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Current anti-HIV-1 strategies reduce replication through
targeting of viral proteins and RNA; meanwhile, target-
ing at the level of the integrated provirus has been less
explored. We show here that mobilization-competent
vectors containing small noncoding RNAs targeted to
transcriptionally active regions of the human immu-
nodeficiency virus type 1 (HIV-1) long terminal repeat
(LTR) can take advantage of integrated virus and mod-
ulate HIV-1 replication. Transcriptional silencing of
HIV-1 correlates with an increase in silent-state epige-
netic marks including histone and DNA methylation,
a loss of nuclear factor-kB (NF-xB) recruitment, and
requires Argonaute 1 (Ago-1), histone deacetylase 1
(HDAC-1), and DNA methyltransferase 3a (DNMT3a)
localization to the LTR. Long-term suppression of the
virus was observed for T month with no evidence of
viral resistance. These data show that RNA-directed
transcriptional silencing of HIV-1 can be delivered by
a mobilization-competent vector, suggesting that this
system could be used to target long-term selective pres-
sures on conserved promoter elements to evolve less
pathogenic variants of HIV-1.
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INTRODUCTION

The human immunodeficiency virus type 1 (HIV-1) is a lentivi-
rus that causes a persistent viral infection through the ability to
integrate into the genome of the infected cell. Clearance of HIV-1
by the immune system is inefficient and latently infected cells
exist undetected. As a result, two areas of focus for treatment of
HIV-1 have emerged: (i) prevention of HIV-1 infection through
the development of a vaccine and/or (ii) therapeutic approaches
which select for less pathogenic variants of HIV-1 and pro-
longed survival of afflicted individuals. Significant effort has been
expended toward the development of a vaccine; however, progress
seems to be several years, if not several decades, away from suc-
cessful implementation.!?

Genetic-based therapies represent an emerging therapeutic
paradigm for the treatment of HIV-1, as they have the potential to
treat patients who have developed multidrug resistance and may
also represent a long-term treatment alternative to highly active
antiretroviral therapy. One such emerging genetic-based thera-
peutic is described here and is based on utilizing small noncoding
RNAs to transcriptionally regulate the activity of HIV-1.

Small noncoding RNAs have been shown, when targeted to
gene promoter loci, to result in directed epigenetic modifications
that correlate with transcriptional gene silencing (TGS) (reviewed
in ref. 3). TGS is mechanistically operative through small noncod-
ing RNA direction of silent-state epigenetic modifications includ-
ing histone and DNA methylation to the homology containing
targeted promoter. This form of gene silencing may provide for
longer-lasting suppression of HIV-1 expression than RNA interfer-
ence (RNAi)-based post-TGS methodologies, as epigenetic changes
are involved in the silencing instead of mRNA slicing (reviewed in
ref. 4). RNA-mediated TGS may represent a therapeutic that places
an indirect (chromatin remodeling) pressure on the virus and as
such may prove more efficacious at suppressing viral replication
while avoiding the emergence of resistant mutants.>”

RNA-based therapeutics are proving to be extremely potent
with regards to suppressing HIV-1, but the issue of delivery to tar-
get cells remains enigmatic.* Mobilization-competent vectors rep-
resent a genetic-based therapeutic approach to deliver RNA-based
modalities to those cells infected and targeted by HIV-1 (refs 8,9)
Importantly, mobilization-competent vectors depend on HIV-1
for their expression, packaging, and spread to new cells.* To date,
there have been no observations concerning the spread and anti-
viral activity of HIV-1-mobilized lentiviral vectors carrying RNA
modalities which target HIV-1 in a TGS fashion.

To more thoroughly determine the efficacy of small RNA-
directed TGS to suppress HIV-1 replication from the context of
a mobilization-competent vector, we generated HIV-2-based vec-
tors with various U6 expressed antisense RNAs targeted to the
long terminal repeat (LTR)/promoter of HIV-1. Data presented
here show that mobilization-competent vectors can deliver small
RNAs which are capable of modulating transcriptional silencing
of the HIV-1 LTR. We show that the vector-mediated TGS occurs
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via epigenetic modifications that ultimately remodel the local
chromatin in a manner that impedes nuclear factor-kB (NF-«kB)
recruitment and hinders viral transcription. Importantly, HIV-2
vectors containing small antisense RNAs targeting HIV-1 in a
TGS manner retain mobilization and antiviral efficacy over time.

