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The Human RVB Complex Is Required for Efficient Transcription of

Type I Interferon-Stimulated Genes

Leonid Gnatovskiy,® Paolo Mita,” David E. Levy®

Departments of Pathology and Microbiology? and Department of Pharmacology,” NYU Langone Medical Center, New York, New York, USA

Type L interferons (IFNs) stimulate transcription through a latent heterotrimeric transcription factor composed of tyrosine-
phosphorylated STAT1 and STAT2 and the DNA binding partner IRF9, with STAT2 contributing a critical transactivation do-
main. Human RVB1 and RVB2, which are highly conserved AAA™ ATP binding proteins contained in chromatin-remodeling
complexes such as Ino80, SNF2-related CBP activator protein (SRCAP), and Tip60/NuA4, interacted with the transactivation
domain of STAT2 in the nuclei of IFN-stimulated cells. RNA interference (RNAi) experiments demonstrated that RVB proteins
were required for robust activation of IFN-a-stimulated genes (ISGs). The requirement for RVB proteins was specific to IFN-a/
STAT?2 signaling; transcription of tumor necrosis factor alpha (TNF-)- and IFN-y-driven genes was not affected by RVB1 de-
pletion. Using RNAi-based depletion, we assessed the involvement of catalytic subunits of the RVB-containing Tip60, BRDS,
Ino80, SRCAP, and URI complexes. No component other than RVB1/2 was uniquely required for ISG induction, suggesting that
RVB1/2 functions as part of an as yet unidentified complex. Chromatin immunoprecipitation assays indicated that RVB1/2 was
required for recruitment of RNA polymerase II (Pol II) to ISG promoters but was dispensable for STAT2 recruitment to chroma-
tin. We hypothesize that an RVB1/2 chromatin-remodeling complex is required for efficient Pol II recruitment and initiation at
ISG promoters and is recruited through interaction with the STAT?2 transactivation domain.

nterferons (IFNs) are a family of pleiotropic cytokines primarily

known for their ability to establish a potent antiviral state via
modulation of the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) signal transduction pathway. Alterna-
tively, aberrant production of IFNs correlates with systemic auto-
immunity, underscoring the importance of the stringent regula-
tion of IFN responses. Type I IFNs activate the heterotrimeric
transcription factor ISGF3, composed of tyrosine-phosphorylated
STAT1 and STAT2 and an auxiliary DNA binding protein, IRF9.
Following IFN stimulation, phosphorylated ISGF3 translocates
into the nucleus, binds the interferon-stimulated response ele-
ments (ISREs) in the promoters of IFN-a/B-stimulated genes
(ISGs), and rapidly and robustly induces the transcription of a
large family of previously silent genes. ISGs subsequently influ-
ence multiple cellular pathways involved in innate immunity in
order to protect against viral and bacterial replication, including
modulation of cell stress responses, apoptosis, proliferation,
translation, and innate and adaptive immune signaling (1). In the
context of ISGF3, STAT2 contains an essential transactivation do-
main (TAD) that provides most of the transcriptional function to
the transcription factor complex, whereas STAT1 and IRF9 confer
DNA sequence specificity (2). Induction of IFN target genes pro-
vides a robust system for studying the molecular mechanisms un-
derlying transcriptional regulation. However, little is known con-
cerning the molecular mechanisms underpinning the action of the
STAT? transactivation domain.

The transcription of target genes by RNA polymerase I (Pol IT)
is preceded by an ordered, multistep cascade of events that in-
cludes histone modification and chromatin remodeling, often ini-
tiated following binding of a site-specific transcription factor. This
process is thought to facilitate signal-dependent access of Pol II to
regulatory sequences. ATP-dependent chromatin-remodeling
complexes that use the energy of ATP hydrolysis to mobilize
nucleosomes and factors that influence chromatin compaction by
covalently modifying histone tails are believed to play an essential
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role in the molecular switch that regulates the rapid induction of
genes in the presence of cytokines (3). It is hypothesized that the
C-terminal TAD of STAT2 serves as a platform for coactivator
assembly. STAT2 has been shown to interact with the histone
acetyltransferase (HAT) p300, and STAT2-mediated transcrip-
tion depends on a GCN5-containing complex that lacks TATA
box binding protein (TBP), suggesting that IFN-stimulated tran-
scription can proceed in the event of virus-targeted degradation of
TBP (4, 5). The recruitment of HATs is expected to activate genes
through histone acetylation and nucleosome displacement, simi-
lar to the process required to activate the IFN-[3 locus in response
to virus infection (6). Additionally, a subset of ISGs depends on
the Brahma-related gene 1 (BRG1) subunit of the mammalian
SWI-SNF chromatin-remodeling complex, which acts as a molec-
ular motor to alter chromatin accessibility at ISG promoters (7—
9). Recent studies have revealed further complexity by demon-
strating the activating role of histone deacetylases (HDACs),
rather than the more canonical repressive one, in the context of
IFN-stimulated transcription, via unelucidated mechanisms
(10, 11).

In an effort to develop a better understanding of how the spec-
ificity of type I IFN-stimulated transcription is dictated, we uti-
lized an affinity purification strategy to isolate novel STAT2-inter-
acting proteins from nuclear extracts of IFN-a-treated cells. Here
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we report the identification of RVB1 and RVB2 (also known as
Tip49 and Tip48, pontin52 and reptin52, or Tihlp and Tih2p),
two putative ATPases that are highly conserved in eukaryotes, as
STAT?2 interactors and coactivators. RVB1 and RVB2 interacted
with the STAT?2 transactivation domain and were essential for
robust induction of ISGs. Metazoan RVBs have been identified
before as components of both ATPase-type chromatin-remodel-
ing complexes (Ino80 and SNF2-related CBP activator protein
[SRCAP]) and the lysine acetyltransferase human complex Tip60
(12); however, their exact molecular function is incompletely un-
derstood. We provide evidence that human RVBs are required
specifically for successful initiation of type I IFN-stimulated tran-
scription, as part of an as yet unknown complex.

