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Break-induced replication plays a prominent role in
long-range repeat-mediated deletion
Qing Hu1,†, Hongyan Lu1,2,†, Hongjun Wang1,†, Shibo Li1, Lan Truong1, Jun Li1,2, Shuo Liu1,2,

Rong Xiang2 & Xiaohua Wu1,*

Abstract

Repetitive DNA sequences are often associated with chromosomal
rearrangements in cancers. Conventionally, single-strand annealing
(SSA) is thought to mediate homology-directed repair of double-
strand breaks (DSBs) between two repeats, causing repeat-mediated
deletion (RMD). In this report, we demonstrate that break-induced
replication (BIR) is used predominantly over SSA in mammalian cells
for mediating RMD, especially when repeats are far apart. We show
that SSA becomes inefficient in mammalian cells when the distance
between the DSBs and the repeats is increased to the 1–2 kb range,
while BIR-mediated RMD (BIR/RMD) can act over a long distance
(e.g., ~ 100–200 kb) when the DSB is close to one repeat. Impor-
tantly, oncogene expression potentiates BIR/RMD but not SSA, and
BIR/RMD is used more frequently at single-ended DSBs formed at
collapsed replication forks than at double-ended DSBs. In contrast
to short-range SSA, H2AX is required for long-range BIR/RMD, and
sequence divergence strongly suppresses BIR/RMD in a manner
partially dependent on MSH2. Our finding that BIR/RMD has a more
important role than SSA in mammalian cells has a significant impact
on the understanding of repeat-mediated rearrangements associ-
ated with oncogenesis.
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Introduction

Repetitive DNA sequences are abundant and comprise approxi-

mately half of the human genome (Lander et al, 2001). Alu

sequences, which are short interspersed elements about 300 bp in

size, are present at more than 1 million copies (Batzer & Deininger,

2002; Belancio et al, 2010). These repetitive sequences are a major

source of chromosomal rearrangements, thereby contributing to

genome instability (Deininger et al, 2003).

Chromosomal structural changes can arise when DNA breaks,

mainly double-strand breaks (DSBs), are not correctly repaired.

Nonhomologous end joining (NHEJ), which re-ligates the broken

ends without a template, and homologous recombination (HR),

which uses a homologous donor for repair, are two major DSB

repair pathways (Paques & Haber, 1999; Jasin & Rothstein, 2013;

Chang et al, 2017). There are several different HR pathways,

including gene conversion (GC), break-induced replication (BIR),

and single-strand annealing (SSA; Anand et al, 2013; Mehta &

Haber, 2014; Bhargava et al, 2016). All pathways are initiated by

extensive 50–30 resection of DSB ends, generating long 30 single-

strand DNA (ssDNA) for recombination repair. When both DSB

ends share homology with the donor sequences, the break is

usually repaired by GC, which can be mediated by synthesis-

dependent strand annealing (SDSA) or by formation of a double-

Holliday junction (dHJ; Jasin & Rothstein, 2013; Mehta & Haber,

2014). When homology with a donor is present for only one end

of a DSB, BIR is used for repair. This often occurs at collapsed

replication forks and eroding telomeres where single-ended DSBs

are generated (Davis & Symington, 2004; McEachern & Haber,

2006; Anand et al, 2013; Malkova & Ira, 2013). A major BIR mech-

anism is RAD51-dependent, requiring invasion of the RAD51 fila-

ment into the homologous template in the same manner as in GC.

However, BIR is different from GC in that BIR replication can

extend for a long distance and requires the Pol32 subunit (POLD3

in mammalian cells) of Pold (Lydeard et al, 2007; Costantino et al,

2014). Recent studies have also revealed an important role of

RAD52 in BIR and BIR-related mechanisms in mammalian cells

(Bhowmick et al, 2016; Sotiriou et al, 2016), although its function

is dispensable for GC (Feng et al, 2011; Wang et al, 2018a). When

a DSB is flanked by direct repeats, SSA is used for repair, resulting

in the deletion of one repeat as well as the intervening sequence

(Bhargava et al, 2016). SSA also requires end resection to generate

ssDNA within the repeats, which enables the annealing of flanking

repeats. SSA is suppressed by RAD51 but dependent on RAD52

(Rudin & Haber, 1988; Fishman-Lobell et al, 1992; Sugawara &

Haber, 1992; Stark et al, 2004).
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Repeat-mediated deletions (RMDs) have been described as

contributing to the etiology of inherited diseases and cancers

(Kolomietz et al, 2002; Pavlicek et al, 2004; Belancio et al, 2010).

The BRCA1 gene is highly enriched in Alu elements, and recombina-

tion between Alu elements has been implicated in the generation of

pathogenic BRCA1 mutants (Petrij-Bosch et al, 1997; Puget et al,

1997; Pavlicek et al, 2004). In the conventional model, SSA is

thought to mediate RMDs. However, we found that SSA becomes

inefficient when the repeats are separated at a range of ~ 1–2 kb,

while BIR can be efficiently used to mediate RMDs when the repeats

are located over a long distance, even when they are ~ 100–200 kb

apart. Our study suggests that BIR plays a more significant role than

SSA in long-range RMD in mammalian cells, which is different from

the prevalent thought that SSA is the dominant way to mediate

recombination of two identical repeats, resulting in RMD. Our find-

ings also provide new evidence to support the notion that replicative

mechanisms are attributed to repeat-mediated rearrangement.

Results

BIR, not SSA, is used for recombination between two repeats
when the DSB is close to one repeat

SSA is believed to be a major pathway mediating recombination

between two repeats to generate RMD. We established a new EGFP-

based SSA reporter (EGFP-SSA) in which the 50EGFP and 30EGFP
fragments share 315 bp homology (repeat) and are separated by a

2,035 bp DNA sequence (Fig 1A). We obtained clones carrying a

single copy of the EGFP-SSA reporter stably integrated into the

genome. Cleavage by I-SceI 9 bp away from the 30 repeat readily

induced EGFP signals in multiple clones carrying an integrated

single copy of the EGFP-SSA reporter (Appendix Fig S1A). PCR anal-

ysis of sorted green cells confirmed the presence of the SSA or RMD

product with the deletion of one repeat along with the intervening

sequence (Appendix Fig S1B).

To study the effect of the distance of DSBs from the repeats, we

used Cas9 along with single or double single-guide RNAs (sgRNAs)

to generate DSBs in the intervening sequence. In support of the

requirement of end resection to reach the repeats, SSA/RMD

frequency is much higher when the DSBs are ~ 30 bp away

compared to when they are ~ 0.6 kb away from the two repeats,

with even lower frequency when the distance is increased to ~ 1 kb

(Fig 1B, left). We also generated EGFP-SSA reporters containing the

intervening sequences of varying lengths between the repeats and

with the same gRNA/Cas9 site situated in the middle. Cleavage by

gRNA/Cas9 would produce nonhomologous tails of 17 and 6 bp on

the first reporter on either side (EGFP-SSA-17/6 bp), and 0.3, 0.6 kb

or 1 kb to both the left and right repeats on the other reporters

(EGFP-SSA-0.3 kb, EGFP-SSA-0.6 kb, and EGFP-SSA-1 kb). To

avoid the influence of the genomic loci that the reporters are inte-

grated in on repair efficiency, we pooled cell populations after trans-

fection of the reporters and examined repair frequency.

Consistently, SSA/RMD is significantly reduced when the distance

between the repeats is increased (Fig 1B, right). These data suggest

that end resection is a factor limiting SSA; SSA becomes inefficient

when a DSB is at 1 kb range away from the repeats. The large

distance between the repeats would thus be a major restriction for

use of SSA in mammalian cells.

