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Abstract

It is widely accepted that small DNA tumor viruses, such as adenovirus, simian virus 40 and papillomavirus, push infected cells into S-
phase to facilitate the replication of their genome. Until recently, it was believed that the large DNA viruses (i.e. herpesviruses) functioned
very differently in this regard by inducing a G, arrest in infected cells as part of their replication process. However, studies over the last 6—8
years have uncovered striking parallels (and differences) between the functions of the major immediate early (IE) proteins of at least one
herpesvirus, human cytomegalovirus (HCMV) and IE equivalents encoded by small DNA tumor viruses, such as adenovirus. Similarities
between the HCMV major IE proteins and adenovirus IE proteins include targeting of members of the RB and p53 families and an ability of
these viral factors to induce S-phase in quiescent cells. However, unlike the small DNA tumor virus proteins, individual HCMV IE proteins
target different RB family members. HCMYV also encodes several other IE gene products as well as virion tegument proteins that act early
during infection to prevent an infected cell from replicating its host genome and from undergoing apoptosis. Here, we review the specifics of
several HCMV IE proteins, two virion components, and their functions in relation to cell growth control. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction: HCMV

Human cytomegalovirus (HCMV) is a member of the
Herpesviridae family of viruses. Much of the molecular
biology of and diseases associated with HCMV infection
have been reviewed in detail (Mocarski and Courcelle,
2001; Pass, 2001). We will summarize the biological and
pathological features of HCMV and then focus on the asso-
ciations among the HCMV immediate early (IE) gene
products, contributions from two virion-associated factors
and the mechanisms governing cell cycle control. HCMYV is
an enveloped beta-herpesvirus with an approximately 230
kb double-stranded DNA genome containing approximately
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200 open reading frames (ORFs). The HCMV genome is
divided into two segments, designated UL (unique long) and
US (unique short), bounded by inverted repeats.

Although the virus is endemic within the human popula-
tion, HCMV infection rarely causes symptomatic disease in
healthy, immunocompetent individuals. HCMV, like other
herpesviruses, can establish lifelong latency following
primary infection. The reactivation of HCMV commonly
occurs in immunocompromised and immunosuppressed
individuals and has been shown to be the causative agent
of a variety of disorders in these individuals. HCMV-asso-
ciated pneumonitis and retinitis are the most prevalent
HCMV-associated problems detected following primary
infection or reactivation of latent HCMV (Ho, 1982). In
addition, reactivation of latent virus or transmission of the
virus to organ transplant recipients may result in further
complications such as disseminated viremia and in some
instances, organ dysfunction (Pass, 2001). HCMV also
poses a serious threat to the health of HIV-positive indivi-
duals because HCMV may accelerate the development of
AIDS as well as contribute to the morbidity associated with
increased immunodeficiency. Likewise, HCMV infection
can be problematic for pregnant women and children, espe-
cially infants. HCMYV is recognized as the most common
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congenital viral infection and is the leading cause of various
neurological abnormalities associated with an infectious
agent during early childhood (Ho, 1982). Infants congeni-
tally infected with HCMV are more prone to hearing loss,
chorioretinitis, and other disorders involving the perceptual
organs (e.g. inner ears and eyes) and the central nervous
system (Ho, 1982).

Recent evidence suggests a link between HCMV and rest-
enosis, a coronary artery disorder. Several groups have
demonstrated an association between HCMV infection
and the overproliferation and migration of arterial smooth
muscle cells along the vessel wall intima, both of which are
characteristic of restenosis following balloon angioplasty
(Speir et al., 1994, 1995; Zhou et al., 1996). In addition, it
was shown that HCMV-seropositive patients are more likely
to develop restenosis following balloon angioplasty as
compared to HCMV-seronegative patients (Zhou et al.,
1996). Moreover, HCMV DNA and protein can be detected
in smooth muscle cells grown from restenotic lesions (Speir
et al.,, 1994). The expression of the HCMV US28 gene
product enhances the migration of smooth muscle cells,
providing yet another link between HCMV and restenosis
(Streblow et al., 1999). Taken together, these findings impli-
cate HCMV as a potential contributor to the events leading
to restenosis.

There have been a plethora of studies conducted to assess
the relationship between HCMYV infection and human
cancer. Although HCMV does not appear to be oncogenic,
numerous studies have demonstrated that HCMV can trans-
form both human (Geder et al., 1976) and rodent embryo
fibroblasts (Albrecht and Rapp, 1973; Boldogh et al., 1978)
in vivo. Several regions of HCMV genome have transform-
ing ability, including some of the IE genes. These IE genes
and their oncoproteins are discussed in detail in the subse-
quent sections of this review. That HCMV DNA and anti-
gens have both been detected in tumor tissues isolated from
patient biopsies and elevated viral antibody titers within
these patients suggest a potential link between HCMV and
several malignancies including cervical carcinoma, prostate
cancer, and adenocarcinoma of the colon (Doniger et al.,
1999). Despite these observations, the etiological associa-
tion between HCMV and these various forms of human
cancer remains an enigma. Clearly, the ubiquitous nature
of HCMV within the population would lead one to expect
much higher incident rates for each of the malignancies
linked to the virus. In light of this, it has been suggested
that HCMV may act as a co-etiologic agent in the develop-
ment of tumors under conditions not well understood at this
point. Given the transforming potential of HCMV and only
indirect evidence associating the virus with cancer, it has
been postulated that HCMV may indirectly contribute to
oncogenesis through a ‘hit-and-run’ mechanism (Shen et
al.,, 1997; Lukac and Alwine, 1999). Proponents of this
mechanism hypothesize that HCMV essentially acts as a
tumor promoter, perhaps by causing genetic instability or
by preventing cells from undergoing apoptosis, and that the

virus is subsequently dispensed of at some point during the
oncogenic process. All told, it may be some time before a
clear understanding of the relationship between HCMV and
oncogenesis is apparent.

2. Background: IE proteins
2.1. General background

Expression of HCMV genes occurs in a temporal order
analogous to the other members of the Herpesviridae
family. The first set of viral gene products to be expressed
are classified as IE, followed by the expression of early
genes, and finally, the late gene products. The IE genes do
not require de novo protein synthesis for their expression.
The most abundantly transcribed and best-characterized 1E
gene products originate from sequences encoded in the
major IE region located within the UL segment of the
viral genome (Fig. 1). Specifically, the major IE genes are
encoded by ORFs that are under the control of the major IE
promoter. Transcription from the major IE promoter
through this region gives rise to several spliced mRNA
species. The initial and most abundant transcript originates
from the UL123 region and gives rise to a spliced 1.95 kb
mRNA composed of exons 1 through 4 and encodes a 491 aa
(72 kDa) nuclear phosphoprotein referred to as IE72 (also
known as IE1 or IE1-72). Transcription through the other IE
gene, UL122, gives rise to two major transcripts, a 2.25 and
a 1.7 kb mRNA, that have the same first three exons as in the
IE72 mRNA but contain a novel exon, exon 5, in place of
exon 4 as a result of alternative splicing (Fig. 1). The 2.25 kb
mRNA encodes a 579 aa (82—-86 kDa) nuclear protein, IE§6
(also referred to as IE2 or IE2-86), and the 1.7 kb mRNA
encodes for a 425 aa (55 kDa) protein, IESS (also known as
IE2-55). IESS is identical to IE86 except for a 154 aa dele-
tion between residues aa 365 and 519 resulting from a spli-
cing event within exon 5. Transcription from a cryptic start
site within exon 5 generates a transcript that encodes for a
338 aa (40 kDa) protein that is expressed as a late gene
product. Because all three of the HCMYV IE proteins contain
the same first three exons, they all share the same 85 aa in
their N-terminal sequence. However, the remaining
sequences in each of the IE proteins differ and likely
account for the divergent activities exhibited by each
protein.

