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Viruses have developed numerous strategies to counteract the host cell defense. Kaposi’s sarcoma-associated herpesvirus (KSHV) 

is a DNA tumor virus linked to the development of Kaposi’s sarcoma, Castleman’s disease, and primary effusion lym-phoma 

(PEL). The virus-encoded viral interferon regulatory factor 3 (vIRF-3) gene is a latent gene which is involved in the regu-lation of 

apoptosis, cell cycle, antiviral immunity, and tumorigenesis. vIRF-3 was shown to interact with p53 and inhibit p53-mediated 

apoptosis. However, the molecular mechanism underlying this phenomenon has not been established. Here, we show that vIRF-3 

associates with the DNA-binding domain of p53, inhibits p53 phosphorylation on serine residues S15 and S20, and antagonizes 

p53 oligomerization and the DNA-binding affinity. Furthermore, vIRF-3 destabilizes p53 protein by increasing the levels of p53 

polyubiquitination and targeting p53 for proteasome-mediated degradation. Consequently, vIRF-3 attenuates p53-mediated 

transcription of the growth-regulatory p21 gene. These effects of vIRF-3 are of biological relevance since the knock-down of 

vIRF-3 expression in KSHV-positive BC-3 cells, derived from PEL, leads to an increase in p53 phosphorylation, en-hancement of 

p53 stability, and activation of p21 gene transcription. Collectively, these data suggest that KSHV evolved an efficient mechanism 

to downregulate p53 function and thus facilitate uncontrolled cell proliferation and tumor growth. 
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Kaposi’s sarcoma-associated herpesvirus (KSHV), also known 

as human herpesvirus 8, is associated with all epidemiological 
forms of Kaposi’s sarcoma (KS) and two lymphoproliferative dis-

orders: multicentric Castleman’s disease (MDC) and primary ef-
fusion lymphoma (PEL) (1–4). Similarly to other herpesviruses, 

KSHV undergoes two phases of life cycle: (i) latency, in which the 
viral genome persists in the host cell as an episome expressing only 

few viral genes; and (ii) a lytic infection (5, 6). KSHV contains a 
cluster of open reading frames (ORFs K9, K11/11.1, K10.5/10.6, 
and K10) encoding proteins that are similar to cellular interferon 
regulatory factors (IRFs) (7). Viral interferon regulatory factor 3 
(vIRF-3; also referred to as LANA2) (8, 9) is a KSHV-encoded 
nuclear protein that is constitutively expressed in PEL cells and 

Castleman’s disease tumors (10, 11). The expression of vIRF-3 is 
required for continuous proliferation of PEL cells (12) and causes 
dramatic changes of critical host pathways that are involved in the 

regulation of apoptosis, cell cycle, antiviral immunity, and 
tumorigenesis (13). The multiple effects of vIRF-3 on cellular 

transformation were demonstrated by its interaction with 14-3-3 
regulatory proteins (14), by contribution to disruption of PML on-

cogenic domains (PODs) (15), and by association with hypoxia-
inducible factor 1 (HIF-1) (16). Furthermore, we have shown that 
vIRF-3 may directly promote tumorigenesis by stimulating c-Myc  

transcriptional activity (17, 18).  
The tumor suppressor p53 is a well-known transcription factor 

involved in different cellular functions, such as control of cell cy-

cle, apoptosis, cell metabolism, and differentiation (19, 20). Mu-

tations of the p53 gene and abnormalities in p53 posttranslational 

modifications are among the most frequent molecular events in 

human tumors (21). In normal tissues, p53 is maintained at ex-

tremely low levels by rapid protein turnover that is mediated by its 

negative regulator murine double minute 2 (Mdm2) E3 ubiquitin 

ligase (22). Exposure of cells to different genotoxic stress signals, 

 
 
including DNA damage, hypoxia, and heat shock, results in p53 
activation and consequent nuclear accumulation (23, 24).  

The ability of p53 to act as a sequence-specific transcription 

factor is regulated by posttranslational modifications, protein-

protein interactions, and protein stabilization (25). There are more 

than 36 different amino acids within p53 which can be mod-ified by 

phosphorylation, acetylation, ubiquitination, sumoyla-tion, 

methylation, or neddylation (22). The first crucial step in p53 

stabilization is its phosphorylation by a broad range of kinases 

including ATM/ATR/DNA-dependent protein kinase (DNA-PK), 

Jun N-terminal protein kinase (JNK), and Chk1/Chk2 (22, 26–29). 

The most frequently described phosphorylation on serine and 

threonine residues, S15, S20, and T18, results in the abroga-tion of 

p53-Mdm2 interaction, p53 stabilization, and activation of its 

transcriptional function (30, 31). Moreover, C-terminal S392 

phosphorylation activates specific DNA-binding through stabili-

zation of the p53 tetramer (32). As p53 monomers have much lower 

DNA affinity, oligomerization is another crucial step in p53-

mediated transcription (33, 34). The interaction between p53 and 

Mdm2 is also inhibited by CBP/p300-mediated acetylation of p53 

(35) and by stress-induced phosphorylation of Mdm2 by ATM and 

c-ABL kinases (36). Herpesvirus-associated ubiquitin-spe-  
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KSHV-Encoded vIRF-3 Targets p53 
 

 
cific protease (HAUSP; also known as USP7) is a deubiquitinating 

enzyme that specifically acts upon both p53 and Mdm2 (37–39), 

but it is Mdm2, rather than p53, that is the preferred substrate of 

HAUSP during normal homeostasis (40). Under stress condi-tions, 

the affinity of Mdm2 for HAUSP changes due to various protein 

modifications that include ATM-mediated phosphoryla-tion 

creating a pool of free HAUSP molecules which are now avail-able 

for p53 (41, 42). This leads to p53 deubiquitination and, hence, 

stabilization. Activated p53 then acts as an effective tran-  
scription factor that regulates the expression of many target genes, 

including the growth-regulatory and proapoptotic p21
cip1/waf1

  
and Bax genes, as well as Mdm2, thus creating a negative 
feedback loop (43).  

Previously, Rivas and colleagues observed the in vitro interac-

tion of vIRF-3 and p53 (9). This direct association resulted in 

decreased levels of caspase-8 and a specific inhibition of p53-

mediated apoptosis (9). However, the molecular mechanism by 

which vIRF-3 modulates p53 function remains poorly under-stood. 

The novel findings presented here are that vIRF-3 can sig-nificantly 

decrease the stability of p53 protein, its phosphoryla-tion, tetramer 

formation, and DNA-binding ability. This results in reduced 

transcription of the p53-regulated genes, the p21 and Bax genes, 

which may lead to impaired cell growth or apoptosis. These data 

indicate that KSHV evolved mechanisms to attenuate the p53 

growth-regulatory pathway and thus contributes to development of 

virus-associated malignancies. 
 
MATERIALS AND METHODS 
 
Cell lines and culture conditions. KSHV-positive BC-3 cells (pleural 

ef-fusion B cell lymphoma, Epstein-Barr virus [EBV] negative, with 

wild-type [wt] p53) were grown in RPMI 1640 medium supplemented 

with 20% fetal bovine serum (FBS). HEK293 (human embryonic 

kidney) and Saos2 (human osteosarcoma, p53 null) cells were grown in 

Dulbecco’s modified Eagle’s medium supplemented with 10% FBS. 

HCT-116 (hu-man colorectal carcinoma, with wt p53) were maintained 

in McCoy’s 5A medium supplemented with 10% FBS. Stable BJAB 

(Burkitt lymphoma, EBV negative) cell lines transfected with vIRF-3-

expressing vector (BJAB/ vIRF-3) or empty vector (BJAB/pcDNA3.1) 

(44) were grown in RPMI 1640 medium supplemented with 10% FBS.  
Plasmids and antibodies. Construction of a full-length vIRF-3 [amino 

acids 1 to 566; vIRF-3(1–566)] expression plasmid and vIRF-3 tagged with 

glutathione S-transferase (vIRF-3–GST) were described pre-viously (8, 18). 

p21p-Luc (WWP-luc), a reporter construct containing the luciferase (Luc) 

gene under the control of the p21 promoter, was kindly provided by Bert 

Vogelstein (Johns Hopkins University, Baltimore, MD). The bax luciferase 

reporter construct (bp 715 to 317) was kindly pro-vided by Loretta Tuosto 

(Sapienza University of Rome, Italy). The plas-mid expressing residues 1 to 

393 of wt p53 [p53(1-393)] and the plasmids expressing p53 deletion 

mutants p53(1-359) and p53(1-292) were kindly provided by Akira 

Nakagawara (Chiba Cancer Center Research Institute, Chiba, Japan). The 

p53 deletion constructs, p53 lacking residues 102 to 292 [p53( 102-292)], 

p53( 326-355), and p53( 102-292 326-355), were cloned by PCR 

amplification of full-length p53 plasmid via site-directed mutagenesis. The 

fidelity of all constructs was verified on an ABI Prism 377 automated DNA 

sequencer (Applied Biosystems, Foster City, CA). The p53 variants whose 

residues were replaced with alanines at po-sitions 14/19 and 22/23 

[p53(14/19) and p53(22/23)] were kindly pro-vided by Arnold J. Levine 

(Cancer Institute of New Jersey, NJ). The p53-GST construct was obtained 

from Lori Frappier (University of Toronto, Toronto, Canada). The His-myc-

ubiquitin (Ub) plasmid was kindly pro-vided by Michele Pagano (New York 

University, Cancer Institute, New York, NY). The following antibodies 

were used: antibodies against p53 (DO-1 and FL-393), -actin, p21, 

poly(ADP-ribose) polymerase (PARP), 

 
 

 
caspase-3, phospho-ATM (S1981), ubiquitin (Ub) (Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA), phospho-p53 (S15 and S20), ATM 

(D2E2) (Cell Signaling Technology, Inc., Danvers, MA), and acetylated 

H3 (Up-state Millipore, Billerica, MA). Production and purification of 

polyclonal antibodies against vIRF-3 were described previously (44).  
Reagents and chemicals. Cells were treated with 50 M MG132 

(Sig-ma-Aldrich, St. Louis, MO), 1 M doxorubicin (Sigma-Aldrich), 

and 25 g/ml of cycloheximide (Sigma-Aldrich).  
Transfections. All transfections were carried out using Attractene 

transfection reagent (Qiagen, Inc., Valencia, CA). For p53 protein 

stability and DNA pulldown studies in p53 null Saos2 cells, the cells 

were trans-fected in two rounds. First, to ensure equal transfection 

efficiency of ex-ogenous p53 plasmids [wt p53, p53(14/19), or 

p53(22/23)], the cells were transfected with p53 expression plasmids. 

Twenty-four hours later, the cells were trypsinized, plated, and 

cotransfected with the vIRF-3 expres-sion plasmid or an empty vector 

(pcDNA3.1). At 48 h after transfections, cells were treated as indicated 

in Fig. 2 and 7 (50 M MG132 and/or 1 M doxorubicin for 6 h and 24 h, 

respectively), and cell lysates were analyzed by Western blotting.  
Determination of p53 half-life. Exponentially growing HCT-116 

cells were transfected with a vIRF-3 expression plasmid or an empty 

vector (pcDNA3.1) and treated with cycloheximide (25 g/ml for 0, 15, 

30, 60, 120, and 240 min), harvested, and analyzed by Western blotting 

with anti-p53 (DO-1), anti-vIRF-3, and anti- -actin antibodies. Signal 

inten-sities were quantified using a MiniLumi gel documentation 

system (DNR Bio-Imaging Systems, Ltd.), and p53 was normalized to 

the -actin signal and then plotted against the signal obtained at 0 h of 

cycloheximide treat-ment.  
Protein cross-linking assay. HCT-116 cells were transfected with 

the indicated plasmids. At 24 h after transfections, cells were treated as 

shown in Fig. 6 (50 M MG132 and 1 M doxorubicin for 6 h and 24 h, 

respec-tively), followed by lysis in lysis buffer (50 mM Tris-HCl [pH 

7.5], 150 mM NaCl, 0.5% Nonidet P-40, 1 mM NaVO3, 1 mM 

dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], and 

protease in-hibitor mixture). Glutaraldehyde was added to the lysate at 

indicated con-centrations. After the lysate was incubated on ice for 10 

min, the glutar-aldehyde reactions were stopped by adding 2 loading 

buffer, and the samples were analyzed by Western blotting with anti-

p53 (DO-1) anti-bodies.  
RNA interference (RNAi) assay. The use of synthetic small 

interfer-ing RNAs (siRNAs) targeted at vIRF-3 was described 

previously (18). The following siRNA sequences were used: for the 

vIRF-3-specific siRNA (si291), 5=-GGUCGUACAGGGAAUUAAU-

3=; for the negative control, nonsense siRNA (siN), 5=-

AAGACUACCGUUGUAUAGUA G-3=, which shows no homology to 

any known human or KSHV gene. A total of 4 10
6
 PEL cells were 

transfected with 12 g of siRNA using X-treme Gene siRNA transfection 

reagent (Roche, Ltd., Germany) ac-cording to the manufacturer’s 

instructions. Two days after transfec-tion, cells were treated with 1 M 

doxorubicin for 0, 6, 9, and 12 h. Cell lysates were analyzed by Western 

blotting using anti-p53 (DO-1) an-tibody, anti-phospho-p53 (S15 and 

S20) antibody, and anti-ATM, anti-phospho-ATM (S1981), anti-p21, 

anti-vIRF-3, and anti- -actin antibodies.  
Immunoprecipitation and Western blot analysis. Cells were lysed 

either in coimmunoprecipitation buffer (20 mM HEPES [pH 7.9], 50 mM 

NaCl, 5 mM EDTA, 2 mM EGTA, 0.1% Nonidet P-40, 10% glycerol, 1 mM 

dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.2 mM protease 

inhibitor mixture [Sigma-Aldrich]) or immunoblotting buffer (20 mM Tris 

[pH 7.6], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1 

mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM protease 

inhibitor mixture [Sigma-Aldrich], and 1 mM sodium orthovanadate). For 

coimmunoprecipitation, protein extracts (400 g) were incubated with the 

respective antibodies at 4°C for 1 h. Then 25 l of protein A/G-Sepharose 

beads (Santa Cruz Biotechnology) was added, fol-lowed by overnight 

incubation at 4°C. Immune complexes were exten- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 D
o
w

n
lo

a
d

e
d

 fro
m

 h
ttp

://m
c
b

.a
s
m

.o
rg

/ o
n

 J
a
n

u
a

ry
 2

8
, 2

0
1

4
 b

y
 U

O
C

H
B

 C
R

 

 

 
February 2014 Volume 34 Number 3 mcb.asm.org 387 



Baresova et al. 
 

 
sively washed with coimmunoprecipitation buffer and analyzed by 
West-ern blotting.  

GST pulldown. In vitro-translated wild type p53 and p53 deletion 

mutants were synthesized using a TNT T7 quick-coupled transcription/ 

translation system (Promega Corp., Madison, WI) according to the 

man-ufacturer’s instructions. GST fusion proteins (0.5 g) bound to 

glutathi-one-Sepharose beads (Amersham Biosciences Corp., 

Piscataway, NJ) were incubated with 3 to 10 l of the reaction mixture 

consisting of in vitro-translated proteins in 500 l of binding buffer (10 

mM Tris [pH 7.6], 100 mM NaCl, 0.1 mM EDTA [pH 8.0], 1 mM 

dithiothreitol, 5 mM MgCl2, 0.05% Nonidet P-40, 8% glycerol, 0.2 mM 

protease inhibitor mix-ture [Sigma-Aldrich]) at 4°C for 3 h. After five 

10-min washes with bind-ing buffer supplemented with 1% Nonidet P-

40, the proteins that were bound to the beads were analyzed by Western 

blotting with anti-p53-specific antibodies.  
Luciferase reporter assays. For p21 and Bax luciferase assays, HCT-

116 or Saos2 cells were seeded in six-well tissue culture plates 12 h before 

transfection. Subconfluent cells were transfected with equal amounts (1 g) 

of luciferase reporter, p21p-Luc (WWP-luc), or Baxp-Luc and vIRF-3(1–

566), wt p53, or p53(14/19) expression plasmid together with a Re-nilla 

luciferase control plasmid, pRL-SV40 (0.1 g; Promega) using Attractene 

transfection reagent (Qiagen). Twenty-four hours after trans-fection, the 

cells were incubated in the presence or absence of doxorubicin for an 

additional 24 h as indicated in Fig. 8. The cells were then lysed with the 

reporter lysis buffer (Promega), and luciferase activity was measured in 20 l 

of the lysate using a dual-luciferase reporter assay kit (Promega) as 

recommended by the manufacturer. Each experiment was repeated three 

times. Renilla luciferase activity levels were used to normalize the differ-

ences in the transfection efficiency.  
Oligonucleotide pulldown. The DNA pulldown assay was done as 

described previously (18). Double-stranded oligomers corresponding to the 

p53-binding site in the human p21 promoter region (wtp21p, 5=-tgg 

ccatcaGGAACATGTCCcAACATGTTgagctctggca-3=; residues matching 

the p53 consensus are in capitals, and the invariant C/G base pairs are in 

bold) or mutant p21 promoter sequence (mutp21p, 5=-tggccatcaGGAAG 

ATCTCCcAAGATTTTgagctctggca-3=; mutated nucleotides in p53 bind-

ing site are underlined) were synthesized and biotin labeled at the 5= end of 

the sense strand and coupled with streptavidin magnetic beads (Dynal, 

Invitrogen, Carlsbad, CA). Whole-cell lysates (350 g) isolated from 

transfected HCT-116 (wt p53 
/
 ) or Saos2 (p53 null) cells treated with 

doxorubicin (1 M, 6 h) were then incubated with the DNA bound to 

magnetic beads for 3 h at 4°C. After extensive washing, the bound proteins 

were analyzed by Western blotting.  
ChIP assay. The in vivo binding to the endogenous p21 promoter was 

analyzed using a chromatin immunoprecipitation (ChIP) assay kit (Up-state 

Millipore) according to the manufacturer’s instructions. Briefly, HCT-116 

cells (10
7
) were transfected with the vIRF-3 expression plasmid or an empty 

vector, pcDNA3.1 (control). Twenty-four hours posttrans-fection, the cells 

were incubated in the presence or absence of doxorubicin (1 M) and MG132 

(50 M) for 8 and 6 h, respectively. The proteins bound to DNA were cross-

linked in the presence of 1% formaldehyde; cells were resuspended in SDS 

lysis buffer, followed by sonication. After samples were precleared with 

salmon sperm DNA–protein A-agarose (50% slurry), the protein extracts 

were subjected to immunoprecipitation with antibodies against p53 (DO-1), 

vIRF-3, or acetylated H3. Immuno-complexes were extensively washed, and 

the DNA was recovered by phe-nol-chloroform extraction and resuspended 

in 50 l of 10 mM Tris-HCl (pH 8.5). PCR amplification was performed with 

the following p21-spe-cific primers: p21-sense, 5=-

CTCACATCCTCCTTCTTCAG-3=; p21-an-tisense, 5=-

CACACACAGAATCTGACTCCC-3=. The samples were also amplified 

with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers, which 

were used as negative controls (45): GAPDH sense, 5=-C 

CCAACTTTCCCGCCTCTC-3=; GAPDH antisense, 5=-CAGCCGCCTG 

GTTCAACTG-3=. Each experiment was repeated three times. 

 
 

 
Reverse transcription-PCR (RT-PCR). RNA was isolated using TRI-

zol reagent (Invitrogen) according to the manufacturer’s instructions. 

Contaminating genomic DNA was removed by treatment with TURBO 

DNase (Ambion, Austin, TX). RNA integrity was evaluated by electro-

phoresis. One microgram of RNA was reverse-transcribed with a Rever-

tAid First Strand cDNA synthesis kit (Fermentas, Burlington, ON, Can-ada) 

and oligo(dT) primers. The p53, vIRF-3, p21, and -actin cDNAs were 

amplified by PCR using the following primer sets: human p53 sense, 5=-

ACCAGGGCAGCTACGGTTTC-3=, and p53 antisense 5=-CCTGGGC 

ATCCTTGAGTTCC-3=; vIRF-3 sense, 5=-ATGATAACCGATAGGC 

TTGG-3=, and vIRF-3 antisense 5=-GTCATCACATGTAACTGAAC-3=; 

human p21 sense, 5=-CCCAGTGGACAGCGAGCAGC-3=, and p21 an-

tisense 5=-ACTGCAGGCTTCCTGTGGGC-3=; human -actin sense, 5=-

GTCCTCTCCCAAGTCCACAC-3=, and -actin antisense, 5=-GGGAGA 

CCAAAAGCCTTCAT-3=.  
qPCR. Quantitative PCR (qPCR) was performed on an ABI 7300 

PCR system using Universal PCR master mix (Applied Biosystems, 

Carlsbad, CA). The primer/probe sets for p53 and p21 gene expression 

studies, p53 mRNA (Hs01034249_m1), p21 mRNA (Hs00355782_m1), 

and -actin mRNA (Hs01060665_g1), were purchased from Applied 

Biosystems. The levels of p53 and p21 mRNAs were normalized to -

actin mRNA, and the results were expressed on an arbitrary scale where 

the uninduced value was set to 1.  
ChIP-qPCR was performed using RT

2
 qPCR Master Mix and 

EpiTect ChIP qPCR primer set [GPH1011318(-)03A; SABiosciences, 
Valencia, CA] to analyze the p53 binding to the distal p53-regulatory 
element within the p21 promoter. The data were normalized to input, 
which rep-resents the amount of chromatin used in the ChIP. 

