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Abstract

Common fragile sites (CFSs) are regions prone to chromosomal rearrangements, thereby contributing to tumorigenesis. Under replication stress
(RS), CFSs often harbor underreplicated DNA regions at the onset of mitosis, triggering homology-directed repair known as mitotic DNA synthe-
sis (MIDAS) to complete DNA replication. In this study, we identified an important role of DNA mismatch repair protein MutS (MSH2/MSH3) in
facilitating MiDAS and maintaining CFS stability. Specifically, we demonstrated that MutSf3 is required for the increased mitotic recombination
induced by RS or FANCM loss at CFS-derived AT-rich and structure-prone sequences (CFS-ATs). We also found that MSH3 exhibits synthetic lethal-
ity with FANCM. Mechanistically, MutSf3 is required for homologous recombination (HR) especially when DNA double-strand break (DSB) ends
contain secondary structures. We also showed that upon RS, MutS 3 is recruited to Flex1, a specific CFS-AT, in a PCNA-dependent but MUS81-
independent manner. Furthermore, MutS3 interacts with RAD52 and promotes RAD52 recruitment to Flex1 following MUS81-dependent fork
cleavage. RAD52, in turn, recruits XPF/ERCC1 to remove DNA secondary structures at DSB ends, enabling HR/break-induced replication (BIR)
at CFS-ATs. We propose that the specific requirement of MutSf in processing DNA secondary structures at CFS-ATs underlies its crucial role
in promoting MiDAS and maintaining CFS integrity.
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Introduction high susceptibility to DNA replication stress (RS) (5), which is
Common fragile sites (CFSs) are specific genomic loci that ex-  often induced by the aberrant expression of oncogenes (6). As
hibit gaps or breaks on metaphase chromosomes when repli-  a result, CFS instability is believed to be a significant contrib-

cation is partially impaired (1). These sites are known hot  utor to tumorigenesis (7-9). CFSs are ‘difficult-to-replicate’,
spots for chromosomal rearrangements such as deletions and ~ which can be attributed to several intrinsic features. For in-
translocations, particularly in cancer (2-4). CFSs exhibit a  stance, CFSs often contain clusters of AT-rich sequences that
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tend to form stable secondary structures (10-12). Addition-
ally, they frequently harbor large genes that can lead to R-loop
formation and collisions between replication and transcrip-
tion (13,14). Furthermore, CFSs are typically late-replicating
and have a shortage of replication origins (15).

Upon encountering replication disturbances, CFSs fre-
quently fail to complete DNA replication and proceed
into M-phase with under-replicated DNA (16-18). At the
onset of mitosis, the structure-specific endonuclease (SSE)
MUS81/EMET1 cleaves under-replicated DNA regions, fol-
lowed by induction of mitotic DNA synthesis (MiDAS) in
the prophase of mitosis to complete DNA replication at CFSs
(17,19,20). MiDAS exhibits a conservative DNA replication
pattern and relies on the involvement of POLD3 and PIF1
(20-22), sharing characteristics with break-induced replica-
tion (BIR), a subtype of homologous recombination (HR) (23—
25). Notably, MiDAS is independent of BRCA1 and RADS1
but requires RADS2 (21). However, the precise mechanism
underlying MiDAS is still not fully understood.

Disturbed replication at CFSs leads to the formation of
DNA secondary structures at AT-rich sequences on replication
forks, causing replication stalling and double-strand break
(DSB) formation, and these DSBs contribute to the fragility
of CFSs (10,11,15,26,27). FANCM is important for disman-
tling these DNA secondary structures, thereby preventing DSB
formation at CFS-ATs (11). HR, in the forms of both short
tract gene conversion [STGC (28), often refer to general HR]
and BIR, is employed to repair DSBs at CFS-ATs (22). HR
is initiated by end resection, followed by invasion of the 3’
single-strand DNA (ssDNA) of one DSB end into its homol-
ogous template (29,30). When the second end homology is
in close proximity, short DNA synthesis and strand displace-
ment are followed by the annealing of the newly synthesized
DNA strand to the second end homology, completing STGC
[or general HR (28,29)]. However, if DSBs are single-ended or
the second end is far away, BIR is activated, and BIR DNA
synthesis requires POLD3 and PIF1, which are dispensable
for STGC (25). In our previous study, we showed that after
end resection at DSB ends, CFS-ATs form DNA secondary
structures on the 3’ ssDNA overhangs (12), which require
XPF/ERCC1 for removal before new DNA synthesis can initi-
ate (31). Additionally, we demonstrated that RADS2 is specifi-
cally necessary for repairing DSBs with DNA secondary struc-
tures at the ends but is dispensable for HR at ‘clean ends’
(11,32).

DNA mismatch repair (MMR) plays a vital role in correct-
ing DNA mismatches arising during DNA replication (33,34).
The MutS (MSH2/MSH6) and MutSp (MSH2/MSH3) het-
erodimeric complexes, which are highly conserved, are in-
volved in identifying mismatched nucleotides with distinct
substrate specificities. MutS« binds to single-nucleotide mis-
matches and 1-2 nucleotide insertions, whereas MutSp recog-
nizes small DNA loops (35-39). Mismatch recognition trig-
gers ATP-dependent activation of the MutL« endonuclease,
generating a nick near the mismatched DNA to initiate MMR
(38—40). Unlike MutSa, MutSB can bind to various branched
DNA structures (40). Previous studies have shown that MutSp
binds to hairpin structures formed in trinucleotide repeats
(TNRs) and promotes pathogenic TNR expansion (41-44).
MutSB also interacts with hairpin loops in RPA-ssDNA and
facilitates ATR activation (45). MMR proteins have also been
implicated in HR. In yeast, Msh2 and Msh3 are important
for gene conversion when DSB ends contain nonhomologous
tails and are also required for single-strand DNA annealing
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(SSA) (46,47). Yeast MutSp stimulates endonuclease activity
of MutLx to cleave recombination intermediates in meiosis
(48). In mammalian cells, MutSp has also been shown to be
involved in checkpoint activation and HR (45,49-51).

In this study, we demonstrated that MutSp exhibits a syn-
thetical lethal interaction with FANCM, an ATP-dependent
DNA-remodeling translocase (52) that is required for prevent-
ing DSB formation at CFS-ATs (11). We showed that MutSp
plays a critical role in both HR and BIR of DSBs that con-
tain structure-forming CFS-ATs (such as Flex1, Figure 7B).
The MutSp function in BIR is important for MiDAS at CFSs
and the maintenance of CFS integrity. Mechanistically, MutSp
binds to DNA secondary structures formed at CFS-ATs and in-
teracts with RADS2, a process that is enhanced by RS. RADS52
in turn recruits XPF/ERCC1 to CFS-ATs, enabling removal of
DNA secondary structures at DSB ends and facilitating BIR
at CFSs. These findings provide valuable insights into the in-
tricate molecular interactions and repair mechanisms that un-
derlie the maintenance of CFS integrity and highlight the role
of MutSp in promoting MiDAS to preserve genomic stability
at CFSs.

Materials and methods

Cell culture and generation of MSH3-KO cell line by
CRISPR

Human U20S, HCT116, and 293T cells were cultured in
DMEM supplemented with 10% fetal bovine serum at 37°C
and 5% CO,. The FANCM-knockout HCT116 cells used in
this study have been previously described (53).

