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Abstract

Background: After Cas12a cleaves its DNA target, it generates a DNA double strand
break (DSB) with two compatible 5'-staggered ends. The Cas12a-gRNA complex
remains at the protospacer adjacent motif (PAM)-proximal end (PPE) while releasing
the PAM-distal end (PDE). The effects of this asymmetric retention on DSB repair are
currently unknown.

Results: Post-cleavage retention of LbCas12a at PPEs suppresses the recruitment

of classical non-homologous end joining (c-NHEJ) core factors, leading to longer
deletions at PPEs compared to PDEs. This asymmetry in c-NHEJ engagement results
in approximately tenfold more accurate ligation between two compatible PDEs
induced by paired LbCas12a than ligation involving a compatible PPE. Moreover,
ligation to a given end of SpCas9-induced DSBs demonstrates more efficient ligation
with a PDE from Cas12a-induced DSBs than with a PPE. In LbCas12a-induced NHEJ-
mediated targeted integration, only two compatible PDEs from LbCas12a-induced
DSBs—one from donor templates and the other from target sites—promote accu-
rate and directional ligation. Based on these findings, we developed a strategy called
Cas12a-induced PDE ligation (CIPDEL) for NHEJ-mediated efficient and precise gene
correction and insertion.

Conclusions: The asymmetric retention of CRISPR-LbCas12a at DSB ends suppresses
c-NHEJ at PPEs, not at PDEs. This unique repair mechanism can be utilized in the CIP-
DEL strategy, offering a potentially better alternative for homology-directed targeted
integration.

Keywords: CRISPR-Cas12a, Asymmetric retention, PAM-distal end, Classical NHEJ,
Targeted integration
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Background

Like the class II type II CRISPR-Cas nuclease Cas9, the class II type V nuclease Casl2a
(also known as Cpfl) has been widely used for genome editing in both plant and mam-
malian cells [1, 2]. Compared to Streptococcus pyogenes Cas9 (SpCas9), some Casl2a
nucleases, such as Lachnospiraceae bacterium Casl2a (LbCasl2a), Acidaminococcus
sp. Cas12a (AsCasl2a), and Francisella novicida Casl12a (FnCasl2a), are smaller in size
[3, 4]. A study has shown that the small size of Cas12a is amenable for in vivo delivery
alongside guide RNA (gRNA) via a single recombinant adeno-associated virus (rAAV)
vector [5]. The Cas12a gRNA consists solely of a CRISPR-related RNA (crRNA), which
is significantly shorter than the Cas9 gRNA that includes both a crRNA and a trans-
activating crRNA (tracrRNA) [3]. Cas12a also possesses a ribonuclease activity and can
process pre-ctRNA arrays into individual mature crRNAs, allowing for compact gRNA
arrays in a single transcript. This enables Cas12a to mediate multiplexed genome editing
in cells [4]. Furthermore, Casl2a exhibits high specificity in human cells and has a con-
siderably lower off-target effect compared to SpCas9 [6—8]. Given these unique features,
Casl2a presents advantages for certain genome editing applications.

Both CRISPR-Cas9 and CRISPR-Casl2a induce site-specific DNA double strand
breaks (DSBs), which are subsequently repaired for genome editing in mammalian
cells. Two major DSB repair mechanisms—homology-directed repair (HDR) and non-
homologous end joining (NHEJ)—can be harnessed to improve CRISPR-Cas genome
editing. HDR, which uses homologous sequences as templates, is the preferred pathway
for targeted integration, allowing for accurate substitutions and insertions in CRISPR-
Cas genome editing [9]. Enhancing HDR activity in cells remains an important strat-
egy for improving targeted integration by CRISPR-Cas [9, 10]. Classical NHE] (c-NHE])
is the primary NHE] pathway, requiring core factors such as DNA-PKcs, KU70/KU80,
and XRCC4/DNA ligase 4. In contrast, alternative end joining (a-EJ) can ligate DSB
ends if any c-NHE] core factors are deficient or not engaged [11, 12]. Unlike a-EJ,
c-NHE] is inherently accurate for readily ligatable ends of DSBs [13]. Previous studies
have demonstrated that blunt ends of SpCas9-induced DSBs and 3'-overhanging ends
of I-Scel-induced DSBs are predominantly rejoined accurately by ¢-NHE] [14]. Given
that Cas12a-induced DSBs generate readily ligatable ends with compatible 5'-nucleotide
(nt) overhangs, it is expected that NHE] repair of Casl12a-induced DSBs would also be
mostly accurate; however, this prediction has yet to be validated.

Paradoxically, while accurate repair of SpCas9-induced DSBs by c-NHE] facilitates effi-
cient homology-independent targeted integration (HITI) [15], Cas12a-induced NHE]J-
mediated targeted integration and the ligation of compatible ends from Casl2a-induced
DSBs appear to be generally inefficient or inaccurate [16, 17]. SpCas9-induced HITT is
frequently employed for targeted integration, particularly in non-proliferating cells and
proliferating cells lacking active HDR [15, 18]. Unlike SpCas9, which induces blunt-
ended DSBs, Casl2a generates DSB ends with 5-nt 5' overhangs [3], which may influ-
ence the direction of accurate ligation in NHE]J-mediated targeted integration based on
overhang compatibility. Considering the relatively small size of Cas12a-gRNA, compact
gRNA arrays in a single transcript, and minimal off-target effects, further improvements
in Casl2a-induced NHEJ-mediated targeted integration are beneficial for practical

applications.
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Both Cas9-gRNA and Casl2a-gRNA bind their targets strongly and persistently
due to several interactions, including contacts between the Cas protein and the
protospacer adjacent motif (PAM) of the target, base pairing of the gRNA spacer
with the target strand, and non-specific interactions between the Cas protein and
target DNA [19]. Even after the cleavage of target DNA, the Cas-gRNA complex
remains tightly bound to the cleaved DNA and persists for hours [8, 20—24]. How-
ever, unlike the SpCas9-gRNA complex, which binds to both DSB ends after target
cleavage and dissociates from both ends simultaneously, the Cas12a-gRNA complex
is retained only at the PAM-proximal end (PPE), while the PAM-distal end (PDE)
is released from the Casl2a-gRNA-target DNA ternary complex upon cleavage [8,
20-24]. Our previous study demonstrated that the post-cleavage target residence of
SpCas9-gRNA regulates DSB repair pathway choices in CRISPR-Cas9 genome edit-
ing [25]. It remains unclear whether the post-cleavage target residence of Casl2a-
gRNA affects genome editing, and if so, how. Nevertheless, studies have shown that
the rate of Casl2a-induced HDR is higher with a single-stranded oligodeoxynucleo-
tide (ssODN) donor that is complementary to the target strand of a Casl2a target
site than to the non-target strand [26, 27]. Cas12a-induced NHE]J-mediated targeted
integration appears more accurate when the PDEs, rather than the PPEs, are engaged
[16]. This suggests that the asymmetry in post-cleavage target residence of Casl2a-
gRNA may influence the repair of Casl2a-induced DSBs. A better understanding of
the underlying mechanism could facilitate further improvements and applications of
these Cas12a-induced genome editing strategies.

Here, we found that in NHE] of LbCas12a-induced DSBs (but not SpCas9-induced
DSBs), the average deletion length at the PPE of LbCas12a-induced DSBs was longer
than at the PDE. This deletion asymmetry was abolished in cells lacking any of the
c-NHE] core factors, including DNA-PKcs, KU80, and XRCC4. Chromatin immuno-
precipitation (ChIP) demonstrated that PDEs engage KU80 more actively than PPEs,
while PPEs are more occupied by LbCasl2a-gRNA after DNA cleavage. This sug-
gests that the retention of LbCas12a-gRNA at PPEs prevents the binding of c-NHE]
core factors to these ends. Using paired LbCasl2a to induce a DSB with two com-
patible cohesive PDEs or two compatible cohesive ends involving at least one PPE
at 44 target sites, we found that NHE] of two PDEs achieved close to 50% accuracy,
while ligation involving a PPE reduced the accuracy to less than 5%. This indicates
that ligation between compatible PDEs of Casl2a-induced DSBs tends to be more
accurate. By analyzing ligation to a given end of SpCas9-induced DSBs, we observed
more efficient ligation with the PDEs of Casl12a-induced DSBs than with the PPEs.
Further analysis of LbCasl2a-induced NHE]J-mediated targeted integration with
either compatible PDEs or compatible PPEs between a donor template and an inte-
gration site confirmed that two compatible PDEs of LbCas12a-induced DSBs—one
from the donor template and the other from the integration site—promote accurate
ligation. Based on this mechanistic difference between ligation involving PDEs and
PPEs of Casl2a-induced DSBs, we devised a strategy termed Casl2a-induced PDE
ligation (CIPDEL) for efficient and precise gene correction and insertion, accurately
replacing a gene fragment of interest at three selected genomic sites.
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Results

