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Interferon regulatory factors (IRFs) are crucial for transcrip-
tion during innate immune responses. We have previously
shown that the tyrosine kinase c-Src enhances IRF-3-dependent
transcription in response to viral double-stranded RNA. In this
study, we show that c-Src has distinct roles in Toll-like receptor
(TLR)-mediated activation of IRF-5 and IRF-3. Surprisingly,
c-Srcinhibition markedly enhanced IRF-5 activation after treat-
ment with unmethylated CpG, while suppressing IRF-3 activa-
tion. Also, CpG-elicited interleukin-6 mRNA production was
increased, whereas IP10 mRNA synthesis was reduced in cells
deficient in c-Src. Interestingly, c-Src regulated TLR-stimulated
induction of activating transcription factor 3 (ATF3), a tran-
scriptional repressor. Depletion of ATF3 by small interfering
RNA markedly enhanced interleukin-6 production after CpG
treatment, whereas IP10 production was reduced. These results
demonstrate functional specificity for c-Src in TLR-stimulated
responses and suggest that c-Src modulation and ATF3 activity
may contribute to differential regulation of IRF-3- versus IRF-
5-mediated gene expression.

Innate immune mechanisms against microbial pathogens
rely on membrane-associated or cytoplasmic pattern recogni-
tion receptors. Toll-like receptors (TLRs)? and cytosolic RIG-
I-like receptors recognize pathogens extra- or intracellularly by
binding to specific microbial patterns occurring at the cell sur-
face (TLRs), in endosomes (TLRs), or in the cytoplasm (RIG-I-
like receptors) (1). TLRs recognize microbial lipids (TLR1, -2,
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-4, -6, and -10), viral or bacterial DNA (TLRY), or viral single- or
double-stranded RNA (TLR3 and TLR7/8), although RIG-I-like
helicases respond to viral single- or double-stranded RNA. The
transcriptional program that is activated by pathogen exposure
involves a plethora of molecular components, including cyto-
kines, chemokines, and cell cycle/apoptosis regulatory proteins
(2). In these transcriptional events, the biological roles and acti-
vation of transcription factors belonging to the interferon (IFN)
regulatory factors (IRFs) and nuclear factor of kB (NF-«kB) fam-
ilies have been extensively studied.

Engagement of TLRs leads to recruitment of Toll-interleu-
kin-1 receptor (TIR) domain-containing adapter proteins and
activation of signaling cascades that stimulate the IRF tran-
scription factors. Previously, nine cellular IRF genes along with
certain virus-encoded analogues of cellular IRFs have been
identified (1). Activated IRFs act in conjunction with other
transcription factors and cofactors to induce immune response
genes, e.g. IFNs, chemokines, adhesion molecules, and apopto-
sis-regulating genes. Interestingly, IRF family members exhibit
distinct functions in immune responses (1, 3). IRF-3 and IRF-7
are considered to be the antiviral IRF family members and,
together with NF-«kB, constitute critical regulators of type I
IFNs (4). Activation of IRF-3 is brought about by TLR ligand
binding, which induces activation of the IkB kinase-related
kinase TBK1 (TANK-binding kinase 1) and phosphorylation of
IRF-3 in the C-terminal domain (5). Studies using knock-out
mice have shown that IRF-5 regulates production of several
inflammatory cytokines and chemokines such as IL-6 and
IL-12p, although its contribution to transcription of IFN genes
is uncertain and appears to be cell type-dependent (6, 7). In
contrast to IRF-3, the activation mechanism of IRF-5 is poorly
understood. Nevertheless, it has been reported that IRF-5 acts
in a trimolecular complex with the TIR domain-containing
adapter MyD88 and TRAF6 and that IRF-5-IRAK1 association
triggers IRF-5 ubiquitination and activation (8). The IRFs share
significant homology in the N-terminal DNA binding domain,
which binds to an IFN-stimulated response element in promot-
ers (9). However, despite their similarities, IRFs exhibit distinct
functional properties, and the molecular basis for their different
roles is incompletely understood.

We have previously reported that the tyrosine kinase c-Src is
required for TLR3-mediated IRF-3 activation in response to
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double-stranded RNA (10). In this study, we compared the role
of ¢-Src in transcription of IRF-regulated genes and in activa-
tion of the IRF family members IRF-3 and IRF-5. We found that
c-Src exerts a differential role in TLR-elicited IRF-3 and IRF-5
activation and gene expression. Our results show that c-Src-
mediated differences in TLR-elicited gene expression may be
attributed, at least in part, by the activating transcription fac-
tor/cAMP-responsive element-binding protein (ATF/CREB)
family member ATF3.

