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Abstract

Various epigenetic marks at the HIV-1 5" LTR suppress proviral expression and promote latency.
Cellular antisense transcripts known as long noncoding RNAs (IncRNAS) recruit the polycomb
repressor complex 2 (PRC2) to gene promoters, which catalyzes trimethylation of lysine 27 on
histone H3 (H3K27me3), thus promoting nucleosome assembly and suppressing gene expression.
We found that an HIV-1 antisense transcript expressed from the 3’LTR and encoding the antisense
protein ASP promotes proviral latency. Expression of ASP RNA reduced HIV-1 replication in
Jurkat cells. Moreover, ASP RNA expression promoted the establishment and maintenance of
HIV-1 latency in Jurkat E4 cells. We show that this transcript interacts with and recruits PRC2 to
the HIV-1 5'LTR, increasing accumulation of the suppressive epigenetic mark H3K27me3, while
reducing RNA Polymerase Il and thus proviral transcription. Altogether, our results suggest that
the HIV-1 ASP transcript promotes epigenetic silencing of the HIV-1 5"LTR and proviral latency
through the PRC2 pathway.
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1. Introduction

A unique feature of HIV-1 transcription is the viral transactivator Tat, which allows the virus
to regulate its own expression via a positive feedback loop (Karn, 2011). Tat binds the TAR
element (Kao et al., 1987) — a stem-loop structure at the 5" of the nascent viral transcripts
— and recruits the elongation factor P-TEFb, comprised of cyclin T1 and CDK9 (Wei et al.,
1998). In turn, P-TEFb promotes the removal of the negative elongation factors NELF and
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DSIF (Fujinaga et al., 2004; Yamaguchi et al., 2002; Jadlowsky et al., 2014; Zhang et al.,
2007), and augments processivity of the RNA polymerase Il (RNA Pol I1) (Czudnochowski
et al., 2012). The net outcome is the accumulation of full-length transcripts initiated at

the LTR, and the expression of more Tat and other viral proteins. Changes in the cellular
environment cause a reduction in the intracellular Tat levels, which progressively reduce the
activity of the LTR and viral expression.

A decline in Tat levels is a necessary but not sufficient condition for the establishment

and maintenance of viral latency. Indeed, the latent HIV-1 5"LTR is characterized by

the presence of specific epigenetic marks, which are not regulated by Tat, but rather

are introduced sequentially by cellular enzymes. /n vitro studies have shown that CpG
islands are heavily methylated within the LTR of latent proviruses, and that inhibitors of
DNA methylation potentiate viral reactivation (Blazkova et al., 2009; Kauder et al., 2009).
However, it was recently shown that only a fraction of CpG islands are methylated in

the LTR of proviruses from infected individuals under suppressive antiretroviral therapy
(Blazkova et al., 2012; Palacios et al., 2012; Ho et al., 2013a, 2013b). Two nucleosomes

— Nuc-0 and Nuc-1 — are invariably present at the 5'LTR of latent proviruses (Verdin et
al., 1993). Histone deacetylases (HDAC) and lysine methyltransferases (HKMT) regulate
their assembly and positioning. Members of class | HDACSs catalyze deacetylation of lysines
in the N-terminal part of core histones (H2A, H2B, H3 and H4) (Keedy et al., 2009).
Indeed, HDAC inhibitors such as vorinostat, panobinostat and romidepsin are being tested
as therapeutic targets in the context of “kick and kill” cure strategies (Archin et al., 2012;
Elliott et al., 2014; Rasmussen, 2014; Sogaard et al., 2015). The histone methyltransferases
G9a and Suv39H1 catalyze di- and trimethylation of lysine 9 on histone H3 (H3K9me2 and
H3K9me3), respectively, whereas enhancer of zeste homolog 2 (EZH2) is responsible for
trimethylation of lysine 27 on histone H3 (H3K27me3) (du Chene et al., 2007; Imai et al.,
2010; Marban et al., 2007). EZH2 is the dominant HKMT involved in the assembly of Nuc-0
and Nuc-1, and in turning off transcription from the HIV-1 LTR (Friedman et al., 2011).

EZH2, SUZ12, and EED are core components of the multi-protein complex PRC2, which

in higher eukaryotes lacks independent DNA binding activity (Margueron and Reinberg,
2011). In recent years, natural antisense transcripts (NATSs) have been shown to suppress the
expression of their sense gene through various mechanisms (Khorkova et al., 2014). A group
of NATs known as long noncoding RNAs (IncRNA) are present at a very low number of
copies per cell, and exert their function by recruiting PRC2 to the promoter of their sense
gene, leading to nucleosome assembly, chromatization and silencing (Davidovich and Cech,
2015).

The proviral genomes of human and animal retroviruses direct the expression of antisense
transcripts that originate from a promoter within the 3’LTR (Barbeau and Mesnard, 2015).
The most studied retroviral antisense transcript is the human T cell leukemia virus 1
(HTLV-1) basic leucine zipper factor (Hb2), which was discovered in 2002 (Gaudray et
al., 2002), although minus strand transcription in the HTLV-1 genome had been known for
several years (Larocca et al., 1989). The /bz gene expresses two transcription isoforms: a
spliced and an unspliced RNA (Gaudray et al., 2002), which differ in their 5" untranslated
regions, and in the 5" region of the open reading frame that they contain, thus giving rise
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to two polypeptides that differ slightly in the N-terminus. Both the RNA and the protein
expressed by this gene play a role in the virus lifecycle (Ma et al., 2016). In addition, to their
protein-coding role, the Hbz RNAs have regulatory roles by promoting cell proliferation

and by inhibiting apoptosis, which is supported also by their mostly nuclear localization.
The HBZ proteins are also nuclear, and promote persistent HTLV-1 latent infection, T

cell proliferation, and inhibit apoptosis and authophagy. Antisense genes have also been
identified in the genomes of HTLV-2, 3 and 4 (Barbeau and Mesnard, 2011), and feline
immunodeficiency virus (FIV) (Briquet et al., 2001).

