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Abstract
Background: The present study investigated whether TGF-β1 promotes fibrotic changes in HK-2 cells
through the Activin A and STAT3 signalling pathways in vitro.
Methods: Bioinformatics analysis of microarray profiles (GSE20247 and GSE23338) and a protein-protein
interaction (PPI) analysis were performed to select hub genes. For the in vitro study, HK-2 cells were
exposed to TGF-β1. The expression of Activin A and STAT3 was assayed, and the effect of Activin A and
STAT3 expression on fibrosis was assessed (Collagen I and Fibronectin).
Results: The bioinformatics study revealed TGF-β1 and Activin A as hub genes. The in vitro study showed
that Activin A expression was significantly increased after TGF-β1 incubation. Blocking Activin A by
follistatin attenuated TGF-β1-induced fibrosis. In addition, Activin A blockade attenuated TGF-β1-induced
STAT3 signalling pathway activation and related fibrosis. More importantly, STAT3 inhibition by S3I-201
alleviated TGF-β1-induced fibrosis.
Conclusion: Activin A promoted cellular fibrotic changes through the STAT3 signalling pathway.
Attenuating Activin A expression to mediate the STAT3 signalling pathway might be a strategy for potent
renal fibrosis treatment.

1. Background
Renal fibrosis is the ultimate feature of progressive nephropathy. Fibroblasts proliferate, differentiate into
myofibroblasts and synthesize extracellular matrix, which can lead to the progression of renal fibrosis.
Numerous studies have been performed to modulate the fibrogenic process[1–3]. TGF-β is a key mediator
of renal fibrosis. Increased expression of TGF-β1 has been observed in vivo and in vitro[4–6]. Calciumsensing receptor, connective tissue growth factor, basic fibroblast growth factor and bone morphogenetic
protein-7 have been proven to be important downstream mediators of TGF-β’ profibrotic activities[7, 8].
The precise mechanism of fibroblast activation in renal fibrosis remains largely unclear.
To identify the hub gene in TGF-β profibrotic activities, the microarray profiles (GSE20247 and GSE23338)
were studied[9, 10]. These datasets comprised human proximal tubular epithelial cell (HK-2) samples
exposed to TGF-β and matched normal samples. Based on the analyses, Activin A was selected. Activin
A, a member of the TGF-β superfamily, has been reported to play a profibrotic role during renal
fibrosis[11]. The expression of Activin A is upregulated in fibrotic renal tissues, and increased Activin A
expression might enhance the degree of renal fibrosis[11]. The downstream mechanisms of Activin A
regulation of renal fibrosis remain uncertain.
Several signalling pathways regulate the process of renal fibrosis. Signal transducer and activator of
transcription (STAT) 3 is a transcription factor that regulates many downstream target genes [12–15].
TGF-β1 can activate STAT3, thereby promoting kidney fibroblast activation and renal extracellular matrix
(ECM) synthesis[16]. However, the specific mechanism by which TGF activates the STAT3 signalling
Page 2/16

pathway is not very clear. To investigate the downstream mechanism, we filtered the candidates
according to the correlation among hub genes based on protein-protein interaction (PPI).According to our
bioinformatics analysis, the present study aimed to determine whether TGF-β1 promoted fibrotic changes
in HK-2 cells through the Activin A and STAT3 signalling pathways in vitro.

2. Materials And Methods

2.1 Microarray profiles from the Gene Expression Omnibus
(GEO) database
The raw gene expression data of the GSE23338 and GSE20247 datasets were downloaded from the
National Center of Biotechnology Information (NCBI) GEO (http://www.ncbi.nlm.nih.gov/geo/) database.
These datasets comprised a proximal tubular cell line derived from normal human kidney (HK-2) samples
exposed to TGF-β and matched normal samples using the GPL6102 Illumina human-6 v2.0 expression
BeadChip.

