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ABSTRACT

DNA double-strand breaks (DSBs) are highly cyto-
toxic lesions that can lead to chromosome rear-
rangements, genomic instability and cell death. Con-
sequently, cells have evolved multiple mechanisms
to efficiently repair DSBs to preserve genomic in-
tegrity. We have developed a DSB repair assay sys-
tem, desighated CDDR (CRISPR-Cas9-based Dual-
fluorescent DSB Repair), that enables the detection
and quantification of DSB repair outcomes in mam-
malian cells with high precision. CDDR is based
on the introduction and subsequent resolution of
one or two DSB(s) in an intrachromosomal fluores-
cent reporter following the expression of Cas9 and
sgRNAs targeting the reporter. CDDR can discrimi-
nate between high-fidelity (HF) and error-prone non-
homologous end-joining (NHEJ), as well as between
proximal and distal NHEJ repair. Furthermore, CDDR
can detect homology-directed repair (HDR) with high
sensitivity. Using CDDR, we found HF-NHEJ to be
strictly dependent on DNA Ligase IV, XRCC4 and XLF,
members of the canonical branch of NHEJ pathway
(c-NHEJ). Loss of these genes also stimulated HDR,
and promoted error-prone distal end-joining. Dele-
tion of the DNA repair kinase ATM, on the other hand,
stimulated HF-NHEJ and suppressed HDR. These
findings demonstrate the utility of CDDR in charac-
terizing the effect of repair factors and in elucidat-
ing the balance between competing DSB repair path-
ways.

INTRODUCTION

DNA double-strand breaks (DSBs) are the most deleteri-
ous form of DNA damage and can lead to chromosomal
translocations, genomic instability and cell death. Many
of the currently available anti-cancer therapies including
radiotherapy, topoisomerase inhibitors and replication in-
hibitors, rely on their ability to induce DSBs to effectively
eliminate cancer cells. Thus, elucidating the mechanisms un-
derlying DSB repair not only enhances our understanding
of cancer ectiology and the factors that affect the sensitiv-
ity of tumors to radio- and chemotherapies, but also helps
identify novel molecular targets for therapeutic interven-
tion.

Cells have evolved highly conserved mechanisms and
distinct pathways to resolve DSBs. In mammalian cells,
DSBs are predominantly repaired by non-homologous end-
joining (NHEJ) and homology-directed repair (HDR).
HDR faithfully repairs DSBs using extensive sequence
homology between a pair of homologous duplex DNA
molecules (1,2). This restricts HDR activity to cells encoun-
tering DSBs in S and G2 phases of the cell cycle, when
a sister chromatid is available for templated repair. By
contrast, NHEJ operates throughout the cell cycle and
is generally considered to be error-prone, often resulting
in small insertions and deletions (indels) (2,3). Repair of
DSBs via NHEJ encompasses two major sub-pathways:
canonical/classical NHEJ (¢cNHEJ), and non-canonical, al-
ternative end-joining (alt-EJ). The c-NHEJ repair branch
is dependent on the activity of the DNA-PK holoenzyme,
among other DSB repair proteins including DNA Ligase
IV, XRCC4 and XLF. This repair pathway involves minimal
end-processing to ligate DSBs in a manner that is largely
independent of sequence homology (2,3). Alt-EJ, on the
other hand, functions in the absence of cNHEJ proteins
and requires 5 to 3’ end-resection, mediated by the MRN
complex (MRE11, RADS50 and NBS1) and CtIP. Other re-
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pair factors implicated in alt-EJ include PARP1 and DNA
Ligase 1 or III (1,2). Alt-EJ often involves a synthesis-
dependent mechanism that requires the activity of DNA
polymerase theta (Pol 6; also known as POLQ), and is di-
rected by short tracts of sequence homology (microhomol-
ogy or MH) flanking the DSBs to repair broken ends, re-
sulting in MH-flanked larger deletions or templated inser-
tions (1,2). As such, this type of alt-EJ repair has generally
been referred to as microhomology-mediated end-joining
(MME)) or theta-mediated end-joining (TMEJ) (1,2).

Several cell-based reporter assays have been developed
to measure DSB repair activity in mammalian cells, and
these have proven valuable in ascertaining the role of some
DNA repair proteins in a number of mechanistically dis-
tinct repair pathways (4-30). Initial assays were based on
the capacity of a cell or cell extracts to rejoin the ends
of linearized plasmids, followed by quantitative measure-
ment of the repaired plasmids by PCR or by flow cy-
tometry if the plasmid circularization generates a cDNA
coding for a fluorescent protein (4,5). These assays have
been supplanted by chromosomally-integrated reporter sys-
tems that recapitulate genomic features that are lacking in
plasmid-based assays (e.g. nucleosome packaging, epige-
netic modifications, etc.) (6-30). The majority of these intra-
chromosomal reporter assays are based on the introduction
of DSBs through the expression of an endonuclease (e.g. I-
Scel or Cas9) targeting specific sites within the reporter (6—
30). These reporters typically encode a fluorescent protein
that is either disrupted or repaired following the induction
of a single or two DSB(s) at an integrated I-Scel recognition
sequence, or at a site complementary to a single guide RNA
(sgRNA) that guides Cas9 to the target sequence. Follow-
ing the expression of I-Scel or Cas9/sgRNA, various DSB
repair activities can be quantitatively measured through the
gain or loss of fluorescent signals by flow cytometry. These
repair activities, however, are often measured at low fre-
quencies, in part due to poor transfection or endonucle-
ase cutting efficiencies, and/or suboptimal reporter designs.
Further limitations include variability in transfection effi-
ciency and the requirement for normalization with addi-
tional control plasmids. These limitations impede the ac-
curate assessment of the role of certain proteins in resolv-
ing DSBs, and the impact of particular treatments (e.g. si-
RNA transfection or pharmacological inhibition) on DSB
repair. Importantly, the majority of I-Scel- and Cas9-based
assays exhibit significant bias towards mutagenic repair be-
cause the faithful repair of targeted DSBs regenerates the
endonuclease recognition site, rendering it susceptible to
multiple cleavage-repair cycles (15,17,26,31). Furthermore,
most DSB repair reporters have been established in few cell
lines and require significant effort for clonal amplification
and validation, limiting their use by the broader research
community.

In this study, we sought to develop a reporter assay sys-
tem for detecting and measuring DSB repair activity that
overcomes several of the limitations described above, and
further enables the examination of the role of DSB repair
proteins or the impact of certain treatments on DSB re-
pair with higher precision and sensitivity. Our novel DSB
repair assay system reports on the repair of Cas9-induced
DSBs with high efficiency and reproducibility, and without
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the need for normalization steps. Using isogenic U20S cells
with deletions in key genes implicated in the repair of DSBs,
we demonstrate the utility of our reporter system in eluci-
dating the contribution of important repair proteins to the
fidelity of DSB repair by NHEJ, and the utilization of distal
versus proximal DSB ends in NHEJ, as well as the repair of
DSBs via HDR.

MATERIALS AND METHODS
Cell culture

Human osteosarcoma U20S cells and human embryonic
kidney HEK 293T cells were acquired from ATCC, and
maintained in high-glucose DMEM supplemented with
10% FBS and 1% penicillin/streptomycin (100 U/ml peni-
cillin, 100 mg/ml streptomycin). The cell lines were vali-
dated by short tandem repeat profiling (STR) and tested
negative for mycoplasma contamination using the Plas-
moTest mycoplasma detection kit (Invivogen).

Cell lysis and immunoblotting

For immunoblotting, cells were lysed using RIPA buffer
(50 mM Tris (pH 8.0), 150 mM NacCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS) supplemented with
1X Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific). Protein lysates were quantified via
Bradford Assay using Protein Assay Dye Reagent (Bio-
Rad) and bovine albumin for standard curve preparation.
Equal amounts of protein lysate were separated on 7-12%
polyacrylamide gels via electrophoresis and transferred to
nitrocellulose membranes (GE Life Sciences). Membranes
were blocked in 5% milk or 5% BSA for I h at room temper-
ature and probed with the following antibodies at a 1:1000
dilution unless indicated otherwise: ATM (Abcam, ab78),
LIG4 (Sigma Aldrich, HPA001334), Tubulin (Santa Cruz,
sc-53646), XLF (Bethyl Laboratories, A300-730A-M), and
XRCC4 (Santa Cruz, sc-271087). Membranes were incu-
bated with HRP-conjugated secondary anti-mouse or anti-
rabbit IgG (1:5000, DAKO, Cat #P0161 and P0448, respec-
tively) in 5% milk or 5% BSA for 1 h at room temperature.
HRP signals were detected by enhanced chemiluminescence
(ECL) reagent (Millipore).

