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Abstract

All gamma herpesviruses and a few other viruses encode at
least one homologue of the mammalian cell death inhibitor
BCL-2. Gamma herpesviruses are associated with human and
animal lymphoid and epithelial tumours. However, the role of
these viral BCL-2 homologues in the virus replication cycle or
in human disease is not known, though recent developments
show progress in this area. The structure of viral BCL-2 family
protein, KSBcl-2, is similar to that of cellular family members,
but viral BCL-2 proteins differ functionally from the cellular
proteins, apparently escaping the regulatory mechanisms to
which their cellular counterparts are subjected. Thus,
exploring the biochemical and biological functions of the
viral BCL-2 family proteins will increase our understanding of
their role in virus infections and will undoubtedly teach us
something about their cellular kin.
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Introduction

We assume that the large family of mammalian BCL-2 proteins
exists because the individual members serve at least some
non-overlapping functions and/or because they can be
regulated independently by different mechanisms in different
cells and tissues. Cellular BCL-2 proteins are generally
lumped into subgroups of anti-apoptotic, pro-apoptotic, or

BH3-only proteins. This categorization is widely used, though
it is now apparent that at least some of these proteins exhibit
both pro- and anti-apoptotic activities under different circum-
stances.' 3 Interestingly, all three subclasses of the cellular
proteins as well as viral BCL-2 exhibit striking 3-dimensional
structure similarity,* raising the possibility that all family
members share at least one common biochemical function.
Structurally, BCL-2 family members resemble the bacterial
colicins or toxins that have been shown to form pores in
membranes and/or facilitate translocation of a toxin moiety
across membranes.® The pro-apoptotic cellular BCL-2
proteins BAX and BAK are thought to induce translocation of
pro-apoptotic mitochondrial factors across the outer mitochon-
drial membrane into the cytosol.® While the mechanisms
involved are still debated, BAX has been suggested to form or
induce membrane channels following oligomerization. How-
ever, the mechanism by which bacterial toxins translocate
peptides is not fully understood, and our model of BAX is likely
not yet complete. The mechanisms by which anti-apoptotic
BCL-2 proteins protect cells from programmed cell death are
even less well understood. They appear to bind and sequester
BH3-only proteins to prevent these BH3 proteins from
activating the pro-apoptotic functions of BAX and BAK, but
do they have additional functions in blocking cell death? Do
they also induce channels that support cell survival? Do they
act independently of other BCL-2 family proteins to regulate
cellular bioenergetics? Interestingly, those central alpha
helices in BCL-2 proteins that are thought to insert into
membranes and perhaps form pores are also conserved in the
structure of viral BCL-2.* But because viral BCL-2 proteins
preserve only the anti-apoptotic function and not the pro-
apoptotic function of the BCL-2 family, their membrane active
forms are presumably only for the purpose of cell survival.
Epstein—Barr virus (EBV) is an etiologic factor in B cell
lymphomas (e.g. Burkitt’s lymphoma) and epithelial tumours
(e.g. nasopharyngeal carcinoma) and encodes two BCL-2
homologues, at least one of which is produced abundantly
during productive virus replication. Overexpression of viral
BCL-2 proteins protects a wide variety of cell types from a
broad spectrum of death stimuli implying that they function
at the point of convergence of many different death signals
similar to cellular BCL-2."~'® When cellular BCL-2 is
overexpressed in the lymphoid compartment, these trans-
genic animals develop lymphoproliferations that can lead to
malignant lymphoma.’ ~'® Although this provides an
interesting correlation between EBV-associated tumours
and the presumed oncogenic role of cellular BCL-2 in
follicular B cell lymphomas,'82°=22 the role of viral BCL-2
in any virus-associated tumour is not known (see below).
Elevation of cellular BCL-2 in EBV-associated tumours has
also been reported.2®2* This is curious since EBV encodes
its own BCL-2 homologue (discussed below). Nevertheless,
anti-sense strategies that target cellular BCL-2 (or the viral
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Figure 1 Amino acid sequence alignment of viral BCL-2 proteins with human BCL-2 and BAK. Shown are Epstein-Barr virus (EBV) homologues BHRF1 and
BALF1, Kaposi’s sarcoma-associated herpesvirus BCL-2 (KSBcl-2) and the BCL-2 homologues encoded by the herpesviruses rhesus rhadinovirus (RRV) open
reading frame (ORF) 16, herpesvirus saimiri (HVS) ORF16, equine herpesvirus 2 (EHV2) ORF E4, bovine herpesvirus 4 (BHV4) BORFB2, and murine gamma
herpesvirus 68 (ygHV68) M11, and the LMW5-HL ORF of unclassified African swine fever virus. Homologous sequences in over 50% of the entries are shaded.
Bold lines indicate the BCL-2 homology (BH) and transmembrane (TM) domains of the cellular proteins, and the shaded bars indicate the positions of the alpha
helices in the 3-dimensional structure of KSBcl-2. Amino acid numbers are indicated on the right

