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MINIREVIEW

Herpesvirus Lytic Replication and the Cell Cycle: Arresting
New Developments

ERIK K. FLEMINGTON*

Department of Pathology, Tulane Cancer Center, New Orleans, Louisiana 70112

It has been clear for a number of years that small DNA
tumor viruses such as simian virus 40 (SV40) and papilloma-
virus interact with cell cycle control pathways during lytic rep-
lication in a way that promotes entry into the S phase of the cell
cycle. Since these viruses do not code for their own DNA
polymerase or other accessory factors that support DNA rep-
lication, this strategy is a means of subverting the cell cycle
control machinery to support viral DNA replication. In con-
trast to these viruses, herpesviruses contain a much greater
genetic complexity that encodes a viral DNA polymerase, as
well as accessory factors involved in generating nucleotide
pools, etc. Indeed, herpesviruses have evolved a distinct viral
replication strategy and, unlike SV40 and papillomavirus, her-
pesviruses do not require an S-phase environment to support
viral replication. Further, numerous studies from several dif-
ferent herpesvirus systems have provided unifying evidence
that these viruses encode factors that elicit a cell cycle block,
thereby actively preventing entry into S phase. The conserved
nature of this function across different members of the herpes-
virus family suggests that it is an integral aspect of the herpes-
virus replication strategy. As discussed here, regulation of the
cell cycle during herpesvirus DNA replication has evolved as a
complex series of interactions involving multiple viral factors,
further implying an important role for this function in the life
cycle of the virus.

The interaction between herpesviruses and the cell cycle
regulatory machinery is even more interesting, however. While
viral factors elicit cell cycle arrest signaling, some viral factors
also activate certain cell cycle regulatory pathways that would
normally promote cell cycle progression. These cell cycle-pro-
moting functions also appear to be important since inhibition
of these pathways inhibits viral replication. Therefore, it ap-
pears that although herpesviruses elicit cell cycle arrest, their
complex interactions with the cell cycle regulatory machinery
likely evolved to poise the cell in a precise cell cycle position
which most favors viral replication.

Although a scattering of publications prior to 1995 provided
hints into the interaction between herpesviruses and cell cycle
control pathways, accumulating interest from several different
laboratories over the past 5 or 6 years has begun to provide
general underlying themes into this issue as well as elucidate
some of the details of these interactions. These recent studies

have been carried out in a largely independent fashion with
alpha-, beta-, and gammaherpesvirus systems (primarily herpes
simplex virus [HSV], cytomegalovirus [CMV], and Epstein-
Barr virus [EBV]). The purpose of this review is to bridge the
current understanding of virus-cell cycle interactions for these
three herpesvirus lytic replication systems. To this end, I have
provided a fairly detailed summary of the existing experimental
data for each of these herpesvirus systems, which will hopefully
serve as a tool to apprise investigators of related progress
outside of their respective disciplines. At the end of this review,
I have commented on some of the common strategies utilized
by these viruses to achieve efficient cell synchronization during
lytic replication.

HERPES SIMPLEX VIRUS

In 1988, de Bruyn and Knipe (15) provided evidence that
infection with HSV leads to a block in cellular DNA synthesis.
Approximately 10 years later, Dargan and Subak-Sharpe (14)
showed that infection of cells with L particles (naturally pro-
duced HSV virions that do not contain any viral DNA) blocks
cell growth without inducing apoptosis. Since the lack of cell
accumulation occurred without any apparent apoptosis, this
suggested the presence of a cell cycle inhibitory factor within
the HSV virion. Further evidence that infection by HSV leads
to inhibition of cell cycle progression came from molecular
studies addressing alterations in a key set of cell cycle regula-
tory transcription factor complexes, the E2F family of com-
plexes (33). That study found that HSV infection leads to the
nuclear accumulation of the repressive form of E2F (which
suppresses progression into S phase). More specifically, the
study demonstrated an accumulation of E2F factors complexed
with the retinoblastoma tumor suppressor protein, pRb, which
inhibits E2F-mediated activation of S-phase-specific gene ex-
pression. In addition, the study found that the E2F family
member, E2F4, is translocated into the nucleus following in-
fection, where it is complexed with another member of the pRb
family, p107. That work supported the idea that HSV infection
elicits molecular changes in cell cycle regulatory circuits that
are consistent with cells exiting the cell cycle and arresting in
G1.

