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ABSTRACT

Complete eradication of HIV-1 infection is impedég the existence of cells that harbor
chromosomally integrated but transcriptionally imae provirus. These cells can persist for years
without producing viral progeny, rendering themraefory to immune surveillance and antiretroviral
therapy and providing a permanent reservoir for dteehastic reactivation and reseeding of HIV-1.
Strategies for purging this latent reservoir anastineeded to eradicate infection. Here we show that
engineered transcriptional activation systems base@RISPR/Cas9 can be harnessed to activate viral
gene expression in cell line models of HIV-1 latend&/e further demonstrate that complementing Cas9
activators with latency-reversing compounds canaenb latent HIV-1 transcription, and that
epigenome modulation using CRISPR-based acetyfteases can also promote viral gene activation.
Collectively, these results demonstrate that CRISiPRems are potentially effective tools for inahggi
latent HIV-1 expression and that their use, in co@ation with antiretroviral therapy, could lead to

improved therapies for HIV-1 infection.
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INTRODUCTION

Since its identification in 1983, HIV has remairedlobal pandemic. An estimated 35 million
people worldwide are currently living with HIV typke (HIV-1), and an estimated 39 million people
have died of AIDS-related illness since the onsét tlke epidemic (see UNAIDS report:
http://unaids.org/globalreport/Global_report.hti@jrict adherence to combination antiretroviral apgr
(cART) has significantly improved the quality ofeliand life expectancy of many infected individyals
transforming HIV-1 into a chronic, manageable idisen the industrialized world. However, despite it
durable capacity to inhibit viral replication, cARIbes not cure HIV-1 infection since it cannot a&s$dr
the residual transcriptionally silent but replicaticompetent population of virus hidden within aart
cells"3, This so-called latent reservoir is primarily édished when infected CD4T cells revert to a
resting memory staté The resulting cells are largely non-pérmissive \fival gene expression and
therefore do not generate new viral progénecause latent HIV-1 is refractory to both immiogical
surveillance and cART intervention, its existencegs a major obstacle to complete viral eradication

Though the mechanisms underlying latency are coripté several strategies have been
developed to activate this HIV-1 reservbirthereby rendering it susceptible to cART eradticat
Because latent virus responds-to T cell activasognals, proinflammatory cytokines — such as
interleukin 2 (IL-2}* and. IL-7° — can be used to induce its emergence from re€ibg" T cells.

Protein kinase C (PKC) agonists that stimulatel gjeme expression via NEB signaling® — including

bryostatirt’, prostratin®'® and other synthetic analdgé* — are also candidates for this strategy.
Additionally, because histone deacetylation camu@edrepressive changes in chromatin structureeat th
HIV-1 promoter, histone deacetylase (HDAC) inhibstdhave emerged as a promising approach for
reversing latendy?

Cytokine therapy, however, has been unable to cetelgl purge latent vird$® and has even
led to toxicity’® and/or long-term depletion of CDZ cell$’. Additionally, PKC agonists may be unable

to activate latent HIV-1 in repressive chromatimg &0 date several HDAC inhibitors have demongtrate
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sub-optimal results in clinical traff$*®> The use of high levels of HDAC inhibitors may alaffect
global gene expressith potentially leading to unwanted side efféttShese limitations underscore the
need for new strategies capable of stimulatingtatdV-1 expression in a robust and targeted manner
The emergence of versatile genome modulation aitthgdechnologie¥>® — such as those
based on zinc-finger domaifisTAL effector protein¥, and the RNA-guided CRISPR/Cas9 system
can offer new means to combat HIV-1 infection. Erample, the relative ease with which these tools
can be configured, as well as their broad versatiias endowed investigators with the ability eofer
HIV-1 resistance upon primary céifsand stem celf§*° via modification of theCCR5 gene. Indeed,
this approach recently showed evidence of efficactya Phase | clinical tridl. Other strategies
facilitated by this technology include the disropff and excisioft*> of proviral DNA from HIV-
infected cells, the disruption of endogenous hastdis critical for HIV-1 integratidfi*’, and the
attenuation of HIV-1 replication via transcriptidneepressioff*®> Among the three major DNA-
targeting systems, CRISPR/Cas9 can readily be tdoeto nearly any genomic locus via RNA-DNA
complementary base pairing using a chimeric simglele RNA (sgRNAY. Though this system is
typically used for inducing DNA cleavae? it can be co-opted for transcriptional modulatiopn
fusing a catalytically inactivaied variant of thead® nuclease (referred to as dC¥s®jith a
transcriptional activat6{™° or repressaf domain. Because the only major restriction for SIRR/Cas9
target site selection is the protospacer adjaceif (PAM)>°, which is recognized by the Cas9 protein
and located immediately downstream of the sgRNAydiarsite, CRISPR transcription activation
system&"*>°8%2have the potential for driving the expression e&ny any gene, including stimulating
viral gene expression within latent HIV-1 resergdior shock-and-kill treatments. Importantly, uelik
approaches that rely on the Cas9 nuclease to tisliypl provirus, CRISPR-based activators pose no
significant risk of introducing mutations withinethhost genon?& and have the added advantage of

