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Viral DNA integrated in host cells is a major barrier to completely curing HIV-1. However,
genome editing using the recently developed technique of clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 has the potential to eradicate HIV-1. The present
study aimed to use a lentiviral vector-based CRISPR/Cas9 system combined with dual-
small/single guide RNAs (sgRNAs) to attack HIV-1 DNA in the latency reactivation model
J-Lat 10.6 cell line and to assess off-target effects using whole-genome sequencing
(WGS). We designed 12 sgRNAs targeting HIV-1 DNA, and selected high-efficiency
sgRNAs for further pairwise combinations after a preliminary evaluation of the editing
efficiency. Three combinations of dual-sgRNAs/Cas9 with high editing efficiency were
screened successfully from multiple combinations. Among these combinations, the
incidences of insertions and deletions in the sgRNA-targeted regions reached 76% and
above, and no credible off-target sites were detected using WGS. The results provided
comprehensive basic experimental evidence and methodological recommendations for
future personalized HIV-1 treatment using CRISPR/Cas9 genome editing technology.

Keywords: CRISPR/Cas9, HIV-1, dual-sgRNAs, off-target effect, genome editing

INTRODUCTION

By the end of 2019, worldwide, 38 million people were estimated to be living with HIV.
According to a WHO report, there were still about 1.7 million new HIV infections in 2019,
and the HIV epidemic poses a major threat to global human health. A variety of drugs, such
as reverse transcriptase inhibitors, protease inhibitors, and integrase strand transfer inhibitors,
which have been widely used clinically, can play an antiviral role at different stages of the
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HIV-1 life cycle. The majority of patients with HIV/AIDS
treated with these antiviral drugs were able to achieve the
virological inhibition criterion that the viral load in plasma
was below the detection limit (Laskey and Siliciano, 2014).
However, current antiviral therapy cannot completely remove
the virus from the human body because of the stable integration
of proviral DNA into the cellular genome. Genome editing
technology might be one of the solutions to remove proviral
DNA from HIV-1 infected cells.

The clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system, derived from the immune system of
prokaryotes, which could resist the invasion of exogenous
genetic material, such as phages and viruses, has become the
third generation of genome editing technology (Jinek et al,
2012; Cong et al, 2013). One of the most widely used
applications of the CRISPR/Cas9 system is to knockout a
target gene. Its principle is that small/single guide RNA (sgRNA)
targeted to the gene of interest guides Cas9 protein-mediated
cleavage of an exon in the gene to break the double strand,
which prompts the cells to commence non-homologous
end-joining (NHE]) repair (Mali et al., 2013). In this process,
several bases are randomly added or deleted between the
breakpoints. If a frame shift mutation occurs, the target gene
would be inactivated.

Multiple strategies, which could be divided into two categories
according to whether they act on the HIV DNA or host
factors, have been proposed for HIV/AIDS treatment using
the CRISPR/Cas9 system. The first category included the design
of sgRNAs based on the viral genome that prompt the
sgRNA-Cas9 system to attack HIV-1 DNA (Panfil et al., 2018;
Das et al,, 2019), and also included the strategy of “shock
and kill,” which targets the HIV long-terminal repeat sequence
to activate latent HIV via the CRISPR/dCas9 activator complex
(Ji et al., 2016; Limsirichai et al.,, 2016; Saayman et al., 2016).
The latter mainly targets the HIV co-receptor genes such as
C-X-C motif chemokine receptor 4 (CXCR4) and C-C motif
chemokine receptor 5 (CCR5; Liu et al., 2017, 2018; Xu et al.,
2017; Yu et al., 2018). However, previous studies have voiced
concerns regarding targeting to activate endogenous viral
restriction factors to inhibit viral replication using CRISPR/
dCas9-synergistic activation mediators, such as apolipoprotein
B  mRNA editing enzyme, catalytic polypeptide-like
(APOBEC)3G/3B (Bogerd et al., 2015), and bone marrow
stromal cell antigen 2 (BST-2; Zhang et al., 2019).

Although HIV-1 replication is inhibited by CRISPR/Cas9-
induced mutations, viral escape could occur in sgRNA protected
cells (Wang et al,, 2016a). Another study constructed SpuT1
T cells stably expressing the Cas9 protein and dual sgRNAs,
and observed the protective effect from HIV-1 LAI virus
infection. The authors found that dual-sgRNAs CRISPR/Cas9
treatment could delay viral escape, block virus replication more
efficiently, and even had the potential to extinguish all proviral
DNAs in infected T cell cultures (Wang et al., 2016b). However,
the efficiency and off-target effects of dual-sgRNAs combinations
require further confirmatory studies.

Our study focused on attacking HIV-1 DNA using CRISPR
therapy, for which we selected the latency reactivation model

J-Lat 10.6 cell line, which contains a full-length HIV-1 genome
in which the Nef gene is replaced by the green fluorescent
protein (GFP) gene and has a frame-shifted, non-functional
Env gene. J-Lat 10.6 cells are suitable for the in vitro assessment
of CRISPR/Cas9-mediated targeted mutagenesis of virus genes
that encode vital proteins. Using the J-Lat 10.6 HIV-1 genomic
DNA as a model, we designed and verified the mutation
efficiency of several dual-sgRNA combinations. In addition, to
study any off-target effects of the CRISPR gene-editing system,
whole-genome sequencing (WGS) was performed.

MATERIALS AND METHODS

Cells

Human embryonic kidney (HEK) 293 T cells and J-Lat 10.6
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Grand Island, NY, United States) and Roswell Park
Memorial Institute (RPMI)-1640 medium (Gibco), respectively.
Both media contained an additional 10% fetal bovine serum
(Gibco), penicillin-streptomycin (Gibco), and non-essential
amino acids (Gibco). The cells were cultured at 37°C in a
humidified atmosphere of 5% CO,.

Plasmids

The lentiviral vector lentiGuide-Puro (plasmid #52963, Addgene,
Watertown, MA, United States) and lentiCas9-Blast (Addgene;
plasmid #52962) were gifts from Feng Zhang. Control sgRNA
encoding oligonucleotides and those encoding sgRNAs targeting
HIV-1 were ligated into the LentiGuide-Puro vector via its
BsmBI1 site, as previously described (Sanjana et al., 2014).