NHEJ repair of LbCas12a-induced DSBs generates asymmetric deletions at two ends

Unlike SpCas9, which retains its binding at both ends of the DSB [20, 21], Casl2a
remains bound only to the PAM-proximal end (PPE) while releasing the PAM-distal
end (PDE) [22-24] (Fig. 1a). We asked whether this retention asymmetry affects dele-
tion lengths at the two DSB ends during NHE] repair of LbCas12a-induced DSBs. We
targeted SpCas9 to 15 genomic sites and LbCasl2a to 16 genomic sites in mouse and
human cells, analyzing the repair junctions via targeted amplicon deep sequencing. The
average frequency of insertion/deletion (indel) induced was 51.4% for SpCas9 and 61.6%
for LbCasl2a (Fig. 1b). In NHE] repair of SpCas9-induced DSBs, deletions were gener-
ally symmetric between the PPEs and PDEs, with an average difference in deletion length
of only about —1 bp and a ratio of average deletion lengths at the PPEs to those at the
PDEs close to 0.937 (Fig. 1c,d and Additional file 1: Fig. S1a,b). In contrast, NHE] repair
of LbCasl2a-induced DSBs showed an average difference in deletion length of nearly
5 bp, with a ratio of average deletion lengths at the PPEs to those at the PDEs around
1.730 (Fig. 1c,d and Additional file 1: Fig. S2a,b). This indicates that LbCas12a-mediated
cleavage induces asymmetric deletions, with longer deletions at the PPEs compared to
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Fig. 1 NHEJ repair of LbCas12a-induced DSBs generates asymmetric deletions at both ends. a Schematic
illustrating post-cleavage target residency of SpCas9 and LbCas12a, and their potential effects on deletion
lengths at the PPE and the PDE of DSBs induced by SpCas9 and LbCas12a. b Frequencies of targeted genome
editing by SpCas9-gRNA at 15 target sites (7 in mouse cells and 8 in human cells) and by LbCas12a-gRNA at
16 target sites (3 in mouse cells and 13 in human cells). ¢ Differences in average deletion lengths between
the PPE and the PDE for SpCas9-induced DSBs at 15 target sites and LbCas12a-induced DSBs at 16 target sites.
d Ratio of average deletion length at the PPE compared to the PDE. Each symbol represents one target site in
b-d. Statistical analysis was conducted using Student’s two-tailed unpaired t-test. ns: P> 0.05; ***: P< 0.001
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the PDEs. In LbCas12a-induced DSBs, “insertions only” products were found at a very
low frequency. In contrast, SpCas9-mediated cleavage produced a diverse range of NHE]

”

products, including “deletions only,” “insertions only,” and “indel” mixtures (Additional
file 1: Fig. S3a,b). The “insertions only” NHE] products from SpCas9-induced DSBs were
primarily 1-nt templated insertions, as previously demonstrated (Additional file 1: Fig.

S3c) [14, 28-30].

Asymmetric deletion in NHEJ of LbCas12a-induced DSBs involves c-NHEJ
As c-NHE] is the primary NHE] repair pathway for DSBs in mammalian cells, we asked
whether c-NHE] is engaged in asymmetric deletion at both ends during the NHE] repair
of LbCasl2a-induced DSBs. We re-examined NHE] at the Rosa26 locus targeted by
LbCasl2a using guide RNAs gR26 - 5¢, gR26 - 6 d, and gR26 - 8c in various mouse embry-
onic stem (ES) cell lines: isogenic wild-type (WT), DNA-PKcs™'~, Ku80~'~, XRCC4*'*,
and XRCC4~/~. Loss of DNA-PKcs reduced the frequency of LbCas12a-induced indels
only at the gR26 -5c site. In contrast, the absence of Ku80 affected indel frequencies at
both gR26 -5c and gR26 -6 d sites, while loss of XRCC4 impacted all three target sites
compared to their respective WT cells (Fig. 2a).

Analysis of asymmetric end deletions in NHE] products revealed that the average dele-
tion length at the PPEs was consistently longer than that at the PDEs across the three
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Fig. 2 Asymmetric deletion in the repair of LbCas12a-induced DSBs requires c-NHEJ factors. a Frequencies of
indels induced by NHEJ repair of LbCas12a-induced DSBs in isogenic WT, DNA-PKcs ™~ and Ku80™~ mouse ES
cells, isogenic XRCC4** and XRCC4.”~ mouse ES cells at three Rosa26 sites. b Average deletion lengths at the
PPEs and PDEs in NHEJ repair of LbCas12a-induced DSBs. ¢ Differences in average deletion length between
the PPE and the PDE of LbCas12a-induced DSBs at the three Rosa26 sites. d Ratios of average deletion lengths
at the PPE to those at the PDE of LbCas12a-induced DSBs at the three Rosa26 sites. Columns with error

bars represent the mean % S.D. of three independent experiments. Statistical analyses employed Student’s
one-tailed paired t-test (a), Student’s two-tailed paired t-test (b), or one-way ANOVA with Tukey’s multiple
comparison test (c, d). ns: P> 0.05; *: P< 0.05; **: P< 0.01; ***: P< 0.001
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target sites in WT cells and XRCC4™* cells (Fig. 2b). Although the loss of DNA-PKcs,
Ku80, or XRCC4 increased deletion lengths at both ends, the difference between the
PPEs and PDEs diminished in DNA-PKcs™~, Ku80~/~, and XRCC4~'~ cells (Fig. 2c).
Specifically, the difference in average deletion length between PPEs and PDEs was
approximately 5-6 bp in WT and XRCC4™* cells but decreased in cells lacking Ku80
or XRCC4 (Fig. 2c). The ratios of average deletion lengths between the PPEs and PDEs
dropped from 1.7-2.2 in WT and XRCC4*/* cells to nearly 1 in Ku80~'~ and XRCC4~/~
cells (Fig. 2d). This indicates that loss of c-NHE] factors Ku80 or XRCC4 promotes
symmetric deletion at both ends of LbCasl2a-induced DSBs after end ligation. Loss of
DNA-PKcs had a comparatively weaker effect (Fig. 2b—d), supporting the idea that the
absence of Ku80 or XRCC4 more severely compromises c-NHE] than the loss of DNA-
PKcs [31]. These findings suggest that c-NHE] factors are involved in asymmetric dele-
tion during NHE] repair of LbCas12a-induced DSBs.

Given the observed asymmetric deletion and the involvement of c-NHE] factors, we
hypothesized that their recruitment is asymmetric due to the preferential post-cleavage
retention of Casl2a at the PPEs, rather than at the PDEs (Fig. 3a). We first analyzed the
efficiency of target cleavage by both HA-LbCas12a-gW and HA-LbCas12a-gC and found
that the cleavage was efficient in mouse ES cells (Fig. 3b,c). We then performed ChIP
assays to assess the post-cleavage retention of LbCasl2a at DSB ends induced by HA-
LbCas12a-gW or HA-LbCas12a-gC at 12 h, 24 h, and 48 h post-transfection. The results
revealed significant enrichment of LbCas12a at both the PPEs and the PPEs from 12 to
24 h in mouse ES cells, but the enrichment was reduced from 24 to 48 h (Fig. 3b,c and
Additional file 1: Fig. S4). The enrichment was greater at the PPEs than at the PDEs at 12
h and 24 h while displaying little difference between the PPEs and the PDEs at 48 h. This
confirms that LbCas12a-sgRNA remains more bound to the PPEs than to the PDEs upon
target cleavage. In contrast, Ku80 demonstrated increased enrichment at the PDEs at
both the gC and gW target from 12 to 48 h post-transfection; however, the enrichment
of Ku80 at the PPEs was not elevated from 12 to 24 h, but greatly increased from 24 to 48
h (Fig. 3b,c and Additional file 1: Fig. S4). This suggests that the post-cleavage residence
of Casl2a at the PPEs inhibits the recruitment of ¢c-NHE] factors to these sites, while
permitting their recruitment to the PDEs.

Ligation between compatible cohesive PDEs of Cas12a-induced DSBs tends to be more
accurate

The recruitment of ¢-NHE] factors to DSB ends protects the ends from nucle-
ase activity and facilitates a more active, less mutagenic repair process compared
to a-EJ [11, 12]. Previous studies have indicated that c-NHE] of compatible DSB
ends is inherently accurate [13, 14, 32]. To confirm that compatible cohesive PDEs
with 5-nt overhangs are repaired more accurately than compatible cohesive PPEs in
LbCasl2a-induced DSBs, we employed paired LbCasl2a-sgRNAs to generate two
compatible ends in close proximity for NHE] (Fig. 4a). The paired LbCas12a-sgRNAs
cleaved target DNA by four combinations of PAM orientations: W/W, W/C, C/W,
and C/C, where W denotes the Watson strand and C denotes to the Crick strand
(Fig. 4a). Simultaneous cutting by paired LbCasl2a could remove the intervening
DNA sequence between two breakage sites, leaving two compatible ends, either a
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the NHEJ reporter (c). Mouse ES cells containing either the SCR-RFP reporter or the NHEJ reporter were
transfected with expression plasmids for LbCas12a and the corresponding gRNA. Inset in b and c indicates

