protease, angiotensin-converting enzyme, and chymase
by cardiac myocytes and mast cells, thereby causing
cardiac remodeling (4, 5). Indeed, the blockade of the
ANG II type I receptor not only decreases blood
pressure but also markedly improves the prognosis of
patients with CHF by inhibiting cardiac remodeling
(6-8). In addition to its role as a vasopressor during
cardiac remodeling, ANG II is reported to have pleio-
tropic functions including proinflammatory activity (9-
11). The immune system, in general, plays an impor-
tant role in CHF, as immune cells are present in
hypertrophied or dilated cardiac tissues, while high
levels of serum Creactive protein and IL-6 correlate
with increased mortality in patients with CHF (12, 13).
Under these conditions, ANG II has a critical role in
stimulating the production of reactive oxygen species
and the activation of inflammatory response in the
cardiovascular system (9). Despite the growing preva-
lence of anti-ANG II therapies, the molecular mecha-
nisms underlying ANG II-mediated cardiac remodeling
and inflammation remain poorly understood.

Interferon regulatory factor (IRF) 3 belongs to a
family of transcription factors that is best known for its
role in the induction of innate immune responses (14,
15). On activation of pathogen recognition receptors
such as Toll-like receptors and cytosolic receptors,
latent IRF3 is phosphorylated on its carboxyl terminus
serine and threonine residues by TBKI and IKKe
kinases, resulting in the formation of IRF3 homodimers,
nuclear translocation, and association with p300/CBP
coactivators (16, 17). Activated IRF3 induces transcription
of proinflammatory cytokine, type I interferon (IFN), and
other genes (18-22). To date, little is known about the
function of IRF3 beyond its role in the regulation of the
immune system.

In the present study, we evaluated potential roles for
IRFs in the regulation of the cardiovascular system and
found that ANG II-mediated fibrosis is regulated by
IRF3, thereby placing this IRF member in a new
context. We provide evidence that IRF3 is indeed
critical for the development of cardiac fibrosis, accom-
panied by shrinkage of the left ventricle, but not to the
development of cardiac hypertrophy. We also present a
novel mechanism involving the ANG II-ERK signaling
pathway in the activation of IRF3, a pathway distinct
from that of IRF3 activation by the receptors of the
innate immune system. We discuss our results in terms
of their effect in understanding hypertension-induced
cardiac fibrosis and hypertrophy during CHF progres-
sion.

MATERIALS AND METHODS
Mice

hf37/7/Bd2L12™/", If7~’~, Pk /", and IfnarI™’~ mice
have been described previously and were maintained in
specific pathogenfree conditions at the animal facility of
University of Tokyo (20, 23, 24). All mice were used after
backcrossing with C57BL/6] mice for =7 generations.
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C57BL/6] mice (CLEA Japan, Inc., Tokyo, Japan) served as
wild-type (WT) controls. C57BL/6 Ly 5.1-Pep3b mice were
purchased from B&K Universal (Hull, UK).

ANG II infusion and bone marrow (BM) transplantation

Seven- to 10-wk-old mice were used for ANG II infusion
experiments. After anesthetization, an osmotic minipump
(Alzet model 2002; Alza Corp., Moutain View, CA, USA)
containing [Val5]-ANG II (Wako, Osaka, Japan) dissolved in
0.15 M NaCl and 10 mM acetic acid was implanted subcuta-
neously. Thereafter, [Val5]-ANG II was delivered at 3.0 mg/
kg/d for the indicated period. Blood pressure was monitored
before and after infusion (BP-98A; Softron, Tokyo, Japan).
BM transplantation has been described already (25). Briefly,
6-wk-old male mice were X-ray irradiated (8.0-9.0 Gy), and
then 5 X 10° BM cells were infused intravenously. At 4 wk
after irradiation, the substitution rate of peripheral lympho-
cyte was assessed by flow cytometry, and an osmotic mini-
pump was implanted.

Histological analysis

After intravenous injection of 150 mM KCl, hearts were
immediately excised and fixed in 4% paraformaldehyde, and
then they were embedded in paraffin. Transverse sections of
heart were sectioned every 200 pm at the papillary muscle
level and then Masson-trichrome stained. The ratio of perivas-
cular fibrosis to lamen area was measured in coronary arter-
ies. The ratio of interstitial fibrosis to myocardium was
quantified by Image] software (U.S. National Institutes of
Health, Bethesda, MD, USA). The value of each mouse was
given as the mean value from 5 sections. Silverstained semi-
thin sections were used for measurement of cardiomyocyte
cross-sectional area. Suitable cross-sections were defined as
having round to oval cardiomyocyte sections. For immuno-
histochemistry of CD45, TGFB, and aSMA, frozen sections
(5-10 pm thick) were fixed in chilled acetone for 5 min. Each
protein was stained using antibody for CD45 (clone 30F11
diluted 1:100; BD Pharmingen, San Diego, CA, USA), TGFB
(clone D-12 diluted 1:50; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and o-SMA (clone 1A4 diluted 1:1000;
Sigma, St. Louis, MO, USA). For immunohistochemistry of
proliferation cell nuclear antigen (PCNA), paraffin-embed-
ded section was pretreated with microwave for 20 min in
distilled water and stained using ant-PCNA antibody (clone
PC10 prediluted antibody; Dako, Copenhagen, Denmark)
and Dako EnVision+ System-HRP(DAB).

