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INTRODUCTION

Breast cancer is one of the most frequent malignant diseases 
among women. Its incidence has been steadily increasing in 
China [1]. Triple-negative breast cancer (TNBC) accounts for 

only 10% to 20% patients [2]. However, due to its aggressive 
behavior and resistance to therapy, the survival rate of TNBC 
patients, for whom there is currently no effective treatment, is 
less than 30%. Finding a targeted therapy for these patients is 
therefore urgently needed. Epidermal growth factor receptor 
(EGFR), a receptor tyrosine kinase of the ErbB receptor fami-
ly, is abnormally activated in many epithelial tumors, includ-
ing TNBC. Cancer cells become addicted to EGFR signaling, 
providing a strong rationale for the development of EGFR-
targeting drugs. Studies have shown that 70% to 80% of 
TNBC patients are positive for EGFR, which has been used as 
an indicator for adverse TNBC prognosis [3]. Notably, the 
proliferation of TNBC cells has been found to be inhibited by 
anti-EGFR antibodies [4]. Thus, EGFR and its downstream 
signaling molecules can be used as targets for the treatment of 
TNBC [4].

Follistatin-like protein 1 (FSTL1, also known as TSC-36, or 
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Purpose: Follistatin-like protein 1 (FSTL1) is a secreted glycopro-
tein that has been shown to play a role in various types of cancer. 
However, the clinical significance and function of FSTL1 in breast 
cancer have not been reported. We investigated the role of 
FSTL1 in breast cancer in this study. Methods: Enzyme-linked 
immunosorbent assays, western blot analysis, and reverse tran-
scription polymerase chain reaction were used to monitor the 
expression of FSTL1 in breast cancer tissue and in serum sam-
ples from breast cancer patients. We employed a 4T1 breast 
cancer model and Fstl1+/− mice for in vivo studies. Hematoxylin 
and eosin staining, western blot analysis, and RNA sequencing 
were used to analyze the effect of FSTL1 on primary tumor 
growth and lung metastasis. Results: We demonstrated that the 
expression of FSTL1 is reduced in both the breast cancer tissue 
and the serum of breast cancer patients. We showed that re-
duced levels of FSTL1 in serum correlate with elevated expres-
sion of Ki-67 and epidermal growth factor receptor (EGFR) in 

cancer tissues. Moreover, lowered expression of FSTL1 was as-
sociated with decreased survival in breast cancer patients. Ex-
periments on the Fstl1+/− mouse model established that FSTL1 
deficiency had no effect on primary tumor growth, but increased 
the lung metastases of breast cancer cells, resulting in reduced 
survival of tumor-bearing mice. RNA sequencing found signifi-
cantly reduced expression of Egln3 and increased expression of 
EGFR in Fstl1+/− mice. Thus, our results suggest that FSTL1 may 
affect the expression of EGFR through Egln3, inhibiting the prolif-
eration of breast cancer cells at lung metastatic sites. Conclusion: 
In conclusion, we suggest a suppressor role of FSTL1 in breast 
cancer lung metastasis. Furthermore, FSTL1 may represent a 
potential prognostic biomarker and a candidate therapeutic tar-
get in breast cancer patients.
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FRP) is a secreted glycoprotein [5]. It was initially cloned from 
the mouse osteoblastic cell line MC3T3-E1 and has been 
shown to be upregulated by transforming growth factor β1 
(TGF-β1) [5]. FSTL1 belongs to the matricellular group of 
proteins but does not form part of the extracellular matrix 
structure. Recent reports indicate that FSTL1 is involved in 
embryonic development [6], rheumatoid arthritis [7], and 
cardiovascular disease [8]. FSTL1 has also been shown to reg-
ulate lung development and distal lung epithelial differentia-
tion by antagonizing bone morphogenetic protein 4 signaling 
[6].

FSTL1 also plays an important role in epithelial cancers. 
However, its function in tumorigenesis is controversial. Over-
expression of FSTL1 is associated with poor prognosis in glio-
blastoma patients [9] and promotes the growth and progres-
sion of castration-resistant prostate cancer [10]. A recent 
study found that FSTL1 also functions as an oncogene in 
esophageal squamous cell carcinoma development and me-
tastasis [11]. In contrast, FSTL1 is downregulated in nasopha-
ryngeal carcinoma [12], lung cancer [13], and endometrial 
and ovarian cancers [14]. FSTL1 has been shown to possess 
antiangiogenic activity in pancreatic cancer [15] and predicts 
a poor prognosis in metastatic clear-cell renal cell carcinoma 
[16]. In ovarian cancer and endometrial cancer, FSTL1 pro-
motes apoptosis and inhibits cell proliferation and migration 
[14]. Thus, these studies demonstrate the existence of organ-
specific roles for FSTL1 in cancer. However, the clinical signif-
icance and functional role of FSTL1 in breast cancer remain 
largely unknown.