RESULTS

There has been little investigation into the ability to maintain vec-
tor mobilization and antiviral potential of small noncoding RNAs
expressed by mobilization-competent vectors. To this effect, we
introduced several small, noncoding, antisense RNAs previously
shown to suppress HIV-1 in a transcriptional manner into the
pHIV2 vector (Figure 1a)." The mobilization-competent vec-
tor pHIV2 has previously been shown to mobilize in the pres-
ence of HIV-1 and the degree of mobilization is directly linked
to the number of anti-HIV-1 ribozymes within the vector.” HIV-1
has been shown to be susceptible to RNA-mediated TGS when

b 35,

a SD psi
pHIV-2 [5LTR FJ-[ gag(p17) [RRE[ cMV [ eGFP |{3LTR]|

Fraction of control pHIV2 (Luc/GAPDH)

SD psi
362as | 5LTR H—!-{ gag(p17) | Us-LTR362as [RRE[ CMV [ eGFP |-{3LTR |
= 7 o .
5’gaaaguccccageggaaagaaaaa-3’ -
SD Ppsi

(&)

247as [5LTR ]-u{ gag(p17) | Us-LTR247as [RRE[ CMV | eGFP | 3LTR|

2.29
2.5
2.
15+
1.00
E 14
5"(;5‘1-aaccuccacucuaacacaaaa:;’- 0 .

Vector-mediated Transcriptional Silencing of HIV-1

siRNAs or antisense RNAs are generated to specifically target the
LTR.*" To determine the ability of the various anti-HIV-1 RNAs
to modulate LTR transcriptional activity from the pHIV2 vector,
we co-transfected the various mobilization-competent vectors
(Figure la) with or without an HIV-1 Tat expression plasmid
in the HeLa-based TZM-bl cell line, in which luciferase expres-
sion is controlled by an integrated HIV-1 LTR (Supplementary
Materials and Methods)."” In the presence of Tat-mediated activ-
ity, the anti-HIV-1 RNAs were capable of suppressing LTR tran-
scriptional activity. Interestingly, only the LTR-362as expressing
mobilization-competent vector (362as) was capable of suppress-
ing basal-level LTR expression of luciferase in the absence of
HIV-1 Tat (Figure 1b). This observed suppression by 362as was
transcriptional in nature as determined by nuclear run-on analysis
(Figure 1c, Supplementary Materials and Methods). It is unclear
why in the absence of HIV-1 Tat that 247as modulated an increase
in LTR activity. A possible explanation for this observation is that
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Figure 1 Mobilization-competent vector-mediated transcriptional silencing of HIV-1 LTR expression. (a) HIV-2 mobilization-competent vec-
tors were generated to contain various small RNAs specifically targeted to the LTR/promoter regions of HIV-1b (Supplementary Materials and
Methods)."° (b) Transcriptional silencing of LTR-expressed luciferase. TZM-bl cells were transfected with the respective pHIV2 vectors +/— Tat. The results
from triplicate-treated cultures are shown with the standard deviations. (c) Nuclear run-on analysis of TZM-bl cells treated with either 362as or pHIV2
(control) +/- Tat. The results from triplicate RT-PCR reactions are shown with the standard errors of the mean. (d,e) Chromatin immunoprecipitation
assays were performed on TZM-bl cells treated with the vectors in the presence of Tat for (d) Ago-1 and (e) H3K27me3. The results from triplicate-treated
cultures are shown with the standard deviations.
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Figure 2 The effects of vector treatment on HIV-1b expression. (a) Lentiviral vectors were co-transfected with the HIV-1 molecular clone HX10 in
triplicate at varying ratios. Culture supernatants were collected, pooled together, and assayed by enzyme-linked immunosorbent assay for p24 expres-
sion. The effects of varied ratios of vector or virus on vector mobilization were determined. (b) Shed viral particles from the co-transfections were
assessed by qRT-PCR for either virus or vector. Ratios of either (b) copies of vector/virus or (c) vector/virus ratios standardized to HIV-1 p24 pg/ml are
shown. (d) Supernatants from 3:1 vector to virus ratio transfections were used to infect Jurkat cells, and a p24 analysis was carried out over the month-
long serial passage. (e) Supernatants from day 28 of the serial passage were used to infect TZM-bl cells and luciferase expression determined 48 hours
later. The results from triplicate-treated cultures are shown with the standard deviations. (f) Supernatants from day 28 post-serial passage were passaged

to TZM-bl cells and a ChIP assay was performed for H3K27me3 or NF-kB (p65) enrichment, specifically at the targeted LTR. The results from a single
experiment are shown.

in the absence of suitable Tat-induced substrate, 247as mediates
an off-target effect against the noncoding RNA C100rf76 resulting
in cell-wide gene activation.” Another alternative is the observa-
tion that 247as, but not 362as, may target a regulatory antisense
transcript, which overlaps the 3’LTR specifically at the 247as but
not the 362as targeted loci."

