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Kaposi’s sarcoma-associated herpesvirus (KSHV)
ontains many cellular homologue genes. The K9 open
eading frame (ORF) of KSHV encodes a virus-
ncoded interferon regulatory factor (vIRF) which
unctions as a repressor for cellular interferon-

ediated signal transduction, and as an oncogene to
nduce cell growth transformation. In addition, KSHV
IRF plays an important role in the regulation of gene
xpression. From genetic and biochemical analysis,
e demonstrate that KSHV vIRF1 binds to a transcrip-

ional coactivator CREB-binding protein (CBP) in vivo
nd in vitro. KSHV vIRF1 binds to the KIX domain and
H/3 region of CBP. The CH/3 region of CBP coincides
ith the binding region of adenovirus E1A. We also

how that vIRF1 inhibits the transactivational activ-
ty of CBP in HeLa cells. These results demonstrate
hat vIRF1 can modulate gene expression by inhibit-
ng the transactivation function of coactivator
BP. © 2000 Academic Press

Key Words: KSHV; vIRF; CBP; transcription.

Kaposi’s sarcoma-associated herpesvirus (KSHV),
lso called human herpesvirus 8 (HHV8), is a novel
uman gammaherpesvirus that is related to Kaposi’s
arcoma (KS) lesions (1, 2). Genomic sequencing of
SHV shows that KSHV has many genes which have
omology to cellular proteins (3). Among these genes,
SHV encodes two analogues of interferon regulatory

actors (IRF). One is K9 open reading frame (ORF)
ncoding the viral interferon regulatory factor (vIRF),
hich is named to vIRF1, and the other is vIRF2 (4).
IRF1 blocks interferon (IFN) and IRF1-mediated
ranscriptional activation. Moreover, vIRF1 trans-
orms NIH3T3 cells. NIH3T3 cells, which express
IRF1 in a stable way, demonstrate characteristics of
alignant fibrosarcoma (5–7). ORF K9, which encodes

1 To whom correspondence should be addressed. Fax: 182-42-869-
630. E-mail: jchoe@mail.kaist.ac.kr.
23
tate (TPA), but is induced to higher transcription
evels by TPA treatment (8). The expression of anti-
ense to vIRF1 in BCBL-1 cells reduced the expression
f several KSHV-lytic genes, suggesting that vIRF1
ay regulate the gene expression of KSHV (9).
The cAMP response element binding protein (CREB)

inding protein (CBP) is a cellular coactivator that
nteracts with a variety of cellular and viral proteins,
uch as CREB (10), c-Jun (11), c-Fos (12), c-Myb (13),
yoD (14), YY1 (15), p300/CBP-associated factor (P/
AF) (16), NF-kB (17), adenovirus E1A (18–20), hu-
an T-cell leukemia virus type 1 (HTLV-1) Tax (21),

nd SV40 large T antigen (22). A recent report shows
hat human papillomavirus (HPV) E6 also interacts
ith CBP (23, 24). CBP possesses both intrinsic and
ssociated histone acetyltransferase (HAT) activity. It
lays a role in the chromatin remodeling of the target
ene and is involved in different regulatory circuits,
llowing cells to coordinate or to integrate signals from
ifferent pathways (25–27). P/CAF also has indepen-
ent HAT activity. HAT activities of both CBP/p300
nd P/CAF proteins were inhibited by E1A (16, 28). In
recent study, Burysek et al. (29) demonstrated that
SHV vIRF1 can interact with p300 in vitro. There-

ore, it is very likely that KSHV vIRF1 interacts with
BP and is involved in IRF-mediated gene transcrip-

ion. CBP/p300 also associates with cellular IRF3 fol-
owing virus infection, and phosphorylated IRF3 binds
o CBP/p300 (30–32). Here, we demonstrate that
SHV vIRF1 interacts with CBP in vitro and in vivo.
IRF1 interacts with the KIX domain and CH/3 region
f CBP and inhibits the transcriptional activation ac-
ivity of CBP.