Egnl3 encodes prolyl hydroxylase domain protein 3 (PHD3) 
and has been identified as a key regulator of hypoxia-induc-
ible factors. A tumor-suppressive effect of Egln3 has been re-
ported in several types of cancer [17]. Recent studies demon-
strated that PHD3 regulates EGFR signaling by promoting 
EGFR endocytosis, inhibiting EGFR signaling and cell prolif-
eration [18,19]. However, the relationship of Egln3 and FSTL1 
has not been reported.

This is the first study to show that the expression of FSTL1 
is downregulated in breast cancer, and that this downregula-
tion is associated with reduced survival of breast cancer pa-
tients. The goal of this study was to establish the role of FSTL1 
in breast cancer growth and lung metastasis. We demonstrat-
ed that FSTL1 deficiency has no effect on primary tumor 
growth but promotes lung metastases. We found that FSTL1 
in the lung microenvironment regulates Egln3 expression 
which, in turn, has been shown to inhibit EGFR signaling and 
tumor growth. To our knowledge, this is the first study to ana-
lyze the role of FSTL1 in breast cancer metastasis in vivo.

METHODS

Patients and samples
Blood samples were collected from breast cancer patients 

who underwent surgery at the Cancer Hospital of Huanxing 
Chaoyang District Beijing. Normal sera were obtained from 
healthy individuals. A total of 94 serum samples from breast 
cancer patients and 21 samples from age-matched healthy 
women were used in this study. The clinical parameters of pa-
tients, including Ki-67, EGFR, estrogen receptor (ER), proges-
terone receptor (PR), human epidermal growth factor recep-
tor 2 (HER2) and p53, were measured. Our research investi-
gated the characteristics of the patients and controls according 
to the Beijing Administration Office. This study was approved 
by the Cancer Hospital of Huanxing Chaoyang District  
Beijing (IRB number: 2017-01). Informed consent was ob-
tained, in writing, from all patients.

Measurement of serum FSTL1 levels by enzyme-linked 
immunosorbent assay

Blood samples were collected at the first admission, before 
patients received any therapy. Blood was collected by veni-
puncture and left untouched for 1 hour to allow coagulation. 
Two hours later, the tubes were centrifuged at 4,000× g for 10 
minutes. The plasma supernatant was aliquoted into 2 mL 
tubes and stored at –20°C until analysis. Serum FSTL1 con-
centrations were determined using enzyme-linked immuno-
sorbent assay (ELISA) kits (Human FSTL1 ELISA Kit; Boster, 
Wuhan, China) as instructed by the manufacturer.

Cell culture
The 4T1 cell line was a kind gift from the Ning’s Lab, Col-

lege of Life Sciences, Nankai University (Tianjin, China). Cells 
were grown in RPMI-1640 (Thermo Fisher Scientific, 
Waltham, USA) containing 10% fetal bovine serum (complete 
medium) and 1% streptomycin/penicillin at 37°C and 5% 
CO2.

Animal models
Fstl1flox/+ mice of a mixed background (129Sv/C57BL6) were 

purchased from Model Animal Research Center of Nanjing 
University. To meet the requirements for breast cancer study, 
we have backcrossed Fstl1flox/+ mice to a Balb/c genetic back-
ground for more than 10 generations. All animal experiments 
were performed in accordance with the Administration Regu-
lations on Laboratory Animals of Beijing Municipality. Nor-
mal female Balb/c mice (6–8 weeks) were purchased from Vi-
tal River Laboratory Animal Technology Company of Beijing 
in China. All animals were allowed free access to food and 
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water and were maintained under pathogen-free conditions.
Breast tumors and metastases were generated in Fstl1+/− 

mice and their wide type (WT) littermates by injection of 106 
4T1 cells into a mammary fat pad. Body weight was moni-
tored for 4 weeks. Tumor volumes were measured with a cali-
per once per week. The mice were euthanized at day 7, 14, 21, 
or 28 to determine the weight and size of the primary tumors. 
Thirty-one days after injection of the tumor cell line the mice 
were euthanized, and their lungs were collected. Metastases 
were visible to the naked eye as nodules. Lung tissues were 
sectioned, and the number of metastases was determined.

