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The RecQ DNA helicase WRN is a synthetic lethal target for cancer cells with
microsatellite instability (MSI), a form of genetic hypermutability that arises from
impaired mismatch repair'*. Depletion of WRN induces widespread DNA
double-strand breaks in MSI cells, leading to cell cycle arrest and/or apoptosis.
However, the mechanism by which WRN protects MSl-associated cancers from
double-strand breaks remains unclear. Here we show that TA-dinucleotide repeats are
highly unstable in MSI cells and undergo large-scale expansions, distinct from
previously described insertion or deletion mutations of a few nucleotides’®. Expanded
TArepeats form non-B DNA secondary structures that stall replication forks, activate
the ATR checkpoint kinase, and require unwinding by the WRN helicase. In the
absence of WRN, the expanded TA-dinucleotide repeats are susceptible to cleavage by
the MUS81 nuclease, leading to massive chromosome shattering. These findings
identify a distinct biomarker that underlies the synthetic lethal dependence on WRN,

and support the development of therapeutic agents that target WRN for
MSI-associated cancers.

MSIl is characterized by hypermutability of short repetitive DNA
sequences that are scattered throughout the genome. MSI arises
from deficiency in DNA mismatch repair (MMR) and contributes to
the formation of many types of cancer including colorectal cancer
(15%), endometrial cancer (20-30%), gastric cancers (15%), and ovarian
cancers (12%)®. Recent studies have shown that several cancer types
with MSl are reliant on activity of the WRN helicase for survival'*. WRN
is amember of the RecQ family of DNA helicases that includes WRN,
BLM, and RECQL4, which when mutated cause the distinct chromo-
some instability disorders Werner syndrome, Bloom syndrome, and
Rothmund-Thomsonsyndrome, respectively’. RecQ helicases do not
display sequence specificity but resolve non-canonical secondary DNA
structures suchasbubbles, Holliday junctions, and G-quadruplexes that
may be encountered during replication and recombination. However,
the mechanism by which WRN helicase is required to protect chromo-
somal integrity of MSI, but not microsatellite stable (MSS), cancers is
not understood.

MMR restoration was previously shown to only partially rescue MSI
cells from WRN depletion®. Recent studies have reported inconsistent
results on the effect of acute MLH1I silencing to sensitize MSS cells to

WRN depletion’?. We therefore evaluated WRN dependency in human
primary stomach epithelial cells (HSEC) after knockout of the MMR
genes MLH1 or MSH2. After 4 months of culture, MLHI or MSH2knock-
outcellsfailed to develop adependency on WRNfor survival (Extended
DataFig.1a,b). These datasuggest thatinstead of WRN loss being simply
synthetic lethal with impaired MMR, a ‘genomic scar’ may gradually
accumulate in MSI cancers that requires WRN as a structure-specific
helicase.

WRN loss causes DSBs and end-resection in MSI cells

Loss of viability in MSI cells after silencing of WRN is associated with a
decreaseinthe proliferation and accumulation of DNA double-strand
breaks (DSBs)' . Consistently, we found that WRN depletion using a
doxycycline-inducible WRN short hairpin RNA (shRNA) expressed in
the MSI KM12 cell line? resulted in decreased DNA synthesis and high
levels of the DSB marker, KAP1 phosphorylation at Ser824 (pKAP1)8,
predominantly in the G2/M phase of the cell cycle (Extended Data
Fig. 1c-e). By contrast, expression of a non-targeting control shRNA
(WRN.C911)*did not substantially induce DSBs in KM12 cells (Extended
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Fig.1|WRNdepletionin MSIcellsinduces recurrent DSBs at (TA),,
dinucleotide repeats. a, Representative metaphase spreads fromKM12 and
SW837 cells containing aninducible WRN shRNA (shWRN) cassette. Cells were
treated withDMSO (NT) or doxycycline (shWRN) for 48 h. Dataare
representative of threeindependent experiments, n=100 metaphases for each
condition.b, Genome browser screenshots displaying END-seq (n =5) and
RPA-bound ssDNA ChIP-seq (n=1) profiles as normalized read density (reads
per million, RPM) for KM12-shWRN cells. Positive- and negative-strand END-seq
reads aredisplayedinblack and grey, and positive-and negative-strand RPA-
ssDNA ChIP-seqreadsareinblue andred, respectively. c, Genome browser
screenshot zoomed inonthe highlighted regioninb (orangebox). The
light-blue shading indicates the gap region between the left and right ends of
the DSB. d, Motif analysis for sequence enrichmentin the gap between positive
and negative END-seq peaks in KM12-shWRN cells. e, Fraction of END-seq peaks
occurringatsites of (TA),,repeats for KM12-shWRN and HCT116-shWRN cells
treated with either doxycycline (shWRN, n=2for HCT116) or WRN siRNAs
(siWRN, n=1) for 72h.Numbersin parenthesesindicate number of peaks
identified by peak-calling.

DataFig.1f). Analysis of mitotic spreads (n=100) showed that all chro-
mosomes were shattered in approximately 35% of WRN-depleted KM12
cells (Figs.1a, 2a). By contrast, chromosome shattering was not evident

2 | Nature | www.nature.com

in the microsatellite stable (MSS) colon cancer line SW837 after WRN
depletion (n =100 metaphases) (Fig. 1a, Extended Data Fig. le).

To determine whether WRN is necessary to unwind specific regions
of the genome to prevent DNA breakage, we analysed sites of recur-
rent DSBs by END-seq’. The MSI cell linesKM12 and HCT116 show little
endogenous DNA breakage; however, after WRN depletion by either
shRNA or smallinterfering RNA (siRNA), recurrent DSBs were detected
at specific locations throughout the genome (Fig. 1b, Extended Data
Fig.2a). Moreover, END-seq peak intensities were highly reproduc-
ible among different experiments (Extended Data Fig. 2b). Using the
criteria of 20-fold enrichment compared with non-treated cells (WRN
proficient), END-seq peaks overlapped significantly between HCT116
and KM12 cells (Extended DataFig. 2a, ). By contrast, WRN depletionin
SW837 cells did not substantially induce DSBs (Extended Data Fig. 2d).
Thus, theloss of WRN induces DSBs at recurrent genomic loci thatare
reproducible across distinct MSI cancer cell lines.

DNA breaks accumulate around (TA), repeats

END-seq peaks displayed the characteristic pattern of positive- and
negative-strand reads representing the right and left ends of DSBs,
respectively (Fig. 1c). END-seq reads spread outwards from DSB sites
in a pattern consistent with DNA end resection®®, To confirm this,
we mapped sites of single-stranded DNA (ssDNA) bound by replica-
tion protein A (RPA)"*2, Notably, 79% of ssDNA peaks overlapped with
END-seq peaks, withresection lengths averaging 500 bp and extending
up to 5 kb (Fig. 1b, ¢, Extended Data Fig. 2e, f). Moreover, the polarity
of RPA binding was indicative of the accumulation of 3’-overhangs
(Extended DataFig. 2f). Thus, the loss of WRN in MSI cells leads to DSBs
with extensive 5'-3’ end-processing.

The left- and right-end of the DSBs were separated from each other
by avariable distance (Fig. 1c, Extended Data Fig. 2g). Notably, this
‘gap’ contained amajorreductioninsequencingreads, suggesting that
DSBsoccur atthe borders of these regions. We therefore searched for
specific DNA motifs in the gap region in the hgl9 reference genome,
which revealed a dominant TA-dinucleotide repeat motif (Fig. 1d)
with a median repeat length of 51 bp (Extended Data Fig. 2h). Nearly
all breaks associated with WRN deficiency in both KM12 and HCT116
cellsoccurred at TAdinucleotide repeats (Fig. 1e). However, only about
8% of all (TA),, repeats in the reference genome (5,400 out of 66,644)
were associated with DSBs (Extended Data Fig. 2h). We conclude that
DSBs flank afraction of (TA),, repeats. Hereafter, we refer to these sites
as ‘broken’ (TA), repeats, and to the DSBs themselves as ‘TA breaks'.

Cruciformstructures format (TA),,repeats in plasmidsin Escherichia
coliand yeast when their length exceeds roughly 20-22 repeat units™ >,
Long (TA), tracts also cause stalling of replication forks and chromo-
some fragility at late replicating common fragile sites (CFSs)** '8, Exog-
enous replication stress further enhances replication fork collapse at
simple repeats™?”, including CFSs. Accordingly, we found that WRN
depletioninduces DNA breakage precisely at (TA), repeats within sev-
eral CFSs (Extended Data Fig. 3a) and at palindromic TA-rich repeats
(Extended DataFig. 3b), which have been proposed to form cruciform
structures®. These data suggest that (TA) ,repeats at these sites might
foldinto secondary structures that are targeted by WRN.