The existence of an antisense gene in the HIV-1 genome was first proposed in 1988 as

a result of a computational analysis of the proviral sequence (Miller, 1988). Subsequent
studies showed that the HIV-1 antisense gene might give rise to several transcripts of
different length (Michael et al., 1994; Kobayashi-Ishihara et al., 2012). Several studies have
assessed the ratio of sense vs. antisense transcription within the HIV-1 proviral genome
(Michael et al., 1994; Kobayashi-Ishihara et al., 2012; Vanhee-Brossollet et al., 1995;
Ludwig et al., 2006; Laverdure et al., 2012). In particular, studies by Kobayashi-Ishihara

et al. and by Laverdure et al. found that antisense transcripts are 100-2500 times and

1000 times, respectively, less abundant than sense transcripts in lymphoid and myeloid cells
infected /n vitro (Kobayashi-Ishihara et al., 2012; Laverdure et al., 2012). However, Michael
et al. assessed antisense transcription in peripheral blood mononuclear cells of early-stage
asymptomatic patients, and showed that it represents as low as 1.3% and as high as 94%
(mean 33%) of total HIV-1 proviral transcription (Michael et al., 1994). The HIV-1 antisense
transcript contains an open reading frame encoding a putative protein of 189 amino acid
residues (Miller, 1988). A few studies have suggested that the product of the HIV-1 antisense
transcript is associated with cellular membranes, in line with its predicted hydrophobicity
(Laverdure et al., 2012; Briquet and Vaquero, 2002; Clerc et al., 2011; Torresilla et al.,
2013). However, the function of this protein remains to be elucidated. Other studies have
led to suggest that the HIV-1 transcript encoding the antisense protein (ASP) might play
arole in viral replication (Kobayashi-Ishihara et al., 2012; Tagieva and Vaquero, 1997). A
possible role of the ASP RNA in its epigenetic silencing was recently inferred by Saayman
et al., who showed that this transcript down-regulation led to a decreased recruitment

of DMNT3a, EZH2 and HDAC1 to the HIV-1 5’LTR (Saayman et al., 2014). However,

the exact mechanism of the ASP RNA acting as a virus-encoded IncRNA remains to be
characterized.

Here we show that the HIV-1 ASP transcript inhibits viral replication and promotes the
establishment and maintenance of latency by acting as a bona fide IncRNA, through
recruitment of PRC2 to the 5'LTR, trimethylation of H3K27, Nuc-1 assembly, and
transcriptional silencing. Thus, our data suggest that HIV-1 not only regulates its expression
via the Tat positive feedback loop, but also its latency via the ASP transcript.
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2.1. Design of a highly sensitive strand-specific RT-PCR assay for quantitative
measurement of ASP RNA expression

Endogenous RT priming refers to the priming of RNA during reverse transcription by
small RNA or DNA fragments that contaminate RNA preparations (Landry et al., 2007).
The occurrence of endogenous RT priming is revealed when a PCR signal is obtained
with cDNA samples generated without exogenous RT primer. In the case of overlapping
transcriptional units encoded on opposite strands of the same genomic region, endogenous
RT priming prevents accurate measurement of the expression levels of either transcript,
particularly when measuring the expression of a transcript expressed at much lower levels
than the other.

Our initial attempts to develop an RT-PCR assay to assess expression of the HIV-1 ASP
transcript showed the occurrence of endogenous RT priming, which prevented us from
accurately measure the levels of this RNA molecule. To circumvent this issue, we developed
an RT-PCR assay that specifically detects the ASP transcript (Fig. 1A). This strand-specific
assay makes use of an RT primer that in its 3" end is complementary to the sequence of

the ASP transcript, while its 5 end contains an unrelated sequence (Kobayashi-Ishihara et
al., 2012; Landry et al., 2007). Therefore, the cDNA generated in the RT step are tagged

in their 5" with a non-HIV specific sequence. The tag sequence serves as template for
forward primer of the PCR step, while the reverse primer and TagMan probe are designed
on the natural sequence of the ASP RNA molecule. Our strand-specific RT-PCR assay
yields a signal only with cDNA samples generated with both tagged RT primer and reverse
transcriptase (Fig. 1B), and not with cDNA samples lacking either or both, thus eliminating
the possibility of endogenous priming. To generate a standard curve for quantitative analysis
of ASP RNA expression, we utilized a linearized plasmid carrying the sequence of the
TagMan amplicon derived from the ASP RNA molecule. Our TagMan assay allows the
detection of 1-10 copies of ASP RNA per reaction (Fig. 1C). Thus, we have developed a
highly sensitive, strand-specific RT-PCR assay for quantitative measurement of ASP RNA
expression.

2.2. Detection of the HIV-1 ASP RNA in resting CD4+ T cells from HIV-1 infected individuals
under suppressive combination antiretroviral therapy

We utilized our RT-PCR assay to carry out a quantitative measurement of ASP RNA
expression in various cell systems. We found that expression of the ASP transcript is readily
detectable in primary cells infected /n vitro (Fig. 2A), but only when cDNA synthesis was
carried out in the presence of both AST-tag RT primer and reverse transcriptase. Since
~0.5-1.0% of the cells were infected at the time of RNA collection (3 days post-infection),
we estimate that the ASP RNA is expressed at ~1.5-3 copies/infected cell. This is consistent
with the observed copy numbers of many functional cellular InNcRNA (Palazzo and Lee,
2015; Lee, 2009; Han et al., 2007). The lack of any PCR signal when reverse transcription
was carried out in the presence of reverse transcriptase but in the absence of the AST-tag RT
primer demonstrates that our assay does not pick up non-specific amplification. Moreover,
we detected ASP RNA expression in all chronically infected CD4+ T cell lines tested, but
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not their uninfected parental cell line (Fig. 2B). The expression levels of ASP RNA varied
greatly among these infected cell lines: ~5-25 copies per cell. Different integration sites
(and thus local chromatin structure), and baseline levels of key transcription factors may
partially account for these differences. These results are in line with previous studies that
reported the expression of ASP RNA in chronically infected cell lines and in peripheral
blood mononuclear cells acutely infected /n vitro (Kobayashi-Ishihara et al., 2012; Vanhee-
Brossollet et al., 1995; Tagieva and Vaquero, 1997).