regulators of cellular BCL-2 expression) in herpesvirus-
associated tumours are showing some promise.?>2¢

Viral BCL-2 proteins differ in important ways from cellular
BCL-2 family members. For example, the viral proteins
escape regulation by proteolysis and phosphorylation (see
below). However, viruses have devised other strategies to
regulate their BCL-2 homologues. Epstein-Barr virus
encodes two homologues of BCL-2, the anti-apoptotic
BHRF1 protein [BamHI H fragment (in alphabetical order
by size) Rightward reading Frame no.1] and a second BCL-
2 family member, BALF1.2” Surprisingly, BALF1 has little or
no ability to inhibit cell death in many assay systems.?”2®
In contrast, BALF1 antagonizes the anti-apoptotic BCL-2
protein of EBV in that it suppresses the protective effects of
BHRF1.28 Interestingly, this interference activity of BALF1
is most likely not due to direct binding of BALF1 to BHRF1,
similar to the actions of BAX/BAK and BCL-2/BCL-x..*°
These and other details are explored below.

Homology between cellular and viral BCL-2 family

Cellular BCL-2 family proteins are conserved from worms and
flies to humans,®® but family members even within the same
species generally share low amino acid sequence homology
(~20-45%). Bcl-2 homologues encoded by alpha and

gamma herpesviruses and the African swine fever virus (an
unrelated large DNA virus) generally share 20—-30% homol-
ogy with one another and with their cellular counterparts
(Figure 1). E1B 19K encoded by adenovirus is a functional
homologue of the BCL-2 family. Though E1B 19K lacks
significant overall amino acid sequence similarity with
members of the BCL-2 family, E1B 19K does appear to
preserve some of the defining motifs of the BCL-2 family®*' and
may possess additional functions not yet ascribed to other
BCL-2 proteins® as recently reviewed by Cuconati and
White.®® The low level of homology among BCL-2 family
members delayed the discovery of BCL-2 homologues in the
genomes of some herpesviruses that had been sequenced
several years earlier. Cleary et al.>* were the first to recognize
amino acid sequence homology between cellular BCL-2 and
BHRF1 encoded by EBV. Henderson et al.*® were the first to
demonstrate that BHRF1 possesses anti-apoptotic activity
similar to cellular BCL-2. Subsequently, we and others have
shown that essentially all gamma herpesviruses encode a
functional BCL-2 homologue.3®~42