MATERIALS AND METHODS

Cell culture, transfection with siRNAs, plasmids, and cytokine treat-
ments. HeLa, HEK293, and HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium containing 7% calf serum. Cells were trans-
fected by using the calcium phosphate method, and cellular extracts were
collected for luminescent luciferase and 3-galactosidase assays, as previ-
ously described (4). Luciferase assays for ISG54-luc were performed in
triplicate, and results were normalized to cotransfected B-galactosidase
activity. For transfection with small interfering RNAs (siRNAs), HEK293
cells were grown in 6-well plates and transfected at 24-h intervals with 20
nM annealed siRNA duplexes by the calcium phosphate method. Five
hours after the first transfection, fresh medium was added. Forty-eight
hours after the first transfection, cells were split 1:3. Ninety-six hours after
the first transfection, cells were harvested and processed for Western blot-
ting and reverse transcription-quantitative PCR (RT-qPCR). Flag-RVB1
and HA-RVB2 plasmids were a kind gift from Anindya Dutta (University
of Virginia). Cells were treated with IFN-a2a (Hoffman-La Roche) at
1,000 units/ml, IFN-y (Amgen Biologicals) at 5 ng/ml, tumor necrosis
factor alpha (TNF-a) (NIH) at 10 ng/ml, and doxycycline (Sigma-Al-
drich) at 1 wg/ml. Anacardic acid was obtained from Calbiochem.

Western blotting and immunoprecipitation. For Western blotting,
cells were lysed in ELB buffer (50 mM HEPES [pH 7.0], 250 mM NaCl, 5
mM EDTA, 0.1% [vol/vol] NP-40, 1 mM dithiothreitol, and a protease
inhibitor mixture [Sigma-Aldrich]). Nuclear extracts were prepared using
the protocol of Dignam et al. (13). All membranes were scanned using a
LiCor Odyssey system, except for that in Fig. 5C, which was generated by
film-based enhanced chemiluminescence (ECL). All quantifications were
performed with LiCor Odyssey software.

RT-qPCR. RNA was isolated and converted to cDNA by use of Molo-
ney murine leukemia virus (M-MLV) reverse transcriptase (Promega)
according to the manufacturer’s instructions. Relative abundances of spe-
cific mRNA sequences were determined by real-time fluorescent PCR
with SYBR green (Molecular Probes) by comparison with a standard
curve generated by serial dilution of a cDNA sample containing abundant
target sequences and normalized to the expression of B-actin.

Quantitative ChIP. Ten million cells were treated with 1% formalde-
hyde for 10 min at room temperature and lysed in SDS-containing buffer.
Cell extracts were sonicated to sheer DNA to ~500 bp and then immu-
noprecipitated with antibodies; the recovered chromatin was digested
with proteinase K, treated at 65°C, and purified on ion-exchange spin
columns. The presence of specific immunoprecipitated DNA sequences
was quantified by real-time PCR compared with input genomic DNA. For
STAT2 and total RNA Pol II chromatin immunoprecipitation (ChIP)
assays (see Fig. 6A and B), data were normalized by subtracting the IgG
control % input. For Ser5-phosphorylated Pol IT (S5P-Polll) assays and
acetylated H4 (AcH4) and H3 assays (see Fig. 6C and D), the IgG control
was 0.03 to 0.05% input.

Antibodies. Rabbit anti-RVBI1, -Ino80, and -SRCAP antibodies were a
kind gift from Anindya Dutta (University of Virginia). Tip60 antibody
was a gift from Bruno Amati (Italian Institute of Technology). URI anti-
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body was a gift from Susan Logan (NYU School of Medicine). Anti-RVB2
antibody was a gift from Yixian Zheng (Carnegie Institution of Washing-
ton). Other antibodies used were as follows: M2 anti-Flag (Sigma-Al-
drich), antihemagglutinin (anti-HA) (12CA5), anti-STAT2 (sc-476;
Santa Cruz), mouse anti-RVB1 (ab51500; Abcam), anti-pSTAT2,
-pSTATI, and -IRF9 (Zymed, San Francisco, CA), anti-HDAC2, clone
3F3 (05-814; Millipore), anti-Pol II (N-20) (sc-899; Santa Cruz), anti-
Ser5P-PollI[4H8] (ab5408; Abcam), anti-acetyl-histone H4 (06-866; Mil-
lipore), anti-histone H3 (ab1791; Abcam), anti-E2F4 (sc-1082; Santa
Cruz), and anti-a-tubulin (T9026; Sigma-Aldrich).

RNA interference (RNAi). The siRNA sequences used in this study were
as follows: NC, TTCTCCGAACGTGTCACGTTT; RVB1-A, TAAAGGAG
ACCAAGGAAGT; RVB1-B, TCTTCTCTCTCTCTCTCTA; INO80, TGA
CCTGCGTCTACACTTA; SRCAP, GGAAACGATTGAAGTTGAA; and
TIP60, TGATCGAGTTCAGCTATGA (all purchased from Shanghai Ge-
nePharma). An siGENOME SMARTpool against URI was purchased
from Dharmacon.

For lentiviral short hairpin RNA (shRNA) vectors, previously de-
scribed hairpin sequences for RVB1 and RVB2 were cloned into the
pGIPZ vector from Open Biosystems (14, 15). Another shRNA against
RVBI, identified by the A. Dutta group (16), was cloned into the
doxycycline-inducible pTRIPZ vector from Open Biosystems. Lenti-
viruses were generated by cotransfecting plasmids pMD2.G (vesicular
stomatitis virus glycoprotein [VSV-G]) and psPax2 (packaging vector)
and shRNA plasmids into HEK293T cells by using the calcium phos-
phate precipitation method. pTRIPZ shRNAs against URI (RHS4696-
99705821 V2THS_33824 and RHS4696-99709379 V2THS_23229)
were obtained from Open Biosystems.

pLKO.1 hairpins against Tip60 (TRCN0000020314) and BRD8
(TRCN0000019380 and TRCN0000019381) were from Sigma-Aldrich
and were provided by the NYU School of Medicine shRNA Core Facility.

