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REVIEW

Immediate–Early (IE) gene regulation of cytomegalovirus: IE1- 
and pp71-mediated viral strategies against cellular defenses
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00716, USA

Three crucial hurdles hinder studies on human cytomegalovirus (HCMV): strict species specifi city, 
differences between in vivo and in vitro infection, and the complexity of gene regulation. Ever 
since the sequencing of the whole genome was fi rst accomplished, functional studies on individual 
genes have been the mainstream in the CMV fi eld. Gene regulation has therefore been elucidated 
in a more detailed fashion. However, viral gene regulation is largely controlled by both cellular 
and viral components. In other words, viral gene expression is determined by the virus–host 
interaction. Generally, cells respond to viral infection in a defensive pattern; at the same time, 
viruses try to counteract the cellular defense or else hide in the host (latency). Viruses evolve 
effective strategies against cellular defense in order to achieve replicative success. Whether or not 
they are successful, cellular defenses remain in the whole viral replication cycle: entry, immediate–
early (IE) gene expression, early gene expression, DNA replication, late gene expression, and viral 
egress. Many viral strategies against cellular defense, and which occur in the immediate–early 
time of viral infection, have been documented. In this review, we will summarize the documented 
biological functions of IE1 and pp71 proteins, especially with regard to how they counteract cellular 
intrinsic defenses. 
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INTRODUCTION: THE IMPORTANCE OF 
STUDYING IMMEDIATE–EARLY GENE 
REGULATION

Human cytomegalovirus (HCMV) infects a large 
part of the population and has serious consequences 
for immunocompromised persons with AIDS or organ 
transplants and for newborns after congenital infection. 
HCMV is the leading viral cause of congenital birth de-
fects (Britt W J, 1996). More than 30% of primary HCMV 
infections of pregnant women result in placental trans-
mission and clinical syndromes. Congenital infection is 

not uncommon (Revello M G, et al., 2002; Revello M 
G, et al., 2002; Stagno S, et al., 1986). Of symptomatic 
newborns, about 12% die and half of the survivors de-
velop mental retardation, vision loss, sensorial deafness, 
or a combination of any or all of these (Ramsay M E, 
et al., 1991). Interference strategies commonly target the 
early events of the replication cycle by using approved 
nucleoside analogs such as ganciclovir, the nucleotide 
analog cidofovir, and foscarnet. However, these can lead 
to resistance (Chou S, et al., 1997). In vitro anti-sense 
oligonucleotides against the HCMV immediate–early 
protein 2 (IE2) have proven effective (Anderson K P, 
et al., 1996), as has been targeting the UL36 and UL37 
sites (Anderson K P, et al., 1996; Smith J A, et al., 1995). 
These attempts show that targeting the HCMV-IE part of 
the propagation cycle may be effective; however, none 
of these treatments are permissible or feasible in the 
potentially infected fetus. The lack of suitable treatment 
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modalities has especially serious consequences for the 
congenitally infected fetus and for patients with impaired 
immune systems. The challenge is to fi nd treatment mo-
dalities that do not depend on inhibition of the DNA rep-
lication process.
Viral gene expression is a result of the interaction of 
a virus and infected cells. In general, the virus needs 
to use cellular machineries to achieve successful gene 
expression. Viral gene regulation might be targeted to 
block viral replication. At the early time of cytomegalo-
virus (CMV) infection, 2 layers of viral gene regulation 
are critical: 1) IE gene regulation through the interaction 
of cellular factors with the major IE promoter (MIEP) 
and the MIE enhancer, and 2) activation of early genes 
by IE proteins (Stinski M F, et al., 2008). MIE gene 
regulation occurs at 3 levels: cellular and viral proteins 
incorporating the interaction with the enhancer and the 
promoter, the involvement of viral elements in introns, 
and gene-splicing regulation. After the immediate–early 
stage, the resultant IE proteins soon turn on the early 
gene expression program. One of the most studied early 
genes is early gene 1 (E1), also called UL112-113 (of 
HCMV) or M112-113 (of murine CMV) (Perez K J, et al., 
2013). Many early gene products are required for viral 
DNA replication. Therefore, the studies on early gene ex-
pression regulation are also important in the developing 
of strategies against CMV via targeting the events before 
viral DNA replication.
There are about 7 animal CMVs (human, mouse, rat, 
guinea pig, monkey, chimpanzee, and rhesus), and they 
present a strict species specificity. HCMV can produc-
tively infect only humans (Jurak I, et al., 2006; Lafemina 
R L, et al., 1988; Tang Q, et al., 2006), so there is no 
straightforward animal model for HCMV infection. 
Murine CMV (MCMV) has many similarities with 
HCMV (Mocarski E S, Jr., Shenk, T., Pass R. F., 2006). 
First, both have the same replication cycles in host cells 
and cause similar diseases in their respective hosts. Next, 
they share similar genomic structures, and most of their 
respective gene products have similar functions. Last, 
HCMV and MCMV also have similar characteristics 
with respect to the immune response in vivo (Reddehase 
M J, et al., 2004). Therefore, MCMV infection in 
the mouse is the best small animal model for HCMV 
studies (Reddehase M J, et al., 2002). For that reason, 
MCMV is the second most widely investigated strain 
of CMV. Despite their similarities, apparent differences 
between HCMV and MCMV have been shown in many 
genes. Therefore, the mechanisms of gene regulation for 
HCMV cannot simply be applied to those of MCMV, and 
vice versa.
This review, aiming to elucidate the complicated in-
teraction between CMV and host, will summarize the 
results of recent studies of both MCMV and HCMV. 

Focus will be placed on the very early events after the 
viral infection of permissive cells. Some experimental 
data are also, for the fi rst time, shown in this review to 
further support the recently proposed hypothesis that in-
trinsic host cell defenses effectively limit or completely 
abrogate the spread of CMV infection—unless impeded 
by viral countermeasures. Understanding CMV early 
and immediate–early gene regulation is important for the 
development of better strategies to interfere with viral 
growth, especially before viral DNA replication.