Echocardiographic examination

Mice were anesthetized by intraperitoneal injection of a
mixture of ketamine (48 mg/kg) and xylazine (6 mg/kg). At
10 to 20 min after peritoneal injection, cardiac function was
evaluated 3 times with echocardiography (Sonos 4500;
Philips, Eindhoven, The Netherlands) using a 12-MHz trans-
ducer. Cardiac function in each mouse was given as the mean
value of 3 measurements.

cDNA construct

Hemagglutinin (HA)-tagged mouse AT1a receptor construct
and HEK293T cells expressing mATla receptor (AT1-298T)
were 2 kind gift from Dr. A. Fukamizu (Tsukuba University,
Tsukuba, Japan). HA-tagged murine IRF3 was subcloned into
the EcoRI site of pcDNA3.1(—). C1B-luc construct was a kind
gift from Dr. T. Fujita (Kyoto University, Kyoto, Japan).
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pGL4-CXCL10 was generated as described previously (26).
RasV12 expression vector was a kind gift from Dr. M. Matsuda
(Kyoto University, Kyoto, Japan). pFC-MEKK was obtained
from Stratagene (La Jolla, CA, USA).

Cell culture

Primary cultures of cardiac fibroblasts were prepared from
the ventricles of 1-d-old ICR mice as described previously
(27). AT1-298T cells were cultured in DMEM with 10%
serum. cDNAs were transfected by FuGene 6 (Roche, India-
napolis, IN, USA) according to the manufacturer’s instruc-
tion. Newcastle disease virus (NDV) infection of cardiac
fibroblast was performed at a concentration of 25 hemagglu-
tinin units/1 X 10° cells.

Western blot analysis

Anti-IRF3 antibody and anti-hemagglutinin antibody (12CAb)
were obtained from Zymed (Burlingame, CA, USA) and
Roche, respectively. Anti-USF2 and anti-B-tubulin antibodies
were purchased from Santa Cruz Biotechnology. Cytosolic
and nuclear fractions were prepared as described previously
(21). For SDS-PAGE, 5 ug of cytosol extracts and 10 pg of
nuclear extracts were subjected to electrophoresis on 7.5%
polyacrylamide gel as described previously (22). For native-
PAGE, 7.5% polyacrylamide gel without SDS was prerun with
running buffer (25 mM Tris-HCl, pH 8.4, and 192 mM
glycine, with or without 0.2% deoxycholate at the cathode
and anode, respectively) at 45 mA for 30 min. The sample was
mixed with loading buffer (125 mM Tris-HCI, pH 6.8; 30%
glycerol; and 0.002% bromphenol blue) and applied to the
gel. The samples were electrophoresed at 25 mA for 50 min at
4°C (21).

Calf intestine alkaline phosphatase (CIAP) treatment

The nuclear fraction of AT1-293T cells expressing HA-IRF3
(5 ng) was treated with or without 1 U of CIAP (TaKaRa Bio
Inc., Shiga, Japan) and incubated for 30 min at 37°C.

Reporter assay

AT1-293T cells were wansfected by FuGene 6 (Roche) lipo-
fection reagent. Serum-free medium was replaced 3 h after
transfection and subsequently stimulated by ANG II (1 pM).
Luciferase activity was assayed 14 h after ANG II stimulation.
All data are expressed as means & sD (n=4).

RNA analysis

Total RNA was prepared using Sepasol Super II (Nacalai Tesque,
Eyoto, Japan). GeneChip analysis was performed by TaKaRa Bio
Inc. using Affymetrix Mouse Genome 430 2.0 Array (Affymetrix,
Santa Clara, CA). Quantitative real-time RT-PCR analysis was per-
formed using LightCycler and SYBRGreen system (Roche). Data
were normalized by the level of GAPDH expression in each sample.
Primers used in this study are as follows: GAPDH, forward
5-AGAACATCATCCCTGCATCC-3" and reverse b5-CACAT-
TGGGGGTAGGAACAC-3'; brain natriuretic peptide (BNP),
forward 5-AGGTGCTGTCCCAGATGATT-3’ and reverse 5'-
CCTTGGTCCTTCAAGAGCTG-3'; o-myosin heavy chain
(aMHC), forward 5'“CAGAGGAGAAGGCTGGTGTC3' and re-
verse 5-CTGCCCCTTGGTGACATACT-3'; procollagen type Ial,
forward 5-GAGCGGAGAGTACTGGATCG-3' and reverse b'-
GCTTCTTTTCCTTGGGGTTC-3"; MCP5/Ccll2, forward
5'-TCCTCAGGTATTGGCTGGAC-3" and reverse 5'-
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TGGCTGCTTGTGATTCTCCT-8'; Cxcll, forward 5’-
TGTTGTGCGAAAAGAAGTGC-3’ and reverse 5'-
TACAAACACAGCCTCCCACA-8’; 1P10/Cxcll0, forward
5'-CGTCATTTTCTGCCTCATCCT-3" and reverse b’'-
TGGTCTTAGATTCCGGATTCAG-3'; MIPla/CCL3, for-
ward 5’-GCTGTTCTTCTCTGTACCATGACA C-3' and re-

~verse 5'-TCAACGATGAATTGGCGTG-3'; MCP1/Ccl2,

forward 5'-GCCAACTCTCACTGAAGCC-3’ and reverse b'-
GCTGGTGAATGAGTAGCAGC-3’; RANTES/Cclb, forward
B’-GTGCCCACGTCAAGGAGTAT-3' and reverse 5'-
CCACTTCTTCTCTGGGTTG-3"; and TGFB forward 5'-
ACAATTCCTGGCGTTACCTT-3' and reverse 5'-GTTC-
AGCCACTGCCGTACAAGCS'.

