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Abstract
Recent evidence indicates a new role for histone deacetylases (HDACs) in the activation of genes
governing the host immune response. Virus, along with other pathogenic stimuli, triggers an
antiviral defense mechanism through the induction of IFN, IFN-stimulated genes, and other
proinflammatory cytokines. Many of these genes have been shown to be regulated by transcription
factors of the IFN regulatory factor (IRF) family. Recent studies from IRF5 knockout mice have
confirmed a critical role for IRF5 in virus-induced type I IFN expression and proinflammatory
cytokines IL-6, IL-12, and TNF-α; yet, little is known of the molecular mechanism of IRF5-
mediated proinflammatory cytokine expression. In this study, we show that both HDACs and
histone acetyltransferases (HATs) associate with IRF5, leading to alterations in its transactivation
ability. Using the HDAC inhibitor trichostatin A, we demonstrate that ISRE, IFNA, and IL6
promoters require HDAC activity for transactivation and transcription, whereas TNFα does not.
Mapping the interaction of corepressor proteins (HDAC1, silencing mediator of retinoid and
thyroid receptor/nuclear corepressor of retinoid receptor, and Sin3a) and HATs to IRF5 revealed
distinct differences, including the dependence of IRF5 phosphorylation on HAT association
resulting in IRF5 acetylation. Data presented in this study support a mechanism whereby virus
triggers the dynamic conversion of an IRF5-mediated silencing complex to that of an activating
complex on promoters of target genes. These data provide the first evidence, to our knowledge, of
a tightly controlled transcriptional mechanism whereby IRF5 regulates proinflammatory cytokine
expression in conjunction with HATs and HDACs.

Copyright © 2010 by The American Association of Immunologists, Inc.
Address correspondence and reprint requests to Dr. Betsy J. Barnes, New Jersey Medical School University Hospital Cancer Center,
G1224, 205 South Orange Avenue, Newark, NJ 07103. barnesbe@umdnj.edu.
1D.F. amd N.S.-G. contributed equally to this work.
The online version of this article contains supplemental material.
Disclosures
The authors have no financial conflicts of interest.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2011 December 7.

Published in final edited form as:
J Immunol. 2010 November 15; 185(10): 6003–6012. doi:10.4049/jimmunol.1000482.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The histone acetylation/deacetylation modification has emerged as a major form of
epigenetic mechanism that regulates the expression of genes in eukaryotic cells (1).
Acetylation of nucleosomal histones in vivo is a dynamic, reversible process governed by
the opposing activities of histone acetyltransferases (HATs) and histone deacetylases
(HDACs) (2). Active gene transcription has been tightly associated with hyperacetylation of
histones, whereas hypoacetylation has been correlated with reduced transcription or gene
silencing. Recent studies indicate that gene regulation by acetylation is more dynamic and
complex and that HATs can also act as repressors and HDACs can function as activators (3).
Besides histones, HATs and HDACs may also act on nonhistone proteins such as
transcription factors. The recruitment of HATs or HDACs by specific transcription factors
enables them to regulate specific sets of target genes.

The importance of HDACs as activators of gene expression is underscored by gene
expression profiling of cells treated with HDAC inhibitors (HDACi). Only a small
percentage of the total genes examined responded to the treatment (~7% of mRNAs), with
similar proportions of genes activated or repressed (4, 5). The inhibition of gene expression
by HDACi is not well understood, but may be linked to the findings that several
transcription factors are also regulated by acetylation/deacetylation (6–10). Detailed studies
of the IFN-β promoter have shown that acetylation and deacetylation of histones are
essential for enhanceosome function (11). Perhaps the best example of the transcription-
activating role of deacetylation is in studies of cytokine-inducible gene regulation. Recent
reports indicate that stimulation of gene expression downstream of IFN (either IFN-α/β or
IFN-γ) fails after general blockade of HDAC activity (10, 12–14), and many HDACi reduce
proinflammatory cytokine expression (15–17). Under normal conditions, the expression of
genes coding for many proinflammatory cytokines remains silent. Mechanisms of
transcriptional repression dominate until overcome by stimulation from extracellular stress
signals, whereby transcription factors are often posttranslationally modified and other
coactivators brought in to initiate de novo gene expression.

Regulation of type I IFN (IFNA and B) gene expression is controlled primarily at the
transcriptional level and has been widely studied as a model to understand the mechanisms
of stable repression, transient expression, and postinduction repression of genes (18).
Transcription factors of the IFN regulatory factor (IRF) family have been identified as
critical mediators of early inflammatory gene transcription in response to virus and TLR
signaling. A less well-characterized IRF family member, IRF5, was demonstrated recently
by our laboratory and others to play an intrinsic role in innate immunity. Initial studies on
human IRF5 revealed a critical role in virus-induced cytokine and chemokine expression,
including type I IFNs, and additional studies have demonstrated its activation in response to
TLR7/8 signaling (19–22). Subsequently, animals with a targeted gene disruption of IRF5
were found to have defective proinflammatory cytokine responses (IL-6, IL-12, and TNF-α)
to TLR signaling (23) and virus-induced type I IFN expression (24).

Human IRF5 exists as multiple alternatively spliced isoforms, each with distinct cell type-
specific expression, regulation, cellular localization, and function (25). The identical
polypeptide encoded by IRF5 variant 3 (V3; GenBank accession number AY504946;
http://www.ncbi.nlm.nih.gov/genbank/) and variant 4 (V4; AY504947) cDNAs has been
shown to be the most potent inducer of IFN-α in virus-infected cells (25). Indeed, ectopic
IRF5 V3/V4 binds to the endogenous IFNA promoters in both uninfected and virus-infected
cells; yet, levels were dramatically increased in response to Newcastle disease virus (NDV)
(19, 20). These data, combined with results from promoter reporter assays (19, 20, 25) and
microarray analysis of IRF5 target genes (21), suggested that IRF5 may also be involved in
the repression of IFNA gene expression. Furthermore, whereas IRF5 was shown to be a

Feng et al. Page 2

J Immunol. Author manuscript; available in PMC 2011 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/genbank/


critical mediator of IL-6, IL-12, and TNF-α in the transgenic knockout mouse (23), little is
known of its mechanism of gene regulation.

