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NEOPLASIA

Abnormal new growth of cells
in the process of tumour
formation.

PARACRINE

A substance that is secreted by a
cell and which acts on
neighbouring cells

LYMPHOMA
A general term for cancers that

develop in the lymphatic system.

LYMPHOSARCOMA
A malignant lymphoma.

LEUKAEMIA
Cancer of white blood cells.
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ONCOGENIC yv-HERPESVIRUSES:
COMPARISON OF VIRAL PROTEINS
INVOLVED IN TUMORIGENESIS

Blossom Damania

Herpesviruses are present in most species throughout the animal kingdom and are classified into
three subfamilies, o, B and v, on the basis of their biological properties and genome sequences.
A striking feature that is shared by many of the y-herpesviruses is their ability to induce neoplastic
disease in the host. This review focuses on three y-herpesviruses: Epstein—-Barr virus (EBV),
Kaposi’'s sarcoma-associated herpesvirus (KSHV) and herpesvirus saimiri (HVS), and discusses
the diverse array of EBV, KSHV and HVS viral genes that are involved in transformation, cell
signalling, episomal maintenance and cell proliferation.

Herpesviruses are double-stranded DNA viruses that are
prevalent throughout the animal kingdom. Most animal
species can be infected by at least one herpesvirus, and
more than 130 herpesviruses have been identified so far.
In humans, eight herpesviruses have been identified:
herpes simplex virus 1 and 2 (HSV-1 and HSV-2 or
human herpesvirus (HHV)-1 and HHV-2); varicella—
zoster virus (VZV or HHV-3); Epstein—Barr virus
(EBV or HHV-4); human cytomegalovirus (HCMV or
HHV-5); human herpesviruses 6 and 7 (HHV-6 and
HHV-7); and Kaposi’s sarcoma-associated herpesvirus
(KSHV or HHV-8). All herpesviruses share a common
evolutionary origin, as evidenced by the high amino
acid sequence similarity that is observed among many
of their viral gene products.

The herpesviruses are classified into three subfami-
lies, o, B and 7, on the basis of their genome sequence
and organization, and biological characteristics. The
Y-subfamily of herpesviruses is lymphotropic and some
are capable of undergoing lytic replication in epithelial
and/or fibroblast cells. These viruses establish a lifelong
period of latency in their host, with intermittent periods
of lytic replication. The y-herpesvirinae have been iden-
tified in many different animal species'. There are two
subfamilies of y-herpesviruses: the lymphocrypto-
viruses (y-1) and the rhadinoviruses (y-2). EBV? is
a lymphocryptovirus, whereas herpesvirus saimiri

(HVS)?, which infects monkeys, and KSHV* are rhadi-
noviruses. The y-herpesviruses share more genes with
each other than with members of either the o- or
[3-subfamilies of herpesviruses (FIG. 1), and their genomes
are organized in a relatively similar fashion (FIG.2).

A striking property that is shared by many members
of the y-herpesvirus family, including EBV, KSHV and
HYVS, is their ability to induce NeopLasia in natural or
experimental hosts (TABLE 1). All three viruses are asso-
ciated with different types of malignancies in either
their natural host (EBV and KSHV) or a foreign host
(HVS). All three viruses have also been associated
with lymphoproliferative diseases of B and/or T cells.
Additionally, EBV is associated with epithelial cancers
such as nasopharyngeal carcinoma (NPC) and KSHV
is linked to vascular endotheliosarcomas such as
Kaposi’s sarcoma (KS) (TABLE 1). Current evidence indi-
cates that both the latent and lytic genes of these her-
pesviruses contribute to viral oncogenesis through a
transforming and/or paracrINE mechanism, causing
normal cells to proliferate in an uncontrolled manner.
HVS is non-pathogenic in its natural host, the squirrel
monkey, and can establish a lifelong period of persis-
tence, primarily in T lymphocytes®. Cross-species trans-
mission of HVS into another New World primate, such
as the common marmoset, fosters the development of
LYMPHOMAS, LYMPHOSARCOMAS and LEUKAEMIAS®. Similar to
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Figure 1 | A phylogenetic tree representing the
Y-herpesviruses Epstein-Barr virus (EBV), Kaposi’s
sarcoma-associated virus (KSHV) and herpesvirus
saimiri (HVS). The tree was constructed using full-length DNA
polymerase gene sequences of the indicated herpesviruses.
KSHV and HVS (rhadinoviruses) and EBV (lymphocryptovirus)
are members of the y-herpesvirus subfamily, whereas herpes
simplex virus 1 (HSV-1) is an a-herpesvirus and
cytomegalovirus (CMV) is a B-herpesvirus. Sequences were
aligned using the ClustalW program, and the Phylodendron
program was used to construct the phenogram. NCBI
GenBank accession numbers for DNA polymerase genes
used in the construction of the tree were: KSHV (U75698),
EBV-B95.8 (V01555), HVS (M31122), HSV-1 (X14112) and
CMV (BKO00394).

the human viruses EBV and KSHYV, the primate
Y-herpesvirus HVS is also lymphotropic and capable of
inducing T-cell neoplasia.

