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Abstract. In the past decades, altered Follistatin-like 1 (FSTL1)
expression has been documented in a variety of cancers,
while its functional roles are poorly understood. Particularly
in breast cancer, the expression of FSTL1 and its signaling
pathway remain to be determined. In the present study,
an elevated FSTL1 expression and a supressed cell prolif-
eration were detected in a specific brain metastatic cell line
MDA-MB-231-BR (231-BR), compared with its parental cell
line MDA-MB-231. However, this protein was hardly detected
in the other three breast cancer cell lines. Next, lentiviral
vectors encoding FSTL1 or FSTL1 specific shRNAs were
used to overexpress or knock down FSTL1 in MDA-MB-231
or 231-BR, respectively (MDA-MB-231F5T or 231-BR*" FSTL),
Results showed that overexpression of FSTLI1 inhibited
MDA-MB-231 cell proliferation, while knockdown of FSTL1
in 231-BR cells promotes cell proliferation, compared with
their corresponding control groups. These results were further
confirmed in nude mouse xenografts. The tumor volume in
231-BR cell-bearing mice was significantly smaller than that
of MDA-MB-231 group, and reduction of tumor volume was
detected in MDA-MB-231F™! cell-bearing mice compared
with the control group. Previous studies revealed that TGF-f3-
Smad2/3 signaling pathway was activated in 231-BR and
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MDA-MB-2317T cells, which may contribute to the inhib-
ited cell proliferation. In addition, Smad3 knockdown could
restore the inhibition of cell proliferation induced by FSTLI1
overexpression in MDA-MB-231%T cells, indicating that
the anti-proliferative effect of FSTL1 overexpression may be
associated with Smad3 involved TGF-f signaling pathway
regulation. This study identified FSTLI as an inhibitor of cell
proliferation in MDA-MB-231 and 231-BR cell lines, which
may provide new insights into the development and manage-
ment of breast cancer.

Introduction

Breast cancer is the most prevalent cancer and the second most
frequent cause of death in women (1). Approximately 10-30%
of patients with breast cancer are diagnosed with brain metas-
tasis, which represents a particularly devastating consequence
of breast cancer due to its high mortality (1-3). Although
systemic therapy for breast cancer patients has been improved
and overall survival has been prolonged, the incidence of brain
metastasis is increasing. No effective treatment for breast
cancer brain metastasis (BCBM) is available at present, and
the overall survival is on the order of months (mean 17 and
median 15 months) (4). Therefore, there is an urgent need to
better understand the molecular basis of BCBM and explore
new therapeutic agents (3,5-8).

BCBM is a complex process that involves a series of
well-defined steps. To better understand BCBM, ‘brain-seeking’
clonal sublines have been generated (4,9,10). Among them,
MDA-MB-231-BR (231-BR), the brain-seeking clones of
MDA-MB-231, was derived by multiple selection rounds
of brain metastatic lesions after intracardiac injection of
MDA-MB-231 cells (9). Different from its parental cell line
MDA-MB-231 which is highly metastatic but has no organ
specificity, 231-BR metastasizes to the brain with 100%
accuracy, making it a widely used preclinical model for brain
metastatic breast cancer (11-16). On account of their synge-
neic nature, proteome of the brain-seeking cell line has been
compared with its parental cell lines, with the purpose of
finding differentially expressed proteins that may play roles in
the establishment or progression of BCBM (11). A few genes or
proteins have been discovered, while the possibility that they
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can be served as potential biomarkers or targets for BCBM has
not been confirmed yet (4,11,17). Among them is the multi-
functional cytokine transforming growth factor-pf1 (TGF-p1),
which has been extensively studied due to its various effects on
carcinoma cell populations (18).

Initially known as TGF-f1 stimulated clone 36 (TSC-36),
Follistatin-like 1 (FSTL1) was first isolated from a mouse
osteoblast cell line as a TGF-f1-inducible gene (19). FSTL1
was reported as a regulator in embryonic organogenesis (20),
a pro-inflammatory protein in rheumatoid arthritis (21), and
a cardioprotective factor against ischemic injury (22). In
the past decades, accumulating evidence has been obtained,
suggesting a role of FSTLI in cancer (23-28), while its func-
tions are still poorly understood. Also, the signaling pathways
involved in the expression of FSTLI remain to be determined.
Various, sometimes contradictory effects of FSTL1 have been
demonstrated on cancer cell growth and survival (23-28).
To date, the expression and the function of FSTLI1 in breast
cancer or BCBM has not been investigated. Only one study
mentioned that the number of ALCAM" cells was correlated
with the amount of tumor bone metastasis in a murine model,
and ALCAM" cells correlatively increased in FSTL1* tumor
tissues of patients with advanced breast cancer, which might
suggest a possible role of FSTL1 in breast cancer, while further
validation is required and signaling pathways involved need to
be determined (24).

