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Abstract

Recurrence of breast cancer in patients is a persisting challenge to medical fraternity. Breast
tumor contains a small population with high tumor initiating and metastatic potential known
as Cancer Stem Cells (CSCs) that are resistant to existing chemotherapeutics. CSCs
contribute to the aggressiveness of Triple Negative Breast Cancers (TNBCs) thereby
necessitates identifying molecular targets on breast CSCs. TNBC cell line MDA-MB-231, as
compared to MCF-7 depicted a higher expression of Epidermal Growth Factor Receptor
(EGFR). Thus naturally occurring flavanone, chrysin with limited potential as
chemotherapeutic agent was structurally modified by designing analog with EGFR binding
affinity using molecular docking approach and synthesised. Chrysin analog, CHM-09 and
known EGFR inhibitors depicted a comparable anti-proliferative, anti-migratory activity
along with induction of apoptosis and cell cycle arrests in MDA-MB-231. Furthermore, sorted
CD247/CD44"-breast CSCs and CD24"-breast cancer cells from MDA-MB-231 depicted
markedly high expression of EGFR in the former than latter. CHM-09 and EGFR inhibitors

could perturb EGF-induced EGFR signalling of breast CSC’s proliferation, migration,
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mammosphere formation and mesenchymal tri-lineage differentiation. CHM-09 or EGFR
inhibitors not only led to inactivation of EGFR downstream signalling pathways like AKT,
ERK and STATS3 but also induction of mesenchymal-epithelial transition as confirmed by
decreased N-cadherin and increased E-cadherin expressions. Finally, combinatorial treatment
of EGFR inhibitors and doxorubicin led to significant increase in breast CSCs responsiveness
to chemotherapeutic drug. This study suggests that EGFR as a therapeutic target in breast
CSCs and abrogation of EGFR signalling along with chemotherapeutic drugs as an effective

approach against breast cancer.

Introduction

Cancer is an imbalance between cell-division and death that favours unlimited growth of
tumor. Various tissue-specific cancers such as breast, lung, and liver, occur due to DNA
mutations caused by physical or chemical mutagens. Among these, breast cancer is the
second most common cause of morbidity and mortality in women [1]. To date, several anti-
cancer therapeutics are targeted against a number of receptor tyrosine kinases (RTK) that are
known to play major role in tumorigenesis by activating downstream signalling [2]. Among
the RTKSs, Transforming Growth Factor Receptor-beta has been reported to promote breast
cancer metastasis through induction of epithelial-to-mesenchymal transition (EMT) [3],
Vascular Endothelial Growth Factor Receptor as a mediator of breast tumor angiogenesis [4]
and Platelet-derived Growth Factor Receptor as a predominant signalling pathway in
maintenance of mesenchymal phenotype of breast cancer [5]. Literature suggests a crucial
role of Epidermal Growth Factor Receptor (EGFR) in breast cancer cell proliferation and
migration [6]. EGFR belongs to the ErbB tyrosine kinase family that comprises of four
receptors such as EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4 [7]. Among

these, EGFRs are highly expressed in human malignant tumors [8] but is a poor prognostic
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factor in breast cancer [9]. The activation of EGFR phosphorylates its downstream signalling
molecules AKT, STATS3 that are involved in cellular migration and MAPK signalling which
is implicated in cell proliferation [10]. While breast cancer patients treated with EGFR
inhibitors such as erlotinib and gefitinib have been shown with minimum clinical activity
[11] but with reduced side-effects in comparison to conventional chemotherapeutic drugs
[12]. Therefore, it is pertinent to target EGFR signalling with more potent inhibitors which

are naturally derived chemicals as cancer therapeutics.

Chrysin, a flavonoid is a natural phytochemicalabundantly found in many plant extracts. It
shows cytotoxicity against colon, lung, cervical, liver, prostate, and pancreatic cancer [13].
The use of chrysin as a chemotherapeutic agent has limitations such as poor therapeutic
potential and poor absorption, rapid metabolism, and fast systemic elimination [14]. Although
liposomal nanoparticles conjugated with chrysin have been used for efficient anticancer drug
delivery [15], we hypothesize that designing of synthetic analogs of chrysin against a specific

molecular target may improve its efficacy as chemotherapeutic agents.

Inspite of available chemotherapeutic agents against breast cancer, reoccurrence of cancer
often arises due to the presence of a small sub-population of cancer cells known as Cancer
Stem Cells (CSCs). CSCs are tumor-initiating cells with self-renewal ability and high
metastatic potential [16]. CSCs are resistant to existing chemotherapy and radiotherapy due
to higher expression of efflux transporters, enhanced DNA repair mechanism and resistance

to apoptosis [17].

In the present study, a higher expression of EGFR was observed in aggressive triple negative
breast cancer (TNBC) cell line, MDA-MB-231 as compared with luminal breast cancer cell
line, MCF-7. This led us to design and synthesize a chrysin analog, CHM-09 that binds to

EGFRas confirmed by molecular docking studies and cellular thermal shift assays.Inhibition
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of EGFR signalling pathway by known EGFR inhibitors or CHM-09 caused significant
perturbation on proliferation and migration of parental MDA-MB-231 cells as well as sorted
breast cancer cells (CD24") and breast CSCs (CD24/CD44") populations. This was followed
by aninteresting observation of a higher expression of EGFR in the breast CSCs as compared
to breast cancer cells. Both CHM-09 as well as EGFR inhibitors could inhibit the EGF-
induced increased proliferation, migration, mammosphere formation and tri-lineage
differentiation (owing to mesenchymal phenotype) of CD24/CD44"-breast CSCs along with
concomitant increase in epithelial and decrease in mesenchymal gene and protein expression.
A simultaneous treatment with chemotherapeutic drugs and CHM-09 or EGFR inhibitor in
breast CSCs made them increasingly responsive to the anticancer drugs. This study
emphasises the role of EGFR as a therapeutic target for breast CSCs and a combination
therapy of EGFR inhibitors and chemotherapeutic agents as a potential strategy targeting

breast CSCs to prevent cancer recurrence.

Results

Differential expression of EGFR in breast cancer cell lines: EGFR expression in MCF-7
(ER*/PR*/Her2", Luminal type) and MDA-MB-231 (ER/PR/Her2’, Basal type) breast cancer
cells using semi-quantitative RT-PCR (Fig 1A) and immunoblotting (Fig 1B) depicted
relatively high level in MDA-MB-231 as compared to MCF-7. This observation suggests a
crucial role of EGFR in the aggressive triple negative breast cancer (TNBC) types which is

associated with poor prognosis and reduced survival in patients [18].

