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ABSTRACT

Genome integrity and genome engineering require
efficient repair of DNA double-strand breaks (DSBs)
by non-homologous end joining (NHEJ), homolo-
gous recombination (HR), or alternative end-joining
pathways. Here we describe two complementary
methods for marker-free quantification of DSB re-
pair pathway utilization at Cas9-targeted chromoso-
mal DSBs in mammalian cells. The first assay fea-
tures the analysis of amplicon next-generation se-
quencing data using ScarMapper, an iterative break-
associated alignment algorithm to classify individual
repair products based on deletion size, microhomol-
ogy usage, and insertions. The second assay uses
repair pathway-specific droplet digital PCR assays
(‘PathSig-dPCR’) for absolute quantification of sig-
nature DSB repair outcomes. We show that ScarMap-
per and PathSig-dPCR enable comprehensive as-
sessment of repair pathway utilization in different
cell models, after a variety of experimental pertur-
bations. We use these assays to measure the dif-
ferential impact of DNA end resection on NHEJ, HR
and polymerase theta-mediated end joining (TMEJ)
repair. These approaches are adaptable to any cel-
lular model system and genomic locus where Cas9-
mediated targeting is feasible. Thus, ScarMapper and
PathSig-dPCR allow for systematic fate mapping of a
targeted DSB with facile and accurate quantification
of DSB repair pathway choice at endogenous chro-
mosomal loci.

INTRODUCTION

DNA double strand breaks (DSBs) represent a major threat
to genome integrity (1). Unrepaired DSBs can result in
cell death, whereas imprecise DSB repair promotes genome
instability and tumorigenesis. DSB repair also determines
the outcomes of clastogenic cancer therapies, as well as
Cas9-mediated genome engineering (2). Thus, the regula-
tion of DSB repair contributes to health, disease, and DNA-
directed therapies.

Cells use two canonical pathways to repair chromoso-
mal DSBs: Homologous Recombination (HR) and Non-
Homologous End Joining (NHEJ) (3). A third DSB repair
pathway is often referred to as alternative end joining (alt-
EJ) or microhomology-mediated end joining (MMEJ). It
is typically characterized by its independence from NHEJ,
a requirement for resected breaks and resulting 3′ ssDNA
overhangs, and favors the generation of deletions at short
tracts (i.e. 2–6 bp) of sequence identity (microhomolo-
gies) that flank the DSB (4). The majority of cellular alt-
EJ/MMEJ repair in metazoans and plants can be attributed
to the activity of DNA Polymerase Theta (Pol �, gene name
POLQ), thus we and others define this pathway as Theta
mediated end joining (TMEJ) (5,6). How and when TMEJ
is utilized for chromosomal DSB repair remains enigmatic
due to a lack of assays that assess pathway activity with high
specificity.

The analysis of chromosomal DSB repair products af-
ter inducible expression of a site-specific endonuclease, or
more recently Cas9, has been instrumental in the char-
acterization of DSB repair pathway utilization in mam-
malian cells (7,8). Engineered DNA constructs are cleaved
by a nuclease to generate a two-ended DSB, and specific
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repair outcomes––typically corresponding to a DSB re-
pair pathway of interest (e.g. HR or NHEJ)––result in ac-
tivation or loss of reporter gene expression (e.g. fluores-
cent protein or drug resistance gene). Reporter constructs
for different DSB repair pathways of interest have been
designed and validated, including homologous recombi-
nation (HR), single strand annealing (SSA), NHEJ, and
MMEJ (9–14). Despite their undisputed utility, reporter-
based DSB repair assays also have some limitations. This
includes the requirement to generate a stably integrated re-
porter, thus limiting feasibility of use in primary cells (15),
and the lag between generation of repair products and ex-
pression of the marker that confounds analysis of repair
kinetics.

High-throughput amplicon next generation sequencing
(NGS) across Cas9-induced DSBs can reveal the spectrum
of repair products generated at a locus of interest. Sev-
eral bioinformatics pipelines have been developed to quan-
tify mutagenized repair outcomes (16–19). The majority of
these algorithms use a score-based alignment of the entire
amplicon to the reference sequence to identify insertions,
deletions, and single nucleotide variants, followed by sec-
ondary interpretation of this alignment to generate statistics
on the abundance of individual repair outcomes. Such anal-
yses have been useful for evaluating the efficiency of gene
conversion and for predicting dominant repair outcomes
to facilitate genome engineering (19–22). However, score-
based alignment algorithms can perform unpredictably as
deletion or insertion size increases, and particularly when
there is a combination of deletions and insertions at the
junction site. This limitation of currently available bioin-
formatic pipelines results in incomplete characterization of
repair product spectra when analyzing amplicon sequenc-
ing data. Although most of the available pipelines efficiently
quantify the frequency of gene conversion at the target lo-
cus, the further classification of the non-HR repair products
for end-joining repair patterns requires manual interpreta-
tion. Thus, comprehensive evaluation of HR, NHEJ and
MMEJ/TMEJ repair patterns at Cas9-targeted loci using
NGS remains a challenge.

In this study, we present two complementary methods
to quantitatively profile HR, NHEJ, and MMEJ/TMEJ
repair outcomes at endogenous Cas9-induced chromoso-
mal breaks in mammalian cells. First, we describe a cus-
tom Python script, ScarMapper, that enables automated
analysis of DSB repair patterns at Cas9-targeted chro-
mosomal loci using NGS of target site-containing am-
plicons. Next, we illustrate how ScarMapper amplicon
NGS analyses can be used to design pathway product-
specific dPCR assays, PathSig-dPCR, for absolute quan-
tification of signature HR, NHEJ, and TMEJ repair out-
comes in unlabeled mammalian cells. We apply these as-
says to measure the impact of various genetic and phar-
macologic perturbations on DSB repair pathway choice
at a chromosomal DSB. We propose that the combina-
tion of ScarMapper analysis of amplicon sequencing and
PathSig-dPCR can be applied to nearly any chromosomal
locus of interest to better understand context-specific reg-
ulation of DSB repair pathway utilization in mammalian
cells.

MATERIALS AND METHODS

Cell lines

Isogenic SV-40 large T antigen immortalized mouse em-
bryo fibroblasts (MEFs) that are wild type (WT), Ku70−/−,
Brca2 deficient (Brca2m/m), Polq−/−, and a subclone of
Polq−/-complemented by expression of human POLQ
(PolqhPOLQ) were previously described (6,23). MEFs ex-
pressing DR-GFP reporter were a gift from Dr. Jeremy
Stark lab (24). All MEFs were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Corning), with 10%
Bovine Calf Serum (Hyclone BCS) and 2 mM L-glutamine
(ThermoFisher), and PolqhPOLQ cells were supplemented
with 2 �g/ml puromycin. Mouse ES cells (TC1) were cul-
tured with DMEM supplemented with 15% FBS (Gibco,
1972526), 10 mM HEPES pH 7.5, 10 mM NEAA, 0.1%
2-betamercaptoethanol (Gibco, 21985023), 1% Penn-Strep
(Corning, 30-002-CI) and 1:500 Leukemia inhibitory fac-
tor (LIF) treated media produced from LIF-1C� (COS)
cells. All cells were maintained at 37◦C in an atmosphere of
5% CO2. Cells in culture were routinely monitored for my-
coplasma contamination using the Plasmo Test™ (Invivo-
gen).