MSH3-knockout (KO) in EGFP-HR-Flex reporter (U20S)
cells was generated using CRISPR-Cas9 technology. A
gRNA sequence (TGAACAAACAGTCTGTGAGT) targeting
the fifth exon of human MSH3 was sub-cloned into PX459
(Addgene#62988) for making MSH3-KO. Transfected cells
with this plasmid were subjected to puromycin selection for
48 hours, followed by isolation of single clones. The MSH3-
KO clones were confirmed by Western blot analysis.

Plasmid construction and shRNAs

To construct expression vectors, MSH2, MSH3, MSH6, and
XPF complementary DNAs (cDNAs) were sub-cloned into the
pCDNA3.0-SFB vector containing the SFB (S protein-2xFlag-
Streptavidin-binding peptide) tag (54). The MSH3 N-terminal
deletion mutant (MSH3-ND: A1-200aa, defective in PCNA
binding) was generated by PCR amplification with its nuclear
localization signal added back to the construct (55). RADS52
c¢DNA was subcloned in the pCDNA3.0-HA vector for co-
immunoprecipitation (co-IP) assay and in the NBLV00S51-
EGFP (Novo Bio) vector for monitoring repair foci.

Short hairpin RNAs (shRNAs) for FANCM and RADS2
were previously described (11). Other shRNA target se-
quences were obtained from Sigma-Aldrich and are listed
below:

MSH2 shRNA #1: TCTGCAGATGTGCTTAG

MSH2 shRNA #2: CCAGTAATGGAATGAAGGTAA

MSH3 shRNA #1: GCCATTTAGATCACAACTTTA

MSH3 shRNA #2: GCACAGAAGGAATAAGGTCAT

MSH6 shRNA #1: GCCAGAAGAATACGAGTTGAA

MSH6 shRNA #2: TTCTGACAAAGGTGGTAAATT

MUS81 shRNA: CACGCGCTTCGTATTTCAGAA

XPF shRNA: GUAGGAUACUUGUGGUUGA

PCNA shRNA: GATGCTGTTGTAATTTCCTGT
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Figure 1. MSH2 and MSHS3 are synthetically lethal with FANCM. (A) The growth curves of HCT116 WT and FANCM-KO cells were plotted after infection
with lentiviruses expressing shRNAs targeting MSH2 (top) or MSH3 (bottom), along with a vector control (Vec). (B) y-H2AX Western blot analysis was
conducted on HCT116 WT and FANCM-KO cells, which were infected with lentiviruses encoding shRNAs targeting MSH2 (top) or MSH3 (bottom), along
with a vector control (Vec), after 4 days of infection. H2AX serves as the loading controls. (C) Cell viability was determined in HCT116 cells expressing
shRNAs for MSH2, MSH3 or a vector (Vec) after treatment with the indicated concentrations of HU (left) and APH (right) for 48 hours.

Immunoblotting and RT-qPCR

Western blot analysis was performed using a standard proto-
col described previously (12). Briefly, cell lysates were boiled in
6X SDS loading buffer and separated using SDS-PAGE. Anti-
bodies against FANCM were kindly provided by Dr. Weidong
Wang (53). Commercially available antibodies used in this
study included: MSH2 (HUABIO, EM1801, 1:2000), MSH3
(BD Biosciences, 611390, 1:2000), MSH6 (HUABIO, ET 1604,
1:2000), B-Actin (Abmart, P30002, 1:5000), yH2AX (Ab-
clonal, AP0099, 1:2000), H2AX (Cell Signaling #2595),
MUSS81 (Abclonal, A6818, 1:2000), XPF (Abmart, PA1397,

1:5000), PCNA (Millipore, 3428716, 1:2000), RAD52 (Ab-
clonal, A5186, 1:2000), HA (Abmart, M20003, 1:5000) and
Flag (Sigma, F1804, 1:2000).

Total RNA was extracted from cell lines using the
RNeasyMini Kit (Qiagen). cDNA was synthesized through re-
verse transcription using the iScript cDNA synthesis kit (Bio-
Rad). The iTaq Universal SYBR Green Supermix (Bio-Rad)
was used for gPCR on C1000 Thermal Cycler (Bio-Rad). The
primer sequences are listed below:

