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Chromosomal deletion rearrangements mediated by repetitive elements often involve repeats separated by several
kilobases and sequences that are divergent. While such rearrangements are likely induced by DNA double-strand
breaks (DSBs), it has been unclear how the proximity of DSBs relative to repeat sequences affects the frequency of
such events.We generated a reporter assay inmouse cells for a deletion rearrangement involving repeats separated by
0.4 Mb. We induced this repeat-mediated deletion (RMD) rearrangement with two DSBs: the 5′ DSB that is just
downstream from the first repeat and the 3′ DSB that is varying distances upstream of the second repeat. Strikingly,
we found that increasing the 3′ DSB/repeat distance from 3.3 kb to 28.4 kb causes only a modest decrease in rear-
rangement frequency.We also found that RMDs are suppressed byKU70 andRAD51 and promoted byRAD52, CtIP,
and BRCA1. In addition, we found that 1%–3% sequence divergence substantially suppresses these rearrangements
in a manner dependent on the mismatch repair factor MSH2, which is dominant over the suppressive role of KU70.
We suggest that a DSB far from a repeat can stimulate repeat-mediated rearrangements, but multiple pathways
suppress these events.

[Keywords: chromosomal rearrangement; homologous recombination; repeat divergence; MSH2; KU70; BRCA1]

Supplemental material is available for this article.

Received December 21, 2017; revised version accepted March 20, 2018.

Chromosomal structural variations (SVs), both inherited
and somatic, are associated with several human diseases,
including cancer (Carvalho andLupski 2016). SVs often in-
volve repetitive elements, which comprise over half of the
human genome, including the ∼1 million copies of Alu-
type short interspersed elements (Lander et al. 2001; Bat-
zer and Deininger 2002; Belancio et al. 2010). The
BRCA1 gene alone contains 129Alu elements, which rep-
resent ∼40% of the gene, and these Alu elements appear
at the junctions of several pathogenic SVs in BRCA1
(Pavlicek et al. 2004). Such SVs include repeat-mediated
deletions (RMDs), in which the intervening sequence be-
tween two repeats, along with one of the repeats, is delet-
ed. The Alu elements associated with RMDs can be
separated by very short distances (such as <1 kb) or span
a large fraction of a gene (e.g., >20 kb and encompassing
several exons) (Kolomietz et al. 2002; Pavlicek et al.
2004; Belancio et al. 2010). Furthermore, sequence diver-
gence between Alu elements can range between 0% and
30%, depending on the family/subfamily of the pair of re-
peats (Batzer andDeininger 2002;White et al. 2015). Thus,

defining the influence of interrepeat distance and repeat
divergence on RMDs as well as the DNA repair pathways
that influence these variables will provide insight into the
etiology of this class of SVs.

Another variable related to interrepeat distance is the
location of the inducing DNA lesion relative to each re-
peat. For example, a likely inducing agent for RMDs is a
chromosomal double-strand break (DSB) that is posi-
tioned between the repeats. In particular, repair of such
DSBs by the single-strand annealing (SSA) pathway causes
RMDs (Symington and Gautier 2011; Bhargava et al.
2016). The SSA pathway involves DSB end resection to
form 3′ ssDNA that enables annealing of flanking repeats,
which is followed by end processing and ligation to gener-
ate an RMD (Symington and Gautier 2011; Bhargava et al.
2016). Considering thismechanism, the distance between
a DSB and a repeat defines the amount of end resection
required for an RMD. In Saccharomyces cerevisiae,
DSBs can readily induce an RMD with a repeat that is
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≥25 kb away from the edge of theDSB (Vaze et al. 2002). In
contrast, DSB-induced RMD events examined in mam-
malian cells have involved repeats separated from the
edge of the DSB by <3 kb (Stark et al. 2004; Weinstock
et al. 2006a; Morales et al. 2015). Thus, in mammalian
cells, the effect of DSB/repeat distance on RMD forma-
tion, which is linked to the extent of DSB end resection,
has been unclear.
Another likely determinant of RMD formation is the

degree of homology between repeats, in that repeat
divergence can significantly limit the frequency of ho-
mologous recombination (Waldman and Liskay 1988; El-
liott et al. 2005; Weinstock et al. 2006b; Morales et al.
2015; Chakraborty et al. 2016). The likely mechanism
by which repeat divergence suppresses RMDs is hetero-
duplex rejection, in which mismatches in the annealed
intermediate are recognized by the components of the
mismatch repair pathway to stimulate unwinding of
the heteroduplex (Sugawara et al. 2004; George and
Alani 2012; Chakraborty et al. 2016). In this study, we
sought to examine the interrelationship between DSB/
repeat distance and repeat divergence in RMD forma-
tion in mammalian cells, which is linked to the regula-
tion of DSB end resection and heteroduplex rejection,
respectively.

Results

Influence of DSB/repeat distance on RMD frequency

We sought to understand the influence of the distance be-
tween a DSB and a repeat on the formation of RMDs. For
this, we developed a green fluorescent protein (GFP)-based
reporter assay (RMD-GFP) that uses two 287-base-pair (bp)
repeat sequences separated by 0.4 Mb on mouse chromo-
some 17 (Fig. 1A). The size of the repeat was chosen to ap-
proximate the length ofAlu elements, which are between
280 and 300 bp (Batzer and Deininger 2002; White et al.
2015). The 5′ repeat is a segment of exon 2 of the Cdkn1A
gene. We then introduced this sequence into the Pim1
locus to generate the 3′ repeat, which is also fused to the
GFP-coding sequence. Accordingly, an RMD between
these repeats would generate a Cdkn1A-GFP fusion
gene, which can be measured as GFP+ cells with flow
cytometry.
To induce this RMD, we targeted Cas9-mediated DSBs

between the repeats using combinations of single-guide
RNAs (sgRNAs). The design of the reporter requires
use of two DSBs because the repeats are separated by
0.4 Mb. Specifically, we generated one DSB 268 bp down-
stream from the 5′ repeat (5′268) and a second DSB up-
stream of the 3′ repeat. We varied the distance of the
DSB upstream of the 3′ repeat using five distances: 16 bp,
3.3 kb, 9.1 kb, 19 kb, and 28.4 kb (Fig. 1A).
Several controls were performed to validate the report-

er, which was integrated into wild-type mouse embryonic
stem cells (mESCs). For one, we examined the efficiency
of each sgRNA to target Cas9-induced DSBs by quantify-
ing mutagenic end joining at the predicted target site us-
ing the surveyor nuclease assay. We found that each

sgRNA induced a similar frequency of mutagenesis (Fig.
1B). We also confirmed the requirement for both the
5′268 DSB and a second 3′ DSB to induce GFP+ cells (Fig.
1C). In addition, for each pair of sgRNAs, we sorted
GFP+ cells to examine the predicted Cdkn1A-GFP fusion
gene by PCR analysis and found that only sortedGFP+, but
not untransfected, cells contained the fusion gene (Fig.
1D). Finally, we performed an independent test for dele-
tion of the chromosomal segment between the repeats;
namely, the RMD-GFP reporter also contains a hygromy-
cin (hyg) resistance gene between the repeats such that an
RMD would cause the loss of the intervening sequence
containing the hyg gene. Thus, we predicted that GFP+

cells should be sensitive to hygromycin. To test this hy-
pothesis, we transfected cells with the relevant sets of
sgRNAs and Cas9. Three days after transfection, we cul-
tured cells with andwithout hygromycin for an additional
3 d before flow cytometry analysis (Supplemental Fig.
S1A). We found that treatment with hygromycin caused
a marked reduction in GFP+ cells (Supplemental Fig.
S1B). Thus, repair events that generate GFP+ cells also
cause loss of the hyg gene, which is consistent with the
structure of the predicted RMD.
We then used this assay to evaluate the influence of

