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HIV-1 escapes antiretroviral agents by integrating into
the host DNA and forming a latent transcriptionally silent
HIV-1 provirus. Transcriptional activation is prerequisite
for reactivation and the eradication of latent HIV-1 pro-
viruses. dCas9-SunTag-VP64 transcriptional system has
been reported that it can robustly activate the expres-
sion of an endogenous gene using a single guide RNA
(sgRNA). Here, we systematically investigated the poten-
tial of dCas9-SunTag-VP64 with the designed sgRNAs for
reactivating latent HIV-1. We found dCas9-SunTag-VP64
with sgRNA 4 or sgRNA 5 targeted from -164 to —-146
or =124 to —106 bp upstream of the transcription start
sites of HIV-1 could induce high expression of luciferase
reporter gene after screening of sgRNAs targeting dif-
ferent regions of the HIV-1 promoter. Further, we con-
firmed that dCas9-SunTag-VP64 with sgRNA 4 or sgRNA
5 can effectively reactivate latent HIV-1 transcription in
several latently infected human T-cell lines. Moreover,
we confirmed that the reactivation of latent HIV-1 by
dCas9-SunTag-VP64 with the designed sgRNA occurred
through specific binding to the HIV-1 LTR promoter
without genotoxicity and global T-cell activation. Taken
together, our data demonstrated dCas9-SunTag-VP64
system can effectively and specifically reactivate latent
HIV-1 transcription, suggesting that this strategy could
offer a novel approach to anti-HIV-1 latency.
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INTRODUCTION

Highly active antiretroviral therapy (HAART) has effectively
suppressed the replication of human immunodeficiency virus-1
(HIV-1) and decreased the morbidity and mortality of HIV-
infected patients during the last three decades."” Unfortunately,
HIV-1 infection remains incurable due to the persistence of a
viral reservoir, which escaping antiretroviral agents by integrating
into the host DNA and forming a latent transcriptionally silent
HIV-1 proviruses. In such case, dormant viruses can bypass host

immune system surveillance and antiretroviral drugs, followed by
resuming active infection once HAART is interrupted. Therefore,
the major barrier to the eradication of HIV-1 is the presence of
latent reservoirs. Extensive efforts should be focused on identi-
tying approaches to eliminating these dormant provirus."* One
strategy termed “shock and kill” has recently gained much atten-
tion. This approach involves reactivating latent HIV-1 by induc-
ing the expression of the quiescent provirus and then stopping the
spread of reactivated virus by HAART or clearing virus-produc-
ing cells by host immune responses or viral cytopathic effect.’* In
devising the “shock and kill” strategy, focus has been placed on
finding ways to reactivate latent HIV-1 without inducing global
T-cell activation. A number of novel activators have been identi-
fied to reactivate latent HIV-1 by mechanism-directed approaches
or a wide range of screening. However, several disadvantages:
cytotoxicity, mutagenicity or a lack of target specificity existed
when using these compounds, though some of them have already
entered clinical testing in humans.*” Thus, better and more spe-
cific latency-reversing strategies are urgently needed in antiviral
therapy.

Engineered transcription factors, generated by fusing activa-
tion or repression domains to DNA-binding domains, have been
used to modulate desired gene expression through specifically tar-
geting their promoters in many applications,* including study-
ing gene functions in complex biological processes and offering
great potential in therapeutics. Zinc finger proteins (ZFPs) or
transcription activator-like effectors (TALEs) coupled with func-
tional domains are representative over the recent decades.®!
Our group recently published related work on employing a syn-
thetic ZFP and TALE specific for the HIV-1 5-LTR (long termi-
nal repeat) promoter were coupled with tetrameric herpes virus
transcription activation domain VP16 (VP64) to activate latent
HIV-1.">!" However, due to either fixed DNA-sequence-binding
requirements or their multistage DNA assembly protocols, engi-
neered ZFP or TALE remains time-consuming and expensive to
develop large-scale protein libraries for genome interrogation,
thus severely limiting the potential use of them.'?

The recently developed CRISPR/Cas9 (clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas9) system is
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now frequently used for genome editing in human cells through
sequence-specific sgRNA in complex with Cas9 proteins.!>™**
This toolset greatly improves the ease of genome editing because
of easy design and synthesis of sgRNA. Subsequently, a CRISPR/
dCas9 system, mutant Cas9 protein without endonuclease activ-
ity (dead Cas9, dCas9) coupled with activator domain VP64 or
repressor domain KRAB (Kruppel-associated box),'®” is used
to modulate eukaryotic transcription at native and synthetic
promoters. Previous study shown that dCas9 fused with one
copy of VP64 (dCas9-VP64) together with a designed sgRNA
to increase transcription of interest gene usually resulted in less
than twofold induction, thus limiting the potential application
of this system.'®'®!* Subsequent study revealed that recruitment
of multiple copies of dCas9-VP64 to native or artificial pro-
moters via the combined use of nonoverlapping sgRNAs could
improve the activation level.'®'"*> However, several sgRNAs
needed to be transfected simultaneously into human cells.
Recently, Tanenbaum et al. ** demonstrated that dCas9-SunTag,
a dCas9 protein fused with a repeating peptide array termed
SunTag, can recruit up to 24 copies of an antibody-fusion VP64
to target promoter to robustly activate the expression of endog-
enous gene with a single sgRNA. The feature of this toolset
(referred to as dCas9-SunTag-VP64) not only demonstrated in
simplifying single gene activation but also opening possibilities
to activate multiple genes simultaneously, potentially allowing
functional re-engineering of cell behavior via precise modula-
tion of gene expression.'

In this study, we systematically investigated the potential of
dCas9-SunTag- VP64 with sgRNA for activating latent HIV-1. Our
data suggested that the designed sgRNA with the dCas9-SunTag-
VP64 could efficiently and specifically reverse HIV-1 from latency
in latently infected human T cells, significantly better than the
dCas9-VP64 system. Moreover, the dCas9-SunTag-VP64 sys-
tem shows no cytotoxicity, genotoxicity, or global T-cell activa-
tion. Compared to current latency-reversing agents, a flexible and
potent platform for reactivating latent HIV-1 through specifically
binding to HIV-1 5’-LTR promoter was described in this article.