FANCM-F: 5’GCTTATTGTTCCGCTTGGTG

FANCM-R: STCAAAGAACGAGCAAATGATTCC
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Figure 2. MutSf is required for promoting mitotic recombination at Flex1. (A) Schematic drawing of the EGFP-HR and EGFP-HR-Flex reporters
described previously (11,89), and the HR-mediated repair product. D-EGFP: donor EGFP (B) Mitotic recombination frequency was determined in U20S
(EGFP-HR-Flex) cells depleted for MSH3 by shRNAs with the vector (Vec) as a control, followed by depleting FANCM with shRNAs or expressing shRNA
vector (Vec). FACS analysis was performed 3 and 6 days after MSH3 shRNA lentivirus infection. (C) U20S (EGFP-HR-Flex) WT or MSH3-KO cells were
synchronized to S-phase by double thymidine block, and subsequently were treated with HU (2 mM, 24 h). Mitotic recombination (HR) was assessed by
FACS analysis 4 days after HU treatment. (D) U20S (EGFP-HR-Flex) cells expressing shRNA#1 targeting MSH2, MSH3, MSHB, or a control vector (Vec)
were synchronized to S-phase using double thymidine block, and subsequently treated with HU (2 mM, 24 h). HU-induced recombination was assessed
by FACS analysis 4 days after HU treatment. (E) Anti-yH2AX ChIP analysis was performed in U20S (EGFP-HR-Flex) WT and MSH3-KO cells at FlexT,
using indicated primer sets before and after APH treatment (0.8 uM, 16 h, left) or after expressing FANCM shRNA and vector (Vec, right). The ChIP value
in No treatment (left) and in Vec control (right) samples were set as 1 for normalization. (F) Anti-streptavidin ChIP analysis at Flex1 was performed in
U20S (EGFP-HR) and U20S (EGFP-HR-Flex) cells expressing SFB-MSH2 (left) and SFB-MSH3 (right) before and after APH (0.8 uM, 16 h) treatment.
Streptavidin beads recognize the SBP tag in SFB [S protein-2xFlag-Streptavidin-binding peptide (SBP)] (54). The ChIP value at EGFP in the EGFP-HR
reporter with No treatment was set as 1 for normalization. (G) Anti-streptavidin ChIP analysis at Flex1 was performed in U20S (EGFP-HR) and U20S
(EGFP-HR-Flex) cells expressing SFB-MSH2 after depleting FANCM with shRNAs or expressing shRNA vector (Vec). The ChIP value at EGFP in the
EGFP-HR reporter with Vec control was set as 1 for normalization. (H and I). Anti-streptavidin ChIP analysis at Flex1 was performed in U20S
(EGFP-HR-Flex) cells expressing SFB-MSH2 with MUS81 silenced by shRNAs (H) or expressing SFB-MSH3 with PCNA silenced by shRNAs (l) using
shRNA vector (Vec) as a control with or without APH treatment (0.8 1M, 16 h). The ChlIP value in the sample of No treatment with Vec control was set
as 1 for normalization. (J) Anti-streptavidin ChIP analysis at Flex1 was performed in U20S (EGFP-HR-Flex) cells expressing SFB-MSH3-WT or
SFB-MSH3-ND (A1-200aa, impaired in PCNA binding) before and after APH treatment (0.8 uM, 16 h). The ChlIP value in the sample of No treatment
with SBP-MSH3-WT expression was set as 1 for normalization.
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Figure 3. MutSf3 recruits RAD52 to Flex1 after DSB formation. (A) Anti-streptavidin ChIP analysis at Flex1 was performed in U20S (EGFP-HR-Flex) cells
expressing SFB-RAD52 with MUS81 silenced by shRNA or expressing shRNA vector (Vec) with or without APH treatment (0.8 1M, 16 h). The ChIP
value in the sample of No treatment with Vec control was set as 1 for normalization. (B) EGFP-RAD52 foci were monitored in U20S cells expressing
MSH3 shRNAs or shRNA vector (Vec), and representative EGFP-RAD52 foci are displayed along with DAPI staining before and after APH treatment (0.4
uM, 16 h, left). The quantification of EGFP-RAD52 foci per nucleus is presented (right). ~100 nuclei were analyzed in each sample. Scale bars, 2 um.
(C) Anti-streptavidin ChIP analysis at Flex1 was performed in U20S (EGFP-HR-Flex) cells expressing SFB-RAD52 with MSHS3 silenced by shRNA using
the shRNA vector (Vec) as a control. The ChIP value in the sample of No treatment with Vec control was set as 1 for normalization. (D) HA-RAD52 and
SFB-MSH3 or SFB-MSHG6 were expressed alone or together in 293T cells and co-IP was performed using anti-streptavidin magnetic beads, recognizing
the SBP tag in SFB [S protein-2xFlag-Streptavidin-binding peptide (SBP)] (54). Anti-HA (for HA-RAD52) and anti-Flag (for SFB-MSH3 and SFB-MSH6)
Western blot analysis was performed. (E). HA-RAD52 and SFB-MSH3 were expressed alone or together in 293T cells and co-IP using anti-streptavidin
magnetic beads, recognizing the SBP (SBP: streptavidin-binding peptide) tag in SFB-MSH3, was performed in the presence or absence of HU (2 mM, 2
h). Anti-HA (for HA-RAD52) and anti-Flag (for SFB-MSH3) western blot analysis was performed. (F) Endogenous interaction of MSH3 and RAD52 was
performed by IP of MSH3 in U20S cells with or without HU treatment (2 mM, 2 h), followed by Western blot analysis of RAD52 and MSH3. (G) PLA
analysis of RAD52 with MSH3 was performed in U20S cells, treated with or without HU (2 mM, 24 h). A representative image of RAD52 and MSH3
PLA is shown (left) and the PLA foci of RAD52 with MSH3 were quantified (right). ~100 nuclei were analyzed in each sample. Scale bars, 2 um.
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MSH2-F: " AGGCATCCAAGGAGAATGATTG
MSH2-R: 5’ GGAATCCACATACCCAACTCCAA
MSH3-F: 5’"CTACCAGCTATCTTCTGTGCATC
MSH3-R: 5 CCTCTGTTTGCTCGGACAAG
MSHS6-F: 5’GCAATGCAACGTGCAGATGAA
MSH6-R: S’ACTTCGCCTAGATCCTTGTGT

Cell cycle analysis

For cell cycle analysis, the lentivirus-infected cell cells were
collected by centrifugation at 4°C, and washed with cold PBS.
Cells were resuspended in an appropriate amount of cold
PBS, followed with addition of three volumes of cold anhy-
drous ethanol to achieve a final concentration of 75%. Cells
were gently inverted, mixed well and incubated at 4°C for
at least 18 hours. Subsequently, cells after fixing were cen-
trifuged at 4°C and the supernatant was removed. After sev-
eral rounds of PBS wash to remove ethanol, cells were treated
with propidium iodide (PI, 50 pg/ml), along with RNaseA (50
ng/ml) at 37°C for 30 min. Cell cycle profiles were analyzed
by FACS analysis (Attune Flow Cytometer, Thermo Fisher)
and the proportion of cells in each phase was determined by
FlowJo_v10.8.1.

Co-Immunoprecipitation (Co-IP)

293T cells were co-transfected with pCDNA3.0-SFB-
MSH3 or SFB-MSH6 and pCDNA3.0-HA-RADS2 by
linear polyethylenimine (PEI; Polysciences, 24314-2), and
8 hours later, medium was changed followed by additional
48-hour culturing. Co-IP was performed with or without HU
treatment (2 mM HU, 2 h).

Whole cell lysis and co-IP were performed as previously de-
scribed (56). Briefly, cells were lysed in NETN buffer [150 mM
NaCl, 1 mM EDTA, 20 mM Tris-HCI (pH 8.0), 0.5% NP-40]
supplemented with protease inhibitors. IP was performed us-
ing anti-streptavidin magnetic beads (Abmart, A10005), fol-
lowed by five washes with NETN buffer.

Chromatin immunoprecipitation (ChlP)

Streptavidin-ChIP was performed as previously described
(57,58). Following the indicated treatment, the medium was
removed, and the cells were washed with PBS. A cross-linking
solution (1% formaldehyde in PBS) was added to the cells for
10 minutes at room temperature, then glycine was added to a
final concentration of 125 mM to terminate cross-linking. Af-
ter three PBS washes, the cells were resuspended in ultrasonic
buffer [1% SDS, 50 mM Tris—-HCI (pH 8.0), 10 mM EDTA]
supplemented with protease inhibitors. Chromatin was frag-
mented by ultrasound until the DNA fragments were between
0.2 and 1.0 kb in length. The sonicated samples were diluted
10 times with IP buffer [0.01% SDS, 1.1% Trition X-100, 1.2
mM EDTA, 16.7 mM Tris-HCI (pH 8.0), 167 mM NaCl] sup-
plemented with protease inhibitors. From the diluted sample,
10% was retained as a total sample, while the remaining 90%
was pre-cleared with Protein A Sepharose beads (GE Health-
Care). The IP was performed using H2AX-5139p (Cell Signal-
ing #2577) or anti-streptavidin magnetic beads. The IP sam-
ples were washed successively with 1 ml each of LS buffer
(0.1% SDS, 20 mM Tris—HCI (pH 8.0), 1% Triton X-100,
2 mM EDTA, 150 mM NaCl), HS buffer (0.1% SDS, 20
mM Tris-HCI (pH 8.0), 1% Triton X-100, 2 mM EDTA, 500
mM NaCl), LiCl buffer (0.25 M LiCl, 10 mM Tris—=HCI (pH
8.0), 1% NP-40, 1% deoxycholate, 1 mM EDTA), and TE
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buffer, all supplemented with protease inhibitors. The DNA-
protein complexes were eluted with EL buffer (1% SDS, 0.1
M NaHCO3), and cross-linking was reversed by adding NaCl
to a final concentration of 200 mM, followed by overnight in-
cubation at 65°C. Proteinase K (10 mM EDTA, 20 mM Tris—
HCI (pH 6.8)) digestion was performed for 2 h at 42°C, then
the DNA was purified using the TIANquick Mini Purification
Kit (TTANGEN) according to the manufacturer’s instructions.
For ChIP analysis, the recovered DNA was analyzed by qPCR
and AACt was calculated using the GAPDH locus as an inter-
nal control. The primer sequences used have been previously
published (11) and are listed below:

Flex-F: 5CTCCAATTCGCCCTATAGTGAGTCGTATTA

Flex-R: STTACTTGTACAGCTCGTCCATGC

FRA3B-F: YTTAGCCTACTTCAGGGTTTCT

FRA3B-R: TGGAGAGGTTACTACTGGCA

GAPDH-F: §CCCTCTGGTGGTGGCCCCTT

GAPDH-R: 5’GGCGCCCAGACACCCAATCC

Cell proliferation and cell viability assay

Cell proliferation was determined by growth curves, as previ-
ously described (31). Briefly, HCT116 and its derived cell lines
were seeded at a density of 1 x 103 cells in 6 cm cell culture
dishes. Cell proliferation was assessed by counting trypsinized
cells using a hemocytometer every 24 h. The cell number was
normalized to day 1.