In common with other herpesviruses, the y-herpes-
viruses remain latent in their natural host, where the
viral genome exists as a closed circular molecule, and
only a fraction of the viral genes are expressed. A subset
of these latent viruses can reactivate and enter the lytic
cycle. During the Iytic phase of the herpesvirus life cycle
there is a temporal order of viral gene expression, and
the viral genome is replicated many times, which leads
to the production of infectious virion progeny and the
death of the infected cell. Although differentiating
the expression profiles of viral genes into lytic versus
latent genes is useful for classification purposes, many
Y-herpesvirus genes are transcribed in both phases of
the viral life cycle — for example, EBV latent membrane
protein 1 (LMP1) and KSHV Kaposin are expressed
during latency as well as during the lytic cycle of EBV
and KSHYV, respectively. In addition, depending on the
type of viral malignancy, most infected cells in the
tumour can express one subset of genes, whereas a frac-
tion of the tumour cells express a different set of viral
genes. For example, most cells in a KS lesion express the
latency-associated nuclear antigen (LANA) but a small
percentage of cells express the viral G-protein coupled
receptor (VGPCR), which is encoded by a lytic gene

(TABLE2). So, the complex nature of the biological prop-
erties and associated malignancies of the y-herpesvirinae
requires study of viral gene expression in the context of
both the cell type and the cell environment. This intri-
cate complexity is not surprising as these viruses encode
a plethora of proteins that enable the virus to survive
successfully in the host environment. In the case of EBV,
the expression patterns of viral latent genes in EBV-
associated malignancies have been well documented,
and these characteristic profiles are classified as Type I, II
or IIT latency (80X 1). Although viral genes that are tran-
scribed during latency are generally considered to be
essential for the transformation process and for the
development of viral-induced neoplasia, it has recently
become apparent that a subset of lytic genes can also
contribute to the development of viral-induced cancers
through a paracrine mechanism.

Given the oncogenic disease manifestations shown
by these y-herpesviruses in their natural and experi-
mental hosts, it seems likely that they use common
strategies to induce cell proliferation, transformation
and tumorigenesis, and to evade the antiviral host
response. This review describes several important trans-
forming and signalling proteins of EBV, KSHV and
HVS that might contribute to cellular transformation.
Viral cytokines that can augment the neoplastic process
are also discussed.

Viral transforming and signalling proteins

The y-herpesviruses encode a plethora of viral trans-
forming and signalling proteins that are capable of
modulating host cell signalling pathways to protect and
preserve the virus-infected cell. These viral modulators
include unique viral proteins that have no discernable
amino acid sequence similarity to cellular proteins, as
well as homologues of cellular proteins that have
sequence similarity to their cellular counterparts. Many
of these viral transforming and signalling proteins are
described below in further detail.

A remarkable property shared by the three y-herpes-
viruses EBV, KSHV and HVS is that they all contain a
unique open reading frame (ORF) at the 5" end of their
respective genomes, each of which possesses transform-
ing potential (FIG. 3, TABLE 3). Although these genes have
highly divergent sequences, the functions of the gene
products seem to be conserved and they can activate
B- and/or T-cell signalling pathways, leading to cellular
proliferation (FIG.3).

EBV LMPI. The first EBV ORF encodes the viral onco-
protein LMP1. EBV LMP1 can transform rodent
fibroblasts, which, when injected into nude mice, can
generate multiple tumours®. LMP1 has been shown to
inhibit terminal differentiation in epithelial cells and is
also essential for the immortalization of primary
human B lymphocytes in which LMP1 is expressed to
LyMPHOBLASTOID CELL LINES (LCLs, which exhibit a Type IIT
latency profile; BOx 1)”%. Furthermore, transgenic mice
expressing LMP1 under the control of the immuno-
globulin promoter have an increased frequency of
B-cell lymphomas’. Expression of LMP1 induces several
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Figure 2 | Alignment of the genomes of three y-herpesviruses: Epstein-Barr virus (EBV), Kaposi’s sarcoma-associated
herpesvirus (KSHV) and herpesvirus saimiri (HVS). The alignment is shown with respect to the genes discussed in this
review. The first (LMP1, K1 and STP) and last (LMP2A/B and K15) open-reading frames abutting the terminal repeats are
indicated. Other viral genes involved in transformation and modulation of signalling and maintenance of latency are also indicated,
together with the viral cytokines. EBNA, EBV nuclear antigen; GPCR, G-protein-coupled receptor; IL, interleukin; LANA, latency-
associated nuclear antigen; LMP, latent membrane protein; STP, saimiri transformation protein; TIP, tyrosine-kinase-interacting

protein; TR, terminal repeats.

pleiotropic effects, including the upregulation of adhesion
molecules, anti-apoptotic proteins and cytokines.

EBV LMPI has six transmembrane-spanning
domains, a short amino terminus and a 199-amino-acid
cytoplasmic tail. Functionally, LMP1 mimics the CD40
receptor, which is a marker of B-lymphocyte activation
and is involved in the regulation of antibody production,
isotype switching and clonal expansion of B cells'*"2.
However, unlike CD40, signalling by LMP1 is constitu-
tive so the transduction of signals occurs in the absence
of extracellular ligands. The carboxyl terminus of LMP1
can be divided into two regions — C-terminal activa-
tion regions 1 and 2 (CTAR1 and CTAR2) — both of
which are necessary for nuclear factor-xB (NF-«B) acti-
vation"*" (FIG.3). NF-xB belongs to a family of tran-
scription factors that regulate a wide range of cellular
pathways, including cell proliferation, immunity and
apoptosis. The LMP1 C-terminal domain can interact
with tumour-necrosis factor (TNF)-receptor-associated