ATERIALS AND METHODS

Plasmids. KSHV total DNA was purified from BCBL-1 tumor
ells by the Hirt lysis method as previously described (33). To obtain
IRF1 expression plasmid, the KSHV ORF K9 gene was cloned by a
olymerase chain reaction (PCR) from purified KSHV DNA using the
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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9-GGGCTCGAGTTATTGCATGGCATCCCA-39. The resulting 1.3
b DNA product was inserted into EcoRI-XhoI sites of pcDNA3
lasmid (Invitrogen). This plasmid was designated as pcDNA3-
IRF1. To generate glutathione S-transferase (GST)-vIRF1 fusion
rotein, a 1.3 kb EcoRI-XhoI fragment from pcDNA3-vIRF1 was
ubcloned into EcoRI-XhoI sites of a pGEX4T-1 vector (Amersham
harmacia Biotech). To generate GST-vIRF1 expression plasmid,
GEX4T-1-vIRF1 was digested with BamHI-NotI, eluted, and in-
erted into the BamHI-NotI sites of pEBG vector, a version of EF-1a
romoter to express fusion protein with GST at the amino-terminus.
VP16-vIRF1 plasmid was generated by inserting a 1.3-kb EcoRI-
hoI fragment from pcDNA3-vIRF1 into EcoRI-SalI sites of pVP16
ector (Clontech). pLexA-vIRF1 plasmid was generated by EcoRI-
hoI sites and pYEStrp2-CBP was generated by HindIII-NotI sites.
cDNA3-HA-mCBP plasmid was generated by inserting the CBP
ene from pRc/RSVmCBP into HindIII-NotI sites of pcDNA3 vector.
Rc/RSVmCBP plasmid was a generous gift from Dr. R. Goodman
Oregon Health Science Univ.). GST-CBP1 and GST-CBP3 were gifts
rom Dr. R. G. Roeder (Rockefeller Univ.). To generate the GST-
BP2 fusion protein, amino acids 1680 to 1891 of CBP gene was
ubcloned into NdeI-BamHI sites of pGEX-2TL vector. Gal4-CBP
pM-CBP) plasmid was generated by inserting the CBP gene, respec-
ively, into pM vector (Clontech). pRSETB-mmP/CAF plasmid which
as used for in vitro translation was a generous gift from Dr. S. Y.
oth (Texas Univ.).

Cells, transfection, and reporter assay. HeLa or 293T cells were
aintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
ented with 10% fetal bovine serum (FBS). At 24 h before transfec-

ion, 3 3 105 cells were plated in 6-cm dishes. Transfections were
erformed by the calcium phosphate method (34). Total amount of
ransfected DNA was adjusted with the blank vector lacking the
DNA to be expressed. Equal amounts of cell lysates were employed
or the luciferase assay (Promega). Each assay was normalized with
otal protein concentration.

GST pull-down assay. Wild-type GST protein and GST fusion
roteins were expressed in Escherichia coli, bound to glutathione-
epharose-4B beads (Amersham Pharmacia Biotech), and incubated
ith labeled proteins expressed by in vitro translation [using the
NT-coupled transcription-translation system as described by the
anufacturer (Promega)]. Bound proteins were analyzed by sodium

odecyl sulfate (SDS)–polyacrylamide gel electrophoresis (PAGE)
nd autoradiography.

Yeast two-hybrid assay. The yeast strain EGY48 was trans-
ormed with pLexA-vIRF1 and pYEStrp2-CBP. b-Galactosidase ex-
ression in yeast was assayed as described (35).

