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CRISPR-Cas attack of HIV-1 proviral DNA can cause unintended 
deletion of surrounding cellular DNA
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ABSTRACT Several studies indicate that CRISPR-Cas gene-editing systems can be used 
to inactivate the HIV-1 proviral DNA in infected cells. Such gene editing introduces 
mutations, mostly small insertions and deletions (indels), at the targeted sites in the HIV 
genome or causes excision or inversion of the proviral DNA fragment between two target 
sites. To investigate whether CRISPR-Cas treatment of latently infected T cell lines can 
also cause large unintended deletions, we designed a PCR-based sequencing strategy 
with primer binding sites at various positions in the chromosomal DNA surrounding 
the integrated proviral DNA genome. We, here, demonstrate that both continuous and 
transient CRISPR-Cas attack on the integrated HIV DNA does not only result in the 
expected small indels, but also frequently causes much larger deletions that can include 
flanking cellular DNA sequences. Analysis of the breakpoint junction sites indicates 
that the deletions were triggered by an initial on-target attack by CRISPR-Cas. Upon 
continuous CRISPR-Cas treatment, small microhomologies were frequently observed 
at the junction sites, which indicates that microhomology-mediated end-joining DNA 
repair is involved in the generation of the large deletions. As the loss of chromosomal 
sequences may cause oncogenic cell transformation, unintended large deletions form a 
potential safety risk in clinical application of this antiviral application.

IMPORTANCE Although HIV replication can be effectively inhibited by antiretroviral 
therapy, this does not result in a cure as the available drugs do not inactivate the 
integrated HIV-1 DNA in infected cells. Consequently, HIV-infected individuals need 
lifelong therapy to prevent viral rebound. Several preclinical studies indicate that 
CRISPR-Cas gene-editing systems can be used to achieve permanent inactivation of the 
viral DNA. It was previously shown that this inactivation was due to small inactivating 
mutations at the targeted sites in the HIV genome and to excision or inversion of 
the viral DNA fragment between two target sites. We, here, demonstrate that CRISPR-
Cas treatment also causes large unintended deletions, which can include surrounding 
chromosomal sequences. As the loss of chromosomal sequences may cause oncogenic 
transformation of the cell, such unintended large deletions form a potential safety risk in 
clinical application of this antiviral application and possibly all CRISPR-Cas gene-editing 
approaches.
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C urrent antiretroviral therapy with multiple antiviral drugs can effectively inhibit HIV 
replication, such that the viral load becomes undetectable, but does not lead to 

a cure as HIV proviral DNA remains present in cells that constitute the viral reservoir 
(1–3). As a consequence, HIV-infected individuals need lifelong therapy to prevent viral 
rebound (4, 5). To inactivate this viral reservoir, novel therapeutic strategies have been 
proposed, including targeting of the integrated HIV DNA with CRISPR-Cas gene-editing 
systems [reviewed in references (6, 7)]. Cas cleavage results in a double-stranded break 
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in the DNA that can be repaired by cellular DNA repair mechanisms, in particular 
non-homologous end-joining and microhomology-mediated end-joining (MMEJ) (8, 
9). Such repair usually introduces mutations at the Cas cleavage site, in particular small 
insertions and deletions (indels), which can inactivate the virus, especially when critical 
viral sequences are targeted.

We and others demonstrated that HIV replication in T cell cultures can be strongly 
inhibited when the cells continuously produce Cas9 or Cas12a and a single guide RNA 
(gRNA for Cas9 and crRNA for Cas12a) targeting the HIV DNA genome (10, 11). However, 
the DNA repair following Cas cleavage did not only result in virus-inactivating mutations, 
but also accelerated virus escape by generating mutations that prevented binding of the 
gRNA/crRNA, yet did not block virus replication (10, 12–15). More durable inhibition was 
achieved through a combined approach employing dual gRNAs or crRNAs that target 
distinct highly conserved and essential viral sequences (16–18). Some gRNA/crRNA 
pairs completely prevented virus escape and resulted in complete and permanent virus 
inactivation. More recently, we demonstrated that repeated transient treatment with 
Cas9 or Cas12a ribonucleoprotein (RNP) complexes can also achieve inactivation of all 
proviral DNA in latently infected T cells (19). Both continuous and transient dual-gRNA/
crRNA attack on the proviral DNA resulted in mutations at the target sites, mostly small 
indels, but also in excision and, to a lesser extent, inversion of the fragment between 
the target sites (18–20). Notably, Cas12a treatment resulted less frequently in excision or 
inversion compared to Cas9 treatment, which is possibly related to the distinct cleavage 
pattern or differential kinetics of the Cas proteins. For instance, Cas9 cleaved DNA is 
blunt-ended, whereas Cas12a cleaved DNA has sticky ends with a 5´ overhang (21).