Molecular docking of chrysin analogs on EGFR: Chrysin (Fig 1C), a naturally occurring
flavanone having a limited clinical potential as an anticancer agent led us to design using

chemical docking approach and synthesize its analog, CHM-09 (Fig 1D) with improved
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binding affinity to EGFR (Fig 1E). The low resolution X-ray crystal structures of different
EGFR (PDB ID: 3W32, 3W33, 3POZ and 3W2R) complexed with co-ligands have been
retrieved from RCSB protein data bank (www.rcsb.org). The final selection of EGFR was
performed on the basis of the docking accuracy by calculating root mean square deviation
(RMSD). The RMSD values were calculated by superimposing best docked poses of co-
ligands on its native co-ligand. The RMSD value has been observed to be the lowest for
3W32 (0.8254) (Table 1). The XP glide scores of co-ligands with receptors 3W32, 3W33
were —14.297 and —12.624, respectively and the important interacting amino acid residues
were observed to be MET-793, PHE-856, LEU-718 (Fig 1F). The interacting amino acid
residues for CHM-09 were observed to be MET-793, ASP-855 (2), LYS-745 with XP glide
score of —12.187 (Fig 1E, 1F). Similarly, molecular docking of commercially available
EGFR inhibitors AG-1478 and PD-153035 depicted that ASP-855 is the crucial amino acid
residue for inhibition which is also present in case of CHM-09 (data not shown). Other than
the common interactions with EGFR inhibitors, CHM-09 also have interactions with MET-
793, LYS-745. Based on the active site amino acid residues and XP glide score of both
CHM-09 and co-ligands (Fig 1G, 1H), chrysin was isolated from the bark of Oroxylum
indicum (Fig 2A), and chrysin analog, CHM-09 was synthesized as described in the scheme
(Fig 2B) and characterized using spectral analysis (Fig 2C, 2D) before subjecting for further
evaluations. To further support the in silico molecular docking of EGFR-CHM-09
interaction, we performed cellular thermal shift assay (CETSA) to elucidate the binding of
CHM-09 to EGFR in MDA-MB-231 cells. CETSA evaluates the binding of a ligand or small
molecule to its target protein that leads to increased target protein stabilization at differential
temperature [19]. For binding assessment, cells were treated with EGF (25ng/mL), CHM-09
and EGFR inhibitors-AG1478 and PD153035 (25uM) for 1h followed byimmunoblotting.

Optimum EGFR stabilization by CHM-09 binding was observed till 46°C (Fig 3A). Cells
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treated with CHM-09, PD153035 depicted EGFR expression at 50°C as compared to
unbound protein in DMSO-treated cells that depicted a complete disappearance of EGFR at
the same temperature (Fig 3A). The significant shift in melting temperatures of EGFR and its
stabilization upon addition of the CHM-09 indicated that both the compounds bind to this

protein.

Proliferation of breast cancer cells by EGFR inhibitors: Next, we evaluated the anti-
proliferative potential of our synthesized chrysin analog, CHM-09 and compared it with its
parent molecule, chrysin and EGFR inhibitors, AG1478 and PD153035 using cell viability
assays. The compound CHM-09 depicted a higher efficacy against a panel of TNBC cell
lines, MDA-MB-231 (Fig 3B), MDA-MB-453 (Fig 3C), MDA-MB-468 (Fig 3D) and BT-549
(Fig 3E) with low ICsy values (uM) 4.52+1.4, 8.35+0.24, 7.88+0.2 and 10.17+0.8,
respectively as compared to MCF-7 (Fig 3F; 1Cso (UM): 25.71+0.1). The anti-proliferative
potential of chrysin against both the cell types luminal and TNBCs was relatively comparable
(ICso (UM): MCF-7 -32.08+2.1 and MDA-MB-231 - 40.01+6.7, MDA-MB-468 - 36.02+1.2,
MDA-MB-453 - 28.96+1.82 and BT-549 -33.97+2.4). EGFR inhibitors, AG1478 depicted an
equal anti-proliferative effect in MCF-7 (ICsp: 11.47+1.2uM) and MDA-MB-231 (ICso:
11.72+0.2uM) cells. In contrast, PD153035 another EGFR-specific inhibitor reduced
proliferation of MDA-MB-231 cells by half of inhibitor concentration (ICsp: 3.20+£0.5uM) as
compared to MCF-7 (ICsp: 6.69+0.9uM). However, TNBC cell lines depicted relatively high
proliferation in presence of PD153035, with ICsy values (MDA-MB-468 —15.4 + 0.8uM,
MDA-MB-453 —10.53+0.92uM and BT-549 —26.1 + 1.3uM). Interestingly, CHM-09 depicted
a less toxicity towards HEK293, human primary kidney control cells with 5-10 —fold high
ICso values (53.04+0.72uM) as compared to TNBCs (Fig 3G) suggesting a good therapeutic

window. EGFR inhibitors depicted relatively similar toxicity towards HEK293 control cells
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(AG1478-22.15+3.09uM, PD153035-18.40+0.13uM) (Fig 3G). These results correlated well
with EGFR expression levels in these breast cancer cell lines indicating that chrysin analog,
CHM-09 with improved EGFR binding ability effectively decreases the cell viability in

TNBC cell lines that expresses relatively high EGFR.

Modulation of aggressive TNBC cell cycle and apoptosis by EGFR inhibitors: To further
substantiate the in vitro anti-proliferative effect of EGFR inhibitors and/or chrysin analog,
CHM-09 at low micromolar range on MDA-MB-231 cells, we evaluated the BrdU
incorporation using cell cycle analysis. CHM-09 treated cells depicted 62.3% of cells in
Go/G; phase of the cell cycle as compared to 53.3% in vehicle control group (Fig 4A)
indicating a Go/G; cell cycle arrest. EGFR inhibitors, AG1478 and PD153035 treatment also
resulted in Go/G; cell cycle arrest with 62.4% and 64.5%, respectively. The expression of
unique cyclins and cyclin-dependent kinases (CDKs) along with CDK inhibitors (CKIs)
occur during the cell cycle progression. The gene expression levels of cyclin D, cyclin E and
their CDK partners, CDK2 that regulates Go/G; phase was markedly decreased in cells treated

with inhibitors as well as CHM-09 as compared with vehicle control (Fig 4B).

To further corroborate the cell cycle gene expression of EGFR inhibitors and/or chrysin
analog, CHM-09 on MDA-MB-231 cells, we evaluated the protein expression levels too.
Expression of CDK4 and CDK?2 and their partners Cyclin D and Cyclin E regulates G; phase
of cell cycle was markedly decreased in cells treated with inhibitors indicates that
accumulation of cells at Go/G; phase (Fig 4C). These results correlated well with BrdU cell
cycle analysis data. In contrast, cyclin B regulates G,/M phase of cell cycle was increased
whereas with CDK1 no obvious changes was observed in presence of inhibitors as compared

to vehicle control indicates M phase progression. This observation was further substantiated
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by a concomitant increased expression of CKI, p21 and decreased expression of p27 in
presence of inhibitors (Fig 4C) suggesting that major role of p21 in preventing the CDK4 and
CDK2 complexes and their interacting partners thereby arresting cells at the Go/G; phase of
cell cycle. These results collectively suggests an apoptotic cell death by these treatments, led
us to evaluate apoptotic populations using flow cytometric analysis. A significantly high
percent (~98.4%) of cells were observed to undergo apoptosis in CHM-09 treated cells as
compared to vehicle control (Fig 5A). Similarly, the EGFR inhibitors AG1478 and
PD153035 induced apoptosis with 84.4% and 94.5%, respectively (Fig 5A). Further
substantiating this observation, pro-apoptotic genes —Bax and Bid (Fig 5B) as well as
proteins—BAX, Caspase3 and Annexin V (Fig 5C) expression levels were significantly high
in cells treated with either CHM-09 or EGFR inhibitors with a concomitant decrease in anti-
apoptotic, Bcl-2 expression at gene (Fig 5B) and protein level (Fig 5C). Also a significant

increase in expression of p53 further substantiated induction of apoptotic signalling.

