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Abstract

Human Immunodeficiency virus (HIV) infection is regulated by a wide array of host

cell factors that combine to influence viral transcription and latency. To understand the
complex relationship between the host cell and HIV-1 latency, we performed a lentivi-
ral CRISPR screen that targeted a set of host cell genes whose expression or activity
correlates with HIV-1 expression. We further investigated one of the identified factors

- the transcription factor ETS1, and found that it is required for maintenance of HIV-1
latency in both latently infected cell lines and in a primary CD4 T cell latency model.
Interestingly, ETS1 played divergent roles in actively infected and latently infected CD4
T cells, with knockout of ETS1 leading to reduced HIV-1 expression in actively infected
cells, but increased HIV-1 expression in latently infected cells, indicating that ETS1 can
play both a positive and negative role in HIV-1 expression. CRISPR/Cas9 knockout of
ETS1 in CD4 T cells from ART-suppressed people with HIV-1 (PWH) confirmed that
ETS1 maintains transcriptional repression of the clinical HIV-1 reservoir. Transcrip-
tomic profiling of ETS1-depleted cells from PWH identified a set of host cell pathways
involved in viral transcription that are controlled by ETS1 in resting CD4 T cells. In
particular, we observed that ETS1 knockout increased expression of the long non-
coding RNA MALAT1 that has been previously identified as a positive regulator of HIV-1
expression. Furthermore, the impact of ETS1 depletion on HIV-1 expression in latently
infected cells was partially dependent on MALAT 1. Additionally, we demonstrate that
ETS1 knockout resulted in enhanced abundance of activating modifications (H3K9Ac,
H3K27Ac, H3K4me3) on histones located at the HIV-1 long terminal repeat (LTR), indi-
cating that ETS1 regulates the activity of chromatin-targeting complexes at the HIV-1
LTR. Overall, these data demonstrate that ETS1 is an important regulator of HIV-1
latency that impacts HIV-1 expression through repressing MALAT1 expression and by
regulating modification of proviral histones.
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Author summary

HIV-1 latency is a major obstacle for the eradication of HIV-1. However, the molecular
mechanisms that restrict proviral expression during therapy are not well understood.
Identification of host cell factors that silence HIV-1 would create opportunities for
targeting these factors to reverse latency and eliminate infected cells. Our study aimed to
explore mechanisms of latency in infected cells by employing a lentiviral CRISPR screen
and CRISPR/Cas9 knockout in primary CD4 T cells. These experiments revealed that
ETS1 is essential for maintaining HIV-1 latency in primary CD4 T cells and we further
confirmed ETS1’s role in maintaining HIV-1 latency through CRISPR/Cas9 knockout

in CD4 T cells from antiretroviral therapy (ART)-suppressed individuals with HIV-1.
Furthermore, ETSI depletion increased the abundance of activating histone modifica-
tions at the HIV-1 LTR promoter. Overall, our study demonstrates that ETS] is a critical
regulator of HIV-1 latency.

Introduction

Despite the development of successful antiretroviral therapy (ART) that can reduce circulating
human immunodeficiency virus (HIV-1) plasma viral loads to undetectable levels, the virus
rebounds rapidly from a highly stable latent proviral reservoir following ART interruption
[1]. Latently infected cells with HIV-1 are thus a major obstacle for the eradication of virus
from people with HIV-1 (PWH). Toward this goal, several different classes of latency revers-
ing agents (LRAs) have been developed and investigated for their ability to reactivate latently
infected cells and promote their killing by the immune system or by viral cytopathic effect
[2-4]. However, none of the current LRAs that have been tested in vivo have proven to be
effective in reducing the size of the HIV-1 reservoir. The reasons for this lack of an impact on
the clinical reservoir are unclear, but it is likely the result of the complex relationship between
the virus and the set of cellular transcription factors (TFs) that regulate HIV-1. Individual
LRAs that target single pathways are typically inefficient, reflecting the heterogeneous nature
of the reservoir, and suggesting that combinations of LRAs will likely be required to achieve
broad viral reactivation.

The HIV-1 long terminal repeat (LTR) contains DNA binding sites for several ubiquitously
expressed and regulated cellular TFs with activating or repressive functions [5]. In recent
years, transcriptional regulators (activators or repressors) have been identified which inter-
act directly or indirectly with the HIV-1 5’'LTR, and the combined activity of these factors
determines the fate of HIV-1 transcription and latency. Nevertheless, the regulation of the
viral promoter is still incompletely understood and additional regulatory factors likely exist.
Identification of these factors and the characterization of their roles in the maintenance of the
HIV-1 reservoir will likely lead to the development of new tools for clinical latency reversal.

We have recently used combined single cell multi-omic profiling of a primary CD4 T
cell model of HIV-1 latency to identify a set of host cell genes whose expression or activity
correlates with HIV-1 RNA levels [6]. Based on this observation we hypothesized that some of
these HIV-correlated factors could represent novel regulators of HIV-1 expression. Genome
editing platforms based on the clustered regularly interspaced palindromic repeat (CRISPR)/
CRISPR associated protein 9 (Cas9) system have been recognized as promising tools for prob-
ing interactions between the HIV-1 proviral genome and the host cell. Several studies using
CRISPR/Cas9 technology have previously identified cellular factors that can affect HIV-1
replication or latency [7-10]. In this study we have used a set of HIV-1 correlated genes to
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conduct a targeted CRISPR screen for novel latency regulating factors. Specifically, we have
carried out a lentiviral CRISPR-Cas9 pooled knockout screen in J-Lat 10.6 cells, a Jurkat cell-
based model of HIV-1 latency. This approach revealed several novel genes involved in latency,
including the transcriptional regulator, ETS1 (E26 transformation-specific-1). In further
validation experiments in primary CD4 T cells and in cells from people with HIV-1, we found
that ETSI has a complex role in establishing latency and reactivation, playing a positive role
in actively infected CD4 T cells, but a repressive role in latently infected CD4 T cells. Further-
more, we determined that ETS1 suppresses HIV-1 expression by inhibiting expression of the
long non-coding RNA MALAT]1 and by preventing the addition of transcription-enhancing
modifications to provirus-associated histones.

Results
Targeted CRISPR screen design

We have previously shown that HIV-1 expression in CD4 T cells is correlated with expres-
sion of a set of host cell genes [6]. We hypothesized that a subset of these genes could also

be important for controlling HIV-1 expression and latency. Thus, we sought to examine the
role of these HIV-correlated genes (S1 Table) using a previously established HIV-CRISPR
screening system [11-13]. A schematic description of the screening approach is shown in

Fig 1A. This screening approach uses pooled lentiviral sgRNAs against a set of target genes
in a Jurkat-derived cell line with latent proviruses that encodes the HIV-1 Gag protein (J-Lat
10.6 cells) [14,15]. A key aspect of the HIV-CRISPR screen is that the lentiviral guide RNAs
(gRNAs) contain an HIV-1 psi () packaging signal and are thus packaged in trans into viri-
ons in cells with reactivated HIV-1 gene expression. Thus, if a gene knockout affects viral gene
expression, this sgRNA will be either depleted or enriched in the supernatant of the J-Lat 10.6
cells. We first generated an sgRNA library targeting these 351 genes of interest, as well as a set
of positive and negative controls, hereafter referred to as the TxLatent library. The target set
for this screen was highly enriched for cellular transcriptional regulators. These guide RNAs
(8 per gene along with 150 non-targeting guides) were cloned into an HIV-CRISPR vector,
transfected as a pool into HEK293T cells to generate stocks of the HIV-CRISPR particles,
then used to transduce the J-Lat 10.6 cell line. After puromycin selection for transduction by
the HIV-CRISPR vector, these cells were stimulated in parallel with limiting concentrations
of four different latency reversing agents (LRAs) or with an equivalent volume of vehicle
(dimethyl sulfoxide, DMSO) to look for synergistic or dependent relationships between these
compounds and individual knockouts. The LRAs used were AZD5582 (non-canonical NF-xB
agonist), prostratin (protein kinase C agonist), vorinostat (histone deacetylase inhibitor) and
iBET151 (bromo-and extra-terminal domain inhibitor) [6]. After 24h of LRA stimulation, we
harvested genomic DNA and viral supernatants to assess how each gene knockout affected
viral production by next-generation sequencing. We also validated reactivation of J-Lat 10.6
cells upon LRA treatment by performing a reverse transcriptase (RT) assay on supernatant
from the library transduced cells (S1 Fig).

We assessed the degree that guides (aggregated by gene) are either enriched or depleted
relative to the non-targeting controls (NTCs) by determining the Model-based Analysis of
Genome-wide CRISPR-Cas9 Knockout (MAGeCK) scores for each gene [16], which takes
into account the degree of enrichment or depletion of all 8 guides in the RNA of the super-
natant versus the DNA in the cell [12] (Fig 2A-2E, and S2 Table). First, we examined the
depleted genes whose knockout prevented viral gene expression during latency reversal in
J-Lat 10.6 cells. Consistent with a previous targeted CRISPR screen using this system, CCNT1,
which encodes Cyclin T1, (Fig 2B-2E) was among the most depleted targets in J-Lat cells
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Fig 1. Schematic of targeted CRISPR screen for novel latency regulating factors. In this study we conduct a targeted CRISPR screen for novel latency regulating
factors. HIV-1 correlated factors were first identified using a prior dataset and a 351 target pooled gRNA library (TxLatent) was constructed using the HIV-CRISPR
vector that contains an HIV-1 RNA packaging signal. Screening was carried out in J-Lat 10.6, a Jurkat cell-based model of HIV-1 latency. gRNAs that reactivate or
inhibit HIV-1 expression are enriched or depleted in secreted virions found in the cellular supernatant respectively. Screening was also carried out in the presence or
absence of four different latency reversing agents (LRAs).

https://doi.org/10.1371/journal.ppat.1012467.9001

treated with an LRA [13], and CCNT1I knockout inhibited latency reversal under all condi-
tions tested. Similarly, IKBKB (the inhibitor of NF-«B Kinase) is a positive regulator of the
NF-«B signaling pathway and is also consistently depleted in each LRA treatment (Fig 2C-2E).
Curiously, guides targeting HDAC3 were also depleted in some conditions (AZD5582; Fig.
2B and vorinostat; Fig 2E), but not in others. Overall, these data confirm that the library and
screen design could reliably identify HIV-1 regulating factors in these cells.

We then focused on genes that were positively enriched in this screen (e.g. genes whose
knockout caused HIV-1 to be released from latency) since these could represent targets for
potential latency reversing agents in a “shock and kill” strategy. We observed a substantial
number of gene hits enriched in the DMSO (56 genes), AZD5582 (69 genes), iBET151 (28
genes), prostratin (55 genes), and vorinostat (48 genes) conditions. Among the most highly
enriched hits in cells treated with the DMSO control (Fig 2A), as well as with each LRA
treatment, were several negative regulators of the NF-«B signaling. Notably, the top enriched
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Fig 2. CRISPR Screen of TxLatent library. Latency HIV-CRISPR screen data is displayed for J-Lat 10.6 cells transduced with TxLatent library and sub-
sequently treated with DMSO (A), AZD5582 (10nM) (B), prostratin (75nM) (C), iBET151 (75nM) (D), or vorinostat (500nM) (E). Genes in the TxLatent
library are randomly displayed on the x-axis, in the same order across each treatment. The -Log(MAGeCK Score), a statistical pipeline that takes into account
the enrichment/depletion of all guides for a given gene as well as the variation between replicates [16] is plotted for the enriched genes and the Log(MAGeCK
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score) is plotted for depleted genes, and combined together to display on a single graph for each treatment. A list of “synthetic” NTCs (synNTCs) was created
by randomly grouping sets of 8 NTCs and used to generate a cutoff for gene hits that were enriched or depleted. SynNTCs are shown with white circles and
genes targeted by gRNAs in the TxLatent library are shown with gray circles. The red lines on each graph represent the two standard deviations of mean of the
synNTCs: DMSO, 1.52 and -1.91; AZD5582, 1.53 and -2.10; iBET151, 1.75 and -1.87; prostratin, 1.58 and -2.19; and vorinostat, 1.61 and -1.9.

https://doi.org/10.1371/journal.ppat.1012467.g002

gene for each treatment condition was TNFAIP3 (Fig 2A-2E). TNFAIP3 encodes the Tumor
Necrosis Alpha Induced Protein 3, also known as A20, and has been shown to be a key nega-
tive regulator of NF-kB signaling by several groups [17,18]. Moreover, NFKBIA and NFKBIB
(NF-xB inhibitors Alpha and Beta, respectively) targeting sgRNAs are consistently positively
enriched in secreted virions with each LRA treatment (Fig 2B-2E). These genes encode pro-
teins that negatively regulate NF-«B signaling by sequestering NF-«B in the cytoplasm [19].
Interestingly, a gene encoding a members of the cohesin complex (CTCF) was identified in
our analysis as playing a role in repression of HIV-1 (Fig 2, and S2 Table), consistent with our
previous observations [20]. CTCF plays a role in forming a complex that is responsible for
mediating long range DNA interactions [21,22], potentially suggesting a role for this complex
or three-dimensional chromatin structure in HIV-1 transcriptional regulation.