providing potentially reversible activity.
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Here we demonstrate that CRISPR-based transcripittimators can be configured to induce
latent HIV-1 expression, and that combining theB#SPR tools with latency-reversing compounds can

lead to robust activation of viral gene expressiocell-based models of HIV-1 latency.

RESULTS
CRISPR/Cas9 transcription activation systemsinduce gene activation from theHIV-1LTR

We have investigated whether CRISPR-based tratisgerigactors can reverse latency by
stimulating gene expression from the HIV-1 longrtieral repeat (LTR) promot&t The HIV-1 subtype
B LTR is 634 bp in length and can be subdivided thiree regiong¢Fig. 1a. and Supplementary Fig.

1): a 454-nucleotide (nt) segment upstream of thesti@ptional start site (TSS) termed U3, which
includes binding sites for host transcription fastthat drive HIV-1 gene expression as well ottier
acting DNA elements; a 96-nt repeat region dowastref the TSS referred to as R, which encodes the
trans-activation response (TAR) element; and ant&gkegment downstream of the R domain designated
Us.

We designed seven sgRNA to overlap with key featofehe LTR(Fig. 1a,b). The U3 region
was targeted by sgRNAs 1-5. sgRNAs 4 and 5, inquaatr, were designed to overlap with the binding
sites for NFkB and Sp-1, respectively, since these transcrigactors contribute directly to viral gene
expression and laten&f°. The R region, which encodes a repressive mRNApimastructure (TAR)
that inhibits RNA pol Il processivify"*in the absence of the viral Tat protein, was tagidy sgRNA
6. Finally, the U5 region was targeted by sgRNA 7.

We initially evaluated the ability of two distin@RISPR complexes to induce gene activation:
(i) dCas9-VP62Z"* and (ii) the synergistic activation mediator (SAMpmpleX’. dCas9-VP64
comprises dCas9 fused with a tetrameric repedteohérpes simplex virus VP16 transactivation domain
(VP64)? (Fig. 1c). The SAM system similarly contains dCas9-VP64, &#isb: (a) a modified sgRNA

harboring an aptamer that binds to the MS2 bagibeage coat protein and (b) a tripartite fusion girot
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consisting of the MS2 protein, the NiB- trans-activating subunit p65, and the activatiomain from
the human heat-shock factor 1 protein (HSF1) (M&8—pISF1)Fig. 1c). Both complexes function by
recruiting cellular transcription factdfsand chromatin-remodeling protefté* to targeted genomic
loci, leading to transcriptional activation.

To assess the ability of each Cas9-based completitalate gene expression, we co-transfected
human embryonic kidney (HEK) 293T cells with eittd€as9-VP64 or SAM, as well as a reporter
plasmid containing the full-length HIV-1 subtypepBomoter upstream of an EGFP reporter géig.
1la). Both dCas9 complexes were tested with each oséwven individual sgRNAs, and the level of
Cas9-mediated gene activation was directly cordlatith EGFP fluorescence. We observed a minimal
increase in EGFP expression in cells transfectdtd dfCas9-VP64, with only sgRNA 3 vyielding a
significant increasep(< 0.05) in the number of EGFP positive céisg. 1d). Surprisingly, “tiling” the
LTR promoter with multiple sgRNAs, which has_beemown to lead to increased activation of
endogenous genes in HEK293T c¥if§ had niinimal effect on EGFP expression in thi:idient
reporter systenfSupplementary Fig. 2).

