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Lupeol synergizes with 5-fluorouracil
to combat c-MET/EphA2 mediated chemoresistance
in triple negative breast cancer

Debarpan Mitra,1 Depanwita Saha,1 Gaurav Das,1 Rimi Mukherjee,1 Samir Banerjee,1 Neyaz Alam,2

Saunak Mitra Mustafi,3 Partha Nath,2 Anuj Majumder,4,5 Biswanath Majumder,6,7 and Nabendu Murmu1,8,*

SUMMARY

Triple-negative breast cancer (TNBC) is the most elusive subtype of breast cancer that encounters
treatment dilemmas owing to the paucity of druggable targets. We found hyperactivation of c-MET
and ephrin type-A receptor 2 (EphA2) in patients treated with 5FU driven chemotherapy which corre-
lated with lower disease-free survival. However, silencing of both these genes resulted in a marked
decrease in the invasive, migratory, and tumorigenic potential of TNBC cells, indicating that a dual
target strategy is actionable. Lupeol is a phytochemical, with potent anticancer efficacy and minimal
side effects in preclinical studies. A synergistic strategy with 5FU and Lupeol elicited promising anti-
cancer responses in vitro, in vivo, and in patient-derived ex vivo tumor culture models. This synergistic
regimen is effective, even in the presence of HGF, which mechanistically orchestrates the activation of
c-MET and EphA2. These data lay the foundation for the clinical validation of this combination therapy
for TNBC patients.

INTRODUCTION

Breast cancer is currently themost commonly diagnosed cancer worldwide and the 5th leading cause of cancer-related deaths due to cancer.1

Approximately 10–20% of all breast cancers are found to be triple negative breast cancer (TNBC) subtype, which is often associated with very

poor prognosis even at early stages of the disease. Over the last few decades, enormous efforts have been made to understand the under-

lyingmolecularmechanisms and improve the clinical scenario, including newmolecular subtypes and new generation therapeuticmodalities.

However, overall survival (OS) remains low.2

Among the conventional therapies, theNational Comprehensive Cancer Network (NCCN) guidelines recommend using combination reg-

imens based on cyclophosphamide, anthracycline, taxane, fluorouracil, and cisplatin.3 Unfortunately, all these drugs have severe adverse ef-

fects while conferring low and temporary responses. Fluorouracil, despite being an important component of chemotherapy regimens, is more

likely to cause nausea, myelosuppression, and ovarian failure.4 Moreover, not all individual agents in combination chemotherapy uniformly

and consistently exert anticancer cytotoxic responses in a synergistic fashion for all patients where regimens show clinical benefits.5,6 With

these existing challenges, there is an urgent unmet need for the development of more effective and affordable drug combinations that

have bearable side effects and, at the same time, durable and deep responses against TNBC and other similar molecular subtypes. Elucida-

tion of viable TNBC targets is an obstacle that needs to be overcome. c-MET (mesenchymal-epithelial transition factor) and ephrin type-A

receptor 2 (EphA2) may be considered two of such druggable targets for exploring novel therapeutic opportunity in case of TNBC, as these

receptor tyrosine kinases (RTKs) show robust expression in this subset of breast cancer.7–9

The hepatocyte growth factor receptor (HGFR), also known as c-MET, is an RTK encoded by c-MET gene. Aberrant c-MET signaling has

been mechanistically linked to the promotion of breast cancer, and its contextual dysfunction represents an aggressive phenotype.10

Among all breast cancers, c-MET is over-expressed in 20%–30% of the cases and is more prevalent in TNBC, where 52% of patient tumors

express this critical alteration. Drugs that target the oncogenic c-MET pathway are effective against many cancers, including TNBC.

Indeed, to maximize anti-c-MET efficacy in personalized settings, further trial designs based on biomarker-guided patient stratification

are part of a smart and rational combination selection approach.11,12 The downstream effect of c-MET activation relies on canonical
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signaling modulators that are common in many RTKs, and mechanistically include activation of the nodal mitogen-activated protein kinase

(MAPK) cascades13,14 which contextually induces the degradation of matrix proteins, promotion of cell migration, and sustained tumor

proliferation.15,16

In a complex interactive RTK network, EphA2 is another complementary oncoprotein that is over-expressed in human breast tumors and

associated with poor prognosis.17 From these perspectives, like c-MET, oncogenic EphA2may underpin critical dysregulation andmay act as

a clinically actionable driver, influencing the clinical progression of TNBC and may further facilitate angiogenesis, migration, invasion/metas-

tasis, and eventual treatment resistance. Preclinical evidence supporting this hypothesis revealed that, in MDCK cells, hepatocyte growth fac-

tor (HGF), upon binding to its cognate receptor c-MET, leads to the activation of EphA2 at the S897 residue, which is a non-canonical form of

activation for this receptor.18 Phosphorylation of EphA2 at this specific residue in breast cancer patients leads to reducedOS and disease-free

survival (DFS) and has the potential to act as an independent prognostic indicator.19 Both c-MET and EphA2 receptors respond to HGF-medi-

ated activation and involve the downstream activation of a number of effector molecules, leading to similar phenotypic modulations. From

these perspectives, we explore the mechanistic link that implicates this activation in 5FU refractory TNBC and further interrogate the novel

combination that appreciates these phenotypes as a therapeutic vulnerability in TNBC. We tested the impact of individual as well as paired

silencing of the aforementioned RTKs in an in vitro and in vivo setting.

Plant-derived small molecules are used in many clinical indications, including cancer. Lupeol, a pentacyclic triterpenoid, is a natural prod-

uct that exhibits biological activity against cancer.20–25 Since Lupeol has the potential to act as a synergy partner for chemotherapeutic drugs

used for the treatment of breast cancer,26 we evaluated 5FU with Lupeol for their ability to cf. pharmacological perturbation of TNBC in the

context of therapeutic vulnerability using in vitro and syngeneic mice model and expanded the results inpatient derived ex vivo tumor frag-

ment culture.