EXPERIMENTAL PROCEDURES

Reagents—CpG ODN 1826 and synthetic double-stranded
RNA (pIC) were purchased from Coley and Amersham Bio-
sciences, respectively. LPS, derived from Escherichia coli strain
0111:B4, was purchased from Invivogen. Resiquimod (R-848)
was purchased from GLSynthesis. PP2 and PP3 were purchased
from Calbiochem. Antibodies to ATF3, ATF-2, and a-tubulin
were from Santa Cruz Biotechnology. HA-tagged ATF3 and
ATF2 were generously provided by Dr. T. Hai (Ohio State Uni-
versity). The Gal4-IRF3 and Gal4-IRF5 luciferase reporter con-
structs were gifts from Dr. Tom Maniatis (Harvard University,
Cambridge, MA) and Paula M. Pitha (The John Hopkins Uni-
versity, Baltimore, MD), respectively. NF-kB-luc was from
Stratagene.

Cell Culture—RAW 264.7 cell line, the SYF mouse embry-
onic fibroblasts from the triple Src knock-out mouse lacking
sre, yes, and fyn, and the added-back version of the SYF cells
(with the wild-type c-src gene introduced (11)) were obtained
from ATCC. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 20
mg/ml garamycin, and 2 mum L-glutamine at 37 °C in 8% CO.,,.
Bone marrow-derived macrophages from C57BL6 mice were
allowed to differentiate for 9 days in L929-containing medium.

RNA Interference—siRNA oligonucleotides targeting ATE3,
TRAEF3, or CAT were synthesized by Santa Cruz Biotechnology
and Qiagen (CAT), respectively. siRNA duplexes were trans-
fected into cells in 6-well plates for 48 h using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s pro-
tocol. Experiments were repeated twice producing similar
results. Representative results are shown.

Gal4-based IRF Reporter Assays—HEK293 or murine
TLROY'” HEK293 cells were seeded in 96-well plates and were
transfected 24 h later with the indicated plasmids using Gene-
Juice (Novagen) following the manufacturer’s protocol. Forty
nanograms of each plasmid (Gal4-IRF-3, Gal4-IRF-5, Gal4-
DBD, or a luciferase reporter gene containing the Gal4
upstream activation sequence, UAS ; ,,,) were used. Reporter
gene activity was measured using a luciferase assay system (Pro-
mega). Experiments were repeated 3—4 times. Representative
data are shown.

RNA Analysis—Total RNA from cells seeded in 6-well plates
was isolated by Qiagen RNeasy kit (Qiagen) according to the
manufacturer’s instructions. cDNA was synthesized from RNA
by using the cDNA synthesis kit (Bio-Rad). Quantitative real
time-PCR was carried out by Chromo 4 using the iQ SYBR
Green supermix (Bio-Rad), and data were normalized against
glyceraldehyde-3-phosphate dehydrogenase or B-actin levels.
Primer sequences are given in the supplemental material. Fold
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induction was calculated using the formula 27247 (12). In
experiments using bone marrow-derived macrophages, the
specificity of amplification was assessed for each sample by
melting curve analysis. Relative quantification was performed
using standard curve analysis. The quantification data are pre-
sented as a ratio of gene copy number per 100 copies of B-actin.
The experiments were performed three to five times, and rep-
resentative results are shown.

Immunoblotting—Immunoblotting was performed as de-
scribed previously (13).

Chromatin Immunoprecipitation—RAW 264.7 cells were
seeded at an approximate density of 2.5 X 107 cells/15-cm dish.
After stimulation, chromatin immunoprecipitation with anti-
ATEF3 (Santa Cruz Biotechnology) was performed based on the
protocol from Aas et al. (14). DNA was purified by using
QIAquick (Qiagen) columns and eluted with 30 ul of Tris/
EDTA. For detection of the proximal mouse il-6 promoter
region, 2 ul of eluted DNA (from immunoprecipitation or input
DNA) was used. Primers specific for the mouse il-6 promoter
and conditions for the PCR have been described previously
(15). PCR products were visualized on ethidium bromide gels.

RESULTS

Inhibition of c-Src Differentially Affects TLR-elicited IRF-3
and IRF-5 Activation—To compare the role of c-Src tyrosine
kinase in IRF-3 and IRF-5 activation, we first examined if CpG
stimulated activation of IRF-3 and IRF-5. HEK cells stably
expressing yellow fluorescent protein-tagged mouse TLR9
were transfected with Gal4-based IRF-3 or IRF-5 luciferase
reporters. CpG elicited activation of both IRF-3- and IRF-5-de-
pendent luciferase activity (supplemental Fig. 14). IRF-3 acti-
vation is correlated to phosphorylation of Ser®*® (1). Hence, we
also examined phosphorylation of IRF-3 after CpG treatment of
TLR9-expressing HEK cells. As shown in supplemental Fig. 1B,
we found that CpG increases phosphorylation at Ser®*®, thus
suggesting that CpG activates endogenous IRF-3 in these cells.
IRE-7 has previously been implicated in signaling emanating
from TLR9 (9), whereas the role of IRF-3 CpG-stimulated sig-
naling is less well understood. However, it is likely that IRF-3 is
operative in CpG-elicited signaling in cells with low levels of
IRE-7.