MIE GENE ENHANCER: THE ROPE CARRIES 
IMMEDIATE–EARLY (IE) INTERACTIONS 
BETWEEN HOST CELLS AND CMV

Evolutionary variations have caused CMV to adapt to 
living in host cells and are often accompanied with al-
terations of the DNA sequence in favor of viral survival. 
MIE gene structure has been identifi ed using a DNA se-
quencing program. Once CMV genomic DNA enters the 
nucleus, viral gene expression starts immediately. CMV 
MIE gene expression is controlled by the major imme-
diate–early promoter (MIEP) and regulated by the CMV 
MIE enhancer (Stinski M F, et al., 2008). The CMV MIE 
enhancer locates upstream of MIEP and consists of sev-
eral special DNA elements that recruit cellular transcrip-
tional factors to form DNA-protein complexes (Figure 1). 
The formation of the complex might be the fi rst line of 
interaction between CMV and host cells, and it happens 
in the nuclei of infected cells. These DNA elements (aka 
cis-elements) interact with different cellular transcription 
factors that include NF-B, CREB/ATF, AP-1, RAR-
RXR (Angulo A, et al., 1995; Angulo A, et al., 1996; 
Angulo A, et al., 1998), serum response factor, Elk-1, 
Sp-1, CAAT/enhancer binding protein, and the interfer-
on-gamma activating sequence (GAS) (Meier J L, et al., 
1996; Netterwald J, et al., 2005; Yang S, et al., 2005). 
Many of the cis-acting sites in the CMV MIE enhancer 
are repetitive.
It is still unknown which interaction is essential or im-
portant for MIE enhancer function. Most of the interac-
tions between enhancer cis-elements result in activating 
effects on MIE gene expression; however, the HCMV 
MIE region contains 2 repressive elements, one that lo-
cates immediately upstream of the IE1/IE2 transcription 
start site and binds IE2 proteins (Cherrington J M, et al., 
1991; Pizzorno M C, et al., 1990), and the one that binds 
a cellular protein (probably Fox-like repressors) immedi-
ately upstream of the TATA box of the divergent UL127 
gene (Angulo A, et al., 2000; Lashmit P E, et al., 2004; 
Lundquist C A, et al., 1999). Additionally, evidence also 
shows that the silencing of the MIE enhancer is related to 
the variety of MIE gene expression in certain cell types, 
particularly when the cells are undifferentiated (Meier J L, 
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2001). The MIE enhancer has 2 functional components: 
the distal enhancer (580 to 300) and the proximal en-
hancer (300 to 39) relative to the transcription start 
site (+1). Deletion of either the distal enhancer or the 
proximal one negatively affects viral replication at low 
MOIs (Meier J L, et al., 2000). MCMV and HCMV have 
similar arrangements in the MIE gene area (enhancer, 
MIE gene, and divergent gene), except that transcrip-
tional repression elements have not been found in the 
MCMV MIE gene.
Several aspects of the CMV MIE enhancer remain 
unclear: 1) Does the function of the CMV MIE enhancer 
play a pivotal role in regulating viral latency, reacti-
vation, and pathogenesis? 2) Although many cellular 
transcription activators are identifi ed as interacting with 
the specifi c site in the enhancer, their signifi cance is un-
known. Currently, which elements in the distal or proxi-
mal enhancer are required for virus replication in various 
cell types is also unknown. 3) The CMV MIE enhancer 
of one animal functionally differs from that of another. 
This dissimilarity needs to be demonstrated with experi-
ments using animal models. 4) The requirement for par-
ticular HCMV MIE enhancer elements has not yet been 
assessed using viral mutants.

CELLULAR INTRINSIC DEFENSIVE RESPONSE 
TO THE ENHANCER EFFECT: NUCLEAR 
FACTORS DEFEND VIRAL INVASION BY 
INHIBITING VIRAL GENE EXPRESSION

The host has developed various levels of defense 
against invading viruses, most prominently the adaptive 

and innate immune defenses, which protect the hosts 
from pathogenic infection (Tavalai N, et al., 2009). Does 
the host have any defensive response to the infected 
virus that is inside the cells? The short answer to that is 
perhaps. Nuclear repressors might function via interac-
tion with the MIE enhancer. When a virus penetrates the 
host cell membrane, defenses based on the recognition 
of damaged or foreign proteins by the proteasome may 
reduce viral success. Once inside the nucleus, the foreign 
DNA may be recognized and destroyed by nucleases or 
may become chromatinized. Chromatinization can lead 
to silencing of the genome by a number of enzymatic 
complexes containing histone deacetylases (HDACs) 
(Guise A J, et al., 2013). Other nuclear-based regulato-
ry mechanisms involved in silencing large stretches of 
the human genome may have evolved into mechanisms 
that suppress viral transcription and regulation. We have 
identifi ed some of these intrinsic mechanisms.
Many ND10 (nuclear domain 10) components have 
been demonstrated to have a repressive effect on CMV 
gene expression and viral replication [reviewed by 
Saffert and Kalejta (Saffert R T, et al., 2008) and Rivera-
Molina et al. (Rivera-Molina Y A, et al., 2013)]. The 
first ND10 protein to be investigated for its role in 
HCMV gene expression and viral replication was Daxx. 
In the study that examined this role, Daxx was found 
to interact functionally with HCMV tegument protein 
pp71 (Hofmann H, et al., 2002; Ishov A M, et al., 2002; 
Saffert R T, et al., 2006; Tavalai N, et al., 2006). The 
Stamminger group (Tavalai N, et al., 2006) also inves-
tigated promyelocytic leukemia protein (PML) to see 
whether it could have any effects on viral gene expres-

Figure 1. Comparison of the enhancers of HCMV with those of MCMV. The known consensus binding sites of 

cellular transcription factors in the major immediate–early enhancers are designated. Viral genes and promoter/ 

transcription start sites are designated by arrows. The HCMV also has a unique region and a modulator, both of 

which are discussed in the text. The various transcription factor binding sites identifi ed for HCMV and MCMV are 