MUSS8I1 shatters chromosomes in WRN-minus MSI cells

MUSS81-EMELl is a structure-specific endonuclease complex that pro-
cesses late recombinationintermediates at CFSs*. MUS81-EME1 forms
acomplex withthe scaffolding protein SLX4 that hyperactivatesitatthe
G2/Mboundary*. Recent studies indicate that the yeast MUS81-EME1
homologue (Mus81-Mms4) causes DSBs at (TA),, repeats when the
tract exceeds a threshold length for forming cruciform structures”.
Todetermine whether the DSBs that accumulate in WRN-depleted MSI
cells are dependent on MUS81 and SLX4, we depleted these factors
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Fig.2| TAbreaks are dependent onstructure-specificendonucleases
MUSS81-EME1and SLX4. a, Quantification of metaphases displaying
chromosome shattering (defined as the absence of intact chromosomes) in
KM12-shWRN cells treated with doxycycline plus siRNAs against MUS81
(siMUSS81) or SLX4 (siSLX4), or non-targeting control (siCtrl) siRNAs for 72 h
(n=3).Thetop, centre mark, and bottom hinges of the box plots, respectively,
indicate the 75th, median, and 25th percentile values. Whiskers represent
minimum and maximum values. Pvalues were calculated using Student’s ¢-test.
b, Quantification of END-seq signalintensity (n=2) atbroken TArepeatsin
KM12-shWRN cells with treatment asina.n=5,001 peaks were examined.
Boxplotsareasina, withoutliersbeyond1.5 times the interquartile range
shown.***P<2.2x107, one-sided Wilcoxon rank sum. ¢, Genome browser
screenshot for KM12-shWRN cells treated with doxycycline (shWRN, top), and
DMSO-treated cells processed with purified recombinant MUS81-EME1
enzymeinsitu (bottom,n=2).d, Genome browser screenshot zoomedinon
the highlighted regionin c (orange box). e, Quantification of END-seq peak
intensity for DMSO-treated KM12-shWRN cells processed in situ with purified
recombinant MUS81-EME1, WRN or WRN followed by MUS81-EME1 (n=2).For
thelatter, proteinase K digestion was performed between the two enzymatic
treatments. n=5,496 peaks were examined. Box plotsareasinaandb.
**P<2.2x107, one-sided Wilcoxon rank sum test.

before WRN depletion (Extended Data Fig. 4a). Depletion of MUSS81
or SLX4 markedly reduced chromosome shattering (Fig. 2a, Extended
DataFig.4b). Consistent with this result, depletion of MUS81 and SLX4
also strongly reduced pKAP1 signalling (Extended Data Fig. 4c) and
the formation of DSBs at (TA) ,repeats (Fig. 2b, Extended Data Fig. 4d).
Thus, MUS81and SLX4 induce toxic chromosome breakage when WRN
is depleted from MSl cells.

MSIgenomes are cleaved by recombinant MUS81-EME1

Totest whether MUS81-EME1acts directly on secondary structuresin
MSI cells, we treated agarose-embedded genomic DNA from KM12 cells

with recombinant MUS81-EMEL1 in situ before performing END-seq.
MUSS81-EME1 promotes the resolution of cruciform structures by a
nick and counter-nick mechanism (Extended Data Fig. 4e), and we
found that MUS81-EME1generated recurrent and reproducible DSBs
(Fig. 2c, d, Extended Data Fig. 4f). These overlapped markedly with
DSBs generated by WRN depletioninthese cells (Extended Data Fig. 4g,
h). These datashow that secondary structures accumulate and canbe
cleaved by MUS81-EMEI1 even at baseline conditionsin MSl cells. Unlike
DSBs that were highly resected after WRN depletion, in situ cleavage
by MUS81-EME1led to accumulation of reads precisely adjacent to the
border of (TA),,repeats (Fig. 2d, Extended Data Fig. 4i). Thus, the broad
distribution of END-seq readsinthe WRN-depleted samplesisindeed
caused by 5’ end-processing in vivo after MUS81 cleavage.

We hypothesized that WRN is recruited to unwind DNA secondary
structures before they can be cleaved by physiologically active MUS81.
Totest this, weincubated agarose-embedded DNA from KM12 cells with
recombinant human WRN before MUS81-EMEI treatment in situ, fol-
lowed by END-seq detection of DSBs. Incubation with WRN alone did
notresultin DSB formation, but pre-treatment with WRN substantially
decreased cleavage by MUS81-EMEL (Fig. 2e, Extended Data Fig. 4j).
These results suggest that WRN melts secondary DNA structures at
(TA), repeatsin MSI cells.

If structure-forming (TA), repeats are responsible for massive
breakage in MSl lines, there should be fewer such structures in MSS
cells. To test this, we performed the in situ MUS81-EMEL1 cleavage
assay in two MSS cell lines (SW837 and RPE-1) and compared these to
MSiI cell lines KM12 and HCT116. MSl cells displayed an overlapping
set of strong MUS81-EME1 cleavage sites (Extended Data Fig. 5a, b);
by contrast, manifold fewer substrates for MUS81-EMEI1 cleavage were
detectedinthe MSS cells. Thus, structure-forming (TA), repeats accu-
mulate in much higher abundance in MSI than in MSS cells.

(TA), repeats are prone to replication fork stalling

DNA polymerase stalling generates RPA-bound ssDNA, which activates
the checkpoint kinase ATR to protect the replication fork. RPA chro-
matinimmunoprecipitation followed by high-throughput sequencing
(ChIP-seq) analysis in WRN-proficient KM12 cells demonstrated an
enrichmentof RPAin the vicinity of broken (TA),, sites, which suggests
that stalled forks spontaneously accumulate at these sites (Fig. 3a).
WRNis recruited to stalled replication forks ina manner that requires
ATR phosphorylation®. Consistent with this, HCT116 cells expressing
the WRN mutants WRN(3A) or WRN(6A) that contain alanine substitu-
tions at identified ATR phosphorylation sites?® showed an increase in
KAP1phosphorylationwhen endogenous WRN was ablated by an siRNA
that targeted the 5’ untranslated region (Extended Data Fig. 5¢). We
therefore hypothesized that stalled forks at structure-forming (TA),
repeats would be susceptible to fork collapse after inhibition of the
ATR kinase. To test this, we treated MSI and MSS cells with acombina-
tion of ATRinhibitor and low-dose aphidicolin to partially inhibit DNA
polymerase elongation. As determined by END-seq analysis, replication
forks collapsedinto DSBs preferentially at (TA), repeats, including those
within CFSs (Fig. 3b, ¢, Extended Data Fig. 5d). The frequency of fork
collapse at (TA),, repeats in MSI cells was at least 30-fold higher than
in MSS cells (Fig. 3b, ¢), and these sites largely overlapped with DSBs
generatedinthe absence of WRN (Extended DataFig. 5e). Thus, second-
ary structure-forming (TA), repeats are associated with replication fork
stalling thatis overcome by WRN, possibly through activation by ATR.

(TA), repeats inhibit DNA synthesis in vitro

Incancersassociated with MSI, insertions or deletions of afew nucleo-
tides are commonly found at mononucleotide repeats®. Among dinu-
cleotides, (TA), repeats are reported to be the least frequently altered**
(Extended DataFig. 6a). To determine why (TA) ,repeats are susceptible
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to breakage, we performed a PCR-based size analysis of several (TA),
repeats in a panel of MSI and MSS cell lines (Fig. 4a, Extended Data
Fig. 6b, Supplementary Table1). We examined eight (TA), repeats that
were broken and three that were not broken after WRN depletionin MSI
cells. All 11 sites that we analysed contained uninterrupted stretches
of more than 20 (TA),, units (in the hg19 reference genome), and were
amplified with primers flanking the (TA),, repeat.

Although MSS celllines showed the predicted PCR products at broken
and non-broken sites (Fig. 4a, Extended Data Fig. 6b), many recur-
rently broken sites were not amplified in KM12 cells (Fig. 4a). These
samesites frequently could not be amplified using genomic DNA from
other MSlI cell lines, which highlights that identical sites are affected
across distinct cancers (Extended Data Fig. 6b). A notable exception
was HCT116 cells, which showed the expected banding pattern. How-
ever, as discussed below, this probably reflects the fact that one of the
two alleles is of normal size and can therefore be amplified.

The absence of PCR products at several broken (TA), repeats using
genomic DNA from MSI cell lines was unlikely to be caused by large
deletions thatincluded primer-bindingsites, as these primer-binding
sites were highly covered in END-seq and whole-genome sequenc-
ing data (below). We therefore speculated that these sites contain
large, structure-forming expansions that might inhibit polymerase
extension during PCR amplification. To test this hypothesis, we per-
formed PCR-free whole-genome sequencing on KM12 and HCT116
cells, enabling us to reach an average sequencing depth of greater
than100x. By visual inspection, it was immediately clear that broken
(TA),repeats had a markedly lower read depth than flanking regions
and non-broken (TA), repeats (Extended Data Fig. 6¢). Broken (TA),,
repeats (mapped in WRN-depleted MSI cells) displayed the most
significant drop in coverage compared with other classes of mono-
and di-nucleotide repeats (Fig. 4b, Extended Data Fig. 6d). Finally,
as assessed by CRISPR-Cas9 and RNA interference fitness screens?,
the degree of dependence on WRN for the survival of human cancer
cells was inversely correlated with sequencing coverage at broken
(TA), sites (Fig. 4c). Thus, structure-forming (TA),, repeats are highly
recalcitrant to sequencing. Although not previously documented as
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(shWRN) for 72 h, or with acombination of aphidicolin (APH) and ATR inhibitor
(ATRi) (n=1) for 8 h.MSl cellsareinred; MSS cell lines are inblue. ¢, Percentage
oftotal DSBslocated at (TA) ,repeats after treatment with APH plus ATRi, as
showninb.MSlIcellareinred; MSS cell lines are inblue.

mutated in MSI-associated cancers, (TA), repeats are nevertheless
predictive of WRN dependency.

MSI cells accumulate large (TA),,repeat expansions

Because theidentification of large-scale changes in short tandemrepeats
is challenging with short-read sequencing, we used the ExpansionHunter
algorithm?®, which has been used to detect various large pathogenic
repeatexpansions. This analysis showed that broken (TA),, repeats exhibit
large-scale expansions compared to non-broken (TA) ,repeats (Extended
DataFig.7a,b). Consistent results were obtained with the expanded short
tandem repeat algorithm (exSTRa)* (Extended Data Fig. 7¢).

Aslarge expansions shouldincrease the size of (TA),,repeatsrelative to
thereference genome, we performed Southernblotting with probes that
spanned two broken (Bl1and B2) and two non-broken (NBl1and NB3) sites
previously analysed by PCR (Fig. 4d, Extended Data Fig. 7d, e). For this
analysis, we compared two MSI (KM12 and HCT116) and two MSS (RPE-1
and eHAP) celllines. At the non-broken (TA),, repeats, we detected bands
that corresponded to the expected sizes in all cell lines (Extended Data
Fig. 7d). In addition, neither of the broken (TA), regions was altered in
control RPE-1oreHAP celllines (Extended Data Fig. 7d). For the BLbroken
site, we detected one allele of the expected size, but also one expanded
alleleinbothKM12and HCT116 cells (Fig. 4d, Extended DataFig. 6b). The
shorter, non-expanded allele probably corresponds to the PCR product
detected at Blin both cell lines. At the B2 broken site, we detected one
expanded allele in HCT116, whereas the other allele was the expected
size (Fig.4d), correspondingto the product detected by PCR (Extended
DataFig. 6b).InKM12 cells, broken site B2 exhibited distinct expansions
on the two alleles (Fig. 4d, Extended Data Fig. 7e), and no PCR product
was detectable at this site (Fig. 4a). Together, our datasuggest that (TA),
repeats undergo large-scale expansion, and that expanded alleles inhibit
DNA synthesis during PCR and short read whole-genome sequencing.

