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Despite the potential of small molecules and recombinant proteins to enhance
the efficiency of homology-directed repair (HDR), single-stranded DNA
(ssDNA) donors, as currently designed and chemically modified, remain sub-
optimal for precise gene editing. Here, we screen the biased ssDNA binding
sequences of DNA repair-related proteins and engineer RADS1-preferred
sequences into HDR-boosting modules for ssDNA donors. Donors with these

modules exhibit an augmented affinity for RADSI, thereby enhancing HDR
efficiency across various genomic loci and cell types when cooperated with
Cas9, nCas9, and Casl2a. By combining with an inhibitor of non-homologous
end joining (NHEJ) or the HDRobust strategy, these modular ssDNA donors
achieve up to 90.03% (median 74.81%) HDR efficiency. The HDR-boosting
modules targeting an endogenous protein enable a chemical modification-free
strategy to improve the efficacy of ssDNA donors for precise gene editing.

Precise gene editing is significant for both biological research and clin-
ical gene therapy applications. Gene editing relies on intrinsic DNA
repair pathways triggered by DNA damage, such as double-stranded
break (DSB), site-specifically induced by programmable endonucleases'.
Endogenous proteins are recruited to these sites, where they repair the
DSB via two major pathways: error-prone non-homologous end joining
(NHEJ) and precise homology-directed repair (HDR). When these
pathways function ineffectively, other error-prone repair pathways,
microhomology-mediated end joining (MMEJ) and single-stranded
annealing (SSA), evolved presumably to mediate repair>*. NHE) is
initiated by the binding of the Ku70-Ku80 heterodimer to DSB ends and
often induces insertions and deletions (indels). In contrast, HDR utilizes
proteins like CtIP, the MRN complex (MRE11-RAD50-NBS1), and RAD51
to repair the DSB precisely, using sister chromatids as templates”.
Therefore, exogenously provided DNA donors containing the intended
sequence can also be integrated at the target site via HDR, enabling
precise gene editing>®. Because the programmable endonucleases, Cas9

and Casl2a, have demonstrated high efficiency in inducing DSB, the
relatively low efficiency of HDR compared to NHEJ has been a major
bottleneck in achieving precise gene editing at desired loci. Recently,
inhibition of error-prone repair pathways by dominant-negative 53BP1-
fused Cas9’, the small molecule M3814%°, and HDRobust strategy’ have
been reported to shift the endogenous DNA repair pathway toward
HDR, yielding high precise gene editing efficiency. Nonetheless, the
involvement of exogenously delivered DNA donors remains a limiting
step for optimal HDR efficiency®.

Single-stranded DNA (ssDNA) donors generally exhibit higher
HDR efficiency and lower cytotoxicity than double-stranded DNA
(dsDNA) donors™. Therefore, substantial effort has been devoted to
enhancing the efficiency of ssDNA donor-meditated HDR®®, also
referred to as single-strand template repair (SSTR). To date, most
effective and reliable strategies for enhancing the involvement of
ssDNA donors are based on tethering ssDNA donors to Cas9 ribonu-
cleoprotein (RNP) complexes, including Cas9-avidin biotin ssDNA
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system", RNPD system', Cas9-PCV system”, Cas9-AeF DBCO-adaptor
sSODN system', SImplex system”, and the gDonor system'. This
indicates that the proximity of the ssDNA donor to the target sites is a
key determinant of HDR efficiency. However, these strategies rely on
chemical modifications of the Cas9 protein and/or the ssDNA donor,
leading to several drawbacks, including unsuitability for mRNA-lipid
nanoparticle (LNP) and viral delivery systems, incompatibility with
other programmable endonucleases, the potential to reduce Cas9
activity, the inclusion of additional recombinant proteins, gene ther-
apy immunogenicity, and increased costs of producing gene-editing
tool. Thus, it is necessary to develop a chemical modification-free
approach that can recruit ssSDNA donors to the target site and enhance
HDR efficiency.

Beyond carrying genetic information, ssDNA can serve as
pathogen-associated molecular patterns (PAMPs) to trigger innate
immune responses”, antisense oligonucleotides (ASOs) to regulate
gene expression'®, aptamers to modulate protein functions', and
more. Since these functions rely on the interaction between short,
specific ssDNA sequences and endogenous proteins, we hypothesize
that incorporating certain functional sequence modules into ssDNA
donors could enhance their capabilities by facilitating the recruitment
of ssDNA donors to DSB sites through targeted interactions with
endogenous proteins (Supplementary Fig. 1).

Here, we explore the single-stranded oligodeoxynucleotides
(referred to hereafter as ODNs) binding preference sequences of DSB
repair-related proteins, which are recruited to the DSB sites for DNA
repair. Based on the RADS51-preferred sequences, we develop HDR-
boosting modules and incorporate them into ssDNA donors. The
inclusion of these modules in the ssDNA donors increases the effi-
ciency of precise gene editing induced by Cas9, nCas9, and Casl2a
endonucleases. Notably, the combination of these modular ssDNA
donors with the small molecule M3814 or HDRobust strategy leads to
HDR efficiencies at endogenous sites ranging from 66.62% to 90.03%.
By targeting endogenous DSB repair-related protein through its
preferred binding sequences, our chemical modification-free
approach represents a simple and potentially safer method to
improve the efficiency of ssDNA donors for precise gene editing
compared to other chemical modification-based ssDNA donor
tethering strategies.

Results

DSB repair-related proteins bind ODNs in a sequence-

biased manner

To elucidate the ODN binding features of DSB repair-related proteins
and explore their potential binding preference sequences for the
development of HDR-boosting sequence modules, we prioritized
proteins that participate in the early stages of the HDR pathway, such
as CtIP, RAD50, and RADSI, and selected Ku80 as a representative
protein involved in the NHEJ pathway***. To assess the ODN-binding
abilities of these proteins, we used a biotinylated ODN with 24 ran-
domly assembled nucleotides (nt) and performed a luminous ODN
immunoprecipitation (ODIP) assay in HEK 293T cells”. The antibodies
specifically immunoprecipitated their target proteins (Supplementary
Fig. 2a), and most proteins showed detectable ODN-binding activities
(Supplementary Fig. 2b). To determine whether these proteins bind
ODNs in a sequence-biased manner and obtain their binding pre-
ference sequences, we performed ODIP-Seq in HEK 293T cells using a
synthetic ODN pool (Fig. 1a). The ODN pool was prepared by equally
mixing 200 ODNs generated based on the ClinVar database (hereafter
termed SSO1 to SSO200)”, and thus preclude the effect of ODN con-
centration on the binding activity of candidate proteins. Among the
four selected proteins, RAD51 and Ku80 exhibited the highest
sequence-biased binding activity (Fig. 1b, c). Moreover, the top-ranked
ODNs bound to RADS1 and Ku80 protein were characterized through
the WebLogo3 website (Fig. 1d, e).

We further validated the binding activity between preferential
ODNs and target proteins using two complementary assays: biotin-
ODN pulldown and ODIP. Consistent with the ODIP-Seq results
(Fig. 1b), SSO14 and SSO9 were verified as RADS1-preferred ODNs
(Fig. 1f, g and Supplementary Fig. 3a), whereas SSO64 and SSO17
demonstrated a greater affinity for Ku80 (Fig. 1h, i). Moreover, the
enrichment of these ODNs was not attributed to non-specific IgG
binding (Fig. 1g, i) or ODN stability effects in cell lysates during ODIP
assay (Supplementary Fig. 3b). In agreement with the sequencing data
(Fig. 1d), the “TCCCC” motif in SSO9 and SSO14 was necessary for
enhancing RADS51 binding (Supplementary Fig. 3c, d), further sup-
porting the hypothesis that these ODNs harbor RADSI-preferred
binding sequences.