The 3-dimensional structure of KSBcl-2 (KSHV) is
strikingly similar to the cellular proteins, in that it shares
the same fold even though there are differences in the
length of some helices and loops.*®** The amphipathic
alpha helix 5 together with helix 6, postulated to insert into
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lipid membranes, are also preserved in KSBcl-2 (Figure 1).
In addition, viral BCL-2 proteins contain many of the
recognizable amino acid sequence motifs present in the
cellular family members (Figure 1). All viral homologues
contain a recognizable BH1 sequence motif, though this
motif is poorly conserved in BALF1, the non-protective EBV
homologue. The BH2 motif is also conserved in the viral
homologues except for murine gamma herpesvirus 68
(yHV68). Interestingly, the BH3 domain, thought to be
important for killing cells, is poorly conserved in the viral
homologues, though the pattern of bulky hydrophobic and
charged residues is retained in most viral proteins. Little
homology is shared among the viral homologues in the N-
terminal BH4 domain, consistent with the fact that this
domain is poorly conserved among the cellular proteins as
well (perhaps reflecting novel functions). However, an alpha
helix corresponding in position to the BH4 domain is
preserved in the viral protein, except that it is two turns
shorter than the cellular proteins. The non-homologous loop
between BH4 and BHS3 differs greatly in length among viral
homologues just as it does among the cellular proteins. All
viral BCL-2 proteins have at least one positively charged
amino acid at or near the C-terminus, and most have a
putative hydrophobic membrane anchor domain near the C-
terminus. However, like some cellular homologues, this
hydrophobic tail is lacking from the BCL-2 homologue of
equine herpesvirus 2 (EHV2) and the African swine fever
virus homologue LMW5-HL, and is shortened in other viral
homologues. Viral KSBcl-2 also has a cleft similar to other
BCL-2 family proteins.* This cleft was suggested to serve
as a binding pocket for BH3 domains of partner BCL-2
proteins. Indeed, a peptide corresponding to the BH3
domain of BAK binds KSBcl-2 efficiently. However, the
relative affinities of KSBcl-2 for BH3 peptides derived from
various cellular proteins (BAK>BAX>BAD) are distinct
from those of cellular BCL-2 (BAD>BAX>BAK) and BCL-
xL (BAD >BAK=>BAX). The significance of these interac-
tions with KSBcl-2 is not clear given that KSBcl-2 does not
appear to bind BAX or BAK in co-immunoprecipitation
experiments.*' Based on the structure of BAX, the only
protein for which the structure of the C-terminus is known,
the cleft of KSBcl-2 may also be occupied by its own
hydrophobic C-terminal tail.*® The subcellular localization of
BAX is likely determined by whether or not the hydrophobic
tail of BAX is bound in its cleft or is free to bind intracellular
membranes. The intracellular distribution of all viral BCL-2
proteins has not been studied in detail, but like their cellular
counterparts, viral BCL-2 proteins can be localized diffusely
in the cytosol or anchored to intracellular membranes
including outer mitochondrial membranes, and these
localizations are not necessarily predicted by their C-
terminal sequences (unpublished data).**4®

Regulation of cellular but not viral BCL-2 by
proteolysis

While cellular BAX and BAK are generally considered to be
pro-apoptotic BCL-2 family members, under some circum-
stances they exhibit potent anti-apoptotic activity' (Fannjiang
and Hardwick, unpublished). Furthermore, the anti-apoptotic
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family members BCL-2 and BCL-x, can be converted into
potent killers.?® BCL-2 and BCL-x, are cleaved in their loop
domains near the N-terminus by caspase-3 or calpain during
programmed cell death in a variety of cell types.?®46~48 The
resulting C-terminal cleavage product is a potent BAX-like
pro-apoptotic factor.>4%:°° Mutation of the caspase cleavage
sites causes BCL-2 and BCL-x, to become more potently
protective than wild type proteins, arguing that cleavage is an
important intracellular event for regulating cell survival/
death.? Cleavage of BCL-2 may be important in chemother-
apy-induced death of leukemia/lymphoma cells,®"*2 and in
the death of hepatocytes in mice treated with an antibody to
activate the Fas death receptor pathway.> This phenomen-
on, where the pro-death function of BCL-2 family members is
activated by proteolysis, is now known to occur for many BCL-
2 family members. Cleavage of BID, BAX and BAD by
caspases, calpain, lysosomal enzymes and/or granzyme B
potentiates their cell killing activity.>®=58 Therefore, we
suggest a model where all BCL-2 family members may have
anti-apoptotic (or possibly null) activity that is converted by
proteolysis or other mechanisms into pro-apoptotic activity
upon receiving the right death stimulus (Figure 2).