The existence of cytoplasmic DNA-binding receptors that
induce type I IFNs has recently been suggested (16, 17). There-
fore, we evaluated the importance of TLR9 expression for IRF-3
and IRF-5 activation. CpG did not induce significant IRF-3 or
IRF-5 activation in non-TLR9-transfected HEK cells compared
with TLR9-expressing HEK cells (supplemental Fig. 1C), thus
suggesting that IRF-3 and IRF-5 activations in our cellular sys-
tem are mediated mainly through TLR9. We have previously
shown that the tyrosine kinase c-Src positively regulates IRF-3
activation (10). To elucidate the role of c-Src-dependent tyro-
sine phosphorylation in IRF-5 activation, HEK-TLR9Y® cells
were transiently transfected with the Gal4-based IRF-5
reporter and pretreated with the c-Src family kinase inhibitor
PP2 prior to CpG addition. Treatment with PP2 or its inactive
analogue PP3 had no significant effect on IRF-5 activation after
10 h of treatment with CpG (Fig. 1A). In contrast, after pro-
longed treatment with CpG (16 h), we found that IRF-5 activa-
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FIGURE 1. CpG induces TRAF3-dependent c-Src activation that differen-
tially modulates activation of IRF-3 and IRF-5. HEK cells expressing yellow
fluorescent protein-tagged moTLR9 were transfected with the Gal4-based
IRF-5 (A) or IRF-3 (B) luciferase reporter constructs. After 24 h, cells were pre-
treated with various concentrations of PP2 or PP3 for 45 min prior to treat-
ment with CpG (10 wg/ml). Luciferase activity was determined after 10or 16 h
of CpG stimulation. C, RAW 264.7 cells were transfected with 40 nm TRAF3 or
CAT siRNA as a nonspecific control prior to treatment with CpG (50 min) and
assessment of TRAF3 levels (upper panel). Phosphorylation of c-Src was deter-
mined by an antibody recognizing phosphorylation at Tyr*'®, and the blot
was reprobed with a-tubulin as a loading control (middle panel). Band inten-
sities of c-Src were quantified using the Kodak image analysis software and
fold induction of phosphorylated c-Src relative to medium- and CAT-treated
cells are shown (lower panel). IB,immunoblot.
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tion was significantly increased by PP2, displaying a dose-de-
pendent effect of PP2 (Fig. 14). The inactive PP2 analogue PP3
had no effect. Interestingly, PP2 had the opposite effect on
IRF-3, attenuating IRF-3 activation after 16 h of treatment with
CpG (Fig. 1B). We have previously found that c-Src positively
regulates IRF-3 activation, acting downstream of TLR3 and
RIG-I, and that c-Src associates with TRAF3 (9, 13). To exam-
ine the level at which c-Src acts in TLR9-mediated signaling, we
treated RAW cells with TRAF3 or CAT siRNA as a nonspecific
control. Transfection of TRAF3 siRNA partially down-regu-
lated TRAF3 protein in RAW cells compared with the CAT
siRNA nonspecific control (Fig. 1C, upper panel). Analysis by
immunoblotting showed that CpG-stimulated activation of
c-Src (as assessed by phosphorylation of its tyrosine 416) was
markedly reduced in the presence of 40 nm TRAF3 siRNA (Fig.
1C, middle panel). The lack of complete reduction of c-Src acti-
vation may be due to incomplete knockdown of TRAF3 protein
or that CpG-elicited c-Src activation is not solely dependent on
TRAF3 but perhaps also relies on TRAF6. Collectively, these
results suggest that TLR9-induced activation of c-Src is
dependent on TRAF3.

In our previous report, we found that the Src family kinase
inhibitor PP2 reduces IRF-3 activation after 6 h of pIC
treatment (10). We next confirmed that PP2 reduced IRF-3
activation also after prolonged pIC treatment (16 h). Indeed,
PP2 attenuated plIC-elicited IRF-3 activation after 16 h
(supplemental Fig. 1D). Hence, PP2 reduces pIC- and CpG-
stimulated IRF-3 activation after 6 and 16 h of treatment. Con-
sistent with previous reports (3, 18), we found that pIC failed to
induce activation of an IRF-5 reporter gene (data not shown),
thus precluding studies of PP2 on pIC-elicited IRF-5 activation.
This shows that c-Src inhibition differentially affects CpG-
stimulated IRF-3 and IRF-5 activation and suggests that c-Src
may exert a negative regulatory role on IRF-5 activation. More-
over, the effect of PP2 on IRF-5 required prolonged CpG treat-
ment, which suggests that c-Src affects a delayed phase of CpG-
mediated transcription.