To test whether SSO9 and SSO14 motifs can enhance the binding
between the ssDNA donor and RADS5I, we incorporated these motifs
into ssDNA donor and performed biotin-pulldown assays. These motifs
did not alert the overall ssDNA-binding protein profile but did enhance
the binding between the donor and RADS51 (Supplementary Fig. 3e, f).
However, mass spectrometry (MS) did not detect RADSI1 from these
biotin-pulldown samples (Supplementary Fig. 3g), likely due to the
limited sequence throughput of MS for complex total protein
samples™.

The optimal interface in sSDNA donors for additional DNA
sequence module

To test the feasibility of functional sequence modules for ssDNA
donors, our next objective was to assess whether the 5’ or 3’ end of an
ssDNA donor harbors tolerance sequences that could serve as a
module-installing interface without compromising the ssDNA donor’s
ability to serve as an effective DNA repair template. We constructed a
single-copy, genomically integrated blue fluorescent protein (BFP)
reporter cell model to assess the potency of ssDNA donor for med-
iating HDR, which can implement BFP to green fluorescence protein
(GFP) conversion when the 66th amino acid “His” in BFP is replaced by
amino acid “Tyr"?. Conversion of the fluorescent protein required
HDR-mediated substitution of the codon, thereby coupling fluores-
cence to HDR efficiency (Supplementary Fig. 4a). To eliminate clone-
to-clone variation caused by the random integration sites of BFP, we
equally combined four identified clones capable of accurately mea-
suring HDR and indels frequency (Supplementary Fig. 4b-d). Using this
model, we tested the HDR efficiencies mediated by ssDNA donors with
a series of mutations at each end, and found that the GFP ssDNA donor
largely maintained its ability to covert BFP to GFP despite different
mutation lengths at the 5’ end, whereas it was more sensitive to the 3’
end mutations (Supplementary Fig. 5a). Consistently, even a single
mutant base at 3’ end of the ssDNA donor reduced HDR efficiency
(Supplementary Fig. 5b). These findings indicate that the 5’ end is more
suitable as an interface to install a functional sequence module.

The RADSI-preferred ODNs enhanced HDR efficiency

As RADSI is recruited to target sites upon DSB damage®**, we envi-
sioned that the addition of RADSI-preferred sequences into sSDNA
donors might promote their recruitment and improve the HDR effi-
ciency (Fig. 2a). To test this, we incorporated RADS51-preferred SSO9
and SSO14 sequence modules, as well as Ku80-preferred SSO17 and
SS064, into the 5’ ends of the GFP donors. Only SSO9 and SSO14
increased HDR efficiency in HEK 293T-BFP reporter cells, while SSO17
and SSO64 did not exhibit enhancement (Fig. 2b and Supplementary
Fig. 6a, b), consistent with the respective roles of RADS51 and Ku80 in
the HDR and NHEJ pathways?*. The HDR enhancement effects of
SS09 and SSO14 modules were further validated in K562-BFP reporter
cells (Fig. 2c and Supplementary Fig. 6¢). Moreover, the enhancement
effects were observed at both low and high donor concentrations
(Fig. 2d). Hence, we defined SSO9 and SSO14 as HDR-boosting mod-
ules for ssDNA donor.
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Fig. 1| DSB repair-related proteins bind ODNs in a sequence-biased manner.
a Schematic overview of ODIP-Seq for capturing preference binding sequences of
the protein of interest. The ODN pool was incubated with the cell lysate for 12 h, and
the ODN-protein complexes were immunoprecipitated using the corresponding
primary antibody. The ODNs were then recovered from the beads using the pro-
teinase K-phenol-chloroform method, and a library was prepared for next-
generation sequencing. ODIP, oligodeoxynucleotide immunoprecipitation.

b Heatmap of relative TPM of precipitated ODNs with RAD51, RAD50, Ku80 and
CtIP. Relative TPM for each ODN was calculated using the mean of two independent
replicates. ¢ Violin plots showing the overall relative TPM distribution of pre-
cipitated ODNs with the indicated DNA repair proteins. The white dot represents
the median. The box spans from the 25th percentile (first quartile) to the 75th

percentile (third quartile). The whiskers extend to the smallest and largest data
points within 1.5 times the interquartile range (IQR). d, e Characterization of top-
ranked ODNs bound to the RADS51 (d) or Ku80 (e) protein in Fig. 1b using the
WebLogo 3 website. f, g Evaluation of the binding activity of RADS51 protein with
top- and bottom-ranked SSO by biotin-ODN pulldown assay (f) and ODIP assay (g).
The digits denote the number of SSOs. h, i Evaluation of the binding activity of
Ku80 protein with top- and bottom-ranked SSO using biotin-ODN pulldown assay
(h) and ODIP assay (i). The digits denote the number of SSOs. Data are repre-
sentative of 3 independent experiments (f-i). The sequences of all SSOs used are
shown in Supplementary Data 3. Source data are provided as a Source Data file.
Figure a Created with BioRender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license.

In line with the previous results (Supplementary Fig. 5), the HDR-
boosting modules were tolerated when incorporated at the 5’ end
but not the 3’ end of the ssDNA donor (Fig. 2e and Supplementary
Fig. 6d). To ensure that the HDR improvement attributed to the
RADS1-preferred sequences rather than the homology arm elonga-
tion, we designed a donor with 5" elongated homology arm. Although

this elongated ssDNA donor exhibited a certain increase in HDR
efficiency compared to the control donor, its potency was less than
the modular donors (Supplementary Fig. 6e). Furthermore, no
additional improvement in HDR efficiency was achieved when
incorporating two tandem modules into the ssDNA donor (Supple-
mentary Fig. 6f).
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Fig. 2 | Addition of RADS51-preferred ODNs increases ssDNA donor-mediated
HDR efficiency at the BFP locus. a Schematic representation for gene editing in
the BFP reporter cell lines. Single-copy-integrated BFP cell lines were electro-
porated with Cas9 RNP together with modular or canonical ssDNA donors. Then
fluorescence conversion percentage was measured using flow cytometry. b, c HDR
efficiencies of ssDNA donors connected with RAD51- or Ku80-preferred ODNs in
HEK 293T-BFP cells (b) and K562-BFP cells (c). d HDR efficiencies of ssSDNA donors
at different concentration gradients in HEK 293T-BFP cells. e The effect of the
incorporation position on the HDR improvement of HDR-boosting modules. f HDR
efficiencies of ssDNA donors incorporated with the indicated mutant SSO14 mod-
ules. g Schematic representation for gene editing with ssDNA donors and inde-
pendent HDR-boosting modules. h HDR efficiencies of ssDNA donors in HEK 293T-
BFP cells electroporated with CRISPR-Cas9 RNP, canonical ssDNA donor, and
independent HDR-boosting module. i Evaluation of the binding activity of RAD51
with ssDNA donors using the ODIP assay. Donor mix, an equal parts mix of the three
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efficiencies of three siRNAs targeting RAD51 in HEK 293T cells 48 h post-
transfection. siRAD51-mix, an equal parts mix of the three siRNAs of RAD51 men-
tioned in the image. k, | Effects of RAD51 knockdown on HDR efficiencies of ssDNA
donors at the BFP site in HEK 293T-BFP cells (k) and endogenous FANCF site in HEK
293T cells (I). For all HDR efficiency-assessing experiments unless otherwise spe-
cified, 18 pmol Cas9 nuclease, 22 pmol gRNA and 6 pmol ssDNA donors corre-
sponded to 2 x 10° cells. HDR efficiency was measured three days after
electroporation. Data are representative of 3 independent experiments (i, j). Values
and error bars reflect mean + SD of n =3 (b, d-f, h, k) independent electroporation
replicates. Values reflect n=2 (c, I) independent electroporation replicates. The
sequences of all gRNAs, ssDNA donors and siRNAs used are shown in Supple-
mentary Data 1, 2, and 6. Source data are provided as a Source Data file. Figure (a, g)
Created with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.

