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ABSTRACT

The oncogenic herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV) is known to encode four viral interferon regulatory
factors (vIRF1 to -4) to subvert the host antiviral immune response, but their detailed DNA-binding profiles as transcription
factors in the host remain uncharacterized. Here, we first performed genome-wide vIRF2-binding site mapping in the human
genome using chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-seq). vIRF2 was capable of
binding to the promoter regions of 100 putative target genes. Importantly, we confirmed that vIRF2 can specifically interact with
the promoters of the genes encoding PIK3C3, HMGCR, and HMGCL, which are associated with autophagosome formation or
tumor progression and metastasis, and regulate their transcription in vivo. The crystal structure of the vIRF2 DNA-binding
domain (DBD) (referred to here as vIRF2DBD) showed variable loop conformations and positive-charge distributions different
from those of vIRF1 and cellular IRFs that are associated with DNA-binding specificities. Structure-based mutagenesis revealed
that Arg82 and Arg85 are required for the in vitro DNA-binding activity of vIRF2DBD and can abolish the transcription regula-
tion function of vIRF2 on the promoter reporter activity of PIK3C3, HMGCR, and HMGCL. Collectively, our study provided
unique insights into the DNA-binding potency of vIRF2 and suggested that vIRF2 could act as a transcription factor of its target
genes in the host antiviral immune response.

IMPORTANCE

The oncogenic herpesvirus KSHV is the etiological agent of Kaposi’s sarcoma, primary effusion lymphoma, and multicen-
tric Castleman’s disease. KSHV has developed a unique mechanism to subvert the host antiviral immune responses by en-
coding four homologues of cellular interferon regulatory factors (vIRF1 to -4). However, none of their DNA-binding pro-
files in the human genome have been characterized until now, and the structural basis for their diverse DNA-binding
properties remain poorly understood. In this study, we performed the first genome-wide vIRF2-binding site mapping in
the human genome and found vIRF2 can bind to the promoter regions of 100 target cellular genes. X-ray structure analysis
and functional studies provided unique insights into its DNA-binding potency and regulation of target gene expression.
Our study suggested that vIRF2 could act as a transcription factor of its target genes and contribute to KSHV infection and
pathogenesis through versatile functions.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus 8 (HHV8), is the etiological agent of

Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), and
multicentric Castleman’s disease (MCD) (1–3). Moreover, KS is
the first tumor to be associated with HIV infection and the most
common AIDS-associated malignancy in sub-Saharan Africa and
the second most common cancer in HIV-infected patients (2–5).
KSHV has developed a unique mechanism to subvert host antivi-
ral immune responses by encoding four homologues (viral inter-
feron regulatory factors [vIRF1 to -4]) of cellular interferon regu-
latory factors (c-IRFs) with a cluster of KSHV open reading frames
(ORFs), K9, K11/11.1, K10.5/10.6, and K10, respectively (6–8).
vIRFs have been demonstrated to be effective inhibitors of inter-
feron signaling and regulators of cellular oncogenic pathways,
which may contribute to KSHV infection, as well as pathogenesis
(4, 9, 10).

vIRF2 was previously demonstrated to be a constitutively ex-
pressed viral protein, consisting of 163 amino acids, encoded by a
single ORF, K11.1 (5). Recently, the full-length vIRF2 protein,
consisting of 680 amino acids, which was encoded by a 2.2-kb

spliced transcript representing two exons of ORFs K11.1 and K11,
has been confirmed (11, 12). vIRF2 (here representing the full
length of vIRF2 unless otherwise indicated) is presented in both
the cytoplasm and nucleus of infected cells during KSHV lytic
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replication, and its expression can be induced by interferon (IFN)
treatment (3, 13). vIRF2 shares about 13% sequence homology
with human IRFs, mostly located in the DNA-binding region, and
also shows some similarity to the IRF interaction domain (IAD)
found in IRF8/interferon consensus sequence binding protein
(ICSBP) (14, 15).

Similarly to vIRF1, vIRF2 can function as a modulator of the
innate immune response by negatively regulating the transactiva-
tion of the interferon-stimulated response element (ISRE) pro-
moter by IRF-1, as well as activation of the IFN reporter promoter
by either IRF-3 or IRF-1, but not by IRF-7 (12). Moreover, vIRF2
targets components of interferon-stimulated gene factor 3
(ISGF3) complexes, STAT1, and IRF-9, which results in the inhi-
bition of ISG expression (16). Thus, vIRF2 appears to be able to
inhibit both early and later steps of the antiviral IFN signaling
pathway (9). Similar to other vIRFs, vIRF2 does not contain a
unique tryptophan pentad repeat in the DNA-binding domain,
which is important in binding the promoters of IFNs and IFN-
inducible genes for all cellular IRFs (17, 18). Previous studies
showed that vIRFs were unable to bind to the consensus DNA
sequence of human IRFs (6). The inhibitory role of vIRF2 in reg-
ulating IFN signaling seemed to rely on its interaction with other
regulatory factors, but not direct transcriptional regulation. For
example, vIRF2 was shown to recruit caspase 3 to IRF-3 and thus
to accelerate the caspase-dependent process of IRF-3 turnover,
leading to an inefficient antiviral response (19).