Lentiviral Vector Production and
Transduction

The lentiviral vector was produced and titrated as previously
described (ter Brake et al., 2006). Briefly, HEK 293 T cells
were transfected with a packaging plasmid (psPAX2) and
the lentiviral vector plasmid (pMD2.G) using Lipofectamine
2000 (Invitrogen, Waltham, MA, United States). At 6 h after
transfection, the medium was replaced and the cell culture
was continued for 2 days. Then, 0.45-pm filter membranes
(Millipore, Billerica, MA, United States) were used to filter
the lentivirus supernatants, which were divided into aliquots
and placed at —80°C. J-Lat 10.6 cells (3 x 10° cells) in
culture medium were transduced with LentiCas9-Blast virus
particles (30 ng of viral capsid protein p24) and cultured
in the presence of blasticidin (Thermo Fisher, Waltham, MA,
United States) at 4 ng/ml for 10 days to select J-Lat-cas9
cells. Subsequently, these cells (3 x 10° cells) were transduced
with one or two LentiGuide-Puro virus particles (30 ng of
viral capsid protein p24) and cultured in the presence of
puromycin (Thermo Fisher) at 0.5 ng/ml for 10 days to
produce J-Lat 10.6 cells expressing Cas9 and the sgRNAs.
The dosage of two LentiGuide-Puro virus particles was
prepared according to a 1:1 ratio of viral capsid protein
p24 concentration.
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Genome Editing Analysis

The cellular genomic DNA was extracted using a MiniBEST
Universal Genomic DNA Extraction Kit (Takara, Shiga, Japan)
according to the manufacturer’s instructions. PrimeSTAR® Max
DNA Polymerase (Takara) and HIV-1 specific primers
(Supplementary Table S1) were used to amplify the genomic
DNA using PCR. The PCR products were purified using a
MiniBEST Agarose Gel DNA Extraction Kit (Takara) and were
detected for T7 Endonuclease I (T7EI)-based mutations using
an EnGen® Mutation Detection Kit (NEB, Ipswich, MA,
United States) following the manufacturer’s protocol. The purified
PCR products were cloned into a TA cloning vector and
sequenced for subsequent analysis.

Activation of the Expression of Latent HIV-1
J-Lat 10.6 cells expressing Cas9 and sgRNAs were treated with
0.1 pM of phorbol 12-myristate 13-acetate (PMA, Sigma, St.
Louis, MO, United States). After 16 h of treatment, the cells
were harvested and suspended in phosphate-buffered saline
(PBS, HyClone, Logan, UT, United States), and GFP expression
was measured using flow cytometry.

Whole-Genome Sequencing for Off-Target
Assays

Whole-genome sequencing was performed using the cellular
genomic DNA to assess the potential off-target effects. GENEWIZ
(South Plainfield, NJ, United States) performed the WGS and
analyzed the data.

RESULTS
Design of the sgRNA and the T7EI Assay

Based on the latent HIV-1 genome sequence of the J-Lat
10.6 cell line, a total of 12 sgRNAs with a high on-target

score, which targeted different protein-coding sequences, such
as gag, pol, tat, and env genes, respectively, were designed
using the online CRISPR design tool (Hsu et al., 2013; Figure 1;
Table 1). Of these 12 target sites, five sgRNAs were located
in the gag gene, four sgRNAs were in the pol gene, one
sgRNA was in the tat gene, and two were in the env gene.
Then, 12 cell lines stably expressing Cas9 and one sgRNA
were constructed using lentiviral vectors. The mutation frequency
of NHE]J caused by the CRISPR/Cas9 nuclease cleavage was
first detected using the T7E1 assay to select effective sgRNAs.
The annealed PCR product could be cleaved with T7EI. T7EI,
a structure-specific enzyme, effectively identifies gene
mismatches greater than 1 base. When a mismatch occurs,
the two strands of the DNA molecule are cut into smaller
fragments. Analyzing fragment maps could evaluate the efficiency
of gene editing. The estimated mutation frequency ranged
from 9 to 54% (Figure 2).

Detecting the Efficiency of Combined
sgRNAs Using TA Cloning

According to the results of the T7EI assay, sgRNAs with relatively
high efficiency were selected and nine dual-sgRNA combinations,
which included those targeting the same protein-coding gene
and those targeting different protein-coding genes, were
constructed in the lentiviral vector. The sgRNA target sites in
these J-Lat 10.6 cells stably expressing Cas9 dual-guide RNAs
(gRNAs) were sequenced to analyze the types and frequency
of mutations. Nucleotide sequences analysis indicated that almost
all of the mutations were clustered near the Cas9 cleavage site,
at 3-4 nt upstream of the protospacer adjacent motif (PAM)
sequence, confirming that NHE] repair caused the mutations.
The combinations with a high proportion of insertions and
deletions of the HIV-1 genome were sg-Gagl-] + sg-Gag2-]
(Insertions: 44%; Deletions: 32%), sg-Gag2-] + sg-Pol2-]
(Insertions: 19%; Deletions: 63%), and sg-Pol2-] + sg-Tatl-]
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FIGURE 1 | Targeting the HIV-1 genome using Cas9/single guide RNA (sgRNA) in J-Lat 10.6 cells.
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TABLE 1 | Selected sgRNAs targeting HIV-1 DNA.