Consistent with the biotin pulldown results (Supplementary
Fig. 3c, d), the “TCCCC” motif was crucial for the HDR-boosting
module to improve HDR efficiency, as the mutations in this motif
impaired the improvement effects (Fig. 2f and Supplementary Fig. 6g).

This result further affirmed that the functional sequences, rather than
elongated length, led to the enhancement in HDR efficiency. Notably,
when the HDR-boosting modules were co-transfected without being
incorporated into the ssDNA donors, they completely lost their HDR-

Nature Communications | (2024)15:6843



Article

https://doi.org/10.1038/s41467-024-50788-x

boosting effects (Fig. 2g, h), indicating that incorporation was neces-
sary for these modules to enhance the ssDNA donor potency. To
confirm that the improved HDR efficiency provided by the HDR-
boosting modules was indeed due to the enhanced interaction with the
RADS5I protein, we employed an ODIP assay and found that the HDR-
boosting modules, especially SSO14, promoted the binding of the
ssDNA donor to RAD51 (Fig. 2i). Consistent with this observation,
RADSI1 knockdown partially abrogated the boosting effects of SSO9
and SSO14 (Fig. 2j-1).

HDR-boosting modules function in multiple genomic loci and
human cell types

Having validated the HDR-boosting modules as an effective approach
to improve HDR frequency in the BFP reporter model, we next inves-
tigated their efficacy for interrogating endogenous genes. We installed
the modules at the 5’ ends of ssDNA donors targeting six endogenous
gene loci (EMX1, DNMTI, CXCR4, RUNX1, RNF2, and FANCF)”. The
donors were designed to rewrite six base pairs around DSB sites to a
Hind IlI restriction site “AAGCTT” (Supplementary Fig. 7a), we ampli-
fied genomic regions outside the homology arms of the ssDNA donors
and evaluated HDR frequencies via Hind Il cleavage and next-
generation sequencing (NGS) complementarily. Both approaches
showed improved HDR efficiency with SSO9-connected ssDNA donors
versus canonical donors at all examined loci (Supplementary
Fig. 7b, c). Compared to Hind Il cleavage assays, the NGS approach
could more precisely and sensitively provide information on all the
specific editing events, such as HDR and indels. Therefore, we analyzed
the gene editing efficiency using NGS in the subsequent experiments.
Aligning with the results observed in the BFP model (Supplementary
Fig. 6e), the improved HDR efficiency conferred by HDR-boosting
modules attributed to the functional sequences themselves rather
than the elongated 5" homology arm of ssDNA donor (Supplemen-
tary Fig. 7d).

Since HDR efficiency varies substantially between mammalian cell
types, we tested the potency of the HDR-boosting modules across cell
types, including HEK 293T, HeLa, U20S, and K562 cells with the same
base substitution assay. Both HDR-boosting modules (SSO9 and
SS014) exhibited notable abilities at almost all examined genomic loci
in these four cell lines, with about 1.7-4.8-fold higher editing (from
4.1-10.5% to 9.4-29.7%) in HEK 293T cells (Fig. 3a and Supplementary
Fig. 8a, b), 1.3-15.2-fold higher editing (from 0.2-1.3% to 0.9-9.8%) in
Hela cells (Fig. 3b and Supplementary Fig. 8c, d), 1.1-8.0-fold higher
editing (from 1.4-15.5% to 8.2-23.8%) in U20S cells (Fig. 3c and Sup-
plementary Fig. 8e, f) and 1.8-4.8-fold higher editing (from 4.4-14.5% to
17.9-32.6%) in K562 cells (Fig. 3d and Supplementary Fig. 8g, h), with-
out apparently affecting Cas9 cleavage (Supplementary Fig. 8b, d, f, h).
HDR-boosting modules demonstrated even increased activity at sites
that were more difficult to edit by the canonical ssDNA donor, such as
the FANCF gene site (Fig. 3a-d and Supplementary Fig. 8). Notably,
SS014 exhibited a more potent capacity to elevate the HDR efficiency
at almost all examined sites compared with SSO9 (Fig. 3a-d and Sup-
plementary Fig. 8), which was consistent with its higher RADS51-binding
activity (Fig. 1f, g and Fig. 2i). Together, these results indicate that HDR-
boosting modules can increase gene-editing efficiency in various
cell types.

In contrast to the commonly employed high dose of ssDNA donor
(200-500 pmol per million cells)**, we used a relatively low dose (30
pmol per million cells) for most of the previous experiments. To fur-
ther investigate the possibility of achieving higher HDR efficiency with
additional HDR-boosting modular donors, we examined the HDR
efficiency of ssDNA donors under a series of concentration gradients at
the FANCF locus in HeLa cells. Strikingly, the HDR efficiency achieved
by 15 pmol modular donors was even higher than that of 150 pmol
control donors (Fig. 3e). Within the concentrations of the test, the HDR
increase in the modular ssDNA donor was greater than that of the

control donor, lending support to a more active recruitment model for
the modular ssDNA donor.

We then sought to interrogate two endogenous gene loci simul-
taneously, an easy-to-edit locus (RUNXI) and a hard-to-edit locus
(EMXI) along with FANCF, respectively. HDR-boosting modules simul-
taneously improved the HDR efficiency at dual sites (Fig. 3f and Sup-
plementary Fig. 9a). Importantly, maximal achieved HDR efficiency at
each site was not compromised compared to single-site editing
(Fig. 3b, f).

We next extended our findings to primary cells by inducing gene
editing in human peripheral blood (hPB) CD34+ cells, an important cell
type for treating blood disorders®. Because editing the FANCF target
was challenging in human cell lines, we primarily evaluated this site in
hPB CD34+ cells. In agreement with the findings in cell lines, SSO9 and
SS014 modules improved the HDR frequency from 2% to 2.8% and 4.9%
in hPB CD34+ cells, respectively (Fig. 3g and Supplementary Fig. 9b).

The safety of the HDR-boosting module

Given that the delivered ODNs containing preferred sequences of
endogenous proteins may bind these proteins with high affinity, there
is a potential risk that their occupancy could impact the activity of
these proteins. For instance, ODNs with RADS1-preferred sequences
might inhibit the RADS1-mediated HDR pathway, while those with
Ku80-preferred sequences could hinder the NHEJ pathway. To evalu-
ate the potential risk posed by these ODNs on DNA repair processes,
specifically RADS51-preferred ODNs (SSO9 and SSO14) and Ku80-
preferred ODNs (SSO17 and SSO64), we electroporated them into HEK
293T cells alongside Cas9 RNP (Supplementary Fig. 10a). The results
revealed that none of these ODNs induced noticeable changes in
overall indels efficiency or the detailed repair outcomes (Supplemen-
tary Fig. 10b, c). Similarly, they did not exhibit significant influences on
HDR efficiency (Fig. 2g, h and Supplementary Fig. 10d, e).

