was done using FACS caliber instru-
ment [16].

2.9. Cytochrome c release & caspase activity assay

To evaluate the release of cytochrome ¢ from mitochondria, un-
treated and treated cells were collected by trypsinization and cen-
trifuged at 600g for 5 min at 4 °C. Thereafter, cytosolic and mi-
tochondrial fractions were isolated per manufacturer's instructions
(BioVision Incorporated, 155 S. Milpitas Boulevard, Milpitas, CA 95035
USA) and protein was quantified. Subsequently, 10 pg of protein was
western blotted against anti-Cytochrome-c antibody.

Activation of caspase-3, -8 &-9 were assayed using Caspase-3/
CPP32, FLICE/Caspase-8 and Caspase-9 Colorimetric Assay Kit respec-
tively (BioVision Research Products, 980 Linda Vista Avenue, Mountain

View, CA 94043 USA). Following incubation with the drugs, cells were
processed per manufacturer's instructions and absorbance was mea-
sured at 405 nm on SpectraMAX M2° Microplate Reader.

2.10. Western blot analysis

50 pg protein per lane was processed for western blotting by SDS-
PAGE and electro-transferred to PVDF membranes. After blocking with
5% bovine serum albumin, membranes were incubated with indicated
primary antibodies and peroxidase-linked appropriate secondary anti-
body respectively. The protein expression was visualized using
Immobilon Western Chemiluminescence horseradish peroxidase kit and
scanned by chemidoc. Densitometric analysis for determination of re-
lative protein expression was done using Image J software [17].



S. Kaushik, et al.

>

80+ MCF-7
©
3 $$
S 60 %
8/\
0
5 8 404
x (=]
o X
Ev
;g 20+
=
04
S & & &
S & &
Q B S
00
S
QO
B MCF-7
Ctrl CC GN CC+GN

Cytoplasmic Cyt.C

Mitotracker deep red

GAPDH

Mitochondrial Cyt.C

COX [V | " e s
MDA MB-231
Ctrl cC GN CC+GN
CytoplasmicCytC| # s S
GAPDH | s S S

Mitochondrial Cyt.C - s

COX IV | " " T

Life Sciences 239 (2019) 117073

150+
MDA MB-231
#
S
= 1004 *
[}
o
X
~ 504
04
S & & o
SO
Y S Obe
®0
'\QQ
2.01
MCF-7
i Bz Cytoplasmic Cyt. C
1.54 % % %k * % = Mitochondrial Cyt. C

Relative fold change
o

g
o
)

B Cyplasmic Cyt.C
&5 Mitochondrial Cyt.C

=N
[54)
1

Relative fold change
o

Fig. 4. (A). Analysis of mitochondrial membrane potential (MMP) has been done through mitotracker deep red FM. (B) Expression of cytochrome c in mitochondrial
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2.11. Transmission electron microscopic analysis

Treated MDA MB-231 cells were fixed in a mixture of 2% glutar-
aldehyde and 2% paraformaldehyde for 2 h at 4 °C and again post fixed
in 1% osmium tetroxide at 4 °C for 1 h. Following acetone dehydration,
samples were infiltrated and embedded in araldite CY 212 (TAAB, UK).
Ultrathin sections were cut, mounted onto 300 mesh-copper grids and
sections were stained with ethanolic uranyl acetate & alkaline lead ci-
trate. Subsequently, samples were examined under a Morgagni 268D
transmission electron microscope (Fei Company, The Netherlands).

2.12. Tumor regression study

This study was conducted according to the guidelines and standard

procedures approved by the Institutional Animal Ethics Committee
(IAEC), CSIR-Central Drug Research Institute, Lucknow, India. Briefly,
4T1 (7 x 10°) cells were injected onto the left mammary fat pad of
adult female BALB/c mice [14]. After a week, animals were randomly
divided into four groups (N = 6) and oral dosing initiated. The two
experimental groups were administered CC (10 mg/kg) and GN
(200 mg/kg) alone however, the third group administered CC (10 mg/
kg) plus GN (200 mg/kg) while control received saline only. Dosing was
done thrice a week for 3 weeks and tumor volume was measured twice-
a-week using a formula, V = n/6 (Length) X (Width)?. Animals were
observed for behavioral changes, their body weights during the study
period and their survival rates were noted. The effect of treatments on
the food and water intake was also observed during the experimental
period. At the end of experiment, mice were sacrificed, tumors were
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Fig. 5. Combination modulates the expression of proteins involved in apoptosis and cell survival. (A) Western blot analysis of MCF-7/MDA MB-231 cells exposed to
10 uM CC & 5 uM GN separately and together. (A & B) Expression of pro and anti-apoptotic proteins (C & D) expression of cell survival proteins. GAPDH was used as

loading control. Graphical representations are indicative of relative band intensity compared to control. Data shown are mean =+

