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Summary

Searching for factors to improve knock-in efficiency for therapeutic applications, biotechnology,
and generation of non-human primate (NHP) models of disease, we found that the strand exchange
protein RAD51 can significantly increase Cas9-mediated homozygous knock-in in mouse embryos
through an interhomolog repair (IHR) mechanism. IHR a hallmark of meiosis, but only occurs at
low frequencies in somatic cells and its occurrence in zygotes is controversial. Using multiple
approaches, we provide evidence for an endogenous IHR mechanism in the early embryo that can
be enhanced by RAD51. This process can be harnessed to generate homozygotes from wildtype
zygotes using exogenous donors and to convert heterozygous alleles into homozygous alleles
without exogenous templates. Furthermore, we identify additional IHR-promoting factors and
describe features of IHR events. Together, our findings show conclusive evidence for IHR in
mouse embryos and describe an efficient method for enhanced gene conversion.

In Brief:

Genes of mouse embryos can be efficiently edited by enhancing interhomolog repair via co-
injection of RAD51 with Cas9.
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CRISPR-associated (Cas) proteins and other targeted nucleases have revolutionized our
ability to manipulate the genome, but the precise knock-in of exogenous DNA at targeted
double-strand breaks can still be difficult. Successful knock-in requires both efficient cutting
by a targeted endonuclease and recruitment of endogenous DNA repair factors to
incorporate the desired edit into the host genome. However, while numerous improvements
in our ability to make targeted breaks in the genome have been made, our current
understanding of how to leverage endogenous DNA repair proteins to promote successful
knock-in is still incomplete.

Introduction

Attempts to enhance knock-in efficiency have primarily focused on three distinct
approaches: inhibition of non-homologous end-joining, promotion of end resection, and
enhancement of homology search and strand exchange. While methods for suppressing
NHEJ through inhibition of the NHEJ-promoting protein 53BP1 have yielded promising
results (Canny et al., 2018; Jayavaradhan et al., 2019), the mechanism and its direct effect on
homologous recombination remains unclear. Additional methods to promote end resection,
which is thought to be a definitive step toward homologous recombination, have given
modest results (Charpentier et al., 2018; Nakade et al., 2018; Tran et al., 2019) and suggest a
need to target additional molecules and deepen our understanding of end resection and its
consequences.
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Given the potential dangers of NHEJ inhibition and our poor understanding of end-resection
and its ability to promote HR, directly targeting the homologous recombination machinery is
an appealing method for enhancing knock-in. In 2016, a study in rabbit embryos
demonstrated significant enhancement of knock-in using RS-1, a chemical agonist of the
strand-exchange factor RAD51 (Song et al., 2016), a strand exchange protein critical for
HR. In cells lacking DNA damage, RAD51 forms small, enzymatically inactive heptameric
rings (Yu et al., 2003). In response to double-strand breaks (DSBs), the protein BCCIP
promotes BRCA2-mediated disruption of RAD51 self-association, allowing RAD51
recruitment to resected DSBs (Lu et al., 2005). RAD51 then forms long nucleofilaments on
single-stranded overhangs produced by end resection and actively performs the homology
search and strand invasion steps that are the basis of homologous recombination (Krejci et
al., 2012). Reinforcing the central role of RAD51 in HR and knock-in events following
targeted double-strand breaks, fusion of RAD51 to Cas9, which has a dominant-negative
effect on endogenous RAD51 function, inhibits HDR (Rees et al., 2019).

Based on the aforementioned findings and the key role of RAD51 in homologous
recombination we sought to further explore the utility of RAD51 for Cas9-based knock-in
events. Unexpectedly, we find that RAD51 can increase homozygosity without any effects
on initial knock-in efficiency through enhancement of interhomolog repair (IHR). After
demonstrating increased homozygosity in knock-in experiments using single-strand
oligonucleotide donors, we demonstrate frequent homozygous conversion at multiple sites
on different chromosomes without the use of donor DNA templates. We then identify
additional factors that can enhance IHR, including a RADS51 variant capable of nearly indel-
free IHR, and describe mechanistic properties of IHR events. In summary, our study
provides conclusive evidence of IHR in the early mouse embryo and shows that RAD51 and
homologous recombination-associated factors can be used to enhance the process for
efficient homozygous knock-in and template-free conversion of heterozygous alleles to
homozygous alleles.

Co-Injection of RAD51 with Cas9 RNPs Enhances Homozygous Knock-in

Based on our previous success using recombinant Cas9 ribonucleoproteins (RNPSs) to
enhance HDR in mouse embryos (Aida et al., 2015; Quadros et al., 2017) and the reported
enhancement of HDR by the RAD51 agonist RS-1, we began by testing whether
recombinant RAD51 could efficiently stimulate knock-in of an autism-associated point
mutation in Chd2(c.5051G>A; R1685H in human, R1684H in mouse; hereon referred to as
Chd2RH: Figure 1A). Previous studies have shown that Kl efficiency is affected by the
proximity of the Cas9 cut site to the insertion site (Paquet et al., 2016), so we chose a guide
positioned where the cut site is directly adjacent to the desired G>A point mutation. We
performed both pronuclear (PNI) and cytoplasmic (CPI) injections of RNPs containing
crRNA, tracrRNA, and SpyCas9 along with a single-stranded DNA donor (30 ng/uL for PNI
and 100 ng/uL for CPI) and RAD51 (10 ng/uL) in mouse zygotes and observed overall Kl
efficiencies of 78% (7/9) and 56% (5/9) for CPI and PNI, respectively (Figure 1B,C). Both
CPI and PNI resulted in high homozygous Kl efficiencies of 71% and 100% for CPI- and
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PNI-derived KI embryos, respectively (Figure 1D) and on-target editing was confirmed with
primers sitting outside of the donor template. We further confirmed homozygosity by
breeding putative homozygotes with wild-type mice and genotyping the resulting Fq pups,
which found that 100% (36/36) of animals from 6 successful mating pairs had a Chd2RH/*
genotype (Figure 1E).

Since we did not initially generate CAd27" mice from injections lacking RAD51, we
performed injections to directly test the impact of RAD51 on Kl efficiency at the Chad2*
locus. Since we did not observe differences in editing efficiency or homozygosity rates
between CPI and PNI (Figures 1C and 1D and Table S1), we utilized PNI for the rest of this
study, as this is our standard approach for generating mouse models. Pronuclear injection
was performed with or without recombinant RAD51 and embryos were cultured for 2-3
days until the morula or blastocyst stage before DNA purification and nested PCR for
genotyping. Sanger sequencing showed that RAD51 only slightly increased overall knock-in
efficiency (Figure 2A, left), but strongly increased homozygous knock-in efficiency (Figure
2A, middle, right). To test whether the observed effects of RAD51 were locus-dependent, we
used the same strategy to knock in an albinism-associated mutation (c.265T>A; C89S;
hereon referred to as 7jr“%95; schematic in Figure 2B) in tyrosinase ( 7y7), the rate-limiting
enzyme in melanin production (Ghodsinejad Kalahroudi et al., 2014). Homozygous
disruption of 7yrresults in mice completely lacking pigment (Figure 2C), but because
homozygous indels or compound disruption of 7)rcan result in albinism, all Fo animals
were genotyped (Figure 2D) and phenotyped (Table S1) to assess the effects of RAD51 on
knock-in efficiency. In pups with visible mosaic albinism, genotyping was performed using
samples from tissue completely lacking melanin to assess the number of animals with at
least one homozygous Kl event (Figure 2E, middle). Injections without RAD51 showed a
high overall Kl efficiency that was not significantly increased by the addition of RAD51
(Figure 2E, left), but sequencing found that RAD51 significantly enhanced homozygous Kl
efficiency, with 44% of pups (including mosaics) having an albino phenotype resulting from
homozygous Kl of the 7)7695 allele with RAD51, as compared to only 12% without
(Figure 2E, middle). Furthermore, RAD51 co-injection increased the rate of pure, non-
mosaic homozygous knock-in (Figure 2E, right). Together, these data demonstrate that
RADS51 can increase homozygous knock-in rates.

We were intrigued to see that RAD51 co-injection more than doubled the observed
homozygosity at both the ChdZand Tyrloci, regardless of whether or not we took
mosaicism into account (Figure 2A,E). At the onset of this study, previous attempts to
increase HDR through pharmacological or genetic mechanisms had not shown such high
homozygosity rates (Maruyama et al., 2015; Paquet et al., 2016; Takayama et al., 2017),
leading us to investigate the mechanism by which RAD51 can promote such an outcome.
Our findings that RAD51 did not increase overall knock-in efficiency (Figure 2A,E) agree
with more recent work showing that RAD51 is not required for single-stranded template
repair (SSTR) (Richardson et al., 2018) and therefore suggest that RAD51-mediated effects
on homozygosity do not arise from the stimulation of independent knock-in events on both
alleles. Additionally, we found it surprising that we observed multiple embryos from both
Chd2RH and Tyr“8%5 injections whose genotyping results suggested the presence of the same
indel on both alleles (Figure S1 and Table S1). Genotyping of F4 pups derived from a Chd2-
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targeted female with such a homozygous indel revealed that all pups were heterozygous for
the same indel, confirming homozygosity of the founder (Figure S1). Although we could not
completely rule out that these deletions resulted from stereotyped generation of the same
indel on both alleles or microhomology-mediated end-joining (MMEJ) (Aida et al., 2016;
McVey and Lee, 2008), the variety of observed indels and lack of corresponding MMEJ
sequence motifs suggest that the homozygosity could have arisen from direct transfer of
genetic information between homologous chromosomes.

