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ABSTRACT

CRISPR nucleases can introduce double-stranded
DNA breaks in genomes at positions specified by
guide RNAs. When repaired by the cell, this may
result in the introduction of insertions and dele-
tions or nucleotide substitutions provided by ex-
ogenous DNA donors. However, cellular repair can
also result in unintended on-target effects, primar-
ily larger deletions and loss of heterozygosity due
to gene conversion. Here we present a strategy that
allows easy and reliable detection of unintended on-
target effects as well as the generation of control
cells that carry wild-type alleles but have demonstra-
tively undergone genome editing at the target site.
Our ‘sequence-ascertained favorable editing’ (SAFE)
donor approach relies on the use of DNA donor mix-
tures containing the desired nucleotide substitutions
or the wild-type alleles together with combinations of
additional ‘diagnostic’ substitutions unlikely to have
any effects. Sequencing of the target sites then re-
sults in that two different sequences are seen when
both chromosomes are edited with ‘SAFE’ donors
containing different sets of substitutions, while a sin-
gle sequence indicates unintended effects such as
deletions or gene conversion. We analyzed more than
850 human embryonic stem cell clones edited with
‘SAFE’ donors and detect all copy number changes
and almost all clones with gene conversion.

INTRODUCTION

CRISPR genome editing is initiated by a CRISPR nucle-
ase, such as Cas9, that is directed to cleave a DNA tar-
get sequence by a guide RNA (gRNA) (1). Double-strand
breaks (DSBs) introduced by the nuclease are then repaired
by cellular repair pathways. One of the two dominant path-

ways is non-homologous end joining that tends to cause
small insertions or deletions (indels) (2). It is therefore used
to produce gene knockouts (3,4). Another is homology di-
rected repair (HDR) that generates 3’ single-stranded DNA
overhangs at the break and uses a template for repair (5).
The HDR pathway can be harnessed to introduce precise
changes such as single nucleotide variants into genomic
DNA by providing cells with exogenous donor DNA con-
taining the desired mutation (6).

However, CRISPR genome editing frequently produces
unwanted effects at the target sites, for example (i) insertions
and deletions that can involve large chromosomal regions
(7–15); (ii) gene conversion of one chromosome to match
the sequence of the other chromosome (12,15–19) and (iii)
chromosomal rearrangements including translocations, in-
versions and aneuploidy (8,20–25). DSB repair might also
have lasting epigenetic consequences (26–28).

Many of these unintended effects at and around the edit-
ing site cannot be detected by simply sequencing a short
region around the edited site. For example, if monoallelic
deletions, inversions or translocations include one or both
primer binding sites used to amplify and sequence the re-
gion around the edited site, only the intact allele will be am-
plified and sequenced, causing the cell line to appear ho-
mozygously edited (7,12,13,15). Similarly, heterozygous in-
sertions that increase the size of the region between the se-
quencing primers beyond the amplifiable range and most
cases of editing-induced gene conversion are also not de-
tectable by sequencing of the target site. However, such un-
intended genome alterations need to be detected as they
may have biological effects that may erroneously be ascribed
to the intended mutation (13).

Current methods to detect such unintended effects are
cumbersome. In addition to sequencing of the edited site,
they include quantification of the copy number of the edited
site and genotyping of heterozygous positions on both sides
of the edited site to detect loss of heterozygosity through
gene conversion (Supplementary Figure S1) (29). Here, we
present an approach that allows unintended events affect-
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ing editing target sites to be easily detected when the target
site is sequenced to determine the genome editing outcome
in cellular clones. It also generates cells that have undergone
CRISPR-Cas9-mediated genome editing but carry the wild-
type allele at the site of interest. Such cells are useful as con-
trols to study biological effects of the introduced allele as
they allow to control for effects that are due to DNA cleav-
age and repair rather than the introduced allele.

MATERIALS AND METHODS

Cell culture

H9 human embryonic stem cells (female, WiCell Research
Institute, Ethics permit AZ 3.04.02/0118) were grown on
Matrigel Matrix (Corning, 354277) in mTeSR1 medium
(StemCell Technologies, 85850) supplemented with My-
coZap Plus-CL (Lonza, VZA-2012) that was replaced daily
in a humidified incubator at 37◦C with 5% CO2. At approx-
imately 80% confluency, cells were dissociated using EDTA
(Gibco, 12605010) and split 1:5 to 1:20 in medium supple-
mented with 10 M Rho-associated protein kinase (ROCK)
inhibitor Y-27632 (StemCell Technologies, 72307) for 1 day
after replating.

