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Abstract: Eradicating HIV-1 in infected individuals will not be possible without addressing the
persistence of the virus in its multiple reservoirs. In this context, the molecular characterization of
HIV-1 persistence is key for the development of rationalized therapeutic interventions. HIV-1 gene
expression relies on the redundant and cooperative recruitment of cellular epigenetic machineries to
cis-regulatory proviral regions. Furthermore, the complex repertoire of HIV-1 repression mechanisms
varies depending on the nature of the viral reservoir, although, so far, few studies have addressed the
specific regulatory mechanisms of HIV-1 persistence in other reservoirs than the well-studied latently
infected CD4* T cells. Here, we present an exhaustive and updated picture of the heterochromatiniza-
tion of the HIV-1 promoter in its different reservoirs. We highlight the complexity, heterogeneity and
dynamics of the epigenetic mechanisms of HIV-1 persistence, while discussing the importance of
further understanding HIV-1 gene regulation for the rational design of novel HIV-1 cure strategies.
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Since its introduction in the mid-1990s, combination antiretroviral therapy (cART) has
proven to be a tremendous success in the clinical management of HIV-1 infections. Not
only is the therapy suppressive of HIV-1 replication, but it also prolongs the lifespan of

doi.org/10.3390/vaccines9050514 infected individuals and has globally decreased AIDS-related morbidities, transforming
HIV-1 infection from a deadly to a chronic disease [1,2]. In an ageing population of people
living with HIV-1, the current challenge is to eradicate the virus, or, more realistically, to
manage a functional cure, thereby limiting the development of HIV-1 co-morbidities and
improving the quality of life of HIV* individuals. Indeed, despite cART, HIV-1 persists
in treated individuals under several sources collectively referred to as “viral reservoirs”.
These reservoirs correspond to cell types or tissue compartments where more stable viral
kinetics are maintained in comparison to the pool of cells containing actively replicating
viruses [3,4]. Due to their low replication level or their anatomical distribution, viral
reservoirs are less sensitive or insensitive to cART drug regimens [5]. However, upon
cART cessation or interruption, viral reservoirs can rekindle the infection and will feed
the rebounding viraemia [6-8]. The existence of HIV-1 reservoirs has thus considerably
thwarted attempts to eradicate the virus in HIV* individuals and they are today considered
as a major barrier to achieving an HIV-1 cure [4,9].

Latently infected resting memory CD4" T cells were the first identified sources of
HIV-1 persistence and are still the best-characterized cellular reservoirs [10-13]. Latency
is a non-productive form of infection wherein HIV-1 gene expression is maintained in
a reversible silent state [14]. Several subsets of CD4" T cells, including memory and
naive phenotypes, can be latently infected [15-19]. In recent years, the definition of viral
reservoirs has been extended to account for the intrinsic heterogeneity of viral reservoirs
depending on the nature of the infected cell, its tissue localization and the state of the
HIV-1 provirus (i.e., whether it is competent or defective for viral replication) [20]. Indeed,
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in addition to the highly heterogeneous CD4" T-cell reservoir, cells of myeloid lineages
constitute an underappreciated cellular reservoir of HIV-1 persistence. Myeloid cells
are more resistant to HIV-1-induced cytopathic effects and can harbor and release intact
virions for a long period of time [21]. However, viral persistence in myeloid lineages,
particularly in long-lived tissue-resident macrophages, is probably not accompanied by
HIV-1 latency as it is defined in resting memory CD4+ T cells [5]. Indeed, considering
the high heterogeneity of HIV-1 reservoirs, molecular mechanisms are likely to differ
among the sources of viral persistence. In the present review, we focus on the epigenetic
regulation of HIV-1 persistence and we describe it in two types of cellular reservoirs: the
latent reservoir of CD4" T cells and the reservoirs of myeloid cells, which we refer as to
“persistent reservoirs” (Table 1).

Table 1. Latent and persistent reservoirs for HIV-1.

Characteristics Latent Reservoirs Persistent Reservoirs
Myeloid cells (e.g.,
macrophages [22,23]),
CD4* T cells Follicular dendritic cells [24],
Cell type

(e.g., Tem [6], T [19], etc.) Epithelial cells? [25]
Tissue-resident memory CD4" T
cells (TRM)? [26]

Tissue localization and poor
drug penetration

Causes for cART inefficiency =~ Low or no replication

Time of establishment Early during the infection “Mature” reservoirs

Epigenetic mechanisms of

HIV-1 gene regulation Extensively studied Poorly studied

Epigenetic processes are key elements in the silencing of HIV-1 gene expression.
Indeed, as with all cellular genes, HIV-1 DNA is hierarchically organized into chromatin.
The fundamental structural and functional repeating unit of chromatin is the nucleosome,
in which 146bp of DNA are wrapped in superhelical turns around an octamer composed
of two copies of each histone protein H2A, H2B, H3 and H4 [27]. Each nucleosome core is
linked to the next by a segment of linker DNA that varies in length, from 10 to 80 bp [28].
This nucleosomal array further assembles into higher-order condensed structures, which
are stabilized by the linker histone H1 [28]. The state of condensation of the chromatin fiber
dictates its functional accessibility to protein machineries responsible for DNA-templated
processes, such as transcription [29]. Euchromatin corresponds to an open, less-compacted
and accessible state, whereas heterochromatin corresponds to a highly compacted and
inaccessible state [30]. The dynamic transitions between heterochromatin and euchromatin
thus play a crucial role in gene expression [30]. In this context, the formation of chromatin
blocks during latent infections is believed to be one of the primary events leading to
transcriptional silencing of HIV-1 gene expression [31]. Epigenetic mechanisms, referring to
reversible and heritable changes in gene expression that are due to changes in the chromatin
structure without changes in the nucleotide sequence [32], consist of several interrelated
processes that cooperatively establish and maintain transcriptional competence [33]. These
processes include positioning and remodeling of nucleosomes along the genome, histone
modifications, DNA modifications, non-coding RNA (ncRNA)-mediated modifications of
the chromatin structure and the three-dimensional organization of chromatin domains in
the nucleus.

In this review, we provide an exhaustive and updated picture of the current under-
standing of epigenetic silencing of HIV-1 gene expression in its different viral reservoirs.
We particularly highlight how the virus relies on cellular machineries to cooperatively
and redundantly establish and maintain a heterochromatic environment on its promoter.
The systematic silencing of HIV-1 gene expression points towards the importance of the
viral persistence phenomenon in the virus life cycle. As a consequence, HIV-1 persistence
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is the target of several anti-AIDS therapeutic strategies. One widely proposed approach,
referred to as the “shock and kill” strategy, relies on the use of latency-reversing agents
(LRAs) that reactivate HIV-1 gene expression from its latent state [34,35]. Transcriptionally
repressed proviruses from the latent reservoirs are reactivated by LRAs in the hope that
the infected cells will then die as a result of viral cytopathic effects and/or of HIV-specific
immune responses [5]. Over the years, the development of new classes of LRAs has been
guided by the precise molecular understanding of HIV-1 silencing mechanisms and several
classes of LRAs have been identified, including epigenetic LRAs. In the present review, we
will describe some examples of how the epigenetic characterization of HIV-1 persistence
mechanisms has led to the evaluation of epigenetic drugs in reactivation assays of HIV-1
gene expression.

2. Epigenetic Mechanisms of HIV-1 Latency

During HIV-1 infection and after retrotranscription of the viral RNA genome, the
vast majority of viral double-stranded DNA remains unintegrated, mainly under the form
of linear DNAs [6,36,37]. These linear HIV-1 DNA molecules serve as precursors for the
integration in the host genome but are also susceptible to multiple other fates (Figure 1) [38].
Based on the integration event in the host genome, two forms of HIV-1 latency can be
distinguished: pre-integration latency and post-integration latency.

Linear HIV-1 DNA

1-LTR circle Degradation, autointegration, ...

Transcription occurs,

persists in slow-dividing cells

2-LTRcircle Proviral HIV-1 DNA

O, DA SR NIl

Integrated HIV-1 DNA is replicated as any DNA sequence
and contributed to long-term persistence

Transcription occurs,
persists in slow-dividing cells

Figure 1. Fates of unintegrated HIV-1 DNA and respective contribution to viral persistence. Adapted from [38]. Following
retrotranscription, the nuclear linear HIV-1 DNA can be integrated into the host genome as a provirus, can be degraded or
can recombine or exploit host DNA repair machinery to generate functional 1-LTR or 2-LTR episomal circles from which

transcription arises.

2.1. Mechanisms of Pre-Integration Latency

Pre-integration latency refers to silencing mechanisms occurring on 1-LTR circles—
which are formed due to homologous recombination of linear HIV-1 DNA at the identical
long terminal repeats (LTRs)—or on 2-LTR circles—which are formed by the intervention
of cellular DNA repair mechanisms (Figure 1) [38]. Several studies have reported that
transcription can occur from HIV-1 1-LTR circles and more extensively from HIV-1 2-
LTR circles [38-40]. However, upon sensing exogenous viral DNA, invaded cells have
developed numerous protection mechanisms, including the induction of an epigenetic
silencing onto the foreign DNA [41]. Accordingly, a pioneer study has shown that HIV-
1 unintegrated circles adopt an episomal structure, indicating that HIV-1 unintegrated
DNA is associated with nucleosomes [42]. More specifically, HIV-1 episomes have been
found to be enriched in histone modifications typical of a repressive heterochromatin
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architecture, such as the trimethylation of histone 3 lysine 9 (H3K9me3) [42]. A recent
report has confirmed this observation and shown that histones are loaded soon after
the synthesis of HIV-1 DNA and before its integration in the host chromatin [43]. In
particular, nucleosome positioning was found to dynamically vary at the 5’LTR between
unintegrated and integrated forms of HIV-1 DNA [43]. The more closed nucleosome lattice
in the unintegrated viral promoter, in turn, prevented the transcription of viral genes [43].
However, the mechanisms by which epigenetic silencing is exerted on unintegrated HIV-1
episomes remains to be elucidated. In this regard, the cellular HUSH (Human Silencing
Hub) complex, composed of the three subunits TASOR, MPP8 and periphilin, has been
shown to participate in the epigenetic silencing of unintegrated forms of the murine
leukemia virus (MLV) [44]. Through the chromodomain of MPP8, the HUSH complex
preferentially localizes to regions rich in the repressive histone mark H3K9me3, where
it recruits the histone methyltransferase SETDB1 (SET domain, bifurcated 1) that further
catalyzes the accumulation of H3K9me3 [45]. Coincidentally, HUSH has also been shown
to participate in the epigenetic silencing of integrated HIV-1 proviruses [46,47] (see below).
Hence, an interesting hypothesis would be that HUSH could mediate the transcriptional
silencing of both unintegrated and integrated HIV-1 DNA.

Despite the still unclear mechanisms of unintegrated HIV-1 silencing, unintegrated
episomal circles can be detected in cART-treated individuals, especially in the context of
antiretroviral drugs that inhibit the integration step of the viral replication cycle [37,48].
However, the exact contribution of pre-integration latency to the long-term persistence
of HIV-1 in infected individuals is highly debated. Indeed, in contrast with other viral
episomes, such as herpesvirus episomes, HIV-1 unintegrated circular cDNA forms lack an
origin of replication and are thus lost upon cell division [38]. Therefore, unintegrated HIV-1
DNA is more likely to persist in slow non-dividing cells in vivo, such as certain subsets of
memory CD4* T cells [49].

2.2. Mechanisms of Post-Integration Latency

Post-integration latency results from multiple interrelated processes that collectively
establish and maintain the HIV-1 promoter silence, in a continuum of epigenetic, tran-
scriptional and post-transcriptional mechanisms [31,50,51]. In contrast with the lack of
reports on the epigenetic regulation of pre-integration latency, post-integration latency has
been extensively studied. In particular, HIV-1 epigenetic silencing during post-integration
latency results from: (i) the repressive nucleosome array on the HIV-1 promoter located in
the 5'LTR, (ii) the accumulation of histone repressive marks, (iii) DNA methylation of two
CpG islands surrounding the transcription start site (TSS), (iv) RNA-mediated mechanisms
and (v) the nuclear localization of the provirus in specific chromatin domains.

2.2.1. Nucleosome Positioning on the HIV-1 Provirus

Nucleosomes are dynamic entities and their positioning along the genome directly
affects gene expression [52]. Nucleosome positioning is determined by the combined
effects of multiple factors, including the DNA sequence itself, DNA-binding proteins
and chromatin remodelers [53]. Chromatin remodelers use the free energy available
from adenosine triphosphate (ATP) hydrolysis to weaken DNA:histone contacts, resulting
in the sliding, spacing, eviction or transfer of nucleosomes from specific regions and
the determination of the position and the size of nucleosome-depleted regions (NDRs)
along the genome [53]. Based on subunit composition and biochemical activity, five
classes of chromatin remodelers are currently distinguished: the BAF/PBAF (BRG1- or
HBRM-associated factors/Polybromo-associated BAF), the ISWI (Imitation SWItch), the
NURD/Mi-2/CHD (Nucleosome Remodeling Deacetylase/Mi-2/Chromodomain Helicase
DNA-binding), the INO80 (INO80 Complex ATPase) and the SWR1 (SWI2/SNF2-Related
1 Chromatin Remodeling) families, which do not all participate in the regulation of gene
expression but have also been associated with other DNA-templated processes, such as
DNA replication [54].
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The BAF/PBAF family of chromatin remodelers generally disorders nucleosomes,
thus playing a role in the determination of NDRs [54]. The identification of NDRs has been
experimentally guided by the mapping of DNase I hypersensitive sites (DHSs) [55]. Because
NDRs are accessible regions that are typically found at transcriptional cis-regulatory ele-
ments, the mapping of DHSs is reflective of transcriptional competence [56]. Early studies
of DHS mapping along the HIV-1 genome indicated that nucleosomes are strictly deposited
at specific positions in the latent HIV-1 proviruses, independently of their integration sites
in the host chromatin [57,58]. In particular, in the repressed 5'LTR, the enhancer and the
core promoter of HIV-1 are, respectively, marked by DHS, and DHS;3 and surrounded by
the two nucleosomes nuc-0 and nuc-1 (Figure 2) [57]. The BAF complex is recruited to the
5'LTR by the short isoform of the bromodomain-containing protein 4 (BRD4S, Figure 2) [59]
and is responsible for the active deposition of nuc-1 immediately downstream of the HIV-1
TSS, in an otherwise refractory sequence to nucleosomes [58,60]. At this strategic position,
nuc-1 is highly repressive for HIV-1 transcription, and for efficient and productive tran-
scription to occur, nuc-1 must be disrupted [61,62]. In fact, because of its role in maintaining
HIV-1 latency by depositing the repressive nuc-1, BAF has been proposed as a target for
therapeutical intervention aiming at reactivating HIV-1 gene expression from latency [63].
Interestingly, while very similar in terms of subunits, the BAF and PBAF complexes have
distinct opposite roles in the regulation of HIV-1 gene expression. Indeed, whereas BAF
restricts HIV-1 transcription, PBAF is required for displacing nuc-1 upon transcriptional
activation [58]. PBAF has been shown to be recruited to the 5'LTR by the virally encoded
Tat transactivator [64,65] as well as by a Tat-independent mechanism [66]. Finally, the
process of BAF/PBAF regulation of HIV-1 gene expression appears to be intimately linked
with the process of integration of HIV-1 in the host chromatin. Indeed, the INI-1 subunit
(Integrase Interactor 1, also known as SMARCB1, hSNF5 or BAF47) of the BAF complex
is known to interact with the HIV-1 integrase [67]. HIV-1 proviral integration and the
deposition of repressive nucleosomes could thus be functionally coupled and occurring
early in the dynamics of epigenetic latency establishment. In this regard, the histone
chaperone Spt6 was also shown to interact with the HIV-1 integration machinery and to
participate in the 5'LTR epigenetic repression during latency [68-70]. Histone chaperones
are histone-binding proteins that are critical in the regulation of nucleosome dynamics,
notably by interacting with chromatin remodelers [71]. Spt6 could thus play a pivotal
role in coordinating nucleosome occupancy, possibly through interacting with BAF/PBAF,
although this still needs to be demonstrated for the latent HIV-1 5'LTR [70].