Attenuation of EGFR downstream signalling in aggressive TNBC cells by CHM-09: EGFR
activation has been associated with multiple biological processes in cancer progression such
as cell proliferation, migration and metastasis through different signalling pathways [20]. To
evaluate the effect of CHM-09 on signal transduction mechanism, we performed immunoblot
analysis of EGFR downstream signalling pathways-AKT, ERK and STAT3. Aggressive
TNBC, MDA-MB-231 cells that express high EGFR were treated with increasing
concentration of CHM-09 depicted a dose-dependent decrease in phosphorylation of EGFR,
AKT, ERK and STAT3 (Fig 6A). Similar CHM-09-mediated dose-dependent decrease in
phosphorylation of these signalling mediators wasalso observed in BT-549 (Fig 6B), MDA-
MB-453 (Fig 6C) and MDA-MB-468 (Fig 6D). B-catenin, a downstream target of AKT

signalling pathway [21], was also downregulated in CHM-09 treated cells indicating that
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AKT attenuation leads to downregulation (decrease in phosphorylation) of p-catenin.
Inhibition of EGFR by PD153035 also abolished activation of AKT, STAT3 and ERK
signalling pathways responsible for cell migration and proliferation, respectively (Fig 7A). In
order to confirm if this observation holds true, we performed proliferation assay in MDA-MB-
231 cells treated with EGF in presence/absence of EGFR, ERK, AKT and STAT3 signalling
blockers at indicated doses. The EGF-induced proliferation was significantly decreased by
CHM-09 similar to EGFR inhibitors, AG1478 and PD153035 (Fig 7B). Also wortmannin,
PD98059 and static inhibitors of AKT, ERK and STATS3, respectively could significantly
decrease EGF-induced proliferation (Fig 7B). Furthermore, addition of CHM-09 along with
EGFR inhibitors or AKT and ERK inhibitors did not alter the cellular proliferation as
compared with when added separately (Fig 7B). However, combination of CHM-09 and
static significantly reduced proliferation as compared to static alone (Fig 7B) suggesting
unique EGFR-STAT3 signalling pathway to regulate cell proliferation of these aggressive
TNBCs. Next, we analyzed EGF-induced migration potential of MDA-MB-231 cells in
presence/absence of pathway inhibitors by scratch/migration assay. The rate of cell migration
was evaluated temporally at 6, 12 and 24h time-points. EGF-induced migration was
significantly attenuated by these inhibitors at treated concentrations (Fig 7C). Combinations
of CHM-09 with these pathway inhibitors depicted a further significant decrease in cell
migration by wortmannin and static (Fig 7C) suggesting a role of EGFR-AKT and EGFR-
STAT3 signalling-mediated regulation of cell migration in aggressive TNBCs (Fig 7C).
Aggressive property of TNBCs are contributed by a small highly migratory population
known as Breast Cancer Stem Cells (CSCs) that differentially express specific cluster of

differentiation (CD) markers on their cell surface [22,23].
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High EGFR expression in breast CSCs renders them sensitive to EGFR inhibitors: Breast
CSCs were sorted separately from a panel of TNBC cell lines — MDA-MB-231, MDA-MB-
453, BT-549 and MDA-MB-468 based on presence or absence of CD24 cell surface marker
(Fig 8A). Subsequently CD24" cell populations were further subjected to CD44 selection (Fig
8A). The sorted CD24/CD44" (breast CSCs — percent yield of total: 9.3+1.6) cells expressed
CD44 and were negative for CD24 whereas CD24" (breast cancer cells — percent yield of
total: 42.9+6.1) were positive for CD24 cell surface markers as analyzed using confocal
imaging (Fig 8B). Additionally, flow cytometry analysis revealed 77.5% CD44 expressing
cells while negative for CD24 surface marker expression thereby confirming the purity of
these CD24/CD44" sorted fractions (Fig 8C). Upon characterization, CD24/CD44" depicted
a marked increase in CSC-specific genes expression -ALDH1, MUC1, ABCG2, CD133 (Fig
8D) as compared to CD24" sorted populations. CD24 gene expression was lacking in CD24
/CD44" population (Fig 8D). ALDH1, an enzyme which is expressed at high levels in CSCs
is known to be major characteristic feature of breast CSCs. Our sorted populations, CD24
/CDA44" exhibited a 100% aldefluor fluoroscence as compared to control (DEAB) indicating
an ALDH" population (Fig 8E). Encouragingly, a markedly high level of EGFR expression
was observed in CD24/CD44" as compared with CD24" sorted cell populations (Fig S1).
Next, cell viability of the sorted CD24/CD44"-breast CSC populations from TNBC cell lines
depicted a markedly decrease in cell proliferation in presence of CHM-09 with low ICs
values (UM) of 1.34+0.37 (MDA-MB-231), 6.1+0.3 (MDA-MB-453), 4.3+0.3 (BT-549) and
3.2+0.1 (MDA-MB-468) (Fig 9A) as compared with CD24" populations (ICsovalues (uM) of
8.8+2.17 (MDA-MB-231), 17.6+1.1 (MDA-MB-453), 18.9+1.2 (BT-549) and 14.9+1.2
(MDA-MB-468) (Fig 9B). The effect of CHM-09 on breast CSCs was 1.7-4.0 —fold higher

than EGFR inhibitor, PD153035 (Fig 9A). This observation suggests a higher expression of
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EGFR in breast CSCs as compared with breast cancer cells leads to better inhibition of
EGFRby these inhibitors thereby modulating further downstream signalling-mediated cell

viability.

Attenuation of EGFR downstream signalling in breast CSCs: To further support the
observation of EGFR inhibition led to decrease in physiological phenotype of breast CSCs we
explored the downstream signalling of EGFR in presence of CHM-09 as well as various
receptor blockers using immunoblotting techniques. An EGF-induced increased
phosphorylation of EGFR as well as its downstream kinases -ERK, AKT and STAT3
(Transcription factor) was observed (Fig 9C). Inhibition of EGFR by PD153035 or CHM-09
decreased the phosphorylation of AKT, ERK and STAT3 in presence of EGF, indicating that
EGFR blocking leads to abrogation of downstream signalling pathways (Fig 9C). Use of
specific pathway blockers decreased activation of these signalling mediators. Next to confirm
if the downstream signalling pathways of EGFR holds true in CD24/CD44"-breast CSCs, we
evaluated the EGF-induced proliferation in combination of EGFR inhibitor and other pathway
blockers. Indeed, EGF-induced increased proliferation of breast CSCs were significantly
inhibited by these pathways blockers individually (Fig 9D). However, no further decrease in
proliferation was observed when treated along with CHM-09 (Fig 9D). This observation
suggests the role of EGFR signalling in maintenance of stemness (mammospheres, etc.) in

breast CSCs.

