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P300-dependent STAT3 acetylation is necessary for 
angiotensin II-induced pro-fibrotic responses in renal 
tubular epithelial cells
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Aim: To explore the role of signal transducer and activator of transcription 3 (STAT3) signaling pathway, especially STAT3 acetylation, in 

angiotensin II (Ang II)-induced pro-fibrotic responses in renal tubular epithelial cells.
Methods: Rat renal tubular epithelial cell line (NRK-52E) was used.  STAT3 acetylation, phosphorylation and Janus kinase 2 (Jak2) 
phosphorylation, as well as the expression of fibronectin, collagen IV, transforming growth factor-β1 (TGF-β1) and p300 were 
examined using Western blotting.  The level and localization of STAT3 phosphorylation on Tyr705 were detected with fluorescence 
immunocytochemistry.  The cells were transfected with a plasmid vector carrying p300 gene or siRNA targeting p300 to regulate p300 
expression.
Results: Overexpression of p300 significantly increased STAT3 acetylation on Lys685, STAT3 phosphorylation on Tyr705, and the 
expression of TGF-β1, collagen IV and fibronectin in the cells.  Treatment of the cells with Ang II (1 μmol/L) significantly increased STAT3 
phosphorylation on Tyr705 through JAK2 activation, and dose-dependently increased the expression of fibronectin, collagen IV and 
TGF-β1.  Pretreatment with curcumin, an inhibitor of JAK2 and p300, blocked Ang II-induced effects.  Knockdown of p300 significantly 
decreased STAT3 acetylation on Lys685, and abolished Ang II-stimulated STAT3 phosphorylation on Tyr705, whereas pretreatment 
of the cells with C646, a selective inhibitor of p300, inhibited Ang II-induced STAT3 nuclear translocation and the expression of TGF-
β1, collagen IV and fibronectin.  Pretreatment of the cells with AG490, a JAK2 inhibitor, markedly inhibited Ang II-induced STAT3 
phosphorylation on Tyr705 and fibronectin expression.
Conclusion: P300-dependent STAT3 acetylation is necessary for Ang II-induced STAT3 phosphorylation and the consequent pro-fibrotic 
responses in renal tubular epithelial cells in vitro.
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Introduction
Renal fibrosis, a common feature in most cases of chronic 

kidney disease (CKD), is characterized by glomerulosclero-

sis and tubulointerstitial fibrosis.  The progression of renal 

fibrosis may lead to the loss of functional renal parenchyma 

that ultimately contributes to end-stage kidney failure[1, 2].  

Various major causes can induce renal fibrosis, including the 
dysfunction of renal tubular epithelial cells, which plays a 

crucial role for fibrogenesis and progression.  Tubular epithe-
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lial cells undergoing pro-fibrotic cellular changes, such as the 
increased expression of transforming growth factor-β1 (TGF-
β1) and extracellular matrix (ECM) deposition, can contribute 
to the early development and progression of renal interstitial 

fibrosis[3–9]; however, there is an ongoing debate on type II epi-

thelial-to-mesenchymal transition (EMT), which proposes that 
injured epithelial cells can be the direct precursors of myofi-

broblasts.

A number of proteins, cytokines and growth factors may 

be involved in the progression of renal interstitial fibrosis.  

Increasing evidence suggests that angiotensin II (Ang II), one 

of the primary intermediates of the rennin-angiotensin system 

(RAS), is capable of orchestrating further inflammation and 

fibrosis under pathophysiological circumstances[10, 11].  Ang 
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II is one of the main pathogenetic mediators of renal intersti-

tial fibrosis in various CKD conditions, including obstructive 
nephropathy[12–14].

     The Janus kinase family (JAK)/signal transducers and acti-

vators of transcription (STAT) signaling pathway is thought to 

contribute to a pleiotropic cascade essential for a wide range of 

signal transduction cytokines and for the expression of growth 

factors[15].  JAK2/STAT3 is one of the best characterized signal-

ing pathways confirmed to be the downstream mediator of 

Ang II[16–20].  STAT3 plays a crucial role in promoting cell cycle 

progression and preventing apoptosis[21, 22].  In recent years, 

STAT3 has been increasingly implicated in the progression of 

renal fibrogenesis, especially in the obstructed kidney[9, 23–25].  