Long-read sequencing technology has successfully characterized
expansions of simple tandem repeats that are responsible for various
diseases”. To determine whether a similar approach could uncover
variations in secondary structure-forming (TA), repeats in MSI cells,
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SupplementaryFig.1.b, Box plots displaying coverage at different classes of
repeatsin WGS datafromKM12 cells (n=1). Dotted red lines indicate the
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we used the Pacific Biosciences (PacBio) continuous long-read (CLR)
sequencing platform?. With this platform, MSI (HCT116 and KM12)
and MSS (SW620 and SW837) colon cancer cell lines displayed similar
coverage at broken (TA), and other simple repeats (Extended Data
Fig. 7f). We detected a large range of expansions at different broken
(TA), sites in MSlI cells, with median repeat lengths expanding from
54 bpinthehgl9reference genometo 91bpand125bpin HCT116 and
KM12 cells, respectively (Fig. 4e). By contrast, the median lengths of
non-broken (TA), repeatsin HCT116 (75 bp) and KM12 (74 bp) cells were
much more similarto the reference genome (72 bp). MSS cell lines did
not show substantial expansions at either broken or non-broken (TA),
sites (Fig. 4e). Motif analysis within the broken sites showed that the
expanded alleles consisted of almost pure (TA), repeats (Extended
DataFig. 7g). Thus, MMR deficiency predisposes (TA), repeat tracts
to undergo large-scale expansions.

(TA), repeat length and purity contribute to breakage

Of all the annotated (TA), repeats in the reference genome, only 8%
display DSBs after WRN depletionin MSI cells (Extended Data Fig. 2h).

calculate rvalues and two-sided Pvalues.d, Southernblots (n=2) for two
different genomicregions containing broken (TA),, repeats corresponding to
thesamesitesina.Red markers and dotted lines represent expected fragment
sizes. For gel source data, see Supplementary Fig.1. e, Box plot of long-read
sequencing data (n=1) demonstrating total length of broken and non-broken
(TA),inindicated cell lines compared with the hg19 reference genome. MSI
(red), MSS (blue).n=5,400 (broken), n= 61,244 (non-broken). Box plotsareasin
Fig.2a,b.**P<2.2x107%, one-sided Wilcoxon rank sum test. NS, not
significant. Wilcox testing for the alternative hypothesis that the broken (TA),,
hasagreater group mean thanthe non-broken (TA),was used. Pvalues were
corrected for multiple testing using the Benjamini-Hochberg method.

Thus, itremains unclear what characterizes the underlying expansion
and breakage specifically at these sites and why susceptible sites are
recurrent across several distinct MSI cell lines. Changes in the length
of microsatellite DNA are thought to arise from replication slippage
caused by the transient dissociation of the polymerase fromreplicating
DNA strands followed by self-annealing and misaligned reassociation?®,
Because the probability of self-annealing increases with the purity and
length of the repeat sequence and decreases with repeat interrup-
tions?, we speculated that predisposition to large-scale expansions
of (TA), repeats, and therefore breakage, would be influenced by the
exact sequence composition of the repeat.

We found that broken sites have a higher TA content, fewer
interruptions in the (TA), repeat, and longer uninterrupted (TA),
sequences compared with non-broken sites as assessed both in
the reference genome (Extended Data Fig. 8a-c) and in long-read
sequencing reads from MSI cells (Extended Data Fig. 8d-f). Quan-
titative modelling showed that three features of (TA),,repeats were
predictive of breakage in WRN-deficient cells: the probability that
they form secondary structures as measured by MUS81-EME1
cleavage in situ; the sizes of expansions determined by long-read
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sequencing; and the likelihood that they occur in late replicating
regions (Extended Data Fig. 8g-i). Although these features cannot
fully predict the propensity of (TA), repeats to break after WRN
deficiency, the analysis demonstrates that longer, uninterrupted
(TA),repeatsare more likely to undergo expansionin MSl cell lines,
where they form secondary structures and disrupt DNA replication.
In the absence of WRN, (TA), repeats that are replicated in late S
phase are less likely to be resolved before mitosis, when they are
recognized and cleaved by MUS81 to generate DSBs.

Expandable repeats and genome stability

Secondary structure-forming (TA), tracts within CFSs cause replication
fork stalling and chromosome breakage. CFSs are also associated with
deletionsin several tumour types®, probably owing to their susceptibility
toreplicationfork collapse. Because broken (TA), sitesin MSI cells are also
susceptible toreplication fork stalling and collapse (Fig. 3), we hypoth-
esized they could be hotspots for deletions in MSI-associated cancers.
Although genomic instability in MSI cancers is most frequently associ-
ated with small insertions and deletions, large kilobase-to-megabase
scale deletions of unknown aetiology have been detected. We therefore
analysed data from pan-cancer whole genome sequencing cohorts in
uterine corpus endometrial carcinoma (UCEC), colon adenocarcinoma
(COAD) and gastric adenocarcinoma (STAD). Breakpoints associated
with deletions (ranging in size from 459 bp to 176 Mb) in MSI (24) and
MSS (93) cancers were identified®. Inseveral cases, one or both deletion
breakpoints mapped precisely to broken (TA), repeats (Extended Data
Fig. 9a, b). We then calculated the enrichment of different annotated
repeats at the tumour breakpoints comparedto theirenrichmentatran-
dombreakpoints with comparable chromosome and size distributions,
and found that MSItumour breakpoints showed the greatest enrichment
atbroken (TA), repeats (Extended Data Fig. 9c). By contrast, these sites
were not enriched for deletion breakpoints in MSS tumours (Extended
DataFig.9c). Thus, in cancers associated with MSI, large-scale deletions
are frequently associated with broken (TA),, sites, which suggest that
they are inherently fragile.

Onthebasis of our results, we propose the following model (Extended
Data Fig. 8j): MMR-deficient cells undergo microsatellite instability,
which gradually manifests as large-scale expansions at (TA),, repeats.
The most susceptible sites are those that contain pure, uninterrupted
TA-dinucleotide repeats. Over the course of months to years, (TA),
repeats reach a threshold length above which they extrude into cru-
ciformstructures, perhaps as aresult of negative supercoiling during
nucleosome removal ahead of the replication fork. These structures
would stall replication forks and trigger ATR-dependent WRN phos-
phorylation, which promotes unwinding of the secondary structure
to complete replication. Inthe absence of WRN, the structure-specific
MUSS81-EME1 endonuclease, in conjunction with its scaffold SLX4,
cleave these structures in an attempt to salvage the replication fork.
However, thousands of concerted MUS81 cleavage events lead to exten-
sive DNA end-resection, RPA exhaustion® (Fig. 1b, ¢), chromosomal
fragmentation, and cell death.

Thirty years ago, Vogelstein and colleagues discovered the DCCgene,
which has vastly reduced expressionin colon cancer®. By Southern blot
analysis, several MSItumour cell lines were shown to contain ‘insertions’
ofupto300bp atalocus containing anuninterrupted (TA),, repeatjust
downstream of DCC exon 7. However, numerous attempts to clone or
amplify alleles withinsertions failed, leading the authors to conclude
that theinserted sequence might form anunusual DNA structure. Nota-
bly, we detected a MUS81-EMEI1-sensitive DNA structure at precisely
the same (TA),repeat (Extended DataFig.10a), and long-read sequenc-
ing confirmed a (TA), expansion at thatlocus (Extended DataFig.10b,
right highlighted sequence). Thus, our data demonstrate that rather
than a non-templated insertion, DCC contains a structure-forming,
MSI-expanded (TA), repeat.
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Anti-PD-1antibodies have been approved for use in patients with
cancers with mismatch repair deficiency or MSI, independent of the
cancer lineage. The therapeuticresponseis correlated with the number
of indels in coding regions, which can generate immunogenic neo-
antigens®*>*, (TA), repeat expansions are mostly localized outside of
codingregions, and therefore might not generateimmunogenic neo-
antigens. However, DSBs at (TA),, motifs can trigger innate cytosolic
DNA-and RNA-dependent sensing and signalling pathways®>¢, which
indicates that WRN inhibition has the potential for further stimulating
immune responses. Although indel mutations of afew nucleotides and
large-scale (TA), expansions are both features of MSI, further studies
will be necessary to determine whether these defects arise through
different mechanisms, in distinct MSI tumours, or within different
subclones. Insummary, our findings provide amechanistic explanation
for WRN dependence with MSl and identify a new biomarker to guide
the selection of patients in which WRN inhibition may be effective in
combination withimmune checkpoint blockade or as anindependent
line of therapy.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2769-8.

1. Behan, F. M. et al. Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens.
Nature 568, 511-516 (2019).

2. Chan, E. M. et al. WRN helicase is a synthetic lethal target in microsatellite unstable
cancers. Nature 568, 551-556 (2019).

3. Kategaya, L., Perumal, S. K., Hager, J. H. & Belmont, L. D. Werner syndrome helicase is
required for the survival of cancer cells with microsatellite instability. iScience 13, 488-
497 (2019).

4. Lieb, S. et al. Werner syndrome helicase is a selective vulnerability of microsatellite
instability-high tumor cells. eLife 8, 43333 (2019).

5. Fujimoto, A. et al. Comprehensive analysis of indels in whole-genome microsatellite
regions and microsatellite instability across 21 cancer types. Genome Res. (2020).

6. Dudley, J.C., Lin, M. T, Le, D. T. & Eshleman, J. R. Microsatellite instability as a biomarker
for PD-1 blockade. Clin. Cancer Res. 22, 813-820 (2016).

7. Chu, W.K. &Hickson, I. D. RecQ helicases: multifunctional genome caretakers. Nat. Rev.
Cancer 9, 644-654 (2009).

8. Toledo, L. . etal. ATR prohibits replication catastrophe by preventing global exhaustion
of RPA. Cell 155, 1088-1103 (2013).