We also observed several novel hits, including the transcriptional regulator ETSI and the
cyclin-dependent kinase CDK6. CDK6 targeting gRNAs were also enriched in the supernatant
for prostratin, iBET151 and vorinostat treatments, indicating a role in HIV-1 expression (Fig
2C-2E). CDK6 has not previously been implicated as a latency regulating factor, though other
CDKs such as CDK9 and CDK?7 have well-described roles in the regulation of RNApol2 [23].
ETSI targeting gRNAs were enriched in DMSO exposed cells and for all LRA conditions indi-
cating a general role in repression of HIV-1. Curiously, previous work has identified ETS1 as a
potential regulator of HIV-1, but these reports suggested that ETS1 cooperates with NF-kB to
enhance transcriptional activity of HIV-1 enhancers at the LTR [24,25]. Nevertheless, in this
screen, we observed an apparent negative regulatory role for ETS1 in HIV-1 expression.

Primary CD4 T cell CRISPR validation for the role of novel factors in HIV-
1 latency

From the candidate HIV-repressing genes identified by the lentiviral CRISPR screen in the
JLat 10.6 cell line model, we selected 10 significantly enriched host cellular genes/transcrip-
tion factors, including AAVS1, CDK6, ETS1 FOXE3, SAMDI12, SMC3, TNFAIP3, ZIC5 and
ZNF740, for further validation in a primary CD4 T cell latency model (Fig 3A). In this model,
primary CD4 T cells from seronegative donors are activated via their TCR, then infected with
a GFP-expressing reporter strain of HIV-1 (HIV-GEP) [26,27] followed by enrichment of
infected cells at 3 days post infection. After infection, the cells were maintained in culture with
IL-2 for up to three weeks, during which time viral gene expression progressively declines as
the cells revert to a resting state, and a population of latently infected (GFP-) cells emerges
[20,27-30]. Three days post enrichment, cells were nucleofected with Cas9/sgRNA ribonucle-
oprotein (RNP) complexes designed against each target. RNPs with scrambled non-targeting
sgRNAs or Tat-targeting sgRNAs were nucleofected in parallel as negative and positive
controls respectively (Fig 3A). Viral gene expression was then measured by flow cytometry
for GFP at 2 weeks post nucleofection to determine the effect on HIV-1 latency (Fig 3B). As
expected, CRISPR targeting of Tat led to a potent reduction in viral expression. Interestingly,
viral expression was significantly elevated for cells in which ETS1 was targeted (p < 0.0001)
compared to NT control (Fig 3B and 3C). The efficiency of target knockout for most cellu-
lar targets was quantified using western blot analysis (Fig 3D). However, for three targets
(SAMD12, SMC3, and FOXE3) we were unable to confirm either expression or depletion of
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Fig 3. CRISPR validation of targets in HIV-1 infected primary CD4 T cells. (A) Schematic overview of experimental design for CRISPR-Cas9 targeting of host
genes in HIV-GFP infected primary CD4 T cells. Activated CD4 T cells were infected with HIV-GFP [26]. At 3 days post infection, infected (GFP+) cells were
enriched by magnetic sorting and cultured for 4 days before nucleofection of Cas9/gRNA complexes targeting AAVS1, SMC3, CDK6, ZIC5, FOXE3, SAMD12,
ZNF740, ETSI1, and TNFAIP3 or a non-targeting gRNA (NT). Pools of 3 different gRNAs were used for each target. HIV-GFP infected cells are denoted in green
color. Differential intensity of green color represents latent and active infection. (B) Relative level of HIV-1 expression measured as GFP using flow cytometry.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025

7128



PLOS PATHOGENS ETS1 as a regulator of HIV-1 latency

GFP expression was measured at two weeks post nucleofection. Data are displayed as GFP expression in fold change normalized to cells nucleofected with NT
gRNA. Each condition represents three biological replicates/donors (Yellow, Blue and Purple) and three technical replicates for each donor. (C) Dot plots repre-
senting viral GFP expression at two weeks post knockout. (D) Western blot of the host cellular factors targeting CDK6, ZIC5, ZNF740, ETS1, and TNFAIP3 or a
control non-targeting (NT) Cas9/gRNA nucleofected primary cells at one week post nucleofection (pKO). Statistical analysis was conducted for cumulative data.
Error bars represent standard deviations, and P values displayed were determined by two-way ANOVA Tukey’s multiple comparisons test. WT, wildtype; NT,
non-target; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR-associated protein 9.

https://doi.org/10.1371/journal.ppat.1012467.9003

the target. Nevertheless, these data indicate that, as the infected CD4 T cells return to a resting
state, ETSI plays an important role in establishing repression of latent HIV.

ETS1 promotes HIV-1 expression in actively infected cells and inhibits
HIV-1 expression in latently infected cells

ETS1 has previously been reported to positively regulate HIV-1 expression in complexes with
other cellular transcription factors, like NF-kB, NFAT, and USF-1 [25,31]. An ETS1 binding site
has been identified in the LTR distal region, and other ETS family members have also been shown
to bind the LTR [32]. To reconcile these previous observations with our finding that ETS1 partic-
ipates in repressing latent HIV-1, we examined the impact of ETS1 knockout at different time-
points post infection as well as in the presence of latency reversing agents (LRAs) (Fig 4). In our
latency model, T cells are first activated through TCR-mediated signaling, and slowly return to a
resting state over two weeks, during which time HIV-1 expression declines as the cells undergo
transcriptional and metabolic reprogramming [27-30]. RNPs with sgRNAs targeting ETS1, the
HIV-1 Tat transcriptional regulator or a non-targeting control were electroporated into recently
activated infected primary cells to examine the impact on HIV-1. Western blot analysis of nucleo-
fected cells confirmed nearly complete depletion of ETSI at 1- and 2-week post nucleofection (Fig
4A). Strikingly, when we examined an early timepoint (1wpi) post infection, we observed that
ETS1 depleted cells had reduced HIV-1 expression compared to non-targeting controls (Fig 4B
and 4C), while at later timepoints (2wpi) we observed an increase in HIV-1 expression for ETS1
depleted cells, relative to controls (Fig 4D and 4E), consistent with our previous observation (Fig
3B). Thus, ETS1 appears to play distinct roles at different times post T cell activation — a positive
role at earlier times while the cells are still in a recently activated state, but a repressive role at later
timepoints when the cells have returned to a resting state.

We also evaluated the role of ETS1 in latently infected primary CD4 T cells in response to
different LRAs that we used for the initial screen in J-Lat 10.6 cells. Specifically, we stimulated
the infected cells with a panel of LRAs with distinct mechanisms of action: vorinostat (HDACi),
prostratin (PKCa), iBET151 (BETi), and AZD5582 (non-canonical NF-«xB agonist) at 500nM
for 24h. At 1wpi this stimulation caused a significant increase in the percentage of GFP+ cells in
the cell population for vorinostat but caused only a small response to prostratin and no apparent
response to iBET151 or AZD5582. However, at two weeks post nucleofection, depletion of ETS1
caused augmented viral gene expression as expected in all drug conditions. At 2wpi, both ETS1
depleted cells and control cells also responded to vorinostat, prostratin, and to AZD5582 but not
iBET151. These data indicate that ETS1 is important cellular host factor for both expression of
HIV-1 in active cells and establishment of latent HIV-1 infection in resting cells, but that ETS1
depletion does not noticeably change the sensitivity of latent proviruses to benchmark LRAs.

ETS1 expression is broadly required for repression of HIV-1 in latently
infected cell lines and in latently infected primary CD4 T cells

To further examine the role of ETS1 as a repressor of HIV-1 expression in latently infected cells,
we next examined whether ETS1 is required for maintaining HIV-1 latency in three different cell
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Fig 4. ETS1 knockout in primary CD4 T cells reveals positive and negative roles in HIV-1 expression. Primary CD4 T cells were activated, infected
with HIV-GFP, enriched and nucleofected as in Fig 3. (A) Western blot of the ETS1-targeting or a control non-targeting (NT) Cas9/gRNA nucleofected
primary cells for beta actin and ETSI expression at one and two weeks post nucleofection (pKO). (B-E) Flow cytometry of infected cells without stim-
ulation or after 24 h of stimulation with one of four different LRAs (vorinostat, prostratin, iBET151, or AZD5582) at one (B) and two (D) week post
nucleofection. (C and E) Dot plots representing viral GFP expression at one and two weeks post knockout respectively. Data are represented as fold
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change in percent GFP expression, normalized to cells nucleofected with NT gRNA. Error bars represent standard deviation, and P values displayed
were determined by two-way ANOVA Tukey’s multiple comparisons test. Data shown are representative of two independent experiments with different
donors, with biological triplicates for each condition.

https://doi.org/10.1371/journal.ppat.1012467.9004

line models of latency. To achieve this, we performed CRISPR-mediated knockout of ETSI in
three different latently infected cell lines, J-Lat 10.6 cells [14,15], 2D10 cells [33], and Jurkat-N6
cells [34] with non-targeting or ETS1 targeting gRNAs. Both 2D10 cells and J-Lat 10.6 cells
contain a quiescent integrated HIV-1 provirus in which a viral gene has been replaced by coding
sequence for enhanced GFP (eGFP). Jurkat-N6 cells contain a full-length replication competent
provirus derived from the NL4-3 strain of HIV-1 in which the Nef gene has been replaced by cod-
ing sequence for the murine CD24 transmembrane protein. Cells harvested at 1 week post nucle-
ofection were quantified for ETS1 depletion and HIV-1 reactivation by western blot and flow
cytometry for GFP (for 2D10 cells and J-Lat 10.6 cells) or for murine CD24 (for Jurkat-N6 cells),
respectively. We observed efficient depletion of ETSI in cells electroporated with ETS1-targeting
guide RNAs for all cell lines (Fig 5A). As expected, we observed significant HIV-1 reactivation in
the ETS1 depleted latently infected cell lines, with elevated relative HIV-1 reactivation levels rang-
ing at 1.4, 3.8, and 1.8-fold change for J-Lat 10.6, 2D10, and Jurkat-N6 cells, respectively (Fig 5B)
compared to non-targeting (NT) guide RNAs with statistical significance (p = 0.0013, <0.0001,
and <0.0001, respectively; 2-way ANOVA Tukey’s multiple comparisons test). In addition, we
performed CRISPR-mediated knockout of ETSI in in vitro generated latently infected primary
CD4 T cells. Latently infected primary CD4 T cells were generated as described in the methods
section. We found that depletion of ETSI in latently infected primary CD4 T cells significantly (p
=0.0004) reactivates HIV-1 from latency (Right panel, Fig 5A and 5B). These findings confirm
that ETSI is required for the maintenance of latent HIV-1 infection in several cell line models of
HIV-1 latency and in latently infected primary CD4 T cells.

