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Abstract 

            Myeloid cells are important cell types that carry human 
cytomegalovirus. Latent viral DNA is present in CD34+ 
progenitor cells and their derived monocytes. However, 
differentiation of latently infected monocytes to mature 
macrophages or dendritic cells causes reactivation of latent 
viruses. During hematopoietic development, pluripotent genes 
are repressed, and lineage specific genes are activated in a 
step-wise manner. This process is governed by cell-type 
specific chromatin states. Enhancers in the hematopoietic 
system are highly dynamic and established by pioneer (first 
tier) transcription factors (TFs), which set the stage for second 
and third tier TF binding. In this review, we examine the 
epigenetic mechanisms that regulate myeloid cell 
development, cell identity, and activation with a special focus 
on factors that regulate viral gene expression and the status of 
viral infection in myeloid cells.  
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Introduction  

              Human cytomegalovirus (HCMV) is 
a member of beta herpesvirus family, which 
infects 50-90 percent of the population. As 
with other herpesviruses, HCMV can 
establish life-long latent infection in its hosts, 
and reactivate from latency. Although 
primary infection is typically asymptomatic in 
immunocompetent individuals, in 
immunocompromised individuals, such as 
organ transplant recipients and AIDS patients, 
primary infection and reactivation impose 
morbidity and mortality [1, 2]. Congenital 
infection and neonatal infection can cause 
neurological defect, such as deafness and 
mental retardation [3]. It is well-established 
that myeloid lineage cells in bone marrow and 
peripheral blood are critical cell types 
carrying viral DNA in seropositive 
individuals [4, 5]. In undifferentiated myeloid 
progenitor cells and monocytes, the virus 
stays in latent infection, and only few viral 
genes are expressed. Once the myeloid cells 
differentiate into mature macrophages and 
dendritic cells (DCs), the cellular 
environment alters and becomes conducive to 
lytic gene expression, and supports lytic 
infection [6, 7]. Therefore, the differentiation 
state of myeloid cells determines the status of 
viral infection, i.e. latency versus reactivation. 
The hematopoietic system has a well-defined 
developmental tree that can serve as an ideal 
framework to study epigenetic regulation of 
gene expression during cell-fate decision 
(figure1). In this review, we will discuss the 
epigenetic regulation of gene expression 
during the mammalian development of 
myeloid compartment, with a particular focus 
on macrophages and DCs, and the relevance 
of this regulation to latency and reactivation 
of CMV in hematopoietic system.  

Principle of epigenetics 

            In mammalian cells, nuclear DNA is 
organized into nucleosomes, the basic unit of 
chromatin, which consists of histone 

octamers. Each octamer contains two copies 
of histones H2A, H2B, H3, and H4, with 
approximately 147 DNA base pairs wrapping 
around the histone octamer [8]. In some 
nucleosomes, histone variants such as H2A.Z 
and H3.3 substitute for H2A and H3 
respectively [9, 10]. The N- and C-terminal 
tails of histones dangle out of nucleosome 
cores, and are subject to a variety of post 
translational modifications (PTMs), such as 
acetylation, phosphorylation, methylation, 
ubiquitination, sumoylation, and crotonylation 
[11, 12].  Combinations of histone 
modifications form histone codes, which can 
serve as docking sites for both transcription 
factors (TFs) and ATP-dependent nucleosome 
modifying complexes, as well as for 
chromatin modifying enzymes, affecting 
nucleosome positioning and regulation of 
gene transcription. Acetylation of lysines in 
H3 and H4, trimethylation of H3 lysine 4 
(H3K4me3), of H3 lysine79 (H3K79me3), 
and of histone H3 lysine 36 (H3K36me3), as 
well as ubiquitination of H2B lysine 120 
(H2B K120ub1) are generally associated with 
transcriptional activation.  In contrast, 
methylation of histone H3 lysine 9 
(H3K9me1/2/3), trimethylation of histone H3 
lysine 27 (H3K27me3), and ubiquitination of 
histone H2A lysine 119 (H2A K119ub1) are 
markers of transcriptionally repressed genes 
[13].  