RESULTS

5-Fluorouracil non-response and delineation of its underlying mechanism

From our follow up study and the Kaplan-Meier plot for DFS (Figure 1A), it was observed that there was a significant difference (log rank

[Mantel-Cox] = 4.405; p = 0.036) in DFS between the cohort that received 5FU containing standard of care (SOC) and the cohort that received

other SOC not containing 5FU. The actual screeningmethod, along with the exclusion and inclusion criteria during patient selection, is shown

in Figure S1. The TNBCpatient cohort details are shown in Table S1 (N = 135) and (N= 15) Table S2 for the ex vivo tumor fragment culture. The

mean (95% Confidence Interval) DFS time of patients who received 5FU SOC was 49.517 G 3.302 months (43.045–55.988) and that of other

SOC was 58.982 G 3.210 months (52.690–65.274). Archived tumor blocks of recurrent tissues were collected and probed for the phosphor-

ylation status of EphA2 and c-MET (Figure 1B), these two RTKs have been extensively implicated in drug resistance, poor patient prognosis,

and survival in various cancer models, including TNBC.7,9,17,19,27–29 Notably, both EphA2 (p = 0.001) and c-MET (p = 0.032) were significantly

more phosphorylated in the 5FUbased SOC treated cohort (Tables S3 and S4). Next, fresh TNBC samples were collected and cultured for 48 h

under sterile conditions, and the samples were exposed to 5FU in the presence of HGF (Figure 1C). Subsequently, tumor blocks were pre-

pared by probing for Ki67 and Caspase 3c revealed two distinct cohorts. The cohort where there was a significant difference in the expression

patterns of Ki67/Caspase 3c among the various treatment arms were designated as the ‘‘responders’’ (Figure 1D) and where there was no

significant difference were the ‘‘non-responders’’ (Figure 1E). Furthermore, we checked for the phosphorylation status of EphA2 and c-

MET and found that they were significantly more phosphorylated in the non-responders even after exposing the tissue to 5FU (Figure 1F)

(Tables S5 and S6). This sheds light on the underlying mechanism of treatment failure and non-response to 5FU containing SOC, and the

activated status of EphA2 and c-MET in the presence of HGF may be implicated in the same. Graphs representing the IHC scores vs. the

various treatment arms are shown in Figure S2.

Dual knockdown of c-MET and EphA2 signaling exhibits reversal of phenotype in TNBC cells

Prior evidence highlighting that both c-MET and EphA2 surface receptors are upregulated in TNBC cells provides a suitable model for

evaluating the potential crosstalk between these receptor signaling pathways.30–32 To investigate the possible crosstalk between the

c-MET and EphA2 signaling axes in TNBC cells, we utilized siRNA-mediated silencing of targets in both MDA-MB-231 and 4T1 cell lines.

Upon transfecting the cells with various concentrations of the siRNA, maximum inhibition of protein expression was demonstrated at

150 nM concentration of both c-MET and EphA2 siRNAs in both cell lines (Figure S3). Additionally, specific phospho-c-MET inhibitors (ca-

bozantinib) and phospho-EphA2 inhibitors (ALW-II-41-27) were used as pharmacological antagonists. A dual silencing strategy was adop-

ted in which the cells were subjected to concurrent knockdown of c-MET and EphA2. In parallel, cells were treated with c-MET and EphA2

inhibitors together in a separate group. All groups, apart from the control groups (vehicle control and non-targeting pool [NTP] as nega-

tive control), were subsequently treated with HGF (100 ng/mL) for 15 min prior to cell lysate preparation. Western blot analysis revealed

that HGF induced phosphorylation of both c-MET and EphA2 receptors and resulted in the upregulation/activation of key downstream

molecules, namely, phospho-ERK1/2, MMP2, and Laminin-5Ƴ2 (Figure 2A). Notably, phosphorylation of EphA2 was specifically detected

at S897, a selective kinase active site that has been implicated in promoting tumorigenic activity and activation of the ERK1/2 cascade,

leading to increased cellular plasticity, ECM remodeling, and evasion of apoptosis.18,33 Upon individual knockdown of either c-MET or

EphA2 in the presence of HGF, the residual constitutive expression of downstream molecules was observed. This tonic signal was entirely

abolished in the dual knockdown and inhibitor groups, suggesting the presence of a compensatory downstream cascade. Further ascer-

taining the functional consequences of this perturbation, dual knockdown groups displayed maximum potency in preventing cellular
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migration and invasion when compared to individual knockdown groups in the presence of HGF (Figures 2B and 2C; Figures S4A and S4B).

A schematic diagram of the mammosphere formation assay is shown in Figure 2D. Similar effects were observed in the mammosphere and

Matrigel tube formation assays upon HGF treatment in cells with complete knockdown or inhibition (Figures 2E and 2F; Figures S4C and

S4D). The relative mammosphere formation efficiency was compromised in the dual knockdown groups, indicating that inhibiting only the

c-MET or EphA2 axis in the presence of HGF is not sufficient to completely abrogate sphere formation. Similarly, the total number of intra-

cellular junctions and the total vessel length drastically reduced as the cells were impaired to form proper tube-like structures in Matrigel in

the dual knockdown groups, compared to individual knockdown groups (Figures S4E and S4F.). These findings were further validated in a

TNBC syngeneic mouse model, wherein c-MET, EphA2, or dual knockdown 4T1 cells were injected into the mammary fat pads of BALB/c

mice. Subsequently, the mice were exposed to HGF. The tumor volume was significantly lower in the dual knockdown group (Figures 2G

and 2H), thus confirming that dual targeting of c-MET and EphA2 has a more significant impact on abrogating tumorigenesis in TNBC cell

populations.

Figure 1. Treatment failure and evaluation of the underlying mechanism of non-response in TNBC recurrence, post treatment with 5FU

(A) Survival curve of DFS in TNBC patients with differential treatment regimens, one SOC containing 5FU and the other cohort received SOC without 5FU.

(B) Differential expression of phospho-EphA2 and phospho-c-MET in recurrent TNBC tissue.

(C) Schematic representation of ex vivo explants culture.

(D and E) Differential expression of Ki67 and Caspase 3c in TNBC patient derived ex vivo explants cultures, stratifying the cohort into responders and non-

responder population.

(F) Expressional status of phopsho-EphA2 and phospho-c-MET in the non-responder population from explants cultured tissues. Data are representative of

triplicate experiments. *p < 0.05 represents statistically significant difference and was calculated by the log-rank test. Scale bars: 200 mm and 100 mm (in

inset). HGF = hepatocyte growth factor; 5FU = 5-fluorouracil; SOC = standard of care; TNBC = triple negative breast cancer; HE = Hematoxylin & Eosin

staining. Also see, Figures S1 and S2; Tables S1–S6.
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Lupeol and 5FU combined treatment imparts synergistic cytotoxic effect and abrogates wound healing

To evaluate the cytotoxic effects of the combined treatment of 5FU and Lupeol on TNBC in an in vitro setting, the IC50 of Lupeol and 5FU

was determined by performing the MTT cell viability assay of MDA-MB-231 cells. The cell viability graph depicting the percent cell viability

Figure 2. Evaluation of the effect of individual and dual knock down of c-MET and EphA2 genes on MD-MB-231 in the presence of HGF

(A) c-MET and EphA2 knockdown/inhibition and its effect on downstream effectors on MDA-MB-231 cells was analyzed by western blot; NTP = non-target pool

control.

(B) Transwell migration assay post knockdown/inhibition of c-MET or EphA2 or both and HGF as a chemotactic factor on MDA-MB-231 cells.

(C) Transwell invasion assay post knockdown/inhibition of EphA2 and c-MET or both and HGF as a chemotactic factor on MDA-MB-231 cells.

(D) A schematic representation of the mammosphere formation assay.

(E) Mammosphere formation assay post knockdown/inhibition of c-MET or EphA2 or both in the presence of HGF.

(F) Matrigel tube formation assay post knockdown/inhibition of c-MET or EphA2 or both in the presence of HGF.

