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Abstract: Human cytomegalovirus (HCMYV) latency, the means by which the virus persists indefinitely
in an infected individual, is a major frontier of current research efforts in the field. Towards developing
a comprehensive understanding of HCMYV latency and its reactivation from latency, viral determinants
of latency and reactivation and their host interactions that govern the latent state and reactivation
from latency have been identified. The polycistronic UL133-UL138 locus encodes determinants of
both latency and reactivation. In this review, we survey the model systems used to investigate
latency and new findings from these systems. Particular focus is given to the roles of the UL133,
UL135, UL136 and UL138 proteins in regulating viral latency and how their known host interactions
contribute to regulating host signaling pathways towards the establishment of or exit from latency.
Understanding the mechanisms underlying viral latency and reactivation is important in developing
strategies to block reactivation and prevent CMV disease in immunocompromised individuals,
such as transplant patients.

Keywords: Human cytomegalovirus; herpesvirus; DNA virus; latency; reactivation; UL135; UL136;
UL138

1. Introduction

Human cytomegalovirus (HCMYV) is a ubiquitous beta-herpesvirus infecting up to 99% of the
world’s population, depending on geographic location [1,2]. Transmission is mediated by direct contact
with urine, saliva or other bodily fluids from individuals that are actively shedding the virus [3].
Infection of an immunocompetent host does not typically lead to overt clinical disease. However,
the virus is never cleared; instead it persists in a latent state whereby viral genomes are maintained
without infectious virus production. While HCMYV infects and replicates in many different cell types,
latency is established in hematopoietic progenitor cells and myeloid lineage cells [4-6]. Changes in the
cellular environment (e.g., stress or differentiation) or changes in physiology of the host may result
in reactivation of the virus. HCMV reactivation is thought to happen frequently and sporadically,
albeit subclinically, in immunocompetent individuals.

HCMYV reactivation and/or reinfection with a new strain is a major risk factor for severe morbidity
and mortality in immunocompromised patients. HCMV reactivation continues to be a significant cause
of death in solid organ and stem cell transplant recipients and can cause life-threatening disease in
cancer patients undergoing intensive chemotherapy regimens that weaken immune responses. HCMV
reactivation increases the time and cost of hospital stays for transplant patients [7-9]. The severity
of disease in stem cell transplant patients is exacerbated because HCMYV is myelosuppressive [10],
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delaying engraftment and increasing susceptibility to infection due to a reduction in leukocytes,
as well as red blood cells and platelets. HCMYV also has onco-modulatory properties and viral
activation of cellular pathways may increase cell proliferation, tumor growth, enhanced cell survival
and angiogenesis [11,12].

HCMYV is also the leading infectious agent responsible for congenital birth defects [13-15]. 1in 150
children born in the US acquires the HCMYV in utero. Outcomes of congenital HCMV infection include
hearing loss, other mild to severe neurological and cognitive deficits (e.g., developmental delay in
motor skills), and microcephaly. While many infected babies are asymptomatic at birth, approximately
20% of the infected babies will have permanent disability. While effects of the congenital infection
may be evident at birth, some are not realized until later in infancy or childhood. The most severely
affected children suffer recurrent seizures. Considering the congenital infection and infection in the
immune compromised, the public health impact of HCMYV is immense.

Current antiviral therapies include inhibitors of the viral DNA polymerase (e.g., ganciclovir,
foscarnet, cidofovir), the viral kinase (e.g., maribivir) or the terminase (e.g., letermovir) offer limited
effectiveness due to the toxicity of some, and only target cells actively replicating virus. New rationally
designed therapeutic agents are required, and those that can target latent infection would offer great
advantage in combatting CMV reactivation and disease. Achieving this will require understanding of
the complex mechanisms associated with the biology of HCMYV latency and reactivation.

Over the last decade, focus has been turned to defining viral determinants of latency and the
host pathways they target to delineate the molecular mechanisms underlying HCMYV latency and
reactivation. A major focus of the research has been on the role of a locus of genes in the UL}’ region
coined the UL133-138 locus. This polycistronic locus contains genes that influence whether the virus
will replicate or establish latency and also play key roles in the “decision” to reactivate to generate new
infectious virus. Further, the field is beginning to understand how the virus has hardwired this locus
into host biology to allow the virus to “sense” and “respond” to host cues. This review will consider
the role of each of the UL133-138 genes and their role collectively in regulating states of HCMV latency
and reactivation. Knowledge gaps and future prospects are discussed with the aim of stimulating new
interest and additional research into this locus.

2. Experimental Models for HCMV Latency and Reactivation

A comprehensive understanding of HCMV latency has been a slow study due to the restriction of
HCMYV to the human species and the restriction of HCMV latency to primary hematopoietic progenitor
cells and some cells lines. A very small number of cells in the human host harbor latent HCMV
infection [16]. Further, reactivation is spontaneous and unpredictable because the biochemical and
biophysical “stress” factors that trigger virus reactivation are poorly defined. Therefore, in vitro cell
culture models have been fundamental to investigating the biology of latent HCMV infection, despite
their inherent limitations (e.g., heterogeneity, limited starting material, spontaneous differentiation).

Primary CD34+ hematopoietic progenitor cells (HPCs) derived from human bone marrow or
cord blood are an invaluable tool used to recapitulate latent HCMV infection in vitro [17]. For latency,
the sensitivity to culture conditions and the proclivity of CD34+ HPCs to spontaneously differentiate
in culture must be carefully considered. Stromal cell clones are commonly used to maintain progenitor
populations with in vivo engraftment and hematopoietic reconstitution potential and to support
physiologically relevant hematopoietic differentiation [17-22]. However, other models are also
common that culture progenitor populations in cell-free systems with the addition of cytokines [23-25].
Once infected, CD34+ HPCs maintain HCMV genomes in the absence of productive replication.
However, the heterogeneity of this population can result in the loss of genomes from some cells and
other cells that spontaneously replicate virus. Therefore, it is important to monitor the maintenance
of genomes and production of virus progeny prior to applying a reactivation stimulus so that the
baseline for replication during the “latent” period is known. HCMYV reactivation, which is estimated to
occur in about 1 in 9000 cells infected in vitro, is induced by co-culturing infected CD34+ HPCs with
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fibroblasts in cytokines to promote myeloid differentiation of the hematopoietic cells [17]. Apart from
the relatively high cost and limiting material associated with CD34+ HPCs, the model is robust, and it
has been widely adopted as the gold standard for understanding latency. It has been powerful in
quantitatively defining phenotypes of recombinant viruses for their ability to establish latency or
reactivate from latency [26]. While other latent reservoirs may exist, but are yet unidentified in the
human host, latency studies have remained in hematopoietic cells as most other cell types infected
support at least low levels of productive replication.

Latent HCMV genomes are carried as HPCs differentiate down the monocytic lineage. Reactivation
is known to occur upon differentiation of these cells into macrophages or dendritic cells [5,24,27-30] and
monocytes play an important role in dissemination of the virus by carrying virus into tissues [31,32].
Monocytes are readily infected in culture and while infection of monocytes has been described as
a quiescent state as opposed to a latent state, direct infection of monocytes is also used as a model
of latency [23,33-36]. It is currently unknown how infection differs in cells infected directly as
monocytes, possibly through contact with infected tissue as they circulate, compared to monocytes
that were infected as progenitors and carried the viral genome as they differentiated to monocytes.
HCMYV infection both directly and indirectly limits hematopoietic differentiation potential [37,38],
and it has recently been shown that infected CD34+ HPCs secrete transforming growth factor beta
(TGFp), which impedes the differentiation of bystander hematopoietic cells, providing a mechanistic
insight into myelosuppression [39]. Intriguingly, viral miRNAs prevent TGFf3 signaling from impacting
the infected cell. Further, UL7 is expressed during reactivation and stimulates differentiation of both
CD34+ HPCs and CD14+ monocytes [40].

The THP-1 (developed at Tohoku Hospital of Pediatrics, Japan) cell line is a spontaneously
immortalized monocytic leukemia cell line [41]. The cell line is used as a model for human
monocytes [42], and also utilized as an HCMV latency model [43-46]. Upon infection, THP-1
cells undergo a latent-like HCMYV infection and reactivation is activated by treatment with a phorbol
ester, 12-O-tetradecanoylphorbol-13-acetate or TPA [44]. TPA treatment differentiates THP-1 cells
from non-adherent monocytic cells to an adherent macrophage-like phenotype. Reactivation is
measurable by increases in immediate early 1 and 2 (IE1-72 kDa and IE2-86 kDa), early and late gene
products, although genome amplification and virus production are modest at best. These cells offer the
advantage that reactivation of gene expression is synchronous and occurs at a frequency greater than
that of primary cells in culture and have been important for studying silencing and transcriptional
re-expression of viral genes [43]. Other cell line models for latency exist, including Kasumi-3 and
Ntera2 cells that similarly recapitulate aspects of latency [47,48].

Humanized mouse models (huNSG), which support latent HCMV in vivo, overcome the lack
of an animal model for HCMYV latency and reactivation [40,49-51]. HuNSG mice are sub-lethally
irradiated and engrafted with CD34+ HPCs. Infection is established by intraperitoneal injection
with HCMV-infected fibroblast at 5 weeks post-engraftment [49,50]. Following an additional
5 weeks, reactivation is stimulated by granulocyte colony stimulating factor (G-CSF) delivered
using a subcutaneous pump [49,50]. G-CSF treatment mobilizes HCM V-infected CD34+ HPCs
into the peripheral blood and tissues causing reactivation [49,52]. HCMV genome levels in blood,
bone marrow and organs are used as an indicator of reactivation 7 days following the G-CSF
stimulus [49,50]. The huNSG model has been used to recapitulate in vitro phenotypes observed with
HCMYV recombinants that have mutations in the UL133-138 gene locus [51,53].

3. Historical Perspective and Integration of Model Systems

At 236 kb, HCMV has the largest genome among the herpesviruses, and it encodes at least
200 open reading frames [54]. The ULb’ region of the genome encodes ~20 viral proteins present in the
genomes of clinical HCMYV isolates and lost during serial passage of the virus in cultured fibroblasts [55].
The absence of the ULD’ region in passaged HCMYV strains (laboratory-adapted) indicates that the ULb
region is not required for replication.
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Interest in ULb’ genes with regards to latency stemmed from the unknown, but likely roles they
might play in other contexts of infection, and particularly latency. Indeed, viruses lacking the ULb’
region replicate to higher titers compared to clinical isolates [56], suggesting that the ULb” genes confer
a restriction on virus replication, in addition to roles in modulating latency and immune evasion.
Functions for ULb” genes remained largely undefined as there had been no previous characterization of
the vast majority of ULb” genes before 2000. Large 5-kb and single ORF deletions across the UL}’ region
in a bacterial artificial chromosome clone of HCMV (FIX strain) identified sequences associated with
altered ability to replicate relative to the WT virus in primary human CD34+ HPCs [17,57]. Of note,
viruses containing deletions encompassing UL151-UL135 were severely defective for reconstitution
of the virus from transfection of infectious genomes into fibroblasts. By contrast, a virus containing
another 5-kb deletion encompassing UL136-UL142 had a replication advantage in fibroblasts, and was
more replicative in CD34+ HPCs even in the absence of a reactivation stimulus, indicating that this
virus failed to establish latency [57]. From the use of recombinant viruses containing substitutions
or stop codon insertions to disrupt single ORFs, it is now known that the growth restriction of the
AUL150-UL135 mutant virus is due to the loss of UL135 and the replicative advantage of AUL136-UL142
is due to the loss of UL138. The requirement for UL135 was surprising as the entire ULb’ region could
be deleted without a cost to replication in fibroblasts [55]. As discussed in detail below, progress was
made to understand that UL135 and UL138 have an antagonistic relationship [19]. UL135 is required
to overcome a virus-coded suppression of replication that is conferred by UL138, and the defect in
replication of the AUL135 virus could largely be overcome by subsequent disruption of UL138.

As important as the goal of understanding latency, is the goal of simply understanding the basic
biology of these viral genes and their gene products. Towards this prevailing goal, a variety of model
systems have been used to define the biology of gene products. The starting material required for
many molecular and biochemical approaches, and the relative difficulty of manipulating primary
human hematopoietic cells in culture (e.g., overexpression or knockdown) are formidable challenges
to studies pertaining to latency and force the requirement for additional model systems. Fibroblasts
have been the workhorse of the field for investigating the productive infection. Fibroblasts have been
useful in defining the functional roles of and interactions between UL133-UL138 genes in infection
and to begin identifying host interactions. Endothelial cells, which support a low-level, smoldering
or chronic infection, have been a particularly informative model for understanding the requirements
for UL135 and UL136 for replication in this context [51,58]. The huNSG model has been important to
confirm in vitro phenotypes and, in the case of UL136, reveal context-dependent differences [51,53].
A combined approach using each of these model systems—fibroblasts, endothelial cells, CD34+ HPCs
and huNSG animals—has provided robust systems for defining the biology and function associated
with viral genes at the focus of this review.