designated.
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sion or on viral replication. After comparing HCMV rep-
lication in PML-kd or hDaxx-kd cells with that in normal 
cells, Stamminger and his colleagues discovered that IE 
gene expression increased to a similar extent, regardless 
of whether PML or Daxx was depleted (Tavalai N, et al., 
2009; Tavalai N, et al., 2006; Tavalai N, et al., 2011). 
Their experimental results suggest that PML and Daxx 
might function using different mechanisms to suppress 
HCMV replication; double-knockdown cells depleted of 
both PML and hDaxx support the additive enhancement 
of HCMV infection in the replication effi cacy of HCMV 
compared to that of single-knockdown cells (Tavalai N, 
et al., 2011). Finally, they also found that the infection 
of SP100 knockdown (kd) cells with HCMV resulted in 
signifi cantly increased plaque-forming ability (Adler M, 
et al., 2011).
Species-specificity is one of the major characteristics 
of CMV and is the primary reason for the lack of a 
mouse model for the direct infection of HCMV. It has 
been determined that CMV cross-species infections 
are blocked at the post-entry level by intrinsic cellular 
defense mechanisms (Cosme R C, et al., 2011; Garcia-
Ramirez J J, et al., 2001; Jurak I, et al., 2006), but few 
details are known. We discovered that the ND10 of hu-
man cells is not disrupted by MCMV and that the ND10 
of mouse cells is not disrupted by HCMV (Cosme R 
C, et al., 2011), although the ND10-disrupting protein, 
immediate–early protein 1 (IE1), also colocalizes with 
ND10 in cross-species infections (Cosme R C, et al., 
2011). In addition, we found that the UL131-repaired 
HCMV strain AD169 (vDW215-BADrUL131) can infect 
mouse cells to produce IE and early (E) proteins but that 
neither DNA replication nor viral particles are detectable 
in mouse cells. Unrepaired AD169 can express only IE1 
in mouse cells. In both HCMV-infected mouse cells and 
MCMV-infected human cells, the knocking-down of 
ND10 components (PML, Daxx, and SP100) resulted 
in significantly increased viral-protein production. Our 
observations provide evidence to support our hypothesis 
that ND10 and ND10 components might be important 
defensive factors against CMV cross-species infection.
More recently, we identifi ed 2 other mechanisms that 
host cells use to defend viral replication. One of those 
mechanisms is found at the gene splicing level (Cosme 
R S, et al., 2009): We observed that polypyrimidine 
tract-binding proteins (PTBs) strongly repressed MIE 
gene production in cotransfection assays. In addition, 
we discovered that the repressive effects of PTB could 
be rescued by splicing factor U2AF. Taken together, the 
results suggest that PTBs inhibit MIE gene splicing by 
competing with U2AF65 for binding to the polypyrimi-
dine tract in pre-mRNA. We conclude that PTB inhibits 
HCMV replication by interfering with MIE gene splic-
ing through competition with U2AF for binding to the 

polypyrimidine tract in MIE gene introns. The second of 
the two mechanisms is associated with CTCF (Martinez 
F P, et al., 2014): We investigated the interaction of 
HCMV with the cellular chromatin-organizing factor 
CTCF. The results show that HCMV-infected cells pro-
duce higher levels of CTCF mRNA and protein at early 
stages of infection. They also show that CTCF deple-
tion by short hairpin RNA results in an increase in MIE 
and E gene expression and an about 50-fold increase in 
HCMV particle production. We identified a DNA se-
quence (TTAACGGTGGAGGGCAGTGT) in the first 
intron (intron A) of the MIE gene that interacts directly 
with CTCF. The deletion of this CTCF-binding site led 
to an increase in MIE gene expression in both transient 
transfection and infection assays. The deletion of the 
CTCF-binding site in the HCMV bacterial artifi cial chro-
mosome plasmid genome resulted in an about 10-fold 
increase in the rate of viral replication relative to either 
wild-type or revertant HCMV. Therefore, CTCF binds 
to DNA within the MIE gene at the position of the fi rst 
intron to affect RNA polymerase II function during the 
early stages of viral transcription.

IMMEDIATE–EARLY VIRAL STRATEGIES 
AGAINST INTRINSIC CELLULAR 
DEFENSES: IE1- AND PP71-MEDIATED 
COUNTERMEASURES

IE1-mediated offensive effects on nuclear 
defense
To achieve replicative success, CMV has developed 
countermeasures against the cellular defenses. IE1, one 
of the most important proteins in the very early stage, 
helps the virus to evade host defenses, which are them-
selves accomplished via protein-protein interactions. IE1 
is considered a promiscuous transactivator; however, all 
increases in protein production from viral or host pro-
moters due to IE1 are modest, and the phrase “augment-
ing transcription” has recently been used specifi cally to 
describe the synergistic activation of early proteins by 
IE2. The modest increase in protein production due to 
IE1 is in stark contrast with the enormous effect of IE1 
ablation on productive virus infection. Loss of IE1 has a 
disproportionate effect on viral replication, such that sev-
eral orders of magnitudes more IE1-minus viral particles 
are necessary for plaque formation (Mocarski E S, et al., 
1996). IE1 is not essential, but IE1 deletion mutants of 
HCMV require at least 1000 virus particles to overcome 
the defect, i.e., multiple hits are necessary for tegument 
proteins such as transactivator pp71 to activate the lytic 
cycle (Gawn J M, et al., 2002; Greaves R F, et al., 1998), 
and specifi c genes, such as that encoding dihydrofolate 
reductase, may require upregulation for suffi cient nucle-
otide synthesis (Margolis M J, et al., 1995). We found 
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that an IE1 defi ciency can be rescued in permissive cells 
by the histone deacetylase inhibitor trichostatin A (TSA) 
(Tang Q, et al., 2003). Overall, the disproportionate ef-
fect of IE1 on viral replicative success appears to be due 
to the prevention or reversal of viral genome silencing 
rather than to minor additional viral protein production. 
Thus, interference with IE1 may block reactivation and 
attenuate any new infection.
IE1 disperses ND10. Like HSV-1, HCMV infection 
can also disrupt ND10, but the mechanisms of dispersing 
ND10 might be different. HSV-1 ICP0 induces the loss 
of the SUMO-1-modified forms of PML and the prote-
asome-mediated degradation of the PML protein (Chelbi-
Alix M K, et al., 1999; Everett R D, et al., 1998; Gu H, et 
al., 2003). However, in CMV-infected cells, PML is not 
degraded (Lee H R, et al., 2004; Tang Q, et al., 2003). 
For cytomegaloviruses (including MCMV and HCMV), 
IE1 has been identified to disperse ND10 by an as yet 
unknown mechanism, but it is not able to degrade PML 
(Ahn J H, et al., 1997; Korioth F, et al., 1996). HCMV 
IE1’s induction of PML deSUMOylation, reported by 
Lee et al (Lee H R, et al., 2004), needs to be investigated 
for MCMV IE1. Obviously, interaction between ND10 
with IE1 is not suffi cient for IE1 to disperse ND10 be-
cause ND10 remains intact in cross-species infected cells 
(Cosme R C, et al., 2011). In our recent study of CMV 
cross-species infection, we infected MCMV into human 
fi broblast cells and infected HCMV into mouse fi broblast 
cells. We found MCMV IE1 colocalized with human 
ND10, and HCMV IE1 colocalized with mouse ND10, 
but ND10 is not dispersed (Cosme R C, et al., 2011).
IE1 interacts with ND10 proteins. A co-immunopre-
cipitation analysis of MCMV-infected 3T3 cells to iden-
tify repressor proteins that could be inactivated by IE1 
revealed 3 such interacting proteins: HDAC2, Daxx, and 
PML, the latter confi rming the interaction of MCMV IE1 
with ND10. Several control proteins such a HSP70 and 
HSP25 were not immunoprecipitated. Using mouse cells 
in which either Daxx or PML was absent, we found that 
the interactions are independent from each other. We also 
found that IE1 can bring HDAC2 to ND10 at a very early 
stage in the infection, suggesting that the IE1 binding site 
is different from the Daxx binding site (Tang Q, et al., 
2003). Whether the interactions are direct or within the 
context of a larger complex remains to be established.
Although the very low primary sequence homology of 
HCMV IE1 and MCMV IE1 suggests non-homology of 
the proteins, several functions are equivalent (e.g., bind-
ing PML and Daxx, dispersion of ND10, HDAC bind-