Oligonucleotide and ribonucleoprotein electroporation

‘SAFE’ donors were ordered as mixtures of 90 nt long
synthetic single-stranded DNA oligodeoxynucleotides from
IDT (Supplementary Table S1). During DNA synthesis,
all respective bases were provided for random incorpo-
ration at the diagnostic positions. One million cells were
mixed with 244 pmol recombinant Alt-R Streptococcus pyo-
genes Cas9 nuclease V3 (IDT, 1081059), 160 pmol Alt-R
CRISPR-Cas9 crRNA (IDT) (Supplementary Table S1),
160 pmol Alt-R CRISPR-Cas9 tracrRNA (IDT, 1072534),
200 pmol single-stranded Donor DNA (IDT), 200 pmol
Alt-R Cas9 Electroporation enhancer (IDT, 1075916), re-
suspended in 100 �l Nucleofector Solution for Human
Stem Cells (Lonza, VVPH-5022) and electroporated in a
100 �l cuvette (Lonza) with program B-016 in the Nucle-
ofector 2b Device (Lonza, AAB-1001). Electroporations
were done in triplicates for each donor mixture. 30% of the
electroporated cells were plated for bulk genotype analy-
sis in a 12-well with media supplemented with ROCK in-
hibitor Y-27632. The rest of the cells electroporated with
‘SAFE’ donors containing the wild-type or missense allele
were pooled (three independent electroporations each) and
plated on a 12-well together for subsequent generation of
clonal cell lines. After one passage, a single cell dilution of
the pooled cells was plated onto a CytoSort Array (Cell Mi-
crosystems, CS-200Q-5) with 1:2 conditioned StemFlex me-
dia (Gibco, A3349401) supplemented with CloneR cloning
supplement (StemCell Technologies, 05888). Five days af-
ter plating, single cell-derived colonies were sorted into 96-
wells with the CellRaft AIR system (Cell Microsystems).

Library preparation and sequencing

At least 3 days after plating, cells were dissociated using Try-
pLE Express Enzyme (Gibco, 12605010), pelleted and re-
suspended in QuickExtract (Biozym, 101094). Incubation

at 65◦C for 10 min, 68◦C for 5 min and finally 98◦C for
5 min was performed to yield single-stranded DNA as a
PCR template. Primers containing adapters for Illumina se-
quencing to amplify each targeted locus and positions up-
and downstream of the targeted locus that are heterozy-
gous in H9 were designed with Primer3Plus (30) and ob-
tained from IDT (Coralville, USA) (Supplementary Table
S1). PCR was done in a C1000 Touch thermal cycler (Bio-
Rad, 1851197) using the KAPA2G Robust HotStart PCR-
Kit (Roche, KK5525) with supplied buffer B and 3 �l of
cell extract in a total volume of 25 �l. The thermal cycling
profile of the PCR was: 95◦C 3 min; 35× (95◦C 15 s, 65◦C
15 s, 72◦C 15 s); 72◦C 60 s. P5 and P7 Illumina adapters
with sample-specific indices were added in a second PCR
reaction (31) using Phusion HF MasterMix (Thermo Sci-
entific, F-531L) and 0.5 �l of the first PCR product. The
thermal cycling profile of the PCR was: 98◦C 30 s; 25×
(98◦C 10 s, 58◦C, 10 s, 72◦C 20 s); 72◦C 5 min. Amplifi-
cations were analyzed by agarose gel electrophoresis using
2% EX gels (Invitrogen, G402022). The indexed amplicons
were purified using SPRIselect beads (Beckmann Coulter,
B23317) in a 1:0.8 ratio of PCR solution to beads. Double-
indexed libraries were sequenced on a MiSeq platform (Il-
lumina) using paired-end sequences of 2 × 151 bp (+7 bp
index). After base calling using Bustard (Illumina) adapters
were trimmed using leeHom (32). For edited cell popula-
tions, 12 000–49 000 (average: 26 000) molecules were se-
quenced and 1000–33 000 (average: 16 000) molecules for
cellular clones.