Mouse genotyping was performed using genomic DNA 
isolated from mouse tails. The primer set of FSTL1 we used 
was: forward, 5́ -TCCCACCTTCGCCTCTAACT-3́ ; reverse, 
5́ -GAACTCTGCGGCTGCTCTG-3́ . Agarose gel electro-
phoresis showed fragments of either 560 bp or 350 bp, which 
were produced from the WT or the null allele, respectively.

Western blot analysis
The lung and breast tissues were lysed in RIPA buffer  

(Applygen, Beijing, China) containing a phosphatase inhibitor. 
Human FSTL1 antibody (AF1694; R&D Systems, Minneapolis, 
USA), Mouse FSTL1 antibody (AF1738; R&D Systems), and 
antibodies recognizing the following proteins were used: 
Phospho-p44/42 mitogen-activated protein kinase (MAPK) 
(#4370; Cell Signaling Technology, Boston, USA), β-actin 
(#4970; Cell Signaling Technology). Western blot analyses 
were performed following standard protocols as described 
previously [20].

Quantitative real-time reverse transcription polymerase chain 
reaction and transcriptome analysis

Total cellular RNA was extracted from breast cancer tissue 
using Trizol reagent (Thermo Fisher Scientific). Quantitative 
real-time reverse transcription polymerase chain reaction 
(qRT-PCR) analysis was performed as previously described 
[20]. The primer sets we used were as follows: FSTL1, for-
ward, 5́ -GAGCAATGCAAACCTCACAAG-3́ ; reverse, 
5́ -CAGTGTCCATCGTAATCAACCTG-3́ ; β-actin, forward, 
5́ -CATGTACGTTGCTATCCAGGC-3́ ; reverse, 5́ -CTCCT-
TAATGTCACGCACGAT-3́ ; Egln3, forward, 5́ -AGGCAATG-
GTGGCTTGCTATC-3́ ; reverse, 5́ -GCGTCCCAATTCT-
TATTCAGGT-3́ .

For transcriptome analysis of lung metastases, we utilized 
lung tissue from WT and Fstl1+/− mice. Sequencing and bioin-
formatic analysis was conducted by the Beijing Genomics  
Institute (Shenzhen, China). Shortly, purified poly-A-containing 
messenger RNA molecules and the cleaved RNA fragments 
were copied into first strand complementary DNA (cDNA)  

using reverse transcriptase and random primers. This was fol-
lowed by second strand cDNA synthesis using DNA poly-
merase I and RNase H. These cDNA fragments were append-
ed with a single ‘A’ base, which allowed ligation to an adapter. 
The products were then purified and enriched with PCR  
amplification. We then quantified the PCR yield by Qubit  
and pooled the samples to make a single strand DNA circle 
(ssDNA circle), which gave the final library. DNA nanoballs 
(DNBs) were generated from the circular ssDNA by means of 
rolling circle replication, to increase the fluorescent signals 
during the sequencing process. The DNBs were loaded into 
patterned nanoarrays and pair-end reads of 100 bp were  
generated on a BGISEQ-500 (The Beijing Genomics Institute, 
Shenzhen, China) platform for the subsequent data analysis 
study. During this step, the BGISEQ-500 platform combines 
the DNA nanoball-based nanoarrays and stepwise sequencing 
using the Combinational Probe-Anchor Synthesis Sequenc-
ing Method.

Hematoxylin and eosin staining and immunohistochemistry
Human breast cancer samples were obtained from the Can-

cer Hospital of Huanxing Chaoyang District Beijing and were 
fixed in 4% paraformaldehyde (PFA) for 24 to 48 hours. 
Mouse metastatic lung tissue was dissected and fixed in PFA 
for 48 hours, and then stored in 70% alcohol. All samples were 
embedded in paraffin, and 5 μm sections were obtained using 
a Paraffin slicer (RM2235; Leica, Heidelberg, Germany). For 
hematoxylin and eosin (H&E) staining, lung tissue was 
stained with H&E. For immunohistochemistry, sections were 
deparaffinized and rehydrated, then incubated with primary 
antibodies (FSTL1, AF1694 and AF1738; R&D Systems) at 
4°C overnight, followed by a horseradish peroxidase second-
ary antibody (donkey anti-goat IgG H&L, ab97110; Abcam, 
Cambridge, UK) at 37°C for 1 hour. Samples were developed 
using a diaminobenzidine solution (ZsBio, Beijing, China) for 
2 minutes at room temperature. Sections were then dehydrat-
ed and affixed to coverslips.

