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Abstract

HIV-1 latency allows the virus to persist until reactivation, in a transcriptionally silent form in its cellular
reservoirs despite the presence of effective cART. Such viral persistence represents a major barrier to HIV
eradication since treatment interruption leads to rebound plasma viremia. Polycomb group (PcG) proteins
have recently got a considerable attention in regulating HIV-1 post-integration latency as they are involved
in the repression of proviral gene expression through the methylation of histones. This epigenetic regulation
plays an important role in the establishment and maintenance of HIV-1 latency. In fact, PcG proteins act in
complexes and modulate the epigenetic signatures of integrated HIV-1 promoter. Key role played by PcG
proteins in the molecular control of HIV-1 latency has led to hypothesize that PcG proteins may represent a
valuable target for future HIV-1 therapy in purging HIV-1 reservoirs. In this regard, various small molecules
have been synthesized or explored to specifically block the epigenetic activity of PcG. In this review, we will
highlight the possible therapeutic approaches to achieve either a functional or sterilizing cure of HIV-1 infection with
special focus on histone methylation by PcG proteins together with current and novel pharmacological approaches to
reactivate HIV-1 from latency that could ultimately lead towards a better clearance of viral latent reservoirs.
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Background
Over the last two decades, combination antiretroviral
therapy (cART) has dramatically improved the manage-
ment of human immunodeficiency virus type 1 (HIV-1)
infection and remarkably declined the morbidity and
mortality associated with human immunodeficiency
virus (HIV)/acquired immunodeficiency syndrome
(AIDS) [1]. Anti-HIV drugs particularly cART suppress
plasma viremia below the detection limit (< 50 copies/
ml). Six classes of antiretroviral drugs currently exist,
and each class targets a different step in the viral life
cycle [2]. Despite the administration of cART, it is still
impossible to eliminate HIV in infected individuals.
Highly sensitive methods always detect residual viremia
in HIV-1-infected subjects on cART. Moreover, rebound
viremia occurs when cART is interrupted [3, 4]. It is

generally believed that the rebound viremia occurs from
latent viral reservoirs such as resting CD4+ T cells (more
specifically central memory CD4+ T cells) and cells from
monocyte-macrophage lineage including microglial cells,
i.e., the resident macrophages of central nervous system
(CNS) [5, 6]. It seems that sterilizing or functional cure
of HIV-1 is not possible with current antiretroviral regi-
men. Various limitations are associated with current
cART [7, 8]. Lifelong adherence to cART is required to
suppress the viremia, while rebound viremia occurred
after cART interruption [4, 9]. Moreover, there are se-
vere side effects of cART treatment such as neurocogni-
tive and metabolic disorders [8, 10]. Most of the time,
HIV-drug resistant strains emerge due to high mutability
of the virus that limit and complicate the treatment op-
tions [11].
Rebound viremia from the Mississippi baby and

Boston patients suggest that functional cure for HIV will
be difficult to achieve. It may be due to the presence of
latent viral reservoirs [12, 13]. Latently infected resting
CD4+ T cells and macrophages are major viral reservoirs
in HIV-1 infection. The latent viral reservoirs persist in
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these long-lived cells that harbor integrated HIV-1
DNA, but remain transcriptionally silent, and are there-
fore hidden from immune surveillance. Hence, they can-
not be targeted by cART [14–16]. In addition, IL-7
drives homeostatic proliferation of latently infected rest-
ing memory CD4+ T cells and maintains this pool of
cells for many years [17]. Further, the latent viral
reservoirs are established during early infections and
pose a significant barrier to HIV-1 eradication strategies
[18–20]. The early treatment with cART can reduce the
size of these latently infected viral reservoirs, but it can-
not prevent the establishment and maintenance of HIV-
1 persistence as seen in the Mississippi baby [21].
HIV-1 transcription is often silenced by epigenetic

changes in the residual reservoirs under cART [22, 23].
These epigenetic changes remain a principle obstacle in
eradication and cure of HIV/AIDS [24]. Understanding
the molecular mechanisms involved in the establishment
and maintenance of HIV-1 latency is of prime import-
ance in order to clear or achieve small population of la-
tent reservoirs [25]. Significant progress has been made
in the development of various anti-HIV therapies that
may target HIV and prevent the disease progression. It
includes therapeutic vaccine (viral vectors and DNA-
based vaccines), cell-based therapies (adoptive T cell
therapy and chimeric antigen receptors), gene therapies
(genetically modified stem cells), broadly neutralizing
antibodies (bnAbs), and epi-drugs (viral latency revers-
ing or promoting agents) [26–31]. However, latency-
reversing or latency-promoting agents that eliminate or
suppress the latently infected cells have received much
attention [32, 33]. Current report indicates that histone
methylation by Polycomb group (PcG) proteins affect
HIV latency in early phases of infection [34]. Originally,
PcG proteins are known as transcriptional repressors
that epigenetically alter chromatin and are involved in
the maintenance and establishment of cell fate [35, 36].
In this review, we will discuss the main mechanisms in-
volved in the establishment and maintenance of HIV-1
latency, with a focus on PcG proteins. Latency-reversing
or latency-promoting approaches together with effective
therapeutic agents that constantly enhance immune re-
sponse to HIV-1 infection may be helpful to achieve a
sterilizing or functional cure.

HIV-1 latency
Pre- and post-integration latency
HIV-1 latency can be divided into pre-integration and
post-integration latency depending upon whether or
not the virus has been integrated into host genome
[20, 23, 37]. Pre-integration latency occurs from par-
tial or complete inhibition of viral life cycle (prior to
integration of viral DNA into host genome) at one or
several of the stages: incomplete reverse transcription

process of viral RNA, low metabolic state of host cell,
presence of host restriction factors such as tripartite
motif-containing protein 5α (TRIM5α) and apolipo-
protein B mRNA-editing enzyme catalytic subunit 3G
(APOBEC3G), and blockage of import of pre-
integration complex (PIC) into nucleus (Fig. 1) [23].
In CD4+ T cells, pre-integration latency does not ac-
count for establishment of HIV-1 latency for long
duration. In contrast to CD4+ T cells, tissue macro-
phages may harbor an unintegrated form of HIV for a
longer period [37, 38]. However, pre-integration la-
tency is clinically less important and less relevant in
HIV-1 eradication strategies.
Therefore, the focus of this review is the post-

integration latency that occurs when a provirus fails to
transcribe its genome and is reversibly silenced after in-
tegration into host cell DNA. Such mechanism of viral
latency has been documented in HIV-1-infected patients
predominantly in resting memory CD4+ T cells, and
cells of myeloid lineage such as monocytes/macrophages
[39]. However, silencing mechanisms of integrated pro-
virus have been poorly understood; therefore, it is an ac-
tive area of current HIV-1 research. The epigenetic
silencing of provirus depends upon several factors: site
and orientation of integration, availability of cellular or
host transcription factors, chromatin organization of
promoter, viral protein trans-activator of transcription
(Tat) and its host-associated factors, and miRNAs. HIV-
1 latency operates at several transcriptional and post-
transcriptional levels [23]. HIV-1 integrates into host
chromosomes in a non-random fashion, mainly intronic
regions of actively transcribed genes [40]. A variety of
stimuli or inducers such as antigens, mitogens/phorbol
esters, and cytokines can activate HIV-1 from post-
integration latency [41].

Chromatin organization and epigenetic players in HIV-1
latency
The chromatin architecture is critical for the control of
eukaryotic gene expression since it modulates the accessi-
bility of cellular transcriptional factors that bind to DNA
[42, 43]. Eukaryotic DNA is packaged within the chroma-
tin; and a nucleosome is a functional and structural unit of
chromatin. A nucleosome consists of two molecules; each
contains four core histones, H2A, H2B, H3, and H4 (Fig. 2)
[44]. The amino terminal domain of each histone portrays
outside of the nucleosome core and is subject to various
types of post-translational modifications. Each nucleosome
is wrapped in 146 bp of DNA which is tightly packed in
1.65 super helical turn around the octamer [43, 45]. The
nucleosomes are linked to each other by a small fragment
of linker DNA which is stabilized by H1 histone. Further,
decondensed genome or euchromatin is reported to be
linked to actively transcribed genes, while the condensed or
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Fig. 2 Histone methylation pattern in HIV-1 transcription and latency: histone can undergo post-translational (methylation) modifications. These modifications
could determine the gene expression by regulating the local and global chromatin architecture. Trimethylation marks of lysine 4, 36, or 79 on H3 results in
gene activation while di or trimethylation of lysine 9 and trimethylation of lysine 27 on H3 is associated with chromatin condensation

Fig. 1 Cellular and virological events in early HIV-1 infection. HIV-1 infects the cells having CD4 receptor and either of the coreceptor CXCR4 and/or CCR5.
The resting cells are less permissive to viral infection due to low metabolism characterized by low level of available dNTPs for energy source and reverse
transcription. Various cellular intrinsic factors influence HIV-1 infection process. TRIM5α targets viral capsid and interferes with uncoating process of viral
core. Cytidine deaminases, APOBEC3G, or F cause mutation in viral DNA resulting virus inactivation. Tetherin arrests viral particles on the cell membrane
and inhibits virion budding. SAMHD1 inhibits viral infection by depleting intracellular pool of dNTPs. Pre-integration latency refers to unintegrated form of
HIV-1 genome. In post-integration latency, the integrated form of proviral DNA is silenced by various DNA and chromatin-modifying enzymes
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heterochromatin to transcriptionally inactive region of gen-
ome [43]. The chromatin condensation or decondensation
status can be altered through a variety of post-translational
modifications [23, 43].
Histone modifications are all reversible and include

methylation, acetylation, sumoylation, ADP ribosylation
ubiquitination, and phosphorylation [46]. However, we
will focus on histone methylation that is one of the most
important histone marks for HIV-1 repression mediated
by PcG proteins. Histone lysine methyltransferases
(HKMTs) catalyze the transfer of methyl groups from
the S-adenosylmethionine (SAM) to lysine residue.
Histone methylation has no effect on histone-DNA
interactions rather it provides the platform for the re-
cruitment of various chromatin-modifying enzyme com-
plexes [46–48]. In contrast to acetylation, histone
methylation alters the steric and hydrophobic properties
of histone which is usually associated with activation as
well as repression of transcription. The levels of histone
methylation can be mono-, di-, or tri-methylated, de-
pending upon particular functional properties of the as-
sociated methyltransferase. The major histone
methylation marks include lysine 4, 9, 27, 36, and 79 of
H3 and lysine 20 of H4. Generally, H3K4, H3K36, and
H3K79 methylation are linked to euchromatin (tran-
scriptionally active) while H3K9, H3K27, and H4K20
methylation are linked to heterochromatin (transcrip-
tionally inactive) (Fig. 2) [49–51]. Moreover, H3K9 di-
and trimethylation are associated with transcription re-
pression while H3K9 monomethylation is a transcrip-
tional activation mark. Histone methyltransferases are
histone-modifying enzymes which catalyze the transfer
of methyl groups to lysine or arginine residues of histone
proteins. It is a reversible process, and histone demethy-
lases actively remove the methyl groups [45]. The dis-
covery of histone lysine methyltransferase (HMT),
suppressor of variegation 3-9 homolog 1 (Suv39h1), has
increased our understanding of gene expression regu-
lated by histone methylation [52, 53]. The Suv39h1 is
conserved from yeast to human, and its homolog in
Drosophila is Su(var) 3-9 [54, 55]. HMTs have been
characterized by the presence of SET (Su(var)3-9, En-
hancer of Zeste, Trithorax) domain. The SET domain
contains catalytic HMT activity [56]. Currently, approxi-
mately seven SET domain families have been described
which are suppressor of variegation 3-9 (Suv39), SET1-2,
retinoblastoma protein-interacting zinc-finger (RIZ), en-
hancer of zeste (EZ), suppressor of variegation 4-20
(Suv4-20), and SET and MYND domain-containing pro-
teins (SMYD) [57]. The differential regulation (activation
and repression) and transcription of a gene is mediated
through methylation of histone at different residues. Ac-
tually, different histone modifications allow the cell to
respond through various chromatin-associated proteins

which recognize specific modifications on histone resi-
dues [49]. For instance, heterochromatin protein 1
(HP1) binds to methyl group on H3K9 leading to gene
repression [58]. While transcriptional activator WD
repeat-containing protein 5 (WDR5) recognizes methyl-
ated H3K4 and promotes gene activation [59]. In con-
trast to HMT, the HDMs remove methyl groups from
histones. In this regard, two classes of HDMs have been
reported, i.e., Jumonji C (jmjC) domain-containing pro-
teins and lysine-specific demethylase 1 (LSD1). LSD1
can remove mono- or dimethylation marks on histone
while jmjC domain containing an enzyme can remove
all three methylation marks [60]. Following the HP1 re-
cruitment to methylated histone, DNA methyltransfer-
ases (DNMTs) are then recruited at that site and
reinforce inhibitory signal by promoting the methylation
of nearby sites on DNA [61]. Though DNA methylation
and histone methylation are executed by different en-
zymes, they maintain a close biological relationship in
mediating epigenetic silencing which is further termed
as double lock [62, 63].