(G) Representative photomicrograph of freshly harvested breast tumors with a ruler (below) for scale.

(H) Graph representing the tumor volume vs. the various groups. Data are representative of triplicate experiments (meanG SD). *p < 0.05 statistically significant

difference compared to corresponding control by one-way ANOVA. Scale bars: 100 mm. Also see, Figures S3 and S4.
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and a dose response matrix were presented as heatmap for drug induced inhibition of viability using MDA-MB-231 cells (Figures 3A and

3B respectively) while treated with various doses of Lupeol and 5FU are shown. The IC50 concentration of Lupeol was 8.651 mM and 5FU

was 10 mM. The SynergyFinder 3.0 tool revealed a Bliss synergy score of 24.116 (mean) and presented as a synergy distribution map de-

picted in Figure 3C. The combination Index (CI) for MDA-MB-231 was calculated to be 0.562 (Table S7). The CI is less than 0.9, proving that

the combination regimen is synergistic in nature. Notably, the dose reduction index (DRI) for 5FU while in combination with Lupeol was

observed to be 3.71 for MDA MB 231 cells. From the colony formation assay, it is evident that the combination of Lupeol and 5FU is the

most effective in reducing the cell plating efficiency and thus colony formation potential MDA-MB-231 (even in the presence of HGF)

(Figures 3D and 3E). Also, the wound healing assay revealed that the combination of Lupeol and 5FU was the most efficient in diminishing

the wound healing potential of the MDA-MB-231 cells (Figures 3F and 3G) than the individual compounds even in the presence of HGF,

over a period of 48 h.

Combination of Lupeol and 5FU induces apoptosis of breast cancer cells in vitro

In order to evaluate the potential to induce apoptosis in TNBC cells, the Annexin V/PI apoptosis assay was performed in MDA-MB-231

(Figures 4A and 4B) cells. Notably, the combination arm induced apoptosis in the cell line compared to the individually treated arms, in

the presence of HGF challenge inmilieu. The subsequent expression of the pro-apoptotic protein Bax was evaluated by immunofluorescence

staining (Figures 4C and 4D). The combination arm showed themost corrected total cell fluorescence (CTCF) indicating themaximumexpres-

sion of Bax. Western blot analysis confirmed this elevated expression of Bax in the combination arm in theMDA-MB-231 cells (Figures 4E and

4F). Concomitantly, the expression of the anti-apoptotic protein Bcl2 decreased significantly and was found to be least expressed in the com-

bination arm (Figures 4E and 4G).

Figure 3. Combination of Lupeol and 5FU induces cytotoxicity on MDA-MB-231 cells and also reduce their wound healing potential

(A) Percentage cell viability graph depicting the various Combination treatment of MDA-MB-231 cells with Lupeol (0–20 mM) and 5FU (0, 5, 10, and 15 mM).

(B) Dose response heatmap based on percentage inhibition of cell viability following combination of Lupeol (0–20 mM) and 5FU (0–15 mM) in MDA-MB-231 cells.

Scale represents the spectrum where increase in the intensity of red color indicates higher percentage of inhibition.

(C) The synergy distribution map of the combination of Lupeol and 5FU using Bliss synergy model that calculated Bliss synergy score.

(D) Colony formation assay post treatment with Lupeol (8 mM) and/or 5FU (10 mM) of MDA-MB-231 cells (in the presence of HGF).

(E) Graph representing the relative cell plating efficiency (%) of MDA-MB-231.

(F) Wound healing assay post treatment with Lupeol (8 mM) and/or 5FU (10 mM) on MDA-MB-231 cells in the presence of HGF (100 ng/mL) for 24 and 48 h.

(G) Graph representing the relative wound area (%) over 24 and 48 h. Data are representative of triplicate experiments (meanG SD). *p < 0.05 and ***p < 0.001

statistically significant difference compared to corresponding control by one-way ANOVA. ns = not significant; HGF = hepatocyte growth factor; HF =HGF+5FU;

HL = HGF+Lupeol; HFL = HGF+5FU + Lupeol. Scale bars: 500 mm. Also see, Table S7.
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Figure 4. Induction of apoptosis by the combination regimen of Lupeol and 5FU on MDA-MB-231 cells

(A) Annexin V/PI apoptosis assay by flow cytometry post treatment with Lupeol or 5FU or both on MDA-MB-231 cells (in the presence of HGF).

(B) Graph representing the total apoptotic cells (%) for various treatment arms of MDA-MB-231.

(C) Immunofluorescence staining to detect Bax protein (exhibiting red fluorescence) post treatment with Lupeol and 5FU or both on MDA-MB-231 cells (in the

presence of HGF).

(D) Graph representing the corrected total cell fluorescence (CTCF) of various treatment arms of MDA-MB-231 cells.

(E) Western blot analysis probed for Bax and Bcl2 proteins post treatment with Lupeol or 5FU or both on MDA-MB-231 cells (in the presence of HGF).

(F) Graph representing the normalized band intensity of Bax protein of various treatment arms of MDA-MB-231 cells.

(G) Graph representing the normalized band intensity of Bcl2 protein of various treatment arms of MDA-MB-231 cells. Data are representative of triplicate

experiments (mean G SD). *p < 0.05 and ***p < 0.001 statistically significant difference compared to corresponding control by one-way ANOVA. HGF =

hepatocyte growth factor; HF = HGF+5FU; HL = HGF+Lupeol; HFL = HGF+5FU + Lupeol. Scale bars: 100 mm.
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Lupeol and 5FU treatments synergize to impart cytotoxic effect and also induce reversal of EMT on MDA-MB- 231 cells

Upon evaluation of the modulation of critical proteins, it was observed that the combination arm was most efficacious in significantly down-

regulating the phosphorylation of both c-MET and EphA2 and the downstreammolecules (Figure 5A). In silco protein-protein interaction (PPI)

network simulation revealed significant interactions with several molecules involved in the modulation of epithelial mesenchymal transition

Figure 5. Evaluation of the combinatorial effect of Lupeol and 5FU on MDA-MB 231 cells

(A) Western blot analysis of MDA-MB-231 cells treated with 5FU, Lupeol, or both in the presence of HGF and probed for phospho-EphA2 (S897), EphA2,

phospho-c-MET, total c-MET, pERK1/2, total ERK1/2, MMP2 and Laminin-5Ƴ2 protein expression. b- Actin was used as a loading control.

(B) Protein-protein interaction (PPI) network analysis using input proteins from the present study using STRING platform showing interactingmolecules and edge

confidence levels in the network.

(C and D) Transwell migration and invasion of MDA-MB-231 cells upon treatment with Lupeol, 5FU or both, while HGF was used as a chemotactic factor (Scale

bars: 100 mm).

(E) Matrigel tube formation of MDA-MB-231 cells upon treatment with Lupeol, 5FU, or both in the presence of HGF (Scale bars: 500 mm and 100 mm in inset).