Attenuation of c-Src Confers Distinct Effects on Endogenous
Immune Modulators Induced by CpG—Studies performed in
IRF-5 knock-out mice have shown that IRF-5 regulates IL-6
production in response to several TLR ligands (6). Moreover,
IRF-3 has been suggested to be critical for TLR-elicited synthe-
sis of the chemokine IP10 (19). To examine the effect of c-Src
inhibition on CpG-stimulated transcription of endogenous
immune components, we assessed mRNA levels of IL-6, IP10,
and IRF-5 in RAW mouse macrophages. RAW cells were pre-
treated with PP2 prior to treatment with CpG for 10 or 16 h,
followed by isolation of total RNA and analysis of IL-6 and IP10
expression by quantitative real time PCR (qRT-PCR) analysis.
Increasing concentrations of PP2 augmented IL-6 mRNA levels
after treatment with CpG for 16 h (Fig. 24). Conversely, CpG-
stimulated IP10 production was significantly reduced by the
presence of PP2, showing a dose-dependent manner, although
PP3 had no effect (Fig. 2B). We also examined these events in
primary cells, using bone marrow-derived macrophages from
C57BL6 mice. PP2 dose-dependently increased CpG-elicited
IL-6 mRNA levels, while reducing IP10 synthesis in macro-
phages from C57BL6 mice (Fig. 2, C and D). Hence, these
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FIGURE 2. CpG-induced expression of IL-6 and IP10 mRNA is differentially affected by c-Src inhibition.
RAW 264.7 mouse macrophages (A and B) or bone marrow-derived macrophages from C57BL6 (C and D) were
pretreated with various concentrations of PP2, PP3, or DMSO prior to stimulation with CpG (10 wg/ml) for
various times and isolation of total RNA. IL-6 (A and C) and IP10 (B and D) mRNA levels were determined by
gRT-PCR and compared with glyceraldehyde-3-phosphate dehydrogenase (A and B) or B-actin (C and D)

expression.

results show that c-Src inhibition augments CpG-elicited IL-6
transcription, while attenuating transcription of IP10 mRNA.
These results may reflect that c-Src exerts a differential effect
on IRF-3- and IRF-5-regulated immunomodulatory genes. In
addition to their regulation by IRFs, the murine ip10 and il-6
promoters have been suggested to be regulated by the tran-
scription factor NF-«kB (20, 21), and the effect of PP2 could be
mediated through NF-kB. To address this, TLR9- and TLR3-
expressing HEK cells were transfected with a luciferase reporter
containing four kB elements prior to treatment with PP2 and
CpG or pIC. CpG and pIC effectively induced NF-«kB activation
after 10 and 16 h of treatment, but PP2 did not have any signif-
icant effect on NF-«B activation (supplemental Fig. 2). These
results indicate that the effects of PP2 on IP10 and IL-6 tran-
scription are independent of NF-«B.

Effect of c-Src Inhibition on Gene Expression Stimulated by
Various TLR Ligands—Different TLRs signal through distinct
intracellular pathways utilizing individual cytoplasmic adapter
proteins. Therefore, it was of interest to examine the role of
c-Src on gene expression in response to different TLR ligands.
RAW macrophages were pretreated with the c-Src chemical
inhibitor PP2 prior to addition of the TLR ligands LPS (TLR4),
R848 (TLR7/8), and pIC (TLR3), and expression of IL-6 and
IP10 mRNA levels was assessed by qRT-PCR. The TLR stimuli
applied induced expression of IL-6 and IP10 mRNA to different
extents (Fig. 3, A and B). Importantly, c-Src inhibition resulted
in enhanced IL-6 mRNA induction in response to LPS, R848,
and pIC, although TLR-elicited IP10 transcription was attenu-
ated. To confirm the effects of the c-Src pharmacological inhib-
itor, we examined TLR-induced transcription of IL-6 and IP10
mRNA in a c-src genetic knock-out model. For these experi-
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c-Src (Fig. 3D). IRF-3 mRNA levels
were not induced and were not sig-
nificantly different in SYF and c-Src
cells (data not shown). These results
suggest that c-Src exerts similar
roles downstream of MyD88-
dependent and TIR domain-con-
taining adapter-inducing interferon-B-dependent signaling
pathways.