Amplicon sequence analysis

Bam-files were demultiplexed and converted into fastq
files using SAMtools (33). Fastq-files were analyzed with
CRISPResso2 (34) for the percentages of alleles and in-
dels at the targeted positions and SNPs. Analyses were re-
stricted to amplicons with a minimum of 70% similarity to
the wild-type sequence and to a window of 40 bp centered
at the Cas9 cleavage site. Sequence homology for an HDR
occurrence was set to 95%. Unexpected substitutions were
ignored as putative sequencing errors. An R script employ-
ing SAMtools was used to count sequencing reads with all
expected diagnostic substitution motifs in edited cell bulks
and clones with >2000 reads aligned to the expected am-
plicon by CRISPResso2 and <10% indels (Supplementary
Code 1).

Copy number analysis

Copy number of edited sites were determined with the
QX200 Droplet Digital PCR System (Bio-Rad) accord-
ing to the manufacturer’s instructions. In a 20 �l reaction,
200 nM primers and probes for the respective editing site
and a reference site in the FOXP2 gene (Supplementary Ta-
ble S1) were mixed with 1 �l genomic DNA extract and
ddPCR Supermix for Probes (Bio-Rad, 1863024). Droplets
were generated in a QX200 Droplet Generator with Droplet
Generation Oil for Probes (Bio-Rad, 1863005). The ther-
mal cycling was done in a C1000 Touch Thermal Cycler
with the following thermal profile: 95◦C 10 min; 40 × (95◦C
30 s [ramp: 2◦C/s], 60◦C 1 min [ramp: 1◦C/s]), 98◦C 5 min.
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PCR-positive and negative droplets were counted with the
QX200 Droplet Reader (Bio-Rad, 1864003). The copy num-
ber of the editing site resulting from the ratio of droplets
that showed PCR amplification for the reference and edit-
ing site was adjusted with the method of least squares to
approximate integers.

RESULTS

A mixed donor strategy

To allow the detection of unintended effects at the editing
site by sequencing after editing, we provided cells with a
mixture of donor DNA molecules, where all molecules con-
tained the desired nucleotide substitution as well as differ-
ent combinations of additional substitutions used to detect
the editing of both chromosomes in a diploid target (Fig-
ure 1A). In the following, these additional substitutions are
referred to as ‘diagnostic’ substitutions. As a result, in any
one cell, Cas9-mediated DSBs on the two chromosomes are
likely to be repaired with different donors, containing dif-
ferent sets of diagnostic substitutions. Thus, if diagnostic
substitutions are observed in a heterozygous state when the
target site is sequenced while the desired substitution is ho-
mozygous, this shows that both chromosomes have been
successfully edited (Figure 1B). In contrast, the absence of
heterozygous diagnostic substitutions makes it likely that
unintended effects have affected one chromosome. Addi-
tionally, an abnormal number or ratio of diagnostic sub-
stitutions may indicate other errors, such as multiple inser-
tions of the donor sequence, duplications, aneuploidy of the
targeted chromosome or cell populations made up of sev-
eral clones carrying different editing events. We thus dubbed
the mixed donor approach ‘sequence-ascertained favorable
editing’ (SAFE).

Design of DNA donor mixtures

To test the ‘SAFE’ donor approach, we chose two tar-
get sites in the genes TEX2 (chr17:62290457) and TTF1
(chr9:135277401) that in our hands had frequently pro-
duced deletions and loss of heterozygosity affecting the edit-
ing sites. We designed single-stranded DNA donors that
were 90 nucleotides long, centered on the Cas9 cut site, and
non-complementary to the gRNA. Each single-stranded
DNA donor molecule in the mixture carried an intended
missense substitution (TEX2: G374D; TTF1: T270A) and
in addition a set of diagnostic substitutions at up to three
positions (Figure 2A). At each of the three diagnostic posi-
tions donor molecules carried either the reference allele or a
diagnostic substitution yielding 18 distinct sequence motifs
that occur among the donor molecules in the mixture. Ad-
ditionally, we designed ’SAFE’ donors where all molecules
carried the wild-type allele at the position under study
in addition to diagnostic substitutions to produce wild-
type allele control cell lines that have undergone CRISPR-
mediated genome editing. The diagnostic substitutions were
chosen to not change the amino acid sequences of the en-
coded proteins and result in codons whose usage in humans
do not differ >1.5-fold from the wild-type ones (35). If all
donors in the mixtures were equally likely to be used as
HDR templates, this would result in a probability of 94.4%