           In addition, the CpG dinucleotides in 
the DNA sequence are susceptible to 
methylation. When a methyl group is added to 
5’ position of the pyrimidine ring of a 
cytosine, a 5-methylcytosine (5meCs) is 
formed, which can interfere directly with the 
binding of sequence-specific TFs to their 
target DNA and prevent transcriptional 
activation. 5meCs can also recruit 
transcriptional repressors containing methyl-
CpG binding domain (MDB), which in turn, 
cause histone modifications characteristic of 
transcriptional repression, resulting in the 
formation of compacted chromatin [14, 15].  
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Thus, regulation of gene expression is 
determined by the chromatin state including 
nucleosome positioning and chromatin 
remodeling, which includes histone 
modifications and DNA methylation. 

Chromatin dynamics, enhancers, and 
lineage-determining transcription factors 

          Enhancers are distal cis-regulatory 
regions characterized by H3K4me1 
high/H3K4me3 low, and harboring binding 
sites of heterotypic TFs [16].  Enhancer 
regions are highly dynamic during 
hematopoietic development, and enhancer 
landscape strongly correlates with cell 
identity [17]. TFs important for myeloid 
differentiation include PU.1, 
CCAAT/enhancer binding protein (C/EBP) 
family (C/EBPα, C/EBP β), interferon-
regulatory factor8 (IRF8), GATA-binding 
protein1 (GATA1), growth factor 
independence1 (Gfi1), and CCAAT 
displacement protein (CDP).  

            PU.1 protein, encoded by Spi1 gene, is 
required for generation of common myeloid 
progenitors (CMPs) from hematopoietic stem 
cells (HSCs) and formation of the myeloid 
transcription network [18, 19].  As a member 
of the Ets family of TFs, PU.1 shows a 
specific pattern of expression in different 
lineages of hematopoietic cells [18, 20].  Its 
expression is detectable in HSCs, CMPs, 
common lymphoid progenitors (CLPs), and B 
cells, but is significantly increased in mature 
myeloid cells, such DCs, and macrophages 
[20]. A majority of myeloid lineage specific 
genes contain PU.1 binding sites within their 
enhancers and /or promoters [20]. High levels 
of PU.1 expression cause a differentiation 
bias that favors myeloid lineage production 
[16]. Spi1 knockout mice are devoid of 
mature myeloid cells, and B cells [21-24]. 
Hence PU.1 serves as a master regulator for 
myeloid lineage commitment and 
determination of cell identities. Upon binding 
to its cognate binding sites, PU.1 synergizes 

with other factors, such as C/EBPβ, to 
initiates nucleosome remodeling, leading to 
monomethylation of H3K4. Striking DNase I 
hypersensitivity spikes appear around PU.1 
binding sites, indicating the chromatin in 
those areas is accessible to other TFs and 
enzymes [25]. This observation is consistent 
with the mechanism proposed by Miller and 
Windom that concurrent binding of PU.1 and 
C/EBPβ competes with nucleosomes to 
establish cell type–specific binding patterns 
and enhancers, which correlate with the cell-
type specific profiles of gene expression [25, 
26].  Moreover, PU.1 also plays a crucial role 
in maintaining H3K4me1 in both 
macrophages and DCs [16, 27].   

        C/EBPα is required for transition from 
CMPs to granulocyte-monocyte progenitors 
(GMPs), and from multipotent progenitors 
(MPPs) to common dendritic cell progenitors 
(CDPs). C/EBPα is a member of the basic 
leucine zipper transcription factor family, and 
is expressed in HSCs, CMPs, CDPs and 
GMPs [20, 28, 29]. Mice that are deficient in 
C/EBPα can give rise to a normal number of 
CMPs, but have a deficiency in GMPs and all 
downstream granulocytic cells [30, 31]. 
Similarly, C/EBPα is needed for production 
of CDPs from MPPs and CMPs in steady-
state DC differentiation but is not required for 
later stages of DC maturation [29]. ChIP-seq 
data shows that C/EBPα binds to regulatory 
regions of several genes that are critical for 
the transition from MPP to CDP, whose 
expression dramatically decreases in the 
absence of C/EBPα [29]. Acting in concert 
with PU.1, C/EBPα can activate ten-eleven-
translocation protein2 (TET2), which in turn, 
demethylates 5meCs in the latent enhancers 
and promoters, and thereby activates myeloid 
gene transcription [28]. C/EBPα can also bind 
to brahma related gene1 (BRG1), a member 
of SWI/SNF family of nucleosome modifying 
complexes to alter the positioning of 
nucleosomes [32, 33].  Both C/EBPα and 
PU.1 can bind to TATA box binding protein 
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(TBP), and thus enable recruitment of the 
transcription machinery [20].  