Statistical analysis

Differences between control and experimental groups were
evaluated with unpaired 2-tailed Student’s ¢ test. Comparisons
between multiple groups were performed by 1-way ANOVA
followed by the Fisher’s protected least significant difference
test for comparison of means. We considered a value of P <
0.05 to be significant.

RESULTS

ANG II-induced cardiac fibrosis requires IRF3

To determine whether IRFs or type 1 IFN responses
contribute to hypertension-related cardiac remodeling,
we challenged WT and IRF- and IFN signaling-deficient
mice to a well-established, osmotic minipump-mediated
ANG II infusion protocol (ref. 28; Supplemental Fig.
S1A). Asreported previously, ANG II causes an increase in
blood pressure, ventricular weight to body weight ratio
(VW/BW), and interstitial fibrosis in WT mice (28).
Interestingly, we observed that ANG Ilinduced cardiac
fibrosis is strongly suppressed in mice deficient in IRF3
and Bcl2like-12 (Bcl2L12; b]‘B’_/ ~/Bd2l12™/" mice: as
described below, these mice carry additional nullizygosity
for Bd2l127/~ gene; ref. 29) as compared with WT mice
(Fig. 14). Interstitial and perivascular fibrosis in Jrf3™ ’~y
Bel2l12™/~ mice is significantly attenuated, although an
increase in blood pressure and VW/BW is normal (Fig. 14,
Band Table 1). On the other hand, no such suppression was
observed in mice deficient in IRF7, another transcription
factor that is known to be critical to induce type I IFN gene
response (refs. 18, 20; Supplemental Fig. S1B).

Because IRF3 is activated by stimulation of innate
immune receptors and directly regulates type I IFN
gene expression (18, 20), we next examined whether
type I IFN signaling is involved in ANG Il-induced
fibrosis. We found that cardiac fibrosis is induced by
ANG II infusion in mice lacking the IFN type I receptor
component IFNARI (]fnarl-/ ~ mice) or double-
stranded RNA-dependent protein kinase (PKR), a well-
known target gene of type I IFN signaling (Pkr™/"mice;
Supplemental Fig. S1B). Thus, a role for type I IFN
signaling in the IRF3-mediated suppression of cardiac
fibrosis can be excluded. These observations demon-
strate a new role for IRF3, independent of its regulation
of type I IFN responses, in hypertension-induced car-
diac fibrosis. Note that the ANG Iliinduced elevation of
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Figure 1. Cardiac fibrosis induced by ANG II is reduced in Jrf3™/7 /Bcl21127/" mice. A) Masson-trichrome staining of transverse
section of heart 14 d after ANG II infusion (3.0 mg/kg/d). Representative samples are shown in each group. B) Quantitative
analysis of mean blood pressure, VW/BW, area of perivascular fibrosis (fibrosis area/lumen area), and interstitial fibrosis.
C) Silver staining of transverse sections of papillary muscle after ANG II infusion. D) Quantification of cross-sectional area (CSA)

of cardiomyocyte. There was no significant difference between WT and If3~/~/Bcl2l12™"

mice (n=4/group). E) Profiling of

gene expression 7 d after ANG II infusion. Expression levels of molecular markers for heart failure (BNP and «MHC) and
fibrosis (procollagen type Ial) were examined (n=3-5/group). Scale bars = 500 pm (4, black); 50 wm (4, yellow); 20 wm (C).
Error bars = sg. #P < 0.01.

cardiac weight and myocyte hypertrophy are not af-
fected by the deficiency of IRF3 (Fig. 1B-D and Table
1), suggesting a hitherto unrecognized dissociation of

the 2 events that are critical to cardiac hypertrophy.

We also examined gene expressions of molecular mark-
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ers for heart failure (BNP and «MHC and fibrosis (pro-
collagen type Ial) in the heart by quantitative RT-PCR
(Fig. 1E). Consistent with histological findings, the expres-

sion level of procollagen type Ial was significantly decreased
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in If3/"/Bd2ll2”/~ hearts compared with WT control,
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TABLE 1. Quantitative analysis of mean blood pressure, VW/BW, area of perivascular fibrosis (fibrosis area/lumen area), and

interstitial fibrosis after ANG II infusion

wild Bf37/~ /Bel2ll2™/~ Ifnarl™"~
Parameter Sham ANG II Sham ANG II Sham ANG II
Mice (n) 6 9 6 9 3 4
BP (mmHg) 79.6 = 4.0 1242 = 7.2 824 + 6.4 1294 + 4.0 829 +28 123.0 = 8.8
VW (mg)/BW (g) 4.45 = 0.17 .50 + 0.13 4.45 *+ 0.14 5.59 *+ 0.22 4.61 £ 0.42 5.36 = 0.12
Perivascular fibrosis 0.82 = 0.05 1.26 = 0.16 0.23 + 0.09 0.46 + 0.15% 0.14 = 0.07 1.87 = 0.28
Interstitial fibrosis (%) 0.10 = 0.03 3.95 = 0.62 0.38 = 0.01 1.41 = 0.46% 0.36 = 0.21 3.30 = 0.74

Values are means * sg. BP, blood pressure. ¥P < 0.05 vs. WT control.