Table 1 | Primate y-herpesviruses linked to neoplastic disease

Y-herpesvirus

Epstein-Barr virus

Natural host

Associated malignancies

Human Burkitt’s lymphoma

Hodgkins’ lymphoma

Post-transplant lymphoma

X-linked lymphoproliferative syndrome
T-cell ymphomas

Nasopharyngeal carcinoma

Gastric carcinoma

Kaposi’'s sarcoma- Human
associated herpesvirus

Herpesvirus saimiri Squirrel monkey

Kaposi’'s sarcoma
Primary effusion lymphomas
Multicentric Castleman’s disease

T-cell leukaemia in non-natural host
T-cell ymphomas in non-natural host

factors (TRAFs), with TNF-receptor-associated death
domains (TRADDs) and with receptor-interacting pro-
tein (RIP)'*2° (FIG.3). The interactions of LMP1 with
TRAFs and TRADDs are essential for the activation of
the NF-xB pathway and for EBV-induced immortaliza-
tion of B lymphocytes, which indicates that activation
of the NF-xB pathway by LMP1 might be required for
sustained proliferation of EBV-infected cells'?!.
Additionally, LMP1 has also been shown to activate the
phosphatidylinositol 3-kinase (PI3K) and Jun kinase
(JNK) pathways*>*. Although activation of PI3K by
LMP1 can help suppress apoptosis and promote cell
survival, the activation of the JNK pathway can induce
expression of proteins that are involved in cell prolifera-
tion and transformation. The interaction of LMP1 with
TRAF3 results in the localization of LMP1 with lipid
rafts, and the transmembrane domain of LMP1 has also
recently been shown to be crucial for raft localization
and LMP1 signalling**. Interestingly, despite constitu-
tive association with TRADDs and RIP, LMP1 does not
induce apoptosis in epithelial or B cells'®. So, it seems
that LMP1 contributes to EBV-induced transformation
of primary B lymphocytes by mimicking the activation
function of the CD40 receptor.

In epithelial cells, LMP1 has been shown to induce
the expression of the pro-angiogenic factors vascular
endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) together with cyclooxygenase-2
(COX-2) and matrix metalloproteinase 9 (MMP-9)*-%,
All these proteins are thought to have a role in angio-
genesis, a process that involves the formation of new
blood vessels. Many tumour cells express high concen-
trations of these angiogenic factors to attract blood ves-
sels that can feed the tumour itself. Hence, by inducing
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Table 2 | A subset of viral proteins expressed in KSHV-associated tumour samples

Malignancy
Kaposi’'s sarcoma
Primary effusion lymphomas

Multicentric Castleman’s disease

Proteins expressed in most tumour biopsies
LANA, vCyclin, vFLIP, vIRF-1, Kaposin

LANA, vCyclin, VFLIP, VIRF-3/LANA-2, Kaposin, VIL-6 (~40%)

LANA, vCyclin, VFLIP, vIL-6 (~40%)

Proteins expressed in few tumour biopsies
vIL-6, K1, vVGPCR

K1, vGPCR

K1, vGPCR

FLIP, FLICE inhibitory protein; GPCR, G-protein-coupled receptor; IL, interleukin; IRF, interferon regulatory factor; KSHV, Kaposi’'s sarcoma-associated herpesvirus; LANA,
latency-associated nuclear antigen.

PLASMABLASTIC LYMPHOMAS
A form of malignant B-cell
lymphoma in which the cells
resemble antibody-secreting
plasma cells.

MULTICENTRIC CASTLEMAN’S
DISEASE

A rare B-cell
lymphoproliferative disorder.

PRIMARY EFFUSION
LYMPHOMAS

A subset of malignant B-cell
lymphomas that localize to body
cavities such as the pleura,
peritoneum or pericardium.

these secreted angiogenic factors, LMP1 functions in a
paracrine manner in epithelial cells to augment trans-
formation. As in B cells, LMP1 also stimulates the
NEF-KB pathway in epithelial cells and in doing so might
contribute to the development of NPC'**>%,

KSHV K1. The first ORF of the KSHV genome encodes
a gene product known as K1. Like EBV LMP1, KSHV K1
can transform rodent fibroblasts, and these transformed
cells can form tumours in nude mice®'. K1 can also func-
tionally substitute for HVS saimiri transformation pro-
tein (STP) in the immortalization of common marmoset
T lymphocytes to interleukin (IL)-2-independent
growth® and in the induction of lymphomas in these
animals™. As normal primary T cells require IL-2 to grow,
this indicates that both STP and K1 can activate path-
ways that promote primary T-cell growth by a mecha-
nism that is not dependent on the addition of exogenous
cytokines. A small percentage of transgenic mice express-
ing K1 under the control of the simian virus 40 pro-
moter developed spindle-cell sarcomas and malignant
PLASMABLASTIC LyMPHOMAS after 14 months®. B lymphocytes
from these K1-transgenic mice showed constitutive acti-
vation of the NF-xB and octamer-binding factor 2 (Oct-
2) transcription factors, and showed increased activity
and phosphorylation of the tyrosine kinase LYN, indi-
cating that K1-induced superactivation of these cellular
transcription factors and kinases directly contributes to
the development of B-cell lymphomas®.

K1 is a transmembrane glycoprotein that contains
an N-terminal extracellular domain, a transmembrane
region and a short cytoplasmic tail at the C-terminus**
(FIG.3). The cytoplasmic domain contains a functional
immunoreceptor tyrosine-based activation motif
(ITAM)***, which can transduce signals to induce cal-
cium mobilization, tyrosine phosphorylation of cellu-
lar kinases and activation of NF-xB and nuclear factor
of activated T cells (NFAT), all of which are indicative
of lymphocyte activation. However, unlike other

Box 1 | Viral latent genes expressed in EBV-associated malignancies

Burkitt’s lymphoma (Type I latency)

EBNAL1 | EBERs | BARTs

Hodgkin’s lymphoma (Type II latency)
EBNA1 | LMP1,-2 | EBERs | BARTs

Post-transplant lymphoma (Type III latency)
EBNAL,-2,-3A,-B,-C,-LP | LMP1, -2 | EBERs | BARTs

Nasopharyngeal carcinoma (Type I latency)
EBNA1 | LMP1,-2 | EBERs | BARTs

ITAM-based signal-transduction events, which require
a ligand—receptor interaction, K1 signalling, similar to
EBV LMPI signalling, is constitutive®**%.

