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Human CMV (HCMV) is a b-herpesvirus that 
infects a majority of the world’s population. 
Much of its success as a human pathogen can be 
attributed to its ability to persist despite intense 
immune surveillance and attack. HCMV-induced 
morbidity generally only pre sents in patients with 
immature, compromised or suppressed immune 
function, but infections are never cleared even 
from healthy, immune-competent patients [1]. 

At least one component of the HCMV arse-
nal of immune evasion tactics is to enter a non-
productive state of latency [2,3]. Productive, lytic 
infection is the process by which infectious 
progeny virions are produced and spread. This 
requires the synthesis of a substantial number 
of viral gene products that can be prime targets 
for both antibody- and cell-mediated immune 
responses. During latency, only minimal viral 
gene expression occurs, allowing the virus to go 
undetected by the immune system. Periodically, 
HCMV reactivates from this latent state to pro-
duce progeny virions that allow for spread within 
the host or to new hosts [4]. Although lytically 
infected cells, such as fibroblasts, die within a few 
days, it is currently unclear how long a latently 
infected cell can survive in vivo. HCMV is known 
to establish latency in CD34+ hematopoietic pro-
genitor cells [5–8], which are known to be long 
lived in mice [9]. The lifespan of human CD34+ 
cells, infected or uninfected, remains unknown.

HCMV is an enveloped, dsDNA virus. The 
genome is approximately 235 kb and is divided 
into two main regions – the unique long (UL) 
and unique short (US) – each of which is flanked 
by a series of repeats [4]. HCMV encodes at least 

166 and as many as 200 open reading frames [10]. 
Virions consist of a genome packaged within a 
protein capsid, which in turn is protected by a 
lipid envelope. Found between the capsid and 
envelope is a proteinaceous layer, known as the 
tegument, which is a defining structural fea-
ture of herpesvirus virions. Although composed 
mainly of viral proteins, cellular proteins, as well 
as cellular and viral RNAs, are present in the 
tegument. Components of the tegument begin 
to modulate the cellular environment immedi-
ately upon viral entry, even prior to the initia-
tion of viral gene expression. Known activities 
of tegument proteins include immune evasion, 
transport of the capsid to the nucleus, cell cycle 
modulation and, most notably, activation of viral 
gene expression [11]. 

The HCMV lytic gene expression cascade 
is temporally regulated. Immediate early (IE) 
genes are the first to be expressed. The IE pro-
teins then activate expression of early and late 
genes. Early proteins are required for DNA rep-
lication and late proteins are primarily structural 
components of the virion [4]. Failure to express 
IE genes results in the silencing of the major-
ity of viral genes. This silencing must occur for 
the virus to properly establish latency. The main 
tegument transactivator that activates HCMV 
gene expression and promotes commitment to 
lytic replication is the pp71 protein [12,13], which 
is encoded by the UL82 gene [14]. 

Nomenclature
The protein composition of HCMV parti-
cles was analyzed by SDS-PAGE in 1975 and 
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23 individual species were identified and labeled 
numerically as virion proteins (VPs). The protein 
migrating at an estimated mole cular weight of 
75 kDa was named VP8 [15]. By 1983, this protein 
was described as a 74-kDa phosphorylated matrix 
protein, indicating that it had been defined as a 
component of the tegument [16]. Shortly thereaf-
ter, a study characterizing monoclonal antibodies 
directed against HCMV virion components used 
the term ‘pp71’ (for 71-kDa phosphoprotein), 
giving the protein its most common and cur-
rently favored name [17], although it can also be 
found referred to as the upper matrix protein [18]. 
Complete sequencing and subsequent computa-
tional analysis of the protein-coding capacity of 
the AD169 laboratory-adapted strain of HCMV 
revealed that the gene encoding pp71 was located 
in the 82nd open reading frame within the UL 
region of the genome, and was therefore named 
UL82 [14]. Thus, pp71 is sometimes referred to 
as ppUL82 [19], for the phosphoprotein encoded 
by the UL82 gene. 

Expression 
Early work localized the HindIII restriction 
fragments capable of producing pp71 to map 
units 0.510–0.530. Another tegument protein, 
pp65 (lower matrix protein; ppUL83), was also 
mapped to this region, which was found to gen-
erate two mRNAs of 4 and 1.8 kb in length [20]. 
It was later determined that the 4-kb mRNA 
was bicistronic, encoding first pp65 (UL83), 
followed by pp71 (UL82), and that the 1.8-kb 
mRNA represented a 3´ coterminal segment of 
the larger species encoding only pp71 (Figure 1) 
[21]. Recent high-resolution transcriptome 
analysis failed to detect any substantial devia-
tions from this previously reported expression 
pattern [22]. 

Also encoded within this genomic locus is a 
transcript initiating from the opposite strand 
that runs antisense to UL82 and UL81 (Figure 1), 
known as UL81–82ast [23]. UL81 is a small open 
reading frame that has the potential to encode 
a 116-amino acid protein [14], but is likely non-
coding, as it lacks an ATG start codon and is 
not conserved in chimpanzee or rhesus CMVs 
[24]. It has been speculated that UL81–82ast may 
function as a noncoding RNA, perhaps during 
latency, to post-transcriptionally downregulate 
pp71 protein accumulation by decreasing the 
stability or translatability of pp71-encoding 
RNAs. To date, no experimental evidence sup-
ports this hypothesis, although the potential for 
antisense suppression of pp71 expression appears 
real [25], and UL81–82ast appears to be expressed 

during both natural and experimental (in vitro) 
latent infections [23,26,27]. Transcripts antisense to 
major HSV-1 transactivator proteins have been 
shown to encode miRNAs capable of curtailing 
the expression of the protein on the opposing 
strand [28]. However, bioinformatics tools com-
bined with northern blot analysis failed to iden-
tify miRNAs encoded by UL81–82ast [Sullivan C, 

Kalejta R, Unpublished Data]. UL81–82ast encodes 
a protein named LUNA that appears to be 
expressed in vivo, as it is recognized by anti-
bodies from HCMV-infected patients [26] and 
can be detected in vitro during lytic infection 
of fibroblasts [23]. Expression of LUNA during 
latency has not been examined. Functions of 
the LUNA protein or its potential roles during 
HCMV infection have not been described. 