In contrast to the cellular BCL-2 proteins, the herpesvirus
BCL-2 homologues have retained only the anti-apoptotic
functions of the BCL-2 family and fail to be converted into
killer factors.*? Viral BCL-2 homologues from several
gamma herpesviruses, including EBV, KSHV/HHV8 (Kapo-
si's sarcoma-associated herpesvirus/human herpesvirus 8),
herpesvirus saimiri (HVS) and bovine herpesvirus 4 (BHV4)
fail to be cleaved by caspases in vitro or by other proteases
present in apoptotic cell extracts. The only viral BCL-2
protein tested that could be cleaved was that encoded by
yHV68.42 However, even if the viral proteins could be
cleaved, their C-terminal fragments are unable to kill cells,
with the exception of the C-terminal fragment of KSBcl-2
encoded by KSHV. But KSBcl-2 is apparently not
susceptible to caspases or other proteases that are
activated during cell death. Therefore, all of the viral BCL-

Dogma Alternate view
Anti-apoptotic Pro-apoptotic | Anti-apoptotic Pro-apoptotic
BCL-2 Caspase BCL-2
BCL-2 BAX . BCL-xL | Calpain | BCL-xt
BOL-xL BAK SBAX | Other BAX
BH3-( BID 3IBAK | e— | BAK
only LBAD SBiD ? BID
BAD BAD
BHRF1
< KSBak-2
SHvsortts | 3¢y
> BHV4-BCL-2
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Figure 2 Alternate view of the BCL-2 family. Many cellular anti-apoptotic (or
possibly inactive) family members can be converted into pro-apoptotic factors
following proteolysis or by other potential mechanisms. Non-proteolytic events
are theoretically reversible. In contrast to cellular family members, herpesvirus
BCL-2 homologues fail to be converted into pro-apoptotic factors suggesting
that they escape regulatory mechanisms that govern their cellular counter-
parts. BHRF1 (Epstein—Barr virus), KSBcl-2 (Kaposi’s sarcoma-associated
herpesvirus), HVS (herpesvirus saimiri of monkeys), BHV4 (bovine
herpesvirus), yHV68 (murine herpesvirus)



2 homologues studied to date fail to be converted into killer
proteins because they are either not cleaved by proteases
or their C-termini lack pro-apoptotic activity, or both. In this
manner, viral BCL-2 proteins escape cellular control
mechanisms. This observation with the viral proteins
supports the model in Figure 2. After all, if the killing
function of cleaved cellular BCL-2 were a fortuitous event
or a dominant negative effect of a truncation mutant, then
the viruses would presumably not bother to eliminate this
pro-death function. Furthermore, viruses are notorious for
disabling the regulatory components that govern their
cellular counterparts. This escape mechanism presumably
allows the viral factors to avoid the regulatory mechanisms
to which the cellular factors are subjected. Thus, the
herpesvirus BCL-2 homologues are deregulated versions of
their cellular progenitors. Where might this be important?
Though it remains unproven, the loss of cellular apoptosis
inhibitors in virus-infected cells that have an activated cell
death pathway could be subverted if the virus provides a
protease resistant apoptosis inhibitor. In addition, Ojala et
al®® have shown that a cyclin homologue encoded by
KSHV directs cellular cyclin-dependent kinase (cdk) 6 to
phosphorylate cellular BCL-2, resulting in destabilization of
cellular BCL-2. But the BCL-2 family member encoded by
KSHV, KSBcl-2, is not a substrate for viral-cyclin-cdke,
thereby escaping degradation. Substitution of the viral BCL-
2 for cellular BCL-2 could side step the cell cycle inhibitory
activity, proapoptotic function or other undesirable feature
of cellular BCL-2.

Viral and cellular BCL-2 family heterodimerization
(or lack of)