SD is one of three similar

experiments. *p < 0.05; **p < 0.01; ***p < 0.001, calculated compared to control. $p < 0.05; $$p < 0.01; $$$p < 0.001 with respect to CC alone and

#p < 0.05; ##p < 0.01; ###p < 0.001 with respect to GN alone.

excised, weighed and photographed.

2.13. Statistical analysis

The results are expressed as Mean + SD from one of three similar
experiments each performed in triplicate. Oneway Analysis of Variance
(ANOVA) was applied to analyze Bonferroni's Multiple Comparison
Test. A statistically significant difference was defined asp < 0.05.

3. Results

3.1. Combination synergistically induces cytotoxicity and arrests cells in
G2/M phase

The results presented here and our earlier data suggest that CC plus
GN cause synergistically enhanced cytotoxicity than control and CC/GN
alone in human MCF-7/MDA MB-231 HBCCs & 4T1 mouse breast
cancer cells (Fig. 1A) [13]. More, safety of this combination in MCF-
10A non-tumorigenic breast cells was also observed. Since the combi-
nation inhibited breast cancer cells proliferation, we next performed
cell cycle analysis to check the effect of CC plus GN in different phases
of cell cycle. Our results revealed remarkable increase in HBCCs at G2/
M phase (Fig. 1B). Further, western blot analysis demonstrated the
downregulation of cyclin Bl and up-regulation of phospho-cdc2 ex-
pression (Fig.1C). In addition, a sub-GO/G1 DNA peak suggestive of
apoptotic DNA was also noticed (Fig.1D).

3.2. GN augments CC mediated apoptosis in HBCCs

Following treatment with 10 uM CC plus 50 uM GN, HBCCs dis-
played characteristic signs of apoptosis such as shrinkage, cell mem-
brane blebbing and rounding (Fig. 2A) including externalization of
phosphatidyserine as observed through Annexin V/PI staining
(Fig. 2B).The nuclear and mitochondrial morphological changes were

further subjected to transmission electron microscopy (TEM) & ana-
lyzed. As shown in Fig. 2C, control group showed prominent nucleoli
with intact nuclear membrane and healthy mitochondria. Normal nu-
clear morphology and mitochondrial swelling was observed in CC and
GN alone treated groups. In contrast, the combination group displayed
chromatin condensation with loss of nucleoli and disruption in mi-
tochondrial structural integrity with mitochondrial inflammation and
damaged cristae (Fig. 2C). DNA fragmentation is the unique feature of
late stage apoptosis therefore, to further reveal the combination
mediated apoptosis, terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay was performed. Higher number of tunel
positive cells viz. 17% MCF-7, 24% MDA MB-231tunel positive cells
were obtained versus 1.97 & 0.64% respective controls (Fig. 2D).

3.3. GN enhances CC induced apoptosis through generation of reactive
oxygen species (ROS) and disruption of mitochondrial membrane potential

Ay

Significant ROS generation was encountered at 6 & 12 h in MCF-7 &
MDA MB-231 cells respectively which peaked at 24 h (Fig. 3A). In
addition, upregulation in CuZnSOD expression and no changes in cat-
alase expression was observed through immunoblotting in both cell
types. However, upregulation in MnSOD was found in MDA MB-231
cells only (Fig. 3B).

Elevated ROS generation causes oxidative stress and disrupts MMP
which was determined using MitoTracker Deep Red FM. Combination
resulted into rapid dissipation of Ay, in both MCF-7 as well as MDA
MB-231 cells (Fig. 4A). Furthermore, as in Fig. 4B, the extent of cyto-
solic cytochrome ¢ increased with concomitant decline in mitochondrial
fraction in combination compared to control and mono treatment in
both cells.
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3.4. Combination alters expression of Bcl-2 family proteins, activates
caspases and induces PARP cleavage

