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Phosphorylation-dependent WRN-RPA
interaction promotes recovery of stalled
forks at secondary DNA structure

Alessandro Noto 1,5, Pasquale Valenzisi1,6, Flavia Di Feo1,6, Federica Fratini 2,
Tomasz Kulikowicz3, Joshua A. Sommers3, Benedetta Perdichizzi1,
Maurizio Semproni1, Valentina Palermo1, Marco Crescenzi 2,
Robert M. Brosh Jr 3, Annapaola Franchitto1,7 & Pietro Pichierri 1,4,7

TheWRNprotein is vital formanaging perturbed replication forks. Replication
Protein A strongly enhances WRN helicase activity in specific in vitro assays.
However, the in vivo significance of RPA binding toWRN has largely remained
unexplored. We identify several conserved phosphorylation sites in the acidic
domain of WRN targeted by Casein Kinase 2. These phosphorylation sites are
crucial for WRN-RPA interaction. Using an unphosphorylable WRN mutant,
which lacks the ability to bind RPA, we determine that the WRN-RPA complex
plays a critical role in fork recovery after replication stress countering the
persistence of G4 structures after fork stalling. However, the interaction
betweenWRN and RPA is not necessary for the processing of replication forks
when they collapse. The absence of WRN-RPA binding hampers fork recovery,
causing single-strand DNA gaps, enlarged by MRE11, and triggering MUS81-
dependent double-strand breaks, which require repair by RAD51 to prevent
excessive DNA damage.

TheWerner syndromeprotein (WRN) is oneof thefive conservedRECQ
helicases in humans and ismutated in the rare genetic disorderWerner
syndrome (WS)1–4. WRN plays a critical role in maintaining genome
integrity, particularly during DNA replication, as evidenced by several
characteristic phenotypes observed in WS patient-derived or WRN-
depleted cells1,5,6. During DNA replication,WRN is essential formultiple
functions, including the avoidance of double-strand breaks (DSBs),
proper fork recovery, replication of fragile sites, and end-processing of
reversed and collapsed forks1,6. Recently, WRN has also been found to
participate in fork protection in BRCA2-deficient cells, limit R-loop-
associated DNA damage, and assist in stabilising microsatellites7–9.

The genome caretaker functions of WRN during DNA replication
involvemultiple protein-protein interactions with other crucial factors
implicated in DNA replication under stressed conditions5,6. One of the
most abundant WRN interactors playing a key role in response to
perturbed replication is RPA10. The RPA heterotrimer is the major
human single-strand DNA (ssDNA) binding protein, which recognises
ssDNA formed during DNA replication or repair and acts as a scaffold
for other factors involved in response to perturbed replication11–13.
WRN binds to the N-terminal domain of RPA1 through its acidic
domain in vitro and colocalises with RPA at replication foci in human
cells10,14–17. Although theWRN-RPAassociation stimulatesWRNhelicase
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activity on branched substrates that mimic stalled or reversed repli-
cation forks in vitro10,14,17–20, the specific functions of WRN that require
interaction with RPA in response to perturbed replication are not fully
understood.

In this study, we identified multiple phosphorylation sites in the
WRN acidic domain that are targeted by Casein Kinase 2 (CK2) and are
essential for the interaction ofWRNwith RPA both in vitro and in cells.
We used the WRN 6A mutant, which is unphosphorylable by CK2 and
defective in RPA binding, to assess the functional relevance of RPA
binding during the response to perturbed replication. This mutant
contains Ser/Thr to Ala substitutions at all six sites targeted byCK2 but
retains the ability to relocalise to ssDNA, similar to wild-type WRN.
Characterisation of the response to DNA replication perturbation in
cells expressing the WRN 6A mutant, compared with cells expressing
the wild-type WRN, revealed that RPA binding is not involved in WRN-
dependent end-processing at stalled or collapsed forks or in limiting
the formation of DSBs. In contrast, WRN-RPA interaction is required
for properly restarting stalled forks, limiting the accumulation of
parental ssDNA gaps, and allowing efficient clearance of G4 DNA.
When the WRN-RPA interaction is disrupted or WRN helicase is
inhibited, MUS81 contributes to removing G4s producing DSBs
downstreamofMRE11-dependent gaps. Subsequent RAD51-dependent
repair is necessary to limit DNA damage accumulation. These findings

clarify the role of WRN binding to RPA in responding to replication
stress at G4 structures.

Results
The acidic domain of WRN is phosphorylated by CK2
The high-affinity RPA-binding site of WRN is located in its acidic
domain17, and a cluster of high-ranking putative CK2 phosphorylation
sites can be identified in this region (Fig. 1a). To assess if the acidic
domain of WRN is targeted by CK2, we first expressed GST-tagged
WRN N-terminal fragment or GST alone as a control in bacteria. We
then phosphorylated these GST fusion proteins in vitro using recom-
binant CK2 (Supplementary Fig. 1a). Autoradiography of parallel
samples readily demonstrated CK2-dependent phosphorylation of the
N-terminal WRN fragment. Mass spectrometry analysis of the unla-
belled in vitro phosphorylated N-terminal fragment revealed mod-
ification by CK2 within the acidic domain of WRN at multiple sites in
fragmented species that include the six putativeCK2-targeted residues
(Supplementary Fig. 1b). The identification of tryptic peptides with
multiple modifications is compatible with phosphorylation of all the
tandem-arrayed CK2 sites or with phosphorylation of the SDED
sequences and one of the threonine or serine residues in the TSYV
sequences (Supplementary Fig. 1b). Additionally, an uncertain mod-
ification at S426, recently identified as a CDK2 substrate21, was
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Fig. 1 | The acidic domain of WRN is phosphorylated by CK2. a Schematic
representation of WRN protein showing its domains. Mutation of six putative CK2
phosphorylation sites in the WRN acidic domain are highlighted. b Anti-Flag-
immunoprecipitation from HEK293T cells transiently transfected with Flag-WRN-
WT or Flag-WRN-6A plasmid. Cells were treated as indicated 48h after

transfection. Cell extracts were subjected to immunoprecipitation with anti-Flag
beads. Immunocomplexes were analysed by Western blotting using the indicated
antibodies. c Quantification of phosphorylation of WRN at S440-467 sites and the
effects of CK2 or DNA-PK inhibition. Data are presented as mean ±S.E. from two
independent replicates. Source data are provided as a Source Data file.
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observed (Supplementary Fig. 1b). To confirm the multiple phos-
phorylation events in the cell and attempt to identify the modified
residues, we performed mass spectrometry of full-length WRN tran-
siently expressed in HEK293T cells treated with HU, alone or in the
presence of the CK2 inhibitor CX-4945 (CK2i). MALDI-TOF mass
spectrometry, followed byMS/MS and a data-independent acquisition
strategy to assign probability scores to the multiple phosphorylation
events observed in the two tryptic peptides containing the putative
CK2 sites, confirmed the presence of at least two CK2-dependent
modifications that are increased upon HU treatment (Supplementary
Fig. 2a). Analysis of the probability score in the tryptic peptides found
to be phosphorylated, including those residually found from CK2i-
treated samples, identified S440 and S467 (SDED sites) with a prob-
ability score of 1 (100%of probability), whereas phosphorylationof the
T434/461 or S435/S462 in the TSYV sequences was equally probable
preventing a reliable identification (Supplementary Fig. 2b). The like-
lihood of T434/461 or S435/S462 residues phosphorylation is
decreased in the fragmented species from CK2i-treated samples pos-
sibly because phosphorylation at other sites, such as S453 and S426
might be increased. Although only human WRN shows an exact
duplication of the region containing these sites, the CK2-targeted
residues are highly conserved across vertebrates, (Supplemen-
tary Fig. 2c).

Some of the WRN residues identified as CK2 targets in our study
have also been reported to be modified by DNA-PK after DNA
damage22. To assess whether the acidic domain of WRN is targeted by
CK2 in response to replication arrest, we generated a phospho-specific
antibody against WRN phosphorylated at S440 and S467 (pS440/
467WRN). This selectionwas also reinforced by themass spectrometry
data indicating that these sites are found phosphorylated every time
the peptide is fragmented while it is impossible to define which of the
T434/461 or S435/S462 is modified. This antibody was used to probe
cell lysate samplesbyWesternblotting following immunoprecipitation
of Flag-tagged wild-type WRN or 6 A mutant transiently expressed in
HEK293T cells. Forty-eight hours post-transfection, cells were treated
with HU for 2 h in the presence of the CK2i or the DNA-PKcs inhibitor
NU7441 (DNA-PKi) to evaluate the contribution of these kinases to
WRN phosphorylation. Analysis of anti-Flag IP with anti-pS440/
467WRN showed that phosphorylation was detectable even without
treatment but increased substantially in response to HU-induced
replication arrest (Fig. 1b, c). A similar trend was observed probing the
endogenous WRN immunoprecipitated from U2OS cells (Supplemen-
tary Fig. 3). Notably, no anti-pS440/467WRN signal was detected in
HEK293T cells transfected with the unphosphorylable WRN 6A
mutant, and the WRN 2A mutant that contains S > A changes only at
S440 and 467, confirming the specificity of the antibody for these
residues (Fig. 1b and Supplementary Fig. 4a, b). CK2 inhibition reduced
HU-induced phosphorylation by approximately 5-fold, while DNA-PK
inhibition minimally decreased WRN phosphorylation at S440/467.
Combining the twokinase inhibitors did not result in further reduction
compared to CK2i alone (Fig. 1c).

Collectively, these results demonstrate that the acidic domain of
WRN is phosphorylated atmultiple residues byCK2both in vitro and in
human cells, and that CK2, rather than DNA-PK, which was previously
shown to target the WRN acidic domain22, is the primary kinase
responsible for its phosphorylation in response to replication stress.

Phosphorylation of the WRN acidic domain drives association
with RPA
Having demonstrated that the WRN acidic domain is targeted by CK2
at multiple different sites both in vitro and in cells, we sought to
determine whether CK2-dependent phosphorylation contributes to
the association of WRN with RPA. We generated a WRN fragment
containing only the acidic domain (aa 403-503) as aGST-fusion protein
in bacteria and used this purified fragment as bait in pull-down assays

after in vitro phosphorylation with CK2 (Fig. 2a). To determine that
changes in the amount of RPA pulled down were solely due to phos-
phorylation by CK2 at the six S/TD putative sites, we used the phos-
phomimetic 6D fragment as an internal control (Fig. 2a). The presence
of RPA32 was used as a readout of interaction with the RPA obligate
heterotrimer, and the phosphorylation status of the CK2 sites was
assessed using the anti-pS440/467WRN antibody. The wild-type WRN
fragment was greatly phosphorylated, as shown by staining with the
anti-pS440/467WRN antibody, while minimal cross-reactivity was
detected in the phosphomimetic mutant fragment (Fig. 2b). Con-
sistent with the previous studies17, the mock-phosphorylated WRN403-

503 fragment could pull-down RPA, but the amount of RPA32 bound to
this fragment increasedmore than 4-fold via prior phosphorylation by
CK2 (Fig. 2b). Notably, the phosphomimetic WRN6D403-503 fragment
exhibited increased association with RPA, which was comparable to
that of the phosphorylated wild-type WRN fragment (Fig. 2b). These
observations suggest that the phosphomimetic changes to resides
within WRN sequence 403-503 are responsible for the increased
association of WRN with RPA, even if CK2 phosphorylates additional
sites in WRN. The phosphorylation status of the six S/T CK2-targeted
residues also influencedWRN interaction with RPA in cells. Indeed, Co-
IP experiments using extracts from HEK293T cells transiently trans-
fected with Flag-tagged wild-type or unphosphorylable S/T >A (6 A)
WRN proteins showed that WRN association with RPA increased dur-
ing replication fork arrest inducedbyHU. This associationwas reduced
of about 2-fold for the unphosphorylable mutant (Fig. 2c).