CRISPR-Cas-induced mutations are commonly detected by PCR amplification of the 
targeted DNA, followed by sequencing of the PCR products (16). Hereby, PCR primers 
annealing upstream and downstream of the target sites in the viral DNA are used to 
amplify the targeted DNA region, which will allow detection of the anticipated muta­
tions. However, larger deletions extending beyond the position of the primers will not 
be detected. When such large deletions would extend beyond the proviral HIV DNA 
into flanking chromosomal DNA, expression of tumor suppressor genes or proto-onco­
genes could be affected, potentially triggering oncogenic transformation of the cell and 
malignancy (22–24). We therefore designed assays to investigate whether CRISPR-Cas 
attack on the HIV provirus in latently infected T cell lines can cause unintended large 
deletions involving chromosomal sequences flanking the proviral DNA.

RESULTS

Detection of large deletions upon continuous CRISPR-Cas activity

We previously demonstrated that continuous expression of Cas9 and a single antiviral 
gRNA in HIV-infected cells can result in the acquisition of small indels and nucleotide 
substitutions at the target site in the proviral DNA [(6, 10, 16, 20); Fig. 1A]. To investigate 
whether such treatment can also cause larger deletions, we targeted the HIV provirus 
in the latently infected Jurkat-derived cell lines J-Lat 8.4 and J-Lat 9.2 with Cas9 and a 
gRNA that directs Cas9 to the overlapping Tat and Rev coding regions (gTatRev; Fig. 1B). 
A single proviral DNA copy of an Env and Nef-inactivated HIV-1 variant, HIV-R7/E-/GFP, is 
present on chromosome 1 in J-Lat 8.4 cells and on chromosome 19 in J-Lat 9.2 cells (25). 
Cells were transduced with lentiviral vectors expressing Cas9 and gTatRev. Two weeks 
after transduction, intracellular DNA of the total cell culture was isolated and analyzed 
by PCR. To identify large deletions upstream of the gTatRev target site, forward primers 
that bind to the chromosomal DNA upstream of the integrated proviral DNA (U0–U4, Fig. 
1B) were combined with reverse primers that bind to the HIV DNA downstream of the 
gTatRev target site (Ra and Rb). The original distance between the forward and reverse 
primers ranges from approximately 6 kb to 10 kb for the different primer combinations. 
Because a relatively short PCR extension time of 30 s is used, such long DNA fragments 
will, however, not be efficiently amplified and only truncated DNA fragments with large 
deletions upstream of the gTatRev target site will be detected. Similarly, to identify large 
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FIG 1 Detection of large deletions induced by CRISPR-Cas attack of HIV provirus. (A) CRISPR-Cas cleavage of HIV proviral DNA 

may not only result in mutations at the cleavage site (indels and nucleotide substitutions; indicated with the red diamond) 

but also in unintended large deletions that may include surrounding chromosomal sequences. (B) Detection of large upstream 

and downstream deletions by PCR analysis with primers annealing at several positions in the chromosomal DNA (U0–U4, 

forward primers annealing at ~0 kb to 4 kb upstream of the HIV integration site; D1–D4, reverse primers annealing at ~0 kb 

to 4 kb downstream of the HIV integration site) and proviral DNA (Ra and Rb, reverse primer a and b; Fa and Fb, forward 

primer a and b). (C) PCR analysis of the integrated HIV DNA in untreated and Cas9 + gTatRev-treated J-Lat 9.2 cells. The PCR 

products resulting from the different primer combinations were analyzed by agarose gel electrophoresis. Example gel images 

are shown (−, untreated samples; +, Cas9/gTatRev-treated samples; DNA molecular weight markers are shown on the left). PCR 

products specifically detected upon Cas treatment were isolated from gel and sequenced. PCR products resulting from large 

deletions, as confirmed by sequencing analysis, are labeled with the primer combination that was used.
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downstream deletions, reverse primers binding to the chromosomal DNA downstream of 
the integration site (D0–D4) were combined with forward primers that bind to the HIV 
DNA upstream of the gTatRev site (Fa and Fb). The original distance between the forward 
and reverse primers now ranges from approximately 4 kb to 8 kb for the different primer 
combinations and only truncated proviral fragments with large deletions downstream 
of the Cas9 cleavage site will be efficiently amplified. PCR products were analyzed by 
agarose gel electrophoresis, followed by cloning and sequencing.