During lytic infection, pp71 is expressed with 
early/late kinetics [19]. Many viral proteins, 
such as pp71, are expressed to high levels late 
in infection, but do not have the requirement of 
DNA replication for their expression, and thus 
are referred to as early/late genes. pp71 is not 
expressed during latency, and its transcript was 
detected after those from the major IE locus dur-
ing induced reactivation of experimental latency 
in vitro [27]. 

Structure
No structural information for pp71 exists. Protein 
sequence comparisons of pp71 with herpes-
viral and cellular genes revealed a domain with 
similarity to 2´-deoxyuridine 5´-triphosphate 
pyrophosphatase, otherwise known as dUT-
Pase (Figure 2). Thus, pp71 has been described 
as a dUTPase-related protein with a dUTPase-
related domain, and there are approximately 20 
similarly classified human herpesvirus proteins 
[29]. It is speculated that an ancestral herpesvirus 
acquired a cellular dUTPase, and over time, the 
genes have undergone duplications and diver-
gence. In most instances, the dUTPase catalytic 
residues are absent, and thus these dUTPase-
related proteins are generally in active. While 
the dUTPase-related domain likely represents a 
structural scaffold for pp71, this hypothesis has 
not been explored experimentally. 

Interactome
Multiple methods to identify binding partners 
for pp71 have been employed, including yeast 
two-hybrid screening, coimmunoprecipita-
tion with western blotting (IP-WB) and mass 
spectrometry (MS). Detecting pp71 interactors 
in human cells can be challenging, as pp71 is 
known to induce the degradation of at least 
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a subset of the proteins to which it binds (see 
below). Nevertheless, identification of pp71-
associating proteins has been instrumental in 
deciphering much of what is known mechanisti-
cally about how pp71 functions. Here, we high-
light pp71-interacting proteins and the methods 
used to define them. Discussion of the signifi-
cance of these interactions is left to subsequent 
sections of the manuscript.

The first protein shown to interact with pp71 
was the cellular Daxx protein, a histone H3.3 
chaperone [30] and transcriptional corepressor [31] 
that recruits histone deacetylases (HDACs) to 
targeted promoters and represses transcription. 
This interaction was first detected by yeast two-
hybrid screening [32]. Its observation was instru-
mental in deciphering the mechanism through 
which pp71 promotes viral gene expression (see 
below). There appears to be two regions of Daxx 
that interact with pp71: an N-terminal region 
[32,33] and a central, glutamine-rich domain [32]. 
Similarly, two regions of pp71 have affinity for 
Daxx. These short motifs (amino acids 206–213 
and 324–331) have some homology to the previ-
ously mapped Daxx interaction domain (DID) 
of the CENP-C protein, and thus have been 
named DID1 and DID2, respectively (Figure 2). 
Deletion of either of these motifs abrogated Daxx 
binding, but individual alanine substitution 
mutants retained binding ability [32]. 

Shortly after the Daxx interaction was uncov-
ered, the observation that pp71 stimulates cell 
cycle progression and the identification of a near-
canonical retinoblastoma (Rb) protein-binding 
motif (with the sequence LXCXD (Figure 2), 
where X stands for any amino acid) led to the 
demonstration by IP-WB that pp71 interacts 
with all three Rb family members [34]. Very 
recently, a bevy of host cell proteins were iden-
tified in complex with pp71 by MS [35]. Included 
among these was BclAF1, the only interaction 
from the list verified by IP-WB. Pathway analy-
sis using BiNGO [36] indicates that gene expres-
sion, actin-based motility, RNA processing and 
ribosome biogenesis are biological processes that 
may be influenced by pp71. While the ability 
of the protein to modulate gene expression is 
well established (see below), whether or not pp71 
affects the other processes implicated by the 
ontology analysis of its interactome awaits fur-
ther experimentation. Interestingly, Daxx and 
the Rb proteins were not found to be associated 
with pp71 in these pull-down MS experiments, 
implying that they were not comprehensive, and 
that our catalog of known or candidate pp71-
interacting proteins is likely to be incomplete. 

In addition to these cellular proteins, pp71 has 
also been shown to interact with several viral 
proteins, including UL32 (pp150), UL35 [37] and 
UL94 [38,39]. The functional significance of these 
interactions has not been explored. 

Localization
The subcellular localization of pp71 is affected 
by several factors, including whether the protein 
is tegument-delivered or nascently expressed, 
the differentiation status of the infected cell 
(incompletely vs fully differentiated) and 
the time after infection (early vs late). When 
HCMV infects differentiated cells that are per-
missive for lytic replication, such as fibroblasts, 
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Figure 1. The UL82 locus. Schematic diagram of the prototypic human CMV 
genome with an expansion of the region surrounding UL82 (shown, for simplicity, in 
reverse orientation to its arrangement in the genome). Annotated open reading 
frames are shown as block arrows. mRNAs are shown as wavy lines with a C and a 
AAA, with their size is indicated in kilobase pairs. The deletion made in UL82 to 
construct the pp71-null virus is indicated. 
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US: Unique short.
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Figure 2. Sequence features of pp71. A linear representation of the 559-amino 
acid pp71 protein. Locations of the known post-translational modification 
(i.e., phosphorylation) sites are indicated (S and T). Domains of the protein 
representing a likely structural scaffold (dUTPase-related domain, amino acids 
266–365) or controlling subcellular localization (mid-region, amino acids 94–300) 
are indicated. Motifs that mediate the interactions with Daxx (Daxx interaction 
domain 1, amino acids 206–213; Daxx interaction domain 2, amino acids 324–331) 
and the Rb family proteins (LXCXD, amino acids 216–220) are also depicted. 
Rb: Retinoblastoma; S: Serine; T: Threonine.
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tegument-delivered pp71 protein accumulates 
in the nucleus [19]. At these pre-IE times, pp71 
can be observed in discrete spots within nuclei 
that correspond to promyelocytic leukemia 
nuclear bodies (PML-NBs) [33,40]. Localization 
to PML-NBs is dependent upon the ability of 
pp71 to associate with Daxx [33]. As infection 
proceeds, Daxx levels decrease due to pp71-
mediated degradation (see below) and pp71 lev-
els increase as de novo synthesis occurs, result-
ing in a pan-nuclear localization of pp71. At late 
times during infection, pp71 is further redistrib-
uted to the cytoplasmic assembly compartments 
[19,41], which are found immediately adjacent to 
the nucleus, where it is packaged into virions. 

