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Inherently chemotherapy-resistant breast cancer stem cells
(CSCs) are responsible for tumor initiation, metastasis, and
relapse. CSCs “acquire” more resistance and stemness upon
chemotherapy, thereby making relapse-free survival extremely
challenging. Here, we describe a novel role of FOXCI in
“acquired resistance” of breast CSCs during chemotherapy.
Putative binding sites of pluripotency factors OCT4 and
SOX2, but not NANOG, on FOXC1 promoter, were demon-
strated by JASPAR and validated by a docking experiment.
Significant decline in FOXC1 expression was noticed after
OCT4 or SOX2 ablation in breast CSCs. Contrastingly, pres-
ence of putative FOXC1 binding sites on the promoters of
stemness genes and drug-resistance marker ABCG2, along
with downregulation of OCT4 and SOX2 in FOXCl-ablated
CSCs, indicated the existence of a feedforward FOXCI1-
OCT4/SOX2 transactivation loop in CSCs. Chemotherapy-
induced upregulation of FOXC1, stemness, as well as drug
resistance in CSCs, and downregulation of the same by prior
FOXC1-ablation in in-vitro and in-vivo models, endorsed the
contribution of this loop in chemo-induced acquisition of
stemness and drug resistance. Finally, over-expression of
hsa-miR-5688 sensitized CSCs toward chemotherapy and
decelerated recurrence. Accordingly, we demonstrate a hith-
erto unknown mechanism underpinning chemotherapy-
induced resistance in breast CSCs, causing relapse and identi-
fied hsa-miR-5688 as a potential therapeutic candidate for
relapse-free survival of breast cancer patients.

INTRODUCTION

According to cancer stem cell (CSC) theory, breast CSCs, a subpop-
ulation of self-renewing, chemo-resistant, tumor-initiating cells
residing within the breast tumor"” are largely accountable for
drug-resistance, relapse, and poorer survival.”* CSCs express the
markers associated with stemness and pluripotency, such as OCT4,
SOX2, NANOG, and ALDHI,’ and elevated levels of several drug
efflux pumps, such as MDR1, MRP1, and ABCG2,° and display an
active DNA repair system, which aids in their drug-resistant pheno-

type, rendering them “non-targetable” by conventional therapeutic
regimens.” Thus, although cancer patients initially respond well to
chemotherapy, the development of chemo-resistance poses a major
challenge in achieving relapse-free survival (RFS). Acquisition of
chemo-resistance during treatment increases tumor-promoting
characteristics, stemness,” and chemo-spared cells, which furnish
enhanced expression of multi drug-resistance genes.”'' These
CSCs remain dormant for years and cause recurrence after initial
regression of the tumor upon neoadjuvant chemotherapy (NACT).
It is, therefore, very important to unveil the mechanism underlying
chemotherapy-induced acquisition of drug-resistance and stemness
in cancer cells for developing new strategies to circumvent chemo-
resistance, thus re-sensitizing breast CSCs toward chemotherapy
and ensuring overall and RFS of the patients.

Recent research links the expression of FOXCI1, a “fork-head box”
(FOX) gene family member, which is a collection of extremely evolu-
tionarily conserved genes'” that share a 110 amino acid DNA-bind-
ing “FOX” domain, with poorer overall survival (OS) as well as lower
brain metastasis-free survival in breast cancer.” Ectopic FOXC1
overexpression has been reported to induce more aggressive breast
cancer characteristics, such as increased cell proliferation, migra-
tion, and invasion, along with epithelial-mesenchymal transition
(EMT)."? FOXC1 has been correlated to have a distinct connection
with breast cancer clinical outcome in basal-like breast cancer
(BLBC)."” According to Wang et al,'* FOXCI activates NF-kB
signaling, which might be involved in FOXC1-induced BLBC prolif-
eration, invasion, as well as migration.14 FOXC1 has also been
reported to be essential for the metastasis of hepatocellular carci-
noma,'” and the invasion-promoting role of FOXC1 might be depen-
dent on higher expression of matrix metalloproteinase-7.'>'® The
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development and the occurrence of Hodgkin’s lymphoma have both
been reported to be linked to FOXC1 overexpression.'”'® Increased
expression of FOXCI expression is thought to be a probable marker
in acute myeloid leukemia for failure during induction chemo-
therapy along with cancer relapse, implying that FOXC1 expression
has prognostic and diagnostic value in clinical management of this
disease.'” Furthermore, across numerous cancer types, elevated
FOXCI1 expression may predict clinical aspects, such as higher path-
ological grade, malignant clinical manifestations, and poor patient

3,15,
outcomes.'>!>?°

Notch and Hedgehog are recognized to be important pathways in
CSC regulation.”’ FOXCI1 has been reported to activate Notch
pathway in endothelial cells,”* and it enhances smoothened-inde-
pendent Hedgehog signaling in BLBC,” underlining its significance
in CSC regulation. Another recent study on non-small cell lung can-
cer (NSCLC) has indicated that FOXC1 stimulates p-catenin
signaling to promote CSC phenotype by direct transactivation of
pB-catenin gene, and FOXCI ablation was able to render cisplatin
and docetaxel sensitivity.”* However, there is hardly any report
demonstrating the role of FOXCI in acquired chemo-resistance
and increased stemness during chemotherapy in CSCs. This suggests
that FOXC1 might play a crucial regulatory role in chemo-resistant
CSCs, thus making FOXC1 a possible molecular target for anti-CSC-
based treatments for chemotherapy-resistant malignancies.

Recent research has opened up new drug development opportu-
nities, both in terms of employing RNAI for the discovery of novel
targets and therapeutic agents.”> >° Multiple reports have elucidated
the role of FOXC1 in microRNA (miRNA)-dependent pathways.””'
The miRNAs constitute a type of noncoding RNAs, 22-23 nucleo-
tides in length, which govern the expression of genes by imperfect
complementarity with the 3’ untranslated region (3'UTR) of target
gene mRNA that promotes translational inhibition or mRNA degra-
dation.”** miRNA dysregulation has been shown to play an instru-
mental role in several cellular processes in cancer, notably metastasis,
invasion, migration, and EMT.*>***> Numerous studies have also
demonstrated that miRNAs are tumor-promoting or tumor-inhibit-
ing factors.”>’>’* Also, a multitude of miRNA therapeutics have
reached clinical development for treating cancers.”* >

Here, we report that doxorubicin (Dox) treatment of breast CSCs
leads to higher expression of FOXCI that transactivates OCT4,
SOX2, NANOG, and drug-resistance marker ABCG2. OCT4 and
SOX2, in turn, transactivate FOXCI1, thus constituting a reciprocal
feedforward loop and finally resulting in acquired stemness and
chemo-resistance—a major cause of relapse after chemotherapy.
FOXCl-ablated CSCs are not only sensitized toward Dox but also
furnish slower cancer recurrence after a three-cycle Dox therapy in
comparison to control CSCs. Further explorations identified the
candidature of hsa-miR-5688 in targeting FOXC1, thus essentially
disrupting the feedforward loop and decreasing stemness and
chemo-resistance in CSCs, thereby sensitizing these CSCs to Dox
and delaying cancer-recurrence after three cycles of chemotherapy.
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This study is the first to report the role of FOXCI in generating
more aggressive breast CSCs during chemotherapy and provides a
foundation for relapse-free breast cancer treatment by utilizing
hsa-miR-5688.

RESULTS

Inherently chemo-resistant CSCs acquire more resistance
during chemotherapy

When we treated breast cancer cell lines, MCF-7, MDA-MB-231, and
MDA-MB-468, with 2.5-pM Dox for 24 h,”*** Dox induced signif-
icant apoptosis in non-stem cancer cell (NSCC) population (P3:
CD447/CD24~, CD447/CD24", CD44%/CD24") but not in CSC
population (P2: CD44"/CD24°) (Figure 1A). Next, breast CSC-en-
riched 2° spheres from MCF-7, MDA-MB-231, and MDA-MB-468
cells (Figure S1A), showing a higher percentage of CSCs (Figure S1B)
and drug-resistance markers, i.e., ABCG2, MDRI, and MRP1
(Figure 1B), than corresponding cancer cells as evaluated by flow
cytometry, confirmed that CSC-enriched 2° spheres are inherently
more drug-resistant than corresponding cancer cells. Next, to under-
stand whether chemotherapy aids in acquiring resistance in CSCs,
we first sorted CSCs from all 2° spheres using MACS beads (Miltenyi
Biotec) following manufacturer’s protocol and verified that the
expression levels of stemness factors OCT4, SOX2, NANOG, and
ALDHI as well as drug-resistance markers ABCG2, MDRI, and
MRP1 were higher in CSCs as compared to their NSCC counterparts
(Figures S2A-S2C). Subsequent experiments were performed using
these CSCs. Treatment of these CSCs with 2.5-uM Dox for 24 h
increased the expression of stemness and drug-resistance factors as
determined by flow cytometry (Figure 1C), indicating Dox-induced
gain in stemness and drug-resistance of CSCs and a possible contri-
bution of such “acquired stemness and resistance” in tumor relapse
post-chemotherapy. Our hypothesis has been supported by our pre-
vious report’® depicting a close association between locoregional
recurrence of disease with acquired resistance to therapy.

Chemotherapy increases FOXC1 expression along with lesser
probability of overall and RFS

The previous results tempted us to explore the mechanism underly-
ing acquisition of resistance by CSCs during chemotherapy. The role
of FOXC1 in drug-resistance in NSCLC** and the influence of
FOXCI on the responsiveness of triple negative breast cancer to
chemotherapy”® have been reported recently. However, the role of
FOXCI in acquisition of resistance to chemotherapeutic by CSCs
has not yet been well explored. Such lacuna of information tempted
us to investigate the mechanism by which CSCs acquire resistance
during chemotherapy in breast cancer. Our results depicted high
expression of stemness and drug-resistance factors (Figure S2),
and FOXCI, at both mRNA (Figure 2A) and protein (MFI)
(Figure 2B) levels in breast cancer CSCs, in comparison to corre-
sponding NSCCs. To further validate these results, CSCs and
NSCCs from breast cancer patient tissues (1 = 5) were MACS-sorted
(CSCs: CD44"/CD24"; NSCCs: CD44 /CD24 , CD44'/CD24",
CD447/CD24") (patient details have been shown in Table S2). Our
real-time qPCR data showed significantly higher (p < 0.01)
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Figure 1. Inherently chemo-resistant CSCs acquire more resistance during chemotherapy

(A) Representative flow-cytometric plots depicting the gating strategy for CD44%/CD24~ CSC (P2) and CD44*/CD24*, CD44°/CD24°, CD44~CD24* NSCC (P3) populations
in MCF-7 cell (left panel). Bar diagrams depicting percentage of annexin-V-FITC* apoptotic cells in MCF-7/MDA-MB-231/MDA-MB-468 cell-derived gated NSCC and CSC
populations in the presence of 2.5-uM Dox after 24 h of treatment (right panel). (B) Bar diagrams illustrating relative mean fluorescence intensity (MFI) of drug-resistance
markers ABCG2 (left panel), MDR1 (middle panel), and MRP1 (right panel) in cells vs. respective 29 spheres of MCF-7, MDA-MB-231, and MDA-MB-468, as analyzed by flow
cytometry. (C) Bar diagrams showing relative MFI of stemness factors OCT4 (left panel), SOX2 (middle left panel), NANOG (middle right panel), and ABCG2 (right panel) as
evaluated using flow cytometry in MCF-7, MDA-MB-231, and MDA-MB-468 CSCs in presence or absence of Dox, after 24 h of treatment. Data are mean + SE or
representative of three independent experiments unless otherwise noted. p = ns (non-significant), *o < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001 by unpaired