Strikingly, this combined approach has demonstrated conservation in the function of these
proteins across contexts, although the significance of these functions for the outcome of infection
might be very different in each context of infection. As an example, UL135 downregulates EGFR and
viruses lacking UL135 or containing point mutations in UL135 that disrupt its interaction with host
factors Abi-1 and CIN85 have increased levels of surface and total levels of EGFR in both fibroblasts
and CD34+ HPCs [59,60]. While the UL135/Abi-1/CINS85 interactions affect EGFR surface levels in
both fibroblasts and CD34+ HPCs, abolishing these interactions affects replication (e.g., reactivation
from latency) in CD34+ HPCs or in HuNSG, but not in fibroblasts [53,59,60]. Further, inhibition of
EGEFR signaling, or downstream pathways moderately enhances replication in fibroblasts (~5-fold),
and it robustly rescues reactivation of UL135-null viruses in CD34+ HPCs. Therefore, while the
UL135/Abi-1/CIN85/EGFR interaction is best defined in fibroblasts, the function is conserved and
importance amplified in CD34+ HPCs.

Why then do CD34+ HPCs support latency whereas fibroblast support only replicative infection
if UL133-UL138 proteins function similarly in both cells? Afterall, it might be tempting to speculate
that cellular pathways would be regulated in opposite directions in cells that support latency versus
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those that support reactivation. While the simplicity of this possibility is attractive, it is harder to
imagine how a viral protein regulating these pathways might exert opposite effects on the same target.
An alternative possibility is that viral proteins function very similarly in most contexts, but it is the cell
biology that dictates different outcomes. The functional and phenotypic differences observed for ULb’
genes between fibroblasts and CD34+ HPC or any other cell types may be due to the differences in
the cell biology inherent to each context of infection and the resulting profile of viral gene expression.
Both fibroblasts and hematopoietic cells express a broad proportion of the viral genome during infection,
but transcripts accumulate to much greater levels in fibroblasts as compared to CD34+ HPCs [61,62].
ULb’ genes that are largely dispensable for replication in fibroblasts have more pronounced effects on
infection in CD34+ HPCs where gene expression is much lower than in fibroblasts [62]. It is likely then
that latency might be able to be established and maintained in hematopoietic cells, whereas high levels
of IE, early and late gene expression in fibroblasts overcomes the suppressive affects of genes such
as UL138.

It is also possible that antagonistic genes such as UL135 and UL138 are differentially regulated in
different contexts of infection. For example, while fibroblasts express high levels of UL138, they also
express high levels of UL135, which overcomes the suppressive effects of UL138 [63]. In primary CD34+
HPCs latently infected with viruses encoding epitope-tagged versions of UL133-UL138, the expression
of UL138 was detected, but not that of UL135 or UL136 [53]. This may be due, in part, to the distinct
transcriptional environment of CD34+ HPCs relative to fibroblasts. For example, the early growth
response-1 transcription factor (EGR-1) is critical for the maintenance of stemness and downregulation
of EGR1 results in differentiation of stem cells and their migration out of the bone marrow [64]. EGR-1
is highly expressed during infection in CD34+ HPCs, where is serves to drive UL138 gene expression
for latency [65]. These observations and others suggest that distinct environments of the host cell
play a key role in controlling the balance of HCMV gene expression and the outcome of virus-host
interaction in the establishment of latent or replicative infections.

4. The HCMV UL133-138 Polycistronic Locus

UL133-138 polycistronic locus within the ULD’ region encodes viral proteins UL133, UL135,
UL136 and UL138 (Figure 1). The transcript encoding all 4 genes is 3.6 kb long, but shorter 3
co-terminal transcripts are expressed with varying kinetics and under different conditions, such as
serum starvation [66,67]. A 2.7 kb transcript spans from UL135 through UL138, and the 1.4kb transcript
initiates within the UL136 gene and encodes truncated forms of UL136 and full-length UL138 [67].
Within 6 h of viral entry into a fibroblast cell, UL133-UL138 transcripts can be detected and they
accumulate as the infection progresses [67]. This coincides with the synthesis of IE1/2, and occurs
independently of viral DNA synthesis [67]. Following the onset of viral DNA synthesis, transcripts
initiating just 5" of or within UL136 accumulate to greater levels, and it is these transcripts that give rise
to UL136 proteins [68]. It is currently unknown how the initiation of transcripts might be differentially
regulated in infection and what that might mean for HCMYV latency, but it would conceivably change
the ratios of expression among UL133-UL138 proteins. All UL133-UL138 proteins are predicted to be
intrinsically disordered in structure and do not closely resemble any other proteins within the existing
databases. In fact, while UL133-UL138 genes are conserved from HCMYV to chimpanzee CMV [69],
clear orthologues are not present in rhesus CMYV, although the genome of rhesus CMV contains a
ULb’-like region. No other CMV genomes of viruses infecting lower order animals contain a UL}’
region or UL133-UL138 orthologues [53]. The following sections review the UL133-UL138 genes and
their roles in modulating HCMYV latency and/or reactivation.
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Figure 1. A schematic depiction of the HCMV UL133-UL138 gene locus. The UL133-UL138 gene locus,
located within the UL}’ region, is present in clinical isolates and low passage viruses but lost in serially
passaged laboratory strains. The 3 major transcripts that accumulate at early times of infection or
additional transcripts encoding UL136 and UL138 that accumulate at late times of infection in fibroblasts
are depicted. Alternative transcription/translation initiation sites lead to at least 2 UL135, 5 UL136 and
2 UL138 isoforms. Area shaded grey indicated putative or confirmed transmembrane domains.

4.1. Pro-Latency Genes of the UL133-138 Locus

4.1.1. UL133

The UL133 gene marks the 5" end of the UL133-138 polycistronic locus (Figure 1), and UL133 is the
least characterized protein encoded by the locus. The UL133 protein is 259 amino acids (aa) in length
and has a molecular mass estimated at 42 kDa [53]. UL133 has two putative transmembrane domains
(TMD), which potentially allow the protein to interact with microsomal membranes by spanning the
membrane twice. Upon infection of fibroblasts, UL133 expression is detectable as early as 12 h, and the
protein is diffuse at 24 h post infection (hpi), but becomes mostly localized to the Golgi by 48 hpi [53].

UL133 is expressed in CD34+ HPCs at 2 and 5 days post infection (dpi) [53]. Disruption of the
expression of UL133 results in a more replicative virus in CD34+ HPCs indicating that UL133 functions
in the establishment of HCMV latency. Further corroborating a role in suppressing virus replication
for latency, UL133-mutant viruses synthesize viral genomes to higher levels that WT infection [56].
The function of UL133 during HCMYV infection may be linked to its interactions with other viral
proteins, particularly UL138 and UL136, with which it forms a complex [61,70]. The protein complex
may cooperatively favor a latent state of infection since the replication advantage of UL133- and
UL138-mutant viruses in CD34+ HPCs are not additive when combined [53,70]. Additional research is
required to precisely determine the specific function(s) of UL133.

4.1.2. UL138

UL138 is expressed in all HCMV models of infection, including fibroblasts (highly productive
infection), endothelial cells (smoldering low-level productive infection), CD34* HPCs and THP-1
cells (latent infection) [43,53]. UL138 encodes a protein of 210 aa in length and has a molecular mass
estimated at 24 kDa. UL138 can also be expressed as a shorter isoform initiating from methionine
codon 16 and lacks the TMD [71]. Both the long and short isoforms contribute to the establishment
of latency.



Viruses 2020, 12, 714 7 of 21

The UL138 proteins are translated from all 3 major transcripts (3.6, 2.7 and 1.4 kb) of the
locus (Figure 1), although abundant expression is from the shorter transcripts. A transcriptional
element, including an AP-1 binding site, was identified upstream of the transcriptional start of the
1.4 kb transcript and the deletion of this putative promoter element enhanced virus replication in
fibroblasts [72]. Although the impact of this deletion on expression of other UL133-UL138 proteins
was not determined, the phenotype is consistent with disruption of the UL138 gene or its protein
coding potential [57,67]. This is important as the short UL136 isoforms (UL136p23/UL136p19) are
also suppressive to virus replication and are expressed from the 1.4 kb transcript [66,68]. UL138 is
indispensable for the establishment of latency in CD34+ HPCs as its disruption results in increased
virus replication, a failure of the virus to enter a latent state [53,56,67,70]. These results suggest that
UL138 acts as a “brake” on viral replication, directing it towards latency. This is further supported by
observations that UL138 is suppressive to virus replication to the extent that viruses lacking UL135
(a pro-reactivation protein discussed below) cannot reconstitute infection from the transfection of
infectious clones of the HCMV genome, a phenotype that can be rescued by the additional disruption
of UL138, and are defective for reactivation [61].

The mechanisms by which UL138 functions to repress virus replication are intriguingly complex.
The repressive ability comes partly from preventing the demethylation of histones leading to silencing
of the viral genome. UL138 was reported to prevent host lysine demethylases LSD1, JMJD3, and the
lysine demethylase-associating protein CtBP1 from interacting with and activating the major immediate
early promotor (MIEP) [73]. Activation of the MIEP drives expression of critical viral genes necessary
for lytic replication [74,75] and during latency, the MIEP is largely silenced [28,76]. The mechanism
by which UL138 contributes to silencing of the MIEP is likely to be indirect since UL138 is associated
with secretory membranes. Recently, MIE gene expression for reactivation was found to be driven by
promoter elements within the first intron of the MIE transcriptional locus (intronic promoters 1 and
2,iP1, iP2) [43]. It is not yet known if the activity of MIE intronic promoters is influenced by UL138.
Further, it was shown that UL138 regulates EGFR signaling, promote EGFR/PI3K/AKT signaling,
which is suppressive to viral replication. The role of UL138 in promoting EGFR/PI3K/AKT signaling
contributes to viral latency since inhibition of these pathways stimulate virus reactivation in wild
type infection, particularly in combination with differentiation stimuli, but does not further enhance
replication of a UL138-mutant virus in CD34+ HPCs [59].

UL138 also regulates its own expression through EGFR-stimulated EGR-1, which binds to the
HCMYV genome upstream of UL138 and stimulates UL138 gene expression in both fibroblasts and
CD34+ HPCs [65]. When EGR-1 binding is disrupted, UL138 expression relative to that of UL135 falls
in CD34+ HPCs and the virus fails to establish latency. By this mechanism, HCMV has hardwired
itself into host signaling pathways to “sense” and “respond” to changes in the cellular environment.
The HCMV micro RNA, miR-US22, downregulates EGR-1 during infection, which results in decreased
UL138 gene expression [22]. Thus, changes in host signaling or the transcriptional environment of the
host influences “decisions” to establish latency or reactivate from latency.

Beyond EGFR, UL138 also enhances levels of tumor necrosis factor-alpha (TNF-x) on the surface
of infected cells [77,78], but more studies are required to define a role for UL138-mediated modulation
of TNF-o in HCMYV latency or in modulation of the innate response to infection. The upregulation
of TNFx may poise cells to sense stress of inflammation and cue reactivation. UL138 has also been
shown to downregulate the multidrug resistance protein 1 (MRP-1) from the surface of infected cells
post-transcriptionally [79]. MRP1 is a transporter that has a broad range of substrates, but one of note
is glutathione [80]. The targeting of MRP1 by UL138 increases susceptibility of CD34+ and CD14+
cells to vincristine [81], and while this provides a possible method to target infected cells, it is not
clear how the regulation of MRP-1 impacts infection. Golgi sorting motifs in UL138 are required for
the downregulation of MRP-1 [81], but they are not important to the establishment of latency [81],
suggesting that the regulation of MRP-1 per se is not important for latency. Collectively these studies
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suggest a broad role in regulating the trafficking of several host proteins with as yet unclear roles
in infection.

Recently, proteomics approaches identified 170 host proteins differentially regulated in fibroblasts
infected with a UL138-deletion mutant relative to wild type virus. These include proteins involved in
the innate immune response, regulating ubiquitination, and vesicular transport [82]. Innate responses
were heightened in cells infected with WT virus relative to a UL138-mutant virus, suggesting that UL138
functions to induce the interferon-stimulated genes to repress virus replication to establish latency.