At around the same time, two other groups reported that the
HSV-encoded immediate-early transcription factor, infected
cell protein 0 (ICP0), can specifically elicit a cell cycle arrest
(21, 28). (As mentioned above, L particles carry the capacity to
block cell cycle progression [14]. Although ICP0 is an imme-
diate-early protein, it has also been shown to be a virion com-
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ponent [47]. Therefore, the growth arrest activity identified in
L particles by Dargan and Subak-Sharpe [14] may be attribut-
able, at least in part, to ICP0.) Hobbs and DeLuca (21) showed
that infection of serum-starved HEL cells with an HSV mutant
that only expresses ICP0 blocks their ability to enter S phase
following readdition of serum. Lomonte and Everett (28)
showed that transfection of asynchronously growing HEp-2
cells with an ICP0 expression plasmid resulted in an enrich-
ment of cells in G1. Both groups also showed that infection of
cells synchronized in G2 caused an ICP0-dependent G2/M ar-
rest, suggesting that ICP0 also has the capacity to activate a
G2/M checkpoint. Microarray analysis following infection with
the ICP0-expressing mutant virus revealed induction of the
tumor suppressor protein, p53 (which is known to signal both
G1 and G2 checkpoints), as well as several genes that are
known downstream targets of p53 (p21, gadd45, and mdm2)
(21). Unexpectedly, all three of the p53 target genes can also
be induced by ICP0 in p53 2/2 cells. This observation indi-
cated that, although the ICP0-mediated induction of p53 may
contribute to the induction of p21, gadd45, and mdm2, ICP0
also activates these genes through a p53-independent pathway.
Therefore, ICP0 signals more than one checkpoint pathway
(i.e., a p53-dependent pathway and one or more p53-indepen-
dent pathways).

Despite their observation that ICP0 signals checkpoint func-
tions leading to a cell cycle arrest, Lomonte and Everett (28)
also showed that an ICP0-defective mutant virus still elicits
growth arrest. This result indicated that there is another
HSV-encoded factor(s) that also induces cellular growth arrest
signaling. Consistent with this observation, another immediate-
early HSV gene, ICP27, has also been implicated in HSV-
mediated growth arrest (D. Knipe, personal communication).
Therefore, HSV encodes at least two distinct proteins that can
induce a cell cycle arrest.

Two other reports have more thoroughly addressed the ini-
tial findings by de Bruyn and Knipe (15), showing that infection
with whole intact HSV leads to a cell cycle block. Ehmann et
al. (17) and Song et al. (41) showed that HSV infection blocks
progression of cells into S phase following release from serum
starvation. In addition, these groups also showed that HSV
infection actively arrests cycling cells (in G1). These studies
also addressed changes in the key cell cycle-regulatory kinase
complex family, cyclin-cyclin-dependent kinases (cyclin-cdks),
following infection with HSV. The cyclin-cdk complexes, cy-
clinE-cdk2 and cyclinD-cdk4, are involved in phosphorylating
pRb in late G1. Phosphorylated pRb then dissociates from
E2F, thereby promoting E2F-dependent activation of S-phase-
specific gene expression (and therefore, progression of cells
into S phase). As such, these cyclin-cdk complexes are required
for G1 to S phase transition. Song et al. (41) showed that
infection of CV-1 cells leads to a loss of pRb phosphorylation.
Further, this group showed that infection with HSV inhibits
induction of cyclins D1 and D3 following readdition of serum
in serum-starved cell cultures. This study also showed that
HSV infection inhibits the formation of new electrophoretic
forms of cdk2 and cdk4 which typically accompany restimula-
tion of serum-starved cultures. The report by Ehmann et al.
(17) showed similar effects on cyclins and cdks. Specifically this
group reported that infection of quiescent human lung cells
suppressed serum-induced cyclin D-cdk4 and cyclin D-cdk6

activity as well as cyclin E-cdk2 activity. These changes were
also accompanied by a loss of cyclin E and a failure of cdk2 to
translocate into the nucleus.