RAD51 Promotes Interhomolog Repair in the Early Embryo

More than 20 years ago, experiments in mouse ES cells found evidence of recombination
events between homologous chromosomes (Moynahan and Jasin, 1997; Richardson et al.,
1998). While these IHR events are common and well-understood in meiotic cells, their
occurrence in mitotic cell types is poorly described. In light of several recent studies that
have described embryonic IHR after the induction of a targeted double-strand break (DSB)
by Cas9 (Ma et al., 2017; Wu et al., 2013), we hypothesized that RAD51 can promote
homozygosity through the same mechanism. To directly test this, we attempted to generate
Chd2RH/RH embryos from Chd27H/* embryos without the use of an exogenous donor
template. To do this, we generated Cha2RF/* zygotes by in vitro fertilization of wild-type
oocytes with sperm from Cha2*H/RH donors and then specifically targeted the wild-type
maternal allele with Cas9. It should be noted that this strategy rules out the possibility of
false-positive results from parthenogenetic embryos, as the mutant allele to be copied is
carried by the sperm. As illustrated in Figure 3A, PNI was performed on zygotes ~8 hours
post fertilization (hpf) using an RNP mixture of crRNA, tracrRNA, and SpyCas9 with or
without RAD51. The Chd27H allele contains mutations in both the protospacer and its
associated PAM and we confirmed through an /n vitro digestion assay that Cas9 is only
capable of cutting the wild-type maternal allele (Figure S2). Consistent with the rates
observed in previous work (Ma et al., 2017; Wu et al., 2013), we saw IHR events in 26% of
control-injected embryos, including mosaics (Figure 3B,C). Co-injection of RAD51
significantly increased this rate to 74% (Figure 3C, left). We also observed a similar increase
in pure, non-mosaic IHR rates in RAD51-injected embryos (Figure 3C, right), supporting
the hypothesis that RAD51 can promote IHR in mouse embryos.

To validate our Sanger sequencing-based genotyping strategy, we performed an independent
set of injections with Cas9 and RAD51 using the same strategy described in Figure 3, then
split the DNA from the lysed embryos into two aliquots and used one aliquot for nested PCR
and Sanger sequencing and the second aliquot for an independent nested PCR reaction and
NGS-based amplicon sequencing (see STAR Methods). Because this strategy uses unique
sets of PCR primers for amplification of two pools of DNA from the same embryo, the
likelihood of false-positives due to PCR bias or allele dropout is greatly decreased. After
analyzing the Sanger sequencing traces, we chose a batch of embryos with different RH
allele levels to analyze by amplicon sequencing. Comparison of the Sanger and amplicon
sequencing results demonstrated a high correlation of the RH allele percentage derived from
the two methods (r?=0.9672; Figure S2, Table S2), validating the accuracy of our Sanger-
based analysis strategy and our findings of both endogenous and enhanced IHR rates at the
ChdZlocus.
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Comprehensive studies of indel properties in single SgRNA-based CRISPR studies have
found indels large enough to disrupt our genotyping strategy (>250bp in either direction),
but show that they are too infrequent to account for the observed rates of homozygosity in
our experiments (Adikusuma et al., 2018; Kosicki et al., 2018; Shin et al., 2017).
Nonetheless, we performed multiple experiments to directly rule out the possibility of
widespread false positives resulting from large deletions on the Cas-targeted maternal allele.
First, we developed and performed a multiplex genomic qPCR assay to analyze copy
number at the target locus (see STAR Methods). To confirm that our method was capable of
identifying large heterozygous deletions in Chd’2, we generated a mouse line carrying a
1630bp deletion encompassing the /RH locus (Figure S2) and performed genomic gPCR on
DNA extracted from embryos generated by IVF with either a wild-type or homozygous
mutant sperm donor. Analysis of normalized DNA content at the C/d2locus in embryos
heterozygous for the deletion confirmed our assay’s ability to identify heterozygous
genomic deletions (Figure 3D). Using this gPCR strategy, we were able to confirm a normal
copy number at the ChadZlocus in 10/10 randomly selected pure homozygous mutants
(Figure 3D). Next, in an attempt to more definitively rule out large heterozygous deletions,
we generated pups using the I\VVF strategy described in Figure 3A (including RAD51),
identified potential pure homozygotes, and crossed them with wild-type mice to generate F4
offspring. Genotyping of F; animals confirmed that 100% were heterozygous for the
R1684H mutation (Figure 3E), proving that the Fy animals were true homozygotes generated
by interhomolog repair. Thus, our results strongly support the conclusion that interhomolog
repair occurs in the early mouse embryo and that RAD51 is capable of enhancing this
process.

RAD51 Localizes to Cas9-targeted Regions in the Zygote

After fertilization, the maternal and paternal genomes remain physically separated in their
own pronuclei until the completion of S-phase, at which time the nuclear envelopes break
down in preparation for mitosis. This poses a significant hurdle to IHR in the zygote and has
led researchers to question whether zygotic IHR is possible, given that it requires direct
physical interaction between maternal and paternal homologs (Egli et al., 2018). Because
alleles harboring an unresolved DSB cannot be amplified by PCR, accurate genotyping of
one-cell embryos is not possible and thus, we chose to investigate the occurrence of IHR in
zygotes via immunocytochemistry (ICC) for RAD51 in uninjected, RAD51-injected, Cas9-
injected (with Cha2-targeting crRNA), and Cas9- and RAD51-injected zygotes at three
stages of the cell cycle: G1/S, late S/G2, and M-phase. RAD51 staining is diffuse in the
absence of DSBs, but strong RAD51 puncta that are indicative of nucleofilament formation
appear in response to DNA damage, allowing direct visualization of RAD51-mediated repair
events (Ladstatter and Tachibana-Konwalski, 2016). We did not see RAD51 puncta in
uninjected embryos, but we observed a significant increase in RAD51 puncta solely during
the G2 phase of the cell cycles in Cas9-injected embryos (Figure 4A,B). In agreement with
our genotyping, co-injection of RAD51 with Cas9 resulted in the highest percentage of
RAD51-positive embryos (Figure 4B). Additionally, we performed dual ICC/DNA-FISH
with a RADS51 antibody and FISH probe specific to the Chd2 genomic region to visualize
the localization of RAD51 puncta in Cas9-injected embryos. Although this method was not
robust enough to perform quantitative experiments, we exclusively visualized RAD51
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nucleofilament formation at the Chd2 genomic locus targeted by Cas9, suggesting a
RADS51-dependent repair mechanism at Cas9-induced breaks in Chd27H/* embryos (Figure
S3A).

Though we did not observe RAD51 puncta in any uninjected embryos, we were surprised to
see RADS51 foci in several embryos injected solely with RAD51 (Figure 4B). Embryos
injected with RAD51 alone only exhibited single RAD51 puncta, but Cas-injected embryos
were often observed with 2 or more puncta (Figure S3B,C), indicating the co-occurrence of
RAD51-mediated repair events at the Cas9 cut site(s) and either off-target DSBs or sites of
endogenous DNA damage. To determine whether RAD51 could be localizing to off-target
DNA damage induced by Cas9, we performed targeted analysis of 24 loci with <4
mismatches to the Chd2 crRNA. After pronuclear injection and whole-genome amplification
of blastocyst DNA, we performed NGS-based amplicon sequencing of these loci in
uninjected embryos, embryos only injected with Cas9, and embryos injected with Cas9
RNPs. Targeted NGS of the potential off-target found no evidence of off-target indel
formation, demonstrating high specificity of the C/d2 crRNA and indicating that the
increased number of RAD51 puncta in some embryos was not due to off-target genomic
modification by Cas9 (Figure S3D). This was further confirmed using genome-wide off-
target analysis in two-cell injected embryos (GOTI; Zuo et al., 2019, 2020), which also
failed to identify mutations at potential off-target sites (Figure S3E, Table S2). These
findings and the observation that RAD51 nucleofilaments also form in RAD51-injected
embryos, but not uninjected embryos, suggest that both Cas9-induced DSBs, endogenous
DSBs, and DSBs caused by injection-related cellular stress are repaired by RAD51-
mediated mechanisms. Taken as a whole, our imaging and sequencing studies demonstrate
that RAD51 can be recruited to Cas9-induced DSBs during late S/G2 and that RAD51
nucleofilament formation can be stimulated by addition of exogenous RAD51.