Having evaluated the safety of these free ODNs, we sought to
assess the potential risks when HDR-boosting modules are incorpo-
rated into ssDNA donors, including genome-wide off-target integra-
tion, translocation at DSB sites, and the integration or insertion of
HDR-boosting modules with homology arm. To assess the off-
integration rate of our modular ssDNA donors and their potential
influences on the translocation at DSB sites, we adopted a Tn5-based
high-throughput genome-wide sequencing® to capture off-target
integration and translocation amplicons by specific forward primers
and Tn5 adapter primers (Fig. 4a). Consistent with the previous
work'®*, we detected a less than 2.42% frequency in off-target inte-
gration and translocation at both FANCF and RUNXI loci in HEK
293T cells (Fig. 4b, c). Importantly, the HDR-boosting modular donors
induced neither more unintended disruption at other genomic regions
nor translocation at the DSB sites compared to canonical
donors (Fig. 4¢).

As the functional modules add mismatch sequences to the 5’ ends
of the homology arms of the donors, these sequences might be
unexpectedly incorporated into the targeted genome region with the
homology arms* or lead to direct insertion at the DSB sites. To address
these concerns, we profiled the frequency of these unintended editing
outcomes at four genome loci where the HDR efficiency was evaluated
across four types of cells in Fig. 3. Any single base mutation around the
5" homology arm targeting genomic regions was regarded as an
integrity disruption. Control donors almost resulted in undetectable
integrity disruption at the 5" homology arm targeting regions, while
HDR-boosting modular donors could induce less than a 0.06% fre-
quency in disrupting the 5 homology arm targeting regions (Supple-
mentary Fig. 11a). Compared to the benefits in achieving additional
HDR efficiency, these low levels of unintended outcomes are accep-
table. Although these HDR-boosting modular donors tended to pro-
duce slightly more direct insertion at DSB sites with a frequency of less
than 1.03% (Supplementary Fig. 11a), these editing outcomes were
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Fig. 3 | HDR-boosting modules achieve efficient precise gene editing at endo-
genous genomic loci in multiple human cell types. a-d HDR efficiencies of HDR-
boosting modular ssDNA donors and canonical ssDNA donors at the specified gene
loci for EMX1, DNMT1, CXCR4, RUNX1, RNF2, and FANCF in HEK 293T cells (a), HeLa
cells (b), U20S cells (c), and K562 cells (d). e HDR efficiencies yielded with different
concentrations of HDR-boosting modular ssDNA donors and canonical ssDNA
donors at the FANCF site in HelLa cells. The digits denote the amount of ssDNA
donors corresponding to 1x10° cells. f HDR efficiencies of ssDNA donors inter-
rogating two endogenous gene sites simultaneously in HeLa cells. g HDR

efficiencies of HDR-boosting modular ssDNA donors and canonical ssDNA donors
at the FANCF site in hPB CD34+ cells. For all HDR efficiency-assessing experiments
unless otherwise specified, 18 pmol Cas9 nuclease, 22 pmol gRNA and 6 pmol
ssDNA donors corresponded to 2 x 10° cells. HDR efficiency was measured by NGS
three days after electroporation. HDR efficiencies reflect the sequencing reads that
contain the intended edit and do not contain indels among all treated cells (a-g).
Values reflect n = 2 (a-g) independent electroporation replicates. The sequences of
all gRNAs and ssDNA donors used are shown in Supplementary Data 1and 2. Source
data are provided as a Source Data file.

counted as indels without influencing the intended HDR. Interestingly,
we found these unintended editing outcomes were highly correlated
to HDR efficiency (Supplementary Fig. 11b), suggesting that both the
pronounced HDR and the undesired editing side effects may be
attributed to the HDR-boosting module-mediated enhancement of
ssDNA donor recruitment to the DSB sites.

Finally, we measured off-target effects at the top four predicted
off-target sites of the FANCF locus in hPB CD34+ cells. The HDR-
boosting modules did not affect the off-target effects of Cas9 RNP,
with all ssDNA donors exhibiting less than 1% off-target editing at the

examined sites (Supplementary Fig. 1lc). Overall, these results
demonstrate that HDR-boosting modules offer a safe and effective
strategy for gene editing.

The competence of HDR-boosting modular donors in other
types and systems of precise gene editing

After validating that the HDR-boosting modules enhanced base sub-
stitution via ssDNA donor-mediated HDR, we assessed if these mod-
ules could facilitate inserting a FLAG epitope tag sequence or loxP
recognition sequence at the FANCF locus in Hela cells (Fig. 5a). We
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Fig. 4 | Genome-wide profile of donor integration and chromosomal translo-
cation. a Brief workflow of Tn5-based high-throughput genome-wide sequencing
for integration of ssDNA donor or translocation at the DSB site. Genomic DNA was
tagmented with Tn5, and genomic regions containing the inserted donor sequen-
ces and the translocated regions were amplified using the indicated primer pairs
designed for integration and translocation, respectively. After nest-PCR, amplicons
were barcoded and then sequenced. b Circos plots of genome-wide off-target
integrations of donors and translocation junctions in edited cells. Off-target

integrations and translocation junctions were binned to 0.1 Mb regions and plotted
on a normalized scale (black bars). Green arrow, ssDNA donor on-target site. Blue
arrow, bait primer targeting site. ¢ The overall off-target integration and translo-
cation rate were calculated as the percentage of off-target reads in HDR reads and
the percentage of translocation reads in non-translocation (bait region) reads,
respectively. Values reflect n =2 (c¢) independent electroporation replicates. The
sequences of all gRNAs, ssDNA donors and primers used are shown in Supple-
mentary Data 1, 2 and 4. Source data are provided as a Source Data file.

observed an average of 1.3-fold increased efficiency of FLAG tag
insertion (from 17.3-24.3% to 20.2-27.4%) and an average of 2.8-fold
increased efficiency of loxP insertion (from 4.7-11.5% to 12.3-14.8%)
when using the HDR-boosting modular ssDNA donors compared to
that using canonical ssDNA donors (Fig. 5b and Supplementary
Fig. 9¢). The absolute knock-in efficiency reached 27.4%, comparable
to the base substitution (Fig. 3e), suggesting that the 5’ terminal
modules can visibly improve the knock-in efficacy of the ssDNA donor.

An ssDNA donor can also cooperate with paired Cas9 nickases
(nCas9) for precise genome editing®”. Therefore, we examined the
potency of HDR-boosting modules in this double-nicking system
(Fig. 5¢). The HDR-boosting module improved HDR efficiency induced
by both D10A and H840A nCas9 pairs in HEK 293T-BFP cells, with up to
38.6% HDR efficiency (Fig. 5d). Moreover, PAM-out paired sgRNAs
(sgRNA 1 and 3) outperformed PAM-in pairs (sgRNA 1 and 2) when
coordinated with different types of nCas9s and donor doses (Fig. 5d).
Considering the proteins involved in the following DNA repair pathway
of double nicks differ from those involved in the DSB strategy™, fur-
ther screening modules optimized specifically for the double-nicking
system may be worthwhile.

By targeting endogenous RADS51 via HDR-boosting modules, our
approach can theoretically be compatible with any programmable
nuclease, such as Casl12a, which generates sticky-end DSB that are less
prone to NHEJ***, Finally, we sought to extend our strategy to this

programmable nucleases-mediated gene editing systems (Fig. 5e).
SS09 and SSO14 modules improved the HDR frequency from 0.2% to
3.9% and 5.1% in HEK 293T cells, respectively (Fig. 5f).