Of the other chromatin remodeler families known in mammalian cells, so far, only
members of the NURD/Mi-2/CHD family have also been linked to HIV-1 latency. Both
CHD1 and CHD2 were shown to be important for the regulation of HIV-1 transcription,
although the epigenetic mechanisms at play remain elusive [68,72]. Similarly to SWI/SNEF-
mediated remodeling, specific histone chaperones complexes might be involved in finely
tuning nucleosome occupancy and HIV-1 gene expression, as both the HIRA (Histone Cell
Cycle Regulator) and the FACT (Facilitates Chromatin Transcription) complexes were also
shown to be involved in HIV-1 latency regulation [68].

Collectively, the understanding of the mechanisms governing nucleosome deposition
on the HIV-1 promoter during latency, and their possible interplay with other epigenetic
marks, as well as with other steps of the virus life cycle, is still at its early beginning.
Future studies will need to address how dynamic changes occur in the HIV-1 nucleosomal
array during latency establishment, maintenance and reversal. As nucleosome deposition
appears to be an early event in HIV-1 silencing, targeting this step might prevent latency
establishment in the 5'LTR, hence limiting the formation of viral reservoirs.
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Figure 2. The 5'LTR is heterochromatized in HIV-1 latently infected CD4" T cells. A multitude of interrelated epigenetic
mechanisms cooperatively maintain the HIV-1 promoter in a heterochromatic architecture in latently infected CD4* T
cells. These include the position of repressive nucleosomes on the 5'LTR, the presence of repressive histone marks such as
hypoacetylation or H3K9me3, the hypermethylation of two CpG islands surrounding the transcription start site and the

involvement of IncRNA-like epigenetic mechanisms.

2.2.2. Repressive Histone Marks on the HIV-1 Promoter during Latency

In addition to changes in nucleosome positioning, dynamic changes in nucleosome
composition also occur during gene expression regulation. Indeed, the basic amino-
terminal tails of histones are disordered and protrude from the nucleosome core [73].
Individual or multiple additions or removals of post-translational modifications (PTMs) on
histone tail residues are associated with variations in the chromatin structure [73]. Acety-
lation, methylation, phosphorylation, ubiquitination or sumoylation are some of these
histone reversible covalent modifications, catalyzed by separate classes of enzymes [74].
Histone PTMs can directly affect the compaction degree of chromatin. For instance, acety-
lation of lysine residues by histone acetyltransferases (HATs) neutralizes their positive
charge, weakening DNA:histone electrostatic interactions and resulting in an accessible
euchromatin structure favorable for transcription [73]. Furthermore, histone PTMs can also
indirectly regulate the process of transcription by serving as a scaffold for the binding of ef-
fector proteins (that possess bromo-, chromo- or PHD domains to recognize the PTMs) [74].
Alternatively, histone PTMs can prevent the binding of proteins to the chromatin fiber [74].
Thus, alone or in combination, histone PTMs constitute an important mechanism of gene
expression regulation, which led to the notion of a “histone code” in the early 2000s [75].

Histone deacetylases (HDACsS) are a group of enzymes that erase the acetylation of
lysine e-amino groups [76]. Since histone acetylation is generally correlated with gene acti-
vation, histone deacetylation is associated with gene repression, although this also occurs
through the deacetylation of other substrates than histones [76]. Based on their enzymatic
activity and their cellular sub-localization, human HDACs are classified into four classes
(Table 2): the class I HDACs (HDAC1, HDAC2, HDAC3 and HDACS), the class lla HDACs
(HDAC4, HDACS5 and HDAC?) and the essentially cytosolic class IIb HDACs (HDAC6
and HDAC10), the class IIl HDACs (or sirtuins) and the class IV HDACs (containing the
lone HDAC11). Class I, I and IV HDACs possess a Zn2*-dependent enzymatic activity,
whereas sirtuins’ activity depends on NAD™ [76]. Multiple repressive cellular transcription
factors binding to the HIV-1 5'LTR region are responsible for the indirect and redundant
recruitment of class-I HDACs during viral latency (Figure 2) [77-81]. For instance, the
repressive homodimer of NF-«kB p50-p50 binds its cognate sites in the 5’LTR enhancer,
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where it mediates the recruitment of HDACI [78]. Similarly, the Yin Yang 1 (YY1) factor
and the late SV40 factor (LSF) also bind the 5'LTR and recruit HDACI1 [77,82], whereas
the transcription factor C-promoter binding factor-1 (CBF-1) binds the viral promoter,
where it recruits corepressor complexes containing HDAC1 and HDAC3 [81]. In addition,
HDAC4 (a class I HDAC) has been shown to repress HIV-1 gene expression in response to
environmental stressors, such as the lack of essential amino acids in the environment [83].
However, due to the low deacetylase activity of class Ila HDACs towards histones, this
repression could be based on other epigenetic mechanisms than histones PTMs, such as
changes in the nuclear organization [83]. Finally, sirtuins have been shown to participate
in HIV-1 gene regulation but through other mechanisms than histone deacetylation. In
particular, SIRT1 plays an important role in controlling the recycling and the transactivation
feedback of Tat [84]. Together, the redundant recruitment of HDACsS to the HIV-1 5LTR
during latency explains the success of using broad-spectrum HDAC inhibitors (HDACj)
in ex vivo latency reversal strategies [34]. However, with the development of selective
and more potent HDACi that have specific activities on certain classes of HDACs [85], a
more global picture of which HDACs participate in viral latency will be needed to reverse
HIV-1 latency in more targeted approaches. This is particularly important in light of a
recent study showing that histone acetylation also surprisingly contributes to HIV-1 latency
(Table 2). Indeed, the lysine acetyltransferase 5 (KAT5, also known as Tip60) was found to
promote HIV-1 latency through the acetylation of H4 on the 5'LTR, this, in turn, allowing
the recruitment of BRD4 and a block in HIV-1 transcriptional elongation (Figure 2) [86].
This latter study illustrates that the hypoacetylation of H3 and the hyperacetylation of H4
have an opposite compatible role in the heterochromatinization of the 5’LTR during latency.
Based on these mechanistic insights, the rational development of HIV-1 latency reversal
strategies should aim at modulating histone acetylation patterns on the viral promoter by
favoring the inhibition of HDACs targeting H3 and of HAT(s) targeting H4.

Table 2. Histone modifiers implicated in HIV-1 latent CD4* T-cell reservoirs.

Histone Deacetylases

Family Members * References
Class I HDAC1, HDAC2, HDAC3, HDACS [77-82]
Class Ila HDAC4, HDAC5, HDAC7, HDAC9 [83]
Class IIb HDAC6, HDAC10
Class III (Sirtuins) SIRT1-7 [84]
Class IV HDACI11
Histone Acetyltransferases
Family Members * References
GNAT KAT2A /GCN5, KAT2B/PCAF
KATS5/TIP60, KAT6A /MOZ/MYSTS3,
MYST KAT6B/MORF/MYST4, KAT7 /HBO1/MYST?2, [86]
KAT8/MOF/MYST1
p300/CBP KAT3B/p300, KAT3A/CBP
Histone Methyltransferases
Family Members * References
ASHIL, DOT1L, EHMT1-2, EZH1, EZH2, MLL1-4, [87-90]
HKMTs NSD1-3, SETD1A, SETD1B, SETD2, SETD7, SMYD2-3, [46,47]
SUV39H1-2, SUV420H1-2 [91,92]

PRMTs CARM1/PRMT4, PRMT1, PRMT5-7 [93]
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Table 2. Cont.

Histone Demethylases

Family Members * References
KDM LSD1/KDM1A, LSD2/KDM1B

KDM2-8 classes that contain over 30 members,
including MINAS53/JMJD10

* Enzymes indicated in bold and underlined have been linked to HIV-1 silencing during latency, according to the
references presented in the column on the right. HKMT, histone lysine methyltransferase; PRMT, protein arginine
lysine methyltransferase; KDM, lysine demethylase; JMJD, JumonjiC domain-containing histone demethylase. Of
note, only enzymes involved in histone acetylation and methylation associated with the repression of the 5LTR
are listed in the table.

IMJD [94]

Methylation of histone tails consists of the addition of one, two or three methyl groups,
either on lysine residues of histone tails (H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20)
by histone lysine methyltransferases (HKMTs) or on arginine residues of histone tails
(H3R2, H3R8, H3R17, H326 and H4R3) by protein arginine methyltransferases (PRMTs,
Table 2) [95]. As for HDACS, histone methyltransferases (HMTs) have also been reported to
methylate many basic residues in other proteins than histones, thereby participating in the
regulation of gene expression [95]. Histone methylation role in transcription depends on
the location into specific cis-regulatory regions, on the residue targeted and on the number
of methyl groups added [95]. In addition, viruses may exploit non-canonical histone methy-
lation pathways, and the methylation of some residues, which is generally associated with
transcriptional activation in cellular genes, may not be similarly active in the case of viral
gene expression. Regarding histone lysine methylation, both H3K27 and H3K9 methylation
have been involved in HIV-1 silencing during latency. The HMT EZH2, which is part of the
Polycomb Repressive Complex 2 (PRC2), together with the corresponding H3K27me3 that
this enzyme catalyzes, have been reported on the viral promoter in both cell lines and pri-
mary cell models for HIV-1 latency (Figure 2) [87]. In addition, both EHMT1 (Euchromatin
histone methyltransferase)/GLP and EHMT2/GYa participate in HIV-1 latency by deposit-
ing H3K9me?2 on the HIV-1 promoter in latently infected T cell lines (Figure 2) [88-90].
Together, these studies indicate that H3K27 and H3K9 methylation co-occurs on the la-
tent HIV-1 promoter, suggesting that functional crosstalk between these two epigenetic
pathways might be involved to cooperatively establish a heterochromatic environment
on the latent 5LTR. Indeed, while H3K27 and H3K9 methylation is generally considered
mutually exclusive and defining facultative and constitutive heterochromatin, respectively,
crosstalk between these two epigenetic marks has been reported in the literature [96]. In
this case, cooperative recruitment of H3K27 and H3K9 HMTs could then occur [96], which
in the context of HIV-1 latency might explain the recruitment of EZH2 and EHMT1/2 to
the 5'LTR. A recent report has identified the transcription factor CBF-1 as responsible for
the concurrent recruitment of not only these HMTs but also HDAC1 and HDACS, further
supporting the notion that histone methylation and deacetylation are coordinated in HIV-1
silencing [97]. In addition to this, as discussed above, the tripartite HUSH complex also
contributes to the spreading of H3K9me3 through the chromodomain-containing MPP8
that “reads” the epigenetic code and recruits the “writer” SETDB1 (Figure 2) [46,47]. A
similar mechanism of “heterochromatic spreading” on the latent HIV-1 promoter occurs
through the chromodomain-containing HP1y protein that recognizes H3K9me3 and re-
cruits the SUV39H1 HMT (Figure 2) [91]. More recently, it has also been shown that the
known restriction factor APOBEC3A (Apolipoprotein B mRNA editing enzyme catalytic
subunit 3A) acts epigenetically in restricting HIV-1 gene expression, independently of
its cytidine deaminase activity [98]. Indeed, APOBEC3A was found to bind the NF-«B
sites in the 5'LTR, thus promoting the recruitment of KAP1/TRIM28 and HP1 to the viral
promoter [98]. This latter report thus provides an alternative mode of recruitment of
H3K9 HMTs to the viral promoter during latency. Regarding other histone lysine residues,
SMYD2 has been involved in HIV-1 latency by mediating the mono-methylation of H4K20
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on the HIV-1 5'LTR, which could then potentially lead to the recruitment of the Polycomb
Repressive Complex 1 (PRC1) and further chromatin compaction (Figure 2) [92]. Finally,
a recent study has shown that histone demethylases are also involved in HIV-1 latency.
Indeed, the histone demethylase MINAS53 has been identified in a CRISPR/Cas9 screen as
a new actor in HIV-1 latency, through the demethylation of H3K36me3 on the 5'LTR and
crosstalk with histone acetylation (Table 2, Figure 2) [94]. Thus, similarly to observations
regarding histone acetylation, seemingly opposite histone methylation marks coordinately
regulate the heterochromatinization of the latent HIV-1 promoter, which has further impli-
cations in the rational design of HIV-1 latency reversal approaches. This is particularly true
since the repertoire of histone methylation and possible crosstalk is even more complex
because other residues than lysines might be methylated. Thus far, only one study reported
the involvement of histone arginine methylation in the HIV-1 promoter silencing during
HIV-1 latency. CARM1/PRMT4 catalyzes H3R26 methylation, which has been shown to be
associated with the silencing of HIV-1 transcription (Table 2, Figure 2) [93].