 
RESULTS  
vIRF-3 negatively regulates p53 protein stability. vIRF-3 was 

shown previously to associate with p53 and to antagonize p53-

mediated apoptosis (9). However, the molecular mechanism of this 

phenomenon has not yet been determined. We found that the vIRF-

3-expressing HCT-116 cells, which carry the wild-type (wt) p53, 

show reproducibly lower levels of endogenous p53 protein than the 

control HCT-116 cells transfected with an empty vector. As 

determined by Western blotting with anti-p53 (DO-1) anti-bodies 

(Fig. 1A), HCT-116 (wt p53 
/
 ) cells transfected with a vIRF-3 

expression plasmid and incubated in the presence or ab-sence of 

doxorubicin (a DNA double-strand breaks inducer that activates 

p53) showed decreased levels of endogenous p53 protein in cell 

lysates compared to control cells transfected with an empty vector. 

The p53 protein levels were lower in vIRF-3-expressing cells 

regardless of doxorubicin treatment. The observed reduction of p53 

protein detected by Western blotting was not reflected at the RNA 

level. As estimated by RT-PCR (Fig. 1B) and quantitative RT-PCR 

(qRT-PCR) (Fig. 1C), the relative levels of p53 mRNA remained 

constant in all tested samples. Therefore, we conclude that vIRF-3 

expression leads to decreased stability and impaired accumulation 

of p53 protein in cells.  
The E3 ubiquitin ligase, Mdm2, targets p53 for proteasome-

mediated degradation (22). To examine whether the vIRF-3-me-

diated downregulation of p53 protein levels is Mdm2 dependent, we 

examined the effect of vIRF-3 on the stability of two p53 mu-tants, 

p53(14/19) and p53(22/23), whose residues have been re-placed 

with alanines at positions 14/19 and 22/23, respectively. Both p53 

mutant proteins are resistant to Mdm2-mediated deg-radation (46, 

47). The p53 mutants were exogenously expressed in p53 null 

Saos2 cells in the presence or absence of vIRF-3 (Fig. 1D). The 

immunoblot analysis using anti-p53 (FL-393) antibodies showed 

that vIRF-3 was not able to downregulate the protein lev- 
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FIG 1 Stability of p53 protein is decreased in the presence of vIRF-3. (A) 
HCT-116 cells expressing vIRF-3 show lower levels of p53 than control 

cells. HCT-116 (wt p53 
/
 ) cells were transfected with either the vIRF-3-

expressing plasmid (lanes 2 and 4) or an empty vector (pcDNA3.1; lanes 1 
and 3). Twenty-four hours after transfection, cells were incubated in the 
presence ( ) or ab-sence ( ) of doxorubicin (1 M) for 24 h. Whole-cell lysates 
were analyzed by Western blotting with anti-p53 (DO-1), anti-vIRF-3, and 
anti- -actin anti-bodies. (B) RT-PCR assay. Total RNA was isolated from 
cells treated as de-scribed for panel A and subjected to RT-PCR analysis 
with primers specific for vIRF-3, p53, and -actin cDNAs as described in 
Materials and Methods. (C) Real-time RT-PCR assay. p53 cDNA prepared 
as described for panel B was analyzed by real-time PCR assay using p53- 
and -actin-specific primers. Er-ror bars represent standard errors for four 
independent experiments. Each experiment was performed in duplicate. (D) 
vIRF-3-mediated degradation of p53 is Mdm2 dependent. Saos2 (p53 null) 
cells were transfected with either a vIRF-3 expression plasmid or an empty 
vector together with plasmids express-ing wt p53 or p53 mutants, 
p53(14/19) and p53(22/23), as indicated. Cells were treated with 
doxorubicin (1 M) for 24 h, and cell lysates were analyzed by Western 
blotting with anti-p53 (FL-393), anti-vIRF-3, and anti- -actin anti-bodies.  
 
 
els of both p53 mutants. However, the levels of wt p53 protein were 

efficiently decreased in the vIRF-3-expressing cells compared to the 

levels in control cells. These results indicate that vIRF-3 may 

facilitate degradation of p53 through Mdm2-dependent pathway.  

 
 

 
vIRF-3 decreases p53 protein half-life. To examine whether 

vIRF-3 decreases stability of p53 protein, we determined the p53 

half-life in HCT-116 cells upon the inhibition of protein synthesis 

by treatment with cycloheximide (25 g/ml) (Fig. 2). HCT-116 cells 

transfected with the vIRF-3 expression plasmid or an empty vector 

were treated with cycloheximide, and the levels of p53 in cell 

lysates were determined by Western blotting. The results showed a 

significant destabilization of endogenous p53 in the presence of 

vIRF-3 (Fig. 2A). Thus, while the half-life of wild-type p53 was 

approximately 38 min, in the presence of vIRF-3, the half-life of 

p53 was decreased to 20 min. Figure 2B shows the quantification of 

multiple independent experiments with similar results. An even 

more pronounced effect of vIRF-3 on p53 protein stability was 

detected in cells treated with doxorubicin ( Fig. 2C). Stress 

(doxorubicin)-mediated induction of p53 extended p53 protein half-

life beyond 240 min (4 h). However, in the presence of vIRF-3, the 

half-life of the p53 protein was significantly de-creased to 

approximately 78 min (1.3 h) (Fig. 2D), further indi-cating that the 

expression of ectopic vIRF-3 effectively downregu-lates p53 

stability.  
vIRF-3 enhances p53 ubiquitination. To understand the mech-

anism by which vIRF-3 downregulates the levels of p53, we exam-

ined the ubiquitination status of p53 in vIRF-3-expressing cells. To 

this effect, HEK293 cells were cotransfected with constant amounts 

of plasmids expressing His-Myc-tagged ubiquitin (His-Myc-Ub) 

and either a vIRF-3-expressing plasmid or an empty vector 

(pcDNA3.1). Six hours prior to cell lysis, the cells were incubated 

in the presence of the proteasome inhibitor, MG132. p53 was 

immunoprecipitated from the cell lysates, and the levels of p53 

ubiquitination in precipitates were assessed by Western blotting 

with anti-Ub antibodies (Fig. 3A). Although endogenous p53 was 

already ubiquitinated in cells transfected with an empty vector (Fig. 

3A, lane 1), cotransfection with a vIRF-3 expression plasmid led to 

a detectable increase in p53 ubiquitination (Fig. 3A, lane 2). There 

was also a significant increase in the levels of high- 
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FIG 2 Expression of vIRF-3 decreases half-life of p53. (A) HCT-116 (wt p53 
/
 ) cells were transfected with a vIRF-3 expression plasmid or an empty 

vector, pcDNA3.1. Twenty-four hours after transfection, cells were incubated in the absence ( ) (A) or presence ( ) (C) of doxorubicin (1 M) for 24 h 
followed by treatment with 25 g/ml cycloheximide (CHX) for the indicated times. Cell lysates were analyzed by Western blotting using anti-p53 (DO-1), 
anti-vIRF-3, and anti- -actin antibodies. (B and D) Quantitation of the immunoblot signals from panels A and C, respectively. p53 was normalized to the -
actin signal and then plotted against the signal obtained at 0 h of cycloheximide treatment. Error bars represent standard errors for three independent 
experiments. Each experiment was performed in triplicate. 
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FIG 3 vIRF-3 enhances the ubiquitination of p53. (A) HEK293 cells were 
transfected with equal amounts of His-Myc-Ub followed by transfection 
with the vIRF-3 expression plasmid or an empty vector (pcDNA3.1). Prior 
to lysis, the cells were pretreated with proteasome inhibitor MG132 (50 M) 
for 6 h. p53 was immunoprecipitated (IP) from cell lysates with anti-p53-
specific (DO-1) antibodies followed by Western blotting (WB) with anti-Ub 
antibod-ies. The relative levels of endogenous p53, -actin, and transfected 
vIRF-3 in input lysates (10% input) were estimated by Western blotting. (B) 
Enrichment of high-molecular-weight p53 in nuclear extracts of vIRF-3-
expressing BJAB cells. Nuclear (N) and cytoplasmic (C) extracts were 
isolated from BJAB/ pcDNA and BJAB/vIRF-3 cells pretreated with 
MG132 (50 M) for 6 h prior to cell lysis. vIRF-3, p53, and -actin in the 
cytoplasmic and nuclear fractions were analyzed by Western blotting.  

 
 

 

molecular-weight p53 in nuclei of a vIRF-3-expressing BJAB 

cell line (BJAB/vIRF-3) compared to levels in control cells 

(BJAB/ pcDNA) (Fig. 3B), indicating that p53 is ubiquitinated 

in vIRF-3-expressing B cells. These results suggest that vIRF-3 

destabilizes p53 through enhanced ubiquitination and 

subsequent protein degradation.  
vIRF-3 inhibits N-terminal phosphorylation of p53. The 

phosphorylation of p53 is one of many posttranslational modifi-

cations that play a key role in p53 transcription activity and pro-tein 

stability (48). It was shown that N-terminal phosphorylation of 

residues S15/S20 reduces p53 affinity for its negative regulator 

Mdm2/Hdm2 and promotes the recruitment of transcriptional 

coactivators, CBP/p300 (49), leading to p53 hypoubiquitination and 

increased protein stability. We have, therefore, analyzed whether 

vIRF-3 modulates phosphorylation of p53 at the S15 amino acid 

residue. HCT-116 cells were transfected with either the vIRF-3 

expression plasmid or an empty vector, followed by incubation in 

the presence or absence of doxorubicin. The levels of p53 

phosphorylation were determined by Western blotting us-ing 

phospho-specific antibodies (Fig. 4). Although the levels of p53 

phosphorylation on S15 in uninduced cells were low, they were 

further decreased in the presence of vIRF-3 (Fig. 4A, lanes 1 and 

2). Moreover, the doxorubicin-induced upregulation of S15 

phosphorylation was decreased in vIRF-3-transfected cells (Fig. 

4A, lanes 3 and 4). To show that the reduction in p53 phosphor-

ylation was not due to a decrease of total p53 protein levels, cells 

were also treated with MG132, a potent proteasome inhibitor, for 6 

h prior to cell lysis. Since similar levels of p53 protein were 

detected in both the control and vIRF-3-expressing HCT-116 cells 
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FIG 4 Downregulation of p53 transcription activity by vIRF-3. (A) HCT-116 (wt p53 
/
 ) cells were transfected with either the vIRF-3 expression plasmid or an empty 

vector and treated with doxorubicin (1 M) and MG132 (50 M) for 24 h and 6 h, respectively, prior to cell harvest. Cell lysates were analyzed by immunoblotting with 
anti-p53 (DO-1), anti-vIRF-3, anti-phospho-p53 (S15), anti-p21, and anti- -actin antibodies. (B) RT-PCR assay. Total RNA was isolated from HCT-116 cells treated as 
described for panel A and subjected to RT-PCR analysis with primers specific for vIRF-3, p53, p21, and -actin cDNAs. (C) Quantitative RT-PCR assay. p53 and p21 
cDNAs prepared as described for panel B were analyzed by real-time PCR assay using p53-, p21-, and -actin-specific primers. Error bars represent standard errors for 

four independent experiments. Each experiment was performed in duplicate. (D) HCT-116 (wt p53 
/
 ) cells were transfected with increasing amounts of vIRF-3 

expression constructs (0, 0.5, 1.5, 3.0, and 6.0 g) and treated as described for panel A. The protein extracts were analyzed by Western blotting with anti-p53 (DO-1), 
anti-vIRF-3, anti-phospho-p53 (S15 and S20), anti-p21, and anti- -actin antibodies. 
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FIG 5 vIRF-3 interacts with the DNA-binding domain (DBD) of p53. (A) Coimmunoprecipitation of vIRF-3 with wt p53. HCT-116 (wt p53 
/
 ) cells were transiently 

transfected with the indicated constructs, followed by treatment with doxorubicin (1 M) and MG132 (50 M) for 24 h and 6 h, respectively, prior to cell lysis. Protein 

lysates (400 g) were immunoprecipitated (IP) with an anti-p53 antibody, and the coprecipitated vIRF-3 was detected by Western blotting (WB) with an anti-vIRF-3 

antibody. The relative levels of p53 and vIRF-3 in the input lysates (40 g) are shown for comparison (10% input, left panel). To ensure that the immunoprecipitation 

data are specific, we included control (IgG) immunoprecipitation (right panel). (B) Schematic representation of p53 deletion mutants. TAD, transactivation domain; 

DBD, DNA-binding domain; tetramer, tetramerization domain. The shaded box indicates the vIRF-3-binding domain.  
(C) p53 deletion mutants (shown in B) were in vitro translated using a TNT T7 quick-coupled transcription/translation system and incubated with vIRF-3(1– 
566) fused to GST or with GST alone immobilized on glutathione-Sepharose beads. The bound proteins were eluted and analyzed by Western blotting with 
anti-p53 (FL-393) antibodies. Ten percent of p53 deletion mutant protein input is shown below (10% input). aa, amino acids. (D) Coomassie blue staining of 
purified GST and vIRF-3–GST used in GST pulldown experiments. 
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(Fig. 4A, lanes 5 to 8), the observed reduction of serine 15 phos-
phorylation in vIRF-3-expressing cells was not due to the 
overall decrease of p53 levels. These data indicate that vIRF-3 
down-mod-ulates p53 phosphorylation at serine residue S15.  

We also examined whether the observed decrease in p53 phos-  
phorylation would correlate with downregulation of a p53 target, 

the p21
cip1/waf1

 gene. It was shown previously that p21 is upregu-  
lated by p53 following DNA damage and is thought to be an 

inte-gral part of the p53-mediated growth arrest pathway (50–

53). In vIRF-3-expressing HCT-116 cells, the protein levels of 

p21 were decreased, reflecting the degree of p53 

phosphorylation (Fig. 4A). The observed reduction of p21 

protein was also detected at the RNA level using RT-PCR and 

qRT-PCR (Fig. 4B and C). Although the levels of p53 mRNA 

remained constant, the relative levels of p21 mRNA were 

significantly reduced in vIRF-3-expressing cells. The treatment 

with doxorubicin resulted in a 13-fold upregula-tion of p21 gene 

transcription, which was significantly reduced (3-fold) in cells 

expressing vIRF-3. A similar pattern was also ob-served in cells 

that underwent the treatment of doxorubicin and MG132.  
To confirm these observations, we transfected HCT-116 cells 

with increasing amounts of vIRF-3 expression plasmid, followed by 

incubation in the presence or absence of doxorubicin. In order to 

prevent proteasome-mediated degradation of p53, the cells were 

treated with MG132 6 h prior to cell lysis. As shown in Fig. 4D, 

although the levels of endogenous p53 and -actin remained stable, 

the levels of p53 phosphorylation at serine residues S15 and also 

S20, as well as the amount of p21, were found to be decreased by 

the introduction of vIRF-3 in a dose-dependent manner. Col- 

 
lectively, these data indicate that vIRF-3 negatively regulates 
S15/ S20 phosphorylation of p53 and subsequently reduces the 
expres-sion of p53 target, p21.  

vIRF-3 interacts with the DBD of p53. In order to further 

delineate the molecular mechanism of vIRF-3-mediated inhibi-tion 

of p53 function, we analyzed the p53-vIRF-3 interaction. p53 

possesses an amino (N)-terminal transactivation domain (TAD; 

residues 1 to 42), a proline-rich domain (PRD; residues 63 to 97), a 

central DNA-binding domain (DBD; residues 100 to 300), a 

tetramerization domain (TD; residues 307 to 355), and a carboxy  
(C)-terminal domain (CRD; residues 355 to 393) (48). Although 

Rivas et al. (9) detected direct interaction between vIRF-3 and p53 

using GST pulldown assays, they failed to demonstrate the in vivo 

vIRF-3-p53 association using coimmunoprecipitation experi-ments 

with cell lysates isolated from PEL or vIRF-3- and p53-transfected 

Saos2 cells. Therefore, we examined whether the vIRF-3-p53 

interaction could be detected in stress (doxorubicin)-activated cells. 

The coimmunoprecipitation was done using pro-tein lysates isolated 

from HCT-116 cells transfected with a vIRF-3 expression plasmid 

or an empty vector. Cells were then incubated in the presence of 

doxorubicin and MG132, to both activate p53 and prevent its 

degradation. As shown in Fig. 5A, we were able to detect the 

interaction between endogenous p53 and ectopic vIRF-3 in 

doxorubicin-treated cells (Fig. 5A).  
To map the region of p53 which is required for interaction with 

vIRF-3, in vitro-translated p53 deletion mutants consisting of in-

dividual domains of p53 (Fig. 5B) were used for in vitro pulldown 

assays with GST-tagged full-length vIRF-3 (Fig. 5C). The quality 

of purified recombinant GST and vIRF-3–GST proteins is shown 
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in Fig. 5D (lanes 1 and 2, respectively). The analysis revealed that 

the DNA-binding domain (DBD) of p53 (residues 102 to 292) was 

important for the interaction with vIRF-3 (Fig. 5C). None of the 

p53 mutants was able to interact with the GST control, suggesting 

that p53 interaction was specific for vIRF-3. The ability of vIRF-3 

to interact with DBD of p53 is interesting because the vast major-

ity of p53 mutations found in tumors are missense mutations within 

the DNA-binding domain, resulting in p53 proteins with altered 

conformation and attenuated sequence-specific binding to DNA. 

Interestingly, our finding is in contrast to data obtained by Rivas et 

al. (9), who localized the vIRF-3 interaction to the region of p53 

between amino acids 290 and 393. In their studies, using a similar 

GST pulldown technique, they analyzed the binding of in vitro-

translated full-length vIRF-3 with differently truncated forms of 

GST-p53. If we assume that the quality and quantity of various 

GST-p53 deletion mutants were comparable (data not shown in 

their publication), the discrepancy between these two findings could 

be due to different configurations of in vitro-trans-lated versus GST 

fusion proteins which may lead to the alteration of their native state. 

 
Negative effect of vIRF-3 on p53 oligomerization. Under nor-

mal conditions, p53 is expressed at low levels and exists predom-

inantly in a monomeric form. However, under stress conditions p53 

forms tetramers that have a high affinity for DNA binding (54). 

