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1st Editorial Decision 29th Jul 2022

Thank you for submitting your study on WRN and MMR complexes in the resolution of repeat-associated cruciform structures to
The EMBO Journal. It has now been assessed by three expert referees, whose comments are copied below for your
information. | am happy to say that all reviewers appreciate the interest and timeliness of the findings and the general quality of
the work, and that we would therefore be interested in pursuing the work further for publication. As you will see, the reports do
still bring up a number of specific queries and constructive criticisms, which | would invite you to answer/address in a revised
version of the manuscript.

Referee #1:

In this manuscript, Valentina Mengoli and colleagues investigated on the mechanism behind the observed MMR-WRN synthetic
lethality reported in CRC. Using elegant biochemistry experiments, they demonstrated that WRN is very active in melting
cruciform structures through its helicase domain assisted by the RQC region and that WRN structurally assist MMR proteins in
the unfolding of cruciform-containing DNA. Furthermore, the authors provide evidence that WRN-mediated unfolding of cruciform
structures prevents targeting by SLX1-SLX4CCD nuclease activity and, finally, provide clues on why another RecQ helicase with
high activity on cruciforms, BLM, is not synthetic lethal with the MSI phenotype in CRC.

The manuscript is clearly timely and significant since the observed WRN-MSI synthetic lethal interaction is highly significant for
basic and translational reasons. The actual molecular mechanisms underlying th eobserved synthetic lethality is just emerging
and is almost obscure why it is not observed under acute conditions and outside CRC MSI+ backgrounds.

So, findings from Valentina Mengoli and colleagues' work are very interesting for the field and well-suited for publication in
EMBO Journal.

Indeed, although the topic has been already investigated by another group, the reason why loss of WRN should end-up in DNA
breakage in that specific background, given that WRN is a so relevant and general replication caretaker, was unknown.

Biochemistry is neat and experiments well disegned and executed. Results are clear cut and support conclusions so | am happy
to say that, basing on my expertise, | do not have any major concerns and | do not see any major revision to ask for.

| have only a minor point concerning BLM vs. WRN.

Both are very active towards cruciforms but BLM is no synthetic lethal. | agree with authors' conclusion that the in vitro activity
does not fully recapitulate what happens in the cells, as suggested by the 3A-ATR mutant of WRN basically being as active as
wild-type WRN. However, | would stress more this concept in the text to do not dampen the values of the findings.

Another minor comment is for figure 7. | think it might be useful to check what happens with BLM. It is a control but any
difference might also contribute to outline why WRN but not BLM is so important in MSI+ CRC.

Referee #2:

Mengoli et al. have performed a study in which they biochemically characterize WRN and the core mismatch repair complexes'
(MutSa, MutSB, and MutLa) abilities to resolve cruciform structures in vitro. They develop a system in which DNA cruciforms can
be formed in plasmid DNA and then resolved by purified recombinant proteins. They demonstrate that WRN's helicase domain is
important for cruciform resolving. Furthermore, BLM is also able to unwind cruciforms in vitro (as previously shown), suggesting
that indeed in vivo it is WRN's recruitment to cruciforms, in addition to its helicase function, that is essential for cruciform stability
in MSI cancer cells. They then seek to understand why complementation of MMR factors into MSI cancer cells somewhat
reduces their dependency on WRN. They test the cruciform unwinding ability of all the major MMR complexes and demonstrate
that MutSa, MutSB, and to a lesser extent, MutLa and MutLy can unwind cruciforms in vitro. This is a quite novel observation.
This unwinding activity is independent of ATP and RPA, making its mechanism different from that of WRN. Lastly, they show that
the unwinding functions of WRN and MMR complexes are synergistic, at least in vitro. Overall, the work is solid and timely. If
they were to provide additional insight into how MMR complexes unwind DNA cruciforms, this would make their findings even
more interesting. However, | don't consider this extension to the work essential for publication.

Suggestions:



1. The authors demonstrate that the MutS complexes both can unwind cruciforms well without the presence of ATP. Are there
any other examples of helicases/translocases that don't consume ATP in their function?

2. Can the authors perform an analysis of the various sections of the MMR proteins necessary for cruciform resolving? This
could be through purifying truncated proteins (for example, proteins lacking the C-terminus with its ATPase domain). This is not a
requirement but might add mechanistic insight.

