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Human immunodeficiency virus type-1 (HIV-1) infection has resulted in the death of upward
of 39 million people since being discovered in the early 1980s. A cure strategy for HIV-1
has eluded scientists, but gene editing technologies such as clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) offer a new
approach to developing a cure for HIV infection. While the CRISPR/Cas9 system has
been used successfully in a number of different types of studies, there remains a concern
for off-target effects. This review details the different aspects of the Cas9 system and how
they play a role in off-target events. In addition, this review describes the current
technologies available for detecting off-target cleavage events and their advantages and
disadvantages. While some studies have utilized whole genome sequencing (WGS), this
method sacrifices depth of coverage for interrogating the whole genome. A number of
different approaches have now been developed to take advantage of next generation
sequencing (NGS) without sacrificing depth of coverage. This review highlights four widely
used methods for detecting off-target events: (1) genome-wide unbiased identification of
double-stranded break events enabled by sequencing (GUIDE-Seq), (2) discovery of in situ
Cas off-targets and verification by sequencing (DISCOVER-Seq), (3) circularization for in
vitro reporting of cleavage effects by sequencing (CIRCLE-Seq), and (4) breaks labeling
in situ and sequencing (BLISS). Each of these technologies has advantages and
disadvantages, but all center around capturing double-stranded break (DSB) events
catalyzed by the Cas9 endonuclease. Being able to define off-target events is crucial for
a gene therapy cure strategy for HIV-1.

Keywords: CRISPR/Cas9, human immunodeficiency virus, off-target, GUIDE-Seq, DISCOVER-Seq, CIRCLE-Seq,
BLISS
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INTRODUCTION

There are approximately 39 million individuals worldwide that
are infected with human immunodeficiency virus type-1 (HIV-1).
Combination antiretroviral therapy is effective with respect to
suppressing viral load, but it does not remove integrated provirus
from the latent reservoir and has not resulted in an effective cure
for HIV-1 infection. One of the recent innovative approaches to
targeting the latent HIV-1 reservoir has involved the use of the
clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) gene editing system that is
capable of removing and/or inactivating integrated provirus. Previous
studies of CRISPR/Cas9 treatment of a number of HIV-infected
cell lines cultured in vitro, cells from HIV-1-infected patients
cultured ex vivo, several small animal models, and animals treated
with CRISPR/Cas9 in conjunction with LASER ART have been
performed and have demonstrated a proof-of-concept in this regard
(Kaminski et al., 2016a,b; Bella et al., 2018; Dampier et al., 2018;
Dash et al., 2019; Kaushik et al.,, 2019). In animals that had been
treated with LASER ART and CRISPR, there was a 30% “cure”
rate. This was determined by the lack of proviral DNA and the
absence of virus in viral outgrowth assays (Dash et al,, 2019).
CRISPR/Cas9-based anti-HIV-1 technology has been
developing rapidly, but few studies have focused on mitigating
the potential for off-target events outside preliminary
bioinformatic predictions (Roychoudhury et al., 2018; Darcis
et al,, 2019) with the exception of whole genome sequencing
(WGS). An optimal therapeutic strategy would be both highly
effective against the virus and safe for patients. In this context,
an effective CRISPR/Cas9 system would be capable of editing
the provirus without creating mutations in the human genome.

1. Cas9 orthologs
(Sa, Sp, Sm)
3. Nuclease
engineered Cas9
variants (Cpf1)

2. Delivery and
expression level
of Cas9

4. gRNA target site
occupancy by histones/
nucleosomes

5. gRNA sequence
and length

7. Canonical vs.
non canonical
PAM

8. Chemical
modifications made
to gRNAs

6. Position of
mismatch between
gRNA and target DNA

FIGURE 1 | Determinants of on- and off-target activity of clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9) based therapeutics. The two main components of the CRISPR/Cas9
system are the Cas9 endonuclease and the guide RNA (QRNA). Specific
structural alterations of these components have been shown to enhance the
on-target excision rate and/or reduce the off-target excision rate. Here,

we present some of the factors that influence these excision rates.

Development of a CRISPR-based anti-HIV-1 therapy within
those parameters will require the combined use of bioinformatic,
genetic, and functional approaches. This review will discuss
the factors that influence the molecular basis of off-target
editing (Figure 1), what has been done to characterize off-target
promiscuity in the context of RNA-guided targeting of integrated
HIV-1 proviral sequences, and why a clearly defined bioinformatic
approach with a robust experimental validation protocol to
identify off-target potential should be one of the major objectives
in the development of an anti-HIV-1 CRISPR/Cas9-based therapy
(Figure 2). Designing effective and safe guide RNAs (gRNAs)
for anti-HIV-1 therapy requires an in-depth understanding of
how the Cas9 system binds and cleaves its target. The safety
profile of anti-HIV-1 gRNAs can be enhanced by Cas9 variants
utilizing conserved protospacer adjacent motifs (PAMs), near-
complete sequence homology with target sequences, and
implementation of unbiased off-target detection methods.

FACTORS INFLUENCING OFF-TARGET
CRISPR/Cas9 EDITING

Most gRNAs are preliminarily screened bioinformatically for
potential off-target cleavage using sequence complementarity. For
the purposes of this review, we define off-target editing as any
CRISPR/Cas9 cleavage that does not occur at the binding site
intended by a given investigator for the gRNA, and we will discuss
factors outside sequence complementarity that can influence this
(Figure 1). Off-target editing events have been shown to occur
in some in vitro studies (Fu et al., 2013; Kuscu et al., 2014; Wu
et al., 2014; Frock et al., 2015; Ran et al., 2015; Tsai et al., 2015,
2017; Wang et al, 2015; Wienert et al, 2019). The recognition
of editing sites is mediated by Cas9: gRNA ribonucleoprotein
(RNP) complex and the formation of an R-loop structure along
the target sites (Szczelkun et al, 2014; Zeng et al, 2018). Site
recognition begins by the binding of the Cas9 protein to a PAM;
a necessary, but not sufficient, precursor to binding and initiating
the formation of the R-loop structure. Once bound to the PAM,
the main driving factor of target recognition is the progressive
Watson-Crick base-pairing of the gRNA with the bound DNA
site in conjunction with R-loop expansion. Previous studies showed
that CRISPR-mediated cleavage occurred even with mismatches
between gRNA and target DNA. In general, mismatches that
were distal to PAM site had minimal effect on cleavage efficiency,
which allowed CRISPR-mediated cleavage at off-target sites with
similar, but not identical sequences (Fu et al, 2013; Hsu et al,
2013; Mali et al, 2013; Pattanayak et al., 2013). Recent studies
have identified a variety of other factors, such as gRNA binding
stability and substrate availability that influence the likelihood of
off-target editing (Fu et al, 2013; Singh et al,, 2015).