Enhancement of Interhomolog Repair Across Loci and Chromosomes

In support of our finding that IHR can occur in mouse zygotes during G2, a study that used
light sheet microscopy to visualize the zygotic cell cycle in mice identified a short period of
overlap between the maternal and paternal genomes during the late S/G2/M transition
(Reichmann et al., 2018). However, only partial overlap is observed, suggesting that some
chromosomal loci could be more permissible to IHR than others. Although we found that
IHR is robust at both the ChdZ2and 7yrloci (Figures 2 and 3), both are located on mouse
chromosome 7. This led us to question whether IHR occurs and can be enhanced on other
chromosomes. First, we designed an IHR assay for the X chromosome. Using sperm from
hemizygous Mecp2 mutant mice (¢.882_886>A), we performed I\VVF with wild-type oocytes
and targeted the wild-type maternal allele with Cas9. After culture and DNA purification, we
used 80% of the genomic DNA as input for nested PCR to genotype the MecpZ locus and
used the remaining 20% of genomic DNA for SryPCR to determine sex. In female embryos
injected only with Cas9, we observed a baseline IHR rate of 33% (16/49), but all 16 IHR-
positive embryos were mosaic (Figure 5A). Co-injection of RAD51 increased the total IHR
rate in females to 62% (24/39) and also increased the pure, non-mosaic IHR rate to 13%
(5/39), demonstrating the ability of RAD51 to increase IHR rates on the X chromosome.
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To design additional IHR assays for different autosomes we used the MGl SNP database to
find SNP-dense loci between C57BL/6J and A/J mice, confirmed the SNP genotypes by
sequencing, designed allele-specific sgRNAs, and performed /n vivo screening to identify
sgRNAs with high efficiency and allele specificity (data not shown). We settled on two loci
for analysis: an intronic region of AcsZ6on chromosome 11 and an intronic region of Kenb2
on chromosome 1. We then performed IVF with sperm from A/J males and oocytes from
C57BI/6J females, injected maternally-targeted Cas9 with or without RAD51, and
genotyped blastocysts via Sanger sequencing. At the Acs16locus we observed a low overall
IHR rate (12%; 9/74) in embryos injected with Cas9 alone, and a pure IHR rate of only 3%
(2/74; Figure 5B). However, co-injection of RAD51 increased these rates to 32% (27/84)
and 12% (10/84), respectively (Figure 5B). At the KcnbZ2locus, the baseline IHR rate in
Cas9-only embryos was 26% (18/68), but only 1 out of 68 embryos showed non-mosaic IHR
(Figure 5C). Surprisingly, although RADS51 co-injection significantly increased the pure IHR
rate to 13% (10/79), it had no effect on the overall IHR rate (27%, 21/79; Figure 5C),
suggesting that the baseline IHR rate observed at this site is at its maximum. In total, our
results at 4 sites on 3 autosomes and 1 site on the X chromosome demonstrate that
endogenous IHR mechanisms are broadly active in the early embryo, but that the ability of
RAD51 to enhance IHR is site-specific.

Identification of Additional IHR Enhancers

Previous studies have not given significant insight into the molecular pathways governing
interhomolog repair, but the low IHR rates in cells that efficiently perform HR suggests
distinct mechanisms (Stark and Jasin, 2003a). Thus, we sought to identify additional IHR-
associated proteins by performing a series of injections in Chd2”H/* zygotes with Cas9 and
proteins associated with different DSB repair pathways: USP1/WDR48 (Fanconi anemia
(FA) pathway regulator (Murai et al., 2011)), BCCIP (promotes BRCA2-mediated HR
(Kelso et al., 2017; Lu et al., 2005; Wray et al., 2008)), participates in FA pathway
(Moldovan and D’ Andrea, 2009)), XRCC1 (promotes MMEJ and co-localizes with RAD51
(Dutta et al., 2017; Taylor et al., 2000)), and XRCC4 (promotes NHEJ and regulates V(D)J
recombination (Critchlow et al., 1997; Normanno et al., 2017)). Supporting a role for
canonical HR proteins in IHR, co-injection of USP1/WDR48 was capable of promoting IHR
(Figure 6A) and BCCIP exhibited a striking effect on IHR, with 95% of edited embryos
showing some degree of IHR (Figure 6A). Conversely, XRCC1 and XRCC4 were not
capable stimulating IHR (Figure 6A). Together, these data indicate that IHR in the early
embryo is driven by canonical HR pathways.

RAD51 mutations have been found in Fanconi anemia and multiple cancers and a number of
these mutations have been studied in depth. To gain additional mechanistic insights into
IHR, we co-injected three different RAD51 mutants with Cas9 and Chd2 crRNA into
Chd2RH* embryos: T131P (lacks FA pathway-associated function, but not canonical HR
(Wang et al., 2015; Zadorozhny et al., 2017)), SA208-209ED (disrupted BRCA2-
association (Yu et al., 2003)), and G151D (gain-of-function mutant (Marsden et al., 2016)).
T131P injection did not increase IHR frequency (Figure 6B), indicating that FA pathway-
related function of RAD51 function is critical for its role in interhomolog repair. Similarly,
SA208-209ED did not increase IHR rates (Figure 6B), reinforcing the importance of
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BRCA2-mediated RAD51 activation for IHR. With the G151D variant, we were surprised to
find that in 27 zygotes injected we did not record a single indel event and observed some
degree of interhomolog repair in all edited cells (Figure 6B). However, the apparent editing
efficiency dropped to 22% (Figure 6C), suggesting that G151D either directly inhibits Cas9
nuclease activity or stimulates HR so robustly that the majority of DSBs are repaired
through inter-sister HR. Co-incubation of Cas9 with G151D did not inhibit /n vitro digestion
of target (Figure 6D), supporting the hypothesis that G151D stimulates high levels of HR.
We noted a similar decrease in apparent editing efficiency in BCCIP-injected embryos that
was also not due to Cas9 inhibition (Figures 6D and S4), suggesting an inverse relationship
between HR/IHR rates and indel rates in BCCIP- and G151D-injected embryos. Additional
analyses of indel rates and indel-to-IHR ratios in embryos injected with RAD51, BCCIP, or
RADS51 G151D revealed a drastic decrease in both measures compared to control embryos
(Figure 6E and F). Furthermore, both BCCIP- and G151D-injected embryos showed
significant decreases in these measures compared to embryos injected with wildtype
RADS51. Together, our data argue that BCCIP and the RAD51 G151D mutant are highly
efficient at stimulating both HR and IHR events at the expense of NHEJ.

Properties of Interhomolog Repair Events

Observations in germ cells and somatic cells have found that the properties of meiotic IHR
events are distinct from those of somatic HR, particularly in terms of the recombination tract
length. Specifically, meiotic non-crossover IHR events tend to have recombination tracts of
less than 100bp (Li et al., 2019), while recombination tracts in somatic cells often span
hundreds to thousands of bases, depending on context (Donoho et al., 1998; Ertl et al., 2017;
Liskay and Stachelek, 1986; Mansai et al., 2011; Neuwirth et al., 2007; Ruks¢ et al., 2008;
Smith et al., 2007). However, a study of IHR events in somatic cells found that ~90% had
recombination tracts of less than 300bp, though some spanned as far as 6kb (Stark and Jasin,
2003b). We found that IHR in embryos is far more efficient than in somatic cells (LaRocque
et al., 2011; Stark and Jasin, 2003b; Yusa et al., 2004) and may therefore be similar
mechanistically to the process observed in germ cells, particularly considering their close
temporal proximity.

To gain a better understanding of IHR properties in the early embryo, we made a strategy to
analyze recombination tract lengths at the Acs16 and KcnbZ loci. First, we performed IVF
with A/J sperm and C57BL/6J oocytes and injected resulting zygotes with RAD51 and Cas9
RNPs targeting either locus. Next, we transferred 2-cell embryos to pseudopregnant females
and allowed them to develop /n utero for 10 days before harvesting the embryos and
collecting genomic DNA. This protocol was designed to identify embryos that had
undergone pure IHR and provide sufficient amounts of gDNA for tiled SNP genotyping
upstream and downstream of the cut sites, as well as long-range PCR and TOPO cloning for
analysis SNP genotypes on individual alleles (Figure 7A). We identified 7 AcsZ6and 5
Kcenb2 embryos that had undergone pure IHR (Figure 7B) and performed targeted PCR and
sequencing of SNPs located between 3kb and 20kb upstream and downstream of the Cas9
target sites. This revealed heterozygosity in all Cas9-injected embryos and controls (Figure
7B), ruling out widespread loss of heterozygosity. Our analysis strategy for cloned alleles
was limited by the presence of repeat elements and/or the presence of SNPs, but we were
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able to screen a 2.6kb region (2kb upstream + 600bp downstream of cut site) region at the
Acsi6locus and a 3.1kb region (1.5kb upstream and downstream of cut site) at the Kcnb2
locus. In all embryos, PCR amplification of the target region failed to identify large deletions
indicated by the presence of multiple PCR products (Figure S5). After TOPO cloning, we
screened at least 16 clones from each embryo by Sanger sequencing all SNP-containing loci.
At the Acs16locus, 5/7 embryos were homozygous for the A/J allele at all SNPs in 100% of
clones, suggesting recombination tract lengths >2kb upstream of the cut site and >304bp
downstream of the cut site (Figure 7C). In 2/7 embryos, we identified alleles carrying the
AJJ SNPs at the cut site, but C57BL/6J SNPs 2kb upstream (Figure 7C). In one of these
embryos, the switch back to the C57BL/6J genotype occurred between the cut site and the
SNP 178bp upstream (Figures 7C and S5-6). In both of these embryos, the alleles with
quantifiable recombination tract lengths represented a small fraction of the total alleles (2/22
in embryo #5 and 3/19 in embryo #7), indicating that these embryos may be mosaic for
multiple IHR events. We observed a similar pattern at the KcnbZ2 locus, with 3/5 embryos
completely converted to A/J across the 3kb window and 2/5 carrying alleles converted to A/J
at the cut site, but carrying C57BL/6J SNPs at sites ~1.5kb upstream and/or downstream
(Figure 7C). Of these two embryos, one had an upstream conversion tract >1.5kb and a
downstream conversion tract <1.5kb, while the second had an upstream conversion tract
<1.5kb and a downstream conversion tract <213bp (Figures 6C and S5-6). At this site we
observed evidence of mosaicism, with >2 alleles present in embryos #1 and #4, but we also
observed >2 alleles in control embryos as a result of template switching during the initial
PCR reaction. Importantly, this template switching does not alter our conclusions, as it can
only be observed at sites that are heterozygous for a given SNP in the input pool of DNA.
Thus, our results show that the conversion tracts for IHR in the early embryo are generally
1.5-3kb in both directions, but that the properties of individual IHR events can vary, with
some conversion tracts as short as several hundred base pairs from the DSB. Together, these
findings indicate that zygotic IHR utilizes canonical HR pathways and has features similar
to that of somatic HR.