However, some evidence has suggested that the short-form
vIRF2 (K11.1) was capable of directly binding to a consensus
NF-�B binding site, but not to an ISRE (8). vIRF1 has been shown
to bind some DNA oligonucleotides in vitro and can interact with
the K3-viral dihydrofolate reductase-viral interleukin 6 promoter
region in the KSHV genome (20). The recent structure of the
vIRF1 DNA-binding domain (DBD) (referred to here as vIRF1DBD)
in complex with a double-stranded DNA from the KSHV genome
suggested that vIRF1 might function as a transcription factor on
operator regions within the viral genome (20, 21). Interestingly, in
a thermal-stability shift assay (TSSA), the vIRF1 DBD can bind
DNA, whereas the full-length vIRF1 cannot (21). Although the
DNA-binding character of vIRF1 was preliminarily defined in the
KSHV genome, there is still a question whether vIRFs can function
as bona fide transcription factors in the host. Due to the important
function of vIRF2 in the KSHV life cycle, we are curious to know
whether the full length of vIRF2 can bind to DNA and whether
vIRF2 can act as a transcription factor in humans. In this study, we
combined human genome-wide vIRF2-binding site mapping by
chromatin immunoprecipitation coupled to high-throughput se-
quencing (ChIP-seq) and structural analysis of vIRF2DBD to ad-
dress the potential function of vIRF2 as a DNA-binding transcrip-
tion factor.

MATERIALS AND METHODS
ChIP-seq and ChIP-PCR. The ChIP protocol was adapted from Rockland
Immunochemicals Inc. with some modifications. Briefly, cells were cross-
linked in the medium with 1% formaldehyde for 30 min at room temper-
ature and quenched with 0.125 M glycine. After cross-linking, the cells
were washed with phosphate-buffered saline (PBS) twice and resus-
pended in 1 ml of buffer A (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.2% Triton X-100, 1 mM dithiothreitol [DTT], 0.5 mM EDTA,
0.2 mM phenylmethylsulfonyl fluoride [PMSF]) for 10 min at 4°C. The
extracted nuclei were pelleted by centrifugation at 2,000 rpm for 5 min.
The nuclei were lysed in SDS lysis buffer (50 mM HEPES, 1 mM EDTA,

1% SDS, 1 mM PMSF) for 10 min on ice. The lysates were subjected to
sonication to obtain �200-bp fragments of DNA and to centrifugation at
13,000 � g at 4°C for 10 min to obtain the supernatants. The supernatants
were diluted 1:10 with RIPA buffer. The samples were precleared with
pretreated protein A or G beads for 2 h at 4°C and then incubated with
anti-Flag antibody overnight at 4°C. After extensive washing with RIPA
buffer, wash buffer (20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 250 mM LiCl,
0.5% NP-40, 1 mM PMSF), and TE buffer (10 mM Tris-HCl, pH 8.0, 1
mM EDTA) (each 4 times), the beads were resuspended in TE buffer. The
resuspended beads were subjected to RNase A and proteinase K digestion,
and then the cross-linking was reversed at 65°C for 8 to 10 h. DNA was
recycled with a DNA purification kit (Tiangen). The enriched DNA frag-
ments were subjected to quantitative PCR (qPCR) or library construction.
The library construction and sequencing procedures were performed by
the Omics Core, Chinese Academy of Sciences, following Illumina’s con-
struction.

Bioinformatics analysis of ChIP-seq data. The ChIP-seq data were
aligned with the human genome (hg19) using Bowtie2 (22). The output
files were subjected to peak calling with MACS (model-based analysis of
ChIP-seq), as described previously (23). All the parameters were default.
The P value cutoff for the peak detection was 10�5. The input group was
used as a control. The results were visualized with IGV software (24). The
peak information was annotated with PeakAnalyzer (25). The distribu-
tion of peaks in relation to genes was calculated by PAVIS (26). De novo
motif results were generated by HOMER, and all the parameters were
default (27).

Quantitative real-time PCR. Cells were collected and lysed in TRIzol
buffer (Life technology), and RNA was isolated according to the manu-
facturer’s instructions. Reverse transcription was performed with a cDNA
reverse transcription kit (Toyobo). Real-time (RT)-PCR was performed
with a SYBR green master mix kit (Toyobo). Relative mRNA levels were
normalized to the actin gene and calculated by the ��CT method. The
primers for quantitative RT (qRT)-PCR and ChIP-PCR are listed in Table
S3 in the supplemental material.