Together, the studies described above provide convincing
evidence that HSV alters the cell cycle regulatory machinery in
a way that promotes a block in G0 or G1 and that this likely
occurs, in part, through the downregulation of cyclin-cdk com-
plexes involved in the G1/S phase transition. Despite these
observations, however, other groups have provided evidence
that G1/S phase cyclins are required for the HSV lytic replica-
tion cycle. Early studies showed that a cellular factor(s) from
cells in G1/S phase supported the viral replication cycle (9).
Ralph et al. (35) then showed that immediate-early genes are
specifically activated when cells are released from a serum
starvation-induced growth arrest. A follow-up study showed
that the cdk inhibitors, roscovitine and olomoucine, block im-
mediate-early transcription and viral replication in asynchro-
nously growing cells (24, 39). In a separate series of experi-
ments, Kawaguchi et al. (27) showed that ICP0 interacts with,
and stabilizes, cyclin D3. (Note that although ICP0 stabilizes
cyclin D3, infection with wild-type virus suppresses the level of
cyclin D3. This indicates that in addition to the stabilizing
activity of ICP0, HSV also encodes a counteracting down-
regulatory activity. Both activities may work together to mod-
ulate cyclin D3 levels to a critical homeostatic level.) Van Sant
et al. (44) went on to show that a single amino acid mutation
in ICP0 that abrogates ICP0’s ability to interact with cyclin D3
impaired the ability of a corresponding mutant virus to repli-
cate in serum-deprived/arrested cells but not in proliferating
cells. This suggested that (i) cyclin D3 is required for viral
DNA replication and (ii) although the level of cyclin D3 in
proliferating cells is sufficient to support viral replication, ICP0
was required to induce cyclin D3 in G0-arrested cells.

In contrast to the studies by Ehmann et al. (17) and Song et
al. (41) showing that HSV infection suppresses cyclin-cdk func-
tion, a study by Hossain et al (22) reported that infection of
serum-starved CV-1 cells results in (i) no change in cdk4 ac-
tivity, (ii) an induction of cyclin A (but not of cyclin E), and (iii)
a transient induction of cdk2 activity. Although these results
appear on the surface to be at odds with the results of Ehmann
et al. (17) and Song et al. (41), there is an important difference
in the experimental design of the experiments that may explain
these seemingly discrepant results. While infection of quies-
cent cells in the Ehmann et al. (17) and Song et al. (41) studies
was carried out in the presence of fresh serum, Hossain et al.
(22) infected quiescent cells in the presence of spent media. As
a result, the Ehmann and Song experiments specifically ad-
dressed the ability of HSV to suppress serum-stimulated in-
duction of cyclin-cdk function while the Hossain study ad-
dressed whether HSV can activate cyclin-cdk function above
the uninduced serum-starved background levels. Together
these results suggest that HSV may only partially suppress the
high-level cyclin-cdk activity that occurs during serum stimu-
lation to levels that block the G1/S phase transition but not to
basal serum starvation levels. Although HSV blocks cellular
DNA replication, it may not simply “shut down” the cell cycle
but, instead, may modulate cyclin-cdk function to specific lev-
els that allow activation of the cell in a way that helps support
efficient viral DNA replication.
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CYTOMEGALOVIRUS

Like HSV, CMV has clearly been shown by several groups to
block the G1/S phase transition in several different cell systems
(8, 16, 29, 38). Moreover, two distinct CMV-encoded proteins
have been shown to cause cell growth arrest, the tegument
protein, UL69 (20, 30) (a homologue of the HSV ICP27 pro-
tein which has also been shown to cause growth arrest), and the
immediate-early gene product, IE2 (45) (IE2 has also been
shown to have cell growth-promoting activity in some systems
[see below]). Nevertheless, on the surface, the CMV-related
cell cycle literature appears even more conflicted than the
HSV literature, because although CMV encodes these cell
cycle arrest functions, it elicits a fairly robust series of molec-
ular events that typically occur during activation of cell prolif-
eration (at least in uninfected cells). In this section, I will first
discuss the cell cycle-promoting activities associated with
CMV. I will then address the growth arrest data in more detail
and discuss how the interplay between these diametrically op-
posed activities may play out during CMV lytic replication.

