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Abstract. Sox9 is important for multiple aspects of develop-
ment, such as testis, pancreas and heart development. Previous 
studies have reported that Sox9 induced epithelial‑mesen-
chymal transition (EMT) and extracellular matrix (ECM) 
production in organ fibrosis and associated diseases, such as 
vascular calcification. However, to the best of our knowledge, 
the role and underlying mechanism of action of Sox9 in renal 
fibrogenesis remains unknown. The results of the present study 
revealed that Sox9 expression levels were upregulated in the 
tubular epithelial cells of a rat model of obstructive nephrop-
athy. Furthermore, the overexpression of Sox9 in NRK‑52E 
cells was discovered to promote renal tubular EMT and ECM 
aggregation, and these fibrogenic actions were potentiated 
by TGF‑β1. Notably, RNA‑sequencing analysis indicated the 
possible regulatory role of the PI3K/AKT signaling pathway 
in Sox9‑mediated renal tubular EMT and ECM aggrega-
tion. It was further demonstrated that the expression levels 
of phosphorylated AKT were upregulated in NRK‑52E cells 
overexpressing Sox9, while the PI3K inhibitors, LY29002 and 
wortmannin, inhibited the renal tubular EMT and ECM aggre-
gation induced by the overexpression of Sox9 in NEK‑52E 
cells. In conclusion, the findings of the present study suggested 
that Sox9 may serve a profibrotic role in the development of 
renal tubular EMT and ECM aggregation via the PI3K/AKT 

signaling pathway. Therefore, Sox9 may be considered as a 
promising target for treating renal fibrosis.

Introduction

It is currently estimated that there are >70 million people with 
various degrees of chronic kidney disease (CKD) worldwide, 
affects 8‑16% of the population worldwide (1‑5). Renal fibrosis 
is the final outcome in the majority of CKD cases, despite the 
different etiologies (6). Renal tubular epithelial‑mesenchymal 
transition (EMT) and the continuous production of extracel-
lular matrix (ECM) proteins have been discovered to be 
important characteristics of renal fibrosis (7,8). In fact, it has 
been reported that 5% of myofibroblasts were derived from 
tubular EMT in the fibrotic kidney (9). Moreover, renal tubular 
EMT was identified to promote interstitial fibrosis by secreting 
inflammatory factor, such as transforming growth factor‑β1 
(TGF‑β1), connective tissue growth factor (CTGF), and ECM 
proteins (10). In addition, ECM aggregation was demonstrated 
to lead to widespread tissue fibrosis, promoting the destruc-
tion of the renal parenchyma and eventually leading to renal 
failure (7). Nevertheless, despite the advancements made in 
recent decades to understand the process of fibrogenesis, the 
underlying mechanisms remain unknown.

Sox9 is a member of the highly conserved transcription 
factor family defined by the similarity of the high mobility 
group DNA‑binding domain of SRY (11). Mutations in and 
around the Sox9 gene have been identified in numerous 
different types of disease, including severe skeletal 
malformation syndrome, campomelic dysplasia and XY 
sex reversal in males  (12,13). Previous studies have also 
demonstrated that Sox9 regulated EMT during embryonic 
development and the metastasis of epithelial tumors (14‑20). 
During embryonic development, multipotent neural crest 
cells become migratory, while in EMT, which is induced by 
Sox9, these cells were discovered to differentiate into different 
types of tissue, including the adrenal medulla, cartilage, skin 
pigment cells and cardiac tissue  (14). Moreover, Sox9 has 
been identified to serve a similar role in the diseased state, 
particularly in numerous types of tumor; for example, in 
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colon (15) and breast cancer cells (16), upregulated expression 
levels of Sox9 promoted EMT and cancer cell migration. 
In addition, previous studies have suggested that Sox9 may 
serve a critical role in ECM aggregation  (17‑20). These 
observations supported a fundamental role for Sox9 in the 
processes of EMT and ECM aggregation.

Transcriptome analysis using RNA‑sequencing (RNA‑seq) 
technology has revealed that the expression levels of Sox9 
mRNA were markedly upregulated in the obstructed kidneys 
of an unilateral ureteral obstruction (UUO) mouse model (21). 
In addition, the microarray detection of human sclerotic 
glomeruli captured using laser microscopy discovered that 
the expression levels of Sox9 were markedly upregulated, 
as well as those of collagen α‑1(I) chain and collagen α‑2(I) 
chain  (22). Furthermore, in mesangial cells, Sox9, as a 
downstream target of transforming growth factor (TGF)‑β1, 
activated collagen α‑2(IV) chain transcription (23). Based on 
these previous studies, the present study hypothesized that 
Sox9 may increase the susceptibility of renal tubular EMT and 
ECM aggregation.

In order to determine the role and potential mechanism 
of Sox9 in renal fibrosis, the present study used a UUO rat 
model and revealed that Sox9 expression levels were signifi-
cantly upregulated in renal tubular epithelial cells following 
obstructive injury. In addition, the overexpression of Sox9 in 
NRK‑52E cells promoted tubular EMT and ECM aggregation, 
and significantly increased the phosphorylation levels of AKT. 
Conversely, blocking the PI3K/AKT signaling pathway allevi-
ated the phenotype of fibrosis in NRK‑52E cells induced by 
the overexpression of Sox9. Thus, the present study identified 
Sox9 as an important regulator of renal fibrosis.