STAT2 complex purification and mass spectrometry. HeLa S3 cells
retrovirally transduced with pLPC-N-Flag-2HA-WT-STAT2 were grown
at5 X 10° cells/ml in spinner flasks in Joklik’s minimum essential medium
(MEM) supplemented with 5% calf serum and antibiotics. Five-liter cul-
tures were treated overnight with IFN-y at 1 ng/ml and then were spun
down, resuspended in 50 ml of medium, and treated further with [FN-a2a
for 45 min. Subsequently, nuclear extracts were isolated using the proto-
col of Dignam et al., and Flag-STAT2 was purified using M2 anti-Flag
affinity gel (Sigma-Aldrich) and eluted with the Flag peptide followed by
further purification by use of anti-STAT?2 affinity columns. Beads were
washed with the following washing buffer: 20 mM Tris-HCI, pH 8.0, 100
mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.1% Tween, 10
mM 2-mercaptoethanol, and 0.25 mM phenylmethylsulfonyl fluoride
(PMSF). Nonreducing Laemmli buffer (Boston BioProducts) was used
for elution at room temperature, followed by fractionation in an SDS-
PAGE gel, fixation, and staining with Coomassie blue. Five gel regions
corresponding to a broad molecular size range were excised from the lane
containing STAT2-interacting polypeptides and submitted for sequenc-
ing to the Taplin Mass Spectrometry Facility at Harvard University. A
complete list of identified factors is available in the supplemental material.

RESULTS

Gene expression analysis of HeLa cells carrying tagged STAT2.
The human STAT2 open reading frame was cloned into the retro-
viral vector pLPC-N-Flag-2HA and transduced into HeLa cells to
generate stable cell lines expressing STAT2 containing both Flag
and HA epitopes at its amino terminus. Additionally, we created a
similar cell line with truncated STAT?2 lacking the transactivation
domain (TAD) and known to be transcriptionally incompetent
(17). Whole-cell extracts from these cell lines were immuno-
blotted for total and phosphorylated STAT2. Comparison of the
slower-migrating band corresponding to Flag-tagged STAT2 to
the band for the slightly smaller wild-type STAT2 for the cells
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FIG 1 Purification and mass spectrometric analysis of polypeptides associated
with STAT2. (A) Whole-cell lysates prepared from IFN-a2a-treated (45 min)
cells expressing either empty vector (EV) or wild-type STAT2 were immuno-
blotted for STAT2, pY690-STAT?2, and tubulin (loading control). (B) Cells
carrying EV, wild-type STAT2, or STAT2 lacking its TAD (ATAD) were
treated with IFN-a2a for 8 h before isolation of RNA. Expression of ISG56
relative to that of actin was quantified by real-time PCR and is presented as the
fold induction over the uninduced level. (C) Nuclear extracts from HeLa cells
expressing Flag-STAT2 were sequentially immunoprecipitated with Flag and
STAT?2 antibody affinity resins. Lanes 1 and 2, STAT2-associated polypeptides
were detected by silver staining; lanes 3 to 5, ISGF3 components were detected
by Western blotting. The eluate was analyzed by mass spectrometry. (D) Num-
bers of unique peptides of selected proteins from the indicated size ranges
obtained by mass spectrometry.

carrying the empty vector demonstrated that in IFN-a-treated
cells, both total and phosphorylated tagged STAT2 was overpro-
duced 6- to 7-fold (Fig. 1A). Moreover, Flag-WTSTAT2-express-
ing cells exhibited an approximately 20% increased induction of
ISG56 mRNA, indicating that cells with overexpressed STAT?2 dis-
play normal but somewhat enhanced induction of a typical ISG
(Fig. 1B). Interestingly, the expression of truncated STAT2 se-
verely blunted ISG56 induction (Fig. 1B), suggesting that
STAT2ATAD acts as a dominant negative inhibitor.

Purification and mass spectrometric analysis of polypep-
tides associated with STAT2. To define human STAT2-interact-
ing proteins, HeLa S3 cells expressing Flag-STAT2 were grown in
suspension cultures, and nuclear extracts of [FN-«a-treated cells
were subjected to sequential purification by anti-Flag and anti-
STAT2 immunopurification as described in Materials and Meth-
ods. Multiple peptides were found to copurify with tagged STAT2
(Fig. 1C, lanes 1 and 2). The pattern of STAT2-interacting pep-
tides differed from that for bead-only- and anti-E2F4 antibody-
purified polypeptides (data not shown), indicating a degree of
specificity. All the components of ISGF3 were also detected by
immunoblotting of the final eluate (Fig. 1C, lanes 3 to 5). After
staining with Coomassie blue, five bands were excised according
to their molecular size, and the identities of STAT2-interacting
polypeptides were determined by mass spectrometry (see the sup-
plemental material). After eliminating factors known to nonspe-
cifically interact with agarose beads, such as myosin and DEAD
box proteins (18), and those with no known connection to tran-
scription-related processes, we narrowed the list of candidates to
the ones shown in Fig. 1D. All the known components of ISGF3
were identified, indicating that the purification of STAT2 was suc-
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FIG 2 Flag-STAT?2 interacts with RVB1 and RVB2 in vivo. (A) Nuclear ex-
tracts from [FN-a2a-treated HeLa cells stably expressing either wild-type or
truncated Flag-STAT2ATAD were used to immunoprecipitate (IP) Flag-
STAT?2 and subjected to Western blotting using antibodies against Flag, RVB1,
and RVB2. Input lanes (IN) represent ~1% of the immunoprecipitated mate-
rial. In a separate IP, Flag-STAT2ATAD was shown to interact with pSTAT1
and IRF9 under these conditions (data not shown). The individual panels
shown were obtained from independent blots. (B) Cytoplasmic and nuclear
extracts from untreated and IFN-a2a-treated HeLa cells stably expressing
wild-type Flag-STAT2 were used to immunoprecipitate Flag-STAT2 and sub-
jected to Western blotting using antibodies against Flag, RVB1, RVB2, and
HDAC2. Each panel was obtained from an independent blot.

cessful. Three additional candidate factors were also identified,
namely, RVBI, RVB2, and BRD8 (TRCp120), which are known
components of the human Tip60 complex (19). However, Tip60
itself was not recovered in the STAT2 complex. The TRCp120
protein (thyroid receptor-coactivating protein p120) was origi-
nally identified in a yeast two-hybrid screen as a thyroid hormone
receptor-interacting protein that is capable of stimulating thyroid
hormone receptor-dependent transcription (20). RVB1 and
RVB2 are putative ATP-dependent helicases that have been linked
extensively to transcriptional regulation (12).