In 1990 and 1991, studies by Albrecht’s group (3, 4) showed
that CMV infection activates expression of the cellular proto-
oncogenes fos, jun, and myc. Other studies have demonstrated
that a CMV-induced G1 cell cycle arrest coincides with an
unexpected induction of cyclin E levels—with a corresponding
induction of cyclin E-associated kinase activity (8, 23). Evi-
dence that the induction of cyclin E-cdk2 activity is important
for the viral replication cycle was reported by Bresnahan et al.
(7), who showed that either roscovitine or a cdk2 dominant-
negative inhibitor blocks viral DNA replication.

The observed induction of cyclin E-cdk2 activity is unex-
pected since cyclin E-cdk2 activity typically spikes during a
narrow window corresponding to the G1/S transition and this is
thought to play a regulatory role in transiting this checkpoint.
Even more striking, however, is the observation that in cells
arrested by CMV, there is also an accompanying induction of
the G2/M-specific cyclin, cyclin B, along with a corresponding
activation of cyclin B-dependent kinase activity (16, 23, 38). In
addition to these events, two other studies have shown that the
CMV-encoded immediate-early proteins IE1 and IE2 bind
p107 (34) and pRb (19), respectively, and inactivate their abil-
ity to repress E2F-dependent transcription. (Interestingly, IE2
does not bind pRb when pRb is phosphorylated [19]. There-
fore, the CMV-induced cyclin E-cdk2 activity likely inhibits the
interaction between pRb and IE2. Moreover, IE2 has specifi-
cally been shown to induce the cyclin E promoter, which likely
occurs through E2F elements [6], indicating that IE2 itself is
involved in regulating cyclin E-cdk2 activity, which in turn
regulates IE2’s interaction with pRb. It appears then, that IE2
has tapped into an existing feed-forward mechanism to disrupt
its functional interaction with pRb following the completion of
certain signaling events [e.g. induction of cyclin E expression
through activation of its E2F elements].)

Based on these studies, it is clear that although CMV blocks
cell cycle progression, it has also integrated itself into certain
aspects of cell cycle activation signaling. Moreover, it has been
reported that in certain cell systems, CMV infection can spe-
cifically elicit cell cycle progression (1, 40). Two other groups
(10, 32) have shown that introduction of either of the imme-
diate-early CMV-encoded genes, IE1 or IE2, into serum-

starved cells using an adenovirus transduction system can in-
duce cell cycling. How can this data be reconciled with the
preponderance of other studies showing that infection with
CMV blocks cell cycle progression? The ability of individual
CMV genes to elicit cell cycle progression may simply occur
through their cell cycle-promoting activities in the absence of
the restraining functions of other virally encoded growth in-
hibitory factors. On the other hand, the reports showing acti-
vation of cell proliferation by the whole virus require a more
sophisticated explanation. It is possible that the conflicting
nature of the different signaling events does not always lead to
cell growth arrest but, instead, the outcome on cell prolifera-
tion may depend on the genetic background of the cell and/or
the particular configuration of the cell cycle regulatory machin-
ery in distinct cell systems. Such issues may help explain
CMV’s association with the cell proliferative disorder, coro-
nary restinosis (42), despite its general ability to induce growth
arrest in other tissues.