Histone methylation and HIV-1 latency
The chromatin organization and epigenetic regulation of
HIV-1 promoter are key players in the control of viral
transcription and latency. Two nucleosomes (nuc-0 and
nuc-1) are precisely positioned on HIV-1 long terminal
repeat (LTR) in several latently infected cell lines [42, 64,
65]. The nuc-1 is positioned immediately downstream of
transcription start site and imposes a block to transcrip-
tion initiation and elongation (Fig. 3) [23]. During la-
tency, Tat is absent and only short mRNA-containing
trans-activation response elements (TAR) region is tran-
scribed. Nuc-1 is kept epigenetically silenced via several
transcriptional factors such as COUP-TF-interacting
protein 2 (CTIP-2), Ying-yang 1 (YY1), C-repeat binding
factor 1 (CBF-1), and p50/50 homodimers [20, 23, 43,
66, 67]. Following transcriptional activation, nuc-1 is
precisely remodeled and is specifically involved in the
transcriptional activation process. Transcription factors
such as nuclear factor kappa B (NF-kB) (p50/65 hetero-
dimers) and Specificity protein 1 (Sp1) bind to the 5′
HIV-1 LTR and hence enhance the HIV-1 transcription.
In addition, viral protein Tat is involved actively in tran-
scriptional process via binding to TAR [23]. Tat interacts
with various cellular transcriptional activation factors
such as CDK9, cyclin T1, and p300, and thus allows the
transcriptional elongation of HIV-1 genes [23, 39].
Suv39h1 and G9a are primarily participated in

H3K9me3 and H3K9me2, respectively. These histone
modifications have been reported to play an important
role in HIV-1 gene silencing in different cellular model-
ing including primary cells such as peripheral blood
mononuclear cells (PBMCs) isolated from HIV-1-
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infected patients [68]. Actually, Suv39h1 initiates the for-
mation of heterochromatin via recruiting HP1. HP1 pro-
tein exists in three isoforms: HP1α, HP1β, and HP1γ.
Suv39h1 is required for the deposition of trimethylation
marks on H3, and then, trimethylated H3 serves as a
platform for HP1, more specifically HP-1γ [69, 70]. Fol-
lowing the knockdown of HP1γ, Suv39h1 is displaced
from HIV-1 promoter, and the level of H3K9me3 is also
reduced [42, 68]. The HIV-1 LTR is occupied simultan-
eously by the two transcriptional activators: positive
transcription elongation factor b (PTEFb) and P300/
CBP-associated factor (PCAF). This results in the activa-
tion of viral transcription. Similarly, CTIP-2 also partici-
pates in the deposition of H3K9 trimethylation marks
[42, 71].
In fact, Sp1 binds to its three binding sites located at

5′ LTR of HIV-1 promoter and recruits histone deacety-
lases (HDACs) (HDAC1 and HDAC2) to viral promoter
via CTIP-2, leading to H3K9 deacetylation. This
phenomenon is a prerequisite for Suv39h1-mediated
H3K9me3 [71, 72]. Further, Suv39h1 interacts and re-
cruits CTIP-2 at HIV-1 promoter that results in the for-
mation of multi-enzyme complex consisting of HDAC1,
HDAC2, and HP1 (HP1α, HP1β, and HP1γ), and thus
creates repressive chromatin environment at viral pro-
moter (Fig. 3). Notably, Suv39h1 and CTIP-2 interact
functionally to maintain the repressive chromatin envir-
onment at HIV-1 LTR. Upon CTIP-2 downregulation,
the level of Suv39h1 recruitment and H3K9me3 is de-
creased with HP1 displacement. [23, 42]. Moreover,
Suv39h1-mediated H3K9me3 requires a previous de-
methylation step of H3K4 by LSD-1. In this regard,
CTIP-2 plays a critical role during HIV-1 latency. CTIP-
2 interacts with LSD-1, and then this multi-enzyme

complex is recruited to HIV-1 LTR. The CTIP-2 and
LSD-1 complex then synergistically downregulate the
HIV-1 replication and transcription by modulating the
epigenetic status of H3K9 in microglial cells, the main
target of HIV-1 infection in CNS [73, 74]. In addition to
Suv39h1, G9a, another methyl transferase, also regulates
HIV-1 latency. Upon the G9a knockdown, the increased
LTR or viral transcription and reduced H3K9me2 has
been observed. The treatment of BIX01924, a G9a in-
hibitor, results in decreased H3K9me2 activity, thereby
reactivating HIV-1 LTR from latency [42, 75]. Further,
G9a-mediated H3K9me2 recruits various enzymatic
complexes including HP1 and thereby participating in
the development and maintenance of HIV-1 silencing
and latency [22]. In addition to H3K9me2 by G9a, En-
hancer of Zeste-2 (EZH2) that mediates H3K27me3 is
present at high level at the promoter of HIV-1 latent
reservoirs [76, 77]. Recently, it has been reported that
H3K27me3 of HIV-1 promoter plays an important role
in the establishment of HIV-1 latency [77, 78]. During
latency, increased H3K27me3 has been observed and
thus represents a repressive chromatin structure while
EZH2 can be displaced following proviral reactivation in
T cells by latency-reversing agents (LRAs) [79]. Several
cellular transcription factors such as CBF-1 are respon-
sible for the recruitment of EZH2 at 5′ LTR of HIV-1
promoter. The knockdown of EZH2 results in loss of
H3K27me3 and reactivates HIV-1 from latency more
strongly than that of Suv39h1 and G9a [42]. EZH2 not
only induces HIV-1 latency through H3K27me3 but also
serves as a binding plate form of multi-enzyme complex
that further suppresses HIV-1 transcription epigeneti-
cally. Moreover, EZH2 inhibitor 3-deazaneplanocin A
(DZNep) significantly reactivates HIV-1 latent reservoirs

Fig. 3 A simplified overview of epigenetic modifications in HIV-1 latency. Several factors regulate HIV-1 latency. HMTs (Suv39h1, G9a, and EZH2)
methylate histones at nuc-1. Cellular transcription factors (p50/p50 homodimers, CTIP-2, and YY1 etc) recruit HDACs to 5′ of viral LTR and maintain
epigenetically silenced chromatin structure. Sp1 interacts with CTIP-2 and recruits Suv39h1 and HDACs at HIV-1 5′ LTR. Ras-responsive binding
factor 2 (RBF 2) is a multicomponent complex that consists of upstream stimulatory factor 1-2 (USF1/2). RBF 2 also contains a multifunctional factor TFII-I.
RBF 2 complex recruits HDACs at ras-responsive binding elements (RBEs) and regulates HIV-1 transcription. Two CpG islands flank the HIV-1 transcription start
site (TSS) and are methylated by DNMTs in latently infected viral reservoirs
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while the selective inhibitors of Suv39h1 and G9a have
modest effect on HIV-1 latency. These findings have
suggested that histone methyltransferase inhibitors
(HMTIs) particularly EZH2 inhibitors could represent
an attractive and promising therapeutic drug target in
the eradication of HIV-1 latent reservoirs [79, 80].

Polycomb group proteins
Polycomb genes were initially identified in Drosophila
melanogaster as the regulators of anterior and posterior
body patterns through the repression of Hox genes,
which is now they are considered as key regulators and
global epigenetic transcriptional repressors of cell fate
[81, 82]. Advancement in the recent research have ex-
tended our understanding about how the homeotic phe-
notypes are regulated by polycomb genes [83, 84]. In D.
melanogaster, members of polycomb group (PcG)
proteins exist as multiprotein complex that interacts
with chromatin. Also, these complexes mediate the
heritable repression of gene expression while the mem-
bers of Trithorax group (TrxG) activate the same genes
[82, 85, 86]. In mammals, three main families of poly-
comb genes have been identified: Polycomb-repressive
complex 1 (PRC1), Polycomb-repressive complex 2
(PRC2), and Pho-repressive complex (PhoRC) (Fig. 4
and Table 1). The PRCs interact with chromatin through
Polycomb response elements (PREs). There are hun-
dreds to thousands of PREs which act as binding sites
for PRC1 and PRC2 [86–88]. Through different mecha-
nisms, PRCs are recruited at their genomic target sites
by CpG islands, non-coding RNAs and transcription fac-
tors [89]. The number of polycomb genes identified dur-
ing evolution from invertebrates to vertebrates rises
approximately 20 in D. melanogaster to 37 in human
and mouse [82, 89]. However, recent data suggests that
the variants and diversity of PRCs may be greater than
expected [81, 90, 91].

Polycomb-repressive complexes
Polycomb-repressive complex 1
The purified form of PRC1 contains a group of four core
proteins: polyhomeotic (PH), posterior sex combs (PSC),
polycomb (PC), and sex comb extra (SCE) also termed as
dRING (Fig. 4 and Table 1) [92, 93]. Some additional pro-
teins were also purified simultaneously with these compo-
nents including the elements of multi-protein complexes
such as SMRT-related and ecdysone receptor-interacting
factor (SMRTER), member of SIN3 family protein
(SIN3A), menin-MLL inhibitor-2 (MI-2), and TATA-
binding protein-associated factors (TAF)II62, TAFII85,
TAFII110, TAFII250, and ZESTE protein [94, 95]. The
PRC1 adds ubiquitlytion to histone H2A, and the RING1
protein has monoubiquitylation E3 ligase activity that is
specific for the lysine 119 of H2A (H2AK119ub). This ac-
tivity is also associated with repressive chromatin struc-
ture (Fig. 5 and Table 1) [96]. H3K27me3 mark is
specifically recognized by the chromo-domain of PC,
while chromatin remodeling is inhibited by PH and PSC
component of PcG proteins. The primary complexes of
PRC1 can be purified simultaneously with sex comb on
midleg (SCM) which assigns the recruitment of PRC1 to
PREs [97]. The PRC1 proteins particularly SCE and PSC
are the constituents of another polycomb complex entitled
as dRING-associated factors (dRAF) which contain lysine
demethylase-2 (KDM2) [98]. KDM2 belongs to group of
JmjC domain-containing histone demethylase and is the
single homolog of mammalian KDM2A, KDM2B, and
KDM7 [99]. KDM2 has been known to mediate demethyl-
ation of H3K4me3 and H3K36me2 while it is also re-
quired for efficient ubiquitination of H2A. Moreover, it
also acts as an enhancer of PcG protein and suppressor of
the Trithorax (Trx) and absent, small, or homeotic discs 1
(Ash1). Actually, Trx and Ash1 belong to TrxG of tran-
scriptional activator proteins, which maintain homeotic
gene expression during Drosophila development [82]. The
PSC induces the SCE ubiquitin ligase activity; however, it

Fig. 4 Schematic of types of PcG proteins: the PcG proteins are implicated in transcriptional silencing and formation of higher order chromatin
structure. PcG proteins form three main complexes, PRC1, PRC2, and Pho-RC. Three principal PcG complexes have been described in D. melanogaster;
and the human homologs are also shown. D. melanogaster proteins are shown in shapes (blue) while human homologs are drawn adjacent to these.
PRC1 and PRC2 have been identified in mammals while PhoRC have only been characterized in D. melanogaster
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also contains a Jumonji C (JmjC) domain that facilitates
the demethylation of H3K36. H3K36 is a signal of gene ac-
tivation in its methylated state. As a consequence, the PcG
proteins integrate the silencing marks while removing the
activation marks in chromatin as well, which are intro-
duced by TrxG [100]. Polycomb group genes in Drosoph-
ila have closely related homologs that function
alternatively during developmental stages, in different tis-
sues or even in the same cell at different target genes.
There are two polyhomeotic genes, i.e., polyhomeotic dis-
tal (PH-D) and polyhomeotic proximal (PH-P); however,
their functions have been poorly investigated. In the same
manner, suppressor 2 of zeste (Su(z)2) and PSC are closely
related and are said to have partially homolog functions
[101, 102]. Two other pair of PcG proteins which have
partially or completely overlapping functions are extra sex
comb (ESC) and extra sex combs like (ESCL) and

polyhomeotic (PHO) and polyhomeotic like (PHOL) [103,
104]. In humans and mice, obviously than D. melanoga-
ster, the number of these proteins has other homologs that
might function as alternatively in different tissue or at dif-
ferent targets [105].

Polycomb-repressive complex 2
The primary core component of polycomb-repressive
complex 2 (PRC2) contains four proteins: suppressor of
zeste-12 (Su(z)12), extra sex comb (ESC) or alternatively
extra sex comb like (ESCL), enhancer of zeste (E(z)), and
chromatin assembly factor 1 (CAF1) also referred as nu-
cleosome remodeling factor 55 (NURF55) (Fig. 4 and
Table 1). E(z) contains a SET domain that catalyzes
mono-, di-, and trimethylation of H3K27, which is a typ-
ical chromatin silencing mark. The ESC induces the en-
zymatic activity of E(z); however, NURF55 or CAF1 and

Table 1 PcG proteins core complex components in D. melanogaster and human

PcG subunits in Drosophila melanogaster PcG subunits in
humans

Protein domains Biochemical functions

Polycomb-repressive complex 1 (PRC1)

Polyhomeotic proximal (PH-P) and distal
(PH-D)

PHC-1/EDR1,
PHC-2/EDR2,
PHC-3/EDR3

C2-C2 zinc-finger and SAM
Domain

Higher order interaction?

Posterior sex comb (PSC)/suppressor 2 of
Zeste (Su(z)2)

BMI1/PCGF4
MEL18/PCGF2
NSPC1/PCGF1
RNF110/ZFP144

Ring finger domain
(C3HC4 Zinc-finger)

Co-factor for SCE and
compacts chromatin

Polycomb (PC) CBX2/HPC1
CBX4/HPC2
CBX6, CBX7
and CBX8/HPC3

Shadow domain and
chromodomain

Binds to H3K27 trimethylation marks and
CBX4 is reported to be a SUMO E3-ligase

Sex comb extra (SCE)/dRING RING1/RING1A,
RNF1
RING2/RING1B, RNF2

Ring-finger domain
(C3HC4 Zinc-finger)

Ubiquitinates H2AK118 (H2AK119 in
vertebrates) and compacts the chromatin

Sex comb on midleg (SCM) SCMH1
SCML2

MBTs, SAM, DUF3588 and Zinc-
finger and SPM domain

?