2.2. Similarities between HCMV IE proteins and the
oncoproteins encoded by the small DNA tumor viruses

There is a wealth of evidence that suggests a direct rela-
tionship between the oncogenic capacity of certain small
DNA tumor viruses such as adenovirus, simian virus 40
(SV-40), and human papillomavirus (HPV), and their ability
to modulate the cell cycle of an infected host cell. The
capacity of these viruses to transform cells is dependent
on the interaction of their viral oncoproteins with key
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Fig. 1. HCMV IE proteins and their location within the genome. Schematic diagram representing the organization of the HCMV DNA genome and the relative
position of the ORFs encoding the IE gene products described in this review. Green-colored objects represent transcripts originating from the UL36-38 ORF
and their respective gene products. Black-colored objects represent the major IE gene transcripts and their respective gene products. Blue-colored objects
represent transcripts originating from the repeat sequences and their respective gene products. Uy, unique long; Ug, unique short; major immediate early
promoter, major immediate early promoter (shown in box with vertical lines). Arrows represent transcripts and broken lines depict splicing events/sites.

Colored bars represent translated regions.

tumor suppressor proteins including the Retinoblastoma
(RB) family of proteins and p53. The RB protein family
consists of three members — pRb, p107, and p130 — whose
function in part is to maintain cells in a quiescent state as
well as regulate the transition from Gy/G;- to S-phase by
modulating the activity of the E2F family of transcription
factors. The E2F proteins play an essential role in control-
ling the expression of genes required for DNA replication.
Active hypophosphorylated RB proteins repress both E2F
activity and the expression of E2F target genes by binding to
E2F proteins at their C-terminal transactivation domain.
When RB proteins become hyperphosphorylated by
cyclin/cyclin-dependent kinase (CDK) complexes activated
during mid-late G,, the RB proteins can no longer bind E2F
proteins leading to derepression of E2F target genes
(reviewed in Nevins et al., 1997; Nevins, 1998).

Each of the small DNA tumor viruses encode proteins
that can bind to the RB proteins, displace their interaction
with E2F, and alleviate the repression of the E2F proteins.
The E1A protein of adenovirus, large T-antigen of SV-40,
and the E7 protein of HPV each contain an LxCxE motif
that facilitates their binding to the RB ‘pocket domain’
thereby displacing the E2F proteins from their interaction
with the RB proteins in this region (reviewed in Trimarchi
and Lees, 2002). The E2F proteins can then transactivate the
promoters of their target genes, including genes required for
S-phase. Since each of the small DNA tumor viruses infect

quiescent cells and lack certain components needed to repli-
cate their viral DNA, it is thought that targeting the RB
proteins allows for the induction of S-phase genes and
generates an environment conducive to viral DNA replica-
tion.

In response to aberrant growth signals or cellular stresses,
such as viral infection, the p53 protein becomes activated.
The p53 protein functions primarily as a transcriptional
activator with target genes including the CDK inhibitor,
p21, as well as Mdm?2, a negative regulator of p53. Activa-
tion of p53 induces an arrest of the cell cycle, which is
mainly due to the induction of p21 and/or apoptosis. To
prevent the infected cell from undergoing p53-mediated
growth arrest or apoptosis, the small DNA viruses express
proteins that form a complex with and inactivate p53. The
adenovirus E1B 55 kDa protein and the large T-antigen of
SV-40 bind p53 and inhibit its function (Sarnow et al., 1982;
Bargonetti et al., 1992; Yew and Berk, 1992; Lowe and
Ruley, 1993; McCarthy et al., 1994). In contrast, the HPV
E6 protein induces the degradation of p53 through the
ubiquitin-dependent proteolytic system (Scheftner et al.,
1990). In all of these instances, expression of the viral onco-
proteins alters p53 function and/or levels within infected
cells to override the potential host response against the
viruses. Thus, the ability to disrupt RB-mediated repression
of E2F and abrogate p53 activity facilitates the DNA repli-
cation of each of the small DNA tumor viruses.
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2.2.1. Targeting of p107 by HCMV IE72 and its effect on the
cell cycle

Two studies demonstrate that one of the IE gene products,
IE72, interacts and modulates p107, a member of the RB
protein family (Poma et al., 1996; Johnson et al., 1999)
(Table 1). pl07 protein levels increase following HCMV
infection and complexes between IE72 and pl07 are
detected in extracts from HCMV-infected fibroblasts. It
has also been demonstrated that IE72 interacts with p107
but not pRb and that expression of IE72 was sufficient to
overcome pl07-mediated repression of an E2F-responsive
promoter (Poma et al., 1996). A subsequent study revealed
that expression of the IE72 protein is sufficient to overcome
p107-mediated growth suppression and that the ability of
IE72 to alleviate p107 function is dependent on its interac-
tion with p107 (Johnson et al., 1999).

IE72 appears to exhibit kinase activity (Margolis et al.,
1995; Pajovic et al., 1997). In vitro kinase assays demon-
strated that both p107 and p130 can serve as substrates for
IE72 and that phosphorylation of these two RB proteins by
IE72 is sufficient to disrupt their interaction with E2F4
(Pajovic et al., 1997). In addition to p107 and p130, E2F
proteins — E2F-1, E2F-2, and E2F-3 — were also shown to be
phosphorylated by IE72 in vitro. The significance of these
events to the cell cycle is not known. However, these find-
ings imply that IE72 specifically targets at least one, and

Table 1
Cell cycle-associated proteins found to interact with HCMV IE72 and IE86

possibly two, of the RB proteins for inactivation, which
causes the derepression of E2F-responsive promoters.

Studies to elucidate the effect of IE72 on the host cell
cycle have shown that IE72 can modulate the cell cycle
under certain conditions. Early studies showed that transient
expression of IE72 cDNA in quiescent COS-1 cells induces
a modest increase in the number of cells in S-phase (Poma et
al., 1996). Subsequently, it was reported that IE72 expres-
sion is unable to induce S-phase entry in primary fibroblasts
containing wild-type p53 but could induce S-phase in p53-
deficient fibroblasts (Castillo et al., 2000). The ability of p53
to block an IE72-mediated induction of S-phase is depen-
dent on the p21 CDK inhibitor (Castillo and Kowalik,
2001). Although IE72 does not appear to interact with
p53, expression of IE72 in cells induces p53 protein accu-
mulation, which may account for the observed growth arrest
(Castillo and Kowalik, 2001).

