
R E V I E W Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​​c​-​n​​d​/​4​.​​0​/​.

Jones et al. Epigenetics & Chromatin            (2025) 18:9 
https://doi.org/10.1186/s13072-025-00573-x

Epigenetics & Chromatin

Brian Wigdahl and Michael Nonnemacher as co-senior authors.

*Correspondence:
Michael R. Nonnemacher
mrn25@drexel.edu
1Department of Microbiology and Immunology, Drexel University College 
of Medicine, Philadelphia, PA 19102, USA
2Center for Molecular Virology and Gene Therapy, Institute for Molecular 
Medicine and Infectious Disease, Drexel University College of Medicine, 
Philadelphia, PA 19102, USA
3Sidney Kimmel Comprehensive Cancer Center, Thomas Jefferson 
University, Philadelphia, PA 19107, USA

Abstract
Human immunodeficiency virus type 1 (HIV-1) is a retrovirus that infects multiple immune cell types and integrates 
into host cell DNA termed provirus. Under antiretroviral control, provirus in cells is able to evade targeting by both 
host immune surveillance and antiretroviral drug regimens. Additionally, the provirus remains integrated for the 
life of the cell, and clonal expansion establishes a persistent reservoir. As host cells become quiescent following 
the acute stage of infection, the provirus also enters a latent state characterized by low levels of transcription 
and virion production. Proviral latency may last years or even decades, but stimuli such as immune activation, 
accumulation of viral proteins, and certain medications can trigger reactivation of proviral gene expression. Left 
untreated, this can lead to virema, development of pathogenic out comes, and even death as the immune system 
becomes weakened and dysregulated. Over the last few decades, the role of chromatin in both HIV-1 latency 
and reactivation has been characterized in-depth, and a number of host factors have been identified as key 
players in modifying the local (2D) chromatin environment of the provirus. Here, the impact of the 2D chromatin 
environment and its related factors are reviewed. Enzymes that catalyze the addition or removal of covalent groups 
from histone proteins, such as histone deacetylase complexes (HDACs) and methyltransferases (HMTs) are of 
particular interest, as they both alter the affinity of histones for proviral DNA and function to recruit other proteins 
that contribute to chromatin remodeling and gene expression from the provirus. More recently, advances in next-
generation sequencing and imaging technology has enabled the study of how the higher-order (3D) chromatin 
environment relates to proviral latency, including the impacts of integration site and cell type. All together, these 
multi-dimensional factors regulate latency by influencing the degree of accessibility to the proviral DNA by 
transcription machinery. Finally, additional implications for therapeutics and functional studies are proposed and 
discussed.
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Introduction
According to the World Health Organization (WHO), an 
estimated 39 million people worldwide were living with 
human immunodeficiency virus type 1 (HIV-1) in 2022. 
In the same year, approximately 630,000 deaths were 
attributed to HIV-1/acquired immunodeficiency syn-
drome (AIDS)-related illnesses. Of these deaths, 84,000 
were children under the age of fifteen [1]. However, there 
has been a 70% reduction in the number of global HIV-1/
AIDS-related deaths since 2003 due to the increased 
accessibility of antiretroviral therapy (ART) and testing 
[2].

Despite these improvements, people with HIV-1 
(PWH) are at risk of developing non-AIDS HIV-1-asso-
ciated pathologies, even with strict adherence to ART. 
It has recently been found that PWH are at greater risk 
of developing other diseases and health complications, 
including neurocognitive disorders, when compared with 
people without HIV-1 (PWoH) [3, 4]. In addition, cessa-
tion of ART results in viremia and the development of 
HIV-1-associated pathology within just a few weeks [5].
The inability of ART to completely abrogate these com-
plications lies in the fact that current ART drugs are 
unable to target a critical phase of the HIV-1 replication 
cycle: the integrated provirus.

HIV-1 entry is facilitated by CD4 as the primary recep-
tor, and CCR5 or CXCR4 as the coreceptor. Binding the 
coreceptor(s) triggers conformational changes in the viral 
surface proteins gp120 and gp41, which enables fusion 
with the cell membrane and deposition of the viral core 
into the host cell (reviewed in [6–9]). As the viral core is 
trafficked from the plasma membrane to the nucleus, the 
RNA genome of HIV-1 is reverse-transcribed to a linear, 
double-stranded DNA genome that is released into the 
nucleus after the capsid uncoats. Together with cellular 
factors such as Lens Epithelium-derived Growth Fac-
tor (LEDGF/p75), the viral enzyme integrase catalyzes 
the integration of the HIV-1 DNA genome into the host 
cell’s own genome [10, 11]. This integrated form of HIV-1 
is known as the provirus and remains within the host 
genome for the life of the cell. In addition, clonal expan-
sion maintains the “reservoir”: a chronically-infected 
population comprised of diverse cell types, including 
CD4 + T cells, macrophages and microglia, astrocytes, 
and others [12–17].

Activated, effector CD4 + T cells are generally consid-
ered to be the major source of viral gene products and 
new particles, as resting cells are less permissive to high 
levels of viral replication [18, 19]. Over the course of 
infection, however, a majority of these effector cells die 
(reviewed in [7]). In the absence of further stimulus by an 
antigen, the surviving T cells differentiate to a memory 
phenotype, where they remain metabolically quiescent 
yet poised for activation upon re-encountering the target 

antigen. This shift is driven in large part by epigenetic 
changes, particularly differential accessibility to certain 
genes by transcriptional machinery (for more detailed 
reviews on this topic, see references [20–22]).

Indeed, the average human cell contains approxi-
mately 2 m of genomic DNA, which must be compacted 
and condensed to fit into the 10-micron nucleus. This is 
accomplished through the assembly of chromosomes, 
which themselves are comprised of chromatin. The 
basic, “2D” subunit of chromatin is the nucleosome, an 
11-nanometer nucleoprotein complex comprised of 
145–147 base pairs of DNA – approximately one turn’s 
worth – a core histone octamer, and the linker histone 
H1. The octamer core is assembled from two copies of 
each subunit: histones H2A, H2B, H3, and H4 [23, 24]. 
Histone proteins are rich in lysine and arginine residues, 
bestowing the core with an overall positive charge that is 
attracted to the negatively-charged DNA [23]. Each his-
tone subunit also bears an N-terminal tail that protrudes 
from the core, and this tail can receive covalent modifica-
tions such as acetylation, methylation, phosphorylation, 
ubiquitinylation, and others; for example, histone H3 
can become acetylated at its lysine-27 (H3K27ac). These 
modifications regulate the accessibility of the nucleo-
some-bound region by altering the charge of the histone 
core, and therefore its affinity for its associated DNA 
(reviewed in [25, 26]).

On a slightly larger scale, the position of the nucleo-
some itself may also be repressive or permissive to tran-
scription, as it may overlie binding sites for transcription 
factors (TFs) or even RNA polymerase II (RNAPII) itself 
(for more detailed reviews on this topic, see references 
[26, 27]). Chromosomes also interact with one another 
and the environment of the nucleus, forming dynamic, 
higher-order, “3D” structures [28, 29]. Together, these 
“2D” and “3D” chromatin environments regulate the 
accessibility to DNA by transcriptional machinery, thus 
enabling epigenetic control of gene expression.

As the host cell transitions to a quiescent state, so too 
does the provirus enter a period of latency (reviewed in 
[30]), characterized by low levels of gene expression and 
virion production. The latent infection may last years 
or even decades, eventually progressing to AIDS in the 
absence of therapeutic intervention as the virus expands 
and infected cells die [31]. Accumulation of the viral 
trans-activator of transcription (Tat), T cell receptor 
engagement, and cytokine exposure can also trigger high 
levels of proviral gene expression as TFs become more 
plentiful and RNAPII processivity increases (reviewed 
in [16, 32, 33]). Reactivation of the provirus can lead to 
viremia, mass CD4 + T cell death, immunodeficiency and 
development of severe disease, and even death [5].

Unsurprisingly, because HIV-1 integrates into the host 
genome, the transitions into and out of latency are driven 
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by many of the same epigenetic mechanisms that regu-
late gene expression in the host cell. Multiple epigene-
tic factors have been implicated in proviral latency and 
reactivation, particularly the “2D” chromatin landscape, 
comprising elements such as nucleosomes and their 
modifications. More recently, the “3D” structure of chro-
matin, including higher-order chromosome architecture 
and nuclear organization, has also been identified as a 
key factor in both integration and proviral latency. Here, 
we review much of the literature surrounding the role of 
both “2D” and “3D” chromatin environments in main-
taining the axis of proviral latency and reactivation.

3D genome architecture in virus latency and 
reactivation
The nuclear genomic architecture is a highly organized 
and dynamic structural network that allows for inter- and 
intra-chromosomal contacts and enhancer-promoter 
interactions that modulate gene expression (compre-
hensively reviewed in [34–36]). For the purposes of this 
review, we will briefly describe the key elements of the 
genomic hierarchy to contextualize the experimental 

results described here. At the highest order, chromo-
somes are located within specific chromosome territories 
(Fig.  1A). These territories are compartmentalized into 
transcriptionally active euchromatin or transcriptionally 
silent heterochromatin domains, termed compartments 
A and B, respectively (Fig.  1B). Currently, there are up 
to 6 subcompartments recognized within the A and B 
compartments (A1 – A2 and B1 – B4), classified by rela-
tive levels of transcriptional activation, spatial position-
ing within the nucleus (i.e. proximity to the repressive 
lamina-associated domains [LADs] or nucleolus-asso-
ciated domains [NADs]), and association with certain 
regulatory nuclear bodies (e.g. active nuclear speckles 
or repressive polycomb bodies). Within these compart-
ments are topologically associated domains (TADs), 
which are functional, self-associating stretches of the 
genome with boundaries that are delineated by the archi-
tectural proteins CCCTC-binding factor (CTCF) and 
cohesin (Fig.  1F). TADs may contain varying orders of 
sub-TADs down to the smallest scale of chromatin loops 
(Fig.  1G), which facilitate the actions of cis-regulatory 

Fig. 1  3D genomic architecture and chromatin state support proviral transcription or latency. (A–D) Chromosomes are dynamic structures that occupy 
discrete territories within the nucleus (A). The organization and spatial positioning of chromosomes within the nucleus allows inter- and intra-chromo-
somal contacts to occur. Chromosome territories are compartmentalized into transcriptionally active euchromatin or transcriptionally silent heterochro-
matin domains, termed compartments A and B, respectively (B). Heterochromatin regions are closely associated with the nuclear lamina (LADs, shown 
in panel C) and the nucleolus (NADs, shown in panel A in bright green), and consist of tightly closed nucleosomes (D). (E, I) HIV-1 integrates into both 
euchromatin and heterochromatin with varying affinity, and the orientation and location of the integration site further impacts the capacity for proviral 
transcription. Integration sites of intact proviruses from elite controllers and ART-suppressed PWH are typically found within intergenic regions or within 
introns and positioned opposite to the orientation of the host gene (E). (F–H) Self-associating regions of chromatin are brought into closer proximity 
through the formation of TADs. TADs are the functional unit of chromatin, and as such contain varying orders of sub-TADs down to chromatin loops (F, G). 
Euchromatin regions consist of open nucleosomes, allowing for transcription (H). In contrast to (E), integration sites ineuchromatin regions are typically 
found in close proximity to super enhancer regions or within genes and positioned in the same orientation of the host gene (I)
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elements within this regional unit, as well as nucleo-
somes (Fig. 1D and H). 

While the 3D chromatin architecture of the nucleus 
is known to play an important role in HIV-1 integra-
tion, recent studies have investigated how the chromatin 
landscape contributes to latency maintenance and reac-
tivation of the integrated provirus. This area of study 
has expanded in recent years due to the utilization of 
new technologies that allow for investigation of chro-
matin conformation (e.g. chromatin conformation cap-
ture and Hi-C) and accessibility (e.g. ATAC-seq) [37, 38]. 
These methods and their derivatives are frequently used 
in combination with integration site analysis, RNA-seq, 
ChIP-seq, and other sequencing methods to provide a 
comprehensive representation of the chromatin state sur-
rounding HIV-1 integration sites, and how this impacts 
proviral transcription. In this section, we will review the 
features of the 3D genome that have been shown to sup-
port proviral integration, the establishment of the latent 
reservoir and its subpopulations, and factors that influ-
ence reactivation.