Shortly after the discovery that cellular BCL-2 was an inhibitor
of apoptosis, it was reported that BCL-2 binds directly to the
related cellular protein BAX.®® Furthermore, BCL-2 could
suppress the killing function of BAX and it was proposed that
heterodimerization was the mechanism by which BCL-2
blocks cell death (Figure 3A), leading to a flood of papers
describing the ratios of anti- and pro-apoptotic factors found in
cells of various states. Therefore, it was an attractive
hypothesis that KSBcl-2 encoded by the human virus KSHV
could suppress apoptosis by binding directly to BAX (based
on its ability to bind BCL-2 in a yeast two-hybrid analysis).3®
However, using co-immunoprecipitation experiments we
failed to detect heterodimer formation between KSBcl-2 and
the cellular homologues BCL-2, BCL-x,, BAX and BAK, even
though KSBcl-2 binds efficiently to the novel cellular protein
Aven (described below), to the unrelated cellular PRA1
protein and to the BCL-2-related protein Diva using both
yeast two-hybrid and co-precipitation assays.284161=63 There
are also mixed reports on the ability of BHRF1 to form
heterodimers with cellular family members. Again using the
yeast two-hybrid strategy, one group found that BHRF1
interacted with BOK, BAX, BAK and BIK.%*%5 Although they
confirmed the interaction of BHRF1 with BOK by co-
precipitation of in vitro translated proteins, we and others
have failed to detect dimerization of BHRF1 with BAX, BAK,
BAD (BH3-only protein) and Bcl-rambo by co-precipitation of
transfected cell lysates or in GST pull-downs.28:40:66.67
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Figure 3 Evolution of proposed models for how BCL-2 family members
regulate cell survival/apoptosis. (A) BCL-2 inhibits BAX-induced apoptosis by
direct heterodimerization with BAX.'°®(B) Mutants of cellular Bcl-2 and BCL-
xL as well as viral BCL-2 proteins that fail to dimerize with BAX and BAK still
protect cells from apoptosis,?® suggesting an alternate mechanism for
promoting cell survival, perhaps by interacting with Aven.®" (C) Recently
revised model suggests that anti-apoptotic BCL-2 proteins prevent BH3-only
members of the cellular BCL-2 family from activating the cellular death effector
molecules BAX and BAK.70~72

However, in these same experiments, the viral BCL-2 proteins
from HVS and yHV68 were found to bind BAX.284° Therefore,
no consistent theme prevails, possibly suggesting that viral
BCL-2 proteins may specifically target only one or possibly a
subset of cellular pro-death factors to inhibit cell death.
However, we favour the idea that viral BCL-2 proteins may
protect cells by alternate mechanisms. Despite the apparent
inability of BHRF1 and KSBcl-2 to stably interact with BAX in
transfected mammalian cells, BHRF1 and KSBcl-2 are
potently protective against BAX-induced cell death in these
cells, dissociating the ability to protect cells from the capacity
to bind BAX.?®

This heterodimerization model was also challenged by
generating mutants of cellular BCL-x,_ and BCL-2 that fail to
bind BAX and BAK but still protect cells,®® and by the
observation that BAX and BCL-2 do not dimerize or co-
localize inside cells®®®® (Figure 3B). Several other labs
have also pointed out similar discordance between
dimerization and function. This suggests that cellular
BCL-2 and BCL-x_ have alternate strategies for protecting
cells, or that they possibly target the same cellular factor(s)
as the pro-death BCL-2 family proteins. More recently the
heterodimerization model has been revised to suggest that
anti-apoptotic members of the BCL-2 family bind to and
inhibit the pro-apoptotic BH3-only proteins instead of BAX
and BAK”®~73 (Figure 3C). That is, BH3-only proteins such
as BID bind and activate BAX and BAK, and force the
inactive (or possibly anti-apoptotic) forms of BAX and BAK
to assume their pro-apoptotic function. In this model, the
proposed function of anti-apoptotic BCL-2 family members
is to block BH3-only proteins by directly binding to BH3-
only proteins.”® This hypothesis is consistent with the
observation that the cellular BH3-only proteins fail to Kkill
cells that are deficient in both BAX and BAK, further
implying that BH3-only proteins work by activating BAX and
BAK.” Though this concept has not been formally tested
for herpesvirus BCL-2 homologues, BHRF1 was reported to
interact with Bik/Nbk and Nip3, members of the BH3-only
subgroup.®®7* Furthermore, a functional mutant of cellular
BCL-x_ that fails to bind BAX or BAK is still competent to
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bind the BH3-only protein BAD.”® Undoubtedly, we still
have much to learn about the role of heterodimerization
between BCL-2 family members.