Interestingly, when we used sgRNA R11 to generate a DSB 11 bp

away from the 30 repeat (2,024 bp from the 50 repeat and 11 bp from

the 30 repeat: 2024/11), we found that RMD is much higher than

when using sgRNA R1011 to generate a DSB in the middle of the

intervening sequence (1,024 bp from the left repeat and 1,011 bp

from the right repeat: 1024/1011; Fig 1C). Since end resection of

~ 2 kb would take longer than for ~ 1 kb, it is not expected that

recombination would occur more efficiently when DSBs are gener-

ated at R11 (2024/11) than at R1011 (1024/1011). This is also dif-

ferent from observations in yeast that the kinetics of SSA product

formation are governed largely by the distance of the DSB to the

further repeat (Fishman-Lobell & Haber, 1992; Sugawara & Haber,

1992; Vaze et al, 2002). However, this is in line with the observa-

tion in mouse embryonic stem (mES) cells that RMD frequency in

not changed proportionally with the distance increase of the break

to the further repeat when the distance is more than 3 kb (Mendez-

Dorantes et al, 2018).

When a DSB is generated closer to one repeat than the other, in

principle, ssDNA should form in that repeat first and one possibility

▸Figure 1. BIR is involved in RMD when a DSB is close to one repeat.

A Schematic drawing of the EGFP-based SSA reporter, EGFP-SSA. The EGFP coding sequence is split into two fragments, which share a 315 bp overlapping homology
(repeat) and are separated by a 2,035 bp DNA sequence. An I-SceI cleavage sequence is inserted in the intervening sequence, 9 bp away from the 30 repeat. The
EGFP open reading frame is restored after DSB-induced RMD of the two EGFP fragments.

B RMD assays performed after DSBs have been generated by sgRNAs/Cas9. The distance between the sgRNA/Cas9 cleavage sites and the repeat sequences is
indicated. U2OS cells carrying a single copy of the EGFP-SSA reporter (3427-17) were transfected with sgRNA/Cas9 plasmids, and the percentage of GFP-positive
cells was determined (left). U2OS cells transfected with the indicated reporters EGFP-SSA-17/6 bp, EGFP-SSA-0.3 kb, EGFP-SSA-0.6 kb, and EGFP-SSA-1.0 kb were
pooled as a population after selection of the drug marker on the reporters, followed by sgRNA/Cas9 cleavage (right).

C RMD is strongly induced when a DSB is generated close to one repeat. The U2OS (EGFP-SSA-3427-17) cell line carrying a single copy of the reporter was transfected
with sgRNA/Cas9 plasmids as indicated, and the percentage of GFP-positive cells was determined.

D Models of RMD mediated by SSA (RMD/SSA) or BIR (RMD/BIR). When a DSB is created in the middle of two repeats, the DNA ends of both sides are resected,
generating 30 ssDNA overhangs, until the repeat sequences on opposite sides are both exposed. Then, ssDNA of the repeat sequences anneals, resulting in a product
with internal sequences deleted. When a DSB is generated close to one repeat, ssDNA formed in one repeat first can invade the other repeat still in duplex using
BIR, which can also give rise to a deletion product identical to the SSA product after cleavage of D-loop. Pink arrow: putative structure-specific endonucleases to
cleave nonhomologous tails; blue arrow: putative structure-specific endonucleases to cleave the D-loop.

E–G Determination of RMD frequency in U2OS (EGFP-SSA-3427-17) cells when POLD3 (E), RAD52 (F), or RAD51 (G) is depleted by lentiviral expression of shRNA. Cells infected
with a lentiviral empty vector were used as control. The knockdown level of the indicated proteins was shown by Western blot, using KU70 as the loading control.

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.
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is that ssDNA formed in the first repeat could strand-invade the

other repeat using the BIR mechanism (Fig 1D, right: BIR/RMD).

After cleavage of the D-loop, deletion products identical to those

formed by SSA/RMD (Fig 1D, left) could be generated. To support

this model, silencing POLD3 expression by shRNA significantly

reduces the frequency of recombination between the two repeats

upon cleavage at R11 (2024/11) when one end of the DSB is only

11 bp away from the right repeat, but not at R1011 (1024/1011)

when both DSB ends are ~ 1 kb away from the repeats (Fig 1E).

Inactivation of RAD52 by shRNA reduces recombination in both

cases (Fig 1F). Since BIR depends on both POLD3 and RAD52 but

SSA only requires RAD52 (Stark et al, 2004; Costantino et al, 2014),

these results suggest that BIR is used when a DSB is generated in

the intervening sequence close to one repeat (e.g., 11 bp away),

whereas SSA is used when a DSB is located far away from both

repeats. When BIR is used to mediate recombination between two

repeats, resulting in a deletion, we called it BIR-mediated RMD

(BIR/RMD).

To further test the model that BIR/RMD is used when cleavage is

generated close to one repeat, we tested the dependence of RMD on

RAD51 by expressing RAD51 shRNA. We showed that inactivation

of RAD51 results in increased RMD when cleavage is made at

R1011, but causes significant reduction of RMD when a DSB is

generated at R11 (Fig 1G). This is consistent with the role of RAD51

in suppressing SSA (Ivanov et al, 1996; Stark et al, 2004) and

suggests that BIR/RMD is RAD51-dependent, which is comparable

to the observation in bacteria and in yeast that the major BIR path-

way is RecA/RAD51-dependent (Formosa & Alberts, 1986; Asai

et al, 1993; Davis & Symington, 2004; Malkova et al, 2005). In addi-

tion to POLD3, BIR/RMD induced by R11 cleavage is also dependent

on CDC45, PCNA, and RFC (Appendix Fig S2), further supporting

the involvement of a replication mechanism in BIR/RMD.

The usage of BIR/RMD or SSA/RMD is governed by the distance
between the DSB and the repeats

To understand the mechanism governing the usage of BIR and SSA for

RMD, we created DSBs at different positions along the intervening

sequence of repeats using a series of sgRNAs (Fig 2A). We demon-

strated that RMD is efficiently induced when DSBs are generated at a

position 29 bp away from the 30 repeat (R29: 2006/29) and 31 bp

away from the left repeat (L31: 31/2004), although the frequency is

reduced by half compared to R11 (Fig 2B). RMD decreasesmorewhen

DSBs are generated further away from the 30 repeat, with an about 10-

fold drop at R316 (1719/316), and a 20-fold drop at R634 (1401/634)

and at R1011 (1024/1011) when compared to R11 (2024/11). Like at

R11 (Fig 1E), depletion of POLD3 by shRNA also significantly reduces

RMD when DSBs are generated at R29 and R51 (Fig 2C). However,

the reduction of RMD upon depletion of POLD3 becomes minor or

undetectable when DSBs are generated at R101 or R316 and R1011.

These data suggest that BIR is likely involved in RMDwhen the DSB is

close to one repeat (≤ ~100 bp). When the distance is increased to

~ 100 bp ormore, BIR is not actively engaged and SSA is used instead,

but with very low overall frequency.

We propose that when a DSB is near one repeat, BIR is used

because end resection leads to ssDNA formation first on one repeat

while the other repeat is still in double-strand form. Indeed, when two

small tails, 11 bp on both sides (11/11) or 31 bp on left and 29 bp on

right (31/29) are generated, RMD does not depend on POLD3 (Fig 2D,

left), suggesting that SSA is used. RAD51 inhibits RMD with cleavage

at both 11/11 and 31/29 sites, which is consistent with the usage of

SSA (Appendix Fig S3). However, when the left tail is 31 bp but the

right tail is 634 bp (31/634), RMD becomes POLD3-dependent

(Fig 2D, right). This supports the model that BIR is used when one

repeat becomes ssDNA first and is used to invade the other repeat.

The efficiency of RMD and the use of SSA/RMD or BIR/RMD is

governed by the distance from the DSBs to the repeats.

Collectively, these studies show that BIR/RMD can efficiently

launch when the DSB is close to one repeat (e.g., 2024/11), but to

achieve similar efficiency of RMD by SSA, the DSB needs to be close

to both repeats (e.g., 11/11 and 31/29, Fig 2D, left). Since the SSA

frequency of 651/634 and 1024/1011 is very low (Fig 1B), we do

not expect SSA to play a significant role in mediating RMD of the

repeats at a 1–2 kb distance when one DSB is generated in the inter-

vening sequence.