DSB/repeat distance on the frequency of RMDs in wild-
typemESCs (Fig. 1E; Supplemental Fig. S1C). As described
above, we induced two DSBs: the first DSB at a constant
distance downstream from the 5′ repeat (5′268) and the
secondDSB at varying distances upstream of the 3′ repeat.
From this analysis, we found that 3′ DSB/repeat distance
had a biphasic effect on the frequency of RMDs in wild-
type mESCs (Fig. 1E); namely, we found that increasing
the 3′ DSB/repeat distance from 16 bp to 3.3 kb caused a
sixfold reduction in RMD frequency, reflecting an approx-
imately twofold reduction per kilobase. In contrast, we
found that increasing the 3′ DSB/repeat distance from
3.3 to 28.4 kb caused a threefold reduction in the frequen-
cy of RMDs, reflecting a 0.12-fold reduction per kilobase.
Moreover, we found that RMD frequencies were similar
with 3′ DSB/repeat distances of 3.3 versus 9.1 kb as well
as 19 versus 28.4 kb. These findings indicate that DSB/re-
peat distance is most inhibitory for RMDs within the first
few kilobases. Furthermore, RMD events can be induced
in mammalian cells by a DSB that is 28.4 kb away from
a repeat, which is within the range of many disease-asso-
ciated RMDs (Kolomietz et al. 2002; Pavlicek et al. 2004;
Belancio et al. 2010).

RMDs at DSB/repeat distances ≥3.3 kb are inhibited
by RAD51 but promoted by RAD52

To begin to examine the regulation of these RMD events,
we tested the influence of the strand exchange factor
RAD51 (Sung et al. 2003). This factor is critical for homol-
ogy-directed repair (HDR), which involves homologous
pairing to initiate nascent DNA synthesis to bridge the
DSB (Kass and Jasin 2010; Ceccaldi et al. 2016). In con-
trast, RAD51 has been demonstrated to inhibit DSB-in-
duced RMDs for repeats separated by <3 kb (Stark et al.
2004). Thus, we hypothesized that RAD51 might also
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inhibit RMDevents atmuch longer DSB/repeat distances.
To disrupt RAD51, we used two dominant-negative pro-
teins: a short peptide fragment of BRCA2 (BRC3), which
we fused to Flag tag and nuclear-localizing sequences
(3xf-NLS-BRC3), and a mutant of full-length RAD51
(RAD51-K133R) (Stark et al. 2004). The BRC3 peptide
has been demonstrated to inhibit RAD51 filament forma-
tion, whereas RAD51-K133R is deficient in ATP hydroly-
sis and shows disrupted filament dynamics (Davies et al.
2001; Robertson et al. 2009).

To validate this dominant-negative approach, we exam-
ined the influence of expression vectors for 3xf-NLS-
BRC3 and RAD51-K133R on the frequency of HDR. For
this, we used the DR-GFP reporter for HDR, targeted to
the Pim1 locus in wild-type mESCs. This reporter assay
typically involves using I-SceI to induce the DSB, but, to
remain consistent across assays, we used an sgRNA to tar-
get Cas9 to the I-SceI site in DR-GFP (Supplemental Fig.
S2), as described previously (Munoz et al. 2014). We found
that expression vectors for 3xf-NLS-BRC3 and RAD51-
K133R, compared with control empty vector (EV), each
caused a substantial decrease in HDR (Fig. 2A). Next,
since BRC3 has been shown to disrupt RAD51 filament

formation (Davies et al. 2001), we posited that this peptide
might inhibit RAD51 recruitment to DNA damage,
measured as RAD51 ionizing radiation (IR)-induced foci
(IRIFs) using immunofluorescence analysis. Thus, we
transfected wild-type mESCs with the 3xf-NLS-BRC3 ex-
pression vector, compared RAD51 IRIF formation in cells
with or without Flag costaining, and found the cells ex-
pressing 3xf-NLS-BRC3 showed a marked reduction of
RAD51 IRIF (Fig. 2B).

We then examined the influence of these two domi-
nant-negative proteins on the formation of RMDs at mul-
tiple DSB/repeat distances. For this, we performed the
RMD-GFP reporter assay in wild-type mESCs, including
the expression vectors for 3xf-NLS-BRC3, RAD51-
K133R, or a control EV, using the same concentrations
of these vectors as for the DR-GFP experiment above.
We found that 3xf-NLS-BRC3 and RAD51-K133R failed
to inhibit RMDs at each 3′ DSB/repeat distance and in-
deed caused a significant increase in the frequency of
RMDs at all 3′ DSB/repeat distances except 16 bp (Fig.
2C). These results indicate that RAD51 does not mediate
the formation of RMDs but rather has an inhibitory role in
such events.

A

B

C D

E

Figure 1. The effect of DSB/repeat distance on the fre-
quency of RMD rearrangements. (A) Diagram of the
RMD-GFP reporter. Two tandem repeat (R) sequences
are separated by 0.4 Mb and positioned such that an
RMD generates a Cdkn1a-GFP fusion gene. The RMD is
inducedby twoDSBsbetween the repeats: oneDSBdown-
stream from the 5′ repeat (5′268) and a secondDSB at var-
ious distances upstream of the 3′ repeat. Shown are the
single-guide RNA (sgRNA)/Cas9 targeting sites for each
DSB. (B) Each sgRNA/Cas9-mediatedDSB inducesmuta-
genic end joining at a similar frequency. Shown are repre-
sentative surveyor assays from wild-type RMD-GFP
mouse embryonic stem cells (mESCs) that were untrans-
fected (UT) or transfected with expression plasmids for
Cas9andeach sgRNAshown inA. (Arrows)Cleavedprod-
ucts; (∗) nonspecific band. Also shown is the frequency of
mutagenic end joining using the surveyor nuclease assay,
normalized to transfection efficiency, for each sgRNA/
Cas9-mediated DSB. n = 6. Error bars indicate SD. P >
0.05, comparing all frequencies using one-way ANOVA
with Tukey’s test. (C ) Induction of RMDs using pairs of
sgRNAs with Cas9. Shown are the frequencies of GFP+

