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Abstract. Tubulointerstitial fibrosis (TiF) is an important 
pathological change that occurs during the development of 
diabetic kidney disease. The epithelial‑mesenchymal transi‑
tion (eMT) of renal tubular epithelial cells is a manifestation 
of TiF. STaT1, a member of the STaT family of transcription 
factors, can be modified by the small ubiquitin‑related modi‑
fier (SUMO), thus affecting the activity of STAT1. The present 
study investigated the role of STaT1 SuMoylation in high 
glucose‑induced tubular eMT by western blotting, immuno‑
cytochemistry, immunofluorescence, co‑immunoprecipitation 
and dual luciferase reporter analysis. The results indicated that 
in the process of high glucose‑induced eMT, STaT1 activa‑
tion protected the cells from eMT. However, high glucose 
also increased the SuMoylation of STaT1, which prevented 
STaT1 from exerting an effective protective role by inhibiting 
its activity.

Introduction

according to the international diabetes Federation, there 
will be 592 million patients with diabetes worldwide by 
2035 (1). diabetic kidney disease (dKd) is a complication 
that occurs in >20% of patients with diabetes (2) and it is the 
main cause of end‑stage renal disease (eSrd) (3). The uS 
renal data System 2020 annual data report demonstrated 

that the percentage of patients with eSrd and diabetes 
mellitus increased form 58.3% in 2016 to a peak of 60.5% 
in 2019 before decreasing to 59.9% in 2020 (4). Furthermore, 
the increase in the percentage of patients with chronic kidney 
disease (cKd) caused by diabetes has shifted the spectrum 
of cKd in china toward its pattern in developed countries. 
These findings suggested there may be a rising incidence 
of diabetes‑related eSrd in china (5). Tubulointerstitial 
fibrosis (TiF) is a common pathway in chronic kidney 
diseases, which eventually leads to erSd. TiF is also a better 
predictor of kidney disease than glomerulosclerosis (6). TiF 
is characterized by deposition of the extracellular matrix, 
which is mainly produced by myofibroblasts. Renal proximal 
tubule epithelial cells, through epithelial‑mesenchymal tran‑
sition (EMT), are one of the main sources of myofibroblasts. 
Mounting evidence has revealed that interventions aimed at 
inhibiting EMT can significantly prevent DKD‑induced renal 
fibrosis (7‑9).

as a signal transduction and transcription activator, STaT 
is phosphorylated to form a dimer, which translocates to the 
nucleus to induce the transcription of target genes. notably 
phosphorylated (p)‑STaT is considered its active form. 
Studies have shown that p‑STaT1 and p‑STaT3 are involved 
in EMT and subsequent TIF under several conditions (10‑13). 
The role of STaT3 in eMT and fibrosis has been widely 
recognized (14‑18); however, other studies have suggested that 
the activation of STAT1 exhibits anti‑fibrotic properties by 
reducing macrophage infiltration or changing the phenotype 
of macrophages in renal ischemia‑reperfusion injury (19). 
Tumor‑related studies have also demonstrated that the acti‑
vation of STaT1 mediated the effect of interleukin‑27 in 
reversing trophoblast cell eMT (20). in addition, STaT1 acti‑
vation can mediate the protective effect of iFn‑γ on dKd 
glomerulosclerosis (2,21,22).

STAT1 can be modified by small ubiquitin‑related 
modifier (SuMo), which affects its activity (23,24). The 
human‑derived SuMo family is comprised of four members: 
SuMo1, SuMo2, SuMo3 and SuMo4, each with distinct 
distributions and functions (25,26). However, the mechanism 
underlying STaT1 SuMoylation in dKd remains unclear. 
Therefore, the present study investigated the possible role of 
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STaT1 activation and the role of STaT1 SuMoylation in high 
glucose‑induced tubular eMT.