RESULTS

Design and screen of sgRNAs for dCas9-SunTag-
VP64-mediated HIV-1 LTR activation

The HIV-1 LTR represents an attractive and ideal anti-HIV-1 target
because it is highly conserved across all HIV-1 genomes. Here, we
used the previously reported dCas9-VP64 system and the newly
developed dCas9-SunTag-VP64 system together with sgRNAs
targeting HIV-1 LTR to mediate gene transcription. The expres-
sion construct of dCas9-VP64 system, dCas9-SunTag-VP64 sys-
tem (including dCas9-24GCN4 _, and scFv-GCN4-stGFP-VP64)
and sgRNA were shown in Figure 1a. The detailed sgRNA cloning
protocol was represented in Supplementary Figure S1. Initially,
we detected the expression of dCas9-SunTag-VP64 and dCas9-
VP64 system in human embryonic kidney 293T (HEK293T) cells.
The expression of dCas9-24GCN4 , and scFv-GCN4-sfGFP-
VP64 plasmid was visualized by fluorescence microscopy instead
of western blot due to the large size of them (Supplementary
Figure S2a). While the expression of dCas9-VP64 in HEK293T
cells was detected by western blot (Supplementary Figure S2b).
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To identify the binding sites most efficient for gene induction,
12 sgRNAs were designed targeting HIV-1 LTR promoter and
tested their transactivation activity in HEK293T cells (Figure 1b
and Supplementary Table S1). Towards this end, we cotransfected
HEK293T cells with the dCas9-SunTag-VP64 or dCas9-VP64
expression vectors with individual sgRNA and a reporter vector
comprising the luciferase gene driven by the HIV-1 LTR promoter
(LTR-luc). The luciferase activity was measured at 72 hours post-
transfection. As a control, a sgRNA-negative vector was used in
both systems. The results showed that sgRNA 4, sgRNA 5, sgRNA
6 with dCas9-SunTag-VP64 or dCas9-VP64 yield significant acti-
vation of reporter gene expression relative to sgRNA negative con-
trol (Figure 1c). Especially, sgRNA 4 or sgRNA 5 yielded activation
of reporter gene up to sixfold in dCas9-SunTag-VP64 system and
threefold in dCas9-VP64 system (Figure 1c). To test whether a
stronger activation could be generated by multiple sgRNAs with
dCas9-SunTag-VP64 or dCas9-VP64, two most efficient sgRNAs
(sgRNA 4+5) or seven sgRNAs (sgRNA 1-7) with dCas9-SunTag-
VP64 or dCas9-VP64 were cotransfected into HEK293T cells,
respectively. The results indicated that combined use of sgRNAs
showed no robust induction in dCas9-SunTag-VP64, but a little
higher than single sgRNA (sgRNA 4 or sgRNA 5) in dCas9-VP64
(Figure 1c). Among the sgRNAs designed, two sgRNAs (sgRNA 4
or sgRNA 5) binding within 200 bp region upstream of transcrip-
tion start sites (TSS) induced significant activation with dCas9-
SunTag-VP64. In the following experiments, we used sgRNA 4 or
sgRNA 5 with dCas9-SunTag-VP64 system or dCas9-VP64 sys-
tem for study.

We further explored transcription promotion effect of HIV-1
LTR induced by dCas9-SunTag-VP64 system or dCas9-VP64
system with Tat, a HIV-1-expressed protein responsible for viral
transcription elongation through recruiting transcription elonga-
tion complexes to the transactivation response element of HIV-1
5’-LTR.**** For this purpose, HIV-1 LTR-luc reporter vector was
cotransfected with dCas9-SunTag-VP64 or dCas9-VP64 and
indicted sgRNA in the presence or absence of Tat expression
vector into HEK293T cells. The results shown that cotransfec-
tion of Tat and dCas9-SunTag-VP64 with sgRNA negative vector
induced around 27-fold increase of luciferase reporter expression,
while around 40-fold induction of reporter gene expression was
observed once coexpressing sgRNA 4 or sgRNA 5 with dCas9-
SunTag-VP64 and Tat (Figure 1d). Our results indicated that
dCas9-SunTag-VP64 system could promote HIV-1 LTR transcrip-
tion elongation with Tat in a potent manner.

dCas9-SunTag-VP64 mediates activation of the HIV-1
5-LTR in TZM-bl cells

The regulation of gene expression in a transient transfection assay
may be different from genomic expression because the reporter
plasmid is not integrated into the genome as a chromosomal
gene.”® To address this issue, we performed gene transcription
activation experiment in TZM-bl cells, a HeLa cell line integrated
with a luciferase reporter expression cassette driven by HIV-1
5’-LTR.” We cotransfected dCas9-VP64 or dCas9-SunTag-VP64
with indicated sgRNA and HIV-1 LTR-luc expression cassette
into TZM-bl cells. After 72 hours transfection, the luciferase level
was measured. Our data showed that dCas9-SunTag-VP64 with
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Figure 1 Design and screen of sgRNAs for dCas9-SunTag-VP64-mediated HIV-1 LTR activation by luciferase assay. (a) Schematic representation of
dCas9-VP64 and dCas9-SunTag-VP64 system. dCas9-VP64 system indicated that dCas9 protein was coupled with one copy of VP64, hemagglutinin (HA)
epitope tag, and nuclear localization signal (NLS). The dCas9-SunTag-VP64 construct is composed of two expression cassettes. One is dCas9-SunTag,
meaning dCas9 is coupled with 24 copies of the v4 version of the GCN4 peptides. The other cassette is scFv-GCN4-sfGFP-VP64, including a specific
antibody-fusion VP64 to the GCN4 peptide. HA epitope tag and NLS were included in the two expression plasmids. The sgRNA expression cassette driven
by human U6 promoter was used in two gene activation system. (b) Target sequence of sgRNAs in the HIV-1 5’-LTR promoter (from HXB2 reference strain,
GenBank accession no. K03455). The sequence of the U3'R and U5 regions in the LTR promoter are underlined. The transcription start site is indicated
with (+1). Individual sgRNA target site in the LTR promoter is shown in light gray. The protospacer-adjacent motif (PAM) sequence is indicated in dark
gray. (c) Screen of sgRNAs for dCas9-SunTag-VP64 or dCas9-VP64-mediated HIV-1 LTR activation by luciferase assay. HEK293T cells were cotransfected
indicated sgRNA with dCas9-SunTag-VP64 or dCas9-VP64, the LTR-luc reporter and internal control pRL-SV40 plasmid at the indicated time. The relative
luciferase activity was measured using the dual-luciferase reporter assay system (Promega) at 72 hours post-transfection. The data was analyzed by normal-
izing individual sgRNA-transfected group to sgRNA negative vector-transfected group in two gene activation systems, respectively. Each data represent the
mean + SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; paired t-test. (d) Analysis of transcription elongation of HIV-1 LTR when
combining dCas9-VP64 or dCas9-SunTag-VP64 with Tat. HEK293T cells were transfected with the dCas9-VP64 or the dCas9-SunTag-VP64 expression
cassette with indicated sgRNA in the presence or absence of Tat at the indicated time. The relative luciferase activity in each group was measured after 72
hours transfection. The data shown was normalized to sgRNA negative vector-transfected group in two gene activation systems, respectively. Each data
represent the mean + SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; paired t-test.
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sgRNA 4 or sgRNA 5 yielded activation of reporter gene up to
twofold in TZM-bl cells after normalized to sgRNA negative con-
trol. No gene expression induction was observed by dCas9-VP64
with sgRNA 4 or sgRNA 5 (Figure 2). These findings revealed that
dCas9-SunTag-VP64 performed the same role of inducing inte-
grated reporter gene expression as transient luciferase assay.