Materials and methods

Animal model. All experiments were approved by the Ethics 
Committee for the Use of Experimental Animals at Jinling 
Hospital (Nanjing, China). Male Wister rats (age, 5‑6 weeks; 
weight, 180‑200 g) were obtained from the Experimental 
Animal Center of Jinling Hospital. Rats were housed in the 
animal facility, which was maintained at 20‑25˚C with 55% 
relative humidity and an automatic 12‑h light/dark cycle. 
All rats received a standard laboratory diet and tap water 
ad libitum. A total of 24 rats was used. To investigate Sox9 
expression levels following obstructive injury, rats were 
randomly divided into four groups (6/group): i) Sham control; 
ii) 3 days after UUO; iii) 7 days after UUO; and iv) 14 days 
after UUO. Rats were anesthetized with an intraperitoneal 
injection of 5% chloral hydrate (400 mg/kg), and vital signs 
(heart rate, respiratory rate and depth, and body temperature) 
and reflexes (toe and tail pinch) were monitored to ensure 
the rats were fully anesthetized. For rats in the UUO groups, 
the left ureter was exposed using a midline incision and 
completely ligated 15‑mm below the renal pelvis using 4.0 
silk. The same procedure was performed in the sham control 
group, but without ureteral ligation. Rats were sacrificed by 
cervical dislocation following anesthesia with an intraperito-
neal injection of 5% chloral hydrate (500 mg/kg) at 3, 7 or 
14 days following UUO and 14 days following sham operation, 
and the kidney tissues were harvested and stored at ‑80˚C for 
subsequent experiments.

Cell culture and treatments. The rat NRK‑52E proximal 
tubular epithelial cell line was purchased from The Cell Bank of 
Type Culture Collection of the Chinese Academy of Sciences. 
Cells were cultured in high glucose DMEM (Gibco; Thermo 
Fisher Scientific, Inc.), supplemented with 8% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and penicillin/streptomycin 
(penicillin 100 U/ml, streptomycin 0.1 mg/ml; Gibco; Thermo 
Fisher Scientific, Inc.), and maintained at 37˚C in 5% CO2 and 
95% air.

Cells were cultured at 37˚C in six‑well culture plates until 
60‑70% confluence, then incubated with serum‑free DMEM 
at 37˚C for 12 h. Following the incubation, NRK‑52E cells 
were treated at 37˚C with 10  ng/ml recombinant TGF‑β1 
(PeproTech, Inc.) or PI3K inhibitors, LY29002 (10 µM; Selleck 
Chemicals) or wortmannin (1 µM; Selleck Chemicals), for 
24 or 48 h and subsequently harvested for further analysis.

Lentivirus transduction. The Sox9 overexpression (LV‑Sox9) 
and negative control (NC; empty vector) lentiviruses were 
constructed by Shanghai GeneChem Co., Ltd., and lentiviral 
infections were performed according to the manufacturer's 
instructions. Briefly, growing cells were seeded into 6‑well 
plates and incubated at 37˚C for 48 h. Then, 20 µl polybrene 
(5 mg/ml) and 50 µl virus (storage concentration, 6.0x108 TU/ml 
for Sox9 overexpression, 6.2x108 TU/ml for negative control) 
was added to 20 ml high glucose DMEM with 8% FBS and 
mixed gently. Cells were cultured with the mixture medium 
(1 ml/well for 6‑well plates) at 37˚C for 24 h. At 24 h after 
infection, the transfection mixture was replaced with high 
glucose DMEM with 8% FBS and cultured for a further 48 h 
at 37˚C. The transfection efficiency was verified using reverse 
transcription‑quantitative PCR (RT‑qPCR) and western 
blotting in virus‑infected cells that were GFP‑positive 72 h 
following transduction. The infected cells expressing green 
fluorescent protein (GFP) were observed under a fluorescence 
microscope (magnification, x400 magnification). Puromycin 
(1 µg/ml, Shanghai GeneChem Co., Ltd.) was used to select for 
stably transfected cell lines.

RT‑qPCR. Total RNA was extracted from NRK‑52E cells 
and kidney tissue using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol. Total RNA was reverse transcribed into cDNA using 
a PrimeScript™ RT Master Mix (cat. no. RR036A; Takara 
Bio, Inc.), using the following conditions: 37˚C for 15 min, 
followed by 85˚C for 5 sec. qPCR was subsequently performed 
using SYBR® Premix Ex Taq™ (cat. no. RR420A; Takara 
Bio, Inc.) according to the manufacturer's protocol, using 
the following conditions: 94˚C for 5 min, and followed by 
30 cycles of 94˚C for 30 sec and 58‑61˚C for 3 sec. The primer 
sequences used for the qPCR are presented in Table I. The 
relative expression levels of the mRNAs were quantified using 
the 2‑ΔΔCq method (24) and normalized to GAPDH.