EGFR inhibition suppresses EGF-induced breast CSC properties —mammosphere formation
and migration: The stemness property of breast CSCs are often evaluated using an in vitro
assay system, wherein these breast CSCs are enriched in suspension cultures as

‘mammospheres’ that imitate in vivo tumors [24]. The breast CSCs sorted from MDA-MB-231
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(Fig 10A, 10B and 10C), BT-549 (Fig 10D, 10E and 10F), MDA-MB-453 and MDA-MB-468
(data not shown) when treated with EGF (10ng/ml) depicted significantly larger size
mammospheres and higher sphere forming efficiency as compared with vehicle control. In
contrast, the sphere forming efficiency was significantly decreased by CHM-09 in dose
dependent manner in presence or absence of EGF as well as PD153035 as depicted
quantitatively (Fig 10C and 10F). These findings indicated that EGF-induced in vitro tumor
formation ability of breast CSCs was hindered by PD153035 and CHM-09, via inhibiting
EGFR signalling. Metastasis, a crucial phenomenon that occurs due to high migratory
potential of breast CSCs was further evaluated. A significant decrease in EGF-induced
migration was observed in presence of EGFR inhibitor, PD153035 and CHM-09 in dose

dependent manner (Fig 11A).

EGFR inhibition perturbs the mesenchymal differentiation phenotype of breast CSCs: CD24
/CD44"-breast CSCs possess the mesenchymal phenotype that has inherent property to
differentiate into adipocytes, chondrocytes and osteoblasts when cultured in specific
differentiation mediums. As described in the methods, the cells grown in chondrocyte
differentiation medium stained positively with toluidine blue for detection of collagen type II.
EGF treated cells depicted significantly higher staining by toluidine blue as compared to
vehicle control (Fig 11B) that was inhibited by an increasing dose of CHM-09 (Fig 11B) or
PD153035 (5uM) (Fig 11C) as evaluated quantitatively (Fig 11D). Next, for the detection of
adipocytes, cells were stained with Oil red O stain which specifically stains the lipid droplets
present in the mature adipocytes. Breast CSCs treated with EGF depicted more number of
lipid droplets as compared to vehicle control (Fig 11E) that was reduced by increasing
concentration of CHM-09 (Fig 11E) or PD153035 at 5uM (Fig 11F) as analyzed

quantitatively (Fig 11G). Further, for osteoblast differentiation, breast CSCs were cultured in
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osteoblast differentiation medium and stained with 5% silver nitrate (von Kossa staining) to
detect the mineral deposits. EGF treated cells showed more mineral deposits as compared to
vehicle control that was attenuated in presence of CHM-09 in a concentration dependent
manner (Fig 11H) or PD153035 (5uM) (Fig 111) as assessed quantitatively (Fig 11J). These
results demonstrate an induction of EGFR signalling that maintains the mesenchymal

phenotype of breast CSCs was effectively reduced by CHM-09 or PD153035.

Inhibition of EGFR signalling induces MET and responsiveness to anticancer drugs in breast
CSCs: The epithelial marker, E-cadherin was down-regulated in EGF treated cells as
compared to control (Fig 12A). EGFR inhibition in presence of PD153035 or CHM-09 led to
a significant up-regulation of E-cadherin expression, indicating a gain of epithelial phenotype
(Fig 12A). The EGF-induced mesenchymal markers gene expression such as vimentin and
fibronectin were significantly down-regulated in presence of EGFR inhibition indicating a
loss of mesenchymal phenotype (Fig 12A). Interestingly, EMT-specific transcription factors,
TWIST1, ZEB2 along with adhesion molecules, ALCAM and chemokines, CXCR4 and
CXCRG6 depicted a marked reversal of EGF-induced gene expression in presence of EGFR
inhibition (Fig 12A). Similarly at protein expression levels too, EGFR inhibition led to
marked decrease in vimentin and N-cadherin along with concomitant increase in E-cadherin
in breast CSCs sorted from MDA-MB-231 (Fig 12B, left panel) and BT-549 (Fig 12B, right
panel) as well as MDA-MB-453 (Fig 12C, left panel) and MDA-MB-468 (Fig 12C, right
panel). These results demonstrate that inhibition of EGFR signalling leads to reversal of EMT
or acquisition of MET by the breast CSCs. Finally, we evaluated the proliferation of our
sorted breast CSCs in presence of doxorubicin, a chemotherapeutic agent. Doxorubicin alone
could not inhibit the proliferation of the breast CSCs by more than 33-38%. However, when

these breast CSCs isolated from MDA-MB-231 (Fig 13A), BT-549 (Fig 13B), MDA-MB-453
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(Fig 13C) and MDA-MB-468 (Fig 13D) were treated with doxorubicin along with EGFR
inhibitors,a significantly high percent of inhibition (~74%) was observed (Fig 13A). These
results suggest that inhibition of EGFR signalling leads to increased responsiveness of breast

CSCs to chemotherapeutics.

Discussion

Breast tumor exhibits different sub-types based on its molecular profiling such as, luminal,
(type A and type B), HER-2 overexpressing, normal-like and basal-like breast cancer
(TNBC) [23]. TNBC is most aggressive form of breast cancer that is associated with
increased rate of recurrence and poor patient survival [25]. TNBC cell lines are negative for
receptors - estrogen, progesterone and HER-2 while positive for basal markers -
cytokeratin5/6 and EGFR [26]. Our study correlated well with the existing literature that a
TNBC cell line, MDA-MB-231(basal) depicted high EGFR expression as compared to MCF-7
(luminal). Preclinical breast cancer models and clinical studies suggest that EGFR expression
is concomitant with aggressive phenotype and poor clinical outcome [27]. Furthermore,
basal-like tumors do not respond to conventional cancer treatments such as chemotherapy and
radiotherapy. The four classes of EGFR inhibitors used for cancer therapy are monoclonal
antibodies (cetuximab), antisense oligonucleotides, antibody-based immuno-conjugates and
small molecules (RTKs - erlotinib and gefitinib) [26]. These kinase inhibitors prevent auto-
phosphorylation of the intracellular tyrosine kinase domain of EGFR [28]. Standard cancer
chemotherapy drugs affects replication of cancer cells but EGFR inhibitors target the crucial
pathways of cancer cell growth and survival [29]. Due to lack of efficacious small molecule
inhibitors against EGFR with less side-effects, we have synthesized a chrysin analog, CHM-
09 with enhanced binding affinity to EGFR active site confirmed by molecular docking

studies and cellular thermal shift assays. Our observation matched with the previous reports
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that cell viability of TNBC cells significantly reduced in presence of EGFR blockers [30].
Activation of EGFR signalling in TNBC plays a major role in cancer cell proliferation,
migration, EMT and metastasis via activation of downstream signalling cascades [31].
Chrysin analog, CHM-09 treated cells depicted a decreased activation of EGFR and its

downstream signalling as reported in the literature [7, 8].