UL138 gene expression is influenced by other viral factors, including the latency unique
natural antigen or LUNA encoded for by the latency-associated transcript UL81-81ast. Deletion
of LUNA in fibroblast or CD14+ cells caused a 100- or 1000-fold decrease in UL138 transcript
expression, respectively [83]. Further, an HCMV-encoded micro RNA, miR-UL36, was also reported to
downregulate UL138 expression in reported assays, but has not been demonstrated to regulate UL138
in the context of infection [84]. Therefore, HCMV may employ multiple mechanisms to regulate UL138
expression, with significance for the establishment of or reactivation from latency.

4.2. Genes That Are Pro-Reactivation

UL135

The UL135 gene is expressed from the 3.6-kb and 2.7-kb transcripts [66]. The 2.7-kb transcript
initiates downstream of the annotated AUG for initiation of UL135 translation [66]. Further, mutational
analysis shows that the annotated AUG corresponding to the methionine 1 start codon (M1) of UL135
is not used during infection in fibroblasts, and translation initiates at an AUG corresponding to
the annotated M21 [63]. UL135 is expressed as two isoforms. The full-length 308-aa isoform is the
predominantly expressed isoform in the context of infection. This isoform has a predicted TMD near
the N-terminus and it has been demonstrated to be a type-I integral membrane protein that associates
with microsomal membranes [53] and it is likely modified post-translationally [63]. The second isoform
is soluble and initiates at an AUG corresponding to M97 of the full-length protein. During productive
infection, the M21 and M97 isoforms of UL135 have distinct kinetics of expression, where the M97
isoform accumulates at a later times post-infection relative to the M21 isoform [61]. The M97 isoform
also lacks the TMD that is present in the M21 isoform [58]. How these isoforms each contribute to
infection is currently unknown. UL135 also localizes to the Golgi apparatus and actin cytoskeleton
during productive infection in fibroblasts [53,67,85].

UL135 is expressed in all HCMV models of infection: fibroblasts, endothelial cells, CD34" HPCs,
and THP-1 cells [43,53]. Similar to UL138, UL135 is expressed early in a productive infection and
its expression is independent of vDNA synthesis [67,68]. Interestingly, UL135 has an appreciable
role in viral replication across the infections of all three cell types, albeit to varying degrees with
context-dependent subtlety in infection outcomes.

Given that the UL133-UL138 locus is largely dispensable for viral replication in fibroblasts, it was
surprising that disruption of UL135 resulted in a marked defect in initiating replication from the
transfection of full-length genomes into fibroblasts [61]. Because the entire locus could be disrupted,
but not UL135 alone, it was hypothesized that UL135 was required to overcome suppression to virus
replication imposed by another gene within the locus. Indeed, the defect in replication of UL135-mutant
viruses could be partially overcome by the simultaneous disruption of UL138, demonstrating the
antagonistic relationship between UL135 and UL138. Defects in UL135-mutant virus replication in
fibroblasts are less apparent when initiating infection from virus particles, as opposed to genome
transfection, and at higher multiplicity of infection (MOI).

The antagonism between UL135 and UL138 is important to the outcome of infection in CD34+ HPCs.
Specifically, UL135-mutant viruses replicate viral genomes to lower levels and fail to reactivate in latently
infected CD34+ HPCs. Similar to fibroblasts, co-disruption of UL138 partially restores the observed
defects associated with UL135 disruption; genome replication is restored, but reactivation is less efficient
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than wildtype infection, suggesting that UL135 has independent replication/reactivation-promoting
functions beyond antagonizing UL138 [4,61].

Insight into the mechanisms by which UL135 functions have been gleaned from identifying host
interacting partners [58,59,85]. UL135 interacts with EGFR in fibroblasts, a host interaction shared
with UL138 [59]. UL135 targets EGFR for turnover, and its disruptions results in increased levels of
total and cell surface EGFR. UL135 also interacts with the host adapter proteins Abl interacting protein
(Abi)-1, Abi-2, CD2AP, and SH3KBP1 (CINS85) [60,85]. CIN85 and CD2AP bind the same interaction
motif. Abi-1, Abi-2, CD2AP and CIN85 function in regulating cytoskeleton architecture and host
signaling [86-90], suggesting and interaction between UL135 and various protein signaling complexes
of the host cell. Consistent with UL135-mediated turnover of EGFR, Abi-1 and CINS85 recruit the Cbl
E3 ubiquitin ligase that targets EGFR for degradation [86,91-94]. UL135 mutant viruses containing
point mutations within motifs required for interaction with Abi-1 and CIN85/CD2AP are defective in
UL135-mediated trafficking and turnover of EGFR [58]. Disrupting interactions between UL135 and
Abi-1 or CIN85/CD2AP results in increase EGFR on the surface of both fibroblasts and CD34+ HPCs,
and this results in a failure to reactivate from latency in CD34+ HPCs. These findings link the interaction
between UL135 and Abi-1 and CIN85/CD2AP and the targeting of EGFR for turnover to reactivation
from latency. Consistent with this assertion, inhibition of EGFR or its downstream pathways (PI3K/AKT
or MEK/ERK) stimulates reactivation in combination with a stimulus for differentiation and rescues
replication of UL135-mutant viruses [59,65].

Beyond EGFR, interactions between UL135, Abi-1 and Abi-2 have been shown to regulate the
WAVE2 regulatory complex to remodel the cellular actin cytoskeleton (f-actin) and evade recognition
by natural killer and T cells [85]. This model implicates a novel role of UL135 in immune evasion to
ensure undetected infection, a role that may be particularly important in reactivation. Furthermore,
UL135 has an epistatic relationship with the viral protein kinase UL97 in facilitating the progression of
the lytic infection cycle [61,95]. Specifically, the loss of UL97, the only virus-coded serine/threonine
protein kinase, has little effect on replication of laboratory strains (lacking ULb" region) but results
in a significantly more pronounced defect in low-passage strains [96]. The requirement for UL97
is conferred by UL135 [60,95]. Both UL97 and UL135 are required to drive a second wave of IE2
expression from the MIEP to stimulate viral gene expression and genome synthesis. This induction of
IE2 governed by UL97 and UL135 is significant for infection with 10- to 1000-fold defects in replication
when either is inhibited [95]. Taken together these findings indicate important replication-promoting
functions for UL135 that function to control “decisions” to enter or exit replicative states.

4.3. UL136: A Gene with One Hand in Latency and the Other in Reactivation

UL136 is a 753-bp gene sandwiched between UL135 and UL138, and is expressed with later
kinetics than UL135 and UL138 [68]. Five protein isoforms of UL136 with molecular masses ranging
from 19- to 33-kDa originate from multiple transcription and, possibly translation initiation start
sites [68] (Figure 1). Each of the isoforms will be referred to according to their molecular mass
(e.g., UL136p33 for the full-length 33 kDa isoform). A putative TMD comprised of 22 amino acids
was identified in silico in the 2 larger isoforms, UL136p33 and UL136p26. The TMD-dependent
topology of the 3 isoforms is not definitive [53]. The UL136 isoforms exhibit distinct subcellular
localization when overexpressed in fibroblasts, where UL136p33 and UL136p25 are predominantly
Golgi localized whereas, UL136p26 is partially localized to the Golgi and UL136p23 and UL136p19
are distributed throughout the cytoplasm [68]. The presence of UL136p26 in the Golgi primarily
reflects its synthesis, since it is cleared from the biosynthetic pathway when ongoing translation is
inhibited. In the context of infection, all isoforms partially localize with the Golgi, but in this context
only UL136p26 is predominantly associated with the Golgi, and the Golgi-cytoplasmic distribution of
the other UL136 isoforms is altered from the context where they are expressed transiently. The altered
distribution in infection may reflect interactions between isoforms or with other viral proteins.
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Expression of UL136 isoforms in fibroblasts follows a kinetic pattern (Figure 2B) characterized
by accumulation of UL136p33, UL136 p23/p19 beginning at 24 hpi in high MOI infection. The levels
of these isoforms peak by 48-72 hpi, and then decline thereafter [68]. By contrast, UL136p26 and
UL136p25 accumulate robustly by 12 hpi and are present stably through the course of infection. While
UL133, UL135 and UL138 are expressed with early kinetics, transcripts encoding UL136 isoforms
do not accumulate robustly until after the onset of viral genome synthesis and inhibition of viral
genome synthesis sharply diminishes the accumulation of UL136 proteins, indicating early-late
kinetics. This intriguing observation offers the possibility that UL136 is expressed later to regulate the
transition between UL135- or UL138-dominant states of infections. The differential expression patterns
and subcellular localization of the UL136 isoforms suggests that each isoform plays a distinct role

in infection.
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Figure 2. The UL133-138 gene locus and its effect on latency and reactivation. (A) UL138 (red)
suppresses virus replication for latency and UL135 (green) is required to overcome these suppressive
effects for replication and reactivation. UL136 is expressed as at least five protein isoforms. Like UL133
and UL138, UL136p23/p19 are pro-latency proteins, whereas like UL135, UL136p33 and UL136p26
favor virus replication and are required for reactivation. UL136p25 has context-dependent functions,
which need to be further defined. (B) Temporal regulation of the UL133-UL138 genes. Important in
this cascade is the differential kinetics of gene expression: early expression of UL135 and UL138 and
the early-late expression of UL136 isoforms. Maximal UL136 expression depends on viral genome
synthesis, indicating that induction of its expression may function to commit the virus to replicative
state or that it mediates the transition between UL138-dominant latent and UL135-dominant replicative
states. IE is an acronym for immediate early and E/L denotes early/late.

While UL136 and its isoforms are dispensable for replication in fibroblasts, they have
replication-promoting (UL136p33 and UL136p26) and -suppressing (UL136p23/UL136p19) functions in
endothelial cells [51]. The loss of UL136p33 or UL136p26 results in defects in replication and maturation
in endothelial cells. The small soluble UL136p23 and p19 isoforms have not been separated genetically,
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but a virus lacking both isoforms has a replicative advantage in endothelial cells. Disruption of
the UL136p25 produces no phenotypes in endothelial cells. Interestingly, the replication defects or
enhancement associated UL136-mutant viruses in endothelial cells largely correlate with the failure to
reactivate from or establish latency, as described in further detail below.

The distinct roles of the UL136 isoforms associated with infection in hematopoietic cells are
summarized in Figure 2. Viruses lacking UL136p33 and p26 fail to reactivate in CD34+ HPCs or in
huNSG mice, indicating that they are both required for reactivation in CD34+ HPCs [51]. By contrast,
the 2 small soluble isoforms, UL136p23/UL136p19, suppress virus replication in CD34+ HPCs and
huNSG mice. Viruses that lacked UL136p23/UL136p19 replicated but failed to establish latency
in CD34+ HPCs as shown by a high frequency of infectious centers pre-reactivation compared to
wild-type infection [51]. Similarly, in huNSG mice, viral genomes in the spleen and liver before or
after G-CSF-stimulated reactivation were greater than the WT-infection prior to reactivation. The role
of UL136p25 isoform in latency is intriguingly context dependent. UL136p25 favors latency in
CD34+ HPCs; its absence results in augmented reactivation in CD34+ HPCs. However, in huNSG
mice, disruption of UL136p25 results in a failure to reactivate, suggesting a requirement for this
isoform in reactivation and dissemination to the liver and spleen [51]. In endothelial cells, UL136p25
appears to enhance the replication-promoting properties of UL136p33 and UL136p26 in the absence
of UL136p23/UL13619 [51]. These studies collectively demonstrate that the UL136 isoforms have
cooperative and opposing functions in infection and it will be important to understand how the isoforms
function together or are differentially regulated in different contexts of infection. The mechanisms by
which UL136 functions remain to be defined.

5. Mechanisms of UL133-UL138 Function and the Manipulation of Cell Signaling Pathways for
Latency and Reactivation

The complexity and interplay between latently infected cell-extrinsic factors (e.g., immune
response, allogenic stimulation, immunocompromisation) and cell-intrinsic factors (e.g., signaling,
survival, viral gene expression) has made defining mechanisms of latency and reactivation challenging.
The identification of viral determinants that play roles in suppressing the replicative cycle for latency
or in promoting reactivation from latency has been an important step forward in defining cell-intrinsic
mechanisms of latency and reactivation, which are the focus of this review. However, cell-extrinsic
mechanisms are also emerging for UL133-UL138 genes that impact the environment for latency or
reactivation and immune evasion during reactivation [82,85].