Tetramerization of p53 is a function of the C-terminal do-main, 

spanning residues 325 to 356. Since vIRF-3 seems to nega-tively 

affect p53 activation/phosphorylation and expression of the p21 

gene, we also examined the effect of vIRF-3 on p53 oligomer-

ization using a protein cross-linking assay. To this end, HCT-116 

cells were transfected with either the vIRF-3-expressing plasmid or 

an empty vector (pcDNA3.1) and incubated in the presence of 

doxorubicin to induce p53 and promote its tetramerization; cells 

were also treated with MG132 to prevent degradation of p53 

through the proteasome-dependent pathway. The cell lysates were 

then treated with increasing amounts of glutaraldehyde to induce 

protein cross-linking. The resulting p53 monomers, dimers, and 

tetramers were separated by SDS-PAGE and detected by Western 

blotting with p53-specific antibodies. As illustrated in Fig. 6, treat-

ment with doxorubicin induced robust p53 oligomerization. The 

p53 dimer formation could be detected at a glutaraldehyde con-

centration as low as 0.016%, and tetramer formation was detected at 

0.08% glutaraldehyde. However, in the presence of vIRF-3, the 

formation of p53 dimers and tetramers was significantly reduced, 

indicating that vIRF-3 can effectively inhibit p53 oligomerization.  
vIRF-3 inhibits association of p53 with the promoter DNA of 

p21
cip1/waf1

. Since we found that vIRF-3 interacts with the DNA-

binding domain (DBD) of p53 and inhibits p53 oligomerization, we 

examined whether the binding of p53 to the p21 promoter is also 

modulated by vIRF-3. The p21 promoter contains proximal and 

distal p53 response elements, located 1.4 and 2.3 kb upstream of the 

transcription initiation start site, respectively. Both are found in 

regions which are conserved among human, mouse, and rat. The 

distal p53 binding site is a better match to the consensus p53 

binding sequence (51) (Fig. 7A). To analyze the effect of vIRF-3 on 

the DNA-binding capability of p53, we performed a series of DNA 

pulldown analyses with oligonucleotides corre-sponding to the 

distal p53 regulatory element (wtp21p) in the p21 promoter or its 

mutated version (mutp21p). The biotinylated oli-gonucleotides 

coupled to streptavidin-coated magnetic beads were incubated with 

protein extracts from doxorubicin-treated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 6 vIRF-3 inhibits oligomerization of wt p53 protein. Oligomerization 

of p53 was examined by a protein cross-linking assay. HCT-116 (wt p53 
/
 ) 

cells were transfected either with the vIRF-3 expression plasmid or an 
empty vector (pcDNA3.1). Twenty-four hours after transfection, the cells 
were incubated in the presence ( ) or absence ( ) of doxorubicin (1 M) 
together with MG132 (50 M) for 24 h and 6 h, respectively, prior to cell 
lysis. Cell lysates were incubated on ice with glutaraldehyde at the indicated 
concentrations for 10 min. The samples were resolved on 10% SDS-PAGE 
gels, followed by Western blotting with anti-p53 (DO-1) and anti- -actin 
antibodies. The positions of p53 monomers, dimers, and tetramers are 
indicated. Representative data of four independent experiments are shown.  
 

 

HCT-116 (wt p53 
/
 ) cells that were transfected with either the 

vIRF-3 expression plasmid or the empty vector, pcDNA3.1. The 

p53 protein that was specifically bound to the promoter DNA was 

detected by Western blotting. As shown in Fig. 7B, p53 effectively 

bound to wt p21 promoter sequences (Fig. 7B, lane 1). However, 

the expression of vIRF-3 in these cells resulted in a decreased bind-

ing of endogenous p53 to the wt p21 oligodeoxynucleotide (Fig. 

7B, lane 2). The binding of p53 to wtp21p was specific, as there 

was no detectable interaction of p53 with mutated p21 oligomers. 

To show that reduction in p53 binding to the p21 promoter was not 

solely due to a decrease in total p53 protein levels in vIRF-3-ex-

pressing cells, we examined the DNA-binding of the p53 mutant 

p53(14/19), which is resistant to Mdm2-mediated degradation. As 

shown in Fig. 7C, binding of wt p53 protein to p21 promoter 

oligonucleotides was significantly reduced in the presence of vIRF-

3, which was in agreement with our previous experiment. Although 

the association of the p53(14/19) mutant with the p21 promoter 

sequence was weaker than that of wt p53 (Fig. 7C, lanes 3 and 1, 

respectively), the presence of ectopic vIRF-3 resulted in 

downregulation of DNA-binding capacity of the p53(14/19) mu-

tant. The observed decrease in the binding capacity of p53(14/19) 

protein to the wt p21 oligodeoxynucleotides was likely due to vIRF-

3-mediated inhibition of p53-DNA association.  
To analyze the recruitment of p53 to the p21 promoter in vivo, 

we employed a chromatin immunoprecipitation (ChIP) assay. The 

assembly of endogenous p53 on the endogenous p21 pro-moter was 

analyzed in HCT-116 cells which were transfected with either a 

vIRF-3-expressing plasmid or the empty vector and treated with 

doxorubicin (for 8 h) and MG132 (for 6 h) to induce p53 and inhibit 

its proteasome-mediated degradation. The pro-teins were then 

cross-linked to DNA, and DNA-protein com-plexes were 

precipitated with antibodies against p53, vIRF-3, and acetylated 

histone 3. The DNA in the precipitates was then ampli-fied by PCR 

with primers flanking the distal p53 response element in the p21 

promoter. As shown in Fig. 7D, in HCT-116 cells, the association 

of p53 with the p21 promoter is constitutive, but it is further 

stimulated by doxorubicin treatment (Fig. 7D, lanes 1 and 
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FIG 7 vIRF-3 interferes with binding of p53 to the p21 promoter. (A) Schematic representation of the wt and mutant oligonucleotides and p21 primers in the p21 

promoter region used for DNA pulldown and ChIP analyses. Residues matching the p53 consensus are in capitals, with the invariant C/G base pairs in bold; mutated 

nucleotides in the p53 binding site are underlined. (B) Association of p53 with the wt p21 promoter was analyzed by a DNA pulldown assay in HCT-116 cells as 

described in Materials and Methods. The p53 proteins pulled down by DNA were identified by Western blotting with anti-p53 (DO-1)-specific antibodies. The relative 

levels of endogenous p53 and transfected vIRF-3 in 35 g of cell extract were estimated by Western blotting (10% inputs, bottom panel). (C) The effect of vIRF-3 on 

binding of wt p53 and its mutant, p53(14/19), to the p21 promoter was analyzed by DNA pulldown assay in Saos2 cells as described in Materials and Methods. The 

proteins pulled down by DNA were identified by Western blotting with anti-p53 (FL-393) antibodies. (D) In vivo binding of p53 and acetylated histone H3 to the 

endogenous p21 promoter analyzed by ChIP assay in HCT-116 (wt p53 
/
 ) cells as described in Materials and Methods. A chromatin immunoprecipitation was 

performed with antibodies against p53 (DO-1), vIRF-3, and acetylated H3 (Ac-H3). PCRs were performed using p21-specific and control (GAPDH-specific) primers 

to confirm specificity. The input represents the PCR amplification prior to immunoprecipitation to show that equal amounts of DNA were present in all samples. The 

data are representative of three independent experiments. (E) Binding of p53 to the p21 promoter evaluated by quantitative PCR for ChIP. Chromatin 

immunoprecipitation and DNA isolation were performed as described for panel D. The data were normalized to chromatin input. (F) Whole-cell extracts used for the 

ChIP experiment described for panel D were analyzed by Western blotting to determine the expression levels of vIRF-3 and p53. The bottom panel shows levels of -

actin which were used as the loading control. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 D
o
w

n
lo

a
d

e
d

 fro
m

 h
ttp

://m
c
b

.a
s
m

.o
rg

/ o
n

 J
a
n

u
a

ry
 2

8
, 2

0
1

4
 b

y
 

 
 
3, respectively). Importantly, in cells expressing ectopic vIRF-3, the 

recruitment of p53 to the p21 promoter is significantly de-creased in 

both unstimulated and doxorubicin-stimulated cells (Fig. 7D, lanes 

2 and 4, respectively). The histone acetyltrans-ferases, CBP/p300 

and PCAF, were previously reported to be crit-ical regulators of the 

p53-dependent pathway. In particular, PCAF was shown to be 

required for stress-responsive histone 3 (H3) acetylation at the p21 

promoter and p53-directed transcription of the p21 gene (55). 

Therefore, we also examined the effect of vIRF-3 on H3 

acetylation. Notably, the levels of acetylated histone H3 at the p21 

promoter were much lower in cells expressing vIRF-3 than in 

control cells, indicating that transcription of the p21 gene is blocked 

in the presence of vIRF-3. Biding of p53 to the GAPDH promoter 

control was not detected (Fig. 7D, right panel) or found in the 

precipitates with nonspecific antibodies (IgG) (data not shown), 

thus indicating that p53 is specifically recruited to the endogenous 

p21 promoter. To allow for an accurate mea-surement of the 

amount of DNA precipitated, quantitative PCR 

 
 
was performed (Fig. 7E). The amount of target DNA precipitated 

using anti-p53 antibodies is expressed as a percentage of the input 

target DNA. Compared to parental HCT-116 cells, vIRF-3 expres-

sion decreased the amount of precipitated p21 promoter DNA by 

approximately 3-fold. Doxorubicin treatment of HCT-116 cells led 

to a 5-fold increase in p53 binding to the p21 promoter that was 

inhibited in vIRF-3-expressing cells. It should be noted that the 

relative protein levels of endogenous p53 were not modulated by 

vIRF-3 in cells treated with the proteasome inhibitor MG132 (Fig. 

7F). Collectively, these data indicate that vIRF-3 can effec-tively 

reduce the binding of p53 to the promoter of the p21 gene. 
vIRF-3 inhibits p53-mediated activation of p21 gene tran-  

scription. As mentioned earlier, the p53 protein is well known as 

the master regulator of the p21
waf1/cip1

 gene, the cyclin-dependent  
kinase inhibitor. In response to various stress stimuli, p21 binds to 

and blocks the activities of specific cyclin– cyclin-dependent ki-

nase complexes to cause cell cycle arrest. Since vIRF-3 was found 

to inhibit phosphorylation of p53 as well as its association with 
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FIG 8 vIRF-3 inhibits activation of p53-mediated transcription of p21 and Bax genes. (A) Schematic representation of a wt p21 promoter (p21p)-reporter 
construct. The p21 promoter contains two potential p53-binding sites, p53RE1 and p53RE2. Residues matching the p53 consensus 
(RRRCATGYYYRRRCAT GYYY) are in capitals, with the invariant C/G base pairs in bold. (B) Effect of vIRF-3(1–566) on activation of p21 promoter 

(p21p). The human wild-type p21p reporter (WWP-luc) and Renilla luciferase, pRL-SV40, plasmids were cotransfected into HCT-116 (wt p53 
/
 ) cells with 

either the vIRF-3(1–566) expression plasmid or an empty vector (pcDNA3.1). Twenty-four hours after transfection, cells were incubated in the presence ( ) 
or absence ( ) of doxorubicin (1 M) for an additional 24 h. Luciferase activity was analyzed as described in Materials and Methods. The activity of Renilla 
luciferase served as an internal control for normalization. The results are presented as the means standard deviations of three independent experiments (*, P 
0.05). RLU, relative luciferase units. (C) Effect of vIRF-3(1–566) on wtp53- or p53(14/19)-mediated activation of p21 promoter. Human wild-type p21p 
reporter (WWP-luc), pRL-SV40 plasmids, and vIRF-3(1–566) were cotransfected into Saos2 (p53 null) cells as described for panel B. In addition, cells were 
transfected also with wt p53 and p53(14/19) expression plasmids. Luciferase activity was analyzed and evaluated as described for panel B. (D) Effect of 
vIRF-3(1–566) on wt p53-mediated activation of the bax gene promoter (baxp). Human wild-type baxp reporter (baxp-Luc), p53, and vIRF-3(1–566) 
plasmids were cotransfected into Saos2 (p53 null) cells. The luciferase activity was analyzed as described in Materials and Methods. These results are 
presented as the means standard deviations of three independent experiments (*, P 0.05). 
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p21 promoter, we examined the effect of vIRF-3 on p53-mediated 

activation of p21 promoter. To this effect, we used a transient-

transfection assay with the reporter plasmid (WWP-luc) contain-ing 

the luciferase gene under the control of the p21 promoter, 

encompassing the region of 2.4 kb upstream of the p21 gene tran-

scription start site. This promoter region contains two functional 

p53-binding sites (p53RE1 and -2) (Fig. 8A). The p21 reporter 

plasmid was transfected into HCT-116 cells, together with the full-

length vIRF-3(1–566) expression plasmid or an empty vector. 

Twenty-four hours after transfection, cells were incubated in the 

presence or absence of doxorubicin for additional 24 h. As shown in 

Fig. 8B, doxorubicin treatment increased luciferase levels ap-

proximately 12-fold, whereas in the presence of full-length vIRF-3, 

the luciferase levels were decreased approximately 4-fold. These 

results indicate that vIRF-3 is able to efficiently downregu-late 

doxorubicin-induced activation of the p21 promoter. To fur-ther 

support these data, we carried out cotransfection experiments also 

in p53 null Saos2 cells. Cells were transfected with a p21 re-porter 

plasmid together with either wild-type p53 or the p53(14/  
19) mutant and full-length vIRF-3. As shown in Fig. 8C, ectopic wt  
p53 activated the p21 reporter approximately 6-fold, whereas this 

activation was almost abolished by vIRF-3 expression. In agree-

ment with other reports, the p53 variant, p53(14/19), which is 

refractory to Mdm2-mediated protein degradation (46, 47, 56), was 

transcriptionally active and activated p21 promoter approxi-mately 

4-fold. Interestingly, vIRF-3 downregulated both wt p53- 

 
and p53(14/19)-mediated p21 gene transcription. These data 
sug-gest that vIRF-3 can sufficiently downregulate p53-
mediated tran-scriptional activation of p21 promoter and thus 
contribute to de-regulation of p21 growth-regulatory function.  

In addition to activation of p21 and induction of G1/S cell cycle 

arrest, p53 can induce apoptotic pathways (25). p53-mediated 

induction of proteins that localize to mitochondria, such as NOXA, 

PUMA, and Bax, triggers cytochrome c release and acti-vates 

apoptosis. To demonstrate that vIRF-3 has a broader effect on p53 

transcriptional activity, we analyzed the p53-mediated ac-tivation of 

the bax gene in the presence of vIRF-3. The bax gene promoter 

region (at bp 486 to 448) contains four motifs with homology to the 

consensus p53-binding site (57). To determine the bax promoter 

activity in the presence of vIRF-3, the Saos2 cells were transfected 

with a bax luciferase reporter construct, contain-ing the luciferase 

gene under the control of the bax promoter (bp 715 to 317) (58) 

together with wild-type p53 and/or full-length vIRF-3. As shown in 

Fig. 8D, ectopic wt p53 activated the bax reporter approximately 

16-fold, whereas this activation was significantly downregulated in 

the presence of vIRF-3 (5-fold). These data suggest that vIRF-3 

may target a broader spectrum of p53 downstream effectors and 

thus deregulate both the cell cycle and proapoptotic pathways. 

 
vIRF-3 targets the p53 regulatory pathway in KSHV-positive 

PEL cells. To confirm that the observed phenomenon is of biolog-ical 

significance and operates also in a native environment, we 
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FIG 9 vIRF-3 inhibits p53 regulatory pathway in KSHV-positive BC-3 cells. (A) Treatment with DNA-damaging agent, doxorubicin, leads to activation of 
the p53 regulatory pathway in KSHV-infected cells. BC-3 (wt p53) cells were left untreated or treated with 1 M doxorubicin for the indicated times. Cell 
lysates were analyzed by Western blotting using anti-p53 (DO-1), anti-phospho-p53 (S15 and S20), anti-ATM, anti-phospho-ATM (S1981), anti-p21, anti-
caspase-3, anti-PARP, anti-vIRF-3, and anti- -actin antibodies. (B) Overexpression of vIRF-3 in BC-3 cells results in downregulation of p53-regulated 
pathway. BC-3 cells were transfected with a vIRF-3 expression plasmid or an empty vector, pcDNA3.1. Twenty-four hours after transfection, cells were 
treated with 1 M doxoru-bicin for the indicated times. Cell lysates were analyzed by Western blotting using anti-p53 (DO-1), anti-phospho-p53 (S15 and 
S20), anti-ATM, anti-phospho-ATM (S1981), anti-p21, anti-vIRF-3, and anti- -actin antibodies. vIRF-3-endo, endogenous vIRF-3; vIRF-3-exo, exogenous 
vIRF-3. The slower mobility of exogenous vIRF-3 is due to a myc tag. (C) Knockdown of vIRF-3 expression in PEL cells leads to activation of the p53 
pathway. BC-3 cells were transfected with either vIRF-3-specific siRNA (si291) or nonsense siRNA (siN) and treated as described for panel B. Cell lysates 
were analyzed by Western blotting using anti-p53 (DO-1), anti-phospho-p53 (S15 and S20), anti-ATM, anti-phospho-ATM (S1981), anti-p21, anti-vIRF-3, 
and anti- -actin antibodies. Representative data of three independent experiments are shown. 
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analyzed the effect of vIRF-3 on p53 signaling in the KSHV-posi-

tive PEL cell line, BC-3. Although p53 mutations or deletions are 

common in the majority of malignant tumors (59), KSHV-in-duced 

PEL malignancies appear to carry wild-type p53 (60, 61). To 

explore the PEL cell response to DNA damage stimuli, we first 

examined the effect of doxorubicin on the activation of p53 and 

induction of its target gene expression. Treatment of BC-3 cells 

with doxorubicin for up to 24 h resulted in significant activation 

and protein accumulation of p53 (Fig. 9A). The highest levels of 

p53 accumulation and phosphorylation on S15 and S20 were de-

tected at 6 h of doxorubicin treatment. Induction of p53 activity 

corresponded with transcriptional upregulation of the cyclin-de-

pendent kinase inhibitor p21, expression of which also peaked at 6 

h of doxorubicin treatment. At later time points, activation of p53 

and transcription of the p21 gene ceased, and cells underwent 

apoptosis. The levels of caspase-3 activation and PARP cleavage 

reached maximums at 24 h of doxorubicin treatment. Notably, at 3 

h of doxorubicin treatment, the accumulation of ATM kinase as 

well as an increase in its autophosphorylation at serine S1981 was 

readily detected (Fig. 9A). As reported previously, in response to 

genotoxic stress, ATM kinase undergoes rapid activation through 

autophosphorylation on S1981 (62). Activated ATM then phos-

phorylates both p53 and Mdm2 at S15 and S395, respectively (63). 

These modifications result in stabilization and activation of p53.  
To determine the effect of vIRF-3 overexpression on the acti-

vation of the p53 pathway in PEL cells, we transfected BC-3 cells 

with the vIRF-3 expression plasmid or an empty vector and ex- 

 
 
posed the cells to treatment with doxorubicin for 0, 6, 9, and 12 h 

(Fig. 9B). As expected, p53 protein levels and the levels of S15/S20 

phosphorylation were reduced in vIRF-3-overexpressing BC-3 cells 

compared to levels in the control cells. Notably, the overex-pression 

of vIRF-3 was associated with the downregulation of ATM protein 

levels and ATM autophosphorylation (S395). The overall 

downregulation of p53 signaling was also reflected by re-duced 

levels of p21 protein (Fig. 9B).  
In contrast, the knockdown of vIRF-3 expression using RNA 

interference (RNAi) had the opposite effects (Fig. 9C). BC-3 cells 

were transfected with either vIRF-3-specific siRNA (si291) or 

nonsense siRNA (siN). The specificity and efficiency of vIRF-3 

knockdown by si291 were already tested in our previous studies 

(18). At 2 days after transfection, cells were treated with doxoru-

bicin for 0, 6, 9, and 12 h. As shown in Fig. 9C, the amount of 

vIRF-3 protein was reduced by approximately 70% in cells trans-

fected with si291 compared to control cells. Actin levels remained 

constant in all tested samples. Interestingly, knockdown of vIRF-3 

was associated with upregulation of both p53 and ATM protein 

levels, p53 phosphorylation (S15/S20), and ATM autophosphor-

ylation (S395), as well as with an increase of p21 expression (Fig. 

9C). However, the knockdown of vIRF-3 was not associated with 

an increase of p53 mRNA levels (as estimated by quantitative RT-

PCR) (data not shown), which confirms that vIRF-3 regulates p53 

expression at the posttranscriptional level. Collectively, these re-

sults indicate that vIRF-3 markedly down-modulates p53 func-tion 

in KSHV-associated PEL. 

 
 J

a
n
u
a

ry
 2

8
, 2

0
1
4

 b
y
 U

O
C

H
B

 C
R

 

 

 
February 2014 Volume 34 Number 3 mcb.asm.org 395 



Baresova et al. 
 

 
DISCUSSION 
 
p53 is a transcription factor that binds to specific binding sites in 

the promoters of numerous genes (the genes for p21, PUMA, Bax, 

etc.) and activates their transcription (64). Although expression of 

p53 is attenuated by mutation in a majority of cancers, in KSHV-

induced B cell lymphomas, p53 is not modified. Detailed muta-

tional analysis of the p53 gene revealed that all primary PEL tu-

mors and a majority of PEL cell lines (71.4%) tested carried the wt 

p53 gene (60). In this study, we demonstrated that KSHV-en-coded 

vIRF-3 can destabilize the p53 protein and significantly decrease its 

half-life through induction of its polyubiquitination. This effect is 

more pronounced in cells treated with the DNA-damaging agent 

doxorubicin. In general, DNA damage initiates a cascade of 

phosphorylation and acetylation modifications of p53, leading to 

protein stabilization and an increase in p53 transcrip-tional activity 

(65, 66). Phosphorylation of serine 15 and 20 (S15/ S20) enhances 

the recruitment of transcriptional coactivators and acetylases, e.g., 

CBP/p300 and PCAF, whereas phosphorylation at threonine 18 

(T18) stabilizes p53 by preventing its binding to Mdm2 (67–69). 