9. Canela, A. et al. DNA breaks and end resection measured genome-wide by end
sequencing. Mol. Cell 63, 898-911(2016).

10. Paiano, J. et al. ATM and PRDMQ regulate SPO11-bound recombination intermediates
during meiosis. Nat. Commun. 11, 857 (2020).

1. Khil, P. P, Smagulova, F., Brick, K. M., Camerini-Otero, R. D. & Petukhova, G. V. Sensitive
mapping of recombination hotspots using sequencing-based detection of ssDNA.
Genome Res. 22, 957-965 (2012).

12.  Tubbs, A. et al. Dual roles of Poly(dA:dT) tracts in replication initiation and fork collapse.
Cell174,1127-1142 (2018).

13. Bowater, R., Aboul-ela, F. & Lilley, D. M. Large-scale stable opening of supercoiled DNA in
response to temperature and supercoiling in (A + T)-rich regions that promote low-salt
cruciform extrusion. Biochemistry 30, 11495-11506 (1991).

14. Dayn, A. et al. Formation of (dA-dT)n cruciforms in Escherichia coli cells under different
environmental conditions. J. Bacteriol. 173, 2658-2664 (1991).

15.  McClellan, J. A., Boublikova, P., Palecek, E. & Lilley, D. M. Superhelical torsion in cellular
DNA responds directly to environmental and genetic factors. Proc. Natl Acad. Sci. USA
87, 8373-8377 (1990).

16. Zlotorynski, E. et al. Molecular basis for expression of common and rare fragile sites. Mol.
Cell. Biol. 23, 7143-7151 (2003).

17.  Kaushal, S. et al. Sequence and nuclease requirements for breakage and healing of a
structure-forming (AT)n sequence within fragile site FRA16D. Cell Rep. 27, 1151-1164
(2019).

18.  Wang, H. et al. CtIP maintains stability at common fragile sites and inverted repeats by
end resection-independent endonuclease activity. Mol. Cell 54, 1012-1021 (2014).

19. Shastri, N. et al. Genome-wide identification of structure-forming repeats as principal
sites of fork collapse upon ATR inhibition. Mol. Cell 72, 222-238 (2018).

20. Inagaki, H. et al. Chromosomal instability mediated by non-B DNA: cruciform
conformation and not DNA sequence is responsible for recurrent translocation in
humans. Genome Res. 19, 191-198 (2009).

21. Minocherhomiji, S. & Hickson, I. D. Structure-specific endonucleases: guardians of fragile
site stability. Trends Cell Biol. 24, 321-327 (2014).

22.  Wyatt, H. D., Laister, R. C., Martin, S. R., Arrowsmith, C. H. & West, S. C. The SMX DNA
repair tri-nuclease. Mol. Cell 65, 848-860 (2017).


https://doi.org/10.1038/s41586-020-2769-8

23.

24.

25.

26.

27.

28.

29.

30.

Ammazzalorso, F., Pirzio, L. M., Bignami, M., Franchitto, A. & Pichierri, P. ATR and ATM
differently regulate WRN to prevent DSBs at stalled replication forks and promote
replication fork recovery. EMBO J. 29, 3156-3169 (2010).

Cortes-Ciriano, I., Lee, S., Park, W. Y., Kim, T. M. & Park, P. J. A molecular portrait of
microsatellite instability across multiple cancers. Nat. Commun. 8, 15180 (2017).
Dolzhenko, E. et al. Detection of long repeat expansions from PCR-free whole-genome
sequence data. Genome Res. 27, 1895-1903 (2017).

Tankard, R. M. et al. Detecting expansions of tandem repeats in cohorts sequenced with
short-read sequencing data. Am. J. Hum. Genet. 103, 858-873 (2018).

Mitsuhashi, S. & Matsumoto, N. Long-read sequencing for rare human genetic diseases.
J. Hum. Genet. 65, 11-19 (2020).

Khristich, A. N. & Mirkin, S. M. On the wrong DNA track: molecular mechanisms of
repeat-mediated genome instability. J. Biol. Chem. 295, 4134-4170 (2020).

Glover, T. W., Wilson, T. E. & Arlt, M. F. Fragile sites in cancer: more than meets the eye.
Nat. Rev. Cancer 17, 489-501 (2017).

The Cancer Genome Atlas Network. Comprehensive molecular characterization of
human colon and rectal cancer. Nature 487, 330-337 (2012).

31

32.

33.

34.

35.

36.

The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. Pan-cancer
analysis of whole genomes. Nature 578, 82-93 (2020).

Fearon, E. R. et al. Identification of a chromosome 18q gene that is altered in colorectal
cancers. Science 247, 49-56 (1990).

Ding, L. & Chen, F. Predicting tumor response to PD-1 blockade. N. Engl. J. Med. 381, 477~
479 (2019).

Mandal, R. et al. Genetic diversity of tumors with mismatch repair deficiency influences
anti-PD-1immunotherapy response. Science 364, 485-491(2019).

Feng, X. et al. ATR inhibition potentiates ionizing radiation-induced interferon response
via cytosolic nucleic acid-sensing pathways. EMBO J. 39, e104036 (2020).

Harding, S. M. et al. Mitotic progression following DNA damage enables pattern
recognition within micronuclei. Nature 548, 466-470 (2017).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© This is a U.S. government work and not under copyright protection in the U.S.; foreign
copyright protection may apply 2020

Nature | www.nature.com | 7



Article

Methods

Celllines and cell culture

Cell lines containing doxycycline-inducible shWRN cassette (KM12,
HCT116, SW837, RPE-1) were generated as previously described?. Cell
lines were grown in medium supplemented with 10% fetal bovine
serum (FBS), penicillin (100 pg ml™), streptomycin (100 pg ml™), and
L-glutamine (Gibco, 292 pg ml™) unless stated otherwise. KM12, SW837,
and SW438 cells were grown in RPMI1640 (Gibco), HCT116 in McCoy’s
5A (Gibco), RPE-1in DMEM/F12 (Gibco), SW620 in Leibovitz’s L-15
(Gibco), OVK18 and LS180 in MEMa (Gibco) supplemented with 15%
FBS. HSECs were obtained from Cell Biologics (H-6039) and cultured
with complete human epithelial cell medium (CellBiologics H6621).
Independent HCT116 clones were used for whole genome sequenc-
ing and continuous long-read sequencing. Cell lines were tested for
mycoplama contamination.

Generation of MMR-deficient HSEC cell lines

Transduction of HSEC with Cas9 was performed with pLX311-Cas9
(Addgene 118018) followed by blasticidin (4 pg ml™) selection. Sub-
sequently, we transduced pXPR_BRDOO3 carrying sgRNAs target-
ing MLHI (target sequence TTTGGCCAGCATAAGCCATG), MSH2
(CCGGTCGAAAAGGCGCACTG), or luciferase (ACAACTTTACCGA
CCGCGCC) to generate stable cell lines after puromycin selection
2ugml™).

Cell viability assay

Cas9-expressing HSEC with sgRNAs targeting MLH1, MSH2, or
luciferase were transduced with pXPR_BRDOO3 harbouring the fol-
lowing sgRNAs. sgRNAs targeting WRN include sgWRN2 (ATCCT-
GTGGAACATACCATG) and sgWRN3 (GTAGCAGTAAGTGCAACGAT).
Two negative controls targeting intergenic sites on chromosome 2
were used: Chr.2-2sgRNA (GGTGTGCGTATGAAGCAGTG) and Chr.2-4
sgRNA (GCAGTGCTAACCTTGCATTG). sgRNA targeting POLR2D
(AGAGACTGCTGAGGAGTCCA) was used as a pan-essential control.
AllsgRNAs were inserted in the pXPR_BRDOO3 lentiviral vector and
inserts were verified by Sanger sequencing. Viability was deter-
mined using CellTiter-Glo (Promega G7572) 7 days after lentiviral
transduction.

Protein depletion and exogenous replication stress

Expression of stWRN was induced by adding 1 pg ml™ doxycycline to
cell culture medium for indicated time. The following siRNAs were
used for experiments: siGenome Human siRNA Smartpool targeting
WRN, MUS81, and SLX4, as well as non-targeting control pool (Horizon
Discovery). WRN 5" UTR (AAACCCGAGAAGAUCCAGUCCAACA) was
described previously® and ordered from ThermoFisher. Cells were
transfected using RNAiMax Transfection Reagent (ThermoFisher)
according to manufacturer’s instructions. To induce exogenous rep-
lication fork collapse, cells were treated with aphidicolin (0.2 pgml™,
Sigma Aldrich) for 24 h,and ATR inhibitor AZ20 (10pM, SelleckChem)
was added for the final 8 h.

RNAisolationand qRT-PCR

Total RNA was extracted from cells using Trizol Reagent (Invitrogen),
and cDNA was made using SuperScript Il Reverse Transcriptase (Ther-
moFisher), according to manufacturer’s instructions. qPCR was per-
formed using iTaq Universal SyBR Green (BioRad), samples were run
and analysed on a BioRad CFX96 Real-Time PCR detection system.
Primer sequences were as follows.

MUSS8I forward: 5" GCTGCTCCGAGAGCTACAG 3’ MUS81 reverse:
5 CAGGGTTTGCTGGGTCTCTA 3’ SLX4 forward: 5AGTGTGCTG
TGAAGATGGAG 3’ SLX4 reverse: 5 CCGTTTCAGACCTCTACTGTG
3’ ACTB forward: 5* CGTCACCAACTGGGACGACA 3’ ACTBreverse: 5
CTTCTCGCGGTTGGCCTTGG 3

Metaphase analysis

Cells were arrested at mitosis with 0.04 pg ml™ colcemid (Roche) for
16 hand metaphase chromosome spreads were prepared as previously
described”.