In order to further delineate the molecular pathways involved in
combination mediated apoptosis, western blot analysis was performed.
As shown in Fig. 5A & B, combination of CC plus GN significantly up-
regulated Bax expression however, anti-apoptogenic Bcl-2 and Bcl-xL
expression was down-regulated in HBCCs. Moreover, densitometry
analysis shows upsurge in Bax/Bcl-2 ratio in combination compared to
control. Caspase activity assay was undertaken to ascertain the role of
caspases in combination mediated apoptosis. The result demonstrates
that combination activated caspase-9 in both MCF-7/MDA MB-231 cells
and caspase-3 in the latter only (Supplementary Fig. 1). Conversely, no
significant alteration in caspase-8 activity was observed in either cell
lines as examined using SRB assay (Supplementary Fig.1). To further
substantiate the results, immunoblotting was performed for active
caspases 3/7 & -9. The results illustrate that combination significantly
up-regulated the expression of caspase-7 & 9 in MCF-7 cells (Fig. 5A)
and caspase-3 &-9 in MDA MB-231 cells (Fig.5B). We also analyzed the
expression of AIF, another downstream regulator of apoptosis [18].
Significant expression of AIF was noticed in combination versus control
in MCF-7/MDA MB-231 cells. In addition, the cleavage of full length
PARP into characteristic 89 kDa fragment, another classical marker,

was also observed in combination treatment in both cells (Fig. 5A & B).

3.5. Combination efficiently abrogates PI3K/Akt/mTOR/NF-xB signaling

To elucidate the basis of the potentiated anti-tumorigenic effects of
CC plus GN in MCF-7/MDA MB-231 cells, we analyzed its effect on the
expression of proteins involved in cell survival pathway. PI3K/Akt
pathway plays an important role in cancer progression by sustaining
cell proliferation, averting apoptosis and supporting the process of
metastasis [19]. Aberrant activation of the PI3K/Akt frequently occurs
in breast cancer where current efforts have focused on development of
new anticancer agents directing this pathway. Thus, the effect of
combination on PI3K/Akt/mTOR pathway was investigated. The result
showed that combination decreases phosphorylation of PI3K and Akt in
both the cell lines (Fig. 5C & D) whereas, decreased phosphorylation of
mTOR was noticed only in MCF-7 cells (Fig. 5C). In addition, we also
investigated expression of NF-kB, a key regulator of cell proliferation
whose action is partly mediated through AKT signaling pathway. The
result displayed significant down-regulation of NF-kB in combination in
both cells versus control (Fig. 5C & D).
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3.6. Combination reduced breast cancer growth in mouse 4T1 breast tumor
model

Tumor regression study was undertaken to evaluate the efficacy of
CC plus GN in 4T1 syngeneic mouse model. The animals behaved
normally and there was no noticeable effect of treatment on the food
and water intake in mice compared to control group. The relative
weight of mice versus time is indicated in Supplementary Fig. 3 that was
aimed to assess the in vivo toxicity of the treatment. All the treatment
groups were found not to be toxic at the doses studied, as we did not
observe body weight reduction in the mice. As shown in Fig. 6A, B & C
combination significantly inhibited the growth of tumor compared to
control and CC/GN alone by diminishing the volume and weight of the
tumors. About 6.09, 4.15and 2.88 fold higher regression was obtained
in combination compared to control, GN and CC alone groups respec-
tively. Additionally, at the end of the study, combination reduced the
tumor weight by 4.67, 4 and 2.40 fold compared to control, CC and GN
alone groups respectively (Fig. 6C). Combination successfully enhanced
the survival of animals in our study (Fig. 6D), as the percentage of
animals died till the end of the study was lowest in this group.

4. Discussion

Emerging evidences including our work suggests employment of
natural compounds such as genistein, resveratrol, curcumin, daidzein
etc. during radio- or chemotherapy for enhanced efficacy and reduced
toxicity [12]. Several studies have demonstrated that dietary isoflavone
genistein (GN) possesses anticancer properties against many cancers
including breast, collateral safety to normal cells enabling its use in
conjunction with other therapies. Centchroman (CC) or Ormeloxifene
exhibits anticancer action against wide range of cancers. Herein, we
assessed the efficacy of CC in combination with GN against ER + ve/-ve
MCF-7/MDA MB-231 HBCCs in vitro and in a mouse 4T1 breast tumor
model in vivo. Although CC and GN alone effectively inhibit cell growth,
supplementation of GN remarkably enhanced CC induced cell killing as
confirmed by in vivo studies too.