Materials and methods

Materials. The HK‑2 human renal proximal tubule epithe‑
lial cell line was purchased from american Type culture 
collection. dMeM was purchased from Gibco; Thermo Fisher 
Scientific, Inc. FBS was purchased from ScienCell Research 
laboratories, inc. Mannitol was purchased from Shanghai 
aladdin Biochemical Technology co., ltd. The cellTiter 
96® aQueous one Solution cell Proliferation assay was 
purchased from Promega corporation. The Bca Protein assay 
Kit was obtained from Beijing Solarbio Science & Technology 
co., ltd. lipofectamine® 3000 was obtained from invitrogen; 
Thermo Fisher Scientific, Inc. RIPA lysis was purchased from 
Shanghai BestBio. BSa and ecl system were obtained from 
neoFroxx GmbH and Tiangen Biotech co., ltd., respectively. 
anti‑SuMo2/3 (cat. no. ab3742), SuMo4 (cat. no. ab126606), 
uBc9 (cat. no. ab75854), p‑STaT1 (cat. no. ab30645), 
vimentin (cat. no. ab92547) and α‑SMa (cat. no. ab124964) 
antibodies were purchased from abcam. anti‑e‑cadherin 
(cat. no. 20874‑1‑aP), protein inhibitor of activated STaT 
(PiaS)1 (cat. no. 23395‑1‑aP), PiaS3 (cat. no. 13486‑1‑aP), 
GFP (cat. no. 66002‑1‑lg) and anti‑β‑actin (cat. no. 66009‑1‑lg) 
antibodies were purchased from Proteintech Group, ltd. 
anti‑SuMo1 antibody (cat. no. 4930) was purchased from 
cell Signaling Technology, inc. rabbit anti‑STaT1 antibody 
(cat. no. 10144‑2‑aP) was purchased from Proteintech Group, 
ltd. and mouse anti‑STaT1 antibody (cat. no. sc‑464) was 
purchased from Santa cruz Biotechnology, inc. anti‑PiaS4 
antibody (cat. no. aF5329) was purchased from affinity 
Biosciences, ltd. Protein a/G PluS agarose (cat. no. sc‑2003) 
and normal igG antibodies (cat. no. sc‑2005) were obtained 
from Santa cruz Biotechnology, inc. The dual luciferase 
reporter assay kit was purchased from Promega corporation. 
STaT1, PiaS4 and uBc9 small interfering rnas (sirnas) 
and the negative control sirna (cat. no. sin0000001‑1‑10) 
were purchased from Guangzhou riboBio co., ltd. The 
siRNA sequences were as follows: UBC9 siRNA475, 5'‑AGT 
GCG CTA TCC CTG GAA A‑3', UBC9 siRNA552, 5'‑GGC 
CAG CTA TCA CCA TCA A‑3', UBC9 siRNA259, 5'‑GGG 
AAG GAG GCT TGT TCA A‑3', STAT1 siRNA1, 5'‑CAT 
GCG GTT GAA CCC TAC A‑3', STAT1 siRNA2, 5'‑GCA CGC 
TGC CAA TGA TGT T‑3', STAT1 siRNA3, 5'‑CTG GAT ATA 
TCA AGA CTG A‑3', and PIAS4 siRNA, 5'‑UUA UUG GAG 
GGG UAG UAG CCC‑3'. The STAT1‑wild type (STAT1‑WT), 
STaT1‑K703r (STaT1‑Kr; SuMoylation site mutation), 
STaT1‑Y701e (STaT1‑Ye; sustained activation) plasmids 
and the plasmid vector (pcMV3‑c‑GFPSpark) were obtained 
from Sino Biological, inc. The accession number used to 
design the plasmids is nM_007315.3. STaT1‑luc plasmid 
was obtained from Genomeditech. The two‑step immuno‑
histochemical detection reagent test kit (cat. no. PV‑9001), 
containing polymer helper and polyperoxidase‑anti‑rabbit 
igG antibody, was purchased from oriGene Technologies, 
Inc. The fluorescent secondary antibody (cat. no. SA00013‑4) 
and horseradish peroxidase‑conjugated secondary antibodies 
(cat. nos. Sa00001‑1 and Sa00001‑2) were purchased from 
Proteintech Group, ltd. 

