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Tumor viruses have provided relatively simple genetic systems,
that can be manipulated for understanding the molecular
mechanisms of the cellular transformation process. A grow-
ing body of information in the tumor virology field provides
several prospects for rationally targeted therapies. However,
further research is needed to better understand the multiple
mechanisms utilized by these viruses in cancer progression in
order to develop therapeutic strategies. Initially viruses were
believed to be associated with cancers as causative agents
only in animals. It was almost half a century before the first
human tumor virus, Epstein-Barr virus (EBV), was identified in
1964. Subsequently, several human tumor viruses have been
identified including Kaposi sarcoma associated herpesvirus
(KSHV), human papillomaviruses (HPV), hepatitis B virus (HBV),
Hepatitis C virus (HCV), human T lymphotropic virus (HTLV-1)
and recently identified Merkel cell polyomavirus (MCPyV). Tu-
mor viruses are sub-categorized as either DNA viruses, which
include EBV, KSHV, HPV, HBV and MCPyV or RNA viruses such as
HCV and HTLV-1. Tumor-viruses induce oncogenesis through
manipulating an array of different cellular pathways. These vi-
ruses initiate a series of cellular events, which lead to immortal-
ization and proliferation of the infected cells by disrupting the
mitotic checkpoint upon infection of the host cell. This is often
accomplished by functional inhibition or proteasomal degra-
dation of many tumor suppressor proteins by virally encoded
gene products. The virally infected cells can either be eliminat-
ed via cell-mediated apoptosis or persist in a state of chronic
infection. Importantly, the chronic persistence of infection by
tumor viruses can lead to oncogenesis. This review discusses
the major human tumor associated viruses and their ability to
modulate numerous cell signaling pathways, which can be tar-
geted for potential therapeutic approaches.
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Tumor Viruses

Epstein-Barr virus (EBV). EBV belongs to the genus lymphocryp-
tovirus of the human y-herpesvirus family and infects more than
90% of the world wide adult population.! Once a person is infected
with EBV, the virus remains latent, mainly in B lymphocytes, for
the lifetime of the infected host.! The EBV genome is 184 Kb of
linear, double stcranded DNA, which is maintained in the nucleus
as an episome yia tethering to the host cell chromosome after infec-
tion Primary exposure of EBV, which occurs during infancy, is
usually asymptomatic. However, when a person is first infected
with EBV during adolescence, it usually results in a clinical con-
dition known as infectious mononucleosis (IM).! EBV has pow-
erful transforming potential for B lymphocytes in vitro and thus
contributes to the development of numerous acute diseases and
cancers, such as Burkitt lymphoma, nasopharyngeal carcinoma,
natural killer cell lymphoma, Hodgkin disease and X-linked lym-
phoproliferative disease.! Moreover, immunocompromised patients
including AIDS or post-organ transplant patients, also have a high
probability of obtaining EBV associated lymphomas.!

One of the biological hallmarks of EBV-cell communication
is the establishment of latency.! Three major types of latency have
been described, each having its own distinct viral gene expres-
sion pattern.! EBV latency proteins include EBV nuclear antigens
(EBNA) 1, 2, 3A/3, 3B/4, 3C/6 and LP/5, and latent membrane
proteins (LMP) 1, 2A and 2B.! These proteins are expressed in
type III latency, also referred to as the growth program, which
is seen in AIDS associated lymphoma, post-transplant lym-
phoma patients and lymphoblastoid cell lines (LCLs) generated
from in vitro EBV infection in primary B-cells.! In short, four
of the EBV encoded latent proteins including LMP1, EBNA2,
EBNA3A and EBNA3C have been shown to be essential for B
cell immortalization in vitro.! EBNA-LP functions like a co-
stimulator of EBNA-2 mediated transactivation of many cellular
and viral genes shown to be critical for B cell immortalization.!
EBNAL is essential for the maintenance and segregation of the
EBV genome."? LMP2A has been shown to block normal B cell
receptor signaling.! EBNA3A and 3C are also critical for B cell
immortalization while EBNA3B enhances the survival of cells.!
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All three EBNAS3 proteins are shown to bind with RBP-Jk/CBF1
and regulate cellular gene transcription important for transform-
ing B-cells into immortalized LCLs.!

Kaposi sarcoma associate herpesvirus (KSHV). KSHYV also
belongs to the human +y-herpesvirus family and can establish
lifelong persistence in the host after primary infection similar
to EBV.>* KSHV is etiologically linked to Kaposi sarcoma, and
persists as the most common cancer in AIDS patients, in pri-
mary effusion lymphomas (PEL), and some forms of multicen-
tric Castleman disease.>® Despite marked differences between
KSHYV and EBV, both viruses have been shown to target many
similar cellular pathways, although they utilize diverse strategies
to achieve the same goals. KSHV encoded lytic and latent anti-
gens have been shown to block cell cycle regulatory checkpoints,
apoptosis control machinery and importantly, the immune
response regulatory mechanisms.>* Thus, inhibition of these
cellular regulatory networks appears to be a defensive means
that allows the virus to escape from innate antiviral immune
responses. However, because of the overlapping nature of the
innate immune system and tumor-suppressor pathways, inhibi-
tion of these regulatory networks can lead to unregulated cell
proliferation and may contribute to virus-induced tumorigenesis.

There are over 90 open reading frames (ORFs) identified
in KSHV genome, but only a small number of these genomes
are expressed during latency,* including LANA (latency-asso-
ciated nuclear antigen), vCyclin, vELIP/K13, K12/Kaposin and
an miRNA cluster.>* One of the major latent proteins, LANA,
encoded by ORF73, is a multifunctional nuclear antigen* and
functional homolog to the EBV EBNAI protein. LANA has
been shown to play a central role in deregulating various cellular
functions including maintenance of the viral episome,® degrada-
tion of the p53 and pRb tumor suppressors,**
of the telomerase reverse-transcriptase promoter, promotion of
chromosome instability in KSHV-infected B cells,>* and accu-
mulation of the intracellular domain of Notch*® in KSHV medi-
ated tumorigenesis. LANA also inhibits the expression of RTA,
another critical viral encoded transcriptional activator required

transactivation

for regulating the switch from the latent to the lytic cycle and
thus, the maintenance of latency.* Importantly, LANA tethers
the viral episomal DNA to the host chromosomes, which helps
in the efficient partitioning of the viral DNA in the daughter
cells. Therefore, disruptions in LANA expression lead to reduc-
tion in the episomal copies, suggesting the importance of LANA
in KSHV-mediated pathogenesis.’

Human papillomaviruses (HPV). HPVs belong to the papova-
viridae family and are the most common sexually transmitted dis-
ease in the United States.” So far, more than 130 HPV types have
been identified and subsequently classified into low- or high-risk
groups according to their potential for causing cervical cancer.”
HPV and other papillomaviruses have an exceptional mechanism
of infection that has evolved to limit infection to the basal cells of
the stratified epithelium, the only tissue in which they replicate.”
Infection with some types of HPVs causes genital warts and some
other HPV types cause cervical cancer. HPV-16 and HPV-18 are
tightly associated with 70% of cervical cancers and HPV-6 and
HPV-11 are linked to 90% of genital warts cases.”
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The HPV genome is divided into long control regions (LCR),
which play a role in regulating gene expression and DNA repli-
cation; open reading frames (ORF), which are involved in the
expression of early gene proteins known as E1-E8; and late genes,
which express the structural proteins known as L1-L2. Viral genes
encode proteins responsible for replication, cellular transforma-
tion, control of viral transcription, and those necessary for the
generation of viral progeny. Encoding two oncoproteins, E6 and
E7, HPV establishes cancer through the ubiquitin-proteasome
mediated degradation of two major tumor suppressor proteins,
p53 and pRb.” Additional studies have shown that E6 and E7
can directly interact with several host proteins and therefore fur-
ther contribute to genomic instability. However, the expression
of the E6 and E7 oncoproteins alone is insufficient for cellular
transformation, indicating the requirement for additional genetic
alterations. Greater understanding of the role of HPV antigens
in cancer propagation will eventually aid in the development of
antiviral treatment, as well as to unveil general mechanisms of
HPV mediated oncogenesis.

Hepatitis B virus (HBV) and hepatitis C virus (HCV).
Hepatocellular carcinoma (HCC) is the fifth most common can-
cer and the third leading cause of cancer death worldwide.” In spite
of recent developments in the treatment for HCC, its prognosis
still remains grim. Infection with hepatitis B virus (HBV) and
hepatitis C virus (HCV) is the major contributor to HCC devel-
opment, accounting for over 80% of all HCC globally; however,
the oncogenic mechanisms of these two viruses are significantly
different at the molecular level.” Most HCC develop from liver
cirrhosis, but the linkage between cirrhosis and HCC is likely to
be multi-factorial. HBV belongs to the Hepadnaviridae family,
a DNA virus which integrates into the host DNA and directly
transforms hepatocytes.” The role for integration in transforma-
tion is supported by the fact that integrated HBV sequences can
be found in approximately 80% of HBV-related HCC although
HBYV integration can also be found in non-HCC tissue."* HBV
integration can have several mutagenic consequences, including
large inverted duplications, deletions, amplifications and trans-
locations resulting in chromosomal instability."! The HBx gene
is the most commonly integrated and over 95% of patients with
HBV-related cirrhosis and dysplasia are positive for HBx.!? HBx
is a transcription activator through its interactions with epider-
mal growth factor receptor, c-myc, c-jun, c-fos, p53, AP-1, NFkB
and SP1.°

In contrast to HBV, HCV belongs to the Flaviviridae family, a
positive-stranded RNA virus that lacks reverse transcriptase activ-
ity.”!* Both HBV and HCV encoded proteins have been impli-
cated in the disruption of cellular signal transduction pathways
leading to unrestricted cell proliferation.” The HCV structural
proteins consist of the core protein and envelope proteins 1 and
2. The core protein has been shown to affect the modulation of
cellular gene products and several cellular regulatory pathways by
binding to p53 and pRb tumor suppressor proteins; modulating
the expression of p21VAMC" 'which is involved in cell cycle con-
trol; and interacting with cytoplasmic signal transduction mol-
ecules to regulate transcription.” Importantly, the advancement
of an effective vaccine against HCV-mediated hepatocarcinomas
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Figure 1. Tumor virus infection leads to immortalization of the infected cell through deregulation of cellular homeostasis. Via expression of many
potent oncoproteins tumor virus promote an aberrant cell-proliferation via modulating cellular cell-signaling pathways and escape from cellular
defense system such as blocking apoptosis. Subsequently primary cancerous cells become metastatic through inhibiting cellular metastasis suppres-

has been challenging due to the weak immune response elic-
ited by HCV infection.” Nevertheless, using the HCV replicon
cell culture system as a model for HCV RNA replication in the
high-throughput screening of pharmacological inhibitors, recent
studies have revealed that the obstruction of NS5A functions is a
promising therapeutic strategy for the treatment of HCV.?