Next, we sought to determine whether ASP RNA is expressed /n vivo. Since the expression
of this transcript is independent of — and possibly inhibited by — Tat, we chose to measure
expression of ASP RNA in freshly isolated cells without any prior ex vivo stimulation. Thus,
we extracted total RNA from freshly isolated, resting CD4+ T cells of three HIV-1 positive
individuals under suppressive combination antiretroviral therapy (CART) for at least 24
months. Using our strand-specific RT-qPCR assay, we were able to detect expression of ASP
RNA in RNA samples from all three infected individuals, but not in samples from uninfected
control individuals (Fig. 2C). Since the frequency of infected cells in these donors is not
known, and since a significant proportion of proviral sequences carry large internal deletions
(Ho et al., 2013a, 2013b), we cannot estimate the copy number of ASP RNA per cell. These
data confirm previous evidence that ASP RNA is expressed /7 vivo (Michael et al., 1994).
However, since the donors included in our study had undetectable viremia for more than 24
months, and since we utilized RNA from resting cells that do not support viral replication,
our data demonstrate for the first time that the ASP transcript is expressed during viral
latency.

2.3. Expression of ASP RNA suppresses viral replication

A number of studies have demonstrated that the antisense transcript of the human T cell
leukemia virus 1 (HTLV-1) antisense gene Abzand its encoded protein play opposite roles
in the virus lifecycle (Ma et al., 2016). Previous reports have suggested that the HIV-1
antisense transcript contains an open reading frame directing the expression of a highly
hydrophobic 189-aa antisense protein (ASP) (Miller, 1988; VVanhee-Brossollet et al., 1995;
Laverdure et al., 2012; Briquet and Vaquero, 2002; Clerc et al., 2011; Champiat et al.,
2012). To assess whether expression of ASP RNA plays a role in HIV-1 replication, we
transduced Jurkat cells with lentiviruses expressing the ASP transcript. These lentiviruses
were generated using the pLVX-Puro vector, which expresses ASP RNA under the CMV
promoter/enhancer rather than the lentiviral LTR. Therefore, Tat levels do not affect
expression of the ASP transcript. Moreover, to assess effects exclusively due to the HIV-1
ASP RNA, we introduced three single point mutations in the sequence of the ASP transcript
so that codons 3, 7 and 10 of the ASP open reading frame were mutated from glutamine,
cysteine, and cysteine — respectively — to stop codons. Jurkat cells were stably transduced
with purified lentiviral particles carrying the mutated ASP transcript sequence (J-ASTmut)
or the empty vector (J-LVX), and then selected with puromycin. First, we performed
RT-gPCR to verify expression of the antisense transcript (Fig. 3A). Indeed, we detected
expression of ASP RNA in Jurkat cells transduced with the ASTmut lentivirus, but not in
Jurkat transduced with the empty lentivirus or in the parental Jurkat cell line. Then, the
three cell lines were infected with equal amounts of HIV-1g, and viral replication was
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monitored over 10 days by measuring p24 antigen in the culture supernatant. We found

that Jurkat cells expressing the ASP transcript supported HIV-1 replication at significantly
lower levels compared to the other two cell lines (Fig. 3B). Thus, expression of the HIV-1
ASP RNA inhibits viral replication by 70-80%. Moreover, since the sequence of the ASP
transcript in these studies carried three early stop codons in the ASP open reading frame, the
effects that we observed could be ascribed exclusively to the transcript.

2.4. Expression of ASP RNA promotes the establishment and maintenance of HIV-1 latency

Next, we assessed whether the ASP RNA suppresses viral replication by promoting viral
latency. To that end, we utilized Jurkat E4 (JE4) cells (Friedman et al., 2011; Pearson et

al., 2008). This clonal cell line is infected with an HIV-1 provirus that lacks the gag gene,
contains the envgene, and carries a destabilized GFP gene in place of nef. Under normal
culture condition, the HIV-1 provirus in Jurkat E4 is latent, and ~5% of the cells express
GFP. However, viral expression promptly resumes following stimulation with TNFa or
latency reversing agents (LRAS), and returns to latency following removal of the stimulus
(Friedman et al., 2011). To assess the effect of ASP RNA on HIV-1 latency, we generated
Jurkat E4-derived lines stably transduced with the same lentiviruses described above (JE4-
ASTmut and JE4-LVX). As shown in Fig. 4A, both Jurkat E4 and JE4-LV X cells expressed
antisense transcripts in the HIV-1 provirus. Indeed, our TagMan PCR assay to detect ASP
RNA is designed on a portion of the transcript that overlaps the envgene, and thus it is
able to detect antisense transcription in these two cell lines despite the presence of the GFP
gene in place of nef. However, we detected significantly higher levels of HIV-1 antisense
transcripts in JE4-ASTmut, because the stably transduced lentivirus drives the expression of
significant levels of mutated ASP transcript on top of the antisense transcripts driven by the
HIV-1 3'LTR (Fig. 4A).

We utilized these cell lines to test the effect of ASP RNA expression on viral reactivation
from latency. We found that in the absence of any stimulation, the percentage of GFP
positive cells was markedly lower in the JE4-ASTmut sample than in the two other cell
lines (Fig. 4B-C). The three cell lines were then exposed to increasing doses of TNFa.
(0.01-1.0 ng/ml) or to SAHA (0.01-1.0 uM), and after 24 h we assessed viral reactivation
by measuring the percentage of GFP positive cells by flow cytometry. Viral reactivation

in response to low doses of TNFa (0.01 and 0.1 ng/ml) was lower in JE4-ASTmut

cells compared to the other two cell lines. However, the three cell lines showed similar
percentages of GFP positive cells upon treatment with higher TNFa doses (Fig. 4B and C).
On the contrary, JE4-ASTmut cells showed markedly reduced viral reactivation in response
to all doses of SAHA we tested (Fig. 4D). Next, we performed the reverse experiment:

we reactivated viral expression by treating the three cell lines with 10 ng/ml TNFa for

12 h, then we washed away the stimulus and we followed return to latency over two

days by measuring the percentage of GFP positive cells every 6 h. Our results show that
JE4-ASTmut cells reestablished latency much faster than the other two cell lines (Fig.