In human cells, small noncoding RNAs designed to target gene
promoter regions can modulate TGS.!*'">>* Small RNA-directed
TGS requires Argonaute 1 and may also require Argonaute 2
(Ago-1 and Ago-2, respectively),'”" and a low-copy promoter-as-
sociated RNA at the targeted loci.'** The resulting small noncod-
ing RNA-targeted promoter exhibits a reduction in transcriptional
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activity® that correlates with the markers of silenced chromatin,
specifically histone H3 lysine-9 dimethylation (H3K9me2) and his-
tone H3 lysine-27 tri-methylation (H3K27me3) (reviewed in refs
3,26). To determine whether the various anti-HIV-1 small non-
coding RNAs, 247as or 362as, were modulating TGS in a manner
similar to previous observations, chromatin immunoprecipitation
(ChIP) assays were performed. Both the 247as and 362as express-
ing mobilization-competent vectors were capable of modulating a
robust increase in Ago-1 (Figure 1d) and H3K27me3 (Figure le)
enrichment at the targeted LTR, similar to previous observations
with different small RNA-targeted gene promoters.'*%* These
data suggest that the observed silencing modulated by 247as and
362as is operative via a TGS-based mechanism.

While TZM-bl cells appear susceptible to the effects of
both 247as and 362as, the ability of the respective anti-HIV-1
mobilization-competent HIV-2 vectors to target HIV-1 in the
context of a virally infected cell remains unknown. To determine
the efficacy of the various mobilization-competent HIV-2 vectors
(Figure 1a) to suppress HIV-1, co-transfection experiments that
varied the amount of vector to virus DNA transfected were per-
formed with the HIV-1 molecular clone HX10 (ref. 27). Similar
to previous observations,'® both the 247as and 362as containing
mobilization-competent HIV-2 vectors exhibited suppression of
HIV-1 p24 production relative to mock and the pHIV2-vector
treated cultures (Figure 2a). Of note, the greatest observable silenc-
ing correlated with those ratios of vector to virus which contained
the greatest amount of vector, i.e., the 3:1 ratios (Figure 2a).

Previous observations suggested that the mobilization fre-
quency of the respective HIV-2 vector correlated directly with
the number of anti-HIV-1-specific ribozymes in the vector, with
those vectors containing the greatest number of ribozymes fail-
ing to effectively mobilize.” Ribozymes have the potential to target
not only the HIV-1 genome but the mRNA of the vector as well
(reviewed in ref. 28), possibly explaining the loss of mobilization
in vectors containing greater numbers of anti-HIV-1 ribozymes.
However, it has remained unknown whether the same conditions
apply to other forms of small RNA-mediated targeting. To deter-
mine to what extent the various mobilization-competent vectors
can be spread by HIV-1, we measured vector RNA to virus RNA
ratios in shed particles following co-transfections with the same
vector to virus ratios performed previously. Interestingly, when
the vector to virus ratios were assessed in the supernatants 4

Vector-mediated Transcriptional Silencing of HIV-1

days following the co-transfection, the 1:3 vector to virus sam-
ples appear to contain the greatest amount of vector (Figure 2b).
However, when these numbers were further standardized to p24
to account for the differential output between samples, the 362as
and 247as vectors showed increased packaging in both the 1:3 and
3:1 vector to virus samples (Figure 2c). These data indicate that
packaging efficiency was not affected by the amount of antisense
RNA present; rather, packaging of the vectors was increased when
an excess of wild-type virus was present (1:3) or when an excess of
the vector genome was present (3:1), indicating simple availabil-
ity and concentration of either the packaging elements or vector
genome was responsible for the differential levels (Figure 2b,c).