In vivo binding assay. 293T cells in 10-cm dishes were trans-
ected with the hemagglutinin (HA)-CBP expression vector
pcDNA3-HA-CBP, 7 mg) either in combination with the GST expres-
ion vector (pEBG, 3 mg) or in combination with the GST-vIRF1
xpression vector (pEBG-vIRF1, 3 mg) as indicated using the calcium
hosphate method (34). Forty-eight h post-transfection, cells were
ysed for 1 h at 4°C in an EBC buffer [50 mM Tris-HCl (pH 7.5), 120

M NaCl, 0.5% Nonidet P-40, 50 mM NaF, 200 mM sodium or-
hovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The ly-
ate was centrifuged at 14,000g for 10 min to pellet debris. The
upernatant was incubated on a rocker for 2 h at 4°C with
lutathione-Sepharose 4B beads. The precipitates were washed
hree times in EBC buffer. The presence of HA-CBP protein, GST
rotein, and GST-vIRF1 protein was assessed by immunoblot using
onoclonal anti-HA and anti-GST antibodies.

ESULTS

vIRF1 binds to coactivator CBP in vivo. In order to
nd whether KSHV vIRF1 can binds to CBP, we
24
dopted the yeast two-hybrid assay. vIRF1 was fused
o LexA DNA binding domain (pLexA-vIRF1) and CBP
as fused to B42 transactivation domain (pYEStrp2-
BP). b-Galactosidase activities of yeast cells contain-

ng pLexA 1 pYEStrp2 or pLexA 1 pYEStrp2 were
lmost negligible (Fig. 1A). Since vIRF1 is an intrinsic
ctivator, the yeast cells harboring pLexA-vIRF1 show
elatively high b-galactosidase activity. Therefore, it is
atural that the yeast cells containing pLexA-vIRF1
nd pYEStrp2 also showed high b-galactosidase activ-

FIG. 1. Yeast and mammalian two-hybrid assay for the detection
f vIRF1 and CBP interaction. (A) Yeast two-hybrid assay. Two
ndependent transformants harboring the plasmids indicated on the
eft were isolated and grown, and their b-galactosidase activity was

easured. The values are averages of duplicate assays of two inde-
endent transformants with standard deviation indicated. (B) Mam-
alian two-hybrid assay. Full-length CBP fused to the GAL4 DNA

inding domain (GAL4-CBP) interacted with full-length vIRF1 fused
o the VP16 transcriptional activation domain in HeLa cells. The
eLa cells were cotransfected with 1 mg of pFR-Luc, 1 mg of GAL4-
BP, and increasing amounts of the VP16-vIRF1. The total DNA
mounts were equally adjusted with blank vector. Cells were trans-
ected as described (34), and the luciferase activity was measured
8 h later using extract quantities normalized to the total protein
oncentration. Each result is an average expressed as fold activation
nd obtained from three independent experiments.
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ty. The yeast cells containing pLexA-vIRF1 and
YEStrp2-CBP showed about 2.5-fold higher b-galac-
osidase activity than the yeast cells containing pLexA-
IRF1 and pYEStrp2. These results show that vIRF1
nteracts with CBP in yeast.

Next, we carried out the mammalian two-hybrid as-
ay to find vIRF1 binds to CBP in mammalian cells.
ransient cotransfection experiments were performed
ith HeLa cells in which a luciferase reporter plasmid

pFR-Luc), driven by five GAL4 binding sites, was in-
roduced along with an expression vector for full-
ength CBP fused to the DNA binding domain of GAL4
GAL4-CBP). Activation of transcription was deter-
ined for those cells containing GAL4-CBP in conjunc-

ion with the expression plasmid (VP16-vIRF1) for the
P16 fused to the full-length vIRF1. As shown in Fig.
B, VP16-vIRF1 activates transcription via GAL4-CBP
himeric protein in a dose-dependent manner. We con-
rmed that vIRF1 does not activate luciferase reporter
pFR-Luc) containing multiple GAL4 binding site (data
ot shown). These results showed that KSHV vIRF1
inds to CBP in mammalian cells.
To confirm that vIRF1 interacts with CBP in vivo, we

lso carried out the co-immunoprecipitation experi-
ent between vIRF1 and CBP in 293T cells. The plas-
ids encoding GST fusion proteins (GST alone or GST-