2.2.2. Targeting of pRb and p53 by HCMV IES6 and its
effect on the cell cycle

Analogous to IE72, numerous studies have shown that
IE86 interacts with a specific member of the RB family of
proteins, in this case, pRb (Hagemeier et al., 1994; Sommer
et al., 1994; Choi et al., 1995; Fortunato et al., 1997) (Table
1). Although IE72 and IE86 can interact with RB family
members, pl07 and pRB respectively, their inability to bind

Significance Reference
Proteins interacting with IE72
pl107 Cell cycle modulation Poma et al., 1996
PML Not known Ahn et al., 1998
E2F-1 Transactivation Margolis et al., 1995
E2Fs-2-5 Transactivation Azizkhan et al., 2000
Sp-1 Cell cycle modulation? Yurochko et al., 1997
CTF-1 Cell cycle modulation? Hayhurst et al., 1995
SUMO-1 Not known Spengler et al., 2000
HDaxx Disruption of ND10/PODs Woodhall et al., 2001

Proteins interacting with IES6

pRb Cell cycle modulation
p53 Cell cycle modulation
TBP Transactivation

TF;B Transactivation

TF;D Transactivation
TAF;110 Transactivation
TAF;130 Transactivation
CREB Transactivation
SUMO-1/hSMT3b Transactivation?/unknown
Sp-1/PU-1 Transactivation

Egr-1 Transactivation

Tef-1 Transactivation

c-jun Transactivation

Jun B Transactivation

CBP Transactivation
P/CAF Transactivation
MCM3, MCM7 DNA synthesis

Hagemeier et al., 1994; Sommer et al., 1994
Speir et al., 1994; Tsai et al., 1996
Caswell et al., 1993; Jupp et al., 1993b
Caswell et al., 1993

Hagemeier et al., 1992

Lukac et al., 1997

Kim et al., 2000

Lang et al., 1995

Hofmann et al., 2000a

Lukac et al., 1994

Yoo et al., 1996

Lukac et al., 1994

Scully et al., 1995

Scully et al., 1995

Schwartz et al., 1996

Bryant et al., 2000

Murphy and Stinski, 1999
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to the RB family members at their pocket domains is most
likely attributed to the absence of the consensus pocket
domain-binding motif, LxCxE. But analogous to the onco-
proteins encoded by the small DNA tumor viruses, expres-
sion of IE86 was sufficient to alleviate pRb repression of
E2F-responsive promoters (Fortunato et al., 1997).

In addition to IE86 binding to pRb, several groups have
demonstrated that IE86 can also interact with p53 (Speir et
al., 1994; Tsai et al., 1996; Bonin and McDougall, 1997).
IE86 binds p53 via its N-terminus and this interaction inhi-
bits the transactivation function of p53 (Tsai et al., 1996).
IE86 has also been shown to co-immunoprecipitate with p53
in cells co-expressing both proteins, and expression of IES6
was found to inhibit the ability of p53 to transactivate both a
p53-responsive promoter as well as a p53-specific target
gene in cultured smooth muscle cells (Speir et al., 1994;
Tanaka et al., 1999). In contrast to the observations suggest-
ing that IE86 downregulates p53 activity, one study reported
that a cell line expressing an inducible IE86 fails to repress
the transactivation of several p53 target genes, including
p21 and Mdm?2 (Bonin and McDougall, 1997). However,
it should be noted that subsequent analysis of the IE86
cDNA in this cell line revealed that it contains mutations
within exon 5, which translates to the C-terminal portion of
IE86 (Murphy et al., 2000). Therefore, the report that IE§86
does not repress p53 activity may be attributed to the muta-
tions present in the IE86 protein expressed by the cells.

HCMV appears to mirror the small DNA tumor viruses by
targeting key cell cycle regulatory proteins. One may predict
that expression of IE86 should be sufficient to overcome the
cell cycle regulatory functions of the pRb and p53 proteins in
amanner similar to the small DNA tumor virus oncoproteins.
In fact, the expression of the IE86 protein in a human cell line,
U-373, blocked cell cycle progression in G;-phase similar to
the phenotype observed when permissive cells are infected
with HCMV (Wiebusch and Hagemeier, 1999). However,
other studies have shown that IE86 can induce entry into S-
phase in human and rodent fibroblasts (Castillo et al., 2000;
Murphy et al., 2000). It has also been observed that IES86
promotes the transition from G- to S-phase through transac-
tivation of cyclin E promoter and that human cells accumu-
late in what appears to be early S-phase (Wiebusch and
Hagemeier, 2001). Moreover, a recent study using DNA
microarrays to analyze the effect of IE86 protein on cellular
gene expression revealed that IE§6 induces numerous factors
associated with cell cycle regulation and the bioenzymatic
machinery necessary for DNA replication. For example,
IE86 induces an increase in the mRNA levels of B-myb,
cyclin E, cdk-2, E2F-1, ribonucleotide reductase 1 and 2,
thymidine synthetase, MCM3, and MCM7 (Song and
Stinkski, 2001). This study demonstrates that the vast major-
ity of genes induced by IE86, including the ones listed above,
are E2F targets. These observations are consistent with the
expected outcome(s) following the disruption of pRb-E2F
complexes and the subsequent transactivation of E2F-
responsive promoters on numerous S-phase genes.

2.2.3. Disruption of nuclear domain 10 sites/promyelocytic
leukemia protein domains affects cell growth and
differentiation

The structures referred to as nuclear domain 10 (ND10)
are sites in the nucleus at which DNA replication, transcrip-
tion, pre-mRNA splicing, and ribosome assembly initiate
(reviewed in Maul et al., 2000). These structures, also
referred to as PODs for promyelocytic leukemia protein
(PML) oncogenic domains, appear as punctate bodies
dispersed throughout the nucleus that are present through
most of the cell cycle except during mitosis. In addition to
the PML protein, the ND10/PODs associate with other
nuclear proteins including Spl00 and PIC1/SUMO-I.
Based on sequence comparison with other proteins, Sp100
appears to be a transcription factor, while PIC1/SUMO-1
mediates the ubiquitination of certain target proteins.
Though the precise functions of the NDI10/PODs are
unclear, it appears that a correlation exists between the
nuclear distribution of ND10/PODs and normal cell growth
and differentiation. This relationship is exemplified in indi-
viduals with acute promyelocytic leukemia where the
disruption of ND10 correlates with the loss of cell growth
control, and treatment with retinoic acid and arsenic leads to
ND10 structure reformation, thus restoring growth control
(Ishov et al., 1999). Evidence suggests that disruption of
ND10/PODs is necessary for efficient viral DNA transcrip-
tion and replication. Among the viruses encoding proteins
that associate with ND10/PODs are adenovirus, SV-40,
herpes simplex virus-1 (HSV-1), and Epstein—Barr Virus
(EBV). In the case of adenovirus, SV-40, and HSV-1,
their viral DNA is deposited near the periphery of the
ND10/PODs following entry into the infected host cell
nucleus, and transcription of viral DNA initiates at these
sites (reviewed in Maul, 1998). The adenovirus and HSV-
1 proteins, E4-ORF3 and IE110 respectively, promote the
disruption of ND10/PODs within the nucleus (Maul et al.,
1993; Carvalho et al., 1995; Doucas et al., 1996). However,
it should be noted that disruption of the ND10/PODs by E4-
ORF3 and IE110 is not absolutely essential for viral replica-
tion since loss of these proteins only diminishes the produc-
tive infectivities of adenovirus and HSV-1 at low MOIs.

