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Modulation of the microhomology-mediated <=

end joining pathway suppresses large deletions
and enhances homology-directed repair
following CRISPR-Cas9-induced DNA breaks
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Abstract

Background CRISPR-Cas9 genome editing often induces unintended, large genomic rearrangements, posing poten-
tial safety risks. However, there are no methods for mitigating these risks.

Results Using long-read individual-molecule sequencing (IDMseq), we found the microhomology-mediated end
joining (MMEJ) DNA repair pathway plays a predominant role in Cas9-induced large deletions (LDs). We targeted
MMEJ-associated genes genetically and/or pharmacologically and analyzed Cas9-induced LDs at multiple gene

loci using flow cytometry and long-read sequencing. Reducing POLQ levels or activity significantly decreases LDs,
while depleting or overexpressing RPA increases or reduces LD frequency, respectively. Interestingly, small-molecule
inhibition of POLQ and delivery of recombinant RPA proteins also dramatically promote homology-directed repair
(HDR) at multiple disease-relevant gene loci in human pluripotent stem cells and hematopoietic progenitor cells.

Conclusions Our findings reveal the contrasting roles of RPA and POLQ in Cas9-induced LD and HDR, suggesting
new strategies for safer and more precise genome editing.
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Background

CRISPR-Cas9 can introduce double strand breaks (DSBs)
to a specific genomic locus that shares sequence com-
plementarity with the CRISPR guide RNA (gRNA). The
DSBs can be repaired through different cellular mecha-
nisms, including the classical non-homologous end join-
ing (C-NHE], hereafter referred to as NHE]), MME] (also
called alternative NHE]), homologous recombination
(HR), and single-stranded annealing (SSA) pathways.
NHE] often generates small insertions and deletions
(indels) [1] and is believed to be the dominant repair
pathway for DSBs induced by CRISPR-Cas9 [2]. MME]
relies on small homologies for DNA repair, while SSA
requires longer ones. HR is an error-free DNA repair
mechanism that requires a homologous template.

The majority of on-target modifications induced by
CRISPR-Cas9 were believed to be indels less than 20 bp
in length according to numerous large-scale studies on
Cas9 cleavage outcomes [1, 3-5]. However, more recent
work [6-10] revealed frequent on-target large deletions
(LDs) and large complex rearrangements of the genome
caused by CRISPR-Cas9. One of the reasons that LDs or
complex genomic rearrangements eluded detection in
earlier studies is that they analyzed genome editing out-
comes with Sanger and/or short-read next-generation
sequencing of short PCR amplicons (usually <300 bp),
which are unable to resolve large genomic alterations.
Long-read sequencing platforms, such as PacBio and
Oxford Nanopore, which are much better at resolving
large rearrangements, have been used for the analysis of
genome editing outcomes [6, 7, 11-13].

The LD issue can have significant implications for the
application of the otherwise versatile genome editing
tool CRISPR-Cas9. A previous study has investigated 32
potential candidates from different DNA repair pathways
that might affect LDs in mouse ESCs and found promis-
ing genes in both NHE] and MME]J repair pathways [14].
However, the underlying mechanism of LD is not fully
understood and strategies to reduce LDs are urgently
needed. A previous study showed a high occurrence of
microhomology (MH) at Cas9-induced LDs [15], suggest-
ing potential involvement of MME] repair pathway. Our
investigation aligns with this observation, revealing a sig-
nificant enrichment of MHs at the breakpoint junctions
of LDs induced by CRISPR-Cas9. Hence, we hypoth-
esized that MME] plays roles in generating LDs follow-
ing CRISPR-Cas9 cleavage and investigated the roles of
four key MME] genes—poly [ADP-ribose] polymerase 1
(PARP1), replication protein A (RPA), DNA polymerase
theta (POLQ), and DNA ligase 3 (LIG3)—in LD forma-
tion. In brief, PARP1 binds to the ends of DSBs as a com-
petitor of Ku that is known to play a similar role in the
NHE] pathway [16] and activates the end resection [17],
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thus channeling DNA repair to the MME] pathway. RPA
that contains three subunits—RPA1, RPA2, and RPA3—
binds resected single-stranded DNA (ssDNA) and trig-
gers homologous recombination (HR) [18, 19]. RPA also
prevents ssDNA annealing thus further blocking MME]
repair [20]. POLQ plays multiple roles in MME], includ-
ing promoting DNA synapse formation and ssDNA
annealing, extending overhangs [21], and inhibiting HR
[22]; therefore, POLQ is considered to play a central role
in MME] in higher organisms [23]. LIG3 is a major ligase
for sealing the gaps in the last step of MME] [23, 24].

We found that depletion or inhibition of POLQ or
overexpression of RPA significantly reduced LD fre-
quency. By contrast, knocking down PARP1 or LIG3 had
no effect on LD frequency. We further provided base-
resolution validation of the observations by using a long-
read individual molecule sequencing method, IDMseq
[7]. We also found small-molecule inhibition of POLQ
or delivery of recombinant RPA proteins significantly
increased HDR efficiency. These results highlight the role
of MME] in CRISPR-Cas9-mediated genome editing and
provide potential targets and strategies for safe and pre-
cise genome editing.