2.2 Data pre-processing and the identification of
differentially expressed genes (DEGs)
The limma package (http://www.bioconductor.org/packages/release/bioc/html/limma.html) was used to
screen the DEGs between the HK-2 samples exposed to TGF-β and the matched normal samples with a ttest. The adjusted P value accounted for false discovery rates (FDR) and was calculated by the Benjamini
and Hochberg method.

2.3 Construction of the PPI network and enrichment
analysis of the DEGs
Generating a protein-protein interaction (PPI) network (STRING, https://string-db.org/), we analysed and
evaluated the interaction correlations among the DEGs. A combined score of > 0.9 was designated the
cut-off standard. Cytoscape software (version 3.5.1) was then used to construct the PPI network
according to the information from STRING. A P value < 0.05 was used as the cut-off criterion.

2.4 Cell line and cell culture
The human proximal tubular epithelial cell line (HK-2) was purchased from the American Type Culture
Collection (ATCC). The cells were cultured in DMEM-Ham’s-F-12 (Gibco) supplemented with 10% foetal
bovine serum (Gibco), penicillin and streptomycin in a humidified atmosphere of 5% CO2 at 37 °C.

2.5 Western blot analysis
Total protein was obtained from the cell lysates, electrophoresed on SDS-polyacrylamide gel and
transferred onto a nitrocellulose membrane (Pall) by electroblotting. The membranes were incubated
overnight with primary antibodies against Activin A (ab-89307, Abcam, 1:1000 dilution), Collagen I (abPage 3/16

34710, Abcam, 1:1000 dilution), Fibronectin (ab-2413, Abcam, 1:1000 dilution), STAT3 (ab-68153, Abcam,
1:1000 dilution), p-STAT3 (ab-76315, Abcam, 1:1000 dilution), and GAPDH (ab-181602, Abcam, 1:1000
dilution) followed by secondary antibodies (7074s, CST, 1:2000 dilution or 7076s, CST, 1:2000 dilution).

2.6 Quantitative real-time PCR (qRT-PCR)
RNAiso Plus was used to extract the total RNA according to the manufacturer’s protocol (TaKaRa). A
NanoDrop 2000 spectrophotometer (Thermo) was used to determine the concentration and purity of the
RNA samples. GAPDH served as a reference for normalization. The relative values of mRNA were
calculated by the 2−ΔΔCt method. The primers are presented in Table 1.
Table 1
Primer sequences used for real-time PCR analysis
Gene

Sequences or target sequence(5’-3’)

Activin A-F

GAGAGGAGTGAACTGTTGCT

Activin A-R

ATGACTGTTGAGTGGAAGGA

Collagen I-F

CGATGGATTCCAGTTCGAGTATG

Collagen I-R

TGTTCTTGCAGTGGTAGGTGATG

Fibronectin-F

TTACCGCTCTGATGGTTGCT

Fibronectin-R

TGTCCTTGCCACTTCCATTCT

GAPDH-F

GGAGCGAGATCCCTCCAAAAT

GAPDH-R

GGCTGTTGTCATACTTCTCATGG

2.7 Statistical analysis
Data were expressed as the means ± standard deviation (SD) and analysed by one-way analysis of
variance (ANOVA) using SPSS 20.0 software. The results were considered significant if P < 0.05.

3. Results

3.1 Activin A is upregulated in TGF-β1-treated HK-2 cells
Through our bioinformatics study (GSE23338 and GSE20247), we found that Activin A was significantly
increased in TGF-β1-treated HK-2 cells and identified one of the hub genes based on the PPI analysis
(Figs. 1 and 2). To further study the effects of TGF-β1 on Activin A expression in vitro, we treated HK2
cells with TGF-β1 (0, 2 and 5 ng/ml). We found that with increasing concentrations, TGF-β1 significantly
increased the mRNA and protein expression of Activin A (Fig. 3). These results revealed that Activin A is
upregulated in TGF-β1-treated HK-2 cells.
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3.2 Activin A triggered renal fibrosis in the TGF-β1-treated
HK-2 cells
We next examined the cellular fibrotic changes in TGF-β1-treated HK-2 cells. HK-2 cells were incubated
with TGF-β1 (5 ng/ml, 48 hours) in the presence or absence of the Activin A antagonist follistatin. As
shown in Fig. 4, qRT-PCR and Western blot analysis showed that blocking Activin A effectively alleviated
the expression of Collagen I and Fibronectin (P < 0.05). These data suggested that TGF-β1-induced
fibrosis might be partially mediated by Activin A.