To elucidate the mechanism(s) of IRF5-mediated proinflammatory cytokine expression, we
have characterized its transactivation function in the presence or absence of HDACi,
HDACs, and HATs. Unexpectedly, we find that IRF5 interacts with both HATs and
HDACs, along with other corepressor proteins; however, these interactions were, in part,
dependent on IRF5 post-translational modification in response to virus. We demonstrate that
formation of the corepressor or coactivator complexes occurs on distinct regions of the IRF5
polypeptide and that acetylase and/or deacetylase activities are important components of
IRF5-regulated proinflammatory cytokine expression. The recruitment of these complexes
to the IFNA promoter, in particular, required an elaborate exchange of interacting partners
that was at least partially dependent on virus-induced IRF5 phosphorylation. Together, these
results highlight the importance of both HATs and HDACs in controlling IRF5-mediated
proinflammatory cytokine expression.

Materials and Methods
Cells, reagents, and Abs

Human fibroblasts (2fTGH) were from G. Stark (Cleveland Clinic, Cleveland, OH), 2fTGH/
Flag-tagged IRF5 V3/V4-expressing cells were previously described (19), primary human
fibroblasts (HFs) were from G. Hayward (Johns Hopkins University, Baltimore, MD), Hek
TLR9 cells were from Imgenex (San Diego, CA), immortalized macrophages from irf5−/−

mice were from K. Fitzgerald (University of Massachusetts, Amherst, MA), and THP-1
monocytic macrophages were from American Type Culture Collection (Manassas, VA).
PBMCs were freshly isolated by Ficoll-Hypaque density centrifugation (Lymphoprep,
Accurate Chemical and Scientific, Westbury, NY) of heparinized blood from healthy
donors. Human PBMC studies were approved by the Institutional Review Board of the New
Jersey Medical School (Newark, NJ). Purified populations of human monocytes were
obtained from PBMC using CD14 Microbeads (Miltenyi Biotec, Auburn, CA). All adherent
cell lines were grown in DMEM supplemented with 10% FBS; all suspension cells were
grown in RPMI 1640 supplemented with 10% FBS. NDV was obtained from American
Type Culture Collection (VR-699), trichostatin A (TSA) from Calbiochem (San Diego, CA),
R848 from Invivogen (San Diego, CA), and CpG-B from Coley Pharmaceuticals
(Langenfeld, Germany). IFNA1-secreted alkaline phosphatase (SAP) promoter reporter was
previously described (26); GFP-IRF-5N1 and GFP-IRF-5C1 were described (20); HDAC1
and HDAC5 expression plasmids were from S.L. Schreiber (Harvard, Cambridge, MA);
silencing mediator for retinoid or thyroid-hormone receptor (SMRT) was from R. Evans
(Salk Institute, San Diego, CA) and Sin3a from C. Laherty (Seattle, WA); HA–CREB-
binding protein (CBP), p300, and Flag-p300/CBP-associated factor (PCAF) were from G.
Nabel (University of Michigan, Ann Arbor, MI). Rabbit polyclonal Abs against actin (c-11),
p300 (n-15), CBP (A-22), and Sp1 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA); SMRT (PA1-842) and mSin3a (PA1-870) from Affinity Bioreagents (Golden,
CO); and nuclear receptor corepressor (06-892), PCAF (07-141), HDAC1 (06-720), and
acetyl-histone H3 from Upstate Biotechnology (Lake Placid, NY). IRF3 mAbs were from
BD Pharmingen (San Diego, CA) and IRF5 goat polyclonal Abs from Abcam (Cambridge,
MA). IRF5 phospho-specific (S427/ S430) Abs, recognizing both Ser427 and Ser430, were
generated by Affinity Bioreagents. M2-Flag mAbs were from Sigma-Aldrich (St. Louis,
MO); Living Colors gfp polyclonal Abs from BD Clontech (Palo Alto, CA); and myc-tag
and acetylated-lysine polyclonal Abs were from Cell Signaling Technology (Beverly, MA).
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Reporter assays
A total of 2 × 105 2fTGH, 2fTGH/IRF5 V3/V4, HEK TLR9, or irf5−/− macrophages were
transfected with a constant amount of DNA (2 μg/six-well plate) by using the Superfect
(Qiagen, Valencia, CA) or Lipofect-amine (Invitrogen, Carlsbad, CA) transfection reagent.
For the SAP assay, equal amounts of the IFNA1 SAP reporter plasmid and the indicated
expression plasmids were cotransfected with the β-galactosidase expression plasmid (50 ng),
except where HDAC1 was transfected at increasing amounts (0.2 μg, 0.4 μg, 0.6 μg, and 1
μg). For the dual luciferase assay, equal amounts of an ISRE-containing, IL6, or TNFA
promoter reporter was transfected as previously described, with the thymidine Renilla-
luciferase reporter gene for normalization (22). Transfected cells were split 16 h later,
incubated for an additional 6 h, and either left uninfected, infected with NDV, treated with
R848 (1 μg/ml) or CpG-B (3 μg/ml) for 16 h, and/or treated with TSA for 6 h. The SAP was
determined as described using β-galactosidase expression levels to normalize transfection
efficiency (19, 26); luciferase activity was measured using the Dual Luciferase Assay
System (Promega, Madison, WI). Each experiment was performed in triplicate and repeated
three times. Data in figures are expressed as the mean ± SD. Statistical comparisons were
carried out using the unpaired two-tailed Student t test.

RNA analysis
A total of 1 μg total RNA was prepared using the Qiagen RNeasy kit (Qiagen), digested
with DNase I, and subjected to reverse transcriptase as previously described (19, 20). One-
tenth of the resulting cDNA product was used as a template for 25 cycles of PCR using
specific primers as indicated. Primers for IFNA and β-actin were previously described (27).
Additional primer sequences used were as follows: IL6 forward 5′-GCC-
TTCGGTCCAGTTGCCTT-3′ and reverse 5′-GCAGAATGAGATGAGT-TGTC-3′; and
TNFA forward 5′-AGGCGCTCCCCAAGAAGACA-3′ and reverse 5′-
TCCTTGGCAAAACTGCACCT-3′.