When cellular DNA isolated from Cas9/gTatRev-treated and control (untreated) J-Lat 
9.2 cells was analyzed with the different primer combinations, PCR products varying 
in size from few hundred to several thousand base pair (bp) were detected for the 
treated cells but not for the control cells (Fig. 1C). Cloning and sequencing of these 
PCR products revealed that most of them corresponded to truncated DNA fragments 
in which relatively large DNA fragments upstream or downstream of the gTatRev target 
site had been deleted (Fig. 2A). The upstream deletions that were detected varied in 
size from 5,890 bp to 7,899 bp and all ended at or near the Cas9/gTatRev cleavage site, 
which suggests that Cas9 cleavage at the intended target had triggered the subsequent 
deletion. Similarly, downstream deletions varied from 4,164 bp to 6,527 bp and all 
started at or near the intended Cas9/gTatRev target site. One out of four upstream 
deletions and three out of four downstream deletions did not only remove proviral 
sequences but also the adjacent chromosomal sequences. Notably, not every primer 
combination successfully detected a deletion-containing DNA fragment and some 
PCR products corresponded to chromosomal sequences only. For example, the U2/Ra 
combination did not detect the deletion-containing fragment that was detected with 
the U3/Ra combination, while the U2 binding site was not removed by the deletion, but 
resulted in a ~400 bp chromosomal DNA fragment. The latter observations are likely due 
to specific characteristics of every primer, like its binding affinity and capacity to anneal 
to alternative positions in the chromosomal DNA, and the large variety of mutations 
(large deletions, small indels, and nucleotide substitutions) that can result from the 
CRISPR-Cas treatment.

Similar analysis of Cas9/gTatRev-treated J-Lat 8.4 cells resulted in the identification 
of large upstream deletions varying in size from 5,871 bp to 9,193 bp and downstream 
deletions varying from 4,199 bp to 6,639 bp (Fig. 2B). Some of these deletions do not 
only remove HIV proviral DNA sequences but also flanking chromosomal sequences. All 
large deletions, either in the upstream or downstream direction, started at or near the 
original target site. Taken together, these results indicate that Cas9 cleavage at the HIV 
target site can result in both upstream and downstream large DNA deletions that do not 
only include proviral DNA sequences, but also the surrounding cellular DNA.

Detection of large deletions upon transient CRISPR-Cas activity

The same PCR strategy was used to detect large CRISPR-Cas-induced deletions in latently 
infected SupT1 T cells after transient treatment with the Cas9 or Cas12a endonuclease. 
These cells were previously generated by infection of SupT1 T cells with a doxycycline 
(dox)-inducible HIV-1 variant (HIV-rtTA-GFP) and a clonal cell line was selected in which 
the integrated provirus is latent in the absence of dox and transcriptionally active upon 
dox administration, leading to high virus production and replication (19). We recently 
demonstrated that repeated transfection of these cells with Cas9 or Cas12a protein 
combined with gRNAs/crRNAs targeting the Gag and TatRev sites resulted in inactiva­
tion of the proviral genome, which prevented dox-induced virus production. Previous 
DNA analysis demonstrated that this dual-gRNA treatment frequently resulted in indels 
at the Cas cleavage sites, but also excision and, to a lesser extent, inversion of the 
viral DNA fragment between the two target sites was observed (19). To detect large 
Cas-induced upstream deletions, we first performed an Alu PCR analysis (26) to identify 
provirus integration sites in these cells, which revealed an integration site in the IQ 
motif containing GTPase activating protein 1 gene locus on chromosome 15 (Fig. S1). We 
subsequently designed PCR primers that bind to chromosome 15 at different positions 
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upstream of the integration site and to the proviral DNA downstream of the gTatRev and 
crTatRev target sites. The distance between these reverse and forward primers ranges 
from 6 kb to 10 kb for the different primer combinations and, because a short PCR 
extension time of 30 s was used, only truncated proviral fragments with large deletions 
upstream of the Cas cleavage site will be efficiently amplified by PCR. PCR products were 
analyzed by agarose gel electrophoresis, followed by cloning and sequencing, to identify 

FIG 2 Large deletions detected in J-Lat cells upon continuous Cas9 attack of the HIV proviral DNA. Large deletions were detected in J-Lat 9.2 (A) and J-Lat 8.4 

(B) cells by PCR analysis and sequencing of PCR products (as described in Fig. 1). The labels at the left side indicate the primer combination that was used to 

detect the DNA fragment (as described in Fig. 1). When multiple fragments were detected with the same primer combination, a number was added to the label. 