Cloning, protein expression, and purification. pCDH-SF-vIRF2 was
constructed by inserting full-length vIRF2 into the pCDH-SF vector. Mu-
tants of pCDH-SF-vIRF2 (R82A, R85A, and R82A/R85A) were con-
structed by site-directed mutagenesis based on the KOD-plus kit
(Toyobo) protocol. pET28-vIRF2DBD was constructed by subcloning the
gene fragment encoding the vIRF2 DBD (residues 7 to 115) from pCDH-
SF-vIRF2 into the expression vector pET28(�) with a cleavable N-termi-
nal 6�His tag. 3� Motif1-Luc and 3� Motif2-Luc were constructed by
inserting annealed DNA fragments containing 3 tandem copies of a rep-
resentative vIRF2-binding motif 1 or 2 sequence into the pGL6-TA vector
(Beyotime, China). PIK3C3p-Luc, HMGCRp-Luc, and HMGCLp-Luc
were constructed by inserting the indicated promoter region (see Table S3
in the supplemental material) of each gene into the pGL3-enhancer vector
(Promega). All the primers used in vector construction are listed in Table
S3 in the supplemental material.

pET28-vIRF2DBD was transformed into an Escherichia coli BL21(DE3)
star expression strain (Invitrogen). For protein expression, bacterial cells
were grown to mid-log phase in LB medium at 37°C in the presence of 50
mg/ml kanamycin. Induction of the culture was then carried out by add-
ing 0.2 mM isopropyl-1-thio-�-D-galactopyranoside (IPTG) at 20°C. The
cells were pelleted after 20 h by centrifugation at 8,000 rpm for 10 min at
4°C. The cell pellet was then resuspended in buffer containing 20 mM Tris
(pH 8.0), 500 mM NaCl, 2 mM �-mercaptoethanol, and 1 mM PMSF and
lysed with a high-pressure homogenizer at 4°C. The cell debris and mem-
branes were pelleted by centrifugation at 16,000 rpm for 60 min at 4°C.
The soluble N-terminally hexahistidine-tagged vIRF2DBD was purified by
affinity chromatography with nickel-nitrilotriacetic acid resin (Bio-Rad).
The protein was further purified by gel filtration chromatography (Super-
dex 75; GE Healthcare) equilibrated in buffer containing 20 mM Tris (pH
8.0), 500 mM NaCl, and 2 mM DTT using an Äkta Purifier System (Am-
ersham). The highly purified protein fractions were pooled and concen-
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trated to 4 mg/ml and quantified with the Bio-Rad protein assay kit for
crystallization trials by ultrafiltration in an Amicon cell (Millipore, CA,
USA).

The selenomethionine (Se-Met) protein was produced in minimal
medium supplemented with 100 mg/liter (each) lysine, phenylalanine,
and threonine and 50 mg/liter (each) isoleucine, leucine, valine, and sel-
enomethionine. The production and purification of Se-Met vIRF2DBD

were the same as those described above.
Crystallization, data collection, structure determination, and re-

finement. Crystallization screens were performed with Hampton Re-
search and Qiagen kits using the sitting-drop vapor diffusion method at
room temperature and 4°C. The Se-Met vIRF2DBD crystal was obtained in
a mixture (solution) of 30% (vol/vol) polyethylene glycol (PEG) 400, 0.1
M 2-(cyclohexylamino)ethanesulfonic acid (CHES), pH 9.5, at room
temperature. The crystal quality was optimized by adjusting the concen-
trations of the precipitant and buffer. The best crystal was obtained in a
solution of 25% (vol/vol) PEG 400, 0.1 M CHES, pH 9.5, after 4 days at
room temperature.

All of the data were collected on beamline 3W1A at the Beijing Syn-
chrotron Radiation Facility (BSRF) with a mounted MAR-165 charge-
coupled device (CCD) detector. Before data collection, the crystals were
soaked in the reservoir solution supplemented with 20% (vol/vol) glycerol
for a few seconds and then flash-frozen in liquid nitrogen. All the data
were processed with HKL2000 (28). The Se-Met crystal structure of the

vIRF2DBD was determined by the single-wavelength anomalous-disper-
sion (SAD) method. The selenium atoms were located with the program
Shelxd (29) and then used to calculate the initial phases in Shelxe. The
phases from Shelxe were improved in Resolve (30) and then used in Buc-
caneer for model building. Coot (31) and Phenix.refine (32) were used for
manual building and refinement, respectively. The refinement statistics
and model parameters are provided below (see Table 2). The program
PyMOL (http://www.pymol.sourceforge.net/) was used to prepare the
structural figures. Superpositions of the structures were performed in
Coot using secondary-structure matching (33).

Gel EMSA. vIRF2-binding motif 1 and motif 2 revealed by ChIP-seq
were selected to verified their interaction with vIRF2DBD by electropho-
retic mobility shift assays (EMSA). DNA probes were synthesized with the
sequences of 3 tandem copies of vIRF2-binding motif 1 or 2 or 1 copy of
LANA-binding motif 1 as a negative control. The probe sequences are
listed in Table S3 in the supplemental material. Double-stranded oligo-
nucleotides were prepared by mixing equimolar ratios of complementary
oligonucleotides. They were annealed at 65°C for 10 min in a buffer (pre-
pared with diethyl pyrocarbonate [DEPC]-sterilized water) containing
150 mM NaCl, 50 mM Tris (pH 8.0), 2 mM MgCl2, and 1 mM DTT and
then cooled at room temperature for another 10 min obtain a final con-
centration of 1 mM.

vIRF2DBD-DNA complexes were prepared by adding the protein at
0, 4, 8, 16, and 24 	M final concentrations to the solution containing

FIG 1 Genome-wide mapping of KSHV vIRF2-binding sites in 293T cells using ChIP-seq. (A) Summary of vIRF2 ChIP-seq experiments. (B) Peak-calling
summary with MACS. (C) Genome distribution of KSHV vIRF2-binding sites. (D) Summary of the top 10 potential vIRF2-binding motifs generated by HOMER.
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the DNA fragment samples (2 	M final concentration) and incubated
for 30 min at room temperature. For each sample, free DNA and
complexes were separated on a 10% acrylamide native gel run for 1 h at
200 V and 5 W at 4°C and visualized by Golden View (Biotium) stain-
ing.