Student’s t test.

expression of FOXCI in patient-derived CSCs as compared to corre-
sponding NSCCs (Figure 2C). Since FOXC1 expression in CSCs was
in the order MDA-MB-468>MDA-MB-231>MCE-7, further studies
were done using MDA-MB-468-derived CSCs. The flow cytometry
results shown in Figure 2D, revealing an increase in FOXC1 expres-
sion upon Dox treatment, tempted us to explore the role of FOXCI,
if any, in acquired resistance in breast cancer patients. To that end,
first we analyzed FOXCI expression in patients with/without chemo-
therapy. Data obtained from publicly available GEO and R2: geno-
mics analysis and visualization platform database™ (GSE69031 and

GSE28844) were divided into two cohorts, i.e., (1) chemo-naive
and (2) chemotherapy-treated. In the GSE69031 dataset, breast can-
cer patients were treated with Dox and/or cytoxan (Figure 2E, left
panel), whereas in the GSE28844 dataset, patients were treated
with anthracycline and taxen-based NACT (Figure 2E, right panel)
as the chemotherapy regimens. The results depicted significantly
higher FOXCI expression in chemotherapy-treated patients as
compared to chemo-naive ones in both the cases (Figure 2E). These
data, therefore, indicated that not only FOXCI1 expression is
increased as a generic effect of chemotherapy treatment but also
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Figure 2. Chemotherapy increases FOXC1 expression along with lesser probability of overall and relapse-free survival

(A) Bar diagram depicting fold change of FOXC1 mRNA expression in MACS sorted NSCC vs. CSC populations of MCF-7/MDA-MB-231/MDA-MB-468. (B) Bar diagrams
portraying relative MFI of FOXC1 in MACS sorted NSCC vs. CSC populations of MCF-7/MDA-MB-231/MDA-MB-468 as determined by flow cytometry. (C) Bar diagram
representing fold change of FOXC 7 mRNA expression in MACS sorted NSCC vs. CSC populations of breast cancer patients (n = 5). (D) Bar diagram depicting relative MFI of
FOXC1 using flow cytometry in MDA-MB-468 CSCs in presence or absence of Dox. (E) Volcano plots depicting FOXC1 expression in chemo-naive vs. chemotherapy-treated
breast cancer patients using GSE69031 (left panel) and GSE28844 (right panel) datasets from R2: Genomics Analysis and Visualization software. (F) Kaplan-Meier plot
depicting lower relapse-free survival (RFS) (using GSE69031 dataset) and (G) event-free survival (using GSE28844 dataset) of breast cancer patients with higher FOXC1
cohort compared to lower FOXC1 expressing patient group in chemo-treated conditions. Data in (A) to (D) are mean + SE or representative of three independent experi-
ments unless otherwise noted. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 by unpaired t test (A-E).
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the possible relationship of FOXCI in gain-of-resistance in chemo-
therapy-treated breast cancer patients. To verify these results, we
have used the endpoint data of GSE69031 and GSE28844 datasets,
respectively, to predict survival probability of the breast cancer pa-
tients under study. Our in-silico analysis demonstrated that high
FOXCI1 expression is significantly (p < 0.05) associated with a
decreased probability of RFS of chemotherapy-treated breast cancer
patients from GSE69031 dataset (Figure 2F). Again, high FOXCI
expression was found to be significantly associated (p < 0.0001)
with a decreased probability of event-free survival of chemo-
therapy-treated breast cancer patients from GSE28844 dataset
(Figure 2G). Furthermore, breast cancer patients from Kaplan-
Meier database® were divided into two groups, i.e., (1) chemo-naive
and (2) NACT-treated, and their OS (Figure S3A) as well as RFS
(Figure S3B) were analyzed. While there was no significant change
in OS of different patients with higher or lower FOXCI expression
from the chemo-naive group, NACT patients demonstrated signifi-
cantly lower (p < 0.05) probability of OS with higher FOXCI expres-
sion compared to lower FOXCl-expressing patient cohort (Figure
S3A). Similar results were also observed in the case of RFS of both
groups (Figure S3B).

These results together indicate that FOXCI expression, which was
inherently higher in breast CSCs than in NSCCs, increased further
in Dox-treated CSCs, indicating its probable role in regulating
chemo-treated breast CSCs. Chemotherapy-induced increase in
FOXCI expression also raised the possibility of FOXC1 playing a sig-
nificant role in acquisition of resistance upon chemotherapy expo-
sure in breast cancer, thus declining OS and favoring relapse.

Identification of stemness factors as positive regulators of
FOXC1 in CSCs

Considering our previous hypothesis, we next explored the correla-
tion, if any, between expressions of FOXC1 and pluripotency, as well
as drug-resistance factors among chemotherapy-treated breast can-
cer patients. To that end, first, we analyzed the in-silico breast cancer
patient dataset from GEO and R2: genomics analysis and visualiza-
tion platform database (GSE25066)>° using FOXCI (Reporter ID:
213260_at), OCT4 (Reporter ID: 208286_x_at), SOX2 (Reporter
ID: 214178 s_at), NANOG (Reporter ID: 220184_at), ABCG2
(Reporter ID: 209735_at), MRP1 (Reporter ID: 202805_s_at), and
MDRI (Reporter ID: 209994 _s_at). Interestingly, positive correla-
tion was observed between FOXCI vs. OCT4 (R = 0.2486), FOXCI
ys. SOX2 (R = 0.2645), and FOXCI vs. NANOG (R = 0.1107), the

Molecular Therapy: Oncology

three main stemness factors, as well as FOXCI vs. ABCG2 (R =
0.2397), the major breast cancer drug-resistance pump (Figure 3A)
among breast cancer patients who were treated with aggressive che-
motherapeutics as their first line of cancer treatment. However,
no significant correlation was found between FOXCI vs. MRPI
(R = 0.060, p = ns) and FOXCI vs. MDRI (R = 0.014, p = ns)
(Figure 3A). Additionally, relevant in-silico analysis harnessing our
previously investigated breast cancer patient dataset GSE69031, re-
vealed significant (r = 0.3255, p < 0.01) association between
FOXCI (Reporter ID: 213260_at) and OCT4 (Reporter ID:
214532_x_at) among chemotherapy-treated breast cancer patients
(Figure S4). Thereby, such findings further bolster the existing
liaison between FOXC1 and OCT4 in breast cancer under chemo-
therapy-treated condition. Next, to check whether the (—2000 bp
to +100 bp) long FOXCI promoter sequence, as obtained from the
eukaryotic promoter database (EPD),*"** contains putative binding
site(s) for OCT4, SOX2, and NANOG, we performed in-silico anal-
ysis using JASPAR database.”’ Results revealed putative OCT4
(—1535 bp to —1545 bp, binding score 10.5, relative score 0.9)
(Figure 3B) and SOX2 (—1629 bp to —1639 bp, binding score 8.5,
relative score 0.87) (Figure 3C) binding sites on the promoter of
FOXCI. However, no putative binding site was observed for
NANOG on FOXCI promoter. The shRNA-mediated ablation of
OCT4 or SOX2 in MDA-MB-468 CSCs revealed a significant decline
in the expression of FOXC1 at mRNA (p < 0.0001 for OCT4 and
P <0.001 for SOX2) (Figure 3D) as well as protein (Figure 3E) levels
compared to the control sets for both the stemness factors, thus
signifying the contributions of OCT4 and SOX2 in modulating
FOXC1 expression in CSCs. Furthermore, our results indicated
that the contributions of OCT4 toward regulating FOXC1 expression
in CSCs are more than that of SOX2 (Figure S5A).

Next, validating the same, our in-silico docking demonstrated a
distinct model of interaction between OCT4 and FOXCI1 promoter
sequence. Docking of OCT4 DNA-binding domain (DBD) with
FOXCl1 promoter sequence (Figure 3F, left panel) revealed a
“ladder-like” binding pattern where the transcription factor holds
the promoter stable by forming three stacked clusters of interface
contacts along the major groove. The residues K154, R157, Q164
(top), K177, S180-T183, R186 (center), S193, K195, N196, and
K199 (bottom) interact with sugar-phosphate backbone, whereas
R186 directly interacts with the base of DNA. Similarly, our in-silico
docking also furnished an interaction model between SOX2 and
FOXCI1 promoter sequence. The results revealed a nearly circular

Figure 3. Identification of OCT4 as a positive regulator of FOXC1 in CSCs

(A) Pearson correlation plots showing correlation between FOXC1 vs. OCT4, FOXC1 vs. SOX2, FOXC1 vs. NANOG, FOXC1 vs. ABCG2, FOXC1 vs. MRP1, and FOXC1 vs.
MDR1 from GSE25066 breast cancer patient dataset. (B) In-silico prediction of putative binding sites of OCT4 on FOXC1 promoter and (C) SOX2 on FOXC1 promoter, from
JASPAR database. (D) Bar diagrams depicting fold change of OCT4 mRNA expression in control vs. OCT4-shRNA-treated (left panel), SOX2 mRNA expression in control vs.
SOX2-shRNA-treated (middle panel), and FOXCT mRNA expression in control vs. OCT4-shRNA vs. SOX2-shRNA-treated (right panel) MDA-MB-468 CSCs. (E) Western blot
images showing protein expression of OCT4, SOX2, and FOXC1 upon transient knock-down of OCT4 and SOX2 by treatment with their respective shRNA in MDA-MB-468
CSCs. BACTIN was used as internal loading control. (F) In-silico docking interaction of OCT4 on FOXC1 promoter (left panel) and SOX2 on FOXC1 promoter (right panel). (G)
Representative semi-quantitative PCR data showing occupancy of OCT4 on FOXC17 promoter in MDA-MB-468 CSCs using ChiP assay. Data in (D) is mean + SE or
representative of three independent experiments unless otherwise noted. p = ns, *p < 0.05, **p < 0.01, and ***p < 0.0001 by unpaired Student’s t test (D).

6 Molecular Therapy: Oncology Vol. 33 June 2025



www.moleculartherapy.org

DNA-binding pattern (Figure 3F, right panel) where the residues,
such as N36, S37, R40-R43, N46, R53, R56, K65, N68, S69, K80,
K109, and R113-K117, engage in direct polar interactions with the
negatively charged DNA backbone, while R43, R98, and Y110 engage
in direct interactions with the base of DNA. The docking scores have
been listed in Table S3. Such favorable bindings of OCT4 and SOX2
on FOXC1 promoter lent further credence to the aforementioned
findings, thus establishing that the transactivation regulation of
FOXCI1 is mediated by the stemness factors, OCT4 and SOX2.
Finally, considering previous findings (Figures 3E and S5A), we
took OCT4 as a model transcription factor and forward as well as
reverse primers overlapping the potential binding regions were de-
signed for FOXCI promoter, and binding of OCT4 on FOXCI target
promoter region was confirmed by chromatin immunoprecipitation

(ChIP) assay (Figure 3G).

These findings together substantiate the mechanisms underlying
higher expression of FOXC1 in CSCs as compared to NSCCs.

