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Abstract The IE86 protein of human cytomegalovirus (HCMYV) is unique among
viral and cellular proteins because it negatively autoregulates its own expression,
activates the viral early and late promoters, and both activates and inhibits cellular
promoters. It promotes cell cycle progression from Go/G1 to G1/S and arrests cell
cycle progression at the G1/S interface or at G2/M. The IE86 protein is essential
because it creates a cellular environment favorable for viral replication. The multiple
functions of the IE86 protein during the replication of HCMV are reviewed.

Introduction

Human cytomegalovirus (HCMYV) infection in utero is the leading infectious cause
of birth defects that cause developmental disabilities. Infection of immunocompro-
mised individuals can result in retinitis, pneumonitis, hepatitis, and gastroenteritis.
There is no vaccine for HCMYV, and the available antiviral therapies are fraught with
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limited efficacy and high rates of adverse affects. Investigations of the essential
proteins for HCMYV replication may lead to novel antiviral strategies. This chapter
will focus on the immediate early two gene (IE2) of HCMV, which encodes the
essential multifunctional IE protein designated IE86. The IE2 gene is in a region of
the viral DNA referred to as the major immediate early (MIE) gene locus.
Transcription from the MIE gene locus does not require de novo viral protein syn-
thesis, and MIE viral transcripts are detected in the presence of an inhibitor of pro-
tein synthesis. The MIE gene locus consists of an enhancer-containing promoter
upstream of the IE1 (UL123) and IE2 (UL122) genes. The transcriptional binding
sites and functions of the MIE enhancer have been recently reviewed (Stinski 1999;
Meier and Stinski 2006). The functions of the IE1 gene product are reviewed (see
the chapter by G. Maul, this volume). This chapter will review our current under-
standing of the functions of the IE2 gene product.

The MIE enhancer-containing promoter generates a primary transcript that
undergoes differential splicing and polyadenylation to produce multiple mRNA
species (Fig. 1). The IE1 and IE2 mRNAs contain the first three exons in common,
but IE1 contains exon 4, while IE2 contains exon 5 (Fig. 1). Translation initiates in
exon 2; consequently the IE1 and IE2 gene products have the first 85 amino acids
in common (Stenberg et al. 1984). Minor isoforms are produced from the IE1 and
IE2 genes, as diagramed in Fig. 1. There is also a late promoter in exon 5 that is
activated after viral DNA synthesis. Less is known about the functions of the isomers
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Fig.1 The mRNAs and viral proteins encoded by the IE1 and IE2 genes of HCMV. Abbreviations:
ENH enhancer, TA TATA box, crs cis repression sequence, INR initiator, MIE major immediate
early, ATG start codon, TAA stop codon, AATAAA polyadenylation signal, kb kilobases, kDa kilo-
daltons, /E immediate early, L late
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since they are lower in abundance and more difficult to study independently. Even
though the isomers are dispensable, they are required for efficient early and late
viral gene expression (White et al. 2007). Exon 5 encodes the unique amino acid
sequence for the major IE2 gene product designated IE86 (Fig. 1). Recombinant
viruses deleted in exon 5 cannot express early or late viral genes; consequently
viral replication does not occur (Angulo et al. 2000; Marchini et al. 2001).
Therefore, the IE86 protein is essential for viral replication. Both IE72 and IE86
are key regulatory proteins in the switch from latent to lytic infections. However,
the molecular mechanisms that trigger and sustain CMV reactivation are related to
cellular differentiation and are largely unknown.

After the viral DNA enters the nucleus, subsets of viral genomes are found at
nuclear structures referred to as nuclear domain 10 (ND10) or promyelocytic
leukemia protein oncogenic domains (PODs). IE72 and IE86 proteins localize at
and adjacent to the ND10s, respectively (Ishov et al. 1997). Although TE86 does
not directly affect ND10s, it has many other functions, which occur in the
nucleus. The functions of the IE86 protein are negative autoregulation of the viral
MIE promoter, transactivation of viral and cellular promoters, inactivation of cel-
lular cytokine and chemokine promoters, and control of cell cycle progression.
While the IE86 protein is necessary for viral DNA synthesis, initiation of DNA
synthesis from oriLyt by an IE86/UL84 protein complex can occur with UL84
alone when a transactivator function in oriLyt is replaced with a constitutive pro-
moter such as SV40 (Xu et al. 2004). The effect of UL84 on the IE86 and lytic
viral DNA replication are reviewed (see the chapter by G.S. Pari, this volume).
More importantly, IE86 prepares the cell for viral DNA synthesis by activating
the expression of early viral genes and cellular genes. The IE86 protein of HCMV
is unique among viral and cellular regulatory proteins because it both negatively
and positively regulates viral and cellular promoters, and it promotes and arrests
cell cycle progression. A better understanding of this essential viral protein may
spawn novel strategies for preventing HCMV-induced disease.