Luciferase reporter assay. 293T cells (2 � 105) were seeded into 12-
well plates the day before transfection. The cells were cotransfected with 1
	g luciferase reporter, 20 ng pRL-TK, and 2 	g pCDH-SF-GFP, pCDH-
SF-vIRF2, pCDH-SF-vIRF2-R82A, pCDH-SF-vIRF2-R85A, or pCDH-
SF-vIRF2-R82A/R85A plasmid using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. Forty-eight hours posttrans-
fection, cells were harvested and lysed in 100 	l cell lysis buffer (Promega)
for luciferase reporter assays using the Promega dual-luciferase reporter
assay system. All data sets were repeated multiple times, and the data
shown are means of three independent experiments.

Accession numbers. The atomic coordinates and structure factor files
of vIRF2DBD have been deposited in the Protein Data Bank (PDB) with the
entry code 4P55. The ChIP-seq data for vIRF2 are available under acces-
sion numbers SRX951274 and SRX951275 at the NCBI SRA database.

RESULTS
Human genome-wide mapping of KSHV vIRF2-binding sites.
To identify all vIRF2-binding sites in the human genome using an
unbiased approach, ChIP-seq was performed in 293T cells ex-
pressing Flag-tagged vIRF2. pCDH-SF-vIRF2 was transfected into
293T cells, and after 24 h, the cells were harvested for ChIP using
anti-Flag antibody. The DNA fragments enriched by ChIP or in-
put control were then subjected to high-throughput sequencing
according to Illumina’s instructions. The ChIP-seq data were
aligned to the human genome (hg19), and only uniquely mapped
nonredundant reads were used in subsequent analyses (Fig. 1A).
Peaks significantly enriched over the input control were deter-
mined using MACS, as described previously (23). In total, 1,165
peaks were identified (Fig. 1B), which suggested that full-length
vIRF2 was indeed capable of binding DNA extensively. Even
though most of the peaks were distributed in intergenic and intron
regions (the ratios were 49.1% and 34.9%, respectively), there

TABLE 1 Top 10 vIRF2 target gene promoters

Chromosome Peak start Peak end Distance Closest TSS_ID Symbol Fold enrichment

chr18 39535630 39535949 406 ENST00000585528 PIK3C3 9.04
chr9 45727093 45727502 190 ENST00000377531 FAM27A 8.66
chr12 3046048 3046414 �613 ENST00000541678 TULP3 8.21
chr4 154681548 154681850 �312 ENST00000347063 RNF175 8.21
chr1 26604759 26605136 �719 ENST00000270792 SH3BGRL3 8.21
chr18 3409366 3409684 �2,81 ENST00000552383 TGIF1 8.21
chr20 206728 207044 �1,13 ENST00000246105 DEFB129 8.14
chr2 97651402 97651709 745 ENST00000327896 FAM178B 8.12
chr5 139778872 139779135 �2,95 ENST00000360839 ANKHD1 7.56
chrX 48910547 48910871 �392 ENST00000597275 CCDC120 7.56

FIG 2 vIRF2 regulates transcription of genes bound by itself in the promoter region. (A) Schematic of the vIRF2-bound sites within the promoter regions of
PIK3C3, HMGCR, and HMGCL. The vIRF2 read depth is plotted as reads per million. (B) Binding of vIRF2 to the promoter regions of PIK3C3, HMGCR, and
HMGCL was validated by ChIP-qPCR. The data are shown as means plus standard errors of the mean (SEM); n 
 3. *, P � 0.05. (C) mRNA levels of PIK3C3 and
HMGCR were significantly upregulated, while that of HMGCL was significantly downregulated, by vIRF2 expression measured by qRT-PCR. GFP, green
fluorescent protein. The data are shown as means plus SEM; n 
 3. *, P � 0.05.
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were 101 peaks (8.8%) located within the promoter regions of 100
annotated genes (Fig. 1C; see Table S1 in the supplemental mate-
rial). The top 10 vIRF2 target promoters are listed in Table 1.
Furthermore, we wondered whether there were consensus motifs
within the 1,165 ChIP-seq peaks of vIRF2. The sequences of these
peaks were extracted and subjected to de novo motif analysis with

HOMER (22). The top 10 potential vIRF2-binding motifs are
listed in Fig. 1D and Table S2 in the supplemental material. These
potential vIRF2-binding motifs showed significant homology
with those in several DNA-binding transcriptional factors
(Fig. 1D; see Table S2 in the supplemental material), such as the
transcriptional repressor CDX2 and the transcriptional enhancer