STAT?2 interacts with RVB1 and RVB2. To confirm a physical
interaction between RVBs and STAT2, we performed immuno-
precipitation experiments with the HeLa cell lines described above
and used for Fig. 1A. Using anti-Flag antibodies, endogenous
RVBI1 and RVB2 were coimmunoprecipitated with Flag-STAT2
from nuclear extracts of IFN-stimulated cells but not with STAT2
lacking the TAD (Fig. 2A), indicating that the interaction de-
pended on the STAT2 transactivation domain. Thus, we con-
cluded that RVB proteins are contained in a STAT2 complex in
IFN-treated cells. We further tested whether the STAT2-RVB in-
teraction is IFN dependent. We immunoprecipitated Flag-STAT?2
from the cytoplasmic fraction of HeLa cells before and after treat-
ment with [FN-a2a. As shown in Fig. 2B, endogenous RVBI1 and
RVB2 coprecipitated with STAT2 regardless of IFN treatment. As
seen before, Flag-STAT?2 interacted with RVB proteins in the nu-
clear fraction of IFN-treated cells. Detection of HDAC2 was used
to verify a good separation between the nucleus and the cyto-
plasm. This result suggests that RVB proteins interact constitu-
tively with STAT2 such that the STAT2-RVB interaction is not
IEN dependent.

Loss of RVB1 attenuates transcription of ISGs. Based on the
interaction data, we asked whether RVB1 deficiency would affect
the induction of ISGs. We also wanted to test the role of Tip60,
because this complex contains RVB proteins and RVB1 is required
for the acetyltransferase activity of the Tip60 complex (16,21-23).
In addition, we identified one of the human Tip60 complex com-
ponents, BRDS, as a STAT2-interacting protein, further implicat-
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FIG 3 Depletion of RVBI attenuates type I IFN-stimulated transcription but
not TNF-a-stimulated transcription. (A) Whole-cell lysates prepared from
HEK293 cells transfected with the indicated siRNAs were immunoblotted for
RVBI, Tip60, and tubulin. (B) Cells were transfected with the indicated siRNA
duplexes and treated with IFN-a2a for 8 h before isolation of RNA. Expression
of ISG56, IFI6, and actin mRNAs was quantified by real-time PCR, and nor-
malized data are presented as the fold induction over uninduced levels. (C)
Same as in panel B, but HEK293 cells were treated with TNF-a for 4 h and Ik B
mRNA was quantified by real-time PCR. (D) Lentiviruses carrying hairpins
against BRD8 and Tip60 were transduced into HEK293 cells. Expression of
ISG56, IFI6, and actin mRNAs was quantified by real-time PCR after 8 h of
treatment with IFN-«2a, and normalized data are presented as the fold induc-
tion over uninduced levels. (E) Real-time PCR quantification of BRD8 and
Tip60 knockdown relative to actin levels. (F) HEK293 cells transfected with
ISG54-luciferase, the cytomegalovirus (CMV) LacZ gene, and the indicated
constructs were treated with IFN-y overnight and with IFN-a for 7 h. Cell
extracts were analyzed for luciferase activity, and data were normalized to
B-galactosidase activity and reported as the fold induction over uninduced
levels. Data shown are means with standard deviations (SD) obtained from
two independent experiments, each performed in triplicate.

ing a potential role for this complex, although the Tip60 catalytic
component itself was not detected (Fig. 1D). Two siRNA duplexes
targeting different parts of RVB1 were transfected into HEK293
cells, resulting in reductions of RVB1 protein expression of ap-
proximately 60 to 80%, whereas duplexes against Tip60 reduced
its abundance ~50% (Fig. 3A). Additionally, Tip60 appeared to
be destabilized by RVBI depletion, although Tip60 knockdown
did not perturb the levels of RVBI. Levels of endogenous RVB1
and Tip60 protein expression were unperturbed by IFN treat-
ment. The induction of two representative ISGs, ISG56 and IFI6,
in response to IFN stimulation was attenuated in RVB1-depleted
cells (Fig. 3B). It should be noted that we did not observe any effect
on basal expression of ISGs, suggesting that RVB1 is selectively
required for induced transcription. In contrast, depletion of Tip60
did not impair ISG induction. To further evaluate the lack of in-
volvement of Tip60, we depleted its expression with a lentiviral
shRNA targeting construct. Again, depletion of Tip60 did not af-
fect ISG induction (Fig. 3D and E).

To determine the specificity of the requirement for RVB1 for
transcriptional responses to IFN, we evaluated the induction of
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the TNF-a-induced gene IkBa in cells in which RVBI1 and Tip60
were depleted using the same siRNA duplexes. As shown in Fig.
3C, depletion of neither RVB1 nor Tip60 had any discernible ef-
fect on IkBa expression. TNF-a activates a distinct pathway, result-
ing in activation and nuclear translocation of the p50/p65 NF-kB
heterodimer, rather than using STAT proteins (24). Taken together,
these data suggest that RVB1 is specifically employed by STAT?2 for
induction of target genes but not by NF-«B, while Tip60 is not essen-
tial for either IFN- or TNF-stimulated transcription.

We also used two hairpins against BRDS8, another component
of the Tip60 complex (Fig. 3E), to test the role of BRDS, which was
identified as a STAT2-copurifying protein (Fig. 1D). As shown in
Fig. 3D, BRD8 depletion did not impair the induction of ISG56 or
IFI6 in response to IEN. In contrast, BRD8 depletion appeared to
modestly enhance induction of IFN-stimulated transcripts, while
Tip60 depletion showed a similar, though smaller, enhancement.
From these data, we concluded that neither Tip60 nor BRDS is a
required positive regulator for type I IFN-driven transcription,
although these factors may serve as negative modulators of ISG
induction.