Human T lymphotropic virus (HTLV-1). HTLV-I was the
first human retrovirus to be associated with malignant adult
T-cell leukemia/lymphoma (ATL) and is also associated with a
variety of lymphocyte-mediated diseases. HTLV-1 has elabo-
rate strategies that allow it to persist and replicate in the presence
of a strong immune response and most HTLV-1 carriers have a
lifelong infection without developing any major clinical mani-
festation." HTLV-1 expresses multiple gene products by using
both strands of its proviral genome and complex mRNA splic-
ing patterns.”” Among all of the regulatory proteins encoded by
HTLV-1, the Tax and HBZ proteins appear to have particularly
important roles in viral persistence and pathogenesis, presumably
through stimulating the continuous cell growth of infected cells
in the presence of strong immune surveillance.”® Tax has been
shown to be the major oncogenic determinant of HTLV-1.” It
augments cell survival via positive modulation of the NFkB and
AKT signaling cascades and negatively regulates the tumor sup-
pressor proteins, p53 and pRb."

Merkel cell polyomavirus (MCPyV). MCPyV has been
found to be associated with approximately 80% of Merkel cell
carcinoma (MCC) by digital transcriptome subtraction and
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high throughput sequencing of cDNA libraries constructed from
MCC tumors, which are rare, aggressive carcinomas of cutane-
ous neuroendocrine cells.'®"” On the other hand, this virus is not
present in many cutaneous neoplasms that are histologically par-
allel to MCC, including small cell carcinoma of the lung and
other high-grade neuroendocrine tumors.”® Only discovered in
2008, little is known about the virus’ distribution, transmission
dynamics or natural history. MCPyV, which has characteristics
that could contribute to neoplastic transformation, is found in
most MCC tumors. The transcripts expressed by MCPyV in
MCC:s are similar to the large T (LT), small T (ST) and the 17 Kb
transcripts of SV40.* Moreover, the viral genome in MCC tumors
is reported to have mutations that truncate the product of the
large T antigen thereby preventing autoactivation of integrated
virus replication, which would be detrimental to cell survival.” A
mutation in the VP1 gene, possibly related to incomplete integra-
tion of the virus in MCC has also been reported. Interestingly
there is a striking correlation between MCC development and
hypermethylation of the p14*RF 16
The near future should bring an improvement in our fundamen-
tal understanding of MCC pathogenesis, which will fuel thera-
peutic advances.

promoter and p63 CXPI‘CSSiOH.

Deregulation of Cellular Pathways

To explore viral-mediated oncogenesis, a complex series of
genomic studies illustrated the marked complexity of cellular
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Table 1. Tumor virus and associated cell-signaling molecules

T;':::r g:::)ar:m onco‘::::eins“ Important cellular binding partners Deregulated signaling-pathways Ref.
o E6 p53, p73, E6AP, CBP/p300, c-Myc p53, cell-cycle 188
HPVs
DNA Rb, pRb pocket proteins, p21<*!, p27X!
(16, 18) PRDb, PR p P ' P P ' L .
E7 IRF-1, Cyclin A and E pRb, cell-cycle, ub-proteasome 188
-Jk, PU.T, , b otch, cellular transcription, metastasis b
EBNA2 RBP-Jk, PU.1, AUF1, DDX20, SMN Notch, cellul ipti i 189, 190
p53, Mdm2, pRb, p300, RBP-Jk, Chk2, Cell-cycle, Notch, ub-proteasome, 31,52 60.82. 99
EBNA3C Nm23-H1, c-Myc, HDAC1, SUMO-1, SUMO-3, metastasis, chromatin remodeling, 1'0011281 19’0 !
SCFk2-complex, DDX20, SMN, CtBP, Cyclin cellular transcription, apoptosis, to T
. . 191
A, Eand D1 inflammation
EBV DNA - ioti
LMP1 TRAFs 1, 2, 3 and 5, TRADD, RAS, JAK metastasis, MAPK, PI3K/Akt, JAK/STAT, 142, 147,151,152,
190, 192, 193
TNF
. Apoptosis, metastasis, MAPK, PI3K/Akt,
LMP2 TNFR associated factors, RAS, JAK JAK/STAT, TNF, BCR signaling 83, 135, 142, 194
p53, pRb, c-Myc, GSK33, MAPK2, FADD, core L
K . . cell-cycle, cellular transcription,
histones, Transcriptional activators- Brd2, . X 3-6,50, 57,67,
LANA L. apoptosis, Notch, Wnt/B-catenin,
KSHV DNA Brd4, Sp1, AP-1, and CBP and transcriptional ub-oroteasome. chromatin remodelin 153
inhibitors HP1, Dnmt3 and mSin3 P ! 9
VFLIP TRAF2 Apoptosis, NFkB, JNK/AP1 85, 86, 148, 153
. Cell-cycle, apoptosis, cellular
HBV DNA HBx NF«B, p33, ¢ J“”'HCIFf_‘;S' PKC, cmyc, SP1, transcription, NFkB Wnt/B-catenin, 40, 631'9658' 2,
« TGFB, JAK/STAT, metastasis
MCPyV DNA LT p53, pRb Cell-cycle 17
p53, Arginine methyltransferase 1, PKA, . . 158, 184, 196,
NS3 H2B, H4 PKC, inflammation 197
HCV RNA p53, Bax, IFN-induced dsRNA activated
protein kinase (PKR), growth factor Cell-cycle, apoptosis, Ras-Erk MAPK
N receptor-binding protein 2 (Grb2), PI3K p85 pathway, PI3K, NFkB le ity Tt 112
subunit, TRADD, CDK1, TRAF2, TBP
. . Cell-cycle, apoptosis, cellular
HTLV-1 RNA Tax Cyclic AMP. p300/CBP, MAD-1, MAD-2, cyclin transcription, NF«B, PI3K/AKT, 15, 186, 200, 201

D1, Chk1 and 2

“Most potent and studied viral oncoproteins.

deregulation induced by the expression of viral-oncoproteins and
also identified numerous signaling pathways involved in cancer
development as shown in Figure 1. Similarly, proteomic and
various biochemical approaches have identified many novel cel-
lular targets associated with viral oncoproteins (Table 1) and thus
allowed correlations with the findings from genomic analyses of
viral infected cells.

Targeting tumor suppressors. In cancer, there are fundamen-
tal alterations in the genetic control of cell division, resulting in
uncontrolled cellular proliferation. Genetic mutations primar-
ily occur in two major classes of genes: proto-oncogenes and
tumor suppressor genes. In the case of normal cells, the proto-
oncogene products (such as cyclin D1 and c-myc) act at various
levels along the pathways responsible for stimulating cell propa-
gation. Mutated versions of proto-oncogenes or oncogenes can
promote tumor expansion while the inactivation of tumor sup-
pressor genes, like pRb and p53, resulting in the dysfunction of
proteins that, in general, block cell cycle progression (Fig. 2). The
cell cycle dysregulation associated with cancerous growth occurs
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chromatin remodeling

typically through the mutation of proteins that function at vari-
ous stages of the cell cycle (Fig. 2). In human cancers, mutations
have been observed in genes encoding cyclins, cyclin dependent
kinases (CDKs), CDK-activating enzymes, CDK inhibitors
(CKI), CDK substrates and checkpoint proteins.?**!

p53—the master regulator. The tumor suppressor protein,
p53, is a sequence-specific DNA-binding protein, which is able
to induce either cell cycle arrest or apoptosis at cell cycle check-
points in response to genotoxic stress (Fig. 2).>?* Identified as
an interacting partner of the SV40 encoded large T antigen in
virally transformed cells, p53 is the most frequently mutated
gene in human cancer.?? Point and missense mutations also
lead to conformational changes and functional inactivation of
the protein.”> p53, in response to DNA damage or viral infec-
tion, can arrest cellular growth and promote apoptosis through
transcriptional activation of its downstream target genes, such as
p21¥ArICIPlerl "\GADD45, cyclin G, bax, IGF-BP3 and Mdm2.%
The p53 gene has been demonstrated to be mutated or deleted in
half of all malignant tumors. The other half of human cancers
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express wild-type p53 protein, which

is competent to induce apoptosis in

Block Apoptosis

malignant cells after genotoxic stress, Casﬁsses E6 $E;:A3C Eg WG
thus offering a potential therapeutic A IAPs NE?X I?X
opportunity applicable to a wide range 3 LT

of human tumors expressing wild-type Ap?f 1 VIAP VIRF3 Chk1,2 p300HDAC
p53.% In general, tumors that retain Bax LMP1... l/

wild-type p53 have a better prognosis TT Bcl-2—— Bax

and in addition, have a better response vBel-2 pum |_Mdm2

to chemotherapy.”” Tumor cells are : LANA EBNA3C
prone to p53-mediated apoptosis as a E7
result of oncogene activation. Therefore, AR p27 Ié;(cl -
it is likely that p53-based anticancer EBNA2Y” Y 7 U INKA faniie " | Qe et

strategies may not require selective tar-
geting of tumor cells.” HBx

The importance of Mdm2 in the
regulation of p53. Mdm2 (Hdm?2 for
the human homolog) is an E3 ubiquitin
ligase that binds to p53 and facilitates
its ubiquitin-proteasome  dependent
degradation.?® It has been reported that
mechanisms of enhancing Mdm?2 activ-

LANA| c-Myc

vCyclin

ATM/ATR

HBx
p19 p18 p16 p15
INK4 family
CyclinD

ICDK4,6

CIPIKIP famll):>
Cyclin E,A |EBNA3C
/ICDK2 E7

/7
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Cell
Proliferation

ity, such as gene amplification of the
mdm?2 gene or enhancing its E3 ligase
activity towards p53, may represent an
alternative to p53 mutation as a means