To determine the expression of FSTLI in breast cancer,
we detected its expression in four breast cancer cell lines, as
well as a brain metastatic breast cancer cell line 231-BR. A
higher level of FSTL1 was detected in 231-BR, meanwhile this
protein was hardly detected in the other four breast cancer cell
lines including the 231-BR's parental cell line (MDA-MB-231).
These observations motivated us to investigate the possible
role of FSTL1 in breast cancer progression.

In the present study, the expression of FSTL1 was deter-
mined in breast cancer cell lines. We reported for the first
time that the increased expression of FSTLI in 231-BR is
accompanied with a decreased cell proliferation rate in
MDA-MB-231. Our data identified FSTL1 as an inhibitor of
metastatic breast cancer cell proliferation, which may provide
new insights into the development and management of breast
cancer and BCBM.

Materials and methods

Cell culture. The human MDA-MB-231-BR ‘brain-seeking’
breast cancer cell line (231-BR cells) was described previ-
ously (9). The 231-BR cell line transfected with enhanced
green fluorescent protein (EGFP) was kindly provided by Dr
Patricia S. Steeg (National Cancer Institute, Bethesda, MD,
USA) (9). MDA-MB-231, and MCF7 cell lines were kindly
provided by Dr Jun Wan (Hong Kong University of Science
and Technology, Hong Kong, China). ZR-75-1, HCC38 cell
lines were obtained from Dr Haili Qian (Chinese Academy
of Medical Sciences, Beijing, China). MDA-MB-231, 231-BR
and MCF7 cells were cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) (Gibco, Grand Island,
NY, USA) containing 10% fetal bovine serum (Gibco) and
1% penicillin-streptomycin (Gibco). ZR-75-1 and HCC38 cells
were cultured in RPMI-1640 (Gibco) with 10% fetal bovine
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serum (Gibco) and 1% penicillin-streptomycin (Gibco). All
cells were cultured in 5% CO, at 37°C.

Lentiviral construction. To stably overexpress FSTLI in
MDA-MB-231 cells, lentiviral vector (Ubi-MCS-3flag-RFP-
IRES-Puromycin) containing a FSTL1 coding sequence
(NM_007085) was constructed (GeneChem, Shanghai,
China). The empty vector was used as a control. To stably
knock down FSTLI1 in 231-BR cells, lentiviral vector
(U6-MCS-Ubiquitin-Cherry-IRES-puromycin) containing the
short-hairpin RNA (shRNA) specifically targeting FSTL1 or
a negative control sequence was constructed (GeneChem).
The following shRNA sequence targeting FSTL1 was used:
TAAGGAGCAAATCCAAGAT. The following negative
control sequence was used: TTCTCCGAACGTGTCACGT.

MTT. Cells were seeded into 96-well plate with the density
of 2,000 cells per well at 37°C (day 0), allowed to adhere
overnight (day 1) or continue in culture for another 24 h, 48 h,
72 h or 96 h. The cell culture medium was removed, and cells
were incubated with 5 mg/ml 3- (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
St. Louis, MO, USA) for 3 h, and then 100 ul MTT solution
(10% Triton X-100, 0.1 N 37.5% HCI, 90% isopropanol) was
added per well. Absorbance was measured at 570 nm. Data
were normalized to day 1.

Real-time cellular analysis (RTCA). To examine the prolif-
eration of cells, E-plates and RTCA (RTCA-DP; ACEA
Biosciences, USA) instrument was facilitated as described
previously (29). Briefly, cells were seeded at a density of
2,000 cells per well in E-plates (3 wells repeated). Cell index
was recorded every 15 min for 96 h.

Colony forming assay. Colony forming assay was performed
to examine the proliferation ability of cells. Cells were seeded
into 6-well plates at 400 cells per well (3 wells repeated), then
cultured in 5% CO, incubator. After 7 days, the plates were
washed with 0.01 M PBS and stained by 0.1% crystal violet
(Sigma-Aldrich) for 10 min. The plates were washed with
0.01 M PBS 3 times and photographed using a microscope.