Since RVB proteins appear to act as DNA helicases in some but
not all contexts (25, 26), we were interested in testing whether the
helicase activity of RVBI was required during IFN-stimulated
transcription. A conserved aspartic acid residue in the Walker B
motif in RVB1 was mutated to asparagine (RVB1-D302N). The
equivalent mutation was previously shown to inactivate the RVB1
protein in vivo (25) and to inhibit the ATPase activity of bacterial
RVB (27). The effects of wild-type and mutated RVB1 on IFN-
stimulated transcription were tested by using ISG promoter-tran-
sient reporter assays (2). Cells were transfected with ISG54-lucif-
erase with or without wild-type or mutant RVB1. We found that
IFN-stimulated promoter activity was not affected by overexpres-
sion of wild-type RVBI, whereas the presence of mutated RVB1
augmented reporter activity (Fig. 3F). Thus, we conclude that the
helicase activity of RVBI is probably not required for its ability to
cooperate with STAT2 for ISG transcription. The increased ex-
pression of the IFN-stimulated reporter in the presence of mu-
tated RVBI is reminiscent of the effects observed following Tip60
and BRD8 depletion (Fig. 3D). We speculate that ectopic expres-
sion of mutated RVBI could have a dominant negative effect on
processes requiring helicase activity, such as the integrity of the
Tip60 complex, and thus might mimic the effects of Tip60 reduc-
tion. As noted previously, Tip60 abundance is dependent on RVB
expression (though not vice versa), since Tip60 levels were re-
duced in concert with RVB depletion (Fig. 3A).

To further assess the role of RVB1 and reduce the possibility of
off-target effects of RNAi-mediated depletion, we tested depletion
by use of lentiviral sShRNA constructs. Short hairpin sequences
against RVB1 and RVB2 (15, 16) were cloned either into a doxy-
cycline-inducible short hairpin vector, pTRIPZ, or into a consti-
tutively expressed construct, pGIPZ (OpenBiosystems). As shown
in Fig. 4A, the inducible hairpin very efficiently silenced RVB1
expression in response to doxycycline treatment. Similar to siRNA
duplexes, this hairpin impaired the induction of several ISGs, in-
cluding both Brgl-dependent (9-27) and Brgl-independent
(ISG15) genes, indicating that BAF and RVB dependence do not
correlate (Fig. 4C). To further examine the specificity of RVB1’s
role, we tested the induction of IFN-vy-stimulated transcripts.
IFN-v activates primarily STAT1 homodimers and does not de-
pend on STAT2 (1). As demonstrated in Fig. 4D, the induction of
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FIG 4 shRNAs against RVB1 and RVB2 reduce type I IEN- but not type II
IFN-stimulated gene expression. (A) HEK293 cells carrying an inducible hair-
pin against RVBI were treated with doxycycline (dox) for 72 h or left un-
treated. The lysates were blotted for RVBI and tubulin. (B) Lentiviruses car-
rying two independent hairpins against RVB1 and one against RVB2 were
transduced into HEK293 cells. Whole-cell extracts were blotted for RVBI,
RVB2, and tubulin. scr, scrambled hairpin. (C) The HEK293 cells described for
panel A were incubated with type I IFN for the indicated numbers of hours
before RNA isolation. Expression of ISG15, ISG56, IF16, 9-27, and actin was
quantified by real-time PCR, and normalized data are presented as the fold
induction over uninduced levels before and after RVB1 depletion. Data repre-
sentative of three independent experiments are shown. (D) Same as in panel C,
but cells were treated with IFN-y for 8 h before RNA isolation. IRF1, IP10, and
actin were quantified by real-time PCR, and normalized data are presented as
the fold induction over uninduced levels. Data from one of two independent
experiments are shown. (E) The cells described for panel B were treated with
IFN-a2a for 8 h before RNA isolation. Expression of ISG54, ISG56, IFI6, and
actin was quantified by real-time PCR, and normalized data are presented as
the fold induction over uninduced levels.

two IFN-vy-stimulated transcripts, IRF1 and IP10, was unaffected
by RVB1 knockdown. This result provides additional validation to
the hypothesis that the RVBI1 requirement is unique to the type I
IFN-STAT?2 signaling pathway. Additional confirmation of the
requirement for RVB1 and RVB?2 is presented in Fig. 4. Two in-
dependent hairpins efficiently depleted RVB1 expression, and an
RVB2 hairpin partially depleted RVB2 protein levels (Fig. 4B). As
reported previously (15), RVB2 knockdown codepleted the RVB1
protein (Fig. 4B), indicating that these two related factors depend
on their association for stability. Depletion of RVB protein levels
by use of these hairpins significantly impaired ISG54, ISG56, and
IFI6 gene expression (Fig. 4E). Although impaired gene expres-
sion following RVB2 knockdown may be due, at least in part, to
loss of RVBI, these data demonstrate that RVB1 and RVB2 are
interdependent and are required for robust IFN-a-stimulated
transcription.

Knockdown of Ino80, SRCAP, or URI does not affect ISG
induction. RVB1 and RVB2 have been identified as components
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of a number of distinct multiprotein complexes that could be
considered candidates to mediate the requirement for RVB pro-
teins by STAT2. In an attempt to discriminate among these com-
plexes, catalytic subunits of known RVB-containing complexes
were depleted. The human chromatin-remodeling complexes
Ino80 and SRCAP contain RVB proteins, and at least in the case of
Ino80, these proteins are required for function. For instance, stud-
ies in Saccharomyces cerevisiae have shown that RVB1 and RVB2
recruit Arp5 into the Ino80 complex and are required for the cat-
alytic activity of the Ino80 complex (26). Human Ino80 is also
associated with RVB proteins (28). Using siRNA duplexes, we
reduced the levels of Ino80 by 85% (Fig. 5A). However, this re-
duction did not impair ISG induction (Fig. 5D).

