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ABSTRACT: A hallmark of human immunodeficiency type-1
(HIV) infection is the integration of the viral genome into host
chromatin, resulting in a latent reservoir that persists despite
antiviral therapy or immune response. Thus, key priorities toward
eradication of HIV infection are to understand the mechanisms
that allow HIV latency and to develop latency reversal agents
(LRAs) that can facilitate the clearance of latently infected cells.
The repressive H3K27me3 histone mark, catalyzed by the PRC2
complex, plays a pivotal role in transcriptional repression at the
viral promoter in both cell line and primary CD4+ T cell models of
latency. EZH2 inhibitors which block H3K27 methylation have been shown to act as LRAs, suggesting other PRC2 components
could also be potential targets for latency reversal. EED, a core component of PRC2, ensures the propagation of H3K27me3 by
allosterically activating EZH2 methyltransferase activity. Therefore, we sought to investigate if inhibition of EED would also reverse
latency. Inhibitors of EED, EED226 and A-395, demonstrated latency reversal activity as single agents, and this activity was further
enhanced when used in combination with other known LRAs. Loss of H3K27me3 following EED inhibition significantly increased
the levels of H3K27 acetylation globally and at the HIV LTR. These results further confirm that PRC2 mediated repression plays a
significant role in the maintenance of HIV latency and suggest that EED may serve as a promising new target for LRA development.
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The integration of HIV into the host genome results in
persistent, transcriptionally silent infected cells that

remain despite treatment. While reactivation of the latent
HIV population followed by clearance (so-called “kick and
kill”) remains a leading strategy for eradicating HIV infection,
our understanding of the cellular pathways and epigenetic
states that lead to latency is incomplete. Recent clinical testing
of single latency reversal agents (LRAs), such as inhibitors of
histone deacetylases, have shown promise in their ability to
increase HIV transcription and reactivate the provirus from
latency.1 However, as single agents, LRAs have not yet altered
proviral expression across the diverse population of persistently
infected cells to the extent that is likely to be required for
recognition and clearance of the latent reservoir. Thus, it seems
likely that multiple pathways that either activate HIV
transcription or remove restrictions to HIV expression must
be targeted to achieve a clinically significant effect on the
persistent viral reservoir. To do so, a greater understanding of
the epigenetic mechanisms contributing to latency must be
achieved in parallel with the discovery of novel small molecule
inhibitors as potential LRAs.
Polycomb group proteins are involved in gene silencing,

development, stem cell self-renewal, and differentiation.2,3

Polycomb repressive complex 2 (PRC2) methylates histone
H3 lysine 27 (H3K27me) and this histone post-translational
modification (PTM) is associated with transcriptional
repression. PRC2 requires three core subunits for minimal
H3K27-directed methyltransferase activity (SUZ12, EED, and
EZH2), while a fourth subunit, RbAp46/48, and other
accessory proteins further enhance PRC2 methyltransferase
activity.4 In the hierarchical model of Polycomb recruitment,
PRC2 binds to chromatin and the methyltransferase subunit
EZH2 mediates the trimethylation of H3K27 (Figure 1A).
Importantly, Embryonic Ectoderm Development (EED) binds
the H3K27me3 mark deposited by EZH2, which ensures the
propagation of H3K27me3 on adjacent nucleosomes via
allosteric activation of EZH2 catalytic activity.5 Specifically,
EED recognition of H3K27me3 results in stabilization of the
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stimulation responsive motif (SRM) of EZH2 which in turn
stabilizes the SET domain of EZH2 for catalysis.6 The
subsequent recognition of H3K27me3 by Polycomb Repres-
sive Complex 1 (PRC1) then blocks gene activation by
catalyzing monoubiquitination of H2A on K119
(H2AK119ub1) through its RING1 E3 ligases, thus establish-
ing a feed-forward mechanism of gene silencing. However, the
relationship between PRC1 and PRC2 may be far more
complex, with recent findings pointing to an alternative model
in which the traditional roles of PRC1 and PRC2 are

exchanged, whereby PRC1 initiates gene silencing via place-
ment of H2AK119ub1 independently of H3K27me3 and
subsequently recruits PRC2.7−9

The presence of both H3K27me3 and EZH2 at the HIV
promoter in cell culture and primary cell models of
latency10−14 suggest that transcriptional repression by PRC2
plays a key role at the HIV long terminal repeat (LTR)
promoter. Both shRNA-mediated knockdown of EZH2 and
the use of EZH2-selective inhibitors promote latency reversal
and synergize with other known LRAs including TNFα,

Figure 1. EED inhibitors reactivate latent HIV in 2D10 cells. (A) Core components of PCR2 and PRC1 and small molecule inhibitors used in this
study. (B) 2D10 cells were treated for 72 h with various concentrations of EED226 and A-395, resulting in a dose dependent decrease in
H3K27me3 as compared to controls UNC5679 and A-395N. (C) 2D10 cells were treated with 10 μM EED226, A-395, or controls for the time
points indicated to determine optimal reduction of H3K27me3 levels. A 72-h treatment of 2D10 cells with EED inhibitors EED226 (D) and A-395
(F) with and without the addition of HDAC inhibitor SAHA (Vorinostat, 250 nM) for the final 24 h show increased HIV latency reactivation as
measured by GFP expression via flow cytometry and GFP RNA level (E,G) relative to controls UNC5679 and A-395N respectively. (*p < 0.05,
**p < 0.01, ***p < 0.001, Mann−Whitney Test).
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SAHA, and JQ1.10,12 This strongly suggests that EZH2 is
active in the maintenance of HIV latency, and that loss of
H3K27me3 primes the LTR for reactivation. While EZH2
inhibitors (EZH2i) continue to be actively studied as potential
LRAs, modulation of other PRC2 components and recruitment
mechanisms for latency reversal has been less well explored to
date. Two potent small molecule inhibitors of the PRC2
methyl-lysine reader EED were recently reported. A-39515 and
EED22616 are chemically distinct yet they both interact with
the 7-blade β-propeller WD40 domain of EED and inhibit
recognition of H3K27me3 as well as the ability of EED to
allosterically activate EZH2, resulting in abrogation of PRC2
methyltransferase activity and global loss of H3K27me3 in
cancer cell models. As such, we sought to determine if EED
inhibitors (EEDi) could modulate HIV latency similarly to
EZH2 inhibitors (EZH2i).12 Herein we demonstrate that both
EED226 and A-395 can successfully reactivate latent HIV
proviruses and therefore act as bona fide LRAs, representing a

new class of PRC2-targeted molecules for use in HIV cure
strategies.