T7E1 detection of on-target cleavage by LbCas12a-gRNA-W and LbCas12a-gRNA-C at 48 h post-transfection,

along with gU6 as a negative gRNA control. In these insets, uncut and cut PCR bands are indicated, along
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software. ChIP analysis was performed at 24 h post-transfection using anti-IgG as a background control (left),
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located at varying distances from the LbCas12a cleavage site, as indicated by the orange and blue arrows. The

fold enrichment relative to the negative IgG control was normalized to 1. Columns with error bars represent
the mean £ S.D. of three independent experiments, with statistical significance detected by Student’s

two-tailed paired t-testin b and ¢. *: P< 0.05; **: P< 0.01

PDE or a PPE, in the genome to be ligated by NHE]. These two ends generated by
paired LbCasl2a for each combination of PAM orientations are as follows: PPE/
PDE, PPE/PPE, PDE/PDE, and PDE/PPE (Fig. 4a). NHE] of these ends leads to the
deletion of intervening sequences between paired LbCasl2a sites. We defined this
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accurate. a Schematic representation of paired LbCas12a-gRNAs with four combinations of PAM orientations
(W/W, W/C, C/W, and C/C) to generate two compatible cohesive ends in close proximity for NHEJ repair. b
The frequency of genome editing induced by paired LbCas12a that generate compatible cohesive ends at
44 endogenous genome sites (left), the frequency of group | events among edited events (middle), and the
accuracy of events within group | (right). Editing frequency (c), group | frequency among edited events (d),
and accurate NHEJ rates in group | events (e) for each of the four paired PAM orientations at 44 endogenous
genome sites. Among 11 pairs of targets in mouse ES cells (indicated with hollow symbols), there are 2 pairs
of W/W, 4 of W/C, 2 of C/W, and 3 of C/C. Among 33 pairs of targets in human 293 cells, there are 9 pairs of
W/W, 9 of W/C, 8 of C/W, and 7 of C/C. Indel frequency (f), group | frequency among edited events (g), and
accurate NHEJ rates in group | events (h) induced by LbCas12a together with the gR26 -4a (C)/gR26 -4b

(W) pair in isogenic WT, DNA-PKcs™~, and Ku80™~ mouse ES cells, as well as isogenic XRCC4** and XRCC4.7~
mouse ES cells. Each symbol in b—e represents the average value from three independent experiments for
one sgRNA pair, with red lines and error bars indicating the mean % S.D. for all gRNA pairs. Columns with
error bars in f-h represent the mean =+ S.D. from three independent experiments. Statistical analysis was
performed using one-way ANOVA with Tukey’s multiple comparison test in b-e and Student’s two-tailed
paired t-test in f-h. *: P< 0.05; **: P< 0.01; ***: P< 0.001

type of NHE] products as “group I events,” consistent with our previous study [14].
Group I events were thus used to determine accurate joining of DSB ends induced
by paired LbCasl2a. Groups II, III, and IV represent mutagenic rejoining of DSB
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ends induced by a single LbCas12a without intervening DNA deletion as did previ-
ously with SpCas9 [14].

After normalizing for transfection efficiencies, the levels of induced group I events and
their accuracy varied significantly across 44 target pairs, comprising 11 pairs in mouse
ES cells and 33 pairs in human 293 cells (Fig. 4b). To assess whether the type of end
(PDE or PPE) influenced the efficiency and accuracy of group I events, we categorized
the 44 pairs into 11 W/W, 13 W/C, 10 C/W, and 10 C/C pairs. The efficiency and accu-
racy of group I events showed minimal differences among these PAM combinations
(Fig. 4c,d). However, end joining accuracy for group I events in C/W pairs ranged from
20.0 to 80.0%, averaging 46.7%, significantly higher than the approximately 3.6% average
for W/W, W/C, and C/C pairs (Fig. 4e). The loss of DNA-PKcs, Ku80, or XRCC4 did not
reduce the level of indels induced by C/W-paired LbCasl2a at the mRosa #4 site but
significantly decreased the frequency of group I events among total indels and the accu-
racy of events within group I (Fig. 4f-h). Since paired LbCas12a in the C/W orientation
produces two PDEs, while W/W, W/C, and C/C produce at least one PPE, these findings
suggest that accurate joining of compatible cohesive ends is more effective when both
ends are accessible to c-NHE] core factors.

In accurate NHE] for group I events, only the intervening sequences between paired
LbCasl2a sites are deleted without additional indels. In contrast, mutagenic group I
events result in extra deletions due to end processing, with the average length of these
additional deletions reflecting the overall deletion length. Analysis indicated that the
average deletion length in mutagenic group I events was shorter for the 10 C/W pairs
compared to the 11 W/W pairs, 13 W/C pairs, and 10 C/C pairs (Additional file 1: Fig.
S5a). Additionally, loss of Ku80 or XRCC4 increased the average deletion length in group
I products induced at the mRosa26 loci by C/W-paired LbCas12a with gR26 -4a/gR26
-4b, while loss of DNA-PKcs had minimal impact (Additional file 1: Fig. S5b). These
results confirm that, unlike PPEs in LbCas12a-induced DSBs, PDEs preferentially engage
¢-NHE]J, resulting in shorter deletion lengths and a higher frequency of accurate ligation
between two PDEs.

PDEs of Cas12a-induced DSBs are more efficiently ligated than PPEs

Given the greater recruitment of c-NHE] core factors to the PDEs of LbCas12a-induced
DSBs compared to the PPEs, we predicted that ligation to the PDEs would be more
efficient than to the PPEs in the presence of c-NHE]. To test this hypothesis, we used
SpCas9-g10 to induce a site-specific DSB with two blunt ends at the short arm of chro-
mosome 3 in human 293 T cells, facilitating ligation with either the PDE or the PPE of
the DSB induced by LbCasl2a-g2 or LbCasl2a-g2r at the long arm of chromosome 8
(Fig. 5a). With target cleavage by SpCas9-gl0, LbCasl2a-g2, and LbCasl2a-g2r respec-
tively at 37.5%, 54.2%, and 62.3% (Additional file 1: Fig. S6a), four types of translocations
could be induced. We constructed 4 plasmids, each containing a respective translocation
template for one translocation type, and used them with respective primer pairs to gen-
erate qRT-PCR standard curves for quantification of each translocation type (Additional
file 1: Fig. S6b,c). As expected, translocations were minimally detected by qRT-PCR with
primer pairs F1/R2, F2/R1, F1/F2, and R1/R2 for LbCasl2a-g2 and F1/R2, F2/R1, F1/
F2, and R1/R2 for LbCasl2a-g2r in the absence of DSBs. However, a significant level of
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translocations were detected by F2/R1 and F1/F2 for LbCas12a-g2 and by F1/R2 and R1/
R2 for LbCas12a-g2r, not by F1/R2 and R1/R2 for LbCas12a-g2 or by F2/R1 and F1/F2
for LbCasl2a-g2r, in the presence of SpCas9- and LbCasl2a-induced DSBs (Fig. 5b,c).
The detection with F2/R1 and F1/F2 for LbCasl2a-g2 and with F2/R1 and F1/F2 for
LbCasl2a-g2r represent the translocation of the PDE from the LbCas12a-induced DSB
to either end of the SpCas9-induced DSB, while the detection with F1/F2 and R1/R2 for
LbCasl2a-g2 and with F1/R2 and R1/R2 for LbCas12a-g2r represent the translocation of
the PPE from the LbCas12a-induced DSB. This suggests that ligation of a PDE to a given
end is more efficient than ligation of a PPE in the presence of c-NHE].

Further, we used SpCas9-g5 to target chromosome 3 and either LbCasl2a-gC or
LbCasl2a-gCr to target the AAVSI locus on the long arm of chromosome 19 in 293 T
cells (Fig. 5d). Target cleavage by SpCas9-g5, LbCas12a-gC, and LbCas12a-gCr at 52.2%,
27.8%, and 36.4%, respectively (Additional file 1: Fig. S6 d). Four types of translocations
were generated and measured by qRT-PCR assisted with standard curves (Additional
file 1: Fig. S6e,f). As expected, the absence of DSBs with SpCas9-gU6 and LbCasl2a-
gU6 induced a trace level of translocations measured by qRT-PCR (Fig. 5e,f). Consist-
ently, in the presence of DSBs induced by SpCas9-g5, LbCas12a-gC, and LbCas12a-gCr,
translocations between the PDEs of the LbCasl2a-induced DSBs and the ends of
the SpCas9-induced DSBs were more frequent than those between the PPEs of the
LbCasl2a-induced DSBs and the ends of the SpCas9-induced DSBs (Fig. 5e,f).

We also examined four types of translocations induced by LbCas12a-g2 and SpCas9-
g10, as well as NHE] of the two local ends, using PCR with the respective primer pair
combinations followed by agarose gel electrophoresis (Additional file 1: Fig. S7a,b). The
PCR products of the translocations were subcloned into a sequencing vector and con-
firmed by Sanger sequencing (Additional file 1: Fig. S7c—f). As expected for individual
target sites, significant PCR products were generated with primer pairs F1/R1 and F2/
R2, regardless of whether DSBs were induced by SpCas9 or LbCasl2a (EV vs. SpCas9-
g10 or EV vs. LbCas12a-g2 in Additional file 1: Fig. S7a). No translocation was detected

(See figure on next page.)