S15 is believed to be the primary phosphorylation site and precedes 

phosphorylations at S20 or T18 (70). While the phosphorylation at 

S15 of p53 is regulated by the phosphatidyl-inositol 3 (PI3)-kinase 

ATM, phosphorylation at S20 is mediated by Chk2 (71). In 

addition, Khosravi et al. (72) demonstrated that Mdm2 is also 

rapidly phosphorylated in an ATM-dependent manner in response 

to specific DNA-damaging agents. Subse-quent studies revealed 

that ATM phosphorylates Mdm2 on S395 and destabilizes its 

interaction with p53 (73). Thus, modifications of both p53 and 

Mdm2 represent key events, which are responsi-ble for stabilization 

and activation of the p53 pathway. In this study, we showed that 

vIRF-3 inhibits phosphorylation of p53 at S15 and S20, both in the 

presence and absence of the proteasome inhibitor. Therefore, it 

seems likely that reduced p53 phosphory-lation in the presence of 

vIRF-3 leads to stabilization of p53-Mdm2 heterodimer and 

induction of p53 ubiquitination. We also demonstrated that the 

levels of N-terminal p53 phosphorylation directly correlated with 

the levels of p53 accumulation and p53-mediated transcriptional 

regulation of p21. Analysis of ATM pro-tein accumulation and 

autophosphorylation at S1981 demon-strated that ATM protein and 

phosphorylation levels were effectively upregulated in latently 

infected PEL cells upon knock-down of vIRF-3. These data suggest 

that vIRF-3 may target the function of upstream ATM kinase. 

However, further experiments are required to prove this hypothesis 

and are under way in our laboratory. 

 
In this report, we also provide evidence that vIRF-3 specifically 

interferes with binding of p53 to the p21 promoter region and 

disrupts p53 tetramerization. It was shown previously that te-

tramerization of p53 is required for its function (74). In addition, 

Warnock et al. (75) demonstrated that p53 oligomerization is nec-

essary for efficient p21 and Mdm2 expression. Using a DNA pull-

down assay and chromatin immunoprecipitation, we demon-strated 

that in the presence of vIRF-3, the binding of p53 to the promoter of 

the p21 gene is attenuated. Moreover, the acetylation of histone 3, 

which is associated with active gene transcription, is also reduced in 

cells expressing vIRF-3. Thus, we propose that the direct 

interaction between vIRF-3 and p53 masks the DNA-bind-ing 

domain of p53 and inhibits its binding to promoter DNA. In fact, a 

majority of tumors carry missense mutations within the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIG 10 Model for proposed mechanisms of vIRF-3-mediated p53 inactiva-tion. 

Upon DNA damage, p53 is phosphorylated by ATM (ataxia telangiecta-sia-

mutated) kinase and acetylated by CBP/p300, which leads to p53 activation and 

protein stabilization (63). In contrast, polyubiquitination of p53 by Mdm2 E3 

ubiquitin ligase targets p53 for 26S proteasome-mediated degradation (88). vIRF-

3 attenuates the p53 function using following mechanisms: (i) vIRF-3 directly 

interacts with the DBD of p53 and inhibits its oligomerization as well as binding 

to the p21 gene promoter; (ii) vIRF-3 inhibits the N-terminal phos-phorylation of 

p53, which may lead to downregulation of p53 transcription activity. In addition, 

reduced p53 and ATM phosphorylation levels may be directly linked to Mdm2-

dependent polyubiquitination and 26S proteasome-mediated degradation. Thus, 

vIRF-3-expressing cells exhibit a significant de-crease in half-life and protein 

stability of p53. Ub, ubiquitin; P, phosphorus.  

 

DBD of p53, leading to impaired DNA-binding affinity and 
func-tion. Our observation that the p53-mediated transcriptional 

acti-vation of the proapoptotic gene bax is also attenuated by 

vIRF-3 indicates that expression of vIRF-3 in PEL cells may 

also result in disregulation of the apoptotic pathway (13).  
The association of virus-transforming proteins with tumor 

suppressor p53 seems to be a common mechanism developed by 

DNA tumor viruses to gain an advantage over host cell defense 

mechanisms, resulting in virus-mediated oncogenesis. The simian 

virus 40 (SV40) large T antigen, adenovirus E1B and E1A proteins, 

human papillomavirus (HPV) E6, and Epstein-Barr virus nuclear 

antigen 3C (EBNA3C) have all been shown to bind to p53 and alter 

its transcriptional activity, thus contributing to the changes in 

regulation of cellular proliferation (76–78). Interestingly, in 

addition to vIRF-3, KSHV encodes other vIRFs which were shown 

to interact with p53 (13). Two lytic genes (the vIRF-1 and vIRF-4 

genes) are possibly involved in KSHV-mediated oncogenesis 

through modulation of p53 functions. vIRF-1 binds to the DNA-

binding domain of p53 and suppresses p53-mediated apoptosis. 

Furthermore, vIRF-1 negatively regulates p53 function by block-ing 

ATM kinase activity, leading to an increase in the Mdm2-mediated 

ubiquitination of p53 (79–81). vIRF-4 regulates p53 sta-bility by 

interacting with Mdm2 as well as with HAUSP, resulting in 

decreased relative levels of p53 via 26S proteasome-mediated 

degradation (82, 83). Also latency-associated nuclear antigen 

(LANA) forms complexes with p53 in the nuclei of latently in-

fected cells (84) and induces p53 ubiquitination and degradation 

(85, 86). Moreover, LANA markedly elevates the expression of 

Aurora A oncogenic kinase, which leads to phosphorylation of p53 

at S215 and S315 and subsequent p53 ubiquitination and 

proteasome-mediated degradation (87). Thus, KSHV developed 
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multiple strategies for effective inactivation of p53 function dur-
ing latency and lytic replication.  

Collectively, our data suggest that vIRF-3 targets the p53 func-

tion through at least two mechanisms (Fig. 10). First, vIRF-3 in-

hibits the upstream regulatory pathway represented by ATM. 

Inhibition of ATM autophosphorylation and N-terminal p53 

phosphorylation may lead to p53 destabilization, increased pro-tein 

ubiquitination, and rapid proteasome-mediated turnover. Second, 

the direct vIRF-3-p53 interaction impairs p53 oligomer-ization and 

DNA-binding ability, resulting in reduced transcrip-tional 

activation of p53 target genes including the p21 gene. Tak-ing these 

observations together, it becomes even more apparent that 

downregulation of p53 function is a key regulatory event as-

sociated with KSHV infection and tumorigenesis. The fact that 

down-modulation of vIRF-3 in PEL cells restores the p53 levels and 

function suggests that vIRF-3 may be a good target for thera-peutic 

intervention of KSHV-associated malignancies. 
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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent associated with Kaposi’s sarcoma (KS), primary 

effusion lymphoma (PEL), and multicentric Castleman disease (MCD). Similar to other herpesviruses, KSHV has two life 

cycles, latency and lytic replication. In latency, the KSHV genome persists as a circular episome in the nucleus of the host 

cell and only a few viral genes are expressed. In this review, we focus on oncogenic, antiapoptotic, and immunomodulating 

properties of KSHV-encoded homologues of cellular interferon regulatory factors (IRFs)—viral IRF1 (vIRF1) to vIRF4 —

and their possible role in the KSHV-mediated antiviral response, apoptosis, and oncogenicity. 
 

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known 

as human herpesvirus 8 (HHV8), is a DNA tumor virus of the 

gammaherpesvirus subfamily that has been associated with all 

epidemiological forms of Kaposi’s sarcoma (KS) (1) and two 

lymphoproliferative disorders, primary effusion lymphoma (PEL) 

and multicentric Castleman disease (MCD) (2, 3, 4). KSHV is a 

double-stranded DNA (dsDNA) herpesvirus, with an estimated size 

of around 170 kb. Sequence analysis of the KSHV genome revealed 

the presence of about 80 open reading frames (ORFs), some of 

which show homology to cellular genes that regulate cell growth, 

the immune response, inflammation, and apoptosis (5–11). The 

incidence of KSHV-associated dis-ease is increased by 

immunosuppression in recipients of organ transplants and AIDS 

patients (12). Like other herpesviruses, KSHV is maintained in a 

latent state, where the viral genome persists as a circular episome in 

the nucleus of the host cell. During latency, only a few viral genes 

are expressed, namely, those encoding latency-associated nuclear 

antigen 1 (LANA1), Kaposin, vFLIP (viral FLICE inhibitory 

protein), vCyclin, and viral interferon (IFN) regulatory factor 3 

(vIRF3)/LANA2. These viral genes are responsible for regulation 

of host cell proliferation, prevention of apoptosis, facilitation of 

immune evasion, and maintenance of the extrachromosomal viral 

ge-nome during cell divisions (13–18). In order to establish infec-

tion, KSHV needs to overcome the immune antiviral response of 

the host cell. To this effect, KSHV encodes homologues of cellular 

proteins that play an essential role in the early antiviral response 

(19). Among these are proteins resembling the cellu-lar interferon 

regulatory factors (IRFs) that play a critical role 
 
in type I IFN gene induction and IFN action.  

The cellular IRFs were first shown to play a role in virus-medi-

ated induction of type I IFN, but later their importance was also 

demonstrated in the induction of chemokines (RANTES and MIP-

1) and proinflammatory cytokines (interleukin-12 [IL-12] and IL-

15) as well as in direct antiviral (dsRNA-activated protein kinase 

[PKR]), antibacterial (inducible nitric oxide synthase [iNOS]), and 

inflammatory (cox) responses (20, 21).  
All cellular IRFs share homology in the N-terminal part of 

the polypeptide that represents the DNA-binding domain 

 
 

 
(DBD), which is characterized by the presence of five trypto-

phan repeats. The C-terminal part of these proteins is distinct 

and may contain the IRF-association domain (IAD) that facil-

itates the formation of IRF homo- or heterodimers and inter-

action with other transcription factors. IRFs can function as 

transcriptional activators or repressors. Three of these IRFs 

(IRF-3, -5, and -7) play a critical role in the innate antiviral 

response (20–22). Interferon regulatory factor 3 (IRF-3) acts as  
30. direct transducer of virus-mediated signaling, and 

together with IRF-7 controls transcriptional activation of 

alpha/beta IFN (IFN- / ) genes (23–26). All characterized IRFs 

contain nuclear localization signals that allow their translocation 

to the nucleus. However, during homeostasis certain IRFs reside 

in the cytoplasm of the cell and translocate to the nucleus in re-

sponse to viral infection, where they participate in the tran-

scription of type I IFN genes, inflammatory cytokines and 

chemokines, and interferon-stimulated genes (ISGs). The 

function of IRFs is not limited to the innate immune response, 

as they also play a role in the modulation of cell growth, differ-

entiation, and apoptosis. Thus, deregulation of these functions 

may lead to tumorigenesis (20, 27–30). Indeed, KSHV-en-coded 

viral homologues of IRFs (designated vIRFs) (Fig. 1A and B) 

have been identified as effective inhibitors of interferon 

signaling and modulators of cellular oncogenic pathways (Fig. 2 

and Fig. 3). These functions of vIRFs may contribute to KSHV-

associated pathogenesis. 
 
 
KSHV-ENCODED vIRFs  
KSHV interferon regulatory factors (vIRF1 to vIRF4) are encoded 

by a cluster of open reading frames (ORFs K9, K11/11.1, K10.5/ 

10.6, and K10), which are inserted between ORF57 and ORF58 but 

transcribed in the opposite orientation (31) (Fig. 1A). vIRFs exert  
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FIG 1 Homology and gene arrangement of KSHV-encoded vIRFs. (A) Gene arrangement of the vIRF locus in the KSHV genome. Open reading frames 
encoding vIRFs are located between ORF57 and ORF58 (83 to 95 kb). (B) Homology of vIRFs with cellular IRFs and rhesus macaque rhadinovirus (RRV)-
encoded vIRFs. The degree of homology/identity was determined by BLASTp analysis using the UniProtKB database (http://uniprot.org). 
 

 

a certain degree of protein homology to cellular IRFs (Fig. 1B) 
(32); however, they do not contain five tryptophan residues in 

the DNA-binding region and are not able to bind to the 
promoters of type I IFN or ISGs. 
 
vIRF1 (ORF K9)  
Transcriptional regulation. vIRF1 (449 amino acids) is a lytic 

gene (10, 33), expression of which can be induced by treatment 

with 12-O-tetradecanoyl-phorbol-13-acetate (TPA) of KSHV-

positive primary effusion lymphoma (PEL) cells (14, 34, 35). 

However, low levels of vIRF1 were detected in latently infected KS 

 
 

 

and PEL cells, where it colocalizes to promyelocytic leukemia 

(PML) bodies (35, 36). The vIRF1 protein has a short half-life 

and does not remain at high levels throughout the lytic cascade 

(35). Transcription from the vIRF1 promoter can be upregulated 

by the KSHV-encoded replication and transcription activator 

(RTA) (37). However, the direct interaction of RTA with the 

vIRF1 pro-moter region has not been observed (38). Thus, it is 

likely that RTA transactivates the vIRF1 promoter through 

interaction with other DNA-binding factors.  
Protein structure and DNA-binding properties of vIRF1. The 

vIRF1 protein is comprised of 449 amino acids. Out of all four 
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FIG 2 Schematic illustration of multiple immunomodulatory functions of KSHV within infected cells. Viral infection leads to activation of type I and II 
interferon signaling. Viral IRFs inhibit alpha, beta, and gamma interferon transcription, NF- B activation, and MHC-I and II gene expression. P, phosphorus; 
TBK1, TANK-binding kinase 1. 
 
 
KSHV vIRFs, vIRF1 has the highest degree of homology with cel-

lular IRFs (Fig. 1B). The amino-terminal region of vIRF1 displays 

significant amino acid identity with the N-terminal DNA-binding 

domain (DBD) of IRF-9, IFN consensus sequence-binding protein 

(ICSBP/IRF-8), and IRF-4 (Fig. 1B) (32); however, the putative 

DBD of vIRF1 contains only two out of five conserved tryptophan 

residues. Using gel shift and chromatin immuno-precipitation 

assays, Park and colleagues (39) identified the vIRF1-binding 

consensus sequence located in the promoter re-gion of K3 (viral E3 

ubiquitin ligase), viral dihydrofolate reductase (vDHFR; ORF2) and 

viral IL-6 (vIL6). Consistent with this find-ing, vIRF1 

overexpression resulted in the activation of K3:vDHFR: vIL6 

promoter-reporter, and knockdown of vIRF1 expression in KSHV-

positive BCBL-1 cells inhibited vIL6 transcription (39, 40), 

 

 

suggesting that vIRF1 may also play a role in the induction of 

certain KSHV genes. In agreement with these observations, recent 

studies of the crystal structure of the vIRF1 DBD revealed that 

vIRF1 is in fact a DNA-binding protein that might act directly on 

different operator sequences, as proposed for IRF-3 (41). 
 
vIRF1 AND IMMUNE RESPONSE  
vIRF1 and interferon signaling. vIRF1 represses expression of 

interferon-inducible genes and blocks IRF-1- and IRF-3-medi-ated 

transcription (Fig. 2). Several reporter studies have shown that in a 

transient expression assay, vIRF1 has the ability to block the IFN- / 

-, IFN- -, or IRF-1-induced activation of interferon-stimulated gene 

(ISG) promoters, such as ISG-54 and ISG-15, gamma interferon-

activated sequence (GAS)-element activation, 
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FIG 3 Schematic illustration of oncogenic and antiapoptotic functions of KSHV. Virus infection and DNA damage activate p53 and proapoptotic signaling. 
Viral IRFs effectively inhibit p53-mediated transcription and protein stability and function. vIRFs also regulate the proapoptotic pathway via inhibition of 
effector proteins, including GRIM19, 14-3-3, and FOXO3a, as well as Bim and Bid function. In addition, vIRF-3 activates c-Myc- and HIF-1 -mediated 
transcription. Other cellular pathways regulated by vIRFs include TGF- , Notch, and CD95 signaling. Ub, ubiquitin. 
 

 

and IFN- -induced p21
WAF1/CIP1

 transcription (33, 40, 42). Fur-

thermore, vIRF1 efficiently inhibited Newcastle disease virus 
(NDV) activation of IFN- 4 promoter (10) and Sendai virus-
induced expression of endogenous IFN- , RANTES, and IP10 
genes in human embryonic kidney (HEK293) cells (43).  

The negative effect of vIRF1 on IFN-mediated signaling occurs 

through multiple protein-protein interactions between vIRF1 and 

cellular proteins. vIRF1 was reported to bind to IRF-1 and ICSBP/ 

IRF-8 in vitro using a glutathione S-transferase (GST) pulldown 

assay (10). However, in another study, interaction between vIRF1 

and IRF-1 could not be detected (33). Nevertheless, vIRF1 was 

 
 

 
shown to reduce both the DNA-binding affinity and transcription 

activity of IRF-1 (10, 33). Additionally, vIRF1 appears to interact 

with IRF-3 but does not affect IRF-3 dimerization, nuclear trans-

location, or DNA-binding activity (43).  
In response to virus infection, cellular IRFs interact with and 

recruit the CBP/p300 transcriptional coactivator to type I IFN 

promoters. vIRF1 was shown to associate with the CBP/p300 co-

activator and inhibit the formation of transcriptionally competent 

IRF-3-CBP/p300 complexes and consequently interfere with the 

recruitment of the basal transcription machinery (10, 43). 
vIRF1 and MHC-I. vIRF1 is capable of downregulation of 
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basal and IFN-induced transcription of major histocompatibility 
complex class I (MHC-I) through its interaction with the tran-

scriptional coactivator p300 (44). Thus, KSHV has evolved an 

efficient mechanism to evade antigen presentation, which results 

in the establishment of latency and host-pathogen equilibrium. 
 
vIRF1 AND CANCER  
vIRF1 and p53. vIRF1 function is not limited to the antiviral re-

sponse. It also inhibits the function of p53 and modulates apop-totic 

signaling (Fig. 3). p53 is a transcription factor which re-sponds to 

stress signals, such as DNA damage, or viral infections, by inducing 

cell cycle arrest or apoptosis (45). p53 activity can be regulated 

through specific posttranslational modifications, e.g., 

phosphorylation, acetylation, ubiquitination, and SUMOylation (46, 

47). Upon DNA damage, p53 is phosphorylated by ataxia 

telangiectasia-mutated (ATM) kinase and acetylated by CBP/ p300, 

which leads to p53 activation and protein stabilization (48). On the 

other hand, polyubiquitination of p53 by murine double minute 2 

(MDM2) E3 ubiquitin-protein ligase targets p53 for 26S 

proteasome-mediated degradation (49). vIRF1 negatively regu-lates 

p53 function by engaging two mechanisms. (i) vIRF1 inter-acts 

with ATM and blocks its kinase activity that is induced by DNA 

damage stress signals. As a consequence, vIRF1 greatly re-duces 

the levels of p53 phosphorylation on serine residue 15, re-sulting in 

an increase of p53 ubiquitination by MDM2, leading to p53 

degradation (50, 51). (ii) vIRF1 directly interacts with the DNA-

binding domain (DBD) of p53 and suppresses p53 acetyla-tion, 

resulting in the inhibition of p53 activity and p53-mediated 

apoptosis (52). Expression of vIRF1 in Saos-2 (human osteosar-

coma with null p53) cells significantly reduced p53-mediated 

apoptosis (reduction of apoptotic cells from 75% to 32%), with an 

increased accumulation of cells in the G2/M phase of the cell cycle 

(51).  
vIRF1 and TGF- . Inactivation of the transforming growth 

factor (TGF- ) signaling pathway is important in the genesis of 

human malignancies (53, 54). Members of the TGF- family reg-

ulate a variety of biological processes, including cell growth, dif-

ferentiation, matrix production, and apoptosis (55, 56). TGF-

signaling results in the activation of members of the Smad family of 

tumor suppressors, which include Smad 2 and Smad 3. The 

activated Smads form complexes with a common mediator, Smad 4, 

and translocate to the nucleus, where they are involved in reg-

ulating the transcription of target genes (57, 58). TGF- inhibits cell 

proliferation by regulating two classes of genes. First, TGF- - 

activated Smad complexes target the promoter of the c-myc gene, 

leading to transcriptional inhibition of c-Myc. Second, activated 

Smad complexes are involved in the induction of two cyclin-de-

pendent kinase inhibitors, p15 and p21 (59–61). vIRF1 was shown 

to suppress the TGF- /Smad signaling pathway (62). vIRF-1 in-

hibited TGF- -stimulated expression of a synthetic reporter con-

taining four Smad elements. Direct interaction of vIRF1 with both 

Smad 3 and Smad 4 resulted in the inhibition of their transactiva-

tional activity. In addition, vIRF1 interfered with Smad 3-Smad 4 

complex formation and DNA binding (62). 
 