FOXC1 transactivates stemness and drug-resistance factors in
CSCs

Our subsequent investigation aimed at elucidating the contribution
of FOXC1 on stemness gene expression. For the same, we first
checked the expression levels of OCT4 and SOX2 in CSCs following
shRNA-mediated ablation of FOXCI. Our results showed signifi-
cant repression in the expression of OCT4 (p < 0.0001) and SOX2
(p < 0.001) at the mRNA levels (Figure 4A) as well as at the protein
levels (Figures 4B and S5B) upon transient downregulation of
FOXCI, hinting toward the existence of a reciprocal feedforward
loop of FOXC1-OCT4/SOX2 in CSCs. To unravel the potential
loop between FOXC1-OCT4/SOX2, we next aimed at identifying
the probable DNA binding sites of FOXC1 on the (1) —2000 bp
to +100 bp long promoter sequences of OCT4 and SOX2 as obtained
from EPD.*"** To that end, first these promoter sequences were
analyzed for presumed binding sites of FOXC1 by using JASPAR
database.”” In line with our hypothesis, putative FOXC1 binding
sites were obtained on promoter regions of OCT4 (—142 bp to
—132 bp, binding score 10.7, relative score 0.91) (Figure 4C, upper
panel) and SOX2 (—726 bp to —716 bp, binding score 13.23, relative
score 0.95) (Figure 4C, lower panel).

Subsequently, we performed in-silico docking experiments to visu-
alize the binding of FOXCI on these promoters. The structure of
DBD among the FOX family of transcription factors, also known
as the fork-head domain, is composed of three a-helices and two
wing-like loops that allow these proteins to interact with DNA.**
Our docking of FOXC1 DBD with all four promoter sequences re-
vealed a common pattern of binding, the docking scores being listed
in Table S4. Although the FOXC1 DBD inserts itself into the major
groove of the DNA mainly via its a-helix 3, its overall structural fold
also seems to play a significant role in stabilizing the complex state by
adopting a “clipped” DNA-binding architecture. Several polar and
positively charged residues at the interface, such as Y83, S125,
R127, K138, K148, R169, R171, R172, and R173, were observed to

singly form multiple hydrogen bonds with DNA backbone, thus clip-
ping it uniformly along its length. The docking models thereby fur-
nished the putative binding of FOXC1 on the promoters of OCT4
(Figure 4D, left panel) and SOX2 (Figure 4D, right panel), signifying
a direct critical in-silico interaction between FOXCI and OCT4/
SOX2, further supporting our previous findings (Figures 4A and
4B). Next, to validate these in-silico results, forward and reverse
primers overlapping the putative FOXC1 DNA-binding region
were designed for the promoters of OCT4 and SOX2, and ChIP assay
was performed. Our results validated the hitherto unreported bind-
ing of FOXCI on the target promoter regions of OCT4 and SOX2
(Figure 4E).

Interestingly, FOXCI-ablation in MDA-MB-468 CSCs also reduced
expression levels of NANOG and ABCG2 (Figure 4F). MRPI and
MDRI were not included in this experiment since no positive corre-
lation was observed between FOXC1 vs. MRP1 and FOXC1 vs.
MDRI in our previous findings (Figure 3A). Next, using EPD*"**
and JASPAR,** we further identified putative FOXCI1 binding sites
on the promoters of NANOG (—309 bp to —299 bp, binding score
8.9, relative score 0.90) (Figure 4G, upper panel) and ABCG2
(=532 bp to —522 bp, binding score 12.6, relative score 0.94)
(Figure 4G, lower panel). Further docking interaction showed pre-
dicted associations of FOXCl on the promoters of NANOG
(Figure 4H, left panel) and ABCG2 (Figure 4H, right panel), with
the docking scores being listed in Table S4. To verify the aforemen-
tioned in-silico data, we performed ChIP assay, which revealed a pos-
itive binding of FOXC1 on the promoters of NANOG and ABCG2 in
CSCs (Figure 4I), indicating the contribution of FOXC1 in overall
generation of stemness and drug-resistance in CSCs.

These results, for the first time, provide a distinct model of interac-
tion and binding of FOXC1 with the promoter sequences of plurip-
otency factors OCT4, SOX2, NANOG, and drug-resistance marker
ABCG2.

Existence of a reciprocal feedforward transactivation loop
between FOXC1 and pluripotency factors, OCT4 and SOX2, in
CSCs that contribute in acquired resistance after chemotherapy
All the aforementioned furnished results together demonstrated
the possibility of the existence of reciprocal transactivation loops
between FOXC1 and pluripotency factors OCT4 and SOX2, in
MDA-MB-468 CSCs. Validating our hypothesis, the ablation of
OCT4 led to significantly reduced binding of OCT4 on FOXCI pro-
moters, as observed using ChIP assay (Figure 5A, left panel)
(p < 0.001), while the ablation of FOXC1 led to significantly lower
binding of FOXCI on OCT4 (Figure 5A, right panel) (p < 0.01)
and SOX2 promoters (Figure 5B, left panel) (p < 0.05), explaining
the previously observed decrease in FOXCI in OCT4-ablated CSCs
as well as decrease in OCT4 and SOX2 expression levels in
FOXClI-ablated ones (Figures 3D and 4A respectively). Similarly,
reduced FOXCI1 binding on NANOG (Figure 5B, middle panel)
and ABCG2 (Figure 5B, right panel) promoters in FOXC1-ablated
CSCs were observed by ChIP assay. These collective results
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Figure 5. ChIP assay determines FOXC1-OCT4 reciprocal feedforward transactivation loop in CSCs

(A) Bar diagrams illustrating fold change in binding of OCT4 on FOXC1 promoter (left panel) in control vs. OCT4-shRNA-treated and FOXC1 on OCT4 promoter (right panel) in
control vs. FOXC1-shRNA-treated MDA-MB-468 CSCs. (B) Bar diagrams portraying fold change in binding of: FOXC1 on SOX2 (left panel), NANOG (middle panel), and
FOXC1 on ABCG2 (right panel) promoters in control vs. FOXC1-shRNA-treated MDA-MB-468 CSCs. (C) Bar diagrams depicting fold change of FOXC1-binding on OCT4
promoter (left panel), FOXC1-binding on SOX2 promoter (middle panel), and OCT4-binding on FOXC1 promoter in control vs. Dox-treated MDA-MB-468 CSCs. (D) Bar
diagrams showing difference in fold change of FOXC1-binding on NANOG (left panel) and ABCG2 (right panel) promoters in control vs. Dox-treated MDA-MB-468 CSCs.
Data are mean + SE or representative of three independent experiments unless otherwise noted. *p < 0.05, **p < 0.01, and **p < 0.001 by unpaired Student’s t test.
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Figure 6. Downregulation of FOXC1 sensitizes CSCs toward chemotherapeutic drug doxorubicin

(A) Representative flow cytometry plots of annexin-V-FITC vs. propidium iodide (left panel), and bar diagram depicting percentage cell apoptosis (right panel) in MDA-MB-468
CSCs under the conditions: control, Dox-treated, FOXC1-shRNA-transfected, and FOXC1-shRNA-transfected + Dox-treated. (B) Bar diagrams depicting annexin-V-FITC*
apoptotic cells following three cycles of Dox therapy in control vs. 3 cycles of Dox-treated NSCC (left panel) and CSC (right panel) subpopulations of MDA-MB-468 10
spheres. (C) Bar diagrams showing percentage of annexin-V-FITC* apoptotic cells in MDA-MB-468 CSCs under the conditions of control vs. Dox vs. FOXC1-shRNA vs.
FOXC1-shRNA + Dox during cycles 1-3 (left panel). Line plot portraying percentage of annexin-V-FITC* apoptotic cells for 1-3 cycles of Dox in control and FOXC1-shRNA-
transfected MDA-MB-468 CSCs (right panel). The NSCC and CSC populations were selected after differential gating using FACS. (D) Representative image showing volumes

(legend continued on next page)
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confirmed the existence of a reciprocal positive feedforward loop be-
tween FOXCI and pluripotency factors, OCT4 and SOX2, but not
with NANOG—since in-silico search did not reveal any putative
binding site of NANOG on FOXCI promoter sequence. However,
this feedforward loop in turn upregulates NANOG and the drug-
resistance marker ABCG2 in breast CSCs, thereby finally ensuring
stemness and drug-resistance in these cells.

Finally, to validate the presence of aforementioned FOXC1-OCT4/
SOX2 transactivation loop and its role in acquired resistance upon
chemotherapy, CSCs were treated with Dox (2.5 pM), and ChIP
assay was performed. Intriguingly, in Dox-treated CSCs, FOXC1-
bindings to OCT4 (p < 0.05) (Figure 5C, left panel) and SOX2
(p < 0.01) (Figure 5C, middle panel) promoters were significantly
increased. Finally, taking OCT4 as a model transcription factor, its
binding to FOXCI promoter was also observed to be increased
significantly (p < 0.05) as compared to control CSCs (Figure 5C, right
panel). These results signified the critical role played by this positive
feedforward transactivation loop toward higher expression levels of
OCT4 (Figure 1C, left most panel), SOX2 (Figure 1C, left panel),
and FOXCI1 (Figure 2D) in Dox-treated CSCs. In line with our pre-
vious findings demonstrating Dox-induced upregulation of NANOG
as well as ABCG2 (Figure 1C), we observed heightened FOXCI1-
binding on NANOG (Figure 5D, left panel) and ABCG2 (Figure 5D,
right panel) promoter regions upon Dox treatment.

All these findings from the ChIP assay followed by real-time qPCR
analysis together confirm the existence of a reciprocal transactivation
loop involving FOXC1, OCT4, and SOX2, which plays an important
role in regulating the fate of CSCs itself and upon chemotherapy. In
fact, chemotherapy-augmented FOXC1 further increased stemness
and drug-resistance in CSCs, thus signifying chemo-mediated acqui-
sition of stemness and drug-resistance by CSCs that might aid in
breast cancer relapse.

Downregulation of FOXC1 sensitizes CSCs toward
chemotherapeutic drug doxorubicin, even after multiple cycles
The aforementioned findings presenting FOXCI as the master
regulator of acquired resistance and stemness tempted us to explore
the candidature of FOXC1 as a potential target to sensitize therapy-
resistant CSCs. To that end, we analyzed cancer cell death perecent-
age upon Dox treatment (2.5 pM for 24 h) in control and FOXC1-
ablated conditions. Dox failed to induce death in CSCs in
controlled condition (Figure 6A), which might be due to inherent
resistance of CSCs and their acquiring further resistance during
chemotherapy. In FOXCl-ablated condition too, there was no sig-
nificant change in apoptosis in CSCs (Figure 6A). These results
signified that though FOXCl-ablation reduced stemness and

chemo-resistance (Figures 4A and 4B), it failed to induce apoptosis
in CSCs. Interestingly, though Dox alone failed to induce death in
CSCs, it significantly induced apoptosis in FOXCI-ablated condi-
tion (Figure 6A). These results along with our already furnished
data indicated that repression of FOXCI1 expression not only in-
hibited inherent resistance and stemness, but also induced CSC
apoptosis upon chemotherapy.