Statistical analysis
Statistical analysis was performed using Prism 5 (GraphPad 

Software, La Jolla, USA). All results were reported as mean±  
standard error of the mean and were considered statistically 
significant at p< 0.05.

 
RESULTS

Clinical characteristics of breast cancer patients 
In this study, 94 breast cancer patients were included. The 

clinicopathological characteristics of the patients along with 
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their treatments are shown in Table 1. We first measured the 
serum levels of FSTL1 by ELISA and analyzed possible corre-
lation of the levels of FSTL1 with clinical parameters (Table 2). 
We found expression of FSTL1 to be significantly decreased in 
patients with Ki-67≤ 30 compared to patients with Ki-67> 30 
(p = 0.039). In addition, EGFR-positive patients had lower 
levels of FSLT1 than EGFR-negative patients (p= 0.004). In 
contrast, we found no correlation between FSTL1 and ER (p=  
0.388), PR (p = 0.482), HER2 (p = 0.300), p53 (p = 0.300), 
grades 1–2 tumors (p= 0.091) or T status (p= 0.790). In con-

clusion, the correlation of FSTL1 with Ki-67 and EGFR sug-
gest that FSTL1 may represent a potential biomarker in breast 
cancer patients.

Decreased levels of FSTL1 in breast cancer tissue and serum 
of breast cancer patients

As determined by ELISA, the levels of FSTL1 were 4,221±  
1,920 pg/mL (mean± standard deviation) in breast cancer pa-
tients and 5,119± 3,112 pg/mL (mean± standard deviation) 
in tumor-free control individuals (Figure 1A). This represents 
a statistically significant decrease in serum levels of FSTL1 in 
breast cancer patients compared to healthy controls (p =  
0.045). Consistent with this finding, lowered expression of 
FSTL1 was also identified in 11 breast cancer tissues, com-

Table 1. Patient demographic and clinical characteristics (n=94)

Variable No. (%)

Grade
  1 5 (5)
  2 55 (59)
  3 13 (14)
  Unknown 21 (22)
Ki-67 (%)
  ≤14 21 (22)
  >14, ≤30 32 (34)
  >30 27 (29)
  Unknown 14 (15)
ER
  Negative 20 (21)
  Positive 63 (67)
  Unknown 11 (12)
PR
  Negative 19 (20)
  Positive 64 (68)
  Unknown 11 (12)
HER2
  Negative 31 (33)
  Positive 26 (28)
  Unknown 37 (39)
Subtype
  Luminal 65 (69)
  Triple-negative  6 (6)
  HER2-enriched  9 (10)
  Unknown 14 (15)
N stage
  0 31 (33)
  ≥1 33 (35)
  Unknown 30 (32)
EGFR
  Negative 38 (40)
  Positive 26 (28)
  Unknown 30 (32)
p53
  Negative 19 (20)
  Positive 12 (13)
  Unknown 63 (67)

ER=estrogen receptor; PR=progesterone receptor; HER2=human epider-
mal growth factor receptor 2; EGFR=epidermal growth factor receptor.

Table 2. Comparisons of serum marker levels according to various clini-
cal/laboratory parameters

Variable
FSTL1 (pg/mL)

Mean±SE 
p-value

Grade 0.091
  I+II (good+medium) 4,513±273.8
  III (poor) 3,675±433.0
Ki-67 0.039
  ≤30 4,550±242.1
  >30 3,607±415.3
ER 0.388
  Negative 3,920±536.0
  Positive 4,362±231.8
PR 0.482
  Negative 3,973±547.5
  Positive 4,340±232.2
HER2 0.300
  Negative 4,507±475.3
  Positive 3,753±489.6
Classification 0.767
  Luminal 4,226±226.6
  Others 4,057±665.3
Subtype I 0.263
  Triple-positive 3,324±958.6
  Others 4,265±225.4
Subtype II   0.573
  HER2-enriched 4,546±913.0
  Others 4,150±222.3
N status 0.790
  Negative 4,242±360.4
  Positive 4,370±316.0
EGFR 0.004
  Negative 4,772±300.5
  Positive 3,412±330.2
p53 0.300
  Negative 4,507±475.3
  Positive 3,753±489.6