Western blotting. Western blotting was performed to analyze 
the protein expression levels. Briefly, total protein was 
extracted from kidney tissue or harvested cells using 400 µl 
tissue and cell lysis buffer (RIPA lysis buffer; Beyotime 
Institute of Biotechnology), supplemented with phosphatase 
inhibitors and a protease inhibitor (Beyotime Institute of 
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Biotechnology) on ice. Tissue and cell lysates were centrifuged 
at 4˚C for 5 min at 12,000 x g, total protein was quantified 
using a bicinchoninic acid protein assay kit (Beyotime Institute 
of Biotechnology) and 40 µg protein/lane was separated via 
8% SDS‑PAGE. The separated proteins were subsequently 
transferred onto PVDF membranes and blocked with 5% 
skimmed milk at room temperature for 1 h. The membranes 
were then incubated overnight at 4˚C with the following 
primary antibodies: Anti‑Sox9 (1:5,000; cat. no. ab185966; 
Abcam), anti‑E‑cadherin (1:1,000; cat. no.  ab76055; 
Abcam), anti‑Vimentin (1:5,000; cat. no. ab92547; Abcam), 
anti‑plasminogen activator inhibitor 1 (PAI‑1; 1:2,000; cat. 
no. ab66705; Abcam), anti‑collagen 1 (COL1; 1:1,000; cat. 
no. AF7001; Affinity Biosciences), anti‑fibronectin (1:5,000; 
cat. no.  ab45688; Abcam), anti‑β‑catenin (1:5,000; cat. 
no. ab32572; Abcam), anti‑AKT (1:2,000; cat. no. AF6261; 
Affinity Biosciences), anti‑phosphorylated (p)‑AKT (1:5,000; 
cat. no.  ab81283; Abcam) and anti‑β‑actin (1:10,000; cat. 
no. bsm‑33036M; BIOSS). Following the primary antibody 
incubation, the membranes were incubated with either an 
anti‑mouse IgM horseradish peroxidase (HRP)‑conjugated 
secondary antibody (1:5,000; cat. no.  bs‑0368R‑HRP; 
BIOSS) or an anti‑rabbit IgG HRP‑conjugated secondary 
antibody (1:5,000; cat. no. bs‑0295G‑HRP; BIOSS) at room 

temperature for 2 h. Protein bands were visualized using an 
enhanced chemiluminescence reagent (Beyotime Institute of 
Biotechnology) and the FluorChem M system (ProteinSimple). 
ImageJ software (version 1.5.1; National Institutes of Health) 
was used to perform densitometric analysis. The expression 
levels were analyzed and normalized to β‑actin, the internal 
loading control.

Histology and immunohistochemistry. The fresh kidney 
tissue was fixed in 4% paraformaldehyde at 4˚C overnight, 
subsequently embedded in paraffin and sliced into sections 
(thickness, 5  µm). For histological analysis, the kidney 
sections were deparaffinized and rehydrated in a descending 
ethanol series (100 and 75% ethanol at room temperature 
for 5  min). The sections were subsequently stained with 
Masson's trichrome stain kit (cat. no. BSBA‑4079A; OriGene 
Technologies, Inc.). Briefly, the sections were stained with 
hematoxylin iron solution for 3 min at room temperature, 
followed by 0.5% acid alcohol, and washed in water once 
more. Samples were stained with Ponceau S solution for 
5 min at room temperature, and subsequently rinsed in water. 
Finally, samples were stained using phosphomolybdic acid 
for 1 min at room temperature, followed by aniline blue 
solution for 3 min at room temperature, and washed with 1% 
acetic acid solution at room temperature. Masson staining 
evaluated kidney histological changes, such as the fibrotic 
area, indicated by blue staining, and the degree of tubular 
atrophy. The samples were examined by light microscopy 
(magnification, x200).

Immunohistochemistry was performed using the 
paraffin‑embedded kidney samples. The paraffin sections 
were subsequently de‑waxed in water, and incubated with 
3% hydrogen peroxide at room temperature for 10  min. 
Subsequently, the sections were blocked with 5% goat 
serum (cat. no. 16210064; Thermo Fisher Scientific, Inc.) in 
PBS at room temperature for 1 h and then incubated over-
night at 4˚C with the anti‑Sox9 primary antibody (1:2,000). 
Following the primary antibody incubation, the sections were 
incubated with an HRP‑conjugated goat anti‑rabbit secondary 
antibody (1:5,000; cat. no.  bs‑40295G‑HRP; BIOSS) at 
room temperature for 2 h. The slides were visualized using 
3,3'‑diaminobenzidine (Beyotime Institute of Biotechnology) 
and counterstained with hematoxylin at room temperature 
for 2 min. The samples were examined by light microscopy 
(magnification, x400).

Immunofluorescence staining. Cells at 80% confluence were 
cultured on coverslips were fixed with 4% paraformaldehyde 
at room temperature for 15 min and blocked with 5% goat 
serum (Gibco; Thermo Fisher Scientific, Inc.) in PBS at room 
temperature for 30 min. The coverslips were then incubated 
overnight at 4˚C with the following primary antibodies: 
Anti‑COL1 (1:1,500) and anti‑fibronectin (1:500). Following 
the primary antibody incubation, the coverslips were washed 
3  times with PBS and incubated with a goat anti‑rabbit 
IgG antibody labeled with Alexa Fluor® 546 (4 µg/ml; cat. 
no. A‑11035; Invitrogen; Thermo Fisher Scientific, Inc.) for 
1 h at room temperature in the dark. The nuclei were coun-
terstained with DAPI (Thermo Fisher Scientific, Inc.) at room 
temperature for 5 min. Stained slides were visualized using a 

Table I. Primers used for reverse transcription‑quantitative 
PCR.