Finally, in addition to the well-studied acetylation and methylation, the histone code
of HIV-1 latency is more complex than previously thought. Indeed, a recent study has
shown that histones in the 5'LTR are hypocrotonylated in latently infected CD4* T cells [99].
Histone crotonylation is a newly discovered histone PTM that consists of the addition
of a crotonyl group onto lysine e-amino groups (Kcr), using crotonyl-CoA, an important
intermediate in metabolic pathways, as a cofactor [74]. Accordingly, the hypocrotonylation
of the HIV-1 5'LTR in latently infected cells was correlated with lower expression of ACSS2
(Acyl-coenzyme A synthetase short-chain family member 2), an enzyme that participates
in the synthesis of crotonyl-CoA [99]. While it remains unclear whether hypocrotonylation
of the 5’LTR is actively maintained during latency, aberrant fatty acid metabolism has
been linked in HIV* individuals with low ACSS2 expression, potentially favoring the
establishment of HIV-1 latency [99].

Together, these studies on histone PTMs collectively reveal that a dynamic and com-
prehensive picture of the histone code of HIV-1 latency is currently lacking. For instance,
whether histone ubiquitination occurs on the 5'LTR during HIV-1 latency and its poten-
tial role in viral gene expression still needs to be addressed, especially since components
of the ubiquitin—proteasome system have been recently shown to participate in HIV-1
latency [100,101]. Future research will also need to focus on the crosstalk between differ-
ent histone epimarks since a single amino acid residue can be targeted by enzymes with
opposite outcomes on HIV-1 gene regulation.

2.2.3. Implication of DNA Methylation in HIV-1 Latency

DNA methylation is an epigenetic mark that consists, in mammals, in the addition of
a methyl group on the fifth carbon of the pyrimidic ring of cytosine residues (5mC), located
mainly in the context of CpG dinucleotides [102,103]. When occurring in promoter regions,
in dense patches of CpG dinucleotides termed CpG islands (CGIs), DNA methylation is
repressive for transcription either directly, by the recruitment of 5mC-recognizing tran-
scription factors, or indirectly, by preventing the binding of positively acting transcription
factors [104]. DNA methylation has been involved in a variety of homeostatic biological
processes, such as cellular differentiation, imprinting, embryogenesis or inactivation of
chromosome X in mammals [103,105]. Furthermore, aberrant DNA methylation profiles are
the hallmarks of many diseases, including cancers [106]. In retroviruses, DNA methylation-
mediated repression of viral promoters has been involved in the latency of bovine leukemia
virus (BLV) and human T cell leukemia virus type 1 (HTLV-1) as well as in the silencing of
human endogenous retroviruses (HERVs) [107-109]. The HIV-1 promoter region contains
two CGlIs that surround the TSS, termed the 5'LTR CGI and the non-coding region (NCR)
CGI, respectively [110]. Multiple studies since the 1990s have shown that HIV-1 gene
repression is associated with DNA hypermethylation of these two CGls in in vitro T-cell
models and in primary cell models for HIV-1 latency (Figure 2) [110-114].
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Contrarily to other epigenetic marks, which ex vivo studies are technically challenging,
the DNA methylation profile of the 5LTR has been abundantly studied in cells from HIV*
individuals and has been found to be variable [113-117]. The heterogeneous profiles of
HIV-1 promoter methylation reported in these studies partly pertain to experimental vari-
ables such as the immune typing of isolated CD4* T-cell populations [113,115] or the use of
peripheral blood mononuclear cells (PBMCs) [117], which contain more heterogeneous cell
populations. Additionally, one study has shown that the accumulation of DNA methylation
was especially low in the promoter of replication-defective proviruses, suggesting the exis-
tence of differential epigenetic mechanisms of HIV-1 repression in replication-competent
versus replication-defective reservoirs [116]. Interestingly, clinical characteristics also ap-
pear to influence HIV-1 promoter methylation observed ex vivo. Indeed, hypermethylation
of the 5'LTR is positively associated with temporal characteristics, such as the duration of
the infection [118] or of the antiretroviral treatment [119]. In agreement, a recent study has
highlighted that dynamical changes occur in DNA methylation of the HIV-1 promoter in
HIV™ individuals, with a general increase in 5’'LTR methylation over the span of twelve
months of cART uptake [120]. However, this latter study had not addressed the contribu-
tion of specific classes of antiretroviral compounds to the 5'LTR methylation accumulation.
In addition, HIV* individuals could be subdivided into two groups: one maintaining a
high and constant level of DNA methylation on the HIV-1 promoter during the studied
period and another group presenting a significant increase in 5’'LTR methylation at some
point along the studied period [120]. Individuals from the latter group were younger and
appeared to better respond to cART in terms of immune parameters (in particular, with
higher CD4" T cell/CD8* T cell ratios) compared to the group presenting a constant and
high level of 5LTR methylation) [120]. Collectively, these reports support the notion that
temporal parameters affect DNA methylation accumulation on the HIV-1 promoter. These
observations are reminiscent of the fact that, during development and tumorigenesis, DNA
methylation appears to maintain gene silencing in the long term rather than to initiate
the heterochromatic silencing [121,122]. Thus, DNA methylation could play a role in the
maintenance of HIV-1 latency rather than the establishment of viral gene repression in the
cascade of epigenetic events leading to the 5'LTR heterochromatinization. However, the
mechanisms at play, favoring the accumulation of 5LTR methylation over time, still need
to be identified.

Thus far, mechanistic studies have shown that, in latently infected T-cell line models,
DNA hypermethylation of the HIV-1 NCR CGI provokes the recruitment of the methyl-
binding protein MBD2, which is contained within the chromatin remodeling complex
NuRD, also containing HDAC2 [114]. Hence, crosstalk between DNA methylation, nucleo-
some positioning and histone hypoacetylation participate in the repression of the 5’'LTR in
latently infected cells. However, how DNA methylation is established on the latent 5’'LTR
remains unclear. In mammals, three DNA methyltransferases (DNMTs) are responsible
for cytosine methylation and are classically subdivided into “de novo” (DNMT3a and
DNMT3b) and “maintenance” (DNMT1) methyltransferases [123]. In agreement with
this classification, DNA methylation patterns are established in early development by
the de novo methyltransferases DNMT3a and DNMT3b and then copied to somatic cells
by the maintenance methyltransferase DNMT1 during DNA replication and repair [102].
This model is sustained by DNMT1 preferential affinity for hemimethylated DNA sub-
strates [124] and its regulation along the cell cycle [125] and by the high expression of
DNMT3a and DNMT3b in undifferentiated embryonic cells [126]. However, this functional
segregation between DNMTs appears somehow oversimplified [102]. Indeed, several
studies have shown that DNMTs collaborate and collectively contribute to the dynamic
establishment and maintenance of DNA methylation patterns in cellular genes [123]. This
might also be the case for HIV-1 since the depletion of DNMT1 has been shown not to be
sufficient to completely reduce the level of DNA methylation on the HIV-1 promoter in a
T-cell line model for HIV-1 latency [119].
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Collectively, accounting for patient-specific variations, DNA methylation is involved
in the epigenetic repression of HIV-1 gene expression. However, how DNMTs catalyzing
5mC accumulation on the 5'LTR are recruited still needs to be deciphered. Similar to
other epigenetic writers such as HMTs, epigenetic crosstalk between DNMTs and other
epigenetic actors might be key for the establishment of DNA methylation patterns on the
HIV-1 provirus.

2.2.4. ncRNA-Mediated Mechanisms of HIV-1 Epigenetic Silencing

Several classes of ncRNAs have emerged as important actors in the regulation of
gene expression, notably by serving as scaffolds for chromatin-modifying complexes [127].
Regulatory ncRNAs are generally classified depending on their size, with transcripts longer
than 200nt termed long ncRNAs (IncRNAs) and smaller transcripts including microRNAs
(miRNAs) or piwi-interacting RNAs (piRNAs) [128].

In mammals, small ncRNAs such as miRNAs do not usually rely on epigenetic
mechanisms to modulate gene expression [127,128]. Accordingly, multiple cellular miRNAs
have been correlated with direct or indirect control of HIV-1 gene expression, but not
through direct changes in the proviral chromatin architecture [129-131]. For instance, five
cellular miRNAs (miR-28, miR-125b, miR-150, miR-223 and miR-382) have been found
in one study to directly target the 3’ ends of HIV-1 mRNAs, thus contributing to HIV-1
latency by degrading those mRNAs [129]. In another study, two miRNAs, miR-17-5p and
miR-20a, encoded from the polycistronic cellular miRNA cluster miR-17/92, have been
found to indirectly restrict the levels of acetylated Tat, thus promoting HIV-1 latency [130].
piRNAs form another class of small ncRNAs that were thought to be expressed exclusively
in the germline, where they suppress transposons” activity by promoting their methylation
during spermatogenesis [127,128]. Growing evidence now indicates that piRNAs and the
PIWIL protein involved in piRNA synthesis are also expressed in somatic cells, where they
regulate gene expression in homeostatic processes as well as in tumorigenesis [132]. In this
context, PIWIL4 has been recently found to enforce HIV-1 promoter heterochromatinization
through the recruitment of SETDB1, HP1 and HDAC4 [133]. PIWIL4 recruitment to the viral
promoter was dependent upon its association with piRNAs but further mechanistic studies
are needed to refine the contribution of piRNAs and PIWIL proteins to HIV-1 latency.

Similarly to miRNAs, several cellular IncRNAs have been shown to promote HIV-1 la-
tency, although not specifically by epigenetic mechanisms. For instance, the IncRNA NRON
indirectly restricts HIV-1 gene expression by inducing Tat proteasomal degradation [134]
and the IncRNA NKILA (NF-«kB-interacting long non-coding RNA) represses HIV-1 gene
expression and replication by interfering with the NF-«B signaling pathway [135]. Fur-
thermore, recent studies also showed evidence of an epigenetic-based control of HIV-1
latency by cellular IncRNAs. First, the IncRNA MALAT1 was found to sequester EZH?2,
which is part of the PRC2 complex, thereby counteracting the epigenetic repression of the
HIV-1 5'LTR (Figure 2) [136]. Second, the IncRNA HEAL positively regulates HIV-1 gene
expression by promoting the recruitment of HATs to the HIV-1 promoter, both in T cells
and in microglial cells, indicating common epigenetic pathways between different types of
reservoirs, at least for this specific IncRNA. Together, these reports illustrate the importance
of the landscape of cellular IncRNAs in the outcome of HIV-1 infections [137,138]. Since
HIV-1 infection also induces variations in the IncRNAs transcriptome [139], a genome-wide
screen for the role of cellular IncRNAs in the epigenetic and transcriptional regulations of
HIV-1 latency is needed.

Finally, HIV-1 also encodes “IncRNA-like” viral RNAs that act on gene expression
and that promote epigenetic silencing of the viral promoter. The role of the HIV-1-encoded
antisense RNA ASP-1 in the epigenetic silencing of the 5'LTR was first proposed in a study
showing that downregulation of this transcript is associated with decreased recruitment
of DNMT3a, HDAC1 and EZH?2 to the HIV-1 promoter (Figure 2) [140]. Recently, it
was further shown that the ASP-1 RNA recruits PRC2 to the 5'LTR, thereby provoking
H3K27me3, nuc-1 assembly and transcriptional silencing and promoting HIV-1 latency
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(Figure 2) [141]. The HIV-1 antisense RNA is thus at the crossroads of multiple epigenetic
mechanisms acting in concert to repress the 5LTR during latency. Another study also
showed evidence of a second type of HIV-1-derived RNA in the epigenetic repression of the
viral promoter during latency. Indeed, in the presence of external stimuli such as exosomes
from uninfected cells, the 5'LTR is only partially silent and the cellular machinery is capable
of transcribing through the nucleosomes up to the beginning of the gag gene, between
the nucleosomes 2 and 3 [142]. The resulting TAR-gag ncRNA was further found to be
associated with PRC2, SIN3A, HDAC1 and the ubiquitin E3-ligase CUL4B (Figure 2) [143].
In mammalian cells, SIN3A serves as a co-repressor scaffold through its interaction with
both specific transcription factors and histone deacetylases [144]. The HIV-1 encoded TAR-
gag ncRNA might thus function as a cellular IncRNA, by serving as an “RNA machine” that
promotes epigenetic silencing of the viral genes, but the specific sequence of mechanisms
involved needs to be further investigated.

Collectively, studies have shown that cellular ncRNAs are exploited by HIV-1 to keep
its genome transcriptionally silent, highlighting the physiological importance of latency in
the virus life cycle. Furthermore, HIV-1 encodes at least two of its own “IncRNA-like” viral
RNAs to further promote epigenetic repression by bridging several mechanisms.

2.2.5. Nuclear Position of the HIV-1 Provirus

An additional layer of modulation of gene expression that has gained increasing
interest in the past few years resides in the impact of the chromatin three-dimensional orga-
nization in the nucleus on gene expression [145]. Indeed, depending on its transcriptional
competence, chromatin dynamically transits between higher-order organization forms
within different subnuclear compartments [145].

HIV-1 integration occurs predominantly in transcriptionally active regions in the
nuclear periphery, in proximity to nuclear pores [146,147]. In particular, a recent study
has shown that this spatial clustering of HIV-1 proviruses in CD4* T cells is explained by
preferential hotspots of integration in genes proximal to super-enhancers, corresponding to
enhancer-rich genomic regions located on the outer shell of the nucleus [148]. Alternatively,
HIV-1 can also integrate into inner regions of the nucleus, becoming transcriptionally silent
in subnuclear compartments such as promyelocytic leukemia (PML) nuclear bodies [149].
Thus, three-dimensional chromatin organization, while an important determinant for HIV-1
integration, has not been clearly linked to the viral transcription control. Notably, further
mechanistic studies will need to address whether dynamic changes can occur in HIV-1
proviruses’ nuclear positions and whether these correlate with changes in the proviral
chromatin structure and transcriptional state.

Structural nuclear proteins, such as nucleoporins, have received increased attention
for their roles in the control of cellular gene expression and chromatin organization [150].
Mechanistically, structural nuclear proteins are thus potential candidates in the regulation
of HIV-1 gene expression in the three-dimensional nuclear space. In this regard, a study has
recently shown that the inner nuclear membrane protein SUN2, in association with lamins,
tethers nuc-1 and nuc-2, thereby maintaining a repressive heterochromatic environment
on the 5'LTR [151]. However, how the structural components of the nucleus establish and
maintain this heterochromatic environment on the HIV-1 promoter during latency still
needs to be assessed in detail.