To further demonstrate the relevance of theWRN acidic domain’s
phosphorylation status for its association with RPA, we immunopre-
cipitated RPA70 from cells transiently expressing either WRN wild-
typeor6 AandanalysedWRNpresence andphosphorylation status.As
shown in Fig. 2d, the interaction of RPA with WRN was enhanced
already at 2 hours of HU exposure and remained elevated at 6 hours.
The level of S440/467 phosphorylation followed a similar trend, sug-
gesting thatmost, if not all, of WRN in the RPA complex is modified by
CK2. Consistent with this, extremely low levels of WRN were co-
precipitated with RPA from cells expressing the unphosphorylable
WRN 6A mutant, as assessed by anti-Flag Western blotting (Fig. 2d).

To confirm that interaction between WRN and RPA requires
phosphorylation by CK2 but not DNA-PK, we immunoprecipitated
RPA32 from cells expressingwild-typeWRN and treatedwith HU in the
presence or absence of CK2i or DNA-PKi. As expected,
co-immunoprecipitation of RPA and WRN was stimulated by replica-
tion arrest and was almost completely abrogated by CK2 inhibition
(Fig. 2e). Of note, and consistent with phenotypic data shown later,
DNA-PK inhibition did not prevent the formation of the WRN-RPA
complex after replication arrest (Fig. 2e). Abrogation of CK2-
dependent phosphorylation of WRN did not undermine interaction
with MRE11 or DNA2, which are two other functionally relevant part-
ners of WRN23,24 (Supplementary Fig. 5). Of interest, the WRN-6A
mutant immunoprecipitated much more MRE11 and DNA2 than its
wild-type counterpart.

To further validate that the WRN-RPA interaction depends on the
phosphorylation status of the WRN acidic domain at the single-cell
level, we performed anti-Flag/RPA32 PLA in WS-derived patient cells
complemented with Flag-tagged wild-type WRN or the 6A unpho-
sphorylable mutant. Consistent with co-IP data (see Fig. 2c), PLA
showed that WRN’s interaction with RPA is strongly stimulated
by replication arrest and is reduced of about 2-fold when phosphor-
ylation is abrogated by treatment with CK2i or by the 6A mutations
(Fig. 2f). PLA experiments also showed that WRN/RPA interaction is
stimulated by HU in a time-dependent manner and that, at 6 h, an
increase is observed also in the unphosphorylable mutant (Supple-
mentary Fig. 6).

Since association with RPA often facilitates the recruitment of
proteins to blocked replication forks, we performed PLA experiments
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to monitor WRN 6A association with parental ssDNA, accumulated at
blocked replication forks, or nascent ssDNA, formed at reversed forks
or processed collapsed forks. Despite the fact that the association
with RPA is severely impaired, the WRN 6A mutant retained almost
complete proficiency to bind ssDNA exposed at parental or nascent
strands after replication arrest (Supplementary Fig. 7a, b). Consistent
with this, the chromatin localisation of both wild-type WRN and 6A

mutant was only slightly reduced after HU exposure (Supplemen-
tary Fig. 7c).

Altogether, these results indicate that the WRN’s association with
RPA, but not with chromatinized DNA, is strongly dependent on the
phosphorylation status of the six CK2-targeted residues in the acidic
domain ofWRN, and that this interaction is onlyminimally required for
WRN recruitment in response to replication fork arrest.

≅ 3.29x

WRN-WT WRN-6A

GST

- +         - +        - ATP 1mM     

GST

75 -

63 -

48 -

35 -

25 -

20 -

17 -

+           +         +         +        + CK2     

GST-
WRN403-503

GST-
WRN 6D403-503 d

mock WRN-WT               WRN-6A

INPUT

-FLAG

-LAMINB1

HU 2mM (hrs) - - 2 6 - 2 6

180 kDa -
135 kDa -

180 kDa -

135 kDa -

75 kDa -

35 kDa -

-RPA70

-FLAG

-RPA32

-RPA70

-pS440/467WRN

HU 2mM (hrs) - - 2 6 - 2 6

mock WRN-WT                WRN-6A

c

-LAMINB1

-WRN

mock WRN-WT               WRN-6A

INPUT

HU 2mM (hrs) - - 2 6 - 2 6

-Flag

HU 2mM (hrs) - - 2 6 - 2 6

mock WRN-WT              WRN-6A

-FLAG

-RPA70

180 kDa-

135 kDa-

63 kDa-

180 kDa -

63 kDa-

180 kDa-

63 kDa-

kDa
- +        - +       - ATP 1mM     

+          +        +        +       +             CK2     

b

63

48

35

25

-pS440/467WRN

-RPA32

GST
GST-

WRN403-503
GST-

WRN 6D403-503

0.0

0.2

0.4

0.6

0.8

RP
A3

2 
in

te
ra

ct
io

n

≅4.42x
≅1.18x

- + - + - ATP

GST GST-
WRN403-503

GST-
WRN 6D403-503

GST-
WRN 403-503

0.0

0.2

0.4

0.6

0.8

1.0

RP
A7

0/
FL

AG
in

IP
(A

U)

≅ 1.62x
≅ 1.64x

≅ 2.01x

HU 2mM - 2 6 - 2 6

0.0

0.2

0.4

0.6

FL
AG

/R
PA

70
 in

 IP
s 

(A
U)

≅ 6.77x
≅ 4.59x

WRN-WT WRN-6A
HU 2mM - 2 6 - 2 6

180 kDa -

63 kDa -

75 kDa-

35 kDa -

17 kDa -

180 kDa -

75 kDa -

63 kDa -

35 kDa -

17 kDa -

-RPA32 INPUT

mock WRN-WT

HU 2mM(2hrs) -
-
-

-
-
-

+
- -

+ +
+

+- -
CK2i (20μM)

DNAPKi (1μM)

mock WRN-WT

HU 2mM(2hrs) -
-
-

-
-
-

+
- -

+ +
+

+- -
CK2i (20μM)

DNAPKi (1μM)

-FLAG

-RPA70

-RPA32

-RPA14

- FLAG

- RPA70

- RPA32

- RPA14

- LAMINB1

e

0

10

20

30
40

60

80

100

200

300

W
RN

/R
PA

32
 s

po
ts

HU 2mM (2hrs) -         +        +         -         +         +

WS+wt WS+6A

CK2i (20μM)      -         -         +         -         -          +

0,0047

0,0002

CK2i 20�M            
- + +HU 2mM (2hrs) 
- +-

f

a

kDa

Article https://doi.org/10.1038/s41467-025-55958-z

Nature Communications |          (2025) 16:997 4

www.nature.com/naturecommunications


WRN-RPA-binding is required for recovery fromreplication arrest
In our experiments, deletion of the WRN acidic domain greatly affec-
ted protein expression, possibly because of destabilisation in the cell
(Supplementary Fig. 8a, b). Thus, the unphosphorylable WRN 6A
mutant, which exhibits compromised RPA-binding but normal
expression and associationwithperturbed forks, serves as a useful tool
to probe the functional role of the WRN-RPA interaction in cells. WRN
is known to play critical roles at perturbed replication forks, including
assisting DNA2 in exonucleolytic processing at reversed forks and
limiting pathological degradation by MRE1125,26. The contribution of
theWRN-RPA interaction to thesemechanisms is unknown. As a proxy
for thedegradationoccurring at reversed forks26, wefirst evaluated the
accumulationof nascent ssDNAat different times duringHU treatment
in WS cells complemented with either wild-type or the 6A WRN pro-
tein. The exposure of nascent ssDNA increased significantly after
6 hours of HU in cells expressing both wild-type WRN and the RPA-
binding defective 6 A mutant, with no significant difference between
the two (Supplementary Fig. 9a). To further assess that RPA binding by
WRN was not required for this function, we performed DNA fibre
assays (Supplementary Fig. 9b). Nascent DNA was sequentially pulse-
labelled with CldU and IdU, followed by HU treatment. Analysis of the
IdU/CldU ratios revealed no statistically significant difference between
WS cells complemented with wild-type WRN and those with the 6 A
mutant (Supplementary Fig. 9b). In both cases, the IdU/CldU ratios
were increased by the MRE11 inhibitor, MIRIN (MRE11i), confirming
that a fraction of forks underwent degradation after 6 hours of HU,
regardless of WRN ability to bind RPA. Loss of WRN function is known
to trigger DSB formation and stimulate RAD51-dependent repair27,28

and WRN has also been implicated in promoting long-range end-
degradation at collapsed replication forks23,29. To test whether loss of
WRN-RPA binding affects end resection at collapsed forks, we mea-
sured DSBs and ssDNA formation after treatment with HU and the
topoisomerase inhibitor camptothecin (CPT), which induces replica-
tion stress andDSBs, by neutral Comet assay and the native IdU/ssDNA
assay29. As shown in Supplementary Fig. 9c and 10, loss of WRN-RPA
binding did not affect the formation of DSBs at perturbed replication
forks and minimally affects the end-resection after their collapse, if
compared with the end resection-defective S1133A WRN mutant29,
suggesting that the small reduction of nascent ssDNA formed at col-
lapsed forks is not of biological significance.

Given that RPA-binding by WRN is dispensable during end-
processing at perturbed replication forks, we next analysed whether
the WRN-RPA interaction affects replication fork restart and recovery.
To this end, WS cells transiently complemented with either the wild-
type WRN or the WRN 6A mutant were pulse-labelled with CldU,
treatedwithHU for 6 hours, followedby 20min recovery in IdU before
DNA fibre spreading (see scheme in Fig. 3a). Analysis of the IdU/CldU
ratios from DNA fibres showed shorter IdU tracts in WS cells and in
cells expressing the RPA-binding deficient WRN 6A mutant (Fig. 3a).