HCMYV infection induces dramatic changes in cellular signaling pathways during infection.
During early infection, within minutes, pathways activated by the virus include the hydrolysis
of phosphatidylinositol-4,5-bisphosphate and the synthesis of arachidonic acid [97,98]. These
perturbations are induced by UV-inactivated virus particles, suggesting that the early signaling
pathways are activated by structural components of the HCMYV particle. For example, glycoprotein
B (gB) activates the interferon response, PDGFR and EGFR pathways, NF«B and atypical PI3K/AKT
signaling [98-103]. However, as infection progresses many of these pathways are sharply
attenuated [59,65]. Other pathways are known to be altered by HCMV including, AMPK and
WNT signaling [98,104-108]. The alteration of host signaling pathways allows the virus to manipulate
cellular processes affecting gene expression and protein translation, differentiation, stress, intrinsic
and innate responses, and metabolism for replicative and latent infections. While viral miRNAs and
proteins have been identified that regulate these pathways, providing important mechanistic insights,
much remains to be understood about the complexity and nuance of signaling in different contexts of
HCMV infection.

Stress or differentiation pathways are typically associated with reactivation from latency [24,29,36,50,109].
But how does the virus “sense” and “respond” to changes in the infected cell to navigate the “decisions”
to sustain the latent program or to reactivate? It has long been appreciated that the HCMV genome is
replete with host transcription factor binding sites, indicating a co-evolution towards responsiveness
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to host cues. Interaction between HCMV and EGEFR at the cell surface (Figure 3) is important in the
stimulation of signaling pathways to traffic its DNA to the nuclei and to induce signaling important for
the establishment of latency in CD34+ cells [110]. HCMYV infection increases EGFR protein turnover [59],
in addition to a transcriptional downregulation of EGFR [111,112], which together results in a 70%
reduction in total levels of EGFR. This finding indicates that the virus attenuates EGFR signaling for
optimal replication. UL135 and UL138 further regulate EGFR as discussed above. When UL135 is
disrupted, EGFR levels increase by ~30% on the cell surface, whereas disruption of UL138 decreases
surface EGFR by ~20% [59]. Outside of infection, overexpression of UL135 resulted in a decrease in
surface EGFR levels, but overexpression of UL138 alone had no effect, suggesting that additional viral
factors work in concert with UL138 to increase EGFR on the cell surface [59].

EGEFR signaling post-entry and delivery of the viral genome to the nucleus, constrains the viral
replication program in both fibroblasts and CD34+ HPCs. Inhibition of EGFR or its downstream
pathways, PI3K/AKT, MEK/ERK and JAK/STAT, diminish viral latency and enhance replication,
particularly in combination with stimuli to differentiate [59,65]. Phosphorylation of AKT in this
pathway leads to changes in the host transcriptional milieu or activation of the kinase, mTOR, which
affect cell proliferation, differentiation, inflammation and survival. PI3K signaling is important for
the survival of HCMV-infected monocytes [113,114]. The role of sustained PI3K/AKT signaling for
latency is a phenomenon shared with other herpesviruses, such as Epstein Barr virus, in which latent
membrane proteins (LMP) 1 and 2a activate PI3K signaling [115-117]. Further, herpes simplex virus 1
(HSV-1) VP11/12 indirectly activates PI3K signaling by interacting with Src-kinase family members
Grb2, Shc, and p85, and Kaposi sarcoma-associated herpesvirus (KSHV), which uses both its K1 protein
and G protein coupled receptor to activate PI3K/AKT signaling [118,119]. In HSV-1 latency in neurons,
PI3K/AKT signaling triggered through the NGF-binding to TrkA receptor tyrosine kinase activates
PDK1 and this specific signaling pathway is required to sustain latency [120]. The precise requirement
for PI3K/AKT signaling in CD34+ HPCs for latency is not yet known.

Recently, Buehler et al. found that UL138-mediated stimulation of EGFR induces EGR1 through
MEK/ERK signaling in CD34+ HPCs [62]. EGR1 is highly expressed in CD34+ HPCs to maintain their
progenitor phenotype [64], and it was shown that the stimulation of EGR-1 is one way that MEK/ERK
signaling contributes to latency [62]. In turn, EGR1 feeds back to stimulate UL138 expression for latency
and miR-US22 targets EGR-1 for downregulation, reducing UL138 expression for reactivation [22].
Consistent with these findings, inhibition of EGFR decreases UL138 expression [110]. Collectively,
these findings indicate a regulatory circuit where the viral program of gene expression is at least
partially dictated by the signaling and transcriptional environment of the infected cell (Figure 3).
Understanding the signalosome important for the establishment of latency in CD34+ HPCs is a key
focus of future work.

The MEK/ERK pathway, as activated via RAS and RAF to increase cell motility/migration [121],
and is also important for the survival of infected cells. MEK/ERK signaling prevents cell death in
HCMV-infected CD34+ cells through the induction of MCL-1 in latently infected CD34+ cells [122,123].
MCL-1 is induced independently of viral gene expression by gB and gH/gL during virus binding and
entry. In addition to stimulating MCL-1 to prevent cell death, ERK signaling through Elk-1 decreases
levels of the proapoptotic proteins BIM and PUMA. Similar to the initial stimulation of EGFR by virus
entry into CD34+ HPCs, these findings demonstrate that very early events are important to establish a
cellular environment for HCMYV latency.
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Figure 3. Model of UL133-UL138 virus-host interactions and signaling impacting latency and
reactivation. Virus binding and entry stimulates EGFR, PI3K/AKT, and MEK/ERK signaling to set a
cellular environment conducive for latency. MEK/ERK stimulates Elk-1-mediated expression of MCL-1
for survival and also downregulates pro-apoptotic Bim and Puma. In latency, the viral genome is
repressed, and gene expression is restricted to very low levels. EGFR and downstream PI3K/AKT and
MEK/ERK pathways are important for the establishment of latency. MEK/ERK signaling stimulates
EGR-1 expression in CD34+ HPCs, which stimulates UL138 gene expression to further enforce the
latent infection. UL138 regulates a number of cell surface receptors, including TNFR1, MRP1 and
EGFR; the significance of these receptors and their regulation by UL138 is not completely defined,
but inhibition of EGFR and its downstream pathways stimulate reactivation and replication. UL135 is
expressed upon reactivation. Its interaction with the adapter proteins ABI-1 and CIN85 modulate EGFR
lysosomal turnover and cytoskeleton remodeling. The question marks denote a protein function that is
currently full defined in the context of latency and needs further study in that context. US28, UL7 and
miR-US22 have been show to impact pathways and signaling affected by UL133-UL138. Understanding
how these viral factors synergize with or anatomize UL133-UL138 modulation is an important area for
future directions.

In addition to enhancing EGFR on the cell surface, UL138 also enhances the expression of tumor
necrosis factor alpha receptor (TNFR) at the cell surface (Figure 3), thus sensitizing infected cells to
TNF-a signaling [77,78]. As TNF-« stimulates reactivation from latency, inflammation and cell death,
this is a rather curious manipulation of host cell signaling by a viral protein well established to drive
latency [47,124]. The TNF-o effect of stimulating reactivation was initially observed in latently infected
Kasumi cells, a clonal cell line derived from blasts of a patient with myeloperoxidase-negative acute
leukemia [125]. Downstream TNF-« signaling stimulates NF«kB, which can stimulate MIEP enhancer
region to promote viral gene expression [126]. TNF-« has been shown to stimulate IE gene re-expression
for reactivation independently of differentiation [124]. It is possible that UL138-driven elevation
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of TNFR surface levels function to poise latently infected cells to respond to cues for reactivation.
It remains to be determined how elevated TNFR might affect the inflammatory state of the infected cell.
This presents an interesting model whereby UL138 may establish a multi-pronged system to intercept
or filter cellular cues to sustain the latent infection or reactivate from latency.

UL7is an additional HCMV gene important for viral reactivation that acts as a ligand for the cellular
Fl1t3 receptor [40]. UL7 stimulates PI3K/AKT and MAPK/ERK signaling and induces differentiation of
monocytes and CD34+ HPCs. This finding is consistent with the requirement for MEK/ERK signaling
for IL-6-driven stimulation of reactivation in DCs and other myeloid or progenitor hematopoietic cell
types or lines [122,123,127], but runs contrary to findings that attenuation of PI3K/AKT and MEK/ERK
signal reactivation in CD34+ HPCs [59,65]. It will be important going forward to determine if there is
a context dependence or timing roles in downregulating or upregulating PI3K/AKT and MEK/ERK
signaling for HCMYV latency and reactivation. It is possible that early events in reactivation (e.g., UL135)
attenuate these pathways only for later events (e.g., UL7) to activate them for differentiation.

US28, one of four HCMV GPCRs, has both ligand-dependent and constitutive signaling activities
and has been shown to have complex roles in latency as well as reactivation. Ligand-independent,
constitutive US28 signaling activity attenuates MAPK and NFkB signaling, reducing c-fos/AP-1
activation of immediate early viral gene expression but activate immediate early gene expression in
response to cellular differentiation [20,21,128]. Reporter assays show that US28 constitutive signaling
activity suppressed immediate early gene expression in undifferentiated THP-1 cells, but activates
immediate early gene expression in differentiated THP-1 cells [128]. However, it has also been
shown in primary CD34+ cells and humanized mouse models that US28 is required for reactivation,
but that ligand-dependent signaling is suppressive and required for latency [129]. While more work is
required to understand the nuance and context-dependence of US28-mediated signaling to latency
and reactivation, it will also be important to understand how US28 might be functioning to synergize
with or antagonize other viral determinants of latency and reactivation.

HCMYV miRNAs are a powerful mechanism by which to fine-tune expression of viral or cellular
gene expression to regulate latency since they are non-immunogenic and play key roles in latency and
reactivation. Many HCMV miRNAs target key regulators of host signaling pathways. In addition
to miR-US22 targeting EGR-1, miR-UL22A is also required for reactivation and targets SMAD3 to
negatively regulate myelosuppressive TGF-§3 signaling in infected cells [39]. Moreover, miR-US5-1
contributes to more global myelosuppression by targeting the NAB-1 transcriptional suppressor
to stimulate TGF-3 expression and secretion. This indicates an elegant mechanism by which
HCMV-induces myelosuppression, while protecting the ability of infected cells to differentiate.

Beyond host interactions and the regulation of signaling, the relative expression levels of the
UL133-UL138 gene products, particularly those that oppose one another, is another important point of
control in regulating latent and replicative states. While the transcripts encoding UL133-UL138 are 3’
co-terminal, they have distinct 5 ends (Figure 1). The promoter or regulatory element(s) driving these
transcripts have not been thoroughly mapped, but the possibility exists that transcripts encoded by
this region may be expressed differentially depending on the context of infection to allow, for example,
the accumulation of UL138 over UL135 or the greater accumulation of some UL136 isoforms over
others. Some evidence for this regulation exists. In THP-1 cells, the UL138 protein can be detected
throughout the time course of infection, but UL135 is silenced with the establishment of latency and is
only detected upon reactivation [43]. Further, when EGR-1 binding upstream of UL138 is disrupted,
relative levels of transcripts shift to favor the larger transcripts including UL135 over smaller transcripts
encoding replication-suppressive UL136p23/19 and UL138 [65]. Therefore, in contexts such as CD34+
HPCs, where EGR-1 is highly expressed, UL138 might be expressed to a greater extent relative to
UL135 to favor the establishment of latency. Much remains to be understood about how expression
from the UL133-UL138 locus is regulated to control the transitions into and out of latency.
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6. Questions for Future Directions

The polycistronic 133-138 gene locus is specific to CMV strains infecting higher-order primates,
reflecting its co-evolution with long-lived primates and the need to regulate specific host biology.
Notable strides have been realized in understanding the function of UL135 and UL138, but many
questions remain in fully understanding of each of the UL133-UL138 gene locus products, how their
functions are coordinated and regulated, and their mechanisms of action in the infected cell. Going
forward, it will be important to understand the nuances in the regulation and timing of PI3K/AKT and
MEK/ERK signaling pathways for latency and regulation by the multitude of viral factors targeting
these pathways. While it is clear that the regulation of host signaling is critical for establishing or
exiting latency, much remains to be understood about how virus manipulation of these pathways
impacts the biology of the infected cell with regards to cell survival, differentiation, viral or cellular
gene transactivation, protein translation, and the inflammatory response.