Western blotting

Cells were lysed in a buffer containing 50 mM Tris-HCI (pH 7.5),
200 mM NacCl, 5% Tween-20, 2% Igepal CA-630, 2 mM PMSF, 50 mM
B-glycerophosphate (Merck) and protease inhibitor cocktail tablet
(cOmplete Mini, Roche Diagnostics). Equal amounts of lysates were
loaded into precast mini-gels (Invitrogen) and resolved by SDS-PAGE.
Transfer of proteins onto nitrocellulose membranes and incubation
with primary/secondary antibodies were performed according to
standard procedures. Visualization of protein bands was achieved
by fluorescence imaging on the Odyssey Clx system (LI-COR Bio-
sciences). Antibodies and dilutions used were as follows: anti-WRN
(1:5,000, Novus), anti-pKAP1 (Bethyl Laboratories, 1:100), anti-tubulin
(1:5,000, sigma), anti-MLH1 (Cell Signaling Technology, 3515,1:1,000),
anti-MSH2 (Abcam, ab52266, 1:1,000), anti-GAPDH (Cell Signaling
Technology, 5174,1:5,000), IRDye 680RD Goat anti-Mouse IgG (1:2,000,
LI-COR Biosciences), IRDye 800CW Goat anti-Rabbit IgG (1:2,000,
LI-CORBiosciences), Goat anti-Rabbit Alexa Fluor 647 (ThermoFisher,
A27040,1:5,000).

Flow cytometry

For cell cycle analysis, exponentially growing cells were incubated
with10 uM (5-ethynyl-2 -deoxyuridine) for 30 min at 37 °C and stained
using the Click-IT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Ther-
moFisher) according to the manufacturer’sinstructions. DNA content
was measured by DAPI (4’,6-diamidino-2-phenylindole, 0.5 pg mi™).
For pKAP1staining, fixed and permeabilized cells were washed in PBS
plus 2% FBS, incubated for 1 h with pKAP1 antibody (Bethyl Labora-
tories, 1:100), washed, stained with anti-rabbit Alexa Fluor 647 anti-
body (ThermoFisher, 1:2,000). Data were analysed using Flowjo v10
software.

Protein purification

Expressionand purification of MUS81-, ,cEME1*? and WRN*® were per-
formed as previously described. Human MUS81 (residues 246-551) and
double 8xHis-EMEI (residues 246-570) were expressed in a bicistronic
expression vector and purified as previously described®, minus the
cation exchange chromatography step.

Enzymaticreactions

For enzymatic reactions, END-seq plugs were incubated in the pres-
ence of 50 nM of theindicated enzyme for1.5h at 37 °C. MUS81-EME1
enzyme reactions were done in buffer consisting of 25 mM Tris-HCI
pH 8.0,30 mM NacCl, 3 mM MgCl,, 100 ng pl™ BSA, 5% glycerol, and
1mM DTT. WRN enzyme reactions were done in buffer consisting of
30 mM HEPES pH 7.4, 40 mM KCI, 8 mM MgCl,, 100 ng pl ™' BSA, 5%
glyceroland 2 mM ATP. For in situ experiments in which plugs were
treated with both WRN and MUS81-EME], after WRN incubation, aga-
rose plugs were treated with proteinase Kin lysis buffer at 50 °Cfor1h
andthenwashedin10 mM Tris-HCI pH 8.0 solution, beforeincubation
with MUS81-EMEI.

END-seq
For END-seq, 7-8 million cells were collected, embedded in1% agarose
plugs, and processed as previously reported”?,

RPA ChIP-seq

Approximately 20 million cells were collected and ChIP-seq was
performed as previously reported using anti-RPA32/RPA2 (Abcam,
ab10359)".



PCR-free whole-genome sequencing

Genomic DNA wasisolated from cultured cells by phenol-chloroform
extraction. To provide sufficient mass and maximize library diversity,
twoidenticalllibrary preparations were performedin paralleland com-
bined for each sample. DNA (1,000 ng) was fragmented on a Covaris S2
sonicator, using 50 pl microTUBE AFA Snap-Caps (intensity = 5, duty
cycle =5%, cycles per burst =200, time = 35 s). Sequencing libraries
were prepared using PCR-free KAPA HyperPrep Kit (Roche) according
to the manufacturer’sinstructions. Duringligation, standard adaptors
were substituted for xGen Dual Index UMI Adapters (IDT). Following
ligation, libraries were size selected using SPRIselect Beads (Beckman
Coulter) twice, at concentrations of 0.7x and 0.5x by volume.

Sequencing of END-seq and ChIP-seq libraries

END-seqand ChIP-seq libraries were sequenced on the Nextseq 500 or
Nextseq 550 platform (Illumina), using 75-bp single-end read kits. WGS
libraries were sequenced on the Novaseq 6000 platform (Illumina),
using 250-bp paired-end kits. Data were processed using bcl2fastq
software.

CLRsequencing

High molecular mass genomic DNA was purified using the MagAttract
HMW DNA kit (Qiagen). For CLR library preparation, at least 5 pug of high
molecular mass genomic DNA (more than 50% of fragments >40 kb) was
sheared to approximately 40 kb using the Megaruptor 3 (Diagenode
B06010003), followed by DNA repair and ligation of PacBio adapters
using the PacBio SMRTbell Express Template Prep Kit 2.0 (100-938-
900). Libraries were then size-selected for >30 kb using a BluePippin
instrumentwith 0.75% agarose cassettes (Sage Science). After quantifi-
cation withthe Qubit dsDNA High Sensitivity assay (Thermo Q32854),
libraries were diluted to 50 pM per SMRT cell, hybridized with PacBio
V2 sequencing primer, and bound with SMRT seq polymerase using
Sequel Il Binding Kit 2.0 (PacBio 101-842-900). CLR sequencing was
performed onthe Sequel Il instrument using 8M SMRT Cells (101-389-
001) and Sequel Il Sequencing 2.0 Kit (101-820-200), witha15h movie
time per SMRT cell. Initial quality filtering, basecalling, and adaptor
marking were done automatically on board the Sequel Il.

PCR

PCRreactions consisted of 1x KAPA LongRange Buffer, 0.5 U KAPA Lon-
gRange HotStart Polymerase (Roche), 1.75 mM MgCl,, 300 uM dNTPs,
0.4 uM of each primer, and 75 ng of genomic DNA used as template.
Samples wereinitially denatured at 95 °Cfor 3 min, underwent 32 cycles
of:1) denaturationat 95 °C for 30 sand 2) annealing/extension at 60 °C
for 3 min, followed by a final extension at 60 °C for 10 min. PCR prod-
ucts were separated on a 2% agarose gel and visualized by 0.5 pg ml™
ethidium bromide staining.

PCR primer sequences are as follows: Bl forward: 5’-GCAACCA
GCTGTTTTTGTGA-3’, Blreverse:5-GCAATAGTATGCAGCTTGCCC-3";B2
forward: 5-TTTGCATCCTGCTTTTCTCATCT-3/, B2 reverse: 5’-GA
AGAGGTGCCTGGTAGCTG-3’; B3 forward: 5-TTTGGCTTAGGG
GAAGTGTGG-3/, B3 reverse: 5-GTTTTGAGCATGCTGACCTGA-3’;
B4 forward: 5-GCAAGAACCAAATGCTGCAC-3’, B4 reverse: 5-ACTCCT
GTTGCTCAGGCAAT-3’; B5 forward: 5-TGTCCGTGTCTCGAGGAGT-3’,
B5reverse: 5-GTGTCTCCATCCATTGTTCTGC-3’; B6 forward: 5’-TG
CTTTCAACCTGCCCAAAC-3’, B6 reverse: 5-GCACTTGAGCCTTG
CTGGTA-3’; B7 forward: 5-TGTGGTTGTCTTCTCCACCC-3’, B7
reverse: 5-AGCTGGGTGTTAAGGGATGAA-3’; B8 forward: 5-ATG
GGATGGCCACACTGAAG-3’, B8 reverse: 5-AACTTGCCTTTCAC
CTGCCT-3’; NB1 forward: 5’-ATAGTCTGTCTCCCGCAGTCT-3’, NB1
reverse: 5-GAGACCGCCGATTAGCATTC-3’; NB2 forward: 5’-TACC
TGACAGAACCACTGGC-3’, NB2 reverse: 5-GACAAGGATTCC
CCTCCTGC-3’; NB3 forward: 5-GTGGTGTGGTAAAGGGACCA-3’, NB3
reverse:5-CCTCTCCCTGTTAAGTCATTACC-3'.

Genomic location and reference genome size for TA loci
amplified by PCR

Genomiclocation and reference genome size of sites selected for PCR
amplification are shown below. Each site amplified contains an uninter-
rupted stretch of (TA), repeats and was amplified with primers localized
in flanking areas outside of the (TA), repeat. Broken sites B1I-B8 were
chosenbased onthe presence of END-seq peaks after WRN depletionin
KM12 cells. Sites NB1-NB3 were chosen with similar TArepeat lengths
asbrokensites but were not broken after WRN depletionin KM12 cells.

Southernblotting

Native (1% agarose) Southernblot analyses of broken and non-broken
(TA),dinucleotide lengths were carried out using standard Southern
blot techniques. Genomic DNA (10 pg) from indicated cell lines were
digested with theindicated restriction enzymes: B1: EcoRV; B2: Hindlll;
NBI1: ApaLl; NB3: Hindlll. Probes were generated by PCR amplifica-
tion using genomic DNA from the RPE-1 cell line using the following
oligonucleotides:

B1forward: 5-GTCAAGGAAAGCCAAGAATTGGAA-3’, Bl reverse:
5’-AGAGTTGGAATTTGAACCAAAGC-3’; B2 forward: 5-GAAACTG
CCAAACACAGGGC-3’, B2 reverse: 5-TCTTCAGCACAGGAGCAA
GG-3’; NB1 forward: 5-GTAAGGAGTGTGTGTGGGGG-3’, NBl reverse:
5’-ACTCATGGAGAATAGACTACGACT-3’; NB3 forward: 5-AGCCATG
GTGTGTTTCTGGT-3’,NB3 reverse: 5-GCCGTCTTCGAACCTGTAGA-3'.

