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Introduction
The Krüppel-like factor 4 (KLF4/GKLF) is a pleiotropic zinc 
finger transcription factor involved in both proliferation and 
differentiation in several tissues, as a tumor suppressor or an 
oncogene depending on the molecular context[1], and also plays 
an essential role in reprogramming differentiated somatic 
cells into pluripotent stem cells[2, 3].  As a negative regulator 
of the cell cycle, KLF4 activates numerous genes that encode 
negative regulators of the cell cycle as well as suppresses 
expression of genes that promote cell cycle progression[4, 5].  In 
the gut, KLF4 activates the expression of intestinal alkaline 
phosphatase (IAP) and regulates gut epithelium differentia-
tion[6].  In the eye, KLF4 activates Krt12 and Aqp 5 promoters 
and plays a critical role in postnatal ocular surface maturation 
and maintenance[7].  In vascular smooth muscle cells (VSMCs), 
KLF4 can function as an anti-proliferation factor or a prodif-
ferentiation factor depending on the interaction partner[8].  We 
have recently demonstrated that all-trans retinoic acid (ATRA) 

induced the expression of KLF4 and mitofusin 2 (mfn-2), a 
member of the mitofusin family, in VSMCs[9, 10].  However, 
the role of KLF4 in the regulation of mfn-2 expression has not 
been well characterized.

Mfn-2 [also named hyperplasia suppressor gene (HSG)] is 
a mitochondrial fusion protein that is expressed mainly in tis-
sues with high energetic requirements, such as skeletal muscle 
and heart.  Several lines of evidence indicate that mfn-2 
modulates mitochondrial metabolism by regulating mitochon-
drial membrane potential, fuel oxidation, and the oxidative 
phosphorylation system[11, 12].  Recent evidence also shows 
that mfn-2 inhibits tumor cell proliferation and increases their 
sensitivity to chemotherapy and radiotherapy even above 
p53[13].  In addition, recent study has shown that mfn-2 exhib-
its a profound anti-proliferative effect on VSMCs in vitro and 
in vivo via inhibition of the Ras-Raf-MEK-ERK1/2 MAPK sig-
naling pathway[14], and promotes VSMC and cardiomyocyte 
apoptosis via the mitochondrial death pathway[15, 16].  These 
observations suggest that mfn-2 is a multi-function protein 
with regulatory and structural nature.  Thus, it is important to 
reveal the molecular mechanisms by which mfn-2 expression 
is regulated.  It has been recently demonstrated that mfn-2 can 
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be induced directly by PPARδ activated by its selective ligand 
(GW0742) in the heart[17].  However, little is known about how 
mfn-2’s expression is regulated in VSMCs.  Our recent stud-
ies demonstrate that ATRA induces KLF4 and mfn-2 expres-
sion in VSMCs[9, 10].  However, the actual relationship between 
KLF4 and mfn-2 in VSMC biology is not fully understood.  

In this study, we investigate the action of KLF4 in the con-
text of ATRA-induced mfn-2 expression and demonstrate that 
ATRA-induced mfn-2 expression is dependent on KLF4 in 
VSMCs.  

Materials and methods 
Cell culture and treatment 
VSMCs were isolated from the thoracic aorta of 90–100 g male 
Sprague-Dawley rats as previously described[18].  VSMCs were 
maintained and passaged in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) (HyClone).  In all experiments, only cell passages 3–5 
were used.  All experiments were initiated when the cells 
reached 70% confluence, except if stated otherwise.  Cultured 
VSMCs were growth-arrested by incubation in serum-free 
DMEM for 24 h and then stimulated by 10 μmol/L ATRA 
(Sigma-Aldrich) as indicated time.  For the inhibitor studies, 
cells were pretreated with inhibitors SP600125 (Promega) or 
SB203580 (Promega) in DMSO for 2 h before the application of 
ATRA.

Western blot analysis
The cells were lysed with 150 mmol/L NaCl, 50 mmol/L Tris-
HCl, pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholic acid, 
and Complete Protease Inhibitor Cocktail Tablets (Roche), and 
then the protein was isolated as previously described[19, 20].  
The protein content was determined with the Bio-Rad Brad-
ford protein assay.  Equal amounts of protein were separated 
by SDS-PAGE, transferred to a PVDF membrane (Millipore) 
and analyzed by Western blotting using standard protocols.  
The membranes were blocked with 5% milk in TTBS for 2 h at 
room temperature and incubated overnight at 4 °C using the 
following primary antibodies: 1:500 rabbit anti-mfn-2 (Santa 
Cruz), 1:500 rabbit anti-KLF4 (Santa Cruz), 1:500 mouse anti-
acetylated lysine (anti-Ac-Lys) (Santa Cruz), 1:400 rabbit anti-
p300 (Santa Cruz), 1:800 rabbit anti-phospho-p38 (Cell Signal-
ing), 1:1000 rabbit anti-p38 (Cell Signaling), 1:800 rabbit anti-
phospho-JNK (Cell Signaling), 1:500 rabbit anti-JNK (Cell 
Signaling), and 1:1000 mouse anti-β-actin (Santa Cruz).  The 
membranes were then incubated for 1 h at room temperature 
with a 1:5000 dilution of anti-rabbit/horseradish peroxidase or 
anti-mouse/horseradish peroxidase (Santa Cruz) and devel-
oped with the Chemiluminescence Plus Western blot analysis 
kit (Santa Cruz).