vIRF1 AND APOPTOSIS  
vIRF-1 and the proapoptotic BOPs, Bim and Bid. Both Bim and 

Bid are induced during KSHV lytic replication and are very pow-

erful negative regulators of viral replication (63). Bim and Bid, like 

other BH3-only proteins (BOPs), function by virtue of their BH3 

 
 

 
domains to target antiapoptotic members of the Bcl-2 family and to 

disrupt their interactions with apoptotic executioner proteins Bax 

and Bak. This liberates Bax and Bak for oligomerization and 

mitochondrial permeabilization (64, 65). However, Bim and Bid 

can also interact with and activate Bax and Bak directly, via in-

duced conformational changes (66, 67). Direct interaction of vIRF1 

with proapoptotic proteins Bim (68) and Bid (69) leads to inhibition 

of cellular proapoptotic signals (Fig. 3). The vIRF1-mediated 

inhibition of Bim utilizes a unique mechanism of Bim regulation, 

via nuclear sequestration of Bim away from mitochon-dria (68). 

vIRF-1-mediated relocalization of Bim was identified in transfected 

cells by both an immunofluorescence assay and West-ern blot 

analysis of fractionated cell extracts. Coimmunoprecipi-tation 

assays and GST pulldown assays utilizing various vIRF1 deletion 

mutants identified the minimal region of vIRF1 (residues 174 to 

181) sufficient for direct interaction with Bim. Blocking of the 

vIRF1-Bim interaction with a cell-permeable peptide corre-

sponding to the Bim-binding region of vIRF1 led to reduced virus 

titers in KSHV-infected telomerase-immortalized endothelial 

(TIME) cells (68). Thus, vIRF1-induced nuclear localization and 

inactivation of Bim represents a novel mechanism of viral evasion 

from antiviral defenses of the host. Recently, the Bim-binding 

region (BBD) of vIRF1 was shown to interact also with the BH-3 

domain of other BOPs, e.g., Bid, Bik, Bmf, Hrk, and Noxa (69). In 

contrast to Bim, vIRF1 was unable to mediate nuclear sequestra-

tion of Bid protein. Direct functional inhibition of Bid by vIRF1 

was demonstrated by the ability of vIRF1 to block Bid-induced 

mitochondrial permeabilization in vitro (69). Furthermore, West-ern 

blot analysis of mitochondrial preparations from KSHV-pos-itive 

BCBL-1 cells, or TIME cells, revealed mitochondrial associ-ation 

of endogenous vIRF1 in latent and lytic cultures. Thus, Bid and 

Bim are contributors to negative regulation of KSHV infec-tion, 

and their targeting by vIRF1 may be important for produc-tive virus 

replication (69).  
vIRF1 and GRIM19. In PEL cells, vIRF1 was also shown 

to associate with the interferon/retinoid acid (IFN/RA)-inducible 

cell death regulator, GRIM19. GRIM19 encodes a 144-amino-

acid protein that localizes predominantly to the nucleus and 

enhances caspase 9 activity and apoptotic cell death in response 

to IFN/RA (70). In the presence of vIRF1, GRIM19 was unable 

to induce apoptosis (71). The inhibition of apoptosis may be 

related to the ability of vIRF1 to induce cellular transformation. 

Overexpression of vIRF1 in NIH 3T3 cells resulted in the 

attenuation of growth regulation and contact inhibition. These 

cells were also able to grow as tumors in nude mice (42). 

However, coexpression of vIRF1 and GRIM19 in NIH 3T3 cells 

led to significant suppression of transformed colonies, 

suggesting that vIRF1-mediated inhibi-tion of GRIM19 

contributes to the cell-transforming properties of KSHV (72).  
vIRF1 and CD95L. vIRF1 was shown to be able to inhibit ac-

tivation-induced cell death (AICD) mediated by CD95 death re-

ceptor signaling. The CD95 (also called Fas/APO-1) pathway plays 

a major role in the induction of apoptosis in lymphoid and 

nonlymphoid tissues. CD95 (Fas/APO-1), a type I transmem-brane 

protein, is a member of the tumor necrosis factor (TNF) receptor 

superfamily, which is expressed in various tissues (73, 74). The 

CD95 ligand (CD95L) is induced in response to a variety of signals, 

including IFN- and T cell receptor (TCR)/CD3 stim-ulation. 

CD95L induces apoptosis via formation of a death-induc-ing 

signaling complex and initiation of a signaling cascade of 
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caspases (73, 75). vIRF1 effectively prevents CD95L expression 
via inhibition of IRF-1 binding to regulatory IRF-1-dependent 

do-mains (PRIDDs) present at the CD95L promoter DNA (76). 

Con-sequently, vIRF1 is able to strongly inhibit TCR/CD3-

mediated cell death.  
Collectively, these data indicate that vIRF1 can affect two 

im-portant cellular defense mechanisms: (i) innate antiviral 

response and (ii) apoptosis-mediated antiviral defense. Since 
vIRF1 is ex-pressed predominantly in acutely infected KS cells, 

these data sug-gest that KSHV needs to overcome the antiviral 

response in order to establish infection. 
 
vIRF2 (ORF K11 AND K11.1)  
Transcriptional regulation. The initial studies carried out by 

Burysek et al. identified vIRF-2 as a constitutively expressed pro-

tein encoded by a single ORF (K11.1) consisting of 163 amino 

acids (77) (Fig. 1A). More recently, other groups have found that 

the vIRF-2 gene encodes a 2.2-kb spliced transcript representing 

two exons of ORFs K11.1 and K11, from which the full-length 

vIRF-2 protein is translated (680 amino acids). Moreover, this 

spliced form of vIRF-2 was characterized as an inducible gene from 

microarray and quantitative PCR studies (16, 78). vIRF2 is present 

in the cytoplasm and the nucleus of infected cells, and its 

expression can be induced by IFN treatment (79). 
 
vIRF2 AND IMMUNE RESPONSE  
vIRF2 and cellular IRFs. Studies with the short form of vIRF2 

(K11.1; 20 kDa) demonstrated the binding of vIRF2 to a 

consen-sus NF- B-binding site but not to an interferon-

stimulated re-sponse element (ISRE) (77) (Fig. 2). Additionally, 

vIRF2 was shown to suppress IRF-1- and IRF-3-driven 

activation of an IFN- reporter promoter in cells infected with 

NDV. In GST pull-down assays, this short form of vIRF2 

interacted with cellular IRF-1, p300/CBP, p65, IRF-2, and 

ICSBP/IRF-8; however, it did not bind to IRF-3 (77).  
Studies including full-length vIRF2 showed that vIRF2 down-

regulated both IFN- - and IFN- -driven transactivation of re-porter 

promoter containing ISRE (80). Furthermore, vIRF2 neg-atively 

regulated the transactivation of the ISRE promoter by IRF-1 as well 

as activation of IFN- reporter promoter by either IRF-3 or IRF-1, 

but not by IRF-7 (80). Although interaction be-tween the short form 

of vIRF-2 and IRF-3 was not observed (77), full-length vIRF-2 was 

found to associate with IRF-3 (79). vIRF2 was shown to recruit 

caspase 3 to IRF-3 and thus accelerate the caspase-dependent 

process of IRF-3 turnover, leading to an inef-ficient antiviral 

response (79). Recently, it was also shown that vIRF2 inhibits type 

I IFN signaling by targeting components of the interferon-

stimulated gene factor 3 (ISGF3) complex, STAT1 and IRF-9, 

which results in the inhibition of ISG expression (81). Thus, vIRF2 

appears to be able to inhibit both early and later steps of the 

antiviral signaling pathway.  
vIRF2 and PKR. The short form of vIRF2 (K11.1) also binds 

to the dsRNA-activated protein kinase (PKR) and blocks the auto-

phosphorylation and phosphorylation of PKR substrates (82). PKR 

acts as a serine/threonine kinase that phosphorylates and activates 

downstream targets, including eukaryotic translation initiation 

factor 2 alpha (eIF-2 ), histone 2A, and NF- B, events that affect 

cell growth, cell differentiation, viral clearance, and induction of 

apoptosis (83–86). By inhibiting the kinase activity of PKR through 

vIRF2 and the consequent down-modulation of 

 
 

 
protein synthesis, KSHV has evolved a mechanism by which it 
can overcome the interferon-mediated antiviral effect (82). 
Thus, the anti-interferon functions of vIRF2 may contribute to 
the estab-lishment of chronic or latent infection. 
 
vIRF2 AND APOPTOSIS  
vIRF2 and CD95L. Similarly to vIRF1, vIRF2 was able to 

inhibit CD95L expression (76) (Fig. 3). However, vIRF2 did not 

modu-late binding of IRF-1 to CD95L promoter DNA. The 

possible mechanism of vIRF2-mediated repression of CD95L 

induction is through NF- B inhibition (77). These data suggest 

that both vIRF1 and vIRF2 act as modulators of the immune 

system by repressing activation-induced cell death (AICD) via 

modulation of TCR/CD3-mediated induction of CD95L (87). 
 
vIRF3 (ORF K10.5 AND K10.6)  
Transcriptional regulation. vIRF3 (also called LANA2) is a spliced 

product of two ORFs, K10.5 and K10.6 (11) (Fig. 1A). vIRF3 (566 

amino acids) is constitutively expressed in the nuclei of KSHV-infected 

hematopoietic tissues, including those from body cavity-based primary 

effusion lymphoma (PEL) and Castle-man disease (CD), but not in 

Kaposi’s sarcoma (KS) lesions (88). Unlike other vIRFs, vIRF3 is not 

induced during lytic reactivation of TPA-treated PEL cells (89). vIRF3 

shows a significant degree of homology with the IRF-association 

domain (IAD) region of cel-lular IRF-8/ICSBP (Fig. 1B) (11, 88, 90). 

IAD is a conserved region shared by all IRFs, excluding IRF-1 and 

IRF-2. IAD mediates ho-mo- and heteromeric interactions that occur 

between IRFs or IRFs and other cellular factors, e.g., STAT1/2 and 

PU.1. (91). 
 
vIRF3 AND IMMUNE RESPONSE  
vIRF3 and cellular IRFs. Similarly to vIRF1 and vIRF2, vIRF3 is 

able to associate with activated nuclear IRF-3 and IRF-7 and con-

sequently modulate the innate antiviral response by interfering with 

their functions (92) (Fig. 2). As shown recently, vIRF3 can also 

interact with IRF-5 (93, 94). The mapping of the vIRF3-bind-ing 

domain revealed that vIRF3 associates with IRF-3 and IRF-7 

through its C-terminal region (amino acids 254 to 566). Although 

vIRF3 is not a DNA-binding protein, it is recruited to IFN- gene 

promoters via its interaction with IRF-3, IRF-7, and p300. We have 

shown that the presence of vIRF3 in the enhanceosome and its 

interaction with the IFN- gene promoter increases the bind-ing of 

IRF-3, IRF-7, and acetylated histone H3 to the promoters of IFN- 

genes (90). In contrast, Joo et al. (92) showed that vIRF3 blocks 

cellular IRF-7-mediated innate immunity by interacting with the 

DNA-binding domain or the IRF-association domain of IRF-7. This 

interaction specifically suppresses IRF-7 DNA binding and 

consequently inhibits IFN- 1, - 4, and - 6 gene expression, as 

estimated by real-time quantitative reverse transcription-PCR (qRT-

PCR) in transfected HEK293T cells infected with Sendai virus (92). 

The vIRF3-mediated modulation of IRF-7 function may also be 

important in the context of Epstein-Barr virus (EBV) 

transformation, where IRF-7 is activated in EBV-transformed cells 

(95) and induces the expression of LMP-1 (96), which has a critical 

role in EBV-induced lymphomagenesis.  
vIRF-3 and IRF-5. Interferon regulatory factor 5 (IRF-5) is a 

transcription factor that has a key role in the induction of antiviral 

and inflammatory responses and autoimmunity (97, 98). It is in-

duced by viral infection and type I IFN and activated by TLR7- and 

TLR9/MyD88-dependent pathways. Although IRF-5 is a direct 
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target of p53, its cell cycle regulatory and proapoptotic effects are 

p53 independent (27). IRF-5 is expressed in B cells, dendritic cells, 

and macrophages and remains in the cytoplasm as an inactive 

protein. Upon DNA damage signals or activation of the IFN, TLR7, 

or TLR9 pathways, IRF-5 is phosphorylated, K63 ubiquiti-nated, 

and subsequently translocated to the nucleus. In addition to its 

antiviral effect, its tumor suppressor properties and ability to 

regulate the cell cycle have also been shown (27, 99). Interestingly, 

in the nuclei of PEL cells, IRF-5 is present constitutively. The 

interaction of IRF-5 with vIRF3, which was demonstrated in 

transfected HEK293T cells and PEL cells, leads to the inhibition of 

IRF-5 binding to the promoters of IFN- and interferon-respon-sive 

genes (ISGs) (94). Thus, vIRF3 blocks IRF-5-mediated acti-vation 

of ISRE and IFN- promoter reporter activity. In addition, vIRF3 

antagonizes IRF-5-mediated activation of p21 promoter reporter 

and prevents IRF-5-mediated growth inhibition and G2/M cell cycle 

arrest (93, 94). Thus, the expression of vIRF3 in PEL cells may 

contribute to their tumorigenicity.  
vIRF3 and NF- B. Association with cellular IRFs is not the 

only mechanism by which vIRF3 downregulates the innate in-

flammatory response. Activation of NF- B pathway is also part of 

the inflammatory response and can be induced by viral infection. 

NF- B is a transcription factor that plays a role in innate and 

adaptive immune responses through its ability to regulate the pro-

duction of cytokines, receptors necessary for immune recogni-tion, 

and proteins participating in antigen presentation (100, 101). In 

unstimulated cells, NF- B is localized in the cytoplasm in an 

inactive form, where it associates with the inhibitory protein I B. 

Upon viral infection, I B is phosphorylated, which leads to the 

ubiquitination and subsequent degradation of the I B inhib-itor. 

Phosphorylation of I B is mediated by the I B kinase (IKK) 

complex that is composed of three subunits: IKK , IKK , and IKK . 

Liberated NF- B can then translocate to the nucleus and activate 

transcription of target genes (102). Phosphorylation of I B is thus 

the key step in regulation of NF- B activation. The IKK subunit of 

IKK was shown to be targeted by vIRF3 (103). Direct interaction 

between vIRF3 and IKK , which was demon-strated in transfected 

HEK293T cells, led to hypophosphorylation of I B, impaired 

translocation of NF- B to the nucleus, and re-duced NF- B-mediated 

transcription (103). However, coimmu-noprecipitation experiments 

failed to demonstrate IKK -vIRF3 interaction in KSHV-positive 

BCBL-1 cells (103). In agreement with previous reports 

demonstrating that suppression of NF- B results in enhanced TNF- -

induced apoptosis, vIRF3 expression significantly increased TNF- -

induced apoptosis (estimated by terminal 

deoxynucleotidyltransferase-mediated dUTP-biotin nick end 

labeling [TUNEL]) in HEK293T cells (103).  
vIRF3 and MHC-II Escape from antigen presentation is an 

effective strategy of KSHV, and vIRF3 plays an important part by 

interfering with the adaptive immune response by inhibition of 

major histocompatibility complex class II (MHC-II) and IFN-

expression. MHC-II molecules are found on only a few specialized 

cell types, including macrophages, dendritic cells, and B cells, all of 

which are professional antigen-presenting cells (APCs). In hu-

mans, MHC-II expression is inducible by gamma interferon (IFN- ) 

in almost every cell type (104). KSHV-positive PEL cells exhibit a 

lower level of MHC-II expression on the cell surface than that 

exhibited by KSHV-negative B cell lymphomas. It was shown that 

the small interfering RNA (siRNA)-mediated knockdown of vIRF3 

in KSHV-infected PEL cell lines resulted in increased 

 
 

 
MHC-II levels (105). Conversely, overexpression of vIRF3 in 

KSHV-negative B cells (BJAB) led to down-modulation of MHC-  
52. The observed suppression of MHC-II is due to the vIRF3-me-

diated inhibition of the class II trans-activator (CIITA) which is a 

major regulator of MHC-II transcription. The expression of CIITA 

is under the control of the B cell type-specific promoter PIII or the 

IFN- -inducible promoter PIV. The presence of vIRF3 in PEL cells 

reduced the activity of PIII and PIV promoters. In addi-tion, vIRF3 

also downregulates IFN- promoter activity. A vIRF3 knockdown in 

PEL cells resulted in increased levels of IFN- pro-tein (105). 

Suppression of IFN- signaling leads to down-modu-lation of MHC-

II. Thus, inhibition of MHC-I and MHC-II by vIRF1 and vIRF3, 

respectively, contributes to viral immunoeva-sion and the effective 

escape from antigen presentation in KSHV-infected cells. 

 
 
vIRF3 AND CANCER 
 
Oncogenesis is represented by multiple events which are charac-

terized by the progression of cytological, genetic, and cellular 

changes that ultimately culminate in uncontrolled cell division and 

tumor growth. Oncogenesis requires inactivation of tumor 

suppressor genes and activation of cellular proto-oncogenes. In the 

case of virus-induced oncogenesis, attenuation of the antiviral 

response is also important. KSHV-encoded vIRF3 can promote 

tumorigenesis by at least two mechanisms: (i) association with a 

key tumor suppressor, p53, and downregulation of its transcrip-tion 

activity (88) and (ii) activation of the c-Myc proto-oncogene (106) 

(Fig. 3). vIRF3 is also involved in the regulation of apoptosis and 

the cell cycle and in the modulation of microtubule dynamics (107). 

Interestingly, vIRF3 is required for the survival of KSHV-infected 

PEL cells in vitro. Silencing of vIRF-3 by approximately 40% 

resulted in a 3-fold increase of caspase 3/7 activity and the 

subsequent induction of apoptosis (89). vIRF-3 can thus be con-

sidered a bona fide oncogene of KSHV.  
vIRF-3 and p53. The p53 gene was the first identified tumor 

suppressor gene. Attenuation of p53 function is among the most 

frequent molecular events occurring in human cancers (108). vIRF3 

was shown to interact with p53 protein in vitro. The inter-action 

domain is located in the region consisting of amino acids 290 and 

393 of p53. This region encompasses the tetramerization and 

regulatory domains of p53. Cells expressing vIRF3 show in-hibition 

of p53-mediated apoptosis and lower levels of caspase 8 activation 

(88). However, the direct interaction between endoge-nous vIRF3 

and p53 in KSHV-infected PEL cells has not been demonstrated, 

and thus the molecular mechanism by which vIRF3 modulates p53 

function is yet to be determined.  
vIRF3 and c-Myc. vIRF3 also stimulates the transcriptional 

activity of the c-Myc proto-oncogene. c-Myc is a transcription 

factor that activates expression of a majority of the transcription-

ally active cellular genes (109) including those involved in the 

control of cellular growth, proliferation, and cell survival. Thus, c-

Myc activation reduces growth regulation, drives cell prolifera-tion, 

and blocks cellular differentiation. It also plays an important role in 

stem cell self-renewal (110, 111). Although c-Myc was orig-inally 

thought to stimulate promoters of genes containing E-box 

consensus sequences (112), recent data indicate that c-Myc does not 

target a specific transcriptional program(s) but is a universal 

amplifier of gene expression, which increases the output of all 

active promoters (113). The E-box-dependent transcriptional ac-

tivity of c-Myc can be repressed by Myc modulator 1 (MM-1) 
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(114, 115). This repression is disturbed in the presence of vIRF3. 