Discussion

Previously, Ma et al. reported efficient interhomolog repair in human zygotes, leading others
to question how such a process is possible given the physical separation of homologous
chromosomes into separate pronuclei (Egli et al., 2018). This near complete separation of
the maternal and paternal genomes was elegantly described in a study from Reichmann et al.
that used time-lapse light sheet microscopy to follow mitosis in mouse zygotes. However,
their data clearly show that there is a window of approximately 45 minutes following nuclear
envelope breakdown when there is consistent overlap between the maternal and paternal
genomes (Reichmann et al., 2018). Furthermore, this overlap occurs in the absence of a
targeted DSB and recent studies have found that DNA damage induces reorganization of the
genome and relocation of the broken chromosome prior to repair (Caridi et al., 2018;
Oshidari et al., 2018). Our ICC experiments found that RAD51 localizes to Cas9 cut sites at
or slightly before the time of nuclear envelope breakdown (Figure 4), suggesting that IHR
occurs during this window. However, Sanger sequencing, amplicon sequencing, and
sequencing of TOPO-cloned alleles all uncovered evidence of mosaicism at rates consistent
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with IHR during the 2- and 4-cell stages (Figures S2, S5, Table S2), meaning that IHR is a
common method of DSB repair in the early embryo. This is further supported by our
observation that although embryos injected with both Cas9 and RAD51 display a higher
frequency of RAD51 puncta than embryos injected with Cas9 alone, the difference is not
nearly as significant as the difference observed by genotyping, which captures IHR events
occurring any time before embryo collection. Altogether, our data suggest that the early
embryo is uniquely permissive to IHR because of high baseline HR rates and frequent
availability of the homolog as a template for repair.

Understanding whether there is a unique mechanism for IHR is critical for future efforts to
induce and/or enhance IHR. We found that RAD51, the BRCA2-interacting protein BCCIP,
and the Fanconi anemia pathway-associated protein complex of USP1/WDRA48 are all
capable of increasing the frequency of interhomolog repair in the early embryo (Figures 3,
5). RAD51 and BCCIP participate in multiple homologous recombination pathways
(D’Andrea and Grompe, 2003; Lu et al., 2005; Miele et al., 2015) and although USP1/
WDRA48 is most well-known for its regulation of the Fanconi anemia pathway through
deubiquitylation of FANCD?2/1, it can also promote HR through FA-independent pathways
(Cukras et al., 2016; Liang et al., 2016; Lu et al., 2005; van Twest et al., 2017; Yang et al.,
2011). Based on this knowledge, IHR enhancement by RAD51, BCCIP, and USP1/WDR48
does not clearly implicate a specific pathway in the process. However, the observation that
the RAD51 T131P mutant, which is specifically defective in the FA pathway-associated
function of RAD51 (Wang et al., 2015; Zadorozhny et al., 2017) suggests that IHR in the
early embryo could be mediated by an FA-associated pathway.

Though applications of IHR in the early embryo are limited in mice, this study provides the
basis for future work to enhance IHR in somatic cells for therapeutic purposes. While recent
years have seen a rapid expansion of clinical gene editing efforts, HDR-based strategies still
suffer from low efficiency and carry the risk of unwanted integration of donor DNA
throughout the genome. IHR has the potential to overcome these problems because it relies
upon endogenous pathways and the patient’s own wild-type allele for correction of the
deleterious mutation. We show that IHR can copy deletions, point mutations, and
combinations of both between alleles, demonstrating its potential use for correcting a wide
variety of genetic lesions. Additionally, we find that BCCIP and the RAD51 G151D mutant
are factors that can both enhance IHR and reduce indel rates, which are of concern for many
clinical gene therapy approaches. One concern regarding IHR and its clinical use is the
induction of widespread loss of heterozygosity or genomic rearrangements. However, we
identified single alleles in embryo #1 of the Kcnb2 group where the genotype was converted
to A/J at the Cas9 cut site but remained C57BL/6J on both sides (Figures 7 and S5-6),
indicating that IHR occurs through gene conversion without crossover. Importantly, we
found that IHR recombination tract lengths are generally several hundred to several thousand
base pairs long, but less than 5kb, suggesting that widespread loss of heterozygosity is not a
major risk. Of note, however, recent studies have found that intrachromosomal
recombination can occur between sites with highly homologous sequences, meaning that
genome-wide homology must be considered before designing IHR-based strategies for gene
conversion (Javidi-Parsijani et al., 2020; Liang et al., 2015). If methods to induce IHR in
somatic cells can be developed, the recombination tract lengths associated with IHR enable
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the use of guides targeted to intronic regions adjacent to disease-causing mutations,
decreasing the risk of unintended indels and offering more potential sites for the allele-
specific targeting required to induce IHR. Looking forward, studies designed to probe the
endogenous mechanisms of IHR, identify factors limiting its occurrence in somatic cells,
and develop methods to safely and efficiently induce IHR in diverse cell types are necessary,
but IHR represents a promising approach for applications in molecular biology,
biotechnology, and gene therapy.

Limitations of the Study

Although we have definitive evidence that interhomolog repair occurs in mouse embryos
and can be enhanced by multiple proteins, we cannot rule out that a small fraction of the
IHR-positive embryos are false-positives resulting from large deletions. Additionally, we
cannot differentiate between error-free NHEJ and RAD51-stimulated inter-sister HR and
thus cannot definitively conclude that decreases in observed editing efficiency are due to
solely to increased rates of inter-sister HR. Last, without additional experiments in both
species, findings from our study cannot be directly compared to those in human embryos.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to the Lead Contact, Guoping Feng (fengg@mit.edu).

Materials Availability—Cha271664H mice will be available from The Jackson Laboratory
after initial characterization has been completed for a separate study.

Data and Code Availability—The amplicon sequencing included in this study has been
submitted to the Sequence Read Archive and can be found under accession number
PRJINA614534. Additional raw data for the figures in this manuscript can be obtained from
the Lead Contact or corresponding authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mouse work was performed with the supervision of the Massachusetts Institute for
Technology Division of Comparative Medicine (DCM) under protocol 0416-024-19, which
was approved by the Committee for Animal Care (CAC). All procedures were in accordance
with the guidelines set forth by the Guide for Care and Use of Laboratory Animals, National
Research Council, 1996 (institutional animal assurance no. A-3125-01). For all experiments
except those targeting the MecpZ2 locus, we did not perform sex genotyping and therefore
used males and females. At the MecpZ2locus we genotyped all embryos, but only analyzed
female embryos. Embryonic experiments analyzed morula and blastocyst-stage embryos.
Analysis of IHR conversion tract length was performed using E10.5 embryos. Genotyping of
Fo and F1 animals was performed using tissue from animals collected at ~P10.
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METHOD DETAILS

Preparation of Injection Mixtures: tracrRNA, crRNAs, and ssODNs were synthesized
by Integrated DNA Technologies and modified sgRNAs were synthesized by Synthego (see
Table S3 for sequences). All injection mixtures were prepared in a final volume of 50uL
according to the following protocol. Using RNase-free water, reagents, and consumables,
crRNA (final concentration 0.61uM), tracrRNA (final concentration 0.61uM), and ultrapure
Tris-HCI, pH 7.39 (final concentration 10mM, ThermoFisher) were mixed and incubated at
95°C for 5 minutes. The mixtures were cooled to room temperature for 10 minutes on the
benchtop and then EnGen Cas9 NLS, S. pyogenes (New England Biolabs) was added to a
final concentration of 30ng/uL. The mixtures were incubated at 37°C for 15 minutes before
adding any remaining components: ssODN (final concentration 30ng/uL), RAD51 (Creative
Biomart, 134H, final concentration 10ng/uL), or additional recombinant proteins (described
below, 10ng/uL). Injection mixtures were stored on ice and briefly heated to 37°C prior to
injection. Injection mixtures utilizing sgRNASs were prepared at the same final concentration
in the same buffer, but the 95°C incubation step was omitted. For experiments utilizing
RS-1, embryos were cultured in KSOM-AA (EMD Millipore MR-121-D) with 7.5uM RS-1
(Sigma) dissolved in DMSO or DMSO (Sigma, 1:1000) for 24 hours, washed, and cultured
in EmbryoMax FHM HEPES Buffered Medium (Sigma) until collection for genotyping.

Recombinant Proteins: For experiments using wild-type recombinant proteins, the
following proteins were used: RAD51 (Creative Biomart RAD51-134H), USP1/WDR48
(Creative Biomart USP1&WDR48-1067H), BCCIP (Origene TP303061), XRCC1
(TP304952), XRCC4 (Origene TP312684). For experiments using mutant RAD51, custom
RADS51 preparations were produced by Creative Biomart according to their standard
protocol for producing the wildtype RAD51 used in all other experiments. DNA sequences
used for cloning the mutant forms of Rad’51 are described in Table S3. All RAD51 mutants
were modeled based on human RADS5I transcript variant 4 (NCBI accession
NM_001164269), as this is the transcript variant of the wildtype RAD51-134H protein used
in all other experiments. Identity and/or purity of all recombinant proteins used in this study
are shown in Figure S7TA-C (methods described below). Biochemical activity of
recombinant RAD51 used in this study is shown in Figure S7D,E (methods described
below).

