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Abstract

Background: Follistatin (FST) is a secretory glycoprotein and belongs to the TGF-3 superfamily.
Previously, we found that two single nucleotide polymorphisms (SNPs) of sheep F'ST gene were
significantly associated with wool quality traits in Chinese Merino sheep (Junken type), indicating
that FST is involved in the regulation of hair follicle development and hair trait formation. The
transcription regulation of human and mouse FST genes has been widely investigated, and many
transcription factors have been identified to regulate FST gene, such as erythroid 2-related factor 2
(Nrf2), Estrogen-related receptor-B (ERRp), P-catenin/transcription factor 4 (TCF4) and
transcription factor Spl. However, to date, the transcriptional regulation of sheep FST is largely
unknown. The objective of this study was to investigate the transcriptional regulation of sheep
FST gene in hair follicles.

Results: Genome walking analysis revealed that the gap region upstream of sheep genomic FST
gene was 775 bp long. Transcription factor binding site analysis showed sheep FST promoter
region contained a conserved putative binding site for signal transducer and activator of
transcription 3 (STAT3), located at nucleotides -423 to -416 relative to the first nucleotide (A, +1)
of the initiation codon (ATG). The dual-luciferase reporter assays showed that STAT3 inhibited
the activity of the FST promoter reporter, and the mutation of the putative STAT3 binding site
attenuated the inhibitory effect of STAT3 on the FST promoter activity. Furthermore, chromatin
immunoprecipitation assay (ChIP) indicated that STAT3 directly binds to the FST promoter. The
further functional study displayed that FST and STAT3 played opposite roles in cell proliferation.
Overexpression of FST significantly promoted the proliferation of sheep fetal fibroblasts (SFFs)
and human keratinocyte (HaCaT) cells, and overexpression of STAT3 significantly inhibited the
proliferation of SFFs and HaCaT cells, which was accompanied by a significantly reduced
expression of FST gene (P < 0.05).

Conclusions: STAT3 directly negatively regulates sheep FST gene and inhibits cell proliferation.
The findings will contribute to understanding molecular mechanisms that underlie hair follicle
development and wool trait formation.

Keywords: STAT3, FST, transcriptional regulation, cell proliferation, sheep
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Background

Wool is the product of hair follicles and wool traits are influenced by hair follicles. The hair
follicle is a skin appendage with a complex structure composed of the dermal papilla, hair bulbs,
outer root sheaths (ORS), inner root sheaths (IRS), and the hair matrix [1, 2]. Hair follicle
morphogenesis and development involve proliferation, differentiation and apoptosis of hair
follicle stem cells [2, 3]. The hair follicle undergoes life-long cyclic transformations exhibiting
anagen (growth), catagen (regression), and telogen (rest) phases, respectively [1, 4]. A variety of
growth factors and cytokines have been shown to tightly regulate the hair follicles morphogenesis
and development through acting on the epithelial-mesenchymal interaction [5, 6], such as
fibroblast growth factor (FGF) [7], tumor necrosis factor (TNF) [8] and transforming growth
factor-p (TGF-B) [9]. As an antagonist of the TGF-B superfamily, follistatin (FST) is highly
expressed in the matrix of hair follicles which consist of cells with a strong proliferation ability
[10]. FST transgenic mice exhibited shinier and more irregular hair [11, 12]. FST knockout mice
died within hours after birth and displayed curlier whiskers [13-15]. Our previous association
analysis demonstrated that FST gene was significantly associated with wool quality traits in
Chinese Merino sheep (Junken Type) [10]. Collectively, these data indicated that FST is involved
in the regulation of hair follicle development and hair trait formation.

The transcriptional regulation of human and mouse FST genes has been widely investigated, and
many transcription factors have been identified to regulate F'ST gene. For example, Nrf2 directly
regulates F'ST gene and inhibits the apoptosis of human lung epithelial cells and A549 cells [16].
TCF4 complex directly regulates FST gene and promotes the myogenic differentiation and
myoblast fusion in vitro [17]. MyoD and Sox8 suppress FST gene expression in skeletal muscle
myoblast cells in vitro [18]. Myogenin directly regulates F'ST gene and promotes the satellite cell
differentiation in adult mouse myogenesis [19]. ERR directly promotes FST expression to inhibit
epithelial to mesenchymal transition in breast cancer [20]. SP1 directly promotes FST expression
in intestinal epithelial cells and kidney mesangial cells [21, 22]. However, to date, the
transcriptional regulation of sheep FST is largely unknown.

STAT3 is an important transcriptional factor that regulates follicle morphogenesis and
development. It is vital for maintaining keratinocyte stem/progenitor cell homeostasis via

facilitating the maturation of bulge region in mouse hair follicle development [23-26]. However, it
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is unknown whether STAT3 directly regulates FST gene. In the present study, our results
demonstrated that STAT3 directly negatively regulates FST gene and inhibits the proliferation of

SFFs and HaCaT cells.

Methods

Ethics statement

All animal works were conducted according to the guidance for the care and use of experimental
animals established by the Ministry of Science and Technology of the People’s Republic of China
(Approval number: 2006-398) and approved by the Laboratory Animal Management Committee
of Northeast Agricultural University.