Cell culture and treatment. HK‑2 cells were cultured in 
dMeM (normal glucose, 5.5 mmol/l) supplemented with 10% 
FBS at 37˚C in a 5% CO2 incubator. cells were exposed to 
30 mmol/l glucose for 0, 12, 24 and 48 h at 37˚C. Mannitol was 
used as an osmotic control. cells were treated with mannitol 
(30 mmol/l) in the same manner as high glucose. an inverted 
fluorescence microscope was used to observe cell morphology.

Cell viability assay. cell viability was determined using the 
cellTiter 96 aQueous one Solution assay, according to the 
manufacturer's protocol. Briefly, HK‑2 cells were seeded in 
96‑well plates. Following treatment with high glucose for 
0, 24 and 48 h at 37˚C, cells were incubated with CellTiter 
96 AQueous One Solution for 2 h at 37˚C. Finally, the absor‑
bance of the reaction product was measured at 490 nm using a 
microplate reader.

Cell transfection. When cells reached 70% confluence, they 
were transfected using lipofectamine® 3000 according 
to the manufacturer's protocol. For siRNA transfection, 
lipofectamine 3000 reagent and sirnas (2.5 µg) were 
incubated for 15 min at room temperature, and the mixture 
was then added to the cell medium. For plasmid transfection, 
lipofectamine 3000 reagent, P3000 reagent and plasmids 
(3 µg) were incubated for 15 min. The empty plasmid was 
used as a negative control. The mixture was then added to the 
cell culture medium. after 8 h incubation with the mixture at 
37˚C, the cells were cultured under normal condition for 40 h. 
The cells were then treated with 30 mmol/l glucose for 12, 24 
and 48 h at 37˚C. The transfection efficiency of plasmids and 
siRNAs was confirmed by western blotting.

Western blotting. HK‑2 cells were lysed with riPa lysis 
buffer containing 0.4% protease inhibitor and 1% phos‑
phatase inhibitor for 40 min and were then quantified using 
a Bca assay kit. Protein samples (30 µg per lane) were 
separated by SdS‑PaGe on 10% gels and were then trans‑
ferred to polyvinylidene fluoride membranes. Subsequently, 
the membranes were blocked with BSA for 2 h at 37˚C and 
incubated with primary antibodies (1:1,000) overnight at 4˚C. 
Thereafter, the membranes were incubated with horseradish 
peroxidase‑conjugated secondary antibodies (1:5,000) for 2 h 
at 37˚C. Protein samples were detected using an ECL system. 
β‑actin was used as an internal reference protein and relative 
protein expression levels were semi‑quantified using a Gel‑Pro 
analyzer 4.0 (Media cybernetics, inc.).

Immunocytochemistry and immunofluorescence. e‑cadherin 
and α‑SMa were detected by immunocytochemistry and 
SuMos were detected by immunofluorescence. a sterile 
cover glass was placed on a six‑well plate to culture the cells. 
For immunocytochemistry, cells (~50% confluence) were 
fixed with 4% paraformaldehyde for 30 min at room tempera‑
ture. Following permeabilization with 0.1% Triton X‑100 for 
30 min at 37˚C, cells were incubated with 3% H2o2 at 37˚C for 
30 min to remove endogenous peroxidase. Primary antibodies 
(e‑cadherin: 1:200, α‑SMa: 1:250) were then added and incu‑
bated overnight at 4˚C. Subsequently, the cells were incubated 
with polymer helper and polyperoxidase‑anti‑rabbit igG anti‑
body at 37˚C for 30 min. Finally, the cells were stained with 
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diaminobenzidine. a positive signal was observed using an 
olympus light microscope (olympus corporation). With the 
exception that a fluorescent secondary antibody (1:200) was 
used at 37˚C for 30 min and observation was performed under 
a fluorescence microscope, the immunofluorescence proce‑
dure was similar to the immunocytochemistry procedure.

Co‑immunoprecipitation (Co‑IP). HK‑2 cells were lysed with 
riPa lysis buffer containing 0.4% protease inhibitor and 1% 
phosphatase inhibitor mixture for 40 min and proteins were 
then quantified using a BCA assay kit. The lysate (800 µl) 
was incubated with mouse STaT1 antibody (1:200) or igG 
antibody (1:200) on a mixer for 24 h at 4˚C and then incubated 
with protein A/G beads (20 µl) on the mixer at 4˚C overnight. 
Subsequently, the samples were washed four times with IP 
washing buffer at 500 x g for 5 min at 4˚C. After adding 
bromophenol blue protein indicator buffer, the extracted 
protein was boiled at 100˚C for 7 min and the expression of 
SuMos and PiaSs were analyzed using western blotting.