In contrast to the dCas9-VP64 complex, HEK293Tscedl-transfected with reporter plasmid and
the SAM system, showed a 12- t0 24-fold increasthénnumber or percentage of EGFP positive cells,
with the most robust levels of activation obserusthg sgRNAs 1, 2, and Fig. 1d). As previously
reported’, no substantial increase in SAM-mediated activatias observed by tiling the promoter with
multiple sgRNAs(Supplementary Fig. 3). As a control for target specificity, we evaluateGFP
expression in cells co-transfected with reportasplid and SAM encoding a random sgRNA library.
No significant increase in EGFP was observed insfiected cell§Supplementary Fig. 4), indicating

that SAM induced specific activation from the HIM-IR promoter.
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Reactivation of latent HI'V expression by CRISPR activator complexes

We next evaluated whether SAM could reactivatal\wgene expression in established cell line
models of HIV-1 latency. Specifically, we sequelhfianfected the Jurkat-derived lymphocytic cell
lines J-Lat 9.2 and J-Lat 13°6with lentiviruses encoding each SAM eleméhig. 2a). J-Lat cells
harbor an integrated but transcriptionally siletH provirus that expresses GFP in lieu of tlietand
env genes but still recapitulates the natural trapsomal complexity of the HIV promoter, thereby
mimicking HIV latency. We specifically chose theLdt 9.2 and 10.6 cell lines since they display
distinct gene activation thresholds arising fronffedences in chromatin accessibility at the HIV-1
LTR’®. Specifically, J-Lat 9.2 is a strongly represskehe that requirés high transcriptional induction t
overcome its chromatin environment, whereas J-D& tells possess a lower activation threshold.

We observed GFP expression in ~30% and ~5% of J-Ratéls stably expressing SAM with
sgRNAs 4 and 6, respective(llfig. 2b). Additionally, we observed reactivation in up 698 of J-Lat
10.6 cells expressing SAM with sgRNA(BIg. 2c). As an efficient positive induction control, weeds
tumor necrosis factor alpha (TNF; a  proinflammatory cytokine that stimulates HIWXpeession
through activation of NRB, fut whosein vivo toxicity’’ precludes its use as a therapeutic. TNF-
treatment yielded ~18% and ~82% GFP positive J-LaBad 10.6 cells, respectiveglgupplementary
Fig. 5). Compared to an empty sgRNA cassette, each sgR&#ested induced an increape<(0.05) in
the number of GFP positive J-Lat 10.6 céHsg. 2c). However, only two sgRNA (4 and 6) induced a
significant increasep(< 0.05 for both) in the number of GFP positive £étl the more repressed J-Lat
9.2 cell line (Fig. 2b). Taken together, these data indicate that CRISBS®®ased transcription
activation systems delivered via lentivirus camsiate latent HIV gene expression, but that difiess

in chromatin accessibility at the HIV-1 LTR caneadft the ability of Cas9 to stimulate transcription.
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Combining CRISPR activators with an HDAC inhibitor and prostratin synergistically increases
latent HIV activation

HDAC inhibitors, such as valproic aéfdor suberoylanilide hydroxamic acid (i.e., SAHA or
Vorinostat)?® are capable of partially reversing the effectslmfomatin silencing and alleviating HIV
latency. We hypothesized that such compounds caatilenhance the ability of Cas9 to induce HIV-1
expression, particularly in repressive chromatintegts. To this end, we treated J-Lat 9.2 and ¢6l&
stably expressing SAM with increasing doses of SAWHA). 3a), a compound that inhibits the Class |
HDAC isotypes 1, 2, 3, and 8. SAHA was recentlyveihndo be safe and well tolerated in a Phase |
clinical trial, though it was unable to providecad-term increase in HIV-1.expression in patights

