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Abstract

Myeloid cells are important cell tygbat carry human
cytomegalovirus. Latent viral DNA is present in CB3
progenitor cells and their derived monocytes. Hoavev
differentiation of latently infected monocytes t@ture
macrophages or dendritic cells causes reactivatidatent
viruses. During hematopoietic development, pluepbigenes
are repressed, and lineage specific genes aragatdiin a
step-wise manner. This process is governed bytyjsd-
specific chromatin states. Enhancers in the hernoatp
system are highly dynamic and established by piofiiest
tier) transcription factors (TFs), which set thags for second
and third tier TF binding. In this review, we examithe
epigenetic mechanisms that regulate myeloid cell
development, cell identity, and activation withpesial focus
on factors that regulate viral gene expressiontaadtatus of
viral infection in myeloid cells.
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Introduction octamers. Each octamer contains two copies
of histones H2A, H2B, H3, and H4, with

. ) .~ approximately 147 DNA base pairs wrapping
a member of beta herpesvirus family, which around the histone octamer [8]. In some

infects 50-90 percent of the population. AS ,j6n50mes, histone variants such as H2A.Z

Witthbl_ort]hl_efr lherrlJetsvi:u_s?s,t_ H_CI\/_It\/hcet\n and H3.3 substitute for H2A and H3
establish 1iie-long fatent nfection n 1ts NOsts, respectively [9, 10]. The N- and C-terminal

an_d re_at;hv?te .frto”! Illatency. tAIthtc_)ugh tails of histones dangle out of nucleosome
primary infec |otn '? ypica 3é'a'sgm|{|3 omatic I cores, and are subject to a variety of post
immunocompeten individuals, translational modifications (PTMs), such as

lmmuntocompl)ro;nlse'd. lntdIV|dga}AI\slesuc? "’;S acetylation, phosphorylation, methylation,
organ transplant recipients an PAUENIS, hiquitination, sumoylation, and crotonylation

primary infection and reactivation impose 11, 12] Combinations of histone

m]?rbt'.d'ty arlld mortatlltly .[1f’ %]' Congenital modifications form histone codes, which can
Infection ‘and neonatal Infection can caus€gqq o 5g docking sites for both transcription

neurtolloglti[al ddﬁfeCt’s suI(t:h_ as I?ea{nﬁfsh ag actors (TFs) and ATP-dependent nucleosome
mental retardation [3]. It is well-established ) jining  complexes, as well as for

that myeloid lineage cells in bone marrow andchromatin modifying enzymes, affecting

perip_heral l.)|°|°d Daer Cf“‘ca' cell t_%{pes nucleosome positioning and regulation of
carrying —vira N SEropositive gene transcription. Acetylation of lysines in
individuals [4, 5]. In undifferentiated myeloid H3 and H4, trimethylation of H3 lysine 4
progenitor cells and monocytes, the Virus jaxsmes)’ of H3 lysine79 (H3K79me3),
stays in latent infection, and only few_wral and of histone H3 lysine 36 (H3K36me3), as
genes are ex_pressed. Once the myeloid Ce”v':&/ell as ubiquitination of H2B lysine 120
glffe(;e_?tlate |r;|to maétge mafrrlophageﬁ Iand(HZB K120ub1l) are generally associated with
endriic — cets (DCs), € celluiar transcriptional activation. In  contrast,
environment alters and becomes conducive t%ethylation of histone H3 lysine 9
!ytlc gene - expression, and supports !yt'C(HBKQmel/Z/B), trimethylation of histone H3
infection [6, 7]. Therefore, the differentiation ysine 27 (H3K27me3), and ubiquitination of
state of myeloid cells determines the status o istone H2A lysine 11’9 (H2A K119ub1) are

viral infection, ie. latency versus reactlvatl_on. markers of transcriptionally repressed genes
The hematopoietic system has a well-deflne(iJ{FB]

developmental tree that can serve as an ide

framework to study epigenetic regulation of In addition, the CpG dinucleotides in
gene expression during cell-fate decisionthe DNA sequence are susceptible to
(figurel). In this review, we will discuss the methylation. When a methyl group is added to
epigenetic regulation of gene expression5’ position of the pyrimidine ring of a
during the mammalian development of cytosine, a 5-methylcytosine (5meCs) is
myeloid compartment, with a particular focus formed, which can interfere directly with the
on macrophages and DCs, and the relevancbinding of sequence-specific TFs to their
of this regulation to latency and reactivation target DNA and prevent transcriptional