The ability of IE1 and IE2 to bind to p107 and pRb and
activate E2F-mediated transcription is consistent with their
capacity to promote the G1/S phase transition. In contrast to
the results reported by Murphy et al. (32), however, Wiebusch
and Hagemeier (45) have shown that expression of IE2 blocks
cell cycle progression in G1 in a variety of cell lines. Other
investigators have shown that IE1 (31) and IE2 (5, 31, 42)
induce the expression of p53. Speir et al. (42) showed that IE2
interacts directly with p53 and that this interaction may play a
role in stabilizing the protein. Unexpectedly, Speir et al. (42)
showed that IE2 blocks p53’s ability to activate transcription.
Despite this, however, Bonin and McDougall (5) showed that
p53’s checkpoint function is not altered and that it retains the
ability to induce p21 and mdm2. This indicates that although
IE2 blocks p53’s transactivation function, p53 retains the abil-
ity to activate a checkpoint through a novel mechanism. To-
gether, these data show that not only does IE2 have a cell
cycle-promoting function mediated through its interaction with
pRb, but it also activates checkpoint signaling through its in-
duction of p53. This may, at least in part, explain how IE2 can
elicit opposite outcomes on cell cycle progression observed in
different systems.

As mentioned above, in addition to IE2, the CMV-encoded
viral capsid protein UL69 also induces a G1 arrest when intro-
duced into proliferating cells (30). Further, UL69 was shown to
be important in the context of the whole virus, since a viral
mutant that does not express UL69 is impaired in its ability to
induce growth arrest. Therefore, like HSV, CMV also encodes
more than one factor that plays a role in fully achieving growth
arrest during lytic replication. Although only one EBV-en-
coded gene product, the immediate-early transcription factor
Zta, has thus far been shown to play a role in eliciting cell
growth arrest (11), EBV also encodes a UL69/ICP27 homo-
logue, BMLF1, and it will be important to determine whether
this protein has a growth arrest function during EBV lytic
replication. Nevertheless, previous studies have already shown
that Zta itself elicits cell growth arrest signaling through the
interaction with more than one distinct cell growth arrest path-
way (36) (see below). It appears, then, that in the same way
that small DNA tumor viruses interact with a multitude of cell
cycle control points in their effort to elicit cell proliferation, a
similar picture is emerging for the growth arrest functions of
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herpesviruses during lytic replication. Despite this, the accu-
mulating data for CMV indicate that the virus may have also
evolved with mechanisms to activate the cell. As such, the virus
may block cellular DNA replication while at the same time
activating certain cell cycle pathways that poise the cell in an
environment that more effectively generates energy and re-
sources to support high-level viral DNA replication.

EPSTEIN-BARR VIRUS

There are a couple of important distinctions between EBV
and HSV or CMV that should be addressed prior to discussing
the relationship between EBV lytic replication and the cell
cycle. First, EBV-encoded genes that are expressed during the
latency phase of the life cycle have potent cell cycle-promoting
activity, and expression of this set of genes accounts for the
ability of EBV to elicit growth transformation following infec-
tion of naive B lymphocytes. The association between EBV
and a growing panel of human cancers is likewise attributable
to the activities of one or more of these latency-associated
genes. In contrast, lytic EBV gene expression is mutually ex-
clusive of latency-associated gene expression and, to date,
there is little evidence that lytic gene products play a role in
EBV-associated proliferative disorders or cancers.

A second, more practical experimental distinction between
EBV and HSV or CMV should also be pointed out. While full
lytic replication can be attained by infecting certain cell types
with CMV and HSV, this kind of efficient lytic replication
system does not exist for EBV. Instead, the lytic EBV replica-
tion cycle is typically studied by exposing latently infected cells
to agents that induce a switch from the latent to the lytic gene
expression program. This approach is somewhat problematic
for specifically analyzing the functional role of EBV-encoded
genes in altering the cell cycle, since it is difficult to distinguish
between effects elicited by the virus and those that are induced
by the treatment itself. Nevertheless, treatment of latently in-
fected cells with most lytic cycle-inducing agents causes a
G0/G1 arrest (18, 25, 37). Although it has been difficult to
attribute growth arrest functions to EBV-encoded genes
through this approach, these studies have suggested that the
converse is true, since treatment of latently infected cells with
some of these agents induces growth arrest prior to detectable
expression of immediate-early genes (18, 25, 37).

Some of the early evidence that EBV replicates in growth-
arrested tissues came from in vivo observations that EBV rep-
lication occurs principally in the more differentiated layers of
the oral epithelium (2, 46, 48). Again, in this system, it was

FIG. 1. Viral growth arrest factors. BMLF1 is not shown to have growth arrest activity, but it is homologous to UL69 and ICP27.