Cell culture

HEK293 and HaCaT cells were purchased from the China Center for Type Culture Collection, and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, United States). SFFs as a kind
gift from Dr. Tie-Zhu An, Northeast Forestry University, Harbin, were grown in DMEM-F12
(Gibco, United States). Both DMEM and DMEM-F12 were supplemented with 10% fetal bovine
serum (FBS) (Biological Industries, Germany) and 1% penicillin/streptomycin (Gibco, United
States). All cells were cultured in a humid environment with 5% CO; in the air at 37°C.

Closing gap upstream of sheep FST gene

Genomic DNA was isolated from sheep skin samples, previously collected and preserved [10],
using the phenol-chloroform method [27] and stored at -20°C. There is a gap upstream of sheep
FST gene according to Ovis aries reference genome (ISGC Oar_v3.1/oviAri3), which locates on
chrl6 (position: 25,635,265-25,636,038 bp). To close this gap, we performed genome walking
according to the manufacturer’s instructions [28]. Briefly, three specific reverse primers: FST-SP1,
FST-SP2, and FST-SP3 (Table 1), were designed, and their locations are shown in Supplement
Figure 1. Three forward primers, ZFP2, ZSP1 and ZSP2 were provided by the KX Genome
Walking Kit (Zoman Biotechnology, China). Three rounds of nested PCR were performed with
these primers. The primers ZFP2 and FST-SP1 were used to conduct the first-round PCR, the
primer pairs ZSP1/FST-SP2 and ZSP2/FST-SP3 were used to conduct the second-and third-round
PCRs. The first-round PCR was performed in a total volume of 50 uL containing 200 ng genomic

DNA, 2.5 mM dNTPs, 25 uL of 2xKx PCR Buffer (with Mg?"), 1U / uL Kx Pfu DNA Polymerase,
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and 10 pmol/uL primers (ZFP2 and FST-SP1). The PCR conditions were as follows: initial
denaturation at 94°C for 2 min, followed by 2 cycles (98°C for 10 s, 60°C for 30 s, 68°C for 2
min), 98°C for 10 s, 25°C for 2 min, 25 to 68°C for 0.2°C/s, 68°C for 2 min, 6 cycles (98°C for 10
s, 60°C for 30 s, 68°C for 2 min, 98°C for 10 s, 60°C for 30 s, 68°C for 2 min, 98°C for 10 s, 44°C
for 30 s, 68°C for 2 min), with a final extension at 68°C for 5 min. The first-round PCR
amplification products (1 pL) were used as templates for the second-round PCR and the other
PCR components were the same as the first-round PCR, and run at thermal protocol for 94°C for 2
min, followed by 30 cycles (98°C for 10 s, 60°C for 30 s, 68°C for 2 min), with a final extension at
68°C for 5 min. The second-round PCR products (1 pL) were used as templates for the third-round
PCR and the other PCR components were the same as those used in the second round PCR, and a
total of 12 cycles were performed the third-round PCR. The third-round PCR products were
resolved on a 1.2% agarose gel, recovered and cloned into pEASY-T1 Simple Cloning Vector
(TransGen Biotech, China). The recombinant plasmids were sequenced in both directions to
confirm the authenticity of the sequences.

Bioinformatics analysis

In this study, the first nucleotide (A) of the initiation codon (ATG) of FST was assigned position
+1. The FST promoter sequences of different animal species were obtained from the UCSC
website (http://genome.ucsc.edu/). The conserved transcription factor binding sites were predicted
by using Mulan website tool (https://mulan.dcode.org/) [29].

Plasmid construction

For the construction of F'ST and STAT3 expression vectors, based on FST (NM_001257093.1) and
STAT3 (XM _015098787) mRNA sequences, two pairs of primers (FST-P1 and STAT3-P1, Table 1)
were designed to amplify the full-length coding regions (CDSs) of sheep FST and STATS3 gene.
The full-length CDSs of FST and STAT3 were amplified by RT-PCR from the pooled total RNA of
sheep side skin tissues (n=3), using the primers FST-P1 and STAT3-P1, respectively. Both the
RT-PCR products were individually cloned into the pPCMV-Myc vector (Clontech, United States),
and named pCMV-Myc-FST and pCMV-Myc-STAT3, respectively.

For the construction of FST promoter luciferase reporter vectors, sheep FST gene promoter
fragment with the contained conserved putative STAT3 binding site, which was located between

the -980 and -340 bp upstream of the initiation codon (ATG) of sheep F'ST gene, was amplified in
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opposite directions with two pairs of primers FST-P3 and FST-P4 (Table 1) using the sheep
genomic DNA as the template. Subsequently, the amplified FST promoter fragments were inserted
into the Kpn 1 and Hind 11l site of pGL3-basic (Promega, United States) to yield two FST
promoter reporters. The reporter with the FST promoter fragment in the right direction was named
pFST (-980/-340) and the other one with the F'ST promoter fragment in opposite direction was
named pFST (-340/-980). The putative STAT3 binding site was mutated from CGATTCCCC to
CGAGGTACC in the reporter pFST(-980/-340) using the Fast Mutagenesis System (TransGen
Biotech, China) and FST-P5 primers according to the manufacturer’s recommendation. The
resultant reporter construct was named pFST(-980/-340)-mutSTAT3. All primers were synthesized
by Invitrogen (Shanghai, China) and all constructs were confirmed by DNA sequencing
(Invitrogen, Shanghai, China).

