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Abstract

The Werner Syndrome helicase, WRN, is a promising therapeutic
target in cancers with microsatellite instability (MSI). Long-term
MSI leads to the expansion of TA nucleotide repeats proposed to
form cruciform DNA structures, which in turn cause DNA breaks
and cell lethality upon WRN downregulation. Here we employed
biochemical assays to show that WRN helicase can efficiently and
directly unfold cruciform structures, thereby preventing their
cleavage by the SLX1-SLX4 structure-specific endonuclease. TA
repeats are particularly prone to form cruciform structures,
explaining why these DNA sequences are preferentially broken in
MSI cells upon WRN downregulation. We further demonstrate that
the activity of the DNA mismatch repair (MMR) complexes MutSa
(MSH2-MSH6), MutSp (MSH2-MSH3), and MutLe (MLH1-PMS2) sim-
ilarly decreases the level of DNA cruciforms, although the mecha-
nism is different from that employed by WRN. When combined,
WRN and MutLa exhibited higher than additive effects in in vitro
cruciform processing, suggesting that WRN and the MMR proteins
may cooperate. Our data explain how WRN and MMR defects
cause genome instability in MSI cells with expanded TA repeats,
and provide a mechanistic basis for their recently discovered
synthetic-lethal interaction with promising applications in preci-
sion cancer therapy.
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Introduction

Exploiting synthetic lethality represents a promising strategy in pre-
cision cancer therapy. A defect in one cellular pathway can make
the respective cancer cells dependent on a second compensatory
pathway for survival. Inhibition of the second pathway thus selec-
tively kills the cancer cells, while having little or no effects on the
surrounding healthy tissue (O’Neil et al, 2017). The first example of
such an approach targeting DNA repair factors applied in cancer
therapy is the treatment of selected breast, ovarian or endometrial
cancers defective in homologous recombination (HR) with poly
(ADP ribose) polymerase (PARP) inhibitors. These drugs trap PARP
at sites of single-stranded DNA breaks (SSBs), leading to replication-
associated double-stranded DNA breaks (DSBs), which require
homologous recombination for repair and cellular survival. Recom-
bination deficiency thus represents a specific vulnerability of the
cancer cells (Lord & Ashworth, 2017).

More recently, the Werner helicase (WRN) was found as a poten-
tial target in cancers exhibiting microsatellite instability (MSI)
(Behan et al, 2019; Chan et al, 2019; Kategaya et al, 2019; Lieb et al,
2019). These cancers include both hereditary (Lynch syndrome) or
sporadic cancers of the colorectum, stomach, ovary, and endome-
trium (Martinez-Roca et al, 2022). MSI is defined as a small alter-
ation in the number of short repetitive sequences, most commonly
mononucleotide repeats. MSI arises from defects in postreplicative
mismatch repair (MMR), and only becomes detectable after multiple
cellular divisions (Boland & Goel, 2010; Pecina-Slaus et al, 2020;
Olave & Graham, 2021; Randrian et al, 2021). DNA polymerases
replicating repetitive sequences are prone to slippage, leading to
extrahelical loops in the replicated DNA. In healthy cells, loops that
escaped the polymerase proofreading activity are normally identi-
fied and repaired by MMR. Depending on the size of the irregularity
arising during DNA replication, the structures are either identified
by the MMR recognition complex MutSa, a heterodimer consisting
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of MSH2 and MSHG6, acting on mismatches and short loops, or
MutSB, a heterodimer of MSH2 and MSH3 that recognizes larger
loops. Downstream of recognition, the MMR reaction involves the
MutLa (MLH1-PMS2) endonuclease, as well as exonuclease, DNA
synthesis (polymerase), and ligation steps (Jiricny, 2006; Kunkel &
Erie, 2015; Fishel, 2021).

The discovery of WRN dependency in MSI cells was an unex-
pected and seminal observation (Behan et al, 2019; Chan et al,
2019; Kategaya et al, 2019; Lieb et al, 2019). Werner is a helicase
that belongs to the conserved RecQ family that includes five mem-
bers in human cells. WRN has multiple but relatively poorly under-
stood functions in DNA replication and repair, including
homologous recombination and base excision repair pathways, as
well as telomere protection (Ahn et al, 2004; Saydam et al, 2007,
Sturzenegger et al, 2014; Aiello et al, 2019; Datta et al, 2021).
Defects in WRN cause Werner’s syndrome, characterized by acceler-
ated aging and cancer predisposition (Oshima et al, 2017). However,
WRN is not an essential protein, and the median survival of
Werner’s syndrome patients is 40-50 years. Therefore, short-term
WRN inhibition as a cancer therapy approach may not have a major
impact on non-cancerous surrounding cells, minimizing side effects.
WRN inhibition may be particularly applicable to treat MSI tumors
refractory to established therapies (Picco et al, 2021).

The synthetic lethality was not observed upon acute depletion of
MMR factors and WRN in heathy cells (Chan et al, 2019; Lieb et al,
2019). WRN dependency was only found in MSI cancer cells, leading
to a hypothesis that a prolonged MMR defect leads to a genomic scar,
which triggers WRN dependency (Chan et al, 2019; Lieb et al, 2019).
Subsequent sequencing data from the Nussenzweig laboratory
revealed that the DNA breaks arising in MSI cells upon WRN deple-
tion are almost exclusively localized to sites of extended TA repeats,
shedding light on the likely identity of the genomic scar (van Wiet-
marschen et al, 2020, 2021). It was proposed that MMR deficiency
leads to an expansion of TA repeats at multiple loci in genomic DNA.
What makes specifically TA repeats unique in this context remains
unclear. The observation was unexpected on yet another level: MSI
caused by MMR deficiency typically leads to an alteration of
mononucleotide repeats, usually shortening by a few repeat units,
and not a major expansion (Hoang et al, 1997; Pecina-Slaus et al,
2020; Olave & Graham, 2021; Randrian et al, 2021). A subset of
MMR proteins was instead found to act pathologically in the expan-
sion of trinucleotide repeats, underlying syndromes such as Fragile X
or Huntington’s disease (Schmidt & Pearson, 2016; Iyer & Pluciennik,
2021; Neil et al, 2021). However, in that case, the presence of MMR
factors leads to the expansion of the trinucleotide repeats, and not
their absence, as in the case of TA repeat expansion (Miller et al,
2020; Richard, 2021). The mechanism underlying the expansion of
TA repeats in MSI cells (in the absence of MMR) is thus not known.

TA repeats are thought to fold into cruciform structures, which
may stall replication forks (Kaushal et al, 2019). Stalled replication
forks activate the ATR kinase that recruits WRN (Ammazzalorso
et al, 2010), which may unwind the cruciforms (van Wietmarschen
et al, 2020). In the absence of WRN or the phosphorylation cascade
leading to its recruitment, the cruciform structures persist. These
cruciform structures resemble Holliday junctions at their base,
which are substrates for the SLX4-associated structure-specific
nucleases MUS81-EME1 and SLX1 (van Wietmarschen et al, 2020;
Giaccherini & Gaillard, 2021). Accordingly they were shown to
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trigger aberrant DNA breakage dependent on MUS81 and SLX4
(Franchitto et al, 2008; van Wietmarschen et al, 2020). Although
acute depletion of MMR and WRN was not reported to trigger lethal-
ity in cells without expanded TA repeats, a partial rescue of lethality
was observed upon restoration of the missing MMR complexes in
MSI cells in two independent studies (Chan et al, 2019; Lieb et al,
2019). These data are not explained by the current model and sug-
gest that MMR proteins may also have an undefined direct protec-
tive function against the negative consequences of cruciform
structures, beyond preventing the expansion of the TA repeats.

Here we used biochemical assays that allow us to monitor the
stability of cruciform DNA and its processing by recombinant pro-
teins in vitro. We found that TA repeats are particularly prone to
form cruciforms, likely explaining why these sequences are prefer-
entially broken in MSI cells upon WRN inhibition. We show that
WRN, using its helicase function, can unfold cruciform structures
leading to the formation of double-stranded DNA, demonstrating
that WRN is likely to have a direct role in the processing of these
structures (van Wietmarschen et al, 2020). We further present that
the MMR complexes, primarily MutSe (MSH2-MSH6), MutSB
(MSH2-MSH3) and MutLa (MLH1-PMS2) similarly reduce the levels
of cruciform structures in DNA. The underlying mechanism is differ-
ent than that employed by WRN. MutSo. and MutSB may stabilize
DNA in its double-stranded form, exploiting dynamic structural
transitions of the cruciform DNA. Furthermore, the WRN and MutLa
(MLH1-PMS2) act synergistically in cruciform unfolding, possibly
supported by physical interactions identified previously (Saydam
et al, 2007). The latter results may explain the partial rescue of
lethality observed in MSI cells upon reintroduction of the missing
MMR components (Chan et al, 2019; Lieb et al, 2019). Together, our
data provide insights into the mechanisms underlying synthetic
lethality in MSI cells upon WRN inhibition.