that two chromosomes would be edited by donors carrying
different DNA sequences. Donors were ordered as mixtures
of synthetic single-stranded oligodeoxynucleotides where
the respective nucleotides were provided for random incor-
poration at the diagnostic positions during synthesis. Prior
to editing, we assessed the distribution of individual donors
in the mixtures by sequencing (Figure 2B). Based on the ac-
tual frequencies of individual donors in the mixtures, the ex-
pected fraction of edited cells that would carry heterozygous
diagnostic substitutions was 93.7% and 92.9% for TEX2
and TTF1, respectively.

Diagnostic motif distribution in edited cells

We electroporated the donor mixtures and Cas9-gRNA ri-
bonucleoprotein complexes into human H9 embryonic stem
cells and extracted genomic DNA from the populations of
edited cells. The editing sites were then amplified by PCR
and the amplification product sequenced to gauge the fre-
quency of substitutions at each nucleotide position. Ap-
proximately 56% of sequenced DNA molecules carried the
intended missense substitution in TEX2 and 40% in TTF1,
when ‘SAFE’ donors were used. When donors containing
only the intended missense substitutions without diagnostic
substitutions were used, the percentages of molecules with
intended missense substitutions were similar (Supplemen-
tary Figure S2).

Among the target sequences carrying the missense substi-
tutions, all combinations of diagnostic substitutions were
present and their frequencies generally reflect those seen
among the donor oligonucleotide mixtures (Figure 2B, C).
However, some substitutions that were close to the Cas9
cleavage site, such as the G374D missense substitution for
TEX2 or the diagnostic substitution at position Z for TTF1,
were more efficiently introduced than others. Given the dis-
tribution of diagnostic substitution motifs, 89% (TEX2) and
94% (TTF1) of cells with intended substitutions were ex-
pected to carry heterozygous diagnostic substitutions.

Detection of unintended on-target effects in cellular clones

To generate cellular clones, for the two genes TEX2 and
TTF1, we electroporated human stem cells separately with
‘SAFE’ donors carrying the wild-type or missense sub-
stitution of interest, subsequently pooled both for propa-
gation, and isolated 437 and 435 clones from the TEX2-
and TTF1-pools, respectively (Supplementary Figure S3).
We extracted genomic DNA from each of the clones and
amplified and sequenced the edited sites (Figure 3A). 18
TEX2-clones and 41 TTF1-clones had abnormal ratios of
sequences, which may be indicative of non-clonality or ane-
uploidy. Many of the remaining clones contained inser-
tions or deletions within the amplified sequence (TEX2:
265, TTF1: 193) and in a few cases unintended substitutions
(TEX2: 0, TTF1: 4) (Figure 3A).

Among the remaining clones, 79 TEX2-clones and 107
TTF1-clones carried two sequences each making up 40–
60% of aligned reads (deemed to be heterozygous), while 75
and 90, respectively, carried only one sequence that made
up more than 90% of the reads. Among the latter, approx-
imately half produced only the unmodified reference se-
quence while half carried substitutions at intended missense
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Figure 1. Detection of unwanted editing effects with ‘SAFE’ donors. (A) Cells are edited using a mixture of ‘sequence-ascertained favorable editing’
(SAFE) donor molecules carrying different combinations of diagnostic substitutions such that the two chromosomes are likely to be repaired with donors
containing different sets of diagnostic substitutions. (B) Thus, if both chromosomes are edited, sequencing of the edited site produces two distinct sequences
with similar amounts of reads (left) but only one sequence if deletions or other unwanted effects prevent PCR amplification and sequencing of the affected
chromosome (middle). If the sequence on one chromosome is converted to become identical to the other chromosome, only one sequence is likely to result
(right).

or diagnostic positions (Figure 3A). The copy number of
the edited sites in genomic DNA extracts from the cellular
clones carrying one or two sequences was determined with
quantitative PCR. Furthermore, genomic DNA around sin-
gle nucleotide polymorphisms (SNP) up- and downstream
of the edited sites were amplified and sequenced to detect
loss of heterozygosity in the chromosomal vicinity of the
target site (Supplementary Figure S3).

