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Abstract

Sustained phosphotinositide3-kinase (PI3K) signaling is critical to the maintenance of alpha

and beta herpesvirus latency. We have previously shown that the beta-herpesvirus, human

cytomegalovirus (CMV), regulates epidermal growth factor receptor (EGFR), upstream of

PI3K, to control states of latency and reactivation. How signaling downstream of EGFR is

regulated and how this impacts CMV infection and latency is not fully understood. We dem-

onstrate that CMV downregulates EGFR early in the productive infection, which blunts the

activation of EGFR and its downstream pathways in response to stimuli. However, CMV

infection sustains basal levels of EGFR and downstream pathway activity in the context of

latency in CD34+ hematopoietic progenitor cells (HPCs). Inhibition of MEK/ERK, STAT or

PI3K/AKT pathways downstream of EGFR increases viral reactivation from latently infected

CD34+ HPCs, defining a role for these pathways in latency. We hypothesized that CMV

modulation of EGFR signaling might impact viral transcription important to latency. Indeed,

EGF-stimulation increased expression of the UL138 latency gene, but not immediate early

or early viral genes, suggesting that EGFR signaling promotes latent gene expression. The

early growth response-1 (EGR1) transcription factor is induced downstream of EGFR sig-

naling through the MEK/ERK pathway and is important for the maintenance of hematopoi-

etic stemness. We demonstrate that EGR1 binds the viral genome upstream of UL138 and

is sufficient to promote UL138 expression. Further, disruption of EGR1 binding upstream of

UL138 prevents the establishment of latency in CD34+ HPCs. Our results indicate a model

whereby UL138 modulation of EGFR signaling feeds back to promote UL138 gene expres-

sion and suppression of replication for latency. By this mechanism, the virus has hardwired

itself into host cell biology to sense and respond to changes in homeostatic host cell

signaling.
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Author summary

Host signaling is important for regulating states of cytomegalovirus (CMV) replication

and latency. We have shown that human cytomegalovirus regulates EGFR levels and traf-

ficking and that sustained EGFR or downstream PI3K signaling is a requirement for viral

latency. Changes in host signaling have the ability to alter viral and host gene expression

to impact the outcome of infection. Here we show that EGFR signaling through MEK/

ERK pathway induces the host EGR1 transcription factor that is highly expressed in

hematopoietic stem cells and necessary for the maintenance of hematopoietic stemness.

Downregulation of EGR1 promotes stem cell mobilization and differentiation, known sti-

muli for CMV reactivation. We identified functional EGR1 binding sites upstream of the

UL138 CMV latency gene and EGR1 stimulated UL138 expression to reinforce the latent

infection. Mutant viruses where the regulation of UL138 by EGR1 is disrupted are unable

to establish latency in CD34+ HPCs. This study advances our understanding of how host

signaling impacts decisions to enter into or exit from latency. The regulation of viral gene

expression by host signaling allows the virus to sense and respond to changes in host stress

or differentiation.

Introduction

The mechanisms by which herpesviruses persist through the establishment of a quiescent

infection, known as latency, and reactivate for continued transmission are incompletely

defined. It is known that herpesviruses “sense and respond" to changes in host cell signaling,

such as that associated with stress and differentiation, to modulate the “decisions” to maintain

latency or to reactivate. However, the molecular underpinnings of how these cellular signals

induce changes in chromatin and viral gene expression are less well defined. Human cytomeg-

alovirus (CMV) is a beta-herpesvirus that persists within the majority of the human popula-

tion. During infection of an immunocompetent host, CMV has a protracted acute phase and

then establishes a life-long latent infection, which is marked by sporadic subclinical reactiva-

tion events. CMV establishes latency in CD34+ hematopoietic progenitor cells (HPCs) and is

carried through differentiation in cells of the myeloid lineage, including CD14+ monocytes

[1]. During latency in experimental models, CMV genes are expressed broadly but at very low

levels and replication is restricted [2, 3]. Reactivation in immunodeficient individuals, such as

stem cell or solid organ transplant recipients, is a major cause of morbidity and mortality [4–

6]. Additionally, CMV reactivation in patients undergoing intensive chemotherapy treatments

can cause severe disease, including pneumonia, enteritis, blindness, and deafness[7, 8]. Cur-

rently, there is no vaccine and existing antivirals are limited by toxicity and cannot target

latently infected cells. Understanding the molecular mechanisms that define and control the

latent CMV infection is critical for the development of novel strategies to target the latent

infection.

Virus manipulation of host cell signaling during infection of hematopoietic cells provides

the means by which CMV ensures the survival of the infected cells and controls differentiation

and reactivation [9–14]. Epidermal growth factor receptor (EGFR) signaling is a key compo-

nent of the molecular switch regulating the establishment of latency and reactivation of viral

replication [15]. In CD34+ HPCs where the virus establishes latency, CMV stimulates EGFR

during entry and these initial signaling events are important for the establishment of latency

[16]. Inhibition or EGFR or downstream PI3K signaling increases replication in fibroblasts

and reactivation in CD34+ HPCs, suggesting important roles for EGFR signaling in CMV

infection. As such, EGFR is an interesting point of control for virus manipulation.
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The CMV UL135 and UL138 gene products antagonize one another in regulating latency

and reactivation [17]. UL138 is suppressive to virus replication and critical for the establish-

ment of latency, whereas UL135 is important for reactivation. UL135 functions, in part, by

overcoming the suppressive effects of UL138, which otherwise block the initiation of viral rep-

lication from infectious genomes. Accordingly, UL135 and UL138 gene products both interact

with EGFR, but have opposing effects on the regulation of EGFR trafficking and signaling

[15]. UL138 sustains EGFR signaling, whereas UL135 reduces total and cell surface levels of

EGFR to attenuate signaling. UL135 regulates EGFR trafficking and signaling through its

interactions with the host adapter proteins for the Cbl E3 ubiquitin ligase, Abelson interacting

protein 1 (Abi1) and CIN85/CD2AP [15, 18]. Mutations in UL135 ablating these host interac-

tions restore EGFR levels in infected cells and diminish reactivation from latent infection [18].

The requirement for UL135 interaction with Abi-1 and CIN85/CD2AP for reactivation,

directly links UL135-mediated degradation of EGFR to reactivation [18].

In this study, we investigated the role of signaling downstream of EGFR in productive infec-

tion in fibroblasts and in latency in CD34+ HPCs. CMV infection blunts EGFR signaling and

downstream pathways in productive infection, but EGFR signaling and that of downstream

pathways is sustained in CD34+ HPCs. Virus replication and reactivation were enhanced in

CD34+ HPCs when MEK/ERK, STAT, and particularly PI3K pathways downstream of EGFR

were inhibited. EGF-stimulation of infected fibroblasts increased UL138 gene expression, sug-

gesting that EGFR signaling impacts UL138 gene expression. We mapped consensus binding

sites for the early growth response factor 1 (EGR1) transcription factor upstream of UL138.

EGR1 is induced downstream of EGFR, is highly expressed in CD34+ HPCs and is required to

maintain stemness [19–21]. Here, we show that EGR1 binds to sites within the UL133-UL138
gene locus (UL133/8) and stimulates UL138 gene expression for latency in CD34+ HPCs.

From these findings a positive feedback model emerges whereby UL138 sustains EGFR signal-

ing and EGFR signaling stimulates EGR1, which feeds back to drive UL138 gene expression.

Disruption of EGR1 regulation of UL138 expression results in a loss of latency and the virus

replicates. The regulation of UL138 gene expression by host signaling provides a mechanism

by which the virus senses and responds to changes in host stress or differentiation. Our find-

ings advance our understanding of how host signaling impacts the decisions to enter into or

exit from latency.

Results

Explanation and integration of model systems

CMV infects a diverse array of cell types in the host. Important insights into CMV infection

are gleaned from using and integrating multiple model systems. While CMV productively rep-

licates to varying extents in a large number of cells, including fibroblasts and epithelial cells,

latency is thought to be restricted to hematopoietic progenitor cells and cells of the myeloid

lineage, including monocytes [14]. CMV can be detected in hematopoietic cells as far back in

the hierarchy of hematopoietic differentiation as CD34+ progenitor cells [1, 22, 23] and pri-

mary CD34+ HPC models have become the gold standard for understanding CMV latency.

However, the scope of experiments using CD34+ HPCs is limited by their heterogeneity, scar-

city in the blood and bone marrow, availability, and poor amenability to molecular

approaches, including expression of transgenes or knockdown. Therefore, we use both fibro-

blasts and CD34+ HPCs in our studies to understand how the virus manipulates host pathways

and the significance of this biology to infection. Indeed, the function of viral genes that modu-

late the decision to maintain or exit latency are in large part conserved across cell systems, it is

the impact of their function that differs depending on the context. For example, UL138 is

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 3 / 33

https://doi.org/10.1371/journal.ppat.1008037


suppressive to virus replication across cell systems. In CD34+ cells, disruption of UL138 results

in a replicative virus that fails to establish latency [24, 25]. In productive infection of fibro-

blasts, the suppressive effects of UL138 are overridden by high levels of gene expression and

the action of UL135 but become readily apparent when UL135 is disrupted [17]. Our use both

fibroblasts and CD34+ HPCs in these studies permits us to apply a broad array of methods to

develop an in depth understanding of the biology of infection in multiple contexts.

CMV downregulates total and cell surface levels of EGFR

We previously demonstrated that CMV modulates EGFR total and cell surface levels during

infection in fibroblasts (productive infection) and CD34+ HPCs (site of latency)[15]. In fibro-

blasts, EGFR surface and total levels decrease substantially by 48 hours post infection (hpi). To

further understand the regulation of EGFR during productive infection, we analyzed surface

and total levels of EGFR in fibroblasts over a time course of infection from 0–72 hpi. We mea-

sured surface levels of EGFR in fibroblasts infected with the TB40/E strain expressing GFP as a

marker for infection [26], which serves as the parental/wild-type (WT) virus for all studies (Fig

1A). EGFR surface levels began to decrease by 12 hpi and were reduced to ~60% of uninfected

(0 hpi) cells by 24 hpi, and remained between 50 and 60% of uninfected cells for the remainder

of the infection time course. Analysis of total EGFR levels over the same time course indicated

that total EGFR levels were reduced to 40% and 20% of uninfected cells by 48 and 72 hpi,

respectively (Fig 1B). These findings are consistent with our previous work demonstrating the

downregulation of EGFR during the productive cycle of infection [15, 18] and extend those

observations by defining the onset of this downregulation as within the early stages of

infection.

CMV was previously shown to transcriptionally downregulate EGFR [27, 28]. While UL135

downregulates total levels of EGFR, disruption of UL135 or its interaction with host proteins

does not fully restore EGFR to uninfected cell levels [15, 18]. This might be explained by tran-

scriptional downregulation of EGFR in addition to the targeted UL135-mediated turnover of

EGFR. However, we did not detect any significant alteration in EGFR mRNA levels by quanti-

tative reverse transcriptase PCR (RT-qPCR) over the time course of infection(Fig 1C). The

lack of a transcriptional downregulation in our study may reflect differences in the virus strain

used for infection or the cell type, and leaves open the possibility that other viral factors con-

tribute to the diminishment of EGFR levels.

We previously observed a re-localization of activated EGFR to the juxtanuclear viral assem-

bly compartment during productive replication [15]. To determine the timing of EGFR re-

localization, EGFR subcellular localization was determined in TB40/E infected fibroblasts at

0–30 hpi(Fig 1D). IE2 staining marked infected cells. In uninfected cells (0 hpi), EGFR staining

is localized at the plasma membrane and distributed in puncta throughout the cytoplasm. By

24 hpi, a large portion of EGFR was localized to the juxta-nuclear region and maintained

there. We previously demonstrated that this juxta-nuclear localization is proximal to markers,

GM130 and pp28, for the viral assembly compartment [15]. This result indicates that EGFR is

re-localized at early times in infection prior to the formation of the assembly compartment,

which does not become evident until >48 hpi.

EGFR and downstream pathways are inhibited by CMV as replication

progresses

To determine how CMV productive infection impacts EGFR signaling and pathways down-

stream of EGFR, we analyzed phosphorylation of EGFR, MEK1/2, ERK1/2, STAT3, PLCγ, and

AKT at steady state or following 30 min of EGF stimulation in infected fibroblasts using a
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Fig 1. CMV downregulates EGFR surface and total protein levels as infection progresses. Fibroblasts were infected with TB40/EGFP virus at an MOI of 1 for 0–72 hpi,

with 0 hpi being uninfected. (A) To measure EGFR surface levels, infected cells were stained with brilliant violet 421 conjugated α-EGFR antibody and analyzed by flow

cytometry. Normalized geometric mean fluorescent intensity is shown. (B) Total EGFR levels were measured over a time course by immunoblotting. Blots were stained

with α-EGFR, α-IE1/2 antibody, and α-Tubulin. Both surface (A) and total (B) EGFR levels were normalized to 0 hpi for statistical analysis. IE proteins serve as a control

for infection and tubulin serves as a control for loading. (C) Relative EGFR mRNA levels were measured over a time course using quantitative reverse transcriptase PCR
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PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 5 / 33

https://doi.org/10.1371/journal.ppat.1008037


EGFR signaling array (PathScan, Cell Signaling Technologies). At steady state, phosphorylation

of EGFR at T669, Y845, and Y1068 was increased by CMV infection relative to uninfected cells.

However, EGFR was less responsive to EGF stimulation, marked by decreased phosphorylation

on T669, Y845, and Y1068 relative to uninfected, stimulated cells (S1 Fig). Infection did not

alter phosphorylation of EGFR Y998. While basal activity of MEK1/2, ERK1/2, and AKT was

not altered by infection in unstimulated cells, EGF-stimulated phosphorylation of MEK1/2

(S221 or S217/221) and AKT (S473) was reduced in infected cells relative to uninfected cells (S1

Fig). CMV infection did not affect phosphorylation and activation of STAT3 (Y705), PLCγ1

(S1248) or AKT (T308) in response to EGF stimulation (S1 Fig). These results suggest that

MEK/ERK and AKT signaling pathways downstream of EGFR are blunted by CMV infection.

To further analyze the inhibition of both AKT and MEK1/2 pathways by CMV, we moni-

tored their responsiveness to EGF over a time course of infection. Serum starved, infected

fibroblasts were pulsed with EGF ligand at 0, 12, 24, 48, and 72 hpi and cell lysates were har-

vested at 0, 15 and 30 minutes following each EGF pulse to analyze the phosphorylation of

EGFR (Y1068), AKT (S473), and MEK1/2 (S217/221) (Fig 2A). In uninfected fibroblasts,

EGFR, AKT and MEK1/2 phosphorylation was induced by 15 min post EGF stimulation, as

expected. In fibroblasts infected for 12 hours, pEGFR, pAKT, pMEK1/2 induction was

unchanged from uninfected cells. In contrast, the levels of all three phosphorylation markers

decreased significantly after EGF stimulation with a reduction of pMEK1/2 by 24 hpi and both

pEGFR and pAKT by 48 hpi, relative to uninfected fibroblasts (Fig 2B). By 72 hpi, pEGFR and

pAKT was undetectable in infected cells (Fig 2A). Induction of pMEK1/2 in response to EGF

stimulation is undetectable relative to basal levels by 24 hpi. Total levels of AKT and MEK1/2

(Fig 2E) did not change over the course of infection until 72hpi. Together these data indicate

that while infection sustains or induces basal levels of EGFR signaling at early times, EGFR

and both the MEK/ERK and PI3K/AKT downstream signaling nodes become progressively

less responsive to stimulation in the productive infection. These results are consistent with the

reduction of EGFR from the cell surface during early times in infection.