Given the impact of RPA-binding on WRN ability to support DNA
replication, we wondered whether cells expressing the WRN 6A
mutant might exhibit persistent ssDNA gaps after replication fork
recovery. To test this, we analysed the presence of parental ssDNA
after 6 hours of HU and subsequent recovery, using native IdU
immunofluorescence inWScells transiently complementedwith either
an empty vector, wild-type WRN or the 6A mutant (Fig. 3b). HU
treatment resulted in a fraction of cells showing some parental ssDNA
exposure, with no significant difference between WS cells, cells
expressing wild-type WRN or 6A mutant (Fig. 3b). Notably, while the
amount of parental ssDNA decreased greatly during recovery in WS
cells and in cells expressing wild-type WRN, this reduction was less
evident in cells expressing the WRN 6A mutant (Fig. 3b). In both
genetic backgrounds, a portion of the parental ssDNA exposed during
HU treatment was dependent on MRE11 exonuclease activity, as it was
reduced by theMRE11 inhibitor (Supplementary Fig. 11). This finding is
consistent with the DNA fibre degradation assay shown in Supple-
mentary Fig. 9b, confirming that a sub-population of stalled forks
undergoes degradation after 6 hours of HU exposure. Strikingly, in
both wild-type WRN or 6A-expressing cells, all the residual parental
ssDNA exposed during recovery was DNA2-independent (Supple-
mentary Fig. 12). Inhibition of CK2 led to significantly elevated expo-
sure of parental ssDNA during HU treatment but not exceeding the
levels of parental ssDNA detected in the presence of WRN 6A mutant
(Supplementary Fig. 12). Although inhibition of CK2 led to more par-
ental ssDNA exposure in wild-type cells during recovery if compared
with the WRN 6Amutant, CK2 inhibition did not affect the amount of
parental ssDNA observed in those cells (Supplementary Fig. 12).

These results suggest that, in the absence of WRN-RPA binding,
cells accumulate parental ssDNA. This phenotype often correlates with
the accumulation of daughter strand gaps. To determine if the
increased detection of parental ssDNA derived from processing of
DNA gaps, we performed the DNA fibre assay in cells treated with the
S1 nuclease after replication arrest and recovery (Fig. 3c). Of note,
while the IdU/CldU ratio in the absence of S1 treatment did not differ
between wild-type cells and cells expressing WRN 6A, treatment with
S1 led to shorten IdU-labelled replication tracts in those cells (Fig. 3c),
indicating the presence of daughter strand gaps. Since cells expressing
WRN 6Amutant did not show increased degradation at reversed forks
compared to wild-type cells, we hypothesised that the parental gaps
might result from repriming by PRIMPOL. To test this hypothesis, we
repeated the analysis of parental ssDNA in cells transfected or not with
siRNA targeting PRIMPOL (Supplementary Fig. 13a). Based on previous
studies, we anticipated that PRIMPOLdepletionwould reduceparental
ssDNA exposure if the gaps derived from its repriming activity. Inter-
estingly, PRIMPOL depletion did not reduce the level of parental
ssDNA exposed in either wild-type WRN or WRN 6A-expressing cells
(Supplementary Fig. 13a). However, depletion of PRIMPOL in cells
expressing WRN 6A reverted the S1-dependent reduction in the IdU

Fig. 2 | Phosphorylationof the acidic domain ofWRNby CK2drives association
with RPA. a Ponceau staining of GST pull-downs performed with nuclear extracts
from HEK293T cells and GST-tagged WRN fragment 403-503 (WRNwt and WRN6D).
The WRN fragments from “a” were phosphorylated by CK2 in the presence or
absence of ATP. Western blotting analysis in b shows WRN S440/467 phosphor-
ylation and the RPA32 subunit fromGST pull-downs. The graph shows the levels of
S440/467 phosphorylation and RPA32 bound to GST-taggedWRN fragments. Data
are presented as mean from two independent replicates. c Anti-Flag-
immunoprecipitation from HEK293T cells transfected with Flag-WRN-WT or Flag-
WRN-6A plasmid. Cells were treated as indicated 48h after transfection. Cell
extracts were subjected to immunoprecipitation with anti-Flag beads. Immuno-
complexes were analysed by Western blotting using the indicated antibodies. The
graph presents the quantification of the WRN-normalised amount of RPA70 in the
anti-Flag immunoprecipitate from two independent experiments (mean of each is
shown). d Anti-RPA70 immunoprecipitation from HEK293T cells transfected with

Flag-WRN-WT or Flag-WRN-6A plasmid. Cells were treated as indicated 48h after
transfection. Immunoprecipitation was performed using anti-RPA70-conjugated
beads and immunocomplexes analysed by Western blotting using the indicated
antibodies. The graph shows thequantificationof theRPA70-normalised amount of
WRN in the anti-RPA70 immunoprecipitate from two independent experiments
(mean of each is shown). e Anti-RPA32 immunoprecipitation from HEK293T cells
transfected with Flag-WRN-WT plasmid. Cells were treated as indicated 48 h after
transfection. Immunocomplexes were analysed by Western blotting using the
indicated antibodies (the gel is representative of one of the two independent
repeats). f Interaction between WRN and RPA32 in Werner Syndrome (WS) cells
expressing Flag-WRNwt or Flag-WRN6A and treated as indicated. In situ PLA was
performed with anti-Flag and anti-RPA32 antibodies. The graph shows individual
PLA spot values from each condition (from 166 to 280 nuclei). Representative
images are provided. Bars represent mean ± S.E. (n = 3; two-tailed Mann-Whitney
test). Scale bar = 20 µm. Source data are provided as a Source Data file.
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Fig. 3 | RPA-binding is required forWRN to restart replication fork and recover
from replication arrest. a Analysis of replication fork restart using DNA fibre
assay. WS cells or WS cells expressing Flag-WRNwt or Flag-WRN6A plasmid were
treated 48 h thereafter as indicated in the experimental scheme. The graph dis-
plays individual IdU/CdU ratios from 100DNA fibres after duplicated experiments.
Bars represent mean ± S.E. (ns = not significant; ****P <0.0001; Two-tailed Mann-
Whitney test for paired samples). Representative images of DNA fibres from a
random field are provided. Scale bar 10 µm. b Analysis of parental ssDNA exposure
in WS cells or WS cells expressing Flag-WRNwt or Flag-WRN6A plasmid. Cells were
treated as indicated in the experimental scheme. The graph shows the

quantification of total IdU intensity per nucleus from three independent experi-
ments. Bars represent mean ± S.E. (ns = not significant; *P <0.05; ***P <0.001;
****P <0.0001; Two-tailed Mann-Whitney test for paired samples). Representative
images of native anti-IdU immunofluorescence are provided. Scale bar = 20 µm.
c Analysis of replication fork recovery using DNA fibre assay inWS cells expressing
Flag-WRNwt or Flag-WRN6A and treated as indicated in the experimental scheme.
The graph displays individual IdU/CdU ratio values from two independent repli-
cates (at least 25fibres each). Bars representmean±S.E. (Two-tailedMann-Whitney
test for paired samples). Representative images of DNA fibres from a random field
are provided. Scale bar 10 µm. Source data are provided as a Source Data file.
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tract lengths of DNA fibres observed inwild-type cells (Supplementary
Fig. 13b), suggesting that PRIMPOL-dependent DNA gaps are formed
when the interaction between WRN-RPA is perturbed by loss of CK2-
dependent phosphorylation of theWRN acidic domain even if residual
parental ssDNA is not affected.

Collectively, these results indicate that RPA-binding by WRN is
crucial for accurate replication fork progression under both unchal-
lenged and perturbed conditions. Proper formation of the WRN-RPA
complex enables cells to recover from perturbed replication without
accumulating PRIMPOL-dependent ssDNAgaps thatbecome targets of
MRE11-dependent degradation.

RPA-binding and helicase activity of WRN promote clearance of
G4-DNA
We show that RPA-binding by WRN is important for recovery of per-
turbed replication forks. In vitro, RPA facilitates WRN unwinding and
fork regression, enhancingWRNhelicase activity10,17,19. Thus, we sought
to determine whether loss of RPA-binding and the helicase function of
WRNact in the samepathwayby combining the expression ofWRN6A
mutant with catalytic inhibition of the helicase using a small molecule
inhibitor (WRNi)7. First, we analysed the recovery of stalled forks using
the DNA fibre assay (see scheme in Supplementary Fig. 4a). Pharma-
cological inhibition of WRN helicase activity strongly reduced the
ability of cells expressing the wild-typeWRN to recover stalled forks as
shown by the reduced length of the IdU-labelled, restarting, tract
(Fig. 4a). As expected, the expression of the WRN 6Amutant, which is
defective in RPA-binding, also undermined fork recovery (Fig. 4a).
Interestingly, although treatment of cells expressingWRN 6Awith the
WRNi further reduced the recovery of stalled forks, the effect was
milder if compared to wild-type cells (Fig. 4a). Notably, both the
number of restarted forks and the fork progression during recovery
(i.e., the length of the IdU tracts) were diminished by the compromised
ability of WRN to bind RPA (Fig. 4a, see % of restarting of forks in
insets). Notably, the reduced progression of stalled forks observed in
cells expressing WRN 6A after recovery was also characteristic of WS
cells (Supplementary Fig. 14a)

Next, we investigated whether the increased exposure of parental
ssDNA observed during recovery from replication arrest in cells expres-
singWRN6A could be phenocopied inWRNwild-type cells by treatment
with theWRNi. While inhibition of theWRN helicase failed to change the
amount of parental ssDNAobserved duringHU treatment irrespective of
the WRN status, during recovery from HU, inhibition of WRN helicase
resulted in increased parental ssDNA exposure in cells expressing the
wild-typeWRNbut not in those expressing theWRN6Amutant (Fig. 4b).
Notably, during recovery, wild-type cells treated with theWRNi and cells
expressing the RPA-binding deficient WRN 6A exposed comparable
levels of parental ssDNA (Fig. 4b). Similar to cells expressing WRN 6A,
WRNi treatment did not affect the level of parental ssDNA in cells
expressing the helicase-defective K577MWRN (Supplementary Fig. 14b),
reinforcing the hypothesis that formation of the WRN/RPA complex is
involved in the unwinding of blocked forks in the cell.

Since inhibition of WRN helicase in wild-type cells mimicked the
phenotype of the WRN 6A mutant, we performed in vitro assays to
investigate whether CK2 phosphorylation at the WRN acidic domain
regulates its helicase activity. To this end, we purified recombinant
wild-type WRN and verified whether the recombinant WRN purified
from insect cells was already phosphorylated at the CK2 sites of the
acidic domain using the anti-pS440/467 WRN antibody. Interestingly,
the recombinant wild-type WRN purified from insect cells was phos-
phorylated at CK2 sites (Supplementary Fig. 15). Thus, we expressed
and purified from insect cells the unphosphorylable WRN-6A mutant
and assessed both for their enzymatic activity. Thewild-type andWRN-
6A proteins were tested for catalytic activity on a canonical TelXY
forked duplex substrate with 34 bp duplex and 15 nt tails (forked DNA
substrate), which is unwound by WRN in the presence of ATP or

degraded by WRN’s 3′-5′ exonuclease activity in the absence of ATP.
We tested serially increasing amounts of WRN-WT and WRN-6A and
observed that each enzyme was able to unwind the TelXY substrate
equally well (Fig. 4c). Subsequently, we tested their helicase activities
in the presence of increasing concentrations of RPA (from 1 to 16 nM).
Helicase activities of the wild-type and the mutant were equally sti-
mulated by RPA and showed nearly complete unwinding at the highest
RPA concentration (Fig. 4d). RPA alone showed a marginal fork sub-
strate destabilising effect at the highest concentration. The apparently
normal ability ofWRN-6A to unwindDNA in vitro suggests that there is
no major structural impact of the six S/T mutations into A on WRN
catalytic activity.