IFN cytopathic effect assay
2fTGH cell lines (0.5 × 105 cells/well of a 12-well plate) were transiently transfected with
100 ng indicated expression plasmids. Sixteen hours later, cells were split in duplicate to a
24-well plate, incubated for 8 h, and either left uninfected or infected with NDV for an
additional 16 h. The levels of biologically active type I IFN in the cell culture supernatants
were determined by the viral cytopathic effect assay (28). Vesicular stomatitis virus was
used as the challenging virus, and the cytopathic effect was determined in HF.

Immunoprecipitations, immunoblot, and GST pulldown assays
Cell extracts were prepared as described (29) from control untreated or NDV-infected (6 or
8 h) 2fTGH cells and THP-1 cells stimulated with TLR ligands (1 μg/ml R848 or 3 μg/ml
CpG-B) for 1 h. Extracts (300 μg protein) were incubated with the indicated Abs for 16 h at
4°C. Protein A-or G-Sepharose was then added and incubated for an additional 1 h, beads
were washed, and bound proteins identified by immunoblotting (29). Signals were
visualized using the ECL detection reagents (Amersham Pharmacia Biotech, Piscataway,
NJ). For direct immunoblot assays, cell extracts were prepared as described above and
expression assayed using 20 μg whole cell lysate. The GST pulldown assay was performed
as previously described using 250 μg whole cell lysates (30). Cytoplasmic and nuclear
extracts were prepared as previously described (19, 20).

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was performed as previously described
(19, 30) using the ChIP assay kit from Upstate Bio-technology or ChapionChIP One-Day
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Kit (SA Biosciences) following the manufacturer’s instructions. For 2fTGH or THP-1 cell
lines, cells were left uninfected or infected with NDV over a time course or for 3 h. Human
primary monocytes (1.5 × 106/ChIP assay) were infected with NDV for 6 h. The samples
were analyzed by standard semiquantitative PCR with primer pairs specific for the indicated
promoter regions. For binding to endogenous IFNA promoters, the DNA template was
amplified with universal primers corresponding to the regions of human endogenous IFNA
genes that are conserved in all subtypes (27). For binding to the endogenous IL6 promoter,
we used forward 5′-GCCTGTTAATCTGGTCACTG-3′ and reverse 5′-
GCTTAGGTCGTCATTGAGGC-3′; for binding to the endogenous TNFA promoter, we
used forward 5′-CAGGACCTCCAGG-TATGGAA-3′ and reverse 5′-
CCGGGAATTCACAGACCACTG-3′.

Results
TSA impairs IRF5-mediated proinflammatory cytokine induction

IRF family members are thought to regulate transcription by binding to IFN-stimulated
response elements (ISREs) and/or IRF elements (IRF-Es) found in the promoters of target
genes. We have previously demonstrated the ability of human IRF5 to bind to and
transactivate IFNA/B promoters (19). To confirm the regulation of proinflammatory
cytokines IL-6 and TNF-α by IRF5, we compared their transactivation potential in 2fTGH
cells generated to stably overexpress IRF5 V3/V4 (19) to that of an ISRE-containing
promoter reporter and the IFNA1 promoter reporter. All four luciferase promoter reporters
were transactivated to differing amounts by IRF5 in uninfected cells, and promoter activity
was further enhanced postinfection with NDV (Fig. 1A). Because it has previously been
shown that the pharmacological HDACi TSA blocks IFN-induced ISRE transactivation (12),
we used this as a control to examine the effect of TSA on other promoters. 2fTGH cell lines
were transfected with the indicated promoter reporters and left untreated, treated with TSA,
or infected with NDV in the presence or absence of TSA. IRF5-mediated trans-activation of
the ISRE, IFNA1, and IL6 promoter reporters in the presence or absence of virus was
inhibited by TSA (Fig. 1B). Surprisingly, IRF5-mediated TNFA promoter activity was
enhanced by TSA. Similar results were obtained with a second structurally distinct HDACi,
NaB (data not shown), ruling out any nonspecific effects of TSA. To confirm the effects of
TSA on virus-induced IRF5-mediated proinflammatory cytokine expression, we analyzed
endogenous cytokine transcript levels in the same cells. 2fTGH or 2fTGH/IRF5 expressing
cells were left uninfected or infected with NDV in the presence or absence of TSA, and total
RNA was prepared at 0 and 6 h posttreatment. After reverse transcription, PCR was
performed with primers specific for each gene. In all cases, IRF5 was required for sufficient
induction (Fig. 1C, top panel) because transcription of IFNA, IL6, and TNFA was not
observed in parental 2fTGH cells lacking endogenous IRF5 (19 and data not shown).
Coincubation with TSA inhibited the IRF5-mediated induction of IFNA and IL6 but not
TNFA. Importantly, there was no inhibition of a control mRNA, β-actin. These data
correlated with findings from our reporter assays. Furthermore, we demonstrate in a more
biologically relevant cell line, THP-1, which expresses high levels of endogenous IRF5 (25),
that IRF5 recognizes and binds to ISRE/IRF-E sites in the IFNA, IL6, and TNFA promoters
(Fig. 1C, bottom panel).

Given that TSA inhibited transactivation of the ISRE, IFNA, and IL6 promoter reporters by
IRF5, yet enhanced transactivation of the TNFA promoter, combined with the fact that
HDAC1 was recently identified to be essential for STAT-dependent gene expression on
IFN-stimulated gene promoters (10, 12), we examined the involvement of HDAC1 in IRF5-
mediated proinflammatory cytokine expression. Similar to experiments in Fig. 1A, 2fTGH
cells were cotransfected with IRF5, individual promoter reporters, and increasing amounts
of HDAC1. A positive regulatory role for HDAC1 was observed in IRF5-expressing NDV-
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infected cells with each ISRE, IFNA, and IL6 promoter reporter; data from the ISRE reporter
is shown (Fig. 1D, top panel) as representative of activity from each of the three reporters
(data not shown). Importantly, HDAC1 acted as a repressor to IRF5 in uninfected cells and
had no effect on the promoters in the absence of IRF5. Conversely, a negative regulatory
role for HDAC1 was observed on the TNFA promoter (Fig. 1D, bottom panel). To examine
the specificity of HDAC1 to IRF5-mediated reporter transactivation, the class II HDAC5
was also transfected in combination with IRF5, yet no significant effect was observed (data
not shown). Together, these results strongly support the conclusion that HDAC activity is
required for the regulation of some IRF5-mediated proinflammatory cytokines, implicating
HDAC1 as a critical positive coactivator of IFNA and IL6 gene expression.