Previous experiments carried out with mobilization-competent
HIV-2 vectors did not assess the ability of the mobilization-
competent vectors to mobilize >1 passage and observed an over-
all loss of antiviral potential after 1 serial passage.”” The loss of
antiviral efficacy in the previously tested mobilization-competent
vectors may have been the result of the relatively inefficient activ-
ity of the anti-HIV-1 ribozymes and self-targeting of the vector.’
To determine the ability of the 247as or 362as vector to modulate
virus infection, long-term serial passage of the vector/virus con-
taining supernatants (Figure 2a) was carried out for 4 weeks in
Jurkat cells. Relative to the control pHIV2-treated cultures, only
the 362as vector was capable of stably reducing HIV-1 expression
as determined by p24 expression (Figure 2d).

The observed long-term suppression of HIV replication by
the 362as vector (Figure 2d) is hypothesized to be the result of
362as targeting to the LTR. To determine the ability of 362as to
maintain LTR targeting following 28 days of serial passage, culture
supernatants were collected from day 28 (Figure 2d), standard-
ized to p24, exposed to TZM-bl indicator cells, and 48 hours later,
total RNA was isolated and luciferase expression was determined
relative to GAPDH. Interestingly, the 362as-treated cultures dem-
onstrated a reduction in luciferase expression whereas the 247as
and control-treated cultures did not (Figure 2e). Moreover, the
observed suppression of LTR activity correlated with directed
histone methylation and a loss of active forms of the transcrip-
tion factor NF-«xB at the target loci in cultures exposed to the
same passaged vector/virus containing supernatants from day 28
(Figure 2f). Interestingly, the 247as vector containing superna-
tants mediated an enrichment of histone methylation, but failed
to suppress NF-kB localization to the LTR (Figure 2f). It should
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be noted that the primers used in the ChIP assays are nonspecific
and do not distinguish between the 5" or 3" LTRs, nor between
the TZM-bl LTR-Luc construct or any integrated wild-type HIV-1
introduced on inoculation with the day 28 samples. These data
suggest that the 362as mobilization-competent vector continues
to functionally suppress LTR activity following several passages
with HIV-1 and that NF-«kB enrichment at the target loci is an
important requirement for viral production, possibly explaining
the reduction in p24 expression at day 28 post-serial passage in
the 362as-treated cultures but not the 247as cultures (Figure 2d).

Both the 362as and 247as vectors appear to be retaining some
level of LTR targeting during the month-long serial passage; how-
ever, only 362as was effective in also reducing viral output as mea-
sured by p24. Given these observations along with the previous
observation that the 247as vector demonstrated suppression of
LTR activity in the presence of HIV-1 Tat while the 362as vector
demonstrated suppression +/— Tat (Figure 1b), we chose to further
investigate the molecular mechanism that might explain the dif-
ferential activity of these small antisense RNAs. These observations
might be explained by differential transcription across the LTR in
the TZM-bl cells, as transcription across the target site is required
for TGS in human cells.'** To determine the extent of upstream
transcription spanning the LTR, an RT-PCR screen was carried out
using four different sets of primers spanning different regions of the
LTR (Figure 3a, Supplementary Materials and Methods). In this
screen, TZM-bl cells were treated with or without HIV-1 Tat and
then cellular mRNA assessed by RT-PCR for transcription across
various regions of the HIV-1 LTR. Interestingly, transcription
appears to be present in the absence of Tat and to initiate upstream
of the 247as target site, thus encompassing both the 247as and 362as
targeted loci (Figure 3b). Similar observations of basal-level tran-
scription at the HIV-1 LTR in the absence of Tat have been detected
previously by others.*® Overall, these data suggest that in the context
of TZM-bl cells the HIV-1 LTR is actively transcribed in the absence
of Tat from the upstream TAGAA® (Figure 3a), suggesting that the
differential activity of 362as relative to 247as is not the result of LTR
transcription but rather the target loci.