We then subjected the purified WRN to dephosphorylation/
phosphorylation using lambda phosphatase, followed by the addition
of CK2 kinase, prior to analysing its enzymatic activity. The activity of
WRN was compared to that of the dephosphorylated form, which was
mock-treated after the dephosphorylation. The dephosphorylated and
CK2-rephosphorylated WRN proteins were tested for catalytic activity
on a forked duplex DNA substrate, which is unwound by WRN in the
presence of ATP or degraded byWRN’s 3′-5′ exonuclease activity in the
absence of ATP. As shown in Supplementary Fig. 16, no apparent dif-
ference in the helicase or exonuclease activity was detected between
the unphosphorylated WRN and CK2 -rephosphorylated WRN recom-
binant proteins, even in the presence of RPA.

WRN has been shown to catalyse the unwinding of G-quadruplex
(G4) DNA substrates in vitro, with RPA-binding enhancing WRN
activity20,30. We, therefore, sought to determine whether the compro-
mised ability of the RPA-binding deficientWRN to resume stalled forks
was correlated with reduced helicase activity toward G4s. To test this,
we first evaluated the presence of G4s by anti-BG4 immuno-
fluorescence in WS cells and in cells expressing WRN wild-type or 6 A,
with or without WRNi treatment. Untreated cells showed little
BG4 staining, irrespective of the RPA-binding capability of WRN
althoughWS cells hadmore intense staining (Fig. 5a). The inhibition of
WRN helicase by the WRNi increased the intensity of BG4 staining
significantly only in wild-type and WRN 6A (Fig. 5a). During recovery
from HU, WS cells showed an elevated level of BG4 staining that was
not further increased by the WRNi whereas it was further heightened
by co-treatment with the WRNi in wild-type cells (Fig. 5a). Notably, the
impaired ability of WRN to bind RPA substantially increased
BG4 staining after recovery, matching the levels observed in WS cells
or in wild-type cells after inhibition of WRN helicase. No further
increase in BG4 staining was observed in cells expressing WRN 6A
treated withWRNi (Fig. 5a). To determine if BG4 staining detected G4s
at stalled forks, we performed a PLA assay to assess proximity of BG4
nanobody to EdU-labelled nascent strand at stalled forks (SIRF assay).
SIRF assay confirmed that significantly more G4s were detected at
stalled forks in the absence of WRN (WS cells) or when the WRN 6A
mutant is expressed (Fig. 5b).

Having demonstrated that impaired helicase activity or RPA-
bindingbyWRN leads to the accumulation ofG4s and their persistence
during the restart of stalled replication forks, we assessed whether
thesepersistingG4swere eventually resolved.WS cells complemented
with wild-type WRN or the 6 A mutant were treated with HU and
allowed to recover for 1 or 18 hours before evaluating the presence of
G4s by BG4 immunofluorescence. To further investigate the con-
tribution of the WRN helicase activity, parallel samples were treated
withWRNiduring the 18 hours of recovery fromHU. Interestingly, after
18 hours of recovery, cells expressing WRN 6A or with inhibited WRN
helicase showed dissolution of G4s, returning to wild-type
levels (Fig. 5c).

Further confirming that CK2 and not DNA-PK is the kinase
involved in regulating WRN in response to stalled replication, treat-
ment with CK2i but not DNA-PKi increased BG4 staining in cells
expressing WRN wild-type (Supplementary Fig. 17a, b).
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These results demonstrate that impairment of RPA-binding by
WRN is sufficient to induce the accumulation of G4s shortly after
recovery from replication arrest, mimicking the effect ofWRNhelicase
inhibition. Since the unphosphorylable WRN-6A mutant manifested
normal ability to unwind a standard forked substrate, we next eval-
uated if it showed any defective unwinding of a G4-containing

substrate. First, the serially increasing amounts of each protein were
tested on a tetramolecular parallel TP-G4 substrate. The WRN-WT and
WRN-6A were able to resolve TP-G4 structure in a nearly identical
concentration-dependent manner (Fig. 6a). Next, we tested whether
RPA could stimulate the G4-resolving activity ofWRN. TheWT and the
6Amutant proteinswere equally active anddid not showa stimulatory
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effect when incubated with increasing amounts of RPA. Moreover,
each protein seemed to be inhibited at the higher concentrations of
RPA (8 and 16 nM, Fig. 6b). RPA alone did not have any effect on the
substrate.

Although CK2-dependent phosphorylation of WRN does not
impair its enzymatic activity on a forkedduplexorG4 substrate in vitro,
these findings collectively show that G4s accumulate in cells treated
withHUwhenWRNbinding toRPAorWRNhelicase activity is impaired
although they are eventually resolved after prolonged recovery.

Phosphorylation of WRN S440 and S467 is sufficient to safe-
guard against G4s
Mass spectrometry indicates that CK2 targets S440 and S467 of WRN
and at least another one of the residues in the TSYVIE sequence. This
uncertainty supported the use of the fully-unphosphorylable WRN
mutant in functional studies. However, mass spectrometry also iden-
tified S440 and S467 as the phosphorylated residues in tryptic pep-
tides with only one phosphate (see Supplementary Fig. 2). Thus, we
tested the relevance of these residues for the functional roles of WRN
during the recovery of stalled forks at G4s by generating amutant with
S > A changes only at S440 and 467 (WRN-2A). First, we immunopre-
cipitated RPA32 from cells transiently expressing either WRN wild-
type, 2 A or 6A and analysed WRN presence and phosphorylation
status. As shown in Fig. 7a, the interaction of RPAwithWRNwas almost
completely abrogated in cells expressing the WRN-2A without any
detectable divergence from the WRN-6A. The level of S440/467
phosphorylation followed a similar trend, confirming that most, if not
all, of WRN in the RPA complex is modified by CK2 and that mod-
ification of S440 and 467 is sufficient to support the formation of the
WRN/RPA complex in the cell. Consistent with this, extremely low
levels of WRN-RPA32 PLA spots were detected in response to 2 hours
of HU in WS cells expressing the unphosphorylable WRN 2A
mutant (Fig. 7b).

To assess if WRN phosphorylation by CK2 at S440/467 was suffi-
cient to prevent G4 persistence after recovery from replication arrest
induced by HU, we performed BG4 staining inWS cells complemented
with WRN wild-type or the two phosphorylation-defective mutants
WRN 6A or 2 A. As expected from our previous experiments, cells
expressing WRN wild-type showed a modest increase in BG4 staining
during recovery, which is increased further upon inhibition of CK2
(Fig. 7c). In contrast, cells expressing WRN 6A or 2 A displayed sig-
nificantly higher levels of BG4 stainingduring recovery fromHU,which
was not further affected by treatment with CK2i (Fig. 7c). Since per-
sistenceof G4s, as inferred fromelevated BG4 staining, correlatedwith
poor fork recovery (see Fig. 4), we compared fork progression
between cells expressing the WRN 6A and 2A mutants using dual
labelling and DNA fibres. As shown in Fig. 7d, even the abrogation of
just S440/467 phosphorylation is sufficient to undermine fork recov-
ery and progression after HU treatment.

Collectively, these results indicate that the formation of theWRN/
RPA complex in the cells in response to HU-induced replication arrest
requires at least modification of S440 and S467 by CK2, and that
abrogation of phosphorylation at these two residues of WRN is

sufficient to recapitulate the phenotypic changes observed in theWRN
6A mutant. In addition, these findings suggest that WRN 6A and 2A
canbe both used to investigate the functional significanceof theWRN/
RPA complex in the cell.

MUS81-dependent DSBs form in the absence of WRN-RPA
binding
Collectively, our data support a model in which the binding of WRN to
RPA is essential for the recovery of replication forks and the accurate
replication of the secondary DNA structures, such as G4s. This
prompted us to investigate the relationship between the persistent
parental gaps generated by MRE11 and the removal of G4s observed
during extended recovery periods after replication fork arrest in cells
expressing the WRN 6A mutant. To explore this, we treated cells with
HU and analysed the presence of G4s using immunofluorescence after
1 hour and 18 hours of recovery, with or without the MRE11 inhibitor.
Inhibiting MRE11 exonuclease activity decreased BG4 staining in wild-
type cells after 1 hour of recovery but had no effect after 18 hours
(Supplementary Fig. 18a). Although this decrease was significant, the
overall amount of HU-dependent G4s detected by anti-BG4 immuno-
fluorescence was exceptionally low in wild-type cells. In contrast, inhi-
bitingMRE11 exonuclease activity greatly increased the alreadyelevated
anti-BG4 staining in cells expressingWRN 6A (Supplementary Fig. 18a).
The observation that G4s removal depends on MRE11 exonuclease
activity suggests that DSBs are formed and resected at G4 sites.

In human cells, MUS81 endonuclease can process G4s and is
known to introduce DSBs in the absence of WRN28,31. We depleted
MUS81 using RNAi (Fig. 8a) and analysed whether DSBs formed during
recovery from HU in cells expressing WRN 6A. The neutral comet
assay revealed very low levels of DSBs in cells expressing wild-type
WRN after 1 hour of recovery from HU, and those DSBs were MUS81-
independent (Fig. 8a). However, significantlymore DSBs were found in
cells expressing WRN 6A during recovery, and these were suppressed
byMUS81 depletion (Fig. 8a). Notably, DSBs formed in cells expressing
the WRN 6A mutant during recovery were also strongly reduced by
MIRIN (Supplementary Fig. 18b), confirming that MRE11-dependent
gap enlargement acts upstream of MUS81. This MUS81-dependent
formation of DSBs prompted us to analyse the presence of G4s using
anti-BG4 immunofluorescence to correlate them with G4s clearance
(Fig. 8b). Depletion of MUS81 reduced the already low level of
BG4 staining in WS cells complemented with wild-type WRN after
1 hour of recovery. In contrast, depletion of MUS81 increased the level
of G4s in cells expressing WRN 6A mutant. To show that the G4s
affected by MUS81 depletion in the WRN 6A mutant were localised at
perturbed forks, we performed BG4-SIRF experiments. As shown in
Fig. 8c, an increased fraction of G4s were found in proximity of EdU-
labelled nascent DNA in cells expressing the WRN 6A mutant.

Altogether, these results provide strong evidence for the crucial
role ofMRE11 andMUS81 in the removal of G4 structures that fail to be
resolved due to defective interaction between WRN and RPA during
replication fork recovery. Furthermore, these findings establish a link
between gap processing and the formation of DSBs, highlighting the
interplay between these processes in maintaining genome stability.