cells normalized to transfection efficiency for RMD-GFP
wild-type mESCs transfected with expression plasmids
for Cas9 and the sgRNAs shown inA. (Black) n = 8 for sin-
gle sgRNAs; (blue) n = 6 for sgRNA pairs. Error bars indi-
cate SD. (D) GFP+ cells harbor the predicted fusion gene.
Shown are PCR amplification products from untrans-
fected and sorted GFP+ cells from the sgRNA/Cas9 pairs
as inCusingprimers inCdkn1A (P1) andGFP (P2).Ampli-
fication of a fragment from 53bp1 was used as a control.
(E) Chromosomal DSB/repeat distance has a biphasic in-
fluence on the frequency of RMDs in wild-type mESCs.
Shown are the data from the sgRNApairs as inC but plot-
ted as the percentage of GFP+ cells versus the distance (in
basepairs) between the3′ chromosomalDSBand the3′ re-
peat. n = 6. Error bars indicate SD. (ns) Not significant;
(∗) P≤ 0.0018 using one-way ANOVAwith Tukey’s test.
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We next examined the role of RAD52, which can me-
diate annealing of homologous sequences (Hanamshet
et al. 2016; Brouwer et al. 2017). For this, we performed
the RMD assay in Rad52−/− mESCs (Stark et al. 2004),
which we confirmed lack RAD52 mRNA by RT–PCR
analysis (Fig. 3A). We also included either an expression
vector for V5-immunotagged RAD52 or EV and con-
firmed expression of V5-RAD52 (Fig. 3A; Supplemental
Fig. S3A). From these experiments, at the 16-bp 3′ DSB/
repeat distance, we found that RAD52 was dispensable
for RMDs. In contrast, at the 3.3-kb distance, RAD52 ap-
pears to promote RMDs, but the influence of RAD52 is
significant only when comparing Rad52−/− versus the
complemented condition. Furthermore, at distances
≥9.1 kb, RAD52 had a profound effect on RMD frequen-
cy: Rad52−/− cells showed a marked reduction compared
with wild-type, and the complementation vector caused
a substantial increase in RMD frequencies. Indeed,
RMD frequencies for the complemented condition at
≥3.3 kb were significantly higher than wild type. This in-
crease is likely due to overexpression of RAD52 in
Rad52−/− mESCs, although we cannot formally test
this possibility due to the lack of a functional anti-mouse
RAD52 antibody. Nevertheless, these findings indicate

that RAD52 promotes RMDs at 3′ DSB/repeat distances
of ≥3.3 kb.

End resection factors are critical for regulation of RMDs

The regulatory step of RMDs that is most likely affected
byDSB/repeat distance is end resection, since the distance
between theDSB and the repeat defines the amount of end
resection required to uncover the repeat as ssDNA. Thus,
we hypothesized that end resection is a key regulatory
step for RMDs.We first examined the end resectionmedi-
ators BRCA1 and CtIP (Schlegel et al. 2006; Sartori et al.
2007) using RNAi depletion with a pool of four siRNAs
targeting each factor (siBRCA1 and siCtIP, respectively),
which we confirmed deplete the expected target protein
(Fig. 3B). We first tested these siRNAs for effects on
HDR, which requires end resection, using the DR-GFP as-
say described above. As an additional control, we exam-
ined an assay for end joining between distal ends of two
Cas9-induced DSBs (distal EJ [EJ5-GFP]) (Supplemental
Fig. S2; Munoz et al. 2014). We found that depletion of
BRCA1 or CtIP caused a reduction in HDR but not distal
EJ (Fig. 3B). We then examined the influence of siBRCA1
and siCtIP on the RMD-GFP reporter assay and found

A

C

B Figure 2. RMDs are suppressed by RAD51 when the
3′ DSB is ≥3.3 kb. (A) Two dominant-negative inhibi-
tors of RAD51—3xFlag-NLS-BRC3 (3xfNLS-BRC3) and
RAD51-K133R—disrupt HDR. Wild-type mESCs with
DR-GFP were transfected with expression plasmids for
an sgRNA targeting this reporter (gDR) and Cas9 along
with expression plasmids for 3xfNLS-BRC3, RAD51-
K133R, or a control EV. Shown are GFP+ frequencies nor-
malized to transfection efficiency. n = 6. Error bars indi-
cate SD. (∗) P = 0.0001 compared with EV using one-way
ANOVA with Dunnett’s test. (B) Expression of 3xfNLS-
BRC3 impairs RAD51 IRIF formation. Shown are repre-
sentative images of DAPI, Flag, and RAD51 staining in
wild-type mESCs transfected with 3xfNLS-BRC3 and ex-
posed to 10Gy IR followed by 6 h of recovery. Bar, 10 µm.
Also shown is the number of RAD51 IRIFs for individual
Flag− and Flag+ cells. n = 70. Lines represent the mean
with SD. (∗) P < 0.0001 using an unpaired two-tailed
t-test. (C ) The effect of 3xfNLS-BRC3 and RAD51-
K133R on RMD frequency. Shown are the frequencies of
GFP+ cells normalized to transfection efficiency for
RMD-GFP in wild-type mESCs transfected with expres-
sion plasmids for a series of sgRNA pairs and Cas9 along
with expression plasmids for 3xfNLS-BRC3, RAD51-
K133R, or control EV. Also shown are the data plotted as
percentage of GFP+ versus 3′ DSB/repeat distance as
in Figure 1E. n = 6. Error bars indicate SD. (∗) P≤ 0.0017;
(†) P = 0.0260, each compared with EV using one-way
ANOVAwith Dunnett’s test.
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that depletion of BRCA1 or CtIP caused a significant re-
duction in the frequency of RMDs at all 3′ DSB/repeat dis-
tances (Fig. 3B; Supplemental Fig. S3B). Together, these
results indicate that the end resection mediators BRCA1

and CtIP are important for RMD formation at multiple
DSB/repeat distances (i.e., 16 bp to 28.4 kb).

Next, we tested the converse of this hypothesis: that
end resection inhibitors are important to suppress
RMDs. Specifically, we examined the influence of KU70
and 53BP1 on RMD formation, since these factors inhibit
end resection (Zhou et al. 2014). We also examined the
DNA ligase 4 cofactor XRCC4, which is in the same
DSB repair pathway as KU70 (i.e., nonhomologous end
joining) and has been shown to inhibit homologous re-
combination (Bennardo et al. 2009; Chang et al. 2017).

Beginning with KU70 and XRCC4, we examined
Ku70−/− and Xrcc4−/− cells and compared both with wild
type as well as the complemented condition (i.e., cells
transfected with an expression vector for KU70 or
XRCC4, respectively) (Fig. 4A,B). From these experi-
ments, at the 16-bp 3′ DSB/repeat distance, we found
that loss of KU70 or XRCC4 caused a marked increase
in RMD frequency (Fig. 4A,B; Supplemental Fig. S4A,B).
At the 3.3-kb distance, loss of KU70 caused a significant
increase, and XRCC4 had no effect on RMD frequency.
At ≥9.1 kb, loss of KU70 or XRCC4 caused a significant
increase in RMD frequency, although, for ≥19 kb, the
effect of XRCC4 loss was evident only relative to the
complemented condition. These findings indicate that
XRCC4 andKU70 suppress RMDs atmultipleDSB/repeat
distances, although the greatest effect is at 16 bp.