Plasmid construction

The lenti-CDDR reporter construct was generated by
cloning the CDDR reporter into the pCW-Cas9 expression
vector (Addgene #50661). The puromycin resistance
gene was replaced with a blasticidin resistance gene
using standard subcloning with restriction endonucle-
ases and the following primer pairs: Blasticidin-Fwd:
5'-AAAAAGGATccttgegectttteccaagg-3’, and Blasticidin-
Rev: 5-aaaaaCCCGGGTTActgcagetgecaggecC-3'.  The
amino- and carboxyl-terminal halves of turbo GFP were
PCR-amplified using the following primers: tGFP-N-Fwd:
5-TCGCAACGGGTTTGCCGCCAGAACACAGGAG
CCACCATGGAGAGCGACGAGAGCG-3, tGFP-N-
Rev: 5Y-AGACTTCCTCTGCCCTCTCCAGACCCATC
CCACTGCAGCACGCCGCC-3, tGFP-C-Fwd: 5-ggacg
agctgtacaagtaaccctgaACGTGAGCTTCAGCTACCG-3,
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and tGFP-C-Rev: 5-aacccagggcetgecttggaaaaggegeaagT
TATTCTTCACCGGCATCTGCATCC-3'. The mCherry
cDNA was PCR-amplified using the following primers:
mCherry-Fwd: 5¥-GGCGGCGTGCTGCAgtgggatGGGT
CTGGAGAGGGCAGAGGAAGTCTGCTAAC-3" and
mCherry-Rev:  5-CTGAAGCTCACGTtcagggttacttgtac
agctegtecatgee-3'. The SpCas9 region of the pCW-Cas9
vector was replaced with N-terminal tGFP, mCherry, and
C-terminal tGFP fragments using Gibson Assembly (NEB
Cat. # E5510S). An sgRNA target site (sgRNA-A) and a
T2A self-cleaving peptide sequence were placed directly
upstream the mCherry cDNA, while a secondary sgRNA
target site (sgRNA-B) and multiple stop codons were posi-
tioned downstream of the mCherry cDNA. To generate the
BFP donor plasmid, we replaced the mCherry cDNA of the
CDDR reporter construct with BFP ¢cDNA, and removed
the PAM sequence from the sgRNA target sites. Gibson
Assembly was used to assemble the N-terminal tGFP,
BFP, and C-terminal tGFP fragments into the pcDNA3.1
expression vector (Invitrogen). The plasmids expressing
sgRNA-A (5-GGACGGCGGCGTGCTGCAGT-3),
sgRNA-B (5-GTAGCTGAAGCTCACGTTCA-3) or
both sgRNA-A and -B were derived from the pX330
Chimeric hSpCas9 expression vector (Addgene #42230).
A puromycin resistance gene was subcloned into the
pX330 backbone using standard cloning techniques. All
plasmids constructed in this study were verified by Sanger
sequencing (Eurofins) and have been deposited to Addgene.

Lentivirus production and cell line transduction

For lentivirus production, 1.8 wg of pMD2.G (Addgene
#12259), 3.2 pg of psPAX2 (Addgene #12260), and 9
pg of lenti-CDDR vector were co-transfected into 293T
cells using FUGENE-6 (Promega). Supernatants contain-
ing lentiviral particles were collected 48 h post-transfection.
Viral supernatant was filtered using a 0.20 pM filter, and
subsequently flash-frozen in liquid nitrogen and stored at
—80°C. U20S and 293T cells were transduced with lentivi-
ral supernatant supplemented with 10 pg/ml Polybrene for
24 h followed by selection in the presence of blasticidin (10
pg/ml) for 4 days. The lenti-CDDR reporter was trans-
duced at low multiplicity of infection (~0.2 MOI) to gener-
ate stable cell lines with a single copy of the chromosomally-
integrated reporter. Single cells were isolated by FACS sort-
ing for mCherry+ cells and subsequently amplified to gen-
erate individual clones of the U20S-CDDR and 293T-
CDDR cells. For experiments requiring multiple integrated
copies of the CDDR reporter, we steadily increased the
MOI to generate cell lines with multiple CDDR copies.

Generation of isogenic U20S-CDDR cells with individual
gene knockouts

To generate U20S-CDDR cells deleted of various DNA
repair genes, U20S-CDDR-Clone-1 cells were transiently
transfected with Cas9 and two single guide RNAs (sgR-
NAs) targeting the individual genes. U20S-CDDR-Clone-
1 cells were verified to contain a single copy of the
CDDR reporter on chromosome 19q13.31 (determined
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by whole genome sequencing; Genewiz). sgRNAs tar-
geting the various genes were designed using Benchling
and/or the UCSC genome browser CRISPR track. Pairs
of sgRNA were designed to target non-overlapping se-
quences within early exons of each gene, and cloned into
the pX330 expression vector (Addgene #42230) (Supple-
mentary Table S1). The following sgRNAs (sense strand)
were used: LIG4: sg-LIG4-1 5-CACAAACTTCACAAA
CTGTT-3, sg-LIG4-2 5'-GCAATGAGACTAATTCTTC
C-3; XRCC4: sg-XRCC4-1 5-AGTATAACTCATTTT
CTACA-3, sg-XRCC4-2 5-TTTGTTATTACACTTAC
TGA-3; XLF: sg-XLF-1 5-TGGGCGTGGCTACAG
CTTGC-3/, sg-XLF-2 5¥-TGAACAGGTGGACACTAGT
G-3; ATM: sg-ATM-1 5-TCAACTAGAACATGATA
GAG-3, sg-ATM-2 5-GATTCGAGATCCTGAAACA
A-3'. All sgRNA-containing pX330 plasmids were verified
by Sanger sequencing (Eurofins) using U6-specific primers.
U20S-CDDR-Clone-1 cells (and multicopy-CDDR U20S
cells in some instances) were co-transfected with 2.0 pg
of target sgRNAs along with 0.5 pwg pMSCVpuro vec-
tor (Clontech) containing a puromycin selectable marker.
Transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. 24
h post-transfection, cells were selected in the presence of
puromycin (2 pg/ml) for 48 h, after which single clones were
isolated via serial dilutions of the transfected pool in the
absence of puromycin. All the individual clonal lines were
determined to retain sensitivity to puromycin before use in
DSB repair assays.

Validation of gene deletion in U20S cells was confirmed
by genotyping and by immunoblotting. Briefly, cells
were lysed overnight at 55°C in lysis buffer (100 mM NacCl,
10 mM Tris—-HCI pH 8, 25 mM EDTA, and 0.5% SDS) sup-
plemented with 20 pg of proteinase K. DNA was isolated
from the lysed cells using phenol chloroform/isoamyl alco-
hol extraction. Genotyping was performed via PCR ampli-
fication of the targeted locus with primers flanking the two
predicted Cas9 cleavage sites followed by Sanger sequenc-
ing (Eurofins). The following primers were used to amplify
a 300-500 bp sequence spanning the two sgRNA target
sites: LIG4-F: 5-GGCCTTCCCTCAGAAGCTCA-3,
LIG4-R: 5-CTCCATGAGTTCCAGTGGGTG-3;
XRCC4-F: 5-GGTGTTTGTGTAGCTGAGAGGC-3,
XRCC4-R: 5-CCCTGAGGACTGAAGAATAGCAC-3;
XLF-F: 5- CCAGCATGACCCTGAGGCTC-3, XLF-R:
5-CCTTGGGAAACTACAGGCCAGC-3'. ATM-F:
5-ACAGACAGTGATGTGTGTTCTG-3, ATM-R:
5-GCCAAATTCATATGCAAGGCAT-3'. Immunoblot-
ting of the individual clonal knockout cell lines was further
used to confirm gene deletion. The regained sensitivity
of the individual clones to puromycin was confirmed by
treating the clones with puromycin (2 pg/ml) for 48 h, at
which time no survivors were observed.

DNA DSB repair assays

U20S or 293T cells containing single or multiple copies of
the CDDR reporter, and isogenic derivatives of individual
clones of U20S cells with single CDDR copies but with
deletion of the various repair genes were seeded at a density
of 7.0 x 10* cells per well in 24-well tissue culture plates.
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Cells were transfected with 0.5 wg of control vector without
sgRNA (pX330) or with 0.5 g of the Cas9-sgRNA vec-
tor (Cas9—sgRNA-A or Cas9-sgRNA-A+B) using Lipofec-
tamine 3000 (Invitrogen) according to the manufacturer’s
protocol. For HDR analysis, an additional 0.5 g of BFP
homology donor plasmid was transfected along with the
Cas9-sgRNA-A vector. 16 h post-transfection, cells were
transferred to 60 mm tissue culture plates and treated with
puromycin (2 pg/ml) for 48 h, at which time all of the con-
trol cells (transfected with pX330 vector only) died. For de-
termining the frequency of NHEJ and HDR events, cells
with DSBs introduced into the reporter were analyzed by
flow cytometry 5 days post-transfection with the Cas9-
sgRNA vector, with or without the BFP homology donor
plasmid. The cells were collected in 0.5 ml PBS and ana-
lyzed on the BD LSR Fortessa. FlowJo software was used to
determine the fraction of GFP, mCherry, or BFP positive or
negative cell populations. Where indicated, cell sorting was
performed on the BD Influx Cell Sorter.

Cell cycle analysis

For cell cycle analysis, U20S-CDDR cells with single or
multiple copies of the CDDR reporter were seeded at 80—
90% confluency in 10 cm tissue culture plates and trans-
fected with 3 g of control pcDNA3.1 vector (Invitrogen) or
with 3 pg of Cas9—sgRNA-A vectorand 1 pg of GFP vector
(Clontech) using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. Cells were harvested 24
h post-transfection for flow cytometry analysis. Cells were
fixed in 1% formaldehyde solution in PBS for 1 h and resus-
pended in 70% ethanol for 30 min. Cells were subsequently
stained in propidium iodide (PT) buffer (50 pg/ml PI (Sigma
Aldrich), 10 pg/ml DNase-free RNase A, and 0.05% NP40)
for an additional 30 min prior to FACS acquisition on the
BD LSRFortessa. FlowJo and ModFit software were used
to determine the percentage of the transfected, GFP+ cells
in each phase of the cell cycle.

Pharmacological inhibition

Where indicated, individual clones of U20S or 293T cells
with single copies of the CDDR reporter were treated with
the ATM kinase inhibitor KU-55933 (Tocris). KU-55933
was added 4 h post-transfection of the Cas9-sgRNA vector
and replenished the following day. KU-55933 was removed
48 h post-transfection.