In particular, it is interesting to note that in some
situations overexpression of BCL-2 may enhance cell death
triggered by BH3.7%%7%°

Viral and cellular BCL-2 proteins bind Aven

Although no stable heterodimers are detected between the
protective viral proteins KSBcl-2/BHRF1 and the cellular killer
proteins BAX/BAK in mammalian cells, all of the viral BCL-2
homologues tested thus far, including KSBcl-2, BHRF1 and
the BCL-2 homologue from yHV68, bind directly to a novel cell
death regulator Aven®' (Figure 3B). Aven was originally
identified in a yeast two-hybrid screen using a heterodimer-
ization-defective mutant of BCL-x_ as bait, in hopes of
identifying downstream effectors of BCL-x.. Aven forms
stable complexes with several viral and cellular BCL-2
proteins both in vitro and inside cells. Aven also binds to
Apaf-1, a regulator of caspase-9 activation®' and perhaps
other components of the apoptosome. Purified recombinant
Aven protein also inhibits caspase activation in vitro (P Irusta
and JM Hardwick, unpublished). Although the Apaf-1
homologue in C. elegans (CED-4) appears to bind directly
to the C. elegans BCL-2 homologue (CED-9) to suppress
caspase activation and cell death, several labs have reported
that mammalian Apaf-1 fails to bind cellular BCL-2 family
members. Therefore, Aven may be an important intermediate
between Apaf-1 and BCL-2 family members as both viral and
cellular anti-apoptotic BCL-2 proteins bind to Aven.

Viral BCL-2 regulation, BALF1 inhibits BHRF1
without dimerizing

Epstein—Barr virus (EBV) and the EBV-like primate viruses
encode a second obvious BCL-2 homologue based on amino
acid sequence homology.?”*® Surprisingly, BALF1 fails to
protect Rat-1 cells, Hela cells, epidermal 308 cells and DG75
B cells from virus-induced apoptosis or BAX overexpression,
while BHRF1 protects in all of these paradigms. Interestingly,
BALF1 inhibits the anti-apoptotic function of the viral proteins
BHRF1 and KSBcl-2 but not cellular BCL-x,. That is, co-
transfection of BALF1 reduces the ability of the viral but not
the cellular BCL-2 factors to inhibit apoptosis. Again it would
be attractive to think that BALF1 suppresses the function of
BHRF1 through a direct interaction. However, co-immuno-
precipitation experiments are inconsistent with this idea.2®
Furthermore, BALF1 and BHRF1 do not colocalize in cells.
Therefore, BALF1 most likely interferes with BHRF1 through
an indirect mechanism, and unpublished work in our lab
suggests a role for Aven.

Could viral BCL-2 protect by other mechanisms?

One key structural feature of both viral and cellular BCL-2
family members, is that central pair of alpha helices stretching
between the BH1 and BH2 domains that are postulated to
insert into membranes to form a channel (helix 5 and 6, Figure
1).* Although any link between channel activity and anti-
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apoptotic activity remains obscure, the possibility that viral
BCL-2 proteins may possess ion channel activity is intriguing,
and analysis of viral proteins in this regard will provide or
dispel any correlation with anti-apoptotic function. The anti-
apoptotic protein BCL-x, was reported to regulate the
transport of ATP across the outer mitochondrial membrane
by altering mitochondrial membrane permeability.”® "8 Based
on experimental evidence, this hypothesis suggests that ATP
levels build up in the mitochondrial intermembrane space of
apoptotic cells because ATP fails to reach the cytosol where
ATP levels fall below critical levels required for the cell to
survive. BCL-x, was proposed to maintain cytosolic levels of
ATP following a death stimulus perhaps by regulating the
activity of VDAC, the abundant voltage-dependent anion
channel present on outer mitochondrial membranes.”® In this
model, BCL-x_ keeps VDAC open to export ATP from
mitochondria into the cytosol.®° If this mechanism is a
fundamental property of anti-apoptotic BCL-2 family mem-
bers, then viral proteins might be expected to preserve this
function.