At this point, since cancer patients are given multiple cycles of
chemotherapy, we examined whether FOXCI1 can resist chemo-
insult even after multiple cycles of chemotherapy. To that end, after
three cycles of chemotherapy, as described in “materials and
methods section,” percent apoptosis in both NSCC and CSC sub-
populations of MDA-MB-468 1° spheres were evaluated by flow cy-
tometry, the gating strategy of which has already been furnished in
Figure 1A. Results revealed increase in apoptosis of NSCCs with
the increase in Dox cycle (Figure 6B, left panel). However, even after
the third cycle, Dox failed to induce significant apoptosis in CSCs
(Figure 6B, right panel), signifying high resistance of CSCs toward
Dox. Interestingly, although FOXC1-ablation alone failed to induce
significant apoptosis in FOXCl-ablated CSCs of MDA-MB-468 1°
spheres, these transfectants underwent apoptosis upon Dox treat-
ment (Figure 6C, left panel). Moreover, an increase in the number
of treatment cycles increased percent apoptosis, resulting in ~42%
apoptosis after the third one (Figure 6C, left panel). A line plot por-
traying the percentage of apoptosis for Dox 1-3 cycles and FOXC1-
shRNA-transfected + Dox has also been furnished (Figure 6C, right
panel). These results demonstrated that neither Dox treatment nor
FOXC1 ablation alone could induce CSC apoptosis. However,
FOXC1 ablation sensitized CSCs toward Dox, thus resulting in sig-
nificant CSC death after each chemotherapy cycle.

To re-validate our in-vitro results in-vivo, we next stably transduced
scrambled shRNA (control) or Foxcl lentiviral shRNA in 4T1 mu-
rine breast cancer cell line. The cells bearing Foxcl-shRNA were
selected by puromycin selection from 1 pg/mL to 3 pg/mL over
2 weeks to obtain pure Foxcl-ablated 4T1 cells. The same number
of both the control and Foxcl-ablated 4T1 cells were subjected to
2° sphere formation. The spheres although contained similar num-
ber of CD44"/CD24" CSC populations (Figure S6A), Foxcl-ablated
spheres showed decrease in expression of stemness and drug-resis-
tance factors in comparison to the control spheres (Figure S6B).
These results indicated that Foxcl-ablation, although downregulated
the resistance and stemness potential of existing CSCs, did not signif-
icantly affect their numbers. Next, BALB/c mice were inoculated
with these (1) control and (2) Foxcl-ablated 2° spheres. Each of these
two sets of mice was further subdivided into (1) untreated and (2)
Dox-treated sets. For Dox treatment, one week after tumor

of tumor generated in BALB/c mice (left panel), and bar diagrams depicting difference in their tumor volumes (right panel) in control vs. Dox vs. Foxc1-shRNA vs. Foxc1-
shRNA+Dox-treated mice. (E) Bar diagram demonstrating fold change of Foxc1 (left panel), Oct4 (middle panel), and Sox2 (right panel) mRNA expression in the tumor
tissues of control vs. Dox vs. Foxc1-shRNA vs. Foxc1-shRNA+Dox-treated BALB/c mice. (F) Bar diagrams signifying fold change in mRNA expression levels of Nanog and
Abcg? in tumors derived from control vs. Dox vs. Foxc1-shRNA vs. Foxc1-shRNA+Dox-treated BALB/c mice. Data are mean + SE or representative of three independent
experiments unless otherwise noted. *p < 0.05, “*p < 0.01, **p < 0.001, and ****p < 0.0001 by unpaired Student’s t test.
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formation, mice were injected intraperitoneally with 5 mg/kg Dox,
every alternate day for 14 days after which the mice were sacrificed
and eventually, final tumor volumes were measured. Our results pre-
sented highest tumor volume in control 4T1 20 sphere set, in com-
parison to all other three sets (Figure 6D). Dox-treated set furnished
lower tumor volume than the control one (Figure 6D), which might
be due to Dox-induced apoptosis of susceptible NSCCs (depicted in
Figure 1A), which are the major population of cells of any tumor
mass.”® The tumor volume of Foxcl-ablated set was lower than
both control and Dox-treated sets. Although Foxcl-ablation alone
failed to furnish any significant alteration in breast CSC apoptosis
in comparison to control CSCs (Figure 6A), such decrease in tumor
volume of Foxcl-ablated set indicated lesser tumor progression due
to reduced stemness (Figure S6B) and hence, lesser tumorigenicity of
the CSCs present. Tumor volume of Foxcl-ablated + Dox-treated set
was lowest as compared to all other 3 sets, indicating sensitization of
otherwise resistant CSCs toward Dox due to ablation of Foxcl
(Figure 6D).

Furthermore, Dox-treated set furnished upregulated Foxcl (left
panel), Oct4 (middle panel), and Sox2 (right panel) (Figure 6E) as
well as the Nanog (Figure 6F, left panel) and Abcg2 (Figure 6F, right
panel), as compared to control, re-validating our previously obtained
in-vitro data (Figures 1C and 2D). In contrast, there was a significant
reduction in Oct4 and Sox2 (Figure 6E), Nanog as well as Abcg2
(Figure 6F) in Foxcl-ablated set as Foxcl ablation reduced down-
stream stemness and drug-resistance potential. Intriguingly,
Foxcl-ablated + Dox-treated set depicted reduced expression of
Foxcl, stemness factors, and drug-resistance marker, implying that
unlike in only Dox-treated set, in Foxcl-ablated set, Dox could not
rescue back the expressions of these factors.

In gist, our in-vivo results indicate that although Dox treatment led
to smaller tumor formation than control due to possible targeting of
the NSCC subpopulation inside the tumor, it increased the levels of
Foxcl, Oct4, Sox2, Nanog, and Abcg2 in the tumors of these mice.
These findings re-validated the effect of Foxcl in gain-in-stemness
and drug-resistance and that ablation of Foxcl can chemo-sensitize
CSCs ultimately aiding in tumor regression in mice by doxorubicin.

FOXC1 ablation sensitizes CSCs toward chemotherapy by

downregulating stemness and decreasing drug-resistance

Aforementioned results tempted us to understand the mechanism
underlying apoptosis of FOXC1-ablated CSCs after the third cycle
of chemotherapy, for which, after third chemotherapy cycle, the
aforementioned four sets were MACS-sorted to obtain pure CSCs.
Our results showed that the expression levels of FOXCI (Figure 7A,
left panel), OCT4 (Figure 7A, middle panel), and SOX2 (Figure 7A,
right panel) were higher in Dox-treated CSCs as compared to control
ones as determined using flow cytometry. In contrast, FOXC1-abla-
ted CSCs furnished lower expressions of all these factors as
compared to control. Interestingly, FOXCl-ablated + Dox-treated
CSCs also depicted reduced expression of FOXCI and all these
markers of CSCs, again highlighting that Dox could not enhance
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their expression levels in FOXCl1-ablated CSCs, even after third cy-
cle. Furthermore, while Dox increased NANOG (Figure 7B, left
panel) and ABCG2 (Figure 7B, right panel) expression after third cy-
cle, FOXCl-ablated + Dox-treated CSCs depicted diminished
expression of NANOG and ABCG2 as monitored by flow cytometry,
implying Dox also could not salvage the expression of the stemness
and drug-resistant factor up on FOXC1 downregulation. All these
findings together elucidate the vital role of FOXC1 as the master
regulator of CSC-associated stemness and drug resistance after tri-
cycle chemotherapy and FOXCl-ablation causes downregulation
of the aforementioned CSC factors, ultimately leading to sensitiza-
tion of these “invincible CSCs,” thus eventually resulting in CSC
apoptosis by three-cycle Dox treatment.

Validating these results, when same numbers (1 X 10%) of CSCs
from the aforementioned four sets were subjected to sphere forma-
tion assay in serum-free medium (SFM) for a period of 7 days, Dox-
treated CSCs furnished largest spheres in comparison to the
spheres generated by other three sets, indicating that three cycles
of Dox enhanced the CSC-properties, specifically the sphere form-
ing ability (Figure 7C). In contrast, FOXCl-ablated set formed
smaller spheres as compared to control CSCs, once again high-
lighting the efficacy of downregulated FOXCI in impeding sphere
forming ability of CSCs. Intriguingly, FOXCl-ablated + Dox-
treated CSCs demonstrated the smallest spheres as compared to
the other three sets, revealing the combinatorial effect in which
downregulation of FOXCI sensitized CSCs toward Dox, which in
turn either underwent apoptosis or became further “weakened”
and lost their properties.

Decrease in FOXC1 inhibits recurrence after chemotherapy

A multitude of reports signify the crucial role of CSCs in tumor
recurrence after the initial “successful” chemotherapy.>*%*>*
Considering these reports as well as our previous results, we next
explored the ability of the CSCs to form colonies after removal of
Dox, in serum-containing media that supports CSC-differentiation
and NSCC generation, thus mimicking tumor recurrence. To that
end, same number (1 x 10*) of MACS-sorted CSCs of the aforemen-
tioned sets were cultured in serum-containing differentiation media
for 72 h. The results shown in Figure 7D demonstrated the formation
of largest recurrent colonies by the Dox-treated CSCs as compared to
all the other three sets, reflecting the higher recurrence potential of
these aggravated CSCs after the removal of therapy. In contrast,
FOXCl-ablated CSCs formed smaller recurrent colonies with
respect to control, signifying that downregulated FOXCI inhibited
CSC characteristics, thereby hampering colony forming ability as
well. Interestingly, FOXCl-ablated + Dox-treated CSCs formed
smallest recurrent colonies with respect to all other aforementioned
sets within this time, indicating FOXC1 ablation-induced impair-
ment in the colony formation by CSCs got aggravated by Dox-
induced additional stress that ultimately resulted in the formation
of smallest recurrent colonies by those remaining CSCs that escaped
Dox-induced apoptosis (Figure 7D). These results signified that
while Dox alone significantly increased the ability of CSCs to
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(A) Bar diagrams showing relative MFI of FOXC1 (left panel), OCT4 (middle panel), and SOX2 (right panel) in control vs. 3rd cycle of Dox vs. FOXC1-shRNA vs. FOXC1-
shRNA + 3rd cycle of Dox-treated MDA-MB-468 CSCs, as determined by flow cytometry. (B) Bar diagrams showing relative MFI of NANOG (left panel) and ABCG2 (right
panel) in control vs. 3rd cycle of Dox-treated vs. FOXC1-shRNA vs. FOXC1-shRNA + 3rd cycle of Dox-treated MDA-MB-468 CSCs, as evaluated by flow cytometry. (C)
Phase contrast images of sphere formation assay of control vs. Dox vs. FOXC1-shRNA vs. FOXC1-shRNA + Dox-treated MDA-MB-468 CSCs after 3rd cycle of consecutive
Dox treatment. (D) Phase contrast images showing recurrent colony formation of control vs. Dox vs. FOXC1-shRNA vs. FOXC1-shRNA+Dox-treated MDA-MB-468 CSCs
after cycle 3 of Dox treatment subjected to serum-containing differentiation media (left panel). Bar diagram depicting area of recurrent colonies formed in pm? (right panel).
Datain (A), (B), and (D) are mean + SE or representative of three independent experiments unless otherwise noted. *o < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 by

unpaired Student’s t test.

promote tumor recurrence, FOXCl-ablation alone hindered the
basal recurrence ability of CSCs, while Dox-escaped FOXC1-ablated
transfectants furnished lowest tumor recurrence potential.