Combination with state-of-the-art strategies for efficient precise
gene editing

Donors with certain types of chemical modifications have been
reported to increase HDR efficiency by prolonging the half-life of
donors and thereby increasing their availability for HDR*°. There-
fore, we introduced biotin, triethyleneglycol (TEG), phosphorthioate
(PS) modifications, respectively, to either 5’ end or both ends of the
ssDNA donors to assess whether these modifications could further
enhance HDR efficiency. However, only slight HDR enhancement, from
16.97% to 28.37%, was detected through these strategies (Supple-
mentary Fig. 12a), indicating that the proximity of the ssDNA donor
plays a more crucial role in improving HDR efficiency than the half-life
time of the ssDNA donor.

Recently, a study reported that the combination of NHE] inhibitor
M3814 and MMEJ inhibition by siRNAs targeting PolB, a strategy
termed HDRobust, achieved notably high HDR efficiency’. As the
HDRobust strategy relies on the regulation of DSB repair pathways,
while our strategy enhances the recruitment of ssDNA donors, we
sought to test whether a combination of the HDRobust method and
our HDR-boosting modular donors could achieve even higher precise
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Fig. 5| HDR-boosting modules function in other types of precise gene editing.
a Schematic representation for DNA knock-in at the endogenous genomic loci
cooperating with Cas9. b FLAG or loxP sequence insertion efficiency mediated by the
indicated ssDNA donors at the FANCF gene locus in HeLa cells. 18 pmol Cas9
nuclease, 22 pmol gRNA and ssDNA donors with the indicated amount (per million
cells) corresponded to 2 x 10° cells. ¢ Schematic illustrating DNA double nicks using a
pair of sgRNAs guiding Cas9 nickases (nCas9). The D10A mutation renders Cas9 able
to cleave only the strand complementary to the sgRNA; the H840A mutation renders
Cas9 able to cleave only the non-complementary strand. A pair of sgRNA-nCas9
complexes can nick both strands simultaneously. d HDR efficiencies in paired nCas9-
mediated precise editing system using ssDNA donors tethered with HDR-boosting
module. In this electroporation, 36 pmol nCas9 nuclease, 22 pmol gRNA, 22 pmol AS-
2RNA and the indicated amount of ssDNA donor (per million cells) corresponded to

2 x10° cells. e Schematic representation for gene editing using the Cas12a nuclease
which generates sticky-end DSB. f HDR efficiencies of HDR-boosting modular ssDNA
donors and canonical ssDNA donors cooperated with Cas12a at the RNF2 site in HEK
293T cells. 32 pmol Cas12a nuclease, 37.5 pmol gRNA and 6 pmol ssDNA donors
corresponded to 2 x 10° cells. For all HDR efficiency-assessing experiments, HDR
efficiency was measured three days after electroporation. Values and error bars
reflect mean + SD of n =3 (d) independent electroporation replicates. Values reflect
n=2 (b, f) independent electroporation replicates. The sequences of all gRNAs and
ssDNA donors used are shown in Supplementary Data 1 and 2. Source data are
provided as a Source Data file. Figure (a, c, e) Created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International
license.

gene editing efficiency. We addressed this hypothesis by introducing
base replacement at both exogenous BFP and endogenous gene loci in
K562 cells. The additional HDR efficiency induced by these modular
donors was from 36.1% to 44.4% for BFP, from 80.9% to 83.3% for
FANCF, and from 58.3% to 68% for FRMD7 (Supplementary Fig. 12b, c),

suggesting the consistent compatibility of our HDR-boosting modular
donors to HDRobust. However, when the HDRobust strategy yielded
very high HDR efficiency, such as at the FANCF site, there was relatively
limited room for the modular donors to further improve HDR
efficiency.
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Fig. 6 | Enhanced potency of HDR-boosting modular donors with HDRobust
or M3814. a Genome editing efficiencies at four endogenous loci in HEK 293T cells
introduced by the indicated donors, along with transient end-joining inhibition by
HDRobust (M3814 + POLQ siRNA mix) or M3814. b Genome editing efficiencies at
five endogenous loci in K562 cells introduced by the indicated donors, with or
without treatment by M3814. Electroporation was carried out using a 20 ul mixture,
containing 2 x 10° cells, 50.4 pmol Cas9 nuclease, 64 pmol gRNA and 40 pmol

ssDNA donors. When applicable, we added POLQ siRNA mix containing 32 pmol of
POLQ siRNA predesigned pool (siRNAs 485, 1390, 1397 and 2460) and 64 pmol of
POLQ siRNA 765. For transient NHEJ inhibition, 2 uM M3814 was added for two days
after electroporation, and editing efficiency was measured five days after electro-
poration. Values reflect n=2 (a, b) independent electroporation replicates. The
sequences of all gRNAs, ssDNA donors and POLQ siRNA used are shown in Sup-
plementary Data 1, 2 and 6. Source data are provided as a Source Data file.

Considering M3814 remains the dominant component in
HDRobust’, we investigated whether our modular ssDNA donor com-
bined with M3814 can achieve comparable HDR efficiency while sim-
plifying the components. Although HDR-boosting modular donors
combined with HDRobust continued to provide the highest HDR effi-
ciency (90.03%), combining HDR-boosting modular donors with only
M3814 achieved higher HDR efficiency than canonical donors with
HDRobust, yielding HDR efficiencies of 55.8% for BFP, and ranged from
66.6% to 84.8% for endogenous loci (Fig. 6a and Supplementary
Fig. 12d). We further tested this combined strategy at five endogenous
gene loci in K562 cells. In line with the results in HEK 293T cells, this
combination achieved HDR efficiencies ranging from 69.7% to 87.3%
(Fig. 6b), suggesting that M3814 robustly increases the potency of our
HDR-boosting modules. Unexpectedly, this combination only
achieved limited improvement in Casl2a-induced HDR, indicating
different DNA repair pathways involved in repairing blunt DSB and
sticky DSB (Supplementary Fig. 12e). Taken together, combining HDR-
boosting modular ssDNA donor with either M3814 or HDRobust offers
effective approaches for precise gene editing.

Discussion

The work described here defines a strategy that boosts the capabilities
of ssDNA donors by incorporating functional sequence modules into
the 5’ ends of ssDNA donors. The HDR-boosting modules designed
from the binding ODNs of the human RAD51 protein enhanced HDR
efficiency mediated by Cas9 across multiple genomic loci and various

cell types. By combining with an inhibitor of NHEJ or the HDRobust
strategy, the modular ssDNA donors achieved 66.62%-90.03% HDR
efficiency, offering a simple, efficient and potentially safe method for
enhancing precise gene editing.

Currently, three main approaches are employed to achieve pre-
cise gene editing: HDR, base editor (BE), and prime editor (PE)**°.
Among these, HDR is versatile but relies on generating DSBs by pro-
grammable endonucleases, which can lead to unintended edits via
end-joining pathways. Thus, enhancing HDR efficiency has been a
major focus, with strategies falling into two categories: optimizing
DNA donor design and directing the DSB repair pathway toward HDR.

DNA donor optimization often involves tethering ssDNA donors
to Cas9 RNP via chemical modifications or additional proteins'>"*", the
use of which is limited by its complexity and compatibility issues. By
contrast, we developed HDR-boosting modules for ssDNA donors by
leveraging the recruitment of endogenous RADS1, providing a che-
mical modification-free approach to enhance HDR efficiency. Although
the role of RADS1 in SSTR remains controversial®*, it is consistently
observed that RADS1 is recruited to DSB sites?***?, which supports our
approach. This active recruitment model is further supported by the
higher editing efficiency achieved with a much lower concentration of
modular donors compared to canonical ssDNA donors. As our HDR-
boosting module and current Cas9 RNP-tethering strategies share a
similar principle for enhancing the accessibility of ssDNA donors, they
achieved comparable fold enhancement and HDR efficiency. However,
nucleic acid delivery systems like nanoparticles and viral vectors favor
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our modular DNA donors, which are readily co-delivered with nuclease
mRNA or vectors. Together, by avoiding chemical or protein mod-
ifications that limit other Cas9 RNP-tethering strategies, HDR-boosting
modules significantly advance donor delivery and efficiency.