Integration and productive infection
HIV-1 integration into the host cell genome allows for 
both proviral transcription and viral replication, and the 
establishment of the latent reservoir. Several features 
of the 3D genomic environment influence both where 
HIV-1 integrates and efficiency of proviral transcription. 
Here, we will review the studies that have focused on 
HIV-1 integration in the context of productive infection.

Multiple studies have shown that HIV-1 preferentially 
integrates into regions of permissive chromatin, near 
areas that undergo frequent interactions and have greater 
accessibility [39–41]; more specifically, the transcription-
ally active A compartment (Fig.  1F-I) [39, 42–44]. This 
has been demonstrated through in vitro infection of T 
cell (e.g. Jurkat [42–44] and Sup-T1 [40]) and myeloid 
cell lines (e.g. U-937 [42] and C20 [41]), as well as pri-
mary cells including CD4 + T cells [41–43], monocyte-
derived macrophages (MDMs) [41, 42], and iPSC-derived 
microglia [41].

Within the structure of the A compartment, integration 
has been linked to the accumulation of viral replication 
complexes near nuclear speckles – that is, hubs of gene 
expression and RNA processing – and their associated 
domains in cell lines (Jurkat, TZM-bl, and HEK293T), 
and primary MDMs and CD4 + T cells [45]. Furthermore, 
it has been shown in CD4 + T cells that integration is 
more likely to occur in the A1 subcompartment, which 
is enriched in super enhancer clusters associated with 
integration hotspots and recurrent integration targets 
[43]. This is in agreement with the observation that the 
majority of genes targeted for recurrent integration are 
localized outside of LADs [42]. At the functional level of 

chromatin, super enhancers are positively correlated with 
integration sites at TAD boundaries relative to TAD mid-
points in both microglia and CD4 + T cells [41]. Overall, 
these findings demonstrate a similar pattern across cell 
types for HIV-1 integration into euchromatin, with pref-
erence for the A1 subcompartment and super enhancer 
regions localized at TAD boundaries (Fig. 1F).

Indeed, it is well known that HIV-1 preferentially inte-
grates into introns of actively transcribed genes [46–49], 
which is in agreement with the observed preference for 
integration into euchromatin. Many studies have identi-
fied regions of the human genome that HIV-1 targets for 
integration, termed hotspots, along with specific genes 
that are recurrently targeted across PWH. Examples of 
such recurrently targeted genes include BACH2 [43, 50–
54], MKL2 [43, 50, 51, 54], and STAT5B [43, 50, 52, 54], 
along with several other genes associated with cell cycle 
regulation and cancer [43, 50]. Hotspots have also been 
linked to regions enriched in Alu repeats [46, 54], with 
high rates of integration observed within chromosomes 
11 [46], 16 [55], 17 [43, 55], and 19 [43, 55]. These recur-
rent integration targets and hotspots have been identified 
in cell lines (Jurkat [43, 55] and Sup-T1 [46, 55]), primary 
CD4 + T cells infected with HIV-1 reporter viruses in 
vitro [43], and CD4 + T cells isolated from PWH on ART 
[50–52, 54].

However, some differences in HIV-1 integration have 
been reported between cell types. Comparisons of inte-
gration hotspots in primary MDMs and CD4 + T cells 
have shown that integration sites in MDMs occur within 
more discrete gene clusters relative to the diverse range 
targeted in CD4 + T cells [56]. Further comparisons to 
CD4 + T cells have shown that MDMs undergo higher 
rates of integration within intergenic regions [57]. In 
addition to these differences, a recent study found dif-
ferential integration site selection in archived brain tis-
sues when compared with CD4 + T cells in the periphery, 
as lower rates of recurrent integration and higher rates 
of intergenic integration were observed in microglia 
[58]. These findings may be linked to altered expres-
sion of integration-mediators LEDGF and Cleavage and 
Polyadenylation Specific Factor 6 (CPSF6) in MDMs 
and microglia [56–58], demonstrating how cell type dif-
ferences intersect with the 3D genome architecture to 
influence integration and subsequently shape important 
subpopulations of the latent reservoir.

Latency
The latent HIV-1 reservoir exists in different forms 
within the context of the 3D chromatin environment. In 
the initial stages of infection, HIV-1 integrates into both 
euchromatin and heterochromatin with variable affin-
ity [39, 42–44, 52, 55, 59]. These integrated proviruses 
undergo host selective pressure over time, resulting in 
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latent subpopulations that have different capacities for 
reactivation [60]. These latent cell populations arise from 
integration into euchromatic regions that later become 
heterochromatic through changes in the cell phenotype 
(i.e. activated vs. quiescent), initial integration into het-
erochromatin, or the orientation of the provirus relative 
to the host gene’s reading frame. Here, we will explore 
studies that have offered insight into the chromatin states 
that support HIV-1 latency and reactivation.

In contrast to proviruses that undergo active transcrip-
tion post-integration, latent proviruses generally reside 
in repressive heterochromatin (Fig.  2A-F). Compari-
sons of active and latent infection across in vitro models 
(Sup-T1 [40] and C20 [41]) and primary tissues (includ-
ing CD4 + T cells, MDMs, and microglia [41]) have dem-
onstrated differential chromatin accessibility across the 
genome. Studies utilizing primary CD4 + T cells infected 
with an HIV-1 reporter virus in vitro [39] or ex vivo 
samples from ART-treated PWH [52, 59] have shown 
that the integration sites of latent proviruses are typi-
cally found in non-coding regions (Fig.  1E) located fur-
ther away from frequently interacting regions and TADs 
[59], and are often localized within LADs (Fig.  1C) [39, 
52, 59]. For instances in which intact latent proviruses 
have been found in genic regions, these were more likely 
to be integrated in the opposite orientation of the host 
gene (Fig. 1E) [52] or within genes with relatively low lev-
els of basal transcription [39]. Alternatively, intact latent 
proviruses in some ART-treated PWH have been found 
in close proximity to transcription start sites (TSSs) and 

regions of accessible chromatin, but likely remain silent 
due to repression by host transcriptional interference 
[52]. One study utilizing Jurkat T cells infected with a 
reporter virus in vitro found that latent proviruses were 
distributed throughout the genome but were generally 
integrated distal to enhancer regions [61]. Comparisons 
of intact proviruses in CD4 + T cells from individuals 
on long-term ART (LT-ART) and elite controllers (ECs) 
have shown that integration occurs in “disfavored” chro-
matin regions, which includes centromeric, micro-satel-
lite, and non-coding DNA, and in locations distal to TSSs 
and accessible chromatin [62, 63]. Integration sites were 
also mostly found within the B compartment with similar 
distributions within the B subcompartments (Fig.  1B-E) 
[62, 63].

Recent studies focused on elucidating how the chro-
matin landscape shapes the latent reservoir and con-
tributes to proviral reactivation have shown that latent 
proviruses reside in heterogeneously repressive chroma-
tin environments. Studies comparing ECs and PWH on 
LT-ART have provided insight regarding host selective 
pressure and clonal expansion that results in latent pro-
viruses contained within heterochromatin [62–64]. Lon-
gitudinal analysis of CD4 + T cells isolated from PWH on 
ART demonstrated a progressive increase in the num-
bers of proviral clones integrated in heterochromatin, 
likely reflecting the selective pressure that eliminates 
intact proviruses in transcriptionally active chromatin 
over time, resulting in subpopulations of intact provi-
ruses that display characteristics of deep latency [63]. 

Fig. 2  Cell type influences 2D and 3D chromatin at the integration site under different activation conditions. (A–F) During latency, proviruses are found 
primarily in heterochromatin across different cell types found in the reservoir. In this state, 3D chromatin is highly compact (A, C, E) and nucleosomes 
are close together on the provirus and nearby genes (B, D, F). (G–L) When latency is reversed through an activating stimulus, different cell types in the 
reservoir undergo different levels of remodeling. T cells do not experience global chromatin opening (G), but nucleosomes are repositioned to a more 
transcriptionally-favorable state (H). While it is unknown whether macrophages undergo extensive chromatin remodeling (I), nucleosomes are repo-
sitioned to increase access to HIV-1 DNA by transcriptional machinery (J). When latently-infected microglia are reactivated, by contrast, chromatin is 
remodeled extensively (K). In microglia, it is unknown but suspected that nucleosomes are repositioned to enable transcription (L)
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More specifically, studies of ECs and PWH on LT-ART 
have demonstrated high rates of recurrent integration of 
intact proviruses within KRAB-ZNF genes located within 
a particularly heterochromatic region on chromosome 
19 [62–64]. This is in agreement with earlier findings in 
CD4 + T cells infected in vitro, which showed that provi-
ruses incapable of reactivation integrate into significantly 
fewer genic regions relative to reactivated proviruses 
[39].

Subpopulations of the latent reservoir that are refrac-
tory to reactivation exist in heterochromatin as described 
above and are enriched for repressive histone modifica-
tions, particularly H3K27me3 or H3K9me3 [65]. How-
ever, it has been demonstrated in CD4 + T cells infected 
with a reporter virus in vitro that a subset of latent pro-
viruses with the potential for reactivation are contained 
within chromatin enriched in factors associated with 
enhancers, namely H3K4me1, H3K27ac, and RNAPII 
[65]. These proviruses are considered primed for reacti-
vation, as depletion of enhancer-specific H3K27ac upon 
T cell activation allows for proviral transcription [65]. 
Like productive proviruses, the integration sites of pro-
viruses with reactivation potential are enriched in tran-
scription factor binding sites and have been found within 
genes with greater levels of basal expression relative to 
genes containing non-reactivated proviruses [39, 66]. 
Taken together, these studies demonstrate how proviral 
integration throughout the 3D genome and host selec-
tion pressures lead to the establishment of a complex and 
heterogenous latent reservoir.

Chromatin remodeling during reactivation
A limited number of recent studies have focused on 
HIV-1 reactivation and chromatin remodeling in the 
context of the 3D nuclear environment. One such investi-
gation utilizing Hi-C and ATAC-seq in J-Lat cells demon-
strated that while proviral activation resulted in increased 
transcription and chromatin accessibility immediately 
downstream of the 3’ LTR, minimal changes occurred 
in chromatin structure globally and around the HIV-1 
integration site upon proviral reactivation [67]. Similarly, 
another study that performed Hi-C and 4 C-seq on Jurkat 
clones infected with HIV-1 reporter viruses showed that 
the presence of the provirus resulted in increased chro-
matin contacts within 100–300 kb of the integration site 
without significantly affecting chromatin structure glob-
ally (compare Fig. 2A and G) [44]. These results therefore 
lead us to speculate that the majority of provirus-induced 
modifications to chromatin structure occur at the 2D 
level (compare Fig. 2B and H), reviewed in detail below.

Interestingly, recent evidence from primary microglia 
has shown slightly different results. HIV-1 reactivation in 
microglia is important with respect to HIV-1-associated 
neurocognitive disorder (HAND), pathogenesis in the 

CNS, and the overall reactivation of HIV-1 from latent 
reservoirs [68, 69]. Within HAND, there is a gradation 
of neurological disorders that range from asymptomatic 
to dementia with or without encephalitis (HIVE). While 
HIVE is uncommon in the ART era, a recent study exam-
ined the effects of HIV-1-induced encephalitis in primary 
microglia and in the HMC3 microglia cell line, showing 
that HIVE resulted in widespread remodeling of chro-
mosomal conformations, with compartment alterations 
occurring over large portions of chromatin [58]. While 
the authors found that the remodeling may be due in 
part to IFN upregulation, as Hi-C showed genome-wide 
remodeling of chromatin loops and TADs occurred in 
HIVE microglia and IFN-treated HMC3, non-enceph-
alitic HIV-1-infected primary microglia likewise dis-
played widespread alterations in chromatin conformation 
(Fig. 2K) [58]. While few studies have investigated these 
effects in peripheral macrophages, it is possible that they 
undergo similar levels of drastic chromosomal remodel-
ing upon latency reversal (Fig. 2I).

Given the differential findings in these studies, it raises 
the question of the impact of cell type on chromatin 
remodeling during reactivation from latency. As dis-
cussed above, other studies have identified differences 
among cell types which impact proviral integration [56–
58]. Together, these studies show that there may be dif-
ferences between the lymphoid and myeloid lineages that 
contribute to the overall challenge of fully eliminating 
the latent reservoir. Further research into the dynamics 
underlying reactivation at the 3D level will be required to 
fully evaluate the differences imposed by cell type.