Figure 2. Tumor virus encoded oncoproteins deregulate components of the cell cycle and apoptotic
pathways. Viral-oncoproteins (red) interact with and manipulate normal functions of numerous cel-
lular important proteins (black) to hijack entire cell cycle and apoptotic machineries.

to escape p5>3-mediated growth arrest

in malignant cells. Elevated expression of Mdm2 has also been
shown to be associated with approximately 10% of all human
and the interaction of Mdm2 with p53 regulates the
transactivation activity and stability of p53.>° Moreover, Mdm?2
facilitates the nuclear export of the Mdm2-p53 complex and also
regulates its sumoylation, neddylation and acetylation status,

cancers?

which negatively modify the stability and biological function
of p53.%! Surprisingly, the mdm?2 gene is amongst those that are
upregulated by p53; thus not only is Mdm2 required for keeping
p53 in check under normal conditions, it is also part of an auto-
regulatory feedback loop.?® Overexpression of the Mdm?2 protein
abolishes p53-mediated cell cycle arrest and apoptosis.® These
studies are consistent with clinical observations that implicate a
dysfunctional p53-Mdm2 system in nearly 60% of all malignant
samples.?® For approximately 7% of all cancers, wild-type p53 is
present and the problem lies in a surplus of Mdm2.* For exam-
ple, a single nucleotide polymorphism (SNP309) in the Mdm2
promoter leads to an increase of both mRNA and protein levels,
which accelerates tumor formation in both hereditary and spon-
taneous cancers via blocking p53-dependent pathways.> Thus,
in tumors with wild-type p53, an attractive target for therapeutic
development would be to reduce the inhibitory effects of Mdm2
by blocking its interaction with p53.%® Interestingly, recent stud-
ies have identified potent and selective small-molecule inhibitors
of the p53-Mdm?2 interaction, such as Nutlin-3a, which specifi-
cally triggers p53-mediated pathways in cells with wild-type p53
and causes cell cycle arrest and induces apoptosis via induction
of p21.% Although the pathways by which Nutlin-3a acts are
not fully elucidated, the fact that Nutlin-3a has shown potent
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antitumor activity in mouse xenograft models, suggests that it
is a potential treatment option for tumor cells expressing wild-
type p53.

Tumor viruses and p53. In general, oncogenic viruses are able
to disrupt cell cycle checkpoints induced by genotoxic stress.®
Among the human DNA tumor virus oncoproteins, the SV40
encoded large T antigen, adenovirus encoded E1A and HPV
encoded E6 have all been shown to physically interact with p53
and disrupt p53-mediated transcriptional activity and apoptosis
through distinct mechanisms.**¥ Large T antigen and E1B form
complexes with p53 and enhance the protein stability but inhibit
its functional activity,’ while the HPV encoded E6 antigen facil-
itates p53 degradation through the ubiquitin-proteasome medi-
ated pathway.”” In addition, the HBV encoded HBx has been
shown to interact with p53 and inhibit its functional activity in
multiple ways in order to contribute to the molecular pathogen-
esis of human hepatocellular carcinoma (HCC).*® Whereas, in
the case of RNA tumor viruses, HCV encoded NS5A has been
shown to abrogate the p53-mediated transactivation function by
interfering with the DNA binding activity of p53.' Thus, using
different approaches, these viruses can contribute to oncogenesis
by blocking p53-mediated function.

In response to viral infection, p53 protects normal cells from
malignant transformation by inducing either cell cycle arrest or
apoptosis.” Therefore, it is not surprising that either p53 itself
or the connecting cellular proteins that are involved in down-
stream activities are inactivated by viral-antigens via either releas-
ing cells from cell cycle checkpoints or protecting cells from the
p53-dependent apoptotic pathway.**# Cell cycle arrest depends
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on the ability of p53 to initiate the transcription of target genes
such as the CDK inhibitor, p21,% while apoptosis depends on the
transcriptional activation of cellular genes including bax, puma,
perp, among others.

Similar to smaller DNA tumor viruses, large DNA herpesvirus
family members have also been shown to manipulate p53 func-
tion either by direct physical interaction or by some other activi-
ties. For example, the CMV encoded IE2 protein,”” the KSHV
encoded ORF K8 protein,* and the HHVG6 encoded ORF 1 pro-
tein® block p53-mediated host cell death through their interac-
tion with p53. Additionally, the KSHV-encoded LANA and the
EBV-encoded proteins, LMP1 and EBNA3C, have been shown
to interfere with p53 functional activity to block apoptosis.’®?
LANA and EBNA3C modulate p53 function by repressing its
transcriptional activity®®?' and LMP1 blocks p53-mediated apop-
tosis through the induction of the A20 gene.” In addition, the
EBV encoded EBNAL protein interacts directly with the cellu-
lar deubiquitination enzyme, USP7, to regulate the normal p53-
Mdm?2 pathway, resulting in a reduction of p53 levels, increased
cell survival and proliferation as seen in most forms of EBV-latent
infection.”*** Interestingly, the T-cell leukemia-associated virus
HTLV-1 encodes the transforming transcriptional activator Tax,
which does not bind directly to p53 but inactivates it through an
as yet unexplained mechanism.”

Nutlin-3a targets the p53-Mdm?2 interaction: a therapeutic
strategy. DNA double-stranded break initiators, such as gamma
irradiation or treatment with doxorubicin; lead to’a normal p53
response in EBV-transformed cells and KSHV-infected primary
effusion lymphoma (PEL) cell lines respectively” It is therefore
conceivable that p53 is wild-type and fully functional in either
EBV or KSHYV infected cells. The degradation as well as inactiva-
tion of p53 functions by its negative regulator, Mdm?2, represents
a critical circuit in the regulation of p53 both in response to acute
DNA damage and in its tumor suppressor functions.”® Recently,
we have shown that the EBV-encoded latent antigen EBNA3C
stabilizes Mdm?2 function and so enhances the degradation of
p53 through the ubiquitin-proteasome degradation pathways.?!
In agreement with these results, the growth of PEL cell-lines
latently infected with KSHV as well as in vitro EBV-transformed
lymphoblastoid cell-lines were shown to be sensitive to Nutlin-
3a-mediated growth suppression.”®” The antitumoral function
of Nutlin-3a in combination with various chemotherapy or
radiotherapy has been verified by both human cells and animal
models. Interestingly, since p53 is rarely mutated in hematologic
malignancies, numerous studies have been attempted to check
p53-dependent functions on various types of tumor cells includ-
ing chronic lymphocytic leukemia B cells (B-CLL), myeloma,
KHSV-induced lymphoma and EBV transformed tumor cells.>%
In some cases, Nutlin-3a can induce apoptosis in p53-inactivated
cells through a p73-dependent pathway as shown recently in a
mantle cell lymphoma cell line with mutated p53.5 These studies
suggest that Nutlin-3a may indeed be considered, either alone or
in combination with various genotoxic drugs, as a novel thera-
peutic approach for curing viral associated human cancers.

pRb negatively regulates the G,-S phase transition. Tumor
viruses have evolved diverse mechanisms to abrogate the function
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of the retinoblastoma tumor suppressor protein (pRb).*** Studies
of these viruses have been invaluable in uncovering the central
role of the pRb family of pocket proteins in mitotic cell cycle
control.’®» While the molecular mechanisms by which the viral
oncoproteins inactivate the pRb family are still being elucidated,
it is clear that targeting of this family is required both for viral
replication and for virus-induced transformation of mamma-
lian cells.’®” The Rb family of so-called pocket proteins, which
includes pRb, p107 and p130, negatively regulates cell cycle pro-
gression from G to S-phase through binding with the E2F fam-
ily of transcription factors to abrogate abnormal cell proliferation
(Fig. 2).%% Viral oncoproteins as well as E2Fs have been shown
to interact through the pocket region of the Rb family of pro-
teins. The pocket proteins are regulated in part via phosphoryla-
tion by CDKs including cyclin D/CDK4/6, cyclin E/CDK2 and
cyclin A/CDK2. Hyperphosphorylation of pRb results in loss
of binding to both E2F and chromatin remodeling factors and
reverses pRb-mediated cell cycle arrest.’®” As a result, cyclins
and pRb family proteins represent key factors for the develop-
ment of cancer.

Tumor viruses and pRb. A large body of evidence has shown
that several tumor virus encoded antigens efficiently inactivate
Rb family members, which ultimately leads to an increase in E2F
activity.>®® Adenovirus 12 was the first human virus demon-
strated to induce tumors in an animal model; however, to date
there hasbeen no association with any human tumors.”” A number
of studies’have shown that the adenovirus encoded E1A oncopro-
tein directly antagonizes pRb function by disrupting the interac-
tion between pRb-and E2F.% Interestingly, only adenovirus gene
expression was found to be dependent on E2F;* therefore, inacti-
vation of the Rb family proteins by the E1A oncoprotein primar-
ily serves to induce transcription of E2F-controlled cell cycle and
DNA synthesis genes to establish an environment permissive for
viral replication. Like E1A, the HPV 16 encoded E7 oncoprotein
possesses an pRb binding LxCxE motif and bypasses cell cycle
arrest at G /G, through binding to the hypophosphorylated form
of pRb, thereby inducing proteasome-mediated degradation of
pRb, p107 and p130.”” Similarly, EBNA3C, an essential EBV-
encoded latent antigen has been shown to induce pRb degrada-
tion.*® To date, the studies probing EBNA3C functions provide
the best link between latent EBV infection and the pRb regulated
checkpoint, which controls the G,-S transition.® EBNA3C was
previously shown to indirectly target pRb regulated pathways
by activating E2F-dependent promoters and bypassing the G,-S
restriction point.” EBNA3C also recruits the SCF** E3 ligase
to facilitate pRb’s degradation in an ubiquitin-proteasome medi-
ated fashion.®® Furthermore, unlike E7, EBNA3C does not have
any activity on the other Rb family proteins.®® Interestingly, the
same regions of E1A, E7 and EBNA3C antigens required for
targeting pRb are also required for the transforming activity of
these oncoproteins. The KSHV encoded LANA can also directly
interact with pRb and enhance E2F-dependent transactivation
activity, indicating that LANA contributes to KSHV-induced
oncogenesis by targeting the pRb-E2F transcriptional regula-
tory pathway.? Unlike other DNA tumor virus oncoproteins pos-
sessing cell immortalizing activity, the EBV-encoded essential
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oncoprotein LMP1 does not bind to pRb, but instead blocks