Quantification and statistical analysis

Genome alignment. For single-end sequencing, NextSeq 500/550
was used for single end sequencing using 75-bp reads. The sequenced
tags were aligned using Bowtie2*® with the parameters -N O -k 1
-g--local--fast-local. For paired end sequencing: NovoSeq 6000 was
used for paired-end sequencing using 2 x 250-bp reads. The sequenced
tags were aligned using Bowtie2 with the parameters -N O--local.

Peak calling. Peaks were called for single end sequencing experiments
using MACS 1.4.3*! using the parameters -p le-5--nolambda--
nomodel--keep-dup =all (keep all redundant reads). For each case the
experimental sample was doxycycline (sShWRN) treated sample com-
pared with DMSO (NT) sample as control. There were some additional
filtering criteria as explained below:

For shWRN END-seq and RPA ChIP-seq, the output of the peak calling
was filtered by a 20-fold enrichment over background and aminimum
size of 1kb. The resulting regions were merged using bedtools* merge
-d 1000 function to define the list of regions.

For siWRN and MUS81-EME1END-seq, the output of the peak calling
was filtered by a 20-fold enrichment over background. The resulting
regions were merged using bedtools merge -d 1000 function to define
thelist of regions. For eachregion defined above the summitin positive
and negative strand reads was evaluated using bedtools coverage -d
function. Thebedtoolsintersect function was used tofilter theregions
for which the positive summit was downstream of the negative summit
and the distance between the two summits was set to be between 30
and 2,500 bp. This defined the final list of peaks for each experiment.

Motif finding. For each peak the taller of the positive or negative sum-
mit was identified. From this taller summit a 1-kb window was gener-
ated downstream (upstream) if the summit was on negative (positive)
strand. MEME suite* was used to identify the common sequence motif
in these genomic windows.

For motif analysis from pacbio data, the nucleotide sequences
(greater than equal to 5) corresponding to the broken TA sites were
used. For each annotated (TA), repeat sequence extracted from the
hgl9 genome sequence, three parameters were calculated: (a) TA pro-
portion—thatis, the cumulative TAlength divided by the length of the
fullannotated (TA),repeat; (b) uninterrupted (TA),,proportion—that s,
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thelength of the longest continuous TA sequence divided by the length
ofthefullannotated (TA), repeat; (c) uninterrupted (TA),, length—that
is, the length of the longest continuous TA sequence within the anno-
tated (TA), repeat. These three parameters were plotted separately
to compare between (TA), repeats at broken and non-broken sites of
shWRN-KM12 cells. Data are plotted in Extended Fig. Data 8a-c. The
same was done to calculate the proportion and length of (TA),,repeats
at annotated (TA), sequences in the KM12 cell line using long-read
sequencing data (Extended Data Fig. 8d-f).

Visualization of sequencing data. The alignment output sam files were
converted and sorted into bam files using samtools** view function. For
WGS paired-end data, the bam files are directly visualized using IGV*
from the Broad Institute. The following steps were carried out for sin-
gleend sequencing experiments: The bamtobed functionin bedtools
package was used to convert the bam files to bed files. The genomecov
function in bedtools package was used to convert the bedfiles into
bedGraph. This file was converted to bigwig file using the UCSC tools
package and visualized on the UCSC Genome Browser*.

Expansion detection by ExpansionHunter and exSTRa. Expansions
are identified for broken and non-broken (TA), from the HCT116 and
KM12whole genome sequencing databy ExpansionHunter v.3.2.2%%,
The supporting reads for expansions are visualized by GraphAlign-
mentViewer (https://github.com/Illumina/GraphAlignmentViewer).
Empirical cumulative distribution function for the TA repeat located
at hgl9 coordinates chr8:106950919-106950985 was generated us-
ing exSTRa v.0.89.0% and Bio-STR-exSTRa v.1.1.0 using the default
parameter settings.

Long-read sequencing data processing. We aligned CLR reads to
the hgl9 reference sequence using minimap2*® (with parameters
-ayYL--MD--eqx -x map-pb) and called indel/structural variants with
the pbsv tool using the -tandem-repeats argument for increased sensi-
tivity to repeat expansion/contraction variantsinaccordance with the
software’s documentation (Pacific Biosciences, pbsv https://github.
com/PacificBiosciences/pbsv). We extracted indel variants passing
built-infilters and overlapping with repetitive loci of interest using the
bedtools closest utility*>. We computed coverage over each interval
using the mosdepth* package and determined the repetitive motifs
present using the tandem repeat finder (trf) tool*’, lowering the score
threshold to see all possible motifs (that is, with parameters 257 80
10 02000 -1 6 -ngs -h). We quantified the copy number of each motif
in the reference haplotype and the alternate haplotype (computed
by permuting the reference haplotype with the variants detected in
each locus). We report the copy number change for the highest copy
number motif per locus.

Cancer Cell Line Encyclopedia whole-genome sequencing analysis.
For 321 cancer celllines fromthe Cancer Cell Line Encyclopedia (CCLE)
2 project® that had whole-genome sequencing data, we determined
the number of reads at each AT-richinterval using ‘samtools bedcov™*.
Foreachinterval, we then defined: fragments per base (FPB) = number
of reads covering the interval/(length of the interval in bases x 2). We
then normalized this value across all intervals within the genome as:
fragments per base per million (FPBM) = (FPB/total FPB) x 1 million.
This latter quantity (FPBM) was used to determine the read coverage
atbroken/non-broken loci. We determined overall read counts atloci
for with high AT repeats.

MSI deletion analysis. MSl deletionsin UCEC, COAD, and STAD® were
identified from ICGC (https://dcc.icgc.org/releases/PCAWG/msi and
https://dcc.icgc.org/releases/PCAWG/consensus_sv). In total, 396 dele-
tions from 24 MSl samples and 4,501 deletions from 93 MSS samples
wereanalysed. 1,000 random sets were generated using the bedtools*

shuffle command in order to estimate enrichments for different repeat
annotations relative to random.

Statistical analysis

For Venn diagrams, 1,000 random sites were generated for one of the
peak lists (while keeping others the same) using bedtools shuffle com-
mand. The significance was generated using the fisher.test functionin
R.Forbox plots, the statistical significance of the data represented was
calculated using the wilcox.test function in R. No statistical methods
were used to predetermine sample size. The experiments were not
randomized and investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

END-seq, ChIP-seq, whole-genome sequencing and Pacbio CLR data
have been deposited in the Gene Expression Omnibus (GEO) database
under the accession number GSE149709. Source data are provided
with this paper.
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Extended DataFig.1|WRNdepletioninduces DNA damage in different MSI
celllines. a, Western blot analysis of MLH1, MSH2, and GAPDH protein levelsin
HSECs after CRISPR-Cas9 knockout. sgLuc, control single-guide RNA (sgRNA)
targetingluciferase; sgMLH1and sgMSH2, sgRNAs targeting MLHI and MSH2,
respectively. For gel source data, see Supplementary Fig. 1. b, Relative viability
7 days after sgRNA transductionin HSECs. sgCh2.2 and sgCh2.4 denote
negative controlstargeting chromosome 2 intergenic sites; sgPolR2D denotes
apan-essential control. sgWRN2 and sgWRN3 denote experimental sgRNA
targeting WRN. Data are mean ands.d. Pvalues were determined using
two-tailed Student’s t-test (n=3). ¢, Example of flow cytometry gating strategy
usedind and Extended DataFig. 4c.d, Flow cytometry profiles for

exponentially growing KM12-shWRN cells treated with DMSO (NT) or
doxycycline (shWRN) for 72 h. EdU was added during the last 30 min before
collecting cells. Percentage of cellsin the gatesisindicated. Dataare
representative of threeindependent experiments. e, Western blot analysis of
WRN proteinlevelsin KM12-shWRN and SW837-shWRN treated with DMSO
ordoxycycline for 72 h. Dataare representative of three independent
experiments. For gel source data, see Supplementary Fig.1.f, Western blot
analysis of WRN and pKAP1protein levelsin KM12-shWRN and KM12-shWRN.
C911(non-targeting shRNA) treated with DMSO or doxycycline for 72 h. Data
arerepresentative of threeindependent experiments. For gel source data, see
SupplementaryFig.1.
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Extended DataFig.2|See next page for caption.
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Extended DataFig.2 | WRNdepletioninducesrecurrentand overlapping
DSBsinMSIcells.a, Genome browser screenshot displaying END-seq profiles
asnormalized read density (RPM) for HCT116-shWRN and KM12-shWRN cells
treated with DMSO (NT) or doxycycline (shWRN), or transfected with non-
targeting siRNAs (siCTRL) or WRNsiRNAs (siWRN) for 72 h. b, Scatterplots of
END-seq peakintensity between biological replicates of KM12-shWRN and
HCT116-shWRN cells treated with doxycycline for 72 h. Pearson correlation
coefficients areindicated. ¢, Venn diagrams showing overlap between peaks
detected in HCT116-shWRN and KM12-shWRN cells treated with either
doxycycline (shWRN) or WRN siRNAs (siWRN) for 72h.n=1,000 random
datasets were generated to test significance of overlap using one-sided Fisher’s
Exact test forboth the Venn diagrams (P<2.2 x107*for both comparisons).