Likewise, HCMV encodes proteins that also appear to
associate with ND10/PODs during infection. As a result of
the interaction with these nuclear bodies, HCMYV induces
the redistribution of both the PML and Spl00 from the
ND10/PODs to a more diffuse pattern within the infected
cell nucleus (Ahn and Hayward, 1997). Both IE72 and IE86
co-localize to ND10/PODs in permissively infected cells
(i.e. cells undergoing productive infection) at early times
post-infection. Initially, immunofluorescent staining reveals
that IE72 appears as a mix of nuclear diffuse and punctate
patterns. At later times of infection, IE72 diffuses through-
out the nucleus. There are two reports that state IE72
disrupts the ND10/PODs causing an increasingly diffuse
pattern throughout the nucleus post-infection (Korioth et
al., 1996; Ahn and Hayward, 1997). Although the signifi-
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cance of the ND10/PODs disruption by IE72 is not yet clear,
this event may have implications for the host cell cycle since
ND10/PODs are sites where transcription occurs and their
disruption occurs normally during cell cycle progression.

It has been demonstrated that PML can co-localize with
IE72 in punctate bodies but a direct protein—protein inter-
action has not been observed (Korioth et al., 1996; Ahn and
Hayward, 1997). IE72 has also been shown to interact with
hDaxx, another major component of the ND10/PODs, and
this interaction has a significant effect on the relocalization
of PML in the ND10/PODs in IE72-expressing cells (pers.
commun.; Woodhall et al., 2001). Given that PML over-
expression can reduce growth rates in cells, and the fact
that its distribution in ND10/PODs is cell cycle-dependent,
the dispersal of PML from the ND10/PODs by IE72 may
advocate a growth-promoting environment.

The IE86 protein has been shown to localize to nuclear
punctate structures during HCMV infection (Ahn and
Hayward, 1997; Ahn et al., 1999). Expression of IE86 in
human fibroblasts did not disrupt the ND10/PODs or cause
the redistribution of PML protein within the nucleus but it did
induce the co-localization of IE86 with PML protein in the
ND10/PODs (Ahn and Hayward, 1997). Moreover, IE86 has
been shown to undergo sumoylation, which appears to hinder
its ability to localize in the ND10/PODs (Hofmann et al.,
2000a, 2001). Like IE72, the ramifications of the IE86 asso-
ciation with ND10/PODs for the cell cycle remain unclear.
Perhaps the disruption of ND10/PODs by IE72 and redistri-
bution of factors normally associated with these structures by
both HCMV IE proteins function primarily towards creating
optimal conditions for viral DNA replication.

3. IE72
3.1. Importance for viral infection

IE72 mRNA is the initial and most abundant viral tran-
script expressed during infection. The IE72 protein is a
nuclear phosphoprotein that exhibits limited transactivation
activity. Surprisingly, it is not clear what role the protein
plays during a productive infection. Insight into the precise
function of IE72 in a HCMYV infection comes from studies
using viruses with deletions in selected sequences of UL123.
One HCMV mutant, CR208, which lacks exon 4 in the
UL123 ORF, was generated by growing the mutant virus in
a complementing cell line that stably expresses IE72
(Greaves and Mocarski, 1998). Although the CR208 mutant
was able to infect and replicate in HCMYV permissive HFFs,
the mutant virus exhibited different phenotypes as compared
to the wild-type HCMV Towne strain. Specifically, the
CR208 mutant displayed a diminished replication efficiency,
adecreased ability to form plaques, and an inability to induce
the formation of viral DNA replication compartments in cells
infected at a low infectious dose (MOI = 0.1). These find-
ings suggest that [E72 is a significant contributor to the events

that occur during early infection. However, it is apparent that
IE72 is not absolutely required for HCMV infection and
replication of its viral DNA. Clearly, other proteins compen-
sate for the loss of IE72 activity in cells infected with a high
MOI of the CR208 mutant virus.

3.2. Functional domains of IE72

Studies to determine the functions of the IE72 protein
have revealed several crucial domains that allow it to bind
to cellular factors as well as perform certain tasks necessary
for viral replication (Table 1, Fig. 2). Due to the fact that
exons 2 and 3 encode the first 85 aa of both IE72 and IE86
proteins, one would expect similar peptide binding patterns
to this sequence for both IE factors. In contrast to this suppo-
sition, it has been determined that sequences encoded by
exons 2 and 3 on IE72 are required for its specific binding
to p107 (Johnson et al., 1999) whereas this domain is part of
the pRb-binding region of IE86. IE72 mutants lacking exons
2 and 3 are also unable to alleviate the growth arrest
mediated by the overexpression of pl107 in cells implying
that this region is responsible for the ability of IE72 to
alleviate pl07 activity. In addition to plO7 binding,
sequences within exons 2 and 3 of IE72 are also required
for its transactivation function. This region, along with its
leucine zipper domain and zinc finger motif, is necessary for
the efficient activation of the DNA polymerase alpha
promoter (Hayhurst et al., 1995). This effect may be indir-
ect, since the DNA polymerase alpha promoter is regulated
in part by E2F and sequences encoded by exons 2 and 3 may
likely contribute to the induction of E2F activity by inhibit-
ing p107 repressor functions. Moreover, the regulation of
the DNA polymerase promoter by IE72 is complex and is
further discussed below (see Section 3.3).

The unique region of IE72, namely the sequence encoded
by exon 4, contributes most of the amino acid residues
contained in this protein (Fig. 2). Protein kinase activity
has been mapped to aa 173-197 (Pajovic et al., 1997)
which bears homology to the ATP-binding sites found on
many other kinases. Sequences contained within the C-
terminal acidic domain of IE72 contribute towards the abil-
ity of IE72 to co-localize and disrupt ND10/POD complexes
(Ahn and Hayward, 1997; Ahn et al., 1998). Furthermore, aa
105-139, which encode a leucine-rich domain, and aa 267—
286, which encode a zinc finger domain, have been identi-
fied as regions that bind to CTF-1 (Hayhurst et al., 1995).
The yeast homolog of CTF-1 has been shown to be impor-
tant for normal cell cycle progression in Go/M (Gerring et
al., 1990). However, it remains unclear whether IE72 affects
cell cycle control by binding to CTF-1.

3.3. Other potential functions

The IE72 protein appears to exhibit multiple functions.
First and foremost, it plays an indirect role in promoting
the replication of viral DNA. Although previous data
suggested it is nonessential (Greaves and Mocarski, 1998),
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Fig. 2. The HCMV IE72 protein and its regulatory domains. Diagram of HCMV IE72 and location of the functional and protein binding domains. Note that
many of the functional domains have only been grossly mapped. Mapping of some functional domains are still unclear. Motif abbreviations: Zn, zinc finger;

LZ, leucine zipper; LR, leucine-rich; AD, acidic domain.