The various mobilization-competent vectors exhibit differ-
ing levels of LTR regulation in TZM-bl cells. While both 247as
and 362as direct epigenetic remodeling components to the LTR,
the 362as target loci overlaps a significant portion of one of the
NF-xB sites closest to the transcriptional start site (Figure 4a). The
observed suppressive activity of 362as might in part be the result
of directing silent-state epigenetic marks to this loci that result in
an inability of NF-«B to be recruited to the LTR, thus impeding
LTR activity. To determine what effect 362as targeting may have
on NF-kB localization, cultures were transfected with the 362as
or control pHIV2 vectors and ChIP assays performed 48 hours
later. Treatment with 362as resulted in a loss of detectable NF-«xB
at both NF-kB-binding sites in the LTR (Figure 4b). When the
SP1 site was assessed by ChIP, an increase in SP1 was observed
(Figure 4c). Interestingly, Spl have been found to be enriched at
histone deacetylase 1 (HDAC-1) regions undergoing transcrip-
tional suppression.’?? These data suggest that 362as treatment
results in an epigenetic remodeling of the local chromatin toward
a silent state and that this event produces an unfavorable environ-
ment for the recruitment of NF-kB to the LTR.
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Previous observations in human cells have shown that Ago-1 is
required for the initiation of TGS.'”** Moreover, DNA methyltrans-
ferase 3a (DNMT3a) has been shown to co-immunoprecipitate
with the small RNAs at the targeted promoters' as well as to co-
immunoprecipitate with Enhancer of zeste 2 (Ezh2)** and HDAC-
1.** Recently, HDAC-1 has also been shown to be required for
small RNA-directed TGS in human cells.”> Ezh2 is the histone
methyltransferase involved in generating the H3K27me3 epige-
netic mark which has been observed in the silencing event. To
determine the requirement of these factors in the observed TGS
induced by 362as treatment, we first suppressed the various pro-
teins with previously validated siRNAs (Figure 4d) followed by
treatment with 362as or control plasmids. Interestingly, only
Ago-1, DNMT3a, and HDAC-1 appeared to be required for TGS
in this system (Figure 4e). These data suggest that 362as-mediated
TGS of the LTR in TZM-bl cells requires Ago-1, HDAC-1, and
DNMT3a, and further support the notion that small noncod-
ing RNA-directed TGS in human cells is mechanistically distinct
when compared to traditional Ago-2-mediated post-TGS.

To verify that indeed DNMT3a and HDAC-1 are involved and
associated in 362as-mediated TGS of LTR activity, cultures were
transfected with a flag-tagged DNMT3a construct and either 362as
or control plasmids. After 48 hours a flag-specific immunoprecipi-
tation assay was performed followed by a second immunoprecipita-
tion for either DNMT3a or Ago-1 or HDAC-1 (ref. 35). This assay
allows for direct analysis of two different protein components at
the small noncoding RNA-targeted loci. A significant increase in
both DNMT3a and HDAC-1 was observed at the LTR following
362as treatment relative to controls (Figure 4f). These data support
previous observations of TGS and highlight the importance of
DNMT3a and HDAC-1 in small noncoding RNA-mediated TGS.

To determine whether DNMT?3a can direct DNA methylation
at the 362 target site, DNA isolated from the flag-specific immu-
noprecipitation described above was bisulfate treated to examine
methylation at the CpG motif flanked by the two NF-kB sites.
Methylation-specific PCR primers were used to amplify a fragment
of the LTR surrounding the 362as target site and the PCR product
was cloned and sequenced. Of eight clones isolated and sequenced
from 362as-treated cellular DNA, three showed methylation at the
362as target site (Figure 4g). In comparison, none of the six clones
sequenced from the control-treated cellular DNA showed methy-
lation at the 362as target site. There was also a noted enrichment
of methylation at other CpG motifs in the 362as-treated cells as
compared to the control cells (Figure 4g).

DISCUSSION
RNAI has emerged as a potent antiviral agent which can exhibit
specific targeted suppression of HIV-1 (ref. 36). However, tra-
ditional RNAi-based approaches have been designed to directly
target the viral transcript in a post-transcriptional manner, invari-
ably selecting for RNAI escape variants.>® Consequently, for an
effective RNAi-based approach to treat HIV-1 infection, multiple
sites and/or conserved regions of the viral genome will need to be
targeted for successful suppression of replication.

Previous observations have defined the target potential of con-
served regions in the LTR which are susceptible to small noncod-
ing RNA-mediated TGS.''*7* We show here that (i) long-term
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suppression of HIV-1 p24 expression can be obtained by a small
noncoding RNA when partially targeted to NF-kB loci in the LTR,
and (ii) that HIV-2-based mobilization-competent vectors can be
employed to deliver small noncoding RNAs capable of modulat-
ing TGS by commandeering HIV-1 to co-package both the vector
and wild-type virus genomes. The data generated here also suggest
that targeting the promoter/LTR of HIV-1 with small noncoding
RNAs in a transcriptional manner employs a different mechanism
from RNAi-based post-TGS, specifically through directed epige-
netic modifications that involve the activity of HDAC-1, Ago-1,
and DNMT3a. A direct link among DNMT3a enrichment at the
LTR and increased DNA methylation at the LTR and 362as target
site was also observed. The role of DNA methylation in HIV-1
LTR activity when assessed in more biologically relevant periph-
eral blood mononuclear cells remains unclear;* however, methy-
lation has previously been implicated in transcriptional regulation
of the HIV-1 LTR in vitro,"** and more specifically, methylation
of the CpG motif located at the 362as target site has also been
shown to inhibit NF-«B binding in vitro.*!