Mapping the Functional Domains of the IE86 Protein

The functional domains of the IE86 protein have been studied by in vitro protein-
protein binding assays, transient transfection assays, and the construction and isola-
tion of recombinant viruses with either amino acid deletions or substitutions. The
use of bacterial artificial chromosomes (BACs) containing the HCMV genome has
been useful in confirming and extending the results of these early assays. These
studies have indicated that the IE86 protein is a homodimer with critical functional
domains located primarily toward the carboxyl end of the viral protein. Structural
analysis of the IE86 protein by X-ray crystallography has not been done to date. In
addition to tertiary structure of the IE86 protein, posttranslational modifications
such as sumoylation and phosphorylation affect the biological activity of the viral
protein. The IE86 protein of 579 amino acids is sumoylated at lysine residues 175
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and 180 to give an apparent molecular weight of 105 kDa (Hofmann et al. 2000;
Ahn et al. 2001). Mutation of lysine residues 175 and 180 negatively affects the
efficiency of early viral promoter activation, but sumoylation is not required for
viral growth (Lee and Ahn 2004). The IE86 protein is phosphorylated in vitro by
the extracellular regulated kinase (ERK) and presumably affected in vivo by both
the mitogen activated protein kinase (MAPK) and ERK signal transduction
pathways in the infected cell (Harel and Alwine 1998; Heider et al. 2002). The IE86
protein is phosphorylated at multiple serine and threonine residues (Fig. 2a).
Mutation of the threonine residues at positions 27 and 233 or the serine residues at
positions 144 and 234 positively affects the efficiency of early viral promoter
activation (Harel and Alwine 1998). Deletion of the serine residues between 258
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Fig. 2 Functional domains of the HCMV IE86 protein. a Abbreviations: AD activation domain,
S serine domain, K lysine, 7 threonine, H histidine, P proline, Y tyrosine, O glutamine,
N nuclear localization signal, ZF putative zinc finger. b Amino acid sequence alignment of pri-
mate and nonprimate IE86 protein homologs. Identical amino acid residues are shaded in black
and similar residues in gray. A star indicates a consensus sequence, and a dot a conserved
sequence. A hyphen designates a gap in the sequence. MultAlin was used for the alignment of the
IE86 residues for Towne strain (AAR31449), chimpanzee (NP612745), rhesus (AAB00488),
African green monkey (AAB16881), mouse (AAA74505), and rat (AAB92266)
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and 275 positively or negatively affects viral growth depending on the location of
the residues (Barrasa et al. 2005) . Mutation of residues between 271 and 275 accel-
erates viral growth and mutation of residues between 258 and 264 or 266 and 269
delays viral growth (Table 1).

The TIE86 protein has two nuclear localization signals (N) that can independ-
ently target the viral protein to the nucleus (Fig. 2a) (Pizzorno et al. 1991). In the
nucleus, the viral protein affects viral promoters through two transcriptional
activation domains, one amino and the other carboxyl (Fig. 2a) (Malone et al.
1990; Pizzorno et al. 1991; Yeung et al. 1993; Stenberg 1996). For transcriptional
regulatory activity, the IE86 protein functions as a homodimer and dimerizes
through the region broadly designated in Fig. 2a (Macias et al. 1996). Within
this region, there is a putative zinc finger between amino acids 428 and 452,
which may be part of a double zinc finger motif between amino acids 428 and
480 (CX,CX, HX HXDXCX ,HXH) (Fig. 2a). Double zinc finger motifs are
important for interactions with other viral or cellular proteins such as transcrip-
tion factors that either activate or repress transcription (Bachy et al. 2002;
Moreno et al. 2003).

Figure 2a summarizes the regions of posttranslational modification and the
broadly mapped functional domains of the IE86 protein. Multiple amino acid dele-
tions were made to determine the functional domains of the IE86 protein and these
mutations are summarized in Table 1. Large deletions resulted in nonreplicating
genomes and confirmed that the IE86 protein is essential for HCMV replication.
Smaller deletions affected the efficiency of either early or late viral gene expression.
Frequently more than one viral protein function was affected by these deletions.
Mutations that affected DNA binding and negative autoregulation produced high
levels of the IE86 protein, which also affected cell viability. Mutations that failed to
interact with TBP or TFIIB affected activation of early viral promoters. Mutations
that affected phosphorylation of the viral protein affected the rate of viral growth.
Delayed viral growth was associated with reduced expression of viral tegument
proteins pp65 and pp28 (Sanchez et al. 2002). Many of the mutations made it diffi-
cult to assign a particular function to a specific region of the IE86 protein. The
region between amino acids 450 and 552 was defined as a core domain because the
IE86 regulatory functions of negative autoregulation of the MIE promoter, early
promoter transactivation, and cell cycle arrest were all affected by any deletion
within this region (Asmar et al. 2004).