Results

Most CRISPR-Cas9-induced LDs in human pluripotent stem
cells contain microhomology at breakpoint junctions
CRISPR-Cas9 can efficiently cut target DNA to promote
gene knockout through the formation of small indels or
precise installation of DNA sequence changes through
homology directed repair (HDR). However, it also causes
unintended LDs and structural variations (SVs) of up to
several megabases or even whole chromosome loss [6-8,
25, 26]. The underlying mechanism of CRISPR-Cas9-
induced LD remains unclear. We collated sequencing
data of 329 CRISPR-Cas9-edited alleles from two pub-
lished studies [6, 8] and found an unusually high fre-
quency of MHs at LD breakpoint junctions. For example,
MHs>2 bp were present in more than 70% of the LD
alleles (Fig. 1a). We also randomly examined 20 clones
of human pluripotent stem cell (hPSC) lines edited by
CRISPR-Cas9 in the SH2B3 and H1.3 genes in-house and
found five of them harbored LD alleles, in which four
contained MHs (Fig. 1b; Additional file 1: Fig. S1a).

To provide quantitative evidence for prevalent MHs in
Cas9-edited loci, we edited the CD9 and PIGA intronic
regions, respectively, in H1 human embryonic stem cells
(hESCs) using Cas9/gRNA ribonucleoprotein (RNP)
complex (Fig. 1c; Additional file 1: Fig. S1b). At both loci,
the distance between the intronic gRNA and the nearest
exons is more than 200 bp. Therefore, the edited cells that
lose cell surface expression of CD9 or PIGA, as moni-
tored by fluorescence-activated cell sorting (FACS), are
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Fig. 1 MH is enriched at the breakpoint junctions of CRISPR-Cas9-induced LDs. a Left: analysis of microhomology (MH) frequency at Cas9-induced
breakpoint junctions in two published data [6, 8]; right: schematic of how MMEJ could lead to CRISPR-induced LDs (created with BioRender.com).
NH: no homology. b LD events detected in Cas9-edited human pluripotent cell lines. Red color boxes indicate MH sequences. ¢ Left: schematic

of the strategy to analyze CRISPR-induced LDs in the CD9 locus (created with BioRender.com); right: MH frequency in deletions > 30 bp quantified

from long-read sequencing data. ****p <0.0001, Fisher's exact test

considered to contain LDs that extend at least from the
CRISPR-Cas9 cleavage site to the nearest exon. We per-
formed PacBio circular consensus sequencing of a 7-kb
region flanking the intronic gRNA target amplified from
the CD9-negative or both PIGA-positive and PIGA-neg-
ative cells and respective unsorted cells (Fig. 1c; Addi-
tional file 1: Fig. S1b). The sequencing data showed that
most PIGA-negative sorted cells contain LDs in which
the nearby exon was deleted either entirely or partially,

while the PIGA-positive sorted cells often contain small
indels and occasionally LDs that the nearby exon was not
disrupted (Additional file 1: Fig. S1c), which indicates
that the FACS-based quantification can be used for LD
studies. The examination of reads with deletions>30
bp at the Cas9 cut site revealed a strong enrichment of
MHs (>2 bp) in the breakpoint junctions in the nega-
tive populations (78.61% and 97.91% in the CD9 and
PIGA loci, respectively), which was lessened in the
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unsorted populations (Fig. 1¢; Additional file 1: Fig. S1d).
Since MME]J-mediated DNA repair results in MHs at
the breakpoint junctions (Fig. 1a), the high occurrence
of MHs suggests that the MME] pathway plays roles in
meditating CRISPR-induced LDs.

RPA and POLQ regulate LD formation, but not PARP1
and LIG3
To better understand the role of the MME] pathway in
the formation of LDs, we modulated the function of four
genes (PARPI, RPA, POLQ, and LIG3) in hPSCs undergo-
ing CRISPR-Cas9 editing (Fig. 2a, b). To achieve consist-
ent and uniform induction of CRISPR-Cas9 editing, we
used an H1 ESC line with a doxycycline-inducible Cas9
expression system integrated into the AAVS1 safe harbor
locus (H1-iCas9) [27]. We firstly quantified the frequency
of LDs using sgRNAs targeting different intronic regions
of the X-linked PIGA and autosomal CD9 genes, which
are established models [3, 6, 14] for the study of CRISPR-
Cas9 editing outcomes (sgRNA positions are shown
in Additional file 1: Fig. Sle and S3a). Thirteen intronic
sgRNAs targeting PIGA and 7 intronic sgRNAs targeting
CD9 were individually expressed in H1-iCas9 ESCs using
a constitutive lentiviral vector. Upon doxycycline (dox)
induction, these sgRNAs guided Cas9 to generate DSBs
located 65-2441 bp from the nearest exon (Additional
file 1: Fig. Sle and S3a). Subsequent DNA repair could
lead to small indels that did not reach coding sequences
and preserved gene expression or to LDs that extended
into nearby exons and disrupted gene expression, which
resulted in cells being stained positively and negatively
in flow cytometry, respectively (Additional file 1: Fig.
Slc). Control sgRNAs targeting the exons resulted in an
almost 100% PIGA knockout, as indicated by the FLAER
FACS assay (Additional file 1: Fig. Sle). This outcome
suggested that our system achieved a saturating level of
editing efficiency.

The intronic sgRNA data showed that the frequency
of PIGA-deficient cells (FLAER"%®) ranged from 0.23
to 9.05% (average 3.52+0.83%) in Cas9-edited cells