IRF5 is part of a corepressor complex silencing IFNA gene expression in uninfected cells
Transcriptional repression is mediated in part by non-DNA–binding corepressors. The
corepressor proteins SMRT/nuclear receptor corepressor (NCoR) and Sin3a have been
shown to be recruited to many classes of transcription factors and are components of
multiple protein complexes containing HDACs (31, 32). SMRT/NCoR and Sin3a have been
shown to interact with HDAC1, leading to the repression of gene transcription (33). Because
previous data (19, 20) and data shown in Fig. 1C indicated a role for IRF5 in both the
activation and repression of IFNA gene expression, likely involving HDAC1, we examined
whether cotransfection of corepressor proteins with HDAC1 would have any effect on IRF5-
mediated IFNA1 promoter activity or the synthesis of biologically active type I IFNs in the
supernatants of 2fTGH cell lines. For these studies, 2fTGH- and 2fTGH/IRF5-expressing
cells were transiently cotransfected with HDAC1, SMRT, Sin3a, or the combination of all
three with the IFNA1 promoter reporter. Cells were left uninfected or infected with NDV for
16 h; media supernatants were used for the IFN cytopathic effect assay and cell lysates for
luciferase activity. Exogenous corepressors had little effect on IFNA1 promoter activity in
the absence of IRF5; however, in the presence of IRF5, all three repressors suppressed
IRF5-mediated transactivation in the absence of virus infection (Fig. 2A). In virus-infected
cells, SMRT and Sin3a alone had little effect on IRF5-mediated IFNA1 reporter activity
whereas HDAC1 enhanced transactivation. When SMRT, Sin3a, and HDAC1 were
cotransfected together with the IFNA1 reporter, activity was completely abolished in IRF5-
expressing cells only, and this was independent of virus infection. Similar data were
obtained when examining levels of endogenous, biologically active type I IFNs in the
supernatants of 2fTGH/IRF5-expressing cells (Fig. 2A).

We next examined by coimmunoprecipitation whether IRF5 V3/ V4 could interact with any
of these endogenous corepressor proteins. 2fTGH cell lines were left uninfected or infected
with NDV for 6 h, endogenous proteins were immunoprecipitated with the indicated Abs,
and interaction with ectopic IRF5 was determined by immunoblot with M2 Flag Abs.
Surprisingly, interaction with NCoR, SMRT, and Sin3a occurred primarily in uninfected cell
lysates (Fig. 2B); interaction with HDAC1 was observed in both uninfected and virus-
infected cells. Similar results were obtained in THP-1 monocytic leukemia cells (data not
shown) that express high levels of endogenous IRF5 (19, 25).

Virus triggers interaction of IRF5 with HATs
It is known that phosphorylated IRF3 forms a strong association with HATs CBP and p300
that facilitates its retention in the nucleus and transcriptional activation of type I IFNs along
with other target genes (33, 34–38). To determine whether IRF5 V3/V4 could interact with
HATs and whether this interaction would contribute to IRF5-mediated transcriptional
activities in response to virus infection, we performed coimmunoprecipitation and promoter
reporter assays (Fig. 3). Endogenous CBP and p300 were immunoprecipiated from
uninfected and virus-infected 2fTGH cells transfected with empty vector control or Flag-
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tagged IRF5 and associated proteins identified by immunoblot with anti-Flag Ab (Fig. 3A,
top panels). To examine interaction of IRF5 with another HAT, PCAF, shown to interact
with IRF7 (39), we transiently transfected Flag-PCAF and myc-IRF5 to 2fTGH cells and
performed reciprocal immunoprecipitations before and after virus infection (Fig. 3A, bottom
panels). The results clearly indicate that all three HATs are capable of interacting with IRF5
only after virus infection.

To determine whether these interactions conferred transcriptional activity to the complex,
we examined IFNA1 and ISRE promoter reporter activity after transient cotransfection.
Similar to data in Fig. 1A, transactivation of the IFNA1 promoter reporter by IRF5 V3/V4
occurred in both uninfected and virus-infected cells; cotransfection of V3/V4 with CBP or
p300 gave significant increases in IFNA1 reporter activity (Fig. 3B). Somewhat surprising,
coexpression with PCAF gave no significant change in reporter activity. This was not due to
differences in expression as CBP, p300, and PCAF protein levels appeared equivalent by
immunoblot analysis (data not shown). Similar effects were observed using an ISRE-
containing promoter reporter (Fig. 3C), indicating that IRF5 V3/V4 and CBP/p300 form a
functional coactivator complex on the IFNA1 and ISRE promoters.

Given that interaction of IRF5 with p300, CBP, or PCAF occurred in virus-infected cells
only (Fig. 3A) suggests that similar to IRF3, phosphorylation of IRF5 may be a prerequisite
for association. To examine this further, Abs recognizing phosphorylated serine residues
Ser427 and Ser430 of the IRF5 V3/V4 polypeptide were used for immunoprecipitation, and
p300 association was detected by immunoblot. These two residues were previously shown to
be critical sites for NDV-induced IRF5 activation (19, 20); Sendai virus was used as a
negative control as it does not induce IRF5 phosphorylation/activation. IRF5 phospho-
specific Abs immunoprecipitated endogenous p300 from NDV- but not SeV-infected or
uninfected cells (Fig. 3D). These data are in agreement with previous findings of IRF5 V3/
V4 virus-specific activation (19, 20) and indicate that only phosphorylated IRF5 interacts
with p300.