Incubation of SAM-expressing J-Lat cells with SAHAd (o a robust and dose-dependent
increase in the number of GFP positive c@fig). 3b). Specifically, reactivation was evident in ~70% of
J-Lat 9.2 cells with sgRNA 4, and ~80% of J-Lat 1€ells with sgRNAs 3, 5, 6, and 7 after treatment

with 4 uM SAHA, substantially higher than.control cells esgsing an empty sgRNA expression

cassett€Fig. 3b). Depending on the sgRNA. used, high-doses of SAetAtd a 2- to 5-fold increase in
activation in J-Lat 9.2 cellgFig. 3b), indicating that CRISPR-based transcriptional ntaidus and
HDAC inhibitors can act synergistically to reactddIV-1.

We next investigated whether the use of multipteday reversing compounds in combination
with Cas9 could further increase HIV-1 expresside treated J-Lat 9.2 and 10.6 cells expressing SAM

with escalating doses of SAHA anqu® prostratin(Fig. 3a). The latter small molecule stimulates IKK-

dependent phosphorylation and degradationcd8d’®, leading to the rapid nuclear translocation of NF-
kB and activation of latent provirtfs. Depending on the sgRNA used, SAM-expressing Blatells

co-treated with SAHA plus prostratin showed a 234wold increase in the number of GFP positivescell
compared to those treated with SAHA or{lyig. 3c). Notably, sgRNAs 4 and 6 stimulated GFP

expression in up to 80% of J-Lat 9.2 cells treateth SAHA and prostratinfFig. 3c). J-Lat cells
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expressing SAM and treated with prostratin in theemce of SAHA, however, showed less activation
than those treated with both compouf@spplementary Fig. 6).

Interestingly, J-Lat 10.6 cells expressing SAM wWstifRNA 4 — whose target site overlaps with
the binding sites for NikkB — showed a marked decrease in GFP positive aéis treatment with
prostratin(Fig. 3c), indicating the possibility that SAM and NdB may be competing for LTR binding
sites, and that this interplay led to suboptimahlvgene expression. Collectively, these resuliscate
that HIV latency reversing compounds can enhaneestficacy of Cas9-mediated activation of HIV-1,

particularly in repressive chromatin contexts.

Reactivation of latent HI'V by epigenome editing using CRI SPR/Cas9-based acetyltransferases

Multiple mechanisms contribute to HIV latency, mgding repressive local chromatin effects
stemming from histone deacetylation of the nuclews®(nuc-0 and nuc-1) that form within the ¥R
While HDAC inhibitors such as SAHA can stimulateelat HIV expression by promoting an open
chromatin environment around the provirus promdtegir activity can also influence the expressibon o
host genes. In contrast, emerging epigenome-maodgifyechnologies have the potential to directly
alter the chromatin structure of-the LTR and thgralfect target gene expression in a site-specific
manner. For instance, fusion of dCas9 with thelg#tahistone acetyltransferase core domain of the
human E1A-associated protein p300 (dCas9-p300) mwesntly shown to facilitate transcriptional
activation via targeted acetylation of histone H3he promoter region of targeted ge(fég). 4a)%%. We
thus hypothesized that dCas9-p300 could also kedetlatent HIV-1 expression by acetylation of uc-
or nuc-1. To examine this possibility, we evaluaBP expression in J-Lat 10.6 cells nucleofectetl wi
expression vectors encoding dCas9-p300 and them#artioned LTR-targeted sgRNASs. In particular,
sgRNAs 1, 2, and 3 mediate binding near nuc-0, edgethe target sites for sgRNAs 6 and 7 overlap
with nuc-1 (Fig. 1a). dCas9-p300 introduced into cells by nucleofectinduced significant gene

expression when targeted by sgRNAs 2, 4, 5, ana 6 (.05 for eachjFig. 4b), achieving levels of
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activation comparable to each corresponding SAM merm (which were ~2-fold lower than by
lentiviral-mediated expression, sEig. 2). In the case of sgRNA 2, whose target site opsriaith nuc-

0, dCas9-p300 induced a significant incregse 0.05) in HIV-1 expression over SAWFig. 4b). Likely

due to their more repressive transcriptional emritent, no significant increase in activation was
observed when J-Lat 9.2 cells were nucleofectet Wfas9-p300 (data not shown). However, these
findings collectively indicate that dCas9-p300 ddfstrong potential to stimulate transcription frime

HIV-1 LTR.

