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The use of programmable meganucleases is transforming genome editing and functional genomics. CRISPR/Cas9 was

developed such that targeted genomic lesions could be introduced in vivo with unprecedented ease. In the presence of

homology donors, these lesions facilitate high-efficiency precise genome editing (PGE) via homology-directed repair

(HDR) pathways. However, the identity and hierarchy of the HDR (sub)pathways leading to the formation of PGE products

remain elusive. Here, we established a green to blue fluorescent protein conversion system to systematically characterize

oligodeoxynucleotide (ODN)-mediated PGE using Cas9 and its nickase variants in human cells. We demonstrate that, unlike

double-stranded DNA (dsDNA) donors with central heterologies, ODNs generated short conversion tracts with Gaussian-

like distributions. Interestingly, single-nick–induced PGE using ODN donors produced conversion tracts biased either

mostly uni- or bidirectional depending on the relative strandedness of the ODNs and the nick. Moreover, the ODNs

were physically incorporated into the genome only in the bidirectional, but not in the unidirectional, conversion pathway.

In the presence of double-stranded genomic lesions, the unidirectional conversion pathway was preferentially utilized even

though the knock-in mutation could theoretically have been converted by both pathways. Collectively, our results suggest

that ODN-mediated PGE utilizes synthesis-dependent strand annealing and single-stranded DNA incorporation pathways.

Both of these pathways generate short conversion tracts with Gaussian-like distributions. Although synthesis-dependent

strand annealing is preferentially utilized, our work unequivocally establishes the existence of a single-stranded DNA incor-

poration pathway in human cells. This work extends the paradigms of HDR-mediated gene conversion and establishes guide-

lines for PGE in human cells.

[Supplemental material is available for this article.]

Genome editing is the intentional alteration of the genetic infor-
mation in living cells or organisms. Since Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-associated 9
(CRISPR/Cas9) (Jinek et al. 2012) was repurposed for genome edit-
ing (Cong et al. 2013; DiCarlo et al. 2013; Jinek et al. 2013), the
speed of CRISPR methodology is quickly bridging the genotype
and phenotype worlds and facilitating high-throughput reverse
genetic studies (Wright et al. 2016). In the CRISPR age, targeted
genomic lesions can be introduced with unprecedented ease,
which facilitate either high-efficiency gene disruption by nonho-
mologous end joining (NHEJ) or, in the presence of donor DNA,
precise genome editing (PGE) by homology-directed repair
(HDR) (Carroll 2014). Research models of the desired genotype
can be expeditiously generated for most genetically tractable or-
ganisms (Bassett et al. 2013; DiCarlo et al. 2013; Liu et al. 2014;
Yang et al. 2014; Reardon 2016) and within one round of subclon-
ing of cultured cells (Ran et al. 2013b; Byrne et al. 2014). Although
HDR is the more desirable pathway for genome editing and gene
therapy, its activity is much lower than NHEJ and dependent on
the cell cycle status in human cells (Mao et al. 2008a,b; Lin et al.
2014; Orthwein et al. 2015). Thus, marker-free PGE still requires
the laborious screening of hundreds of subclones, especially in
hard-to-transfect cells or those with low HDR activity or limited

tolerance of genomic lesions. Moreover, bi-allelic andmultiplexed
PGE is still challenging in human cells.

Complicating our understanding of PGE is the fact that HDR
has multiple subpathways in eukaryotic cells (San Filippo et al.
2008). Four of these subpathways can lead to PGE without signifi-
cantly sacrificing genomic stability: the double-strand break repair
(DSBR, aka, Holliday junction resolution) pathway (Orr-Weaver
et al. 1981;Orr-Weaver and Szostak 1983), Holliday junctiondisso-
lution (Wu and Hickson 2003; Bizard and Hickson 2014; Swuec
and Costa 2014), synthesis-dependent strand annealing (SDSA)
(Strathern et al. 1982; Hastings 1988; Larocque and Jasin 2010),
and single-strand DNA incorporation (ssDI, also sometimes
referred to as single-strand assimilation) (Radecke et al. 2006b;
Storici et al. 2006;Davis andMaizels 2014) pathways (Supplemental
Fig. S1). PGE is defined by the fraction of HDR events leading to the
conversion of desired knock-inmutations using exogenous homol-
ogy donors. Importantly, the identity and hierarchy of usage of the
HDR subpathways leading to the formation of PGE products re-
mains a knowledge barrier that hinders the improvement of PGE.

In a previous study, we demonstrated that in human somatic
cells the introduction of large knock-in mutations with double-
strand DNA (dsDNA) donors (including transfected plasmids
or viruses with dsDNA intermediates) preferentially engages
the DSBR subpathway for PGE (Kan et al. 2014). Although oligo-
deoxynucleotides (ODNs) probably do not serve as natural HDR
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donors,many laboratories have reported that PGE can be routinely
obtained by exogenously transfecting ODN donors into cells
(Chen et al. 2015; Richardson et al. 2016). Since ODN donors are
likely unable to physically form Holliday junctions and therefore
cannot engage DSBR, they must perforce utilize some form of the
SDSA or ssDI pathways during PGE (Storici et al. 2006; Davis and
Maizels 2014). In the absence of a targeted mega-nuclease like
Cas9, the ODN donors may use spontaneously occurring genomic
lesions in order to performPGE. Indeed, itwas proposed thatODNs
could be incorporated into the gaps generated by nucleotide exci-
sion repair (Faruqi et al. 2000; Kuan and Glazer 2004) or lagging
strand synthesis during DNA replication (Ferrara and Kmiec
2004;Wuet al. 2005;Huenet al. 2006), althoughthe specificmech-
anisms are still disputed (Suzuki 2008; Jensen et al. 2011).
Interestingly, both of thesemodels involve the physical incorpora-
tion of the ODNs into the genome via an ssDI-like mechanism; a
prediction that was later supported by experiments carried out by
Radecke et al. (2006b). Confusingly, however, the same group of
authors also demonstrated thatODNswere not physically incorpo-
rated into the genome during double-strand break (DSB)-induced
PGE, suggesting the existence of an alternative mechanism(s)
(Radecke et al. 2006a). Finally, in the presence of mega-nuclease–
induced targeted single-strand nicks, it was proposed by Davis
and Maizels that certain forms of the SDSA and the ssDI pathways
could be utilized depending on the strandedness of the donor
ODNs (Davis and Maizels 2011, 2014), a hypothesis that was sup-
ported by recent work from the Corn laboratory (Richardson
et al. 2016). However, the exact mechanisms, conversion tracts,
and hierarchy of these pathways have remained elusive.

Results

The enhanced green fluorescent protein to blue fluorescent

protein conversion system

To systematically investigate the molecular mechanisms of mega-
nuclease–induced PGE using ODN donors, we established the
enhanced green fluorescent protein (EGFP) to blue fluorescent
protein (BFP) conversion system (Fig. 1A). This system takes
advantage of the sequence similarity of EGFP andBFP. By introduc-
ing T65S and Y66H mutations into the chromophore domain,
EGFP can be completely converted into BFP (Katada et al. 2008).
To this end, using recombinant adeno-associated virus (rAAV)-
mediated PGE (Khan et al. 2011; Kan et al. 2014), we introduced
the CMV-EGFP-pA expression cassette into the hypoxanthine
phosphoribosyltransferase 1 (HPRT1) locus on theXChromosome
of humanHCT116 cells, in both sense (S) and antisense (AS) direc-
tions with respect to the direction of theHPRT1 gene (Supplemen-
tal Fig. S2A,B). Targeted integration in either direction results in
mono-allelic EGFP expression and the inactivation of the HPRT1
gene. After rAAV infection, the HPRT1-negative cells were en-
riched using 6-thioguanine selection, and individual subclones
with bright EGFP expression were screened using designated prim-
ers (Supplemental Fig. S2A,B). The EGFP cassette was precisely
knocked into the HPRT1 gene in one out of four subclones in
the sense orientation and two out of four subclones in the anti-
sense orientation (Supplemental Fig. S2C,D). One individual sub-
clone fromeach orientationwas designated asHPRT1-EGFP (S) and
(AS) cell lines, respectively, and used for subsequent studies. Tar-
geted genomic lesions such as nicks and DSBs were subsequently
introduced into these reporter cell lines within the chromophore
sequence using Cas9 or nCas9 from Streptococcus pyogenes and

sgRNAs in both S and AS orientations with respect to EGFP (Fig.
1A). In the presence of ODN donors bearing the SH mutations
(ACCTAC to TCTCAT), EGFP could efficiently be converted into
BFP, which generated distinguishable spectra under flow cytome-
try (Supplemental Fig. S3B,C).