           C/EBPβ is also expressed in myeloid 
lineage committed progenitor cells, and 
particularly in classical DCs, and may play an 
important role in DC identity determination 
[27, 28, 34]. Together with PU.1, C/EBPβ is 
present in a majority of regulatory regions, 
mostly enhancer regions that are bound by 
remainder TFs [27].  

             Interferon regulatory factor 8 (IRF8), 
a member of IRF family, is a DNA-binding 
TF. During differentiation of HSCs along the 
hematopoietic developmental tree, IRF8 is not 
expressed until the GMP stage in myeloid 
development. IRF8 is then drastically 
increased in monocyte-dendritic cell 
progenitors (MDPs), CDPs, and common 
monocyte progenitors (cMoPs). All types and 
differential stages of DCs but CD8 negative 
cDCs maintain high level IRF8 expression. 
Monocytes and tissue resident macrophages 
(except osteoclasts) express steady-state 
intermediate levels of IRF8 [35]. IRF8 plays 
an integral role in promoting development of 
monocytes, DCs, basophils (Ba) and 
eosinophils ( Eo), but negatively regulates 
development of neutrophils (Neu) [35].  In 
cooperation with PU.1, IRF8 binds to ETS-
IRF composite element (EICE) of DNA in 
compacted chromatin, with the help of 
nucleosome-remodeling complexes, 
destabilizes the nucleosomes and deposits 
H4K4me1 and H3K27ac (a marker of active 
enhancer), and thereby establishes and 
activates the enhancers to induce 
corresponding gene expression [35, 36]. In 
mononuclear phagocyte progenitors, IRF8 can 
interact with C/EBPα and hamper the ability 
of C/EBPα to bind to chromatin. In this way, 
IRF8 wards off C/EPBα-mediated anomalous 
neutrophil differentiation [37]. IRF8 plays an 
essential role in preserving gene expression 
profiles in plasmacytoid dendritic cells 
(pDCs), maintaining their identity, and also 

participate cell-specific responses to pathogen 
stimuli [34, 35].  IRF8 occupies more than 
30,000 regulatory regions, and is significantly 
enriched in pDC-specific enhancers [34].  

          GATA1 is a member of zinc finger 
containing DNA binding transcription factor 
family that have two zinc fingers. Two zinc 
fingers bind to distinct target sites and have 
different functions. The C-zinc finger binds to 
the GATA consensus DNA sequence, on the 
top of which, the N-zinc finger of GATA1 
interacts with specific DNA sequence and 
associates with cofactors, such as Friend of 
GATA1 (FOG1), to reinforce the binding and 
facilitate transcriptional activation [38]. 
GATA1 is expressed in HSCs, CMPs, CLPs, 
megakaryocyte-erythrocyte progenitors 
(MEPs), erythroid cells, megakaryocytes, and 
mast cells and eosinophils as well. Expression 
of GATA1 is essential for the development 
and maturation of erythroid cells and 
megakaryocytes [38]. On the one hand, 
GATA1 boosts megakaryocyte or erythroid 
commitment by promoting megakaryocyte-
specific gene expression through recruiting 
BRG1, a ATPase of mammalian SWI/SNF 
chromatin remodeling complexes, to the 
promoters [17, 32].  On the other hand, 
GATA1 precludes the development of GMP 
and lymphoid cells through down regulating 
cofactors required by lineage-determining 
transcription factors of those developmental 
branches, such as PU.1, PAX5, and IL-7[38]. 
Mutations of GATA1 are associated with both 
acute megakaryoblastic leukemia (AMKL) 
and with transient abnormal myelopoiesis 
(TAM) in Down syndrome (DS) children 
[38]. Eosinophils and mast cell development 
is also impeded in GATA1 deficient mice, 
suggesting a critical role of GATA1 in 
development of these two types of cells [39]. 
Thus, GATA1 is required for differentiation 
of four types of hematopoietic cells. 