dCas9-SunTag-VP64 can effectively reverse HIV-1
from latency in latently-infected cells
We further validated the effects of dCas9-SunTag-VP64 system in
Jurkat T-cell-based latency models, C11 cells*®*" and J-Lat clone
A10.6 cells.’® They both contained a green fluorescent protein
(GFP) gene under the control of the HIV-1 LTR. The percentage
of GFP-positive cells indicated the reversal of HIV-1 from latency.
For this purpose, the C11 or J-Lat clone A10.6 cells were nucleo-
fected with pcDNA3.1(-) vector or with dCas9-SunTag-VP64 or
dCas9-VP64 expression vector and indicated sgRNA. Besides,
in this experiment, C11 or J-Lat clone A10.6 cells untreated or
treated with 0.5 umol/l of suberoylanilide hydroxamic acid were
used as mock and positive control, respectively. The percentage of
GFP-positive cells was measured by flow cytometry to indicate the
reactivation of latent HIV-1 at different time points. The results
showed that dCas9-SunTag-VP64 with sgRNA 4 or sgRNA 5
could significantly reactivate latent HIV-1 in C11 cells (33.89 and
31.23%, respectively) and J-Lat clone A10.6 (28.64 and 21.34%,
respectively) at 72 hours post-transfection. Furthermore, the
results showed that dCas9-SunTag-VP64 with sgRNA 4 or sgRNA
5 dramatically activated HIV-1 expression at 24 hours post-
transfection and persisted modest increasing activation over the
next 3 days in both cell models (Figure 3a,b and Supplementary
Figure S3a,b). Increased induction of latent HIV-1 expression
was not obtained when combining multiple sgRNAs with dCas9-
SunTag-VP64 in two HIV-1 latently infected cell models (Figure
3a,b and Supplementary Figure S3a,b). We wanted to test
whether synergistic action could be observed at lower amount of
indicated sgRNAs with dCas9-SunTag-VP64 system. To test this,
sgRNA 4+5 or sgRNA 4-5 with dCas9-SunTag-VP64 was nucleo-
fected into C11 cells. As shown in Supplementary Figure S4,
no synergistic effects were observed by combined sgRNAs with
dCas9-SunTag-VP64 on reactivating latent HIV-1 in C11 cells.
While no significant induction of HIV-1 gene expression was
observed by dCas9-VP64 with single or multiple sgRNAs in both
cell lines at different time points (Figure 3¢,d and Supplementary
Figure S5a,b). However, the expression of HIV-1 in the cells trans-
fected with pcDNA3.1(-) or with dCas9-SunTag-VP64 or dCas9-
VP64 and sgRNA-negative vector was a little higher than mock,
perhaps due to a partial activation of these cells by nucleofection.
Additionally, the expression of p24 induced by dCas9-SunTag-
VP64 system was detected in ACH2 cells, a chronically infected
T-cell clone from the parental cell line A3.01, which contains
a single copy of latent HIV-1 provirus.*> To this end, harvested
supernatants from cells nucleofected with pcDNA3.1(-) plasmid
or with dCas9-SunTag-VP64 and indicated sgRNA were subjected
to p24 detection. The results indicated the expression of p24 from
cells nucleofected with sgRNA 4 with dCas9-SunTag-VP64 was
significantly higher than that from cells treated with sgRNA nega-
tive control with dCas9-SunTag-VP64 (Figure 4). Based on these
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Figure 2 dCas9-SunTag-VP64-mediated activation of the HIV-1 5'-
LTR in TZM-bl cells. dCas9-VP64 and dCas9-SunTag-VP64 induced
transcription of an integrated luciferase reporter in TZM-bl cells. TZM-bl
cells were cotransfected with dCas9-VP64 or dCas9-SunTag-VP64 and
indicated sgRNA at specified time. Cells were harvested and then sub-
jected to luciferase activity assay after 3-day transfection. The data
shown was normalized to sgRNA negative vector-transfected group
in two gene activation systems, respectively. Each data represent the
mean * SD of three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001; paired t-test.

data, our results revealed that dCas9-SunTag-VP64 system could
efficiently induce HIV-1 expression in latently infected cells and
could be further investigated as a novel anti-HIV-1 latency agent.

Absence of dCas9-SunTag-VP64 system-related
cytotoxicity, T-cell activation, and latent HIV-1
reactivation-induced cell death

A critical concern of agents for activating HIV-1 latency is their
safety. To address this issue, we evaluated the safety in the Jurkat
T cells transfected with dCas9-SunTag-VP64 system. The CCK-8
assay was used to evaluate cell proliferation at 72 or 96 hours
after Jurkat T cells transfected with pcDNA3.1(-) or with dCas9-
SunTag-VP64 and indicated sgRNA. Our results suggested that
dCas9-SunTag-VP64 with indicated sgRNAs did not affect cell
proliferation (Figure 5a and Supplementary Figure S6a). The
potential of dCas9-SunTag-VP64 to induce cell cycle progression
was further investigated by staining these cells with propidium
iodide at 72 or 96 hours post-transfection and analyzing the DNA
content using flow cytometry. Compared with the control group,
the transfection of the dCas9-SunTag-VP64 together with indi-
cated sgRNA did not affect cell cycle progression and cell death
(Figure 5b,c and Supplementary Figure S6b). Similar results
were observed in primary cells treated with dCas9-SunTag-VP64
together with indicated sgRNA (Figure 5d-f).