5A and B). Altogether, these results suggest that expression of ASP RNA promotes the
establishment and maintenance of HIV-1 latency.
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2.5. Inhibition of viral expression by ASP RNA does not act at a post-transcriptional step

One of the possible mechanisms of viral suppression by the ASP transcript might entail
the formation of double stranded RNA molecules with sense HIV-1 transcripts, and their
subsequent degradation by cellular enzymes. To address whether this is the case, we
reasoned that the presence of RNA polymerase 11 (RNA Pol I1) ought to be detectable

at the HIV-1 promoter and downstream sequences in JE4-ASTmut cells following treatment
with LRAs. Thus, JE4, JE4-LVX, and JE4-ASTmut cells were treated with SAHA for 24
h, and then utilized to carry out chromatin immunoprecipitation assays with antibodies to
RNA Pol II. Then lysates were probed with primer sets specific for the HIV-1 promoter,
Nuc-1 and a sequence immediately before the gag gene. These experiments showed that
RNA Pol Il is present at the all three locations in unstimulated JE4 and JE4-LVX cells.
However, we found that the levels of RNA Pol |1 are significantly lower in unstimulated
JE4-ASTmut cells (Fig. 6 A-C). Following treatment with SAHA, we observed that the
levels of RNA Pol Il augments at all three locations in JE4 and JE4-LV X cells, indicating
increased HIV-1 transcription in both cell lines. However, in JE4-ASTmut cells the levels
of RNA Pol Il remained extremely low at all three locations even after SAHA treatment
(Fig. 6A-C). The near absence of RNA Pol Il at the HIV-1 promoter, Nuc-1 and a
sequence immediately before the gag gene indicates that expression of sense transcripts

in JE4-ASTmut cells is also extremely low or absent. Therefore, these results suggest that
the ASP transcript suppress HIV-1 expression via a mechanism that acts prior to initiation of
HIV-1 transcription rather than a post-transcriptional step such as via degradation of sense
transcripts.

2.6. The ASP transcript promotes HIV-1 latency via epigenetic regulation of viral
expression

Recent studies have demonstrated that PRC2 and its core member EZH2 are the dominant
HKMT involved in the establishment and maintenance of viral latency via nucleosome
assembly (Friedman et al., 2011). PRC2 appears to lack DNA binding properties, and its
recruitment to the chromatin occurs via NATs (Margueron and Reinberg, 2011; Khorkova

et al., 2014). Our data shown above demonstrate that the ASP transcript suppresses HIV-1
expression at the transcriptional level. Thus, we sought to test whether ASP RNA exerts its
function by acting as an IncRNA that recruits PRC2 to the HIV-1 LTR, thus promaoting
H3K27me3 modifications and nucleosome assembly. To test this hypothesis, we first
assessed the activity of EZH2 inhibitors on HIV-1 reactivation from latency. We cultured
JE4, JE4-LVX, and JE4-ASTmut cells in the presence of increasing doses of EPZ-6438
(2.5-15 uM) for 3 days, and then we assessed viral reactivation by measuring the percentage
of GFP positive cells. We found dose-dependent HIV-1 reactivation in both JE4 and JE4-
LVX cells (Fig. 7A and B). However, we did not observe any response in JE4-ASTmut cells,
where HIV-1 expression remained at baseline levels (Fig. 7A and B). Similar results were
obtained with two additional EZH2 inhibitors, CPI1-169 and EI1 (Fig. 7C).

Next, we assessed chromatin changes at Nuc-1 following exposure JE4, JE4-LV X, and
JE4-ASTmut to EZH2 inhibitors. To that end, the three cell lines were cultured with 7.5
UM EPZ-6438 for 3 days, and then we performed ChIP with antibodies to EZH2 and

to H3K27me3. Samples were probed with Nuc-1 specific probes. We found that prior to
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exposure to EPZ-6438 the three cell lines had similar levels of EZH2 and H3K27me3 in
Nuc-1 (Fig. 8A and B). After treatment with the EZH2 inhibitor, we found a significant
~1.5-2 log decline of EZH2 and H3K27me3 levels in JE4 and JE4-LVX cells. On the other
hand, JE4-ASTmut cells maintained unaltered levels of EZH2 at Nuc-1, and showed only
a ~4-fold decline of H3K27me3 levels (Fig. 8A and B). In the JE4-ASTmut cell line, the
potent CMV promoter/enhancer drives expression of the ASP transcript, leading to RNA
levels 5-6 times greater than those JE4 and JE4-LV X cells, in which expression of ASP
RNA occurs in the context of the integrated HIV-1 provirus (see Fig. 4A). Moreover, while
expression of the native ASP RNA in these two cell lines is driven by the HIV-1 3'LTR and
is likely down-regulated following EPZ treatment and induction of Tat expression (Michael
et al., 1994; Bentley et al., 2004), this is not the case in JE4-ASTmut that express ASP
RNA under the CMV promoter/enhancer. Under these conditions, PRC2 might be recruited
to the 5'LTR more efficiently (Fig. 8A), and maintain more sustained levels of H3K27me3
(Fig. 8B) in the JE4-ASTmut cells compared to the other two lines. Altogether, these data
show that the ASP transcript suppresses HIV-1 expression by promoting the recruitment
and retention of EZH2 to Nuc-1 in the HIV-1 genome, leading to sustained levels of the
suppressive epigenetic mark H3K27me3.

2.7. The HIV-1 ASP transcript interacts with components of the PRC2 complex

Our data suggest that the ASP transcript may promote viral latency by acting as an HIV-
encoded IncRNA that recruits PRC2 to the HIV-1 LTR. To conclusively demonstrate that
ASP RNA interacts with PRC2, we carried out RNA immunoprecipitation (RIP) assays.
Overexpression of the ASP transcript may represent a confounding factor in these studies.
Thus, we chose to utilize H9 cells chronically infected with HIV-1,;,5 (Fig. 2B), in which
the antisense transcript is expressed under its natural promoter within the HIV-1 3'LTR.
Cells were fixed with UV, and then cell lysates were immunoprecipitated with antibodies

to the catalytic subunit of PRC2, EZH2. Since EZH2 is present in different complexes,

we also immunoprecipitated another PRC2 component, SUZ12. As a control, we utilized
pre-immune mouse IgG. After extensive washes and elution, the isolated RNA was analyzed
by RT-qPCR to assess the presence of ASP RNA. We found significant levels of ASP
transcript in immune complexes obtained with antibodies to EZH2 and SUZ12, but not with
control mouse 1gG (Fig. 9). In addition, we found significant levels of the cellular IncRNA,
HOTATI'R that was previously shown to interact with both EZH2 and SUZ12 (Tsai et al.,
2010). On the contrary, we found only trace amounts of the sSnRNA U1, which is routinely
used as a negative control in RIP assays (Tsai et al., 2010). Thus, our results demonstrate
that the HIV-1 ASP RNA specifically interacts with members of the PRC2 complex, EZH2
and SUZ12.