Total Protein Staining and Western Blotting: 1ug of each recombinant protein was
mixed with 2X Laemmli Sample Buffer (Bio-Rad) and heated to 95°C for 5 minutes. After
brief centrifugation, samples were loaded into 4-15% Mini-PROTEAN TGX Pre-Cast gels
(Bio-Rad) along with 5uL PrecisionPlus Protein Kaleidoscope Prestained Protein Standards
(Bio-Rad) and run at 200V for 40 minutes in 1X Tris/Glycine/SDS running buffer. Protein
was transferred to nitrocellulose at 100V for 1 hour at 4°C and total protein was visualized
using REVERT Total Protein Stain (LI-COR Biosciences) according to the manufacturer’s
protocol. For RAD51 Western blotting in Figure S7TA, REVERT Total Protein Stain was
reversed according to the manufacturer’s protocol, the membrane was blocked at room
temperature for 1 hour in TBST containing 5% non-fat dry milk. Primary antibody (Rb anti-
RADS51, Abcam ab63801, 1:500) was diluted in blocking buffer and applied to the
membrane overnight at 4°C. Following washes with TBST, secondary antibody (IRDye

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilde et al.

Page 14

800CW Gt anti-rabbit 1gG H+L, LI-COR 925-32211, 1:15,000) was diluted in blocking
buffer and applied to the membrane for 1 hour at room temperature in the dark. The
membrane was then washed and imaged. For all experiments, imaging was performed on an
Odyssey CLx Imaging System with ImageStudio (LI-COR Biosciences). Coomassie
staining and Western blots in Figure S7B were performed by Creative Biomart.

ssDNA Binding Assay: To test the activity of the RAD51 variants utilized in this study,
binding to ssDNA was assayed based upon a previously described protocol (Chen et al.,
2015). 1pg recombinant RAD51 protein was mixed with 20uM ¢X174 ssDNA (NEB,
N3023) in fresh 1X reaction buffer containing 25mM HEPES (pH7.5), 1mM MgCl,, 30mM
NaCl, ImM DTT, 0.4mM 2-mercaptoethanol, 0.03mM EDTA, 0.1mg/mL BSA, 2%
glycerol, and 1ImM ATP. The mixtures were incubated for 30 minutes at 37°C to form
complexes. Following incubation, mixtures were loaded onto 0.8% TAE agarose gel and run
at 25V for 16 hours. Gels were stained with 1X GelStar Nucleic Acid Gel Stain (Lonza, Cat.
No. 50535) in TAE for 2 hours in the dark and then trans-illuminated with UV light for
imaging. Wild-type RAD51 and all assayed mutants of RAD51 functioned as expected
based on previously published data (Chen et al., 2015; Marsden et al., 2016; Wang et al.,
2015; Yu et al., 2003).

Near-Infrared Strand Exchange Assay: Recombinant RAD51 strand exchange activity
was assessed using a modified version of a previously described strand exchange assay
(Wang et al., 2015). The assay used three oligos, described in Table S3: an unlabeled 40-mer
oligo, a complementary 40-mer oligo labeled on its 5’ end with IRDYE-800, and a 167-mer
oligo containing the sequence of the unlabeled 40-mer (complementary to the labeled 40-
mer). A 1:1 solution of the 40-mer oligos (40nM final concentration for each) was heated to
95°C for 5 minutes in a thermal cycler and allowed to cool 4°C at a ramp speed of 0.1°C/
second. The strand exchange reaction mixture was assembled on ice, containing the
unlabeled 167-mer (final concentration 4nM), RAD51 (final concentration 440nM), and
final concentration 1X reaction buffer (25mM TrisOAc pH7.5, ImM MgCI2, 2mM CacCl2,
0.1mg/mL BSA, 2mM ATP, and ImM DTT). The reaction was incubated at 37°C for 10
minutes to allow RAD51 nucleofilament formation and then the annealed 40-mer oligos
were added to a final concentration of 4nM. The reaction was incubated at 37°C for 30
minutes and then terminated via the addition of SDS (final concentration 0.25%) and
proteinase K (final concentration 0.5ug/uL) and further incubation at 37°C for 10 minutes.
Samples were then separated on a 5% TBE gel run in 1X TBE at 60V for 70 minutes and
imaged on a LI-COR Odyssey CLx imaging system.

Natural Mating for Zygotic Injections: Female mice (4-5 weeks old, C57BL/6NTac)
were superovulated by IP injection of PMS (5 IU/mouse, three days prior to microinjection)
and hCG (5 IU/mouse, 47 hours after PMS injection) and then paired with males. Pregnant
females were sacrificed by cervical dislocation at day 0.5pcd and zygotes were collected into
0.1% hyaluronidase/FHM (Sigma). Zygotes were washed in drops of FHM and cumulus
cells were removed. Zygotes were cultured in KSOM-AA for one hour and then used for
microinjection.
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In Vitro Fertilization for Zygotic Injections: /n vitrofertilization was performed using
FERTIUP Mouse Preincubation Medium and CARD MEDIA (Kyudo Company) according
to the manufacturer’s protocol. Non-virgin Chd2RH/RH, Mecp29€!Y, and A/J (The Jackson
Laboratory, Stock No. 000646) males that were >8 weeks old were used as sperm donors.
For experiments using Cha2 or MecpZ2 sperm, oocytes from C57BI/6NTac females (Taconic)
were used. For experiments using A/J sperm, oocytes from C57BI/6J females (The Jackson
Laboratory, Stock No. 000664) were used. Following IVF, embryos were cultured for ~8
hours and then injected using the PNI protocol described below.

Zygotic Microinjections: Except for Figure 1, all experiments described in this
manuscript show data from a minimum of two days of injections. For all experiments except
the CPI experiments described in Figure 1, the male pronucleus was injected. Injections
performed for the CPI portion of Figure 1 were targeted to the cytoplasm. All
microinjections were performed using a Narishige Micromanipulator, Nikon Eclipse
TE2000-S microscope, and Eppendorf 5242 microinjector. Individual zygotes were injected
with 1-2pL of injection mixture using an “automatic” injection mode set according to needle
size and adjusted for clear increase in pronuclear volume. Following injections, cells were
cultured in KSOM-AA until collection for genotyping. For experiments giving rise to Fg
animals, embryos were surgically implanted into pseudopregnant CD-1 females (Charles
River Laboratories, Strain Code 022) 24-hours post-injection and allowed to develop
normally until natural birth.

Conditions for Embryo Collection, DNA Purification, and Genotyping: To avoid
contamination and ensure accuracy and consistency of genotyping results, embryo
collection, DNA purification, and genotyping were all performed using special protocols and
conditions. For both embryo collection and PCR, all plates, tubes, filter tips, strip caps, plate
holders, ice buckets, and aliquots of nuclease-free water (not DEPC-treated) were UV-
sterilized for >15 minutes in a laminar flow hood. All embryo manipulation and PCR was
performed in a laminar flow hood. For PCR, all reagents (buffer, MgCly, dNTPs, primers,
polymerase) were aliquoted in the laminar flow hood upon receipt from the manufacturer
and were solely used for embryo genotyping. No template controls were included with all
PCR runs to rule out the presence of background DNA that could influence genotyping
results.

Embryo Collection and DNA Purification: Embryos were collected between the
morula and blastocyst stage (3—4 days post injection) into 4uL nuclease-free water. After
collection, 4uL of 2X embryo digestion buffer was added to each sample (final
concentrations: 125ug/mL proteinase K, 100mM Tris-HCI pH 8.0, 100mM KClI, 0.02%
gelatin, 0.45% Tween-20, 60ug/mL yeast tRNA) and embryos were lysed for 1 hour at 56°C.
Proteinase K was inactivated via incubation at 95°C for 10 minutes and DNA was stored at
—20°C until use.

Mouse Tail DNA Purification: Tail tissue (~0.5cm length) was collected from individual
animals, placed in 75uL alkaline lysis buffer (25mM NaOH, 0.2mM EDTA), and incubated
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at 95°C for 30 minutes. Digestion was stopped via addition of 75uL neutralization buffer
(40mM Tris-HCI pH 5.0). Samples were stored at 4°C until genotyping.

Chd2RH PCR: cha2RH genotyping was performed via a two-step, nested approach. Except
for experiments described in Figure 3, all 8uL of embryo DNA were used as input for the
initial, long round of PCR. Genotyping of mouse pups and adult animals was performed
using 2L purified tail DNA. For all embryo genotyping, reaction mixtures were set up in a
UV-sterilized laminar flow hood using sterile reagents and filter tips to avoid contamination.
All PCR was performed using Biolase DNA Polymerase (Bioline), fresh aliquots of dNTPs
(New England Biolabs), and 2% DMSO (final concentration). The first PCR reaction of the
nested PCR was performed using the C2RH-Long_F/R primer pairs listed in Table S3.
Primer pairs C2RH-Long_F1/R1 and C2RH-short_F1/R1 were used for Figures 1-3, as well
as Supplementary Figures 1 and 2. All other experiments utilized primer pairs C2RH-
Long_F2/R2 and C2RH-short_F2/R2, which was designed to amplify a larger genomic
region as a way to further rule out large deletions that could disrupt PCR primer binding
sites. 20 cycles of amplification were performed using 30 second extension and annealing
times and an annealing temperature of 67°C. Nested PCR was then performed using 2uL of
the initial 25uL PCR reaction as input. The C2RH-Short_F/R primer pairs listed in Table S3
were used for this PCR, with sets 1 and 2 being used as described above. Thirty-five cycles
of amplification were performed using 30 second extension and annealing times and an
annealing temperature of 68°C.

TyrC89S PCR: Initial PCR was performed using 2L purified tail DNA. The longer
amplification of the nested PCR reaction was performed using the Tyr-Long_F/R primer pair
listed in Table S3. PCR was performed using Biolase DNA polymerase (Bioline) and a final
concentration of 2% DMSO. Twenty cycles of PCR were run with 30 second annealing and
extension steps and an annealing temperature of 66°C. Nested PCR was performed using
2L of the initial 25uL PCR reaction and the Tyr-Short_F/R primer pair listed in Table S3.
The same PCR conditions were used for the nested PCR as were used for the initial PCR.