ing and the resultant augmentation of virus production), 
and functional domains in the respective gene structure 
are similar. It is not known whether these functional 
similarities of IE1 in the 2 species rest in the 3D struc-
tures or in similar interfaces. Comparison of the sec-
ondary structures shows a surprisingly similar predicted 
helicity in the fi rst 400 amino acids of each protein and 
a similar spacing of shorter and longer helical sections 
(blocked areas in Figure 2). Moreover, a large proportion 
of the IE1 molecule forms a random coil, particularly the 
MCMV IE1 C-terminal region. It is necessary to perform 
a crystallographic or NMR structural analysis to reveal 
whether there is any real similarity between the 2 mole-
cules that can account for their comparable functions.
IE1 of HCMV and MCMV interact with HDAC 
complexes to inactivate HDAC. MCMV IE1 interacts 
with HDAC1 and 2 (Tang Q, et al., 2003), and HCMV IE1, 
with HDAC3 (Nevels M, et al., 2004). HDACs function 
only in several rather large complexes. HDAC3 is the es-
sential silencing component in the silencing mediator for 
retinoic or thyroid (SMRT) repressor complex and nucle-
ar receptor co-repressor (N-CoR) (Guenther M G, et al., 
2001). The formed HDAC-associated complex functions 
as a gene silencer. In the IE1-bound complex, HDAC ac-
tivity is inhibited (Tang Q, et al., 2003). If a cell silences 
an incoming virus through chromatization and deacetyl-
ation, then TSA should prevent such deacetylation and 
allow faster progression and higher production of prog-
eny virus. Virus production increased ~8-fold in HCMV 
when the wild-type virus–infected host cells were at low 
multiplicities of infection, indicating that the competent 
virus is suppressed even in permissive cells. However, 
the strong activation of IE1-minus HCMV after exposure 
to TSA (Figure 3) suggests that a block in deacetylation 
activity rescues the IE1 deletion. These results, together 
with the observed suppression of HDAC1/2 by MCMV 
IE1 (Tang Q, et al., 2003), support the notion that IE1 
sequesters a cell’s silencing mechanism, and that this se-
questration is analogous in both MCMV and HCMV. 
Thus, the inhibition of IE1 activity appears to favor 
normal HDAC activity. Such activity would block tran-
scription from the MIEP via silencing and essentially 
result in an IE1-minus phenotype, which cannot fully 
reactivate in the murine system (Kurz S K, et al., 1999; 
Reddehase M J, et al., 2002), i.e., it is important in organ 
transplant–dependent reactivation in humans. Our hy-
pothesis is that IE1 binds and inactivates those HDACs 
responsible for gene silencing, thus preventing host cells 
from repressing viral transcription. It is important to de-

Figure 2. Secondary structure of MCMV and HCMV IE1. Solid bars represent helical regions.
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lineate IE1 binding sites for HDACs by deletion analysis 
and the expression of the smallest domain capable of 
binding. The minimal HDAC domain (or specifi c HDAC 
complex component) will be determined in the same 
fashion. Structural analysis of the interacting fragments 
will then reveal the shape of the interaction site, a prereq-
uisite for the search for blocking agents. These analyses 
will identify the structure of the functional IE1 molecular 
domains that can be blocked by small molecules in order 
to inactivate IE1.
Inhibition of HDAC activity can synergistically en-
hance viral replication with IE2 in the IE2-producing 
cell line. To measure low levels of HCMV production, 
we generated a stable human cell line, MAMIE2 (Cosme 
R C, et al., 2011; Tang Q, et al., 2006a), in which IE2 
expression is inducible with dexamethasone (Dex). As 
can be seen in Figure 4, treatment with either TSA or 
Dex produced an approximate doubling of plaques after 
infection with wild-type virus compared with that of 
uninduced cells, whereas the presence of both TSA and 
Dex increased plaque numbers more than 10-fold. This 
result suggests that the inhibition of HDAC (by TSA) 
and the upregulated expression of IE2 (by Dex) syner-
gistically promote virus growth. The results also suggest 
that we have successfully produced a cell line with func-
tional HCMV IE2 by suppressing normally detrimental 
IE2 expression during cell growth. Thus, we can produce 
inducible cell lines that more realistically recapitulate the 
temporal change in protein expression during infection. 
This may become especially important if cells adapt to 
the presence of a permanently expressed segregating pro-
tein such as IE1.
Evidence that MCMV can, with cooperation from 
HCMV IE1, breach the species barrier. Surprisingly, 
MCMV DNA replication proceeds in human cells. 
Despite evidence for MCMV DNA synthesis, no cyto-
pathic effects were seen. Presumably, the block in par-
ticle production occurs at later stages of the replication 
cycle, and cells survive a rather large foreign invasion 

and viral DNA replication. Based on the initial assump-
tion that human cells may produce virus but in quanti-
ties insuffi cient to sustain a second round of productive 
infection and plaque formation, we used time-lapse 
photography to monitor cultures infected with a green 
fluorescent protein (GFP)-producing MCMV (Henry S 
C, et al., 2000). Five cell lines were analyzed, including 
2 that produced HCMV IE1. MCMV production was 
detected only in the IE1-producing human cell lines, and 
with kinetics as slow as that in HCMV-infected human 
fi broblasts. In the increasingly expanding MCMV plaque 
on the HCMV-producing astrocytoma (A1B) cell line, no 
apoptosis or cell lysis was evident (Tang Q, et al., 2006a). 
The same observations were made with the human IE1-
producing fibroblast cell line ihfie1.3. MCMV plaque 
formation in 2 human cell lines expressing HCMV IE1 
indicates that this effect is not cell type-specifi c, but rath-
er is due to the presence of HCMV IE1 (Tang Q, et al., 
2006a). It appears that there is no other principal block 
within a myriad of anticipated possibilities.
To identify the block in particle production in human 
cells, we produced an MCMV gene microarray cover-
ing 190 potential open reading frames (Tang Q, et al., 

Figure 3. Enhancement of CMV production after TSA exposure. PFU were determined on fi broblasts infected with 

wild-type or the IE1 deletion mutant at various times. Standard deviations are from 3 samples. Ordinate shows log 

10 (adapted from Tang Q, et al., 2003).