The position and size (indicated with ∆) of the deletions are shown. The position of the 5 bp repeat at the integration site (CTTAT in J-Lat 9.2 and GAAAG in J-Lat 

8.4) and the Cas9/gTatRev cleavage site are indicated on top.

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01334-23 5

https://doi.org/10.1128/jvi.01334-23


large deletions. Analysis of the Cas9-treated cells with different primer combinations 
identified a 5,744 bp deletion in the proviral DNA that likely resulted from initial Cas9 
cleavage at the gTatRev site (Fig. 3A). In addition, the excision product resulting from 
simultaneous cleavage at both the gGag1 and gTatRev sites and subsequent ligation of 
the DNA ends was detected (Δ4602). Similarly, analysis of the Cas12a-treated cells (Fig. 
3B) identified several large proviral DNA deletions (Δ5326, Δ4610, Δ5841), but also larger 
deletions that included surrounding chromosomal sequences (Δ5975, Δ6188). These 
data demonstrate that also transient CRISPR-Cas9 or Cas12a treatment can result in large 
chromosomal deletions beyond the integrated HIV-rtTA-GFP genome.

Origin of Cas-induced large deletions

For all observed large deletions, one of the breakpoint junctions was located at or near 
the original HIV target site (Fig. 2 and 3), which suggests that on-target Cas cleavage 
induced the large deletion. The other breakpoint junction was located in a more distal 
proviral DNA region or in the surrounding chromosomal DNA. Comparison of the joined 
sequences to the original sequences (upstream and downstream breakpoint junction 
sites; Table 1) revealed the acquisition of short indels in 14 of the 29 joined sequences. 
Such indels are typical for the error-prone DNA repair following Cas cleavage (11, 14, 15, 
27).

A possible scenario for the creation of such large deletions would be a dual-cleavage 
event, with simultaneous cleavage at the intended target in HIV and at an off-target 
site in the flanking chromosomal DNA, followed by excision of the fragment between 
these two sites. We analyzed the proviral and surrounding chromosomal DNA with 
the Cas-OFFinder algorithm (28) to identify potential off-target sites with incomplete 
sequence complementarity to the gRNA/crRNA (29, 30). When allowing up to 6 nt 
mismatches between the DNA and gRNA/crRNA and up to 2 nt insertions or deletions in 
the target DNA sequence, this analysis resulted in the identification of several potential 
off-target sites (Fig. 4). However, none of these sites were located at or near the observed 

FIG 3 Large deletions detected upon transient Cas9 or Cas12a attack of HIV proviral DNA. Upon transient treatment of SupT1-HIV-rtTA cells with Cas9 + gGag1 

+ gTatRev (A) or Cas12a + crGag1 + crTatRev (B), large deletions were detected by PCR analysis and sequencing of PCR products. The large deletions are labeled, 

and their position and size are indicated as described in Fig. 2. The position of the 5 bp repeat at the integration site (GAAAG) and the gRNA/crRNA target sites 

are indicated on top.
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breakpoint junction sites (Fig. 2 and 3), which indicates that the large deletions are not 
due to off-target Cas cleavage.

Alternatively, upon Cas cleavage at the intended target site, MMEJ DNA repair 
may have caused the large deletions (31–35). Hence, we checked for the presence of 
microhomology at the breakpoint junction sites using the mhScanR application. This 
analysis resulted in the identification of short microhomologies varying in size from 1 
nt to 5 nt at the junction sites for seven out of eight (87.5%) of the large deletions in 
J-Lat 9.2 cells and for 11 out of 14 (78.6%) of the large deletions in J-Lat 8.4 cells (Table 
1; Fig. 5A), which indicates involvement of MMEJ DNA repair in the generation of the 
deletions. Remarkably, this analysis did not reveal any microhomology at the junction 
sites for the large deletions detected upon transient Cas9 and Cas12a treatment of the 
latently infected SupT1 T cells.