ODNs stimulate efficient PGE in the presence of genomic lesions

We first compared the efficiency of ODN-mediated PGE using
nCas9 with ODNs containing the SHmutation and 77 bp homolo-
gy arms (BFP_S160 and BFP_AS160) (see Supplemental Fig. S10 for
more details) and sgRNAs in both S andAS orientationswith respect
to EGFP. By transfecting the HPRT1-EGFP cell lines with the nCas9
and sgRNAexpressionvectors andODNdonors all in aDNA format,
we could routinely induce efficient EGFP toBFP conversion asquan-
titated using flow cytometry (Fig. 1; Supplemental Fig. S3). In con-
trast, the omission of the Cas9 and/or sgRNA resulted in <0.01%
conversion into blue cells (Supplemental Fig. S4). Interestingly
(see the Discussion as well), the conversion frequency in the
HPRT1-EGFP (AS) cell line was approximately two to four times
higher than the conversion frequency in the HPRT1-EGFP (S) cell
line (cf. Fig. 1 and Supplemental Fig. S3). Because the HPRT1-
EGFP (AS) cell line consistently generated a higher BFP conversion
efficiency, this cell line was chosen for subsequent studies. In con-
trast to the bias observed with HPRT1-EGFP orientation, the differ-
ence in conversion efficiency between any of the four possible
sgRNA and ODN pair configurations was not as pronounced
(Fig. 1B, white bars). Thus, no significant strand bias for either the
nick or the ODN donor was observed, and this was also true for
the HPRT1-EGFP (S) cell line (Supplemental Fig. S3).

We next examined the efficiency of ODN-mediated PGE in
the presence of double-stranded genomic lesions in the HPRT1-
EGFP (AS) cell line. Wild-type Cas9 cleavase generates double-
stranded blunt ends (Garneau et al. 2010; Gasiunas et al. 2012;
Jinek et al. 2012; Cho et al. 2013). nCas9 paired-nickases generate
juxtaposed, offset nicks, and it has been proposed that chromo-
somes with offset nicks may dissociate into DSBs with sticky over-
hangs (Ran et al. 2013a; Cho et al. 2014; Shen et al. 2014).
Depending on the orientations of the protospacer adjacent motif
(PAM) sequences, paired-nickases are generally classified into
PAM-out and PAM-in configurations, which generate 5′ and 3′

overhangs, respectively. When ODNs were used as homology do-
nors, all of the double-stranded genomic lesions induced PGE
with consistently higher efficiency (approximately twofold) than
single nicks (Fig. 1B, cf. filled bars and white bars). The only excep-
tion to this observation was in the case of the dual nickases utiliz-
ing PAM-in sgRNAs and AS donor ODNs, which had a conversion
frequency more comparable to that induced by single nicks. As we
discuss below, this configuration is indeed a special case. In sum-
mary, these experiments demonstrated that both nicks and
(even more so) double-stranded lesions can induce robust PGE in
human somatic cells by utilizing donor ODNs.

Single nicks generate unidirectional conversion tracts when using

complementary-strand ODNs

To map the associated conversion tracts, some of the ODNs were
substituted with three-to-a-side synonymous single-nucleotide
polymorphisms (SNPs) on both sides of the TY to SH mutations
in either a distributive or clustered fashion (6SNPs_A and
6SNPs_B, respectively) in both S and AS orientations (Figs. 1A,
2F; see Supplemental Fig. S10 for more details). The BFP-positive
cells were enriched using FACS sorting and single-cell subcloned
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via limiting dilution. The BFP conversion of the individual sub-
clones was subsequently confirmed by PCR using mismatch sensi-
tive primers (BFP_CF and BFP_ER) (Supplemental Fig. S10). The
individual conversion tracts of the BFP-positive subclones were
then amplified using flanking primers (BFP_EF and BFP_ER)
(Supplemental Fig. S10) and sequenced using Sanger sequencing
(Supplemental Tables). The SNP retention curves were compiled
by plotting the frequency of SNP retention against the distance
of each SNP to the center of the SH mutations. The retention fre-
quency of SNPs on both the 6SNP_A and 6SNP_B ODNs in the
same configuration were overlaid into single SNP retention curves
(Figs. 2, 4; Supplemental Figs. S5, S8, S9). Kolmogorov-Smirnov
tests were then performed to determine the degree of symmetry
around the central dinucleotides of the ODNs (Methods).

In stark contrast to dsDNA donors containing a long central
heterology (Kan et al. 2014), ODN-mediated PGE produced short
conversion tracts with Gaussian-like distributions (Fig. 2A–E).
When PGEwas initiated by nCas9 and a single sgRNA, ODNs com-
plementary to the strand with the nick produced conversion tracts
with an approximately one-sided Gaussian-like distribution
strongly biased in the 3′ direction relative to the nick (P = 0.001)
(Fig. 2A). Impressively, the distribution of the conversion tracts
was almost perfectly mirrored when the strandedness of the nick
and the ODNs were simultaneously inverted (P = 0.022) (cf. Fig.
2B and Fig. 2A; Supplemental Table S2). In both cases, the SNP re-
tention curve was composed of a mini-plateau (very high cocon-
version region) near the SH mutations being selected for,
followed by a gradual sigmoidal decay in the 3′ direction and a
steep drop-off in the 5′ direction. For example, CAC, as the first
SNP on the 6SNP_A ODN 3′ to the nick, was retained in 46.5%
of the conversion tracts, whereas GTC, its counterpart 5′ to the
nick, was converted a mere 2.3% of the time (Fig. 2A;
Supplemental Table S1). The corresponding SNPs on the 6SNP_B
ODNs were converted with a similar asymmetry, although not al-

ways as dramatically as the ones on 6SNP_A. This was probably due
to the fact that the SHmutations and the proximal SNPs were clus-
tered tightly together and therefore were frequently recognized as
one piece of heterology during gene conversion. The coconversion
of this larger heterology perforce utilized more distal homologies
and thus likely generated longer conversion tracts.