ETS1 is required for repression of latent HIV-1 in cells from ART-
suppressed people with HIV-1

Having found that ETS1 contributes to suppressing HIV-1 expression in different cell line mod-
els of HIV-1 latency, and in resting CD4 T cells that had been infected ex vivo, we next examined
whether ETS1 is required for maintaining HIV-1 latency in the clinical reservoir. To investigate
this, CD4 T cells were isolated from three ART-suppressed people with HIV-1 (PWH). Isolated
total CD4 T cells were rested for 24 h followed by nucleofection with non-targeting or ETS1
targeting gRNAs. A schematic of CRISPR/Cas9 based nucleofection in CD4 T cells from PWH
is depicted in Fig 6A. At 3 days post nucleofection, complete depletion of ETS1 was seen in cells
electroporated with ETS1-targeting guide RNAs by western blot (Fig 6B). To determine the
effect of ETS1 depletion on HIV-1 expression, we then carried out quantitative PCR for Gag
unspliced viral RNA for each sample. Notably, we observed significant upregulation of HIV-1
Gag mRNA expression within the ETS1 depleted cells for all three donors, with elevated expres-
sion levels ranging at 8.2, 2.3, and 2-fold change (Fig 6C) compared to non-targeting (NT) guide
RNAs with statistical significance (p < 0.0001, 0.0001, and 0.0015, respectively; 2-way ANOVA
Tukey’s multiple comparisons test). These findings further establish that ETS1 is required for the
maintenance of latency for the clinical HIV-1 reservoir.

Transcriptomic profiling of ETS1 depleted CD4 T cells identifies several
known and novel candidate regulators of HIV-1 gene expression

Although our data demonstrate that ETS1 can play a suppressive role in HIV-1 expression
and helps to maintain silencing of the HIV-1 reservoir, the mechanisms by which ETS1
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Fig 5. ETS1 knockout reactivates HIV-1 transcription in cell line models of HIV-1 latency and in latently infected primary CD4 T cells. CRISPR knockout
was carried out in three latently infected cell lines, J-Lat 10.6, 2D10, and Jurkat-N6 cells, and in latently infected CD4 T cells in vitro with non-targeting or ETS1
targeting gRNAs. Cells harvested at 1 week post nucleofection were quantified for ETS1 depletion and HIV-1 reactivation using western blot and flow cytometry,
respectively. (A) Depletion of ETSI in nucleofected J-Lat 10.6, 2D 10, Jurkat-N6 cells, and latently infected primary CD4 T cells was analyzed by western blot. (B)
Relative GFP expression in latency cell line models, and in latently infected CD4 T cells nucleofected with ETS1-targeting or NT control Cas9/gRNA complexes.
GFP expression was normalized to cells nucleofected with non-target gRNA and presented as fold change. Experiment was conducted with three biological repli-
cates for each condition. Error bars represent standard deviation, and P values displayed were determined by two-way ANOVA Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.ppat.1012467.9005

contributes to HIV-1 latency and reactivation in PWH are not characterized. To further
understand the role of ETSI in regulation of HIV-1 expression, we analyzed the transcriptome
of CD4 T cells from three virally suppressed PWH on ART with and without ex-vivo knockout
of ETS1. RNA from the ETSI targeting or non-targeting sgRNA nucleofected PWH donors
(Fig 6A) was analyzed by bulk RNA sequencing (RNAseq). Principal component analysis
(PCA) was used to determine the overall impact of ETS1 knockout on gene expression pat-
terns across the conditions. Importantly, the samples clustered by knockout condition, indi-
cating a consistent transcriptomic impact of ETS1 knockout across the donors (Fig 7A). We
identified several differentially expressed genes (DEGs) between the two conditions, 178 genes
total (p, g < 0.05), with 86 genes upregulated and 92 downregulated (Fig 7B, and S3 Table).

Interestingly ETS1 was not identified as a DEG by this analysis, despite being clearly
depleted by western blot, prompting us to examine ETS1 mapping reads in the dataset in
more detail. For ETS1 targeting, three ETS1-specific sgRNAs were used in combination
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Fig 6. ETS1 knockout reactivates HIV-1 transcription in CD4 T cells from people with HIV-1 (PWH) on antiretroviral therapy
(ART) ex vivo. (A) Schematic of ex vivo CRISPR nucleofection experiment in resting CD4 T cells isolated from PWH on ART.
CRISPR nucleofection of ETS1-targeting or non-targeting (NT) Cas9/gRNAs was performed after a 24 h culture of PWH CD4 T cells
followed by quantification of Gag RNA expression at 3 days post nucleofection by quantitative PCR. (B) Depletion of ETS1 in nucle-
ofected resting CD4 T cells was analyzed by western blot. (C) Relative abundance of Gag viral RNA expression in CD4 T cells nucle-
ofected with ETS1-targeting or NT control Cas9/gRNA complexes. Gag viral RNA expression was normalized to cells nucleofected
with non-targeting gRNA and presented as fold change. Experiment was conducted in three biological replicates/donors with three
technical replicates for each condition. Error bars represent standard deviation, and P values displayed were determined by two-way
ANOVA Tukey’s multiple comparisons test. Figure elements prepared using Biorender.

https://doi.org/10.1371/journal.ppat.1012467.9006

(sgRNAL, sgRNA2, and sgRNA3). When we examined read coverage between the recognition
sites for sgRNA1 and sgRNA2 we observed a clear drop in read coverage (S2A Fig), indicating
that the sgRNAs caused a disruption to the ETSI gene within this region, but likely do not
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Fig 7. Analysis of differential gene expression in CD4 T cells from PWH on ART after depletion of ETS1. CD4 T cells from three PWH on ART were nucleo-
fected with Cas9/gRNA complexes targeting ETS1 or non-targeting control (NT) as described in Fig 6, followed by bulk RNAseq. (A) Principal component analysis
(PCA) plot of samples based on gene expression data for each sample. ETS1-targeted samples shown by blue dots, non-targeting gRNA samples by red dots. Each data
point represents an individual sample. The y-axis and x-axis represent the first and second principal components, respectively. (B) Volcano plot of overall differ-
entially expressed genes (DEGs) between HIV-1 infected CD4 T cells nucleofected with ETS1 targeting sgRNA/Ca9 complexes vs non-targeting. (C) Database for
Annotation, Visualization and Integrated Discovery (DAVID) analysis of upregulated and downregulated genes of the RNA-sequencing analysis of ETS1 vs control
cells. The 10 most significant KEGG pathways are shown.

https://doi.org/10.1371/journal.ppat.1012467.9007

result in nonsense-mediated decay [35-37]. Thus, although the overall number of RNAseq
reads within ETS1 did not change with sgRNA targeting, the gene is clearly affected by the
sgRNAs, leading to reduced ETS1 protein expression.

To understand the overall impact of ETS1 knockout on CD4 T cells from PWH, we
next examined the pathways represented within the set of DEGs. Interestingly, some of
the top upregulated transcripts are involved in mitophagy, endocytosis, metabolic path-
ways, and ATP-dependent chromatin modeling (Fig 7C, Left panel). ATP-dependent
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chromatin-remodeling complexes play an important role in HIV-1 transcription as these
complexes are recruited by HIV-1 Tat to the long terminal repeat (LTR) to facilitate active
transcription [38]. Notably, ETS1 depletion also upregulated genes involved in the Wnt signal-
ing pathway, HIV-1 viral life cycle, and HIV-1 infection pathways (Fig 7C). Downregulated
pathways included ‘COVID-19;, ‘T cell receptor signaling pathway’, ‘metabolic pathway, and
‘HIF-1 signaling pathway’ (Fig 7C Right panel). HIF-1 signaling is involved in viral replica-
tion and inflammation through extracellular vesicles [39]. ETS1 depletion also downregulated
transcripts involved in MAPK signaling, TNF signaling, and Th17 cell differentiation that

are important in several cellular responses, including expression of several inflammatory
cytokines.

Expression of the ING1 (Inhibitor Of Growth Family Member 1) was upregulated in
response to ETS1 depletion. ING1 is a nuclear protein involved in Chromatin Regulation that
physically interacts with p53/TP53 in the negative regulatory pathway of cell growth by modu-
lating p53-dependent transcriptional activation. Transcriptional activators KLF7 and FOXH
were also upregulated in response to ETS1 depletion. Additionally, we observed upregulation
of the cytokine receptor IFNGR2 (Interferon Gamma Receptor 2) that is critical for innate and
adaptive immunity against viral, some bacterial and protozoan infections in response to ETS1
depletion. We also observed increased expression of the interferon-stimulated gene (ISG)
TRIMS, a cytoplasmic antiretroviral effector [40] involved in inflammation [41] and autoph-
agy [42]. By contrast, IL27RA, a critical gene for cell-mediated immunity, and TNFRSF25 - a
mediator of NF-kB activation and apoptosis, were downregulated.

We also aligned the RN Aseq dataset to the HXB2 reference HIV-1 genome to examine
the abundance of HIV-1 mapping reads. As expected, HIV-1 mapping reads were rare and
coverage across the HIV-1 genome was extremely sparse. For one donor, no HIV-1 reads were
observed, but HIV-1 RNA was detected for the other two donors. We observed 1 and 4 unique
HIV-1 reads for NT samples and 8 and 7 unique HIV-1 reads for ETS1 depleted cells respec-
tively for Donor 2 and 3 (S2B and S2C Fig), consistent with the hypothesis that ETS1 knock-
out reactivates HIV-1 expression.

We observed several known and novel candidate regulators of HIV-1 gene expression
in the RNAseq dataset. In particular, we observed that expression of the long non-coding
RNA MALATI (metastasis-associated lung adenocarcinoma transcript 1) was upregulated
in ETS1-depleted cells. MALATTI has been previously reported to promote HIV-1 transcrip-
tion and infection [43,44], and MALAT]1 influences gene expression by several mechanisms,
including regulating the recruitment of specific chromatin modifiers such as the Polycomb
Repressive Complex 2 (PRC2). Interestingly, one of the top upregulated transcripts in
ETS1-depleted cells was another long noncoding gene, AL158151.3, that has recently been
reported as being associated with HIV-1 control [45]. Overall, these data demonstrate that
ETS1 depletion influences several cellular genes, including some that could have a direct or
indirect impact on HIV-1 expression.