The data presented here support previous observations from
our group and others that the small noncoding RNA-directed

Vector-transduced cell

Transcriptional silencing complex

b
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transcriptional silencing complex involves HDAC-1, Ago-1, and
DNMT3a.!224 Importantly, epigenetic control of gene expres-
sion has the potential to result in longer-term, if not permanent,
silencing of the targeted gene expression’ as well as to function as
an indirect viral targeted approach.

Mobilization-competent vectors alone (devoid of an antiviral
therapy) have been shown to act in a parasitic manner and alter
HIV replication, likely acting through the sequestering of viral pro-
teins needed for replication.®***” Here, we observe that addition
of a small noncoding RNA-mediated TGS cassette reduces viral
replication as compared to the empty vector, placing selective pres-
sure upon HIV-1 through both co-packaging and the small non-
coding RNA-directed epigenetic changes to the LTR (Figure 5).
It remains to be seen whether viral resistance can or will emerge
after long-term targeting of epigenetic changes to the LTR by 362as
and how this might affect the NF-kB binding site and/or localiza-
tion. Importantly, others have also found that the NF-«B site in the
HIV-1 LTR is susceptible to small RNA-directed TGS and serves as
a good target for control of viral transcriptional activity.”? The use of
mobilization-competent vectors to deliver small noncoding RNAs
that function to transcriptionally silence HIV-1 may allow for the

asRNA  ?

Nrr go-

1

Figure 5 Model for 362as-mediated transcriptional control of HIV-1 gene expression. (a) Once integrated into the genome of the target cell, the
mobilization-competent vector can (b) express a small noncoding RNA which may then (c) interact directly with Ago-1 and localize to the elongating
transcript (d) which contains the target loci for the small noncoding RNA. The small noncoding RNA and Ago-1 might also localize at the targeted
site with DNMT3a, HDAC-1, and possibly Ezh2. The result of this complex localizing at the targeted promoter is histone, DNA methylation, and

transcriptional gene silencing.
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selection of less pathogenic variants of HIV-1. As the small noncod-
ing RNA can place a selective pressure on the conserved promoter
elements, mutations within these elements may result in escape
variants with reduced fitness. The evolution of HIV-1 under selec-
tive pressure through targeting of conserved promoter elements
and the more indirect pressure of induced chromatin remodeling
at the LTR remains to be examined. Furthermore, the idea that the
parasitic nature of the vector, whereby a co-infection of two self-
ish organisms occurs, could potentially result in reduced fitness for
both the vector and HIV-1 (the Prisoner’s Dilemma®) remains to
be determined. Therefore, it may be possible to steer the evolution-
ary direction of HIV-1 through control of HIV-1 gene expression or
improvement of the selective advantage of the vector in combina-
tion with current antiretroviral drugs.

MATERIALS AND METHODS

ChIP assays H3K27 and Ago-1. TZM-bl cells (~2 x 10°) were co-
transfected with HIV-2-based vectors pHIV2 (control), 247as, or 362as
(1.8pg) and the HIV-1 Tat expression plasmid pTatDSred Tat (0.2 pg)
(a gift from J.J. Rossi, the Beckman Research Institute at the City of Hope,
Durate, CA). The cultures were collected 72 hours later and ChIP assay
performed for trimethyl-Histone H3 (Lys27) (Upstate, Lake Placid, NY) or
Ago-1 (Upstate) as described.'*" The NF-kB and Sp1-specific ChIPs con-
sisted of TZM-bI cells (4 x 10°) transfected with 4 pg of 362as or pHIV2
(control). Cells were collected 48 hours later and ChIP assays preformed
for using antibodies against NF-xB p50 (Invitrogen, Carlsbad, CA), p65
(Invitrogen), or Sp1 (Abcam, Cambridge, MA).