Results
WRN helicase unfolds cruciform DNA

To study a potential function of WRN in cruciform DNA unfolding,
we employed a pUC19-derived substrate with inverted repeats of a
random sequence bearing an EcoRI restriction site in between the
repeats (Fig 1A). Upon DNA extrusion in negatively supercoiled
plasmid (scDNA), the six nucleotides constituting the restriction site
will be placed at the apex of the cruciform as a ssDNA hairpin,
becoming uncleavable by EcoRI. The presence of the cruciform at
the expected location was verified by DNA cleavage with T7
Endonuclease I, a Holliday junction resolvase, followed up by
cutting with Sspl (Fig EV1A). Therefore, with a simple restriction
digest, we can monitor the proportion of the DNA molecules con-
taining the cruciform (Fig 1B, bottom DNA band, scDNA refractory
to EcoRI cutting, labeled as “Cruciform”) or not containing the
cruciform structure (top DNA band, linearized by EcoRI, labeled as
“No cruciform”).

Using purified recombinant WRN (Fig 1C), we observed that
WRN unfolded the cruciform structure in a concentration-dependent
manner (Fig 1D). The WRN function in cruciform DNA unfolding
required ATP hydrolysis and was dependent on the integrity of its
ATPase site, while it did not involve WRN nuclease function (Fig 1E),

© 2022 The Authors
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Figure 1. WRN helicase unfolds cruciform DNA.

A A schematic representation of the cruciform detection assay.
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B Representative cruciform detection assay. Supercoiled DNA (cruciform) and linear DNA (no cruciform) were resolved on a 1% agarose gel, stained with GelRed. The %

of cruciform-containing molecules are expressed as averages; n = 3.

C Representative polyacrylamide gel showing purification of recombinant WRN. The gel was stained with Coomassie Brilliant blue.

D Cruciform unfolding assay with increasing WRN concentrations and cruciform consisting of random inverted repeats (random-IR). Top, quantitation of cruciform
unfolding. The amount of linear DNA from the “No protein” lane was subtracted from all other samples. Averages shown; n = 3 technical replicates; error bars, SEM.

E Cruciform unfolding assays as in (D) with WRN, WRN-K577M, and WRN-E84A (all used at 10 nM), carried out either in the presence or absence of ATP, or with ATP-

YS. Averages shown; n > 3 technical replicates; error bars, SEM.

oM

Electrophoretic mobility shift assays with WRN and WRN-K577M, using pUC19 with the random-IR cruciform structure as a substrate.
Representative cruciform unfolding assays with increasing concentrations of WRN, together with human RPA (hRPA, 30 nM), yeast S. cerevisiae RPA (yRPA, 30 nM), or

human mitochondrial SSB (hmtSSB, 50 nM). pUC19 with the random-IR cruciform structure was used as a substrate.
H Quantitation of assays such as in (G). The amount of linear DNA from the “No protein” lane was subtracted from all other samples. Averages shown; n > 3 technical

replicates; error bars, SEM.

in agreement with cellular data (Chan et al, 2019; Lieb et al, 2019). We
noted that both wild type and helicase-dead WRN bound DNA simi-
larly (Fig 1F), arguing that the accessibility of DNA to EcoRI is not due
to binding-induced change in local DNA topology, as this would be
common to both WRN variants. Likewise, we did not observe any
nuclease activity upon incubation with either of the WRN variants
(Fig EV1B), which rules out the hypothesis that the cruciform is

© 2022 The Authors

indirectly destabilized by DNA relaxation, as the cruciform structures
require negative supercoiling to be formed and maintained (Panay-
otatos & Wells, 1981; Mizuuchi et al, 1982; Lilley, 1983).

The cruciform unfolding by WRN was moderately stimulated not
only by human replication protein A (RPA) but also by the non-
cognate yeast S. cerevisize RPA or human mitochondrial SSB
(Fig 1G and H), suggesting that cruciform processing by WRN
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involves a single-stranded DNA (ssDNA) intermediate that is stabi-
lized by the ssDNA-binding proteins, without requirement for a
physical interaction with WRN. Together, our experiments establish
that the WRN helicase is directly capable of unfolding cruciform
structures using its ATP hydrolysis-driven motor activity.

WRN unfolding of cruciforms prevents DNA cleavage by the
SLX1-SLX4CCD complex

In MSI cells, the absence of WRN leads to MUS81 and SLX4-
dependent DNA breaks (van Wietmarschen et al, 2020). These data
support a model where cruciform structures that escape the attention
of WRN are cleaved by MUS81 in an unscheduled manner, leading to
DNA breaks and consequent cellular lethality. In our reconstituted
system, we observed that the cruciform DNA was highly susceptible
to cleavage by the SLX1-SLX4CCD complex (containing just the SLX1-
binding C-terminal domain of SLX4), as expected (Fekairi et al, 2009).
Upon incubation with WRN, DNA cleavage by SLX1-SLX4CCD at the
site of the cruciform was strongly reduced (Fig 2A and B), in agree-
ment with the model in which WRN activity removes the substrate for
cleavage by the structure specific nucleases. We observed that WRN
reduced DNA cleavage also in conjunction with the non-cognate T7
Endonuclease I (Fig EV2), suggesting that physical interaction
between WRN and the nuclease is not essential for the DNA cleavage
inhibition. These results show that WRN activity directly prevents
DNA cleavage by the resolvase complex at DNA cruciform sites by
unfolding cruciform DNA, underpinning a mechanism by which WRN
prevents DNA fragmentation and lethality of MSI cells.

AT repeats enhance cruciform DNA formation

Cellular experiments demonstrated that DNA breaks in MSI and
WRN-deficient cells preferentially occur at sites of extended TA
repeats (van Wietmarschen et al, 2020). It was not clarified whether
this observation reflects a preferential activity of WRN at TA

A
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cruciforms. Our initial reconstitution experiments were performed
with a cruciform structure based on an inverted repeat of a synthetic
origin consisting of a random DNA sequence (56% G/C content)
(Figs 1 and 2). We next prepared DNA with TA repeats of the same
length, which similarly included an EcoRI site in the center of the
repeats (Fig 3A). The cruciform extrusion of the TA-based substrate
was confirmed by cutting the 4-way junction at the base of the cruci-
form with T7 Endonuclease I, followed by Sspl digestion, which
yielded DNA fragments of the expected lengths (Fig 3B). We observed
that supercoiled DNA was instead highly refractory to EcoRI cleavage
due to the presence of the cruciform structure. However, upon incu-
bation with both Sspl and EcoRI, the EcoRI site became accessible
(Fig 3B), in agreement with previous reports demonstrating that neg-
ative supercoiling is required for cruciform stability (Panayotatos &
Wells, 1981; Mizuuchi et al, 1982; Lilley, 1983).

Next, we directly compared cruciform DNA formation with the
random inverted repeat sequence. DNA with TA repeats was much
more likely to adopt the cruciform conformation, even without
employing an extrusion protocol (see Material and Methods;
Fig 3C). Strikingly, the apparent activity of WRN on TA-rich cruci-
form DNA was notably reduced (Fig 3D), although it is possible that
WRN could still be highly active also on this structure, but due to a
strong negative supercoiling the resulting dsDNA segment reverts
immediately back to the cruciform conformation. We hypothesize
that the preferential DNA cleavage at TA sites in MSI and WRN-
deficient cells might be due to the favored formation of cruciform
DNA at these sites. Due to the low melting temperature of (TA),
sequences, cruciform DNA structures may form efficiently even in
the weakly negatively supercoiled chromosomal DNA.

Cruciform DNA unfolding is not a shared activity of RecQ
family helicases

We next compared the cruciform unfolding capacity of WRN with
that of Bloom (BLM), a related human RecQ family helicase, as

B

N
o

[
o

SLX1-SLX4CCD
-cleaved cruciform (%)
s 8

o

SLX1-SLX4CCD 0 2 10 50
-cleaved cruciform WRN (nM)

Lane

Figure 2. WRN unfolding of cruciforms prevents DNA cleavage by the SLX1-SLX4CCD nuclease.

A Representative assays with cruciform DNA (consisting of random-IR) either without or with WRN incubation prior to cruciform detection by SLX1-SLX4CCD. The Scal
restriction site is 931 bp away from the cruciform site cleaved by SLX1-SLX4CCD. Combined activity of Scal and SMX results in 931 and 1,795 bp bands indicated by
the green arrows. The intensity of these bands decreases upon WRN incubation, resulting predominantly in linear DNA cut by Scal, suggesting that WRN removes the
substrate for SLX1-SLX4CCD. The catalytic dead version of SLX1-SLX4CCD (SLX1°P-SLX4CCD), where SLX1 carries an R41A mutations in its nuclease domain, has no

activity on the cruciform DNA.