despite that the expression patterns of BNP and aMHC were
not different between WT and I3~/ /Bd2l12™/~ hearts.
Since the mutant mice carry another nullizygocity other
than Irf3, i.e, Bcl2ll2 gene (29), we examined whether
apoptosis of cardiomyocytes is affected by the absence of
Bcl2L12. As shown in Fig. 24, TUNEL™ cells were mainly
localized in the interstitial fibrotic area, and we could not
detect TUNEL" cells in troponin T" cardiomyocytes,
suggesting that cells other than cardiomyocytes undergo
apoptosis, which occur in independently of Bcl2L12.
Induction of apoptosis in isolated adult cardiac fibroblast
by hydrogen peroxide (HyO,), which represent the ANG
Ilinduced oxidative stress (30, 31), was also unaffected by
the absence of Bcl2L.12 (Fig. 2B). Furthermore, immuno-

A

WT

Blue - DAPI

Green - TUNEL
Red - Troponin T
Cc
WT

If3-+/Bcl2i12+

Irf3+/Bcl2l127-

staining for PCNA revealed that the proliferation of
cardiac cells did not differ between 2 groups (Fig. 2C).
These results in fofo suggest that the involvemenat of
Bcl2L12 in cardiac fibrosis is little if any.

Selective contribution of IRF3-mediated fibrosis to
physiological cardiac functions

To evaluate further the pathological consequences of
the above observations, we next examined cardiac
function #n vivo by transthoracic echocardiography. As
shown in Fig. 2 and Table 2, the LV wall becomes
significantly thicker in WT mice (1.5-fold increase) and
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TABLE 2. Echocardiographic measurements

WT —/=

Parameter Pretreatment Post-treatment Pretreatment Post-treatment
Mice (n) 8 8 9 9

BW (g) 26.2 = 0.55 21.7 = 0.29% 26.0 = 0.43 22.4 = 0.70%
HR (beats/min) 317 £ 7.68 306 = 11.6 325 + 14.1 307 = 18.9
LVDd (mm) 3.42 = 0.07 2.89 + 0.10% 3.68 = 0.17 3.51 = 0.15*
LVDs (mm) 2.36 = 0.05 1.87 = 0.08% 2.57 £ 0.15 2.59 + 0.15*
FS 0.31 = 0.01 0.35 = 0.01%* 0.30 = 0.02 0.26 = 0.02*
IVSth (mm) 0.77 = 0.02 1.16 = 0.04* 0.75 £ 0.01 1.05 + 0.03*
PWth (mm) 0.77 = 0.03 1.10 ®= 0.04% 0.76 £ 0.02 1.02 = 0.02*
LV mass (mg) 82.0 + 4.18 118 * 6.256* 95.83 = 9.52 136 + 12.0%*

Values are means * sE. Echocardiographic and BW measurements were performed sequentially
before and after ANG II infusion. HR, heart rate; LVDd, left ventricular end-diastolic diameter; LVDs,
left ventricular endsystolic diameter; FS, fractional shortening; PWth, left ventricular posterior wall
thickness in end diastole; IVSth, interventricular septum thickness in end diastole. *P < 0.05 wvs.

pretreatment; *P < 0.05 vs. WT post-treatment.

If3~/~ /Bel2l12™/~ mice (1.44old increase) after ANG
Il infusion. In WT mice, we observed a significant
decrease in the LV end-diastolic diameter (LVDd;
1.2fold decrease) accompanied with an increase in
fractional shortening (FS; 1.1-fold increase), which is a
consequence of compensation for reduced LV volume
(32). Interestingly, however, these changes in FS and
LVDd were not significant in Irf3™/~ /Bcl2112™/ mice,
although there was a trend for decrease in FS of
If: =/~ /Bcl2l12”/" mice after ANG II infusion (Fig. 3
and Table 2). These observations are consistent with
the dissociation between fibrosis and hypertrophy (Fig.
1A-D; refs. 3, 38).

Gene expression profiles in ANG IF-treated hearts

The above observations prompted us to next examine
what kind of genes are affected by the absence of IRF3.
- We performed a genome-wide screen of mRNA in heart
tissue of WT and f3™/~ /B2112™/~ mice with or without
ANG II infusion. ANG II infusion affected the expression
of 16.9% of the genes on d 4 in WT mice (significance
cutoff of 1.54fold; Supplemental Fig. S24). Since IRF3 is

known to regulate a variety of chemokine genes (14), we
listed the expression profile of chemokines and revealed
that the expression of mRNA, such as Cxel10, Cell2, and
Cxell, is decreased in Iif3™/"/Bcl2l12~/~ mice (Supple-
mental Fig. S2B). We confirmed that Cxd10, Cell2, and
Cxell gene expressions are ANG IIIRF3 dependent by
quantitative RT-PCR (Fig. 44); it is known that the Cxcl10
gene is also activated by IRF3 through signaling by innate
immune receptors (14, 34). The presence of IRF binding
sites [IFN-stimulated response element (ISRE)] was con-
firmed in the promoter region of CdI2 gene (data not
shown); this IRF3-dependent Ccll2 gene induction by
ANG II is particularly interesting because of the report
showing that Ccll2 neutralization significantly protects
fibrosis formation by inhibiting fibrocyte recruitment in
the mouse model of FITC- or bleomycindnduced pulmo-
nary fibrosis (35).

In ANG Il-mediated pathogenesis, interrelation be-
tween ANG II and TGF is established (36, 37). We also
examined whether the expression of TGFB might be
decreased in the heart of Irf3™/~ / Bcl2l12™/~ mice after
ANG Il infusion. Quantitative RT-PCR analysis revealed
that mRNA expression in the ventricle was not different
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Figure 3. Echocardiographic analysis. Reduction in LVDd after ANG II infusion was strongly suppressed in /3"~ /Bc2l12”/~ mice.
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(n=6/group). *P < 0.01.

between WT and 37/~ /Bel2l12~/~ mice (Fig. 4B).
Immunostaining for TGFB shows that the expression was
localized in the interstititum of the heart and that there was
no suppression in the heart of 3™/~ /Bel2l12™/~ mice (Fig.
4(). The induction of TGFp was not different between WT
and Bf3~/" /Bdl2l12~/" mice.