■ RESULTS

EED Inhibitors Facilitate Latency Reactivation in
2D10 Cells. To examine the ability of EED inhibitors to act
as LRAs, we first utilized 2D10 cells, a Jurkat-derived model
which expresses GFP upon reactivation of the LTR.11,12 After a
72 h treatment with varying concentrations of EED226 or A-
395, we observed that a 10 μM dose, which is a concentration
consistent with prior published observations of cellular activity
for both compounds,15,16 effectively reduced global
H3K27me3 levels as compared to their structurally similar
negative control compounds, A-395N and UNC5679,
respectively (Figure 1B). A subsequent time course study
confirmed near complete loss of H3K27me3 72 h after
treatment with 10 μM EEDi and as such we used this time

Figure 2. EED inhibitors reactivate latent HIV in JLatA2 Jurkat cells but not JLat6.3 cells. EED inhibitors EED226 and A-395 reduce global
H3K27me3 in JLatA2 cells (A) and demonstrate latency reversal at 10 μM doses with and without 250 nM SAHA as measured by GFP expression
(B,C). Meanwhile, JLat6.3 cells are unresponsive to EED inhibitors (E,F) despite equivalent reductions in global H3K27me3 (D) (*p < 0.05, **p
< 0.01, ***p < 0.001, Mann−Whitney Test).
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point to test for latency reactivation in Jurkat cells in all
additional experiments (Figure 1C).
We then treated 2D10 cells with varying doses of A-395 or

EED226 and evaluated the effect on HIV LTR activation. Cells
were treated with EEDi or controls for a total of 72 h at 0.1, 1,
10, and 25 μM with minimal impact on viability (Supplemental
Figure S1A). The response to 10 μM EED226 alone in 2D10
cells was modest but reproducible, inducing a 1.8-fold increase
in GFP expression over DMSO treatment as determined by
flow cytometry but failed to achieve significance over the
equivalent UNC5679 treatment (Figure 1D, n = 7). However,
UNC5679 has a reported IC50 of 20 μM for EED, and hence it
was not surprising to observe a small amount of activity with
this control compound at the top concentration tested.17

Quantitative real-time PCR (qPCR) analysis of GFP transcript
levels from cells treated with various concentrations of
EED226 demonstrated a statistically significant increase at 10
μM over the UNC5679 control (Figure 1E, p < 0.01, n = 5).

To further confirm that the observed effect was on target
and that EED inhibition results in reactivation, we treated
2D10 cells with A-395 in a similar fashion. Treatment with 10
μM A-395 resulted in a very similar, modest 1.9-fold increase
in GFP protein expression over the DMSO control (Figure 1F,
p < 0.001 for n = 8). A-395-induced LTR activation was
significant at 1, 10, and 25 μM as compared to A-395N which
had no effect at any of the concentrations tested (Figure 1F).
qPCR analysis of GFP transcript levels additionally showed a
significant increase in GFP expression upon treatment with 10
μM A-395 relative to A-395N (Figure 1G).
Recent studies posit that combination LRAs may be

necessary to modulate sufficient reactivation to clear the latent
reservoir.18 We therefore tested both EEDi in combination
with the histone deacetylase (HDAC) inhibitor suberoylanilide
hydroxamic acid (SAHA, Vorinostat), one of the most well
characterized and clinically advanced LRAs.19−21 To do this,
cells were treated with varying concentrations of EEDi for 72 h
with the addition of a suboptimal concentration of SAHA (250

Figure 3. EED226 demonstrates Bliss Synergy with SAHA and TNF. Eight-concentration titrations of EED226 with SAHA (n = 6, SEM) in (A)
2D10 and (B) JLatA2 cells or with TNFα (n = 2, range) in (C) 2D10, (D) JLatA2, and (E) JLat6.3 cells display synergistic latency reactivation as
determined by the Bliss Independence Model.
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nM) for the last 24 h. In 2D10 cells, treatment with 250 nM
SAHA alone averaged a 4.9-fold (Figure 1D) and 10.7-fold
(Figure 1F) induction in GFP expression over DMSO when
treated in parallel with EED226 and A-395, respectively. When
combined with 10 μM EEDi, induction of GFP expression
increased to 9-fold for EED226 and 17.3-fold for A-395 relative
to the DMSO control, nearly doubling the response to SAHA
alone in each case. Importantly, a similar increase in
reactivation was not observed in the combination experiments
including SAHA and the corresponding negative control
compounds. GFP RNA levels also increased significantly in
these combination studies with EED226 or A-395 and SAHA,
as expected (Figure 1E and 1G). It should be noted that
EED226 and A-395 were evaluated at separate times and with
different stocks of SAHA and cells, resulting in a differential

baseline of SAHA induction; however, the reactivation trends
remain similar between both compounds when considering the
fold induction over the SAHA baseline.