Dual luciferase reporter analysis. lipofectamine 3000 was 
used for plasmid transfection and the dual‑luciferase reporter 
assay system was used for STaT1 activity detection. The 
STaT1‑WT or STaT1‑Kr plasmids were co‑transfected 
into cells with the STaT1‑luc plasmid, and each group was 
simultaneously transfected with the Renilla luciferase plasmid 
to eliminate the difference caused by different efficiencies. A 
total of 48 h after transfection, glucose (30 mmol/l) was added 
to the cells for 24 h. Subsequently, the dual luciferase reporter 
assay system was used to detect STAT1 activity. Briefly, the 
cells were lysed with PlB lysis buffer at room temperature. 
First, the LARⅡ reagent was added to the lysate to detect firefly 
luciferase activity, and the Stop & Glo reagent was then added 
to detect the Renilla luciferase activity. STaT1 activity was 
expressed as the ratio of firefly luciferase activity to Renilla 
luciferase activity.

Statistical analysis. each experiment was repeated at least 
three times. Statistical analyses were conducted using SPSS 
19.0 statistical software (iBM corporation). The measured 
data are expressed as the mean ± standard deviation. normally 
distributed quantitative data were compared between two 
groups using independent‑samples Student's t‑test and data 
among multiple groups were compared using one‑way 
ANOVA (with LSD or Tukey's test) or two‑way ANOVA (with 
Bonferroni test). P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Effects of high glucose on cell viability and the phenotypic 
transition of HK‑2 cells. The cellTiter 96 aQueous one 
Solution assay was used to determine the viability of HK‑2 
cells. The results revealed that high glucose did not affect cell 
viability (Fig. 1A). Under an inverted fluorescence microscope, 
most HK‑2 cells were arranged in a typical cobblestone‑like 
pattern when cultured with normal glucose, whereas 
the cells were elongated and exhibited a spindle‑shaped 
morphology after 48 h of high‑glucose treatment (Fig. 1B). 
immunocytochemical analysis showed weak expression of 

e‑cadherin and strong expression of α‑SMa in the cytoplasm of 
HK‑2 cells following high glucose treatment for 48 h (Fig. 1c). 
in addition, western blotting was used to detect the phenotypic 
transition of HK‑2 cells (Fig. 1d and e). among the three 
treatment groups, only high glucose increased the expression 
of vimentin and α‑SMa, and decreased e‑cadherin expression 
in a time‑dependent manner. compared with in the normal 
glucose treatment group, the expression levels of vimentin 
were significantly increased when cells were stimulated with 
high glucose for 24 h. in addition, α‑SMa expression was 
significantly increased after 12 h of high‑glucose stimulation. 
By contrast, the expression levels of E‑cadherin were signifi‑
cantly downregulated after 12 h of high‑glucose exposure and 
gradually decreased. These results indicated that high glucose 
may promote the eMT of HK‑2 cells.

Effects of high glucose on SUMO expression in HK‑2 cells. To 
investigate the effects of high glucose on the expression levels of 
SUMOs in HK‑2 cells, immunofluorescence analysis (Fig. 2A) 
and western blotting (Fig. 2B and c) were performed. SuMos 
were primarily expressed in the nucleus. among the three 
treatment groups, only high glucose increased the expression 
levels of SuMo1 and SuMo4. as for SuMo2/3, although 
there was no marked change observed by immunocytochem‑
istry, the western blotting results indicated that high glucose 
elevated the expression levels of SuMo2/3. compared with 
in cells treated with normal glucose, the relative expression 
levels of SuMo1 and SuMo4 peaked 12 h after high‑glucose 
treatment, whereas the relative expression levels of SuMo2/3 
peaked at 24 h and then decreased. 