DISCUSSION

The presence of residual latent but replication{oet@nt HIV-1 reservoirs is a major hurdle
impeding viral eradication. Recent work has indedathat HI\/ €xpression can be induced using zinc-
finger® and TAL effector-baséd transcription factors éngineered to bind the LTBnpoter. Here we
show that CRISPR/Cas9-based transcriptional efiectowhich can be retargeted to nearly any DNA
sequence without protein engineering — can redetviaal gene expression in cell line models of HIV
latency. Using LTR-targeted sgRNAs, we tested thktya of two distinct Cas9 complexes to stimulate
transcription: dCas9-VP84°° and the synergistic activation mediator (SAM) ctew}), which consists
of dCas9-VP64 and an accessory transactivation modesigned to recruit a complementary suite of
transcription and chromatin remodeling factors. flend that SAM activated gene expression from the
LTR in transient reporter assays at levels thateded dCas9-VP64. This result is consistent with
recent data indicating that, for some genes, fiesteration dCas9-based transcription factors induce
only modest levels of transcriptitir”.

While all seven LTR-targeted sgRNAs induced robespression from the full-length LTR
promoter in the context of transient reporter assthey demonstrated variable activity when chgkeh
with proviral DNA. Only sgRNAs 4 and 6, whose tdrgies overlap with the binding sites for NB-

and the TAR element, induced significant changesxipression in J-Lat 9.2, with the latter possibly
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through a mechanism that enhances transcriptidoabation. Despite the use of identical sgRNAS,
different levels of Cas9-mediated activation wde® @abserved between these cell lines (especiatty w

sgRNA 4), suggesting that epigenetic and/or gefiéfidactors can influence the ability of Cas9 to
stimulate transcription. However, when combinedhwétency reversing compounds, such as SAHA

and prostratin, SAM-induced HIV-1 transcriptionletels that exceeded those observed using GNF-

simulation, particularly in J-Lat 9.2 cells. Intstiagly, we observed reduced transcription in J1@&6
cells expressing SAM with sgRNA 4 and treated vpitbstratin. Possible explanations for this include
competition for LTR binding sites between Cas9 g@ndstratin-activated NkB, or an unforeseen
inhibitory effect between endogenous NB-protein and the transactivation domains presenthe
SAM complex.

The SAM system used hétecontains both the activation domain of the HSFdtgin and the
NF-xB trans-activating subunit p65, which can stimul&@nscriptional elongation during proviral
activatiorf’. This notwithstanding, we observed no increaseIM activation in J-Lat cells expressing
dCas9-VP64, MS2-p65-HSF1, and an empty sgRNA dassetlicating that HIV-1 expression was due
to sgRNA targeting to the LTR. The modularity oé tiipartite MS2—p65—-HSF1 fusion protein could be
exploited in the future to create a Cas9 activatonplex specifically tailored for CD4T cells or other
cell types relevant to HiV latency.

We also show that epigenome editing using a Cas8/l&ransferase (dCas9-p3&ban lead to
a significant increase in GFP expression in J-Lat61cells. dCas9-p300-induced changes in
transcription similar to SAM for multiple sgRNAs dluding sgRNA 2, which overlaps with a
nucleosome (nuc-0) that contributes to proviragérgiing. Because SAM and dCas9-p300 function
through complementary mechanisms, emerging Cas®log$? could be co-opted and used in tandem
for multiplexed induction of viral gene expressioia epigenome editing and promoter-directed
transcriptional activation. Future studies are Bsagy to determine the effectiveness of these