Oncogene expression and replication fork collapse stimulate BIR/
RMD but not SSA/RMD

BIR is proposed to be used when DSBs are single-ended, which often

occurs when replication forks are collapsed, and thus, replication

stress may potentiate BIR activity. Since oncogene expression often

induces replication stress and fork collapse (Bartkova et al, 2006; Di

Micco et al, 2006), we tested whether oncogene expression would

modulate usage of BIR/RMD and SSA/RMD. We generated U2OS

(EGFP-SSA) cell lines carrying doxycycline-inducible cyclin E. We

showed that cyclin E overexpression leads to increased RMD when

BIR/RMD is induced by DSBs generated at R29, but it has no effect

on SSA after cleavage at R1011 (Fig 3A). This suggests that cyclin E

overexpression promotes BIR/RMD but not SSA/RMD.

To understand how cyclin E overexpression leads to increased

BIR/RMD when DSBs have formed, we asked whether ATR is

involved in this process, since oncogene expression induces replica-

tion stress and ATR activation (Bartkova et al, 2006; Di Micco et al,

2006). When ATR is depleted by shRNA, BIR/RMD induced by R29 is

reduced even before induction of cyclin E expression (Fig 3B, �Dox),

suggesting that ATR is needed for BIR/RMD. This is likely due to the

involvement of ATR in end resection to promote BIR/RMD in a

manner similar to HR (Jazayeri et al, 2006). However, BIR/RMD

stimulated by cyclin E overexpression exhibits much stronger depen-

dence on ATR than that without cyclin E expression (Fig 3B). Since

under our assay conditions, DSBs are generated by Cas9, and their

levels should be comparable in the presence or absence of cyclin E

overexpression, we propose that besides promoting end resection,

ATR plays an additional role in stimulating BIR/RMD activity upon

oncogenic stress induced by cyclin E overexpression.

We then asked whether the use of BIR/RMD and SSA/RMD is

modulated when single-ended DSBs are generated specifically on

replication forks compared to how they are used at double-ended

DSBs. We took advantage of the CRISPR/Cas9 system and used

Cas9 nickase (Cas9-D10A) to generate nicks on DNA (Jinek et al,

2012). When replication encounters nicks, forks would collapse,

leading to single-ended DSB formation (Fig 3C). As a control, we

introduced DSBs and nicks to the previously described EGFP-MMEJ

reporter (Appendix Fig S4; Truong et al, 2013) using Cas9 and Cas9-

D10A, respectively. MMEJ frequency is much reduced when nicks
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are generated by Cas9-D10A compared to by Cas9 (Fig 3D, left), and

this is consistent with the idea that nicks are often efficiently

repaired before conversion to DSBs for MMEJ to repair. However,

when nicks are generated at R29 in the EGFP-SSA reporter, BIR/

RMD frequency is even higher than when double-ended DSBs are

created by Cas9 (Fig 3D, right and Appendix Fig S5). Cas9-D10A/

R29-induced RMD depends on POLD3, confirming the use of BIR

(Fig 3E). By contrast, RMD at R1011 is reduced when Cas9-D10A is

used compared to Cas9 (Fig 3D, right), and Cas9-D10A/R1011-

induced RMD does not depend on POLD3 (Fig 3E). These data

suggest that BIR/RMD is more efficiently used at single-ended DSBs

generated at collapsed replication forks than at double-ended DSBs,

while SSA is not stimulated upon fork collapse.

In G0/G1 cells, homology-directed recombination is suppressed

due to a lack of end resection. Indeed, when we expressed p27 to

arrest cells at G0/G1 (Toyoshima & Hunter, 1994), both BIR/RMD

(induced by R29) and SSA/RMD (induced by R1011) are reduced

compared to those in cycling cells (Fig 3F and Appendix Fig S6).

We then asked whether cyclin E overexpression could override the

restriction of BIR/RMD in quiescent cells. While induction of cyclin

E in cycling cells induces BIR/RMD, the same effect was not

observed in cells with overexpression of p27 (Fig 3F and

Appendix Fig S6), suggesting that cyclin E promotes BIR/RMD only

when cells are actively proliferating.

BIR can be used to mediate RMD when repeats are separated by
a long distance

In the human genome, Alu-associated RMD can occur over a

substantial distance (Kolomietz et al, 2002; Pavlicek et al, 2004;

Belancio et al, 2010). To study the mechanism involved in long-

range RMD, we used the RMD-GFP reporter established in Dr.

Stark’s laboratory (Mendez-Dorantes et al, 2018), which contains

two 287 bp repeats separated by 0.4 Mb on mouse chromosome 17

(Fig 4A). RMD between these two repeats would generate a

Cdkn1A-GFP fusion gene, producing green cells. One DSB 268 bp

downstream of the 50 repeat (L268) with a second DSB 28.4 kb

upstream of the 30 repeat (R28.4k) induces low but detectable RMD

in mES cells [(Mendez-Dorantes et al, 2018) and Fig 4B]. However,

when we reduced the distance of the DSB downstream of the 50

repeat by cleaving 17, 38 bp, or 50 bp away from the 30 repeat (L17,
L38, L50), with fixed cleavage at 28.4 kb upstream of the 30 repeat
(R28.4k), RMD was strongly induced, with a more than 30-fold

increase when comparing RMD of L17/R28.4k to that of L268/

R28.4k (Fig 4B). A single cleavage in the intervening sequence

induces very minimal RMD (Appendix Fig S7). We further showed

that RMD by L17/R28.4k requires POLD3 and RAD51 (Fig 4C and

Appendix Fig S8A), suggesting the involvement of RAD51-depen-

dent BIR. These data suggest that when a DSB is generated close to

one repeat (e.g., ~ 20 bp), RMD can be strongly induced by using

BIR even when the other repeat is situated far away (e.g., 28.4 kb).

We also increased the distance between the right-side DSB and the

30 repeat, with the left-side DSB generated 17 bp downstream of the

50 repeat. RMD is reduced 2-fold with an increase in distance between

the DSB and the 30 repeat from 300 to 3.3 kb and from 3.3 to 9.1 kb;

there is no significant decrease when the distance is increased from

9.1 to 50 kb (Fig 4D and E). When the distance is further increased

from 50 to 200 kb, an about 2- to 3-fold decrease was observed.

However, when a single cleavage is made at L17, which generates a

DSB about 400 kb away from the right repeat, very low RMD was

observed (Fig 4E). These data are comparable to the previous obser-

vations from the Stark’s lab (Mendez-Dorantes et al, 2018) and also

suggest that BIR/RMD can act over a long distance with substantial

levels of RMD (~ 2%) when one repeat is 200 kb away from the

break. These results support the BIR model in which the ssDNA

strand from one repeat invades the duplex DNA of the other repeat to

mediate RMD, and thus, the distance between the DSB and the

second repeat can be large (Fig 2D, right). We also propose that the

significant decrease in RMD when the distance between the DSB and

the repeat is increased to 400 kb is likely due to the requirement for

domain activation by a DSB for RMD (see below).

In addition, we introduced two DSBs, each close to one repeat in

the RMD-GFP reporter. Cleavage at 268 bp downstream of the 50

repeat and 300 bp upstream of the 30 repeat (L268/R300) readily

induces RMD, but the frequency is still lower than when BIR/RMD is

induced by L17/R28.4k (Fig 4F). To analyze which pathway is

involved under this condition, we depleted RAD52, POLD3, and

RAD51 by transient transfection of small interfering RNA (siRNA).

RMD by L268/R300 is dependent on RAD52 but independent of

POLD3, and depletion of RAD51 causes an increase in RMD (Fig 4G

and Appendix Fig S9A), suggesting that SSA, but not BIR, is used.

Thus, when the repeats are located far apart (~ 400 kb), SSA can still

be used to mediate RMD, but only when the distance from the DSBs to

both repeats is short and comparable. However, BIR/SSA can mediate

RMD efficiently when the DSBs are over a very long distance from one

repeat (~ 100–200 kb).

ATM is required for both SSA/RMD and BIR/RMD, while H2AX
exhibits different effects when repeats are close together versus
far apart

We examined the role of ATM in SSA/RMD and BIR/RMD, and

showed that inhibition of ATM by the ATM inhibitor Ku55933

suppresses SSA/RMD and BIR/RMD in U2OS (EGFP-SSA) cells

◀ Figure 2. Effect of the distance between the DSBs and the repeats on RMD frequency.