When HCMV infects incompletely differenti-
ated cells (henceforth referred to as undifferen-
tiated) where latency will be established, such 
as CD34+ cells, tegument-delivered pp71 accu-
mulates in the cytoplasm [42–44]. Interestingly, 
de novo-expressed pp71 (by plasmid transfec-
tion or recombinant adenoviral transduction) 
accumulates within the nuclei of these cells 
at PML-NBs. Thus, undifferentiated cells are 
competent at transporting pp71 to the nucleus, 
except when it is delivered by infecting virions.

Pieces of information have emerged as to 
how pp71 localization is regulated, but detailed 
mechanistic information remains elusive. 
Computational searches have failed to identify 
a canonical nuclear localization signal within the 
559-amino acid protein. The smallest fragment 
that can be attached to GFP and promote its 
nuclear localization was determined to be amino 
acids 94–300. This domain is referred to as the 
mid-region (MR) [41]. The requirement of such a 
large fragment suggests that the MR (Figure 2) may 
mediate binding to a cellular protein or complex 
that is responsible for nuclear transport of pp71. 
This, in fact, is the case for the HSV-1 tegument 
transactivator, VP16, which must associate with 
cellular HCF-1 to enter the nucleus [45]. Why this 
hypothetical, critical interaction does not occur 
or is nonfunctional for tegument-delivered pp71 
in undifferentiated cells is unclear. Perhaps the 
ability of the tegument to disassemble properly 
in undifferentiated cells is compromised, and the 
interaction surface required for nuclear import 
remains masked. Such a model is bolstered by the 
observation that the tegument-delivered pp65 
protein travels to the nucleus in differentiated 
cells, but similar to pp71, remains cytoplasmic 
when the virus latently infects undifferentiated 
cells [42]. As cytoplasmic localization of a nor-
mally nuclear tegument protein during infection 
of undifferentiated cells is not pp71-specific, 

mislocalization under these circumstances may 
be more generalized to the tegument as a whole, 
and thus indicative of a disassembly defect. 
The observation that tegument-delivered pp71 
and pp65 appear to colocalize in the cytoplasm 
of undifferentiated cells [Penkert  R, Kalejta  R, 

Unpublished Data] further supports the notion of a 
defect in tegument disassembly, as these two viral 
proteins do not appear to directly interact [38,39].

Phosphorylation has also been implicated 
in modulating the subcellular localization of 
pp71 expressed from transfected plasmids. 
Nine phosphorylation sites on pp71 have been 
cataloged (Figure 2) [41], but the kinases respon-
sible for phosphorylation have not been iden-
tified. One phosphorylation site, threonine 
223, which is located in the MR, might con-
trol pp71 sub cellular localization. An alanine 
substitution mutant (T223A) mimicking an 
unphosphorylated residue still localizes to the 
nucleus. However, a phosphomimetic substi-
tution mutant (T223D) is cytoplasmic [41]. 
Thus, phosphorylation at this site clearly has 
the potential to regulate pp71 subcellular local-
ization. The fact that pp71 is phosphorylated 
in the virion [16,18] suggests a model in which 
nuclear pp71 is phosphorylated at T223 late 
during infection to promote export to the cyto-
plasm and virion incorporation, and becomes 
dephosphorylated upon entry into differenti-
ated cells (but not undifferentiated cells) to 
promote nuclear localization. However, phos-
phatase inhibition with okadaic acid failed to 
inhibit tegument-delivered pp71 from reaching 
the nucleus in fibroblasts [Penkert R, Kalejta R, 

Unpublished Data]. Thus, either this model is 
incomplete or an okadaic acid-insensitive phos-
phatase is responsible for dephosphorylation. 
Whether or not this residue in fact modulates 
pp71 subcellular localization during lytic or 
latent infections awaits the generation and 
analysis of recombinant viruses that express 
these mutant alleles of pp71. 

Finally, it is now clear that the inability of teg-
ument-delivered pp71 to translocate to the nuclei 
of undifferentiated cells results from a missing 
function within these cells, and not from a 
dominant block. In heterogeneous fusions of dif-
ferentiated and undifferentiated cells, tegument-
delivered pp71 was efficiently transported to the 
nucleus, indicating that undifferentiated cells 
lack a factor that is required for pp71 nuclear 
import that was provided by the fibroblast cells 
in the heterokaryons [42]. In light of the data 
discussed above, such a differentiated cell fac-
tor may be a phosphatase, some other enzyme 
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that could break apart tegument protein com-
plexes (such as a kinase or protease) or a non-
enzymatic protein that can promote tegument 
disassembly. It is important to note that pp71 
may not be the direct target of this putative 
factor, but its ultimate effect may include the 
liberation of the MR surface of pp71 for protein 
binding, or the unmasking of threonine 223 for 
dephosphorylation. 