Figure 4. MAMIE2 cells infected with 0.001 PFU of HCMV 

and treated with 50 nmol/mL of the HDAC inhibitor TSA, 

or with dexamethasone, or with both compounds.
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2006c). With this array, we detected new MCMV genes 
not previously identifi ed as potential proteins and with-
out equivalents in HCMV, as determined by sequence 
similarity. Preliminary findings indicate that MCMV 
replicating in human IE1-producing A1B cells produces 
signals for only 87 genes (compared to 160 genes in the 
murine 3T3 cells). Surprisingly, the number of genes in 
normal, non-producing human fi broblasts is only slightly 
lower than that in the producing A1B cells (Tang Q, et al., 
2006c), which provides a reason for optimism regard-
ing our efforts to identify and characterize the essential 
MCMV genes that require human HCMV IE1 for tran-
scriptional activation.
IE1 exists in 2 complexes. IE1 is initially segregated 
to ND10 and binds to ND10-associated proteins, dispers-
ing them within 3 h pi. Analyses of protein complexes by 
sedimentation, column chromatography, and co-immu-
noprecipitation require that complexes be soluble. Our 
sucrose sedimentation analysis (to assess the solubility 
state of the complexes) showed that the proteins of inter-
est are soluble and present in suffi cient quantities. They 
are at a mass indicative of their presence as complexes 
suitable for analysis. The bulk of IE1 resolved at size po-
sition ~200 kD, suggesting dimerization or heteromeriza-
tion with another protein. PML and a breakdown product 
of Daxx, both of which are known to interact with IE1, 
appear in this region (Figure 5, lanes 7 to 9). In addition, 
the 36-kD isoforms of 112/113 have the same spread as 
the bulk of IE1, suggesting the need for an investiga-
tion of the binding to IE3 as well as to IE1. Since it is 
present in several complexes, HDAC2 is spread out as 
expected, with a distribution corresponding to a ~45-kD 
breakdown product of IE1. Stronger protease protection 
may need to be introduced during this type of analysis. 
At the larger sizes of IE1, i.e., ~670 kD, Daxx and the 
larger 112/113 isotype appear in a very tight range (lanes 
2 to 4). Surprisingly, a rather large protein (lanes 2 to 4) 
reacts with antibodies to IE1 and 112/113. The large pro-
tein migrates to the same position as is occupied by nor-
mal Daxx and the larger 112/113 isoform. The presence 
of such a complex could be explained by covalent S–S 
binding due to air oxidation and incomplete reduction by 
2-mercaptoethanol.

Pp71-mediated offensive effects on nuclear 
defense
Introduction. HCMV cannot successfully start the 
transcription sequence without the tegument-based trans-
activator pp71 (Baldick C J, Jr., et al., 1997; Bresnahan 
W A, et al., 2000). Thus, the function of pp71 represents 
a potential virus-specifi c site of interference. It has been 
shown that the HCMV pp71 is segregated to ND10 and 
the interaction of the C-terminal domain of Daxx with 
PML is the mechanism by which the cell segregates 

pp71 to ND10 (Ishov A M, et al., 2002). It has been also 
shown that pp71 directly interact with an N-terminal do-
main of the cellular repressor Daxx. We assume that the 
Daxx-dependent deposition/segregation of pp71 at ND10 
reduces the availability of pp71 for viral transcription 
transactivation. In the case of an infection of relatively 
few viral particles, such segregation might have a de-
fining effect on the activation of the infecting genome. 
The Daxx-dependent reduced availability of pp71 might 
attenuate viral production as effectively as a pp71 mutant 
would. Consistent with this hypothesis, Daxx-/- cells are 
very susceptible to low-level MCMV infection (60-fold 
more plaques than are found on mouse fi broblasts). Thus, 

Figure 5. MCMV-infected 3T3 cells were harvested at 

24 h pi and homogenized in 0.25 mol/mL sucrose in 

Tris buffer at pH 7.2, clarified at low rpm, and layered 

on a sucrose gradient before equilibrium centrifugation. 

Every 3rd sample was separated on SDS gels and, after 

blotting, sequentially tested with various antibodies, as 

indicated on the right. Rabbit anti-M112/113 antibodies 

reacted with additional cellular proteins. Bars on the 

right indicate specifi c bands.
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the IE1 of HCMV or MCMV may have an equivalent 
function in undermining their respective host defenses 
through Daxx binding or destruction. The circumstantial 
evidence–based hypothesis of a defense and counterde-
fense remains to be proven. Our hypothesis is that the 
repressor Daxx inactivates the essential viral transactiva-
tor pp71 and that the inactivation of Daxx by IE1 rescues 
the essential pp71 functions. This presumption needs to 
be investigated with an eye towards fulfi lling the follow-
ing objectives: 1) Determine whether IE1 functions to 
counter the Daxx-based inactivation of pp71, and, if so, 
determine the mechanism of such a countermeasure. To 
assess whether the known IE1/Daxx interaction (Tang Q, 
et al., 2003) and the Daxx/pp71 interaction (Ishov A M, 
et al., 2002) are directly correlated in a functionally rel-
evant way, it is important to establish whether these mo-
lecular interactions infl uence each other and, if so,  how 
these interactions take place. 2) Determine whether the 
loss of the IE1-Daxx interaction but continued presence 
of the HDAC interaction impairs the virus. Countering 
the host’s silencing of the viral genome and relieving the 
repression of the viral transactivator pp71 are 2 likely 
counterdefensive mechanisms of IE1.
Tegument-based pp71 transactivates viruses. It 
has been shown that the ND10-associated protein Daxx 
binds pp71 at its N-terminal region (Ishov A M, et al., 
2002), whereas its C-terminal end interacts with the 
SUMO-modified PML (Ishov A M, et al., 1999). The 
HCMV tegument protein pp71, the product of the UL82 
gene, activates the MIEP and other early promoters of 
this virus (Bresnahan W A, et al., 2000; Chau N H, et al., 
1999; Liu B, et al., 1992). Moreover, pp71 can activate a 
number of heterologous promoters, both in the context of 
transient transfection and upon infection by a herpes sim-
plex virus (HSV-1) mutant expressing pp71 (Homer E G, 
et al., 1999). The latter fi nding has led to the suggestion 
that pp71 may be the functional counterpart of HSV-
1 tegument protein VP16, which transactivates the IE 
genes of this virus through interaction with a number of 
cellular proteins, including Oct-1. Transient transfection 
experiments also demonstrated that pp71 accumulates in 
the nucleoplasm (Hensel G M, et al., 1996) and dramat-
ically enhances the infectivity of HCMV DNA (Baldick 
C J, Jr., et al., 1997), indicating that this tegument 
protein helps activate IE viral transcription before the 
production of HCMV IE transactivators in the context 
of infection. Growth of an HCMV mutant that does not 
express pp71 is severely restricted at a low multiplicity 
of infection, further pointing to the transactivation func-
tion of this tegument protein during the IE stage of infec-
tion (Bresnahan W A, et al., 2000). The adapter function 
of Daxx sequesters pp71 to ND10. We predict that the 
effect of this segregation makes pp71 unavailable for 
transactivation, and that IE1 segregation of the repressor 

Daxx can free pp71 to directly or indirectly activate IE 
and early promoters.

