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CRISPR-Cas provides bacteria and archaea with immunity
against invading phages and foreign plasmid DNA and has
been successfully adapted for gene editing in a variety of spe-
cies. The class 2 type VI CRISPR-Cas effector Cas13a targets
and cleaves RNA, providing protection against RNA phages.
Here we report the repurposing of CRISPR-Cas13a to inhibit
human immunodeficiency virus type 1 (HIV-1) infection
through targeting HIV-1 RNA and diminishing viral gene
expression. We observed strong inhibition of HIV-1 infection
by CRISPR-Cas13a in human cells. We showed that CRISPR-
Cas13a not only diminishes the level of newly synthesized viral
RNA, either from the transfected plasmid DNA or from the
viral DNA, which is integrated into cellular DNA, but it also
targets and destroys the viral RNA that enters cells within viral
capsid, leading to strong inhibition of HIV-1 infection.
Together, our results suggest that CRISPR-Cas13a provides a
potential novel tool to treat viral diseases in humans.

INTRODUCTION
The clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) genes constitute an RNA-
guided adaptive immune system that protects bacteria and archaea
against viruses and foreign DNA.1–7 The CRISPR-Cas system is
divided into two major classes, which are further separated into six
types (I to VI) and 33 sub-types, according to the architecture of
the CRISPR array and the signature interference effector.7 Cas13a
(formerly C2c2) is a newly identified class 2, type VI CRISPR-Cas
effector endonuclease.8,9 In contrast to type II Cas9, Cas13a is a ribo-
nuclease that catalyzes both CRISPR RNA (crRNA) maturation and
RNA-guided ssRNA (single-stranded RNA) degradation in an inter-
dependent fashion involving two separated catalytic sites.10–14 After
activation by the target RNA, surrounding RNA molecules in the so-
lution are cleaved as well in an unspecific manner. However, this un-
specific RNA degradation by Cas13a observed in vitro and in prokary-
otic cells has not been reported in eukaryotic cells.12,13,15 It has been
demonstrated that the collateral cleavage activity of Cas13a could be
used to detect specific RNA transcripts with very low copies.16 Ex-
ploiting the promiscuous RNase activity of Cas13a upon target recog-
nition, diagnostic tools have been developed for detection of Zika and
Dengue viruses.17,18 Recently, Qin et al.19 developed an automated
microfluidic system and a sensitive fluorometer, coupled with a fully
solution-based CRISPR assay for detection of Ebola viral RNA. A
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rapid detection method for H7N9 influenza virus based on a
CRISPR-Cas13a nanomachine has also been successfully estab-
lished.20 In addition, Chen et al.21 generated a system to rapidly detect
N1-methyladenosine (m1A)-induced mismatch.

In addition to its utility in RNA detection, Cas13a has been expressed
in cells to knock down either reporter or endogenous RNA with effi-
ciency comparable to RNA interference (RNAi) and higher speci-
ficity, thus providing an alternative technology for the development
of new therapeutics.10,15,22,23

During the preparation of our manuscript, researchers reported that
Cas13 can be harnessed to target some RNA viruses, including lym-
phocytic choriomeningitis virus (LCMV), influenza A virus (IAV),
vesicular stomatitis virus (VSV),24 Dengue virus (DENV),25 and se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2),26 sup-
porting CRISPR-Cas13 as a powerful antiviral technology to inhibit a
wide variety of RNA viruses. HIV replicates in cells using the reverse
transcriptase enzyme to produce DNA from viral RNA genome. We
have designed Cas13a/crRNA to target HIV-1 RNA and investigated
the inhibitory effect on HIV-1 RNA expression and viral infection.

