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ABSTRACT

FSTL1 is a protein coding gene associated with cell signaling pathway regulation and the progression of
a variety of disorders. In this study, we hypothesized that FSTL1 increases oncogenesis in breast cancer
by enhancing stemness and chemoresistance. RT-PCR and IHC revealed significantly higher FSTL1 mRNA
and protein levels in TNBC than in non-TNBC specimens and in breast cancer cell lines. We then found
that FSTL1 levels were significantly increased in chemoresistant cells. LIVE/DEAD, MTT cell viability and
colony formation assays did in fact demonstrate that FSTL1 is required for CDDP and DOX chemoresis-
tance in breast cancer cell lines. FSTL1 overexpression caused significant elevation of stem cell biomar-
kers, as well as breast cancer cell proliferation. To determine whether the Wnt/B-catenin signaling
pathway is involved in the observed effects of FSTL1, we assessed levels of pathway target. TOP/FOP
flash, colony formation, and tumor sphere formation assays indicated that FSTL1 activates Wnt/p-catenin
signaling through integrin 3. We then sought to identify a microRNA (miRNA) that regulates FSTL1
activity. Luciferase assays demonstrated that miR-137 reduces FSTLT mRNA and protein levels.
Ultimately, our findings indicate that there is an miR-137/FSTL1/integrin B3/Wnt/B-catenin signaling
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axis in breast cancer cells that regulates stemness and chemoresistance.

Background

Breast cancer is the most prevalent cancer in women and the
leading cause of cancer death in women worldwide." Since the
1990s, however, breast cancer death rates have been stable or
declining in more developed nations due to earlier detection
with mammography screening and improved treatment.”
There are a variety of breast cancer types that express
tumor-associated antigens and hormone receptors. The devel-
opment of targeted therapies and hormone therapy in parti-
cular account for major recent treatment advances.’ However,
triple negative breast cancer (TNBC), which constitutes
around 15% to 25% of patients, is a cluster of heterogeneous
diseases that do not express the estrogen receptor, progester-
one receptor, or human epidermal growth factor receptor 2
(HER2/neu).* While there have been remarkable improve-
ments in the treatment of a variety of breast cancers, success-
fully treating TNBC remains a challenge due to its aggressive
nature, limited treatments options, and therapeutic
resistance.” There are currently no effective targeted antibody
or hormone therapies for TNBC.® The current standard of
treatment for TNBC is surgery, radiotherapy, and chemother-
apy. Because of the non-personalized nature of these thera-
peutic approaches, the greatest barrier to successful treatment
is treatment resistance.” In the present study, we have
explored the role of Follistatin like 1 (FSTL1), a protein that

has been shown to regulate breast cancer cell proliferation,®’
in promoting the stemness and chemoresistance underlying
the aggressive characteristics of TNBC.

Personalized breast cancer treatments are currently
based on factors such as gene expression signatures, spread
of disease, and recurrence.'’'? Patients with early stage
breast cancer usually receive primary surgery at the initiat-
ing tumor site and at regional lymph nodes, with or with-
out breast irradiation."> They then may receive neoadjuvant
systemic therapy (AST) based on individual tumor
characteristics.'"* Even though AST and targeted immune
and hormone therapies have substantially improved treat-
ment outcomes, there is a high risk of recurrence for
patients diagnosed even in early stages."” For TNBC,
which is poorly differentiated and more prone to metastasis
than other cancer types, platinum salts such as cisplatin
(CDDP) are wused in combination with systemic
chemotherapeutics.'® Doxorubicin (DOX), an anthracycline
antibiotic, is also used to treat metastatic and aggressive
subtypes of breast cancer, either alone or combined with
taxanes such as docetaxel.'”'® Because developing resis-
tance to CDDP or DOX represents a serious threat to
aggressive forms of breast cancer, especially TNBC, in this
study we sought to identify a major gene and signaling
pathway responsible for chemoresistance.
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FSTL1 is a secreted follistatin-module-containing glyco-
protein that was first identified as a TGF-p1-inducible gene
and member of the Follistatin-SPARC family.*® Its interac-
tions with cell signaling pathways are not limited to TGF,
however, as a number of studies have since shown that
FSTL1 engages in auto-regulatory feedback loops with sev-
eral other factors, including bone morphogenic proteins
(BMPs), matrix metalloproteinase-2 (MMP-2), and IL1f.*'
FSTL1 also affects cell proliferation,” apoptosis,” and
migration.”* However, it is not always clear whether
FSTLI positively or negatively regulates these cell processes,
and the physiological or disease context matters greatly in
determining the effects of FSTL1 activity.”' In 2017, Yang
Yang et al. found that FSTL1 moderately impacts breast
cancer cell and vascular endothelial cell proliferation.”
Also in 2017, Jiagiang An et al. determined that FSTL1
inhibits cell proliferation of breast cancer cell line MDA-
MB-231.° These two studies offer potentially conflicting
results that do not resolve the question of FSTLI’s effects
on breast cancer aggressiveness. In the present study, we
explored the role of FSTL1 in human breast cancer speci-
mens and cell lines, ultimately finding an miR-137/FSTL1/
integrin 3/Wnt/B-catenin signaling axis in breast cancer
cells that regulates stemness and chemoresistance.