Both Ang II and STAT3 have been confirmed to mediate kid-

ney dysfunction separately.  However, the role of the Ang II/

STAT3 signaling pathway in renal fibrogenesis is still uncer-

tain.

STAT3 activation requires phosphorylation on tyrosine 705 

(Tyr705) and serine 727 (Ser727)[26].  It can also be reversibly 

acetylated on lysine 685 (Lys685).  The acetylation of this single 

lysine residue regulated by the histone acetyltransferase cAMP 
response element binding protein-binding protein (CBP)/p300 
and histone deacetylases (HDACs) contributes significantly to 
STAT3 dimerization and transcription[27–29].  Transcriptional 

coactivator p300 and its homolog CBP are capable of regulat-
ing many cellular processes via their substrates and down-

stream coactivators, including hypoxia-inducible factor-1 

(HIF-1) and STAT3[29–32].  Furthermore, strong evidence dem-

onstrates that p300 promotes the expression of fibronectin, a 
hallmark of ECM, which associates with cell adhesion and tis-

sue fibrosis[33–37].  

Previous studies have revealed that STAT3 acetylation 
plays an important role in psoriasis[38], cardiotoxicity[39], lym-

phoid malignancies[40], hepatocellular carcinoma[41] and renal 

fibrosis[24, 42, 43].  In this study, we investigated whether STAT3 

acetylation was involved in STAT3 mediated pro-fibrotic cel-
lular changes in renal tubular epithelial cells.  Understanding 

the role of the Ang II/STAT3 signaling pathway in pro-fibrotic 
responses and the relationship of this pathway with p300 may 

have potential for both the prevention and treatment of renal 

fibrosis.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), recombinant 
human angiotensin II, nicotinamide, curcumin and AG490 
were purchased from Sigma-Aldrich (Saint Louis, Missouri, 
USA).  C646 was purchased from ChemBridge (San Diego, 

CA, USA).  Fetal bovine serum (FBS) was obtained from Sijiq-

ing Biological Engineering Materials Co (Hangzhou, China).  
The BCA Protein Assay Kit was acquired from Shenergy 
Biocolor BioScience and Technology (Shanghai, China).  The 

anti-fibronectin antibody was obtained from Sigma-Aldrich 

(Saint Louis, USA).  The anti-TGF-β1 antibody was obtained 
from Bioworld Technology, Inc (Nantong, China).  The anti-

collagen IV antibody was attained from Abcam (Cambridge, 

MA, USA).  The anti-phospho-STAT3 (Tyr705), anti-phospho-
STAT3 (Ser727), anti-acetyl-STAT3 (K685), anti-STAT3 and 

anti-phospho-JAK2 (Tyr1007/1008) antibodies were obtained 

from Cell Signaling Technology (Danvers, MA, USA).  The 
anti-JAK2 antibody was obtained from Millipore (Billerica, 
MA, USA).  The anti-p300 antibody was obtained from Santa 
Cruz Biotechnologies, Inc (Santa Cruz, CA, USA).  The anti-

β-actin antibody, anti-GAPDH antibody, horseradish perox-

idase-conjugated secondary antibodies, Cy3-conjugated sec-

ondary antibody, DAPI and an enhanced chemiluminescence 
(ECL) detection kit were acquired from Beyotime Institute of 
Biotechnology (Nantong, China).  Polyvinylidene difluoride 
(PVDF) membranes were obtained from Millipore (Billerica, 
MA, USA).  Proteinase inhibitor and phosphatase inhibitor 
were obtained from Roche (Mannheim, Germany).  All other 
chemicals and reagents used were of analytical grade.