IE72 likely contributes to viral replication by transactivating
the expression of various genes (i.e. early genes) that facil-
itate the replication process. Support of its importance as a
co-activator stems from studies demonstrating that IE72 can
activate some viral, as well as cellular, promoters when
assayed in reporter assays. Although IE72 does not bind
DNA directly, transient expression of IE72 cDNA is suffi-
cient to stimulate transcription from certain TATA-less
promoters including the cellular DHFR and DNA polymer-
ase alpha gene promoters (Hayhurst et al., 1995; Margolis et
al., 1995). The ability of IE72 to activate the DHFR and DNA
polymerase alpha promoters is dependent upon the presence
of an E2F binding site in the DHFR promoter (Margolis et al.,
1995) and a CCAAT-box and E2F binding sites in the DNA
polymerase alpha promoter (Hayhurst et al., 1995).

IE72 can also co-activate promoters containing TATA-
box elements. Specifically, IE72 is capable of co-activating
the HIV-1 long-terminal repeat (LTR) and the required
regions are the TATA-box and a 10 bp element upstream
of the TATA-box (Walker et al., 1992). IE72 also enhances
AP-1 activity as well as induces AP-1-driven transcription
in reporter constructs (Kim et al., 1999). It is suggested in
this study that induction of AP-1 by IE72 is kinase-depen-
dent because it fails to induce AP-1 in the presence of kinase
inhibitors. It is unclear whether the kinase activity asso-

ciated with IE72 plays a direct role in its ability to activate
AP-1. In addition, IE72 is capable of transactivating its own
promoter through NF-kB elements present within the major
IE promoter (Cherrington and Mocarski, 1989).

IE72 contributes to the induction of Rel/NF-«B transcrip-
tion by transactivating the p65 (Rel-A) promoter via two
mechanisms: (i) interaction with Sp-1, and (ii) cooperation
with Sp-1 to enhance p65 promoter transactivation
(Yurochko et al., 1995, 1997). NF-«kB transcription is
induced in G;-phase as part of normal cell cycle progression
from Gy- to S-phase. Additionally, NF-kB can protect cells
from apoptosis by inducing cellular inhibitors of apoptosis
(cIAPs). Given this association with the cell cycle, it is
feasible that the induction of NF-kB following IE72 expres-
sion may act to protect cells from undergoing apoptosis as
they progress from Gy, the normal cell cycle state of cells
targeted by HCMV in vivo, towards the S-phase-like envir-
onment induced during virus replication.

4. IE86
4.1. Importance for viral infection

The significance of the IE86 protein to HCMYV replication
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is exemplified by the inability to generate infectious HCMV
mutants lacking IE86. Despite the lack of success, alternate
methods have been developed to examine the role of IE86 in
viral replication. One method has been to generate a bacter-
ial artificial chromosome (BAC) clone containing the full-
length HCMV genome but lacking the majority of the
UL122 gene, which encodes IE86 (Marchini et al., 2001).
Transfection of a BAC containing a complete HCMV
genome resulted in virus production in permissive cells.
However, transfection of the BAC containing a UL122-defi-
cient HCMV genome fails to generate plaques and is unable
to induce the expression of several viral early genes (March-
ini et al., 2001). Similar outcomes were observed when a
HCMYV recombinant virus expressing an IE86 exon 5—estro-
gen receptor fusion protein was generated and used to infect
cells. Replication of the recombinant virus, CR372, is
hormone-dependent after low multiplicity inoculation indi-
cating the dependence on IE86 for virus production.
Furthermore, infection with CR372 in the absence of
hormone treatment results in decreased accumulation of
several viral early proteins and the absence of detectable
infectious virus (pers. commun.; Greaves, 2001). Addition-
ally, a study in which a temperature-sensitive form of IE86
was incorporated into the parental strain of HCMV also
demonstrated the importance of the protein to HCMYV repli-
cation as demonstrated by replication at the permissive
temperature but not at the nonpermissive temperature
(pers. commun.; Heider and Shenk, 2001).

The failure of IE86-deficient strains of HCMV to repli-
cate properly is consistent with its role as a potent transcrip-
tional activator of numerous HCMV early genes, as well as
several host cell genes. Transactivation of promoters by
IE86 can occur through a TATA-box-dependent mechanism
as observed by its ability to activate the expression of cellu-
lar promoters that are dependent on the interaction of IE86
with components of the basal transcription complex includ-
ing TATA-binding protein (TBP) (Caswell et al., 1993;
Jupp et al., 1993a,b), TF;B (Caswell et al., 1993), and
TF;D (Hagemeier et al., 1992) (Table 1). IE86 also rescues
a defect in zs13 cells, which exhibit a transcriptional defect
due to a temperature-sensitive mutation in TAF;250, a
TATA-binding protein associated factor (TAF), suggesting
that IE86 exhibits a TAF-like function in infected cells
(Lukac and Alwine, 1999). Moreover, several groups have
shown that IE86 can transactivate the promoters of genes
from other viruses. Studies show that HCMV can comple-
ment an EJA-deficient adenovirus resulting in the expres-
sion of early adenovirus genes and for lytic growth in HeLa
cells (Spector and Tevethia, 1994). IE86 has also been
shown to transactivate promoters in the LTR sequences of
various retroviruses/lentiviruses such as HIV-1 (Walker et
al., 1992; Yeung et al., 1993). Furthermore, analysis of the
transformation capacity of IE86 has shown that both IE86
and IE72 can cooperate with adenovirus E1A to transform
primary rodent cells in culture (Shen et al., 1997). However,
unlike the E1A protein, the ability of the HCMV IE proteins

to transform cells in vitro is not believed to be through a
direct mechanism. Evidence supporting this comes from the
fact that both proteins fail to transform cells in vitro in the
absence of E1A and that expression of both IE proteins is
transient during the transformation process (Shen et al.,
1997). Instead, both IE72 and IE86 proteins are believed
to promote the accumulation of mutations within cells
thereby contributing to the transformation process by indu-
cing genetic instability. These observations suggest that
IE86 and IE72 are potentially mutagenic proteins, and that
under the appropriate conditions, these proteins may contri-
bute to cellular transformation.

In addition to its function as a strong transactivator, IES6
also functions as a repressor that downregulates expression
from the major IE promoter. IE86 binds to the cis-repression
sequence (crs) that lies within the major IE promoter
(Pizzorno and Hayward, 1990). These findings imply a
dual role for IE86 in which the protein induces the expres-
sion of several viral and cellular genes while auto-regulating
its own expression.

The IE86 protein localizes to ND10/PODs and unlike
IE72 does not promote the disruption of these nuclear struc-
tures or the dispersal of PML protein within the nucleus.
Rather, IE86 co-localizes with PML in ND10/PODs follow-
ing HCMYV infection or transient transfection of an IE86
encoding cDNA (Ahn and Hayward, 1997). Since the
precise role of PML in cell cycle regulation is not known,
the significance of IE86 and PML co-localization in the
ND10/PODs to the cell cycle remains unclear. A recent
report demonstrates that IE86 binding to other ND10/POD
constituents results in the covalent modification of IE86
(Hofmann et al., 2000a). Specifically, IE86 interacts with
several SUMO family members, SUMO-1, SUMO-2, and
SUMO-3, as well as the SUMO-conjugating enzyme, Ubc9,
and consequently, IE86 becomes modified as a result of the
sumoylation process (pers. commun.; Ahn et al., 2001;
Hofmann et al., 2000a, 2001). Although these modifications
are not required for IE86 localization to the ND10/POD
domains, they are essential for IE86 transactivation capa-
city.