Polycomb-repressive complex 2 (PRC2)

Enhancer of Zeste (E(z)) EZH1 and EZH2/
KMT6

CXC domain, SET domain, SANT
and homolog domain I and II

Catalyzes trimethylation (H3K27)

Suppressor of Zeste 12 (Su(z)12) SUZ12 C2-H2 Zinc-finger, VEFS Box, ala-
nine rich and Glycine rich

Enhances the enzymatic activities of EZ
and also important for nucleosome binding

Extra sex comb (ESC) EED or WAIT-1 WD-40 repeats Stimulates H3K27 methyltransferase

Extra sex comb like (ESCL)

Chromatin assembly factor 1 (Caf1)/
nucleosome remodeling factor 55 (Nurf55)

RbAp46/RBBP7
RbAp48/RBBP4

WD-40 repeats Binds to histones and suppressor
of Zeste 12

Polycomb-like (PCL) PHF1/PCL1
MTF2/PCL2
PHF19/PCL3

PHD finger and tudor domain Induces trimethylations and
recruits PRC2

Pleiohomeotic (Pho)-repressive complex (Pho-RC)

PHO YY1, YY2 Zinc-finger DNA binding

SFMBT (CG16975) MBT and SAM Bind to mono- and
dimethylated histone at
H3K9 and H4K20
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Su(z)12 are important for nucleosome binding. PRC2
complex contains a distinct form of an additional pro-
tein polycomb-like (PCL). PCL protein is a classical PcG,
which has been purified from Drosophila embryo which
exists in association with E(z), Su(z)12, and ESC [93].
PCL protein is found at polycomb sites on polytene
chromosome that is required for polycomb silencing of
homeotic genes (Hox genes). Complete loss or mutation
in PCL results in the activation of Hox genes and loss of
H3K27me3 mark at target gene [106]. These five protein
components are primarily responsible for trimethylation
around PREs of H3K27, essential to sustain the re-
pressed state (Fig. 5) [107]. In Drosophila, all main mor-
phogenetic pathways are controlled by polycomb group
genes, and these silencing are characterized by the for-
mation of highly trimethylated of H3K27. The
localization of PcG proteins to PREs has been investi-
gated by genome wide high-resolution mapping [108].
Conversely, in mammals, the representation is more

complex as PRC2, PRC3, and PRC4 complexes have
been characterized biochemically, and their differences
rely on the presence of different isoforms of embry-
onic ectoderm development (EED) (homolog to ESC)
[109]. In mammals, the PcG proteins contain three
primary core components, Su(z)12, EED, and enhan-
cer of zeste homolog 2 (EZH2) or its homolog EZH1.
EZH1 and EZH2 are the components of PRC2 com-
plex that catalyzes mono-, di- and trimethylation of
H3K27 [110, 111]. The trimethylation of H3K27 can
act as a docking site for the protein subunit of PRC1,
more specifically, the chromobox protein homolog
(CBX) that provides a schematic mechanism for the
recruitment of PRC1 to the target genes. The CBX
forms the core of PRC1 together with one member of
the human polyhomeotic (HPH) family (HPH-1 and

HPH-3), ring fingers family (RING-1) (RING-Ia and
RING-Ib), and polycomb group ring fingers family
(PCGF) (PCGF-I to 6). Further, this complex catalyzes
the mono-ubiquitination of histone-2A at lysine-119
(H2AK119ub) through RING-1 family E3 ligases, i.e.,
RING-1a and RING-1b [112, 113].

Pho-repressive complex
The only PcG proteins that bind directly to the DNA are
Pleiohomeotic (PHO), and its closely related homolog
PHO-like (PHOL). The PHO and PHOL are Drosophila
homologs of the mammalian factor Yin-Yang 1 (YY1)
and Yin-Yang 2 (YY2), respectively (Figs. 4 and 5 and
Table 1) [103, 114]. The PRC1 and PRC2 have been
functionally well characterized in Drosophila and mam-
mals; however, PHO and PHOL have not been observed
as an important component of PRC1 and PRC2 [91,
115–117]. Instead, PHO has been purified to exist in
two different complexes in Drosophila. One of them is
associated with chromatin remodeling machine, i.e.,
INO80. The second complex includes MBT-domain pro-
tein (SFMBT) involved in the silencing of homeotic
genes. The repeats of MBT domain specifically bind to
mono and dimethylated H3K9 and H4K20, respectively
[96, 118, 119]. Different analysis of PHO and Pho-
repressive complex (Pho-RC) at selected target genes
have showed that it was specially localized at PRE se-
quence, and many of them are co-occupied by PRC1
and PRC2 complexes [89, 120, 121].

HIV-1 latency and PcG proteins
The establishment of HIV-1 latency occurs by two ways.
Firstly, the PcG proteins particularly PRC2 mediate
mono-, di-, and trimethylation of H3K27. These repres-
sive marks dominate the viral transcription in early

Fig. 5 Epigenetic silencing mechanism of PcG proteins. Following the recruitment of PRC2 to chromatin, the histone methyltransferase E(Z) catalyzes
trimethylation onto H3K27. Subsequent recruitment of PRC1 occurs through affinity binding of the chromodomain of PC subunit to H3K27me3. The PRC1
dRING monoubiquitylates onto H2K119 which further consolidates the transcriptional repression and enhances the chromatin compaction. Pho-RC
comprises of PHO and SFMBT which binds to PRE via DNA binding activity of PHO. PHO then recruits PRC2 which methylate local chromatin
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phase of infection. In the second phase, the PRC2-
mediated viral latency from an ongoing active HIV-1 in-
fection [34]. In fact, PRC2 acts as a binding scenery for
various DNA and histone-modifying enzymes including
histone deacetylases [122], the SWItch/sucrose non-
fermentable (SWI/SNF) bromodomain component con-
taining Brd-7 [123] and DNA methyltransferase 1
(DNMT-1) [76]. The HIV-1 5′-LTR contains promoter
and enhancer elements which induce HIV transcription
by host transcription factors, while DNA methylation at
5′ LTR together with chromatin conformations restrict
HIV reactivation characterizing a significant mechanism
of latency maintenance [90, 124–126]. It has been ob-
served that PRC1 and PRC2 are tightly related to control
of HIV-1 latency, and the breaking agents of these com-
plexes may be helpful to reactivate HIV from its latent
reservoirs (Table 2) [127, 128].

Enhancer of Zeste 2
Enhancer of Zeste homolog 2 (EZH2) is a member of
PRC2 that contains histone methyltransferase activities,
and it also acts as an epigenetic regulator with critical
consequences of promoting HIV-1 gene silencing. The
enzymatically active EZH2 is responsible for catalyzing
methylation (mono, di, and tri) of H3K27, while the
other three subunits such as retinoblastoma protein-
associated protein 46/48 (RbAp 46/48), EED, and
Su(z)12 promote chromatin compaction by enabling the
enzymatic activities of EZH2 [129]. In HIV-1 latent res-
ervoir, particularly in resting CD4+ T cell, the silencing
of HIV-1 gene expression has been linked to the in-
creased expression of EZH2. Their activities are upregu-
lated by different mechanism such as signaling pathway,
post-transcriptional modifications, highly reactive oxy-
gen species, miRNA, and transcriptional factors; while
on the other hand, they are downregulated by Akt sig-
naling pathway which inhibits EZH2 activities and thus

reactivate the HIV-1 from latency [130, 131]. Further,
the presence of histone lysine methyltransferase compo-
nent of PRC2 (EZH2) and Suv39h1 plays a unique role
in the HIV-1 gene silencing. Remarkably, 40 and 5% re-
activation of HIV-1 latent reservoirs are observed upon
EZH2 and Suv39h1 knockdown, respectively [77, 79].
Recently, it has also been reported that PRC2 plays a
critical role in the establishment of HIV-1 latency. Two
latency models, i.e., HeLa/LTR-luciferase and U1 cells
have been used to evaluate the function of PRC2 in the
regulation of HIV-1 latency. Knockdown of PRC2
components: EZH2 and Su(z)12, reactivate HIV-1 from
latent reservoirs [34]. Moreover, the repression of
Su(z)12 increases sensitivity of HIV-1 Tat, and vice versa.
Similar results were observed in U1 cells as viral tran-
scription was enhanced in EZH2 and Su(z)12 knock-
down cells [34]. Some other reports have also revealed
that EZH2, the enzymatic component of PRC2, performs
a key role in HIV-1 post-integration latency [132].

Embryonic ectoderm development
The human embryonic ectoderm development (EED) is
a major component of PRC2 and of the superfamily of
WD-20 repeats also referred as WAIT-1 in human. Ini-
tially, EED was identified as cellular partner of HIV-1
matrix protein (MA), but later on, their interaction was
also found with HIV-1-negative regulatory factor (Nef )
and HIV-1 integrase (IN) [132]. The interaction of EED
with IN favors the oligomerization of IN, which in turn
enhances the HIV-1 integration process [133]. The inter-
action of EED with viral proteins inhibits HIV-1 matur-
ation and its release thus indirectly promotes HIV-1
latency [134]. In human, four different forms of EED
have been identified due to different translational initia-
tions at particular codons for Val-1, Val-36, Met-95, and
Met-110, related to the isoform EED-1, EED-2, EED-3,
and EED-4, respectively [135, 136]. A moderate antiviral

Table 2 Cross talk between PcG proteins and HIV-1 in the maintenance of viral latency

Polycomb group protein PcG complex HIV-1 proteins Biochemical interaction

Embryonic ectoderm development (EED) PRC-2 MA, IN and Nef Induces antiviral activities at the last stage
of HIV-1 replication.

Phosphorylated enhancer of Zeste (p-EZH2) PRC-2 Tat Induces HIV-1 latency through Akt signaling pathway.

Retinoblastoma binding protein 4
(RbAp48/RBBP4)

PRC2 HIV-1 5′ LTR Inhibits the production of viral particles at
the transcriptional level.

Enhancer of Zeste 2 (EZH2) PRC2 HIV-1 5′ LTR Induces repressive mark on H3K27me3.

Suppressor of Zeste 12 (Su(z)12) PRC2 HIV-1 5′ LTR Catalyzes trimethylation in constitutive
heterochromatin on H3K9 and H3K27.

Ying Yang 1 (YY1) PhoRC 5′ LTR Represses HIV-1 transcription and viral production.

BMI1 and RING1A PRC1 5′ LTR Regulate HIV-1 latency.
Catalyze ubiquitination at H2K119

CBX PRC1 5′ LTR Binds to H3K27 trimethylation marks produced
by PRC2 and induces E3-ligase activities.
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activity is associated with EED isoform EED-3 and EED-
4 in the early phase of infection, while a strong negative
effect on HIV-1 replication has been observed at late
phase of viral infection [134]. EED-3 and EED-4 do not
inhibit the expression of Gag protein, but instead it may
interfere with viral packaging and genome assembly
[134]. Moreover, EED together with B lymphoma Mo-
MLV insertion region 1 (BMI-1) and RING-2 induces
HIV-1 gene silencing by catalyzing trimethylation and
ubiquitination at H3K27 and H2A, respectively [132].
Following the knockdown of polycomb genes such as
bmi and eed reactivates HIV-1 from latent reservoirs.
This reactivation is associated with decreased
H3K27me3 and H2AK119ub, which reveals that these
repressive epigenetic marks control HIV-1 latency [127].

Suppressor of Zeste 12
Suppressor of Zeste 12 (Su(z)12) is an important compo-
nent of EZH2 and EED complex, which is necessary for
H3K27me3 and H3K9me3 in facultative and constitutive
heterochromatin, respectively. However, they regulate
H3K9me3 in an EZH2-independent manner [137].
Su(z)12 is also an important component of PRC2, which
stabilizes EZH2 and hence enhances the HMTase activ-
ity of the complex. It contains two stretches of con-
served amino acids that consist of C2H2 zinc finger-
binding domain and C-terminal Vrn2-Emf2-Fis2-Su(z)12
(VEFS) domain required for the interaction between
Su(z)12 and EZH2 [106]. Further, the region spanning
residues of Su(z)12 (79-91) can act as the binding sur-
face for RbAp46/48 [138]. However, mutation in Su(z)12
leads to strong homeotic transformation and lethality in
Drosophila. Similarly, if Su(z)12 is missing in mice, it
dies during embryogenesis at early post-implantation
stage [139]. In mammalian cells, the knockdown of
Su(z)12 causes demethylation of both H3K27me3- and
H3K9me3-repressive marks and alters the distribution of
HP1α [140]. Moreover, the genetic knockdown of
Su(z)12, RbAp 46, and EED in Jurkat T cells is associated
with proviral reactivation indicating that Su(z)12 and
EED are also crucial for the methyltransferase activity of
EZH2. Further, the downregulation of Su(z)12 leads to
enhanced sensitivity of Tat-mediated transactivation of
HIV-1 LTR. All of these components of PRC2 are re-
cruited at HIV-1 promoter and impose H3K27me3 mark
that silences the driving transcription of HIV-1 [78].

Retinoblastoma-associated protein 46/48
Retinoblastoma associated protein 46 and 48 are also re-
ferred as RBBP7 and RBBP4, respectively. They are
present in the CAF1 and play a critical role in the chro-
matin assembly [141]. Retinoblastoma-associated protein
46/48 (RbAp 46/48) is equivalent to 50 kDa WD repeat
protein that is highly homologous to histone chaperones.

It is present in HDAC and PcG complexes, therefore
playing an important role in the establishment and
maintenance of chromatin structure [142]. RbAp 46/48
recruits PRC2 complex to nucleosomes by binding to
histone H3-H4 heterodimers, although it is not required
for HMTase activity of EZH2, but both protein 46 and
48 are the components of PRC2 and remain unclear
whether they have diverse function in the context of
PRC2 [143]. Similarly, their role in the establishment of
HIV-1 latency has not been well studied to date [144].
Recent studies conducted by Wu group have demon-
strated that RbAp 46/48 inhibits HIV-1 production at
the transcriptional level. The knockdown of RbAp 46/48
markedly enhance the production HIV-1 particles which
clearly indicates that the RbAp 46/48 can act as tran-
scriptional inhibitors of HIV-1 transcription. This may
prompt the generation of specific therapies and may use
as new drug targets in purging HIV-1 latent reservoirs
[145].

Ying Yang factor 1
YY1, a member of PcG proteins, is known as NF-E1,
UCRBP, and CF1. It is a zinc finger-containing transcrip-
tional regulator and ubiquitous cellular factor that plays
a critical role in both activation and repression of gene,
depending upon the promoter context. YYI was initially
cloned and characterized by two independent groups at
the same time [146, 147]. Over the last 25 years, YY1
was extensively characterized and became a rigorous
focus of study due to its highly conserved sequence and
ubiquitous in nature [148, 149]. Another cellular factor
LSF (late SV40 factor) is known as CP-2, LBP-1c, or
UBP-1 binds to 5′-LTR (−10 to +27) and recruits YY1 to
LTR through its zinc finger domain. YY1 and LSF co-
operate to form a complex called repressive complex se-
quences (RCS) which recruit HDAC1 that specifically
and synergistically represses HIV-1 LTR expression and
viral production by maintaining nuc-1 in hypoacetylated
state [150, 151].