For the cell viability assay, cells were seeded in 96-well
plates at a density of 2000 cells per well and treated with
different concentrations of HU and aphidicolin (APH; Sigma,
A4487) for 72 h. MTS reagent (Promega) was mixed with the
medium in equal volumes and incubated at 37°C for at least 2
h. Cell viability was determined by measuring the emission at
490 nm using a Spectramax M3 reader (Molecular Devices).

Mitotic recombination assay and I-Scel-induced HR
assay

For the HU-induced HR assay, reporter cells underwent initial
double thymidine block (2 mM, two cycles of 16-hour in drug
with a 12-hour interval of drug-free medium in between) to
enrich the population in S-phase, followed by treatment with
2 mM HU for 24 h. For the I-Scel-induced HR assay, reporter
cell lines were infected with lentiviruses encoding HA-I-Scel.
Four days after HU or I-Scel expression, EGFP-positive events
were quantified by FACS analysis using a BD Accuri C6 flow
cytometer and accompanying data analysis software (CFlow,
Becton-Dickinson).

Analysis of HR used in the HR-Flex/D-Flex reporter and
HR-Luc/D-Luc reporter was performed as previously de-
scribed (11,31). Briefly, genomic DNA was extracted four days
after I-Scel viral infection, followed by PCR amplification.
The PCR products were digested with or without BamHI and
EcoRI and resolved by 1.5% agarose gel electrophoresis. The
percentage of restriction enzyme digestible PCR products rela-
tive to the total DNA provided an estimation of HR efficiency,
determined by quantifying the DNA bands using Image].

Metaphase chromosome analysis

Metaphase chromosome analysis was performed according to
standard protocols (12,59). HCT116 cells were treated with
APH (0.4 uM) for 24 h, then nocodazole was added to a final
concentration of 330 nM. The cells were then incubated for an
additional 4 h to synchronize the population to the metaphase



1126

stage. Subsequently, the cells were collected and resuspended
in a hypotonic solution (75 mM KClI) for 30 minutes at 37°C,
then fixed in fixative solution (3:1 ratio of methanol and
acetic acid) at room temperature for 30 min, with multiple
changes of fixative solution. Fixed cells were dropped onto
pre-cooled slides from a height and aged overnight at room
temperature. Metaphase chromosome staining was performed
using Giemsa. Breaks and gaps were detected and counted on
Giemsa-stained metaphases.

Mitotic DNA synthesis (MiDAS)

MiDAS was performed as previously described (60,61). U20S
cells were treated with APH (0.4 uM) for 8 hours, then RO-
3306 was added to a final concentration of 7 uM. The cells
were then cultured for an additional 8 h to synchronize the
population to the late G2 phase. The medium was removed,
and the cells were washed three times with cold PBS, followed
by releasing into fresh DMEM medium at 37°C and within 5
min, replacing with the medium containing 20 uM EdU and
0.1 pg/ml Colcemid for incubation at 37°C for 60 min.

Cells were shaken-off, then washed with cold PBS on ice.
The cells were resuspended in 75 mM KCl for 20 min at 37°C.
Swollen mitotic cells were collected and fixed in a fixative so-
lution (3:1 ratio of methanol and acetic acid) at room temper-
ature for at least 30 minutes, then dropped onto pre-cooled
slides from a height. Fixed cells were aged overnight at room
temperature.

Slides were blocked with blocking buffer (3% BSA in PBS)
for 30 minutes then permeabilized with 0.5% Triton X-100
for 20 min. After the permeabilization buffer was removed,
the cells were washed with blocking buffer three times. EAU
incorporation was detected using the Click-IT EAdU Alexa
Fluor 488 Imaging Kit (Invitrogen). The Click-iT reaction was
terminated with blocking buffer, and chromosome staining
was performed with DAPI (0.25 pg/ml) for 3 mi. Images were
analyzed using an Olympus IX81 FL microscope.

Immunofluorescence (IF) and in situ proximity
ligation assay (PLA) on metaphase chromosomes

Cells were synchronized to mitosis following the MiDAS pro-
tocol, with the exception of being released into the medium
containing only 0.1 pg/ml Colcemid for incubation at 37°C
for 60 min. Mitotic cells were fixed and dropped onto slides,
after which the slides were subjected to a 30-min blocking
step (using 3% BSA in PBS) and subsequent permeabilization
with 0.5% Triton X-100 for 20 min. This was followed by an
overnight incubation at 4°C with the relevant primary anti-
bodies. For IF, as previously described (62), following wash-
ing three times with blocking buffer, cells were incubated with
appropriate secondary antibodies for 1 h at 37°C in the dark.
PLA was performed using Duolink PLA technology (Sigma-
Aldrich) according to the manufacturer’s instructions. Anti-
mouse PLUS and anti-rabbit MINUS PLA probes were cou-
pled to the primary antibodies. After washing in buffer-A
(0.01M Tris, 0.15M NaCl and 0.05% Tween-20), PLA probes
were ligated for 45 min at 37°C then washed. Coverslips were
washed in buffer-B (0.2M Tris and 0.1M NaCl) following
amplification.

Finally, chromosome staining was performed with DAPI
(0.25 pg/ml) for 3 min. Images were analyzed using an Olym-
pus IX81 FL microscope.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism9
and Microsoft Excel. For sample sizes <30, significant dif-
ferences were determined using an unpaired Student’s t-test.
For sample sizes greater than 30, a Mann—Whitney U test
was used. The following notation was used to denote statis-
tical significance: n.s. (not significant) (P > 0.05); *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

Results

MSH2 and MSH3 are synthetic lethal with FANCM

DNA secondary structures often arise upon RS (63-65).
FANCM plays an important role in resolving DNA sec-
ondary structures and prevents RS-induced DSB formation
at CFS-ATs (11,22). Interestingly, we found that depletion of
MSH2 or MSH3 by shRNAs drastically induces cell death in
FANCM-knockout (KO) but not in wildtype (WT) HCT116
cells (Figure 1A and Supplementary Figure S1A). Depleting
MSH6 in FANCM-KO cells, however, does not result in signif-
icant cell death of FANCM-KO cells (Supplementary Figure
S1B). These data suggest that MSH2/MSH3 (MutSB) but not
MSH2/MSH6 (MutS«) is synthetic lethal with FANCM.