3. Discussion

The entry of HIV-1 into latency requires a series of epigenetic marks at the 5'LTR that
lead to the assembly of Nuc-1 around the transcription start site, thus presenting a block to
transcription. Several /n vitro models have shown a role for DNA methylation at two CpG
islands located in the HIV-1 5"LTR (Blazkova et al., 2009; Kauder et al., 2009). However,
this has not been confirmed in CD4+ T cells from HIV-1 patients (Blazkova et al., 2012;

Virology. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata et al.

Page 9

Palacios et al., 2012; Ho et al., 2013a, 2013b). Our analyses did not include a careful
estimate of the frequency of latently infected cells in our three clinical samples. However, if
we assume values between 10 and 100 latently infected cells per million CD4+ T cells (Ho
et al., 2013a, 2013b), then the number of ASP RNA copies per infected cell with an intact
provirus would be < 10. This is in line with the copy number per cell of IncRNAs, often
present at < 5 copies/cell (Lee, 2009).

Deacetylation of core histones has been shown to play an important role in HIV-1 latency
(He and Margolis, 2002). Indeed, several HDAC inhibitors are being tested clinically for
therapeutic reversal of latency (Archin et al., 2012; Elliott et al., 2014; Rasmussen, 2014;
Sogaard et al., 2015). Histone H3 methylation at lysine 9 by Suv39H1 and G9a, and lysine
27 by EZH2 are pivotal events for the transcriptional silencing of HIV-1 via epigenetic
mechanisms (du Chene et al., 2007; Imai et al., 2010; Marban et al., 2007). Functional
studies have shown that EZH2 is the dominant HKMT involved in nucleosome assembly
at the HIV-1 LTR (Friedman et al., 2011). In addition to its catalytic activity, EZH2 is a
core component of PRC2, which provides a scaffold for other chromatin-modifying enzymes
involved in HIV-1 latency, such as HDACs and DNMTs (Tae et al., 2011; Vire et al., 2006;
Cheng et al., 2011). Recruitment of HDACs at the 5’LTR is also facilitated by various
transcription factors, such as YY1, p50 homodimers, and CBF-1(He and Margolis, 2002;
Williams et al., 2006; Tyagi and Karn, 2007).

Several human and animal retroviruses encode an antisense gene on the negative strand of
their genome, which is expressed from an antisense promoter within the 3'LTR in opposite
direction to the transcripts originating in the 5'LTR (Barbeau and Mesnard, 2015). Here
we investigated the expression and function of the antisense RNA encoded into the HIV-1
genome. The development of a highly sensitive, strand-specific, quantitative RT/real time
PCR assay allowed us to demonstrate that the ASP transcript is expressed in many different
CDA4+ T cell systems infected with HIV-1. Previous studies found evidence of ASP RNA
expression in chronically infected cell lines, and in primary CD4+ T cells infected /n

vitro (Kobayashi-Ishihara et al., 2012; Vanhee-Brossollet et al., 1995; Tagieva and Vaquero,
1997). We confirmed these results, but we present new evidence that ASP RNA is also
expressed /n vivoin resting CD4+ T cells from HIV-1 positive individuals under suppressive
CART for at least 24 months.

Our studies demonstrate that expression of ASP RNA inhibits HIV-1 replication during
acute infection. Indeed, a Jurkat-derived cell line expressing ASP RNA showed a reduction
in the ability to support HIV-1 replication. Constitutive expression of the ASP transcript

in this model system was driven under a CMV promoter and enhancer. On one hand

this allowed the expression of high levels of ASP RNA, and on the other hand removed
expression of ASP RNA from the control of Tat.

We employed the same lentiviral system to stably transduce Jurkat E4 cells, and to address
the role of ASP RNA in HIV-1 latency. Our studies demonstrate that the ASP transcript
promotes both the establishment and maintenance of latency. Indeed, after reactivation with
high doses of TNFa., HIV-1 returned to latency much faster in cells over-expressing ASP
RNA. We studied viral reactivation in response to three different classes of compounds.
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Over-expression of ASP RNA prevents or reduces viral reactivation at low but not high
doses of TNFa. Since this cytokine activates the NF-xB pathway, these results suggest

that the block imposed by the ASP transcript raises the threshold of Tat needed to achieve
full viral expression. Following treatment with the HDAC inhibitor SAHA, we observed

a significant reduction in viral reactivation at all doses tested, suggesting that ASP RNA
contributes to the recruitment of HDACs to the 5'LTR. Indeed, PRC2 is known to provide

a docking platform for HDACs and DNMTs (Tae et al., 2011; Vire et al., 2006; Cheng et
al., 2011). However, other cellular factors (such as YY1, p50 homodimers, and CBF-1) (He
and Margolis, 2002; Williams et al., 2006; Tyagi and Karn, 2007) participate in this process;
thus over-expression of the ASP transcript does not completely suppress viral reactivation in
response to HDAC inhibitors. Finally, over-expression of ASP RNA completely suppresses
viral reactivation at all doses of EZH2 inhibitors that we tested, suggesting that this
transcript promotes viral latency in concert with PRC2. Chromatin immunoprecipitation
assays also supported this hypothesis, and showed that in cells over-expressing ASP RNA
sustained high levels of EZH2 and H3K27me3 could be found at Nuc-1 following treatment
with EZH2 inhibitors. Conclusive evidence came from RIP assays that showed strong,
specific interaction between the ASP transcript and two different components of the PRC2
complex, EZH2 and SUZ12. These results are in line with and lend support to a recent
report showing that expression of ASP RNA promotes viral latency via DNA methylation
at the 5'LTR (Saayman et al., 2014). Indeed, PRC2 contributes to the recruitment of
DNMTs, and therefore expression of ASP RNA indirectly promotes their activity at the
HIV-1 promoter. Importantly, the report by Saayman et a/. utilized the opposite approach
(knockdown via siRNA rather than over-expression) to demonstrate that the ASP transcript
recruits of DMNT3a, EZH2 and HDAC1 to the HIV-1 5’LTR (Saayman et al., 2014).