3. In Figure 7, the authors nicely demonstrate that WRN, even helicase-dead WRN, can stimulate MutSB or MutSa unwinding of
cruciform structures. Can they probe this functional interaction further? Do these complexes bind the Holliday junction structure
at the same time as WRN, or is binding mutually exclusive? Can they perform electrophoretic mobility shift assays with WRN

and MutSB or MutSa? If WRN plays a structural role in helicase resolution, as they suggest, it would be interesting and important
to understand how.

4. 1s WRN's ability to stimulate MutSB or MutSa cruciform unwinding activity unique to WRN? Does BLM or another RecQ
helicase also stimulate MutS complexes?

5. The authors found that BLM can also unwind cruciform DNA in vitro. In vivo, however, BLM does not appear to be essential
for MSI cancer cells. It is possible, though, that BLM is acting as a (not very efficient) backup for WRN in vivo. Since loss of
WRN produces a very dramatic phenotype on its own, it becomes almost impossible to test the combinatorial loss of both BLM
and WRN. Can BLM stimulate (but is not essential for) the ability of WRN to unwind (TA)n cruciform DNA in vitro?

Referee #3:

This is a very clear and comprehensive manuscript that looks at cruciform unfolding by WRN and by mismatch repair proteins.
The authors use biochemical assays to convincingly demonstrate that WRN unfolds a cruciform formed from a random inverted
repeat sequence, and thereby blocks cleavage by the SLX1-SLX4 nuclease. In contrast, WRN only weakly unfolds a cruciform
formed from a TA repeat. Unexpectedly, the mismatch repair proteins MutSalpha, MutSbeta and MutLalpha also display some
cruciform unfolding activity. Apparent synergistic effects are seen when WRN and MMR proteins (especially MutLalpha) are
combined on the TA repeat cruciform. Together, these biochemical experiments lead to a feasible model to explain how WRN
and MMR proteins might process cruciforms in vivo, and to help explain synthetic lethality of WRN- combined with MMR-

The experiments are thorough, well-controlled and thoughtfully evaluated. Alternative interpretations are considered where
appropriate and addressed throughout. While one would like to know more about the unfolded product(s) created by WRN and
MMR proteins, this is an excellent initial study.

Concerns

1. While most of the experiments are well-controlled using proteins with defined defects, there is one exception that requires
addressing. Fig 7 shows TA repeat-cruciform unfolding is enhanced in the combination of WRN + MutLalpha. ATPase dead
WRN still gave this enhancement, but the converse experiment with endo dead MutLalpha was not included. This experiment
should be added to address the possibility that latent endo activity of MutLalpha on the cruciform is stimulated by WRN, thereby
relieving supercoiling through nicking, and thereby indirectly destabilizing the cruciform.

2. A minor issue is that the source of the random IR DNA sequence was not clearly described. Is this a naturally occurring
sequence (if so, which?) or is it a synthetic design?



1st Authors' Response to Reviewers 11th Nov 2022

Manuscript EMBOJ-2022-111998

Answers to referees

We would like to thank the reviewers for their interest in our manuscript and for providing helpful comments and
suggestions. Below is our point-by-point response.

Please note that we have slightly changed the manuscript title, from "WRN and mismatch repair complexes directly
and synergistically unfold cruciform structures", into: "WRN and mismatch repair complexes independently and
synergistically disrupt cruciform structures" For more details, See Q1 of reviewer 2.

Referee #1:

In this manuscript, Valentina Mengoli and colleagues investigated on the mechanism behind the observed MMR-
WRN synthetic lethality reported in CRC. Using elegant biochemistry experiments, they demonstrated that WRN
is very active in melting cruciform structures through its helicase domain assisted by the RQC region and that
WRN structurally assist MMR proteins in the unfolding of cruciform-containing DNA. Furthermore, the authors
provide evidence that WRN-mediated unfolding of cruciform structures prevents targeting by SLX1-SLX4CCD
nuclease activity and, finally, provide clues on why another RecQ helicase with high activity on cruciforms, BLM,
is not synthetic lethal with the MSI phenotype in CRC.

The manuscript is clearly timely and significant since the observed WRN-MSI synthetic lethal interaction is highly
significant for basic and translational reasons. The actual molecular mechanisms underlying th eobserved
synthetic lethality is just emerging and is almost obscure why it is not observed under acute conditions and
outside CRC MSI+ backgrounds.

So, findings from Valentina Mengoli and colleagues' work are very interesting for the field and well-suited for
publication in EMBO Journal.

Indeed, although the topic has been already investigated by another group, the reason why loss of WRN should
end-up in DNA breakage in that specific background, given that WRN is a so relevant and general replication
caretaker, was unknown.