Western blotting. Cells were washed with ice-cold 0.01 M
PBS, lysed in the RIPA buffer with protease inhibitor and
protein phosphatase inhibitor for 30 min on ice. Then cells
were scraped and centrifuged with 12,000 rcf for 15 min.
Protein concentration was determined with BCA Protein
assay kit (Thermo Scientific, Rockford, IL, USA). The proteins
were separated by SDS-PAGE and transferred onto PVDF
membrane. The primary antibodies used were Human FSTL1
Antibody (1:200, AF1694; R&D Systems, Minneapolis,
MN, USA), GAPDH (1:3,000, #5174; Cell Signaling
Technology Inc., Beverly, MA, USA), Smad2/3 (D7G7)
XP® Rabbit mAb (1:1,000, #8685; Cell Signaling
Technology Inc.), anti-phospho-Smad2/3 (pThr8) (1:1,000,
SAB4504208; Sigma-Aldrich), anti-Smad1/5/8 antibody
(1:200, sc-6031-R; Santa Cruz Biotechnology, Santa Cruz, CA,
USA); anti-p-Smad1/5/8 (Ser 463/Ser 465) antibody (1:200,
sc-12353; Santa Cruz Biotechnology); anti-Smad3 antibody
(1:1,000,ab28379; Abcam, Cambridge, MA, USA); anti-Smad3
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(phospho S423+S425) antibody [EP823Y] (1:2,000, ab52903;
Abcam); caspase-3 antibody (1:1,000, #9662; Cell Signaling
Technology Inc.); cleaved caspase-3 (Aspl75) (SA1E) (1:1,000,
#9664; Cell Signaling Technology Inc.).

Real time-PCR. Total cellular RNA was extracted using
Tri reagent (Sigma-Aldrich), and cDNA was generated using
SuperRT cDNA kit (CWBio, China) as previously described (30).
Specific primers for human FSTLI1 (forward, 5'-CCAGACC
ACGATGTGGAAAC-3}; reverse, 5'-GGCACAGATCTTGG
ATTTGC-3") and B-actin (forward, 5'-ACCTTCTACAAT
GAGCTGCG-3'; reverse, 5'-CCTGGATAGCAACGTACA
TGG-3") were used.

Transfection of siRNAs. Specific siRNAs for silencing Smad3,
the negative control siRNA (si-NC) and transfection kit
were purchased from Ribobio (stQ0007005-1; Guangzhou,
China). Cells were seeded in 24-well plate with the density
of 105/well. After 24 h, 465.75 ul cell culture medium,
30 ul 1X ribo FECT™ CP buffer, 1.25 ul siRNA and 3 ul
ribo FECT™ CP reagent were added into each well. Cells
were cultured in 5% CO, at 37°C for 48 h and then the expres-
sion of Smad3 was detected.

Xenograft tumor. Female immune-deficient BALB/C-nude
mice (4 weeks old, 15-25 g body weight) were kept under
controlled temperature and humidity with light-dark cycles
in the animal room. A single cell suspension of 8x107 cells
were subcutaneously inoculated into each mouse. The volume
of tumors was calculated (VT = length x width? x 0.5) every
other day from the tumor observation. The nude mice were
euthanized and the xenograft tumors were harvested 12 days
after implantation.

All animal experimental procedures were approved by
Laboratory animal ethics committee of Capital Medical
University (Beijing, China). The results of all animal
experiments are reported in accordance with the ARRIVE
guidelines.

Immunohistochemistry (IHC) staining. Human tumor
samples from patients with breast cancer or BCBM were
obtained from Cancer Hospital of Huanxing (Beijing,
China). Tissues were harvested, fixed, paraffin-embedded,
sectioned, and photographed. The sections were stained
with hematoxylin. The expression of FSTL1 and Ki67 was
determined using IHC staining. The primary antibody used
was polyclonal goat anti- human FSTLI1 antibody (5 ug/ml,
AF1694; R&D Systems) and rabbit anti-Ki67 antibody (1:250,
ab16667; Abcam).

This study was approved by Cancer Hospital of Huanxing
review board, and informed consent was obtained from all
patients under the protocols prescribed by Cancer Hospital
of Huanxing ethics committee. All procedures performed
involving human participants were in accordance with the
ethical standards of the Institutional and National Research
Committee and with the 1964 Helsinki Declaration and its
later amendments or comparable ethical standards.