The conversion tracts generated by ODNs complementary to
the strand with the nicks (Fig. 2A,B) were consistent with an SDSA
model (Strathern et al. 1982; Hastings 1988; Larocque and Jasin
2010), in which gene conversion stems from unidirectional DNA
synthesis using the ODN sequence as a template (Fig. 3A; Davis
and Maizels 2014). After a genomic lesion such as a single-strand
nick is introduced, the 3′ strand of the lesion can base-pair with
the homology region on a complementary-strand ODN during
the homology search. Then, the invading strand copies the down-
stream genetic information from the ODN donor via 5′ to 3′ DNA
synthesis. Interestingly, if a small part of the selected knock-inmu-
tations are upstream (i.e., 5′) to the genomic lesion (as 4 or 5 nt are
in our system), the 3′-end of the invading strandneeds to be resect-
ed to accommodate the conversion of the heterology region before
DNA synthesis begins. Because we need to select for the conver-
sion of the SH mutations and use proximal SNPs to map the con-
version tracts nearby (which probably favors coconversion) in our
experimental strategy, it is hard to address how often this 3′-end
processing occurs in natural HDR where these constraints would
not apply.Whatever the frequency, however, it nevertheless seems
that the 3′-end processing rarely goes beyond 10 bp (Figs. 2A,B,
3A). Then, DNA synthesis proceeds past the knock-in mutations
before the invading strand anneals back with its original partner.
If DNA synthesis travels beyond the genomic lesion, a flap will
be created after annealing. The flap can be cleaved by structure-
specific endonucleases and the resultant gap filled byDNA synthe-
sis and ligation as part of standard flap metabolism (Balakrishnan
and Bambara 2013). In summary, part of the ODN sequence

Figure 1. The EGFP to BFP conversion system in theHPRT1-EGFP antisense cell line. (A) Schematics of the EGFP to BFP conversion system in theHPRT1-EGFP
antisense cell line. An EGFP expression cassette was knocked into theHPRT1 locus of the HCT116 cell line (only the antisense orientation is diagrammed here
for the sake of ease of presentation). Genomic lesions could then be introduced near the chromophore (TY residues) of the EGFP sequence using CRISPR/
Cas9 cleavase, nickases, or dual nickases. HDR repair of the genomic lesions using ODN donors containing the sequence of the SH residues leads to the
conversion of EGFP to BFP. The ODN donors also contained synonymous SNPs that could be coconverted with the sequence of the SH residues.
Schematic elements: EGFP, green boxes; BFP, blue boxes; HPRT1, inverted yellow boxes; sequences of the chromophore residues, TY and SH; the cytomeg-
alovirus promoter, CMV; the polyadenylation sequence, pA; Cas9 variants, red ovalswith scissors; genomic lesions, lightning bolts; ODNdonors, horizontal
red lines; synonymous SNPs, vertical blue hash marks. (B) The efficiency of BFP conversion in the HPRT1-EGFP antisense cell line. The wild-type Cas9 and
D10A variant are labeled as Cas9 and nCas9, respectively. The strandedness (S, sense; AS, antisense) of the sgRNA and ODNs (for this experiment without
synonymous SNPs) are labeledwith respect to the coding sequence of EGFP. Note that the Cas9D10A variant nicks the strand complementary to that of the
sgRNA. All data are shown as the mean ± SEM of three biological replicates.
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including the knock-in mutations will be converted as a result of
DNA synthesis starting from up to 10 bp 5′ of the genomic lesion
(Figs. 2A,B, 3A). Since the synapse formed by strand invasion can-
not be stabilized by the formation of double Holliday junctions,

the invading strand falls back after DNA
synthesis and bridges the genomic lesion
(Jasin and Rothstein 2013), generating
short conversion tracts with an average
of 20 bp in the 3′ direction (Figs. 2A,B,
3A).

Single nicks generate bidirectional

conversion tracts when using same

strand ODNs

In contrast to ODN donors correspond-
ing to the complementary strand, ODN
donors corresponding to the same strand
that was nicked produced short conver-
sion tracts with more symmetrical two-
sided Gaussian-like distributions (Fig.
2C,D; Supplemental Fig. S5). For exam-
ple, CAC, the first SNP in the 5′ direction
on the 6SNP_AODN, was retained 20.5%
of the time as compared to 31.8% for
GTC, the corresponding first SNP in
the 5′ direction (Fig. 2C; Supplemental
Table S3). Again, this SNP retention curve
was mirrored when the strandedness of
the nick and the ODNs were simultane-
ously inverted (cf. Fig. 2D and Fig. 2C;
Supplemental Table S4). We also noted
a modest, but consistent, 5′ bias in these
SNP retention curves, in which the SNPs
5′ to the nick were consistently convert-
ed with higher frequency than their
downstream counterparts (Fig. 2C,D).
Interestingly, this bias is opposite to the
direction of common exonuclease
resection, which would predict more
extensive 5′ rather than 3′ resection
(Symington and Gautier 2011).

The bidirectional conversion tracts
generated by ODN donors that were the
same as the strand with the nick were
consistent with an ssDI model, in which
the ODN is physically assimilated into a
single-strand gap and displaces the flank-
ing sequences on both sides (Fig. 3B;
Radecke et al. 2006a; Storici et al. 2006;
Davis and Maizels 2014). Although vari-
ous forms of the ssDI model have been
proposed (Faruqi et al. 2000; Ferrara and
Kmiec 2004; Kuan and Glazer 2004; Wu
et al. 2005; Huen et al. 2006), the effi-
ciency of this pathway was so low in
the absence of targeted genomic lesions
that it was generally not regarded as a
naturally occurring HDR pathway (also
note that ssDI is different from the
more familiar process of single-strand an-
nealing [SSA]) (San Filippo et al. 2008;

Jasin and Rothstein 2013). Interestingly, it has also been suggested
that transcript RNA-mediatedHDRoccurs via amechanism similar
to ssDI, although the RNA donor has to fall off after it bridges the
complementary strand genomic lesion (Keskin et al. 2014). In the

Figure 2. Conversion tracts of single-nick– and DSB-induced HDR using ODN donors. (A–E) The con-
version tracts of single-nick–induced HDR using ODN donors complementary to (A,B) or the same strand
of (C,D) the nick, and DSB-induced HDR (E). The conversion tracts were compiled by overlaying the re-
tention frequency of each SNP in both 6SNP_A and 6SNP_B donors. The positions of the SNPs and pre-
dicted genomic lesions are labeled in reference to the center of the chromophore sequence. Schematic
elements are colored as follows: genomic DNA, black; genomic lesions, orange; ODNs, red; chromo-
phore sequences, TY and SH; SNPs on the 6SNP_A ODNs, blue; SNPs on the 6SNP_B ODNs, green; ho-
mology regions, dashed silver crosses; strandedness of DNA, S and AS. (F) Schematics of the ODNdonors
with synonymous SNPs. The SNPs are represented as the central nucleotide of the trinucleotides in the S
orientation, and the distance between the SNPs and the center of the SH sequence (TCTCAT) is labeled.
Because the last T in the SH sequence is a wobble nucleotide, it could be used as a SNP as well and is rep-
resented as the ATG at position +3. ODNs with six distributed or clustered SNPs are labeled as 6SNP_A
(top) and 6SNP_B (bottom), respectively. The sequences shown at the bottom of the panel emphasize
that the S nick is made at position −1 and the AS nick at position −2. The actual sequences of the
ODNs can be found in Supplemental Figure S8.
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presence of targeted genomic lesions, it was also not known how
the lesions were processed into the single-stranded gaps required
for ssDI. In our model (Fig. 3B), we propose that the initial gap is
generated by a futile homology search when the 3′ end is trying
to engage in the strand invasion à la the SDSA pathway (Fig. 3A).
When the ODN is initially assimilated into the gap generated by
a futile homology search, it will produce the subtle 5′-asymme-
try/bias that was actually observed in our SNP retention curves
(Figs. 2C,D, 3B). Bidirectional conversion tracts are then generated
as the ODN displaces the flanking sequences via a branch migra-
tion-like activity (Murayama et al. 2008), while 5′ to 3′ exonuclease
resection may also contribute to this process (Symington and
Gautier 2011). Eventually, the flaps of the ODN and genomic
DNA are processed by flap endonucleases (Balakrishnan and
Bambara 2013), and the ODN is physically incorporated into the
chromosome in both directions from the genomic lesion with a
bias toward the 5′ direction from the lesion (Fig. 3B).