3.3 TGF-β1 upregulated Activin A to activate the STAT3
signalling pathway and promote fibrosis
We further studied the mechanisms involved in TGF-β1-induced fibrosis. We detected the expression of
STAT3 in vitro. HK-2 cells were incubated with TGF-β1 (5 ng/ml, 48 hours) in the presence or absence of
the Activin A antagonist follistatin. As shown in Fig. 5A-B, the protein expression level of p-STAT3 was
significantly downregulated in the TGF-β1 + follistatin group compared with the TGF-β1 group.
In addition, S3I-201, an inhibitor of STAT3, was applied in HK-2 cells to investigate the effects of STAT3
on TGF-β1-induced fibrosis. HK-2 cells were incubated with TGF-β1 (5 ng/ml, 48 hours) in the presence or
absence of the STAT3 antagonist S3I-201. As shown in Fig. 5C-E, the mRNA and protein expression levels
of Collagen I and Fibronectin were significantly downregulated in the TGF-β1 + S3I-201 group compared
with those in the TGF-β1 group.
These data revealed that TGF-β1 upregulated Activin A to activate the STAT3 signalling pathway and to
promote fibrosis.

4. Discussion
Our study presents a novel mechanism of renal fibrosis induced by TGF-β. In addition, we further
collected and analysed data through the bioinformatics study of TGF-β-treated HK-2 cells (GSE23338 and
GSE20247) and searched for differentially expressed genes. We found that Activin A was significantly
increased in TGF-β-treated HK-2 cells and identified one of the hub genes based on the PPI analysis. To
our knowledge, this is the first study to combine bioinformatics techniques and an in vitro study to
investigate TGF-β-induced renal fibrosis and to determine the underlying mechanism. We think this work
will attract the attention of a broad readership due to the range of renal fibrosis.
Based on the analyses of microarray profiles (GSE20247 and GSE23338), Activin A was selected for
further research. In HK-2 cells, Activin A expression was significantly increased after TGF-β1 incubation.
Blocking Activin A by follistatin attenuated TGF-β1-induced fibrosis. These data suggest a prominent role
for Activin A in renal fibrosis.
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Activin A has been demonstrated in several fibrotic diseases[17, 18]. In the liver, Activin A expression was
upregulated in cirrhotic and fibrotic livers [19]. In injured lungs with pulmonary fibrosis, Activin A
expression was also increased [20, 21]. In the skin, transgenic mice with overexpression of Activin A in the
epidermis revealed hyperthickened epidermis and dermal fibrosis [22]. However, in transgenic mice
overexpressing follistatin (a suppressant of Activin A), scar formation in the epidermis was decreased
after wounding of the skin [23]. In chronic kidney disease (CKD), Activin A was increased in the circulation
associated with increased expression in the kidney [24]. In cell culture studies, Activin A facilitated cell
proliferation and differentiation, matrix protein and collagen I production in renal interstitial fibroblasts
and mesangial cells[25]. In addition, Activin A was observed to regulate the profibrotic effects of high
glucose in tubular and mesangial cells[26]. In summary, Activin A participates in TGF-β1-induced fibrosis.
Our study proved that STAT3 signalling might be involved in Activin A functions in TGF-β1-induced
fibrosis. In HK-2 cells, Activin A blockade attenuated TGF-β1-induced STAT3 signalling pathway
activation and fibrosis (Fig. 4 and Fig. 5A-B). More importantly, STAT3 silencing alleviated TGF-β1induced fibrosis (Fig. 5C-E). These data indicate that Activin A exerts its effects on TGF-β1-induced
fibrotic development in vivo by activating the STAT3 signalling pathway.
Generally, STAT3 activity is extremely low in the adult kidney. Indeed, STAT3 can be rapidly activated in
renal tubular cells in response to numerous forms of insults for protection from oxidative stress,
recruitment of immune cells, tissue regeneration, etc.[27–30]. Prolonged renal STAT3 activation seems to
play destructive roles, such as by promoting persistent inflammation and fibrosis[31–33]. Some studies
found that STAT3 is activated in an animal model of unilateral ureteral obstruction[30, 32]. Treatment
with STAT3 inhibition (S3I-201) attenuated inflammatory cell infiltration and renal fibrosis[34, 35]. These
findings were consistent with our results.