We also performed the RMD-GFP assay in 53bp1−/−

mESCs as well as a 53bp1−/−Ku70−/− mESC line that we
generated (Fig. 4C; Supplemental Fig. S4C,D). From these
experiments, we found that loss of 53BP1 did not have an
obvious effect on RMD frequency either on its own or in
combination with loss of KU70 (Fig. 4C; Supplemental
Fig. S4C), although 53BP1 loss alone caused a minor in-
crease in RMD frequency at short 3′ DSB/repeat distances
(i.e., 3.3 kb and 16 bp) (Fig. 4C; Supplemental Fig. S4C).

The influence of 53BP1 on inhibiting homologous re-
combination is magnified in BRCA1-deficient cells (Bun-
ting et al. 2010; Onyango et al. 2016). Thus, we
considered the possibility that loss of 53BP1—and perhaps
KU70—might suppress the requirement of BRCA1 and/or
CtIP forRMDformation. For this,weperformed theRMD-
GFP reporter assay in wild-type, 53bp1−/−, Ku70−/−, and
Ku70−/−53bp1−/− mESCs that were transfected with
siBRCA1, siCtIP, or siCTRL. We confirmed depletion of
BRCA1 and CtIP in each of these mESC lines (Fig. 5A,B).

Beginning with the effects of BRCA1 on RMDs, we
found that siBRCA1 treatment failed to reduce the RMD
frequency at all 3′ DSB/repeat distances in 53bp1−/−,
Ku70−/−, and Ku70−/−53bp1−/− mESCs (Fig. 5A). Indeed,
for the KU70-deficient cells, we found that depletion of
BRCA1 causes a significant increase in the frequency of
RMDs at the 3′ DSB/repeat distances of 9.1 and 3.3 kb
(Fig. 5A). These results indicate that loss of 53BP1 and/
or KU70 suppresses the requirement of BRCA1 for RMD
formation and that 53BP1 and KU70 are epistatic for
this effect, since Ku70−/−53bp1−/− mESCs were not dis-
tinct from Ku70−/− (Fig. 5A). Furthermore, these findings
indicate that in KU70-deficient cells, BRCA1 appears to
inhibit RMDs.

A

B

Figure 3. RAD52, CtIP, and BRCA1 promote RMDs. (A) RAD52
promotes RMDs for 3′ DSB/repeat distances of≥3.3 kb.Wild-type
orRad52−/−mESCswithRMD-GFPwere transfectedwith the re-
spective sgRNA/Cas9 expression vectors along with a control EV
or V5-RAD52 complementation vector. Shown is the percentage
of GFP+ from these experiments, normalized to transfection effi-
ciency. n = 6. Error bars indicate SD. (∗) P≤ 0.0009 distinct from
wild-type EV; (‡) P≤ 0.0025 for Rad52−/− mESCs EV versus V5-
RAD52, both using one-way ANOVA with Tukey’s test. Wild-
type frequencies are the same as in Figure 2C. Also shown is
RT–PCR analysis of the RAD52 transcript in wild-type and
Rad52−/−mESCsusingRNAeither treatedwith reverse transcrip-
tase (RT) or mock-treated as well as immunoblotting analysis
confirming RAD52 expression using the V5 immunotag. (∗) Non-
specific band. (B) Depletion of BRCA1 or CtIP causes a reduction
in HDR and RMDs but not end joining (distal EJ). Wild-type
mESCs with various reporters were transfected with the respec-
tive sgRNA/Cas9 expression plasmids along with a nontargeting
siRNA (siCTRL), a pool of four BRCA1 siRNAs (siBRCA1), or a
pool of four CtIP siRNAs (siCtIP). Shown is the percentage of
GFP+ fromtheseexperiments,normalized to transfectionefficien-
cy. n = 6 for DR-GFP and EJ5-GFP; n = 9 for RMD-GFP. Error bars
indicate SD. (∗) P = 0.0001 versus siCTRL using one-way ANOVA
withDunnett’s test. Also shown is immunoblotting analysis con-
firming depletion of BRCA1 and CtIP by the respective siRNAs.
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We also found that loss of 53BP1 and KU70 affected the
influence of CtIP on RMDs; namely, in 53bp1−/− mESCs,
while siCtIP treatment caused a significant reduction in
RMD frequency atmost DSB/repeat distances, the fold ef-
fects were often diminished compared with wild-type
mESCs (Fig. 5B). Furthermore, in Ku70−/− and Ku70−/−

53bp1−/−mESCs, siCtIP treatment failed to cause a reduc-
tion in RMD frequency for DSB/repeat distances ≥9.1 kb
and caused only a minor effect at shorter DSB/repeat dis-
tances (i.e., ≤1.2-fold decrease vs. ≥2.4-fold in wild type)
(Fig. 5B). Notably, CtIP levels were effectively depleted
by siCtIP treatment in each cell line, based on immuno-
blotting analysis (Fig. 5B). These results indicate that
loss of 53BP1 and/or KU70 diminishes the requirement
of CtIP for RMDs.

Repeat sequence divergence limits the formation
of RMDs at multiple DSB/repeat distances in a manner
dependent on MSH2

Previous studies using assays with repeats separated from
a DSB by <3 kb have shown that sequence divergence be-
tween repeats limits the formation of RMDs (Elliott et al.
2005; Weinstock et al. 2006b; Morales et al. 2015). We
sought to examine the influence of sequence divergence
on RMDs that are induced at multiple DSB/repeat dis-
tances. We generated variants of the RMD-GFP reporter
by introducing sequence divergence in the 3′ repeat fused
to GFP using mutations that are equally dispersed across
the repeat and do not affect the respective codon (i.e.,
are silent mutations). Specifically, we introduced three
and eight mutations to generate 1% RMD-GFP and 3%
RMD-GFP, respectively (Fig. 6A; Supplemental Fig.
S5A–C).
With these reporters, we examined the influence of se-

quence divergence between repeats on the frequency of
RMDs at distinct DSB/repeat distances using the same
sgRNAs described for the parental reporter (Fig. 1A).
From these experiments, we found that both 1% and 3%
sequence divergence significantly reduced the frequency
of RMDs at all DSB/repeat distances compared with
the parental reporter (Fig. 6A; Supplemental Fig. S6A). Fur-
thermore, 3% sequence divergence caused a lower RMD
frequency compared with 1% divergence (Fig. 6A; Supple-
mental Fig. S6A).We also performed additional control ex-
periments. For one, we sorted GFP+ cells to confirm the
predicted Cdkn1A-GFP fusion using PCR analysis for the
divergent reporters using a representative pair of DSBs
(5′268 combined with the 3′ DSB at 16 bp) (Supplemental
Fig. S5B). In addition, we tested for loss of the hyg select-
ablemarker in GFP+ cells for the divergent reporters using
two representative pairs ofDSBs (5′268 combinedwith the
3′ DSB at 3.3 kb and 16 bp) (Supplemental Fig. S5C). We
found that treatment of hygromycin caused a significant
reduction in GFP+ cells, which is consistent with the pre-
dicted RMD (Supplemental Fig. S5C). Together, these re-
sults indicate that sequence divergence between repeats
significantly limits the formation of RMDs at multiple
DSB/repeat distances.