expression of the p16™NKé

tumor suppressor gene, perturbing the
pRb-regulated pathways in development of cancer.®* Moreover,
the HBV encoded HBx oncoprotein upregulates E2F1 promoter
activity® and the HCV core protein destabilizes pRb and upreg-
ulates E2F1 protein levels.*

pVHL-multifunctional tumor suppressor protein. The von
Hippel-Lindau (VAHL) tumor-suppressor gene is frequently inac-
tivated in VHL disease and in sporadic cases of renal cell car-
cinoma.”” VHL protein (pVHL) acts as an E3 ubiquitin ligase
complex that targets many cellular proteins for proteasomal
degradation.” The best-characterized cellular target is HIF-a,
a hypoxia inducible transcription factor, whose activity is criti-
cally controlled by pVHL.® Reduction of pVHL and subsequent
upregulation of HIF-a targeted genes has been attributed to the
highly vascular nature in these cancers.® It is clear that loss of
pVHL can result in the activation of different cellular pathways
that are strongly associated with both tumor initiation and pro-
gression. pYHL forms a stable complex with p53 and prevents
Mdm2-mediated  ubiquitination/degradation.®®  Stabilization
of p53 thus resulted in induction of p53 transactivation func-
tion.*® Interestingly, KSHV encoded LANA has been shown to
facilitate pVHL degradation along with p53 via recruitment of
the EC5S ubiquitin complex.®” In addition, the HBV-encoded
oncoprotein HBx was shown to directly interact with HIFa and
increase its transcriptional activity.** HBx also inhibits the inter-
action between pVHL and HIF-a and prevents its degradation
as well as stimulates angiogenesis.®® Recent evidence suggests that
multiple deregulating events are likely to co-operate with pVHL
in the development of renal cancers as well as a potential role in
KSHYV and HBV mediated epithelial cancers. Further research
is necessary in order to comprehend fully the tumor-suppressive
capabilities of pVHL and its critical targets in other tumor virus
mediated cancers.

Dysregulation of the cell cycle machinery. Aberrant cell pro-
liferation and disruption of cell cycle checkpoints are hallmarks
of viral mediated oncogenesis (Fig. 2).2"%%7° Tumor viruses use
the host cell machinery to replicate and drive quiescent cells to
become active and proliferate.’>”® Tumor virus encoded oncop-
roteins have evolved a range of strategies to deregulate cell cycle
progression and bypass cell cycle checkpoints (Fig. 2).27° As
indicated earlier, tumor virus-encoded oncoproteins contribute
to the cellular immortalization process through targeting and
inactivating two prime tumor suppressors, pRb and p53. By
using different tactics to prevent cell cycle arrest at the G,-S and/
or G,-M transition points, they induce inappropriate entry to S
phase and apoptosis (see ‘targeting tumor suppressors—p53 and
pRb’ section for more details) (Fig. 2).¢

Common pathways in cell cycle control. The cyclin-CDK
complexes positively regulate DNA replication and cell cycle pro-
gression.”*7" Cell cycle progression from G, to S and G, to M is
accomplished through a complex interplay of regulatory signals
that ensures accurate duplication of DNA during the synthesis
(S) phase and proper segregation of chromosomes during mitosis
(M).® This regulation is mediated by sequential activation of the
kinase activity of CDKs, which are regulated by interaction with
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specific cyclins at specific stages of the cell cycle.” While CDK
levels remain constant throughout the cell cycle, cyclin levels
oscillate as a result of post-transcriptional as well as post-transla-
tional modifications.” Different cyclins are required at different
phases of the cell cycle: cyclin D in G, cyclin E and A in S phase
and cyclin B and A in M phase.”” As mentioned earlier, active
cyclin/CDK phosphorylates the Rb family of proteins, resulting
in the release of the E2F family of transcriptional factors, which
ultimately activates the transcription of genes responsible for cell
cycle control, initiation of replication and DNA synthesis.”” In
the absence of mitogenic signals, CDKs remain inactive and so
prevent aberrant proliferation. This negative control is achieved
by a family of proteins termed CDK inhibitors (CKIs), which
include pISINK4B’ p16 INK4A’ pzl\WAFl/CIPI and p27KIPl'6‘)

Viral oncoproteins and deregulation of cell cycle. Tumor
viruses have developed numerous sophisticated strategies to ensure
the continuous cell cycle proliferation of the infected cell.7"7
Importantly, aberrant alterations in the regulation of several cell
cycle components, including cyclins and associated CDKs as well
as CDK inhibitors, are characteristic of tumor virus mediated
oncogenesis.”® Usually, viral oncoproteins act directly on either
the CDKs or their activating cyclins, to enhance the kinase activ-
ity of the complex.”® Functional inactivation of the CDK inhibi-
tors, in particular p21WVAFVCIP and p27XIP represents yet another
critical mechanism exhibited by several tumor viruses, including
HPV, HTLV1. and EBV.® The HPV-encoded E6 oncoprotein
1! expression at the mRNA level,
via regulating p53, which normally transactivates the p21 pro-

hasbeen shown to decrease p2

moter.”? Similarly, the adenovirus-encoded E1A oncoprotein also
blocks transcriptional activation of p21¥AFVCIP! by sequestering
the activity of transcriptional coactivator p300/CBP.?””* Another
oncoprotein encoded by HPV, E7, can bypass the p21¥Af/cIP!
mediated growth arrest either by blocking its interaction with the
cyclin/CDK complex or altering the sub-cellular localization of
p21WAFIICIPL 3559 Similarly, E1A and E7 also directly interact with
p27%1 which appears to be cell-type dependent.” Interestingly,
the HTLV-1 encoded Tax protein represses p27¥'" transcription
IWAFI/CIPI In CCHS

expressing Tax, p21¥Af/CIP! does not accumulate following DNA

7KIP1

but also induces transcriptional activation of p2

damage, which suggests that its regulation may be at the post-
translational level.”

The INK4 family of CDK inhibitors are also targeted by viral
oncoproteins.”® For instance, E1A modulates the expression of
both p15™K® and p16™K4A in different contexts.”® Tax blocks the
interaction of p16™** with CDK4 or CDKG6.% In addition, Tax
also suppresses the expression of p15'NKE, p]8INKIC 3 nd p]9INKID 15
The level of p21VAMVCIPL protein is maintained in EBV-infected
cells, possibly due to its rapid proteasome-mediated degrada-
tion.” Interestingly, EBV encoded EBNA3C targets another
CDK inhibitor, p27%™!, for ubiquitin-proteasome dependent
degradation through the recruitment of the SCFS** E3 ligase
activity similar to pRb degradation.®! By disrupting p27*™! from
cyclin A/CDK2 complexes, EBNA3C enhances CDK activity.!
EBNA3C can also override p16™***-mediated suppression during
EBV-mediated in vitro transformation, consistent with EBNA3C
targeting the checkpointat the G,-S transition regulated by pRb.!
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As a result, similar to the E1A and E7 oncoproteins, EBNA3C
also cooperates with oncogenic mutant H-ras for immortaliza-
tion and transformation of rat embryonic fibroblasts (REFs).®!
LMP1, another EBV oncoprotein, represses transcription from
the p16™X* promoter but did not have any significant effect on
the p21VAFVCIPT promoter.®7° It is well known that constitutive
expression of the c-Myc oncoprotein in B lymphocytes induces
overall protein synthesis and cell cycle division.” In addition,
c-Myc can also stimulate expression of D-type cyclins and cyclin
E and downregulate p21¥AF/CIP! and p27%!"1.% The EBV-encoded
latent antigen, EBNA2, directly activates c-Myc, which further
transactivates cyclin D2, whose enhanced expression is generally
found in EBV associated lymphomas.”

Association between viral oncoproteins and cyclin/CDK
complexes is well documented. For example, EIA, E7 and
EBNA3C all form complexes with cyclin A/CDK2 and stimu-
late its kinase activity.”” The HTLV-1 encoded Tax adopts a more
direct approach; it transcriptionally activates expression of the
cyclin D gene and also increases the association between cyclin D
and CDK4. LANA stabilizes B-catenin by binding to the nega-
tive regulator GSK-3, resulting in cyclin D1 accumulation.® As
a result, both B-catenin and cyclin D1 have increased expression
in both PEL cells and KS tissue.?

A novel mechanism for controlling the cell cycle machinery is
illustrated in several herpesviruses including herpesvirus saimiri
(HVS), murine herpesvirus (MHV-68) and KSHYV, in which
they all encode a protein with cyclin"homology.> The ' KSHV
encoded v-cyclin, which is a homolog of cyclin D1, is the most
extensively characterized of the viral encoded eyclins.”® Like its
cellular counterparts, v-cyclin can bind and activate the kinase
partner, CDKG, increasing phophorylation of pRb and facilitat-
ing the G -S transition.”®
CDKG6 induces phosphorylation of a wide range of important cel-
lular substrates including histone H1, p27*"™" and cdc25A as well
as components of the DNA replication apparatus.” The v-cyclin/
CDKG6 phosphorylation of p27*! induces its proteasome medi-
ated degradation and increases activation of endogenous cyclin-
CDK complexes.”®

Finally, at least one virally-encoded oncoprotein disrupts the

In addition, the association of v-cyclin/

control of mitosis. Tax interacts with two proteins that regulate
mitosis, MAD-1 and MAD-2, which leads to aneuploidy and
genomic instability.”