RNA preparation and quantitative real-time RT-PCR 
Total RNA from cultured VSMCs was isolated using Trizol 
reagent (Invitrogen) according to the manufacturer’s proto-
col.  RNA (2 μg) was reverse-transcribed using PrimeScriptTM 

RT reagent Kit (DRR037S, TaKaRa Bio, Japan), and the single 
stranded cDNA was amplified by quantitative real-time RT-
PCR using SYBR® Premix Ex TaqTM Kit (DRR041S, TaKaRa 
Bio, Japan) on an ABI7300 Sequence Detection PCR System 
(Applied Biosystems, USA).  The following primers were 
used: KLF4, 5’-AGAGGAGCCCAAGCCAAAGA-3’ (sense) 
and 5’-CAGTCACAGTGGTAAGGTTTCTC-3’ (antisense); 
mfn-2, 5’-CTCAGGAGCAGCGGGTTTATTGTCT-3’ (sense) 
and 5’-TGTCGAGGGACCAGCATGTCTATCT-3’ (antisense); 
GAPDH, 5’-GCTGAGTATGTCGTGGAGTCT-3’ (sense) and 
5’-GTTCACACCCATCACAAACAT-3’ (antisense).  The 
mRNA expression of the target gene was normalized to 
GAPDH.  

Adenovirus expression vector and plasmids
The full-length rat KLF4 cDNA was cloned into the pAd/
CMV/V5-DEST vector (Invitrogen) to create the KLF4 adeno-
virus pAd-KLF4[10].  KLF4 small interfering RNA (KLF4-
siRNA) was synthesized by Sigma, as previously described[10].  
The resulting constructs were packaged in A293 cells (ATCC) 
by transfection with Lipofectamine 2000 (Invitrogen), accord-
ing to the manufacturer’s instructions.  Culture supernatants 
from individual A293 cells were used to infect VSMCs.  The 
cells were splited after 24 h infection and selected with 0.3 g/L 
G418 for 14 d.  For reporter gene assay, various fragments of 
the 5’ flanking region of the mfn-2 gene were amplified and 
subcloned into the pGL3-basic reporter gene vector (Pro-
mega).  Expression plasmid of GFP-KLF4 has been previously 
described[10].  The plasmid encoding p300 was a gift from Dr 
WR HARRISON (Baylor College of Medicine).  The plasmid 
encoding HDAC2 was a gift from Dr Y KIM (Sungkyunkwan 
University School of Medicine).  p300-HAT gene (1195–1810) 
was amplified and subcloned into the pGEX-4T vector.  The 
acetylation-deficient mutants of GST- and GFP- tagged KLF4 
K 225 to R (KLF4 K225R), KLF4 K 229 to R (KLF4 K229R), and 
KLF4 K 225/229 to R (KLF4 K225/229R) and phosphorylation 
deficient mutants in the three zinc fingers of KLF4, GFP-KLF4 
(S415A), GFP-KLF4 (S444A) and GFP-KLF4 (S470A), were con-
structed using the QuikChange site-directed mutagenesis kit 
(Stratagene), following the manufacturer’s instructions.  Each 
mutation was verified by DNA sequence analysis.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as described previously[21, 22].  In 
brief, VSMCs at 80% confluence were crosslinked with 1% 
formaldehyde for 10 min, lysed and sonicated 5–10 times each 
for 10 s at 4 °C to reduce the average DNA length to 0.4–0.5 
kb.  The samples were diluted 10-fold, and then pre-cleared 
with protein A-agarose/salmon sperm DNA for 30 min at 4 °C 
followed by an overnight incubation at 4 °C with 1:500 anti-
KLF4 or 1:500 anti-mouse IgG (as a negative control).  The 
immune complexes were precipitated with protein A-agarose 
for 1 h.  The samples were heated at 65 °C for 4 h, treated with 
proteinase K, and the DNA was extracted with phenol/chloro-
form.  PCR was performed with specific primers for the mfn-2 
promoter region: 5’-GGCGCACGCAAACCTCTAATC-3’ and 
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5’-GCCTGGTAACCCGTGTCGTCC-3’.

Reporter gene assays
A293 cells were transfected with mfn-2 promoter-reporter 
constructs and expression plasmid for KLF4 or other plasmids 
using Lipofectamine 2000 (Invitrogen), according to the manu-
facturer’s protocol.  The cells were harvested after 24 h, and 
the activities of both firefly luciferase and Renilla luciferase 
were measured in the LB 955 Luminometer system using the 
Dual-Luciferase Reporter System (Promega), according to 
the manufacturer’s recommendations.  The activity of firefly 
luciferase was normalized to that of Renilla luciferase.  A min-
imum of three independent transfections was performed for 
each experimental group.  