Conclusion & summary
Recent advances in sequencing methods have enabled 
the investigation of genomic architecture at different 
points of HIV-1 infection in cell lines and primary cells 
in vitro, as well as in ex vivo samples from PWH. The 
studies reviewed in this section represent our current 
understanding of how the host 3D genomic environment 
in part shapes the HIV-1 latent reservoir. Together, these 
works demonstrate that the HIV-1 provirus preferen-
tially integrates into transcriptionally active euchroma-
tin but also integrates into heterochromatic regions. This 
capacity for integration in combination with host selec-
tive pressures results in a heterogenous latent reservoir, 
in which subpopulations of proviruses may be locked in 
a state of deep latency while other subpopulations may 
become reactivated under the right conditions. These 
studies have provided an important perspective into the 
3D factors that contribute to HIV-1 latency and reacti-
vation, emphasizing the need for continued research in 
this area. It will be especially important to better under-
stand how the 3D chromatin environment supports 
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subpopulations of the latent reservoir across cell types in 
the development of curative treatments.

The 2D chromatin landscape in latency and 
reactivation
Just as the host cell genome is comprised of individual 
genes, the 3D chromatin environment of the nucleus is 
comprised of “2D” elements. Of particular interest are 
nucleosomes and their covalent modifications, which 
regulate accessibility to local gene regions by promoting 
the formation of open or closed chromatin. The HIV-1 
genome is one such local region, spanning approximately 
9,200 to 9,600 nucleotides in length (reviewed in [70]). 
Because HIV-1 integrates into the host chromosome as 
a provirus, it is not surprising that the same factors that 
regulate cellular gene expression also maintain the axis of 
latency and reactivation.

The coding regions of the HIV-1 genome are flanked 
by identical 5’ and 3’ long terminal repeats (LTRs), 
which regulate gene expression and enable synthesis 
of mature mRNAs from viral genes (reviewed in [70]). 
The LTR contains 3 regions of interest (5’ to 3’): U3, R, 
and U5 (reviewed in [16, 71]). Despite having identical 
sequences, however, each LTR has a different function. 
The 5’ LTR acts as the viral promoter and contains bind-
ing sites for critical TFs, the TSS and trans-activation 
response element (TAR) sequence [72, 73]. By contrast, 
the 3’ LTR terminates transcription and encodes the 
polyadenylation signal [74]. In addition, the provirus 
encodes Tat, which accumulates in the nucleus and facili-
tates proviral gene expression through several mecha-
nisms (reviewed in [75]), including binding the TAR and 
recruiting factors that promote transcriptional processiv-
ity, chromatin-modifying factors, and other 2D epigen-
etic regulators described below.

The role of the 2D chromatin environment in HIV-1 
latency and reactivation has been investigated in-depth 
over the last several decades. In this section, we summa-
rize much of the research characterizing the enzymes, 
small molecules, and other factors that have been found 
to play a role in regulating the latent state of the HIV-1 
provirus.

Nucleosome assembly and positioning on the HIV-1 
provirus
The positions of nucleosomes on the proviral 5’ LTR have 
been well-characterized in several cell lines, as well as 
primary models of HIV-1 latency (Fig. 3). In early studies, 
DNase I hypersensitive sites (HS or DHS) were identi-
fied at the 5’ and 3’ LTR. Of note are HS2, HS3 (collec-
tively known as DHS1), and HS4 (also known as DHS2) 
(Fig.  3B, see T cell [immortalized]). Additional sites 
have also been identified on the 5’ LTR, called HS1, and 
within gene coding regions in the monocytic cell line U1 

(Fig.  3B, see Macrophage [immortalized]). Interestingly, 
the hypersensitive sites of the 3’ LTR do not correspond 
to where they are found on the 5’ LTR [76]. At the 5’ LTR, 
the regions separating the hypersensitive sites are occu-
pied by conserved nucleosomes, termed nuc-0 and nuc-1 
(Fig.  3B); nuc-1 is of particular interest, as it overlies 
the R-U5 region just downstream of the TSS. Nuc-2, -3, 
and − 4 have also been identified [77], but they are less 
well-characterized and may not be as highly conserved 
(Fig. 3B, compare T cell [immortalized] and T cell [pri-
mary]) [78, 79].

After the viral particle uncoats in the nucleus, histones 
are deposited onto the linear, unintegrated HIV-1 DNA; 
that is, integration into the host genome follows nucleo-
some assembly [80]. This timeline may be conserved 
among retroviruses, as inhibition of reverse transcriptase 
and nuclear import, but not integrase activity, prevented 
histones H2B and H3 loading in both HIV-1 and murine 
leukemia virus [80, 81]. In a Jurkat model of HIV-1 infec-
tion, nuc-0 and nuc-2 were only found at their known 
positions after integration; on unintegrated HIV-1 DNA, 
they were instead upstream of these sites (compare 
Fig.  3A and B). In primary cells, however, nuc-0 sliding 
was not observed, and nuc-2 was evicted after integration 
(Fig.  3B, see T cell [primary]) [80]. These differences in 
nucleosome positioning may suggest that host factors at 
the integration site influence the epigenetic landscape of 
the provirus. Recently, an additional 5’ LTR nucleosome 
was identified on unintegrated HIV-1 DNA at DHS1, 
termed nucDHS (Fig.  3A). While its role has not been 
fully characterized, nucDHS may inhibit pre-integration 
transcription by establishing a repressive chromatin envi-
ronment and reducing RNAPII recruitment. In support 
of this hypothesis, treating Jurkat T cells with histone 
deacetylase inhibitors early in infection stimulated HIV-1 
transcription despite low levels of integrated HIV-1 
at this stage. Upon integration, however, nucDHS was 
quickly evicted, exposing HS2 and HS3 in the provirus 
[80].

To date, the chromatin environment of the downstream 
coding regions of the provirus and 3’ LTR is poorly char-
acterized. Recently, a nucleosome positioned in the U3 
region of the 3’ LTR was identified, and may serve to reg-
ulate the expression of the HIV-1 antisense transcript Ast 
[82]. A “poorly-positioned” nucleosome at DHS1 has also 
been observed in J-Lat 11.1 cells (Fig. 3B, see J-Lat 11.1), 
indicated by incomplete protection from MNase diges-
tion, but this has not been found in other systems to date 
[78, 79]. Whether this nucleosome is a result of a failure 
to evict nucDHS remains to be investigated. Addition-
ally, ATAC-seq data has shown low levels of accessibility 
between the 5’ and 3’ LTRs in resting cells [83], indicating 
that other structures may be present.
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Changes in the 5’ LTR hypersensitive regions and 
nucleosomes following stimulation have been well-estab-
lished. Indeed, the R-U5 region in U1 and ACH2 cells 
became more sensitive to DNase I and MNase diges-
tion following treatment with PMA. In particular, HS3 
became larger after stimulation with phorbol esters or 
histone deacetylase inhibitors; in U1 cells, HS1 also 
becamse more sensitive to digestion (Fig. 3C) [76, 77, 84]. 
Likewise, ATAC-seq data indicates increased accessibility 
at the R-U5 region in activated cells [83]. Taken together, 
these studies suggest that nuc-1 is destabilized during 
cell activation, establishing a more favorable chromatin 
environment for transcriptional machinery to assemble 
(Fig.  3C). Notably, inhibition of RNAPII does not pre-
vent this process from occurring, indicating that nuc-1 
remodeling is independent of, but critical to, efficient 
transcription from the provirus [77].

Opposing roles for SWI/SNF complexes in HIV-1 latency and 
reactivation
In eukaryotes, nucleosome positioning is highly con-
served and mediated by the activity of chromatin modify-
ing complexes (CMCs). In humans, there are two broad 
categories of CMCs: complexes that affect nucleosome 
structure through covalent modifications, and those that 
use the energy of ATP hydrolysis to directly reposition 
the nucleosome (reviewed in [85]).

The SWItch/Sucrose Non-fermentable (SWI/SNF) 
family belongs to the latter category of CMCs and is 
of particular interest due to its role in HIV-1 latency 
and reactivation alike. In humans, there are two mem-
bers of this family: BRG-/BRM-associated Factor (BAF) 
and Polybromo-associated BAF (PBAF) (reviewed in 
[85]). BAF may use Brahma-related Gene 1 (BRG1, also 
known as SMARCA4) or Brahma (BRM, also known as 

Fig. 3  The 2D chromatin environment of the 5’ LTR is altered by cell type and activation state. (A) Nucleosomes on unintegrated HIV-1 DNA are positioned 
slightly upstream of where they are found on the integrated provirus. Additionally, nucDHS occupies the hypersensitive site between nuc-0 and nuc-1, 
preventing transcription factors from binding and stimulating gene expression prior to integration. (B) After integration and during latency in most im-
mortalized cells, nucDHS is evicted and nuc-0, -1, and − 2 occupy their canonical positions as HS2, HS3, and HS4 are formed between them. HS1 is also 
found in immortalized macrophages slightly upstream of nuc-0. In J-Lat 11.1 cells, HS2 and HS3 are slightly protected from digestion by MNase, indicating 
a poorly-positioned nucleosome in this region. In some primary T cells, nuc-0 remains slightly upstream of where it is found in other models, possibly 
leading to HS2 being larger than what is seen in immortalized cells. Additionally, nuc-2 is evicted. Across cell types, nuc-1 consistently occupies the R 
region, blocking the transcriptional start site (TSS) and TAR to block processive transcription. (C) When infected cells are activated with the appropriate 
stimulus, nuc-1 is quickly destabilized and repositioned to increase accessibility to the TSS (indicated by an arrow). In accordance with nuc-1 remodeling, 
HS3 also becomes larger and more sensitive to digestion with DNase I. In immortalized macrophages, HS1 undergoes similar alterations

 



Page 9 of 26Jones et al. Epigenetics & Chromatin            (2025) 18:9 

SMARCA2) as a core catalytic subunit, while PBAF only 
uses BRG1 [86]. Additionally, there are other subunits 
that are exclusive to one member or the other. PBAF con-
tains BAF180, BAF200, and Brd7, but lacks BAF250 [85, 
86], while BAF does contain BAF250 and lacks the other 
PBAF-associated subunits. Otherwise, they share core 
components, such as BAF155/170, INI-1/BAF47, β-actin, 
and others (reviewed in [85]).

Notably, the sites occupied by nuc-0, -1, and − 2 are not 
what would be expected by DNA sequence alone [78, 79, 
87]. Using the NuPoP algorithm to predict nucleosome 
positioning based on the LTR sequence [88], Rafati et al. 
found that the 5’ LTR nucleosome positions were actu-
ally negatively correlated with histone affinity [78, 79], 
indicating a role for external factors in establishing the 
canonical epigenetic landscape of the provirus. Indeed, 
the BAF complex has been shown to be essential to this 
process early in infection, in the absence of Tat. Deple-
tion of BRG1 and BAF250, but not BRM or BAF180, 
was associated with de-repression of the proviral pro-
moter, and BAF250-deficient infected Jurkat T cells were 
unable to maintain latency. In these cells, the canonical 
epigenetic landscape of the 5’ LTR was disrupted and the 
nucleosomes instead assumed the positions that would 
be predicted by the sequence’s histone affinity; that is, 
accessibility at nuc-1 increased while DHS1 and DHS2 
became more protected [78]. Both BAF200 and BAF250 
have also been shown to be present at nuc-1 in resting 
cells; however, after the cells were activated, BAF250 was 
removed [89]. Taken together, in the absence of Tat, the 
BRG1-containing BAF (BRG1-BAF) complex facilitates 
HIV-1 latency through the positioning of nucleosomes at 
the 5’ LTR (Table 1) [78].

Bromodomain-containing Protein 4 (BRD4) is a mem-
ber of the Bromodomain and Extraterminal Domain 
(BET) family of proteins, and has long (L) and short 
(S) isoforms. BRD4L is known to inhibit Tat-mediated 
transactivation by binding with Positive Transcription 

Elongation Factor b (P-TEFb) [90, 91], but BRD4S seems 
to exert its own repressive action through recruiting the 
BRG1-BAF complex to the proviral promoter. Indeed, 
BRG1 and BRD4S immunoprecipitated with one another 
from the 5’ LTR, but treating the cells with the BET 
inhibitor JQ1 disrupted this interaction. Additionally, 
knockdown of BRD4S reduced BRG1 occupancy at nuc-1 
and induced HIV-1 RNA production. Taken together, 
these results indicate that BRG1-BAF is recruited to the 
proviral promoter by BRD4S [91] and has a repressive 
effect on HIV-1 transcription (Table 1).

