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A B S T R A C T

Most cancers develop with one of two types of genomic instability, namely, chromosomal instability (CIN) or
microsatellite instability (MSI). Both are induced by replication stress-associated DNA double-strand breaks
(DSBs). The type of genomic instability that arises is dependent on the choice of DNA repair pathway. Specifically,
MSI is induced via a PolQ-dependent repair pathway called microhomology-mediated end joining (MMEJ) in a
mismatch repair (MMR)-deficient background. However, it is unclear how the MMR status determines the choice
of DSB repair pathway. Here, we show that replication stress-associated DSBs initially targeted by the homologous
recombination (HR) system were subsequently hijacked by PolQ-dependent MMEJ in MMR-deficient cells, but
persisted as HR intermediates in MMR-proficient cells. PolQ interacting with MMR factors was effectively loaded
onto damaged chromatin in an MMR-deficient background, in which merged MRE11/γH2AX foci also effectively
formed. Thus, the choice of DNA repair pathway according to the MMR status determines whether CIN or MSI is
induced.
1. Introduction

Most cancer cells develop with genomic instability, which can be
separated into two types, namely, chromosomal instability (CIN) and
microsatellite instability (MSI) [1]. While CIN is induced in most cases,
MSI occurs in an MMR-deficient background, which can arise due to
mutations in MSH2, MSH6, MLH1, and PMS2 [2,3]. CIN encompasses a
wide variety of chromosomal abnormalities, including chromosomal
deletions and translocations, ploidy abnormalities, loss of heterozygosity,
and gene amplifications [4, 5]. By contrast, MSI is defined as changes in
the lengths of microsatellite fragments that contain short repetitive se-
quences (1–6 bases) [6]. Importantly, such genomic destabilization is
associated with mutation induction and clonal evolution of cells with
abrogated defense systems, such as the ARF/p53 module [7]. Given that
most cancers develop with genomic instability, mutagenesis associated
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with genomic destabilization is probably the major risk factor for
step-wise cancer development.

Cancer risk elevates in association with age. Possibly related with
this, DNA double-strand breaks (DSBs) risking CIN and MSI are widely
accumulated in association with age in vivo and cultivation passages in
vitro where cells are generally senesced [8]. Such cells are specifically
defective in repairing replication stress-associated DSBs but not DSBs
directly caused by radiation [9]. Such cellular senescence is further
associated with aging and aging-associated disorders [10, 11]. Both CIN
and MSI inductions are triggered by replication stress-associated DNA
double-strand breaks (DSBs) [7, 12, 13, 14, 15], which are generally
targeted by homologous recombination (HR) factors [16, 17].

CIN arises when the DSBs are not effectively repaired, in which per-
sisted DSBs are often carried over into G2–M phases, leading to cytoki-
nesis failure and tetraploidy (CIN) [15]. Probably associating with this,
cells with CIN are often initially developed with tetraploidy [18, 19],
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such as mouse embryonic fibroblast cells (MEFs) just acquired immor-
tality and cells at pre-cancerous stages [20, 21]. By contrast, identical
DSBs in MMR-deficient cells are erroneously repaired by
microhomology-mediated end joining (MMEJ) and this induces MSI, i.e.,
specific insertions/deletions at microsatellite loci that are potential
micro-homologous sites [22]. Since MSI is induced with eliminating
DSBs, CIN is suppressed during the MSI induction [7]. Thus, CIN and MSI
are induced when those DSBs are persisted or erroneously repaired by
MMEJ. Those persisted DSB accumulation is associated with cellular
senescence [23].

Even in MMR-deficient cells, MSI is blocked upon suppression of
MMEJ by PolQ knockdown (KD) and PARP inhibition [7]. Under these
conditions, cells are similar to MMR-proficient cells. Specifically, repli-
cation stress-associated DSBs persist, leading to CIN induction (tetra-
ploidization) [7]. This implies that MMEJ specifically occurs in an
MMR-deficient background to induce MSI and suppress CIN, posing the
question of how MMR deficiency is associated with MMEJ induction.
This may be due to differences in the interactions of repair factors ac-
cording to the MMR status. In support of this hypothesis, MMR factors
constitutively interact with multiple repair factors by forming a large
repair factor complex called the BASC, which includes BRCA1 and
MRE11 [24].