(See figure on next page.)
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(Additional file 1: Fig. Sle). In the case of the autosomal
CD?9 gene, intronic sgRNAs led to lower frequencies of
CD9-negative cells, ranging from 0.19 to 4.4% (average
1.25% + 1.44%) (Additional file 1: Fig. S3a). Note that the
negatively stained population is likely a conservative esti-
mate of LD because LDs extending to the opposite side
of the nearest exon may not result in loss of expression
(i.e., FLAER"®) (Additional file 1: Fig. S1c) and in-frame
LDs may lead to hypomorphic levels (i.e., cells with inter-
mediate FLAER staining in Additional file 1: Fig. Sle). In
cells without Cas9 expression (no dox), background LD
events were almost undetectable (Fig. 2c, d and Addi-
tional file 1: S2a). This observation demonstrates that the
LDs were specifically caused by Cas9-induced DSBs. LD
frequency could not be predicted based solely on the ori-
entation of the sgRNA (targeting the + or —strand) or the
distance between the sgRNA and the nearest exon (Addi-
tional file 1: Fig. Sle, f), suggesting a dependency on the
sequence context. CRISPR/Cas9-mediated genome edit-
ing has been associated with potential induction of vari-
ous severe chromosome structural abnormalities, such as
chromosome loss [26, 28], truncation [29-31], and trans-
location [32-34]. To rule out the effect of such events
on the LD%, we edited the H1-iCas9 ESCs employing
intr5_1 sgRNA, the highest LD% intronic gRNA based
on our test (Additional file 1: Fig. Sle), and quantified
the X chromosome copy number using a well-established
qPCR-based assay [35] by targeting multiple gene loci
(VCX, PNPLA4, TSPAN7, USP9X, USP27X, and HRRTI)
flanking PIGA gene in both non-edited cells and PIGA
FLAER-negative sorted cells. We did not find significant
chromosome loss at these loci in PIGA FLAER negative
sorted cells (Additional file 1: Fig. S1g). To corroborate
this result, we also conducted a ddPCR assay for the WAS
gene (located on the same X chromosome p-arm as the
PIGA gene), which is considered a more sensitive quanti-
fication method for detecting chromosome copy number
variation. Consistently, the ddPCR result did not show
any significant difference in X chromosome copy num-
ber. Thus, we established an optimal and sensitive setup

Fig. 2 RPA and POLQ play opposite roles in CRISPR-Cas9-induced LDs. a Schematic of the roles of four key genes in the MMEJ pathway (created
with BioRender.com). b Diagram of the workflow for the knockdown experiments (created with BioRender.com). ¢ Top: the location of the PIGA
intronic gRNA, the numbers indicate the distances between gRNA cut site and the adjacent exons; bottom left: example flow cytometry analysis
of PIGA expression using the FLAER assay; bottom right: normalized mRNA level of siRNA target genes biological replicates n=3, and LD frequency
quantified by FACS, biological replicates n=4, ****p <0.0001. d Top: the location of the CD9 intronic gRNAs, the number indicates the distance
between the gRNA cut site, and the nearest exon; bottom left: example flow cytometry analysis of CD9 expression using the PE anti-CD9;

bottom right: LD frequency quantified by FACS, biological replicates n=3, *p <0.05, **p < 0.01. e Schematic of IDMseq analysis of L Ds (created

with BioRender.com). f Frequencies of LDs (> 30 bp) quantified by IDMseq. The numerator indicates the LD event number, and the denominator
indicates the total event number detected by IDMseq. ***p <0.0001, *P< 0.05, Fisher's exact test. g Frequencies of LDs (= 30 bp) quantified by ONT
long-read sequencing. The numerator indicates the LD read number, and the denominator indicates the total read number. ****p <0.0001, Fisher’s

exact test
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to evaluate the effects of modulating the MME] pathway
on the occurrence of LDs in the rest of our study.

Considering the prevalence of MHs in LDs, we hypoth-
esized that LD frequency could be controlled by modu-
lating the activity of the MME] pathway. We knocked
down four key MME] pathway genes, PARPI, LIG3,
RPA (including RPAI, RPA2, and RPA3), and POLQ
in H1-iCas9 cells expressing the PIGA intr5_1 sgRNA
(Fig. 2a—c, Additional file 1: S2a-c) and induced Cas9
expression 24 h later. LD frequency was monitored by
FACS analysis of FLAER staining as described in the pre-
ceding paragraph (Fig. 2b, ¢, and Additional file 1: S2a).
The results showed that knocking down POLQ caused
a 40% reduction in LD frequency while knocking down
RPA proteins led to a 40% increase in LD frequency
(Fig. 2¢). Since the knockdown of PARP1 or LIG3 con-
sistently showed little effect on LD frequency (Addi-
tional file 1: Fig. S2c), they were excluded from further
investigation.

To confirm the impact of POLQ and RPA on LDs at
other gene loci, we conducted knockdown experiments
targeting the CD9 gene. Consistent FACS results were
observed across experiments using intr5_1, intr6, and
intr7 gRNAs. Knockdown of POLQ significantly reduced
the frequency of CD9"® cells (by up to 65%) whereas
knockdown of RPA1 led to a twofold increase in CD9"®
frequency (Fig. 2d; Additional file 1: S3b).

To investigate whether the LD frequency is influ-
enced by the cell state, we examined the impact of the
cell cycle on LD prevalence. Human PSCs are notori-
ously difficult to arrest in the G1 phase. Among all the
cell cycle synchronization drugs and protocols we tested,
only nocodazole at 100 ng/ml could synchronize hPSCs
reliably without toxicity (Additional file 1: Fig. S2d, e),
which is consistent with a previous publication [36].
The H1-iCas9/PIGA intr5_1 sgRNA system we used is
highly sensitive to doxycycline exposure, leading to the
maximum LD frequency within a 12-h doxycycline treat-
ment (Additional file 1: Fig. S2f). We observed a slight
increase in LD frequency when cells were arrested at the
G1 phase, while no significant differences were found
across all cell cycle phases (Additional file 1: Fig. S2g). We
further checked the effects of the knockdown of MME]
protein on the cell cycle. The cell cycle profile of the
knockdown samples did not differ significantly from that
of the control (Additional file 1: Fig. S2h). Therefore, our
findings suggest that the LD frequency is mostly contrib-
uted by DNA repair pathway inhibition.