Collectively, multiple studies have reported that HIV-1 integration favors specific nu-
clear sub-compartments. However, it still remains to be determined whether the chromatin
state of the integration loci affects HIV-1 proviral chromatin architecture. Another open
question is whether the HIV-1 provirus transits between different higher-order nuclear
sub-compartments depending on its transcriptional state.

3. Epigenetic Persistence in Myeloid Lineages

In addition to the well-characterized reservoir of latently infected resting memory
CD4* T cells, a heterogeneous pool of cell types participates in vivo in HIV-1 persistence in
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infected individuals [25]. Cells of myeloid lineages, especially tissue-resident macrophages,
constitute a systemic and plastic subset of target cells for HIV-1 infection [152]. HIV-1-
infected macrophages are also involved in viral persistence, importantly contributing
to tissue reservoirs, including in the nervous, pulmonary, cardiovascular, gut and renal
organs [153,154]. For instance, microglial cells, the resident macrophages in the central
nervous system, are partly protected from the penetration of antiretroviral drugs due to
the blood-brain barrier and constitute a reservoir for a pool of evolving HIV-1 quasis-
pecies [155]. Understanding how HIV-1 gene expression is regulated in these non-classical
reservoirs is crucial to obtain a more comprehensive picture of HIV-1 persistence, with the
hope of achieving a cure.

Contrarily to the vast number of studies addressing the epigenetic regulation of HIV-1
in latently infected CD4* T cells, little research has been conducted on specific epigenetic
mechanisms of HIV-1 persistence in cells of myeloid lineages. Unintegrated HIV-1 episomes
persist in macrophages [156]; however, their epigenetic and transcriptional states have not
been thoroughly studied. Hence, a remaining open question is whether HIV-1 episomes
and proviruses are distinctly regulated in myeloid vs. T-lymphoid reservoirs.

CTIP2 (COUP-TF interacting protein 2)/BCL11B is a cellular transcription cofactor
that presents pleiotropic functions in HIV-1 gene repression in microglial cells. First, CTIP2
participates in HIV-1 transcriptional repression in microglial cells by recruiting a multi-
enzymatic chromatin-modifying complex that establishes a heterochromatic environment
at the HIV-1 promoter, in a Tat-independent manner [157,158] (Figure 3A). Indeed, in these
cells, CTIP2 is physically recruited to the HIV-1 promoter by its interaction with Sp1 bound
to the GC-boxes of the 5'LTR [159], which is made possible by the histone lysine-specific
demethylase 1 (LSD1) also bound to the Sp1 sites [160]. LSD1 recruits the multicomponent
COMPASS complex, which ultimately leads to the accumulation of H3K4me3, surprisingly
associated with transcriptional repression of the HIV-1 promoter [160]. In parallel, CTIP2
sequentially recruits HDAC1 and HDAC?2 that deacetylate H3, then the histone methyl-
transferase SUV39H1 that promotes H3K9me3 [157]. Similarly to T cells [91], through
its chromodomain, HP1y recognizes H3K9me3 and further recruits SUV39H1 to spread
heterochromatin across the HIV-1 promoter region [157]. A second mode of HIV-1 gene re-
pression by CTIP2 in microglial cells is through the sequestration of the positive elongation
factor b (P-TEFb) cooperatively with HMGA1 (High Mobility Group AT-hook 1) associated
with the 7SK small nuclear RNA and HEXIM1 (Figure 3B) [161,162]. While this repressive
mode is not strictu senso an epigenetic mechanism, the regulation of HIV-1 transcription
elongation by the cellular ncRNA 7SK could be considered as an RNA-mediated epigenetic
mechanism. Finally, the transcription factor HIC1 (Hypermethylated In Cancer 1) interacts
physically with CTIP2 and HMGA1 to mediate a third repression mode of the HIV-1 5'LTR
in microglial cells (Figure 3C) [163]. Indeed, HIC1 downregulation has been shown to
be associated with a Tat-dependent increase in HIV-1 gene expression in microglial cells,
arguing in favor of a repressive function of HIC1 [163]. Because SIRT1 is a co-repressor of
HIC1 [164] and a co-activator of Tat [31], HIC1 Tat-dependent repression of HIV-1 gene
expression could be associated with the HDAC function of SIRT1. Thus far, SIRT1 deacety-
lation of HIC1 was found to be crucial for its Tat-dependent repression of HIV-1 gene
expression. However, in this case, no specific role of SIRT1 in 5'LTR histone status could be
shown. Collectively, CTIP2 is implicated in the epigenetic and transcriptional repression
of HIV-1 in microglial cells by at least three independent mechanisms. In addition, our
laboratory has recently reported that CTIP2 interacts with KAP1/TRIM?28 and that these
two factors cooperate to repress Tat activity [165]. As KAP1/TRIM28 has been shown to
favor HMT recruitment in CD4* T cells [98]; a functional interplay between CTIP2 and
KAP1/TRIM28 in the epigenetic control of the 5LTR in microglial cells is expected but
needs to be further studied. In addition, it remains to be determined how CTIP2 can switch
from one repressive mode to another and whether CTIP2 mediates similar repression
mechanisms in latently infected CD4" T cells.
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Figure 3. The multiple modes of CTIP2-mediated repression of HIV-1 gene expression in microglial
cells. CTIP2 presents pleiotropic functions in HIV-1 gene repression in microglial cells. (A) CTIP2 and
LSD1 bind the Sp1 sites in the 5'LTR. CTIP2 recruits sequentially HDACs and the HMT SUV39H1
that catalyzes H3K9me3. This mark is recognized by HP1 that recruits more units of SUV39H1 that
spread the heterochromatic mark. In parallel, LSD1 recruits the hCOMPASS complex, containing
notably the HMT SET1 that stimulates H3K4me3. (B) CTIP2 associated with HMGAT1 stabilizes
the inactive P-TEFb complex (composed of the small nuclear 7SK RNA, HEXIM-1 and LARP7 and
MeCP2). (C) HIC1, CTIP2 and HMGAT1 form a tripartite repressive complex that may be due to SIRT1
HDAC activity.
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To date, few studies have addressed the specific epigenetic mechanisms of HIV-1
persistence in myeloid cells, especially due to technical constraints such as the tissue-
resident nature of macrophages. However, with increasing evidence of the physiological
relevance of myeloid reservoirs for HIV-1 persistence in infected individuals [22], further
basic research will be needed to determine the myeloid-specific molecular mechanisms
of HIV-1 persistence. This, in turn, should allow the development of targeted anti-HIV
therapeutic interventions that will account for the heterogeneity of the viral reservoirs.

4. Conclusions

HIV-1 persistence, initially considered as an epiphenomenon, now appears to be an
integral part of viral pathogenesis [166]. Clinically, HIV-1 persistence, which prevents viral
eradication, is being tackled by concerted scientific efforts [167]. Studies of the mechanisms
regulating HIV-1 gene expression in its different reservoirs highlight key properties of viral
persistence, providing a molecular rationale to search for an HIV-1 cure.

One property of HIV-1 persistence is the complexity of the molecular mechanisms
involved. Several interrelated mechanisms are acting at different levels of the gene reg-
ulation flow and, as discussed here for epigenetic mechanisms, are acting in concert to
cooperatively repress HIV-1 gene expression. With the growing number of studies iden-
tifying novel mechanisms of HIV-1 persistence, the molecular repertoire of viral gene
repression needs to be constantly re-evaluated. Indeed, so far, independent studies have
shown individual mechanisms of HIV-1 gene repression. However, the next challenge in
mechanistic studies on HIV-1 persistence will be to obtain a comprehensive picture of the
crosstalk between these mechanisms. This, in turn, should help in the rationalization and
the modeling of novel therapeutic interventions. For instance, considering the quantity
of redundant recruitments of epigenetic modifiers in the 5’LTR heterochromatinization,
any strategy aiming at reversing HIV-1 latency should simultaneously target different
mechanisms in combination for synergistic HIV-1 reversal [93,168].

A second key property of HIV-1 persistence is its heterogeneity: not only is the
repertoire of molecular mechanisms of HIV-1 persistence complex, but it varies in different
cell types and for different infected individuals. This heterogeneity of the HIV-1 reservoirs,
a property that substantially hinders the design of a cure, intrinsically results from HIV-1’s
adaptation to different cellular environments of infection. Hence, targeted approaches,
adapted for each type of reservoir and for each individual, will need to be considered for
a cure. In this regard, the vast majority of mechanistic studies on HIV-1 persistence have
been performed in CD4" T-cell latent reservoirs, with little understanding of the specific
regulation of HIV-1 gene expression in other persistent reservoirs.

There is also increasing evidence towards the importance of a temporal property in
HIV-1 persistence: for the same individual, HIV-1 gene regulation will be differentially
modulated over time. Hence, the molecular mechanisms of HIV-1 persistence, establish-
ment and maintenance might differ during infection. However, the sequence of events
that can dynamically switch the viral promoter between active and inactive states has
not been thoroughly addressed so far. With an exciting recent work showing that viral
cell-to-cell transmission primes T cells to latent HIV-1 infections [169], another important
challenge will be to determine how the repressive epigenetic status of the HIV-1 promoter
is established in the early stages of the infection. This will provide further insights into the
interplay between the epigenetic control of the virus and epigenetic alterations in the host,
which might have fundamental consequences for HIV-1 clinical management [170].

In conclusion, while much knowledge has been garnered on the epigenetic control of
HIV-1 latency, mechanistic studies have highlighted the complexity, the heterogeneity and
the dynamics of HIV-1 persistence. Further molecular understanding of these properties of
HIV-1 persistence will be essential in the search for an HIV-1 cure.
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HTLV human T-cell leukemia virus

HUSH Human Silencing Hub



Vaccines 2021, 9, 514

17 of 23

References

INI-1 Integrase Interactor 1

INO80 INO80 Complex ATPase

KAT lysine acetyltransferase

LEDGEF/p75 lens epithelium-derived growth factor/transcription co-activator p75

IncRNA long non-coding RNA

LRA Latency reversing agent

LSD1 lysine-specific demethylase 1

LSF late SV40 factor

LTR long terminal repeat

miRNA microRNA

MLV murine leukemia virus

Mnase Micrococcal nuclease

NCR non-coding region

ncRNA non-coding RNA

NDR nucleosome-depleted region

NKILA NF-«kB-interacting long non-coding RNA

nuc nucleosome

NURD/Mi-2/CHD Nucleosonr}e Remodeling Deacetylase/Mi-2/Chromodomain Helicase
DNA-binding

PBMC peripheral blood mononuclear cell

PCAF p300/CBP associated factor

PHD Plant homeodomain

piRNA piwi-interacting RNAs

PML promyelocytic leukemia

PRC Polycomb repressive complex

PRMTs protein arginine methyltransferases

P-TEFb positive transcription elongation factor B

PTM post-translational modification

RNA Ribonucleic acid

SETDB1 SET domain, bifurcated 1

SIRT1 Sirtuin 1

SUV39H1 Suppressor of variegation 3-9 homolog 1

SWI/SNF Switch/Sucrose Non-Fermentable

SWR1 SWI2/SNF2-Related 1 Chromatin Remodeling

TAF TBP-associated factor

TAR Trans-activating responsive elements

Tat Trans-Activator of Transcription

Tem central memory CD4* T cell

TSS transcription start site

YY1 Yin Yang 1

1.  Deeks, S.; Lewin, S.; Havlir, D. The end of AIDS: HIV infection as a chronic disease. Lancet 2013, 382, 1525-1533. [CrossRef]

2. Arts, EJ.; Hazuda, D.J. HIV-1 Antiretroviral Drug Therapy. Cold Spring Harb. Perspect. Med. 2012, 2, 1-23. [CrossRef] [PubMed]

Eisele, E; Siliciano, R.F. Redefining the Viral Reservoirs that Prevent HIV-1 Eradication. Immunity 2012, 37, 377-388. [CrossRef]
[PubMed]

Chun, T.-W.W.; Moir, S.; Fauci, A.S. HIV reservoirs as obstacles and opportunities for an HIV cure. Nat. Immunol. 2015, 16,
584-589. [CrossRef] [PubMed]

Sengupta, S.; Siliciano, R.F. Targeting the Latent Reservoir for HIV-1. Immun. Rev. 2018, 48, 872-895. [CrossRef]

Chun, T.-W,; Carruth, L.; Finzi, D.; Shen, X.; DiGiuseppe, ].A.; Taylor, H.; Hermankova, M.; Chadwick, K.; Margolick, J.; Quinn,
T.C.; et al. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature 1997, 387, 183-188.
[CrossRef] [PubMed]

Finzi, D.; Blankson, J.; Siliciano, J.; Margolick, J.; Chadwick, K.; Pierson, T.; Smith, K.; Lisziewicz, J.; Lori, F; Flexner, C.; et al.
Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on effective combination
therapy. Nat. Med. 1999, 5, 512-517. [CrossRef] [PubMed]

Siliciano, J.; Kajdas, J.; Finzi, D.; Quinn, T.; Chadwick, K.; Margolick, J.; Kovacs, C.; Gange, S.; Siliciano, R.F. Long-term follow-up
studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat. Med. 2003, 9, 727-728. [CrossRef]
Darcis, G.; Van Driessche, B.; Van Lint, C. HIV Latency: Should We Shock or Lock? Trends Immunol. 2017, 38, 217-228. [CrossRef]


http://doi.org/10.1016/S0140-6736(13)61809-7
http://doi.org/10.1101/cshperspect.a007161
http://www.ncbi.nlm.nih.gov/pubmed/22474613
http://doi.org/10.1016/j.immuni.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22999944
http://doi.org/10.1038/ni.3152
http://www.ncbi.nlm.nih.gov/pubmed/25990814
http://doi.org/10.1016/j.immuni.2018.04.030
http://doi.org/10.1038/387183a0
http://www.ncbi.nlm.nih.gov/pubmed/9144289
http://doi.org/10.1038/8394
http://www.ncbi.nlm.nih.gov/pubmed/10229227
http://doi.org/10.1038/nm880
http://doi.org/10.1016/j.it.2016.12.003

Vaccines 2021, 9, 514 18 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Perelson, A.S.; Neumann, A.U.; Markowitz, M.; Leonard, ].M.; Ho, D.D. HIV-1 Dynamics in vivo: Virion Clearance Rate, Infected
Cell Life-Span, and Viral Generation Time. Science 1996, 271, 1582-1586. [CrossRef] [PubMed]