Transfection and dual-luciferase report assay

Briefly, the HEK293 cells were seeded in a 24-well plate (2 x 10° cells / well) and cultured in the
DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin. After reaching
70-80% confluence, the cells were washed with phosphate buffer saline (PBS) and transient
transfection was performed using Lipofectamine 2000 (Invitrogen, United States). Dual-luciferase
reporter assays were performed 48 h post-transfection using the dual-luciferase reporter assay
system (Promega, United States) according to the manufacturer’s instructions. The Firefly
luciferase (Fluc) activity was normalized to Renilla luciferase (R/uc) activity.

Western blot analysis

Cultured cells were washed three times with cold PBS and lysed in 6-well plates by using 100 pL
RIPA Buffer (Beyotime Biotechnology, China) containing 1 pL phenyl methane sulfonyl fluoride
(Beyotime Biotechnology, China). After incubation on ice for 30 min, the supernatant was
collected by centrifugation at 10, 000 x g for 5 min at 4°C. The equal amounts of protein from the
cell lysates were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes (Millipore, United States). The blots were blocked in PBS containing
5% (w/v) dry milk and 0.1% Tween 20 for 2 h and then incubated with primary antibody dilution
buffer (Beyotime Biotechnology, China) containing Myc-tag mouse monoclonal antibody (Abcam,
1:1,000) at room temperature for 2 h. After washing with PBS three times, the blots were

incubated with a secondary antibody dilution buffer containing horseradish peroxidase-conjugated
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anti-mouse secondary antibody (Abcam, 1:5,000) for 1 h, followed by washing three times with
PBS. The blots were visualized using an ECL Plus detection kit (Beyotime Biotechnology, China).
CCK-8 assay

The Cell Counting Kit-8 (CCK-8) assay was used to assay cell proliferation. Briefly, the SFFs and
HaCaT cells were seeded in a 96-well plate (2 x 10* cells / well ) and cultured in the DMEM-F12
and DMEM medium, respectively, supplemented with 10% FBS and 1% penicillin/streptomycin.
At 12 h after seeding, transient transfections were performed using Lipofectamine 2000
(Invitrogen, United States). At 24, 48, and 72 h after transfection, each well was added with 10 pL
CCK-8 solution (TransGen Biotech, China) and incubated at 37°C for 2 h, and then the
absorbance was recorded at 450 nm using a Model 680 Microplate Reader (Bio-Rad, United
States).

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation was performed using a ChIP assay kit (Beyotime Biotechnology,
China) as previously described [30]. HEK293 cells were co-transfected with pFST(-980/-340) and
pCMV-Myc-STAT3 or an empty pCMV-Myc vector. At 48 h post-transfection, the transfected
cells were fixed with 1% formaldehyde at room temperature for 10 min. The Chromatin was
digested with 0.5 pL micrococcal nuclease into 100900 bp DNA/protein fragments, and
immunoprecipitated using with 5 pug of Myc-specific antibody (Abcam, United States) and mouse
IgG (Beyotime Biotechnology, China), respectively. The purified DNA fragments were analyzed
by quantitative PCR using the primers FST-P6 (Table 1), which was performed on the 7500 Fast
Real-Time PCR System (Applied Biosystems, United States) with SYBR Green PCR Master Mix
(Roche Molecular Systems, United States). Non-immunoprecipitated DNA (2%) was used as input
control. The qPCR data were normalized to input chromatin DNA and presented as fold
enrichment over the negative control using ACt equation [31], which signal relative to input =0.2
x 2°8C ACt=Ctiip sample] - Ctitnput sample] [32].

RNA isolation and quantitative real-time PCR

Total RNA was isolated from the cultured cells using Trizol reagent (Invitrogen, United States)
according to the standard procedures, and RNA quality was assessed by denaturing formaldehyde
agarose gel electrophoresis. Reverse transcription was performed with ImProm-II Reverse

Transcriptase (Promega, United States) according to the manufacturer’s protocols. Quantitative
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real-time PCR was carried out in a 7500 Fast Real-Time PCR System (Applied Biosystems,
United States) with the SYBR Green PCR Master Mix (Roche Molecular Systems, United States).
The primers used for qRT-PCR are listed in Table 1. Thermal cycling consisted of an initial step at
95°C for 10 min followed by 40 cycles at 95°C for 30 s and 60°C for 30 s. The target gene
expression was normalized to the GAPDH gene using the 22t method, where ACt=Ctjarge
gene—CtiGarpH-

Statistical analysis

Data were expressed as the mean + SE and analyzed with SAS 9.1.3 (SAS Institute Inc., NC). The
student’s #-test was used to examine the significance of the difference in gene expression.

Statistical significance was indicated by *P < 0.05, **P < 0.01.