Fig. 4 | RPA-binding collaborates with WRN helicase activity to promote
replication recovery. a Analysis of replication fork recovery using DNA fibre assay
in WS cells expressing Flag-WRNwt or Flag-WRN6A and treated as indicated in the
experimental scheme. The graphdisplays individual IdU/CdU ratio values from two
independent replicates (50 DNA fibres each experiment). Bars represent mean ±
S.E. The numbers in the inset boxes above each dot plot indicate the percentage of
restarting forks (mean ± S.E). (Two-tailed Mann-Whitney test for paired samples).
Representative images of DNA fibres from a random field are provided. Scale bar
10 µm. b Analysis of parental ssDNA exposure inWS cells expressing Flag-WRNwt or
Flag-WRN6A and treated as indicated in the experimental scheme. The graph
quantifies total IdU intensity per nucleus from three independent experiments (at

least 40 nuclei/repeat). Data points from inhibited cells have a black border. Bars
representmean±S.E. (ns = not significant; * P <0.05; ***P <0.001; Two-tailedMann-
Whitney test for paired samples). Representative images of native anti-IdU immu-
nofluorescence are shown. Scale bar = 20 µm. c Helicase reactions containing
radiolabeled TelXY forked duplex substrate (0.5 nM) and increasing concentration
ofWRN-WT andWRN-6A proteins (0.5, 1, 2, 4, 8 and 16 nM).d Evaluation of helicase
activity ofWRN-WT (2 nM) andWRN-6A (2 nM)with increasing amount of RPA (1, 2,
4, 8, 16 nM). NE indicates no enzyme control. Black triangles indicate heat dena-
tured substrate. The autoradiographs shown in (c and d) are representative of two
experiments. Source data are provided as a Source Data file.
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RAD51 repairs DSBs formed at G4s in the absence of WRN-RPA
binding
Our findings demonstrate that resolving G4 structures without WRN-
RPA binding requires the presence of both MRE11 and MUS81. MRE11-
enlarged gaps can act as sites for RAD51 recruitment, facilitating post-
replication gap repair. To investigate whether RAD51 is recruited to

parental ssDNA exposed at DSBs formed by MUS81 and through
MRE11-dependent degradation of the newly synthesised DNA, we
conducted a parental ssDNA-protein PLA26. As shown in Supplemen-
tary Fig. 18c, RAD51 was associated with parental ssDNA in cells
expressingwild-typeWRNafter recovery fromHU, and this association
was minimally affected by inhibiting MRE11 exonuclease. In contrast,
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cells expressing WRN 6A mutant exhibited higher levels of RAD51
associated with parental ssDNA, which were significantly reduced by
treatment with MIRIN (Supplementary Fig. 18c). Furthermore, deple-
tion of MUS81 in cells expressing WRN 6A substantially, but not
completely, reduced RAD51 recruitment to parental ssDNA (Fig. 9a),
suggesting that RAD51 may also play a role in repairing MUS81-
dependent DSBs. We hypothesised that if RAD51 was engaged in post-
replication repair, itwould remainassociatedwith ssDNAduring a later
stage of recovery. To test this, we monitored RAD51 recruitment to
parental ssDNA after 18 hours of recovery. As illustrated in Fig. 9b,
RAD51 was associated with parental ssDNA in cells expressing wild-
type WRN at 18 hours of recovery from HU, with minimal impact from
MIRIN, which interferes with DSB formation (see Supplementary
Fig. 18b). Conversely, cells expressing the WRN 6A mutant, which
promotes MRE11 and MUS81-dependent DNA breakage, showed
increased RAD51 association with parental ssDNA, and this was greatly
suppressed by MIRIN treatment (Fig. 9b).

Next, we reasoned that MUS81-dependent DSBs would persist if
RAD51 nucleofilament formation was blocked, indicating that RAD51 is
necessary for their repair. To this aim, we performed a neutral Comet
assay on cells expressing the wild-type WRN or the RPA-binding-
defective WRN mutant at 18 hours of recovery, using the RAD51 inhi-
bitor B02 (RAD51i). As shown in Fig. 9c, very few DSBs were present in
WRN wild-type cells at 18 hours of recovery from HU, and these were
onlymildly affectedbyRAD51 inhibition. Interestingly, cells expressing

the RPA-binding-defective WRN also exhibited few DSBs at 18 hours of
recovery fromHU,with no statistically significant differencecompared
to cells expressing wild-type WRN. However, RAD51 inhibition led to a
substantial increase in the number of DSBs in cells expressing theWRN
6A mutant if compared with the cells expressing wild-type WRN
(Fig. 9c). Consistent with the neutral Comet assay, RAD51 inhibition
also significantly elevated the phosphorylation level of the H2AX his-
tone, a marker for DNA damage, in cells expressing the RPA-binding-
deficient WRN (Supplementary Fig. 19).

Subsequently, we examined the persistence of DSBs after trans-
fection with control siRNA or siRNA targeting MUS81 in cells expres-
sing the RPA-binding-deficient WRN mutant at 18 hours of recovery in
the presence of RAD51 inhibition.We hypothesised that despite RAD51
inhibition, DSBs would be reduced if MUS81 was silenced, indicating
that RAD51 is primarily involved in repairing MUS81-dependent DSBs.
The neutral Comet assay confirmed that RAD51 inhibition increased
DSB levels (Fig. 9d). Furthermore, depletion of MUS81 substantially
decreased the number ofDSBs compared to control-depleted cells and
RAD51-inhibited cells (Fig. 9d). Since cells expressing WRN 6A show
persistence of G4s that are eventually removed through formation of
DSBs and HR, we wondered if they would display hypersensitivity to
the G4 binder and anticancer drug candidate pyridostatin (PDS). To
test this hypothesis, we analysed clonogenic survival of WS cells
complemented with WRN wild-type or 6 A and treated with PDS at
different concentrations. As shown in Supplementary Fig. 20,

Fig. 5 | Disruption of the WRN-RPA complex leads to persistence of G4s in
the cell. a Analysis of G4 structures by immunofluorescence and an anti-DNA G-
quadruplex antibody (clone BG4) in WS cells or WS cells expressing Flag-WRNwt or
Flag-WRN6A plasmid. Cells were treated as indicated. The graphquantifies total BG4
nuclear stainingpernucleus from two independent experiments (at least 80nuclei/
repeat). Data points from inhibited cells have a black border. Bars representmean±
S.E. (ns = not significant; *P <0.05; **P <0.01: Two-tailed Mann-Whitney test for
paired samples). Representative images are provided. Scale bar = 20 µm. b SIRF
analysis of the localisation of BG4 at EdU-labelled nascent DNA by in situ PLA inWS
cells expressing Flag-WRNwt or Flag-WRN6A. To mark nascent DNA at stalled forks,
cells were treated with EdU 8min before being treated with HU. The graph

quantifies total BG4 SIRF spots per nucleus from two independent experiments (at
least 80 nuclei/repeat). Bars represent mean ± S.E. (ns = not significant;
****P <0.0001; Kruskal-Wallis with Dunn’s test). Representative images are pro-
vided. Scale bar = 20 µm. c Analysis of G4 structures detection as in a) in WS cells
expressing Flag-WRNwt or Flag-WRN6A. Cells were treated as indicated and recov-
eredwith orwithoutWRN inhibitor (WRNi). The graph shows quantification of total
BG4 nuclear staining per nucleus from two independent experiments (at least 80
nuclei/repeat). Data points from inhibited cells have a black border. Bars represent
mean ± S.E. (ns = not significant; **P <0.01; ****P <0.0001; Two-tailed Mann-Whit-
ney test for paired samples). Representative images are provided. Scale bar =
20 µm. Source data are provided as a Source Data file.
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Data File.
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treatment with PDS induced a dose-dependent loss of viability in cells
expressingWRNwild-type but, surprisingly, was less effective in killing
cells expressing WRN 6A.

Altogether, these results suggest thatRAD51 is recruited toMRE11-
processed gaps and is essential for repairing MUS81-dependent DSBs,
thereby contributing to the clearance of G4 structures and limiting

DNA damage, and possibly conferring resistance to G4 binders
such as PDS.

Discussion
In this study, we found that RPA-binding toWRN plays a unique role at
stressed replication forks, a process thatdepends onpost-translational
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phosphorylation of WRN, which regulates its interaction with RPA. We
identified a cluster of CK2-dependent phosphorylation sites within the
acidic domain ofWRN that are essential for its optimal interactionwith
RPA. By characterising a WRN 6A unphosphorylable mutant, we were
able to pinpoint a biological function of the WRN-RPA interaction
critical for genome stability.

Previous in vitro studies have shown that WRN interacts with RPA
via its acidic domain, which binds to a basic cleft in the N-terminal
region of the RPA1 subunit10,17,19. Consistent with these observations,
we determine that CK2-dependent phosphorylation of theWRN acidic
domain at multiple sites modulates the WRN-RPA interaction. Impor-
tantly, our data indicate that, within cells, critically-important WRN-
RPA interactions are inhibited by abrogating phosphorylation in the
WRN acidic domain. Although a minor RPA-binding site has been
mapped to the C-terminal region of WRN17, we cannot exclude the
possibility that the residual interaction level observed in the WRN 6A
mutant originates from this site. Of interest, although our mass spec-
trometry data unambiguously assign phosphorylation at S440 and
S467, we are unable to discriminate if the other phosphorylation
observed in the subset of CK2 sites located in the TSYVI sequences
takes place at Threonine or Serine. However, our immunoprecipitation
data indicate that S440 andS467 are the key residues for the formation
of theWRN-RPA complex as theirmutation into Alanine abrogates RPA
binding. Our mass spectrometry analyses cannot provide any insight
into potential priming effects of S440/467 phosphorylation on that of
the TSYVI sequences at this stage and dedicated biochemical experi-
ments and phospho-specific antibodies will be needed to address
this point.

Notably, the described CK2-dependent phosphorylation sites are
evolutionary conserved, underscoring their relevance. Although not
duplicated, these sites are present in vertebrate WRN (e.g., chicken)
and Xenopus FFA-1. Interestingly, two, and the most critical, of the six
CK2-dependent phosphorylation sites identified in this study, S440
and S467, have been previously identified as DNA-PK targets in
response to DSBs22. Our data demonstrate that, in response to per-
turbed replication, DNA-PK contributes modestly to phosphorylation
at these sites, and treatment with a DNA-PK inhibitor fails to recapi-
tulate the effect of WRN 6A or 2A in wild-type cells, suggesting that
different kinases might target the WRN acidic domain to modulate its
specific functions. Serine 426 has also been identified as a CDK2-
dependent site involved in DSB response, but no defective association
with RPAwas reported in the S426Amutant21, suggesting thatmultiple
residues must be targeted to negatively affect the interaction.
Although RPA is important for directing multiple proteins to their
genomicDNAsubstrates in response to replication forkperturbation32,
WRN-binding to RPA is dispensable for WRN recruitment to ssDNA in
cells. This finding differentiates the relationship between RPA and
WRN from that of RPA and BLM, which requires association with RPA
to be localised at ssDNA33. Recently,WRNwas shown to cooperatewith

DNA2 in end-processing of reversed replication forks and during long-
range resection at replication-dependent DSBs induced by CPT
treatment23. Interestingly, our data show that RPA-binding is not
involved in the WRN/DNA2-dependent end-processing, although RPA-
ssDNA complexes are expected to formunder these conditions. This is
consistent with RPA-dependent and independent helicase activities of
WRN34. However, RPA also interacts with DNA2 and stimulates its
function35. Thus, during end-processing at stalled or collapsed forks,
DNA2 may act as an RPA-binding protein for the WRN-DNA2-RPA
complex, similar to its role with BLM33. Likewise, the protective func-
tion ofWRN against pathological MUS81-dependent DSBs27,28 does not
require interaction with RPA, as the WRN 6A mutant exhibits normal
levels of DSBs and RAD51 recruitment after replication fork stalling.