d, Quantification of END-seq peak intensity for KM12-shWRN and SW837-
shWRN cells treated with doxycycline for 72 h. n=5,424 peaks were examined
for statistical significance using one-sided Wilcoxon rank sum test. Box plots

areasinFig.2a,b.***P<2.2x107. e, Venn diagram showing overlap between
peaksidentified from END-seq and RPA-bound ssDNA ChIP-seq for KM12-
shWRN cells treated with doxycycline for 72h.n=1,000 random datasets were
generated to test significance of overlap using one-sided Fisher’s exact test
(P<2.2x107).f, Composite plot of END-seq (black: positive-strand reads,
grey: negative-strand reads) and RPA-bound ssDNA ChIP-seq (blue: positive-
strand reads, red: negative-strand reads) signalaround DSB sites in KM12-
shWRN cells treated with doxycycline for 72 h. g, Heat map displaying intensity
of END-seq signalin KM12-shWRN cells treated with doxycycline for 72 h,
relative to the centre of the gap between positive- and negative-strand peaks.
Sites are ordered by the size of the gap, from smallest to largest. h, Calculated
size distribution from the reference genome of (TA), repeatseitherlocatedin
gaps between positive and negative END-seq peaks (black, brokenssites) or
located elsewherein the genome (grey, non-brokensites), determined from
KM12-shWRN cells treated with doxycycline for 72 h.
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Extended DataFig.3 | WRNdepletioninduces DNA breakage incommon
fragile sites and palindromic TA-richrepeatsin MSI cells. a, Genome
browser screenshot displaying END-seq profiles of common fragile sites
FRA16D, FRA3B, FRA10B and FRA7Ias normalized read density (RPM) for
KM12-shWRN cells treated with DMSO (NT) or doxycycline (shWRN) for 72 h.
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Extended DataFig.4|(TA),repeat-formingrepeatsinMSI celllines are
substrates for MUS81-EMEL. a, Quantitative PCR with reverse transcription
(qRT-PCR) analysis quantification (n=1) of MUS81 and SLX4 mRNA levelsin
KM12-shWRN cells transfected with non-targeting siRNAs (siCTRL), MUSS81
siRNAs (siMUS81), or SLX4 siRNAs (siSLX4). b, Representative images of
metaphase spreads from KM12-shWRN cells treated with doxycycline (shWRN)
and non-targeting siRNAs (siCTRL), MUS81 siRNAs (siMUS81), or SLX4 siRNAs
(siSLX4) for 48 h. Data arerepresentative of three independent experiments,
n=100 metaphases for each condition. ¢, Flow cytometric profiles for KAP1
phosphorylationinexponentially growing KM12-shWRN cells treated with
doxycycline (shWRN), plus non-targeting siRNAs (siCTRL), MUS81 siRNAs
(siMUSS81), or SLX4 siRNAs (siSLX4) for 72 h. Data arerepresentative of three
independent experiments. d, Genome browser screenshot displaying END-seq
profiles as normalized read density (RPM) for KM12-shWRN cells treated with
doxycycline (shWRN), plus non-targeting siRNAs (siCTRL), MUS81 siRNAs
(siMUSS8I1), or SLX4 siRNAs (siSLX4) for 72 h. e, Schematic representation of
DNA cruciform cleavage by MUS81-EME1structure-specific endonuclease.

f, Venn diagram displaying overlap of END-seq TA breaks between two
biological replicates of DMSO-treated KM12-shWRN cells processed with
purified recombinant MUS81-EME1 enzyme in situ (MUS81-EME1).n=1,000

random datasets were generated to test significance of overlap using one-
sided Fisher’s exact test (P<2.2x107). g, Venndiagram showing overlap in TA
breaks between KM12-shWRN cells treated with doxycycline (shWRN) for 72 h,
and DMSO-treated cells processed with MUS81-EME1 enzyme in situ (MUS81-
EME1).n=1,000 random datasets were generated to test significance of
overlap using one-sided Fisher’s exact test (P<2.2x107). h, Venn diagram
displaying overlap between TA breaks from KM12-shWRN and HCT116-shWRN
genomic DNA processed in situ with MUS81-EMELlinsitu (n=1for HCT116).
n=1,000random datasets were generated to test significance of overlap using
one-sided Fisher’s exact test (P<2.2x107%).i, Genome-wide aggregate analysis
of END-seq signal around TA breaks from KM12-shWRN cells treated with
doxycycline for 72 h (shWRN) (black denotes positive-strand reads, grey
denotes negative-strand reads), or DMSO-treated KM12-shWRN cells
processed with purified recombinant MUS81-EME1enzyme insitu (blue
denotes positive-strand reads, red denotes negative-strand reads). j, Genome
browser screenshot displaying END-seq profiles for DMSO-treated KM12-
shWRN cells (WRN proficient) processed in situ with either purified
recombinant WRN, MUS81-EME]1, or WRN followed by MUS81-EMEL. For the
latter, proteinase K digestion was performed between the two enzymatic
treatments.
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threeindependent experiments. For gel source data, see Supplementary Fig. 1.
d, Genome browser screenshot displaying END-seq profiles within FRA3B on
chromosome 3 as normalized read density (RPM) for KM12-shWRN,
HCT116-shWRN, RPE-1-shWRN, and eHAP-shWRN cells treated with
doxycycline (shWRN) for 72 h or APH plus ATRifor 8 h. e, Venn diagrams
displaying overlap of DSBs detected after WRN depletion or APH plus ATRi
treatmentin KM12and HCT116 cells.n=1,000 random datasets were
generated to test significance of overlap using one-sided Fisher’s exact test for
boththe Venn diagrams (P<2.2x107%).
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Extended DataFig.7|(TA),repeats undergo large-scale expansions in MSI
cells. a, Cumulative fraction of expanded (TA) ,repeats inKM12 and HCT116,
based on ExpansionHunter analysis of PCR-free whole genome sequencing
data. (TA),repeats were splitinto broken (red) and non-broken (black) based
on presence or absence of END-seq peaks after WRN depletionin KM12 cells.
b, Graphical representation of a (TA),repeatexpansionin HCT116. This site has
33 (TA),repeatunitsinthereference genome; ExpansionHunter identified an
expansion to 86-87 repeat units based on PCR-free whole-genome sequencing
of HCT116. ¢, Empirical cumulative distribution function based on the length
by which eachread overlaps the (TA),repeat showninb asidentified by
exSTRa.d, Southernblots for two different genomic regions containing non-

broken (TA),repeats corresponding to the samesitesin Fig. 4aand Extended
DataFig. 6b.Red markers and dotted lines represent expected fragment sizes.
For gelsource data, see Supplementary Fig.1.e, Southernblots for broken
(TA),repeat B2 (top) and non-broken (TA),, repeat NB3 (bottom) in MSS (blue)
and MSlI (red) celllines, confirming expansion of broken (TA), repeatsin MSI
celllines. Red markers and dotted lines represent expected fragment sizes
based onthereference genome. For gel source data, see Supplementary Fig. 1.
f,Box plots displaying coverage at different classes of repeatsinlong-read
sequencinglibraries made from MSI (red) and MSS (blue) cells (n=1). g, Motif
analysis for sequence enrichment at broken (TA), in the KM12 cell line from
long-read sequencing data.
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Extended DataFig. 8| Large-scale expansions occur at long, uninterrupted
(TA),repeatsequences. (a) Boxplot showing, in the hgl9 reference genome,
the proportionof (TA), repeat units found within the fullannotated sequence
atbrokenornon-broken (TA),repeatsin KM12 cells.n=5,400 (broken) and
n=59,729 (non-broken) sites were examined for statistical significance using
one-sided Wilcoxon rank sum test. ***P<2.2x107%, b, Box plot showing, inthe
hgl9 reference genome, the proportion of the longest run of uninterrupted
(TA), withinthe fullannotated sequence at broken or non-broken (TA), repeats
inKM12 cells.n=5,400 (broken) and n=59,729 (non-broken) sites were
examined for statistical significance using one-sided Wilcoxon rank sum test.
***p<2.2x107%, ¢, Box plotshowing, inthe hgl9 reference genome, the length
(bp) of the longest uninterrupted (TA),,dinucleotide repeats within the full
annotated sequence at broken or non-broken (TA), repeats in KM12 cells.
n=5,400 (broken) and n=59,729 (non-broken) sites were examined for
statistical significance using one-sided Wilcoxon rank sum test.
***p<2.2x107%.d, Box plotshowing, inlong read sequencing data, the
proportion of (TA), repeat units found within the full sequence at broken or
non-broken (TA),repeatsin KM12 cells.n=5,400 (broken) and n = 61,244 (non-
broken) sites were examined for statistical significance using one-sided
Wilcoxonranksum test.***P<2.2x107%. e, Box plot showing, inlong-read
sequencing data, the proportion of the longest run of uninterrupted (TA),,
within the full sequence at broken or non-broken (TA), repeatsin KM12 cells.
n=5,400 (broken) and n=61,244 (non-broken) sites were examined for
statistical significance using one-sided Wilcoxon rank sum test.
***p<2.2x107%.f, Boxplot showing, inlong-read sequencing data, the length
(bp) of the longest uninterrupted (TA),,dinucleotide repeat within the full

sequence at broken or non-broken (TA),repeatsinKM12cells.n=5,400
(broken) and n= 61,244 (non-broken) sites were examined for statistical
significance using one-sided Wilcoxon rank sum test. ***P<2.2x107,

g, Multiplelinear regression model predicting END-seq peak intensity of KM12-
shWRN cells treated with doxycycline (shWRN) for 72 h derived from END-seq
intensity of MUS81-EME1cleavageinsitu, replication timing, and expanded
length of broken (TA),. The Pearson correlation coefficientisindicated (seef).
h, END-seqintensity of broken (TA),repeatsin KM12-shWRN cells treated with
doxycycline for 72 hgrouped by replication timing values from late replicating
toearlyreplicating. i, Multiple linear regression was performed to predict END-
seq peakintensity of KM12-shWRN cells treated with doxycycline for 72 hbased
onfollowing parameters: END-seq intensity of MUS81-EME1 cleavageinsitu,
replication timing, and expanded length of broken (TA),,. END-seq intensity
uponshWRNinductionand MUS81-EME1 cleavage were calculated using
RPKMin x1kbwindow around broken (TA),. Mean value was used for
replication timing quantification. Expanded lengths were identified fromlong
read sequencing data. Estimates of the standardized regression coefficients
(B) areshown, along with ¢-statistics and Pvalues based on the standardized
coefficients.j, Model for MSI cell dependence on WRN. Large-scale expansions
of (TA),,repeats are associated with MSIin MMR-deficient cells. When (TA),,
reachaboveacriticallength, they extrude into cruciform-like structures, which
stall replication forks and activate ATR kinase, which in turn phosphorylates
WRN and other substrates tocomplete DNA replication. Inthe absence of WRN,
MUS81-EME1 or SLX4 cleaves secondary structures at (TA),,repeats, thereby
shattering the chromosomes. Allbox plotsare asin Fig.2a,b.
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Extended DataFig.9|Deletion breakpointsin MSI cancers areenriched at
(TA),repeats.a, Genome browser screenshot of abroken (TA),, (defined from
KM12), MSl deletion (derived from a patient sample), and END-seq profile