FIG 3 Structural characteristics of vIRF2DBD. (A) Overall view of vIRF2DBD structure shown as a cartoon. There are two molecules (named vIRF2DBDA, in green,
and vIRF2DBDB, in cyan) in the asymmetric unit. (B) Structure-based sequence alignment of vIRF2DBD with vIRF1 and human IRF DBDs, performed using clustal
X (version 1.81) and ESPript 2.2 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The conserved residues are boxed in blue, and identical and low-conserved
residues are shaded in red or appear as red letters, respectively. Arg82 and Arg85 are boxed in red. (C) Superimposition of the two molecules in the asymmetric
unit, showing they are essentially the same and the conformations of the putative specificity-determining arginines (Arg82 and Arg85) in �3 of vIRF2 for DNA
binding are identical. (D) Molecular surface representation of vIRF2DBD (blue, �7.8 KT; red, �7.8 KT, where KT is the Boltzmann energy at room temperature)
colored according to their local electrostatic potentials.
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factor TEAD4. More importantly, the motif 10# AGA(C)AGC
(G)ATTCTC (no. 10 in Fig 1D) shared significant homology with
several cellular-IRF secondary binding motifs (including IRF3 to
IRF6) (see Table S2 in the supplemental material), suggesting a
DNA-binding pattern conserved between vIRF2 and cellular IRFs.

Binding of vIRF2 to the target gene promoter region as
shown by ChIP-qPCR and qRT-PCR. Since vIRF2 was shown by
ChIP-seq to bind to the promoter regions of 100 genes (see Table
S1 in the supplemental material), we speculated that vIRF2 is in-
volved in the transcriptional regulation of these genes. For cross
validation of the ChIP-seq result, we verified a number of vIRF2
target promoter sequences by ChIP-qPCR (see Fig. S1 in the sup-
plemental material). As examples, a schematic of the vIRF2-
bound sites within the promoter regions of PIK3C3, HMGCR
(encoding HMG-coenzyme A [CoA] reductase), and HMGCL
(encoding HMG-CoA lyase) are shown (Fig. 2A). We showed that
DNA fragments representing the promoter regions of PIK3C3,
HMGCR, and HMGCL were significantly enriched using anti-Flag
antibody, but not in the control IgG (Fig. 2B; see Fig. S1 in the
supplemental material), in the ChIP-qPCR assay, which con-
firmed the binding of vIRF2 to their promoter regions.

We then asked whether vIRF2 was involved in the transcrip-
tion regulation of the genes. pCDH-SF-vIRF2 or control pCDH-
SF-GFP was transfected into 293T cells, and the cells were har-
vested for qRT-PCR 48 h postinfection. We showed that the
mRNA levels of PIK3C3 and HMGCR were significantly upregu-
lated, while HMGCL was significantly downregulated, by vIRF2
expression (Fig. 2C). Based on these data, we speculated that
vIRF2 can downregulate or upregulate the transcription of its tar-
get genes through cooperation with different cotranscription fac-
tors in vivo.

Overall structure of vIRF2DBD. The N-terminal region (resi-
dues 7 to 114) of vIRF2 was indicated as a putative DNA-binding
domain (here referred to as vIRF2DBD) through Phyre prediction
(34) and sequence alignment with vIRF1 and cellular IRFs (Fig.
3A). To gain more insight into the vIRF2 DNA-binding property,
we solved the crystal structure of vIRF2DBD (PDB ID 4P55) by the
SAD method using Se-Met-labeled protein and refined it to a final
Rwork/Rfree factor of 0.21/0.25 at 2.50-Å resolution, with the space
group P3221 (Table 2). There were two molecules in an asymmet-
ric unit, labeled vIRF2DBDA and vIRF2DBDB (Fig. 3B; see Fig. S2 in
the supplemental material [shown in green and cyan, respec-
tively]). Each monomer consisted of four antiparallel �-strands
(�11-�22-�31-�42) and three �-helices (�1 to �3) con-
nected by three long loops (L1 to L3) and three short loops (Fig.
3A and B). The structure of vIRF2DBD adopted a winged helix-
turn-helix (HTH) conformation, a feature commonly found in
vIRF1, cellular IRFs, and other transcriptional factors (21, 35, 36).
The structures of the two monomers were very similar (Fig. 3B),
and superimposition of the two molecules yielded a low root mean
square deviation (RMSD) of 0.36 Å for 95 aligned C-� carbon
atoms. A notable difference between the two monomers was the
absence of electronic density of the residues Arg37-Gly45 in
vIRF2DBDB, corresponding to the L1 region, which can probably
be attributed to the relatively high flexibility of the region (see Fig.
S1 in the supplemental material). Here, vIRF2DBDA was used for
structural alignment and analysis (see below).

A DALI search (http://ekhidna.biocenter.helsinki.fi/dali
_server) (37) for globally similar proteins revealed that vIRF2DBD

had significant structural similarity to the DNA-binding domains

of vIRF1 and human IRFs (RMSD, 2.0 to 3.2 Å). The top two
closest homologues were the vIRF1DBD-DNA complex (PDB ID
4HLY), with a Z-score of 10.6 and an RMSD of 2.9 Å for 106 C-�
atoms, and the human IRF2DBD-DNA complex (PDB ID 2IRF),
with a Z-score of 10.2 and an RMSD of 2.4 Å for 109 C-� atoms.
vIRF2DBD shared 23.1% and 18.2% amino acid sequence identity
with vIRF1DBD and IRF2DBD, respectively. The structures of the
vIRF1DBD-DNA and IRF2DBD-DNA complexes were compared
with that of vIRF2DBD as described below.