Effects of STAT1 activation on the phenotypic transition in 
HK‑2 cells. The present study observed the effect of high 
glucose on the phosphorylation of STaT1 (Fig. 3a and B). The 
results suggested that high glucose, but not normal glucose or 
mannitol, increased the relative expression levels of p‑STaT1 
(Tyr701) in a time‑dependent manner. 

To determine the role of STaT1 activation in tubular 
eMT induced by high glucose, STaT1 sirna or STaT1‑Ye 
plasmids were transfected into the HK‑2 cells. The transfec‑
tion efficiency of sirna and plasmids are presented in 
Fig. 3c‑e. all three sirnas inhibited STaT1 expression 
and STaT1 sirna3, which had the best inhibitory effect, 
was selected for subsequent experiments (Fig. 3C and D). 
The fusion expression of GPF and STaT1 resulted in the 
molecular weight of exogenous STaT1 being higher than that 
of endogenous STAT1. The efficiency of transfection with the 
STAT1 plasmid was confirmed by detecting the expression of 
GFP‑STaT1 (Fig. 3e). as shown in Fig. 3F and G, STaT1 
siRNA transfection did not significantly affect the level of 
p‑STaT1/STaT1 compared with control sirna transfection; 
however, STaT1 sirna transfection aggravated the effect of 
high glucose on the expression level of α‑SMa. This may be 
due to the decreased level of STaT1. in order to verify that 
p‑STaT1 affected high glucose‑induced eMT, STaT1‑Ye 
plasmid was transfected into cells. The results showed that the 
expression levels of p‑STaT1 were higher in the STaT1‑Ye 
group compared with those in the STaT1‑WT group. The 
upregulation of STaT1 phosphorylation in the STaT1‑Ye 
group may alleviate the high glucose‑induced changes in the 
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expression levels of e‑cadherin and α‑SMa (Fig. 3H and 3i). 
These results suggested that STaT1 activation may inhibit 
eMT in HK‑2 cells.

SUMOylation of STAT1 in HK‑2 cells. it has been reported that 
STAT1 can be modified using SUMOs. As UBC9 is the only E2 
enzyme involved in SUMOylation, the present study first veri‑
fied the conjunction of STAT1 and UBC9. As shown in Fig. 4A, 
there was enhanced conjunction of STaT1 and uBc9 under 
high glucose conditions. Subsequently, the binding of STAT1 
and SuMos in uBc9 sirna‑transfected cells was detected. 
all three sirnas inhibited uBc9 expression (Fig. 4B); 
uBc9‑si475 exhibited the best inhibitory effect and was selected 
for subsequent experiments. As shown in Fig. 4C and D, high 
glucose levels upregulated the binding of STaT1 with all three 
SuMos, which could be inhibited by uBc9 knockdown. This 
indicated that STAT1 could be modified by SUMOs in HK‑2 

cells. SuMoylation of STaT1 was enhanced under high glucose 
conditions. Subsequently, it was confirmed by co‑IP experi‑
ments that the binding of PiaS4, instead of PiaS1 or PiaS3, 
to STaT1 was increased under high glucose conditions. These 
findings suggested that PiaS4 may be the e3 ligase which 
mediated the upregulation of STaT1 SuMoylation (Fig. 4e). 
Subsequently, HK‑2 cells were transfected with PIAS4 siRNA 
(Fig. 4F). The results revealed that the binding of SuMo1 and 
SuMo4 with STaT1 was inhibited after PiaS4 was knocked 
down (Fig 4G and H). The slight bands seen in Fig. 4a and e 
may be caused by the light or heavy chains of igG, respectively. 
in addition, the slight bands seen in Fig. 4G may be due to insuf‑
ficient cleaning in the experiments.