Deregulation of apoptotic pathways. Virally encoded onco-
proteins have been shown to have a profound effect on apopto-
sis by interacting directly with the components involved in the
highly conserved biochemical pathway that regulates cell death
(Fig. 2).777® It appears that tumor viruses can efficiently block
apoptosis to prevent premature host cell death and so facilitate
persistent infection and the development of oncogenesis (Figs. 1
and 2).”778 Thus, impairment of apoptotic pathways represents a
major causative factor in cancer progression (Fig. 2).””78 Cellular
Bcl-2-related proteins function as critical regulators of apopto-
sis by modulating the release of pro-apoptotic signaling mole-
cules from the mitochondria. Interestingly, DNA tumor viruses
encode homologs of cellular anti-apoptotic Bcl-2 proteins (vBcl-
2s) and the role of vBcl-2s in viral infection and the mechanisms
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by which they function are beginning to emerge.”” It is now
apparent that inhibition of mitochondrial apoptosis by vBcl-2s
can prevent premature death of the host cell and subsequently,
the development of cancer.”

A recent report has shown that EBV positive Burkitt lym-
phoma (BL) cells express significant amounts of a viral latent pro-
tein, BHRF1, which is a homolog of the cellular anti-apoptotic
protein Bcl-2.%° The hallmark of BL tumors appears to be the
deregulated expression of c-myc, which induces cellular prolifera-
tion as well as the apoptotic process.®® Studies have clearly sug-
gested that BHRF1 blocks apoptosis and acts as a survival factor
for EBV positive BL tumors.®” One of the major oncoproteins
encoded by EBV, LMP1, forms a complex with the pro-apoptotic
tumor necrosis factor (TNF)-receptor 1-associated death domain
protein (TRADD), which dictates TRADD-mediated NF«kB
signaling and subverts TRADD’s potential to induce apopto-
sis.’? LMP1 has also been shown to upregulate several cellular
anti-apoptotic proteins, including mcl-1 and bcl-2, to promote
EBV-mediated cell survival.®® Two EBV encoded oncoproteins,
EBNA3A and EBNA3C, functionally cooperate to transcrip-
tionally downregulate the expression of Bim (Bcl-2-interacting
mediator), a pro-apoptotic tumor-suppressor protein.*> More
recently, EBNA3C has been shown to directly interact with
p53 and block its apoptotic activities.”? One study showed that
another EBV encoded antigen, LMP2A, protects B cells from
apoptosis by blocking B-cell receptor (BCR) signaling. However,
studies in’animal models suggest that LMP2A makes resting B
cells sensitive to NFkB inhibition and apoptosis.®

Similar to-EBV, the KSHV-encoded vBcl-2 also efficiently
blocks apoptosis.* KSHV encodes an anti-apoptotic, viral
Fas-associated death domain-like interleukin-1B-converting
enzyme-inhibitory protein (vFLIP/K13) whose anti-apoptotic
activity is attributed to an inhibition of caspase 8 activation® and
to its capability to induce expression of anti-apoptotic proteins
via activation of NFkB.* vFLIP also inhibits superoxide-induced
apoptosis in endothelial cells via upregulation of MnSOD expres-
sion.® The KSHYV protein, K1, also suppresses apoptosis induced
by the anti-Fas antibody CH-11 or Fas ligand.?” Increased expres-
sion of the HPV E2 protein in HPV-transformed cells represses
transcription of E6 and E7, thus inducing apoptosis.®® The HPV-
16 E5 protein impairs CD95L- and TRAIL-mediated apoptosis
in HaCaT cells by downregulating the total amount of CD95
receptor and reducing the amount of CD95 on the cell surface;
and altering the formation of the DISC triggered by TRAIL.*
The HPV EG6 oncoprotein plays a role in the proteolytic inac-
tivation of pro-apoptotic proteins including p53, Bak, FADD,
procaspase-8 or ¢-Myc.”> The HBV-encoded HBx protein has
been shown to prevent the apoptosis of HCC cells by upregu-
lating SATB1 and HURP expression.”® Additionally, both HBV
and HCV replication upregulate the expression of the apoptosis
inhibitor, SPIK.”!

Autophagy. Autophagy is one of two major mechanisms for
protein degradation. By controlling both the quality and quan-
tity of proteins, autophagy plays a central role in many cellular
processes, including the immune response, development, sur-
vival and aging.”® Recently, an essential role for autophagy in
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tumor suppression has also been clearly demonstrated.”
For example, radiation and many antitumor molecules
induce autophagy in tumors, resulting in cell death.
Many oncoproteins and proto-oncoproteins, such as
AKT, mTOR, PI3K and IKK, are potent inhibitors
of autophagy while many tumor suppressors, such as
PTEN, are activators of autophagy.”* Most significantly,
studies have shown that depletion of the autophagy regu-
latory genes Beclin 1, UVRAG and Bif-1 leads to tumor
formation in both animals and humans whereas ectopic
expression of these genes reverses this effect to increase
the efficacy of antitumor drugs in vivo.”? Although the
mechanisms that regulate autophagy and those by which
autophagy blocks oncogenesis are largely unknown, it is
clear that autophagy is imperative in the regulation of
cancer development and progression and in determining
the response of tumor cells to anti-cancer therapy.”® A
number of studies have shown that viruses can evade or
modulate the host cell autophagic pathway to enhance
their own replication. The EBV-encoded LMP1 onco-
protein regulates autophagy in EBV-infected B cells.®!
Inhibition of autophagy reduces the ability of KSHV
to reactivate the lytic cycle and an enhancement of
autophagy can be detected during KSHYV lytic replica-
tion. Importantly, KSHV RTA increases the activation
of autophagy to facilitate KSHV lytic replication.” The
HBV-encoded HBx protein sensitizes cells tostarvation-
induced autophagy via upregulation of beclin 1 expres-
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Figure 3. Epigenetic regulation by tumor virus encoded oncoproteins. Schematic
showing epigenetic control of gene transcription by alterations in DNA methyla-
tion status and chromatin modifications by tumor virus encoded oncoproteins
(red). Transcriptionally active DNA represents an open chromatin structure with
widely spaced nucleosomes, associated with unmethylated CpG residues and
specific post translational histone modifications, including increased levels

of acetylation as well as other enzymes and co-factors. On the other hand,
transcriptionally repressive conformation of DNA is characterized by methylated
CpG islands, compacted nucleosomes, with deacetylated histones, and further
post translational modifications, including methylation of specific histone H3
lysine residues. This repressive conformation renders the DNA inaccessible to the
transcriptional machinery. MBPs, methyl-CpG binding proteins; HDACs, histone
deacetylases; DNMTs, DNA methyltransferases; HATs, histone acetyl transferase.

sion.*” Autophagy has also been shown to enhance the

replication of HBV DNA, suggesting the possibility of
targeting the autophagic pathway for the treatment of infected
HBV patients.”” Autophagy proteins Beclin-1, Atg4B, Atg5 and
Atgl2 are among the proviral factors required for initiation of
HCV replication.”® Thus, inhibition of autophagy is an attractive
strategy for the treatment of virally-mediated cancers.
Chromatin remodeling and regulation of cellular transcrip-
tion. In eukaryotic cells, DNA methylation at CpG dinucleo-
tides within or near various promoters efficiently represses gene
transcription and thus has a central role in the regulation of gene
expression during tumor virus-mediated cancer development
(Fig. 3).” CpG dinucleotides in the human genome are mostly
methylated, whereas the unmethylated dinucleotides are a signa-
ture of human pathogens. Eukaryotic genomic material is pack-
aged as chromatin, containing double stranded DNA wrapped
with core histone proteins.” Covalent modifications of these core
histones play a key role in regulating gene transcription by alter-
ing chromatin structure and condensation (Fig. 3). For example,
acetylation of core histones, by histone acetyltransferases (HATs),
leads to the unraveling of chromatin and transcriptional activa-
tion, whereas, deacetylation by histone deacetylases (HDAC:),
leads to chromatin condensation and transcriptional silencing
(Fig. 3).”” In addition, modified histones also recruit several
transcription factors and chromatin remodeling complexes to
control the transcriptional activity (Fig. 3).”” A large body of evi-
dence has demonstrated that tumor virus-mediated malignant
transformation includes both genetic and epigenetic alterations.
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Methylation and histone modification patterns of many targeted
cellular genes are markedly altered after viral infection, which
in turn, manipulates chromatin structure and subsequent gene
expression leading to tumorigenesis.”

In EBV-infected cells, epigenetic modifications represent one
of the mechanisms regulating expression of cell cycle and apop-
tosis-related genes.”® For example, in nasopharyngeal carcinoma,
the hypermethylation of certain cellular promoters is attributed
to the upregulation of DNA methyltransferases by LMP1 via the
JNK/AP1-signaling pathway. EBNA3A and EBNA3C are shown
to block the transcriptional expression of the pro-apoptotic pro-
tein, Bim, by increasing methylation of the CpG island in the
Bim promoter.®? Similarly, these viral oncoproteins are shown to
repress transcriptional activation of the CDK inhibitor, p16™NK#4,
via epigenetic chromatin modifications.”” Epigenetic repression
of p16™** by EBNA3A and EBNA3C requires the cooperative
interaction with the C-terminal binding protein-1 (C¢BP-1), a
transcriptional corepressor.”” EBNA3C functions as a prime
regulator of both viral and cellular gene transcription by recruit-
ing HAT and HDAC activities.”” EBNA3C not only binds to
transcriptional repressor complexes that include HDAC-1 and
HDAC-2 but also interacts with the transcriptional coactivator
complex p300/prothymosin o, modulating its HAT activity.'’
The EBV encoded BGLF4 kinase induces premature chromo-
some condensation through activation of condensin and topoi-
somerase 11 to provide more extrachromosomal space for viral
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DNA replication and successful egress of the nucleocapsid from
the nucleus.'" Another EBV protein, EBNA2, activates cellular
and viral transcription through interactions with the cellular
DNA-binding proteins RBP-Jk and PU.1 that bind consensus
sites at responsive promoters. Similar to EBNA3C, EBNA2 also
contains an acidic activation domain and can interact with a
number of general transcription factors and co-activators.'”?