HDAC corepressor proteins and HATs interact with distinct regions of IRF5
All IRF proteins share similar domain structures (i.e., a homologous DNA-binding in the N
terminus and a nonhomologous IRF association domain [IAD] somewhere in the C
terminus) (35, 40). Crystal structure data have revealed that CBP interacts with the IRF3
IAD (41). To determine the domain structure on IRF5 that HDAC corepressor proteins or
HATs bind to, we performed the GST pulldown assay using N-terminal or C-terminal
fragments of IRF5 bound to sepharose-linked GST. Overexpressed proteins pulled down by
GST alone, GST-5N (amino), or GST-5C (carboxyl) were detected by immunoblot with the
indicated Abs (Fig. 4A). Data clearly show a distinct binding pattern where co-repressor
proteins associated primarily with the DNA binding domain of IRF5, whereas HATs CBP
and p300 associated with the IAD. To confirm this exogenous data, we analyzed interaction
of the endogenous proteins with gfp-tagged IRF5N or 5C after transient transfection to
2fTGH cells; cells expressing empty vector gfp were used as a negative control (Fig. 4B).
2fTGH cells were left uninfected or infected with NDV for 6 h, and endogenous proteins
were immunoprecipitated from whole cell lysates. Associated proteins were identified by
immunoblot with anti-GFP Ab. Similar results as those shown for the GST pulldown were
obtained.

HATs p300 and CBP acetylate IRF5 in vivo
Family members IRF1 and IRF2 were shown to be acetylated by p300 and PCAF (42),
whereas IRF7 was acetylated by PCAF and GCN5 (39). We tested whether IRF5 V3/V4
could be similarly acetylated by exogenous HATs in 2fTGH cells. Cell lysates were
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immunoprecipitated with anti-acetylated lysine Abs or those specific for IRF5, and the level
of IRF5 acetylation determined by immunoblot analysis with the reciprocal Ab. We
examined whether IRF5 could be acetylated in response to NDV infection as compared with
overexpression with individual HATs. In both immunoprecipitation experiments, low levels
of constitutive basal IRF5 acetylation were observed in uninfected cells, yet acetylation was
greatly enhanced (>4-fold) by infection with NDV (Fig. 5A). Slight differences were
observed in the ability of PCAF to acetylate Flag-tagged IRF5 between immunoprecipitation
experiments, yet both methods gave high levels of IRF5 acetylation after cotransfection with
CBP or p300. All three HAT proteins were expressed and were active in that they were able
to acetylate endogenous substrates in vivo in transfected cells (data not shown).

Similar to experiments performed in Fig. 4B, we used the identical GFP–IRF5 fusion
constructs to gain preliminary insight into where on the IRF5 V3/V4 polypeptide HAT-
associated acetylation occurs. For these studies, 2fTGH cells were transiently transfected
with the indicated GFP-tagged fusion constructs and left uninfected or infected with NDV
for 6 h. As shown in Fig. 5B, IRF5 acetylation occurred primarily in the C terminus of IRF5,
yet low levels of acetylation were also detected in the N-terminal DNA binding domain after
virus infection. As a positive control, blots were stripped and reprobed with anti-IRF3 Ab,
revealing virus-induced acetylation of endogenous IRF3. These data are in agreement with
previously published reports (32, 34, 43). We next examined the effect of TSA on basally
acetylated IRF5. As expected, TSA increased the levels of IRF5 V3/V4 acetylation (Fig.
5C). Furthermore, overexpression of HDAC1 in NDV-infected 2fTGH/IRF5-expressing
cells led to a significant decrease in acetylated IRF5 levels (data not shown), indicating that
IRF5 is subjected to reversible acetylation.

Characterization of IRF5 binding to endogenous IFNA promoters
We have previously shown that ectopic IRF5 V3/V4 binds to exogenous and endogenous
IFNA promoters in both uninfected and virus-infected cells (19, 20). In this study, we
confirmed these findings by ChIP assay after immunoprecipitation of endogenous IRF5
from THP-1 cells, shown in Fig. 1C. THP-1 cells express high levels of IRF5 consisting
primarily of the isoforms encoded by V1, V3, and V4 (25 and data not shown). We repeated
this in vivo ChIP assay multiple times to analyze specific cofactors that might be involved in
IRF5-mediated transcriptional repression and/or activation of the endogenous IFNA
promoters. We analyzed recruitment of coactivator proteins CBP and p300, along with
corepressor proteins HDAC1, SMRT/N-CoR, and Sin3a in both uninfected and virus-
infected cells; at the same time, acetylation of histone H3 was determined as a marker of
IFNA promoter activation (44, 45).

THP-1 cells were left uninfected or infected with NDV for 3 h, cells were cross-linked, and
lysates isolated for the indicated immunoprecipitations (Fig. 6A). As shown previously, the
ability of Abs specific for IRF5 to recover IFNA promoter sequences was greatly enhanced
by viral infection, demonstrating that IRF5, although bound to these promoters in uninfected
cells, is further recruited in response to virus infection. Similarly, p300 and CBP were
recruited to the IFNA promoters in response to virus infection with a concomitant increase in
acetylated histone H3. Low levels of endogenous HDAC1 were also detected as bound to
the promoters in virus-infected cells, supporting data from our promoter reporter assays
(Fig. 1) and coimmunoprecipitations (Fig. 2); however, significantly more HDAC1 was
detected as bound to the promoters in uninfected cells. Along with HDAC1, we detected
corepressor proteins SMRT/N-CoR, Sin3a, and IRF5 at the IFNA promoters. Similar data
were obtained in 2fTGH cells generated to stably overexpress IRF5 V3/V4 (data not
shown).
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To further examine mechanisms that may contribute to the observed exchange of
corepressor proteins for coactivator proteins at the IFNA promoters in uninfected and virus-
infected cells, we analyzed the cellular localization of SMRT. Numerous signaling pathways
regulate transcription by converging on SMRT/NCoR corepressor complexes to eliminate
HDAC activities through a process called derepression (46). Derepression is associated with
phosphorylation and nuclear export of corepressor complexes. This has been shown to apply
to SMRT after the overexpression of several serine/threonine kinases (47). To analyze
SMRT localization under the context of virus infection, cytoplasmic and nuclear extracts
were isolated from uninfected and virus-infected THP-1 cells after 4 h incubation and 20 μg
protein was resolved by SDS-PAGE. Data in Fig. 6B demonstrate that SMRT is localized in
the nucleus of uninfected cells; this finding is in agreement with previous reports (47, 48).
However, in response to NDV infection, SMRT was exported from the nucleus to the
cytoplasm. Localization of HDAC1 was also examined and was detected in both the
cytoplasm and nucleus of uninfected and virus-infected cells, whereas Sp1, a control for the
integrity of our purified extracts, resided in the nucleus of both uninfected and virus-infected
cells. These data suggest that virus triggers not only IRF5 phosphorylation and translocation
to the nucleus, but also the export of SMRT from the nucleus to the cytoplasm, both of
which would be expected to contribute to the conversion of an IRF5-mediated silencing
complex to that of an activating complex on promoters of target genes.