Co-immunoprecipitation assay 
Co-immunoprecipitation was performed as described previ-
ously[23].  Briefly, cell lysates were first pre-cleared with 20 
μL of protein A-agarose (50% v/v).  The supernatants were 
immunoprecipitated with 2 μg of anti-KLF4, anti-phosphoser-
ine, anti-acetylated lysine, or anti-p300 antibodies for 1 h at  
4 °C, followed by incubation with protein A-agarose over-
night at 4 °C.  Protein A-agarose-antigen-antibody complexes 
were collected by centrifugation at 12 000×g for 20 s at 4 °C.  
The pellets were washed four times with 500 µL IPH buffer 
(50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, 5 mmol/L 
EDTA, 0.5% Nonidet P-40, 0.1 mmol/L PMSF) for 20 min each 
time at 4 °C.  Bound proteins were resolved by SDS-PAGE, 
followed by Western blotting with the anti-p300 or anti-KLF4 
antibodies.  The experiments were replicated three times at 
least.

GST pull-down assays
Glutathione S-transferase (GST)-KLF4, GST-KLF4 (K225R), 
GST-KLF4 (K229R), and GST-KLF4 (K225/229R) fusion pro-
teins were expressed in E coli and purified with GST beads 
(glutathione-agarose from Sigma)[22].  The cell lysates were 
incubated with equal amounts of GST beads containing GST-
KLF4, GST-KLF4 mutants or GST proteins for 2 h at 4 ºC in the 
following buffer: 20 mmol/L Tris-HCl, pH 7.5, 300 mmol/L 
NaCl, 1 mmol/L dithiothreitol, 0.4% Nonidet P-40, 0.5 g/L 
bovine serum albumin (BSA), and 1 mmol/L PMSF.  Protein 
complexes were washed three times with the above-described 
buffer and then once with the same buffer containing 150 
mmol/L NaCl but lacking BSA.  After washing, bound pro-
teins were resolved by SDS-PAGE and detected by Western 
blotting with the anti-p300 or anti-GST antibodies.

In vitro acetylation reactions
Purified GST-KLF4 or GST-KLF4 mutants (300 ng) were incu-
bated with GST-p300-HAT (100 ng) (1195–1810) in 30–100 μL 
HAT buffer (50 mmol/L Tris-HCl, pH 8.0, 10% glycerol, 0.1 
mmol/L EDTA, 1 mmol/L dithiothreitol, 5 μmol/L trichos-
tatin A, and 20 μmol/L acetyl-CoA) at 30 °C for 30 min, and 
acetylation of KLF4 was analyzed by Western blotting using 
anti-Ac-lys antibody[24, 25].

Statistical analysis
All experiments were performed in triplicate.  Results were 
expressed as the means±SEM.  Differences between two 
groups were assessed using analysis of variance followed by a 
Student’s t-test.

Results
KLF4 up-regulates mfn-2 expression in VSMCs
Since ATRA is known to induce the expression of KLF4 and 
mfn-2[9, 10], we sought to determine whether KLF4 is respon-
sible for mfn-2 expression in VSMCs treated by ATRA.  We 
examined the effect of ATRA on the expression of KLF4 and 
mfn-2.  ATRA induced the expression of mfn-2 and KLF4 
in a time-dependent manner (Figure 1A).  In response to 
ATRA, KLF4 and mfn-2 expression began to increase within 
12 h, and increased by 1.7-fold and 2.8-fold at 24 h, respec-
tively, reached peak at 48 h, and still stayed at a higher level 
until 72 h, which was consistent with their mRNA levels as 
measured by quantitative real-time RT-PCR (Figure 1B).  To 
further determine whether ATRA-induced mfn-2 expression 
is due to the increased expression of KLF4, we transfected 
VSMCs with KLF4 expression vector (pAd-KLF4) or pAd (as 
a control).  KLF4 expression dramatically increased in VSMCs 
infected with pAd-KLF4 (Figure 1C).  Moreover, overexpres-
sion of KLF4 increased protein and mRNA levels of mfn-2 in 
a time-dependent manner, as shown by Western blotting and 
quantitative real-time RT-PCR, respectively (Figure 1D and 
1E).  In contrast, RNA interference was used to silence the 
expression of KLF4 and to assess its effects on ATRA-induced 
mfn-2 expression.  Off-target activity of the rat-specific KLF4 
siRNA was examined using a non-silencing control siRNA 
(NS-siRNA).  As shown in Figure 1F, when VSMCs were 
transfected with rat KLF4-specific siRNA to block the endog-
enous KLF4 expression induced by ATRA, ATRA-elicited 
increase in mfn-2 expression was significantly reduced.  The 
non-silencing control siRNA had no impact on the expression 
of mfn-2.  These results suggest that KLF4 mediates mfn-2 
expression induced by ATRA.