(F) Primary and secondary Mammosphere formation of MDA-MB-231 cells in the presence of HGF and treated with 5FU, Lupeol, or both (Scale 200 mm in white

and 100 mm in red).

(G) Immunofluorescence staining ofMDA-MB-231 cells for the detection of E-cadherin (green) and Vimentin (red) post treatment with Lupeol or 5FU or both in the

presence of HGF (Scale bars: 100 mm).

(H) Western blot analysis of MDA-MB-231 cells treated with Lupeol, 5FU, or both in the presence of HGF and probed for E-cadherin, Vimentin, SNAI1, SLUG, and

TWIST. Data are representative of triplicate experiments (meanG SD). HGF = hepatocyte growth factor; HF = HGF+5FU; HL = HGF+Lupeol; HFL = HGF+5FU +

Lupeol. Also see, Figure S5.
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(EMT) (Figure 5B). MDA-MB-231 cells, representing the TNBC subtype, display a mesenchymal phenotype with high migratory and invasive

potential. HGF further enhanced the mesenchymal characteristics. However, subsequent treatment with Lupeol and 5FU in combination

reduced the migratory and invasive potential of MDA-MB-231 cells when HGF acted as a chemotactic factor, as is evident from the transwell

migration and invasion assays (Figures 5C and 5D). To delineate the impact of Lupeol and 5FU in the context of invasive properties, we pro-

filed vasculogenic mimicry using the Matrigel tube formation assay in MDA-MB-231 cells in vitro upon subsequent treatment with HGF, Lu-

peol, and 5FU alone or in combination (Figure 5E). The combination group showed tubes with the least number of intercellular junctions and

minimum vessel length among all groups. In parallel, upon treatment with HGF, MDA-MB-231 cells tended to form increased numbers of

mammospheres with significantly larger diameters, when compared to the control arm. Subsequent treatment with Lupeol and 5FU alone

or in combination most significantly abrogated the mammosphere-forming capability of the cells. Notably, this effect was sustained even

in the secondary mammosphere-forming potential of the MDA-MB-231 cells originating from the treatment arms, even when the treatment

stress was relieved (Figure 5F; Figures S5A and S5B). Dual immune-fluorescence staining of MDA-MB-231 cells for epithelial marker

E-cadherin and mesenchymal marker vimentin revealed that the combination regimen of Lupeol and 5FU resulted in a reversal of EMT (Fig-

ure 5G). The maximum expression of E-cadherin and minimum expression of vimentin were observed in the combined treatment group Fig-

ure 5H; Figures S5C and S5D. Subsequently, the differential expression of critical markers implicated in the induction of EMT, such as SNAI1,

SLUG, and TWIST, was also evaluated by western blotting, which further confirmed the significantly diminished expression of these positive

EMT regulators in the combination arm compared to the individually treated arms (Figure 5H).

Systemic evaluation of the combinatorial effect of 5FU and Lupeol

4T1luc2 TNBC cells derived from BALB/c mice were used to induce syngeneic TNBC tumors in female BALB/c mice. After tumor induction

(5 days after the injection of 4T1luc2 cells into abdominal mammary fat pads), when the tumor reached a dimension of 5 3 5 mm, the mice

were treated with 5FU and/or Lupeol along with HGF (Figure 6A). In this live animal model, tumor growth was monitored by in vivo animal

imaging using IVIS, which detects bioluminescence as a measure of viable tumor cell density (Figure 6B). Prior to this in vivo dosing schedule,

a separate group of non-tumor-bearing mice was administered the same treatment regimens to check for impending off-target toxicity. No

significant alterations were observed in themajor organs (pathology) or biochemical parameters in the blood of the exposedmice (Figure S6;

Table S8). It was observed that there was a significant inhibition of tumor growth in the combination arm, even in the presence of HGF,

compared to the other groups (Figures 6C–6E). IHC staining of the harvested tumors revealed a marked reduction in the expression of Ki-

67 and an increase in Caspase 3c expression (Figure 6F). Notably, the phosphorylation of EphA2, c-MET, and their downstream molecules

was significantly reduced in the combination arm, thus confirming the efficacy of the combination regimen (Figure 6G).

Perturbation of the c-MET and EphA2 activation upon combined exposure to 5FU and Lupeol in patient tumor derived

ex vivo model

To demonstrate the mechanistic regulation of c-MET and EphA2 signaling axes by Lupeol and 5FU, an ex vivo explant culture was performed

in freshly acquired breast cancer tissues (N = 10), and their nodal status (N) and tumor stage (T) are shown in Figure 7A. Upon probing the

tissue sections for Ki67 and Caspase 3c (Figure 7B), we observed that the expression of Ki67 in the combination arm was significantly reduced

(Figure 5C). Concomitant induction of Caspase 3c was also observed (Figure 7D). IHC profiling of serial tissue sections for the activation status

of c-MET and EphA2 (Figure 7E) revealed that the phosphorylation of EphA2 (Figure 7F) and c-MET (Figure 7G) was significantly abrogated in

the combination-treated group. Subsequently, the induction of apoptosis on human TNBC tumors (N = 7) (Table S9) was evaluated by

exposing them to various standards of care and also the 5FU and Lupeol combination (Figure 7H). It revealed that the combination of

5FU and Lupeol had comparable, sometimes even better induction of apoptosis than the other SOCs.

DISCUSSION

ER-negative, PR-negative, HER2 negative breast cancer, commonly known as TNBC,34 is one of themost challenging breast cancer molecular

subtypes, and achievingdurable therapeutic success using current treatment paradigms is far fromour expectations. Due to its special pheno-

typic status, TNBCdoes not respond tomolecular-targeted therapy, even to endocrine therapy. Therefore, chemotherapy is the only systemic

treatment option. Unfortunately, the prognosis of TNBC patients undergoing conventional postoperative adjuvant chemo-radiotherapy is

poor. Tumor recurrenceandmetastatic progressioneventually occurdue to residual lesions thatpersist andoftendisseminateasdrug-tolerant

cells.35,36 One of the potential drivers of this frequent treatment failure is the perturbation of multiple oncogenic RTK signaling axes. Aberrant

c-Met signaling has been reported in various cancer types and is regarded as a novel therapeutic target.37 High levels of c-MET and its

phosphorylated form have been observed in all breast cancer subtypes, and are correlated with poor prognosis.38 The similar mechanistic un-

derpinnings of EphA2 lend credence to this pathway as a promising therapeutic (druggable) target for breast cancer because its deactivation/

downregulation can be actionable and therefore inhibited by multiple regimens for restoring sensitivity to drugs.17 Here, we evaluated the

underlying downstream molecular mechanism and subsequent phenotypic modulation of TNBC in the presence of HGF in a model system

in which c-MET, EphA2, or both were silenced. The following two strategies were implemented: (1) silencing with specific siRNAs and, (2) spe-

cific inhibitors of receptor phosphorylation. Both strategies yielded similar results. Treating known TNBC cell lines, such asMDA-MB-231, with

HGF increased the phosphorylation of both EphA2 and c-MET receptors. This prospectively resulted in the increased phosphorylation of ERK

1/2 which cascaded to the increased expression of potent extracellular matrix remodeling factors like MMP-2 and ultimately Laminin-5Ƴ2.
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Notably, the individual knockdown of these receptors diminished the expression of these effector molecules. Indeed, some cells were able to

evade this strategy and successfully retain their migratory and invasive potential. Single knockdown also failed to prevent TNBC cells from

forming mammospheres or tubes in the presence of Matrigel. This observation indicates that single-target knockdown or pharmacological

Figure 6. In vivo evaluation of the combinatorial effect of Lupeol and 5FU in a TNBC syngeneic mice model

(A) Schematic representation of dosing schedule (all compounds were administered intraperitoneally).