B Quantitation of assays such as in (A). Averages shown; n = 3 technical replicates; error bars, SEM.
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Figure 3. TA repeats enhance cruciform DNA formation.

A Comparison of cruciform substrates based on random inverted repeats (left) and TA repeats (right). Top, a schematic cartoon; Bottom, DNA sequence.

B Mapping of TA repeats cruciform structure. T7 Endonuclease | activity, followed by Sspl, cleaves the cruciform within negatively supercoiled DNA, producing two
bands of the expected size (607 and 2,119 bp, indicated by the green arrows, lane 2). Simultaneous incubation of the substrate with Sspl and EcoRI allows EcoRI
cutting at the TA repeats sequence (lane 5), while the extruded cruciform is refractory to EcoRI digestion (lane 4, the * indicates scDNA).

C Representative cruciform detection assays. Plasmid DNA was subjected to Cruciform extrusion procedure, where indicated. Supercoiled DNA (cruciform, refractory to
EcoRl) and linear DNA (no cruciform, cleaved by EcoRI) were resolved on a 1% agarose gel, stained with GelRed. Top, quantitation of extruded cruciform in % with
respect to the amount of total DNA that is present in the lane. Averages shown; n = 4 technical replicates; error bars, SEM.

D Representative cruciform unfolding assays with increasing WRN concentrations, using puC19 with either random inverted repeats or TA repeats as a substrate. Top,
quantitation of cruciform unfolding. The amount of linear DNA from the “No protein” lane was subtracted from all other samples. Averages shown; n = 3 technical

replicates; error bars, SEM.

well as S. cerevisiae Sgs1 helicase from the same family (Fig 4A).
Interestingly, in our minimal reconstituted system, BLM showed a
cruciform unfolding capacity comparable to WRN, while Sgs1 was
largely deficient (Fig 4B and C). Sgsl and WRN did not notably
differ in their DNA-binding activities, and both proteins showed a
moderate preference for binding cruciform DNA as opposed to lin-
ear plasmid DNA (Fig EV3A). Sgsl is one of the most active heli-
cases characterized to date (Cejka & Kowalczykowski, 2010).
Under our conditions, Sgs1 showed a comparable activity to WRN
in the unwinding of oligonucleotide-based Holliday junctions
(Fig EV3B and C), and notably higher activity in the unwinding of
plasmid-length dsDNA (Figs EV3D and 4D). Because Sgsl is inca-
pable to act on cruciform DNA, a vigorous helicase activity of a
RecQ family helicase member does not correspond to cruciform
unfolding activity, demonstrating a certain level of specificity for
the WRN activity.

Our in vitro experiments revealed that in the minimal reconsti-
tuted system BLM had a cruciform unfolding activity similar to
that of WRN. These results were unexpected because BLM is not
required for survival of MSI cells (Chan et al, 2019; Lieb et al,
2019). The WRN function in cruciform unfolding is dependent on

© 2022 The Authors

its recruitment to challenged replication forks, which may stall as
they approach the cruciform structure (van Wietmarschen et al,
2020). WRN recruitment and nuclear foci formation require phos-
phorylation of its C-terminal S/TQ sites by the ATR kinase
(Ammazzalorso et al, 2010). A phosphorylation-deficient WRN-3A
mutant fails to be recruited to forks and correspondingly does not
support viability in MSI cells (van Wietmarschen et al, 2020). We
have expressed and purified WRN-3A (Fig 4E) and observed that
its cruciform unfolding activity in vitro was indistinguishable from
that of the wild-type protein (Fig 4F and G). To function in cruci-
form unfolding in vivo, WRN recruitment to stalled forks is essen-
tial (van Wietmarschen et al, 2020). In the minimal reconstituted
system, the need for recruitment is not a limiting step, which
likely explains why BLM and WRN-3A can unfold cruciforms
in vitro, while being unable to do so in vivo. We conclude that the
DNA unwinding activity of a RecQ family helicase does not
directly correspond to its capacity to unfold cruciform DNA; how-
ever, cruciform unfolding in vitro is not a unique capacity of the
WRN helicase. ATR phosphorylation-dependent recruitment likely
guarantees that WRN activity takes place specifically at sites of
stalled replication forks.

The EMBO journal 42: 111998 (2023 5 of 16
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Figure 4. Cruciform DNA unfolding is not a shared activity of RecQ family helicases.

Recombinant BLM and S. cerevisiae Sgs1 used in this study. The gel was stained with Coomassie Brilliant blue.

Quantitation of assays such as (B). Averages shown; n > 3 technical replicates; error bars, SEM.

Representative cruciform unfolding assay with increasing concentrations of WRN, BLM, and Sgs1. Cruciform DNA consisting of random inverted repeats was used.
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WRN helicase core and RQC domains are responsible for
cruciform DNA unfolding

The RecQ helicase family members typically contain a conserved
helicase core domain responsible for ATP hydrolysis, as well as
RQC and HRDC domains (Chu & Hickson, 2009). The RQC domain
is involved in the binding to branched DNA at the terminus of
duplex DNA, and hence it is very important for DNA unwinding
(Kitano et al, 2010). The function of the HRDC domain is less clear
and was proposed to mediate protein—protein interactions (Kitano,
2014). To define which WRN domains are responsible for cruci-
form DNA unfolding, we prepared WRN truncations (Fig 5A and
B), and compared unwinding of HJs and cruciform unfolding activ-
ities by these variants with the full-length WRN protein (Figs 5C-E
and EV4). We observed that WRN variant lacking the N-terminus
(exonuclease domain) and the C-terminus (HRDC domain), but
containing RQC was even more proficient in DNA unwinding com-
pared to full-length WRN, in agreement with previous reports
(Harrigan et al, 2003). This WRN variant was correspondingly
more efficient in cruciform DNA unfolding, indicating that the
respective N- and C-terminal domains are not involved in the
metabolism of the cruciform structures. In contrast, the WRN core
helicase domain lacking also the RQC domain was nearly deficient
in unwinding of Holliday junctions, but still retained residual
activity in cruciform DNA unfolding (Figs 5C-E and EV4). Our

6 of 16 The EMBO Journal ~ 42: €111998 | 2023

Quantitation of DNA unwinding from experiments such shown in (EV4D). Averages and individual data points shown; n = 2 technical replicates.

Recombinant WRN-3A (S991A T1152A S1256A) used in this study. The gel was stained with Coomassie Brilliant blue.

Representative cruciform unfolding assays with increasing concentrations of WRN and WRN-3A. Cruciform DNA consisting of random inverted repeats was used.
Quantitation of assays such as in (F). Averages shown; n = 3 technical replicates; error bars, SEM.

data indicating that the WRN RQC domain is more important for
HJ unwinding compared to cruciform unfolding was unexpected,
but in agreement with the results indicating that HJ unwinding
activity does not correspond to cruciform unfolding, as is the case
of Sgsl (Figs 4B-D and EV3B-D). We conclude that the essential
elements required for cruciform unfolding by WRN are dependent
on its helicase core domain, and this activity is further stimulated
by the RQC domain.

MutSa, MutSg, and to a lesser degree MutLae MMR complexes
unfold cruciform structures

Microsatellite instability over extended time periods was proposed
to result in a genomic scar, represented by the expansion of TA
repeats forming cruciform structures, which require WRN activity
to prevent DSB formation (Chan et al, 2019). However, it was also
reported that restoration of the respective missing MMR complex
in MSI cells leads to a modest rescue of lethality induced by WRN
knockdown (Chan et al, 2019; Lieb et al, 2019). The observed
acute rescue effect cannot be explained by the genomic scar
hypothesis because short-term restoration of the MMR complexes
would not affect the presence of the expanded TA repeats in the
genomic DNA. However, the mechanism underlying the partial res-
cue effect was not clear. We thus aimed to test whether MMR
complexes may also have a direct role in cruciform unfolding. To

© 2022 The Authors
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Figure 5. WRN helicase core and RQC domains are responsible for cruciform DNA unfolding.

A Primary structure of WRN. Full-length and truncation WRN variants are shown.

Cruciform unfolding assays with increasing concentrations of WRN variants.
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this point, we tested all three human MutS homolog complexes,
including MutSe. (MSH2-MSH6), MutSp (MSH2-MSH3), and MutSy
(MSH4-MSH5) as well as the three MutL homolog complexes
MutLo (MLH1-PMS2), MutLp (MLH1-PMS1), and MutLy (MLHI-
MLH3) (Fig 6A and B).