Chromatin modifications have also been found to be con-
nected with KSHV mediated pathogenesis.'” For instance,
several HDACs are associated with the KSHV RTA promoter
during latency for efficient repression. However, enforced KSHV
reactivation leads to the dissociation of these repressor complexes
and subsequent association of hSNF5 a component of the Swi/
Snf family of chromatin remodeling factors.’® In addition, the
KSHYV encoded K8 protein functions as a transcriptional activa-
tor by interacting with hSNF5.1% LANA, a potent, multifunc-
tional oncoprotein encoded by KSHYV, appears to be involved
in modulating activation and repression of both cellular and
viral gene transcription, in addition to its role in tethering the
KSHYV genome to the host chromosome.? LANA associates with
the transcription factor 4/cyclic AMP response element-binding
protein 2 and mSin3A, as well as CREB-binding protein and
RINGS3, to repress transcription.” LANA also modulates tran-
scription by altering the subcellular distribution of GSK3pB, a
negative regulator of B-catenin.” In addition, LANA represses the
transcriptional activity of p53 and stimulates transcription from
the cyclin E promoter.? Interestingly, both RTA and ELANA have
been shown to interact with HAT protein CBP indicating their
roles in chromatin modification.*

Studies on the HPV E6 and E7 have shown that these onco-
proteins may also modulate the host chromatin structure driv-
ing the establishment of cancer.’” In vitro studies showed that
EG6 inhibits p300-mediated HAT activity on both p53 and core
histones, suggesting a possible mechanism for the repression of
p53-dependent transcription.” In human foreskin keratinocytes,
HPV16 E7 has been shown to increase histone acetylation in a
manner dependent upon its binding to both pRb and HDAC.
This functional interaction may therefore indirectly create a tran-
scriptionally active chromatin structure to promote expression of
genes vital for cell cycle progression. During mitosis, high-risk
HPV16 E7 interacts with microtubule-associated nuclear mitotic
apparatus protein 1 (NuMA).” The interaction between HPV16
E7 and NuMA correlates with the induction of chromosome
alignment defects during prometaphase.” It has been proposed
that this abrogation of mitotic events by HPV E7 may contribute
to viral maintenance and propagation by disrupting the differen-
tiation program of infected epithelia cells.” The high-risk HPV
E7 protein also interacts with BRG-1, a component of the human
SWI/SNF complex that either activates or represses cellular pro-
moters by modulating the chromatin structure. This protein-
protein interaction deregulates BRG-1 mediated transcriptional
silencing and abolishes cell cycle control.”

Although the initial studies using DNA demethylating agents
in hematologic neoplasia and hemoglobinopathies were begun
more than twenty years ago, advancement of this type of che-
motherapy has only been encouraged in the last five years by the
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discovery of many genes that are specifically hypermethylated
in several human cancers. The exciting breakthrough that com-
pounds that suppress HDAC activity also have antitumor activi-
ties has focused attention on their use as anti-cancer drugs.!” As
a result, there is ongoing evaluation of several HDAC inhibitors
in different clinical trials with promising early results. It is pos-
sible that many of the enzymes involved in the control of histone
modification would provide future therapeutic opportunities for
viral associated cancers.

Modulation of the inflammatory response and role of
COX-2 in regulating this response. Inflammation has been
associated with the development of cancer; tumor viruses have
been shown to modulate cellular pathways related to inflamma-
tion. Cyclooxygenases (COX) play a major role in inflammatory
responses.'’ Prostaglandin (PG) G/H endoperoxidase synthase,
also known as COX, is a key enzyme in synthesis of prostanoids
(PG and thromboxanes).!°® Of the two isoforms of COX, COX-1
is constitutively expressed in many cells and tissues; COX-2 is the
inducible form with a central role in the inflammatory response.'*®
COX-2 is highly induced in a variety of inflammatory diseases
and in response to proinflammatory cytokines, growth factors
and other tumor inducers.'”'% Elevated expression of COX-2 has

been reported in a wide range of human cancers'’

and pharma-
cological inhibitors of COX-2 have been shown to reduce tumor-
igenesis or tumor cell growth,"! suggesting that COX-2 plays
a critical role in development of these cancers. We and others
have shown that COX-2-is frequently expressed in EBV-positive
nasopharyngeal tumors, as well as detected at higher levels in
EBV-positive LCLs upon lipopolysaccharide (LPS) induction
when compared to EBV negative nasopharyngeal tumors or LPS-
induced, EBV-negative BL lines, suggesting a role for COX-2 in
EBV pathogenesis."!*!"3 The EBV encoded oncoproteins, LMP1
and EBNA3C, have been shown to upregulate COX-2 expression
utilizing different mechanistic pathways. LMP1 induces COX-2
expression in an NFkB-dependent manner,'? whereas EBNA3C,
in conjunction with Nm23-H1, a potent metastasis suppressor,
enhances the expression of COX-2."? Importantly, COX-2 also
plays a role in de novo infection of various DNA and RNA viruses
including herpesviruses, such as herpes simplex virus (HSV),
human cytomegalovirus (HCMV), EBV and murine gamma-
herpesvirus 68 (MHV-68).""% Rhesus cytomegalovirus encodes a
COX-2 homolog from its genome, emphasizing the importance
of this enzyme." De novo infection by herpesviruses MHV-68
and KSHV induce COX-2 expression."’®'" Interestingly, the
presence of COX-2 specific inhibitors (indomethacin) reduces
viral gene expression, which can be rescued by addition of exog-
enous PGE2, a downstream product of COX-2 suggesting that
the elevated levels of COX-2 in response to de novo infection
play an important role in viral gene expression."®!'” Although
no therapeutic strategies to prevent or treat cancers based on
insights into inflammatory pathways are currently approved for
common epithelial malignancies, there remains substantial inter-
est in the development of anti-cancer drugs targeting COX-2.!"
Colville-Nash and colleagues have shown that COX-2 is associ-
ated with the early phase of an inflammatory response, however,
later in the inflammatory process COX-2 has been shown to have
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anti-inflammarory effects."? While the new COX-2 inhibitors
and older NSAIDs (non-steroidal anti-inflammatory drugs) serve
to interrupt inflammation early on, it appears they may aggravate
the inflammatory process later. This provides an explanation as
to why older NSAIDs, although having anti-inflammatory prop-
erties, fall short of preventing the disease progression. The new
findings contribute to better application of COX-2 inhibitors and
NSAIDs.?* However, these conclusions may not directly apply to
humans, which can hardly be extrapolated from lung inflamma-
tion in rats. Hence, a more thorough study utilizing these inhibi-
tors into human clinical trials is warranted for virally associated
cancers.

Tumor viruses can promote cell invasion and metastasis.
Tumor viruses are known to induce invasiveness and metasta-
sis factors in transformed cells.?"'?* This includes the ability to
secrete enzymes for the digestion of cell to cell adhesion mol-
ecules so that the transformed cells may travel to new locations.'*?
Several metastasis suppressor proteins are normally expressed in
cells, however, these proteins lose their activity, or their expression
is inhibited in malignant cells."”? Metastasis suppressor proteins
are generally not associated with tumorgenicity and have almost
no effect on development of primary tumors. Twenty metasta-
sis suppressor proteins have been identified so far and most act
by altering aspects of signal transduction. Nm23-H1 is the most
extensively characterized metastasis suppressor protein, shown
to be inactivated in melanomas, breast and colon cancers and
can also inhibits the kinase activity important for promoting cell
division.'”® The expression level of Nm23-H1 protein or mRNA
has an inverse association with lymph node status and patient
survival in human breast carcinoma as well as the metastatic
potential of several human tumors. Intriguingly, a positive associ-
ation between Nm23-H1 levels and metastatic potential has also
been shown in neuroblastoma, osteosarcoma and pancreatic car-
cinoma. Furthermore, a unique point mutation, S120G, was also
reported in 21% of advanced neuroblastomas.'* The 7m23 gene
family is highly conserved and eight genes have been identified in
humans. Both Nm23-H1 and Nm23-H2 are hetero-hexameric
enzymes while the other members are less studied.'??

A few studies have investigated the role of Nm23-H1 in
the biology of tumor viruses. Our group has shown that the
EBV encoded oncoproteins, EBNA3C and EBNAL, interact
with Nm23-H1 in vitro as well as in vivo.! Nm23-H1 pri-
marily localizes to the cytoplasm, but when co-expressed with
EBNA3C, most of Nm23-H1 is translocated into nucleus.'”
This interaction and translocation of Nm23-HI1 plays a major
role in modulation of cell signaling because of the critical role
of Nm23-H1 NDP kinase and histidine kinase activities.'”
EBV-infected cells have also been shown to synthesize Matrix
Metalloproteinase (MMP-9), which plays a role in degradation
of the basement membrane component, a prerequisite of metas-
tasis.'””® EBV encoded LMP1 increases MMP9 level and inva-
siveness and MMP9 expression is also regulated by EBNA3C
and Nm23-H1.!® Necdin, which interacts with Nm23-H1,
plays an important role in the regulation of angiogenesis critical
for metastasis. Both EBNA3C and Nm23-H1 not only rescue
Necdin-mediated transcriptional repression of the downstream
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vascular endothelial growth factor promoter but also Necdin-
mediated growth suppression and anti-angiogenic effects on
cancer cells.'” Additionally, aw integrins, which are primarily
expressed on migratory cells including metastatic melanomas and
breast cancer cells, play a major role in promoting epithelial cell
migration and cell growth. EBV encoded antigens LMP1, LMP2
and EBNA2 have also been shown to transcriptionally activate
the aw integrin promoter, and their expression in LCLs each cor-
relate with increased levels of aw integrin.'”? Knock-down of aw
integrin has been shown to reduce cell-growth, invasiveness and,
importantly, significantly reduce MMP-9 expression, suggest-
ing a critical role of aw integrins in EBV-induced B-lymphocyte
proliferation and invasion.'? Furthermore, interaction between
EBNA3C and Nm23-H1 leads to increased expression of the aw
integrin subunit.'?®

Interestingly, in a similar manner to the EBV nuclear antigens,
the HPV encoded E7 oncoprotein also interacts with and nulli-
fies the metastatic activity of Nm23-HI via both transcriptional
downregulation and protein degradation.'”” The HBV encoded
HBx oncoprotein also plays a key role in progression of HCC by
promoting cell detachment from the primary tumor and migra-
tion towards a new site."”? HBx induces morphological altera-
tions and cytoskeletal remodeling in hepatoma cells and alters
integrin-mediated ECM attachments.’** Furthermore, HBx-
expressing cells migrate more rapidly in collagen-invasion assays
by inducing MT1-MMP.and MMP-9 expression levels. HBx also
promotes”metastasis by downregulating E-cadherin expression,
which is frequently deregulated in HBV infected HCC.'*

Metastatic disease causes the majority of cancer-related deaths.
The regulation of cancer metastasis by viral proteins through the
modulation of metastasis suppressors provides an attractive target
for therapeutic interventions especially in viral cancers that have
yet to metastasize. Therapeutic approaches to restore the anti-
metastatic function of Nm23-H1 have been attempted using a
range of different strategies including Nm23-H1 promoter acti-
vation by medroxyprogesterone acetate (MPA) treatment.'” A
recent study involving nanoparticle delivery of the Nm23-H1
gene was shown to improve chemotherapy in a mouse tumor
model.”®® Overall, it is clear that tumor viruses have evolved
multiple strategies to interfere with the normal cellular processes
that regulate cell-adhesion and motility and so enhance patho-
genesis. Future therapies aimed at targeting the signaling path-
ways engaged by tumor virus encoded oncoproteins may provide
therapies against these virus-associated cancers.