To better quantify the Cas9 editing outcomes in
MME]J-knockdown H1-iCas9 cells at base resolution, we
next performed IDMseq [7] of the PIGA locus. Briefly,
individual genomic regions flanking the Cas9 cut site
were labeled with a unique molecular identifier (UMI)
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and amplified for long-read PacBio sequencing (Fig. 2e).
In the following sequencing data analysis, we referred
to deletions>30 bp as LDs. Consistent with previous
studies, IDMseq showed that the vast majority of SVs
detected in Cas9-edited cells were LDs [7]. The baseline
LD frequency of the control siRNA as per IDMseq was
higher than that estimated by FACS, which is expected
because FLAER"% underestimates LD frequency as
discussed above and because LDs of 30-278 bp in size
(i.e., noncoding deletions) are only detectable by IDMseq
(Additional file 1: Fig. S1b, c). We observed that the LD
length spectrum exhibits striking similarities across all
groups (Additional file 1: Fig. S2k), implying that the LD
size remains unaffected by the MME] deficiency. Consist-
ent with the FACS analysis, the IDMseq results also con-
firmed that POLQ knockdown decreased LD frequency
and RPA knockdown increased it (Fig. 2f). Consistent
observations were made at the CD9 locus using Oxford
Nanopore Technologies (ONT) long-read sequencing
to quantify LD frequency (Fig. 2g). To gain insights into
the impact of POLQ and RPA knockdown on DSB repair,
we conducted MH analysis for LD events of PIGA. Our
results did not yield statistically significant differences
when comparing the MME] knockdown groups with the
control group, possibly due to the constraints imposed by
the sequencing depth of long-read data. However, a dis-
cernible trend emerged in the data, indicating an increase
in MH > 2bp in RPA-knockdown cells and a correspond-
ing decrease in POLQ-knockdown cells (Additional file 1:
Fig. S21). This trend aligns with the observed patterns in
LD data (Fig. 2f).

LD induced by CRISPR-Cas9 can be controlled

by modulating POLQ and RPA

POLQ is an error-prone polymerase and is upregulated
in numerous cancers [37—41]. The antibiotic novobiocin
(NVB) has recently been identified as a specific inhibi-
tor of POLQ. N'VB inhibits the ATPase activity of POLQ
through direct binding to its ATPase domain and thus
phenocopies POLQ depletion and impairs MME] DNA
repair in human cells [39]. We therefore used NVB to
test whether targeting the specific MME]J-related activity
of POLQ could recapitulate the reduction of LDs medi-
ated by POLQ knockdown. NVB was introduced to the
cells during the induction of Cas9 expression by doxy-
cycline in the PIGA intr5_1 sgRNA-positive H1-iCas9
ESCs. NVB decreased the frequency of LDs by up to 50%
in a dose-dependent manner (Fig. 3a). NVB showed no
discernible effect on the pluripotency of treated hESCs
(Additional file 1: Fig. S2i). High concentrations of NVB
(50 uM) showed signs of cytotoxicity, while lower con-
centrations were well tolerated by the cells (Additional
file 1: Fig. S2j). We also performed the LD analysis on
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Fig. 3 CRISPR-Cas9-induced LDs can be suppressed by inhibiting POLQ or overexpressing RPA. a Top: schematic of the workflow for the POLQ
inhibition experiment (created with BioRender.com); bottom: LD frequency quantified by FACS, biological replicates n=3, *p <0.05, ***p <0.001,
***%p <0.0001. b Top: schematics of the inducible RPA constructs; bottom: the mRNA level of RPA genes after doxycycline treatment for two days.
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both the PIGA and CD?9 loci using a potent and selective
inhibitor of the polymerase function of POLQ-ART558
[42]. Similarly, ART558 treatment significantly decreased
the frequency of LDs by up to 61.78% in a dose-depend-
ent manner (Fig. 3a; Additional file 1: Fig. S3c). There-
fore, transient inhibition of POLQ function is sufficient
to reduce the formation of LDs following repair of DSBs
induced by Cas9.

The RPA proteins prevent ssDNA annealing, thus
blocking MME] repair [20, 43]. Consistently, we showed
that knocking down RPA increases LD frequency. We
hypothesized that increasing RPA availability could
divert DNA repair away from the MME] pathway during
Cas9 editing and lead to a reduction of LDs. Therefore,
we cloned three RPA subunits (RPA1, RPA2, and RPA3)
and GFP (as a control) individually into an inducible len-
tiviral expression vector, pInducer21, that expresses GFP
constitutively (Fig. 3b). Successfully transduced cells were
sorted based on GFP positivity and transgene expres-
sion was induced by doxycycline. The expression level
of the transgenic RPA proteins increased from sixfold to
26-fold after doxycycline induction without affecting the
expression of other RPA subunits (Fig. 3b). Such levels
of overexpression of RPA proteins resulted in significant
reductions in LD frequency at both PIGA and CD9 loci,
as detected by FACS (Fig. 3c—e; Additional file 1: Fig.
S3c¢).

To gain a sequence-level understanding of the effect of
POLQ inhibition and RPA overexpression on the DNA
repair outcome of CRISPR-Cas9 editing, we performed
IDMseq [7] of the PIGA locus and ONT long-read
sequencing of the CD9 locus as in the knockdown experi-
ments. Similar to the knockdown results, no substantial
disparity in the LD size spectrum was discernible across
the samples (Additional file 1: Fig. S2m). Both POLQ
inhibition and RPA overexpression demonstrated the
ability to decrease CRISPR-Cas9-induced LDs (Fig. 3d, e),
consistent with the FACS analysis results. Interestingly,
our MH analysis unveiled an unexpected reduction in
the GFP control group, with the underlying mechanism
remaining elusive. The MH >2bp frequency exhibited a
decrease when comparing the NVB treatment and RPA
overexpression groups to the wild-type group (Additional
file 1: Fig. S2n).