Human cytomegalovirus (HCMV) is

of CMV in hematopoietic system. activation. 5meCs can also recruit
Princiole of eni . transcriptional repressors containing methyl-
rincipleof epigenetics CpG binding domain (MDB), which in turn,

In mammalian cells, nuclear DNA is cause histone modifications characteristic of

organized into nucleosomes, the basic unit ofranscriptional repression, resulting in the
chromatin, which consists of histone formation of compacted chromatin [14, 15].
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Thus, regulation of gene expression iswith other factors, such as C/EBPto
determined by the chromatin state includinginitiates nucleosome remodeling, leading to
nucleosome positioning and chromatin monomethylation of H3K4. Striking DNase |
remodeling, which  includes histone hypersensitivity spikes appear around PU.1
modifications and DNA methylation. 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
Enhancers are distal cis-regulatoryWindom that concurrent binding of PU.1 and
regions  characterized by H3K4mel C/EBR3 competes with nucleosomes to
high/H3K4me3 low, and harboring binding establish cell type—specific binding patterns
sites of heterotypic TFs [16]. Enhancer and enhancers, which correlate with the cell-
regions are highly dynamic during type specific profiles of gene expression [25,
hematopoietic development, and enhance6]. Moreover, PU.1 also plays a crucial role
landscape strongly correlates with cellin maintaining H3K4mel in  both
identity [17]. TFs important for myeloid macrophages and DCs [16, 27].
differentiation include PU.1,
CCAAT/enhancer binding protein (C/EBP) CMP
family (C/EBRi, C/EBP ), interferon-
regulatory factor8 (IRF8), GATA-binding

Chromatin dynamics, enhancers, and
lineage-deter mining transcription factors

C/EBR is required for transition from

s to granulocyte-monocyte progenitors
(GMPs), and from multipotent progenitors
. (MPPs) to common dendritic cell progenitors
protelnl (GATAl)’. growth factor (CDPs). C/EBR is a member of the basic

m_dependencel .(Gf'l)' and  CCAAT leucine zipper transcription factor family, and
displacement protein (CDP). is expressed in HSCs, CMPs, CDPs and

PU.1 protein, encoded by Spil gene, i$SMPs [20, 28, 29]. Mice that are deficient in
required for generation of common myeloid C/EBRx can give rise to a normal number of
progenitors (CMPs) from hematopoietic stem CMPs, but have a deficiency in GMPs and all
cells (HSCs) and formation of the myeloid downstream granulocytic cells [30, 31].

transcription network [18, 19]. As a member Similarly, C/EBR. is needed for production
of the Ets family of TFs, PU.1 shows a Of CDPs from MPPs and CMPs in steady-

specific pattern of expression in different State DC differentiation but is not required for

lineages of hematopoietic cells [18, 20]. Its later stages of DC maturation [29]. ChIP-seq
expression is detectable in HSCs, CMPsdata shows that C/EBPbinds to regulatory
common lymphoid progenitors (CLPs), and B regions of several genes that are critical for
cells, but is significantly increased in mature the transition from MPP to CDP, whose
myeloid cells, such DCs, and macrophageseXpression dramatically decreases in the
[20]. A majority of myeloid lineage specific absence of C/EBP[29]. Acting in concert
genes contain PU.1 binding sites within theirwith PU.1, C/EBIR can activate ten-eleven-
enhancers and /or promoters [20]. High levelstranslocation protein2 (TET2), which in turn,
of PU.1 expression cause a differentiationdemethylates 5meCs in the latent enhancers
bias that favors myeloid lineage production and promoters, and thereby activates myeloid
[16]. Spil knockout mice are devoid of gene transcription [28]. C/EBRcan also bind
mature myeloid cells, and B cells [21-24]. to brahma related genel (BRG1), a member
Hence PU.1 serves as a master regulator fo@f SWI/SNF family of nucleosome modifying
myeloid lineage commitment and complexes to alter the positioning of
determination of cell identities. Upon binding nucleosomes [32, 33]. Both C/E&8Pand

to its cognate binding sites, PU.1 synergizes”U.1 can bind to TATA box binding protein

3
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(TBP), and thus enable recruitment of theparticipate cell-specific responses to pathogen
transcription machinery [20]. stimuli [34, 35]. IRF8 occupies more than
30,000 regulatory regions, and is significantly

C/EBB is also expressed in myeloid enriched in pDC-specific enhancers [34].

