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Interferon-stimulated transcription and innate
antiviral immunity require deacetylase activity

and histone deacetylase 1
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The use of histone deacetylase (HDAC) inhibitors has revealed an
essential role for deacetylation in transcription of IFN-responsive
genes. The HDAC1 protein associates with both signal transducer
and activator of transcription (STAT) 1 and STAT2, and IFN-«
stimulation induces deacetylation of histone H4. Inhibition of
HDAC1 by small interfering RNA (siRNA) decreases IFN-« respon-
siveness whereas expression of HDAC1 augments the IFN-« re-
sponse, demonstrating that HDAC1 modulates IFN-a-induced tran-
scription. Importantly, the innate antiviral response is inhibited in
the absence of deacetylase activity. The requirement for deacety-
lase is shared by IFN-y transcription response and may represent a
general requirement for STAT-dependent gene expression.

eversible posttranslational modifications and the enzymes

that catalyze their attachment to and removal from protein
targets are essential for the precise regulation of diverse cellular
responses including signal transduction and gene regulation.
Recent advances in the study of gene expression have revealed
numerous posttranslational modifications to histone N termini.
Acetylation, in particular, is regulated by the opposing actions of
histone acetyl transferase (HAT) enzymes and histone deacety-
lase (HDAC) enzymes, and patterns of acetylated histone res-
idues contribute to the chromatin code hypothesis for epigenetic
regulation of gene expression (1-3). This hypothesis is supported
by numerous reports of HAT or HDAC recruitment to promot-
ers by interactions with promoter-specific transcriptional acti-
vators, and evidence indicates that the modified histone tails
serve as docking sites for chromatin remodeling complexes and
other transcriptional coactivators. A common view has emerged
associating the recruitment of HAT activity with transcriptional
activation, and HDAC activity with transcriptional repression
(4). Several examples of elevated basal mRNA accumulation in
the presence of HDAC inhibitors support this idea. However, a
more global analysis of gene expression in leukemia cell lines
estimates that at least 9% of the genome may be regulated by
trichostatin A (TSA), with equal numbers of tested genes
activated or suppressed (5). These data suggest that more
specific patterns of acetylation and deacetylation may be re-
quired to comprise an interpretable epigenetic code for any
individual gene or expression system.

For most cytokines, receptor binding triggers an intracellular
signaling cascade involving one or more signal transducer and
activator of transcription (STAT) proteins, producing active
transcription factors that specify mRNA induction profiles (6).
Prototypical STAT-signaling pathways in the IFN cytokine
systems regulate both the cellular innate antiviral response and
adaptive immune responses (7, 8). Binding of IFN-«/B to cell
surface receptors leads to the tyrosine phosphorylation of
cytoplasmic STAT1 and STAT?2, which in combination with IFN
regulatory factor 9 (IRF9), assemble into a heterotrimeric
complex, the IFN-a/B-stimulated gene factor 3 (ISGF3; re-
viewed in refs. 9-13). ISGF3 rapidly enters the nucleus, binds to
conserved IFN-stimulated response element (ISRE) sequences
on the promoters of IFN-a/B-stimulated genes (ISG) and in-
creases their transcription rates. The C-terminal STAT1 tran-
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scriptional activation domain (TAD) is dispensable for most
ISGF3 transcriptional activity (14), and IRF9 contributes DNA-
binding specificity but is transcriptionally inert in the absence of
STAT proteins (15, 16). Instead, the STAT2 C terminus provides
a potent and essential TAD for ISGF3, providing contact
surfaces for coactivator recruitment (17). STAT2 interacts with
the cCAMP response element binding protein (CREB)-binding
protein (CBP)/p300 HAT proteins (18-20) and a GCN5/
TAF1130-containing (TAF = TATA-binding protein (TBP)-
associated factor) HAT complex associated with localized tran-
sient histone H3 acetylation (21). For some but not all target
promoters, STAT2 can also bind the Brahma-related gene
(BRG) 1 subunit of the SWI-SNF chromatin remodeling com-
plex (22). In addition, STAT?2 recruits the metazoan Mediator
complex through essential contacts with the vitamin D receptor-
interacting protein (DRIP) 150/thyroid hormone receptor-
associated protein (TRAP) 170 subunit (23).