DSBs generate mainly unidirectional conversion tracts

using ODN donors

Double-stranded genomic lesions can theoretically engage both
the SDSA and ssDI subpathways in the presence of ODN donors.

To elucidate the hierarchy of HDR subpathways utilized in the
presence of double-stranded genomic lesions, we compiled the
SNP retention curve of ODN-mediated PGE induced by wild-type
Cas9 cleavase. When a DSB was introduced by Cas9, it generated
a conversion tract with an approximately one-sided Gaussian-
like distribution (Fig. 2E) that was virtually indistinguishable
from the conversion track generated by a single-strand nick in a
strand complementary to the ODN (cf. Fig. 2E and Fig. 2A;
Supplemental Table S5). The approximately one-sided conversion
tract suggested that, in the presence of a blunt-ended DSB directly
at the position of the knock-inmutation, PGE is preferentially me-
diated by the SDSA pathway using the lesion complementary to
the strand with the ODNs (Fig. 3A), even though the lesion can
likely initiate effective ssDI as well. This result nicely explains
the previous paradox that the physical incorporation of ODN do-
nors was detected in the absence (Radecke et al. 2006b), but not
presence (Radecke et al. 2006a), of targeted chromosomal DSBs;
without a targeted lesion, theODNswere likely physically incorpo-
rated via the ssDI pathways (Faruqi et al. 2000; Ferrara and Kmiec
2004; Kuan and Glazer 2004; Wu et al. 2005; Huen et al. 2006) us-
ing naturally occurring gaps, whereas with a DSB most of the PGE
products are generated via the SDSA pathway as a result of DNA
synthesis using ODNs only as templates (Figs. 2E, 3A).

Figure 3. Mechanisms of single-nick–induced PGE usingODNdonors. (A) Repair of complementary strand nicks via SDSA. (B) Repair of nicks on the same
strand via ssDI. Schematic elements are labeled as follows: (Top) genomic DNA, black; genomic lesions and DNA ends, hatched orange lines; ODNs, red;
knock-in mutations, green; resection nucleases, yellow PAC-MAN; base-pairing, purple vertical lines; DNA synthesis, red dashed arrows; processing nucle-
ases, yellow lightning bolts; (bottom) predicted SNP retention curves, red dashed line; predicted position of genomic lesions, orange vertical dashed line;
position of the knock-in mutation selected for, green vertical solid line; regions with more than 50% coconversion frequency, black double-headed arrows;
strandedness of DNA, S and AS; orientations of the DNA ends, 5′ and 3′.
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Paired nicks generate plateaued conversion tracts

using ODN donors

The use of nCas9 in conjunction with dual sgRNAs in PAM-out
and PAM-in configurations generates paired nicks with putative
5′ or 3′ overhangs, respectively (Ran et al. 2013a; Cho et al.
2014; Shen et al. 2014). These overhangs can theoretically engage
the ODNs via both the SDSA and ssDI pathways. In addition,
since paired nicks can be effectively placed up to 60 bp away
from each other, it was not known whether they are processed
into double-strand gaps. To elucidate the mechanism(s) of
paired-nick–induced PGE, we compiled SNP retention curves us-
ing nCas9 paired-nickases in both PAM-out and PAM-in configu-
rations in the presence of S and AS ODN donors. We discovered
that these paired-nickases generated conversion tracts with much
larger plateaus (Fig. 4), compared to those of the respective single
nicks (Fig. 2). The SNPs between the paired nicks were retained
with an average of more than 75% frequency (Supplemental
Tables S6, S7). Besides the larger plateau, the PAM-out paired-
nickases generated a one-sided SNP retention curve with an ap-
proximately sigmoidal decay on the left and a much steeper
drop-off on the right (Fig. 4A), whereas the PAM-in configuration
with a S ODN donor generated two approximately sigmoidal
curves (Fig. 4B) that were farther apart from each other compared

to the SNP retention curve of the corre-
sponding single nickase (Fig. 2D).

We propose that the 5′ overhangs
generated by PAM-out paired-nickases
can be processed by extensive exonucle-
ase resection (Symington and Gautier
2011) to generate large double-stranded
gaps (Fig. 5A) that ultimately yield the
broad plateaued SNP retention curve
(Fig. 4A). We believe that, following this
resection, PGE is likely initiated by strand
invasion of a now uncovered 3′ end com-
plementary to the strand of theODNs via
the SDSA pathway (Fig. 5A). In the PGE
products, DNA synthesis would have to
travel a long distance to bridge the ex-
tended double-strand gaps. After anneal-
ing with the 3′ end on the other side of
the lesion, the resultant flap on the AS
strand is processed, and the single-strand
gap on the S strand is filled in by standard
gap repair. We believe that the steep
drop-off on the right side of the SNP re-
tention curve (Fig. 4A) is an SDSA SNP re-
tention signature (Fig. 2A,B) indicative
of the minimal 3′-end processing before
the start of DNA synthesis and that
strand invasion is initiated by the 3′

overhang on the AS strand (Fig. 5A).
The broad-plateaued conversion tracts
(Fig. 4A) are thus evidence that the 5′

overhangs of the PAM-out paired-nick-
ases are processed into double-strand
gaps, so that the subsequent DNA syn-
thesis has to travel beyond these gaps to
repair the genomic lesions in the PGE
products (Fig. 5A).

In contrast, in the PAM-in configu-
ration, the 3′ overhangs initially generat-

ed by paired nicking are not subject to extensive exonuclease
resection (Fig. 5B; Symington and Gautier 2011). Because the 3′

overhang on the AS strand complementary to theODNs cannot ef-
fectively convert the knock-in mutations (unless it is resected by
30 nt), the majority of the PGE products must be generated by
the ssDI pathway. We propose that the presence of AS strand nicks
may loosen the 3′ ends on the chromosomal S strand andmobilize
it for a (in this instance, futile) homology search (Fig. 5B). This
would provide a window of opportunity for the S strand ODN to
anneal to the gap generated by futile homology search before fur-
ther bidirectional strand displacement occurs. In total, this would
produce the longer conversion tracts observed compared to those
of single-nick–induced PGE via the ssDI pathway (cf. Fig. 2D and
Fig. 4B).

ODNs preferentially utilize the SDSA pathway in the presence

of double-stranded genomic lesions

For the paired-nickase–induced PGE using S strand ODNs, we no-
ticed that the knock-in mutations and 3′ overhang on the AS
strand were close to each other in the PAM-out configuration but
far away in the PAM-in configuration (Fig. 4A,B). Even if SDSA is
the preferred pathway for double-strand lesions (Fig. 2E), it cannot

Figure 4. The conversion tracts of paired-nicks–induced HDR. (A–D) The conversion tracts of paired-
nicks–induced HDR using S (A,B) and AS ODNs (C,D). The conversion tracts were compiled by overlaying
the retention frequency of each SNP in both 6SNP_A and 6SNP_B donors (Fig. 2F). The positions of the
SNPs and predicted genomic lesions are labeled in reference to the center of the chromophore sequence.
All schematic elements are colored as in the legend of Figure 2.
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effectively convert the knock-in mutations using the AS strand
overhang in the PAM-in configuration, unless extensive resection
of the 3′ end occurs (Fig. 4B). To dissect whether the hierarchy of
paired-nickases–induced PGE is determined by the PAM configura-
tion or the relative position of the knock-in mutation and the 3′

overhang on the complementary strand, we also compiled the
SNP retention curves of paired-nickases–induced PGE using AS
strand ODNs (Fig. 4C,D).