Results

Sheep FST promoter contains a conserved STAT3 binding site

There is a genomic gap immediate upstream of sheep FST gene according to the reference genome
(ISGC Oar_v3.1/0oviAri3), which locates on chrl6 (positions: 25,635,263-25,636,038 bp). To
obtain the promoter sequence of sheep FST gene, we first closed the genomic gap by genome
walking. The results showed that the gap sequence was 775 bp in length and submitted to
GenBank (Accession No. MT917184). Then we filled the gap and obtained the 3 kb genomic
sequences immediate upstream of the initiation codon (ATG) of sheep FST genes from the UCSC
website (http://genome.ucsc.edu/). The 3 kb genomic sequences of various animal species were
also obtained from the UCSC website (http://genome.ucsc.edu/), including sheep, cow, pig, human,
mouse, and rat. Using the Mulan website tool (https://mulan.dcode.org/) [29], many conserved
putative binding sites of transcription factors were predicted within the -1,900/-1 region of the
sheep FST gene, such as homeobox A4 (HOXA4), E2F transcription factor 2 (E2F2), hepatocyte
nuclear factor 4 (HNF4), and STAT3. Of these transcription factors, STAT3 interested us. As
shown in Figure 1A, the putative STAT3 binding sites were conserved among various species.
STAT3 has been well defined as a key transcription factor for cell signal activation and
transduction and plays critical roles in various biological activities including cell proliferation,

migration, survival and oncogenesis [23, 33]. Furthermore, several independent lines of evidence
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indicated that STAT3 is implicated in hair follicle morphogenesis and development [34, 35]. These
data led us to speculate that STAT3 may directly regulate /ST gene in hair follicle development.
STATS3 inhibits the FST promoter activity

To test the speculation whether STAT3 directly regulates FST gene expression, firstly, we
constructed and verified the STAT3 expression vector, pPCMV-Myc-STAT3 by western blotting
(Figure 1B). A highly conserved region (-980/-340) of sheep FST promoter, which contained the
putative conserved STAT3 binding site, was amplified and cloned into pGL3-basic vector in
opposite direction, respectively, yielding the FST promoter reporters: pFST(980/-340) and
pFST(-340/-980) as a negative control. In addition, the FST promoter reporter with mutation of the
STAT3 binding site, named pFST(-980/-340)-mutSTAT3, was constructed. The reporter gene
assay showed that, as expected, both pGL3-basic vector and pFST(-340/-980) as a negative
control had very lower luciferase activity, and no difference in luciferase activity was observed
between them (P > 0.05, Figure 1C). The luciferase activity of pFST(-980/-340) and
pFST(-980/-340)-mutSTAT3 plasmids were 3.39- and 6.23-fold higher than that of the pGL3-basic
vector (P < 0.05, Figure 1C), suggesting that the -980/-340 FST promoter region has promoter
activity and that mutation of STAT3 binding site increases the promoter activity of FST gene.
Co-transfection analysis showed that the luciferase activity of pFST(-980/-340) was significantly
reduced by 22.83% in the cells co-transfected with pCMV-Myc-STAT3, as compared with the
cells co-transfected with pCMV-Myc (P < 0.05, Figure 1D). Intriguingly, the luciferase activity of
pFST(-980/-340)-mutSTAT3 was also significantly reduced in the cell co-transfected with
pCMV-Myc-STAT3, as compared with the cells co-transfected with pPCMV-Myc (P < 0.05, Figure
1D). Taken together, these data suggested that STAT3 inhibits sheep FST promoter activity.
Furthermore, to investigate whether STAT3 directly binds to and regulates F'ST promoter, the
pFST(-980/-340) and pCMV-Myc-STAT3 were co-transfected into HEK293 cells, and chromatin
immunoprecipitation (ChIP) assay was employed with a Myc-specific antibody or mouse IgG
(negative control). Two additional negative controls (A and B) were prepared by the
co-transfection of HEK293 cells with pFST(-980/-340) and empty pCMV-Myc vector, and
immunoprecipitation with either mouse IgG (A) or Myc-specific antibody (B). The ChIP-qPCR
results showed that the F'ST promoter fragment (-547/-356) was significantly enriched (6.16, 20.55,

8.89-fold, respectively) in the DNA immunoprecipitated by the Myc-specific antibody compared
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with the negative controls (mouse IgG, A and B) (P < 0.05, Figure 1E). Consistent with the
ChIP-qPCR results, agarose gel electrophoresis showed that, compared with the negative control
(mouse IgG, A, and B), more PCR products (-547/-356 region of FST promoter) were obtained
from the DNA fragments immunoprecipitated by the Myc-specific antibody (Figure 1F). In
summary, these data indicated that STAT3 directly binds to and regulates the F'ST promoter.
STAT3 and FST have opposite effects on cell proliferation