Here, the requirement for deacetylase activity in IFN-a-
inducible gene regulation was investigated. Inhibition of HDAC
activity suppresses IFN-« transcriptional responses and prevents
the IFN-a-induced innate antiviral response although no intrin-
sic defect in STAT protein tyrosine phosphorylation, ISGF3
oligomerization, nuclear transport, or DNA binding were ob-
served. Results indicate that IFN-« stimulation induces local
histone H4 deacetylation and that the deacetylase protein
HDACT associates with both STAT1 and STAT?2. Furthermore,
specific reduction of HDAC1 by RNA interference inhibits
IFN-a-induced transcription whereas HDACI1 expression en-
hances IFN-a-induced transcription. These findings indicate a
fundamental role for deacetylase activity and HDACI in tran-
scriptional activation in response to IFN-a/B, a requirement
shared with IFN-vy signaling through STAT1 homodimers.

Experimental Procedures

Cell Culture, Cytokine and Drug Treatments, and Transfection. Hu-
man 2fTGH, 293T, and HeLa (S3) cells were maintained in
DMEM supplemented with 10% cosmic calf serum (HyClone),
except the RNA interference assay and the cytopathic effect
assay, where DMEM containing 10% FBS or 2% cosmic calf
serum was used, respectively. Transfection of 2fTGH cells was
carried out by using SuperFect reagent (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Treatment of cells
with IFN was performed as indicated by using 1,000 units of
IFN-« per ml or 5 ng of IFN-y per ml. Trichostatin A (TSA,
Upstate Biotechnology, Lake Placid, NY) was added at 400
ng/ml simultaneously with IFN as indicated, with the exception
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of Fig. 2D, where TSA was added to cells 1 h before harvesting,
together with or followed by IFN-« for the indicated times.
Sodium butyrate (NaB, Upstate Biotechnology) was added
simultaneously with IFN at the final concentration of 5 mM.

Plasmids and Reporter Gene Assays. Luciferase assays were carried
out according to the manufacturer’s instructions (Promega) by
cotransfecting cDNA expression plasmids, reporter gene, and
either pCMV-LacZ or Renilla luciferase (Dual-Luciferase Re-
porter Assay) to normalize for transfection efficiency. For IFN-y
responses, the reporter gene contained four copies of the
M67-SIE linked to a TATA box and the firefly luciferase ORF
(gift of J. Darnell and D. Besser, The Rockefeller University).
The IFN-a/p responsive reporter gene contained five copies of
the ISG54 ISRE element upstream of the TATA box and the
firefly luciferase ORF. Cells were treated with IFN and TSA 24 h
after transfection as indicated, except in Fig. 1D, where treat-
ment began 18 h after transfection. FLAG-tagged HDACI, -4,
and -5 expression plasmids were a generous gift of S. L. Schreiber
(Harvard University). IRF9 and IRF9-STAT?2 plasmids have
been described (15). Short treatment times for experiments in
Fig. 3 (3 h) were chosen to maximize the effect of exogenously
expressed HDACI before reporter gene accumulation reached
its maximum. For all luciferase assays, data represent the mean
+ SD of triplicate samples. For some figures, a student ¢ test was
used to determine significance.

Immunoprecipitations and Protein Assays. Polyclonal antisera to
STAT1 (E23 and C-24), STAT2 (C-20), and HDACI1 (H-51)
were obtained from Santa Cruz Biotechnology, and M2-FLAG
antibodies were obtained from Sigma. These were all used
according to the manufacturer’s instructions. To immunopre-
cipitate FLAG epitope-tagged proteins, total extracts were
prepared with whole-cell extract buffer [S0 mM Tris (pH 8.0)/
280 mM NaCl/0.5% IGEPAL/0.2 nM EDTA/2 mM EGTA/
10% glycerol/1 mM DTT] supplemented with a protease inhib-
itor mixture (Complete; Roche). Lysates were treated with
1pg/ml DNase I (Sigma) in the presence of 1 mM DTT and 5
mM MgCI2 for 2 h followed by treatment with 50 wg/ml
ethidium bromide for 1 h. Lysates were then incubated with
M2-FLAG affinity agarose bead slurry overnight. After washing
the beads with whole-cell extract buffer, immune complexes
were eluted with 0.2 mg/ml FLAG tripeptide in protein elution
buffer, PEB300 [20 mM Tris (pH 7.5)/300 mM NaCl/0.2 mM
EDTA/0.1% Nonidet P-40/15% glycerol] for 2 h. Eluates were
denatured in SDS loading buffer and separated by SDS/PAGE;
Western blots were performed and chemiluminescent detection
was carried out according to the manufacturer’s protocol (NEN
Renaissance). For endogenous coimmunoprecipitation assays,
cellular lysates were treated with DNase I as above, and incu-
bated with STAT?2 antisera or rabbit anti-mouse IgG (DAKO)
overnight. Western blots were performed by using HDACI1
antisera.