A

B

C

Figure 4. KU70 and XRCC4 suppress RMDs, whereas 53BP1
does not have a substantial influence. (A) KU70 suppresses
RMDs.Wild-type or Ku70−/− mESCs with RMD-GFPwere trans-
fected with the respective sgRNA/Cas9 expression vectors along
with control EV or KU70 complementation vector. Shown are the
percentages of GFP+ frequencies from these experiments, normal-
ized to transfection efficiency. Also shown are immunoblots con-
firming KU70 expression. n = 6 for wild-type EV; n = 9 forKu70−/−

EV and KU70 complemented. Error bars indicate SD. (∗) P =
0.0001; (†) P = 0.0077, for Ku70−/− EV versus wild-type EV or for
Ku70−/− EV versus KU70 complemented using one-way ANOVA
with Dunnett’s test. (B) XRCC4 suppresses RMDs. Xrcc4−/−

mESCs with RMD-GFP were transfected with the respective
sgRNA/Cas9 expression vectors along with a control EV or an ex-
pression vector for human XRCC4 (hXRCC4). Shown are the fre-
quencies of the percentages of GFP+ cells from these experiments,
normalized to transfection efficiency. The wild-type frequencies
fromA are included for comparison. n = 6. Error bars indicate SD.
(∗) P≤ 0.0003; (†) P≤ 0.0313, for Xrcc4−/− EV versus wild type or
for Xrcc4−/− EV versus hXRCC4 using one-way ANOVA with
Dunnett’s test. Also shown is an immunoblot confirming expres-
sion of hXRCC4. Wild-type mESC immunoblotting signals are
not shown, since this antibody does not recognize mouse
XRCC4. (C ) 53BP1 does not have an obvious effect on the frequen-
cy of RMDs. The mESC lines wild type, 53bp1−/−, Ku70−/−, and
Ku70−/−53bp1−/−, each with RMD-GFP, were transfected with
the respective sgRNAs/Cas9 plasmids, and nontargeting siCTRL
was also included. Shown are the percentages of GFP+ cells from
these experiments, normalized to transfection efficiency. Wild-
type frequencies are the same as in Figure 3B. n = 9. Error bars
indicate SD. (∗) P≤ 0.0021; (†) P = 0.0389, comparisons versus
wild-type using one-way ANOVA with Dunnett’s test.
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We then posited that the reduction in RMD frequency
between divergent repeats is caused by heteroduplex
rejection, which requires the mismatch repair factor
MSH2 (Sugawara et al. 2004; George and Alani 2012;
Morales et al. 2015; Chakraborty et al. 2016). To test this
hypothesis, we performed the RMD reporter assays in
Msh2−/− mESCs, which we compared with wild-type as
well as Msh2−/− cells transfected with an MSH2 comple-
mentation vector (Fig. 6B). With the parental reporter
with identical repeats (RMD-GFP), we found that Msh2−/−

mESCs showed an increase in the frequency of RMDs at
most 3′ DSB/repeat distances, except at 28.4 kb, compared
with wild-type mESCs (Supplemental Fig. S6B). However,
we found that adding the MSH2 complementation vector
had no effect on RMD frequency inMsh2−/− mESCs (Sup-
plemental Fig. S6B). BecauseMSH2 complementation had
no effect, we suggest that the increase of RMD frequency
between identical repeats in Msh2−/− mESCs cannot
necessarily be attributed to loss of MSH2. Importantly,
however, in contrast to RMDs between identical repeats,
with 1% and 3% divergent repeats, we found that

Msh2−/−mESCs showed amarked increase in the frequen-
cy of RMDs at all 3′ DSB/repeat distances compared with
wild-typemESCs,which are reducedwith theMSH2 com-
plementation vector (Fig. 6B; Supplemental Fig. S6B), al-
though, in the case of the 3% RMD-GFP reporter, we
found that MSH2 complementation did not entirely re-
store RMD frequencies to wild type at all 3′ DSB/repeat
distances, which may reflect the limitations of transient
complementation to precisely mimic wild-type protein
levels. In any case, these results indicate that MSH2 sup-
presses the formation of RMDs between divergent repeats
in a manner that is independent of DSB/repeat distance.

MSH2 has a dominant role vs. KU70 to suppress RMDs
with divergent repeats

Finally, we examined the influence of KU70 on RMDs
with divergent repeats as well as the genetic relationship
between KU70 and MSH2 on such events. Beginning
with the 3′ DSB/repeat distance of 16 bp, KU70 deficiency
caused a substantial increase in RMD frequency with

A

B

Figure 5. Loss of KU70 and 53BP1 affects the
requirement for BRCA1 and CtIP for RMDs.
(A) Depletion of BRCA1 fails to reduce RMD
frequency in cells deficient in KU70 and/
or 53BP1 and indeed causes an increase in
KU70-deficient cells. Cell lines shown in Fig-
ure 4C were transfected with the respective
sgRNA/Cas9 expression plasmids along with
either siCTRL or siBRCA1. Shown are the per-
centages of GFP+ cells from these experiments,
normalized to transfection efficiency. The fre-
quencies for wild type and each cell line with
siCTRL are the same as Figure 4C. n = 9. Error
bars indicate SD. (∗) P≤ 0.0003 for siCTRL ver-
sus siBRCA1 for all cell lines at each sgRNA
pair using an unpaired t-test with the Holm-
Sidak correction. Also shown is immunoblot-
ting to confirm depletion of BRCA1 in each
cell line. The wild-type immunoblot is the
same as Figure 3B and is shown for comparison.
(B) Depletion of CtIP shows diminished effects
on RMDs in cells deficient in KU70 and/or
53BP1 compared with wild type. Cell lines
were transfected as in A but including siCtIP.
Shown are the frequencies of GFP+ cells nor-
malized to transfection efficiency for these ex-
periments. As in A, the frequencies for wild
type and each cell line with siCTRL are the
same as Figure 4C; namely, the data shown
are from experiments with siCTRL, siBRCA1,
and siCtIP tested in parallel for each cell line.
n = 9. Error bars indicate SD. (∗) P≤ 0.003;
(†) P < 0.03 for siCTRL versus siCtIP for all
cell lines at each sgRNApair using an unpaired
t-test with the Holm-Sidak correction. Also
shown is immunoblotting to confirm deple-
tion of CtIP in each cell line. Thewild-type im-
munoblot is the same as Figure 3B and is
shown for comparison.
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both the 1% and 3% divergent repeats, which is similar to
the effect on the parental reporter (Fig. 7A; Supplemental
Fig. S7A). Furthermore, the effect of KU70 loss was not

distinct from the effect of MSH2 deficiency at the 16-bp
3′ DSB/repeat distance (Fig. 7B; Supplemental Fig. S7B).
For the DSB/repeat distances of ≥3.3 kb, KU70 deficiency
caused a modest increase in RMDs between divergent re-
peats, and, indeed, for 1% divergence, the effect of KU70
was evident only compared with the complemented con-
dition (Fig. 7A; Supplemental Fig. S7A). Notably, for most
of the 3′ DSB/repeat distances ≥3.3 kb, the frequency of
the RMDs between divergent repeats is significantly high-
er for Msh2−/− versus Ku70−/−, except for 3% divergence
at the 3.3-kb and 28.4-kb distances (Fig. 7B; Supplemental
Fig. S7B).
To further examine the relative influence of KU70 and

MSH2 on these events, we performed the RMD reporter
assays with the divergent repeats in a Msh2−/−Ku70−/−

mESC line that we generated (Supplemental Fig. S7B).
Strikingly, we found that the RMD frequencies for the
Msh2−/−Ku70−/− cell line were substantially higher than
for either single mutant at nearly all 3′ DSB/repeat dis-
tances, with only one exception (1% divergence at 28.4
kb not distinct from Msh2−/−) (Fig. 7B; Supplemental
Fig. S7B). We then performed complementation analysis
with theMsh2−/−Ku70−/− cell lines and found that expres-
sion of either KU70 or MSH2 suppressed RMDs at all
DSB/repeat distances (Fig. 7C; Supplemental Fig. S8). No-
tably, the MSH2 complementation caused a substantially
greater reduction in RMD frequency versus KU70 (except
1% divergence at 16 bp and 3% divergence at 28.4 kb). Al-
together, these results indicate that suppression of RMDs
between divergent repeats by MSH2 is dominant over the
suppression of these events by KU70.