First, we observed that the Leptotrichia buccalis (Lbu) Cas13a effi-
ciently knocked down EGFP mRNA in human cells. Second, we
showed that Cas13a effectively diminished HIV-1 RNA expression
and as a result, strongly inhibited HIV-1 infection. Lastly, we
observed that Cas13a suppressed viral RNA expression from the acti-
vated latent HIV-1 DNA. Our results suggest a potential utility of
Cas13a in controlling the infection of HIV-1 and other viruses.
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RESULTS
LbuCas13a Knocks Down RNA in Human Cells

First, we evaluated the ability of LbuCas13a to degrade RNA in hu-
man cells. To this end, we cloned the codon-optimized LbuCas13a
into mammalian expression vectors with the FLAG tag attached to
the C terminus. The vector also has the U6-driven crRNA cassette
(Figure S1A). To target the EGFP sequence, we designed and con-
structed crRNAs complementary to sequences of three different re-
gions of EGFP RNA (Figure S1B). We co-transfected LbuCas13a/
crRNA and EGFP plasmid DNA into HEK293T cells (Figure S1C)
and measured EGFP expression by western blotting, flow cytometry,
and fluorescence microscopy. After 48 h of transfection, all three
crRNAs caused efficient EGFP knockdown in the HEK293T cells
(Figures S1D–S1G), as a result of a decrease in EGFP mRNA expres-
sion (Figures S1H and S1I). We next transfected the LbuCas13a/
crRNA vector into the HEK293 cell stably expressing EGFP. Levels
of EGFP were reduced by 3-fold, concomitant with a 4- to 5-fold
decrease in EGFP mRNA (Figure S2). These data demonstrate that
LbuCas13a, with the guide of its crRNA, is able to diminish RNA
expression in HEK293T cells.
Nuclease Activity Is Required for Cas13a to Knock Down RNA in

Human Cells

Cas13a contains two HEPN domains, both of which bear the nuclease
active site. We created a catalytically inactive Cas13a mutant, dLbu-
Cas13a, bymutating the histidine and arginine catalytic residues within
the two HEPN domains (Figure S3A). Both wild-type (WT) and dLbu-
Cas13a proteins express equally well in HEK293T cells (Figure S3B). As
expected, when the dLbuCas13a was transfected into EGFP-expressing
HEK293T cells, EGFP protein and mRNA expression were not
affected, as opposed to marked reduction of EGFP as a result of the
expression of WT LbuCas13a (Figures S3C–S3E). These data indicate
that the nuclease activity is essential for Cas13a to knock down RNA.
Inhibition of HIV-1 Production by Cas13a

We next tested whether Cas13a/crRNA is able to target and lead to
degradation of HIV-1 RNA. We therefore designed crRNAs that
target HIV-1 long terminal repeat (LTR), gag, tat, and rev regions
(Figure 1A; Table S1). A crRNA targeting both yellow fluorescent
Protein (YFP) and EGFP RNA (called crYFP or crEGFP) was
included as a positive control. When being transfected with plasmid
DNA expressing LbuCas13a and crRNA, these Cas13a/crRNA-ex-
pressing HEK293T cells showed similar viability to that of the control
cells (Figure S4). We then transfected HEK293T cells with Lbu-
Cas13a/crRNA and pNL4-3-DE-YFP plasmid DNA. 48 h after trans-
fection, cells were harvested and YFP expression from HIV-1 DNA
was monitored by flow cytometry. The results showed 4- to 5-fold
decrease in YFP expression in cells co-transfected with HIV-1
RNA-targeting crRNA (Figures 1B–1D). Overall, crRNAs targeting
the LTR and the rev gene inhibit YFP expression more strongly
than the other crRNAs tested (Figure 1E). This inhibitory effect
was supported by the marked reduction in viral Gag expression in
cells expressing the HIV-1-targeting Cas13a/crRNA (Figure 1F).
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We next extracted total RNA from Cas13a/crRNA transfected cells
and performed quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) to measure levels of HIV-1 RNA. A 3- to 4-
fold decrease was observed with HIV-1 RNA in cells expressing
HIV-1-targeting Cas13a/crRNA (Figure 1G). Lastly, we measured
the production of HIV-1 particles by western blotting and observed
a drastic loss of HIV-1 particles from cells expressing HIV-1-targeting
Cas13a/crRNA (Figure 1H). We also performed the above experi-
ments using the catalytically inactive Cas13a and observed no effect
either on YFP expression or Gag expression (Figure S5). Together,
these results demonstrate that Cas13a inhibits HIV-1 production by
diminishing the expression of viral RNA and viral proteins.