PAM-out paired-nickases with AS strand ODNs produced a
compound SNP retention curve with a plateau, a sigmoidal
decay on the right and a linear slope on the left side (Fig. 4C;
Supplemental Table S8). We inferred that the conversion tracts
were predominantly generated by ssDI, because SDSA would
have produced continuous conversion tracts downstream of the
3′ overhang on the S strand (and thus ACC, TCC, and CAC would
have been retained with 100% frequency—which was not ob-
served). We thus propose that the 5′ overhangs generated by
PAM-out paired-nickases are first resected by exonucleases
(Symington and Gautier 2011) to expose a single-strand gap for
ssDI (Supplemental Fig. S6A). Since resection on both strands
may occur to a random extent before an incoming ODN is assim-
ilated to the 5′ overhang on the S strand, the left border of the sin-
gle-strand gaps should be randomly distributed within a certain
region before the initial ssDI occurs. Subsequently, strand displace-
ment occurs in both directions, which creates the sigmoid decay
on the right of the SNP retention curve. At the same time, the lin-

ear slope on the left is shaped by the accumulation of individual
ssDI events with random left borders (Fig. 4C; Supplemental Fig.
S6A).

On the other hand, PAM-in paired-nickases generated a two-
sided SNP retention curve (Fig. 4D) similar to that of single-nick–
induced ssDI (Fig. 2C). We propose that the bulk of the PGE prod-
ucts are generated via a simple SDSA process initiated by the 3′

overhang on the genomic S strand (Supplemental Fig. S6B).
However, the conversion tracts were slightly wider than those
from single-nick–induced SDSA (Supplemental Tables S2, S9),
probably because the 3′ overhang on the S strand exceeds the first
nucleotide of the SH mutations by 7 bp (Fig. 4D; Supplemental
Fig. S10), which may lead to reduced gene conversion efficiency
due to the requirement for relatively long 3′ end resection. As a re-
sult, some PGE products may also stem from the ssDI pathway us-
ing the nick on the AS strand, which may contribute to the higher
SNP retention frequency on the left side (Fig. 4D) than is seen in
an exclusively SDSA-dependent profile (Fig. 2B). Finally, steric
hindrance of PAM-in paired-nickases (Ran et al. 2013a; Cho
et al. 2014; Shen et al. 2014) may also result in partial nicking in
a fraction of cells, and a single nick on the AS strand would have
to engage the ssDI pathway. Consistent with all these notions, it
is relevant to note that, of all the double-stranded lesions and
donor ODN configurations analyzed in this study, the efficiency
of BFP conversion in this PAM-in configuration was the lowest
(Fig. 1B).

Figure 5. Mechanisms of paired-nick–induced PGE using the S ODNs. (A) Repair of the PAM-out double nicks via SDSA. (B) Repair of the PAM-in double
nicks via ssDI. All schematic elements are colored and defined as in the legend to Figure 3.
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ODNs are physically incorporated into the genome in the ssDI

but not in the SDSA pathway

The distribution of conversion tracts can be complicated by 3′ pro-
cessing and the coconversion of proximal SNPs. Besides the direc-
tionality and composition of the conversion tracts, a definitive
feature that distinguishes the SDSA and ssDI pathways is the phys-
ical incorporation of donor ODNs (Radecke et al. 2006a,b). Thus,
the ODNs are physically incorporated to bridge a genomic lesion
in the ssDI pathway, whereas in SDSA the genomic lesion is re-
paired by DNA synthesis using the ODN sequence solely as a tem-
plate (Fig. 3A,B). To confirm the results of our conversion tract
study, we internally labeled a T nucleotide with biotin in S strand
ODNs in the center of the SH mutation (TCTCAT) (Supplemental
Fig. S8) and searched for the physical incorporation of this biotiny-
lated T in the PGE products induced by nCas9, Cas9, and nCas9
paired-nickases (Fig. 6). Shortly after transfecting HPRT1-EGFP an-
tisense cells with Cas9 or nCas9, sgRNAs and the biotinylated
ODNs, cells with bright BFP expression were isolated by fluores-
cence activated cell sorting (FACS). The genomic DNA from 105

BFP-positive cells was prepared, digested to completion with
XhoI and XbaI restriction enzymes, and pulled down using strep-
tavidin beads (Fig. 6A,B; Radecke et al. 2006a,b). The free and non-
covalently bound DNA fragments were carefully washed away
under denaturing conditions, and the beads with covalently
linked fragments were used as templates in a 40-cycle PCR reac-
tion. An internal primer and a flanking primer were used to specif-
ically detect the ODNs incorporated into the BFP locus (BFP_CF

and BFP_QR) (Supplemental Fig. S10). Using biotinylated ODNs
on the S strand, the covalently linked genomic fragments were de-
tected only with a single sgRNA on the AS strand and dual sgRNAs
in the PAM-in configuration, but not with a single sgRNA on the S
strand, a single sgRNA with wild-type Cas9 (Radecke et al. 2006a),
nor with dual sgRNAs in the PAM-out configuration (Fig. 6C).
Collectively, these results confirmed that the ODNs were physical-
ly incorporated into the chromosome only when the ssDI model
was predicted by the conversion tract profiles (Figs. 2D, 4B).

Mismatch repair activity has differential impacts on the SDSA

and ssDI pathways

All of the above experiments were carried out in the human colo-
rectal carcinoma HCT116 cell line. HCT116 cells were intentional-
ly chosen because they are mismatch repair (MMR)-defective,
which permitted an unequivocal analysis of the SNP retention pro-
files. To confirm and extend these observations in different cell
lines, we also carried out PGE experiments in MMR-deficient
DLD-1 colon carcinoma cells (Chen et al. 1983) and MMR-profi-
cient retinal pigment epithelial (RPE) cells that had been immor-
talized, but not transformed, by the expression of telomerase
(RPE+hTERT) (Bodnar et al. 1998). PGE in these cell lines was car-
ried out at the phosphatidylinositol glycan anchor biosynthesis
class A (PIGA) locus (Karnan et al. 2012). The inactivation of
PIGA, an X-linked gene, results in the loss of glycosylphosphatidyl
inositol (GPI) anchors—a phenotype that can be quantitatively as-
sessed using reagents that bind to GPI anchors. Thus, the relative