TLR-elicited Induction of ATF3 Is Regulated by ¢-Src—Our
results indicated that c-Src may enhance transcription of IP10,
while restraining transcription of IL-6 mRNA. TLR signaling
has been shown to be negatively regulated by various means
(22). Regarding IRF-5-mediated transcription, it was recently
shown that IRF-4 negatively regulates IRF-5-dependent tran-
scription through direct competition with IRF-5 for MyD88
association (23). However, we did not observe significant
induction of IRF-4 mRNA after 2 or 16 h of TLR stimulation in
RAW macrophages (supplemental Fig. 3A4). Also, the presence
of PP2 did not have a considerable effect on transcription of
IRF-4 mRNA, while modestly affecting IRF-4 mRNA in the
presence of CpG. Thus, IRF-4 does not appear to be implicated
in differential TLR-elicited transcription after c-Src inhibition.
Suppressors of cytokine signaling SOCS1 and SOCS3 have been
shown to negatively regulate TLR signaling (24). We found that
mRNA encoding SOCS3, but not SOCS1, was induced by LPS,
R848, and CpG in RAW cells (supplemental Fig. 3B). The TLR-
elicited induction of SOCS3 mRNA was significantly enhanced
by the Src inhibitor PP2. However, we expected SOCS1 and
SOCS3 to exert negative effects on TLR-elicited signaling and
found it unlikely that the enhanced IL-6 expression was associ-
ated with increased levels of SOCS3. Recently, it was reported
that activating transcription factor-3 (ATF3), a member of the
ATF/CREB family of transcription factors, acts as a negative
regulator of TLR signaling. In particular, ATF3 was shown to
inhibit transcription of IL-123 and IL-6 (15, 25). To explore the
potential role of ATF3 in c-Src-mediated enhancement of IL-6
transcription, we examined whether c-Src inhibition affected
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FIGURE 3. Effect of c-Srcinhibition on transcription of IL-6 and IP10 mRNA
induced by various TLR ligands. RAW 264.7 cells were pretreated with 25
uM PP2 before addition of the TLR ligands LPS (50 ng/ml), R848 (100 ng/ml),
and pIC (50 wg/ml). After 16 h, total RNA was isolated, and levels of IL-6 (A) and
IP10 (B) mRNAs were determined by qRT-PCR and compared with glyceralde-
hyde-3-phosphate dehydrogenase mRNA levels. C and D, embryonal fibro-
blasts from c-Src-, Yes-, and Fyn-deficient mouse (SYF cells) or c-Src-express-
ing control cells (designated Src) were stimulated with TLR ligands for 16 h
prior to isolation of total RNA and assessment of IL-6 (C) and IP10 (D) synthesis
by qRT-PCR analysis.

ATF3 mRNA expression after TLR treatment. Analysis by qRT-
PCR showed that ATF3 transcription was induced by the TLR
ligands LPS, R848, CpG, and pIC in RAW macrophages (Fig.
4A). Interestingly, addition of the c-Src pharmacological inhib-
itor PP2 abrogated TLR-elicited ATF3 mRNA induction (Fig.
4A). Thus, it is possible that reduced ATF3 levels upon c-Src
inhibition are associated with enhanced IL-6 mRNA transcrip-
tion. Next, we verified the results obtained by pharmacological
inhibition using mouse embryonic fibroblasts in which the
tyrosine kinases sr¢, yes, and fyn have been deleted (“SYF” cells)
and SYF cells in which c-src has been introduced by retroviral
transduction (c-Src (11)). LPS, pIC, and CpG induced ATF3
transcription in SYF cells. However, TLR-elicited induction of
ATF3 mRNA was abrogated in SYF cells compared with cells
expressing c-Src (Fig. 4B), thus corroborating results obtained
with the pharmacological Src inhibitor. To examine if altered
ATF3 mRNA transcription translated into changes in ATF3
protein levels, RAW cells were pretreated with PP2 before stim-
ulation with TLR ligands and assessment of ATF3 protein levels
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FIGURE 4. TLR-elicited induction of ATF3 mRNA and ATF3 protein are reg-
ulated by c-Src. A, RAW 264.7 cells were pretreated with 25 um PP2 prior to
treatment with TLR ligands for 16 h and assessment of mRNA levels of ATF3.
B, mouse embryonic fibroblasts deficient for the Src family kinases Src, Yes,
and Fyn (SYF) and c-Src-expressing control cells were treated with TLR ligands
for 16 h before determination of ATF3 mRNA induction by gRT-PCR analysis.
C-E, RAW 264.7 cells were pretreated with the indicated concentrations of
PP2 or PP3 (25 um PP2) prior to treatment with TLR ligands for 16 h (Cand D)
and immunoblotting (IB) for ATF3 or ATF2. The blots were reprobed with
a-tubulin as a loading control. LPS (50 ng/ml), R848 (100 ng/ml), pIC (50
rg/ml), and CpG (10 ng/ml) are shown. F, RAW 264.7 cells were transfected
with TRAF3 or CAT siRNA (20 or 40 nm) and treated with CpG (4 h) or not.
Proteins were analyzed by immunoblotting for ATF3 or a-tubulin as a loading
control.

by immunoblotting. The TLR ligands LPS, CpG, R848, and pIC
clearly stimulated ATE3 protein levels (Fig. 4C). Interestingly,
TLR-elicited ATF3 protein levels were reduced upon c-Src
inhibition (Fig. 4C). Next, we examined the dose-dependent
effect of PP2 on CpG-elicited ATF3 and found that PP2 reduced
ATEF3 protein levels in a dose-dependent manner in RAW
macrophages (Fig. 4D). Moreover, to relate ATF3 induction to

JOURNAL OF BIOLOGICAL CHEMISTRY 17015



c-Src Regulates ATF3 Transcription

@

A without SiRNA CAT SiRNA ATF3 75000

siRNA 10 20 40 10 20 40

IB: | L B i i

D] — e o

a-tubulin|

60000

45000 -

Fold induction of
IL-6 mRNA

30000 -

15000

O ATF3
M o-tubulin

-

Band intensity
siRNA ATF3/siRNA CAT
o o909

o N A O @

a specific role for ATF3 in modula-
tion of c-Src-mediated TLR-depen-
dent signaling.