Cas13a Inhibits HIV-1 Infection

We then asked whether Cas13a is able to protect cells from HIV-1
infection. To test this, we first used replication-incompetent pseudo-
typed lentiviruses as the target to restrict our analysis to a single round
of viral infection. We first transfected HEK293T cells with plasmid
DNA expressing Cas13a and crRNA. 6 h after transfection, 293T cells
were infected with the HIV-1NL4-3-DE-YFP reporter virus pseudotyped
with VSV-G. The results of flow cytometry showed that YFP expres-
sion was reduced by 65%–80% in cells expressing HIV-1-targeting
crRNA (Figures 2A and 2B), which correlated with the decrease in
YFP RNA that was expressed from HIV-1 DNA (Figure 2C). We
also observed a dose-dependent reduction in YFP expression with
an increasing expression of Cas13a and crRNA (Figure S6). Further-
more, crRNAs targeting the LTR and the rev gene inhibited HIV-1
infection more strongly than the other crRNAs tested (Figure 2D).
These defects in HIV-1 gene expression, caused by Cas13a/crRNA,
were reflected in themarked decrease in the production of HIV-1 par-
ticles (Figure 2E). Because crRNAs targeting the LTR2 strongly
inhibit YFP expression, we introduced consecutive single and double
substitutions in the spacer (Figure S7). We then quantified YFP
expression with these mismatched spacers in the HIV NL4-3 infec-
tion assay and found that Cas13a was fully tolerant to single mis-
matches across the spacer (Figure S7A). However, when we intro-
duced consecutive double substitutions, we found a reduction in
the protection for mismatches in the center, but not at the 50 or 30

end, of the crRNA (Figure S7B). Wemeasured RNA levels of Tubulin,
HPRT1, ACTIN, and GAPDH by qRT-PCR and did not observe sig-
nificant Ct value changes of these genes (Figure S7C) as a result of
Cas13a expression. This result is consistent with previous studies
showing that Cas13 orthologs have minimal off-target effects.10,11,27

Together, these data demonstrate that Cas13a/crRNA inhibits HIV-
1 infection and that the specificity of Cas13a is more dependent on
the center sequence of the spacer.

Cas13a/crRNA Impairs Multiple Steps of HIV-1 Infection

In addition to targeting and diminishing the newly synthesized HIV-1
RNA, we asked whether Cas13a/cRNA can also abrogate the viral
RNA coming into cells within viral capsid. We thus extracted the total
RNA from HEK293T cells, expressing Cas13a/crRNA, which had
been infected with HIV-1NL4-3-DE-YFP virus for 3 h, and performed
qRT-PCR to measure the levels of HIV-1 RNA that had entered cells



Figure 1. Cas13a/crRNA Inhibits HIV-1 Gene

Expression and Virus Production from the

Transfected Plasmid DNA

(A) Illustration of the crRNAs that target HIV-1 genome.

Positions of the nucleotide refer to the HIV-1 (NL4-3)

genome. Arrows indicate location of the crRNA. (B)

Western blotting to measure the expression of Lbu-

Cas13a. (C) Cas13a/crRNA diminishes HIV-1 gene

expression. HEK293T cells were co-transfected with

LbuCas13a/crRNA and pNL4-3-DE-YFP plasmid DNA.

48 h post transfection, cells were harvested and YFP

expression from HIV-1 LTR promoter was monitored by

flow cytometry. (D) MFI (mean fluorescence intensity) of

YFP. The MFI value in cells that were treated with empty

crRNA was arbitrarily set as 1. Error bars indicate SD (n =

3; *p < 0.05; **p < 0.01; Dunnett’s t test). (E) MFI of YFP.

The MFI value in cells that were treated with LTR1 was

arbitrarily set as 1. (F) Effect of Cas13a/crRNA on HIV-1

Gag expression, measured by western blotting. (G) HIV

mRNA was quantified by real-time RT-PCR. Results ob-

tained with the empty crRNA vector were arbitrarily set as

1. Error bars indicate SD (n = 3; *p < 0.05; **p < 0.01;

Dunnett’s t test). (H) Cas13a/crRNA inhibits virus pro-

duction. Viruses in the supernatants were harvested by

ultracentrifugation and the amounts were determined by

western blotting with anti-HIV-1 p24/Gag antibodies.
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within viral capsid. As shown in Figure 2F, HIV-1-targeting Cas13a/
crRNA caused about 50% reduction in viral RNA. This decrease led to
lowered levels of the late viral DNA and the integrated viral DNA in
the infected cells (Figures 2G and 2H). Furthermore, we expressed
Cas13a in Jurkat cells by electroporation, and then infected cells
with HIV-1 for 3 days. The results showed a significant decrease in
p24 production in cells transfected with the Cas13a/crRNA plasmid
DNA (Figures 3A and 3B), demonstrating that Cas13a suppresses
HIV replication in CD4+ T cells.