Effects of STAT1 SUMOylation on its activity. in order to 
verify the effect of STaT1 SuMoylation on its activity, 
the STaT1‑Kr plasmid was generated. in STaT1‑Kr, 

Figure 1. effects of high glucose on the viability and phenotypic transition of HK‑2 cells. (a) cell viability was analyzed with the MTS assay. High glucose did 
not affect cellular viability. data were analyzed by one‑way anoVa and lSd post hoc test. (B) cell morphology was altered following high‑glucose stimula‑
tion. The cells were elongated and exhibited a spindle‑shaped morphology after 48 h of high‑glucose treatment. Scale bars: 30 µm. (c) immunocytochemistry 
was used to detect the expression levels of E‑cadherin and α‑SMA. The cells exhibited weak expression of E‑cadherin and strong expression of α‑SMA in 
the cytoplasm following high‑glucose treatment for 48 h. Scale bars: 20 µm. Expression levels of vimentin, α‑SMA and E‑cadherin (D) were detected using 
western blotting and (E) were semi‑quantified using densitometry. Compared with in the normal glucose treatment group, high glucose, but not mannitol, 
increased the expression levels of vimentin and α‑SMA, and decreased E‑cadherin expression. The data were analyzed by two‑way ANOVA and Bonferroni 
post hoc test. n=3. *P<0.05 vs. 0 h; #P<0.05 vs. normal glucose group. 
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Figure 2. High glucose increases the expression levels of SUMOs in HK‑2 cells. (A) Immunofluorescence was used to detect SUMO expression. SUMOs were 
primarily expressed in the nucleus. After 12 h high‑glucose stimulation, the expression levels of SUMO1 and SUMO4 increased, whereas the fluorescence 
signal of SUMO2/3 did not change. SUMO expression levels (B) were detected using western blotting and (C) were semi‑quantified using densitometry. 
compared with in the normal glucose treatment group, high glucose, but not mannitol, increased the expression levels of all SuMos. The data were analyzed 
by two‑way anoVa and Bonferroni post hoc test. n=3. Scale bars: 100 µm. *P<0.05 vs. 0 h; #P<0.05 vs. normal glucose group. SUMO, small ubiquitin‑related 
modifier. 
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lys 703 was mutated to arg; this mutation can inhibit the 
SuMoylation of STaT1 at lys 703. it has previously been 
suggested that the SuMoylation of STaT1 at lys 703 affects 
the phosphorylation of STaT1 at Tyr701 (27). Fig. 5a shows 
the expression of GFP‑STAT1, which confirmed the transfec‑
tion efficiency of the STAT1 plasmids. As shown in Fig. 5B, 
high glucose induced the phosphorylation of exogenous 

STaT1 both in STaT1‑WT and STaT1‑Kr groups. compared 
with the STaT1‑WT plasmid group, the level of total p‑STaT1 
was higher in the STaT1‑Kr plasmid group (Fig. 5B and c). 
dual‑luciferase reporter gene analysis suggested that high 
glucose significantly increased STaT1 activity; however, 
STaT1 was more active in the STaT1‑Kr plasmid group than 
that in the STaT1‑WT plasmid group (Fig. 5d). These results 