Funding: This work was supported by grants from the National Institute of Allergy and Infectious Diseases,
National Institutes of Health AI079059 and AI127335 to FG.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zuhair, M.; Smit, G.S.A.; Wallis, G.; Jabbar, F.; Smith, C.; Devleesschauwer, B.; Griffiths, P. Estimation of the
worldwide seroprevalence of cytomegalovirus: A systematic review and meta-analysis. Rev. Med. Virol.
2019, 29, €2034. [CrossRef] [PubMed]

2. Cannon, M.J,; Schmid, D.S.; Hyde, T.B. Review of cytomegalovirus seroprevalence and demographic
characteristics associated with infection. Rev. Med. Virol. 2010, 20, 202-213. [CrossRef] [PubMed]

3.  Britt, W. Manifestations of Human Cytomegalovirus Infection: Proposed Mechanisms of Acute and Chronic
Disease. In Human Cytomegalovirus; Shenk, T.E., Stinski, M.E,, Eds.; Springer: Berlin/Heidelberg, Germany,
2008; pp. 417-470.

4. Goodrum, F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annu. Rev. Virol. 2016, 3,
333-357. [CrossRef]

5. Sinclair, J.; Reeves, M. The intimate relationship between human cytomegalovirus and the dendritic cell
lineage. Front. Microbiol. 2014, 5, 389. [CrossRef]

6.  Taylor-Wiedeman, J.; Sissons, ].G.P,; Borysiewicz, L.K.; Sinclair, ].H. Monocytes are a major site of persistence
of human cytomegalovirus in peripheral blood mononuclear cells. J. Gen. Virol. 1991, 72, 2059-2064.
[CrossRef] [PubMed]

7.  Falagas, M.E.; Arbo, M.; Ruthazer, R.; Griffith, ].L.; Werner, B.G.; Rohrer, R.; Freeman, R.; Lewis, W.D.;
Snydman, D.R. Cytomegalovirus disease is associated with increased cost and hospital length of stay among
orthotopic liver transplant receipients. Transplantation 1997, 63, 1595-1601. [CrossRef] [PubMed]

8.  Razonable, R.R. Epidemiology of cytomegalovirus disease in solid organ and hematopoietic stem cell
transplant recipients. Am. J. Health-Syst. Pharm. 2005, 62, S7-S13. [CrossRef]

9. Das, AJ.P. Cytomegalovirus Infection in Solid Organ Transplantation. Pharmacoeconomics 2003, 21, 467-475.
[CrossRef]

10. Reddehase, M.]. Mutual Interference between Cytomegalovirus and Reconstitution of Protective Immunity
after Hematopoietic Cell Transplantation. Front. Immunol. 2016, 7, 294. [CrossRef]

11. Cinatl Jr, J.; Cinatl, J.; Vogel, ].U.; Rabenau, H.; Kornhuber, B.; Doerr, H.W. Modulatory Effects of Human
Cytomegalovirus Infection on Malignant Properties of Cancer Cells. Intervirology 1996, 39, 259-269. [CrossRef]

12.  Herbein, G. The Human Cytomegalovirus, from Oncomodulation to Oncogenesis. Viruses 2018, 10, 408.
[CrossRef] [PubMed]

13. Jeon,].; Victor, M.; Adler, S.P,; Arwady, A.; Demmler, G.; Fowler, K.; Goldfarb, J.; Keyserling, H.; Massoudi, M.;
Richards, K,; et al. Knowledge and awareness of congenital cytomegalovirus among women. Infect. Dis.
Obs. Gynecol. 2006, 2006, 80383. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/rmv.2034
http://www.ncbi.nlm.nih.gov/pubmed/30706584
http://dx.doi.org/10.1002/rmv.655
http://www.ncbi.nlm.nih.gov/pubmed/20564615
http://dx.doi.org/10.1146/annurev-virology-110615-042422
http://dx.doi.org/10.3389/fmicb.2014.00389
http://dx.doi.org/10.1099/0022-1317-72-9-2059
http://www.ncbi.nlm.nih.gov/pubmed/1654370
http://dx.doi.org/10.1097/00007890-199706150-00010
http://www.ncbi.nlm.nih.gov/pubmed/9197352
http://dx.doi.org/10.1093/ajhp/62.suppl_1.S7
http://dx.doi.org/10.2165/00019053-200321070-00002
http://dx.doi.org/10.3389/fimmu.2016.00294
http://dx.doi.org/10.1159/000150527
http://dx.doi.org/10.3390/v10080408
http://www.ncbi.nlm.nih.gov/pubmed/30081496
http://dx.doi.org/10.1155/IDOG/2006/80383
http://www.ncbi.nlm.nih.gov/pubmed/17485810

Viruses 2020, 12, 714 16 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Boppana, S.B.; Fowler, K.B.; Britt, W.J.; Stagno, S.; Pass, R.F. Symptomatic Congenital Cytomegalovirus
Infection in Infants Born to Mothers with Preexisting Immunity to Cytomegalovirus. Pediatrics 1999, 104, 55.
[CrossRef] [PubMed]

Fowler, K.B.; Stagno, S.; Pass, R.F; Britt, W].; Boll, T.J.; Alford, C.A. The Outcome of Congenital
Cytomegalovirus Infection in Relation to Maternal Antibody Status. New Engl. |. Med. 1992, 326, 663667 .
[CrossRef] [PubMed]

Larsson, S.; Soderberg-Naucler, C.; Wang, FEZ.; Moller, E. Cytomegalovirus DNA can be detected in
peripheral blood mononuclear cells from all seropositive and most seronegative healthy blood donors over
time. Transfusion 1998, 38, 271-278. [CrossRef]

Goodrum, FD.; Jordan, C.T,; High, K.; Shenk, T. Human cytomegalovirus gene expression during infection
of primary hematopoietic progenitor cells: A model for latency. Proc. Natl. Acad. Sci. USA 2002, 99, 16255.
[CrossRef]

Hogge, D.E.; Lansdorp, PM.; Reid, D.; Gerhard, B.; Eaves, C.J. Enhanced detection, maintenance,
and differentiation of primitive human hematopoietic cells in cultures containing murine fibroblasts
engineered to produce human steel factor, interleukin-3, and granulocyte colony-stimulating factor. Blood
1996, 88, 3765-3773. [CrossRef]

Umashankar, M.; Goodrum, F. Hematopoietic Long-Term Culture (hLTC) for Human Cytomegalovirus
Latency and Reactivation. In Human Cytomegaloviruses: Methods and Protocols; Yurochko, A.D.,
Miller, W.E., Eds.; Humana Press: Totowa, NJ, USA, 2014; pp. 99-112.

Krishna, B.A.; Humby, M.S.; Miller, W.E.; O’Connor, C.M. Human cytomegalovirus G protein-coupled
receptor US28 promotes latency by attenuating c-fos. Proc. Natl. Acad. Sci. USA 2019, 116, 1755. [CrossRef]
Humby, M.S.; O’Connor, CM. Human Cytomegalovirus US28 Is Important for Latent Infection of
Hematopoietic Progenitor Cells. J. Virol. 2015, 90, 2959-2970. [CrossRef]

Mikell, I.; Crawford, L.B.; Hancock, M.H.; Mitchell, J.; Buehler, J.; Goodrum, F.; Nelson, J.A. HCMV miR-US22
down-regulation of EGR-1 regulates CD34+ hematopoietic progenitor cell proliferation and viral reactivation.
PLoS Pathog. 2019, 15, €1007854. [CrossRef]

Rossetto, C.C.; Tarrant-Elorza, M.; Pari, G.S. Cis and Trans Acting Factors Involved in Human
Cytomegalovirus Experimental and Natural Latent Infection of CD14 (+) Monocytes and CD34 (+) Cells.
PLoS Pathog. 2013, 9, €1003366. [CrossRef] [PubMed]

Reeves, M.; Sinclair, J. Aspects of human cytomegalovirus latency and reactivation. Curr. Top. Microbiol. Immunol.
2008, 325,297-313. [PubMed]

Dupont, L.; Reeves, M.B. Cytomegalovirus latency and reactivation: Recent insights into an age old problem.
Rev. Med. Virol. 2016, 26, 75-89. [CrossRef] [PubMed]

Peppenelli, M.A.; Buehler, J.; Goodrum, F. Human hematopoietic long-term culture (hLTC) for human
cytomegalovirus latency and reactivation. Hum. Cytomegaloviruses Springer 2020. (In Press)

Reeves, M.B.; MacAry, PA.; Lehner, PJ.; Sissons, ].G.P; Sinclair, ].H. Latency, chromatin remodeling,
and reactivation of human cytomegalovirus in the dendritic cells of healthy carriers. Proc. Natl. Acad. Sci. USA
2005, 102, 4140. [CrossRef]

Sinclair, J.H.; Baillie, J.; Bryant, L.A.; Taylor-Wiedeman, J.A.; Sissons, J.G.P. Repression of human
cytomegalovirus major immediate early gene expression in a monocytic cell line. J. Gen. Virol. 1992,
73,433-435. [CrossRef]

Soderberg-Nauclér, C.; Streblow, D.N.; Fish, K.N.; Allan-Yorke, J.; Smith, PP,; Nelson, J.A. Reactivation
of latent human cytomegalovirus in CD14(+) monocytes is differentiation dependent. J. Virol. 2001, 75,
7543-7554. [CrossRef]

Soderberg-Nauclér, C.; Fish, K.N.; Nelson, J.A. Reactivation of Latent Human Cytomegalovirus by Allogeneic
Stimulation of Blood Cells from Healthy Donors. Cell 1997, 91, 119-126. [CrossRef]

Jackson, J.W.; Sparer, T. There Is Always Another Way! Cytomegalovirus’ Multifaceted Dissemination
Schemes. Viruses 2018, 10, 383. [CrossRef]

Collins-McMillen, D.; Chesnokova, L.; Lee, B.-].; Fulkerson, H.L.; Brooks, R.; Mosher, B.S.; Yurochko, A.D.
HCMYV Infection and Apoptosis: How Do Monocytes Survive HCMV Infection? Viruses 2018, 10, 533.
[CrossRef]

Hargett, D.; Shenk, T.E. Experimental human cytomegalovirus latency in CD14+ monocytes. Proc. Natl.
Acad. Sci. USA 2010, 107, 20039. [CrossRef] [PubMed]


http://dx.doi.org/10.1542/peds.104.1.55
http://www.ncbi.nlm.nih.gov/pubmed/10390260
http://dx.doi.org/10.1056/NEJM199203053261003
http://www.ncbi.nlm.nih.gov/pubmed/1310525
http://dx.doi.org/10.1046/j.1537-2995.1998.38398222871.x
http://dx.doi.org/10.1073/pnas.252630899
http://dx.doi.org/10.1182/blood.V88.10.3765.bloodjournal88103765
http://dx.doi.org/10.1073/pnas.1816933116
http://dx.doi.org/10.1128/JVI.02507-15
http://dx.doi.org/10.1371/journal.ppat.1007854
http://dx.doi.org/10.1371/journal.ppat.1003366
http://www.ncbi.nlm.nih.gov/pubmed/23717203
http://www.ncbi.nlm.nih.gov/pubmed/18637513
http://dx.doi.org/10.1002/rmv.1862
http://www.ncbi.nlm.nih.gov/pubmed/26572645
http://dx.doi.org/10.1073/pnas.0408994102
http://dx.doi.org/10.1099/0022-1317-73-2-433
http://dx.doi.org/10.1128/JVI.75.16.7543-7554.2001
http://dx.doi.org/10.1016/S0092-8674(01)80014-3
http://dx.doi.org/10.3390/v10070383
http://dx.doi.org/10.3390/v10100533
http://dx.doi.org/10.1073/pnas.1014509107
http://www.ncbi.nlm.nih.gov/pubmed/21041645

Viruses 2020, 12, 714 17 of 21

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Stevenson, E.V.; Collins-McMillen, D.; Kim, J.H.; Cieply, S.J.; Bentz, G.L; Yurochko, A.D. HCMV
reprogramming of infected monocyte survival and differentiation: A Goldilocks phenomenon. Viruses 2014,
6, 782-807. [CrossRef] [PubMed]

Chan, G.; Nogalski, M.T.; Yurochko, A.D. Human cytomegalovirus stimulates monocyte-to-macrophage
differentiation via the temporal regulation of caspase 3. J. Virol. 2012, 86, 10714-10723. [CrossRef] [PubMed]
Smith, M.S.; Bentz, G.L.; Alexander, J.S.; Yurochko, A.D. Human Cytomegalovirus Induces Monocyte
Differentiation and Migration as a Strategy for Dissemination and Persistence. . Virol. 2004, 78, 4444.
[CrossRef] [PubMed]

Simmons, P.; Kaushansky, K.; Torok-Storb, B. Mechanisms of cytomegalovirus-mediated myelosuppression:
Perturbation of stromal cell function versus direct infection of myeloid cells. Proc. Natl. Acad. Sci. USA 1990,
87,1386. [CrossRef] [PubMed]

Randolph-Habecker, J.; Iwata, M.; Torok-Storb, B. Cytomegalovirus mediated myelosuppression. . Clin. Virol.
2002, 25, 51-56. [CrossRef]