In B lymphocytes, the K1 protein induces phospho-
rylation of several cellular signal-transduction proteins,
including VAV, p85, SYK and AKT kinase***¢. In addi-
tion to activating B cells, K1 can also protect these cells
from Fas-induced apoptosis by preventing the induc-
tion of Fas ligand expression®. K1 is expressed in KS
lesions®”*%, as well as in MULTICENTRIC CASTLEMAN’S DISEASE
(MCD) and priMARY EFFUsION LyMPHOMAS (PELs)*. K1
mRNA has been detected in whole-tumour samples of
KS lesions® and expression of K1 in endothelial and
epithelial cells results in the upregulation and secretion
of VEGF and MMP-9, which is similar to the situation
seen with EBV LMP1 (REE 40). Thus, K1 seems function-
ally similar to EBV LMP1 in B lymphocytes, where it
can activate B-cell signalling pathways, whereas in
endothelial cells, K1 might contribute to KSHV patho-
genesis through a paracrine mechanism that promotes
tumour progression and growth.

HVS STP. There are three different HVS subgroups (A, B
and C), which differ in oncogenic potential. Subgroups A
and C can immortalize common marmoset T lympho-
cytes to IL-2-independent growth, whereas subgroup B is
non-oncogenic. In all three subgroups, the first ORF of
the HVS genome codes for the STP protein*' and the
transforming ability of STP directly correlates with
the oncogenic potential of the different viral subgroups.
Deletion of the STP gene from the genomes of subgroups
A and C renders these viruses capable of replication but
unable to induce lymphomas in common marmosets or
transform T lymphocytes in vitro**. Similar to LMP1
and K1, STP from HVS subgroup C (STP-C) can trans-
form Rat-1 cells, resulting in foci formation and induc-
tion of invasive tumours in nude mice***, In addition,
transgenic mice expressing STP-C developed extensive
epithelial cell tumours and lymphomas**.

Both the STP-A and STP-C proteins comprise an
acidic N-terminus, collagen-like repeats in the central
region and a hydrophobic C-terminus (FIG 3). The col-
lagen-like repeats seem to be important for the induc-
tion of NF-xB activity and for the transformation
potential of STP-C. Indeed, when substituted into the
non-transforming stp gene from subgroup B, these
repeats can render it transforming®. STP-C can associ-
ate with cellular RAS* and this interaction is crucial
for its transforming activity in cell culture. Analogous
to EBV LMP1, STP-C has also been shown to activate
NF-kB transcriptional activity by interacting with
TRAF]I, -2, and -3 (REE 47) (FIG.3).
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Figure 3 | Transforming proteins encoded by the first open reading frames of the
y-herpesviruses EBV, KSHV and HVS. These proteins — EBV LMP1, KSHV K1 and HVS
STP — are involved in activating B- or T-cell signalling pathways and contain domains that
can interact with cellular factors as indicated. a | EBV LMP1 can interact with multiple TRAFs
and TRADDs leading to B-cell activation through the induction of the cellular transcription
factors AP-1 and NF-kB. The PI3K and JNK pathways are also activated. b | KSHV K1 can
mobilize calcium and activate SYK, VAV, p85 and AKT kinase leading to B-cell activation
through the induction of the cellular transcription factors NFAT and NF-xB. K1 can also
protect cells from Fas-induced apoptosis by preventing the induction of expression of the
Fas ligand. ¢ | HVS-C STP can activate RAS and associate with TRAFs to activate T cells
through the induction of the cellular transcription factor NF-kB. EBV, Epstein—Barr virus;
HVS, herpesvirus saimiri; JNK, Jun N-terminal kinase; KSHV, Kaposi’s sarcoma-associated
herpesvirus; LMP, latent membrane protein; NFAT, nuclear factor of activated T cells; NF-xB,
nuclear factor kB; PI3K, phosphatidylinositol 3-kinase; STP, saimiri transformation protein;
TRADD, tumour-necrosis-factor-receptor-associated death domain; TRAF, tumour-necrosis-
factor-receptor-associated factor.

Signal modulators of the B- and T-cell receptors
Antibody cross-linking of the B-cell antigen receptor
(BCR), and major histocompatibility complex
(MHC)-mediated stimulation of the T-cell antigen
receptor (TCR), initiates a signal-transduction cascade
that results in lymphocyte activation. It is currently
believed that cellular activation of virus-infected
lymphocytes often triggers viral reactivation. EBV
LMP2A, KSHV K15 and HVS tyrosine-kinase-
interacting protein (TIP) have all been shown to
dampen or abrogate the BCR and TCR signalling
pathways and, by doing so, might help to prevent viral
reactivation from latently infected lymphocytes at an
inopportune moment. The LMP2A, K15 and TIP pro-
teins are all capable of associating with the major
B- or T-cell-receptor-associated kinases and antago-
nizing their signalling activities (FIG. 4, TABLE 3). It is
postulated that these proteins help to maintain viral
latency in the host.