Alternative possible mechanisms of action of ASP RNA included transcriptional interference
and degradation of sense transcripts. Our experiments employed cell lines stably transduced
with lentiviral vectors expressing the ASP transcript under the CMV promoter/enhancer.
Since this transcriptional unit is physically separated from the one expressing HIV-1 sense
transcript from the 5°LTR, the possibility of transcriptional interference (i.e. collision)
between the two transcription machineries can be excluded. Further, the lack of RNA

Pol 1l at the HIV-1 promoter and downstream points in cells over-expressing ASP RNA

both before and after stimulation with SAHA indicates that viral suppression by the

ASP transcript acts at the transcription level, rather than post-transcriptional level (i.e. via
degradation of sense transcripts).

LncRNAs bind their target DNA via formation of RNA:DNA triple helices involving
Watson-Crick and Hoogsteen base pairing, which ensures target gene specificity (Mondal
etal., 2015; O’Leary et al., 2015; He et al., 2015; Postepska-lgielska et al., 2015; Bierhoff
et al., 2010; Schmitz et al., 2010). The first 384 nt at the 5" end of the ASP RNA are
derived from the U3 region of the proviral 3'LTR, and thus are identical to the same region
in the 5'LTR. Therefore, it is conceivable that the 5" end of the ASP transcript mediates its
interaction with the 5”LTR of the HIV-1 proviral genome. An additional point to consider
is the low copy number of ASP RNA in infected cells, which may contribute to exclude
potential off-target effects. For instance, HOTTTPis an IncRNA that is present at ~1 copy/
cell, which allows it to precisely function in cis without affecting other genes (Wang et al.,

Virology. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata et al.

Page 11

2011). Thus, while it is unlikely that the HIV-1 antisense transcript may affect the expression
of host genes, this possibility cannot be completely ruled out and should be addressed. For
instance, it is possible that the ASP transcript may affect the expression of genes encoded by
human endogenous retroviruses (HERVS) due to potential homology between the HIV-1 and
HERVs long terminal repeats.

Until recently it was thought that HIV-1 does not encode a repressor of viral transcription,
and that entry into latency was due to the disappearance of cellular and viral transcription
factors along with appearance of suppressive epigenetic marks (Mbonye and Karn, 2014).
However, our results suggest that the ASP RNA is an HIV-1 transcript acting as a latency
factor. Moreover, a previous report showed that the HIV-1 TAR element is processed by the
Dicer enzyme to create a viral miRNA, which is detectable in infected cells and appears

to contribute to viral latency (Klase et al., 2007). Thus, the balance between the activities
of Tat and ASP RNA could determine the switch between latency and productive infection.
In the absence of Tat, the combined effects of NELF, DSIF and ASP RNA restrict HIV-1
expression. However, Tat overcomes such restrictions, achieving transcription elongation
and viral expression.

4. Materials and methods

4.1. Cell lines, primary cells, virus infection, and reagents

Jurkat cells were obtained from ATCC (Manassas, VA). All other cell lines were obtained
from the NIH AIDS Reagent Program (Germantown, MD). The latently infected cell line
Jurkat E4 was a kind gift of Jonathan Karn (Case Western University) (Friedman et al.,
2011; Pearson et al., 2008). All cell lines were cultured in RPMI 1640 supplemented

with 10% fetal calf serum and antibiotics. Stably transduced cell lines derived from

Jurkat and Jurkat E4 were cultured in the same medium containing 1 pg/ml puromycin
(Clontech). Lenti-X 293 cells were obtained from Clontech, and cultured in DMEM with
10% tetracycline-free fetal calf serum and antibiotics. Peripheral blood was obtained by
venipuncture from HIV-1 positive and negative donors under the University of Maryland,
Baltimore Institutional Review Board protocol # HP-00040021. CD4+ T cells were isolated
by negative selection using a kit from Miltenyi Biotec. For /in vitro infection, cells of healthy
donors were activated for 3 days with CD3/CD28 dynabeads (1 bead/cell), harvested,

and infected with HIV-1;;g (0.01 m.o.i.) by spinoculation at 1200x g for 2 h at room
temperature. Cells were then washed and cultured in RPMI 1640 supplemented with 10%
pooled human serum AB and antibiotics, and 50 units/ml IL-2 (Roche). Infection of Jurkat
cells stably transduced with LV X-based lentiviruses was carried out according to the same
procedure, except that the cells were not pre-stimulated with CD3/CD28 beads, and they
were not cultured in medium containing I1L-2 after infection. TNFa was obtained from R &
D Systems and solubilized in PBS containing 0.1% BSA. The HDAC inhibitor SAHA was
purchased from Sigma-Aldrich, and solubilized in DMSO. The EZH2 inhibitors EPZ-6438,
CPI-169 and EI1 were purchased from Selleck Chem and solubilized in DMSO.
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4.2. RT-qPCR

Total RNA was isolated from ~5x106 cells using the RNeasy Mini Kit (Qiagen), digested
with Turbo DNase (Ambion), and further purified with the RNase Mini Kit. 100-500 ng

of RNA were utilized for reverse transcription using the iScript Select cDNA Synthesis

Kit (BioRad). The sequence of the AST-tag RT primer was 5'-CTG ATC TAG AGG TAC
CGG ATC CAA CAT GTG GCA GGA AGT AGG-3’ (the tag sequence is underlined).

For the TagMan PCR reaction, we utilized the TagMan Gene Expression Master Mix
(Applied Biosystems) according to the manufacturer’s instructions. The sequence of the
forward and reverse primers, and the probe were: 5'-TGA TGA ACA TCT AAT TTG

TCC ACT GA-3";5'-CTG ATC TAG AGG TACCGG AT-3"; 5"-CCC AAT GTA TGC CCC
TCC CA-3’. For the standard curve, the ASP RNA amplicon carrying the tag sequence

was cloned into pUC57. The plasmid was then linearized and utilized at 10°—10° copies

to generate a PCR standard curve. The number of copies per 3 pl of cDNA were then
normalized to their equivalent number of cells, which were measured manually with a
hemacytometer. For RT-qPCR of the U1 snRNA, RT reaction was carried out with the

same kit as above, and with the random primers contained in the kit. The sequence of

the forward and reverse primers, and the probe were: 5'-GGC GAG GCT TAT CCA TTG
CA-3’,5"-GCA GTC GAG TTT CCC ACA TTT G-3’,5"-CCG GAT GTG CTG ACC C-3’.
Quantitative TagMan PCR was carried out as described above.