RNA Analysis. Total RNA was prepared by using TRIzol reagent
(Invitrogen), digested with DNase I, and subjected to reverse
transcriptase with SuperScript II RNase H-reverse transcrip-
tase (Invitrogen) and PCR analysis. A mock reaction was
carried out with no reverse transcriptase added (-RT). One-
tenth of the resulting cDNA product was used as template for
25 cycles of PCR in the presence of [a-*’P]dATP (Perkin-
Elmer Life Sciences) using specific primers as indicated. As a
control for genomic DNA contamination, PCR was carried
out with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers by using the mock (-RT) reaction products as tem-
plates. After gel electrophoresis, products were detected by
ethidium bromide staining or autoradiography, and quantified
by phosphorimaging.

Nusinzon and Horvath

Primer sequences used were as follows: ISG54T, 5'-
AATGCCATTTCACCTGGAACTTG-3'; ISG54B, 5'-GT-
GATAGTAGACCCAGGCATAGT-3; 2'5'0OAST, 5'-AGGCA-
GAAAGGGATTTTATC-3"; 2'5'0ASB, 5'-TAACCTAGGT-
CTCGACTCCA-3"; IFITM3T, 5'-ATGAGTCACACTGTC-
CAAAC-3'; IFITMB, 5'-AACAGGGACCAGACGACA-3';
9-27T, 5'-CATCCTTCCAAGGTCCAC-3'; 9-27B, 5'-ATGT-
TCAGGCACTTGGCG-3'; IFI27T, 5'-TCACCTCATCAG-
CAGTGAC-3'; IFI27B, 5'-GACATCATCTTGGCTGCTA-3';
6-16T, 5'-AACCTCTTCTTCCTTCTTGG-3'; 6-16B, 5'-
TACTTGGGAGGTTGAGACAG-3'; GAPDHT, 5'-CCCT-
TCATTGACCTCAACT-3'; GAPDHB, 5'-GACGCCAGTG-
GACTCCA-3'".

Indirect Immunofluorescence. 2fTGH cells were grown on Per-
manox chamber slides (Nalgene Nunc) and treated with IFN-«
and/or TSA for 1 h before fixation. Cells were fixed in 200 ul of
4% formaldehyde in PBS for 15 min and permeabilized in
ice-cold 1:1 methanol-acetone for 10 min at —20°C. After five
washes with PBS, samples were blocked with 1% BSA in PBS for
15 min at 37°C. After every subsequent antibody exposure,
samples were washed and blocked. Antibody staining was per-
formed for either STAT1 (0.02 pg/ml) or STAT2 (4 pg/ml) and
detected with fluorescein isothiocyanate-conjugated rabbit IgG.
STAT1 and STAT?2 polyclonal antisera used for immunofluo-
rescence were precleared on fixed and permeabilized STAT1-
deficient U3A cells or STAT2-deficient U6A cells to reduce
nonspecific background staining. Images were obtained by
using a Leica (Deerfield, IL) TCSSP confocal microscope as
described (24).

DNA Binding Analysis. Electrophoretic mobility-shift assays
(EMSAs) were performed by using 3?P-labeled double-stranded
oligodeoxynucleotide-containing ISG15 promoter ISRE ele-
ment as the probe. After treatment or transfection, whole-cell
extracts were prepared as described and incubated with the
probe in gel shift buffer [20 mM Hepes (pH 7.9)/4% Ficoll/1
mM MgCl,/0.1 mM EGTA/0.5 mM DTT/2 mg of poly(dI-dC)]
for 20 min. The mixture was separated on a 5% polyacrylamide
gel containing 0.25X Tris-borate EDTA and detected by auto-
radiography. For supershift, 0.1 ul of STAT2 antiserum was
added to the reaction mixture.