lineage committed progenitor cells, and
particularly in classical DCs, and may play an GATALl is a member of zinc finger
important role in DC identity determination containing DNA binding transcription factor
[27, 28, 34]. Together with PU.1, C/EBRs  family that have two zinc fingers. Two zinc
present in a majority of regulatory regions, fingers bind to distinct target sites and have
mostly enhancer regions that are bound bydifferent functions. The C-zinc finger binds to
remainder TFs [27]. the GATA consensus DNA sequence, on the
top of which, the N-zinc finger of GATAl
Interferon regu_lato_ry factor 8 .(IRFS)’ interacts with specific DNA sequence and
a memper OT IRF f?‘”?"y’ is a DNA-binding associates with cofactors, such as Friend of
TF. Durlng o!|fferent|at|on of HSCs along_ the GATAL (FOGL1), to reinforce the binding and
hematopoietic Qevelopmental tree, .IRF8 IS N0k ilitate transcriptional activation [38].
expressed until the GMP stage in myelmd GATAL is expressed in HSCs, CMPs, CLPs,
fjevelopment.. IRF8 is then Qrastlcally megakaryocyte-erythrocyte progenitors
increased in  monocyte-dendritic  cell (MEPs), erythroid cells, megakaryocytes, and

progenitors (MDPS)’ CDPs, and common mast cells and eosinophils as well. Expression
monocyte progenitors (cMoPs). All types a_nd of GATAL is essential for the development
differential stages of DCs but CD8 negative and maturation of erythroid cells and

cDCs maintain high level IRF8 eXpreSSion'megakaryocytes [38]. On the one hand,
GATAL boosts megakaryocyte or erythroid
Eommitment 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,
GATAL 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 GATAL are associated with both

(except osteoclasts) express steady-stat
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 deposit
H4K4mel and H3K27ac (a marker of active cute megakaryoblastic leukemia (AMKL)

enthantcer), tﬁnd thehreby estat)llshe_sdan nd with transient abnormal myelopoiesis
activates € enhancers o In uce(TAM) in Down syndrome (DS) children

correspor|1d|ng hgene expression [35'IR:|3:68]' In 38]. Eosinophils and mast cell development
mononuciear phagocyte progenitors, Caffs also impeded in GATAL deficient mice,

interact with C/EBRR and hamper the ability suggesting a critical role of GATAL in

of C/EBRux to bind to chromatin. In this way, d
. evelopment of these two types of cells [39].
IRF8 wards off C/EPE-mediated anomalous Thus, GATAL is required for differentiation

neutrophll dlfferentlatlon [37]. IRF8 plays an four types of hematopoietic cells.
essential role in preserving gene expression

profiles in plasmacytoid dendritic cells Growth factor independence 1 (Gfil) is
(pDCs), maintaining their identity, and also a zinc-finger domain containing
4
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transcriptional repressors, is expressed irfysine methyltransferase to promoter and
HSCs, B cells, T cells, and neutrophils [40] enhancer region [45, 52, 54, 55].

[41-43]. Gfil knockout mice exhibit defect in

HSCs, lymphoid progenitors, absence of . . T :
neutrophilic granulocytes, and accumulationd'ﬁerent'at'on’ chromatln IS dynamlqally

of neutrophil precursors [41, 44], but thesemOdIﬁed th_rough sequential events, leading ’to
mice have intact CMPs and GMPs [41, 44].f5l Chfoma“” .Iandscape speqﬁc to the cell's
These findings suggest that Gfil is required'den?'tYZ ".1 this Process, f[he pioneer TFs play
for neutrophil differentiation and maturation, an |n|t|§1t|ng role, blndlng' to the closgd

development of CLPs, and maintenance o hromat_ln, and recruiting  chromatin

HSCs. Gene expression data show that thémdu""ltlrlg cpmplexes/enzymes to the
accumulated neutrophil precursors in Gfil-/- regul_a_tory regions to establish cell type-
mice express both neutrophilic markers andSpeCIfIC enhancers [17, 34].

monocyte-specific genes, suggesting a failureHjerarchy of transcription factor activities

in suppression of monocyte-determining geneduring immune cell responses to stimuli
expression [41]. Gfil has been shown to

interact with PU.1, repressing the trans- Immune cells, such as macrophages and
activation effect of PU.1 to its target DCs, NK cells, B cells, and T cells, exist in

promoters such as Egr2 promoter, steering thé&lifferent states, including resting state and
development away  from monocyte activated state. When immune cells meet
development and towards granulopoiesis [45]_external stimuli, such as antigens or pathogen
Serial transplantation studies demonstrate thafomponents, they launch a robust, specific
Gfil-/- HSCs have lower self-renewal @nd reproducible response, activating
capacity than wild type HSCs, suggesting thatthousands of genes. Using the response of
Gfil plays a role in regulating HSC survival PCs or macrophages to lipopolysaccharide