Reactivation of HIV-1 following ETS1 depletion is partially dependent on
MALAT1

Having observed a potential impact of ETS1 on MALAT1 expression in HIV-1 infected cells, we
next further investigated the impact of ETS1 on MALAT1 and HIV-1 expression. Using our pri-
mary CD4 T cell model of HIV-1 latency, we nucleofected cells from five independent donors (2
Males and 3 Females) with RNPs containing gRNAs targeting ETS1, MALAT1, or both ETS1 and
MALAT]I in combination. Two weeks post nucleofection of HIV-GFP infected CD4 T cells, the
protein level of ETS1 was quantified by immunoblotting (Fig 8A). Additionally, we measured the
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Fig 8. Reactivation of HIV-1 following ETS1 depletion is partially dependent on MALAT]1. In vitro generated primary latent CD4 T cells were nucleofected
with Cas9/gRNA ribonucleoprotein complexes targeting ETS1, MALAT], or a combination of ETS1 and MALAT1 as described in Fig 6, followed by immunoblot-
ting, flow cytometry and RT-PCR. (A) Depletion of ETSI in nucleofected CD4 T cells was analyzed by western blot. (B-D) Relative abundance of MALAT1 RNA
expression (B), and Gag RNA (C), and HIV-1 protein expression (D) in CD4 T cells nucleofected with Cas9/sgRNAs targeting ETS1, MALAT1, or a combination
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of ETS1 and MALAT1. MALAT1 and Gag viral RNA expression was normalized to cells nucleofected with NT control. Experiment was conducted in three bio-
logical replicates/donors with three technical replicates for each condition. Error bars represent standard deviations, and P values displayed were determined by
two-way ANOVA Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.ppat.1012467.9008

abundance of MALAT1 and HIV-1 Gag RNA in the cells by qRT-PCR (Fig 8B and 8C), and viral
protein expression by flow cytometry for eGFP (Fig 8D). As expected, ETS1 protein was strongly
depleted by ETS1 targeting gRNAs compared to control gRNAs (Fig 8A). MALAT1 expression
was also significantly depleted in all five donors for cells with gRNAs targeting MALAT1 (Fig
8B). Consistent with our RNAseq data, we observed that depletion of ETS1 increased MALAT1
RNA expression within latently infected cells (Fig 8B), although the magnitude of the change
was variable from donor to donor. ETS1 depletion also caused significant upregulation of HIV-1
RNA in four of the five donors, while a trend towards an increase was observed in the remaining
donor (Fig 8C). For HIV-1 protein expression, four of the five donors demonstrated a signif-
icant increase in GFP after depletion of ETS1, while one donor did not (Fig 8D). Depletion of
MALAT1 alone did not have a significant effect on HIV-1 expression at the viral RNA or protein
level, although viral RNA trended lower in some donors. In contrast, depletion of MALAT1 in
latently infected CD4+ T cells in combination with ETS1 knockout decreased HIV-1 reactivation,
as determined by quantification of cell associated Gag and eGFP expression (Fig 8C and 8D)
although this effect was more pronounced for some donors than others. One donor (donor 2)
did not exhibit any reactivation of HIV-1 with ETS1 depletion at the protein (eGFP) level (Fig
8D), but exhibited an impact on HIV-1 RNA levels (Fig 8C), suggesting that for some donors,
additional posttranscriptional blocks continue to inhibit HIV-1 protein expression, even in the
presence of ETS1 knockout. These results indicate that ETS1 represses HIV-1 expression at the
transcriptional level in latently infected CD4 T cells, and that this effect is partly dependent on
ETS1-mediated repression of MALAT1 expression, although donor-to-donor variation exists for
this interaction.

ETS1 depletion enhances transcription-promoting histone modifications at
the HIV-1 LTR

We next sought to further investigate the mechanism by which ETS1 represses expression of the
HIV-1 promoter. To examine this, we carried out a Cleavage Under Targets and Release using
Nuclease (CUT&RUN) assay [46]. This assay was performed with antibodies against histone
marks associated with transcriptionally active promoters, H3K9ac, H3K27ac and H3K4me3,

at 1 week post nucleofection of J-Lat 10.6 cells with ETS1-targetting or control non-targeting
gRNA/Cas9 complexes (Fig 9A). As expected, ETS1 expression was potently depleted from

cells that received ETS-1 targeting gRNAs (Fig 9B), and HIV-1 expression was reactivated in
these cells (Fig 9C). A parallel analysis of viral RNA also showed that ETS1 knockout caused
significant upregulation of HIV-1 Gag RNA expression within the ETS1 depleted cells (Fig 9D)
compared to non-targeting (NT) guide RNAs (p = 0.0001; 2-way ANOVA Tukey’s multiple
comparisons test). When we aligned the CUT&RUN data to a reference HIV-1 genome, we
observed low to moderate abundance of H3K9Ac, H3K27Ac and H3K4me3 at the 5 LTR in
cells nuceleofected with NT gRNAs, reflecting the quiescent nature of the provirus in the latently
infected cells. However, in cells depleted with ETS1 H3K9ac, H3K27Ac and H3K4me3 were

all more abundantly present across the HIV-1 LTR (Fig 9E, Left panel) compared to cells that
received non-targeting gRNAs. We also examined the abundance of histone modifications at the
MALAT]I promoter (Fig 9E, Right panel) after the depletion of ETSI in latently infected cells.
Notably, we found increased abundance of H3K9Ac, H3K27Ac and H3K4me3 marks in the
upstream regions of MALAT1 after ETS1 depletion, consistent with the hypothesis that ETS1
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Fig 9. ETSI1 depletion increases the abundance of transcription activating histone marks at the HIV-1 LTR. J-Lat 10.6 cells were nucleofected with ETSI targeting
or control non-targeting gRNAs. At 1 week post nucleofection, nucleofected cells were analyzed by Cleavage Under Targets & Release Using Nuclease (CUT&RUN)
using antibodies against H3K9ac, H3K27ac and controls H3K4Me3 and IgG. (A) Experimental overview. (B) Western blot of the ETS1-targeting or control non-
targeting (NT) gRNA nucleofected J-Lat10.6 cells for beta actin and ETS1 expression at one- week post nucleofection. (C) %GFP+ cells by flow cytometry 1 week post
nucleofection with ETS1 and NT gRNA/Cas9 RNPs. (D) Abundance of Gag unspliced viral RNA expression in J-Lat 10.6 cells nucleofected with ETS1-targeting or
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NT control gRNA/Cas9 RNPs. Error bars represent standard deviation, and P values displayed were determined by two-way ANOVA Tukey’s multiple comparisons
test. (E) Normalized coverage of sequencing reads (aggregated from 3 CUT&RUN technical replicates for each condition) across the HIV-1 reference genome and
MALATT1 (chr11:65,498,907-65,506,539) is displayed using Integrative Genomics Viewer version 2.17. The HIV-1 LTR promoter region is denoted in a box. Figure
elements prepared using Biorender.

https://doi.org/10.1371/journal.ppat.1012467.9009

represses MALAT1 expression in latently infected cells. Overall, these data suggest that ETS1
represses the addition of transcription activating histone marks at the HIV-1 LTR promoter,
thereby likely inhibiting HIV-1 expression.

Discussion

Complex interplay between numerous viral and cellular transcription factors determines

the molecular regulation of HIV-1 transcription, and the HIV-1 promoter contains binding
sites for several cellular TFs with either activating and repressive functions [5]. For example,
transcription activators that bind to the HIV-1 5" LTR include Sp1, NF-«B, the AP-1 complex
family, NFAT, and the long non-coding RNA MALAT1 [43,47-50]. Transcriptional repres-
sors also bind the HIV-1 5'LTR, including NELE YY1, ZNF304, and AP4 [51-54]. However,
the overall nature of how these factors interact to determine HIV-1 expression is still not
well understood and it is likely that additional host factors that regulate HIV-1 exist. Thus, a
deeper understanding of the host cell activators and repressors that HIV-1 relies on for both
latency or viral gene expression will be required for the effective development and implemen-
tation of curative approaches that target HIV-1 expression.

To address this gap, we have employed single-cell technologies (integrated single cell RNA
and ATAC sequencing) [6] together with CRISPR-Cas9 lentiviral genomic screening [11]
in J-Lat 10.6 to identify a set of novel regulators of HIV-1 expression. In this present study,
hundreds of cellular transcripts that were correlated with HIV-1 transcription identified in
our previous study [6] were tested for a role in HIV-1 latency by a CRISPR screening strategy.
This approach revealed several novel genes involved in latency, including ETS1, TNFAIP3,
ZNF740, SAMD12, FOXE3, ZIC5, SMC3 and CDKG6. After carrying out further validation in
primary CD4 T cells in vitro with a small number of selected targets, we confirmed that ETS1
represses HIV-1 expression and maintains latency in primary CD4 T cells.

ETS1 is the prototype of the ETS family of transcription activators and plays an import-
ant role in host transcriptional response and in regulation of immune cell function [24], T
cell activation and cytokine expression [55], and viral infection [56]. ETS1 has been shown
to function either as a transcriptional activator or repressor of numerous genes [57], and is
involved in stem cell development, cell senescence and death, and tumorigenesis [58]. Previ-
ous work using overexpression to examine the impact of ETS1 on HIV-1 promoter activity in
transformed cell lines demonstrated that ETS1 can promote HIV-1 expression, and that an
ETS1 binding site exists in the HIV-1 LTR. The divergent behavior of ETS1 with respect to
HIV-1 expression at different times post infection could result from different complexes or
binding partners of ETS1. Curiously, it has been previously shown that the ETS1 binding site
in HIV-1 is not required for activation of the LTR by a truncated version of ETS1, suggesting
a possible indirect effect of ETS1 on HIV-1 [31]. In addition to validation studies in an in vitro
latency model, we also performed ETS1 depletion ex vivo in resting CD4 cells isolated from
ART-suppressed person with HIV-1 and observed viral reactivation. This discovery clearly
demonstrates that ETS1 can play a repressive function in the host cells of the HIV-1 reservoir.

We hypothesize that the depletion of ETS1 affects HIV-1 indirectly by controlling the expres-
sion of cellular genes that encode proteins or RNAs that bind to and activate the HIV-1 LTR.
Consistent with this hypothesis, RN Aseq profiling of ETS1 depleted CD4 T cells identified HIV-1
regulating genes as being significantly enriched within the set of differentially expressed genes.
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Previous studies have also indicated diverse functions for ETS1 in T cells. ETS1 is essential for
the activation of T cells and the production of IFN-y [59,60]. In a recent study of Helicobacter
pylori-associated gastritis, ETS1 expression was shown to be induced by infection and to activate
proinflammatory gene expression [61]. ETS1 has also been reported to regulate malignant tumor
cell invasion [62] and restrict poxvirus infection [56]. It should be noted that inhibitors for ETS1
are not yet available, commercially or clinically. However, recent studies described novel ETS1
inhibitors and their role in antitumor activity against hepatitis B/C virus (HBV/HCV) induced
hepatocellular carcinoma [62], lymphoma [63] and vessel regression [64].

Interestingly, in our RNA-Seq data, we observed that ETS1 depletion in resting CD4 T cells
upregulates MALAT1, a known positive regulator of HIV-1 expression. This observation sug-
gests a potential regulatory relationship between ETS1 and MALAT1 in the context of HIV-1
infection. The association of MALAT1 expression with HIV-1 transcription has been reported
in several studies [43,65,66]. Notably, MALAT1 interacts with the PRC2 complex and may pro-
tect the HIV-1 LTR from PRC2-mediated epigenetic silencing [65,67]. Additionally, depletion of
ETSI caused the upregulation of cellular genes that are involved in ATP-dependent chromatin
remodeling. Chromatin remodelers play a critical role in regulating multiple cellular processes,
such as DNA repair and gene expression, creating nucleosome-depleted regions by promot-
ing the exchange of histones [68]. Such chromatin remodeling complexes are also involved in
regulating the chromatin architecture at the HIV-1 LTR thereby regulating LTR transcription
[69]. Alterations to chromatin remodeling may thus contribute to the latency regulating activity
of ETS1. Combined depletion of MALAT1 with ETSI indicated that this attenuated the upreg-
ulation of viral gene expression induced by ETS1 knockout, suggesting that the impact of ETS1
knockout on HIV-1 is partly dependent on MALAT1 upregulation, although the magnitude
of this effect was variable. Indeed, the binding of MALAT1 and ETS1 was reported in a recent
tumor study [70]. The interplay between MALAT1 and ETS1 has not been previously reported
for HIV-1 infection, and we propose that this represents a novel indirect mechanism of HIV-1
regulation by ETSI. Notably, ETS1 is polymorphic in humans with several different alleles being
present at high frequency [71]. These genetic difference may contribute to the variable impact of
ETS1 on HIV-1 and MALAT1 in primary CD4 T cells.

We observed that depletion of ETSI in latently infected cells led to increased H3K9ac,
H3K27ac and H3K4me3 at the viral LTR. H3K9ac, H3K27ac and H3K4me3 are all histone
modifications that mark regions of active gene transcription. In particular, the presence of
acetylation marks on chromatin is typically associated with open, accessible regions that
promote gene expression [27,29,72], and when these modifications are absent or reduced, the
HIV-1 provirus is typically silenced and considered latent [73]. Thus, the increase in acetyl-
ation at the LTR in latently infected cells depleted with ETS1 suggests that ETS1 inhibits the
activity of histone acetyltransferases at HIV-1 LTR promoter, thereby blocking the addition
of these acetylation marks and limiting expression of the HIV-1 latent reservoir.