Cas13a/crRNA Diminishes RNA Expression from Latent Proviral

DNA

We further tested whether Cas13a/crRNA inhibits RNA expression
from the integrated DNA. Experiment was performed with
HEK293 cells carrying the integrated LTR-EGFP DNA, which ex-
Molecular Therap
presses EGFP under the control of HIV-1 LTR
promoter. These LTR-EGFP reporter cells
were transfected with Cas13a/crRNA, and
EGFP expression was monitored by flow cytom-
etry. A significant reduction of EGFP expression
was observed with Cas13a/crRNA (Figures 4A–
4C). We next measured the effect of Cas13a/
crRNA on RNA expression from latent HIV-1
DNA using the JLat10.6 HIV latent cells.28

JLat10.6 cells carry HIV-1 DNA that is tran-
scriptionally dormant in the absence of external
stimulation. Treatment with cytokines such as
tumor necrosis factor alpha (TNF-a) activates
viral gene expression, which can be detected by monitoring the
expression of EGFP that has been inserted into HIV-1 DNA as a re-
porter. The results showed a significant decrease in EGFP expression
in cells transfected with Cas13a/crRNA plasmid DNA (Figure 5A).
Furthermore, results of qRT-PCR showed that levels of EGFP RNA
were markedly diminished in cells that were transfected with HIV-
1 targeting crRNAs (Figure 5B). Lastly, we measured the production
of HIV-1 particles by western blotting and observed a drastic loss of
HIV-1 particles from cells expressing HIV-1 targeting Cas13a/crRNA
(Figure 5C). These data suggest that Cas13a/crRNA has the potential
to suppress the expression of viral RNA from the latent HIV-1 DNA.

DISCUSSION
CRISPR is an immune defense mechanism that bacteria and archaea
employ to resist viruses and foreign nucleic acids. The discovery of
y: Nucleic Acids Vol. 21 September 2020 149
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Figure 2. Cas13a/crRNA Inhibits HIV-1 Infection

(A and B) HEK293T cells were transfected with the

Cas13a/crRNA plasmid DNA. 6 h after transfection, cells

were infected with HIV-1 (carrying YFP reporter) for 36 h.

YFP expression from the infected HIV-1 was measured by

flow cytometry. Representative histograms are shown in

(A). Values of YFP MFI are shown in (B). YFP MFI in cells

that were treated with empty crRNA was arbitrarily set as

1. Error bars indicate SD (n = 3; *p < 0.05; **p < 0.01;

Dunnett’s t test). (C) HIV-1 RNA was quantified by real-

time RT-PCR. Results obtained with the empty crRNA

vector were arbitrarily set as 1. Error bars indicate SD (n =

3; *p < 0.05; **p < 0.01; Dunnett’s t test). (D) YFP MFI in

cells that were treated with LTR1 crRNA was arbitrarily set

as 1. Error bars indicate SD. (E) Cas13a/crRNA impairs

virus production. Viruses in the supernatants were har-

vested by ultracentrifugation, followed by western blotting

to measure levels of HIV-1 Gag protein. (F) Cas13a/crRNA

attacks the HIV-1 RNA entering into cells. HEK293T cells

were transfected with Cas13a/crRNA and infected with

HIV-1. 3 h after infection, real-time RT-PCR was per-

formed to measure levels of HIV-1 RNA that entered into

cells within viral capsid. Results of three independent in-

fections are shown with the value of control set as 1. Error

bars indicate SD (*p < 0.05; **p < 0.01; Dunnett’s t test).

(G) Cas13/crRNA diminishes the production of HIV-1

DNA. Real-time PCR was performed to determine the

levels of HIV-1 late reverse transcription products using

the (gag-U5) primers. Results of three independent in-

fections are shown, with the data of the control set as 1.