Materials and methods
Breast cancer samples

A total of 87 breast cancer patients, 51 with TNBC (triple
negative breast cancer) and 36 with non-TNBC, were enrolled
in this study. All patients attended Harbin Medical University
Cancer Hospital, and diagnoses were histologically confirmed.
Breast cancer tissue specimens were obtained from patients
undergoing primary mastectomies at the institution. The tis-
sues were examined diagnostically by pathologists. The sam-
ples were collected immediately, snap-frozen in liquid
nitrogen, and stored at —80°C for analysis. All protocols
were reviewed and approved by the Ethical Committee of
Harbin Medical University. Informed and written consent
was obtained from all participating patients.

Immunohistochemical staining

One representative section of the tissue was cut at 4 mm and
placed on poly-L-lysine coated slides. The slides were depar-
affinized, dehydrated, immersed in sodium citrate buffer (pH
6.0) or Tris-EDTA buffer (pH 9.0), pretreated in a microwave
oven for 10 min, and rinsed with phosphate-buffered saline
(PBS) for 10 minutes. After blocking with 3% hydrogen per-
oxide for 10 min at room temperature, the slides were incu-
bated at 4°C overnight with primary anti-FSTL1 antibody
(Santa Cruz Biotechnology, Santa Cruz, USA). The slides
were then stained with the 2-step plus Poly-HRP anti-Rabbit
IgG Detection System (ZSGB-Bio, Beijing, China). After
visualization of the reaction with the DAB chromogen, the
slides were counterstained with haematoxylin and covered
with a glycerin gel. For negative controls, the primary anti-
body was substituted with PBS.
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Cell culture, transfection, and treatment

Normal mammary epithelial cell line MCF-10A was main-
tained in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Grand Island, NY, USA) containing 5% horse serum
(Life Technologies, Carlsbad, CA, USA), 20 ng/mL human
epidermal growth factor (hEGF) (R&D  Systems,
Minneapolis, MN, USA), 0.5 mg/mL hydrocortisone (Sigma,
St. Louis, MO, USA), 10 pg/mL insulin, 100 U/mL penicillin,
and 100 U/mL streptomycin. Breast cancer cell lines (HCC38,
MDA-MB-231, and MDA-MB-468) were cultured in DMEM
with 10% heat-inactivated fetal bovine serum (FBS) (Gibco),
100 U/mL penicillin, 100 U/mL streptomycin, and 2 mmol/L
L-glutamine. All cells were maintained at 37°C in a humidi-
fied 5% CO, atmosphere cell incubator. For stemness analysis,
breast cancer cells (4 x 10* cells/well) were seeded onto 6-well
ultralow attachment plates (Corning, Corning, NY, USA) in
serum-free DMEM supplying B27 supplement (Invitrogen,
Carlsbad, CA, USA), 20 ng/mL human fibroblast growth
factor-basic (hFGF) (R&D Systems), 20 ng/mL hEGF (R&D
Systems), and heparin (Sigma). The tumor spheres were
counted after 7 days.

FSTL1 ¢cDNA was amplified from MDA-MB-231 mRNA
by polymerase chain reaction (PCR) and cloned into the
pcDNA3.1 vector to generate FSTL1 overexpression plasmids.
Integrin B3 siRNA and control siRNA were purchased from
OriGene (Beijing, China). Wnt/B-catenin signaling reporter
assays were carried out in 24-well plates with 100 ng of TOP
Flash, FOP Flash, and Renilla plasmid transfection. The dual-
luciferase reporter assay system (Promega, Madison, WI,
USA) was used to detect luciferase activity. Lipofectamine
2000 (Invitrogen) was used for plasmid and siRNA transfec-
tion according to the manufacturer’s instructions. Breast can-
cer cells were treated with different doses of cisplatin (CDDP)
or doxorubicin (DOX) (Sigma) after transfection.