Gene	 Primer sequence (5'→3')

GAPDH	 F: TCTCTTGTGACAAAGTGGACAT
	 R: CCCATTCTCAGCCTTGACTGT
Sox9	 F: AGCACAAGAAAGACCACCCC
	 R: CGCCTTGAAGATGGCGTTAG
E‑cadherin	 F: CACCGTGGTTTCTTGCGTTT
	 R: TCAGGTTCACTGGCATGCTT
Vimentin	 F: CAGTCACTCACCTGCGAAGT
	 R: AGTTAGCAGCTTCAAGGGCA
Plasminogen 1	 F: CGTCTTCCTCCACAGCCATT
activator inhibitor	 R: GTTGGATTGTGCCGAACCAC
Collagen 1	 F: ACATGCCGTGACCTCAAGAT
	 R: ATGTCCATTCCGAATTCCTG
Fibronectin	 F: TGGAGAGACAGGAGGAAATAGC
	 R: CAGTGACAGCATACAGGGTGAT
Connective tissue	 F: TGGCTTGCTCAGGGTAACTG
growth factor	 R: AACTGCCTCCCAAACCAGTC
β‑catenin	 F: ATCATTCTGGCCAGTGGTGG
	 R: GACAGCACCTTCAGCACTCT
Frizzled‑5	 F: ACTCGCTACGAGGCTTTGTC
	 R: CTTAGTGCCACCCTGCTTGA
c‑Myc	 F: GCTACGTCCTTCTCCCCAAG
	 R: GGTCTCATCGTCAGGATCGC
Transcription 4	 F: ATCACAGCAGTGACCCTTGG
factor	 R: CCGAGGAGTGCGATGGATAG

F, forward; R, reverse.
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fluorescence microscope (magnification, x400) (Imager A2; 
Zeiss GmbH).

RNA‑seq and bioinformatics analysis. Total RNA was 
extracted using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) from SV‑Sox9‑ or NC‑transfected NRK‑52E 
cells and sequenced by CapitalBio Technology Inc.. The 
mRNA profiling was performed using the Illumina HiSeq 
2500 platform (Illumina, Inc.). The lists of differentially 
expressed genes were analyzed via Cuffdiff software 
(version 2; cufflinks.cbcb.umd.edu) (25). The differentially 
expressed genes (|fold-change|>2 and P<0.05) were subjected 
to functional term and signaling pathway enrichment analysis 
using Gene Ontology (GO; geneontology.org) (26) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (27) databases, 
respectively.

Statistical analysis. Statistical analysis was performed using 
SPSS 20 software (IBM Corp.) and data are presented as the 
mean ± SD of ≥3 independent experiments. A Student's t‑test 
or a one‑way ANOVA, followed by a Tukey's post‑hoc test was 
used to determine the statistical significances between 2 and 
>2 groups, respectively. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression levels of Sox9 are upregulated in the tubules of 
UUO model rats. The obstructive nephropathy induced after 
UUO is a classic model of renal interstitial fibrosis, character-
ized by tubular EMT and high levels of ECM aggregation (28). 
The expression levels of E‑cadherin were downregulated and 
those of Vimentin, COL1 and fibronectin were upregulated in 
a time‑dependent manner in UUO model rats, which indicated 
that the model of renal fibrosis had been successfully estab-
lished (Fig. 1A and B).

To determine whether the expression levels of Sox9 in renal 
fibrosis were altered, the expression levels of Sox9 in the UUO 
model rats were analyzed. The experimental data revealed that 
the mRNA expression levels of Sox9 were upregulated by >2‑, 
4‑ and 5‑fold at 3, 7 and 14 days following UUO, respectively, 
compared with the sham group (Fig. 1C). In addition, western 
blotting demonstrated that the protein expression levels of Sox9 
were upregulated in the obstructed kidneys at 7 and 14 days 
following UUO compared with the sham group (Fig. 1D).

To further determine the type of cell in which Sox9 protein 
expression levels were upregulated, Sox9 protein expression 
levels were investigated using immunohistochemical staining 
in the fibrotic kidneys of the UUO model rats. Sox9 protein 
expression levels were markedly upregulated in the obstructed 
kidneys by 7 and 14 days following UUO compared with the 
sham group (Fig. 1E), which were positively associated with 
the severity of kidney fibrosis stained with Masson's staining 
Notably, Sox9 protein expression levels were identified to be 
markedly upregulated in renal tubular epithelial cells (black 
arrows; Fig. 1E).

Overexpression of Sox9 in tubular epithelial cells induces 
renal tubular EMT and ECM aggregation. As Sox9 protein 
was identified to be abundantly expressed in renal tubular 

epithelial cells following obstructive injury, NRK‑52E cells 
were transfected with LV‑Sox9 to investigate the role of 
Sox9; the transfection efficiency was revealed to be 90% 
in NRK‑52E cells infected with the lentivirus for 72  h 
following the observation with a fluorescence microscope 
(Fig.  2A). The transfection efficiency was also analyzed 
using RT‑qPCR and western blotting; the mRNA and protein 
expression levels of Sox9 were significantly upregulated in 
LV‑Sox9‑transfected cells compared with the NC‑transfected 
cells (Fig. 2B and C).