Previous studies demonstrated that F'ST overexpression promoted satellite cell proliferation and
stimulated muscle fiber hypertrophy in mice [36] and duck [37]. In contrast, several studies
showed STAT3 overexpression inhibited the proliferation of leukocytes [38], hepatocytes [39], and
chondrogenic cell line ATDCS5 [40]. These data suggest that both FST and STAT3 play opposite
roles in cell proliferation. To test whether F'ST mediates the roles of STAT3 in cell proliferation,
we constructed and confirmed the FST expression vector (pCMV-Myc-FST) by western blotting
(Figure 2A), and investigated the effects of overexpression of STAT3 and FST on cell proliferation
using the CCK-8 assay. The results showed that the absorbance of both the SFFs and HaCaT cells
transfected with pCMV-Myc-FST was significantly higher than that of the cells transfected with
the empty vector pCMV-Myc at 96 h of transfection (P < 0.01, Figure 2B and C), suggesting that
FST promotes the proliferation of SFFs and HaCaT cells. The absorbance of both the SFFs and
HaCaT cells transfected with pCMV-Myc-STAT3 was significantly lower than those of the cells
transfected with the empty vector pCMV-Myc at 48 h and 72 h of transfection (P < 0.01, Figure
3A and B), suggesting that STAT3 inhibits the proliferation of SFFs and HaCaT cells. In parallel,
we detected the expression of proliferation marker genes, Ki67 and proliferating cell nuclear
antigen (PCNA), using qRT-PCR. Consistent with CCK-8 assay results, FST overexpression
significantly promoted Ki67 and PCNA expression in the SFFs (P < 0.05, Figure 2D and E), while
STAT3 overexpression significantly inhibited Ki67 and PCNA expression in the SFFs, compared
with the empty vector pCMV-Myc at 48h of transfection (P < 0.05, Figure 3C and D). Further
gene expression analysis showed STAT3 overexpression significantly reduced the endogenous FST
expression in both SFFs and HaCaT cells by 76.39% and 71.36%, respectively, compared with the

empty vector pPCMV-Myc at 48 h of transfection (P < 0.05, Figure 3E and F).
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Taken together, these data not only support that STAT3 negatively regulates F'ST gene expression,
but also indicate that STAT3 inhibits cell proliferation at least in part via directly downregulating

FST gene expression.

Discussion

In the present study, we demonstrated that STAT3 directly negatively regulates sheep FST gene.
Our evidences are as follows: (1) Bioinformatics analysis showed that FST promoter harbored a
conserved putative STAT3 binding site (Figure 1A ). (2) The luciferase reporter assay showed that
mutation of STAT3 binding site led to an increase in the F'ST promoter activity and that STAT3
inhibited the FST promoter activity (Figure 1C and D). (3) The ChIP-qPCR assay showed that
STAT3 directly bound to the FST promoter (Figure 1E and F). (4) Further functional analysis
showed that FST and STAT3 overexpression had opposite effects on the proliferation of SFFs and
HaCaT cells (Figure 2 and 3) and that STAT3 overexpression inhibited the endogenous FST
expression in SFFs and HaCaT cells (Figure 3E and F). Many target genes of STAT3 have been
identified, such as forkhead box L2 (FOXL2) [41] and interleukin 17A (IL-17A) [42] interferon
regulatory factor (IRF-4) and Bcl-6 [43]. To our knowledge, in the present study, we for the first
time demonstrated that FST is a bona fide target gene of STAT3 and that STAT3 directly
negatively regulates the FST gene and inhibits cell proliferation.

STAT3 belongs to the signal transduction and transcription activation factor family and is an
important transcription factor for cell signal activation and transduction [44]. In the present study,
we found that the STAT3 negatively regulated FST gene and inhibited cell proliferation (Figures 1,
2 and 3). Considering that transcription factors have multiple target genes, we cannot exclude the
possibility that STAT3 inhibits cell proliferation in part by directly and/or indirectly regulating the
expression of other target genes. Interestingly, a partial inhibitory effect of STAT3 on the promoter
activity of pFST(-980/-340)-mutSTAT3 was observed, as compared with the cells co-transfected
with pCMV-Myc (P < 0.05, Figure 1D). This may be dual to several reasons. Firstly, STAT3 may
bind to its noncanonical binding sites in this FST promoter and inhibit FST promoter activity.
Secondly, STAT3 may indirectly regulate FST promoter activity through regulation of the
expression of the transcription factors which have binding sites in F'ST promoter. Lastly, STAT3

may indirectly regulate FST promoter activity by protein interaction with some transcription
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factors, which have binding sites in FST promoter. Further study is required to determine the
precise mechanism underlying the partial inhibitory effect of STAT3 on the reporter
pFST(-980/-340)-mutSTAT3 in the future.

In the present study, we demonstrated that sheep FST overexpression promoted SFFs and HaCaT
cell proliferation (Figure 2B-E). In agreement with our results, it has been shown that FST
promotes the proliferation of duck primary myoblasts [45]. The knock-down of FST significantly
reduced the proliferation of the immortalized ovarian surface epithelial and human ovarian
carcinoma cell line SKOV3 [46]. Previous studies showed STAT3 overexpression inhibited the
proliferation of mouse leukocyte and hepatocyte via inhibiting cyclin D expression [38, 39], as
well as chondrogenic cell line ATDCS5 [40]. In agreement, our results showed that STAT3
overexpression inhibited the proliferation of SFFs and HaCaT cells (Figure 3A-D). However, it
has been shown that STAT3 overexpression has been shown to promote human breast cancer [47,
48] and thyroid carcinoma [44] cell proliferation. These differences suggest that STAT3 may play
different roles in cell proliferation, depending on cell type, cellular context, and species.