Aggressive TNBC tumors possess a small population of cells with stem cell-like properties of
self-renewal and differentiation capabilities known as breast CSCs [32]. Apart from these,
literature suggests that breast CSCs also show enhanced migration and invasion properties
that aids to metastasis [33]. Metastatic human breast CSCs owing to stem cell properties
forms mammospheres [24]. The observations depicting large mammosphere forming
efficiency of our sorted breast CSCs suffices this important characteristic feature of self-
renewal capacity [34]. The breast CSCs bearing mesenchymal phenotype exhibit tri-lineage
differentiation ability into —adipocytes, chondrocytes and osteoblasts similar to mesenchymal
stem cells [35]. Cancer cells which are epithelial in nature are sensitive to chemotherapies
[36]. The loss of epithelial phenotype (E-cadherin) and gain of mesenchymal phenotype
(vimentin, N-cadherin and Fibronectin) leads to chemoresistance in breast CSCs due to
perturbation of important signal transduction pathways [37]. Thus, molecular targeted
therapies against specific signalling mediator holds high hope for survival of breast cancer
patients against metastatic relapse of disease [38]. Recent literature has been suggested that
chemotherapeutic drugs such as paclitaxel, salinomycin, doxorubicin and etoposide inhibit
tumor growth and metastasis of CSCs with limited efficiency [17] similar to our observation
of very low inhibition of proliferation in our sorted breast CSCs by doxorubicin. EGFR being
an important therapeutic target and expresses high in breast CSCs as compared to cancer cells

makes it a preferred molecular target to inhibit CSC metastasis and recurrence of cancer. Our
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data demonstrating attenuation of EGFR signalling led to reversal of EMT or induction of
MET in the breast CSCs along with increased responsiveness to chemotherapeutics when
simultaneously treated with doxorubicin and EGFR inhibitors suggests an effective
therapeutic approach to suppress tumorigenicity and prevent metastasis in EGFR expressing

breast CSCs.

Methods

Isolation of chrysin: The air dried stem bark of Oroxylum indicum (a voucher specimen #
BD-02/07) has been deposited in the National Herbarium, Govt. of India, Shibpur, Howrah)
was crushed in to powder and extracted with cold methanol [39]. The dried methanol extract
was dissolved in 150 ml water and fractionated by solvent extraction using petroleum ether,
chloroform, n-butanol, successively (20 x 3 ml each). Both chloroform and n-butanol fraction
on column chromatography with silica gel (60-120 mesh, Merck) eluting with PE-EtOH (7:3)

gave light yellow crystals of chrysin (1.3g).

Chemical characterization of isolated chrysin: The melting point of the compound was
270°C. It was then characterised by *H, **C NMR spectral analysis and compared with the

spectral data of an authentic sample.

Spectral data of chrysin: *HN-MR (400 MHZ, DMSO-ds): & 12.80 (brs, 1H), 10.89 (brs, 1H),
8.04 (dd, J=8.0, 2H), 7.59 (m, 1H), 7.54 (t-like, J= 8.0 Hz, 2H), 6.50 (d, J=2.0 Hz, 1H), 6.93
(s, 1H), 6.19 (d, J=2.0 Hz, 1H), **C-NMR 400 MHz, DMSO-d6): 181.8, 164.4, 163,2, 161.4,

157.4,121.0, 136.9, 129.0 (2C), 126.36 (2C), 105.1, 104.0., EI-MS m/z 254 [M"].
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Protein preparation and grid generation: The X-ray crystal structures of EGFR with low
resolution have been retrieved from RCSB protein data bank (www.rcsb.org).The EGF
receptors of PDB ID: 3W32, 3W33, 3POZ and 3W2R [40, 41] complexed with co-ligands
have been prepared using the ‘Protein Preparation Wizard’ [42]. Protein has been pre-
processed, optimized and minimized with force field of OPLS_2005. The prepared protein
was used for grid generation using the ‘Receptor Grid Generation’ panel. The grid box has

been defined with 15A size from the centre of selected co-crystallized ligand.

Docking validation: The docking accuracy has been evaluated by calculating root mean
square deviation (RMSD). Lower the value of RMSD, higher will be the docking accuracy
and for precise glide docking the value should be < 1.0 [43]. The RMSD values were
calculated by superimposing best docked poses of co-ligands on its native co-ligand are
summarized in Table S1. The RMSD value of 3W32 was 0.8254, which has been found to be
the lowest and chosen for docking study. All the computational work were carried out using

HP Z820 Workstation running over CentOS 6.3.

Chemical synthesis of chrysin analog (CHM-09): For transformation of compound 1 to
compound 3, a mixture of 1 (0.100g, 0.393 mmole), t-butylbromoacetate (0.1228g,0.393
mmole), K;CO3z (0.110g, 0.795mmole), and 20 ml dried acetone was stirred at room
temperature for 3h and the starting material 1 was disappeared [44]. The reaction mixture was
dried in rotary evaporator at 40°C followed by extraction with ether and the residue was
subjected to column chromatography over silica gel eluate PE-EtOH (9:1) gave compound 2
(0.1250q, yield: 86%) [45]. The compound was kept in vacuum desiccator for overnight.
Trifluro acetic acid was added drop by drop to compound 2 and dried in rotary evaporator for

several times and resulted compound 3 (0.0946 g, yield: 88.7%). To a solution of compound
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3 (0.090g, 0.288mmol) in 15 ml of dried DMF, DCC (0.090g, 1.5eq) was added and the
solution was heated at 90-95°C. After 5 mins, dopamine (0.045g, 1leq), triethyl amine
(0.045g, 1.5eq) and DMAP (1mg) were added to the solution and then continued heating at
90-100°C. After 24h the compound 3 disappeared on TLC from reaction mixture and the
mixture was dried under reduced pressure to a semi-solid mass. This was then suspended in
minimum volume (10 ml) of distilled water and extracted with ethyl acetate (3 x 10 ml). The
ethyl acetate extracts were mixed together, washed with brine and dried under reduced
pressure. The residue was purified using silica gel column chromatography and eluent
petroleum ether-ethylacetate (8:2 ratio) gave CHM-09(U) (0.065g vyield: 43.51%) while
eluent petroleum ether-ethyl acetate (7:3 ratio) obtained CHM-09 (0.030g, yield: 23.28%).
The Ry value of the compound CHM-09 was 0.402 (petroleum ether:ethyl acetate, 9:1). The
purified compound was then characterised by physical and spectroscopic methods and was

consistent with the desired structure.