Latency Reactivation by EED Inhibitors Is Model-
Dependent. Numerous Jurkat-derived models of latency
which express GFP upon activation of the HIV LTR exist and
are commonly used in laboratories to assess LRAs. We chose
to extend our studies to two additional cell lines, the JLatA2
and JLat6.3 models,22,23 to minimize bias which could be
observed by only testing in a single latency model.24 In
addition, these lines harbor different reporter constructs11,22,23

and likely have differing integration sites, although only the
2D10 line has been characterized.11 As compared to 2D10
cells, the JLatA2 and JLat6.3 cell lines demonstrate differential
responses to commonly used LRAs such as tumor necrosis

Figure 4. EED inhibitors phenocopy EZH2 inhibitors. (A) A 72 h treatment of EZH2 inhibitors UNC1999 (2 μM) and GSK343 (5 μM) decreases
global levels of H3K27me3 to a similar degree as 10 μM EED226. A 72 h treatment of varying concentrations of EZH2 inhibitors GSK343 (B) and
UNC1999 (C) with and without HDAC inhibitor SAHA (250 nM) for the final 24 h reactivate 2D10 cells to comparable levels as EED inhibitors.
JLatA2 (D) and JLat6.3 (E) cells respond similarly to EZH2 inhibitors as EEDi, whereby EZH2 inhibitors can induce latency reactivation in JLatA2
cells but not JLat6.3 cells. Treatment of GSK343 (F,H) or UNC1999 (G,I) in combination with EED226 increases latency reactivation in 2D10
and JLatA2 cells as compared to individual compounds alone. In triple combination studies with SAHA, HIV LTR reactivation further increases
over EEDi/SAHA and EZH2i/SAHA double combinations (*p < 0.05, **p < 0.01, ***p < 0.001, Mann−Whitney Test).
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factor alpha (TNFα), SAHA, and PMA/Ionomycin (Supple-
mental Figure S2) as measured by GFP expression via flow
cytometry. The JLatA2 line is slightly less responsive to both
TFAα and SAHA than the 2D10 cells, while the JLat6.3 line is
weakly responsive to all three LRAs.
We first sought to confirm that EEDi reduces H3K27me3

levels in these additional latency models. As expected, in both
the JLatA2 and JLat6.3 models, treatment with 10 μM EED226
or A-395 over a period of 96 h resulted in a decrease in global
H3K27me3 levels (Figure 2A and 2D). However, when tested
for changes in GFP expression in response to EEDi treatment,
latency reactivation was only observed in the JLatA2 cells and
not the JLat6.3 cells, despite the ability of both EED inhibitors
to impact global H3K27me3 levels (Figure 2 and Supplemental
Figures S3 and S4). Like in 2D10 cells, treatment with 10 μM
EED226 alone in JLatA2 cells resulted in a modest effect,
inducing a 1.6-fold (Figure 2B, p < 0.001 for n = 7) increase in
GFP protein expression as compared to the DMSO control
(Figure 2B, p < 0.001 for n = 7) while 10 μM A-395 induced a
2-fold increase (Figure 2C, p < 0.01 for n = 8). In combination
with 250 nM SAHA, both EEDi resulted in significant 3- to 4-
fold increases in reactivation relative to SAHA alone at 10 μM.
Additionally, the extent of reactivation upon treatment with 1
and 25 μM EEDi in combination with SAHA was determined
to be significant (Figures 2B and 2C, Supplemental Figures
S3A and S4A). Significant induction of GFP mRNA was also
observed in JLatA2 cells in response to both EEDi at 10 and 25
μM, and at 1, 10, and 25 μM in combination with SAHA
(Supplemental Figures S3A and S4A).
In contrast, the JLat6.3 line did not respond to either EED

inhibitor alone at any concentration or in combination with
250 nM SAHA as measured by protein or RNA expression
(Figure 2E and 2F, Supplemental Figures S3B and S4B). The
lack of activity in the JLat6.3 cell line was not wholly
unexpected, as in our hands this line does not respond to
HDAC inhibitors (Figure 2E and 2F) and reactivates only
weakly in response other robust LRAs such as TNFa and
mitogen PHA (Supplemental Figure S2). Overall, these results
demonstrate that EEDi mediate modest increases in GFP
protein and HIV mRNA expression alone, and significantly
higher increases in combination with SAHA in certain cell
models of latency, further supporting the notion that
combinations of LRAs may be required to increase proviral
expression in a meaningful way.
EED226/SAHA Combinations Demonstrate Bliss Syn-

ergy. Our observation that treatment with EED226 and A-395
in combination with SAHA doubled latency reactivation as
compared to SAHA alone suggested potential synergy between
EEDi and SAHA. To further examine this, we performed an 8-
point titration of EED226 with increasing concentrations of
SAHA in both 2D10 and JLatA2 cells. We used the Bliss
Independence Model to analyze the data which determines if
multiple compounds, when used in combination, display
antagonism (Δfaxy < 0), are independent (Δfaxy = 0), or are
synergistic (Δfaxy > 0). Consistent with our earlier
observations, we observed an overall synergistic relationship
between EED226 and SAHA in both cell types (Figure 3A and
3B). We observed some antagonism in 2D10 cells with low
doses of EED226 (1 μM); however, this was not observed in
JLatA2 cells.
We further tested EED226 all three Jurkat latency models in

combination with TNFα, a strong activator of the NF-κB
pathway. Consistent with the ability of TNFα to maximally

activate the proviral reporter in both 2D10 and JLatA2 cells
(Supplemental Figure S2), we saw the most synergy with
EED226 at concentrations ranging from 0.1 to 1 ng/mL of
TNFα, above which any synergy declined due to maximal
stimulation by TNFα (Figure 3C and 3D). Most notably, we
observed increasing synergy in JLat6.3 cells up to the highest
concentration of TNFα (Figure 3E). This observation suggests
that while no LRA activity is observed by EEDi alone in
JLat6.3 cells, there is still a role for this epigenetic restriction
and that EEDi can be combined with highly potent LRAs to
more effectively induce transcription from highly repressed
proviruses in these Jurkat models.