RNA Interference. Individual wells of a 24-well culture dish
containing 2fTGH cells were transfected with 100 pmol of small
interfering RNA (siRNA) alone or together with ISRE-luciferase
reporter gene and Renilla luciferase plasmid by using the Tran-
sIT-TKO reagent (Mirus, Madison, WI) following the manufac-
turer’s recommendations. siRNAs (SMARTpool) specific for
HDACI were obtained from Dharmacon (Lafayette, CO). For
control, Scramble II Duplex siRNA was used. Reporter gene
analysis or RT-PCR were performed 48 h after transfection.

Antiviral Assay. Antiviral responses measured by cytopathic effect
assay were conducted by standard methodology using the Indi-
ana strain of vesicular stomatitis virus as reported (25). Cells
were fixed and stained with methylene blue (3% in 50% ethanol)
at 18 h postinfection.

Chromatin Immunoprecipitation (ChIP) Assay. ChIP assays were
performed by using the ChIP assay kit (Upstate Biotechnology).
Protein-DNA complexes were crosslinked with formaldehyde,
and DNA was either cleaved in purified nuclei with 100 units of
micrococcal nuclease (see Fig. 34 Left), or sonicated to yield
500- to 1,000-bp fragments (see Fig. 34 Right). Acetylated
histone H4 protein-DNA complexes were precipitated by using
anti-acetyl-H4 antibody (Upstate Biotechnology). Precipitated
DNA was amplified by radioactive PCR using primers encom-
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Fig. 1. HDAC inhibition impairs IFN-a-stimulated gene activation. (A) 2fTGH
cellswere treated with IFN-a for the indicated amounts of time in the presence
(+) or absence (—) of simultaneous TSA. RT-PCR was carried out with primers
specific for the indicated genes. (B) Similar to A, but NaB was used. (C) 2fTGH
cells were transfected with ISRE-Iuciferase reporter together with CMV-LacZ,
treated as indicated, and analyzed by luciferase assay. Luciferase units were
normalized to B-galactosidase. (Inset) B-Galactosidase levels, normalized to
total protein concentration. (D Left) 2fTGH cells were transfected with empty
vector or expression vectors for IRF9 or IRF9-S2C along with ISRE-luciferase
reporter and Renilla luciferase control. *, P < 0.05. (Right) Lysates were tested
for DNA binding by EMSA by using a 32P-labeled /SG15-ISRE oligonucleotide as
probe. Supershift was performed with STAT2 antibody («S2). (E) Similar to C,
but cells were transfected with IFN-y-responsive M67-luciferase reporter gene
along with Renilla luciferase reporter plasmid for normalization, and treated
as indicated. Luciferase values were normalized to Renilla luciferase values.
(Inset) Renilla luciferase values normalized to total protein concentration. (F)
2fTGH cells were treated as indicated, and total RNA was analyzed by RT-PCR
using primers specific for IP-10 and GAPDH.

passing 200 bp around the ISRE-binding site on the human
ISG54 promoter as described (23). PCR products were separated
on a 5% polyacrylamide gel and detected by autoradiography.

Results

IFN-Stimulated Gene Induction Is Blocked by HDAC Inhibitors. To
examine the role for HDACs in IFN-stimulated transcription,
human 2fTGH cells were stimulated with IFN-« in the presence
or absence of pharmacological HDAC inhibitors, and total RNA
was prepared over a 24-h time course. After reverse transcription
with random primers, PCR was performed with primers specific
for known ISGF3 targets. In all cases, the PCR profile indicated
that the genes were induced rapidly and transiently in response
to IFN stimulation (Fig. 14). The presence of TSA during IFN-«
stimulation dramatically inhibited induction of all of the genes
tested, resulting in defective mRNA accumulation. Importantly,
there was no inhibition of a control mRNA, GAPDH. To confirm
that this inhibition was the result of the HDAC inhibitory activity
of TSA and to rule out nonspecific effects of the compound, a
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second structurally distinct HDAC inhibitor, NaB, was used in
a similar assay. Treatment of cells with NaB also blocked ISG
induction (Fig. 1B), and similar ISG suppression was observed in
several human cell lines tested, including HeLa, 293T, and
2fTGH (data not shown). These findings support the conclu-
sion that HDAC activity is required for IFN-a-responsive
transcription.