Surveyor nuclease assays

Surveyor nuclease assays were performed according to the
manufacturer’s instructions (IDT Surveyor Mutation De-
tection Kit). The DSB sites within the integrated reporter
in transfected (cut) and non-transfected (reference) cells
were PCR-amplified using the following primers tGFP-
Fwd: 5-CTACCACTTCGGCACCTAC-3, and tGFP-
Rev: 5-CTTGAAGTGCATGTGGCTG-3'. PCR ampli-
cons from the transfected and non-transfected cells were
mixed in equal amounts and hybridized through denatura-
tion and reannealing to form hetero- and homo-duplexes.
Hybridized DNA (400 ng) was digested with Surveyor Nu-
clease (1 wl) in a 40 pl volume reaction supplemented with
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0.15 M MgCl, Solution (4 wl) and Surveyor Enhancer (1
wl) at 42°C for 60 min. As a negative control, PCR ampli-
cons from the non-transfected cells were treated with Sur-
veyor nuclease in parallel. Following digestion, stop solu-
tion was added to the reaction and the digestion products
were analyzed using agarose gel electrophoresis. The pres-
ence of cleaved DNA fragments is indicative of heterodu-
plex formation resulting from DNA mismatches (32).

End-utilization analysis

For end-utilization analysis, genomic DNA was extracted
from U20S-CDDR-Clone-1 cells (or isogenic derivatives
deleted of the indicated genes) following the induction of
two DSBs at the sgRNA-A and sgRNA-B targeted sites.
The cleaved and repaired locus was PCR-amplified using
the tGFP primers (listed above) that anneal to regions
flanking the mCherry cDNA sequence within the CDDR
reporter. This PCR vyielded two amplicons corresponding
to the amount of proximal- and distal- NHEJ. The percent-
age of distal end-utilization was calculated as the band in-
tensity derived from the distal EJ amplicon, divided by the
total band intensity (the sum of the band intensity of proxi-
mal and distal EJ amplicons). Band intensity was quantified
using Image Lab software (Bio-Rad).

Deep sequencing of DSB repair junctions

Genomic DNA from U20S- or 293T-CDDR cells was iso-
lated a minimum of 5 days following transfection with the
Cas9-sgRNA vector. PCR amplicons spanning the cleaved
and repaired end-joining junctions were generated using the
following primers tGFP-Fwd: 5-CTACCACTTCGGCAC
CTAC-3, and tGFP-Rev: 5-CTTGAAGTGCATGTGGC
TG-3'. Next-Generation Sequencing (NGS) libraries were
prepared using nested PCR as previously described (33),
with first-round primers consisting of universal Illumina se-
quences and a priming site designed to amplify a ~300 bp
region surrounding the predicted Cas9 cleavage sites, as well
as the fusion junction site formed via end-joining of the two
distal DSBs (Supplementary Table S2). To amplify the DSB
site that was cleaved in the presence of the BFP homology
donor plasmid, we designed first-round primers that com-
pletely anneal to both the mCherry and BFP ¢cDNA, which
is possible due to high sequence similarity among the two
c¢cDNA. The custom first-round forward primers include a
1-10 nt staggered region following the Illumina adapter se-
quence and preceding the primer binding site in order to in-
troduce sequencing diversity and improve sequencing qual-
ity. Second-round universal primers with unique barcodes
were used to amplify the first-round PCR product (Supple-
mentary Table S2). Qubit and qPCR measurements were
used to determine library quality and concentration prior to
the NGS run sctup. Paired-end sequencing was performed
on the MiSeq NGS Platform at the University of Virginia
Sequencing Core using the 500-cycle MiSeq Kit V2 (Illu-
mina); Read 1 = 250 cycles, Read 2 = 250 cycles, Index 1 =
8 cycles, Index 2 = 8 cycles. The high-throughput sequenc-
ing (HTS) raw data were deposited at the NCBI Sequence
Read Archive (SRA) database (PRINAG628028).
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Sequencing analysis of DSB repair junctions

Sequencing reads were trimmed and quality filtered using
Cutadapt v2 (34). Analysis of the indels at the predicted
Cas9 cleavage sites and fusion junction site was performed
using CRISPResso?2 to characterize the frequency and size
of insertions, deletions and substitutions (35).

Statistical analysis

For DNA repair quantification by flow cytometry and for
PCR end-utilization analysis, at least three independent ex-
periments were performed for each data set, and expressed
as the mean =+ standard deviation (s.d.). Statistical signifi-
cance was determined by two-tailed Student’s -test and P <
0.05 was considered significant. *P < 0.05, **P < 0.01,
*¥*¥%P < 0.001. For NGS analyses, statistical differences
among samples were determined using chi-squared test with
Yates’ continuity correction. Bonferroni correction was ap-
plied to all comparisons. For indel analyses, additional
stringency of >1.5-fold change was applied to determine
significance (P < 0.0001 and >1.5-fold change).

RESULTS

Construction and characterization of the CDDR DSB repair
reporter assay system

We sought to develop a non-biased assay system to mea-
sure the capacity of cells to repair DSBs with high ef-
ficiency in mammalian cells. To this end, we have engi-
neered a dual-fluorescent DSB repair assay based on the
introduction and subsequent repair of one or two DSB(s)
within a chromosomally-integrated fluorescent reporter fol-
lowing the expression of SpCas9 endonuclease and sin-
gle guide RNAs (sgRNAs) targeting the reporter. The
lentiviral reporter construct (Figure 1A), dubbed ‘CDDR’
for CRISPR-Cas9-based Dual-fluorescent DSB Repair,
constitutively expresses mCherry and contains a blasti-
cidin resistance gene for selection in mammalian cells. The
mCherry cDNA is flanked by two halves of TurboGFP
cDNA, with the N-terminal half (N-tGFP) in frame with
mCherry, but separated by a T2A self-cleaving peptide
coding sequence to ensure the generation of functional
mCherry (36). The T2A peptide coding sequence is pre-
ceded by a 20 nt sequence complementary to an sgRNA
(sgRNA-A) that guides the Cas9 to induce a DSB between
the N-tGFP and mCherry sequence. Multiple stop codons
were placed downstream of the mCherry cDNA, followed
by a 20 nt sequence complementary to a second sgRNA
(sgRNA-B) that guides the Cas9 to induce a second DSB
immediately upstream of the C-terminal half of TurboGFP
(C-tGFP). The CDDR reporter is designed such that a sin-
gle DSB is introduced at the sgRINA-A target site following
the transient transfection of cells with a plasmid express-
ing both Cas9 and sgRNA-A (Figure 1A). Alternatively,
two DSBs are introduced at both the sgRNA-A and -B tar-
get sites by transiently transfecting cells containing the re-
porter with a plasmid expressing Cas9 and both sgRNA-A
and -B (Figure 1A). The Cas9-expressing plasmids contain
a puromycin resistance gene for the selection of transfected
cells, thus ensuring that downstream analyses will exclude
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cells that do not express Cas9/sgRNA(s), and further obvi-
ating the need for normalization of transfection efficiency.

The repair of a single DSB at the sgRNA-A target site
may proceed through high-fidelity NHEJ (HF-NHEJ) or
HDR, causing cells to retain mCherry expression (Fig-
ure 1B and C). By contrast, error-prone, mutagenic NHEJ
(Mut-NHEJ), results in the loss of mCherry expression
following disruption of the mCherry open-reading frame
(ORF) (Figure 1B and C). However, due to reiterative cut-
ting by the Cas9 nuclease following the repair of single
DSBs by HF-NHEJ, few cells undergoing mutagenic NHEJ
repair will contain small in-frame indels and, consequently,
will retain mCherry expression, limiting the ability to deter-
mine the fidelity of repair at these proximal EJ junctions
with high precision. Therefore, the appearance of some
mCherry+ cells following the reiterative induction of single
DSBs within the CDDR reporter may not represent ‘true’
proximal HF-NHEJ repair events, but instead represent re-
pair events that generate small in-frame indels mediated by
the cNHEJ pathway (discussed below).

The introduction of two synchronous DSBs at the
sgRNA-A and -B target sites within the CDDR reporter
overcomes the limitation of reiterative cutting, as the end-
joining between the two distal DSBs destroys both sgRNA
target sites and the protospacer adjacent motif (PAM)
sequences recognizable by Cas9 (Figure 1A). The pre-
cise (high-fidelity) end-joining of the two distal DSBs at
the predicted Cas9 cleavage sites results in the loss of
the entire mCherry fragment (~800 bp) and the fusion
of the separated TurboGFP halves, generating mCherry-
negative/ GFP-positive (mCherry-ve/GFP+) cells. In cells
containing a single copy of the CDDR reporter, this popula-
tion represents distal HF-NHEJ repair events (Supplemen-
tary Figure S1A). On the other hand, if repair at these two
distal ends proceeds through error-prone, mutagenic NHEJ,
this not only eliminates the mCherry coding sequence, but
will also generate indels that interfere with GFP expression,
resulting in mCherry-ve/GFP-ve cells, which we refer to as
Mut-NHEJ repair events. In both cases, repair by distal-
NHEJ is not subject to the multiple cleavage-repair cycles
associated with single DSBs (proximal-NHEJ). Thus, de-
pending on whether a single or two distal DSB(s) are in-
troduced within the reporter, it is possible to measure both
proximal- and distal-NHEJ, and to report on the fidelity of
NHEJ (HF- versus Mut-NHEJ).