Recently, Xin et al. (36) analyzed the formation of large deletions in human embryonic 
kidney 293T (HEK-293T) cells upon transient treatment with different Cas nucleases, 

FIG 4 Breakpoint junction sites of large deletions do not coincide with potential CRISPR-Cas off-target sites. For every latently infected cell and Cas-gRNA/crRNA 

combination, the chromosomal and proviral sequences were analyzed with the Cas-OFFinder algorithm (28) to identify potential off-target sites, allowing up to 6 

nt mismatches between the DNA and gRNA/crRNA and up to 2 nt insertions or deletions in the DNA. The position of potential off-target sites in the chromosomal 

DNA (only the three upstream and three downstream sites closest to the proviral integration site are shown; positions in green) and the position of the on-target 

and potential off-target sites in the proviral DNA (positions in black) are indicated (line figure is not on scale), with the number of mismatches (varying from 0 

to 6) and the number of nt insertions or deletions (varying from 0 to 2) in the target DNA indicated between parentheses (x/y; x, number of nt mismatches; y, 

number of nt insertions or deletions). Red arrow, on-target cleavage site. Black arrow, potential off-target cleavage site. The horizontal blue lines (labeled with an 

asterisk) indicate the region where the breakpoint junction sites of the large deletions (as described in Fig. 2 and 3) are located.
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including the Cas9 (SpCas9) and Cas12a (AsCas12a) variants that we used in our study. 
Large deletions were detected in all targeted cellular genes and the frequency varied 
only slightly for the different Cas systems, with the frequency observed for SpCas9 
being 1.9% and for AsCas12a 1.4% of the total editing events. Xin et al. indicated the 
presence or absence of microhomology at the breakpoint junction sites for every editing 
event (36). We used these data (NCBI Gene Expression Omnibus database; accession 
code GSE213149) to calculate the microhomology frequency for every Cas and target 
combination (Fig. 5B). This analysis revealed a similar high microhomology frequency 
(79.2% to 87.7%) for large deletions induced by the different Cas variants. This result 
indicates that for all tested Cas variants, the MMEJ DNA repair pathway was likely 
involved in the generation of the large deletions in the transiently treated 293T cells.

DISCUSSION

Several previous studies in which the HIV proviral DNA was attacked with CRISPR-Cas9 or 
Cas12a systems demonstrated that Cas cleavage frequently results in the accumulation 
of small indels and nucleotide substitutions at the target sites. When the provirus was 
simultaneously attacked at two or more positions, excision or inversion of the DNA 
fragment between target sites was also observed (11, 16, 18). We, here, used a PCR-based 
sequencing strategy to demonstrate that CRISPR-Cas9 and Cas12a treatment can also 
result in much larger deletions that may include the surrounding chromosomal DNA 
sequences. As the observed deletions start at the intended gRNA target, they are likely 
induced by on-target Cas cleavage activity. We demonstrate the frequent presence of 
microhomology at the breakpoint junction sites of large deletions, which indicates the 
involvement of the MMEJ DNA repair mechanism in the formation of the large deletions.

Such large deletions were not detected in the earlier HIV studies , which can simply be 
explained by the fact that most studies used PCR-based methods with primers annealing 
at a relatively short distance from the intended DNA cleavage site, while the large 
deletions remove at least one of these primer binding sites. By using more distal primers 
annealing to the chromosomal DNA surrounding the proviral DNA, we were able to 

FIG 5 Microhomology at the breakpoint junction sites of Cas-induced large deletions. (A) The frequency of microhomologies at the breakpoint junction sites 

for the large deletions detected in J-Lat 9.2 and J-Lat 8.4 cells upon continuous Cas9 attack and in SupT1-HIV-rtTA cells upon transient Cas9 or Cas12a attack 

is shown. Between parentheses, the number of deletions with microhomology at the breakpoint junction sites is indicated as a fraction of the total number of 

identified deletions. (B) Microhomology frequency at breakpoint junction sites for large deletions induced by different Cas nucleases upon targeting of cellular 

genes in 293T cells. Xin et al. (36) recently reported large deletions in human embryonic kidney 293T cells upon targeting 12 cellular genes with seven different 

Cas variants. In their supplementary data (NCBI Gene Expression Omnibus database; accession code GSE213149), they indicated the presence or absence of 

microhomology at the breakpoint junction sites for every editing event. After filtering for deletions larger than 100 bp in size with both breakpoint junction 

sites located on the same chromosome and with the same strand orientation to exclude more complex chromosome rearrangement events, we calculated 

the microhomology frequency for every Cas and target combination. The numbers above the whiskers refer to the average value for all targets. Values from 

minimum to maximum are shown by the whiskers, and the bounds of the box indicate the first and third quartile.
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detect Cas-induced large deletions up to 9.2 kb. Larger deletions will likely also occur, 
but will also be missed in our analysis because one of the primer binding sites will 
be lost. Thus, extreme caution is warranted in the analysis of Cas editing products by 
means of PCR-based strategies. Complementary use of RNA analysis may be warranted to 
assess whether aberrant transcripts are formed, which could confirm deleterious effects 
of CRISPR-Cas treatment.