Strikingly, we observed that the activity of MutSo, MutSp, and
to a much lesser degree MutLa and MutLy led to the reduction of
cruciform DNA observed in our assays (Fig 6C and D). The results
were unexpected, because particularly MutSa and MutLa have not
been implicated in the metabolism of cruciforms, at least prior to
the seminal papers that described the synthetic lethality of WRN in
MSI cells (Behan et al, 2019; Chan et al, 2019; Kategaya et al, 2019;
Lieb et al, 2019; van Wietmarschen et al, 2020). In contrast, MutSy
and MutLy complexes are involved in meiotic recombination and
were found to bind Holliday junctions (Snowden et al, 2004; Ranjha
et al, 2014), but these heterodimers showed only a minimal activity
in cruciform DNA unfolding (Figs 6D and EV5A). MutLf, a complex
with the least understood function, did not show any activity
(Fig 6C and D). We noted that none of the complexes nicked DNA
under our conditions with magnesium (Fig EV5B), and the heterodi-
mers at the concentration used (< 100 nM) did not affect the topol-
ogy of plasmid DNA through DNA binding (Fig EV5C). Therefore,
the apparent cruciform unfolding activity of the MutS and MutL
homolog complexes cannot be explained by contaminating nuclease
activities leading to DNA relaxation or DNA binding-dependent

© 2022 The Authors

Recombinant full-length and truncation WRN variants used in this study are shown. The gel was stained with Coomassie Brilliant blue.
Quantitation of DNA unwinding from assays such as shown in (EV5). Averages shown; n = 3 technical replicates; error bars, SEM.

Quantitation of assays such as shown in (D). Averages shown; n = 3 technical replicates; error bars, SEM.

changes in DNA topology. We also compared all MutS and MutL
heterodimers for binding to an oligonucleotide-based Holliday junc-
tion in the presence of a circular dsDNA competitor (Fig 6E). We
observed that MutSp was the most efficient, followed by MutLp and
meiotic MutLy complexes, generally in agreement with previous
reports (Snowden et al, 2004; Ranjha et al, 2014; Duroc et al, 2017;
Young et al, 2020). Using linear pUC19, or supercoiled pUC19 bear-
ing the AT cruciform, MutSp but not MutSa showed preference for
the cruciform DNA (Fig EV5D). We observed that the ability to
stably bind HJs does not correspond to the capacity of the MutS
and MutL homolog complexes to unfold cruciform structures
(Fig 6D and E).

Cruciform unfolding by the MMR complexes was independent of
ATP (Fig 6F) and was in contrast to WRN not stimulated by RPA
(Fig 6G), indicating that the reaction intermediates do not likely
involve extended ssDNA. Accordingly, MutSB or MutLo variants
impaired in ATP binding and hydrolysis retained their apparent abil-
ity to unfold cruciform structures (Fig 7A-F), showing that the
mechanism of cruciform unfolding by the MMR complexes is funda-
mentally different from the ATPase motor-driven reaction catalyzed
by WRN. Furthermore, mutation K255A in the MSH3 subunit of
MutSpB disrupts the capacity of MutSP to recognize and bind mis-
matched/looped DNA (Dufner et al, 2000), but does not affect the
binding of DNA with the cruciform structure (Fig 7A—C). The MutSp
MSH3-K255A mutant also retained its capacity to reduce the levels
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Red asterisk indicates the position of the radioactive label.

MutL homolog heterodimers used in this study: MutLa (MLH1-PMS2), MutLp (MLH1-PMS1), and MutLy (MLH1-MLH3).

MutS homolog heterodimers used in this study: MutSo. (MSH2-MSH6), MutSB (MSH2-MSH3), and MutSy (MSH4-MSH?5).

Cruciform unfolding assays with MutSB, MutSa, MutLa, and MutLB. Cruciform DNA based on random inverted repeats was used.

Quantitation of assays such as in (C) and (EV6A). Averages shown; n = 3 technical replicates; error bars, SEM.

Representative electrophoretic mobility shift assays with the MutS and MutL homolog heterodimers, using an oligonucleotide-based Holliday junction as a substrate.

F Representative cruciform unfolding assays with MutSp and MutSa, carried out without or with ATP, using the random-IR cruciform as a substrate. Top, quantitation

of cruciform unfolding. Averages shown; n = 3 technical replicates; error bars, SEM.

G Representative cruciform unfolding assays with MutSP and MutSa, carried out without or with hRPA, using the random-IR cruciform as a substrate. Top, quantitation

of cruciform unfolding. Averages shown; n = 3 technical replicates; error bars, SEM.

of cruciform DNA (Fig 7D), showing that apparent cruciform unfold-
ing and mismatch recognition are distinct and separable functions.
Holliday junctions including cruciform DNA are highly dynamic
structures (McKinney et al, 2005). We propose that MutSa and
MutSB might stabilize DNA in its double-stranded form, resulting
from spontaneous and dynamic structural transitions of the

8 of 16 The EMBO Journal ~ 42: €111998 | 2023

cruciform DNA, rather than melting the cruciforms per se (see Dis-
cussion). Our data support a model in which MutSa, MutSf, and
MutLa play a direct role, separable from their functions in MMR, in
the reduction of cruciform DNA structures, which may explain the
partial rescue of WRN dependency in MSI cells upon restoration of
MMR.

© 2022 The Authors

85U8017 SUOWWOD SAIER.D 3(dedl|dde ) Aq peusenob ae S9ie O ‘8Sn Jo Sajni Joj Akeid1T8UIIUQ A1/ UO (SUONIPUOD-PUR-SLLIBIWO A8 | I Ale.d 1 jBulU0//SdNY) SUONIPUOD pue SWe 1 84} 88S *[£202/TT/y2] Uo ARigiTauliuo A8|im ‘soueld aueiyood Aq 866TTTZZ0Z [qWe/z6zST 0T/10p/6.10'sseidoque” mmw//:sdiy wolj pepeojumod ‘€ ‘€202 ‘GL0Z09%T



Valentina Mengoli et al

The activities of WRN and MMR proteins synergize in the
unfolding of TA cruciforms

Previously, WRN was found to physically interact with MutSa,
MutSp, and MutLa (Saydam et al, 2007). MutSo. and MutS could
stimulate unwinding of mismatched DNA by WRN (Saydam et al,
2007). Our observations that the MMR complexes and WRN pro-
teins could reduce cruciform DNA structures prompted us to investi-
gate whether these factors could stimulate each other. To this point,
we employed the TA-based cruciform, a more physiological sub-
strate than the random sequence inverted repeat-based structure
used in the majority of our previous experiments. As noted above,
WRN had only a minimal activity on the TA cruciform (30 nM
WRN used, ~ 8% unfolding) (Fig 7G). Unexpectedly, the MMR com-
plexes MutSo. (MSH2-MSH6) and MutSf (MSH2-MSH3) had a com-
parably higher apparent activity than WRN (~30 and 11%,
respectively, with 10 nM protein concentration). When the MutSa
and MutSp proteins were combined with WRN, even higher unfold-
ing was observed, ~ 45 and 31% with MutSo and MutSp, respec-
tively, which is somewhat higher than what would be expected
from a simple additive effect. The greatest stimulation was observed
when WRN was combined with MutLa (30 nM MutLa used). Indi-
vidually, the proteins exhibited 8 and 14% unfolding, respectively,
but when combined, 35% of TA cruciform was rendered double
stranded and hence susceptible to EcoRI cleavage, showing a syner-
gistic effect (Fig 7G).

To investigate further the mechanism underlying the synergy
between MutLa and WRN in cruciform DNA unfolding, we used
either wild-type WRN or the ATPase-dead WRN-K577M mutant.
We observed on the TA repeats based cruciform that the DNA
unfolding activity of WRN per se was dependent on the integrity of
its ATPase site, as WRN-K577M alone showed no activity (Fig 7H).
Interestingly, however, WRN-K577M could still promote the reac-
tion when used in conjunction with MutLa, underlying a further
structural role of WRN in cruciform unfolding, when acting
together with MutLa (Fig 7H). These experiments collectively
demonstrate that the MMR complexes MutSa, MutSB, and MutLa
can reduce the levels of cruciform DNA structures, and may further
cooperate with WRN to do so. By employing different mechanisms
to unfold these structures, the combined activities of the ensemble
are more than the sum of the individual activities. WRN and MMR

The EMBO Journal

proteins acting together in healthy cells may thus reduce the for-
mation of cruciforms in genomic DNA, diminishing the threats to
genome integrity.

Discussion

WRN was identified as a vulnerability in MSI cancers (Behan et al,
2019; Chan et al, 2019; Kategaya et al, 2019; Lieb et al, 2019). Upon
WRN depletion in a majority of MSI cells, DNA undergoes fragmen-
tation that maps to sites of extended TA repeats. According to the
current model (van Wietmarschen et al, 2020, 2021), TA repeats
undergo expansion in MMR-deficient MSI cells, through an
unknown mechanism. Expanded TA repeats then represent a
genomic scar, which predisposes cells for the dependency on WRN.
The extended TA repeats may fold into cruciform structures, which
stall DNA replication, leading to WRN phosphorylation and recruit-
ment at stalled replication forks. WRN was then proposed to
unwind these cruciform structures, preventing aberrant DNA frag-
mentation (Chan et al, 2019). However, whether WRN acts directly,
or as part of a larger complex, as well as the possible activities of
MMR proteins without or with WRN on cruciform structures
remained undefined.