Figure 2b shows regions of conserved amino acids in the carboxyl end of the
viral protein between primate and nonprimate CMV homologs of the IE86 pro-
tein. The carboxy terminus is more conserved than the amino terminus. There
are conserved stretches of amino acids suggesting critical structural and
functional domains within the protein. Petrik et al. made rationally designed
amino acid substitutions in the core region based on sequence conservation
(Petrik et al. 2006, 2007); these results are also summarized in Table 1. These
mutations separated the transactivation domain from the cell cycle arrest domain
and the autoregulation domain from the transactivation domain (Fig. 2a).
However, mutations in the putative zinc finger motif affected all functions of the
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Table1 Effect of amino acid deletions or substitutions on the functions of the IE86 protein

Effect on function Amino acids Assay Reference
Dimerization 388-542 DNA binding Ahn et al. 1998
463-513 Macias et al. 1996
Macias and Stinski 1993
Still dimerizes 551-579 Waheed et al. 1998
DNA binding 388-542 Ahn et al. 1998
346-579 Chiou et al. 1993
542-579 Jupp et al. 1993b
Macias and Stinski 1993
Still binds DNA 551-579 Macias et al. 1996
Autoregulation of MIEP 427-435 Reporter Chiou et al. 1993
505-511 Hermiston et al. 1990
H446/H452 Macias and Stinski 1993
Macias et al. 1996
Virus Petrik et al. 2007
Interaction with TBP 290-504 Protein Caswell et al. 1993
266-269 Binding Hagemeier et al. 1992a
271-275 Jupp et al. 1993a
Interaction with TFIIB 290-542 Caswell et al. 1993
Interaction with CREB 290-410 Lang et al. 1995
Transactivation 1-98 Reporter Malone et al. 1990
of promoters
25-85 Pizzorno et al. 1991
169-194 Stenberg et al. 1989
175-180 Stenberg 1996
195-579 Yeung et al. 1993
501-511
544-579
Early gene expression 258-275 Virus Heider et al. 2002
266-275
E550, E554, ES58, Reporter Yeung et al. 1993
D559, D561,
E568, D573
P535,Y537 Virus Petrik et al. 2007
Late gene expression 136-290 Virus Sanchez et al. 2002
356-359 White et al. 2004
No viral growth 501-511 White et al. 2004
Delayed viral growth 258-275 Barrasa et al. 2005
266-275
Accelerated viral growth 271-275 Virus Barrasa et al. 2005
Interaction with Rb 290-390 Protein Sommer et al. 1994
Binding
Interaction with p53 325-448 Zhang et al. 2006
Interaction with mdm2 326449 Zhang et al. 2006
Cell cycle arrest 260-279 Reporter Wiebusch and
Hagemeier 1999
451-579
Q548 Virus Petrik et al. 2006
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IE86 protein because this region is necessary for dimerization of the IE86
protein in vivo. The various functions of the IE86 protein and their role in the
replication of HCMV are reviewed.

Autoregulation of the MIE Promoter

Negative autoregulation of the MIE promoter by the IE86 protein is almost cer-
tainly important to the replication of the virus because recombinant viruses that
fail to autoregulate can not be isolated (H. Isomura and M.F. Stinski, unpub-
lished data). The IE86 protein mutated at histidine residues 446 and 452 fails to
negatively autoregulate the MIE promoter in in vitro transcription reactions
(Macias and Stinski 1993), transient transfection assays (Macias et al. 1996),
and recombinant BACs (Petrik et al. 2007). The MIE promoter region of HCMV
has a cis-acting element that serves as a binding site for the IE86 protein or the
late L40 protein (see Fig. 1). Point mutations in histidine residues 446 and 452
abolish DNA binding (Macias and Stinski 1993; Macias et al. 1996). Dimerization
of the IE86 protein is required for viral DNA binding (Table 1) (Macias et al.
1996; Waheed et al. 1998). The viral DNA element is located immediately
upstream of the transcription start site for IE1/IE2 RNA and is referred to as the
cis-repression sequence (crs). The crs consists of a pair of dinucleotide CG sepa-
rated by an A/T-rich region of 10 nucleotides. The CG dinucleotides are critical
and the spacing is important for binding by the IE86 protein (Waheed et al.
1998). The crs functions between the TATA box and the transcription start site
in either orientation. However, it does not function downstream of the transcrip-
tion initiation site (+1) (Pizzorno and Hayward 1990; Cherrington et al. 1991;
Liu et al. 1991). The IE86 protein binds to the minor groove between —14 and —1
without inhibiting the binding of TBP to the upstream TATA box (Jupp et al.
1993b; Lang and Stamminger 1994).