EED Inhibitors Phenocopy EZH2 Inhibitors in Cellular
Models of Latency. As EED226 and A-395 demonstrated
overall comparable LRA activity in all Jurkat lines, we moved
forward with additional characterization of latency reversal
with EED226 due to more favorable pharmacokinetics via oral
administration as compared to A-395.15,16 We compared the
extent of latency reversal with EED226 to that of two well-
characterized EZH2 inhibitors, GSK34325 and UNC1999,26

both which bind to the EZH2 SET domain and inhibit EZH2
catalytic activity. First, we observed that EED226, GSK343,
and UNC1999 treatment of 2D10 cells for 72 h resulted in
comparable decreases in global H3K27me3 levels by Western
blot (Figure 4A). Subsequent treatment of 2D10 cells with 2
μM GSK343 or UNC1999 showed a 2.1-fold and 2.0-fold
increase in GFP expression over DMSO, respectively (Figure
4B and 4C). Treatment of 2D10 cells with 250 nM SAHA
alone showed a 6.9-fold increase in GFP expression over
DMSO; however, upon combination with GSK343 and
UNC1999, GFP expression increased further to 10.8-fold
and 12.5-fold, respectively, over DMSO (Figure 4B and 4C).
In JLatA2 cells, more modest effects were observed, as
expected. Treatment of JLatA2 cells with 2 μM GSK343 did
not induce a significant increase in GFP expression over
DMSO while 2 μM UNC1999 induced a 1.8-fold increase (p <
0.05) (Figure 4D). In combination with SAHA, 2 μM GSK343
resulted in a 3.9-fold increase and UNC1999 a 4.5-fold
increase in GFP expression over DMSO while SAHA alone
induced a 2.5-fold increase (Figure 4D, Supplemental Figure
S5A). Overall, in both 2D10 and JLatA2 cells, the combination
of EZH2i with SAHA increased HIV reactivation approx-
imately 2-fold over SAHA alone. Importantly, these results
closely parallel those with EEDi and demonstrate the ability of
EEDi to phenocopy EZH2i in these models. Consistent with
our observations using EED inhibitors, neither EZH2 inhibitor
mediated a significant increase in GFP expression alone or in
combination with SAHA in JLat6.3 cells (Figure 4E,
Supplemental Figure S5B). We found that both GSK343 and
UNC1999 demonstrated signs of toxicity at 5 μM as measured
by a viability dye stain, decreasing viability by 10% and over
50%, respectively (Supplemental Figure S5C−E). Conse-
quently, we proceeded to use lower doses of EZH2i in future
experiments as GFP expression may also be induced at this
concentration due to cell stress.

EEDi and EZH2i Combination Treatments Enhance
Viral Reactivation in Jurkat Latency Models. We next
tested EED226 in combination with both GSK343 and
UNC1999. While mechanistically both EEDi and EZH2i
function by reducing PRC2 catalytic activity and H3K27me3-
mediated repression, we sought to determine if dual treatment
would be more effective at reserving latency relative to the
individual inhibitors. Encouragingly, combination treatments
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of EED226 with either GSK343 or UNC1999 for 72 h resulted
in an increase in GFP expression over the treatment with
EED226 alone. When EED226 (10 μM) was combined with
GSK343 (2 μM), induction of GFP expression increased 2.3-
fold over DMSO (Figure 4F) compared to 1.5-fold induction
with GSK343 alone in 2D10 cells. Meanwhile, treatment with
EED226 (10 μM) and UNC1999 (2 μM) increased GFP
expression 4.9-fold over the DMSO control in 2D10 cells,
which is the strongest LRA activity observed with any PRC2i,
while single inhibitor treatment either showed no increase over
DMSO (EED226) or a 2.4-fold increase (UNC1999) (Figure
4G). Comparable experiments in JLatA2 cells demonstrated
similar trends (Figure 4H and 4I). Due to the fact that
increased latency reversal activity was observed with
simultaneous treatment of PRC2 inhibitors targeting different
components of the complex, we next performed triple-
combination experiments with SAHA as described previously.
We observed a 3.5-fold (EED226/GSK343/SAHA, Figure 4F)
and 3.7-fold (EED226/UNC1999/SAHA, Figure 4G) increase
in reactivation in 2D10 cells over SAHA alone, and 4.6-fold
(EED226/GSK343/SAHA, Figure 4H) and 3.5-fold

(EED226/UNC1999/SAHA, Figure 4I) increase over SAHA
alone in JLatA2 cells. Overall, combination EEDi/EZH2i
treatments resulted in small yet consistent increases in GFP
expression across multiple cell lines, likely due to a more
complete inhibition of PRC2 in these model systems. As
expected, the addition of SAHA resulted in a more significant
boost in GFP expression; however, the overall reactivation of
combination EEDi/EZH2i/SAHA treatments did not result in
appreciably higher levels of GFP expression than previously
observed with a single PRC2 inhibitor and SAHA.

Reciprocal Regulation of H3K27me3 and H3K27ac
Globally and at the HIV-LTR. Although inhibition of EED
reduces H3K27me3 levels globally in our cellular models, it
was unclear if EED inhibition directly affected the levels of
H3K27 methylation at the HIV LTR. To address this, we
performed MNase chromatin immunoprecipitation (MNase
ChIP) for H3K27me3 and H3K27ac in all three Jurkat latency
models before and after EED226 treatment. We observed a
substantial loss of H3K27me3 at the LTR upon treatment with
EED226 (Figure 5). Interestingly, we also observed that loss of
H3K27me3 resulted in a concomitant increase in H3K27ac