Name Position/strand® Guide sequence + PAM® Specificity score® Genomic region
sg-Gag1-J 1,185-1,207/R CCTGGATGTTCTGCACTATAGGG 89 Gag (p24)
sg-Gag2-J 1,345-1,367/F ACCATGCTAAACACAGTGGGGGG 74 Gag (p24)
sg-Gag3-J 1,664-1,686/R CCGGTCTACATAGTCTCTAAAGG 88 Gag (p24)
sg-Gag4-J 1804-1826/R ATTTCTTCTAGTGTAGCCGCTGG 92 Gag (p24)
sg-Gagb-J 1857-1879/F CGGCCATAAGGCAAGAG TGG 71 Gag (p24)
sg-Pol1-J 2,277-2,299/R CCTATCTTTATTGTGACGAGGGG 93 Pol (Protease)
sg-Pol2-J 2,448-2,470/F ATCTGTGGACATAAAGCTATAGG 72 Pol (Protease)
sg-Pol3-J 3,018-3,040/R ATGCTACTTTGGAATATTGCTGG 72 Pol (RT)
sg-Pol4-J 3,255-3,277/R GGCTGTACTGTCCATTTATCAGG 88 Pol (RT)
sg-Tat1-J 5,967-5,989/R TCTCCGCTTCTTCCTGCCATAGG 63 Tat/Rev
sg-Envi-J 6,981-7,003/R AGCAGTTGAGTTGATACTACTGG 87 Env (gp120)
sg-Env2-J 7,794-7,816/F GGAGCAGCAGGAAGCACTATGGG 74 Env (gp41)
sg-CTRL - GGAGACGGGATACCGTCTCT=== -
@The position corresponds to the reference sequence HXB2. F, forward; R, reverse.
bThe PAM sequence is in bold.
°The specificity score was calculated using the CRISPR design web tool from crispor.tefor.net.
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FIGURE 2 | The efficiency of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 treatment-induced cleavage of HIV-1 DNA. (A-E)
Mutational outcomes of 12 sgRNA/Cas9 treatments were determined using a T7 endonuclease | (T7EIl) assay. Cas9, cells only expressing the Cas9 protein; CTRL,
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FIGURE 3 | Genotypic Analysis of dual-sgRNAs/Cas9 Targeted HIV-1 DNA. (A-l) The types and frequency of mutations dual-sgRNAs/Cas9-treated in J-Lat 10.6
cells are shown. sgRNA target regions with simultaneous nucleotide substitutions (NSs) and an insertion/deletion were counted as an insertion/deletion.
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(Insertions: 54%; Deletions: 25%), respectively (Figure 3). The
mutated sequences of the sgRNA-targeted regions in the three
most efficient dual-sgRNA combinations are displayed in
Figure 4. Mutation sequences of other combinations are shown
in Supplementary Figures S1, S2. The incidence of nucleotide
substitutions (NSs) was low, only being detected in four out
of nine combinations, and at less than 10% (Figures 3C,E,H,I).
Some interesting results were found in the sequence
analysis of HIV-1 mutation sites. In the combination
sg-Gagl-] + sg-Gag2-J, we found deletion of the entire viral
DNA between the two sgRNA-targeted sites in two cases, with
169 and 177 bp being deleted, respectively (Supplementary
Figure S3). A chromosomal inversion occurred between two
sgRNA-targeted sites in the combination sg-Gag2-] + sg-Gag5-]
(Supplementary Figure S$4).

Blocking of Latent HIV-1 Expression

In addition, we performed a test to activate latent HIV-1 in
the J-Lat 10.6 cells stably expressing Cas9 and dual-sgRNAs.
After 16 h of treatment with 0.1 pM PMA, GFP expression
was monitored using flow cytometry. Except for the
sg-Poll-J + sg-Pol3-] combination, for which the inhibition effect
was not obvious because of the low incidence of insertions and

deletions in the HIV-1 genome (Figure 3G), the GFP expression
of the other eight combinations was significantly inhibited, among
which the sg-Pol2-] + sg-Tatl-] combination showed the most
significant inhibitory effect (Figure 5).

Assessment of Off-Target Effects Using
WGS

We selected three combinations with relatively high editing
efficiency (sg-Gagl-] + sg-Gag2-J, sg-Gag2-] + sg-Pol2-], and
sg-Pol2-] + sg-Tatl-]), with the untreated J-Lat 10.6 cell as
controls, to perform WGS (30x coverage) and detect single
nucleotide variants (SN'Vs) and insertions and deletions (Indels).
First, the SNV/Indel of a single treatment group was compared
with the control to identify unique the mutation sites of the
treatment group, and the upstream and downstream 100 bp
sequences of these sites were obtained from the reference
genome (GRCh37/hg19) as candidate potential off-target regions.
Next, we aligned the sgRNA sequence with the candidate
potential off-target regions, and filtered out the regions with
more than six mismatched bases and those not containing the
PAM (NRG) sequence. Finally, the potential off-target regions
of three treatment groups after screening were identified, and
all of these regions were located in intergenic or intronic
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A sg-Gag1-J + sg-Gag2-J

sg-Gag1-J target region (WT: 4/17)

sg-Gagz2-J target region (WT: 4/17)