Of the 39 TEX2- and 48 TTF1-clones that carried only
the wild-type sequence, none had aberrant copy numbers
of the edited site and 5 and 10%, respectively, had lost het-
erozygosity at one or both SNPs located up- and down-
stream of the edited site. Among the 36 TEX2-clones and
42 TTF1-clones that carried a single sequence containing
substitutions from the donor oligonucleotides, 33 and 50%,

respectively, had lost one copy of the target site. 22 and 29%
of clones were affected by loss of heterozygosity at SNPs
flanking the edited site, but carried two copies of the edited
site. The remaining 16 TEX2-clones and 9 TTF1-clones car-
ried the same set of diagnostic substitutions on both chro-
mosomes. In contrast, out of the 79 TEX2-clones and 107
TTF1-clones that carried heterozygous diagnostic substitu-
tions, none were affected by copy number loss of the edited
site. A single TEX2-clone had lost heterozygosity at both
the up- and downstream SNPs while a single TTF1-clone
had lost heterozygosity at the upstream SNP (Figure 3B).

Thus, 56% of TEX2-clones (n = 20) and 79% of TTF1-
clones (n = 33) that carried a single sequence with a substi-
tution were affected by unintended on-target effects. In con-
trast, clones where the diagnostic substitutions indicated
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Figure 2. Substitution distributions in ‘SAFE’ DNA donors and edited cells. (A) Design of ‘SAFE’ donors for editing positions of interest in the human
TEX2 (left) and TTF1 genes (right). The donors are a mixture of 90 nt long single-stranded DNA molecules centered at the Cas9 cleavage site (grey triangle),
that carry combinations of diagnostic substitutions at positions X, Y and Z. In the mixtures for generating wild-type control cell lines, all molecules contain
the reference allele (blue) at the position under study (M), all donors for generating mutated cell lines contain the G374D (TEX2) or T270A (TTF1)
substitutions (red), respectively. Each of the diagnostic positions can have the reference allele or one of the synonymous codon substitutions (diagnostic
1, diagnostic 2), resulting in 18 different sequence motifs. Arrows indicate the direction of translation. The gRNA recognition sequence is underlined. (B)
Frequencies of motifs containing all combinations of diagnostic substitutions alongside the wild-type (white) or missense allele (grey) at the position of
interest in ‘SAFE’ donors used for editing TEX2 (left) and TTF1 (right). The dashed line represents the expected frequency for each of the 18 motifs. (C)
Frequencies of diagnostic motifs in genomic DNA extracts from H9 cells edited with ‘SAFE’ donors containing the wild-type (blue) or missense allele
(red) at the position of interest for TEX2 (left) and TTF1 (right). No reads are attributed to the wild-type motif without diagnostic substitutions, as it is
indistinguishable from unedited sequences. Error bars give the standard deviation from three independent transfections per donor mixture.
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Figure 3. Editing outcomes in cellular clones using ‘SAFE’ donors. (A) Clones were categorized by the type and number of sequences obtained from
next-generation sequencing of the target site. The number of clones showing only the unmodified sequence (dark grey), only one sequence containing
substitutions from the donor mixtures (orange), two sequences in similar proportions (green), two or more sequences in unequal proportions (purple),
unexpected substitutions (light grey), or indels (black), are given for TEX2 (left) and TTF1 (right). For each relevant category, cellular clones are further
color coded in the outer circle by the allele at the single position of interest: wildtype only (blue), intended missense only (yellow), or both heterozygously
(magenta). (B) Copy numbers of the edited site in clones carrying only the unmodified sequence (dark grey), only one donor sequence (orange) or two
donor sequences in equal proportions (green) (TEX2: upper panel; TTF1: lower panel). A copy number of two is expected, while a copy number of one
indicates an on-target effect such as e.g. a large deletion, translocation, inversion or chromosomal truncation. SNPs located 2.3 kb upstream (rs17563098)
and 27.7 kb downstream (rs11869645) of the edited site for TEX2 and 0.4 kb upstream (rs3739916) and 11.4 kb (rs2885495) downstream for TTF1 are
expected to show an allele frequency of 0.5 for their two alleles (black and white). An allele frequency of one indicates loss of heterozygosity at that position.
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heterozygosity at the edited sites carried two copies of the
edited site and the frequency of loss of heterozygosity at up-
and downstream SNPs was 1% (2 out of 186) rather than 8%
(29 out of 351).