Interestingly, while BRG1-containing BAF complexes 
are associated with repression of HIV transcription early 
in infection, BRM-containing BAF complexes seem to 
facilitate proviral transcription later in infection. In the 
presence of Tat, BRM and BAF155 were enriched at 
nuc-1, and overexpression of BRM in a HeLa model of 
infection could increase transactivation by Tat. In agree-
ment with this, knockdown of the gene had the opposite 
effect. In the absence of Tat, however, BRM-deficient 
cells had no difference in basal promoter activity when 
compared to BRM-sufficient cells [92], indicating the 
synergistic relationship between Tat and BRM-contain-
ing BAF complexes (BRM-BAF). However, in a model 
of latency utilizing SW13 and C33A cells, some clones 
had greater dependence on BRM-mediated chroma-
tin remodeling than others, while BRM-deficient ACH2 
cells had impaired virion production when compared 
with controls [93]. Importantly, though, BRG1 and BRM 
have been demonstrated to have differential expression 
between cell and tissue types [94]. Taken together, it is 
possible that the host cell type and integration site of the 
provirus determine the degree to which proviral reactiva-
tion depends on BRM (Table  1). Further studies will be 
necessary to elucidate how BRM-BAF may play a role in 
maintaining latency in different anatomical reservoirs.

The other member of the SWI/SNF family, PBAF, has 
also been implicated in the activation of proviral gene 

Table 1  Summary of enzymes known to remodel nucleosomes at the 5’ LTR
Mechanism Effect 

on HIV-1 
Transcription

Factor Cofactor Target histone/residue Cell line(s) used Reference(s)

Nucleosome 
remodeling

Repressive BRG1-BAF BRD4S nuc-0, nuc-1 J-Lat 11.1/A2, Jurkat 1G5 [80, 81]
HEK293T, J-Lat A2/A72 [93]

FACT ? nuc-1/H2A/H2B 293T, A2, MT-2, primary CD4+ [106]
Activating BRM-BAF Tat nuc-1 HEK293, HeLa/LTR-luc/S3 [94]

293FT, A204, AZ521, C33A, H1299, S3, 
SW13, primary CD4+

[95]

PBAF Tat-ac nuc-1 A2/11.1, 1G5 [80, 81]
J1.1, Jurkat [91]
C33A, Jurkat [97]
293T, CEM, HCC1143, TZM-bl [98]
8E5, ACH2, HLM-1 [99]
A2/A72, C33A, G401, HCT116, MON, Jurkat [100]
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expression. In cells treated with PMA, depletion of 
BAF250 did not affect recruitment of PBAF subunits to 
nuc-1 [78, 95], but BAF200 was present at the promoter 
in both latent and active cells [89, 95, 96], indicating a 
role for PBAF in HIV-1 reactivation. Indeed, in several 
latently-infected T cell lines as well as stably-infected 
HEK293T cells, BRG1 knockdown inhibited viral gene 
expression and virion production [89, 97]. Mahmoudi et 
al. also demonstrated through immunoprecipitation that 
Tat is associated with Integrase Interactor 1 (INI-1, also 
known as SMARCB1), β-actin, and BRG-1 [98]. Interest-
ingly, in contrast to the findings implicating BRM-BAF 
in proviral reactivation [92], they did not find Tat to be 
associated with BRM [98].

While this discrepancy may be due to the use of differ-
ent cell lines and integration sites, it may also be attrib-
uted to the acetylation state of Tat in these systems. BRG1 
contains a C-terminal bromodomain with a binding motif 
for acetylated proteins [98, 99], and Tat may be acetylated 
at Lys-50 or -51 (Tat-ac) by the cellular acetyltransferase 
p300 [98]. Tat-ac actually failed to interact with BRM, 
and was associated with BAF200 (PBAF-specific) [92, 
96]. By contrast, immunoprecipitates of BAF250 (BAF-
specific) were enriched with unmodified Tat [96]. Taken 
together, it would appear that PBAF’s capacity to act on 
the proviral nucleosomes relies on acetylated Tat, while 
BRM-BAF utilizes unmodified Tat (Table 1). Indeed, Tat-
mediated transactivation was abrogated in cells deficient 
in BAF200 [96]. Likewise, Lys-50 and − 51 mutants of Tat 
were also unable to undergo Tat-mediated transactiva-
tion. In support of this, the region occupied by nuc-1 has 
been shown to have increased sensitivity to digestion in 
the presence of acetylated Tat [97]. Tat’s association with 
BRG1 was also increased in the presence of p300, but this 
relationship was abolished when Tat or the catalytic site 
of p300 were mutated [98]. Interestingly, in the absence 
of INI-1 and p300, Tat alone still had weak transactiva-
tion activity [98], possibly due to its interaction with 
BRM-BAF in the unmodified state [92, 93].

Other nucleosome remodeling factors
Other components of the SWI/SNF complex have also 
been implicated in HIV-1 latency and reactivation. Dur-
ing integration, the core subunit INI-1 directly interacts 
with integrase and stimulates its activity in vitro [100]. 
Interestingly, INI-1-deficient, stably-infected HeLa cells 
also had impaired, but not completely abrogated, trans-
activation capability. After the reintroduction of INI-1 
in the presence of Tat, however, transactivation was res-
cued. The Rpt1 and Rpt2 domains of INI-1 were further 
demonstrated to be required to achieve this effect [101]. 
While these domains are required for the formation of a 
functional SWI/SNF complex [101], Rpt1 has also been 
shown to mimic the TAR structure in silico and in vitro 

[102]. The degree to which this affects the ability of SWI/
SNF complexes to interact with Tat remains to be stud-
ied, however, and may provide a unique target in altering 
the latent state of the provirus.

The effects of the core subunit BAF53 are also at least 
partly dependent on the activity of Tat. BAF53-deficient 
HEK293T and J1.1 cells had increased virion production, 
and these virions additionally had improved reverse tran-
scriptase activity. To this end, BAF53 was evicted from 
the 5’ LTR in active cells. Taken together, BAF53 seems 
to be inhibitive to proviral gene expression in a resting 
cell, possibly early in infection. In the presence of Tat, 
however, the Cyclin T: CDK9 complex could more effec-
tively phosphorylate BAF53, which prevented its asso-
ciation with actin [89]. This may have the overall effect 
of preventing the formation and binding of BRG1-BAF, 
which in turn permits the binding and activity of other 
SWI/SNF complexes and TFs to facilitate proviral gene 
expression.

Another chromatin remodeler, Facilitates Chromatin 
Transcription (FACT), has also been implicated in HIV-1 
latency. While FACT normally removes and re-deposits 
the H2A-H2B dimer of histones to facilitate transcription 
[103], it may also have a repressive role in the context 
of HIV-1 latency. Knocking down FACT components 
SUPT16H or SSRP1 in NL4-3-infected HEK293 cells 
enhanced viral replication and Tat-mediated transactiva-
tion. Additionally, while both FACT components were 
associated with the 5’ LTR, only SUPT16H co-precipi-
tated with Tat. In agreement with these findings, FACT-
deficient J-Lat A2 cells and infected primary CD4 + T 
cells underwent spontaneous latency reversal, and were 
also sensitized to the histone deacetylase inhibitor sube-
roylanilide hydroxamic acid (SAHA). Taken together, 
these results indicate that FACT is repressive to proviral 
gene expression (Table 1) [104]. However, certain FACT-
targeting compounds called curaxins have been shown 
to have variable effects on HIV transcription [105, 106]. 
Further studies will be necessary to elucidate the precise 
relationship between FACT and the 5’ LTR nucleosomes, 
and the mechanism by which it may repress or facilitate 
proviral gene expression.

Overall, these results highlight the importance of the 
2D chromatin environment in maintaining the axis of 
latency and reactivation in the HIV-1 provirus. Interest-
ingly, SWI/SNF-mediated reactivation is improved when 
coupled with covalent modifications to the 5’ LTR his-
tones’ tails, particularly acetylation [84, 89, 95, 97]. Thus, 
while direct nucleosome repositioning is highly impor-
tant in regulating proviral latency and reactivation, addi-
tional mechanisms are also occurring at other levels.
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Histone modifications
Besides direct repositioning of nucleosomes on the chro-
mosome, one of the key mechanisms eukaryotic cells use 
to regulate gene expression is through post-translational 
modification (PTM) of the histone tails. As we have 
described previously, these PTMs alter the charge of 
the histone and therefore the strength of its interactions 
with DNA. Generally, positive charges are associated 
with tighter interactions and transcriptional repression; 
by contrast, neutral and negative charges are associated 
with transcriptional activation, as the negatively-charged 
DNA is repelled from the histone core (reviewed in 
[25]). Unsurprisingly, proviral latency and reactivation 
are influenced in large part through PTMs of the 5’ LTR 
nucleosomes. Currently, acetylation and methylation 
are the best-characterized in both latent and reactivated 
HIV-1 infection (reviewed in [73, 107]).

Acetylation
Histone acetylation is mediated by two classes of enzyme: 
histone acetyltransferases (HATs), and histone deacety-
lases (HDACs). The former functions as the “writers” of 
histone acetylation, depositing the negatively-charged 
acetyl groups on the ε-amino groups of the histone tails’ 
lysine or arginine residues; the latter are “erasers” in that 
they remove these acetyl groups and restore the repres-
sive chromatin environment (reviewed in [108]). As we 
will describe in the sections below, several regions of the 
5’ LTR and their binding proteins are associated with 
the recruitment of HATs and/or HDACs to regulate the 
latent state of the provirus.

HDACs and the 5’ LTR  In humans, four classes of 
HDACs have been identified. Class I, II, and IV are zinc-
dependent, whereas class III HDACs are NAD+-depen-
dent [109]. In resting T cells, class I members HDAC1 and 
HDAC3 transcripts are highly expressed [110]. In the con-
text of HIV-1 infection, chromatin immunoprecipitation 
assays have shown that class I HDACs are localized to the 
latent 5’ LTR, while other classes do not have significantly 
different distribution from uninfected cells [110, 111].

It has long been observed that inhibition of HDAC 
activity with chemical agents such as trichostatin A 
(TSA) or trapoxin (TPX) is associated with reactivation 
of the provirus and the formation of permissive chroma-
tin at the 5’ LTR in multiple cell types [84, 112], indicat-
ing that their activity represses proviral gene expression. 
Additionally, HDACs are often assembled into higher-
order protein complexes that interact with a target site, 
enabling their regulatory activity [113, 114]. The 5’ LTR 
– and, by extension, the 3’ LTR – contains several binding 
sites for TFs and other proteins that are known to associ-
ate with HDACs, thus maintaining a repressive chroma-
tin state and preventing proviral reactivation.

The 5’ LTR contains two binding sites for the transcrip-
tion factor LBP-1 (also known as LSF or UBP): the high 
affinity site I at nucleotides (nt) -16 to + 27 (relative to the 
TSS), and the low affinity site II at nt -38 to -16. The latter 
lies over the TATA box and thus may impede interactions 
with TFs and RNAPII [115]. It has been demonstrated 
that mutants of LBP-1 lacking the DNA-binding domain 
fail to repress transcription [116, 117]. Additionally, in a 
HeLa model of infection utilizing LTR-driven chloram-
phenicol acetyltransferase (CAT) activity (HeLa-CAT), 
an LBP-1 mutant lacking site II binding capacity failed to 
repress CAT transcript expression [115]. Taken together, 
these results indicate that the ability of LBP-1 to directly 
bind to site II on the 5’ LTR is essential for its ability to 
repress LTR-driven transcription. However, in the pres-
ence of Tat, the repressive capacity of LBP-1 seems to 
be diminished [115], and other studies have noted that 
LBP-1 alone is not sufficient to inhibit basal and Tat-acti-
vated transcription [118].