The overexpression of Sox9 significantly upregulated the 
mRNA expression levels of Vimentin, PAI‑1, COL1, fibro-
nectin and connective tissue growth factor (CTGF) compared 
with the NC‑transfected cells, which is consistent with EMT 
and ECM production (7‑9) (Fig. 2D). In addition, compared 
with the NC‑transfected cells, the LV‑Sox9‑transfected 
cells demonstrated upregulated protein expression levels of 
Vimentin, PAI‑1, COL1 and fibronectin in the tubular epithe-
lial cells (Fig. 2E and F). However, there was no effect on the 
expression levels of E‑cadherin compared with NC‑transfected 
cells.

Sox9 aggravates tubular EMT and ECM aggregation induced 
by TGF‑β1 in tubular epithelial cells. To determine whether the 
overexpression of Sox9 aggravated the renal tubular EMT and 
ECM aggregation induced by TGF‑β1, LV‑Sox9‑transfected 
NRK‑52E cells were treated with TGF‑β1. RT‑qPCR analysis 
revealed that the overexpression of Sox9 potentiated the 
TGF‑β1‑induced downregulation of E‑cadherin expression 
levels, and upregulation of Vimentin, PAI‑1, COL1, fibronectin 
and CTGF expression levels (Fig.  3A). Similarly, western 
blotting revealed that the overexpression of Sox9 enhanced 
the TGF‑β1‑induced downregulation of E‑cadherin protein 
expression levels and upregulation of Vimentin, PAI‑1, COL1 
and fibronectin protein expression levels (Fig. 3B and C). 
Compared with the NRK‑52E cells without TGF‑β1 treatment, 
the cells treated with TGF‑β1 had upregulated expression 
levels of Vimentin, PAI‑1, COL1 and fibronectin and down-
regulated E‑cadherin expression levels. Immunofluorescence 
staining to determine COL1 and fibronectin expression levels 
following the treatment with TGF‑β1 revealed similar results 
to the RT‑qPCR and western blotting data (Fig. 3C). Therefore, 
these findings suggested that the overexpression of Sox9 may 
potentiate renal tubular EMT and ECM aggregation induced 
by TGF‑β1 in tubular epithelial cells.

PI3K/AKT signaling pathway is activated following Sox9 
overexpression in tubular epithelial cells. An increasing 
number of studies have revealed that Sox9 acts primarily 
through the Wnt/β‑catenin signaling pathway  (29‑32). 
Therefore, to identify molecular responders of Sox9, it was 
investigated whether Sox9 could activate Wnt signaling 
molecules in NRK‑52E cells. The results revealed that no 
statistical differences were observed in the mRNA and protein 
expression levels of β‑catenin, a crucial mediator of canonical 
Wnt signaling, between NC‑ and LV‑Sox9‑transfected cells 
(Fig. S1A and S1B). In addition, the overexpression of Sox9 did 
not affect the mRNA expression levels of Wnt receptors, such 
as Frizzled‑5 (FZD5), or their target genes, including c‑Myc 
and transcription factor 4 (TCF4; Fig. S1C).
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To further determine how Sox9 may regulate renal tubular 
EMT and ECM aggregation, mRNA transcriptome analysis 
using RNA‑seq technology was performed in NRK‑52E 

cells overexpressing Sox9. A total of 317 differentially 
expressed genes were identified (|fold‑change|>2 and P<0.05), 
including 174 upregulated and 143 downregulated genes 

Figure 1. Expression levels of EMT and fibrotic markers and Sox9 in UUO‑induced kidney fibrosis. (A) mRNA and (B) protein expression levels of E‑cadherin, 
Vimentin, fibronectin and COL1 in the sham control and the obstructed kidneys following UUO for 3, 7 or 14 days. (C) mRNA and (D) protein expression 
levels of Sox9 in the obstructed kidneys in the sham control and the obstructed kidneys following UUO for 3, 7 or 14 days. n=6 rats/group, western blotting 
experiments were repeated once. (E) Immunohistochemical staining revealed the expression levels and localization of Sox9 protein in the sham control and the 
obstructed kidneys following UUO for 3, 7 or 14 days. Masson's trichrome staining was used to identify areas of fibrosis (blue staining) in the sham control and 
the obstructed kidneys following UUO for 3, 7 or 14 days. Arrows indicate positive staining of Sox9. Magnification, x400 for immunohistochemical staining, 
x200 for Masson's trichrome staining. Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. sham. UUO, unilateral ureteral 
obstruction; COL1, collagen 1.
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(Fig.  4A). Subsequently, GO functional term and KEGG 
signaling pathway enrichment analysis were performed to 
identify the potential physiological functions of the differ-
entially expressed mRNAs. GO analysis discovered that the 
differentially expressed genes were highly associated with 
‘Extracellular space’, ‘Extracellular region part’, ‘Extracellular 

region’ and ‘Contractile fiber part’ (Fig. 4B). KEGG analysis 
also identified that the differentially expressed genes was 
involved in the ‘PI3K‑Akt signaling pathway’ and the ‘HIF‑1 
signaling pathway’ (Fig. 4C). Previous studies have reported 
that in chondrocytes and human lung fibroblast cell line, the 
knockdown of Sox9 downregulated the phosphorylation levels 