To examine the functionality of the reporter system,
we first transduced human osteosarcoma U20S cells with
the CDDR lentiviral reporter at low multiplicity of infec-
tion (MOI) to ensure that a single CDDR copy is ran-
domly integrated into the cells (U20S-CDDR). To deter-
mine the efficiency of introducing a DSB at the individ-
ual sgRNA target sites within the integrated reporter, we
transiently transfected a pool of FACS-sorted mCherry+
U20S-CDDR cells with a plasmid co-expressing Cas9 and
either sgRNA-A or sgRNA-B. Following puromycin selec-
tion of the transfected cells (48 hours), we isolated DNA
and assessed the editing efficiency at these sites using Sur-
veyor nuclease assays (32). Briefly, we PCR-amplified the
sequences flanking the DSB sites within the integrated re-
porter in control U20S cells and in cells transfected with the
Cas9-sgRNA plasmid. PCR amplicons from the transfected
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in U20S- and 293T-CDDR cells following the induction of single DSBs within the CDDR reporter.
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and non-transfected cells were mixed in equal amounts
and hybridized through denaturation and reannealing to
form hetero- and homo-duplexes. The mixture of annealed
hetero- and homoduplexes was treated with Surveyor nu-
clease, which cleaves 3’ of mismatched sites (including base
substitutions and indels) in both DNA strands (32). As a
negative control, PCR amplicons from the non-transfected
cells were treated in parallel with Surveyor nuclease. Fol-
lowing treatment, the digestion products were analyzed us-
ing agarose gel electrophoresis. We observed cleaved DNA
fragments in the cells that were transfected with the Cas9-
sgRNA plasmid, which is indicative of heteroduplex for-
mation resulting from DNA mismatches (Supplementary
Figure S1B). This analysis showed an editing efficiency of
greater than 50% at both cleavage sites. Similar results were
obtained in 293T cells containing a single copy of the inte-
grated CDDR reporter (data not shown).

Using FACS sorting, we isolated and amplified individual
clones of mCherry+ U20S cells containing a single-copy of
the CDDR reporter for further analysis. Transient transfec-
tion of three individual clones of U20S-CDDR cells with
Cas9 and sgRNA-A resulted in the loss of mCherry signal
in approximately 85-90% of the cells in each of these clones,
indicating a strong tendency towards mutagenic repair (Fig-
ure 1C and D). A slightly lower percentage of mCherry-ve
cells (63-75%) was detected in individual clones of 293T
cells containing a single-copy of the CDDR reporter (Sup-
plementary Figure S1C and D). The bias towards muta-
genic repair in cells with single DSBs was not unexpected,
because accurate repair of these sites reconstitutes the target
sequence, resulting in the reiterative cleavage of the reporter
by the Cas9-sgRNA complex (17,26,31).

To confirm the results obtained by FACS, we performed
DNA deep sequencing of the PCR-amplified repair junc-
tions at the sgRNA-A target site, both in U20S and
293T cells, and analyzed the frequency of indels using
CRISPResso2 (35). This analysis revealed that almost all
of the repair junctions in the analyzed clones in U20S
contained indels upon Cas9/sgRNA expression (data not
shown), indicating, as described above, that the majority of
repaired single DSBs in mCherry+ cells do not represent
‘true’ HF-NHEJ repair events, but reflect cells with small in-
frame indels. Further analysis of the repair junctions indi-
cated that most of the resulting indels (~75-90%) were dele-
tions centered around the predicted Cas9 cleavage site (Fig-
ure 1E and F and Supplementary Figure SIE-G). Of these
deletions, the majority (~60-80%) were <20 nt in length.
(Figure 1G). The remaining indels were mainly small tem-
plated insertions, with over 80% consisting of a single nu-
cleotide (Figure 1H). The rate of substitutions in each sam-
ple was relatively low (<1.5%), and is largely attributable
to sequencing errors, given that substitutions were detected
at the same frequency in amplicons from cells that were
not transfected with Cas9/sgRNA, and also were not con-
fined to the predicted Cas9 cleavage site (Figure 1E and
data not shown). Notably, despite having identical sgRNA-
A target sites, the frequency and size distribution of indels at
the repaired DSBs varied among the individual clones ana-
lyzed, demonstrating that the genomic context within which
a given sequence is cleaved influences the repair outcomes
(Figure 1D, F-H and Supplementary Figure S1C).
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We also examined the frequency of in-frame indels ver-
sus indels resulting in frameshifts in U20S and 293T cells.
We found that 26-32% of the indels observed in U20S cells
were in-frame, which is approximating the value expected
if repair outcomes were to follow a normal distribution
(Supplementary Figure S2A). In 293T-CDDR cells surviv-
ing single DSBs, the frequency of in-frame mutations de-
creased from 30% in the unsorted pool to 16% in the sorted
mCherry-ve population (Supplementary Figure S2B). This
indicates that a sizeable percentage of the mCherry+ cells
in the unsorted pool contain in-frame indels that permit-
ted mCherry expression. Thus, in both 293T and U20S
cells, mCherry-positivity following the induction of single
DSBs largely represents cells with small in-frame indels.
On the other hand, mCherry-negativity is strictly associ-
ated with Mut-NHEJ, and sequencing analysis of the re-
pair junctions revealed a significant increase in modified
sequences in FACS-sorted mCherry-ve cells relative to un-
sorted cells (from 89% to 97%), which supports equating
mCherry-negativity with Mut-NHEJ (Supplementary Fig-
ure S2C). Moreover, with the exception of the appearance
of larger (>30 bp) deletions in the sorted mCherry-ve cells
relative to the unsorted cells, both the frequency and the
size distribution of insertions and deletions were similar in
these two cell population, indicating that sorting is gener-
ally not necessary for indel analysis (Supplementary Figure
S2D-F). These results also indicate that the loss of mCherry
signal is the result of targeted genomic editing, and not a
consequence of potential interference with mCherry tran-
scription.

To test whether DSB repair outcomes are affected by
the number of breaks induced within the cells, we gen-
erated U20S cells with increasing copy number of the
CDDR reporter by transducing the cells with increasing
titer of the CDDR lentivirus. Transient transfection of these
multicopy-CDDR U20S cells with the Cas9-sgRNA-A
plasmid resulted in a copy number-dependent decrease of
Mut-NHEJ with a corresponding increase in cells retaining
mCherry expression (Supplementary Figure S3A). These
results were confirmed in four independent clones of U20S
with multiple copies of the CDDR reporter (Supplementary
Figure S3B). Furthermore, deep sequencing of the repair
junctions in one of these multicopy-CDDR clones (Clone-
1) revealed that the size and distribution of indels were sim-
ilar to those observed in independent clones of single-copy
U20S-CDDR cells, with the exception of a slight increase
in the rate of insertions relative to deletions (Supplemen-
tary Figure S3C-F). The notable decrease in Mut-NHEJ
repair in cells containing multiple copies of the CDDR re-
porter may reflect enhanced repair via the HDR pathway,
with the multiple copies serving as templates for HDR or
may indicate a lack of Cas9 cleavage at the sgRNA-A tar-
get site within one or more copies of the CDDR reporter.
Alternatively, this could reflect an actual increase in repair
fidelity (HF-NHEJ or HDR), potentially through enhanced
checkpoint activation and/or activated DNA repair pro-
teins. Consistent with the latter possibility, we found that
DSB induction in U20S cells with multiple CDDR copies
resulted in a twofold increase in the percentage of cells with
G2/M DNA content compared to cells with a single copy
(Supplementary Figure S3G). This suggests that in cells
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with multiple DSBs, persistent unrepaired DNA damage
may lead to increased checkpoint activation, with more cells
arresting in G2 phase.

CDDR enables the accurate reporting of distal NHEJ repair
events in mammalian cells

To investigate the ability of the CDDR repair assay sys-
tem to measure the fidelity of NHEJ repair without the
mutagenic bias imposed by the reiterative cutting of sin-
gle DSBs, we transfected individual clones of U20S and
293T cells containing single copies of the CDDR reporter
with a plasmid expressing Cas9, and both sgRNA-A and
sgRNA-B. HF-NHEJ between the two distal DSBs is pre-
dicted to result in the loss of mCherry signal concurrent
with a gain of GFP expression (mCherry-ve/ GFP+) (Fig-
ure 2A and B). On the other hand, inaccurate repair (Mut-
NHEJ) of the DSBs will generate indels with the consequent
loss of mCherry signal but without gaining GFP expression
(mCherry-ve/GFP-ve) (Figure 2A and B). In practice, we
found that the induction of two DSBs within the CDDR
reporter in single-copy U20S-CDDR cells resulted in 18-
25% of the cells expressing GFP and losing mCherry expres-
sion, demonstrating repair by distal HF-NHEJ (Figure 2B
and C). The variability in the frequency of cells undergoing
distal HF-NHEJ among the individual clones of U20S cells
with different integration sites of the CDDR reporter sup-
ports the conclusion that the genomic context within which
a DSB is introduced, in addition to the immediate flank-
ing sequences, can influence repair outcomes (37-40). The
majority of cells (70-76%) were negative for both mCherry
and GFP expression (mCherry-ve/GFP-ve), representing
Mut-NHEJ repair of both proximal and distal end-joining
events (Figure 2D). The remaining 2-6% of the cells that
retained mCherry expression (mCherry+/GFP-ve) repre-
sent cells that were either repaired via proximal HF-NHEJ,
or those repaired via proximal NHEJ, but contained small
in-frame indels that do not interfere with mCherry expres-
sion (Supplementary Figure S4A). A slightly larger propor-
tion of single-copy 293T-CDDR cells (25-41%) underwent
distal HF-NHEJ (mCherry-ve/GFP+ cells) (Supplemen-
tary Figure S4B). The ~20-40% GFP-positivity observed
in U20S and 293T cells following repair of DSBs reveals
robust distal HF-NHEJ activity in mammalian cells, and
reflects only the cells in which the two DSBs are processed
simultaneously.