Discussion

Defining the barriers to the formation of chromosomal
SVs is important to understand the mechanisms of ge-
nome maintenance. Thus, we sought to characterize the
barriers to DSB-induced RMDs in mammalian cells, fo-
cusing on the distance between a DSB and a repeat as
well as sequence divergence between repeats (Fig. 8). We
found that a DSB adjacent to each repeat was proficient
at inducing RMDs, whereas increasing the 3′ DSB/repeat
distance to 3.3 kb caused a sixfold reduction in these
events. Furthermore, we found that increasing this dis-
tance from3.3 to 28.4 kb caused only a threefold reduction
in RMD frequency. Notably, DSB/repeat distance likely
defines the amount of end resection required for RMDs.
Thus, based on our findings, we suggest that the greatest
barrier to end resection is within the first few kilobases,
but once end resection extends a few kilobases, there is
only a modest barrier to much more extensive resection.
These findings are consistent with physical measure-
ments of ssDNA at DSBs inmammalian cells, which indi-
cate that end resection is most frequent at <1 kb (Zhou
et al. 2014), although the limit of detection of such mea-
surements in wild-type cells is ∼3–4 kb of end resection
(Cruz-Garcia et al. 2014; Zhou et al. 2014; Canela et al.
2016) such that the extent of resection beyond this range
has been unclear.

A

B

Figure 6. Introducing sequence divergence between the repeats
substantially suppresses RMD in amanner dependent on themis-
match repair factor MSH2. (A) Introducing sequence divergence
between the repeatsmarkedly suppresses RMD frequency atmul-
tiple DSB/repeat distances. Shown are variants of the RMD-GFP
reporter: 1% RMD-GFP and 3% RMD-GFP, with three and eight
mutations, respectively, which are equally dispersed in the 3′ re-
peat (R) fused to GFP and do not affect the respective codon in the
repeat (i.e., are silent mutations). Each reporter was integrated
into wild-type mESCs and transfected with the respective
sgRNA/Cas9 pairs shown in Figure 1A. Shown is the frequency
of GFP+ cells normalized to transfection efficiency for these ex-
periments. n = 15 for RMD-GFP. n = 6 from Figure 4A, with addi-
tional replicates performed later with the divergent reporter cell
lines; n = 9 for 1% RMD-GFP and 3% RMD-GFP. Error bars indi-
cate SD. (∗) P = 0.0001 comparisons versus RMD-GFP using one-
way ANOVA with Dunnett’s test. (B) Loss of MSH2 increases
the frequency of RMDs between divergent repeats. Msh2−/−

mESCswith the 1% and 3% reporters shown inAwere transfect-
ed with the respective sgRNA/Cas9 expression vectors along
with a control EV or MSH2 complementation vector. Shown
are the percentages of GFP+ frequencies normalized to transfec-
tion efficiency along with the wild-type frequencies from A. n =
9. Error bars indicate SD. (∗) P≤ 0.001 comparisons versus
Msh2−/− EV using one-way ANOVA with Dunnett’s test. Also
shown is immunoblot analysis confirming MSH2 expression.
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Consistent with DSB end resection being important for
RMDs, we found that several factors that inhibit/mediate
end resection (KU70, BRCA1, and CtIP) affect the RMD
frequency at multiple DSB/repeat distances (i.e., 16 bp to
28.4 kb). Furthermore, XRCC4, which functions in the
same DSB repair pathway as KU70 and inhibits homolo-
gous recombination (Bennardo et al. 2009; Chang et al.
2017), also suppresses RMDs. We also found that loss of
KU70 diminishes the requirement of CtIP and BRCA1
for RMD formation. These findings indicate that at least
part of the function of CtIP and BRCA1 in promoting
these events is to inhibit KU70 function. This model is
consistent with reports that CtIP in combination with
the MRE11 complex can promote removal of the KU70/
KU80 heterodimer (KU) from DNA ends, based on sin-
gle-molecule approaches (Myler et al. 2017) as well as
measurements of KU recruitment to replication-associat-
ed breaks (Chanut et al. 2016). Similarly, the CtIP homo-

log/orthologs in Schizosaccharomyces pombe and S.
cerevisiae (Ctp1 and SAE2, respectively) appear dispensa-
ble for end resection in the absence of KU (Mimitou and
Symington 2010; Langerak et al. 2011).

Regarding BRCA1, we found that this factor not only is
dispensable for RMDs in KU70-deficient cells but appears
to inhibit RMDs in this context. Thus, in KU70-deficient
cells, BRCA1 has an effect similar to that of RAD51 in
suppressing RMDs. Accordingly, our findings support
the notion that BRCA1 mediates at least two distinct
steps of homologous recombination: (1) displacement of
KU to facilitate end resection and (2) promotion of
RAD51 function. Consistent with this notion, while
loss of KUwas shown to rescue PARP inhibitor sensitivity
in BRCA1-deficient cells, indicating at least a partial res-
cue of homologous recombination, loss of KU caused
only a modest increase in RAD51 recruitment to DNA
damage (Bunting et al. 2012). Furthermore, this model is

A

B

C

Figure 7. MSH2 has a dominant role com-
pared with KU70 to suppress RMDs between
divergent repeats. (A) KU70 suppresses RMDs
between divergent repeats. Ku70−/− mESCs
with the 1% RMD-GFP and 3% RMD-GFP
reporters were transfected as in Figure 4A.
Shown are the percentages of GFP+ cells from
these experiments, normalized to transfection
efficiency, with the wild-type frequencies
from Figure 6A shown for comparison. n = 9.
Error bars indicate SD. (∗) P≤ 0.0085; (†) P≤
0.0432 for Ku70−/− EV versus wild type or for
Ku70−/− EV versus KU70 expression vector us-
ing one-way ANOVA with Dunnett’s test. (B)
Loss of both MSH2 and KU70 causes a marked
increase in RMDs between divergent repeats
compared with the single mutants, and
MSH2 loss has a greater effect than KU70
loss. Msh2−/−Ku70−/− mESCs with the 1%
RMD-GFP and 3% RMD-GFP reporters were
transfected with the respective sgRNA/Cas9
expression plasmids along with control EV.
Shown are the percentages of GFP+ cells from
these experiments, normalized to transfection
efficiency, with the wild-type, Msh2−/−, and
Ku70−/− frequencies from Figure 6 and A
shown for comparison. n = 9. Error bars indi-
cate SD. (∗) P≤ 0.0003 for Msh2−/−Ku70−/−

versus every other cell line; (‡) P≤ 0.0009
for Msh2−/− versus Ku70−/− using one-way
ANOVA with Tukey’s test. (C ) Expression of
KU70 or MSH2 suppresses RMDs between
divergent repeats in Msh2−/−Ku70−/− mESCs,
with MSH2 having a greater effect. Msh2−/−

Ku70−/− mESCs with the 1% RMD-GFP and
3% RMD-GFP reporters were transfected as
in B but including expression vectors for
KU70, MSH2, or EV. Shown are the percentag-
es of GFP+ cells from these experiments,
normalized to transfection efficiency, with
wild-type frequencies from Figure 6A shown
for comparison. n = 6. Error bars indicate SD.