PAM CONSIDERATIONS WHEN
SELECTING Cas9 ORTHOLOGS

Once a gRNA has complexed with a Cas9 protein, Cas9 undergoes
a conformational change that allows it to bind DNA. The PAM
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FIGURE 2 | Comparison of leading off-target sequencing methodology. Four of the most widely accepted gRNA off-target sequencing methodologies are depicted
with the main experimental steps shown. The major pros and cons for each technology are listed below the indicated technique.

is a target-adjacent short sequence that initiates Cas9 binding.
The CRISPR/Cas9 system has been identified in multiple species
of bacteria with orthologs often having different PAM requirements
(Makarova et al., 2011; Jiang and Doudna, 2017). For example,
Streptococcus pyogenes (SpCas9) primarily utilizes NGG as its
PAM (Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al.,
2012; Jiang et al, 2013), while Staphylococcus aureus (SaCas9)

utilizes NNGRRT (Nishimasu et al, 2015; Ran et al., 2015).
While SpCas9 primarily recognizes its canonical PAM NGG, it
can also bind non-canonical PAM (NAG) less frequently. Previous
studies have broadened the limited range of sequences Cas9
proteins could target by relaxing the PAM recognition specificity.
The data showed increased targetable range using modified Cas9
with comparable off-target effects (Kleinstiver et al.,, 2015a,b).
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The result has also shown that the on-target efficiency was
maintained after the PAM stringency was altered and relaxed.
In addition to the change of PAM stringency, previous attempts
in Cas9 engineering have reduced Cas9: target DNA interaction
by neutralizing the positive charges in DNA strand binding
domain in the Cas9. This conferred a higher requirement for
gRNA: DNA homology for cleavage, therefore increased the
targeting specificity (Slaymaker et al., 2016). SpCas9-HF1 with
enhanced the targeting specificity was achieved by mutating the
residues in the Cas9 that conferred hydrogen bond with target
DNA (Kleinstiver et al., 2016). However, in the context of anti-
HIV-1 therapy, increasing the PAM length and stringency of
the exact number of base-pair matches may limit the potential
targets across the HIV-1 genome, and thus number of unique
viral variants was targeted within and among individuals.
Furthermore, an increased PAM stringency may allow simple
escape mutants to develop by targeting for variants lacking the
PAM site, with more stringent recognition allowing for an easier
escape from therapeutic pressure. In the context of HIV
therapeutics, in order to minimize the likelihood of escape
variants, multiple gRNAs that target strategic areas in the HIV-1
genome (LTR, gag, and pol) should be used.

One interesting consideration of using multiple gRNAs
for HIV is that HIV-1-infected cells with more than one
copy may result in interchromosomal recombination. However,
it should be noted that studies show most cells to have
harbored 1-1.5 HIV DNA copies per cell (Pardons et al.,
2019), so interchromosomal recombination should be a
remote issue. CRISPR/Cas9 cleavage sites are susceptible to
translocations (Frock et al., 2015; Tsai et al., 2015; Stadtmauer
et al., 2020). Stadtmauer et al. (2020) reported detection of
translocations, which decreased over time in edited cell
populations. They also reported that translocations were
non-random and more likely associated with particular edited
loci (Stadtmauer et al., 2020). Several studies have reported
that T cells with translocations can exist without showing
pathogenic effects (Michie et al.,, 1992; McLean and Michie,
1995; Georges et al., 1999). Dash et al. (2019) reported no
downstream off-target effects in HIV-1-infected humanized
mice treated with HIV-targeting CRISPR/cas9. Translocation
events are rare and taken together these results suggest that
CRISPR-induced translocations may present minimal risk.
Perhaps more importantly, translocations are non-random
and induction rates are target-specific meaning that gRNA
design may be able to mitigate this risk. Several off-target
detection methods are suitable for detection of translocation
events, including HTGTS and UDiTaS (Frock et al, 2015;
Giannoukos et al, 2018). Further experimentation will
be necessary to fully characterize the risks posed by CRISPR/
Cas9 with respect to translocation events.

TARGET SEQUENCE HOMOLOGY

Multiple bioinformatic tools exist to predict potential off-target
sites using the MIT and cutting frequency determination (CFD)
scoring matrices (Hsu et al, 2013; Doench et al, 2016).

Sequence homology has been identified as the driving factor
in off-target editing events, but full target site-gRNA
complementarity is not necessary for Cas9 cleavage to occur.
There is variable influence of mismatches at different positions
of the gRNA (Hsu et al,, 2013; Singh et al., 2015) due to the
mechanisms of Cas9 binding (Klein et al., 2018). For example,
there will be a high penalty for a mismatch between the DNA
site and the gRNA that is proximal to the PAM sequence due
to the progressive nature of CRISPR/Cas9-target site hybridization.
This would result in the Cas9 system not binding and cleaving
its target. In another case, there could be a mismatch between
the site and the gRNA that is distal from the PAM sequence,
resulting in a low penalty. In this case, the Cas9 system would
be more likely to bind and cleave, even though there is a
mismatch. This tolerance to mismatch was used to allow
investigators to design gRNAs that target more HIV viral
variants (Dampier et al., 2014, 2016, 2018; Sullivan et al., 2019).
However, mismatch-position-based off-target prediction has
raised concerns due to low predictive accuracy (Doench et al.,
2016). For example, the MIT and CFD models are unable to
explain non-homologous off-target sites with more than four
mismatches between gRNA and detected off-target sites, due
to the off-target computational pipelines for these techniques
assuming anything with more than four mismatches to be due
to other types of DNA damage not specific to cas9 cleavage
(Tsai et al., 2015, 2017). Moreover, despite the fact that retroviruses
and human endogenous retroviruses, such as HERV-K, have
evolved with the human genome and have a high similarity
to HIV, they are not the driving factor for off-target editing.
The majority of predicted off-target editing sites for current
anti-HIV gRNAs are very seldomly seen in regions of HERV
integration (Link et al., 2018).