1168 PAM 20nt Guide 1241 1319 200t Guide PAM 1389
CAGGTCAGCCAARATTACCCTA= === ======= TA--GTGCAGAACATCCAGGGGCARATGGTACATCAGGCCATATCACCTAGAAC  Ref GGAG! CACAAGATTT. ACCATGCT CAGCCATGCAAATGTT. GAG  Ref
CAGGTCAGCCAARATTACCCTA-— A--GTGCAGAACATCCAGGGGCAARTGGTACATCAGGCCATATCACCTAGRAC ~ WT GGAGCCACCCCACAAGATTT. CCATGCT} C. ——GGGGGACATCAAGCAGCCATGCAAATGTTAARAGAG WT
CAGGTCAGCCARRATTACCCTA-— A--GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAAC —WT GGAGCCACCCCACAAGATTT, CCATGCT C. TCAAGCAGCCATGCARATGTT. GAG WT
CAGGTCAGCCARBATTACCCTA-— A--GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGRAC ~ WT GGAGCCACCCCACAAGATTTAAACACCATGCT: CAGT AT! CAGCCATGCARATGTT. GAG  WT
CAGGTCAGCCARAATTACCCTA-—--=-===-~ TA--GTGCAGAACATCCAGGGGCARATGGTACATCAGGCCATATCACCTAGAAC  WT GGAGCCACCCCACAAGATTT, CCATGCT CAGTG-----~ TH CAGCCATGCARATGTT. G: wT
AGGCCATATCACCTAGRAC  -280 A 392
CAGGTCAGCCAAAATTACCCT. T TCCAGGGGCARATGGTACATCAGGCCATATCACCTAGAAC 10 ARGGAGCCAC 71
CAGGTCAGCCARRATTACCCTA- ~TAA-GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGRAC  +1 ARGGAGCCACCCCACAAGATTTAARACACCATGCTARACACAG-—========—===-——— == CCATGCAAATGTTARAAGAG -18
CAGGTCAGCCARRATTACCCTA-— AR-GTGCAGARCATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGRAC  +1 ARGGAGCCACCCCACAAGATTTAAACACCATGCT T TCAAGCAGCCATGCAAATGTT. GAG -8
CAGGTCAGCCAABATTACCCTA-= AA-GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGRAC  +1 GGAGCCACCCCACAAGATTTAAA TGCTAA: CCAGAGCAGCCATGCAAATGTT] G -6
CAGGTCAGCCARARATTACCCTA-— AR-GTGCAGARCATCCAGGGGCAARTGGTACATCAGGCCATATCACCTAGRAC  +1 GGAGCCACCCCACAAGATTT. CCATGCT C: TCAAGCAGCCATGCARATGTT. GAG  +1
CAGGTCAGCCARBATTACCCTA-— AR-GTGCi TCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAAC  +1 GGAGCCACCCCACAAGATTT. ACCATGCT C. ATCAAGCAGCCATGCARATGTT) GAG  +1
CAGGTCAGCCAARATTACCCTA-~— AR-GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAAC — +1 GGAG! CCACAAGATTT, CCATGCT: CAGCAGC----CAGGGACAT! CAGCCATGCARATGTT: G +2
CAGGTCAGCCAARATTACCCTA-~ AR-GTGCAGAARCATCCAGGGGCARATGGTACATCAGGCCATATCACCTAGAAC — +1 GGAGCCACCCCACAAGATTT, ACCATGCT! CAGTCCTG--~ T CAGCCATGCAAATGTT.: GAG +3
CAGGTCAGCCAARATTACCCTA. ATAGTGCi TCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAAC  +2 AAGGAGCCACCCCACAAGATTTARACACCATGCTARACACAGTATGT ATCAAGCAGCCATGCARATGTT) GAG +5
CAGGTCAGCCAARATTACCCTATG! TTA--GTGCAGAACATCCAGGGGCARATGGTACATCAGGCCATATCACCTAGAAC  +11 CACAAGATTT. TGCT! CAGTGAATGTGGGGGGACAT! CAGCCATGCARATGTT. G +6
CAGGTCAGCCAARATTACCCT! Ti 169 T TCAAGCAGCCATGH TGTT: GAG  -169
CAGGTCAGCCARBATTACCTC 77 ATCAAGCAGCCATGCARATGTTARRAGAG  -177

B sg-Gag2-J + sg-Pol2-J
sg-Gag2-J target region (WT: 3/17)
1325 20nt Guide PAM 1399

CCACCCCACAAGATTTAAACACCATGCTARACAC) - TCAAGCAGCCATGCARATGTT. Ref
CCACCCCACAAGATTTAAACACCATGCTARACAC) ~TGGGGGGACATCARGCAGCCATGCARATGTTAAAAGAGA WT

CCACCCCACAAGATTTAAACACCATGCTAAACAC: TGGGGGGACAT CAGCCATGCAAATGTT. wr
CCACCCCACAAGATTTAAACACCATGCTAAACACAG-—-———-~" TGGGG! TCAAGCAGCCATGCAAATGTT. wr
CCACCCCACAAGATTTAAAC, TCAAGCAGCCATGCAAATGTTAAAAGAGA 25

AGCAGCCATGCARATGTTAARAGAGA 15
--AGCAGCCATGCAAATGTTAARAGAGA -15
-~ -TCAAGCAGCCATGCAAATGTTAARAGAGA -13
CCACCCCACAAGATTTAAACACCATGCTARA- - AGGTCATCAAGCAGCCATGCAAARTGTTARRAGAGA -9
CCACCCCACARGATTTAAACACCATGCTARAC-~ GCAGCCATGCAAATGTTA. 4
CCACCCCACAAGATTTAAACACCATGCTAARCAC) TCAAGCAGCCATGCAAATGTT. 2

2

2

CCACCCCACAAGATTTAAACACCATGCTARRCAC-~
CCACCCCACAAGATTTAAACACCATGCTABRACAC
CCACCCCACAAGATTTAAACACCATGCTARACA-

CCACCCCACAAGATTTARACACCATGCTAAACACAG: GGGGACATCAAGCAGCCATGCAAATGTTAAAAGAGA
CCACCCCACAAGATTTARACACCATGCTAAACACAG: -GGGGGACATCAAGCAGCCATGCAAATGTTAAAAGAGA

CCACCCCACAAGATTTARACACCATGCTAAACACAR GGGGGGACATCARGCAGCCATGCARATGTTAAAAGAGA -1
CCACCCCAC: TTTAAACACCATGCTARACAC! ~TGGGG TCAAGCAGCCATGCAAATGTT: +1