There are several lines of evidence supporting the notion
that sumoylation of some cellular proteins, such as PML and
p53, is essential for their proper function. Modification of
PML by SUMO is important for its localization to the
ND10/PODs, as well as for the recruitment of other
ND10/PODs proteins, such as Daxx, Sp100, and CBP to
these domains (Muller et al., 1998; Ishov et al.,, 1999;
Zhong et al., 2000). Although IE86 does not disrupt PML
localization to the ND10/PODs, the effects of IE86 on PML
sumoylation are not known. Additionally, the sumoylation
of p53 enhances its transactivation ability (Gostissa et al.,
1999; Rodriguez et al., 1999; Muller et al., 2000). Since
IE86 has been reported to suppress pS3 transactivation func-
tion, perhaps IE86 mediates this effect by interfering with
the sumoylation of p53. The interaction between IE86 and
the SUMO proteins may alter the modification of PML or
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p53 by competing for SUMO binding or by sequestering
available SUMO in the ND10/PODs. As a result, the amount
of available SUMO within these domains could be limited,
thereby decreasing sumoylation of both of these cellular
factors. Thus, the association of IE86 with the SUMO
proteins in the ND10/PODs may alter the transactivation
function of p53 as well as the localization of PML to the
ND10/PODs.

4.2. Functional domains of IE86

The IE86 protein and its functional domains are shown in
Fig. 3. IE86 can transactivate a wide variety of viral as well
as cellular promoters and this ability is attributed to the two
acidic transactivation domains present at the N-terminus (aa
1-85) and another mapped to a sizeable portion of the C-
terminus (aa 195-579) (Malone et al., 1990; Pizzorno et al.,
1991). In addition, aa 388-542 contain the dimerization
domain. This region appears to play a significant role in
IE86 transactivation function since IE86 homo-dimerization

was found to positively correlate with transactivation func-
tion (Chiou et al.,, 1993). Furthermore, overlap exists
between the C-terminal transactivation domain of IE86
and the regions associated with DNA binding and autore-
pression. Deletion of aa 346579 abolishes the ability of
IE86 to bind to the major IE promoter (Schwartz et al.,
1994). The ability of IE86 to downregulate its own expres-
sion through the so-called crs element maps to aa 290-579
and includes the region involved with DNA binding as well
as the C-terminal acidic activation and zinc finger domains
(Stenberg et al., 1984; Malone et al., 1990; Pizzorno and
Hayward, 1990; Jupp et al., 1993a).

IE86 has been shown to bind pRb through several sets of
adjacent amino acids. At least three regions on IE86 have
been identified that can interact with pRb: aa 85-135, aa
136-290, and aa 291-364 (Sommer et al., 1994). One of
these regions, aa 136-290, was recently shown to be dispen-
sable for IE86 transactivation and HCMV viability (pers.
commun.; Clark et al., 2001). Of the three pRb-interacting
domains, only aa 291-364 is able to interact with pRb in

HCMV IE86
1 o Zn HLH AD 579
1 85 REGION SHARED WITH IE72
1 85 195 570 TRANSACTIVATION
290 579 AUTOREPRESSION
346 579 DNA-BINDING
a7 153 290 504 TBP-BINDING
290 xii TFIIB-BINDING
s 135 290 &76 p53-REPRESSION
1 135 p53-BINDING
136 291
—— pRb-BINDING
85 135 290 364

Fig. 3. The HCMV IE86 protein and its regulatory domains. Diagram of HCMV IE86 and location of the functional and protein binding domains. Note that
many of the functional domains have only been grossly mapped. Mapping of some functional domains is still unclear (e.g. pRb binding). HLH, helix-loop-helix

domain.
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reverse binding experiments. This observation is consistent
with another report that identified aa 290-390 as the region
of IE86 where pRb binding occurs (Hagemeier et al., 1994).
Subsequently, another study demonstrated that two indepen-
dent regions of IE86 bind to and independently affect pRb
function. The two regions, aa 241-369 and aa 1-85, were
identified as the pRb-binding domains of IE86 using func-
tional assays that measured the ability of wild-type and
mutant forms of IE86 to counteract pRb activity in trans-
fected SAOS-2 cells (Fortunato et al., 1997).

The regions of IE86 that are responsible for p53 binding
are contained within the N-terminus. Specifically, in vitro
binding assays revealed that IE86 interacts with p53 through
aregion encompassing aa 1-135 (Tsai et al., 1996). In addi-
tion, these same studies demonstrated that a portion of this
region (aa 45-135) along with C-terminal residues of IE86
(aa 290-579) confer a repressive effect on p53 transactiva-
tion function (Tsai et al., 1996).

4.3. Other potential functions

IE86 not only functions as a transcriptional activator of
various cellular and viral promoters, but it has been recently
shown that IE86 positively influences the expression of
some genes through the recruitment of several transcrip-
tional co-activator proteins. In addition to binding CBP
(Schwartz et al., 1996), the CBP-associated factor P/CAF
also interacts with IE86 (Bryant et al., 2000). Both CBP and
P/CAF are histone acetyltransferase proteins that facilitate
gene expression through the modification of histone—-DNA
interactions involved in chromatin remodeling. Binding to
IE86 does not appear to compromise the histone acetyltrans-
ferase activity of P/CAF, but it remains unclear whether this
association hinders the interaction between CBF and P/
CAF. The interaction between IE86 and P/CAF results in
the synergistic activation of target promoters and may
account for the ability of IE86 to promiscuously activate a
number of cellular promoters. While the influence of this
interaction on the cell cycle has not been determined, it is
feasible that the binding of IE86 to both CBP and P/CAF
contributes to the activation of S-phase genes.

Prevention of apoptosis of infected cells can be viewed as
a necessary mechanism for maintaining an appropriate
environment for virus replication. The small DNA tumor
viruses encode oncoproteins that block p53-mediated apop-
tosis thereby contributing to an environment suitable for
viral DNA replication. It has been proposed that IE86 blocks
the induction of apoptosis, in part, by binding to and repres-
sing the transactivation function of p53 (Speir et al., 1994;
Tsai et al., 1996). In this regard, IE86 protein appears to act
in a manner comparable to the small DNA tumor virus
oncoproteins to promote virus replication as well as prevent-
ing the premature death of the infected cell.

Evidence suggests that IE86 expression can affect both
the p53-dependent and independent apoptotic pathways.
IE86 inhibits apoptosis of cells following treatment with

doxorubicin, indicating that IE86 can suppress p53-
mediated apoptosis following DNA damage (Tanaka et
al., 1999). Furthermore, #s13 cells, which are temperature-
sensitive TAF;250 mutant cells, do not undergo p53-depen-
dent apoptosis when IE86 is expressed and the cells are
grown at the nonpermissive temperature (Lukac and
Alwine, 1999). Despite these findings, IE86 fails to protect
cells from apoptosis following UV irradiation (Lukac and
Alwine, 1999). IE86 also blocks p53-independent apoptotic
pathways such as the TNF-mediated death receptor-signal-
ing pathway (Zhu et al., 1995). IE86 can induce NF-«kB
transcriptional activity and this may have an anti-apoptotic
effect on the infected cell since NF-kB can protect cells
from apoptosis by inducing the cIAPs under certain condi-
tions. These findings support the notion that IE86 may affect
certain components of the apoptotic process.