The direct association of vIRF3 with MM-1 results in the inhibi-

tion of MM-1 -c-Myc complex formation. Released c-Myc stim-

ulates the transcriptional activity of the cdk4 promoter and pro-

moters of other c-Myc regulated genes. Moreover, vIRF3 is 

recruited to the cdk4 promoter in PEL cell lines via its interaction 

with c-Myc. The association of vIRF3 with c-Myc increases the 

DNA-binding capacity of c-Myc and c-Myc-mediated transcrip-tion 

(106). In addition, vIRF3 can increase c-Myc protein stability by 

extending its half-life approximately 4-fold. The siRNA-medi-ated 

knockdown of vIRF3 in KSHV-positive PEL cells led to a 

significant decrease in endogenous c-Myc protein levels (116). The 

enhanced c-Myc stability and transcriptional activity in  
vIRF3-expressing cells is a consequence of the direct association of 

vIRF3 with Skp2. Skp2 is a key component of the SCF
Skp2

 ubiqui-  
tin ligase complex that acts as a c-Myc transcriptional cofactor. 

vIRF3 binds to the F-box of Skp2, resulting in the activation of 

c-Myc-dependent transcription. The fact that cells 

overexpressing vIRF3 exhibit higher levels of c-Myc 

ubiquitination supports the evidence for the necessity of 
ubiquitination for c-Myc function (116). It would be interesting 

to see if the increase of c-Myc sta-bility and transcriptional 

activity leads to the enhancement of the total transcriptional 

profile in PEL cells, as seen in other tumor cells (109).  
vIRF3 and PODs. The multiple effects of vIRF3 on cellular 

transformation and carcinogenesis are strongly supported by its 

contribution to the disruption of PML oncogenic domains (PODs) 

and interaction with 14-3-3 regulatory proteins. The pro-myelocytic 

leukemia (PML) protein is a multifunctional protein that has a role 

in tumor suppression and host defense against virus infection. It is a 

major component of PODs, also known as ND10 domains, which 

form nuclear depots for a number of proteins that are involved in 

gene transcription, genomic stability, apoptosis, and cell cycle 

regulation (117–119). In addition to PML, PODs contain other 

proteins, including Sp100, Daxx, pRb, CBP, and p53 (120). vIRF3 

expression induces the displacement of PML or Sp100 from PODs 

and the degradation of PML by a proteasome-mediated mechanism 

(121). Moreover, silencing of vIRF3 expres-sion in PEL cells by 

RNA interference led to an increase in the PML levels. vIRF3 also 

interferes with the PML-mediated transcrip-tional repression of 

survivin, a protein that contributes to the malignant progression of 

PEL cells (121). Recently, vIRF3 was shown to covalently 

conjugate to small ubiquitin-like modifier 1 (SUMO1) and SUMO2 

both in vitro and in latently KSHV-in-fected PEL cells (122). 

SUMO is an 11.5-kDa protein that has the ability to conjugate to 

multiple proteins and modulate protein stability, subcellular 

localization, and protein activity and func-tion (123). It is believed 

that covalent conjugation of SUMO to vIRF3 may serve as a bridge 

between vIRF3 and other SUMO-interacting proteins that are 

required for vIRF3-mediated disrup-tion of PODs (122). 

Importantly, vIRF3 was also shown to inhibit SUMOylation of 

three pocket proteins, pRb, p107, and p130, which are key tumor 

suppressors frequently targeted by oncopro-teins expressed by 

DNA tumor viruses (124). vIRF3 contains an LXCXE motif that 

mediates the interaction with these cellular proteins and is required 

for inhibition of their conjugation to SUMO (124). 

 
vIRF3 and HIF-1. Hypoxia-inducible factor 1 (HIF-1), a key 

regulator of cellular responses in low-oxygen concentrations, is 

involved in developmental and pathological angiogenesis. Under 

 
 

 

normal conditions, HIF-1 , an oxygen-sensitive subunit of HIF-

1, undergoes rapid ubiquitination and proteasomal degrada-tion 

(125). In contrast, under hypoxic conditions, HIF-1 is sta-

bilized, accumulated, and translocated into the nucleus, where it 

forms a heterodimeric complex with HIF-1 to activate transcrip-

tion of its target genes, including vascular endothelial growth 

fac-tor (VEGF), which plays an important role in angiogenesis 

and tumor growth (126). By direct binding to HIF-1 , vIRF3 

robustly induces HIF-1 transcriptional activity and its stability 

and thereby increases VEGF production, which may affect the 

prolif-eration of neighboring cells by a paracrine mechanism 

and may facilitate endothelial tube formation (127). However, 

the expres-sion of vIRF3 has not been detected in Kaposi’s 

sarcoma lesions; thus, its biological relevance may be limited to 

KSHV-positive B cells.  
vIRF3 and 14-3-3. The 14-3-3 proteins are a family of highly 

conserved dimeric regulatory proteins which are involved in the 

regulation of the cell cycle, apoptosis, and oncogenesis (128). 14-3-

3 proteins promote the cytoplasmic localization of members of the 

forkhead box O (FOXO) family of transcription factors, FOXO1, 

FOXO3a, and FOXO4, resulting in the inhibition of their 

transcription activity (129). Activation of genes by FOXO mem-

bers leads to G1 cell cycle arrest and apoptosis in many tumor cell 

lines (130, 131). Phosphorylation of FOXO3a by AKT generates 

binding sites for 14-3-3 proteins, which leads to translocation of 

FOXO3a from the nucleus to the cytoplasm, where it remains in an 

inactive form (132, 133). Phosphorylated vIRF-3 can interact with 

14-3-3 proteins and FOXO3a. Importantly, vIRF3 is able to bind 

also to the nonphosphorylated form of FOXO3a. Thus, this 

interaction facilitates the binding between 14-3-3 and nonphos-

phorylated FOXO3a and inhibits the transactivation of FOXO3a 

targets, such as proapoptotic Bim. In addition, vIRF3 also blocks 

G2/M cell cycle arrest, which is induced by 14-3-3 protein overex-

pression (134). 
 
vIRF3 AND APOPTOSIS  
vIRF3 and PKR. Activation of IFN-responsive genes (ISGs) is an 

important mechanism for the establishment of an effective anti-viral 

immune response. vIRF3 was shown to target the function of IFN-

induced dsRNA-activated protein kinase (PKR). The expres-sion of 

vIRF3 in BSC-40 cells resulted in reduced levels of PKR-mediated 

apoptosis as measured by DNA ladder formation (135). 

Furthermore, the presence of vIRF3 leads to decreased levels of 

phosphorylated eIF-2 by PKR (135). Deregulation of the eIF-2 

checkpoint and consequent permissiveness to virus infection may 

be a common occurrence in tumorigenic mammalian cell lines 

(136). The direct interaction of vIRF-3 and PKR was not detected, 

and vIRF3 was not able to inhibit NF- B activation in response to 

PKR. However, vIRF3 inhibited PKR-induced activation of caspase 

3, but not that of caspase 9, suggesting that only the Fas-associated 

protein with death domain (FADD)/caspase 8 pathway is affected 

by vIRF3 (135).  
Likewise, the work of several other groups has shown the asso-

ciation of vIRF3 with the regulation of apoptosis. Rivas et al. 

showed that vIRF3 is able to inhibit p53- and doxorubicin-in-duced 

apoptosis in Saos-2 (human osteosarcoma with null p53) and U2OS 

(human osteosarcoma with wild-type p53) cells (88). In contrast to 

these findings, Seo et al. reported that vIRF3 is able to induce 

apoptosis in TNF- -treated HEK293T cells via inhibi-tion of NF- B 

activity (103). Based on these contradictory find- 
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TABLE 1 Cellular pathways modulated by KSHV-encoded vIRFs   
 Transcriptional Genomic locus   Cellular pathways/  

vIRF regulation (protein size [aa]) Immunomodulation Reference(s) oncogenesis/apoptosis Reference(s) 
      

vIRF1 Lytic K9 (449) Interferon signaling (IRF-1, -3, -7, 10, 33, 40, 42, 43   p53 signaling (p53, ATM, MDM2) 50–52 
   and -8; p300)    

   MHC-I 44 TGF-  signaling (Smad 3, Smad 4) 62 
     Apoptosis (Bim, Bid, GRIM19) 68, 69, 71, 72 
     CD95/Fas/APO-1 (CD95L, IRF-1) 76 

vIRF2 Lytic/latent K11/K11.1 Interferon signaling (IRF-1, IRF-3, 77, 79, 82 CD95/Fas/APO-1 (CD95L) 76 
  (680/163) p300, ISGF3, PKR, caspase 3)    

vIRF3 Latent K10.5/K10.6 Interferon signaling (IRF-3, -5, 90, 92, 94 p53 signaling 88 
  (566) and -7; p300, PKR)    

   NF- B (IKK ) 103 c-Myc pathway (c-Myc, MM-1 , Skp2) 106, 116 
   MHC-II (CIITA) 105 Disruption of PODs (PML, Sp100) 121 
     SUMOylation of pocket proteins 122, 124 
     (pRB, p107, p130)  

     Angiogenesis (HIF-1 , VEGF) 127 
     G2/M arrest (14-3-3, FOXO3a) 134 
     Apoptosis (PKR, NF B, p53, caspase 3/7) 88, 89, 103, 135 

vIRF4 Lytic K10 (911) ND  p53 signaling (p53, MDM2, HAUSP) 138, 139 
     Notch signaling (CSL/CBF1) 144   
a
ND, not determined. 

 

ings, it is not clear whether vIRF3 is pro- or antiapoptotic. The 

discrepancy may be due to heterologous cell systems studied, 

overexpression of exogenous vIRF3, and/or the use of different 

apoptosis-inducible agents. However, recent data from Wies et 

al. showed that the knockdown of vIRF3 in KSHV-infected PEL 

(BC-3, JSC-1) cells led to reduced cell proliferation and 

increased caspase 3/7 activity, demonstrating the antiapoptotic 

and tumor-igenic properties of vIRF3 (89). 
 
vIRF4 (ORF K10)  
Transcriptional regulation. vIRF4 (911 amino acids) is 

expressed during virus reactivation and serves as a positive 

coregulator for RTA, the master regulator of the switch from 

latency to lytic reac-tivation in KSHV (137) (Fig. 1A and B). 

Depletion of vIRF4 dur-ing TPA-mediated reactivation from 

latency resulted in a reduced yield of infectious KSHV virions, 

underlying its role in efficient KSHV reactivation. 
 
vIRF4 AND CANCER  
vIRF4 and p53. Unlike other vIRFs, vIRF4 does not target and 

antagonize the host IFN-mediated antiviral response. However, it 

was shown that vIRF-4 interacts with the murine double minute 2 

(MDM2) E3 ubiquitin ligase, leading to the reduction of p53 via 

proteasome-mediated degradation (138) (Fig. 3). The central re-

gion of vIRF4 (amino acids 606 to 758) is required for its interac-

tion with MDM2, which leads to the suppression of MDM2 auto-

ubiquitination, resulting in a dramatic increase in MDM2 stability. 

Consequently, vIRF4 expression markedly enhances p53 

ubiquitination and degradation, which effectively suppresses p53-

mediated apoptosis. Recently, vIRF4 was also shown to specifically 

inhibit the herpesvirus-associated ubiquitin-specific protease 

(HAUSP) that regulates the stability of p53 and MDM2. vIRF4 

protein binds both the HAUSP TNF receptor-associated factor 

(TRAF) and the catalytic domains, resulting in the inhibition of 

substrate binding and HAUSP deubiquitination activity (139). This 

study showed that two vIRF-4-derived peptides, vif1 and vif2, are 

able to suppress HAUSP activity and restore p53-dependent 

apoptosis in PEL cells, as well as suppress tumor growth, in a 

 

 

mouse xenograft model (139). Thus, the virus has developed a 
unique strategy to target the HAUSP-MDM2-p53 pathway.  

vIRF4 and Notch. Activated Notch CSL/CBF1 signaling was 

shown to promote the survival of KSHV-infected cells (140, 141, 

142). Notch signaling is an evolutionarily conserved signal trans-

duction pathway which regulates multiple developmental pro-

cesses. Its deregulation is directly linked to many human disor-ders, 

including cancer (143). Notch receptors are transmembrane proteins 

that upon ligand binding are proteolytically cleaved to generate the 

intracellular Notch fragment, NICD, which translo-cates into the 

cell nucleus and binds to the CSL/CBF1 protein. This DNA-binding 

factor then recruits corepressor and coactiva-tor complexes to 

modulate the expression of target genes (143). vIRF4 was shown to 

act as a potential antagonist of the Notch/ CBF1 signal transduction 

pathway. Interaction of vIRF4 with CBF1 results in inhibition of 

CBF1-NICD complex formation. These observations were further 

supported in reporter gene as-says, in which vIRF4 interfered with 

CBF1-dependent Notch transactivation. Thus, it appears that vIRF4 

and NICD binding to CBF1 is mutually exclusive and vIRF4 can 

interfere with NICD-mediated promoter activation via direct 

competition for CBF1 binding (144). 

 

CONCLUSION AND PERSPECTIVES 
 
The critical role of interferon in the innate and adaptive antiviral 

response has been clearly established. It has also become clear that 

viruses have evolved mechanisms by which they can attenuate 

antiviral responses. KSHV has developed multiple redundancies of 

antiviral proteins to control cellular mechanisms that are in-volved 

in immune responses. With the ability to attenuate both arms of the 

antiviral response, KSHV also hijacked several cellular genes to act 

as regulators of their cellular homologues. Among these are 

homologues of the transcription factors of the IRF fam-ily, vIRFs 

(Table 1) (Fig. 1, 2, and 3). The present data indicate that vIRFs 

function generally as negative regulators of the antiviral response 

and apoptosis mediated by cellular IRFs.  
KSHV and rhesus macaque rhadinovirus (RRV), the two highly 

related gammaherpesviruses, are the only viruses known to 
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encode gene products with significant homology to cellular IRFs. 

Characterization of an RRV recombinant clone lacking all eight 

vIRFs (vIRF-knockout [vIRF-KO] RRV) demonstrated that RRV-

encoded vIRFs inhibit type I and II IFN gene induction (145). 

Moreover, infection of vIRF-KO RRV resulted in decreased viral 

loads and diminished B cell hyperplasia, a characteristic pathology 

of RRV infection (146). Collectively, these findings demonstrate 

that both KSHV and RRV vIRFs have a broad impact on herpes-

virus pathogenesis and host immune responses.  
The role of vIRFs in KSHV pathogenesis may extend beyond 

their immunomodulatory functions. In addition to the previously 

reported upregulation of the Toll-like receptor 3 (TLR3) pathway in 

human monocytes during KSHV primary infection, activation of 

TLR7/8 signaling is important for reactivation of KSHV from 

latency (147–149). Agonists specific for TLR7/8 reactivated latent 

KSHV and induced viral lytic gene transcription and replication. 

Thus, the vIRF-mediated downmodulation of TLR signaling and its 

effector molecules, IRFs and NF- B, may also prevent KSHV 

reactivation and serve as an important control mechanism for the 

latent-to-lytic switch.  
In addition to their immunomodulating effects, KSHV-en-coded 

viral IRFs were also shown to modulate cell growth by tar-geting 

the function of the tumor suppressor p53 and enhancing the activity 

of the c-Myc proto-oncogene. Since p53 is rarely mu-tated in 

KSHV-associated tumors (150), the inhibition of p53-mediated 

signaling appears to be a key regulatory pathway through which 

KSHV is able to establish malignancy. Supporting this finding, 

chemical activation of p53 by an MDM2 antagonist, Nutlin-3, in 

PEL cells led to unimpaired induction of p53 target genes as well as 

growth inhibition and apoptosis (151).  
Although different vIRFs often target the same cellular 

pathways, their specificity and redundancy is yet to be deter-

mined. The recent work of Jacobs and colleagues attempted to 

shed light on the differences in the mechanisms through which 

vIRF1, -2, and -3 could inhibit TLR3-mediated activation of 

IFN- . Although all three vIRFs were able to inhibit TLR3-

mediated activation of IFN transcription reporters, only vIRF1 

and -2 inhibited IFN- message and protein levels (152). Fur-

thermore, the expression of vIRF1 seemed to reduce IRF-3 

phosphorylation and nuclear localization compared to results for 

vIRF2, suggesting that while both vIRF1 and vIRF2 inhibit 

TLR3-mediated induction of IFN- , they may accomplish this 

via distinct mechanisms. The advantage of the redundancy of 

the vIRFs in the antiviral response is easy to understand. How-

ever, it is not clear why KSHV evolved these vIRFs to also 

control so many growth regulatory and antiapoptotic func-tions. 

One has to wonder if the multiple roles of vIRFs in the 

modulation of cellular growth and apoptosis mirror the mul-tiple 

ways in which KSHV uses cellular machinery for its own 

replication and the establishment and maintenance of latency. 

Future studies will undoubtedly answer some of these ques-

tions. 
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Background: The KSHV-encoded vIRF-3 is a multifunctional protein expressed in latently infected primary effusion 

lymphoma.  
Results: vIRF-3 associates with Skp2 ubiquitin ligase and stimulates the ubiquitylation and transcription activity of c-Myc.  
Conclusion: vIRF-3 activates the c-Myc-regulated pathway that may lead to oncogenic transformation.  
Significance: The study of the mechanism by which vIRF-3 manipulates c-Myc function contributes to the understanding of 

KSHV-associated lymphomagenesis. 

 
The Kaposi sarcoma-associated herpesvirus (KSHV) has been 

linked to Kaposi sarcoma, body cavity-based lymphoma, and 

Castleman disease. vIRF-3 is a KSHV latent gene that is critical 

for proliferation of KSHV-positive lymphoid cells. Further-more, 

vIRF-3 contributes to KSHV-associated pathogenesis by 

stimulating c-Myc transcription activity. Here we show that 

vIRF-3 can associate with Skp2, a key component of the SCF
skp2

 

ubiquitin ligase complex. Skp2 is a transcriptional co-factor for c-

Myc that was shown to regulate the stability of c-Myc protein as 

well as c-Myc-dependent transcription. In this study, we show 

that vIRF-3 binds to the F-box of Skp2 and recruits it to c-Myc-

regulated promoters to activate c-Myc-dependent transcrip-tion. 

Additionally, cells overexpressing vIRF-3 exhibit higher levels of 

c-Myc ubiquitylation, suggesting that ubiquitylation is necessary 

for c-Myc-mediated transcription. Moreover, vIRF-3 can 

stabilize the c-Myc protein by increasing its half-life. Collec-

tively, these results indicate that vIRF-3 can effectively manipu-

late c-Myc stability and function and thus contribute to c-Myc-

induced KSHV-associated lymphomagenesis.  
 
 

The genome of Kaposi sarcoma-associated herpesvirus 

(KSHV),
2
 which is a member of the g herpesvirus family (1), 

contains a cluster of four genes with homology to cellular inter-

feron regulatory factors (IRFs) (reviewed in Ref. 2). The viral 

interferon regulatory factor-3 (vIRF-3, also referred to as laten-  
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cy-associated nuclear antigen 2 (LANA2)) (3, 4) is a multifunc-tional 

nuclear protein that is constitutively expressed in KSHV-positive 

primary effusion lymphoma (PEL) and Castleman disease tumors (5– 

8). vIRF-3 exhibits pleiotropic effects on dif-ferent cellular targets 

that are involved in apoptosis, cell cycle regulation, and oncogenic 

transformation as well as antiviral immunity (2). vIRF-3 was shown 

to inhibit p53-induced apo-ptosis (4) and down-modulate NFkB-

dependent transcription 

90. and is required for the continuous proliferation of PEL cells  
113. Furthermore, interaction of vIRF-3 with the c-Myc onco-

gene results in the stimulation of c-Myc-dependent transcrip-

tion (11).  
c-myc, a well characterized proto-oncogene, has been impli-

cated in controlling cellular growth and cell survival (12). Con-

stitutive expression of c-myc reduces the growth factor require-

ment, prevents growth arrest, and blocks cellular differentiation 

(13, 14). The importance of rapid c-Myc turn-over to normal 

growth control is suggested by the extremely short half-life of c-

Myc protein ( 30 min (15)). More recent studies have identified 

the ubiquitin (Ub) ligase, Skp2, to be an important factor in the 

regulation of c-Myc protein stability (16 –19). skp2 encodes the 

F-box protein of the ubiquitin ligase SCF
skp2

 complex consisting 

of Skp2, Cul1, and Skp1, which par-ticipates in the ubiquitylation 

and proteasomal degradation of c-Myc (20). Surprisingly, the 

Skp2 ubiquitin ligase is also required for induction of c-Myc-

responsive genes, suggesting that ubiquitylation not only 

promotes c-Myc turnover but also stimulates its transcription 

activity (16 –19). Moreover, Skp2 has been suggested to be an 

oncogene because it is overex-pressed in transformed cells (21, 

22). Here we further explored the possible regulation of c-Myc, 

an important cell cycle regu-lator, in KSHV-infected cells. We 

show that the KSHV latent oncoprotein, vIRF-3, can stabilize c-

Myc protein and that vIRF-3-mediated recruitment of c-Myc and 

its co-factor, Skp2, to c-Myc-regulated promoters can efficiently 

enhance c-Myc-de-pendent transcription. Interestingly, cells 

overexpressing vIRF-3 exhibit higher levels of c-Myc 

ubiquitylation, suggest- 
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ing that ubiquitylation is necessary for c-Myc-mediated tran-

scription. These results further demonstrate the importance of 

vIRF-3 in the activation of the c-Myc-regulated pathway that 

may lead to uncontrolled proliferation and oncogenic 

transformation. 
 