Here we used biochemical assays to monitor the formation and
the stability of cruciform DNA, and its processing by recombinant
proteins recently implicated in their metabolism. We first observed
that a plasmid containing TA repeats with a length of 46 nucleotides
is much more likely to contain the cruciform structure than DNA
with inverted repeats of a random synthetic sequence of the same
length. The presence of the cruciform depends on the efficacy of
DNA extrusion, which is thought to be driven by negative supercoil-
ing, which in turn facilitates DNA melting, as well as on the stability
of the resulting structure (Panayotatos & Wells, 1981; Mizuuchi
et al, 1982; Lilley, 1983). TA-rich sequences exhibit low melting
temperature, thus promoting DNA melting and cruciform formation,
which appears to be the rate-limiting step in their formation. In
genomic DNA that is only weakly negatively supercoiled, sequences
with TA repeats may thus be preferentially prone to form the cruci-
form structures, potentially explaining why these repetitive
sequences are uniquely prone to fragmentation (van Wietmarschen
et al, 2020).

Figure 7. The activities of WRN and MMR proteins synergize in the unfolding of a TA cruciform.

A Representative polyacrylamide gel showing recombinant MutSp, MutSB-3K255A (MSH3 with mutation K255A, deficient in mismatch recognition), and MutSB-3K902A
(MSH3 with mutation K902A, ATPase-deficient). The gel was stained with Coomassie Brilliant blue.

B Electrophoretic mobility shift assay with MutSB, MutSB-3K255A, and MutSB-3K902A, using either dsDNA (50 bp) or dsDNA bearing one extrahelical T, as a substrate.
6% native acrylamide gel was used.

C Electrophoretic mobility shift assays with MutSP and MutSB-3K255A, using circular puC19 with the AT repeat cruciform structure, as a substrate. 0.8% native agarose
gel was used.

D Cruciform unfolding assays with MutSB, MutSB-3K255A, and MutSB-3K902A. Bottom, representative experiments; top, quantitation, averages shown; n = 3 technical
replicates; error bars, SEM.

E Representative polyacrylamide gel showing recombinant MutLo, MutLa-1E34A (MLH1 with mutation E34A, ATPase-deficient), and MutLa-2E41A (PMS2 with muta-
tion E41A, ATPase-deficient). The gel was stained with Coomassie Brilliant blue.

F Unfolding of TA cruciform by WRN, MutLa, and its ATPase-deficient variants. Bottom, representative experiments; top, quantitation; averages shown; n = 3 technical
replicates; error bars, SEM.

G Unfolding of TA cruciform by WRN and MMR proteins. Bottom, representative experiments; top, quantitation; averages shown; n = 4 technical replicates; error bars,
SEM.

H Unfolding of TA cruciform by MutLa and wild-type WRN or helicase dead WRN-K577M. Bottom, representative experiments; top, quantitation, averages shown; n = 4

© 2022 The Authors

technical replicates; error bars, SEM.
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We next found that WRN was directly and effectively capable to
unfold cruciform structures, depending on its helicase activity and
ATP hydrolysis. Sgs1, the most active helicase from the RecQ family
(Cejka & Kowalczykowski, 2010), was unexpectedly incapable to
unwind cruciforms. Therefore, a vigorous helicase activity does not
make the RecQ family helicase efficient in cruciform unfolding,
demonstrating a certain level of specificity. However, BLM, a related
human RecQ family helicase also unwound cruciforms in vitro, but
does not promote survival of MSI cells (Chan et al, 2019). The dis-
crepancy can be explained by the need for WRN recruitment to
stalled replication forks. In cells, WRN recruitment depends on the
phosphorylation of its C-terminus by the ATR kinase (Ammazza-
lorso et al, 2010). Phosphorylation-deficient WRN mutant fails to
localize to DNA damage at sites of stalled replication, and conse-
quently does not support the survival of MSI cells (van Wiet-
marschen et al, 2020). In the minimal reconstituted reactions,
however, the need for WRN recruitment is bypassed. WRN variants
that cannot be phosphorylated or completely lack the WRN C-
terminus, as well as the BLM helicase are able to support cruciform
unfolding in vitro. However, in cells, these proteins do not localize
to the sites of stalled replication and cannot function in cruciform
unfolding in vivo.

The dependency on WRN was only observed in MMR-deficient
MSI cells with expanded TA repeats (van Wietmarschen et al,
2020). However, restoration of MMR in MSI cells was reported to
partially rescue cell survival upon WRN depletion (Chan et al, 2019;
Lieb et al, 2019). Therefore, MMR deficiency could have additional
roles in the context of the synthetic lethality, beyond predisposing
cells to WRN dependency by allowing the expansion of TA repeats.
The partial rescue upon MMR restoration hints at an additional
function of MMR proteins to prevent TA repeat-dependent toxicity.
To this point, we found that MMR complexes including MutSa,
MutSp, and MutLa can also apparently unfold cruciform structures,
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with MutSa. and MutSp being the most and MutLa being the least
efficient, which may represent the additional function of MMR pro-
teins in governing the toxicity of the cruciform structures (Fig 8A).
Whereas cruciform unfolding by WRN was dependent on ATP and
was stimulated by RPA, the activity of the MMR complexes was
unaffected by either RPA or ATP, showing that the mechanisms of
processing are fundamentally different. We show that the capacity
of the MutSa, MutSf, and MutLa complexes to reduce the levels of
cruciform DNA is distinct and separable from their roles in MMR.
Holliday junctions including cruciform DNA are highly dynamic
structures that exist in various conformations (McKinney et al,
2005). In search for a mismatch, the MutSoe. and MutSf} complexes
adopt a “praying hands” structure, which forms a thermal diffusion-
driven sliding clamp that scans dsDNA, independently of ATP (Kim
et al, 2018). We propose that by tightly encircling dsDNA, the com-
plexes may exploit the dynamic structure of the cruciform to stabi-
lize DNA in its double-stranded form. Therefore, the MMR
complexes may not directly melt the cruciform structure, but rather
stabilize the dsDNA form resulting from spontaneous transitions of
the cruciform DNA.

Interestingly, whereas WRN was more efficient than the MMR
complexes on cruciforms arising from the inverted repeat with a
random sequence, the MMR proteins were instead more efficient
than WRN on TA-based cruciforms. We reason that our observation
may not accurately reflect the absolute respective activities of WRN
and MMR proteins: it is possible that MMR complexes remain
bound to dsDNA upon cruciform unfolding, which may prevent the
re-formation of the cruciform. TA sequences are more prone to form
cruciforms even without applying an extrusion procedure (i.e.,
under our standard reaction conditions), which may explain the
higher apparent activity of the MMR proteins on TA sequences.
Nevertheless, when we combined WRN and the MMR complexes
(in particular MutLa), we observed higher than additive effects in
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Figure 8. Models for mismatch repair and WRN activities on cruciform structures.

A Top: in wild-type cells (MMR- and WRN-proficient), cruciform DNA is efficiently unfolded, and does not cause any problems. WRN and MMR complex may act
together or separately on cruciform DNA. Bottom: in MMR-deficient (MSI) cells, inactivation of WRN triggers very frequent DNA breaks at cruciform sites, leading to

cellular lethality.

B In MMR-deficient (MSI*) but WRN proficient cells, large parts of DNA are generally stable. Only very few cruciform structures are formed in the absence of MMR and
subject to breakage. Imprecise homology-directed repair may lead to repeat expansion. DNA breaks are rare and do not result in lethality. Over many generations, cru-

ciform structures extend at random genomic locations.
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cruciform unfolding, suggesting that the factors may stimulate each
other activities. In further support of an additional structural func-
tion, we observed that helicase-dead WRN, which exhibited no
activity per se, could still stimulate the cruciform unfolding by
MutLa. The observed interplay will likely be dependent on direct
physical interactions: WRN was reported to bind all the respective
MMR complexes MutSa, MutSp, and MutLa, and MutSa. and MutSp
were shown to stimulate WRN helicase activities on mismatched
DNA (Saydam et al, 2007).