KLF4 binds directly to the mfn-2 promoter and regulates its 
transcription 
To further identify whether KLF4 activates the mfn-2 pro-
moter, A293 cells were transiently co-transfected with the 
mfn-2 promoter fused to the pGL3-Basic luciferase vector 
(pGL3-mfn-2-luc) and KLF4 expression plasmid.  The data 
showed KLF4 overexpression increased the mfn-2 promoter 
activity in a dose-dependent manner (Figure 2A).  To iden-
tify the KLF4-responsive elements involved in KLF4-induced 
mfn-2 expression, progressive 5’ deletion constructs of the 
mfn-2 promoter fused to the luciferase reporter gene were 
generated and transiently transfected into A293 cells.  As 
shown in Figure 2B, progressive deletion of the promoter 
sequence from -1333 to -441 did not affect the mfn-2 promoter 
activity induced by KLF4.  Further deletion between -441 and 
-273 markedly attenuated the promoter activity to that of the 
promoter-less plasmid, indicating that the region between 
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-441 and -273 is critical for conferring the capacity to respond 
to KLF4.  The sequence analysis of the mfn-2 promoter region 
between -1333 and +15 revealed the presence of four puta-
tive KLF4-binding boxes.  To evaluate which is responsible 
for KLF4 binding and thereby regulates the promoter activity, 
the four boxes including –1152GTGGG–1148(box1), –840CACCC–

836(box2), –356CACCC–352(box3), and–122GTGGG–118(box4) were 
mutated, respectively.  The results from luciferase activity 
assay showed the inactivation of a single box 1, box 2, or box 
4 had no effect on the mfn-2 promoter activity compared with 
wild-type promoter (Figure 2C).  However, the inactivation of 
the box 3 completely blocked the response of the mfn-2 pro-
moter to KLF4, suggesting that box 3, which is located in the 
promoter region between -441 and -273, plays a critical role 
in the KLF4-mediated transcriptional activation of mfn-2.  To 
investigate whether KLF4 binds to the mfn-2 promoter within 
intact chromatin, ChIP assays were performed.  The DNA-pro-
tein complex was immunoprecipitated with anti-KLF4 anti-
body, and recovered DNA was analyzed by PCR using specific 
primers for the promoter region containing the KLF4-binding 
box 3.  As shown in Figure 2D, DNA fragments containing the 
box 3 sequence could be detected in the immunoprecipitates 
pulled down by anti-KLF4 antibody, indicating that KLF4 
binds directly to the mfn-2 promoter.  Taken together, these 

data have demonstrated that the mfn-2 promoter is a direct 
transcriptional target of KLF4.

ATRA induces acetylation of KLF4 
To determine the specificity of anti-Ac-lys antibody, we 
used cross-CoIP to detect the the level of acetylated-KLF4 
in ATRA-induced VSMCs.  The immunoprecipitates pulled 
down with anti-KLF4 antibody were detected by anti-Ac-lys 
antibody and the immunoprecipitates pulled down with anti-
Ac-lys antibody were detected by anti-KLF4 antibody.  The 
results showed that the acetylated KLF4 was detected by both 
methods at the predicted molecular mass, which proved the 
specificity of anti-Ac-lys antibody (Figure 3A).  Previous study 
has shown that KLF4 is acetylated by p300, which is associ-
ated with regulation of its transactivation function[26].  We 
speculated that acetylation of KLF4 could also be important 
for its binding to the mfn-2 promoter.  To test the hypoth-
esis, we determined the levels of KLF4 acetylation in VSMCs 
treated with ATRA compared to treatment with ethanol (as a 
control).  The result revealed that ATRA enhanced the levels 
of KLF4 acetylation within 24 h after ATRA treatment in a 
time-dependent manner, quantitative results showing a 2.2-
fold increase at 1 h and a 5-fold increase at 24 h after ATRA 
treatment (Figure 3B), suggesting ATRA treatment induced 