(B) In vivo live animal images of the 4T1luc2 induced tumors in various treatment arms in BALB/c mice at day 5 (initiation of treatment) and at day 15

(experimentation endpoint).

(C) Graph representing the log of average radiance vs. Time of the tumor growth.

(D) Representative photomicrograph of freshly harvested breast tumors with a ruler (below) for scale.

(E) Graph representing the tumor volume vs. the various treatment arms.

(F) Representative images of Hematoxylin and Eosin stain followed by IHC staining for Ki67 and Caspase 3c in the sections of harvested tumors developed in

BALB/c mice along with their quantitative graphs.

(G) Representative images of the IHC staining to evaluate the differential expression of phospho-EphA2 and phospho-cMET in the tumors of the various

treatment arms along with their quantitative graphs. *p < 0.05 and ***p < 0.001 statistically significant difference compared to corresponding control by one-

way ANOVA. Data are representative of triplicate experiments (mean G SD) ns = not significant; HGF = hepatocyte growth factor; HF = HGF+5FU; HL =

HGF+Lupeol; HFL = HGF+5FU + Lupeol. Scale bars: 200 mm. Also see, Figure S6 and Table S8.
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Figure 7. Evaluation of the combinatorial effect of 5FU and Lupeol in ex vivo explant culture model

(A) Graphical representation of the patient data used in this experiment, pertaining to the nodal status and tumor stage.

(B) Representative images of IHC staining of TNBC tissue fragments, post exposure to HGF, 5FU, Lupeol alone or in combination cells for the detection of Ki67

and Caspase 3c protein expression (Scale bars: 200 mm).

(C) Graph representing the percentage of cells expressing Ki67 vs. the various treatment arms.

(D) Graph representing the IHC score of Caspase 3c vs. various treatment arms.

(E) Representative images of IHC staining for the evaluation of phospho-EphA2 and phospho-cMET in various treatment arms (Scale bars: 200 mm and 100 mm in

inset).

(F) Graph representing the various IHC scores of phospho-EphA2 in various treatment arms.

(G) Graph representing the various IHC scores of phospho-cMET in various treatment arms.

(H) Graph representing the various IHC scores of Caspase 3c expression in TNBC tumors (N = 7) after treating them with various SOC and 5FU and Lupeol

combination. Data are representative of triplicate experiments (mean G SD). *p < 0.05 statistically significant difference compared to corresponding control

by one-way ANOVA. HGF = hepatocyte growth factor; HF = HGF+5FU; HL = HGF+Lupeol; HFL = HGF+5FU + Lupeol. Also see, Table S9.
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inhibition might decrease the aggressiveness of the cells but fail to abrogate their various characteristics completely as one of the signaling

axes compensates for the other in a context when one remains largely unperturbed. This prompted us to adopt a dual knockdown/inhibition

strategy, whichwasmore effective in downregulating the expression of effectormolecules even in the presenceofHGF. In addition, themigra-

tory, invasive, mammosphere formation, and Matrigel tube formation potential of MDA-MB-231cells were successfully inhibited by this dual

knockdown/inhibition strategy.We further validated thesefindingsusingaTNBCsyngeneicmousemodel.Consistentwithour in vitrofindings,

the in vivo tumorigenic potential of 4T1 cells was most significantly abrogated in the dual-silenced group.

Chemotherapy remains themainstay of treatment for TNBC and 5FU is one of a critical agent in theNCCN-approved regimen. However, in

addition to the limited response rate, between 31% and 34% of individuals receiving 5FU exhibit dose-limiting toxicities.39 Fluoronucleotide

incorporation into RNA andDNA, as well as the direct inhibition of thymidylate synthase, has been identified as themainmechanisms of cyto-

toxicity caused by 5FU.40 Hematological and gastrointestinal adverse effects are more frequent in patients receiving 5FU.41 A recent study

also devalues the use of 5FU in high-risk early breast cancer and recommends its exclusion from therapeutic regimens citing its worsening

toxicity and lack of long term effects when included in the chemotherapeutic regimens.42 As monotherapy generally does not maximize

chemo-drug efficacy, 5FU is co-administered with other substances to boost its effectiveness.43 Lupeol is a natural phytochemical that has

shown cytotoxic effects on cancer cells and is highly effective in inducing apoptosis.21,22 Also, the strategy of metronomic chemotherapy

which has potential to make promising impact in breast cancer treatment44 paves the way for investigating the therapeutic cooperation of

these two drugs in our study which may help in reducing the burden of 5FU dose that are effective at clinics. The synergistic effect of the

combinatorial strategy of Lupeol and 5FU that we adopted was tested on a TNBC cell line MDA-MB-231 and proved to be effective in

reducing the proliferation and wound healing potential. In addition, MDA-MB-231 cells are phenotypically mesenchymal, and thus notorious

owing to their multidrug resistance.45,46 As MDA-MB-231 cells contextually preserve a mesenchymal phenotype, we evaluated the effect of

the combination regimen on these cells. There was a marked change in the migratory and invasive potentials of the cells. This can be attrib-

uted to amechanistic shift in which themesenchymal characteristics of the cells decrease and the epithelial characteristics becomemore pro-

nounced. In other words, the combination of 5FU and Lupeol orchestrated the EMT reversal. To substantiate this response, we selectively

profiled the expression of mesenchymal markers (Vimentin, TWIST, SNAI1, and SLUG) and observed augmented expression when cells

were exposed to HGF. However, upon subsequent treatment, expression was significantly reduced in the combination arm. In contrast,

the combination resulted in increased expression of E-cadherin, despite the active engagement of HGF in the milieu. Furthermore, the

data obtained from the cell line require further validation usingmore complex and clinically relevant systems to ascertain a better translational

impact. To bridge this gap, we used an in vivo syngeneic mouse model and an ex vivo patient tumor-derived live tumor slice culture model

that maintains the key phenotypes and heterogeneity of the original patient tumormicroenvironment in short-term culture and therefore pro-

vides a suitable context for delineating the mechanistic underpinnings of signaling crosstalk and reliably modeling drug effects. Prior studies

have evidences regarding the bio-availability of Lupeol in the serumof animals used for experimentationwhichmakes Lupeol a suitable candi-

date for testing combination therapies.34,47–49 Indeed, both of these models confirmed that the combination regimen reduced the prolifer-

ative potential of breast cancer cells and induced apoptosis in a ligand (HGF)-complemented niche.