How can TA repeats expand in MMR-deficient cells? Canonical
MSI phenotype typically leads to the shortening of mononucleotide
repeat units, with the changes accumulating gradually over many
cellular divisions (Hoang et al, 1997; Pecina-Slaus et al, 2020; Olave
& Graham, 2021; Randrian et al, 2021). Analysis of a single repeat,
BAT-26, can identify MSI phenotype in the majority of cell lines
(Hoang et al, 1997). The alterations in the length of TA repeats that
underlie WRN dependency are different (van Wietmarschen et al,
2020). First, TA repeats at different genomic locations expand in
various cell lines, so the changes appear to be much more random
with respect to the affected genomic locations. Furthermore, major
increase in the number of repeat units was observed, which together
suggests that TA repeat expansion in MMR-deficient cells mechanis-
tically differs from mononucleotide repeat shortening linked to DNA
polymerase slippage. Our observations suggest that a lack of MMR
complexes may partially stabilize cruciform structures. DNA breaks
would then occur with higher frequency at these sites (possibility
via the same cleavage mechanism mediated by the SLX4-associated
MUS81-EME1 and SLX1 endonucleases), and repaired unfaithfully
as a result of homologous recombination upon unequal pairing with
the DNA template, resulting in copy number increase upon DNA
synthesis (Fig 8B). These events would have to be rare, explaining
why (i) TA repeat expansion takes many cell generations over
months or years and (ii) the low number of breaks would not result
in cellular toxicity. The newly identified and unexpected activity of
MMR proteins to reduce the levels of cruciform DNA could thus
explain both the expansion of TA repeats in MMR deficient but
WRN proficient cells, as well as the partial rescue of survival in TA-
expanded cells upon restoration of MMR expression and WRN inhi-
bition. However, more insights are needed to fully understand the
metabolism of expanded TA repeats, which will be essential to pre-
dict mechanisms of potential therapy resistance.

Material and Methods

Cloning, expression, and purification of recombinant proteins

All expression vectors are available on request. Wild-type human
WRN, exonuclease-dead WRN-E84A, helicase-dead WRN-K577A,
BLM, and S. cerevisiae Sgs1 were expressed in Spodoptera frugiperda
9 (Sf9) insect cells using a pFastBacl-derived vector. The proteins
were purified by affinity chromatography using the N-terminal
maltose-binding protein (MBP)-tag and the C-terminal his-tag (Cejka
& Kowalczykowski, 2010; Cannavo & Cejka, 2014; Anand et al,
2016; Pinto et al, 2016; Cannavo et al, 2018). The WRN variants
constructed in course of this study included phosphorylation-
deficient WRN-3A (S991A T1152A S1256A) and WRN truncation
mutants WRN 500-946 and WRN 500-1,104. The construct for the
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expression of WRN-3A was obtained by cloning a synthetic WRN
fragment bearing the S991A T1152A S1256A mutations between the
unique Ncol and Sphl restriction sites (DNA obtained from
GenScript Biotech), into the pFB-MBP-WRN-10Xhis, digested with
Ncol and Sphl. The constructs for the expression of truncated WRN
variants (WRN 500-946 and WRN 500-1,104) were obtained by
PCR amplification of the relevant WRN fragment, using primers:
fw_WRN_ATPase domain_Nhel and rev_WRN ATPase-Helicase
core_Xhol, or rev_WRN_RQCdomain_Xhol, respectively (Table EV1).
The resulting PCR product was digested with Nhel and Xhol, puri-
fied on QIAquick spin columns (Qiagen), and cloned into the same
restriction sites in pFB-MBP-WRN-10his plasmid: the sequence of
full length WRN was removed in this step. The WRN-3A mutant
and the WRN truncations were expressed and purified as the wild-
type protein. All the purification steps were carried out at 4°C. The
cell pellets were resuspended in three volumes of lysis buffer con-
taining 50 mM Tris-HCI pH 7.5, 5 mM B-mercaptoethanol (B-ME),
1 mM phenylmethylsulfonylfluoride (PMSF), 1:400 (volume/vol-
ume) protease inhibitor cocktail (Sigma, P8340), 30 ug/ml leupeptin
(Merck), 1 mM ethylenediaminetetraacetic acid (EDTA), and incu-
bated for 20 min with stirring. Next, 1/2 volume of 50% glycerol
was added (final concentration 16.7%), followed by 6.5% volume
of 5 M NaCl (final concentration 325 mM), and the suspension was
further incubated for 30 min with stirring. To obtain the soluble
extract, the suspension was centrifuged at 48,000 g for 30 min. The
soluble extract was transferred to a new tube containing pre-
equilibrated Amylose resin (New England Biolabs, 4 ml of resin per
1159 cells) and incubated for 1 h with continuous agitation. The
Amylose resin was collected by centrifugation at 2,000 g for 2 min.
The resin was washed extensively, batchwise with ten resin vol-
umes of Amylose wash buffer (50 mM Tris-HCI pH 7.5, 5 mM -
ME, 300 mM NaCl, 1 mM PMSF, 10% glycerol), and subsequently
on a disposable column with Amylose wash buffer containing 1 M
NaCl. The last wash was carried out with Amylose wash buffer con-
taining 300 mM NaCl. Protein was eluted with Amylose wash buffer
containing 300 mM NaCl and 10 mM maltose (Sigma), and the total
protein concentration was estimated using the Bradford assay (Bio-
Rad). To cleave off the MBP tag, the eluted sample was incubated
with 1/5 (weight/weight) of PreScission protease (Anand et al,
2018) for 1 h. Next, the cleaved amylose eluate was supplemented
with imidazole to a final concentration of 10 mM and incubated
with pre-equilibrated nickel-nitriloacetic acid (NiNTA) resin (Qia-
gen) for 1 h with continuous agitation. The NiNTA resin was trans-
ferred to a disposable column and washed extensively with NINTA
wash buffer containing 1 M NaCl (50 mM Tris-HCI pH 7.5, 5 mM -
ME, 1 M NaCl, 1 mM PMSF, 10% glycerol, 30 mM imidazole), fol-
lowed by NiNTA wash buffer containing 150 mM NaCl (50 mM
Tris-HCIl pH 7.5, 5 mM B-ME, 150 mM NaCl, 1 mM PMSF, 10%
glycerol, 30 mM imidazole). Protein was eluted with NiNTA elution
buffer (50 mM Tris-HCI pH 7.5, 5 mM B-ME, 100 mM NaCl, 1 mM
PMSF, 10% glycerol, 300 mM imidazole). Eluates containing pro-
tein, according to the Bradford assay, were pooled, aliquoted, frozen
in liquid nitrogen, and stored at —80°C.

Human and yeast RPA were expressed in E. coli and purified
using AKTA pure (GE Healthcare) with HiTrap Blue HP, HiTrap
desalting, and HiTrap Q chromatography columns (all GE Health-
care; Anand et al, 2018). The human MSH2-MSH3, MSH2-MSH6,
MLH1-PMS1, and MLHI1-PMS2 heterodimers, as well as the
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corresponding mutants, were expressed in Sf9 insect cells. The fol-
lowing expression vectors were used: pFB-FLAG-PP-hMSH2, pFB-
His-hMSH3, pFB-His-hMSH6, pFB-FLAG-hMLH1co, pFB-FLAG-
hMLH1co-E34A, pFB-hPMS1, pFB-His-hPMS2, pFB-HisPMS2-E41A
(Dufner et al, 2000; Raschle et al, 2002; Cannavo et al, 2020). The
sequence of MLH1 was codon-optimized for expression in insect
cells (Cannavo et al, 2020). To generate the MSH3-K255A and
K902A mutant constructs, the relevant residues were mutated by
QuikChange II site-directed mutagenesis kit (Agilent Technologies).
To prepare pFB-His-hMSH3-K255A, the pFB-His-hMSH3 vector was
mutated with primers MSH3-K255A-FO and MSH3-K255A-RE. To
prepare pFB-His-hMSH3-K902A, the pFB-His-hMSH3 vector was
mutated with primers MSH3-K902A-FO and MSH3-K902A-RE.