          Growth factor independence 1 (Gfi1) is 
a zinc-finger domain containing 
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transcriptional repressors, is expressed in 
HSCs, B cells, T cells, and neutrophils [40] 
[41-43]. Gfi1 knockout mice exhibit defect in 
HSCs, lymphoid progenitors, absence of 
neutrophilic granulocytes, and accumulation 
of neutrophil precursors [41, 44], but these 
mice have intact CMPs and GMPs [41, 44]. 
These findings suggest that Gfi1 is required 
for neutrophil differentiation and maturation, 
development of CLPs, and maintenance of 
HSCs. Gene expression data show that the 
accumulated neutrophil precursors in Gfi1-/- 
mice express both neutrophilic markers and 
monocyte-specific genes, suggesting a failure 
in suppression of monocyte-determining gene 
expression [41]. Gfi1 has been shown to 
interact with PU.1, repressing the trans-
activation effect of PU.1 to its target 
promoters such as Egr2 promoter, steering the 
development away from monocyte 
development and towards granulopoiesis [45]. 
Serial transplantation studies demonstrate that 
Gfi1-/- HSCs have lower self-renewal 
capacity than wild type HSCs, suggesting that 
Gfi1 plays a role in regulating HSC survival 
and proliferation [46]. 

             CCAAT-displacement proteins 
(CDPs), also called CUX1 or Cut protein, are 
a family of transcription factors that contain 
Cut homeodomain and Cut repeats [47]. 
CDPs can act as transcriptional repressors or 
activator depending on the isoforms and 
promoter context. CDP function is regulated 
through posttranslational modifications, such 
as phosphorylation and acetylation [47, 48]. 
In hematopoietic cells, full length CDP 
negatively regulate the expression of 
cytochrome b heavy chain (gp91-phox), 
C/EBPε, and lactoferrin (LF) [49-52]. The 
DNA binding activity of CDP is diminished 
upon differentiation and maturation of 
granulocytes, macrophages, and erythrocytes 
[45, 53]. Evidence shows that CDP exerts its 
repressive function through competing with 
transcriptional activators and recruiting 
histone deacetylase (HDACs) and/or histone 

lysine methyltransferase to promoter and 
enhancer region [45, 52, 54, 55].                      

            It is generally believed that during 
differentiation, chromatin is dynamically 
modified through sequential events, leading to 
a chromatin landscape specific to the cell’s 
identity. In this process, the pioneer TFs play 
an initiating role, binding to the closed 
chromatin, and recruiting chromatin 
modulating complexes/enzymes to the 
regulatory regions to establish cell type-
specific enhancers [17, 34]. 

Hierarchy of transcription factor activities 
during immune cell responses to stimuli 

          Immune cells, such as macrophages and 
DCs, NK cells, B cells, and T cells, exist in 
different states, including resting state and 
activated state. When immune cells meet 
external stimuli, such as antigens or pathogen 
components, they launch a robust, specific 
and reproducible response, activating 
thousands of genes. Using the response of 
DCs or macrophages to lipopolysaccharide 
(LPS) stimulation as a model system, high-
throughput ChIP and transcriptome studies 
have been performed [16, 27, 34]. These 
studies demonstrate that there is considerable 
variation among TFs in terms of binding 
dynamics, location, and interaction with other 
TFs. Combined with temporal gene 
expression and chromatin modification 
markers, these data classify the TFs into three 
tiers, forming a “layered architecture” [16, 
27].   The first tier TFs includes PU.1 and 
C/EBPβ, which bind to the lineage-specific 
chromatin regulatory regions and loosen up 
the compacted chromatin during 
hematopoietic development. These pioneer 
TFs are present in the vast majority of regions 
bound by other TFs, but are also present in 
regions the other TFs do not occupy, are static 
in binding locations, and exhibit no alteration 
upon stimulation. The second tier TFs, which 
includes Junb, Irf4, Atf3 in DCs, and AP-1 in 
macrophages, occupy LPS induced genes 
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prior to stimulation, and associate with more 
dynamic and specific TFs after stimulation. 
The third tier TFs bind, in a stimulus-
dependent fashion, to a specific set of genes 
that share biological functions, such as 
inflammation or antiviral responses [16, 27].  