Transfection

For MEFs, 2.5 million cells were transfected with 5 �g Flag-
Cas9 (A gift of Xingxu Huang, Addgene # 44758), 5 �g
sgRosa26 (6), with or without 20 �g HR donor (HRD-500
see ref(6); HRD-200, see Supplementary Figure S4C) and 1
�g pEGFP-N2 (Takara) with a Neon transfection kit (In-
vitrogen) using a 1350 V, 30 ms pulse in a 100 �l chamber.
Forty-eight hours post transfection, a portion of the cells
were analyzed by flow cytometry to quantify the transfec-
tion efficiency, and the remaining cells were collected for ge-
nomic DNA extraction (Qiagen, DNeasy Blood & Tissue
kits). For high throughput sequencing and time course ex-
periments, we performed a Neon transfection using a Cas9
ribonucleoprotein (Cas9-RNP) assembled from Cas9 pro-
tein and RNA that targets Cas9 nuclease activity to a site
in the Rosa26 locus (Alt-R system; IDT Integrated DNA
Technologies).

For mouse ES cells (TC1), 0.325 ug flag-Cas9, 0.325 ug
sgRosa26, 1.3 ug HRD-500 and 0.065 ug N2-EGFP were
co-transfected into 2 million cells using Amaxa 4D Nucleo-
fector (P3 Kit) on program CY104. Cells were treated with
DNA-PKi NU7441 (5�M), or DMSO for 65 h. DNA was
extracted for digital PCR on Day 7.

For MEFs DR-GFP reporter assay, we performed a
Neon transfection using Cas9-RNP-sgRosa26 and Cas9-
RNP-sgDRGFP (Alt-R system; IDT Integrated DNA
Technologies).

For MEFs AR-TLR, 2.5 million cells were transfected
with 5 �g I-Sce-BFP (a gift from Andrew Scharenberg,
Addgene #45574) and 5 �g d14GFP (a gift from Andrew
Scharenberg, Addgene #31475) with a Neon transfection
kit (Invitrogen) using a 1350 V, 30 ms pulse in a 100 �l
chamber. Forty-eight hours post transfection, cells were an-
alyzed by flow cytometry according to previous description
(25).
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Generation of MEFs expressing the AR-TLR reporter

Lentivirus were generated by 293T cells in 150mm dish
with transfection of 3 �g pMD2.G (a gift from Didier
Trono, Addgene #12259), 4.5 �g psPAX2 (a gift from Di-
dier Trono, Addgene #12260) and 6 �g AR-TLR (a gift
from Andrew Scharenberg, Addgene #45575). Transfection
was performed using polyethylenimine (Polysciences, Inc).
Supernatant was collected at 48h and filtered with 0.45
�M filter. Forty-eight hours after transduction, MEFs were
sorted for iRFP713 by FACSAria2.

High throughput sequencing

Genomic DNA was harvested 24 h after introduction of
Cas9 targeted to the Rosa26 locus for amplicon-based li-
brary preparation. Amplification primers contained 3′ locus
specific sequence as well as indexes to allow for library mul-
tiplexing. Base-calling in Illumina platforms is less effec-
tive when many reads have identical sequence (low sample
complexity), thus we employed primer variants with differ-
ent numbers of inserted nucleotides (phasing nucleotides)
between locus specific sequence and the Illumina sequenc-
ing primers (26,27). The resulting multiplexed paired-end
FASTQ files were analyzed using ScarMapper.

To prepare the libraries, 200 ng of genomic DNA from
each sample was divided between two PCRs containing 250
nM of the forward and reverse primer or primer pool, 200
�M dNTPs, Phusion™ polymerase HF buffer and 1 �l of
Phusion™ polymerase (New England BioLabs). The PCR
cycling conditions are shown in Supplemental Methods.
The primary PCR product of the Rosa26 locus is 482–504
bp while that of the lamin receptor B (LBR) locus is 275–
285 bp. The products were purified from the unincorporated
primers and genomic DNA using a two-step SPRI bead
(Ampure, Beckman Coulter or sparQ pureMag, VWR) ex-
traction. Once purified, 20–30 ng of each of these products
were used to add the Illumina P5 and P7 adapters (Rosa26
set) or Illumina dual indexing adapters (LBR set) in a 50 �l
PCR reaction according to the conditions in Supplemen-
tal PCR Conditions. These products were purified using a
single step SPRI bead extraction with a 1:1 ratio of PCR
product to beads. Following purification to remove unin-
corporated primers and primer dimers the products were
quantified using a Qubit™ and then pooled for sequencing.
Pooled libraries were subjected to 2 × 300 cycles on an Illu-
mina MiSeq (Rosa26 locus) or 2 × 150 cycles on an Illumina
iSeq100 (LBR locus).

Repair scar mapping

ScarMapper (https://github.com/Gaorav-Gupta-Lab/
ScarMapper.git), the custom Python program devel-
oped for this method, is run according to the user guide
(ScarMapper User Guide.docx). When using overlapping
paired end reads Read 1 and the reverse complement of
read 2 are merged to generate a consensus read. Mul-
tiplexed, paired end FASTQ files from the sequencing
were analyzed with ScarMapper to quantify the different
patterns of break repair observed in each library sample.
The different repair patterns observed were binned into
a repair type using the following definitions. NHEJ is

defined as products with deletion size <4 nucleotides and
insertion size <5 nucleotides. Non-Microhomology Dele-
tions are products containing deletion size ≥4 nucleotides,
insertion size <5 nucleotides, and microhomology (MH)
<2 nucleotides. Theta mediated End Joining (TMEJ) is
defined as products with deletion size ≥4 nucleotides and
MH ≥2 nucleotides. Insertions classification is defined
as products with insertions ≥5 nucleotides. Homologous
recombination (HR) products are identified by the presence
of a user-defined gene conversion sequence (from the HR
donor) at the junction site.

Droplet digital PCR

Droplet digital PCR (dPCR) was performed according to
dPCR™ Supermix for Probes (No dUTP) instruction. In
general, 25 �l reactions were made to include 1× dPCR Su-
permix for Probes (No dUTP), 900 nM each primer, 250
nM probe (FAM or HEX) and 80ng of genomic DNA with
dH2O into per reaction. An automated droplet generator
(Bio-Rad) transferred 20 ul of these reactions to first gener-
ate emulsions, then aliquot emulsions to a new 96-well plate.
Emulsified reactions were subject to PCR amplification us-
ing a C1000 thermal cycler (Bio-Rad), followed by analysis
using the QX200 droplet reader. PCR thermocycling con-
ditions for the different amplicon regions evaluated in this
study are provided in Supplementary Methods. The repair
signal was normalized to 100 copies of genomic DNA as
measured using the Chromosome 6 control dPCR assay. All
the primers and probes are listed in Primers and probes for
dPCR in Supplementary Table S1. Analysis of dPCR data
was performed using QuantaSoft (Bio-Rad).