Error bars indicate SD (*p < 0.05; **p < 0.01; Dunnett’s t

test). (H) Cas13a/crRNA reduces the levels of integrated

HIV-1 DNA. Values in cells that were treated with empty

crRNA vector were arbitrarily set as 1. Error bars indicate

SD (n = 3; *p < 0.05; **p < 0.01; Dunnett’s t test).
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Cas13a provides a new tool to protect species other than bacteria and
archaea against virus infections. Indeed, researchers have programmed
and expressed Cas13a/crRNA in plants in an attempt to inhibit TMV
(Tobacco mosaic virus), SRBSDV (Southern rice black-streaked dwarf
virus), and RSMV (Rice stripe mosaic virus). The results demonstrate
that Cas13a functions in plants by successfully targeting and degrading
viral RNA and conferring resistance to these RNA viruses.29 A separate
study also showed that Cas13a inhibits the replication of Potyviruses in
plants.22 Aman et al.22 used this approach to create resistance against
Turnip mosaic virus (TuMV) in Nicotiana benthamiana. Recently,
Freije et al.24 demonstrated that Cas13 is a potent antiviral against
mammalian RNA viruses.
150 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
RNAi was first discovered in plants, which was
quickly developed into a tool to control gene
expression by diminishing RNA production.
RNAi can be delivered in multiple forms of
small RNA duplex, including microRNA
(miRNA), small interfering RNA (siRNA),
Dicer substrate RNA (DsiRNA), or short
hairpin RNA (shRNA).30 Not surprisingly,
many studies have demonstrated inhibition of
HIV-1 replication by RNAi targeting conserved regions of HIV-1
genome, including gag, pol, vif, and env.31–34 RNAi has also been
used to diminish the expression of HIV-1 co-receptor CCR5, to pro-
tect lymphocytes from infection by CCR5 tropic HIV-1.35 HIV-1 does
escape from RNAi, either by mutating the targeted viral sequence or
changing viral sequences outside the RNAi targets.36–39 In any case, a
proper combination of shRNA has shown sustainable suppression of
HIV replication.40–43 Multiple sets of different crRNAs will enhance
the efficiency of Cas13a-mediated RNA cleavage.

In this study, we have shown that Cas13a can inhibit HIV-1 infection
through targeting HIV-1 RNA and diminishing viral gene expression.



Figure 3. Cas13a/crRNA Inhibits HIV-1 Infection in

Jurkat Cells

(A and B) Jurkat cells were transfected with the Cas13a/

crRNA plasmid DNA. 6 h after transfection, cells were

infected with HIV-1 for 72 h. p24 expression from the in-

fected HIV-1 was measured by flow cytometry. Cells were

first gated by FSC/SSC to exclude debris, FLAG+/p24+

cells were gated for p24 expression analysis. Represen-

tative histograms are shown in (A). Values of p24 MFI are

shown in (B). p24MFI in cells that were treated with empty

crRNA was arbitrarily set as 1. Error bars indicate SD (n =

3; *p < 0.05; **p < 0.01; Dunnett’s t test).
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This suggests that Cas13a has the potential to effectively control viral
infection through the RNAi mechanism. We also demonstrate that
Rev-targeting crRNA inhibits HIV-1 infection most efficiently. Coin-
cidentally, the Rev DNA is also vulnerable to Cas9 cleavage and inhi-
bition,44 thus may represent a common target for different CRISPR
effectors. Cas13a not only diminishes the level of newly synthesized
viral RNA, either from the transfected plasmid DNA or from the viral
DNA that is integrated into cellular DNA, but it also targets and de-
stroys the viral RNA that enters cells within viral capsid. By targeting
viral RNA at the early and late stages of HIV-1 infection, Cas13a is
expected to generate strong resistance to HIV-1 infection. We also
observed that Cas13a suppresses the expression of viral RNA from
the activated latent HIV-1 DNA, suggesting a potential utility of
Cas13a in “locking” HIV-1 latency toward a functional cure.