Biochemistry is neat and experiments well disegned and executed. Results are clear cut and support conclusions
so | am happy to say that, basing on my expertise, | do not have any major concerns and | do not see any major
revision to ask for.

| have only a minor point concerning BLM vs. WRN.

Both are very active towards cruciforms but BLM is no synthetic lethal. | agree with authors' conclusion that the in
vitro activity does not fully recapitulate what happens in the cells, as suggested by the 3A-ATR mutant of WRN
basically being as active as wild-type WRN. However, | would stress more this concept in the text to do not
dampen the values of the findings.

Answer: We now clarify the point better in the text.

Another minor comment is for figure 7. | think it might be useful to check what happens with BLM. It is a control
but any difference might also contribute to outline why WRN but not BLM is so important in MSI+ CRC.

Answer: We tested for a functional interaction of BLM with MutSa, MutSp, and MutLo.. We observed that BLM
behaved very similarly to WRN (see below, Fig R1 A-B). While this result was somewhat unexpected, we know
from the literature that BLM physically and functionally interacts with mismatch repair proteins (BLM, unlike WRN
has a MIP motif mediating interaction with MLH1, PMID 34330701). In our pulldown experiments, the interaction
of MutLa with BLM and WRN was very similar (Fig R1 C). We therefore assume that as the WRN 3A mutant,
BLM fails to be recruited to the proper structures on chromosomal DNA, despite in principle being able to replace
WRN based on its biochemical activity. As reviewer #2 points out, testing for a residual (minimal) function of BLM
in WRN-deficient cells is nearly impossible because WRN knockout causes already a very strong phenotype.
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Fig R1 (A) Unfolding of TA cruciform by MMR proteins and wild-type BLM or helicase-dead BLM-K695A. Bottom,
representative experiments; top, quantitation, averages shown; n = 5; error bars, SEM. (B) Representative
polyacrylamide gel showing recombinant BLM and BLM-K695A. The gel was stained with Coomassie Brilliant
blue. (C) Pulldown experiments where FLAG-tagged MLH1-PMS2 was immobilized on anti-FLAG affinity resin
and incubated with equal amounts (0.5 pg) recombinant his-tagged WRN or BLM proteins. As a control, WRN
and BLM were incubated with the resin without MLH1-PMS2. The experiment shows that MLH1-PMS2 interacts
with both WRN and BLM with similar affinities.

Referee #2:

Mengoli et al. have performed a study in which they biochemically characterize WRN and the core mismatch
repair complexes' (MutSa, MutSB, and MutLa) abilities to resolve cruciform structures in vitro. They develop a
system in which DNA cruciforms can be formed in plasmid DNA and then resolved by purified recombinant
proteins. They demonstrate that WRN's helicase domain is important for cruciform resolving. Furthermore, BLM
is also able to unwind cruciforms in vitro (as previously shown), suggesting that indeed in vivo it is WRN's
recruitment to cruciforms, in addition to its helicase function, that is essential for cruciform stability in MSI cancer
cells. They then seek to understand why complementation of MMR factors into MSI cancer cells somewhat
reduces their dependency on WRN. They test the cruciform unwinding ability of all the major MMR complexes
and demonstrate that MutSa, MutSB, and to a lesser extent, MutLa and MutLy can unwind cruciforms in vitro.
This is a quite novel observation. This unwinding activity is independent of ATP and RPA, making its mechanism
different from that of WRN. Lastly, they show that the unwinding functions of WRN and MMR complexes are
synergistic, at least in vitro. Overall, the work is solid and timely. If they were to provide additional insight into how
MMR complexes unwind DNA cruciforms, this would make their findings even more interesting. However, | don't
consider this extension to the work essential for publication.

Suggestions:

1. The authors demonstrate that the MutS complexes both can unwind cruciforms well without the presence of
ATP. Are there any other examples of helicases/translocases that don't consume ATP in their function?

Answer: Canonical motor-driven helicases/translocases absolutely require ATP hydrolysis for DNA strand
separation. There are however multiple examples of proteins that can trap ssDNA resulting from transient
spontaneous DNA melting, such as RPA (e.g. PMID: 27016742). Other proteins, such the MRN complex can
melt dsDNA, which is at least in part ATP hydrolysis independent (PMID 10346816). Likewise, also RAG1-RAG2
complex acts in an ATP-independent manner, and cuts dsDNA only after the two DNA strands are separated and



twisted by 180 degrees (PMID 32015552). In these cases, the ATP-independent enzymes exploit spontaneous
and dynamic DNA structures.