A A diagram indicating the position of DSBs generated by sgRNAs/Cas9 on the EGFP-SSA reporter.
B RMD efficiency is decreased when the distance from a DSB to one repeat is increased. RMD assays were performed in U2OS (EGFP-SSA-3427-17) cells using the

indicated sgRNAs/Cas9. The distance between the sgRNA/Cas9 cleavage sites and the repeat sequences is shown.
C, D Knockdown of POLD3 impairs RMD when a DSB is close to one repeat. RMD frequency was determined in U2OS (EGFP-SSA-3427-17) cells using the indicated

sgRNAs/Cas9 with or without depletion of POLD3 by lentivirus-expressed shRNA. Cells infected with a lentiviral empty vector were used as control. The distance
between the sgRNA/Cas9 cleavage sites and the repeat sequences is indicated. The knockdown level of POLD3 was shown by Western blot, and KU70 was used as
the loading control.

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.
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when DSBs are generated at R11 or R1011, respectively. This

suggests that ATM is needed for SSA/RMD and BIR/RMD (Fig 5A).

By using ATM knockout (KO) cells and the ATM inhibitor, we also

showed that ATM is required for BIR/RMD in ES (GFP-RMD) cells

when the repeats are situated over a long distance (~ 400 kb), with

one DSB 17 bp downstream of the 50 repeat and another DSB 3.3 kb

or 28.4 kb upstream of the 30 repeat (L17/R3.3k or L17/R28.4k,

Fig 5B and Appendix Fig S9B).

Single-strand annealing inevitably leads to deletions and thus

needs to be limited. Along this line, it was shown that while H2AX

is required for GC, it suppresses SSA, but the underlying mechanism

is not clear (Xie et al, 2004). Using the U2OS (EGFP-SSA) reporter

cell line, we depleted H2AX by shRNA and showed that H2AX inhi-

bits both SSA/RMD when a cleavage is made at R1011 (1024/1011)

and BIR/RMD when DSBs are generated at R11 (2024/11) (Fig 5C

and Appendix Fig S8B). This suggests that H2AX suppresses short-

range RMD mediated by both SSA and BIR. However, when DSBs

are generated at L17/R3.3k or L17/R28.4k sites in mES (GFP-RMD)

cells with repeats located ~ 400 kb from each other, H2AX does not

show a suppression effect on BIR/RMD, while RAD52 is required

(Fig 5D, and Appendix Figs S8C and S9A). To exclude the possibility

that H2AX regulates RMD differently in mES cells and U2OS cells,

we inserted the EGFP-SSA reporter into the ROSA locus in mES cells

and showed that BIR/RMD induced by R11 (2024/11) cleavage is

suppressed by H2AX (Appendix Fig S10). Thus, H2AX suppresses

short-range BIR/RMD in both mES cells and U2OS cells, but does

not seem to have a role in long-range BIR/RMD in mES cells

(Fig 5D). As for long-range BIR/RMD, a more likely model is that

H2AX is required for activating the remote repeat for recombination

(see below), and this requirement compensates for the suppression

effect of H2AX on RMD.

A DSB generated in the vicinity of a remote, inaccessible repeat
stimulates BIR/RMD

We showed that BIR/RMD can be efficiently induced when one DSB

is close to the 50 repeat (17 bp downstream) while the other DSB is

as far as ~ 100–200 kb from the 30 repeat (Fig 4E). However, when

only one DSB is generated 17 bp downstream of the 50 repeat in the

RMD-GFP reporter and the other repeat is ~ 400 kb away from the

DSB (L17), RMD frequency is very low (Fig 4E, right and Fig 6A).

One possibility is that when two repeats are located too far apart

(~ 400 kb), it is hard for them to find each other. Alternatively, both

alleles may need to be activated by the DNA damage response

(DDR) in order for them to recombine. Through DDR by chromatin

remodeling and/or domain organizing, a DSB may still sufficiently

activate a repeat located ~ 100–200 kb away, but not ~ 400 kb

away. To test the latter possibility, we generated a DSB 10 kb down-

stream (D10k) of the 30 repeat along with the first DSB at L17 (L17/

D10k) and found that despite only scoring the RMD of the reporter

substrates that have successfully repaired the DSB at D10k (failure

in repairing the DSB at D10k would cause substrate loss), the RMD

frequency of the two repeats situated ~ 400 kb apart is significantly

increased (Fig 6A). RMD induced by L17/D10k depends on RAD52

and POLD3 (Fig 6B), suggesting that it is mediated by BIR. We

further showed that ATM is required when cleavage is generated at

L17/D10k, as it is at L17/R28.4k (Fig 6C, left compare to Fig 5B).

However, BIR/RMD induced by L17/D10k shows a stronger depen-

dence on H2AX than when DSBs are generated by L17/R28.4k

(Fig 6C, right, compared to 5D, left). These data support the notion

that H2AX is important for RMD when one repeat is situated far

away from the DSB. The difference in H2AX dependence when DSBs

are made at L17/D10k versus L17/R28.4k can be attributed to the

length of the chromatin between the DSB and the repeat (28.4 kb

versus ~ 400 kb), and/or the DSB locations relative to the repeats

(upstream or downstream) (see Discussion).

Divergence in repeat sequences strongly inhibits BIR/RMD
partially through the MSH2-dependent pathway

In the human genome, most repetitive sequences such as Alu

elements are not identical (Batzer & Deininger, 2002; White et al,

2015). To examine the role of BIR in RMD between divergent repeat

sequences, we used previously established RMD-GFP reporters that

contain 1% or 3% divergence in repeats (Mendez-Dorantes et al,

2018). While cleavage at L17/R3.3k or L17/R28.4k readily induces

RMD in the RMD-GFP reporter containing identical repeats

(0% mismatch), RMD is strongly suppressed when the repeats

◀ Figure 3. BIR/RMD is stimulated by oncogene overexpression and replication fork collapse.

A Cyclin E overexpression results in increased RMD when the DSB is close to one repeat. The U2OS (EGFP-SSA-3427-3) cell line carrying Tet-on-cyclin E plasmid was
used, and RMD frequency was determined with or without induction of cyclin E expression by doxycycline (DOX, 0.5 lg/ml), which was added 24 h before
transfection of the indicated sgRNAs/Cas9. Cyclin E expression levels were validated by Western blot, using KU70 as the loading control.

B ATR is required for BIR/RMD upon cyclin E overexpression. RMD frequency was determined in U2OS (EGFP-SSA-3427-3) cells infected with lentivirus-expressed ATR
shRNA or the control vector (Ctrl) with and without induction of cyclin E expression by DOX (0.5 lg/ml) after R29 sgRNA/Cas9 cleavage. ATR knockdown was shown
by Western blot with KU70 as the loading control.

C A diagram showing the BIR/RMD model when a single-ended DSB is generated after replication fork collapse.
D RMD is stimulated when Cas9-D10A is used to create a nick near the repeat. The repair frequencies of the U2OS (MMEJ) reporter cell line (left) and U2OS (EGFP-SSA-

3427-17) cell line (right) were determined after expression of the indicated sgRNAs/Cas9 and sgRNAs/Cas9-D10A. The distance between the sgRNA cleavage sites and
the left and right repeat sequences is indicated (right bottom).

E RMD induced by Cas9-D10A is dependent on POLD3. U2OS (EGFP-SSA-3427-17) cells were infected with lentiviruses expressing shRNA for POLD3 or vector control,
and RMD was determined after cleavage by the indicated sgRNAs/Cas9-D10A. The distance between sgRNA/Cas9-D10A cleavage sites and the left and right repeat
sequences is indicated at the bottom. The knockdown level of POLD3 was shown by Western blot, and KU70 was used as the loading control.

F p27 suppresses BIR/RMD and SSA/RMD. U2OS (EGFP-SSA-3427-3) cells carrying the Tet-on-cyclin E allele were infected with and without p27 lentiviral viruses. RMD
was determined before and after induction of cyclin E overexpression by DOX (0.5 lg/ml) added 24 h before transfection with the indicated sgRNAs/Cas9. Cyclin E
expression levels and cell cycle profiles are shown in Appendix Fig S6.