FACTORS AFFECTING OFF-TARGET
CLEAVAGE OTHER THAN SEQUENCE
HOMOLOGY

Cas9 expression level is another factor that drives off-target
promiscuity (Hsu et al., 2013). When Cas9 is delivered in an
expression vector, it is continuously expressed. One way to
reduce off-target activity involves the delivery of CRISPR/Cas9 in
the form of a RNP complex which effectively edits the intended
target, and is then degraded within 24-48 hr (Vakulskas et al.,
2018). In a study that addressed this issue in the context of
HIV-1, Kaminski et al. (2016¢) designed a Tat-regulated CRISPR/
Cas9 expression vector to prevent expression of Cas9 in cells
not containing an actively transcribing provirus. The study
has shown that Cas9 is expressed maximally during viral
replication or viral rebound, and expression is silenced when
the majority of virus have entered a latent state, to decrease
the likelihood of overexpression of Cas9 that could lead to
increased off-target editing (Kaminski et al., 2016¢). In addition,
this mechanism could serve as a potential safety mechanism
for the expression of the CRISPR system. This would only
allow for Cas9/gRNA expression in cells that are actively
transcribing viral RNA.
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In addition to Cas9 alterations and changes to gRNA
sequence, structural changes to the gRNA can increase
specificity and reduce affinity for off-target binding. In
particular, reduction of gRNA length and structural covalent
modifications to gRNA residues have the potential to reduce
off-target cleavage (Fu et al, 2014). Reducing the gRNA
length to ~17 bp by removing the three most distal nucleotides
from the PAM, which are most tolerant to mismatches, can
enhance gRNA specificity, albeit the mechanism of which
is still an open subject for debate (Fu et al., 2013; Tsai
et al., 2015). Off-target affinity is reduced presumably because
it becomes a less tolerable mismatch than a full-length gRNA
(Fu et al., 2014). Alternatively, modification of the gRNA
backbone by adding 2'-O-methyl-3'-phosphonoacetate to
particular residues can reduce the probability of off-target
cleavage by reducing the stability of the gRNA and Cas9
complex, thereby increasing the stringency of required
complementarity without reducing on-target ability (Ryan
et al, 2018). However, utilizing shortening or gRNA
modifications have yet to be fully understood through
experimentation and therefore have not yet been built back
into the commonly used design algorithms. With respect
to CRISPR/Cas9 and HIV, the above factors do not seem
to be actively investigated.

DETECTION OF CRISPR-INDUCED
CLEAVAGE

The Crosstalk Between Functional
Assessment and in silico Design Pipeline
for CRISPR-Induced Cleavage

While little has been done to characterize the off-target effects
of anti-HIV-1 gRNAs, there is a clear need for off-target
screening reflected in the literature. To date, there have been
few studies focused on off-target editing of the CRISPR/Cas9
system targeting HIV-1. Many studies may not detect oft-target
events because in silico predictions did not predict a likely
off-target cleavage event. Bioinformatic screening has been a
first-line approach providing binding specificity predictions for
a given gRNA to a specific target. However, there is a clear
need to identify technologies that provide real-time functional
analysis of off-target activity for gRNAs during the design
process. This approach is critical for the safe implementation
of CRISPR/Cas9 systems targeting the latent proviral reservoir
across HIV-1-infected patient populations.

Biased Off-Target Detection

The majority of bioinformatic studies that have performed
tandem functional characterization of off-target sites used either
a SURVEYOR or T7E1 assay. These assays rely on endonuclease
digestion of PCR products from selected chromosomal sites
of interest based on in silico off-target predictions. The need
to preselect sites of interest in order to observe off-target edits
in both the SURVEYOR and T7E1 assays introduces an inherent
bias in off-target detection. In the context of HIV-1 cure
strategies, one study performed assessment of off-target cleavage

on eight homologous non-target sites in the human genome
and did not detect off-target events (Ji et al., 2016) with other
studies using similar methods (Hu et al., 2014; Kaminski et al.,
2016a,b). This data have been informative but biased due to
selected sites for PCR, which were inferred by in silico prediction.
Furthermore, our current understanding of the CRISPR/Cas9
system in the context of HIV cure strategies is incomplete.
Development of a CRISPR/Cas9 HIV-1 therapy cannot rely
on methods that screen for off-target cleavage events based
on biased predictions and selective screening of expected
off-target sites.

Unbiased Off-Target Detection

Unbiased methodologies have been implemented to screen
anti-HIV-1 gRNAs for off-target editing. Two studies performed
WGS after disruption and excision of the HIV-1 provirus
from infected cells (Hu et al., 2014; Kaminski et al., 2016b).
Using WGS addresses one of the limitations of using the
SURVEYOR or T7E1 assay. Unlike WGS, SURVEYOR and
T7E1 assays are directed at sites, where off-target cleavage
events are expected to occur. However, a drawback of WGS
is that it sacrifices depth of coverage across the entire genome
in order to encompass a larger search space. Furthermore,
off-target editing frequency could be well under 0.1% (Kuscu
et al., 2014; Wu et al,, 2014; Frock et al., 2015; Ran et al,
2015; Tsai et al., 2015, 2017; Wang et al.,, 2015; Wienert et al.,
2019), meaning 100x coverage with WGS may not be able
to detect rare off-target events. Also, due to the low average
coverage across the genome, it may be impossible to distinguish
sequencing errors from low-frequency CRISPR/Cas9 edits.
Beyond WGS, there is a need for unbiased off-target detection
with an improved signal-to-noise ratio to methodically identify
low-frequency off-target events.

There are several techniques currently in use that detect
off-target CRISR/Cas9 cleavage in an unbiased manner without
WGS, although all utilize an next generation sequencing (NGS)
approach as the final measurement step. These assays have
been designed to explore gRNA edits both in vitro, circularization
for in wvitro reporting of cleavage effects by sequencing
(CIRCLE-Seq), as well as for in vivo reporting, genome-wide
unbiased identification of double-stranded breaks enabled by
sequencing (GUIDE-Seq), break labeling in situ and sequencing
(BLISS), and discovery of in situ Cas off-targets and verification
by sequencing (DISCOVER-Seq; Tsai et al., 2015, 2017; Yan
et al., 2017; Wienert et al., 2019). In the context of designing
HIV therapeutics, understanding the functionality of the CRISPR/
Cas9 complex in vivo is more impactful than the off-target
profiles generated by in vitro assays, although both types have
utility, and each has advantages and drawbacks (Figure 2).
While these unbiased assays are purposed to investigate off-target
editing for anti-HIV-1 gRNAs, they have currently not been
used in published studies.