Antibodies and chemicals

Antibodies against Mre11 (NBP2-59677) and Rad50
(NBP2-20054) were purchased from Novus Biologicals. An-
tibody against Nbs1 was described previously (28). DNA-
PK inhibitor (NU7441) was purchased from Selleck Chem-
icals.

RESULTS

ScarMapper methodology

Amplicon paired-end next-generation sequencing (NGS)
is commonly used to evaluate repair outcomes at a Cas9-
targeted chromosomal DSB. After generating a consen-
sus read from the paired-end reads, a majority of the cur-
rently available bioinformatic pipelines proceed to identify
and assign insertions and deletions (indels) after alignment
of the consensus read to the uncut reference, using algo-
rithms (e.g. Bowtie, Needleman-Wunsch) that are largely
unoriented to the known Cas9 cleavage site (16–18,29).
Such methods do not take advantage of the ability to infer
that indels associated with repair––or at least end-joining
repair––must originate at the site of the DSB. These meth-
ods consequently often inappropriately locate complex in-
sertion and deletion events adjacent to the site of the DSB,
especially when deleted sequence is significantly greater on
one side of the break, relative to the other. Further limit-
ing the utility of methods that align the entire read to an

https://github.com/Gaorav-Gupta-Lab/ScarMapper.git
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uncut reference is the overweighting of gap penalties. This
results in misclassification of complex indels as single nu-
cleotide variants, especially when junctions have large (>4
bp) deletions. Thus, the classification of NGS reads based
on different DSB end-joining repair patterns often requires
manual inspection and interpretation. ScarMapper was de-
signed to overcome these limitations and thereby enable au-
tomated analysis of HR and end joining repair patterns at
Cas9-targeted chromosomal DSBs by NGS.

ScarMapper (Figure 1) employs a k-mer based method,
which iteratively tests for matches to a sliding window of
10-mers that represent candidate upstream and downstream
flanks (UF, DF). It first identifies within each consen-
sus read the 10-nucleotide match consistent with the least
amount of deletion of sequence upstream of the break site,
to determine the UF (Figure 1A, step 1). It then performs
the same method to identify the 10 nucleotide match con-
sistent with the least amount of deletion of sequence down-
stream of the break site, to determine the DF (Figure 1A,
step 2). Junctions with perfectly abutted UF and DF 10-
mers defined this way describe simple deletions, overlap be-
tween UF and DF 10-mers describe a microhomology asso-
ciated with a deletion, and sequence between UF and DF
are insertions (Figure 1A, step 3). The Left-Deletion and
Right-Deletion sizes are readily measured as the distance
from the UF and DF, respectively, from the known Cas9
cleavage site in the reference sequence (Figure 1A, step 3).
The total deletion size is calculated as the sum of the Left-
Deletion, Right-Deletion, and MH size. This method has
additional advantages over conventional mapping methods
as it is insensitive to sequencing errors when these errors are
distal to the 20 nucleotides used to define the junction, and
its fidelity in characterizing junctions is not affected by the
size of insertions and deletions.

ScarMapper outputs a database of observed repair prod-
ucts based on four features: (i) left deletion size, (ii) right
deletion size, (iii) microhomology sequence and (iv) inser-
tion sequence. Normalized frequencies and absolute read
counts are tabulated for each repair product. Non-mutated
reads are excluded from the repair product frequency analy-
ses, as a large fraction of these reads are attributable to cells
where the chromosome was not cut by Cas9. If a homology
donor was included in the experiment, the frequency of the
HR repair product is also reported. ScarMapper classifies
all of the non-HR repair products into four groups (Figure
1B). ‘NHEJ’ is defined as repair products with deletions <4
nucleotides and insertions < 5 nucleotides. Repair products
with deletions ≥4 nucleotides and microhomology (MH)
≥2 nucleotides are classified as Theta Mediated End Join-
ing (‘TMEJ’), based on prior demonstration of polymerase
theta dependency (26). Non-MH end joining ‘Non-MH EJ’
is defined as deletions ≥4 nucleotides, MH <2 nucleotides,
and insertion <4 nucleotides. ‘Insertion’ is defined as inser-
tion ≥5 nucleotides, regardless of associated deletion size.
These patterns encompass all the repair products observed.

ScarMapper analysis of the murine Rosa26 locus

ScarMapper was applied to a dataset of paired-end am-
plicon sequencing data obtained after transfection of WT,
Polq−/− and Ku70−/− MEFs with Cas9-RNP targeting the

Rosa26 locus (6,23). An example of ScarMapper applied
to the human Lamin B receptor (LBR) locus is shown
in Supplementary Figure S1. Each broad group of repair
products is clustered based on the aforementioned repair
pathway classification for visual comparison across the cell
types (Figure 2A). The primary bar represents the size of
the deletion observed on the upstream (left of centerline)
or downstream (right of centerline) flanks of the cut site.
Within each group the patterns are ordered according to
their frequency. The height of each bar in the histogram
is proportional to the normalized frequency for that re-
pair product within the population. As anticipated, Polq−/−
MEFs have reduced TMEJ, whereas Ku70−/- MEFs ex-
hibit both reduced NHEJ and a compensatory increase in
TMEJ (Figure 2A). However, not all TMEJ repair prod-
ucts are increased equally; a 23 bp deletion product with
6 bp MH (TMEJ-23bp) doubled (6.2–12.4%) in Ku70−/−
MEFs, while two larger deletions––both a 39 bp deletion
with 4 bp MH (TMEJ-39 bp, 0.5–3.8%) and a 95bp dele-
tion with 5 bp MH (TMEJ-95 bp, below limit of detection to
2.3%)––are substantially increased in Ku70−/− MEFs, rel-
ative to WT. This bias towards TMEJ products with larger
deletion sizes is likely due to hyper-resection of DSB ends,
which is a known phenotype associated with Ku deficiency
(30). As anticipated, NHEJ deficiency in Ku70−/− MEFs
was also associated with substantially higher rates of HR
repair, which was readily quantified by ScarMapper (Sup-
plementary Figure S2).

Evaluation of Pol � dependency may be desired to de-
fine TMEJ repair products more precisely, as illustrated in
a recent study of Pol �-mediated genomic scars (26). If a
Polq-deficient control is available, ScarMapper enables re-
pair product-specific analysis of Pol �-dependency (Freq in
sample/Freq in Polq-deficient control) in the output file.
Analysis of Pol � dependence was performed on the Rosa26
locus NGS data to identify repair products with a Theta-
dependency ratio >2 (Figure 2B).