Sanger Sequencing: For all sequencing reactions, 5uL of PCR product was mixed with
3uL dH,0 and 2uL ExoSAP (Exonuclease 1, NEB #M0293 and rSAP, NEB #M0371).
Products were incubated at 37°C for 30 minutes to degrade primers and dephosphorylate
dNTPs and enzymes were then heat inactivated at 80°C for 15 minutes. 5uL 5uM
sequencing primer was then added to each mixture and samples were submitted to Genewiz
for Sanger sequencing. Sequence files (.ab1) were blinded using a freely-available Perl
script (https://github.com/jimsalterjrs/blindanalysis) and analyzed using SnapGene. To
identify IHR events in mosaic samples, we compared the major and minor peak heights at
the relevant SNPs using 4Peaks (Nucleobytes), analyzed traces with ICE (Synthego), or a
combination of both. Sequences showing =3:2 ratio of major allele to minor allele at both
sites were called IHR-positive.

On-Target Next-Generation Amplicon Sequencing: Blastocyst DNA from
uninjected embryos and embryos injected with Cas9, Cha’2 crRNA, and tracrRNA was
collected as described above. Half of the DNA was used for the previously described Sanger
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sequencing and analysis protocol. After analysis, 10 uninjected, 10 “pure IHR,” and 32
embryos with varying levels of Chad27 allele were selected for subsequent next-generation
sequencing. For these embryos, the second half of the genomic DNA was used as input for
nested PCR (primers described in Table S3) using Biolase DNA Polymerase (Bioline). To
ensure capture of all PCR products, PCR products were purified using the DNA Clean &
Concentrator Kit (Zymo Research, D4033) according to the manufacturer’s instructions.
Purified PCR products were then submitted for sequencing with Genewiz’s Amplicon-EZ
service. Fastq files were then batch analyzed using the CRISPResso2 command line tool
(Clement et al. 2019) in HDR mode using default settings and the Chd2°H allele sequence
as the HDR template. Since the Chd27* allele contains two point mutations in close
proximity to the Cas9 cut site, certain indels can obscure those sites, making the program
unable to definitively call an outcome and classifying those reads as ambiguous. Total indels
were therefore characterized as the sum of NHEJ and ambiguous reads. PCR-induced
mutations or errors during IHR can create “imperfect” knock-in alleles and thus, total
Chd2RH allele frequency was calculated as the sum percentage of Chd27 and imperfect
Chad2RH reads. Sanger sequencing traces and estimated allele frequencies, as well as read
counts and NGS-derived allele frequencies can be found in Table S2. All sequencing data
was deposited in the NCBI Sequence Read Archive (SRA) under project accession
PRINA614534.

In vitro Cas9 Digestion Assays: Wild-type or Chd2F7/RH genomic DNA was used as
input for PCR using the conditions described above and the primers specified in Table S3.
After confirmation of a single band via gel electrophoresis, the PCR reactions were purified
using the DNA Clean & Concentrator kit (Zymo) according to the manufacturer’s
instructions. crRNA and tracrRNA were diluted 1uM in Nuclease-free Duplex Buffer (IDT)
and incubated at 95°C for 5 minutes before being allowed to cool to room temperature on
the bench. Digestion mixtures were made in separate tubes by combining nuclease-free
water, 10X Cas9 Nuclease Reaction Buffer (final concentration 1X, New England Biolabs),
1uL of the cooled crRNA/tracrRNA duplex, and, if necessary, 1uL of EnGen Cas9 NLS, S.
pyogenes (New England Biolabs). These mixtures were heated to 37°C for 10 minutes
before adding 250ng PCR product and, if necessary, RAD51 G151D (10ng/pL final
concentration, custom-produced by Creative Biomart) or BCCIP (10ng/uL final
concentration, Origene TP303061). Digestion was performed at 37°C for 1 hour, Cas9 was
denatured at 95°C, 6X Purple Gel Loading Dye (New England Biolabs) was added to a final
concentration of 1X, and the samples were allowed to passively cool to room temperature.
After cooling, reactions were separated by electrophoresis in 2% agarose gel, post-stained
with GelRed Nucleic Acid Gel Stain (Biotium) according to manufacturer’s instructions and
visualized using an InGenius Gel Documentation System (Syngene).

Genomic Copy-Number gPCR: To determine copy number at specific genomic loci, we
developed a strategy utilizing multiplex nested qPCR. We first performed multiplex
amplification of both the edited ChdZ2region (Chr7) and a region of the Gapah promoter
(Chr6) that we have previously targeted for ChIP experiments (Wilde et al., 2017) in a short
round of PCR (10 cycles). We then used this PCR product as input for two separate nested
gPCR reactions, one targeting the Gapah control locus (2N) and one targeting the Chad2
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locus (unknown copy number). ChadZ signal was then normalized to the Gapdh signal to
determine copy number at the C/hd2locus. As a 2N control, we used DNA from uninjected
embryos. As a 1N control we generated a mouse line harboring a large deletion at the Chad2
locus (see below) and used heterozygous embryos for gPCR. To test for large deletions in
Cas9-injected embryos presumably having undergone IHR, we isolated genomic DNA from
Cas9/ Chd2 crRNA/tracrRNA-injected blastocysts, used 50% for genotyping as described
above, and then randomly-selected 10 “pure IHR” blastocysts for genomic gPCR. Initial
nested PCR was performed using Biolase DNA Polymerase (Bioline). g°PCR was performed
using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Primers are listed in Table
S3.

Generation of the Chd29¢! Mouse Line: Zygotes were prepared for injection via
natural mating and pronuclear injections were performed as described above. Embryos were
cultured overnight in KSOM-AA and embryos that failed to undergo cleavage were
discarded. Two-cell embryos were surgically implanted into pseudopregnant CD-1 females
(Charles River Laboratories, Strain Code 022) and allowed to develop until natural birth.
Pups were genotyped at postnatal day 21 using the primers described in Table S3.

Immunocytochemistry: First, embryos were blinded before staining and analysis.
Zygotes were collected during G1 (~9hpf, ~1hpi, PN2), G2 (~14.5hpf, ~6.5hpi, PN5), or M-
phase (~16hpf, ~8hpi) and fixed overnight at 4°C in 4% PFA + 0.1% Tween-20 in PBS and
then briefly transferred to acidified Tyrode’s (Sigma T1788) to remove the zona. Collection
times and cell cycle stages were determined empirically based on morphology (Santos et al.,
2013). Specifically, G2 embryos were fixed when maternal and paternal pronuclei had
overlapped and nuclear envelopes were undergoing clear breakdown (at least one no longer
visible). M-phase embryos were selected ~1 hour after complete breakdown of the nuclear
envelopes. After washing in PBS + 0.1% Tween-20 (PBST), zygotes were permeabilized in
PBS + 1% Triton X-100 for 1 hour at 4°C and then blocked for 1 hour at room temperature
in blocking solution (PBS + 3% BSA + 5% normal goat serum). Primary antibody (rabbit
anti-RAD51, Abcam ab63801, 1:500) was diluted in blocking solution and applied to
coverslips overnight at 4°C. Cells were washed 3 times in PBST before application of
secondary antibody (goat anti-rabbit 1gG conjugate, Alexa Fluor 488, ThermoFisher
A-11008) diluted in blocking solution for 1 hour at room temperature. Nuclei were
counterstained with DAPI and coverslips were mounted to slides with Fluoromount Aqueous
Mounting Medium (Sigma F4680). Cells were imaged on an Olympus Fluoview FVV1000
confocal microscope with a 60X oil immersion objective and variable digital zoom. For all
cells, we acquired z-stacks incorporating both pronuclei. Raw image files were exported to
F1JI (Schindelin et al., 2012) for Z-projection (sum slices), channel splitting, and scale bar
generation.

Off-Target Next-Generation Amplicon Sequencing: Off-target analysis by NGS was
performed as previously described (Li et al., 2020). Briefly, pre-genotyped blastocyst stage
embryos were subjected to whole genome amplification using REPLI-g Single Cell kit
(Qiagen) according to manufacturer’s instructions. Equal amounts of amplified DNA were
mixed and 3 pools were prepared: an uninjected pool from 8 embryos, a Cas9-only pool

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilde et al.

Page 19

from 12 embryos injected with Cas9 protein but no crRNA/tracrRNA, and a pool from 19
embryos injected with Cas9 protein, Chd2crRNA, and tracrRNA. Twenty-six off-target
candidate sites for cr Chd2 containing up to 4 mismatches were predicted and primer pairs
were designed using CRISPOR (Concordet and Haeussler, 2018). All sites were PCR
amplified from each pool using Herculase 1l Fusion DNA Polymerases (Agilent) and gel
purified using Zymoclean Gel DNA Recovery kit (Zymo Research). Equimolar amounts of
the twenty-six PCR amplicons of each pool were mixed and subjected to library construction
for Illumina sequencing with reagents from TruSeq Stranded mRNA Sample Preparation kit
(IMumina) according to the manufacturer’s instructions. Barcoded libraries were mixed and
sequenced on a MiSeq (Illumina) with 150bp paired-end reads and a 6-base Index 1 read to
an averaged depth of 200,000 reads per locus per pool. Sequencing was analyzed in three
batches using CRISPResso2 (Clement et al. 2019). For each batch, we ran CRISPRess0’s
CRISPRessoPooled tool. Since the amplicon sites that we considered for analysis were
relatively short (minimum of 66 bp, maximum 145 bp, median 126 bp), CRISPResso failed
to analyze some amplicons due to the low number of reads that aligned properly on the
amplicon. Furthermore, the poor mapping to the amplicons caused some artifactual deletions
in the reads. Therefore, we extended all amplicon sequences to 250 bases. We also trimmed
the reads 5 bases from the start and 55 bases from the end, and decreased the minimum
alignment score from the default of 60 to 10, in order to allow more mapping of reads
(allowing more reads in the analysis negatively biases our results). Even with these
modifications, 5 amplicons still failed the CRISPResso analysis. We discarded two amplicon
regions since they are on L1 repeat regions (OT21 and OT22), and we performed another
round of deep sequencing on 3 amplicons (OT15, OT18, and OT20), this time using a longer
region (303, 311 and 332bp). These amplicons were sequenced using the Amplicon-EZ
service from Genewiz and we re-analyzed them using the web-based CRISPResso2 tool
(http://crispresso.pinellolab.partners.org). All sequencing data was deposited in the NCBI
Sequence Read Archive (SRA) under project accession PRINA614534.