Cell culture

The rat renal tubular epithelial cell line (NRK-52E) was pur-

chased from the Institute of Biochemistry and Cell Biology 

(Shanghai, China) and cultured in DMEM media contain-

ing 10% FBS in an atmosphere of 5% CO2 at 37 °C.  To obtain 

quiescent cells, cells were starved in a medium containing 

0.5% FBS for 24 h before the start of the experiments.  Cells 
were stimulated with Ang II at different concentrations for a 

designated time period before harvesting.  When necessary, 

cells were pretreated with the diluent (DMSO) or curcumin 
(12.5 μmol/L), AG490 (12.5 μmol/L) and C646 (10 μmol/L) 
60 min before the application of Ang II.  Each experiment was 
repeated at least three times.

Western blotting

Cell lysate homogenates were prepared as described previ-

ously[44].  In brief, the cells were lysed in 1×sodium dodecyl 

sulfate (SDS) and supplemented with proteinase inhibitor and 

phosphatase inhibitor.  Protein concentrations were deter-

mined by a BCA Protein Assay Kit according to the manu-

facturer’s instructions.  An equal amount (40 μg per sample) 
of total protein was loaded and separated by electrophores-

ing with a 10% SDS-PAGE gel and then electrophoretically 
transblotted onto a PVDF membrane.  After the transfer, the 
membrane was blocked with Tris-buffered saline containing 

5% skim milk and 0.1% Tween (TBS/Tween) for 1 h at room 

temperature.  The membranes were then incubated with pri-

mary antibody at 4 °C overnight [antibody type: anti-fibro-

nectin, 1:20000; anti-collagen IV, 1:1000; anti-TGF-β1, 1:1000; 
anti-phospho-STAT3 (Tyr705), 1:1000; anti-phospho-STAT3 

(Ser727), 1:1000; anti-acetyl-STAT3 (Lys685), 1:500; anti-STAT3, 

1:2000; anti-phospho-JAK2 (Tyr1007/1008), 1:1000; anti-JAK2, 

1:1000; anti-β-actin, 1:5000; anti-GAPDH, 1:5000].  On the next 
day, the membranes were washed 3 times with TBS/Tween 

and incubated with horseradish peroxidase-conjugated sec-

ondary antibodies for 2 h.  After an additional 3 washes with 

TBS/Tween, the hybridizing bands were developed using the 

ECL detection kit according to the manufacturer’s instructions.  
The signals were then imaged with the ImageQuant LAS4000 
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mini system (GE Healthcare).  The specific bands represent-
ing the target proteins were analyzed by densitometry and 

normalized to β-actin, STAT3 or JAK2 signals.  The relative 
protein levels were expressed as fold-induction over controls.

p300 small interference RNA (siRNA) and overexpression 

An siRNA targeting p300 was purchased from Ribobio Com-

pany (Guangzhou, China) (5’-GCAAGCAGUCAUCUAU-

UUAdTdT-3’).  A nonsilencing siRNA oligonucleotide that 

does not recognize any known homolog of mammalian genes 

(Ribobio, Guangzhou, China) was used as a negative control.  
NRK-52E cells were transfected with p300 siRNA (50 nmol/L) 
or control siRNA (50 nmol/L) facilitated by Lipofectamine 

2000 Reagent (Invitrogen, USA) according to the manufactur-

er’s instructions.  Forty-eight hours after transfection, the cells 
were subjected to Ang II stimulation for 60 min.  The plasmids 

used were kindly provided by Prof Chen YU.  NRK-52E cells 
grown in 6-well plates were transfected with the pcDNA3.0-

p300 plasmid (2 μg) or with the pcDNA3.0 plasmid (2 μg) 
facilitated by Lipofectamine 2000 Reagent (Invitrogen).  Cells 

were harvested for immunoblotting analysis 48 h after trans-

fection.

Fluorescence immunocytochemistry 

To observe the distribution of phospho-STAT3-(Tyr705), NRK-

52E cells grown in 24-well plates were pretreated with the 
diluent (DMSO) or C646 (10 μmol/L) for 60 min before Ang 
II stimulation.  The cells were then fixed in 4% paraformalde-

hyde for 30 min, followed by permeabilizing with 0.1% (v/

v) Triton X-100 and incubated in PBS containing 5% BSA for  
60 min at room temperature.  Cells were then treated over-

night with anti-phospho-STAT3 (Tyr705) primary antibody at 

4 °C.  The next day, cells were washed with PBS 3 times and 
incubated with Cy3-labeled goat anti-rabbit IgG antibody at 
room temperature for 2 h.  After an additional 3 washes with 

PBS, cells were stained with DAPI for 15 min and visualized 
and photographed under fluorescence microscopy.