Endothelia-independent networks are associated with highly aggressive metastatic tumors and poor patient survival.50–52 In our earlier

study, we elucidated site-specific phosphorylation of the EphA2 receptor in conjunction with vasculogenic mimicry as an indicator of poor

prognosis in breast cancer patients.19 We observed that in the presence of HGF, the MDA-MB-231 cell line phenocopying TNBC formed

more robust tubes in Matrigel. Notably, these tubes were disrupted or failed to assume a mature architecture upon subjecting them to

the combination of Lupeol and 5FU. Subsequently, it was revealed that the combination regimen significantly downregulated both c-MET

and EphA2 signaling axes, as well as their downstream effector molecules. We hypothesize that this receptor inhibition of Lupeol might

be the cause of its anti-cancer effect and paves the way for more elaborate studies to leverage its role as a novel anticancer therapeutic.

To the best of our knowledge, this is the first study to elucidate the effect of a combination regimen consisting of Lupeol and 5FU in breast

cancer in vitro, in vivo, andex vivomodels. Taken together, our results suggest that this combination has the capacity to comprehensively inhibit

the diverse phenotypic modalities of breast cancer cells, especially the clinically elusive TNBC subtype. We did not observe any clinical signs or

symptoms of toxicity in the combinational group ofmice. However, further toxicity studies are required in larger animals prior to clinical studies.

Our data suggest that this combination can prevent tumor recurrence, increase survival, and enhance the quality of life of patients with TNBC.

Limitations of the study

In the present study, we largely relied on syngeneic micemodel for elucidating synergy effects which could have been further substantiated in

patient-derived xenograftmodels. Furthermore, even though Lupeol demonstrated good safety profile in animalmodel and conform synergy

in in vitro, in vivo and ex vivo, all three key experimental platforms, the lack of putative evidence of binding is one key limitation for under-

standing its direct or indirect interaction with the potential molecular targets. Delineation of ex vivo TNBC phenotypes and anti TNBC effects

of Lupeol and 5FU in our present study are based on a small size of patient samples as availability of actionable TNBC sample is a major rate

limiting step. Therefore, it is obvious that further validation on a larger cohort will lend translational credence to our study hypothesis and

extend the therapeutic opportunities.
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RESOURCE AVAILABILITY

Lead contact

Additional information and any request for resources or materials should be directed to and will be fulfilled by the lead contact, Dr. Nabendu

Murmu (nabendu.murmu@cnci.ac.in).

Materials availability

This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Doxorubicin.HCL BioVision Cat#1527

Paclitaxel Sigma-Aldrich Cat#T1912

Human HGF Sigma-Aldrich Cat# H9661

Recombinant mouse HGF protein R&D Systems Cat# 2207-HG-025/CF

B-27� Supplement (50X), serum free Gibco Cat# 17504044

ALW-II-41-27 Cayman Cat# 1186206-79-0

Cabozantinib APExBIO Cat# A2977

XenoLight D-Luciferin, Potassium salt Perkin-Elmer Cat# 122799

Critical commercial assays

jetPRIME Transfection Reagent Polyplus Cat# 11407

In vivo-jetPEI Polyplus Cat# 201

IHC Select, Immunoperoxidase Secondary

Detection System

Millipore Cat# DAB150

Annexin V Apoptosis Detection Kit Santa Cruz Cat# sc-4252 AK

Experimental models: Cell lines

MDA MB 231 NCCS, Pune, India

4T1 Kindly gifted by Dr. Rathindranath

Baral (CNCI, India)

Experimental models: Organisms/strains

BALB/c (Female) State Centre for Laboratory Animal Breeding,

West Bengal Livestock Development

Corporation Limited

Oligonucleotides

ON-TARGET plus Human MET (4233) siRNA- SMARTpool Dharmacon Cat# L-003156-00-0005

ON-TARGETplus Human EphA2 (1969) siRNA-SMARTpool Dharmacon Cat# L-003116-00-0005

ON-TARGET plus Mouse Met (17295) siRNA- SMARTpool Dharmacon Cat# L-040878-00-0005

ON-TARGET plus Mouse EphA2 (13836) siRNA- SMARTpool Dharmacon Cat# L-040412-00-0005

ON-TARGETplus Non-targeting Pool Dharmacon Cat# D-001810-10-05

Software and algorithms

FlowJo 10.8.1 BD Biosciences

GraphPad Prism 7.0 GraphPad software Inc.

SPSS SPSS Inc.

Fiji ImageJ

AngioTool v0.6a Zudaire et al.53

SynergyFinder 3.0 Ianevski et al.54
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Data and code availability

� Data: All data generated or analyzed during this study are included in this published article. All relevant data are available from the lead

contact upon request.
� Code: This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and samples

Retrospective clinicopathological and survival data of 135 patients with triple-negative breast cancer (TNBC) were collected from the epide-

miology department of the Chittaranjan National Cancer Institute, Kolkata. All relevant patient data were collected and anonymized prior to

the analysis. The actual screening method, along with the exclusion and inclusion criteria during patient selection, is shown in Figure S1.

Formalin-fixed paraffin-embedded (FFPE) blocks containing recurrent cancerous tissue were collected for future use. Also, fresh TNBC tissues

were collected in three phases (N= 15, N=10 andN=7), which were then utilized for patient-derived ex vivo explant cultures. Informed patient

consent was obtained. This study was approved by the Institute Ethical Committee having the approval number: A-4.311/NM/26/11/2018

and the Declaration of Helsinki ethical standards and its later amendments were strictly adhered to. The patients included in this study are of

South Asian ancestry.

Cell lines and reagents

The TNBC cell line MDA-MB-231was procured from NCCS, Pune (INDIA). The murine TNBC cell line 4T1(containing stable expression of the

luc2 gene) was a gift from Dr. Rathindranath Baral, Department of Immunoregulation and Immunodiagnostics, Chittaranjan National Cancer

Institute, Kolkata. MDA-MB-231 and 4T1 cells were cultured in DMEM containing high glucose and RPMI 1640 media (Gibco, Life Technol-

ogies, USA) respectively. The medium was supplemented with 10% FBS (Gibco, Life Technologies, USA) and 1% penicillin-streptomycin

(Gibco, Life Technologies, USA) and the cells were maintained in a humidified incubator at 37�C with a constant 5% carbon dioxide environ-

ment. Purified Lupeol (S957712), 5- Fluorouracil (5FU) (F6627), human HGF (H9661) from Sigma Aldrich, and recombinant mouse HGF protein

(2207-HG-025/CF, R&D Systems) were used for further experiments.

Mice

Female BALB/c (4-6 weeks old) mice were purchased from State Centre for Laboratory Animal Breeding,West Bengal LivestockDevelopment

Corporation Limited, India. All mice were cared for in accordance with the ethical guidelines and rules set and overseen by the Committee

for the purpose of control and supervision of experiments on animals (CPCSEA), India. Protocols used for animal studies were reviewed

and approved by the Institutional animal ethics committee having the approval number IAEC-1774/NM-18/2021/17.