The first step in negative autoregulation of the MIE promoter by IE86 is block-
age of RNA polymerase II occupancy at the transcription start site (Wu et al. 1993;
Lee et al. 1996). There is also an initiator-like element between +1 and +7, and
cellular protein binding to this element is also affected by the IE86 protein, which
in turn negatively affects transcription from the MIE promoter (Macias et al.
1996). The ie3 gene product of murine CMV also negatively autoregulates its MIE
promoter (Messerle et al. 1992). Repression of the HCMV MIE promoter is
detectable approximately between 6 and 8 h after high multiplicity of infection
when the IE86 protein reaches levels to compete for binding to the transcription
initiation region (Stamminger et al. 1991; Meier and Stinski 1997).

The second stage of negative autoregulation by the IE86 protein, occurring 24 h
postinfection, requires histone deacetylase (HDACI), which causes deacetylation
of histones at the MIE promoter (Reeves et al. 2006). Deacetylated histones are
targets for methylation by histone methyltransferases, G9a and Suvar(3-9)HI.
Since mutation of the crs abrogates the association of repressive chromatin to the
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MIE promoter at late times, it was proposed that IE86 mediated the changes in the
chromatin structure (Reeves et al. 2006). During latency, the HCMV MIE promoter
is also associated with repressive chromatin (Reeves et al. 2005). The chromatin
associated with the MIE promoter during latency and reactivation are reviewed (see
the chapter by M. Reeves and J. Sinclair, this volume).

Transcription from Viral and Cellular Promoters

Viral Promoters

A strong heterochromatin structure forms quickly on the HCMV genome in
nonpermissive, undifferentiated cells (Reeves et al. 2005; Ioudinkova et al. 2006;
Yee et al. 2007). The transcriptional repressors may cause a closed viral chromatin
structure (see the chapter by M. Reeves and J. Sinclair, this volume). The MIE
promoter is repressed by heterochromatin, and consequently there is no expression
of the MIE proteins. The IE86 protein is a master regulator of HCMV transcrip-
tion required for early viral gene expression. The IE72 protein augments the activ-
ity of the IE86 protein by inhibiting histone deacetylase activity (Tang and Maul
2003; Nevels et al. 2004). Early viral gene expression from the viral genome in a
latently infected cell, such as HCM V-infected undifferentiated THP-1 cells or
murine CM V-infected mice, requires the expression of both of the MIE proteins
(Kurz et al. 1999; Kurz and Reddehase 1999; Yee et al. 2007). Nevertheless, this
is not sufficient to reactivate virus replication without cellular differentiation.
Cellular factors induced or reduced by cellular differentiation appear to be critical
for viral DNA replication and production of infectious virus (Murphy et al. 2002;
Reeves et al. 2005). Therefore, sporadic expression of the MIE genes may occur,
but it is not always sufficient to signal viral reactivation and replication.

The IE86 protein transactivates early viral promoters by interacting with cellular
basal transcription machinery and requires a TATA box-containing promoter to
transactivate downstream transcription (Lukac et al. 1994). Figure 2a shows the
broad regions of the IE86 protein that interact with the basal transcription machinery
and Table 1 summarizes the number of mutations in this region. Truncated forms of
the IE86 protein interact in vitro with TBP, TFIIB, and TAFII130/TAF4 and the
IE86 protein rescues defective TAFII250 (Caswell et al. 1993; Lukac et al. 1994,
1997). Other cellular transcription factors and chromatin remodeling proteins also
interact and contribute to the activity of the IE86 protein such as CREB, SP1, Tef-1,
Egr-1, p300/CBP, and P/CAF (Lukac et al. 1994; Sommer et al. 1994; Lang et al.
1995; Scully et al. 1995; Schwartz et al. 1996; Yoo et al. 1996; Bryant et al. 2000).
Chromatin immunoprecipitation (ChIP) assays demonstrated that TBP is associated
with HCMYV early promoters, but activation of the viral promoter requires the pres-
ence of functional IE86 protein (Petrik et al. 2007). IE86 protein attracts histone
acetylases, which are key to activating the early viral promoters (Bryant et al. 2000).
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More acetylated chromatin was found on early viral promoters in nonpermissive
undifferentiated THP-1 cells when both the IE72 and IE86 proteins were expressed
in trans prior to infection (Yee et al. 2007).