The sequence recognized by LBP-1 is also associated 
with a protein complex containing Yin Yang 1 (YY1) 
[118]. In the absence of HIV-1 DNA, LBP-1 and YY1 have 
been shown to interact, and indeed complex together at a 
region known as the repressor complex sequence (RCS) 
(nt -10 to + 27) [119, 120]. The formation of this complex 
was disrupted when LBP-1 was unable to bind to the LTR 
[118, 120], or either component was otherwise seques-
tered from the other [112, 118]. In another HeLa model 
of infection, expression of both factors was sufficient to 
inhibit HIV-1 gene expression and virion production 
[118]. Similar results have also been observed in latently-
infected cell lines [119]. Taken together, these studies 
indicate that YY1 must complex with LBP-1 to be able to 
exert its repressive action on the proviral promoter.

Along with its ability to complex with LBP-1, YY1 also 
contains a glycine/alanine-rich domain that has been 
demonstrated to recruit HDACs [121], but mutants 
lacking the recruitment domain were unable to inhibit 
LTR-driven transcription [112, 120]. By contrast, overex-
pression of YY1 was associated with increased HDAC1 
occupancy and decreased acetylation of histone H4 at 
nuc-1, and could inhibit transactivation by Tat [112]. 
In agreement with this finding, Coull et al. found that 
HDAC1 indeed copurified with the YY1:LBP-1 complex 
[120].

Taken all together, these studies indicate that YY1 
indirectly interacts with the 5’ LTR through complexing 
with LBP-1. This complex then inhibits LTR-driven tran-
scription – including Tat transactivation – by recruiting 
HDACs, which create a repressive chromatin environ-
ment at the proviral promoter (Table 2).

Interestingly, c-Myc has also been found in association 
with nuc-1 in resting cells [122]. In uninfected Jurkat T 
cells, c-Myc precipitated in a ternary complex with LBP-1 



Page 12 of 26Jones et al. Epigenetics & Chromatin            (2025) 18:9 

and YY1, indicating that they assemble together indepen-
dent of the 5’ LTR and are recruited to the integration 
site. Co-expression of the three factors was able to greatly 
reduce basal and Tat-activated transcription, while con-
structs lacking the low-affinity LBP-1 site or YY1 binding 
site had diminished c-Myc-mediated repression [123].

However, c-Myc alone was also able to repress LTR-
driven CAT activity in Jurkat T cells [123]. c-Myc has 
been shown to co-precipitate with HDAC1 at the nuc-1 
region [122], indicating that this may be the mechanism 
through which it is able to repress proviral transcrip-
tion. Indeed, knocking down c-Myc in J89 and HeLa-
CAT cells reduced the amount of HDAC1 at the 5’ LTR 
(Table  2) [122]. Interestingly, c-Myc and HDAC1 were 
also present in immunoprecipitates of the transcription 
factor Sp1 [122], which is unsurprising as c-Myc and 
Sp1 are known to interact with one another [124, 125]. 
Knockdown of Sp1 significantly decreased the levels of 
c-Myc/HDAC1 at the 5’ LTR, and resulted in increased 
transcription [122]. Because c-Myc can bind directly to 
proviral DNA through the “E-box” motif [126, 127], it is 

possible that Sp1 strengthens this interaction or other-
wise helps recruit c-Myc to the 5’ LTR.

The 5’ LTR also contains binding sites for NF-κB sub-
units such as p50 and p65 [128], which may be repres-
sive or permissive to transcription. In resting cells, p50 
homodimers are predominant in the nucleus, while het-
erodimers – such as p50/p65 – are sequestered in the 
cytoplasm through interactions with IκBα (reviewed in 
[129]). Importantly, the p50 subunit lacks a transcrip-
tional activation domain, and has been shown to assem-
ble with HDAC1 [111]. p50 homodimers were found to 
be constitutively bound to the 5’ LTR in resting J-Lat 
cells, and indeed precipitated with HDAC1 (Table 2). In 
agreement with this finding, p50-deficient J-Lat cells had 
increased acetylation of 5’ LTR nucleosomes, but this was 
only sufficient to promote moderate increases of HIV-1 
gene expression [111].

Interestingly, the NF-κB binding sites at the 5’ LTR 
(AGGGAC and GGGGAC) are related to the CBF-1 
consensus sequence (TGGGAA). Mutation of the GGG 
motif blocked binding of both NF-κB subunits and CBF-1 

Table 2  Summary of factors known to modify histone acetylation at the 5’ LTR
Mechanism Effect 

on HIV-1 
Transcription

Factor Cofactor Target histone/residue Cell line(s) used Reference(s)

HDAC 
recruitment

Repressive YY1 LBP-1 nuc-1 HeLa-CD4-LTR-CAT [114]
HeLa, Jurkat [117]
HeLa extract [118]
HeLa extract [119]
CEM, HeLa, U937 [120]
8E5, ACH2, CEM, COS-1, HeLa [121]
HeLa-CD4-LTR-CAT [122]

c-Myc LBP-1/YY1/Sp1 nuc-1 HeLa-CAT-CD4, J89, primary CD4+ [124]
Jurkat [125]

p50/p50 ? nuc-0, nuc-1 J-Lat 6.3 [113]
Jurkat, Drosophila SL2 [130]

CBF-1 ? H3, H4 293T, CEM, HeLa, Jurkat [132]
AP-4 ? nuc-1 ACH2, CEM, HL-60, Jurkat, U1 [136]
BCL11B NuRD/MTA2 H3 COS7, HeLa, MOLT4, Jurkat, Raji [138]

A293T, GHOST-X4/R5, Jurkat/IG5, 
Sup-T1

[139]

293T, U1, TZM-bl, human microglia [140]
HAT 
recruitment

Activating Tat p300/PCAF H3, H4 ACH2, J49, Jurkat, OM10.1, U1 [86]
293, HeLa/LTR-luc/S3 [94]
HL3T1, U1 [142]
CHO, HL3T/extract [143]
Jurkat [144]
HeLa/LTR-CAT, NIH3T3 [145]

p65? Sp1 H4 Jurkat, Drosophila SL2 [130]
S3 extract [146]
HeLa extract, Drosophila S-190 
extract

[149]

COS-7/extract, HUVEC, Drosophila 
SL-2

[150]
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alike. CBF-1 was enriched at the 5’ LTR in latently-
infected Jurkat T cells, and was associated with high lev-
els of HDAC1 and low levels of acetylation of histones 
H3 and H4 [130]. CBF-1 is also known to recruit HDAC-
containing complexes as part of its normal regulatory 
activity (reviewed in [131]). To this end, knockdown of 
CBF-1 increased proviral gene expression, and unsurpris-
ingly also decreased HDAC1 recruitment to the 5’ LTR 
(Table 2). The same effect was seen when cells were acti-
vated by T cell receptor (TCR) stimulation, or treatment 
with TNF-α or PMA/PHA; interestingly, stimulated cells 
also had decreased levels of both CBF-1 protein and tran-
scripts [130].

The 5’ LTR also contains a site for Adapter Protein 4 
(AP-4) binding near the TATA box (-21 to -16 and − 27 to 
-23). AP-4 is a ubiquitously expressed transcription fac-
tor that binds to DNA through its basic helix-loop-helix 
(bHLH) domain and dimerizes through its LR1 and LR2 
motifs [132]. AP-4 may act as a transcriptional activa-
tor or repressor, depending on the context (reviewed in 
[133]. In HIV-1 infection, AP-4 could block Transcrip-
tion Factor II D (TFIID) from interacting with the TATA 
box and inhibit Tat-activated gene expression, but DNA 
binding domain (DBD) mutants were unable to achieve 
this effect. In particular, deletion of the bHLH domain 
increased expression of proviral genes. LR2 mutants 
also failed to repress transcription, indicating that AP-4’s 
contributions to latency are dependent on its ability to 
dimerize and bind to DNA. LTR constructs bearing distal 
AP-4 binding sites also had repressed transcription, indi-
cating that obstruction of the TATA box may not be the 
only repressive mechanism. In fact, AP-4 was found to 
be complexed with HDAC1 at the promoter in latently-
infected Jurkat E4 cells (E4) (Table  2), but HDAC1 
recruitment was decreased when the AP-4 binding site 
was mutated in the LTR. Importantly, HDAC1 recruit-
ment was not abrogated in AP-4 mutants [134], likely due 
to the activity of the other HDAC-recruiting factors.

The Nucleosome Remodeling and Deacetylase (NuRD) 
complex is a high-order ATP-dependent chromatin 
remodeling complex that is known for transcriptional 
activation and repression alike. While it can directly 
reposition nucleosomes, it also contains HDAC activity 
(reviewed in [135]). The factor B-cell lymphoma/leuke-
mia 11B (BCL11B, also called CTIP2) is known to asso-
ciate with the NuRD complex in Jurkat T cells through 
its MTA1 and MTA2 components, with MTA1 serv-
ing as the preferred binding partner [136, 137]. Indeed, 
knocking down BCL11B was permissive to proviral gene 
expression in Jurkat 1G5 and HeLa cells expressing LTR-
driven luciferase (HeLa-luc). BCL11B also was enriched 
at the 5’ LTR of resting cells, and was repressive to virion 
production in NL4-3-infected Jurkat T cells [137]. Mar-
ban et al. additionally found that BCL11B was associated 

with active HDAC1 and HDAC2 in microglia; interest-
ingly, they were unable to detect NuRD complex compo-
nents in HDAC immunoprecipitates [138]. In agreement 
with previous findings, however, BCL11B knockdown 
was associated with increased virion production and 
histone H3 acetylation [137, 138], while overexpression 
had the opposite effect [138]. Taken together, these stud-
ies indicate that BCL11B acts as a corepressor of provi-
ral transcription through recruitment of HDACs, either 
directly or through association with the NuRD complex 
(Table 2).

Overall, these studies reveal that several factors inter-
act with the 5’ LTR and recruit HDACs, which pro-
motes the formation of heterochromatin at the 2D level 
and represses proviral gene expression (summarized in 
Table 2). Many of these factors are found to be upregu-
lated and enriched at the 5’ LTR in resting T cells, and 
ART adherence is also associated with increased HDAC 
expression [139], indicating that the gene expression 
profiles of quiescent cells contributes to the repres-
sive chromatin environment in latent proviruses. While 
these factors may appear to have redundant roles, many 
of them have also been found in association with one 
another at the 5’ LTR, and may in fact work in concert 
to recruit higher-order repressive complexes that contain 
HDAC activity. However, further studies will be neces-
sary to elucidate the interconnectedness of these factors. 
Additionally, these interactions and their associated his-
tone modifications have been shown to be disrupted by 
chemical agents, which indicates potential therapeutic 
targets to affect proviral latency.

HATs and the 5’ LTR  The precise role of HATs in latency 
reversal is less well characterized than that of HDACs. 
However, it has long been observed that proviral gene 
expression is associated with increased levels of acetyla-
tion at histones H3 and H4 [84, 140]. Particularly, HATs 
p300/CBP, GCN5, and PCAF have been detected at the 5’ 
LTR just a few hours after stimulation with PMA [140]. 
Importantly, this process is independent of transcrip-
tional initiation [77, 140], further indicating that the for-
mation of euchromatin is an important “first step” in pro-
viral reactivation.

Tat has been found to associate with p300/CREB-bind-
ing protein (CBP) [92, 141–143], which is unsurprising 
as Tat can be acetylated by this HAT [97, 98] as we have 
outlined previously. When Tat was added exogenously 
to lysates from HeLa-CAT cells, the resulting immuno-
precipitate had histone acetyltransferase activity [141]. 
Likewise, Tat has been found in immunoprecipitates of 
p300 [142, 143] and was associated with increases in the 
acetylation of histones H3 and H4 even in the absence of 
active transcription [140]. This interaction appears to be 
direct, and requires Tat’s arginine-rich domain (ARD); 
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ARD mutants were unable to associate with p300, and 
were poor transactivators [141, 142]. In further sup-
port of this relationship, p300/CBP was enriched at the 
5’ LTR in HeLa-CAT cells treated with Tat. By contrast, 
without Tat, p300/CBP was absent [141]. It has also been 
observed that p300 alone is unable to induce LTR-driven 
transcription [142, 143]. Taken together, these studies 
indicate that Tat recruits p300/CBP to the 5’ LTR, which 
enables acetylation of proviral nucleosomes – particularly 
nuc-1 – and facilitates transcriptional activation. As we 
have discussed previously, Tat-ac can also recruit PBAF 
to the 5’ LTR to induce nucleosomal remodeling [93, 96, 
98]. Thus, p300/CBP facilitates both direct nucleosomal 
positioning and histone modification to induce proviral 
gene expression (Table 2).