FSTL1=follistatin-like protein 1; SE=standard error; ER=estrogen receptor; 
PR=progesterone receptor; HER2=human epidermal growth factor receptor 
2; EGFR=epidermal growth factor receptor.
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pared to para-cancer tissue, by western blot analysis or RT-
PCR (Figure 1B and 1C). To confirm our observations, we 
analyzed the transcriptional levels of FSTL1 in 1,101 breast 
cancer tumor tissues and 112 para-carcinoma tissues of breast 
cancer patients from the Cancer Genome Atlas (TCGA). This 
analysis confirmed that the levels of FSTL1 were reduced in 
tumor tissue (FSTL1 = 7,823) compared to para-carcinoma 
tissue (FSTL1= 19,660) (p< 0.001) (Figure 1D). Finally, to in-
crease the significance of our results, we investigated correla-
tions between patient FSTL1 levels and clinical breast cancer 
behavior. Kaplan-Meier survival analysis of data from a public 
database (TCGA 2017) showed that reduced expression of 
FSTL1 was associated with a worse overall survival of breast 
cancer patients (p= 0.039) (Figure 1E). Together, our results 

revealed that the levels of FSTL1 were reduced both in cancer 
tissue and in the serum of breast cancer patients, and that a 
lowered level of FSTL1 expression correlates with reduced 
survival in breast cancer patients.

FSTL1 heterozygosity does not impact the growth of primary 
4T1 tumors

To further study the biological function of FSTL1 in breast 
cancer, we used Fstl1+/− mice in our experiments, as Fstl1+/−

mice died shortly after birth. Genotyping was applied to de-
termine the subtypes of mice (Figure 2A). Immunohisto-
chemistry and western blotting confirmed the decrease in 
FSTL1 protein levels in lung tissue (Figure 2B and 2C) and in 
mammary tissue (Figure 2D). To investigate the role of FSTL1 

Figure 1. The expression of follistatin-like protein 1 (FSTL1) in breast cancer patients. (A) Serum levels of FSTL1 were determined by enzyme-linked 
immunosorbent assay in breast cancer patients (n=94) and healthy controls (n=21). (B) Western blot analysis of FSTL1 expression in cancer tissue 
and marched para-carcinoma tissue (n=4). (C) Real-time reverse transcription polymerase chain reaction analysis of eight paired breast carcinoma 
samples for the expression of FSTL1. (D) Relative expression of FSTL1 messenger RNA in cancer tissue (n=1,101) and marched para-carcinoma tis-
sue (n=112) in breast cancer patients from the Cancer Genome Atlas (TCGA) cohort. (E) Kaplan-Meier survival analysis of public database (TCGA 
2017) showed low expression of FSTL1 was associated with a worse overall survival of breast cancer patients. Each bar represents mean±SD for 
triplicate experiments.
HR=hazard ratio. *p<0.05; †p<0.01; ‡p<0.001, unpaired t-test.
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in breast cancer progression in vivo, we injected 4T1 cancer 
cells into the mammary fat pad of WT and Fstl1+/− mice. Tu-
mor volume and body weight were measured once per week 
(Figure 3A and 3B). We demonstrated that the growth of pri-
mary tumors, and the ratio of tumor volume to weight, was 
similar in WT and Fstl1+/− mice (Figure 3C). However, when 
we compared the survival of 4T1 tumor-bearing WT and 
Fstl1+/− mice, we found that Fstl1+/− mice showed reduced sur-
vival (p< 0.05) (Figure 3D). These findings established that, 
while FSTL1 deficiency does not impact the growth of prima-
ry tumors, it does result in the reduced survival of 4T1 tumor-
bearing animals. 