ATF3 Interacts with IRF-5 and
Mediates Enhanced CpG-stimu-
lated IL-6 Production—To investi-
gate the functional role of ATF3 in
TLR-elicited IL-6 and IP10 produc-
tion, we used siRNA to down-regu-
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ATEF3 siRNA oligonucleotide (Fig.
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5A). CAT siRNA used as a nonspe-
cific control slightly increased ATF3
levels at the highest siRNA concen-
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FIGURE 5. ATF3 differentially regulates CpG-stimulated IL-6 and IP10 mRNA. A, RAW 264.7 cells were
transfected with ATF3 siRNA or CAT siRNA as a nonspecific control (10, 20, or 40 nm) for 48 h. Lysates were
analyzed by immunoblotting (IB) for ATF3 or a-tubulin as a control. Band intensities of ATF3 and a-tubulin
were quantified using the Kodak image analysis software, and levels of ATF3 or a-tubulin in ATF3 siRNA-treated
relative to CAT siRNA-treated cells are shown in the lower panel. B-D, RAW 264.7 cells were transfected with
ATF3 siRNA or CAT siRNA as a nonspecific control (20 or 40 nm) for 48 h before addition of CpG (10 wg/ml). 16 h
later, RNA was isolated, and IL-6 (B), IP10 (C), and IRF-3 (D) mRNA levels were determined by gRT-PCR. Data are
expressed as fold induction relative to corresponding mRNA levels in medium-treated cells. E, RAW 264.7 cells
were treated or not with 10 ug/ml CpG or 10 um PP2 for 4 or 14 h. Chromatin immunoprecipitation assays were
performed with anti-ATF3. DNA from chromatin immunoprecipitated (Ch/P) or input fractions were measured

by PCR amplification of IL-6 promoter sequences.

the kinetics of enhanced IL-6 transcription, we examined the
kinetics of ATF3 protein induction following addition of CpG.
ATEF3 protein was induced after 4 h of CpG treatment and was
further increased after 6, 10, and 16 h of CpG stimulation (Fig.
4E). Importantly, protein levels of another member of this tran-
scription factor family, ATF2 (which acts as a transcriptional
enhancer (26)), remained unchanged after c-Src inhibition and
treatment with TLR ligands.

We found that c-Src activation occurred downstream of
TRAF3 (Fig. 1C). To examine if TRAF3 was implicated in CpG-
stimulated ATF3 expression, we treated RAW cells with
TRAF3 or CAT siRNA. Treatment with TRAF3 siRNA signifi-
cantly reduced ATF3 induction stimulated by CpG compared
with that in CAT siRNA-treated cells (Fig. 4F). Collectively,
these results suggest that TRAF3-mediated c-Src activation
contributes to TLR9-elicited ATF3 induction. This may suggest
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siRNA

AT cantly enhanced in cells transfected

with ATF3 siRNA compared with
cells transfected with CAT siRNA
(Fig. 5B). Conversely, CpG-stimu-
lated IP10 mRNA was decreased by
the presence of ATF3 siRNA rela-
tive to the presence of CAT siRNA
(Fig. 5C). The molecular basis for
reduced CpG-stimulated IP10 tran-
scription upon ATF3 siRNA treat-
ment is presently unknown. How-
ever, it is possible that ATF3
interacts or competes with pro-
tein(s) that could restrain IP10 pro-
duction, e.g. similarly to inducible
cAMP early repressor, which
represses TLR-stimulated, ATF2-
mediated expression of tumor
necrosis factor (27). In such set-
tings, reduced ATE3 levels could
result in enhanced inhibition of
CpG-stimulated IP10 transcription. Because IRF-3 mRNA is
known to be largely constitutive in most cells, we examined
IRF-3 mRNA levels after transfection of ATF3 siRNA. IRF-3
mRNA was not induced by CpG and was not influenced by the
presence of ATF3 siRNA (Fig. 5D). Collectively, our results sug-
gest that ATF3 is induced downstream of c-Src and negatively
regulates CpG-elicited IL-6 production.