In the context of CD34+ HPCs and in contrast to fibroblasts, surface levels of EGFR are sus-

tained or induced by CMV infection [15]. However, similar to infection in fibroblasts, basal

levels of phosphorylated EGFR and downstream pathways were sustained or increased by

CMV infection (PathScan, S1E–S1H Fig). Using phosphoflow, we find that EGFR (Y1068),

AKT (S473), MEK1/2 (S217/221), and ERK1/2 (T202/Y204) were induced or sustained follow-

ing infection with CMV at 2 dpi (Fig 2F). Due to the levels low levels of EGFR on the surface

of CD34+ HPCs, limitations of cell numbers, and the inability to serum starve, we are not able

to analyze signaling in CD34+ HPCs following an EGF pulse.

Pathways downstream of EGFR suppress viral replication for latency

Work by the Chan and Yurochko groups have demonstrated that PI3K signaling is important

to survival of CMV-infected monocytes [10, 29]. Further, we previously demonstrated that

inhibition of EGFR or PI3K increases CMV replication in fibroblasts and reactivation in

CD34+ HPCs [15]. To further investigate how pathways downstream of EGFR impact CMV

replication and latency, we used chemical inhibitors of the MEK/ERK, STAT, PI3K/AKT, and

PLCγ pathways. The efficacy of each inhibitor at the chosen concentration was confirmed by

and SYBR green. EGFR transcripts are normalized to H6PD, cellular housekeeping control, at each timepoint. (A-C) Statistical significance was calculated by One-Way

ANOVA with Tukey’s correction and represented by asterisks (��� p-values< 0.001). Graphs represent the means from 3 independent replicates with error bars

representing SEM. (D) Subcellular localization of EGFR was monitored over a time course of infection. Nuclei, EGFR and IE2 are visualized by staining with DAPI, α-

EGFR, and α-IE2 and confocal deconvolution microscopy.

https://doi.org/10.1371/journal.ppat.1008037.g001
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Fig 2. CMV infection prevents activation of AKT and MEK1/2. (A) Fibroblasts were serum starved for 24h and cells were then infected for 0–72 hpi. At each

timepoint, infected cells were pulsed with 10 nM of EGF for 0–30 min, and lysed. Lysates were separated out on SDS-PAGE gel, transferred on PVDF membrane,

and stained for α-EGFR, α-pEGFR (Y1068), α-pAKT (S472), α-pMEK1/2 (S217/221), α-IE1/2 antibody, and α-Tubulin. (B) The 15 min post EGF timepoint for

all phosphorylation markers were normalized to uninfected cells and graphed to calculate statistics. Statistical significance was calculated by One-Way ANOVA

with Tukey’s correction and represented by asterisks (� p-value< 0.05 and �� p-value< 0.01).Graphs represent the mean of three replicates and error bars

represent SEM. (E) Lysates from the 15 min post EGF-pulse at each time point post infection was separated by SDS-PAGE, transferred on PVDF membrane, and

stained for α-AKT, α-pAKT(S472), α-MEK1/2, α-pMEK1/2(S217/221), α-IE1/2 antibody, and α-Tubulin to analyze total levels of AKT and MEK1/2. (F) CD34+

cells uninfected or infected with WT CMV (MOI of 2) were fixed and permabilized at 48 hpi. Cells were stained with PE conjugated α-CD34+, Alexa Fluor 350

conjugated α-pEGFR(y1068), Dylight 649 conjugated α-pAKT(S473), Alexa Fluor 647 conjugated pMEK1/2(S217/221), and PerCP-eFluor 710 conjugated

pERK1/2(T202/Y204) and the geometric mean of fluorescence determined by flow cytometry. Bars represent the average fold change in the geometric means

from two replicates. Error bars represent the range of the two replicates.

https://doi.org/10.1371/journal.ppat.1008037.g002
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analyzing phosphorylation over a 5-day time course in fibroblasts (S2 Fig). We also analyzed

treated cells for viability at 5 dpi (S3 Fig). Note that MK-2206 is not shown due to autofluores-

cence associated with the inhibitor in this assay that precluded the accurate quantitation of live

cells; however, cell death is of little concern with this drug given the high levels of virus replica-

tion in treated cells. Fibroblasts were treated with inhibitors at 1 day post infection so as not to

interfere with viral entry [16, 30, 31] and viral titers were measured at 8 dpi (Fig 3A). Inhibi-

tion of PI3K (LY294002) or AKT (MK-2206) increased viral titers by 7.6 and 7-fold, respec-

tively, in comparison to the vehicle control, similar to what we have previously reported with

EGFR inhibition [15]. In contrast, inhibition of STAT1 (Fludarabine) or STAT3 (S3I-201)

decreased virus production. Loss of viral replication by STAT inhibition has previously been

reported with these and similar inhibitors [32, 33] and is not due to a loss in cell viability (S3

Fig). Inhibition of MEK1/2 (Binimetinib), ERK1/2 (SCH772984), or PLCγ (U73122) did not

alter virus titers relative to the vehicle control. These data confirm that PI3K/AKT pathways

are suppressive to virus replication and demonstrate that MEK/ERK and PLCγ pathways are

dispensable for productive infection in fibroblasts.

To determine the importance of the signaling pathways downstream of EGFR to latency and

reactivation, we analyzed latency and reactivation in CD34+ HPCs infected in vitro and treated

with inhibitors to each pathway. Infected (GFP+) CD34+ HPCs were isolated by fluorescent

activated cell sorting (FACS) and co-cultured with or without indicated inhibitors for 10 days in

long-term bone marrow cultures using a bone marrow stromal cell support that has been

shown to maintain hematopoietic cell progenitor phenotype and function [34]. This period in

long-term bone marrow culture allows for the establishment of CMV latency. At 10 dpi, half of

the cells were seeded by limiting dilution into co-culture with fibroblasts in a cytokine-rich

media to promote myeloid cell differentiation and reactivation. The other half of the culture

was lysed and seeded by limiting dilution in parallel onto fibroblasts to quantify virus formed

during the latency period (pre-reactivation) [35]. Reactivation resulted in a 2–3 fold increase in

the frequency of infectious centers relative to the pre-reactivation control (DMSO control, Fig

3B). Inhibition of MEK, ERK, or STAT increased the frequency of infectious centers by at least

2-fold in both the pre-reactivation and reactivation condition relative to their respective DMSO

control. Inhibition of PI3K (LY294002) induced a 4-fold increase in infectious centers in the

pre-reactivation and an almost 10-fold increase in infectious centers in the reactivation. Simi-

larly, inhibition of AKT (MK-2206) resulted in a 10-fold increase in the frequency of infectious

centers in the pre-reactivation and a 5.5-fold increase in the reactivation, relative to DMSO con-

trols. By contrast, inhibition PLCγ did not significantly alter infectious centers produced prior

to or following reactivation relative to the DMSO controls. We monitored proliferation of

infected, drug treated CD34+ HPCs over the 10-day culture period to ensure that the drug treat-

ments did not result in a loss of cell viability as indicated by continued proliferation (S3 Fig).

Fludarbine was not used in CD34+ HPCs because a non-toxic dose could not be found. These

results indicate that the MEK/ERK, STAT and PI3K/AKT pathways each contribute to the

maintenance of CMV latency and inhibition of these pathways enhances reactivation.

EGF stimulation drives expression of the UL138 latency determinant

Collectively, our work demonstrates a requirement for EGFR and its downstream MEK/ERK,

STAT, and PI3K/AKT pathways for the suppression of virus replication to maintain latency in

CD34+ (Fig 2B) [15]. However, the mechanisms by which host signaling impacts infection is

not known. While the effect of EGFR signaling on cellular gene expression [36] might impact

virus replication and latency, we hypothesized that EGFR signaling might also impact viral

gene expression and, specifically, the expression of genes required for latency.
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Fig 3. Inhibition of MEK/ERK and PI3K/AKT signaling stimulates reactivation in CD34+ HPCs, but only

inhibition of PI3K/AKT stimulates replication in fibroblasts. (A) Fibroblasts were infected with TB40/EGFP virus

(MOI = 1). At 24 hpi, cells were treated with DMSO (vehicle control), MEK/ERK (Binimetinib 1 μM; SCH772984

125nM), STAT (Fludarabine 50 μM; S3I-201 100 μM), PI3K/AKT (LY294002 20 μM; MK-2206 1.25 μM), or PLCγ
(U73122 4 μM) inhibitors. At 8 dpi media and cells were collected and viral titers were determined by TCID50. (B)

CD34+ HPCs were infected with TB40/EGFP virus (MOI = 2). At 24 hpi, CD34+/GFP+ cells were sorted and put into

long-term culture with inhibitors listed above. After 10 days, parallel populations of either mechanically lysed cells or

whole cells were plated onto fibroblasts monolayers in cytokine-rich media and frequency of infectious centers was

determined by limited dilution analysis. The mechanically lysed population defines the quantity of virus present prior
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To determine if stimulation of EGFR might affect expression from the UL133-UL138 locus,

we monitored protein accumulation from the immediate early UL122 and UL123 (IE2 and

IE1, respectively), UL135, and UL138 gene expression in serum starved, infected fibroblasts

over a time course following EGF stimulation (Fig 4A). UL138 protein accumulation increased

by 75% at 1h following EGF stimulation relative to unstimulated cells. UL138 protein levels

remained elevated for up to 6h post EGF pulse. In contrast, neither UL135 nor IE1/2 levels

changed in response to EGF-stimulation. These results indicate that EGFR signaling inflences

expression of the UL138 latency determinant.

To begin to understand how EGFR signaling might affect UL138 expression, we used Phys-

Binder to identify putative transcription factor binding sites within the UL133-UL138 locus

that are regulated by EGFR signaling [37]. To minimize the potential for false positives, we

used the Max Precision setting and identified two binding sites for early growth response fac-

tor 1 (EGR1) within the UL135 open reading frame (ORF) upstream of UL138 (Fig 4B). EGR1

is highly expressed in CD34+ HPCs and is required to maintain stem cell quiescence and

retention in the bone marrow [19, 38]. The downregulation of EGR1 is required for differenti-

ation of stem cells and migration out of the bone marrow [19]. EGR1 expression can be

induced by both the MEK/ERK and PI3K/AKT pathways downstream of EGFR (Fig 4C) [39–

41]. To determine if EGR1 is regulated through pathways downstream of EGFR in infected

CD34+ HPCs, we treated WT-infected cells at 4 hpi with inhibitors to MEK, ERK, PI3K or

AKT for 2 days and then quantified EGR1 transcripts by RT-qPCR. Intriguingly, inhibition of

MEK/ERK, but not PI3K/AKT reduced EGR1 transcript levels (Fig 4D), suggesting that EGR1

levels in CMV infected CD34+ HPCs depend upon MEK/ERK signaling.

EGR1 binds sequences upstream of UL138

To confirm binding of EGR1 to putative binding sites in the UL133-UL138 locus, we trans-

duced fibroblasts with lentiviruses expressing EGR1 fused to a 3xFlag epitope tag (EGR13xFlag)

and infected the cells with either a wild-type or a UL133-UL138-deletion mutant (negative

control; NC) viruses. At 48 hpi, chromatin was crosslinked, isolated and digested for chroma-

tin immunoprecipitation (SimpleChIP, Cell Signaling Technologies). Fragment sizes were

confirmed to be 150-300bp in size using a bioanalyzer. Chromatin was immunoprecipitated

with antibodies to either EGR1, Histone 3 (H3) or normal IgG and binding was detected by

PCR with site-specific primers (Fig 5A). The EGR1 antibody precipitated sequences in the

wild-type infection for both binding sites by PCR; but not in the NC or IgG control. These

results indicate that EGR1 interacts with both site 1 and site 2.

We next analyzed EGR1 binding to UL133-UL138 sequences in infected fibroblasts (2 dpi)

stimulated with EGF or overexpressing a Flag epitope-tagged EGR1 (EGR13xFlag) and in CD34

+ HPCs (6dpi) by ChIP combined with qPCR (Fig 5B). Site 1 and Site 2 sequences were

increased 10- and 100-fold in the EGR1 pull down from fibroblasts where EGR1 was induced

by EGF or overexpressed relative to the IgG control, respectively. Strikingly, in infected CD34+

HPCs EGR1 binding at site 1 and 2 was 1000-fold greater relative to the IgG control. These

to reactivation (pre-reactivation). The whole cell population undergoes differentiation due to fibroblasts contact and

cytokine stimulation, which promotes viral reactivation (reactivation). The frequency was normalized to the pre-

reactivation DMSO control to facilitate comparisons between experiments. Statistical significance was calculated by

either One-Way ANOVA with Bonferroni(A) or Two-Way ANOVA with Tukey’s correction for each condition (B)

and represented by asterisks (� p-value< 0.05, �� p-value< 0.01, ��� p-value< 0.001, and ���� p-value< 0.0001). For

fludarabine infected fibroblasts ANOVA could not measure difference due to absence of quantifiable virus and

statistical significance was calculated by student t-test (���� p-value< 0.0001). Data graphed is the mean of 3 replicates

with error bars representing SEM.

https://doi.org/10.1371/journal.ppat.1008037.g003
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Fig 4. EGFR signaling promotes UL138 protein accumulation. (A) Fibroblasts were infected with TB40/EGFP (MOI = 1) and put into serum-free media at 24hpi.

Cells were stimulated with 10nM EGF at 48 hpi and cells were harvested between 1 and 24 hours post stimulation. Lysates were separated by SDS-PAGE, transferred

and blotted with α- IE1/2, α-UL135, α-UL138, and α Tubulin. Protein levels from 4 replicates were normalized to no EGF treated control and 1h post EGF treatment is

graphed. Statistical significance was calculated by student t-test; asterisks ��� p-value< 0.001. Error bars represent SEM.(B) Graphical representation of putative EGR1

binding sites located withinUL135ORF starting at nt-306 and nt-896, in reference to UL135 start codon. P-values were calculated using PhysBinder prediction

software. (C) A model depicting how EGFR signaling promotes EGR1 expression by either directing its expression through MEK/ERK signaling or by blocking FOXO1

suppression of EGR1 transcription though PI3K/AKT signaling. (D) CD34+ HPCs were infected with WT virus (MOI of 2) and treated with MEK/ERK (Binimetinib

and SCH772984) or PI3K/AKT (LY294002 and MK-2206) inhibitors at 4 hpi. RNA was isolated at 48 hpi EGR1 measured by RT-qPCR relative to H6PD. Graph

represents the average from two replicates with error bars that represent the range.

https://doi.org/10.1371/journal.ppat.1008037.g004
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data indicate that EGR1 binds to sequences upstream of UL138 in the contexts of infection in

fibroblasts and CD34+ HPCs.