Chun, T.-W,; Stuyver, L.; Mizell, S.B.; Ehler, L.A.; Mican, ].A.M.; Baseler, M.; Lloyd, A.L.; Nowak, M.A.; Fauci, A.S. Presence of an
inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. USA 1997, 94, 13193-13197.
[CrossRef] [PubMed]

Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.; Chaisson, R.E.; Quinn, T.C.; Chadwick, K.; Margolick, J.;
Brookmeyer, R.; et al. Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral Therapy. Science 1997,
278, 1295-1300. [CrossRef] [PubMed]

Wong, ].K.; Hezareh, M.; Giinthard, H.F,; Havlir, D.V,; Ignacio, C.C.; Spina, C.A.; Richman, D.D. Recovery of Replication-
Competent HIV Despite Prolonged Suppression of Plasma Viremia. Science 1997, 278, 1291-1296. [CrossRef] [PubMed]

Zack, J.A.; Arrigo, S.J.; Weitsman, S.R.; Go, A.S.; Haislip, A.; Chen, 1.5.Y. HIV-1 entry into quiescent primary lymphocytes:
Molecular analysis reveals a labile, latent viral structure. Cell 1990, 61, 213-222. [CrossRef]

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

Soriano-Sarabia, N.; Bateson, R.E.; Dahl, N.P.; Crooks, A.M.; Kuruc, ].D.; Margolis, D.M.; Archin, N.M. Quantitation of Replication-
Competent HIV-1 in Populations of Resting CD4+ T Cells. |. Virol. Methods 2014, 88, 14070-14077. [CrossRef]

Buzon, M.J; Sun, H,; Li, C.; Shaw, A,; Seiss, K.; Ouyang, Z.; Martin-Gayo, E.; Leng, ].; Henrich, T].; Li, ].Z.; et al. HIV-1 persistence
in CD4+ T cells with stem cell-like properties. Nat. Med. 2014, 20, 139-142. [CrossRef]

Hiener, B.; Horsburgh, B.A.; Eden, ].S; Barton, K.; Schlub, T.E.; Lee, E.; von Stockenstrom, S.; Odevall, L.; Milush, ].M.; Liegler, T.;
et al. Identification of Genetically Intact HIV-1 Proviruses in Specific CD4+ T Cells from Effectively Treated Participants. Cell Rep.
2017, 21, 813-822. [CrossRef]

Zerbato, ] M.; McMahon, D.K.; Sobolewski, M.D.; Mellors, ]. W.; Sluis-Cremer, N. Naive CD4+ T Cells Harbor a Large Inducible
Reservoir of Latent, Replication-Competent HIV-1. Clin. Infect. Dis. 2019, 69, 1919-1925. [CrossRef]

Kulpa, D.A.; Chomont, N. HIV persistence in the setting of antiretroviral therapy: When, where and how does HIV hide? |. Virus
Erad. 2015, 1, 59-66. [CrossRef]

Le Douce, V.; Herbein, G.; Rohr, O.; Schwartz, C. Molecular mechanisms of HIV-1 persistence in the monocyte-macrophage
lineage. Retrovirology 2010, 7, 32. [CrossRef]

Ganor, Y.; Real, F; Sennepin, A.; Dutertre, C.-A.; Prevedel, L.; Xu, L.; Tudor, D.; Charmeteau, B.; Couedel-Courteille, A.; Marion,
S.; et al. HIV-1 reservoirs in urethral macrophages of patients under suppressive antiretroviral therapy. Nat. Microbiol. 2019, 4,
633-644. [CrossRef] [PubMed]

Honeycutt, J.B.; Thayer, W.O.; Baker, C.E.; Ribeiro, R.M.; Lada, S.M.; Cao, Y.; Cleary, R.A.; Hudgens, M.G.; Richman, D.D.; Victor
Garcia, J. HIV persistence in tissue macrophages of humanized myeloid-only mice during antiretroviral therapy. Nat. Med. 2017,
23, 638-643. [CrossRef]

Zhang, ].; Perelson, A.S. Contribution of Follicular Dendritic Cells to persistent HIV viremia. J. Virol. 2013, 87, 3—4. [CrossRef]
Kandathil, A.].; Sugawara, S.; Balagopal, A. Are T cells the only HIV-1 reservoir? Retrovirology 2016, 13, 1-10. [CrossRef] [PubMed]
Barton, K.; Winckelmann, A.; Palmer, S. HIV-1 Reservoirs During Suppressive Therapy. Trends Microbiol. 2016, 24, 345-355.
[CrossRef]

Luger, K.; Mdder, A.W,; Richmond, R.K,; Sargent, D.F.; Richmond, T.J. Crystal structure of the nucleosome core particle at 2.8 A
resolution. Nature 1997, 389, 251-260. [CrossRef]

Felsenfeld, G.; Groudine, M. Controlling the double helix. Nature 2003, 421, 448-453. [CrossRef] [PubMed]

Zhu, P; Li, G. Structural insights of nucleosome and the 30-nm chromatin fiber. Curr. Opin. Struct. Biol. 2016, 36, 106-115.
[CrossRef] [PubMed]

Trojer, P.; Reinberg, D. Facultative Heterochromatin: Is There a Distinctive Molecular Signature? Mol. Cell 2007, 28, 1-13.
[CrossRef]

Colin, L.; Van Lint, C. Molecular control of HIV-1 postintegration latency: Implications for the development of new therapeutic
strategies. Retrovirology 2009, 6, 111. [CrossRef] [PubMed]

Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396-398. [CrossRef] [PubMed]

Murr, R. Interplay between different epigenetic modifications and mechanisms. Adv. Genet. 2010, 70, 101-141.

Spivak, A.; Planelles, V. Novel Latency Reversal Agents for HIV-1 Cure. Annu. Rev. Med. 2018, 69, 421-436. [CrossRef] [PubMed]
Ait-Ammar, A.; Kula, A.; Darcis, G.; Verdikt, R.; De Wit, S.; Gautier, V.; Mallon, PW.G.; Marcello, A.; Rohr, O.; Van Lint, C. Current
Status of Latency Reversing Agents Facing the Heterogeneity of HIV-1 Cellular and Tissue Reservoirs. Front. Microbiol. 2019, 10,
3060. [CrossRef] [PubMed]

Pang, S.; Koyanagi, Y.; Miles, S.; Wiley, C.; Vinters, H.V,; Chen, 1.S.Y. High levels of unintegrated HIV -1 DNA in brain tissue of
AIDS dementia patients. Nature 1990, 395, 367-370. [CrossRef]

Sharkey, M.E ; Teo, I.; Greenough, T.; Sharova, N.; Luzuriaga, K.; Sullivan, ].L.; Bucy, R.P; Kostrikis, L.G.; Haase, A.; Veryard, C.;
et al. Persistence of episomal HIV-1 infection intermediates in patients onhighly active anti-retroviral therapy. Nat. Med. 2000, 6,
76-81. [CrossRef]

Sloan, R.D.; Wainberg, M.A. The role of unintegrated DNA in HIV infection. Retrovirology 2011, 8, 1-15. [CrossRef]


http://doi.org/10.1126/science.271.5255.1582
http://www.ncbi.nlm.nih.gov/pubmed/8599114
http://doi.org/10.1073/pnas.94.24.13193
http://www.ncbi.nlm.nih.gov/pubmed/9371822
http://doi.org/10.1126/science.278.5341.1295
http://www.ncbi.nlm.nih.gov/pubmed/9360927
http://doi.org/10.1126/science.278.5341.1291
http://www.ncbi.nlm.nih.gov/pubmed/9360926
http://doi.org/10.1016/0092-8674(90)90802-L
http://doi.org/10.1038/nm.1972
http://www.ncbi.nlm.nih.gov/pubmed/19543283
http://doi.org/10.1128/JVI.01900-14
http://doi.org/10.1038/nm.3445
http://doi.org/10.1016/j.celrep.2017.09.081
http://doi.org/10.1093/cid/ciz108
http://doi.org/10.1016/S2055-6640(20)30490-8
http://doi.org/10.1186/1742-4690-7-32
http://doi.org/10.1038/s41564-018-0335-z
http://www.ncbi.nlm.nih.gov/pubmed/30718846
http://doi.org/10.1038/nm.4319
http://doi.org/10.1128/JVI.00556-13
http://doi.org/10.1186/s12977-016-0323-4
http://www.ncbi.nlm.nih.gov/pubmed/27998285
http://doi.org/10.1016/j.tim.2016.01.006
http://doi.org/10.1038/38444
http://doi.org/10.1038/nature01411
http://www.ncbi.nlm.nih.gov/pubmed/12540921
http://doi.org/10.1016/j.sbi.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26872330
http://doi.org/10.1016/j.molcel.2007.09.011
http://doi.org/10.1186/1742-4690-6-111
http://www.ncbi.nlm.nih.gov/pubmed/19961595
http://doi.org/10.1038/nature05913
http://www.ncbi.nlm.nih.gov/pubmed/17522671
http://doi.org/10.1146/annurev-med-052716-031710
http://www.ncbi.nlm.nih.gov/pubmed/29099677
http://doi.org/10.3389/fmicb.2019.03060
http://www.ncbi.nlm.nih.gov/pubmed/32038533
http://doi.org/10.1038/343085a0
http://doi.org/10.1038/71569
http://doi.org/10.1186/1742-4690-8-52

Vaccines 2021, 9, 514 19 of 23

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.
53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Brussel, A.; Sonigo, P. Evidence for Gene Expression by Unintegrated Human Immunodeficiency Virus Type 1 DNA Species. |.
Virol. 2004, 78, 11263-11271. [CrossRef]

Thierry, S.; Thierry, E.; Subra, F.; Deprez, E.; Leh, H.; Bury-Moné, S.; Delelis, O. Opposite transcriptional regulation of integrated
vs unintegrated HIV genomes by the NF-«B pathway. Sci. Rep. 2016, 6, 1-12.

Orzalli, M.H.; Knipe, D.M. Cellular Sensing of Viral DNA and Viral Evasion Mechanisms. Annu. Rev. Microbiol. 2014, 68, 477-492.
[CrossRef] [PubMed]

Kantor, B.; Hong, M.; Webster-Cyriaque, J.; Monahan, P.E.; Kafri, T. Epigenetic activation of unintegrated HIV-1 genomes by
gut-associated short chain fatty acids and its implications for HIV infection. Proc. Natl. Acad. Sci. USA 2009, 106, 18786-18791.
[CrossRef] [PubMed]

Machida, S.; Depierre, D.; Chen, H.C.; Thenin-Houssier, S.; Petitjean, G.; Doyen, C.M.; Takaku, M.; Cuvier, O.; Benkirane, M.
Exploring histone loading on HIV DNA reveals a dynamic nucleosome positioning between unintegrated and integrated viral
genome. Proc. Natl. Acad. Sci. USA 2020, 117, 6822-6830. [CrossRef]

Zhu, Y.; Wang, G.Z.; Cingoz, O.; Goff, S.P. NP220 mediates silencing of unintegrated retroviral DNA. Nature 2018, 564, 278-282.
[CrossRef] [PubMed]

Chougui, G.; Margottin-Goguet, F. HUSH, a Link Between Intrinsic Immunity and HIV Latency. Front. Microbiol. 2019, 10, 224.
[CrossRef] [PubMed]

Chougui, G.; Munir-Matloob, S.; Matkovic, R.; Martin, M.; Morel, M.; Lahouassa, H.; Leduc, M.; Ramirez, B.C.; Etienne, L.;
Margottin-Goguet, F. HIV-2/SIV viral protein X counteracts HUSH repressor complex. Nat. Microbiol. 2018, 3, 891-897. [CrossRef]
[PubMed]

Yurkovetskiy, L.; Guney, M.H.; Kim, K.; Goh, S.L.; McCauley, S.; Dauphin, A.; Diehl, W.E.; Luban, J. Primate immunodeficiency
virus proteins Vpx and Vpr counteract transcriptional repression of proviruses by the HUSH complex. Nat. Microbiol. 2018, 3,
1354-1361. [CrossRef]

Sharkey, M.; Triques, K.; Kuritzkes, D.R.; Stevenson, M. In vivo evidence for instability of episomal human immunodeficiency
virus type 1 cDNA. J. Virol. 2005, 79, 5203-5210. [CrossRef]

Pierson, T.C.; Kieffer, T.L.; Ruff, C.T.; Buck, C.; Gange, S.J.; Siliciano, R.F. Intrinsic Stability of Episomal Circles Formed during
Human Immunodeficiency Virus Type 1 Replication. . Virol. 2002, 76, 4138—4144. [CrossRef]

Darcis, G.; Van Driessche, B.; Bouchat, S.; Kirchhoff, F; Van Lint, C. Molecular Control of HIV and SIV Latency. In HIV-1 Latency.
Current Topics in Microbiology and Immunology; Silvestri, G., Lichterfeld, M., Eds.; Springer: Berlin, Germany, 2017; Volume 417,
pp- 1-22.