Real-time PCR (RT-PCR)

Total RNA was extracted using TRIzol (Invitrogen) according
to the manufacturer’s instructions. RT-PCR assays were
carried out in an ABI Prism 7900HT thermal cycler
(Applied Biosystems, Foster City, CA, USA). RT-PCR
amplification was performed in 20 pL reaction mixture con-
taining 2 pL cDNA sample, 10 pL Quanti-Tect SYBR
Green PCR Master Mix (Qiagen, Valencia, CA, USA), and
specific primer sets. PCR began with a 15-min hot start at
95°C followed by 40 cycles of denaturation at 94°C for 15 s,
annealing at 60°C for 30 s, and extension at 72°C for 1 min.
Dissociation curve analysis (95°C for 15 s, 60°C for 15 s,
and 95°C for 15 s) was performed at the end of the 40 cycles
to verify the PCR product identity. Data were analyzed
using Sequence Detector Systems version 2.0 software
(Applied Biosystems). Finally, relative gene expression
levels were normalized to an internal reference gene
(B-actin).  The  primers used are as follows:
FSTL1 sense: 5'-CCTGTGTGTGGCAGTAATGG-3', anti-
sense: 5'-TCAGGAGGGTTGAAAGATGG-3 CD133
sense: 5- CAGAGTACAACGCCAAACCA-3', antisense:
5-AAATCACGATGAGGGTCAGC-3'; Nanog sense: 5'-
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ACAACTGGCCGAAGAATAGC-3',  antisense:  5-AGT
GTTCCAGGAGTGGTTGC-3; SOX2 sense: 5'-CGGTA
CCCGGGGATCCCCGCATGTACAACATGATGG-3', anti-

sense: 5-CATAATGGCCGTCGACCACATGTGTGAGA
GGGGCA-3'; Integrin 3 sense: 5-GACTTTGGCAAGAT
CACGGG-3', antisense: 5-GCACATCTCCCCCTTGTAGC-
3"y P-catenin sense: 5-GCTGATTTGATGGAGTTGGA-3/,
antisense: 5-TCAGCTACTTGTTCTTGAGTGAA-3"; myc
sense: 5-TTGCAGCTGCTTAGACGCTG-3', antisense: 5'-
CCACATACAGTCCTGGATGA-3'; cyclin DI sense: 5'-GGA
TGCTGGAGGTCTGCGAG-3', antisense: 5-GAGAGGAA
GCGTGTGAGGCG-3"; f-actin sense: 5'-TTGCCGACAGG
ATGCAGAA-3', antisense: 5-GCCGATCCACACGGAGT
ACT-3".

Western blot

Total proteins of cultured cells were extracted using RIPA
buffer at 4°C for 30 min. The cell lysates were centrifuged at
4°C for 10 min at 12,000 g to separate soluble proteins.
Proteins were resolved by 10% SDS-PAGE and transferred
onto a nitrocellulose membrane. The membrane was blocked
with 5% (w/v) non-fat powdered milk in Tris Buffered Saline
(TBS) containing 0.1% Tween for 1 h, washed with TBS/
Tween, incubated overnight at 4°C with antibodies against
FSTL1, CD133, Nanog, SOX2, Integrin B3, p-catenin, myc,
cyclin D1, or B-actin, and then incubated for 2 h with appro-
priate secondary antibodies. The primary antibodies were all
from Santa Cruz Biotechnology. Signals were visualized by
chemiluminescence (Beyotime, Beijing, China).

MTT assay

Breast cancer cells were grown on 96-well plates at an initial
concentration of 5 x 103 cells/mL per well. 20 pL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/ml) were added to the growing med-
ium of each well at days 0, 1, 2, 3, 4, 5, and 6. Cells were then
incubated at 37 °C in the dark. After 4 h, the MTT solution
was removed and replaced with 100 uL of dimethyl sulfoxide
(DMSO). Absorbance values were determined at a wavelength
of 590 nm in a microplate reader.