When FANCM is deficient, DSB formation is increased
at CFS-ATs (11). One possible mechanism could involve
MutSB’s role in repairing DSBs that accumulate in FANCM-
deficient cells, thus contributing to the prevention of cell
death. Indeed, we observed a significant increase of YH2AX
signals in Western blot analysis when MSH2 or MSH3 is de-
pleted in FANCM-KO cells, in comparison to MSH2 or MSH3
depletion in WT cells (Figure 1B), suggesting that MutSp is
actively involved in preventing and/or repairing DSBs accu-
mulated due to FANCM deficiency. In addition, depletion of
MSH2 or MSH3 by shRNAs leads to sensitivity of HCT116
cells to hydroxyurea (HU) and aphidicolin (APH) (Figure 1C
and Supplementary Figure S1C). This suggests that MutSp
is important for cells to cope with RS, likely due to its role
in minimizing DSB accumulation at structure prone DNA se-
quences on stalled replication forks.

MutSp is required for mitotic recombination at
Flex1 induced by FANCM deficiency and replication
stress

We showed that the CFS-AT sequence, Flex1 derived from
FRA16D induces spontaneous mitotic recombination (HR),
and this effect is further elevated in FANCM-deficient cells
or after HU treatment (11,12). As assayed by our EGFP-HR-
Flex reporter (11,12) (Figure 2A), we found that FANCM
depletion-induced mitotic recombination is suppressed by fur-
ther depleting MSH3 (Figure 2B and Supplementary Figure
S2A).In addition, HU-induced mitotic recombination at Flex1
is markedly reduced in MSH3-KO U20S cells compared to
WT cells (Figure 2C and Supplementary Figure S2B). Deple-
tion of MSH2 or MSH3 but not MSH6 by shRNAs also in-
hibits HU-induced mitotic recombination at Flex1, without
affecting cell cycle profiles (Figure 2D and Supplementary
Figure S2C, S2D). ChIP analysis revealed that yYH2AX is in-
creased at Flex1 after APH treatment or after FANCM de-
pletion, which is further elevated in MSH3-KO cells com-
pared to WT cells (Figure 2E and Supplementary Figure S2E).
We also performed ChIP at endogenous FRA3B locus in
HCT116 cells and showed that yH2AX is accumulated at the
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Figure 4. MutS[3 is important for removing Flex1 at DSB ends to promote HR. (A and B). HR frequency was determined by FACS analysis in U20S
(EGFP-HR-Flex) (A, left), U20S (EGFP-HR) (A, right) and U20S (EGFP-HR-Luc) (B) cells, expressing shRNAs for RAD52, XPF, MSH2 and MSH3 or a
control vector (Vec), 4 days after I-Scel lentiviral infection. (C) HR reporters HR-Flex/D-Flex and HR-Luc/D-Luc were used as described previously (11).
Schematic drawing of HR reporters HR-Flex/D-Flex and HR-Luc/D-Luc is shown on top. U20S (HR-Flex/D-Flex) or U20S (HR-Luc/D-Luc) cells
expressing MSH3 shRNAs or a control vector were infected with I-Scel lentiviruses. 4 days later, genomic DNA was extracted and digested with I-Scel,
followed by PCR using indicated primers. The PCR products with or without BamHI and EcoRI digestion were resolved on an agarose gel (middle), and
the percentage of BamHI- and EcoRlI-digestible PCR products relative to the total DNA was calculated (bottom).
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(0.8 M, 16 h). The ChIP value in the sample of No treatment with Vec control was set as 1 for normalization. Depletion of RAD52 or MSH3 was shown

by Western blot analysis using 3-Actin as a loading control (bottom).

vicinity of AT-rich sequences at FRA3B after APH treatment
(Supplementary Figure S2F). These data suggest that MutSp is
required for promoting mitotic recombination to repair DSBs
at Flex1 and other CFS-AT sequences when FANCM is de-
ficient or upon RS, thereby preventing DSB accumulation at
Flex1.

We performed ChIP analysis of MSH2 and MSH3 at Flex1
in the EGFP-HR-Flex reporter using the EGFP-HR reporter,
which does not contain Flex1, as a control. We found that
the recruitment of MSH2 and MSH3 to Flex1 is significantly
increased after APH treatment (Figure 2F). Recruitment of
MSH?2 to Flex1 is also increased after FANCM depletion (Fig-
ure 2G). We also showed that MSH3 is enriched at FRA3B
close to AT-rich sequences in HCT116 cells after APH treat-
ment (Supplementary Figure S2G). To test whether MutSp
is recruited before or after DSB formation at Flex1, we de-
pleted MUS81, which cleaves stalled replication forks upon
RS (66). MSH2 recruitment to Flex1 after APH is not al-
tered when MUSS81 is depleted, suggesting that MutS@ binds
to Flex1 probably prior to fork breakage (Figure 2H and
Supplementary Figure S2H). However, we found that APH-
induced MSH3 recruitment is dependent on PCNA (Figure 21
and Supplementary Figure S2I). It has been shown that MSH3
directly binds to PCNA through a highly conserved PCNA-
binding motif at the N-terminus of MSH3 and deleting the N-
terminal 200 amino acids abolished the MSH3 and PCNA in-
teraction (55). We found that the MSH3 N-terminus deletion
mutant [MSH3-ND: A1-200 aa with insertion of its nuclear
localization signal (NLS)] is strongly defective in recruitment
to Flex1 after APH (Figure 2] and Supplementary Figure S2J).

We propose that MutS is loaded by PCNA onto forks, en-
abling it to bind to DNA secondary structures (such as Flex1
and other CFS-ATs) which are formed on stalled replication
forks when ssDNA is accumulated upon RS prior to DSB for-
mation (Figure 7B, left).

MutSp interacts with RAD52 and recruits RAD52 to
Flex1 in a manner dependent on MUS81

We showed previously that elevated mitotic recombination at
Flex1 in FANCM deficient cells is dependent on RADS52 (11).
We performed ChIP analysis and further showed that RADS52
is recruited to Flex1 after APH treatment in a manner depen-
dent on MUS81 (Figure 3A and Supplementary Figure S3A),
suggesting that RADS2 recruitment to Flex1 is likely after
DSB formation. Since MutSp recruitment to Flex1 is inde-
pendent of MUS81 and probably prior to DSB formation, we
asked whether MutSp is required for RADS52 binding to DNA
damage sites upon RS. We showed that APH-induced RADS52
foci are significantly reduced when MSH3 is depleted by
shRNA (Figure 3B and Supplementary Figure S3B). ChIP anal-
ysis also revealed that APH-induced RADS2 binding to Flex1
is significantly reduced when MSH3 is deficient (Figure 3C
and Supplementary Figure S3C). In addition, we found that
RADS52 interacts with MSH3 but not MSH6 as revealed by
co-immunoprecipitation (co-IP) of tagged RADS52 and MSH3
or MSH6 (Figure 3D) and the interaction of RADS52 and
MSH3 is further enhanced after HU treatment (Figure 3E).
Using co-IP and PLA, we verified that endogenous RADS52
and MSH3 interact with each other, and their interactions are
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enhanced following HU treatment (Figure 3F and 3G). These
results suggest that RADS2 is recruited to DSBs at Flex1 or
other structure-prone DNA sequences in a manner dependent
on MutSB upon RS, and RADS2 recruitment to damage sites
is possibly enhanced by its physical interaction with MutSp.