Figure 5. EED226 can toggle H3K27 methylation and acetylation at the HIV LTR. Chromatin immunoprecipitations demonstrate that EED226
treatment (10 μM) results in a decrease in H3K27me3 and a corresponding increase in H3K27ac at the HIV LTR at all three canonical
nucleosomes. SAHA treatment alone does not result in a strong shift in H3K27 modifications. Error bars represent n = 6, SEM.
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an active chromatin markboth at the HIV LTR and globally.
While H3K27ac was detectable in untreated cells at a range of
0.5−2% of input depending on the nucleosome and cell line
assessed, H3K27ac increased to 6−10% of input after
treatment with EED226 (Figure 5). Meanwhile, H3K27me3
levels ranged from 7 to 12% of input prior to EED226
treatment, which decreased to less than 2% of input upon
treatment with EED226 (Figure 5). In comparison, treatment
with 250 nM SAHA alone resulted in an increase in H3K27ac
in some cases, yet H3K27me3 was consistently present at
higher levels than H3K27ac. Overall, combination treatments
of EED226 with SAHA closely resembled EED226 treatment
alone (Figure 5). To determine whether other H3
modifications were similarly affected by EED inhibition, we
evaluated the global levels of H3K9me3, H3K9ac, and
H3K4me3 (Figure 6). In each case, EED226 treatment did
not appear to impact levels of these other relevant histone
post-translational modifications on a global level.

Global H3K27me3 Levels Are Not Significantly
Reduced by PRC2i in Primary CD4+ T-Cells. Given that
PRC2 inhibition resulted in decreased H3K27me3 levels and
showed significant promise in reactivating latency in Jurkat cell
lines, we next sought to determine if similar effects would be
observed in primary CD4+ T-cells. We examined global
H3K27me3 levels in total CD4+ T-cells isolated from healthy
donors upon treatment of single doses of both EEDi (A-395
and EED226) and EZH2i (UNC1999 and GSK343) after 72
and 96 h. In each case, we observed no change in global
H3K27me3 levels (Figure 7A and 7B). To explore this further,
we assayed additional doses of both EEDi and EZH2i and time
points (24, 48, and 72 h). Consistent with our initial results,
we observed no significant decrease in global H3K27me3 levels
in total CD4+ T-cells at any time point or dose of PRC2i in
two independent donors (Figure 7C and Supplemental Figure
S6A). This was observed with both EED and EZH2 inhibitors,
the latter of which have been previously shown to modulate
latency reversal in primary cell models.12,14 Quantitation of
H3K27me3 levels standardized to total histone H3 showed

both decreasing and increasing changes relative to the
untreated control (Figures 7D and E, Supplemental Figure
S6B,C); however, there do not appear to be any consistent
trends and the changes observed are far less substantial than
those seen in the Jurkat models.
We further assessed the tolerability of both EEDi and EZH2i

in donor cells by examining activation markers CD25 and
CD69 as well as cellular viability via an alamarBlue assay. In
total CD4+ T-cells isolated from 5 healthy donors, we
observed no significant toxicity at 72 or 96 h after treatment
with EED226 (up to 20 μM), A-395 (up to 20 μM), or GSK-
343 (up to 5 μM), while we observed a minor decrease in
viability at 5 μM UNC1999 (Figure 8A and 8B), consistent
with toxicity at this dose of UNC1999 in Jurkat cells. We
observed no major change in the expression of either CD69 or
CD25 in treated cells at 72 (Figure 8C) or 96 h (Figure 8D),
although a slight trend toward activation in 5 μM UNC1999
treated cells was observed which is consistent with the toxicity
data. Overall, this demonstrates that treatment of donor cells
with EEDi does not affect cell viability at the doses utilized.

■ DISCUSSION
The use of LRAs in strategies to clear persistent HIV infection
seeks to induce expression of quiescent HIV to a level
detectable by immune clearance mechanisms.1 Reversal of HIV
latency has focused on the two main mechanisms of
transcriptional repression, restriction of critical host factors
and epigenetic repression of the integrated provirus. While
there is a significant understanding of the former27 in the role
of HIV transcription and latency, there is still work to be done
in understanding the full impact of the latter.28

The Polycomb Repressive Complexes, PRC1 and PRC2, are
critical regulators of gene silencing through the installation and
recognition of the repressive H3K27me3 PTM, and hence are
likely to make a significant contribution to HIV latency. Here
we demonstrate that a new class of PRC2 inhibitors which
target the methyl-lysine reader protein EED can induce latency
reversal in model systems, resulting in similar levels of
reactivation to that of EZH2 inhibitors. These EED inhibitors
demonstrated limited toxicity in Jurkat latency models and
resulted in both a global decrease in the repressive H3K27me3
mark and an increase in the activating H3K27ac mark. This
reciprocal relationship between H3K27me3 and H3K27ac has
previously been observed in mouse embryonic stem cells,
where EED, EZH2, or SUZ12 knockout resulted in increased
H3K27ac levels, further suggesting a direct link to PRC2.29

More recent work has reproduced these observations using
EZH2 and EED small molecule inhibitors, and the histone
acetyltransferases p300 and CBP have been implicated in the
upregulation of H3K27ac.29,30 Interestingly, the role of p300/
CBP in initial LTR activation is well-established.31−33

While modulation of PRC2 activity alone resulted in limited
HIV reactivation, the combination of EEDi with the HDAC
inhibitor SAHA significantly improved overall latency reac-
tivation in 2D10 and JLatA2 cells as compared to either agent
alone. This reinforces the idea that multiple histone marks may
act to layer repressive signals, each of which needs to be
removed in order to promote sufficient transcription of the
HIV provirus to produce detectable antigen for latency
clearance strategies. Other studies using single epigenetic
agents have shown latency reversal in only a minority of
proviruses within primary cells obtained from HIV-infected
donors.34 In contrast to the 2D10 and JLatA2 cells, the JLat6.3