Fstl1+/− mice display increased lung metastases in a 4T1 tumor 
model

To establish whether FSTL1 deficiency affects the metastatic 
spread of 4T1 cells, we dissected lung tissue from tumor-bear-
ing mice 31 days after the injection of 4T1 cells. We found a 
significant increase in the number of lung metastatic lesions 
in Fstl1+/− mice (Figure 4A and 4B). H&E staining confirmed 
increased metastases in Fstl1+/− mice (Figure 4C). Metastatic 

lesions were counted in the lungs of WT (23.330± 2.404) and 
Fstl1+/− mice (47.003± 2.400) per whole lung (p= 0.010) (Fig-
ure 4D). The size of metastatic nodules was monitored, and 
the number of macro ( > 0.1 mm3) and intermediate-sized 
(0.01–0.1 mm3) lung metastases in Fstl1+/− mice was signifi-
cantly increased. However, the number of micro (< 0.01 mm3) 
lung metastases was not increased in Fstl1+/− mice (Figure 4E). 
In summary, we demonstrated that 4T1 tumor-bearing Fstl1+/− 
mice had an increased number and size of metastatic foci in 
lung tissues.

FSTL1 regulates lung metastatic tumor growth by inhibiting 
EGFR signaling 

To further explore the role of FSTL1 in the metastatic 
spread of breast cancer cells, we profiled metastatic lung tissue 
from WT and Fstl1+/− mice by sequencing and bioinformatic 
analysis (Beijing Genomics Institute, Shenzhen, China). We 
found several genes to be differentially-expressed in the two 
groups (Figure 5A), with eight genes being upregulated, and 
18 genes downregulated, in FSTL1-deficient mice. One of the 
downregulated genes, Egln3, is regulated by hypoxia and plays 

Figure 4. Increased lung metastasis in Fstl1+/− mice. (A) Thirty-one days after injection of 4T1 cancer cells, the mice were euthanized and analyzed for 
lung metastasis. The arrows were pointed to the lung metastasis in fresh lung tissue. (B) Thirty-one days after injection of 4T1 cancer cells, the mice 
were euthanized and analyzed for lung metastasis of formalin fixation. (C) Representative H&E stained images of the lung. (D) Number of lung meta-
static foci were assessed in wild type (WT) (n=6) and Fstl1+/− mice (n=7). (E) Number and size of lung metastatic foci were assessed in WT (n=6) and 
Fstl1+/− mice (n=7). Each bar represents mean±SD for triplicate experiments.
*p<0.05, unpaired t-test. 

CA

B

D E

WT WT

Fstl1+/− Fstl1+/−

WT

1 cm
Fstl1+/−

60

40

20

0

30

20

10

0
WT >0.1 0.01−0.1

Size (mm3)
<0.01Fstl1+/−

*

N
o.

 o
f l

un
g 

le
si

on
s

N
o.

 o
f l

un
g 

le
si

on
s

*

*
 WT (n=6)
 Fstl1+/− (n=7)



274  Ying Zhang, et al.

http://ejbc.kr https://doi.org/10.4048/jbc.2018.21.e43

an important role in tumor progression [17,21,22]. Recent 
studies also demonstrated that Egln3 regulates EGFR to re-
strain tumor growth. We confirmed by RT-PCR that Egln3 is 
downregulated (Figure 5B) and that EGFR was increased in 
Fstl1+/− mice (Figure 5C). Consistent with this, the phosphory-
lation of MAPK was increased in Fstl1+/− mice (Figure 5D). 
Thus, we hypothesize that FSTL1 deficiency results in the 
downregulation of Egln3 coupled with the activation of EGFR 
signaling and increased cancer cell proliferation (Figure 5E).

DISCUSSION

The role of FSTL1 in cancer is controversial, and it has been 
reported to have both oncogenic and tumor-suppressor activ-
ity in various cancer types [9,14,23]. However, the role of 
FSTL1 in breast cancer remains unknown. 

This study demonstrated that the expression of FSTL1 is re-
duced both in breast cancer tissue and in the serum of breast 
cancer patients and showed that patients with low levels of 
FSTL1 expression have significantly reduced overall survival. 
To the best of our knowledge, this is the first study to measure 

FSTL1 in human serum and to show that FSTL1 plays a role 
in breast cancer progression. Long-term studies are required 
to confirm whether FSTL1 serum levels can serve as a prog-
nostic/predictive marker in breast cancer patients.

The mechanism underlying FSTL1 downregulation in 
breast cancer is currently unknown. Lau et al. [11] recently 
found that amplification of the FSTL1 gene on chromosome 
3q correlates with an increased expression of FSTL1 protein. 
The expression of FSTL1 has been shown to be upregulated 
by TGF-β [5]. Additional regulatory mechanisms leading to 
FSTL1 inactivation include miR-27a [24] and histone deacety-
lase 5 [25].