5. Other IE proteins
5.1. IE5S

The IES5 protein is a splice variant of the IE86 gene
product that has a conserved N-terminus and a 155 aa dele-
tion at aa 365-519 in the C-terminus. The region that is
deleted has been shown to be required for many of the
functions that have been attributed to IE86 including tran-
scriptional activation and DNA binding (Malone et al.,
1990; Pizzorno et al., 1991; Chiou et al., 1993; Schwartz
et al., 1994). Consequently, unlike IE86, IESS fails to trans-
activate HCMV early promoters and to repress the major IE
promoter (Klucher et al., 1993). Additionally, IESS5 lacks the
putative zinc finger and helix-turn-helix motifs, which may
account for the inability of IESS5 to dimerize with IE86. The
significance of this observation is not yet clear, but the
inability of IES5 to dimerize and/or form complexes with
IE86 may account for the inability of IESS to transactivate
the promoters of HCMV early genes or downregulate the
major IE promoter. This hypothesis is consistent with the
observation that a positive correlation exists between IE86
transactivation and its ability to form dimers (Chiou et al.,
1993).

The absence of dimerization, DNA binding, and transac-
tivation domains in IES5 will obviously result in a protein
that is functionally different from IE86. However, it should
be noted that the majority of the putative pRb-binding sites
are intact in IES5. Although not yet tested, one might predict
that IE55 mimics IE86 by binding to pRb and consequently
exhibiting similar effects on the cell cycle as IE86. There is
an additional line of evidence that suggests that IE55 may
have the capacity to affect similar aspects of the cell cycle. It
has been shown that transient expression of IE55 induces the
levels of NF-kB by somehow transactivating the p105/p50
promoter and enhancing the transactivation of the p65
promoter via Sp-1 (Yurochko et al., 1995, 1997). In contrast
to IE86, the expression of IES5 fails to enhance the DNA
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binding activity of Sp-1, suggesting that IE55 cooperates
with Sp-1 to transactivate the NF-kB promoter by a different
mechanism. The induction of NF-kB by IES55 should
increase protection from apoptosis and therefore contribute
to a more favorable environment for virus replications.
However, this has not yet been determined.

5.2. IRSI/TRS1

The IRS1/TRSI gene products are additional HCMV IE
gene products required for viral DNA replication. Gene
sequences for both /RSI and TRSI are contained within
the internal and rerminal repeat sequences of the short
segment of the HCMV genome. The IRS! ORF encodes
an estimated 91 kDa protein while the TRS! ORF encodes
a protein with an estimated mass of 84 kDa (Pari et al.,
1993). Transcripts from both /RS! and TRS1 are expressed
very early during infection (2—4 h) and can be detected
during all phases of the HCMV replication cycle (Roma-
nowski and Shenk, 1997). The pIRS1 and pTRS1 proteins
are highly homologous with their N-terminal 549 aa being
identical except for a single amino acid difference. The two
proteins contain hydrophobic domains and are present
within the viral particle (Romanowski et al., 1997). Locali-
zation of the two proteins within the HCMV-infected cell
varies during the course of the infection. During early times
post-infection, the pIRS1 and pTRS1 proteins localize to
both the nucleus and cytoplasm. Despite their classification
as IE proteins, pIRS1 and pTRS1 protein levels peak late in
infection when localization of the proteins is primarily cyto-
plasmic.

pIRS1 and pTRSI1 are capable of transactivating the
promoters of numerous viral as well as cellular promoters
in conjunction with other HCMV gene products, including
the major IE proteins, IE72 and IE86. pIRS1 and pTRS1 can
also cooperate with pUL69 to enhance the activation of the
major IE promoter (Romanowski et al., 1997). Despite their
function as transcriptional co-activators, the precise role of
pIRS1 and pTRS1 in regulating cell cycle control has yet to
be determined.

5.3. UL36-38

The UL36-38 loci of HCMYV gives rise to several distinct
IE transcripts through the activation of different promoters
and alternative splicing events (Tenney and Colberg-Poley,
1991). The gene products expressed from these particular
loci are considered to be one of the 11 HCMYV loci essential
for viral DNA replication (Pari and Anders, 1993). Addi-
tionally, the three IE proteins encoded at this loci have been
reported to exhibit anti-apoptotic activity. The product of
the UL36 ORF, vICA, exerts an anti-apoptotic effect on
cells through its ability to bind procaspase-8 and inhibit
its activity (Skaletskaya et al., 2001). Similarly, the UL37
OREF gene products, pUL37 and pUL37 exon 1 (pUL37x1),
exhibit similar anti-apoptotic functions that are dependent
upon the hydrophobic leader sequences in the first 22 aa of

their respective N-termini (Goldmacher et al., 1999; Hahn et
al., 2001).

The UL37 protein, also referred to as vMIA, is a type-1,
heavily-glycosylated transmembrane protein that localizes
primarily to the mitochondria following HCMV infection
(pers. commun.; Goldmacher et al., 1999). Although pUL37
does not directly interact with any components of the cell
cycle machinery, the protein negatively regulates compo-
nents of the death receptor-mediated apoptotic pathway and
can suppress cell death mediated by various stimuli (pers.
commun.; Goldmacher et al., 1999). Specifically, pUL37
blocks Fas-mediated apoptosis by interfering with the path-
ways downstream of procaspase-8 activation but upstream
of cytochrome c release in a manner similar to Bcl-2 (Gold-
macher et al., 1999).

Recent evidence has also demonstrated the importance of
the pUL37x1 protein to cell survival and virus growth. The
inability to generate infectious virus from BAC-derived
mutants lacking pUL37x1 hints at the importance of this
protein to HCMV replication. In fact, infection with the
pUL37x1 mutants results in extensive cell death (pers.
commun.; Hahn et al., 2001). Infectious virus can be gener-
ated when the pUL37x1 BAC-derived mutants are grown in
cell lines expressing death antagonists. Analogous to vMIA,
pUL37x1 is also a mitochondrial transmembrane protein
that does not appear to directly influence components of
the cell cycle machinery. However, pUL37x1 can prolong
the life of the infected cell by binding to the adenosine
nucleotide transporter on the mitochondria. This blocks
the release of cytochrome C thereby preventing the activa-
tion of the apoptotic pathway (Goldmacher et al., 1999;
Colberg-Poley et al., 2000). Taken together, the combined
activities of the three IE proteins expressed from the UL36-
38 loci appear to alter the activation and progression of the
apoptotic pathway.

6. Virion (tegument) proteins

This review primarily focuses on the HCMV IE proteins
and their effect on the host cell cycle. However, other
HCMV proteins affect the host cell cycle and its regulation.
Although these proteins are not categorized as IE gene
products per se, they still mediate an effect immediately
following infection. At least two constituents of the
virion-associated tegument, pUL69 and pp71, have been
reported to mediate effects on the cell cycle.