Figure 6. EED226 treatment alters H3K27me3 and H3K27ac levels
globally. Analysis of 5 histone modifications on a global level
demonstrates only H3K27 marks are impacted by EED226 treatment
while H3K9me3, H3K9ac, and H3K4me3 are unchanged.
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cell model was overall unresponsive to treatment with EEDi.
The downregulation of H3K27me3 and increased H3K27ac
was observed in all Jurkat models upon treatment with EEDi,
suggesting that the lack of latency reversal observed with EED
inhibitors (and other LRAs) in the JLat6.3 model is not
necessarily due to lack of inhibitor activity, but instead the
result of other confounding factors which impact LTR
activation in these long-established models (e.g., integration
site, presence of DNA methylation, and/or differential
chromatin modifications). It has been previously reported
that JLat6.3 cells show high levels of DNA methylation at the
LTR,35 a modification that is known to inhibit NF-kB binding
and result in activation of HIV.36,37 Indeed, we further
observed synergy and an increase in the maximal reactivation
achievable in JLat6.3 cells when EED226 was used in
combination with TNFα, suggesting that, while not a
dominant force, epigenetic restrictions exist in this model.
Our study of H3K27me3 levels in CD4+ cells upon

treatment with PRC2 inhibitors strongly indicates that loss
of H3K27me3 does not occur to the same extent as in Jurkat
and other immortalized cell models. While it has previously
been shown that the EZH2 inhibitor GSK343 can down-
regulate H3K27me3 in total PMBCs,12 this has not been
demonstrated in isolated total CD4+ cells. The frequency of
cells undergoing proliferation and high transcriptional activity
is lower in peripheral CD4+ cells which have low basal levels of

markers linked to activation.38 The predominance of quiescent
cells in the CD4+ cell populations studied would also not be
expected to display turnover of H3K27me3 from histone
exchange mediated by DNA replication or widespread gene
transcription, further reducing the potential for PRC2
inhibitors to influence H3K27 methylation levels. We
hypothesize that H3K27me3 loss is observed in Jurkat cells
due to ongoing cell division, dilution of existing H3K27me3,
and the inability of PRC2 to propagate the mark in the
presence of inhibitors. In primary resting CD4+ T-cells, the
lack of significant cell division may not allow for similar
turnover, resulting in minimal changes in global H3K27me3
levels as compared to traditional cancer cell lines. This
hypothesis is further supported by recent work demonstrating
that replication dilution is a major path for the removal of
H3K27 methylation.39 These observations highlight potential
difficulties associated with targeting the removal of repressive
chromatin marks in the primary cell population most relevant
to HIV latency reversal. Encouragingly, a recent study by
Nguyen and colleagues using a highly sensitive next-generation
sequencing-based assay demonstrated latency reversal in HIV+
donor memory CD4+ T-cells in response to EZH2 inhibitors
alone and in combination with SAHA,14 suggesting that PRC2
inhibitors have the potential to reactivate latency in patient
cells and that a global downregulation of H3K27 methylation

Figure 7. Effects of EEDi and EZH2i on H3K27me3 levels in primary CD4+ T-cells. Initial assessment of the impact of EEDi and EZH2i on
H3K27me3 levels in total CD4+ T-cells at (A) 72 and (B) 96 h shows no decrease in H3K27me3 levels. (C) Treatment of total CD4+ T-cells
isolated from a healthy donor with extended concentrations of EEDi (A-395 and EED226) and EZH2i (UNC1999 and GSK343) for 24 to 72 h
shows little to no change in global levels of H3K27me3. (D) Quantification of H3K27me3 levels from (C) standardized to total histone H3 levels
for EEDi treatments. (E) Quantification of H3K27me3 levels from (C) standardized to total histone H3 levels for EZH2i treatments.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://dx.doi.org/10.1021/acsinfecdis.9b00514
ACS Infect. Dis. 2020, 6, 1719−1733

1727

https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00514?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00514?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00514?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00514?fig=fig7&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.9b00514?ref=pdf


in primary CD4+ T-cells may not be required for latency
reversal in cells from HIV+ donors.

■ CONCLUSION

There is a significant body of prior work demonstrating a role
for PRC2 in the maintenance of HIV latency and the potential
for EZH2 inhibitors in latency reversal for cure strategies.10−14

Here we add a new class of PRC2 inhibitors, EED inhibitors,
to a growing list of agents to be considered for latency reversal
studies. The identification of new targets for latency reversal

and novel LRAs is likely to be critical as combination therapies
are explored to maximally increase proviral expression. We
demonstrate that EED inhibitors A-395 and EED226 pheno-
copy EZH2 inhibitors with regards to HIV latency reversal;
however, EED inhibitors have the potential to be used without
blocking PRC2-independent EZH2 activities,40−42 are signifi-
cantly less toxic in our in vitro models, and show no evidence
of induction of activation markers in CD4+ T-cells.
Furthermore, resistance to EZH2 inhibitors has been reported
in cell culture,43,44 potentially leading to clinical resistance to

Figure 8. Tolerability of EEDi and EZH2i in primary CD4+ T-cells. To evaluate tolerability of EEDi and EZH2i in primary cells, alamarBlue was
used to assay cellular viability after (A) 72 h or (B) 96 h of treatment in 5 donors. (C) CD69 and CD25 expression levels in tCD4+ T-cells from 5
healthy donors after treatment with EEDi or EZH2i for 72 h. (D) CD69 and CD25 expression levels in tCD4+ T-cells from 5 healthy donors after
treatment with EEDi or EZH2i for 96 h.
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EZH2 inhibitors and providing a therapeutic advantage to
blocking PRC2 activity with EED inhibitors. While our work
suggests these LRAs may have limited function as single
agents, EED and EZH2 inhibitors should continue to be
considered for use in combination with other classes of LRAs
to sensitize the HIV provirus to latency reactivation for HIV
cure strategies. The evaluation of EEDi as LRAs in resting and
total CD4+ T-cells isolated from antiretroviral therapy (ART)
suppressed, aviremic individuals is the subject of ongoing work.