As shown in Fig. 2a, there is a core domain between amino acids 450 and 552
and when mutated all functions of the IE86 protein are affected (Asmar et al. 2004).
The longest stretch of conserved amino acids within the core domain (LPIYE) is
shown in Fig. 2b. Mutation of the proline (P) and tyrosine (Y) residues within this
conserved stretch of amino acids affected transactivation of early viral promoters
without affecting autoregulation of the MIE promoter (Petrik et al. 2007). Mutation
of P535 and Y537 to alanines results in a nonreplicating BAC (Table 1). The mutant
IE86 protein is found associated with the MIE promoter in ChIP assays, but fails to
transactivate early viral genes and is not found associated with viral early promoters
in a ChIP assay (Petrik et al. 2007). Therefore, recruitment to the MIE promoter and
early viral promoters by the IE86 protein occur through independent mechanisms.
The LPIYE conserved sequence may be important for protein-protein interactions.
This conserved sequence in the IE86 protein is also found in other cellular proteins
that regulate events on a DNA template such as histone methyltransferase, DNA
topisomerase III, and CHROM2. If the LPIYE sequence is mutated in the critical
proline and tyrosine residues, there is no activation of the viral early promoters. In
contrast, a mutation in the noncritical leucine (L) residue has little to no effect
(Petrik et al. 2007). An activation domain of IE86 is carboxyl to the core domain,
and it is also necessary to activate transcription of a viral early promoter (Pizzorno
et al. 1991; Yeung et al. 1993). This region is rich in acidic amino acids. Mutation
of the glutamic and aspartic acids between residues 550 and 573 to valines inacti-
vates the activation domain (Yeung et al. 1993).

E2F Promoters

After HCMYV infection, gene microarray assays demonstrated a fourfold or greater
increase of at least 124 cellular mRNAs (Zhu et al. 1998). While the IE86 protein
can activate cellular promoters through the same mechanisms for viral promoters
discussed above (Hagemeier et al. 1992b), it can also activate cellular promoters by
inhibiting a repressor of transcription. The expression of genes by the transcription
factor E2F is repressed by the cellular tumor suppressor protein pRb. IE86 binds to
pRb in vitro and IE86 protein-Rb complexes can be immunoprecipitated from
HCM V-infected cells (Hagemeier et al. 1994; Sommer et al. 1994; Fortunato et al.
1997). In the HCM V-infected cell, Rb is converted from the hypophosphorylated to
hyperphosphorylated form. An analysis of gene expression using microarrays of
cellular genes indicated that HCMV or the IE86 protein strongly activated E2F
response genes (Song and Stinski 2002). These are the cellular genes that regulate
the enzymes for DNA precursor synthesis, the initiation factors of cellular DNA
synthesis, and the movement of the cell cycle. They are expressed prior to the
S phase and they include the following: DNA precursor enzymes such as
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ribonucleotide reductase, thymidylate synthetase, and dihydrofolate reductase,
DNA initiation factors such as MCM3 and MCM7, the enzyme DNA polymerase
alpha, and the cell cycle control proteins such as cyclin E, cdk-2, and E2F (Salvant
et al. 1998; Gribaudo et al. 2000; Song and Stinski 2002). Since HCMV infects
terminally differentiated cells of the host that are in the Go phase of the cell cycle,
the virus requires a mechanism to overcome cellular quiescence. The IE86 protein-
along with the IE72 protein and the viral tegument protein pp71-induce cell cycle
progression by inactivating the cellular Rb family of repressor proteins.