Discussion
IRF5 is a transcription factor that plays a crucial role in mediating both virus- and TLR-
induced type I IFN and proinflammatory cytokine expression (19–24). Numerous genetic
association studies have implicated IRF5 in the pathogenesis of a variety of autoimmune
diseases, such as systemic lupus erythematosus (SLE), due to IRF5 polymorphisms that
were found to be associated with disease susceptibility (reviewed in Refs. 49, 50). We
recently demonstrated that IRF5 expression is significantly elevated in SLE patients
compared with healthy donors and that upregulation of both IRF5 transcript and protein
levels was associated with an SLE risk haplotype (51). Current data indicate that single
nucleotide polymorphisms in the IRF5 gene may define isoform expression; for instance, the
risk alleles of single nucleotide polymorphism rs10488631 were highly associated with
elevated expression of IRF5 from noncoding exon 1c corresponding to IRF5 V3 (51).
Support has been building around the hypothesis that polymorphisms in the IRF5 gene alter
expression, regulation, and function of specific IRF5 isoforms, ultimately contributing to the
dysregulation of proinflammatory cytokines, such as IFN-α, IL-6, and TNF-α, detected in
the serum of SLE patients (51–53).

The ongoing type I IFN production in SLE is thought to be induced by nucleic acid
containing immune complexes internalized by plasmacytoid dendritic cells via the FcγRIIa,
followed by engagement of endosomal TLR7 or 9 (54, 55). A number of recent studies have
provided significant evidence supporting a role for TLR7 and 9 in SLE pathology (reviewed
in Refs. 56, 57). Given that TLR7/8 sense single-stranded RNA from viruses, such as NDV,
and TLR9 senses unmethylated CpG motifs in viral and bacterial DNA, data presented in
this study suggest similar mechanisms regulating IRF5 transcriptional activity in response to
virus or TLR signaling. Indeed, IRF5 interacts with CBP after stimulation of THP-1 cells
with R848 or CpG-B (Supplemental Fig. 1A), and TSA inhibits CpG-induced IRF5-
mediated IL6 and ISRE promoter transactivation (Supplemental Fig. 1B–D).

Because HDAC inhibition has recently been shown to reduce inflammation in models of
autoimmune and inflammatory diseases (58–63), including murine models of SLE, we
sought to examine the molecular mechanism(s) by which IRF5 regulates proinflammatory
cytokines associated with SLE. In most of these models, inhibition of HDACs was
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associated with a decrease in cytokines and disease severity. The treatment of lupus-prone
mice with TSA reduced proteinuria, the infiltration of destructive inflammatory cells into the
glomerulus, and spleen weight (59). The clinical benefit of TSA in these mice was
associated with decreases in IL-12, IFN-γ, and IL-6. Because specific blockade of cytokines
such as TNF-α, IL-1β, IL-6, or IL-12 is effective in diseases such as rheumatoid arthritis
(61), SLE (59), Crohn’s disease (64), and psoriasis (65), novel therapeutic strategies to
target these cytokines are an expanding field of research and clinical application. Reducing
the production and activity of more than one cytokine may be an advantage because disease-
associated cytokines often act synergistically. The present work expands the finding that
HDACi reduce cytokine production, particularly cytokines relevant to autoimmune/
inflammatory diseases, and lends significant insight into the mechanism(s) by which IRF5
regulates some of these cytokines.

Our study focused on the identical isoform encoded by IRF5 V3/V4 cDNAs because it was
previously shown to be the most potent inducer of virus-mediated type I IFN expression (25)
and was significantly upregulated in SLE patients with the risk haplotype (51). We began
with the use of transient promoter reporter assays to determine whether IRF5 was a direct
mediator of IL-6 and TNF-α expression, both of which were recently shown to be dependent
on IRF5 (23). Results clearly demonstrated that IRF5 could transactivate all examined
promoter reporter constructs, to different degrees, in both uninfected and virus-infected
cells; virus infection gave a significant increase in promoter activity that was mediated by
IRF5. Binding of IRF5 on the endogenous promoters in THP-1 cells was observed (Fig. 1C,
bottom panel), and binding of IRF5 with CBP on the endogenous promoters was confirmed
in primary human monocytes (Supplemental Fig. 2). Transactivation of the ISRE, IFNA1,
and IL6 promoter reporters by IRF5 in response to virus (Fig. 1C) or TLR signaling
(Supplemental Fig. 1B–D) was significantly inhibited by TSA, suggesting that HDACs
might be involved in IRF5-mediated transcriptional regulation of these genes. The exact role
of HDACs in TNFA expression are a bit controversial in the literature because differing
results have been obtained depending on the HDACi used, periods of incubation, and
whether the study was performed in vitro or in vivo. For instance, similar to our findings
(Fig. 1B), HDAC inhibition has been shown to upregulate TNFA expression in vitro,
whereas the opposite effect was observed in vivo (15, 16). It has previously been reported
that IL-6 is negatively regulated by HDACi (15). The antithetic effect of TSA on IL6 and
TNFA promoters is not known, but may in part be due to differential binding of HDAC1 to
these promoters rather than differential binding of IRF5 or HATs (Supplemental Fig. 3).
TSA works by inhibiting HDAC activity and histone acetylation plays a critical role in the
regulation of TNF-α expression (66). By overexpression of a class I HDAC, HDAC1,
previously shown to augment the IFN-α response (12) in a similar manner to that observed
in this study for the ISRE, IFNA1, IL6and promoter reporters, we provide clear support for a
role of HDAC1 in IRF5-mediated gene regulation. Whether other class I HDACs have
similar effects as HDAC1 is not currently known but under investigation; however, the class
II HDAC, HDAC5, had no effect on IRF5-mediated transactivation of these promoters.