Hancock, M.H.; Crawford, L.B.; Pham, A.H.; Mitchell, J.; Struthers, H.M.; Yurochko, A.D.; Caposio, P.;
Nelson, J.A. Human Cytomegalovirus miRNAs Regulate TGF-f3 to Mediate Myelosuppression while
Maintaining Viral Latency in CD34+ Hematopoietic Progenitor Cells. Cell Host Microbe 2020, 27, 104-114.e4.
[CrossRef]

Crawford, L.B.; Kim, J.H.; Collins-McMillen, D.; Lee, B.-].; Landais, I.; Held, C.; Nelson, J.A.; Yurochko, A.D.;
Caposio, P. Human Cytomegalovirus Encodes a Novel FLT3 Receptor Ligand Necessary for Hematopoietic
Cell Differentiation and Viral Reactivation. mBio 2018, 9, e00682-18. [CrossRef]

Tsuchiya, S.; Yamabe, M.; Yamaguchi, Y.; Kobayashi, Y.; Konno, T.; Tada, K. Establishment and characterization
of a human acute monocytic leukemia cell line (THP-1). Int. J. Cancer 1980, 26, 171-176. [CrossRef]
Bosshart, H.; Heinzelmann, M. THP-1 cells as a model for human monocytes. Ann. Transl. Med. 2016, 4, 438.
[CrossRef]

Collins-McMillen, D.; Rak, M.; Buehler, ]J.C.; Igarashi-Hayes, S.; Kamil, ].P.; Moorman, N.]J.; Goodrum, F.
Alternative promoters drive human cytomegalovirus reactivation from latency. Proc. Natl. Acad. Sci. USA
2019, 116, 17492. [CrossRef]

Arcangeletti, M.-C.; Vasile Simone, R.; Rodighiero, I.; De Conto, F.; Medici, M.-C.; Maccari, C.; Chezzi, C.;
Calderaro, A. Human cytomegalovirus reactivation from latency: Validation of a “switch” model in vitro.
Virol. . 2016, 13, 179. [CrossRef]

Saffert, R.T.; Penkert, RR.; Kalejta, R.F. Cellular and Viral Control over the Initial Events of Human
Cytomegalovirus Experimental Latency in CD34+ Cells. J. Virol. 2010, 84, 5594. [CrossRef] [PubMed]

Yee, L.-F,; Lin, P.L.; Stinski, M.E. Ectopic expression of HCMYV IE72 and IE86 proteins is sufficient to induce
early gene expression but not production of infectious virus in undifferentiated promonocytic THP-1 cells.
Virology 2007, 363, 174-188. [CrossRef]

O’Connor, C.M.; Murphy, E.A. A myeloid progenitor cell line capable of supporting human cytomegalovirus
latency and reactivation, resulting in infectious progeny. J. Virol. 2012, 86, 9854-9865. [CrossRef] [PubMed]
Meier, J.L. Reactivation of the human cytomegalovirus major immediate-early regulatory region and viral
replication in embryonal NTera2 cells: Role of trichostatin A, retinoic acid, and deletion of the 21-base-pair
repeats and modulator. . Virol. 2001, 75, 1581-1593. [CrossRef] [PubMed]

Crawford, L.B.; Streblow, D.N.; Hakki, M.; Nelson, J.A.; Caposio, P. Humanized mouse models of human
cytomegalovirus infection. Curr. Opin. Virol. 2015, 13, 86-92. [CrossRef] [PubMed]

Smith, M.S.; Goldman, D.C.; Bailey, A.S.; Pfaffle, D.L.; Kreklywich, C.N.; Spencer, D.B.; Othieno, FA.;
Streblow, D.N.; Garcia, J.V.; Fleming, W.H.; et al. Granulocyte-colony stimulating factor reactivates human
cytomegalovirus in a latently infected humanized mouse model. Cell Host Microbe 2010, 8, 284-291. [CrossRef]
Caviness, K.; Bughio, F,; Crawford, L.B.; Streblow, D.N.; Nelson, J.A.; Caposio, P.; Goodrum, E. Complex
Interplay of theUL136 Isoforms Balances Cytomegalovirus Replication and Latency. mBio 2016, 7, e01986-15.
[CrossRef]

Hess, D.A.; Bonde, |.; Craft, T.P.; Wirthlin, L.; Hohm, S.; Lahey, R.; Todt, L.M.; Dipersio, J.F.; Devine, S.M.;
Nolta, J.A. Human progenitor cells rapidly mobilized by AMD3100 repopulate NOD/SCID mice with
increased frequency in comparison to cells from the same donor mobilized by granulocyte colony stimulating
factor. Biol. Blood Marrow Transpl. 2007, 13, 398-411. [CrossRef]


http://dx.doi.org/10.3390/v6020782
http://www.ncbi.nlm.nih.gov/pubmed/24531335
http://dx.doi.org/10.1128/JVI.07129-11
http://www.ncbi.nlm.nih.gov/pubmed/22837201
http://dx.doi.org/10.1128/JVI.78.9.4444-4453.2004
http://www.ncbi.nlm.nih.gov/pubmed/15078925
http://dx.doi.org/10.1073/pnas.87.4.1386
http://www.ncbi.nlm.nih.gov/pubmed/2154745
http://dx.doi.org/10.1016/S1386-6532(02)00092-6
http://dx.doi.org/10.1016/j.chom.2019.11.013
http://dx.doi.org/10.1128/mBio.00682-18
http://dx.doi.org/10.1002/ijc.2910260208
http://dx.doi.org/10.21037/atm.2016.08.53
http://dx.doi.org/10.1073/pnas.1900783116
http://dx.doi.org/10.1186/s12985-016-0634-z
http://dx.doi.org/10.1128/JVI.00348-10
http://www.ncbi.nlm.nih.gov/pubmed/20335255
http://dx.doi.org/10.1016/j.virol.2007.01.036
http://dx.doi.org/10.1128/JVI.01278-12
http://www.ncbi.nlm.nih.gov/pubmed/22761372
http://dx.doi.org/10.1128/JVI.75.4.1581-1593.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160656
http://dx.doi.org/10.1016/j.coviro.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26118890
http://dx.doi.org/10.1016/j.chom.2010.08.001
http://dx.doi.org/10.1128/mBio.01986-15
http://dx.doi.org/10.1016/j.bbmt.2006.12.445

Viruses 2020, 12, 714 18 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Umashankar, M.; Petrucelli, A.; Cicchini, L.; Caposio, P.; Kreklywich, C.N.; Rak, M.; Bughio, F.; Goldman, D.C.;
Hamlin, K.L.; Nelson, J.A ; et al. A Novel Human Cytomegalovirus Locus Modulates Cell Type-Specific
Outcomes of Infection. PLoS Pathog. 2011, 7, €1002444. [CrossRef] [PubMed]

Dolan, A.; Cunningham, C.; Hector, R.D.; Hassan-Walker, A.F; Lee, L.; Addison, C.; Dargan, D.J.;
McGeoch, D.J.; Gatherer, D.; Emery, V.C.; et al. Genetic content of wild-type human cytomegalovirus.
J. Gen. Virol. 2004, 85, 1301-1312. [CrossRef] [PubMed]

Cha, T.A; Tom, E.; Kemble, G.W.; Duke, G.M.; Mocarski, E.S.; Spaete, R.R. Human cytomegalovirus clinical
isolates carry at least 19 genes not found in laboratory strains. J. Virol. 1996, 70, 78-83. [CrossRef] [PubMed]
Dutta, N.; Lashmit, P; Yuan, J.; Meier, J.; Stinski, M.F. The Human Cytomegalovirus UL133-138 Gene Locus
Attenuates the Lytic Viral Cycle in Fibroblasts. PLoS ONE 2015, 10, e0120946. [CrossRef] [PubMed]
Goodrum, F.; Reeves, M.; Sinclair, J.; High, K.; Shenk, T. Human cytomegalovirus sequences expressed
in latently infected individuals promote a latent infection in vitro. Blood 2007, 110, 937-945. [CrossRef]
[PubMed]

Bughio, F.; Umashankar, M.; Wilson, J.; Goodrum, F. Human Cytomegalovirus UL135 and UL136 Genes Are
Required for Postentry Tropism in Endothelial Cells. J. Virol. 2015, 89, 6536-6550. [CrossRef]

Buehler, J.; Zeltzer, S.; Reitsma, J.; Petrucelli, A.; Umashankar, M.; Rak, M.; Zagallo, P.; Schroeder, J.;
Terhune, S.; Goodrum, F. Opposing Regulation of the EGF Receptor: A Molecular Switch Controlling
Cytomegalovirus Latency and Replication. PLoS Pathog. 2016, 12, e1005655. [CrossRef]

Rak, M.A.; Buehler, ].; Zeltzer, S.; Reitsma, J.; Molina, B.; Terhune, S.; Goodrum, F. Human Cytomegalovirus
UL135 Interacts with Host Adaptor Proteins to Regulate Epidermal Growth Factor Receptor and Reactivation
from Latency. J. Virol. 2018, 92, €00919-18. [CrossRef]

Shnayder, M.; Nachshon, A.; Krishna, B.; Poole, E.; Boshkov, A.; Binyamin, A.; Maza, I.; Sinclair, J.;
Schwartz, M.; Stern-Ginossar, N. Defining the Transcriptional Landscape during Cytomegalovirus Latency
with Single-Cell RNA Sequencing. mBio 2018, 9, e00013-18. [CrossRef]

Cheng, S.; Caviness, K.; Buehler, J.; Smithey, M.; Nikolich—Zugich, J.; Goodrum, E. Transcriptome-wide
characterization of human cytomegalovirus in natural infection and experimental latency. Proc. Natl. Acad.
Sci. USA 2017, 114, E10586. [CrossRef]

Umashankar, M.; Rak, M.; Bughio, F.; Zagallo, P.; Caviness, K.; Goodrum, F.D. Antagonistic Determinants
Controlling Replicative and Latent States of Human Cytomegalovirus Infection. J. Virol. 2014, 88, 5987.
[CrossRef]

Min, I.M.; Pietramaggiori, G.; Kim, E.S.; Passegué, E.; Stevenson, K.E.; Wagers, A.J. The Transcription Factor
EGR1 Controls Both the Proliferation and Localization of Hematopoietic Stem Cells. Cell Stem Cell 2008, 2,
380-391. [CrossRef] [PubMed]

Buehler, J.; Carpenter, E.; Zeltzer, S.; Igarashi, S.; Rak, M.; Mikell, I.; Nelson, J.A.; Goodrum, F. Host signaling
and EGR1 transcriptional control of human cytomegalovirus replication and latency. PLoS Pathog. 2019, 15,
€1008037. [CrossRef] [PubMed]

Grainger, L.; Cicchini, L.; Rak, M.; Petrucelli, A.; Fitzgerald, K.D.; Semler, B.L.; Goodrum, F. Stress-Inducible
Alternative Translation Initiation of Human Cytomegalovirus Latency Protein pUL138. |. Virol. 2010, 84,
9472. [CrossRef]

Petrucelli, A.; Rak, M.; Grainger, L.; Goodrum, F. Characterization of a Novel Golgi Apparatus-Localized
Latency Determinant Encoded by Human Cytomegalovirus. J. Virol. 2009, 83, 5615. [CrossRef]

Caviness, K.; Cicchini, L.; Rak, M.; Umashankar, M.; Goodrum, F. Complex Expression of the UL136 Gene of
Human Cytomegalovirus Results in Multiple Protein Isoforms with Unique Roles in Replication. J. Virol.
2014, 88, 14412-14425. [CrossRef]

Davison, A.].; Dolan, A.; Akter, P.; Addison, C.; Dargan, D.J.; Alcendor, D.J.; McGeoch, D.].; Hayward, G.S.
The human cytomegalovirus genome revisited: Comparison with the chimpanzee cytomegalovirus
genomeFN1. ]. Gen. Virol. 2003, 84, 17-28. [CrossRef]