Figure 2. Overexpression of Sox9 in tubular epithelial cells induces renal tubular epithelial‑mesenchymal transition and extracellular matrix aggregation. 
NRK‑52E cells were transfected with LV‑Sox9 or NC. (A) Transfection efficiency was observed under a fluorescence microscope. Magnification, x400. The 
transfection efficiency of LV‑Sox9 was also analyzed using (B) RT‑qPCR and (C) western blotting. (D) RT‑qPCR was used to analyze the expression levels of 
E‑cadherin, Vimentin, PAI‑1, COL1, fibronectin and CTGF in tubular epithelial cells following the overexpression of Sox9. n=3/group. 
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of AKT (33,34). Therefore, it was investigated whether Sox9 
regulated AKT activity in NRK‑52E cells. The overexpression 
of Sox9 did not upregulate the protein expression levels of total 
AKT in NRK‑52E cells; however, the protein expression levels 
of p‑AKT were upregulated in LV‑Sox9‑transfected cells 
compared with NC‑transfected cells (Fig. 4D).

Blockade of PI3K/AKT signaling pathway with PI3K inhibitors 
alleviates the tubular EMT and ECM aggregation caused by 
the overexpression of Sox9 in tubular epithelial cells. The 
inhibitors of PI3K, LY29002 and wortmannin, were used to 
investigate whether the Sox9‑induced renal tubular EMT and 
ECM aggregation was caused by activation of the PI3K/AKT 
signaling pathway. The protein and/or mRNA expression 
levels of Vimentin, PAI‑1, COL1 and fibronectin were signifi-
cantly downregulated in cells overexpressing Sox9 following 
the treatment with LY294002 or wortmannin compared 
with the LV‑Sox9‑transfected cells alone (Fig.  5A‑C). In 
addition, the treatment of LV‑Sox9‑transfected cells with 
wortmannin or LY29002 downregulated the protein expres-
sion levels of p‑AKT compared with LV‑Sox9‑transfected 

cells (Fig. 5B and C). These results suggested that the over-
expression of Sox9 may induce tubular epithelial EMT and 
ECM aggregation, at least in part, through activation of the 
PI3K/AKT signaling pathway.

Discussion

Numerous studies have demonstrated that Sox9 is as an 
important transcription factor involved in organ development, 
including the development of the kidney (35,36). Sox9 activa-
tion has also been associated with chronic fibrotic disorders 
in the liver (17,20) and the heart (18). However, to the best of 
our knowledge, the role of Sox9 in renal interstitial fibrosis 
remains poorly understood. The present study revealed that 
the expression levels of Sox9 were upregulated in renal tubular 
epithelial cells following obstructive injury, and that the 
overexpression of Sox9 in NRK‑52E cells promoted tubular 
EMT and ECM aggregation. Furthermore, the overexpression 
of Sox9 upregulated the phosphorylation levels of AKT, while 
the PI3K inhibitors, LY29002 and wortmannin, attenuated 
the phenotype of fibrosis in NRK‑52E cells induced by the 

Figure 2. Continued. Overexpression of Sox9 in tubular epithelial cells induces renal tubular epithelial‑mesenchymal transition and extracellular matrix 
aggregation. NRK‑52E cells were transfected with LV‑Sox9 or NC. (E) Western blotting was used to analyze the expression levels of E‑cadherin, Vimentin, 
PAI‑1, COL1 and fibronectin in tubular epithelial cells following the overexpression of Sox9. n=3/group, western blotting experiments were repeated once. 
(F) Semi‑quantification of the expression levels presented in part (E). Data are presented as the mean ± SD. **P<0.01, ***P<0.001, ****P<0.0001 vs. NC. LV‑Sox9, 
stabilized Sox9 expressing lentivirus; NC, negative control; DIC, differential interference contrast microscope; PAI‑1, plasminogen activator inhibitor 1; 
COL1, collagen 1; CTGF, connective tissue growth factor; RT‑qPCR, reverse transcription‑quantitative PCR.
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overexpression of Sox9. Thus, these findings indicated that 
Sox9 may be an important regulator of renal tubular EMT and 
ECM aggregation, suggesting its potential as a novel target for 
therapeutic interference in CKD.

Firstly, a UUO model of renal fibrosis was established and 
confirmed via detecting EMT and fibrotic markers and Masson's 
staining. The expression levels of E‑cadherin protein were 
notably downregulated at 14 days following UUO, whereas the 

mRNA expression levels remained stable. This was consistent 
with a previous study by Geng et al (37), which reported that 
numerous post‑translational modifications may regulate the 
protein expression levels of E‑cadherin in human breast cancer 
cells. Secondly, the role of Sox9 in the development of renal 
fibrosis during obstructive injury was investigated. The mRNA 
and protein expression levels of Sox9 were significantly upregu-
lated in a time‑dependent manner in the kidney tissue and in 