Overall, these data indicate that ETS1 is an important regulator of HIV-1 latency and could
represent a useful target for latency reversing strategies. Additional work to further reveal the
precise mechanisms by which ETS1 mediates positive and negative regulation of HIV-1 will
also help to direct the development of novel LRAs that target ETS1.

Methods
Ethics statement

Cells from people living with HIV-1 were derived from the UNC clinical cohort and partici-
pants provided written consent for analyses of their HIV-1 reservoir (Study #: 08-1575). The
study was reviewed and approved by the UNC Chapel Hill Institutional Review Board.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 19/28




PLOS PATHOGENS

ETS1 as a regulator of HIV-1 latency

Cell lines

The latently infected Jurkat T-lymphocyte cell lines J-Lat 10.6 [14,15], 2D10, and Jurkat-N6
were maintained in Gibco RMPI medium (Thermo Fisher Scientific), supplemented with
10% fetal bovine serum, 2 mg/mL L-glutamine, sodium pyruvate, penicillin-streptomycin
and 10mM HEPES. Cells were cultured at 37 °C with 5% CO,. The J-Lat 10.6 [14,15] cells are
a derivative of Jurkat cells that was infected with a pseudotyped HIV-1 strain, HIV/R7/E—/
GFP. The human embryonic kidney HEK293T (ATCC; CRL11268) cell line that was used for
transfection was maintained in DMEM complete medium (Gibco), supplemented with 10%
fetal bovine serum, and penicillin-streptomycin.

Clinical samples and primary CD4 T cell model of HIV-1 latency

Ficoll-Paque (Thermo Fisher Scientific) was used to purify peripheral blood mononuclear
cells (PBMCs) from leukapheresis donations obtained from durably ART-suppressed people
with HIV-1 (PWH). Total CD4 T cells were isolated from PBMCs using an EasySep Human
CD4+ T Cell Isolation Kit (#17952, StemCell Technologies) following the manufacturer’s pro-
tocol. CD4 T cells isolated from ART-suppressed people with PWH were cultured in RPMI
media supplemented with 10 units per mL of IL-2. To generate primary CD4 T cells that were
latently infected with HIV-1 ex vivo, we used a latency model that we have previously reported
[6,27,30]. Briefly, CD4 T cells from seronegative donors were activated with anti-CD3/CD28
beads (Life Technologies) at 1M cells per mL for 48h, then infected with a replication defective
HIV-1 reporter clone, NL4-3-26-drEGFP-IRES-Thy1.2 that had been pseudotyped with the
Vesicular Stomatitis Virus G protein (VSV-G) [6,26]. At 48h post infection, infected (GFP+)
cells were enriched by magnetic separation of Thyl.2+ cells, then cultured for up to two addi-
tional weeks in RPMI media (Thermo Fisher Scientific), supplemented with 10% fetal bovine
serum, 2mg/mL L-glutamine, sodium pyruvate, penicillin-streptomycin and 10mM HEPES.
Primary CD4+ T cells were additionally supplemented with 20U/mL IL-2 and 4ng/mL IL-7.
Cells were cultured at 37 °C with 5% CO.,.

gRNA library generation

Guide RNAs for the 354 HIV-1 correlated genes were generating using GUIDES [74], CHOP-
CHOP [75] and Synthego gRNA generation algorithms. For each gene, 8 individual gRNAs
were generated. The library was supplemented with 150 non-targeting controls (NTCs), to
make a total gene library size of 2946 guides (Twist Biosciences, San Francisco, CA). The

full list of genes and corresponding guides is available in S4 Table. DNA sequences corre-
sponding to gRNAs were cloned into the HIV-CRISPR vector as previously described [12].
Briefly, BsmBI overhangs were PCR amplified on the guide RNA library and cloned into a
BsmBI-digested (New England Biolabs, R0134S) HIV-CRISPR vector by Gibson Assembly
(New England Biolabs, E2611S). Representation of guide RNAs in HIV-CRISPR vector was
validated by next generation sequencing.

HIV-CRISPR library transduction and screen

The pool of HIV-CRISPR vectors containing the gRNA library was transfected into HEK293T
cells. Transfection was performed with the library containing HIV-CRISPR vector (667 ng)
along with psPax2 (Gagpol, Addgene, 12260, 500 ng) and MD2.G (VSVG, Addgene, 12259), in
serum-free DMEM and the TransIT-LT1 reagent (Mirus Bio, MIR2305). Virus was harvested
and J-Lat 10.6 cells were transduced with the TxLatent library at a multiplicity of infection

of 0.2. After 13 days of puromycin selection, cells were treated with DMSO (ThermoFisher
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Scientific, D139-1), vorinostat (500nM, SelleckChem, S1047), AZD5582 (10nM, MedChem-
Express, HY-12600), prostratin (75nM SigmaAldrich, P0077), or iBET151 (75nM, Selleck-
Chem, S2780).

CRISPR/Cas9-mediated knockout of host genes in primary CD4 T cells and
latently infected cell lines

Pre-designed CRISPR RNAs (crRNAs) against ETS1 (CAAGACGGAAAAAGTCGATC,
CAGAAACCCATGTTCGGGAC, and CGAGAAAGCAGTCTTTACCC), and other human
gene targets, CDK6, TNFAIP3, ZNF740, SAMDI12, FOXE3, ZIC5, SMC3 (S5 Table) and/or
HIV-1 Tat and scrambled guides (non-target control, NT) were purchased from Integrated
DNA Technologies (IDT). Custom crRNAs for MALAT1 (ACTTCTCAACCGTCCCT

GCA, CTGGTTCTAACCGGCTCTAG, and CCTGACGCAGCCCCACCGGTT), reported
previously [76,43], were purchased from IDT. crRNAs with superior off-target scores were
selected and used for the experiment. Targeting sequences of crRNAs are provided in S5 Table.
Annealing of crRNA/tracrRNA, and preparation of CRISPR/Cas9 ribonucleoprotein com-
plexes (RNPs), and electroporation was performed as described previously [6]. Briefly, two

or three crRNAs targeting different regions of the target were multiplexed for more efficient
target knockout. For each electroporation, 2-3x10° HIV-GEFP infected primary CD4 cells and
latently infected cell lines (2D10, J-Lat 10.6, and Jurkat-N6 cells) were washed twice with
phosphate buffered saline (PBS) at a speed of 90 g for 10 min then resuspended in nucleo-
fection buffer P3 (Lonza). The resuspended cells were combined with crRNP complexes and
were immediately transferred into the cuvette of the P3 Primary Cell Nucleofector Kit (Lonza;
V4SP-3096) and electroporated using code CM-137 on the Lonza 4D-Nucleofector. P2 buffer
and program EH100 was used for latently infected primary CD4 cells, and for cells isolated
from PWH program. Electroporated cells were resuspended with 200uL of prewarmed
supplemented RPMI media with IL-2 (20U/mL) and IL-7 (4ng/mL) and expanded in a 37°C
incubator for subsequent experiments. The cells were maintained at ~1x10° cells/mL with
fresh media supplemented with IL-2 and IL-7 every 2-3 days.

Quantification of gene expression using quantitative-PCR

RT-qPCR for HIV-1 Gag RNA and MALAT1 RNA was performed as previously described [30].
Briefly, RNA was extracted from cells harvested at three days or two weeks post nucleofection
using the RNEasy plus kit (Qiagen) as per the manufacturer’ instructions and quantified by
nanodrop. 1pug of RNA for cells from PWH and 100ng of RNA from in vitro primary CD4 T cells
were reverse transcribed and amplified using Fastvirus (Thermo, Waltham, MA) and primer sets
for HIV-1 Gag RNA (GAG-F: ATCAAGCAGCCATGCAAATGTT, GAG-R: CTGAAGGG
TACTAGTAGTTCCTGCTATGTC, GAG Probe: FAM/ZEN-ACCATCAAT GAGGAAGCT
GCAGAATGGGA-IBFQ). A Gene expression assay primer/probe kit from Thermo-Fischer was
used for the quantification of MALAT1 (Hs00273907_s1, Thermo Fischer Scientific). Reactions
were performed in 96-well plates using the Quant Studio 3 Real-Time PCR system (Applied
Biosystems, Foster City, CA) real time thermocycler with a cycling parameters of 5min reverse
transcription step at 50°C, 95°C for 20 sec for Taq activation, followed by 40 cycles of 95°C (3 sec.),
and 60°C (30sec.). All qPCR reactions were performed in triplicate. Normalized relative expres-
sion levels were calculated using the Prism software version 10.1.1 (GraphPad).

RNAseq analysis

Total RNA was harvested from nucleofected CD4 cells from PWH using a RNEasy plus kit
(Qiagen). The quality of the RNA was assessed using an Agilent 2100 bioanalyzer with the
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RNA 6000 Pico Chip (Agilent Technologies, Amstelveen, The Netherlands). The quantity of
RNA was calculated using Qubit (Thermo Fisher) and the integrity of the RNA was assessed
as RNA integrity number (RIN) scores. RN Aseq libraries were prepared using the KAPA Total
RNA library prep kit, followed by 50 bp paired-end sequencing on a Nextseq2000 P2 flow cell.
70-90 million reads were obtained per sample. To analyze the data, the raw reads were first
filtered by FastQC and CutAdapt to remove low quality reads. STAR version 2.7.1a was then
used to align the trimmed reads to integrated human genome (GRCh38) and HIV-1 genome
(HXB2) followed by featurecounts to quantify transcripts [77]. Differentially expressed genes
were then identified by DESeq2 [78]. Database for Annotation Visualization and Integrated
Discovery (DAVID) was used for functional annotation bioinformatics microarray analysis to
determine the functional enrichment [79]. Bam files generated from RNASTAR were used as
input for integrative genome viewer (IGV) to visualize gene transcript abundance [80].

Immunoblotting

To extract cellular protein for western blotting, cells were lysed using RIPA buffer.

Lysates were resolved on a NovexTM WedgeWellTM 4-20% Tris-Glycine gel (Invitrogen;
XP04202BOX) and transferred to nitrocellulose membranes (Invitrogen; 1B23002). Block-
ing was performed for 1h at room temperature using 5% milk in Tris-buffered saline (TBS).
Immunoblotting was performed using the primary antibodies, ETS1 (Cell signaling Technol-
ogy; 14069), CDK6 (abcam; ab310613), ZIC5 (Sigma Aldrich; SAB2107906), SMC3 (abcam;
ab9263), ZNF740 (Thermo Fisher; 25411-1-AP), TNFAIP3 (abcam; ab92324), SAMD12
(abcam; ab121831), FOXE3 (Thermo Fisher; 55301-1-AP) at 1:1000 dilution, and Beta actin
(abcam; ab49900) at 1:10000 dilution. Membranes were washed with 0.1% TBS-tween (TBST)
3 times for 10 min each. The following secondary antibodies were used at 1:10000 dilution:
donkey anti-rabbit IgG-HRP (Novex; A16035), and donkey anti-mouse IgG-HRP (Novex;
A16011). Membranes were developed with ECL Prime Western Blotting detection reagents
(Cytiva; RPN2232) and visualized on a BioRad Chemidoc MP Imaging System.