Hijacking Major Cell-Signaling Pathways

Despite many differences among human oncogenic viruses,
there is at least one common feature to efficiently transform the
infected cells: targeting important cellular signaling pathways
through virus encoded oncoproteins. There are many cellular
pathways that regulate cell-fate, with numerous opportunities
for tumor viruses to manipulate them to promote virus-mediated
cancers (Fig. 4 and Table 1). It would not be surprising if onco-
genic viruses can hijack all possible cell-signaling pathways that
are linked to development of oncogenesis.
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Figure 4. Tumor virus encoded oncoproteins hijack major cell-signaling pathways. Viral-oncoproteins (red) interact with and control major cellular
signaling pathways which ultimately lead to immortalization and continuous proliferation of the virus infected cells.

Notch signaling. The Notch gene family encodes evolution-
arily conserved trans-membrane receptors with a key role in
the normal development of many tissue and cell types through
diverse effects on differentiation, survival, and/or proliferation.'!
Due to its role in regulation of these important cellular activities,
deregulated Notch signaling has been suggested to contribute to
cancer development.”” Numerous viral oncoproteins target the
Notch signaling pathway (Fig. 4), emphasizing its significance
in regulating normal cell growth and differentiation.’®! Through
modulation of RBP-Jk activity, EBNA2 stimulates the expres-
sion of cellular genes including c-myc, CD21, Hes-1, EBI 1/2
and Runx3.! This complex activates various targets including the
LMP1 promoter."” The EBNA2/RBP-Jk complex can similarly
activate gene transcription by recruiting several components of
the gene transcription machinery. Thus, through interaction
with RBP-Jk, EBNA2 can constitutively activate Notch signal-
ing activity.” The EBV antigens EBNA3A, 3B and 3C can also
bind to RBP-Jk."*? These interactions are competitive with that
of EBNA?2 and lead to downregulation of EBNA2-mediated pro-
moter activation.’” Binding of the EBNA3 proteins to RBP-Jk
also inhibits the ability of RBP-Jk to bind to DNA, thus modu-
lating EBNA2 function both through access to RBP-Jk and
through CSL promoter targeting.'” Interestingly, in primary
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keratinocytes, Notchl can function as a tumor suppressor.
Similarly, in HPV-positive cervical cancer cells, constitutively
active Notch signaling was found to cause growth suppression by
repressing viral E6 and E7 oncoprotein expression through AP-1
down-modulation, resulting in increased p53 expression and a
block of pRb hyperphosphorylation, suggesting that Notchl-
signaling pathways can counteract the transforming potential
of HPV."** The activated intracellular domain of Notch (ICN)
accumulates aberrantly in PEL cells with a latent KSHV infec-
tion and results in increased proliferation.”** ICN also plays
an essential role in KSHV’s ability to prolong the life-span of
KSHV-infected human primary B cells, which is likely to be due
to the upregulation of cyclin D1 by ICN."** However, LMP2A of
EBV constitutively activates the Notchl pathway to auto-regulate
the LMP2A promoter. In addition, LMP2A requires the Notch
pathway to alter levels of the B cell specific transcription fac-
tors, E2A and EBE.'® Cervical keratinocytes undergo neoplastic
transformation induced by HPV-encoded oncoproteins either by
cooperating with Ras or Notch."** Moderate levels of Notch can
upregulate c-Myc, activate PKB/Akt and induce transformation
although elevated levels of activated Notch can also induce apop-
tosis."*® A number of studies have shown that chronic HBV infec-

tion is dependent on the imbalance of T-helper Th1/Th2 cells
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and Notch signaling is directly involved in the proliferation and
differentiation of T lymphocytes.”?” Interestingly, a recent study
has shown that blockage of the Notch signaling pathway inhib-
its the production of Th2-type cytokines and GATA-3 expres-
sion, suggesting a possible mechanism for proliferation in chronic
HBYV infected patients.’”” The ability of Notch signaling to influ-
ence both proliferation and differentiation responses makes this
pathway an attractive target for manipulation by tumor viruses.

Wht signaling. For several years, the Wnt signaling path-
way has been the object of intense attention in diverse biologi-
cal areas.”*'3? B-catenin is the central modulator of the Wnt
pathway (Fig. 4). Elevated levels of (-catenin are observed
in EBV-infected B-cells with type III latency as well as in the
nasophryngeal carcinomas (NPC)."”” The EBV-encoded mem-
brane protein, LMP2A, induces B-catenin accumulation in
NPC epithelial cells via activation of the phosphatidylinositol
3-kinase (PI3K)-Akt signaling pathway.'? Interestingly, another
EBV encoded oncoprotein, LMPI1, has been suggested to affect
B-catenin stabilization in EBV infected B cells through tran-
scriptional repression of Siah-1, an E3 ubiquitin ligase that binds
to APC and promotes degradation of cytoplasmic B-catenin in
a GSK-3B-independent manner.'? Also, KSHV encoded LANA
activates the B-catenin pathway via regulation of the intracellular
redistribution of GSK-3. LANA increases nuclear accumulation
of GSK-3f and paradoxically also diminishes nuclear GSK-33
activity through a stable interaction /%

JAK/STAT signaling. JAK/STAT pathway is one of the
major cytokine-signaling pathways regulating T-lymphocyte
function. In response to IL-2, STAT proteins,-a family of tran-
scription  factors essential for cytokine-regulated activation
of downstream genes, are activated by JAKs, a group of RTK
(receptor tyrosine kinase)-associated proteins (Fig. 4).%8 STAT5
is hyper-activated in both HTLV-1-transformed human T-cell
lines and lymphocytes from HTLV-1 patients.”*®!* Recent
results have shown that STAT5-inducible genes (including IL-5,
IL-9, IL-13) were uniquely upregulated by IL-2 in the presence
of Tax.!*®1% These results are consistent with the previous find-
ings that Tax can directly activate STAT5 transcription.’®® In
contrast to HTLV-1, transformation of T cell lines by HTLV-2
do not appear to involve the activation of JAK/STAT signal-
ing.”%® Similarly, the JAK/STAT signal transduction pathway
is also constitutively active in EBV positive B cell lymphomas
(PTLD) or NPC cell lines."*! In order to contribute to cellular
transformation, EBV encoded LMP1 and LMP2A induce sur-
vival signals in EBV infected cells by interacting with a number
of cell-signaling molecules, such as non-receptor protein tyrosine
kinases, TNFR-associated factors, Ras and Janus kinase (JAK),
thereby initiating the downstream signaling cascades: MAPK,
PI3K/Akt, NFkB and JAK/STAT signaling pathways.'*> In NPC
cell lines, LMP1 stimulates STAT3 activation by increasing its
phosphorylation status.'®® Moreover, a recent report has shown
that LMPI-induced phosphorylation and subsequent activation
of STAT-1 in EBV positive LCLs is almost exclusively due to
the NFkB-dependent secretion of o- and vy-interferons.'™ The
activation of similar pathways by KSHV-encoded membrane
proteins (K1 and K15), expressed during lytic replication, may
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extend the lifespan of virus-producing cells and modulate antivi-
ral immune responses.'*? Furthermore, the KSHV encoded latent
protein LANA has been shown to directly associate with STAT3
and also enhance its transcriptional activity.'"*> Recently, we have
shown that the IL-4/STATG signaling network is precisely con-
trolled by KSHYV for survival and maintenance of latency where
LANA reduces STAT6 activity by decreasing its phosphoryla-
tion."* Similarly, HBV encoded HBx was also found to sensitize
protein kinases such as Ras/Raf/MAPK, ERK, JNK, Akt and
JAK/STAT signaling pathways.'®

TNF signaling. Tumor necrosis factor (TNF) is a pro-
inflammatory cytokine whose role has been established in the
pathogenesis of both acute and chronic inflammatory diseases.
When administered in large amounts, it can induce hemorrhagic
necrosis of various tumors in mice model. The innate and adap-
tive immune responses against foreign pathogens are mediated
by the TNF super-family of ligands and receptors by regulat-
ing cell death and survival."*® Tumor viruses have also evolved
to target various aspects of TNF signaling (Fig. 4). The role of
EBV encoded LMP1 on TNF signaling is well documented. EBV
expresses LMP during viral latency and it displays the proper-
ties of a constitutively activated member of the TNF receptor
(TNFR) family."” Both TNFR1 and LMP1 share a similar set
of proximal adapters and signaling pathways although they dis-
play different biological responses.'” TNFR-associated factors
(TRAFs) are direct mediators of NFkB signaling by TNF fam-
ily receptors. The KSHV oncoprotein vFLIP directly binds to
TRAF2 and uses TRAF2 and TRAF3 for signaling to NFkB,
which'is-crucial for KSH V-associated lymphomagenesis.'*® HPV-
mediated TNF resistance is a key event in the multi-step process
leading to cervical cancer, even though the role of TNF seems to
be more critical in HPV18 immortalized keratinocytes and HPV
transformed cell lines.'” Activation of the TNFa system also
has a pivotal role in the inflammatory process linked to chronic
HCV-mediated hepatocellular carcinomas.”