To test whether the requirement for HDAC activity was a
general property of ISGF3-regulated transcription, an ISRE-
luciferase reporter gene assay was carried out with similar
methodology (Fig. 1C). Stimulation with IFN-« results in in-
creased luciferase activity, but simultaneous treatment with TSA
prevented reporter gene induction. This finding indicates that
the TSA inhibition of IFN-a-responsive transcription is inde-
pendent of specific promoter context. To determine whether the
inhibitory effects of TSA on IFN signaling are specifically due to
transcriptional responses and not another aspect of IFN-a/B
signal transduction, an IFN-independent, ISRE-dependent min-
imal model system was tested for TSA sensitivity. A hybrid
transcription factor, IRF9-S2C, is an IFN-independent ISGF3
mimic with the DNA binding subunit of ISGF3 linked to the
TAD of STAT?2 (26). Expression of IRF9-S2C potently induced
the transcription of the ISRE-luciferase reporter gene, and
treatment with TSA for 8 h reduced reporter gene activity by
~44% (Fig. 1D). Previous studies (27-29) have suggested that
acetylation of IRF proteins might interfere with their DNA-
binding activity, and therefore, it was important to test the
DNA-binding ability of the IRF9-S2C protein. EMSAs indicate
that TSA treatment has no effect on the ISRE DNA-binding
activity of IRF9-S2C. Together, these findings indicate that the
TSA treatment specifically targets IFN transcriptional regula-
tion rather than some other aspect of ISGF3 function and
furthermore implicate the STAT2 TAD as a potential target of
HDAC inhibition.

These results clearly signify that HDAC activity is required for
ISGF3-dependent transcriptional responses. To test whether this
deacetylase requirement is shared by different STAT-dependent
transcription responses, similar assays were conducted for IFN-
y-dependent transcription. In a similar signaling pathway, IFN-vy
activates a gamma-IFN-activated factor, GAF, that is a ho-
modimer of STAT1. Although similar in principle to ISGF3, the
STAT1 homodimer binds to a distinct response element (the
gamma IFN-activated sequence, GAS) to regulate a subset of
IFN target genes (30). Treatment of cells with IFN-vy resulted in
reporter gene activation, which was significantly reduced in the
presence of TSA (Fig. 1E). In addition to reporter gene inhibi-
tion, RT-PCR assays indicate that transcription of IP-10, an
endogenous IFN-vy target gene, was also prevented by HDAC
inhibition (Fig. 1F). Together, these results demonstrate that
deacetylation is required for both STATI- and STAT2-
dependent transcriptional responses.

TSA Does Not Target the IFN-Janus Kinase (JAK)-STAT-ISGF3 Pathway.
Although important for the regulation of histones, several
examples of direct transcription factor modification by acetyla-
tion have been described (27-29, 31). Because negative regula-
tion of IFN signaling to the nucleus could provide one mecha-
nistic explanation for the observed defect in ISG activation, the
effects of HDAC inhibitors on IFN-« signal transduction were
tested directly by examining ISGF3 phosphorylation, dimeriza-
tion, nuclear translocation, and DNA binding (Fig. 2). Immu-
noblotting with phosphotyrosine-specific antibodies indicates
that IFN-a-dependent activation of STAT1 and STAT?2 is not
inhibited by TSA treatment, and coimmunoprecipitation assays
indicate that STAT heterodimerization remains intact. Indirect
immunofluorescence was used to test the subcellular localization
of ISGF3 components after IFN-« stimulation. Regardless of
TSA treatment, IFN-« induced nuclear translocation of both
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Fig. 2. IFN-responsive STAT activation, dimerization, nuclear translocation,
and DNA binding activity are intact in TSA-treated cells. (A) 2fTGH cells were
treated with IFN-a alone or together with TSA for the indicated times. Protein
extracts were analyzed by Western blot (WB) by using antibodies specific for
tyrosine phosphorylated STATs (pSTAT1, pSTAT2), or total STATs (STAT1,
STAT2). (B) 2fTGH cells were treated as in A, but protein extracts were subject
to immunoprecipitation (IP) with STAT2 antiserum. Immune complexes were
analyzed by Western blot for coprecipitated STAT1a and STAT1B. (C) 2fTGH
cells were treated with IFN-a alone or together with TSA and processed for
indirectimmunofluorescence to detect STAT1, STAT2, and IRF9. (D) 2fTGH cells

that IFN-a-responsive ISGF3 signaling from the cytoplasm to
the nucleus remains intact in the presence of TSA, suggesting
that ISGF3 or upstream pathway components are not targets of
deacetylase activity.