In contrast, our findings provide evidence that RPA-binding by
WRN is essential for the productive recovery of stalled forks. WRN
co-purified with replication factors, and defective replication fork
progression has been repeatedly reported in the absence of WRN in
various settings27,36–40. Therefore, it is tempting to speculate that WRN
may perform at least two roles at the perturbed replication fork: end-
processing and protection from DSBs in an RPA-independent manner,
or promotion of fork restart in an RPA-dependent manner. Interest-
ingly, association with RPA strongly stimulates WRN helicase activity
in vitro10,17,19,20. Our observations suggest that abrogation of WRN
helicase activity or WRN-binding to RPA confers comparable effects in
response to stalled forks. Indeed, either expression of the RPA-
defective WRN 6A mutant or pharmacological inhibition of WRN
helicase activity in wild-type cells impairs fork restart. In vitro, WRN
can also unwind secondaryDNA structures, such as hairpins or G4s41,42.
We observe that loss of WRN phosphorylation by CK2 does not affect
its unwinding activity onamodel forkedDNAor aG4 substrate in vitro.
Furthermore, in vitro, WRN 6A and WRN wild-type are equally stimu-
lated by RPA. However, we observe that impairment of RPA-binding by
WRN or inhibition of WRN helicase activity induces G4s accumulation
upon fork stalling, suggesting that WRN interaction with RPA might
render WRN helicase competent for clearance of G4 obstacles and
potentially other secondaryDNA structures in the cell. Consistent with
this idea, loss of WRN sensitises cells to chromosome breakage at
common fragile sites, which are prone to secondary DNA structure
formation, and WRN helicase function is important for overcoming
perturbed replication at these loci43–45. In addition, loss of WRN heli-
case sensitises cells to extended dinucleotide repeats accumulating in
microsatellite-unstable cancers, possibly explaining the synthetic
lethality observed in this context8,46,47. As the reported enzymatic
assays might not intercept dynamic effects, additional experiments
will be needed to reconcile the in vitro and cellular data. Another
intriguing possibility is that loss of RPA binding in the cell reflects the
modulation of protein complexes with unknown partners at the fork.

It would be interesting to investigate whether RPA-binding defec-
tive WRN 6A mutant also confers any telomeric phenotype, as

Fig. 7 | Phosphorylation of S440 and S467 is sufficient to promote WRN-RPA
complex, fork recovery and clearance of G4s at arrested forks. a Anti-Flag-
immunoprecipitation fromHEK293Tcells transfectedwith Flag-WRNwt, Flag-WRN6A

or Flag-WRN2A plasmid. Cells were treated as indicated 48h after transfection and
exposed or not to aCK2i. Cell extracts were subjected to immunoprecipitationwith
anti-RPA32 beads. Immunocomplexes were analysed byWestern blotting using the
indicated antibodies. b In situ PLA between WRN and RPA32 in WS cells nucleo-
fected with Flag-WRNwt, Flag-WRN2A or Flag-WRN6A expression plasmid. Cells were
treated as indicated. The graph shows individual values of PLA spots from two
different experiments (at least 100 nuclei/repeat). Bars represent mean ± S.E. (ns =
not significant; **P <0.01; ****P <0.0001; Kruskal-Wallis test for non-paired samples
with Dunn’s correction). Representative images are provided. Scale bar = 20 µm.
c G4s accumulation was detected by anti-BG4 immunofluorescence in cells
expressing Flag-WRNwt Flag-WRN6A or Flag-WRN2A plasmid. Cells were treated as
indicated and recovered for 1 h in thepresenceor absence of theCK2 inhibitor. The

graph displays individual values of BG4 foci nuclear intensity from three inde-
pendent experiments. At least 50 nuclei/experiment were reported in the plot. Bars
represent mean ± S.E. (ns = not significant; ****P <0.0001. Where not indicated,
values are not significant; Kruskal-Wallis test for non-paired samples with Dunn’s
correction). Representative images are provided. Scale bar = 20 µm. d Analysis of
replication fork recovery using DNA fibre assay in WS cells expressing Flag-WRNwt

Flag-WRN6A or Flag-WRN2A plasmid treated 48h thereafter as indicated. The left
graph displays the percentage of restarting forks. Bars represent mean ± S.E. The
numbers in the boxes above each dot plot indicate the percentage of restarting
forks. The right graph shows individual IdU/CdU ratio values (n = 54) from two
independent replicates. Bars represent mean ± S.E (Two-tailed Mann-Whitney test
for paired samples). The total number of forks analysed is reported above each
plot. Representative images of DNA fibres from a random field are provided. Scale
bar 20 µm. Source data are provided as a Source Data file.
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telomericDNA isprone to secondaryDNAstructure formation andWRN
is implicated in telomere biology48,49. Notably, RPA-binding is important
for BLM-mediated fork restart33, suggesting that RPA may generally be
required to stimulate RECQ helicases acting at “complex” substrates.

Significantly, defective fork restart associated with loss of RPA-
binding by WRN results in the accumulation of ssDNA regions in the

template strand and S1-sensitive gaps, as detected in the DNA fibre
assay. The formation of DNA gaps depends on the presence of PRIM-
POL, as observed in the absence of BRCA250,51. However, and in con-
trast towhat was observed for the DNA gaps, the formation of parental
ssDNA cannot be reverted by PRIMPOL depletion. One possible
explanation is that parental ssDNA derives also fromprocessing of G4-
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containing templates at the lagging strand, in which PRIMPOL is not
expected to have any role in repriming. Multiple pathways can engage
nucleases, as observed with transcription-dependent R-loop accumu-
lation (MUS81) or the presence of AP-sites (MRE11-endo)52,53. Our data
indicate that these parental ssDNA regions are produced byMRE11 and
are required for G4s removal via the formation of MUS81-dependent
DSBs (see model in Fig. 9e). Of note, a recent work demonstrated that
replication fork reversal and arrest induced by HU-stimulated head-on
transcription-replication conflicts (TRC) can be efficiently overcome
using a MUS81 and PRIMPOL-mediated mechanism54. Although we did
not formally test if MUS81 depletion, in cells expressing WRN 6A,
affects fork recovery, it would be interesting to assess if impaired
WRN-RPA binding leads to more TRCs. Indeed, persisting G4s can
stabilise R-loops leading to more TRCs52,55, and WRN limits R-loop-
dependent genomic instability9. Of note, MRE11 and EXO1-dependent
processing of DNA gaps has been recently reported in cells treated
with environmental contaminants that induce DNA adducts and cause
mutagenesis56. In this work, the authors suggest that DNA lesions are
removed using the endonuclease activity of MRE11 by acting at the
nascent strand ssDNA gaps during replication56. Thus, it is conceivable
that different secondary structures or “roadblocks” are removed
exploiting different endonucleases. Abrogation of CK2-dependent
phosphorylation of WRN does not reduce the interaction between
WRN and DNA2 or MRE11, which are found enhanced in the WRN 6A
mutant. DNA2 and MRE11 interacts with WRN outside its acidic
domain23,24. Thus, our result further supports the specific relevance of
phosphorylation by CK2 for the formation of the WRN-RPA complex.
Since MRE11 inhibition but not that of DNA2 reduces the presence of
parental ssDNA at daughter strand gaps in cells expressingWRN 6A, it
seems unlikely that the phenotype of these cells might derive from the
increased binding to these exonucleases. However, this result indi-
cates that WRN complexes are highly dynamic in composition and
underscores the relevance of post-translational modification in their
assembly. MRE11 exonuclease activity might be involved in enlarging
gaps before MUS81 endonuclease-mediated cleavage of G4s and per-
haps in further resecting the ends of the DSBs introduced at G4s. It is
worth noting that although loss of WRN stimulates the formation of
MUS81-dependent DSBs, this does not occur upon sensitisation of
common fragile sites28,57. As common fragile sites are thought to form
secondary DNA structures, this might suggest that the replication
perturbation induced at common fragile sites is not resolved by the
same mechanism acting on other secondary DNA structures, such as
G4s. Interestingly,MUS81 has been implicated in the cleavage ofG4s at
stalled forks and the removal of secondary DNA structures arising at
expanded dinucleotide repeats in MMR-deficient cancer cells8,31. We
observe that MUS81-dependent DSBs are subsequently channelled
through RAD51-dependent post-replication repair, as previously
shown for some gaps left behind MMS-perturbed forks58,59. This
pathway acts as a true salvage mechanism, as its abrogation leads to
DSB accumulation (Fig. 8).

Surprisingly, cells expressing the unphosphorylable WRN-6A
mutant, which has impaired ability to complex with RPA, seem to be
more resistant to the G4 ligand PDS than the wild-type. One
potential explanation is that while the wild-type WRN protein

is trapped at PDS-stabilised G4 structures the WRN-6A mutant
that is defective in its interaction with RPA does not become as
stably engaged with the poisonous G4 structure, which can be
efficiently converted into DSBs by MUS81 and then repaired
by RAD51.

In conclusion,wedetermined that the loss of RPA-binding toWRN
represents a true separation-of-function mutation that interferes with
WRN’s cellular functions during the replication stress response or DSB
repair. Because most of the phosphorylation sites are conserved in
mouseWrn, and somealso inC. elegans (SupplementaryFig. 2c), future
studies in animalmodels, whereWRN’s RPA-binding ability is impaired
by loss of phosphorylation mutations in the acidic domain, might be
useful to elucidate which function(s) of WRN are essential to prevent
the characteristic phenotypes associated with the accelerated aging
seen in Werner syndrome.

Methods
Cell lines and culture conditions
The SV40-transformed WRN-deficient fibroblast cell line (AG11395)
was obtained from Coriell Cell Repositories (Camden, NJ, USA). The
AG11395 cell line carries an Arg368 stop mutation in the WRN coding
sequence that gives rise to a truncated protein that is degraded and
undetectable. AG11395 (WS) were nucleofected with plasmids encod-
ing pCMV-Flag-WRNwild-type and the unphosphorylable (6A) and the
phosphomimetic (6D) form of WRN. CK2 phosphorylation mutants
were made by replacement of threonine 434, 461 and serine 435, 440,
432, and 467 with alanine or aspartic acid. HEK293T and U2OS cells
were from the American Type Culture Collection and they are trans-
fected with the same WRN plasmids.

All the cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS with or without tetra-
cycline and incubated at 37 °C in a humidified 5% CO2 atmosphere.

Chemicals and siRNA
-Hydroxyurea (HU 98% powder, Sigma-Aldrich) was dissolved in
ddH20 and used at 2mM.
-Silmitasertib (CX-4945 Selleck), an inhibitor of CK2 kinase activity,
was dissolved in DMSO and a stock solution (500μM) was prepared
and stored at −80 °C. It was used at 20μM.
-NU7441 (Selleck), a DNAPKcs inhibitor, was stocked at 1mM in DMSO
and used at final concentration of 1μM.
-Mirin (MRE11i) (Calbiochem), an inhibitor of MRN-ATM pathway, was
stocked at 50mM in DMSO and used at 50μM.
-NSC617145 (Tocris Bio-Techne), an inhibitor of WRN helicase activity,
was stocked at 10mM in DMSO and used at 4μM.
-HY-128729 (ThermoFisher), an inhibitor of DNA2 activity,was stocked
at 150mM in DMSO and used at 300μM.
-B02 (553525 Sigma-Aldrich), an inhibitor of RAD51, was dissolved in
DMSO a stock solution (37 mM) was prepared and stored at −20 °C. It
was used at 37μM.
-5-iodo-2’-deoxyuridine (IdU) and 5-Chloro-2′-deoxyuridine (CldU)
(Sigma-Aldrich) were dissolved in sterile DMEM at 2.5mM and 200mM
respectively and stored at −20 °C. IdU was used at 100μM for single
strand assay and 250μM for fibre assay. CldU was used at 50μM.