Genome-wide Off-Target Analysis by Two-Cell Embryo Injection (GOTI): GOTI
was performed as previously described (Zuo et al., 2019, 2020). Briefly, I\VF was performed
as described above using homozygous Ail4 (The Jackson Laboratory, Stock No. 007908)
males and C57BI/6NTac females. A mixture of Cas9 protein (final concentration 30 ng/pul)
and Cre mRNA (final concentration 2 ng/ul), Cas9 protein (final concentration 30 ng/ul),
ChdZ2 crRNA (final concentration 0.61 pM), tracrRNA (final concentration 0.61 pM) and Cre
mRNA (final concentration 2 ng/pl), or Cas9 protein (final concentration 30 ng/ul), Chad2
crRNA (final concentration 0.61 pM), tracrRNA (final concentration 0.61 pM), RAD51
(Abcam ab63808, final concentration 10 ng/uL) and Cre mRNA (final concentration 2 ng/ul)
was injected into both the nucleus and cytoplasm of one blastomere of 2-cell stage embryos.
The injected embryos were transferred into pseudopregnant CD-1 females as described
above.

Mosaic fetuses were harvested at E14.5, minced, and enzymatically dissociated in 0.05% 5
mL Trypsin-EDTA at 37°C for 30 minutes. Digestion was then stopped by the addition of
5mL DMEM/10% FBS. Digested tissues were further homogenized by pipetting 30—40
times using 1ml pipette tips and were then spun down and pellets were resuspended in
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DMEM/10% FBS and filtered through a 40um cell strainer. The tdTomato-positive/
tdTomato-negative cells were then sorted by FACS. The purity of sorted cells was confirmed
to be >95% by fluorescence microscopy and PCR cloning analyses.

Genomic DNA was extracted from sorted cells using the NucleoSpin Tissue kit (Macherey-
Nagel). The libraries for whole genome sequencing (WGS) were prepared using the Illumina
DNA PCR-Free Prep kit (Illumina) with barcodes, pooled, and run on a NovaSeq 6000
(IMlumina) to generate mean coverages from 30X to 83X.

The off-target indels and SNVs were identified by comparing the tdTomato-positive cells
with tdTomato-negative cells from the same embryo using three variant calling algorithms,
as detailed in the GOTI method (Zuo et al., 2019, 2020). In detail, BWA (v0.7.12) was used
to map quality-filtered sequencing reads to the reference genome (mmZ10). Picard tools
(v2.3.0) was then applied to sort and mark duplicates of the mapped BAM files. To identify
the genome-wide de novo single nucleotide variants with high confidence, we separately ran
three algorithms that detect single nucleotide variants present in the tdTomato-positive cells
but not present in tdTomato-negative cells: Mutect2 v3.5 (Benjamin et al., 2019), Lofreq
v2.1.2 (Wilm et al., 2012)and Strelka v2.7.1 (Kim et al., 2018). Only SNVs called by all
three SNV-detection algorithms were considered to be true variants. To detect indels present
in tdTomato-positive cells but not in tdTomato-negative cells, we used Mutect2 v3.5, Strelka
v2.7.1, and Scalpel v0.5.3 (Fang et al., 2016). Once again, only indels called by all three
algorithms were considered to be true de novo indels. As previously done (Zuo et al., 2019,
2020), we annotated the SNVs and indels using ANNOVAR v2020-06-08 (Wang et al.,
2010) and performed additional filtering on the variants by choosing variants with allele
frequencies at least 10%. The off-target SNVs and indels were compared to the Chd2 guide
RNA sequence by blasting the genomic sequence of the SNV/indel 17 bases upstream and 5
bases downstream with the 23-base Cha2 guide RNA sequence. We also obtained the
sequence in the reverse strand, 5 bases upstream and 17 bases downstream of the SNV/indel
and compared using blast with the Chd2 guide RNA sequence. To further analyze the off-
target SNVs and indels, we overlapped them with predicted off target sites using two
algorithms: Cas-OFFinder v2.4 (Bae et al., 2014) and CRISPOR v4.98 (Concordet and
Haeussler, 2018). For CRISPOR, we utilized the web-based tool with default settings. We
ran Cas-OFFinder twice, first with parameter 4 mismatches (MM) and second with
parameter 9 MM. We then looked for overlap between the genomic regions 18 bases
upstream and 18 bases downstream of each SNV/indel and the off-target sites predicted by
CRISPOR and Cas-OFFinder. We did not observe any indels overlapping with putative off-
target sites, but for SNVs overlapping with potential off-target sites we ruled them out as
true off-targets based on the following observations: 1) one overlapping SNV was found in
the Cas9-only condition (8 mismatches), 2) all SNVs founds in the Cas9 + crRNA-injected
embryos contained at least 9 mismatches with the Chad’2 crRNA, 3) 2 of the 3 SNVs in Cas9
+ crRNA-injected embryos were adjected to non-canonical NAG PAM sequences, 4) the
third SNV in a Cas9 + crRNA-injected embryo had 3 mismatches at the positions
immediately adjacent to the PAM. All sequencing data was deposited in the NCBI Sequence
Read Archive (SRA) under project accession PRINA614534.
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Dual DNA-FISH/Immunocytochemistry: Late S/G2 stage zygotes were used for
immunocytochemistry as described above. Zygotes were stained with primary antibody (Rb
anti-RAD51, Abcam, ab63801, 1:100) followed by tyramide signal amplification (Biotin
XX Tyramide SuperBoost Kit, goat anti-rabbit IgG (ThermoFisher, B40921) and
streptavidin, Alexa Fluor 488 Conjugate (ThermoFisher, S32354)) according to
manufacturer’s instructions. Zygotes were fixed again with 4% PFA, and processed for FISH
as previously described (Nakaya et al., 2017). Zygotes were mounted in EASI-FISH
chambers (poly-L-lysine hydrobromide (Sigma P1399)-coated coverslip (VWR 48393-106)
mounted with double-layered clear patches (KOKUYO TA-3N) and fixed with 4% PFA.
EASI-FISH chambers were treated with 0.5% saponin/0.5% TritonX-100 in PBS (PBST) for
30 minutes to permeabilize cells, incubated in 20% glycerol at room temperature in PBS for
30 minutes, and transferred to 50% glycerol in PBS before storing at —20°C overnight. The
chambers were then frozen in liquid nitrogen for 30 seconds followed by freezing-thawing
in 20% glycerol five times. They were then washed in PBS, fixed with 4% PFA, incubated in
0.1N HCI for 10 minutes, washed with PBS, fixed with 4% PFA, incubated with PBST for 1
hour, fixed with 4% PFA, washed in 2x SSC, and incubated in 2X SSC/50% formamide until
hybridization. FISH probe was prepared as previously described (Inoue et al., 2017, 2018).
Briefly, Cy3-labled FISH probe was prepared from a BAC clone containing the ChdZ2 locus
(BACPAC, clone RP24-290C18) using the Nick Translation Reagent Kit (Abbott Molecular
07J00-001) with Cy3-dCTP (GE Healthcare PA53021) according to manufacturer’s
instructions. The Cy3-labeled probe was then ethanol-precipitated with 10pug of Mouse
Cot-1 DNA (ThermoFisher 18440-016) using GlycoBlue (ThermoFisher AM9515), and
dissolved in 50% formamide/10% dextran sulfate/2X SSC. The probe mixture was heat
denatured at 80.5°C for 4 minutes, cooled on ice, and applied to the EASI-FISH chamber.
The EASI-FISH chamber was then heat denatured at 80.5°C for 4 minutes and then
incubated at 37°C for at least for 5 days. After hybridization, the EASI-FISH chamber was
washed once in 2X SSC, followed by three times in 0.1X SSC at 62.5°C for 5 minutes once
in 4X SSC with 0.2% Tween20 (SSCT). The chamber was then subjected to
immunocytochemistry a second time as described above, mounted with Fluoromount-G with
DAPI (ThermoFisher 00-4959-52), and imaged and analyzed as described above.

Embryonic Tissue Collection and DNA Purification: After pronuclear injection,
zygotes were cultured overnight and two-cell embryos were transferred to pseudopregnant
CD-1 females as described above. Embryos were allowed to develop /in utero for 9 days
before pregnant females were sacrificed. Embryos were microdissected into cold, sterile
PBS and washed twice before transfer to UV-sterilized 1.5mL snap-cap tubes. Embryo DNA
was then purified using the NucleoSpin Tissue Genomic DNA Purification Kit (Takara, Cat.
No. 740952) according to manufacturer’s instructions. Genomic DNA was eluted with
sterile TE buffer and split into aliquots of either 10ng/pL or 100ng/pL for use in downstream
applications and stored at —20°C.