Fig. 5 [bCas12a-sgRNA induces translocations more efficiently with the PDEs than with the PPEs. a
Schematic representation of chromosomal translocations involving a SpCas9-induced DSB at the SpCas9-g10
target site on chromosome 3 and an LbCas12a-induced DSB at the LbCas12a-g2 or LbCas12a-g2r target

site on chromosome 8. Primer pairs are indicated for gRT-PCR of their respective products: F1/R2 (1),

F2/R1 (2), F1/F2 (3), and R1/R2 (4) for the reciprocal translocation between chromosomes 3 and 8. b, ¢
Translocation products were detected by gRT-PCR with gDNA from cells transfected by SpCas9-g10 and
LbCas12a-g2 or LbCas12a-g2r, along with gU6 as a negative gRNA control, respectively. The amounts

of translocation products (pmol) in gDNA (ng) were calculated using standard curves. The PDEs of long

and short chromosomal fragments are indicated by “long”and “short”in parentheses. d Schematic for
chromosomal translocations involving a SpCas9-induced DSB at the SpCas9-g5 target site on chromosome
3and an LbCas12a-induced DSB at the LbCas12a-gC or LbCas12a-gCr target site on chromosome 19. Primer
pairs are indicated for qRT-PCR: F3/R4 (1), F4/R3 (2), F3/F4 (3), and R3/R4 (4) for the reciprocal translocation.
e, f Translocation products were detected by gRT-PCR with gDNA from cells transfected by SpCas9-g5

and LbCas12a-gC or LbCas12a-gCr, along with gU6 as a negative gRNA control, respectively. The amounts
of translocation products (pmol) in gDNA (ng) were calculated using standard curves. The PDEs of long

and short chromosomal fragments are indicated by “long”and “short”in parentheses. Columns with error
bars represent the mean £ S.D. of three independent experiments in b, ¢, e, and f. Statistical analysis was
performed using Student’s two-tailed paired t-test, with significance indicated as ns: P> 0.05; *: P< 0.05; **:
P<0.01;*** P<0.001
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Fig. 5 (Seelegend on previous page.)

by PCR with primer pairs F1/F2, F2/R1, F1/R2, and R1/R2 in the absence of DSBs. How-
ever, in the presence of SpCas9- and LbCasl2a-induced DSBs, we observed transloca-
tions, with more detected using F1/F2 and F2/R1 for the PDEs of LbCas12a-induced
DSBs than with F1/R2 and R1/R2 for the PPEs of LbCasl2a-induced DSBs (Additional
file 1: Fig. S7a).

The combined intensity of the PCR bands in each lane of the agarose gel was meas-
ured using Image], and the relative intensity to GAPDH was calculated as the ratio of
the intensity of PCR bands for the SpCas9 target site, the LbCas12a target sites, or the
translocation products, to the intensity of the internal GAPDH control (Additional file 1:
Fig. S7b). The relative intensity of the PCR bands for the target sites was apparent, as
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expected (Additional file 1: Fig. S7b). In the absence of DSBs, the relative intensity of the
PCR bands for the translocations was negligible. In contrast, in the presence of SpCas9-
and LbCasl2a-induced DSBs, the relative intensities with F1/F2, F2/R1, F1/R2, and R1/
R2 were strong, but stronger with F1/F2 and F2/R1 than with F1/R2 and R1/R2 (Addi-
tional file 1: Fig. S7b). Despite less quantitative, the results from this approach are con-
sistent with those obtained by qRT-PCR described above.

Translocations induced by LbCasl2a-gC and SpCas9-g5 were also similarly detected
by PCR and confirmed by Sanger sequencing after subcloning into a sequencing vector
(Additional file 1: Fig. S8a—f). Using primer pairs F3/R3 and F4/R4, we readily detected
PCR products from target sites without translocations (Additional file 1: Fig. S8a,b).
While no translocation was observed in the absence of DSBs induced by SpCas9 and
LbCasl2a, a significant level of translocation was detected by PCR when DSBs were
induced by both SpCas9 and LbCasl2a. Notably, translocations were more frequently
identified with primer pairs F4/R3 and F3/F4 for the PDEs of LbCasl2a-induced DSBs
compared to F3/R4 and R3/R4 for the PPEs (Additional file 1: Fig. S8a,b).

Additionally, we used SpCas9-g5 and LbCasl2a-g2 to induce a site-specific DSB at
the long arm of chromosome 3 and 8 in human 293 T cells, respectively (Additional
file 1: Fig. S9a). This allowed for translocation between either the PDEs or the PPEs of
the LbCas12a-induced DSBs and the ends of SpCas9-induced DSBs. As expected, PCR
products from the target sites using primer pairs F3/R3 and F2/R2 were significant,
regardless of DSB induction by SpCas9 or LbCasl2a (Additional file 1: Fig. S9b,c). We
detected more translocations via PCR with primer pairs F2/F3 and F2/R3 compared to
F3/R2 and R2/R3 in the presence of both SpCas9- and LbCas12a-induced DSBs, with no
translocation observed in the absence of DSBs induced by SpCas9 and LbCas12a (Addi-
tional file 1: Fig. S9b,c). While no PCR products for translocation were detected with R3/
R2, products were observed with primer pairs F3/R2, F2/F3, and F2/R3, which were con-
firmed by subcloning followed by Sanger sequencing (Additional file 1: Fig. S9 d—f). Col-
lectively, these results suggest that ligation with the PDE of a DSB induced by LbCas12a
is more efficient than with the PPE, and that PDEs of LbCas12-induced DSBs are more
prone to translocation than PPEs.

PDEs of LbCas12a-induced DSBs promote accurate ligation of donor templates

into targeted sites

Given that compatible cohesive PDEs of LbCasl2a-induced DSBs favor efficient and
accurate ligation by ¢-NHE] in mammalian cells, we investigated whether these ends
also enhance accurate ligation between a donor template and a target site during tar-
geted integration. We selected targeted integration sites at the AAVSI, CLTA, and
HNRNPA1 lociin 293 T cells and designed a donor template containing a pPGK-RFP-pA
cassette flanked by two artificial LbCas12a target sites with either W/W, W/C, C/W, or
C/C-paired PAM orientations (Fig. 6a). A single LbCas12a-sgRNA was used to cleave
the target site, generating two compatible ends with a 5-nt 5' overhang—one PDE and
one PPE (Fig. 6a). Cleavage of the two artificial LbCas12a target sites flanking the pPGK-
RFP-pA cassette by paired LbCasl2a-sgRNAs produced a linear donor template with
either a PDE or a PPE on each side, complementary to the respective ends at the targeted
integration site (Fig. 6a).
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Fig. 6 The PDEs of LbCas12a-induced DSBs promote accurate ligation of donor templates into targeted
sites. a Schematic representation of LbCas12a-induced NHEJ-based targeted integration. The targeted
integration sites include both C PAM and W PAM targets. The donor plasmid contains a pPGK-RFP-pA cassette
flanked by two artificial LbCas12a target sites with paired PAM orientations of W/W, W/C, C/W, or C/C.

The 5'-staggered ends generated at the two artificial target sites upon LbCas12a-mediated cleavage are
designed to be complementary to the 5'-staggered ends produced by LbCas12a at the targeted integration
site in the genome. Primers F1 and R2 at the original targeted integration sites and R1 and F2 at the donors
are indicated. b Frequency of RFP* cells generated by targeted integration using donor ends induced by
paired LbCas12a with W/W, W/C, C/W, or C/C PAM orientations at the AAVST (left), CLTA (middle), or HNRNPAT
(right) loci in 293 T cells. The frequency of RFP.* cells was calculated by subtracting the frequency of
random integration control (using the guU6 empty vector) from the targeted integration group with paired
LbCas12a-sgRNAs. ¢ Frequency of accurate 5'- or 3'-junctions in targeted integration using donor ends
induced by paired LbCas12a with W/W, W/C, C/W, or C/C PAM orientations at the AAVST (left), CLTA (middle),
or HNRNPAT (right) lociin 293 T cells. PCR products of the targeted integration junctions were subcloned
into a TA vector and analyzed by Sanger sequencing. The number of subclones analyzed for each junction is
indicated by n. Columns with error bars represent the mean % S.D. of three independent experiments in b,
with significance determined by one-way ANOVA with Tukey's multiple comparison test. ns: P> 0.05; *: P<
0.05; **: P< 0.01

Targeted integration of pPGK-RFP-pA was assessed by flow cytometry for RFP*
cells and PCR using primer pairs F1/R1 for the 5'-junction and F2/R2 for the 3'-junc-
tion, along with flow cytometry to measure the frequency of stable RFP™ cells (Fig. 6a).
While approximately 1% of RFP' cells could arise from random integration, we
observed an increased frequency of RFP" cells in the presence of LbCas12a-sgRNAs
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compared to random integration (Additional file 1: Fig. S10a—c). We derived the fre-
quency of RFPY cells generated by targeted integration by subtracting the frequency
of random integration from that induced by LbCasl2a-sgRNAs. This frequency was
generally highest with two PDEs from the W/C donor and lowest with two PPEs from
the C/W donor across the three targeted integration sites (Fig. 6b).

PCR followed by agarose gel electrophoresis confirmed the occurrence of targeted
integration (Additional file 1: Fig. Slla-c). Sanger sequencing of PCR products
revealed that the 5'-junctions of targeted integration into the AAVSI and CLTA loci
were mostly accurate (up to 70.0%) with the W/W and W/C donors, while the 3'-junc-
tions into the HNRNPAI locus were accurate (up to 80.0%) with the W/C and C/C
donors (Fig. 6¢ and Additional file 1: Fig. S11a—c). These findings indicate that liga-
tion between compatible PDEs—one from the donor and one from the target site—
tends to be more accurate. Although donors with all four PAM orientations generated
significant levels of RFP cells, the majority exhibited accurate 5'-junctions at the
AAVS1 and CLTA loci with the W/W and W/C donors and accurate 3'-junctions at
the HNRNPA I locus with the W/C and C/C donors. In contrast, few or no RFP" cells
contained accurate junctions at the targeted integration sites in other cases. These
results suggest that compatible cohesive PDEs of LbCasl2a-induced DSBs, rather
than PPEs, promote accurate ligation of donor templates into targeted sites.