It is generally believed that during

and proliferation [46]. (LPS) stimulation as a model system, high-
_ ~ throughput ChIP and transcriptome studies
CCAAT-displacement proteins have been performed [16, 27, 34]. These

(CDPs), also called CUX1 or Cut protein, are studies demonstrate that there is considerable
a family of transcription factors that contain variation among TFs in terms of binding
Cut homeodomain and Cut repeats [47].dynamics, location, and interaction with other
CDPs can act as transcriptional repressors ofFs, Combined with temporal gene
activator depending on the isoforms andexpression and chromatin modification
promoter context. CDP function is regulated markers, these data classify the TFs into three
through posttranslational modifications, suchtiers, forming a “layered architecture” [16,
as phosphorylation and acetylation [47, 48].27]. Thefirst tier TFs includes PU.1 and

In hematopoietic cells, full length CDP C/EBRS, which bind to the lineage-specific
negatively regulate the expression of chromatin regulatory regions and loosen up
cytochrome b heavy chain (gp9l-phox),the  compacted chromatin during
C/EBR, and lactoferrin (LF) [49-52]. The hematopoietic development. These pioneer
DNA binding activity of CDP is diminished TFs are present in the vast majority of regions
upon differentiation and maturation of pound by other TFs, but are also present in
granulocytes, macrophages, and erythrocytesgegions the other TFs do not occupy, are static
[45, 53]. Evidence shows that CDP exerts itsin binding locations, and exhibit no alteration
repressive function through competing with ypon stimulation. Theecond tier TFs, which
transcriptional activators and recruiting includes Junb, Irf4, Atf3 in DCs, and AP-1 in
histone deacetylase (HDACs) and/or histonemacrophages, occupy LPS induced genes

5
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prior to stimulation, and associate with more dendritic cells (MoDs) [6, 7]. These

dynamic and specific TFs after stimulation. observations suggest that the differentiation
The third tier TFs bind, in a stimulus- process of myeloid cells is responsible for
dependent fashion, to a specific set of genesupporting viral Iytic infection and

that share biological functions, such asreactivation as well. Furthermore, this
inflammation or antiviral responses [16, 27]. differentiation-dependent difference in viral
infection state stems from regulation of viral

Thus, it appears that immune cells, Sucg:fgene expression, which is controlled by the

asth DCS. a?d IqﬁcrOpEiges,[’h restpong Tlt: hromatin structure. It has been demonstrated
pathogenic stimull through the three-tiere that in latently infected CD34+ progenitor

network [17]. The pioneer TFs (first tier) bind cells and CD14+ monocytes, HCMV

to c_ompacted chromatin, recruit chromatin chromatin carries repressive markers, such as
modifying - complexes, and ~convert the H3K9Me3, H3K27me3, and is associated

chromatin into an accessible state so tha(Nith transcriptional repressors such as
other TFs can bind. The pioneer TFs commitheterochromatirl proteinl  (HP1) and

the cells into specific lineages. The SecondKAPl[GO, 62, 63]. In contrast, in mature

tier of TFs, called “primers”, or “settlers dendritic cells, the reactivated viral chromatin

bind to thousends of ggnes In an opened St rries transcriptional active markers, such as
to serve as “beacons” that guide other TF

binding upon stimulation. These “primers” acetylated histones (AcH) and phosphorylated

. : e o histone H3 [60, 64].
bind to lineage-specific genes, maintain the
binding sites, and act as anchoring points forCellular transcription factors expressed in
the dynamic partners to dock. The third layermyeloid lineage cells may contribute to
TFs are signal-dependent, transiently bind tomaintenance of latency and reactivation of
specific sets of the genes that have commomHCMV
biological functions, such as NF-kB for
inflammation, and STAT1 for defense against
viruses [16, 17, 27].