Inhibition of cell cycle regulation represents a desirable target for
management of breast cancer [20]. Our results show that combination
arrests HBCCs at G2/M phase, depletes cyclin B1 and increases phospho
cdc2 (Fig. 1B & C). Liu X et al. have also reported that GN improves the
radiosensitivity of HBCCs through similar mechanisms [9]. Inhibition of
apoptosis is a major hallmark of cancer [21]. We and others have re-
ported that CC inhibits breast, endometrial, pancreatic and head & neck
cancer cells growth by inducing apoptosis [6,7]. Herein, our result re-
veal that combination of CC plus GN induced higher apoptosis com-
pared to each drug per se, evidenced by Annexin V/PI staining (Fig. 2B).
Further, alteration in nuclear morphology and high DNA fragmentation
in CC plus GN treated groups substantiates the foregoing (Fig. 2C & D).
These results are consistent with our previous findings that daidzein/
resveratrol/curcumin augments apoptotic potential of CC in MCF-7/
MDA MB-231 HBCCs [22,23].

Presently, we provide additional novel mechanistic insights into
synergism between CC and GN in HBCCs. Our results indicate higher
ROS generation in combination after 24 h of treatment in both the cell
types (Fig. 3A & B). This observation is in line with the fact that ROS
generation precedes apoptosis [24]. To further explore this, we ex-
amined the role of combination on mitochondrial membrane potential
(MMP) which decreased with concomitant release of cytochrome c from
mitochondria, indicating activation of apoptosis (Fig. 4A & B). It has
been established that the balance between pro- and anti-apoptotic
members of the Bcl-2 family proteins regulate the mitochondrial
membrane permeabilization [25,26]. As expected, combination de-
creased the expression of anti-apoptotic proteins Bcl-2 and Bel-xL with
increased pro-apoptotic Bax expression (Fig. 5A & B).We previously
reported similar findings of CC mediated down regulation of Bcl-2 and
up-regulation of Bax expression [7]. Caspases, the members of a
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cysteine protease family are known to be the major regulators of
apoptosis [27,28]. Several studies including ours have demonstrated
that anticancer agents up regulate caspases especially, -3, -8 &-9 [6,7].
In this study, the results suggest that CC plus GN significantly activate
Caspase-3 & -9 in HBCCs (Supplementary Fig. 1), indicating their pi-
votal role in apoptosis, reaffirmed by western blotting (Fig. S5A & B).

Studies have shown that GN and other dietary compounds which
inhibit cancer growth may augment the efficacy of cancer chemother-
apeutics by altering the action of leading cell survival pathways such as
PI3K/Akt/mTOR and those controlled by NF-kB [29]. Furthermore,
studies from various laboratories suggest that inhibition of Akt/NF-«xB
leads to up-regulation of Bax and down-regulation of Bcl-2 [30,31]. CC
also has been found to induce cell death by inhibition of PI3K/mTOR
pathway in Head & Neck cancer cells [8]. Here, combination inhibited
PI3K, Akt and mTOR (Fig. 5C & D) which further down and up-regu-
lated the expression of Bcl-2 and Bax respectively thereby synergisti-
cally inducing apoptosis in HBCCs. Combination mediated inhibition of
Akt leads to activation of caspase-9, promoting apoptosis supported by
similar observations [32]. Several reports have shown that activation of
NF-kB encourages cell survival and proliferation whose down-regula-
tion sensitizes the cells for apoptosis [33,34]. It has been reported that
GN increases apoptosis induced by chemotherapeutic agents by in-
activation of NF-xB in human cancer cells [11]. Our results also re-
vealed that GN synergizes CC action by down-regulating the expression
of NF-kB (Fig. 5C & D). These studies have also been supported using
appropriate inhibitors for diverse pathways (Supplementary Fig. 2).
Finally, we demonstrated the CC plus GN induced synergistic inhibition
of tumor growth in mouse 4T1 breast tumor model with adequate tol-
erance (Fig. 6A-D).

In conclusion, we revealed the mechanism of action of a novel
combination of CC and GN in HBCCs by which combination inhibits cell
growth by arresting cells in G2/M phase, inhibiting PI3k/Akt expres-
sion as well as inducing apoptosis by ROS dependent mitochondrial
pathway. Our in vitro results are well supported by in vivo findings
where it was found that combination efficiently inhibits tumor growth.
The combination treatment of CC and GN caused significant tumor
regression compared to control & CC/GN alone and was well tolerated.
Also, there was reduction in the mortality of mice in combination group
during the study period compared to other groups. Therefore, the
combination of CC with GN offers a novel approach for Breast Cancer
since the in vitro derived results translate into in vivo facts and may
potentially establish new possibilities for further translational research.
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