Previous studies have shown that newly transcribed HIV-1 mRNA in
the cytoplasm is sensitive to siRNA degradation, but the incoming
HIV-1 RNA genome is not targeted by RNAi, probably because of
viral protection against the RNAi machinery.45,46 In contrast, our
data demonstrate that CRISPR-Cas13a readily destroys the incoming
HIV-1 RNA. Another advantage of Cas13a over siRNA, miRNA, and
shRNA is that the activity of Cas13a does not depend on the cellular
RNAi machinery. Thus, Cas13a can effectively inhibit viruses that
have evolved strategies impairing cellular RNAi pathways.47–50

Similar to other CRISPR effectors whose specificity depends on the
matching of guide RNA (gRNA) to the target DNA or RNA,
Cas13a may also exert off-target effects by cleaving RNA molecules
that do not completely match the crRNA sequence. This possibility
is supported by our data showing that Cas13a cleavage is not affected
by single point mutations in the target RNA. This issue may worsen if
the activated Cas13a exhibits non-specific RNA cleavage in human
cells. However, up-to-date, Cas13 orthologs have shown minimal
off-target effects in several studies.10,11,27 Previous studies did not
observe mutations within the crRNA target site or see evidence of
elevated mutation rates in the secreted LCMV viral populations.24

Nonetheless, given that Cas13a does not modify DNA sequence, cells
may have a chance to tolerate and recover from the off-target effect of
Cas13a, in contrast to the possible permanent damage in cellular
DNA by Cas9. In the meantime, delivering the exogenous Cas13a
and other CRISPR effectors poses a great challenge to edit host genes
in vivo, whereas siRNA and other small RNA-based therapy can
readily take advantage the endogenous RNAi machinery. We also
recognize that Cas13a targets RNA, is not able to cleave and eliminate
HIV DNA, and thus theoretically cannot achieve HIV cure.

Cas9, now together with Cas13a, are able to target and inhibit both
DNA and RNA viruses. Cas9 has been successfully used by many
research groups to inhibit DNA viruses and retroviruses (reviewed
in Ebrahimi et al.51). During the preparation of our manuscript,
Cas13 has been tested to inhibit several RNA viruses, LCMV, IAV,
VSV,24 DENV,25 and SARS-Cov-2.26 Our study further showed
that, by targeting and cleaving HIV-1 RNA, Cas13a can inhibit
HIV-1 infection. This opens the possibility of using both Cas9 and
Cas13a to achieve better control of DNA viruses. The in vivo delivery
of CRISPR system remains a great challenge. It is hopeful that with a
new CRISPR system to be discovered andmore specific andmore effi-
cient CRISPR effectors to be engineered, CRISPR will give rise to
effective therapeutics to treat viral diseases in humans.

MATERIALS AND METHODS
Plasmid Design and Construction

The hLbuCas13a-crRNA plasmid contains two expression cassettes,
hLbuCas13a and the chimeric guide RNA. The human codon-opti-
mized Lbu Cas13a-expressing cassette was synthesized and cloned be-
tweenNhe I and BamH I sites in the pcDNA3.1 (+) vector. The crRNA-
expressing cassette was synthesized and cloned betweenNhe I andMlu
I sites. The BsmB I site was inserted into the crRNA expressing cassette
for cloning gRNA. The gRNA sequences are shown in Table S1. The
LTR-TAT-IRES-GFP-P2A-puro (LTGP) vector, which expresses Tat
and EGFP proteins under the control of an LTR promoter, was con-
structed by inserting the TAT-IRES-EGFPDNA fragment into the len-
tiV2 vector between the Not I and BamH I sites. HIV-1NL4-3-DE-YFP
viral DNA was kindly provided by Dr. David Levy.52 The infectious
HIV-1 DNA clones NL4-3 was obtained from the NIH AIDS Reagent
Program.

Cell Culture and Transfection

The human embryonic kidney 293T (HEK293T) cells and HEK293
cells were maintained in the Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen). The HEK293 EGFP cell line was generated
by transfecting the EGFP plasmid, followed by selection with G418
(0.75 mg/mL). The HEK293 LTR-EGFP cell line was engineered by
transfecting HEK293 cells with the LTGP vector, which expresses
Tat and EGFP proteins under the control of an LTR promoter,
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 151
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Figure 4. Cas13a/crRNA Impairs EGFP Expression