          Thus, it appears that immune cells, such 
as DCs and macrophages, respond to 
pathogenic stimuli through the three-tiered TF 
network [17]. The pioneer TFs (first tier) bind 
to compacted chromatin, recruit chromatin 
modifying complexes, and convert the 
chromatin into an accessible state so that 
other TFs can bind.  The pioneer TFs commit 
the cells into specific lineages. The second 
tier of TFs, called “primers”, or “settlers” 
bind to thousands of genes in an opened state 
to serve as “beacons” that guide other TF 
binding upon stimulation. These “primers” 
bind to lineage-specific genes, maintain the 
binding sites, and act as anchoring points for 
the dynamic partners to dock. The third layer 
TFs are signal-dependent, transiently bind to 
specific sets of the genes that have common 
biological functions, such as NF-kB for 
inflammation, and STAT1 for defense against 
viruses [16, 17, 27].   

Cytomegalovirus infection of hematopoietic 
cells    

            In latently infected human hosts, 
CD34+ progenitor cells in bone marrow and 
its derived CD14+ monocytes in peripheral 
blood are sites where latent viral genome 
resides [4, 56]. The latent viral genome exist 
as episomal DNA molecules in the nuclear of 
latently infected cells [57]. When latently 
infected CD14+ monocytes differentiate into 
mature dendritic cells (DCs) and/or 
macrophages, the latent viral genomes are 
reactivated, which is characterized by lytic 
gene expression and production of infectious 
viral particles [58-61]. Interestingly, in vitro 
infection experiments showed that HCMV 
can productively infect monocyte-derived 
macrophages (MDMs) and monocyte derived 

dendritic cells (MoDs) [6, 7]. These 
observations suggest that the differentiation 
process of myeloid cells is responsible for 
supporting viral lytic infection and 
reactivation as well. Furthermore, this 
differentiation-dependent difference in viral 
infection state stems from regulation of viral 
gene expression, which is controlled by the 
chromatin structure. It has been demonstrated 
that in latently infected CD34+ progenitor 
cells and CD14+ monocytes, HCMV 
chromatin carries repressive markers, such as 
H3K9Me3, H3K27me3, and is associated 
with transcriptional repressors such as 
heterochromatin protein1 (HP1) and 
KAP1[60, 62, 63]. In contrast, in mature 
dendritic cells, the reactivated viral chromatin 
carries transcriptional active markers, such as 
acetylated histones (AcH) and phosphorylated 
histone H3 [60, 64].  

Cellular transcription factors expressed in 
myeloid lineage cells may contribute to 
maintenance of latency and reactivation of 
HCMV 