Structural features of vIRF2DBDinvolved in DNA binding. In
vIRF2DBD, the positively charged protuberances were mainly
formed by �2 and �3 and by L1 and L3 (Fig. 3C), similar to the
distribution of the charged surface patches in vIRF1DBD and
IRF2DBD. However, there are remarkable shifts and conformation
changes in loops L1 to L3 of vIRF2 that may be involved in DNA
binding, compared with those regions in the vIRF1DBD and
IRF2DBD structures (Fig. 4A and B), which may reflect their dis-
tinct DNA-binding characteristics.

Although no significant changes in the position and orienta-
tion of the canonical DNA recognition helix �3 in the major
grooves of vIRF1DBD and IRF2DBD (RMSD, 0.57 and 0.43 Å for
C-� carbon atoms, respectively), the DNA specificity-determin-
ing residues in this helix may be distinct. There were only 2 (Arg82
and Arg85 [discussed below]) and up to 6 arginine residues in �3
of vIRF2DBD and vIRF1DBD (Fig. 3B and 4A), respectively, which
indicates their different cellular DNA-binding capacities and
specificities. Superimposition of the putative DNA-binding resi-
dues Arg82 and Arg85 in the two monomers of vIRF2DBD showed
they are highly conserved and have identical conformations

TABLE 2 Data collection and refinement statistics

Statistica Value for vIRF2DBD
b

Data collection
Wavelength (Å) 0.9792
Space group P3221
Unit cell parameters (Å) a 
 b 
 48.467; c 
 195.088
Resolution (Å) 2.50 (2.54–2.50)
No. of unique reflections 9,881 (490)
Completeness (%) 100 (100)
Redundancy 15.3 (10.9)
Mean I/(I) 29.6 (4.5)
No. of molecules in asymmetric unit 2
Rmerge (%) 13.4 (46.8)

Refinement
Resolution range (Å) 41.0–2.50
Rwork/Rfree (%) 21.2/24.8
No. of residues/protein atoms 201/1,699
No. of water atoms 85
Average B factor

Main chain (A/B) 19.7/24.1
Side chain (A/B) 22.4/26.4
Waters 21.7

Ramachandran plot (%)
Most favored 98.5
Allowed 1.50

RMSD
Bond lengths (Å) 0.010
Bond angles (°) 1.257

a I, average intensity of whole reflections; (I), deviation of I.
b The values in parentheses are for the highest-resolution shell.
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(Fig. 3B). However, among the four molecules in the asymmetric
unit of apo-form vIRF1DBD (PDB ID 4HLX), the DNA-binding
residues Arg163 and Arg171 seemed to be highly flexible and dif-
ferent in conformation. Moreover, superimposition of vIRF2DBD

with the vIRF1DBD-DNA complex revealed bad steric clashes with
the DNA conformation (Fig. 4A), which may also be caused by
their different DNA-binding specificities.

Another remarkable difference was the absence of a highly con-
served histidine residue in L1 of vIRF2 (Fig. 4B), which has been
shown to be an important determinant of differential cellular-
IRF–DNA binding. This particular histidine made a water-medi-
ated hydrogen bond to an adenine base in the minor groove in the
cellular IRFs (36), but the corresponding residue was an aspara-
gine in vIRF2DBD (Asn42) (Fig. 3A and 4B) and a proline in
vIRF1DBD (Fig. 3A), which had no direct recognition in the minor
DNA groove. In the IRF2DBD-DNA complex, the interaction with
the major groove of the GAAA sequence was mediated by 4 resi-
dues (Asn80, Arg82, Cys83, and Asn86) in the recognition helix
�3, and Arg82 and Asn86 form hydrogen bonds with the phos-
phate group to trigger DNA structure deformations by IRF2 bind-
ing. In vIRF2DBD, the corresponding residues were Cys79, Gly81,
Arg82, and Arg85 in �3 (Fig. 3A and 4B). Therefore, by analyzing
the conserved residues in this region for recognition of the DNA
major groove, we suggest that there may be some similarities in the
recognition sequences for IRF2 and vIRF2, with the positive Arg82

in both structures (Fig. 4B). However, their superimposition also
revealed somewhat bad steric clashes, which indicated their differ-
ent DNA-binding specificities (Fig. 4B).