MutSp is important for removing Flex1 at DSB
ends to complete HR

Since DSBs are accumulated at Flex1 when MSH2 or MSH3
is depleted in FANCM deficient cells (Figure 1B), we asked
whether MutSB plays a role in repairing DSBs at Flex1. We
used I-Scel to generate DSBs at the 3’ end of Flex1 (0.3 kb)
in the EGFP-HR-Flex reporter (Figure 4A, top left). Deple-
tion of MSH2 or MSH3 strongly inhibits HR after I-Scel
cleavage of the EGFP-HR-Flex reporter (Figure 4A, left and
Supplementary Figure S4A). However, HR reduction, assayed
by the general EGFP-HR reporter, is much weaker in MSH2-
or MSH3-depleted cells although it is still statistically signifi-
cant compared to the vector expressing cells (Figure 4A, right
and Supplementary Figure S4B).

Different from the EGFP-HR reporter, the EGFP-HR-Flex
reporter contains an inserted 0.3 kb Flex1, which does not
have homology to the donor and would become a nonhomol-
ogous tail at the left side of the DSB after I-Scel cleavage. In
addition, Flex1 would form DNA secondary structures in the
3’ ssDNA overhangs after end resection (Figure 4A, top). After
strand invasion, DNA secondary structures, like nonhomolo-
gous tails, could block DSB ends from initiating new DNA
synthesis for HR (Figure 7B). In yeast, it has been shown that
Msh2/Msh3 is critical for removing 3’ nonhomologous tails
(3’ flaps) to support SSA and HR (47,67,68). We thus exam-
ined the role of MutSB in HR using the EGFP-HR-Luc re-
porter which contains a 0.3 kb luciferase (Luc) fragment at the
same position as Flex1 but does not form secondary structures
after end resection (Figure 4B, top). Inhibition of MSH2 or
MSH3 also strongly suppresses HR in the EGFP-HR-Luc re-
porter (Figure 4B and Supplementary Figure S4C), suggesting
that MutSB is also required for HR when a DSB end contains
a nonhomologous tail in mammalian cells.

Given that MutSp is required for HR when Luc, acting as
a nonhomologous tail, and Flex1, a nonhomologous tail with
secondary structure, are present at DSB ends, further inves-
tigation is needed to determine whether HR would still be
dependent on MutSp when DSB ends contain perfect homol-
ogy to the donor but are prone to forming DNA secondary
structures. We used the previously established DSB repair
reporters (HR-Flex/D-Flex and HR-Luc/D-Luc, Figure 4C,
top), of which Flex1 and Luc are inserted to both the donor
template and the recipient cassette (containing the I-Scel cleav-
age site) (11). In this design, the DSB ends in both reporters
possess perfect homology to the donors. However, after end
resection, Flex1 in HR-Flex/D-Flex would form a secondary
structure, whereas Luc in HR-Luc/D-Luc would not (Figure
4C, top). Because of the insertion of Flex1 and Luc in the
donor templates, HR would not produce green cells, and we
used PCR analysis to score the repair events. Four days after
I-Scel lentiviral infection, genomic DNA was extracted and di-
gested with I-Scel to remove the parental EGFP recipient cas-
settes (including DNA uncut by I-Scel or perfect end joining
products after I-Scel cut), followed by PCR with primers spe-
cific for the EGFP recipient cassette (Figure 4C, top). BamHI
and EcoRI sites were introduced to the donor templates, cor-
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responding to the I-Scel position in the recipient cassettes. If
HR is used, BamHI and EcoRI sites would be copied from
the donor cassettes to the recipient cassettes in the HR re-
pair products, while end joining products would not contain
BamH1 and EcoRI sites in the recipient cassettes. Thus, the
ratio of BamHI and EcoRI digestible and non-digestible PCR
products reflects the ratio of the repair products by HR or by
imperfect end joining (Figure 4C, middle). We observed that
after MSH3 depletion, the percentage of using HR in U20S
(HR-Flex/D-Flex) cells is substantially reduced, but the reduc-
tion in U20S (HR-Luc/D-Luc) cells is minor (Figure 4C, mid-
dle and bottom, and Supplementary Figure S4D). These data
suggest that even with perfect homology of DSB ends to the
donor templates, MutSg is still required for HR when DNA
secondary structures are formed at DSB ends.

MutSp and RAD52 are required for XPF recruitment
to Flex1

As we described previously (31), XPF/ERCC1 and RADS52
are required for HR when DSB ends contain nonhomologous
tails and/or DNA secondary structures such as Luc and Flex1
(EGFP-HR-Luc and EGFP-HR-Flex reporters, Figure 4A, left
and 4B), but not at the clean DSB ends (EGFP-HR, Figure 4A,
right), suggesting that XPF/ERCC1 and RADS2 are impor-
tant for removing nonhomologous tails and DNA secondary
structures at DSB ends to facilitate HR. Interestingly, depleting
XPF by shRNA in MSH3-KO cells does not further decrease
HU-induced recombination (Figure 5A), suggesting that XPF
and MSH3 are in the same pathway to promote HR at Flex1
upon RS. By ChIP analysis, we showed that the recruitment of
XPF to Flex1 after APH is dependent on RAD52 and MSH3
(Figure 5B). Given that RADS2 interacts with XPF (69), we
propose that the role of MutSB in recruiting RADS52, which
in turn recruits XPF/ERCC1 to DSBs at Flex1, is important
for DNA secondary structure removal at DSB ends to facili-
tate HR.

MutSp is important for MiDAS and CFS stability

CFSs frequently harbor DNA sequences that are susceptible
to forming DNA secondary structures (15,70-74), with Flex1
being one of these sequences derived from the CFS FRA16D
(10). We hypothesized that MutSB would play an important
role in safeguarding CFS integrity due to its critical function in
processing DNA secondary structures at DSB ends to promote
homology-directed repair. When replication is partially dis-
turbed, DNA replication often cannot be completed at CFSs,
triggering the activation of MiDAS to ensure replication com-
pletion during mitosis (20). Interestingly, we observed that
MiDAS is much reduced in MSH3-KO cells and in MSH2-
depleted cells (Figure 6A and Supplementary Figure SS5A).
Since MiDAS exhibits BIR features (20), we used our pre-
viously established BIR reporter cell line U20S (EGFP-Flex-
BIR) containing Flex1 (22) (Figure 6B, top) to determine the
BIR efficiency after depleting MSH2 and MSH3. Indeed, HU-
and FANCM deficiency-induced BIR at Flex1 is dependent on
MSH2 and MSH3, but not MSHé6 (Figure 6B, bottom and
Supplementary Figure S5B).