CUT&RUN

One week post nucleofection of J-Lat 10.6 cells with ETS1 or NT control targeting CRISPR
RNPs, cells were harvested in triplicate and CUT&RUN was carried out following as previ-
ously described [27,29] using a commercially available kit (Epicypher; 14-1048). H3K9Ac
(CST; 9649S) and H3K27Ac (Epicypher; 13-0059) antibodies were used to map acetylated
chromatin, while H3K4Me3 and IgG antibodies, included in the Epicypher kit, served as con-
trols. An NEBNext ultra I DNA library prep kit (New England Biolabs; E7645) was then used
for the construction of Illumina sequencing libraries. Libraries were sequenced on the Illu-
mina NextSeq2000 P3, obtaining approximately 200 million paired-end reads (50 x 50 nucleo-
tides) on average. Adaptor trimmed paired-end FASTQ files were aligned to the combined
human (Hg38), E. coli (MG1655 reference genome) and J-Lat 10.6 HIV-1 reference genome
(GenBank: MN989412.1) using Bowtie2. BamCoverage was used to generate bigwig files from
E. coli spike-in DNA normalized bam files, followed by visualization using the Integrative
Genomics Viewer (IGV).

Data and statistical analysis

Flow cytometry data were analyzed using FlowJo version X10.0.7r2 (FlowJo LLC; Ashland,
OR, USA). Uninfected primary CD4 cells were used as a control for GFP gating for CRISPR
knockout experiments. GraphPad Prism v. 10.1.1 (GraphPad; San Diego, CA, USA) was
used for plotting the data. For J-Lat 10.6 cells, background GFP from unstimulated cells was
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subtracted from all samples prior to normalizing. All data are presented with error bars as
mean + standard deviations from at least 3 independent experiments. Statistically significant
differences in provirus expression were determined by two-way ANOVA Tukey’s multiple
comparisons test, with a p value <0.05 considered significant.

Supporting information

S1 Fig. Reverse transcriptase assay. Reverse transcriptase assay was carried on supernatant
out to detect release of HIV-1 particles from J-Lat 10.6 cells after stimulation with latency
reversing agents.

(TIFF)

S2 Fig. IGV display of ETS1 read disruption and HIV-1 reads in ETS1 nucleofected CD4 T
cells from PWH. (A) ETS1 mapping reads for each of the two conditions (ETS1 targeted and
NT control) are visualized using the Integrative Genomics Viewer (IGV). The change in read
depth between gRNA targeting sites is a characteristic of indels that cause larger disruption of
ETS]1 transcript due to CRISPR editing. The read disruption is present in all the three of the
ETS1 nucleofected cells, approximately half the reads and none of the reads in the NT control.
Position, strand and sequence of the gRNAs for the ETSI target is provided at the bottom.

(B) Visualization of HIV-1 mapping reads from bulk RNAseq data for ETS1-targeting and
NT control across the HIV-1 genome. HIV-1 reads were undetected in sample (Donor 1).

(C) Number of unique HIV-1 mapping reads identified in each sample after alignment to an
HIV-1 (HXB2 strain) reference genome.

(TIFF)

S1 Table. List of genes targeted by TxLatent gRNA library.
(XLSX)

S$2 Table. Enrichment scores for genes targeted by TxLatent in J-Lat 10.6 cells.
(XLSX)

S3 Table. Differentially expressed genes following ETS1 depletion in CD4 T cells from
three PWH on ART.
(XLS)

S$4 Table. List of genes and corresponding guides that comprise the TxLatent Library.
(DOCX)

S5 Table. List of gRNAs targeting different transcripts/transcription factors in primary
CD4 T cell latency model.
(DOCX)

Acknowledgements

We thank the UNC HIV cure center, UNC Center for AIDS Research, the UNC Flow Cytome-
try Core Facility, and the Fred Hutch Bioinformatics and Genomics Cores.

Author contributions

Conceptualization: Manickam Ashokkumar, Edward P Browne.

Data curation: Manickam Ashokkumar, Terry L Hafer, Edward P Browne.
Formal analysis: Manickam Ashokkumar, Terry L Hafer.

Funding acquisition: David M Margolis, Michael Emerman, Edward P Browne.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 23/28



http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012467.s007

PLOS PATHOGENS

ETS1 as a regulator of HIV-1 latency

Investigation: Terry L Hafer, Michael Emerman, Edward P Browne.
Methodology: Terry L Hafer, Abby Felton.

Project administration: David M Margolis, Michael Emerman, Edward P Browne.
Resources: Nancie M Archin, David M Margolis, Michael Emerman.

Supervision: Nancie M Archin, Michael Emerman, Edward P Browne.
Validation: Manickam Ashokkumar.

Visualization: Manickam Ashokkumar.

Writing - original draft: Manickam Ashokkumar, Terry L Hafer, Abby Felton, Nancie M
Archin, David M Margolis, Michael Emerman, Edward P Browne.

Writing - review & editing: Manickam Ashokkumar, Terry L Hafer, Abby Felton, Nancie M
Archin, David M Margolis, Michael Emerman, Edward P Browne.

References

1. Moso MA, Anderson JL, Adikari S, Gray LR, Khoury G, Chang JJ, et al. HIV latency can be estab-
lished in proliferating and nonproliferating resting CD4+ T cells in vitro: implications for latency rever-
sal. AIDS. 2019;33(2):199-209. https://doi.org/10.1097/QAD.0000000000002075 PMID: 30562171

2. Ait-Ammar A, Kula A, Darcis G, Verdikt R, De Wit S, Gautier V. Current status of latency reversing
agents facing the heterogeneity of HIV-1 cellular and tissue reservoirs. Frontiers in Microbiology.
2019;10:3060. https://doi.org/10.3389/fmicb.2019.03060

3. Lopes JR, Chiba DE, Dos Santos JL. HIV latency reversal agents: A potential path for functional
cure?. Eur J Med Chem. 2021;213:113213. https://doi.org/10.1016/j.ejmech.2021.113213 PMID:
33540228

4. Rodari A, Darcis G, Van Lint CM. The current status of latency reversing agents for HIV-1 remission.
Annu Rev Virol. 2021;8(1):491-514. https://doi.org/10.1146/annurev-virology-091919-103029 PMID:
34586875

5. Mori L, Valente ST. Key players in HIV-1 transcriptional regulation: targets for a functional cure.
Viruses. 2020;12(5):529. https://doi.org/10.3390/v12050529 PMID: 32403278

6. Ashokkumar M, Mei W, Peterson J, Harigaya Y, Murdoch D, Margolis D, et al. Integrated single-cell
multiomic analysis of HIV latency reversal reveals novel regulators of viral reactivation. Genomics,
Proteomics & Bioinformatics. 2024.

7. Dai W, Wu F, McMyn N, Song B, Walker-Sperling V, Varriale J. Genome-wide CRISPR screens
identify combinations of candidate latency reversing agents for targeting the latent HIV-1 reservoir.
Science Translational Medicine. 2022;14(667):eabh3351.

8. LiZ, Deeks SG, Ott M, Greene WC. Comprehensive synergy mapping links a BAF- and NSL-
containing “supercomplex” to the transcriptional silencing of HIV-1. Cell Rep. 2023;42(9):113055.
https://doi.org/10.1016/j.celrep.2023.113055 PMID: 37682714

9. Huang H, Kong W, Jean M, Fiches G, Zhou D, Hayashi T, et al. A CRISPR/Cas9 screen identifies the
histone demethylase MINA53 as a novel HIV-1 latency-promoting gene (LPG). Nucleic Acids Res.
2019;47(14):7333-47. hitps://doi.org/10.1093/nar/gkz493 PMID: 31165872

10. Li Z, Hajian C, Greene WC. Identification of unrecognized host factors promoting HIV-1 latency. PLoS
Pathog. 2020;16(12):e1009055. https://doi.org/10.1371/journal.ppat. 1009055 PMID: 33270809

11. Hsieh E, Janssens DH, Paddison PJ, Browne EP, Henikoff S, OhAinle M, et al. A modular CRISPR
screen identifies individual and combination pathways contributing to HIV-1 latency. PLoS Pathog.
2023;19(1):e1011101. hitps://doi.org/10.1371/journal.ppat.1011101 PMID: 36706161

12. OhAinle M, Helms L, Vermeire J, Roesch F, Humes D, Basom R, et al. A virus-packageable CRISPR
screen identifies host factors mediating interferon inhibition of HIV. Elife. 2018;7.

13. Hafer TL, Felton A, Delgado Y, Srinivasan H, Emerman M. A CRISPR screen of HIV dependency
factors reveals that CCNT1 is non-essential in T cells but required for HIV-1 reactivation from latency.
Viruses. 2023;15(9):1863. https://doi.org/10.3390/v15091863 PMID: 37766271

14. Jordan A, Bisgrove D, Verdin E. HIV reproducibly establishes a latent infection after acute infection of
T cells in vitro. EMBO J. 2003;22(8):1868-77. https://doi.org/10.1093/emboj/cdg188 PMID: 12682019

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 24/28



https://doi.org/10.1097/QAD.0000000000002075
http://www.ncbi.nlm.nih.gov/pubmed/30562171
https://doi.org/10.3389/fmicb.2019.03060
https://doi.org/10.1016/j.ejmech.2021.113213
http://www.ncbi.nlm.nih.gov/pubmed/33540228
https://doi.org/10.1146/annurev-virology-091919-103029
http://www.ncbi.nlm.nih.gov/pubmed/34586875
https://doi.org/10.3390/v12050529
http://www.ncbi.nlm.nih.gov/pubmed/32403278
https://doi.org/10.1016/j.celrep.2023.113055
http://www.ncbi.nlm.nih.gov/pubmed/37682714
https://doi.org/10.1093/nar/gkz493
http://www.ncbi.nlm.nih.gov/pubmed/31165872
https://doi.org/10.1371/journal.ppat.1009055
http://www.ncbi.nlm.nih.gov/pubmed/33270809
https://doi.org/10.1371/journal.ppat.1011101
http://www.ncbi.nlm.nih.gov/pubmed/36706161
https://doi.org/10.3390/v15091863
http://www.ncbi.nlm.nih.gov/pubmed/37766271
https://doi.org/10.1093/emboj/cdg188
http://www.ncbi.nlm.nih.gov/pubmed/12682019

PLOS PATHOGENS

ETS1 as a regulator of HIV-1 latency

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chung C, Mele A, Allen A, Costello R, Dampier W, Nonnemacher M, et al. Integrated human immuno-
deficiency virus type 1 sequence in J-Lat 10.6. Microbiology Resource Announcements. 2020;9(18).

Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, et al. MAGeCK enables robust identification of
essential genes from genome-scale CRISPR/Cas9 knockout screens. Genome Biol. 2014;15(12):554.
https://doi.org/10.1186/s13059-014-0554-4 PMID: 25476604

Shembade N, Ma A, Harhaj EW. Inhibition of NF-kappaB signaling by A20 through disruption of ubiqg-
uitin enzyme complexes. Science. 2010;327(5969):1135-9. hitps://doi.org/10.1126/science. 1182364
PMID: 20185725

Heyninck K, De Valck D, Vanden Berghe W, Van Criekinge W, Contreras R, Fiers W, et al. The zinc
finger protein A20 inhibits TNF-induced NF-kappaB-dependent gene expression by interfering with an
RIP- or TRAF2-mediated transactivation signal and directly binds to a novel NF-kappaB-inhibiting pro-
tein ABIN. J Cell Biol. 1999;145(7):1471-82. https://doi.org/10.1083/jcb.145.7.1471 PMID: 10385526

Schreiber J, Jenner RG, Murray HL, Gerber GK, Gifford DK, Young RA. Coordinated binding of NF-kB
family members in the response of human cells to lipopolysaccharide. Proc Natl Acad Sci U S A.
2006;103(15):5899-904. https://doi.org/10.1073/pnas.0510996103 PMID: 16595631

Jefferys SR, Burgos SD, Peterson JJ, Selitsky SR, Turner A-MW, James L1, et al. Epigenomic char-
acterization of latent HIV infection identifies latency regulating transcription factors. PLoS Pathog.
2021;17(2):e1009346. https://doi.org/10.1371/journal.ppat. 1009346 PMID: 33635929

LiuY, Dekker J. CTCF-CTCF loops and intra-TAD interactions show differential dependence on
cohesin ring integrity. Nat Cell Biol. 2022;24(10):1516—27. https://doi.org/10.1038/s41556-022-00992-y
PMID: 36202971

Zuin J, Dixon J, van der Reijden M, Ye Z, Kolovos P, Brouwer R, et al. Cohesin and CTCF differentially
affect chromatin architecture and gene expression in human cells. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2014;111(3):996—-1001.