Comparison of ScarMapper and CRISPRESSO2

The performance of ScarMapper was compared to
CRISPResso2 using the same FASTQ files of the murine
Rosa26 locus as input (16). There was excellent con-
cordance across both platforms when measuring allelic
frequency for ‘simple’ deletions that lacked any associated
insertion sequences (Supplementary Figure S3A). How-
ever, detection of repair products with insertions was highly
discordant, with ScarMapper identifying 363 insertion
patterns in the Ku70−/− cells, while CRISPResso2 only
detected 85 (Supplementary Figure S3B). Examination
of representative complex repair products (containing
both insertions and deletions) from the Ku70−/− genotype
illustrates the difficulty CRISPResso2 has in aligning
these to the reference, whereas ScarMapper is able to
clearly demarcate the position of upstream/downstream
deletions and inserted sequences (Supplementary Figure
S3C-D). In addition to these alignment-related limitations,
CRISPResso2 does not provide any information regarding
microhomology usage, nor does it classify repair products
into functional categories to facilitate visualization and
data interpretation. Thus, ScarMapper enables more com-
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Figure 1. ScarMapper analysis pipeline. (A) The target region of a Cas9 generated DSB (scissors) is amplified and sequenced. Blue and red lines denote
sequence upstream and downstream of the DSB site and is represented as a dashed line in the consensus read when deleted, relative to the reference.
Orange lines represent inserted sequence. Junctions at sites where one copy of identical sequence is deleted (microhomology; MH) have the microhomology
represented in purple. Step 1: ScarMapper generates a dictionary of 10 mers consistent with increasing deletion in 1 nt increments of upstream sequence
flanking the cas9 target site. The upstream flank (UF) is then located in each consensus read by the identification of a matching 10mer from this dictionary
that has the least amount of upstream flank deletion. In step 2, the same process is used to identify the downstream flank (DF). In step 3, each read
is classified as having deletions, deletions with microhomology, or insertions (with or without deletion), then further assigned to repair pathways using
pathway definitions as noted in (B).

prehensive and automated interpretation of Cas9-induced
DSB repair patterns by amplicon sequencing, relative to
currently available analysis programs (16,18,19).

Absolute quantification of specific repair products using
PathSig-dPCR

To more robustly measure the abundance of specific DSB
repair products, we used ScarMapper analysis of the Rosa26
locus to first identify products that are characteristic of re-
pair by different pathways. We then designed droplet dig-
ital PCR (dPCR) assays specific for these products (Fig-
ure 3A), including one for NHEJ (+1 insertion, Figure 3B
and Supplementary Figure S4A), three for TMEJ (23, 39
and 95 bp deletions, Figures 3C–E and Supplementary Fig-
ure S4B), and one for HR events generated by gene target-
ing in the presence of a double stranded donor with either
200 bp (HRD-200) or 500 bp (HRD-500) homology arms
(Figure 3A, F, G and Supplementary Figure S4C). Selec-
tivity for these repair products was achieved by spanning
the forward primer across the junction and in some cases
additionally destabilizing the 3′ terminus through introduc-
tion of a near terminal mismatch (Figure 3B–D, Supple-

mentary Figures S5 and S6). An additional dPCR ampli-
con was designed for a genomic locus 29 kb upstream of the
Rosa26 locus on chromosome 6 and was used to normalize
the observed abundance of a particular repair product rel-
ative to 100 copies of this reference amplicon; all data was
then represented as ‘Percentage Repair’. Collectively, we re-
fer to this approach as ‘PathSig-dPCR’ because it enables
absolute quantification of DSB repair by NHEJ, TMEJ, and
HR in cells after induction of a chromosomal DSB by Cas9.

PathSig-dPCR analysis was performed on genomic DNA
harvested from MEF cell lines 48 hours after transfection
with Cas9 and Rosa26 locus-targeting sgRNA. PathSig-
dPCR reveals exquisite dependence of the NHEJ repair
product on Ku70, diminishing over 50-fold in Ku70−/−
MEFs (0.04% allele frequency) relative to WT and Polq−/−
MEFs (2% and 2.4% of detected loci, respectively) (Fig-
ure 3B and Supplementary Figure S4A). We next ana-
lyzed DNA from WT, Polq−/− and reconstituted Polq−/−
+ POLQ (PolqPOLQ) cells for TMEJ-del 23 bp, TMEJ-del
39 bp, and TMEJ-del 95 bp products (Figure 3C–E and
Supplementary Figure S4B). The PathSig-dPCR signal for
TMEJ-del 23 bp, and TMEJ-del 39 bp products were 4.3%
and 0.3% in WT cells and reduced to 1.4% and 0.09%
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Figure 2. ScarMapper Analysis of the Murine Rosa26 Locus. (A) ScarMapper graphical output of Rosa26 locus paired-end NGS data for WT (left panel),
Polq–/– (middle panel), and Ku70–/– (right panel) MEFs. The x-axis is the number of nucleotides deleted and/or inserted to the left or right of the Cas9
cut site. The values in each scar type are ranked according to the allelic frequency. The height of the bars is proportional to the frequency. The plots show
frequencies ≥0.00025. (B) Pol � dependency of scar patterns. The allelic frequency ratio (WT/Polq−/−) for the 21 most prevalent repair products observed
in WT cells. Red bars indicate repair products that are Pol �-dependent (ratio ≥2). (C) Histogram of scar types in the different cell lines. Mean ± SEM are
shown. Significance by two-tailed unpaired Student’s t-test. *P <0.05; **P <0.02; ***P <0.002; ****P <0.0001.

in Polq−/− cells. Reconstitution of POLQ expression in
Polq−/− MEFs (PolqPOLQ) restored TMEJ-del 23 bp, and
TMEJ-del 39bp products back to 3% and 0.18%, respec-
tively. The rare event TMEJ-del 95bp had a frequency of
0.09% in WT cells and 0.004% in Polq−/− cells. Deficiency
in Ku70 resulted in increases in frequency for all TMEJ
products, but these increases were proportionally greater
for TMEJ products with larger deletion (Figure 3D, E),
consistent with an increase in TMEJ repair and a hyper-
resection phenotype that is associated with larger-sized
deletions. PathSig-dPCR also confirmed that HR rates are
increased for HRD-500 (7%) relative to HRD-200 (2.4%),
and that both are reduced in MEFs expressing a mutant
Brca2 allele (Figure 3F, G). Thus, PathSig-dPCR is a highly
tractable and accurate method for precisely measuring re-
pair by NHEJ, TMEJ, and HR after Cas9-directed chro-
mosomal DSBs.

Inhibition of End Resection or DNA-PK alters DSB repair
pathway utilization

DSBs can trigger nucleolytic resection of broken ends and
generation of 3′ ssDNA tails, which are both an interme-
diate for DSB repair by TMEJ and HR, and a barrier

for DSB repair by NHEJ (24,31–35). Resection is initiated
by the MRN complex (Mre11, Rad50 and Nbs1) (Figure
4A) (32,36). We used two independent Mre11ATLD1 MEF
cell lines that have bi-allelic knock-in of a hypomorphic
Mre11 allele (37–39) to assess the effects of these alleles on
pathway choice using PathSig-dPCR. As expected, we con-
firmed significantly reduced protein levels of Mre11, Rad50,
and Nbs1 in both Mre11ATLD1 MEF lines by western blot,
consistent with previously reported destabilization of the
MRN complex induced by the Mre11ATLD1 allele (Figure
4B) (39). After transfection with Cas9 and sgRosa26, we ob-
served significant reductions in TMEJ-del 23bp and TMEJ-
del 39bp in Mre11ATLD1-1 and Mre11ATLD1-2 cell lines, rel-
ative to WT MEFs (Figure 4C, D). We also found reduced
frequency of HR repair in Mre11ATLD1-1 and Mre11ATLD1-
2 cell lines upon co-transfection with the HRD-500 (Figure
4E). In contrast, the NHEJ-ins +1 bp product was slightly
increased, although this difference did not achieve statis-
tical significance (Figure 4F). Thus, PathSig-dPCR estab-
lishes essential roles for Mre11 in HR and TMEJ, but not
in NHEJ, during chromosomal DSB repair in mammalian
cells.