In response to RS, FANCD?2 forms foci that persist into
mitosis and serves as a surrogate marker for the location
of CFSs (20,75). Using PLA, we found that MSH3 and
FANCD?2 are localized in proximity after APH treatment (Fig-
ure 6C). We also showed that MSH2 form foci on metaphase
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Figure 6. MutS[3 is important for MiDAS. (A) MiDAS analysis was performed in WT U20S cells expressing shRNA for MSH2 or the shRNA vector (Vec)
and in MSH3-KO U20S cells. Cells were treated with APH (0.4 M, 8 h), followed by addition of RO-3306 (7 1M, 8 h), and then released into fresh
medium containing EdU (20 uM) and Colcemid (0.1 pug/ml) as described in Materials and Methods. A representative image of EdU incorporation on
metaphase chromosomes is shown (left) and EdU foci formed on each metaphase spread were quantified (right). ~100 metaphase spreads were
analyzed in each sample. Scale bars, 5 um. (B) Schematic drawing of the EGFP-Flex-BIR reporter (22) is shown on top. U20S (EGFP-Flex-BIR) cells
expressing shRNAs targeting MSH2, MSH3 or MSH6 with the vector (Vec) as a control were synchronized to S-phase using double thymidine block
followed by HU treatment (2 mM, 24 h, bottom left) or infected with lentiviruses encoding shRNAs for FANCM (bottom right). BIR frequency was
assessed by FACS 6 days after. (C) PLA analysis of MSH2 or MSH3 with FANCD2 was performed in U20S cells, treated with or without APH (0.4 uM, 8
h), followed by addition of RO-3306 (7 1M, 8 h), and then released into fresh medium containing Colcemid (0.1 ng/ml) as described in Materials and
Methods. A representative image of MSH3 and FANCD2 PLA on metaphase chromosomes is shown (left) and the PLA foci of MSH2 or MSH3 with
FANCD2 on metaphase spread were quantified (right). ~100 metaphase spreads were analyzed in each sample. Scale bars, 5 um. (D) U20S cells were
treated with APH (0.4 1M, 8 h), followed by addition of RO-3306 (7 1M, 8 h), and subsequently released into fresh medium containing Colcemid (0.1
ug/ml), and immunostaining of MSH2 and FANCD2 was performed. Representative immunofluorescence images of MSH2 foci (green) that co-localize
with FANCD2 foci (red) indicated by white arrows or not (indicated with blue arrows) on metaphase chromosomes are shown on the left, and the
quantification is present on the right. ~100 metaphase spreads were analyzed in each sample. Scale bars, 2 um. (E) U20S cells expressing MUS81
shRNAs or vector (Vec) were treated with APH (0.4 1M, 8 h), followed by addition of RO-3306 (7 1M, 8 h), and released into fresh medium containing
Colcemid (0.1 ng/ml), and immunostaining of MSH2 was performed. Representative immunofluorescence images of MSH2 foci on metaphase
chromosomes are shown on the left, and the quantification is present on the right. ~100 metaphase spreads were analyzed in each sample. Scale bars,

5 um.
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Figure 7. MutS prevents CFS instability. (A) Metaphase spreads of HCT116 cells expressing shRNAs targeting MSH2 or MSH3, as well as the shRNA
vector, were conducted before and after APH treatment (0.4 1M, 24 h). Representative images of metaphase spread of HCT116 cells expressing MSH2
and MSH3 shRNAs are shown and breaks and gaps on metaphase chromosomes are indicated by arrows (left). ~100 metaphase spreads were analyzed
in each sample. The overall chromosome gaps and breaks per cell were quantified (right). Scale bars, 6um. (B) A working model to depict the
involvement of MutSf3 in facilitating BIR at stalled forks upon RS (left), and in promoting HR at double-ended DSBs (right) when DSB ends contain

secondary structures such as CFS-ATs. See details in the main context.

chromosomes after APH treatment, and majority of FANCD2
foci are overlapping with MSH2 foci (Figure 6D). Collec-
tively, these data suggest that MutSp is recruited to CFSs upon
RS. Furthermore, similar to FANCD?2 foci (76), MSH2 foci
formed during mitosis are independent of MUS81 (Figure 6E
and Supplementary Figure S5C), indicating that either MutSp
recruitment to CFSs is independent of MUS81 or occurs
before MUS81-mediated cleavage of under-replicated DNA
regions.

To examine whether MutSp is important for preventing
CFS instability, we treated HCT116 cells with low dose
of APH (0.4 uM), the condition that causes CFS expres-
sion (5) and examined gaps and breaks on metaphase chro-
mosomes. We observed a significant increase of chromo-
somal gaps and breaks when MSH2 and MSH3 are de-
pleted (Figure 7A and Supplementary Figure S5D), support-
ing the notion that MutSp is important for maintaining CFS
stability.
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Discussion

A growing body of evidence indicates that besides its role in
MMR, MutSB is actively engaged in the cellular response to
DSBs. It has been shown that following laser microirradiation
in human cells, MSH2, MSH3, MSH6 and MLH1 are rapidly
recruited to DSB sites (77). MSH2 and MSH3 are also impor-
tant for checkpoint activation in response to ionizing radia-
tion and contribute to cellular resistance against agents that
induce DSBs (45,78-80). Moreover, chromatid breaks are sig-
nificantly increased in MSH2 and MSH3 null mouse embry-
otic fibroblasts (81). Our findings provide compelling evidence
that MutSB plays a distinctive role in processing DNA sec-
ondary structures at DSB ends to facilitate HR and BIR. This
unique function is crucial for safeguarding structure-prone
DNA sequences within the genome, which holds particular
significance for maintaining the stability of CFSs.

Our study showed that MutSB is enriched at the CFS-
AT sequence Flex1 after RS such as APH treatment or when
FANCM is deficient. We propose that MutS@B binds to DNA
secondary structures formed in the ssDNA regions at stalled
replication forks (Figure 7B, left) and also at 3’ ssDNA
overhangs at double ended DSB ends following end resec-
tion (Figure 7B, right). Flex1, along with other CFS-AT se-
quences, is predicted to contain multiple stem loops (72),
and previous study has shown that MutSp directly inter-
acts with stem loops formed in TNRs and in RPA-bound
ssDNA regions (41,42,45). Additionally, MSH2 recruitment
to laser-generated DSBs is dependent on CtIP and MRE11
(45), suggesting that end resection is required for MSH2 to
bind to double ended DSB ends. Thus, DNA loops formed
on ssDNA likely represent a common structural feature to
which MutSp binds. We have further demonstrated that APH-
induced MSH2 binding to Flex1 occurs independently of
MUS81 (Figure 2H), implying that MutSB’s interaction with
Flex1 at stalled forks does not require the presence of MUS81
and probably takes place before fork breakage and DSB for-
mation. Moreover, our study indicated that APH-induced
MutSB binding to Flex1 relies on the presence of PCNA and
the association of MSH3 with PCNA (Figure 21 and J). One
possibility is that MutSp species, loaded onto forks by PCNA
during normal replication, are recruited to stalled forks to
bind to DNA secondary structures formed in the ssDNA re-
gions accumulated upon RS.

It has been suggested that MutSP plays a role in HR in
mammalian cells (45,49-51). In our study, we observed that
when DSB ends are homologous to the donor, deficiency in
MSH2 or MSH3 results in a relatively minor yet significant
defect in HR. However, when DSB ends contain secondary
structures or nonhomologous tails, HR is strongly impaired
in MSH2- or MSH3-deficient cells (Figure 4A and B). This is
reminiscent of the observations in yeast that MutSp, together
with Rad1/Rad10 (yeast homolog of XPF/ERCC1), is re-
quired for removing nonhomologous tails at DSBs during gene
conversion, but is dispensable for gene conversion when DSB
ends are homologous to the donor (46,47,82-85). MutSp is
also required for SSA in yeast when the annealing homology is
relatively short (47). In mammalian cells, the role of MutSf in
HR appears to be multifaceted. One study showed that MutSp
aids in EXO1 recruitment, thereby promoting end resection
and facilitating HR (51). However, another study indicated
that end resection remains unaffected when MSH2 or MSH3
is depleted after CPT treatment (45). Moreover, MutS@ binds

Nucleic Acids Research, 2024, Vol. 52, No. 3

to Holliday junctions (HJs), stimulating the activity of SLX4-
binding SSEs (SLX1, MUS81-EME1 and XPF-ERCC1) to re-
solve recombination intermediates, and deficiency in MutSp
results in a reduction of sister chromatid exchange and an in-
crease in ultrafine bridges in mitosis (50). Despite the various
roles of MutSp in relation to HR, based on our study, we pro-
pose that MutSB is most crucially required when DSB ends
contain DNA secondary structures or nonhomologous tails
that block new DNA synthesis for HR/BIR.