We have always been intrigued by the fact that we could detect binding of ectopic IRF5 and
not IRF3 or IRF7 to the promoters of IFNA genes in uninfected cells (19, 33), suggesting
that IRF5 may play a unique role in gene repression. It was not until we confirmed this
finding by the in vivo ChIP assay in THP-1 cells (Figs. 1C, bottom panel, 6A) that we were
confident that our earlier observations were not simply due to overexpression of IRF5. To
examine potential repressor functions of IRF5, we co-expressed it with other corepressor
proteins SMRT/N-CoR, Sin3a, and HDAC1 and found that in the presence of all three,
IRF5-mediated transactivation of the IFNA1 promoter was completely abolished, along with
the synthesis of biologically active type I IFNs. Important to point out, constitutive binding
of IRF5 to the endogenous IFNA promoters does not occur in every cell type and is likely
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dependent on the levels of IRF5 expressed and possibly the isoform expressed; we have only
ever observed this phenomenon in cells that express high levels of IRF5 V3/V4 (data not
shown). Coimmunoprecipitation experiments confirmed that IRF5 interacts with corepressor
proteins in uninfected cells. However, binding to HDAC1 was also observed after virus
infection, supporting a role for HDAC1 and IRF5 in the positive regulation of target genes
as well as negative regulation. Data from coimmunoprecipitation experiments of IRF5 with
HATs (Fig. 3, Supplemental Fig. 1A) further elucidated this mechanism whereby IRF5 can
mediate corepressor versus coactivator functions. Based on our earlier data demonstrating
virus-induced IRF5 phosphorylation (19, 20) along with recent crystallographic data on
dimeric IRF5 (67), we postulate that virus triggers structural modifications in the IRF5
protein (e.g., phosphorylation and acetylation) that releases it from corepressor proteins and
enhances its ability to interact with coactivator proteins (Fig. 6C). Similar results were found
for IRF3 (32, 34, 40). Indeed, IRF5 cooperated with CBP/p300 to further transactivate target
promoter reporters (Fig. 3B, 3C) and could be detected as bound to endogenous IL6 and
TNFA promoters with IRF5 in response to virus infection (Fig. 6A, Supplemental Fig. 2).

GST pulldown assays in combination with coimmunoprecipitation experiments revealed that
corepressor proteins primarily interacted with the N-terminal DNA binding domain of IRF5,
whereas coactivator proteins, CBP and p300, interacted with the C terminus (Fig. 4). This
was not so surprising because CBP is known to interact with the C terminus of IRF3 (40).
The fact that each group of proteins interacted with distinct regions of the IRF5 polypeptide
lends some insight into how HDAC1 might be able to interact with IRF5 in both uninfected
and virus-infected cells without inhibiting an interaction with the HATs after virus infection.
We also identified that interaction of IRF5 with the HATs was not a static event in that IRF5
acetylation was observed in response to NDV or overexpression of specific HATs. This is a
newly identified posttranslational event for IRF5, now indicating that virus induces both the
phosphorylation and acetylation of IRF5. Recently, IRF5 was also shown to be ubiquitinated
by TNFR-associated factor 6, enhancing its IFNA promoter inducing activity (68). Although
acetylation has been shown to occur at a conserved lysine residue in the N-terminal DNA
binding domain of IRF1, -2, and -7 (39, 42), acetylation of IRF5 appears to be more global
because it was detected in both the N and C terminus (Fig. 5B). A detailed analysis of IRF5
acetylation has yet to be performed because IRF5 V3 contains 55 lysine residues.

Recent genetic and biochemical studies have revealed that HDACs and HATs do not act
independently and that their activities in some cases may be linked to one another, along
with their sharing common space in the nucleus and coprecipitating with each other (69, 70).
The mechanism(s) regulating transcriptional repressor or activator activity for HDACs is not
known but likely involves posttranslational modifications. HDACs can be post-
translationally modified through phosphorylation (71, 72), ubiquitination (73), and
sumoylation (74) and have been known to associate with proteins that modulate its
deacetylase activity and recruitment to genomic regions. Data presented in this study support
a complex role for both HDAC1 and IRF5 in mediating the transcriptional induction of
proinflammatory cytokines implicated in autoimmune diseases such as SLE.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