ISGF3 Recruits HDAC1. Because ISGF3 activation and nuclear
translocation are not affected by deacetylase inhibitors, evidence
for IFN-a-induced histone deacetylation was sought. It was
previously reported (21) that histone H3 becomes hyperacety-
lated in ISGF3 target promoters in response to IFN-q, so the
effects of IFN-a on histone H4 acetylation were tested.
Crosslinking ChIP assays were carried out to examine the
acetylation status of histone H4 at the IFN-a-responsive ISG54
promoter. Basal H4 acetylation was readily detected in this assay,
but IFN-« stimulation resulted in reduction of acetylated H4
levels at the ISG54 locus (Fig. 34 Left). Importantly, this H4
deacetylation was prevented by TSA treatment (Fig. 34 Right),
consistent with the notion that H4 may be a target of IFN-a-
responsive deacetylation. Although the direct enzyme-substrate
relationship is not clearly established, we postulate that that TSA
mediates its inhibitory effect on ISGF3-regulated transcription
by interfering with a requisite step between ISGF3 and histone
H4 deacetylation.

One simple explanation for these results invokes the ISGF3-
dependent recruitment of an HDAC enzyme to the target
promoter(s). To test for STAT-HDAC interactions, FLAG

ONAS _PNAS _PNAS _PNAS PNAS _PNAS PN/

epitope-tagged HDAC proteins representing two classes of
HDAC enzymes (HDACI, -4, and -5) were expressed in cells and
collected on FLAG affinity resin (Fig. 3B). Immunoblotting the
eluates with specific antisera indicates that both STAT1 and
STAT2 are coprecipitated with HDAC1 whereas little or no
interactions were observed between STATs and HDAC4 or
HDACS. No obvious differences in STAT-HDACT interaction
patterns were observed in these experiments after IFN-« treat-

were treated with IFN-a and TSA for the indicated times, and lysates were
subjected to EMSA by using a 32P-labeled /SG15-ISRE element probe. ISGF3
complex identity was confirmed by a STAT2 antibody supershift («S2).

STAT1 and STAT2, and no differences in IRF9 localization were
observed. Finally, EMSAs indicate that TSA treatment had no
effect on ISGF3 DNA-binding activity. These results indicate
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Fig.3. IFNdeacetylates histone H4 and requires essential STAT-HDAC1 associations. (A Left) 2fTGH cells were treated with IFN-a for the times indicated and subjected
to a ChlIP assay using antibody specific for acetylated histone H4. Coprecipitated DNA was amplified by PCR by using primers specific for the /SG54 ISRE promoter
element. (Right) HeLa cells were used in a similar assay in the presence or absence of TSA. (B) 2fTGH cells were transfected with expression vectors for FLAG
epitope-tagged GFP, HDAC1, HDAC4, or HDACS5, stimulated with (+) or without (—) IFN-« as indicated, and lysates were precipitated with FLAG affinity resin. Eluted
STAT1 and STAT2 were detected by Western blotting. Control FLAG immunoblot demonstrates equivalent precipitation of expressed proteins in the eluates; bottom,
STAT2immunoblot of unprecipitated extracts (Input) demonstrates equivalent loading. (C) Coimmunoprecipitation of STAT2 and HDAC1 from 2fTGH cell extracts. RaM,
rabbit anti-mouse IgG; ns, nonspecific band. (D) Similar to B, but 2fTGH cells were transfected with IRF9-52C and FLAG-HDAC1 or Flag-GFP expression plasmids before
Flag affinity precipitation and analysis by Western blotting with STAT2 (Top) and Flag antibodies (Middle). Input panel demonstrates similar expression and loading
levels. (E) 2fTGH cells were transfected with siRNA specific for HDACT or a scrambled siRNA control (Con) along with ISRE-Iuciferase reporter gene and Renilla luciferase
control for normalization. *, P < 0.005. (F) Similar to E, except total RNA was isolated from cells and subjected to RT-PCR for /SG54 mRNA. IFN-« treatments were
performed for 3 h. con = scrambled siRNA duplex. (G) 293T cells were transfected with ISRE-Iuciferase and Renilla luciferase in the absence (—) or presence of 1, 2, or
6 ng of HDAC1 expression plasmid, and treated with IFN-« as indicated. (H) 2fTGH cells were treated with (+) or without (=) IFN-a and/or TSA for 4 h followed by