Figure 1.  KLF4 up-regulates mfn-2 expression in VSMCs.  (A) VSMCs were serum-starved for 24 h and then treated with ATRA (10 μmol/L) for different 
times (12, 24, 48, and 72 h).  Cells were collected and Western blotting was performed using anti-KLF4 and anti-mfn-2 antibodies to examine the 
expression of KLF4 and mfn-2, respectively.  β-Actin was used as a control for equal protein loading.  (B) KLF4 and mfn-2 expression induced by ATRA 
was detected by quantitative real-time RT-PCR.  VSMCs were treated with ATRA for different times (6, 12, 24, and 48 h), and total RNA was isolated 
from VSMCs and subjected to quantitative real-time RT-PCR analysis by using specific primers for KLF4 and mfn-2.  GAPDH was used as an internal 
control.  The bars represent the means±SEM from three independent experiments.  bP<0.05 vs control (0 h of ATRA).  (C) Adenovirus-mediated KLF4 
overexpression in VSMCs.  VSMCs were infected with pAd-KLF4 or pAd for 24 h before harvesting.  Western blotting was performed using antibodies 
against KLF4 or β-actin (as a loading control).  (D) VSMCs were infected with pAd-KLF4 for the indicated times.  The cell lysates were subjected to 
Western blotting with antibodies against mfn-2 and β-actin.  (E) VSMCs were infected with pAd-KLF4 for the indicated times.  Total RNA was isolated 
from VSMCs and subjected to quantitative real-time RT-PCR analysis by using specific primers for mfn-2.  GAPDH was used as an internal control.  The 
bars represent the means±SEM.  from three independent experiments.  bP<0.05 vs control (0 h of pAd-KLF4).  (F) The effects of KLF4 knockdown of by 
siRNA on ATRA-induced mfn-2 gene expression.  VSMCs were transfected with KLF4-specific siRNA (KLF4-siRNA) or non-silencing control siRNA (NS-siRNA) 
for 24 h.  Cells were treated with ATRA (10 μmol/L) for 24 h, and then harvested and subjected to Western blotting to determine the levels of KLF4 and 
mfn-2.  β-Actin was used as a control for equal protein loading.
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KLF4 acetylation.  We further sought to determine whether 
ATRA-induced KLF4 acetylation is caused by the interaction 
of KLF4 with p300.  Co-IP assay showed that treatment with 
ATRA for 1 h enhanced p300 levels in the precipitates pulled 
down with anti-KLF4 antibody.  Likewise, the level of KLF4 
pulled down with anti-p300 antibody also markedly increased 
in cells treated with ATRA (Figure 3C), suggesting that ATRA 
treatment promotes the interaction of KLF4 with p300.  To 
determine whether the increase in KLF4 acetylation induced 
by ATRA results from its interaction with p300, we performed 
an in vitro acetylation assay.  Recombinant p300-HAT and 
GST-KLF4 or its acetylation-deficient mutants were incubated 
with cold acetyl-CoA, and KLF4 acetylation was measured by 
Western blotting with an anti-Ac-lys antibody.  As shown in 
Figure 3D, the acetylation of KLF4 was strongly increased in 
the presence of p300, but acetylation-deficient mutants KLF4-
K225R, KLF4-K229R, and KLF4-K225/229R could not be 
acetylated by p300.  To identify whether these acetylation site 
mutations affect the ability of KLF4 to interact with p300, we 
incubated the lysates from VSMCs treated with and without 
ATRA with GST-KLF4 or its acetylation-deficient mutants, 
and found that both single point mutants K225R, K229R and 
double point mutant K225/229R could still interact with p300 
in ATRA-treated cells (Figure 3E), consistent with previous 
findings[26].  To further determine the effect of KLF4 acetyla-
tion on the mfn-2 promoter activation, A293 cells were co-
transfected with the mfn-2 promoter reporter plasmids, along 
with different combinations of expression plasmids for KLF4, 
KLF4 mutant, p300, or deacetylase HDAC2, and luciferase 
activity was detected.  As expected, the strongest activation 
of the mfn-2 promoter was observed when KLF4 expression 
plasmids and p300 were co-transfected into the cells, with an 
approximately 10-fold luciferase activity relative to baseline.  
When deacetylase HDAC2, which makes KLF4 deacetylated, 
was co-expressed with KLF4, the mfn-2 promoter activity was 
reduced to 10% of that transfected with KLF4 alone.  Mean-
while, acetylation-deficient mutant of KLF4 (K225/229R) 
could not enhance the promoter activity, indicating that KLF4 
acetylation by p300 is required for the activation of the mfn-2 
promoter (Figure 3F).

ATRA promotes the interaction of KLF4 with p300 by inducing 
KLF4 phosphorylation 
To understand whether ATRA-induced interaction of KLF4 
with p300 depends on KLF4 phosphorylation, we detected the 
levels of phospho-KLF4 in VSMCs treated with ATRA.  As 
shown in Figure 4A, ATRA stimulation rapidly induced the 
phosphorylation of KLF4 within 0.5 h.  KLF4 phosphorylation 
reached a maximum at 1 h and remained constant level for at 
least 2 h.  Because the activation of JNK and p38 MAPK signal-
ing is crucial for many fundamental cellular processes[27, 28], we 
sought to determine whether the activation of JNK and p38 
MAPK mediates KLF4 phosphorylation induced by ATRA.  
Thus, we examined the effect of ATRA on the phosphorylation 
of JNK and p38 MAPK by Western blotting using phospho-
specific antibodies.  ATRA increased the levels of phospho-

Figure 2.  Identification of the KLF4-responsive elements of the mfn-2 
promoter.  (A) Effect of KLF4 on the mfn-2 promoter activity.  A293 cells 
were transfected in triplicate with increasing amounts of pEGFP-KLF4 and 
the indicated amounts of pRL-TK, pGL3-mfn-2-luc, and pGL3-Basic.  Cell 
lysates were subjected to luciferase activity assays using the dual-luciferase 
reporter assay system, and the luciferase activity was normalized to pRL-
TK activity.  The bars represent the means±SEM from three independent 
experiments. bP<0.05 vs control (0 μg of pEGFP-KLF4).  (B) A series of 
5′-deletion mutants of the mfn-2 promoter linked to luciferase reporter 
gene were schematically represented on the left of the figure.  These mfn-
2 promoter-reporter constructs were transfected into A293 cells along 
with pEGFP-KLF4, and luciferase activities were measured with a dual-
luciferase reporter assay system.  The bars represent the means±SEM 
from three independent experiments.  bP<0.05 vs the promoter region 
starting at positions -1333, -949, and -441, respectively.  (C) The 
mutations of KLF4-binding sites were indicated on the left of the figure.  
These mfn-2 promoter-reporter constructs were transfected into A293 
cells along with pEGFP-KLF4, and luciferase activities were measured 
as indicated above.  The bars represent the means±SEM from three 
independent experiments.  bP<0.05 vs the wildtype promoter.  (D) ChIP 
assays.  Chromatin fragments were isolated from VSMCs transfected 
with or without pAd-KLF4 and immunoprecipitated using an antibody 
against KLF4 or an irrelevant antibody (Ig, nonimmune IgG).  Input DNA 
was taken from the sample prior to immunoprecipitation.  The input and 
immunoprecipitated DNA was used as PCR templates to amplify the mfn-
2 promoter region containing the KLF4-binding sites.  The results are 
representative of three independent experiments with similar results.
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JNK and phospho-p38 in a time-dependent manner without 
affecting the levels of total JNK and total p38 (Figure 4B).  
These results demonstrate that the JNK and p38 MAPK signal-
ing play key roles in ATRA-induced KLF4 phosphorylation in 
VSMCs.  Next, we investigated whether KLF4 phosphoryla-
tion affects its interaction with p300.  The effects of SP600125, 
a JNK inhibitor and SB203580, a p38 MAPK inhibitor on 
ATRA-induced KLF4 phosphorylation and ATRA-increased 
interaction of KLF4 with p300 in cells treated with ATRA were 
detected.  As shown in Figure 4C, both SP600125 and SB203580 
blocked ATRA-induced KLF4 phosphorylation and thereby 
abolished the interaction of KLF4 with p300 induced by ATRA 
treatment (Figure 4D), suggesting that the activation of JNK 