Pharmacologic inhibition of DNA-PK (DNA-PKi) has
been shown to inhibit NHEJ and may increase the efficiency
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Figure 3. PathSig-dPCR assay designs to monitor NHEJ, TMEJ and HR repair at the murine Rosa26 locus. (A) Schematic diagram of PathSig-dPCR
assays applied to the murine Rosa26 locus. Cells are transfected with Flag-Cas9 and sgRosa26 by Neon electroporation. 24–48 hours post transfection,
genomic DNA is assayed by dPCR for signature products reflecting repair by NHEJ, TMEJ and HR. (B) NHEJ repair - one ‘T’ insertion repair product
was validated in WT, Ku70−/− and Polq−/− cells by dPCR. The NHEJ forward primer includes a ‘T’ to ‘A’ mismatch to destabilize the primer against
amplification of the wild-type sequence. (C-E) Three TMEJ repair products were validated by dPCR. (C) Signature of TMEJ-del 23 bp was validated
in WT, Polq−/− and Polq−/− + hPOLQ cells. TMEJ-del 39 bp (D) and TMEJ-del 95 bp (E) were validated in WT, Polq−/−, Polq−/− + hPOLQ and
Ku70−/− cells. (F) Scatter plots of droplets showing HR events induced by Rosa26 cut site. (G) HR repair products were validated by adding 200 bp HR
donor (HRD-200) or 500 bp HR donor (HRD-500) in WT and Brca2−/− mutant cells. Mean ± SEM are shown. Statistical significance was assessed by
two-tailed t-tests. *P <0.05, ** P <0.01 and **** P <0.0001.
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Figure 4. Mre11 hypomorphism alters DSB repair pathway utilization. (A)
Schema depicting the role of Mre11-mediated end resection in the regula-
tion of DSB repair pathway choice. (B) Mre11ATLD1/ATLD1 MEFs exhibit
reduced expression of the MRN complex by immunoblotting. (C–F) DSB
repair products were identified in WT, Mre11ATLD1-1 and Mre11ATLD1-2
cells. (C) TMEJ-del 23 bp. (D) TMEJ-del 39 bp. (E) HR repair (HRD-500
donor) and (F) NHEJ-ins +1 bp. Mean ± SEM are shown. Statistical sig-
nificance was assessed by two-tailed t-tests. * P < 0.05, ** P < 0.01, *** P
< 0.001 and **** P < 0.0001.

of HR and TMEJ (40). We used PathSig-dPCR to quantify
these effects using different doses of the DNA-PKi Nu7441.
We observed ∼33% reduction in NHEJ repair in response to
1 �M DNA-PKi, and 67% reduction at 5 �M Nu7441 (Fig-
ure 5A). HR was also increased upon treatment with DNA-
PKi, resulting in a 50% greater efficiency of gene conversion
at the highest dose (Figure 5B). TMEJ repair products were
also increased at the higher DNA-PKi dose, although mod-
est increases in TMEJ were also seen at the lower DNA-PKi
dose (Figure 5C, Supplementary Figure S7A,B). As antici-
pated, DNA-PKi treatment does not change DSB outcomes
in Ku70−/− MEFs, which are already deficient in NHEJ
(Supplementary Figure S7C–E).

A distinct advantage of the reporter-free PathSig-dPCR
assay is its applicability to primary cell models. We thus
applied PathSig-dPCR to a primary murine ES cell line
(TC1) by co-transfecting Cas9, sgRosa26 and HRD-500
plasmids with or without DNA-PKi (5 �M Nu7441) treat-
ment. NHEJ repair was reduced from 3% with no treat-

ment to 1% with DNA-PKi treatment, while the usage of
HR and TMEJ-del 23 bp were elevated from 0.1% to 0.9%
and from 0.5% to 1.1%, respectively (Figure 5D–F). Lower
rates of DSB repair products in TC1 cells can be attributed
to a low transfection efficiency (<5%, Supplementary Fig-
ure S7F). After normalization for transfection efficiency,
the gene conversion rate in TC1 cells is ∼20% in the pres-
ence of 5�M DNA-PKi. Our findings suggest that DNA-
PK inhibition may be more impactful in stimulating HR
when transfection efficiency is limited.

We further validated PathSig-dPCR by evaluating con-
cordance with fluorescence-based DSB repair reporter as-
says (14,24,25). We first used a MEF cell line with an in-
tegrated DR-GFP reporter assay (24) to evaluate the effect
of pharmacologic DNA-PK inhibition and CRISPR/Cas9
targeting of Rad51 on the efficiency of HR repair. PathSig-
dPCR is highly concordant with DR-GFP flow cytometry
under both of these experimental perturbations (Supple-
mentary Figure S8). PathSig-dPCR further enabled quan-
tification of NHEJ and TMEJ repair, revealing an increase
in TMEJ upon both DNA-PK or Rad51 inhibition (Supple-
mentary Figure S8). We also generated a MEF cell line sta-
bly expressing the Traffic Light Reporter (TLR), and eval-
uated changes in HR and NHEJ utilization upon treat-
ment with a DNA-PK inhibitor (25). We observed high
concordance between the fluorescent TLR readouts and
PathSig-dPCR for HR and NHEJ (Supplementary Figure
S9). PathSig-dPCR additionally demonstrated increased
prevalence of TMEJ repair upon DNA-PK inhibition in
this TLR-labeled cell population. Thus, PathSig-dPCR is
highly concordant with fluorescence DSB reporter assays,
and allows for parallel quantification of all three major DSB
repair pathways in unlabeled cell populations.