infection of duplicate wells with serially diluted vesicular stomatitis virus (VSV). Pfu, plague-forming units.
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ment, suggesting that IFN-induced posttranslational modifica-
tions are not required for STAT-HDACTI association. Instead,
their interaction is regulated on the basis of subcellular distri-
bution because HDACL is an exclusively nuclear protein and can
interact with the nascent nuclear ISGF3 only after IFN stimu-
lation. The STAT2-HDACTI interaction was further confirmed
by coimmunoprecipitation of endogenous proteins from whole-
cell extracts. HDACI was readily detected in the STAT2 immu-
noprecipitation, but not in the control precipitation (Fig. 3C).
Because HDACI has been previously implicated as a TSA-
sensitive H4 deacetylase (32), it is a reasonable candidate for
both the observed effects of IFN-a stimulation on H4 deacety-
lation and the inhibition of ISG transcription by TSA. None-
theless, it remains possible that redundancy with closely related
deacetylase proteins may be involved in the regulating of full IFN
responses. Interactions between IRF9-S2C and HDACI1 were
also observed (Fig. 3D), and the function of this IFN-
independent transcription factor was inhibited by TSA (Fig. 1D).
Both ISGF3 and IRF9-S2C require deacetylase activity for
transcriptional stimulation and bind to HDACI, consistent with
the model that the STAT2 TAD is at least one determinant for
the recruitment of HDACI to the ISG promoter.

To verify a role for HDACI in ISGF3 transcriptional activity,
IFN-a responses were evaluated in cells where HDACI expres-
sion levels were either reduced or enhanced. RNA interference
was used to reduce HDACI expression in the context of an
ISRE-dependent transcription assay. IFN-a-dependent reporter
gene activity was unaffected by transfection of a control non-
specific “scrambled” siRNA duplex. In contrast, siRNA duplexes
specific for HDACI significantly reduced IFN-responsive re-
porter gene activity (Fig. 3E). The role of HDACI in IFN
activation of an endogenous ISGF3 target gene, ISG54, was
tested by using a similar RNA interference assay and RT-PCR
analysis. Reduced levels of ISG54 accumulation were observed
in the presence of HDACI siRNA duplexes compared with
“scrambled” control. Quantification of ISG54 signals by phos-
phorimaging and normalization to GAPDH indicates a 40%
reduction in ISG54 mRNA in the presence of HDACI siRNA
compared with control samples transfected with a scrambled
siRNA (Fig. 3F). In a complementary assay designed to test the
HDACT -positive regulatory role in ISGF3-mediated transcrip-
tion, an ISRE-luciferase reporter gene assay was carried out in
293T cells where HDACT expression was increased by transfec-
tion with HDACI expression vector. Treatment with IFN-«
resulted in relatively modest activation of the reporter after 3 h,
which was enhanced by HDACI expression in a dose-dependent
manner (Fig. 3E). These results strongly implicate HDACL as a
critical positive coactivator for ISGF3-dependent transcriptional
responses.