RVB1 and RVB2 are also found in another complex, Swrl, that
is involved in depositing the H2A.Z histone variant into nucleo-
somes, thus creating a distinct chromatin state (23,29-31). There-
fore, we tested whether the SRCAP complex, a mammalian ho-
molog of the Swrl complex containing RVB1, is involved in ISG
induction. Again, siRNA duplexes were deployed against SRCAP
and efficiently decreased the amount of SRCAP protein, by >70%
(Fig. 5B). However, the depletion of SRCAP did not affect the
induction of ISGs in response to IFN stimulation (Fig. 5D).

Following the same reasoning, we also tested whether URI has
arole in ISG induction. The URI complex contains RVB proteins
(32) and is known to negatively modulate VP16- and androgen
receptor (AR)-driven transcription (33, 34). Two doxycycline-
inducible hairpins against URI efficiently decreased URI protein
levels (Fig. 5C), but the depletion did not decrease the extent of
ISG induction in response to IFN stimulation (Fig. 5D). There-
fore, none of the known catalytic subunits of previously identified
RVB complexes is essential for gene expression in response to IFN
stimulation.

Taken together, these results suggest that a novel RVB-con-
taining complex is essential for full ISG induction in response to
IEN treatment. Alternatively, it is possible that one or more of the
Ino80/SRCAP/URI complexes that contain RVB proteins func-
tion in a mutually redundant fashion for IFN-stimulated tran-
scription. To test the hypothesis that Tip60, Ino80, and SRCAP act
redundantly in this regard, we depleted these factors simultane-
ously by using a lentiviral hairpin against Tip60 (Fig. 3D and E)
and siRNA duplexes targeting Ino80 and SRCAP (Fig. 5F). As
previously shown, Tip60 depletion alone did not inhibit ISG in-
duction and instead resulted in enhanced induction of ISG expres-
sion. Knockdown of Ino80 and SRCAP in Tip60-depleted cells
had no negative impact on transcription of IFN-stimulated genes.
From these data, we conclude that none of the Tip60/Ino80/
SRCAP complexes is required during IFN-stimulated transcrip-
tion and that they do not function redundantly in this context.

RVBI is not required for ISGF3 activation and assembly on
chromatin. Given the lack of interaction between RVBI and
STAT2ATAD (Fig. 2A), it is likely that RVBI is recruited to chro-
matin following ISGF3 nuclear translocation and assembly on ISG
promoters. However, because RVB proteins are components of
chromatin-remodeling complexes, we examined whether RVB1
was required for ISGF3 recruitment to chromatin. To address this,
we compared the recruitment of STAT2 to ISG promoters with
and without RVBI expression by using our doxycycline-inducible
hairpin against RVB1 (Fig. 4A). By using ChIP assays, we precip-
itated STAT2-chromatin complexes from nuclei of IFN-stimu-
lated cells and assayed the recovery of ISG promoter sequences. As
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FIG 5 Ino80, SRCAP, and URI are not essential for type I IFN-stimulated transcription. (A and B) Nuclear proteins prepared from HEK293 cells transfected with
the indicated siRNAs were immunoblotted for Ino80 (A) or SRCAP (B) and HDAC?2 (loading control). (C) HEK293 cells carrying two independent inducible
hairpins against URI were treated with doxycycline for 72 h or left untreated. The lysates were blotted for URI and HDAC2. (D) Cells were transfected with the
indicated siRNA duplexes and treated with IFN-a2a for 8 h before isolation of RNA. Expression of ISG56, IFI6, 9-27, and actin mRNAs was quantified by
real-time PCR and is presented as the fold induction over uninduced levels. The averages for three experiments are shown. (E) The HEK293 cells described for
panel C were incubated with IFN-a2a for 8 h before RNA isolation. Expression of ISG56, IFI6, and actin was quantified by real-time PCR and is presented as the
fold induction over uninduced levels before and after URI depletion. The averages for three experiments are shown. (F) HEK293 cells were infected with the
indicated hairpin, transfected with the indicated siRNA duplexes, and treated with IFN-a2a for 8 h before isolation of RNA. Expression of ISG56, IFI6, and actin

mRNAs was quantified by real-time PCR and is presented as the fold induction over uninduced levels. The averages for three experiments are shown.

expected, the presence of STAT?2 at the ISG56 promoter was in-
creased 4- to 5-fold following IFN treatment (Fig. 6A). However,
depletion of RVB1 did not prevent STAT2 from binding to the
target promoter, indicating that the requirement for RVB1 for ISG
induction occurs after ISGF3 assembly on chromatin. These re-
sults demonstrate that assembly of STAT2 on chromatin in vivo,
presumably as a component of the ISGF3 complex, does not re-
quire RVB1, despite the impaired transcriptional activation of tar-
get genes.

RVBI1 is required for successful initiation of ISG transcrip-
tion. The apparent lack of defect in ISGF3 recruitment prompted
us to test whether the failure to adequately activate ISGs in the
absence of RVB1 was due to impaired RNA Pol II association with
ISG promoters. Selective recruitment of RNA Pol II is a crucial
step in transcriptional initiation. As previously reported (10), we
detected an IFN-dependent increase in recruitment of total RNA
PolIT at the ISG56 promoter but not at an intragenic region down-
stream of the gene. However, in the absence of RVB1, there was a
reduction of Pol II density at the ISG promoter in IFN-treated cells
(Fig. 6B).