Transactivation
Knowing that a virion component activated IE 
gene expression [46,47], a candidate approach 
identified pp71 as a tegument transactivator of 
the viral major IE promoter (MIEP) [13]. This 
was a fundamental advance towards decipher-
ing the mechanism through which HCMV IE 
gene expression is controlled. Reporter assays 
identified ATF and AP-1 sites as mediators of 
pp71 transactivation, both in the context of the 
MIEP as well as synthetic promoters [13]. A simi-
lar candidate approach discovered the ability of 
pp71 to increase the infectivity of transfected 
HCMV DNA [48]. Surprisingly, considering 
that pp71 activates the MIEP, expression plas-
mids for neither the entire MIEP locus nor for 
the most abundant proteins derived from this 
locus (IE1 and IE2) were able to significantly 
increase the infectivity of transfected viral 
genomic DNA [48]. While the IE proteins are 
assumed to play a role in this enhancement of 
infectivity, these experiments demonstrate that 
pp71 apparently has additional viral (or cellular) 
targets that are critical to this activity. Despite 
the incomplete mechanistic understanding at 
the time, cotransfection of a pp71 expression 
plasmid became, and continues to be, a stan-
dard protocol when generating recombinant, 
infectious virus from transfected viral genomes, 
such as those carried on the bacterial artificial 
chromosome clones now commonly used for 
HCMV mutagenesis [49,50]. 

Additional transfection assays showed the 
ability of pp71 to enhance the expression 
of the HCMV US3 [51] and US11 [52] genes. 
Furthermore, pp71 has been shown to activate 
the expression of HSV-1 [53,54] and adenovirus 
genes [53], indicating that the influence of pp71 
extends beyond the HCMV genome. Effects of 
pp71 on cellular gene expression have not been 
directly analyzed. Note that some of the assays 
described above use artificial systems to assay for 
pp71 transcriptional transactivation and thus it 
remains to be determined whether these activi-
ties are physiologically relevant in the context of 
viral infection. 

Genetics
The initial indication of the necessity for UL82 
(pp71) for efficient HCMV replication came 
serendipitously through experiments designed 
to assess the requirement for UL83 (pp65) dur-
ing lytic infection. pp65 expression was down-
regulated by two independent mechanisms: 
deletion of the UL83 gene [55] or expression of an 
antisense UL83 cDNA [25]. While the pp65-null 
virus grew with wild-type kinetics, wild-type 
virus replication in cells constitutively express-
ing the UL83 antisense cDNA was inhibited. 
IE gene expression occurred normally, but viral 
DNA replication, late gene expression and prog-
eny virion production were severely impaired in 
these cells [25]. Interestingly, these defects were 
not observed upon infection with the pp65-null 
virus, indicating that the antisense transcript was 
not having ‘off target’ effects. Detailed investi-
gation revealed that the UL83 antisense cDNA 
inhibited accumulation of the bicistronic 4-kb 
mRNA, which encodes both pp65 (UL83) and 
pp71 (UL82), and consequently decreased lev-
els of both proteins. The pp65-null virus lacked 
the targeted sequence and hence pp71 expression 
was unaffected. This overlooked study is impor-
tant for two reasons. First, it provides compelling 
data that the 4-kb bicistronic mRNA is trans-
lated to produce both pp65 and pp71. Second, 
it indicated that pp71 is required for efficient 
viral DNA replication. As tegument-delivered 
pp71 was unaffected in this study, no inhibition 
of IE gene expression was observed using this 
approach (see below).

More direct evidence for the requirement of 
pp71 for efficient replication came from the 
analysis of a pp71-null virus [12]. Isolation of this 
mutant required growth on a complementing 
cell line that produced pp71 in trans. In these 
cells, the ectopically expressed pp71 is incor-
porated into viral particles, meaning that the 
virions released from these cells contain pp71 
protein in the tegument, but lack the pp71 gene 
(UL82) in their genomes. Passage of such stocks 
once at high multiplicities through noncomple-
menting cells generates pp71-null virions that 
also lack pp71 in the tegument. Such stocks can 
also be created by growing pp71-null viruses on 
Daxx-knockdown cells (see below). Single-step 
(high-multiplicity) growth curves indicated that 
pp71-null viruses lacking tegument pp71 had a 
100-fold growth defect. Mutant viruses grown 
on complementing cells with pp71 packaged in 
the tegument showed only a tenfold defect. This 
appeared to indicate that pp71 promotes HCMV 
infection at two independent steps, only one of 
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which is performed by the tegument-delivered 
protein. Multistep growth curves revealed a 
10,000-fold growth defect, showing the strict 
requirement for pp71 at low multiplicities [12].

Phenotypic analysis indicated that pp71-null 
viruses had severe defects in the accumulation 
of IE genes, including IE1 and IE2 (transcrip-
tion factors), UL37x1 and UL38 (antiapop-
totics), UL106–UL109 (the 5-kb RNA) and 
UL115–UL119 (glycoproteins). Reduced viral 
DNA replication and late gene expression were 
also observed, but it is unclear whether these 
events are directly impacted by pp71 or if the 
observed defects are secondary to decreased IE 
gene expression. Experiments in the presence of 
the protein synthesis inhibitor cycloheximide 
indicated that tegument-delivered pp71 was 
responsible for promoting the expression of the 
IE genes [12]. This landmark technical achieve-
ment of generating and trans-complementing a 
pp71-null virus (prior to the time of bacterial 
artificial chromosome mutagenesis) provided 
physiologic significance to earlier transfection 
studies, and firmly defined pp71 as a tegument 
transactivator. 

Subsequent genetic analysis went on to show 
that it was the ability of pp71 to interact with 
Daxx that was critical for its transactivation 
function. Recombinant viruses expressing either 
of the DID mutants in place of wild-type pp71 
showed phenotypes that were similar to pp71-
null viruses, with defects in IE gene expression 
and productive replication [56]. Thus, the pp71 
protein stimulates IE gene expression through 
its interaction with the cellular Daxx protein.

Further genetic analysis explored the require-
ment for Rb family member inactivation by pp71 
(see below). A recombinant virus expressing a 
pp71 mutant unable to induce the degradation of 
Rb family members grew with wild-type kinetics 
[56], indicating that Rb degradation induced by 
pp71 was dispensable for virus replication. Since 
that time, it has been discovered that the viral 
UL97 protein also mediates Rb inactivation, in 
this case through direct phosphorylation [57]. 
Thus, the redundancy of Rb-targeting proteins 
encoded by HCMV may explain, in part, why 
Rb family member degradation by pp71 is not 
required for lytic replication in fibroblast cells 
in vitro.