To further characterize the resulting repair products in
cells with two DSBs, we PCR-amplified the repair junc-
tions within the CDDR reporter using primers flanking
the mCherry cDNA (Supplementary Figure S4C). As pre-
dicted, this yielded two major bands on an agarose gel:
a slow-migrating band corresponding to the independent
repair of each DSB site (proximal NHEJ), and a fast-
migrating band corresponding to the end-joining of the two
distal DSBs (distal NHEJ) (Supplementary Figure S4D).
We performed nested PCR to amplify and barcode the re-
pair junctions at both sgRNA cleavage sites, as well as
the junctions generated by the fusion of the two distal
DSBs. Analysis of the proximally-ligated junctions at the
sgRNA-A target site revealed indel frequencies similar to
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those observed following the repair of a single DSB at this
site (Junction A) (Supplementary Figure S5A-D). How-
ever, unlike the indel distribution at the sgRNA-A tar-
get site, which consisted of primarily deletions (70-87%),
the sgRNA-B target site contained mostly 1-2 nt inser-
tions (67-79%; Junction B) (Supplementary Figure SSE-
H). Consequently, the sgRNA-B target site had a much
greater percentage of indels resulting in frameshifts com-
pared the sgRNA-A target site (Supplementary Figure S5B
and F). The striking contrast in indel distribution between
the two Cas9 cleavage sites was not unexpected given that
editing outcomes are dependent upon the DNA sequence
at the target site (37-40). Sequence analysis of the fusion
junctions (distal end-joining) indicated that approximately
70% of these junctions in U20S or 293T cells lacked in-
dels (other than the deletion of the mCherry sequence) (Fig-
ure 1E). Thus, in cells wherein the two distal DSBs were
ligated, roughly 70% of total distal end-joining is high-
fidelity (distal HF-NHEJ). Of the fusion junctions that were
repaired via Mut-NHEJ, the majority of indels (86-96%)
consisted of deletions that were mostly <20 nt in length,
with insertions being relatively infrequent (Supplementary
Figure S5I-L).

Enriching for GFP+ cells by FACS, followed by deep se-
quencing analysis of the distal repair junctions revealed an
anticipated decrease in indels, from 26% in the unsorted
pool, to less than 9% in GFP-sorted 293T cells (Supple-
mentary Figure S6A). The presence of a small proportion
of indels remaining in the sorted population was not a con-
sequence of small in-frame indels that permitted expression
of GFP (Supplementary Figure S6B), but likely reflects lim-
itations in sorting efficiency due to inherent variance within
FACS distributions that can only be reduced by numerous
rounds of sorting (41). Despite these limitations, the sig-
nificant reduction of indels in the population enriched for
GFP+ cells supports equating GFP positivity with high-
fidelity distal NHEJ events.

In a heterogenous pool or individual clones of U20S
cells containing multiple copies of the CDDR reporter,
we observed a larger population of GFP+/mCherry-ve
cells (40-62%) (Supplementary Figure S7A-C). An addi-
tional 7-14% of cells expressed both GFP and mCherry
(GFP+/mCherry+), and these represent cells in which at
least one set of DSBs is repaired by distal HF-NHEJ, with
mCherry expressed from another CDDR copy that is ei-
ther repaired via HDR, HF-NHEJ, or Mut-NHEJ but with
small in-frame indels that do not interfere with mCherry
expression (Supplementary Figure S7TA-C). The apparent
increase in GFP-positivity (distal HF-NHEJ) in cells with
multiple copies of the CDDR reporter may reflect the suf-
ficiency of a single HF-NHEJ event in a given cell to result
in GFP expression even if all other DSBs within the cell are
repaired via Mut-NHEJ, but may also be due to enhanced
checkpoint activation that favors HF-NHEJ or HDR repair
(Supplementary Figure S3G).

Overall, these findings demonstrate that the CDDR re-
porter has the ability to quantify NHEJ repair events that
occur at proximal or distal DSBs and can distinguish be-
tween HF- and Mut-NHEJ with high sensitivity and effi-
ciency, and without the need for normalization.
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Efficient and robust detection of HDR activity using the
CDDR reporter system in mammalian cells

To test whether the CDDR reporter could be used for de-
tecting HDR events, we designed a donor plasmid that
contains a promoter-less blue fluorescent protein (BFP)
coding sequence flanked by two homology arms to the
tGFP halves (~400 bp in length), but with deletions of the
PAM sequences at both sgRINA target sites to prevent their
cleavage by Cas9 after recombination (Figure 3A). Repair
of a single DSB within the reporter via HDR using the
donor plasmid as a homologous template is expected to re-
place the mCherry cDNA with BFP ¢cDNA (Figure 3B).
This will generate BFP+/mCherry-ve cells without sub-
jecting the recombined locus to further cutting by Cas9.
We co-transfected U20S- or 293T-CDDR cells with the
Cas9-sgRNA-A plasmid along with the BFP homology
donor plasmid described above. Following selection with
puromycin, we found that 8-10% of U20S cells and 1.5-
3% of 293T cells were BFP+/mCherry-ve (Figure 3B, C
and Supplementary Figure S8A). The reason for the lower
HDR activity in 293T compared to U20S cells is not en-
tirely clear, but may reflect certain genetic or epigenetic dif-
ferences between the two cell lines. No BFP+ cells were
detected when cells were transfected with only the BFP
donor plasmid (i.e. in the absence of Cas9/sgRNA; data not
shown), demonstrating that BFP production is a result of
HDR activity at the CDDR locus, and not due to random
integration of the BFP donor sequence within the genome.
This was further confirmed by deep sequencing of the
recombination site from BFP-sorted cells, which demon-
strated the precise replacement of the BFP cDNA (with the
deleted PAM sequence) in place of the mCherry cDNA se-
quence (data not shown). Therefore, BFP-positivity can be
used as a surrogate measurement of HDR activity in mam-
malian cells using the CDDR reporter system.

These HDR events (BFP positivity) are detected at a
higher frequency than those detected by other established
HDR reporters (10,13,14,16,23-25). Yet, they represent
only a fraction of the total HDR in these cells, since HDR
activity can also repair the DSB without recombination of
the entire BFP cDNA. In this scenario, the mCherry cDNA
is restored using short homologous sequences present on
the BFP donor template that are adjacent to the DSB site,
but will contain a 3 bp deletion of the PAM sequence (which
is only present on the BFP donor template). This is pos-
sible due to the high sequence similarity between the two
cDNA, which is not uncommon among fluorescent proteins
(42). Because the PAM sequence for SpCas9 is only three
nucleotides, its removal following HDR repair leaves the
mCherry cDNA sequence in-frame, resulting in mCherry+
cells. Consistently, we observed an increase in mCherry-
positivity in cells with single DSBs repaired in the presence
of the HDR donor plasmid than in cells repairing these
DSBs in the absence of the donor plasmid (Supplemen-
tary Figure S8B). This was further corroborated by deep
sequencing analysis of the repair junctions, revealing that
~40% of the sequencing reads that aligned to the CDDR
reporter (mCherry cDNA sequence) were lacking the 3 bp
PAM motif, but otherwise absent of indels (Supplementary
Figure S8D). In 293T cells, the frequency of sequencing
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reads deleted of the PAM motif (26%) was considerably less
than the 40% of reads observed in U20S cells (Supplemen-
tary Figure S8C). This is consistent with the smaller per-
centage of BFP-positivity in 293T cells detected via FACS,
and reflects reduced HDR activity in 293T relative to U20S
cells.

To determine whether NHEJ and HDR events can
be measured simultaneously without the complication of
reiterative cleavage events, we co-transfected single-copy
U20S-CDDR cells with the Cas9—sgRNA-A+B plasmid
and with increasing amounts of the BFP donor plasmid.
While the percentage of GFP+ cells remained relatively con-
stant (20-23%), the percentage of BFP+ cells rose steadily
with increasing amounts of BFP donor plasmid, as did the
percentage of mCherry+ cells (Figure 4A—C). This implies
that repair of DSBs through HDR is not necessarily at the
expense of HF-NHEJ. Rather, the increase in HDR activ-
ity was accompanied by reduced Mut-NHEJ (Supplemen-
tary Figure S9A). One interpretation for this observation is
that in the presence of homologous donor DNA, resected
DSB ends have a greater likelihood of being repaired via
HDR rather than mutagenic repair pathways (i.e. alt-EJ and
SSA). However, non-resected DSB ends remain committed
to repair via HF-NHEJ (predominantly through c-NHEJ)
irrespective of homologous donor template concentration.

Increasing the copy number of the CDDR reporter in
U20S cells also resulted in a copy number-dependent in-
crease in BFP+ cells, as well as an increase in cells retaining
mCherry expression or expressing both BFP and mCherry
(Figure 4D-I), and was accompanied by a decrease in Mut-
NHEJ (Supplementary Figure S9B). The increase in both
BFP and mCherry expression in cells with multiple copies of
the CDDR reporter could reflect the sufficiency of a single
recombination event in a given cell to result in BFP expres-
sion (or mCherry expression due to recombination only at
the proximal PAM sequence), and/or increased HDR activ-
ity due to enhanced checkpoint activation (Supplementary
Figure S3G). Collectively, these results show that HDR ac-
tivity can be enhanced in a dose-dependent manner, either
through increasing the CDDR copy number, or by increas-
ing the concentration of homologous donor plasmid. In ad-
dition, our findings demonstrate that the CDDR reporter
system can be used to measure the balance between multi-
ple competing DSB repair pathways in mammalian cells.