NFx-B Promoters

After HCMV infection, gene microarray assays also demonstrated a fourfold or
greater decrease of at least 134 cellular mRNAs (Zhu et al. 1998). Repression of
some cellular genes would favor viral replication. In cells infected with an IE2-86
mutant virus lacking amino acids 136-290 (referred to as delta SX) (Sanchez
et al. 2002), HMGA?2 expression is not significantly reduced, suggesting that
the IE86 protein is involved in the regulation of the HMGA?2 expression (see the
chapter by V. Sanchez and D.H. Spector, this volume). Repression of select
cytokine and chemokine expression would favor survival of the virus-infected
cell. HCMYV infection attenuates interleukin (IL)-1 beta and tumor necrosis factor
(TNF)-alpha proinflammatory signaling (Jarvis et al. 2006; Montag et al. 2000).
The IE86 protein inhibits the induction of interferon (IFN)-beta, TNF-alpha,
RANTES, MIG, MCP-2, and IL-6 (Taylor and Bresnahan 2005, 2006). The effect
of IE86 is downstream of the inhibitor of kappa B (IxkB) kinase. While IE86
directly effects the binding of NFk-B to its cognate site on the DNA by an
unknown mechanism (Taylor and Bresnahan 2006), IE86 also blocks the activity
of NFx-B when the cellular transcription factor is brought to the promoter via a
GAL4 DNA-binding domain (Gealy et al. 2007). Therefore, the inhibition of
NFk-B by IE86 is also subsequent to NFx-B binding. The regions required to
inhibit NFk-B activity are amino terminal of the IE86 carboxyl activation domain
(Gealy et al. 2007). The exact region of the IE86 protein involved in blocking
NFxk-B activity requires further investigation.

Cell Cycle Progression

CMVs typically infect terminally differentiated cells in the Go/G1 phase of the cell
cycle. The pool of dideoxynucleotide triphosphates and biosynthetic enzymes to
make precursors for DNA synthesis are low in these cells. Since CMVs do not
encode many of the biosynthetic enzymes for DNA precursor synthesis, the virus
must have a mechanism to overcome G1 arrest. The effect of HCMYV infection on
the cell cycle is reviewed (see the chapter by V. Sanchez and D.H. Spector, this
volume). As discussed above, the IE86 protein binds to pRb and activates E2F
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responsive promoters. Cyclin E/cdkl expression and activity are increased by
HCMV or by the IE86 protein, which causes a feed-forward loop allowing ampli-
fication of signals that promote cell cycle progression from the G1 to S phase
(Jault et al. 1995; Salvant et al. 1998; McElroy et al. 2000; Sinclair et al. 2000). In
a normal cell, p53 induces cell cycle arrest, possibly to allow for DNA repair
(Kastan et al. 1992; Kuerbitz et al. 1992) or apoptosis to eliminate cells with dam-
aged genomes (Kuerbitz et al. 1992; Levine 1997; Prives and Hall 1999; Vogelstein
et al. 2000). In a p53** cell infected with a high multiplicity of HCMV, most of
the cells are blocked at G,/S (Jault et al. 1995; Bresnahan et al. 1996; Lu and
Shenk 1996; Morin et al. 1996; Dittmer and Mocarski 1997; Wiebusch and
Hagemeier 1999; Casavant et al. 2006). In a p5S3 mutant cell infected with HCMYV,
viral replication is delayed and infectious virus production is decreased compared
to p53** cells (Murphy et al. 2000; Casavant et al. 2006). Wild type p53 expressed
in frans restores replication efficiency. Although p53 is not an essential cellular
protein for HCMV replication, a functional p53 contributes significantly to the
progression of infection.

In a p53** cell, the IE86 protein binds to p53 and the level of p53 increases in
the nucleus (Speir et al. 1994; Bonin and McDougall 1997; Fortunato and Spector
1998). p53 is stabilized by the IE86 protein in an atazia telangiectasis mutated
(ATM) kinase-positive cell but not in a ATM kinase-negative cell (Song and
Stinski 2004). ATM kinase phosphorylates p53 at serine residue 15, which stabi-
lizes the cellular protein by preventing Mdm2 ubiquitination (Song and Stinski
2004). Mdm?2 is a p53-specific E3 ubiquitin ligase that promotes the degradation
of p53 (Haupt et al. 1997; Honda et al. 1997; Fang et al. 2000). Mdm2 forms an
autoregulatory feedback loop with p53 and allows p53 to control its own level and
activity by inducing the expression of Mdm2 (Fang et al. 2000). The IE86 protein
interrupts this cellular regulatory control by binding to Mdm?2 and facilitating its
degradation (Zhang et al. 2006). Therefore, the IE86 protein decreases the level
of Mdm?2, which increases the level of p53 in the HCM V-infected cell. In addi-
tion, phosphorylation at serine residues 15 and 20 of p53 hampers the Mdm2-p53
interaction, which prevents ubiquitination and degradation (Shieh et al. 1997,
Dumaz et al. 2001; Louria-Hayon et al. 2003).