We now propose the following explanation, and thank the reviewer for making us thinking about this point:
Holliday junctions (including cruciform DNA) are known to exist in several conformations, included folded and
unfolded forms, that are highly dynamic (PMID 15824311). In search for a mismatch, the MutSa and MutSp
complexes adopt a "praying hands" structure, which forms a thermal diffusion-driven sliding clamp that scans
dsDNA, independently of ATP (PMID 29792877). We believe that by encircling dsDNA, the complex exploits the
dynamic structure of the cruciform to stabilize DNA in its double-stranded form. Therefore, the MMR complexes
may not "melt" the structure per se as we initially proposed, but rather stabilize the dsDNA form resulting from
spontaneous transitions. We have changed the wording in the text (including manuscript title) and discuss this
model.

2. Can the authors perform an analysis of the various sections of the MMR proteins necessary for cruciform
resolving? This could be through purifying truncated proteins (for example, proteins lacking the C-terminus with
its ATPase domain). This is not a requirement but might add mechanistic insight.

Answer: The reviewer raises a valid point. We opted for several previously-characterized point mutants, which do
not affect the stability of the heterodimers. We prepared MutLa. mutant complexes (MLH1 E34A, PMS2 E41A), as
well as MutSB (MSH3 K902A) deficient in ATP binding. In agreement with our data that ATP was not required for
the melting of the cruciform DNA by the MMR complexes (Fig. 6F), the mutations in the ATPase site did not
affect the activity of the MMR complexes as well (Fig. 7A-F). Furthermore, we prepared the MutSB complex with
a mutation in MSH3 (K255A) (PMID 10938287), which specifically affects insertion-deletion loop recognition, but
does not affect the binding of DNA with the cruciform structure (Fig. 7A-D). Also this mutant did not affect the
ability of MutSp to apparently melt cruciform DNA. We can therefore conclude that the MutS and MutL complexes
function in an entirely MMR-independent manner. We plan to follow up on these experiments to further define the
regions required for the apparent melting activity, and employ single-molecule approaches to tackle the
mechanism in a future study.

3. In Figure 7, the authors nicely demonstrate that WRN, even helicase-dead WRN, can stimulate MutSB or
MutSa unwinding of cruciform structures. Can they probe this functional interaction further? Do these complexes
bind the Holliday junction structure at the same time as WRN, or is binding mutually exclusive? Can they perform
electrophoretic mobility shift assays with WRN and MutSB or MutSa? If WRN plays a structural role in helicase
resolution, as they suggest, it would be interesting and important to understand how.

Answer: We performed the electrophoretic mobility shift assays (see below Fig R2), and we failed to find
evidence that WRN and MutSp would bind DNA together to form a stable ternary complex. The EMSA however
cannot detect transient interactions. Therefore, we cannot conclude whether there is a transient ternary complex
or whether the proteins help to recruit each other but do not remain together once bound. We will need to employ
novel mythologies to comprehensively address this question.
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(Fig R2) Electrophoretic mobility shift assay with increasing concentrations of MutSp, and increasing
concentrations of MutSp together with WRN, using a radioactively labelled HJ structure as a substrate. 0.8%
unstained native agarose gel was used to separate the protein and DNA species.

4. Is WRN's ability to stimulate MutSB or MutSa cruciform unwinding activity unique to WRN? Does BLM or
another RecQ helicase also stimulate MutS complexes?

Answer: Please see the response to reviewer #1 above.

5. The authors found that BLM can also unwind cruciform DNA in vitro. In vivo, however, BLM does not appear to



be essential for MSI cancer cells. It is possible, though, that BLM is acting as a (not very efficient) backup for
WRN in vivo. Since loss of WRN produces a very dramatic phenotype on its own, it becomes almost impossible
to test the combinatorial loss of both BLM and WRN. Can BLM stimulate (but is not essential for) the ability of
WRN to unwind (TA)n cruciform DNA in vitro?

Answer: We tested the combination of WRN and BLM in cruciform unfolding, using the TA-based cruciform as a

substrate. There was no synergy; in fact, the combination of BLM and WRN was less than additive (compare
lanes 2, 3 and 5 in Fig R3 below). Therefore, we think the helicases are unlikely to function together.
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(Fig R3) Unfolding of TA cruciform by BLM, WRN, or BLM and WRN together. Bottom, representative
experiment; top, quantitation, averages shown; n = 3; error bars, SEM.