JNK signaling. The c¢-Jun NHz—terminal kinase (JNK) is a
member of an evolutionarily conserved sub-family of mitogen-
activated protein (MAP) kinases (Fig. 4). EBV-encoded LMP1
can potentiate cisplatin-triggered apoptosis, which suggests
that both JNK and NFkB signaling pathways are involved.”
LMP1 also auto-activates its own promoter through the JNK
signaling pathway, which is a key mechanism for maintaining
LMP1 expression during the development EBV mediated can-
cers.”” KSHV vFLIP modulates the JNK/AP1 pathway and
induces gene expression from the cIL-6 promoter in a JNK/
AP1-dependent fashion.”® The activation of JNK and p38 mito-
gen-activated protein kinase (MAPK) pathways is important
for KSHV-mediated primary cell infection as well as KSHV
reactivation from latency.”*>> Also, the HBV encoded HBx dif-
ferentially activates the Ras-Raf-MAPK and JNK Pathways."
Similarly, the HCV encoded core protein is also known to acti-
vate ERK, JNK and p38 MAP kinases”” and activation of JNK
signaling pathway is crucial for HCV non-structural protein
NS3-mediated cell growth.”® The diverse functions of JNKs on
cell proliferation and on the induction of cell death in the con-
text of virus mediated cancers provide an opportunity to explore
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the use of small molecules for targeted therapies.” JAK is one of
the cellular targets of the HCV core protein. Studies have shown
that HCV core-mediated modulation of the JAK-STAT signaling
pathway under IL-6 and IFNvy stimuli may also have a substan-
tial role in the pathogenesis of HCV-related liver diseases.'®® The
activation of p38, which works independently of JAK-STAT sig-
naling pathway, can also play a substantial role in the generation
of the anti-HCV effects of IFNa." The MK2 protein, which
works as a downstream kinase of p38 under IFNa stimulation,
is responsible for the IFNa-mediated antiviral activity in HCV
positive cells.'" These observations suggest that the activation of
the p38-MK2 pathway is a major contributor to the generation of
anti-HCV activity by IFNa.

IRF signaling. Members of the interferon regulatory factor
(IRF) family are transcription factors that have been implicated
in the regulation of a variety of biological processes (Fig. 4). The
expression of IRF1 is regulated throughout the cell cycle and
decreased expression of IRF1 mRNA is seen in several types of
cancers.'” The EBV immediate-early protein, BZLF1, inhibits
the IFNYy signaling pathway by decreasing the ability of IFNy
to activate a variety of important downstream target genes,
such as IRF-1." EBV LMP-1 stimulates IRF-4 expression in
B lymphocytes via NFkB signaling pathways.'** Interestingly,
KSHYV encodes four viral IRF homologues: vIRF-1 to vIRF-4.
The KSHV gene ORF K9 encodes for vIRF, which is a protein
with low but significant homology to;members of the IRF family
responsible for regulating intracellularinterferon signal-transduc-
tion.'> KSHV vIRF3 specifically interacts with either the DNA
binding domain or the central IRF association-domain of IRF7,
and this interaction leads to the inhibition of IRE7 DNA binding
activity and suppression of IFNa production and IFN-mediated
immunity.’® Also, the vIRF-2 inhibits both IFNa and IFNvy-
driven transactivation of a reporter promoter containing the
interferon stimulated response element (ISRE).'” The HPV E6
oncoprotein has been shown to inhibit IRF-3 activity while the
E7 gene product has been shown to inhibit both the IRF-1 and
IRF-9.1 TRF-2 serves as a baseline transactivator of the HPV-16
major early promoter, P97." Interestingly, the HCV core protein
represses IRF-1 and may be a mechanism to boost a protective
innate and adaptive immune response against HCV."”* HCV and
disrupted interferon signaling are believed to promote lympho-
proliferation via type II CD95 and interleukins."”!
ment of IRFs in multiple signaling pathways in which they

The require-

control a cascade of events makes them attractive candidates and
targets for future medical therapies for virus mediated cancers.””?

Cell-signaling pathways and therapeutic intervention.
Understanding the different signal transduction pathways
altered in tumor virus associated malignant cells is important for
detecting novel targets for cancer therapy. The EBV oncopro-
tein LMP1 has been shown to modulate telomerase activity by
inducing a direct binding of the NFkB p65 subunit to hTERT,
which facilitates the translocation of both proteins from the cyto-
plasm to the nucleus in NPC cells.”? An NF«B inhibitor or a
dominant-negative mutant of NFkB can significantly block these
effects.””> A number of tumor virus antigens can manipulate the
ubiquitin-proteasome machinery to facilitate cell-proliferation by
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regulating the pRb, p53, pVHL, Wnt and NFkB signaling path-
ways. The ubiquitin system provides a platform that many viruses
hijack in order to facilitate their survival and evade the immune
response.””* As described earlier, small molecule drugs such as
nutlin-3a targeting the p53-Mdm?2 interaction shows promising
results against EBV as well as KSHV mediated cancer cell lines
expressing wild-type p53.5°” A study has shown that bortezomib
(Velcade), a proteasome inhibitor, can be used as a therapeutic
agent against relapsed and refractory multiple myeloma, and it
has been shown that Bortezomib can inhibit proliferation and
induce apoptosis in KSHV-infected PEL cells.”” Several com-
panies have efforts underway to develop inhibitors that target
distinct activities of the proteasome. The most promising ther-
apeutic targets in KS are the downstream signaling pathways
upregulated by a viral G-protein coupled receptor (vGPCR)."7
Cells expressing constitutively active vGPCR have a high level
of activated Akt, inactivated TSC2 (a tumor suppressor which
is inactivated by Akt) and activated mTOR."7® This has been
reversed with either a PI3K inhibitor (LY 294002) or an mTOR
inhibitor (rapamycin) in vitro and in a murine animal model."”®
The use of VEGF inhibitors is also an area of active investigation
for patients with KS."”¢ Another molecule which has been investi-
gated as a potential treatment for KS is IL-12, which upregulates
interferon-induced-protein-10 (IP-10), a known negative regula-
tor of vGPCR." Furthermore, a promising therapeutic strategy
for KS'is the inhibition of matrix metalloproteinases (MMPs)."”
Clinical trials using COL3; a known MMP inhibitor, has shown
promising results in treating KS.”® Recombinant interferons
(IEN), especially IFNa, has been found to be partially effective
against HBV associated diseases.””” The conditional expression
of human and murine IFNa and IFNvy under the control of the
HIV-LTR promoter has been used to test the responsiveness
of IFN to HBV and the ability of these IFNs to inhibit HBV
transcripts and protein production and to activate IFN signal-
ing in neighboring untransduced cells.”” The delivery of whole
HBYV genome to cells by transfection to simulate HBV infection
activated IFN expression.”” IFNs were produced and secreted
and protected the cells from HBV."”” The secretion of IFNs was
able to activate IFN-induced signaling pathways in neighboring
untransduced cells, which could provide protection to these cells.
Additionally, the role of COX-2 in HBV-associated HCC has
also been investigated.'”® Upregulation of COX-2 correlates with
VEGF expression and tumor angiogenesis in HBV-associated
hepatocellular carcinoma.”’® Based on these observations, the
selective inhibition of COX-2 was suggested to block HCC-
induced angiogenesis for treatment of the associated malignancy.
Purified human soluble death receptor 5 (sDR5) could also alle-
viate liver damage in a mouse model by blocking tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced apop-
tosis of HBV-transfected hepatocytes.””’

Recently, a pilot study involved short-term (four week long)
multiple daily intravenous doses of IFN for patients with chronic
HBV infection.!® This is in contrast to conventional therapy,
which normally lasts from twelve weeks to a year or more. The short
therapy produced therapeutic effects similar to those achieved by
IFNa or pegylated-IFNa (peg-IFN).'® This study showed fewer
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adverse effects, greater efficacy and a shorter treatment period,
which led to an improvement in patients’” quality of life.'

Resveratrol is a natural phenolic compound produced by
certain plants such as grapes. It has been shown to be a potent
antiviral compound against numerous DNA and RNA viruses
including EBV, HSV, HIV and influenza A.'®! Interestingly, p53
and NFkB are the key cellular pathways that are affected by
resveratrol.'®!

In addition to viral factors, host factors, such as obesity, have
also been found to interfere with the normal activities of signal-
ing pathways resulting in reduced biological response to thera-
peutic agents in chronic HCV infected patients.'®* For example,
increased expression of factors such as TNFa and SOCS3,
which inhibit interferon signaling, may be one mechanism by
which obesity can reduce the biological response to IFNa.'s
More recently, SOCS3 was found to be consistently expressed in
chronic HCV patients with a negative response to antiviral com-
bination therapy, which suggests that SOCS3 and the pathways
it regulates are important targets for future investigations toward
the development of new therapies and more effective ways of pre-
dicting treatment responses.'s?

The non-structural protein NS3 of HCV enhances COX-2
gene promoter activity, its mRNA expression, COX-2 protein
production and prostaglandin E2 (PGE2) release in HepG2
cells in a concentration-dependent fashion."®* Moreover, the non-
structural protein NS4B of HCV has been identified as a factor

that inhibits the antiviral activity by TFNa.*>-HIF-la is highly

expressed in HTLV-1-infected T-cell lines and is associated with
HIF-1 DNA-binding and transcriptional activity.'"® Increased
HIF-la expression in these cells is dependent on Tax and the
PI3K/Akt signaling pathway."®® The PI3K inhibitor, LY294002,
suppressed HIF-1a protein expression, HIF-1 DNA-binding and
HIF-1 transcriptional activity in HTLV-1-infected T-cell lines
and represents yet another molecular target for the development
of novel ATL therapeutics.

Conclusion

Cancer involves the dysregulation of multiple cell-signaling
pathways governing fundamental cellular processes such as
death, proliferation, differentiation and migration."” The bio-
logic pathways that lead to cancer are intertwined. The charac-
teristics of viral associated cancers and their metastasized cells
can also change over time. Tumor associated viruses provide
a unique opportunity to understand the role played by viral
proteins in transformation and to identify pathways critical
for tumorigenesis and metastasis. A clear understanding of the
pathways most critically involved in tumor formation and pro-
gression and the consequences of altered cell behavior in the
tissue micro-environments will provide nuggets of information
which will help us in formulating better therapeutic approaches.
It is likely that a combination of therapeutic agents targeting
multiple signal transduction pathways will be needed for maxi-
mum therapeutic benefits:
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