In an attempt to rationalize the differential effect of ATF3 on
TLR-elicited genes, we used bioinformatics analysis to predict
potential transcription factor-binding sites in putative pro-
moter regions of IL-6, IRF-5, IP10, IL-123, and IRF-3 genes.
DNA sequences from —1500 to +200 bp around the transcrip-
tional start sites of the corresponding promoters were scanned.
Promoters of IL-6 and IL-123 were predicted to contain ATF
and CREB consensus sites, whereas IP10 and IRF-3 promoters
were not. To investigate if c-Src inhibition affected binding of

SN
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ATEF3 to the IL-6 promoter in vivo, we performed chromatin
immunoprecipitation experiments. RAW cells were pretreated
with PP2 or not prior to treatment with CpG for 4 or 14 h and
precipitation of chromatin fragments using an ATF3 antibody.
il-6 promoter DNA was amplified by PCR. We found that ATF3
was recruited to the il-6 promoter after 4 and 14 h of CpG
treatment and that c-Src inhibition reduced recruitment of
ATEF3 after longer CpG treatments (Fig. 5E). This correlates to
results showing that ATF3 is a negative regulator of IL-6 pro-
duction at later phases of TLR engagement and shows a direct
link between c-Src activity and CpG-induced recruitment of
ATES3 to the IL-6 promoter.

To further examine the relationship between ATF3- and
IRF-5-mediated transcription, we examined whether ATF3
associated with IRF-5 by using coimmunoprecipitation. FLAG-
tagged IRF-5 and HA-tagged ATF3 were transfected in TLR9-
expressing HEK cells prior to treatment with CpG, precipita-
tion with anti-FLAG antibody, and immunoblotting for HA.
We found that ATF3 associated with IRF-5 in a CpG-depen-
dent manner (Fig. 6A4). Sendai virus, which is recognized by
RIG-I in HEK cells (28), also stimulated interaction between
ATF3 and IRF-5 (data not shown). Next, we investigated if
overexpression of ATF3 affected IRF-5 activation or transcrip-
tion from the IL-6 promoter. ATF3 expression alone had no
effect on IRF-5 or IL-6 promoter activation, but it significantly
reduced CpG-stimulated IRF-5 and IL-6 promoter activation
(Fig. 6, B and C). Conversely, in the absence of stimuli, ATF2
expression activated IRF-5 in unstimulated cells. Collectively,
these results suggest that ATF3 associates with IRF-5 and attenu-
ates CpG-dependent IRF-5 activation and stimulation of the IL-6
promoter.

DISCUSSION

The family of IRFs constitutes important transcription fac-
tors shaping the host immune response to pathogens. In this
study, we have shown that the tyrosine kinase c-Src differen-
tially regulates activation of IRF-3, IRF-5, and TLR-mediated
gene expression. Inhibition of c-Src activity leads to reduced
IRF-3 activation and IP10 production, while augmenting IRF-5
activation and IL-6 synthesis in response to TLR ligands. The
stimulatory effect on IRF-5 activation and IL-6 production
observed after c-Src inhibition occurred at later phases, being
considerably enhanced after 16 h relative to 10 h of CpG treat-
ment. This slow kinetics affecting late phases of TLR responses
indicated that transcription and protein synthesis were
involved. Hence, we proposed that c-Src inhibition modulated
transcription of negative regulators restraining TLR signaling
and IL-6 transcription. Therefore, we examined if expression of
IRF-4, SOCS1, SOCS3, and ATF3 (previously identified as neg-
ative regulators of TLR signaling) were dependent on c-Src
activity. IRF-4 was recently reported to inhibit MyD88-depen-
dent TLR signaling by competing with IRF-5 for binding to
MyD88, thus hampering downstream signaling (23). Negishi
et al. (23) found that IL-6 expression (which depends on IRF-5
activation) was elevated in cells lacking IRF-4, and overexpres-
sion of IRF-4 in RAW cells reduced CpG-stimulated IL-6 pro-
duction. However, we found that IRF-4 mRNA was largely
unaffected by TLR stimulation/c-Src inhibition, and it is there-
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FIGURE 6. ATF3 associates with IRF-5 and modulates CpG-stimulated
IRF-5 and IL-6 promoter activation. A, HEK293 cells were cotransfected with
IRF-57AG and HA-tagged ATF3, ATF2, or the empty vector. 24 h post-transfec-
tion, cells were treated with CpG (10 wg/ml). Lysates were immunoprecipi-
tated (/P) with anti-FLAG antibody, followed by immunoblotting (/B) with
anti-HA antibody. Membranes were reprobed with IRF-5 antibody. B and C,
HEK293 cells were cotransfected with HA-tagged ATF3, ATF2, or the corre-
sponding empty vector together with Gal4-IRF-5 reporter plasmids (B) or an
IL-6 promoter reporter plasmid (C). 24 h post-transfection, cells were treated
or not with CpG (10 wg/ml) and lysed before determination of luciferase activ-
ity. Amount of vector backbone DNA was kept constant in each transfection
by adding empty vector.

fore unlikely that IRF-4 is responsible for the differential gene
expression observed in our system. SOCS1 and SOCS3 have
been shown to inhibit pathogen-elicited responses (22, 30).
However, we did not observe changes in SOCS1 and SOCS3
expression that correlated with and could explain the enhanced
IL-6 expression.