Statistical analysis

Data are presented as the mean±SEM with statistical analyses 
performed using one-way analysis of variance and subse-

quently with Tukey’s multiple comparison test.  The differ-

ences between two groups were compared by a Student’s 

t-test.  P<0.05 was considered a statistically significant differ-

ence between mean values.

Results
p300 induced pro-fibrotic responses and STAT3 activation in 

tubular epithelial cells

Western blot analysis showed that the overexpression of p300 

by the transfection of a recombinant plasmid carrying the p300 

gene increased the p300 protein level significantly in NRK-

52E cells (Figure 1A).  This result was accompanied by the up-
regulation of STAT3 acetylation on Lys685 (Figure 1B) and 
phosphorylation on Tyr705 (Figure 1B).  Furthermore, p300 
also increased fibronectin, collagen IV and TGF-β1 protein lev-

els (Figure 2).

Ang II induced pro-fibrotic responses and STAT3 phosphorylation 
on Tyr705 in tubular epithelial cells

Western blot analysis demonstrated that the treatment of 

NRK-52E cells with Ang II for 48 h increased fibronectin, col-
lagen IV and TGF-β1 protein levels in a dose-dependent man-

ner.  Ang II at 1 μmol/L significantly up-regulated these pro-
fibrotic hallmarks (Figure 3).  Investigation on the possible 
intracellular molecular cascades revealed that the phosphory-

lation of the JAK2/STAT3 signaling pathway was rapidly 

enhanced in NRK-52E cells after Ang II application.  JAK2 
phosphorylation was up-regulated 30 min after Ang II treat-

ment (Figure 4).  STAT3 phosphorylation on Tyr705 was also 
enhanced, peaking at 60 min after Ang II treatment (Figure 4).  
Ang II did not affect STAT3 Ser727 phosphorylation or Lys685 

acetylation, which was constitutively observed in NRK-52E 
cells (Figure 4).  

Figure 1.  Effect of p300 overexpression on signal transducer and activator of transcription 3 (STAT3) activation in NRK-52E cells.  Cells were 
transfected with 2 μg of pcDNA3.0-p300 plasmid or 2 μg of pcDNA3.0 plasmid for 48 h.  P300 (A), acetyl-STAT3 (Lys685) (B) and phospho-STAT3 (Tyr705) 
(B) levels were detected by Western blotting.  Data are presented as the mean±SEM of 3 experiments.  bP<0.05, cP<0.01 compared with control (pcDNA3.0 
plasmid).
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Curcumin opposed pro-fibrotic responses induced by Ang II in 

tubular epithelial cells via the inhibition of STAT3 acetylation and 

phosphorylation

To examine whether the STAT3 signaling pathway is involved 

in Ang II-induced pro-fibrotic responses, curcumin, an inhibi-
tor of p300 and JAK2[45–49], was employed in the experiment.  

The pretreatment of cells with curcumin for 60 min reduced 

the STAT3 acetylation level (Figure 5A) and prevented Ang 
II-induced up-regulation of STAT3 Tyr705 phosphorylation 

(Figure 5B).  Curcumin also attenuated the Ang II-driven up-
regulation of fibronectin, collagen IV and TGF-β1 (Figure 6), 
indicating that the STAT3 pathway was involved in Ang II-

induced pro-fibrotic responses in tubular epithelial cells.  

The inhibition of p300-dependent STAT3 Lys685 acetylation 

opposed STAT3 Tyr705 phosphorylation and pro-fibrotic 

responses regulated by Ang II in tubular epithelial cells

siRNA targeted against p300 efficiently decreased p300 pro-

tein levels, but control siRNA did not have the same effect 

(Figure 7A).  The knockdown of p300 decreased STAT3 Lys685 
acetylation (Figure 7B) and abolished the Ang II-stimulated 
up-regulation of STAT3 Tyr705 phosphorylation (Figure 7C), 
but not Ser727 phosphorylation (Figure 7D).  The pretreatment 
of cells with C646, a selective inhibitor of p300[50–52], rapidly 

inhibited Ang II-induced STAT3 nuclear translocation, which 

was proportional to STAT3 Tyr705 phosphorylation (Figure 8).  