Spectral data of chrysin analog, CHM-09:N-(3,4-dihydroxyphenethyl)-2-(5-hydroxy-4-oxo-
2-phenyl-4H-chromen-7-yloxy)acetamide (CHM-09):C2sH2:NO7. Mass (ESI-MS) m/z: 449
[M+2H]; *H-NMR (400 MHz, DMSO-ds): 8y 8.10 (2H, d, J= 6.8), 8.03 (1H, brs), 7.63-7.57
(5H, m), 7.00 (1H, s), 6.57 (1H, brs), 6.24 (1H, brs), 6.00 (brs, 2H), 4.94 (1H, brs), 4.23 (s,
2H), 3.00-2.94 (2H, m), 2.16 (2H, t, J= 7.2, 7.2). *C-NMR (300 MHz, DMSO-d¢): ¢ 182.6,
166.1, 164.5, 164.0, 161.6, 157.3, 154.2, 152.9, 132.6, 132.2, 131.0 (2C), 129.6, 126.9 (2C),

122.3, 116.1, 115.2, 105.9, 105.6, 98.8, 94.1, 67.2, 41.13, 39.35.

Cytotoxic effect on proliferation: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide assay was performed to evaluate the cytotoxicity of chrysin or chrysin analog-

CHM-09, and positive controls such as EGFR inhibitors, AG1478 and PD153035 (Sigma
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Aldrich, USA) at a concentration of 0.01 — 100 uM for 48h in breast cancer cell lines: MDA-
MB-231, MDA-MB-453, MDA-MB-468, BT-549, MCF-7 as well as control cells: HEK293
(ATCC, USA) cells as previously described [46]. Separately, cells were also treated with
combination of CHM-09 and pathway blockers such as wortmannin, PD98059 or static
(Sigma Aldrich, USA). ICs of all thetreated drugs and compounds were calculated using

GraphPad prismé.

Cellular thermal shift assay (CETSA): MDA-MB-231 cells were treated with DMSO, EGF
(25ng/ml), CHM-09, PD153035 and AG1478 at a concentration of 25uM for 1h at 37°C.
Cells were trypsinized and harvested in 0.5mL PBS supplemented with protease inhibitors.
Samples were then heated at different temperatures such as 38, 42, 46, 50 and 54°C for 3 min
followed by immediate 2 cycles of freeze/thaw in liquid nitrogen and at 25°C as described
earlier [19]. Cell lysates were centrifuged at 20,000g for 20 min at 4°C and supernatant with
soluble protein fraction were subjected to SDS-PAGE and transferred onto a PVDF

membrane, probed with antibodies EGFR and tubulin (loading control).

Effect on gene expression: Total RNA extracted from MCF-7 and MDA-MB-231 cells was
used for cDNA synthesis (Thermo Scientific, USA). Human gene-specific forward and
reverse primers of various growth factor receptors, apoptotic and cell cycle genes were
utilized for semi-quantitative (RT-PCR) and quantitative real-time RT-PCR (qRT-PCR,
Applied Biosystems, USA) analysis as described previously [46]. Amplification of eukaryotic
18S rRNA and B-Actin was used as an internal control. All the target gene expression was

normalized to internal control and depicted as the —fold change.
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Effect on protein expression: Cells treated with CHM-09 and EGFR inhibitors at different
concentrations for 48h were lysed and total protein isolated was subjected to SDS-PAGE,
transferred to PVDF membrane and probed with various primary antibodies followed by
incubation with HRP-conjugated secondary antibodies (Abcam, USA) as described earlier

[47]. Visualization was performed by using G: Box (Syngene, USA).

BrdU Cell cycle analysis: MDA-MB-231 cells treated with chrysin, CHM-09, AG1478 and
PD153035 at 10uM concentration for 24h followed by labelling with BrdU at a final
concentration of 10uM/10° cells for 24h. Cells were fixed with 5mL of ice cold ethanol and
incubated at 4°C for overnight. Ethanol fixed cells were centrifuged and cell pellet was re-
dissolved in 2N HCL/Triton X-100 and incubated for 30 min to denature the DNA. Next,
cells were spin down and cell pellet was re-dissolved in 0.1M sodium borate (Na,B4O7, pH
8.5) to neutralize the sample followed by re-suspension in 50pl of 0.5% Tween 20 / 1% BSA
/ PBS. Cells were incubated with BrdU antibody (1pg/10° cells) for 1h and then with
secondary anti-mouse Alexa Flour 488 for 30 mins at room temperature. Cells were
resuspeneded in 0.2mL PBS contain propidium iodide (20ug/mL) and samples incubated in
dark for 30 min followed by analysis using flow cytometer (FlowSight, Amnis, USA) as

described earlier [48].

Effect on cellular apoptosis: Apoptosis assay was performed using Annexin-FITC staining
kit (Biolegend, USA) of MDA-MB-231 cells treated with chrysin, CHM-09, AG1478 and
PD153035 at 10uM concentration for 48h as described earlier [46].

Isolation of breast CSCs by Magnetic Activated Cell Sorting (MACS): Breast CSCs were
isolated from MDA-MB-231, MDA-MB-453, BT-549 and MDA-MB-468 using MACS

(Miltenyi Biotec, Singapore) as described previously [49] based on absence and presence of
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CD24 and CD44 cell surface markers, respectively. Cells were subjected to immunodepletion
by CD24 microbeads according to manufacturer’s protocol. The CD24" population were
further subjected to CD44 selection to isolate CD24/CD44" (breast CSCs). The sorted CD24"
and CD24°/CD44" cell population were plated for subsequent experiments in presence and
absence of CHM-09 and PD153035 for cell viability assays and gene and protein expression

analysis as mentioned above.

Immunofluoroscence analysis: The sorted CD24" and CD24/CD44" cell population were
plated on the glass coverslips in a 6-well plate for 24h at 37°C. Cells were then fixed with
methanol for 20 mins and stained with CD24 and CD44 antibodies for 2h at room
temperature. Post incubation, cells were stained with fluorochrome-conjugated secondary
antibodies and images were procured using confocal microscope (Fluoview FV10i, Olympus,

Australia).

Purity check of sorted populations: Expression of CD24 and CD44 in the sorted cell
populations were evaluated using immunofluoroscence analysis under confocal microscopy
as described earlier [49]. To confirm the purity of sorted CD24" and CD24
/CD44 populations, cells were stained with CD44-PE and CD24-FITC (Biolegend, USA)
monoclonal antibodies for 30 min at 4°C using flow cytometry analysis carried out with BD
FACS Canto (Becton Dickonson, USA) instrument and data was analyzed using FCS Express

6 software as previously described [49].

Aldefluor assay: Expression of Aldehyde dehydrogenase (ALDH) in CD24" and CD24

/CDA44" populations sorted from MDA-MB-231 was assessed using flow cytometry analysis

of ALDH-based cell detection kit according to manufacturer’s protocol (StemCell

This article is protected by copyright. All rights reserved.