Figure 3. Sox9 potentiates the tubular epithelial‑mesenchymal transition and extracellular matrix aggregation induced by TGF‑β1 in tubular epithelial cells. 
NRK‑52E cells were transfected with LV‑Sox9 or NC and then treated with TGF‑β1 (10 ng/ml) for various periods of time as indicated. (A) Reverse transcrip-
tion‑quantitative PCR was used to analyze the expression levels of E‑cadherin, Vimentin, PAI‑1, COL1, fibronectin and CTGF in LV‑Sox9‑ or NC‑transfected 
NRK‑52E cells treated with TGF‑β1 for 24 h. (B) Western blotting was used to analyze the expression levels of E‑cadherin, Vimentin, PAI‑1, COL1 and 
fibronectin in LV‑Sox9‑ or NC‑transfected NRK‑52E cells treated with TGF‑β1 for 48 h. n=3/group, western blotting experiments were repeated once.
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tubular epithelial cells following renal fibrosis. These data 
suggested a possible association between Sox9 and renal fibrosis, 
and are consistent with a previous study by Kumar et al (38), 
which reported that the expression levels of Sox9 were upregu-
lated in renal tubular epithelial cells in an acute kidney injury 
(AKI) model. In addition, the activation of Sox9 was involved 
in the repair process of renal tubular epithelial cells following 
AKI  (38). These findings demonstrated the potential role 

of Sox9 in the repair process of renal tubular epithelial cells 
following AKI; however, the role and underlying mechanism of 
action of Sox9 in renal fibrogenesis remains unknown. An addi-
tional study comparing RNA‑seq analysis at various time points 
during the process from AKI to chronic kidney injury revealed 
that the expression levels of Sox9 were maintained, even weeks 
after AKI, indicating that Sox9 may not only be involved in the 
repair process, but also in the process of chronic fibrosis (39).

Figure 3. Continued. Sox9 potentiates the tubular epithelial‑mesenchymal transition and extracellular matrix aggregation induced by TGF‑β1 in tubular 
epithelial cells. NRK‑52E cells were transfected with LV‑Sox9 or NC and then treated with TGF‑β1 (10 ng/ml) for various periods of time as indicated. 
(C) Semi‑quantification of the expression levels presented in part (B). (D) Immunofluorescence staining was used to analyze the protein expression levels 
of COL1 and fibronectin in the LV‑Sox9‑ or NC‑transfected NRK‑52E cells treated with TGF‑β1 for 48 h. Magnification, x400. Data are presented as the 
mean ± SD. *P<0.05, **P<0.01, ***P<0.001. LV‑Sox9, stabilized Sox9 expressing lentivirus; NC, negative control; PAI‑1, plasminogen activator inhibitor 1; 
COL1, collagen 1; CTGF, connective tissue growth factor; TGF‑β1, transforming growth factor β1.
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Renal tubular epithelial cells are the primary target of 
a variety of metabolic, immunological, ischemic and toxic 
insults (40,41). In the tubulointerstitium, renal tubular epithe-
lial cells were also discovered to serve a significant role in 
promoting the release of inflammatory factors and ECM aggre-
gation through epithelial‑mesenchymal communication (42). 

In the present study, Sox9 expression levels were upregulated 
in the renal tubular epithelium in obstructive nephropathy; 
thus, indicating a potential important role of Sox9 in promoting 
renal tubular EMT and ECM aggregation following the 
overexpression of Sox9 in NRK‑52E cells. Furthermore, the 
overexpression of Sox9 in tubular epithelial cells upregulated 

Figure 4. PI3K/AKT signaling pathway is activated following Sox9 overexpression in tubular epithelial cells. (A) Clustering analysis by Illumina HiSeq 2500 
demonstrated changes in the mRNA expression profiles in LV‑Sox9‑transfected NRK‑52E cells. n=3/group. (B) Significantly enriched GO terms among 
differentially expressed genes in LV‑Sox9‑transfected cells relative to NC‑transfected cells. (C) Significantly enriched KEGG signaling pathway terms among 
differentially expressed genes in LV‑Sox9‑transfected cells relative to NC‑transfected cells. (D) Western blotting analysis of p‑AKT and AKT expression levels 
in NRK‑52E cells transfected with LV‑Sox9. (E) Semi‑quantification of the expression levels presented in part (D). n=3/group, western blotting experiments 
were repeated once. *P<0.05. LV‑Sox9, stabilized Sox9 expressing lentivirus; NC, negative control; GO, Gene Ontology; p‑, phosphorylated; KEGG, Kyoto 
Encyclopedia of Genes and Genomes.
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the mRNA and protein expression levels of Vimentin, PAI‑1, 
COL1, fibronectin and the mRNA expression levels of CTGF, 
which is consistent with the characteristic features of renal 

tubular EMT and ECM aggregation under renal fibrosis (7‑9). 
Notably, previous studies have also reported a role for Sox9 in 
the process of EMT and ECM aggregation; for example, Sox9 