IRF1) and HA–tagged CBP were cotransfected in
93T cells. In 293T cells containing GST-vIRF1 and
A-tagged CBP proteins, the HA-tagged CBP protein
as coprecipitated with GST-vIRF1 (Fig. 2, upper
anel, lane 3). However, the HA-tagged CBP protein
as not coprecipitated with GST in cells containing
ST and HA-tagged CBP proteins. (Fig. 2, upper

FIG. 2. Association of vIRF1 and CBP proteins in vivo. 293T cells
ere transfected with either pEBG or pEBG-vIRF1 plasmid that

ontained pcDNA3-HA-CBP plasmid. Whole-cell extracts were pre-
ared 48 h after transfection and they were pulled down with
lutathione-Sepharose 4B beads. The pulled down proteins were
eparated on 7% gel and 12% gel. Each was immunoblotted with
nti-HA (upper panel) or anti-GST (lower panel).
25
roteins were expressed in 293T cell, the precipitated
roteins were immunoblotted with anti-GST (Fig. 2,
ower panel). GST and GST-vIRF1 proteins were
learly shown. These results indicate that vIRF1 and
BP are physically associated in mammalian cells.

vIRF1 specifically binds to the KIX domain and CH/3
egion of CBP. In order to determine the binding do-
ain of CBP to KSHV vIRF1, we carried out the GST-

ull-down assay. Figure 3A showed that CBP and
IRF1 interacted with each other in vitro. In vitro
inding using GST fusion proteins encoding various
omains of CBP were performed to characterize the
nteraction domains between CBP and vIRF1 (Fig. 1B).
SHV vIRF1 specifically bound to GST-CBP1 (KIX
omain) and GST-CBP2 (CH/3 region) with a relatively
igh affinity; however, vIRF1 was not detected in the
luants from the GST-CBP3 (Q-rich) binding reaction.

FIG. 3. vIRF1 interacts with CBP in vitro. (A) The interaction of
n in vitro 35S-labeled full-length CBP with immobilized GST-vIRF1
rotein is shown in lane 2, and 35S-labeled CBP input (10%) and its
inding to GST protein are shown in lanes 1 and 3, respectively. (B)
schematic representation of GST-CBP fusion proteins used in GST

ull-down assays is shown. KIX, Kinase induced domain interacting
omain; C/H, cysteine/histidine-rich domain; Q-rich, glutamine-rich
omain. (upper diagram) Interactions of in vitro 35S-labeled full-
ength vIRF1 with GST, GST-CBP1, GST-CBP2, and GST-CBP3 are
hown in lanes 2, 3, 4, and 5, respectively. Lane 1 shows 35S-labeled
IRF1 input (10%).
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hese results showed that vIRF1 specifically binds to
he KIX domain and CH/3 region of CBP.

vIRF inhibits transactivation of CBP. Patel et al.
24) reported that HPV-16 E6 binds to CBP and p300
nd inhibits the intrinsic transcriptional activity of
BP/p300. Since vIRF1 interacts with the CH/3 do-
ain of CBP like the other DNA virus transforming

roteins (18–20, 23), we examined whether the KSHV
IRF1 modulates the transcriptional activation of
BP. Transient cotransfection was performed to inves-

igate the influence of vIRF1 on the transcriptional
ctivity of CBP. The transactivation function of the
usion protein was measured with a luciferase reporter
lasmid (pFR-Luc) containing five GAL4 binding sites.
he level of luciferase activity obtained with cells
ransfected with the reporter plasmid (pFR-Luc) alone
as set to 1, and the luciferase activities of other cells
ere compared with this. Before examining the ability
f vIRF1 to modulate transactivation of CBP, we
hecked that vIRF1 does not activate the luciferase
eporter plasmid (pFR-Luc) (data not shown). As
hown Fig. 4, vIRF1 repressed the transcriptional ac-
ivity of GAL4-CBP in dose dependent manner. These
ata demonstrate that vIRF1 can inhibit the transac-
ivation activity of CBP in HeLa cells.