technologies in primary cell models of HIV-1 latgnas well as the DNA-binding specificity of each
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Cas9 activatdf and the exact epigenetic modifications inducedi®gs9-p300. In addition, successful
clinical translation of this approach necessitatte safe and effective delivery of CRISPR
transcriptional activators into cells that harketeht HIV-1. Neither SAM nor dCas9-p300 (~7.5 kb and
~6.1 kb in length, respectively) can be packaged atsingle adeno-associated virus vector. As an
alternative, non-integrated lentiviruses could beduto facilitate their delivergx vivo, as these vectors
have enabled zinc-finger nuclease-mediated motiificaof the CCR5 gene in patient-derived resting
CD4" T cells? In vivo delivery of Cas9-sgRNA could prove challengingwkger. The use of dCas9-
VP64 ribonucleoproteiti®® conjugates engineered to specifically recoghjzend subsequently be
internalized by CD4 T cells, or emerging lentiviral vectors capableirdfecting human lymphocytes
upon systemic delivef§/could help to overcome this limitation.

Finally, as with RNA interference-based gene thies for HIV->% CRISPR-mediated
transcriptional activation of HIV-1 could be vulabie to viral escape, as recent work has indicttad
even the latent reservoir can become populated egittape mutarits However, due to the ease with
which sgRNA can be designed, CRISPR-resistantnstrai HIV-1 could be addressed through the use
of new sgRNA tailored for specific.escape mutafiteese sgRNA could conceivably be introduced into
cells already expressing a dCas9 variant via aanagrtbased bridge design similar to those prewousl|
described for combating HIV-1 resistance using RRAI The use of a CRISPR-based cocktail
consisting of multiple sgRNA from the onset of treant could also be used to help block HIV-1
escape.

In summary, we show that CRISPR activation systé@age the potential to induce HIV-1
expression in cell-based models of latency. CRISPRems, in combination with cART, may lead to

new treatments for HIV-1 infection.
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METHODS
Plasmid construction

pLV-dCas9-VP64-Blast (Addgene plasmid #61425), gU$2-p65-HSF1-Hygro (Addgene
plasmid #61426), and pLV-sgRNA(MS2)-Zeo (Addgenespiid #61427F} were gifts from Feng
Zhang. pcDNA-dCas9-VP64 (Addgene plasmid #47103P-8gRNA (Addgene plasmid #47188nd
pcDNA-dCas9-p300 (Addgene plasmid #6138Were gifts from Charles A. Gersbach.

Reporter plasmid encoding the HIV-1 subtype B LT#®tteam of the EGFP gene (LTR-EGFP)
was previously describ&ll Oligonucleotides encoding sgRNA target sites wergtom ordered (Elim
Biopharm), phosphorylated by T4 polynucleotide km#&New England Biolabs), hybridized and ligated
into the Bbsl and BsmBI restriction sites of pSP-gRNA and pLV-sgRNA(MS&o, respectively.
Correct construction of each sgRNA was verifiedseguence analysis. Oligonucleotides used in this

study are shown iBupplementary Fig. 7.

Cdll culture

HEK293T and Jurkat cells were obtained from Anaaridype Culture Collection (ATCC). J-Lat
9.2 and J-Lat 10.6 cells were obtained from theiddat Institutes of Health (NIH) AIDS Reagent
Program. HEK293T ' cells” were maintained in Iscoveisdified Dulbecco's medium (IMDM)
supplemented with 10% (vol/vol) fetal bovine seryRBS; Life Technologies) and 1% (vol/vol)
antibiotic-antimycotic (Anti-Anti; Life Technologg in a humidified 5% C@atmosphere at 3CT.
Jurkat and J-Lat cells were maintained in RPMI 16¢ium (Life Technologies) supplemented with

10% FBS and 1% Anti-Anti in a humidified 5% g¢@mosphere at 3C.