C646 also attenuated fibronectin, collagen IV and TGF-β1 
expression induced by Ang II (Figure 9).

The inhibition of STAT3 Tyr705 phosphorylation opposed STAT3-

dependent pro-fibrotic responses regulated by Ang II in tubular 
epithelial cells

AG490, a tyrosine kinase tyrphostin that inhibits the activity of 
JAK2[53–56], suppressed Ang II-induced STAT3 phosphorylation 

on Tyr705 (Figure 10A).  The pretreatment of cells with AG490 
also abolished downstream fibronectin expression (Figure 
10B).  However, AG490 did not affect STAT3 Ser727 phos-

phorylation or Lys685 acetylation (Figure 10A).

Discussion
In the present study, we investigated the role of the STAT3 

signaling pathway in pro-fibrotic cellular changes, which is 

potentially related to the pathogenesis of renal fibrosis, and 

its relationship with p300 in tubular epithelial cells.  Previous 
studies have revealed that p300 increases fibronectin protein 
levels by directly promoting fibronectin gene expression[33-37].  

To identify the role of p300 in fibrogenesis, we first detected 
fibrotic hallmarks after p300 overexpression in tubular epi-

thelial cells.  The overexpression of p300 induced an up-regu-

lation of fibronectin, collagen IV and TGF-β1.  Elevated p300 
also led to the accumulation of STAT3 Lys685 acetylation and 

Tyr705 phosphorylation.

Figure 2.  Effect of p300 overexpression on pro-fibrotic responses in NRK-
52E cells.  Cells were transfected with 2 μg of pcDNA3.0-p300 plasmid 
or 2 μg of pcDNA3.0 plasmid for 48 h.  Fibronectin, collagen IV and 
transforming growth factor-β1 (TGF-β1) were detected by Western blotting.  
Data are presented as the mean±SEM of 3 experiments.  bP<0.05, 
cP<0.01 compared with control (pcDNA3.0 plasmid).

Figure 3.  Effect of angiotensin II (Ang II) on pro-fibrotic gene expression 
in NRK-52E cells.  Cells were treated with Ang II at the indicated 
concentrations for 48 h.  Fibronectin, collagen IV and TGF-β1 were 
detected by Western blot analysis.  Media containing Ang II were changed 
every 24 h.  Data are presented as the mean±SEM of 3 experiments.  
bP<0.05, cP<0.01 compared with control [Ang II (0 μmol/L)].
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Ang II is one of the best characterized upstream mediators 

of pro-fibrotic response stimulation and STAT3 phosphoryla-

tion via JAK2 in various cell types[16–20].  We observed a cor-

relation between STAT3 signaling and pro-fibrotic changes 

after Ang II application.  Ang II treatment induced JAK2 

activation and increased STAT3 phosphorylation on Tyr705, 

accompanied by the up-regulation of TGF-β1, collagen IV 
and fibronectin protein levels.  Because the dependence of the 
Ang II-induced pro-fibrotic responses on STAT3 signaling 

is unclear, cells were treated with Ang II in the presence or 

absence of curcumin, an inhibitor of JAK2 and p300[45–49].  Our 
results revealed that curcumin led to the deacetylation and 

dephosphorylation of STAT3, which was associated with the 

repression of pro-fibrotic responses induced by Ang II.  These 
results suggested that STAT3 signaling is necessary for Ang II-

induced pro-fibrotic cellular changes.
STAT3 is one of the major transcription factors that interacts 

with p300 and plays a critical role in the recruitment of p300 

Figure 4.  Effect of Ang II on Janus kinase 2 (JAK2)/STAT3 signaling 
pathway activation in NRK-52E cells.  Cells were treated with Ang II (1 
μmol/L) for 0–120 min.  Phospho-JAK2 (Tyr1007/1008), acetyl-STAT3 
(Lys685), phospho-STAT3 (Tyr705) and phospho-STAT3 (Ser727) were 
analyzed by Western blot analysis.  Data are presented as the mean±SEM 
of 3 or 4 experiments.  bP<0.05, cP<0.01 vs control [Ang II (0 min)].