Epi-inhibitors and HIV-1 latency: an area of
pharmaceutical targeting
HIV-1 latency is controlled by a wide-range of factors
and thus to wipe out HIV latent reservoirs may require
multiple strategies. The shock-and-kill strategy has
emerged to deal with this perplexing problem, i.e.,
activation of latent reservoirs from infected cells in com-
bination with intensified cART; therefore, the eradica-
tion of HIV-1 latent reservoir pool may be accomplished
[43, 152]. Furthermore, the complete elucidation of
HIV-1 silencing in the cellular latent reservoirs is a con-
siderably challenging task in HIV-1 eradication strat-
egies. In this way, the recruitment of HMTs, HDACs,
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and DNMTs may influence the discovery of new drug
targets and therapeutic breaks (Fig. 6).
Numerous latency reversal compounds have been ex-

plored which transcriptionally reactivate HIV-1 from its
latent reservoir. These LRAs could be categorized into
four different epigenetic drugs: histone methyl transfer-
ase inhibitors (quinazoline derivatives); DNA methyl
transferase inhibitors (decitabine, azacitidine, CP-4200,
S-100); histone deacetylase inhibitors (vorinostat,
romidepsin, panobinostat, valproic acid); and histone
demethylase inhibitors (polyamine analogues) [23, 153,
154]. Until now, three different types of DNMT
inhibitors, i.e., decitabine (dacogen), 5-azacitidine
(vidaza), and panobinostat (farydak) and HDAC inhibi-
tors, i.e., vorinostat (zolinza), belinostat (beleodaq), and
romidepsin (istodax), have been approved for cancer
therapy. Furthermore, a diverse portfolio of LRAs is
under study and is currently at different pre-clinical and
clinical stages as novel therapies for various conditions
[155, 156]. Histone methyltransferases are also known as
protein methyltransferases (PMTs) because they methy-
late non-histone protein as well. The histone methyl-
transferases are divided into three main categories, i.e.,
writers, readers, and erasers. Modifications are created
by the writer enzymes, while reader proteins recognize
these modifications and eraser enzymes remove the

same modifications. HMTs are also involved in the re-
pression of latent HIV-1, as discussed above, but the
treatment of latently infected cells with HMTIs which
target G9a, EZH2, Suv39h1, and H3K27me3 marks can
lead to reactivation of silenced provirus at transcription-
ally inactive viral promoter [78, 157]. In contrast to
HDACIs and DMTIs, the search for HMTIs is still in its
infancy. During last 4 years, different types of high-
quality small molecule inhibitors have been discovered,
i.e., UNC0638 and UNCO642 for G9a; EPZ-6438,
GSK126, and EI1 for EZH2; UNC1999 for EZH2/EZH1;
EPZ004777, SGC0946, and EPZ-5676 for DOT1L, and
(R)-PFI-2 for SETD7. These molecules have been uti-
lized in a number of animal-based disease models and
cell-based studies [158–163].
BIX01294, a diazepin-quinazolinamine derivative,

was reported firstly as a selective small molecule in-
hibitor of G9a- and G9a-like protein histone methyl
transferase which was a great advancement in the
field of histone methyltransferase inhibitors [164].
BIX01294 is active at the promoter of G9a target
genes and can selectively reduce H3K9me2 and also
reactivates HIV-1 latent reservoir in vitro [165]. Al-
though, in cellular assays, it is toxic at concentration
above 4.1 μM. Moreover, the optimization of this
quinazoline (BIXO1294) scaffold has led to the

Fig. 6 Molecular mechanism of HIV-1 proviral latency and strategies to disrupt latency by epi-inhibitors. The HIV-1 LTR is flanked by nuc-0 to
nuc-1. During HIV-1 latency, nuc-1 is epigenetically silenced by several mechanisms. PRC2 recruits at nuc-1 and deposit the trimethylation
marks onto H3K27. The repressive mark is recognized by CBX protein of PRC1. RING1, a component of PRC1, adds ubiquitination marks at
H2K119. Nuc-1 is also epigenetically silenced by several transcription factors such as YY-1, CTIP-2, NF-kB p50/p50, homodimers. The corepressor
CTIP-2 binds to Sp1 transcription factor at three sites in viral promoter and recruits HDACs and HMTs. Suv39h1 trimethylates H3K9 resulting in
the recruitment of HP1. The HMT G9a mediates dimethylation of H3K9, which is also implicated in HIV-1 latency. The viral promoter is
hypermethylated by DNMT at two CpG islands. PRC2 also recruits DNMTs promoting more silenced chromatin state. Various compounds have
been proposed to reactivate the HIV-1 from latency including HMTIs (pyridone 6, chaetocin, UNCO638, UNC0642) to target HMTs (PcG of
proteins, Suv39H1, G9a), HDACIs (panobinostat, romidepsin, valproic acid, vorinostat) to target hypoacetylated viral promoter, and DNMTIs
(decitabine, 5-azacitidine) to target DNA methylation and Akt agonist to downregulate the PRC2
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development of other several cellular and chemical
probes such as UNC0224, UNC0321, UNC0638, and
UNC0642. However, probe UNCO638 and UNC0642
have been extensively characterized in a series of cel-
lular, chemical, and biophysical assays. These inhibi-
tors have not only exhibited high in vitro
effectiveness and better selectivity but also displayed
the targeted activities in cellular models. These
chemical probes are a useful tool to interrogating the
role of G9a in health and diseases in cell-based stud-
ies [164, 166–168]. These findings have opened the
door of pharmacological inhibitions of histone methy-
lation at H3K27, H4K20, and H3K9. In 2012, Bou-
chat et al. reported that HMTIs BIX01294, chaetocin,
and the broad spectrum DZNep reactivate the latent
reservoirs in the different latently infected cell lines
[165]. In HAART-treated patients with unnoticeable
viral load, chaetocin (Suv39h1 inhibitor) reactivates
the HIV-1 from latency in CD4+ T cells isolated
from HIV-1-infected patients, while BIX01294 in-
duces 80% recovery in resting memory CD4+ T cells
isolated from an HIV-1-infected patient. However,
chaetocin and BIX01294 cannot be safely adminis-
tered to human [77, 165]. Another study has shown
that chaetocin causes 25-fold induction of latent
HIV-1 reservoir, without causing toxicity and T cell
proliferation or expansion. The induction is associ-
ated with loss of methylation and accumulation of
acetylation marks of H3K9 at HIV-1 promoter indi-
cating that a significant chromatin remodeling is reg-
ulated by chaetocin [77, 169].
Pyridone 6 or compound 6, a small molecule and in-

hibitor for EZH2, is another major expansion in the field
of HMT inhibitors [170]. The synthesis of this probe or
small molecule inhibitor has led to the discovery of
many other chemical probes such as EPZ-6438, GSK126,
GSK343, EI1, UNC1999, and UNC2400 [171, 172]. The
mentioned inhibitors of EZH2 have displayed robust ac-
tivities in target cells and selectively reduced the tri-
methylation mark of H3K27 in a number of wild and
mutant cell lines of EZH2 [172]. Prominently, EPZ-6438
and GSK126 have shown high efficacy rates in vivo. The
intraperitoneal and oral administration of GSK126 and
EPZ-6438 has led to drastic reduction in tumor volume
and significant improvement in the survival of more ag-
gressive KARPAS-422 tumor in xenografts mouse model
[173]. In 2013, the first EZH2 inhibitor entered into hu-
man clinical trials was EPZ-6438 while GSK126 has ad-
vanced to phase 1 clinical trials for the treatment of
various diseases [172, 174–176]. Friedman et al. reported
the efficacy rates of broad spectrum HMTIs DZNep that
mainly target EZH2 component of PRC2 and can purge
HIV-1 from the latent reservoirs [76]. In comparison to
azacitidine, decitabine, chaetocin, and BIX01294, DZNep

is highly potent in reactivating the viral reservoirs from
latency. Unfortunately, DZNep is cytotoxic at concentra-
tion required to purge latent HIV-1 reservoir [77]. Re-
cently, two novel inhibitors of EZH2, i.e., DEC_42 and
DEC_254, have been discovered by using a combined in
silico screening and experimental study. These two com-
pounds are different from other EZH2 inhibitors by
exhibiting new molecular structure. Moreover, their ac-
tivities are very low (IC50 values of 22.6 and 10.3 μmole/
L, respectively) and require further optimization [177].
These findings clearly indicate that PcG proteins are as-
sociated with maintenance of HIV-1 latency (Table 2). It
may also give an important insight in developing novel
anti-HIV drugs that disrupt PcG proteins mediating
gene silencing in HIV-1 reservoirs. However, it is im-
portant to mention that epi-drugs have some side effects
and should all be evaluated carefully for the treatment of
HIV-1 infections and various other diseases [155, 165].
FDA has approved various epi-drugs, and there is still
potential for improvement as these drugs are relatively
unstable and can have some side effects, e.g., at high
dose, 5-azacytidine causes neutropenia [178–180].
While, the administration of vorinostat (SAHA) is asso-
ciated with anorexia, anemia, hyperglycemia,
thrombocytopenia, fatigue, nausea, and ECG abnormal-
ities [178, 180]. Similar toxic side effects have also been
observed with romidepsin and belinostat [181]. However,
the long-term safety of epi-drugs has not been assessed
in HIV-1-positive people.

PcG-mediated epigenetic silencing and novel HIV-
1 reactivation strategies under cART
The concept of eliminating or reactivating HIV-1 from
latency was initially demonstrated by T cell activators
such as IL-2 and anti-CD3 antibody, but this approach
was associated with unacceptable toxicity of T cell prolif-
eration and expansion [182, 183]. In this regard, epi-
inhibitors are capable of reversing HIV-1 latency without
causing significant toxicities [165, 184]. The shock-and-
kill strategy is characterized by the use of epi-inhibitors
to reverse HIV-1 latency and reactivate the HIV-1 from
target cells such as CD4+ T cells and monocytes/macro-
phages that are supposed to be cleared by viral cyto-
pathic effect [156, 185, 186].
Why current LRAs are not decreasing the pool of

latent HIV-1 reservoirs? There are many factors that
need to be considered. Firstly, epi-inhibitors do not
activate all the HIV-1 latent reservoirs while strong
cytotoxic T lymphocytes (CTLs) response are re-
quired to clear the reactivated pool of HIV-1 reser-
voirs, but impaired CTLs response has been observed
[187–189]. Secondly, the data from various clinical
trials have shown that LRAs insufficiently reactivate
HIV-1 latent reservoirs [187, 190]. At present, we do
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not have the answer—why LRAs partially reactivate
HIV-1 from latency? Further, it is unclear whether
the shock induced by LRAs is influenced by cART or
not. Besides interfering with polyprotein processing of
immature virions, protease inhibitors (PIs) can influ-
ence several aspects of HIV-1 disease progression. In
this regard, Kumar et al. recently reported that PIs
regulate HIV-1 latency through Akt signaling [191].
They found that PIs but not non-PIs can limit LRA-
mediating reactivation of HIV-1 latent reservoirs. The
same group demonstrated that PIs block the reactiva-
tion of HIV-1 in resting CD4+ T cells isolated from
chronically infected aviremic patients [192]. In
addition to HIV-1 disease progression, Akt signaling
also regulates the chromatin remodeling through PcG
proteins [193]. In resting CD4+ T cells, the EZH2, a
component of PRC2 is associated with H3K27me3
and thus enhances HIV-1 latency and so the activity
of EZH2 can be regulated by Akt. Activation of Akt
signaling phosphorylates EZH2 and inhibits its en-
zymatic activity, thus releasing the epigenetic silen-
cing of HIV-1 promoter [193, 194]. In contrast to
non-PIs, the administration of PIs during shock-and-
kill strategies may enhance HIV-1 latency by blocking
Akt signaling, and so, it increases the enzymatic ac-
tivity of EZH2 (Fig. 7). In addition to EZH2, Akt also
impairs the function of BMI1 by phosphorylating it
at Ser 316. This Akt-mediated phosphorylation of
BMI1 is associated with decreased H2A ubiquitina-
tion [195]. However, the impact of cART on Akt sig-
naling and the reactivation of HIV-1 from latent
reservoirs require further investigation and validation.

PcG-mediated epigenetic silencing will set the
stage for block-and-lock strategy?
Efforts for a sterilizing cure of HIV-1 infection have
been focused on the “shock and kill” strategy [185].
However, this method has faced various challenges
[187]. Recently, the block-and-lock strategy for func-
tional cure of HIV-1 has been proposed [181]. This
novel strategy aims to reinforce a deep state of latency
by using latency-promoting agents (LPAs). Interestingly,
a few recent findings indicate that this strategy is quite
feasible [196–199].
In block-and-lock strategy, the role of PcG-mediated

epigenetic silencing has become important. EZH2 is a
core component of PRC2, and its SET domain catalyzes
trimethylation of H3K27, a histone modification associ-
ated with transcriptional silencing [200]. Trimethylation
of H3K27 recruits PRC1 to the chromatin which further
reinforces the PcG-mediated epigenetic silencing [116].
Since, TrxG and PcG antagonize each other [201]. In
this way, targeting the TrxG proteins may stimulate the
PcG-mediated epigenetic silencing. Mixed lineage
leukemia (MLL) is a mammalian homolog of the
trithorax (Trx) protein found in Drosophila melanoga-
ster [202]. Small molecules such as menin-MLL inhibitor
(MI-2), pinometostat (EPZ-5676), and Flavopiridol (alvo-
cidib), have shown promising efficacies in targeting
MLL/Trx and represent potential therapeutic strategies
[203]. Administration of these drugs will inhibit Trx-
mediated H3K4me2 and stimulate the PcG-mediated
epigenetic silencing that may enhance the HIV-1 latency.
In addition, the activity of PcG can be modulated
through Akt signaling [194, 195]. Activation of Akt

Fig. 7 Novel clinical parameter in shock-and-kill strategy to target HIV-1 latency. The figure shows the total pool of cells latently infected with HIV
(left side) and how LRAs reactivates HIV-1 from latency (enlargement). Panels a and b are schematic diagrams of novel shock-and-kill strategies
with various degree impacts of PIs and non-PIs on the reactivation of viral reservoirs. a Illustrates the reactivation of HIV-1 by LRAs in the presence
of cART regimen. The presence of PIs in the standard cART regimen inhibits the Akt signaling which in turn enhances EZH2-mediated H3K27me3
and HIV-1 latency. b Illustrates the reactivation of HIV-1 LTRs in the presence of cART-containing non-PIs. Akt phosphorylates EZH2 and BMI1 at
Ser 21 and Ser 316, respectively. It impairs their functions which results in decreased H3K27me3 and H2A ub and thus strongly reactivates HIV-1
from its latent reservoirs
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signaling inhibits PcG-mediated trimethylation of
H3K27. So, it limits the HIV-1 silencing. Arguably, Akt
inhibitors may provide a better and superior choice of
drug in inducing the viral latency. Akt inhibitors may in-
hibit the Akt-mediated phosphorylation of EZH2 and
may induce its enzymatic activity. Hence, enhancing the
epigenetic silencing of integrated HIV-1 genome [193].
Moreover, Akt inhibitors may impair the Akt-mediated
phosphorylation of BMI-1 [195]. Akt inhibitor may
induce H2A ubiquitination and may promote epigenetic
silencing of HIV-1 promoter. In addition, cART may
impact the block-and-lock strategy of HIV-1 cure, since
PIs inhibit Akt signaling and suppress HIV-1 reactiva-
tion from latency [191, 192]. The use of PIs or Akt
inhibitors together with LPAs may synergistically induce
viral latency and may contribute to functional cure of
HIV by preventing viral reactivation from latent reser-
voirs (Fig. 8).