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.
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contain 1% or 3% mismatches (Fig 7A). Sequence divergence has

been shown to suppress SSA in both yeast and mammalian cells

(Sugawara et al, 2004; Mendez-Dorantes et al, 2018), and our study

suggests that the presence of mismatches also inhibits BIR/RMD.

We knocked out MSH2 by CRISPR/Cas9 in RMD-GFP-1% and

RMD-GFP-3% reporter cell lines, and showed that MSH2 KO signifi-

cantly increases RMD between divergent repeats, though not to the

levels reached with identical repeats (Fig 7B and Appendix Fig

S9C). This increase in RMD frequency between divergent repeats

due to loss of MSH2 is consistent with previous findings using this

assay system (Mendez-Dorantes et al, 2018). We further showed

that the increased RMD in MSH2 KO cells containing RMD-GFP-1%

and RMD-GFP-3% reporters is dependent on POLD3 when DSBs are

generated at L17/R3.3k or L17/R28.4k (Fig 7C), demonstrating that

MSH2 indeed inhibits BIR/RMD between divergent repeats.

Discussion

SSA is considered as a classic pathway for repairing DSBs flanked

by two repeats. However, we found that the distance between the

two repeats is a major limiting factor for achieving efficient SSA in

mammalian cells. BIR, on the other hand, can be efficiently used

over a long distance and is stimulated upon replication fork collapse

and oncogene expression. We propose that BIR is used predomi-

nantly over SSA in mediating long-range RMD, especially under

replication and oncogenic stress.

SSA is suppressed when the distance between repeats is
increased in mammalian cells

In budding yeast, SSA can be efficiently used even when end resec-

tion needs to proceed over a long distance (e.g., 25 kb) to reach the

repeats (Fishman-Lobell et al, 1992; Vaze et al, 2002; Jain et al,

2009). An increase in the distance between a DSB and the repeats

delays the timing of SSA product formation, but not SSA frequency,

in yeast. However, in mammalian cells, SSA becomes inefficient

when SSA requires end resection over a relatively short distance

(~ 1 kb, Fig 1B), as assayed using the EGFP-SSA reporter in U2OS

cells. It is conceivable that inefficient SSA in mammalian cells is due

to slow end resection kinetics. In yeast, the 50-to-30 resection rate is

~ 4 kb/h at HO endonuclease-induced DSBs (Fishman-Lobell et al,

1992; Zhu et al, 2008). However, using the SMART technique, the

end resection rate in mammalian cells is estimated to be ~ 0.2 kb/h,

which is 20 times slower than in yeast (Cruz-Garcia et al, 2014).

The slow kinetics of end resection may limit the extent of ssDNA

formation in a timely manner and thus suppress SSA of the repeats

over a large distance. Indeed, physical monitoring of ssDNA forma-

tion at DSBs has revealed that end resection most frequently occurs

at a distance of < 1 kb in mammalian cells (Zhou et al, 2014).

In most cases under physiological or pathological conditions,

only one DSB would be generated within the intervening sequence

between the repeats. Since SSA becomes inefficient even when

~ 1 kb end resection is needed, it is not expected that SSA would

play a significant role in mediating RMD of repeats with a distance

over 1–2 kb.

BIR can act over a long distance to promote RMD when the DSB
is close to one repeat

We propose that when a DSB is generated close to one repeat but is

far away from the other, RMD is mediated by BIR but not SSA,

which is supported by the dependence on POLD3 and RAD51. While

the distance between repeats is a strong barrier for SSA in mediating

RMD, BIR can act to generate RMD over a long distance (e.g., 100–

200 kb). When end resection reaches one repeat, the ssDNA in that

repeat can strand-invade the other repeat that is still in duplex form

to activate BIR (Fig 1D, right). This mechanism saves the time that

is needed for long-range end resection, especially when end resec-

tion is a slow process in mammalian cells.

One requirement for BIR/RMD, however, is that the DSB needs

to be close to one repeat. We showed that an increase in the

distance between a DSB and one repeat is proportional to the

decrease in BIR/RMD frequency. When a DSB is ~ 50 bp away from

◀ Figure 4. Long-range RMD is mediated by BIR.

A Schematic drawing of the long-range RMD-GFP reporter in mES cells. Two 287 bp repeats are located separately in the Cdkn1A and Pim1 gene loci and are
0.4 Mbp apart. GFP+ cells would be generated after RMD.

B Impact of the 50 DSB/repeat distance on RMD frequency when the 30 DSB/repeat distance is fixed. RMD assays were performed using mES cells carrying the RMD-
GFP reporter, and RMD frequency was determined by the number of GFP+ cells normalized to transfection efficiency. The distance between the sgRNA targeting
sites and the repeats is indicated.

C Long-range RMD is dependent on POLD3 when one DSB is close to a repeat. mES cells carrying the RMD-GFP reporter were transfected with non-targeting siRNA
(Ctrl) or a pool of POLD3 siRNAs (siPOLD3) 24 h before for the first time, and with transfection of sgRNAs/Cas9 the second time. The graphs show the frequency of
GFP+ cells normalized to the transfection efficiency. The distance between the sgRNA targeting sites and the repeats is indicated. Depletion of POLD3 and RAD51 by
transient transfection with siRNA was determined by qPCR, as shown in Appendix Fig S7A. Cells transfected with non-targeting control siRNA were used as control.

D, E Impact of the 30 DSB/repeat distance on RMD frequency when the 50 DSB/repeat distance is fixed. RMD assays were performed using mES cells carrying the RMD-
GFP reporter, and RMD frequency was determined by the number of GFP+ cells normalized to transfection efficiency. The distance between the sgRNA targeting
sites and the repeats is indicated.

F RMD frequency of two far-apart repeats that are a short distance from the DSB. RMD was determined in mES cells carrying the RMD-GFP reporter using the
indicated sgRNAs/Cas9, with the frequency of GFP+ cells normalized to transfection efficiency. The distance between the sgRNA targeting sites and the repeats is
indicated.

G The roles of POLD3, RAD51, and RAD52 in RMD of two far-apart repeats that are a short distance from the DSB. RMD was determined in mES cells carrying the
RMD-GFP reporter using the indicated sgRNAs/Cas9 after POLD3 (left) or RAD51 (middle) was depleted by siRNA or RAD52 was knocked out (right). The distance
between the sgRNA targeting sites and the repeats is indicated.

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.
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one repeat, RMD is ~ 4-fold lower than when it is ~ 10 bp away.

However, to achieve a similar RMD efficiency, the requirement for

SSA is even more stringent. For instance, to obtain a similar RMD

frequency in SSA, the DSB must be close to both repeats, while in

BIR/RMD the DSB only needs to be close to one repeat (Fig 2D).

Thus, given that only one DSB is generated between the two repeats

under most conditions, BIR/RMD is expected to be used more

frequently than SSA/RMD, even when the two repeats are within a

relatively short distance (such as 1–2 kb).

Strong inhibition of BIR/RMD by the distance between the DSB

and one repeat is likely due to the formation of nonhomologous tails

that suppress strand invasion or cause D-loop instability. Invasion

of the homologous sequences from the recipient to the donor results

in an unstable paranemic joint that is converted to a more stable

plectonemic joint after replication starts from the 30 invasion strand

(Riddles & Lehman, 1985). The presence of longer nonhomologous

tails would make the paranemic joint more unstable, thereby

reducing the BIR/RMD efficiency. When the nonhomologous tails

are longer, end resection would also take more time to reach the

homologous sequences in the repeats. However, considering the

repeat length of 315 bp and a significant decrease in BIR/RMD

frequency when the distance between the DSB and one repeat is

increased from just 17 to 51 bp, we do not think end resection is a

major factor in reducing BIR/RMD when the size of the short tail is

increased.

It remains to be seen how flaps generated in BIR/RMD after

strand invasion are removed. In yeast, Rad1/Rad10 is required for

removing flaps during SSA (Fishman-Lobell & Haber, 1992; Bard-

well et al, 1994; Ivanov & Haber, 1995), and in mammalian cells,

ERCC1 deficiency results in a reduction of SSA. We propose that the

structure-specific endonuclease ERCC1/XPF is also required for

removing flaps formed by nonhomologous tails after strand invasion

in BIR/RMD (Fig 1D, right, pink arrow). By using the GC repair

substrate, we previously showed that ERCC1/XPF is required for
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Figure 5. The role of ATM and H2AX in RMD.