METHOD DETAILS

Patient cohort stratification and follow-up

The TNBC patient cohort (N=135) (Table S1) was then stratified into two groups based on the adjuvant therapy they received. One group

received 5- Fluorouracil (5FU) containing standard of care (SOC) (5FU, Epirubicin and Cyclophosphamide), and the other group received

SOC without 5FU (Doxorubicin, Docetaxel and Cyclophosphamide or Paclitaxel). After a follow-up period of 5 years, cases of recurrence

were recorded, and Kaplan-Meier survival plots for disease-free survival (DFS) were prepared. Of the 45 (33.33%) recurrent cases, 35 archived

formalin-fixed paraffin-embedded (FFPE) blocks containing recurrent cancerous tissue were collected for future use.

Ex vivo tumor fragment culture

Fresh TNBC tissues were collected in three phases (N= 15, N=10 and N=7), which were then utilized for patient-derived ex vivo explant cul-

tures as performed earlier.55 The tissues were sliced into 3 mm3 pieces and cultured in RPMI 1640 medium (Gibco, Life Technologies, USA)

containing 8% FBS or HGF and 2% autologous serum. 5FU, Lupeol alone or in combination and also standards of care (Epirubicin+

Cyclophosphamide+ 5FU; Doxorubicin+ Docetaxel+ Cyclophosphamide; Doxorubicin+ Cyclophosphamide+ Paclitaxel) were added to

the treatment arms and incubated for 48 h at 37�C in a 5% CO2 atmosphere on an orbital shaker at 20 rpm. The Cmax of the SOCs are as

follows: Epirubicin= 9mg/ml; Cyclophosphamide= 10mM; 5FU= 16mg/ml; Doxorubicin= 1mg/ml; Docetaxel= 2mg/ml; Paclitaxel= 7mM.

Each patient’s healthcare records were consulted to gather pertinent clinicopathological and demographic data (Tables S2 and S9).

Immunohistochemistry staining

Tumor slices were fixed in 10% buffered formalin, and formalin-fixed paraffin-embedded (FFPE) blocks were prepared after 24 h of fixation.

FFPE blocks were sectioned (4mm) and immunohistochemical (IHC) staining was performed using an IHC kit (DAB 150, Merck) following the

manufacturer’s protocol. The slides were visualized under a bright-field microscope (Carl Zeiss), and images were captured using Zen soft-

ware. IHC Scoring was performed as previously described.19
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siRNA mediated silencing

c-MET and EphA2 are over-expressed in both the MDA-MB-231 and 4T1 cells.30–32,56–58 siRNAs targeting the human c-MET (ON-TARGET

plus Human MET (4233) siRNA- SMARTpool, cat# L-003156-00-0005) and human EphA2 (ON-TARGETplus Human EphA2 (1969) siRNA-

SMARTpool, cat# L-003116-00-0005) genes were purchased from Dharmacon (Lafayette, CO, USA). In addition, siRNAs targeting Mouse

Met (ON-TARGET plus Mouse Met (17295) siRNA- SMARTpool, ca# L-040878-00-0005) and Mouse EphA2(ON-TARGET plus Mouse

EphA2 (13836) siRNA- SMARTpool, cat# L-040412-00-0005) were obtained. A non-targeting pool (NTP) (ON-TARGETplus Non-targeting

Pool, cat# D-001810-10-05) was used as the negative control. In vitro JetPRIME transfection reagent (Polyplus) was used to transfect these

siRNAs individually or simultaneously into MDA-MB-231 and 4T1 cells, according to the manufacturer’s protocol.59 Western blot analysis

was performed to confirm the knockdown. Various concentrations of siRNAs were transfected, and the concentration that achievedmaximum

silencing was used for further experiments.

In vivo intra-tumoral knockdown was performed by combining siRNAs (10mg) targeting murine EphA2 and MET with in vivo-jet PEI (1.2ml)

and 5% solution of Sucrose (50ml).60 Initial delivery was performed when the tumor volume reached approximately 40–60 mm2. Four doses of

siRNAs were given to each mouse every other day and were sacrificed 3 days after the last injection.

Pharmacological regulation

ALW-II-41-27 (0.5mM)61 and Cabozantinib (2 mM)62 was used as specific pharmacological phosphorylation inhibitors targeting EphA2 and c-

MET respectively. HGF (100ng/ml)63 was applied to cells for 15 min prior to the experimental endpoint. Western blot analysis was performed

to confirm inhibition/activation.

Western blotting

Western blotting was performed as previously described.64 Total cell lysates (50 mg) were resolved by SDS-PAGE and transferred to Polyvi-

nyldene di-fluoride (PVDF) membrane by semi-dry electroblotting (BIO-RAD). After non-specific protein blocking with 5% non-fat dry milk for

1 h at room temperature, the membranes were incubated with primary antibodies overnight at 4�C followed by incubation with appropriate

horseradish peroxidase (HRP) tagged secondary antibodies for 1 h at room temperature. The protein bands were visualized using ECL (BIO-

RAD) and captured in a ChemiDoc XRS (BIO-RAD) using Image Lab software (Bio-RAD), followed by densitomentric analysis using ImageJ

software. b-actin was used as a loading control.

Transwell invasion and migration

Transwell inserts (Corning) with a pore size of 8 mmwere used in this experiment. The inserts were coatedwith growth factor-reducedMatrigel

(Corning) for the invasion assays. Transfected and knocked down MDA-MB-231 cells (1x105) were initially seeded into Transwell inserts con-

taining serum-freemedia. Pharmacological inhibitors, Lupeol, 5FU or both were also added to the respective inserts. The lower chamber con-

tained media containing HGF (100 ng/ml), which acts as a chemotactic factor. After incubation for 48 h, the inserts were collected. The

migrated and invaded cells present on the lower side of the insert were fixed in methanol, stained with crystal violet, and visualized using

a bright-field microscope (Carl Zeiss).

Mammosphere formation assay

MDA-MB-231 cells (1x103) were seeded into each well of ultra-low attachment 96 well plates in mammosphere forming media (serum-free

DMEM high glucose media with100 ng/ml HGF, 1X B27 supplement and 5mg/ml Insulin). Post-transfection and knockdown with pharmaco-

logical inhibitors, single agent Lupeol, 5FU or both in combination were added. The plates were incubated for 7 days without any disturbance,

and the formed mammospheres were observed. The primary mammospheres were dissociated, and single cells were subsequently seeded

for evaluation of secondary mammosphere formation and further incubated for a week. Images were obtained using an inverted light micro-

scope (Olympus).

Tube formation assay

Each well of a 96 well plate was coatedwith growth factor-reducedmatrigel. A total of 1x103transfected and knocked downMDA-MB-231 cells

were seeded in each coatedwell. HGF, pharmacological inhibitors, Lupeol, 5FU, or bothwere added to the respectivewells and incubated for

3 days to observe their effect on the tube-forming capability of the cells. The tubes were then visualized under an inverted light microscope

(Olympus). AngioTool v0.6a software53 was used to quantify the total vessel length and number of junctions in the tubes formed in various

groups.