ATF3 is a member of the ATF/CREB family of transcription
factors and binds to the ATF/cAMP-response element consensus
sequence TGACGTCA (31). Transcription of ATF3 is induced by
proinflammatory cytokines and stress signals, e.g. genotoxic and
cell death-inducing agents. Interestingly, in contrast to other ATF
family members, ATF3 has been shown to repress transcription
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from promoters with ATF/cAMP-response element-binding sites
(32). We found that ATF3 was induced by CpG (within 2—4-h) and
that TRAF3 and c-Src activity were required for ATF3 induction in
response to TLR ligands. The kinetics of ATF3 protein expression
showed that ATF3 levels were further elevated at prolonged treat-
ments with CpG (Fig. 4E). Bioinformatics analysis of the 5'-regu-
latory regions of several immune modulatory genes showed that
IL-6 and IL-12f3 promoters contain ATF or CREB sites to which
ATEF3 could bind. Hence, ATF3 may repress later phases of TLR-
stimulated IL-6 production by binding to the ATF or CREB sites of
its promoter. Indeed, recent studies using chromatin immunopre-
cipitation have shown that ATF3 binds to the IL-6 and IL-123
promoters in response to LPS treatment and to IL-4, IL-5, and
IL-13 promoters in differentiated CD4™" T cells (15). Moreover, it
was found that ATF3 is recruited to the IL-6 and IL-123 promoters
more slowly than the NF-«B subunit Rel, reflecting the role of
ATEF3in delayed phases of TLR signaling. We also found that CpG
induces binding of ATF3 to the IL-6 promoter at 4 and 14 h of
treatment and that c-Src inhibition reduces this recruitment (Fig.
5E). Gilchrist et al. (15) also reported that LPS induced association
between nuclear ATF3 and the chromatin-modifying enzyme his-
tone deacetylase. Therefore, ATF3 may repress transcription by
inducing deacetylation of histones at the IL-6 promoter generating
an inaccessible chromatin structure at the IL-6 promoter. Reduced
ATF3 levels after c-Src inhibition may thus result in enhanced IL-6
expression due to changes in chromatin modification. Further-
more, we found that ectopic expression of ATF3 reduced IRF-5
activation in a Gal4-dependent reporter system (Fig. 6B) and
that ATF3 associated with IRF-5, as assessed by coimmunopre-
cipitation (Fig. 6A4). This suggests that ATF3 interacts directly
with IRF-5, which may be sufficient to inhibit the transactiva-
tion ability of IRF-5 (independent of chromatin/DNA binding).
Thus, this represents an alternative mechanism by which ATE3
may modulate IRF-5-dependent transcription. Although the
subcellular localization of ATF3 has not been studied in detail,
ATF3 is believed to reside mainly in the nucleus (33) and could
interact with IRF-5 in the nucleus. To clarify the results
obtained by us and others, a schematic model for the possible
action of c-Src in IRF-3- and IRF-5-dependent transcription is
depicted in Fig. 7. Interestingly, it has previously been shown
that ATF and IRF proteins may associate with non-family
member transcription factors, e.g. gadd153/Chop10 and bone
morphogenetic proteins, respectively (34, 35). Specifically,
ATF3 has been shown to heterodimerize with gadd153/
Chop10, generating nonfunctional protein dimers (34). Like-
wise, ATF3 could bind to IRF-5 and suppress IRF-5
homodimerization and DNA binding, thus inhibiting IRF-5-
dependent transcription. It would be interesting to study if
c-Src inhibition (through altered ATF3 levels or other mecha-
nisms) affected CpG-elicited activation of endogenous IRF-5.
We attempted to study this through IRF-5 nuclear transloca-
tion, IRF-5 dimerization, or chromatin immunoprecipitation,
but in our experimental settings commercial antibodies tested
failed to specifically stain IRF-5 and discriminate between
IRF-5 and IRF-3.

ATF3-deficient mice were recently reported to exhibit
increased protection against murine cytomegalovirus infection
(29) and modulate hyper-responsiveness in asthma and airway
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FIGURE 7. Schematic model illustrating the role of c-Src and ATF3 in TLR-
mediated IRF activation and gene expression. During an early phase of TLR
stimulation, c-Src positively affects IRF-3 activation, induction of IP10, and
transcription of ATF3. In later phases of TLR stimulation, ATF3 represses TLR-
dependent IL-6 expression by two possible mechanisms (indicated by white
arrows) as follows: 1) by chromatin modification at the IL-6 promoter level, or
2) by direct interaction with IRF-5 and interference of IRF-5-mediated
transcription.

inflammation. Hence, ATF3 mediates inflammatory responses
by limiting expression of distinct cytokines in biologically rele-
vant disease models. Interestingly, our results suggest that c-Src
modulation of ATF3 differentially regulates IRF-3- and IRF-5-
mediated gene expression, implicating c-Src in ATF3-mediated
functions. In conclusion, our results identify a pathway by
which c-Src contributes to differential IRF activation, thus
affecting the dynamic transcriptional program stimulated by
pathogen exposure and TLR activation.
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