Fig. 8 | MRE11-dependent gaps and MUS81-dependent DSBs contribute to G4
clearance in cells defective for RPA-binding to WRN. a Analysis of DSBs using
neutral Comet assay in WS cells expressing Flag-WRNwt or Flag-WRN6A. Cells were
transfected with control (CTRL) or MUS81 siRNA, 48 h thereafter were treated as
indicated and then allowed to recover for 1 h. Western blotting confirms MUS81
downregulation. The graph shows individual tail moment values of at least 120 cells
from duplicated experiments (n = 3). Bars representmean ± S.E. Statistical analyses
were performed by two-tailed Mann-Whitney test, where not indicated, values are
not significant. Representative images are provided. b Analysis of G4 accumulation
evaluated by anti-BG4 immunofluorescence. The graph displays individual values

of BG4 nuclear intensity of at least 160 cells from different experiments. Bars
represent mean ± S.E. (Two-tailed Mann-Whitney test; Where not indicated, values
are not significant). Representative images are provided. Scale bar = 20 µm. c SIRF
analysis of the localisation of BG4 at EdU-labelled nascent DNA by in situ PLA inWS
cells expressing Flag-WRNwt or Flag-WRN6A after transfection with MUS81 siRNAs.
The graph quantifies total BG4 SIRF spots per nucleus of at least 180 cells from two
independent experiments. Bars represent mean ± S.E. (Two-tailed Mann-Whitney
test for paired samples). Representative images are provided. Scale bar = 20 µm.
Source data are provided as a Source Data file.
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-5-ethylene-2′-deoxyuridine (EdU) (Sigma-Aldrich) was dissolved in
sterileDMSO at 125mMand stored at −20 °C. It was used at 125 μMfor
8min for SIRF assay.
-Hs MUS81 6 FlexiTube siRNA cat #SI04300877 was stocked at 20μM
and used at 20 nM to knock-down MUS81.
-Hs PRIMPOL Silencer select siRNA cat#4427037 was stocked at 20μM
and used at 25 nM to knock-down PRIMPOL.

Nucleofection and transfection
AG11395 and HEK293T cells were nucleofected and transfected with
pCMV-Flag-WRN wild-type, pCMV Flag-WRN 6A or 2A plasmids. For
the nucleofection 10μg of DNA were used for 1.8 × 106 cells, with 2
pulses of 950 V lasting 2min by Invitrogen Neon Transfection system
(Invitrogen). After 24 h in emptymedium, cells were placed in 10% FBS
medium. 293 T cells were transfected with Dreamfect (Oz Bioscences):
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20μl ofDreamfectwasusedwith 5μgofDNA,mixed inemptymedium
for 18min. After 24 h in empty medium, cells were put in 10% FBS
medium.

Generation of the GST-WRN fragment
DNA sequence corresponding to aa 402-503 (N-WRN) of WRN was
amplified by PCR from the pCMV-Flag-WRN (wild-type) plasmid and
pCMV-Flag-WRN (6D). The PCR products were subsequently purified
and sub-cloned into pGEX4T-1 vector (Stratagene) for subsequent
expression in bacteria as GST-fusion proteins. The resulting vectors
were subjected to sequencing to ensure that no mutations were
introduced into the WRN sequence in the plasmid used for trans-
forming BL21 cells (Stratagene). Expression of GST and GST-fusion
proteins were induced upon addition of 1mM isopropyl-D-
thiogalactopyranoside (IPTG) for 2 h at 37 °C. GST, and GST-N-77
WRN were affinity-purified using glutathione (GSH)-magnetic beads
(Promega). Fragment purification levels were assessed by SDS-PAGE
followed by Coomassie staining.

Purification of recombinant FLAG-WRN
High-titre virus expressing Flag-WRN was used to infect Hi5 insect
cells (Thermo Fisher Scientific) at an MOI of approximately 10. Cells
were harvested 48 hours later and placed in −80 °C until lysed. Cell
pellet containing approximately 1.2 x 108 cells was resuspended in
10ml of Lysis Buffer (50mM Tris pH 7.4, 150mM NaCl, 0.4% NP40,
10% glycerol, 5 mM BME, and Complete Ultra Protease Inhibitors
(Roche)), vortexed and rotated at 4 °C for 45min. The lysates were
centrifuged at 20,000 rpm for 10min and the supernatant was
passed through a 0.45 µm PVDF filter. Each clarified lysate was
passed twice through a Ni2 + -charged 1ml HiTrap Chelating HP
column (GE Healthcare Life Sciences) which had been equilibrated
in Buffer TN (50mM Tris pH 7.4, 150mM NaCl, 10% glycerol, 5 mM
BME, protease inhibitors) with 10mM imidazole. 5 ml washes with
TN buffer containing 10mM, 20mM, and 40mM imidazole each
were performed followed by elution with TN buffer containing
400mM imidazole. The eluted protein was pooled, dialysed to
remove imidazole, and incubated with TEV protease for 16 h at 4 °C
to cleave the 6xHis tag off the protein. The protein was dialysed into
NETN-500 Buffer (50mM Tris pH 7.4, 500mM NaCl, 0.5% NP40,
1 mM EDTA) using a Amicon Ultra 100 kD cutoff centrifugal filter
(EMD Millipore). The retained sample was applied to 250 µl of
packed M2 anti-Flag beads (Sigma) which had been equilibrated in
NETN-500 buffer. The beads were washed twice with 5ml of NETN-
500 buffer and the WRN protein was eluted with 3X FLAG peptide
twice in 500 µl Storage Buffer (100mM Tris pH 8.0, 400mM NaCl,
10% glycerol, 5 mM BME). Eluted protein was concentrated and
dialysed against storage buffer in the absence of FLAG peptide and
frozen at -80 °C.

Radiolabeled DNA substrates
DNA oligonucleotides:

TP-G4 (5’- TGGACCAGACCTAGCAGCTATGGGGGAGCTGGGGAAG
GTGGGAATGTGA-3’)

TelX (5’-TTTTTTTTTTTTTTTGGTGATGGTGTATTGAGTGGGATG
CATGCACTAC-3’)

TelY (5’-GTAGTGCATGCATCCCACTCAATACACCATCACCTTTTT
TTTTTTTTTT-3’) were purchased from Integrated DNA Technologies.
Radiolabeled tetramolecular parallel TP-G4 and TelXY forked duplex
substrates were prepared as previously described60.

Helicase assays
Helicase assays (20 µl) were performed in a buffer containing 20mM
Tris-HCl, pH 7.5, 8mM ATP, 8mM MgCl2, 1mM DTT, 0.1mg/ml BSA
with indicated amounts of radiolabeled substrate and WRN and RPA
proteins. Reactions were incubated 15min. at 37 °C and terminated
with 10 µl of the stop buffer (30mMTris HCl pH 8.0, 30mMEDTA, 30%
glycerol, 0.9% SDS, 0.25% bromophenol blue (w/v), and 0.25% xylene
cyanol (w/v)). 1 µl of Proteinase K (New England Biolabs) was added to
each reaction followed by 10min. incubation at 37 °C. Samples were
separated on non-denaturing polyacrylamide gels (8% for TP-G4, and
10% for TelXY substrate), and exposed to phosphorimager plates. Gel
images were acquired using Typhoon FLA-9500 phosphorimager
(Cytiva) and analyzed with ImageQuant TL software (Cytiva).

For dephosphorylated-phosphorylated proteins, 0.5 µg of pur-
ified recombinant WRN protein was treated with Lambda Protein
Phosphatase (LPP, New England Biolabs) in 1X PMP buffer (50mM
HEPES pH 7.5, 100mM NaCl, 2mM DTT, 0.01% Brij 35, 10 µl reaction)
for 30min at 30 °C. Halt Phosphatase Inhibitor Cocktail (Thermo Sci-
entific) was added to 1X final concentration, followed by Casein Kinase
II (NewEnglandBiolabs) in 1XPKbuffer (50mMTris-HCl pH 7.5, 10mM
MgCl2, 0.1mM EDTA, 2mM DTT, 0.01% BriJ 35, 30 µl reaction) for
30min at 30 °C. Untreated, CK2- and/or LPP-treated WRN protein
(concentrations indicated in figure legend), or storage buffer were
incubated with 0.5 nM forked DNA substrate in 20 µl reactions con-
taining 30mMHEPES pH7.4, 40mMKCl, 100 µg/mlBSA, 8mMMgCl2,
5% glycerol, and 2mMATP for 15min at 37 °C in the presence or not of
RPA heterotrimer. Reactions were stopped by adding 20 µl of 9mM
EDTA, 0.6% SDS, 0.04% bromophenol blue, 0.04% xylene cyanol,
and 25% glycerol containing a 10-fold excess of the labelled oligo
without the radiolabel. The heat-denatured sample was boiled for
5min at 95 °C.

In vitro kinase assay
For kinase assay, 1μg of immunopurified GST-tagged WRN fragment
was phosphorylated in vitro by Casein Kinase II (New England Biolabs)
in the presence of 1XNEBuffer (50mMTris-HCl, 10mMMgCl2, 0.1mM
EDTA, 2mM DTT, 0.01% BriJ 35) and 200μM ATP for 30min at 30 °C.

Fig. 9 | RAD51 repairs DSBs formed at G4s in the absence ofWRN-RPA binding.
a In situ PLA between RAD51 and parental ssDNA inWS cells expressing Flag-WRNwt

orWRN6A. Cells were transfectedwith control (CTRL) or siMUS81 siRNAand treated
48h thereafter. The graph shows individual values of PLA spots of at least 100 cells
from two independent experiments. Bars represent mean ± S.E. (Two-tailed Mann-
Whitney test for paired samples. Where not indicated, values are not significant).
Representative images are shown. Scale bar = 20 µm. b In situ PLA between RAD51
and parental ssDNA in WS cells expressing Flag-WRNwt or WRN6A and treated with
MRE11i during recovery. The graph shows individual values of PLA spots of at least
50 cells from two independent experiments. Bars representmean ± S.E. (Two-tailed
Mann-Whitney test for paired samples. Where not indicated, values are not sig-
nificant). Representative images are shown. Scale bar = 20 µm. c Neutral Comet
assay forDSBevaluation inWS cells expressing Flag-WRNwt orWRN6A and treated as
reported in the experimental scheme. The graph shows individual tail moment
values of at least 50 cells from two independent experiments. Bars represent mean

± S.E. Statistical analyses were performed by Student’s t-test (Where not indicated,
values are not significant). Representative images areprovided. Scalebar= 20 µm. d
Neutral Comet assay for DSB evaluation in WS cells expressing Flag-WRNwt or
WRN6A and transfected with control (CTRL) or siMUS81 RNAi. The graph shows
individual tail moment values of at least 80 cells from two independent experi-
ments. Bars represent mean ± S.E. Statistical analyses were performed using Stu-
dent’s t-test. Scale bar = 20 µm. e Proposed model: Replication fork stalling near
secondary DNA structures, such as G4s (depicted in the leading strand for simpli-
city) requires WRN and its partner RPA for resolution. In the absence of WRN-RPA
binding, these structures persist, and replication resumes downstream using
PRIMPOL, if in the leading strand, leaving a gap in the template. During replication
recovery, these gaps are processed by MRE11-exonuclease, which enables MUS81
endonuclease to induce DSBs. RAD51-mediated post-replication repair then facil-
itates the “removal” of the secondary DNA structures, such as G4s. Source data are
provided as a Source Data file.
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Pull-down Assay
GST and GST-WRN fragments (phosphorylated or not) were incubated
with 300 ng of 293 T cell extracts. After 16 h of incubation, fragments
were separated from the beads and RPA32 interaction with WRN
fragments were measured with densitometric analysis by WB using
rabbit anti-GST (Calbiochem), rabbit anti-p440/467WRN (Abgent) and
mouse anti-RPA34-20 (Millipore).