The major disadvantage of some current therapeutic agents is
their propensity to nonspecifically activate bystander T cells. We
therefore investigated the induction of global T-cell activation
markers by dCas9-SunTag-VP64 treatment. Our results shown
that no induction of CD25 or CD69 expression was found in
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Figure 3 dCas9-SunTag-VP64 reactivates HIV-1 in different latently infected cells. (@) C11 cells or (b) J-Lat clone A10.6 cells were nucleo-
fected with pcDNA3.1(-) vector or dCas9-SunTag-VP64 with indicated sgRNA and were mock treated or treated with 0.5 pmol/I of suberoylanilide
hydroxamic acid at the indicated time. The percentage of GFP-expressing cells was measured by flow cytometry at different time points. Fluorescence
histograms represented the reactivation efficiency of latent HIV-1 by dCas9-SunTag-VP64. (c) and (d) Time-dependent effects of dCas9-VP64-medi-
ated activation of latent HIV-1 in C11 cells or J-Lat clone A10.6 cells. The data represent the mean + SD of three independent experiments.
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Figure 4 dCas9-SunTag-VP64 system mediated the induction
of latent HIV-T in ACH2 cells. ACH2 cells were nucleofected with
pcDNA3.1(-) plasmid or dCas9-SunTag-VP64 with indicated sgRNA at
specified time. At 72 hours post-transfection, the supernatants were col-
lected and analyzed for p24 antigen by enzyme-linked immunosorbent
assay. ACH2 cells mock treated were used as the basal expression level
of p24, and cells treated with 0.5 umol/l suberoylanilide hydroxamic
acid were shown as positive control. The data represent the mean + SD
of three independent experiments in triplicate. *P < 0.05, **P < 0.01,
***P < 0.001; paired t-test.
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the pcDNA3.1(-) or dCas9-SunTag-VP64-treated primary CD4*
T cells (Figure 5g). Nevertheless, cells treated with 1 pmol/l
prostratin stimulated the expression of activation markers on
the surface of primary CD4" T cells, consistent with previous
study.® These data suggested that dCas9-SunTag-VP64 system is
a potentially safe tool for anti-HIV-1 latency therapy. Our results
showed that dCas9-SunTag-VP64 system did not have cytotoxic-
ity in Jurkat T cells and primary T cells. We further wanted to
test the virus-induced suicide death effects in latency models after
reactivation by dCas9-SunTag-VP64 system. To this end, dCas9-
SunTag-VP64 with indicated sgRNA was nucleofected into the
three latently infected cell lines (C11, A10.6, and ACH2 cells)
at indicated time. Compared to sgRNA negative-treated group,
dCas9-SunTag-VP64 with sgRNA 4 did not affect cell viability at
different time. Further cell death assay also showed no difference
between dCas9-SunTag-VP64 with sgRNA negative and sgRNA
4-treated group at indicated time (Figure 6a,b).

dCas9-SunTag-VP64 reactivates latent HIV-1 through
specific binding to the HIV-1 LTR promoter

We investigated whether dCas9-SunTag-VP64 system reactivated
HIV-1 through direct binding to the HIV-1 5"-LTR promoter. To
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address this issue, we constructed a HIV-1 LTR-luc reporter vector
lacking the designed sgRNA 4 target site, termed LTR(AsgRNA4)-
luc. The deletion of the sgRNA 4 target site in the LTR-luc reporter
vector was aligned with wild type of LTR-luc vector (Figure 7a).
Then, we transfected HEK293T cells with the dCas9-SunTag-VP64
with sgRNA 4 and HIV-1 LTR-luc or LTR(AsgRNA4)-luc expres-
sion vector. The results shown a more than fivefold induction of
luciferase expression in LTR-luc group (consistent with previous
results), but failed to generate induction in LTR(AsgRNA4)-luc
group when coexpressing dCas9-SunTag-VP64 with sgRNA 4
in HEK293T cells (Figure 7b), indicating that the induction of
HIV-1 by dCas9-SunTag-VP64 system occurred through specific
binding to the HIV-1 5’-LTR promoter.

Reactivation of Latent HIV-1 by CRISPR/dCas9

To further validate the direct binding of dCas9-SunTag-VP64
with sgRNA 4 to the HIV-1 5-LTR in vivo, we performed a chro-
matin immunoprecipitation (ChIP) assay to identify this relation-
ship. Briefly, C11 cells transfected with dCas9-SunTag-VP64 and
sgRNA 4 or sgRNA negative vector were crosslinked with form-
aldehyde, and the chromatin fragments were immunoprecipitated
with an antibody that recognizes the hemagglutinin (HA) tag at
the C-terminus of dCas9-SunTag or with negative antibody IgG.
DNA was isolated from the immunoprecipitates and then ana-
lyzed by polymerase chain reaction (PCR) using primers specific
for HIV-1 LTR. We observed the immunoprecipitated HIV-1
LTR promoter fragment from dCas9-SunTag-VP64 with sgRNA
4-transfected cells rather than with sgRNA negative-transfected
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Figure 6 Analysis of effects of dCas9-SunTag-VP64 system in HIV-1 latently infected cell models. (a) The cell viability of C11, A10.6, and ACH2
cells nucleofected with dCas9-SunTag-VP64 with indicated sgRNA was measured by CellTiter-Glo luminescent assay kit at different time post-trans-
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lines at indicated time, respectively. The data represent the mean + SD of three independent experiments. (b) Cell death assay were performed as the
methods described in Jurkat T cells. The data represent the mean + SD of three independent experiments in triplicate.

cells using the anti-HA antibody (Figure 7c). No immunopre-
cipitated DNA fragments were observed in negative antibody
IgG (Figure 7c). Moreover, we calculated the fold change of
immunoprecipitated DNA fragments from cells transfected with
dCas9-SunTag-VP64 and sgRNA 4 relative to sgRNA negative-
transfected group is more than fivefold induction (Figure 7d).
Our results confirmed that the observed reactivation of HIV-1
was through a direct interaction between dCas9-SunTag-VP64
together with sgRNA 4 and HIV-1 5’-LTR.

Specific targeting of HIV-1 LTR without off-target
modifications by CRISPR/Cas9

Next, we wanted to test the specific targeting of HIV-1 LTR pro-
moter without off-target modification by CRISPR/Cas9. In order
to test the specific targeting, wild-type Cas9 with sgRNA 4 was
selected to determine whether HIV-1 proviral DNA could be
deleted from HIV-infected cells C11, which having been found
to carry a single integrated HIV-1 vector at position Ch16p13.3
(Figure 8a). To probe for deletion of the provirus, we used prim-
ers located at outsides of the integrated HIV genome normally
separated by 10.4kb when the provirus is integrated into the host
genome (Figure 8a). The PCR product size we observed after
Cas9 with sgRNA 4 treatment was approximately 1,010 bp (Figure
8b), a band size expected if the DNA segments between the two
sgRNA 4 target sites were deleted from the chromosome. No
1,010-bp band in the control groups were observed (Figure 8b),
indicating that deletion occurred only in the presence of Cas9
with sgRNA 4. To ensure that the 1,010-bp band was produced by
rejoining DNA at the endonuclease cut sites, we cloned the PCR
product and performed sequence analysis. Indeed, the sgRNA 4
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target site at the 5"-LTR locus is directly linked to the same target
site at 3’-LTR locus, indicating that the integrated HIV 5'- and
3’-LTR sites had been joined and the intervening 9.8 kb DNA seg-
ment had been deleted (Supplementary Figure S7).

To further determine the off-target sites in genome, the
sequence of sgRNA 4 target was BLAST-searched in the NCBI
database of the human genome. We got eight homologous
sequences (Supplementary Table S2) and amplified from cells
untransfected or transfected with Cas9 and indicated sgRNA
using the corresponding primers (Supplementary Table S3). The
amplicons were purified and then treated with T7 endonuclease
1 (T7E1) as previously described.*** Our results showed that no
mutation was detected by T7E1 analysis (Figure 8c), suggesting
high specificity of the the designed sgRNA 4-guided Cas9.