Interestingly, Benkirane et al. observed that Tat also 
precipitated with p300/CBP-associated factor (PCAF) 
[143]. This is not surprising, due to PCAF’s innate ability 
to interact with p300/CBP. p300 mutants with abrogated 
PCAF-binding activity were unable to support Tat-medi-
ated transactivation, and addition of PCAF alone was 
unable to induce proviral transcription in a murine cell 
system. However, in the presence of p300, Tat-mediated 
transactivation was significantly increased. Surprisingly, 
enzymatic mutants of PCAF, but not p300, were unable 
to facilitate proviral gene expression, indicating that p300 
may serve as an adapter for PCAF in its interaction with 
Tat [143]. Further studies will be necessary to confirm 
this relationship in latently-infected T cells and myeloid 
cells.

As we have discussed previously in this section, NF-κB 
is associated with proviral latency by way of p50 homodi-
mers, which recruit HDAC1 to the promoter. In contrast 
to this, dimers containing p65, together with Sp1, were 
associated with proviral transcription [128, 144], pos-
sibly because Sp1 improves the binding strength of p65 
to the LTR [144]. Indeed, NF-κB and Sp1 binding sites 
were required for proviral reactivation in TF-1 cells after 
stimulation with PMA [145]. Importantly, however, this 
effect requires a chromatinized provirus, as p65 was 
unable to activate transcription from naked HIV-1 DNA 
templates. Sp1 and p65 together were also able to dis-
rupt the periodicity of the 5’ LTR nucleosomes, induc-
ing DNase hypersensitive sites corresponding to those 
observed during transcriptional activation [76, 144]; 
interestingly, Sp1 and p50/p65 heterodimers appear to 
be necessary for canonical positioning of nucleosomes at 
the 5’ LTR in the Xenopus laevis chromatin assembly sys-
tem [146]. Additionally, inclusion of p65 in HeLa extracts 
induced acetylation of H4 [147]. p65 is known to asso-
ciate with p300/CBP in other systems [148]; while p300 
has not been found to directly associate with p65 at the 
LTR, the current evidence suggests that this is one of the 
mechanisms by which HATs are recruited to the 5’ LTR 

(Table  2). This may also explain why proviral activation 
via NF-κB is independent of, but synergistic with, inhibi-
tion of HDACs [84, 147].

Overall, these studies indicate that acetylation of the 
nucleosomes at the 5’ LTR is highly important in reacti-
vation of the provirus, and multiple factors may interact 
to facilitate histone acetyltransferase recruitment to the 
proviral promoter. Similar to the recruitment of HDACs, 
the recruitment of HATs is influenced by the activation 
state of the host cell. As such, these factors may serve as 
effective targets for therapeutics aimed at maintaining or 
reversing latency.

Histone methylation and methyltransferases
Similar to acetylation, the methylation status of histone 
tails is mediated by “writers” and “erasers”: histone meth-
yltransferases (HMTs) and demethylases, respectively. 
These enzymes are generally specific to a particular lysine 
or arginine residue, as well as its methylation status. 
Methylation is slightly more complex than acetylation, 
as residues may be mono-, di-, or even tri-methylated, 
and each combination of residue and methylation status 
has its own implications for transcriptional activation or 
repression. For example, H3K4me3 is considered per-
missive to transcription, while H3K9me3 is repressive 
(reviewed in [149]). This dynamic relationship is reflected 
in the HIV-1 provirus, as specific methylation patterns, 
HMTs, and demethylases have been implicated in both 
latency and reactivation.

H3K27/Polycomb repressive complexes  Some lysine 
residues, such as H3K27, may be acetylated or methyl-
ated. H3K27ac promotes the formation of euchromatin 
and facilitates transcription, but this residue can also be 
recognized by other enzymes for methylation, which pro-
motes heterochromatin formation and inhibits transcrip-
tion [150, 151]. As such, this residue is an important cen-
ter of transcriptional regulation. Methylation of H3K27 is 
mediated in large part by Polycomb Repressive Complex 2 
(PRC2), which contains intrinsic methyltransferase activ-
ity through its Enhancer of Zeste 1 (EZH1) and EZH2 
subunits. This catalytic core also contains other proteins, 
including EED and SUZ12 (reviewed in [150]). PRC2 can 
additionally bind to YY1 and HDAC1/2, which further 
promotes heterochromatin formation [152, 153].

EZH2 has been found to be enriched in latent Jurkat 
E4 and 2D10 cells, and this is associated with increased 
levels of H3K27me3 at the 5’ LTR [154–156]. This was 
also observed in the Venus-expressing Jurkat line devel-
oped by Matsuda et al. [157] (Jurkat-Venus) and primary 
cells [155]. As we have discussed previously, CBF-1 is 
enriched at the promoter in resting cells and is known 
to recruit HDACs [130, 156]. However, CBF-1 knock-
down in infected Jurkat T cells was also associated with 
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removal of EZH2. Unsurprisingly, this was also corre-
lated with a loss of H3K27me3 [156]. These factors were 
also lost from the 5’ LTR following TNF-α stimulation or 
Tat induction, which was associated with a decrease in 
H3K27me3 levels [154, 156, 158]. Likewise, knockdown 
of EZH2 or other PRC2 components caused significant 
increases in proviral gene expression across multiple cell 
lines (Table  3) [154–157, 159], as well as Tat-mediated 
transactivation [158].

Additionally, EZH2 knockdown in E4 cells sensitized 
them to stimulation through the TCR, as well as to treat-
ment with small molecule activators of HIV-1 transcrip-
tion. Cells that failed to reactivate following TNF-α 
treatment had enriched H3K27me3 at the 5’ LTR, with 
lower levels of acetylation, and were resistant to fur-
ther stimulation [154]. Long-term culture of E4 and 
Jurkat-Venus cells revealed a progressive enrichment 
of H3K27me3 at the 5’ LTR as the cells returned to qui-
escence [154, 157], further supporting EZH2’s role in 
repressing proviral transcription (Table 3). Interestingly, 
EZH2 seems to exhibit its repressive function early in 
infection. Jurkat T cells deficient in EZH2 that were then 
infected with HIV-1 failed to enter the latent state [157, 

159]. A similar effect was seen when cells were treated 
with the EZH2 inhibitor DZNep [154, 157, 159].

In the cell, EZH2’s activity is partially regulated 
through phosphorylation of its Ser-21 by Protein Kinase 
B (PKB, also known as Akt). This inhibits its methyltrans-
ferase activity and promotes gene expression [160]. In the 
context of HIV-1, EZH2 mutants mimicking phosphory-
lated Ser-21 were dissociated from the 5’ LTR, which 
was correlated with a decrease in H3K27me3 levels and 
increased proviral gene expression in TZM-bl cells. By 
contrast, a mutant mimicking unphosphorylated Ser-21 
was enriched at the 5’ LTR, while Tat-mediated transacti-
vation was decreased [158]. Taken together, these results 
indicate that EZH2’s ability to repress proviral gene 
expression is dependent on the phosphorylation state of 
its Ser-21.

In contrast to PRC2, UTX-1 is a demethylase of 
H3K27me3, and thus promotes the formation of 
euchromatin. When Tat was induced in TZM-bl cells, 
H3K27me2 and me3 levels decreased, which is unsurpris-
ing as Tat-mediated transactivation promotes euchroma-
tin formation at the 5’ LTR. However, in UTX-1-deficient 
cells, H3K27me3 was increased even in the presence of 
Tat. Interestingly, p65 recruitment to the NF-κB site of 

Table 3  Summary of factors known to alter histone methylation at the 5’ LTR
Mechanism Effect 

on HIV-1 
Transcription

Factor Cofactor Target histone/residue Cell line(s) used Reference(s)

Methyltransferase Repressive PRC2/EZH2 CBF-1 nuc-1/H3K27 Jurkat E4/E6/G4 [156]
J89, Jurkat 2D10, primary CD4+ [157]
CEM, Jurkat, primary CD4+/
Tyagi-Sahu model

[158]

CCRF-CEM, HeLa/LTR-luc Jurkat, 
MOLT4, SupT1, U1, primary CD4+

[159]

TZM-bl [160]
E4, primary CD4+ [161]

EHMT2 ? H3K9 E4, primary CD4+ [161]
293, ACH2, HeLa, OM10.1 [165]

SUV39H1 HP1g/BCL11B H3K9 293T, U1, TZM-bl, human 
microglia

[140]

HeLa/LTR-luc, Jurkat, U1, primary 
CD4+

[166]

SMYD2 L3MBTL1 H4K20 293T, A72, primary CD4+ [175]
CARM1 ? H3R17, H3R26 2D10, S3, TZM-bl [186]

Activating 293, CV1, Jurkat, MEFs, primary 
murine macrophages

[184]

2D10, S3, TZM-bl [186]
SMYD5 USP11/Tat H1, H2B, H3, H4 293T, J-Lat 5A8/A2/A72, HeLa [180]
PRMT1 p65/CARM1 H4R3 293, CV1, Jurkat, MEFs, primary 

murine macrophages
[184]

Demethylase Repressive LSD1 BCL11B/NuRD H3K4 COS7, HeLa, MOLT4, Jurkat, Raji [138]
A293T, GHOST-X4/R5, Jurkat/IG5, 
Sup-T1

[139]

293T, U1, human microglia [171]
Activating UTX-1 p65/Tat H3K27 TZM-bl [163]
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the 5’ LTR was inhibited in these cells. Catalytic mutants 
of UTX-1 were also unable to facilitate transactivation, 
indicating that its demethylase activity is required to 
achieve proviral reactivation (Table 3) [161].

Overall, these studies suggest that the methylation 
status of H3K27 is highly important in maintaining and 
reversing proviral latency. Because this residue may 
be recognized and modified by a number of different 
enzymes, including HATs, it may serve as an effective 
therapeutic target.

H3K9  H3K9 methylation is catalyzed by at least five 
HMTs: SUV39H1, SUV39H2, EHMT2 (also known as 
G9a), G9a-like protein (also known as GLP), and SETDB1 
(also known as ESET). These enzymes are character-
ized by their Su(var), Enhancer of Zeste, and Trithorax 
(SET) domains, which confer methyltransferase activity 
[162]. Of these, Suppressor of Variegation 3–9 Homolog 
1 (SUV39H1) and Euchromatic histone-lysine N-methyl-
transferase 2 (EHMT2) have been identified as regulators 
of HIV-1 latency.

The latter, EHMT2, catalyzes mono- and dimethylation 
of H3K9, which promotes the formation of heterochro-
matin and represses transcription. As one may expect, 
this has been implicated in proviral latency. Chemical 
inhibition or knockdown of EHMT2 induced viral pro-
tein expression in ACH2 and OM10.1 cells. Mutants 
with nonfunctional catalytic domains were also unable 
to repress viral gene expression. By contrast, both basal 
and Tat-activated transcription were potently inhibited in 
cells overexpressing EHMT2 [163]. Interestingly, Nguyen 
et al. found that EHMT2 knockdown alone in infected 
Jurkat T cells was insufficient to reactivate the provirus 
[159]. Importantly there was no significant change in 
H3K9me3 or H3K27me2 in EHMT2 inhibition or knock-
down, but H3K9me2 was removed from the promoter 
[159, 163]. Taken together, these results indicate that 
H3K9me2 plays a role in maintaining viral latency, and 
this modification is specifically mediated by the action of 
EHMT2 (Table 3).

SUV39H1 associates with Heterochromatin Protein 1 
(HP1) orthologs and catalyzes trimethylation of H3K9, 
which also promotes the formation of heterochromatin. 
As we have discussed previously, BCL11B is associated 
with proviral latency through its recruitment of HDAC1 
to the promoter. However, Marban et al. also found that, 
in microglia, BCL11B occupancy was also correlated 
with SUV39H1 and HP1 orthologs. Overexpression of 
BCL11B was associated with HP1 recruitment to nuc-1 
and an increase in H3K9me3. In accordance with this 
finding, knocking down BCL11B reduced SUV39H1 and 
HP1γ occupancy at nuc-1, decreased H3K9me3 levels, 
and stimulated proviral transcription (Table 3) [138].