This study demonstrated that replication stress-associated DSBs were
initially targeted by the HR system and subsequently hijacked by a PolQ-
mediated repair pathway in MMR-deficient cells, but persisted as HR
intermediates in MMR-proficient cells. PolQ physiologically interacting
with MMR factors was more efficiently loaded onto damaged chromatin
in MMR-deficient cells than inMMR-proficient cells. This helps to explain
how CIN andMSI are differentially induced according to the MMR status.

2. Materials and methods

2.1. Cell culture

Wild-type (WT) and MMR-deficient (Msh2�/�) mouse embryos were
prepared from Msh2þ/- mice [25]. Each embryo was separately minced
by sterile razors, and was subsequently washed with PBS and cultivated
as MEFs at passage 1 (P1) [26]. MEFs cultured using a Std-3T3 passage
protocol [26] after the determination their genotypes [25]. HCT116 and
HeLa cells, as well as HCT116 cells expressing PolQ-targeting shRNA and
the negative control (NC), were also used [7]. All cells were cultured in
Dulbecco's Modified Eagle's Medium (Wako) supplemented with 10%
(v/v) fetal calf serum (Gibco). Cell lysates were fractionated as previously
reported [27].

2.2. Antibodies

Antibodies against the following proteins were obtained from the
indicated suppliers: β-actin (AC-74, Sigma), Flag (F1804, Sigma; 8142,
Cell Signaling), H3 (MABI0301, MBL), γH2AX (JBW301, Upstate; 9718,
Cell Signaling), 53BP1 (Merck, PC712), MLH1 (3515, Cell Signaling;
[28]), MRE11 (ab33125, Abcam), MSH2 ([28]; A300-452A, Bethyl),
PCNA (ab29, Abcam), Rad50 (ab87918, ab119708 Abcam), Rad51
(8875, Cell Signaling), Rad51-pS14 [29], Rad51-pT13pS14 [29], and
non-immune IgG (sc-2025, Santa Cruz).

2.3. Cell biological experiments

DNA damage was induced by treatment with 0.2 mM hydroxyurea
(HU, Sigma). Western blotting was performed using antibodies indicated
above after blotting onto PVDF membrane [30]. Proteins were trans-
ferred to PVDF membranes for 2 or 6 h for detection of Flag-PolQ. Cells
for immunofluorescence were prepared using primary and secondary
antibodies indicated below after 4 % paraformaldehyde fixation, per-
meabilization with 0.1 % Triton X-100/PBS, and blocking (2 % Goat
serum in PBS containing 0.3 % Tritin X-100 [30]. Immunofluorescence
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was performed using a confocal laser microscope (Olympus FV10i).
Immunoprecipitation was performed using antibodies indicated above
and protein A magnetic beads (Tamagawa-Seiki) in the presence of a
complete protease inhibitor cocktail (Roche) Benzonase Nuclease (Mil-
lipore) [27]. Lipofectamine 3000 (Life Technologies) was used to trans-
fect the Flag-tagged PolQ expression vector. Lipofectamine RNAiMax
(Life Technologies) was used to transfect siRNAs. The sequences of the
top-strand siRNAs targeting PolQ were GCUUCAGUGAUGACUAUCUA-
GUAAA (siPolQ#1) and CAUUCGGGUCUUGGCGGCAACUUCU
(siPolQ#2).