DISCUSSION

Up to date, the major strategy to eradication of latent HIV-1 res-
ervoirs has been focused on purging the pool of latently infected
cells in the presence of HAART by reactivating dormant virus.
A number of small molecule activators have been shown to stimu-
late HIV-1 transcription in latently infected cells. However, there
are major safety concerns with these compounds: toxicity, a lack
of target specificity and the development of acquired drug resis-
tance.>” Therefore, better and more specific latency activators are
needed to explore. Previous studies have reported ZFP-VP64 and
TALE-VP64 could induce HIV-1 gene expression.'”!" However,
because of either user-defined DNA sequence requirements or
a repetitive composition and size, using them is laborious and
requires specialized expertise to interrogate the genome.'®'** As
a result, it remains challenging to use DNA-binding proteins for
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modulating multiple gene expression simultaneously and imple-
menting wide-range of genetic programs. The currently repur-
posed CRISPR system provides a potential platform for targeted
gene regulation in gene therapy. In our study, we used dCas9-
SunTag-VP64 toolset to activate HIV-1 latency with a single
sgRNA. Our findings indicated that dCas9-SunTag-VP64 system
could efficiently reactivate latent HIV-1 in different HIV-1 latently
infected cells, significantly better than the previously developed
dCas9-VP64 system.

Optimal design of sgRNAs on promoter region is critical to
achieve high modulation efficiency using dCas9-SunTag-VP64
system.'”? In our study, we designed 12 sgRNAs spanning HIV-1
LTR promoter, including 9 sgRNAs upstream of TSS and 3 sgRNAs
downstream of TSS. The results revealed that sgRNA 4 or sgRNA
5, located within —164 to —146 or —124 to —106bp upstream of
TSS, showed the most efficient gene activation effect with dCas9-
SunTag-VP64. Using additional sgRNAs targeting upstream of
TSS had a little lower activity of inducing gene expression, sug-
gesting that the position of sgRNAs targeting given promoter are
important to activate gene expression. Previous study had dem-
onstrated that efficient activation of endogenous genes could be
achieved by sgRNAs binding within 200bp region upstream of
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TSS,” termed sgRNAs “hotspot”. However, the binding sites of
sgRNA 7 and sgRNA 8 were also located at this region, no induc-
tion of HIV-1 expression were observed in our results. This was
probably because the binding site of sgRNA 7 targeting at LTR
promoter has been occupied by NF-kB, having been shown to
induce transcription of HIV-1 gene by binding in the promoter
region.” While the binding sites of sgRNA 8 at LTR promoter has
been occupied by Sp1 cis-regulatory sites, having been shown to
stimulate HIV-1 gene expression in a synergistic manner that was
dependent on the presence of both NF-kB and Spl elements.*
These reasons perhaps resulted in that dCas9-SunTag-VP64 with
sgRNA 7 or sgRNA 8 complex were inaccessible to their target
sites to further induce gene expression. Besides, our data also
indicated that those sgRNAs downstream of TSS (sgRNAI10, 11,
12) did not activate the expression of gene. This result is consis-
tent with a previous report on CRISPR interference (CRISPRi)-
mediated transcriptional repression.” It is possible that binding
of dCas9-SunTag-VP64 to downstream of TSS sterically hinders
transcription by blocking polymerase.

In our data, the reactivation efficiency of latent HIV-1 by
dCas9-SunTag-VP64 with sgRNA 4 or sgRNA 5 was modest in
two latently infected cell models, similar to previous reactivation
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efficiency by ZFP-VP64 and TALE-VP64-induced. Actually, our
activation efficiency was not as high as previous report regard-
ing the efficiency of inducing other endogenous gene expres-
sion.’® This was probably attributed to the transfection strategy
that we used. Three plasmids including dCas9-24GCN4_, scFv-
GCN4-VP64, and sgRNA expression plasmid were simultane-
ously transfected into cells, whereas the former two plasmids
were rather difficult for transfection, the co-transfection effi-
ciency will be compromised. Combined use of multiple sgRNAs
with dCas9-SunTag-VP64 system did not enhance the induction
of latent HIV-1. One reason is likely due to the lower transfec-
tion efficiency and high variants for more plasmids to get into one
target cell. The other reason we speculate that there may be the
steric hindrance of dCas9-SunTag-VP64 with multiple sgRNAs at
respective target site. Besides, our result is also consistent with a
previous report that dCas99*® < was capable of robustly activat-
ing gene expression with a single sgRNA at promoters and char-
acterized enhancers instead of with multiple sgRNAs.* Previous
study shown that significant gene activation of endogenous
gene was based on virus-delivered methods.'® We proposed that
a higher efficiency could be achieved by adenovirus-delivered
dCas9-SunTag-VP64 to induce HIV-1 expression. The application
of lentivirus-based gene delivery in the study may be limited: the
risk of lentiviral random insertional mutagenesis, the chance of
homologous recombination (HR) occurring at the sequence of
LTR integrated in latent HIV-1 cells and LTR derived from the
reverse transcription of lentiviral RNA genome into a double-
stranded DNA and potential magnified off-target induced by sta-
ble expression of dCas9 in host cells. Furthermore, it was recently
reported that SpCas9 (Streptococcus pyogenes Cas9) orthologue
from Staphylococcus aureus, SaCas9, which is smaller than the

Molecular Therapy vol. 24 no. 3 mar. 2016

widely used SpCas9 but with similar gene-editing efficiency,*
might be used in the dCas9-SunTag-VP64 system to increase gene
activation efficiency. Moreover, a recent work reported that Cas9
could be engineered to recognize several types of PAM,* which
could be benefit for dCas9-SunTag-VP64 system to provide wider
selection range of sgRNAs on promoters. The SunTag system is
based on high affinity of scFv antibodies recognizing short pep-
tides. However, a major drawback of antibodies is relatively large
size and poorly expressed in the cytoplasm. DARPins, which are
small, highly stable proteins, may be developed into a second-gen-
eration SunTag system by evolving in vitro to bind their epitope
with high affinity.*2