Our results demonstrated that STAT3 negatively regulated the FST gene in SFFs and HaCaT cells.
SFFs are a type of mesenchymal cells [49, 50], and HaCaT cells, a spontaneously immortalized,
human keratinocyte line, represent epithelial cells [51, 52]. Therefore, SFFs and HaCaT cells
could partially represent hair follicle cells. Previous studies have demonstrated that STAT3 and
FST function in hair follicle development and cycles. STAT3 activation was a prerequisite for the
early anagen of hair follicles [23] and that keratinocytes-specific STAT3 knockout mice exhibited
impaired hair cycle [35]. FST promotes hair follicle development via binding activins and
preventing the activation of activin receptors [53]. FST knockout mice displayed thin and curlier
vibrissae [13, 14], and FST transgenic mice exhibited smaller hair follicles and rough and irregular
pelage [12]. Our previous study showed that sheep FST gene polymorphisms were associated with
wool quality traits [10]. Given these previous reports and our previous and present results, we
hypothesize that STAT3 may control sheep hair follicle development and wool trait formation at
least in part via directly regulating FST expression. To understand the molecular mechanisms
underlying hair follicle development and wool trait formation and to improve the quality of wool

in sheep, it is worth testing this hypothesis in vivo in the future.
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Conclusion

In summary, in the present study, we closed the gap upstream of sheep genomic FST gene and
demonstrated that STAT3 inhibits the proliferation of SFFs and HaCaT cells, at least in part via
directly downregulating FST gene expression. Our findings will contribute to an understanding of
the FST transcriptional regulation and the molecular mechanisms underlying hair follicle

development and wool trait formation.

Figure legend

Fig. 1 Effects of STAT3 overexpression on FST gene promoter activity

(A) Conservation analysis of STAT3 binding sites in FST promoter among various species, STAT3
binding sites are indicated by capital letters and their locations are relative to the first nucleotide
(A, +1) of the initiation codon (ATG) of FST gene. (B) Western blot identification of the STAT3
expression vector (pCMV-Myc-STAT3). Lane 1: the lysate of the cells transfected with
pCMV-Myc-STAT3 (89 kDa); M: Protein markers (25 kDa-90 kDa). (C) The effects of mutation
of the putative conserved STAT3 binding site on FST promoter activity. Either FST promoter
pFST(-980/-340), pFST(-340/-980), or pFST(-980/-340)-mutSTAT3, along with pRL-TK, were
co-transfected into HEK293 cells, and luciferase activity was measured at 48 h after transfection.
Results were normalized with the Renilla luciferase activity and presented as fold inductions
relative to the activity of cells that were transfected with pGL3-basic vector. (D) Effect of STAT3
on FST gene promoter activity. HEK293 cells were transiently co-transfected with either
pFST(-980/-340) or pFST(-980/-340)-mutSTAT3 and pCMV-Myc-STAT3 or pCMV-Myc vector
plus pRL-TK Renilla luciferase vector, subsequently, the HEK293 cells were lysed and luciferase
activity was measured at 48 h after transfection. Results were normalized with the Renilla
luciferase activity and presented as fold inductions relative to the activity of cells that were
cotransfected with pFST(-980/-340) and pCMV-Myc-STAT3. (E) ChIP-qPCR analysis of the
binding of STAT3 to the FST promoter. HEK293 cells were co-transfected with the
pFST(-980/-340) and either pCMV-Myc-STAT3 or empty vector pCMV-Myc. At 48 h after
transfection, ChIP was performed with a Myc-specific antibody or mouse IgG (negative control).
Immunoprecipitated DNA was quantified by qRT-PCR using the specific pair of primers (Table 1),

which was designed to amplify the -547/-356 region of the FST promoter.
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Non-immunoprecipitated DNA (2%) was used as input DNA. Results were presented as fold
enrichment over the negative control, which was prepared by the co-transfection of HEK293 cells
with pFST(-980/-340) and pCMV-Myc-STAT3 and immunoprecipitated with mouse IgG. (F) The
agarose gel electrophoresis analysis of ChIP-qPCR products. Lane 1: The qPCR products
generated from the immunoprecipitated DNA which was isolated from the cells co-transfected
with pPCMV-Myc-STAT3 and pFST(-980/-340); Lane 2: The qPCR products generated from the
immunoprecipitated DNA which was isolated from the cells co-transfected with pCMV-Myc and
pFST(-980/-340). All data are representative of three independent experiments and are shown as
the mean = SEM. For each figure panel, different letters above error bars indicate a statistical
significance (P < 0.05).