Petrucelli, A.; Umashankar, M.; Zagallo, P.; Rak, M.; Goodrum, E. Interactions between Proteins Encoded
within the Human Cytomegalovirus UL133-UL138 Locus. . Virol. 2012, 86, 8653-8662. [CrossRef] [PubMed]
Lee, S.H.; Caviness, K.; Albright, E.R.; Lee, ].-H.; Gelbmann, C.B.; Rak, M.; Goodrum, F.; Kalejta, R.F. Long
and Short Isoforms of the Human Cytomegalovirus UL138 Protein Silence IE Transcription and Promote
Latency. J. Virol. 2016, 90, 9483-9494. [CrossRef]


http://dx.doi.org/10.1371/journal.ppat.1002444
http://www.ncbi.nlm.nih.gov/pubmed/22241980
http://dx.doi.org/10.1099/vir.0.79888-0
http://www.ncbi.nlm.nih.gov/pubmed/15105547
http://dx.doi.org/10.1128/JVI.70.1.78-83.1996
http://www.ncbi.nlm.nih.gov/pubmed/8523595
http://dx.doi.org/10.1371/journal.pone.0120946
http://www.ncbi.nlm.nih.gov/pubmed/25799165
http://dx.doi.org/10.1182/blood-2007-01-070078
http://www.ncbi.nlm.nih.gov/pubmed/17440050
http://dx.doi.org/10.1128/JVI.00284-15
http://dx.doi.org/10.1371/journal.ppat.1005655
http://dx.doi.org/10.1128/JVI.00919-18
http://dx.doi.org/10.1128/mBio.00013-18
http://dx.doi.org/10.1073/pnas.1710522114
http://dx.doi.org/10.1128/JVI.03506-13
http://dx.doi.org/10.1016/j.stem.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18397757
http://dx.doi.org/10.1371/journal.ppat.1008037
http://www.ncbi.nlm.nih.gov/pubmed/31725811
http://dx.doi.org/10.1128/JVI.00855-10
http://dx.doi.org/10.1128/JVI.01989-08
http://dx.doi.org/10.1128/JVI.02711-14
http://dx.doi.org/10.1099/vir.0.18606-0
http://dx.doi.org/10.1128/JVI.00465-12
http://www.ncbi.nlm.nih.gov/pubmed/22674978
http://dx.doi.org/10.1128/JVI.01547-16

Viruses 2020, 12, 714 19 of 21

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Han, L.; Ma, Y;; Liu, Z; Liu, C; Lu, Y;; Qi, Y.; Huang, Y,; Sun, Z.; Ruan, Q. Transcriptional regulation and
influence on replication of the human cytomegalovirus UL138 1.4 kb transcript. Mol. Med. Rep. 2017, 16,
5649-5658. [CrossRef]

Lee, S.H.; Albright, E.R.; Lee, ].-H.; Jacobs, D.; Kalejta, R.F. Cellular defense against latent colonization foiled
by human cytomegalovirus UL138 protein. Sci. Adv. 2015, 1, €1501164. [CrossRef] [PubMed]

Stinski, M.E; Roehr, T.J. Activation of the major immediate early gene of human cytomegalovirus by cis-acting
elements in the promoter-regulatory sequence and by virus-specific trans-acting components. J. Virol. 1985,
55,431. [CrossRef] [PubMed]

Boshart, M.; Weber, E,; Jahn, G.; Dorsch-Hasler, K.; Fleckenstein, B.; Schaffner, W. A very strong enhancer is
located upstream of an immediate early gene of human cytomegalovirus. Cell 1985, 41, 521-530. [CrossRef]
Murphy, J.C.; Fischle, W.; Verdin, E.; Sinclair, J.H. Control of cytomegalovirus lytic gene expression by histone
acetylation. EMBO ]. 2002, 21, 1112-1120. [CrossRef]

Le, V.T.K,; Trilling, M.; Hengel, H. The Cytomegaloviral Protein pUL138 Acts as Potentiator of Tumor
Necrosis Factor (TNF) Receptor 1 Surface Density to Enhance ULb’-Encoded Modulation of TNF-a Signaling.
J. Virol. 2011, 85, 13260. [CrossRef]

Montag, C.; Wagner, ].A.; Gruska, I.; Vetter, B.; Wiebusch, L.; Hagemeier, C. The Latency-Associated UL138
Gene Product of Human Cytomegalovirus Sensitizes Cells to Tumor Necrosis Factor Alpha (TNF-«) Signaling
by Upregulating TNF-« Receptor 1 Cell Surface Expression. J. Virol. 2011, 85, 11409-11421. [CrossRef]
Weekes, M.P; Tan, S.Y.L.; Poole, E.; Talbot, S.; Antrobus, R.; Smith, D.L.; Montag, C.; Gygi, S.P.; Sinclair, ].H.;
Lehner, PJ. Latency-Associated Degradation of the MRP1 Drug Transporter During Latent Human
Cytomegalovirus Infection. Science 2013, 340, 199. [CrossRef]

Jedlitschky, G.; Leier, I.; Buchholz, U.; Barnouin, K.; Kurz, G.; Keppler, D. Transport of Glutathione,
Glucuronate, and Sulfate Conjugates by the MRP Gene-encoded Conjugate Export Pump. Cancer Res. 1996,
56, 988.

Gelbmann, C.B.; Kalejta, R.F. The Golgi sorting motifs of human cytomegalovirus UL138 are not required for
latency maintenance. Virus Res. 2019, 270, 197646. [CrossRef] [PubMed]

Li, Y,; Shang, W.; Xiao, G.; Zhang, L.; Zheng, C. A Comparative Quantitative Proteomic Analysis of
HCMV-Infected Cells Highlights pUL138 as a Multifunctional Protein. Molecules 2020, 25, 2520. [CrossRef]
[PubMed]

Keyes, L.R.; Hargett, D.; Soland, M.; Bego, M.G.; Rossetto, C.C.; Almeida-Porada, G.; St. Jeor, S. HCMV
Protein LUNA Is Required for Viral Reactivation from Latently Infected Primary CD14+ Cells. PLoS ONE
2012, 7, €52827. [CrossRef]

Huang, Y,; Qi, Y.; Ma, Y;; He, R;; Ji, Y; Sun, Z.; Ruan, Q. Down-regulation of human cytomegalovirus UL138, a
novel latency-associated determinant, by hcmv-miR-UL36. J. Biosci. 2013, 38, 479-485. [CrossRef] [PubMed]
Stanton, R.].; Prod’homme, V.; Purbhoo, M.A.; Moore, M.; Aicheler, R.J.; Heinzmann, M.; Bailer, S.M.; Haas, J.;
Antrobus, R.; Weekes, M.P;; et al. HCMV pUL135 Remodels the Actin Cytoskeleton to Impair Immune
Recognition of Infected Cells. Cell Host Microbe 2014, 16, 201-214. [CrossRef] [PubMed]

Kotula, L. Abil, a critical molecule coordinating actin cytoskeleton reorganization with PI-3 kinase and
growth signaling. Febs Lett. 2012, 586, 2790-2794. [CrossRef] [PubMed]

Innocenti, M.; Frittoli, E.; Ponzanelli, I.; Falck, J.R.; Brachmann, S.M.; Di Fiore, P.P; Scita, G. Phosphoinositide
3-kinase activates Rac by entering in a complex with Eps8, Abil, and Sos-1. |. Cell Biol. 2003, 160, 17-23.
[CrossRef]

Innocenti, M.; Tenca, P; Frittoli, E.; Faretta, M.; Tocchetti, A.; Di Fiore, P.P; Scita, G. Mechanisms through
which Sos-1 coordinates the activation of Ras and Rac. J. Cell Biol. 2002, 156, 125-136. [CrossRef] [PubMed]
Fan, P-D.; Goff, S.P. Abl Interactor 1 Binds to Sos and Inhibits Epidermal Growth Factor- and v-Abl-Induced
Activation of Extracellular Signal-Regulated Kinases. Mol. Cell Biol. 2000, 20, 7591. [CrossRef]

Gaidos, G.; Soni, S.; Oswald, D.J.; Toselli, P.A.; Kirsch, K.H. Structure and function analysis of the CMS/CIN85
protein family identifies actin-bundling properties and heterotypic-complex formation. J. Cell Sci. 2007, 120,
2366. [CrossRef]

Tanos, B.E.; Pendergast, A.M. Abi-1 forms an epidermal growth factor-inducible complex with Cbl: Role in
receptor endocytosis. Cell. Signal. 2007, 19, 1602-1609. [CrossRef]

Ronning, S.B.; Pedersen, N.M.; Madshus, L.H.; Stang, E. CIN85 regulates ubiquitination and degradative
endosomal sorting of the EGF receptor. Exp. Cell Res. 2011, 317, 1804-1816. [CrossRef]


http://dx.doi.org/10.3892/mmr.2017.7237
http://dx.doi.org/10.1126/sciadv.1501164
http://www.ncbi.nlm.nih.gov/pubmed/26702450
http://dx.doi.org/10.1128/JVI.55.2.431-441.1985
http://www.ncbi.nlm.nih.gov/pubmed/2991567
http://dx.doi.org/10.1016/S0092-8674(85)80025-8
http://dx.doi.org/10.1093/emboj/21.5.1112
http://dx.doi.org/10.1128/JVI.06005-11
http://dx.doi.org/10.1128/JVI.05028-11
http://dx.doi.org/10.1126/science.1235047
http://dx.doi.org/10.1016/j.virusres.2019.197646
http://www.ncbi.nlm.nih.gov/pubmed/31260705
http://dx.doi.org/10.3390/molecules25112520
http://www.ncbi.nlm.nih.gov/pubmed/32481657
http://dx.doi.org/10.1371/journal.pone.0052827
http://dx.doi.org/10.1007/s12038-013-9353-4
http://www.ncbi.nlm.nih.gov/pubmed/23938381
http://dx.doi.org/10.1016/j.chom.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25121749
http://dx.doi.org/10.1016/j.febslet.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22617151
http://dx.doi.org/10.1083/jcb.200206079
http://dx.doi.org/10.1083/jcb.200108035
http://www.ncbi.nlm.nih.gov/pubmed/11777939
http://dx.doi.org/10.1128/MCB.20.20.7591-7601.2000
http://dx.doi.org/10.1242/jcs.004333
http://dx.doi.org/10.1016/j.cellsig.2007.02.008
http://dx.doi.org/10.1016/j.yexcr.2011.05.016

Viruses 2020, 12, 714 20 of 21

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Soubeyran, P.; Kowanetz, K.; Szymkiewicz, I.; Langdon, W.Y.; Dikic, I. Cbl-CIN85-endophilin complex
mediates ligand-induced downregulation of EGF receptors. Nature 2002, 416, 183-187. [CrossRef] [PubMed]
Schroeder, B.; Weller, S.G.; Chen, J.; Billadeau, D.; McNiven, M.A. A Dyn2-CIN85 complex mediates
degradative traffic of the EGFR by regulation of late endosomal budding. EMBO J. 2010, 29, 3039-3053.
[CrossRef] [PubMed]

Li, G.; Rak, M.; Nguyen, C.C.; Umashankar, M.; Goodrum, F.D.; Kamil, J.P. An Epistatic Relationship between
the Viral Protein Kinase UL97 and the UL133-UL138 Latency Locus during the Human Cytomegalovirus
Lytic Cycle. J. Virol. 2014, 88, 6047-6060. [CrossRef] [PubMed]

Wang, D.; Li, G.; Schauflinger, M.; Nguyen, C.C.; Hall, E.D.; Yurochko, A.D.; von Einem, J.; Kamil, J.P.
The ULDb’ Region of the Human Cytomegalovirus Genome Confers an Increased Requirement for the Viral
Protein Kinase UL97. J. Virol. 2013, 87, 6359—-6376. [CrossRef]

Compton, T.; Feire, A. Early events in human cytomegalovirus infection. In Human Herpesviruses: Biology,
Therapy, and Immunoprophylaxis; Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B.,
Whitley, R., Yamanishi, K., Eds.; Cambridge University Press: Cambridge, UK, 2007.