and p38 signaling pathways is involved in ATRA-induced 
KLF4 phosphorylation, and that KLF4 phosphorylation is 
necessary for its interaction with p300.  To further understand 
whether KLF4 acetylation depends on its phosphorylation 
and its interaction with p300, the effects of SP600125 and 
SB203580 on KLF4 acetylation induced by ATRA treatment 
were detected.  As shown in Figure 4E, inhibition of JNK and 
p38 activation by their respective inhibitors abrogated ATRA-
induced KLF4 acetylation (Figure 4E).  These data suggest 
that ATRA promotes the interaction of KLF4 with p300 by 
inducing KLF4 phosphorylation via JNK and p38 signaling 
pathways.  To further demonstrate that the phosphorylation 
of KLF4 is critical for its interaction with p300, we mutated 

Figure 3.  Acetylation of KLF4 by p300 enhances its binding to the mfn-2 promoter.  (A) Identification of anti-Ac-lys antibody.  VSMCs were treated 
with 10 μmol/L ATRA for 2 h, cell lysates were immunoprecipitated using an irrelevant antibody (nonimmune IgG) or the antibodies against KLF4 and 
acetylated lysine, the precipitates were detected via Western blotting using anti-KLF4 or anti-acetylated lysine antibodies.  (B) ATRA induced KLF4 
acetylation.  VSMCs were treated with 10 μmol/L ATRA for the indicated times.  Cell lysates were immunoprecipitated with anti-KLF4 antibody, and 
acetylated KLF4 was detected via Western blotting using anti-Ac-lys antibody.  Blots for total KLF4 are also shown.  (C) ATRA increased the interaction of 
KLF4 with p300.  VSMCs were treated with ATRA for 1 h.  Cell lysates were immunoprecipitated with anti-KLF4 or anti-p300 antibodies as indicated (IP).  
The precipitates were analyzed by Western blotting (IB) with anti-p300 and anti-KLF4 antibodies, respectively.  (D) KLF4 was acetylated by p300 in vitro.  
KLF4 or its acetylation-deficient mutants (300 ng) and p300 (100 ng) were incubated with acetyl-CoA for 30 min at 30 ºC, and reaction products were 
separated by SDS-PAGE, and then acetylated KLF4 was determined by Western blotting using anti-Ac-lys antibody.  Blots for total KLF4 are also shown.  (E) 
The interaction of p300 with KLF4 and its acetylation-deficient mutants.  The lysates of VSMCs treated with or without ATRA were incubated with GST, 
GST-KLF4, GST-KLF4 (K225R), GST-KLF4 (K229R), or GST-KLF4 (K225/229R).  After pull down with GST beads, p300 was detected via Western blotting 
using anti-p300 antibody, and KLF4 was detected with anti-GST antibody.  (F) Acetylation of KLF4 enhanced the mfn-2 promoter activity.  Luciferase 
assay was performed in A293 cells transfected with the mfn-2 promoter-reporter plasmid (containing nucleotides –441 to +15 of the mfn-2 promoter), 
along with different combinations of expression plasmids for KLF4 or its acetylation-deficient mutant (K225/229R), p300, and deacetylase HDAC2.  
The bars represent the means±SE from three independent experiments.  bP<0.05 vs the control.
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Figure 4.  ATRA promotes KLF4 phosphorylation and its interaction with p300 by activating p38 MAPK and JNK signaling.  (A) VSMCs were treated 
with 10 μmol/L ATRA for the indicated times, cell lysates were immunoprecipitated with antibody to phosphoserine and immunoblotted with antibody 
to KLF4.  (B) VSMCs were treated with 10 μmol/L ATRA for the indicated times, cell lysates were immunoblotted using phospho-specific antibodies to 
detect phosphorylated JNK and phosphorylated p38, respectively.  Blots for total protein (JNK or p38) are also shown.  (C) VSMCs were pretreated with 
JNK inhibitor SP600125 (20 μmol/L) or p38 inhibitor SB203580 (20 μmol/L) for 2 h before exposure to ATRA (10 μmol/L) for 1 h.  The phosphorylated 
KLF4 was assessed as described above.  (D) VSMCs were pretreated with SP600125 (20 μmol/L) or SB203580 (20 μmol/L) for 2 h before exposure to 
ATRA (10 μmol/L) for 1 h.  Interaction of KLF4 with p300 was examined by CoIP and Western blot analysis with the indicated antibodies as described 
above.  (E) VSMCs were pretreated with SP600125 (20 μmol/L) or SB203580 (20 μmol/L) for 2 h before exposure to ATRA (10 μmol/L) for 1 h.  Cell 
lysates were immunoprecipitated with anti-KLF4 antibody, and acetylated KLF4 was detected by Western blotting using anti-Ac-lys antibody.  Blots for 
total KLF4 are also shown.  (F) VSMCs were transfected with expression vectors for GFP-N1, GFP-KLF4, or its phosphorylation-deficient mutants, GFP-
KLF4 (S415A), GFP-KLF4 (S444A), and GFP-KLF4 (S470A), after 24 h of transfection, cells were treated with or without ATRA (10 μmol/L) for 1 h.  
Cell lysates were immunoprecipitated with antibody to phosphoserine and immunoblotted with antibody to KLF4.  (G) VSMCs were transfected with 
expression vectors for GFP-N1, GFP-KLF4, or GFP-KLF4 (S470A), after 24 h of transfection, cells were treated with or without ATRA (10 μmol/L) for 1 h.  
Interaction between KLF4 and p300 was examined by CoIP and Western blot analysis with the indicated antibodies as described above.  (H) VSMCs 
were transfected with expression vectors for GFP-N1, GFP-KLF4, or GFP-KLF4 (S470A), after 24 h of transfection, cells were treated with or without ATRA 
(10 μmol/L) for 1 h.  Cell lysates were immunoprecipitated with anti-KLF4 antibody, and acetylated KLF4 was detected by Western blotting using anti-Ac-
lys antibody.  Blots for total KLF4 are also shown.  (I) Luciferase activity assays.  A293 cells were transfected with the mfn-2 promoter-reporter plasmid 
(containing nucleotides -441 to +15 of the mfn-2 promoter), along with different combinations of expression plasmids for GFP-N1, GFP-KLF4 or its 
phosphorylation-deficient mutant GFP-KLF4 (S470A), and p300 for 24 h, and then treated with ATRA (10 μmol/L) for 24 h in the presence or absence 
of SP600125 (20 μmol/L) or SB203580 (20 μmol/L).  The bars represent the means±SEM from three independent experiments.  bP<0.05 vs GFP-N1 
group.