Fig. 2 Effects of F.ST overexpression on cell proliferation

(A) Western blot identification of the FST expression vector (pCMV-Myc-FST). Lane 1: the lysate
of the cells transfected with pCMV-Myc-FST (38.2 kDa); Lane 2: positive control for Myc
antibody (pCMV-Myc-POU2F3-3, 27.7 kDa). (B and C) Effect of FST overexpression on the
proliferation of SFFs (B) and HaCaT cells (C). The SFFs and HaCaT cells were seeded in 96-well
plates (5 x 10* cells / well) and transfected with pCMV-Myc-FST or empty vector pCMV-Myc
(0.8 pg / well), and cell proliferation was assayed at indicated time points after transfection using
CCK-8 kit. (D and E) Quantitative real-time PCR assay of Ki67 (D) and PCNA (E) at 48 h of
transfection in SFFs. The SFFs were seeded in 6-well plates (1.2 x 10 cells / well) and transfected
with pCMV-Myc-FST or empty vector pPCMV-Myc (4.0 pg / well). At 48 h post-transfection, total
RNA was isolated from the SFFs with Trizol reagent, and gene expression was assessed using
gRT-PCR. The gene expression was normalized to the housekeeping gene GAPDH using the 2-2Ct
method, where ACt=Ct[target gene—Ct[carpn). Fold change was relative to the expression of the SFFs
transfected with empty vector pPCMV-Myc at 48 h. All data are representative of three independent
experiments and are shown as the mean = SEM. For each figure panel, statistical significance was
indicated by *P < 0.05, **P < 0.01, and different letters above error bars indicate a statistical
significance (P < 0.05).

Fig. 3 Effects of sheep STAT3 gene on cell proliferation and endogenous FST expression

(A and B) Effect of STAT3 overexpression on the proliferation of SFFs (A) and HaCaT cells (B).

The SFFs and HaCaT cells were seeded in 96-well plates (5 x 10* cells / well) and transfected
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with pCMV-Myc-STAT3 or empty vector pPCMV-Myc (0.8 pg / well), and cell proliferation was
assayed at indicated time points after transfection using CCK-8 kit. (C - F) Quantitative real-time
PCR assay of Ki67 (C), PCNA (D), and endogenous FST (E and F) expression at 48 h of
transfection. The SFFs were seeded in 6-well plates (1.2 x 106 cells / well) and transfected with
pCMV-Myc-STAT3 or empty vector pPCMV-Myc (4.0 pg / well). At 48 h post-transfection, total
RNA was isolated from the SFFs with Trizol reagent, and gene expression was assessed using
qRT-PCR. The gene relative expression level was normalized to the housekeeping gene GAPDH
using the 22t method, where ACt=Ctiarget gene—Ctigappr). Fold change was relative to the
expression of the cells transfected with empty vector pCMV-Myc at 48 h. All data are
representative of three independent experiments and are shown as the mean = SEM. For each
figure panel, statistical significance was indicated by *P < 0.05, **P < 0.01, and different letters
above error bars indicate a statistical significance (P < 0.05).

Supplement fig. 1 Determination of the genomic gap upstream of sheep FS7 gene by genome
walking PCR

The FST-SP1, FST-SP2, and FST-SP3 were designed according to the published sequences
(GCF_002742125.1) on the NCBI website, and ZFP2, ZSP1 and ZSP2 were provided by KX
Genome Walking Kit (Zoman Biotechnology, China). The primers pairs ZFP2/FST-SPI,
ZSP1/FST-SP2 and ZSP2/FST-P3 were used to conduct the first-, second-and third-round PCRs
for closing the genomic gap upstream of sheep FST gene according to the manufacturer’s
directions (more detailed information was shown in Materials and Methods).

Additional file

Supplement Table 1 Original data

Abbreviations

FST: follistain; STAT3: signal transducer and activator of transcription 3; SFFs: sheep fetal
fibroblasts; HaCaT: human keratinocyte; ORS: outer root sheaths; IRS: inner root sheaths; FGF:
fibroblast growth factor; TNF: tumor necrosis factor; TGF-f: transforming growth factor-p; Nrf2:
nuclear factor erythroid 2-related factor 2; ERRp: oestrogen-related receptor-f; CREB: cAMP
responsive element binding protein; Smad3: SMAD family member 3; SP1: Spl transcription
factor; TCF4: transcription factor 4; HOXA4: homeobox A4; E2F2: E2F transcription factor 2;

HNF4: hepatocyte nuclear factor 4; FOXL2: forkhead box L2; IL-7A: interleukin 7A; IRF-4:
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interferon regulatory factor 4; ATF3: activating transcription factor 3; PR: progesterone receptor;
PI3K/Akt/mTOR: phosphatidylinositol-3-kinase/protein kinase B/mechanistic target of rapamycin
kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PCNA: proliferation cell nuclear
antigen; TSS: transcription start site; CDS: coding regions; DMEM: Dulbecco’s Modified Eagle’s
Medium; FBS: fetal bovine serum; SDS: sodium dodecyl sulfate; PBS: phosphate buffer saline;
CCK-8: cell counting kit-8; ChIP: chromatin immunoprecipitation; qRT-PCR: quantitative reverse
transcription-polymerase chain reaction;
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Figure 1