De-repression
While the necessity of the pp71–Daxx interac-
tion for IE gene expression had been established, 
the mechanism through which this occurred 
remained unknown. Independent work (see 

below) had discovered that pp71 induced the 
proteasomal degradation of the Rb family of 
tumor repressors [34,58]. Extending that work, 
a critical breakthrough occurred when it was 
observed that Daxx levels dropped precipi-
tously after HCMV infection of fibroblasts [59]. 
This was shown to occur through a process that 
required proteasome function and tegument-
delivered pp71. Inhibition of the proteasome 
with lactacystin prevented IE gene expression 
upon HCMV infection, unless either HDACs 
were inhibited or Daxx levels were reduced by 
RNAi approaches [59].

Subsequent experiments demonstrated that 
Daxx knockdown in semipermissive U373 cells 
permitted IE gene expression after infection 
with a pp71-null virus [60,61], and rescued viral 
growth [60]. Furthermore, U373 derivatives that 
overexpress Daxx were refractory to wild-type 
HCMV infection [60,62]. Congruent with the 
ability of HDAC inhibitors to rescue IE gene 
expression under conditions of Daxx stabili-
zation [59], knockdown of Daxx increased the 
acetylation of histones (a mark of transcriptional 
activity) associated with the viral MIEP early 
after infection [62]. 

These series of experiments performed by 
multiple, independent groups, led to a model 
(Figure 3) describing the molecular events that 
preceded IE gene expression (called the pre-IE 
stage) during lytic infection of fibroblasts [63]. 
Viral genomes entering the nucleus are tran-
scriptionally silenced by an intrinsic cellular 
defense [59] mediated by the Daxx protein that 
establishes a repressive chromatin structure on 
the MIEP. The migration of tegument-delivered 
pp71 to the nucleus and the subsequent degrada-
tion of Daxx relieve this repression to promote 
IE gene expression. Thus, the HCMV tegument 
transactivator is really a tegument de-repressor.

Newer data have refined this model. In addi-
tion to mediating its degradation, pp71 also 
induces the SUMOylation of Daxx [64]. The 
function of this modification remains to be 
determined, as SUMOylation has no discernible 
effect on Daxx degradation or IE gene expres-
sion. pp71 also disrupts the association of Daxx 
with the chromatin-remodeling protein ATRX. 
Whether pp71-mediated Daxx degradation or 
simple association is required for ATRX dis-
persal has not been determined. Knockdown 
of ATRX partially rescues the IE gene expres-
sion defect observed in the pp71-null virus [65]. 
Finally, pp71 has been shown to participate 
in the degradation of another HCMV restric-
tion factor that suppresses IE gene expression: 
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the BclAF1 protein [35]. While knockdown of 
BclAF1 promotes IE gene expression, it fails to 
rescue the growth defect of the pp71-null virus. 
Thus, it appears that proteins other than BclAF1 
are more critical targets of pp71. 

Latency
In the absence of pp71 function (null or DID 
mutation, proteasome inhibition or Daxx over-
expression), IE genes are not expressed and 
productive replication is inhibited. This mir-
rors what happens when latent infections are 
established. During latency, only a small sub-
set of viral genes are expressed [66], and thus a 
majority of viral genes, especially the IE genes, 
must be silenced. This would seem to indicate 
that tegument-delivered pp71 must somehow be 
inhibited from acting during latency. 

This appears to be true, as Daxx is not degraded 
in the undifferentiated cells where quiescent 
[44] or true latent infections [43] are established. 
Quiescent infections in model cells such as NT2 
teratoma cells and THP-1 monocytes are not 

characterized as truly latent because reactiva-
tion of these infections has not been efficiently 
achieved, although there are reports that chal-
lenge this paradigm [67,68]. True experimental 
latent infections can be established in CD34+ 
cells [69,70]. In these undifferentiated cells, Daxx 
is not degraded because tegument-delivered pp71 
is sequestered in the cytoplasm and cannot bind 
to Daxx, which is a nuclear protein. Inactivation 
of the intrinsic defense through either chemical 
HDAC inhibition or Daxx knockdown permits 
IE gene expression during what would otherwise 
be quiescent [44] or latent [43] infections with the 
AD169 strain of HCMV, indicating that cytoplas-
mic sequestration of pp71 is functionally relevant 
during the establishment of latency (Figure 3). 

Interestingly, clinical strain viruses appear to 
enact an additional, trans-dominant, HDAC-
independent restriction to IE gene expression 
[43] that likely does not involve pp71. This addi-
tional, clinical strain-specific defense appears to 
explain why a previous report failed to demon-
strate the rescue of IE gene expression in NT2 

pp71

HCMV MIEP

BclAF1

IE genes

Lytic replication Latency

HCMV

HCMV MIEP

ATRX HDAC

IE genes

Fibroblast CD34+ cell

pp71

Viral DNA

HDACATRXXX

DAXX

Future Virol. © Future Science Group (2012)

Figure 3. The subcellular localization of tegument-delivered pp71 influences the outcome 
of viral infection. Upon entry, HCMV virions (top) introduce tegument proteins into infected cells. In 
differentiated cells such as fibroblasts (left), tegument-delivered pp71 enters the nucleus and induces 
the degradation of Daxx and BclAF1, and displaces HDACs and ATRX. This inactivates the intrinsic 
defense instated by these proteins, activates IE gene expression and initiates productive, lytic viral 
replication. In undifferentiated cells such as CD34+ cells (right), tegument-delivered pp71 is 
cytoplasmic and Daxx is not degraded. The intrinsic defense is able to silence IE gene expression, and 
latency is established. While it is likely that BclAF1 and ATRX (depicted as transparent) also restrict 
viral gene expression during latency, this has not been demonstrated experimentally. 
HCMV: Human CMV; HDAC: Histone deacetylase; IE: Immediate–early; MIEP: Major immediate–early 
promoter.
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cells by knocking down Daxx, as the clinical 
strain Toledo was examined in that study [71]. 
Thus, preventing the lytic-phase localization 
and function of a tegument protein is one way 
HCMV achieves the silencing of IE gene expres-
sion when it establishes latency, but this is not 
the only way. The use by HCMV of an intrinsic 
cellular defense against lytic replication as one 
means to establish latency may represent an evo-
lutionary dilemma for the host. Daxx alleles with 
reduced intrinsic defense function might impair 
the ability of HCMV to establish latency, but 
would likely leave the host more susceptible to 
lytic infections. Conversely, Daxx alleles mediat-
ing increased intrinsic resistance may more effi-
ciently protect against rampant lytic infection, 
but increase the propensity for the virus to colo-
nize the host by expanding the latent reservoir. 
Further complicating matters, Daxx is essential 
for murine embryogenesis [72]. Thus any selec-
tive pressure applied by HCMV or other viruses 
must be balanced by the need to maintain Daxx 
function during development. The lack of a suit-
able host solution to this conundrum likely plays 
some role in the success of HCMV as a human 
pathogen. 