In vivo experiments

Initially, siRNA-mediated c-MET, EphA2, or dual knockdown 4T1 cells (1x106) were injected into the abdominal mammary fat pads of BALB/c

mice, following a previously described protocol.65 Tumor growth was observed every other day by injecting the mice with XenoLight

D-Luciferin, Potassium salt (Product no.:122799, Perkin Elmer). In vivo live animal imaging was performed using an IVIS Lumina in vivo imaging

system (PerkinElmer). From the 5th day, the mice in all groups except the control group were treated with mouse HGF (10mg/g/week).66 At

ethical endpoints, the mice were sacrificed and the tumors were harvested. Similar regimens were followed for combinatorial studies, with
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Lupeol (20 mg/kg/2 days) (intraperitoneal)67 and/or 5FU (10 mg/kg/2 days)68 (intraperitoneal), as well as mouse HGF. In addition, initial cyto-

toxicity studies with the above-mentioned treatment regimens were conducted in non-tumor-bearing BALB/c mice.

Cytotoxicity assay

Cellular cytotoxicity was evaluated using an MTT colorimetric assay after 24 h of treatment. 1x103 MDA-MB-231 cells/well were plated in 96

well plates containing complete medium and allowed to adhere for 24 hours. Subsequently, the medium was replaced with fresh complete

medium containing various doses of 5FU and Lupeol. After 24 h of incubation, 10ml MTT (stock concentration: 2mg/ml) was added to each

well. The plates were then incubated at 37�C for 4 h. The formazan crystals formed were solubilized in 100% DMSO. Absorbance was

measured using a multi-mode plate reader at 570nm. The GraphPad Prism software (version 7.0) was used to calculate the IC50value of

each compound. Based on these values, an MTT assay was performed to evaluate the combinatorial effect of Lupeol and 5FU using sub-

IC50 doses of both compounds.

Determination of combination effect

The online tool ‘‘SynergyFinder 3.0’’ was utilized to compute the dose response heat map and the synergy distribution (Bliss synergy score;

mean) for the combination of 5FU and Lupeol.54 Also, the combination index (CI) was determined according to the method described by

Chou and Talalay.69 Briefly, MDA-MB-231 cells (1x103) were plated and subsequently treated for 24 h in the presence or absence of1) Lupeol

(0-180 mM), 2) 5FU (0-170 mM), and 3) 5FU (0-15 mM) + Lupeol (0-20 mM). The IC50 values for various treatments were calculated, and the con-

centration of each component required to reduce the viability to 50%was used to compute the CI. For the effect of the combination of the two

drugs, the CI values of 0.9 were judged to be synergistic, CI between 0.9-1.1 considered to be additive, and >1.1 was antagonistic.70,71 For all

further in vitro experiments involving Lupeol and 5FU, the respective doses of 8mM and 10mM were used.

Colony formation assay

MDA-MB-231 cells were plated in 6 well plates at low densities (250 cells/ well) and incubated at 37�C overnight. The cells were then treated

with Lupeol or 5FU alone or in combination in serum free media with/without HGF. The cells were incubated for 24 hours, then themedia was

changed, and the cells were incubated for further 7 days. The colonies that formed (>50 cells) were fixed in 100% cold methanol and stained

with 0.5% crystal violet and visualized under an inverted bright field microscope (Olympus).

Wound healing assay

MDA-MB-231 cells were plated in 6 well plates in serum containing media and monitored till they reached high confluency. A scratch was

made using a 200 ml sterile tip and the media was replaced by serum free media containing Lupeol, 5FU alone or both and/or HGF. The

cellular wound healing capacity was monitored every 24 hours. The end point for this experiment was when the cells completely healed

the inflicted wound. Imaging was done using an inverted light microscope (Olympus). The total wound area was quantified using ImageJ

software.

Apoptosis assay

MDA-MB-231 cells were plated in 6 well plates in serum containing media and allowed to adhere overnight. Then, the media was replaced

with serum freemedia. The cells were treated with HGF, 5FU, Lupeol alone or in combination. After 24 hours of treatment, the cells were used

for performing the apoptosis assay using theAnnexin V/PI kit (Santa Cruz) following themanufacturer’s protocol. Briefly, the cells were washed

with PBS and 5 ml of FITC tagged Annexin V and 3 ml of PI was added and incubated in dark conditions at room temperature (RT) for 15 mins.

The cells acquired immediately by flow cytometry using FACSCalibur instrument (BD). Data was analyzed using FlowJo software.

Immunofluorescence staining

Immunofluorescence staining was performed as previously described.22 MDA-MB-231 cells were cultured in sterile glass cover slips. Post-

treatment with HGF, 5FU and/or Lupeol, the cells were exposed to respective primary and secondary antibodies and fixed with Methanol.

The cells were visualized under a fluorescence microscope (OLYMPUS). ImageJ software was used to calculate the corrected total cell fluo-

rescence. The primary antibodies used were rabbit polyclonal anti-Bax (clone B9; 1:200 dilution, Santa Cruz Biotechnology), rabbit polyclonal

anti-E-cadherin (clone H-108; 1:200 dilution; Santa Cruz Biotechnology) and mouse monoclonal anti-Vimentin (clone V9; 1:200 dilution; Santa

Cruz Biotechnology). The secondary antibodies used in this experiment were goat anti-rabbit IgG F(ab’)2 secondary antibody conjugated

with FITC (1:500 dilution) and F(ab’)2 goat anti-mouse IgG (H+L) secondary antibody conjugated with PE (1:500 dilution).

Protein-protein interaction (PPI) analysis and network modeling

All input markers were chosen from the current study and queried using STRING protein-protein interaction (PPI) network analysis (https://

string-db.org) in silico using a combination of text mining, databases, experiments, co-expression, neighborhood, gene fusion, co-occur-

rence, full network (type), confidence (edge meaning), and multiple active interaction sources and channels. A high-confidence (edge) inter-

action score of 0.700was chosen as theminimum requirement, and edges with a confidence of 0.700 or above were considered as the highest.
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No additional layer or second shell was created. Instead, we confined the maximum number of interaction scores to only the input proteins

whose roles were elucidated and profiled within the framework of the present study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was performed in triplicate. GraphPad Prism software version 7.0 was used for all statistical analyses, and data are repre-

sented as mean GSD (Intuitive Software for Science, San Diego, CA, USA). Chi-square test and one- or two-way ANOVA (p< 0.05) were

used to compare all of the studies, followed by post-tests using Bonferroni or Tukey’s test. Survival curves were computed by the Kaplan–

Meier method and the differences in survival time (months) was compared using the Log-rank test. These statistical analyses were conducted

using the SPSS 17 software (SPSS Inc, Chicago, IL, USA). p value less than 0.05 was considered to be significant.
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