Kinetics of DNA repair in response to Cas9 induced DSB

NHEJ is a rapid repair process, and HR is known to be rel-
atively slower (41,42). While MMEJ/TMEJ has previously
been shown to be slower than NHEJ (8), its kinetics relative
to HR remain unknown. We implemented PathSig-dPCR
in WT, Ku70−/− and Polq−/- MEFs to measure kinetics
of NHEJ, HR, and TMEJ at a site-specific chromosomal
DSB. Cells were transfected with a pre-assembled RNP-
sgRosa26 complex (with or without HRD-500) to rapidly
and synchronously induce DSBs, and Pathsig-dPCR used
to monitor the accumulation of NHEJ, HR, and TMEJ re-
pair products over time. In WT and Polq−/- cells, NHEJ
repair products were rapidly detected as early as 1 hour
post-transfection and peaked by 6 hours, with a time to
50% of maximum (t1/2) ∼ 2 hours (Figure 6A). In contrast,
HR and TMEJ repair in WT cells had slower kinetics, with
t1/2 ∼ 8 hrs for both (Figure 6B, C). DSB repair outcomes
were substantially altered in Ku70−/− cells. HR-mediated
repair was 3-fold more abundant and accumulated slightly
more rapidly (t1/2 ∼ 7 h) than in WT cells (Figure 6B).
Similarly, TMEJ was ∼80% more abundant with t1/2 ∼
7 h (Figure 6C). As anticipated, NHEJ repair remained
undetectable throughout the time course in Ku70−/− cells
(Figure 6A). Polq−/- cells shared similar kinetics of NHEJ
and HR repair, while HR repair in Polq−/- cells was ∼1.7
times more than in WT cells. As expected, TMEJ-like prod-
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Figure 5. Inhibition DNA-PK alters DSB repair pathway utilization. (A-C) Evaluation of (A) NHEJ-Ins +1bp, (B) HR (HRD-500), and (C) TMEJ-del
95bp signature repair products after increasing doses of DNA-PKi in WT MEF cells. (D–F) ES cells (TC1) were transfected with Cas9-RNP targeting
the Rosa26 locus and a homologous donor (HRD-500), followed by PathSig-dPCR assays for (D) NHEJ-Ins +1 bp, (E) HR repair (HRD-500), and (F)
TMEJ-del 23 bp. Mean ± SEM are shown. Statistical significance was assessed by two-tailed t-tests. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P
< 0.0001.

Figure 6. Kinetics of DSB repair in WT, Ku70−/− and Polq−/− cells. WT, Ku70−/− and Polq−/- MEFs were transfected with Cas9 ribonucleoprotein
(Cas9-RNP) targeting the Rosa26 locus and a homologous donor (HRD-500). Cells were collected and extracted for genomic DNA at 1, 2, 4, 6, 8, 12, 24
and 48 h, and PathSig-dPCR assays were performed to detect NHEJ-ins +1 bp (A), HR repair (B), and TMEJ-del 23 bp (C). Error bars indicate ± SEM.

ucts were reduced in Polq−/− cells. Thus, implementation
of PathSig-dPCR reveals that TMEJ exhibits comparable
kinetics to HR––despite potentially requiring less exten-
sive end resection––and both pathways are antagonized by
Ku70.

DISCUSSION

Accurate measurement of repair outcomes at Cas9-targeted
DSBs is critical for investigating DSB repair mechanisms
and for optimizing genome engineering. The methods de-
scribed herein––ScarMapper and PathSig-dPCR––enable
comprehensive and quantitative evaluation of HR, NHEJ,

and TMEJ repair outcomes at any Cas9-targeted site in
cellular models, and further provides validated primers for
such analyses in mouse cell lines. The versatility of these as-
say platforms for any chromosomal locus of interest will en-
able the evaluation of DSB repair pathway choice in diverse
experimental settings, including in primary cell models.

ScarMapper is a Python-encoded pipeline that facilitates
scalable and automated classification of DSB repair out-
comes, and represents a significant improvement over previ-
ously available algorithms (16,18,19). ScarMapper uses an
iterative 10-mer matching algorithm for break site-specific
alignment to precisely identify deletions, insertions, and mi-
crohomology usage for each of the sequenced repair prod-
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ucts. An important advantage of ScarMapper is its abil-
ity to classify complex repair products that contain both
inserted and deleted nucleotides more consistently than
alignment-based algorithms (16,18). Graphical visualiza-
tion of ScarMapper’s tabular output reveals how the spectra
of repair products is differentially affected by deficiency in
Ku70 or Polq, thus defining the dependency of these prod-
ucts on NHEJ versus TMEJ. ScarMapper can also be used
for quantification of Pol � dependence of any specific re-
pair product, which may facilitate more systematic charac-
terization of TMEJ repair at any locus of interest. Thus,
ScarMapper enables comprehensive and automated anal-
yses of chromosomal DSB repair outcomes using amplicon
NGS.

A drawback of amplicon NGS for quantifying repair
outcomes is its limit to quantifying relative levels of dif-
ferent classes of amplifiable products, without considera-
tion of sample-dependent variation in the ability to amplify
the locus (i.e. due to persistent breakage, or deletion of the
binding sites for amplifying primers). PathSig-dPCR over-
comes this barrier by enabling absolute quantification of
specific repair products of interest relative to a distal ge-
nomic reference site. By designing allele-specific assays for
specific ‘signature’ products identified using ScarMapper
we illustrate how PathSig-dPCR can be used to robustly
measure NHEJ, HR, and TMEJ repair efficiency in diverse
experimental settings, such as upon manipulation of DSB
end resection pathways. Unlike reporter-based repair as-
says, PathSig-dPCR can be applied to any unlabeled cell
type, including primary or immortalized cells from trans-
genic mouse strains of interest.

Prior studies have demonstrated the utility of dPCR to
probe kinetics of breakage, resection, and repair after the
introduction of a targeted DSB by Cas9 (8,43). Here we
extend such analysis to include ‘signature product’-based
assessments of the relative contribution of the three dif-
ferent major DSB repair pathways, using genetic models
and Scarmapper analysis of amplicon sequencing to rigor-
ously validate the specificity of these signature products. We
illustrate how PathSig-dPCR assays can be implemented
in a cost- and labor-efficient manner, revealing extremely
rapid kinetics of NHEJ repair––detectable within 30 min-
utes and largely completed by 6 h post-transfection. In
contrast, TMEJ and HR exhibit slower kinetics, and sat-
urate by about 24 h. Ku70 deficiency increases both the fre-
quency and kinetics of HR and TMEJ repair. We anticipate
PathSig-dPCR will facilitate further investigation of mech-
anisms that regulate the choice between NHEJ, HR, and
TMEJ pathways, as well as their respective kinetics of re-
pair.

ScarMapper and PathSig-dPCR are complementary as-
says and can be adapted to measure DSB repair pathway
utilization at any chromosomal locus that can be targeted
by Cas9. ScarMapper analysis of amplicon NGS charac-
terizes the full spectrum of HR and end-joining repair that
arises after Cas9-mediated cleavage, with automated repair
product classification according to deletion, insertion, and
MH size. PathSig-dPCR provides the complementary abil-
ity to absolutely quantify specific repair outcomes of inter-
est, without requiring pathway-specific reporter constructs.
The combination of these highly tractable assays will facili-

tate future studies of DSB repair pathway choice and opti-
mization of Cas9-mediated genome engineering.

DATA AVAILABILITY

Further information and requests for resources and
reagents should be directed to and will be ful-
filled by the Lead Contact, Gaorav Gupta (gao-
rav gupta@med.unc.edu). The ScarMapper pipeline is
publicly available through GitHub (https://github.com/
Gaorav-Gupta-Lab/ScarMapper.git). Next-generation
sequencing data will be made available in the Sequence
Read Archive (SRR13044016). Data analysis files for
each figure will be made available through MendeleyData
(https://data.mendeley.com/datasets/3nw4bztjns/1). All
unique/stable reagents generated in this study are avail-
able from the Lead Contact with a completed Materials
Transfer Agreement.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to Gupta and Ramsden laboratory members
for helpful discussions and feedback. We thank Dr Jeremy
Stark for providing the MEF WT DRGFPhyg cell line.