Aside from oriented integration (targeted integration in the correct orientation),
we also considered the possibilities of reverse integration (integration in the reverse
orientation) and duplicated integration (integration of two donor copies) (Additional
file 1: Fig. S12a). To analyze these occurrences, we sorted RFP' cells generated by
targeted integration using four types of donors (W/W, W/C, C/W, and C/C) at the
AAVS1 locus and examined the 5'- and 3'-junctions of single RFP™ clones by PCR fol-
lowed by Sanger sequencing (Additional file 1: Fig. S12a). Oriented integration was
assessed using primer pairs F1/R2 and F2/R1, reverse integration with F1/F2 and R2/
R1, and duplicated integration with F2/R2 (Additional file 1: Fig. S12a).

Among 24 RFP' single clones for each donor type, we found 19 oriented and
5 reverse integrations for the W/W donor, 14 oriented and 10 reverse for the W/C
donor, 12 oriented and 12 reverse for the C/W donor, and 2 oriented and 22 reverse
for the C/C donor (Additional file 1: Fig. S12b—f). Oriented integration with the W/W
donor and reverse integration with the C/C donor occurred much more frequently
than reverse integration with the W/W donor and oriented integration with the C/C
donor, respectively (Additional file 1: Fig. S12b,e,f). Both oriented integration with
the W/W donor and reverse integration with the C/C donor were mediated by liga-
tion between two PDEs—one from the cleaved donor and the other from the cleaved
target site—at the 5' junction. Conversely, reverse integration with the W/W donor
and oriented integration with the C/C donor were generated by ligation between one
PDE and one PPE at both 5’ and 3’ junctions. This supports the notion that ligation
between two PDEs of Casl2a-induced DSBs is more efficient than ligation involving
at least one PPE, suggesting that more efficient ligation between two PDEs may help
direct the orientation of end ligation between the donor and target site. Additionally,
we found rare duplicated integration events: 1 with the W/W donor, 2 with the W/C
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donor, 1 with the C/W donor, and 2 with the C/C donor among 24 RFP" single clones
for each donor type (Additional file 1: Fig. S12b—e).

Among the oriented integrations directed by two compatible ends, only the 5" junc-
tions with the W/W and W/C donors were generated by ligation of two PDEs. The other
5" junctions and all 3' junctions were associated with at least one PPE. Accurate 5' junc-
tions were found in 13 out of 19 oriented integration events with the W/W donor and
11 out of 14 with the W/C donor (Additional file 1: Fig. S12 g). This further confirms
that ligation between two compatible PDEs—one from the cleaved donor and the other
from the cleaved target site—tends to be more accurate (Fig. 6¢c and Additional file 1:
Fig. S11a—c).

Precise gene fragment replacement by ligation with PDEs of LbCas12a-induced DSBs

Since the compatible cohesive PAM-distal ends (PDEs) of LbCasl2a-induced DSBs
promote accurate ligation between a donor template and its target site, we investigated
whether this could be harnessed to efficiently and precisely replace a gene fragment in
mammalian cells. We focused on the CANX, PCNA, and H4 CI16 genes, aiming to add a
C-terminal RFP tag in 293 T cells by replacing specific gene fragments using compatible
PDEs of LbCasl2a (Fig. 7a). We identified W/C-paired LbCasl2a target sites flanking
the normal stop codon in the last exons of these genes—exon 21 of CANX, exon 7 of
PCNA, and exon 1 of H4 C16. Expression of paired LbCas12a-gRNAs would delete the
segment containing the stop codon, generating two PDEs for ligation with an exogenous
DNA fragment (Fig. 7a). We designed a targeted integration donor cassette flanked by
two artificial LbCas12a target sites with W/C-paired PAM orientation (Fig. 7a). This cas-
sette included a linker-RFP sequence surrounded by the deleted gene fragment, which
also lacked the original stop codon (Fig. 7a). Cleavage of both target sites and the donor
plasmid generated compatible cohesive PDEs between the cleaved target sites and the

(See figure on next page.)

Fig. 7 The PDEs of LbCas12a-induced DSBs are utilized to precisely replace gene fragments for C-terminal
tagging via NHEJ-based targeted integration. a Schematic representation of paired LbCas12a-induced
NHEJ-based replacement of a gene fragment. The targeted integration sites at the CANX, PCNA, and H4
C16 lociin 293 T cells are targeted by LbCas12a with C/W-paired PAM orientation, generating two PDEs

for targeted integration. The donor plasmid contains an exon-linker-RFP replacement cassette flanked by
two artificial LbCas12a target sites with W/C-paired PAM orientation. The 5'-staggered ends generated at
the artificial target sites upon LbCas12a cleavage are designed to be complementary to the 5'-staggered
ends produced by paired LbCas12a at the targeted integration site in the genome. Exon 21 of CANX, exon
7 of PCNA, and exon 1 of H4 C16 were partially replaced with exon-linker-RFP without losing any sequence
from CANX, PCNA, or H4 C16, respectively. Primers for the original targeted integration sites and donors are
indicated. b Frequency of accurate 5'- or 3'-junctions in gene replacement at the targeted integration sites
of CANX, PCNA, or H4 C16in 293 T cells. PCR products of the targeted integration junctions were subcloned
into a TA vector and analyzed by Sanger sequencing. The number of subclones analyzed for each junction is
indicated by n. ¢ Frequency of RFP* cells at 7 and 10 days post-transfection for intended gene replacement
at CANX, PCNA, or H4C16in 293 T cells. Paired LbCas12a with gC/gW for cleavage of the targeted integration
sites is indicated, along with gUé as a negative gRNA control. Immunofluorescence (d) and western blot
(e) analysis of sorted RFP* cells from ¢. RFP.* cells were sorted 10 days post-transfection for intended gene
replacement at CANX, PCNA, or H4 C16. The cells were then fixed for fluorescence detection of RFP-fusion
proteins (d) or lysed for western blotting of CANX, PCNA, and H4 C16 proteins, with B-actin or GAPDH as
loading controls (e). Ctrl represents targeted integration-negative cells generated by the negative control
LbCas12a-gU6, which does not cleave the targeted integration sites. Columns with error bars represent
the mean £ S.D. of three independent experiments in ¢, with statistical analysis performed using Student’s
two-tailed paired t-test. *: P< 0.05; **: P< 0.01; ***: P< 0.001
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Fig. 7 (See legend on previous page.)

donor, enabling the ligation of these ends and resulting in the replacement of the gene
fragment along with the addition of the C-terminal tag (Fig. 7a).

Targeted integration products were assessed by PCR using specific primer pairs for
the 5" and 3’ junctions. Flow cytometry measured the frequency of stable RFP* cells
(Fig. 7a). PCR followed by agarose gel electrophoresis confirmed successful C-termi-
nal RFP tagging of the three genes (Additional file 1: Fig. S13a—c). Sanger sequenc-
ing of the PCR products showed that both junctions of the C-terminal tagging were
mostly accurate, achieving up to 100% accuracy (Fig. 7b and Additional file 1: Fig.
S13 d—f). The frequency of background RFP" cells remained high until 7 days (d)
post-transfection but decreased to negligible levels by 10 d (Fig. 7c and Additional
file 1: Fig. S13 g). Transfection with expression plasmids for paired LbCasl2a-sgR-
NAs resulted in significantly higher frequencies of RFPY cells: approximately 4.0% for
CANX, 2.9% for PCNA, and 1.6% for H4 C16 at 7 d post-transfection, stabilizing at
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about 2.7%, 1.6%, and 0.67%, respectively, by 10 d (Fig. 7c). After sorting RFP" cells
at 10 d post-transfection, we examined RFP localization and found that RFP was
cytoplasmic for the cytoplasmic protein CANX and nuclear for the nuclear proteins
PCNA and H4 C16 (Fig. 7d). Western blot analysis of protein extracts from sorted
RFP* cells at 10 d post-transfection confirmed the successful C-terminal RFP tagging
of CANX, PCNA, and H4 C16 at the predicted sizes of the fusion proteins (Fig. 7e).
As expected, C-terminal RFP tagging for CANX or PCNA was less efficient in the
presence of DNA-PKcs inhibitors or when Ku80 or XRCC4 were depleted (Additional
file 1: Fig. S14a—c). These results indicate that LbCasl2a-induced DSBs can be effec-
tively harnessed to accurately replace a gene fragment via c-NHE], a strategy we term
Casl2a-induced PDE ligation (CIPDEL) for NHE]-mediated targeted integration.

To compare the efficiency of CIPDEL with HDR-mediated targeted integration
induced by LbCasl2a and SpCas9 and with NHE]J-mediated targeted integration
induced by SpCas9 (i.e., HITI) [15, 18], we performed experiments in 293 T cells and
hTERT-immortalized RPE- 1 cells. While both cells displayed the preference for NHE]
over HDR in repair of LbCas12a-induced DSBs, the NHE] proportion in RPE- 1 cells
was greater than that in 293 T cells, likely suggesting a stronger NHE] activity in RPE-
1 cells (Additional file 1: Fig. S15a—c). Consistently, following targeted integration
with both the W/C donor and an HDR donor containing a pPGK-RFP-pA cassette at
the AAVSI locus (Additional file 1: Fig. S15 d), we found that CIPDEL appeared less
efficient than HDR in 293 T cells but more efficient in RPE- 1 cells (Additional file 1:
Fig. S15¢,f).