Statistical analysis. Distributions of the data was tested for
normality using D'Agostino and Pearson omnibus normality
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test. Statistically significant differences between two groups
were determined by Student's t-test, and data are presented
as the mean = SD. The non-parametric Wilcoxon rank-sum
test was used when the data were not normally distributed,
and data are presented as median + the range. All statistical
analyses were performed in GraphPad Prism 5 (GraphPad
Software, San Diego, CA, USA), and P<0.05 was considered
statistically significant.

Results

Expression of FSTLI in breast cancer cells and characteriza-
tion of FSTLI stable transfectants. The protein and mRNA
levels of FSTL1 in four breast cancer cell lines MDA-MB-231,
MCF7, ZR-75-1 and HCC38, and in the specific brain meta-
static cell line 231-BR were measured (Fig. 1A). FSTL1 was
hardly detected in the four breast cancer cell lines including
MDA-MB-231, while it showed an elevated expression in
the 231-BR (Fig. 1B). To investigate the functional role of
FSTL1 in breast cancer cells, FSTL1 was overexpressed in the
MDA-MB-231 cells using red fluorescence labeled lentivirus,
and knocked down in 231-BR cells using Cherry fluorescence
labeled lentivirus. More than 90% of MDA-MB-231 control
cells (MDA-MB-231°°Y), FSTL1 overexpressed
MDA-MB-231 cells (MDA-MB-231F5Tt) 231-BR control
cells (231-BR*" €°N) and FSTL1 knockdown 231-BR cells
(231-BR*" ST showed expression of RFP or Cherry fluores-
cence, indicating a successful infection (Fig. 1C). The protein
level of FSTLI was obviously upregulated in MDA-MB-231F5TH
cells compared with control (MDA-MB-231°°Y) (Fig. 1D, left
panel), and downregulated in 231-BR*"FSTL! cells compared
with control (231-BR*" ©N) (Fig. 1D, right panel).

MDA-MB-231 cells show a higher proliferation rate than
231-BR cells. To compare the proliferation rates between
MDA-MB-231 and 231-BR cells, MTT assay, RTCA and
colony forming assay were performed. As shown in Fig. 2A,
MDA-MB-231 cells grew faster compared with 231-BR cells
as detected by MTT assay (3.65-fold on day 5, P<0.001).
Similar result was obtained in RTCA, that the cell growth
of MDA-MB-231 was 3.9-fold faster than 231-BR on 96 h
(P<0.001) (Fig. 2B). Furthermore, in colony forming assay,
more colonies were observed in MDA-MB-231 cells compared
with 231-BR (1.66-fold, P<0.01) (Fig. 2C and D).

In addition, apoptosis was investigated by measuring
protein level of cleaved caspase-3 through western blotting.
Results showed that the expression levels of cleaved caspase-3
in MDA-MB-231 and 231-BR cells were comparable, indi-
cating that the inhibited cell growth in 231-BR cells was
caused by suppressed cell proliferation (Fig. 2E).

FSTLI overexpression inhibits cell proliferation of
MDA-MB-231 and MCF7 cells in vitro. In order to
elucidate the effect of FSTL1 overexpression on cell
proliferation of MDA-MB-231 cells, MTT, RTCA and
colony forming assay were carried out for the transfected
MDA-MB-231 cells. After overexpression of FSTLI1, the
growth rate of MDA-MB-2317™! was reduced by 53.21%
(P<0.001) compared with MDA-MB-231°°N as detected by
MTT assay on day 5 (Fig. 3A). Suppressed proliferation of
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Figure 1. Expression of FSTL1 in breast cancer cells and characterization of FSTLI stable transfectants. (A) The protein and mRNA levels of FSTLI in
MDA-MB-231, ZR-75-1, HCC38 and MCF7 cells were measured by western blotting (upper panel) and real-time PCR (lower panel). -actin was used as
internal control in the upper panel. The expression of first four cell lines were compared with that of 231-BR in the lower panel. (B) Relative expression
levels of FSTL1 in MDA-MB-231 cells and 231-BR cells were detected by western blotting. $-actin was used as internal control. Values were expressed as
mean + SD of results from at least three independent experiments. Statistical significant differences are marked (“P<0.01, unpaired two-tailed Student's t-test
and ""P<0.001, unpaired two-tailed Student's t-test). (C) MDA-MB-231 cells were infected with lentiviral vectors encoding FSTL1 (MDA-MB-231F5TL) or
control vectors (MDA-MB-231°Y). The infection was indicated by red fluorescent protein. 231-BR cells were infected with lentiviral vectors encoding FSTL1
specific ShRNAs (231-BR*"FSTH or control vector (231-BR*" €N, (D) The transfection efficiency of the two cell lines are evaluated using western blotting.
FSTLI (50 kDa)-RFP (26 kDa) fusion protein (76 kDa) was detected (upper panel). Three FSTL1 specific SiRNA (shRNA-1, shRNA-2 and shRNA-3) were
constructed, and the one with the highest efficiency (shRNA-2) was chosen for the following experiment (lower panel). GAPDH was used as an internal control.
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Figure 2. MDA-MB-231 shows a higher proliferation rate than 231-BR. (A and B) MDA-MB-231 and 231-BR cell proliferation was measured by MTT assay
and RTCA, respectively. (C) The single colony and colonies of MDA-MB-231 and 231-BR cells were stained with crystal violet. (D) Colony numbers were
counted. (E) The protein level of cleaved caspase-3 was measured by western blotting. GAPDH was used as an internal control. Values in bar graphs represent