1300

www.nature.com/aps
Zhang R et al

Acta Pharmacologica Sinica

npg

three phosphorylation sites (S415A, S444A, and S470A), which 
are located within the domain of KLF4 interaction with other 
proteins, and examined the significance of these three sites for 
KLF4 interaction with p300.  When the Ser470 was mutated to 
alanine, KLF4 phosphorylation induced by ATRA was reduced 
to 30% of the wild-type KLF4 or the S415A and S444A mutants 
(Figure 4F).  Furthermore, the mutation of phosphorylation 
site (Ser470) decreased ATRA-induced interaction of KLF4 with 
p300 and subsequent KLF4 acetylation to 50% of the wild-
type KLF4 (Figure 4G and H).  These results indicated that the 
phosphorylation site (Ser470) is important for the interaction of 
KLF4 with p300.  We also evaluated the effect of the mutation 
at KLF4 phosphorylation site (Ser470) on ATRA-induced mfn-2 
promoter activity.  As shown in Figure 4I, the coexpression 
of the S470A mutant of KLF4 with p300 could not activate the 
mfn-2 promoter compared with the coexpression of the wild-
type KLF4 with p300 (Figure 3F).  Similarly, ATRA-elicited 
increase in the mfn-2 promoter activity was abrogated by 
treatment with SP600125 and SB203580 or by transfection with 
the S470A mutant.  These results further suggest that ATRA 
stimulates the interaction of KLF4 with p300 by inducing KLF4 
phosphorylation, which in turn increases KLF4 acetylation 
and its transactivation to the mfn-2 promoter.

Discussion
We have previously shown that ATRA inhibits VSMC prolif-
eration by up-regulating expression of p53 gene and induces 
VSMC differentiation by increasing expression of SM22α and 
SMα-actin mediated by KLF4[10].  We also found that mfn-2 is 
involved in VSMC differentiation induced by ATRA[9].  These 
findings suggest that both KLF4 and mfn-2 play an important 
role in regulating proliferation and differentiation of VSMCs.  
This prompted us to hypothesize the presence of a directly 
relationship between KLF4 and mfn-2 in the regulation of 
VSMC biology.  The major purpose of the present study was to 
examine KLF4’s involvement in ATRA-induced mfn-2 expres-
sion and the action mechanism of ATRA whereby ATRA 
exerts its regulatory effect on KLF4 and mfn-2 genes.