In CANX C-terminal tagging experiments, where the last exon of CANX was
replaced with an e21-RFP tag via either CIPDEL, LbCasl2a-induced HDR, HITI,
or SpCas9-induced HDR (Additional file 1: Fig. S16a), we selected LbCasl2a-gC,
LbCas12a-gW, SpCas9-gC, and SpCas9-gW, all of which cleaved their targets in a
similar efficiency, for targeted integration (Additional file 1: Fig. S16b). FACS analysis
indicated that CIPDEL and LbCasl2a-induced HDR were more efficient than HITI
and SpCas9-induced HDR for targeted integration in both 293 T cells and RPE- 1
cells, respectively (Additional file 1: Fig. S16c). NHEJ-mediated targeted integration,
such as CIPDEL and HITI, was much more active than HDR in RPE- 1 cells, as com-
pared to 293 T cells (Additional file 1: Fig. S16c). Additionally, CIPDEL resulted in a
higher level of accurate 5'- and 3'-junctions than HITI (Additional file 1: Fig. S16 d).

We also analyzed oft-target effect of L6Casl2a-gC, LbCasl2a-gW, SpCas9-gC, and
SpCas9-gW. Total 1, 3, 201, and 157 off-target sites were predicted for LbCas12a-gC,
LbCasl2a-gW, SpCas9-gC, and SpCas9-gW, respectively. Indel frequencies induced
by LbCasl2a-gC and LbCasl2a-gW at their respective off-target sites in 293 T cells
were much smaller than those induced by SpCas9-gC and SpCas9-gW at their top 3
off-target sites (Additional file 1: Fig. S16e). This is consistent with previous findings
that LbCasl2a has a considerably lower off-target effect than SpCas9 [6—8]. Collec-
tively, these results suggest that CIPDEL may offer advantages in targeted integra-
tion and be particularly suited for targeted integration in certain cell types, including
slow-cycling and non-dividing cells where HDR activity is lower or inactive. A step-
by-step protocol for CIPDEL-mediated targeted integration is presented in Addi-
tional file 1: Fig. S17.
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Discussion

In this work, we first examined the junctions of NHE] repair for LbCasl2a-induced
DSBs at 16 sites and observed that the average deletion length was longer from the
PPEs than from the PDEs. Further investigation revealed that the post-cleavage reten-
tion of Cas12a-sgRNA at the PPEs—rather than the PDEs, which are free from Casl12a-
sgRNA—prevents access by the c-NHE] core factors, leading to asymmetric deletions
in the NHE] repair of LbCasl2a-induced DSBs. More importantly, the easier access to
c-NHE] core factors at the PDEs promotes more efficient and accurate end ligation com-
pared to the PPEs. With this mechanistic insight, we devised the CIPDEL approach to
harness the free 5-nt 5'-overhanging PDEs of LbCasl2a-induced DSBs for NHE]-medi-
ated targeted integration with improved efficiency and accuracy.

A well-documented yet unique feature of CRISPR-Cas systems is that both CRISPR-
Cas9 and CRISPR-Casl2a remain bound to their targets for hours, even after cleavage
[8, 20—24]. This post-cleavage target residency may influence the exposure of CRISPR-
induced DNA breaks to specific stages of the cell cycle and certain DNA damage
response (DDR) proteins, which determine the choice of DNA break repair pathways.
Indeed, previous studies have indicated that upon target cleavage, SpCas9-sgRNA is
released from the cleaved DNA either spontaneously or through forces from transcrip-
tion, DNA replication, or chromatin remodeling, in a manner partly dependent on the
binding affinity of SpCas9-sgRNA to its target [25, 33—37]. This can elicit different DDR
responses and, by extension, result in heterogeneity in genome editing products [19, 25].

Unlike the SpCas9-gRNA complex, which binds to both ends of SpCas9-induced
DSBs, Cas12a-gRNA is retained at the PPE, leaving the PDE free from the post-cleav-
age Cas12a-gRNA-DNA ternary complex [8, 22, 23]. The impact of this retention on
repair activity at the PPE was unclear. However, it is expected that free DSB ends, such
as the PDE, readily bind to the KU70/KU80 dimer, one of the most abundant nuclear
proteins in mammalian cells [38]. KU70/KU80 not only protects DSB ends from nucleo-
lytic attack but also recruits other c-NHE] core factors, such as DNA-PKcs and XRCC4/
DNA ligase 4, facilitating NHE] repair [39]. Despite the apparent asymmetry in target
residency between the PPEs and PDEs of Casl2-induced DSBs, previous profiling of
CRISPR-Casl2a genome editing did not examine potential repair differences between
these ends, focusing instead on overhang polarity’s role in generating various mutation
signatures [6, 7]. For instance, due to distinct overhangs, LbCas12a and AsCas12a rarely
induce insertions, while SpCas9 frequently generates 1-nt insertions [6, 7]. Prior analy-
ses of AsCasl2a-induced targeted integration suggested a higher mutagenic tendency of
the PPEs than the PDEs in NHE], attributing this to re-cleavage by AsCasl2a [16]. Not
until our current study was the asymmetric effect of post-cleavage target residency on
the repair of Casl2a-induced DSBs identified.

CRISPR-Cas genome editing strategies primarily include the deletion or disruption
of DNA fragments, targeted integration for precise gene correction and DNA insertion,
as well as base editing and prime editing—both of which do not require the induction
of DSBs [40]. Targeted integration for precise gene correction and DNA insertion has
demonstrated therapeutic potential in treating monogenic diseases and has also been
used to engineer immune cells for cancer therapy [41]. While HDR is currently the pri-
mary pathway for targeted integration, HDR-based strategies are often inefficient and
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not applicable in non-dividing cells, where HDR is inactive [9, 10, 42, 43]. The inclu-
sion of homology arms needed for HDR increases the size of the targeting vector, which
may limit both the efficiency of targeted integration and the size of the DNA insert. Par-
ticularly, when the donor template is delivered via AAV, the size of the DNA insert can
become a limiting factor for packaging into conventional AAV vectors [44—46]. Addi-
tionally, SpCas9 may induce p53-dependent DDR in primary cells and human stem
cells, arresting these cells in the G1 phase and preventing efficient HDR-based targeted
integration [47, 48]. Consequently, NHE]J-based targeted integration, such as SpCas9-
induced HITI, has been developed to effectively insert a DNA sequence of interest into
targeted genomic loci, potentially addressing some of the challenges encountered with
HDR-based strategies [15, 49, 50].

Due to the blunt ends of SpCas9-induced DSBs, inverted integration of donor DNA
could theoretically occur in up to half of NHE]J-mediated targeted integration events in
SpCas9-induced HITI [15, 18]. Additional design considerations are necessary to pre-
vent this inverted integration. Moreover, the lower accuracy of NHE] repair involving
the PPEs limits the applicability of SpCas9-induced HITI for precise gene correction and
insertion [14]. Furthermore, SpCas9 may induce significant off-target effects, necessitat-
ing thorough investigation and validation for safety prior to clinical use [51]. In contrast,
CRISPR-Casl2a offers several inherent advantages, including a smaller size, minimal
off-target cutting, staggered ends with 5-nt 5'-overhangs from Casl2a-induced DSBs,
and the ability to process its own crRNA array. The CIPDEL approach leverages these
benefits, providing a potentially safer and more precise alternative to SpCas9-based
HITI for targeted integration.

Given that the repair of Cas12a-induced DSBs is influenced by the asymmetry in post-
cleavage target residency of Cas12a-sgRNA, a mechanistic understanding of this regu-
lation could provide further opportunities to enhance Casl2-induced genome editing.
However, several obstacles must be addressed to broaden the application of the CIP-
DEL strategy and maximize its therapeutic potential. Neither LbCas12a, AsCasl2a, nor
FnCasl2a can cleave DNA as efficiently as SpCas9 in general settings, although they
may perform comparably at specific sites [1, 3, 4, 6, 7, 52]. Additionally, the T-rich PAM
restricts the target range for AsCas12a, LbCasl2a, and FnCasl2a, likely limiting target
choices for CIPDEL and highlighting the need for further expansion of PAM specifici-
ties [3, 53-56]. In the CIPDEL approach, reverse integration and duplicated integration
could still occur, similar to what is seen in SpCas9-mediated HITI [15], necessitating
efforts to minimize these occurrences.

While the CIPDEL strategy is designed to save space by eliminating the need for two
homology arms in targeted integration, we have yet to determine the maximum size of
DNA fragments that can be efficiently knocked into a specific genomic site using this
strategy. It also remains unclear whether CIPDEL-based multiplexed targeted integra-
tion can be achieved with a compact crRNA array, which is commonly used to guide
Casl12a-based multiplexed genome editing [4, 57, 58]. Particularly, the delivery of sin-
gle or multiple donor templates and multiplexed Cas12a-gRNAs via AAV for CIPDEL
should be examined to apply this strategy for targeted integration in vivo. Importantly,
since HDR is inactive and NHE] is the dominant pathway for DSB repair in non-divid-
ing cells such as neurons and cardiomyocytes [15, 43], CIPDEL has a distinct advantage
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over the classical HDR approach for directing targeted integration in these cell types,
although this advantage has yet to be confirmed. A systematic head-to-head comparison
with SpCas9-mediated HITI is also necessary to evaluate whether CIPDEL offers supe-
rior efficiency, accuracy, and reduced off-target effects in targeted integration.