Sarracino, A.; Marcello, A. The Relevance of Post-Transcriptional Mechanisms in HIV Latency Reversal. Curr. Pharm. Des. 2017,
23,4103-4111. [CrossRef]

Struhl, K; Segal, E. Determinants of nucleosome positioning. Nat. Struct. Mol. Biol. 2013, 20, 267-273. [CrossRef] [PubMed]
Chereji, R.V,; Clark, D.J. Major Determinants of Nucleosome Positioning. Biophys. J. 2018, 114, 1-11. [CrossRef] [PubMed]

Saha, A.; Wittmeyer, J.; Cairns, B.R. Chromatin remodelling: The industrial revolution of DNA around histones. Nat. Rev. Mol.
Cell Biol. 2006, 7, 437-447. [CrossRef]

Gross, D.S.; Garrard, W.T. Nuclease Hypersensitive Sites in Chromatin. Annu. Rev. Biochem. 1988, 57, 159-197. [CrossRef]
[PubMed]

Sheffield, N.; Thurman, R.; Song, L.; Safi, A.; Stamatoyannopoulos, J.; Lenhard, B.; Crawford, G.; Furey, T. Patterns of regulatory
activity across diverse human cell types predict tissue identity, transcription factor binding, and long-range interactions. Genome
Res. 2013, 23, 777-788. [CrossRef] [PubMed]

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, 6790-6799. [CrossRef]

Rafati, H.; Parra, M.; Hakre, S.; Moshkin, Y.; Verdin, E.; Mahmoudi, T. Repressive LTR nucleosome positioning by the BAF
complex is required for HIV latency. PLoS Biol. 2011, 9, €1001206. [CrossRef]

Conrad, R.J.; Fozouni, P.; Thomas, S.; Sy, H.; Zhang, Q.; Zhou, M.M.; Ott, M. The Short Isoform of BRD4 Promotes HIV-1 Latency
by Engaging Repressive SWI/SNF Chromatin-Remodeling Complexes. Mol. Cell 2017, 67, 1001-1012.e6. [CrossRef]

Van Duyne, R.; Guendel, I; Narayanan, A.; Gregg, E.; Shafagati, N.; Tyagi, M.; Easley, R.; Klase, Z.; Nekhai, S.; Kehn-Hall, K,;
et al. Varying modulation of HIV-1 LTR activity by BAF complexes. J. Mol. Biol. 2011, 411, 581-596. [CrossRef]

Verdin, E.; Paras, P; Van Lint, C. Chromatin disruption in the promoter of human immunodeficiency virus type 1 during
transcriptional activation. EMBO ]. 1993, 12, 3249-3259. [CrossRef]

Van Lint, C.; Emiliani, S.; Ott, M.; Verdin, E. Transcriptional activation and chromatin remodeling of the HIV-1 promoter in
response to histone acetylation. EMBO ]. 1996, 15, 1112-1120. [CrossRef] [PubMed]

Marian, C.A.; Stoszko, M.; Wang, L.; Leighty, M.W.; de Crignis, E.; Maschinot, C.A.; Gatchalian, J.; Carter, B.C.; Chowdhury, B.;
Hargreaves, D.C.; et al. Small Molecule Targeting of Specific BAF (mSWI/SNF) Complexes for HIV Latency Reversal. Cell Chem.
Biol. 2018, 25, 1443-1455.e14. [CrossRef]

Mahmoudi, T.; Parra, M.; Vries, R.G.J.; Kauder, S.E.; Verrijzer, C.P; Ott, M.; Verdin, E. The SWI/SNF chromatin-remodeling
complex is a cofactor for Tat transactivation of the HIV promoter. |. Biol. Chem. 2006, 281, 19960-19968. [CrossRef] [PubMed]
Tréand, C.; Du Chéné, I.; Bres, V.; Kiernan, R.; Benarous, R.; Benkirane, M.; Emiliani, S. Requirement for SWI/SNF chromatin-
remodeling complex in Tat-mediated activation of the HIV-1 promoter. EMBO J. 2006, 25, 1690-1699. [CrossRef] [PubMed]


http://doi.org/10.1128/JVI.78.20.11263-11271.2004
http://doi.org/10.1146/annurev-micro-091313-103409
http://www.ncbi.nlm.nih.gov/pubmed/25002095
http://doi.org/10.1073/pnas.0905859106
http://www.ncbi.nlm.nih.gov/pubmed/19843699
http://doi.org/10.1073/pnas.1913754117
http://doi.org/10.1038/s41586-018-0750-6
http://www.ncbi.nlm.nih.gov/pubmed/30487602
http://doi.org/10.3389/fmicb.2019.00224
http://www.ncbi.nlm.nih.gov/pubmed/30809215
http://doi.org/10.1038/s41564-018-0179-6
http://www.ncbi.nlm.nih.gov/pubmed/29891865
http://doi.org/10.1038/s41564-018-0256-x
http://doi.org/10.1128/JVI.79.8.5203-5210.2005
http://doi.org/10.1128/JVI.76.8.4138-4144.2002
http://doi.org/10.2174/1381612823666170803102355
http://doi.org/10.1038/nsmb.2506
http://www.ncbi.nlm.nih.gov/pubmed/23463311
http://doi.org/10.1016/j.bpj.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29628211
http://doi.org/10.1038/nrm1945
http://doi.org/10.1146/annurev.bi.57.070188.001111
http://www.ncbi.nlm.nih.gov/pubmed/3052270
http://doi.org/10.1101/gr.152140.112
http://www.ncbi.nlm.nih.gov/pubmed/23482648
http://doi.org/10.1128/JVI.65.12.6790-6799.1991
http://doi.org/10.1371/journal.pbio.1001206
http://doi.org/10.1016/j.molcel.2017.07.025
http://doi.org/10.1016/j.jmb.2011.06.001
http://doi.org/10.1002/j.1460-2075.1993.tb05994.x
http://doi.org/10.1002/j.1460-2075.1996.tb00449.x
http://www.ncbi.nlm.nih.gov/pubmed/8605881
http://doi.org/10.1016/j.chembiol.2018.08.004
http://doi.org/10.1074/jbc.M603336200
http://www.ncbi.nlm.nih.gov/pubmed/16687403
http://doi.org/10.1038/sj.emboj.7601074
http://www.ncbi.nlm.nih.gov/pubmed/16601680

Vaccines 2021, 9, 514 20 of 23

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Mizutani, T.; Ishizaka, A.; Tomizawa, M.; Okazaki, T.; Yamamichi, N.; Kawana-Tachikawa, A.; Iwamoto, A.; Iba, H. Loss of the
Brm-Type SWI/SNF Chromatin Remodeling Complex Is a Strong Barrier to the Tat-Independent Transcriptional Elongation of
Human Immunodeficiency Virus Type 1 Transcripts. J. Virol. 2009, 83, 11569-11580. [CrossRef] [PubMed]

Lesbats, P.; Botbol, Y.; Chevereau, G.; Vaillant, C.; Calmels, C.; Arneodo, A.; Andreola, M.L.; Lavigne, M.; Parissi, V. Functional
coupling between HIV-1 integrase and the SWI/SNF chromatin remodeling complex for efficient in vitro integration into stable
nucleosomes. PLoS Pathog. 2011, 7, e1001280. [CrossRef] [PubMed]

Gallastegui, E.; Millan-Zambrano, G.; Terme, ].-M.J.-M.; Chavez, S.; Jordan, A.; Millan-Zambrano, G.; Terme, ].-M.].-M.; Chavez,
S.; Jordan, A. Chromatin reassembly factors are involved in transcriptional interference promoting HIV latency. J. Virol. 2011, 85,
3187-3202. [CrossRef]

Nakamura, M.; Basavarajaiah, P; Rousset, E.; Beraud, C.; Latreille, D.; Henaoui, 1.S.; Lassot, I.; Mari, B.; Kiernan, R. Spt6 levels are
modulated by PAAF1 and proteasome to regulate the HIV-1 LTR. Retrovirology 2012, 9, 1-11. [CrossRef] [PubMed]

Gérard, A.; Ségéral, E.; Naughtin, M.; Abdouni, A.; Charmeteau, B.; Cheynier, R.; Rain, J.-C.C.; Emiliani, S. The Integrase Cofactor
LEDGEF/p75 Associates with Iwsl and Spt6 for Postintegration Silencing of HIV-1 Gene Expression in Latently Infected Cells.
Cell Host Microbe 2015, 17, 107-117. [CrossRef]

Venkatesh, S.; Workman, J.L. Histone exchange, chromatin structure and the regulation of transcription. Nat. Rev. Mol. Cell Biol.
2015, 16, 178-189. [CrossRef]

Rodgers, M.].; Banks, D.J.; Bradley, K.A.; Young, ].A.T. CHD1 and CHD?2 are positive regulators of HIV-1 gene expression. Virol. ].
2014, 11, 1-11. [CrossRef] [PubMed]

Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381-395. [CrossRef] [PubMed]
Tan, M.; Luo, H.; Lee, S; Jin, F; Yang, ].S.; Montellier, E.; Buchou, T.; Cheng, Z.; Rousseaux, S.; Rajagopal, N.; et al. Identification
of 67 histone marks and histone lysine crotonylation as a new type of histone modification. Cell 2011, 146, 1016-1028. [CrossRef]
[PubMed]

Strahl, B.D.; Allis, D.C. The language of covalent histone modifications. Nature 2000, 403, 41-45. [CrossRef] [PubMed]
Gregoretti, I.V.; Lee, Y.M.; Goodson, H.V. Molecular evolution of the histone deacetylase family: Functional implications of
phylogenetic analysis. ]. Mol. Biol. 2004, 338, 17-31. [CrossRef] [PubMed]

Romerio, F.; Gabriel, M.N.; Margolis, D.M. Repression of human immunodeficiency virus type 1 through the novel cooperation
of human factors YY1 and LSF. |. Virol. 1997, 71, 9375-9382. [CrossRef]

Williams, S.A.; Chen, L.F,; Kwon, H.; Ruiz-Jarabo, C.M.; Verdin, E.; Greene, W.C. NF-kB p50 promotes HIV latency through
HDAC recruitment and repression of transcriptional initiation. EMBO J. 2006, 25, 139-149. [CrossRef]

Keedy, K.S.; Archin, N.M.; Gates, A.T.; Espeseth, A.; Hazuda, D.J.; Margolis, D.M. A Limited Group of Class I Histone Deacetylases
Acts To Repress Human Immunodeficiency Virus Type 1 Expression. J. Virol. 2009, 83, 4749-4756. [CrossRef]

Huber, K.; Doyon, G.; Plaks, J.; Fyne, E.; Mellors, ].W.; Sluis-Cremer, N. Inhibitors of histone deacetylases: Correlation between
isoform specificity and reactivation of HIV type 1 (HIV-1) from latently infected cells. J. Biol. Chem. 2011, 286, 22211-22218.
[CrossRef]

Tyagi, M.; Karn, J. CBF-1 promotes transcriptional silencing during the establishment of HIV-1 latency. EMBO J. 2007, 26,
4985-4995. [CrossRef]

He, G.; Margolis, D.M. 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, 2965-2973. [CrossRef] [PubMed]

Palmisano, I.; Della Chiara, G.; D’Ambrosio, R.L.; Huichalaf, C.; Brambilla, P.; Corbetta, S.; Riba, M.; Piccirillo, R.; Valente, S.;
Casari, G.; et al. Amino acid starvation induces reactivation of silenced transgenes and latent HIV-1 provirus via down-regulation
of histone deacetylase 4 (HDAC4). Proc. Natl. Acad. Sci. USA 2012, 109, E2284-E2293. [CrossRef]

Karn, J. The molecular biology of HIV latency: Breaking and restoring the Tat-dependent transcriptional circuit. Curr. Opin.
HIV/AIDS 2011, 6, 4-11. [CrossRef] [PubMed]

West, A.C.; Johnstone, RW. New and emerging HDAC inhibitors for cancer treatment. . Clin. Investig. 2014, 124, 30-39.
[CrossRef]

Li, Z.; Mbonye, U.; Feng, Z.; Wang, X.; Gao, X.; Karn, J.; Zhou, Q. The KAT5-Acetyl-Histone4-Brd4 axis silences HIV-1 transcription
and promotes viral latency. PLoS Pathog. 2018, 14, 1-24. [CrossRef] [PubMed]

Friedman, J.; Cho, W.-K,; Chu, C.K,; Keedy, K.S.; Archin, N.M.; Margolis, D.M.; Karn, J. Epigenetic silencing of HIV-1 by the
histone H3 lysine 27 methyltransferase enhancer of Zeste 2. J. Virol. 2011, 85, 9078-9089. [CrossRef] [PubMed]

Imai, K.; Togami, H.; Okamoto, T. Involvement of Histone H3 Lysine 9 (H3K) Methyltransferase G9a in the Maintenance of HIV-1
Latency and Its Reactivation. . Biol. Chem. 2010, 285, 16538-16545. [CrossRef] [PubMed]

Ding, D.; Qu, X,; Li, L; Zhou, X,; Liu, S.; Lin, S.; Wang, P; Liu, S.; Kong, C.; Wang, X.; et al. Involvement of histone
methyltransferase GLP in HIV-1 latency through catalysis of H3K9 dimethylation. Virology 2013, 440, 182-189. [CrossRef]
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, 1-15. [CrossRef]

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 HP1y are responsible for chromatin-mediated HIV-1 transcriptional silencing and post-integration latency.
EMBO J. 2007, 26, 424-435. [CrossRef]


http://doi.org/10.1128/JVI.00742-09
http://www.ncbi.nlm.nih.gov/pubmed/19726504
http://doi.org/10.1371/journal.ppat.1001280
http://www.ncbi.nlm.nih.gov/pubmed/21347347
http://doi.org/10.1128/JVI.01920-10
http://doi.org/10.1186/1742-4690-9-13
http://www.ncbi.nlm.nih.gov/pubmed/22316138
http://doi.org/10.1016/j.chom.2014.12.002
http://doi.org/10.1038/nrm3941
http://doi.org/10.1186/1743-422X-11-180
http://www.ncbi.nlm.nih.gov/pubmed/25297984
http://doi.org/10.1038/cr.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21321607
http://doi.org/10.1016/j.cell.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21925322
http://doi.org/10.1038/47412
http://www.ncbi.nlm.nih.gov/pubmed/10638745
http://doi.org/10.1016/j.jmb.2004.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15050820
http://doi.org/10.1128/JVI.71.12.9375-9382.1997
http://doi.org/10.1038/sj.emboj.7600900
http://doi.org/10.1128/JVI.02585-08
http://doi.org/10.1074/jbc.M110.180224
http://doi.org/10.1038/sj.emboj.7601928
http://doi.org/10.1128/MCB.22.9.2965-2973.2002
http://www.ncbi.nlm.nih.gov/pubmed/11940654
http://doi.org/10.1073/pnas.1202174109
http://doi.org/10.1097/COH.0b013e328340ffbb
http://www.ncbi.nlm.nih.gov/pubmed/21242887
http://doi.org/10.1172/JCI69738
http://doi.org/10.1371/journal.ppat.1007012
http://www.ncbi.nlm.nih.gov/pubmed/29684085
http://doi.org/10.1128/JVI.00836-11
http://www.ncbi.nlm.nih.gov/pubmed/21715480
http://doi.org/10.1074/jbc.M110.103531
http://www.ncbi.nlm.nih.gov/pubmed/20335163
http://doi.org/10.1016/j.virol.2013.02.022
http://doi.org/10.1128/mBio.00133-17
http://doi.org/10.1038/sj.emboj.7601517

Vaccines 2021, 9, 514 21 of 23

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.
102.
103.
104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Boehm, D.; Jeng, M.; Camus, G.; Gramatica, A.; Schwarzer, R.; Johnson, ].R.; Hull, PA.; Montano, M.; Sakane, N.; Pagans, S.; et al.
SMYD2-Mediated Histone Methylation Contributes to HIV-1 Latency. Cell Host Microbe 2017, 21, 569-579. [CrossRef]

Zhang, Z.; Nikolai, B.C.; Gates, L.A.; Jung, S.Y.; Siwak, E.B.; He, B.; Rice, A.P.; O'Malley, B.W.; Feng, Q. Crosstalk between histone
modifications indicates that inhibition of arginine methyltransferase CARM1 activity reverses HIV latency. Nucleic Acids Res.
2017, 45, 9348-9360. [CrossRef] [PubMed]

Huang, H.; Kong, W.; Jean, M.; Fiches, G.; Zhou, D.; Hayashi, T.; Que, ].; Santoso, N.; Zhu, J. A CRISPR/Cas9 screen identifies the
histone demethylase MINA53 as a novel HIV-1 latency-promoting gene (LPG). Nucleic Acids Res. 2019, 47, 7333-7347. [CrossRef]
[PubMed]

Greer, E.L; Shi, Y. Histone methylation: A dynamic mark in health, disease and inheritance. Nat. Rev. Genet. 2012, 13, 343-357.
[CrossRef]

Zhang, T.; Cooper, S.; Brockdorff, N. The interplay of histone modifications—writers that read. EMBO Rep. 2015, 16, 1467-1481.
[CrossRef] [PubMed]

Lakhikumar Sharma, A.; Hokello, J.; Sonti, S.; Zicari, S.; Sun, L.; Algatawni, A.; Bukrinsky, M.; Simon, G.; Chauhan, A.; Daniel, R,;
et al. CBF-1 promotes the establishment and maintenance of HIV latency by recruiting Polycomb repressive complexes, PRC1
and PRC2, at HIV LTR. Viruses 2020, 12, 1-22.