Sequential ChIPs. TZM-bl cells (4 x 10°) were transfected with 4pg
of 362as or pHIV2 (control). Cells were collected 48 hours later and a
sequential ChIP was performed as previously described® with only one
aspect altered, as the immunoprecipated complexes isolated from the first
antibody incubation were diluted in lysis buffer rather than elution buffer.
The initial ChIP was performed using an anti-Flag antibody (Invitrogen),
followed by secondary immunoprecipitations using anti-Ago-1 (Upstate),
HDAC-1 (Abcam), and DNMT3a (ProSci, San Diego, CA) antibodies.

DNA methylation analysis. DNA isolated from the initial Flag-DNMT3A
IP in the sequential ChIP was bisulfate treated using the EZ DNA methyla-
tion kit (Zymo Research, Orange, CA) to analyze DNA methylation at the
LTR. Methylation-specific PCR (Platinum Taq Supermix; Invitrogen) was
performed using the following primers LTR methylated forward 5’-GTT
TGT ATG GGA TGG ATG ATT C-3’ and LTR methylated reverse 5-TAT
ATA CAA AAT CTA AAA ACT CGC C-3’ (IDT, Coralville, IA) designed
using MethPrimer® to yield a 214bp product. The resulting PCR prod-
ucts were gel purified using the Minielute Gel Purification Kit (Qiagen,
Valencia, CA) and cloned into pCR2.1-TOPO (Invitrogen). Inserts were
sequenced and then analyzed for methylation at all of the CpG sites found
within the amplicon.

Vector/virus co-transfections. The 362as, 274as, and pHIV2 (Control)
vector plasmids were transfected into HEK293T cells with the HIV-1 pro-
viral clone pHX10 at various vector to virus ratios. HEK293T cells (~5 x
10°) were transfected in triplicate using Lipofectamine 2000 (Invitrogen)
with the following vector to virus ratios: 1:3 (250 ng vector: 750 ng virus),
1:1 (500 ng vector: 500ng virus), and 3:1 (750 ng vector: 250 ng virus). In
addition, mock transfections were also performed in triplicate using 250 ng,
500 ng, and 750 ng of pHX10 plasmid for the 1:3, 1:1, and 3:1 ratios respec-
tively, and 72 hours after transfection, the supernatants from the triplicate
transfections were pooled and centrifuged at 3,000¢ to remove cellular
debris. Cleared supernatants were sterile filtered through a 0.45pum filter
(Millipore, Billerica, MA) and stored at —80 °C. For isolation of viral/vector
RNA, 1ml of filtered supernatant was concentrated by centrifugation at
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20,800g for 1 hour. Viral RNA was isolated as described below and viral
replication was assayed by p24 enzyme-linked immunosorbent assay.

Jurkat serial passage. Jurkat cells (5 x 10°) were incubated with filtered
supernatants from the 3:1 ratio vector/virus co-transfection for 362as,
274as, pHIV2 (control), and Mock. These represented the optimal vec-
tor to virus RNA packaged for the respective vectors. Initial infection was
standardized at 1,000 pg p24 for each sample. Cells were split 2:3 at day 4
and cleared supernatants and cell pellets were collected at day 7. On day
7,200l of the supernatant from each culture was used to infect 5 x 10°
newly plated Jurkat cells. Cells were again split after 4 days and samples
collected after day 7. This procedure was repeated for 28 days to complete
amonth-long passage. Viral replication was assayed by p24 enzyme-linked
immunosorbent assay RETROtek HIV-1 p24 antigen enzyme-linked
immunosorbent assay (ZeptoMetrix, Buffalo, NY).