(∗) P≤ 0.0003 for Msh2−/−Ku70−/− EV versus all other conditions; (‡) P≤ 0.015 for MSH2 versus KU70 complementation in Msh2−/−

Ku70−/− cells using one-way ANOVA with Tukey’s test.
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supported by a recent report that used several mutants of
BRCA1 to separate its functions in HDR versus SSA (i.e.,
an RMD event) (Anantha et al. 2017). BRCA1 also has
been implicated recently in directly promoting RAD51-
mediated strand exchange (Zhao et al. 2017). Notably,
these findings might explain the variable requirement of
BRCA1 for distinct assays for end resection (Schlegel
et al. 2006; Cruz-Garcia et al. 2014; Zhou et al. 2014);
namely, we speculate that while BRCA1 is a mediator of
end resection, its later role in promoting RAD51 function
would cause a reduction in the steady-state level of resect-
ed ends, which might result in no obvious net change in
the frequency of resected ends in some assays.
In contrast to KU70, we found that loss of 53BP1 did not

have a significant effect on RMD frequency either on its
own or in the context of KU70 deficiency. These findings
appear inconsistent with reports that 53BP1 disruption
can cause an increase in end resection (Bunting et al.
2012; Zhou et al. 2014; Ochs et al. 2016). However, apart
from these measurements of end resection per se, 53BP1
deficiency causes a relatively modest effect on homolo-
gous recombination unless in the context of BRCA1 defi-
ciency (Bouwman et al. 2010; Bunting et al. 2010, 2012;
Onyango et al. 2016). Consistent with these reports, we
found that loss of 53BP1 suppressed the effect of BRCA1
depletion on RMD formation and reduced the effect of
CtIP depletion on these events. Thus, 53BP1-mediated
suppression of end resection does not appear to be critical
to limit RMD formation except in the context of depletion
of BRCA1 or CtIP. Finally, since end resection has been
found to be elevated in S–G2-phase cells (Symington and
Gautier 2011), we note that ourmodel system for these ex-
periments (mESCs) is predominantly in S phase, whichwe
confirmed here (Supplemental Fig. S9), including for each
of the mutant mESC lines.
Regarding other factors involved in RMDs, we found

that RAD52 promotes these events at 3′ DSB/repeat dis-
tances ≥3.3 kb. Indeed, at ≥9.1 kb, RAD52 deficiency
had a profound effect on RMD frequency. The likely role
of RAD52 in RMDs is to stabilize dsDNA between the
homologous repeats, which is supported by biochemical
studies of RAD52 activity (Hanamshet et al. 2016;
Brouwer et al. 2017). Our findings indicate that such

RAD52 activity is likely proficient even when homolo-
gous sequences are relatively far from DNA ends.
In addition to our analysis of DSB/repeat distance, we

found that sequence divergence between the repeats
(1%–3%) substantially suppressed RMDs in a manner de-
pendent onMSH2. These findings are consistent with the
role of mismatch repair factors in promoting heterodu-
plex rejection via promoting recruitment of a DNA heli-
case to displace the mismatched annealing intermediate
(Sugawara et al. 2004; George and Alani 2012; Chakra-
borty et al. 2016). This process in S. cerevisiae has been
shown to require at least a short distance between the
DSB and the edge of the mismatched heteroduplex
(Anand et al. 2017). Consistent with this notion, we
found that such heteroduplex rejection is proficient at
DSB/repeat distances ranging from 16 bp to 28.4 kb
(each paired with a 5′ DSB/repeat distance of 268 bp). Im-
portantly, we also found that combined loss of MSH2 and
KU70 caused a marked increase in RMDs between diver-
gent repeats. Furthermore, the effect of MSH2 was signif-
icantly greater than KU70. This latter finding indicates
that the heteroduplex rejection is a dominant barrier for
RMDs between divergent repeats relative to suppression
of end resection.
Since RMDs can cause substantial loss of genetic in-

formation, these events have the potential to contribute
to the increased cancer risk that is caused by inherited
mutations of BRCA1 and MSH2 (Lynch et al. 2015; Niel-
sen et al. 2016). Our findings indicate that disruption of
KU70, combined with deficiency in MSH2 or BRCA1,
causes a marked increase in the frequency of RMDs.
Thus, we speculate that loss of KU function and/or am-
plification of pathways that inhibit KU has the potential
to increase RMDs in cells deficient in MSH2 and/or
BRCA1. Such an increase in RMDs could thereby cause
genome instability, which has the potential to contrib-
ute to cancer development. Similarly, therapeutic disrup-
tion of KU function could augment RMD formation
during clastogen treatment of such tumors. In conclu-
sion, our study provides evidence that a DSB positioned
relatively far from a repeat can induce RMDs, but several
pathways and factors are important to suppress these
events.

Figure 8. A summary of barriers and mediators of
RMD formation.
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Materials and methods

Plasmids, cell lines, and siRNA

TheRMD-GFPreporter plasmidand thevariantswithdifferent re-
peat sequences were generated by introducing a repeat sequence
(Supplemental Fig. S5A) upstream of the GFP-coding sequence
into the pim-EJ6-GFP plasmid (Bhargava et al. 2017). Each sgRNA
sequence is shown in Supplemental Table S1 and was expressed
from the px330 plasmid, which coexpresses Cas9 (Addgene,
42230; generously deposited by Dr. Feng Zhang) (Ran et al.
2013). The sgRNAs for targeting the DR-GFP and EJ5-GFP report-
ers were described previously (Munoz et al. 2014). The plasmids
pCAGGS-KU70, pCAGGS-MSH2, pCAGGS-RAD51-K133R,
pCAGGS-HA-XRCC4, pCAGGS-NZE-GFP, pgk-puro, and pCA
GGS-BSKX EV were described previously (Bennardo et al. 2008,
2009; Bhargava et al. 2017). The pCAGGS-V5-RAD52 expression
vector was derived from the previously described pCAGGS-
RAD52 (mouse) plasmid (Bennardo et al. 2008). The pCAGGS-
3xf-NLS-BRC3 expression vector was generated by inserting the
3xFlag sequence into the previously described pCAGGS-NLS-
BRC3 vector (Stark et al. 2004). We used the nontargeting
siCTRL (GE Dharmacon, D-001810-01) and pools of four siRNAs
per gene: siBRCA1 (GE Dharmacon, D-040545-01, D-040545-02,
D-040545-03, and D-040545-04) and siCtIP (GE Dharmacon, D-
055713-14, D-055713-15, D-055713-16, and D-055713-17).
The wild-type, Ku70−/−, Msh2−/−, Rad52−/−, and 53bp1−/−