In yeast, removing nonhomologous tails at DSBs for HR
requires Rad1/Rad10 (84,85). We showed that this mecha-
nism is conserved in mammalian cells, where XPF/ERCC1 is
essential for HR when DSB ends contain either nonhomol-
ogous tails or DNA secondary structures (31). Additionally,
RADS2 is specifically required for HR when DSB ends are
obstructed by nonhomologous tails or DNA secondary struc-
tures (11). We also showed that RADS52 recruits XPF/ERCC1
to DSB ends containing G-quadruplexes, possibly through
a direct interaction (32). In this study, we presented evi-
dence that the recruitment of XPF to DSBs at Flex1 (AT-
rich and secondary structure prone) is dependent on both
RADS52 and MutSB (Figure 5B). Notably, we showed that
RADS2 interacts with MSH3 and this interaction is enhanced
after HU treatment (Figure 3D and E). One plausible sce-
nario is that MutSp directly binds to DNA secondary struc-
tures in Flex1 after RS, and upon DSB formation at Flex1,
RADS52 is recruited to the proximity of Flex1 by binding to
RPA-ssDNA. The local accumulation of MutSB and RADS52
would strengthen their interactions, consequently retaining
more RADS2 at Flex1. Alternatively, RS stimulates the inter-
action between MutSp and RADS52, although its exact mech-
anism remains unknown. This increased association could po-
tentially lead to the recruitment of more RAD52 to Flexl,
given that MutSp binds to Flex1. As a result of the enrichment
of RADS52 at Flex1, XPF/ERCC1 is recruited through the in-
teraction with RADS2, acting to cleave DNA secondary struc-
tures at Flex1 to promote homology-directed repair. Besides
the MutSB/RADS2 axis, there is also a possibility that SLX4
offers an alternative route for recruiting XPF/ERCC1 to DNA
secondary structures recognized by MutSp, as SLX4 has been
found to form a complex with both MutSp and XPF/ERCC1
(50).

Collectively, based on this study, we propose a working
model illustrating the role of MutS@ in fork repair under
RS (Figure 7B, left). At stalled replication forks, ssDNA ac-
cumulates, leading to formation of DNA secondary struc-
tures, such as DNA stem loops at Flex1 and other CFS-ATs.
MutSR is likely loaded onto the replication forks through in-
teracting with PCNA during replication, and as DNA sec-
ondary structures (such as CFS-ATs) are formed subsequently
at stalled forks due to RS, MutSp is recruited to bind these
structures. MUS81 is likely responsible for cleaving stalled
forks, and following that, RADS2 is recruited to Flex1, fa-
cilitated at least in part through its interaction with MutSp.
Subsequently, RAD52 recruits XPF/ERCC1, which removes
DNA secondary structures at DSB ends, allowing new DNA
synthesis that is required for BIR. This coordinated recruit-
ment of MutSB, RADS52 and XPF/ERCCI1 at Flex1 and also
other CFS-ATs highlights their crucial roles in addressing chal-
lenging DNA secondary structures under RS conditions and
underscores their significance in maintaining CFS stability.
Additionally, at double-ended DSBs, DNA secondary struc-
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tures (such as CFS-ATs) could form in the ssDNA regions
after end resection and similar mechanisms involving MutSp,
RADS52 and XPF/ERCCI1 to remove DNA secondary struc-
tures at DSB ends are used to promote HR (Figure 7B, right).

FANCM plays a crucial role in safeguarding Flex1, and its
deficiency results in the accumulation of DSBs at Flex1 (11).
RADS2, XPF and PIF1, which are essential for HR or BIR
to repair DSBs at Flex1, exhibit a synthetic lethal interaction
with FANCM (11,22). MSH2 and MSH3 are also synthetic
lethal with FANCM, consistent with our findings that MutSp
functions together with RADS52 and XPF to process DNA sec-
ondary structures at DSB ends to promote HR/BIR-mediated
repair at Flex1.

CFSs are intrinsically difficult to replicate, and when faced
with RS, they frequently fail to complete replication before
entering mitosis, resulting in the formation of breaks/gaps on
metaphase chromosomes, which is visualized as fragility at
these loci, commonly referred to as ‘CFS expression’ (5). Upon
entry into mitosis, the MUS81/EME1 complex, in association
with SLX4 and XPF/ERCC1, cleaves DNA regions at under-
replicated CFS loci to activate MiDAS to complete DNA repli-
cation (20). The dependence of MiDAS on POLD3 and PIF1
indicates that BIR mechanism is used for MiDAS to complete
DNA synthesis at CFSs (20). In this study, we demonstrated
that MSH2 and MSH3 are in proximity to FANCD2 in mi-
totic cells and MSH2 foci colocalize with FANCD2 foci on
metaphase chromosomes, suggesting that MutSp is localized
to CFSs as FANCD?2 is commonly used as a surrogate marker
for CFSs (20,75). Structure-prone AT-rich sequences are com-
monly present at CFSs, and these sequences could form sta-
ble secondary structures to hinder fork progression (10,15,72)
and become targets for endonuclease-mediated cleavage to ini-
tiate MiDAS. We propose that upon MUS81 cleavage CFSs,
DNA secondary structures formed in the ssDNA regions need
be excised to enable new DNA synthesis for MiDAS, similar to
the mechanism we described for promoting BIR at Flex1/CFS-
ATs in our reporter upon RS (Figure 7B, left). In support of this
idea, we showed that MSH3 is required for efficient MiDAS,
and MSH3 deficiency leads to an increased number of gaps
and breaks on metaphase chromosomes when replication is
disturbed.

MMR proteins have been implicated in CFS protection.
Notably, the tumor suppressor genes FHIT and WWOX, lo-
cated within CFS FRA3B and FRA16D, respectively, are fre-
quently found to be mutated in colon cancer cases with MMR
deficiency (86). Moreover, MMR-deficient cells exhibit in-
creased sensitivity to chromosomal damage induced by APH
especially at CFSs (87). In our study, we provide direct evi-
dence that MutSp is involved in maintaining CFS integrity,
and propose that its role in directing the removal of DNA
secondary structures at DSBs to promote BIR/MiDAS under-
lies its function in CFS protection. Importantly, CFS instabil-
ity is further exacerbated upon oncogene expression due to
oncogene-induced RS (88). Therefore, revealing the role of
MutSB in MiDAS and its connection to CFS stability could
provide valuable insights into the processes involved in main-
taining genomic integrity and preventing oncogene-driven ge-
nomic instability.
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