To investigate the generality of the effects of POLQ and
RPA on LDs, we conducted additional experiments on
the X-linked gene LAMP2 in an induced pluripotent stem
cell (iPSC) line [44] and quantified the LD using flow
cytometry. Knocking down RPA subunits significantly
increased LD frequency, while inhibiting POLQ with
NVB and ART558 or overexpressing RPA subunits sig-
nificantly reduced it (Additional file 1: Fig. S3d-g). Addi-
tionally, we performed bulk ONT long-read sequencing
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to quantify LD in two disease-associated CRISPR-edited
genes (WAS and HBB) in the same cellular models used
for PIGA and CD9 editing. Consistent with other gene
loci, LD frequency significantly increased in the RPA-
knockdown group and dramatically decreased in POLQ
deficiency or RPA overexpression groups (Additional
file 1: Fig. S3h, i).

To examine whether modulating POLQ activity or
RPA overexpression affects the desirable small indel for-
mation, we analyzed the editing efficiency of a sgRNA
targeting PIGA exon 2 by FACS (Additional file 1: Fig.
S20). The data showed that treatment with NVB or over-
expression of RPA1, RPA2, or RPA3 did not change the
frequency of PIGA knockout cells (the majority of which
contain small indels). These results showed that LD can
be controlled by inhibiting POLQ activity and overex-
pressing RPA without changing the overall editing effi-
ciency. Together, the data suggested that small-molecule
inhibition of POLQ and RPA overexpression could offer
convenient and safe ways to reduce unwanted LDs fol-
lowing Cas9 editing without compromising editing
efficiency.

Modulating POLQ and RPA improves HDR efficiency

We hypothesized that inhibiting the MME] pathway,
which competes with HDR for repairing DSBs, could
improve HDR efficiency. To test this hypothesis, we
established an hPSC line containing a mutant GFP
transgene that can be rescued to express wild-type GEP
through HDR mediated by CRISPR-Cas9 (Fig. 4a). We
treated the cells with 25 uM NVB for 24 h before and
after electroporation of the Cas9/sgRNA RNP and an
ssODN donor and observed a significant increase in
HDR efficiency compared to the control (Fig. 4b; Addi-
tional file 1: Fig. S4a-c). We also investigated the effect
of recombinant RPA on HDR efficiency and found that
low doses (less than 10 pmol) of RPA, premixed with the
Cas9/sgRNA RNP and ssODN donor before electropora-
tion, improved HDR efficiency (Fig. 4b; Additional file 1:
Fig. S4a-c). However, higher doses of RPA diminished
HDR efficiency, possibly due to dose-dependent inter-
ference with ssODN delivery into cells. This was dem-
onstrated by FACS analysis of Cy3-labeled ssODN after
co-electroporation with Cas9/sgRNA RNP and varying
doses of RPA (Additional file 1: Fig. S4d). To validate this
strategy in clinically relevant genes and/or cell types, we
installed, via Cas9-mediated HDR, an EPOR gene muta-
tion (G6002A) that can cause benign human erythrocy-
tosis [45] in both human ESCs and primary peripheral
blood erythroid progenitors and an activating WAS
mutation (T882C) that is associated with X-linked neu-
tropenia [46]. The findings demonstrated a consistent
enhancement of HDR efficiency in the editing of both
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genes in different cell types when treated with NVB or
using recombinant RPA, compared to the control group
(Fig. 4c, d; Additional file 1: Fig. S4e). Hence, these data
demonstrate that modulating POLQ activity and RPA
level can increase HDR efficiency for precise genome
editing.

Discussion

A previous study reported a high frequency of MHs at
LD breakpoint junctions induced by dual paired Cas9P1%4
nickases or paired Cas9 nuclease [15]. Here, we also
observed a similar phenomenon induced by a single Cas9
cut. However, the mechanism behind the phenomenon
was not thoroughly understood. Increasing evidence
has shown that MME] is not only a backup repair path-
way but also actively functions when HR and NHE] are
intact [23, 47]. That CRISPR-Cas9 continuously recuts
the target after error-free DNA repair (which regener-
ates the target) could increase the chance for LD-prone
repair through the MME] pathway. Although how asym-
metrical release of the 3’ end of non-target DNA strand
after Cas9 cleavage and long-term residence of Cas9 on
the broken ends of DNA [48] affect DNA repair pathway
choice is unclear, that PARP1 knockdown does not affect
LD frequency suggests CRISPR-Cas9-induced DSBs ini-
tiate MME] repair pathway via a PARPI-independent
manner (Additional file 1: Fig. S2c). Although LIG3 is a
predominant ligase of the MME] pathway that seals the
nicks in DNA, its function could be replaced by other
ligases, such as LIG1 [22]. Moreover, PARP1 and LIG3
deficiency did not affect LDs in Cas9-edited mouse ESCs
[14]. POLQ plays a central role in MME] in higher organ-
isms [23]. Knocking down or inhibiting POLQ caused a
significant reduction of LDs, which suggested limited
functional redundancy between POLQ and other DNA
polymerases and reaffirmed the central role of MME]
in Cas9-induced LD. RPA is involved in DNA replica-
tion and repair. We discovered that RPA deficiency led to
more frequent LDs induced by CRISPR-Cas9, potentially
because RPA prevents the annealing of resected ssDNA
at MHs.