mESCs were described previously (Gu et al. 1997; Claij and te
Riele 2004; Stark et al. 2004; Bhargava et al. 2017). Since the
Msh2 andRad52 genes were disrupted with a hyg cassette, which
was also used for Pim1 targeting of the reporter, we first mutated
the hyg gene in the Msh2−/− and Rad52−/− mESC lines using an
sgRNA with Cas9 followed by screening individual clones for
hygromycin sensitivity. Loss of RAD52 RNA in the Rad52−/−

mESC line was examined using RT–PCR with primers for
RAD52 (5′-TGGGAAGTCTGTGCTCCTCT-3′ and 5′-CCCAG
CCATTGTAACCAAAC-3′) and Actin (5′-GGCTGTATTCCC
CTCCATCG-3′ and 5′-TCTCCAGGGAGGAAGAGGAT-3′).
The Ku70−/−53bp1−/− cell line was derived from the Ku70−/−

cell line, and the Msh2−/−Ku70−/− cell line was derived from
the Msh2−/− hygromycin-sensitive cell line using previously de-
scribed sgRNA/Cas9 expression vectors (Howard et al. 2015;
Bhargava et al. 2017). The RMD-GFP reporters were integrated
into the Pim1 locus as described previously (Bennardo et al. 2008).

DSB reporter assays and surveyor nuclease assay

For the DSB reporter assays, 0.5 × 105mESCswere plated per well
in a 24-well plate. Each well was transfected with 200 ng of each
sgRNA/Cas9 plasmid using 1.8 µL of Lipofectamine 2000 in 0.5
mL of antibiotic-free medium. To compare wild type and each
mutant cell line, transfections included either 200 ng of control
EV or complementation vector (RAD52, KU70, XRCC4, or
MSH2). At least two independent Pim1 targeted clones were test-
ed using at least one representative RMD event, whereas one
clone was used for the in-depth analysis that is shown. The
RAD51 dominant-negative analysis included 200 ng of control
EV, 100 ng of 3xf-NLS-BRC3, or 50 ng of RAD51-K133R, and
the latter two included additional EV to normalize the total plas-
mid concentration. For the siRNA analysis, transfections includ-
ed 5 pmol of siRNA. In addition, 200 ng of EVwas included in the
DR-GFP experiments to normalize the total concentration of
plasmid, since this reporter involves only one sgRNA. Three
days after transfection, cells were analyzed by flow cytometry us-
ing a CyAn-ADP, as described (Gunn and Stark 2012). For testing
the hygromycin sensitivity of the GFP+ cells, 3 d after transfec-

tion, cells were replated and cultured with or without 110 µg/
mL hygromycin B (Invitrogen) for three additional days prior to
flow cytometry analysis. In each experiment, the frequency of
GFP+ cells was normalized to transfection efficiency, which
was determined using parallel transfections with 200 ng of a
GFP expression vector (pCAGGS-NZE-GFP) plus the appropriate
concentration of EV, complementation vector, RAD51 domi-
nant-negative plasmid, or siRNA treatment. Statistical analysis
of the RMD reporter experiments were performed at each DSB re-
peat/distance using the methods described in the figure legends.
GFP+ cells were isolated using either an Aria III or Aria SORP in-
strument (BectonDickinson) and examined by PCRwith primers
P1 (5′-TCTCATGGTGTGGTGGAAAA-3′) and P2 (5′-AAGTC
GTGCTGCTTCATGTG-3′).
For the surveyor nuclease assay, cells were transfected as de-

scribed above with 200 ng of each sgRNA/Cas9 plasmid, with
400 ng of EV to maintain a constant total plasmid concentration.
The assay and analysis were performed with the Surveyor muta-
tion detection kit (IDT) as described previously (Bhargava et al.
2017) using the primers listed in Supplemental Table S1. All tar-
get sites were amplified with Platinum HiFi Supermix (Thermo
Fisher) except the 3.3-kb site, which was amplified with Phusion
high-fidelity PCR master mix with GC buffer (New England
Biolabs).

Immunoblotting, immunofluorescence, and cell cycle analysis

For immunoblotting analysis with the complementation vectors,
we used the same concentration of complementation vector as
the reporter assays (scaled four times), with EV to maintain the
same total concentration of plasmid, and protein was extracted
2 d after transfection. For analysis with the siRNAs, we used
the same concentration of siRNA as the reporter assays (scaled
four times) but including 1.2 µg of pgk-puro plasmid. One day af-
ter transfection, cells were treated with 1.5 µg/mL puromycin,
and protein was extracted 2 d later. For protein extraction, cells
were lysed using NETN buffer (20 mM Tris at pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5% Igepal, 1.25 mM DTT, Roche protease
inhibitor) with several freeze/thaw cycles ELB lysis buffer (250
mM NaCI, 5 mM EDTA, 50 mM HEPES, 0.1% NP-40 [Ipegal],
Roche protease inhibitor) with sonication (Qsonica, Q800R). Ex-
tracts were probed with antibodies for BRCA1 (Barlow et al.
2013), CtIP (Active Motif, 61141), V5 (Thermo Fisher, R96125),
XRCC4 (Santa Cruz Biotechnology, sc-271087), 53BP1 (Abcam,
ab36823), KU70 (Santa Cruz Biotechnology, sc-1487), MSH2
(Bethyl Laboratories, A300-452A), and Actin (Sigma, A2066).
ECL reagent (Thermo Scientific) was used to develop HRP signals.
For immmunofluorescence analysis, cells were transfected

with 3xf-NLS-BRC3 using the same plasmid concentration as
the reporter assays. Two days after transfection, cells were treated
with 10Gyof IR (Gammacell 3000) followed by a 6-h recovery and
affixed to slides using a Cytospin 4 (Thermo Fisher). Cells were
fixed with 4% paraformaldehyde, permeabilized, and stained
with antibody for the Flag epitope (Sigma, F3165) and RAD51
(Santa Cruz Biotechnology, sc-8349) followed by Alexa fluor
488 goat anti-mouse antibody (Thermo Fisher, A11029), Alexa
flour 568 goat anti-rabbit antibody (Thermo Fisher A11036),
and DAPI using VectaShield mounting medium (Vector Labora-
tories, H1500). Images were acquired using the Zeiss Observer
Z1 with a 40× objective using ZEN Black software.
For cell cycle analysis, mESCs were treated with 10 µM BrdU

(Becton Dickinson, 51-2420KC) for 30 min prior to fixation in
70% ethanol and staining with FITC-BrdU (Becton Dickinson,
51-33284X) and propidium iodide with RNase (Sigma, P4170
and R4642, respectively). Cells were analyzed on a CyAN-ADP.
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