Roy, S.; Arav-Boger, R. New cell-signaling pathways for controlling cytomegalovirus replication.
Am. |. Transpl. 2014, 14, 1249-1258. [CrossRef]

Boyle, K.A ; Pietropaolo, R.L.; Compton, T. Engagement of the cellular receptor for glycoprotein B of human
cytomegalovirus activates the interferon-responsive pathway. Mol. Cell Biol. 1999, 19, 3607-3613. [CrossRef]
Cojohari, O.; Peppenelli, M.A.; Chan, G.C. Human Cytomegalovirus Induces an Atypical Activation of Akt
To Stimulate the Survival of Short-Lived Monocytes. J. Virol. 2016, 90, 6443. [CrossRef]

Johnson, R.A.; Wang, X.; Ma, X.L.; Huong, S.M.; Huang, E.S. Human cytomegalovirus up-regulates the
phosphatidylinositol 3-kinase (PI3-K) pathway: Inhibition of PI3-K activity inhibits viral replication and
virus-induced signaling. J. Virol. 2001, 75, 6022—-6032. [CrossRef] [PubMed]

Sanchez, V.; McElroy, A.K,; Yen, ]J.; Tamrakar, S.; Clark, C.L.; Schwartz, R.A.; Spector, D.H. Cyclin-dependent
kinase activity is required at early times for accurate processing and accumulation of the human
cytomegalovirus UL122-123 and UL37 immediate-early transcripts and at later times for virus production.
J. Virol. 2004, 78, 11219-11232. [CrossRef] [PubMed]

Goodwin, C.M.; Munger, J. The IkB Kinases Restrict Human Cytomegalovirus Infection. J. Virol. 2019, 93,
€02030-18. [CrossRef] [PubMed]

Kapoor, A.; He, R.; Venkatadri, R.; Forman, M.; Arav-Boger, R. Wnt Modulating Agents Inhibit Human
Cytomegalovirus Replication. Antimicrob. Agents Chemother. 2013, 57, 2761. [CrossRef]

Angelova, M.; Zwezdaryk, K.; Ferris, M.; Shan, B.; Morris, C.A.; Sullivan, D.E. Human Cytomegalovirus
Infection Dysregulates the Canonical Wnt/p3-catenin Signaling Pathway. PLoS Pathog. 2012, 8, e1002959.
[CrossRef] [PubMed]

Roy, S.; Liu, E; Arav-Boger, R. Human Cytomegalovirus Inhibits the PARsylation Activity of Tankyrase—A
Potential Strategy for Suppression of the Wnt Pathway. Viruses 2016, 8, 8. [CrossRef] [PubMed]

Terry, L.J.; Vastag, L.; Rabinowitz, ].D.; Shenk, T. Human kinome profiling identifies a requirement for
AMP-activated protein kinase during human cytomegalovirus infection. Proc. Natl. Acad. Sci. USA 2012,
109, 3071-3076. [CrossRef]

Kudchodkar, S.B.; Del Prete, G.Q.; Maguire, T.G.; Alwine, ].C. AMPK-Mediated Inhibition of mTOR Kinase
Is Circumvented during Immediate-Early Times of Human Cytomegalovirus Infection. J. Virol. 2007, 81,
3649. [CrossRef] [PubMed]

Liu, X.-f.; Swaminathan, S.; Yan, S.; Engelmann, F.; Abbott, D.A.; VanOsdol, L.A.; Heald-Sargent, T.; Qiu, L.;
Chen, Q.; Iovane, A.; et al. A novel murine model of differentiation-mediated cytomegalovirus reactivation
from latently infected bone marrow haematopoietic cells. J. Gen. Virol. 2019, 100, 1680-1694. [CrossRef]
[PubMed]

Kim, J.H.; Collins-McMillen, D.; Buehler, ].C.; Goodrum, ED.; Yurochko, A.D. Human Cytomegalovirus
Requires Epidermal Growth Factor Receptor Signaling To Enter and Initiate the Early Steps in the
Establishment of Latency in CD34(+) Human Progenitor Cells. J. Virol. 2017, 91, e01206-16. [CrossRef]
Jafferji, I.; Bain, M.; King, C.; Sinclair, ].H. Inhibition of epidermal growth factor receptor (EGFR) expression
by human cytomegalovirus correlates with an increase in the expression and binding of Wilms” Tumour 1
protein to the EGFR promoter. J. Gen. Virol. 2009, 90, 1569-1574. [CrossRef]


http://dx.doi.org/10.1038/416183a
http://www.ncbi.nlm.nih.gov/pubmed/11894095
http://dx.doi.org/10.1038/emboj.2010.190
http://www.ncbi.nlm.nih.gov/pubmed/20711168
http://dx.doi.org/10.1128/JVI.00447-14
http://www.ncbi.nlm.nih.gov/pubmed/24623439
http://dx.doi.org/10.1128/JVI.03477-12
http://dx.doi.org/10.1111/ajt.12725
http://dx.doi.org/10.1128/MCB.19.5.3607
http://dx.doi.org/10.1128/JVI.00214-16
http://dx.doi.org/10.1128/JVI.75.13.6022-6032.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390604
http://dx.doi.org/10.1128/JVI.78.20.11219-11232.2004
http://www.ncbi.nlm.nih.gov/pubmed/15452241
http://dx.doi.org/10.1128/JVI.02030-18
http://www.ncbi.nlm.nih.gov/pubmed/30760575
http://dx.doi.org/10.1128/AAC.00029-13
http://dx.doi.org/10.1371/journal.ppat.1002959
http://www.ncbi.nlm.nih.gov/pubmed/23071438
http://dx.doi.org/10.3390/v8010008
http://www.ncbi.nlm.nih.gov/pubmed/26729153
http://dx.doi.org/10.1073/pnas.1200494109
http://dx.doi.org/10.1128/JVI.02079-06
http://www.ncbi.nlm.nih.gov/pubmed/17215282
http://dx.doi.org/10.1099/jgv.0.001327
http://www.ncbi.nlm.nih.gov/pubmed/31647403
http://dx.doi.org/10.1128/JVI.01206-16
http://dx.doi.org/10.1099/vir.0.009670-0

Viruses 2020, 12, 714 21 of 21

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Fairley, J.A ; Baillie, J.; Bain, M.; Sinclair, ]. H. Human cytomegalovirus infection inhibits epidermal growth
factor (EGF) signalling by targeting EGF receptors. J. Gen. Virol. 2002, 83, 2803-2810. [CrossRef]

Chan, G.; Nogalski, M.T.; Bentz, G.L.; Smith, M.S.; Parmater, A.; Yurochko, A.D. PI3K-Dependent
Upregulation of Mcl-1 by Human Cytomegalovirus Is Mediated by Epidermal Growth Factor Receptor and
Inhibits Apoptosis in Short-Lived Monocytes. |. Immunol. 2010, 184, 3213. [CrossRef]

Peppenelli, M.A.; Arend, K.C.; Cojohari, O.; Moorman, N.J.; Chan, G.C. Human Cytomegalovirus Stimulates
the Synthesis of Select Akt-Dependent Antiapoptotic Proteins during Viral Entry to Promote Survival of
Infected Monocytes. J. Virol. 2016, 90, 3138-3147. [CrossRef]

Swart, R.; Ruf, ILK.; Sample, J.; Longnecker, R. Latent Membrane Protein 2A-Mediated Effects on the
Phosphatidylinositol 3-Kinase/Akt Pathway. J. Virol. 2000, 74, 10838. [CrossRef]

Scholle, F.; Bendt, K.M.; Raab-Traub, N. Epstein-Barr Virus LMP2A Transforms Epithelial Cells, Inhibits Cell
Differentiation, and Activates Akt. J. Virol. 2000, 74, 10681. [CrossRef] [PubMed]

Morrison, J.A.; Klingelhutz, A.J.; Raab-Traub, N. Epstein-Barr Virus Latent Membrane Protein 2A Activates
-Catenin Signaling in Epithelial Cells. J. Virol. 2003, 77, 12276. [CrossRef] [PubMed]

Peng, L.; Wu, T.-T.; Tchieu, ].H.; Feng, J.; Brown, H.J.; Feng, J.; Li, X.; Qi, J.; Deng, H.; Vivanco, I; et al.
Inhibition of the phosphatidylinositol 3-kinase-Akt pathway enhances gamma-2 herpesvirus lytic replication
and facilitates reactivation from latency. J. Gen. Virol. 2010, 91, 463-469. [CrossRef]

Strunk, U.; Saffran, H.A.; Wu, EW.; Smiley, J.R. Role of herpes simplex virus VP11/12 tyrosine-based motifs
in binding and activation of the Src family kinase Lck and recruitment of p85, Grb2, and Shc. J. Virol. 2013,
87,11276-11286. [CrossRef]

Camarena, V.; Kobayashi, M.; Kim, J.Y.; Roehm, P,; Perez, R.; Gardner, ].; Wilson, A.C.; Mohr, I.; Chao, M.V.
Nature and duration of growth factor signaling through receptor tyrosine kinases regulates HSV-1 latency in
neurons. Cell Host Microbe 2010, 8, 320-330. [CrossRef] [PubMed]

Tanimura, S.; Takeda, K. ERK signalling as a regulator of cell motility. . Biochem. 2017, 162, 145-154.
[CrossRef]

Reeves, M.B.; Breidenstein, A.; Compton, T. Human cytomegalovirus activation of ERK and myeloid cell
leukemia-1 protein correlates with survival of latently infected cells. Proc. Natl. Acad. Sci. USA 2012, 109,
588. [CrossRef] [PubMed]

Kew, V.; Wills, M.; Reeves, M. HCMV activation of ERK-MAPK drives a multi-factorial response promoting
the survival of infected myeloid progenitors. J. Mol. Biochem. 2017, 6, 13-25. [PubMed]

Forte, E.; Swaminathan, S.; Schroeder, M.W.; Kim, J.Y.; Terhune, S.S.; Hummel, M. Tumor Necrosis Factor
Alpha Induces Reactivation of Human Cytomegalovirus Independently of Myeloid Cell Differentiation
following Posttranscriptional Establishment of Latency. mBio 2018, 9, e01560-18. [CrossRef]

Asou, H.; Suzukawa, K.; Kita, K.; Nakase, K.; Ueda, H.; Morishita, K.; Kamada, N. Establishment of
an undifferentiated leukemia cell line (Kasumi-3) with t(3;7)(q27;q22) and activation of the EVI1 gene.
Jpn. J. Cancer Res. 1996, 87, 269-274. [CrossRef]

Sambucetti, L.C.; Cherrington, J.M.; Wilkinson, G.W.; Mocarski, E.S. NF-kappa B activation of the
cytomegalovirus enhancer is mediated by a viral transactivator and by T cell stimulation. EMBO ]J.
1989, 8, 4251-4258. [CrossRef]

Dupont, L.; Du, L.; Poulter, M.; Choi, S.; McIntosh, M.; Reeves, M.B. Src family kinase activity drives
cytomegalovirus reactivation by recruiting MOZ histone acetyltransferase activity to the viral promoter.
J. Biol. Chem. 2019, 294, 12901-12910. [CrossRef]

Krishna, B.A.; Poole, E.L.; Jackson, S.E.; Smit, M.].; Wills, M.R.; Sinclair, ].H. Latency-Associated Expression
of Human Cytomegalovirus US28 Attenuates Cell Signaling Pathways To Maintain Latent Infection. mBio
2017, 8, €01754-17. [CrossRef]

Crawford, L.B.; Caposio, P; Kreklywich, C.; Pham, A.H.; Hancock, M.-H.; Jones, T.A.; Smith, P.P;
Yurochko, A.D.; Nelson, J.A.; Streblow, D.N. Human Cytomegalovirus US28 Ligand Binding Activity
Is Required for Latency in CD34+ Hematopoietic Progenitor Cells and Humanized NSG Mice. mBio 2019, 10,
€01889-19. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1099/0022-1317-83-11-2803
http://dx.doi.org/10.4049/jimmunol.0903025
http://dx.doi.org/10.1128/JVI.02879-15
http://dx.doi.org/10.1128/JVI.74.22.10838-10845.2000
http://dx.doi.org/10.1128/JVI.74.22.10681-10689.2000
http://www.ncbi.nlm.nih.gov/pubmed/11044112
http://dx.doi.org/10.1128/JVI.77.22.12276-12284.2003
http://www.ncbi.nlm.nih.gov/pubmed/14581564
http://dx.doi.org/10.1099/vir.0.015073-0
http://dx.doi.org/10.1128/JVI.01702-13
http://dx.doi.org/10.1016/j.chom.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20951966
http://dx.doi.org/10.1093/jb/mvx048
http://dx.doi.org/10.1073/pnas.1114966108
http://www.ncbi.nlm.nih.gov/pubmed/22203987
http://www.ncbi.nlm.nih.gov/pubmed/28491825
http://dx.doi.org/10.1128/mBio.01560-18
http://dx.doi.org/10.1111/j.1349-7006.1996.tb00216.x
http://dx.doi.org/10.1002/j.1460-2075.1989.tb08610.x
http://dx.doi.org/10.1074/jbc.RA119.009667
http://dx.doi.org/10.1128/mBio.01754-17
http://dx.doi.org/10.1128/mBio.01889-19
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Models for HCMV Latency and Reactivation 
	Historical Perspective and Integration of Model Systems 
	The HCMV UL133-138 Polycistronic Locus 
	Pro-Latency Genes of the UL133-138 Locus 
	UL133 
	UL138 

	Genes That Are Pro-Reactivation 
	UL136: A Gene with One Hand in Latency and the Other in Reactivation 

	Mechanisms of UL133-UL138 Function and the Manipulation of Cell Signaling Pathways for Latency and Reactivation 
	Questions for Future Directions 
	References