EXPERIMENTAL PROCEDURES 
 

Cell Lines and Culture Conditions—BCBL-1, BC-3, and BJAB 

cells were grown in RPMI 1640 supplemented with 10% (20% for 

BC-3 cells) fetal bovine serum (FBS). HeLa and HEK293 cells were 

grown in Dulbecco’s modified Eagle’s medium sup-plemented with 

10% FBS. BJAB/vIRF-3 and BJAB/pcDNA3.1 cell lines were 

cultured as described previously (23).  
Plasmids and Antibodies—Full-length vIRF-3 (vIRF-3-FL; 

amino acids 1–566), vIRF-3-N (amino acids 1–254), vIRF-3-C 

(amino acids 254 –566), and vIRF-3-GST were described 

previ-ously (3). The expression plasmid c-myc-HA and cdk4 

reporter construct, WT MBS1– 4, were kindly provided by Dr. 

Bert Vogelstein (Johns Hopkins University, Baltimore, MD). 

The skp2-Myc and skp2-GST plasmids were kindly provided 

by Dr. Yue Xiong (Lineberger Comprehensive Cancer Center, 

Univer-sity of North Carolina at Chapel Hill, NC). c-myc and 

skp2 var-ious truncations were PCR-amplified using primers 

containing HA and Myc tag sequences, respectively. PCR 

products were gel-purified and cloned between EcoRI/BamHI 

and EcoRI/ HindIII sites of pcDNA3.1 vector (Invitrogen), 

respectively. vIRF-3 deletion constructs were cloned by PCR 

amplification of vIRF-3-FL plasmid DNA. The 5 primers 

carried a Myc tag sequence that was in-frame with the vIRF-3 

open reading frame. The PCR products were subcloned into 

pcDNA3.1 vec-tor (Invitrogen). c-myc-GST was cloned by 

PCR amplification of c-myc cDNA and was inserted into 

pGEX4T vector (Amer-sham Biosciences). The fidelity of all 

constructs was verified on the ABI PRISM
TM

 377 automated 

DNA sequencer (Applied Biosystems, Foster City, CA). The 

His-Myc-Ub plasmid was kindly provided by Dr. Michele 

Pagano (New York University Cancer Institute, New York, 

NY). The following antibodies were used: antibodies against 

c-Myc (N-262) and b-actin, HA, Skp2, Ub, IRF-3, IRF-4, and 

Myc (9E10) (Santa Cruz Biotech-nology, Inc., Santa Cruz, 

CA). Production and purification of polyclonal antibodies 

against vIRF-3 was described previously (23).  
Transfections—All transfections were carried out using the 

SuperFect transfection reagent (Qiagen Inc., Valencia, CA). For c-

Myc half-life, ubiquitylation, and DNA pulldown studies, HEK293 or 

HeLa cells were transfected in two rounds. First, to ensure the equal 

transfection efficiency of exogenous c-myc, the cells were transfected 

with c-myc-HA expression plasmid. Sixteen hours later, the cells 

were trypsinized and co-trans-fected with vIRF-3, skp2-Myc 

expression plasmids, or an empty vector (pcDNA3.1). At 24 h (or 48 

h) after transfection, cells were treated as indicated (25 mg/ml 

cycloheximide or 50 mM MG115 (Sigma)), and cell lysates were 

analyzed by immunopre-cipitation or Western blot. 

 
RNAi Assay—Synthetic siRNAs targeted at vIRF-3 were selected 

using the Sigma-Aldrich and Dharmacon siRNA design centers. The 

following siRNA sequences were used: si291, 5 -

GGUCGUACAGGGAAUUAAU-3 ; si999, 5 -GGA- 

 

 

GAUAAGUGACGAAGAA-3 . The negative control, non-

sense siRNA 5 -AAGACUACCGUUGUAUAGUAG-3 , 

which shows no homology to any known human or KSHV 

gene, was used previously (10). For small interfering RNA 

(siRNA) trans-fection, 3 days prior to transfection, PEL cells 

(BC-3) were maintained at a density of 4 10
5
 cells/ml. A total 

of 2 10
6
 PEL cells were then transfected with 6 mg of siRNA 

using the HiPerFect transfection reagent (Qiagen) according to 

the man-ufacturer’s instructions.  
Immunoprecipitation and Western Blot Analysis—Cells were lysed 

in co-immunoprecipitation buffer (20 mM HEPES (pH 7.9), 50 mM 

NaCl, 5 mM EDTA, 2 mM EGTA, 0.1% Nonidet P-40, 10% glycerol, 

1 mM dithiothreitol, 1 mM phenylmethylsul-fonyl fluoride, and 0.2 

mM protease inhibitor mixture (Sigma)). The protein extracts (400 

mg) were incubated with the respec-tive antibodies at 4 °C for 1 h. 

Then 30 ml of protein A/G-Sep-harose beads (Santa Cruz 

Biotechnology) was added followed by overnight incubation at 4 °C. 

Immune complexes were extensively washed with co-

immunoprecipitation buffer, and precipitated proteins were resolved 

by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

analyzed by Western blot.  
Luciferase Assays—For luciferase assays, HEK293 cells were 

seeded in 6-well tissue culture plates 12 h before transfection. 

Subconfluent cells were transfected with equal amounts (1 mg) of 

luciferase reporter and vIRF-3, c-myc -HA, or skp2-Myc expression 

plasmids together with control plasmid pRL-SV40 (0.1 mg; Promega 

Corp., Madison, WI) using the SuperFect transfection reagent 

(Qiagen). Forty-eight hours after transfec-tion, the cells were lysed 

with the 1 reporter lysis buffer (Pro-mega), and luciferase activity 

was measured in 20 ml of the lysate using the Dual-Luciferase 

reporter assay kit (Promega) as recommended by the manufacturer. 

Each experiment was repeated three times. Renilla luciferase activity 

levels were used to normalize the differences in the transfection 

efficiency.  
GST Pulldown—In vitro translated proteins were synthesized 

using either the TNT T7 quick coupled transcription/transla-tion 

system (Promega) or the Escherichia coli T7 S30 extract system 

for circular DNA (used only in Fig. 8C; Promega) according to 

the manufacturer’s instructions. GST fusion pro-teins (0.5 mg) 

bound to glutathione-Sepharose beads (Amer-sham Biosciences) 

were incubated with 3–10 ml of the reaction mixture consisting of 

in vitro translated proteins in 500 ml of binding buffer (10 mM 

Tris (pH 7.6), 100 mM NaCl, 0.1 mM EDTA (pH 8.0), 1 mM 

dithiothreitol, 5 mM MgCl2, 0.05% Non-idet P-40, 8% glycerol, 

0.2 mM protease inhibitor mixture (Sigma)) at 4 °C for 90 min. 

After five 10-min washes with bind-ing buffer supplemented with 

1% Nonidet P-40, the proteins that were bound to the beads were 

resolved by SDS-PAGE and detected by Western blotting with 

specific antibodies.  
Oligonucleotide Pulldown—The DNA pulldown assay was 

done as described previously (24). Briefly, double-stranded 

oligomers corresponding to the WT MBS4 in the human cdk4 

promoter region (5 -CCCTCAGCGCATGGGTGGCGGT-

CACGTGCCCAGAACGTCCGG-3 ; E-box sequence under-

lined) or mutMBS4 (5 -CCCTCAGCGCATGGGTGGCGGT-

CACCTGCCCAGAACGTCCGG-3 ; mutated E-box sequence 

underlined) were synthesized and biotin-labeled at the 5 end of 

the sense strand and coupled with streptavidin magnetic beads 
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FIGURE 1. c-Myc stability is enhanced in presence of vIRF-3. A, BJAB 
stable cell lines expressing vIRF-3 (BJAB/vIRF-3) show higher levels of c-
Myc protein when compared with control cells (BJAB/pcDNA3.1). WB, 
Western blot. B, HeLa cells were co-transfected with constant amounts of c-
myc-HA and increasing amounts of vIRF-3 expression constructs (0, 0.5, 
1.5, 3.0, and 6.0 mg). Forty-eight hours after transfection, cell extracts were 
prepared. The pro-teins in the extracts were separated on a 10% 
polyacrylamide gel and blotted with anti-HA (c-Myc), anti-vIRF-3, and anti-b-
actin antibodies. C, quantitation of the immunoblot signals from panel B. c-
Myc was normalized to the b-actin signal and then plotted against the signal 
obtained at 0 mg of vIRF-3 transfec-tion. D, total RNA was isolated from 
cells used in panel B and analyzed by real-time RT-PCR using c-myc- and 
gapdh-specific probes. Error bars repre-sent standard errors for four 
independent experiments. Each experiment was performed in duplicates. 
 
(Dynal, Invitrogen). Whole cell lysates (350 mg) were then 

incu-bated with the DNA bound to magnetic beads for 3 h at 4 

°C. After extensive washing, the bound proteins were resolved 

by SDS-PAGE and analyzed by Western blot. 

Reverse Transcription and Quantitative PCR—RNA was 

iso-lated using the TRIzol reagent (Invitrogen) according to 

the manufacturer’s manual. Contaminating genomic DNA was 

degraded by treatment with TURBO DNase (Ambion, Austin, 

TX). RNA integrity was evaluated by electrophoresis, and 0.5 

mg of RNA was reverse-transcribed with the RevertAid first-

strand cDNA synthesis kit (Fermentas, Burlington, ON, Can-

ada) according to the manufacturer’s manual. Complementary 

DNA was 10-fold diluted, and 2 ml was used for quantitative 

RT-PCR performed in an ABI 7300 PCR system using the 

Uni-versal PCR master mix (Applied Biosystems, Carlsbad, 

CA). The expression of glyceraldehyde-3-phosphate 

dehydrogenase (gapdh) and c-myc was analyzed using specific 

probes, Hs99999905_m1 and Hs00905030_m1, respectively 

(Applied Biosystems). Relative c-myc expression levels were 

calculated using the 2 
CT

 method (25) and normalized to the 

reference gapdh gene. 
 
RESULTS 
 

vIRF-3 Regulates c-Myc Stability—vIRF-3 associates with c-Myc 

and activates its transcription activity (11); however, the precise 

mechanism of this phenomenon has not yet been deter-mined. We 

found that the vIRF-3-expressing stable line, BJAB/ vIRF-3, shows 

reproducibly higher expression of endogenous c-Myc protein when 

compared with the control BJAB/vector line (Fig. 1A). To confirm 

this initial observation, we repeated the experiment with different cell 

lines. Because a majority of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 2. Reduction of c-Myc protein in PEL cells after transient 
knock-down of vIRF-3 expression. A, BC-3 cells were either mock-
treated or trans-fected with nonsense siRNA (siN) or vIRF-3-specific 
siRNAs (si291 and si999). At 2 days after transfection, half of the cells were 
harvested, and 8 mg of protein was analyzed by Western blot (WB) using 
anti-vIRF-3, anti-c-Myc, anti-b-actin, anti-IRF-3, and anti-IRF-4 antibodies. 
B, the other half of the cells used in panel A was harvested for total RNA 
isolation and analyzed by real-time RT-PCR using c-myc- and gapdh-
specific probes. Error bars represent standard errors for four independent 
experiments. Each experiment was performed in duplicates. 

 

cancer cells carry mutations in c-myc that render it more stable 

than the wild-type form, we assayed the protein stability of 

transfected exogenous wild-type c-Myc-HA in HeLa cells. To 

ensure an equal transfection efficiency in all tested samples, 

first, HeLa cells were transfected with c-myc-HA expression 

construct. After this first round of transfection, cells were 

trypsinized and transfected with increasing amounts of vIRF-3 

expression plasmid. As shown in Fig. 1B, although the levels 

of the endogenous b-actin remained unchanged, the levels of 

c-Myc-HA were found to be increased by the introduction of 

vIRF-3 in a dose-dependent manner. Fig. 1C shows the quanti-

fication of multiple independent experiments with similar 

results. Interestingly, transfection of vIRF-3 expression con-

struct did not affect the relative levels of c-myc mRNA (Fig. 

1D), an indication that vIRF-3 enhances the stability of the c-

Myc protein.  
Knockdown of vIRF-3 Expression by siRNAs Is Associated with 

Increased c-Myc Protein Stability —To ensure that the observed 

phenomenon also operates in a native environment, we employed the 

method of RNA interference (RNAi) to knock down vIRF-3 

expression in KSHV-positive PEL cell line, BC-3. The target 

sequences of two vIRF-3-specific siRNAs, si291 and si999, started at 

positions 291 and 999 of vIRF-3 cDNA, respec-tively. BC-3 cells 

were either mock-treated or transfected with nonsense siRNA or 

vIRF-3-specific siRNAs (si291 or si999). At 2 days after transfection, 

the PEL cells were lysed, and the pro-teins were analyzed by Western 

blot and quantified by densi-tometry (Fig. 2A). The amount of vIRF-3 

protein was reduced by 63 and 41% 2 days after transfection of BC-3 

cells with si291 and si999, respectively (Fig. 2A). Actin levels 

remained constant in all tested samples. Additionally, there was no 

effect of non-sense siRNA on vIRF-3 expression. Interestingly, 

knockdown of vIRF-3 was associated with significant reduction of c-

Myc pro-tein (Fig. 2A, lanes 2 and 3) by 58 and 35% in cells 

transfected with si291 and si999, respectively. The observed 

reduction of c-Myc protein detected by Western blot was not 

reflected on the RNA level. As estimated by real-time RT-PCR, the 

relative 
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FIGURE 3. Expression of vIRF-3 extends half-life of c-Myc. A, HeLa 
cells were co-transfected with constant amounts of c-myc-HA, vIRF-3, or 
pcDNA3.1 expression constructs. Forty-eight hours after transfection, cells 
were treated with 25 mg/ml cycloheximide (CHX) for the indicated times. 
Cell lysates were analyzed by Western blotting using anti-HA (c-Myc), anti-
vIRF-3, and anti-b-actin antibodies. B, quantitation of the immunoblot 
signals from panel A. c-Myc was normalized to the b-actin signal and then 
plotted against the sig-nal obtained at 0 h of cycloheximide treatment. Error 
bars represent standard errors for four independent experiments. Each 
experiment was performed in duplicates. 
 
levels of c-myc mRNA remained constant in all tested samples 

(Fig. 2B). To exclude any off-target effects of siRNAs used, 

the expression analyses of the closest vIRF-3 homologues, 

cellular IRF-3 and IRF-4, were included as negative controls. 

As shown in Fig. 2A, neither si291 nor si999 affected cellular 

IRF-3 or IRF-4 expression. Therefore we conclude that vIRF-

3 expres-sion leads to increased stability and accumulation of 

c-Myc protein in KSHV-positive PEL cells.  
vIRF-3 Increases c-Myc Protein Half-life—To confirm the effect 

of vIRF-3 on the enhanced stability of c-Myc, c-Myc half-life in 

HeLa cells was examined using cycloheximide treatment (Fig. 3A). 

Western blot of extracts from HeLa cells transfected with wild-type 

c-myc-HA alone (Fig. 3A, left panel) or together with vIRF-3 (Fig. 

3A, right panel) and treated with cyclohexi-mide showed that 

transfected c-Myc was significantly stabi-lized in the presence of 

vIRF-3. In agreement with previous studies, the half-life of wild-type 

c-Myc was 40 min. However, in the presence of vIRF-3, the half-life 

of c-Myc was consider-ably extended to 150 min. Fig. 3B shows the 

quantification of multiple independent experiments with similar 

results.  
F-box Domain of Skp2 Is Sufficient for Interaction with vIRF- 

3— c-Myc is a short-lived transcription factor, and its rapid 

turnover is mediated by the ubiquitin/proteasome path-way, 

involving Skp2 as a major c-Myc-specific E3 ubiquitin ligase (16, 

26). Based on our initial observation, we wanted to determine 

whether vIRF-3 could recruit components of the SCF
skp2

 

ubiquitin ligase complex and regulate c-Myc stability. Co-

immunoprecipitation experiments showed that endoge-nous 

vIRF-3 associated with Skp2 in both BC-3 and BCBL-1 PEL 

cells (Fig. 4B). These results were further supported by co-

immunoprecipitation of transfected vIRF-3 and endoge-nous 

Skp2 in HEK293 cells. To identify the region of Skp2 that 

interacted with vIRF-3, we generated various skp2 deletion 

mutants (Fig. 4A) and analyzed the vIRF-3/Skp2 interaction by 

GST pulldown assay with GST-tagged full-length vIRF-3 (the 

 

 

quality of purified recombinant GST and vIRF-3-GST proteins 

is shown in Fig. 4D, lanes 1 and 4, respectively). The analysis 

revealed that the F-box of Skp2 (residues 94 –140) was impor-

tant for the interaction with vIRF-3 (Fig. 4C). All fragments of 

Skp2 failed to interact with the GST control, suggesting that 

interaction was specific for vIRF-3. The ability of vIRF-3 to 

interact with the F-box of Skp2 is interesting because the F-

box domain was reported to carry ubiquitylation activity and 

has been implicated in the regulation of c-Myc stability (16).  
Residues 129 –142 and 379 – 418 of c-Myc Are Important for 

Interaction with vIRF-3—The c-Myc protein contains several 

regions that are highly conserved across the species (Fig. 5A). 

The amino terminus of the protein has two domains that are 

important for interaction with SCF. The first region (residues 45– 

63) interacts with the SCF
fbw7

 ubiquitin ligase complex, whereas 

the more distal region (residues 129 –147) interacts with the 

SCF
skp2

 ubiquitin ligase complex. The carboxyl termi-nus of c-

Myc contains the binding/dimerization domain (BR-HLH-LZ). 

The function of this domain is to specify homo- or 

heterodimerization through the helix-loop-helix-leucine zip-per 

(HLH-LZ) region and interaction with DNA through the basic 

region (BR) (27–29). Within this domain, there is a region 

(residues 379 – 418) that also binds the Skp2 ubiquitin ligase 

(16). We have shown previously the interaction between vIRF-3 

and c-Myc (11). Here we mapped precisely the regions of c-Myc 

that interact with vIRF-3. A series of c-myc deletion mutants (Fig. 

5A) was translated in vitro and used for GST pulldown assay with 

vIRF-3-GST recombinant protein (Fig. 5B). Of all c-Myc deletion 

mutants tested, only the c-Myc ( 129 –142 and 379 – 418) failed 

to interact with full-length vIRF-3-GST. These results indicate 

that there are at least two regions within the c-Myc protein that 

are important for association with vIRF-3. Thus, in the carboxyl-

terminal half of the c-Myc pro-tein, a vIRF-3-binding site is 

localized between residues 379 and  
122. Within the amino-terminal part of the c-Myc protein, the 

binding domain (residues 129 –142) coincides with a highly 

conserved element, Myc box II (MBII). This region of c-Myc 

was shown to be involved not only in c-Myc proteolysis but 

also in the activation of c-Myc-mediated transcription and the 

abil-ity to induce oncogenic transformation (12).  
vIRF-3 neither Inhibits Skp2/c-Myc Interaction nor Blocks 

c-Myc Ubiquitylation—Because both vIRF-3 and Skp2 can 

bind to the same domains on c-Myc polypeptide, we examined 

whether vIRF-3 can interfere with the c-Myc/Skp2 interaction. 

To address this, constant amounts of in vitro translated c-myc-

HA were preincubated with increasing amounts of in vitro 

translated vIRF-3 protein, and the binding of both vIRF-3 and 

c-Myc to Skp2-GST protein was examined by the GST 

pulldown assay (the quality of purified recombinant Skp2-

GST protein is shown in Fig. 4D, lane 2). As shown in Fig. 

6A, both c-Myc and vIRF-3 interacted with Skp2-GST. 