The insect cells were co-infected by a combination of viruses to
obtain the desired heterodimers, which were subsequently purified
by affinity chromatography using the N-terminal FLAG-tag on MSH2
or MLH1, and the N-terminal 6Xhis-tag on MSH3, MSH6, or PMS2.
All the purification steps were carried out at 4°C. The cell pellets
were resuspended in three volumes of lysis buffer (50 mM Tris—HCI
pH 7.5, 0.5 mM B-ME, 1 mM PMSF, 1:400 [volume/volume]
protease inhibitor cocktail [Sigma, P8340], 60 pg/ml leupeptin
[Merck]) and incubated for 20 min with stirring. Next, 1/2 volume
of 50% glycerol was added (final concentration 16.7%), followed by
6.5% volume of 5 M NaCl (final concentration 325 mM), and the
suspension was further incubated for 30 min with stirring. To
obtain the soluble extract, the suspension was centrifuged at
48,000 g for 30 min. The soluble extract was transferred to a new
tube containing pre-equilibrated NiNTA resin (Qiagen, 4 ml of resin
per 11 Sf9 cells) and incubated for 1 h with continuous agitation.
The resin was collected by centrifugation at 2,000 g for 2 min, fol-
lowed by extensive washing, at first, batchwise with 10 resin vol-
umes of NINTA wash buffer containing 300 mM NacCl (30 mM Tris—
HCl pH 7.5, 0.5 mM B-ME, 300 mM NaCl, 1 mM PMSF, 10% glyc-
erol, supplemented with 20 mM imidazole), and subsequently on a
disposable column. Elution was carried out with NiNTA elution
buffer (50 mM Tris-HCl pH 7.5, 0.5 mM B-ME, 150 mM NaCl,
0.5 mM PMSF, 10% glycerol, 250 mM imidazole), and the total pro-
tein concentration was estimated using the Bradford assay (Bio-
Rad). The eluate was diluted five times in NiNTA elution buffer
lacking imidazole (30 mM Tris-HCI pH 7.5, 0.3 mM B-ME, 150 mM
NacCl, 0.5 mM PMSF, 10% glycerol) and incubated for 1 h with pre-
equilibrated aFLAG-conjugated M2 agarose (Sigma), on a disposable
column. Next, the resin was washed with NiNTA elution buffer
without imidazole. Protein was eluted with FLAG elution buffer
(30 mM Tris-HCI pH 7.5, 0.3 mM B-ME, 150 mM NaCl, 0.5 mM
PMSF, 10% glycerol, 200 pg/ml 3X FLAG peptide [GlpBio]). Eluates
containing protein, according to the Bradford assay, were pooled,
aliquoted, frozen in liquid nitrogen, and stored at —80°C. MLH1-
PMS1 was purified in a single step, using the N-terminal FLAG-tag
on MLH1. The cell pellets were resuspended in three volumes of
lysis buffer (50 mM Tris-HCI pH 7.5, 0.5 mM B-ME, 1 mM EDTA,
1 mM PMSF, 1:400 [volume/volume] protease inhibitor cocktail
[Sigma, P8340], 30 ug/ml leupeptin [Merck]) and incubated for
20 min with stirring. Next, 1/2 volume of 50% glycerol was added
(final concentration 16.7%), followed by 6.5% volume of 5 M NaCl
(final concentration 325 mM), and the suspension was further incu-
bated for 30 min with stirring. To obtain the soluble extract, the
suspension was centrifuged at 48,000 g for 30 min. The soluble

© 2022 The Authors
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extract was transferred to a new tube containing pre-equilibrated
oFLAG-conjugated M2 agarose (Sigma, 1 ml of resin per 1 1 Sf9
cells) and incubated for 1 h with continuous agitation. The resin
was collected by centrifugation at 2,000 g for 2 min, followed by
extensive washing, at first, batchwise with 10 resin volumes of
wash buffer containing 300 mM NaCl (50 mM Tris-HCl pH 7.5,
0.5 mM B-ME, 300 mM NaCl, 1 mM PMSF, 10% glycerol, 0.1%
NP40 [Sigma]), and subsequently on a disposable column. The last
wash was performed with wash buffer containing 100 mM NacCl.
Elution was carried out with FLAG elution buffer (wash buffer con-
taining 100 mM NaCl, supplemented with 200 pg/ml FLAG peptide
[GlpBio]). Eluates containing protein, according to the Bradford
assay, were pooled, aliquoted, frozen in liquid nitrogen, and stored
at —80°C. The human MSH4-MSHS5 complex and the human
MLH1-MLH3 complex were expressed in Sf9 insect cells, and the
purification protocol has been described in detail (Cannavo et al,
2020). Recombinant human SLX1-SLX4CCD was provided by
Pierre-Henry L. Gaillard (Centre de Recherche en Cancérologie de
Marseille).

DNA substrate preparation

The cruciform-containing dsDNA are derivatives of the pUC19 vec-
tor. pUC19 containing synthetic random inverted repeats (pUC19-
Random IR) was prepared by cloning the random inverted repeats
(Sacl-Random IR-Xbal, Table EV2) synthesized between Sacl and
Xbal, into pUC19 digested with the same restriction endonucleases.
The original sequence of EcoRI was removed during this step, and
was introduced again de novo flanked by the repeats. The random
inverted repeat sequence corresponds to that used previously in vec-
tor pIRbke8™" (Rass et al, 2010). pUC19 containing TA repeats
(pUC19-TA IR) was created by cloning the TA repeats (KpnI-TA IR-
BamHI, Table EV2) synthesized between Kpnl and BamHI, into
pUC19 digested with the same restriction endonucleases. The origi-
nal sequence of EcoRI was removed during this step, and was intro-
duced again de novo flanked by the repeats.

Cruciform extrusion (160 pl) was performed by incubating the
plasmids in a reaction buffer containing 50 mM Tris-HCl pH 7.5,
0.5 mM magnesium chloride, 20 pg negatively supercoiled plasmid
DNA, at 37°C for 90 min. The efficiency of cruciform extrusion was
tested by digestion with EcoRI (extruded DNA was not cleavable by
EcoRI). For each reaction (15 pl) 100 ng of DNA were digested with
S units of EcoRI (New England Biolabs), diluted in CutSmart buffer
(New England Biolabs), at 37°C for 60 min, and the products were
separated by electrophoresis on a 1% native agarose gel, stained
with GelRed (1:20,000, Biotium). The sequence of all oligonu-
cleotides used for radioactively labeled DNA substrate preparation
is listed in Table EV2. Oligonucleotide-based DNA substrates were
32p.labeled at the 3’ terminus using [o->P]dCTP (Perkin Elmer) and
terminal transferase (New England Biolabs) according to the manu-
facturer’s instructions and our previously-described procedures
(Pinto et al, 2018). Unincorporated nucleotides were removed using
Micro Bio-Spin P-30 Tris chromatography columns (Bio-Rad). The
substrates were prepared by heating the oligonucleotides at 95°C
and subsequent slow gradual cooling to reach room temperature, in
Annealing buffer (10 mM Tris-HCL pH 8.0, 50 mM NaCl, 10 mM
magnesium chloride). To prepare the HJ substrate, the oligonu-
cleotides PC1253, PC1254, PC1255, and PC1256 were used. To
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prepare the dsDNA, the oligonucleotides X12-3, X12-4C, and
X12-4_extraT were used. The randomly labeled 2.2-kbp-long sub-
strate was prepared amplifying the human NBS1 gene by PCR from
pFB-MBP-NBS1-his plasmid using Phusion high-fidelity DNA poly-
merase (New England Biolabs) and the NBS1_F and NBS1_R
primers (Anand et al, 2018). 66 nM [0->*P]dCTP was added to the
PCR reaction together with the standard dNTPs concentration
(200 puM each). The PCR reaction product was purified using the
QIAquick PCR purification kit (Qiagen) and Chroma Spin TE-200
columns (Clontech). Upon purification, the DNA was quantitated by
comparing the radioactive DNA amplificate with known amounts of
a corresponding cold PCR product on an agarose gel, stained with
GelRed (Biotium).

Cruciform unfolding assay

Cruciform unfolding assays (15 pl) were carried out in a reaction
buffer containing 25 mM Tris-HCl pH 7.5, 2 mM ATP, 1 mM
dithiothreitol (DTT), 1 mM phosphoenolpyruvate (Sigma), 0.1 mg/
ml BSA (New England Biolabs), 80 U/ml pyruvate kinase (Sigma),
2 mM magnesium acetate, and 100 ng of extruded DNA pro reac-
tion. Where indicated, ATP-y-S (Cayman) was used instead of
ATP. Unless specified otherwise, the final concentration of NaCl
was adjusted in the reactions to 25 mM, accounting for salt
brought into the reactions with protein storage or protein dilution
buffer. The reactions were assembled and supplemented with the
relevant proteins on ice and incubated at 37°C for 20 min. Reac-
tions were subsequently taken to room temperature and 5 units/
sample of EcoRI in CutSmart buffer (New England Biolabs) were
added, unless indicated otherwise. Reactions were then incubated
at 37°C for 30 min. The reactions were loaded on the gel upon the
addition of 3.5 ul of DNA loading dye (10 mM Tris—-HCl pH 8,
30% glycerol, bromophenol blue). The products were separated by
electrophoresis in 1% native agarose gels in the presence of
GelRed (1:20,000, Biotium). Images of gels were acquired at InGe-
nius3 (GeneSys). The results were quantified using ImageJ and
expressed as % of cruciform unfolding; any linear DNA (no cruci-
form) present in control (no protein) reactions was referred to as
0% cruciform unfolding, and subtracted as a background from all
other samples. Graphs were plotted using Prism software (Prism 9,
GraphPad). Reactions with T7 endonuclease were carried out simi-
larly as described above. The samples were incubated at 37°C for
10 min upon WRN addition, and subsequently T7-Endonuclease I
(New England Biolabs) together with the respective restriction
endonucleases were added to the reactions, and further incubated
at 37°C for 60 min. Similarly, the reactions with SLX1-SLX4CCD
(10 pl, in cruciform unfolding assay buffer) were incubated at
37°C for 10 min upon WRN addition, the nuclease was added and
the reaction buffer was adjusted to a final volume of 15 pl, and a
final concentration of 42 mM Tris-acetate pH 7.5, 0.5 mM man-
ganese chloride, 1.2 mM DTT. Reactions were incubated at 37°C
for 45 min. Subsequently, 5 units of Scal (New England Biolabs),
diluted in CutSmart buffer (New England Biolabs), were added
and incubated for at 37°C for 30 min. The reaction was terminated
by adding 1 pl Proteinase K (14-22 mg/ml, Roche) and 5 pl 0.2%
stop solution (150 mM EDTA, 0.2% SDS, 30% glycerol, bromophe-
nol blue) and incubated at 37°C for 10 min, and the samples were
analyzed as above.
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Helicase assays