■ METHODS
Cell Lines. JLatA2 and JLat6.322,23 were obtained from the

NIH AIDS Reagent Program. 2D1011 cells were a gift from Dr.
Jonathan Karn (Case Western Reserve). Cells were maintained
in RPMI1640 (LifeTech) supplemented with 10% FBS
(Millipore) and 100 U/mL Pen/Strep (LifeTech) at 37 °C/
5% CO2.
Inhibitors. A-395 (SML1923) and A-395N (SML1879)

were purchased from Sigma-Aldrich. EED226 (HY-101117)
was purchased from MedchemExpress. SAHA (S1047) was
purchased from Selleckchem. Recombinant human TNF-alpha
(210-TA-020) was purchased from R&D Systems. UNC5679
(N-(furan-2-ylmethyl)-8-phenylimidazo[1,2-c]pyrimidin-5-
amine) was synthesized as previously reported17 to yield the
desired product as a white solid (6.6 mg) (see Supplemental
Methods for additional information).
Latency Reversal/Flow Cytometry. Cells were plated in

96-well plates at 25 000/well and treated with inhibitors for
indicated time periods. N indicates total number of biological
replicates performed over three independent experiments. Half
of cells were pelleted, flash frozen, and stored for later RNA
isolation. The remaining half were stained with LIVE/DEAD
Fixable Aqua Dead Cell Stain (ThermoFisher) for 30 min,
followed by DPBS wash and fixation in 1.5% paraformalde-
hyde/DPBS. Cells were assayed using the iQue Screener Plus
(Intellicyt) and GFP expression with dead-cell exclusion was
calculated using the ForeCyt analysis software (Intellicyt).
Synergy. An 8-point cross titration of EED226 (0, 0.5, 1,

2.5, 5, 10, 17.5, and 25 μM) and SAHA (0, 0.0312, 0.0625,
0.125, 0.25, 0.5, 1, and 2 μM) or TNFα (0, 0.01, 0.1, 0.5, 1, 5,
10, and 100 ng/mL) was performed for an indicated number of
replicates. EED226 was added for 72 h with SAHA or TNFα
added at the indicated concentrations for the final 24 h to
match conditions of prior experiments. Latency reversal was
assayed via flow cytometry as described above. The Bliss
Independence model45 states that if two agents are
independent in action, the predicted action of the two agents
together ( faxy,P) can be defined by the following: faxy,P = fax +
fay − ( fax)( fay), where fax and fay are the observed action of
the two drugs independent of each other. The experimentally
observed action of the two in combination is represented as
faxy,O. Δfaxy = faxy,O − faxy,P, whereby Δfaxy < 0 is antagonism,
Δfaxy = 0 is independence, and Δfaxy > 1 is synergy. We
calculated synergy similar to previously reported,18,46 but
omitted normalization to a positive control as none of our data
was reported as such. For this work, fa(EED or SAHA/TNFα)
= (Fraction GFP single agent − Fraction GFP DMSO) and
faxy,O = (Fraction GFP combo − Fraction GFP DMSO).
RNA/cDNA/qPCR Jurkats. Total RNA was isolated using

the Quick RNA 96-well (Zymo) per manufacturer’s
instructions. cDNA was generated using the Maxima First
Strand cDNA Synthesis Kit for RT-qPCR with dsDNase
(ThermoFisher) per manufacturer’s instructions. Gene ex-

pression was assayed by qRT-PCR using FastStart Universal
SYBR Green Master (Roche) on the QuantStudio 5 (Applied
Biosystems) with the following primer sets: GFP (F-5′
TCAAGATCCGCCACAACATC, R-5′ GTGCTCAGGT-
AGTGGTTGTC); β-Actin (F-5′ AGGTCATCACCATTG-
GCAATGAG, R-5′ TCTTTGCGGATGTCCACGTCA);
GAPDH (F-5′ CAGGAGGCATTGCTGATGAT, R-5′
GAAGGCTGGGGCTCAT); TBP (F- 5′ GAGAGTTCTG-
GGATTGTACCG, R-5′ ATCCTCATGATTACCGCAGC).
While GFP results standardized to β-Actin are presented here,
GFP was also normalized to TBP and GAPDH and displayed
similar increases in response to EEDi (data not shown).

Western Blots. Cells are lysed in a modified RIPA buffer
(25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 1× complete protease
inhibitor (Roche), 1X HALT Phosphatase inhibitor (Thermo-
Fisher), 1 mM sodium butyrate, and 4 μL/mL Benzonase
(Sigma) for 30 min on ice and cellular debris pelleted.
Recovered supernatants are assayed for protein concentrations
by the Detergent Compatible Bradford Assay (Pierce,
ThermoFisher) according to manufacturer’s instructions.
Proteins are separated by 4−20% Tris-glycine acrylamide gel
(TGX gels, BioRad) and transferred onto Immun-Blot PVDF
membranes via semidry transfer using the Trans-Blot Turbo
System (Bio-Rad). Membranes are blocked with tris-buffered
saline (TBS) and 5% milk for at least 30 min. Primary
antibodies are diluted to appropriate concentration in TBS
with 0.5% Tween-20 (TBST) with 5% milk and incubated
overnight at 4 °C. Membranes are washed 3X in TBST and
then incubated with appropriate HRP-conjugated secondary
antibody (Life Technologies) at 1:10 000 dilution in TBST/
milk for 1 h at room temperature. Membranes are washed 3×
with TBST, then developed using Amersham ECL Prime (GE
Life Sciences). Blots are imaged using the BioRad Versadoc
imager and analyzed using Image Lab software. Antibodies:
GAPDH (AB2302, Millipore); H3K27me3 (07−449, Milli-
pore); H3K27ac (39125, Active Motif); total H3 (ab1791,
Abcam).