Figure 6. The biotin pull-down assay. (A,B) Schematic illustration of the biotin pull-down assay via the SDSA (A) and ssDI (B) pathways. In the case of ssDI
(B), the biotinylated ODN is predicted to be incorporated into the target genomic locus, whereas in SDSA (A), it should not. The XhoI- and XbaI-digested
genomic fragments covalently linked to biotin can be enriched using streptavidin beads under denaturing conditions. The primers BFP_QF and BFP_QR can
specifically amplify these genomic fragments with ODN incorporation but not free ODN donors. Biotin, yellow circles; streptavidin, orange ovals; genomic
DNA, black lines; ODN sequence, solid red lines; DNA synthesis, dashed red lines; chromophore sequence, TY and SH; genomic lesions, hatched orange
lines; homology regions, dashed silver crosses; restriction sites, XhoI and XbaI; PCR primers, horizontal arrows. (C) Results of the biotin pull-down assay.
After transfecting with biotinylated ODNs (BFP_S90_Biotin) (Supplemental Fig. S8), the BFP-positive cells were enriched using FACS sorting. The genomic
DNA of the BFP-positive cells was digested with XhoI and XbaI. The fragments covalently linked to biotin were pulled down with streptavidin beads in
denaturing conditions, PCR-amplified using one internal primer and one flanking primer of the ODN donors (BFP_QF and BFP_QR) (Supplemental Fig. S8),
and detected on an agarose gel.
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frequency of PIGA inactivation can be monitored by FACS analy-
sis. In our case, we used a commercially available reagent, FLAER,
which is an Alexa 488-conjugated aerolysin variant that binds to
GPI anchors; correct targeting could be assessed by the percentage
of FLAER-negative cells (Supplemental Fig. S7; Karnan et al. 2012).
Since correct targetingwithoutODN incorporation can also lead to
FLAER-negative cells, the absolute amount of PGE was then deter-
mined by next-generation sequencing. In these experiments, a sin-
gle ODN containing seven SNPs was used to facilitate PIGA+ to
PIGA− conversion (Supplemental Figs. S8A, S9A). When ODNs
complementary to the strand with the nick were utilized, the
SNP retention curves in the DLD-1 cell line were heavily biased
in a one-sided manner (S9C; P = 0.019 and 0.001, respectively)
(Supplemental Fig. S9B). The conversion tracts were very similar
to those observed for HCT116 cells (Fig. 2B,C), although fewer
data points were monitored in DLD-1. When ODNs identical
to the strand with the nick were used, much more symmetric
SNP retention curves were observed similar to HCT116 cells (cf.
Supplemental Fig. S9D,E and Fig. 2A,C, respectively). However,
the mild 5′ bias observed with HCT116 was not observed in
DLD-1, probably due to the reduced number of data points ana-
lyzed and/or potential PCR biases. Collectively, however, the
DLD-1 data supported (and extended) our conclusions for the
mechanism of ODN-mediated PGE in MMR-deficient cells at dif-
ferent loci—including an independent, endogenous locus.

We have demonstrated thatMMR strongly reduces PGEwhen
HDR is carried out by the DSBR pathway (Kan et al. 2014).
Consequently, PGE was performed at the PIGA locus in MMR-pro-
ficient RPE cells using the same ODN, with seven SNPs, that was
used with DLD-1 cells (Supplemental Fig. S8A). First, the PGE effi-
ciency in the RPE+hTERT cell line was robust (Supplemental Fig.
S8B). This important observation, in and of itself, suggested that
the cellular MMR status does not affect ODN-mediated PGE as
much when the SDSA and ssDI pathways are utilized as it does
when dsDNA donors and DSBR are used. Second, the SNP conver-
sion patterns using same-sense donor ODN in the RPE+hTERT cell
line were similar to those observed for HCT116 and DLD-1 cells
(cf. Supplemental Fig. S8D and both Fig. 2D and Supplemental
Fig. S9E). The only salient difference observed was that, in the
case of PGE in RPE+hTERT cells with the same-sense donor
ODNs, the overall frequencyof recombinationwas five times lower
(Supplemental Fig. S8B), a feature discussed below.However, when
the complementary strand ODNs were used, we noted that the
conversion tracts for RPE+hTERT cells (Supplemental Fig. S8C)
were much narrower than what was observed in either HCT116
(Fig. 2A) or DLD-1 (Supplemental Fig. S9B) cells. We believe that
these features may reflect the differential impact that the MMR
machinery exerts on the SDSA and the ssDI pathways. The MMR
system rejects heteroduplex DNA formation from dissimilar se-
quences in the displacement loop via its “anti-recombination” ac-
tivity (Siehler et al. 2009). For SDSA, this may occur after minimal
displacement synthesis, thus allowing the conversion of the cen-
tral TG to GT but preventing the incorporation of distal SNPs.
Thus, in this experimental set-up, the overall effect of MMR is to
reduce the conversion tract length of SDSA (Supplemental Fig.
S8E), but it does not affect the overall frequency of PGE nor the
choice of recombination pathways. For the ssDI pathway, howev-
er, this “anti-recombination” activity directly prevents the assimi-
lation of dissimilar ODNs to the genomic lesions and therefore
reduces the overall frequency of ssDI (Supplemental Fig. S8F), con-
sistent with our data (Supplemental Fig. S8B). In summary, our
data suggest that MMR reduces the conversion tract length of

SDSA as well as the efficiency of ssDI via its heteroduplex rejection
activity (Supplemental Fig. S8E).

Discussion

In this study, we have systematically dissected the molecular
mechanisms of ODN-mediated PGE induced by Cas9, Cas9
D10A nickase (nCas9), and paired-nickases using two lines of evi-
dence: the directionality of the conversion tracts and the physical
incorporation of the ODN donors.We demonstrate that ODN-me-
diated PGE utilizes the SDSA and ssDI subpathways. In contrast to
DSBR, these pathways generate short conversion tracts with pre-
dominately one-sided and two-sided Gaussian-like distributions,
respectively. In the presence of double-stranded genomic lesions
(such asDSBs and paired nicks), the SDSA pathway is preferentially
utilized.

Our results not only establish the properties of the individual
SDSA and ssDI pathways but also illustrate the hierarchy of ODN-
mediated PGE mediated by double-stranded genomic lesions. The
SDSA and ssDI pathways have their respective effective conversion
zones, as defined by the region with more than 50% conversion
frequency with respect to the genomic lesion initiating the path-
ways (Fig. 3; also see Fig. 2). Therefore, conversion of knock-inmu-
tations is inefficient outside these zones, and this parameter
should be considered when designing gene targeting studies.
Although both pathways work robustly by themselves (Fig. 1B;
Supplemental Fig. S2A), it appears that they don’t work equally
well in the presence of DSBs when both pathways are nonetheless
in their effective zone (Figs. 2E, 4; Radecke et al. 2006a). Instead,
SDSA is preferentially utilized whenever the knock-in mutation
is within the effective zone of the 3′ overhang complementary to
the strandwith theODNdonors (Figs. 2E, 4). This could be because
cells tend to prevent the physical incorporation of exogenous se-
quences during HDR whenever possible. However, when the
SDSA pathway drops out of its effective zone, ssDI is nonetheless
capable of generating themajority of the PGE products (Fig. 4B,C).

As expected, double-stranded lesions generally induced PGE
with a higher frequency than single-strand nicks (Fig. 1B). The
only instance where a complex genomic lesion didn’t induce in-
creased PGE was in the case of PAM-in paired-nickases using
ODN donors from the AS strand (Fig. 1B). As elaborated above,
this was also the only instance where extensive (>7 nt) resection
of the 3′ end was required for PGE to occur, and we believe that
these two observations are connected, given the sharp drop-off
in the SDSA conversion tracts (Fig. 2A,B). If this exception is illus-
trative, it may suggest that double-strand lesions, in general, loos-
en the local chromatin architecture more than single-strand nicks
and thus permit relevant cofactors (such as resection nucleases)
easier access to the 3′ end, which ultimately facilitates more vigor-
ous homology searches.

In our nick-induced PGE experiments, no significant strand
bias for either the nick or the ODN donors was observed (Fig.
1B). These observations were consistent with a previous report us-
ing zinc-finger nickases at three independent chromosomal loci
(Ramirez et al. 2012) but inconsistent with a more recent one
(Davis andMaizels 2014). The latter differencemight be explained
by the fact that the recent report employed ODN donors with a
large (17-bp) heterology flanking the genomic lesion (Davis and
Maizels 2014). As discussed above, a sizable heterology on both
sides of the genomic lesion could strongly favor the use of ssDI
as a bidirectional gene conversion pathway. In contrast, in order
to be converted by the SDSA pathway, 3′ resection of at least 8–9
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nt would be required and that likely occurs at a much lower fre-
quency. Collectively, these observations suggest that strand-spe-
cific transactions such as transcription and DNA replication are
unlikely to have a major influence on PGE mediated by nicks.
With that said, it is important tonote that, while no strand-specific
biases were noted in any of our experiments, a significant two- to
fourfold higher frequency of PGEwas noted for the BFP reporter in
the antisense orientation than in the sense orientation (Fig. 1;
Supplemental Fig. S3). The reason for this bias is not completely
clear, but it is unlikely to be due to conflicting transcription be-
tween the EGFP reporter and the endogenousHPRT1 locus because
EGFP expression was very high in these cells. Indeed, we believe
the biaswas technical (andnot biological) in nature since the high-
er EGFP (and consequently, BFP) expression may have simply al-
lowed us to more easily isolate correctly targeted cells. Finally,
we also note that a strand bias was observed when PGE was medi-
ated by nicks and same sense ODN donors in RPE+hTERT cells
(Supplemental Fig. S8B). As discussed previously, we do not believe
that this is related to transcription or DNA replication issues but to
the fact that these cells are MMR-proficient, which is especially in-
hibitory to the strand annealing step required for ssDI.