4478 MINIREVIEW J. VIROL.



difficult to determine whether the virus responds to growth
arrest (and/or differentiation) signals or whether the virus spe-
cifically induces growth arrest. Nevertheless, other studies have
shown that the promoter for the immediate-early gene prod-
uct, Zta, is responsive to epithelial differentiation signaling
(26), further supporting the notion that growth arrest signaling
can induce the EBV lytic cycle.

The first demonstration that EBV gene expression can in-
duce growth arrest (11) utilized the ability of the EBV imme-
diate-early transactivator, Zta, to induce the EBV lytic repli-
cation cycle (13) in the absence of any other external stimuli.
The introduction of a Zta expression vector into EBV-positive
cells therefore provided a means of initiating the lytic cascade
in the absence of other signaling events. Using this approach,
it was found that transfection of a Zta expression vector into an
EBV-positive epithelial cell system induced a G0/G1 cell cycle
arrest (11). Further, this study showed that the Zta gene itself
can induce growth arrest, since the introduction of a Zta ex-
pression vector into several different EBV-negative cell lines
similarly blocked cell cycle progression.

Subsequent analyses of Zta-mediated growth arrest showed
that Zta interacts at multiple distinct points in the cell cycle
regulatory machinery (36). Like the CMV-encoded IE2 pro-
tein, Zta interacts with p53 and inhibits its transactivation
function (50). Further, Zta stabilizes p53 (11; unpublished
data), and despite inhibiting its transactivation function (36,
50), Zta does not block p53-mediated induction of p21 (36).
Therefore, like the CMV IE2 protein, Zta induces a transacti-
vation-independent p53 checkpoint function(s). Moreover, like
IE2, Zta also signals p21 induction through a p53-independent
mechanism (36). Zta also induces another cyclin-dependent
kinase inhibitor, p27, and induction of this cdk inhibitor occurs
in part through a pathway that is independent of p21 and p53
(11, 36). Therefore, Zta interacts with multiple distinct control
points in the cell cycle regulatory machinery, each of which
likely contributes to its cell growth arrest function.

Another EBV-encoded lytic transactivator, Rta, has been
shown to interact with pRb (49). This interaction does not
disrupt pRb’s ability to interact with E2F in vitro (49), indicat-
ing that unlike the interaction between IE2 and pRb, the as-
sociation of Rta with pRb may not promote activation of E2F
function (19). Despite this observation, however, it was found
that induction of the lytic cycle in the cell line Akata by anti-

immunoglobulin (Ig) treatment leads to the dissociation of
pRb-E2F1 complexes (49). Since Rta binds pRb in conjunction
with E2F1 in vitro, the dissociation of pRb and E2F1 following
anti-Ig treatment may occur through the action of another viral
lytic protein or it may be the direct result of anti-Ig signaling.
Another study showed that by using an adenovirus-Rta trans-
duction system, Rta can induce the expression of E2F1 (43),
supporting a possible cell cycle-activating function of Rta. This
provides an initial suggestion that, like CMV and HSV, EBV
may induce certain cell cycle activation pathways despite its
ability to elicit a cell cycle arrest.

CONCLUSIONS

It is clear from the studies discussed above that HSV, CMV,
and EBV have evolved to replicate primarily in growth-ar-
rested cells. This property may have evolved initially as a
means to simply relieve the virus from a requirement for an
S-phase environment to support viral replication. The loss of
an S-phase dependency may have then led to the evolution of
mechanisms to actively regulate cell cycle restriction points to
prevent competition with the cellular DNA replication ma-
chinery for nucleotide pools. This would likely have a signifi-
cant impact on the efficiency of viral replication and may be the
driving evolutionary force that forges this issue as a common
theme among different members of the herpesvirus family.

