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Interferon regulatory factor 8 (IRF8), a member of the IRF transcription factor family, was recently implicated in vascular dis-
eases. In the present study, using the mouse left carotid artery wire injury model, we unexpectedly observed that the expression
of IRF8 was greatly enhanced in smooth muscle cells (SMCs) by injury. Compared with the wild-type controls, IRF8 global
knockout mice exhibited reduced neointimal lesions and maintained SMC marker gene expression. We further generated SMC-
specific IRF8 transgenic mice using an SM22�-driven IRF8 plasmid construct. In contrast to the knockout mice, mice with
SMC-overexpressing IRF8 exhibited a synthetic phenotype and enhanced neointima formation. Mechanistically, IRF8 inhibited
SMC marker gene expression through regulating serum response factor (SRF) transactivation in a myocardin-dependent man-
ner. Furthermore, a coimmunoprecipitation assay indicated a direct interaction of IRF8 with myocardin, in which a specific re-
gion of myocardin was essential for recruiting acetyltransferase p300. Altogether, IRF8 is crucial in modulating SMC phenotype
switching and neointima formation in response to vascular injury via direct interaction with the SRF/myocardin complex.

Phenotypic switching of vascular smooth muscle cells (VSMCs)
and subsequent proliferation contribute to various vascular

diseases, including atherosclerosis, in-stent restenosis, transplant
vasculopathy, and vein bypass graft failure (1). In response to
vascular injury, quiescent smooth muscle cells (SMCs) lose con-
tractile characteristics and gain a proliferative synthetic pheno-
type to produce an extracellular matrix to form neointimal lesions
(2, 3). The phenotypic switching of SMCs is intended to repair the
injury of the vessel or to stabilize atheromatous plaque. However,
this response leads to the narrowing or even occlusion of blood
vessels. Ways to effectively inhibit SMC phenotypic switching and
prevent the neointima formation remain to be determined. The
current mechanistic understanding of SMC phenotypic switching
largely focuses on the regulation of SMC-specific genes, including
smooth muscle �-actin (�-SMA), SM22�, smoothelin, and
desmin genes (4). In recent years, several regulatory mechanisms
have been elucidated to regulate the expression of these genes,
among which those dependent on the conserved G/C-repressive
elements (5) and CArG [CC(A/T)6GG] elements (6) present in
the promoters of SMC-specific genes are the most prominent.
Hence, the regulation of serum response factor (SRF), which
binds to CArG elements, is of particular interest (7, 8). Platelet-
derived growth factor BB (PDGF-BB) induces Krüppel-like zinc
finger factor type 4 (KLF4) expression (4) and Elk-1 phosphory-
lation (9). KLF4 was reported to reduce SRF binding through
inhibiting the expression of the coactivator myocardin and re-
cruiting histone deacetylases (HDACs) (10, 11). There is also ev-
idence that phosphorylated Elk-1 (9) and HERP1 (12) inhibit SRF
transactivation through interrupting the interaction of SRF with
myocardin. Because the phenotypic switching of SMCs is induced
by numerous environmental cues and is actively regulated, the
factors noted above are by no means the only regulators. To fur-
ther elucidate the mechanism of SMC phenotypic switching, more

detailed molecular mechanisms on the transcription factors in-
volved could be needed.

Interferon regulatory factors (IRFs) are a family of transcrip-
tion factors that play central roles in innate immunity and im-
mune cell differentiation (13–15). Our previous work has demon-
strated that IRFs are also involved in the pathophysiological
processes of heart diseases (16, 17) and metabolic disorders (18).
Interferon regulatory factor 8 (IRF8; also known as interferon
consensus sequence binding protein [ICSBP]) is one of the nine
members of this family in mammals (14). IRF8 is primarily ex-
pressed in hematopoietic cells (19) and is critical for the develop-
ment of some lineages (13). Recent studies have shed new light on
the involvement of IRF8 in cardiovascular diseases. Hematopoi-
etic IRF8 deficiency was reported to accelerate atherosclerosis
(20). IRF8 was also reported to regulate the expression of macro-
phage arginase 1, which inversely correlates with atherosclerotic
progression (21). Therefore, we hypothesize that IRF8 may also
play a role in injury-induced intima growth. To determine the role
of IRF8 in the regulation of SMC phenotypic switching and neo-
intima formation, we performed carotid artery wire injury on
IRF8�/�, IRF8 SMC-specific transgenic (TG), and wild-type
(WT) mice. Surprisingly, we found that IRF8 expression was sig-
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nificantly increased in SMCs after vascular injury. IRF8 promoted
the phenotypic switching of SMCs and exacerbated the formation of
neointima. In addition, we found that the effect of IRF8 on neointima
formation is mediated by its interaction with myocardin.

MATERIALS AND METHODS
Mice. All of the animal protocols were approved by the Animal Care and Use
Committee of Renmin Hospital of Wuhan University. IRF8-deficient mice
(B6.129P2-Irf8tm1Hor/Kctt) were purchased from the European Mouse
Mutant Archive (EMMA; EM 02414). IRF8�/� mice were confirmed using
PCR analysis with the primers 5=-CATGGCACTGGTCCAGATGTCTTCC-
3=, 5=-CTTCCAGGGGATACGGAACATGGTC-3=, and 5=-CGAAGGAGCA
AAGCTGCTGCTATTGGCC-3=. The IRF8�/� mice with a B6.129 back-
ground were backcrossed to a C57BL/6 mouse for at least six generations to
yield IRF8�/� mice. SM22-Cre [B6.Cg-Tg(Tagln-cre)1Her/J; stock number
017491] mice and IRF8flox/flox [B6(Cg)-Irf8tm1.1Hm/J; stock number
014175] mice were purchased from The Jackson Laboratory. SM22-Cre
mice and IRF8flox/flox mice were crossed to generate IRF8flox/�-SM22-Cre
mice, and then IRF8flox/�-SM22-Cre male and female mice were crossed
to each other to produce IRF8flox/flox-SM22-Cre (SMC IRF8-knockout
[SMC-IRF8-KO]) mice. To obtain SMC-specific transgenic mice, the
SMC-specific transgenic vector was first constructed with a mouse SM22a
promoter, a 5= hemagglutinin (HA) tag, and a simian virus 40 (SV40)
poly(A) signal. The mouse full-length IRF8 cDNA (Openbiosystem) was
cloned into the SMC-specific transgenic vector between the EcoRI sites by
a ligation-independent cloning (LIC) method, as previously reported
(22). Vascular SMC-specific IRF8 transgenic mice were generated in a
C57BL/6 background through the microinjection of mouse IRF8 cDNA
under the control of a minimal SM22� promoter (a region of the murine
SM22a promoter that contains 1,275 bp). IRF8 cDNA was obtained and
amplified by PCR using the primers 5=-GCCACCATGGAATTCTGTGA
CCGGAACGGCGGG-3= and 5=-GTATGGGTAGAATTCGACGGTGAT
CTGTTGATTTTC-3=. IRF8 overexpression was assessed by Western
blotting analyses.