CONCLUSION

CMV genomic DNA encounters cellular gene regu-
lators in the nucleus; many of them are gene repressors 
such as HDAC and ND10 components PML and Daxx. 
As described above, pp71 and IE1 inactivate host cell 
gene repressors, including HDACs and ND10 proteins, 
and are required for viral gene activation and replication 
at low MOI (Ahn J H, et al., 1997; Cosme R C, et al., 
2011; Hagemeier C, et al., 1992; Korioth F, et al., 1996; 
Mocarski E S, et al., 1996; Nevels M, et al., 2004; Tang Q, 
et al., 2003; Tang Q, et al., 2006b). The functional con-
sequences of viral deposition at ND10 proved difficult 
to assess directly. Loss of pp71, which is necessary for 
HCMV deposition at ND10, resulted in reduced replica-
tion. However, this reduced replication was due to a lack 
of the necessary transactivation of various viral promot-
ers. In the absence of Daxx, HCMV does not form its 
prereplication domain at ND10 (Ishov A M, et al., 2002), 
i.e., loss of Daxx abrogates viral deposition at ND10. 
The paradox of the virus’s initiation of transcriptional 
and replicative functions at the site of repressive and in-
terferon-upregulated proteins such as PML, Sp100, and 
Daxx has not been resolved.

ACKNOWLEDGMENTS

This study was supported by a pilot grant from the 
Research Center for Minority Institutes (RCMI) pro-
gram (2G12RR003050-24/8G12MD007579-27) (Q.T.), 
an American Cancer Society grant (RSG-090289-01-
MPC) (Q.T), and NIH/NIAID SC1AI112785 (Q.T.). 
We are grateful to Bob Ritchie of the Ponce Health 
Sciences University/RCMI Publications Office (G12 
RR003050/8G12MD007579-27) for his help with manu-
script preparation.

COMPLIANCE WITH ETHICS GUIDELINES

All the authors declare that they have no competing 
interests. This article does not contain any studies with 
humanor animal subjects performed by any of the au-
thors.

AUTHOR CONTRIBUTIONS

LT carried out the experiments, searched most of the 
references and participated in drafting the manuscript. 
QT designed the study and drafted the manuscript. Both 
authors read and approved the fi nal manuscript.



Lilith Torres et al

www.virosin.org DECEMBER 2014　VOLUME 29　ISSUE 6　351

REFERENCES

Adler M, Tavalai N, Muller R, Stamminger T. 2011. Human cy-
tomegalovirus immediate-early gene expression is restricted 
by the nuclear domain 10 component Sp100. J Gen Virol, 92: 
1532–1538.
Ahn J H, Hayward G S. 1997. The major immediate-early proteins 
IE1 and IE2 of human cytomegalovirus colocalize with and 
disrupt PML-associated nuclear bodies at very early times in 
infected permissive cells. J Virol, 71: 4599–4613.
Anderson K P, Fox M C, Brown-Driver V, Martin M J, Azad R F. 
1996. Inhibition of human cytomegalovirus immediate-early 
gene expression by an antisense oligonucleotide complementary 
to immediate-early RNA. Antimicrob Agents Chemother, 40: 
2004–2011.
Angulo A, Ghazal P. 1995. Regulation of human cytomegalovirus 
by retinoic acid. Scand J Infect Dis Suppl, 99: 113–115.
Angulo A, Suto C, Heyman R A, Ghazal P. 1996. Characterization 
of the sequences of the human cytomegalovirus enhancer that 
mediate differential regulation by natural and synthetic reti-
noids. Mol Endocrinol, 10: 781–793.
Angulo A, Messerle M, Koszinowski U H, Ghazal P. 1998. En-
hancer requirement for murine cytomegalovirus growth and ge-
netic complementation by the human cytomegalovirus enhancer. 
J Virol, 72: 8502–8509.
Angulo A, Kerry D, Huang H, Borst E M, Razinsky A, Wu J, 
Hobom U, Messerle M, Ghazal P. 2000. Identification of a 
boundary domain adjacent to the potent human cytomegalovirus 
enhancer that represses transcription of the divergent UL127 
promoter. J Virol, 74: 2826–2839.
Baldick C J, Jr., Marchini A, Patterson C E, Shenk T. 1997. Human 
cytomegalovirus tegument protein pp71 (ppUL82) enhances the 
infectivity of viral DNA and accelerates the infectious cycle. J 
Virol, 71: 4400–4408.
Bresnahan W A, Shenk T E. 2000. UL82 virion protein activates 
expression of immediate early viral genes in human cytomegalo-
virus-infected cells. Proc Natl Acad Sci U S A, 97: 14506–14511.
Britt W J. 1996. Vaccines against human cytomegalovirus: time to 
test. Trends Microbiol, 4: 34–38.
Chau N H, Vanson C D, Kerry J A. 1999. Transcriptional regulation of 
the human cytomegalovirus US11 early gene. J Virol, 73: 863–870.
Chelbi-Alix M K, de The H. 1999. Herpes virus induced protea-
some-dependent degradation of the nuclear bodies-associated 
PML and Sp100 proteins. Oncogene, 18: 935–941.
Cherrington J M, Khoury E L, Mocarski E S. 1991. Human cyto-
megalovirus ie2 negatively regulates alpha gene expression via 
a short target sequence near the transcription start site. J Virol, 
65: 887–896.
Chou S, Marousek G, Guentzel S, Follansbee S E, Poscher M E, 
Lalezari J P, Miner R C, Drew W L. 1997. Evolution of muta-
tions conferring multidrug resistance during prophylaxis and 
therapy for cytomegalovirus disease. J Infect Dis, 176: 786–789.
Cosme R C, Martinez F P, Tang Q. 2011. Functional interaction of 
nuclear domain 10 and its components with cytomegalovirus af-
ter infections: cross-species host cells versus native cells. PLoS 
One, 6: e19187.
Cosme R S, Yamamura Y, Tang Q. 2009. Roles of polypyrimidine 
tract binding proteins in major immediate-early gene expression 
and viral replication of human cytomegalovirus. J Virol, 83: 
2839–2850.
Everett R D, Freemont P, Saitoh H, Dasso M, Orr A, Kathoria 
M, Parkinson J. 1998. The disruption of ND10 during herpes 