Figure 3. STaT1 activation inhibits phenotypic transition of HK‑2 cells. The activation of STaT1 (a) was detected using western blotting and (B) was 
semi‑quantified using densitometry. High glucose increased the relative expression levels of p‑STAT1 (Tyr701). The data were analyzed by two‑way ANOVA 
and Bonferroni post hoc test. The efficiency of STAT1 knockdown (C) was analyzed by western blotting and (D) was semi‑quantified using densitometry. The 
data were analyzed by one‑way ANOVA and Tukey post hoc test. (E) Efficiency of plasmids transfection. The expression of p‑STAT1, E‑cadherin and α‑SMA 
post‑transfection with STAT1 siRNA (F) was detected using western blotting and (G) was semi‑quantified using densitometry. The reduction in p‑STAT1 
aggravated the effects of high glucose on the expression levels of E‑cadherin and α‑SMA. The data were analyzed by one‑way ANOVA and Tukey post hoc 
test. The expression of p‑STAT1, E‑cadherin, vimentin and α‑SMA post‑transfection with STAT1‑WT or STAT1‑YE plasmid (H) was detected using western 
blotting and (I) was semi‑quantified using densitometry. Upregulation of STAT1 phosphorylation alleviated the high glucose‑induced expression levels of 
E‑cadherin, α‑SMA and vimentin. The data were analyzed by one‑way ANOVA and Tukey post hoc test. n=3. *P<0.05; #P<0.05 vs. 0 h; ▲P<0.05 vs. normal 
glucose group. p‑, phosphorylated; sirna, small interfering rna; WT, wild type.  
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Figure 4. High glucose upregulates STaT1 SuMoylation in HK‑2 cells. (a) co‑iP suggested that the binding of STaT1 and uBc9 was upregulated under 
high‑glucose conditions. The data were analyzed by Student's t‑test. (B) Efficiency of UBC9 knockdown was analyzed by western blotting and was semi‑quan‑
tified using densitometry. The data were analyzed by one‑way ANOVA and Tukey post hoc test. (C and D) Co‑IP suggested that the SUMOylation of STAT1 
was enhanced under high‑glucose conditions. The data were analyzed by one‑way anoVa and Tukey post hoc test. (e) Binding of STaT1 and PiaSs was 
analyzed. Results suggested that PIAS4 mediated the upregulation of STAT1 SUMOylation. The data were analyzed by Student's t‑test. (F) Efficiency of 
PIAS4 knockdown was analyzed by western blotting and was semi‑quantified using densitometry. The data were analyzed by one‑way ANOVA and LSD post 
hoc test. The effects of PIAS4 siRNA transfection on STAT1 SUMOylation (G) were analyzed by co‑IP and (H) were semi‑quantified using densitometry. The 
results suggested that PiaS4 knockdown inhibited STaT1 SuMoylation. The data were analyzed by one‑way anoVa and Tukey post hoc test. iP:STaT1 
means the cell lysate was incubated with STaT1 antibody. input was used as a positive control to detect the presence of target proteins. n=3. *P<0.05. co‑iP, 
co‑immunoprecipitation; PIAS, protein inhibitor of activated STAT; siRNA, small interfering RNA; SUMO, small ubiquitin‑related modifier. 
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suggested that STaT1‑Kr transfection increased p‑STaT1 
expression and STaT1 activity.

Role of STAT1 SUMOylation in the phenotypic transition of 
HK‑2 cells. as shown in Fig. 6, under high glucose, e‑cadherin 
expression was higher, and α‑SMa and vimentin expression 
was lower in the STaT1‑Kr plasmid group compared with 
that in the STaT1‑WT plasmid group. These results suggested 

that activated STaT1 may suppress the high glucose‑induced 
phenotypic transition of HK‑2 cells.

Discussion

dKd is one of the most common microvascular complications 
associated with diabetes. The major pathological changes 
in dKd include glomerulosclerosis and TiF. although 

Figure 5. Inhibition of STAT1 SUMOylation upregulates STAT1 activity induced by high glucose. (A) Transfection efficiency of STAT1‑WT and STAT1‑YE 
plasmids was detected by western blotting. The expression level of p‑STAT1 (B) was detected using western blotting and (C) was semi‑quantified using 
densitometry. compared with in the STaT1‑WT plasmid group, the level of p‑STaT1 was higher in the STaT1‑Kr plasmid group. (d) dual luciferase reporter 
assay suggested that STaT1 activity was increased in STaT1‑Kr plasmid group. all of the data were analyzed by one‑way anoVa and Tukey post hoc test. 
n=3. p‑, phosphorylated; WT, wild type; exo, exogenous STaT1; end, endogenous STaT1 

Figure 6. Inhibition of STAT1 SUMOylation improves the phenotypic transition of HK‑2 cells induced by high glucose. Expression levels of vimentin, α‑SMA 
and E‑cadherin were detected using western blotting and were semi‑quantified using densitometry. The results suggested that activated STAT1 suppresses the 
high glucose‑induced phenotypic transition of HK‑2 cells. The data were analyzed by one‑way anoVa and Tukey post hoc test. n=3. *P<0.05. WT, wild type.
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glomerulopathy was originally considered the main patho‑
logical change in dKd, there is increasing evidence that TiF is 
more closely related to renal function. TiF can be detected in 
the early stages of dKd and directly contributes to decreased 
renal function, independent of glomerular dysfunction (10,28). 
Myofibroblasts are the main cells that produce the extracellular 
matrix, leading to TiF, and eMT in renal tubular epithelial 
cells is a key source of myofibroblasts (29,30). EMT is char‑
acterized by the loss of epithelial adhesion molecules and 
the expression of myofibroblast markers in the renal tubular 
epithelial cells (31,32). in the present study, HK‑2 cells were 
stimulated with 30 mmol/l glucose. The subsequent decrease 
in e‑cadherin, and the increase in α‑SMa and vimentin 
confirmed that high glucose induced tubular EMT.