FIG. 4. GAL4-CBP stimulates transcription and its activation is
epressed by vIRF1. HeLa cells were cotransfected with 1 mg of
FR-Luc, 1 mg of GAL4-CBP, and with increasing amounts of the
xpression vector encoding full-length vIRF1. Total DNA amounts
ere equally adjusted with blank vector. Cells were transfected as
escribed (34), and luciferase activity was measured 48 h later using
xtract quantities normalized to total protein concentration. Each
esult is an average obtained from three independent experiments,
ith the standard deviation indicated.
26
CBP is a coactivator for a number of genes that are
mportant for cell growth and differentiation. CBP
unctions as coactivator of several transcription fac-
ors, such as MyoD (14), c-Jun (11), c-Fos (12), and
-Myb (13). CBP is also harnessed by viral proteins,
ncluding adenovirus E1A (18, 19, 20), HTLV-1 Tax
21), SV40 large T (22), HPV E6 (23, 24), and EBV
ZLF1 (36). Thus, the harboring of CBP by viral pro-

ein can cause the dysregulation of gene expression
hich is a general mechanism for viral regulation of
ost environment. KSHV vIRF1 is capable of interfer-

ng response to IFN-a, IFN-b and IFN-g at the tran-
criptional level. It was reported that KSHV vIRF1
epresses IFN- and cellular IRF-mediated transcrip-
ion without binding to interferon-stimulated response
lement (ISRE) (6, 7). They suggested that the mech-
nism of vIRF1 action is distinct from DNA binding
nd might involve in other factor. vIRF1 transforms
IH3T3 cells, and NIH3T3 cells stably expressing
IRF1 demonstrate features of a malignant fibrosar-
oma in nude mice, but its molecular mechanism is not
ully understood (5, 6). vIRF1 also inhibits tumor ne-
rosis factor (TNF) a-mediated apoptosis NIH3T3 cells
nd binds to the C-terminal region of p300 in vitro (29).
Because CBP is a known coactivator of various tran-

cription factors, CBP might be involved in action of
IRF1. In this report, we have shown that vIRF1 binds
o CBP and inhibits transactivation activity of CBP.
iochemical approaches were employed to show that
IRF1 species could really interact with CBP. These
pproaches include yeast two-hybrid assay, mamma-
ian two-hybrid assay, in vitro pull-down assay, and in
ivo co-immunoprecipitation of GST-vIRF1 with CBP.
e also demonstrate that vIRF1 specifically binds to

he KIX domain and CH/3 region of CBP. CBP is target
or several viral proteins, such as adenovirus E1A (18–
0), SV40 large T (22), and HPV E6 (23, 24), and
ellular proteins such as c-jun (11), c-fos (12), MyoD
14), and P/CAF (16). Because CBP plays an important
ole in cell differentiation and in the regulation of
ranscriptional factors, the dysregulation of CBP is
eneficial for virus to regulate host environment. AP1
amilies such as c-Jun and c-Fos interact with CBP,
nd E1A sequesters CBP from c-Fos, resulting in si-
encing of AP1-dependent promoters (11, 12). It is pos-
ible that vIRF1 may sequester AP1 using similar
echanism. It is also known that CBP/p300 partici-

ates in causing cell cycle arrest by activating certain
nhancer and stimulating differentiation pathway
37). Inhibition of transactivating function of CBP
ould cause certain gene expression, which is impor-
ant for cell cycle arrest. Because vIRF1 can inhibit
ransactivating function of CBP, interaction between
BP and vIRF1 may contribute transforming activity
f vIRF1.
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BP/p300 (30–32). IRF3 plays a direct role in virus-
ediated signaling, and its role is critical in producing

n antiviral effect. Adenovirus E1A blocks the interac-
ion of IRF3 and CBP/p300, and inhibits IRF3-
ediated transactivation through targeting CBP/p300

38). Thus, the inhibitory activity of vIRF1 in IFN
ignaling could be a result of competitive binding be-
ween IRF3 and vIRF1 to CBP/p300. To escape the host
mmune system host cells, this strategy could be appli-
able in KSHV.
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