simplex virus infection correlates with the Vmw110- and pro-
teasome-dependent loss of several PML isoforms. J Virol, 72: 
6581–6591.
Garcia-Ramirez J J, Ruchti F, Huang H, Simmen K, Angulo 
A, Ghazal P. 2001. Dominance of virus over host factors in 
cross-species activation of human cytomegalovirus early gene 
expression. J Virol, 75: 26–35.
Gawn J M, Greaves R F. 2002. Absence of IE1 p72 protein function 
during low-multiplicity infection by human cytomegalovirus 
results in a broad block to viral delayed-early gene expression. J 
Virol, 76: 4441–4455.
Greaves R F, Mocarski E S. 1998. Defective growth correlates 
with reduced accumulation of a viral DNA replication protein 
after low-multiplicity infection by a human cytomegalovirus ie1 
mutant. J Virol, 72: 366–379.
Gu H, Roizman B. 2003. The degradation of promyelocytic leuke-
mia and Sp100 proteins by herpes simplex virus 1 is mediated 
by the ubiquitin-conjugating enzyme UbcH5a. Proc Natl Acad 
Sci U S A, 100: 8963–8968.
Guenther M G, Barak O, Lazar M A. 2001. The SMRT and N-CoR 
corepressors are activating cofactors for histone deacetylase 3. 
Mol Cell Biol, 21: 6091–6101.
Guise A J, Budayeva H G, Diner B A, Cristea I M. 2013. Histone 
deacetylases in herpesvirus replication and virus-stimulated host 
defense. Viruses, 5: 1607–1632.
Hagemeier C, Walker S M, Sissons P J, Sinclair J H. 1992. The 
72K IE1 and 80K IE2 proteins of human cytomegalovirus inde-
pendently trans-activate the c-fos, c-myc and hsp70 promoters 
via basal promoter elements. J Gen Virol, 73: 2385–2393.
Henry S C, Schmader K, Brown T T, Miller S E, Howell D N, Da-
ley G G, Hamilton J D. 2000. Enhanced green fl uorescent pro-
tein as a marker for localizing murine cytomegalovirus in acute 
and latent infection. J Virol Methods, 89: 61–73.
Hensel G M, Meyer H H, Buchmann I, Pommerehne D, Schmolke 
S, Plachter B, Radsak K, Kern H F. 1996. Intracellular local-
ization and expression of the human cytomegalovirus matrix 
phosphoprotein pp71 (ppUL82): evidence for its translocation 
into the nucleus. J Gen Virol, 77: 3087–3097.
Hofmann H, Sindre H, Stamminger T. 2002. Functional interaction 
between the pp71 protein of human cytomegalovirus and the 
PML-interacting protein human Daxx. J Virol, 76: 5769–5783.
Homer E G, Rinaldi A, Nicholl M J, Preston C M. 1999. Activa-
tion of herpesvirus gene expression by the human cytomegalo-
virus protein pp71. J Virol, 73: 8512–8518.
Ishov A M, Vladimirova O V, Maul G G. 2002. Daxx-mediated 
accumulation of human cytomegalovirus tegument protein pp71 
at ND10 facilitates initiation of viral infection at these nuclear 
domains. J Virol, 76: 7705–7712.
Ishov A M, Sotnikov A G, Negorev D, Vladimirova O V, Neff N, 
Kamitani T, Yeh E T, Strauss J F, 3rd, Maul G G. 1999. PML is 
critical for ND10 formation and recruits the PML-interacting 
protein Daxx to this nuclear structure when modifi ed by SUMO-
1. J Cell Biol, 147: 221–234.
Jurak I, Brune W. 2006. Induction of apoptosis limits cytomegalo-
virus cross-species infection. EMBO J, 25: 2634–2642.
Korioth F, Maul G G, Plachter B, Stamminger T, Frey J. 1996. The 
nuclear domain 10 (ND10) is disrupted by the human cytomeg-
alovirus gene product IE1. Exp Cell Res, 229: 155–158.
Kurz S K, Reddehase M J. 1999. Patchwork pattern of transcrip-
tional reactivation in the lungs indicates sequential checkpoints 
in the transition from murine cytomegalovirus latency to recur-
rence. J Virol, 73: 8612–8622.
Lafemina R L, Hayward G S. 1988. Differences in cell-type-spe-
cifi c blocks to immediate early gene expression and DNA rep-



CMV early gene regulation

VIROLOGICA SINICA352　DECEMBER  2014　VOLUME 29　ISSUE 6

lication of human, simian and murine cytomegalovirus. J Gen 
Virol, 69: 355–374.
Lashmit P E, Lundquist C A, Meier J L, Stinski M F. 2004. Cellu-
lar repressor inhibits human cytomegalovirus transcription from 
the UL127 promoter. J Virol, 78: 5113–5123.
Lee H R, Ahn J H. 2004. Sumoylation of the major immediate-ear-
ly IE2 protein of human cytomegalovirus Towne strain is not 
required for virus growth in cultured human fi broblasts. J Gen 
Virol, 85: 2149–2154.
Liu B, Stinski M F. 1992. Human cytomegalovirus contains a 
tegument protein that enhances transcription from promoters 
with upstream ATF and AP-1 cis-acting elements. J Virol, 66: 
4434–4444.
Lundquist C A, Meier J L, Stinski M F. 1999. A strong negative 
transcriptional regulatory region between the human cytomega-
lovirus UL127 gene and the major immediate-early enhancer. J 
Virol, 73: 9039–9052.
Margolis M J, Pajovic S, Wong E L, Wade M, Jupp R, Nelson J 
A, Azizkhan J C. 1995. Interaction of the 72-kilodalton human 
cytomegalovirus IE1 gene product with E2F1 coincides with 
E2F-dependent activation of dihydrofolate reductase transcrip-
tion. J Virol, 69: 7759–7767.
Martinez F P, Cruz R, Lu F, Plasschaert R, Deng Z, Rivera-Molina 
Y A, Bartolomei M S, Lieberman P M, Tang Q. 2014. CTCF 
Binding to the First Intron of the Major Immediate-Early (MIE) 
Gene of Human Cytomegalovirus (HCMV) Negatively Reg-
ulates MIE Gene Expression and HCMV Replication. J Virol, 
88:7381–7401.
Meier J L. 2001. Reactivation of the human cytomegalovirus major 
immediate-early regulatory region and viral replication in em-
bryonal NTera2 cells: role of trichostatin A, retinoic acid, and 
deletion of the 21-base-pair repeats and modulator. J Virol, 75: 
1581–1593.
Meier J L, Stinski M F. 1996. Regulation of human cytomegalovirus 
immediate-early gene expression. Intervirology, 39: 331–342.
Meier J L, Pruessner J A. 2000. The human cytomegalovirus major 
immediate-early distal enhancer region is required for effi cient 
viral replication and immediate-early gene expression. J Virol, 
74: 1602–1613.
Mocarski E S, Kemble G W, Lyle J M, Greaves R F. 1996. A 
deletion mutant in the human cytomegalovirus gene encoding 
IE1(491aa) is replication defective due to a failure in autoregu-
lation. Proc Natl Acad Sci U S A, 93: 11321–11326.
Mocarski E S, Jr., Shenk, T., Pass R. F. 2006. Cytomegaloviruses, 
5th Edition ed. Lippincott Williams &Wilkins, Philadelphia,  
pp567–601.
Netterwald J, Yang S, Wang W, Ghanny S, Cody M, Soteropoulos 
P, Tian B, Dunn W, Liu F, Zhu H. 2005. Two gamma interfer-
on-activated site-like elements in the human cytomegalovirus 
major immediate-early promoter/enhancer are important for 
viral replication. J Virol, 79: 5035–5046.
Nevels M, Paulus C, Shenk T. 2004. Human cytomegalovirus 
immediate-early 1 protein facilitates viral replication by antag-
onizing histone deacetylation. Proc Natl Acad Sci U S A, 101: 
17234–17239.
Perez K J, Martinez F P, Cosme-Cruz R, Perez-Crespo N M, Tang 
Q. 2013. A short cis-acting motif in the M112-113 promoter 
region is essential for IE3 to activate M112-113 gene expression 
and is important for murine cytomegalovirus replication. J Virol, 
87: 2639–2647.
Pizzorno M C, Hayward G S. 1990. The IE2 gene products of 
human cytomegalovirus specifi cally down-regulate expression 
from the major immediate-early promoter through a target se-
quence located near the cap site. J Virol, 64: 6154–6165.
Ramsay M E, Miller E, Peckham C S. 1991. Outcome of con-