3. Results

3.1. Persistence of HR intermediates in MMR-proficient cells

To investigate the repair factors targeting replication stress-
associated DSBs that trigger CIN and MSI, we first studied Rad51 sta-
tuses because such DSBs are usually repaired by HR and CIN is induced
when these DSBs persist and are carried over into M phase [31]. There-
fore, we specifically monitored phosphorylation of Rad51 at serine (S) 14
(p-Rad51) and di-phosphorylation of Rad51 at threonine 13 and S14
(pp-Rad51) because the levels of these forms are elevated during HR in
G2–M phases [29]. Rad51 was upregulated and phosphorylated when
WT and Msh2�/� MEFs were treated with HU, which causes replication
stress (Figure 1A and B), indicating that HR is the primary repair pathway
targeting these DSBs. While p- and pp-Rad51 signals remained high in
WT MEFs, they were reduced in Msh2�/� MEFs at 10 h after release
(Figure 1A; see red arrowheads). These are associated with
DSB-accumulation statuses that are monitored by γH2AX/53BP1 foci:
while those foci levels are high until 10 h after release in WTMEFs, those
in Msh2�/� MEFs are reduced (Figure 1C and D). These results suggest
that persistent DSBs in WT MEFs are HR intermediates and hence are
associated with a risk of damage carryover into G2–M phases, consistent
with the previous finding that CIN is specifically induced in WT MEFs
when those cells are senesced and become defective in repairing repli-
cation stress-associated DSBs [7]. The pp-Rad51 signal was higher in WT
MEFs than in Msh2�/� MEFs even before HU treatment. This probably
reflects the background risk of genomic destabilization because the
genomic rearrangement rate is generally higher in MMR-deficient cancer
cells than in MMR-proficient cancer cells even during normal prolifera-
tion [32].

We next sought to confirm that HR is the major repair pathway that
initially targets replication stress-associated DSBs in both MMR-
proficient and -deficient cells and that HR intermediates are the major
form of persistent DSBs in MMR-proficient cells. To this end, we inves-
tigated merged γH2AX/Rad51 foci in cells treated as shown in the
workflow to induce replication stress (Figure 1E). As expected, merged
γH2AX/Rad51 foci initially arose in both WT and Msh2�/� MEFs. How-
ever, these foci were continuously detected for 48 h after release in WT
MEFs, but not in Msh2�/� MEFs. Thus, we conclude that replication
stress-associated DSBs are primarily targeted by HR factors in both MMR-
proficient and -deficient cells, but persist as HR intermediates specifically
in MMR-proficient cells.

3.2. PolQ-dependent reduction of DSBs in MMR-deficient cells

Replication stress-associated DSBs in MMR-deficient cells are
repaired by MMEJ with inducing MSI [7]. To determine the MMEJ
dependence in the termination of HR and the resulting repair, PolQ
mediating MMEJ was knocked down in MMR-deficient HCT116 cells and
the statuses of p- and pp-Rad51 signals were monitored after cells were
treated as in the workflow (Figure 2A and B). As expected, while these
signals, which arose after 0–5 h, were reduced at 10 h after release in
HCT116 cells (NC), those under PolQ-KD were continuously detected
(Figure 2A and B). This is consistently associated with
γH2AX/53BP1-focus levels: while γH2AX/53BP1 foci were reduced by
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Figure 1. Replication stress-associated DSBs are persisted under intermediates of HR in MMR-proficient cells. (A–D) WT and Msh2�/� MEFs were treated with HU, as
shown in the workflow (A). HR statuses were determined by the intensities of p- and pp-Rad51 signals (A,B). MMR-deficiency dependent decay of p- and pp-Rad51
signals are pointed by red arrowheads (A). Source images of blots are shown in Supplementary Fig. 1. p- and pp-Rad51 signals normalized with β-Actin signal are
shown (B). DSB statuses were determined by the merged foci of γH2AX and 53BP1 (C,D). The representative images are shown (C). The numbers of 53BP1 foci in each
cell were plotted (n numbers and P values are indicated in graph) (D). Two-tailed Welch's t-test was used for statistical analysis. (E) WT and Msh2�/� MEFs were
exogenously growth-accelerated, as shown in the workflow. HR and DSB statuses were determined by the merged foci of Rad51 and γH2AX. Representative cells are
zoomed. Error bars represent �SD. Scale bars, 10 μm.