Similar effects were observed when SUV39H1 itself 
was knocked down in HeLa-luc cells. Interestingly, basal 
transcription was unaffected, while transactivation by 
Tat was enhanced; however, knocking down HP1γ sig-
nificantly increased both transcriptional stages. This was 
also seen in HIV-1-infected PBMCs, which additionally 
experienced increased viral rebound. Further, SUV39H1 
and HP1γ – but not HP1α or HP1β – were enriched at 
the promoter in the absence of Tat, and this was associ-
ated with an increase in H3K9me3 levels. However, in the 
presence of Tat, the opposite was true and H3 acetylation 
was enhanced (Table  3) [164]. This is not surprising, as 
H3K9ac is a mark of euchromatin and transcriptional 
activation.

Additionally, BCL11B seemed to become dissoci-
ated from the promoter in transcriptionally-active U1 
cells, and H3K9me3 levels decreased [138]. Likewise, 
knockdown of HP1γ was associated with a reduction of 
SUV39H1 recruitment and H3K9me3 levels, as well as 
increased H3 acetylation and LTR-driven transcriptional 
activation. However, when Sp1 was knocked down con-
comitantly, this activation was reduced five-fold [164], 
likely due to the requirement for Sp1 in reactivation [128, 
144]. Taken together, these results implicate SUV39H1 
and HP1γ in the repression of HIV-1 transcription 
through trimethylation of H3K9 at the 5’ LTR (Table 3).

H3K4  Methylation of H3K4 is catalyzed by the Complex 
Associated with Set1 (COMPASS), specifically its Set1 
domain [165, 166] and is associated with active or poised 
transcription (reviewed in [167]). Indeed, H3K4me3 has 
been shown to be enriched at the 5’ LTR during proviral 
gene expression and in the presence of Tat [157, 161].

As we have discussed previously, the NuRD com-
plex represses transcription from the LTR [136, 137]. 
Along with HDACs and direct nucleosome remodel-
ing enzymes, the NuRD complex has also been found to 
contain the H3K4 demethylase Lysine-specific Demeth-
ylase 1 (LSD1) [168]. Indeed, BCL11B, which is known 
to associate with the NuRD complex and recruit it to the 
LTR [137], has also been demonstrated to co-precipitate 
with LSD1. LSD1 knockdown in microglia was associated 
with significantly increased virion production, and an 
expected increase of H3ac. In U1 cells, stimulation with 
PMA caused LSD1 to be released from the promoter 
(Table  3). However, whether LSD1’s ability to repress 
proviral gene expression was connected to its demeth-
ylase activity remains undetermined [169]. Interest-
ingly, LSD1-deficient cells also had diminished BCL11B 
recruitment to the promoter, and BCL11B knockdowns 
actually had slightly increased recruitment of LSD1 and 
COMPASS to the promoter [169]. While it is possible 
that COMPASS and BCL11B may compete for LSD1 
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binding, this relationship has not been fully elucidated in 
the context of HIV-1.

SMYD family methyltransferases  Like SUV39H1 and 
EHMT2, the enzymatic activity of the SET and MYND 
Domain-containing (SMYD) family of methyltransferases 
is facilitated by their SET domains. SMYD2 is generally 
known to act on H3K4, H3K20, H3K36 [166, 170, 171], 
but some evidence suggests that H4 may in fact be a more 
efficient substrate for its methyltransferase activity [172]. 
As such, it may function as a transcriptional activator or 
repressor depending on the substrate.

In the context of HIV-1, SMYD2 repressed proviral 
transcription and promoted latency. Knocking down 
SMYD2 in J-Lat 5A8, A2, and A72 cells induced tran-
scriptional activation; in A72 cells, this even occurred in 
the absence of Tat. Likewise, treatment with the SMYD2-
specific inhibitor AZ505 induced proviral gene expres-
sion in both J-Lat cells and ex vivo participant samples 
(Table  3). Interestingly, while chemical inhibition syn-
ergized with JQ1 in cell lines, this effect was not seen 
in participant samples [173], likely due to other mecha-
nisms of transcriptional repression in PWH.

Interestingly, H4K20 was the predominantly meth-
ylated residue in nuclear extracts. H4K20me was 
also enriched at the 5’ LTR in J-Lat A72 cells, but this 
decreased after stimulation with TNF-α [173], indicating 
a suppressive role for this modification. Lethal (3) malig-
nant Brain Tumor-like Protein 1 (L3MBTL1) is a “reader” 
of H4K20me [174], and was found to be enriched at the 
5’ LTR in latent cells. In agreement with this finding, 
TNF-α stimulation and knockdown of SMYD2 caused 
L3MBTL1 to become dissociated from the 5’ LTR. Addi-
tionally, knocking down or chemically inhibiting this 
factor directly increased basal transcription in A72 cells 
[173]. Taken together, L3MBTL1 represses proviral gene 
expression through interacting with H4K20me, and this 
is facilitated by the methyltransferase activity of SMYD2 
(Table 3).

Another member of the SMYD family, SMYD5, is less 
well-characterized. It is known to monomethylate H3K36 
and H3K37, as well as trimethylate H3K36 and H4K20 
[175–177]. Thus, SMYD5 may play a role in activating or 
repressing gene expression. Recently, Boehm et al. have 
identified a potential role for SMYD5 in HIV-1 latency. 
They found that SMYD5 knockdown in J-Lat 5A8, A2, 
and A72 cells prevented latency reversal. By contrast, 
overexpression of SMYD5 caused a significant increase 
in proviral gene expression regardless of Tat in HeLa-
luc cells. In agreement with this finding, stimulation by 
TNF-α resulted in increased recruitment of SMYD5 
to the 5’ LTR, but it was absent when cells were latent. 
Interestingly, SMYD5-deficient cells had decreased levels 
of H3K4me3 [178], suggesting that H3K4 may be a novel 

target for the enzyme’s activity. Additionally, SMYD5 
could also methylate Tat, as well as histones H1, H2B, H3, 
and H4 (Table 3) [178]. Future studies will be necessary 
to fully elucidate SMYD5’s substrate selection and activ-
ity, both in the context of normal cellular function and 
HIV-1 infection. The de-ubiquitinylating enzyme USP11 
was also found to be associated with SMYD5 regardless 
of Tat expression. While TNF-α stimulation increased 
the level of SMYD5 protein in the cell, knocking down 
USP11 caused a significant decrease, suggesting that 
USP11 may normally protect SMYD5 from ubiquitinyl-
ation and subsequent degradation [178].

Overall, these results indicate that SMYD5 methylates 
Tat to facilitate transactivation, and may also methyl-
ate multiple histones of the 5’ LTR nucleosomes to fur-
ther promote proviral gene expression. (Table 3). Further 
studies will be necessary to determine the details of this 
relationship, and may reveal unique therapeutic targets 
to prevent proviral reactivation.

Arginine methylation
Besides lysines, arginine residues on histone tails can 
also become methylated. There are at least nine enzymes 
that catalyze this reaction, known as protein arginine 
methyltransferases (PRMTs) (reviewed in [179]). The 
H3R17/36 methyltransferase Coactivator-associated 
Arginine Methyltransferase 1 (CARM1, also known as 
PRMT4 [180]) has been demonstrated to act as a co-acti-
vator of NF-κB-dependent genes [181]. In fact, CARM1 
associates with p300 and interacts directly with p65. In 
mammalian cells, however, the H4R3 methyltransferase 
PRMT1 is the predominant one [182, 183].

Indeed, upon stimulation with TNF-α, coupled with 
co-expression of PRMT1 and CARM1 or p65, HEK293T 
cells expressing an HIV-1-luciferase reporter had strong 
induction of transcription. However, constructs with 
mutant NF-κB binding sites failed to achieve this effect, 
indicating that PRMT1 may act as a co-activator of 
NF-κB-dependent gene expression in the context of 
HIV-1 infection. Similar results were seen in mouse 
embryo fibroblasts expressing the reporter construct. 
In further support of this, p65 and PRMT1 were com-
plexed in Jurkat T cells. Importantly, enzymatic mutants 
of PRMT1 or CARM1 were unable to achieve a synergis-
tic activating effect [182], indicating that their methyl-
transferase activity is critical to activating proviral gene 
expression (Table 3). Further studies in latently-infected 
cells will be necessary to fully elucidate PRMT1’s role in 
latency reversal.

More recently, CARM1’s transcriptional activation has 
been connected to its interactions with other histone 
modifications. Zhang et al. found that methylation of 
H3R26 was enhanced when H3K27 was also acetylated; 
however, H3R17me3 was unaltered. Mutating Lys-27 to 
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methionine, thus giving it a neutral charge, reproduced 
this effect, indicating that acetylation at H3K27 may act 
as a “priming event” to boost H3R26 methylation [184].

In the context of HIV-1, CARM1 overexpression 
reduced Tat’s ability to transactivate in TZM-bl cells. 
By contrast, CARM1 knockdown moderately increased 
proviral gene expression, and enzymatic mutants were 
unable to suppress transactivation [184], further sup-
porting the importance of CARM1’s methyltransferase 
activity in maintaining latency. Additionally, chemical 
inhibition of CARM1 induced proviral gene expression in 
both TZM-bl and resting primary T cells, and this effect 
was amplified when the latency reversal agents SAHA or 
JQ1 were added [184]. In contrast with previous findings, 
these results indicate that CARM1 also has the capac-
ity to repress proviral gene expression (Table 3). Further 
studies will be necessary to elucidate the role of arginine 
methylation in HIV-1 latency and reactivation, and may 
provide new therapeutic targets that synergize well with 
current strategies.

Other histone modifications
As we have illustrated in this section, histone acetylation 
and methylation are the most well-characterized modifi-
cations in HIV-1 latency and proviral reactivation to date 
(reviewed in [107]). To this end, modifications to his-
tones H3 and H4 are by far the best-studied. However, as 
we have noted previously, other histone PTMs and sub-
units are involved in regulating the expression of normal 
eukaryotic genes.

In a resting cell, histone H1 normally binds the histone 
core and its associated DNA to facilitate compaction and 
maintain patterns of chromatin during differentiation 
and development of the cell. Importantly, H1 becomes 
phosphorylated by CDK2 during the G1/S transition, 
which promotes dissociation of the nucleosome during 
replication fork progression [185]. O’Brien et al. found 
that H1 could also be phosphorylated by P-TEFb in a 
cell-free system. Indeed, immunoprecipitation of Cyclin 
T1, but not CDK2, also pulled down H1. Additionally, 
co-transfection with C22G Tat, which is unable to bind 
Cyclin T1, reduced the level of H1 phosphorylation in 
uninfected HeLa cells, while wild type Tat increased H1 
phosphoryation; likewise, HIV-1-infected H9 cells had 
much higher levels of H1 phosphorylation than con-
trols. Importantly, they also found that MAGI cells had 
decreased H1 binding at the LTR in the presence of wild 
type Tat, but not C22G Tat [186]. Taken together, these 
results indicate that Tat’s recruitment of P-TEFb to the 
5’ LTR facilitates phosphorylation of H1 and its dissocia-
tion from the promoter region, possibly nuc-1, thus pro-
moting HIV-1 gene expression. Additional studies will be 
necessary to characterize how phosphorylation of other 

histones, as well as other modifications of H1, affect the 
latency of the HIV-1 provirus.

Similar to acetylation, histone crotonylation is sug-
gested to increase gene transcription, and may even be 
more potent than acetylation in some cases [187, 188]. 
Crotonylation can be “written” by typical HATs like p300, 
but is less efficient than acetylation. Likewise, “erasers” of 
crotonylation include class I and III HDACs. The meta-
bolic enzyme Acyl-CoA Synthetase Short Chain Family 
Member 2 (ACSS2) could also be considered a “writer” 
of crotonylation, as it converts crotonate groups to croto-
nyl-CoA, which is used as a co-substrate for acetyltrans-
ferases (reviewed in [188]).

Jiang et al. have recently implicated this process in 
HIV-1 reactivation. Sodium crotonate (Na-Cro) induced 
both global and LTR-specific levels of H3K4cr, H3K4ac, 
and H3K18ac; by contrast, the repressive modifica-
tion H3K27me3 was decreased [189]. These modifica-
tions together suggest a relaxed chromatin state and 
derepressed proviral transcription. Indeed, exposure 
to Na-Cro induced virion production in both infected 
immortalized cell lines and primary cells from well-sup-
pressed participants, and induction of ACSS2 had simi-
lar levels of proviral reactivation as HDAC inhibition in 
J-Lat A1 cells. In agreement with this finding, inhibition 
of ACSS2 led to a substantial decrease in both proviral 
gene expression and crotonylation at the LTR. Likewise, 
Na-Cro exposure failed to achieve high levels of reactiva-
tion in ACSS2-deficient cells [189]; together, these results 
suggest the importance of crotonyl-CoA as a substrate in 
this process.