Interestingly, in the presence of vIRF-3, the binding of c-Myc 

to Skp2 was sig-nificantly increased in a dose-dependent 

manner. These data suggest that c-Myc/vIRF-3 heterodimer 

has higher binding affinity for Skp2 protein than c-Myc alone.  
Because the presence of vIRF-3 increases the ability of c-Myc to 

interact with Skp2, we examined the ubiquitylation status of c-Myc in 

vIRF-3-expressing cells. First, HEK293 and HeLa cells 
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FIGURE 4. vIRF-3 interacts with F-box of Skp2. A, schematic representation of Skp2 deletion mutants tagged with Myc tag. The shaded box 
indicates the vIRF-3-binding domain. LRR, leucine-rich region. B, co-immunoprecipitation of Skp2 and vIRF-3 in PEL cells, BC-3 and BCBL-1, and 
transfected HEK293 cells. Protein lysates (400 mg) were immunoprecipitated (IP) with anti-Skp2 antibodies, and the immunoprecipitated 
complexes were analyzed by Western blot (WB) with anti-vIRF-3 antibodies. The relative levels of Skp2 and vIRF-3 in 40 mg of protein lysates are 
shown for comparison (input 10%). The higher molecular weight of transfected vIRF-3-FL is due to Myc-His tag at the carboxyl terminus. C, Myc-
tagged skp2 deletion mutants were in vitro translated using the TNT T7 quick coupled transcription/translation system and incubated with vIRF-3-
FL fused to GST or GST alone immobilized on glutathione-Sepharose beads. The bound proteins were eluted and resolved on 10% SDS-PAGE 
followed by Western blot with anti-Myc (9E10) antibodies. 10% of Skp2 deletion mutant protein input is shown below (10% input). aa, amino acids. 
D, Coomassie Blue staining of purified GST, Skp2-GST, c-Myc-GST, and vIRF-3-GST used in GST pulldown experiments. 
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were transfected with constant amounts of His-Myc-tagged ubiquitin 

(His-Myc-Ub) and c-myc-HA expression constructs. After the first 

round of transfection, cells were trypsinized and transfected either 

with a vIRF-3 expression construct or with an empty vector 

(pcDNA3.1). c-Myc was immunoprecipitated from the cell lysates, 

and the level of ubiquitylation was assessed by Western blot using 

anti-Ub antibodies (Fig. 6B). Although c-Myc was already 

ubiquitylated in cells transfected with an empty vector (Fig. 6B, lanes 

1 and 3), co-transfection with vIRF-3 expression construct resulted in 

significantly increased c-Myc ubiquitylation in both cell lines (Fig. 

6B, lanes 2 and 4).  
vIRF-3 Cooperates with Skp2 in Activation of c-Myc Target 

Genes—Skp2 was shown to be linked not only to the degrada-

tion of c-Myc, but it was also shown to be a transcriptional co-

activator of c-Myc protein (16 –19). Thus, Skp2 was shown to 

enhance the c-Myc-mediated transcription of a number of 

 
 
target promoters (16). We have previously shown that vIRF-3 can 

also stimulate c-Myc-regulated transcription (11). This stimulation 

was due to the association of vIRF-3 with c-Myc followed by binding 

of the vIRF-3 c-Myc complex to the E-box sequences in the promoter 

of WT cdk4 gene. The cdk4 pro-moter contains four putative c-Myc-

binding sites (MBS1– 4). Mutation analysis of individual MBS 

elements suggested that MBS3 and MBS4 were particularly 

important in the transacti-vation of the cdk4 promoter by c-Myc (30). 

Because vIRF-3 stimulates the association between c-Myc and Skp2, 

we tested whether vIRF-3 would further stimulate the activation of 

the WT cdk4 promoter in cells expressing both c-myc and skp2 genes. 

To address this, we transfected HEK293 cells with c-myc, vIRF-3, 

and skp2 expression plasmids together with a reporter construct 

containing the luciferase gene linked to the wild-type cdk4 promoter. 

Although c-Myc alone activated the cdk4 pro- 
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FIGURE 5. Analysis of c-Myc interaction with vIRF-3. A, schematic representation of c-myc deletion constructs. The shaded boxes indicate 
vIRF-3-binding domains. MBI and MBII, Myc conserved domains I and II; TAD, transcription activation domain; NLS, nuclear localization signal; 
BR, basic region; HLH, helix-loop-helix; LZ, leucine zipper. B, HA-tagged c-Myc deletion mutants were in vitro translated using the TNT T7 quick 
coupled transcription/translation system and incubated with vIRF-3-FL fused to GST or GST alone immobilized on glutathione-Sepharose beads. 
The bound proteins were eluted and resolved on 10% SDS-PAGE followed by Western blot with anti-HA antibodies. 10% of c-Myc deletion mutant 
protein input is shown below (10% input). aa, amino acids; N.S., nonspecific.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 6. vIRF-3 neither inhibits c-Myc/Skp2 interaction nor blocks c-Myc ubiquitylation. A, increased binding of c-Myc to Skp2 in the presence of 
vIRF-3. Constant amounts of in vitro translated c-Myc-HA protein were incubated with Skp2-GST immobilized to glutathione-Sepharose beads in the 
presence of increasing amounts of in vitro translated vIRF-3. The bound proteins were eluted and resolved on 10% SDS-PAGE followed by Western blot 
(WB) with anti-HA (c-Myc) and anti-vIRF-3 antibodies. The binding to GST beads represents negative control (lane 6). 10% of c-Myc and vIRF-3 protein 
input is shown below (10% input). B, increased ubiquitylation of c-Myc in vIRF-3-expressing cells. HEK293 (lanes 1 and 2) and HeLa (lanes 3 and 4) cells 
were co-transfected with equal amounts of c-Myc-HA and His-Myc-Ub followed by transfection with either an empty vector (pcDNA3.1) or the vIRF-3-
expressing construct. Prior to lysis, the cells were pretreated with proteasome inhibitor, 50 mM MG115, for 3 h. The cell lysates (400 mg) were analyzed by 
immunoprecipitation (IP) with anti-HA-specific antibodies followed by Western blotting with anti-Ub antibodies. The relative levels of transfected c-Myc-HA 
and vIRF-3 in 40 mg of cell lysates were estimated by Western blots (10% input). 

 

moter 3-fold, co-transfection of skp2 or vIRF-3 resulted in driven by the cdk4 promoter. These results support our previ-  
further stimulation of cdk4 promoter activity to 5.2-and 4.9- ous observations and suggest that vIRF-3 cooperates with Skp2  
fold, respectively (Fig. 7A). Importantly, co-transfection of all in activation of c-Myc-regulated transcription.  
three  expression  plasmids,  c-myc-HA,  skp2,  and  vIRF-3, To determine the molecular mechanism underlying this phe-  
resulted in even higher up-regulation (7-fold) of transcription nomenon, we analyzed the protein complex assembled on the 
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FIGURE 7. vIRF-3 cooperates with Skp-2 in activation of c-Myc-mediated transcription. A, effect of vIRF-3 on activation of cdk4 promoter. Human wild-type cdk4 

reporter (WT MBS1– 4) and pRL-SV40 plasmids were co-transfected into HEK293 cells with either an empty vector (pcDNA3.1) or c-myc-HA-, vIRF-3-, and skp2-Myc-

expressing plasmids. Luciferase activity was analyzed 48 h after transfection as -fold activation relative to the basal level of reporter gene in the presence of control 

vector, pcDNA3.1. Results were normalized to Renilla luciferase activity. Error bars represent standard errors for three independent experiments. The bottom panel 

shows the expression levels of transfected proteins. RLU, relative luciferase units. B, association of c-Myc, vIRF-3, and Skp2 with the WT cdk4 promoter was analyzed 

by DNA pulldown assay. HEK293 cells were transfected with c-myc-HA-, vIRF-3-, and skp2-Myc-expressing plasmids as indicated. Twenty-four hours after 

transfection, cells were untreated or treated with 50 mM MG115 for 3 h followed by cell lysis. Lysates (350 mg) were incubated with WT cdk4 promoter (WT MBS4) 

oligodeoxynucleotides coupled to magnetic beads. The c-Myc-HA, vIRF-3, or Skp2-Myc proteins pulled down by DNA were identified by Western blot with anti-HA, 

anti-vIRF-3, and anti-Myc (9E10)-specific antibodies, respectively (upper panel). Binding to beads only (lanes 3 and 6) represents the negative control. Binding to 

mutated cdk4 promoter (mutMBS4) served as a negative control (middle panel). The relative levels of transfected vIRF-3, c-Myc-HA, and Skp-2-Myc in 35 mg of cell 

extracts were estimated by Western blot (10% input, bottom panel). 
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WT cdk4 promoter using the DNA pulldown assay. In this assay, the 

oligodeoxynucleotides corresponding to MBS4 of the human wild-

type cdk4 promoter were biotinylated, coupled to streptavidin-coated 

magnetic beads, and incubated with pro-tein extracts isolated from 

HEK293 cells transfected with c-myc-HA, skp2, and vIRF-3 

expression plasmids. The vIRF-3, c-Myc-HA and Skp2 proteins 

specifically bound to the WT MBS4 site oligodeoxynucleotides were 

detected by Western blot (Fig. 7B, upper panel). In agreement with 

our previous observations (11), c-Myc association with the WT cdk4-

MBS4 site was increased in the presence of vIRF-3 (Fig. 7B, lanes 2 

and 5). Interestingly, Skp2 was also found to be bound to the MBS4 

oligodeoxynucleotides, and its association with this site was 

increased in cells expressing vIRF-3. A longer exposure of the 

Western blot detected the association of high molecular mass c-Myc 

(75–200 kDa) with the WT cdk4 promoter. Further-more, the 

treatment with the proteasome inhibitor, MG115 (Fig. 7B, lanes 4 

and 5), increased the levels of high molecular mass c-Myc present at 

the promoter, suggesting that this form of c-Myc corresponded to the 

ubiquitylated c-Myc protein. Notably, in the presence of vIRF-3, the 

association of Ub-c-Myc with the cdk4 promoter was significantly 

increased (Fig. 7B, lanes 2 and 5). To test the specificity of c-Myc 

Skp2 vIRF-3 

 
complex binding to the WT MBS4 site, we performed a DNA 

pulldown analysis with a mutated MBS4 oligodeoxynucleotide, 

mutMBS4, carrying a single nucleotide substitution within an E-box 

element (CACGTG 3 CACCTG). Hermeking et al. (30) previously 

reported that this particular mutation of the MBS4 site resulted in 

markedly diminished activation of the cdk4 luciferase reporter. As 

shown in Fig. 7B (middle panel), neither c-Myc nor Skp2 or vIRF-3 

was able to associate with a mutated MBS4 oligonucleotide, 

confirming the specificity of observed complexes at the WT MBS4 

element. Altogether, these data suggest that c-Myc, its ubiquitylated 

form, Skp2, and vIRF-3 form a multicomponent transcription 

complex that assembles on the cdk4 promoter and activates its 

transcription.  
c-Myc and Skp2 Interact with vIRF-3 (Residues 346 – 455)— As a 

basis for future studies on the functional importance of the vIRF-3/c-

Myc/Skp2 interaction, we identified the part of vIRF-3 required for 

binding to c-Myc and Skp2. As recently reported, the putative double 

a-helix motif of vIRF-3 (amino acids 240 –280) (Fig. 8A) was 

sufficient to bind to both IRF-7 and IRF-5 proteins (31, 32). In vitro 

translated vIRF-3 deletion mutants were used for GST pulldown 

experiments with GST-tagged c-Myc and Skp2 recombinant proteins 

(Fig. 8B; the quality of purified recombinant Skp2-GST and c-Myc-

GST is 
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FIGURE 8. c-Myc and Skp2 interact with vIRF-3 (amino acids 346 – 455). A, schematic representation of vIRF-3 N- and C-terminal deletion 
mutants. The shaded box indicates the common domain for c-Myc and Skp2 binding. NLS, nuclear localization signal; NES, nuclear export signal. 
B, vIRF-3 deletion mutants were in vitro translated using TNT T7 quick coupled transcription/translation system and incubated with c-Myc or Skp2 
fused to GST or GST alone immobilized on glutathione-Sepharose beads. The bound proteins were eluted and resolved on 10% SDS-PAGE 
followed by Western blot with anti-vIRF-3 antibodies. 10% of vIRF-3 deletion mutant protein input is shown below (10% input). aa, amino acids. C, 
vIRF-3 (left panel) or c-Myc-HA (right panel) was in vitro translated using E. coli T7 S30 extract system and incubated with c-Myc-GST or vIRF-3-
FL-GST, respectively. Incubation with GST alone served as a negative control. The bound proteins were eluted and resolved on 10% SDS-PAGE 
followed by Western blot with either anti-vIRF-3 or anti-HA antibodies. 10% of in vitro translated vIRF-3 or c-Myc-HA is also shown (10% input). 
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shown in Fig. 4D, lanes 2 and 3, respectively). This analysis 

revealed that the domain within the carboxyl-terminal half of 

the vIRF-3 protein (residues 346 – 455) was important for 

inter-action with both c-Myc and Skp2. The specificity of this 

inter-action was confirmed by the fact that GST alone did not 

bind to any of the vIRF-3 deletion mutants. The ability of c-

Myc and Skp2 to interact with the same domain of vIRF-3 is 

interesting and supports our finding that both Skp2 and vIRF-3 

are com-ponents of a co-activator complex involved in 

activation of c-Myc-mediated transcription.  
The results suggesting that both c-Myc and Skp2 interact 

with the same domain of vIRF-3 as well as the finding that 

vIRF-3 binds to two domains of c-Myc protein shown to 

facili-tate the c-Myc/Skp2 interaction were intriguing. There 

could be a possibility that in vitro translated proteins 

employed in GST pulldown assays may be contaminated with 

Skp2 present in a crude reticulocyte lysate. Under these 

conditions, Skp2 could serve as a bridge and recruit vIRF-3 to 

c-Myc to form a ternary complex. Therefore we decided to test 

and validate the c-Myc/vIRF-3 interaction in a system devoid 

of Skp2 or any other eukaryotic protein. Using a prokaryotic 

cell-free transla-tion system (E. coli T7 S30 extract system for 

circular DNA), we in vitro translated vIRF-3 (Fig. 8C, left 

panel, lane 1) or c-Myc-HA (Fig. 8C, right panel, lane 4) and 

incubated with c-Myc-GST or vIRF-3-GST, respectively. As 

shown in Fig. 8C, the interaction between vIRF-3 and c-Myc 

also occurred in the absence of Skp2, suggesting that the 

vIRF-3 c-Myc complex for-mation is a result of a direct 

interaction. The specificity of the interaction was confirmed 

by the absence of GST binding to either in vitro translated 

vIRF-3 or in vitro translated c-Myc-HA. 

 
DISCUSSION 
 

c-myc is a proto-oncogene that controls proliferation, cell cycle, 

and cell survival (12). c-myc also plays an important role in the 

development of B-cell lymphomas (33, 34). Overexpres-sion of c-

myc as a consequence of reciprocal translocation involving the 

immunoglobulin loci can be seen in Epstein-Barr virus-positive B-

cell lymphomas (35). Importantly, in most Burkitt lymphoma cell 

lines, c-myc amplification is often accompanied by its stabilization 

due to mutations at position Thr-48 (36). Although currently there are 

no reports of any c-myc mutations or locus rearrangements in KSHV-

associated PEL cells (37–39), there is a growing evidence that c-Myc 

is an important cellular factor in the development of KSHV-associ-

ated neoplasia. Studies of Ahmad et al. (40) suggested that KSHV-

encoded viral FLICE inhibitory protein (vFLIP) acti-vates the NFkB 

pathway and cooperates with c-Myc to promote lymphoma in mice. 

Recently, two groups reported that another KSHV latent gene, 

latency-associated nuclear antigen (LANA), can stabilize and activate 

c-Myc by controlling its phosphory-lation at threonine 58 and serine 

62 (41, 42). In addition, the importance of c-Myc is well documented 

by the work of Li et al. (43), who show that c-Myc is required for 

maintenance of KSHV latency. Taken together, it appears that there 

are multi-ple mechanisms by which KSHV latent genes target and 

manip-ulate the function of c-Myc. In this study, we extended our 

observations regarding the vIRF-3-mediated stimulation of c-Myc 

transcription activity (11). We have shown that vIRF-3 can stabilize 

the c-Myc protein and extend its half-life by 4-fold. Because F-box 

protein Skp2 was reported to be involved in c-Myc protein turnover, 

we tested whether vIRF-3 can interact with Skp2. Although vIRF-3 

was found to be able to 
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associate with Skp2, it did not prevent formation of the c-Myc/ 

Skp2 heterodimer. Consequently, the ubiquitylation of c-Myc 

appeared to be stimulated in the presence of vIRF-3.  
What is the biological role of the vIRF-3/c-Myc/Skp2 inter-action? 

The study of the domains involved in this multicompo-nent 

interaction revealed that vIRF-3 binds to the F-box region of Skp2, 

which is presumably required for regulation of c-Myc ubiquitylation 

and stability (16). Another intriguing aspect of the vIRF-3/c-

Myc/Skp2 interaction is in the way c-Myc inter-acts with vIRF-3. We 

found that vIRF-3 binds to two regions within c-Myc: i) residues 128 

–143 in the amino terminus cor-responding to the well conserved 

Myc box II (MBII) domain and ii) residues 379 – 418 in the carboxyl 

terminus. Interest-ingly, both regions were reported to be necessary 

for c-Myc/ Skp2 interaction (16). Furthermore, our mutational studies 

suggested that the carboxyl-terminal domain of vIRF-3 (resi-dues 346 

– 455) is essential for binding to both c-Myc and Skp2. Altogether, 

these results indicate that vIRF-3 recruits both c-Myc and its 

transcriptional co-activator Skp2 to the near proximity of each other, 

facilitating the c-Myc-regulated tran-scription. Indeed, we found that 

vIRF-3 can stimulate the c-Myc-regulated transcription from the cdk4 

promoter, and this stimulation is further enhanced in the presence of 

Skp2. The activity of the cdk4 promoter is reflected by the presence 

of transcription factors and co-factors at its promoter. Previously, 

employing the chromatin immunoprecipitation (ChIP) assay, we have 

demonstrated recruitment of the c-Myc vIRF-3 com-plex to the 

endogenous cdk4 promoter followed by increased histone H3 

acetylation (11). Here we showed that expression of vIRF-3 resulted 

in higher levels of Skp2 as well as polyubiquity-lated c-Myc proteins 

associated with the wild-type cdk4 pro-moter. Thus, our data support 

the observations that c-Myc ubiquitylation is linked to its 

transcription activity (16, 17). Additionally, we showed that c-Myc 

ubiquitylation can be fur-ther enhanced by vIRF-3. Paradoxically, we 

also found that vIRF-3 enhances the stability of c-Myc. One possible 

explana-tion might be that vIRF-3 inhibits the proteasomal 

degradation of c-Myc further downstream of ubiquitylation and thus 

uncouples the ubiquitylation/degradation pathway. A similar 

mechanism was observed with cancer-associated mutants of c-Myc, 

which can be efficiently ubiquitylated by Skp2, but are resistant to 

proteasomal degradation (16, 26). Alternatively, the ubiquitylation, 

which is under the control of vIRF-3, may utilize a different set of 

lysine residues that is not linked to protea-somal degradation. The 

exact mechanism by which vIRF-3 enhances the activity and stability 

of c-Myc is currently under investigation in our laboratory. 

 
 
 

 

There is a growing evidence that a number of viruses have 

evolved various strategies to exploit the ubiquitin-proteasome 

system of the host. The Epstein-Barr virus nuclear antigen 3C 

(EBNA3C) was recently shown to stabilize and activate c-

Myc by recruitment of the c-Myc/Skp2 heterodimer to c-Myc-

de-pendent promoters (44). Similarly, the X protein of 

hepatitis B virus can stimulate c-Myc function by binding to 

Skp2 and inhibiting the ubiquitylation and proteasomal 

degradation of c-Myc (45).  
In summary, we have elucidated a new mechanism by which 

KSHV-encoded vIRF-3 enhances transcription activity of 
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c-Myc. Thus, this study extends our initial report showing the 

modulation of c-Myc transcription activity by the KSHV-en-

coded vIRF-3 (11). The previously unappreciated role of 

vIRF-3 in the stimulation of c-Myc ubiquitylation and protein 

stability provides a link between vIRF-3 and c-Myc-regulated 

pathways and a possible mechanism by which vIRF-3 

contributes to the KSHV-associated PEL lymphoma. The 

association between the enhanced expression of c-myc and B-

cells lymphomagenesis has been well documented. The study 

of the molecular mecha-nism by which vIRF-3 manipulates c-

Myc function contributes to the understanding of KSHV-

associated lymphomagenesis and indicates its critical function 

in KSHV-associated patho-genesis. It may also provide a new 

platform to its pharmacolog-ical regulation.  
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