In a nutshell, our results revealed that even three cycles of Dox not
only failed to induce CSC apoptosis, but also upregulated FOXC1-
mediated gain-in-expression of stemness and drug-resistance
markers, thereby ensuring survival of CSCs and aiding in formation
of largest spheres, and differentiating to form largest colonies when
kept in serum-containing media after the removal of therapy. These
results together indicate enhancement of CSC-properties and possi-
bilities of higher recurrence of tumor in patients. Conversely,
although FOXCl-ablation itself did not induce any significant
apoptosis in CSCs, it generated smaller spheres and differentiated
colonies, highlighting the effect of FOXCl-ablation in hindering
CSC-properties and their ability toward tumor-recurrence. Impor-
tantly, ablation of FOXCI followed by three cycles of Dox not only
induced significant CSC apoptosis but also repressed FOXC1-
directed gain-in-stemness and gain-in-drug-resistance potential of
Dox-escaped CSCs, if any. Moreover, in these FOXCl-ablated
CSCs, three cycles of Dox significantly hindered both sphere propa-
gation and differentiated recurrent colony formation, thus ultimately

ensuring CSC apoptosis in one hand, while inhibiting CSC-charac-
teristics in the escaped ones and thus breast cancer-recurrence after
chemotherapy on the other.

Identification of novel miRNA to target FOXC1 expression as a
tool to sensitize chemo-resistant CSCs

All the previous results implied the candidature of FOXCI as a
“target” for attenuating therapy-resistant CSCs. To that end, we first
aimed at identifying a potential inhibitor of FOXCI1 in CSCs. Since
miRNAs block the translation of target proteins or directly degrade
target mRNAs,>>?” we next searched in both miRCarta®” and Diana
Tools micro-RNA database®® using MicroT-CDS (cut-off value of
>0.95) and obtained 24 miRNAs that can putatively target FOXC1
(Table S5). Among these, there was hardly any report demonstrating
the presence and/or role of the 7 miRNAs in cancer, especially in
CSCs. A recent study has reported that the expression of one of these
7 miRNAs, i.e., miRNA hsa-miR-5688, is high in normal tissue as
compared to non-small cell lung carcinoma, while its overexpression
downregulates IL-11 and inhibits tumor progression.*’ This infor-
mation along with its high miTG score (0.969; Table S5) signified
high probability of this miRNA targeting FOXC1 in breast CSCs.
We, therefore, next explored the correlation of hsa-miR-5688 with
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OS in breast cancer. Analysis of survival plots of hsa-miR-5688 from
KM plotter database™” revealed a positive correlation between hsa-
miR-5688 expression and OS in triple negative breast cancer patients
(Figure 8A).

Further experiments revealed a significantly reduced (p < 0.0001)
expression of hsa-miR-5688 in MDA-MB-468-derived CSCs
(Figure 8B), thus pointing toward an ingenious strategy of CSCs
for ensuring their own survival. In line with these findings, hsa-
miR-5688 expression was also significantly lower in the patient tu-
mor tissue-derived CSCs as compared to the corresponding
NSCCs (Figure 8C). At this juncture, our literature search revealed
that human hsa-miR-5688 gene is encoded by chromosome-3
(85385710-85385792), the full-length hsa-miR-5688 gene being
~83 nucleotides long. The mature miRNA sequence of hsa-miR-
5688 is 5 UAACAAACACCUGUAAAACAGC 3, in which the 5
AACAAA 3 is the seed region which showed 100% complementarity
with FOXC1 3’ UTR target site 5 TTTGTT 3. These findings
together further supported our view of utilizing hsa-miR-5688 for
targeting FOXCI. For the same, MACS-sorted MDA-MB-468
CSCs were transfected with either sense hsa-miR-5688 (mimic) or
anti-sense hsa-miR-5688 (decoy) and changes in expression of
FOXC1 were observed (Figure 8D). While mimic significantly
(p < 0.001) repressed FOXC1 expression, decoy (p < 0.05) increased
the same, thereby confirming the direct role of hsa-miR-5688 in
FOXCI1 regulation. Attenuating FOXC1 expression by hsa-miR-
5688 mimic significantly decreased OCT4 (p < 0.0001) and SOX2
(p < 0.001) levels, while decoy significantly upregulated those
(p < 0.05 for OCT4 and p < 0.05 for SOX2) (Figure 8D), indicating
the role of this miRNA in inhibiting the FOXC1-OCT4/SOX2 feed-
forward loop. The mimic also significantly downregulated NANOG
(p <0.001) (left panel) and ABCG2 (p < 0.0001) (right panel) expres-
sion levels while decoy enhanced the same (p < 0.05 for NANOG and
p < 0.05 for ABCG2) (Figure S7A).

These findings strengthened our hypothesis that overexpression of
hsa-miR-5688 might inhibit FOXCI-OCT4/SOX2 feedforward
loop thereby decreasing overall stemness and drug-resistance factors.
Validating our conjecture, ChIP assay using mimic-transfected CSCs
showed significantly reduced binding of FOXC1 on the promoters of
OCT4 (p < 0.0001) (left panel) and SOX2 (p < 0.0001) (right panel)

(Figure 8E), which might be due to the reduced expression of
FOXCI1 in comparison to un-transfected ones (Figure 8D). In
contrast, higher FOXC1-binding was observed on OCT4 (p < 0.05)
(left panel) and SOX2 (p < 0.01) (right panel) promoters in decoy-
transfected CSCs (Figure 8E) validating their higher expression levels
as shown in Figure 8D. A similar trend was also observed when
transfection of mimic led to reduced FOXC1 binding on NANOG
(p <0.001) (left panel) and ABCG2 (p < 0.01) (right panel) promoters
(Figure S7B), which might be due to the lower expression of FOXC1
in comparison to control set (Figure 8D). Conversely, decoy trans-
fection augmented the binding of FOXC1 to NANOG (p < 0.001)
(left panel) and ABCG2 (p < 0.05) (right panel) (Figure S7B), attrib-
utable to the increased expression of FOXCI in decoy-transfected
groups, as previously noted (Figure 8D). These results once again
highlight the crucial role of FOXC1 in regulating stemness and
drug-resistance factors, and that hsa-miR-5688 hampers acquisition
of CSC-related stemness and drug-resistance by directly inhibiting
FOXCI and indirectly, by inhibiting FOXC1-OCT4/SOX2 loop
that further downregulates the expression of FOXCI-controlled
downstream genes.

These findings supported our hypothesis that hsa-miR-5688 might
act as a potent miRNA for breast CSC-sensitizing therapy by target-
ing FOXCI and thereby hindering FOXC1-mediated acquisition of
stemness and drug resistance.

Targeting FOXC1 by hsa-miR-5688 inhibits tumor recurrence

With the aim of exploring whether hsa-miR-5688 plays any role in
inhibiting breast cancer-recurrence, MDA-MB-468 1° spheres were
divided in four sets, (1) control, (2) Dox-treated, (3) hsa-miR-5688
(mimic)-transfected, and (4) mimic+Dox-treated. For this experi-
ment, three cycles of Dox were administered as mentioned previ-
ously. Utilizing flow cytometry and gating the CSC sub-population
as shown previously (Figure 1A), after each cycle, we assessed CSC
apoptosis in these sets. Our results demonstrated significant
(p < 0.01) apoptosis after each of the three cycles in the mimic +
Dox-treated set only (Figure 8F, left panel). Furthermore, the percent
apoptosis increased in this set with the increase in number of therapy
cycles, with (~46%) apoptosis after the third one (Figure 8F, left
panel). These findings demonstrated that neither Dox nor mimic
triggers CSC apoptosis when applied alone, but prior upregulation

Figure 8. Identification of novel miRNA targeting FOXC1 expression for sensitizing chemo-resistant CSCs

(A) KM plot of triple negative breast cancer patients correlating higher probability of OS with higher expression of hsa-miR-5688. (B) Bar graphs illustrating the difference in
expression levels of hsa-miR-5688 between MACS-sorted MDA-MB-468 NSCCs and CSCs and (C) breast cancer patient-derived NSCCs vs. CSCs (n = 5). (D) Bar diagrams
portraying fold change in expression levels of hsa-miR-5688, FOXC1, OCT4, and SOX2 in control vs. mimic-treated vs. decoy-treated MDA-MB-468 CSCs. (E) Bar
diagrams depicting difference in fold change of FOXC1-binding on OCT4 and SOX2 promoters in control vs. mimic-treated vs. decoy-treated MDA-MB-468 CSCs. (F) Bar
diagrams showing percentage of annexin-V-FITC* apoptotic cells in control vs. 1-3 cycles of Dox-treated vs. mimic vs. mimic + 1-3 cycles of Dox-treated MDA-MB-468
CSCs (left panel). Line plot indicating the same in 1-3 cycles of Dox-treated vs. mimic vs. mimic + 1-3 cycles of Dox-treated MDA-MB-468 CSCs (right panel). (G) Bar
diagrams showing relative MFI of FOXC1 (left panel), OCT4 (middle panel) and SOX2 (right panel) in control vs. 3rd cycle Dox-treated vs. mimic vs. mimic + 3rd cycle Dox-
treated MDA-MB-468 CSCs, as validated using flow cytometry. (H) Phase contrast images of sphere formation assay of control vs. 3rd cycle Dox-treated vs. mimic vs.
mimic + 3rd cycle Dox-treated MDA-MB-468 CSCs. (I) Phase contrast images of recurrent colony formation assay in control vs. 3rd cycle Dox-treated vs. mimic vs. mimic +
3rd cycle Dox-treated MDA-MB-468 CSCs when exposed to serum-containing differentiation media (left panel). Bar diagram depicting area of recurrent colonies formed per
um? (right panel). Data in (B) to (G), and (I) are mean + SE or representative of three independent experiments unless otherwise noted. p = ns, *p < 0.05, *p < 0.01,
***n < 0.001, and ***p < 0.0001 by unpaired Student’s t test (B) to (G), and ()).
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of hsa-miR-5688 sensitizes CSCs to Dox, with considerable
CSC-mortality after each cycle. A line plot for each of the three
Dox cycles has been furnished to demonstrate in detail the percent
CSC apoptosis of Dox-treated vs. mimic + Dox sets (Figure 8F, right
panel).

After the third cycle of Dox, aforementioned four sets were MACS-
sorted to obtain pure CSCs. Our flow cytometry results revealed
that FOXC1 (Figure 8G, left panel), OCT4 (Figure 8G, middle
panel), and SOX2 (Figure 8G, right panel) expression levels were
higher in Dox-treated CSCs as compared to control CSCs, whereas
those were lower in the mimic-transfected CSCs (Figure 8D). Addi-
tionally, following a similar pattern with the aforementioned re-
sults, expressions of NANOG (p < 0.0001) (Figure S8A, left panel)
and ABCG2 (p < 0.01) (Figure S8A, right panel) were higher in
Dox-treated CSCs as compared to control CSCs, while they were
reduced in mimic-transfected CSCs (Figure S8A). Mimic + Dox-
treated CSCs also depicted repressed levels of NANOG (p < 0.01)
(Figure S8A, left panel) and ABCG2 (p < 0.0001) (Figure S8A, right
panel). All these results implied that presence of upregulated hsa-
miR-5688 hampered the efficacy of Dox-induced enhancement of
these factors.

The aforementioned results indicate that heightening of hsa-miR-
5688 impedes FOXC1 and consequently, OCT4 expression, which
further hinders the reciprocal feedforward loop of FOXC1-OCT4.
Direct curbing of FOXC1 expression by hsa-miR-5688 or by indirect
disruption by FOXC1-OCT4 loop resulted in an attenuated expres-
sion of OCT4, other stemness, and drug-resistance genes, allowing
Dox to destroy these CSCs as observed (Figure 8F). This demon-
strates the significance of hsa-miR-5688 in regulating FOXCI and,
in turn, FOXC1-OCT4 loop in directing the expression of stemness
and drug-resistance genes. As a result, these CSCs become more sen-
sitive to Dox, leading to CSC apoptosis (Figure 8F).