5. Conclusion
In conclusion, our study showed that Activin A can promote cellular fibrotic changes through the STAT3
signalling pathway (Fig. 6). Attenuating Activin A expression to mediate the STAT3 signalling pathway
might be a strategy for potential renal fibrosis treatment.
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Figure 1
Clustering of the differentially expressed genes (DEGs) between the HK-2 samples exposed to TGF-β and
the matched normal control (CTL) samples. (A) Heat map of the DEGs between the TGF-β group and the
CTL(GSE20247). Each column represents a sample, and each row represents the expression level of a
mRNA. (B) Volcano plot of the DEGs (GSE20247). (C) Heat map of the DEGs between the TGF-β group
and the CTL(GSE23338). (D) Volcano plot of the DEGs (GSE23338).
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Figure 2
Identify core DEGs between the HK-2 samples exposed to TGF-β and the matched normal CTL samples.
(A) The intersection of DEGs between GSE20247 and GSE23338. (B)Protein-protein interaction network of
DEGs based on the STRING online database.
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Figure 3
Activin A is upregulated in TGF-β-treated HK-2 cells. HK-2 cells were cultured with increasing
concentrations of TGF-β1 (0, 2, and 5 ng/ml) for 48 hours. mRNA and protein levels of Activin A were
measured by qRT-PCR (A) and Western blot analysis (B, C). The data are presented as the means ± SD. *P
< 0.05 vs. 0 group. #P < 0.05 vs. 2 group.
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Figure 4
Activin A triggered renal fibrosis in TGF-β1-treated HK-2 cell lines. HK-2 cells were cultured with TGF-β1 (5
ng/ml) for 48 hours in the absence or presence of FS (an inhibitor of Activin A). mRNA and protein levels
of Collagen I and Fibronectin were detected by qRT-PCR (A) and Western blot analysis (B, C). The data are
presented as the means ± SD. *P < 0.05 vs. the TGF-β1 group. FS, follistatin.
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Figure 5
TGF-β upregulated Activin A to activate the STAT3 signalling pathway and to promote fibrosis. (A-B) HK-2
cell lines were cultured with TGF-β1 (5 ng/ml) for 48 hours in the absence or presence of FS (an activin A
antagonist). The protein levels of p-STAT3 and t-STAT3 were measured by Western blot analysis. The
data are presented as the means ± SD. *P < 0.05 vs. the CTL group. #P < 0.05 vs. the TGF-β1 group (C-E)
HK-2 cells were cultured with TGF-β1 (5 ng/ml) for 48 hours in the absence or presence of S3I-201 (an
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inhibitor of STAT3). The mRNA and protein levels of Collagen I and Fibronectin were measured by qRTPCR and Western blot analysis. The data are presented as the means ± SD. *P < 0.05 vs. the TGF-β1
group. FS, follistatin. p-STAT3, phosphorylated-STAT3. t-STAT3, total-STAT3.

Figure 6
Schematic diagram of this study. TGF-β1-induced renal fibrosis is regulated by Activin A and the
downstream STAT3 pathway in HK-2 cells
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