Our HIV editing findings agree with other studies in which the CRISPR-Cas9 system 
was used for other genome editing purposes (37–39). Also in these studies, large 
deletions could be detected upstream or downstream of the cleavage site. For example, 
Wen et al. reported that over 80% of the large deletions observed upon Cas9/gRNA 
treatment of human T cells varied in size between 100 and 1,000 bp, but deletions 
can extend over many kilobases (39). Cas cleavage can even result in chromosome 
truncations (40) and rearrangements (41) and trigger genome instability (42). We 
observed microhomologies at the breakpoint junction sites for most of the Cas9-induced 
large deletions in J-Lat cells (82%), which is in agreement with the high frequency of 
microhomology marks in other CRISPR-Cas studies (31, 35, 36). Recently, Xin et al. (36) 
reported the generation of large deletions in HEK-293T cells upon targeting cellular 
genes with different Cas nucleases. Analysis of their supplementary data revealed a 
similar high frequency of small microhomologies at the breakpoint junction sites of the 
large deletions induced by the different Cas variants, with a frequency of 79% and 85% 
for the SpCas9- and AsCas12a-induced deletions, respectively (Fig. 5B). Taken together, 
these results suggest that large deletions frequently result from the MMEJ DNA repair 
that follows Cas cleavage. Surprisingly, we did not identify any microhomology at the 
breakpoint junction sites for the large deletions detected in the infected SupT1 T cells 
upon transient Cas9 and Cas12a treatment. Our limited data may suggest that the cell 
type could affect the cellular DNA repair process and formation of large deletions, but 
further analysis will be required to understand this observation.

We here demonstrate that CRISPR-Cas attack of integrated HIV DNA can cause large 
unintended deletions that can include surrounding chromosomal DNA sequences. Such 
large deletions may lead to the loss of tumor suppressor genes or activation of proto-
oncogenes and thereby result in oncogenic transformation (22–24). The frequency of 
such a detrimental event may be low, in particular when targeting central positions in 
the HIV genome. However, this frequency may increase when targeting positions close 
to the 5´ or 3´ end of the provirus, such as the long-terminal repeat (LTR) region. The LTR 
is in fact a popular target because it is present at both the 5´ and 3´ end of the proviral 
DNA and dual cleavage may allow excision of the nearly complete viral genome with a 
single guide RNA (43–45). Furthermore, HIV integrates in a random manner on any of 
the chromosomes, which increases the chance of hitting a nearby proto-oncogene or 
tumor suppressor gene (22–24, 46). Several strategies can be considered to reduce the 
large deletion frequency during CRISPR-Cas treatment, including the use of alternative 
Cas nucleases like CasMINI (a modified Un1Cas12f1) and AsCas12f1 (36), or drugs that 
inhibit the MMEJ pathway (47–49). However, these strategies have thus far demonstrated 
limited success and do not prevent the formation of large deletions (36, 47–49). Clinical 
trials in which CRISPR-Cas9 is used to inactivate HIV in infected persons have recently 
started (50, 51). It will be important to closely monitor the generation of unintended 
large deletions and oncogenic transformation of cells in the treated persons, as this 
would pose a serious safety risk.

MATERIALS AND METHODS

Cell lines and culturing

J-Lat 8.4 cells and J-Lat 9.2 cells with an integrated HIV-R7/E-/GFP genome were kindly 
provided by Dr. Eric Verdin through the National Institutes of Health (NIH) HIV Reagent 
Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, NIH (52). 
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J-Lat cells were maintained in advanced RPMI-1640 medium (Gibco, Life Technologies, 
Bleiswijk, The Netherlands) with 1% fetal bovine serum, 15 U/mL penicillin, 15 U/mL 
streptomycin mix, and 1% L-glutamine. Production and culturing of the SupT1-HIV-rtTA 
T cells with an integrated dox-controlled HIV variant (HIV-rtTA-GFP) were described 
previously (19). Human embryonic kidney 293T cells were cultured in Dulbecco's 
modified Eagle medium (DMEM; Gibco, Life Technologies, Bleiswijk, The Netherlands) 
supplemented with 10% fetal calf serum, penicillin (100 U/mL), and streptomycin 
(100 mg/mL), as described previously (53).