An increasing number of studies have been conducted
on CRISPR-Cas9-induced LDs. One study showed that
LD can be prevented by enhanced homology-directed
repair (HDR) via the delivery of ssODNs or adeno-asso-
ciated virus (AAV) donors and NHE] mediated dsODN
insertion in primary T cells and hematopoietic stem cells
but not in iPSCs [11]. It can be construed as evidence
that suppression of MME] via promoting the HDR and
NHE] pathways could reduce LD, which complements
our direct mechanistic insights into MME]. Another
study targeted 32 DNA repair genes associated with the
NHE], MME]J, and HR repair pathways in mouse ESCs
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and found that the NHE] pathway hindered LD while the
MME] pathway promoted LD [14], which is consistent
with our results. However, RPA, a key player in LD dis-
covered in our study, was not included in the 32 genes.
A recent study showed that LDs and translocations can
be reduced in T cells by the fusion of Cas9 with an opti-
mized exonuclease TREX2, which prevents perfect DNA
repair [49]. Although these tools are promising, they do
not provide new insights to understand LDs. CRISPR-
Cas engineering strategies such as base editor and primer
editor rely on single-strand nicks to perform precise edit-
ing [13]; it will be of interest to apply the strategies of this
study to understand whether these genome editing tools
incur LDs and if MME] plays a similar role.

In this study, we first discovered that two key MME]
genes (POLQ and RPA) regulate CRISPR-Cas9-induced
LD formation and provided a mechanistic understand-
ing of Cas9-induced LD. We then demonstrated that
small-molecule inhibition of POLQ or supplying recom-
binant RPA together with Cas9/sgRNA RNP and ssODN
can significantly increase HDR in hPSCs. Small mol-
ecule inhibitors are promising tools for improving the
outcome of CRISPR-Cas editing. Recently, ART588, a
potent and specific POLQ inhibitor, was reported to
prevent CRISPR-Cas9-induced LDs and enhance HDR
when combined with the NHE] inhibitor NU7741 [50].
Similarly, another study found that inhibiting NHE] and
MME] can enhance precise genome editing in a chemical
screen [51]. These studies are consistent with our results
and further underscore the critical role of MME]J in LDs.
Interestingly, a previous study showed that NVB treat-
ment did not improve HDR in human primary T cells
[52]. We note that the treatment regime and cell type
used therein are different from this study, suggesting the
choice of DNA repair pathway may be complex and con-
text dependent. In line with our findings, another study
showed that POLQ antagonizes RPA to promote MME]
and suppresses CRISPR-Cas9-mediated HDR [53].
Moreover, POLQ deficiency does not affect the genetic
stability and development of P. patens [54]. Thus, small-
molecule inhibition of POLQ and/or delivery of recombi-
nant RPA offers a simple, convenient, and potentially safe
way to reduce the risk of the unwanted LDs and improve
HDR efficiency.

Conclusions

We demonstrate that the MME] pathway plays an impor-
tant role in CRISPR-Cas9-induced LD and find two
key MME] genes (POLQ and RPA) perform oppositely
in CRISPR-Cas9-induced LD and HDR. We provide a
potentially safe strategy to decrease the CRISPR-Cas9-
induced LD and increase HDR efficiency by modulating
POLQ and RPA. The strategy presented in this study may
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help improve the safety and efficacy of CRISPR therapy,
the first of which targeting sickle cell disease approved by
the U.K. Medicines and Healthcare products Regulatory
Agency (MHRA) and the U.S. Food and Drug Adminis-
tration (FDA) in 2023 [55].

Methods

Cell culture

The H1 hESC line was purchased from WiCell Institute.
The H1-iCas9 ESC line is a gift from Danwei Huangfu’s
laboratory. The wild-type iPSC line was reprogrammed
and well characterized in previous studies [44, 56, 57].
The study was approved by the KAUST Institutional
Biosafety and Bioethics Committee (IBEC). All hPSCs
were cultured in Essential 8 medium (ThermoFisher,
Cat# A1517001) in rhLaminin-521 (ThermoFisher,
Cat# A29249) coated wells with medium change daily.
The peripheral blood mononuclear cells were isolated
from the whole blood of a healthy donor via a stand-
ard Ficoll-Paque-based protocol and further cultured in
StemSpan'"-ACF Erythroid Expansion medium (STEM-
CELL Technology, Cat# 09860) for 13 days with medium
change every 3 days to expand the erythroid progenitors.
The erythroid progenitors were analyzed by FACS before
CRISPR-Cas9 editing.

Plasmids and lentiviral packaging

Oligonucleotides containing the gRNA sequence were
annealed and subsequently inserted into a lentiGuide-
puro plasmid (Addgene Cat # 52963) following a pub-
lished protocol [58]. The full-length RPA including the
open reading frames (ORF) of RPA1, RPA2, and RPA3
were cloned from cDNA of H1 ESCs, and the GFP ORF
was cloned from pInducer2l (Addgene, Cat # 46948).
Subsequently, the ORFs of RPA and GFP were inserted
into pInducer21 using the Gateway cloning method. The
sequences were confirmed by Sanger sequencing. The
gRNA lentiGuide-puro, newly constructed vectors, and
pEGIP*35 (Addgene, Cat# 26,776) were packaged into
lentiviruses individually. Briefly, the plasmid was pre-
mixed with packaging vectors and then transfected into
HEK293T cells using Lipofectamine 3000 (ThermoFisher,
Cat# L3000015). The lentivirus was harvested two times
after 48 h and 72 h. The lentivirus was concentrated with
PEG-it Virus Precipitation Solution (System Biosciences,
Cat# LV810A-1/ LV825A-1) and stored in a —-80 °C
freezer.

siRNA transfection

The protocol of esiRNA transfection was adapted to the
instruction of Lipofectamine RNAiIMAX reagent (Ther-
moFisher, Cat# 13778150). H1-iCas9 cells were har-
vested after treatment with 10 pM Y-27632 (Abcam,