Carotid artery wire injury mode. Ten- to 12-week-old male mice
underwent carotid artery injury surgery. The mouse model of carotid
artery wire injury has been described previously (23). Briefly, the mice
were anesthetized by intraperitoneal injection of sodium pentobarbital
(80 mg/kg of body weight), and 1% lidocaine hydrochloride was injected
subcutaneously for local analgesia. The left carotid artery was exposed by
a blunt-end dissection. The external carotid artery was ligated with an 8-0
suture immediately proximal from the point of bifurcation. Internal and
common carotid arteries were clamped to intercept blood flow, and then
a transverse incision was made immediately proximal from the suture
around the external carotid artery. A guide wire (diameter, 0.38 mm; no.
C-SF-15-15; Cook, Bloomington, IN) was then introduced into the arte-
rial lumen toward the aortic arch and then withdrawn 5 times in a rotating
motion. After removal of the guide wire, the vascular clamps were re-
moved and blood flow was restored. The skin incision was then closed.
Sham controls underwent the same procedures, except for the dissection
and injury. The animals were then processed for morphological and bio-
chemical studies at specific time points after surgery.

Histological and morphometric analysis. At 0, 7, 14, or 28 days
postinjury, mice were killed by an overdose of sodium pentobarbital (150
mg/kg) by intraperitoneal injection. Their carotid arteries were harvested
after circulating perfusion and fixed with 4% paraformaldehyde dissolved
in phosphate-buffered saline (PBS). The arteries were further fixed for 16
h and then paraffin embedded. Serial 3-�m sections were produced from
the entire approximately 300-�m region at the bifurcation of the left
carotid artery. For morphometric purposes, we stained sections with he-
matoxylin-eosin (H&E) after deparaffinization and rehydration. To de-
termine the extent of neointima formation, intima areas and the intima-
to-media (I/M) ratios were determined, using Image Pro Plus software
(version 6.0; Media Cybernetics), by a single observer blinded to the treat-

ment protocols. A mean value was generated from five sections of each
artery sample.

Immunofluorescence staining. After a 5-min high-pressure antigen
retrieval process (100� sodium citrate buffer, pH 6.0), arterial sections
were blocked in PBS containing 10% goat serum for 60 min and incubated
overnight with primary antibodies at 4°C. Rat VSMCs were seeded on
coverslips placed in 6-well plates. Cells were fixed with 4% fresh paraform-
aldehyde for 15 min and permeabilized with 0.2% Triton X-100 in PBS for
5 min. After washing with PBS containing 10% goat serum for 60 min, the
slides were incubated overnight with primary antibodies at 4°C. The an-
tibodies used were directed against IRF8 (1:100; rabbit; catalog no. sc-
13043; Santa Cruz), �-SMA (1:100; mouse; catalog no. ab7817; Abcam),
proliferating cell nuclear antigen (PCNA; 1:100; mouse; catalog no. 2586;
Cell Signaling Technology), cyclin D1 (1:25; rabbit; catalog no. 2978; Cell
Signaling Technology), �-SMA (1:100; rabbit; catalog no. ab5694; Ab-
cam), SM22� (1:100; rabbit; catalog no. ab14106; Abcam), smoothelin
(1:100; rabbit; catalog no. sc-28562; Santa Cruz), and osteopontin (OPN;
1:100; rabbit; catalog no. BS1264; Bioworld). The sections were washed
with PBS and incubated with the appropriate secondary antibodies for 1 h
at 37°C. The secondary antibodies used were Alexa Fluor 568-conjugated
goat anti-rabbit IgG (catalog no. A11011; Invitrogen, Carlsbad, CA), Al-
exa Fluor 488-conjugated goat anti-mouse IgG (catalog no. A11001; In-
vitrogen, Carlsbad, CA), Alexa Fluor 568-conjugated goat anti-mouse IgG
(catalog no. A11004; Invitrogen, Carlsbad, CA), and Alexa Fluor 488-
conjugated goat anti-rabbit IgG (catalog no. A11008; Invitrogen, Carls-
bad, CA). The nuclei were stained with DAPI (4=,6-diamidino-2-phe-
nylindole). Image acquisition was performed using a fluorescence
microscope (DX51; Olympus Japan) and DP2-BSW software (version
2.2). The integrated optical density (IOD) values were measured using
Image Pro Plus software (version 6.0; Media Cybernetics).

Cell culture and adenovirus infection. Human aortic smooth muscle
cells (HASMCs), the A7r5 rat embryonic aortic vascular smooth muscle
cell line, and mouse VSMC line MOVAS were obtained from the Ameri-
can Type Culture Collection (ATCC). Primary vascular smooth muscle
cells were isolated from the thoracic aortas of male C57BL/6 mice and
Sprague-Dawley rats by enzymatic digestion. All of the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)–F-12 medium con-
taining 10% fetal bovine serum (FBS; SV30087.02; HyClone) and 1%
penicillin-streptomycin and maintained at 37°C in a humidified atmo-
sphere containing 5% CO2. The cells used in the experiments were from
passages 3 to 5. To overexpress IRF8, the entire coding region of the rat
IRF8 gene under the control of the cytomegalovirus promoter was
encompassed by replication-defective adenoviral vectors. A similar
adenoviral vector encoding the green fluorescent protein (AdGFP)
gene was used as a control. Three rat IRF8 short hairpin RNA (shIRF8)
constructs were obtained from SABiosciences (KR59496G) to knock
down IRF8 expression. The construct decreasing IRF8 levels to the
greatest extent was used for all further experiments. Adenovirus con-
taining short hairpin RNA (AdshRNA) was the nontargeting control.
Rat VSMCs and A7r5 cells were infected with the adenoviruses de-
scribed above in diluted medium at a multiplicity of infection of 100
for 24 h.

BrdU assessment of cell proliferation. DNA synthesis in the SMCs
was assessed by measuring the incorporation of 5=-bromo-2=-deoxyuri-
dine (BrdU). Mouse SMCs (5 � 103/well) were grown to 60% confluence
and growth arrested in a 96-well microplate. After the cells were serum
starved for 24 h, quiescent cells were treated with 20 ng/ml of PDGF-BB
(purchased from ProSpec [Rehovot, Israel]) for 48 h. BrdU was added for
the last 2 h of treatment. BrdU incorporation was determined using a cell
proliferation enzyme-linked immunosorbent assay kit (Roche Diagnos-
tics, Mannheim, Germany) according to the manufacturer’s protocol.

Migration assay. An SMC migration assay was performed using the
modified Boyden chamber method as previously described (24). Briefly,
mouse SMCs were grown to 70% to 80% confluence and then maintained
in a quiescent state in serum-free medium for 24 h. Cells were trypsinized,

IRF8 in SMC Phenotypic Switching

February 2014 Volume 34 Number 3 mcb.asm.org 401

http://mcb.asm.org


Zhang et al.