DNA Ligase 1V, XRCC4 and XLF are essential for HF-
NHEJ and suppress distal end-utilization

Using the CDDR reporter assay system, we sought to eval-
uate the contribution of key repair proteins to resolving
DSBs. We deleted several DSB repair genes using CRISPR-
Cas9 in U20S cells containing a single copy of the CDDR
reporter located in chromosome 19 at ql3.31 (U20S-
CDDR-Clone-1) (Supplementary Figure S10A). We first
examined genes involved in the repair of DSBs via the
canonical branch of NHEJ, including LIG4 (encoding
DNA Ligase IV), XRCC4, and XLF. These genes encode
core components of the cNHEJ pathway that mediate the
ligation of minimally processed DSB ends (2,3). The dele-
tion of these genes in multiple clones was achieved by tran-
siently transfecting U20S-CDDR-Clone-1 cells with plas-
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mids expressing Cas9 and two sgRNAs targeting early ex-
ons of each gene, and was confirmed by genotyping and im-
munoblotting (Figure SA and Supplementary Table S1).
We transfected control U20S-CDDR-Clone-1 or in-
dependent clonal derivatives of these cells (sg-L1G4, sg-
XRCC4, sg-XLF) with the Cas9-sgRNA-A plasmid, and
analyzed the repair of DSBs by flow cytometry. From this
analysis, we found that deletion of LIG4, XRCC4 or XLF
significantly increased the percentage of mCherry-ve cells
(Figure 5B). Although sequencing analysis indicates that
the majority of repair junctions contained indels in both
the control U20S-CDDR-Clone-1 cells and in the cNHEJ-
deficient cell lines as expected, we observed a significant in-
crease in deletions (particularly deletions > 30 nt), with a
corresponding decrease in the frequency of insertions (from
14% to <5%) in the cNHEJ-deficient cell lines, which is in-
dicative of elevated repair by mutagenic alt-EJ (Figure 5C
and D). Furthermore, although the total frequency of inser-
tions was reduced in the c-NHEJ-deficient cells, the fraction
of insertions >3 nt in this cell population increased signifi-
cantly relative to control parental cells (Figure SE), consis-
tent with previous reports (43). These findings indicate that
DNA Ligase IV, XRCC4 and XLF are not only necessary
for suppressing deletion mutagenesis, but also, and perhaps
surprisingly, for promoting small templated insertion mu-
tagenesis. Interestingly, the indels observed in cells deficient
of XRCC4 and XLF, but not of LIG4, were enriched for in-
frame indels (Supplementary Figure S10B). The majority of

these were 12 bp or larger (Supplementary Figure S10C),
which explains the increase in mCherry-negativity in these
cells (Figure 5B). Although we did not observe an increase
of in-frame indels in the LIG4-deficient cells, the deletions
in these cells were nonetheless significantly larger than those
observed in control parental cells (Figure 5D and Supple-
mentary Figure S10B and C). Because these larger deletions
are also enriched for microhomology use (data not shown),
we conclude that even in the context of reiterative cutting
at the proximal junctions within the CDDR reporter, a re-
duction in the mCherry+ cell population in cells deficient
in some DNA repair factors (as is the case here for L1G4,
XRCC4 and XLF) may be used as a quantitative measure
for the shunting of repair from c-NHEJ to alt-EJ.

We next analyzed the impact of LIG4, XRCC4 and XLF
on the repair of two distal DSBs following the expression
of Cas9 and sgRNA-A+B. Along with an increase in prox-
imal Mut-NHEJ, the deletion of any of these genes abol-
ished distal HF-NHEJ, with nearly all of the cells losing
mCherry expression (GFP-ve/mCherry-ve) (Figure 6A-D).
Notably, distal HF-NHEJ was not affected in sg-XLF-2
cells that retained residual XLF expression compared to the
parental U20S-CDDR-Clone-1 cells (Figure SA and data
not shown), highlighting the necessity of complete genetic
ablation, at least for some genes, to detect an impact on
the repair of DSBs. This also suggests that partial depletion
of some repair proteins (e.g. by siRNA or shRNA silenc-
ing) may be insufficient for revealing their role in DSB re-
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pair. The lack of GFP production in cells deleted of LIG4,
XRCC4 or XLF could result from increased mutagenic re-
pair, and/or a decrease in distal end-utilization. If proximal
end-joining of each DSB is favored over the ligation of the
two distal DSBs, this would inevitably lead to a reduction
in GFP signal. To investigate this possibility, we determined
the relative amount of distal end-utilization by PCR ampli-
fication of the repair junctions and measured the band in-
tensity of the PCR products representing either proximal
(slow-migrating band) or distal (fast-migrating band) end-
joining (Supplementary Figure S4C). This analysis showed

an increase in distal end-utilization from ~75% in control
cells to ~95% in cells deficient of LIG4, XRCC4 and XLF
(Figure 6E and F). Therefore, the absence of GFP signal
in these cells is not due to reduced end-utilization, but re-
flects enhanced mutagenic repair at the distal EJ junctions.
These results were corroborated by deep sequencing analy-
sis of the distal EJ junctions, which showed significantly el-
evated mutagenic repair, with indels increasing from ~40%
to nearly 100% in cells deleted of LIG4, XRCC4 or XLF
(Figure 6G). These indels, similar to those detected at proxi-
mal EJ junctions, were enriched for larger deletions (>30 nt)



el26 Nucleic Acids Research, 2020, Vol. 48, No. 21 PAGE 14 OF 21

30 100 6
25
- 90 2’
£ 2 8a
z EAE +
I 15 z £3
s S g
% = 70 S *%
a 10 ® E2 *okok -
® sk ®
5 60 s ]
1
0 50 0
S N4 > N & WD W AN
LIS PP PSS R g
&£ & FCE S S & & 4 S S S S
S 3 g@ Q+ F P 4 Es g‘) ,,Q , Q:!- %> 4 S S P Q* 5 P
@ ‘: @ L
CDDR + SgRNA-A+B CDDR + sgRNA-A+B CDDR + SgRNA-A+B
D sg-Control sg-LIG4-1 sg-XRCC4-1 sg-XLF-1
1 24 019 mﬁﬂms 0.35 ‘D5<D|5 058 |n5-‘nw 012
104 ; 10°4 104 10° '
10° Ko i 4 10° 10°4 b Nrid
102 Iy : ) e m?] e = 1024
0 o b o s ol
(g . " S T 3% e T 05 e 1%
(D 0 102 10° 10* 10° 10* 10° 0 107 10° 10* 10° 0 10% 10° 10* 10°
mCherry >
F * Kk
E 100 |
sg-Control sg-XLF-1 [sg-XRCC4-1| sg-LIG4-1
c
-% 90
+ + + + + + + + |sgRNA-A &
E
MW | — + | = + | = + | = + [soRNAB } ®
3
1650 a2 70
2
1000
650 60 +
300

CDDR + sgRNA-A+B
r:\ *1-*5 s *f¢§ lﬁ
100 . 100 100
Ono |m{el ) minsertions 0> 30 del
% 80 B substitutions 98 Bdeletions. 80 @21-30 del
- .
g insertions 9% ] 211-20 del
£ 60 Bdeletions @ g 60
N € 94 s 2110 del
5 40 N 8 4
g = 92 S
4
< 20 % 20
0 88 0
> N W
o° \o e?‘ o“ o“ 00&‘ &:“ \c:“ ocP‘ Oo" .Pﬁ o" & sﬁ
S8 z,’#-\?‘a P &Q g R Q,,q gg-&?' S
CDDR + sgRNA-A+B CDDR + sgRNA-A+B CDDR + sgRNA-A+B
Distal EJ Junction Distal EJ Junction Distal EJ Junction

Figure 6. DNA Ligase IV, XRCC4, and XLF are essential for high-fidelity NHEJ and suppress distal end-utilization. (A, B) Percentage of cells with
DSBs repaired via distal HF-NHEJ (% GFP+ cells; A), or Mut-NHEJ (% mCherry-ve/ GFP-ve cells; B) following the induction of two DSBs within the
CDDR reporter in U20S-CDDR-Clone-1 cells and clonal derivatives deleted of LIG4, XRCC4 or XLFE. Data represent the mean of three independent
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with a significant reduction of insertions (Figure 6H and I),
and with increased microhomology use (data not shown).
Likewise, these repair products were enriched for larger in-
frame indels (>12 bp) (Supplementary Figure S10D and
E). When the two DSBs were repaired independently (gen-
erating PCR amplicons corresponding to the slower mi-
grating bands), we observed a similar increase in larger
deletions, and reduction of insertions at both of the prox-
imal EJ sites (Supplementary Figure S10F and G). Even
at the sgRNNA-B target site, where insertions are far more
prevalent, the percentage of insertions decreased from 75%
to <22% in cNHEJ-deficient cells (Supplementary Figure
S10G). Collectively, our findings show that DNA Ligase IV,
XRCC4 and XLF are essential for the fidelity of NHEJ re-
pair, promote insertion mutagenesis, and suppress the end-
joining of distal DSBs. This also supports the role of these
proteins in the stabilization of proximal DSB ends through
end-bridging during short-range synapsis (44-46).