Figure 2. Replication stress-associated DSBs are repaired through a PolQ-mediated repair pathway with terminating HR in MMR-proficient cells. (A–D) HCT116 cells
were treated with HU, as shown in the workflow (A). The statuses of HR were determined by the intensities of p-Rad51 and pp-Rad51 signals (A,B). Signals observed
PolQ dependent decay are pointed by red arrowheads (A). Source images of blots are shown in Supplementary Fig. 2. p- and pp-Rad51 signals normalized with β-Actin
signal are shown (B). DSB statuses were determined by the merged foci of γH2AX and 53BP1 (C,D). Representative images are shown (C). The numbers of 53BP1 foci
in each cell were plotted (n numbers and P values are indicated in graph) (D). Two-tailed Welch's t-test was used for statistical analysis. (E,F) Rad51 accumulation
status were determined together with the damage status that was determined by γH2AX signal after cells were treated as in the workflow (E). Source images of blots
are shown in Supplementary Fig. 3. Rad51 and γH2AX signals normalized with histone H3 signal are shown (F). Error bars represent �SD.
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10 h after the release in HCT116 cells (NC), those under PolQ-KD were
continuously detected (Figure 2C and D). Identical results are also shown
by western signals of γH2AX and Rad51 (Figure 2E and F). Together,
these data suggest that the PolQ-dependent DSB repair pathway, i.e.,
MMEJ is specifically induced in MMR-deficient cells and hijacks HR in-
termediates, while such intermediates persist in MMR-proficient cells.
Although such DSBs are persisted under PolQ-KD even in MMR-deficient
HCT116 cells, this is consistent with a previous study, because such cells
reveal reversal of the genomic instability phenotype of these cells such
that CIN is induced and MSI is suppressed [7].

3.3. Effective loading of PolQ and MRE11 onto chromatin in MMR-
deficient cells

A remaining question is how the MMR status determines the choice of
DNA repair pathway i.e., induction of MMEJ in an MMR-deficient
background but not in an MMR-proficient background. One possible
explanation is that complex formation by repair factors is altered, which
affects damage recognition. In fact, MMR factors widely interact with
multiple DSB repair factors present in the BASC, a super complex of
BRCA1-associated proteins including Rad50 and MRE11 [24]. To
compare complex formation between MMR-proficient and -deficient
cells, we performed immunoprecipitation (IP) using WT and Msh2�/�

MEFs transfected with the Flag-tagged PolQ expression vector and
treated with HU, as shown in the workflow. As expected, MSH2 and
MLH1 co-immunoprecipitated with Rad51 and Flag-PolQ, with the
exception of MSH2 in Msh2�/� MEFs (Figure 3A), suggesting that they
physiologically interact. The co-IP efficiencies of Rad51 and Flag-PolQ
were higher in Msh2�/� MEFs than in WT MEFs, indicating that com-
plex formation of DNA repair factors differs between these cells
(Figure 3A). MRE11 and Rad50 also co-immunoprecipitated with Rad51
more effectively in Msh2�/� MEFs than in WT MEFs (Figure 3A).