Notably, Jiang et al. also observed that the effects of 
crotonylation synergize with latency reversal agents. 
Treating J-Lat A1, U1, and participant cells with Na-
Cro prior to stimulation with the latency reversal agents 
ingenol-3-angelate, bryostatin-1, or SAHA led to a much 
higher degree of proviral reactivation than either treat-
ment alone. Interestingly, treating cells with SAHA before 
Na-Cro exposure failed to achieve this same level of 
synergy [189]. While this mechanism has not been fully 
elucidated, it may be that the cascade of transcriptional 
activation following HDAC inhibition simply outcom-
petes the machinery required to crotonylate the histone 
tails at the 5’ LTR.

Conclusion & summary
As we have described in this section, the 2D chromatin 
environment of the integrated provirus is regulated by a 
myriad of TFs, chromatin-modifying enzymes and their 
products, and additional nonenzymatic proteins that 
facilitate their interaction (summarized in Tables 1 to 3). 
Some promote the formation of heterochromatin and 
repress transcription from the 5’ LTR, which promotes 
latency (Fig. 4A). Others have the opposite function, and 
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reverse latency by promoting the formation of euchro-
matin (Fig. 4B).

Many of these factors appear to have redundant func-
tion, such as HDAC recruitment (Table  2). However, 
several of them are also known to associate with one 
another, including in the context of HIV-1. While many 
of these individual components or smaller complexes 
(such as the YY1/c-Myc/LBP-1 ternary complex [123]) 
have been identified and characterized, additional stud-
ies will be necessary to determine whether they act inde-
pendently or assemble into higher-order multifunctional 
structures.

Discussion & current gaps in knowledge
HIV-1 is a lentivirus that integrates into the host genome 
as a provirus. While many other viral infections are 
cleared by host immune mechanisms, HIV-1 establishes 
a latent, persistent reservoir within infected cells. This 
latent infection is characterized by low levels of gene 
expression and viral particle production, and is regulated 
in large part by epigenetic mechanisms that remodel the 
chromatin landscape of the integrated provirus (summa-
rized in Tables 1, 2 and 3).

To date, most of the focus on HIV-1 epigenetics and 
chromatin has been directed towards 2D factors. How-
ever, several gaps remain in our current understanding. 
First, it is not well known how the host cell type affects 
the 2D chromatin environment of the provirus. HIV-
1’s tropism includes CD4 + T cells, macrophages and 

Fig. 4  2D chromatin factors at the 5’ LTR promote or reverse latency. (A) During latency, the 5’ LTR exists within a repressive chromatin environment. 
HDAC1 activity maintains low levels of acetylation, while methyltransferases such as PRC2 and SMYD2 catalyze the addition of repressive methylation 
patterns. These enzymes are recruited by factors that bind to sites on the 5’ LTR, such as NF-κB p50 homodimers and BCL11B. Nuc-1 is also positioned 
over the TSS by the BRG1-BAF and FACT complexes. (B) When latency is reversed, new histone modification patterns and nucleosome positions emerge. 
Acetylation by p300 loosens DNA interactions with nucleosomes, while PBAF and BRM-BAF position nuc-1 slightly downstream to enable RNAPII binding 
and activity. Tat binding to the TAR RNA increases transcriptional processivity and promotes high levels of HIV-1 gene expression
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microglia; non-leukocytes such as astrocytes can also 
be infected in a CD4-independent manner [12–17, 32, 
190, 191]. It has also been found that HIV-1 DNA can 
persist in the hepatocytes of PWH who also have hepa-
titis B virus (HBV) [192]. The enzymes that catalyze 
nucleosome positioning and histone modifications are 
expressed differently between cell types and activation 
states, and this is further affected by individuals’ lifestyle 
choices and habits, such as ART adherence and substance 
use [33, 94, 110, 111, 139, 193, 194]. Likewise, results 
from brain tissue and other neuronal cells suggests that 
the 3D chromatin environment is cell type-specific [195–
197]. Additionally, while nuc-0 and nuc-1 are found con-
sistently across proviruses and cell types, several studies 
have provided evidence that other nucleosomes, such as 
nuc-2, may be present or absent depending on the indi-
vidual cell [78–80]. Taken together, these findings suggest 
that the 2D and 3D chromatin environments may vary 
between each provirus and cell type found in the HIV-1 
reservoir. However, this has not been characterized in 
full, as a majority of investigations into HIV-1 latency 
have been conducted in T cells.

Additionally, the processes of reverse transcription and 
integration are highly error-prone, leading to the devel-
opment of diverse viral quasispecies within and between 
PWH, even with ART adherence [198, 199]. These qua-
sispecies may contain large insertions and/or deletions 
(indels) in the genome that can render the provirus tran-
scriptionally defective or replication-incompetent. How-
ever, the extent to which these indels affect the 2D and/
or 3D chromatin environment of the provirus is currently 
unknown. Quasispecies may also have single-nucleotide 
mutations in transcription factor binding sites in the 5’ 
LTR that alter proviral gene expression and affect dis-
ease severity [73, 200, 201]. As we have reviewed in this 
work, critical TFs such as p65 and Sp1 are associated 
with enzymes that promote euchromatin formation 
(Tables 2 and 3). Additional studies will be necessary to 
elucidate how the 2D chromatin environment is affected 
in these mutant LTRs, and how this correlates with clini-
cal outcomes.

As ART is unable to clear the latent HIV-1 reservoir, 
much of the field has shifted focus to cure strategies that 
target and inactivate the latent provirus. In fact, two of 
these propose targeting proviral chromatin to repress or 
promote gene expression. “Block and Lock,” as the name 
suggests, purports to act as a functional cure for HIV-1 
by inducing a state of deep latency, rather than clear-
ing the proviral reservoir. This is accomplished through 
the use of latency promoting agents (LPAs), which often 
induce a repressive 2D chromatin environment at the 
integration site by promoting modifications such as 
H3K27me3, sequestering Tat and its cofactors, and other 
mechanisms (reviewed in [202]). “Shock and Kill,” by 

contrast, utilizes latency reversal agents (LRAs) to reacti-
vate the provirus and promote immune-mediated killing 
of infected cells. Current and historical LRAs are diverse 
in their mechanisms of action, but generally promote an 
accessible chromatin environment at the integration site 
to enable transcription factor binding and RNAPII activ-
ity (reviewed in [68, 203]).

To date, most of the studies investigating the efficacy 
of various small molecule LPAs or LRAs have focused 
primarily on the 2D chromatin environment of the inte-
grated provirus, especially histone modifications – for 
example, HDAC inhibitors and Protein Kinase C (PKC) 
agonists are major players in the Shock and Kill strategy 
(reviewed in [68]). While many of the current LPAs and 
LRAs have shown great promise in vitro and ex vivo, 
their efficacy in in vivo clinical trials has been limited 
(reviewed in [202, 203]. It has been shown that different 
CD4 + T cell-based models of HIV-1 latency are variable 
in their sensitivity to reactivation [204]. As we have out-
lined previously, however, CD4 + T cells do not undergo 
changes in global chromatin conformation upon provi-
ral reactivation [44, 67], whereas microglia do [58, 69]. 
Could the 3D chromatin environment be a gatekeeper for 
these chemicals and their effects? Depending on the inte-
gration site and cell type, the targets of LPAs/LRAs may 
be unable to effectively penetrate the intra- and inter-
chromosomal interactions to access the latent provirus. 
Current LPAs and LRAs may also not be potent enough 
to induce sufficient remodeling of 3D chromatin. Future 
studies should therefore also seek to understand how the 
2D chromatin environment of the provirus influences the 
3D, and vice versa.

Gene editing has also been proposed as a cure for 
HIV-1 infection. CCR5 is an attractive target for such a 
strategy, as individuals encoding a nonfunctional form of 
the receptor (CCR5∆32) are naturally resistant to HIV-1 
infection and disease progression as entry from R5-tropic 
strains is compromised [8, 9, 205, 206]. However, because 
the provirus integrates into the host genome, it too can 
be targeted by gene editing strategies.

The clustered regularly interspaced short palindromic 
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) 
system has recently been investigated as one such gene 
editing strategy to target the HIV-1 provirus. In this 
system, the Cas9 endonuclease and associated guide 
RNA (gRNA) are delivered to infected cells. The gRNA 
targets Cas9 to a site of interest, and recognition of the 
protospacer-adjacent motif (PAM) activates Cas9 to 
induce a double-stranded break in the DNA. The break 
is repaired by nonhomologous end-joining (NHEJ) in 
the absence of additional donor DNA. Because NHEJ is 
highly error-prone, this often leads to the production of 
indels; in the context of HIV-1, complete excision is also 
possible as each LTR could be targeted simultaneously 



Page 21 of 26Jones et al. Epigenetics & Chromatin            (2025) 18:9 

due to their identical sequences (reviewed in [206, 207]). 
Indeed, CRISPR/Cas9-based gene editing is highly effec-
tive at inactivating HIV-1 gene expression and preventing 
latency reversal in vitro, particularly when the LTR is tar-
geted [208–211]. gRNAs directed near the TAR sequence 
are predicted to be nearly 100% effective in silico [212], 
but their ability to inactivate HIV-1 in the latently-
infected J-Lat 10.6 system was more limited [208]. Impor-
tantly, the site targeted by these gRNAs is also occupied 
by nuc-1 [77–79, 84, 212], and nucleosomes and other 
host proteins are known to inhibit Cas9’s ability to cleave 
DNA [213–216]. While the effect of the 3D chroma-
tin environment on Cas9’s activity is currently not well 
understood, it is also possible that target sequences found 
in the B subcompartment are protected from cleavage in 
a similar way. This is especially important to consider, 
as HIV-1 is often found integrated into heterochromatic 
regions in PWH who adhere to ART long-term [62, 63]. 
To maximize efficacy, the CRISPR/Cas9 strategy should 
account not only for quasispecies diversity [207, 212, 
217], but also integration site and the epigenetic factors 
therein. This may involve utilizing other Cas proteins of 
different sizes and PAM requirements [218], multiplexed 
gRNAs (reviewed in [207]), and/or deliberate alteration 
to the chromatin environment of the provirus.

Indeed, as we have discussed here, LRAs are presently 
used to reactivate latent HIV-1 and trigger an immune 
response against infected cells. Many small molecules 
used as LRAs have direct effects on the chromatin envi-
ronment of the 5’ LTR, generally acting to increase acces-
sibility to the core promoter region and transcription 
start site (reviewed in [68]). However, computational 
analysis of data from GUIDE-seq, CIRCLE-seq, and 
RNA-seq experiments suggests that the amount of DNA 
accessibility required by Cas9 for its activity is less than 
what is required for transcriptional initiation and pro-
cessivity [213]. To this end, small molecules with mecha-
nisms of action associated with latency reversal, such as 
HDAC inhibition, have been demonstrated to improve 
Cas9’s ability to cleave target sequences by facilitating the 
formation of euchromatin [219–221]. Taken together, a 
strategy incorporating elements of both Shock and Kill 
and CRISPR/Cas9 gene editing emerges: one that uses 
LRAs to “tickle” proviral chromatin enough to increase 
accessibility at the 5’ LTR without full latency reversal, 
then the CRISPR/Cas9 system to “tweeze” key regions to 
inactivate HIV-1 gene expression and replication.

In conclusion, while HIV-1 remains a global health 
concern, advances in technology and analytical tools have 
led to a greater understanding of the molecular mecha-
nisms underlying latency and reactivation, to the point 
where these mechanisms may now serve as therapeu-
tic targets. However, several gaps remain in our current 
knowledge of HIV-1 chromatin dynamics, such as the 

influence of cell type, quasispecies, and integration site. 
By understanding how these factors affect the axis of pro-
viral latency and reactivation, the field can identify new 
and effective LPAs/LRAs, and investigate novel combina-
torial strategies to improve the current clinically-relevant 
agents.
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