4.3. Lentiviral construction

We utilized the sequence of the HIV-1 2574-nt antisense transcript reported previously
(GenBank accession number JQ866626.1) (Kobayashi-Ishihara et al., 2012). The sequence
was mutated at nucleotide 1526 (C > T), 1540 (C > A), and 1549 (C > A) to introduce
three stops at codons 3, 7 and 10 in the open reading frame of the HIV-1 antisense protein.
The mutated sequence of the ASP transcript (ASTmut) was cloned into the EcoRI and
Xbal sites of the pLVX-Puro vector (Clontech). For the generation of lentiviral particles,
the pLVX-ASTmut plasmid or the empty pLVX-Puro plasmid were transfected into Lenti-X
293T cells using the Lenti-X Packaging Single Shots (VSV-G) system (Clontech). After
3-4 days, culture supernatants were collected, and viral particles purified and concentrated
using the Fast-Trap Lentivirus Purification and Concentration Kit (Millipore). Jurkat and
Jurkat E4 cells were transduced with purified lentiviral particles overnight in complete
RPMI medium containing 2 pg/ml polybrene. Cells were then selected in fresh medium
containing puromycin. Stably transduced cells were maintained in medium containing 1
ug/ml puromycin.

4.4. Flow cytometry

2.5x10° cells were stained with 7-AAD, washed in PBS, and fixed in 2% paraformaldehyde
in 1x PBS. Cells were then analyzed with a BD FACSCalibur instrument, and event acquired
with Cell Quest software. Data were analyzed using the FlowJo software by gating on the
live cell population as determined by forward and side scatter profile, and by excluding
7-AAD positive cells.
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4.5. Chromatin and RNA immunoprecipitation assays

ChIP assay was performed using a protocol similar to one described previously (Klase

et al., 2007). Briefly, crosslinked samples were sonicated and mono-disomes were used

for immunoprecipitation. Antibodies to RNA polymerase 1l (Santa Cruz Biotechnology
sc-899), EZH2 or H3K27me3 (Abcam ab3748 and ab6002, respectively) were added, and
the samples were allowed to rotate at 4 °C for 3 h. A 50% (v/v) protein A-Sepharose/protein
G-Sepharose mix was then added to the samples, which were rotated overnight at 4 °C. The
samples were washed twice with IP Wash Buffer (Sigma) prior to addition of Proteinase

K (800 U/ml). After a 15-min incubation at 65 °C, reversing solution (Sigma) was added
and the samples incubated at 65 °C for 90 min. DNA was purified and real time gPCR

was performed with 2 ul of DNA, 10 pl of SYBR Green (BioRad), 7.84 pl of nuclease

free water, and 0.06 ul each of forward and reverse primers for HIV-1 promoter (forward,
5'-AGC TTG CTA CAA GGG ACT TTC C-3’, and reverse, 5'-ACC CAG TACAGG CAA
AAA GCA G-3"), the Nuc-1 region (forward, 5"-CTG GGA GCT CTC TGG CTA ACT
A-3’, and reverse, 5'-TTA CCA GAG TCA CAC AAC AGA CG-3’); and the gag region
(forward 5"-AGG CGT TAC TCG ACA GAG G-3’, and reverse, 5'-AGG CGT TAC TCG
ACA GAG GA-3")(Friedman et al., 2011). For RNA immunoprecipitation (RIP) assays,
2x107 cells were UV-crosslinked twice with 1.25x10° puJ/cm2, washed with ice-cold PBS
and lysed in a buffer containing 0.5% NP-40, protease inhibitors, and SUPERase-In in 1x
PBS. After incubation on ice for 10 min, 0.5% sodium deoxycholate was added followed
by rotation at 4 °C for 20 min, and digestion with Turbo DNase for 15 min at 37 °C. The
lysate was then centrifuged at 13509 for 5 min at 4 °C and the supernatant transferred to a
fresh tube. One tenth of the volume was saved as input control. For the immunoprecipitation,
100 plof Protein G dynabeads were pre-adsorbed at 4 °C for 4 h with 10 pg of antibody to
EZH2 or SUZ12 (Abcam ab3748 and ab12073, respectively), or control IgG (Abcam). The
antibody-dynabeads complexes were then added to the cell lysate and incubated overnight at
4 °C. Beads were then washed Wash Buffer 1 (1% NP-40, 0.5% sodium deoxycholate, 150
mM NaCl, SUPERase-In in PBS), Wash Buffer 1 supplemented with 1 M urea, Wash Buffer
2 (1% NP-40, 0.5% sodium deoxycholate, 150 mM NaCl, 10 mM EDTA, SUPERase-In

in PBS), and Wash Buffer 2 supplemented with 1 M urea (three times each). Finally RNA
was eluted for 30 min at 55 °C in a buffer containing 100 mM Tris-Cl, 50 mM NacCl, 10
mM EDTA, 0.5% SDS, 100 pg/ml proteinase K and SUPERase-In. After recovery of the
supernatant, 300 pl of Trizol were added. The solution was extracted twice with 60 pl of
chloroform, and finally the RNA was purified using the RNeasy Mini Kit from Qiagen.
After quantification by Nanodrop, 2 ul (~10 ng) of RNA and 3 pl of cDNA were used to
quantify ASP RNA, HOTAIR, and U1 snRNA by RT-gPCR as described above for the ASP
transcript, and as described previously by Tsai et al. (52) for HOTA/R and U1 snRNA.
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Fig. 1.

Development of a highly sensitive, strand-specific quantitative RT-PCR assay to detect
expression of ASP RNA. Panel A: Scheme of RT-PCR assay for specific detection of the
ASP transcript but not HIV-1 sense transcripts. The RT primer (AST-tag) introduces a

tag at the 5" end of the cDNA, which serves as a template for the reverse primer in the
subsequence TagMan PCR step. Panel B: Real time PCR traces show that amplification
was obtained only with RNA from infected cells, and only when the RT reaction is carried
out in the presence of the AST-tag RT primer and RT enzyme (cDNA was assayed in
triplicate PCR reactions). Panel C: PCR traces obtained with 10°-10° copies of a linearized
of pUC57-based plasmid carrying the ASP RNA amplicon (all dilutions run in triplicate
samples).
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Fig. 2.
ASP RNA levels in various HIV-1 infected CD4+ T cell systems. Expression levels of the

ASP transcript were assessed using the strand-specific, quantitative RT-PCR assay described
in Fig. 1. Panel A: Quantification of ASP RNA expression in primary human CD4+ T cells
infected /n vitro. Total RNA from CD4+ T cells infected with HIV-1;,g (or uninfected
cells) was reverse transcribed with or without AST-tag RT primer, and with or without