IE gene expression must also be initiated upon 
reactivation of latent infections to produce infec-
tious progeny virions, a molecular event recently 
labeled ‘animation’ [73]. As pp71 initiates IE gene 
expression during lytic infection, it has been pro-
posed as a potential mediator of animation as 
well. It is unlikely that enough tegument-deliv-
ered pp71 would remain in the cytoplasm to 
traffic to the nucleus and de-repress the IE genes 
upon differentiation of a latently infected cell. A 
more likely scenario would be that differentia-
tion induces the transcription of the pp71 gene, 
creating de novo synthesized protein that is fully 
capable of entering the nucleus and animating 
the genome. As pp71 is classified as an early/late 
gene, this would require that the kinetics of pp71 
expression differ substantially between lytic rep-
lication and reactivation. Such a scenario would 
mimic what has been observed during reactiva-
tion of HSV-1 latency, where expression of the 
tegument transactivator VP16 was detected prior 
to IE gene expression [74]. While pp71 expression 
prior to IE mRNA accumulation during reactiva-
tion was not detected [27], a definitive test of this 
model requires genetic experiments that have not 
yet been reported.

Proliferation
It was well established that HCMV infection 
modulated cell cycle progression [75] when pp71 

was identified as a cell cycle stimulator through 
a candidate approach [76] using a newly devel-
oped flow cytometry assay [77,78]. The cell cycle 
consists of phases where the DNA is synthesized 
(S phase) or divided equally among daughter 
cells (mitosis; M phase). One gap phase (G

1
) 

follows M and precedes S phase, while another 
(G

2
) follows S and precedes M phase. A more 

extensive gap phase (G
0
) called ‘quiescence’ can 

occur during G
1
 in response to various stimuli, 

such as contact inhibition or serum withdrawal. 
pp71 was shown to have two independent effects 
on the cell cycle, stimulating quiescent cells out 
of G

0
 and into the S phase [34], and accelerating 

cycling cells through the G
1
 phase [76].

Sequence analysis of pp71 [34] identified a 
motif (LXCXD) (Figure 2) with similarity to the 
canonical Rb-binding motif (LXCXE) found in 
viral oncoproteins and cellular proteins such as 
HDACs. The Rb family of tumor suppressors 
consists of three members – Rb, p107 and p130 
– which are expressed at different times and 
interact with different members of the E2F fam-
ily of transcription factors [79]. E2Fs control the 
expression of many genes required for progres-
sion from G

0
/G

1
 into the S phase, and for DNA 

synthesis itself [80]. When bound to E2F, Rb and 
its associated HDAC repress transcription from 
E2F-responsive promoters, thus arresting cells in 
G

0
/G

1
 phase. In uninfected cells, CDKs phos-

phorylate Rb family members, disrupting their 
complexes with HDACs and E2Fs, thereby acti-
vating the expression of E2F-responsive genes 
and promoting cell cycle progression and DNA 
replication [80,81]. In infected cells, viral onco-
proteins target the Rb family members, either 
inducing their proteasomal degradation or sim-
ply disrupting Rb–E2F complexes to promote 
cell cycle progression [82]. This presumably favors 
viral replication, especially for DNA viruses, by 
advancing quiescent cells into a cell cycle state 
where DNA replication would be more efficient. 
Surprisingly, there is little direct evidence for 
this widely accepted model.

pp71 proteins with mutated Rb-binding 
motifs fail to drive quiescent cells into the 
S phase [34], but still accelerate cells through 
the G

1
 phase [76], indicating that pp71 has at 

least two independent mechanisms to drive cell 
cycle progression. How pp71 accelerates the G

1
 

phase is not understood, but how it stimulates 
quiescent cells to enter the S phase by targeting 
Rb has been deciphered. pp71 interacts with the 
growth-suppressive, hypophosphorylated forms 
of the Rb family members and induces their 
proteasomal degradation. A pp71 mutant with 
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a disruption of the Rb-binding motif (LXGXD) 
is unable to induce Rb family member degra-
dation [34]. Therefore, Rb protein degradation 
appears to be directly responsible for stimulating 
quiescent cells to enter the S phase, but not for 
accelerating cycling cells through G

1
 phase.

The physiologic relevance of pp71-mediated 
cell cycle stimulation is undetermined. During 
lytic replication, pp71-mediated Rb degrada-
tion is dispensable [56], presumably because 
UL97 also inactivates Rb through phosphory-
lation [57]. Perhaps in other cell types or other 
infection circumstances (e.g., reactivation from 
latency) pp71-mediated Rb degradation may be 
more important.

Finally, degrading Rb proteins is a pp71 activ-
ity shared with the E7 oncoproteins encoded by 
human papillomaviruses. However, unlike E7, 
pp71 fails to induce apoptosis, or to cooperate 
with other oncoproteins to transform cells [34]. It 
is unclear if this is due to a comparatively weaker 
effect on the Rb pathway by pp71 or because 
additional functions by one or the other protein 
is responsible for the phenotypic differences.