CIRCLE-Seq relies on a genome-wide, in vitro off-target
detection utilizing purified genomic DNA. CIRCLE-Seq
accomplishes selective amplification of CRISPR/Cas9 cleavage
sites in vitro by circularizing sheared genomic DNA via
intramolecular ligation and removing remaining linear DNA
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with an exonuclease. Circularized DNA fragments are then
treated with CRISPR/Cas9, and those containing gRNA-
recognizable targets are subsequently linearized. Linearized
DNA fragments containing off-target sequence data can then
be prepared for NGS.

While this technique may be useful for high-throughput
screening of multiple gRNAs, it is limited by its in vitro
nature. CIRCLE-Seq is constrained as an in vitro method
because the Cas9 reaction is performed on extracted genomic
DNA without DNA repair enzymes present. The requirement
for performing the assay is a starting quantity of 25 pg of
genomic DNA for each prepared library, which demands a
high initial input of DNA derived from either an HIV-1-
integrated cell line or tissue samples from either human or
animal subjects. An additional consideration is that with
extracted genomic DNA, the performance of HIV-1-specific
gRNAs is evaluated in the absence of chromatin architecture.
DNA accessibility in the CIRCLE-Seq assay is uniform for
all sequences, although chromatin environment has been
shown to affect the ability of CRISPR/Cas9 to bind and cleave
on- and off-target sites (Chung et al., 2019). It is unclear if
nucleosomes and higher order chromatin structure will limit
CRISPR/Cas9 editing and eliminate HIV-1 from these
integration sites. Alternatively, in vivo methods in which
gRNA targeting, Cas9 cleavage, and detection of cleavage
events occur within living cells, offer a more clinically
relevant model.

Currently there are three choices for in vivo detection of
off-target CRISPR/Cas9 cleavage: GUIDE-Seq, BLISS, and
DISCOVER-Seq. These three techniques function differently,
but share common features that make them superior to other
off-target detection methods for screening HIV-1-specific
gRNAs. Each technique surveys the entire genome in an
unbiased manner. GUIDE-Seq works by incorporating short
double-stranded oligodeoxynucleotides (dsODNs) into double-
strand breaks (DSBs) caused by CRISPR/Cas9 during the
repair process, allowing for selective amplification and
sequencing of cleavage sites (Tsai et al., 2015). The methodology
of GUIDE-Seq DSB detection has been limited by the
requirement of nucleofection of dsODNs, which has not been
implemented in an animal model. GUIDE-Seq therefore has
been constrained to either cell line samples or ex vivo cells
from human tissue. However, the nature of GUIDE-Seq has
allowed for preservation of the chromatin landscape, enabling
more relevant interactions of the Cas9 and gRNAs with
chromatin architecture in the cell.

BLISS detects DSBs in fixed cells (Yan et al., 2017). BLISS
accomplishes selective amplification of CRISPR/Cas9 cleavage
sites in fixed cells by blunting and tagging DSB sites with
adapters. The tagged ends of the DSB sites are then amplified
by in vitro transcription, and the RNA is used to prepare
NGS libraries. The advantage of BLISS compared to
GUIDE-Seq is that GUIDE-Seq detects DSBs repaired by
non-homologous end-joining (NHE]), but will miss DSBs
repaired by other processes. While BLISS accounts for this,
it requires fixation of cells to label and prepare detected
sites, which means detection is limited to DSBs that exist

at the time of fixation, whereas GUIDE-Seq will detect the
cumulative set of DSBs induced over time.
DISCOVER-Seq detects the cumulative cleavage over time
for all endogenous repair pathways, accounting for the
short-comings of GUIDE-Seq and BLISS. Furthermore,
DISCOVER-Seq has fewer false-positives than GUIDE-Seq
and BLISS. However, in a head-to-head comparison targeting
the same VEGFA site, 45% of the sites detected by GUIDE-Seq
was missed by DISCOVER-Seq (Wienert et al, 2019).
DISCOVER-Seq accomplishes selective amplification of cleavage
sites by detecting endogenous DNA repair processes.
The meiotic recombination 11 (MRE11) subunit of the MRN
complex, which localizes to DSBs including Cas9 cleavage
sites can be captured with an antibody for chromatin
immunoprecipitation sequencing (ChIP-Seq). The MREI11
subunit has been shown to interface with the regions around
the Cas9 cut site, and a commercially available antibody can
be used to pull down the MRE11 subunit. Following the pull
down, the DNA is then sequenced. Similar to BLISS and
GUIDE-Seq, this process can also be used to examine CRISPR-
mediated cleavage sites in human or animal cells ex vivo and
can also be performed on cell lines. Finally, DISCOVER-Seq
was demonstrated to work in a mouse model in vivo (Wienert
et al, 2019). It may have potential as a therapeutic option
to target tissues and perform real-time discovery in patient
biopsy samples. However, this has not yet been examined.
The advantage of these three techniques over WGS stems
from the selective amplification and sequencing of Cas9
cleavage sites during library preparation. These methods are
distinct improvements over previously published methods
such as ChIP-Seq, which have utilized catalytically inactive
Cas9 to detect Cas9 binding sites, resulting in abundant
false-positives, while new methodologies have been able to
detect Cas9 cleavage events, leading to a reduction in false-
positives. Notably, for each of the in vivo off-target detection
methods discussed, DSB detection is the means of identifying
CRISPR/Cas9 targets. Endogenous DSBs are, accordingly,
also detected by these methods (Tsai et al., 2015; Yan et al,,
2017; Wienert et al, 2019). However, given appropriate
controls, endogenous DSBs are readily distinguishable from
bona fide off-target cleavage events across the genome. They
are unbiased because they detect off-target edits across the
full genome without being directed to the expected location
of off-target edits by in silico predictions. Compared to a
WGS approach, selective amplification of cleavage sites
improves the signal-to-noise ratio during NGS. CRISPR/Cas9
cleavage screening is genome-wide, but the sequence data
collected are specific to sites of interest. Despite these
advantages, these assays have complex chemistry that is
specific to the Illumina MiSeq that limits the sample level
throughput to 5-10 samples per run. In addition, other
than WGS and DISCOVER-Seq, none of these techniques
have been proven to work in animals. Given this, there
remains a need for high-throughput methods in order to
adequately screen gRNAs for therapeutic applications. In
the context of HIV treatment, genetic variation within and
between patients is such that no single gRNA or small
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definitive set of gRNAs are likely to constitute a cure for
all patients. Thus, there is still a need to develop a high-
throughput screening method that can evaluate the specificity
of many gRNAs and CRISPR/Cas9 variants in living cells.