EGR1 induces UL138 protein accumulation

UL138 is expressed from a series of overlapping 3’ co-terminal transcripts, many initiating

downstream of the UL135 ORF [26, 42, 43]. The presence of putative EGR1 binding sites

upstream of these transcripts suggests the existence of a promoter element in this region to

regulate UL138 expression; this element has yet to be mapped. In this case, EGR1 binding

Fig 5. EGR1 transcription factor binds within the UL135 gene region. (A) Fibroblasts were transduced with EGR13xFlag lentivirus and then

infected with WT orUL133/8null mutant (negative control; NC) TB40/E virus (MOI = 1). Chromatin was immunoprecipitated (ChIP) with IgG

control or antibodies specific to EGR1 or histone 3 (H3) and the presence of Site 1 or Site 2 was detected in the precipitates by PCR. As a positive

control, PCR was also performed on 2% of the ChIP input. Gel is a representative experiment from 3 replicates. Diagram represents the amplicon

region used for Site 1 and Site 2 detection. (B) ChIP-qPCR using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling) was performed on

fibroblasts infected for 48 h and pulsed with EGF for 1h, fibroblasts expressing EGR13xFlag infected for 48 h, or pure population of infect CD34+

HPCs in long-term culture for 5 days (6 dpi total). Fibroblasts were infected at an MOI of 1 and the CD34+ HPCs were infected at an MOI of 2.

The presence of EGR1 Site 1 or Site 2 sequence was quantified by qPCR relative to a 2% input control and normalized to WT levels.

https://doi.org/10.1371/journal.ppat.1008037.g005
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would be expected to induce UL138, but not UL135 gene expression, consistent with our result

in Fig 4A.

To determine if EGR1 is sufficient to induce UL138 expression we transduced fibroblasts

with lentivirus expressing either EGR13xFlag or empty vector and infected cells with TB40/E.

EGR1 overexpression increased UL138 expression in infected cells by 4-fold, while IE1 and 2

protein levels were unaffected (Fig 6A). To ensure that EGR1 activity is not priming UL138

expression from a more distal promoter site, we co-transfected HEK-293T cells with a plasmid

containing the entire UL133-UL138 locus in a promoterless vector backbone (UL133/8) and

either the EGR13xFlag expression construct or an empty control. We detected a 3.5-fold

increase in UL138 protein in the context of EGR1 overexpression relative to the empty vector

control (Fig 6B). These results indicate that EGR1 expression is sufficient to stimulate UL138
expression from an unmapped regulatory element encoded with the UL133/8 locus.

Similar to other herpesviruses, CMV encodes a number of microRNAs [44, 45]. CMV

miR-US22 targets EGR1 in the context of infection in CD34+ HPCs [46]. miR-US22 expres-

sion decreases EGR1 protein levels by 2- to 5- fold, reducing hematopoietic cell proliferation,

the potential for multipotent hematopoietic colony formation and the frequency of CMV reac-

tivation. These results emphasize the importance of EGR1 for hematopoietic differentiation

and CMV reactivation. If EGR1 regulates UL138 gene expression, then a miR-US22-mutant

(ΔUS22) virus, which has increased expression of EGR1 and fails to reactivate, would be

expected to also have increased UL138 protein. To test this, we infected fibroblasts with a WT

Fig 6. EGR1 promotes UL138 protein expression. (A) Fibroblasts were transduced with either EGR13xFlag or empty vector control and infected with WT TB40/EGFP

(MOI = 1) 24 hours later. At 48 hpi, protein lysates were separated by SDS-PAGE and proteins detected using α-FLAG, α-UL138, and α-Tubulin. (B) HEK293T cells were

co-transfected with EGR13xFlag, UL133/8 encoding plasmid, or empty vector controls (minus sign). Protein lysates were harvested at 48h, samples were separated by

SDS-PAGE and proteins detected using α-FLAG, α-UL138, and α-Tubulin. (A-B)UL138 protein levels from either 4(A) or 3(B) independent experiments were

normalized to the control and shown in graphs. Statistical significance was calculated by student t-test; asterisks indicate � p-value< 0.05 and �� p-value< 0.01. Error bars

represent SEM. (C) Fibroblasts were infected with 1 MOI of WT or ΔmiR-US22 TB40/EGFP virus and serum starved overnight before treating with 50 ng/mL of EGF.

Samples were collected at 3 and 4 dpi, then separated on a SDS-PAGE gel, and blotted for α-EGR1, α-UL138, α-IE1, and α-GAPDH. Normalized values for EGR1 and

UL138 protein are below each band. Blot is representative of two independent experiments.

https://doi.org/10.1371/journal.ppat.1008037.g006
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or ΔUS22-mutant virus and pulsed them with EGF for 1 hour at different time points. At both

3 dpi and 4 dpi, UL138 was increased by ~25% in the ΔUS22-mutant virus infection relative to

WT infection (Fig 6C). The increase in UL138 protein levels corresponded to increased EGR1

protein levels in the context of ΔUS22 virus infection. This result is consistent with the regula-

tion of UL138 by EGR1 and suggests an epistatic relationship between UL138 and miR-US22

and EGR1 in regulating infection.

CMV maintains EGR1 levels during latent infection but reduces its

expression during productive replication

To determine how EGR1 is regulated during CMV latent infection, we analyzed EGR1 mRNA

expression in TB40/E-infected CD34+ HPCs derived from two donors at 2 and 6 dpi by RNA

sequencing [2]. In each donor, EGR1 expression increased following CMV infection from 2 to

6 dpi by 3-fold (Fig 7A). By contrast, the expression of two related genes belonging to the same

Fig 7. EGR1 levels are elevated during latent infection in CD34+ HPCs. (A) CD34+ HPCs were infected with TB40/EGFP (MOI = 2). At 2 and 6

dpi, mRNA libraries were prepared for Illumina sequencing. Relative expression of EGR1, EGR2, EGR3, and WT1 was calculated by fragments per

kilobase per million reads (FPKM) and normalized to EGR1 2 dpi levels. Error bars represent the range of gene expression between two independent

donors. (B) Fibroblasts were infected with WT TB40/EGFP (MOI = 1) and RNA was isolated at 0–72 hpi. EGR1 mRNA was quantified relative to

H6PD by RT-qPCR. Results from 3 independent replicates are graphed error bars represent SEM. Statistical significance was calculated by One-Way

ANOVA with Tukey’s correction and represented by an asterisk (� p-value< 0.05). (C) Fibroblasts were infected with TB40/EGFP (MOI = 1) and

transferred to serum-free media at 24 hpi. At 48 hpi, samples were pulsed with 10 nM of EGF for 1 h. Lysates were separated by SDS-PAGE and

immunoblotted with α-EGR1, α-IE1/2, and α-tubulin. EGR1 protein levels were normalized to the uninfected sample stimulated with EGF and the

mean from 3 independent replicates is graphed. Error bars represent SEM. We calculated statistical significance by two-way ANOVA with Tukey’s

correction and represented significance by asterisks (� p-value< 0.05; ���� p-value< 0.0001).

https://doi.org/10.1371/journal.ppat.1008037.g007
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zinc-finger transcription factor family, EGR2 and EGR3, were unchanged by CMV infection.

Additionally, CMV did not affect expression of Wilms tumor 1 (WT1) a factor that binds com-

petitively to the EGR1 consensus sequence to antagonize EGR1 transcriptional control of

genes, including EGFR [47, 48]. By contrast, EGR1 expression is reduced 3-fold during replica-

tion in fibroblasts following an initial induction (Fig 7B) that is likely due to the stimulation of

EGFR at the cell surface during viral entry [16, 49]. Further, EGR1 is strongly induced in

serum starved, uninfected fibroblasts and infection diminishes this induction by 7-fold (Fig

7C). The reduced responsiveness of EGR1 to EGF stimulation in infected cells likely reflects

diminished EGFR levels and signaling in the context of infection beginning at 24 hpi (Figs 1

and 2). These findings are consistent with the differential regulation of EGFR during produc-

tive and latent states of viral infection which we previously described [15].

Mutation of EGR1 binding sites in the UL133-UL138 region ablates UL138

protein accumulation

To validate the EGR1 binding sites upstream of UL138, we introduced silent mutations into

wobble positions of codons within site 1 and site 2 (ΔSite1+2) or each site individually (ΔSite 1

or ΔSite 2) by site directed mutagenesis in the promoterless UL133/8 vector construct (S4 Fig).

HEK-293T cells were co-transfected with an empty vector or EGR13xFLAG and either WT

UL133/8 or ΔSite 1+2, ΔSite 1 or ΔSite 2. UL138 protein levels in cells expressing EGR13xFlag

were normalized to that in cells transfected with empty vector (Fig 8A). EGR1 overexpression

induced UL138 protein accumulation 4-fold from the WT UL133/8 construct; however muta-

tion of either Site 1 or Site 2 resulted in 2-fold reduced levels of UL138 protein accumulation.

If EGR1 regulates UL138 gene expression through binding to the sites upstream of UL138,

then we hypothesized that EGR1 knockdown by siRNA or the CMV miR-US22 would

decrease UL138 expression in EGR1 binding site-dependent manner. We analyzed UL138

protein levels in HEK 293T cells transfected with the WT UL133/8 or ΔSite1+2 promoterless

vectors and EGR1 siRNAs or miR-US22 to knockdown EGR1 (Fig 8B). Knockdown of EGR1

either with an EGR1 siRNA or miR-US22 decreased UL138 protein levels by 30% in cells con-

taining the wild-type UL133/8 plasmid. However, EGR1 knockdown had no effect on UL138

protein accumulation in cells where site 1 and site 2 were disrupted. Taken together, these

results further validate the significance of the EGR1 binding sites in the viral genome to the

regulation of UL138 expression.

We next engineered the EGR1 binding site disruptions into the TB40/E genome cloned as a

bacterial artificial chromosome, resulting in TB40/E-ΔEGR1Site 1 and TB40/E-ΔEGR1Site 2. We

confirmed the disruption of EGR1 binding sites by sequencing. These viruses exhibited no

defects for replication relative to a parental WT virus in fibroblasts when analyzed for multi-

step growth (Fig 9A), indicating that the mutations introduced to disrupt EGR1 binding to the

UL133-UL138 region do not affect productive virus replication in fibroblasts.

To determine if either EGR1 binding site mutation affected UL138 expression in the con-

text of infection, we infected fibroblasts with TB40/E-WT, -ΔEGR1Site 1 or -ΔEGR1Site 2, and

measured UL138, UL135, and IE1/IE2 protein levels at 48 hpi by immunoblot (Fig 9B). Dis-

ruption of Site 1, but not Site 2, decreased UL138 protein levels by 50%. While, IE protein lev-

els were unaffected, we detected a striking loss of UL135 protein in the TB40/E-ΔEGR1Site 2

infection. Several independent clones of this mutant produced the same phenotype.

To confirm the loss of EGR1 binding to ΔEGR1Site 1 in the context of infection, we trans-

duced fibroblasts with EGR13xFLAG lentivirus and infected with TB40/E-WT, ΔEGR1Site 1 or

ΔEGR1Site2 viruses. Chromatin was precipitated with antibodies to EGR1 (SimpleChIP, Cell

Signaling Technologies) and binding to sites was quantified by qPCR using primers flanking
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site 1 or site 2, as was used if Fig 5. In two independent experiments, EGR1 precipitated 4-fold

more site 1 and 2 sequence in the WT-virus infection relative to the IgG control (Fig 9C).

Infection with TB40/E-Δ EGR1Site 1 or -ΔEGR1Site2 resulted in a 3- or 4-fold reduction, respec-

tively, in EGR1 binding to site 1 or 2 relative to WT. Taken together, these results demonstrate

that EGR1 binds to its sites in UL133-UL138 and that EGR1 binding induces UL138
expression.

Fig 8. Mutation of EGR1 binding sites blocks induction of UL138. (A) HEK293T cells were co-transfected with

either empty vector (minus sign) or EGR13xFLAG and a promoterless plasmid containing UL133/8 sequences or

UL133/8 where EGR1 sites were mutated in combination (ΔSite1+2) or individually (ΔSite 1 or ΔSite 2). At 48 h,

lysates were separated by SDS-PAGE, and proteins detected using α-Flag, α-UL138, and α-tubulin.UL138 protein

levels in EGR13xFLAG transfections were normalized to control levels to determineUL138 induction. The results from 4

independent replicates are graphed. Statistical significance was calculated by One-Way ANOVA with Bonferroni

correction (� p-value< 0.05 and �� p-value< 0.01). (B) HEK293T cells were co-transfected with the UL133/8 vector or

the UL133/8 vector where EGR1 sites (ΔSite1, ΔSite 2) were disrupted and negative control siRNA, EGR1 siRNA, or

miR-US22. Cells were transferred to serum-free media at 24 h. At 48 h, samples were stimulated with 50 ng/mL EGF

for 1h and then lysed, separated by SDS-PAGE, and proteins detected using α-UL138 and α-GAPDH.UL138 levels are

normalized to negative control. A representative blot of 2 independent experiments is shown.

https://doi.org/10.1371/journal.ppat.1008037.g008
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Fig 9. Disruption of either EGR1 site blocks EGR1 binding during infection. (A) Fibroblasts were infected with WT

TB40/EGFP or EGR1 binding mutant viruses, ΔSite 1 or ΔSite 2 (MOI = 0.02). Cells and media were collected from

0–16 dpi and virus titers measured by TCID50. The average of 3 independent replicate experiments is shown. (B)

Fibroblasts were infected with WT or EGR1 binding mutant viruses. Samples were lysed at 48 hpi, separated by
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EGR1-stimulation of UL138 is required for CMV latency

To determine if EGR1 binding is important for CMV latency we infected CD34+ HPCs with

either TB40/E-WT or TB40/E-ΔEGR1Site 1 mutant virus. Given that UL135 expression is dis-

rupted in multiple independent clones of ΔEGR1Site2 and the importance of UL135 for reactiva-

tion [17], we excluded this virus from further analysis. At 24 hpi, pure populations of infected

HPCs (GFP+/CD34+) were isolated and seeded into transwells above a stromal cell support for

long-term culture. As described for Fig 3B, live cells or a cell-equivalent lystate control was seeded

onto fibroblast monolayers by limiting dilution. GFP+ wells were scored 14 days later to deter-

mine the frequency of infectious centers present at the time of lysis (pre-reactivation) or resulting

from reactivation (live cells). Reactivation of TB40/E-WT produced a 3-fold increase in the fre-

quency of infectious centers relative to the pre-reactivation control (Fig 10A). In contrast, TB40/

E-ΔEGR1Site 1 infection resulted in a loss of latency and equal frequencies of infectious centers

were measured prior to and following reactivation. The loss of latency with the ΔEGR1Site 1

mutant is a similar phenotype as aUL138null-mutant virus in CD34+ HPCs [17]. To determine if

expression ofUL138was diminished in the absence of EGR1 binding in CD34+ cells, we analyzed

UL138 transcripts at 5 dpi by RT-qPCR in cells infected with WT or ΔEGR1Site 1. Because UL138

is encoded on a series of 3’ co-terminal polycistronic transcripts that differ in their 5’ ends (some

that extend 5’ of the EGR1 binding site), we determined the ratio of UL138 transcripts to larger

transcripts that include UL135 sequences (upstream of Site1). The UL138-to-UL135 ratio of tran-

scripts was 215-fold greater in the WT compared to ΔEGR1Site1 infection (Fig 10B). These results

are consistent with the requirement for UL138 in latency and demonstrate a role for EGR1 in

driving UL138 gene expression for latency.