402 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


washed with PBS, and resuspended in DMEM containing 20% FBS. Ap-
proximately 5 � 104 cells/well were added to the upper chamber of a
24-well transwell dish (with a 6.5-mm polycarbonate membrane with
8-mm pores; Corning, Corning, NY) and allowed to attach for 30 min.
SMCs were exposed to the medium containing or not containing
PDGF-BB (20 ng/ml), which was added to the lower chamber as the che-
moattractant. After 6 h of incubation, cells remaining on the upper mem-
brane were removed using a cotton bud, while those that had migrated to
the lower side of the surface were fixed, stained with 0.1% crystal violet–
20% methanol, and counted. The average number of cells that had mi-
grated was calculated from five randomly chosen high-power fields
(�200) in three independent experiments. Images were quantified using
Image Pro Plus software.

Western blotting. Western blotting procedures were as described pre-
viously (25). In brief, cellular and mouse tissue proteins were extracted
using radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS). After a complete homogenization on ice, the samples were centri-
fuged and the supernatants obtained were fractionated by 10% SDS-
PAGE and transferred to an Immobilon-FL membrane (Millipore). After
blocking with Tris-buffered saline (TBS) containing 5% nonfat milk, the
membranes were probed with primary antibodies directed against IRF8
(1:200; catalog no. sc-13043; Santa Cruz), PCNA (1:1,000; mouse; catalog
no. 2586; Cell Signaling Technology), cyclin D1 (1:1,000; rabbit; catalog
no. 2978; Cell Signaling Technology), matrix metalloproteinase 9
(MMP9; 1:200; goat; catalog no. sc-6841; Santa Cruz), �-SMA (1:1,000;
mouse; catalog no. ab7817; Abcam), SM22� (1:300; rabbit; catalog no.
ab14106; Abcam), smoothelin (1:200; rabbit; catalog no. sc-28562; Santa
Cruz), desmin (1:1,000; rabbit; catalog no. 4024; Cell Signaling Technol-
ogy), OPN (1:500; rabbit; catalog no. BS1264; Bioworld), and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; 1:10,000; mouse; catalog
no. MB001; Bioworld).

Plasmid constructs. Enhanced green fluorescent protein (EGFP)-
myc-IRF8 and glutathione S-transferase (GST)–IRF8 constructs were
generated by amplifying the coding region of the IRF8 gene using primers
IRF8-5= and IRF8-3= from HA-IRF8 and subcloning them into pEGFP-
myc-C1 and pGEX-4T-1, respectively. To obtain the IRF8 fragments con-
sisting of residues 1 to 125, 110 to 200, and 200 to 424, HA-IRF8 was PCR
amplified using primers IRF8-5= and IRF8-N-3=, IRF8-Pro-5= and IRF8-
Pro-3=, and IRF8-C-5= and IRF8-3=, respectively. The products were di-
gested with EcoRI and XhoI and ligated into pEGFP-myc-C1 to create an
in-frame fusion with EGFP-myc. The Flag-myocardin and mCherry-
myocardin constructs were generated by amplifying the coding region of
the myocardin gene using primers MyoD-5= and MyoD-3= from human
cDNAs and cloning them into psi-Flag-C1 and psi-mCherry-C1, respec-
tively. To obtain the myocardin fragments consisting of residues 1 to 738
and 738 to 938, Flag-myocardin was PCR amplified using primers
MyoD-5= and MyoD-N-3= and primers MyoD-C-5= and MyoD-3=, re-
spectively. The products were digested with XhoI and ligated into psi-Flag
to create an in-frame fusion with a Flag tag. The primers for producing
these constructs are shown in Table S1 in the supplemental material. All of
the plasmids were verified by sequencing.

Immunoprecipitation. For immunoprecipitation, cultured 293T
cells were cotransfected with Flag-myocardin and EGFP-myc-IRF8 for 48

h and lysed in immunoprecipitation (IP) buffer (20 mM Tris-HCl, pH 8.0,
150 mM NaCl,1 mM EDTA, 0.5% NP-40) supplemented with a protease
inhibitor cocktail (Roche). The cell homogenates were incubated for 20
min at 4°C with constant agitation and then pelleted by centrifugation
(13,000 � g for 15 min at 4°C). For each IP, 500 �l of the sample was
incubated with 10 �l of protein A/G-agarose beads (catalog no.
11719394001 and 11719386001; Roche) and 1 �g of antibody on a rocking
platform (overnight at 4°C) according to the manufacturer’s recommen-
dations. Finally, the immunoprecipitates were washed five to six times
with cold IP buffer before adding 1� PAGE loading buffer. Cell lysates
and immunoprecipitates were immunoblotted using the indicated pri-
mary antibodies, the corresponding secondary antibodies, and a Super-
Signal chemiluminescence kit (Millipore).

GST pulldown assay. The GST-IRF8 encoded by the pGEX-4T-1 con-
struct was expressed in Escherichia coli Rosetta(DE3) cells. For the pull-
down assay, 10 ml of E. coli (after IPTG [isopropyl-�-D-thiogalactopyra-
noside] induction) was harvested, and the purified GST fusion protein
was immobilized on glutathione-Sepharose 4B beads (GE Healthcare Bio-
Sciences AB). The GST-IRF8 beads were incubated with lysates of Flag-
myocardin-transfected 293T cells in IP buffer (20 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1 mM EDTA, and 0.5% NP-40 supplemented with a pro-
tease inhibitor cocktail) for 4 h at 4°C. The GST tag was used as the
negative control under the same conditions. The samples were analyzed
by Western blotting using anti-Flag antibodies, after being washed four
times with IP lysis buffer (no cocktail).

Confocal microscopy. 293T cells were seeded in a 24-well plate con-
taining coverslips. After pmCherry-myocardin and EGFP-myc-IRF8
cotransfection for 48 h, the cells were fixed in 4% fresh paraformaldehyde
for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and
then incubated in Image-IT FX signal enhancer (catalog no. I36933; In-
vitrogen) for 30 min. The cells were washed with TBS-Tween three times
and stained with DAPI (1 g/ml, 15 min). Finally, the slides were mounted
with mounting solution (catalog no. D2522; Sigma). Images were ob-
tained using a confocal laser scanning microscope (Fluoview 1000; Olym-
pus).

Luciferase reporter assays. The SM22�-luciferase (SM22�-luc) plas-
mid was obtained by subcloning the SM22� promoter into the pGL3-
basic vector (Promega). The CArG-luciferase (CArG-luc) plasmid was
obtained by inserting three CArG consensus sequences into the pGL3-
promoter vector (Promega). The SRF-luc plasmid was obtained by clon-
ing the SRF promoter into the pGL3-basic vector (Promega). Rat aortic
smooth muscle cells (RASMCs) and A7r5 cells were cultured in a 24-well
plate. The A7r5 cells were infected with the indicated recombinant adeno-
viruses. Twenty-four hours later, the cells were harvested and lysed with
100 �l of passive lysis buffer (PLB; Promega). After the cell debris was
removed by centrifugation, the supernatant was used for luciferase assays,
which were performed using a single-mode SpectraMax microplate
reader according to the manufacturer’s instructions. The luciferase activ-
ities were normalized according to the protein content of the samples.