DISCUSSION

When CRISPR-Cas9 editing is used to modify a position
in the genome, loss of one allelic copy of the target se-
quence is a frequent problem (7–15) which has to be ex-
cluded, generally by performing quantitative PCR of DNA
extracted from the edited cells (29). Loss of heterozygos-
ity where one chromosome has been converted to the se-
quence of the other one in one or both directions from the
edited site is another common problem (12,15–19) that re-
quires that polymorphisms flanking the edited site are iden-
tified and sequenced or genotyped in the edited cells to en-
sure that heterozygosity has not been lost (29). The ‘SAFE’
donor approach described here allows such unintended ef-
fects to be easily detected when the target site is sequenced.
It avoids the need for additional validation of heterozygos-
ity at flanking polymorphisms and determination of copy
numbers of the target site.

Nevertheless, two clones that carried heterozygous di-
agnostic substitutions had lost heterozygosity at positions
flanking the target site. We hypothesize that this is caused
by an initial Cas9-mediated DSB that was repaired using
the other chromosome as a template resulting in gene con-
version of flanking sequences. Since no substitutions pre-
vent repeated Cas9-cleavage at the target site, subsequent
DSBs can then be repaired with different DNA donors
on both chromosomes, thus producing clones with het-
erozygous editing sites but homozygous flanking sequences.
However, this sequence of events seems rare as it occurred in
only two out of 186 clones carrying heterozygous diagnostic
substitutions.

Interestingly, more clones than expected carried two iden-
tical sets of diagnostic substitutions without being affected
by deleterious on-target effects. This is likely due to that
substitutions close to the DSB introduced by Cas9, such as
the G374D substitution in the TEX2 gene, are introduced
at higher efficiencies than more distant substitutions (36–
38). This likely also causes some cells to only partially in-
corporate substitutions from donors omitting more distant
substitutions (Supplementary Figure S4).

A potential drawback with the ‘SAFE’ donor approach
is that one or more additional changes are introduced close
to the site of interest, which might have unintended effects
on gene expression, splicing, RNA folding and stability or
translation (39–42). However, additional substitutions are
commonly introduced in genome editing as ‘blocking mu-
tations’ to prevent repeated cleavage of the target site (38).
The ‘SAFE’ donors thus combine the benefits of blocking
and diagnostic substitutions. In addition, diagnostic sub-
stitutions can be chosen to minimize the risk that they
have a biological impact. For example, in protein-coding
sequences synonymous substitutions will not change the
amino acid sequence of the encoded protein. Furthermore,
if codons with similar frequencies as the wild-type codon
are used, it will minimize the risk that the substitutions af-
fect the translation of the protein.

To generate control cell lines for biological experiments,
donors carrying the wild-type nucleotide at the site of inter-
est in combination with the same diagnostic substitutions as
the donors carrying the nucleotide to be introduced at the
site of interest can be used. Such cellular clones are excellent
controls because they have demonstratively been edited in
the region of interest and are therefore likely to be equally
affected by any potential effects caused by Cas9-induced
DSBs and their repair, including epigenetic effects or selec-
tion of cells carrying oncogenic mutations (20,43,44). For
TEX2 and TTF1, 24 and 33% of cellular clones (n = 18 and
30) can be matched with clones carrying the alternative al-
lele at the position of interest but identical substitutions at
diagnostic positions (Supplementary Figure S5).

If high HDR editing efficiency of the target of interest can
be achieved and thus fewer cellular clones need to be iso-
lated, it is an advantage to use fewer diagnostic positions,
especially to obtain more clones that only differ in the po-
sition of interest. Easily applicable tools to increase HDR
efficiency are small molecule inhibition of the competing
non-homologous end-joining (18) or chemical modification
of the DNA donors (45,46).

In summary, the genome editing approach presented al-
lows detection of copy number variants of the target site
as well as loss of heterozygosity when the target site is se-
quenced, thus greatly reducing time and cost of genome
editing experiments. In addition, it facilitates the identifi-
cation of non-clonal cellular colonies and the generation of
control cell lines that have demonstratively undergone edit-
ing but carry the wild-type state at the position of interest.
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