There is also a correlation between high levels of IE86 and increased levels
of p21 (Shen et al. 2004; Song and Stinski 2004). The early increase in p53 and
p21 in the HCMV-infected cell may be related to an early intrinsic cellular
defense to virus replication (Garcia et al. 1997). Both IE72 and IE86 induce p21
in a p53-dependent manner (Song and Stinski 2004; Castillo et al. 2005). The
p21 promoter is activated by p53, but how IE72 or IE86 proteins increase p21 is
currently not understood. The IE86/p53 complex can still bind to the p53 cognate
site on DNA (Tsai et al. 1996), but it is uncertain whether IE86 or p53 activates
the p21 promoter. Alternatively, p21 could be activated prior to sequestration
of p53 in the nucleus with IE86. p21 can inhibit cdk2 and block the activity of
cyclin E, arresting the cell cycle progression, but this does not occur in the
HCM V-infected cell. It has been reported that IE86 can bind p21 and thereby
prevent p21 repression of cyclinE-dependent kinase activity (Sinclair et al.
2000). However, the cyclin E/cdk2 levels increase in both the HCM V-infected
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cell and the IE86 protein expressing cell and consequently, the virus primes the
cell for DNA synthesis (Song and Stinski 2002). In contrast, cyclin A decreases
because IE86 protein induces degradation of Mdm2, and Mdm?2 normally
induces cyclin A expression (Zhang et al. 2000).

The IE86 protein upregulates p21 in a p53+* cell and not in a p53” cell (Song and
Stinski 2004). However, p21 is upregulated in a p53-null cell by expressing pS3 and
IE86 in trans (Song and Stinski 2004). In the HCM V-infected cell, the increase in
p21 is transient and then p21 levels decrease (Chen et al. 2001). The decrease in p21
may be related to the senescent state of a HCMV-infected cells since senescence
causes a decrease in p21 (Stein et al. 1999; Chen et al. 2004). Senescence also
occurs in an [E86-expressing HF cell (Noris et al. 2002).

HCMYV inhibits cell cycle progression in a p53** cell to utilize the cellular DNA
precursors for its own DNA synthesis. In a p53** cell, IE86 protein activates a
quasi G1/S program for cellular gene expression, inhibits cellular DNA synthesis,
and consequently co-opts valuable enzymes and macromolecular precursors for
viral DNA replication. The inhibition of cellular DNA synthesis appears to be
dependent on high multiplicity of infection and on a functional p53 because inhibi-
tion does not occur in a pS3-null cell unless wild type pS3 is introduced in trans.
Therefore the IE86 protein initially stimulates the cell and then blocks cell cycle
progression. The IE86 protein may induce p53 in the permissive HF cell by
deregulating E2F activity, activating ATM kinase activity, degrading Mdm?2 and
consequently stabilizing p53.

The viral IE86 protein and the cellular p53 protein play major roles in control of
the cell cycle during HCMV infection. The IE86 protein promotes cell cycle pro-
gression in the G /G, phase. In the presence of the cellular p53 protein, the IE86
protein stops the cell cycle before the S phase. If cells progress into the S phase,
then the TE86 protein stops cell cycle progression at the G2/M phase even in the
absence of cellular p53 protein (Song and Stinski 2004). The IE86 protein is neces-
sary for cell cycle progression because at least four times more serum-starved p53
mutant glioblastoma U373 or 293T cells are induced into the S phase by wild type
IE86 protein compared to a mutant IE86 protein (Murphy et al. 2000). While cell
division occurs in the presence of the mutant IE86 protein, it does not occur in the
presence of the wild type IE86 protein. In the p53-null Saos-2 cell, wild type IE86
protein blocks cell cycle progression at the G /M phase, which correlates with an
aberrant increase in cyclin B and cdk1 levels (Song and Stinski 2004). Cells in the
S and G,/M phases suppress transcription of the HCMV MIE genes by an unknown
mechanism. When the cell cycle re-enters G /G, transcription of the MIE genes
resumes (Fortunato et al. 2002).

This is important for the replication of the virus because a single amino acid
substitution of IE86 at residue 548 from a glutamine to an arginine (Q548R) (Fig.
2b) inactivates the ability of IE86 to arrest the cell cycle at either G1/S or G2/M
(Petrik et al. 2006). Under these conditions, the recombinant virus replicates
viral DNA slowly, fails to inhibit cellular DNA synthesis or cellular division, and
exhibits smaller, nondistinct plaques. The Q548R recombinant virus negatively
autoregulates the MIE promoter, activates early viral promoters and cellular
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E2F-responsive promoters, but fails to regulate cell cycle progression (Petrik
et al. 2006). The virus replicates slowly because viral DNA synthesis is in com-
petition with cellular DNA synthesis. Therefore, arrest of cell cycle progression
by the IE86 protein and prevention of cellular DNA synthesis are critical steps
for efficient HCMV replication.