CCACCCCACAAGATTTARACACCATGCTAAACACTGCTTGA--~T TCAAGCAGCCATGCAAATGTTA +5
CCACCCCACAAGATTT; CACCATGCT, CACAGTAGG: ~-TGGGG! T GCAGCCATGCAAATGTT: +5
CCACCCCACAAGATTTAAACACCATGCT! CACAGTGGGGGACTGGGG T GCAGCCATGCAAATGTT. +8
C sg-Pol2-J + sg-Tat1-J
sg-Pol2-J target region (WT: 4/16)
2427 20nt Guide PAM 2502
TATGATCAGATACTCAT, TCTGTGGACATAAAGC-T--ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  Ref
TATGATC. TACTCAT: TCTGTGGACAT! \GC-T--ATAGGT TATTAGTAG! TACACCTGTCAACA WT
TATGATC. TACTCAT: TCTGTGGACAT: \GC-T--ATAGGTACAGTATTAGT: TACACCTGTCAACA WT
TATGATCAGATACTCAT: TCTGTGGACATAAAGC-T--ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  WT
TATGATCAGATACTCATAGAAATCTGTGGACATAAAGC-T--ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  WT
TATGATCAGATACTCATAGAAATCTGTGGACAT! TACAGTATTAGT CTACACCTGTCAACA -8
TATGATCAGATACTCATAGAAATCTGTGGACATA-~CC-T--ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA -2
TATGATCAGATACTCAT: TCTGTGGACATARAGCT----AGGTACAGTATTAGTAGGACCT: TGTCAACA -2
TATGATCAGATACTCAT. TCTGTGGACAT! \GC-A-CCTAGGTACAGTATTAGT! 'CTACACCTGTCAACA +1
TATGATCAGATACTCATAGAAATCTGTGGACATAAAGCAT - ~ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  +1
TATGATC TACTCAT: TCTGTGGACAT; GCTT--ATAGGT ' TATTAGT: CCTACACCTGTCAACA +1
TATGATC. TACTCAT: TCTGTGGACAT: GCTT--ATAGGTACAGTATTAGT: CTACACCTGTCARACA +1
TATGATCAGATACTCATAGAAATCTGTGGACATARAGCTT-~ATAGGTACAGTATTAGTAGGACCTACACCTGICAACA  +1
TATGATCAGATACTCAT: TCTGTGGACATAAAGCTT--ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  +1
TATGATCAGATACTCAT: TCTGTGGACATARAGCTTT-ATAGGTACAGTATTAGT! CTACACCTGTCAACA 42
TATGATCAGATACTCAT: TCTGTGGACATAAAGC-TCTATAGGTACAGTATTAGTAGGACCTACACCTGICAACA  +2
TATGATCAGATACTCAT: TCTGTGGACATAAAGT ~C=~ATAGGTACAGTATTAGTAGGACCTACACCTGTCAACA  +80
ACATAGT car o

FIGURE 4 | Sequence analysis of HIV-1 mutation sites in dual-sgRNAs/Cas9-treated J-Lat 10.6 cells. Features of the mutations in the three most efficient dual-
sgRNA combinations: (A) sg-Gag1-J + sg-Gag2-J. (B) sg-Gag2-J + sg-Pol2-J. (C) sg-Pol2-J + sg-Tat1-J. All sequences were aligned with the reference strain
HXB2. The 20 nt guide sequence and the protospacer adjacent motif (PAM) sequence are underlined. The sequences of nucleotide substitutions, insertions, and
deletions are indicated using red letters. Ref, reference sequence; —x/+x, x nt deleted/inserted; NS, nucleotide substitution; and WT, wild-type sequence.

sg-Pol2-J target region (WT: 3/15)

2401 200t Guide PAM 2486
TGGAGGTTTTATC, TR TATGATCAGATACTCATAGAAATCTGTGGACATAAAG----CTATAGGTACAGTATTAGT: Ref
TGGAGGTTTTAT T: GTATGATCAGATACTCATAGAAATCTGTGGACATARAG--—-CTATAGGTACAGTATTAGTAGGA WT
TGGAGGTTTTATCARAGTAAGACAGTATGATCAGATACTCATAGARATCTGTGGACATARAG -~ ~CTATAGGTACAGTATTAGTAGGA ~ WT
TGGAGGTTTTATCARAGTAAGACAGTATGATCAGATACTCATAGARATCTGTGGACATARAG- -~ ~CTATAGGTACAGTATTAGTAGGA ~ WT
-394
TACAGTATTAGTAGGA  -74
TGGACGCC TATAGGTACAGTATTAGTAGGA -54
TGGAGGTTTTATCARAGTAAGACAGTATGATCAGATACTCAT. A 40
TGGAGGTTTTATC: T GTATGATCAGATACTCATAGAAATCTGTGGA ~AGTAGTAGGA -20
TGGAGGTTTTATC; TAAGACAGTATGATCAGATACTCATAGARATCTGTGGACATARAG ~~TCAGGAGGA -1
TGGAGGTTTTAT T: GTATGATCAGATACTCATAGAAATCTGTA-~ CTATAGGTACAGTATTAGTAGGA -9
TGGAGGTTTTATCARAGTA GTATGATCAGATACTCATAGAAATCTGTGGACATA TACAGTATTAGTAGGA -7
TGGAGGTTTTATCARAGTA TATGATCAGATACTCATAGARATCTGTGGACATA- ~TAGGTACAGTATTAGTAGGA -6

TGGAGGTTTTATCARAGTAAGACAGTATGATCAGATACTCATAGARATCTGTGGACATA ~TAGGTACAGGATTAGTAGGA -6
TGGAGGTTTTATC, T GTATGATCAGATACTCATAGAAATCTGTGGACATAAAGCGGCCTATAGGTACAGTATTAGTAGGA  +4
TGGAGGTTTTATCARAGTAAGACAGTATGATCAGATACTCATAGARATCTGTGGACATAAAG--~~CAGTAGGTACAGTATTAGTAGGA  +76

sg-Tat1-J target region (WT: 1/12)

5945 PAM 20nt Guide 6005
ATGACAAAAGCCTTAGGCATCTCCTAT A G CAGCGACGAAGAGCTC  Ref
ATGACAAAAGCCTTAGGCATCTCCTAT AGGAAGAAGCGGAGACAGCGACGAAGAGCTC ~ WT
ATGACARARGCCTTAGGCATCTCCTATC == ============== == == G- CAGCG] GAGCTC NS
ATGACAARAGCCTTAGGCATCTCCTAT GGAGACAGCGACGAAGAGCTC -9

ATGACAARAGCCTTAGGCATCTCCT, GGAGACAGCGACGAAGAGCTC -4

ATGACAARAGCCTTAGGCATCTCCTAT GAGACAGCGACGAAGAGCTC -1

ATGACAARAGCCTTAGGCATCTCCTAT CAGCGACGAAGAGCTC -1

ATGACAAAAGCCTTAGGCATCTCCTAT GGAGACAGCGACGAAGAGCTC — +1
ATGACAAAAGCCTTAGGCATCTCCTATG-— CAGCG: GAGCTC ~ +2
ATGACAAAAGCCTTAGGCATCTCCTAT G CAGCGACGAAGAGCTC  +3
ATGACAAAAGCCTTAGGCATCTCCTAT A GGAGACAGCGACGAAGAGCTC  +3
ATGACAAARGCCTTAGGCATCTCCTATG- -~ ATACTG--~Cj G CAGCG: GAGCTC  +5
ATGACAARAGCCTTAGGCATCTCCTATGTTGCT TTCTTCTTCG--~Ci G CAGCGACGAAGAGCTC ~ +24

regions (Figure 6). By determining the relative position between
the mutation site and the 20 nt complementary region of the
sgRNA in all potential off-target regions, we found no mutation
sites located in the 20 nt complementary regions (the relative
position between +1 and +20).