Conclusion
Intensive work has been done by the scientific community
to investigate the molecular mechanisms involved in the
establishment of HIV-1 latency. Improved understanding
in viral persistence has paved the way for novel strategies
to limit the HIV-1 reservoirs. One approach for the eradi-
cation of HIV-1 reservoirs is the application of anti-latency
agents or latency-reversing agents (LRAs) to force the re-
activation of HIV from latency at various levels. In the re-
cent past, combination of drugs that alter chromatin status
have already been revealed to generate a synergistic reacti-
vation of HIV-1 from its latent reservoirs. Soon, it became

clear that the induction of latent viral reservoirs by the
shock-and-kill strategy may not be sufficient to clear la-
tently infected cells, but the recognition of viral antigens
by the immune cells specifically broad CTLs response may
be required to identify and clear the latently infected reser-
voirs. Histone methylation, acetylation, and DNA methyla-
tion have been under investigation for drug design, and
many of its inhibitors are FDA-approved for numerous dis-
orders such as cancer. More recently, compounds targeting
EZH2 and LSD are under investigation to modulate the
epigenetic markers regulating HIV-1 latency. Due to the
heterogeneous nature of cellular reservoirs, shock-and-kill
strategy still requires a hard and long road to achieve a
sterilizing or functional cure of HIV. Anyhow, other thera-
peutics strategies and targets should be explored. Suppres-
sion of ongoing viral replication from active viral reservoirs
is one strategy that has recently gained considerable atten-
tion. In this regard, PcG proteins may provide a promising
novel targets for the induction of HIV latency. The estab-
lishment of deep latency through PcG could prevent viral
rebound when cART is interrupted. A combination of Akt
inhibitors together with PcG proteins may represent an in-
teresting approach for future therapeutic intervention and
a functional cure of HIV-1.

Abbreviation
AIDS: Acquired immunodeficiency syndrome; APOBEC3G: Apolipoprotein B
mRNA editing enzyme catalytic subunit 3G; BMI1: B lymphoma Mo-MLV in-
sertion region 1; CAF1: Chromatin assembly factor 1; cART: Combination
antiretroviral therapy; CBX: Chromobox protein homolog; CDK9: Cyclin-
dependent kinase 9; CNS: Central nervous system; CTIP2: COUP-TF-
interacting protein 2; CTLs: Cytotoxic T lymphocytes; DNMT: DNA
methyltransferase; DNMTi: DNA methyltransferase inhibitor; dRAF: dRING-

Fig. 8 Novel clinical parameter in block-and-lock strategy to induce HIV-1 latency. The figure shows the ongoing viral replication from active HIV-1
reservoirs (left side) and how LPAs promote HIV-1 latency and suppress viral reactivation (enlargement). Panels a and b are schematic diagram of novel
block-and-lock strategy with various degree impacts of PIs and non-PIs on the induction of viral latency. a Illustrates the suppression of HIV-1 replication by
LPAs together with PIs. The presence of PIs and Akt inhibitors in the standard cART regimen inhibit the Akt signaling which in turn synergistically enhance
EZH2-mediated H3K27me3 and HIV-1 latency. b Illustrates HIV-1 latency in the presence of cART containing non-PIs. Akt phosphorylates EZH2 and BMI1 at
Ser 21 and Ser 316, respectively. It impairs their functions which results in decreased H3K27me3 and H2A ub and weakly suppresses HIV-1 from its
latent reservoirs

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 14 of 19



associated factors; DZNep: 3-Deazaneplanocin A; EED: Embryonic ectoderm
development; ESC: Extra sex combs; EZ: Enhancer of zeste; EZH2: Enhancer of
zeste homolog 2; H3K27: Histone H3 on Lys27; HDAC: Histone deacetylase;
HDACi: HDAC inhibitor; HIV-1: Human immunodeficiency virus type 1;
HMT: Histone lysine methyltransferase; HMTI: Histone methyltransferase
inhibitor; HP1: Heterochromatin protein 1; HPH: Human polyhomeotic;
LRA: Latency-reversing agent; LSD1: Lysine-specific demethylase 1; LSF: Late
SV40 factor; LTR: Long terminal repeat; NF-kB: Nuclear factor-κB;
NURF55: Nucleosome remodeling factor 55; PC: Polycomb; PCAF: P300/CBP-
associated factor; PcG: Polycomb group; PCL: Polycomb-like;
PH: Polyhomeotic; PHO: Pleiohomeotic; PHOL: PHO like; Pho-
RC: Pleiohomeotic repressive complex; PI: Protease inhibitor;
PRC1: Polycomb-repressive complex 1; PRC2: Polycomb-repressive complex
2; PREs: Polycomb response elements; PSC: Posterior sex combs;
PTEFb: Positive transcription elongation factor b; RbAp: Retinoblastoma-
binding protein; RIZ: Retinoblastoma protein-interacting zinc-finger; SCE: Sex
comb extra; SCM: Sex comb on midleg; SFMBT: Scm-like with four MbT
domain-containing protein 1; SMYD: SET and MYND domain; SP1: Specificity
protein 1; Su(z)12: Suppressor of Zeste 12; Suv39h1: Suppressor of
variegation 3–9 homolog 1; SWI/SNF: SWItch/sucrose non-fermentable;
TAR: Trans-activation response; Tat: Trans-activator of transcription;
TRIM5α: Tripartite motif-containing protein 5α; TrxG: Trithorax group proteins;
WHO: World health organization; YY1: Ying-yang 1

Acknowledgements
We would like to acknowledge Punjab AIDS Control Program (PACP) for
their financial support.

Funding
SK is a recipient of doctoral scholarship from Punjab AIDS Control Program
(PACP), Punjab, Pakistan.

Available of data and materials
Not applicable.

Authors’ contributions
SK and WA wrote the manuscript. MI and MT provided the conceptual
advice and are involved in the critical reading of the manuscript. SMB
provides the assistance in revising the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Health Biotechnology Division (HBD), National Institute for Biotechnology
and Genetic Engineering (NIBGE), PO Box 577, Jhang road, Faisalabad 38000,
Pakistan. 2Pakistan Institute of Engineering and Applied Sciences (PIEAS),
Nilore, Islamabad, Pakistan. 3Department of Biology (Epigenetics group), SBA
School of Science and Engineering, LUMS, Lahore 54792, Pakistan.

Received: 18 August 2017 Accepted: 5 January 2018

References
1. Wandeler G, Johnson LF, Egger M. Trends in life expectancy of HIV-positive

adults on antiretroviral therapy across the globe: comparisons with general
population. Curr Opin HIV AIDS. 2016;5:492–500.

2. Gubernick SI, Felix N, Lee D, Xu JJ, Hamad B. The HIV therapy market. Nat
Rev Drug Discov. 2016;15:451–2.

3. Cihlar T, Fordyce M. Current status and prospects of HIV treatment. Curr
Opin Virol. 2016;18:50–6.

4. Ho DD, Zhang L. HIV-1 rebound after anti-retroviral therapy. Nat Med. 2000;
6:736–7.

5. Lee GQ, Lichterfeld M. Diversity of HIV-1 reservoirs in CD4+ T-cell
subpopulations. Curr Opin HIV AIDS. 2016;11:383–7.

6. Churchill MJ, Deeks SG, Margolis DM, Siliciano RF, Swanstrom R. HIV
reservoirs. What, where and how to target them. Nat Rev Microbiol. 2016;14:
55–60.

7. Fletcher CV, Staskus K, Wietgrefe SW, Rothenberger M, Reilly C, Chipman JG,
Beilman GJ, Khoruts A, Thorkelson A, Schmidt TE, et al. Persistent HIV-1
replication is associated with lower antiretroviral drug concentrations in
lymphatic tissues. Proc Natl Acad Sci U S A. 2014;111:2307–12.

8. Carr A. Toxicity of antiretroviral therapy and implications for drug
development. Nat Rev Drug Discov. 2003;2:624–34.

9. Jilek BL, Zarr M, Sampah ME, Rabi SA, Bullen CK, Lai J, Shen L, Siliciano RF.
A quantitative basis for antiretroviral therapy for HIV-1 infection. Nat Med.
2012;18:446–51.

10. Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M,
Mankowski JL, Brown A, Volsky DJ, McArthur JC. HIV-associated
neurocognitive disorder- pathogenesis and prospects for treatment. Nat Rev
Neurol. 2016;12:234–48.

11. Rosenbloom DIS, Hill AL, Rabi SA, Siliciano RF, Nowak MA. Antiretroviral
dynamics determines HIV evolution and predicts therapy outcome. Nat
Med. 2012;18:1378–85.

12. Henrich TJ, Hanhauser E, Marty FM, Sirignano MN, Keating S, Lee TH, Robles
YP, Davis BT, Li JZ, Heisey A. Antiretroviral-free HIV-1 remission and viral
rebound after allogeneic stem cell transplantation: report of 2 cases. Ann
Intern Med. 2014;161:319–27.

13. Giacomet V, Trabattoni D, Zanchetta N, Biasin M, Gismondo M, Clerici M,
Zuccotti G. No cure of HIV infection in a child despite early treatment and
apparent viral clearance. Lancet. 2014;384:1320.

14. Barton K, Winckelmann A, Palmer S. HIV-1 reservoirs during suppressive
therapy. Trends Microbiol. 2016;24:345–55.

15. Martinez-Picado J, Deeks SG. Persistent HIV-1 replication during antiretroviral
therapy. Curr Opin HIV AIDS. 2016;11:417–23.

16. Lorenzo-Redondo R, Fryer HR, Bedford T, Kim EY, Archer J, Kosakovsky
Pond SL, Chung YS, Penugonda S, Chipman JG, Fletcher CV, et al.
Persistent HIV-1 replication maintains the tissue reservoir during
therapy. Nature. 2016;530:51–6.

17. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab B,
Boucher G, Boulassel M-R, Ghattas G, Brenchley JM, et al. HIV reservoir size
and persistence are driven by T cell survival and homeostatic proliferation.
Nat Med. 2009;15:893–900.

18. Kimata JT, Rice AP, Wang J. Challenges and strategies for the eradication of
the HIV reservoir. Curr Opin Immunol. 2016;42:65–70.

19. Sauter D, Kirchhoff F. HIV replication: a game of hide and sense. Curr Opin
HIV AIDS. 2016;11:173–81.

20. Massanella M, Fromentin R, Chomont N. Residual inflammation and viral
reservoirs: alliance against an HIV cure. Curr Opin HIV AIDS. 2016;11:234–41.

21. Martrus G, Altfeld M. Immunological strategies to target HIV persistence.
Curr Opin HIV AIDS. 2016;11:402–8.

22. Kumar A, Darcis G, Van Lint C, Herbein G. Epigenetic control of HIV-1 post
integration latency: implications for therapy. Clin Epigenetics. 2015;7:103.

23. Van Lint C, Bouchat S, Marcello A. HIV-1 transcription and latency: an
update. Retrovirology. 2013;10:67.

24. Ruelas DS, Greene WC. An integrated overview of HIV-1 latency. Cell. 2013;
155:519–29.

25. Matreyek KA, Oztop I, Freed EO, Engelman A. Viral latency and potential
eradication of HIV-1. Expert Rev Anti-Infect Ther. 2012;10:855–7.

26. Chen Y, Wang S, Lu S. DNA immunization for HIV vaccine development.
Vaccine. 2014;2:138–59.

27. Hale M, Mesojednik T, Romano Ibarra GS, Sahni J, Bernard A, Sommer K,
Scharenberg AM, Rawlings DJ, Wagner TA. Engineering HIV-resistant, anti-
HIV Chimeric antigen receptor T cells. Mol Ther. 2017;25:570–9.

28. Spragg C, De Silva Feelixge H, Jerome KR. Cell and gene therapy strategies
to eradicate hiv reservoirs. Curr Opin HIV AIDS. 2016;11:442–9.

29. Darcis G, Moutschen M. The effect of treatment simplification on HIV
reservoirs. Lancet HIV. 2017;4:e328–9.

30. Kessing CF, Nixon CC, Li C, Tsai P, Takata H, Mousseau G, Ho PT, Honeycutt
JB, Fallahi M, Trautmann L. In vivo suppression of HIV rebound by

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 15 of 19



Didehydro-Cortistatin a, a block-and-lock strategy for HIV-1 treatment. Cell
Rep. 2017;21:600–11.

31. Caskey M, Klein F, Nussenzweig MC. Broadly neutralizing antibodies for HIV-
1 prevention or immunotherapy. N Engl J Med. 2016;375:2019–21.