PAM-in paired-nickases are significantly less effective in pro-
ducing NHEJ-related mutations than their PAM-out counterparts,
which has mainly been attributed to the steric hindrance of the
nCas9 proteins in the PAM-in configuration and/or the displace-
ment loops formed by sgRNAs (Ran et al. 2013a; Cho et al. 2014;
Shen et al. 2014). Our results may provide an additional or alterna-
tive explanation (Figs. 4A, 5A): PAM-out paired-nickases generate
5′ overhangs that are subject to exonuclease resection (Symington
and Gautier 2011). The resection creates a double-strand gap that
will normally engage the error-prone NHEJ pathway and produce
deletions in between. In contrast, the 3′ overhangs produced by
PAM-in paired-nickases may remain largely as separated nicks
(Figs. 4B, 5B), which may be precisely repaired by standard sin-
gle-strand nick repair without engaging the NHEJ pathway. Impor-
tantly, however, the PAM-in paired-nickases can induce PGE at a
comparable efficiency to their PAM-out counterparts (Fig. 1B), at
least when the PAM sequences are placed far enough apart from
each other to avoid steric hindrance. Thus, we propose that
PAM-in paired-nickases are less efficient in NHEJ-mediated gene
disruption because the 3′ overhangs rarely form double-strand
gaps due to the lack of 3′ to 5′ resection (Symington and Gautier
2011). Consequently, although PAM-in paired nickases are not of-
ten used for ODN-mediated PGE, they may actually be advanta-
geous because they may induce similar levels of HDR with less
NHEJ mutations compared to their PAM-out counterparts. The
use of the Cas9 N863A variant further allows the efficient genera-
tion of short 3′ overhangs with PAM-out sgRNAs, minimizing the
effect of steric hindrance (Nishimasu et al. 2014).

Although paired-nickases induced PGE with a higher fre-
quency compared to a single nickase (Fig. 1B), we noticed that
paired-nickases (in both PAM configurations) occasionally pro-
duced imprecise HDR products using ODN donors (Supplemental
Tables S6–S9). Most of the imprecise products containedNHEJ-like
mutations near the position of the distal nick with respect to the
knock-in mutations. Since a single nickase can also generate
NHEJ mutations (Davis and Maizels 2011, 2014), we propose
that the imprecise HDR was generated by the repeated nicking of
the distal nickase in the PGE products. These mutations were not
found near the position of the proximal nicks because, in our sys-
tem, the conversion of the knock-in mutations would destroy the
binding site of the proximal nickase and prevent further nicking in

the PGE products. If this hypothesis is correct, an important guide-
line of ODN-mediated PGE would be to introduce an additional si-
lent mutation in the PAM sequence of the ODN donors to prevent
the further binding of Cas9 or nCas9 in the PGE products. Alterna-
tively, these nicks might be converted to frank DSBs which,
through canonical end joining, might yield NHEJ-like mutations.

Our conversion tract data also provide insight into a recent
paradox: although SDSA is the more efficient form of mega-nucle-
ase–induced HDR (Li et al. 2001; Heyer et al. 2010), themajority of
the PGE products are actually generated by the DSBR pathway
when dsDNA donors with long central heterologies are employed
(Li and Baker 2000; Li et al. 2001; Langston and Symington 2004;
Kan et al. 2014). Our results and others’ demonstrate that SDSA is
apparently a short-tract gene conversion pathway using chromo-
somal (Elliott et al. 1998; Larocque and Jasin 2010) and ODN do-
nors (Fig. 2A,B). Also, the Gaussian-like nature of the associated
conversion tracts makes it extremely inefficient in producing
gene conversions longer than 100 bp (Fig. 2A,B). Thus, dsDNA do-
nors with long central heterologies would perforce engage a long-
tract gene conversion pathway. Notably, mega-nuclease–induced
HDR using chromosomal donors occasionally generated unidirec-
tional long-tract gene conversion products (Elliott et al. 1998;
Larocque and Jasin 2010), which were believed to be produced
by break-induced replication (BIR) (Borts and Haber 1987; Kraus
et al. 2001; Llorente et al. 2008). In the case of PGE, however,
BIR using exogenous homology donors leads to the formation of
chromosome:donor fusions and severely compromises genomic
stability (Borts and Haber 1987; Kraus et al. 2001; Llorente et al.
2008). In contrast, our previous work demonstrated that the
DSBR pathway is a second (and precise) long-tract gene conversion
pathway (Kan et al. 2014), which generates bidirectional conver-
sion tracts with a linear distribution. Collectively, these results in-
dicate that although SDSA is the more efficient HDR pathway for
short-tract gene-conversion, the DSBR pathway is the predomi-
nant pathway of PGE using dsDNA donors with long central
heterologies.

dsDNA donors can mediate robust PGE. We can routinely
achieve about 20%marker-free PGE using Cas9-2A-GFP with asso-
ciated FACS enrichment (Duda et al. 2014) and circular dsDNA do-
norswith long central heterologies (Supplemental Figure S11). As a
practical guideline, we propose that circular dsDNA should be uti-
lized in the presence of DSBs and/or paired-nicks for converting
large knock-inmutations (Fig. 7). One of the reasons that these do-
norswork sowell is that theymayhave a longer half-life thanODN
donors, which better coincides with the kinetics of the Cas9 ex-
pressed in a DNA format. In contrast, ODN donors should be uti-
lized for converting small modifications. Although ODN donors
are optimally used for introducing SNPs, they can also be used to
introduce more complex genomic lesions by producing slightly
longer conversion tracts. Regardless, what is critical is that the de-
sired knock-in mutation(s) needs to be placed within the effective
conversion zones of the SDSA or ssDI pathways, or it will not be in-
corporated into the genome efficiently (Fig. 7). Cas9 expressed in
mRNAor protein formatsmaybe used to accommodate the shorter
half-life of ODN donors and increase the efficiency of PGE.

Finally, our results demonstrated that the ODN donors are
not physically incorporated into the genome in the SDSA path-
way, making this pathway particularly valuable for agricultural
engineering. Although plants and livestock containing CRISPR-
mediated gene disruption are generally not categorized as geneti-
cally modified organisms (GMOs), PGE using exogenous HDR do-
nors is undermore stringent regulatory scrutiny (Wolt et al. 2016).
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An empirical distinction lies in whether the engineering process
leads to the incorporation of foreign DNA into the genome
(Wolt et al. 2016). We established that when an nCas9 and
ODNs complementary to the strand of the nick are used in combi-
nation, the genomic modification is introduced via the endoge-
nous DNA repair process of SDSA, whereas the ODN donors
merely serve as repair templates (Figs. 2, 4, 6). These findings ex-
tend the scope of non-GMO plants and livestock to ODN-mediat-
ed PGE.