Lentiviral vector transduction for continuous CRISPR-Cas editing

The lentiviral vectors LentiCas9-Blast (Addgene; 52962), containing a human codon-opti­
mized Streptococcus pyogenes Cas9-expression cassette, and LentiGuide-Puro (Addgene; 
52963), containing a gRNA expression cassette, were gifts from Feng Zhang (54). 
Construction of the gTatRev-expressing LentiGuide-Puro vector was previously described 
(10). LentiCas9-Blast and LentiGuide-Puro-gTatRev viral vector particles were produced 
as previously described (20, 55). Briefly, 293T cells were seeded in standard DMEM 
medium and transfected with the lentiviral vector plasmid and packaging plasmids 
pSYNGP, pRSV-rev, and pVSV-g using Lipofectamine 2000. After transfection for 6 h, the 
medium was replaced with Opti-MEM (Gibco) supplemented with penicillin (100 U/mL) 
and streptomycin (100 mg/mL) and the cells were cultured for 48 h at 37°C with 5% 
CO2. The lentiviral particles containing supernatant was briefly centrifuged at 250 × g 
for 5 min to remove cells, followed by filtration (0.45 µM) and concentration at 1,750 
× g using a Vivaspin 20 ultrafiltration spin column (100 kDa molecular weight cutoff; 
Sartorius). Aliquots were stored at −80°C. For transduction of J-Lat 8.4 and J-Lat 9.2 
cells, 2 × 105 cells in 1 mL culture medium were first transduced with LentiCas9-Blast 
virus particles (30 ng of CA-p24) and cultured with blasticidin (3 µg/mL) for 14 days to 
select LentiCas9-transduced cells. Cells were subsequently transduced with LentiGuide-
Puro-gTatRev vector particles (30 ng of CA-p24) and cultured with puromycin (0.5 µg/mL) 
to select double-transduced cells. Intracellular DNA of the total cell culture was isolated 
at 14 days after the second transduction for analysis of the integrated proviral DNA and 
flanking chromosomal sequences.

Nucleofection of CRISPR-Cas reagents for transient editing

SupT1-HIV-rtTA T cells were transfected three times (at days 1, 6, and 29) with Cas9 and 
Cas12a ribonucleoprotein complexes, as previously described (19). In brief, for Cas9 RNP 
production, gRNA duplexes were prepared by mixing equal amounts of 200 µM crRNA 
(IDT) and 200 µM tracrRNA (IDT), heating at 95°C for 5 minutes, followed by slow cooling. 
One hundred picomoles gRNA duplex was subsequently combined with 60 pmol SpCas9 
protein (TrueCut Cas9 Protein v2 NLS; Invitrogen A36499, Waltham, MA, USA). For Cas12a 
RNP production, 100 pmol crRNA (IDT) was combined with 60 pmol AsCas12a protein 
[Alt-R A.s. Cas12a (Cpf1) Ultra nuclease; IDT, Leuven, Belgium; 10001273]. Cells were 
transfected with the RNP complexes using the 4D-Nucleofector X Unit and SF cell line Kit 
S (Lonza) with the CA-137 program. Total cellular DNA was isolated at 6 days after the 
third nucleofection for analysis of the integrated proviral DNA and flanking chromosomal 
sequences.