from DNA that Is Integrated into Cellular DNA

(A and B) Cas13a/crRNA was transfected into HEK293T

cells that bear the stably integrated LTR-EGFP. EGFP

expression was measured by flow cytometry. Represen-

tative histograms are shown in (A). Values of YFP MFI are

shown in (B). YFPMFI in cells that were treated with empty

crRNA was arbitrarily set as 1. Error bars indicate SD (n =

3; *p < 0.05; **p < 0.01; Dunnett’s t test). (C) EGFP mRNA

was quantified by real-time RT-PCR. Results obtained

with the empty crRNA vector were arbitrarily set as 1. Error

bars indicate SD (n = 3; *p < 0.05; **p < 0.01; Dunnett’s t

test)
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followed by selection with puromycin (0.8 mg/mL). Jurkat and JLat
10.6 (J-Lat Full Length Clone 10.6) cells were maintained in RPMI
1640 medium. All cells were supplemented with 10% fetal bovine
serum (FBS; Life Technologies), 100 U/mL penicillin and 100 mg/
mL streptomycin (Solarbio, P1400) at 37�C with 5% CO2. JLat10.6
cells express EGFP and produce non-infectious viral particles after
treatment with TNF-a (Pepro Tech, 300-01A).44 HEK293T cells
were seeded into plates 16 h prior to transfection. Cells were trans-
fected with PEI (Sigma, 408727) according to the manufacturer’s in-
structions. Jurkat and JLat 10.6 cells were transfected with hCas13a/
crRNA by Neon (Life Technologies) according to the instructions.
Briefly, Jurkat and and JLat 10.6 cells (2 � 105) were mixed with
2 mg of plasmid DNA in 10 mL of resuspension buffer R and electro-
porated at pulse voltage of 1325 V for 10 ms, 3 times. After transfec-
tion, Jurkat cells were infected with HIV-1 virus for 72 h and analyzed
by flow cytometry. JLat 10.6 cells were cultured in complete growth
medium with no antibiotics for 24 h. Then, the cells were treated
with TNF-a (10 ng/mL) for 16 h and analyzed by flow cytometry.44

HIV-1 Pseudovirus Preparation and Infection

Virus stocks were generated by co-transfection of HEK293T cells with
8 mg HIV-1NL4-3-DE-YFP and 2 mg VSV-G plasmids in 10 cm plates us-
ing PEI. 2 days after transfection, the supernatants were collected and
filtered (0.45 mm). After Cas13a/crRNA transfection, HEK293T cells
were infected with VSV-G pseudotyped virus. 36 h later, cells were
harvested and analyzed by flow cytometry for YFP expression.

Flow Cytometry

Cells were detached using Trypsin-EDTA (0.25%; Life Technolo-
gies), re-suspended in complete growth media. Cells were washed
152 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
with phosphate-buffered saline (PBS; Hy-
clone, SH30256.01) and suspended in PBS
containing 1% paraformaldehyde (Solarbio,
P1110). Cell membrane was permeabilized
with 0.2% Triton X-100 (Bio-Rad).
hCas13a-FLAG was detected by 647 conju-
gate FLAG antibody (Cell Signaling Biotech-
nology, 3916s). p24 was detected by fluores-
cein isothiocyanate (FITC) Anti-HIV-1 p24
antibody (Abcam, ab20569). EGFP, p24, and hCas13a expression
were determined using the FACSCanto II and CELLQuest
software.

Western Blotting

Western blotting was performed as previously described.53 In briefly,
36 h post infection of HEK293T cells with the HIVNL4-3-DE-YFP

virus, which had been transfected with hCas13a/crRNA
plasmid, cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate,
150 mM NaCl, 10 mM Tris [pH 7.5], 1 mM EDTA). Equal
amounts of cell lysates were separated in SDS-12% PAGE
(WB1103, Beijing Biotides Biotechnology). Proteins were trans-
ferred onto nitrocellulose membranes (Whatmann). The membranes
were probed with anti-CA-p24 antibody (Sino Biological, 11695-
V08E), anti-FLAG antibody (Sigma, F3165), anti-actin antibody
(Proteintech, 60008-1-Ig), or anti-GFP antibody (Proteintech,
66002-1-Ig), followed by incubation with IRDye secondary antibodies
(1:20,000). Protein bands were visualized on a Li-Cor Odyssey
instrument.