Figure 5. Blockade of PI3K/AKT signaling pathway by PI3K inhibitors alleviates tubular epithelial‑mesenchymal transition and extracellular matrix aggrega-
tion induced by the overexpression of Sox9 in tubular epithelial cells. NRK‑52E cells transfected with LV‑Sox9 or NC were treated with 10 µM LY29002 or 
1 µM wortmannin for 48 h. (A) Reverse transcription‑quantitative PCR was used to analyze the expression levels of Vimentin, PAI‑1, COL1 and fibronectin 
in LY294002‑ or wortmannin‑treated NRK‑52E cells. (B) Western blotting was used to analyze the expression levels of p‑AKT, AKT, Vimentin, COL1 and 
fibronectin in LY294002‑ or wortmannin‑treated NRK‑52E cells. (C) Semi‑quantification of the expression levels presented in part (B). n=3/group, western 
blotting experiments were repeated once. *P<0.05, **P<0.01, ***P<0.001. Data are presented as the mean ± SD. LV‑Sox9, stabilized Sox9 expressing lentivirus; 
NC, negative control; PAI‑1, plasminogen activator inhibitor 1; COL1, collagen 1; p‑, phosphorylated.
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was found expressed in the cardiac cushions, where it promoted 
EMT processes to form valve structures (43). In addition, Sox9 
was identified as a crucial regulator of cardiac fibrosis during 
ischemic injury (18,36). Furthermore, the genetic disruption of 
Sox9 attenuated liver fibrosis by downregulating the expres-
sion levels of osteopontin, which is an important component 
of the ECM and can also promote fibrosis (20). Notably, in the 
present study, the overexpression of Sox9 was discovered to 
potentiate the tubular EMT and ECM aggregation induced by 
TGF‑β1. This finding further indicated that Sox9 may serve a 
critical role in the processes of EMT and ECM aggregation 
in tubular epithelial cells, following potential upregulation of 
phosphorylated Sox9 expression levels induced by TGF‑β1. 
These hypotheses were consistent with a previous study, which 
reported that TGF‑β promoted the phosphorylation of Sox9 
protein expression levels in chondrocytes (44).

Numerous previous studies have revealed that Sox9 
primarily acts through the Wnt/β‑catenin signaling pathway 
in tumorigenesis and metastasis  (45,46). In addition, the 
sustained activation of this signaling pathway was linked to 
CKD and renal fibrosis in patients and experimental animal 
models  (47). However, the present study revealed that the 
changes in the mRNA and protein expression levels of 
β‑catenin were not statistically different to the NC‑transfected 
cells when Sox9 was overexpressed in renal tubular epithelial 
cells. Interestingly, it has been suggested that the detection 
of β‑catenin expression level may not be a sensitive indicator 
of the Wnt/β‑catenin signaling pathway activation (48,49). 
Therefore, additional important molecules involved in the 
Wnt/β‑catenin signaling pathway were detected. Unfortunately, 
no significant differences were observed in the mRNA expres-
sion levels of the Wnt receptor, FZD5, and its target genes, 
c‑Myc and TCF4, following the overexpression of Sox9 in 
renal tubular epithelial cells, which indicated that Sox9 may 
not activate the Wnt/β‑catenin signaling pathway to promote 
renal tubular EMT and ECM aggregation in renal tubular 
epithelial cells.

The present study identified that Sox9 was involved in the 
PI3K/AKT signaling pathway from mRNA transcriptome 
analysis using RNA‑seq technology. In addition, Sox9 upregu-
lated the phosphorylation levels of AKT without affecting 
the total protein expression levels of AKT. These results are 
consistent with a previous study, in which the phosphorylation 
levels of AKT and the PI3K subunit, PI3K catalytic subunit α 
isoform, were downregulated in chondrocytes following the 
knockdown of Sox9 (34). Thus, to confirm whether the phos-
phorylation of AKT mediated renal tubular EMT and ECM 
aggregation in NRK‑52E cells overexpressing Sox9, LY29002 
and wortmannin PI3K inhibitors were used; the results revealed 
that the inhibition of the PI3K/AKT signaling pathway by 
the inhibitors downregulated expression levels of Vimentin, 
PAI‑1, COL1 and fibronectin in NRK‑52E cells overexpressing 
Sox9. Notably, PI3K inhibitors have been demonstrated to 
alleviate tubular EMT and renal fibrosis (50,51). These obser-
vations indicated that Sox9 may promote tubular EMT and 
ECM aggregation in NRK‑52E cells through the PI3K/AKT 
signaling pathway.

Nonetheless, there are several limitations to the present 
study. First, the study only investigated the effects of Sox9 in 
one cell line; therefore, further studies should be conducted 

using other cell lines, such as the NRK‑49F cell line, which 
are rat renal interstitial fibroblasts, to provide more definitive 
evidence on the role of Sox9 in renal fibrosis. Secondly, the 
phosphorylation of AKT was also observed in NC‑transfected 
cells (Fig.  4D). The PI3K inhibitors, LY29002 and wort-
mannin, may constantly suppress the phosphorylation of 
AKT, therefore further experiments, such as RNA interfer-
ence or genetic knockout studies, are required to determine 
the association between Sox9 and the PI3K/AKT signaling 
pathway.

In conclusion, the results of the present study revealed 
that the expression levels of Sox9 were upregulated in the 
renal tubular epithelium following obstructive injury and that 
the overexpression of Sox9 may promote tubular EMT and 
ECM aggregation in vitro through regulating the PI3K/AKT 
signaling pathway. These findings have implications for the 
development of novel therapeutic approaches to suppress 
tubular EMT and ECM aggregation in the kidney.
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