Next to determine if there was any alteration in the inherent
sphere-forming property of CSCs, in the CSC sub-populations of
the aforementioned sets, identical numbers of isolated CSCs
(1 x 10*) from those four sets were subjected to sphere formation
assay in SFM for 7 days. We noted that Dox-treated CSCs devel-
oped largest spheres as compared to all the other sets (Figure 8H)
demonstrating an aggravation in sphere-forming potential of
CSCs post three cycles of Dox treatment. Furthermore, mimic-
transfected CSCs developed smaller spheres than control CSCs,
showing the efficiency of hsa-miR-5688 in downregulating CSC’s
ability to form spheres. Interestingly, mimic + Dox-treated CSCs
exhibited smallest sphere formation as compared to all the other
sets, indicating least capacity of sphere formation collectively due
to upregulated hsa-miR-5688 and Dox treatment, the latter gener-
ating additional stress in this hsa-miR-5688 upregulated but Dox-
escaped CSCs.

Obtaining these results, next, we investigated the capacity of the
CSCs of the aforementioned sets in establishing differentiated col-
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onies under serum-containing conditions after removal of chemo-
therapy, simulating tumor-recurrence. For that, same numbers
(1 x 10* of isolated CSCs from the previous experimental sets
were propagated in serum-containing medium, to assess differentia-
tion and colony formation capacity. After 72 h, Dox-treated CSCs
developed the largest recurrent colonies in the differentiating me-
dium than all the other sets, indicating that the “chemotherapy-
strengthened” CSCs exhibited a higher recurrence potential
following therapy withdrawal. Mimic-transfected CSCs generated
smaller recurrent colonies in differentiating medium compared to
the control set (Figure 8I), indicating that the upregulation of hsa-
miR-5688 reduced CSC differentiation properties by downregulating
FOXCI, thus resulting in impaired recurrent colony formation.
Interestingly, mimic + Dox-treated CSCs produced the smallest
recurrent colonies as compared to all other three sets within this stip-
ulated time, demonstrating that these hsa-miR-5688-overexpressed
CSCs were sensitized to Dox and furnished even lesser CSC-proper-
ties due to Dox treatment (Figure 8I). These findings indicated that
while Dox alone greatly boosts CSCs’ ability to promote tumor recur-
rence, hsa-miR-5688 upregulation not only inhibits the same but also
sensitizes CSCs toward Dox. Most importantly, for those hsa-miR-
5688-CSCs that could escape Dox-attack, their ability to form recur-
rent colonies by differentiating into NSCCs in the serum-containing
media signifying tumor-recurrence potential gets significantly
downregulated especially after Dox therapy.

Additionally, a multitude of reports has revealed that CK18 as a dif-
032 and a study from our lab
has also previously shown that CK18 expression was higher in cells
and differentiated spheres while lower in secondary spheres.” In
line with these reports, we next subjected the CSCs from the afore-
mentioned experimental sets to serum-containing differentiation
media, and evaluated their CK18 levels, to verify the differentiation
potential of such CSCs into NSCCs, which may help the generation
of recurrent tumor. Our results as evaluated by flow cytometry illus-
trated that CSCs from Dox-treated set, when subjected to the serum-
containing differentiating medium, furnished the highest CK18

ferentiation marker in breast cancer

expression as compared to all the other sets, indicating that these
CSCs had the greatest differentiation potential and recurrence-
causing ability, following chemotherapy. CSCs isolated from the
mimic set, on the other hand, expressed lesser CK18 than the control
set in the differentiating medium (Figure S8B), indicating a dimin-
ished ability to cause recurrence. Finally, mimic + Dox-treated set
expressed the least CK18 level in differentiating medium with respect
to all the other three sets (Figure S8B), indicating a loss of differen-
tiation capacity and a reduced ability to produce NSCCs, resulting in
inhibition of tumor recurrence.

To further validate the contribution hsa-miR-5688-induced FOXC1
downregulation followed by tri-cycle chemotherapy, we compared
the percentage of live CSCs in mimic and mimic + Dox-treated
sets. Our results demonstrated that while transfection of mimic ex-
hibited ~90 live CSCs, mimic + Dox treatment resulted in a signifi-
cant decrease in the same thus showing ~20% live CSCs (Figure S8C).
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It will not be out of context to mention here that although same
numbers of CSCs were taken from both the sets, total live CSCs
reduced in the mimic + Dox-treated set, along with significant reduc-
tion in sphere-formation and colony-generation ability of the mimic -
+ Dox-treated CSCs when compared to the mimic-CSCs (Figures 8H
and 8I). This further validated that the combinatorial treatment
regime involving mimic and tri-cycle Dox not only kills CSCs but
also remarkably hampers the recurrence potential of the remaining
CSCs when compared to individual mimic- or Dox-treated sets.

In gist, these findings indicate that despite the completion of three
Dox cycles, Dox did not only fail to trigger CSC apoptosis but addi-
tionally produced a FOXC1-pluripotency loop that guided FOXCI1-
modulated stemness along with drug resistance and also enabled
development of the biggest spheres and colonies with the highest dif-
ferentiation potential, after therapy removal. These findings signify
not only Dox-stimulated increased potential of CSCs to escape death
but also heightened CSC-features that might be responsible for
higher recurrence in patients upon chemotherapy. Conversely,
hsa-miR-5688 overexpression alone, although failed to produce sub-
stantial apoptosis in CSCs, resulted in the reduced expressions of
FOXC1 and thereby reduced expression of stemness and drug-resis-
tance markers, thus generating smaller spheres and colonies with
reduced differentiation potential, emphasizing its contribution in in-
hibiting CSC-characteristics and possible
Furthermore, the efficiency of mimic treatment followed by chemo-
therapy was validated when mimic-sensitized CSCs not only
furnished significant apoptosis upon Dox treatment, but these
drug-escaped CSCs also generated the smallest spheres and colonies
with the least differentiation potential in presence of serum-contain-
ing media, thus emphasizing its lowest recurrence capacity as
compared to Dox or mimic alone, even though the same number
of CSCs were taken. These results support the eligibility of hsa-
miR-5688 for successfully targeting FOXCI1, eventually decreasing
CSC-characteristics and preventing breast cancer-recurrence when
used in combination with chemotherapy.

tumor-recurrence.

Altogether this study unearthed a hitherto unknown mechanism
where FOXC1 forms a reciprocal cross-regulation with pluripotency
factors, OCT4 and SOX2, to increase the pool of CSCs by trans-acti-
vating not only OCT4 and SOX2 but also NANOG, and to ensure
acquisition of resistance by transactivating the major drug-resistance
factor ABCG2, in Dox-treated breast CSCs. Further exploration re-
vealed sensitization of drug-resistant CSCs toward Dox upon abla-
tion of FOXC1, in-vivo and in recurrence models. Finally, our pur-
suit established an inverse relationship between hsa-miR-5688 and
FOXCI1 in breast CSCs where overexpression of this miRNA sensi-
tizes otherwise resistant breast CSCs toward Dox by repressing
FOXCI1, which in turn downregulates all the aforementioned stem-
ness factors and drug-resistance marker ABCG2, to inhibit tumor
recurrence after chemotherapy. These findings have significant im-
plications for developing successful targeting of breast CSCs by uti-
lizing hsa-miR-5688, thus ultimately assuring RFS of breast cancer
patients.

DISCUSSION

Drug resistance poses a major threat to cancer therapy since most of
the chemotherapeutic agents produce resistance after prolonged use.
The recent notion portrays drug resistance in cancer as a multifac-
eted process. Understanding all aspects of this complicated process
is, therefore, the main challenge in the field of cancer therapeutics.
Development of cancer drug-resistance is thus a collective contribu-
tion of many targets and pathways.”* Emergence of cancer stem cell
theory implicates the continuous development of NSCCs from exist-
ing highly drug-resistant cancer-initiating stem cells after chemo-
therapy.” For combating drug resistance, it is thus necessary to
consider the convergence of different aspects of resistance, and the
contribution of CSCs in those. However, this important issue is often
ignored when after chemotherapy the cancer patients become “clin-
ically” cancer-free only to result in relapse after therapy withdrawal.
Considering the multifaceted origin of drug-resistance, a combina-
tion of drugs/therapies might improve the outcome.”*®' Here, we
attempted to detect the effective “target” and the related pathways
generating chemo-resistance, as well as the role of CSCs in control-
ling the same, to finally identify remedies for sensitization of drug-
resistant cancer cells and the rationale to develop such therapies.

Recent studies have highlighted the emerging role of FOXC1 in the
development, progression, and treatment resistance of several solid

14,15,19,20,23,24 . . . .
> Indeed, in line with previous

and liquid malignancies.
reports (refs),’> °* our analysis also depicted that NACT-treated pa-
tients furnished increased expression of FOXC1 and were associated
with poorer OS and RFS, in contrast to chemo-naive patients,
thereby raising the possibility that chemotherapy-induced higher
FOXC1 expression might serve as a marker for poor prognosis
even after treatment. Since CSCs play key role in imparting therapy
resistance thereby causing relapse post chemotherapy, previous in-
formation prompted us to investigate its involvement in breast
CSCs. Our investigation revealed the existence of an intriguing recip-
rocal feedforward loop between FOXC1 and pluripotency factors,
OCT4 and SOX2, in breast CSCs, which plays a pivotal role in pro-
moting stemness and drug resistance during chemotherapy, allowing
CSCs to survive and potentially repopulate the tumor after therapy
withdrawal. Furthermore, FOXC1-ablation sensitized these resistant
breast CSCs in both in-vitro and in-vivo models. Previous report
demonstrating impaired CSC polarization and sensitization toward
cisplatin and docetaxel upon FOXCl-ablation in NSCLC,** strength-
ened our findings and underscored the therapeutic potential of tar-
geting FOXCI in breast CSCs. Supporting our hypothesis, while
Dox treatment alone not only failed to induce apoptosis in CSCs
but also increased stemness, it effectively reduced tumor volume
by killing NSCCs, the major subpopulation of cells of the tumor
mass. Interestingly, since FOXCl-ablation in CSCs decreased the
expression of pluripotency and drug-resistant factors due to disrup-
tion of the feedforward loop, the transfectants were lesser tumori-
genic® " and furnished least tumor volume upon Dox treatment,
thereby signifying that the downregulation of FOXC1 was sufficient
to inhibit Dox-induced upregulation of pluripotency and drug-resis-
tant factors and thereby related tumor development. These findings
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highlighted the central role of FOXCI1 in regulating stemness and
drug resistance, and suggested that targeting FOXC1 could hinder
chemotherapy-induced generation of “aggravated” CSC phenotype,
thereby finally contributing to tumor regression.