In spite of this newly developed technology, the safety concerns
with dCas9-SunTag-VP64 activation system should be considered
severely. To address this issue, we performed cytotoxicity assay to
asses this toolset. Our results revealed that no cellular cytotoxicity
induced by dCas9-SunTag-VP64 system in Jurkat T cells and pri-
mary T cells. Moreover, our results showed that no expression of
CD25 or CD69 in T cells treated with dCas9-SunTag-VP64 with
indicated sgRNA. Besides, the evidence of HIV-1 reactivation-
induced cell death by dCas9-SunTag-VP64 system was not observed
in three HIV-1 latently infected cells. Previous study showed that
env, nef, tat, and vpr played a key role in the modulation of apoptosis
by HIV-1 infection.* While in our study, C11 cells contained HIV-1
NL4-3 genome driven by LTR promoter but inactivated env, nef,
and vpr gene.®* A10.6 cells only included tat driven by LTR pro-
moter.* Viral protein such as Env, Vpr, and Nef were not expressed
in C11 and A10.6 cells, indicating that no evidence of cell death was
observed after reactivation by dCas9-SunTag-VP64 system in such
two cells. As far as ACH2 cells, perhaps one reason was the low reac-
tivation level. This result was similar to the previous study that the
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lower activation efficiency of latent HIV-1 in Jurkat-derived 2D10
or E4 cell lines resulted in less cell death.* The other reason may be
the provirus reactivation response and mechanisms varied with dif-
ferent latent cells.* In this regard, the group of Siliciano has recently
reported that virus reactivation with vorinostat occurs in latently
infected primary CD4* T cells generated in vitro, but is not associ-
ated with death induced directly by viral protein, i.e., viral cytopathic
effect.” In further study, we verified dCas9-SunTag-VP64 together
with indicated sgRNA reactivating latent HIV-1 through specifi-
cally binding to HIV-1 LTR promoter by transient transfection assay
and a ChIP experiment. The targeting specificity of this strategy is
its major advantage over existing small molecule activators and also
supposed to be a potent antiretroviral approach in future.

Our study demonstrated that dCas9-SunTag-VP64 system
could efficiently and specifically reactivate latent HIV-1 in a
potentially safe manner. In order to achieve the full potential of
this toolset, a number of questions and challenges needed to be
addressed, such as the optimal methods for delivering this tech-
nology and the evaluation of specificity and toxicity of it in vivo.***
Taken together, the promising CRISPR/dCas9-based activation
strategy would constantly develop and provide much broader use
in the field of HIV-1 gene therapy.

MATERIALS AND METHODS

Cell culture. C11 cells are a type of HIV-1 latently infected cells con-
structed in our laboratory.” J-Lat clone A10.6 cells were kindly provided
by the NIH AIDS Research and Reference Reagent Program (Dr. Eric
Verdin).?! ACH2 cells were also obtained from the NIH AIDS Research
and Reference Reagent Program. The three HIV-1 latently infected cells
were cultured in RPMI 1640 medium supplemented with 10% (v/v) fetal
bovine serum (FBS) (Gibco, Grand Island, NY) and 100 U/ml penicillin
and 100 pg/ml streptomycin (Invitrogen, Shanghai, China) at 37 °C under
5% CO,. Human embryonic kidney 293T (HEK293T) cells were purchased
from American Type Culture Collection (Manassas, VA). TZM-bl cells
obtained from the NIH AIDS Research and Reference Reagent Program
were generated by introducing separate integrated copies of the luciferase
and B-galactosidase genes driven by the HIV-1 promoter.” HEK293T and
TZM-bl cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS (Gibco), 1% penicillin-streptomycin at 37 °C
with 5% CO,.

Transfection. HEK293T cells and TZM-bl cells were transfected with
ViaFect reagent (Promega, Madison, WI) according to the manufacturer’s
instructions. C11 cells, J-Lat clone A10.6 cells, and ACH2 cells were nucleo-
fected with pcDNA3.1(-) or with dCas9-VP64 or dCas9-SunTag-VP64
expression plasmid together with individual sgRNA using the Amaxa Cell
Line Nucleofector Kit V (Lonza, Gaithersburg, MD). dCas9-VP64 expres-
sion plasmid was transfected into target cells at a mass ratio of 3:1 to the
individual sgRNA expression plasmid.'® The dCas9-SunTag-VP64 plasmid,
including an equal transfection mass ratio between the dCas9-24xGCN4
and scFv-GCN4-stGFP-VP64 expression plasmid, was also transfected at a
mass ratio of 3:1 to the individual sgRNA expression plasmid.

Imaging. To detect the expression of dCas9-SunTag-VP64 system,
HEK293T cells were cotransfected with dCas9-24GCN4_-BFP and scFv-
GCN4-sfGFP-VP64 in 96-well glass bottom dishes at indicated time. After
48 hours transfection, Cells were imaged on a Zeiss LSM510 laser scanning
confocal microscope.

Vector constructs. Plasmids encoding dCas9-24xGCN4 , and scFv-
GCN4-sfGFP-VP64 were obtained from Addgene (plasmid 60910 and
plasmid 60904)."® dCas9-VP64 expression plasmid was obtained from
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Addgene (plasmid 47107)."® sgRNA expression plasmid was obtained
from Addgene (plasmid 47108). Because the reactivation of HIV-1 from
latency was visualized by GFP under the control of the HIV-1 LTR pro-
moter in latently infected cells C11 and A10.6, we needed to delete stGFP
from the scFv-GCN4-sfGFP-VP64 expression plasmid using BstBI and
BamHI restriction sites and then ligated into the plasmid. The individual
sgRNA clone vector included a Bbsl restriction site facilitating rapid insert
of a single sgRNA sequence. The multiple sgRNAs clone vector including
Nhel and Xhol restriction sites facilitated the insertion of different sgRNAs
sequence. The sgRNA information and cloning protocol are detailed in
Supplementary Table S1 and Supplementary Figure S1.

To obtain the HIV-1 LTR-luciferase reporter expression plasmid
(LTR-1uc), a full-length LTR fragment was amplified from HIV-1NL4-3-
EGFP backbone using the forward primer F-LTR (5-CGGGGTACCTG
GAAGGGCTAATTCACTCCCAAAG-3’) and the reverse primer R-LTR
(5"-CCGCTCGAGTGCTAGAGATTTTCCACACTGACTA-3'), followed
by purification and digestion by KpnI and Xhol and then ligation into the
KpnlI-XhoI clone site of the pGL3-basic plasmid (Promega). HIV-1 LTR-
luc reporter vector lacking the sgRNA 4 target site LTR(AsgRNA4)-luc
was constructed using two-step fusion PCR: forward primer amplifying
upstream of 5-LTR (5-AGGTACCTGGAAGGGCTAATTCACTC
CCAA-3’) and reverse primer amplifying upstream of the 5-LTR
(5-AGTTCTTGAAGTACTCCGGTGATGAAATGCTAGGCG-3");
forward primer amplifying downstream of 5-LTR (5-CGCCTAG
CATTTCATCACCGGAGTACTTCAAGAACT-3’) and reverse primer
amplifying downstream of 5-LTR (5-ACTCGAGTGCTAGAGATTTT
CCACACTGAC-3'). Finally, a full-length HIV-1 5’-LTR lacking sgRNA
4 target site fragment was amplified using the forward primer of
amplifying upstream of the 5-LTR (5'-AGGTACCTGGAAGGGCTAAT
TCACTCCCAA-3’) and the reverse primer of amplifying downstream of
the 5-LTR (5-ACTCGAGTGCTAGAGATTTTCCACACTGAC-3"). The
purified LTR(AsgRNA4)-luc PCR product was then ligated into digested
pGL3-basic plasmid using Kpnl and Xhol sites. All the expression
plasmids were confirmed by sequencing.