mean + SD of results from at least three independent experiments, statistical significant differences are marked (“P<0.01; ““P<0.001, unpaired two-tailed
Student's t-test).

Number of colonies

MDA-MB-2315T! ¢cells was also detected in RTCA (42.29%, number of MDA-MB-2317T! cell colonies was reduced by
P<0.001) (Fig. 3B). In addition, in colony forming assay, the = 51.29% compared with control (P<0.001) (Fig. 3C and D).
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Figure 3. Effects of FSTL1 on cell proliferation. (A and B) MDA-MB-231"5T! and MDA-MB-231°°N cell proliferation were measured by MTT assay and
RTCA. (C) Cell proliferation was measured by colony forming assay, and the colonies were stained with crystal violet. (D) The colony numbers were counted.
(E) To identify the apoptosis of MDA-MB-231'T! and MDA-MB-231€°N cells, the protein level of cleaved caspase-3 was measured by western blotting,
and GAPDH was used as an internal control. (F and G) 231-BR*" ™! and 231-BR* €°N cell proliferation was measured by MTT assay and RTCA. (H) The
colonies of 231-BR*" FSTH and 231-BR*" “ON were stained with crystal violet. (I) The colony numbers were counted. (J) The protein level of cleaved caspase-3
was measured by western blotting to examine apoptosis of 231-BR*' ST and 231-BR** €O cells, and GAPDH was used as an internal control. (K) MCF7 cells
were infected with lentiviral vectors encoding FSTL1 (MCF7"™) or control (MCF7¢°N), and FSTLI was detected by western blotting. (L) The proliferation
of MCF7"™! and MCF7¢°N were measured by MTT assay. (M) The proliferation of MCF7"5™! and MCF7°°N were measured by colony forming assay, and the
colonies were stained with crystal violet. (N) The colony numbers were counted. The data are shown as mean + SD of at least three independent experiments
("P<0.01; ""P<0.001, unpaired two-tailed Student's t-test).

The protein level of cleaved caspase-3 was measured MTT and colony forming assay and similar results were
to detect cell apoptosis, and no significant difference was  observed (Fig. 3L-N).
observed (Fig. 3E). To validate the effect of FSTLI1 on breast
cancer cell proliferation, FSTL1 was also overexpressed in  FSTLI knockdown promotes cell proliferation of 231-BR
MCF7 cells (Fig. 3K). Cell proliferation was evaluated by  cells in vitro. MTT, RTCA and colony forming assay were
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Figure 4. FSTLI regulates the proliferation of MDA-MB-231 and 231-BR cells through TGF-f1-Smad2/3 signaling pathway. (A) The protein level of Smad2/3,
phosphorylated-Smad2/3, Smad1/5/8 and phosphorylated-Smad1/5/8 were measured by western blotting. GAPDH was used as an internal control. (B) The
protein levels of Smad3 and phosphorylated-Smad3 (S423+S425) were measured by western blotting. GAPDH was used as an internal control. (C) The
protein levels of Smad3 in MDA-MB-2315TL! cells treated with different siSmad3 were measured by western blotting. GAPDH was used as internal control.
MDA-MB-231FTH giSmad3 had the highest silence efficiency (MDA-MB-231F5H! siSmad3-1) was chosen for the following experiment. (D) The proliferation
of MDA-MB-2315T cells treated with siSmad3 was measured by MTT assay. (E) The colonies of MDA-MB-2315"siSmad3 and MDA-MB-2315TH siCON
cells were stained with crystal violet and the number of colonies was counted. The data are shown as the mean + SD of results from at least three independent

experiments (“P<0.01; ““P<0.001, unpaired two-tailed Student's t-test).