NACT is a cornerstone of breast cancer treatment, yet it increases
CSC number’® thereby posing a significant risk of recurrence at local
and also at secondary sites due to their ability to migrate and sustain
distant tumor growth®® in patients with residual invasive cancer post-
chemotherapy, which can adversely affect overall life expectancy.®
Although chemotherapy is typically administered in multiple cy-
cles,”’ tri-cycle Dox chemotherapy has been reported to enrich breast
CSC population.”" In line with these reports, in our in-vitro model,
tri-cycle Dox-therapy indeed increased the recurrence potential of
CSCs as compared to untreated CSCs, highlighting the role of chemo-
therapy in promoting CSC enrichment and tumor recurrence. Here
again, FOXCl-ablation in combination with Dox, resulted in a
decrease in recurrence potential, suggesting a critical role of
FOXCI in ensuring CSC survival during chemotherapy, possibly by
upregulating drug-resistance pump ABCG2 and induce the stemness
genes through the aforementioned reciprocal feedforward loop,
thereby ensuring CSC survival and tumor relapse after chemo-
therapy. Most importantly, attenuation of FOXCI inhibited tumor
recurrence post three-cycle chemotherapy, which was not achievable
by Dox treatment or FOXCl-ablation alone. These findings were
corroborated by our mouse model experiments, emphasizing the can-
didacy of FOXCI as an essential therapeutic target in breast cancer.

The aforementioned discussion tempted us to identify putative drug
molecule, which can target FOXC1 thereby in combination with
chemotherapy might regress breast cancer. In this regard, micro-
RNAs (miRNAs) have garnered significant attention in cancer diag-
nostics and therapeutics due to their regulatory roles in gene
expression.”>*****>*% Alterations in miRNA levels during NACT
have been implicated in predicting pathological complete response
in triple negative breast cancer,”” highlighting their potential as bio-
markers for treatment response. Recent report demonstrated that
miR-495 inhibits cell proliferation and promotes apoptosis in endo-
metrial cancer by repressing FOXC1 expression.”® Similarly, overex-
pression of miR-200 in breast CSCs disrupts colony formation and
reduces carcinogenesis,”” underscoring the therapeutic potential of
miRNA-based strategies in cancer. Our search for identifying
FOXCl-targetting miRNA revealed hsa-miR-5688 as a less-investi-
gated miRNA with potential implications in breast cancer prognosis
and therapy. Supporting the candidature of this miRNA, we
observed higher probability of OS of breast cancer patients with
higher expression of hsa-miR-5688."" In fact, hsa-miR-5688 expres-
sion is significantly lower in CSCs compared to NSCCs, which sug-
gest its probable role in regulating CSC properties. Indeed, upregu-
lation of hsa-miR-5688 led to FOXC1 downregulation, resulting in
reduced stemness and resistance in CSCs thereby increasing sensi-
tivity of CSCs to chemotherapy. Such attenuated expression of
hsa-miR-5688 in breast CSCs led us to hypothesize that this might
be an adaptive mechanism of these highly resistant cells to evade
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the anti-FOXCI effect of this micro-RNA, thereby promoting CSC
survival and therapy resistance and signifying its critical role in re-
pressing FOXC1-mediated stemness and drug resistance. Validating
our hypothesis, Dox-treated CSCs furnished enhanced differentia-
tion potential when subjected to serum-containing media, thereby,
indicating high recurrence capability of such CSCs, after withdrawal
of the drug. In contrast, augmentation of hsa-miR-5688 prior to Dox
treatment effectively suppressed differentiation capacity, high-
lighting the efficacy of this miRNA to reduce differentiation of the
drug-spared CSCs, if any, to tumor-mass forming NSCCs, thereby
hindering recurrence of breast cancer after chemotherapy.

To summarize, this report revealed a novel understanding of chemo-
therapeutic escape of CSCs and the role of FOXCI in it. Chemo-
therapy-driven FOXCI initiates a reciprocal feedforward transacti-
vation loop that serves as a master regulator of the stemness and
drug-resistant factors in breast CSCs thus helping these cells escape
death. Sensitizing CSCs by FOXC1-ablation make CSCs vulnerable,
thus lowering recurrence. Our findings further suggested that hsa-
miR-5688 downregulates FOXC1 thus hindering chemotherapy-
induced further gain in stemness, drug-resistance and recurrence.
Thus, integrating hsa-miR-5688 therapy with chemotherapy might
prove to be a successful regimen to reduce burden in breast cancer
patients as well as improve their long-term survival.

Previous discussion signifies that the efficacious management of can-
cer depends on two critical issues, (1) proper selection of the modal-
ity of the therapy, and (2) prevention of relapse. During past few de-
cades, there is much advancement in therapy but the issue of relapse
has still remained unconquered. Our findings not only identified
target in CSCs but also the targeting molecule, both of which are rele-
vant toward reducing the rate of cancer relapse, as well as the devel-
opment of improved combination therapies. Although inhibitors of
many known targets are either already in use or in the development
process, it is frustrating that almost all of them generate resistance.
Here, we portray a combination therapy for which a miRNA that
already exists in the cells, can be used in combination with chemo-
therapy, for combating cancer effectively while significantly reducing
relapse.

MATERIALS AND METHODS

Cell culture

MDA-MB-468, MDA-MB-231, MCF-7, and 4T1 breast cancer cell
lines were procured from the National Centre for Cell Science,
Pune, India, with their respective STR profiles and cell-line authen-
tication certificates. After resuscitation, none of the cell lines were
passaged for more than six months. According to earlier descrip-
tions, cells were consistently maintained in complete RPMI and
DMEM media in a humidified incubator at 37°C with 5%
C0,.>>"* Cell confluence was allowed before usage.

Sphere culture
Cells were seeded at 2.5 x 10 cells per well in six well ultra-low
adherence plates (Corning) for sphere culture in Dulbecco’s
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modified Eagle’s medium/F12 medium supplemented with basic
fibroblast growth factor (20 ng/mL), bovine insulin (5 pg/mL)
(Sigma-Aldrich), B27 supplement (BD Biosciences), 0.4% bovine
serum albumin (BSA), and recombinant epidermal growth factor
(20 ng/mL) as mentioned previously.”””* Weekly trypsinization
and dissociation of primary 1% spheres (% CSC) were followed by
reseeding in SFM at 2.5 x 10* cells per well in ultra-low-adherence
six-well plates for secondary 2% sphere (% CSC) formation.

Sorting of pure CSCs and NSCCs

Breast cancer 2° spheres were disaggregated into single-cell suspen-
sion by pipetting and passing through 30-um nylon mesh; 1 x 10’
cells were mixed with CD24-Biotin followed by anti-Biotin microbe-
ads (Mitenyi Biotec). The cell suspension was loaded onto the mag-
netic column. The CD24" cells were retained on the column while
CD24  fraction passed through the column in the flowthrough.
These two fractions of CD24~ and CD24" cells were next mixed
with CD44 microbeads (Mitenyi Biotec) and again loaded onto the
magnetic column and collection of different cell fractions finally
led to the isolation of CD44"/CD24™ as CSC subpopulation and
CD44 /CD24", CD44 /CD24", and CD44'/CD24" as NSCC
subpopulation.

cDNA synthesis, semiquantitative, and quantitative real-time
PCR

TRIzol reagent (Ambion) was used to extract total RNA from cells and
1 pg of that was reverse transcribed using cDNA Synthesis kit (Takara
Bio) before being subjected to semiquantitative PCR with Taq (Takara
Bio) using GeneAmp-PCR System 2720 (Applied Biosystems) or real-
time PCR with SYBR Green Master mix (Takara Bio/Roche) in Roche
Light Cycler 96 system. U6-RT Stem and hsa-miR-5688 Stem oligonu-
cleotides listed in Table S1 were utilized to synthesize miRNA cDNAs.
Primers described in Table S1 were used to amplify the cDNAs. Semi-
quantitative PCR products were analyzed by 2% agarose gel electro-
phoresis. Fold change was computed for real-time PCR using the
AACt technique with 27443

Western blot

For preparation of whole cell lysates, CSCs and NSCCs were homog-
enized in lysis buffer (20 mM HEPES [pH7.5], 1.5 mM MgCl2,
10 mM KCI, 1 mM dithiothreitol, and 1 mM Na-EDTA). Protease
inhibitor combinations were added to all buffers (Thermo Fisher Sci-
entific). The Lowry technique was used to calculate protein concen-
trations. Lysates containing 60-100 pg of protein were combined
with an equivalent amount of 2X SDS-PAGE sample buffer, heated
for 2 min at 100°C, and loaded onto a 10% SDS-PAGE gel (depend-
ing on the molecular weight of the protein of interest). Each well
received an equal quantity of protein. Before antibody treatments,
the proteins were transferred to a poly-vinylidene difluoride mem-
brane (Merck Millipore), which was subsequently blocked with 5%
(w/v) non-fat dried milk in tris-buffered saline with 0.05% (v/v)
Tween 20. The membranes were probed with appropriate primary
antibodies, followed by HRP-tagged secondary antibodies, and
visualized by chemiluminescence. The antibodies used are FOXC1

(Novus Biologicals, Thermo Fisher Scientific), SOX2 and OCT4
(Cell Signaling Technology). Equivalent protein loading was verified
using B-Actin (Cell Signaling Technology).”® Densitometric scan-
ning was performed using Image Lab software, Bio-Rad.

Chromatin immunoprecipitation

Millipore’s standard procedure was used for the ChIP assays. PCR
was used for the detection of OCT4 binding site on FOXC1 pro-
moter. ChIP assays were also performed for identification of
FOXC1 binding site on OCT4, SOX2, NANOG, and ABCG2 pro-
moters. List of ChIP primers have been shown in Table S1. The
DNA extracted was employed in semiquantitative or real-time
PCR experiments. Semiquantitative PCR products were analyzed
by 2% (w/v) agarose gel electrophoresis. Fold change was computed
for real-time PCR using the AACt technique with 244>

Lentiviral-mediated FOXC1-shRNA transduction

Transient transfection of HEK cells was used to package lentiviruses.
HEK cells were seeded in a T75 flask one day before transfection at
1 x 10° cells/em® in DMEM (high glucose) supplemented with
40 mg/mL gentamicin, 10% FCS, and 1 mM pyruvate. Cells were
co-transfected with 7.5-pg gag/pol packaging plasmid psPAX2,
7.5-pg  FOXC1-shRNA (abm goods) lentiviral vector/control-
scramble (addgene), and 4-pg envelope plasmid pMD2.G utilizing
the Profection mammalian transfection system (Promega) via the
calcium phosphate precipitation method. A 10-mL DMEM without
antibiotics was used for performing transfections and cultured for
16 h. Thereafter every 24 and 48 h, the media was changed with
completely supplemented DMEM and supernatant was collected.
Cell debris was eliminated using centrifugation at 4 °C at
1500 rpm for 5 min and later passing through 0.45-pm pore PES fil-
ter; 20 mL of supernatant combined with polyethylene-glycol (PEG-
8000) in 1X PBS was used to achieve a final concentration of 12% and
centrifuged for 20 min at 4000 rpm at 4°C. Virus pellets were resus-
pended in serum, antibiotic-free DMEM. Aliquots were kept at
—80°C. MDA-MB-468 CSCs and 4T1 2° spheres were transduced
with either scramble lentiviral vector or FOXC1-shRNA lentiviral
vectors at a multiplicity of infection of 1 x 107 transducing units
per ml in the presence of polybrene (8 pg/mL).”