Discussion

All herpesviruses rely on and manipulate cellular signaling pathways to regulate their viral life-

cycle—and this is particularly important to the establishment and maintenance of latency and

reactivation from latency. CMV manipulates EGFR and its downstream pathways to achieve

this goal [11, 15, 18, 28, 30]. EGFR is downregulated during the replicative cycle and further

inhibition enhances viral replication [15, 27, 28]. Stimulation of EGFR signaling upon entry

into hematopoietic cells is important to establish an environment to support latency in CD34+

HPCs [10, 16, 50]. Sustained EGFR signaling is important for latency and inhibition of EGFR

or its downstream pathways is important for viral reactivation [15]. Targeting EGFR at entry,

replication, latency and reactivation provides CMV with access to cellular pathways involved

in survival, differentiation, proliferation, motility, immune signaling, and DNA repair [51–

55]. While the precise downstream effects of virus-mediated control of EGFR that are impor-

tant to CMV infection are not clearly defined, here we demonstrate that signaling downstream

of EGFR impacts expression of the latency determinant UL138 from the viral genome and that

this regulation of UL138 gene expression is important to the latent infection.

The EGR1 transcription factor is induced by the MEK/ERK and PI3K/AKT pathways

downstream of EGFR. EGR1 plays a critical role in hematopoietic differentiation, in maintain-

ing stemness in hematopoietic stem cells [19] and later in macrophage differentiation [20, 21,

SDS-PAGE and proteins detected using α-IE1/2, α-UL135, and α-UL138, and α-tubulin. UL138 protein levels were

quantified and each mutant was normalized to WT over 3 independent experiments. The average value is graphed with

error bars representing SEM and statistical significance is calculated by One-way ANOVA with Bonferroni correction

(� p-value<0.05). (C) Fibroblasts were infected with WT TB40/EGFP or EGR1 binding mutant viruses, ΔSite 1 or ΔSite

2, (MOI = 1) and transferred to serum-free media at 24 hpi. At 48 hpi, samples were pulsed with 10 nM EGF for 1h

and processed for ChIP-qPCR using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling). The presence of EGR1

Site 1 sequence was calculated relative to a 2% input control and normalized to WT levels.

https://doi.org/10.1371/journal.ppat.1008037.g009
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56]. Intriguingly, EGR1 restricts hematopoietic differentiation along the macrophage lineage

at the expense of granulocyte and erythroid lineages [21, 56]. Here we show that EGR1 binds

upstream of UL138 and induces the accumulation of UL138 (Figs 5, 6, 8 and 10B). EGR1 stim-

ulation of UL138 is inducible through the activation of EGFR (Figs 5B and 7C) and diminished

if the downstream MEK/ERK pathway, but not PI3K/AKT, is inhibited (Fig 4D). Viruses

where EGR1 binding sites have been ablated, express lower levels of UL138 and fail to establish

latency (Figs 8A, 9B and 10). Finally, CMV miR-US22 knockdown of EGR1 is required for

reactivation [46] and reduces UL138 protein levels (Figs 6C and 8B). From this work, a model

emerges whereby high levels of EGR1 in CD34+ HPCs [19] primes these cells for expression of

UL138 and the establishment of latency upon infection (Fig 11). Combined with our previous

findings that UL138maintains EGFR signaling [15], we propose a model by which EGFR sig-

naling through MEK/ERK induces EGR1 to drive UL138 expression. UL138 feeds back to sus-

tain EGFR signaling to promote CMV latency. Disrupting this feedback loop, with either

chemical inhibitors for EGFR or downstream MEK/ERK pathways or by preventing EGR1

binding, results in increased replication in CD34+ HPCs. To ensure reactivation the virus

encodes both UL135 [15, 17, 18] and miR-US22 [46], which target EGFR and EGR1,

respectively.

During a productive infection, we demonstrate a striking and early downregulation of

EGFR from the cell surface and a decrease in total levels (Fig 1). The reduction in EGFR corre-

sponds to a loss of responsiveness in major pathways downstream of EGFR (Fig 2 and S1 Fig).

Downregulation of PI3K and AKT pathways is most important for productive replication,

whereas inhibition of STAT signaling negatively impacted replication in fibroblasts (Fig 3A).

By contrast, in the context of latency CD34+ cells, inhibition of MEK/ERK, STAT or PI3K/

AKT pathways resulted in enhanced reactivation (Fig 3B), as is also observed using EGFR

Fig 10. Inhibition of EGR1 binding to site 1 disrupts CMV latency. (A) CD34+ HPCs were infected with either WT TB40/EGFP or TB40/E-

ΔEGR1Site 1 mutant virus (MOI = 2). At 24 hpi, CD34+/GFP+ cells were sorted and seeded into long-term culture. After 10 days in culture,

parallel populations of either mechanically lysed cells or whole cells were plated onto fibroblast monolayers in cytokine-rich media. 14 days later,

GFP+ wells were scored and frequency of infectious centers was determined by extreme limited dilution analysis (reactivation). The

mechanically lysed population defines the quantity of virus present prior to reactivation (pre-reactivation). The frequency was normalized to WT

pre-reactivation and the average of three independent experiments is shown. Statistical significance was calculated by Two-Way ANOVA with

Tukey’s correction and represented by asterisks (� p-value< 0.05). (B) At 5 dpi, RNA was isolated from WT- and ΔEGR1Site1-infected CD34+

HPCS and transcripts encodingUL135 andUL138 was quantified by RT-qPCR. A ratio of UL138 to UL135 contain transcripts was calculated

with Pfaffl.

https://doi.org/10.1371/journal.ppat.1008037.g010
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inhibitors [15]. MEK/ERK signaling is particularly interesting since EGR1 was induced through

MEK/ERK (and not PI3K/AKT) in CD34+ HPCs (Fig 4D). As inhibition of PI3K or AKT

strongly stimulates reactivation from latency [15] (Fig 3B), this indicates that the PI3K/AKT

pathways contribute to latency through a mechanism that is distinct from the regulation of

EGR1 and UL138 gene expression. This will be an important area of inquiry for future studies.

The interplay between PI3K/AKT and MEK/ERK pathways in the regulation of replication

and latency is evident in the context of other herpesvirus infections. Herpes simplex virus 1

(HSV-1) activates PI3K activity through stimulation of neural growth factor to maintain

latency [57]. Inhibition of P13K stimulates HSV-1 reactivation, but full reactivation also

requires c-Jun N-terminal kinase (JNK), a MAPK family member, signaling to induce histone

phosphorylation on viral promoters to de-repress HSV-1 gene expression [58]. Also, HSV-1

proteins VP11/12 interact with Src-family kinases, Grb2, Shc, and p85 through a tyrosine-

binding motif in order to stimulate PI3K/AKT activity without growth factor stimulation [59].

HSV-1 US3 protein kinase suppresses ERK signaling to promote viral replication [60].

Epstein-Barr virus (EBV) latency membrane protein LMP-1 promotes both EGFR protein lev-

els and activation of STAT3 and ERK signaling pathways [61–63], while LMP2A activates

PI3K/AKT signaling [64, 65]. Additionally, LMP2A also promotes cellular survival through

ERK activation mediating proteosomal degradation of proanoikis mediator Bim [66]. Lastly,

Kaposi’s sarcoma-associated herpesvirus (KSHV) latent infection promotes PI3K activation

[67]. However, KSHV activates MEK/ERK signaling to promote its reactivation and inhibition

of MEK/ERK signaling suppresses ORF50 expression and KSHV reactivation [68, 69]. These

Fig 11. Model for the regulation of UL138 expression through EGFR induction of EGR-1 in a positive feedback

mechanism. Our data demonstrates that EGFR signaling promotes EGR-1 expression through MEK/ERK signaling

pathways. EGR-1 stimulates UL138 expression and UL138 feeds back to sustain EGFR signaling. UL135 targets EGFR

for turnover and CMV miR-US22 targets EGR1 to negatively regulate this cycle for reactivation.

https://doi.org/10.1371/journal.ppat.1008037.g011

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 20 / 33

https://doi.org/10.1371/journal.ppat.1008037.g011
https://doi.org/10.1371/journal.ppat.1008037


combined findings illustrate the significance of PI3K/AKT and MEK/ERK signaling pathways

to the regulation of herpesvirus programs of latency and replication.

The role of signaling pathways in CMV infection, particularly, MEK/ERK is complex.

MEK/ERK is an activator of mitogen activated protein kinase (MAPK) and has previously

been shown to be important for reactivation from latency in CD34+ progenitor, CD14+ mono-

cyte, and dendritic models of latency [70–74]. In those studies, ERK signaling upregulated the

pro-survival Mcl-1 host factor and inhibition of ERK results in increased cell death in the

THP-1 monocytic cell line or CD34+ HPCs [71]. Further, ERK signaling was also shown to

upregulate ELK-1 in CD34+ cells to counter the stimulation of pro-apoptotic pathways [72].

By contrast, in our study inhibition of ERK did not result in any detectable increase in cell

death relative to the DMSO control or other inhibitor treatments (S3 Fig). The MAPK pathway

was shown to be attenuated by CMV US28 for latency in monocytes and inhibition of MAPK

or NFκB pathways reduced replication [73]. However, another study showed that while US28

ligand-dependent signaling is important to latency, US28 plays an important role in reactiva-

tion [75]. The differences in these studies reflects the complexity of signaling in hematopoietic

cells, which is likely magnified by differences hematopoietic cell type or subpopulation compo-

sition across primary cell model systems and differences inherent to experimental systems.

The role of EGR1 in promoting UL138 expression during CMV infection is particularly

intriguing because CD34+ HPCs express high levels of EGR1 in the bone marrow [19]. As

such, CD34+ cells are predisposed to drive UL138 expression upon CMV infection to suppress

viral replication. This observation is one possible explanation for why we detect the UL138

protein, but not other UL133-UL138 proteins, in latently infected CD34+ HPCs [26] and may

underlie differential expression of UL133-UL138 genes in different cell types. Upon differenti-

ation of CD34+ HPCs EGR1 expression falls rapidly [19], a requirement for the differentiation

and migration of stem cells out of the bone marrow. This diminishment EGR1 would be

expected to result in decreased UL138 expression, predisposing cells towards reactivation. By

contrast, EGR1 levels are low in sites of productive replication, such as fibroblasts. CMV-medi-

ated suppression of EGFR and its downstream signaling further suppress EGR1 and conse-

quently UL138 expression in contexts of replication (Figs 2 and 7C). Finally, CMV replication

in fibroblasts stimulates WT1 expression [28], which competes antagonistically for EGR1 tar-

gets, including EGFR [47, 76], and indicates another mechanism by which the virus antago-

nizes EGFR/EGR1 signaling for productive infection. Finally, the Nelson lab demonstrates

that CMV miR-US22 targets EGR1 to promote hematopoietic differentiation and reactivation,

and results in decreased UL138 [46] (Figs 6C and 8B). Taken together, our results demonstrate

that EGR1 is an important target in CMV infection and its expression is targeted through mul-

tiple mechanisms to promote viral replication.

EGR1 regulates viral gene expression in the context of other herpesvirus infections. In

HSV-1, EGR1 binding sites are located within the introns of both ICP22 and ICP4 [77]. In

contrast to our findings, EGR1 inhibits both ICP4 and ICP22 by blocking SP1 binding sites

and recruiting the co-repressor Nab2 [77]. The authors predict that the inhibition of both of

these immediate early genes would promote HSV-1 gene silencing for the establishment of

latency. EBV transactivator ZTA upregulates EGR1 by both interacting with its promoter and

by increasing ERK signaling in order to promote viral reactivation[78]. While the mechanism

by which each herpesvirus utilizes EGR1 to control viral latency and replication differs, it is

clear that manipulating EGR1 is common feature. These differences may reflect the unique cell

types where each herpesvirus family member establishes latency.

Herpesviruses manipulate multiple signaling pathways to control viral latency and to pro-

mote viral replication, and understanding the complex interplay between these signaling path-

ways and the virus is necessary to fully appreciate how these viruses persist. We have shown
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that viral manipulation of host signaling impacts the control of UL138 expression. Putative

EGR1 binding sites exist throughout the CMV genome and, because EGR1 can either promote

or repress gene expression [76, 79], it will be important to understand how EGR1 binding to

promoters across the genome impact latent and replicative states of infection.

Materials and methods

Cells

MRC-5 lung fibroblasts (ATCC), HEK293T/17 cells (ATCC), Sl/Sl stromal cells (Stem Cell

Technology), M2-10B4 stromal cells (Stem Cell Technology), and CD34+ HPCs were main-

tained as previously described [17]. Human CD34+ HPCs were isolated from de-identified

medical waste following bone marrow isolations from healthy donors for clinical procedures

at the Banner-University Medical Center at the University of Arizona. Latency assays were per-

formed as previously described [15, 17].

Viruses

Bacterial artificial chromosome (BAC) stocks of TB40/E WT virus, a gift from Christian Sinzger

[80], was engineered to express GFP from a SV40-promoter [26]. EGR1 binding mutant viruses

were created by two-step, positive-negative selection approach with galK substitution as was

previously described [17, 81]. Both the TB40/E UL133/8Null galK intermediate and pGEM-T

UL133-UL138 shuttle vector, referred to as UL133/8 plasmid in the results, were created previ-

ously and described in Umashankar et al. 2014 [17]. Creation of TB40/E mutant lacking the

UL133-138 locus is described in Umashankar et al. 2011 [26]. EGR1 binding sites were mutated

by Phusion PCR mutagenesis using flanking PCR primers to each region with mutations incor-

porated into the corresponding forward and reverse primers (Table 1). pGEM-T UL133-UL138
plasmids removing EGR1 site 1 (ΔSite 1), EGR1 site 2 (ΔSite 2), or both EGR1 sites (ΔSite 1+2)

were created and stocks were maintained in DH10B bacteria glycerol stocks. Inserts for BAC

recombineering were gel purified from pGEM-T ΔSite 1 and ΔSite 2 plasmids digested with

EcoRI. Inserts were electroporated into SW102 E. coli containing the TB40/E UL133/8Null galK

intermediate as previously described [82]. BAC integrity was confirmed by comparing EcoRV

digestion of the EGR1 binding site mutant BACs to WT TB40/E BAC digest. Mutations of

EGR1 binding sites in TB40/E-ΔEGR1Site 1 and TB40/E-ΔEGR1Site 2 were confirmed by Sanger

sequencing. Loss of EGR1 binding in TB40/E-ΔEGR1Site 1 was confirmed by ChIP-qPCR,

described below. TB40/EGFPΔmiR-US22 was created as described in Mikell et al. [46].

Plasmids and lentiviruses

pDONR221 containing EGR1 cDNA was purchased from DNASU (Arizona State University;

Phoenix, Az). EGR1 was PCR amplified from the pDONR221 plasmid with pCIG3 EGR1 for-

ward and reverse primes and inserted into pCIG3 plasmid at PacI and EcoRI digestion sites.