Regulating the DSB repair pathway towards HDR by some mole-
cular compounds has also been widely explored. Among them, the
discovery of the HDR-improving effect by M3814 represents a sig-
nificant breakthrough®. M3814, an inhibitor of DNA-PKcs, is one of the
most potent HDR enhancers through blocking NHEJ****, Its robust
efficacy has been extensively studied in basic research in recent
years**°, Notably, the group that identified M3814 as an HDR
enhancer further developed the HDRobust approach’, which com-
bined M3814 with a siRNA mix targeting Pol0 to inhibit MMEJ. HDRo-
bust approach has demonstrated superior capabilities in introducing
higher HDR efficiency and outcome purity compared to base editors
and prime editors’, making it a state-of-the-art strategy for precise
gene editing. Given that M3814 remains the dominant component in
HDRobust for improving absolute HDR efficiency in most editing
sites’, we combined our HDR-boosting modular ssDNA donor with
M3814. This combination surprisingly achieved comparable absolute
HDR efficiency as HDRobust with canonical donors. For the sites
potentially relying more on MME]J repair, the addition of a siRNA mix
targeting Pol® (HDRobust) yielded considerably higher HDR efficiency.
In addition, this combination would also prevent potential off-target of
Cas9 RNP. These findings not only underscore the compatibility of
HDR-boosting modular donors but also highlight these combination
strategies as efficient alternatives to the BE and PE gene editing tech-
niques. Our study also indicates that DSB repair pathway selection and
the recruitment of DNA templates are two major rate-limiting steps for
achieving high HDR efficiency. Bridging DNA donor optimization and
directing DSB repair pathways towards HDR would be a fundamental
principle for developing efficient precise gene editing strategies in the
future. As M3814 has entered phase I/l clinical trials®, the combination
of HDR-boosting modular donor and M3814 holds great promise for
therapeutic applications.

By targeting endogenous proteins via functional sequence
modules, our chemical modification-free approach gets rid of the
limitation of Cas9 RNP and can theoretically be compatible with any
programmable nuclease, including the Casl2a verified in this study
and other Casl2a variants*’~*, Besides enhancing DSB-induced HDR
efficiency, HDR-boosting modules can also cooperate with paired
Cas9 nickases to introduce precise genome editing with high speci-
ficity and eliminate the potential DSB cytotoxicity. Taking advantage
of intrinsic and specific proteins involved in DNA nick-induced repair
could further optimize modules for this approach. As ODIP-seq could
capture both directly and indirectly bound ODNs, other proteins
might also play a facilitating role in enhancing the efficacy of the
HDR-boosting modular donors. Moreover, the Fanconi anemia
pathway and RADS52 have recently been documented to engage in
SSTR***., It would be interesting to use these proteins to screen for
biased binding sequences to facilitate the development of other
HDR-boosting modules.

Conventionally, the study of protein functions has frequently
entailed overexpressing mutant variants in knockout cells. However, this
approach can result in unnatural protein levels, potentially introducing
artifacts and leading to misinterpretations regarding protein function.
Given the much higher frequency of HDR achievable compared to indels
in commonly employed cell lines within this study, the combination
approaches for directly and efficiently introducing endogenous point
mutations within the native genomic context may simplify the manner
in which gene function is explored in fundamental biological research.
This can further offer precise and context-specific insights into gene
functionalities, regulatory mechanisms, and disease processes.

Furthermore, the functional sequence module concept defined in
this study may largely expand the functionality range of ssDNA donors,

which can serve as a platform for engineering customized and multi-
functional donors in the future. According to the function of an ssSDNA
sequence as PAMP, ASO, and aptamer, connecting an immunostimu-
latory sequence to an ssDNA donor might enhance antigen presenta-
tion for a tumor vaccine®’; connecting a TLR9 suppression sequence to
an ssDNA donor might evade immune responses for gene therapy’’;
and connecting a specific ASO or aptamer might regulate gene
expression or protein activity'®",

In summary, targeting endogenous protein RAD51 through an
HDR-boosting module enables a chemical modification-free approach
to improve gene editing efficiency. Thus, our study sheds light on the
potential role of endogenous proteins in engineering DNA donors and
provides a promising avenue for the development of powerful ssDNA
donors for precise gene editing and translational applications.

Methods

Cell culture

HEK 293T, HeLa, and U20S cells (Cell Resource Center, Peking Union
Medical College) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) plus GlutaMax supplemented with 10% fetal bovine serum
(FBS) (Gibco, Waltham, MA, USA). K562 cells (Cell Resource Center,
Peking Union Medical College) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% FBS. hPB CD34+
cells (W-20210091, Sailybio, Shanghai, China) were cultured in Serum-
Free Expansion Medium (SFEM) supplemented with hSCF (100 ng ml™),
hFLT3 (100 ng ml™), hiL-3 (20 ng mI™), and hIL-6 (20 ng ml™). All cell
types were passaged every 2-3 days, maintained below 80% con-
fluence, and cultured at 37 °C with 5% CO,. We confirmed that all cells
tested negative for mycoplasma.

Lentivirus production for generating cell lines

To package the lentivirus and generate stable cell lines, 3 x 10® HEK
293T cells were seeded in a 100 mm? dish in DMEM supplemented
with 10% FBS. When the cells reached 70-80% confluence, we
transfected them with 42 pl Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA), 10 pg lentivirus transfer plasmid,
3.5ug pMD2.G (Addgene #12259), and 7.5pg psPAX2 (Addgene
#12260), following the manufacturer’s protocol. Four hours
after transfection, the medium was replaced with fresh DMEM sup-
plemented with 10% FBS. The virus-containing supernatant was col-
lected 36 h and 72 h post-transfection and centrifuged at 12,000 g,
4 °C for 10 min to remove cellular debris, filtered through a 0.22 pm
polyvinylidene difluoride (PVDF) filter (Millipore, Burlington, MA,
USA), and stored at =80 °C.

Construction of HEK 293T, and K562 cell lines with integrated
BFP sequence

Lentivirus expressing a blue fluorescent protein (BFP) reporter con-
struct under the EFla promoter (Addgene, #71825) was produced from
HEK 293T cells as described above. To stably integrate the BFP
sequence, 6 x 10° cells were infected with lentivirus at MOI of 0.3 in
6-well plates (Corning, NY, USA) containing DMEM supplemented with
10% FBS and 8 ug mI™ polybrene (Sigma-Aldrich, St. Louis, MO, USA).
Two days after infection, single clones with BFP fluorescence were
sorted using fluorescence-activated cell sorting (FACS) (Sony MA900,
Tokyo, Japan). The BFP copy numbers integrated in genome DNA were
determined by qPCR. Several single clones were pooled as the BFP cell
model for evaluation of HDR efficiency.