To further validate and extend this finding, we evaluated the
presence of initiated RNA Pol II by using an antibody that recog-
nizes a Ser5-phosphorylated (S5P) form of the enzyme (Fig. 6C).
The C-terminal domain (CTD) of the largest subunit of Pol II
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contains a series of heptapeptide repeats (YS,PTS;PS) that can be
phosphorylated differentially during the transcription cycle. The
S5P CTD of RNA Pol II is enriched at the 5" end of transcribed
genes and is believed to decorate poised, transcriptionally engaged
Pol II, whereas phosphorylation of Ser2 (S2P) is associated with
the transition to productive elongation (35). As expected, IFN
treatment resulted in enhanced detection of initiated RNA Pol II
at the ISG56 promoter. On the other hand, we observed an im-
paired recruitment of the initiated polymerase at the ISG56 pro-
moter when RVB1 was depleted, while its presence at the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) gene promoter
remained unperturbed regardless of IFN treatment or RVB1 sta-
tus. The recovery of the intragenic DNA fragment downstream
from ISG56 remained near background levels under all condi-
tions. A similar pattern was observed for two other ISG promot-
ers: ISG54 and IFI6 (data not shown). Therefore, RVB1 appears to
act upstream of RNA Pol II recruitment and initiation in response
to IFN stimulation, mediated by the action of STAT2. Interest-
ingly, we did not detect appreciable amounts of recruited or initi-
ated polymerase at the ISG56 promoter under nonstimulated con-
ditions that could represent a stalled enzyme, suggesting that gene
expression is regulated by selective RNA Pol II recruitment fol-
lowing ISGF3 assembly on chromatin rather than by release of
preengaged molecules. This is in contrast to the elongation-de-
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FIG 6 RVBL is dispensable for STAT2 but required for RNA polymerase II
recruitment to the ISG56 promoter. (A) HEK293 cells carrying an inducible
hairpin against RVB1 were treated with doxycycline for 72 h or left untreated.
Cells were then incubated with IFN-a2a for 45 min or left untreated, as indi-
cated, and processed for ChIP assays. STAT2 antibody-precipitated ChIP DNA
and input material were used to quantify the ISG56 promoter. (B) Same as in
panel A, but a total Pol I antibody was used for ChIP assays to examine both
the ISG56 promoter and the intragenic region downstream of ISG56. (C) Same
as in panel A, but an antibody against the phosphorylated serine 5 Pol II CTD
was used for ChIP assays. The GAPDH promoter was quantified as a positive
control. Data are presented as percentages of input material. Data from one of
three independent experiments are shown. Error bars show data ranges. (D)
Same as in panel A, but antibodies against acetylated H4 and H3 were used for
ChIP assays. AcH4/H3 ratios are presented as fold changes of IFN-treated over
untreated samples before and after RVB1 depletion. Data from one of two
independent experiments are shown. (E) HEK293 cells were treated with the
indicated amount of anacardic acid (AA) and/or IEN for 8 h before isolation of
RNA. Expression of ISG56 and actin mRNAs was quantified by real-time PCR,
and normalized data are presented as the fold induction over uninduced levels.
Data from one of three independent experiments are shown.

pendent regulation observed for many inducible genes in lipo-
polysaccharide (LPS)-treated macrophages (36, 37) but consistent
with the IFN dependence of STAT? activation, nuclear transloca-
tion, and chromatin association.

Induction of gene expression is often associated with histone
acetylation following recruitment of DNA-bound transcription
factors. To examine the role of RVBL1 in this process, we examined
acetylation of histone H4 at the ISG56 promoter (Fig. 6D). IFN
stimulated a 6-fold increase in H4 acetylation at the promoter but
not the 3’ intragenic region of ISG56. However, this increased
acetylation was largely abolished by depletion of RVBI following
expression of the doxycycline-inducible hairpin. In contrast,
acetylation of histones at the GAPDH promoter was largely
unaffected regardless of IFN treatment or the absence of RVB1
(Fig. 6D). Pharmacologic inhibition of histone acetyltrans-
ferase activity by use of anacardic acid effectively blocked
ISG56 induction (Fig. 6E). Altogether, these results suggest
that an RVB1-containing complex promotes histone acetyla-
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tion and RNA Pol II recruitment in response to IFN stimula-
tion in order to activate the promoters of type I IFN-stimulated
genes.

DISCUSSION

A swift and regulated cellular response is crucial for host defense
and is coordinated by an assortment of transcription factors that
rapidly alter the expression of a battery of relevant genes depend-
ing on the cell type and the nature of the invading pathogen. Viral
infection first activates the transcription factors IRF3 and -7 and
NF-kB, which bind recognition elements in IFN promoters and
induce their transcription. Induced type I [FNs bind their specific
receptors and drive the formation of the ISGF3 complex following
tyrosine phosphorylation of STAT1 and STAT?2, triggering tran-
scription of genes with multiple antiviral functions. In this study,
we identified RVB proteins that are recruited to chromatin by
DNA-bound STAT?2 as essential components that mediate RNA
Pol II recruitment and histone acetylation at ISG promoters in
order to induce transcription in response to IFN.

RVBI1 was originally identified as part of a complex with TATA
box binding protein (TBP) and was named TBP-interacting pro-
tein 49 (Tip49) (38). Since then, RVB proteins have been studied
in multiple organisms and have been identified in several multi-
subunit complexes involved in both ATP-dependent remodeling
and histone modification. The human Ino80 complex has a
nucleosome-stimulated ATPase activity and ATP-dependent re-
modeling activity in vitro (28). In human cells, Ino80 is also re-
quired for transcription of Ying-Yangl (YY1)-activated genes
(39). The SRCAP complex contains RVB proteins and modifies
chromatin via incorporation of H2A.Z into nucleosomes by a
dimer exchange reaction (29). One of the few functions directly
attributed to RVB proteins is their role in the assembly and acetyl-
transferase activity of the human Tip60 complex (16). Tip60 and
RVB1/2 are also recruited by c-myc to its target promoters, and
Tip60 is required for AR- and p53-mediated transcription (40,
41). Yet another RVB-containing complex, URI, negatively regu-
lates RNA Pol II during activated transcription driven by VP16
and hepatitis B virus X protein (34), and it was recently shown to
negatively regulate AR-driven transcription (33). Although these
complexes contain RVB proteins, the role of these proteins in
regulating many of these processes remains unexplored.