Conclusions

Collectively, this study revealed that the asymmetric retention of CRISPR-LbCas12a at
DSB ends suppresses c-NHE] at the PPEs of LbCas12a-induced DSBs, not at the PDEs.
This unique repair mechanism has been harnessed for CIPDEL-directed targeted inte-
gration. However, practical applications of CIPDEL in genome editing still require fur-
ther optimization of this NHEJ-mediated targeted integration strategy.

Methods

Plasmids

The expression plasmids for SpCas9 (Cat# 42,230) and LbCasl2a (Cat# 69,988) were
originally obtained from Addgene. The expression plasmids for gRNAs were con-
structed as described previously [59, 60]. The donor plasmids for NHE]J-based targeted
integration of the pPGK-RFP-pA cassette at the AAVSI, CLTA, or HNRNPAI locus of
human 293 T cells were generated by placing a LbCas12a-gRNA target site to either
side of pPGK-RFP-pA. The donor plasmids for HDR-based targeted integration of the
PPGK-RFP-pA cassette at the AAVSI locus of human 293 T cells were generated by a
5'- and 3'-homology arm, each 500 bp, to either side of pPGK-RFP-pA. The donor plas-
mids for NHE]-based targeted integration of exon-(GGGGS)3-linker-REP to replace the
respective exon sequences of CANX, PCNA, and H4 CI6 in human 293 T cells were
constructed by placing a LbCas12a-gRNA target site to either side of exon-(GGGGS)3-
linker-RFP. The donor plasmids for HDR-based targeted integration of exon-(GGGGS)3-
linker-RFP to replace the respective exon sequences of CANX in human 293 T cells were
constructed by placing a 5'- and 3'-homology arm, each 500 bp, to either side of exon-
(GGGGS)3-linker-RFP. The donor sequences for targeted integration along with the
sequences of targeted integration sites are listed in Additional file 2: Table S1. Newly
constructed plasmids were confirmed by Sanger sequencing.

Cell lines and cell culture

Human embryonic kidney cells 293 and 293 T and hTERT-immortalized retinal pig-
ment epithelial cells RPE- 1 were obtained from the American Type Culture Collection
(ATCC) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum, 1% penicillin—streptomycin, and 2 mM L-glutamine. Mouse ES cells
containing the sGE] reporter were previously established and were cultured in DMEM
medium (Biological Industries) supplied with 20% fetal bovine serum (Gibco), 1% peni-
cillin—streptomycin (Gibco), 2 mM L-glutamine (Gibco), 0.1 mM p-mercaptoethanol
(Sigma), 0.1 mM non-essential amino acid (Gibco), 1 mM sodium pyruvate (Gibco), and
1000 U/mL leukemia inhibitory factor (Millipore) on either mouse embryonic fibro-
blast (MEF) feeders or gelatinized plates [25]. Isogenic wild-type, DNA-PKes™~ and
Ku80~'~ mouse ES cells clones and isogenic XRCC4"™* and XRCC4~’~ mouse ES cells
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were generated previously [25]. All the cell lines for the study were tested negative for

mycoplasma.

Transfection

Transfection of mouse ES cells were performed with Lipofectamine 2000 (Invitrogen)
in 24-well plates as previously described [61, 62]. Briefly, total 1.0 x 10° mouse ES cells
in 200 pL culture medium were transfected with 0.5 pug expression plasmids for SpCas9-
gRNA or LbCasl12a-gRNA. For 293 cells and 293 T cells, 1.4 x 10° cells were trans-
fected with the expression plasmids (0.5 pg) for SpCas9-gRNA or LbCasl2a-gRNA by
Hieff Trans (Yeasen, #40805ES). The plasmid ratio of SpCas9 or LbCas12a to gRNA in
transfection amount is 1:1. Transfection efficiencies were determined by parallel trans-
fection of pcDNA3B-GFP (0.1 pg) together with the empty vector pcDNA3p (0.4 pg).
For RPE- 1 cells, 1.4 x 10° cells were transfected with 0.25 ug expression plasmids for
LbCasl2a, 0.125 pg expression plasmids for gRNAs, and 0.125 pg NHE] donor plas-
mids or HDR donor plasmids by Lipofectamine® LTX & PLUS™ Reagent (Invitrogen).
Transfection efficiencies were measured by parallel transfection of 0.25 ug pcDNA3B-
GFP together with 0.25 pg the empty vector pcDNA3f. Experiments with transfection
efficiencies below 50% were excluded. Transfection efficiencies were determined at 72
h post-transfection by fluorescence-activated cell sorting (FACS) using the Beckman
Coulter CytoFLEX flow cytometer. Cells were analyzed at 72 h post-transfection for
genome editing by targeted PCR amplification and Illumina deep sequencing. The gRNA
target sequences along with primers for targeted PCR amplification are listed in Addi-
tional file 3: Table S2 and Additional file 4: Table S3. FACS data were analyzed using the
CytExpert 2.0 software.

T7 endonuclease | (T7E1) assay

After cells were transfected with plasmids expressing LbCasl2a-gRNAs or SpCas9-
gRNAs, along with gU6 as a negative gRNA control, genomic DNA (gDNA) was isolated
from cells at 48 h or 72 h post-transfection using a gDNA purification kit (Vazyme). PCR
amplification of targeted sites was performed using 100 ng gDNA with primers listed in
Additional file 5: Table S4. PCR products were purified with PCR Clean-up kit (Vazyme)
and 200 ng of purified PCR products was mixed with 1 pL 10 x T7E1 buffer (Vazyme,
EN303) and ultrapure water to a final volume of 10 pL, and subjected to a re-annealing
process to enable heteroduplex formation: 95 °C for 3 min, 95 °C for 30 s, 90 °C for 30
s, 85 °C for 30 s, 80 °C for 30 s, 75 °C for 30 s, 70 °C for 30 s, 65 °C for 30 s, 60 °C for 30
s, 55 °C for 30 s, 50 °C for 30 s, 45 °C for 30 s, 40 °C for 30 s, 35 °C for 30 s, 30 °C for 30
s, and 25 °C for 1 min. After re-annealing, products were treated with T7 endonuclease
I (Vazyme, EN303) for 15 min at 37 °C. The reaction mixtures were separated by 2%
agarose gel electrophoresis and the indel ratios were calculated according to the band
intensities by Image] software using the following equation: indel ratios = the intensities
of cut bands/(the intensities of cut bands + the intensity of uncut band).

Detection of the HDR and NHEJ activity in 293 T and RPE- 1 cells
The ssODN donor containing a barcode (“GGATCC”) in the middle and 50-bp homolo-
gous arms at 5’ and 3' ends was synthesized by TsingKe Biological Technology as the
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HDR template (Additional file 2: Table S1). 293 T cells and RPE- 1 cells were co-trans-
fected with 0.25 ug ssODNs and the expression plasmids for LbCas12a (0.15 pg)-gC (0.1
pg). At 72 h post-transfection, gDNA was isolated from these cells using a gDNA puri-
fication kit (Vazyme). The targeted regions of less than 300 bp in gDNA were amplified
by PCR with primers listed in Additional file 2: Table S1 and Illumina deep sequencing
was performed by Novogene Co. Ltd (Beijing). Sequences were analyzed to determine
the insertion frequency of the barcode at the cleavage site for the HDR efficiency and the
indel frequency at the cleavage site for the NHE] efficiency. Both frequencies were nor-
malized with transfection efficiencies.

Targeted PCR amplification and lllumina deep sequencing

The edited sequences by targeted genome editing at endogenous genome loci were
analyzed by targeted PCR amplification and Illumina deep sequencing as described
previously [59]. Briefly, cells transfected with SpCas9-gRNA and LbCas12a-sgRNA for
targeted genome editing were harvested at 72 h post-transfection and gDNA was iso-
lated from these cells using a gDNA purification kit (Vazyme). The targeted regions of
less than 300 bp in gDNA were amplified by PCR with primers listed in Additional file 3:
Table S2 for single SpCas9-gRNA or single LbCas12a-gRNA and with primers listed in
Additional file 4: Table S3 for paired LbCas12a-gRNAs. Illumina deep sequencing was
performed at Novogene Co. Ltd (Beijing). PCR products were purified with PCR Clean-
up kit (Vazyme), end-repaired, adenylated at 3' ends, ligated with adapters, purified, and
amplified by the second round of PCR to incorporate the P7 and P5 Illumina adapters
according to the manufacturer’s protocols (Yeasen, Hieff NGS Ultima DNA Library Prep
Kit for Illumina). Sequences were analyzed to determine the frequency of genome edit-
ing and identify the indel pattern at repair junctions of edited sites using DBS-Aligner as
described previously [59]. The frequency of editing was calculated and corrected with
background readings and normalized with transfection efficiencies.