Addition of a 3xFlag epitope tag was done by Phusion PCR mutagenesis EGR1 3xFlag Forward

and Reverse primers EGR13xFlag Forward and Reverse sequences. All plasmid inserts were veri-

fied through Sanger sequencing and maintained in DH10B glycerol stocks. EGR13xFlag lentivi-

rus was created by cotransfecting pCIG3 EGR13xFLAG, pMD2.G, and psPAX2 (gifts from

Didier Trono; Addgene #12259 and 12260; http://n2t.net/addgene:12259; RRID:

Addgene_12259; http://n2t.net/addgene:12260; RRID:Addgene_12260) into HEK293T/17

cells with polyethylenimine (Polysciences) and collected supernatants at 48 and 72h post trans-

fection. Plasmid transfections were carried out in HEK293T/17 cells using PEI at 1 μg of DNA

to 3 μg PEI. Plasmid encoding shRNA of EGR1 was described in Mikell et al. [46].
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Flow cytometry

MRC-5 fibroblasts were infected with 1 MOI of TB40/EGFP virus for 0–72 hpi. Cells were lifted

off the plates, fixed in 2% Formaldehyde in PBS for 30 min, and washed with excess PBS. Cells

were then stained with Brilliant Violent 421-conjugated α-EGFR (Biolegend; Table 2). Samples

were gated for intact GFP+ cells and geometric mean of fluorescence intensity (geoMFI) was

measured using a BD LSRII equipped with FACSDiva Software (BD Bioscience Immunocyto-

metry Systems) and FlowJo software.

CD34+ HPCs were infected with 2 MOI of TB40/E/EGFP virus for 48 h. Cells were fixed in

2% formaldehyde in PBS on ice for 30 min. Washed with excess PBS. Cells were permabilized

with Perm/Wash Buffer (BD Biosciences) containing 3% goat and 3% human serum for 30

min at room temp. Cells were stained with conjugated α-CD34, pEGFR(Y1068), pAKT(S473),

pMEK1/2(S217/221), and pERK1/2(T202/Y204) antibodies (Table 2). Tubes were washed with

excess Perm/Wash buffer. Samples were stored in 2% formaldehyde in PBS until analyzed

using BD LSRII. Samples were gated for CD34+ GFP+ and geometric mean of fluorescence

intensity (geoMFI) for each phosphorylation marker was measured using a BD LSRII

equipped with FACSDiva Software (BD Bioscience Immunocytometry Systems) and FlowJo

software.

Immunoblotting

Lysates were separated by electrophoresis on precast 12% Tris-Bis SDS-PAGE gel (Genscript)

or 4–20% precast gels (BioRad). Gels were transferred onto Immobilon-P PVDF membrane

(EMD Millipore). Antibodies were incubated in with blocking solution, either 5% milk in

TBS-T or 5% BSA in TBS-T, as per antibody manufacturer specifications. After antibody

Table 1. Primer sequences.

Primer Sequence

ΔSite 1 Forward 5’- [phos]CCAACCCCGCAGGTGCCGCG-3’

ΔSite 1 Reverse 5’- [[phos]GGGGTGGGTGGCCACC-3’

ΔSite 2 Forward 5’- [phos]CACCCCGATGGTCGGACATCGAGG-3’

ΔSite 2 Reverse 5’- [phos]GGGGGGCTAACTCGGAAACCG-3’

pCIG3 EGR1 Forward 5’- ATCGATCGGAATTCCACCATGGCCGCGGCCAAGGCC-3’

pCIG3 EGR1 Reverse 5’- GCATGCATTTAATTAATCAGCAAATTTCAATTGTCCTGGGAGAAAAGGTTGC-3’

EGR1 3xFlag Forward 5’-[phos]AAGATCATGACATCGATTACAAGGATGACGATGACAAGTGATTAATTAAGGG GATCCGCCCCTCT-3’

EGR1 3xFlag Reverse 5’- [phos]TATAATCACCGTCATGGTCTTTGTAGTCGCCGCCGCCGCCGCAAATTTCAAT TGTCCTGGGAGA-3’

EGR1 RT-qPCR Forward 5’-AGCCCTACGAGCACCTGAC-3’

EGR1 RT-qPCR Reverse 5’-GGGCAGTCGAGTGGTTTG-3’

EGFR RT-qPCR Forward 5’-CATGTCGATCGACTTCCAGA-3’

EGR1 RT-qPCR Reverse 5’-GGGACAGCTTGGATCACACT-3’

H6PD RT-qPCR Forward 5’-GGACCATTACTTAGGCAAGCA-3’

H6PD RT-qPCR Forward 5’-CACGGTCTCTTTCATGATGATCT-3’

Site 1 ChIP Forward 5’- CGCCGACGGAGCCGA-3’

Site 1 ChIP Reverse 5’- TGCACCGCCTTTTCCAAGAGTTC-3’

Site 2 ChIP Forward 5’- AATCTCTCGAAGGTGGGACTCT-3’

Site 2 ChIP Reverse 5’- CTCGGAAACCGACACGATAGG-3’

UL135 RT-qPCR Forward 5’-GCGGTGTACGTCGCTCTAC-3’

UL135 RT-qPCR Reverse 5’-GGAAACTCGGGTTTATCTATCG-3’

UL138 RT-qPCR Forward 5’-TGAGATCTTGGTCCGTTGG-3’

UL138 RT-qPCR Reverse 5’-GTGTGTTATCCGCGACGAC-3’

https://doi.org/10.1371/journal.ppat.1008037.t001
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staining, blots were incubated with fluorescent secondary antibodies and imaged and quanti-

tated using a Li-Cor Odyssey CLx infrared scanner with Image Studio software. Antibodies

and sources are defined in Table 2. US22 experiments were developed using chemilumines-

cence with film and quantified with Image J software.

RT-qPCR

Cells were infected with 1 MOI of TB40/EGFP and RNA was isolated using Quick-DNA/RNA

miniprep kit (Zymo Research) from 0–72 hpi. RNA was reverse transcribed into cDNA using

Transcriptor First Strand cDNA Synthesis Kit (Roche). cDNA for EGR1, EGFR, and H6PD

was quantified using LightCycler SYBR Mix kit (Roche) and corresponding primers (Table 1).

Assays performed on Light Cycler 480 and corresponding software. ΔCT for EGR1 and EGFR

were calculated by Pfaffl method normalized to H6PD [83].

Table 2. Antibody description and sources.

Antibody Species Source Concentration

AKT rabbit Cell Signaling Western: 1:1000

Alexa Fluor 546 anti rabbit goat Molecular Probes IF: 1:7,000

Alexa Fluor 647 anti mouse goat Molecular Probes IF: 1:7,000

Brilliant Violet 421 EGFR mouse BioLegend Flow 5 μL/ 1x106 cells

Dylight 700 conjugated anti mouse goat Pierce Western: 1:12,000

Dylight 800 conjugate anti rabbit goat Pierce Western: 1:12000

EGFR (D38B1) rabbit Cell Signaling Western 1:10,00; IF 1:50

EGR1 (44D5) Rabbit Cell Signaling Western 1:1,000;

ChIP 10 μL/ 4x106 cells

EGR1 rabbit Bethyl Western 1:1,000

Flag (D655B) rabbit Cell Signaling Western 1:1,000

GAPDH (6C5) mouse Abcam Western 1:15,000

HRP anti-mouse goat Jackson ImmunoResearch Western: 1:5000

HRP anti-rabbit goat Jackson ImmunoResearch Western: 1:5000

IE1 (8B1.2) mouse Millepore Sigma Western: 1:40,000

IE1/2 (3H4) mouse Tom Shenk; Princeton University Western 1:1,000

IE2 mouse Tom Shenk; Princeton University IF 1:50

IgG, Normal rabbit Cell Signaling ChIP 2 μg/ 4x106 cells

Histone H3 (D2B12) rabbit Cell Signaling ChIP 10 μL/ 4x106 cells

MEK1/2 rabbit Cell Signaling Western: 1:1000

PE conjugated CD34 mouse BD Biosciences Flow 20μL/1x106 cells

phospho-AKT (S473; D9E) rabbit Cell Signaling Western 1:2000

Dylight 649 conjugated phospho-AKT (S473) mouse Rockland Flow: 1 μL/ 1x105 cells

phospho-EGFR (Tyr1068; D7A5) rabbit Cell Signaling Western 1:1000

phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (D13.14.4E) rabbit Cell Signaling Western 1:2000

Alexa Fluor 350 conjugated phospho-EGFR(Tyr1068) mouse R&D Flow: 1 μL/ 2x105 cells

phospho-MEK1/ (S217/221; 41G9) mouse Cell Signaling Western 1:2000

Alexa Fluor 647 conjugated phospho-MEK1/ (S217/221 rabbit BD Phosflow Flow: 1 μL/ 2x105 cells

UL135 rabbit Open Biosystems a Western 2 μg/mL

UL138 rabbit Open Biosystems a Western 2 μg/mL

α-Tubulin (DM1A) mouse Sigma Western 1:10000

a Custom Ordered antibody

https://doi.org/10.1371/journal.ppat.1008037.t002
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For measuring EGR1 transcripts during chemical inhibition in CD34+ HPCs, cells were

infected with 2 MOI of TB40/EGFP. At 4 hpi, cells were collected and divided equally for treat-

ment with MEK/ERK and PI3K/AKT (see Table 3). After 48h, RNA was isolated using Quick-

DNA/RNA miniprep kit (Zymo Research). RNA was reverse transcribed into cDNA and

quantified for EGR1 and H6PD (Table 1), as described above. Relative expression for EGR1

was normalized to H6PD and compared to untreated samples using the Pfaffl method

(Relative expression ¼ EffEGR1
ðCTUntreated EGR1 � CTTreatment EGR1Þ

EffH6PD
ðCTUntreated H6PD � CTTreatment H6PDÞ

) [83].

To measure UL138 transcription differences during CD34 long-term culture, CD34+ cells

were infected with 2 MOI of either WT or ΔEGR1Site1 mutant TB40/EGFP. At 24 hpi, samples

were sorted for CD34+ and GFP+ cells to get a pure population of infected cells. Cells were

seeded into transwells over a feeder layer of irradiated SL/SL and M2-10B4 stromal cells (Stem

Cell Technology) in Myelocult (Stem Cell Technology) with pen/strep and 1 μM of hydrocorti-

sone. After 5 days, RNA was isolated, cDNA synthesized, and UL135 and UL138 transcripts

were quantified with gene specific primers (Table 1), as described above. Because UL135 tran-

scripts also encode UL138, a ratio of UL138 to UL135 transcripts was calculated using Pfaffl to

assess changes between WT to mutant virus (Ratio ¼ EffUL138

ðCTðWT UL138Þ � CT ðDEGR1Site 1UL138ÞÞ

EffUL135

ðCTðWT UL135Þ � CT ðDEGR1Site 1UL138ÞÞ
) [83].

Immunofluorescence

Samples were processed as previously described and stained with antibodies (Table 2; [84]).

All images were obtained using a DeltaVision RT inverted Deconvolution microscope. Repre-

sentative single plane images were adjusted for brightness and contrast.

EGF pulse

Uninfected or cells infected with WT or mutant TB40/EGFP virus were washed two time with

PBS and serum starved in serum-free media for 24h prior to EGF stimulation. After serum

starvation, cells were washed with ice cold PBS and incubated on ice for 30 min. Cells were

then incubated on ice with serum free media containing 10 nM EGF (Gold Biotechnology) for

30 min, except for no EGF control. Cells were then washed with ice cold PBS. 37˚C serum free

media was added and samples were incubated at 37˚C for 15min to 24h, depending on experi-

ment. Samples were then collected for immunoblotting or chromatin immunoprecipitation,

depending of experiment.

siRNA knockdown

HEK293T cells, seeded into 12-well plates the day before, were co-transfected with the indi-

cated 400ng pGEMT plasmid and 600ng pSiren plasmid per well using Lipofectamine 2000

Table 3. Chemical inhibitors.

Inhibitor Target Source Concentration

Binimetinib MEK1/2 LC Laboratories 1 μM

SCH772984 ERK1/2 Selleckchem 125 nM

Fludarabine STAT1 Selleckchem 50 μM

S3I-201 STAT3 Selleckchem 100 μM

LY294002 PI3K LC Laboratories 20 μM

MK-2206 AKT Selleckchem 1.25 μM

U73122 PLCγ Selleckchem 4 μM

https://doi.org/10.1371/journal.ppat.1008037.t003
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(Invitrogen). 24 h later, the cells were serum starved overnight in 0% FBS DMEM and then

treated with 50 ng/mL EGF (Cell Guidance Systems) for 1 hour. Cells were harvested in pro-

tein lysis buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 1% NP-40, and protease inhibitors).

The experiment was performed in duplicate.

Measurement of infectious virus

Confluent fibroblasts were infected with either 1 MOI or 0.02 MOI of either WT TB40/EGFP

or EGR1 mutant virus (TB40/E-ΔEGR1Site 1 and TB40/E-ΔEGR1Site 2). For pathway inhibitors,

the media was changed 24 hpi with media containing inhibitor and incubated for 8 days. For

EGR1 mutant virus studies, media was changed 24 hpi and samples were collected up to 16

dpi. Both cells and media were collected and then total virus was quantified by the TCID50

[17]. Infectious centers were quantitated in CD34+ HPCs, as described previously [84]. Fre-

quency of infection centers were calculated using extreme limiting dilution analysis [85]. For

pathway inhibitors, CD34+ HPCs were treated with chemical inhibitors after sorting for

CD34+ GFP+ populations and when stromals were replaced at 6 dpi. Inhibitor concentration,

targets, and sources are listed in Table 3. Proliferation of CD34+ cells during chemical inhibi-

tion was calculated by observing the fold change in the number of cells prior to and after inhi-

bition for each condition.

Next generation sequencing analysis

Transcript data was acquired from a previous study conducted by Cheng et al. [2]. Briefly, they

prepared mRNA libraries were prepared from CD34+ HPCs infected with TB40/EGFP at a

MOI of 2 at 2 and 6 dpi. Transcripts for EGR1, EGR2, EGR3, and WT1 were normalized to

fragments per kilobase per million reads (FPKM) and then normalized to EGR1 levels at 2 dpi.

Data from two independent experiments using different donors were combined and graphed

together.