Effects of STAT3 overexpression on FST gene promoter activity (A) Conservation analysis of STAT3
binding sites in FST promoter among various species, STAT3 binding sites are indicated by capital letters
and their locations are relative to the first nucleotide (A, +1) of the initiation codon (ATG) of FST gene. (B)
Western blot identification of the STAT3 expression vector (p)CMV-Myc-STAT3). Lane 1: the lysate of the
cells transfected with pCMV-Myc-STAT3 (89 kDa); M: Protein markers (25 kDa-90 kDa). (C) The effects of
mutation of the putative conserved STAT3 binding site on FST promoter activity. Either FST promoter
pFST(-980/-340), pFST(-340/-980), or pFST(-980/-340)-mutSTAT3, along with pRL-TK, were co-
transfected into HEK293 cells, and luciferase activity was measured at 48 h after transfection. Results
were normalized with the Renilla luciferase activity and presented as fold inductions relative to the
activity of cells that were transfected with pGL3-basic vector. (D) Effect of STAT3 on FST gene promoter
activity. HEK293 cells were transiently co-transfected with either pFST(-980/-340) or pFST(-980/-340)-
mutSTAT3 and pCMV-Myc-STAT 3 or pCMV-Myc vector plus pRL-TK Renilla luciferase vector,
subsequently, the HEK293 cells were lysed and luciferase activity was measured at 48 h after
transfection. Results were normalized with the Renilla luciferase activity and presented as fold inductions



relative to the activity of cells that were cotransfected with pFST(-980/-340) and pCMV-Myc-STAT3. (E)
ChlIP-gPCR analysis of the binding of STAT3 to the FST promoter. HEK293 cells were co-transfected with
the pFST(-980/-340) and either pPCMV-Myc-STAT3 or empty vector pPCMV-Myc. At 48 h after transfection,
ChIP was performed with a Myc-specific antibody or mouse IgG (negative control). Immunoprecipitated
DNA was quantified by qRT-PCR using the specific pair of primers (Table 1), which was designed to
amplify the -547/-356 region of the FST promoter. Non-immunoprecipitated DNA (2%) was used as input
DNA. Results were presented as fold enrichment over the negative control, which was prepared by the co-
transfection of HEK293 cells with pFST(-980/-340) and pCMV-Myc-STAT3 and immunoprecipitated with
mouse IgG. (F) The agarose gel electrophoresis analysis of ChIP-gPCR products. Lane 1: The gPCR
products generated from the immunoprecipitated DNA which was isolated from the cells co-transfected
with pCMV-Myc-STAT3 and pFST(-980/-340); Lane 2: The gPCR products generated from the
immunoprecipitated DNA which was isolated from the cells co-transfected with pCMV-Myc and
pFST(-980/-340). All data are representative of three independent experiments and are shown as the
mean + SEM. For each figure panel, different letters above error bars indicate a statistical significance (P
<0.05).
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Figure 2



Effects of FST overexpression on cell proliferation (A) Western blot identification of the FST expression
vector (pCMV-Myc-FST). Lane 1: the lysate of the cells transfected with pCMV-Myc-FST (38.2 kDa); Lane
2: positive control for Myc antibody (pCMV-Myc-POU2F3-3, 27.7 kDa). (B and C) Effect of FST
overexpression on the proliferation of SFFs (B) and HaCaT cells (C). The SFFs and HaCaT cells were
seeded in 96-well plates (5 x 104 cells / well) and transfected with pCMV-Myc-FST or empty vector pCMV-
Myc (0.8 pg / well), and cell proliferation was assayed at indicated time points after transfection using
CCK-8 kit. (D and E) Quantitative real-time PCR assay of Ki67 (D) and PCNA (E) at 48 h of transfection in
SFFs. The SFFs were seeded in 6-well plates (1.2 x 106 cells / well) and transfected with pCMV-Myc-FST
or empty vector pPCMV-Myc (4.0 ug / well). At 48 h post-transfection, total RNA was isolated from the
SFFs with Trizol reagent, and gene expression was assessed using qRT-PCR. The gene expression was
normalized to the housekeeping gene GAPDH using the 2-ACt method, where ACt=Ct[target gene]—
Ct[GAPDH]. Fold change was relative to the expression of the SFFs transfected with empty vector pCMV-
Myc at 48 h. All data are representative of three independent experiments and are shown as the mean +
SEM. For each figure panel, statistical significance was indicated by *P < 0.05, **P < 0.01, and different
letters above error bars indicate a statistical significance (P < 0.05).
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Figure 3

Effects of sheep STAT3 gene on cell proliferation and endogenous FST expression (A and B) Effect of
STAT3 overexpression on the proliferation of SFFs (A) and HaCaT cells (B). The SFFs and HaCaT cells
were seeded in 96-well plates (5 x 104 cells / well) and transfected with pCMV-Myc-STAT3 or empty
vector pCMV-Myc (0.8 ug / well), and cell proliferation was assayed at indicated time points after
transfection using CCK-8 kit. (C - F) Quantitative real-time PCR assay of Ki67 (C), PCNA (D), and



endogenous FST (E and F) expression at 48 h of transfection. The SFFs were seeded in 6-well plates (1.2
x 106 cells / well) and transfected with pCMV-Myc-STAT3 or empty vector pPCMV-Myc (4.0 ug / well). At
48 h post-transfection, total RNA was isolated from the SFFs with Trizol reagent, and gene expression
was assessed using gRT-PCR. The gene relative expression level was normalized to the housekeeping
gene GAPDH using the 2-ACt method, where ACt=Ct[target gene]—Ct[GAPDH]. Fold change was relative to
the expression of the cells transfected with empty vector pCMV-Myc at 48 h. All data are representative of
three independent experiments and are shown as the mean + SEM. For each figure panel, statistical
significance was indicated by *P < 0.05, **P < 0.01, and different letters above error bars indicate a
statistical significance (P < 0.05).
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