In this study, we investigated the correlation between serum 
concentrations of FSTL1, Ki-67 and EGFR. Ki-67 is a bio-
marker of cancer cell proliferation, indicates poor prognosis, 
and has been shown to have an adverse effect on overall sur-
vival and disease-free survival. Similarly, overexpression of 
EGFR has been reported to lead to tumor progression and is 
associated with tumor size and poor clinical outcomes [26].

FSTL1 inhibits cell proliferation through smad3 in MBA-
MD-231 cells, as observed previously [27]. To explore the 

Figure 5. The epidermal growth factor receptor (EGFR) signaling in lung metastatic tumor tissue of Fstl1+/− mice. (A) Differential gene expression in 
lung metastatic tumor tissue of wild type (WT) (n=3) and Fstl1+/− mice (n=3). (B) Relative expression of Egln3 was decreased in lung metastatic tumor 
tissue of Fstl1+/− mice by real-time reverse transcription polymerase chain reaction (n=7). (C) Relative expression of EGFR was increased in lung met-
astatic tumor tissue of Fstl1+/− mice by transcription analysis (n=7). (D) Western blot analysis of phosphorylation of extracellular signal-regulated kinase 
(p-ERK) expression in lung metastatic tumor tissue of WT and Fstl1+/− mice. (E) Hypothetical model of follistatin-like protein 1 (FSTL1)-regulated cancer 
cell proliferation. Each bar represents the mean±SD for triplicate experiments.
*p<0.05; †p<0.001, unpaired t-test.
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function of FSTL1 in vivo, we employed FSTL1 deficient mice. 
In this study, we demonstrated that FSTL1 deficiency reduces 
the survival of 4T1 tumor-bearing mice (Figure 3). However, 
we have shown that FSTL1 deficiency has no effect on the 
growth of primary tumors, suggesting that the inhibitory ef-
fects of FSTL1 on cell proliferation is cancer-cell-type specific, 
reflecting differences between in vitro and in vivo studies. We 
assumed that WT and Fstl1+/− mice would have similar lengths 
of latency after the injection of sufficient (106), but not limited 
number (102–105) of 4T1 cells into the mammary fat pad [28]. 
Consistently, in this study we found that FSTL1 deficiency 
does not alter the growth of primary 4T1 tumors.

Studies have shown that metastasis is the leading cause of 
breast cancer-related death. In our study, FSTL1 deficiency 
significantly increased the formation of lung metastases. Both 
the number and the size of metastatic lung lesions were in-
creased in Fstl1+/− mice, suggesting that FSTL1 regulates both 
metastatic seeding and the proliferation of cancer cells after 
seeding. This indicates that FSTL1 deficiency provides a suit-
able microenvironment for lung metastasis. Accordingly, 
FSTL1 has been shown to inhibit invasion and metastasis [13], 
and to block cell proliferation and induce apoptosis [12]. In 
addition, FSTL1 may regulate immune responses [29], con-
tributing to rapid colonization of tumor cells that metastasize 
to lung tissue.

Consistent with our findings, previous reports have indicat-
ed that FSTL1 inhibits invasion and metastasis in lung cancer 
[13], ovarian, and endometrial carcinoma [14], as well as in 
nasopharyngeal carcinoma [12]. In addition, FSTL1 has been 
shown to suppress cell proliferation and induce apoptosis in 
nasopharyngeal carcinoma. In contrast, FSTL1 has been 
shown to function as a pro-metastatic gene in both prostate 
cancer [30] and esophageal squamous cell carcinoma [11]. 
Little is known concerning the mechanism by which FSTL1 
inhibits cell proliferation. We found that the expression of 
Egln3 is downregulated in metastatic lung tissue of Fstl1+/− 
mice. Egln3 regulates EGFR internalization and signaling and 
thus sustains the growth of tumors [18]. We demonstrated 
that phosphorylation of extracellular signal-regulated kinase 
is increased in Fstl1+/− lungs, suggesting that blocking FSTL1 
downregulates Egln3 and promotes proliferation through 
EGFR/MAPK signaling. However, the mechanism by which 
FSTL1 regulates Egln3 expression remains to be determined. 

In conclusion, we demonstrated that FSTL1 is downregu-
lated in breast cancer tissue and in serum, and that it may 
therefore serve as a useful biomarker for breast cancer. In vivo 
studies suggest that FSTL1 deficiency promotes breast cancer 
metastasis to the lung. Thus, FSTL1 may be an important 
prognostic and predictive biomarker in breast cancer.
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