Technologies, USA). Briefly, to the sorted CD24" and CD24/CD44" populations
(1x10°cells/mL), a fluorescent non-toxic substrate for ALDH, BODIPY amino acetaldehyde
was added that diffuses into the intact viable cells. The activity of ALDH is directly
proportional to the amount of fluorescent reaction product. A specific inhibitor of ALDH,
diethyl amino benzaldehyde (DEAB) was used in the flow cytometry analysis as a control
that shows the specificity of the enzymatic assay as well as background fluorescence

correction for the flow cytometry analysis [50].

Effect on mammosphere forming capacity of breast CSCs: CD24/CD44" cells were plated at
a density of 1x10* cells/well in 1 mL of mammosphere specific medium in pHEMA (poly
hydroxyl ethyl methacrylate, Sigma-Aldrich, USA) coated plates as described previously
[51]. Cells were treated with PD153035 (5uM) or CHM-09 at a concentration of 0.1, 1,
10uM in presence/absence of EGF (10ng/ml). After 7 days, the images of mammospheres
were taken at 10x magnification using a microscope (Olympus 1X71, Japan). The size of

spheres was measured using NIH Image J software (USA).

Effect on breast CSC differentiation: The CD24/CD44" sorted population was seeded in 24-
well plate at a density of 500 cells/well and treated with PD153035 (5uM) or CHM-09 at a
concentration of 0.1 and 1uM in presence/absence of EGF (10 ng/mL). The cells were
maintained in adipocyte differentiation medium (Dexamethasone - 1uM, IBMX - 0.5uM and
insulin - 1000ng/ml) for 14 days. For Chondrocyte and Osteoblast differentiation, cells were
maintained in Chondrocyte differentiation medium (Dexamethasone — 0.1uM, Ascorbate-2-
phosphate - 50uM, ITS — 500ul, sodium pyruvate - 1mM, TGF-B-3 - 1ul, proline -
0.25mg/ml) and Osteoblast differentiation medium (Dexamethasone — 0.1uM, Ascorbate-2-

phosphate - 50uM, B-glycerophosphate — 10mM) for 21 and 28 days, respectively. Post
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differentiation, media was removed and stained with 300l of Oil red ‘O’ stain for Adipocyte
differentiation, Toludine blue for Chondrocyte differentiation and Von Kossa staining for

Osteoblast differentiation as described earlier [49]. Images were taken at 10x magnification.

Statistical analysis: Results depicted in mean + standard error of the mean of three or more
independent experiments, which were performed intriplicates. Photomicrographs represent
typical experiments reproduced at least thrice with similar results. Quantitative analysis
performed using NIH image J software (USA). Statistical analyses were performed to
determine the difference between treatment group and their respective controls, using one-
way ANOVA in GraphPad prism version 6.05 and student’s paired-t testwith p values <0.05

considered significant.
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Table 1. The RMSD values of different EGFR

Superposition of docked co-ligand on its originally .
Sl. | PDB bound native conformation of co-ligand in X-ray Resolution RMSD
No | ID . [A]
ligand-enzyme complex
1 | 3P0z 1.50 1.4900
2 | 3W2R 2.05 2.3100
3 | 3W32 1.80 0.8254
4 | 3W33 1.70 1.1633
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Supporting Information

Figure S1: Representative western blot analysis of EGFR expression in CD24" and CD24

/CD44" cells depicting relatively high expression of EGFR in CD24/CD44" cells.

Table S1: List of Primers sequence of cell cycle, apoptosis and EMT specific markers.

This article is protected by copyright. All rights reserved.



Figure 1

'3‘\
A Base Pair 1 %'q' B Mol Wit '13’\
(bp) cf " WO
. D
é Chrysin

This article is protected by copyright. All rights reserved.



Figure 1. Molecular docking of chrysin analogs of EGFR: High expression of EGFR in
MDA-MB-231 than MCF-7 as observed by (A) semi-quantitative RT-PCR and (B)
immunoblotanalysis. Chemical structure of (C) chrysin and (D) its analog, CHM-09.
Molecular docking of EGFR with CHM-09 as depicted by (E) 2-D ligand interaction, (F) 2D
ligand interaction diagram of a co-ligand and CHM-09 receptor (PDB ID: 3W32). PDB ID: 3W32,
co-ligand ID: W32, XPGS: —14.297, Interacting amino acid residues: HBD: MET-793, HBA: MET-
793, HPB: PHE-856 (G) 3-D hydrogen bond donor, hydrogen bond acceptor and (H)

hydrophobic interaction with active site amino acid residues.
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Figure 2. Isolation of chrysin, its analog synthesis and chemical characterization: (A)
Schematic representation of isolation of chrysin from Oroxylum indicum. (B) Schematic
representation of chrysin analog, CHM-09 synthesis. Spectral analysis of the synthesized

chrysin analog, CHM-09 using (C) *H NMR (D)**C NMR.
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Figure 3. EGFR inhibition-mediated modulation of cell viability in TNBCs: (A) MDA-MB-
231 cells treated with different inhibitors at high concentrations as depicted in the figure for
1h at 37°C, followed by trypsinization of cells and exposing them to different temperatures
for 3 mins. Cell lysates were then subjected toimmunoblot analysis as described in methods.
Cellular thermal shift assay depicting stabilization of EGFR in presence of CHM-09 at high
temperature (50°C) indicating that CHM-09 binding to EGFR (n=3). Cell viability in
presence of CHM-09 (0.01-100uM, for 48h) depicted a marked low 1Csy values in (B) MDA-
MB-231 (C) MDA-MB-453 (D) MDA-MB-468 and (E) BT-549 as compared to (F) MCF-7
(n=4). (G) CHM-09 (0.01-100uM, for 48h) depicted low cytotoxicity (high ICss) to primary
control cells, HEK293 as compared to standard EGFR inhibitors (n=4). Data represented

mean of four independent experiments. 1Cso (ULM) is represented in mean + SEM.
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Figure 4. EGFR inhibitors intervene cell cycle in TNBCs: MDA-MB-231 cells were treated
with chrysin, CHM-09, AG1478 and PD153035 at a concentration of 10uM for 48h. (A)
Flow cytometric analysis of BrdU cell cycle depicted a Go/G; arrest by chrysin, CHM-09,
AG1478 and PD153035 (n=3). (B) gRT-PCR analysis of cell cycle genes represented
differential expression of cyclins, CDKs and CKIs (n=3). (C) Representative image of
western blot analysis of cell cycle regulators depicting decreased cyclins D and E along with
CDK?2 and 4 indicating Go/G; arrest by CHM-09 and EGFR inhibitors in MDA-MB-231 cells.
Data are the mean + SEM of at least three independent experiments. *p < 0.05 (t-test) as

compared to vehicle control.
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Figure 5
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Figure 5. EGFR inhibitors induces apoptosis in TNBCs: MDA-MB-231 cells were treated
with chrysin, CHM-09, AG1478 and PD153035 at a concentration of 10uM for 48h. (A)
Flow cytometric analysis using annexin-FITC/PI staining revealed a marked increase in late
apoptotic cells with CHM-09 treatment (n=3). (B) Relative mRNA expression levels of
apoptotic genes depicted a significant upregulation of pro-apoptotic genes whereas
downregulation of anti-apoptotic gene (n=3). (C) Representative photomicrograph of western
blot analysis of apoptotic proteins depicted high expression of apoptotic proteins —Bax,
Caspase3 and Annexin V in presence of inhibitors and CHM-09 as compared to control. Data
are the mean + SEM of three independent experiments with at least triplicate samples, *p <