Plasmids and transfections

OCT4-shRNA (addgene), SOX2-shRNA (addgene), FOXC1-shRNA
(abm goods), control-scramble-shRNA (addgene), and hsa-miR-
5688 mimic (Sigma) were transfected using Lipofectamine-2000
(Invitrogen) following manufacturer’s protocol. 2’-O-methyl RNA
oligonucleotide hsa-miR-5688 decoy was synthesized by IDT,”
and Lipofectamine-2000 was also used to transfect cells. These cells
were collected after 34 to 36 h to evaluate knockdown effectiveness
by RT-PCR.***’

Treatment of CSCs

To assess the effect of chemotherapy on cells, mammospheres, and
sorted CSCs, they were treated with chemotherapeutic agent Dox
(MP Biomedicals) (2.5 pM) for 24 h.*>>

Molecular Therapy: Oncology Vol. 33 June 2025 19



Relapse

The 1° spheres of MDA-MB-468 were divided into six sets: (1) con-
trol (scramble-shRNA), (2) Dox-treated, (3) FOXC1-shRNA-trans-
fected, (4) FOXC1-shRNA-transfected + Dox-treated, (5) mimic-
transfected, and (6) mimic-transfected + Dox-treated. Only sets
(2), (4), and (6) were treated with Dox (2.5 pM) (MP Biomedicals)
for 24 h. Next, the medium was discarded and replaced with com-
plete media for 48 h. This was one complete cycle whose total time
period was 72 h which was repeated another two times for a total
of three cycles. After each cycle, samples from each experimental
set were analyzed by flow cytometry for percentage apoptosis
(annexin-V-FITC") of these sets. Additionally, after completion of
the third cycle, samples from all the experimental sets were MACS
sorted to obtain pure CSCs and analyzed for relative expression
(MFI) FOXCI1, stemness factors OCT4, SOX2, and NANOG as
well as drug-resistance marker ABCG2. In addition, after the last cy-
cle, samples from all the experimental sets (1 x 10*) of sorted CSCs
were counted and further seeded in 24-well plate in SFM for sphere
formation assay for 7 days and also in 24 well-plate containing serum
for colony formation for 72 h which were visualized via phase
contrast microscope (Leica) and area of the colonies were measured
using Image] software.

Primary human tissue samples

Human primary breast cancer patient-derived tissue samples were
collected (n = 5) with informed consent from the Department of Sur-
gery, IPGMER and SSKM Hospital, Kolkata, India, in compliance
with the recommendations of the Research Oversight Committee
of IPGMER. All related studies and analysis were performed at
Bose Institute, Kolkata, India, in compliance with the Institutional
Human Ethics Committee (BIHEC/2017-18/5). These tumors were
all primary site cancers. Inclusion criteria for the study were female
patients of 18-65 years of age, diagnosed with breast cancer (BC)
with known ER/PR/HER? status as indicated in Table S2. Unavail-
ability of known ER/PR/HER?2 status of the patients was considered
as exclusion criteria. Tissues were collected and processed by MACS
sorting into pure CSCs and NSCCs. The tissues were mechanically
disaggregated, collagenase digested, as well as filtered through a
30-pm filter before sorting.”” CD44"/CD24~ fraction was the CSC
subpopulation while CD447/CD24~, CD44/CD24", and CD44"/
CD24" fractions were the NSCC subpopulation. These fractions
were further subjected to RNA isolation, cDNA synthesis, and
real-time PCR.

Flow cytometry

Flow cytometric analysis of CD44-APC (human, mouse) and CD24-
PE (human, mouse) antibodies (BD Biosciences) was used to analyze
the expression of breast CSC markers CD44 and CD24. P2-CSC
population (CD44"/CD24~) was gated from the P1 parent popula-
tion, and P3-NSCC population (CD44"/CD24*, CD44~/CD24",
CD447/CD24") was also gated from P1 parent population. Flow cy-
tometry was performed to quantify the percentage of apoptosis using
the FITC-annexin V apoptosis detection kit (BD Biosciences)
following manufacturer’s protocol. The antibodies used for deter-
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mining the relative (MFI’s) are FOXC1-untagged (Novus Biologi-
cals, Thermo Fisher Scientific); ALDH1-Alexa Fluor 488, MDR1-un-
tagged, MRP1-untagged (Santa Cruz); ABCG2-FITC, OCT4-Percp
Cy 5.5, NANOG-PE, SOX2-APC (BD Biosciences); and anti-goat
Alexa Fluor 488, 546; anti-mouse Alexa Fluor 488, 546; and anti-rab-
bit Alexa Fluor 488, 546 (Invitrogen).53

For staining of cell surface markers (CD44, CD24, MDR1, MRP]1,
and ABCG2), samples were washed in 1X PBS and fixed with cytofix
buffer (BD Biosciences), followed by incubation with respective an-
tibodies for 30 min. For staining of intra-cellular transcription fac-
tors, OCT4, SOX2, and NANOG, BD Stemflow Pluripotent Stem
Cell Transcription Factor Analysis Kit (BD Biosciences) was used
as per the manufacturer’s protocol Moreover, for staining intra-
cellular marker FOXCI1 and ALDHI, samples were firstly washed,
fixed, and permeabilized with the cytofix and cytoperm buffer com-
bination (BD Biosciences) and, then, incubated with respective anti-
bodies. For example, intracellular FOXC1 protein was stained with
anti-FOXC1 antibody for 45-60 min, followed by counterstaining
with Alexa Fluor 488 for 30 min. For staining of intracellular
ALDHI, Alexa Fluor 488-tagged anti-ALDHI1 antibody was used.
Data were collected using BD FACSVerse and were analyzed using
BD FACSVerse Suite software (BD Biosciences).”®

Animal experiments

Female BALB/c mice harboring syngeneic breast cancer 4T1 cell
line was utilized to investigate the role of Foxcl in controlling tu-
mor formation in-vivo. Female BALB/c mice weighing 20-25 g
were housed in a temperature-controlled, light-dark cycle environ-
ment. All animal studies were carried out following laboratory an-
imal care norms (NIH publication no. 85-23, revised in 1985) and
Indian laws on “Protection of Animals” under the supervision and
control of Bose Institute’s ethics committee (reg. no. 95/99/
CPCSEA; approval no: IAEC/BI/130/2019). The following experi-
ment was performed using BALB/c mice: Foxcl-shRNA/control-
scramble was stably transfected in murine breast cancer cell line
4T1. The cells bearing Foxcl-shRNA/control-scramble shRNA
were selected using puromycin for several passages to obtain pure
population of Foxcl-shRNA/control-scramble shRNA-bearing
4T1 cells and the same number of control and Foxcl-shRNA 4T1
cells was subjected to sphere formation. Next, BALB/c mice were
divided into two sets: (1) inoculated with control 4T1 2° spheres
(1 x 10° single cells), and (2) inoculated with same number of
Foxcl-shRNA 4T1 2° spheres (1 x 10° single cells). After appear-
ance of tumors (7 days) in the mice, the tumor volumes were deter-
mined every 2 days for 14 days. Next, each of the previous sets were
subdivided into two more sets: (1) control and (2) Dox-treated. One
week after tumor formation, chemotherapy-treatment set were
intraperitoneally injected with 5 mg/kg Dox, every alternate day
for 15 days after which the mice were sacrificed, and tumor images
were taken and tumor volume was measured. Percentage of CD44"/
CD24~ CSCs was estimated in each set of tumors by flow cytome-
try, while expression of Foxcl, Oct4, Sox2, Nanog, and Abcg2 was
measured by RT-PCR.”
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Molecular docking and modeling of protein-DNA complexes

The complete, AlphaFold modeled, 3D structures of OCT4, SOX2,
and FOXCI transcription factors were already available in the
AlphaFold database (AFDB accession IDs in Tables S3 and S4). To
model the protein-DNA interactions, the protein coordinate was first
downloaded from AlphaFold database and then the structure was
processed in PyMOL’ to extract the essential DBDs. The B-form
DNA coordinates of the respective promoter sequences were gener-
ated using W3DNA webserver.*” To generate the complexes, the
modeled promoter sequences were then docked with the DBDs of
the respective transcription factors, as described in Tables S3 and
S4, using HADDOCK (High Ambiguity Driven protein-protein
Docking) webserver®' (version 2.4) that followed a flexible docking
approach. The residues of FOXC1, OCT4, and SOX2 that were
potentially involved in DNA interactions were identified from previ-
ous experimental reports***>*’
site-specific docking (Tables S3 and S4); the remaining residues of
the proteins were automatically defined as passive ones. These
residue definitions were used to generate Ambiguous interaction re-
straints (AIR) during the docking process. The docked protein-DNA
complexes were briefly energy minimized to eliminate the steric
clashes from the model and those optimized structures were then in-
spected and analyzed in PyMOL.

and were used as active residues for

Expression, survival, correlation, and putative FOXC1-miRNA
target analyses

To investigate the relationship between FOXC1 and chemo-
therapy in breast cancer, we first divided the breast cancer
patient data from publicly available datasets (GSE69031 and
GSE28844) into two cohorts, chemo-naive (untreated) (n = 31
for GSE69031 and n = 31 for GSE28844) and chemotherapy-
treated patients (n = 26 for GSE69031 and n = 29 for
GSE28844), and examined FOXC1 mRNA expression in both.”
Furthermore, we have used the endpoint data from GSE69031
and GSE28844 datasets to predict RFS and event-free survival,
respectively of the chemo-treated breast cancer patients using
R2: Genomics Analysis and Visualization Platform database.
Next, we correlated the FOXCI mRNA level with disease prog-
nosis in breast cancer patients by analyzing Kaplan-Meier (Km)
plots using the publicly available Km plotter database.*’ For the
same, we divided the patients into two groups, i.e., (1) chemo-
naive (untreated), and (2) NACT, and analyzed their OS and
RFS relative to FOXC1 mRNA expression (Reporter ID -
213260_at). Additionally, we evaluated FOXCI1 correlation with
stemness factors OCT4, SOX2, NANOG, and drug-resistance
markers ABCG2, MRP1, MDRI from the publicly available R2
database microarray dataset GSE25066 (n = 508) using FOXCI
(Reporter ID: 213260_at), OCT4 (Reporter ID: 208286_x_at),
SOX2 (Reporter ID: 214178_s_at), NANOG (Reporter ID:
220184_at), ABCG2 (Reporter ID: 209735_at), MRPI (Reporter
ID: 202805_s_at), and MDRI (Reporter ID: 209994_s_at)."’
Moreover, association between FOXC1 (Reporter ID: 213260_at)
and OCT4 (Reporter ID: 214532_x_at) among chemo-naive and
chemo-treated breast cancer patients were evaluated using

GSE69031 dataset from R2: Genomics Analysis and Visualization
Platform database. Km plot of OS of triple negative breast cancer
patients with hsa-miR-5688 expression was also analyzed.*’
Finally, miRNAs with putative FOXC1 binding sites were identi-
fied using Mir-Carta and DIANA tools databases with micro-T
CDS score cut-off >0.95 have been listed in Table S5 with miR-
NAs that have not been explored much shown in red.*”**

Promoter analysis

The —2000 bp to +100 bp spanning promoter sequences of human
FOXC1, OCT4, SOX2, NANOG, and ABCG2 genes were obtained
from the EPD*"**, The OCT4 binding site on FOXC1 promoter
and SOX2 binding site on FOXC1 promoter as well as FOXC1 bind-
ing sites on OCT4, SOX2, NANOG, and ABCG2 promoters were
identified using JASPAR transcription factor binding profile
database.”’

Statistical analysis

Unless otherwise specified, values are presented as mean and stan-
dard error. GraphPad Prism version 8.00 was used to create all quan-
titative figures, with the alpha level set at 0.05 for all experiments.
Each of the experiments was independently performed at least three
times, data were analyzed, and statistical significance (p < 0.05) of
mean value differences was evaluated using appropriate statistical
tests. Unpaired Student’s t test was done for statistical analysis.
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