HCMV major immediate early genes

(MIE), driven by major immediate early
enhancer and promoter (MIEP), are the first
Cytomegalovirusinfection of hematopoietic  genes expressed in both lytic infection and
cells reactivation from latency. The MIEP is
. repressed in CD34+ progenitor cells and

In latently infected human hosts, CD14+ monocytes, but is reactivated in

%D?C>14+' pr(;)ggglﬁrJrcells In bone_marrqwhanc: mature DCs, suggesting that it is regulated by
Ibls derlve " hmonc;ci/tef n IflJe”p eral gifferentiation associated transcription
ood aré sites where 1atent viral 9enomecy s The promoter analysis using

reside_s [4, 56]. The latent vir_al genome exiStMatlnspector of Genomatrix, a web-based
as episomal DNA molecules in the nuclear Ofbioinformatics program ’ (http:/Avww

!atently infected cells [57]. When _Iater_1t|y Genomatrix.de), with a matrix similarity
infected CD14+ monocytes differentiate into cutoff of 0.9 fdentified numerous putative

mature  dendritic  cells  (DCs) andfor binding site of TFs in HCMV MIEP region

macrpphages, Fhe .Iatent viral genomes "?‘r?FigureZ). It is striking to find that the most
reactivated, which is characterized by lytic aforementioned transcription factors

gene expression and production of Infect'('q’usassociated with myeloid differentiation and

viral particles [58-61]. Interestingly, in vitro activation, including PU.1, C/EBP, Gfil,

infection experiments showed that HQMV GATAL, CDP, CREB/ATF, AP-1, and NF-
can productively infect monocyte-derived kB, have binding sites in the HCMV MIEP
macrophages (MDMs) and monocyte derived '

6
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region. Previous studies have shown thatstate. Whereas, in terminally differentiated
CREB/ATF, AP-1 and NF-kB can activate DCs and macrophages, virus can launch a
MIEP, whereas Gfil and CDP can repress theproductive infection, and latent virus can be
activity of MIEP, akin to roles they exhibit in reactivated upon stimuli. It seems that from
myeloid cell differentiation and activation undifferentiated cells to fully differentiated
[40, 65-67]. These findings raise the myeloid cells, such as macrophages and DCs,
possibility that regulation of viral gene the chromatin state of viral genome gradually
expression during differentiation associatedshifts from completely closed to open for
reactivation of HCMV synchronize with the transcription. Furthermore, most
cellular genes of myeloid lineage commitment differentiation-associated transcription factors
and activation, using same set of TFs.have binding site not only in cellular genes
Throughout the course of myeloid but also in viral MIE gene regulatory region.
differentiation and activation, transcriptional Thus, we infer that the viral MIE gene is also
repressors (CDP and Gfil) are downregulated by the multi-layered TF network,
regulated, which is accompanied by theand is de-repressed, and then activated in a
gradual up regulation of transcriptional step-wise manner. The delineation of CMV
activators (PU.1, C/EBP, CREB/ATF, AP-1, chromatin landscape in different
and NF-kB). Therefore, it is plausible to differentiation stages of myeloid lineage cells
postulate that along with myeloid lineage will be required to test this hypothesis.
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.
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Figurel. Hierarchical model of hematopoiesis with the emgha$ myeloid cell development
(shown in green color). HSC, hematopoietic stemPMRultipotent progenitor; CMP, common
myeloid progenitor; CLP, common lymphoid progenitMEP, megakaryocyte-erythrocyte
progenitor; GMP, granulocyte-monocyte progenitorP,Ggranulocyte progenitor; MDP,
monocyte-dendritic cell progenitor; cMoP, common nooyte progenitor; CDP, common
dendritic cell progenitor; Ba, basophil; Eo, eogihily M$, macrophages; Mo, monocyte; Neu,

neutrophil; MoDC, monocyte derived dendritic celldDC, classical dendritic cells; pDC,

plasmacytoid dendritic cell.

12

Copyright 2017 Internal Medicine Review. All RiglReserved. Vol 3, Issue 3.



Internal Medical Review  Epigenetic regulatduring myeloid cell development ~ March 2017

+1 -1150
IE2/IE2

Lt HHHH i —

‘CREB/ATF ‘GATAl IYY1 HNF-kB ISPl

|

I| AP-1 ‘ Gfil ’CDP IC/EBP&HPLLI OSRF

- U
Figure2. Putative binding sites of transcription factorstive human cytomegalovirus major
immediate early enhancer and promoter region. Tievashows the IE1/IE2 gene transcription
start site. The putative binding sites of trandaip factors identified by Matlinspector program
have of matrix similarity value equal or bigger nth@.9. CREB, cAMP-responsive element
binding proteins; ATF, activating transcription tac GATALl, GATA-binding transcription
factorl; YY1, Yin and Yangl; NF-kB, Nuclear factkappaB; SP1, Specificity Protein 1; AP-1,
activating proteinl; Gfil, growth factor independerni; CDP, CCAAT displacement protein;
C/EBP, CCAAT/enhancer binding protein; SRF, seresponse element binding factor.
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