32. Cherrier T, Le Douce V, Redel L, Marban C, Aunis D, Rohr O, Schwartz C.
Molecular basis of HIV-1 latency - part II. HIV-1 reactivation and therapeutic
implications. Med Sci (Paris). 2010;26:291–5.

33. Rasmussen TA, Tolstrup M, Sogaard OS. Reversal of latency as part of a cure
for HIV-1. Trends Microbiol. 2016;24:90–7.

34. Matsuda Y, Kobayashi-Ishihara M, Fujikawa D, Ishida T, Watanabe T,
Yamagishi M. Epigenetic heterogeneity in HIV-1 latency establishment. Sci
Rep. 2015;5:7701.

35. Takamatsu-Ichihara E, Kitabayashi I. The roles of Polycomb group proteins in
hematopoietic stem cells and hematological malignancies. Int J Hematol.
2016;103:634–42.

36. Grossniklaus U, Paro R. Transcriptional silencing by polycomb-group
proteins. Cold Spring Harb Perspect Biol. 2014;6:a019331.

37. Kumar A, Abbas W, Herbein G. HIV-1 latency in monocytes/macrophages.
Viruses. 2014;6:1837–60.

38. Kumar A, Herbein G. The macrophage: a therapeutic target in HIV-1
infection. Mol Cell Ther. 2014;2:10.

39. Colin L, Van Lint C. Molecular control of HIV-1 postintegration latency:
implications for the development of new therapeutic strategies.
Retrovirology. 2009;6:111.

40. Marini B, Kertesz-Farkas A, Ali H, Lucic B, Lisek K, Manganaro L, Pongor S,
Luzzati R, Recchia A, Mavilio F, et al. Nuclear architecture dictates HIV-1
integration site selection. Nature. 2015;521:227–31.

41. Dahabieh M, Battivelli E, Verdin E. Understanding HIV latency: the road to an
HIV cure. Annu Rev Med. 2015;66:407–21.

42. Hakre S, Chavez L, Shirakawa K, Verdin E. HIV latency: experimental systems
and molecular models. FEMS Microbiol Rev. 2012;36:706–16.

43. Tripathy MK, Abbas W, Herbein G. Epigenetic regulation of HIV-1
transcription. Epigenomics. 2011;3:487–502.

44. Robison AJ, Nestler EJ. Transcriptional and epigenetic mechanisms of
addiction. Nat Rev Neurosci. 2011;12:623–37.

45. Morera L, Lübbert M, Jung M. Targeting histone methyltransferases and
demethylases in clinical trials for cancer therapy. Clin Epigenetics. 2016;8:1–
16.

46. Bannister AJ, Kouzarides T. Regulation of chromatin by histone
modifications. Cell Res. 2011;21:381–95.

47. Huang H, Sabari BR, Garcia BA, Allis CD, Zhao Y. SnapShot: Histone
modifications. Cell. 2014;159:458–458.e451.

48. Alam H, Gu B, Lee MG. Histone methylation modifiers in cellular signaling
pathways. Cell Mole Life Sci. 2015;72:4577–92.

49. Greer EL, Shi Y. Histone methylation: a dynamic mark in health, disease and
inheritance. Nat Rev Genet. 2012;13:343–57.

50. Fischle W. One, two, three: how histone methylation is read. Epigenomics.
2012;4:641–53.

51. Tariq M, Paszkowski J. DNA and histone methylation in plants. Trends Genet.
2004;20:244–51.

52. Aagaard L, Laible G, Selenko P, Schmid M, Dorn R, Schotta G, Kuhfittig S,
Wolf A, Lebersorger A, Singh PB. Functional mammalian homologues of the
drosophila PEV-modifier Su(var)3-9 encode centromere-associated proteins
which complex with the heterochromatin component M31. EMBO J. 1999;
18:1923–38.

53. Tschiersch B, Hofmann A, Krauss V, Dorn R, Korge G, Reuter G. The protein
encoded by the drosophila position-effect variegation suppressor gene
Su(var)3-9 combines domains of antagonistic regulators of homeotic gene
complexes. EMBO J. 1994;13:3822–31.

54. Rea S, Eisenhaber F, O’Carroll D, Strahl BD, Sun Z-W, Schmid M, Opravil S,
Mechtler K, Ponting CP, Allis CD, Jenuwein T. Regulation of chromatin
structure by site-specific histone H3 methyltransferases. Nature. 2000;406:
593–9.

55. Fodor BD, Shukeir N, Reuter G, Jenuwein T. Mammalian Su(var) genes in
chromatin control. Annu Rev Cell Dev Biol. 2010;26:471–501.

56. Herz HM, Garruss A, Shilatifard A. SET for life: biochemical activities and
biological functions of SET domain-containing proteins. Trends Biochem Sci.
2013;38:621–39.

57. Dillon SC, Zhang X, Trievel RC, Cheng X. The SET-domain protein
superfamily: protein lysine methyltransferases. Genome Biol. 2005;6:227.

58. Ringrose L, Paro R. Gene regulation: cycling silence. Nature. 2001;412:493–4.

59. Casciello F, Windloch K, Gannon F, Lee JS. Functional role of G9a Histone
Methyltransferase in cancer. Front Immunol. 2015;6:487.

60. Kooistra SM, Helin K. Molecular mechanisms and potential functions of
histone demethylases. Nat Rev Mol Cell Biol. 2012;13:297–311.

61. Du J, Johnson LM, Jacobsen SE, Patel DJ. DNA methylation pathways
and their crosstalk with histone methylation. Nat Rev Mol Cell Biol.
2015;16:519–32.

62. Rose NR, Klose RJ. Understanding the relationship between DNA
methylation and histone lysine methylation. BBA Gene Regul Mech. 2014;
1839:1362–72.

63. Cedar H, Bergman Y. Linking DNA methylation and histone modification:
patterns and paradigms. Nat Rev Genet. 2009;10:295–304.

64. Verdin E, Paras P, Van Lint C. Chromatin disruption in the promoter of
human immunodeficiency virus type 1 during transcriptional activation.
EMBO J. 1993;12:3249–59.

65. Verdin E. DNase I-hypersensitive sites are associated with both long
terminal repeats and with the intragenic enhancer of integrated human
immunodeficiency virus type 1. J Virol. 1991;65:6790–9.

66. Cherrier T, Le Douce V, Eilebrecht S, Riclet R, Marban C, Dequiedt F,
Goumon Y, Paillart J-C, Mericskay M, Parlakian A, et al. CTIP2 is a
negative regulator of P-TEFb. Proc Natl Acad Sci U S A. 2013;110:
12655–60.

67. Le Douce V, Forouzanfar F, Eilebrecht S, Van Driessche B, Ait-Ammar A,
Verdikt R, Kurashige Y, Marban C, Gautier V, Candolfi E, et al. HIC1 controls
cellular- and HIV-1- gene transcription via interactions with CTIP2 and
HMGA1. Sci Rep. 2016;6:34920.

68. du Chéné I, Basyuk E, Lin Y-L, Triboulet R, Knezevich A, Chable-Bessia C,
Mettling C, Baillat V, Reynes J, Corbeau P, et al. Suv39H1 and HP1γ are
responsible for chromatin-mediated HIV-1 transcriptional silencing and
post-integration latency. EMBO J. 2007;26:424–35.

69. Cheutin T, McNairn AJ, Jenuwein T, Gilbert DM, Singh PB, Misteli T.
Maintenance of stable heterochromatin domains by dynamic HP1 binding.
Science. 2003;299:721.

70. Maison C, Almouzni G. HP1 and the dynamics of heterochromatin
maintenance. Nat Rev Mol Cell Biol. 2004;5:296–305.

71. Marban C, Redel L, Suzanne S, Van Lint C, Lecestre D, Chasserot-Golaz S,
Leid M, Aunis D, Schaeffer E, Rohr O. COUP-TF interacting protein 2
represses the initial phase of HIV-1 gene transcription in human microglial
cells. Nucleic Acids Res. 2005;33:2318–31.

72. Marban C, Suzanne S, Dequiedt F, de Walque S, Redel L, Van Lint C, Aunis
D, Rohr O. Recruitment of chromatin-modifying enzymes by CTIP2
promotes HIV-1 transcriptional silencing. EMBO J. 2007;26:412–23.

73. Rudolph T, Yonezawa M, Lein S, Heidrich K, Kubicek S, Schäfer C, Phalke S,
Walther M, Schmidt A, Jenuwein T, Reuter G. Heterochromatin formation in
drosophila is initiated through active removal of H3K4 methylation by the
LSD1 homolog SU(VAR)3-3. Mol Cell. 2007;26:103–15.

74. Le Douce V, Colin L, Redel L, Cherrier T, Herbein G, Aunis D, Rohr O, Van
Lint C, Schwartz C. LSD1 cooperates with CTIP2 to promote HIV-1
transcriptional silencing. Nucleic Acids Res. 2012;40:1904–15.

75. Imai K, Togami H, Okamoto T. Involvement of Histone H3 lysine 9 (H3K9)
methyltransferase G9a in the maintenance of HIV-1 latency and its
reactivation by BIX01294. J Biol Chem. 2010;285:16538–45.

76. Friedman J, Cho W-K, Chu CK, Keedy KS, Archin NM, Margolis DM, Karn J.
Epigenetic silencing of HIV-1 by the histone H3 lysine 27 methyltransferase
enhancer of Zeste 2. J Virol. 2011;85:9078–89.

77. Vire E, Brenner C, Deplus R, Blanchon L, Fraga M, Didelot C, Morey L, Van
Eynde A, Bernard D, Vanderwinden J-M, et al. The Polycomb group protein
EZH2 directly controls DNA methylation. Nature. 2006;439:871–4.

78. Nguyen K, Das B, Dobrowolski C, Karn J. Multiple histone lysine
methyltransferases are required for the establishment and maintenance of
HIV-1 latency. MBio. 2017;8:e00133-00117.

79. Tripathy MK, McManamy MEM, Burch BD, Archin NM, Margolis DM. H3K27
demethylation at the proviral promoter sensitizes latent HIV to the effects
of vorinostat in ex vivo cultures of resting CD4(+)T cells. J Virol. 2015;89:
8392–405.

80. Miranda TB, Cortez CC, Yoo CB, Liang G, Abe M, Kelly TK, Marquez VE, Jones
PA. DZNep is a global histone methylation inhibitor that reactivates
developmental genes not silenced by DNA methylation. Mol Cancer Ther.
2009;8:1579–88.

81. Schwartz YB, Pirrotta V. Polycomb silencing mechanisms and the
management of genomic programmes. Nat Rev Genet. 2007;8:9–22.

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 16 of 19



82. Chetverina D, Elizar’ev P, Lomaev D, Georgiev P, Erokhin M. Control of the
gene activity by polycomb and trithorax group proteins in drosophila. Russ
J Genet. 2017;53:157–77.

83. Bantignies F, Roure V, Comet I, Leblanc B, Schuettengruber B, Bonnet J,
Tixier V, Mas A, Cavalli G. Polycomb-dependent regulatory contacts
between distant Hox loci in drosophila. Cell. 2011;144:214–26.

84. Piunti A, Shilatifard A. Epigenetic balance of gene expression by Polycomb
and COMPASS families. Science. 2016;352:aad9780.

85. Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G. Genome
regulation by polycomb and trithorax proteins. Cell. 2007;128:735–45.

86. Ray P, De S, Mitra A, Bezstarosti K, Demmers JA, Pfeifer K, Kassis JA.
Combgap contributes to recruitment of Polycomb group proteins in
drosophila. Proc Natl Acad Sci U S A. 2016;113:3826–31.

87. Coleman RT, Struhl G. Causal role for inheritance of H3K27me3 in
maintaining the OFF state of a drosophila HOX gene. Science. 2017;356:
eaai8236.

88. Schuettengruber B, Ganapathi M, Leblanc B, Portoso M, Jaschek R, Tolhuis B,
van Lohuizen M, Tanay A, Cavalli G. Functional anatomy of polycomb and
trithorax chromatin landscapes in drosophila embryos. PLoS Biol. 2009;7:
e1000013.

89. Erceg J, Pakozdi T, Marco-Ferreres R, Ghavi-Helm Y, Girardot C, Bracken
AP, Furlong EE. Dual functionality of cis-regulatory elements as
developmental enhancers and Polycomb response elements. Genes
Dev. 2017;31:590–602.

90. Ringrose L, Paro R. Polycomb/Trithorax response elements and epigenetic
memory of cell identity. Development. 2007;134:223–32.

91. Levine SS, Weiss A, Erdjument-Bromage H, Shao Z, Tempst P, Kingston RE.
The core of the polycomb repressive complex is compositionally and
functionally conserved in flies and humans. Mol Cell Biol. 2002;22:6070–8.

92. Bauer M, Trupke J, Ringrose L. The quest for mammalian Polycomb
response elements: are we there yet? Chromosoma. 2016;125:471–96.

93. Schwartz YB, Pirrotta V. A new world of Polycombs: unexpected
partnerships and emerging functions. Nat Rev Genet. 2013;14:853–64.

94. Shao Z, Raible F, Mollaaghababa R, Guyon JR, Wu C-T, Bender W, Kingston
RE. Stabilization of chromatin structure by PRC1, a Polycomb complex. Cell.
1999;98:37–46.

95. Saurin AJ, Shao Z, Erdjument-Bromage H, Tempst P, Kingston RE. A
drosophila Polycomb group complex includes Zeste and dTAFII proteins.
Nature. 2001;412:655–60.

96. Entrevan M, Schuettengruber B, Cavalli G. Regulation of genome
architecture and function by Polycomb proteins. Trends Cell Biol. 2016;26:
511–25.

97. Wang L, Jahren N, Miller EL, Ketel CS, Mallin DR, Simon JA. Comparative
analysis of chromatin binding by sex comb on Midleg (SCM) and other
polycomb group repressors at a drosophila Hox gene. Mol Cell Biol. 2010;
30:2584–93.

98. Lagarou A, Mohd-Sarip A, Moshkin YM, Chalkley GE, Bezstarosti K,
Demmers JA, Verrijzer CP. dKDM2 couples histone H2A ubiquitylation to
histone H3 demethylation during Polycomb group silencing. Genes
Dev. 2008;22:2799–810.