Biology of oncogenic herpesviruses

Based on genome sequence analysis, gamma herpesviruses
have been subdivided into the gamma 1 subgroup that
includes Epstein—Barr virus (EBV or human herpesvirus 4/
HHV4) and the gamma 2 subgroup that includes Kaposi's
sarcoma-associated herpesvirus (KSHV/HHV8). While EBV
infections have a much higher incidence rate in the human
population than KSHV, both are associated with specific
tumours that arise in individuals with specific types of
immunosuppression or other environmental or genetic
factors 8183

EBV was discovered over 50 years ago in association
with Burkitt’'s lymphoma and more recently was found in
close association with several other tumours of both
lymphoid origin (B-lymphoproliferative disease, Hodgkin’s
lymphoma, some T-cell lymphomas) and epithelial origin
(nasopharyngeal carcinoma, stomach cancers).2* Because
over 90% of the world’s adult population is persistently
infected with EBV, additional conditions obviously must be
met to develop EBV-associated malignancies. It is gen-
erally believed that EBV persists in latently infected B cells
and that lytic replication in the oral (or genital) epithelia
serves to transmit the virus to susceptible individuals.®®
Cytotoxic T cells are important in controlling/restricting EBV
infections in healthy individuals. Patients on immunosup-
pressive anti-cancer therapy and individuals with malaria or
HIV infections have an increased propensity to develop
EBV-associated lymphomas. In addition, children with
mutations in SAP that affect signaling pathways in cytotoxic
T cells develop a fatal X-linked lymphoproliferative syn-
drome (XLPS) upon primary infection with EBV 8687

KSHV was identified in the Kaposi’'s sarcoma skin
lesions of AIDS patients, and infection with KSHV is a
significant risk factor in developing KS (Kaposi’s sarcoma),
primary effusion lymphomas (PEL) and Castleman’s
disease.8"8388 KS develops from latently infected spindle
cells and 80—-100% of KS lesions have detectable KSHV
genomes. While KS is associated with immunosuppression



due to HIV infection and kidney transplant regimes, KS also
occurs in areas of the world where KSHV is endemic
(classic KS). In some parts of the world, KS cases
constitute a significant portion of the cancer patients. The
virus can be transmitted by semen or saliva, but less is
known about sites of viral latency and transmission.

Herpesviruses have both lytic (production of infectious
virus resulting in cell death) and latent (non-cytolytic
persistence of viral genomes that are replicated with the
cell division cycle) phases of their life cycle. Both EBV and
KSHV can express a variety of different genes during latent
infections that are believed to contribute to the tumours
associated with these viruses. For example, EBV encodes
LMP1 that functions as a constitutive growth factor-
independent pseudo receptor and can upregulate cellular
BCL-2 expression. KSHV also encodes several genes
implicated in tumour formation including a transmembrane
protein designated K1 that interacts with the B cell receptor
and induces changes in cell morphology and focus
formation.®9~%® K7 of KSHV was reported to be an anti-
apoptotic bridging factor between BCL-2 and caspase-3, by
virtue of its homology to the BH2 domain of cellular BCL-2
and to the BIR domain of a novel splice variant of Survivin,
though point mutants of K7 to confirm the significance of
this limited homology have not yet been reported.®* It
should be kept in mind that virus-induced cell transforma-
tion and oncogenesis are fortuitous events that do not
serve to maintain these viruses in the environment.
Therefore, the function of these genes is foremost to
benefit the virus life cycle.

What does viral BCL-2 do for the virus?

Although herpesvirus BCL-2 homologues are not generally
believed to be directly causal in virus-associated tumorigen-
esis, a functional BCL-2 homologue of adenovirus, E1B-19K,
is important for both virus production and E1A-induced
transformation.®>~%" Furthermore, the conservation of her-
pesvirus BCL-2 homologues among primary virus isolates
and in the genomes of all gamma 1 and gamma 2 viruses
sequenced to date indicates that viral BCL-2 is important in
the biology of these viruses.28404298 However, the biology of
herpesvirus BCL-2 proteins or the BCL-2 homologue encoded
by African swine fever virus®® is poorly understood in part due
to the difficulty in manipulating these viruses genetically and
the lack of convenient cell culture systems and/or animal
models, though recent advances have proven fruitful.