DISCUSSION

In this study, among the 12 sgRNA sequences designed, sg-Tat1-]
and sg-Env2-] refer to previously reported sequences because
of their high activity in targeting HIV-1 DNA (Wang et al,
2016b), and the viral transcriptional repressive effect was
significant, especially when targeting the sg-Tat1-] site. According
to the results of the T7EI assay, sgRNAs with a low mutation
rate were not included in the combination treatments. We selected
three combinations with a high incidence of insertions and

deletions from nine dual-sgRNA combinations, and then
performed WGS to detect any off-target effects. A variety of
studies have confirmed the effectiveness of CRISPR/Cas9 system
in eliminating HIV-1 DNA (Ebina et al., 2013; Hu et al,, 2014;
Liao et al., 2015; Zhu et al, 2015; Bella et al., 2018; Mefferd
et al., 2018; Ophinni et al., 2018; Wang et al., 2018; Yin et al.,
2018); however, few of them detected off-target effects using
deep sequencing to assess the safety of the method. Targeting
HIV-1 DNA was expected to have the advantage of inducing
a low frequency of off-target mutations, because theoretically,
an editing system targeting viral DNA would not affect the
host genes. The effectiveness and safety of a treatment are
equally important. Therefore, evaluation of off-target effects is
essential for any gene editing therapy. Compared with detection
methods involving directly amplifying the predicted off-target
sites and sequencing by Sanger sequencing or next-generation
sequencing, WGS is more comprehensive to assess off-target
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J-Cas9 sg-Gag1-J + sg-Gag2-J

sg-Gag1-J + sg-Gag4-J

sg-Gag1-J + sg-Pol1-J  sg-Gag2-J +sg-Pol1-J  sg-Gag2-J + sgGag5-J

sg-CTRL sg-Gag2-J + sgPol2-J sg-Pol1-J + sg-Pol3-J

sg-Pol2-J + sg-Tat1-J sg-Tat1-J + sg-Env2-J

Count

GFP

FIGURE 5 | Activation of latent HIV-1 expression in J-Lat 10.6 cells expressing Cas9 and dual-sgRNAs. M1-2 represents the percentage of GFP-positive cells.

-

effects because it can simultaneously detect coding and
non-coding regions. Several studies have used WGS to detect
off-target effects edited by the CRISPR/Cas9 system (Feng et al.,
2014; Ghorbal et al., 2014; Li et al, 2018; Lyu et al, 2018);
however, higher sequencing depth is required and the cost is
relatively high. In the present study, we used WGS to assess
off-target effects on three combined samples with high efficiency.
Although many mutations were detected as potential off-target
regions in the experimental groups, these mutation sites were
not located within the 20 nt complementary region of the
sgRNA. Therefore, these mutations are not credible off-target sites.

In the last few years, studies targeting HIV-1 co-receptor
CCR5 using CRISPR-Cas9 have made significant progress, such
as CCR5 disruption in induced pluripotent stem cells (Kang
et al,, 2015), inducing CCR5 A32/A32 homozygotes in CD4+
Jurkat cells and primary CD4+ cells (Qi et al., 2018), and
even CCR5-Edited stem cells in a patient with HIV-1 and
acute lymphocytic leukemia (Xu et al., 2019). However, there
is a limitation in editing the CCR5 gene, in that it can only
prevent CCR5-tropic HIV-1 virus infection, but not CXCR4-
tropic HIV-1 virus. In addition, in terms of safety, compared
with directly attacking viral DNA using CRISPR/Cas9, the short
and long-term effects on normal immune function caused by
inactivation of CCR5 by CRISPR/Cas9 genome editing technology
require further research.

HIV-1 can be divided into many subtypes and recombinant
subtypes, and the distribution of these subtypes varies in
different countries and regions (Maartens et al., 2014).
Genetically diverse viral populations still exist in the same
subtype and even within each infected individual (Hemelaar,
2012). Therefore, it is a challenge to design general and
conserved sgRNA sequences for all subtypes of HIV-1, which
are both effective and safe (Roychoudhury et al., 2018). With
the development of CRISPR/Cas9 genome editing technology,
targeting HIV-1 DNA could be individualized via sgRNA

design in the future (Dampier et al, 2018). The research
object in this study was a cell model of latency; therefore,
we did not need to consider the genetic diversity of HIV-1.
If the object of further research is primary CD4+ cells in
HIV-1 infected patients, the viral DNA sequence should
be amplified and sequenced using deep sequencing. Multiple
individualized high score sgRNAs should be designed, which
should avoid the sites with a high mutation rate as much as
possible (Dampier et al., 2018). Then, the efficacy and safety
of the sgRNAs combinations could be verified in vitro, and
the most appropriate combinations for individuals would
be selected for CRISPR treatment. However, how to locate
all the latently infected cells present in long-lived HIV-infected
individuals and how to deliver the gene editing tools to these
latently-infected cells remain a challenge.