99. Holowatyj A, Yang Z-Q, Pile LA. Histone lysine demethylases in Drosophila
Melanogaster. Fly. 2015;9:36–44.

100. Scheuermann JC, de Ayala Alonso AG, Oktaba K, Ly-Hartig N, McGinty RK,
Fraterman S, Wilm M, Muir TW, Müller J. Histone H2A deubiquitinase activity
of the Polycomb repressive complex PR-DUB. Nature. 2010;465:243–7.

101. C-T W, Howe M. A genetic analysis of the suppressor 2 of zeste complex of
Drosophila Melanogaster. Genetics. 1995;140:139–81.

102. Beuchle D, Struhl G, Muller J. Polycomb group proteins and heritable
silencing of drosophila Hox genes. Development. 2001;128:993–1004.

103. Brown JL, Fritsch C, Mueller J, Kassis JA. The drosophila pho-like gene
encodes a YY1-related DNA binding protein that is redundant with
pleiohomeotic in homeotic gene silencing. Development. 2003;130:
285–94.

104. Wang L, Jahren N, Vargas ML, Andersen EF, Benes J, Zhang J, Miller EL,
Jones RS, Simon JA. Alternative ESC and ESC-like subunits of a Polycomb
group histone methyltransferase complex are differentially deployed during
drosophila development. Mol Cell Biol. 2006;26:2637–47.

105. Fischle W, Wang Y, Jacobs SA, Kim Y, Allis CD, Khorasanizadeh S.
Molecular basis for the discrimination of repressive methyl-lysine marks
in histone H3 by Polycomb and HP1 chromodomains. Genes Dev. 2003;
17:1870–81.

106. Shi Y, Wang X-X, Zhuang Y-W, Jiang Y, Melcher K, Xu HE. Structure of the
PRC2 complex and application to drug discovery. Acta Pharmacol Sin. 2017;
38:963–76.

107. Nekrasov M, Klymenko T, Fraterman S, Papp B, Oktaba K, Köcher T, Cohen A,
Stunnenberg HG, Wilm M, Müller J. Pcl-PRC2 is needed to generate high
levels of H3-K27 trimethylation at Polycomb target genes. EMBO J. 2007;26:
4078–88.

108. Schwartz YB, Kahn TG, Nix DA, Li X-Y, Bourgon R, Biggin M, Pirrotta V.
Genome-wide analysis of Polycomb targets in Drosophila Melanogaster. Nat
Genet. 2006;38:700–5.

109. Kuzmichev A, Margueron R, Vaquero A, Preissner TS, Scher M, Kirmizis
A, Ouyang X, Brockdorff N, Abate-Shen C, Farnham P. Composition
and histone substrates of polycomb repressive group complexes
change during cellular differentiation. Proc Natl Acad Sci U S A. 2005;
102:1859–64.

110. Margueron R, Li G, Sarma K, Blais A, Zavadil J, Woodcock CL, Dynlacht BD,
Reinberg D. Ezh1 and Ezh2 maintain repressive chromatin through different
mechanisms. Mol Cell. 2008;32:503–18.

111. Shen X, Liu Y, Hsu Y-J, Fujiwara Y, Kim J, Mao X, Yuan G-C, Orkin SH. EZH1
mediates methylation on histone H3 lysine 27 and complements EZH2 in
maintaining stem cell identity and executing pluripotency. Mol Cell. 2008;
32:491–502.

112. Cao R, Tsukada Y-i, Zhang Y. Role of Bmi-1 and Ring1A in H2A
ubiquitylation and Hox gene silencing. Mol Cell. 2005;20:845–54.

113. Wang H, Wang L, Erdjument-Bromage H, Vidal M, Tempst P, Jones RS,
Zhang Y. Role of histone H2A ubiquitination in Polycomb silencing. Nature.
2004;431:873–8.

114. Frey F, Sheahan T, Finkl K, Stoehr G, Mann M, Benda C, Müller J. Molecular
basis of PRC1 targeting to Polycomb response elements by PhoRC. Genes
Dev. 2016;30:1116–27.

115. Satijn DP, Hamer KM, den Blaauwen J, Otte AP. The Polycomb group
protein EED interacts with YY1, and both proteins induce neural tissue in
XenopusEmbryos. Mol Cell Biol. 2001;21:1360–9.

116. Wang L, Brown JL, Cao R, Zhang Y, Kassis JA, Jones RS. Hierarchical
recruitment of polycomb group silencing complexes. Mol Cell. 2004;14:
637–46.

117. Lecona E, Rojas LA, Bonasio R, Johnston A, Fernández-Capetillo O,
Reinberg D. Polycomb protein SCML2 regulates the cell cycle by
binding and modulating CDK/CYCLIN/p21 complexes. PLoS Biol. 2013;
11:e1001737.

118. Kahn TG, Stenberg P, Pirrotta V, Schwartz YB. Combinatorial interactions are
required for the efficient recruitment of pho repressive complex (PhoRC) to
polycomb response elements. PLoS Genet. 2014;10:e1004495.

119. Klymenko T, Papp B, Fischle W, Köcher T, Schelder M, Fritsch C, Wild B, Wilm
M, Müller J. A Polycomb group protein complex with sequence-specific
DNA-binding and selective methyl-lysine-binding activities. Genes Dev.
2006;20:1110–22.

120. Kwong C, Adryan B, Bell I, Meadows L, Russell S, Manak JR, White R. Stability
and dynamics of polycomb target sites in drosophila development. PLoS
Genet. 2008;4:e1000178.

121. Oktaba K, Gutiérrez L, Gagneur J, Girardot C, Sengupta AK, Furlong EE,
Müller J. Dynamic regulation by polycomb group protein complexes
controls pattern formation and the cell cycle in drosophila. Dev Cell. 2008;
15:877–89.

122. Cheng AS, Lau SS, Chen Y, Kondo Y, Li MS, Feng H, Ching AK, Cheung KF,
Wong HK, Tong JH. EZH2-mediated concordant repression of Wnt
antagonists promotes β-catenin–dependent hepatocarcinogenesis. Cancer
Res. 2011;71:4028–39.

123. Tae S, Karkhanis V, Velasco K, Yaneva M, Erdjument-Bromage H, Tempst P,
Sif S. Bromodomain protein 7 interacts with PRMT5 and PRC2, and is
involved in transcriptional repression of their target genes. Nucleic Acids
Res. 2011;39:5424–38.

124. Trejbalová K, Kovářová D, Blažková J, Machala L, Jilich D, Weber J, Kučerová
D, Vencálek O, Hirsch I, Hejnar J. Development of 5′ LTR DNA methylation
of latent HIV-1 provirus in cell line models and in long-term-infected
individuals. Clin Epigenetics. 2016;8:1.

125. Blomen V, Boonstra J. Stable transmission of reversible modifications:
maintenance of epigenetic information through the cell cycle. Cell Mol Life
Sci. 2011;68:27–44.

126. Simon JA, Kingston RE. Mechanisms of polycomb gene silencing: knowns
and unknowns. Nat Rev Mol Cell Biol. 2009;10:697–708.

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 17 of 19



127. Yoon C-H, Jang D-H, Kim K-C, Park SY, Kim H-Y, Kim SS, Chi S-G, Choi B-S.
Disruption of polycomb repressor complex-mediated gene silencing
reactivates HIV-1 provirus in latently infected cells. Intervirology. 2014;57:
116–20.

128. Satrimafitrah P, Barman HK, Ahmad A, Nishitoh H, Nakayama T, Fukagawa T,
Takami Y. RbAp48 is essential for viability of vertebrate cells and plays a role
in chromosome stability. Chromosom Res. 2016;24:161–73.

129. Karantanos T, Chistofides A, Barhdan K, Li L, Boussiotis VA. Regulation of T
cell differentiation and function by EZH2. Front Immunol. 2016;7:172.

130. Zhang H-S, Liu Y, Wu T-C, Du G-Y, Zhang F-J. EZH2 phosphorylation
regulates tat-induced HIV-1 transactivation via ROS/Akt signaling pathway.
FEBS Lett. 2015;589:4106–11.

131. McCabe MT, Creasy CL. EZH2 as a potential target in cancer therapy.
Epigenomics. 2014;6:341–51.

132. Kim HG, Kim K-C, Roh T-Y, Park J, Jung K-M, Lee J-S, Choi S-Y, Kim SS, Choi
B-S. Gene silencing in HIV-1 latency by polycomb repressive group. Virol J.
2011;8:1.

133. Violot S, Hong SS, Rakotobe D, Petit C, Gay B, Moreau K, Billaud G, Priet S,
Sire J, Schwartz O, et al. The human polycomb group EED protein interacts
with the integrase of human immunodeficiency virus type 1. J Virol. 2003;
77:12507–22.

134. Rakotobe D, Tardy JC, Andre P, Hong SS, Darlix JL, Boulanger P. Human
Polycomb group EED protein negatively affects HIV-1 assembly and release.
Retrovirology. 2007;4:37.

135. Kirmizis A, Bartley SM, Kuzmichev A, Margueron R, Reinberg D,
Green R, Farnham PJ. Silencing of human polycomb target genes is
associated with methylation of histone H3 Lys 27. Genes Dev. 2004;
18:1592–605.

136. Sewalt RG, van der Vlag J, Gunster MJ, Hamer KM, den Blaauwen JL, Satijn
DP, Hendrix T, van Driel R, Otte AP. Characterization of interactions between
the mammalian polycomb-group proteins Enx1/EZH2 and EED suggests the
existence of different mammalian polycomb-group protein complexes. Mol
Cell Biol. 1998;18:3586–95.

137. Balasubramanian P, Kumar R, Williams C, Itri V, Wang S, Lu S, Hessell AJ,
Haigwood NL, Sinangil F, Higgins KW, et al. Differential induction of anti-V3
crown antibodies with cradle- and ladle-binding modes in response to HIV-
1 envelope vaccination. Vaccine. 2017;35:1464–73.

138. O’Meara MM, Simon JA. Inner workings and regulatory inputs that control
Polycomb repressive complex 2. Chromosoma. 2012;121:221–34.

139. Pasini D, Bracken AP, Jensen MR, Denchi EL, Helin K. Suz12 is essential for
mouse development and for EZH2 histone methyltransferase activity. EMBO
J. 2004;23:4061–71.

140. de la Cruz CC, Kirmizis A, Simon MD, Isono K-i, Koseki H, Panning B. The
Polycomb group protein SUZ12 regulates histone H3 lysine 9 methylation
and HP1α distribution. Chromosom Res. 2007;15:299–314.

141. Allen HF, Wade PA, Kutateladze TG. The NuRD architecture. Cell Mol Life Sci.
2013;70:3513–24.

142. Alqarni SS, Murthy A, Zhang W, Przewloka MR, Silva AP, Watson AA, Lejon S,
Pei XY, Smits AH, Kloet SL. Insight into the architecture of the NuRD
complex structure of the RbAp48-MTA1 subcomplex. J Biol Chem. 2014;289:
21844–55.

143. Lejon S, Thong SY, Murthy A, AlQarni S, Murzina NV, Blobel GA, Laue ED,
Mackay JP. Insights into association of the NuRD complex with FOG-1 from
the crystal structure of an RbAp48· FOG-1 complex. J Biol Chem. 2011;286:
1196–203.

144. Zhang W, Tyl M, Ward R, Sobott F, Maman J, Murthy AS, Watson AA,
Fedorov O, Bowman A, Owen-Hughes T. Structural plasticity of histones
H3–H4 facilitates their allosteric exchange between RbAp48 and ASF1. Nat
Struct Mol Biol. 2013;20:29–35.

145. Wang J, Yang J, Yang Z, Lu X, Jin C, Cheng L, Wu N. RbAp48, a novel
inhibitory factor that regulates the transcription of human
immunodeficiency virus type 1. Int J Mol Med. 2016;38:267–74.

146. Shi Y, Seto E, Chang L-S, Shenk T. Transcriptional repression by YY1, a
human GLI-Krüippel-related protein, and relief of repression by adenovirus
E1A protein. Cell. 1991;67:377–88.

147. Park K, Atchison ML. Isolation of a candidate repressor/activator, NF-E1
(YY-1, delta), that binds to the immunoglobulin kappa 3′enhancer and
the immunoglobulin heavy-chain mu E1 site. Proc Natl Acad Sci U S A.
1991;88:9804–8.

148. Shi Y, Lee J-S, Galvin KM. Everything you have ever wanted to know about
yin Yang 1. Biochimica et BBA rev. Cancer. 1997;1332:F49–66.

149. Gordon S, Akopyan G, Garban H, Bonavida B. Transcription factor YY1:
structure, function, and therapeutic implications in cancer biology.
Oncogene. 2006;25:1125–42.

150. He G, Margolis DM. Counterregulation of chromatin deacetylation and
histone deacetylase occupancy at the integrated promoter of human
immunodeficiency virus type 1 (HIV-1) by the HIV-1 repressor YY1 and HIV-1
activator tat. Mol Cell Biol. 2002;22:2965–73.

151. Coull JJ, He G, Melander C, Rucker VC, Dervan PB, Margolis DM. Targeted
derepression of the human immunodeficiency virus type 1 long terminal
repeat by pyrrole-imidazole polyamides. J Virol. 2002;76:12349–54.

152. Bisgrove D, Lewinski M, Bushman F, Verdin E. Molecular mechanisms of HIV-
1 proviral latency. Expert Rev Anti-Infect Ther. 2005;3:805–14.

153. Abdel-Hameed EA, Ji H, Shata MT. HIV-induced epigenetic alterations in
host cells. Adv Exp Med Biol. 2016;879:27–38.

154. Bouchat S, Delacourt N, Kula A, Darcis G, Van Driessche B, Corazza F,
Gatot JS, Melard A, Vanhulle C, Kabeya K, et al. Sequential treatment
with 5-aza-2′-deoxycytidine and deacetylase inhibitors reactivates HIV-1.
EMBO Mol Med. 2016;8:117–38.