FUNDING

National Institutes of Health [CA222092, CA247773,
D.A.R. and G.P.G.]; Department of Defense Breast Can-
cer Research Program [W81XWH-18-1-0047, G.P.G. and
D.A.R.]; G.P.G. holds a Career Award for Medical Sci-
entists from the Burroughs Wellcome Fund; UNC Core
labs (Flow Cytometry Core Facility and High Through-
put Sequencing Facility) used in this study are supported in
part by P30 CA016086 Cancer Center Core Support Grant
to the UNC Lineberger Comprehensive Cancer Center; in
part by the North Carolina Biotech Center Institutional
Support Grant [2012-IDG-1006]. Funding for open access
charge: NCI/NIH [CA222092].
Conflict of interest statement. None declared.

REFERENCES
1. Jackson,S.P. and Bartek,J. (2009) The DNA-damage response in

human biology and disease. Nature, 461, 1071–1078.
2. Yeh,C.D., Richardson,C.D. and Corn,J.E. (2019) Advances in

genome editing through control of DNA repair pathways. Nat. Cell
Biol., 21, 1468–1478.

3. Scully,R., Panday,A., Elango,R. and Willis,N.A. (2019) DNA
double-strand break repair-pathway choice in somatic mammalian
cells. Nat. Rev. Mol. Cell Biol., 20, 698–714.

4. Sfeir,A. and Symington,L.S. (2015) Microhomology-mediated end
joining: a back-up survival mechanism or dedicated pathway? Trends
Biochem. Sci., 40, 701–714.

5. Yousefzadeh,M.J., Wyatt,D.W., Takata,K., Mu,Y., Hensley,S.C.,
Tomida,J., Bylund,G.O., Doublie,S., Johansson,E., Ramsden,D.A.
et al. (2014) Mechanism of suppression of chromosomal instability by
DNA polymerase POLQ. PLos Genet., 10, e1004654.

6. Wyatt,D.W., Feng,W., Conlin,M.P., Yousefzadeh,M.J., Roberts,S.A.,
Mieczkowski,P., Wood,R.D., Gupta,G.P. and Ramsden,D.A. (2016)
Essential roles for polymerase theta-mediated end joining in the
repair of chromosome breaks. Mol. Cell, 63, 662–673.

https://github.com/Gaorav-Gupta-Lab/ScarMapper.git
https://data.mendeley.com/datasets/3nw4bztjns/1
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab299#supplementary-data


Nucleic Acids Research, 2021, Vol. 49, No. 9 5105

7. Weinstock,D.M., Nakanishi,K., Helgadottir,H.R. and Jasin,M.
(2006) Assaying double-strand break repair pathway choice in
mammalian cells using a targeted endonuclease or the RAG
recombinase. Methods Enzymol., 409, 524–540.

8. Brinkman,E.K., Chen,T., de Haas,M., Holland,H.A., Akhtar,W. and
van Steensel,B. (2018) Kinetics and fidelity of the repair of
Cas9-induced double-strand DNA breaks. Mol. Cell, 70, 801–813.

9. Stark,J.M., Pierce,A.J., Oh,J., Pastink,A. and Jasin,M. (2004) Genetic
steps of mammalian homologous repair with distinct mutagenic
consequences. Mol. Cell. Biol., 24, 9305–9316.

10. Mansour,W.Y., Schumacher,S., Rosskopf,R., Rhein,T.,
Schmidt-Petersen,F., Gatzemeier,F., Haag,F., Borgmann,K.,
Willers,H. and Dahm-Daphi,J. (2008) Hierarchy of nonhomologous
end-joining, single-strand annealing and gene conversion at
site-directed DNA double-strand breaks. Nucleic Acids Res., 36,
4088–4098.

11. Bindra,R.S., Goglia,A.G., Jasin,M. and Powell,S.N. (2013)
Development of an assay to measure mutagenic non-homologous
end-joining repair activity in mammalian cells. Nucleic Acids Res., 41,
e115.

12. Kostyrko,K. and Mermod,N. (2016) Assays for DNA double-strand
break repair by microhomology-based end-joining repair
mechanisms. Nucleic Acids Res., 44, e56.

13. Seluanov,A., Mittelman,D., Pereira-Smith,O.M., Wilson,J.H. and
Gorbunova,V. (2004) DNA end joining becomes less efficient and
more error-prone during cellular senescence. Proc. Natl. Acad. Sci.
U.S.A., 101, 7624–7629.

14. Certo,M.T., Ryu,B.Y., Annis,J.E., Garibov,M., Jarjour,J.,
Rawlings,D.J. and Scharenberg,A.M. (2011) Tracking genome
engineering outcome at individual DNA breakpoints. Nat. Methods,
8, 671–676.

15. Kass,E.M., Lim,P.X., Helgadottir,H.R., Moynahan,M.E. and
Jasin,M. (2016) Robust homology-directed repair within mouse
mammary tissue is not specifically affected by Brca2 mutation. Nat.
Commun., 7, 13241.

16. Clement,K., Rees,H., Canver,M.C., Gehrke,J.M., Farouni,R.,
Hsu,J.Y., Cole,M.A., Liu,D.R., Joung,J.K., Bauer,D.E. et al. (2019)
CRISPResso2 provides accurate and rapid genome editing sequence
analysis. Nat. Biotechnol., 37, 224–226.

17. Pinello,L., Canver,M.C., Hoban,M.D., Orkin,S.H., Kohn,D.B.,
Bauer,D.E. and Yuan,G.C. (2016) Analyzing CRISPR
genome-editing experiments with CRISPResso. Nat. Biotechnol., 34,
695–697.

18. Brown,A.J., Al-Soodani,A.T., Saul,M., Her,S., Garcia,J.C.,
Ramsden,D.A., Her,C. and Roberts,S.A. (2018) High-throughput
analysis of DNA break-induced chromosome rearrangements by
amplicon sequencing. Methods Enzymol., 601, 111–144.

19. Taheri-Ghahfarokhi,A., Taylor,B.J.M., Nitsch,R., Lundin,A.,
Cavallo,A.L., Madeyski-Bengtson,K., Karlsson,F., Clausen,M.,
Hicks,R., Mayr,L.M. et al. (2018) Decoding non-random mutational
signatures at Cas9 targeted sites. Nucleic Acids Res., 46, 8417–8434.

20. Chakrabarti,A.M., Henser-Brownhill,T., Monserrat,J., Poetsch,A.R.,
Luscombe,N.M. and Scaffidi,P. (2019) Target-specific precision of
CRISPR-mediated genome editing. Mol. Cell, 73, 699–713.