The roles of Arg82 and Arg85 in DNA binding and transcrip-
tion regulation of vIRF2. From the structure analysis of
vIRF2DBD, we inferred that the vIRF1 DBD had potential DNA-
binding properties and that Arg82, as well as Arg85, was critical for
its DNA-binding ability. Gel EMSA was applied to determine the
in vitro DNA-binding ability of vIRF2DBD to the top 2 ChIP-seq-
based vIRF2-binding motifs, motif 1 and motif 2. DNA probes
were synthesized with the sequences of 3 tandem copies of vIRF2-
binding motif 1 or 2 or 1 copy of LANA-binding motif 1 as a
negative control. We showed that vIRF2DBD induced strong gel
shifts for probe of motif 1 and motif 2 but only a very weak shift, if
any, for probe of LANA-binding motif (see Fig. S3A in the sup-
plemental material). Moreover, the gel shifts of probes for motif 1
and motif 2 were strengthened in a vIRF2DBD dose-dependent
manner (see Fig. S3A in the supplemental material). These data
suggested that vIRF2DBD bound to the ChIP-seq-based vIRF2-
binding motif efficiently in vitro. Then, we tested whether Arg82
and Arg85 were required for their DNA-binding abilities by a
series of site-directed mutations. Our data showed that both a
single mutant (R82A or R85A, respectively) and a double mutant
induced much weaker gel shifts for probes of both motif 1 and
motif 2 than wild-type (WT) vIRF2DBD (Fig. 5A and B; see Fig. S3B

FIG 4 Structural comparisons of vIRF2DBD with vIRF1-DNA and IRF2-DNA complexes. (A) Structural superposition of DBDs between vIRF2 (green) and the
vIRF1-DNA complex (orange; PDB ID 4HLY). There were six arginine residues (orange sticks) in DNA recognition helix �3 in vIRF1 (Arg163 and Arg164 can
interact with DNA through hydrogen bonds), while there were only two arginine residues (green sticks) potentially involved in DNA binding in �3 of vIRF2DBD.
Arg147 and Asn149 in L2 of vIRF1DBD, which made main-chain interactions with the phosphate backbone, corresponded to residues Arg61 and Arg63 in �2 of
vIRF2DBDA, respectively. (B) Structural superposition of DBDs between vIRF2 (green) and the IRF2-DNA complex (blue; PDB ID 2IRF). The DNA-binding
residues Asn80, Arg82, Cys83, and Asn86 (blue sticks) in �3 of IRF2 correspond to residues Cys79, Gly81, Arg82, and Arg85 (green sticks) in vIRF2DBD.
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in the supplemental material), indicating these residues are critical
for its in vitro DNA-binding ability. To further verify the binding
of vIRF2 to its binding motifs, we constructed artificial 3� motif 1
and 3� motif 2 promoter luciferase reporters, and we also showed
that vIRF2 can upregulate the artificial motif 1 and motif 2 pro-
moter-driven luciferase reporter activities (Fig. 5C and D) by up
to 2-fold, which suggested that vIRF2 might upregulate gene ex-
pression by binding to motif 1 or 2.

Since vIRF2 was involved in the transcription regulation of its
target genes, we wondered whether its DNA-binding activity is
required for its transcription regulation function. By constructing
the promoter reporter for PIK3C3, HMGCR, and HMGCL, we
showed that vIRF2 can significantly upregulate the reporter activ-
ity of PIK3C and HMGCR or downregulate the activity of
HMGCL, which is similar to the result of qRT-PCR. These data
suggest that vIRF2 may be directly involved in the transcriptional
regulation of these genes. Moreover, all the mutations, i.e., R82A,
R85A, and R82A/R85A, severely reduced the regulation function
of vIRF2 (Fig. 6A to D). Similar to the reporter assay, we showed
that mutation of either R82A, R85A, or R82A/R85A was not able
to regulate mRNA levels of PIK3C3, HMGCR, and HMGCL (see
Fig. S4 in the supplemental material). These data suggested that
DNA-binding activity is required for the vIRF2 transcription reg-
ulation function. However, the promoter regions of PIK3C3,
HMGCR, and HMGCL did not contain sequences similar to motif
1 or 2. Also, we were not able to find a new consensus vIRF2-
binding motif within the promoter regions of PIK3C3, HMGCR,
and HMGCL. Currently, it is unknown why vIRF2 upregulated
the expression of PIK3C3 and HMGCR while it downregulated
the expression of HMGCL. Since vIRF2 has only a DNA-binding
domain and not a transcription activation domain, we thought

that vIRF2 might regulate gene expression differentially by bind-
ing to certain sequences and recruit either a transcription coacti-
vator or corepressor through currently unknown mechanisms.

DISCUSSION
KSHV vIRF2 is a bona fide DNA-binding transcription factor.
vIRFs were believed to be unable to directly bind DNA as a result
of the absence of the tryptophan residues that are essential for
DNA binding (9). However, some evidence suggested that vIRFs
might play unexpected roles in transcription regulation, and re-
cent studies showed vIRF4 may compete with c-IRF4 for binding
to the specific promoter region of the c-Myc gene (21, 38). A
consensus sequence interacting with vIRF1 from a pool of random
oligonucleotides in the KSHV genome was identified recently
(21). However, it remained controversial whether vIRF1DBD in-
teracted with DNA, whereas full-length vIRF1 did not. Similarly,
the short-form vIRF2 was previously reported to interact with the
NF-�B consensus binding site, but not the full-length protein
(10). We should ask why only the DBD and not the full-length
protein could interact with DNA and whether vIRFs could serve as
bona fide DNA-binding transcription factors. One of the possible
answers is that the natural confirmation of the vIRF DBD in the
full-length protein setting was not allowed to interact with DNA.
However, there was another possible answer, i.e., that the real
vIRF binding sequence was not identified.