ChIP-qPCR

For EGR1 overexpression chromatin immunoprecipitation coupled with qPCR (ChIP-qPCR),

MRC-5 fibroblasts were transduced with 1 MOI of EGR13xFLAG lentivirus. Transduced cells

were then infected with 1 MOI of WT TB40/EGFP for 48h and then processed for ChIP. In

EGF pulse ChIP-qPCR, fibroblasts were infected with 1 MOI of either WT TB40/EGFP or

EGR1 binding mutant virus,TB40/E-ΔEGR1Site 1 or TB40/E-ΔEGR1Site 2,and then serum

starved at 24 hpi. At 48 hpi, samples were pulsed with 10 nM EGF for 1h. All samples were

then processed for ChIP-qPCR using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling

Technologies) as per manufacturer’s recommended protocol. Fragmentation of DNA was con-

firmed by the University of Arizona Genetics Core. For fibroblasts, ChIP was carried out using

α-EGR1, α-Histone H3 (positive control), and Normal rabbit IgG (negative control) and with

4 x 106 infected cells per reaction (Table 2). For CD34+ HPCs, ChIP was carried out using α-

EGR1 and Normal rabbit IgG (negative control) with 2 x 106 infected cells per reaction, and

samples were run in parallel with a fibroblasts experiment. PCR was performed with primers

specific to EGR1 binding site 1 and site 2 in the UL135 open reading frame and separated on

2% agarose gel with ethidium bromide (Table 1). qPCR was performed with LightCycler SYBR

Mix kit (Roche) and Site 1 Forward and Reverse primers. Relative expression was calculated

against a 2% input control (Relative expression ¼ 0:02� 2ðCT2% input � CTChIPÞ). Samples were then

normalized to the relative expression of either the IgG control or the WT EGR1 ChIP, with the

latter being used for mutant virus comparisons.
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Pathscan antibody array

MRC-5 fibroblasts were infected at an MOI of 1 with TB40/EGFP virus and incubated for 48h.

After 48h, samples were washed with PBS twice and either lysed to measure steady state phos-

phorylation or pulsed with 10 nM of EGF for 30 min and then lysed to measure phosphoryla-

tion post stimulation. Either uninfected or TB40/EGFP CD34+ HPCs were collected from

purified populations maintained in long-term culture for 10 days and lysed to measure phos-

phorylation levels. Phosphorylation levels were measured using the PathScan EGFR Signaling

Antibody Array Kit from Cell Signaling as per manufacturer recommended protocol using

protein lysates at a concentration of 1 mg/ml. Arrays were analyzed using a LiCOR Odyssey

scanner at a resolution of 42μm, high quality setting, and exposure intensity of 1. Phosphoryla-

tion levels were normalized to uninfected, no EGF treatment.

Flow cytometry based viability assay

Fibroblasts were infected with 1 MOI of TB40/E virus. After 24h, infected cells were then

treated with MEK/ERK, PI3K/AKT, STAT1/3, or PLCγ inhibitors for 5 days (Table 3). Cell

were collected using trypsin, washed with PBS, and stained using Zombie UV Fixable Viability

Kit (Biolegend) as per manufacturers recommended protocol. Cells were then washed and

resuspended in 2% formaldehyde in PBS. Samples were measured using a BD LSRII equipped

with FACSDiva Software (BD Bioscience Immunocytometry Systems) and overlaid using

FlowJo software.

Statistical analysis

All statistics were calculated using GraphPad Prism version 7 software. Statistics for experi-

ments in this study were calculated using either Student T-test or analysis of variance

(ANOVA) for statistical comparison, which is indicated in the figure legends with p-values for

each experiment.

Supporting information

S1 Fig. Phosphorylation screen of EGFR signaling pathways during CMV infection. Fibro-

blasts were infected with TB40/EGFP (MOI = 1) for 48 h. Cells were then stimulated with 10

nM EGF for 30 min and lysed for PathScan EGFR Signaling Antibody Array Kit (Cell Signal-

ing) analysis. Parallel unstimulated samples were lysed for comparison. Phosphorylation levels

for EGFR (A), MEK/ERK (B), AKT (C), STAT3 (D), and PLCγ (D) markers were normalized

to uninfected, no EGF levels and graphed. Data represents two independent screens each con-

taining two internal technical replicates. Error bars represent the range of the means from

each experiment. (E-H) The same markers were quantified in CD34+ HPCs were infected with

WT TB40/EGFP virus (MOI = 2), a pure population of CD34+/GFP+ cells were sorted at 24h,

and seeded into long-term culture. After 10 days in culture, cells were lysates were also ana-

lyzed by PathScan EGFR Signaling Antibody Array Kit (Cell Signaling).

(TIF)

S2 Fig. Confirmation of chemical inhibition. Fibroblasts were treated with (A) DMSO, (B)

MEK/ERK inhibitors (Binimetinib; SCH772984), (C) STAT (Fludarabine; S3I-201), (D) PI3K/

AKT (LY294002; MK-2206), (E) PLCγ (U73122) and lysates were isolated from 1–5 days. Sam-

ples were separated by SDS-PAGE and blotted for α-pAKT(S472), α-pERK1/2(T202/204), α-

pSTAT3(Y705), and α-Tubulin. Inhibitor protein phosphorylation levels were normalized to

DMSO controls.

(TIF)
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S3 Fig. Analysis of cellular survival in fibroblasts and proliferation in CD34. (A) Fibroblasts

were infected with 1 MOI of WT TB40/E virus. At 24 h, cells were then treated with MEK/

ERK, STAT1/3, PI3K/AKT, and PLCγ inhibitors. After 5 days, cells were collected and cellular

survival was determined using Zombie UV fixable viability kit (Biolegend). Data analyzed with

FlowJo software (BD Biosciences) and represented as fluorescent signal off-set overlay. MK-

2206 is excluded due to excessive auto-fluorescence in unstained control. (B) To assess impact

of inhibitor on infected CD34+ cells treated with pathway inhibitor in Fig 3B during long-term

culture we compared the counts before and after inhibition during long-term culture for all

assays used in Fig 3B. Graph represents fold proliferation and was analyzed for statistical sig-

nificance by One-Way ANOVA and no treatment was statistically significant compared to

DMSO.

(TIF)

S4 Fig. Diagram of EGR1 binding site mutation. UL135 nucleotide sequence was altered in

both a pGEM-T virus plasmid and TB40/EGFP bacteria artificial chromosome backbone to dis-

rupt EGR1 binding site 1 (A) and EGR1 binding site 2 (B). Mutations were engineered into

the wobble codon in order to alter the nucleotide sequence but not the amino acid sequence of

UL135. Binding sequence for each site is underlined and nucleotides mutated are indicated in

grey boxes and bolded text.

(TIF)

Acknowledgments

We acknowledge Dr. Shu Cheng at the University of Arizona for helpful discussion and pro-

viding transcript data for this manuscript. We acknowledge Dr. Luwanika Mlera for critical

reading of the manuscript. We acknowledge Dr. Donna Collins-McMillen for assistance in

sample processing. We acknowledge Mark Curry and the Arizona Cancer Center/Arizona

Research Laboratories Division of Biotechnology Cytometry Core Facility for expertise and

assistance in flow cytometry and Patricia Jansma of the Molecular and Cellular Biology Imag-

ing Facility for expertise in and assistance in fluorescent imaging. Special thanks to Terry Fox

Laboratory for providing the M2-10B4 and Sl/Sl cells. We acknowledge Dr. Tom Shenk for the

gift of antibodies.

Author Contributions

Conceptualization: Jason Buehler, Michael Rak, Iliyana Mikell, Jay A. Nelson, Felicia

Goodrum.

Data curation: Jason Buehler, Suzu Igarashi.

Formal analysis: Jason Buehler, Suzu Igarashi.

Funding acquisition: Jason Buehler, Jay A. Nelson, Felicia Goodrum.

Investigation: Jason Buehler, Ethan Carpenter, Sebastian Zeltzer, Suzu Igarashi, Iliyana

Mikell, Felicia Goodrum.

Methodology: Jason Buehler, Ethan Carpenter, Sebastian Zeltzer, Suzu Igarashi, Michael Rak,

Iliyana Mikell, Felicia Goodrum.

Project administration: Jay A. Nelson, Felicia Goodrum.

Resources: Michael Rak.

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 28 / 33

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008037.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008037.s004
https://doi.org/10.1371/journal.ppat.1008037


Supervision: Jason Buehler, Jay A. Nelson, Felicia Goodrum.

Visualization: Jason Buehler, Sebastian Zeltzer.

Writing – original draft: Jason Buehler, Felicia Goodrum.

Writing – review & editing: Jason Buehler, Sebastian Zeltzer, Michael Rak, Iliyana Mikell, Jay

A. Nelson, Felicia Goodrum.

References
1. Mendelson M, Monard S, Sissons P, Sinclair J. Detection of endogenous human cytomegalovirus in

CD34+ bone marrow progenitors. J Gen Virol. 1996; 77(12):3099–102.

2. Cheng S, Caviness K, Buehler J, Smithey M, Nikolich-Zugich J, Goodrum F. Transcriptome-wide char-

acterization of human cytomegalovirus in natural infection and experimental latency. Proc Natl Acad Sci

U S A. 2017; 114(49):E10586–e95. Epub 2017/11/22. https://doi.org/10.1073/pnas.1710522114 PMID:

29158406; PubMed Central PMCID: PMC5724264.

3. Shnayder M, Nachshon A, Krishna B, Poole E, Boshkov A, Binyamin A, et al. Defining the Transcrip-

tional Landscape during Cytomegalovirus Latency with Single-Cell RNA Sequencing. mBio. 2018; 9(2):

e00013–18. https://doi.org/10.1128/mBio.00013-18 PMID: 29535194

4. Boeckh M, Geballe AP. Cytomegalovirus: pathogen, paradigm, and puzzle. The Journal of Clinical

Investigation. 2011; 121(5):1673–80. https://doi.org/10.1172/JCI45449 PMID: 21659716

5. Ljungman P, Hakki M, Boeckh M. Cytomegalovirus in Hematopoietic Stem Cell Transplant Recipients.

Hematology/oncology clinics of North America. 2011; 25(1):151–69. https://doi.org/10.1016/j.hoc.2010.

11.011 PMID: 21236396

6. Razonable RR, Humar A, Practice tAIDCo. Cytomegalovirus in Solid Organ Transplantation. American

Journal of Transplantation. 2013; 13(s4):93–106. https://doi.org/10.1111/ajt.12103

7. Ljungman P, Engelhard D, Link H, Biron P, Brandt L, Brunet S, et al. Treatment of Interstitial Pneumoni-

tis Due to Cytomegalovirus with Ganciclovir and Intravenous Immune Globulin: Experience of European

Bone Marrow Transplant Group. Clinical Infectious Diseases. 1992; 14(4):831–5. https://doi.org/10.

1093/clinids/14.4.831 PMID: 1315585

8. Kuo CP, Wu CL, Ho HT, Chen CG, Liu SI, Lu YT. Detection of cytomegalovirus reactivation in cancer

patients receiving chemotherapy. Clinical Microbiology and Infection. 2008; 14(3):221–7. https://doi.

org/10.1111/j.1469-0691.2007.01895.x PMID: 18070129

9. Collins-McMillen D, Kim JH, Nogalski MT, Stevenson EV, Chan GC, Caskey JR, et al. Human Cyto-

megalovirus Promotes Survival of Infected Monocytes via a Distinct Temporal Regulation of Cellular

Bcl-2 Family Proteins. Journal of Virology. 2016; 90(5):2356–71. https://doi.org/10.1128/jvi.01994-15

PMID: 26676786

10. Chan G, Nogalski MT, Bentz GL, Smith MS, Parmater A, Yurochko AD. PI3K-Dependent Upregulation

of Mcl-1 by Human Cytomegalovirus Is Mediated by Epidermal Growth Factor Receptor and Inhibits

Apoptosis in Short-Lived Monocytes. The Journal of Immunology. 2010; 184(6):3213–22. https://doi.

org/10.4049/jimmunol.0903025 PMID: 20173022

11. Collins-McMillen D, Stevenson EV, Kim JH, Lee B-J, Cieply SJ, Nogalski MT, et al. Human Cytomegalo-

virus Utilizes a Nontraditional Signal Transducer and Activator of Transcription 1 Activation Cascade via

Signaling through Epidermal Growth Factor Receptor and Integrins To Efficiently Promote the Motility,

Differentiation, and Polarization of Infected Monocytes. Journal of Virology. 2017; 91(24). https://doi.

org/10.1128/jvi.00622-17 PMID: 29021395

12. Campadelli-Fiume G, Collins-McMillen D, Gianni T, Yurochko AD. Integrins as Herpesvirus Receptors

and Mediators of the Host Signalosome. Annual Review of Virology. 2016; 3(1):215–36. https://doi.org/

10.1146/annurev-virology-110615-035618 PMID: 27501260.

13. Collins-McMillen D, Buehler J, Peppenelli M, Goodrum F. Molecular Determinants and the Regulation

of Human Cytomegalovirus Latency and Reactivation. Viruses. 2018; 10(8):444. https://doi.org/10.

3390/v10080444 PMID: 30127257

14. Goodrum F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annu Rev Virol. 2016; 3

(1):333–57. Epub 2016/08/09. https://doi.org/10.1146/annurev-virology-110615-042422 PMID:

27501258.

15. Buehler J, Zeltzer S, Reitsma J, Petrucelli A, Umashankar M, Rak M, et al. Opposing Regulation of the

EGF Receptor: A Molecular Switch Controlling Cytomegalovirus Latency and Replication. PLoS patho-

gens. 2016; 12(5):e1005655. https://doi.org/10.1371/journal.ppat.1005655 PMID: 27218650

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 29 / 33

https://doi.org/10.1073/pnas.1710522114
http://www.ncbi.nlm.nih.gov/pubmed/29158406
https://doi.org/10.1128/mBio.00013-18
http://www.ncbi.nlm.nih.gov/pubmed/29535194
https://doi.org/10.1172/JCI45449
http://www.ncbi.nlm.nih.gov/pubmed/21659716
https://doi.org/10.1016/j.hoc.2010.11.011
https://doi.org/10.1016/j.hoc.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21236396
https://doi.org/10.1111/ajt.12103
https://doi.org/10.1093/clinids/14.4.831
https://doi.org/10.1093/clinids/14.4.831
http://www.ncbi.nlm.nih.gov/pubmed/1315585
https://doi.org/10.1111/j.1469-0691.2007.01895.x
https://doi.org/10.1111/j.1469-0691.2007.01895.x
http://www.ncbi.nlm.nih.gov/pubmed/18070129
https://doi.org/10.1128/jvi.01994-15
http://www.ncbi.nlm.nih.gov/pubmed/26676786
https://doi.org/10.4049/jimmunol.0903025
https://doi.org/10.4049/jimmunol.0903025
http://www.ncbi.nlm.nih.gov/pubmed/20173022
https://doi.org/10.1128/jvi.00622-17
https://doi.org/10.1128/jvi.00622-17
http://www.ncbi.nlm.nih.gov/pubmed/29021395
https://doi.org/10.1146/annurev-virology-110615-035618
https://doi.org/10.1146/annurev-virology-110615-035618
http://www.ncbi.nlm.nih.gov/pubmed/27501260
https://doi.org/10.3390/v10080444
https://doi.org/10.3390/v10080444
http://www.ncbi.nlm.nih.gov/pubmed/30127257
https://doi.org/10.1146/annurev-virology-110615-042422
http://www.ncbi.nlm.nih.gov/pubmed/27501258
https://doi.org/10.1371/journal.ppat.1005655
http://www.ncbi.nlm.nih.gov/pubmed/27218650
https://doi.org/10.1371/journal.ppat.1008037


16. Kim JH, Collins-McMillen D, Buehler JC, Goodrum FD, Yurochko AD. 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. Journal of Virology. 2017; 91(5). https://

doi.org/10.1128/jvi.01206-16 PMID: 27974567

17. Umashankar M, Rak M, Bughio F, Zagallo P, Caviness K, Goodrum FD. Antagonistic determinants con-

trolling replicative and latent states of human cytomegalovirus infection. J Virol. 2014; 88(11):5987–

6002. https://doi.org/10.1128/JVI.03506-13 PMID: 24623432.