We next tested whether the MMR status affects the loading of DSB
repair factors onto damaged chromatin. WT and Msh2�/� MEFs were
Figure 3. Damaged chromatin loading of PolQ and MRE11 are more effective under M
MEFs were treated with HU as shown in the workflow, and then IP (A) and chromatin
from HU using an anti-Rad51 or -Flag antibody. Source images of blots are shown
noblotting (IB). H3 was detected as a loading control (B). Source images of blots ar
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treated as shown in the workflow, cell lysates were fractionated, and
loading of Flag-PolQ and MRE11 onto damaged chromatin was investi-
gated (Figure 3B). Intriguingly, Flag-PolQ and MRE11 signals were
higher on chromatin isolated from Msh2�/� MEFs than on chromatin
isolated from WT MEFs (Figure 3B), indicating that loading of repair
factors including PolQ and MRE11 onto damaged chromatin differs ac-
cording to the MMR status. In addition to the efficient loading of MRE11
onto damaged chromatin inMsh2�/� MEFs (Figure 3B), merged MRE11/
γH2AX foci formed more efficiently in MSH2-depleted HeLa cells than in
NC HeLa cells (Figure 4). These results imply that recruitment of repair
factors to replication stress-associated DSB loci differs according to the
MMR status, which helps to explain how CIN and MSI are differentially
induced.

4. Discussion

The current study illustrates that replication stress-associated DSBs
persist as HR intermediates in MMR-proficient cells and there is a risk of
carryover of these DSBs into G2–M phases, leading to CIN induction. By
contrast, although DSBs are also initially targeted by HR factors in MMR-
deficient cells, they are subsequently hijacked by a PolQ-mediated repair
pathway called MMEJ. These findings are consistent with a recent study
showing that replication stress-associated DSBs induce MSI in MMR-
deficient cells and CIN in MMR-proficient cells [7]. Induction of both
MSI and CIN can lead to clonal evolution of cells with abrogated defense
systems.

CIN and MSI are differentially induced according to the MMR status
owing to the choice of DNA repair pathway. Although the underlying
mechanism has not been fully elucidated, this study revealed that it in-
volves differences in complex formation and loading of associated repair
factors onto damaged chromatin. PolQ and MRE11 physiologically
interactingwithMMR factors weremore efficiently loaded onto damaged
chromatin in an MMR-deficient background (Figure 3B). Merged
MRE11/γH2AX foci also formed more effectively in an MMR-defective
MR deficient background compared to those of WT cells. (A,B) WT andMsh2�/�

fractionation (B) was performed. IP was performed with cells at 1 h after release
in Supplementary Fig. 4. Their reciprocal associations were detected by immu-
e shown in Supplementary Fig. 5.



Figure 4. MRE11 foci merged with γH2AX are more effectively formed under MMR deficient background compared to those of WT cells. (A,B) HeLa cells knocked
down for MSH2 and the control were treated with HU as shown in the top box, and γH2AX and MRE11 foci were assessed by immunofluorescence microscopy (A).
Representative cells are zoomed. Foci numbers were counted (B). Error bars indicate SD. Scale bars, 10 μm.
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background (Figure 4). The cross co-IP efficiencies of Flag-PolQ and
Rad51were higher inMMR-deficient MEFs than inMMR-proficient MEFs
(Figure 3A). Such MMR factor dependence of complex formation and
associated damage recognition probably underlies how CIN and MSI are
differentially induced.

MMR proteins interact with a wide variety of repair factors, including
MRE11, Rad50, and BRCA1 [24]; however, the significance of such
complex formation remained unclear for a long time. Based on the cur-
rent study together with a previous report of replication stress-triggered
MSI induction [7], these interactions are probably associated with the
choice of DNA repair pathway, i.e., suppression of MMEJ in an
MMR-proficient background. One important question is how MMR
functions when normal cells are subjected to replication stress. This is
probably associated with genome stability maintenance and suppression
of MMEJ. Replication stress-associated DSBs can be repaired in normally
proliferating cells through HR. Therefore, it is probably important to
block erroneous repair by MMEJ in order to prevent induction of inser-
tions/deletions in microsatellite loci and to maintain genome stability. In
fact, the risk of clonal evolution of cells with mutated cancer-driver genes
is higher with MSI induction than with CIN induction [7]. However, this
MMR-dependent barrier is ineffective after cells become senescent
because replication stress-associated DSBs are not actively repaired by
HR during senescence [9], and the risk of CIN induction increases to
avoid clonal evolution of cells with mutated cancer-driver genes.
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