Biochemical purification coupled with mass spectrometry has
become a powerful tool for identifying the protein networks of
diverse cellular pathways, including cytokine signaling and chro-
matin-related complexes. In this study, RVB proteins were iden-
tified as STAT2-interacting partners in a proteomic screen. RVB
proteins are reported to interact with several other transcription
factors, such as c-myc and B-catenin, suggesting that they can
serve as cofactors for diverse transcription factors and providing
precedence for a functionally relevant STAT2-RVB interaction.
Complexes containing RVB proteins support transcription in a
variety of settings. Tip60 was shown to act as a coactivator for
UV-induced p53-dependent transcription of PUMA in MCF7
cells, while BRD8 was shown to be a nuclear coactivator for thy-
roid hormone receptor and for peroxisome proliferator-activated
receptor gamma (PPARgamma) and 9-cis-retinoic acid receptor
(RXR) heterodimers in transient-transfection assays (20, 41, 42).
The Ino80 complex is reported to be a coactivator for YY1-di-
rected transcription of an endoplasmic reticulum (ER) stress-in-
ducible gene in HeLa cells (39).
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Our validation studies mapped the interaction between
RVB1/2 and STAT?2 to the transactivation domain of STAT2, im-
plicating RVB proteins in transcriptional regulation. This notion
was supported by our gene expression experiments showing that
RVBI1 or RVB2 silencing specifically impaired responses to IFN-a
but not to other inducers, such as TNF-a or IFN-vy. Moreover,
RVB was required for expression of the IFN-induced expression of
genes that require BRG1 as well as those that do not require the
presence of this chromatin remodeler. Therefore, RVB proteins
appear to be generally required for IFN-stimulated gene expres-
sion that is dependent on STAT?2.

In our search for the identity of the RVB complex involved in
IFN-a signaling, we ruled out several known complexes based on
the lack of a specific requirement for their catalytic subunits (Fig.
3B and D and 5). These data suggest that the function of RVB
proteins during IFN-stimulated transcription may not be the
modification of DNA-nucleosome interactions previously char-
acterized for SRCAP and Ino80. It is possible that IFN-« treat-
ment causes some fraction of RVBs to assemble into a unique,
previously unknown complex that may have a chromatin-remod-
eling or histone acetyltransferase activity.

Our results further demonstrate that the RVB1 requirement is
likely downstream of ISGF3 assembly on chromatin, since it was
dispensable for STAT2 recruitment (Fig. 6A), whereas recruit-
ment of initiated RNA Pol I was dependent on RVB1 (Fig. 6B and
C). To our knowledge, this is the first documented example of a
direct role for RVBI in transcriptional initiation. Interestingly, we
were unable to detect endogenous or transiently overexpressed
RVBI at ISG promoters by ChIP assays using two different anti-
sera. This result may indicate that RVB proteins play an indirect
role in transcriptional initiation following transient recruitment
by STAT2, a notion that is not without precedence. Yeast RVB
proteins have been shown to assist in the assembly of the Ino80
complex, and while promoter-bound Ino80 could be detected,
RVBI1 was not observed (26). Alternatively, chromatin-bound
RVBI1 may be inaccessible to immunoprecipitation for technical
or conformational reasons.

The exact molecular function of RVB proteins in the context of
ISG transcription remains undefined. The importance of ATPase/
helicase motifs, which are present in RVB proteins, has been es-
tablished for several cofactors involved in transcription. For in-
stance, TFIIH is a multiprotein complex containing subunits with
intrinsic helicase activity (43). TFIIH functions both as a general
transcription factor and in nucleotide excision repair, and its two
helicases exhibit opposing helicase polarities (44, 45). RVB1 and
RVB2 have also been reported to have helicase activities with op-
posing polarities (46, 47), although multiple groups have been
unable to confirm the helicase activity ascribed to RVB proteins
(48, 49), possibly due to the absence of necessary cellular partners
in the in vitro assays used. Notably, however, mutation of the
ATPase motif of RVBI inhibits the oncogenic activity of c-myc
(25), implicating helicase activity in at least this RVB function.
One attractive hypothesis, therefore, is that the ATPase/helicase
activity of RVB proteins promotes DNA strand displacement dur-
ing the formation of a transcriptional bubble. However, our anal-
ysis of ATPase/helicase mutant RVB1 (Fig. 3F) demonstrated that
ATPase activity was not required for the function of RVB proteins
in the context of ISG transcription. Therefore, while strand dis-
placement may be responsible for some functions of RVBI, a he-
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licase-dependent function is unlikely to be involved in the ability
of RVBI to cooperate with STAT2 during ISG expression.

Interestingly, it has been reported that STAT1 homodimers
that mediate transcriptional responses in response to IFN-vy uti-
lize MCMS5 as a coactivator. MCM5 is an ATPase/helicase and a
member of the minichromosome maintenance family of proteins
involved in DNA replication. MCM5 interacts with the STAT1
TAD, and it appears to travel along chromatin with elongating
RNA Pol I, presumably to facilitate DNA denaturing during tran-
scription (50). Another RNA/DNA helicase, RNA helicase A
(RHA), is employed by the STAT6 TAD during interleukin-4 (IL-
4)-regulated transcription, and its helicase activity is required for
gene expression. It is hypothesized that RHA facilitates entry of
the transcriptional complex by interacting with chromatin-mod-
ifying enzymes (51). Combined with the findings reported here, it
emerges that different STAT proteins have evolved distinct mech-
anisms to exploit coactivator factors with ATPase/helicase activity
to facilitate induction of transcription.

In sum, these results suggest that induction of transcription of
previously silent genes in response to acute stimulation with cyto-
kines requires ATPase-dependent modification of chromatin for
efficient transcriptional initiation by RNA Pol II. In contrast, ac-
tively transcribed housekeeping genes appear to be independent
of this activity. In the case of IFN-stimulated transcription, an
RVB-containing complex is hypothesized to play this role, being
recruited in a gene-specific manner through interaction with the
STAT? transactivation domain. It will be of interest to determine
the molecular composition of the RVB complex recruited by
STAT?2, why different STAT proteins and other inducible tran-
scription factors (e.g., NF-kB) have evolved to be dependent on
distinct ATPase/helicase coactivators, and whether helicase de-
pendence is restricted to early pioneer rounds of transcription and
is therefore dispensable for constitutively expressed genes.
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