Quantitative Real-Time RT-PCR

Total RNA was extracted from cells with the QIAamp RNeasy Plus
Mini Kit (QIAGEN, 74134), following the manufacturer’s instruc-
tions. Reverse transcription was performed with the SuperScript II
Reverse Transcriptase (Invitrogen, 18064071). The primer sequences
were provided in Table S2 or obtained from Sino Biological (Tubulin,
HP101479; HPRT1, HP100005; ACTIN, HP100001). Real-time PCR
was conducted with the PowerUp SYBR Green Master Mix (Applied
Biosystems, A25742) in accordance with the manufacturer’s
instructions.



Figure 5. Cas13a/crRNA Inhibits HIV-1 Gene

Expression and Virus Production from Latent HIV-1

(A) JLat10.6 cells were transfected with Cas13a/crRNA.

EGFP expression was measured by flow cytometry. Re-

sults obtained with the empty crRNA vector were arbi-

trarily set as 1. YFP MFI in cells that were treated with

empty crRNA was arbitrarily set as 1. Error bars indicate

SD (n = 3; *p < 0.05; **p < 0.01; Dunnett’s t test). (B) Levels

of HIV-1 RNA were measured using TaqMan PCR in

JLat10.6 cells transfected with Cas13a/crRNA. YFP MFI

in cells that were treated with empty crRNA was arbitrarily

set as 1. Error bars indicate SD (n = 3; *p < 0.05; **p <

0.01; Dunnett’s t test). (C) Levels of viruses in the super-

natants from JLat10.6 cells were determined by western

blotting with anti-HIV-1 p24/Gag protein.
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Viral RNA Quantification and Measuring Viral cDNA Synthesis

Levels of HIV RNA and late viral reverse transcription products, as
well as the levels of integrated viral DNA, were measured by real-
time PCR as previously reported.28,54–57 Briefly, equal amounts of
DNase-treated virions (100 ng CA-p24) were used to infect 5 � 106

293T cells that had been transfected with hCas13a/crRNA plasmids.
Following a 2-h incubation at 4�C, cells with bound virus were
washed twice with PBS, and maintained with fresh DMEM medium.
At 3 h post-infection, cells were collected and cellular RNA was ex-
tracted with the QIAamp RNeasy Plus Mini Kit (QIAGEN, 74134).
The viral RNA was reverse transcribed with SuperScript III First-
Strand (Invitrogen, 1903729) and quantitated by the Light Cycler In-
strument (BIO-RAD CFX96) using HIV RNA primers. At 24 h post-
infection, cells were collected and cellular DNAwas extracted with the
QIAampDNAmini kit (QIAGEN, 51304). To measure the integrated
viral DNA, we subjected equal amounts of extracted cellular DNA to
the real-time PCR. The primer sequences used to detect each product
were shown in Table S2. Real-time PCR was conducted with the Taq-
man Universal PCR Master Mix (Applied Biosystems, 4440040) in
accordance with the manufacturer’s instructions.
Determination of Viral Capsid Protein (CAp24) in Supernatant

Cells were transfected with pNL4-3-DE-YFP plasmid DNA or in-
fected with HIV-1NL4-3-DE-YFP for 6 h. Cells were then washed twice
with PBS to remove unbound virus and maintained with fresh com-
plete medium for 48 h. Culture supernatants were clarified by passing
through the 0.45 mm filter, and viruses in the supernatants were har-
vested by ultracentrifugation at 35,000 rpm for 1 h (SW41Ti, Beck-
man Coulter). Virus amounts were then determined by western blot-
ting with anti-HIV-1 p24/Gag antibodies.
Cell Viability Assay

Cell viability was examined as previously described.58 293T cells were
cultured on 96-well plates at a concentration of 1� 103 cells per well,
and then transfected with plasmid DNA using Lipofectamine (Invi-
trogen). Cell proliferation was determined by adding 10 mL cell count-
ing kit-8 (96992, Sigma) to each well. After 3 h, optical density (OD)
value was measured using a microplate reader (Multiskan FC,
Thermo Fisher) at 450 nm.

Statistical Analysis

All experiments were performed three or more times independently
under similar conditions. All data were plotted as mean values,
with variation as SD. Statistical significance was calculated by Dun-
nett’s t test. p values of statistical significance are represented as
**p < 0.01, *p < 0.05.
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