RNA isolation and analysis. Viral/vector RNA and total cellular RNA
were isolated according to manufacturer’s instructions using the QIAamp
Viral RNA Mini kit and the RNeasy Mini kit, respectively, automated by
the Qiacube (Qiagen). All RNA samples subject to quantitative RT-PCR
(qRT-PCR) (viral, vector, and total cellular RNA) were prepared accord-
ing to the following procedure. Isolated RNA in nuclease-free water was
DNase treated using Turbo DNA-free (Ambion, Austin, TX) according to
manufacturer’s instructions for 30 minutes at 37°C. Following treatment,
samples were standardized and subject to reverse transcription (RT)-PCR
using the iScript cDNA synthesis kit (BioRad, Hercules, CA) according to
instructions. Controls not subject to RT did not receive the RT enzyme. All
qRT-PCR was carried out using an Eppendorf Mastercycler ep Realplex.
The qRT-PCR was carried out using SYBR GreenER qPCR SuperMix
(Invitrogen) and the following primers to detect and amplify the respec-
tive DNA during PCR: luciferase forward: 5-CCT GGA ACA ATT GCT
TTT AC-3’; luciferase reverse: 5-GTT TCA TAG CTT CTG CCA AC-3;
GAPDH forward: 5-AGG GGT CAT TGA TGG CAA CAA TAT CCA-3’;
GAPDH reverse: 5-TTA CCA GAG TTA AAA GCA GCC CTG GTG-3
GFP forward (vector): 5-AGC AAA GAC CCC AAC GAG AA-3; GFP
reverse (vector): 5-GGC GGC GGT CAC GAA-3; HIV-1 forward: 5-TGA
GAC AAC ATC TGT TGA GGT GGG-3’; HIV-1 reverse: 5-GGC TGT
ACT GTC CAT TTA TCA GGA-3’; HIV-1 LTR (ChIP) forward: 5'-CAC
ACA AGG CTA CTT CCC TGA-3; and HIV-1 LTR (ChIP) reverse:
5"-GGC CAT GTG ATG AAA TGC TA-3’. Thermal-cycling parameters
started with 2 minutes at 50°C, 8 minutes at 95°C, followed by 40 cycles
of 95°C for 15 seconds, 55°C for 15 seconds and 68°C for 15 seconds.
Specificity of the PCR products was verified by melting-curve analysis.

Knockdown of RNAi and epigenetic pathways. siRNAs (IDT) against
the various epigenetic or RNAi-related factors: Ago-1 5CGUUGCCA
AUGGGCAGUGCUU3’, Ago-2 is described in,*® Ezh2 5-UAA GAU
UUC CGU UCU UUC CUU-3', DNMT3a 5-GAA CUC AAA GAA GAG
CCG GUU-3’, HDAC-1 5-UGG UUC AAA GUU AAG AAC GUU-3,
and control R854 5’-AAU UCU UUG GCC UGA AUA AAA-3" were ini-
tially validated by transfecting 293T cells in triplicate with 50 nmol/l of
each siRNA (Lipofectamine RNAiMax; Invitrogen). Cells from the tripli-
cate transfections were pooled together, and the total RNA was isolated as
described above from these samples. RNA was subject to DNase treatment
and cDNA conversion as previously described, followed by qRT-PCR using
the following primers (IDT) Ago-1 forward 5-GCA CTG CCC ATT GGC
AAC GAA-3’, Ago-1 reverse 5'- CAT TCG CCA GCT CAC AAT GGC
T-3’, Ago-2 forward 5-GGC CCA GTA TTT CAA GGA CA-3’, Ago-2
reverse 5-TTT CTG CTC CTG TCC GAC TT-3’, DNMT3A forward
5’-GCC TCA ATG TTA CCC TGG AA-3’, DNMT3A reverse 5-CAG
CAG ATG GTG CAG TAG GA-3’, HDAC-1 forward 5-AGC CTA GTG
CGG TGG TCT TA-3’, HDAC-1 reverse 5-TGA AGC AAC CTA ACC
GAT CC-3’, Ezh2 forward 5"-TTC ATG CAA CAC CCA ACA CT-3", Ezh2
reverse 5'-CTC CCT CCA AAT GCT GGT AA-3’, CCR5 forward 5’-CTG
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CCT CCG CTC TAC TCA CT-3’, and CCR5 reverse 5-GCT CTT CAG
CCT TTT GCA GT-3’ for the siRNA target. Expression was standardized
to GAPDH. To assess the role of the various RNAi and epigenetic factors
in the observed TGS, TZM-bl cells (~2 x 10°) were transfected with the
siRNAs targeted to the various epigenetic-related or RNAi-related fac-
tors (50nmol/l, Lipofectamine RNAiMax; Invitrogen). Six hours later,
the siRNA-treated cells were again transfected with either 362as or con-
trol (HIV-2) vectors (0.2 pg). Cellular mRNA was isolated 48 hours later
and assessed for luciferase mRNA expression relative to GAPDH. The
averages from triplicate-treated cultures are shown with the respective
standard error of the means relative to the control-treated cultures for
each treatment.

SUPPLEMENTARY MATERIAL
Materials and Methods.
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