Mechanistically, there are several similarities in the manner
through which growth arrest is effected by these three viruses.
For example, the mechanisms utilized by all three viruses to
elicit growth arrest is sophisticated in that they signal growth
arrest through multiple cell cycle regulatory pathways. Further,
CMV and HSV (and perhaps EBV) encode more than one
gene that is involved in promoting cell growth arrest (Fig. 1).
All three of these viruses have tapped into G0/G1 checkpoint
functions, and they all encode immediate-early proteins that
specifically induce the expression and function of p53 (Fig. 1).
The CMV-encoded IE2 and the EBV-encoded Zta proteins
have both been shown to bind and stabilize p53. Further, these
interactions induce p53’s checkpoint function despite inacti-
vating its ability to activate transcription. The evolution of
functional interactions between ICP0, IE2, and Zta and p53
may have occurred through a convergent mechanism, since
there is no apparent homology between these three viral pro-

FIG. 2. Models for temporal course of viral and cell cycle events during herpesvirus lytic replication.
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teins. This implicates p53 as a particularly effective target in
mediating growth arrest during the lytic replication phase of
these viruses. ICP0 and Zta, however, have also been shown to
activate p53-independent checkpoint functions, indicating that
other cellular factors are also important for the induction of
virus-mediated growth arrest.

Although all of the viral proteins that have been implicated
in eliciting cell growth arrest are transcription factors, the
transactivation functions of Zta (12, 36) and IE2 (45) are not
essential for activity (Fig. 1). Further, the RING finger domain
of ICP0, which is a key motif in mediating protein-protein
interactions, has been shown to be essential for eliciting growth
arrest (28). This suggests that the transcriptional activation
functions of these proteins may be less important for inducing
cell growth arrest than direct interactions with key cell cycle
control factors.

Synchrony in G1 appears to be an early step in the lytic cycle
for each of these viruses (Fig. 2). All of the virally encoded
growth arrest genes discussed here are either virion compo-
nents (UL69 and ICP0) and/or immediate-early genes (IE2,
ICP0, and Zta). The utilization of very early functioning viral
factors to elicit growth arrest makes sense to help ensure that
cells are arrested at the appropriate point of G0 or G1, prior to
engaging in viral DNA replication. This would help ensure that
cellular DNA replication is blocked prior to the onset of viral
DNA replication to avoid competition for resources. Never-
theless, since synchronization can take a relatively long time
due to the length of the cell cycle, herpesviruses appear to have
also adapted an additional strategy that helps ensure that
growth arrest occurs before the initiation of viral DNA repli-
cation. Specifically, immediate-early gene expression for each
of these viruses has evolved to be responsive to G0/G1 signaling
events (Table 1) so that these genes are expressed immediately
prior to the G0 or G1 checkpoint at which the respective gene
product functions. The promoter for the Zta gene has been
shown to be responsive to G0 growth arrest signals (18, 25, 26,
37). Salvant et al. (38) have shown that immediate-early CMV
gene expression does not occur until the infected cell has
progressed to the G1 phase of the cell cycle. Last, Jordan et al.
(24) have provided evidence that activation of HSV immedi-
ate-early genes by the virion protein VP16 cannot occur with-
out G1 cyclin-dependent kinases. This linkage of virus-sensing
mechanisms to the activation of viral cell cycle regulatory fac-
tors, then, elicits the appropriate cell cycle staging prior to the
onset of viral DNA replication (Fig. 2), thereby increasing
replication efficiency.

In addition to activating cell checkpoint functions, there is
evidence that each of these viruses simultaneously induces
certain cell cycle activation signals. Although the role for this
activity is unclear, there is mounting evidence that these inter-

actions have evolved as integral aspects of lytic replication,
since disruption of these signaling pathways inhibits progres-
sion of the viral replication cycle. It is likely that a key purpose
behind blocking cellular DNA replication may be to prevent
competition for nucleotide pools. On the other hand, an “ac-
tivated” cell would likely be a better setting for viral replication
than a cell that has exited the cell cycle (i.e., a G0 cell), since
there would likely be more significant energy generation and
greater production of other resources that may support viral
replication. It appears, then, that these viruses have evolved
mechanisms to block cellular DNA while at the same time
activating pathways that either mimic entry into the cell cycle
or elicit a partial cell cycle progression. As such, these viruses
appear to have evolved highly sophisticated interactions with
the cell cycle regulatory machinery in a way that supports
efficient viral replication.
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