TOPO Cloning and Screening of Individual Alleles: Primers for TOPO cloning and
sequencing of clones are described in Table S3. For TOPO cloning, 100ng of genomic DNA
per sample was used as input for PCR using Phusion High-Fidelity DNA Polymerase (New
England Biolabs, M0350) using the standard buffer according to the manufacturer’s
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instructions. Samples were then run on a 1.5% agarose gel and, after confirming the
presence of a single band, the target band was gel-purified using the ZymoClean Gel DNA
Recovery Kit (Zymo Research, D4007). Products were eluted with 8uL of elution buffer and
4uL of the eluate was used as input for TOPO cloning with the Zero Blunt TOPO PCR
Cloning Kit (ThermoFisher, K280020) according to the manufacturer’s instructions. After
transformation and plating, colonies were screened by colony PCR using the M13F/R primer
pair. Colonies positive for the insert were then grown overnight and plasmids were purified
using the ZymoPure Plasmid Miniprep Kit (Zymo Research, D4208) according to the
manufacturer’s instructions. Plasmids were then sequenced and sequences were aligned and
analyzed using SnapGene (GSL Biotech).

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments testing homozygosity rates and rates of interhomolog repair a one-sided
Fisher’s exact test was used. Because we found in Figure 1 that RAD51 appeared to increase
homozygosity and thus interhomolog repair, we explicitly tested this hypothesis and this was
our justification for using a one-sided analysis.

For the qPCR experiments described in Figure 3D a two-sided Student’s t-test was utilized.

For the correlation analysis in Figure S3B, we performed a simple linear regression and
calculated Pearson’s correlation coefficient.

For the calculation of mosaicism rates in Figure S4C, we utilized as a two-sided Fisher’s
exact test, as we did not have a predetermined expectation of the effects of the given
enhancers on mosaicism.

All statistical analyses were performed using Prism 8 (GraphPad). All graphs display mean
+SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Interhomolog repair (IHR) occurs throughout the genome in the early mouse
embryo

RAD51, BCCIP, and USP1/WDR48 enhance IHR at sites of Cas9-induced
DNA breaks

Embryonic IHR occurs via gene conversion without crossover

Enhanced IHR can be used for homozygous knock-in and donor-free allelic
conversion
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Figure 1. Efficient homozygous knock-in with RAD51
(A) Schematic of the targeted locus and HR donor for generating Cha2®" mutant mice.

Donor contains both the ¢.5051G>A point mutation and a synonymous mutation in the
relevant PAM site (HA=homology arm). (B) Example chromatograms of wildtype (top) and
Chad2RH/RH animals (bottom). (C) Overall K1 efficiency observed in Fq pups derived from
either cytoplasmic (CPI) or pronuclear (PNI) injection (pups with =1 Kl allele/total pups).
(D) Homozygous KI rates observed in Fg pups generated by either CPI or PNI, shown as
percentage of all pups or pups positive for KI. (E) Genotyping results from F; pups derived
from crosses between Fq Cha2RH/RH animals and wild-type animals.
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Figure 2. RAD51 enhances homozygous KI efficiency at multiple loci
(A) Quantification of Kl efficiency (left) and homozygous KI efficiency in embryos

generated by Cha2®H PNI with or without RADS51. All RH/RH includes mosaic embryos
and denotes embryos with =3:2 ratio of mutant allele to wildtype allele (one-sided Fisher’s
exact test). (B) Schematic of knock-in strategy for the albinism-associated 7)7<%95 mutation.
(C) Representative examples of 7yr*/* (black) and 7jr¢895/C895 (white) littermates derived
from injections using exogenous RAD5L1 protein. (D) Representative chromatograms from
Tyr*’* (top) and 7jrC895/C895 gnimals. (E) Genotyping of Fo animals from injections
targeting the 77895 locus with or without RAD51 (one-sided Fisher’s exact test). *p<0.05,

***p<0.001, n.s. p>0.05
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Figure 3. RAD51 enhances interhomolog repair.
(A) Schematic of strategy for testing evaluating embryonic IHR. Wild-type oocytes were

fertilized /n vitro by sperm collected from Chd2?H/RH males and cultured for ~8 hours. PNI
was then performed with Cas9 protein, tracrRNA, and crRNA specifically targeting the
wild-type maternal allele. Injected embryos were then cultured for 2-3 days and collected at
the morula or blastocyst stage. Half of the purified DNA was used for nested PCR and
Sanger sequencing and the other half was used for multiplex PCR and subsequent gPCR to
analyze genomic copy number at the ChaZediting locus. (B) Representative chromatograms
showing the wild-type reference sequence (Ref., top), an uninjected Chd27#* embryo
generated by IVF (Uninj., middle), and a pure Cha27?*RH homozygous mutant (IHR,
bottom) generated through IHR. (C) Quantification of Sanger sequencing results from IVF-
derived embryos edited with or without RAD51. “‘All IHR” includes mosaic embryos and
was determined by identifying embryos with >3:2 ratio of R1684H allele to all other alleles
(one-sided Fisher’s exact test). Pure IHR denotes embryos without mosaicism (p=0.018,
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one-tailed chi-square test). (D) Genomic qPCR targeting the Chd27 locus in embryos
carrying a large heterozygous deletion (Chd2%/#) as a control for copy-number sensitivity
(lanes 1-2, unpaired t-test, /=3 embryos, error bars=SEM). Lanes 3—13 show genomic
gPCR for the Chd2*" locus using DNA from an uninjected embryo and 10 randomly
selected pure homozygous Chd27H embryos (p>0.05, unpaired t-test, 7=4 technical
replicates per sample, error bars=SEM). (E) F1 genotyping results of litters derived from
crosses between wild-type mice and 5 pure Cha2?/RH Fy animals generated by the strategy
described in (A), including RAD51. *p<0.05, **p<0.01, ****p<0.0001

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilde et al.

A

Page 33

RAD51 DAPI Merge

Figure 4. RAD51 Localizes to Cas9-Induced DSBs During G2 in Zygotes.
(A) Representative images of RAD51 immunocytochemistry in G1/S, S/G2, and M-phase

zygotes injected with Cas9 and RAD51. Arrowheads indicate RAD51 puncta. Dotted lines
highlight pronuclear nucleoli. (Scale bar=10um) (B) Quantification of zygotes positive for
RADS51 puncta (one-sided Fisher’s exact test). ***p<0.001, ****p<0.0001, n.s. p>0.05
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Figure 5. RAD51 Enhances Interhomolog Repair at Loci on Multiple Chromosomes.
(A-C) Genotyping of embryos at the Mecp, Acs16, and KcnbZ2loci. Representative

chromatograms of unedited and pure IHR embryos shown below graphs. Red letters denote
SNVs and underlined bases represent deletions. All IHR denotes embryos with >3:2 ratio of
the IHR allele to all other alleles. Pure IHR denotes non-mosaic IHR (one-sided Fisher’s

exact test). *p<0.05, **p<0.01

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilde et al. Page 35

A
100 10 1007 2222
z
T 80 7 75
2 °
> 60 2
& 50 S 50
3 4 ®
= 25 25
S 20
®
0
o(‘
) ) )
& & &
D BcCCIP - - - + E 100 F
G151D - - + - -
Cas9 - + + + 3
£ k)
\ s E °
— 2 x
o ——
= ) 3
e E B 2
| —
| — \
' N
| — oo\‘\ 7963 OO\Q \‘)\0
O & QO 0O
9
- e ®

Figure 6. RAD51 G151D and BCCIP promote zygotic IHR and suppress indel formation.
(A) Quantification of IHR efficiency in blastocysts derived Chad2?/"* zygotes injected with

Cas9/crRNA/tracrRNA and the indicated proteins. Quantification includes mosaic embryos
(one-sided Fisher’s exact test). (B) Quantification of IHR efficiency in blastocysts derived
Chd2RH/* zygotes injected with Cas9/crRNA/tracrRNA and the indicated RAD51 variants
(one-sided Fisher’s exact test). (C) Quantification of editing efficiency at the Chad2* locus
in embryos injected with Cas9/crRNA/tracrRNA and the indicated RAD51 variants (one-
sided Fisher’s exact test). (D) /n vitro Cas9 nuclease activity assay using a PCR amplimer of
the Chd27" locus and Cas9 alone or co-incubated with either RAD51 G151D or BCCIP. (E)
Quantification of the percent of total injected embryos carrying an indel after injection with
the specified proteins (one-sided Fisher’s exact test). (F) Quantification of the ratio of indel-
positive embryos to IHR-positive embryos derived from injections with the specified
proteins (one-sided Fisher’s exact test). *p<0.05, **p<0.01, ****p<0.0001
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Figure 7. IHR Induces Conversion of Long Recombination Tracts.
(A) Schematic of genotyping strategies for AcsZ6and KcnbZ2loci. Black arrows denote

locations of primers for local PCR of SNPs tiled across regions. Red arrows denote locations
of primers for long-range PCR and TOPO cloning. Vertical lines denote approximate
locations of SNPs. (B) Summary of genotyping results from local PCR of tiled SNPs. Pink
boxes denote homozygous A/J alleles and mixed-color boxes denote heterozygous alleles
with A/J and C57BL/6J SNPs. (C) Summary of genotyping results from TOPO cloning of
long-range PCR products. Mixed-color boxes are used for any sites with at least one clone of
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the indicated allele. Asterisks denote embryos with low level of an allele, indicating
mosaicism (see also Figure S5).
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