Recruitment of immune cells to ANG Il-treated
hearts

The decreased expression levels of chemokine genes in
Irf3~/~/Bd2l127/" hearts prompted us to investigate
the recruitment efficiency of CD45% BM-derived cells
after ANG II infusion. It has been proposed that
hormonal factors secreted from recruited immune cells
enhance the phenotypic transition and activation of
fibroblasts during the process of fibrosis (38). As shown
in Fig. 54, immunohistochemical analysis revealed the
migration of a substantial number of CD45 ™ cells to the
perivascular and interstitial areas in ANG II-treated WT
mice. By contrast, the infiltration of CD45" cells is
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significantly inhibited in ANG II-treated If3~/"/
Bcl21127/" mice (Fig. 5A).

These observations raise the possibility that the suppres-
sion of fibrosis in the If3™/~ /Bcl2l12~/" heart is due to a
migration defect of BM-derived cells following ANG II
treatment. To address this issue, we transplanted BM cells
from congenic C57BL/6-Ly5.1 WT (CD45.1) mice into
irradiated WT (CD45.2) or Iy‘B_/ ~/Bc2l127/" (CD45.2)
mice and then infused ANG II into the transplanted mice
(Fig. 5B). As shown in Fig. 5C, no significant difference
was observed in mean BP and VW/BW between WT
(CD45.1) BM — Bf3™/~/Bel2ll2~/~ (CD45.2) chimeras
and WT (CD45.1) BM — WT (CD45.2) chimeras. How-
ever, WT (CD45.1) BM — [f3~/ /Bd21127/~ (CD45.2)
chimeras showed less severe fibrosis and inflammatory
changes than WT (CD45.1) BM — WT (CD45.2) chime-
ras (Fig. 5D). These results therefore suggest that the
contributions of IRF3 in cells other than immune cells,
such as mesenchymal cells, including cardiomyocytes, and
resident fibroblasts play the major role in ANG II<induced
fibrosis. Congruent with this notion is the fact that the
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flow cytometry. Note that the substitution rate was 82.5 * 3.8%. () Quantitative values of mean blood pressure, VW/BW, and
perivascular fibrosis' of chimeras after ANG II infusion. Values are means + s (n=4). *P = 0.014 w»s. control group.

D) Masson-trichrome and immunohistochemical staining of
bars = 200 wm.

presence of the AT1a receptor in resident tissue is required
for the initiation of ANG Ildinduced atherosclerosis (39).
Although the role of IRF3 in nonhematopoietic cells is
apparent, these data do not rigorously rule out that IRF3 in
BM cells also contributes to the overall phenotype (see
Discussion).

transverse sections of chimeras after ANG II infusion. Scale

established that virus infection leads to the activation of
IRF3 via pathogen recognition receptor signaling, re-
sulting in the activation of type I IFN genes (21, 22). We
first examined the nuclear translocation of IRF3 by
ANG IT stimulation in cardiac fibroblasts from neonatal
mice and observed nuclear translocation of IRF3 (Fig. 64).

We noted that in contrast to nuclear IRF3 from cardiac
fibroblasts infected by NDV, which showed a phospho-
rylation-induced mobility shift (21, 22), no mobility
shift was observed for nuclear IRF3 induced in ANG
II-stimulated cardiac fibroblasts. This observation sug-
gests that the ANG II-mediated nuclear translocation of

Distinct forms of activated IRF3 between ANG II and
innate immune receptor signaling

The above observations prompted us to next examine
whether IRF3 is activated by ANG II signaling. It is well

A SDS-PAGE B  Native-PAGE, Biot; IRF3 C SDS-PAGE
Tme(h) 0 2 4 B O 2 4 8 8 8 Time(h) 0 2 4 8 8 -
IRF3 [ e i | ' s 1|~ Low-mobility band  ya |RE3
B-tubufin  Pesine vepe ma] [ *| ~ Dimer
usFz | ool B-tubulin
AngliigM - + + + - + + + . ’| =« Monomer USF-2
NDV = = = = = = = = & AngllipM - + + + - Z - - -
Cytosol Nuclear C N NDV - - - - + Mng;:FuM - f + - t +
Nuclear Cytosol Nuclear