LIMITATIONS FOR PATIENT USE

There are currently no off-target detection methods, which
can be implemented directly within a patient. However, several
methods are suitable for ex vivo detection in human primary
cells and could be implemented to screen patients for off-target
editing (Tsai et al., 2015; Akcakaya et al., 2018; Wienert
et al., 2019). There is an adaptation of CIRCLE-Seq called
verification of in vivo off-targets (VIVO), which consists of
a CIRCLE-Seq screening step followed by targeted amplicon
sequencing for the highest-probability off-target sites identified
by CIRCLE-Seq (Tsai et al., 2017; Akcakaya et al., 2018).
VIVO essentially replaces in silico off-target prediction models
with an in vitro detection method. It has been implemented
in a mouse model, but the drawback to this technique is
that CIRCLE-Seq has a high false-discovery rate, and the
need to choose which targets to validate renders this technique
biased in the final readout. Wienert et al. (2019) did a head-
to-head comparison of DISCOVER-Seq and VIVO using the
promiscuous Pcsk9-gP gRNA and identified 17 bona fide
off-target sites, which were identified in the CIRCLE-Seq
step of VIVO but were not identified because they were not
prioritized for amplicon sequencing (Akcakaya et al., 2018;
Wienert et al., 2019). DISCOVER-Seq could also be used to
screen patients via ex vivo detection in primary cells (Wienert
et al., 2019). DISCOVER-Seq was demonstrated to work in
a mouse model and MREI1I is a highly conserved DNA
repair protein. GUIDE-Seq however, is more sensitive than
DISCOVER-Seq (Tsai et al., 2015; Wienert et al., 2019). And
GUIDE-Seq presents an unbiased genome-wide survey of
nuclease activity, which does not have the bias associated
with selecting a subset of off-target sites to validate from
the expansive CIRCLE-Seq results. A drawback for GUIDE-Seq
is that it can be cytotoxic in some primary cells due to the
oligonucleotide transfection step (Wienert et al, 2019).
Nonetheless, GUIDE-Seq is overall the most promising option
currently available to screen patient samples ex vivo because
it is the most sensitive method which yields the most clinically
relevant data.

CLOSING REMARKS

State-of-the-art CRISPR/Cas9 therapeutics is promising with
respect to HIV. But to move forward in the application of
this technology, gRNA design must be meticulously investigated
to minimize the risk of an off-target event. This is essentially
a computational problem, but bioinformatics necessarily relies
on laboratory techniques to generate data on which predictions
can be formulated and further relies on experimentation to
validate predictions. As we have discussed, there are multiple

factors affecting the off-target proclivity of gRNAs, many of
which can be manipulated for improvements in CRISPR/Cas9
specificity. Recent advances in methodology have made thorough
screening of newly design gRNAs possible. Moreover, these
assays will allow researchers to design gRNAs that are capable
of precision editing without causing deleterious off-target effects
and hopefully leading to a safe, therapeutics strategy for an
HIV cure. Interestingly, to date, no literature suggest the
initiation of oncogenesis or cellular transformation as the result
of the CRISPR system. While different articles have examined
off-target events by NGS, the effects of these edits have not
been determined. If off-target events are found to occur, and
it is likely this will be the case in some instance, this will
need to be explored.

Finally, CRISPR/cas9 is known to use NHE]J to repair the
cleavage site. NHE] involves several key players including the
Ku70-Ku80 hetero dimer (Ku), DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) has a high affinity for Ku-DNA
ends and several nucleases and ligases (Chang et al., 2017).
Important to HIV cure strategies is understanding if these
protein levels differ in different cell types (activated versus
resting cells and T-cell versus monocyte-macrophage lineage
cells). It is also important to understand all of the proteins
involved, as different cell types may have different proteins
assisted in repair. What all of these are is still an open question
as discussed in (Gallagher and Haber, 2018). As such, future
studies should examine these levels in all types of cells as
both on- and off-target cleavage repair could be impacted.

AUTHOR CONTRIBUTIONS

NS, AGA, AJA, C-HC, WD, MN, and BW conceptualized the
manuscript, contributed to writing and made critical revisions.
All authors contributed to the article and approved the
submitted version.

FUNDING

These studies were funded in part by the Public Health Service,
National Institutes of Health, through grants from the (1)
National Institute of Mental Health (NIMH) R01 MH110360
(Contact PI, BW); (2) NIMH Comprehensive NeuroAIDS
Center (CNAC) P30 MH092177 (Kamel Khalili, PI; Brian
Wigdahl, PI of the Drexel subcontract involving the Clinical
and Translational Research Support Core); (3) Will Dampier,
PI of Developmental Funding Award; and (4) the Ruth L.
Kirschstein National Research Service Award T32 MH079785
(Dr. Brian Wigdahl, Principal Investigator of the Drexel
University College of Medicine component and Dr. Olimpia
Meucci as Co-Director). The contents of the paper were solely
the responsibility of the authors and do not necessarily represent
the official views of the NIH. Alex Allen was also supported
by the Drexel University College of Medicine Deans Fellowship
for Excellence in Collaborative or Themed Research (AGA,
Fellow; BW, mentor).

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1872


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Sullivan et al.

Technologies Defining the CRISPR Off-Target Editing

REFERENCES

Akcakaya, P, Bobbin, M. L., Guo, J. A., Malagon-Lopez, ], Clement, K,
Garcia, S. P, et al. (2018). In vivo CRISPR editing with no detectable genome-
wide off-target mutations. Nature 561, 416-419. doi: 10.1038/s41586-018-0500-9

Bella, R., Kaminski, R., Mancuso, P, Young, W. B., Chen, C., Sariyer, R, et al.
(2018). Removal of HIV DNA by CRISPR from patient blood engrafts in
humanized mice. Mol. Ther. Nucleic Acids 12, 275-282. doi: 10.1016/j.
omtn.2018.05.021

Chang, H. H. Y, Pannunzio, N. R, Adachi, N, and Lieber, M. R. (2017).
Non-homologous DNA end joining and alternative pathways to double-
strand break repair. Nat. Rev. Mol. Cell Biol. 18, 495-506. doi: 10.1038/
nrm.2017.48

Chung, C. H., Allen, A. G,, Sullivan, N. T, Atkins, A., Nonnemacher, M. R,,
Wigdahl, B., et al. (2019). Computational analysis concerning the impact
of DNA accessibility on CRISPR-Cas9 cleavage efficiency. Mol. Ther. 28,
19-28. doi: 10.1016/j.ymthe.2019.10.008