ChIP assay. For the chromatin immunoprecipitation (ChIP) assay,
MOVAS cells were transfected with HA-tagged IRF8 plasmid or control
vector pcDNA3.1. After 48 h, the cells were fixed with 1% formaldehyde,
washed with ice-cold PBS, and harvested. Then, the sonicated DNA frag-
ments was subjected to immunoprecipitation using anti-SRF(H300)X

FIG 1 IRF8 expression in smooth muscle cells is induced by vascular injury. (A) The levels of IRF8, cyclin D1, �-SMA, SM22�, and smoothelin proteins in left
carotid arteries were determined by Western blotting. The arteries were harvested from uninjured mice (that underwent a sham operation) and injured mice at
7, 14, and 28 days after surgery. The protein levels were quantified. Blots are representative of three independent experiments. (B) Immunofluorescent staining
showing the expression and localization of IRF8 (red) in arteries at different time points postinjury. The arterial smooth muscle cells are indicated by �-SMA
staining (green). The relative optical density (OD) values of IRF8 fluorescence are also provided. (n � 3 to 5 per group at each time point). Bar, 20 �m. (C and
D) IRF8 protein levels in RASMCs (C) and HASMCs (D) were detected by Western blotting before and at 6, 24, and 48 h after PDGF-BB administration. Protein
levels were also quantified. Blots are representative of three independent experiments. In panels A, C, and D, the protein levels were normalized to the level of
GAPDH. In panels A to D, all values are presented as means 	 SDs, and the statistical significance is indicated. (A and B) *, P 
 0.05 compared with the sham
operation group; #, P 
 0.05 compared with the group at 7 days postinjury; †, P 
 0.05 compared with the group at 14 days postinjury. (C and D) *, P 
 0.05
compared with the group not treated with PDGF-BB; #, P 
 0.05 compared with the group at 6 h poststimulation; †, P 
 0.05 compared with the group at 24 h
poststimulation.

IRF8 in SMC Phenotypic Switching

February 2014 Volume 34 Number 3 mcb.asm.org 403

http://mcb.asm.org


Zhang et al.

404 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


(catalog no. SC-13029X; Santa Cruz) and normal rabbit IgG (catalog no.
2729S; Cell Signaling Technology), followed by using protein G-magnetic
beads (catalog no. 10004D; Invitrogen). Precipitated DNA was recovered
via phenol-chloroform extraction and amplified by reverse transcription-
PCR for 40 cycles using primer sets specific for the indicated specific
promoter regions of the �-SMA, SM22�, and smoothelin genes. The PCR
primers for ChIP assays are provided in Table S2 in the supplemental
material.

Statistical analyses. Data analysis was performed using SPSS (version
17.0) software (SPSS, Inc., Chicago, IL). The data are presented as the
mean values 	 standard deviations (SDs). The differences among three or
more groups were determined using a one-way or two-way analysis of
variance (ANOVA) with repeated measures, followed by Bonferroni’s post
hoc test. A probability value of less than 0.05 was considered statistically
significant.

RESULTS
Vascular injury induces IRF8 expression in smooth muscle
cells. To investigate the role of IRF8 in the pathophysiology of
intimal hyperplasia, we performed left carotid artery wire injury
on mice and then examined the expression of IRF8. Four weeks
after the surgery, the intimal area was greatly increased (see Fig.
S1A in the supplemental material). Most of the cells in the neoin-
tima were SMCs, as shown by the staining of �-smooth muscle
actin (�-SMA) (see Fig. S1B in the supplemental material). The
Western blot analyses showed that IRF8 was expressed at a low
level in the uninjured carotid arteries. However, the expression of
IRF8 was mildly increased at 7 days after injury, was markedly
elevated on day 14 postinjury, and returned to a lower level at day
28 (Fig. 1A). Interestingly, we observed that IRF8 was highly ex-
pressed in the cells labeled with the �-SMA antibody, particularly
at 14 days after injury (Fig. 1B), indicating that IRF8 expression
can be greatly induced in SMCs after injury.

Because PDGF-BB is a mitogen and chemoattractant for
SMCs, it is widely used to mimic the process of intima hyperplasia
in vitro (26, 27). To confirm IRF8 expression as a response to
injury and IRF8 localization, we stimulated two types of SMCs,
primary rat aortic smooth muscle cells (RASMCs) and human
aortic smooth muscle cells (HASMCs), with PDGF-BB. The West-
ern blotting results showed that, before PDGF-BB administration,
IRF8 was scarcely expressed in either cell type. After PDGF-BB (20
ng/ml) was added to the culture medium, IRF8 expression was
greatly induced and peaked approximately 24 h after PDGF-BB
administration (Fig. 1C and D). Taken together, our results dem-
onstrate that IRF8 can be induced in response to vascular injury in
SMCs.

IRF8 deficiency represses neointima formation and SMC
phenotypic switching in response to arterial injury. To investi-
gate whether IRF8 modulates neointima formation, we performed
carotid wire injury on IRF8�/� (KO) mice and IRF8�/� (WT)

mice. At 14 days after injury, a tendency toward a lower intima/
media ratio was observed in the IRF8�/� mice. At 28 days after
injury, the intima/media ratio was significantly lower in the
IRF8�/� mice than the IRF8�/� mice (Fig. 2A). To directly ex-
clude the effects of the loss of function of IRF8 in immune cells,
carotid wire injury was carried out on SMC-IRF8-KO mice and
SM22-Cre control mice, and the phenotype were examined on day
14 postinjury. The SMC-IRF8-KO mice showed less of an increase
in the neointima size and the intima/media ratio than the SM22-
Cre control mice (see Fig. S2A in the supplemental material),
while no significant difference in intimal hyperplasia in the sham-
operated arteries was observed between the two genotypes (see
Fig. S2A in the supplemental material). These results are consis-
tent with data from IRF8 global knockout mice (Fig. 2A). This
suggests that IRF8 deficiency attenuates intimal hyperplasia.

To investigate the effect of IRF8 on the phenotypic switching of
SMCs, we analyzed the expression of SMC-specific genes, includ-
ing those for �-SMA, SM22�, smoothelin, and desmin (28), by
immunofluorescent staining and Western blotting. In SMCs of
the mice, the expression of these genes was greatly downregulated
in response to arterial injury, indicating a switch from a quiescent
contractile phenotype to an active synthetic phenotype. However,
in the IRF8-deficient SMCs, the increase in the expression of these
genes was less prominent on day 14 after injury and the SMC-
specific gene expression was significantly higher than that in wild-
type cells at day 28 (Fig. 2B and C). Osteopontin, which is ex-
pressed in synthetic SMCs rather than in contractile SMCs, is
another marker for SMC phenotypic switching (28) and was
highly expressed in wild-type SMCs but not IRF8�/� cells (Fig. 2B
and C). Previous studies have demonstrated that except for SMC-
specific contractile protein reduction, the hallmarks of SMC phe-
notypic switching also include changes of morphological charac-
teristics (29). Immunofluorescence staining indicated that, in the
absence of PDGF-BB stimulation, rat VSMCs kept a spindle-like
shape, indicating a differentiated state. However, PDGF-BB elic-
ited a quickly flattened morphology that suggested a dedifferenti-
ated state (see Fig. S2B in the supplemental material). PDGF-BB
suppresses the expression of smooth muscle genes in RASMCs,
whereas this effect was inhibited by knocking down IRF8 expres-
sion using short hairpin RNA (shRNA) (Fig. 3A and B). The pres-
ervation of SMC-specific gene expression was also confirmed in
the IRF8-deficient primary mouse SMCs stimulated with
PDGF-BB in vitro (Fig. 3D and E).