Luciferase reporter assay. To examine the effects of dCas9-SunTag-VP64
or dCas9-VP64 on the HIV-1 LTR, dCas9-SunTag-VP64 or dCas9-
VP64 (600ng) with indicated sgRNA (200ng) were cotransfected into
HEK293T cells with LTR-luc (100ng) and internal control pRL-SV40
(50ng) using ViaFect reagent (Promega) according to the manufacturer’s
instructions. Transcription elongation assay between dCas9-SunTag-
VP64 or dCas9-VP64 and Tat were performed as described below: the
transfection mixture included 100ng of LTR-Luc plasmid, dCas9-
24xGCN4 _, construct (300ng), the scFv-GCN4-sfGFP-VP64 (300ng)
or dCas9-VP64 (600ng) expression plasmid together with individual
sgRNA (200 ng) or sgRNA negative vector (200ng) and 50ng of pRL-
SV40 with or without 40 ng of the Tat expression plasmid, after 72 hours
transfection, the cells were harvested and lysed, and the collected super-
natant was subjected to detect luciferase activity using Dual-Luciferase
Reporter Assay system (Promega). Each experiment was performed in
triplicate.

Since the genome of the TZM-bl cells was integrated with a luciferase
reporter driven by the HIV-1 5-LTR promoter, we only needed to
transfect dCas9-24xGCN4 , construct (300ng), scFv-GCN4-sfGFP-
VP64 (300ng), or dCas9-VP64 (600ng) together with indicated sgRNA
(200ng) into TZM-bl cells using ViaFect (Promega) according to manual
instructions. Cells were harvested at 72 hours post-transfection, and the
lysate was assayed for luciferase activity. Triplicate cultures were measured
for each experiment.

Western blot. HEK293 T Cells were preseeded in 60-mm dish and then
transfected with 8 pg of EGFP vector or with dCas9-VP64 vector using
ViaFect reagent (Promega) according to the manufacturer’s instructions,
respectively. After 3 days transfection, cells were harvested, lysed, and sub-
ject to SDS PAGE, then transferred on N.C membrane, followed by the
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incubation with primary antibody against HA. Membranes were visual-
ized using the Immun-Star WesternC Chemiluminescence Kit (Bio-Rad)
and images were captured using a ChemiDoc XRS+ System and processed
using ImageLab software (Bio-Rad).

Isolation of primary CD4* T cells. Peripheral blood mononuclear cells
(from two blood units, 400ml) isolated from healthy donors were pur-
chased from the Shanghai Blood Center (Shanghai, China). CD4" T cells
were further purified from peripheral blood mononuclear cells by nega-
tive selection according to the manufacturer’s instructions (Miltenyi). The
CD4" T cells were maintained in RPMI 1640 medium containing 2 mmol/l
L-glutamine supplemented with 10% FBS (Gibco), 1% penicillin-strep-
tomycin, and 5ng/ml recombinant human interleukin-2 (Roche Applied
Science) at 37 °C under 5% CO,.

Nucleofection and flow cytometry assay. To assess whether the two-
activation toolsets could reverse HIV-1 from latency, C11 cells or J-Lat
clone A10.6 cells were nucleofected with 3 pg of pcDNA3.1(-) plasmid
or with dCas9-SunTag-VP64 (1.2 ug of dCas9-24GCN4_, and 1.2 ug of
scFv-GCN4-VP64) or dCas9-VP64 (1.8 pg) and 0.6 pg of indicated sgRNA
using Amaxa Cell Line Nucleofector Kit V (Lonza). The GFP-expressing
cells indicated a reversal of HIV-1 from latency. Cells were washed with
Ix phosphate-buffered saline (PBS) at 1,000rpm centrifugation for 5
minutes at ambient temperature. The percentage of GFP-positive cells
was measured by flow cytometry to determine the reversal level of HIV-1
from latency at 24, 48, 72, and 96 hours post-transfection. GFP expres-
sion was measured using a FACScan flow cytometer (Becton Dickinson,
Mountain View, CA), and the data were analyzed using CellQuest software
(Macintosh, Sunnyvale, CA).

To test the synergistic effects induced by dCas9-SunTag-VP64 system
with combined sgRNAs, we nucleofected dCas9-SunTag-VP64 (1.2 ug
of dCas9-24GCN4 , and 1.2 pg of scFv-GCN4-VP64) with individual
sgRNA (100 or 200ng) or combined sgRNA 4+5 (100ng + 100ng or
200ng + 200 ng) or combined sgRNA 4-5 (133 or 233 ng) into C11 cells
at indicated time. sgRNA empty plasmid was added to bring the total
amount of plasmids to be equal between the single sgRNA and combined
sgRNAs. pcDNA3.1(-) plasmid was used to fill up a total amount of 3 pg.
At 72 hours post-transfection, the percentage of GFP-positive cells was
measured by flow cytometry.

Enzyme-linked immunosorbent assay detection of antigen p24 levels.
ACH2 cells were nucleofected with pcDNA3.1(-) plasmid or with dCas9-
SunTag-VP64 and indicated sgRNA using the Amaxa Human T Cell Line
Nucleofector kit V (Lonza). After 3-day transfection, viral reactivation
were monitored via quantifying the amounts of p24 produced in superna-
tant by using HIV-1 p24 Antigen ELISA kit (ZeptoMetriX) according to
the manufacturer’s instructions. ACH2 cells were untreated or treated with
0.5 umol/l of suberoylanilide hydroxamic acid in this study as mock and
positive control, respectively.

Analysis of dCas9-SunTag-VP64 system-related cellular toxicity, global
T-cell activation and latent HIV-1 reactivation-induced suicide death.
Our study wanted to examine whether potent activation induced by dCas9-
SunTag-VP64 system had impacts on cell proliferation, cell cycle progres-
sion, and cell death. Cell Counting Kit-8 (CCK-8) (Dojindo, Kumamoto,
Japan) was used to measure cell proliferation after dCas9-SunTag-VP64
treatment. Briefly, Jurkat T cells or primary CD4* T cells were seeded
approximately 4x 10° cell per well in 96-well plates and transfected with
dCas9-SunTag-VP64 constructs and indicated sgRNA expression plasmid
at the following day. After 72 hours transfection, 10 ul of CCK-8 solution
was added to each cell and incubated for 4 hours at 37 °C. The absorbance
at 450 nm was measured using a microplate reader. Each experiment was
performed independently in triplicate.

In order to test the effects of suicide death on C11, J-Lat A10.6 and
ACH?2 cells after reactivation by dCas9-SunTag-VP64 system, respectively.
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The cells were nucleofected with dCas9-SunTag-VP64 with indicated
sgRNA at specified time. The CellTiter-Glo luminescent cell viability
assay, which is a homogeneous and sensitive method, is used to quantitate
ATP produced by metabolically active cells related to the number of viable
cells. Briefly, Cells were grown in 96-well plates and added with 100 ul
of CellTiter-Glo reagent for 2 minutes in an orbital shaker, followed by
10 minutes at ambient temperature to stabilize luminescence signal.
The luminescence in each well was measured using 96 microplate
Luminometer (Promega).