Cell cycle

Breast cancer cells were seeded at a density of 0.5 x 10° cells
per well in 6-well plates and incubated overnight. The cells
were harvested, washed with PBS and fixed with 70% ethanol
for 1 h on ice. The cells were then resuspended in 0.2 mL of PI
staining solution containing 100 pg/mL RNase A and 50 pg/
mL PI at 37 °C in an incubator for 30 min after washing in
PBS. A flow cytometer (BD Biosciences, Bedford, MA) was
used for cell cycle analysis.LIVE/DEAD Cell Viability Assays

We performed cell viability assays using LIVE/DEAD Cell
Viability kit (ThermoFisher, San José, CA) according to man-
ufacturers’ instruction.

Colony formation assays

Breast cancer cells (500 per well) were plated onto each well of
a 6-well plate and incubated at 37 °C for 2 weeks. The cells
were then fixed with 4% paraformaldehyde and stained with
1% crystal violet. Colony numbers were then counted.

Statistics

All analyses were performed using the statistical software
GraphPad Prism 5.0 (GraphPad Software, Inc.; La Jolla,
CA). For experimental data, one-way analysis of variance
(ANOVA) was performed for serial analysis, while two treat-
ment groups were compared using the unpaired Student’s
t-test. All experiments were performed at least three times.
Data were expressed as mean + standard deviation (SD). P
values of < 0.05 were considered statistically significant in all
analyses.

Results

FSTL1 expression is increased in TNBC specimens, cells,
and drug-resistant TNBC cells

FSTL1 has been reported to play a pivotal role in breast cancer
cell proliferation, angiogenesis, and migration.** To explore
the function of FSTLI in breast cancer chemoresistance, we
analyzed FSTL1 expression in 56 human TNBC and 21
human non-TNBC tissues. IHC showed stronger FSTL1 stain-
ing in TNBC than in non-TNBC specimens (Figure la). RT-
PCR revealed higher FSTLI mRNA expression in TNBC tis-
sues than in non-TNBC tissues (Figure 1b). We further exam-
ined FSTL1 expression in three breast cancer cell lines (MDA-
MB-231, MDA-MB-468, and HCC38). As compared to one
normal mammary epithelial cell line (MCF-10A), both mRNA
and protein levels in breast cancer cells were elevated
(Figure 1c and d). We then generated CDDP or DOX resistant
MDA-MB-231 and MDA-MB-468 cells. FSTL1 mRNA and
protein levels were significantly increased in these chemore-
sistant cells (Figure le and f). Overall, these results suggest
that FSTL1 contributes to TNBC by promoting
chemoresistance.

FSTL1 enhances multiple drug resistance in breast cancer
cells

To test our hypothesis that FSTL1 plays a crucial role in breast
cancer cell chemoresistance, we transfected MDA-MB-231,
MDA-MB-468 and HCC38 cells with FSTLI overexpression
plasmid (Figure 2a). These cells were subjected to LIVE/
DEAD cell viability assays under CDDP (5 u m) and DOX
(100 p m) treatment. As shown in Figure 2b and ¢, more cells
were induced death by CDDP and DOX. We then evaluated
drug resistance by treating the cells with different doses of
CDDP or DOX. MTT cell viability assays demonstrated that
FSTLI overexpression significantly increased cell viability
under CDDP or DOX treatment in both MDA-MB-231,
MDA-MB-468 and HCC38 cells (Figure 2¢ and d). Colony
formation assays showed that FSTLI1 overexpression also sig-
nificantly increased colony formation in these treated cell
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Figure 1. FSTL1 expression is increased in TNBC tissues, TNBC cells, and TNBC cells of multiple drug resistance. (a) Representative immunostaining for FSTL1
expression in TNBC and non-TNBC tissues. (b) Relative FSTLT mRNA expression in TNBC and non-TNBC tissues. p < 0.001. (c, d) Relative FSTLT mRNA (c) and protein
(d) expression in one normal mammary epithelial cell line MCF-10A and four breast cancer cell lines MDA-MB-231, MDA-MB-468, and HCC38. * p < 0.05. (e, f) Relative
FSTL1T mRNA (e) and protein (f) expression in CDDP or DOX resistant MDA-MB-231 and MDA-MB-468 cells analyzed by RT-PCR and western blot, respectively. *

p < 0.05.

lines (Figure 2d and e). We further knocked down FSTL1
expression in MDA-MB-231, MDA-MB-468 and their che-
moresistant MDA-MB-231 and MDA-MB-468 cells
(Supplemental Figure 1la). We treated these breast cancer
cells with CDDP and DOX, and performed LIVE/DEAD
and colony formation assays. The results showed that knock-
down of FSTL1 significantly reduced cell chemoresistance
(Supplemental Figure 1b and e). Taken together, these find-
ings indicate that FSTLI expression is required for breast
cancer cell resistance to CDDP and DOX.