Mediouni S, Lyu S, Schader SM, Valente ST. Forging a Functional Cure for HIV: Transcription Regula-
tors and Inhibitors. Viruses. 2022;14(9):1980. https://doi.org/10.3390/v14091980 PMID: 36146786

Garrett-Sinha LA. Review of Ets1 structure, function, and roles in immunity. Cell Mol Life Sci.
2013;70(18):3375-90. hitps://doi.org/10.1007/s00018-012-1243-7 PMID: 23288305

Sieweke MH, Tekotte H, Jarosch U, Graf T. Cooperative interaction of ets-1 with USF-1 required
for HIV-1 enhancer activity in T cells. EMBO J. 1998;17(6):1728-39. https://doi.org/10.1093/
emboj/17.6.1728 PMID: 9501094

Yang H-C, Xing S, Shan L, O’Connell K, Dinoso J, Shen A, et al. Small-molecule screening using a
human primary cell model of HIV latency identifies compounds that reverse latency without cellular
activation. J Clin Invest. 2009;119(11):3473-86. https://doi.org/10.1172/JCI39199 PMID: 19805909

Peterson JJ, Lewis CA, Burgos SD, Manickam A, Xu Y, Rowley AA, et al. A histone deacetylase
network regulates epigenetic reprogramming and viral silencing in HIV-infected cells. Cell Chem Biol.
2023;30(12):1617-1633.€9. https://doi.org/10.1016/j.chembiol.2023.11.009 PMID: 38134881

Shan L, Deng K, Gao H, Xing S, Capoferri AA, Durand CM, et al. Transcriptional Reprogramming
during Effector-to-Memory Transition Renders CD4+ T Cells Permissive for Latent HIV-1 Infection.
Immunity. 2017;47(4):766-775.€3. https://doi.org/10.1016/j.immuni.2017.09.014 PMID: 29045905

Bussey-Sutton CR, Ward A, Fox JA, Turner A-MW, Peterson JJ, Emery A, et al. The histone methyl-
transferase SETD2 regulates HIV expression and latency. PLoS Pathog. 2024;20(6):e1012281. https://
doi.org/10.1371/journal.ppat. 1012281 PMID: 38848441

Bradley T, Ferrari G, Haynes BF, Margolis DM, Browne EP. Single-cell analysis of quiescent HIV Infec-
tion reveals host transcriptional profiles that regulate proviral latency. Cell Rep. 2018;25(1):107-117.e3.
https://doi.org/10.1016/j.celrep.2018.09.020 PMID: 30282021

Yang HC, Shen L, Siliciano RF, Pomerantz JL. Isolation of a cellular factor that can reactivate latent
HIV-1 without T cell activation. Proc Natl Acad Sci U S A. 2009;106(15):6321-6.

Barboric M, Fujinaga K. The two sides of Tat. Elife. 2016;5:e12686. https://doi.org/10.7554/eLife. 12686
PMID: 26783762

Pearson R, Kim YK, Hokello J, Lassen K, Friedman J, Tyagi M, et al. Epigenetic silencing of human
immunodeficiency virus (HIV) transcription by formation of restrictive chromatin structures at the viral
long terminal repeat drives the progressive entry of HIV into latency. J Virol. 2008;82(24):12291-303.
https://doi.org/10.1128/JVI1.01383-08 PMID: 18829756

Nixon CC, Mavigner M, Sampey GC, Brooks AD, Spagnuolo RA, Irlbeck DM, et al. Systemic HIV
and SIV latency reversal via non-canonical NF-kB signalling in vivo. Nature. 2020;578(7793):160-5.
https://doi.org/10.1038/s41586-020-1951-3 PMID: 31969707

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 25/28



https://doi.org/10.1186/s13059-014-0554-4
http://www.ncbi.nlm.nih.gov/pubmed/25476604
https://doi.org/10.1126/science.1182364
http://www.ncbi.nlm.nih.gov/pubmed/20185725
https://doi.org/10.1083/jcb.145.7.1471
http://www.ncbi.nlm.nih.gov/pubmed/10385526
https://doi.org/10.1073/pnas.0510996103
http://www.ncbi.nlm.nih.gov/pubmed/16595631
https://doi.org/10.1371/journal.ppat.1009346
http://www.ncbi.nlm.nih.gov/pubmed/33635929
https://doi.org/10.1038/s41556-022-00992-y
http://www.ncbi.nlm.nih.gov/pubmed/36202971
https://doi.org/10.3390/v14091980
http://www.ncbi.nlm.nih.gov/pubmed/36146786
https://doi.org/10.1007/s00018-012-1243-7
http://www.ncbi.nlm.nih.gov/pubmed/23288305
https://doi.org/10.1093/emboj/17.6.1728
https://doi.org/10.1093/emboj/17.6.1728
http://www.ncbi.nlm.nih.gov/pubmed/9501094
https://doi.org/10.1172/JCI39199
http://www.ncbi.nlm.nih.gov/pubmed/19805909
https://doi.org/10.1016/j.chembiol.2023.11.009
http://www.ncbi.nlm.nih.gov/pubmed/38134881
https://doi.org/10.1016/j.immuni.2017.09.014
http://www.ncbi.nlm.nih.gov/pubmed/29045905
https://doi.org/10.1371/journal.ppat.1012281
https://doi.org/10.1371/journal.ppat.1012281
http://www.ncbi.nlm.nih.gov/pubmed/38848441
https://doi.org/10.1016/j.celrep.2018.09.020
http://www.ncbi.nlm.nih.gov/pubmed/30282021
https://doi.org/10.7554/eLife.12686
http://www.ncbi.nlm.nih.gov/pubmed/26783762
https://doi.org/10.1128/JVI.01383-08
http://www.ncbi.nlm.nih.gov/pubmed/18829756
https://doi.org/10.1038/s41586-020-1951-3
http://www.ncbi.nlm.nih.gov/pubmed/31969707

PLOS PATHOGENS

ETS1 as a regulator of HIV-1 latency

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hussein M, Molina MA, Berkhout B, Herrera-Carrillo E. A CRISPR-Cas cure for HIV/AIDS. Interna-
tional Journal of Molecular Sciences. 2023;24(2).

Kurosaki T, Maquat LE. Nonsense-mediated mRNA decay in humans at a glance. J Cell Sci.
2016;129(3):461-7.

Nickless A, Bailis JM, You Z. Control of gene expression through the nonsense-mediated RNA decay
pathway. Cell Biosci. 2017;7:26. https://doi.org/10.1186/s13578-017-0153-7 PMID: 28533900

Mahmoudi T, Parra M, Vries RGJ, Kauder SE, Verrijzer CP, Ott M, et al. The SWI/SNF chromatin-
remodeling complex is a cofactor for Tat transactivation of the HIV promoter. J Biol Chem.
2006;281(29):19960-8. https://doi.org/10.1074/jbc.M603336200 PMID: 16687403

Duette G, Pereyra Gerber P, Rubione J, Perez P, Landay A, Crowe S, et al. Induction of HIF-1a
by HIV-1 Infection in CD4(+) T Cells Promotes Viral Replication and Drives Extracellular Vesicle-
Mediated Inflammation. mBio. 2018;9(5):e00912-18. hitps://doi.org/10.1128/mBi0.00912-18

Désaulniers K, Ortiz L, Dufour C, Claudel A, Plourde M, Merindol N, et al. Editing of the TRIM5 Gene
Decreases the Permissiveness of Human T Lymphocytic Cells to HIV-1. Viruses. 2020;13(1):Page
range needed. hitps://doi.org/DOIneeded

Merindol N, El-Far M, Sylla M, Masroori N, Dufour C, Li J-X, et al. HIV-1 capsids from B27/B57+ elite
controllers escape Mx2 but are targeted by TRIM5a, leading to the induction of an antiviral state.
PLoS Pathog. 2018;14(11):e1007398. https://doi.org/10.1371/journal.ppat.1007398 PMID: 30419009

Ribeiro CMS, Sarrami-Forooshani R, Setiawan LC, Zijlstra-Willems EM, van Hamme JL, Tigchelaar
W, et al. Receptor usage dictates HIV-1 restriction by human TRIM5a in dendritic cell subsets. Nature.
2016;540(7633):448-52. https://doi.org/10.1038/nature20567 PMID: 27919079

Qu D, Sun W-W, Li L, Ma L, Sun L, Jin X, et al. Long noncoding RNA MALAT1 releases epigenetic
silencing of HIV-1 replication by displacing the polycomb repressive complex 2 from binding to the
LTR promoter. Nucleic Acids Res. 2019;47(6):3013-27. https://doi.org/10.1093/nar/gkz117 PMID:
30788509

Jin C, Peng X, Xie T, Lu X, Liu F, Wu H, et al. Detection of the long noncoding RNAs nuclear-enriched
autosomal transcript 1 (NEAT1) and metastasis associated lung adenocarcinoma transcript 1 in

the peripheral blood of HIV-1-infected patients. HIV Med. 2016;17(1):68—72. https://doi.org/10.1111/
hiv.12276 PMID: 26139386

Vergara C, Tuff JF, International Collaboration for the Genomics of HIV (ICGH), Fellay J, Duggal P,
Scully EP, et al. Multiancestry sex-stratified genomic associations with HIV viral load and controller
status from the ICGH. JCI Insight. 2023;8(11):e170068. https://doi.org/10.1172/jci.insight.170068
PMID: 37097752

Skene PJ, Henikoff S. An efficient targeted nuclease strategy for high-resolution mapping of DNA
binding sites. Elife. 2017;6:€21856. https://doi.org/10.7554/eLife.21856 PMID: 28079019

Hokello J, Lakhikumar Sharma A, Tyagi M. AP-1 and NF-kB synergize to transcriptionally acti-
vate latent HIV upon T-cell receptor activation. FEBS Lett. 2021;595(5):577-94. https://doi.
0rg/10.1002/1873-3468.14033 PMID: 33421101

Duggan NN, Dragic T, Chanda SK, Pache L. Breaking the silence: regulation of HIV transcription and
latency on the road to a cure. Viruses. 2023;15(12):2435. https://doi.org/10.3390/v15122435 PMID:
38140676

Qu D, Li C, Sang F, Li Q, Jiang Z-Q, Xu L-R, et al. The variances of Sp1 and NF-kB elements
correlate with the greater capacity of Chinese HIV-1 B’-LTR for driving gene expression. Sci Rep.
2016;6:34532. https://doi.org/10.1038/srep34532 PMID: 27698388

Cobos Jiménez V, Geretz A, Tokarev A, Ehrenberg PK, Deletsu S, Machmach K, et al. AP-1/c-Fos
supports SIV and HIV-1 latency in CD4 T cells infected in vivo. iScience. 2023;26(10):108015.