Taura, M.; Song, E.; Ho, Y.C.; Iwasaki, A. Apobec3A maintains HIV-1 latency through recruitment of epigenetic silencing
machinery to the long terminal repeat. Proc. Natl. Acad. Sci. USA 2019, 116, 2282-2289. [CrossRef]

Jiang, G.; Nguyen, D.; Archin, N.M.; Yukl, S.A.; Méndez-Lagares, G.; Tang, Y.; Elsheikh, M.M.; Thompson, G.R.; Hartigan-
O’Connor, D.J.; Margolis, D.M.; et al. HIV latency is reversed by ACSS2-driven histone crotonylation. J. Clin. Investig. 2018, 128,
1190-1198. [CrossRef]

Li, Z.; Wu, J.; Chavez, L.; Hoh, R.; Deeks, S.G.; Pillai, S.K.; Zhou, Q. Reiterative Enrichment and Authentication of CRISPRi
Targets (REACT) identifies the proteasome as a key contributor to HIV-1 latency. PLoS Pathog. 2019, 15, e1007498. [CrossRef]
Verdikt, R.; Darcis, G.; Ait-Ammar, A.; Van Lint, C. Applications of CRISPR/Cas9 tools in deciphering the mechanisms of HIV-1
persistence. Curr. Opin. Virol. 2019, 38, 63—69. [CrossRef]

Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6-21. [CrossRef] [PubMed]

Goll, M.G.; Bestor, T.H. Eukaryotic Cytosine Methyltransferases. Annu. Rev. Biochem. 2005, 74, 481-514. [CrossRef] [PubMed]
Zhu, H.; Wang, G.; Qian, J. Transcription factors as readers and effectors of DNA methylation. Nat. Rev. Genet. 2016, 17, 551-565.
[CrossRef] [PubMed]

Robertson, K.D.; Wolffe, A.P. DNA Methylation in Health and disease. Nat. Rev. Genet. 2000, 1, 11-19. [CrossRef]

Klutstein, M.; Nejman, D.; Greenfield, R.; Cedar, H. DNA methylation in cancer and aging. Cancer Res. 2016, 76, 3446-3450.
[CrossRef] [PubMed]

Pierard, V.; Guiguen, A.; Colin, L.; Wijmeersch, G.; Vanhulle, C.; Van Driessche, B.; Dekoninck, A.; Blazkova, J.; Cardona,
C.; Merimi, M.; et al. DNA cytosine methylation in the bovine leukemia virus promoter is associated with latency in a
lymphoma-derived B-cell line: Potential involvement of direct inhibition of cAMP-responsive element (CRE)-binding pro-
tein/CRE modulator/activation transcription. J. Biol. Chem. 2010, 285, 19434-19449. [CrossRef] [PubMed]

Ishida, T.; Hamano, A.; Koiwa, T.; Watanabe, T. 5" long terminal repeat (LTR)-selective methylation of latently infected HIV-1
provirus that is demethylated by reactivation signals. Retrovirology 2006, 3, 69. [CrossRef]

Leung, D.C.; Lorincz, M.C. Silencing of endogenous retroviruses: When and why do histone marks predominate? Trends Biochem.
Sci. 2012, 37, 127-133. [CrossRef]

Chavez, L.; Kauder, S.; Verdin, E. In vivo, in vitro, and in silico analysis of methylation of the HIV-1 provirus. Methods 2011, 53,
47-53. [CrossRef] [PubMed]

Bednarik, D.P; Mosca, ].D.; Raj, N.B. Methylation as a modulator of expression of human immunodeficiency virus. J. Virol. 1987,
61, 1253-1257. [CrossRef]

Bednarik, D.; Cook, J.; Pitha, P. Inactivation of the HIV LTR by DNA CpG methylation: Evidence for a role in latency. EMBO J.
1990, 9, 1157-1164. [CrossRef] [PubMed]

Blazkova, ].; Trejbalova, K.; Gondois-Rey, F.; Halfon, P.; Philibert, P.; Guiguen, A.; Verdin, E.; Olive, D.; Van Lint, C.; Hejnar, J.;
et al. CpG methylation controls reactivation of HIV from latency. PLoS Pathog. 2009, 5, 1-14. [CrossRef] [PubMed]

Kauder, S.; Bosque, A.; Lindqvist, A.; Planelles, V.; Verdin, E. Epigenetic regulation of HIV-1 latency by cytosine methylation.
PLoS Pathog. 2009, 5, 1-15. [CrossRef] [PubMed]

Blazkova, J.; Murray, D.; Justement, ].S.; Funk, E.; Nelson, A.; Moir, S.; Chun, T.-W.; Fauci, A. Paucity of HIV DNA Methylation
in Latently Infected, Resting CD4+ T Cells from Infected Individuals Receiving Antiretroviral Therapy. J. Virol. 2012, 86, 1-10.
[CrossRef]

Ho, Y.-C.; Shan, L.; Hosmane, N.; Wang, J.; Laskey, S.; Rosenbloom, D.; Lai, J.; Blankson, J.; Siliciano, J.; Siliciano, R. Replication-
competent noninduced proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell 2013, 155, 540-551. [CrossRef]
Weber, S.; Weiser, B.; Kemal, K.S.; Burger, H.; Ramirez, C.M.; Korn, K.; Anastos, K.; Kaul, R.; Kovacs, C.; Doerfler, W. Epigenetic
analysis of HIV-1 proviral genomes from infected individuals: Predominance of unmethylated CpG'’s. Virology 2014, 449, 181-189.
[CrossRef]


http://doi.org/10.1016/j.chom.2017.04.011
http://doi.org/10.1093/nar/gkx550
http://www.ncbi.nlm.nih.gov/pubmed/28637181
http://doi.org/10.1093/nar/gkz493
http://www.ncbi.nlm.nih.gov/pubmed/31165872
http://doi.org/10.1038/nrg3173
http://doi.org/10.15252/embr.201540945
http://www.ncbi.nlm.nih.gov/pubmed/26474904
http://doi.org/10.1073/pnas.1819386116
http://doi.org/10.1172/JCI98071
http://doi.org/10.1371/journal.ppat.1007498
http://doi.org/10.1016/j.coviro.2019.07.004
http://doi.org/10.1101/gad.947102
http://www.ncbi.nlm.nih.gov/pubmed/11782440
http://doi.org/10.1146/annurev.biochem.74.010904.153721
http://www.ncbi.nlm.nih.gov/pubmed/15952895
http://doi.org/10.1038/nrg.2016.83
http://www.ncbi.nlm.nih.gov/pubmed/27479905
http://doi.org/10.1038/35049533
http://doi.org/10.1158/0008-5472.CAN-15-3278
http://www.ncbi.nlm.nih.gov/pubmed/27256564
http://doi.org/10.1074/jbc.M110.107607
http://www.ncbi.nlm.nih.gov/pubmed/20413592
http://doi.org/10.1186/1742-4690-3-69
http://doi.org/10.1016/j.tibs.2011.11.006
http://doi.org/10.1016/j.ymeth.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20670606
http://doi.org/10.1128/JVI.61.4.1253-1257.1987
http://doi.org/10.1002/j.1460-2075.1990.tb08222.x
http://www.ncbi.nlm.nih.gov/pubmed/2323336
http://doi.org/10.1371/journal.ppat.1000554
http://www.ncbi.nlm.nih.gov/pubmed/19696893
http://doi.org/10.1371/journal.ppat.1000495
http://www.ncbi.nlm.nih.gov/pubmed/19557157
http://doi.org/10.1128/JVI.00040-12
http://doi.org/10.1016/j.cell.2013.09.020
http://doi.org/10.1016/j.virol.2013.11.013

Vaccines 2021, 9, 514 22 of 23

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Palacios, ].A.; Pérez-Pinar, T.; Toro, C.; Sanz-Minguela, B.; Moreno, V.; Valencia, E.; Gémez-Hernando, C.; Rodés, B. Long-term
nonprogressor and elite controller patients who control viremia have a higher percentage of methylation in their HIV-1 proviral
promoters than aviremic patients receiving highly active antiretroviral therapy. J. Virol. 2012, 86, 13081-13084. [CrossRef]
Trejbalova, K.; Kovarova, D.; Blazkova, J.; Machala, L.; Jilich, D.; Weber, J.; Kucerova, D.; Vencalek, 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.
Epigenet. 2016, 8, 1-20. [CrossRef]

Cortés-Rubio, C.N.; Salgado-Montes de Oca, G.; Prado-Galbarro, FJ.; Matias-Florentino, M.; Murakami-Ogasawara, A.; Kuri-
Cervantes, L.; Carranco-Arenas, A.P.; Ormsby, C.E.; Cortés-Rubio, I.K.; Reyes-Teran, G.; et al. Longitudinal variation in human
immunodeficiency virus long terminal repeat methylation in individuals on suppressive antiretroviral therapy. Clin. Epigenet.
2019, 11, 1-17. [CrossRef]

Csankovszki, G.; Nagy, A.; Jaenisch, R. Synergism of Xist Rna, DNA Methylation, and Histone Hypoacetylation in Maintaining X
Chromosome Inactivation. J. Cell Biol. 2001, 153, 773-784. [CrossRef]

Clark, S.J.; Melki, J. DNA methylation and gene silencing in cancer: Which is the guilty party? Oncogene 2002, 21, 5380-5387.
[CrossRef] [PubMed]

Lyko, F. The DNA methyltransferase family: A versatile toolkit for epigenetic regulation. Nat. Rev. Genet. 2018, 19, 81-92.
[CrossRef] [PubMed]

Hermann, A.; Goyal, R; Jeltsch, A. The Dnmtl DNA-(cytosine-C5)-methyltransferase Methylates DNA Processively with High
Preference for Hemimethylated Target Sites. |. Biol. Chem. 2004, 279, 48350-48359. [CrossRef] [PubMed]

Du, Z.; Song, J.; Wang, Y.; Zhao, Y.; Guda, K,; Yang, S.; Kao, H.-Y.Y.; Xu, Y.; Willis, J.; Markowitz, S.D.; et al. DNMT1 stability is
regulated by proteins coordinating deubiquitination and acetylation-driven ubiquitination. Sci. Signal. 2010, 3, 1-11. [CrossRef]
Okano, M.; Bell, D.W.; Haber, D.A; Li, E. DNA Methyltransferases Dnmt3a and Dnmt3b Are Essential for De Novo Methylation
and Mammalian Development. Cell 1999, 99, 247-257. [CrossRef]

Holoch, D.; Moazed, D. RNA-mediated epigenetic regulation of gene expression. Nat. Rev. Genet. 2015, 16, 71-84. [CrossRef]
Kaikkonen, M.U.; Lam, M.T.Y,; Glass, C.K. Non-coding RNAs as regulators of gene expression and epigenetics. Cardiovasc. Res.
2011, 90, 430—440. [CrossRef]

Huang, J.; Wang, E; Argyris, E.; Chen, K,; Liang, Z.; Tian, H.; Huang, W.; Squires, K.; Verlinghieri, G.; Zhang, H. Cellular
microRNAs contribute to HIV-1 latency in resting primary CD4+ T lymphocytes. Nat. Med. 2007, 13, 1241-1247. [CrossRef]
Triboulet, R.; Mari, B.; Lin, Y.-L.; Chable-Bessia, C.; Bennasser, Y.; Lebrigand, K.; Cardinaud, B.; Maurin, T.; Barbry, P.; Baillat, V.;
et al. Suppression of microRNA-silencing pathway by HIV-1 during virus replication. Science 2007, 315, 1579-1582. [CrossRef]
Sun, G; Li, H.; Wu, X.; Covarrubias, M.; Scherer, L.; Meinking, K.; Luk, B.; Chomchan, P; Alluin, J.; Gombart, A.F; et al. Interplay
between HIV-1 infection and host microRNAs. Nucleic Acids Res. 2012, 40, 2181-2196. [CrossRef]

Moyano, M.; Stefani, G. piRNA involvement in genome stability and human cancer. J. Hematol. Oncol. 2015, 8, 1-10. [CrossRef]
He, Z,; Jing, S.; Yang, T.; Chen, J.; Huang, F.; Zhang, W.; Peng, Z.; Liu, B.; Ma, X.; Wu, L.; et al. PIWIL4 Maintains HIV-1 Latency
by Enforcing Epigenetically Suppressive Modifications on the 5’ Long Terminal Repeat. J. Virol. 2020, 94, 1-22. [CrossRef]