To determine cell cycle distribution, 1x 10 Jurkat T cells or primary
CD4* T cells were harvested and fixed with 500 ul precold 70% ethanol at
—20 °C for 2 hours or 4 °C overnight. The following day cells were washed
twice with cold phosphate-buffered saline at 1,000 rpm for 5 minutes and
then stained with propidium iodide (50 pg/ml propidium iodide and
100 pg/ml RNase A in phosphate-buffered saline) at 37 °C for 30 minutes.
The cell cycle analysis was performed using a FACScan flow cytometer. All
experiments were performed independently in triplicate.

To determine the cell death effects induced by dCas9-SunTag-VP64,
1x10° Jurkat T cells, latently infected cells (C11, A10.6, and ACH2) or
primary CD4* T cells with treatment of dCas9-SunTag-VP64 system and
indicated sgRNA were performed by staining propidium iodide at a final
concentration of 10 ug/ml at room temperature in the dark for 5 minutes.
The cells were washed with 1x PBS and analyzed using a BD FACSCanto
II (Becton Dickinson) system.

To analyze the effect induced by dCas9-SunTag-VP64 on the
expression of T-cell marker CD25 and CD69, 1x10° cells transfected
with pcDNA3.1(-) plasmid or dCas9-SunTag-VP64 with indicated
sgRNA were collected and incubated with 20 pl of fluorescently labeled
antibodies against CD25 and CD69 in 100 ul PBS containing 1% FBS for
45 minutes on ice. Subsequently, cells were washed three times with 1x
PBS and resuspended in 1ml PBS containing 1% FBS and 10,000 cells
were acquired using FACScan with Cell Quest software.

ChIP. A ChIP experiment was performed as previously described.?®*
2x10° C11 cells were harvested and nucleofected with dCas9-SunTag-
VP64 and sgRNA 4- or sgRNA-negative vector using the Amaxa Cell Line
Nucleofector Kit V. After 72 hours transfection, cells were then cross-
linked with formaldehyde to a final concentration of 1% for 30 minutes at
37 °C, washed with cold 1x PBS on ice twice and then suspended in 200 ul
sodium dodecyl sulfate (SDS) lysis buffer and incubated on ice for 20 min-
utes. Lysates were subjected to sonication to generate DNA fragments
within 500-1,000bp in length. Then 10% of the total sonicated chroma-
tin DNA was used as the input DNA in different groups. The remaining
sonicated chromatin DNA was subsequently used for incubation with
antibodies against the hemagglutinin HA tag (Sigma-Aldrich) or nega-
tive antibody IgG overnight at 4 °C after preclearing samples with Protein
G agarose for 30 minutes at 4 °C with slow rotation. The following day
Protein G agarose beads were added to each group for 2 hours rotation
at 4 °C. After incubation, the mixtures were centrifuged and washed for
5 minutes at 4 °C. Immune complexes were eluted with elution buffer, and
the collected supernatants were isolated and incubated for 6 hours at 65 °C
to reverse crosslinking. Meanwhile, input group was also treated to reverse
crosslinking. Proteinase K was added to immunoprecipitated samples and
input group, and the samples were incubated for 2 hours at 45 °C. DNA
was purified and resuspended in 30 pl of water. The purified DNA prod-
uct was analyzed by PCR using primers specific for HIV-1 LTR: Forward
primer 5-AGACTGCTGACATCGAGCTTTCT-3" and reverse primer
5"-GTGGGTTCCCTAGTTAGCCAGAG-3'. The amount of PCR product
amplified was measured using quantitative reverse transcription PCR on
the ABI 7900 HT system with FAST SYBR Green Master Mix (Applied
Biosystems).

PCR and sequencing analysis. To detect HIV-1 genomic dele-
tions in human cells by Cas9/sgRNA4 treatment, PCR analysis were
performed. Briefly, genomic DNA was extracted using a Blood &
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Cell Culture DNA Midi Kit (Qiagen) according to the manufac-
turers instructions and then subjected to PCR analysis. The prim-
ers F-HG (5-TGCCACCCGAAACTATTCACAAG-3") and R-HG
(5"-CCGGCATGGATTCCAGTTCTTAG-3") were used for DNA tem-
plate from HIV-1 latently infected cell clone 11 (C11) untransfected or
transfected with Cas9/sgRNA negative or Cas9/sgRNA4. PCR products
were analyzed by agarose gel electrophoresis and further sequencing.

Off-target analysis induced by CRISPR/Cas9. Oft-target analysis was per-
formed using bioinformatics-based search tools to determine the poten-
tial off-target sites in the human genome by CRISPR/Cas9 with sgRNA 4.
Eight potential off-target sites (Supplementary Table S2) were identified
by BLAST search in the NCBI database of the human genome and http://
crispr.mit.edu. The primers (Supplementary Table S3) for amplifying the
eight off-target sites resulted in 225-524 bp amplicons in cells mock treated
or transfected with Cas9 and indicated sgRNA. The eight loci was ampli-
fied, melted, and annealed to form heteroduplex DNA. The annealed DNA
was treated with five units (10U/ul) of the mismatch-sensitive T7 endonu-
clease 1 (T7E1) (New England BioLabs) for 15 minutes at 37 °C and then
precipitated by addition of 2 pl of 0.25M EDTA solution. The precipitated
DNA was analyzed by agarose gel electrophoresis

Statistical analysis. Data are representative of three independent exper-
iments, and error bars represent standard errors (SD). Paired samples
t-tests were performed with use of SPSS version 13.0 (SPSS, Chicago,
IL), and statistical significance was indicated at *P < 0.05, **P < 0.01, or
P < 0.001.

SUPPLEMENTARY MATERIAL

Figure $1. sgRNA expression vector constructs.

Figure $2. The expression of dCas9-SunTag-VP64 and dCas9-VP64
construct.

Figure $3. Reactivation of HIV-1
dCas9-SunTag-VP64.

Figure S4. Analysis of the synergistic effects of dCas9-SunTag-VP64
with combined sgRNAs in latently infected cells.

Figure $5. dCas9-VP64 mediated the reversal of HIV-1 from latency
in HIV-1 latently infected cells.

Figure $6. Analysis of the cytotoxicity effects of dCas9-SunTag-VP64
in Jurkat T cells at 96 h post-transfection.

Figure S$7. DNA sequences of PCR products from latently infected
C11 cells treated with CRISPR/Cas9.

Table $1. The sequence and position of the designed sgRNAs target-
ing the HIV-1 5’-LTR promoter are listed.

Table $2. Off-target analysis for CRISPR/Cas9-mediated targeting in
C11 cells.

Table $3. Primers information for CRISPR/Cas9 off-target analysis.
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