Figure 6. ANG Ilinduced activation of IRF3. A) Mouse neonatal cardiac fibroblasts were incubated in serum-free medium for
48 h and then stimulated with ANG II (1 uM). Cytosol and nuclear fractions were prepared after the stimulation for the
indicated periods and were subjected to SDS-PAGE. Immunoblot analysis was performed by using anti-IRF3, anti-3-tubulin, or
anti-USF2 antibody. Note that IRF3 translocated into nucleus 4 h after ANG II stimulation. NDV infection served as positive
control; IRF3 shifted band was detected in the nuclear fraction. C, cytosolic fraction; N, nuclear fraction. B) Nuclear extract
from ANG Il-treated cardiac fibroblasts was subjected to native-PAGE. Immunoblot was performed using an anti-IRF3 antibody.
Of note, a low-mobility band that is different from dimerized IRF3 was observed 4 h after ANG II stimulation (lanes 3 and 4;
arrowhead). C) AT1-293T-HAIRF3 cells were stimulated with ANG II (1 uM). Cytosol and nuclear fractions were prepared 8 h
after stimulation and were subjected to immunoblot analysis. As a control, cell extracts of HA-IRF3- and TRIF-expressing
AT1-293T cells were analyzed. Arrowhead indicates ANG Il-stimulation-specific migration of HA-IRF3.
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IRF3 is mediated by a mechanism distinct from that of viral
infectdon. Consistent with this notion, IRF3 homodimers, as
detected by nativePAGE, were not observed in ANG II-
stimulated cells, unlike following NDV infection. Instead, a
weak intensity, low-mobility band was detected (Fig. 65).
To gain further insights into the signaling pathway of
ANG II'mediated IRF3 activation, we overexpressed
TRIF, an adaptor protein that functions downstream of
Tollike receptor-mediated IRF3 activation (40), in
HEK293T cells that stably express the murine ATla
receptor (AT1-293T; ref. 41; Supplemental Fig. S3).
TRIF overexpression, however, did not induce the
shifted band of nuclear IRF3 that is observed on
stimulation with ANG II (Fig. 6C). Taken together,
these findings suggest that IRF3 is activated by mecha-
nisms distinct from the previously described pathway
activated by innate immune receptors, the hallmark of
which is the formation of the IRF3 homodimer.

ANG II signaling pathway critical to IRF3 activation

It is well established that on stimulation of innate immune
receptors by virus or other agent, serine/threonine pro-
tein kinases, such as TBK1 and IKK, are activated, result-
ing in the phosphorylation of IRF3 at multiple serine and
threonine residues located in the carboxyl terminus of
IRF3S (16, 17, 21, 22). To further clarify whether phos-
phorylation is involved in the ANG IIinduced activation
of IRF3, nuclear IRF3 isolated from ANG Il-stimulated
AT1-293T cells expressing HAJIRF3 (AT1-293T-HAIRF3)
were treated with CIAP and subjected to a mobility-shift
assay. As shown in Fig. 7A (left panel, arrowhead), a
majority of the low-mobility band, which we presume
represents an active form of ANG Il-induced IRF3, was
shifted to a faster migrating band on CIAP treatment.

As expected, the band representing nuclear IRF3 acti-
vated by TRIF expression showed a faster migration
than the untreated band (Fig. 74; right panel). These
findings suggest that phosphorylation is critical to the
ANG 1II signal-dependent activation of IRF3 but is
mediated by kinases distinct from those activated by
innate immune receptors. We examined whether addi-
tional modifications, such as ubiquitination or SUMOy-
lation, of IRF3 are induced by ANG II signaling;
however, immunoblotting analysis of the nuclear frac-
tion of ANG II-stimulated AT1-293T-HAIRF3 cells using
the antibodies for ubiquitin or SUMO revealed that
none of these modifications could be detected (data not
shown). Thus, in addition to phosphorylation, another as-yet
unknown mechanism operates to generate this newly iden-
tified, active form of IRF3, which apparently does not involve
homodimerization.

To examine the further the importance of phosphoryla-
tion in ANG II-dependent activation of IRF3, we examined
the effects of inhibitors of MEK, PI3K, and p38 MAPK on
IRF3 activation (42). Interestingly, the induction of the active
form of IRF3 was strongly and selectively inhibited by the
MEXKsspecific inhibitor U0126, suggesting the involvement of
the RasERK signaling pathway, known to be activated by
ANG I stimulation (43-45), in the modification and activa-
tion of IRF3 (Fig. 7B, (). Consistent with this, transfection of
either active form of Ha-Ras or MEK (together with ERK)
resulted in the nuclear translocation of IRF3 characteristic of
ANG Ilinduced IRF3 (Fig. 7D).

Transcriptional activity of IRF3 activated by
ANG IL-ERK pathway

We next addressed the issue of whether the above-
described nuclear translocation of IRF3, mediated by

A Phosphatase treatment C D
SDS-PAGE, Blot; HA Native-PAGE, Blot; HA SDS-PAGE, Blot; HA
> Nuclear
Nuclear
CIAP - - + Cytosol
Angll TRIF e F Empty + - -
Rasvi2z - * -
MEK/ERK - - +
B SDS-PAGE, Blot; HA Cytosol % % . HAIRF3  + N .
— el ol
Nuglear Figure 7. ANG Ilmediated IRF3
Angll {yM - gure /.
Rrs . .+ + v phosphorylation via RasERK path-
- DMSO DMSO Uo126 S8 LY way. A) Nuclear extract of AT1-293T
Cytosol | D ases GHID M] 20pM PP e cells expressing HA-IRFS was treated
Angll UM - + + + + with or without CIAP and subjected
HA-IRF3  + + + + + to SDS-PAGE following immunoblot

DMSO DMSO Uop126 5B LY
20 pM 202190 294002
5uM 20 M

analysis using an anti-HA antibody.
Extracts from HA-IRF3- and TRIF-

expressing AT1-293T cells were used as controls (right panel). Arrowhead indicates ANG II stimulation specific migration
of HA-IRF3. B, C) AT1-293T cells were treated with U0126 (MEK inhibitor), SB202190 (p38 inhibitor), and LY294002
(PISK inhibitor) for 20 min before ANG II stimulatdon. Extracts from nuclear and cytosol fractions were subjected to
SDS-PAGE (B) or native-PAGE (C). Arrowhead indicates ANG Il-specific low-mobility band (C). D) AT1-293T cells were
transiently cotransfected with a combination of HA-IRF8 and constitutive active Ras (RasV12) or HA-IRF3, constitutive
active MEK and ERK expression vectors. After 24 h of transfection, extracts of nuclear fraction and cytosol fraction were

prepared and subjected to immunoblot analysis.
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Human  MGTPKBRILP SQPDTSPDING  PQPLRSPSLDNP eeserspryan A, B) AT1-293T cells were cotransfected with a
Mouse METPKDRILD VHLGASPDTNG QO*LPEP***NV EGSGHSPRYTL reporter construct (ClB-luc or CXCLlO"IuC) and