In the present study, we found deletion of entire viral DNA
and a chromosomal inversion between the two sgRNAs-targeted
sites. These mutations seriously disrupted the integrity of the
viral genome and led to loss of viral protein function. Thus,
the dual-sgRNA combinations, consisting of two efficient and
safe sgRNAs located between hundreds of bases in a protein-
coding gene of HIV-1, could become a desirable and popular
strategy to destroy the viral genome. Nonetheless, the low
incidence of fragment excision and fragment inversion was an
important issue that requires further attention (Binda et al.,
2020). In addition to the dual-sgRNAs CRISPR treatment
strategy, according to a recent study (Dash et al, 2019), a
combination therapy comprising long-acting antiviral drugs
and CRISPR treatment targeting HIV-1 DNA could lead to
the safe elimination of HIV-1 infection, possibly representing
a future cure for HIV-1. By contrast, CRISPR treatment targeting
HIV-1 DNA combined with RNA interference can lead to
cross-resistance (Zhao et al., 2017). Therefore, more studies
are required to confirm whether CRISPR treatment combined
with other treatments is appropriate.
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A sg-Gagl-J + sg-Gag2-J
sg-Gagl-J CCTGGATGTTCTGCACTATANGG Position  Reference ‘Treatment Control Functional region  Gene
CTTGGATGTTCTGCTTCCTGTAG -13 G Hete (T/G) G intronic RNF168
GTGGGATGTTCTGCACTAGAAGG -68 CA Hete (CA/C-) CA intronic PITPNM1
sg-Gag2-] ACCATGCTAAACACAGTGGGNGG Position  Reference Treatment Control Functional region ~ Gene
GACCAACTARACACAGTGTGCAG +91 TAA Hete (TA/T-) Homo (TA/TA) ncRNA_exonic LINC01883
TTCTAGTTGAACACAGTGGGAGG +70 CTTTTTTTTT Hete (CTT-/C) Hete (CTTT/C) intergenic LOC339902;FHIT
ACCATGCTAAACTCTATCATCAG +55 G Hete (GT/G-) Homo (GT/GT) intronic ARHGAP24
CACATGCTATACACAGTTTTTGG +83 ATGTATTGTAT Hete (ATGTAT----- /R) Hete (ATGTATTGTAT/A) intergenic SLC25A51P1;LOC102723883
TATGTCCTCAACACAGTGGGTAG -32 CAARAAA Homo (C-/C) Hete (CA/C) intergenic RBICCI;NPBWRI
CCCATGCTARACAGTGCAGGGAG -53 GARA Hormo (GA/GA) Hete (GA/G) intergenic LINCO1568;LOC101928035
ACAGCACTAAACACAGTGCTGGG =92 AAAGAAAGARAGARAG Hete (A----------=---- /AARAG) Hete (AAAGAAAGAAAGAAAG/AAAAG) ncRNA_intronic MIRI1268A
ACTATGCTARACACTCTATCARG -28 CAA Homo (C-/C-) Homo (CA/CA) intergenic SH3BGRL;POU3F4
B sg-Gag2-J + sg-Pol2-J
sg-Gag2-] ACCATGCTAAACACAGTGGGNGG Position — Reference Treatment Control Functional region ~ Gene
GACCAACTAAACACAGTGTGCAG +91 TAA Hete (TA/T-) Homo (TA/TA) ncRNA_exonic LINC01883
TTCTAGTTGAACACAGTGGGAGG +70 CTTTTTTTTT Hete (CTT-/C) Hete (CTTT/C) intergenic LOC339902;FHIT
ACCATGCTAAACTCTATCATCAG +55 G Hete (GT/G-) Homo (GT/GT) intronic ARHGAP24
CACATGCTATACACAGTTTTTGG +83 ATGTATTGTAT Hete (ATGTAT------ /B) Hete (ATGTATTGTAT/A) intergenic SLC25A51P1;LOC102723883
ACTATGCTAAACACTCTATCAAG -28 ca ca/ca Homo (C/C) intergenic SH3BGRL;POU3F4
sg-Pol2-]  ATCTGTGGACATAAAGCTATNGG Position  Reference Treatment Control Functional region ~ Gene
AGCCATAGACATAAAGCTAGCAG -37 TAAAAAAAAA Hete (TARAR--/T) Hete (TARARAR/T) intronic EPHAS
CTTTCTTGACATARAGCTCCAGG +32 CTTT Hete (CTT/C) Hete (CT/C) intronic ARHGAP26
ACATAAAGACATAAAGCTAGGAG +24 ATGTG Hete (ATGTGTGTGTGTGTGTG-~-/A) Hete (ATGTGTGTGTGTGTGTGTG/A) intronic SH3BGRL2
CTGGGTGGACATARACTTTTGAG -85 CAAAAAAA Hete (CARARARA/CAA) Hete (CARARARA/C) intergenic NPTX2;TMEM130
ATCTGTGGACAAGACTATCTTGG +48 CAAAA Hete (CAA/C) Hete (CA/C) ncRNA_intronic LOC101928012
TTGAAAAGACATARAGCTATCAG -76 CAAAAAAAAAA Hete (CARARAAAAAA/C-) Hete (CAAAAAARAAA/CA) intergenic LOC105376453;0TUDI
ATCTGTGGACATTGGCTGATTGG -35 TAAAAAAAA Hete (TAAA/TA) Hete (TARA/T) intronic CACNAIA
AAGAAAAGACATAAAGCTATCAG -62 CAA Hete (CAAA-/C) Hete (CAAAA/C) intronic DZANK1
TTATGGCAACATAAAGCTAAAAG +96 T Hete (T/G) T intronic BAGE2;BAGE3;BAGE4;BAGES
TTATGGCAACATARAGCTAARAG +97 G Hete (G/A) G intronic BAGE2;BAGE3;BAGE4;BAGES
ATCTGTTGACCTAAAGCTAGAGG +55 TAA Hete (TAA/TA) Hete (TAA/T) intronic TRIOBP
ATCTGTGGGCATARAATAGGAGG +55 G Homo (GT/GT) G intergenic LOC100421746;MIR4536-1
c sg-Pol2-J + sg-Tat1-J
sg-Pol2-]  ATCTGTGGACATAARAGCTATNGG Position  Reference Treatment Control Functional region ~ Gene
AGCCATAGACATAAAGCTAGCAG -37 TAAAAAAAAA Hete (TAAARA-/T) Hete (TARARAA/T) intronic EPHAS
ACATAAAGACATAAAGCTAGGAG +24 ATGTG Homo (A--=—=======—==-— /R) Hete (ATGTGTGTGTGTGTGTGTG/A) intronic SH3BGRL2
CTGGGTGGACATARACTTTTGAG -85 CAAAAAAA Hete (CA/CAAARAAAA) Hete (C/CARAAARA) intergenic NPTX2;TMEM130
ATCTGTGGACAAGACTATCTTGG +48 carAA Hete (CAA/C) Hete (CA/C) neRNA _intronic  LOC101928012
GGCTTTGGACATARAGATAGTAG +37 T Hete (C/T) T intergenic KDM4C;DMACI
TTGAAAAGACATARAGCTATCAG -47 ACT Hete (A--/ACT) ACT intergenic LOC105376453;0TUD1
ATCTGTGGACATTGGCTGATTGG -35 TAAAAAAAA Hete (TAA-/TA) Hete (TAAA/T) intronic CACNAIA
AAGAAAAGACATAAAGCTATCAG -62 CARA Hete (CARARA/C-) Hete (CARARA/CR) intronic DZANK1
TTATGGCAACATARAGCTARAAG +26 T Homo (C/C) Hete (T/C) intronic BAGE2;BAGE3;BAGE4;BAGES
ATCTGTGGGCATAARATAGGAGG +55 G Homo (GT/GT) G intergenic LOC100421746;MIR4536-1
CCTTGTGGACATGAAGCTTTTGG +48 TAAA Homo (TA/TA) Homo (T/T) intergenic TTTY12;LINC00279
sg-Tatl-J ~ TCTCCGCTTCTTCCTGCCATNGG Position  Reference Treatment Control Functional region ~ Gene
GCTTCCCTTCTTCCTGCCCTCGG -47 G Homo (C/C) Hete (C/G) intergenic ANKRD20A12P;LOC102723769
CCTCCGCTTCTTCTTTTCTCCAG +40 C Hete (CTTT/C) Cc intronic DNM3
CTACCTTTTCTTCCTGCCACTGG -71 CARAA Homo (CA/CR) Hete (CA/C) intronic TENM2
TCTCCGCTTCTGTCTTCACATGG -58 AARARARARAGAG Hete (ARAARAAARAAGAG/A---——--—=---=~ ) AARAAAAAAAGAG intronic GRHL2
CCTGTCCAGCTTCCTGCCATTGG +82 CTTTTTTTT Hete (CTT/C-) Hete (CTT/CT) intergenic IERSL;LOC101929331
GATTCACTTCTTCCTGCCAAGAG +78 CTTTTT Hete (CTTTT-/C) Hete (CTTTTT/C) intronic KIAA1217
TTTCTTCTTCTTCCTGCCTCTGG +36 G Hete (G/T) Homo (T/T) ncRNA_intronic DDXI12P
TTTCTTCTTCTTCCTGCCTCTGG +85 G Hete (G/A) Homo (A/A) ncRNA_intronic DDX12P
ACCCCGCTTCTTCCCCCTGTAAG +26 C Hete (A/C) C ncRNA_intronic RNF213-AS1
ACCCCGCTTCTTCCCCCTGTAAG  +29 G Hete (T/G) G ncRNA_intronic  RNF213-AS1
ACCCCGCTTCTTCCCCCTGTAAG +45 A Hete (G/A) A ncRNA_intronic RNF213-AS1
GCTTCCCTTCTTCCTGCCCTCGG -65 A Hete (G/A) A intergenic 'NONE;MIR3648-1
FIGURE 6 | Analysis of potential off-target sites using whole-genome sequencing (WGS). (A) sg-Gag1-J + sg-Gag2-J. (B) sg-Gag2-J + sg-Pol2-J. (C) sg-
Pol2-J + sg-Tat1-J. In the potential off-target regions, mismatched bases to the sgRNAs are shown in blue and the bases in bold represent the PAM sequence; the
position of the mutation sites is indicated by the relative distance to the 1st base (+1) of the 20 nt complementary regions; the differential mutations between the
control and the treatment groups are highlighted in red.