In contrast to contractile SMCs, synthetic cells generally have
prominent proliferative and migratory properties. Therefore, we
examined the expression of some key markers of proliferation
(proliferating cell nuclear antigen [PCNA] and cyclin D1) and
migration (matrix metalloproteinase 9 [MMP9]). As expected,

FIG 2 IRF8 deficiency represses neointima formation and SMC phenotypic switching in response to artery injury. (A) HE-stained sections showing the
structures of WT and IRF8�/� (KO) carotid arteries from mice that underwent a sham operation or wire injury surgery (at 14 and 28 days after surgery).
Black-framed areas in the upper panels are magnified and shown in the lower panels. Arrowheads, internal elastic lamina (IEL) and external elastic lamina (EEL),
highlighted in dotted lines. The internal elastic lamina indicates the intimal-medial boundary, while the external elastic lamina represents the medial-adventitial
boundary. M, media; NI, neointima. Intimal areas and intima/media ratios were quantified (n � 9 to 12 per group at each time point). Bars, 50 �m. (B)
Immunofluorescent staining of smoothelin, �-SMA, SM22�, and OPN (green in different rows) in WT and IRF8�/� arteries at 14 days and 28 days after injury.
DAPI (blue) staining indicates nuclei. The optical density values of smoothelin, �-SMA, SM22�, and OPN fluorescence are also provided (n � 3 to 6 per group
at each time point). Bar, 20 �m. (C) The levels of �-SMA, SM22�, smoothelin, OPN, and desmin protein in WT and IRF8�/� arteries were determined by
Western blotting. Arteries harvested from the sham operation group and the groups at 28 days postinjury were used. The expression levels were normalized to
the expression level of GAPDH and quantified. Blots are representative of three independent experiments. In panels A to C, all values are presented as means 	
SDs, and statistical significance is indicated. *, P 
 0.05 compared with the WT group.
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FIG 3 IRF8 deficiency represses SMC proliferation, migration, and phenotypic switching upon PDGF-BB stimulation. (A) Western blotting validated the
efficacy of adenovirus-mediated shRNA interference in lowering IRF8 expression in RASMCs upon PDGF-BB (20 ng/ml) stimulation. Cells were harvested
before and at 24 and 48 h after PDGF-BB administration. (B) �-SMA, SM22�, smoothelin, and desmin protein levels in RASMCs infected with AdshRNA and
adenovirus containing a short hairpin sequence targeting IRF8 (AdshIRF8) were determined by Western blotting at different time points after PDGF-BB (20
ng/ml) administration. (C) PCNA, cyclin D1, and MMP9 protein levels in RASMCs infected with AdshRNA and adenovirus containing a short hairpin sequence
targeting IRF8 were determined by Western blotting at different time points after PDGF-BB (20 ng/ml) administration. (D) Western blotting to determine the
IRF8 levels in WT and IRF8�/� (KO) mouse arterial smooth muscle cells in response to PDGF-BB (20 ng/ml) stimulation. Cells were harvested before and at 24
and 48 h after PDGF-BB administration. (E) �-SMA, SM22�, smoothelin, and desmin protein levels in mouse SMCs were determined by Western blotting at

Zhang et al.

406 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


the IRF8�/� SMCs expressed these genes more slowly in response
to injury (see Fig. S2C to E in the supplemental material). The
IRF8-knockdown RASMCs and the IRF8�/� SMCs also exhibited
lower levels of PCNA, cyclin D1, and MMP9 expression after
PDGF-BB administration (Fig. 3C and F). We also examined the
SMC proliferative response ex vivo upon PDGF-BB stimulation by
measuring the incorporation of 5=-bromo-2=-deoxyuridine
(BrdU). The results showed that IRF8-deficient SMCs incorpo-
rated less BrdU than WT SMCs, which indicates a lower rate of
proliferation (Fig. 3G). The VSMC migration assay indicated that
treatment with PDGF-BB (20 ng/ml) caused an almost 6-fold in-
crease in the migration of WT VSMCs; however, IRF8 deficiency
significantly reduced PDGF-BB-induced migration (see Fig. S2E
in the supplemental material).

IRF8 overexpression promotes neointima formation and
SMC phenotypic switching in response to arterial injury. Since
IRF8 ablation showed a repressive effect on neointima formation,
we next sought to investigate whether IRF8 overexpression pro-
motes neointima growth. To focus on SMCs, we generated SMC-
specific IRF8 transgenic (TG) mice in a C57BL/6 background. The
TG construct contained mouse IRF8 cDNA under the control of
an SMC-specific mouse minimal SM22 promoter (Fig. 4A). Four
lines of IRF8 TG mice were successfully generated. Mice from line
4 exhibited a 14.3-fold increase in the IRF8 expression level (Fig.
4B), which was comparable to the level of IRF8 induced in normal
SMCs at 14 days after vascular injury, and were therefore used in
the subsequent phenotypic evaluations. In contrast to the results
obtained using IRF8�/� mice, the intima/media ratio was higher
in IRF8 TG mice than in nontransgenic controls (Fig. 4C). By
immunofluorescent staining and Western blotting, we observed
that the decrease of SMC-specific gene (�-SMA, SM22�, smooth-
elin, and desmin gene) expression and the increase of osteopontin
after injury were more significant in the SMCs derived from the
IRF8 TG mice (Fig. 4D and E). These results indicate that IRF8
promotes SMC phenotypic switching. The expression levels of
PCNA, cyclin D1, and MMP9 were slightly higher in the SMCs of
the transgenic mice than in those of the controls (see Fig. S3A and
B in the supplemental material).

In agreement with the in vivo results, studies of RASMCs and
mouse SMCs treated with PDGF-BB confirmed that IRF8 pro-
motes SMC phenotypic switching and neointima growth. Al-
though IRF8 expression can be induced by PDGF-BB in normal
SMCs, at all time points after stimulation, RASMCs infected with
adenovirus containing IRF8 and IRF8-overexpressing SMCs ex-
hibited higher IRF8 levels than control cells (Fig. 5A and D). Com-
pared with the level of expression by normal SMCs, the level of
expression of SMC-specific genes (�-SMA, smoothelin, SM22�,
and desmin genes) was lower, whereas the level of expression of
proliferation- and migration-related genes (PCNA, cyclin D1, and
MMP9 genes) was higher in the IRF8-overexpressing RASMCs
and IRF8 TG SMCs (Fig. 5B, C, E, and F). Upon PDGF-BB stim-
ulation, the IRF8-overexpressing SMCs consistently exhibited a

higher proliferation level than the control cells, as shown by more
BrdU labeling (Fig. 5G).