Degradation
Evidence that pp71 mediates the degradation of 
the proteins to which it binds includes a decrease 
in both their steady-state levels as determined by 
western blot, as well as their half lives as deter-
mined by pulse–chase analysis. Furthermore, 
proteasome inhibitors also stabilize binding part-
ners in the presence of pp71, indicating that their 
degradation is proteasome-dependent [34,35,58,59]. 
The proteasome is a large, multisubunit complex 
responsible for the majority of protein degrada-
tion that occurs within cells. While most pro-
teasome substrates must be covalently modified 
with a polyubiquitin chain prior to recognition 
and degradation, a few examples of proteasome-
dependent, ubiquitin-independent degradation 
have been described [83]. All evidence points 
to a ubiquitin-independent mode for the pro-
teasomal degradation induced by pp71 [58,84], 
although such a mechanism is difficult to prove 
[83], and many remain skeptical that proteasome-
dependent, ubiquitin-independent degradation 
is either real or physiologically relevant.

The pp71 protein lacks easily discernable 
motifs (e.g., HECT domain or RING finger) 
found in the ubiquitin ligase proteins that target 
substrates for ubiquitin-dependent proteasomal 
degradation, and polyubiquitinated intermedi-
ates of pp71 substrates have not been observed 
under conditions where their half lives are 
reduced by pp71. Furthermore, an overexpressed 

dominant-negative ubiquitin failed to inhibit 
pp71-mediated protein degradation [58]. While 
these experiments provide evidence for ubiqui-
tin-independent degradation, they are all based 
on negative data. Perhaps the most compel-
ling argument for the independence of pp71-
mediated protein degradation from the need 
for polyubiquitination comes from the positive 
data generated in ts20 cells. These cells encode 
a temperature-sensitive E1 ubiquitin-activating 
enzyme. When shifted to the restrictive tem-
perature, E1 activity is inhibited and ubiquitin-
dependent protein degradation ceases. Under 
such conditions, pp71-mediated degradation 
continues, implying that it is ubiquitin-indepen-
dent [58,84]. However, even this result must be 
interpreted with caution, as cells contain at least 
one additional E1 ubiquitin-activating enzyme 
[85] and because different substrates show dif-
ferent sensitivities to ubiquitin pool depletion 
through E1 inactivation [86].

The mechanism through which pp71-medi-
ates the proteasome-dependent, ubiquitin-inde-
pendent degradation of its substrates remains 
unknown. Logical possibilities include direct 
delivery and/or unfolding of substrates to allow 
their access to proteasomes in the absence of poly-
ubiquitination. Interestingly, pp71 has recently 
been shown to be necessary but not sufficient 
for the proteasomal degradation of BclAF1. For 
degradation of this substrate, pp71 cooperates 
with the viral UL35 tegument protein [35]. The 
requirement or dispens ability of ubiquitin for 
pp71- and UL35-mediated BclAF1 degradation 
has not yet been examined. However, UL35 
associates with components of cellular ubiquitin 
ligase complexes [87], implying that BclAF1 deg-
radation induced by these two viral proteins may 
proceed through a ubiquitinated intermediate, 
and that pp71 may use multiple mechanisms to 
induce the degradation of its targeted substrates. 

Finally, pp71 appears to preferentially target 
the variants of its substrates that migrate faster 
on standard SDS-PAGE gels [34,88]. For the 
Rb proteins, these clearly represent the hypo-
phosphorylated forms of the proteins. For Daxx, 
it is presently unclear whether faster migrating 
bands represent different phosphoisoforms or 
splice variants [89] of the protein.

Immunoevasion
Establishment of latency, in which pp71 clearly 
plays a role, is perhaps the most effective immune 
evasion strategy employed by HCMV. However, 
HCMV also expresses many viral gene products 
designed to help a lytically infected cell avoid 
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detection by the innate and adaptive immune 
systems [90]. Many of these rely on suppressing 
the function of the MHC class I set of proteins. 
All nucleated cells contain MHC class I mol-
ecules, which present peptides on the cell sur-
face to CD8+ T lymphocytes. Presented peptides 
represent a sampling of the current protein pro-
duction ongoing within the cell. Detection of a 
viral peptide by a CD8+ T lymphocyte typically 
results in lysis of the infected cell [91]. 

Multiple HCMV MHC class I evasion genes 
are located in the US region of the HCMV 
genome [92]. To determine whether other viral 
loci could alter the generation of immune 
responses, pp71 was ectopically expressed in 
semipermissive U373 cells. A modest but repro-
ducible inhibition of cell surface expression 
of MHC class I molecules was observed upon 
pp71 expression. Moreover, knockdown of pp71 
in cells infected with an HCMV lacking the 
immune evasion genes of the US region increased 
cell surface expression of MHC class I. The tim-
ing of this experiment (48 h post infection) and 
the method of pp71 downregulation (RNAi) 
indicates that de novo-expressed (as opposed 
to tegument-delivered) protein was responsible 
for the observed effect. pp71 does not affect 
MHC class I gene expression or protein stabil-
ity, but appears to delay the transport of these 
complexes through the endoplasmic reticulum/
Golgi apparatus to the cell surface [93]. Whether 
pp71 accomplishes this by a direct or indirect 
mechanism is currently unclear. A direct mecha-
nism would possibly appear late during infection 
as pp71 accumulates in assembly compartments 
[19,41], which colocalize with trans-Golgi markers 
[94,95]. However, pp71 is not known to associ-
ate with MHC class I molecules, and it is dif-
ficult to reconcile a direct mechanism with the 
subcellular localization of ecto pically expressed 
pp71, which is nuclear, although cytoplasmic 
spillover can occur when the protein is over-
expressed. Although intriguing, the relevance 
of this reported activity of pp71 during a wild-
type infection (i.e., in the presence of the many 
other MHC evasion genes encoded in the US 
region) or in fully permissive cells has not been 
examined.