Electroporation of different cell types

Cells were electroporated using the Neon Transfection System
(Thermo Fisher Scientific, Waltham, MA, USA) according to the man-
ufacturer’s protocol with 2x10° cells, 18 pmol of Cas9 protein (Inte-
grated DNA Technologies, San Diego, CA, USA), and 22 pmol of
synthetic sgRNA (GenScript, Piscataway, NJ, USA). Electroporation on
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Neon Transfection System (Thermo Fisher Scientific, Waltham, MA,
USA) was carried out using 10 pl Neon tips with the following para-
meters: 1,150 V, 20 ms, and 1 pulse for HEK 293T cells (parameters for
other cells are available on the Thermo Fisher Scientific website). After
electroporation, cells were cultured in 12-well plates (Corning, NY,
USA) with corresponding media supplemented with 10% FBS. Three
days later, cells with GFP signals were selected via fluorescence-
activated cell sorting (FACS) to measure HDR efficiency.

For genome editing assay with M3814 inhibitor, electroporation
was done using the Neon Transfection System (Thermo Fisher Scien-
tific, Waltham, MA, USA) with a 20 pl mixture, containing 2 x 10° cells,
50.4 pmol Cas9 nuclease (Integrated DNA Technologies, San Diego,
CA, USA), 64 pmol gRNA (GenScript, Piscataway, NJ, USA) and 40 pmol
ssDNA donors (Sangon Biotech, Shanghai, China). Where applicable,
added 32 pmol of POLQ siRNA predesigned pool (containing siRNAs
485, 1390, 1397, and 2460) and 64 pmol of POLQ siRNA 765 (Gene-
Pharma, Suzhou, China). For transient NHEJ inhibition, 2 M M3814
(Selleck, China, S8586) was added for two days after electroporation,
and editing efficiency was measured five days after electroporation.

Fluorescence-activated cell sorting (FACS)

To prepare for FACS, cells were separately washed with phosphate-
buffered saline (PBS) 72 h after lentivirus infection or electroporation.
They were then digested with 0.25% Trypsin-EDTA for 1 min, diluted to
approximately 1x 10 cells per ml with PBS, and filtered with a 40 pm
cell strainer cap (Corning, NY, USA). For cell sorting, infected cells were
sorted for BFP (+) signals with equal mean fluorescence intensity. To
analyze HDR efficiency, cells with different fluorescence signals were
gated for further statistical analysis. The percentage of cells with GFP
fluorescent signals denotes the HDR efficiency, and the percentage of
cells converting from the BFP signal to double negative signals denotes
the NHEJ efficiency. The cell gating strategy is shown in Supplemen-
tary Note 1.

ODN immunoprecipitation (ODIP)

HEK 293T cells were seeded in a 100 mm* dish containing DMEM
supplemented with 10% FBS. When the cells reached approximately
90% confluency, the culture dishes were placed on ice and washed with
ice-cold PBS. The PBS was drained, and ice-cold IP lysis buffer (Beyo-
time Biotechnology, Shanghai, China) was added to the culture dish at
a ratio of 1ml per 107 cells/100 mm? dish. Cells were then scraped off
the dish using a cold plastic cell scraper and transferred into a pre-
cooled microcentrifuge tube. After incubation at 4 °C for 30 min, the
cell lysate was centrifuged at 12,000 g, 4 °C for 10 min to remove cel-
lular debris. The cell lysate was then treated with 15 pg 5’ biotinylated
ODN/ODN pool (24 nt, 200 ODNs) and incubated at 4 °C overnight
with gentle agitation or rotation.

In parallel, antibody-protein G bead compounds were prepared in
another microcentrifuge tube. The 5 pg corresponding antibody {Anti-
RADS5I1 antibody (abcam, ab133534, [EPR4030(3)]), Anti-Ku80 antibody
(abcam, ab80592, [EPR3468]), Anti-Rad50 antibody (abcam, ab89,
[13B3/2C6]), Anti-CtIP antibody (abcam, ab70163), Anti-53BP1 anti-
body (abcam, ab36823), Normal Rabbit IgG (Cell Signaling Technol-
ogy, 2729S)} was diluted into 500 pl PBST with 20 pl Protein G
Dynabeads (Thermo Fisher Scientific, 10007D) and 100 pg ml™ Salmon
Sperm DNA (Thermo Fisher Scientific, 15632011). The mixture was
incubated at 4 °C under rotary agitation for 4 h. Next, discard the
supernatant, and the cell lysate incubated with ODNs was added to the
beads, then the beads were incubated at 4 °C for 1 h under rotation.
Following incubation, the supernatant was removed from the beads,
and the protein of interest was specifically bound to the antibodies in
the beads.

The 5’ biotinylated ODNs bound with beads were incubated with
streptavidin-HRP conjugate (Thermo Fisher Scientific, 89880D) and
detected using a charged-coupled device (CCD) imaging instrument

(Tanon 5200, Shanghai, China). Besides, the ODN pool bound to the
beads was digested using proteinase K (Servicebio, Wuhan, China) at
37°C for 3 h and then extracted with phenol-chloroform for further
ssDNA library preparation. The protein of interest was eluted in 40 pl
2 x SDS loading buffer for 10 min at 100 °C and detected using western
blotting.

Single-stranded DNA library preparation for sequencing

A total of 112,764 24nt ODNs were generated based on missense single
nucleotide polymorphism (SNP) sites in the ClinVar database (GRCh37/
hg19), and 200 ODNs were randomly selected as the ODN screening
pool for the ODIP-Seq assay. When the new ODN pool was obtained
using the ODIP assay, the single-stranded DNA pool was converted into
a library compatible with high-throughput sequencing using previously
published methods™. First, a 5-phosphorylated adapter oligonucleo-
tide was ligated to the 3’ ends of the ODNs using the CircLigase Il ssDNA
Ligase (Lucigen, USA). Then the adapter-ligated molecules were
immobilized on streptavidin beads (Thermo Fisher Scientific, 88817),
and a 5'-tailed primer was used to copy the template strand with the Bst
polymerase 2.0 (NEB, MO537L). After the removal of 3’ overhangs via
T4 DNA polymerase (Thermo Fisher Scientific, EP0062), a second
adapter was added to the newly synthesized strands by blunt-end
ligation with T4 DNA ligase (Thermo Fisher Scientific, EL0012). Then
released the library molecules from the beads by heat denaturation and
amplified the library for next-generation sequencing. The PCR ampli-
fication details are provided in the following “High-throughput ampli-
con sequencing of genomic DNA samples” subsection.

Biotin-ODN pulldown assay

HEK 293T cell lysates were obtained as mentioned above in the ODIP
assay and divided into equal parts. Each 400 pl aliquot of cell lysate was
then treated with 4 pg 5’ biotinylated ODNs (24 nt) and incubated at
4 °C overnight with gentle agitation or rotation. Next, 20 pl streptavidin
magnetic beads (Thermo Fisher Scientific, 88817) were added to the
cell lysate incubated with ODNs, and the samples were incubated at
4°C for another 1-2h under rotation. Following incubation, the
supernatant was removed from the beads. The beads were washed with
ice-cold PBST (0.05% Tween 20) for 3 times, with 10 min each. Finally,
the proteins bound with ODNs were eluted in 20 pl 2 x SDS loading
buffer for 10 min at 100 °C and detected using western blotting.

Silver staining

The proteins pulled down with biotin-labeled ssDNA donors were
subjected to SDS-PAGE. After electrophoresis, the gel was washed with
deionized water and covered with fix buffer (50% Methanol, 12% HAC,
0.05% Formaldehyde) for 2 h under slow rotation. Then the gel was
washed with wash buffer (35% Ethanol) for 3 times, with 20 min each.
After washing, the gel was covered with sensitizing buffer (0.02%
Na,S,0;) for 2min, followed by washing with deionized water
for 3 times, with 5min each. Next, cover the gel with silver staining
buffer (0.2% AgNO3, 0.076% Formaldehyde) for 20 min, and keep away
from the light. After staining, the gel was washed with deionized water
twice, with 1min each. Cover the gel with the developing buffer
(6% Na,COs;, 0.05% Formaldehyde, 0.0004% Na,S,03), and stop
staining with stopping buffer (50% Methanol, 12% HAC).