(in WRN-depleted KM12 cells). The sequences around the breakpoints are
shownintheinset.b,Junctions associated with six different MSI deletions from
patients.Seqlrepresents the sequence from-50bp to left breakpoint and
Seq2represents the sequence fromright breakpoint to +50 bp. ¢, Enrichment
of simple repeats, broken and non-broken (TA),, and long interspersed nuclear
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element (LINE), shortinterspersed nuclear element (SINE) and long terminal
repeat (LTR) elements at patient deletion breakpoints relative to their overlap
withrandom deletion breakpoints of the same size (enrichment value=1).
B(TA),-B(TA),represents casesin which both breakpoints overlap with broken
(TA),repeats; B(TA),— represents cases in which only one breakpoint overlaps
withabroken (TA),repeat. B(TA),, broken TArepeat; NB(TA),, non-broken TA
repeat.
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Extended DataFig.10 | DNA breaks within DCCgenebody. a, Genome
browser screenshots within DCCgene displaying END-seq profiles as
normalized read density (RPM) for KM12-shWRN cells treated DMSO (NT),
doxycycline (shWRN) for 72 h, or MUS81-EMELl insitu. b, Zoom-in view of region
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including exons 6 and 7 of DCCgene, containing two (TA),,repeats displaying
END-seq peaks. The highlighted sequences below were extracted fromlong
read sequencing readsin KM12 cells. The (TA),,repeatinintron7iswhere
Vogelstein and colleagues previously detected aninsertion.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for collection of genomic sequencing data. The data was demultiplexed using blc2fastq software from Illumina.

Data analysis Data analysis was done publicly available software packages: bowtie2, bedtools v2.29.2, samtools v1.10, ucsc tools, macs v1.4.3, R v3.6.3.
Genome alignment files were viewed using UCSC and IGV Genome Browser.
Expansion detected was performed using ExpansionHunter v3.2.2 and exSTRa v0.89.0.
Flow cytometry data were analyzed using FlowJo v10 software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

END-seq, ChIP-seq, WGS and Pachio CLR data have been deposited in the Gene Expression Omnibus (GEO) database under the accession number GSE149709.
Source data are provided with this paper for Figures 1d-e, 2a-b, 2e, 3c, 4b, 4d-e and Extended Data Figures 1b, 2b-f, 2h, 4f, 4g-h, 5b, 6d, 7a, 7c, 7f-g, 8a-f, 8h.
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Life sciences study design
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Sample size No sample size calculation was performed. The differential responses to WRN depletion between two MSI and two MSS cell lines were highly
significant, indicating sample size was sufficient.
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Data exclusions  No data were excluded from analyses.

Replication Experiments described in the manuscript were performed at least twice. RPA ChIP-seq was performed once, as it was used to validate END-
seq results.

Randomization  Cell lines were allocated based on MSS/MSI status.

Blinding Blinding was not feasible in this study. Knowledge of cell line identity was required due to different culture conditions, and differences in
morphology and response to WRN depletion were highly telling.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[X] Antibodies [ 1IIX chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms

X
L]
L]
L]

Human research participants

XXXNXOOS

[] clinical data

Antibodies

Antibodies used anti-WRN (Novus Biologicals, NB100-472, 1:5000)
anti-tubulin (Merck, T5168, 1:5,000)
anti-MLH1 (Cell Signaling Technology, 3515, 1:1000)
anti-MSH2 (Abcam, ab52266, 1:1000)
anti-GAPDH (Cell Signaling Technology, 5174, 1:5000)
Goat anti-Rabbit IRDye 800CW (LI-COR, 926-32211, 1:5000)
Goat anti-Mouse IRDye 800CW (LI-COR, 926-32210, 1:5000)
Goat anti-Mouse IRDye 680RD (LI-COR, 926-68070, 1:5000)
anti-phospho KAP-1 (5824) (Bethyl, A700-013, 1:200)
Goat anti-Rabbit Alexa Fluor 647 (ThermoFisher, A27040, 1:5000)
anti-RPA32/RPA2 (Abcam, ab10359)

Validation Antibodies were purchased from reputable manufacturers, and selected in part based on usage in peer-reviewed publications:
anti-WRN was previously validated for Western blotting in the human inducible WRN knockdown KM12 cell line used for this
manuscript and our previous publication:

Chan, E. M. et al. WRN helicase is a synthetic lethal target in microsatellite unstable cancers. Nature 568, 551-556, doi:10.1038/
s41586-019-1102-x (2019).
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anti-pKAP1 was validated for Western blotting and flow cytometry using human KM12 and HCT116 cells treated with etoposide,
as well as our previous publication:

Santos MA, Faryabi RB, Ergen AV, et al. DNA-damage-induced differentiation of leukaemic cells as an anti-cancer barrier. Nature.
2014;514(7520):107-111.




Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

ChlIP-seq

OVK18, SW837, KM12, SW48, and LS180 were collected by the CCLE prior to distribution. The sources of the aforementioned
cell lines can be found at depmap.org and are as follows. SW837, SW48, and LS180 were originally obtained from the
American Type Culture Collection (ATCC). KM12 was originally obtained from an academic lab and can be obtained as part of
the NCI-60 cell lines. OVK18 was originally obtained from the RIKEN Cell Bank.

HCT116 was a gift from Drs. Richard Boland, Ajay Goel and Minoru Koi. Cell line was originally obtained from the American
Type Culture Collection (ATCC).

Human primary stomach epithelial cells (HSEC) were obtained from Cell Biologics (H-6039).

All cell lines were fingerprinted by SNP arrays except, except for HCT116 cell line. KM12 and HCT116 cell lines were
authenticated by whole-genome sequencing.

Cell lines were tested negative for mycoplasma.

No commonly misidentified cell lines were used in this study.

Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
May remain private before publication.

Files in database submission

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Flow Cytometry

Accessions number will be provided prior to publication

Raw fastq files, aligned bigWig files, list of peaks file

No longer applicable.

No replicates were performed this experiment.

75bp single ended reads are sequenced
A total of 28636625 reads are aligned to the reference genome

anti-RPA32/RPA2 (Abcam, ab10359)

Peaks were called for single end sequencing experiments using MACS 1.4.341 using the parameters -p 1e-5 --nolambda --
nomodel --keep-dup = all (keep all redundant reads). For each case the experimental sample was doxycycline (shWRN)
treated sample compared with DMSO (NT) sample as control. The output of the peak calling was filtered by a 20-fold
enrichment over background and a minimum size of 1kb. The resulting regions were merged using bedtools 42 merge -d
1000 function to define the list of regions.

Fastgc was used to assess data quality. All END-seq and ChiIP-seq peaks used for analysis were >20-fold enriched over
control libraries.

The data was aligned using bowtie2, visualized on UCSC genome browser. Peak calling was done using MACS. Analysis were
done using bedtools.

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

KM12-shWRN cells were plated at 2e5 to 5e5 cells/well in 6-well plates depending on treatments. Cells were treated with siRNA-
lipofectamine and/or doxycyline (1ug/mL) for 72hrs. EdU (10uM) was added to cell culture medium for the final 30 minutes,
before cells were washed with PBS and harvested by trypsinization.

Cells were centrifuged at 500xg for 5 minutes, washed once with PBS, and subsequently fixated in 100uL 4% PFA for 30 minutes.
After fixation cells were pelleted, washed with PBS, and permeabized using saponin-based reagent (Click-IT EdU Alexa Fluor 488
Flow Cytometry Assay Kit (ThermoFisher)).

Cells were subsequently washed in PBS+2%FBS, and stained with anti-pKAP1 (1:200) for 1 hour. Cells were washed in saponin-
reagent, and incubated with goat anti-rabbit alexa fluor 647 antibody for 30 minutes. Cells were again washed in saponin-
reagent and incubated in EdU-Click It mix for 30 minutes as per manufacturer's instructions Click-IT EdU Alexa Fluor 488 Flow
Cytometry Assay Kit (ThermoFisher).

Finally, cells were washed with PBS+2%FBS, resuspended in PBS+DAPI (500ng/mL) and left in the dark at RT for at least 15
minutes before running samples on flow cytometer.

BD FACSCanto Il
FlowJo v10
50.000 cells were measured per sample.

Cell debris and dead cells were excluded based on forward scatter area (FCS-A) and side scatter area (SSC-A), cell doublets were
excluded based on forward scatter area (FCS-A) and forward scatter heigth (FCS-H).

Cell cycle analysis was performed based on EdAU-AF488 and DAPI (DNA content) signal; EdU-488 positive cells were identified as
S-phase. EdU-AF488 cells were identified as either G1 (low DAPI signal) or G2/M (high DAPI signal).

Gating for pKAP1 positive vs negative cells was based on cells stained only with secondary antibody.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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	Repeat expansions confer WRN dependence in microsatellite-unstable cancers

	WRN loss causes DSBs and end-resection in MSI cells

	DNA breaks accumulate around (TA)n repeats

	MUS81 shatters chromosomes in WRN-minus MSI cells

	MSI genomes are cleaved by recombinant MUS81–EME1

	(TA)n repeats are prone to replication fork stalling

	(TA)n repeats inhibit DNA synthesis in vitro

	MSI cells accumulate large (TA)n repeat expansions

	(TA)n repeat length and purity contribute to breakage

	Expandable repeats and genome stability

	Online content

	Fig. 1 WRN depletion in MSI cells induces recurrent DSBs at (TA)n dinucleotide repeats.
	Fig. 2 TA breaks are dependent on structure-specific endonucleases MUS81–EME1 and SLX4.
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	Fig. 4 (TA)n repeats undergo large-scale expansion in MSI cell lines.
	Extended Data Fig. 1 WRN depletion induces DNA damage in different MSI cell lines.
	Extended Data Fig. 2 WRN depletion induces recurrent and overlapping DSBs in MSI cells.
	Extended Data Fig. 3 WRN depletion induces DNA breakage in common fragile sites and palindromic TA-rich repeats in MSI cells.
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	Extended Data Fig. 5 Structure-forming repeats in MSI cells activate ATR.
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