Most gamma herpesviruses including EBV and KSHV
appear to express their BCL-2 homologues early in the lytic
replication cycle, raising the possibility that herpesvirus
BCL-2 proteins serve the virus by prolonging cell survival to
allow production of greater numbers of progeny as shown
previously for adenovirus.®**' However, yHV68 also
expresses its BCL-2 gene during latency.'® In addition,
several labs have identified and cloned latent-style EBV
transcripts containing the BHRF1 open reading frame,
suggesting that BHRF1 may also be expressed during
EBV latency, and therefore possibly contribute directly to
immortalization of cells.’®'=1%% However, evidence is
lacking for viral BCL-2 protein expression during latency,
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though antibody reagents are limited. Mutant EBV viruses
lacking BHRF1 apparently behave normally in cultured B
cells though these assays are limited in scope.!%1%®
Recent studies with yHV68 virus have uncovered pheno-
types for the BCL-2-defective virus in mice.'%%'%7 While
deletion of viral BCL-2 had no effect on acute virus
replication in lung tissue, replication in the spleen was
suppressed. Mutant virus was also impaired for establish-
ment of latency in the spleen but only in animals that had
received an intranasal inoculation, and not those animals
inoculated intraperitoneally. Therefore, viral BCL-2 appears
to be important when the animal acquires the virus by a
natural route of infection. Unfortunately, this mouse model
has not permitted the study of tumorigenesis, as tumours in
yHV68-infected mice are rare.

Even if BHRF1 and KSBcl-2 function only during the lytic
replication cycle, they may also play a key role in
tumorigenesis, not only for the obvious purpose of
supporting virus replication that is essential for virus
transmission, but also for increasing viral load that may
be important for tumour development. Elevated levels of
anti-viral antibodies, viral antigen, viral DNA and/or viral
transcripts correlate with development of lymphoprolifera-
tive disease (EBV), nasopharyngeal carcinoma (EBV) and
Kaposi’'s sarcoma (KSHV). Therefore, the role of reactiva-
tion of latent virus to lytic replication, versus proliferation of
latently infected cells in tumor development is an important
issue in the field.®®

Role of virus production versus proliferation of
infected cells in tumorigenesis

In healthy individuals a balance is maintained between EBV
latency, EBV replication and immune control of infection. A
decrease in EBV-specific cytotoxic T cell function permits an
increase in EBV replication and a new set-point is reached in
this balance.'®® However, some fraction of immunocompro-
mised individuals develop EBV-positive lymphoproliferative
disorders. Increased viral loads during immunosuppressive
therapy could be due to either increased lytic replication of
EBV and subsequent infection of new B cells, or increased
proliferation of B cells already infected with EBV. While these
two hypotheses are not mutually exclusive, Crawford and
colleagues have suggested that de novo infections following
reactivation of lytic virus serves to increase the size of the
memory B cell compartment and that this is a key prerequisite
event leading to tumour formation. That is, increased
production of virus may be critical for subsequent tumorigenic
events. Reactivation of the lytic cycle was evident in a cohort
of immunosuppressed cardiothoracic transplant patients by
the finding of high viral loads and detection of lytic cycle
transcripts for the EBV glycoprotein gp350 in peripheral blood
mononuclear cells of 26% of patients.8® However, the latent
cycle proteins LMP1 and a transactivator EBNA2, which are
responsible for proliferation of latently infected cells, were not
detected, arguing against an expansion of latently infected
cells. Although the patients in this study remained healthy,
presumably a secondary event allowing escape of an EBV-
immortalized cell to resist other anti-tumour controls could
result in oncogenesis. Thus, control of lytic EBV replication
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will be key to controlling both latent infections and the
subsequent occasional oncogenic step. Experiments in
animals are beginning to explore some of these issues.
Interestingly, a BCL-2-deficient yHV68 virus is defective for
reactivation from latency, persistent replication and virulence
during a chronic infection of a immunocompromised mice
(IFNy-/-).%7 Surprisingly, this mutant virus was competent for
acute replication not only in cell culture cells, but also in an
acute infection in mice. This combination of findings is
consistent with a role for viral BCL-2 in human disease as
individuals with persistent infections will develop EBV-
associated lymphomas upon immune suppression or other
event some years after their primary infection. Much more
work will be required to understand the molecular basis of
EBV-associated tumorigenesis and the role of viral BCL-2.
Unfortunately, the answers to the important questions
regarding pathogenesis are the hardest to address experi-
mentally.
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