EBV LMP2A. The gene that encodes LMP2A is located
at the 3" end of the linear EBV genome (FIG.2). LMP2A
is a 12-transmembrane-spanning-domain protein
with short N- and C-terminal tails (FIG. 4) and is
expressed in EBV-infected epithelial and B cells, where
it aggregates in the plasma membrane**’. Like KSHV
K1, the N-terminal cytoplasmic region of LMP2A
contains several tyrosine-based SRC homology 2
(SH2)-domain-binding sites, two of which form a
functional ITAM*®. However unlike K1, LMP2A
inhibits normal BCR signalling®' in EBV-negative
B cells by preventing the BCR from entering lipid
rafts and interacting with LYN kinase®*-**. In addi-
tion, studies using EBV-positive B lymphocytes have
shown that this LMP2A-induced signalling block
prevents the reactivation of lytic replication, indi-
cating that EBV LMP2A might have an important
role in the establishment and maintenance of viral
latency in vivo®™. LMP2A has also been shown to
block apoptotic signals in B lymphocytes through
its activation of the PI3K/AKT pathway, resulting in
the promotion of a cell-survival signal®. Transgenic
mice that express LMP2A have retarded B-cell devel-
opment, causing immunoglobulin-negative B cells to
locate to peripheral lymphoid organs®. This indicates
that LMP2A probably mediates survival of immature
EBV-infected B cells in the absence of functional BCR
signalling, thereby bypassing host-cell control.

Although LMP2A is dispensable for EBV-
immortalization of B lymphocytes®®, it induces a
hyperproliferative response and prevents differentia-
tion in epithelial cells”’. LMP2A-expressing epithelial
cells can form colonies in soft agar and induce
aggressive tumours in nude mice”. In keratinocytes,
LMP2A activates both the PI3K and B-catenin
signalling pathways®®. As these pathways have
been linked to cell survival and cell proliferation,
respectively, LMP2A probably contributes to EBV
tumorigenicity in epithelial cells by promoting trans-
formation and preventing apoptosis of the infected
epithelial cell*®.
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Table 3 | Common and unique functions of proteins encoded by EBV, KSHV and HVS

Function

Transforming and signalling protein
Signal modulator

Episomal maintenance

Nuclear protein, transcription factor
Nuclear protein, transcription factor
Nuclear protein, transcription factor
Nuclear protein, transcription factor
Transforming protein

IL-10 homologue

IL-6 homologue

IL-17 homologue

GPCR homologue

Viral protein

EBV KSHV HVS (A11/C488)

LMPA K1 STP (of A and C subgroups)
LMP2A K15 TIP (only in subgroup C)
EBNA1 LANA ORF73

EBNA2 - -

EBNA3A - =

EBNA3B - -

EBNA3C = =

- Kaposin -

BCRFA1 - —

— K2 -

- - ORF13

- ORF74 ORF74

- ORF72 ORF72

Cyclin homologue

BCRF, BamH1 C fragment rightward reading frame 1; EBNA, EBV nuclear antigen; EBV, Epstein-Barr virus; GPCR, G-protein-coupled
receptor; HVS, herpesvirus saimiri; IL, interleukin; KSHV, Kaposi's sarcoma-associated herpesvirus; LANA, latency-associated nuclear
antigen; LMP, latent membrane protein; TIP, tyrosine-kinase interacting protein.

KSHV K15. Similar to the situation in EBV, the gene
encoding the KSHV K15 viral signal modulatory pro-
tein is positioned at the 3" end of the KSHV genome,
and is located in an isologous genomic position to the
EBV LMP2A gene®*® (FIG.2). K15 isolates have a com-
plex splicing pattern with all isoforms containing
4-12 transmembrane-spanning domains and a short
cytoplasmic tail. The functions of the various K15 iso-
forms are currently under investigation®-'. K15 is
weakly expressed in latently infected PELs and the
level of its expression is markedly increased on lytic
reactivation with phorbol esters®®. The K15 cyto-
plasmic tail contains SH2- and SH3-binding motifs
and a YASIL (Tyr—Ala—Ser—Iso—Leu) sequence that
seem to be necessary for activation of the NF-kB and
mitogen-activated protein kinase (MAPK) pathways;
however, the effects of activation of these pathways by
K15 are not yet fully understood®”**¢2. The K15 cyto-
plasmic tail is constitutively tyrosine phosphorylated
and can interact with cellular tyrosine kinases and
TRAFs>0062 (E1G. 4). In common with EBV LMP2A,
the cytoplasmic domain of KSHV K15 can inhibit
BCR signal transduction® (FIG. 4). The ability of K15
to antagonize BCR signalling events might preserve
viral latency, as activation of the B cell through BCR
signalling is one possible mechanism for viral reacti-
vation. Finally, similar to EBV LMP1 and LMP2A, the
K15 protein can localize to lipid rafts®* and might use
a mechanism that is similar to EBV LMP2A to inhibit
BCR signal transduction.

HVS TIP. The ORF that encodes TIP is only present in
the genome of HVS subgroup C. The TIP protein con-
tains an N-terminal glutamate-rich region, a serine-rich
region, a kinase-interacting domain and a C-terminal
hydrophobic tail. TIP can associate with the major
T-cell tyrosine kinase LCK® (FIG. 4). TIP interacts with
LCK through the C-termini of its SRC-family kinase

(CSKH) motif and its SH3-binding motif®. Although
some reports have suggested that interaction of TIP with
LCK leads to its activation in vitro and in vivo®®, other
reports suggest that stable and low expression levels of
TIP downregulate the TCR-mediated signal-transduction
pathway®>”%%, Therefore, the exact role of TIP in the
modulation of the TCR signalling pathway remains
controversial. TTP-mediated activation of LCK was also
shown to lead to the activation of signal transducers and
activators of transcription (STATS), which are thought to
have an important role in the transformation process®.
So, paralleling the case of EBV LMP2A and KSHV K15
with the BCR signalling pathway, HVS TIP seems to
modulate TCR signalling pathways and its role in the
transformation process might depend on its expression
level and, therefore, its ability to activate LCK. However,
as the deletion of the tip gene in the genome of HVS sub-
group C renders the mutant virus incapable of immor-
talizing primary T cells*> and HVS TIP-transgenic
animals develop T-cell lymphomas?, it is generally
accepted that TIP is required for HVS-induced trans-
formation. The two transforming proteins of HVS sub-
group C, STP and TIP, probably function together to
transform HVS-infected cells.