also carried out for the transfected 231-BR cells to explore the
effect of FSTLI1 knockdown on cell proliferation in 231-BR
cells. As expected, the knockdown of FSTLI1 in 231-BR cells
increased cell proliferation by 1.67-fold on day 5 (P<0.001), as
detected by MTT assay (Fig. 3F). Consistently, RTCA showed
that the growth of 231-BR*"FSTH! was 2.63-fold (P<0.001)
faster than 231-BR*" ©°N (Fig. 3G). In addition, knockdown
of FSTLI1 in 231-BR cells increased colony size and number
in colony forming assay (1.98-fold, P<0.001) (Fig. 3H and I).
Expression level of cleaved caspase-3 was also detected in
these transfected cell lines, and no significant difference was
observed (Fig. 3J).

FSTLI inhibits the proliferation of MDA-MB-231 and 231-BR
cells by regulating TGF-f1 signaling pathway through Smad3.
TGF-f superfamily signaling pathway plays critical roles in
the regulation of cancer cell growth (31). In addition, FSTL1
has been showed to activate TGF-B1-Smad2/3 signaling
pathway in pulmonary fibrogenesis (32) and myocardium (22),
and inhibit BMP-Smad1/5/8 signaling pathway in controlling
mouse lung development (33). These observations motivated
us to question if there is an interaction between FSTL1 and
TGF-p signaling pathways that may contribute to the modifi-
cation of cell proliferation.

As shown in Fig. 4A, lower phosphorylation of Smad2/3
was detected in MDA-MB-231 cells than 231-BR cells. In the
transfected cell lines, the phosphorylation of Smad2/3 was

increased after FSTL1 overexpression in MDA-MB-231F5TH
cells compared with MDA-MB-231°°N (Fig.4A), and decreased
after FSTLI knockdown in 231-BR*"FTH cells compared with
231-BR*" “ON cells (Fig. 4A). The phosphorylated Smad1/5/8
was hardly detected in these cell lines, suggesting an inac-
tivation of BMP-Smad1/5/8 signaling pathway (Fig. 4A).
These observations indicated that FSTLI1 plays a role in the
regulation of TGF-B1-Smad?2/3 signaling pathway, but not
BMP-Smad1/5/8, in MDA-MB-231 and 231-BR cells.
Considering that Smad3 plays a central role in TGF-§
signaling pathway, we performed further studies to test if
FSTLI regulated cell proliferation through the TGF-f pathway
by regulating Smad3. As shown in Fig. 4B, phosphorylation
level of Smad3 was higher in 231-BR cells than MDA-MB-231
cells. After transfection, the phosphorylation of Smad3 was
increased after FSTL1 overexpression (in MDA-MB-231F5TH
cells) and decreased after FSTL1 knockdown (in 231-BRs"FSTL!
cells), compared with their corresponding controls. Next,
Smad3 was knocked down by siRNAs in MDA-MB-231F5TH
cells. Expression levels of Smad3 were measured using
western blotting and the siRNA with highest silence efficiency
(siSmad3-1) was used for the following experiments (Fig. 4C).
As evaluated by MTT assay, knockdown of Smad3 in
MDA-MB-231%™ sjgnificantly enhanced cell proliferation by
2.93-fold (P<0.001) on day 5 compare with control (Fig. 4D).
Colony forming assay was also carried out, showing that
colony number of MDA-MB-23175T cells was 1.37-fold
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Figure 5. FSTL1 overexpression inhibits the proliferation of MDA-MB-231 cells in vivo. (A) MDA-MB-231"T! MDA-MB-231N and 231-BRN cells were
injected into the nude mice (n=5), the tumors were harvested and photographed after 12 days. (B and C) The volume of tumors was measured 7 days after cell
inoculation. The data are presented as the median + the range (n=5) ('P<0.05 using a non-parametric Wilcoxon rank-sum test).
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Figure 6. Immunostaining of human specimens. Expression of FSTL1 and Ki67 was detected in breast cancer specimens and metastatic brain tumor from
primary breast cancer, and representative slides are shown. Scale bar, 100 gm (left) and 50 gm (right).

increased (P<0.01) after Smad3 knockdown (Fig. 4E). These
results revealed that knockdown of Smad3 restored the cell
proliferation, which was inhibited by FSTL1 overexpression in
MDA-MB-231F5TH cells.