155. Mottamal M, Zheng S, Huang TL, Wang G. Histone deacetylase inhibitors in
clinical studies as templates for new anticancer agents. Molecules. 2015;20:
3898–941.

156. Margolis DM, Garcia JV, Hazuda DJ, Haynes BF. Latency reversal and viral
clearance to cure HIV-1. Science. 2016;353:aaf6517.

157. Nikolai BC, Feng Q. HIV latency gets a new Histone mark. Cell Host Microbe.
2017;21:549–50.

158. Jenuwein T, Allis CD. Translating the histone code. Science. 2001;293:
1074–80.

159. Lucic B, Lusic M. Connecting HIV-1 integration and transcription: a step
forward towards new treatments. FEBS Lett. 2016:1927–39. https://doi.org/
10.1002/1873-3468.12226.

160. Kim Y, Lee H-M, Xiong Y, Sciaky N, Hulbert SW, Cao X, Everitt JI, Jin J, Roth
BL, Jiang Y-H. Targeting the histone methyltransferase G9a activates
imprinted genes and improves survival of a mouse model of Prader-Willi
syndrome. Nat Med. 2017;23:213–22.

161. Villanueva MT. Anticancer drugs. All roads lead to EZH2 inhibition. Nat Rev
Drug Discov. 2017;16:239.

162. Kim KH, Roberts CWM. Targeting EZH2 in cancer. Nat Med. 2016;22:128–34.
163. Barsyte-Lovejoy D, Li F, Oudhoff MJ, Tatlock JH, Dong A, Zeng H, Wu H,

Freeman SA, Schapira M, Senisterra GA, et al. (R)-PFI-2 is a potent and
selective inhibitor of SETD7 methyltransferase activity in cells. Proc Natl
Acad Sci U S A. 2014;111:12853–8.

164. Kubicek S, O’Sullivan RJ, August EM, Hickey ER, Zhang Q, Teodoro ML, Rea S,
Mechtler K, Kowalski JA, Homon CA, et al. Reversal of H3K9me2 by a small-
molecule inhibitor for the G9a histone methyltransferase. Mol Cell. 2007;25:
473–81.

165. Bouchat S, Gatot JS, Kabeya K, Cardona C, Colin L, Herbein G, De Wit S,
Clumeck N, Lambotte O, Rouzioux C, et al. Histone methyltransferase
inhibitors induce HIV-1 recovery in resting CD4(+) T cells from HIV-1-
infected HAART-treated patients. AIDS. 2012;26:1473–82.

166. Chang Y, Zhang X, Horton JR, Upadhyay AK, Spannhoff A, Liu J, Snyder
JP, Bedford MT, Cheng X. Structural basis for G9a-like protein lysine
methyltransferase inhibition by BIX-01294. Nat Struct Mol Biol. 2009;16:
312–7.

167. Liu F, Chen X, Allali-Hassani A, Quinn AM, Wasney GA, Dong A, Barsyte D,
Kozieradzki I, Senisterra G, Chau I. Discovery of a 2, 4-diamino-7-
aminoalkoxyquinazoline as a potent and selective inhibitor of histone lysine
methyltransferase G9a. J Med Chem. 2009;52:7950–3.

168. Kaniskan HÜ, Jin J. Chemical probes of histone lysine methyltransferases.
ACS Chem Biol. 2014;10:40–50.

169. Bernhard W, Barreto K, Saunders A, Dahabieh MS, Johnson P, Sadowski I.
The Suv39H1 methyltransferase inhibitor chaetocin causes induction of
integrated HIV-1 without producing a T cell response. FEBS Lett. 2011;585:
3549–54.

170. Kung PP, Rui E, Bergqvist S, Bingham P, Braganza J, Collins M, Cui M, Diehl
W, Dinh D, Fan C, et al. Design and synthesis of Pyridone-containing 3,4-
Dihydroisoquinoline-1(2H)-ones as a novel class of enhancer of Zeste
homolog 2 (EZH2) inhibitors. J Med Chem. 2016;59:8306–25.

171. Brooun A, Gajiwala KS, Deng Y-L, Liu W, Bolaños B, Bingham P, He Y-A,
Diehl W, Grable N, Kung P-P, et al. Polycomb repressive complex 2 structure
with inhibitor reveals a mechanism of activation and drug resistance. Nat
Commun. 2016;7:11384.

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 18 of 19



172. Knutson SK, Wigle TJ, Warholic NM, Sneeringer CJ, Allain CJ, Klaus CR, Sacks
JD, Raimondi A, Majer CR, Song J, et al. A selective inhibitor of EZH2 blocks
H3K27 methylation and kills mutant lymphoma cells. Nat Chem Biol. 2012;8:
890–6.

173. Knutson SK, Kawano S, Minoshima Y, Warholic NM, Huang KC, Xiao Y,
Kadowaki T, Uesugi M, Kuznetsov G, Kumar N, et al. Selective inhibition of
EZH2 by EPZ-6438 leads to potent antitumor activity in EZH2-mutant non-
Hodgkin lymphoma. Mol Cancer Ther. 2014;13:842–54.

174. McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson C, Van Aller GS, Liu Y,
Graves AP, Diaz E, LaFrance LV. EZH2 inhibition as a therapeutic strategy for
lymphoma with EZH2-activating mutations. Nature. 2012;492:108–12.

175. Qi W, Chan H, Teng L, Li L, Chuai S, Zhang R, Zeng J, Li M, Fan H, Lin Y.
Selective inhibition of Ezh2 by a small molecule inhibitor blocks tumor cells
proliferation. Proc Natl Acad Sci U S A. 2012;109:21360–5.

176. Konze KD, Ma A, Li F, Barsyte-Lovejoy D, Parton T, MacNevin CJ, Liu F, Gao
C, Huang X-P, Kuznetsova E. An orally bioavailable chemical probe of the
lysine methyltransferases EZH2 and EZH1. ACS Chem Biol. 2013;8:1324–34.

177. Wu Y, Hu J, Ding H, Chen L, Zhang Y, Liu R, Xu P, Du D, Lu W, Liu J.
Identification of novel EZH2 inhibitors through pharmacophore-based
virtual screening and biological assays. Bioorg Med Chem Lett. 2016;26:
3813–7.

178. Nervi C, De Marinis E, Codacci-Pisanelli G. Epigenetic treatment of solid
tumours: a review of clinical trials. Clin Epigenetics. 2015;7:127.

179. Altucci L, Rots MG. Epigenetic drugs: from chemistry via biology to
medicine and back. Clin Epigenetics. 2016;8:56.

180. Braiteh F, Soriano AO, Garcia-Manero G, Hong D, Johnson MM, De Padua
SL, Yang H, Alexander S, Wolff J, Kurzrock R. Phase I study of epigenetic
modulation with 5-azacytidine and valproic acid in patients with advanced
cancers. Clin Cancer Res. 2008;14:6296–301.

181. Haigentz M, Kim M, Sarta C, Lin J, Keresztes RS, Culliney B, Gaba AG, Smith
RV, Shapiro GI, Chirieac LR, et al. Phase II trial of the histone deacetylase
inhibitor romidepsin in patients with recurrent/metastatic head and neck
cancer. Oral Oncol. 2012;48:1281–8.

182. Chun T-W, Engel D, Mizell SB, Hallahan CW, Fischette M, Park S, Davey RT,
Dybul M, Kovacs JA, Metcalf JA, et al. Effect of interleukin-2 on the pool of
latently infected, resting CD4 + T cells in HIV-1-infected patients receiving
highly active anti-retroviral therapy. Nat Med. 1999;5:651–5.

183. van Praag RM, Prins JM, Roos MT, Schellekens PT, Ten Berge IJ, Yong SL,
Schuitemaker H, Eerenberg AJ, Jurriaans S, de Wolf F, et al. OKT3 and IL-2
treatment for purging of the latent HIV-1 reservoir in vivo results in selective
long-lasting CD4+ T cell depletion. J Clin Immunol. 2001;21:218–26.

184. Darcis G, Kula A, Bouchat S, Fujinaga K, Corazza F, Ait-Ammar A, Delacourt
N, Melard A, Kabeya K, Vanhulle C, et al. An in-depth comparison of latency-
reversing agent combinations in various in vitro and ex vivo HIV-1 latency
models identified Bryostatin-1+JQ1 and Ingenol-B+JQ1 to potently
reactivate viral gene expression. PLoS Pathog. 2015;11:e1005063.

185. Darcis G, Van Driessche B, Van Lint C. HIV latency: should we shock or lock?
Trends Immunol. 2017;38:217–28.

186. Schwartz C, Bouchat S, Marban C, Gautier V, Van Lint C, Rohr O, Le Douce V.
On the way to find a cure: purging latent HIV-1 reservoirs. Biochem
Pharmacol. 2017; https://doi.org/10.1016/j.bcp.2017.07.001.

187. Ho YC, Shan L, Hosmane NN, Wang J, Laskey SB, Rosenbloom DI, Lai J,
Blankson JN, Siliciano JD, Siliciano RF. Replication-competent noninduced
proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell. 2013;
155:540–51.

188. Deeks SG, Autran B, Berkhout B, Benkirane M, Cairns S, Chomont N, Chun
TW, Churchill M, Di Mascio M, Katlama C, et al. Towards an HIV cure: a
global scientific strategy. Nat Rev Immunol. 2012;12:607–14.

189. Noel N, Peña R, David A, Avettand-Fenoel V, Erkizia I, Jimenez E, Lecuroux C,
Rouzioux C, Boufassa F, Pancino G, et al. Long-term spontaneous control of
HIV-1 is related to low frequency of infected cells and inefficient viral
reactivation. J Virol. 2016;90:6148–58.

190. Darcis G, Bouchat S, Kula A, Van Driessche B, Delacourt N, Vanhulle C,
Avettand-Fenoel V, De Wit S, Rohr O, Rouzioux C, Van Lint C. Reactivation
capacity by latency-reversing agents ex vivo correlates with the size of the
HIV-1 reservoir. AIDS. 2017;31:181–9.

191. Kumar A, Abbas W, Colin L, Khan KA, Bouchat S, Varin A, Larbi A, Gatot JS,
Kabeya K, Vanhulle C, et al. Tuning of AKT-pathway by Nef and its blockade
by protease inhibitors results in limited recovery in latently HIV infected T-
cell line. Sci Rep. 2016;6:24090.

192. Kumar A, Abbas W, Bouchat S, Gatot JS, Pasquereau S, Kabeya K, Clumeck N,
De Wit S, Van Lint C, Herbein G. Limited HIV-1 reactivation in resting CD4+
T cells from Aviremic patients under protease inhibitors. Sci Rep. 2016;6:
38313.

193. Cha T-L, Zhou BP, Xia W, Wu Y, Yang C-C, Chen C-T, Ping B, Otte AP, Hung
M-C. Akt-mediated Phosphorylation of EZH2 suppresses Methylation of
lysine 27 in Histone H3. Science. 2005;310:306–10.

194. Zhang HS, Liu Y, Wu TC, Du GY, Zhang FJ. EZH2 phosphorylation regulates
tat-induced HIV-1 transactivation via ROS/Akt signaling pathway. FEBS Lett.
2015;589:4106–11.

195. Liu Y, Yu H, Nimer SD. PI3K-Akt pathway regulates polycomb group protein
and stem cell maintenance. Cell Cycle. 2013;12:199–200.

196. Mousseau G, Clementz MA, Bakeman WN, Nagarsheth N, Cameron M, Shi J,
Baran P, Fromentin R, Chomont N, Valente ST. An analog of the natural
steroidal alkaloid cortistatin a potently suppresses tat-dependent HIV
transcription. Cell Host Microbe. 2012;12:97–108.

197. Mousseau G, Kessing CF, Fromentin R, Trautmann L, Chomont N, Valente ST.
The tat inhibitor Didehydro-Cortistatin a prevents HIV-1 reactivation from
latency. MBio. 2015;6:e00465.

198. Kim H, Choi MS, Inn KS, Kim BJ. Inhibition of HIV-1 reactivation by a
telomerase-derived peptide in a HSP90-dependent manner. Sci Rep. 2016;6:
28896.

199. Besnard E, Hakre S, Kampmann M, Lim HW, Hosmane NN, Martin A, Bassik
MC, Verschueren E, Battivelli E, Chan J, et al. The mTOR complex controls
HIV latency. Cell Host Microbe. 2016;20:785–97.

200. Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, Jones RS,
Zhang Y. Role of histone H3 lysine 27 methylation in Polycomb-group
silencing. Science. 2002;298:1039–43.

201. Schuettengruber B, Martinez AM, Iovino N, Cavalli G. Trithorax group
proteins: switching genes on and keeping them active. Nat Rev Mol Cell
Biol. 2011;12:799–814.

202. Hanson RD, Hess JL, Yu BD, Ernst P, van Lohuizen M, Berns A, van der Lugt
NMT, Shashikant CS, Ruddle FH, Seto M, Korsmeyer SJ. Mammalian Trithorax
and Polycomb-group homologues are antagonistic regulators of homeotic
development. Pro Natl Acad Sci U S A. 1999;96:14372–7.

203. Rao RC, Dou Y. Hijacked in cancer: the KMT2 (MLL) family of
methyltransferases. Nat Rev Cancer. 2015;15:334.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Khan et al. Clinical Epigenetics  (2018) 10:14 Page 19 of 19


	Abstract
	Background
	HIV-1 latency
	Pre- and post-integration latency
	Chromatin organization and epigenetic players in HIV-1 latency
	Histone methylation and HIV-1 latency

	Polycomb group proteins
	Polycomb-repressive complexes
	Polycomb-repressive complex 1
	Polycomb-repressive complex 2
	Pho-repressive complex


	HIV-1 latency and PcG proteins
	Enhancer of Zeste 2
	Embryonic ectoderm development
	Suppressor of Zeste 12
	Retinoblastoma-associated protein 46/48
	Ying Yang factor 1

	Epi-inhibitors and HIV-1 latency: an area of pharmaceutical targeting
	PcG-mediated epigenetic silencing and novel HIV-1 reactivation strategies under cART
	PcG-mediated epigenetic silencing will set the stage for block-and-lock strategy?
	Conclusion
	Abbreviation
	Funding
	Available of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