Other transforming proteins of y-herpesviruses
In addition to the first and last ORFs of EBV and KSHYV,
many other genes of these y-herpesviruses modulate cell
signalling and could therefore be involved in the neo-
plastic disease process. These include additional viral
signalling proteins as well as transcription factors that
are encoded by the virus.

EBV EBNA2. Many of the latent EBV proteins have
important roles in cellular transformation. EBV nuclear
antigen 2 (EBNA2) contains a polyproline stretch, an
18-residue Arg—Gly repeat, and an acidic C-terminus. It
is a promiscuous transcriptional activator, activating the
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promoters of both viral and cellular genes”""* through
its interaction with a range of cellular transcription fac-
tors’>”+7>, EBNA2 seems to be essential for B-cell trans-
formation as deletion of the gene encoding EBNA2
from wild-type EBV renders the mutant virus inca-
pable of immortalizing B lymphocytes*7%. Therefore,
the ability of EBNA2 to upregulate the transcription of
both cellular and viral genes is likely to contribute to
the transforming mechanism of EBV.

EBV EBNA3s. The genes that encode EBNA3A, -3B
and -3C are located in a tandem array in the EBV viral
genome (FIG. 2). EBNA3A and -3C are essential for
B-cell transformation”>®, whereas -3B has been shown
to be dispensable®'. The three EBNA3 nuclear proteins
are hydrophilic and share a common N-terminal
domain but have different C-termini. All three EBNA3
proteins can interfere with EBNA2 activation by
disrupting its interaction with the DNA-binding pro-
tein RBP-Jk, thereby suppressing EBNA2-mediated

transactivation®**. EBNA3C has been shown to cooper-
ate with the proto-oncogene RAS to immortalize and
transform rodent fibroblasts® and can directly interact
with the retinoblastoma (Rb) tumour-suppressor pro-
tein, rendering it inactive and promoting tumour
progression®. So, EBNA3C can promote cellular pro-
liferation and override the G1-S-phase cell-cycle
checkpoint, and can cooperate with EBNA2 and -3A to
modulate cellular gene expression in EBV-infected

lymphocytes.

KSHYV Kaposin. Kaposin is expressed as a latent tran-
script in KS and PEL cells® and is also induced dur-
ing the lytic cycle. There are several protein isoforms
of Kaposin — designated as A, B and C¥. The small-
est isoform (Kaposin A) has a molecular mass of
6 kDa, and has transforming potential in nude mice
and in a fibroblast-transformation assay®-*°. The
activity of Kaposin A seems to be mediated through
its direct interaction with cytohesin-1, a guanine
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nucleotide-exchange factor for ARF GTPases that
regulates integrin-mediated cell adhesion®.

KSHV vGPCR. KSHV vGPCR is a potent signalling
protein, which has greatest sequence similarity to the
cellular IL-8 receptor®®* and is expressed in some KS,
MCD and PEL tumour cells**. vGPCR is a seven-trans-
membrane receptor protein that is constitutively active,
similar to EBV LMP1 and KSHV K1 (REE 94). Although
it does not require ligand binding for activation, it binds
both the CXC and CC families of chemokines™?.
vGPCR signalling is positively enhanced by binding to
CXC chemokines such as GRO-o and IL-8 (REFE. 95), but
is inhibited by binding to the CXC chemokines inter-
feron (IFN)-y-inducible 10-kDa protein (IP-10) and
stromal cell-derived factor 1ot (SDF-101)?*. Other CC
chemokines, such as RANTES and macrophage inflam-
matory protein 1o (MIP-1a), are able to bind vGPCR,
but do not affect its signalling potential. KSHV vGPCR
can activate both the MAPK and PI3K pathways, lead-
ing to the activation of many cell-signalling networks*®.
The pleiotropic effects of KSHV vGPCR on cell-sig-
nalling pathways in epithelial, fibroblast, endothelial and
B cells contributes to the increased transcription of cel-
lular genes and paracrine factors that are involved in cell
proliferation, immortalization and transformation®-'%,
Indeed, expression of the KSHV vGPCR gene in rat kid-
ney cells and NIH 373 fibroblasts induced morphologi-
cal changes and foci formation®'*2. vGPCR has been
shown to immortalize endothelial cells and promote
tumour formation in cells expressing KSHV latent
genes, indicating that the KSHV latent and lytic viral
genes function cooperatively in the promotion of
Kaposi’s sarcomagenesis'*"'*. Induction of transforma-
tion by vGPCR is associated with an increased secretion
of VEGF and VEGF receptor 2 (VEGFR-2) that leads to
the induction of an angiogenic response in vitro and
in vivo**192191 Furthermore, transgenic mice expressing
vGPCR have morphological features that are similar
to KS'%471%, So, the EBV LMP1, KSHV K1 and KSHV
VGPCR transforming proteins seem to promote tumour
progression and angiogenesis through a paracrine
mechanism that involves the upregulation and secretion
of angiogenic factors.

Proteins essential for episomal maintenance
The latent viral proteins EBV EBNA1, KSHV LANA and
HVS ORF73 are essential for episomal maintenance of
the viral genome (TABLE 3). These three proteins either
contribute indirectly to the immortalization process by
maintaining the viral latent state, or directly contribute
to tumorigenesis by a more active mechanism.