DNA unwinding assays (15 pl) were performed in a reaction buffer
consisting of 25 mM Tris-acetate pH 7.5, 2 mM magnesium acetate,
2 mM ATP, 1 mM DTT, 0.1 mg/ml BSA, 1 mM phosphoenolpyru-
vate, 80 U/ml pyruvate kinase, and 25 mM NaCl, with 0.5 nM of
oligonucleotide-based DNA substrate (in molecules). Either human
or yeast RPA was included as indicated to saturate ssDNA. Recombi-
nant proteins were added on ice, as indicated. Unless specified
otherwise, reactions were incubated at 30°C for 30 min and stopped
by adding 5 pl of 2% stop solution (150 mM EDTA, 2% SDS, 30%
glycerol, bromophenol blue) and 1 ul of proteinase K (14-22 mg/
ml, Roche) and incubated at 37°C for 10 min. To avoid re-annealing
of the substrate, the 2% stop solution was supplemented with a 20-
fold excess of the unlabeled oligonucleotide with the same sequence
as the 3°P labeled one. The products were separated by 10% poly-
acrylamide gel electrophoresis, dried on 17 CHR chromatography
paper (Whatman), exposed to storage phosphor screens (GE Health-
care), and scanned by a Typhoon 9500 phosphorimager (GE Health-
care). Helicase assays with the 2.2 kb long substrate were analyzed
by running the samples by electrophoresis in 1% agarose. Gels were
dried on DE81 chromatography paper (Whatman), exposed to stor-
age phosphor screens (GE Healthcare), and scanned using the
Typhoon Phosphor Imager FLA 9500 (GE Healthcare). The bands
were quantified using ImageJ and data were plotted using Prism
software (Prism 9, GraphPad).

Electrophoretic mobility shift assays

The DNA-binding reactions with plasmid DNA (15 pl) were carried
out in a binding buffer containing 25 mM Tris-acetate pH 7.5, 1 mM
DTT, 0.1 mg/ml BSA, 3 mM EDTA, and 25 mM NacCl, with 100 ng
of the plasmid DNA substrate. The indicated concentrations of
recombinant proteins were added as the last components. The reac-
tions were assembled and incubated on ice for 15 min, followed by
the addition of 5 pl EMSA loading dye (50% glycerol, 0.01% bro-
mophenol blue). The products were separated on 0.8% native
agarose gels. Post electrophoresis, gels were stained in water con-
taining GelRed (1:20,000) with gentle agitation for 45 min and
imaged at InGenius3 (GeneSys). The oligonucleotide-based DNA-
binding reactions (15 pl) were carried out in the binding buffer
described above, with 0.5 nM (in molecules) radioactively labeled
substrate. The reactions were supplemented with a competitor
dsDNA (1.5 ng/ul of pUC19). The reactions were assembled in ice,
incubated at 37°C for 30 min, followed by the addition of 5 ul EMSA
loading dye. The products were separated on a native 6% polyacry-
lamide gel. Gels were dried on 17CHR chromatography paper
(Whatman), exposed to storage phosphor screens (GE Healthcare),
and scanned using the Typhoon Phosphor Imager FLA 9500 (GE
Healthcare).

Topoisomerase I-coupled supercoiling assay

Topoisomerase I-coupled DNA supercoiling assays (15 pl) were per-
formed in a reaction buffer consisting of 25 mM Tris—HCI pH 7.5,
2 mM magnesium chloride, 2.5 mM ATP, 1 mM DTT, 0.1 mg/ml
BSA, and 50 mM NaCl, with 100 ng/reaction of covalently closed
pUC19-Random IR as a substrate. The reactions were assembled in
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ice, and topoisomerase I (16.5 nM) was added to the samples to
induce the relaxation of the substrate by incubation at 37°C for
10 min. Recombinant proteins were subsequently added at room
temperature, as indicated. Reactions were incubated at 37°C for
30 min and terminated by the addition of 555 mM NaCl, followed
by incubation at 37°C for 10 min with 5 pl of 2% stop solution
(150 mM EDTA, 2% SDS, 30% glycerol, bromophenol blue) and
1 pl of proteinase K (14-22 mg/ml, Roche). The samples were ana-
lyzed by electrophoresis on 1% native agarose gels, unstained. The
gels were post-stained with water containing GelRed (1:20,000,
Biotium) with gentle agitation for 45 min. Images of gels were
acquired at InGenius3 (GeneSys). The results were quantified using
ImageJ, and graphs were plotted using Prism software (Prism 9,
GraphPad).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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Figure EV1. WRN helicase unfolds cruciform DNA structures.
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A Representative assay showing the activity of T7 Endonuclease I, which cleaves the 4-way junction formed at the cruciform DNA site. Incubation with T7 Endonuclease
I and Sspl results in the production of bands at the expected positions of 607 and 2,119 bp, indicated by the green arrows. The Sspl restriction site is 607 bp away
from the cruciform site. A plasmid without the inverted repeats is cleaved less efficiently and produces bands of different sizes (lane 2), resulting from T7 Endonucle-
ase | activity at other sites that spontaneously extrude in pUC19 DNA. The DNA molecules were resolved by standard electrophoresis on a 1% native agarose gel,

stained with GelRed.

B Representative cruciform unfolding assay with WRN, WRN-K577M, and WRN-E84A (all used at 10 nM). The assay was incubated either with or without EcoRI and the

DNA species were separated on a 1% native agarose gel, stained with GelRed.
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Figure EV2. WRN helicase prevents cruciform DNA cleavage by T7
Endonuclease I.

Representative assays detecting cruciform DNA (random-IR) by T7 Endonuclease
|, pre-incubated or not with WRN. Preincubation with WRN reduces the intensity
of bands resulting by cleavage with T7 Endonuclease | (607 and 2,119 bp, indi-
cated by the green arrows), resulting in linearization by Sspl. The DNA molecules
were resolved by standard electrophoresis on a 1% native agarose gel, stained
with GelRed.
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A Representative electrophoretic mobility shift assay with WRN and Sgs1, using either pUC19 harboring the random inverted repeat-based cruciform structure (circu-
lar), or linearized pUC19. The samples were run on a 0.8% unstained native agarose gel. The gel was stained after the run with GelRed.

B Representative helicase assay with increasing concentrations of WRN and Sgs1, using an oligonucleotide-based Holliday junction as a substrate. Reactions were sup-
plemented with either human or yeast RPA (15 nM) and analyzed by 10% native acrylamide gel electrophoresis. Red asterisk indicates the position of the radioactive

label.

C Quantitation of DNA unwinding from assays such as in (B). Averages shown; n > 3; error bars, SEM.
D Representative helicase assay with increasing concentrations of WRN and Sgs1, using a 2.2 kbp-long dsDNA substrate. Reactions were supplemented with either
human or yeast RPA and analyzed by electrophoresis on a 1% agarose gel.
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Figure EV4. DNA unwinding by WRN helicase variants.

Representative helicase assay with increasing concentrations of WRN variants, using an oligonucleotide-based Holliday junction as a substrate. Reactions were supplem-
ented with human RPA (15 nM) and analyzed by 10% native acrylamide gel electrophoresis. Red asterisks indicate the position of the radioactive label.
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Figure EV5. Cruciform DNA binding by mismatch repair complexes.

A Representative cruciform unfolding assay with MutLy and MutSy, using the random-IR cruciform as a substrate.
B Representative cruciform unfolding assay with the MutL and MutS homolog heterodimers, carried out in the absence of EcoRI. The reactions indicate that the

proteins do not cut DNA under the assay conditions.
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C Representative Topoisomerase-I-coupled supercoiling assay with MutSp, MutSa, MutLa, WRN, and RAD51. The reactions were analyzed by standard electrophoresis
on a 1% native agarose gel. The gel was stained with GelRed after electrophoresis.
D Representative electrophoretic mobility shift assay with MutSp and MutSa, using either circular pUC19 with the random inverted repeat cruciform structure, or linear
pUC19 as a substrate. 0.8% unstained native agarose gel was used to separate the protein and DNA species.
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