The mutation of glutamine at residue 548 to arginine in the Q548R recombinant
virus is unique because the IE86 protein fails to regulate the cell cycle at both the
G1/S and G2/M phases (Petrik et al. 2006). In stable cell lines, the Q548R mutant
IE86 protein complexes with p53 and the cells continue to divide (Bonin and
McDougall 1997; Murphy et al. 2000). While the Q548R mutant IE86 protein
stimulates cellular E2F gene expression and unscheduled entry into the S phase, it
cannot transform cells. The mutant viral protein may not be able to overcome con-
tact inhibition or other cellular processes necessary for cellular transformation. It is
likely that the Q548R mutant IE86 protein fails to bind and degrade Mdm?2, allowing
both cellular DNA synthesis and normal progression into G2/M. The introduction of
a positively charged arginine at residue 548 may inhibit IE86 protein interaction
with a cellular protein. In contrast, substitution of residue 548 with a neutral alanine
residue had little to no effect (Petrik et al. 2006). In addition, the Q548R mutant viral
protein may also fail to degrade the anaphase promoting complex/cyclosome (APC/C),
which is an E3 ubiquitin ligase that targets regulators of cell division for degradation
by the proteasome (Peters 2006). APC/C causes lower levels of cyclin B/cdkl, and
cyclin B degradation is necessary to release the cell cycle from G,/M back into G,
(Peters 2006). HCMV infection inactivates APC/C and the IE86 protein may be the
cause of this inactivation (Wiebusch et al. 2005).

The UL69 gene product is also reported to arrest the cell cycle when overex-
pressed from a viral vector (Hayashi et al. 2000). Our results with the Q548R
recombinant virus indicate that the cell cycle is not arrested when UL69 is present.
These results may suggest that both UL69 and a functional IE86 protein are
required to efficiently arrest the cell cycle during viral infection. The IE86 protein
of HCMYV is different from DNA tumor virus early regulatory proteins because it
also stops cycle progression at the G1/S interface in p53** cells or at G,/M in p53-
null cells. Nevertheless, apoptosis is prevented in the HCM V-infected cell by the
viral IE proteins expressed from the UL36, UL37X1, and UL38 genes (see the
chapter by A.L. McCormick, this volume). In addition, the IE86 protein itself is
reported to inhibit apoptosis under special circumstances (Zhu et al. 1995).

Perspectives

The IE86 protein of HCMYV is an essential viral protein that does the following
during viral replication:

1. It negatively autoregulates the MIE enhancer-containing promoter, which con-
trols the expression of IE72 and IE86 proteins.



146 M.F. Stinski, D.T. Petrik

2. It transactivates transcription from viral early and late promoters.

3. It inactivates the cellular Rb repressor, which activates E2F responsive promot-
ers to move the cell cycle from the G /G, to the G /S interface.

4. Tt prevents expression of cellular cytokines and chemokines expression with
antiviral properties.

5. It controls both the G /S and G,/M transition points in the cell cycle.

The regions of the viral protein involved in these functions were broadly
mapped, and consequently more than one function was usually affected by the
mutation. A core region was identified between amino acid residues 450 and 552
in which mutations in this region affected all identified functions of the IE86
protein. Site-specific mutations in this region demonstrated that the functions of
the IE86 protein can be separated and more clearly defined. There are other
functional domains and conserved regions within the IE86 protein that need to be
defined. The crystal structure of the IE86 protein should be demonstrated to
better understand the functional domains. The tertiary structure of the IE86
protein appears critical for function. For example, the histidine residues at 446
and 452 are critical and possibly associated with a double zinc finger domain that
determines a three-dimensional structure for the interaction with a variety of
cellular and viral proteins. Mutation of the histidine residues at 446 and 452
affects all IE86 protein functions in the context of the viral genome. The proline
and tyrosine residues 535 and 537, respectively, which are a part of a conserved
five-amino acid stretch in the core domain, affect transcription of early viral
promoters. The acidic amino acids between residues 550 and 573 affect early
viral promoter activation. The conserved glutamine residue 548 affects control of
cell cycle progression. These critical amino acids of the IE86 protein are potential
targets for new and unique antivirals. Since the current antivirals for the treatment
of HCMV infection are of limited efficacy with high frequencies of adverse
effects, it is important to understand the tertiary structure of the carboxyl domain
of the IE86 protein to develop new treatments for HCMV infection.
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