IRF expression vector, followed by stimulation
N 2 00 pIrerheess | with ANG I (1 pM). After 14 h stimulation,
luciferase activities were measured. C) Primary
structure and amino acid sequence of IRF3 is shown. Thr3-Pro4, Ser-123-Prol124, Ser-173-Prol74, and Ser-389-Pro340 are
conserved between human and mouse. D) AT1-293T cells were cotransfected with C1B-luc and wild-type IRF3 (WT) or
various IRF3 mutants (T3A, S123A, S173A, and S339A) and then stimulated with ANG II (1 pM). After 14 h stimulation,

luciferase activity was measured.

the ANG II-Ras-ERK signaling pathway, results in the
transcriptional activation of its target sequences. To test
this, we carried out a transient reporter gene assay in
which the expression of a luciferase reporter gene is
driven by IRF-binding sites (C1BHuc; ref. 46). As shown
in Fig. 84, the cotransfection of the reporter gene with
an IRF3 expression vector in AT1-293T cells resulted in
the ANG II-dependent activation of the reporter gene,
which presumably occurs via IRF3 activation without
homodimer formation (Fig. 6B); the reporter gene
activation in these cells was also observed by the over-
expression of ERK or the active form of Ras without
ANG IT stimulation (data not shown). On the other
hand, neither the expression of IRF5 nor IRF7 showed
an ANG Il-dependent activation of the reporter gene,
further supporting the notion that ANG II signaling
selectively activates IRF3 (Fig. 8A). Furthermore, as
shown in Fig. 8 B, this ANG IIRF3-dependent activation
was also observed using the promoter of the Cxcd10 gene,
which was induced in the heart of the ANG Ilinfused
mice (see Fig. 44 and Supplemental Fig. S2B).

Ser-339 is critical target site for ANG Ilinduced
activation of IRF3

ERK s a proline-directed protein kinase that phosphor-
ylates either a Ser or Thr residue that precedes a Pro
(Ser/Thr-Pro). There are 4 Ser/Thr-Pro sites (Thr3,
Ser-123, Ser-173, and Ser-339) in IRF3 conserved be-
tween human and mouse. We generated mutants by
site-directed alanine substitutions of each potential
ERK phosphorylation site of IRF3, respectively referred
to as T3A, S123A, S173A, and S339A (see Fig. 8C).
Interestingly, the $339A mutant was found to be defec-
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tive in the ANG Ilinduced activation of the Cl1B-luc
reporter gene, whereas T3A, S123A, and S173A were as
active as WI' IRF3 (Fig. 8D). Consistent with these data,
CXCL10 promoter activity was also decreased by >2-fold
in S339A mutant-transfected cells (data not shown). Thus,
Ser-339 appears to be critical for the function of IRF3 in
this context. It is interesting that Ser-339 is shown to be
critical for IRF3’s interaction with the proryl isomerase
Pinl, which results in negative regulation of type I IFN
gene induction (47). We therefore addressed the issue of
whether Pinl affects ISRE activation by ANG Il-activated
IRF3, using the above described ANG Ilinduced C1B
reporter gene assay, and found that reporter gene activa-
tion by ANG II was inhibited by Pinl in a dose-dependent
manner. These data suggest that Pinl may also function as
negative regulator in the ANG II signal-IRF3 pathway
(data not shown; see Discussion).

DISCUSSION

In this study, we show for the first time the involvement
of the IRF3 transcription factor beyond the context of
its well-known function in the regulation of innate
immune responses, namely, in the regulation of cardiac
remodeling. Although mechanisms underlying the
pathogenesis of cardiovascular remodeling have been
studied in relation to chronic inflammation and im-
mune responses (48, 49), our study provides new
mechanistic insight by demonstrating ANG IIstimu-
lated activation of IRF3 in cardiac fibroblasts, which is
apparently critical to the development of cardiac fibro-
sis. However, it is not rigorously ruled out that IRF3 in
cells of hematopoietic lineage also participate in the
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development of cardiac fibrosis, perhaps as indicated
by the recruitment of CD45™ cells to the fibrotic heart.
This will be an interesting issue to address in future
studies.

Hypertrophic growth of the heart can be induced by
physiological or pathological stimuli. Although both
physiological and pathological hypertrophies are simi-
lar in terms of enlarged myocytes, they are mediated by
distinct signaling pathway. Physiological hypertrophy is
characterized by the normal organization of cardiac
structure without interstitial fibrosis and a normal
pattern of cardiac gene expression, which are mainly
mediated by signaling through IGF1, insulin, and other
growth factors. On the other hand, pathological hyper-
trophy is associated with both interstitial fibrosis and an
altered expression pattern of contractile or calcium-
handling genes (50) and is mediated by signaling
mainly through G-protein-coupled receptors such as
the ANG II type 1 receptor. In this regard, our current
results are interesting in that only the development of
interstitial fibrosis was contingent on IRF3 in ANG
IIinduced pathogenesis (Fig. 14). To our knowledge,
this is the first demonstration of the dissociation of the
2 hypertension-induced events, namely, cardiac fibrosis
and hypertrophy.