RT enzyme, and then tested by PCR in triplicate samples. Panel B: Quantification of ASP
RNA expression in various chronically infected CD4+ T cell lines (ACH2, 8E5, J1.1, and
H9/111B) and their uninfected parental cell line (A3.01, Jurkat, and H9). RT reaction was
carried with or without AST-tag RT primer, and with or without RT enzyme. Only the +/+
combination is shown. Panel C: Quantification of ASP RNA expression in resting CD4+

T cells from two uninfected donors (Controls A and B) and three infected patients under
suppressive antiretroviral therapy for > 24 months (Patients A, B and C). RT reaction was
carried with or without AST-tag RT primer, and with or without RT enzyme. Only the +/+
combination is shown. Graphs report average and standard deviation calculated from three
replicate samples. ND: not detected.
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Tr?e HIV-1 ASP RNA inhibits viral replication. Jurkat cells were stably transduced with

a pLVX-based lentivirus driving CMV promoter-dependent expression of the ASP RNA
sequence with stgps at codons 3, 7 and 10 of the ORF (J-ASTmut). As a control, we
generated a Jurkat cell line stably transduced with the empty lentivirus (J-LVX). Panel A:
Quantification of ASP RNA expression in parental Jurkat cells, J-LVX cells, and J-ASTmut
cells. Equal amounts of total RNA from the three cell lines was utilized to measure
expression of ASP RNA with the strand-specific RT-gPCR assay shown in Fig. 1. ND: not
detected. Panel B: Parental Jurkat cells and the two stably transduced cell lines (J-LVX and
J-ASTmut) were infected with equal amounts of HIV-1;,g by spinoculation (m.o.i. 0.01),
and cultured in complete medium. Viral replication was assessed by HIV-1 p24 ELISA
over 10 days in culture. Graphs report average and standard deviation calculated from three
replicate samples.
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Fig. 4.

Expression of ASP RNA inhibits HIV-1 reactivation from latency. Latently infected Jurkat
E4 cells were stably transduced with a pLVX-based lentivirus driving CMV promoter-
dependent expression of the ASP transcript sequence with sfopsat codons 3, 7 and 10 of
the ORF (JE4-ASTmut). As a control, we generated a Jurkat E4 cell line stably transduced
with the empty lentivirus (JE4-LVX). Panel A: Quantification of ASP RNA expression in
Jurkat E4, JE4-ASTmut and JE4-LVX cells. Equal amounts of total RNA from the three cell
lines was utilized to measure ASP RNA expression with the strand-specific RT-gPCR assay
shown in Fig. 1. Panel B: HIV-1 reactivation (as measured by GFP expression) in parental
Jurkat E4, JE4-LVX and JE4-ASTmut cells exposed to increasing amounts of TNFa. (0,
0.01, 0.1 and 1.0 ng/ml) for 24 h. The figure shows the results from three independent
experiments, and reports the average and SD. Panel C: Flow cytometry plots from one

of the three experiments included in Panel B. Panel D: HIV-1 reactivation (as measured

by GFP expression) in parental Jurkat E4, JE4-LVX and JE4-ASTmut cells exposed to
increasing amounts of SAHA (0, 0.01, 0.1 and 1.0 uM) for 24 h. We performed three
independent experiments, and the figure reports the flow cytometry plots from one of the
three experiments.
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Expression of ASP RNA promotes the establishment of HIV-1 latency. Parental Jurkat E4,
JE4-LVX and JE4-ASTmut cells were treated with 10 ng/ml TNFa for 24 h to reactivate

HIV-1 from latency. Then the Kinetics of return to latency was followed for 48 h by

flow cytometry. Panel A: Cells were harvested at time 0 and every 12 h after that, and
HIV-1 return to latency was measured by assessing the percentage of GFP+ cells by flow
cytometry. The figure shows the results from three independent experiments, and reports the
average and SD. Panel B: Flow cytometry plots from one of the three experiments included

in Panel A.
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The HIV-1 ASP transcript inhibits HIV-1 expression at the transcription level. ChIP assays
measuring the presence of RNA Pol Il at the HIV-1 promoter (Panel A), Nuc-1 (Panel B),
and at the HIV-1 gag gene (Panel C) in Jurkat E4, JE4-LVX, and JE4-ASTmut before and
after treatment with SAHA. Graphs report average and standard deviation calculated from
three replicate samples.
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Fig. 7.

Cells expressing the HIV-1 ASP RNA do not reactivate latent HIV-1 in response to EZH2
inhibitors. Effect of EZH2 inhibitors on reactivation of latent HIV-1 in Jurkat E4, JE4-LV X,
and JE4-ASTmut cells. Panel A: Cells were treated with increasing doses of the EZH2
inhibitor, EPZ-6438 (2.5, 7.5 and 15 uM) for 4 days, and then the percentage of GFP
positive cells was determined as a measure of viral reactivation. The graph shows the results
from three independent experiments and reports average and SD values. Panel B: Flow
cytometry plots from one of the three experiments included in Panel A. Panel C: Flow
cytometry plots showing response to two additional EZH2 inhibitors, CPI-169 and EI1.
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Fig. 8.

Tr?e HIV-1 ASP RNA promotes HIV-1 latency by recruiting PRC2 to the 5’LTR leading to
suppressive epigenetic marks at Nuc-1. ChlP assays assessing the presence of the histone
lysine methyltransferase EZH2 (Panel A) and histone H3 with trimethylated lysine 27
(H3K27me3; Panel B) at Nuc-1 in Jurkat E4, JE4-LV X, and JE4-ASTmut before and after
treatment with the EZH2 specific inhibitor, EPZ-6438. Graphs report average and standard
deviation calculated from three replicate samples.
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The HIV-1 ASP transcript specifically interacts with two members of the Polycomb
Repressor Complex 2 (PRC2), EZH2 and SUZ12. RNA immunoprecipitation assays (RIP)
with H9/INIB cells and antibodies against two PRC2 members (EZH2 and SUZ12), or
with control 1gG. RNA eluted was analyzed by RT-qPCR to measure the presence of ASP
RNA (via the strand-specific assay shown in Fig. 1), the cellular IncRNA HOTA/R and
the negative control U1 snRNA. Graph reports average and standard deviation from three

replicate samples.
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