L entivirus production and infections
HEK293T cells were seeded onto 10-cm plates amnaiyeof 2 x 16 cells per plate in serum-

containing medium. At 24 h after seeding, cellsemeansfected with 10 ug of pLV-dCas9-VP64-Blast,
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pLV-MS2-p65-HSF1-Hygro, or pLV-sgRNA(MS2)-Zeo, aglvas 5 pug of pMDL g/p RRE, 3.5 ug of
pMD2.G, and 1.5 pg of pRSV-Rev using polyethylemien{PEI), as describ&d. At 48 h and 72 h after
transfection, cell culture medium was harvestednceatrated by ultracentrifugation (L8-55M
Ultracentrifuge; Beckman Coulter), and resuspend&0 ul of PBS with 20% sucrose. Lentivirus was
stored in single-use aliquots at -80° C.

For infections, J-Lat 9.2 and 10.6 cells were seemfeto 24-well plates at a density of 2 X 10
cells per well in serum-containing medium. Len@bimfections were performed sequentially. At 24 h
after seeding, cells were infected with either L®ad9-VP64-Blast, LV-MS2-p65-Hygro, or LV-
sgRNA(MS2)-Zeo using a multiplicity of infection @) of 0.1. After 1 week, infected cells were
selected with either 10 pg/ml of blasticidin (Signfiar LV-dCas9-VP64-Blast, 1 mg/ml of hygromycin
(Sigma) for LV-MS2-p65-Hygro, or 100 pg/ml of zewnc{Sigma) for LV-sgRNA(MS2)-Zeo. Each
selection was performed for 1 week. Seven days #ftefinal selection, cells were washed once with
PBS, and GFP expression was evaluated by flow atign(BD LSR Fortessa X-20; BD Biosciences).
For each sample, 10,000 live events were colle@rd,data were analyzed using FlowJo (Tree Star,
Inc.).

For small molecule treatments, ten days after ithed Eelection, J-Lat cells expressing the SAM
complex were seeded intc a 96-well plate at a tenéid x 1 cells per well with 0.5, 1.0, 2.0, or 4.0
UM SAHA (Sigma) in the presence of absence of Mprostratin (Sigma). At 24 h after treatment,
cells were harvested, and EGFP expression was neelby flow cytometry. For each sample, 10,000

live events were collected, and data were analysedy FlowJo.

Transient transfections
HEK293T cells were seeded into 96-well plates deasity of 4 x 18 cells per well in serum-
containing medium. For SAM, at 16-24 h after segdaells were transfected with 20 ng of LTR-EGFP,

60 ng of pLV-dCas9-VP64-Blast, 60 ng of pLV-MS2-pd5F1-Hygro, and 60 ng of pLV-
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SgRNA(MS2)-Zeo using PEI. For dCas9-VP64 transtexdj at 16-24 h after seeding, cells were
transfected with 20 ng of LTR-EGFP, 90 ng of pcDNB8as9-VP64, and 90 ng of pSP-sgRNA using
PEI. Transfection efficiency was measured to be?#90

For nucleofections, J-Lat cells were seeded irfe2% cell culture flask at a density of 1 x°10
cells per ml. For SAM, at 24 h after seeding, 20X dells per nucleofection were centrifuged at 99 x
for 10 min at room temperature and resuspendeduiedfector Solution SE (Lonza) with 650 ng of
pLV-dCas9-VP64-Blast, 650 ng of pLV-MS2-p65-HSF1gty, 650 ng of pLV-sgRNA(MS2)-Zeo, and
40 ng of pEntry-CMV-puro-mTagBFP, which was useddsansfection control. For dCas9-p300, 2 x

10 cells per nucleofection were resuspended in Néetéor Solution SE with-jig of pcDNA-dCas9-
p300 Core, Jug of pSP-sgRNA, and 40 ng of pEntry-CMV-puro=mTagBFells were transferred to a

16-well Nucleocuvette Strip (Lonza) and electropedausing the 96-well Shuttle Device (Lonza) with
the program CL-120, according to the manufacCiurenstructions. Transfection efficiency was
measured to be ~20%.

At 48 h after nucleofection, cells were washed omgth PBS, and GFP expression was
evaluated by flow cytometry. For each sample, 10,00e events were collected, and data were

analyzed using FlowJo.