IRF8 inhibits smooth muscle gene expression through the
SRF/CArG axis. Because both gain- and loss-of-function studies
confirmed an inverse relationship between IRF8 expression and
SMC-specific gene expression, we were interested in elucidating
the mechanisms for this phenomenon. Evidence has firmly estab-
lished that the CArG box, which is recognized by SRF, present
within the promoters of SMC genes, plays a pivotal role in con-
trolling their transcription (30, 31). Thus, we reasoned that IRF8
might inhibit SMC gene transcription through interfering with
the SRF/CArG axis. Therefore, we examined the transactivation of
SRF using a luciferase reporter driven by three tandem repeats of a
consensus SRF response element (3�CArG-luc) in RASMCs. We
also cloned and inserted the mouse SM22� promoter sequence in
front of the luciferase reporter gene to determine the transcrip-
tional inhibition of SM22� by IRF8. As expected, in both systems,
luciferase activity was greatly induced after infection with a myo-
cardin (coactivator of SRF)-containing adenovirus (Fig. 6A).
When we coinfected cells with the myocardin-containing virus
and the IRF8-containing virus, the activity of 3�CArG-luc could
not be induced (Fig. 6A). These results indicate that IRF8 inhibits
SRF/CArG-mediated transcription.

To further confirm this conclusion, we mutated the CArG el-
ements that were identified at approximately residues �107
and �16 of the SM22� transcription start site and constructed the
corresponding mutant SM22�-luc plasmids. In myocardin-con-
taining adenovirus-infected cells, the mutant SM22�-luc activity
was lower than that of wild-type SM22�-luc (Fig. 6B). Knock-
down of IRF8 using shRNA increased the activities of wild-type
SM22�-luc and SM22�-luc with a single mutation but did not
affect the activity of SM22�-luc with a double mutation (Fig. 6B).
Chromatin immunoprecipitation was applied to further evaluate
the effect of IRF8 on SRF transactivation, with the results indicat-
ing that significantly less SRF was bound to CArG elements in
HA-IRF8 MOVAS cells than in pcDNA3.1 control cells, which
directly indicated that IRF8 impairs SRF binding to CArG ele-
ments (see Fig. S4A in the supplemental material). This finding
suggests that the inhibition of SM22� transcription by IRF8 is
dependent on the CArG element.

These results prompted us to investigate whether IRF8, as a
transcription factor, inhibits SRF transcription. Using SRF pro-
moter-luciferase assays, we did not observe any significant change
in SRF-luciferase activity upon interfering with the IRF8 level in
A7r5 cells and RASMCs (data not shown). Thus, we speculated
that IRF8 might directly inhibit SRF activity through protein-pro-
tein interaction. Unfortunately, no explicit interaction was ob-
served in immunoprecipitation (IP) or GST pulldown experi-
ments (data not shown). The results presented above indicate that
IRF8 most likely blunts SRF/CArG in an indirect manner. Because
myocardin, a master coactivator of SRF, is essential for SMC de-
velopment and phenotypic maintenance (31–33), we speculated

different time points after PDGF-BB (20 ng/ml) administration. (F) PCNA, cyclin D1, and MMP9 protein levels in mouse arteries were determined by Western
blotting at different time points after PDGF-BB (20 ng/ml) administration. In panels A to F, the corresponding protein levels were normalized to the level of
GAPDH and quantified. These blots are representative of three blots obtained from three independent experiments. All values are presented as the means 	 SDs,
and statistical significance is indicated. *, P 
 0.05 compared with the control group. (G) BrdU incorporation was measured by determination of the absorption
at 370 nm to assess SMC proliferation upon PDGF-BB (20 ng/ml) stimulation. Values are presented as the means 	 SDs, and statistical significance is indicated,
*, P 
 0.05 compared with the PDGF-BB-treated WT group (n � 4).
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that IRF8 might regulate SRF/CArG activity through myocardin.
To examine the function of myocardin in an SRF/CArG-indepen-
dent manner, we employed the Gal4-upstream activating se-
quence (UAS) system and constructed a chimeric transcription
factor with the Gal4 DNA-binding domain (DBD) fused to myo-
cardin. UAS-luciferase (UAS-luc) activity was significantly in-
duced by Gal4-myocardin-containing adenovirus infection in
A7r5 cells and RASMCs (Fig. 6C). When we coinfected with the
IRF8-containing adenovirus, however, the induction of UAS-luc
activity by Gal4-myocardin was largely inhibited (Fig. 6C). Hence,
we demonstrated that IRF8 inhibits SMC gene transcription in a
myocardin-dependent way.

IRF8 inhibits smooth muscle gene expression through the
interaction with myocardin. The fact that the induction of UAS-
luc activity by the Gal4-myocardin fusion protein was blocked by
IRF8 raises the question whether IRF8 directly affects the structure
or activity of myocardin. Therefore, we sought to investigate the
possible protein-protein interaction between myocardin and
IRF8. We transfected 293T cells with plasmids expressing EGFP-
myc-IRF8 and Flag-myocardin and then performed IP experi-
ments. We observed that EGFP-myc-IRF8 coimmunoprecipi-
tated with Flag-myocardin, and vice versa (Fig. 7A). This
interaction was confirmed by a GST pulldown experiment, which
showed that Flag-myocardin was pulled down with GST-tagged
IRF8 but not GST per se (Fig. 7B). Moreover, we transfected 293T
cells with pEGFP-IRF8 and pmCherry-myocardin and then ex-
amined the localization of each protein using fluorescent confocal
microscopy. We observed that both IRF8 and myocardin predom-
inantly localized in the nucleus, and they merged quite well (Fig.
7C). To identify the specific regions of IRF8 and myocardin that
interacted, we generated various truncations of IRF8 and myocar-
din. The IP results showed that only the C-terminal transcrip-
tional activation domain (TAD; amino acids [aa] 738 to 938) of
myocardin interacted with IRF8 (Fig. 7D). Mapping the IRF8 re-
gions showed that the N-terminal DBD (aa 1 to 125) and the
intermediate region (aa 125 to 200) of IRF8 interacted with myo-
cardin, but the C-terminal IRF association domain (IAD; aa 200 to
377) and autoinhibitory domain (AID; aa 377 to 424) did not
(Fig. 7E).

To determine whether IRF8 inhibits smooth muscle gene ex-
pression through its interaction with myocardin, we investigated
the effect of an IRF8-deletion mutant which lacks the N-terminal
and intermediate regions required for the interaction with myo-
cardin on 3�CArG-luc and SM22�-luc activity. As described
above, wild-type IRF8 inhibited the induction of 3�CArG-luc
and SM22�-luc activities by myocardin (Fig. 6A; see Fig. S4B in
the supplemental material). However, mutant IRF8 failed to re-

press the luciferase activity induced by myocardin (see Fig. S4B in
the supplemental material). This result indicates that the interac-
tion between IRF8 and myocardin is critical for the inhibition of
SMC gene expression. It is noteworthy that the C-terminal tran-
scriptional activation domain of myocardin, which interacts with
IRF8, functions to recruit acetyltransferase p300 to activate tran-
scription (34). Hence, it is possible that IRF8 competitively inhib-
its the recruitment of p300. Using luciferase reporter assays, we
observed that p300, in collaboration with myocardin, induced
3�CArG-luc and SM22�-luc activity in a dose-dependent way
(see Fig. S4C and D in the supplemental material). Similarly, when
the amount of transfected p300 remained constant and a higher
dose of IRF8 was added, the decrease of luciferase activity was
more significant (see Fig. S4C and D in the supplemental mate-
rial). In summary, IRF8 inhibits smooth muscle gene transcrip-
tion through its interaction with myocardin.