EBV EBNAI The EBNA1 protein is a sequence-specific
DNA-binding protein that binds to the EBV origin of
replication (oriP) and is essential for the maintenance of
the viral episome, as well as for the initiation of latent
viral replication. Several observations indicate that
EBNA1 might also contribute to EBV transformation:
transgenic mice expressing EBNA1 in the B-lymphocyte
compartment develop B-cell lymphomas'”’; an

EBNAI-deleted virus was reduced in its ability to
immortalize B cells'®; and expression of EBNAI can
enhance the tumorigenicity of EBV-negative NPC
epithelial cells'®. This property of EBNA1 might be
linked to its ability to induce expression of Bcl-x, ''°.
However, it should be noted that other research groups
have reported that epithelial expression of EBNA1
results in cell cytotoxicity''.

EBNAL also functions as an immunomodulatory
protein. It contains a Gly—Ala repeat region, the size of
which varies among different viral isolates. This repeat
region hinders antigen processing by the ubiquitin-
mediated proteasomal pathway and thereby inhibits
MHC class I antigen presentation''*!"®. The end result is
the inhibition of the cytotoxic T cell (CTL)-mediated
response against EBV-infected B cells (FIG. 5). So, not
only is EBNA1 crucial for EBV latency and latent repli-
cation, but it also helps the virus evade host immune
detection.

KSHV LANA. Similar to EBNA1, KSHV LANA is a
nuclear phosphoprotein that is essential for episome
maintenance and segregation. LANA is expressed dur-
ing latency in KS, MCD and PEL cells'"*-"1¢ (TABLE 2),
binds the KSHV terminal-repeat (TR) regions and teth-
ers the viral episome to the host chromosome!'7-12°.
Similar to EBNA1, LANA contains a central repeat
region, which is also variable in length but is composed
of acidic amino acids. Like many other cellular pro-
teins, LANA has been shown to bind and inactivate
the tumour-suppressor functions of the Rb and p53
proteins'?"1?2, Furthermore, LANA can upregulate
expression of B-catenin, and stabilize its expression by
sequestering its inhibitor, glycogen synthase kinase 33
(GSK-3B)'%. The ability to target GSK-3f is necessary
for LANA to stimulate entry into S-phase, a function that
might contribute to KSHV-associated neoplasia. So, in
addition to being the guardian of KSHV latency, LANA
seems to also modulate several cell-cycle pathways.

HYVS ORF73. Analogous to EBV EBNA1 and KSHV
LANA, the HVS ORF?73 protein is a nuclear protein and
can bind to both host chromosomes and the HVS termi-
nal-repeat region'**'¥. ORF73 from HVS subgroup A11
can synergize with the transcription factor p32 to activate
the ORF73 promoter element but not the HVS ORF50
gene promoter'*. By contrast, the HVS C488 ORF73 pro-
tein can downregulate the HVS ORF50 promoter and
inhibit viral replication of HVS in owl-monkey kidney
cells'®. The HVS orf50 gene (also called rta) codes for an
important viral transcription factor that is essential for
HVS replication. So, similar to KSHV LANA, the ORF73
protein of HVS subgroup C preserves viral latency in the
host by inhibiting lytic replication'%.

Viral cytokines

The genomes of EBV, KSHV and HVS encode one or
more viral cytokines (TABLE 3), the genes of which have
been obtained through molecular piracy of the host
genome. These viral cytokines have distinct homology
to their cellular counterparts and can modulate cell
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pathways to promote survival of the infected cell and
escape from host immune surveillance.

EBV IL-10. The EBV BCRF1 gene codes for a viral
IL-10 (VIL-10) cytokine that is homologous to human
IL-10, and is expressed after the initial primary infec-
tion of B cells, as well as late in the lytic cycle!**. EBV
vIL-10 has been shown to downregulate the expression
of transporter protein 1 associated with MHC class I
antigen presentation'' and to prevent monocytes and
macrophages from activating T cells'*»!%. Other studies
have reported that EBV vIL-10 is necessary for EBV-
mediated B-cell transformation***'** and can
enhance survival of EBV-infected B cells by blocking
the IFN-y response'*®1¥7 (FIG. 5). EBV VIL-10 seems to
block IFN synthesis during primary or reactivated EBV
infection, and might contribute indirectly to transfor-
mation by allowing the EBV-infected cell to survive the
host response.

KSHV vIL-6. KSHV also encodes a viral interleukin,
vIL-6, which shows homology to cellular IL-6. KSHV
VIL-6 is secreted from KSHV-positive B cells and can
support proliferation of B lymphocytes and IL-6-
dependent mouse myeloma cell lines'¥-'4. vIL-6 has
also been shown to induce secretion of human IL-6
and to support the growth of PEL cells'*"'*2. In con-
trast to cellular IL-6, vIL-6 protects KSHV-infected
PEL cells from the antiviral affects of IFN-a!*. In
addition, IFN-o. can activate expression of vIL-6
through the IFN-stimulated response elements
(ISREs) in the vIL-6 promoter'*, thereby enhancing
virus survival. Despite their similarity in sequence
and function, cellular IL-6 and vIL-6 display differ-
ences in receptor dependence. Although cellular IL-6
requires both IL-6 receptor-o and the gp130 subunits,

vIL-6 seems to require only gp130 (REE. 144) (FIG. 5),
demonstrating that the viral protein has successfully
subverted host-cell control. In the context of KSHV
disease, VIL-6 is expressed in PELs and is also highly
expressed in MCD, where it seems to contribute to
progression of this disease!*>~'*” (TABLE 2). By contrast,
VIL-6 is expressed at low levels in a small fraction of KS
cells®. So, vIL-6 is a multifunctional cytokine that
contributes to KSHV-associated disease progression
by continuously stimulating the IL-6-receptor sig-
nalling pathway and rescuing virus-infected cells from
programmed cell death