MNase Chromatin Immunoprecipitation (ChIP).
MNase ChIP was performed as described previously (Skene
and Henikoff, 2015).51 Briefly, 5 × 106 cells (2D10, JLat6.3
and JLatA2) were treated with 10 μM EED inhibitor for 72 h
in combination with SAHA for the last 24 h. Cells were fixed
with 1% formaldehyde for 10 min and quenched with 125 mM
glycine for 15 min. Cell pellets were washed with ice cold PBS
three times and frozen at −80 °C. Cells were resuspended in
150 μL ice cold lysis buffer [1% SDS, 10 mM EDTA and 50
mM Tris-HCl (pH 8.1)] containing protease inhibitors and
lysed on ice for 15 min. To each tube, 1350 μL of ice cold
ChIP dilution buffer [1% Triton X100, 2 mM EDTA, 150 mM
NaCl and 20 mM Tris-HCl (pH 8.1)] containing 3 mM CaCl2
was added. Tubes were place at 37 °C for 5 min prior to
addition of 2.5 μL of MNase (10 U/μL) for 10 min and the
reactions were stopped by adding 30 μL EDTA and 60 μL
EGTA. The tubes were spun at 16 000 rpm at 4 °C and the
soluble extract was collected. 200 μL of the soluble supernatant
was incubated with 2 μL of H3, 5 μL of H3K27me3 and 2 μL
of H3K27Ac antibodies overnight at 4 °C. The next day,
Protein G Dynabeads (Invitrogen) were added to the
supernatants for 2 h. The antigen−antibody complexes were
washed successively once (1×) with TSE1 buffer [0.1% SDS,
1% Triton X100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1) and
150 mM NaCl], four times (4×) with TSE2 [0.1% SDS, 1%
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Triton X100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1) and
500 mM NaCl], once (1×) with Buffer III [0.25 M LiCl, 1%
NP40, 1% Sodium Deoxycholate, 1 mM EDTA, 10 mM Tris-
HCl (pH 8.1)] followed by three washes with TE buffer.
DNA−protein complexes were eluted from the beads using
elution buffer (0.1 M NaHCO3 and 1% SDS) and de-cross-
linked overnight at 65 °C. DNA was extracted using ChIP
Clean and Concentrator Kits (Zymo Research). qPCR was
performed as described previously using SYBR green (Biorad)
and the signal obtained was normalized to the input and then
to total H3 signal. Primers sets for Nuc010 (F-5′ ACACA-
CAAGGCTACTTCCCTG, R-5′ TCTACCTTATCTGGC-
TCAACTGGT), Nuc147 (F-5′ TCTCTGGCTAACTAG-
GGAACC, R-5′ AAAGGGTCTGAGGGATCTCTAG), and
Nuc247 (F-5′ AGAGATGGGTGCGAGAGC, R-5′ ATTAA-
CTGCGAATCGTTCTAGC) are previously published. Two
independent ChIP experiments were performed, each with
three biological replicates, and the data are represented as the
mean ± standard error of the mean.
Primary Cell Assays. Total CD4+ cells were obtained

using the EasySep Human CD4+ T Cell Isolation Kit
(Stemcell Technologies) per the manufacturer’s protocol
after standard isolation of peripheral blood mononuclear cells
via Ficoll-Paque (GE Lifesciences) from anonymous, healthy
blood donors (New York Blood Center). Seven million total
CD4+ cells were treated with EEDi (A-395 or EED226) or
EZH2i (UNC1999 or GSK343) at indicated concentrations
for each time point assayed. Lymphocytes were obtained from
aviremic HIV+ individuals on stable antiretroviral therapy by
continuous-flow leukapheresis and resting CD4+ T cells
isolated as previously described.48 Written consent was
obtained from all participants and protocols used to obtain
leukapheresis was approved by the University of North
Carolina Biomedical Institutional Review Board. Resting and
total CD4+ T cells were treated for 96 h with EED226 and A-
395 in IMDM/10%FBS/Pen/Strep with 10 U/mL IL-2 with
the addition of SAHA and PMA/Ionomycin or 3 μg/mL PHA
for the final 24 h. RNA was isolated from 8 to 12 replicates of 1
million resting cells (Donors 1 and 2) or 1 million total CD4+
cells (Donor 4) using the MagMax-96 Total RNA Isolation Kit
(Life Technologies) following the manufacturer’s protocol.
Three replicates of 4 million total CD4+ cells from Donor 3
were isolated using the RNeasy Mini RNA Isolation Kit
(Qiagen) per manufacturer’s protocol. cDNA was synthesized
in duplicate from DNase-treated, isolated RNA using the
SuperScript III First-Strand Synthesis SuperMix kit (Life
Technologies) according to the manufacturer’s procedures.
PCR amplification of pooled cDNA was performed in technical
triplicates using the Biorad FX96 Real-Time PCR machine and
previously published primers and probe.49 A standard curve
was generated for each PCR reaction as described previously.50

Activation Markers. Total CD4+ cells were obtained
using the EasySep Human CD4+ T Cell Isolation Kit
(Stemcell Technologies) per manufacturers protocol after
standard isolation of peripheral blood mononuclear cells via
Ficoll-Paque (GE Lifesciences) from anonymous, healthy
blood donors (New York Blood Center). Cells were treated
with EED or EZH2 inhibitors at indicated dosages and time
points at a concentration of 3E6/mL. 90uL of cells were
subject to alamarBlue assay (Life Technologies) per the
manufacturer’s instructions. Samples incubated for 2 h at 37
°C, followed by fluorescence detection at 560EX/590EM using a
SpectraMax M3 (Molecular Devices). The remaining cells

were stained with Live/Dead NIR (Life Technologies), CD4-
PE (Clone RPA-T4, BD Biosciences), CD3-PerCP-Cy5.5
(Clone UCHT1, Biolegend), CD25-FITC (Clone BC96,
Biolegend), and CD69-APC (Clone FN50, Biolegend).
Unstained and FMO controls were generated using PHA
stimulated cells for each experiment and all flow was run on an
Attune NXT with data analysis performed using FlowJo.

Statistical Analysis. All analysis was performed using
Graphpad Prism. p-values were determined using the non-
parametric Mann−Whitney U Test for samples with an n ≥ 5.
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