FSTL1 augments breast cancer cell stemness

Because multiple drug resistance is a property of breast cancer
stem cells, we hypothesized that FSTLI expression increases
breast cancer cell stemness. Sphere formation assays showed
that upregulation of FSTLI in MDA-MB-231, MDA-MB-468
and HCC38 cells led to a significant increase in sphere num-
ber (Figure 3a). To confirm that these increases were accom-
panied by increases in stem cell biomarkers, we analyzed
CD133, Nanog, and SOX2 levels by RT-PCR and western
blot. Indeed, FSTLI overexpression significantly elevated
expression levels of all stem cell biomarkers in both MDA-

MB-231, MDA-MB-468 and HCC38 cells (Figure 3b). We
performed cell cycle assays to analyze cell proliferation and
self-renewal. As shown in Figure 3¢, overexpression of FSTL1
significantly decreased cells in G0/G1 and increased cells in M
phase (Figure 3c). Furthermore, MTT assays showed that
upregulation of FSTL1 promotes breast cancer cell prolifera-
tion (Figure 3d). These findings support the hypothesis that
FSTL1 enhances breast cancer cell stemness.

FSTL1 activates Wnt/B-catenin signaling through integrin
B3

In previous studies, we observed that FSTL1 and Wnt/p-
catenin signaling interact in lung development®?® and that
Wnt/B-catenin signaling regulates breast cancer stem cell
development and chemoresistance.”” To determine whether
a connection between FSTL1 and Wnt/B-catenin signaling
exists in breast cancer cells, we first assessed Wnt/B-catenin
signaling target gene expression levels. RT-PCR and western
blot of f-catenin, myc, and cyclin D1 in FSTLI overexpression
MDA-MB-231, MDA-MB-468 and HCC38 cells demon-
strated increased target gene expression as compared to con-
trol cells (Figure 4a and b). TOP-flash Wnt signaling
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Figure 2. FSTL1 enhances multiple drug resistance in breast cancer cells. (a) FSTL1 protein expression in MDA-MB-231, MDA-MB-468 and HCC38 cells transfected with
control vector or FSTLT plasmids by western blot. (b, c) Cell LIVE/DEAD assays in FSTL1 overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells treated with CDDP
(b) or DOX (c), respectively. *p < 0.05. (d, e) Cell viability in FSTLT overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells treated with different doses of CDDP
(d) or DOX (e) indicated, respectively. (f, g) Colony formation in FSTLT overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells treated with different doses of

CDDP (f) or DOX (g) indicated, respectively. *p < 0.05.

luciferase activity assays confirmed that FSTLI promotes
Whnt/B-catenin signaling (Figure 4c). To further probe the
effects of FSTL1 on the Wnt/p-catenin signaling pathway,
we evaluated the functional relationship between FSTLI and
integrin 3. We knocked down integrin B3 in both MDA-MB-
231 and HCC38 cells with or without FSTLI overexpression.
Western blot revealed that downregulation of integrin p3 did
not affect FSTL1 expression (Figure 4d). TOP-flash, colony
formation, and tumor sphere formation assays showed that
overexpression of FSTLI1 partially rescued Wnt signaling
activity and proliferation, which are normally inhibited by
downregulation of integrin B3 (Figure 4e-g). These results
suggest that FSTLI at least partially activates Wnt/B-catenin
signaling through integrin 3.

FSTL1 is targeted by mir-137

miRNAs regulate gene expression by binding their target
mRNA 3’-UTR regions, thereby causing direct changes in
cellular functions. The target prediction algorithm
TargetScan identified miR-137 as a potential regulator of
FSTL1 (Figure 5a). Substantiating this prediction, past

research has determined that miR-137 regulates breast cancer
cell chemoresistance.”® To assess whether FSTLI is targeted by
miR-137, we generated wild-type and mutant luciferase report
plasmids containing the FSTLI 3'-UTR (Figure 5b). Luciferase
activity was notably reduced after the cells were transfected
with the wild-type plasmid, suggesting that miR-137 targets
the FSTL1 3'-UTR (Figure 5c). To further demonstrate the
effects of miR-137 on FSTLI expression, we first increased
miR-137 levels in MDA-MB-231, MDA-MB-468 and HCC38
(Figure 5d). qRT-PCR and western blot assays then showed
that miR-137 did indeed significantly decrease FSTL1 expres-
sion (Figure 5e and f). Overall, these results indicate that miR-
137 targets FSTLI1 and reduces its mRNA and protein levels.