FSTLI1 overexpression inhibits the proliferation of
MDA-MB-231 cells in vivo. To investigate the effect of FSTL1
on tumor growth in vivo, MDA-MB-2317T MDA-MB-23]1°°N
and 231-BR°N cells were inoculated subcutaneously into
female nude mice. Tumor volume was measured every other
day from one week after cell injection. Tumors were harvested
and photographed on day 12 (Fig. 5A). Results showed that the
tumor volume in 231-BR®N cell-bearing mice was significantly
smaller than the xenografts formed by MDA-MB-231¢°N
cells (n=5, P<0.05) (Fig. 5B), and reduction in tumor volume
could be detected in MDA-MB-2317™! group compared
with the control group (n=5, P<0.05) (Fig. 5C). These results

indicated that MDA-MB-231 had a higher proliferation rate
than 231-BR cells and FSTL1 overexpression inhibited the
proliferation of MDA-MB-231 in vivo, which was in agreement
with the study in vitro.

One metastatic brain tumor from primary breast cancer of
BCBM patient showed a high-level of FSTLI, while low-level
of this protein was detected in primary breast cancer speci-
mens. We wondered whether the correlation of FSTL1 and
proliferation observed in vitro and in vivo also existed in
human specimens, the FSTL1 expression was detected in
primary breast cancer specimens (n=5) and one metastatic
brain tumor (n=1) from primary breast cancer. As IHC staining
demonstrated (Fig. 6), the resected metastatic brain tumor
from primary breast cancer showed a higher expression level
of FSTLI1; whereas the Ki67 expression was lower than that in
primary breast cancer. On the other hand, the five specimens
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of primary breast cancer all showed a lower expression level
of FSTLI1 and a higher expression of Ki67 (Fig. 6). This result
showed a trend similar to the results in vitro and in vivo.

The collection of brain metastatic tumors from BCBM
patients is difficult because only a small part of BCBM patients
with a single brain metastasis will undergo neurosurgical
resection. In this study, only one metastatic brain tumor from
primary breast cancer was obtained so that this result only
showed a trend which may not be significant. More evidence is
required to confirm this result.

Discussion

Aberrant expression and various functions of FSTL1 have
been observed in tumor cell lines and clinical tumor tissues,
suggesting a role of FSTL1 in cancer. However, the underlying
mechanisms have rarely been studied and remain largely
unknown. In some studies, FSTL1 was identified as a tumor-
suppressive protein. It was found to be downregulated in
metastatic clear-cell renal-cell carcinoma and considered to be
related to metastasis (34). In ovarian and endometrial carcino-
genesis, downregulation of FSTL1 was detected and a tumor
suppressor role was demonstrated (25). In contrast, FSTLI1
overexpression was observed in glioblastoma as a hallmark
of poor prognosis by Reddy et al in 2010 (23). In that study,
analysis of retrospective GBM cases with known survival
data revealed that the coexpression of FSTL1 with p53 was
associated with poor survival. However, the functional role of
FSTLI in astrocytomas was not investigated, and the signaling
pathways involved in the expression of FSTL1 remain to be
determined (23). To date, the functional roles of FSTL1 in
cancer remain controversial and unclear. The role of FSTLI in
breast cancer or BCBM has not been investigated. Our study
is the first report documenting the increased level of FSTLI1 in
231-BR cell line and linking the possible functions of FSTLI1
in breast cancer progression.