Page 11 of 15

Cat# ab120129) for 1 h. The esiRNA/RNAiIMAX solution
was prepared for 3 wells per siRNA in a 12-well format
plate as the following procedure: Mix 1 was prepared by
adding 13.5 ul RNAIMAX reagent to 225 ul opti-MEM
and vortexing for a few seconds. Mix 2 was prepared by
adding 90 pmol esiRNA to 225 pl opti-MEM and pipet-
ting a few times. The esiRNA/RNAiMAX solution was
prepared by adding Mix2 into Mix1 and incubating for 5
min, after which the mixture was used to resuspend a 1.5
million cell pellet. After 30 min incubation with esiRNA/
RNAiIMAX solution, the cells were aliquoted equally into
3 rhLaminin-521 coated wells and cultured in 37°C, 5%
CO2 incubator. The cell samples were collected after 24 h
for knockdown efficiency analysis.

Quantitative PCR (qPCR)

The RNA was extracted using an rNeasy Mini kit (Qia-
gen, Cat #74106) and reverse transcribed to cDNA using
iScript Reverse Transcription Supermix (BioRad, Cat#
1708840). The qPCR was performed on a CFX384 real-
time PCR detection system (BioRad) using SsoAdvanced
Universal SYBR Green Supermix (BioRad, Cat# 725270).
The qPCR primers were shown in Additional file 2:
Table S1 [35].

Droplet digital PCR (ddPCR)

The genomic DNA was extracted after 3 days post-elec-
troporation using a DNeasy Blood & Tissue kit (Qiagen,
Cat #69506) and quantified with a Qubit instrument.
The ddPCR was performed on a Bio-Rad QX200 system
using ddPCR Supermix for Probes (No dUTP) (Bio-Rad,
Cat #1,863,024) following the manufacturer’s protocols.
The 20X assay mixture was comprised of 18 pM each
primer and 5 pM each probe. One reaction contains 5 ng
genomic DNA, 1Xxassay mix, and 1XddPCR Supermix.
The probes and oligos were shown in Additional file 2:
Table S1.

Flow cytometry

For PIGA gene edited samples, the gRNA lentivirus
infected H1-iCas9 cells were treated with 2 pg/ml doxy-
cycline for 2 days to induce Cas9 expression for gene
editing. After the doxycycline treatment for 10 days, the
cells were harvested and washed twice with PBS buffer
containing 3% BSA and filtered through a 70-pm strainer.
For each sample, 100,000 cells were stained with 2 pl
FLAER Alexa488 (Cederlane, Cat# NC9870611) in 100 pl
PBS buffer containing 3% BSA for 15 min at room tem-
perature. The stained cells were washed once with PBS
buffer containing 3% BSA and resuspended in 200 pl
FACS buffer containing 1 pg/ml DAPI for FACS analysis
using a BD FACSAria' Fusion cytometer. For CD9 gene
edited samples, cells were harvested and washed once
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in FACS buffer with 2% FBS. Subsequently, 10,000 cells
were stained in 100 pl FACS buffer with 2% FBS and 1
ul PE anti-CD9 (BioLegend, Cat# 312,106) for 30 min at
4°C, followed by two washes with FACS buffer containing
2% FBS. For GFPmut correction samples, the cells were
harvested after 3 days post-electroporation and passed
through a 70-um strainer. The cells were resuspended in
200 pl FACS buffer containing 1 pg/ml DAPI and loaded
onto a BD FACSAria™ Fusion cytometer for analysis.
For LAMP?2 gene edited samples, a manufacturer’s pro-
tocol of BD Cytofix/Cytoperm " Fixation/Permeabili-
zation Kit (BD, Cat# 554714) was followed. Briefly, the
cells were fixed in Fixation/Permeabilization solution at
4°C for 20 min and washed twice in BD Perm/Wash"™
Buffer, followed by staining using 50 pl BD Perm/Wash
Buffer containing 2 ul FITC anti-LAMP2 (eBioscience,
Cat# 11-1078-42) for 30 min at 4°C. After two washes,
the cells were resuspended in FACS buffer and analyzed
using a BD FACSymphony' A3 Cell Analyzer.

™

Cell cycle synchronization and analysis

The cell cycle synchronization protocol was adapted
from a previous publication [36]. In brief, PIGA intr5_1
gRNA positive H1-iCas9 ESCs were seeded at a density
of 2x10° cells per well in a 12-well plate. To synchro-
nize the cells at the G2/M phase, a 16-h treatment with
100 ng/ml nocodazole (Abcam, Cat# ab120630) was
administered. Subsequently, the cells were washed twice
with prewarmed 1xPBS and then cultured in fresh E8
medium for 4 h or 12 h to release cells in the G1 or S
phase, respectively. Alternatively, the synchronized cells
were treated with 2 pg/ml doxycycline to induce Cas9
expression and genome editing, followed by 10 days’ cul-
ture for LD analysis.

Cell cycle analysis was performed using a standard pro-
tocol. Initially, the cell pellets were fixed by adding cold
70% ethanol dropwise while vortexing and then incu-
bated overnight at—20°C. Subsequently, the cells were
washed twice and resuspended in FACS buffer containing
200 pg/ml rNase. After a 20-min incubation at room tem-
perature, the cells were washed once and resuspended in
FACS buffer containing 1 pg/ml propidium iodide (PI).
Following a 10-min incubation at room temperature, the
samples were ready for FACS analysis.