Natarajan M, Schiralli Lester GM, Lee C, Missra A, Wasserman GA, Steffen M, et al. Negative
elongation factor (NELF) coordinates RNA polymerase |l pausing, premature termination, and chro-
matin remodeling to regulate HIV transcription. J Biol Chem. 2013;288(36):25995-6003. https://doi.
0rg/10.1074/jbc.M113.496489 PMID: 23884411

Pedro KD, Agosto LM, Sewell JA, Eberenz KA, He X, Fuxman Bass JI, et al. A functional screen
identifies transcriptional networks that regulate HIV-1 and HIV-2. Proc Natl Acad Sci U S A.
2021;118(11):e2012835118. https://doi.org/10.1073/pnas.2012835118 PMID: 33836568

Bernhard W, Barreto K, Raithatha S, Sadowski I. An upstream YY1 binding site on the HIV-1 LTR
contributes to latent infection. PLoS One. 2013;8(10):e77052. https://doi.org/10.1371/journal.
pone.0077052 PMID: 24116200

Imai K, Okamoto T. Transcriptional repression of human immunodeficiency virus type 1 by AP-4. J Biol
Chem. 2006;281(18):12495-505. https://doi.org/10.1074/jbc.M511773200 PMID: 16540471

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 26/28



https://doi.org/10.1186/s13578-017-0153-7
http://www.ncbi.nlm.nih.gov/pubmed/28533900
https://doi.org/10.1074/jbc.M603336200
http://www.ncbi.nlm.nih.gov/pubmed/16687403
https://doi.org/10.1128/mBio.00912-18
https://doi.org/DOIneeded
https://doi.org/10.1371/journal.ppat.1007398
http://www.ncbi.nlm.nih.gov/pubmed/30419009
https://doi.org/10.1038/nature20567
http://www.ncbi.nlm.nih.gov/pubmed/27919079
https://doi.org/10.1093/nar/gkz117
http://www.ncbi.nlm.nih.gov/pubmed/30788509
https://doi.org/10.1111/hiv.12276
https://doi.org/10.1111/hiv.12276
http://www.ncbi.nlm.nih.gov/pubmed/26139386
https://doi.org/10.1172/jci.insight.170068
http://www.ncbi.nlm.nih.gov/pubmed/37097752
https://doi.org/10.7554/eLife.21856
http://www.ncbi.nlm.nih.gov/pubmed/28079019
https://doi.org/10.1002/1873-3468.14033
https://doi.org/10.1002/1873-3468.14033
http://www.ncbi.nlm.nih.gov/pubmed/33421101
https://doi.org/10.3390/v15122435
http://www.ncbi.nlm.nih.gov/pubmed/38140676
https://doi.org/10.1038/srep34532
http://www.ncbi.nlm.nih.gov/pubmed/27698388
https://doi.org/10.1074/jbc.M113.496489
https://doi.org/10.1074/jbc.M113.496489
http://www.ncbi.nlm.nih.gov/pubmed/23884411
https://doi.org/10.1073/pnas.2012835118
http://www.ncbi.nlm.nih.gov/pubmed/33836568
https://doi.org/10.1371/journal.pone.0077052
https://doi.org/10.1371/journal.pone.0077052
http://www.ncbi.nlm.nih.gov/pubmed/24116200
https://doi.org/10.1074/jbc.M511773200
http://www.ncbi.nlm.nih.gov/pubmed/16540471

PLOS PATHOGENS

ETS1 as a regulator of HIV-1 latency

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Gerhauser |, Alldinger S, Baumgartner W. Ets-1 represents a pivotal transcription factor for viral
clearance, inflammation, and demyelination in a mouse model of multiple sclerosis. J Neuroimmunol.
2007;188(1-2):86—94. hitps://doi.org/10.1016/j.jneuroim.2007.05.019 PMID: 17599467

Rex E, Seo D, Chappidi S, Pinkham C, Oliveira S, Embry A. A FACT-ETS-1 antiviral response path-
way restricts viral replication and is countered by poxvirus A51R proteins. bioRxiv. 2023. https://doi.
org/10.1101/2023.02.08.527673

Zhang D, Zhang C, Zhu Y, Xie H, Yue C, Li M, et al. Recruitment of transcription factor ETS1 to
activated accessible regions promotes the transcriptional program of cilia genes. Nucleic Acids Res.
2023;51(13):6684—701. https://doi.org/10.1093/nar/gkad506 PMID: 37326025

Kessler CA, Stanek JW, Stringer KF, Handwerger S. ETS1 induces human trophoblast differentiation.
Endocrinology. 2015;156(5):1851-9. https://doi.org/10.1210/en.2014-1760 PMID: 25651508

Bories JC, Willerford DM, Grévin D, Davidson L, Camus A, Martin P, et al. Increased T-cell apopto-
sis and terminal B-cell differentiation induced by inactivation of the Ets-1 proto-oncogene. Nature.
1995;377(6550):635-8. https://doi.org/10.1038/377635a0 PMID: 7566176

Muthusamy N, Barton K, Leiden JM. Defective activation and survival of T cells lacking the Ets-1 tran-
scription factor. Nature. 1995;377(6550):639—42. hitps://doi.org/10.1038/377639a0 PMID: 7566177

Teng Y, Cang B, Mao F, Chen W, Cheng P, Peng L, et al. Expression of ETS1 in gastric epithelial cells
positively regulate inflammatory response in Helicobacter pylori-associated gastritis. Cell Death Dis.
2020;11(7):498. hitps://doi.org/10.1038/s41419-020-2705-8 PMID: 32612120

JieY, Liu G, EM, LiY, Xu G, Guo J, et al. Novel small molecule inhibitors of the transcription
factor ETS-1 and their antitumor activity against hepatocellular carcinoma. Eur J Pharmacol.
2021;906:174214. hitps://doi.org/10.1016/j.ejphar.2021.174214 PMID: 34116044

Spriano F, Chung E, Gaudio E, Tarantelli C, Cascione L, Napoli S. The ETS inhibitors YK-4-279 and
TK-216 are novel antilymphoma agents. Clinical Cancer Research. 2019;25(16):5167-76.

Schafer CM, Gurley JM, Kurylowicz K, Lin PK, Chen W, Elliott MH, et al. An inhibitor of endothelial

ETS transcription factors promotes physiologic and therapeutic vessel regression. Proc Natl Acad Sci
U S A. 2020;117(42):26494-502. https://doi.org/10.1073/pnas.2015980117 PMID: 33020273

Pierce CA, Loh LN, Steach HR, Cheshenko N, Preston-Hurlburt P, Zhang F, et al. HSV-2 trig-
gers upregulation of MALAT1 in CD4+ T cells and promotes HIV latency reversal. J Clin Invest.
2023;133(11):e164317. hitps://doi.org/10.1172/JCI164317 PMID: 37079384

Rai A, Singh A, Gaur R, Verma A, , Gulati S, et al. MALAT1 is important for facilitating HIV-1
latency reversal in latently infected monocytes. Gene. 2024;936:149095. https://doi.org/10.1016/j.
gene.2024.149095 PMID: 39549778

Nguyen K, Das B, Dobrowolski C, Karn J. Multiple histone lysine methyltransferases are required

for the establishment and maintenance of HIV-1 latency. mBio. 2017;8(1):e02224-16. https://doi.
org/10.1128/mBio.02224-16

Reyes AA, Marcum RD, He Y. Structure and Function of Chromatin Remodelers. J Mol Biol.
2021;433(14):166929. https://doi.org/10.1016/j.jmb.2021.166929 PMID: 33711345

Mahmoudi T. The BAF complex and HIV latency. Transcription. 2012;3(4):171-6. https://doi.
org/10.4161/trns.20541 PMID: 22771990

Jin C, Shi L, Li K, LiuW, QiuY, Zhao'Y, et al. Mechanism of tumor-derived extracellular vesicles in
regulating renal cell carcinoma progression by the delivery of MALAT1. Oncology Reports. 2021;46(3).

Sullivan K, Piliero L, Dharia T, Goldman D, Petri M. 3’ polymorphisms of ETS1 are associated with
different clinical phenotypes in SLE. Human Mutation. 2000;16(1):49-53.

Turner AW, Margolis DM. Chromatin regulation and the histone code in HIV latency. Yale J Biol Med.
2017;90(2):229-43.

Friedman J, Cho W-K, Chu CK, Keedy KS, Archin NM, Margolis DM, et al. Epigenetic silencing of
HIV-1 by the histone H3 lysine 27 methyltransferase enhancer of Zeste 2. J Virol. 2011;85(17):9078—
89. https://doi.org/10.1128/JV1.00836-11 PMID: 21715480

Meier JA, Zhang F, Sanjana NE. GUIDES: sgRNA design for loss-of-function screens. Nat Methods.
2017;14(9):831-2. https:/doi.org/10.1038/nmeth.4423 PMID: 28858339

Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H, Valen E. CHOPCHOP v3: expand-
ing the CRISPR web toolbox beyond genome editing. Nucleic Acids Res. 2019;47(W1):W171-4.
https://doi.org/10.1093/nar/gkz365 PMID: 31106371

Ahmadi-Balootaki S, Doosti A, Jafarinia M, Goodarzi HR. Targeting the MALAT1 gene with the
CRISPR/Cas9 technique in prostate cancer. Genes Environ. 2022;44(1):22. https://doi.org/10.1186/
s41021-022-00252-3 PMID: 36163080

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 27728



https://doi.org/10.1016/j.jneuroim.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17599467
https://doi.org/10.1101/2023.02.08.527673
https://doi.org/10.1101/2023.02.08.527673
https://doi.org/10.1093/nar/gkad506
http://www.ncbi.nlm.nih.gov/pubmed/37326025
https://doi.org/10.1210/en.2014-1760
http://www.ncbi.nlm.nih.gov/pubmed/25651508
https://doi.org/10.1038/377635a0
http://www.ncbi.nlm.nih.gov/pubmed/7566176
https://doi.org/10.1038/377639a0
http://www.ncbi.nlm.nih.gov/pubmed/7566177
https://doi.org/10.1038/s41419-020-2705-8
http://www.ncbi.nlm.nih.gov/pubmed/32612120
https://doi.org/10.1016/j.ejphar.2021.174214
http://www.ncbi.nlm.nih.gov/pubmed/34116044
https://doi.org/10.1073/pnas.2015980117
http://www.ncbi.nlm.nih.gov/pubmed/33020273
https://doi.org/10.1172/JCI164317
http://www.ncbi.nlm.nih.gov/pubmed/37079384
https://doi.org/10.1016/j.gene.2024.149095
https://doi.org/10.1016/j.gene.2024.149095
http://www.ncbi.nlm.nih.gov/pubmed/39549778
https://doi.org/10.1128/mBio.02224-16
https://doi.org/10.1128/mBio.02224-16
https://doi.org/10.1016/j.jmb.2021.166929
http://www.ncbi.nlm.nih.gov/pubmed/33711345
https://doi.org/10.4161/trns.20541
https://doi.org/10.4161/trns.20541
http://www.ncbi.nlm.nih.gov/pubmed/22771990
https://doi.org/10.1128/JVI.00836-11
http://www.ncbi.nlm.nih.gov/pubmed/21715480
https://doi.org/10.1038/nmeth.4423
http://www.ncbi.nlm.nih.gov/pubmed/28858339
https://doi.org/10.1093/nar/gkz365
http://www.ncbi.nlm.nih.gov/pubmed/31106371
https://doi.org/10.1186/s41021-022-00252-3
https://doi.org/10.1186/s41021-022-00252-3
http://www.ncbi.nlm.nih.gov/pubmed/36163080

PLOS PATHOGENS ETS1 as a regulator of HIV-1 latency

77. Galaxy Community. The Galaxy platform for accessible, reproducible, and collaborative data anal-
yses: 2024 update. Nucleic Acids Res. 2024;52(W1):W83-94. https://doi.org/10.1093/nar/gkae410
PMID: 38769056

78. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

79. Dennis G, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: Database for annotation,
visualization, and integrated discovery. Genome Biology. 2003;4(5):P3.

80. Thorvaldsdéttir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer (IGV): high-performance

genomics data visualization and exploration. Brief Bioinform. 2013;14(2):178-92. hitps://doi.
org/10.1093/bib/bbs017 PMID: 22517427

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012467  April 8, 2025 28/28



https://doi.org/10.1093/nar/gkae410
http://www.ncbi.nlm.nih.gov/pubmed/38769056
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1093/bib/bbs017
http://www.ncbi.nlm.nih.gov/pubmed/22517427