Li, J.; Chen, C.; Ma, X.; Geng, G.; Liu, B.; Zhang, Y.; Zhang, S.; Zhong, F; Liu, C,; Yin, Y,; et al. Long noncoding RNA NRON
contributes to HIV-1 latency by specifically inducing tat protein degradation. Nat. Commun. 2016, 7, 1-10. [CrossRef] [PubMed]
Wang, H,; Liu, Y.; Huan, C.; Yang, J.; Li, Z.; Zheng, B.; Wang, Y. NF-KB-Interacting Long Noncoding RNA Regulates HIV-1
Replication and Latency by Repressing NF-KB Signaling. J. Virol. 2020, 94, 1-21. [CrossRef] [PubMed]

Qu, D,; Sun, WW.,; Li, L.; Ma, L.; Sun, L,; Jin, X,; Li, T.; Hou, W.; Wang, ].H. Long noncoding RNA MALAT1 releases epigenetic
silencing of HIV-1 replication by displacing the polycomb repressive complex 2 from binding to the LTR promoter. Nucleic Acids
Res. 2019, 47, 3013-3027. [CrossRef] [PubMed]

Houzet, L.; Yeung, M.L.; de Lame, V.; Desai, D.; Smith, S.M.; Jeang, K.-T. MicroRNA profile changes in human immunodeficiency
virus type 1 (HIV-1) seropositive individuals. Retrovirology 2008, 5, 118. [CrossRef] [PubMed]

Bignami, F; Pilotti, E.; Bertoncelli, L.; Ronzi, P.; Gulli, M.; Marmiroli, N.; Magnani, G.; Pinti, M.; Lopalco, L.; Mussini, C.; et al.
Stable changes in CD4+ T lymphocyte miRNA expression after exposure to HIV-1. Blood 2012, 119, 6259-6267. [CrossRef]
[PubMed]

Barichievy, S.; Naidoo, J.; Mhlanga, M.M. Non-coding RNAs and HIV: Viral manipulation of host dark matter to shape the
cellular environment. Front. Genet. 2015, 6, 1-11. [CrossRef]

Saayman, S.; Ackley, A.; Turner, A.-M.W.; Famiglietti, M.; Bosque, A.; Clemson, M.; Planelles, V.; Morris, K.V. An HIV-Encoded
Antisense Long Noncoding RNA Epigenetically Regulates Viral Transcription. Mol. Ther. 2014, 22, 1164-1175. [CrossRef]
Zapata, ].C.; Campilongo, F.; Barclay, R.A.; DeMarino, C.; Iglesias-Ussel, M.D.; Kashanchi, F; Romerio, F. The Human Immunode-
ficiency Virus 1 ASP RNA promotes viral latency by recruiting the Polycomb Repressor Complex 2 and promoting nucleosome
assembly. Virology 2017, 506, 34—44. [CrossRef]

Barclay, R.A.; Schwab, A.; Demarino, C.; Akpamagbo, Y.; Lepene, B.; Kassaye, S.; lordanskiy, S.; Kashanchi, F. Exosomes from
uninfected cells activate transcription of latent HIV-1. ]. Biol. Chem. 2017, 292, 11682-11701. [CrossRef]

Pinto, D.O.; Scott, T.A.; Demarino, C.; Pleet, M.L.; Vo, T.T.; Saifuddin, M.; Kovalskyy, D.; Erickson, J.; Cowen, M.; Barclay,
R.A.; et al. Effect of transcription inhibition and generation of suppressive viral non-coding RNAs. Retrovirology 2019, 16, 1-17.
[CrossRef]


http://doi.org/10.1128/JVI.01741-12
http://doi.org/10.1186/s13148-016-0185-6
http://doi.org/10.1186/s13148-019-0735-9
http://doi.org/10.1083/jcb.153.4.773
http://doi.org/10.1038/sj.onc.1205598
http://www.ncbi.nlm.nih.gov/pubmed/12154400
http://doi.org/10.1038/nrg.2017.80
http://www.ncbi.nlm.nih.gov/pubmed/29033456
http://doi.org/10.1074/jbc.M403427200
http://www.ncbi.nlm.nih.gov/pubmed/15339928
http://doi.org/10.1126/scisignal.2001462
http://doi.org/10.1016/S0092-8674(00)81656-6
http://doi.org/10.1038/nrg3863
http://doi.org/10.1093/cvr/cvr097
http://doi.org/10.1038/nm1639
http://doi.org/10.1126/science.1136319
http://doi.org/10.1093/nar/gkr961
http://doi.org/10.1186/s13045-015-0133-5
http://doi.org/10.1128/JVI.01923-19
http://doi.org/10.1038/ncomms11730
http://www.ncbi.nlm.nih.gov/pubmed/27291871
http://doi.org/10.1128/JVI.01057-20
http://www.ncbi.nlm.nih.gov/pubmed/32581100
http://doi.org/10.1093/nar/gkz117
http://www.ncbi.nlm.nih.gov/pubmed/30788509
http://doi.org/10.1186/1742-4690-5-118
http://www.ncbi.nlm.nih.gov/pubmed/19114009
http://doi.org/10.1182/blood-2011-09-379503
http://www.ncbi.nlm.nih.gov/pubmed/22286198
http://doi.org/10.3389/fgene.2015.00108
http://doi.org/10.1038/mt.2014.29
http://doi.org/10.1016/j.virol.2017.03.002
http://doi.org/10.1074/jbc.M117.793521
http://doi.org/10.1186/s12977-019-0475-0

Vaccines 2021, 9, 514 23 of 23

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

McDonel, P; Costello, I.; Hendrich, B. Keeping things quiet: Roles of NuRD and Sin3 co-repressor complexes during mammalian
development. Int. J. Biochem. Cell Biol. 2009, 41, 108-116. [CrossRef] [PubMed]

Pombo, A.; Dillon, N. Three-dimensional genome architecture: Players and mechanisms. Nat. Rev. Mol. Cell Biol. 2015, 16,
245-257. [CrossRef]

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, 227-231. [CrossRef] [PubMed]

Lelek, M.; Casartelli, N.; Pellin, D.; Rizzi, E.; Souque, P.; Severgnini, M.; Di Serio, C.; Fricke, T.; Diaz-Griffero, F.; Zimmer, C.; et al.
Chromatin organization at the nuclear pore favours HIV replication. Nat. Commun. 2015, 6. [CrossRef] [PubMed]

Lucic, B.; Chen, H.-C.; Kuzman, M.; Zorita, E.; Wegner, J.; Minneker, V.; Wang, W.; Fronza, R.; Laufs, S.; Schmidt, M.; et al.
Spatially clustered loci with multiple enhancers are frequent targets of HIV-1 integration. Nat. Commun. 2019, 10, 1-12. [CrossRef]
Lusic, M.; Marini, B.; Ali, H; Lucic, B.; Luzzati, R.; Giacca, M. Proximity to PML nuclear bodies regulates HIV-1 latency in CD4+
T cells. Cell Host Microbe 2013, 13, 665-677. [CrossRef]

Raices, M.; D’Angelo, M.A. Nuclear pore complexes and regulation of gene expression. Curr. Opin. Cell Biol. 2017, 46, 26-32.
[CrossRef]

Sun, W.W.; Jiao, S.; Sun, L.; Zhou, Z,; Jin, X.; Wang, ].H. SUN2 modulates HIV-1 infection and latency through association with
lamin A/C to maintain the repressive Chromatin. MBio 2018, 9, 1-17. [CrossRef]

Sattentau, Q.J.; Stevenson, M. Macrophages and HIV-1: An Unhealthy Constellation. Cell Host Microbe Rev. 2016, 19, 304-310.
[CrossRef]

Wong, ].K,; Yukl, S.A. Tissue Reservoirs of HIV. Curr. Opin. HIV AIDS 2016, 11, 362-370. [CrossRef] [PubMed]

Herskovitz, J.; Gendelman, H.E. HIV and the Macrophage: From Cell Reservoirs to Drug Delivery to Viral Eradication. J.
Neuroimmune Pharmacol. 2019, 14, 52-67. [CrossRef]

Marban, C.; Forouzanfar, F.; Ait-Ammar, A.; Fahmi, F; El Mekdad, H.; Daouad, F.; Rohr, O.; Schwartz, C. Targeting the Brain
Reservoirs: Toward an HIV Cure. Front. Immunol. 2016, 7, 1-13. [CrossRef] [PubMed]

Kelly, J.; Beddall, M.H.; Yu, D.; Iyer, S.R.; Marsh, ].W.; Wu, Y. Human macrophages support persistent transcription from
unintegrated HIV-1 DNA. Virology 2008, 372, 300-312. [CrossRef]

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 ]. 2007, 26, 412-423. [CrossRef] [PubMed]

Rohr, O.; Marban, C.; Aunis, D.; Schaeffer, E. Regulation of HIV-1 gene transcription: From lymphocytes to microglial cells. J.
Leukoc. Biol. 2003, 74, 736-749. [CrossRef]

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, 2318-2331. [CrossRef] [PubMed]

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, 1904-1915. [CrossRef] [PubMed]

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. USA 2013, 110, 12655-12660. [CrossRef]

Eilebrecht, S.; Le Douce, V.; Riclet, R.; Targat, B.; Hallay, H.; Van Driessche, B.; Schwartz, C.; Robette, G.; Van Lint, C.; Rohr, O.;
et al. HMGAL1 recruits CTIP2-repressed P-TEFb to the HIV-1 and cellular target promoters. Nucleic Acids Res. 2014, 42, 4962-4971.
[CrossRef] [PubMed]

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 HMGAL. Sci. Rep. 2016,
6. [CrossRef]

Chen, W.Y,; Wang, D.H.; Chiu Yen, R.; Luo, J.; Gu, W,; Baylin, S.B. Tumor Suppressor HIC1 Directly Regulates SIRT1 to Modulate
p53-Dependent DNA-Damage Responses. Cell 2005, 123, 437-448. [CrossRef]

Ait-Ammar, A.; Bellefroid, M.; Daouad, F.; Martinelli, V.; Van Assche, J.; Wallet, C.; Rodari, A.; De Rovere, M.; Fahrenkrog, B.;
Schwartz, C.; et al. Inhibition of HIV-1 gene transcription by KAP1 in myeloid lineage. Sci. Rep. 2021, 11, 1-14. [CrossRef]
Rouzine, LM.; Weinberger, A.D.; Weinberger, L.S. An evolutionary role for HIV latency in enhancing viral transmission. Cell 2015,
160, 1002-1012. [CrossRef] [PubMed]

Deeks, S.G.; Lewin, S.R.; Ross, A.L.; Ananworanich, J.; Benkirane, M.; Cannon, P.; Chomont, N.; Douek, D.; Lifson, J.D.; Lo, Y.-R;
et al. International AIDS Society global scientific strategy: Towards an HIV cure 2016. Nat. Med. 2016, 22, 839-850. [CrossRef]
Bouchat, S.; Delacourt, N.; Kula, A.; Darcis, G.; Van Driessche, B.; Corazza, F.; Gatot, ].-S.; Melard, A.; Vanhulle, C.; Kabeya, K;
et al. Sequential treatment with 5-aza-2’-deoxycytidine and deacetylase inhibitors reactivates HIV- 1. EMBO Mol. Med. 2015, 8,
1-22. [CrossRef] [PubMed]

Gagne, M.; Michaels, D.; Schiralli Lester, G.M.; Gummuluru, S.; Wong, W.W.; Henderson, A J. Strength of T cell signaling regulates
HIV-1 replication and establishment of latency. PLoS Pathog. 2019, 15, 1-21. [CrossRef]

Lange, U.C,; Verdikt, R.; Ait-Ammar, A.; Van Lint, C. Epigenetic crosstalk in chronic infection with HIV-1. Semin. Immunopathol.
2020, 42, 187-200. [CrossRef]


http://doi.org/10.1016/j.biocel.2008.07.022
http://www.ncbi.nlm.nih.gov/pubmed/18775506
http://doi.org/10.1038/nrm3965
http://doi.org/10.1038/nature14226
http://www.ncbi.nlm.nih.gov/pubmed/25731161
http://doi.org/10.1038/ncomms7483
http://www.ncbi.nlm.nih.gov/pubmed/25744187
http://doi.org/10.1038/s41467-019-12046-3
http://doi.org/10.1016/j.chom.2013.05.006
http://doi.org/10.1016/j.ceb.2016.12.006
http://doi.org/10.1128/mBio.02408-17
http://doi.org/10.1016/j.chom.2016.02.013
http://doi.org/10.1097/COH.0000000000000293
http://www.ncbi.nlm.nih.gov/pubmed/27259045
http://doi.org/10.1007/s11481-018-9785-6
http://doi.org/10.3389/fimmu.2016.00397
http://www.ncbi.nlm.nih.gov/pubmed/27746784
http://doi.org/10.1016/j.virol.2007.11.007
http://doi.org/10.1038/sj.emboj.7601516
http://www.ncbi.nlm.nih.gov/pubmed/17245431
http://doi.org/10.1189/jlb.0403180
http://doi.org/10.1093/nar/gki529
http://www.ncbi.nlm.nih.gov/pubmed/15849318
http://doi.org/10.1093/nar/gkr857
http://www.ncbi.nlm.nih.gov/pubmed/22067449
http://doi.org/10.1073/pnas.1220136110
http://doi.org/10.1093/nar/gku168
http://www.ncbi.nlm.nih.gov/pubmed/24623795
http://doi.org/10.1038/srep34920
http://doi.org/10.1016/j.cell.2005.08.011
http://doi.org/10.1038/s41598-021-82164-w
http://doi.org/10.1016/j.cell.2015.02.017
http://www.ncbi.nlm.nih.gov/pubmed/25723173
http://doi.org/10.1038/nm.4108
http://doi.org/10.15252/emmm.201505557
http://www.ncbi.nlm.nih.gov/pubmed/26681773
http://doi.org/10.1371/journal.ppat.1007802
http://doi.org/10.1007/s00281-020-00783-3

	Introduction 
	Epigenetic Mechanisms of HIV-1 Latency 
	Mechanisms of Pre-Integration Latency 
	Mechanisms of Post-Integration Latency 
	Nucleosome Positioning on the HIV-1 Provirus 
	Repressive Histone Marks on the HIV-1 Promoter during Latency 
	Implication of DNA Methylation in HIV-1 Latency 
	ncRNA-Mediated Mechanisms of HIV-1 Epigenetic Silencing 
	Nuclear Position of the HIV-1 Provirus 


	Epigenetic Persistence in Myeloid Lineages 
	Conclusions 
	References