A, B SSA/RMD and BIR/SSA are both dependent on ATM. SSA/RMD and BIR/SSA frequencies in U2OS (EGFP-SSA-3427-17) cells (A) and BIR/RMD in mES cells carrying the
RMD-GFP reporter (B) were determined after the addition of ATM inhibitor (20 mM ku55933) or DMSO to the cell culture medium 24 h before transfection of the
indicated sgRNA/Cas9 (A and B), or in ATM KO mES cells carrying the RMD-GFP reporter (right).

C, D Dependence of RMD on H2AX. SSA/RMD and BIR/RMD frequencies in U2OS (EGFP-SSA-3427-17) cells (C) and BIR/RMD in mES cells carrying the RMD-GFP reporter
(D) were determined using the indicated sgRNA/Cas9 after depletion of H2AX by lentivirus-expressed shRNA (C), or by transfection with H2AX siRNA or in RAD52 KO
cells (D). Depletion of H2AX by shRNA in (C) and by siRNA in (D) was determined by qPCR shown in Appendix Fig S8B and C, respectively.

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.
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removing nonhomologous tails 40 bp and longer, but is not

involved in cleaving nonhomologous tails that are as short as 20 bp

in length (Li et al, 2019). We anticipate that when the nonhomolo-

gous tails are longer than 40 bp, cleavage of flaps of different

lengths does not significantly influence SSA/RMD and BIR/RMD

frequency, since they all are cleaved by ERCC1/XPF through its

endonuclease action. However, it remains unknown which nucle-

ases are involved in removing flaps shorter than 20 bps and

whether the cleavage efficiency of small flaps 20 bp or shorter by

unknown nucleases is comparable to that of long flaps cleaved by

ERCC1/XPF. The difference in cleavage efficiency of short (< 40 bp)

and long (> 40 bp) flaps by different nucleases may influence BIR/

RMD frequency.

Collectively, if a DSB is far away from both repeats, RMD is used

at a minimal level since neither SSA nor BIR can function effec-

tively. Such a DSB would be repaired by other pathways such as

NHEJ or GC using sister chromatids. The presence of a DSB close to

one repeat is needed for efficient BIR/RMD, and importantly, this

mechanism can act over a large distance. The requirement for SSA

is stringent, as the break needs to be in the vicinity of both repeats

due to slow end resection in mammalian cells. Since most repetitive

sequences are scattered across the human genome, SSA is not

expected to play a major role in RMD as previously anticipated;

rather, BIR is expected to play a more prominent role over SSA in

mediating RMD in mammalian cells.

BIR/RMD is dependent on both RAD51 and RAD52

While SSA/RMD is suppressed by RAD51, BIR/RMD is dependent

on RAD51. This suggests that BIR/RMD requires RAD51-dependent

strand invasion and is fundamentally different from SSA, which is

suppressed by RAD51 (Stark et al, 2004). SSA requires the strand-

annealing activity of RAD52 and is thus dependent on RAD52

(Bhargava et al, 2016). Although BIR/RMD is initiated by RAD51-

dependent strand invasion, it is also dependent on RAD52. In

mammalian cells, RAD52 is dispensable for GC (Liu & Heyer, 2011;

Wang et al, 2018a), but is needed for BIR and BIR-related mecha-

nisms, although the underlying mechanism is still not clear (Bhow-

mick et al, 2016; Sotiriou et al, 2016). In addition, we showed

previously that although RAD52 is not required for GC when DSB
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Figure 6. Efficient long-range BIR/RMD requires DSBs that are present in the vicinity of both repeats.

A Frequency of long-range RMD is increased by an additional DSB downstream of the 30 repeat. Illustrations show the GFP-RMD reporter, with sgRNAs/Cas9 cleavage
sites indicated as red arrows (left). The frequency of BIR/SSA in mES cells carrying the RMD-GFP reporter was determined after cleavage of the reporter by the
indicated sgRNAs/Cas9 (right).

B, C The effects of RAD52, POLD3, ATM, and H2AX inactivation on BIR/RMD with cleavage at L17/D10k. The frequency of BIR/RMD in mES cells carrying the RMD-GFP
reporter was determined using the sgRNAs/Cas9 at L17/D10k in RAD52 KO cells or after POLD3 depletion by siRNA (B), or after treatment with ATM inhibitor
(ku55933, 15 mM) or H2AX depletion by siRNA (C).

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, two-tailed non-paired t-test.
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ends perfectly match the donor templates in mammalian cells, it

becomes essential when the DSB ends contain nonhomologous tails

(Wang et al, 2018b). We propose that when the 30 DSB ends are

blocked by nonhomologous tails, RAD52 may be needed to facilitate

RAD51-mediated strand invasion. In this respect, BIR/RMD is initi-

ated with a small nonhomologous tail, and RAD52 may be involved

in facilitating BIR/RMD in a manner similar to GC when nonhomol-

ogous tails are present at DSB ends (Fig 1D, right). Using RAD52 KO

cells, we showed that BIR/RMD is substantially reduced but not

eliminated (Appendix Fig S11), suggesting that a RAD52-indepen-

dent pathway for BIR/RMD also exists.

Despite the differences in mechanism between SSA/RMD and

BIR/RMD, both are inhibited by KU-dependent nonhomologous end

joining (NHEJ) and microhomology-mediated end joining (MMEJ).

When we inactivated KU70 or POLQ, which are required for NHEJ

and MMEJ, respectively (Lieber, 2010; Wood & Doublie, 2016), both

short-range and long-range SSA/RMD and BIR/RMD increased

(Appendix Fig S12), suggesting that SSA/RMD and BIR/RMD are in

competition with NHEJ and MMEJ.

H2AX is important for activating remote, inaccessible repeats
for BIR/RMD

We showed that ATM is important for both SSA/RMD and BIR/

RMD. This is consistent with the role of ATM in promoting end

resection (Jazayeri et al, 2006), which is required for SSA/RMD and

BIR/RMD. CtIP is a key substrate of ATM in promoting end resec-

tion (Wang et al, 2013), and we have shown consistently that CtIP

is important for both SSA/RMD and BIR/RMD (Appendix Fig S13).

When repeats are located a large distance apart, ATM may also be

needed for establishing synapsis of the repeats. In this respect, it

has been shown that endonuclease-induced DSBs cluster together in

a manner dependent on ATM (Aymard et al, 2017).

We showed that in contrast to ATM, H2AX suppresses SSA/RMD

and BIR/RMD when the two repeats are close to each other (e.g.,

2 kb). It has been previously shown that H2AX is required for HR,

but also has a role in suppressing SSA (Xie et al, 2004). The under-

lying mechanism, however, is not clear. The function of H2AX in

suppressing SSA suggests that H2AX is not required for end resec-

tion. To this end, it was shown that H2AX prevents CtIP-mediated

end resection in G1 lymphocytes (Helmink et al, 2011), suggesting

that H2AX has a role in suppressing end resection under certain

conditions. The distinct activities of H2AX and ATM during end

resection are likely the cause for their different roles in regulating

SSA.

In both yeast and mammalian cells, cH2AX has been found to be

absent in the immediate vicinity of a DSB (Shroff et al, 2004; Iacov-

oni et al, 2010), and the tethering process involving two ends of a

chromosome break is independent of H2AX (Soutoglou et al, 2007).

These findings support the notion that H2AX is not required for two

close-by repeats to find each other for recombination. However,

ChIP analysis has revealed that cH2AX is spread over a large chro-

mosomal region around a DSB site (0.5–1.7 Mb; Iacovoni et al,

2010). Hi-C analysis has also shown that DSBs exhibiting higher

levels of cH2AX demonstrate a higher ability to interact (Aymard

et al, 2017), suggesting that H2AX may be important for long-range

chromatin interactions around DSBs.