18. Rak MA, Buehler J, Zeltzer S, Reitsma J, Molina B, Terhune S, et al. Human Cytomegalovirus UL135

Interacts with Host Adaptor Proteins To Regulate Epidermal Growth Factor Receptor and Reactivation

from Latency. Journal of Virology. 2018; 92(20):e00919–18. https://doi.org/10.1128/JVI.00919-18

PMID: 30089695

19. Min IM, Pietramaggiori G, Kim FS, Passegue E, Stevenson KE, Wagers AJ. The transcription factor

EGR1 controls both the proliferation and localization of hematopoietic stem cells. Cell Stem Cell. 2008;

2(4):380–91. https://doi.org/10.1016/j.stem.2008.01.015 PMID: 18397757.

20. Liu C, Yao J, de Belle I, Huang RP, Adamson E, Mercola D. The transcription factor EGR-1 suppresses

transformation of human fibrosarcoma HT1080 cells by coordinated induction of transforming growth

factor-beta1, fibronectin, and plasminogen activator inhibitor-1. The Journal of biological chemistry.

1999; 274(7):4400–11. Epub 1999/02/06. https://doi.org/10.1074/jbc.274.7.4400 PMID: 9933644.

21. Krishnaraju K, Hoffman B, Liebermann DA. Early growth response gene 1 stimulates development of

hematopoietic progenitor cells along the macrophage lineage at the expense of the granulocyte and ery-

throid lineages. Blood. 2001; 97(5):1298–305. https://doi.org/10.1182/blood.v97.5.1298 PMID:

11222373.

22. von Laer D, Meyer-Koenig U, Serr A, Finke J, Kanz L, Fauser A, et al. Detection of cytomegalovirus

DNA in CD34+ cells from blood and bone marrow. Blood. 1995; 86(11):4086–90. PMID: 7492764

23. Maciejewski J, Bruening E, Donahue R, Mocarski E, Young N, St Jeor S. Infection of hematopoietic pro-

genitor cells by human cytomegalovirus. Blood. 1992; 80(1):170–8. PMID: 1377049

24. Goodrum F, Jordan CT, Terhune SS, High K, Shenk T. Differential outcomes of human cytomegalovirus

infection in primitive hematopoietic cell subpopulations. Blood. 2004; 104(3):687–95. Epub 2004/04/20.

https://doi.org/10.1182/blood-2003-12-4344 PMID: 15090458.

25. Petrucelli A, Rak M, Grainger L, Goodrum F. Characterization of a Novel Golgi-localized Latency Deter-

minant Encoded by Human Cytomegalovirus. J Virol. 2009; 83(11):5615–29. Epub 2009/03/20.

JVI.01989-08 [pii] https://doi.org/10.1128/JVI.01989-08 PMID: 19297488.

26. Umashankar M, Petrucelli A, Cicchini L, Caposio P, Kreklywich CN, Rak M, et al. A novel human cyto-

megalovirus locus modulates cell type-specific outcomes of infection. PLoS pathogens. 2011; 7(12):

e1002444. Epub 2012/01/14. https://doi.org/10.1371/journal.ppat.1002444 PMID: 22241980; PubMed

Central PMCID: PMC3248471.

27. Fairley JA, Baillie J, Bain M, Sinclair JH. Human cytomegalovirus infection inhibits epidermal growth fac-

tor (EGF) signalling by targeting EGF receptors. Journal of General Virology. 2002; 83(11):2803–10.

28. Jafferji I, Bain M, King C, Sinclair JH. 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. Journal of General Virology. 2009; 90(7):1569–74. https://doi.org/10.

1099/vir.0.009670–0

29. Peppenelli MA, Arend KC, Cojohari O, Moorman NJ, Chan GC. Human Cytomegalovirus Stimulates

the Synthesis of Select Akt-Dependent Antiapoptotic Proteins during Viral Entry To Promote Survival of

Infected Monocytes. Journal of Virology. 2016; 90(6):3138–47. https://doi.org/10.1128/JVI.02879-15

PMID: 26739047

30. Chan G, Nogalski MT, Yurochko AD. Activation of EGFR on monocytes is required for human cytomeg-

alovirus entry and mediates cellular motility. Proceedings of the National Academy of Sciences. 2009;

106(52):22369–74. https://doi.org/10.1073/pnas.0908787106 PMID: 20018733

31. Johnson RA, 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. Journal of Virology. 2001; 75(13):6022–32. https://doi.org/10.1128/JVI.75.13.

6022-6032.2001 PMID: 11390604

32. Reitsma JM, Sato H, Nevels M, Terhune SS, Paulus C. Human Cytomegalovirus IE1 Protein Disrupts

Interleukin-6 Signaling by Sequestering STAT3 in the Nucleus. Journal of Virology. 2013; 87

(19):10763–76. https://doi.org/10.1128/JVI.01197-13 PMID: 23903834

33. Reitsma JM, Terhune SS. Inhibition of cellular STAT3 synergizes with the cytomegalovirus kinase inhib-

itor maribavir to disrupt infection. Antiviral Research. 2013; 100(2):321–7. https://doi.org/10.1016/j.

antiviral.2013.09.011 PMID: 24070820

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 30 / 33

https://doi.org/10.1128/jvi.01206-16
https://doi.org/10.1128/jvi.01206-16
http://www.ncbi.nlm.nih.gov/pubmed/27974567
https://doi.org/10.1128/JVI.03506-13
http://www.ncbi.nlm.nih.gov/pubmed/24623432
https://doi.org/10.1128/JVI.00919-18
http://www.ncbi.nlm.nih.gov/pubmed/30089695
https://doi.org/10.1016/j.stem.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18397757
https://doi.org/10.1074/jbc.274.7.4400
http://www.ncbi.nlm.nih.gov/pubmed/9933644
https://doi.org/10.1182/blood.v97.5.1298
http://www.ncbi.nlm.nih.gov/pubmed/11222373
http://www.ncbi.nlm.nih.gov/pubmed/7492764
http://www.ncbi.nlm.nih.gov/pubmed/1377049
https://doi.org/10.1182/blood-2003-12-4344
http://www.ncbi.nlm.nih.gov/pubmed/15090458
https://doi.org/10.1128/JVI.01989-08
http://www.ncbi.nlm.nih.gov/pubmed/19297488
https://doi.org/10.1371/journal.ppat.1002444
http://www.ncbi.nlm.nih.gov/pubmed/22241980
https://doi.org/10.1099/vir.0.0096700
https://doi.org/10.1099/vir.0.0096700
https://doi.org/10.1128/JVI.02879-15
http://www.ncbi.nlm.nih.gov/pubmed/26739047
https://doi.org/10.1073/pnas.0908787106
http://www.ncbi.nlm.nih.gov/pubmed/20018733
https://doi.org/10.1128/JVI.75.13.6022-6032.2001
https://doi.org/10.1128/JVI.75.13.6022-6032.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390604
https://doi.org/10.1128/JVI.01197-13
http://www.ncbi.nlm.nih.gov/pubmed/23903834
https://doi.org/10.1016/j.antiviral.2013.09.011
https://doi.org/10.1016/j.antiviral.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24070820
https://doi.org/10.1371/journal.ppat.1008037


34. Miller CL, Eaves CJ. Long-term culture-initiating cell assays for human and murine cells. Methods Mol

Med. 2002; 63:123–41. https://doi.org/10.1385/1-59259-140-X:123 PMID: 21437804.

35. Umashankar M, Goodrum F. Hematopoietic long-term culture (hLTC) for human cytomegalovirus

latency and reactivation. Methods Mol Biol. 2014; 1119:99–112. Epub 2014/03/19. https://doi.org/10.

1007/978-1-62703-788-4_7 PMID: 24639220.

36. Waters KM, Liu T, Quesenberry RD, Willse AR, Bandyopadhyay S, Kathmann LE, et al. Network Analy-

sis of Epidermal Growth Factor Signaling Using Integrated Genomic, Proteomic and Phosphorylation

Data. PLOS ONE. 2012; 7(3):e34515. https://doi.org/10.1371/journal.pone.0034515 PMID: 22479638

37. Broos S, Soete A, Hooghe B, Moran R, van Roy F, De Bleser P. PhysBinder: improving the prediction of

transcription factor binding sites by flexible inclusion of biophysical properties. Nucleic Acids Research.

2013; 41(W1):W531–W4. https://doi.org/10.1093/nar/gkt288 PMID: 23620286

38. Thiel G, Cibelli G. Regulation of life and death by the zinc finger transcription factor Egr-1. Journal of cel-

lular physiology. 2002; 193(3):287–92. https://doi.org/10.1002/jcp.10178 PMID: 12384981

39. Gineitis D, Treisman R. Differential Usage of Signal Transduction Pathways Defines Two Types of

Serum Response Factor Target Gene. Journal of Biological Chemistry. 2001; 276(27):24531–9. https://

doi.org/10.1074/jbc.M102678200 PMID: 11342553

40. Cabodi S, Morello V, Masi A, Cicchi R, Broggio C, DiStefano P, et al. Convergence of integrins and

EGF receptor signaling via PI3K/Akt/FoxO pathway in early gene Egr-1 expression. Journal of cellular

physiology. 2009; 218(2):294–303. https://doi.org/10.1002/jcp.21603 PMID: 18844239

41. Chakraborty S, Li L, Puliyappadamba VT, Guo G, Hatanpaa KJ, Mickey B, et al. Constitutive and

ligand-induced EGFR signalling triggers distinct and mutually exclusive downstream signalling net-

works. Nature Communications. 2014; 5:5811. https://doi.org/10.1038/ncomms6811 https://www.

nature.com/articles/ncomms6811#supplementary-information. PMID: 25503978

42. Grainger L, Cicchini L, Rak M, Petrucelli A, Fitzgerald KD, Semler BL, et al. Stress-Inducible Alternative

Translation Initiation of Human Cytomegalovirus Latency Protein pUL138. J Virol. 2010; 84(18):9472–

86. https://doi.org/10.1128/JVI.00855-10 PMID: 20592073

43. 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. Jour-

nal of Virology. 2014; 88(24):14412–25. https://doi.org/10.1128/JVI.02711-14 PMID: 25297993

44. Stark TJ, Arnold JD, Spector DH, Yeo GW. High-Resolution Profiling and Analysis of Viral and Host

Small RNAs during Human Cytomegalovirus Infection. Journal of Virology. 2012; 86(1):226–35. https://

doi.org/10.1128/JVI.05903-11 PMID: 22013051

45. Grey F, Antoniewicz A, Allen E, Saugstad J, McShea A, Carrington JC, et al. Identification and Charac-

terization of Human Cytomegalovirus-Encoded MicroRNAs. Journal of Virology. 2005; 79(18):12095–9.

https://doi.org/10.1128/JVI.79.18.12095-12099.2005 PMID: 16140786

46. Mikell I, Crawford LB, Hancock M, Mitchell J, Buehler J, Goodrum F, et al. HCMV miR-US22 down -reg-

ulation of Egr-1 regulates CD34+ Hematopoietic Progenitor Cell Proliferation and Viral Reactivation.

PLoS pathogens. 2019.

47. Englert C, Hou X, Maheswaran S, Bennett P, Ngwu C, Re GG, et al. WT1 suppresses synthesis of the

epidermal growth factor receptor and induces apoptosis. The EMBO journal. 1995; 14(19):4662–75.

PMID: 7588596.

48. Ritchie MF, Yue C, Zhou Y, Houghton PJ, Soboloff J. Wilms tumor suppressor 1 (WT1) and early

growth response 1 (EGR1) are regulators of STIM1 expression. The Journal of biological chemistry.

2010; 285(14):10591–6. https://doi.org/10.1074/jbc.M109.083493 PMID: 20123987; PubMed Central

PMCID: PMC2856267.

49. Bentz GL, Yurochko AD. Human CMV infection of endothelial cells induces an angiogenic response

through viral binding to EGF receptor and beta1 and beta3 integrins. Proc Natl Acad Sci U S A. 2008;

105(14):5531–6. Epub 2008/04/01. https://doi.org/10.1073/pnas.0800037105 PMID: 18375753;

PubMed Central PMCID: PMC2291133.

50. Chan G, Nogalski MT, Stevenson EV, Yurochko AD. Human cytomegalovirus induction of a unique sig-

nalsome during viral entry into monocytes mediates distinct functional changes: a strategy for viral dis-

semination. J Leukoc Biol. 2012; 92(4):743–52. Epub 2012/06/21. https://doi.org/10.1189/jlb.0112040

PMID: 22715139; PubMed Central PMCID: PMC3441319.

51. Avraham R, Yarden Y. Feedback regulation of EGFR signalling: decision making by early and delayed

loops. Nature reviews Molecular cell biology. 2011; 12(2):104–17. Epub 2011/01/22. https://doi.org/10.

1038/nrm3048 PMID: 21252999.

52. Lindsey S, Langhans SA. Epidermal growth factor signaling in transformed cells. Int Rev Cell Mol Biol.

2015; 314:1–41. https://doi.org/10.1016/bs.ircmb.2014.10.001 PMID: 25619714.

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 31 / 33

https://doi.org/10.1385/1-59259-140-X:123
http://www.ncbi.nlm.nih.gov/pubmed/21437804
https://doi.org/10.1007/978-1-62703-788-4_7
https://doi.org/10.1007/978-1-62703-788-4_7
http://www.ncbi.nlm.nih.gov/pubmed/24639220
https://doi.org/10.1371/journal.pone.0034515
http://www.ncbi.nlm.nih.gov/pubmed/22479638
https://doi.org/10.1093/nar/gkt288
http://www.ncbi.nlm.nih.gov/pubmed/23620286
https://doi.org/10.1002/jcp.10178
http://www.ncbi.nlm.nih.gov/pubmed/12384981
https://doi.org/10.1074/jbc.M102678200
https://doi.org/10.1074/jbc.M102678200
http://www.ncbi.nlm.nih.gov/pubmed/11342553
https://doi.org/10.1002/jcp.21603
http://www.ncbi.nlm.nih.gov/pubmed/18844239
https://doi.org/10.1038/ncomms6811
https://www.nature.com/articles/ncomms6811#supplementary-information
https://www.nature.com/articles/ncomms6811#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/25503978
https://doi.org/10.1128/JVI.00855-10
http://www.ncbi.nlm.nih.gov/pubmed/20592073
https://doi.org/10.1128/JVI.02711-14
http://www.ncbi.nlm.nih.gov/pubmed/25297993
https://doi.org/10.1128/JVI.05903-11
https://doi.org/10.1128/JVI.05903-11
http://www.ncbi.nlm.nih.gov/pubmed/22013051
https://doi.org/10.1128/JVI.79.18.12095-12099.2005
http://www.ncbi.nlm.nih.gov/pubmed/16140786
http://www.ncbi.nlm.nih.gov/pubmed/7588596
https://doi.org/10.1074/jbc.M109.083493
http://www.ncbi.nlm.nih.gov/pubmed/20123987
https://doi.org/10.1073/pnas.0800037105
http://www.ncbi.nlm.nih.gov/pubmed/18375753
https://doi.org/10.1189/jlb.0112040
http://www.ncbi.nlm.nih.gov/pubmed/22715139
https://doi.org/10.1038/nrm3048
https://doi.org/10.1038/nrm3048
http://www.ncbi.nlm.nih.gov/pubmed/21252999
https://doi.org/10.1016/bs.ircmb.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25619714
https://doi.org/10.1371/journal.ppat.1008037


53. Lupberger J, Duong FH, Fofana I, Zona L, Xiao F, Thumann C, et al. Epidermal growth factor receptor

signaling impairs the antiviral activity of interferon-alpha. Hepatology. 2013; 58(4):1225–35. Epub 2013/

03/23. https://doi.org/10.1002/hep.26404 PMID: 23519785.