Mass spectrometry

Upon confirming the binding protein profile of the ssDNA donor via
silver staining, an identical sample with the entire complement of
binding proteins was subjected to mass spectrometry analysis using a
Q-TOF platform (BGI Genomics, Shenzhen, China). Following the
acquisition of the mass spectrometry data, the experimental group
data was initially calibrated against the beads control to facilitate
subsequent analysis. The mass spectrometry data is provided in the
Source Data.
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Genomic DNA extraction

HEK 293T, HeLa, U20S, K562, and hPB CD34+ cells were cultured for
72 h after electroporation. The cells were washed with PBS and lysed
with lysis buffer (20 mM Tris-HCI [pH7.4], 1 mM CaCl,) containing 800
units pl™ of proteinase K (Servicebio, Wuhan, China) at 37 °C for 3-4 h,
followed by enzyme inactivation at 100 °C for 10 min. The genomic
DNA was then isolated using phenol-chloroform and precipitated with
absolute ethanol.

High-throughput amplicon sequencing of genomic DNA
samples

Genomic sites were amplified from genomic DNA samples and
sequenced using an Illumina NovaSeq platform (Illumina, San Diego,
CA, USA). Briefly, an initial PCR step (PCR1) was used to amplify the
target genomic sequence using primers containing lllumina forward
and reverse adapters. In each 20 pl PCR1 mixture, 0.4 uM of each
forward and reverse primer, 1l of genomic DNA extract (200 ng),
10 pl of 2 x Phanta Max Buffer, and 0.4 pl of Phanta Max Super-Fidelity
DNA Polymerase (Vazyme, P505-d1, Nanjing, China) were used. The
PCRI1 conditions were as follows: 95 °C for 5 min, followed by 18 cycles
of 95°C for 155, 58 °C for 20 s and 72°C for 90, and a final 72°C
extension for 5 min. A list of primers used for PCR1 reactions and the
PCR1amplicon sequences are provided in Supplementary Data 4 and 5.
The subsequent PCR step (PCR2) added the unique i7 and i5 Illumina
barcode combinations to both ends of the PCR1 DNA fragment to
facilitate sample demultiplexing. In this step, 50 pl of a given PCR2
mixture contained 0.4 uM of each barcoding primer, 1l PCR1 pro-
duct, 25l of 2 x Phanta Max Buffer, and 1pl of Phanta Max Super-
Fidelity DNA Polymerase (Vazyme, P505-d1). The barcoding PCR2 was
carried out as follows: 95 °C for 5 min, followed by 22 cycles of 95 °C for
155, 58°C for 20's and 72°C for 20s, and a final 72 °C extension for
5min. The PCR2 products were purified using a GeneJET PCR Pur-
ification Kit (Thermo Fisher Scientific, KO701) following the manu-
facturer’s instructions and sequenced on an Illumina NovaSeq
platform.

Restriction fragment length polymorphism assay

Genomic DNA was extracted and amplified as previously described.
One microgram of purified PCR product was digested overnight at
37 °C with 20 U of Hind IIl and resolved on an agarose gel.

Tn5-based genome-wide sequencing for integration and
translocation

Genomic DNA was extracted from HEK 293T cells three days after
electroporation. Single-stranded adapter was synthesized by Sangon
Biotech (Shanghai, China) and annealed to form a double-stranded
adapter. Then double-stranded adapter was incubated with Tn5
enzyme (Vazyme, S601) at 30 °C for 1h. Under the action of adapter-
coupled Tn5 enzyme at 55 °C for 10 min, the genomic DNA was tag-
mented into fragments of 500-1500 bp with the same adapter ligated
at both ends. The tagmented DNA fragments were purified using a
DNA purification kit (Thermo Fisher Scientific, KO701). A pair of pri-
mers, targeting bait sequence and adapter, respectively, were used for
DNA fragment amplification through 12 cycles of PCR, followed by an
additional 12 cycles of nested PCR with another paired primers. Finally,
1l of nested PCR product was deployed with a third PCR for 26 cycles
to introduce barcode and Illumina Adapters for next-generation
sequencing (Read 1 for Tn5-adapter end and Read 2 for bait primer
end). Sequencing was performed by Illumina Hiseq (PE150). Adapter
and primer sequences are listed in the Supplementary Data 4.

After sequencing, raw reads were first processed with Trimmo-
matic to trim adapters and remove low-quality reads. The paired clean
reads were filtered with the sequence from bait genomic regions. Since
the unknown integrated or translocated sequences were captured by
the Tn5-adapter end (Fig. 4a), the filtered reads in Read 1 files were

mapped to the hgl9 genome by Bowtie2. Given a very low proportion
of off-target integration reads and translocation reads compared to
the reads mapping to the bait region, reads were not demultiplexed for
downstream analysis. Off-target integrations and translocation junc-
tions were binned to 0.1 Mb regions. The regions containing more than
1 read were regarded as faithful translocation regions and plotted.

Off-target editing analysis

The Cas-OFFinder tool was used to predict potential off-target sites at
the FANCF genomic locus. The predicted off-target sites were amplified
for next-generation sequencing, following the method of “High-
throughput amplicon sequencing of genomic DNA samples”
described above.

Sequencing data analysis

Trim Galore (version 0.6.6) was used to remove adapters and quality-
trim all reads. For ODIP-seq analysis, ODN sequences were extracted
and aligned to the ODN pool reference files to obtain the read numbers
for each ODN using caRpools (version 0.83). To calculate the relative
Transcripts Per Million (TPM), the TPM value of a specific ODN in an
ODIP sample was divided by the TPM value of the ODN in an IgG ODIP
sample. The heatmap analysis was performed based on the relative
TPM values. For the analysis of amplicons of endogenous sites, HDR
and NHEJ frequencies were computed using CRISPResso2 with the
amplicon sequence, ssDNA donor sequence, and sgRNA as inputs. The
HDR and NHEJ frequencies were calculated by dividing the number of
reads with HDR and NHEJ events by the total number of reads.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Infor-
mation concerning reproducibility for the experiments in this study
are given in the corresponding figure legends. Sample sizes used in this
study have been found to be sufficient for yielding reproducible results
in mammalian cell gene editing experiments. No data were excluded
from the analyses. The Investigators were not blinded to allocation
during experiments and outcome assessment. caRpools (version 0.83)
was used to analyze the ODIP-seq files. FlowJo was used to analyze the
flow cytometry data. ImageJ was used for densitometry. CRISPResso2
(2.2.7) was used to analyze high-throughput sequencing files and
quantify editing activity. Bowtie2 (2.4.1), trimmomatic (0.39), samtools
1.9), R (4.3.1), circlize (0.4.16), and pheatmap (1.0.12) were used to
analyze NGS data for assess the safety of the modular ssDNA donors.
Mean and standard deviations were calculated using GraphPad
Prism 9.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Next-generation sequencing data and mass spectrum data generated
in this study have been deposited to the China National Center for
Bioinformation under accession code PRJCA020579. All data gener-
ated or analysed during this study are included in this published article
(and its supplementary information files). Source data are provided
with this paper.

Code availability
All code used for processing library data is available on GitHub*.
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