FSTL1 is required for mir-137-regulated wnt/B-catenin
signaling

To investigate whether miR-137 regulates Wnt/B-catenin sig-
naling in breast cancer cell through FSTLI1, we examined
expression levels of downstream genes, including B-catenin,
myc, and cyclin D1, after FSTLI overexpression in miR-137
transfected breast cancer cells (Figure 6a). Western blot assays
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Figure 3. FSTL1 augments breast cancer cell stemness traits. (a) Tumor sphere formation assays in FSTL1 overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells.
Sphere numbers were quantified. *p < 0.05. (b) Protein expression of stem cell markers (CD133, Nanog, and SOX2) in FSTLT overexpression MDA-MB-231, MDA-MB-
468 and HCC38 cells. *p < 0.05. (c) Cell cycle analysis in FSTLT overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells. *p < 0.05. (d) MTT assays were performed
to analyze cell proliferation in FSTLT overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells.

showed that FSTLI overexpression rescued miR-137-induced
decreases of Wnt/p-catenin signaling target gene expression
(Figure 6b). Luciferase activity assays further demonstrated
that FSTL1 prevents miR-137 inhibition of Wnt/p-catenin
signaling (Figure 6¢). The totality of these findings reveals
the function of the miR-137/FSTL1/integrin p3/Wnt/p-cate-
nin signaling axis in breast cancer cells.

Discussion

In this study, we have revealed a critical role for FSTLI in
breast cancer cell stemness and chemoresistance. We have
also identified miR-137 as a regulator of the FSTLI1/integrin
B3/Wnt/B-catenin signaling axis. Using human TNBC speci-
mens, cells, and drug-resistant TNBC cells, we began by
demonstrating with RT-PCR, western blotting, and IHC that
FSTLL1 is overexpressed in TNBC specimens as compared to
non-TNBC specimens and in breast cancer cell lines as com-
pared to normal mammary epithelial cells. After then finding
that FSTLI is required for significant multiple drug resistance
and breast cancer cell stemness traits, we used CDDP- and

DOX-resistant breast cancer cell lines, TOP/FOP flash assays,
tumor sphere formation assays, and western blotting to
demonstrate that FSTL1 promotes oncogenic phenotypes
through integrin (3-mediated Wnt/B-catenin signaling.
Finally, we found that miR-137 regulates Wnt/p-catenin sig-
naling in breast cancer cell through FSTLI.

Integrin B3 is a member of the integrin family of cell
surface receptors. Like other integrins, it regulates molecular
interactions across cell membranes, primarily between the cell
cytoskeleton and extracellular matrix.>’ These functions are
critical for cell adhesion, mobility, and proliferation, among
other cell processes crucial to oncogenesis.’’ Integrin (3
recently became of interest for its role in regulating vascula-
ture in the context of a variety of cancers, including breast,
cervical, and pancreatic.’® It has also been shown to promote
breast cancer cell invasion, migration, growth factor release,
and the epithelial-mesenchymal transition (EMT).>*** The
present study builds on prior work into the complex relation-
ship between integrin B3 and breast cancer oncogenesis by
establishing that FSTLI activates the Wnt/B-catenin signaling
pathway through integrin (3. This finding is highly
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Figure 4. FSTL1 activates Wnt/B-catenin signaling through integrin 3. (a, b) mRNA (a) and protein (b) expression of Wnt/B-catenin signaling target genes (B-catenin,
myc, and cyclin D1) in FSTLT overexpression MDA-MB-231, MDA-MB-468 and HCC38 cells. *p < 0.05. (c) TOP/FOP ratios in FSTL1 overexpression MDA-MB-231, MDA-
MB-468 cells and HCC38. *p < 0.05. (d) Western blots of integrin B3 and FSTL1 expression in integrin 3 knockdown MDA-MB-231 and HCC38 cells with or without
FSTL1 overexpression. (e) TOP/FOP ratios in integrin 3 knockdown MDA-MB-231 and HCC38 cells with or without FSTL1 overexpression. *p < 0.05. (f) Relative colony
formation in integrin B3 knockdown MDA-MB-231 and HCC38 cells with or without FSTLT overexpression. *p < 0.05. (g) Number of tumor spheres in integrin 83
knockdown MDA-MB-231 and HCC38 cells with or without FSTLT overexpression. *p < 0.05.

compelling because it opens the possibility for targeting
FSTL1 or integrin B3 in a coordinated manner to suppress
breast cancer cell oncogenesis.