            HCMV major immediate early genes 
(MIE), driven by major immediate early 
enhancer and promoter (MIEP), are the first 
genes expressed in both lytic infection and 
reactivation from latency. The MIEP is 
repressed in CD34+ progenitor cells and 
CD14+ monocytes, but is reactivated in 
mature DCs, suggesting that it is regulated by 
differentiation associated transcription 
factors. The promoter analysis using 
MatInspector of Genomatrix, a web-based 
bioinformatics program (http://www. 
Genomatrix.de), with a matrix similarity 
cutoff of 0.9, identified numerous putative 
binding site of TFs in HCMV MIEP region 
(Figure2). It is striking to find that the most 
aforementioned transcription factors 
associated with myeloid differentiation and 
activation, including PU.1, C/EBP, Gfi1, 
GATA1, CDP, CREB/ATF, AP-1, and NF-
kB, have binding sites in the HCMV MIEP 
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region. Previous studies have shown that 
CREB/ATF, AP-1 and NF-kB can activate 
MIEP, whereas Gfi1 and CDP can repress the 
activity of MIEP, akin to roles they exhibit in 
myeloid cell differentiation and activation 
[40, 65-67]. These findings raise the 
possibility that regulation of viral gene 
expression during differentiation associated 
reactivation of HCMV synchronize with the 
cellular genes of myeloid lineage commitment 
and activation, using same set of TFs. 
Throughout the course of myeloid 
differentiation and activation, transcriptional 
repressors (CDP and Gfi1) are down 
regulated, which is accompanied by the 
gradual up regulation of transcriptional 
activators (PU.1, C/EBP, CREB/ATF, AP-1, 
and NF-kB). Therefore, it is plausible to 
postulate that along with myeloid lineage 
commitment, the latent CMV genome in 
hematopoietic progenitor cells are gradually 
reactivated in step-wise manner regulated by 
chromatin dynamics, which in turn, is 
controlled by the hierarchy of multi-layered 
TFs.  

Perspective 

             The unique feature of hematopoietic 
system provides a pragmatic model to study 
epigenetic regulation of gene expression in 
cell fate decision. During the differentiation, 
the pluripotent genes are turned off, and 
lineage commitment genes are gradually 
activated in step-wise manner. This process is 
controlled by the multi-layered TF network. 
Interestingly, the infection status of CMV in 
myeloid cells depend on the differentiation 
state of the host cells. In undifferentiated 
progenitor cells and partially differentiated 
monocytes, and virus genome is kept in latent 

state. Whereas, in terminally differentiated 
DCs and macrophages, virus can launch a 
productive infection, and latent virus can be 
reactivated upon stimuli. It seems that from 
undifferentiated cells to fully differentiated 
myeloid cells, such as macrophages and DCs, 
the chromatin state of viral genome gradually 
shifts from completely closed to open for 
transcription. Furthermore, most 
differentiation-associated transcription factors 
have binding site not only in cellular genes 
but also in viral MIE gene regulatory region. 
Thus, we infer that the viral MIE gene is also 
regulated by the multi-layered TF network, 
and is de-repressed, and then activated in a 
step-wise manner. The delineation of CMV 
chromatin landscape in different 
differentiation stages of myeloid lineage cells 
will be required to test this hypothesis.  
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Figure1. Hierarchical model of hematopoiesis with the emphasis of myeloid cell development 
(shown in green color). HSC, hematopoietic stem; MPP, multipotent progenitor; CMP, common 
myeloid progenitor;  CLP, common lymphoid progenitor; MEP, megakaryocyte-erythrocyte 
progenitor; GMP, granulocyte-monocyte progenitor; GP, granulocyte progenitor; MDP, 
monocyte-dendritic cell progenitor; cMoP, common monocyte progenitor; CDP, common 
dendritic cell progenitor; Ba, basophil; Eo, eosinophil; Mϕ, macrophages; Mo, monocyte; Neu, 
neutrophil; MoDC, monocyte derived dendritic cells; cDC, classical dendritic cells; pDC, 
plasmacytoid dendritic cell.  

 

 



Internal Medical Review      Epigenetic regulation during myeloid cell development      March 2017 

13 
 

Copyright 2017 Internal Medicine Review. All Rights Reserved. Vol 3, Issue 3. 
 

Figure2. Putative binding sites of transcription factors in the human cytomegalovirus major 
immediate early enhancer and promoter region. The arrow shows the IE1/IE2 gene transcription 
start site. The putative binding sites of transcription factors identified by MatInspector program 
have of matrix similarity value equal or bigger than 0.9.  CREB, cAMP-responsive element 
binding proteins; ATF, activating transcription factor; GATA1, GATA-binding transcription 
factor1; YY1, Yin and Yang1; NF-kB, Nuclear factor kappaB; SP1, Specificity Protein 1; AP-1, 
activating protein1; Gfi1, growth factor independence 1; CDP, CCAAT displacement protein; 
C/EBP, CCAAT/enhancer binding protein; SRF, serum response element binding factor.  

 