54. Yamashita M, Chattopadhyay S, Fensterl V, Saikia P, Wetzel JL, Sen GC. Epidermal growth factor

receptor is essential for Toll-like receptor 3 signaling. Science signaling. 2012; 5(233):ra50. Epub 2012/

07/20. https://doi.org/10.1126/scisignal.2002581 PMID: 22810896; PubMed Central PMCID:

PMC3431157.

55. Ortega J, Li JY, Lee S, Tong D, Gu L, Li GM. Phosphorylation of PCNA by EGFR inhibits mismatch

repair and promotes misincorporation during DNA synthesis. Proc Natl Acad Sci U S A. 2015; 112

(18):5667–72. https://doi.org/10.1073/pnas.1417711112 PMID: 25825764; PubMed Central PMCID:

PMC4426468.

56. Nguyen HQ, Hoffman-Liebermann B, Liebermann DA. The zinc finger transcription factor Egr-1 is

essential for and restricts differentiation along the macrophage lineage. Cell. 1993; 72(2):197–209.

https://doi.org/10.1016/0092-8674(93)90660-i PMID: 7678779

57. Camarena V, Kobayashi M, Kim JY, Roehm P, Perez R, Gardner J, et al. Nature and Duration of

Growth Factor Signaling through Receptor Tyrosine Kinases Regulates HSV-1 Latency in Neurons.

Cell Host & Microbe. 2010; 8(4):320–30. http://dx.doi.org/10.1016/j.chom.2010.09.007.

58. Cliffe Anna R, Arbuckle Jesse H, Vogel Jodi L, Geden Matthew J, Rothbart Scott B, Cusack Corey L,

et al. Neuronal Stress Pathway Mediating a Histone Methyl/Phospho Switch Is Required for Herpes

Simplex Virus Reactivation. Cell Host & Microbe. 2015; 18(6):649–58. https://doi.org/10.1016/j.chom.

2015.11.007 PMID: 26651941

59. Strunk U, Ramos DG, Saffran HA, Smiley JR. Role of Herpes simplex virus 1 VP11/12 tyrosine-based

binding motifs for Src family kinases, p85, Grb2 and Shc in activation of the phosphoinositide 3-kinase-

Akt pathway. Virology. 2016; 498:31–5. https://doi.org/10.1016/j.virol.2016.08.007 PMID: 27543756

60. Chuluunbaatar U, Roller R, Mohr I. Suppression of Extracellular Signal-Regulated Kinase Activity in

Herpes Simplex Virus 1-Infected Cells by the Us3 Protein Kinase. Journal of Virology. 2012; 86

(15):7771–6. https://doi.org/10.1128/JVI.00622-12 PMID: 22593153

61. Miller WE, Earp HS, Raab-Traub N. The Epstein-Barr virus latent membrane protein 1 induces expres-

sion of the epidermal growth factor receptor. J Virol. 1995; 69(7):4390–8. PMID: 7769701; PubMed

Central PMCID: PMC189180.

62. Miller WE, Mosialos G, Kieff E, Raab-Traub N. Epstein-Barr virus LMP1 induction of the epidermal

growth factor receptor is mediated through a TRAF signaling pathway distinct from NF-kappaB activa-

tion. J Virol. 1997; 71(1):586–94. PMID: 8985387; PubMed Central PMCID: PMC191088.

63. Kung C-P, Meckes DG, Raab-Traub N. Epstein-Barr Virus LMP1 Activates EGFR, STAT3, and ERK

through Effects on PKCδ. Journal of Virology. 2011; 85(9):4399–408. https://doi.org/10.1128/JVI.

01703-10 PMID: 21307189

64. Morrison JA, Klingelhutz AJ, Raab-Traub N. Epstein-Barr virus latent membrane protein 2A activates

beta-catenin signaling in epithelial cells. J Virol. 2003; 77(22):12276–84. Epub 2003/10/29. https://doi.

org/10.1128/JVI.77.22.12276-12284.2003 PMID: 14581564; PubMed Central PMCID: PMC254275.

65. Swart R, Ruf IK, Sample J, Longnecker R. Latent membrane protein 2A-mediated effects on the phos-

phatidylinositol 3-Kinase/Akt pathway. J Virol. 2000; 74(22):10838–45. Epub 2000/10/24. https://doi.

org/10.1128/jvi.74.22.10838-10845.2000 PMID: 11044134; PubMed Central PMCID: PMC110964.

66. Iwakiri D, Minamitani T, Samanta M. Epstein-Barr Virus Latent Membrane Protein 2A Contributes to

Anoikis Resistance through ERK Activation. Journal of Virology. 2013; 87(14):8227–34. https://doi.org/

10.1128/JVI.01089-13 PMID: 23698301

67. Peng L, Wu TT, Tchieu JH, Feng J, Brown HJ, Li X, et al. Inhibition of the phosphatidylinositol 3-kinase-

Akt pathway enhances gamma-2 herpesvirus lytic replication and facilitates reactivation from latency.

The Journal of general virology. 2010; 91(Pt 2):463–9. Epub 2009/10/30. https://doi.org/10.1099/vir.0.

015073-0 PMID: 19864499; PubMed Central PMCID: PMC2888311.

68. Ford PW, Bryan BA, Dyson OF, Weidner DA, Chintalgattu V, Akula SM. Raf/MEK/ERK signalling trig-

gers reactivation of Kaposi&apos;s sarcoma-associated herpesvirus latency. Journal of General Virol-

ogy. 2006; 87(5):1139–44. https://doi.org/10.1099/vir.0.81628–0

69. Dyson OF, Traylen CM, Akula SM. Cell Membrane-bound Kaposi’s Sarcoma-associated Herpesvirus-

encoded Glycoprotein B Promotes Virus Latency by Regulating Expression of Cellular Egr-1. Journal of

Biological Chemistry. 2010; 285(48):37491–502. https://doi.org/10.1074/jbc.M110.159103 PMID:

20864524

70. Reeves MB, Compton T. Inhibition of Inflammatory Interleukin-6 Activity via Extracellular Signal-Regu-

lated Kinase–Mitogen-Activated Protein Kinase Signaling Antagonizes Human Cytomegalovirus Reac-

tivation from Dendritic Cells. Journal of Virology. 2011; 85(23):12750–8. https://doi.org/10.1128/JVI.

05878-11 PMID: 21937636

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 32 / 33

https://doi.org/10.1002/hep.26404
http://www.ncbi.nlm.nih.gov/pubmed/23519785
https://doi.org/10.1126/scisignal.2002581
http://www.ncbi.nlm.nih.gov/pubmed/22810896
https://doi.org/10.1073/pnas.1417711112
http://www.ncbi.nlm.nih.gov/pubmed/25825764
https://doi.org/10.1016/0092-8674(93)90660-i
http://www.ncbi.nlm.nih.gov/pubmed/7678779
http://dx.doi.org/10.1016/j.chom.2010.09.007
https://doi.org/10.1016/j.chom.2015.11.007
https://doi.org/10.1016/j.chom.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26651941
https://doi.org/10.1016/j.virol.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27543756
https://doi.org/10.1128/JVI.00622-12
http://www.ncbi.nlm.nih.gov/pubmed/22593153
http://www.ncbi.nlm.nih.gov/pubmed/7769701
http://www.ncbi.nlm.nih.gov/pubmed/8985387
https://doi.org/10.1128/JVI.01703-10
https://doi.org/10.1128/JVI.01703-10
http://www.ncbi.nlm.nih.gov/pubmed/21307189
https://doi.org/10.1128/JVI.77.22.12276-12284.2003
https://doi.org/10.1128/JVI.77.22.12276-12284.2003
http://www.ncbi.nlm.nih.gov/pubmed/14581564
https://doi.org/10.1128/jvi.74.22.10838-10845.2000
https://doi.org/10.1128/jvi.74.22.10838-10845.2000
http://www.ncbi.nlm.nih.gov/pubmed/11044134
https://doi.org/10.1128/JVI.01089-13
https://doi.org/10.1128/JVI.01089-13
http://www.ncbi.nlm.nih.gov/pubmed/23698301
https://doi.org/10.1099/vir.0.015073-0
https://doi.org/10.1099/vir.0.015073-0
http://www.ncbi.nlm.nih.gov/pubmed/19864499
https://doi.org/10.1099/vir.0.816280
https://doi.org/10.1074/jbc.M110.159103
http://www.ncbi.nlm.nih.gov/pubmed/20864524
https://doi.org/10.1128/JVI.05878-11
https://doi.org/10.1128/JVI.05878-11
http://www.ncbi.nlm.nih.gov/pubmed/21937636
https://doi.org/10.1371/journal.ppat.1008037


71. Reeves MB, Breidenstein A, Compton T. Human cytomegalovirus activation of ERK and myeloid cell

leukemia-1 protein correlates with survival of latently infected cells. Proceedings of the National Acad-

emy of Sciences. 2012; 109(2):588–93. https://doi.org/10.1073/pnas.1114966108 PMID: 22203987

72. 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(1):13–25. Epub 2017/05/12. PMID:

28491825; PubMed Central PMCID: PMC5421601.

73. Krishna BA, Poole EL, Jackson SE, Smit MJ, Wills MR, Sinclair JH. Latency-Associated Expression of

Human Cytomegalovirus US28 Attenuates Cell Signaling Pathways To Maintain Latent Infection. mBio.

2017; 8(6). https://doi.org/10.1128/mBio.01754-17 PMID: 29208743

74. Kew VG, Yuan J, Meier J, Reeves MB. Mitogen and Stress Activated Kinases Act Co-operatively with

CREB during the Induction of Human Cytomegalovirus Immediate-Early Gene Expression from

Latency. PLoS pathogens. 2014; 10(6):e1004195. https://doi.org/10.1371/journal.ppat.1004195 PMID:

24945302

75. Crawford LB, Caposio P, Kreklywich C, Pham AH, Hancock MH, Jones TA, et al. Human Cytomegalovi-

rus US28 Ligand Binding Activity Is Required for Latency in CD34+ Hematopoietic Progenitor Cells and

Humanized NSG Mice. mBio. 2019; 10(4). https://doi.org/10.1128/mBio.01889-19 PMID: 31431555

76. Ritchie MF, Yue C, Zhou Y, Houghton PJ, Soboloff J. Wilms Tumor Suppressor 1 (WT1) and Early

Growth Response 1 (EGR1) Are Regulators of STIM1 Expression. Journal of Biological Chemistry.

2010; 285(14):10591–6. https://doi.org/10.1074/jbc.M109.083493 PMID: 20123987

77. Bedadala GR, Pinnoji RC, Hsia S-CV. Early Growth Response gene 1 (Egr-1) regulates HSV-1 ICP4

and ICP22 gene expression. Cell Research. 2007; 17:546. https://doi.org/10.1038/cr.2007.44 PMID:

17502875

78. Chang Y, Lee H-H, Chen Y-T, Lu J, Wu S-Y, Chen C-W, et al. Induction of the Early Growth Response

1 Gene by Epstein-Barr Virus Lytic Transactivator Zta. Journal of Virology. 2006; 80(15):7748–55.

https://doi.org/10.1128/JVI.02608-05 PMID: 16840354

79. Wu L-W. Role of Egr-1 in regulation of caveolin-1 gene expression in endothelial cells. Cancer

Research. 2006; 66(8 Supplement):31–.

80. Sinzger C, Hahn G, Digel M, Katona R, Sampaio KL, Messerle M, et al. Cloning and sequencing of a

highly productive, endotheliotropic virus strain derived from human cytomegalovirus TB40/E. Journal of

General Virology. 2008; 89(2):359–68. https://doi.org/10.1099/vir.0.83286–0

81. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. Simple and highly efficient BAC recom-

bineering using galK selection. Nucleic Acids Research. 2005; 33(4):e36. https://doi.org/10.1093/nar/

gni035 PMID: 15731329

82. 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(11):5615–29. Epub 2009/

03/20. https://doi.org/10.1128/JVI.01989-08 PMID: 19297488; PubMed Central PMCID: PMC2681962.

83. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic acids

research. 2001; 29(9):e45–e. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886.

84. Umashankar M, Rak M, Bughio F, Zagallo P, Caviness K, Goodrum F. Antagonistic Determinants Con-

trolling Replicative and Latent States of Human Cytomegalovirus Infection. Journal of Virology. 2014.

https://doi.org/10.1128/jvi.03506-13 PMID: 24623432

85. Hu Y, Smyth GK. ELDA: Extreme limiting dilution analysis for comparing depleted and enriched popula-

tions in stem cell and other assays. Journal of Immunological Methods. 2009; 347(1–2):70–8. https://

doi.org/10.1016/j.jim.2009.06.008 PMID: 19567251

EGR1 regulates UL138 for CMV latency

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008037 November 14, 2019 33 / 33

https://doi.org/10.1073/pnas.1114966108
http://www.ncbi.nlm.nih.gov/pubmed/22203987
http://www.ncbi.nlm.nih.gov/pubmed/28491825
https://doi.org/10.1128/mBio.01754-17
http://www.ncbi.nlm.nih.gov/pubmed/29208743
https://doi.org/10.1371/journal.ppat.1004195
http://www.ncbi.nlm.nih.gov/pubmed/24945302
https://doi.org/10.1128/mBio.01889-19
http://www.ncbi.nlm.nih.gov/pubmed/31431555
https://doi.org/10.1074/jbc.M109.083493
http://www.ncbi.nlm.nih.gov/pubmed/20123987
https://doi.org/10.1038/cr.2007.44
http://www.ncbi.nlm.nih.gov/pubmed/17502875
https://doi.org/10.1128/JVI.02608-05
http://www.ncbi.nlm.nih.gov/pubmed/16840354
https://doi.org/10.1099/vir.0.832860
https://doi.org/10.1093/nar/gni035
https://doi.org/10.1093/nar/gni035
http://www.ncbi.nlm.nih.gov/pubmed/15731329
https://doi.org/10.1128/JVI.01989-08
http://www.ncbi.nlm.nih.gov/pubmed/19297488
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1128/jvi.03506-13
http://www.ncbi.nlm.nih.gov/pubmed/24623432
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1016/j.jim.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19567251
https://doi.org/10.1371/journal.ppat.1008037