AC acetylated histones

C cytoplasmic

CBP CREB-binding protein

ChIP chromatin immunoprecipitation

HAT histone acetyl-transferase

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

HF human fibroblast

IAD IFN regulatory factor association domain

IRF IFN regulatory factor

IRF-E IFN regulatory factor element

ISRE IFN-stimulated response element

N nuclear

NCoR nuclear receptor corepressor

NDV Newcastle disease virus

P IRF5 phosphorylation

PCAF p300/CREB-binding protein-associated factor

SAP secreted alkaline phosphatase

SLE systemic lupus erythematosus

SMRT silencing mediator for retinoid or thyroid-hormone receptor

TSA trichostatin A

V variant
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FIGURE 1.
TSA selectively impairs IRF5-mediated proinflammatory cytokine expression. A, 2fTGH or
2fTGH/IRF5 V3/V4 stable expressing cells were transiently transfected with ISRE, IFNA1,
IL6, or TNFA luciferase promoter reporters and left uninfected or infected with NDV. Fold
relative activity is shown compared with untreated controls after normalization to protein
and thymidine Renilla-luciferase activity. Results are representative of at least three
independent experiments run in triplicate. B, Same as in A except cells were also treated
with TSA. C, Levels of endogenous IFNA, IL6, and TNFA transcripts were detected by
semiquantitative PCR in 2fTGH/IRF5-expressing cells left uninfected (0 h) or infected with
NDV (6 h) in the presence or absence of TSA. Levels of β-actin are shown as a loading
control and for RNA integrity. Results from the endogenous ChIP assay in THP-1 cells left
uninfected (0 h) or infected with NDV over the indicated time course are shown in the
bottom panels. Cell lysates were immunoprecipitated with anti-IRF5 Abs and bound DNA
amplified with primers recognizing PRD/ISRE/IRF-E regions in each promoter. Results are
representative of three independent experiments. D, Same as in A except increasing levels of
HDAC1 were cotransfected with the indicated promoters to 2fTGH cells. *p < 0.05
compared with IRF5 expressing (2f/5) uninfected (cont) cells.
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FIGURE 2.
IRF5 interacts with corepressor proteins to repress IFNA/IFN-α expression. A, 2fTGH and
2fTGH/IRF5 V3/V4-expressing cells were cotransfected with an IFNA1 luciferase reporter
and equal amounts of individual corepressor proteins (HDAC1, SMRT, and Sin3a) or the
combination of HDAC1, SMRT, and Sin3a. Cells were left uninfected or infected with virus
for 16 h and relative luciferase activity determined after normalization to protein and
thymidine Renilla-luciferase activity. Supernatants were assayed for endogenous
biologically active type I IFNs by the cytopathic effect assay in HF cells. Levels of
synthesized type I IFNs are shown as units/ml. B, Coimmunoprecipitations were performed
in 2fTGH and 2fTGH/IRF5 expressing cells left uninfected or infected with NDV for 6 h.
Endogenous proteins were immunoprecipitated as indicated and bound IRF5 detected with
anti-Flag Abs. Levels of proteins expressed are shown in the bottom panels. Results are
representative of three independent experiments. *p < 0.05 compared with 2fTGH/IRF5
cells lacking corepressors.
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FIGURE 3.
Virus triggers interaction of IRF5 with HAT proteins. A, Coimmunoprecipitations were
performed in 2fTGH- or 2fTGH/IRF5-expressing cells left uninfected or infected with NDV
for 6 h. In the top panels, endogenous proteins were immunoprecipitated as indicated and
bound IRF5 detected with anti-Flag Abs. In the bottom panels, Flag-tagged PCAF and myc-
tagged IRF5 were transiently transfected to 2fTGH cells and infected as described above.
Reciprocal immunoprecipitations were performed as indicated. Levels of proteins expressed
are shown. Results are representative of three independent experiments. B, 2fTGH and
2fTGH/IRF5 V3/V4-expressing cells were cotransfected with an IFNA1 SAP promoter
reporter and equal amounts of the indicated HATs. Cells were left uninfected or infected
with NDV for 16 h. Relative SAP activity was determined after normalization to protein and
β-galactosidase. Experiments were performed in triplicate and repeated three times. C, Same
as in B except transactivation of the ISRE luciferase reporter was determined. D, 2fTGH/
IRF5-expressing cells were left uninfected or infected with the indicated virus for 6 h and
immunoprecipitated with Abs recognizing phosphorylated Ser427 and Ser430 of V3/V4.
Interaction of IRF5 with p300 was determined with anti-p300 Abs. Results are
representative of three independent experiments. *p < 0.05 compared with 2f/IRF5 NDV-
infected cells lacking HATs.
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FIGURE 4.
HDAC corepressor proteins and HATs interact with distinct regions of IRF5. A, Interaction
of ectopically expressed HDAC corepressor proteins or HATs with IRF5 was determined by
the GST pulldown assay. 2fTGH cells were transiently transfected with the indicated
expression plasmids and whole cell lysates applied to GST or GST-IRF5 Sepharose beads
containing the N terminus (5 N) or the C terminus of IRF5 V3 (5C). Bound proteins were
resolved by SDS-PAGE and detected with Abs recognizing Sin3a, SMRT, HDAC1, CBP, or
p300. Levels of each GST fusion protein are shown after staining with Coomassie blue.
Results are representative of three independent experiments. B, 2fTGH cells were transiently
transfected with gfp vector control plasmid, gfp-IRF5N, or gfp-IRF5C and left uninfected or
infected with NDV for 6 h. Immunoprecipitations were performed with Abs recognizing the
indicated endogenous proteins and bound gfp-IRF5 was detected with anti-gfp Abs. Levels
of ectopically expressed gfp fusion proteins are shown at the bottom. Results are
representative of three independent experiments.
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FIGURE 5.
IRF5 is acetylated in vivo after NDV infection or coexpression with HATs. A, 2fTGH/IRF5-
expressing cells were left uninfected, infected with NDV, or transiently transfected with
PCAF, CBP, or p300 expression plasmids. Whole cell lysates were immunoprecipitated with
either anti-acetyl lysine Abs or IRF5 Abs and acetylated IRF5 detected with the reciprocal
Ab. Levels of transfected proteins are shown at the bottom. Results are representative of
three independent experiments. B, NDV-induced acetylation of IRF5 occurs in both the
amino- and C terminus. gfp-IRF5 fusion proteins were transiently transfected to 2fTGH cells
and left uninfected or infected with NDV. Similar to A, whole cell lysates were
immunoprecipitated with anti-acetyl lysine Abs and acetylated IRF5 detected with anti-gfp
Abs. The same membrane was stripped and reprobed with anti-IRF3 Abs. Results are
representative of three independent experiments. C, Treatment with TSA increases basal
IRF5 acetylation. 2fTGH and 2fTGH/IRF5 expressing cells were left untreated or treated
with TSA, immunoprecipitated with antiacetyl lysine Abs, and acetylated IRF5 detected
with anti-IRF5. Results are representative of three independent experiments.
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FIGURE 6.
Alterations in IRF5-mediated IFNA promoter regulation are dependent on virus. A, In vivo
binding of IRF5 in THP-1 cells was determined by the ChIP assay. THP-1 cells were left
uninfected or infected with NDV for 3 h. DNA recovered from ChIP after
immunoprecipitation with the indicated Abs was amplified using universal primers specific
for all endogenous IFNA gene promoters. Input corresponds to the amplified IFNA promoter
region from DNA-protein complexes before immunoprecipitation; IgG controls are shown
for IRF5 Ab specificity. Results are representative of three independent experiments. B,
Cellular localization of endogenous SMRT was determined by cytoplasmic (C)/nuclear (N)
extraction from THP-1 cells left uninfected or infected with NDV for 3 h. Localization of
SMRT, HDAC1, and Sp1 were determined by immunoblot with Abs specific for each. C,
Schematic representation of how IRF5 switches from a silencing to an activating complex in
cells expressing high levels of IRF5. In uninfected cells, the IFNA promoter is silenced by
chromatin remodeling through the binding of a corepressor complex comprising of HDAC1,
Sin3a, and SMRT to the N terminus of IRF5 V3; histones are deacetylated. Virus infection
triggers a change not only in the IRF5 polypeptide leading to enhanced nuclear localization,
but it also signals the export of SMRT out of the nucleus to the cytoplasm, resulting in the
association of IRF5 with coactivator proteins p300/CBP and acetylation of histones resulting
in gene transcription. AC, acetylated histones; P, IRF5 phosphorylation.
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