DISCUSSION

In the present study, we demonstrated for the first time that IRF8
mediates the phenotypic switching of SMCs in response to arterial
wire injury. Through in vivo and in vitro studies, we found that the
expression of IRF8 was upregulated in SMCs after injury or
PDGF-BB stimulation. A lack of IRF8 in mice retarded SMC phe-
notypic switching and intimal hyperplasia following injury,
whereas SMC-specific overexpression aggravated these responses.
We further identified IRF8 to be a potential antagonist competing
with acetyltransferase p300 to bind to the muscle-specific coacti-
vator myocardin. In this manner, IRF8 downregulates SRF trans-
activation, reduces the expression of smooth muscle-specific
genes, and facilitates the switch of SMCs from a contractile to a
synthetic phenotype. These findings provide the basic informa-
tion needed to understand the molecular mechanisms of SMC
growth and neointimal hyperplasia.

IRF8, also known as interferon consensus sequence binding
protein (ICSBP), was first cloned and identified as a protein that
binds to interferon-stimulated response element (ISRE) motif in
the promoter region of major histocompatibility complex class I
H-2LD gene (19). The expression of IRF8 was thought to be re-
stricted to lymphocyte and monocyte/macrophage lineages (19,
35). Evidence that has accumulated throughout the past 2 decades
has demonstrated that IRF8 plays critical roles in the differentia-
tion and development of dendritic cells, macrophages, and some
lineages of lymphocytes (13). IRF8-deficient mice were reported
to present with a chronic myeloid leukemia (CML)-like syndrome
and were susceptible to viral and parasitic infections (36–38).
IRF8 mutations were also identified to cause human dendritic cell
immunodeficiency (39). In the present study, we discovered a

FIG 4 SMC-specific IRF8 overexpression promotes neointima formation and SMC phenotypic switching in response to wire injury. (A) Schematic of the
SMC-specific TG vector structure. The vector was first constructed with a mouse SM22� promoter, a 5= HA tag, and an SV40 poly(A) signal. The mouse
full-length IRF8 cDNA (mIRF8) was cloned into the vector between the EcoRI sites. (B) Arterial IRF8 protein levels in TG and WT mice determined by Western
blotting. (C) HE-stained sections show the structures of nontransgenic (NTG) and SMC-specific IRF8 TG mouse carotid arteries at 14 days and 28 days after wire
injury surgery. Black-framed areas in the upper panels are magnified and shown in the lower panels. Arrowheads, internal elastic lamina (IEL) and external elastic
lamina (EEL), highlighted in dotted lines. The internal elastic lamina indicates the intimal-medial boundary, while the external elastic lamina represents the
medial-adventitial boundary; M, media; NI, neointima. Intimal areas and intima/media ratios were quantified (n � 6 to 12 per group at each time point). Bars,
50 �m. (D) Immunofluorescent staining of �-SMA and SM22� (green in different rows) in nontransgenic and TG mouse arteries at 14 and 28 days after injury.
DAPI (blue) staining marks the nuclei. The optical density values of �-SMA and SM22� fluorescence are also provided (n � 3 or 4 per group at each time point).
White bar, 20 �m. (E) Levels of �-SMA, SM22�, smoothelin, OPN, and desmin protein in nontransgenic and TG mouse arteries were determined by Western
blotting. Arteries harvested from the sham operation group and the injured group at 28 days postinjury were used. The expression levels were normalized to the
expression level of GAPDH and quantified. Blots are representative of three independent experiments. In panels B to E, all of the values are presented as means 	
SDs, and statistical significance is indicated. *, P 
 0.05 compared with the nontransgenic group.
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role of IRF8 in vascular physiology and the SMC phenotype not
reported previously. IRF8 expression in SMCs can be induced
by injury in vivo or by PDGF-BB stimulation in vitro. Using
global knockout, SMC-specific knockout, and SMC-specific
transgenic mice, we demonstrated that IRF8 inhibits the ex-
pression of SMC-specific genes and promotes the phenotypic

switching of SMCs, thereby facilitating intimal hyperplasia.
Probably due to the extremely low level of IRF8 in normally
contractile SMCs, little attention has previously been paid to
the potential roles of IRF8 in SMCs. Therefore, the findings in
the present work broaden our knowledge of the tissue distri-
bution of IRF8 as well as its versatility.

FIG 5 SMC-specific IRF8 overexpression promotes SMC phenotypic switching upon PDGF-BB stimulation. (A) Western blotting validated the efficacy of
adenovirus-mediated IRF8 overexpression in RASMCs upon PDGF-BB (20 ng/ml) stimulation. Cells were harvested before and at 24 and 48 h after PDGF-BB
administration. (B) �-SMA, SM22�, smoothelin, and desmin protein levels in RASMCs infected with AdGFP and adenovirus expressing IRF8 (AdIRF8) were
determined by Western blotting at different time points after PDGF-BB (20 ng/ml) administration. (C) PCNA, cyclin D1, and MMP9 protein levels in RASMCs
infected with AdGFP and adenovirus expressing IRF8 were determined by Western blotting at different time points after PDGF-BB (20 ng/ml) administration.
(D) Western blotting validated the IRF8 levels in nontransgenic and IRF8 TG mouse arterial smooth muscle cells in response to PDGF-BB (20 ng/ml) stimulation.
Cells were harvested before and at 24 and 48 h after PDGF-BB administration. (E) �-SMA, SM22�, smoothelin, and desmin protein levels in nontransgenic and
TG mouse SMCs were determined by Western blotting at different time points after PDGF-BB (20 ng/ml) administration. (F) PCNA, cyclin D1, and MMP9
protein levels in nontransgenic and TG mouse arteries were determined by Western blotting at different time points after PDGF-BB (20 ng/ml) administration.
In panels A to F, the corresponding protein levels were normalized to the GAPDH level and quantified. These blots are representative of three blots obtained from
three independent experiments. All of the values are presented as the means 	 SDs, and the statistical significance is indicated. *, P 
 0.05 compared with the
AdGFP-treated or nontransgenic group. (G) BrdU incorporation was measured by determination of the absorption at 370 nm to assess nontransgenic and TG
mouse VSMC proliferation upon PDGF-BB (20 ng/ml) stimulation. The values presented are the means 	 SDs, and the statistical significance is indicated. *, P 

0.05 compared with the PDGF-BB-treated nontransgenic group (n � 4).