Dampier, W., Nonnemacher, M. R., Mell, J., Earl, J., Ehrlich, G. D., Pirrone, V.,
et al. (2016). HIV-1 genetic variation resulting in the development of new
quasispecies continues to be encountered in the peripheral blood of well-
suppressed patients. PLoS One 11:¢0155382. doi: 10.1371/journal.pone.0155382

Dampier, W., Nonnemacher, M. R., Sullivan, N. T., Jacobson, J. M., and
Wigdahl, B. (2014). HIV excision utilizing CRISPR/Cas9 technology: attacking
the proviral quasispecies in reservoirs to achieve a cure. MOJ Immunol.
1:00022. doi: 10.15406/moji.2014.01.00022

Dampier, W,, Sullivan, N. T., Mell, J. C,, Pirrone, V., Ehrlich, G. D., Chung, C. H.,
et al. (2018). Broad-Spectrum and personalized guide RNAs for CRISPR/
Cas9 HIV-1 therapeutics. AIDS Res. Hum. Retroviruses 34, 950-960. doi:
10.1089/AID.2017.0274

Darcis, G., Binda, C. S., Klaver, B., Herrera-Carrillo, E., Berkhout, B., and
Das, A. T. (2019). The impact of HIV-1 genetic diversity on CRISPR-Cas9
antiviral activity and viral escape. Viruses 11:255. doi: 10.3390/v11030255

Dash, P. K., Kaminski, R., Bella, R., Su, H., Mathews, S., Ahooyi, T. M., et al.
(2019). Sequential LASER ART and CRISPR treatments eliminate HIV-1 in
a subset of infected humanized mice. Nat. Commun. 10:2753. doi: 10.1038/
541467-019-10366-y

Deltcheva, E., Chylinski, K., Sharma, C. M., Gonzales, K., Chao, Y., Pirzada, Z. A,,
et al. (2011). CRISPR RNA maturation by trans-encoded small RNA and
host factor RNase III. Nature 471, 602-607. doi: 10.1038/nature09886

Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W, Donovan, K. E,
et al. (2016). Optimized sgRNA design to maximize activity and minimize
off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184-191. doi: 10.1038/
nbt.3437

Frock, R. L., Hu, J., Meyers, R. M., Ho, Y. ], Kii, E, and Alt, E W. (2015).
Genome-wide detection of DNA double-stranded breaks induced by engineered
nucleases. Nat. Biotechnol. 33, 179-186. doi: 10.1038/nbt.3101

Fu, Y., Foden, J. A., Khayter, C., Maeder, M. L., Reyon, D., Joung, J. K., et al.
(2013). High-frequency off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat. Biotechnol. 31, 822-826. doi: 10.1038/nbt.2623

Fu, Y, Sander, J. D., Reyon, D., Cascio, V. M., and Joung, J. K. (2014). Improving
CRISPR-Cas nuclease specificity using truncated guide RNAs. Nat. Biotechnol.
32, 279-284. doi: 10.1038/nbt.2808

Gallagher, D. N., and Haber, J. E. (2018). Repair of a site-specific DNA cleavage:
old-school lessons for Cas9-mediated gene editing. ACS Chem. Biol. 13,
397-405. doi: 10.1021/acschembio.7b00760

Gasiunas, G., Barrangou, R., Horvath, P, and Siksnys, V. (2012). Cas9-crRNA
ribonucleoprotein complex mediates specific DNA cleavage for adaptive
immunity in bacteria. Proc. Natl. Acad. Sci. U. S. A. 109, E2579-E2586. doi:
10.1073/pnas.1208507109

Georges, H., Leroy, O., Vandenbussche, C., Guery, B., Alfandari, S., Tronchon, L.,
et al. (1999). Epidemiological features and prognosis of severe community-
acquired pneumococcal pneumonia. Intensive Care Med. 25, 198-206. doi:
10.1007/s001340050816

Giannoukos, G., Ciulla, D. M., Marco, E., Abdulkerim, H. S., Barrera, L. A,,
Bothmer, A., et al. (2018). UDiTaS, a genome editing detection method
for indels and genome rearrangements. BMC Genomics 19:212. doi: 10.1186/
512864-018-4561-9

Hsu, P. D,, Scott, D. A., Weinstein, J. A, Ran, F. A., Konermann, S., Agarwala, V.,
et al. (2013). DNA targeting specificity of RNA-guided Cas9 nucleases. Nat.
Biotechnol. 31, 827-832. doi: 10.1038/nbt.2647

Hu, W, Kaminski, R., Yang, E, Zhang, Y., Cosentino, L., Li, E, et al. (2014).
RNA-directed gene editing specifically eradicates latent and prevents new
HIV-1 infection. Proc. Natl. Acad. Sci. U. S. A. 111, 11461-11466. doi:
10.1073/pnas.1405186111

Ji, H.,, Jiang, Z., Lu, P, Ma, L., Li, C., Pan, H,, et al. (2016). Specific reactivation
of latent HIV-1 by dCas9-SunTag-VP64-mediated guide RNA targeting the
HIV-1 promoter. Mol. Ther. 24, 508-521. doi: 10.1038/mt.2016.7

Jiang, W.,, Bikard, D., Cox, D., Zhang, F, and Marraffini, L. A. (2013). RNA-
guided editing of bacterial genomes using CRISPR-Cas systems. Nat. Biotechnol.
31, 233-239. doi: 10.1038/nbt.2508

Jiang, E, and Doudna, J. A. (2017). CRISPR-Cas9 structures and mechanisms.
Annu. Rev. Biophys. 46, 505-529. doi: 10.1146/annurev-biophys-062215-010822

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E.
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337, 816-821. doi: 10.1126/science.1225829

Kaminski, R., Bella, R., Yin, C., Otte, J., Ferrante, P., Gendelman, H. E., et al.
(2016a). Excision of HIV-1 DNA by gene editing: a proof-of-concept in vivo
study. Gene Ther. 23, 690-695. doi: 10.1038/gt.2016.41

Kaminski, R., Chen, Y., Fischer, T., Tedaldi, E., Napoli, A., Zhang, Y., et al.
(2016b). Elimination of HIV-1 genomes from human T-lymphoid cells by
CRISPR/Cas9 gene editing. Sci. Rep. 6:22555. doi: 10.1038/srep22555

Kaminski, R., Chen, Y., Salkind, J., Bella, R., Young, W. B., Ferrante, P, et al.
(2016¢). Negative feedback regulation of HIV-1 by gene editing strategy.
Sci. Rep. 6:31527. doi: 10.1038/srep31527