Loss of ATM promotes HF-NHEJ and distal end-utilization

We next sought to validate our reporter system in the
context of ATM deletion, because this protein, unlike
DNA Ligase IV, XRCC4 and XLF, promotes resection-
dependent repair (47,48). ATM is a multifunctional kinase
that phosphorylates hundreds of substrates to coordinate
the cellular response to DNA damage (47,49). At DSBs,
ATM phosphorylates all members of the MRE11-RADS50-
NBSI (MRN) complex to initiate end-resection, generat-
ing 3’ single-stranded DNA (ssDNA) overhangs (48). End-
resection is an important determinant of repair pathway
choice and when resection is blocked, repair via cNHEJ is
favored (1,2). To investigate the contribution of ATM ac-
tivity to NHEJ repair using the CDDR reporter system,
we deleted ATM in isogenic U20S-CDDR-Clone-1 cells
through transient transfection of Cas9 and two sgRNAs
targeting exons 2 and 3 of ATM, and verified its deletion in
individual clones (Figure 7A). In cells encountering single
DSBs within the CDDR reporter, we found that the deletion
of ATM led to a statistically significant reduction in the per-
centage of mCherry-ve cells after DSB repair (Figure 7B).
Likewise, pharmacological inhibition of ATM activity with
the ATM-specific inhibitor KU-55933 (50) also led to a re-
duction in mCherry-ve cells (Figure 7C). This apparent re-
duction in mCherry negativity in ATM-deficient cells is in-
dicative of a shift in repair from resection-dependent repair
(mutagenic alt-EJ) to cNHEJ, because indels in the ATM-
deficient cells were enriched for smaller deletions (Supple-
mentary Figure S11A), and a greater percentage of smaller
in-frame deletions (Supplementary Figure S11B and C).
Following the induction of two DSBs within the CDDR
reporter, we observed a significant increase in distal HF-
NHEJ in cells deleted of ATM (Figure 7D and E). Similar
results were found in U20S-CDDR-Clone-1 cells treated
with KU-55933 (Figure 7F and G). The stimulatory ef-
fect of ATM inhibition on distal HF-NHEJ was also ob-
served in 29T-CDDR-Clone-1 cells (Supplementary Fig-
ure S12A and B), and in U20S cells containing multiple
copies of the CDDR reporter (Supplementary Figure S12C
and D). Sequencing analysis of the distal repair junctions
in U20S-CDDR-Clone-1 cells deleted of ATM showed a
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small but reproducible reduction in indel frequency (Figure
7H), potentially reflecting enhanced distal end-utilization
(distal NHEJ) at the expense of proximal ligation in ATM-
deficient cells (51). Indeed, PCR amplification of the dis-
tal and proximal EJ junctions revealed that the deletion
of ATM promotes distal end-utilization (Figure 71 and J).
Thus, the increase in distal HF-NHEJ over proximal HF-
NHEJ observed in ATM~/~ cells is also a consequence of
enhanced distal end-utilization. Thus, it was not surprising
that in ATM-deficient cells we observed reduced mCherry+
cells when two DSBs were introduced within the reporter
(Figure 7K and L). When analyzing the size of indels at the
distal repair junctions, we did not observe a consistent in-
crease in smaller deletions (Supplementary Figure S11D)
or smaller in-frame indels among the ATM-deficient cells
(Supplementary Figures S11E and F), presumably due to
the increase in HF-distal end-joining observed in these cells.

DNA Ligase IV, XRCC4 and XLF suppress HDR, whereas
ATM promotes HDR

To validate the ability of the CDDR reporter assay system
to determine the impact of various repair proteins on HDR
activity, we examined the role of LIG4, XRCC4 and XLF
on the repair of DSBs in the presence of a BFP homology
donor plasmid. Numerous studies have shown that genetic
deficiency or inhibition of DNA ligase IV increases HDR
activity (52-59). Consistent with these reports, we observed
significantly elevated HDR activity in LIG4~/~ cells (Fig-
ure 8A and B). We observed a similar increase in HDR ac-
tivity in cells deleted of XRCC4 or XLF (Figure 8A and
B). Intriguingly, we found that although the loss of any of
these proteins completely abolished HF-NHEJ, the loss of
XRCC4 exerted the most stimulatory impact on HDR (~3-
fold increase). This suggests that XRCC4 may play a role in
suppressing HDR beyond stimulating LIG4 activity. Col-
lectively, our findings indicate that LIG4, XRCC4 and XLF
all play an active role in suppressing HDR, which likely in-
volves the stabilization of the DSB and/or suppression of
hyper-resection by these factors.

Next, we sought to examine the role of ATM on the re-
pair of DSBs by HDR. Beyond its role in promoting end-
resection via MRN phosphorylation, ATM also stimulates
HDR through the phosphorylation of CtIP and BRCAI
(60-62). However, HDR can occur in the absence of ATM,
suggesting that ATM may not be essential for HDR activ-
ity (47). Using the CDDR system, we found that deletion of
ATM suppressed HDR, but only subtly (Figure 8C). Like-
wise, pharmacological inhibition of ATM activity in U20S-
CDDR-Clone-1 cells led to a slight reduction in HDR (Fig-
ure 8D). These findings are consistent with the notion that
although ATM supports HDR, it is clearly not essential for
this repair activity (1).

DISCUSSION

Elucidating the mechanisms and pathways regulating DSB
repair increases our understanding of cancer etiology and
helps identify novel molecular targets for cancer therapeu-
tics. This can be achieved through the detection and quan-
tification of repair activity at DSBs with high precision. In
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Figure 7. Loss of ATM promotes high-fidelity NHEJ and distal end-utilization. (A) Immunoblots of protein lysates from U20S-CDDR-Clone-1 cells
and clonal derivatives deleted of ATM. (B) Percentage of cells with single DSBs repaired via Mut-NHEJ (% mCherry-ve cells) following DSB induction in
the indicated cell lines. Data represent the mean of three independent experiments =+ s.d. Statistical significance was determined using two-tailed Student’s
t-test; ¥*P<0.05, **P < 0.01. (C) Percentage of cells with single DSBs repaired via Mut-NHEJ (% mCherry-ve cells) following DSB induction in U20S-
CDDR-Clone-1 cells treated with DMSO or the indicated doses of ATM-specific inhibitor KU-55933. Data represent the mean of three independent
experiments =+ s.d. Statistical significance was determined using two-tailed Student’s 7-test; **P < 0.01. (D, E) Percentage of cells with DSBs repaired via
distal HF-NHEJ (% GFP+ cells; D), or Mut-NHEJ (% mCherry-ve/ GFP-ve cells; E) following the induction of two DSBs within the CDDR reporter in
U20S-CDDR-Clone-1 cells and clonal derivatives deleted of ATM. Data represent the mean of three independent experiments =+ s.d. Statistical significance
was determined using two-tailed Student’s #-test; ***P < 0.001. (F, G) Percentage of cells with DSBs repaired via distal HF-NHEJ (% GFP+ cells; F) or
Mut-NHEJ (% mCherry-ve/GFP-ve cells; G) following the induction of two DSBs within the CDDR reporter in U20S-CDDR-Clone-1 cells treated with
DMSO or the indicated doses of ATM-specific inhibitor KU-55933. Data represent the mean of three independent experiments + s.d. Statistical significance
was determined using two-tailed Student’s 7-test; **P < 0.01, ***P < 0.001. (H) Frequency of deep sequencing reads categorized as insertions or deletions
at distal EJ junctions following the induction of two DSBs within the CDDR reporter in U20S-CDDR-Clone-1 cells and clonal derivatives deleted of
ATM. Statistical significance was assessed using chi-squared tests with Yates’ continuity correction and Bonferroni correction. (I) Representative agarose
gel displaying PCR amplification of the CDDR reporter in U20S-CDDR-Clone-1 cells and clonal derivatives deleted of ATM and transfected with Cas9—
sgRNA-A or Cas9—sgRNA-A+B. (J) Frequency of distal end-utilization following the induction of two DSBs within the CDDR reporter in the indicated
cell lines. Data represent the mean of three independent experiments =+ s.d. Statistical significance was determined using two-tailed Student’s 7-test; **P <
0.01, ***P < 0.001. (K) Percentage of mCherry+ cells following the induction of two DSBs within the CDDR reporter in U20S-CDDR-Clone-1 cells and
clonal derivatives deleted of ATM. Data represent the mean of three independent experiments =+ s.d. Statistical significance was determined using two-tailed
Student’s 7-test; *** P < 0.001. (L) Percentage of mCherry+ cells following the induction of two DSBs within the CDDR reporter in U20S-CDDR-Clone-1
cells treated with DMSO or the indicated doses of ATM-specific inhibitor KU-55933. Data represent the mean of three independent experiments =+ s.d.
Statistical significance was determined using two-tailed Student’s z-test; **P < 0.01.
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derivatives deleted of L1IG4, XRCC4, or XLF. Data represent the mean of three independent experiments =+ s.d. Statistical significance was determined
using two-tailed Student’s 7-test; *P < 0.05, **P < 0.01, ***P < 0.001. (B) Representative FACS profiles of U20S cells, U20S-CDDR-Clone-1 cells, and
clonal derivates of the latter deleted of LIG4, XRCC4, or XLF, following the induction of single DSBs and subsequent repair in the presence of a BFP
cDNA donor template. (C) Percentage of cells with single DSBs repaired via HDR (% BFP+ cells) in U20S-CDDR-Clone-1 cells and clonal derivatives
deleted of ATM. Data represent the mean of three independent experiments =+ s.d. Statistical significance was determined using two-tailed Student’s 7-test;
*P < 0.05, **P < 0.01. (D) Percentage of cells with single DSBs repaired via HDR (% BFP+ cells) in U20S-CDDR-Clone-1 cells treated with DMSO
or increasing doses of ATM-specific inhibitor KU-55933. Data represent the mean of three independent experiments + s.d. Statistical significance was

determined using two-tailed Student’s ¢-test; *P < 0.05.

this study, we have developed a new DSB repair assay sys-
tem based on the introduction and subsequent resolution
of one or two Cas9-mediated DSB(s) in a chromosomally-
integrated fluorescent reporter. Quantitative flow cytometry
reports on the repair of these DSBs by NHEJ or by HDR
with high accuracy and reproducibility, and without the
need for cell sorting or normalization for transfection effi-
ciency. Deep sequencing analysis of the repair junctions cor-
roborate the results obtained by flow cytometry and provide
comprehensive analyses of the repair products generated by
the various repair pathways. Importantly, the CDDR sys-
tem is a multifunctional assay that reports on high-fidelity
and mutagenic repair via the NHEJ pathway, and can fur-
ther discriminate between proximal and distal NHEJ using

a single reporter cassette. In addition, CDDR can be used in
the presence of a BFP donor plasmid to detect HDR with
greater sensitivity than previously developed HDR assays
(10,13,14,16,23-25).