Finally, although pp71 neutralizes intrin-
sic and perhaps adaptive immune defenses, it 
appears to be a target of the innate immune sys-
tem. Granzyme M, which is highly expressed 
by NK cells, was shown to cleave pp71 after 
leucine 439, inhibiting its ability to activate 
the MIEP in reporter assays [96]. More work is 
required to determine not only the role of this 

cleavage during the immune attack against 
HCMV-infected cells, but also why pp71 has 
not evolved to escape granzyme M-mediated 
cleavage. Possibilities include that this amino 
acid sequence is critical for pp71 function, and 
thus mutant alleles would adversely affect viral 
fitness or that granzyme M cleavage of pp71 does 
not exert significant selective pressure against 
HCMV. Granzymes generally kill infected cells 
by apoptosis [97]. However, granzyme B deliv-
ered by lytic granules released from CD8+ T cells 
cleaved the HSV-1 ICP4 protein and inhibited 
viral reactivation from neuronal latency without 
killing the infected cell [98]. Interestingly, neigh-
boring fibroblasts lytically infected with HSV-1 
appeared to die by apoptosis in these experi-
ments, indicating that granzyme-mediated death 
may be cell type specific. If pp71 were required 
for animation of latent infections, perhaps gran-
zyme-mediated cleavage may be a way to sup-
press reactivation in the presence of a specific and 
localized immune response while maintaining 
the viability of the latently infected cell.

Conclusion 
A timeline for pp71 function during viral infec-
tion can be compiled from the primary data 
reviewed above (Figure 4). After viral entry into 
differentiated cells where lytic infection will 
initiate, tegument-delivered pp71 travels to the 
nucleus, where it induces the proteasome-depen-
dent degradation of cellular transcriptional regu-
lators Daxx, BclAF1, Rb, p107 and p130. Daxx 
and Rb family member degradation is ubiquitin 
independent, and BclAF1 degradation requires 
co-operation with tegument-delivered UL35. 
Daxx and BclAF1 degradation promotes IE 
gene expression by inactivating the intrinsic 
defense imposed by these cellular restriction 
factors. Daxx degradation is critical for efficient 
viral replication. Rb family member degrada-
tion promotes cell cycle progression, but, prob-
ably due to redundant viral mechanisms for cell 
cycle stimulation, this degradation is dispens-
able for viral replication under the conditions 
tested. De novo pp71 is expressed with early/late 
kinetics. It initially localizes to the nucleus and 
may promote viral DNA replication through an 
unknown mechanism. Later during infection, 
pp71 is found in cytoplasmic assembly compart-
ments, where it is packaged into virions and may 
help cells avoid immune detection by impairing 
the transport of MHC class I molecules to the 
cell surface.

During the establishment of viral latency, teg-
ument-delivered pp71 is found in the cytoplasm, 

Review Penkert & Kalejta



www.futuremedicine.com 865future science group

preventing it from degrading Daxx. This allows 
the intrinsic defense to silence IE gene expres-
sion and promote latency. Involvement of pp71 
during animation and reactivation remains to be 
examined, as does the potential roles for other 
activities of pp71 during latency.

Although the focus of this review is pp71, 
we would be remiss not to acknowledge the 

redundancy that exists for many of the bio-
logical process targeted by this important viral 
protein. Readers interested in more thorough 
examinations of individual activities modulated 
by pp71, as well as other HCMV factors, are 
directed to comprehensive reviews or recent 
primary research articles that cover intrin-
sic restriction of lytic gene expression [99,100], 

Pre-IE IE E L

Tegument-delivered
pp71 degrades
transcriptional

corepressors to
stimulate cell cycle

progression and
activate viral IE

gene expression

De novo
pp71

expression
begins

Potential
positive

impact on
viral DNA
synthesis

occurs

De novo
expression
increases

substantially

Impairs
trafficking of
MHC class I
molecules

Localizes to
assembly

compartments
and is

packaged into
nascent virions

Figure 4. Timeline of pp71 activities during lytic infection. Known functions of pp71 are 
temporally placed within the time course of a human CMV infection. 
E: Early; IE: Immediate–early; L: Late.
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Figure 5. Historical timeline of pp71. Beginning with its identification in virions and ending with the recent identification of an 
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pp71 research. 
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latency [3,101], cell cycle modulation [102] and 
immune evasion [103].

Future perspective
While nearly four decades of work (Figure 5) 
has illuminated the roles of pp71 during lytic 
infection and latency, substantial gaps in our 
knowledge still exist. Many of these are mecha-
nistic in nature, including how pp71 is incor-
porated into the tegument, how the subcellular 
localization of the tegument-delivered protein 
is differentially controlled in differentiated or 
undifferentiated cells and how pp71, alone or 
in cooperation with UL35, promotes protein 
degradation. More fundamental questions 
still remain, including whether or not pp71 
is required for the animation or reactivation 
of latent infections. Finally, many new pp71- 
interacting proteins have recently been identi-
fied. Determining which of these interactors 
may be potential substrates or modulators of 

pp71 could open new vistas to our under-
standing of the role of pp71 during HCMV 
infection.
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Executive summary

Nomenclature, expression & structure
�n pp71 is a 71-kDa phosphoprotein encoded by the 82nd gene in the unique long region of the viral genome.
�n pp71 is expressed with early/late kinetics as the second open reading frame of a 4-kb bicistronic transcript with UL83 (pp65) and as a 

1.8-kb monocistronic transcript.
�n No structural information on pp71 exists.

Interactome & location
�n Ontology analysis of interactome predicts pp71 may impact gene expression, actin-based motility, RNA processing and ribosome 

biogenesis.
�n Subcellular localization of pp71 is controlled by method of delivery, cellular differentiation status, time of infection and phosphorylation.

Transactivation, genetics, de-repression & latency
�n pp71 inactivates intrinsic immune defense and stimulates immediate–early gene expression by degrading Daxx.
�n pp71 promotes latency by allowing Daxx intrinsic defense to silence immediate–early genes in undifferentiated cells due to cytoplasmic 

localization of tegument-delivered protein.
�n pp71 likely has additional roles, including facilitating viral DNA replication.

Proliferation, degradation & immunoevasion
�n pp71 stimulates cell cycle progression in part by degrading the retinoblastoma family of tumor suppressors. 
�n pp71 mediates degradation of several of its substrates by a proteasome-dependent, ubiquitin-independent mechanism.
�n pp71 impairs trafficking of MHC class I molecules to the cell surface.
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