Referee #3:

This is a very clear and comprehensive manuscript that looks at cruciform unfolding by WRN and by mismatch
repair proteins. The authors use biochemical assays to convincingly demonstrate that WRN unfolds a cruciform
formed from a random inverted repeat sequence, and thereby blocks cleavage by the SLX1-SLX4 nuclease. In
contrast, WRN only weakly unfolds a cruciform formed from a TA repeat. Unexpectedly, the mismatch repair
proteins MutSalpha, MutSbeta and MutLalpha also display some cruciform unfolding activity. Apparent
synergistic effects are seen when WRN and MMR proteins (especially MutLalpha) are combined on the TA
repeat cruciform. Together, these biochemical experiments lead to a feasible model to explain how WRN and
MMR proteins might process cruciforms in vivo, and to help explain synthetic lethality of WRN- combined with
MMR-

The experiments are thorough, well-controlled and thoughtfully evaluated. Alternative interpretations are
considered where appropriate and addressed throughout. While one would like to know more about the unfolded
product(s) created by WRN and MMR proteins, this is an excellent initial study.

Concerns

1. While most of the experiments are well-controlled using proteins with defined defects, there is one exception
that requires addressing. Fig 7 shows TA repeat-cruciform unfolding is enhanced in the combination of WRN +
MutLalpha. ATPase dead WRN still gave this enhancement, but the converse experiment with endo dead
MutLalpha was not included. This experiment should be added to address the possibility that latent endo activity
of MutLalpha on the cruciform is stimulated by WRN, thereby relieving supercoiling through nicking, and thereby
indirectly destabilizing the cruciform.

Answer: The reviewer raises an important point, as a latent nuclease activity (or a contamination) might indirectly
destabilize the cruciform. We have comprehensively tested all proteins used in our assays under the same
reaction conditions but without EcoRI (Fig. EV1B, WRN and variants; Fig. EV5B, all MMR MutS and MutL
complexes). As can be seen from the panels, no nicked or linear DNA was observed, so we can confidently
exclude contaminating nuclease activities. Of note, the assay contains Mg2+ as a metal co-factor, which does not
support the nuclease activity of MutLa or MutLy acting on their own (PMID 16873062, 32814904).

Nevertheless, we have also performed the experiment with nuclease-dead MutLa (3ND, mutations D699N,
Q700K, E705K in the PMS2 subunit). The mutant variant also promotes cruciform unfolding (Fig R4).
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(Fig R4) Left panel: Unfolding of TA cruciform by MutLa 2-3ND (PMS2 with mutations D699N, Q700K, E705K),
WRN, or WRN K577M. Bottom, representative experiment; top, quantitation, averages shown; n = 3; error bars,
SEM. Right panel: Unfolding of TA cruciform by MutLa 2-3ND together with WRN, or together with WRN K577M,
without addition of EcoRl, as a control of MutLa 2-3ND nuclease activity.

2. A minor issue is that the source of the random IR DNA sequence was not clearly described. Is this a naturally
occurring sequence (if so, which?) or is it a synthetic design?

We believe the random IR sequence is of a synthetic origin, it was first used by D. Lilley and later by S. West to
study HJs and HJ resolvases. The plasmid was re-prepared from scratch based on pUC19, but we now also
include the original reference for the respective sequence in the manuscript.



1st Revision - Editorial Decision 6th Dec 2022

Thank you for submitting your final revised manuscript for our consideration. | am pleased to inform you that in light of the
positive re-review by one of the original referees (copied below), we have now accepted it for publication in The EMBO Journal.

Referee #3:

This is a very clear and comprehensive manuscript that looks at cruciform unfolding by WRN and by mismatch repair proteins.
The authors use biochemical assays to convincingly demonstrate that WRN unfolds a cruciform formed from a random inverted
repeat sequence, and thereby blocks cleavage by the SLX1-SLX4 nuclease. In contrast, WRN only weakly unfolds a cruciform
formed from a TA repeat. Unexpectedly, the mismatch repair proteins MutSalpha, MutSbeta and MutLalpha also display some
cruciform unfolding activity. Apparent synergistic effects are seen when WRN and MMR proteins (especially MutLalpha) are
combined on the TA repeat cruciform. Together, these biochemical experiments lead to a feasible model to explain how WRN
and MMR proteins might process cruciforms in vivo, and to help explain synthetic lethality of WRN- combined with MMR-

The experiments are thorough, well-controlled and thoughtfully evaluated. Alternative interpretations are considered where
appropriate and addressed throughout. While one would like to know more about the product(s) of WRN and MMR protein
unfolding, this is an excellent initial study.

The revised manuscript answers all my concerns satisfactorilly.
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