A novel Adeno-associated virus (AAV)-based vector
(AAV9P1) with a synthetic surface peptide can deliver CRISPR/
Cas9 system to astrocytes and might facilitate inactivation
of persisting HIV-1 proviruses (Kunze et al., 2018), which
is of great significance to eliminate viral reservoirs in the
central nervous system. AAV is also a promising tool for

gene delivery in vivo. Excision of HIV-1 proviral DNA in
solid tissues and organs in humanized mice with chronic
HIV-1 infection can be achieved via AAV-delivered CRISPR/
Cas9 (Yin et al,, 2017). According to a recent study, AAV9-
CRISPR/Cas9 gene editing was designed to eliminate simian
immunodeficiency virus (SIV) proviral DNA in ART-treated
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non-human primates (Mancuso et al., 2020). These findings
offer a significant step toward the elimination of HIV-1
reservoirs in the clinic. Notably, CRISPR-Cas13a could inhibit
HIV-1 infection by directly targeting viral RNA and diminishing
viral gene expression (Yin et al., 2020). RNA editing technology
has the potential to treat HIV-1 infection; however, the
off-target effects cannot be ignored (Mao et al., 2019).

CONCLUSION

We designed and verified multiple sgRNAs and combinations
comprising dual-sgRNAs that targeted HIV-1 genomic DNA
in a cell line model of latency. WGS was used to assess off-target
effects in the three efficient combinations selected, and no
reliable off-target sites were detected. The study provided a
comprehensive  experimental basis and methodological
suggestions for CRISPR/Cas9 individualized treatment of
HIV-1 in the future, from the design of sgRNAs to the selection
of efficient combinations and verification of safety. On the
premise of effectiveness and safety, the dual-sgRNAs CRISPR/
Cas9 treatment targeting HIV-1 protein-coding genes could
serve as a therapeutic procedure to achieve a cure and epidemic
control of HIV/AIDS.
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underlined. The sequences of nucleotide substitutions, insertions, and deletions
are indicated using red letters. Ref, reference sequence; —x/+x, x nt deleted/
inserted; NS, nucleotide substitution; WT, wild-type sequence.
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