Given the uncertainty regarding the role of STaT1 activa‑
tion in EMT and fibrosis, STAT1 siRNA was transfected into 
HK‑2 cells to explore the possible role of STaT1 in tubular 
eMT. The results revealed that STaT1 knockdown aggravated 
the effects of high glucose on the expression levels of α‑SMa 
in HK‑2 cells. as unphosphorylated STaT1 also induces the 
expression of some genes (33), and STaT1 sirna reduced the 
expression levels of STaT1 rather than p‑STaT1/STaT1, it 
may be suggested that the effect of STaT1 sirna transfection 
on the expression of α‑SMa could be due to the decreased 
levels of STaT1. The present study transfected the cells with 
the STaT1‑Ye plasmid to verify the role of STaT1 activa‑
tion in tubular eMT. The levels of p‑STaT1 were higher in 
the STaT1‑Ye group than in the STaT1‑WT group and the 
increased STaT1 phosphorylation exhibited an inhibitory 
effect on eMT. Therefore, it was suggested that activated 
STaT1 may play a protective role in eMT. Similar results 
demonstrated a protective effect of STaT1 against renal 
fibrosis. For example, in a previous study, STaT1‑/‑ mice 
exhibited higher amounts of α‑SMa, glomerular density, and 
Masson's trichrome, silver, and collagen staining (19). IFN‑γ 
can activate STaT1 to suppress the overexpression of TGF‑β, 
collagen Ⅳ and connective tissue growth factor in diabetic 
mice and in high glucose‑stimulated mesangial cells (22). in 
addition, p‑STaT1 mediates the inhibitory role of il‑27 in 
eMT of trophoblast cells (20). These results suggest a protec‑
tive role for STAT1 in EMT or fibrosis.

The activity of STaT1 is regulated by several factors, and 
SuMoylation can affect its phosphorylation (24). STaT1 
harbors a functional SUMOylation consensus sequence, ΨKXE, 
where Ψ represents a large hydrophobic residue, K represents 
lysine, X represents any amino acid and e represents gluta‑
mate (34). The present study demonstrated that STaT1 could 
be modified by SUMOs in HK‑2 cells and that SUMOylation 
of STaT1 was enhanced under high‑glucose conditions. To 
identify the effect and mechanism of STaT1 SuMoylation on 
high glucose‑induced eMT, STaT1‑WT and STaT1‑Kr plas‑
mids were transfected into HK‑2 cells. The results revealed that 
high glucose weakly induced e‑cadherin, vimentin and α‑SMa 
expression in STaT1‑Kr plasmid‑transfected cells compared 
with in STaT1‑WT plasmid‑transfected cells. in other words, 
inhibition of STaT1 SuMoylation reduced eMT. in addi‑
tion, the p‑STaT1 expression levels in cells transfected with 
STaT1‑Kr plasmids were higher than those in the STaT1‑WT 
plasmid‑transfected cells. The results of dual‑luciferase reporter 
gene analysis showed that the transcriptional activity of 

STAT1 was significantly upregulated in cells transfected with 
STaT1‑Kr plasmid compared with in those transfected with 
STaT1‑WT plasmid. although p‑STaT1 has been reported to 
perform specific functions in the cytoplasm (35), the present 
results suggested that the upregulation of STaT1 SuMoylation 
may affect tubular eMT by inhibiting the activity of STaT1 
under high‑glucose conditions. 

in conclusion, the upregulation of STaT1 SuMoylation 
caused by high glucose levels may explain why STaT1 could 
not be effectively activated to exert its protective effect. 
However, how SuMoylation affects the activity of STaT1 and 
the genes that mediate the effect of STaT1 activity on eMT 
requires further study. 
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