In our study, we showed that when a DSB is generated close to

one repeat (e.g., 17 bp) but very far away from the other

(~ 400 kb), RMD operates at a very low level in the RMD-GFP

reporter (Fig 6A). However, when an additional DSB is generated

28.4 kb upstream or 10 kb downstream of the remote 30 repeat,

RMD is stimulated substantially. This suggests that it is difficult for

one repeat near a DSB to find another copy hundreds of kb away.

However, the remote inaccessible repeat can be activated for recom-

bination when another DSB is generated within a certain distance

(tens of kbs) of the remote repeat. Notably, chromosome conforma-

tion capture assays (capture Hi-C) have demonstrated that DSBs can

induce long-range interactions, and the increased contact frequency

is within ~ 500 kb of each side of the break (Aymard et al, 2017). In

our assay with cleavage at L17, the DSB is ~ 400 kb away from the

30 repeat, presumably at the edge of the activated domain; this is

probably why RMD cannot be efficiently induced.

We propose that a cH2AX domain needs to be established for

two remote repeats to synapse and interact. In our study, while

SSA/RMD and BIR/RMD of close-by repeats (EGFP-SSA) are

increased when H2AX is deficient, this suppression effect by H2AX

is not observed in long-range BIR/RMD (RMD-GFP reporter) when

DSBs are generated 17 bp downstream of the 50 repeat and 28.4 kb

upstream of the 30 repeat (L17/R28.4k) (Fig 5D). The effects of

H2AX on SSA suppression and on activation of the remote repeat

may be offset in the experiment using L17/R28.4k, although we

cannot exclude the possibility that H2AX simply does not have a

role in long-range RMD. In the case of L17/D10k, when a DSB is

generated 10 kb downstream of the remote repeat, the dependence

of RMD-BIR on H2AX is evident (Fig 6D), revealing a stronger

H2AX dependence than L17/R28.4k has. Collectively, we favor the

model that H2AX is involved in the suppression of both short- and

long-range SSA, but is required for domain activation to promote

recombination of the repeats when the repeats are far apart. The

exact reason why BIR/RMD at L17/D10k relies more on H2AX than

at L17/R28.4k is unclear. One possibility is that coordination of DSB

repair 10 kb downstream of the 30 repeat by end joining and RMD-

BIR between the two repeats may require more sustained cH2AX.
Alternatively, chromatin structure and domain organization around

the 30 repeat may be different when the break is present at R28.4k

◀ Figure 7. Long-range BIR/RMD is inhibited by divergence in repeat sequences.

A Long-range BIR/RMD with identical repeats or divergent repeats. The frequency of BIR/RMD in mES cells carrying the RMD-GFP reporter with identical repeats (0%)
or repeats with 1 and 3% divergence was determined after cleavage at L17/R3.3k or L17/R28.4k.

B, C The effect of MSH2 on BIR/RMD when repeat sequences are divergent. The frequency of BIR/RMD was determined after cleavage at L17/R3.3k or L17/R28.4k in mES
cells carrying the RMD-GFP reporter with 1 and 3% divergent repeats, and with and without MSH2 KO (B) or with MSH2 KO and POLD3 depletion by siRNAs (C).
The MSH2 KO was validated by Western blot, using KU70 as the loading control as shown in (B).

Data information: Error bars represent standard deviation (SD) of at least three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, two-tailed non-paired
t-test.

14 of 18 The EMBO Journal 38: e101751 | 2019 ª 2019 The Authors

The EMBO Journal Qing Hu et al



versus D10k due to differences in chromatin length from the DSB

end to the 30 repeat (28.4 kb versus ~ 400 kb), causing varying

dependency on H2AX.

BIR/RMD is stimulated upon oncogenic stress

Repeat-mediated deletion are often found in cancers and human

diseases (Carvalho & Lupski, 2016). Cyclin E overexpression-

induced processive DNA synthesis depends on POLD3, indicating

activation of the BIR mechanism (Costantino et al, 2014). In this

study, we observed that even after DSBs have been generated, BIR/

RMD is stimulated when cyclin E is overexpressed. At this stage, the

mechanism underlying the increase of BIR/RMD upon cyclin E over-

expression is not completely understood, but our study suggests that

replication stress and ATR activation caused by oncogene expres-

sion likely contribute to BIR/RMD stimulation. We found that ATR

is also needed for BIR/RMD before cyclin E overexpression, likely

due to the role of ATR in end resection (Jazayeri et al, 2006), but

the dependence of BIR/RMD on ATR is much stronger after cyclin E

overexpression. This supports the model that in addition to end

resection, ATR also has a role in stimulating BIR/RMD activity upon

oncogene expression. Identifying the key substrates of ATR in

promoting BIR/RMD upon replication and oncogenic stress will be

important for clarifying the underlying mechanism.

We further showed that BIR/RMD is substantially induced when

replication encounters DNA nicks causing fork collapse. This is

consistent with the model that BIR is a primary mechanism for

repairing single-ended DSBs at collapsed forks to mediate replication

restart (Lydeard et al, 2007). Similar mechanisms may be involved

in activating BIR and BIR/RMD at collapsed replication forks. Like

BIR, BIR/RMD at collapsed forks can also be used to promote repli-

cation restart, resulting in the deletion of one repeat and the inter-

vening sequence (Fig 3C). Thus, one potential source of RMD is

BIR-mediated replication restart using repetitive sequences upon

replication stress.

While BIR/RMD is stimulated by oncogene expression and

strongly promoted at collapsed replication forks, SSA is not acti-

vated in a similar manner. Thus, BIR/RMD plays a more significant

role than SSA in inducing RMD-associated chromosomal structure

changes during oncogenesis, when both oncogenic stress and repli-

cation fork collapse are evident (Bartkova et al, 2006; Di Micco

et al, 2006). The repair machineries of BIR and SSA are quite

distinct, and how replication stress specifically targets BIR but not

SSA is an excellent question to explore in the future.

Replicative mechanisms are often associated with the
rearrangement process of repetitive sequences

Our study suggests that the BIR/RMD mechanism is likely used

more often than SSA/RMD to mediate chromosomal rearrangements

between repetitive sequences, especially upon replication and onco-

genic stress. This provides new evidence to support the notion that

a recombination-coupled DNA replicative repair process is involved

in repeat-mediated rearrangement. Alu elements in the human

genome are often divergent from one another. By analyzing Alu-

mediated copy-number variants (CVNs) and their breakpoint junc-

tions, Lupski’s group proposed microhomology-mediated BIR

(MMBIR) model to account for divergent Alu/Alu-mediated

recombination (Gu et al, 2015; Song et al, 2018). Additionally,

Jasin’s group showed that translocation between divergent Alu

sequences involves “in-register” MMEJ (Elliott et al, 2005). Our

study further demonstrated that a replicative BIR mechanism is also

frequently used for recombination of identical DNA sequences in

mammalian cells, which was thought via SSA. It has also been

shown that sequence divergence between repeats suppresses RMD

and MSH2 is involved in this suppression (Elliott et al, 2005;

Morales et al, 2015; Mendez-Dorantes et al, 2018). We further

demonstrated that long-range RMD is mediated by BIR/RMD, which

is also limited by sequence divergence of the repeats in a manner

that is at least partially dependent on MSH2. Thus, when homology

sequences are not identical to each other, mismatch repair proteins

act to suppress homology-directed recombination of the repeats

through BIR/RMD or SSA. Conceivably, MMBIR is used as an alter-

native replicative mechanism to BIR/RMD for rearrangement of

divergent Alu sequences.

Collectively, our work suggests that BIR/RMD is a prominent

pathway for RMD-associated chromosomal structure changes, espe-

cially during oncogenesis. This differs from the conventional

thought that SSA is the major pathway for mediating RMD. Since

RMDs inevitably cause a loss of genetic information and may

increase the risk of cancer, clarifying the repair pathways and

genetic components responsible for RMD in humans will allow us to

better understand cancer etiology and develop therapeutic

interventions.

Materials and Methods

Cell cultures

U2OS and 293T cells were cultured in DMEM with 10% fetal bovine

serum (FBS). Mouse embryonic stem cells were cultured on gelatin-

treated dishes in GMEM supplemented with 15% ES cell qualified

FBS, 2 mM L-glutamine, 1% non-essential amino acid, 1 mM

sodium pyruvate, 0.1 mM b-mercaptoethanol, and 2,000 units/ml

LIF. All cell lines were cultured at 37°C with 5% CO2.