Figure 5.  Effect of curcumin (Cur) on STAT3 acetylation and Ang II-induced 

STAT3 phosphorylation in NRK-52E cells.  After a 1 h treatment with Ang 
II (1 μmol/L) with or without a 1-h Cur (12.5 μmol/L) pretreatment, acetyl-
STAT3 (Lys685) (A) and phospho-STAT3 (Tyr705) (B) were analyzed by 
Western blot analysis.  Data are presented as the mean±SEM of 3 or 4 
experiments.  bP<0.05, cP<0.01 compared with control [Ang II (–) and Cur 
(–)].  fP<0.01 compared with Ang II only.
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and RNA polymerase to the promoters of target genes, such as 

angiotensinogen[29, 57] and socs3[32].  Furthermore, STAT3-driven 
target gene expression requires p300-mediated STAT3 acetyla-

tion[32, 57].  Thus, we hypothesized that STAT3 was involved in 

Ang II-induced fibrogenesis via JAK2-dependent Tyr705 phos-

phorylation, and STAT3 acetylation also played a role.  The 

major STAT3 acetylation site is located at its C-terminal posi-

tion, Lys685, which can enhance its DNA binding activity and 

transactivation activity[27].  We discovered that both the inhibi-

tion of p300 by C646 and the knockdown of p300 by siRNA 

suppressed Ang II-induced STAT3 Tyr705 phosphorylation, 

while C646 also exhibited a suppressing effect against Ang II-

induced pro-fibrotic responses.  These findings revealed that 
the constitutive STAT3 Lys685 acetylation in tubular epithelial 

cells was necessary for STAT3 Tyr705 phosphorylation and 

transactivation of downstream pro-fibrotic genes.  Impor-

tantly, p300 siRNA did not affect STAT3 phosphorylation on 

Ser727, arguing that the effect of p300 inhibition was at least 

partly selective.  

In addition, we investigated whether the JAK2-dependent 

STAT3 Tyr705 phosphorylation was involved in Ang II-

induced pro-fibrotic responses.  AG490, a selective inhibitor 
of JAK2[53–56], provided a suppressing effect on Ang II-induced 

fibronectin up-regulation through STAT3 dephosphorylation 
on Tyr705, but not Ser727.  Similarly, AG490 did not affect 
STAT3 Lys685 acetylation.

Our findings suggest the possibility that STAT3 acetylation 
facilitates the phosphorylation on its special site.  This result 

is consistent with a previous study that reports that SIRT1, 

a class III protein deacetylase, opposes STAT3 Tyr705 phos-

phorylation and STAT3-dependent effects of IL-22 by STAT3 

deacetylation[38].  The stabilization of STAT3 can be sustained 

by p300-dependent acetylation that can block STAT3 degrada-

tion through the ubiquitination-mediated proteasomal path-

way[39].  In addition, a recent study has provided in vitro evi-

dence that SIRT1 activators can induce STAT3 deacetylation 

on Lys685, associated with STAT3 Tyr705 dephosphorylation, 

which leads to the repression of NF-κB/STAT3 complex bind-

ing to the GADD45G gene promoter in Ly3 cells[40].  Therefore, 

our observations suggest that STAT3 acetylation on Lys685 is 

required for Ang II-induced STAT3 Tyr705 phosphorylation 

and STAT3-dependent downstream fibrotic responses.
In summary, this study provides the evidence of STAT3-

mediated pro-fibrotic cellular changes via p300-dependent 

acetylation on Lys685 in renal tubular epithelial cells.  Thus, 

the inhibition or prevention of p300-dependent STAT3 acety-

lation may provide a novel therapeutic strategy for CKD-

associated fibrosis.
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