Methods

Nucleotide sequences

All sgRNA targets, ODN donors, primers, and the relevant plasmid
sequences can be found in Supplemental Figure S10.

Cell culture

All cell lines utilized in this study were purchased from the
American Type Culture Collection. The human HCT116 and
DLD-1 cell lines were cultured in McCoy’s 5A medium supple-
mented with 10% FBS, 1% L-glutamine, 1% penicillin/streptomy-
cin. The human RPE+hTERT cell line was cultured in Dulbecco’s
modified Eaglemedium supplemented with 10% FBS and 1% pen-
icillin/streptomycin. All cells were grown with 5% CO2 at 37°C.

The HPRT1-EGFP cell lines

The rAAV EGFP knock-in vectors were constructed using an un-
published method (Y Kan, N Batada, EA Hendrickson, in prep.).
Basically, the CMV-EGFP-pA cassette was amplified from EGFP-
N2 (Clontech), and the homology arms flanking HPRT1 exon 3
were amplified using designated primers (Supplemental Fig. S10).
The CMV-EGFP-pA cassette and homology arms were ligated
into a modified version of the pAAV-MCS vector in both sense
and antisense orientations with respect toHPRT1. rAAV packaging

and infections were performed as described (Khan et al. 2011). The
infectedHCT116 cells were seeded into 10-cm tissue culture dishes
and selected with 5 µg/mL 6-TG for 14 d. Individual colonies were
initially scanned for EGFP expression under a fluorescence micro-
scope and subsequently screened by PCR using the indicated prim-
ers (Supplemental Fig. S2A,B). One of the targeted clones with
EGFP in either the sense or antisense direction in the HPRT1 locus
was flow-sorted for high EGFP expression using a FACSAria II cell
sorter (BD Biosciences) and used for subsequent studies.

The EGFP to BFP conversion system

The EGFP reporter cells were seeded at ∼50% confluency. The next
day, 5 × 105 cells were transfected with a Cas9 or nCas9 expression
plasmid (10 µg; #41815 and #41816, respectively, Addgene), the
MLM3636 plasmid containing the designated sgRNA expression
cassette (10 µg; #43860, Addgene), and the relevant ODNs (10
µg) using a Neon Transfection System (Invitrogen). For paired-
nickases, cells were transfectedwith 7.5 µg of each sgRNA plasmid,
the Cas9 expression plasmid, and ODNs. All transfections were
performed using 100-µL tips under elevated conditions compared
to themanufacturer’s protocol: 1530V, a 10-msec pulsewidth, and
three pulses. For the PGE efficiency experiment, cells were
transfected using ODNs without flanking SNPs (Supplemental
Fig. 10), and the percentage of BFP-positive cells were quantitated
2 d after transfection using a LSRFortessa cell analyzer (BD
Biosciences). For the conversion tracts experiment, cells were
transfected using ODNs containing flanking SNPs. Cells from
five individual transfections were combined, cultured for 2 d,
and sorted for BFP expression using a FACSAria II cell sorter (BD
Biosciences).

Conversion tracts analysis

The BFP-positive cells were single-cell subcloned into 96-well-
plates at a concentration of 3 to 10 cells perwell, and 14 d later, sin-
gle colonies were trypsinized, transferred into new 96-well plates,
and grown to confluency. Genomic DNA was prepared using

Figure 7. The hierarchy of mega-nuclease–induced HDR leading to PGE. PGE is defined as the fraction of HDR leading to the conversion of the desired
knock-in mutations using exogenous homology donors. In the PGE products, retrospectively, the hierarchy of the HDR pathway is determined primarily by
the types of homology donors and secondarily by the genomic lesions. dsDNA donors containing a sizable central heterology must be converted via the
DSBR model, which generates long conversion tracts with a linear distribution. ODN donors can utilize both SDSA and ssDI pathways, depending on the
strandedness of the ODNs and the relative position of the knock-in mutation to the genomic lesion. These pathways generate short conversion tracts in
normal distributions. SDSA is preferentially utilized in the presence of double-stranded genomic lesions when both pathways can convert the knock-in mu-
tation effectively.
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DirectPCR Lysis Reagent (Viagene). The BFP fragments containing
all the potential SNPs were amplified and confirmed by PCR using
primers BFP_EF X BFP_ER and BFP_CF X BFP_ER, respectively. The
PCR products were purified using a QIAquick PCR purification kit.
The retention of vector-borne SNPs was analyzed by Sanger
sequencing.

Statistics

Kolmogorov-Smirnov tests were performed to determine the de-
gree of symmetry around the central dinucleotides of the ODN do-
nors for SNP retention curves induced by single-nicks. All reads
from Sanger and Illumina sequencing were randomly divided
into three groups. The retention frequency of all SNPs with ap-
proximately equal distance to the central dinucleotides was com-
piled in each group and entered into the Kolmogorov-Smirnov
equations in pairs. The resultant P-value is shown on the corre-
sponding graphs. The P-value reflects the degree of symmetry of
the distributions around the y-axis, which is the central heterology
of the ODN donors.

The PIGA conversion system

One half-million DLD-1 and RPE+hTERT cells were transfected
with 15 µg PIGA_KO ODNs (Supplemental Figs. S6A, S8A, S9)
and 15 µg Cas9 D10A-2A-mCherry with the respective S or AS
sgRNA expression cassette in one backbone (adapted from
PX461). Ten transfections were combined for each sgRNA, recov-
ered for 14 d, stained with the FLAER reagent (Pinewood
Scientific Services) at a concentration of 5 × 10−9 M, and FACS-
sorted for PIGA negativity. Of the cells with the lowest PIGA
expression, 5.6% and 6.5% were collected for S and AS sgRNA,
respectively, using a nonstringent gate (Supplemental Fig. S7).
These cells contain the majority of HDR and NHEJ events
and some wild-type cells. Then, the genomic DNA was prepared
using DirectPCR lysis (Viagen), and the target locus was amplified
using flanking Nextera compatible primers (NextF & NextR)
(Supplemental Fig. S10). The amplicons were gel-purified and
sequenced using Nextera amplicon sequencing (paired-end
2 × 125 bp). The HDR products were characterized as the reads
containing the central GT dinucleotide. The SNP retention curves
were compiled by plotting the retention frequency of flanking
SNPs in the HDR products versus the position of the SNPs in refer-
ence to the GT dinucleotide.

The biotin incorporation assay

The biotin incorporation assay was performed as described
(Radecke et al. 2006b) withminormodifications. The EGFP report-
er cells were transfected with internal biotin-labeled ODNs
(BFP_S90_Biotin) and flow-sorted as described above. The genomic
DNA from 1 × 105 BFP-positive cells was prepared using a Puregene
Cell kit (Gentra) with a 60-min centrifugation step after iso-
propanol precipitation. The genomicDNAwas digested to comple-
tion with XhoI and XbaI restriction enzymes (New England
Biolabs). The biotinylated DNA fragments were isolated using a
Dynabeads Kilobase BINDER kit (Life Technologies) according to
the manufacturer’s protocol, except that all reagents were supple-
mented with 0.1% BSA, and two additional washes using 0.1 M
NaOH and 0.05 M NaCl at room temperature and one more rinse
with 95°C water were performed to remove the noncovalently
linked genomic fragments. The biotinylated genomic fragments
were detected with a 40-cycle PCR using Phusion Hot Start II
High-Fidelity DNA polymerase (Thermo Scientific). The genomic
DNA preparation prior to Dynabeads purification was used as con-
trol in a 25-cycle reaction.

Data access

The sequence data generated in this study have been submitted to
the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.
gov/sra) under accession numbers SRR5631326–SRR5631331.
Sanger sequencing data have been submitted to SRA under acces-
sion number SRP108269.
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