In this study, we showed that KLF4 mediated ATRA-
induced mfn-2 expression in VSMCs.  To determine whether 
KLF4 could directly regulate mfn-2 gene transcription, we 
constructed mfn-2 promoter-reporter plasmids spanning dif-
ferent regions of the promoter and various KLF4-binding 
site mutants and analyzed their activities in A293 cells.  The 
results indicate that KLF4-binding site 3 lain between -441 bp 
and -273 bp is required for mfn-2 transcriptional activation by 
KLF4.  ChIP assays showed that KLF4 bound directly to the 
mfn-2 promoter.  These results suggest that the mfn-2 pro-
moter is a direct target of KLF4.

Recent studies have shown that regulation of KLF family 
activity can occur on multiple levels, including interaction 
with cofactors and modifications (eg, phosphorylation, acety-
lation, etc), which results in additional regulation affecting 
the specificity of actions of KLFs.  For example, the activity 
of KLF5 is increased via its interaction with the coactivator/
acetylase p300[29], and is decreased via its interaction with 

deacetylase (histone deacetylase 1)[21].  Our earlier observation 
showed that treating VSMCs with ATRA leads to the increase 
in KLF4 acetylation by inducing HDAC2 phosphorylation and 
its dissociation from KLF4[30].  However, it remains unclear 
whether ATRA increases KLF4 acetylation by inducing the 
interaction of KLF4 with p300 in ATRA-treated VSMCs.  Here, 
we showed that ATRA treatment rapidly and strongly pro-
motes the KLF4 acetylation by increasing the interaction of 
KLF4 with p300.  In order to further investigate whether the 
KLF4 acetylation affects its transcriptional activation function, 
we performed a luciferase activity assay.  The results showed 
that coexpression of KLF4 and p300 markedly increased the 
mfn-2 promoter activity, while KLF4 acetylation site mutant 
K225/229R almost completely lost the function of activation of 
the mfn-2 promoter.  These results suggest that the acetylation 
of KLF4 is necessary for the activation of the mfn-2 promoter 
by KLF4, which is consistent with previous observations that 
acetylation of KLF4 is responsible for KLF4-mediated induc-
tion of intestinal alkaline phosphase and p21[26].

Protein phosphorylation is an important mechanism by 
which a transcription factor recruits coactivators, such as 
phosphorylation of cAMP response element-binding pro-
tein (CREB) at Ser133 leading to the recruitment of CREB-
binding protein (CBP)[31], phosphorylation of KLF5 at the CBP 
interaction region enhancing its interaction with CBP and its 
transactivation function[32].  Based on these observations, we 
hypothesized that the ATRA-induced increase in the interac-
tion of KLF4 with p300 might be related to KLF4 phospho-
rylation.  Indeed, we demonstrated that ATRA rapidly and 
strongly induced KLF4 phosphorylation in a time-dependent 
manner.  Previous studies have demonstrated that the JNK 
and p38 MAPK signaling pathways play important roles in 
VSMC proliferation and differentiation[27, 28].  To further define 
the signaling pathways leading to ATRA-induced KLF4 phos-
phorylation, we examined the effects of JNK and p38 MAPK 
inhibitors on KLF4 phosphorylation induced by ATRA.  The 
results revealed that inhibition of JNK or p38 MAPK by their 
inhibitors almost completely blocked KLF4 phosphorylation 
induced by ATRA.  Meanwhile, ATRA-induced interaction 
of KLF4 with p300 was reduced, subsequently leading to the 
decrease in KLF4 acetylation.  It has been proved that a phos-
phorylation-acetylation switch regulates STAT1 signaling[33].  
Phosphorylation of Fli1 promotes its interaction with p300/
CBP-associated factor and subsequent acetylation in response 
to TGF-β[34].  Our data showed that KLF4, as a transcription 
factor regulated by multiple signaling pathways, can be sub-
jected to an unexpected cross-regulation between phosphory-
lation and acetylation.  ATRA-induced KLF4 phosphorylation 
promotes its interaction with p300, which in turn enables it to 
be acetylated by p300.  In addition, it has been reported that 
the interaction of KLF5 with RARα was reduced when serine 
in the second zinc finger of KLF5 was mutated to alanine[23].  
These results provided possibilities that the serine in the zinc 
finger of KLF4 may also be important for KLF4 phosphory-
lation and its interaction with p300.  Indeed, we found that 
serine mutation in the third zinc finger of KLF4 significantly 
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reduced the level of KLF4 phosphorylation and its interaction 
with p300.  As a result, the activity of KLF4 to transactivate the 
mfn-2 promoter was attenuated.  

In summary, KLF4, as a target of ATRA-mediated signaling, 
plays an important role in the regulation of mfn-2 expression 
in VSMCs.  We show that ATRA-induced KLF4 acetylation 
depends on KLF4 phosphorylation mediated by JNK and p38 
MAPK signaling activated by ATRA.  These results describe a 
novel mechanism by which ATRA up-regulates the expression 
and phosphorylation of KLF4 to ultimately activate the mfn-2 
promoter and further expand the network of KLF4 actions in 
VSMCs.
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