To investigate the function of vIRF2 as a transcription factor,
we mapped the DNA-binding sites for vIRF2 in a genome-wide
manner using ChIP-seq. This was the first overall DNA-binding
profile for KSHV vIRFs in the human genome. We found that
vIRF2 bound to the 100 promoter regions of ChIP-seq-based
vIRF2 target genes. More importantly, we showed that vIRF2 ei-

FIG 5 Interaction of vIRF2DBD with consensus vIRF2-binding motifs in vitro. (A) Validation of direct vIRF2-DNA binding by EMSA using vIRF2DBD and the
DNA probe representing vIRF2-binding motif 1. WT vIRF2DBD induced significant gel shift of probe 1 in a dose-dependent manner; however, the R82A, R85A,
or R82A/R85A mutant induced much weaker gel shifts for probe 1 than wild-type vIRF2DBD. (B) Purified wild-type vIRF2 DBD and its mutants by Coomassie
brilliant blue staining. (C and D) vIRF2 upregulated the artificial motif 1 and motif 2 promoter-driven luciferase reporter activity. 3� Motif1-Luc and 3�
Motif2-Luc reporters were constructed by inserting annealed DNA fragments containing 3 tandem copies of representative vIRF2-binding motif 1 or 2 sequences
into the pGL6-TA vector. WT vIRF2DBD induced up to 2-fold activation of the luciferase reporter compared to the control, while R82A, R85A, or R82A/R85A had
a defect in upregulating reporter activity. The data are shown as means plus SEM; n 
 3. *, P � 0.05.

Genome-Wide Binding Sites of KSHV vIRF2 in Human

February 2016 Volume 90 Number 3 jvi.asm.org 1165Journal of Virology

http://jvi.asm.org


ther downregulated or upregulated the transcription of some of
these target genes, suggesting a role of vIRF2 in transcription reg-
ulation. Mutation of Arg82 and Arg85 can abolish the regulatory
function of vIRF2 on the promoter reporter activities of target
genes. Our study provides essential evidence to show that vIRF2
could act as a transcription factor of its target genes through the
DNA-binding activity.

vIRF2 may contribute to KSHV infection and pathogenesis
through versatile functions. The function of vIRF2 in subverting
the antiviral innate immune response has been well characterized
(12). It is possible that vIRF2 may have unexpected functions
through transcription regulation of a panel of its target genes. The
potential vIRF2-binding motifs from our ChIP-seq showed signif-
icant homology with those in several DNA-binding transcrip-
tional factors involved in various functions, including several
cellular-IRF secondary binding motifs. By ChIP-qPCR and qRT-
PCR, we verified that vIRF2 can significantly upregulate the ex-
pression of PIK3C3 and HMGCR and downregulate HMGCL by
targeting their promoter regions. PIK3C3 is a catalytic subunit of
the phosphatidylinositol 3-kinase (PI3K) complex that mediates
the formation of phosphatidylinositol 3-phosphate, which plays a
key role in initiation and maturation of autophagosomes (39).
HMGCR is the rate-limiting enzyme for cholesterol synthesis
(40), while HMGCL is a mitochondrial enzyme that catalyzes the

final step of leucine degradation and plays a key role in ketone
body metabolism, which is critical for tumor progression and me-
tastasis (41, 42). Therefore, vIRF2 may be involved in regulating
cellular metabolism by regulating the expression of PIK3C3,
HMGCR, and HMGCL after KSHV infection.

Variable loop conformations and arginine distribution in
vIRFs and IRFs. We have provided the high-resolution structure
of vIRF2DBD to delineate the molecular basis for vIRF2 as a tran-
scription factor. Structural comparisons of vIRF2DBD revealed
that the conformations of L1 to L3 are significantly different from
those in vIRF1 and IRFs (21, 36), which are highly disordered in
solution and are involved in interactions with the DNA phosphate
backbone. The varying intrinsic flexibility of loops and tails may
serve as a mechanism to modulate the binding specificity of vIRF
family members and to respond to a larger population of diverse
promoter sites in IRFs. The structural superposition also showed
the notable difference in number and distribution of DNA speci-
ficity-determining arginine residues in helix �3, which may cause
their distinct cellular DNA-binding capacities and specificities.
The in vitro and in vivo DNA-binding studies of vIRF2DBD gave
strong support for its role in direct interaction with cellular DNA
by its key residues, Arg82 and Arg85.

In summary, for the first time, we mapped the human genome-
wide binding sites of vIRF2 by ChIP-seq and found the potential

FIG 6 Roles of Arg82 and Arg85 involved in transcription regulation of vIRF2. (A to C) vIRF2 can significantly upregulate the reporter activity of PIK3C
and HMGCR promoters or downregulate the activity of the HMGCL promoter, while all the mutations R82A, R85A, and R82A/R85A severely abolished
the regulation function of vIRF2. The data are shown as means plus SEM; n 
 3. *, P � 0.05. (D) Expression of the wild type and mutants of vIRF2 detected
by Western blotting. The results showed Arg82 and Arg85 are required for transcription regulation of vIRF2. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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promoter regions of cellular genes that vIRF2 can bind. Structural
analysis, combined with in vitro and in vivo functional studies,
provided essential evidence that vIRF2 can act as a DNA-binding
transcription factor of its target genes in various physiological
processes during KSHV infection.
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