Generation of RMD reporter cell lines

The EGFP-SSA reporter substrate was generated by splitting a full-

length EGFP cassette into two fragments that share 315 bp repeat

sequences. A hygromycin selection marker and an I-SceI cleavage

site along with a vector flanking sequence with a total length of

2,035 bp were inserted between 50EGFP and 30EGFP (Fig 1A). The

reporter substrate plasmid was introduced into U2OS cells by trans-

fection using Lipofectamine 2000. Stable integrated cells were

selected by hygromycin, and single clones were picked and con-

firmed by Southern blot analysis for single-copy integration. The

EGFP-SSA reporter substrate was also cloned into the mouse

ROSA26 targeting vector, which was transfected into the mES cell

line E14. Cell clones with single-copy genomic integration were

picked and confirmed by Southern blotting. The RMD-GFP reporter

in mES cells was a kind gift from Dr. Jeremy Stark (Mendez-

Dorantes et al, 2018).

To construct the EGFP-SSA-17/6 bp, EGFP-SSA-309/299, and

EGFP-SSA-616/606 reporter plasmids (Fig 1B, right), the 2,035 bp
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fragment between the 315 bp repeats in the original EGFP-SSA-3427

reporter was replaced with 23 bp, 0.6 kb, and 1.2 kb fragments,

respectively. These fragments were amplified by PCR using the

EGFP-SSA reporter as the template with the sgRNA-R1011 recogni-

tion site situated in the middle. U2OS cells transfected with these

reporters were pooled after drug selection and used for RMD assays

to avoid the genomic position effect on repair efficiency.

RMD reporter assays

To perform RMD assays using U2OS (EGFP-SSA) cells, 1 × 106 cells

were seeded 1 day before transfection and transfected with I-SceI or

sgRNA-Cas9 plasmids using Lipofectamine 2000. Transfected cells

were selected by puromycin, the selection marker on the I-SceI and

sgRNA-Cas9 expression vectors, and allowed to grow for 3 days

before FACS analysis. The RMD-GFP reporter assays in mES cells

were performed as previously described (Mendez-Dorantes et al,

2018). For FACS analysis, cells were collected by trypsinization and

resuspended in PBS. FACS analysis was performed using a BD

Accuri C6 flow cytometer. Each experiment was performed at least

three times.

The sgRNAs for targeting the RMD reporter were expressed using

the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector, which was a gift

from Dr. Feng Zhang [Addgene plasmid #62988 (Ran et al, 2013)].

The Cas9-D10A mutant was generated by site mutation on Cas9

using QuickChange Site-Directed Mutagenesis Kit (200518, Agilent).

The sgRNAs sequences were listed in Appendix Table S1.

Generation of the inducible cyclin E cell line and KO cells

To generate the inducible cyclin E cell line, a human cyclin E-coding

sequence was inserted into pTRE3G-GSX2 [a gift from Dr. Elena

Cattaneo, Addgene plasmid #96964 (Faedo et al, 2017)] and trans-

fected into U2OS (EGFP-SSA) reporter cells, along with pCAG-

TetON-3G [a gift from Dr. Elena Cattaneo, Addgene plasmid #96963

(Faedo et al, 2017)] and a PGK-puromycin vector. Stable integrated

clones were first picked up after puromycin selection and screened

for clones that express cyclin E after addition of doxycycline (DOX).

To overexpress cyclin E by lentivirus infection, cyclin E with C-term-

inal HA tag was cloned into pCW-57.1 (Addgene #41393). Cyclin E

overexpression was induced by 2 lM DOX.

p27 was subcloned into the pCDH-CMV-MCS-EF1-BSD vector

(made from pCDH-CMV-MCS-EF1-PURO by replacing PURO with

BSD) for lentiviral infection.

To generate mES KO cell lines, sgRNA targeting the indicated

genes was designed and cloned into tpSpCas9(BB)-2A-Puro (PX459)

V2.0, which was a gift from Dr. Feng Zhang [Addgene plasmid

#62988 (Ran et al, 2013)]. The sgRNA sequences are listed in

Appendix Table S2 and PCR primers for screening KO cell lines are

listed in Appendix Table S3. KO clones were confirmed by sequenc-

ing (Appendix Figs S9 and S11).

shRNA and siRNA interference

shRNA plasmids were constructed by inserting the shRNA target

sequences into the pLKO.1-blast vector, which was a gift from

Dr. Keith Mostov [Addgene plasmid #26655 (Bryant et al, 2010)].

The shRNA sequences used were listed in Appendix Table S4.

Silencing of the indicated genes in U2OS cells was performed by

one round of lentiviral infection followed by blasticidin (10 lg/
ml) selection for 2 days to obtain a pool of cells expressing

shRNA. For independent experiments, new shRNA-expressing cell

lines were generated each time, followed by RMD analysis imme-

diately, and the experiments were completed within a week.

Silencing of the indicated genes in mES cells was performed by

transient transfection of siRNA SMARTpool (obtained from Dhar-

macon), MOUSE-POLD3 (M-046305-01000), MOUSE-H2AX (M-

062621-00-0005), MOUSE-RAD51 (M-062730-01-0005), MOUSE-

POLQ (M-050773-00-0005), and non-targeting CTRL (D-001206-13-

05). The knockdown levels of the targeting gene were verified by

qPCR using indicated primers (Appendix Table S5) or Western

blot analysis. For analysis of the effect on RMD after gene deple-

tion using both shRNAs and siRNA, experiments were performed

at least three times.

Cell lysis and immunoblotting

For immunoblotting, cells were lysed with the NETN buffer contain-

ing 100 mM NaCl, 20 mM Tris–Cl (pH 8.0), 0.5 mM EDTA, 0.5%

(v/v) Nonidet P-40 (NP-40), 0.5 mM PMSF, and 0.2 lM aprotinin.

Lysis samples were boiled for 5 min after adding SDS (2×) loading

buffer. Proteins were separated on 8–15% SDS–PAGE gels. Antibod-

ies used in this paper include MSH2 (ab212188, Abcam), RAD51

(sc-398587, Santa Cruz Biotechnology), RAD52 (sc-365341, Santa

Cruz Biotechnology), ATR (sc-515173, Santa Cruz Biotechnology),

CtIP (sc-271339, Santa Cruz Biotechnology), KU70 (sc-17789, Santa

Cruz Biotechnology), POLD3 (ab182564, Abcam), HA (sc-7392,

Santa Cruz Biotechnology), and cyclin E (sc-248, Santa Cruz

Biotechnology).

Quantitative PCR (qPCR)

Total RNA was isolated using the RNeasy Mini Kit (Cat No. 74104,

QIAGEN) according to manufacturer’s instructions. cDNA was

synthesized using the cDNA synthesis kit (Cat No. 1708890, Bio-

Rad). qPCR was performed using a BIO-RAD CFX96 thermal cycler

and SYBR Green Supermix (Cat No. 1725120, Bio-Rad). qPCR

primers (Appendix Table S5) used to amplify the indicated genes

were designed using an online tool (https://www.idtdna.com/sci

tools/Applications/RealTimePCR/).

Inference of CRISPR edits (ICE)

We used ICE to compare cleavage efficiency by different sgRNAs.

Plasmids coding for different sgRNAs and Cas9 were transfected into

reporter cell lines. After puromycin selection, DNA fragments

flanking the sgRNA/Cas9 cleavage sites were amplified and sent for

sequencing. Sequencing profiles were analyzed using ICE (website:

https://ice.synthego.com/). The targeting efficiency of sgRNAs

measured by ICE is shown in Appendix Fig S14.

Quantification and statistical analysis

Two-tailed non-paired parameters were applied in t-test (Student’s

t-test) to analyze the significance of the differences between

samples. In all experiments, error bars represent standard deviation
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(SD) of at least three independent experiments. The P value is indi-

cated as *P < 0.05, **P < 0.01, ns, not significant.

Expanded View for this article is available online.
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