Targeted integration assay

For NHEJ- and HDR-based targeted integration, 1.4 x 10° 293 T cells were transfected
with 0.4 pg of the donor plasmids in 0.8 pg of total DNA with expression plasmids for
LbCas12a (0.2 pg) or SpCas9 (0.2 pg)-gRNAs (0.2 pg), and 1.4 x 10° RPE- 1 cells were
transfected with 0.125 pg of the donor plasmids in 0.5 pg of total DNA with expres-
sion plasmids for LbCas12a (0.25 pg) or SpCas9 (0.25 pg)-gRNAs (0.125 pg). 293 T cells
were treated with the DNA-PKcs inhibitor NU7441 (2.0 uM; TopScience Cat# T6276)
or M3814 (2.0 uM; Selleck Cat# S8586) at 6 h post-transfection for 72 h as needed. For
siRNA-mediated depletion assays, 293 T cells were transfected with 20 pmol mixture
of three siRNAs for each gene (TSINGKE Co.) together with the expression plasmids
for LbCas9-sgRNAs and the donor plasmids. SIRNAs sequences were listed in Addi-
tional file 3: Table S2. RNA depletion was determined by quantitative reverse tran-
scriptase PCR on qPCR CFX 96 Thermocycler (Bio-Rad). Parallel transfection of 0.16
ug pcDNA3B-GEP expression vector together with 0.64 pg pcDNA3p (the empty vec-
tor) was performed to determine transfection efficiencies, which were measured at 72 h
post-transfection by FACS using Beckmann Coulter CytoFLEX. The frequencies of REP™

cells induced by targeted integration were measured at 7 d and 10 d post-transfection by
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FACS using Beckmann Coulter CytoFLEX and corrected with background readings and
transfection efficiencies. FACS data were analyzed using the CytExpert 2.0 software.

To analyze the junction of NHE]-based targeted integration in a correct orientation
in unsorted cells, gDNA was isolated from unsorted cells using a gDNA purification kit
(Vazyme) at 10 d post-transfection. Junction of targeted integration in a correct orienta-
tion was amplified by PCR with primers listed in Additional file 2: Table S1 and deter-
mined by subcloning PCR products into a TA cloning vector (TSINGKE TSV- 007S
pClone007 Simple Vector Kit) followed by Sanger sequencing of individual PCR prod-
ucts subcloned.

To analyze the junction of NHE]-based targeted integration in individual RFP* cells,
RFP" cells were sorted by FACS using Beckman Moflo Astrios EQ at 10 d post-trans-
fection, plated and grown. Single RFP* clones were picked and gDNA was isolated from
these individual clones using a gDNA purification kit (Vazyme). 5" and 3’ junction of tar-
geted integration for each clone was amplified by PCR with primers listed in Additional
file 2: Table S1 and determined by Sanger sequencing.

Analysis of oriented integration, reverse integration, and duplication integration

To determine the frequencies of oriented integration, reverse integration, and dupli-
cation integration, the pPGK-RFP-pA cassette as the donor plasmids and the expres-
sion plasmids for LbCas12a-gC targeting the AAVSI locus in the human genome were
transfected into 293 T cells, and RFP™ cells were sorted by FACS using Beckman Moflo
Astrios EQ at 10 d post-transfection, plated and grown. Single RFP™ clones were picked
and gDNA was isolated from these individual clones using a gDNA purification kit
(Vazyme). RFP" clones with oriented integration, reverse integration, and duplication
integration were identified by amplification of 5'- and 3'-junction for oriented integra-
tion, reverse integration, and duplication integration by PCR with primers listed in
Additional file 2: Table S1 and determined by Sanger sequencing. The frequencies of
oriented integration, reverse integration, and duplication integration were derived by
the percentages of clones with oriented integration, reverse integration, and duplication

integration.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using SimpleChIP® Plus Enzymatic Chromatin IP Kit (#9003,
CST) following the manufacturer’s instructions as described previously [60]. Briefly, 2 x
10° mouse ES cells containing single-copy DSB reporter, either the SCR-RFP reporter
or the NHE] reporter [32, 63, 64], were transfected with expression plasmids for HA-
tagged LbCasl2a and respective gRNAs in each well of a 24-well plate. The gRNA tar-
get sequences are listed in Additional file 5: Table S4. Total 1 x 107 cells were collected
at 12 h, 24 h, and 48 h post-transfection, fixed with 1% formaldehyde at 37 °C for 10
min and quenched with 0.125 M glycine for 5 min at room temperature. Nuclei were
separated from cell pellets, digested with 0.5 pL micrococcal nuclease and sonicated to
generate chromatin supernatant. Chromatin fractions containing Ku80 and HA-tagged
LbCasl2a were precipitated with antibodies against Ku80 (#2753, CST) and HA tag (sc-
7392, Santa Cruz), as well as nonspecific IgG antibody as a negative control. After chro-
matin immunoprecipitates were de-crosslinked, DNA were purified with spin columns
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from the ChIP Kit (#9003, CST). Enrichment of DNA was detected by qRT-PCR on CFX
96 Thermocycler (Bio-Rad) using the primer pairs listed in Additional file 5: Table S4.
The fold enrichment of Ku80 and HA-LbCas12a at each genomic position relative to the

negative IgG background was determined using the following equation: Fold enrichment
— 27(Ct genomic fragment with antibody of interest—Ct genomic fragment with IgG)

Induction and analysis of translocation events

Translocation was similarly induced and analyzed as described previously [65]. Briefly,
cells were transfected with expression plasmids for SpCas9-sgRNA and LbCasl2a-
sgRNA to induce translocation of a PPE or a PDE of LbCas12a-induced DSBs to a given
end of SpCas9-induced DSBs. After 72 h, cells were harvested and gDNA was isolated.

To generate a standard curve for quantification of translocations, each type of translo-
cation products in gDNA generated by LbCas12a-g2 and SpCas9-gl0 and by LbCas12a-
gC and SpCas9-g5 were amplified from gDNA by PCR with their respective primer pairs
listed in Additional file 6: Table S5. About 100-200-bp PCR products of translocations
were subcloned into the TA cloning vector (TSINGKE TSV- 007S pClone007 Simple
Vector Kit). The plasmids containing single translocation templates for each transloca-
tion type were confirmed by PCR and Sanger sequencing and selected for generation of
the standard curve. Sequences of single translocation templates in the plasmids for the
standard curve were listed in Additional file 6: Table S5. We mixed 3 pg of gDNA from
wild type cells with individual standard curve plasmids containing single translocation
templates for each translocation type in serial dilution in 100 pL of standard solution,
in which the concentrations of the plasmids were 2.53 x 107, 2.53 x 1077, 2.53 x 1078,
and 2.53 x 1072 pmol per ng gDNA, respectively. We added 1 pL of standard solution
containing 30 ng of gDNA into 10 pL qRT-PCR mixture using ChamQ Universal SYBR
qPCR Master Mix (Vazyme) for qRT-PCR on CFX 96 Thermocycler (Bio-Rad). The
primer pairs for qRT-PCR were also listed in Additional file 6: Table S5. The standard
curves were created using the values from 3 independent experiments, triplicates in each
experiment, with the GAPDH gene of gDNA as an internal control. The values of the X-
and Y-axis indicate the amount of translocation products in pmol per ng gDNA for qRT-
PCR and the corresponding 2~ (Ct standard curve plasmid—Ct GAPDH) (j o - 9=ACY) from qRT-PCR,
respectively. The correlation coefficient (R?) was calculated by GraphPad Prism 8.0.

To determine the level of translocations, translocations in gDNA were analyzed by
qRT-PCR with 30 ng of gDNA containing translocations induced by LbCasl2a-g2 and
SpCas9-g10, by LbCasl2a-g2r and SpCas9-gl0, by LbCasl2a-gC and SpCas9-g5, and by
LbCasl2a-gCr and SpCas9-g5. With GAPDH as internal control for qRT-PCR, the Y-axis

Ct translocation—Ct GAPDH) The levels of translo-

values from qRT-PCR were calculated by 2~
cation products were calculated according to their respective standard curves.

To examine each translocation type by PCR, translocation products were amplified
from gDNA by PCR with primers listed in Additional file 6: Table S5, together with PCR
products of the GAPDH region from each sample as internal PCR control. The intensity
of translocation bands and GAPDH band was calculated with Image] software. The rela-
tive frequency of translocation was calculated as the ratio of translocation intensity to

GAPDH intensity. PCR products of translocation were subcloned into the TA cloning
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vector (TSINGKE TSV- 007S pClone007 Simple Vector Kit) and translocation junctions
were determined by Sanger sequencing of individual PCR products subcloned.

Western blot and immunofluorescence
For western blot, REP" cells from targeted integration experiments were sorted by FACS
using Beckman Moflo Astrios EQ at 10 d post-transfection and lysed with RIPA buffer
for 30 min. Cell extractions were separated by SDS-PAGE electrophoresis and ana-
lyzed by western blot with primary antibodies including anti-calnexin from ABclonal
(A15631, 1:1000), anti-PCNA from Santa Cruz (sc- 56, 1:500), anti-H4 C16 from
ABclonal (A19815, 1:1000), anti-pB-actin from Vazyme (Ab101 -01/02/03, 1:1000), and
anti-GAPDH from HuaBio (EM1101, 1:1000).

For immunofluorescence assays, sorted RFP' cells were grown on glass coverslips in
a 24-well plate and fixed with 4% paraformaldehyde. Cells were stained with DAPI and

imaged by a fluorescence microscope (Leica DM4000).

Off-target analysis

Potential off-target sites were identified using the latest version of the CRISPR Off-Tar-
get prediction website (http://crispor.tefor.net/). All potential sites were ranked by an
off-target hit score, and high-ranked potential sites were selected. Off-target sites were
amplified by PCR with primers listed in Additional file 7: Table S6 after gDNA extrac-
tion from cells transfected with SpCas9-sgRNAs or LbCas12a-sgRNAs at 3 d post-trans-
fection in 293 T cells. Off-target editing efficiency was determined by Illumina deep
sequencing and calculated as the ratio of edited reads to total reads normalized by trans-

fection efficiency.
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