fi rmed symptomatic congenital cytomegalovirus infection. Arch 
Dis Child, 66: 1068–1069.
Reddehase M J, Podlech J, Grzimek N K. 2002. Mouse models 
of cytomegalovirus latency: overview. J Clin Virol, 25 Suppl 2: 
S23–S36.
Reddehase M J, Simon C O, Podlech J, Holtappels R. 2004. Stale-
mating a clever opportunist: lessons from murine cytomegalovi-
rus. Hum Immunol, 65: 446–455.
Revello M G, Gerna G. 2002. Diagnosis and management of hu-
man cytomegalovirus infection in the mother, fetus, and new-
born infant. Clin Microbiol Rev, 15: 680–715.
Revello M G, Zavattoni M, Furione M, Lilleri D, Gorini G, Ger-
na G. 2002. Diagnosis and outcome of preconceptional and 
periconceptional primary human cytomegalovirus infections. J 
Infect Dis, 186: 553–557.
Rivera-Molina Y A, Martinez F P, Tang Q. 2013. Nuclear domain 
10 of the viral aspect. World J Virol, 2: 110–122.
Saffert R T, Kalejta R F. 2006c. Inactivating a cellular intrinsic 
immune defense mediated by Daxx is the mechanism through 
which the human cytomegalovirus pp71 protein stimulates viral 
immediate-early gene expression. J Virol, 80: 3863–3871.
Saffert R T, Kalejta R F. 2008. Promyelocytic leukemia-nuclear 
body proteins: herpesvirus enemies, accomplices, or both? Fu-
ture Virol, 3: 265–277.
Smith J A, Pari G S. 1995. Expression of human cytomegalovirus 
UL36 and UL37 genes is required for viral DNA replication. J 
Virol, 69: 1925–1931.
Stagno S, Pass R F, Cloud G, Britt W J, Henderson R E, Walton P 
D, Veren D A, Page F, Alford C A. 1986. Primary cytomegalovi-
rus infection in pregnancy. Incidence, transmission to fetus, and 
clinical outcome. Jama, 256: 1904–1908.
Stinski M F, Isomura H. 2008. Role of the cytomegalovirus major 
immediate early enhancer in acute infection and reactivation 
from latency. Med Microbiol Immunol, 197: 223–231.
Tang Q, Maul G G. 2003. Mouse Cytomegalovirus Immedi-
ate-Early Protein 1 Binds with Host Cell Repressors To Relieve 
Suppressive Effects on Viral Transcription and Replication 
during Lytic Infection. J Virol, 77: 1357–1367.
Tang Q, Maul G G. 2006a. Mouse cytomegalovirus crosses the 
species barrier with help from a few human cytomegalovirus 
proteins. J Virol, 80: 7510–7521.
Tang Q, Maul G G. 2006b. Immediate early interactions and epi-
genetic defense mechanisms of cytomegaloviruses. In: Cyto-
megaloviruses: Molecular Biology and Immunology. Reddehase 
M J, Lemmermann N, eds. Wymondham: Caister Academic 
Press, pp230–268.
Tang Q, Murphy E A, Maul G G. 2006c. Experimental confi rma-
tion of global murine cytomegalovirus open reading frames by 
transcriptional detection and partial characterization of newly 
described gene products. J Virol, 80: 6873–6882.
Tavalai N, Stamminger T. 2009. Interplay between Herpesvirus 
Infection and Host Defense by PML Nuclear Bodies. Viruses, 1: 
1240–1264.
Tavalai N, Papior P, Rechter S, Leis M, Stamminger T. 2006. Evi-
dence for a role of the cellular ND10 protein PML in mediating 
intrinsic immunity against human cytomegalovirus infections. J 
Virol, 80: 8006–8018.
Tavalai N, Adler M, Scherer M, Riedl Y, Stamminger T. 2011. Ev-
idence for a dual antiviral role of the major nuclear domain 10 
component Sp100 during the immediate-early and late phases of 
the human cytomegalovirus replication cycle. J Virol, 85: 9447–
9458.
Yang S, Netterwald J, Wang W, Zhu H. 2005. Characterization of the 
elements and proteins responsible for interferon-stimulated gene 
induction by human cytomegalovirus. J Virol, 79: 5027–5034.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF005B57FA4E8E201C0053007000720069006E006700650072004F006E006C0069006E0065005F0031003000300033005F004100630072006F0038201D005D00204F7F75288FD94E9B8BBE5B9A521B5EFA7684002000410064006F006200650020005000440046002065876863900275284E8E9AD88D2891CF76845370524D53705237300260A853EF4EE54F7F75280020004100630072006F0062006100740020548C002000410064006F00620065002000520065006100640065007200200035002E003000204EE553CA66F49AD87248672C676562535F00521B5EFA768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