The product of the UL69 ORF, pULG69, functions as a
tegument-associated transactivator and has sequence simi-
larity to the HSV ICP27 gene product (Winkler et al., 1994;
Winkler and Stamminger, 1996). The ability of pUL69 to
function as a viral transactivator may be attributed to its
interaction with and disruption of hSPT6, a protein involved
in the regulation of chromatin structure (Winkler et al.,
2000). Additionally, transient expression of pUL69 in
human fibroblasts results in the accumulation of cells in
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the G;-phase of the cell cycle indicating that pUL69 inhibits
cell cycle progression (Lu and Shenk, 1999). A subsequent
study utilizing a HCMV mutant lacking the UL69 coding
region also demonstrated that pUL69 induces the accumula-
tion of cells in G,-phase (Hayashi et al., 2000). Although the
mechanism by which pUL69 mediates the accumulation at
Gj-phase is not known, these findings demonstrate that a
component of the HCMV tegument can mediate an immedi-
ate effect on the cell cycle. Furthermore, UV-inactivated
HCMV can also mediate an inhibitory effect on the host
cell cycle indicating that the presence of the UL69 protein
in virions may contribute to the growth arrest phenotype
observed in cells following HCMV infection (Jault et al.,
1995; Bresnahan et al., 1996; Lu and Shenk, 1996; Dittmer
and Mocarski, 1997).

The pp71 phosphoprotein, expressed from the ULS2
OREF, localizes to the nucleus immediately after virion
entry (Roby and Gibson, 1986; Ruger et al., 1987; Hensel
et al., 1996). Functionally, pp71 is a transcription factor that
is packaged within the viral tegument and is essential for the
adequate accumulation of IE72 and IE86 by transactivating
the major IE promoter (pers. commun.; Bentham and
Greaves, 2000). Several reports have demonstrated that
pp71 co-localizes with PML and Sp100 at the ND10/POD
domains within the nuclei of infected cells (pers. commun.;
Hofmann et al., 2000b). Because pp71 functions as a trans-
activator and localizes to ND10/PODs, it has been
compared to HSV VP16. However, one notable difference
between the two viral proteins is that, unlike VP16, the pp71
protein does not disrupt these domains. Moreover, pp71
binds hDaxx and this interaction enhances the transactiva-
tion of the major IE promoter as well as the co-localization
and accumulation of pp71 at the NDI10/PODs (pers.
commun.; Hofmann et al., 2000b; Ishov et al., 2001).

The pp71 protein can have a dramatic impact on cell cycle
control. pp71 protein accelerates the infection cycle of
HCMYV (Baldick et al., 1997) as well as the transition from
Gi-phase to S-phase of the cell cycle such that cells expres-
sing pp71 are able to commit to S-phase and commence
cellular DNA replication faster than cells that do not express
pp71 (pers. commun.; Kalejta et al., 2000). Additionally,
pp71 induces quiescent (Gg) cells to enter S-phase (pers.
commun.; Kalejta et al., 2000). Studies examining the rela-
tionship between pp71 and the cell cycle reveal that pp71
contains a sequence (LACSD) that is similar to the RB-bind-
ing motif (LxCxE) present in viral oncoproteins encoded by
the small DNA tumor viruses (pers. commun.; Kalejta et al.,
2000; Kalejta and Shenk, 2001). pp71 binds to all three Rb
family members in vitro (pers. commun.; Kalejta and Shenk,
2001). The introduction of mutations within the LACSD
motif abrogates the ability of pp71 to induce DNA synthesis
in quiescent cells but does not affect its ability to accelerate
cells through G- into S-phase (pers. commun.; Kalejta and
Shenk, 2001). Taken together, the ability of pp71 to induce
DNA synthesis in Gy cells may be attributed to its ability to
target each of the RB protein family members.

7. Possible model and relationship to HCMV
pathogenesis

From the standpoint of HCMV infecting a cell, it is
imperative to generate and maintain an environment condu-
cive for viral DNA replication. HCMV accomplishes both
of these feats through the expression of numerous IE gene
products along with two virion-associated factors present
within its tegument (Fig. 4). Stimulation of the cellular
replication machinery by HCMV is due in part to the IE72
and IE86 proteins as well as the tegument protein, pp71,
inactivating the functions of the RB tumor suppressor
family. This results in the activation of numerous host
factors that appear to facilitate the replication of the viral
genome. In contrast to these activities, pUL69 induces cells
to growth arrest in late G, or alternately, specifically inhibits
cellular DNA replication. Through this strategy, replication
of viral DNA rather than cellular DNA is assured within the
infected cell.

In response to the initial insult stemming from virus bind-
ing and entry, along with the inactivation of several cell
cycle regulatory proteins, the host cell responds by inducing
multiple defense pathways that are intended to result in
cellular growth arrest and/or apoptosis. HCMYV is able to
overcome these blocks through the expression of proteins
that can inactivate or antagonize the cellular factors
involved in these host defense responses. One of the
major IE proteins, IE86, represses the growth arrest and
apoptosis response mediated by p53. Several of the gene
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Fig. 4. The effects of HCMV IE gene products and tegument proteins on the
cell cycle and growth arrest/apoptotic pathways. Arrows depicted in green
represent activities that promote proliferative signals or protect the cells
from apoptosis. Arrows depicted in red represent activities that can nega-
tively affect proliferative signals within the cell.
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products expressed from the HCMV UL36-38 loci function
to prevent apoptosis signaling from the mitochondria and
activated caspases. In this manner, HCMV can manipulate
the host cell to promote a proliferative environment that
maximizes virus replication while preventing the infected
cell from shutting down or killing itself.

The cell cycle promoting effects of the HCMV IE
proteins hint at a potential role for HCMV in cancer. Indeed,
occasional studies suggest that HCMYV infection may contri-
bute to some cancers such as cervical carcinoma (Shen et
al., 1993), but at this juncture, no conclusive evidence links
HCMYV to cancer. However, HCMYV is associated with at
least one disorder in which cell growth control has been
abrogated — restenosis. Restenosis is a commonly observed
complication following balloon angioplasty of coronary
arteries. It is characterized by the overproliferation and
accumulation of arterial smooth muscle cells along the
vessel wall intima. HCMV may contribute to this phenotype
by inactivating RB family members, thereby over-stimulat-
ing the natural response of smooth muscle cells to undergo a
limited proliferation necessary to repair vessel damage that
can result from the angioplasty procedure. By inactivating
the growth suppressing functions of p53 and RB proteins,
the virus could also prevent infected smooth muscle cells
from exiting the cell cycle. Finally, HCMV may contribute
to the continued presence of excess cells at the site of injury
by blocking cell death signals via the anti-apoptotic activ-
ities encoded by HCMV.

In a more general sense, the ability of the HCMV IE
proteins to significantly alter the intracellular environment
likely contributes to its pathogenicity in vivo. For example,
HCMV infection results in a robust and constitutive induc-
tion of NF-kB activity. Part of the repertoire of genes
induced by NF-kB includes those that regulate the expres-
sion of cytokines and interferon. Secretion of these factors
would then induce an inflammatory response leading to the
recruitment of cells involved in the host anti-viral defense.
Among these are the dendritic cells and macrophages, cells
normally targeted by HCMYV for replication, latency, and/or
dissemination. Thus, an added consequence of HCMV IE
gene expression is the indirect activation and migration of
cells for continued HCMYV infection and spread throughout
the host.
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