Statistical analysis
Data represents the mean (data points) and stadéardtion (error bars) of three independent
replicates. Statistical significance was calculatsithg a one-tailed independent two-sample Stuslient’

test (Microsoft Excel 2013).
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FIGURE LEGENDS

Fig. 1. CRISPR transcriptional activators induce gene expression from the HIV-1 LTR (a)
Schematic of the EGFP reporter system used to &ealCas9-mediated gene activation and the
architecture of the HIV-1 subtype B long terminaipeat (LTR) promoter. Grey circles indicate
approximate locations of nucleosome-0 (nuc-0) andthin the LTR. Red triangles indicate location of
the sgRNA target site. Black arrow denotes thestraptional start site (TSS). Yellow squares and
orange circles indicate NkEB and Sp-1 binding sites, respectivély sgRNA target sites from the LTR.
PAM highlighted blue.(c) Cartoon illustrating the potential modes of. traigmonal activation by
dCas9-VP64 and SAM. Black arrows indicate VP64- &82-p65-HSFEL1-mediated recruitment of
cellular transcription factors and the chromatimoeleling proteins(d) Fold-increase in the percentage
of EGFP positive HEK293T cells after transfectiothvEGFP reporter plasmid and expression vectors-
encoding dCas9-VP64 with sgRNA (blue) or SAM WigR&NA (red). EGFP expression was normalized
to cells transfected with reporter plasmid, dCa$®B¥ and an empty SgRNA expression cassette. EGFP

expression was measured 48 h after transfectiahwas observed in 05 0.6% of negative control

cells. Error bars indicate s.dn & 3; *p-value < 0.005; *p-value < 0.001; **p-value < 0.0001,;

Student’s-test).

Fig. 2. SAM-mediated activation of latent HIV-1 expression in cell line models of latency (a)
Diagram of the HIV-1 proviral genome in J-Lat cellzrey boxes indicate genes whose expression has
been disabled(b and c) Percentage of GFP positiyb) J-Lat 9.2 andc) J-Lat 10.6 cells stably
expressing SAM with sgRNA. “Empty” indicates J-ladlls expressing SAM with an empty sgRNA
expression cassette. Dotted line indicates theeptage of naive GFP positiyie) J-Lat 9.2 andc) J-

Lat 10.6 cells after treatment with 20 ng/uL tunmecrosis facton (TNF-o). GFP fluorescence was
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measured 14 days after final infection. Error badicate s.d.rf = 3; **p-value < 0.001; **p-value <

0.0001; Student’stest).

Fig. 3. SAHA and prostratin enhance SAM-mediated activation of latent HIV-1 expression (a)
Schematic illustrating experimental setup. NaiveS#&M-expressing J-Lat cells were treated with
SAHA alone or in the presence of prostrafmand c) Percentage of GFP positive J-Lat 9.2 (upper) and
J-Lat 10.6 (lower) cells stably expressing SAM amdited with(b) increasing amounts of SAHA only

or (c) increasing amounts of SAHA with 2 uM prostratiBnipty” indicates J-Lat cells expressing SAM
with an empty sgRNA expression cassette. Dottedifidicates the perceniage of naive GFP positive J-
Lat cells after treatment with 20 ng/uL of TNE-Cells were treated 17 days after final infectiangd

GFP expression was measured 24 h after treatmeot. liars indicate standard deviation=3).

Fig. 4. Reactivation of latent HIV-1 expression using CRISPR-based acetyltransferases (a) Cartoon
illustrating the potential mode of action by a CRRsbased acetyltransferg@as9-p300) on the HIV
LTR. Grey circles indicate approximate locationio€-0 and nuc-1 in the LT@®) Fold-increase in the
percentage of GFP positive J-Lat 10.6 cells aftezieofection with SAM and sgRNA (dark blue) or
dCas9-p300 with sgRNA (teal). Data were normalized-Lat 10.6 cells nucleofected with SAM or
dCas9-p300 and an empty sgRNA expression cass$efe. fluorescence was measured 48 h after

nucleofection. Error bars indicate standard demmagn = 3; *** p-value < 0.0001; Studenttgest).
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Figure 4
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