0.05 (t-test) as compared to control.
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Figure 6
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Figure 6. EGFR inhibition regulates downstream signalling in TNBCs: Representative
photomicrographs of immunoblot analysis of (A) MDA-MB-231, (B) BT-549 (C) MDA-MB-
453 and (D) MDA-MB-468 cells treated with increasing concentrations (1-10puM) of CHM-09
for 48h depicted attenuation of EGFR downstream signalling mediators, AKT, ERK and

STATS3. Data represented are from experiments repeated at least thrice (n=3).
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Figure 7
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Figure 7. EGFR downstream signalling regulates TNBCs cell proliferation and migration:
(A) Representative image of immunoblot analysis of EGFR signalling in MDA-MB-231 cells
treated with PD153035 at a concentration of 5puM. Pathway-specific inhibitors in presence or
absence of CHM-09 depicted significant decrease in (B) cell proliferation (n=6) and (C) cell
migration (n=4). Data are the mean = SEM of three independent experiments, p<0.05 (t-test)

as compared to *control and "EGF-treated group.
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Figure 8
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Figure 8. Isolation and characterization of breast CSCs from TNBCs: (A) Flow chart of
breast CSCs sorting from MDA-MB-231, BT-549, MDA-MB-453 and MDA-MB-468 cells
using MACS. The value in parenthesis represents the percent yield of total cells. (B)
Confocal images of CD24" and CD24/CD44" cells depicting expression of CD24 and CD44
markers in sorted populations of cancer cells and CSCs, respectively. Scale bars: 20um. (C)
Purity check of sorted populations using flow cytometric analysis depicted that CSCs (CD24
/CDA44") exhibited 77.5% and 0.19% positive for CD44 and CD24, respectively whereas
cancer cells (CD24") were 84.68% positive for CD24 and 8.07% for CD44. (D) Semi-
quantitative RT-PCR results depicted differential expression of CSC-specific genes in
CD24"-breast cancer cells and CD24/CD44"-breast CSC. (E) ALDH assay depicting 100%
aldeflour fluorescence in CSCs indicating these sorted populations to be ALDH™ (n=3). Data

depicted are representative results obtained from experiments repeated at least six times.
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Figure 9. EGFR-mediated regulation of cell proliferation in breast CSCs isolated from
TNBCs: Proliferative potential of (A) CD24/CD44"-breast CSCs and (B) CD24"-breast
cancer cells sorted from a panel of TNBC cell lines -MDA-MB-231, MDA-MB-453, MDA-
MB-468 and BT-549 in presence of CHM-09 and PD153035 (0.01-10uM, for 48h) depicted
high efficacy (low 1Cso values) in reducing cell viability of breast CSCs as compared to
cancer cells (n=6). Data represented (ICsp -uM) are mean + SEM of four independent
experiments. p<0.05 as compared to *control and “EGF-treated group. (C) Representative
image of immunoblot analysis of EGFR downstream signalling in breast CSCs in presence of
specific pathway blockers and EGFR inhibitors. (D) EGFR inhibitors as well as downstream
targets of EGFR signalling pathway inhibitors-mediated decrease in proliferation of breast

CSCs (n=3).
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Figure 10
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Figure 10. EGFR inhibition abrogated CSCs mammospheres forming efficiencies: Breast
CSCs sorted from TNBCs —-MDA-MB-231 when subjected to (A) an increasing concentration
of CHM-09 (5uM) in presence or absence of EGF (10 ng/mL) or (B) PD153035 (5uM) in
presence or absence EGF (10 ng/mL) depicted a dose-dependent decrease in EGF-induced
mammosphere formation (n=4). (C) Representative photomicrographs of mammospheres
were quantified using image J software as described in the methods. Similar decrease in
mammospheres formation efficiency was also observed in BT-549 cells treated with (D)
CHM-09 or (E) PD153035 in presence of EGF (10 ng/mL) as (F) quantified from
representative photomicrographs (n=4). Scale bar: 50um. Data are the mean £ SEM from
experiments repeated four times, p <0.05 (t-test) as compared to *vehicle control and *EGF-

treated group.
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Figure 11. EGFR inhibition perturbs the migratory potential as well as tri-lineage
differentiation ability in breast CSCs: (A) A time- and dose-dependent increase in EGF-
induced migration of breast CSCs was significantly inhibited by EGFR blockers, CHM-09
and PD153035 (n=4). EGF-induced collagen deposition was significantly reduced in
presence of (B) CHM-09 and (C) EGFR inhibitor, PD153035 and (D) quantification of
representative photomicrographs as depicted in chondrocyte differentiation assay (n=6).
Similarly, EGF treatment leads to an accumulation of oil O droplets that were decreased in
presence of (E) CHM-09 (F) PD153035 and (G) representative image quantification as
observed in adipocyte differentiation assay (n=6). Also, EGF-induced mineral deposits were
significantly blocked by EGFR inhibition using (H) CHM-09 (1) PD-153035 and (J)
photomicrographs quantification revealed in an osteoblast differentiation assay (n=6).
Quantification of photomicrographs was performed using NIH Image J software. Data are
representative of more than three independent experiments. p <0.05 as compared to *vehicle

control and "EGF-treated group.
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Figure 12. EGFR inhibition induces MET in breast CSCs: (A) A significant reversal of EGF-
induced epithelial and mesenchymal gene expression in CSCs in presence of EGFR inhibition
using CHM-09 and PD153035 (n=3). Immunoblot analysis in CD24/CD44"-breast CSC
sorted from (B) MDA-MB-231 (left panel) and BT-549 (right panel) as well as (C) MDA-MB-
453 (left panel) and MDA-MB-468 (right panel) depicting decreased mesenchymal markers —
vimentin, N-cadherin and CD44 and increased epithelial marker —E-cadherin in breast CSCs
treated with CHM-09 or PD153035. Data are representative of three independent

experiments. p <0.05 as compared to *vehicle control and "EGF-treated group.
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Figure 13
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Figure 13. EGFR inhibition increases the responsiveness of breast CSCs to
chemotherapeutics: Significant increase in the inhibition of breast CSCs proliferation was
observed when simultaneously treated with EGFR blockers and anticancer drug, doxorubicin
as compared to alone (n=6) in CSCs sorted from a panel of TNBC cell lines (A) MDA-MB-
231, (B) BT-549, (C) MDA-MB-453 and (D) MDA-MB-468. Data are the mean £ SEM of

three independent experiments, p<0.01 (t-test) as compared to **control and "EGF-treated

group.
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