FIG 6 IRF8 inhibits smooth muscle gene expression through the SRF/CArG axis. (A) Adenovirus constructs containing 3�CArG-luc (left) and SM22�-luc
(right) were used to infect RASMCs to investigate SRF/CArG-dependent gene expression. After AdGFP, adenovirus containing myocardin (Admyocardin), and
adenovirus expressing IRF8 AdIRF8) were introduced into RASMCs separately or jointly, luciferase activity was measured. The data represent mean values 	
SDs. *, P 
 0.05 compared with the AdGFP-treated control; #, P 
 0.05 compared with the group positive for adenovirus containing myocardin and negative for
adenovirus expressing IRF8. (B) (Left) Schematic showing reporter constructs produced by mutating different CArG elements identified on the SM22�
promoter. CArG, original CArG elements; Mutant, a mutated CArG element. (Right) Different reporter constructs were introduced into RASMCs for luciferase
activity analysis. Adenovirus containing a short hairpin sequence targeting IRF8 was used to knock down endogenous IRF8 expression. The data represent mean
values 	 SDs. *, P 
 0.05 compared with the WT SM22-luc group. (C) A construct encoding Gal4-myocardin fusion protein was generated. A7r5 cells and
RASMCs were infected with an adenovirus containing UAS-luc and then coinfected with Gal4-myocardin- or IRF8-containing adenoviruses. The corresponding
luciferase activities were analyzed. The data represent mean values 	 SDs. *, P 
 0.05 compared with GAL4-myocardin-positive, IRF8-negative group.
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In recent years, the roles of IRF8 in cardiovascular diseases
have been revealed. By comparing allele frequencies between sys-
temic lupus erythematosus patients with and without coronary
heart disease, single nucleotide polymorphisms located in the
IRF8 gene were identified to be associated with the presence of

carotid plaques and increased intima-media thickness (40). Thus,
these findings suggest a potential involvement of IRF8 in neoin-
tima formation and the development of vascular occlusive dis-
eases. Döring et al. reported that the CML phenotype caused by
hematopoietic IRF8 deficiency contributed to accelerated athero-

FIG 7 IRF8 inhibits smooth muscle gene expression through its interaction with myocardin. (A) Coimmunoprecipitation of IRF8 and myocardin. Cell lysates
from 293T cells transfected with EGFP-Myc-tagged IRF8 and Flag-tagged myocardin were prepared. These lysates were subjected to IP using a Myc antibody and
analyzed by immunoblotting (IB) using Myc or Flag antibodies (left). In addition, these lysates were subjected to IP with Flag antibody and then immunoblotted
using Myc or Flag antibodies (right). (B) GST pulldown assays of Flag-tagged myocardin with GST or GST-IRF8. (C) Colocalization of IRF8 and myocardin in
the nucleus is shown. pmCherry-myocardin (red) and pEGFP-IRF8 (green) were transfected into 293T cells, and fluorescence analysis was performed. The cells
were visualized by confocal microscopy. The nuclei were stained with DAPI (blue). (D) (Top) Schematic representation of two types of myocardin-deletion
mutants. Myocardin-N contains the N-terminal 738 aa, while myocardin-C contains the C-terminal transcription activation domain (TAD; aa 738 to 938).
(Bottom) Mapping the IRF8-binding region of myocardin. Cell lysates from 293T cells transfected with EGFP-Myc-tagged IRF8 and Flag-tagged myocardin-
deletion mutants were immunoprecipitated with anti-Flag antibody, followed by immunoblotting with anti-Flag and anti-Myc antibodies. (E) (Top) Schematic
representation of three types of IRF8-deletion mutants. IRF8-N contains the N-terminal 125 aa of IRF8 (the “W” repeat represents the conserved DNA binding
domain [DBD]), IRF8-pro contains the intermediate aa 110 to 200 of IRF8, and IRF8-C contains the C-terminal IRF association domain (IAD; aa 200 to 377) and
autoinhibitory domain (AID; aa 377 to 424). (Bottom) Map of the myocardin-binding region of IRF8. 293T cells were transfected with Flag-tagged myocardin
(C-terminal) and EGFP-Myc-tagged IRF8-deletion mutants.
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sclerosis (20). The expression of arginase 1 (Arg1), a marker of
anti-inflammatory M2-type macrophages, is inversely correlated
with atherosclerosis progression (41). Pourcet et al. found that
Arg1 expression could be induced by IRF8 in synergy with PU.1,
which indicates an antiatherosclerotic feature of IRF8 (21). Unlike
the roles of IRF8 in hematopoietic cells, we found that, in SMCs,
IRF8 modulated the cell physiology and phenotype to promote
neointima formation. Hence, targeting IRF8 in SMCs holds
promise as a therapeutic strategy to treat vasculoproliferative dis-
eases.

Neointima formation or vascular remodeling results from the
interplay between vascular cells and environmental stimuli (1).
During this process, SMCs undergo a phenotypic switching; i.e.,
they partially lose the expression of normal SMC marker genes
and gain a less differentiated state of proliferation, migration, and
secretion (42). The mechanisms of SMC-specific gene inhibition
are diverse, but many of them converge to the regulation of SRF, a
master regulator of smooth muscle genes (4). Upon phosphory-
lation, the Ets domain protein Elk1 prevents the interaction of SRF
with its coactivator myocardin through binding to SRF (9). KLF4
promotes SMC phenotypic switching by recruiting HDACs to
SRF to downregulate SRF transactivation (10). FoxO4 represses
SMC differentiation by interacting with myocardin (43) to indi-
rectly regulate SRF activity. In the present study, we demonstrated
that IRF8 represses the expression of SMC differentiation genes
and promotes the phenotypic switching of SMCs in response to
injury. Considering that SRF and its coactivator, myocardin, play
essential roles in muscle cell differentiation and SMC phenotypic
modulation (32), we further examined the effect of IRF8 on SRF
expression. Through SRF-luciferase reporter assays, we excluded
the possibility that IRF8 transcriptionally inhibits SRF expression.
Moreover, we failed to detect an explicit interaction between IRF8
and SRF. In investigating whether IRF8 affected the function of
myocardin, we successfully coimmunoprecipitated IRF8 and
myocardin. By mapping the interaction using different truncation
mutants of myocardin, we identified that the site which is indis-
pensable for recruiting acetyltransferase p300 is within the region
occupied by IRF8. Therefore, IRF8 downregulates SRF/myocar-
din transactivation at least in part by competitively inhibiting the
recruitment of p300. The elucidation of IRF8’s involvement adds
a new layer in understanding how the SRF/myocardin-dependent
genes are tightly regulated.

In summary, we identified that IRF8 is a novel mediator in
response to arterial injury in SMCs. IRF8 facilitated SMC pheno-
typic switching and neointima formation. We further demon-
strated that the mechanism by which IRF8 downregulates the ex-
pression of SMC-specific genes involves its interaction with
myocardin. Our findings broaden the knowledge of the tissue dis-
tribution of IRF8. More importantly, the emerging immunity-
independent functions of IRF8 will undoubtedly shed new light
on the treatment of cardiovascular diseases.
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