KSHV vMIPs/vCCLs. KSHV encodes several viral gene
products that are homologous to MIPs and are also
known as vCCLs. KSHV ORFs K6 (vMIP-1/vMIP-1a/
vCCL-1), K4 (VMIP-II/yMIP-1b/vCCL-2) and K4.1
(v-MIP-III/vBCK/vCCL3) encode chemokines with
homology to cellular CC chemokines such as MIP-1c
and RANTES. Unlike cellular MIP-1o,, vMIPs I and
II bind efficiently to the chemokine receptor CCR8
(REFS 148,149) as agonists, whereas the receptor activated
by vMIP IIT is CCR4 (REE. 150). These viral MIPs have
also been shown to induce signal transduction and
chemotaxis in monocytes'' and, in contrast to cellular
MIP-10c and RANTES, these proteins are highly angio-
genic in a chorioallantoic assay, a technique that uses
chick embryo membranes to measure vascularization
by exogenous factors'*®. An immunomodulatory role
for vMIP-IT and vMIP-IIT has also been proposed in
directing inflammatory cell recruitment away from a
T, 1-type response towards a T, 2-type response, thereby
facilitating evasion from host cytotoxic T cells'!%
(FIG.5). So, these multiple viral MIPs could contribute to
KS pathogenesis by inducing inflammatory infiltration
and angiohyperplasia.
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1.

HVSvIL-17. HVS also encodes a viral interleukin, vIL-17,
which has been shown to support T-cell proliferation'*.
Recombinant vIL-17 was shown to activate NF-xB
and promote IL-6 secretion in fibroblasts' (FIG. 5).
Interestingly, it was the discovery of vIL-17 that led to the
identification of cellular IL-17 and the IL-17 receptor'>*'>,

Viral cyclins

Although EBV seems to upregulate the expression
of the cellular cyclins E and D2 100-fold'**, ORFs 72 of
both KSHV and HVS encode a homologue of cellular
cyclin D", Surprisingly, neither of these viral cyclins
alone have been found to possess transforming poten-
tial. Additionally, expression of the KSHV viral cyclin
induced cellular apoptosis'¥’, indicating that high
expression levels of this protein are toxic to the cell.
Interestingly, the KSHV vCyclin, which is expressed
during viral latency, can induce B-cell lymphomas in
p53-deficient transgenic mice'® and therefore might be
oncogenic in the absence of the apoptosis-inducing
tumour-suppressor protein p53. In HVS, ORF72 is
expressed in HVS-immortalized common marmoset
T lymphocytes'®. However, deletion of ORF72 did not
impair the ability of the mutant virus to replicate or to
induce T-cell immortalization and disease in common
marmosets'®. The evidence indicates that the viral
cyclins are likely to have an auxiliary or accessory role
in viral tumorigenesis.

In addition to the viral genes listed above, the
v-herpesviruses genomes also contain genes that are
involved in immune evasion and the prevention of
apoptosis, which are not discussed here due to space
restrictions. These immune evasion and anti-apoptotic
v-herpesvirus proteins are thought to promote virus
survival and ensure a lifelong period of viral persistence
in the host.

Summary

Historically, research on the tumour virology of both
RNA and DNA viruses has given rise to important con-
cepts in cell biology, including the discovery of cellular
proto-oncogenes and tumour suppressors. These find-
ings paved the way for the current elucidation of mech-
anisms by which non-viral cancers arise. So, the study of
tumour viruses has been instrumental to our present
knowledge of the neoplastic process, be it virus-related
or not.

Many tumour viruses stimulate proliferation of the
infected cell, and the analysis of viral genes associated
with transformation has revealed many different strate-
gies by which viruses can deregulate cell growth. In
common with other DNA tumour viruses such as poly-
omaviruses and papillomaviruses, the y-herpesviruses
EBV, KSHV and HVS are associated with several differ-
ent malignancies in the natural or experimental host.
One conundrum is that, although EBV and KSHV
encode a large number of transforming genes, EBV-
and KSHV-associated malignancies are often (but not
always) seen in the context of immune suppression, such
as HIV co-infection or iatrogenic immune-suppression.
This suggests that the normal host immune surveillance
mechanisms in healthy individuals are generally able to
keep these viruses in check. Furthermore, as tumorigen-
esis is a multi-step process, infection with EBV and/or
KSHYV is probably one of many events that leads to the
onset of human cancer.

As described above, KSHV, EBV and HVS encode a
diverse array of viral genes that contribute to the neo-
plastic process. By encoding unique viral proteins, viral
homologues of cellular proteins or proteins involved in
immune evasion, or by activating a plethora of cellular
genes, these viruses have evolved strategies for deregulat-
ing and perturbing normal cellular pathways that would
otherwise lead to apoptosis, activation of the host
immune system and an arrest in cell growth. Although
some of these viral genes do not possess oncogenic
potential by themselves, they might have an ancilliary
role in tumorigenesis by augmenting the function of
another viral gene, or they might have tumorigenic
potential in the context of a mutant cytogenetic back-
ground. Furthermore, as the y-herpesviruses have multi-
ple tropisms for different cell types, certain subsets of
viral genes might help support virus survival in different
cellular environments, ensuring a lifelong persistence in
the host. So, although the individual genes of these
Y-herpesviruses may or may not appear congruent, the
strategies that are used to subvert cell pathways and over-
ride host cell-cycle checkpoints are often concordant,
and support the maintenance of viral latency with inter-
mittent periods of productive viral replication in the
host. In conclusion, it can be surmised that the sum of
the functions of all these y-herpesvirus proteins probably
contributes to the progression and development of
neoplastic disease in the infected host at opportune times.
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