Alu PCR for determination of HIV integration site

Alu PCR analysis (26) was used to identify HIV-rtTA-GFP integration sites in the SupT1-
HIV-rtTA cells. Cellular DNA was isolated using the DNeasy Blood and Tissue Kit (QIAGEN) 
and a QIAshredder microcentrifuge spin column (QIAGEN), as previously described (20). 
In a first PCR step, 100 ng total DNA was mixed with DreamTaq Green PCR Master 
Mix (K1081, Thermo Scientific), 50 pmol primer Alu-R (5′-TGCTGGGATTACAGGCGTGAG
-3′; binding the Alu repetitive element), and 50 pmol primer A0653 (5′-TTGCTACAAGGG
ACTTTCCGCTGG-3′; binding the U3 domain in the viral LTR) in a total volume of 50 µL. 
Samples were denatured at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 58°C 
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for 30 s, and 72°C for 30 s. After an additional extension step at 72°C for 10 min, 1 µL 
of the PCR product was used as template in a semi-nested PCR, using the DreamTaq 
Green PCR Master Mix, 50 pmol primer Alu-R, and 50 pmol primer A1995 (5′-TCAATA
AAGCTTGCCTTGAGTGC-3′; binding the R domain in the LTR). After 25 cycles of 95°C 
for 30 s, 58°C for 30 s, and 72°C for 30 s and a final extension at 72°C for 10 min, the 
PCR product was analyzed by agarose gel electrophoresis. PCR products were isolated 
from gel, cloned in a pCRII-TOPO TA cloning vector (Thermo Fisher Scientific, USA), and 
sequenced using the BigDye Terminator v1.1 Cycle Sequencing Kit (Perkin Elmer Applied 
Biosystem). HIV sequences were identified using CodonCode Aligner software and the 
HIV-rtTA-GFP reference sequence, and chromosomal sequences were identified using 
the NCBI nucleotide BLAST tool (http://www.ncbi.nlm.nih.gov/blast) and the “human 
genomic plus transcript” databases. To confirm the HIV integration site in chromosome 
15, the HIV-cellular DNA junctions were amplified by PCR using a primer binding HIV 
DNA downstream of the 5´LTR (A1311, 5′-CCTGTTCGGGCGCCACTGCTA-3′) or upstream of 
the 3´LTR (A1995) in combination with a primer binding the chromosomal DNA upstream 
(U0, 5′-ACACTTTCTATCCCGAAGG-3′) or downstream (D1, 5′-CAGCCAAGCCATAATAGG-3′) 
of the HIV DNA, respectively, followed by sequencing of the PCR product. The Alu 
repeat sequence was identified using the RepeatMasker web server (https://www.repeat­
masker.org/cgi-bin/WEBRepeatMasker) and the open database Dfam 3.0 (A.F.A. Smit, R. 
Hubley, and P. Green, unpublished data. Version: open-4.0.9).

PCR and sequencing analysis for detection of large deletions

Total cellular DNA was isolated from control and Cas-treated cells using the 
DNeasy Blood and Tissue Kit (QIAGEN) with a QIAshredder microcentrifuge spin 
column (QIAGEN). Large deletions were detected by nested PCR. Primers (Table S1) 
were designed using the OligoAnalyzer Tool (IDT) and the HIV-R7/E-/GFP sequence 
(56), HIV-rtTA-GFP sequence (19, 57, 58), and reference human genome sequence 
(GRCh38.p14, RefSeq assembly accession GCF_000001405.40). For the first PCR step, 
100 ng DNA was mixed with 1 × DreamTaq Green PCR Master Mix, 50 pmol forward 
primer 1, and 50 pmol reverse primer 1 (primers listed in Table S1) in a total volume of 
50 µL. After heating at 95°C for 5 min, 35 PCR cycles of 30 s at 95°C, 30 s at 55°C, 30 s at 
72°C, and a final extension for 7 min at 72°C, 1 µL of the PCR mix was used as template in 
a second PCR containing 1 × DreamTaq Green PCR Master Mix, 50 pmol forward primer 
2, and 50 pmol primer reverse primer 2. After 25 cycles of 30 s at 95°C, 30 s at 55°C, 
30 s at 72°C, and a final extension for 7 min at 72°C, the PCR product was analyzed by 
agarose gel electrophoresis. PCR products uniquely observed for the Cas-treated cells 
were cloned in a pCRII-TOPO TA cloning vector and sequenced. Sequences were aligned 
to reference sequences using CodonCode Aligner (version 10.0.2). The NCBI BLAST tool 
was used to identify chromosomal sequences.

Off-target site prediction and microhomology analysis

The reference human genome (GRCh38/hg38) was analyzed with Cas-OFFinder (http://
www.rgenome.net/cas-offinder) (28) to identify potential off-target sites for Cas9 and 
Cas12a cleavage. For SpCas9, the algorithm searched for 20 base pair gRNA target 
sequences followed by the 5′-NGG-3′ protospacer adjacent motif (PAM) sequence. For 
Cas12a, the algorithm searched for 23 base pair gRNA target sequences adjacent to 
the 5′-TTTV-3′ PAM sequence. Mismatches up to six base pairs and insertions (DNA 
bulge) or deletions (RNA bulge) up to two nucleotides were allowed. The reference 
HIV-1 sequence (NC_001802.1) was similarly analyzed with Cas-OFFinder, followed by 
alignment with the HIV-R7/E-/GFP and HIV-rtTA-GFP sequences. The R package mhscanR 
(https://github.com/d0minicO/mhscanR) (31) was used to identify microhomologies at 
the breakpoint junction sites at Cas9- and Cas12a-induced large deletions.
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