Kaushik, A., Yndart, A., Atluri, V., Tiwari, S., Tomitaka, A., Gupta, P, et al.
(2019). Magnetically guided non-invasive CRISPR-Cas9/gRNA delivery across
blood-brain barrier to eradicate latent HIV-1 infection. Sci. Rep. 9:3928.
doi: 10.1038/541598-019-40222-4

Klein, M., Eslami-Mossallam, B., Arroyo, D. G., and Depken, M. (2018).
Hybridization kinetics explains CRISPR-Cas off-targeting rules. Cell Rep.
22, 1413-1423. doi: 10.1016/j.celrep.2018.01.045

Kleinstiver, B. P, Pattanayak, V., Prew, M. S., Tsai, S. Q, Nguyen, N. T,
Zheng, Z., et al. (2016). High-fidelity CRISPR-Cas9 nucleases with no
detectable genome-wide off-target effects. Nature 529, 490-495. doi: 10.1038/
nature16526

Kleinstiver, B. P, Prew, M. S., Tsai, S. Q., Nguyen, N. T,, Topkar, V. V,, Zheng, Z.,
et al. (2015a). Broadening the targeting range of Staphylococcus aureus
CRISPR-Cas9 by modifying PAM recognition. Nat. Biotechnol. 33, 1293-1298.
doi: 10.1038/nbt.3404

Kleinstiver, B. P, Prew, M. S., Tsai, S. Q., Topkar, V. V., Nguyen, N. T., Zheng, Z.,
et al. (2015b). Engineered CRISPR-Cas9 nucleases with altered PAM specificities.
Nature 523, 481-485. doi: 10.1038/nature14592

Kuscu, C., Arslan, S., Singh, R., Thorpe, J., and Adli, M. (2014). Genome-wide
analysis reveals characteristics of off-target sites bound by the Cas9
endonuclease. Nat. Biotechnol. 32, 677-683. doi: 10.1038/nbt.2916

Link, R. W.,, Nonnemacher, M. R., Wigdahl, B., and Dampier, W. (2018).
Prediction of human immunodeficiency virus type 1 subtype-specific off-
target effects arising from CRISPR-Cas9 gene editing therapy. CRISPR J. 1,
294-302. doi: 10.1089/crispr.2018.0020

Makarova, K. S., Haft, D. H., Barrangou, R., Brouns, S. J., Charpentier, E.,
Horvath, P, et al. (2011). Evolution and classification of the CRISPR-Cas
systems. Nat. Rev. Microbiol. 9, 467-477. doi: 10.1038/nrmicro2577

Mali, P, Aach, J., Stranges, P. B., Esvelt, K. M., Moosburner, M., Kosuri, S.,
et al. (2013). CAS9 transcriptional activators for target specificity screening
and paired nickases for cooperative genome engineering. Nat. Biotechnol.
31, 833-838. doi: 10.1038/nbt.2675

McLean, A. R., and Michie, C. A. (1995). In vivo estimates of division and
death rates of human T lymphocytes. Proc. Natl. Acad. Sci. U. S. A. 92,
3707-3711. doi: 10.1073/pnas.92.9.3707

Michie, C. A., McLean, A., Alcock, C., and Beverley, P. C. (1992). Lifespan
of human lymphocyte subsets defined by CD45 isoforms. Nature 360,
264-265. doi: 10.1038/360264a0

Nishimasu, H., Cong, L., Yan, W. X, Ran, E A, Zetsche, B, Li, Y, et al
(2015). Crystal structure of Staphylococcus aureus Cas9. Cell 162, 1113-1126.
doi: 10.1016/j.cell.2015.08.007

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1872


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/s41586-018-0500-9
https://doi.org/10.1016/j.omtn.2018.05.021
https://doi.org/10.1016/j.omtn.2018.05.021
https://doi.org/10.1038/nrm.2017.48
https://doi.org/10.1038/nrm.2017.48
https://doi.org/10.1016/j.ymthe.2019.10.008
https://doi.org/10.1371/journal.pone.0155382
https://doi.org/10.15406/moji.2014.01.00022
https://doi.org/10.1089/AID.2017.0274
https://doi.org/10.3390/v11030255
https://doi.org/10.1038/s41467-019-10366-y
https://doi.org/10.1038/s41467-019-10366-y
https://doi.org/10.1038/nature09886
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1038/nbt.3101
https://doi.org/10.1038/nbt.2623
https://doi.org/10.1038/nbt.2808
https://doi.org/10.1021/acschembio.7b00760
https://doi.org/10.1073/pnas.1208507109
https://doi.org/10.1007/s001340050816
https://doi.org/10.1186/s12864-018-4561-9
https://doi.org/10.1186/s12864-018-4561-9
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1073/pnas.1405186111
https://doi.org/10.1038/mt.2016.7
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/gt.2016.41
https://doi.org/10.1038/srep22555
https://doi.org/10.1038/srep31527
https://doi.org/10.1038/s41598-019-40222-4
https://doi.org/10.1016/j.celrep.2018.01.045
https://doi.org/10.1038/nature16526
https://doi.org/10.1038/nature16526
https://doi.org/10.1038/nbt.3404
https://doi.org/10.1038/nature14592
https://doi.org/10.1038/nbt.2916
https://doi.org/10.1089/crispr.2018.0020
https://doi.org/10.1038/nrmicro2577
https://doi.org/10.1038/nbt.2675
https://doi.org/10.1073/pnas.92.9.3707
https://doi.org/10.1038/360264a0
https://doi.org/10.1016/j.cell.2015.08.007

Sullivan et al.

Technologies Defining the CRISPR Off-Target Editing

Pardons, M., Baxter, A. E., Massanella, M., Pagliuzza, A., Fromentin, R,
Dufour, C., et al. (2019). Single-cell characterization and quantification of
translation-competent viral reservoirs in treated and untreated HIV infection.
PLoS Pathog. 15:¢1007619. doi: 10.1371/journal.ppat.1007619

Pattanayak, V., Lin, S., Guilinger, J. P, Ma, E., Doudna, J. A., and Liu, D. R.
(2013). High-throughput profiling of off-target DNA cleavage reveals RNA-
programmed Cas9 nuclease specificity. Nat. Biotechnol. 31, 839-843. doi:
10.1038/nbt.2673

Ran, E A, Cong, L., Yan, W. X, Scott, D. A., Gootenberg, J. S., Kriz, A. ],
et al. (2015). In vivo genome editing using Staphylococcus aureus Cas9.
Nature 520, 186-191. doi: 10.1038/nature14299