The signaling pathways of FSTLI involved in cancer are
poorly defined. The following lines of evidence motivated
us to investigate the correlation between FSTL1 and TGF-3
signaling pathway in breast cancer cells. Firstly, as a TGF-31-
inducible gene, FSTLI encodes a secreted glycoprotein
belonging to a group of matricellular proteins (19). Two recent
studies showed that it activated TGF-f1-Smad2/3 signaling
in pulmonary fibrogenesis (32) and myocardium (22), respec-
tively. Also, in lung development, it can reduce the activity of
TGF-B/BMP signaling (33). These studies indicated a role of
FSTL1 in regulating TGF-f signaling pathways. Secondly, as
a pleiotropic cytokine, TGF-f signaling pathways regulates
diverse cellular processes in cancer, including apoptosis,
cell growth and epithelial-mesenchymal transition (35). A
direct influence on breast cancer pathophysiology by TGF-f1
was documented (18). It inhibits breast cancer cell growth
and promotes apoptosis in early stages, while it is related
to increased tumor progression in late stages. Moreover,
TGF-P1 has already been shown to inhibit the anchorage-
independent growth of MDA-MB-231 and 231-BR (9). Taken
these two points into consideration, we investigated the role
of FSTL1 in the regulation of TGF-f signaling pathways. We
detected Smad2/3-mediated TGF-f31 and Smad1/5/8-mediated
TGF-p/BMP signaling pathway in wild-type and transfected
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MDA-MB-231 and 231-BR cells. We clarified that the TGF-f1-
Smad2/3 signaling pathway was, at least partly, the molecular
mechanism whereby FSTL1 modulates the cell proliferation
rate. To date, it is still not clear if FSTL1 exerts its effects in
autocrine and paracrine manner as a secreted protein in cancer.
In 2010, DIP2A was suggested to be a potential receptor of
FSTLI1 that mediates the protective roles of cardiomyocytes,
while the signaling pathways involved in this process were not
clarified (36,37). In addition, the roles of DIP2A in cancers
have not been investigated yet. Therefore, to detect the expres-
sion of DIP2A in breast cancer cells and patient tissues, and to
find out the signaling pathways involved may also help to study
the effects of FSTL1 on breast cancer cell proliferation. This
will be investigated in a future study.

The metastatic cascade of BCBM involves a series of
well-defined steps including local invasion, intravasation,
survival in the circulation, extravasation, colonization and
proliferation, while the mechanisms underlying this complex
process are largely unknown. To date, majority of the preclinical
studies focuses on early stages of BCBM, to find the possible
risk factors for the development of brain metastases. However,
the present study may provide another view and demonstrate a
likely role of FSTLI in the step of ‘proliferation’, which is the
last step of BCBM cells after they entered the brain. However,
the effects of brain microenvironment and its mechanical prop-
erties on breast cancer cells should also be investigated.

Although FSTLI1 showed an anti-proliferative effect on
breast cancer cells, it is too early to say if it is an antitumor
factor, and there is still a long way to go to clarify the role of
FSTL1 in breast cancer prognosis and to design drug for breast
cancer patient. In the present study, FSTL1 was suggested to
exert its effect through regulating TGF-f signaling, which
could inhibit cell growth in early stages and increased tumor
progression in late stages and has ‘two faces’ in cancer (18).
Also, added to the inhibitory effect of FSTLI on cell prolif-
eration and the overexpression of FSTLI in metastatic 231-BR
cells observed in the present study, FSTL1 may have dynamic
roles in breast cancer. The effects of FSTL1 on cell invasion,
and cell migration, should also be taken into consideration,
which may affect the tumor malignant process. Additionally,
the association of FSTLI1 level with BCBM clinical prognosis
needs to be evaluated. With the rapid development of the
molecular biology techniques, the use of genetic screens that
delineate the tumor-suppressive versus the possible tumor-
promoting roles of FSTL1 may provide a basis for new study
that will enable the targeting of its specific oncogenic sub-
arms. At present, studies focusing on the effect of FSTLI on
invasion and metastasis of breast cancer cells are undergoing
in our laboratory.

As the expression of FSTLI in clinical biopsy specimens
of breast cancer patients has rarely been documented, we
tried to detect the expression of FSTL1 in human tissue.
However, patients with BCBM often bear multiple brain
metastases that are not suitable to undergo surgical resec-
tion. Moreover, the whole brain radiation remains standard in
the management of BCBM. Only for a small part of BCBM
patients with a single brain metastasis, neurosurgical resec-
tion will be carried out followed by WBR (38). It makes the
collection of brain metastatic tumors from BCBM patients
difficult. In this study, only one metastatic brain tumor from
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primary breast cancer was obtained (Fig. 6) from a patient
with a single brain metastasis, and a higher expression level
of FSTL1 was observed (n=1). Meanwhile, the expression of
FSTLI1 was much lower in breast cancer in situ (n=5). More
evidence is required from clinical data, and the specimens
are being collected continually.

In the present study, a high-level expression of FSTL1 was
first detected in the brain metastatic breast cancer cell line
231-BR. An inhibitory effect of FSTLI1 on cell proliferation
was determined in 231-BR and MDA-MB-231 cells in vitro
and in vivo. This anti-proliferative effect was further explored
to be associated with regulation of TGF-f signaling pathway
through Smad3. Our data define FSTLI1 as an inhibitor of
proliferation of breast cancer cells, which may provide new
insight into the mechanism underlying BCBM.
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