21. Allen,F., Crepaldi,L., Alsinet,C., Strong,A.J., Kleshchevnikov,V., De
Angeli,P., Palenikova,P., Khodak,A., Kiselev,V., Kosicki,M. et al.
(2018) Predicting the mutations generated by repair of Cas9-induced
double-strand breaks. Nat. Biotechnol., 37, 64–72.

22. Shen,M.W., Arbab,M., Hsu,J.Y., Worstell,D., Culbertson,S.J.,
Krabbe,O., Cassa,C.A., Liu,D.R., Gifford,D.K. and Sherwood,R.I.
(2018) Predictable and precise template-free CRISPR editing of
pathogenic variants. Nature, 563, 646–651.

23. Feng,W., Simpson,D.A., Carvajal-Garcia,J., Price,B.A., Kumar,R.J.,
Mose,L.E., Wood,R.D., Rashid,N., Purvis,J.E., Parker,J.S. et al.
(2019) Genetic determinants of cellular addiction to DNA
polymerase theta. Nat. Commun., 10, 4286.

24. Bunting,S.F., Callen,E., Wong,N., Chen,H.T., Polato,F., Gunn,A.,
Bothmer,A., Feldhahn,N., Fernandez-Capetillo,O., Cao,L. et al.
(2010) 53BP1 inhibits homologous recombination in Brca1-deficient
cells by blocking resection of DNA breaks. Cell, 141, 243–254.

25. Kuhar,R., Gwiazda,K.S., Humbert,O., Mandt,T., Pangallo,J.,
Brault,M., Khan,I., Maizels,N., Rawlings,D.J., Scharenberg,A.M.
et al. (2014) Novel fluorescent genome editing reporters for

monitoring DNA repair pathway utilization at endonuclease-induced
breaks. Nucleic. Acids Res., 42, e4.

26. Carvajal-Garcia,J., Cho,J.E., Carvajal-Garcia,P., Feng,W.,
Wood,R.D., Sekelsky,J., Gupta,G.P., Roberts,S.A. and Rasden,D.A.
(2020) Mechanistic basis for microhomology identification and
genome scarring by polymerase theta. Proc. Natl. Acad. Sci. U.S.A.,
117, 8476–8485.

27. Kumar,R.J., Chao,H.X., Simpson,D.A., Feng,W., Cha,M.-G.,
Roberts,V.R., Sullivan,A.R., Shah,S.J., Wozny,A.-S., Fagan-Solis,K.
et al. (2020) Dual inhibition of DNA-PK and DNA polymerase theta
overcomes radiation resistance induced by p53 deficiency. NAR
Cancer, 2, zcaa038.

28. Kim,J.H., Grosbart,M., Anand,R., Wyman,C., Cejka,P. and
Petrini,J.H.J. (2017) The Mre11-Nbs1 interface is essential for
viability and tumor suppression. Cell Rep., 18, 496–507.

29. Chen,W., McKenna,A., Schreiber,J., Haeussler,M., Yin,Y.,
Agarwal,V., Noble,W.S. and Shendure,J. (2019) Massively parallel
profiling and predictive modeling of the outcomes of
CRISPR/Cas9-mediated double-strand break repair. Nucleic Acids
Res., 47, 7989–8003.

30. Fattah,F., Lee,E.H., Weisensel,N., Wang,Y., Lichter,N. and
Hendrickson,E.A. (2010) Ku regulates the non-homologous end
joining pathway choice of DNA double-strand break repair in human
somatic cells. PLos Genet., 6, e1000855.

31. Xu,G., Chapman,J.R., Brandsma,I., Yuan,J., Mistrik,M.,
Bouwman,P., Bartkova,J., Gogola,E., Warmerdam,D., Barazas,M.
et al. (2015) REV7 counteracts DNA double-strand break resection
and affects PARP inhibition. Nature, 521, 541–544.

32. Symington,L.S. (2014) End resection at double-strand breaks:
mechanism and regulation. Cold Spring Harb. Perspect. Biol., 6,
a016436.

33. Symington,L.S. and Gautier,J. (2011) Double-strand break end
resection and repair pathway choice. Annu. Rev. Genet., 45, 247–271.

34. Anand,R., Ranjha,L., Cannavo,E. and Cejka,P. (2016)
Phosphorylated CtIP functions as a co-factor of the
MRE11-RAD50-NBS1 endonuclease in DNA end resection. Mol.
Cell, 64, 940–950.

35. Shibata,A., Moiani,D., Arvai,A.S., Perry,J., Harding,S.M.,
Genois,M.M., Maity,R., van Rossum-Fikkert,S., Kertokalio,A.,
Romoli,F. et al. (2014) DNA double-strand break repair pathway
choice is directed by distinct MRE11 nuclease activities. Mol. Cell,
53, 7–18.

36. Stracker,T.H. and Petrini,J.H. (2011) The MRE11 complex: starting
from the ends. Nat. Rev. Mol. Cell Biol., 12, 90–103.

37. Gupta,G.P., Vanness,K., Barlas,A., Manova-Todorova,K.O.,
Wen,Y.H. and Petrini,J.H. (2013) The Mre11 complex suppresses
oncogene-driven breast tumorigenesis and metastasis. Mol. Cell, 52,
353–365.

38. Fagan-Solis,K.D., Simpson,D.A., Kumar,R.J., Martelotto,L.G.,
Mose,L.E., Rashid,N.U., Ho,A.Y., Powell,S.N., Wen,Y.H., Parker,J.S.
et al. (2020) A P53-independent DNA damage response suppresses
oncogenic proliferation and genome instability. Cell Rep., 30,
1385–1399.

39. Theunissen,J.W., Kaplan,M.I., Hunt,P.A., Williams,B.R.,
Ferguson,D.O., Alt,F.W. and Petrini,J.H. (2003) Checkpoint failure
and chromosomal instability without lymphomagenesis in
Mre11(ATLD1/ATLD1) mice. Mol. Cell, 12, 1511–1523.

40. Callen,E., Jankovic,M., Wong,N., Zha,S., Chen,H.T.,
Difilippantonio,S., Di Virgilio,M., Heidkamp,G., Alt,F.W.,
Nussenzweig,A. et al. (2009) Essential role for DNA-PKcs in DNA
double-strand break repair and apoptosis in ATM-deficient
lymphocytes. Mol. Cell, 34, 285–297.

41. Mao,Z., Bozzella,M., Seluanov,A. and Gorbunova,V. (2008)
Comparison of nonhomologous end joining and homologous
recombination in human cells. DNA Repair (Amst.), 7, 1765–1771.

42. Lundin,C., Erixon,K., Arnaudeau,C., Schultz,N., Jenssen,D.,
Meuth,M. and Helleday,T. (2002) Different roles for nonhomologous
end joining and homologous recombination following replication
arrest in mammalian cells. Mol. Cell. Biol., 22, 5869–5878.

43. Rose,J.C., Stephany,J.J., Valente,W.J., Trevillian,B.M., Dang,H.V.,
Bielas,J.H., Maly,D.J. and Fowler,D.M. (2017) Rapidly inducible
Cas9 and DSB-ddPCR to probe editing kinetics. Nat. Methods, 14,
891–896.