While hypertrophy is IRF3 independent, the initia-
tion of fibrosis is controlled by IRF3 indicating that
ANG II initiates =2 different pathways (Fig. 9). The
onset of fibrosis could be brought about by the activity
of mesenchymal cells, which usually produce a specific
subset of chemokines, such as Ccll2, Cxcll, or Cxcll0,
to recruit CD45% cells to the interstitium. In the
absence of IRF3, the induction of these cytokines is
reduced as is the migration of CD45™ cells. These cells
may play a role in the remodeling of the heart to adapt
to increased wall tension. Indeed, the overall effect can
be measured by echocardiography; we demonstrated

EKD €O  [FrerEbssy

Ras)
\ E;K
/ *

chemokines
other target genes

i

Bone marrow cell recruitment
Fibroblast differentiation

JAKT/mTOR €a* PKC]
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Figure 9. Schematic illustration of ANG II-mediated activation
of IRF3. IRF3 is activated by Ras-ERK pathway, which is
presumably initiated by tyrosine kinase activation, and this
pathway is critical to the development of cardiac fibrosis. On
the other hand, IRF3 activation mediated by this pathway is
not linked to the ANG Il-mediated caridiac hypertrophy,
which may be regulated by other signaling pathways depicted
in the left part of the figure.

REGULATION OF ANG HI-INDUCED FIBROSIS BY IRF3

that the contractile capacity was not increased in
If3~/"/Bcl2l12/~ mice (Fig. $ and Table 2).

As shown in Fig. 5A, a large number of CD45% cells
accumulated within the fibrotic lesions of WT mice.
The origins of fibroblasts in the heart are still unclear
but =3 possibilities have been proposed: resident fibro-
blasts, ‘transdifferentiation through endothelium to
mesenchymal transition (EndMT; ref. 51), and BM-
derived fibroblasts differentiated from CD45" cells
called fibrocytes (51, 52). Indeed, we also found that
myofibroblasts expressing o-smooth muscle actin in
fibrosis lesions strongly colocalized with CD45% cells
(data not shown). Although further investigation is
required in order to discuss the function of the CD45™
cells, it seems clear that signaling events in mesenchy-
mal cells, such as ANG IIinduced IRF3 activation,
could result in attracting these immune cells to en-
hance the fibrosis event. In addition, it is not rigorously
excluded that fibrogenic actions such as induction of
type I and III collagens are also affected in the absence
of IRF3 in cardiac fibroblasts.

We have also provided evidence for a novel mecha-
nism of IRF3 activation. In the canonical TBKI1/IKK
pathway, phosphorylation-dependent modifications are
crucial for regulating the function of IRF3. Indeed,
IRF3 is phosphorylated by ANG II signaling via the
Ras-ERK pathway. This is congruent with previous
reports (43, 53) showing the involvement of tyrosine
kinase activation and subsequent Ras activation by ANG
II signaling; we infer that the activation of IRF3 is
linked to this ANG II signaling pathway (Fig. 9).
However, Ras-ERK-mediated activation does not pro-
duce the subsequent dimer formation or hyperphos-
phorylated form of IRF3 that is induced by innate
immune receptor signaling. Unexpectedly, we discov-
ered a novel low-mobility band of IRF3, which is
different from the well-established activated form of
IRF3. Moreover, our study, which employed a reporter
assay, indicates a critical role of Ser-339 of IRF3 in its
ANG IIinediated activation; however, whether Ser-339
is directly activated by ERK kinases remains to be
clarified. According to our preliminary data, obtained
from in vitro phosphorylation assay, ANG Il-activated
ERKZ can phosphorylate both recombinant IRF3-WT
and IRF3-S339A; therefore, it is likely that ERK may
directly phosphorylate Ser-339 and other sites of IRF3
following ANG II stimulation (data not shown).

Interestingly, the phosphorylation of Ser-339 results
in the negative regulation of IRF3 when activated by
innate immune receptors via the recruitment of Pinl,
which suppresses type I IFN responses (47). Thus, one
may envisage a dual function of Ser-339, in which
Ser-339 either can serve in the activation of IRF3 during
ANG II signaling or negatively regulate IRF3 by recruit-
ing Pinl following innate immune receptor signaling.
Nevertheless, it remains to be rigorously clarified
whether ANG II-Ras-ERK directly targets IRF3 and, if
so, whether it is sufficient for IRF3 activation. More-
over, the molecular nature of nuclear-translocated
IRF3, which is apparently distinct from the IRF3 ho-
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modimer formed on viral infection, is undefined. To
understand this unique activation mechanism, further
study will be required to determine how IRF3 is modi-
fied by the ANG II-Ras-ERK signaling pathway as well as
the detailed molecular nature of the ANG II-stimulated
active form of IRF3 and the cofactors involved. What-
ever the mechanism, it is interesting that type I IFN
genes are selectively induced by activated innate im-
mune receptors but not ANG II stimulation (data not
shown), while the Cxcl10 gene is induced by both. We
infer that the difference in transcriptional activity be-
tween the 2 distinct forms of activated IRF3 may be due
to the promoter context in which the contribution of
other, cooperating transcription factors determines the
gene promoter’s fate.

In summary, our present study reveals a hitherto
unknown function of IRF3 in cardiac fibrosis and
provides new insight into the hypertension-induced
progression of cardiac remodeling. Further study on
ANG Iinduced IRF3 activation mechanisms may pro-
vide clinically useful information on the prevention of
hypertension-associated heart failure.
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