Although Cas9 primarily induces blunt-ended DSBs,
many pathological DSBs are incompatible and require
additional end-processing to generate ligatable ends. We
thus recognize that Cas9-based reporter systems, includ-
ing CDDR, are limited in the study of proteins involved in
end-resection and end-processing during cNHEJ, such as
the nuclease Artemis or the DNA polymerases Pol p and
Pol \. Because blunt ends are preferentially repaired with-
out end-resection, and are more likely to be precisely lig-
ated than incompatible ends, it is not altogether surpris-
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ing that the accurate end-joining of distal DSBs is robust,
as demonstrated in the present study and in previous re-
ports (21,22,63). By contrast, I-Scel-induced DSBs leave
behind sticky 3’-overhangs of 4 bp in length (64), and I-
Scel-based reporters designed with two I-Scel sites in op-
posite orientation produce non-complementary overhangs
that require end-processing for ligation (3,26). This is an im-
portant distinction between reporters using Cas9 and oppo-
sitely oriented I-Scel target sites, and limits the comparison
of results obtained using different endonuclease reporter
systems. However, previous studies have demonstrated com-
parable levels of accurate NHEJ between two distal DSBs
using Cas9 and same-oriented I-Scel target sites, at 70% and
80% respectively (63). This indicates that distal HF-NHEJ
is robust when ends are readily ligatable, irrespective of the
endonuclease used to produce these breaks.

Similar to other DSB repair assays, the CDDR system
relies on the activity of endonucleases for inducing DSBs.
This poses a challenge when analyzing DSB repair activity
in these contexts, as these endonucleases may create physical
barriers that interfere with the normal processing of spon-
taneously generated DSBs or DSBs induced through non-
enzymatic activity such as ionizing radiation. Consistent
with this notion, Clarke et al. has recently demonstrated
that Cas9 remains stably bound to these breaks before it
is displaced by repair factors (65). One such factor is RNA
polymerase II (Pol IT), which has the capacity to displace
the Cas9 protein in an orientation-dependent fashion (65).
This suggests that Cas9-induced DSBs encountered at tran-
scriptionally active sites may be processed differently than
those in inter-genic or transcriptionally silent chromosomal
regions. The inability of KU proteins to displace Cas9 from
DSBs further suggests that certain repair proteins may not
have easy access to repair these lesions and may require ad-
ditional proteins for repairing Cas9-inducible DSBs, and
therefore bias against repair via the cNHEJ pathway (65).
Similar complications may exist for the repair of DSBs in-
duced by other nucleases (e.g. I-Scel or HO endonuclease)
and caution is warranted when analyzing repair outcomes
in the context of these ‘artificial’ breaks. Thus, while the
CDDR and other DSB repair assays may be very useful
for the rapid identification and quantification of repair out-
comes following the perturbations of certain repair factors,
it is important that these factors be analyzed in the context
of DSBs that are induced in the absence of these potential
physical barriers.

Several of the currently available NHEJ reporter assays
exhibit significant bias toward mutagenic repair at single
DSBs because the faithful repair of these breaks regener-
ates the endonuclease recognition site, rendering it suscep-
tible to multiple cleavage-repair cycles (15,17,26,31). This
bias is also manifested in the CDDR assay system when sin-
gle DBSs are introduced within the reporter. Future efforts
will focus on alleviating this limitation possibly through es-
tablishing temporal control over Cas9 activity. This may re-
quire the conditional expression of an active but degrad-
able form of Cas9 that may permit investigating DSB re-
pair with limited cleavage-repair cycles (66-69). The abil-
ity to control the activation and degradation of Cas9 would
also enable the generation of a stable lines containing both

PAGE 18 OF 21

the CDDR reporter cassette, and the Cas9/sgRNA con-
struct, without the need for transfection and subsequent an-
tibiotic selection, thus permitting faster analysis of repair
activity.

An important advantage of the CDDR repair assay sys-
tem is its ability to overcome the limitation of reiterative
break-repair cycles through the induction of two distal
DSBs within the reporter. The repair of these breaks elim-
inates sites recognizable by Cas9, and thus reports on sin-
gle cleavage-repair events. Furthermore, the use of a 2-cut
system allows for simultaneous monitoring of end-joining
at proximal and distal DSBs, with important applications
for studying chromosomal rearrangements caused by incor-
rect end-joining between distal DSBs. The results reported
herein indicate that the repair of blunt-ended Cas9-induced
DSBs via distal NHE] is largely error-free, with ~70% of
cells rejoining the distal ends without any modification. The
remaining 30% of cells repair DSBs via Mut-NHEJ, result-
ing in small indels that vary in their distribution (deletions
vs. insertions) based on the sequence flanking the DSB site,
as well as the genomic context within which these sequences
are found. Our findings are consistent with previous studies
supporting the intrinsic precision of NHEJ (21,22,63,70),
particularly when ends require minimal processing and are
readily ligatable. It would be interesting to test whether sim-
ilar repair outcomes are obtained for DSBs with compatible
staggered ends; for example, by replacing the Cas9 endonu-
clease in our assays with the Cpfl endonuclease, which in-
duces DSBs with staggered ends (71).

Bhargava et al. recently reported 54% GFP positivity
(normalized to transfection efficiency), reflecting no-indel
distal-NHEJ in U20S cells following the repair of two
Cas9-induced DSBs separated by a 46 nt spacer within
an intrachromosomal split GFP reporter (EJ7-GFP) (22).
Our results however, show that although the rate of distal
NHE] is robust, it generally does not exceed 25% in U20S-
CDDR cells and 40% in 293T-CDDR cells. The higher fre-
quency of basal HF-distal EJ reported by Bhargava et al.
could result from: (a) enhanced distal HF-NHEJ at the FRT
site harboring the EJ7-GFP reporter; (b) enhanced distal
ligation at DSBs that are separated by shorter distances;
and/or (c) the presence of more than a single copy of the
EJ7-GFP reporter in these cells. Consistent with the lat-
ter possibility, we found that increasing the copy number
of the CDDR reporter in U20S resulted in 40-62% GFP
positivity.

Through the use of isogenic cell lines with deletions of
key DSB repair proteins, we found that HF-NHEJ activ-
ity is strictly dependent on the core cNHEJ factors DNA
Ligase IV, XRCC4 and XLF. In their absence, the repair of
DSBs is shunted towards resection-dependent repair path-
ways, such as HDR and alt-EJ. Alt-EJ functions in the ab-
sence of cNHEJ proteins and utilizes short stretches of se-
quence homology to repair broken ends, resulting in larger
deletions (72). Accordingly, we observed a significant in-
crease in larger deletions, particularly deletions > 30 nt, at
both proximal and distal EJ repair junctions in c-NHEJ-
deficient cells, as well as an increase in microhomology use
at these deletion junctions (data not shown), implicating el-
evated repair via MMEJ. Likewise, repair of single DSBs in
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the presence of a BFP donor plasmid led to a significant in-
crease in HDR activity in these cells. Unlike XRCC4, XLF
or LIG4, however, the loss of ATM stimulated HF-NHE]J
and suppressed HDR, indicating shunting from resection-
dependent repair towards cNHEJ. The impact of deleting
or inhibiting the activity of various repair factors presented
in this study has been summarized in Supplementary Figure
S13.

Interestingly, cells lacking DNA Ligase IV, XRCC4 or
XLF not only lost HF-NHEJ, but also exhibited en-
hanced distal end-utilization at the expense of proximal
end-utilization. This implies these proteins are not only im-
portant for rejoining DSB ends with high-fidelity, but also
for stabilizing the DSB junctions and guarding against the
loss of genetic material between two nearby DSBs. Consis-
tent with this notion, previous studies have reported an in-
crease in chromosomal translocations in mammalian cells
deleted of XRCC4 or DNA Ligase IV (73-75).

The stabilization of broken ends at DSBs is not limited
to the cNHEJ factors described above, but also requires
ATM, as deletion of ATM was also found to enhance dis-
tal end-utilization over proximal end-utilization. The in-
crease in distal-end utilization observed in cells deleted of
ATM, as well as cells deleted of DNA Ligase IV, XRCC4,
or XLF, could be due to increased break persistence, and/or
decreased stability of the proximal ends (i.e. defective end-
tethering) (51). The longer a break persists, the greater the
likelihood of both DSBs occurring simultaneously, lead-
ing to enhanced distal end-joining. This model is consistent
with previous reports showing DSB persistence in cells defi-
cient of ATM and DNA Ligase IV (76-79). Another poten-
tial mechanism by which ¢cNHEJ factors and ATM could
limit distal end-utilization is through faithful end-tethering
of DSBs during repair (51). Deficiency of these repair fac-
tors could destabilize the broken ends, leading to a loss of
genetic material between the DSBs. Given that ATM phos-
phorylates hundreds of substrates in the DNA damage re-
sponse, it is conceivable that some of these substrates are im-
portant for DSB end-stabilization and support faithful end-
tethering during repair (47,51). Overall, these findings sup-
port the notion that multiple factors from various molecu-
lar pathways stabilize the broken ends of DSBs to maintain
genomic integrity (21,22,44-46,73-75).

Collectively, the findings reported in this study highlight
the utility of CDDR reporter system in measuring DSB re-
pair outcomes in mammalian cells. Because these assays do
not require normalization steps, and are insensitive to vari-
ability in transfection efficiency, they greatly facilitate the
analysis of various proteins on their contribution to the
repair of DSBs. When combined with genetic or pharma-
cological manipulation of various repair factors, our find-
ings reveal distinct new features for a subset of DSB re-
pair proteins that may be critical for the predisposition of
cells deficient in these repair factors to genomic instability,
cancer development, and sensitivity to DSB-inducing anti-
cancer therapies. Furthermore, the CDDR reporter system
can be readily applied to study the manipulation of experi-
mental variables to enhance targeted genome editing using
the CRISPR—Cas9 system, with applications for improving
precise gene deletion or HDR-mediated incorporation of
exogenous DNA fragments.
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