The Wnt family is comprised of secreted glycoproteins that
act as signaling molecules to control numerous cell develop-
mental processes, including cell proliferation, migration, dif-
ferentiation, and polarity.”> The Wnt/B-catenin signaling
pathway acts through cell surface receptors like integrin 3

to effect intracellular transduction. When dysregulated, Wnt/
B-catenin signaling can cause developmental defects and
oncogenesis.’® In our previous studies, we demonstrated that
FSTL1 and Wnt/p-catenin signaling interact in lung
development®?® and that Wnt/B-catenin signaling regulates
breast cancer stem cell development and chemoresistance.>”
In this study, we tested our hypothesis that FSTL1 promotes
breast cancer cell stemness and chemoresistance by
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Figure 6. FSTL1 is required for miR-137-regulated Wnt/B-catenin signaling. (a) Western blot of FSTL1 expression in miR-137 transfected MDA-MB-231 and HCC38 cells
with or without FSTLT overexpression. (b) Western blot assays of Wnt/B-catenin signaling target gene expression in miR-137 transfected MDA-MB-231 and HCC38
cells with or without FSTLT overexpression. *p < 0.05. (c) TOP/FOP ratios in miR-137 transfected MDA-MB-231 and HCC38 cells with or without FSTLT overexpression.

*p < 0.05.

promoting Wnt/{-catenin signaling. Not only did we find that
this hypothesis was correct, but we also determined that miR-
137 inhibits this FSTL1/integrin p3/Wnt/p-catenin signaling
axis.

miRNAs are a class of small (approximately 20-24 nucleo-
tides) noncoding RNAs that post-transcriptionally regulate
mRNA activity.”” binding the 3'UTRs of target mRNAs, they

cause translational repression or message cleavage, thereby
acting as the endogenous equivalents of short interfering
RNAs (siRNAs).*® While miRNAs were initially recognized
for their evolutionarily conserved roles in development and
other crucial cell processes like stress responses,” increasing
evidence suggests their involvement in pathological processes,
including oncogenesis®® and drug resistance.*’ miRNAs,
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especially when dysregulated, have been implicated in the
etiology of a variety of cancers, including breast cancer.*”
They can even serve as diagnostic, prognostic, and treatment
biomarkers.*> In the present study, we have determined for
the first time that miR-137 negatively regulates FSTL1 activity,
thereby suppressing the Wnt/B-catenin signaling pathway,
breast cancer «cell stemness, and multiple drug
chemoresistance.

Prior to this study, miR-137 has been shown to play a
role in a variety of cancers, largely as a negative regulator of
oncogenesis. In 2012, Yuanyin Zhao et al. found that miR-
137 reduces the breast cancer nuclear receptor estrogen-
related receptor a (ERRa) and negatively regulates breast
cancer cell proliferation and migration.** Apart from its
purported role in breast cancer, miR-137 induces differen-
tiation of human glioblastoma-multiform derived stem cells
and cell cycle arrest,*” targets Rho GTPase family member
Cdc42 to inhibit colorectal cancer cell proliferation, inva-
sion, and cell cycle progression,*® and suppresses lung can-
cer cell proliferation by targeting Cdc42 and Cdk6.*” In this
study, we used the mRNA target prediction algorithm
TargetScan to determine that miR-137 binds the 3'UTR of
FSTL1. We then used luciferase assays with plasmids con-
taining either the wild-type or mutated 3'UTR of FSTLI to
confirm that miR-137 reduces FSTL] mRNA and protein
levels. Our discovery of the miR-137/FSTL1/integrin B3/
Wnt/B-catenin signaling axis in breast cancer cells has the
potential to advance individualized therapies for aggressive
breast cancers that currently lack targeted treatment
regimens.
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