IFN Antiviral Response Requires HDAC Activity. The biological ac-
tivity of IFN-a/B has been well characterized as the establish-
ment of a cellular antiviral state capable of restricting virus
replication. Fully functional STAT proteins and ISGF3 tran-
scriptional activity are required for this innate immune response
(25, 33). To validate the requirement for HDAC activity in the
IFN-« biological response, the effects of TSA on antiviral
activity were tested in a standard assay for virus-induced cyto-
pathic effects (25, 34) (Fig. 3F). Treatment of cells with IFN-«
for 4 h results in an antiviral state that is capable of reducing the
cytopathic effects of vesicular stomatitis virus by two orders of
magnitude. In contrast, simultaneous treatment with TSA com-
pletely prevents the IFN-a-induced antiviral state. This biolog-
ical response assay provides a powerful demonstration of the
importance of HDAC activity in IFN-induced innate antiviral
immunity.
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Discussion

The results of this study indicate that deacetylase activity is
required for positive transcriptional regulation of IFN-a/f re-
sponsive genes. Specifically, results demonstrate that the
deacetylase protein HDACI can interact with both the STAT1
and STAT?2 subunits of ISGF3. The inhibition of deacetylase
activity has no effect on IFN-a signaling leading to STAT
activation, the assembly and nuclear import of the ISGF3
transcription factor complex, or ISGF3 DNA binding, but in-
stead targets a downstream event required for activated gene
expression. Inhibition of HDACI1 by RNA interference results in
a reduction in both the ISRE reporter and endogenous ISG54
mRNA accumulation whereas exogenous expression of HDAC1
augmented the response. Furthermore, it was observed that
histone H4 is deacetylated at a target promoter in response to
IFN-« stimulation. Irrespective of whether the H4 deacetylation
is an indirect prerequisite for transcriptional activation or a
direct consequence of HDACI recruitment, TSA prevents the
observed IFN-a-induced H4 deacetylation, in agreement with an
active role of HDAC activity in positive ISG regulation. The
effects of HDAC inhibition are sufficient to obliterate IFN
function in the innate immune response because TSA treatment
prevents the primary biological outcome, induction of a cellular
state refractory to virus infection. Moreover, we have demon-
strated that the IFN-y-STAT1 system similarly requires deacety-
lase activity, and that STATI can independently interact with
HDACI. Consideration of these data along with a preliminary
finding that STAT3-dependent transcription is similarly inhib-
ited by TSA (L.N. and C.M.H., unpublished observation), and
prior reports of TSA inhibition of IL-2 responses and HDAC
recruitment to STATS target genes (35, 36), lead to a hypothesis
that recruitment of HDAC activity might be a general require-
ment for STAT-dependent transcriptional regulation. Because
HDAC inhibitors are effective in the treatment of cancer, their
ability to modify cytokine-dependent transcriptional regulation
vital for innate and adaptive immunity is an important clinical
consideration that might guide the development of second
generation deacetylase inhibitors (37, 38).

Although seeming to undermine the general correlation of
HDAC activity with transcriptional repression, transient and
reversible modifications to specific histone tail lysine residues
are a central tenet of the chromatin code hypothesis. This idea
is supported not only by the current data set and other
examples of STAT-dependent transcription that require
deacetylase activity, but also by the direct observation of
several transiently acetylated histone lysine residues during
temporal induction of the IFN-B promoter enhanceosome
(39). Therefore, it is tempting to speculate that the require-
ment for HDAC activities and other modification removal
systems are likely to be the rule rather than the exception in
the regulation of activated transcription. The role for HDACI
and deacetylase activity in positive IFN-dependent transcrip-
tion demonstrated here raises several additional basic mech-
anistic questions for future consideration. For example, it
remains possible that HDACI is only one of the deacetylase
enzymes responsible for full IFN responses. Requirements for
other class I HDAC:sS, such as the close homolog HDAC3, may
account for the partial effects of HDAC1 siRNA relative to the
more complete inhibition by TSA. Our FLAG coprecipitation
data suggest a weak capacity for STAT interactions with class
II HDACs (Fig. 3B). The identification of the specific pat-
tern(s) of individual lysine residue modifications on histone H4
that are altered by IFN stimulation, and whether additional
targets for deacetylation exist in the IFN pathway will surely
illuminate the various roles for deacetylation in cytokine
signaling. The role of HDACT in IFN responses might reflect
an independent activity of the deacetylase or perhaps an
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alternate function of one of the multisubunit HDAC-
containing complexes (e.g., NuRD, Sin3) that are typically
associated with transcriptional repression. Complete under-
standing of IFN-dependent gene regulation will require more
information on the dynamic relationships between recruited
deacetylases and acetylases, as well as the precise coupling of
these regulatory events to establish a chromatin code platform
that, in concert with additional coactivating partners, signals
transcription activation. The research described here clearly
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