CRISPR-Cas9 genome editing

WT and Hifi-Cas9 were purchased from IDT. The
gRNAs used in this study were designed using Benchling
(https://www.benchling.com/crispr) and their sequences
were shown in Additional file 2: Table S1 [6]. The gRNAs
were obtained either through in vitro transcribed by a
MEGAshortscript T7 Transcription kit (ThermoFisher,
Cat# AM1354) or ordered through IDT as Alt-R crRNAs
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or sgRNAs. For each electroporation, 50 pmol of Alt-R
gRNA and 50 pmol of Cas9 were mixed and incubated
at room temperature for 10 min to form ribonucleo-
protein (RNP). Buffer R (from the Neon system kit) was
added to the RNP to a final volume of 10 pl; 200,000 sin-
gle cells were electroporated using a Neon system (Ther-
moFisher) with the setting of 1600 V, 10 ms width and 3
pulses. For the HDR study, 30 pmol ssODN was mixed
with 50 pmol RNP before the electroporation. The cells
were seeded in 1 well of a 24-well plate immediately after
electroporation.

PacBio and Nanopore sequencing

The genomic DNA of edited cells was extracted using a
Blood & Tissue Kit (Qiagen, Cat# 69506). The UMI labe-
ling was performed following a published protocol [7].
Briefly, the target locus was labeled by one-cycle PCR
using a UMI primer (Additional file 2: Table S1) in a 25
ul reaction including 50 ng genomic DNA, 1 yM UMI
primer (containing a universal forward primer sequence,
10 nts UMI barcode, and a target locus forward primer
sequence, see it in Additional file 2: Table S1), 12.5 ul
2% Platinum SuperFi PCR Master Mix (ThermoFisher,
Cat# 12358010), following the program: initial denatur-
ation at 98°C for 70 s, gradient annealing from 70°C to
65°C with 1°C /5 s ramp rate, extension at 72°C for 7 min,
and holding at 4°C. The UMI labeled DNA was purified
by 0.8 X AMPure XP beads, then mixed with a universal
forward primer, a target locus reverse primer (Additional
file 2: Table S1), and PrimeSTAR GXL DNA polymerase
(Takara, Cat# R050A), and amplified following the pro-
gram: initial denaturation at 95 °C for 2 min, 98 °C for 10
s, 68 °C for 7 min for 30 cycles, 68 °C for 5min, and hold
at 4 °C. For bulk ONT nanopore sequencing, the ampli-
cons were amplified using the target locus forward and
reverse primers (Additional file 2: Table S1). The ampli-
cons were purified with AMPure XP beads and used for
PacBio or Nanopore library preparation.

For Nanopore sequencing, the library preparation was
done using the ligation sequencing kit (Oxford Nanopore
Technologies, Cat# SQK-LSK109) following its standard
protocol. The Nanopore sequencing was performed on
an Oxford Nanopore MinlON sequencer using R9.4.1
flow cells. The reads were base called using Guppy base-
caller (v5.0.7). Library preparations of PacBio sequencing
were performed with the Sequel Sequencing Kit 3.0 and
loaded on the PacBio Sequel instrument with SMRT Cell
1 M v3 LR Tray. PacBio official tool termed ccs (v3.4.1)
was used to generate HiFi Reads. All procedures were
performed according to the manufacturer’s protocols.

Data analysis was performed using VAULT as described
previously [7]. In brief, the UMI primer sequence, fastq
file, and reference amplicon sequence were provided to
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the algorithm. VAULT will extract mappable reads fol-
lowed by extraction of UMI sequences from reads. Reads
will then be grouped based on their UMI sequences and
used for parallel analysis of SNVs and SVs. The “vault
summarize” command was used to generate the analysis
summary. For bulk ONT Nanopore and PacBio sequenc-
ing, the reads were aligned to the hg38 reference genome
by minimap2 (v2.11) to check for large deletions. The
large deletion frequency was calculated as the percentage
of deletion-containing reads from alignment results.

Recombinant human RPA protein

Human RPA was expressed and purified as described
previously [59, 60]. Briefly, the cloned plasmid was trans-
formed into BL21 (DE3) E. coli. The cells were grown
in 2YT media at 37 °C to an ODg,, of 0.7 and protein
expression was induced with 0.5 mM IPTG and further
incubated for 4-6 h at 37 °C. The cells were collected by
centrifugation and lysed by lysozyme and sonication. The
supernatant was loaded onto a HisTrap HP 5 ml column
(Cytiva) followed by the HiTrap Blue affinity column
(Cytiva). RPA fractions containing all subunits were con-
centrated and loaded onto a HiLoad 16/600 Superdex 200
pg column (Cytiva). RPA protein fractions were flash-fro-
zen and stored at— 80 °C.

Statistical analysis

The data in the figures are shown as the mean + SD unless
indicated otherwise. Comparisons were performed with
two-sided Student’s ¢-test unless indicated otherwise.

Abbreviations
Cas9 CRISPR-associated protein 9

CRISPR  Clustered regularly interspaced short palindromic repeats
ddPCR Droplet digital PCR

DSB Double strand break

ESC Embryonic stem cell

FACS Fluorescence-activated cell sorting

HDR Homology-directed repair

hPSC Human pluripotent stem cell

HR Homologous recombination

IDMseq  Long-read individual-molecule sequencing
Indels Insertions and deletions

iPSC Induced pluripotent stem cell

LD Large deletion

LIG3 DNA ligase 3

MH Microhomology

MMEJ Microhomology-mediated end joining
NHEJ Non-homologous end joining

NVB Novobiocin

PARP1 Genes-poly [ADP-ribose] polymerase 1
POLQ DNA polymerase theta

gPCR Quantitative PCR

RNP Ribonucleoprotein

RPA Replication protein A

sgRNA  Single-guide RNA

SSA Single-stranded annealing

sSODN  Single-stranded oligodeoxynucleotide

SV Structural variation
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