Roychoudhury, P, De Silva Feelixge, H., Reeves, D., Mayer, B. T., Stone, D,
Schiffer, J. T, et al. (2018). Viral diversity is an obligate consideration in
CRISPR/Cas9 designs for targeting the HIV reservoir. BMC Biol. 16:75.
doi: 10.1186/s12915-018-0544-1

Ryan, D. E., Taussig, D., Steinfeld, I., Phadnis, S. M., Lunstad, B. D., Singh, M.,
et al. (2018). Improving CRISPR-Cas specificity with chemical modifications
in single-guide RNAs. Nucleic Acids Res. 46, 792-803. doi: 10.1093/nar/
gkx1199

Singh, R., Kuscu, C., Quinlan, A., Qi, Y,, and Adli, M. (2015). Cas9-chromatin
binding information enables more accurate CRISPR off-target prediction.
Nucleic Acids Res. 43:e118. doi: 10.1093/nar/gkv575

Slaymaker, I. M., Gao, L., Zetsche, B., Scott, D. A., Yan, W. X,, and Zhang, E.
(2016). Rationally engineered Cas9 nucleases with improved specificity. Science
351, 84-88. doi: 10.1126/science.aad5227

Stadtmauer, E. A., Fraietta, J. A., Davis, M. M., Cohen, A. D., Weber, K. L.,
Lancaster, E., et al. (2020). CRISPR-engineered T cells in patients with
refractory cancer. Science 367:eaba7365. doi: 10.1126/science.aba7365

Sullivan, N. T., Dampier, W., Chung, C. H., Allen, A. G., Atkins, A., Pirrone, V,,
et al. (2019). Novel gRNA design pipeline to develop broad-spectrum CRISPR/
Cas9 gRNAs for safe targeting of the HIV-1 quasispecies in patients. Sci.
Rep. 9:17088. doi: 10.1038/541598-019-52353-9

Szczelkun, M. D., Tikhomirova, M. S., Sinkunas, T., Gasiunas, G., Karvelis, T.,
Pschera, P, et al. (2014). Direct observation of R-loop formation by single
RNA-guided Cas9 and cascade effector complexes. Proc. Natl. Acad. Sci. U.
S. A. 111, 9798-9803. doi: 10.1073/pnas.1402597111

Tsai, S. Q, Nguyen, N. T., Malagon-Lopez, J., Topkar, V. V., Aryee, M. J., and
Joung, J. K. (2017). CIRCLE-seq: a highly sensitive in vitro screen for

genome-wide CRISPR-Cas9 nuclease off-targets. Nat. Methods 14, 607-614.
doi: 10.1038/nmeth.4278

Tsai, S. Q., Zheng, Z., Nguyen, N. T., Liebers, M., Topkar, V. V., Thapar, V.,
et al. (2015). GUIDE-seq enables genome-wide profiling of off-target cleavage
by CRISPR-Cas nucleases. Nat. Biotechnol. 33, 187-197. doi: 10.1038/nbt.3117

Vakulskas, C. A., Dever, D. P, Rettig, G. R.,, Turk, R, Jacobi, A. M,
Collingwood, M. A., et al. (2018). A high-fidelity Cas9 mutant delivered
as a ribonucleoprotein complex enables efficient gene editing in human
hematopoietic stem and progenitor cells. Nat. Med. 24, 1216-1224. doi:
10.1038/541591-018-0137-0

Wang, X., Wang, Y., Wu, X., Wang, J., Wang, Y., Qiu, Z,, et al. (2015). Unbiased
detection of off-target cleavage by CRISPR-Cas9 and TALENS using integrase-
defective lentiviral vectors. Nat. Biotechnol. 33, 175-178. doi: 10.1038/nbt.3127

Wienert, B, Wyman, S. K., Richardson, C. D., Yeh, C. D., Akcakaya, P,
Porritt, M. J,, et al. (2019). Unbiased detection of CRISPR off-targets in vivo
using DISCOVER-Seq. Science 364, 286-289. doi: 10.1126/science.aav9023

Wu, X., Scott, D. A., Kriz, A. J., Chiu, A. C,, Hsu, P. D., Dadon, D. B, et al.
(2014). Genome-wide binding of the CRISPR endonuclease Cas9 in mammalian
cells. Nat. Biotechnol. 32, 670-676. doi: 10.1038/nbt.2889

Yan, W. X,, Mirzazadeh, R., Garnerone, S., Scott, D., Schneider, M. W,, Kallas, T.,
et al. (2017). BLISS is a versatile and quantitative method for genome-wide
profiling of DNA double-strand breaks. Nat. Commun. 8:15058. doi: 10.1038/
ncomms15058

Zeng, Y., Cui, Y., Zhang, Y., Zhang, Y., Liang, M., Chen, H., et al. (2018).
The initiation, propagation and dynamics of CRISPR-SpyCas9 R-loop complex.
Nucleic Acids Res. 46, 350-361. doi: 10.1093/nar/gkx1117

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Sullivan, Allen, Atkins, Chung, Dampier, Nonnemacher and
Wigdahl. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1872


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1038/nbt.2673
https://doi.org/10.1038/nature14299
https://doi.org/10.1186/s12915-018-0544-1
https://doi.org/10.1093/nar/gkx1199
https://doi.org/10.1093/nar/gkx1199
https://doi.org/10.1093/nar/gkv575
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1038/s41598-019-52353-9
https://doi.org/10.1073/pnas.1402597111
https://doi.org/10.1038/nmeth.4278
https://doi.org/10.1038/nbt.3117
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.1038/nbt.3127
https://doi.org/10.1126/science.aav9023
https://doi.org/10.1038/nbt.2889
https://doi.org/10.1038/ncomms15058
https://doi.org/10.1038/ncomms15058
https://doi.org/10.1093/nar/gkx1117
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Designing Safer CRISPR/Cas9 Therapeutics for HIV: Defining Factors That Regulate and Technologies Used to Detect Off-Target Editing
	Introduction
	Factors Influencing Off-Target CRISPR/Cas9 Editing
	PAM Considerations When Selecting Cas9 Orthologs
	Target Sequence Homology
	Factors Affecting Off-Target Cleavage Other Than Sequence Homology
	Detection of CRISPR-Induced Cleavage
	The Crosstalk Between Functional Assessment and ﻿in silico﻿ Design Pipeline for CRISPR-Induced Cleavage
	Biased Off-Target Detection
	Unbiased Off-Target Detection

	Limitations for Patient Use
	Closing Remarks
	Author Contributions

	References