Immunoprecipitation and Western blotting analysis
Immunoprecipitation experiments were performed using 3 × 106

HEK293T cells. IP buffer (0.5% Triton X-100, 50mM Tris HCl pH 8.0,
150mM NaCl, EGTA 1mM) supplemented with phosphatase, protease
inhibitors and benzonase was used for cells lysis. Two millilitres of
lysate were incubated overnight at 4 °C with 20μl of Anti-Flag
M2 magnetic beads (Sigma) or Anti-RPA32 conjugated Dynabeads
(2μg of MABE285 anti-RPA34-20 mouse (Millipore) with 40μl of
Dynabeads protein G (Invitrogen). After extensive washing in IP buffer,
proteins were released in 2X Laemmli buffer and subjected toWestern
blotting.

Blots were incubated with primary antibodies as described in
Supplementary Table 1. Blotswere detected using theWesternblotting
detection kit Western Bright ECL (Advansta) according to the manu-
facturer’s instructions. Quantification was performed on scanned
images of blots using Image Lab software, and values shown on the
graphs represent normalisation of the protein content evaluated
through Lamin B1 or Immunoprecipitated protein immunoblotting.

Mass spectrometry analysis
Identification of phosphopeptides was performed as already
described61. Briefly, purified proteins were in gel-digested with trypsin,
phosphopeptides enriched by IMAC following the manufacturer’s
guidelines (Phosphopeptide Enrichment Kit; Pierce) and mass spec-
trometry analysis performed with a MALDI-TOF Voyager DE-STR
(AppliedBiosystems, Foster City, CA,USA) inpositive reflectronmode,
using phospho-DHB as matrix. MS spectra were processed with DATA
EXPLORER (Applied Biosystems) and GPMAW software for peak-to-
sequence assignments. To confirm the attribution of relative peaks to
mono-, di- and tri-phosphorylated peptides, alkaline phosphatase
treatment was performed on-probe as already described62.

For the characterisation of phosphosites, we load on PAGE Flag-
WRN immunopurified from untreated and CK2i, 2 h HU, 2 h HU+ CK2i
treated cell cultures. After in-gel digestion, 1 µg (Quantitative Colori-
metric Peptide Assay- Pierce) of each sample was run in triplicate by
two different strategies of MS/MS experiments using an Orbitrap
Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific) coupled
to an UltiMate 3000 UHPLC system (Thermo Fisher Scientific). For
both acquisition methods, peptides were firstly trapped in a μ-
precolumn (C18 PepMap100, Thermo Fisher Scientific) and then run
on a home-packed 25 cm× 75 μm id fused-silica column (8 PicoTip
Emitter,NewObjective) packedwithReproSil-Pul C18-AQ 1.9umbeads
(Dr. Maisch GmbH) for chromatographic separation. Peptides were
eluted at 0.2μL/min along a 40min linear gradient from 7% to 32% of
buffer B (95% acetonitrile, 0.1% formic acid). In the first method, data-
dependent acquisition mode (DDA), we operate in a target identifica-
tion strategy including the mass list of the two tryptic peptides (421-
450 and 451-477) carrying one, two or three phosphorylation groups,
resulting in 24m/z targets (not considering any combination with
other possible modification, like oxidised methionine). In DDA, Full-
scan mass spectrometry (MS) was acquired in Orbitrap at 120 K reso-
lution; in a mass range of 700-2000. The MS/MS scans were acquired
at 30 K resolution for a total cycle time of 3 s; dependent scan was set
onmost intense ions if target ones are not found; quadrupole isolation
window 1.6; HCD fragmentation at collision energy 30%. In the second
acquisition strategy, data-independent mode (DIA) method, a full

120K resolution MS scan in the range 800-1300m/z was followed by
42 isolation windows of 12m/z with an overlap of 2m/z, HCD frag-
mentation at collision energy 30% and Orbitrap detector set at 30k
resolution. DDA raw files were analysed by MaxQuant 2.5.163 and DIA
were run on FragPipe version 21.0 (FragPipe version 21.0; MSFragger
version 4.0; IonQuant version 1.10.12; Philosopher version 5.1.0;
Python 3.11.7; EasyPQP version 0-1-42)64. Phosphorylation (STY) and
methionine-oxidation were considered as variablemodifications while
cysteine-carbamidomethylation as fixed modification, a maximum of
two-missed cleavage permitted, and default setting of remaining
parameters were used for both software.

Chromatin isolation
To isolate chromatin, cellswere resuspended inbuffer A (1MHepespH
7.9, 1M HCl, 100mMMgCl2, glycerol, sucrose, sodium fluoride, 1mM
DTT, protease inhibitors, phosphatase inhibitors). Triton X-100 (0,1%)
was added, and the cells were incubated for 5min on ice. Nuclei were
collected by low-speed centrifugation (4min, 4000 rpm, 4 °C). Nuclei
were washed once in buffer A, and then lysed 10min in buffer B (3mM
EDTA, 0.2mM EGTA, 1mM DTT, protease inhibitors, phosphatase
inhibitors). Insoluble chromatin was collected by centrifugation
(4min, 4500 rpm, 4 °C), washed once in buffer B, and centrifuged
again under the same conditions. The final chromatin pellet was
resuspended in 2XLaemmli buffer and sonicated for 15 sec in a Tekmar
CV26 sonicator using a microtip at 25% amplitude. Lastly, the lysates
were subjected to Western blot analysis. Chromatin recruitment was
normalised against the content of Lamin B1, or H3 histone which are
proteins exclusively found in the chromatin fraction.

Single-stranded DNA detection and immunofluorescence assay
Cells were cultured onto 22 × 22 coverslip in 35mm dishes. To detect
nascent single-stranded DNA (ssDNA), after 24 h, the cells were label-
led for 15min before the treatment with 100μM IdU (Sigma-Aldrich),
cells were then treated with HU 2mM for different time points.
Meanwhile, to detect parental ssDNA, the cells were labelled for 24 h
before 2 h of fresh medium. After the release, cells were treated with
HU. Next, cells were washed with PBS, permeabilized with 0.5% Triton
X-100 for 10min at 4 °C and fixed with 2% sucrose, 3% PFA. For ssDNA
detection, cells were incubated with primary mouse anti-IdU antibody
(BectonDickinson) for 1 h at 37 °C in0.1% saponin/BSA in PBS, followed
by Alexa Fluor488-conjugated goat-anti-Mouse, and counterstained
with 0.5μg/ml DAPI. Instead, to detect RPA32 and WRN, cells were
incubated with specific primary antibody (Supplementary Table 1) for
1 h at 37 °C in 0.1% saponin/BSA in PBS followed by Alexa Fluor 594
Anti-Rabbit or Alexa Fluor 488 Anti-Mouse. For immunofluorescence
of G-quadruplex structures (G4s), cells grown on glass coverslips were
fixed with ice-cold 80% methanol in PBS for 15min at −20 °C, then
washed two times in PBS. Next, cells were blocked with 10% FBS/PBS
for 1 h and incubated with the anti-G-quadruplex antibody (Supple-
mentary Table 1) overnight at 4 °C. Slides were analysed (at 40x) with
Eclipse 80i Nikon Fluorescence Microscope, equipped with a Virtual
Confocal (ViCo) system. Fluorescence intensity for each sample was
then analysed using ImageJ software.

In situ proximity ligation assay (PLA)
Cells were cultured onto 8-well Nunc chamber-slides. The in situ
proximity ligation assay (PLA) in combination with immuno-
fluorescence microscopy was performed using the Duolink Detection
(Merck) or the NaveniFlex (Navinci diagnostics) Kit with anti-Mouse
PLUS and anti-Rabbit MINUS PLA Probes, according to the manu-
facturer’s instructions. To detect proteins, we used rabbit anti-WRN
(Abcam), rabbit anti-Flag (Sigma-Aldrich), mouse anti-RPA34-20 (Mil-
lipore), rabbit anti-RAD51 (Santa Cruz) and mouse anti-IdU antibody
(Becton Dickinson) antibodies.
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Single-cell Assay for in situ Protein Interaction with Nascent
DNA (SIRF)
Exponential growing cells were seeded onto microscope chamber
slide. The day of experiment, cellswere incubatedwith 100 µMEdU for
20min and treated as indicated. After treatment, cells were pre-
extracted in 0.5% TritonX-100 for 5min on ice and fixed with 3% PFA,
2% sucrose in PBS 1X for 15min at RT. Cells were then blocked in 3%
BSA/PBS for 15min. For the EdU detection was applied the Click-iT™
EdUAlexa Fluor™ Imaging Kit (Invitrogen) using 5mMBiotin-Azide for
30minutes at RT. The primary antibodies used were as follows: BG4
(Merck, 1:1000), rabbit anti-biotin (Abcam, 1:50). The negative controls
were obtained by using only one primary antibody. Samples were
incubated with secondary antibodies conjugated with PLA probes
MINUS and PLUS: the PLA probe anti‐mouse PLUS and anti‐rabbit
MINUS (Duolink®, Sigma-Aldrich). The incubation with all antibodies
was accomplished in a humidified chamber for 1 h at 37 °C. Next, the
PLA probes MINUS and PLUS were ligated using two connecting oli-
gonucleotides to produce a template for rolling‐cycle amplification.
After amplification, the products were hybridised with red fluores-
cence‐labelled oligonucleotide. Samples were mounted in Prolong
Gold anti‐fade reagent with DAPI (blue). Images were acquired ran-
domly using Eclipse 80i Nikon Fluorescence Microscope, equipped
with a Virtual Confocal (ViCo) system. The analysis was carried out by
counting the SIRF spot for each nucleus.

DNA fibre analysis
Cells were pulse-labelled with 50 μM CldU and then labelled with
250μM IdU at the times specified, with HU treatment as reported in
the experimental schemes: to study DNA degradation cells were
labelled for 20min of CldU, then after 2 washes in PBS, they were
labelled for 20minof IdU. After another twowashes, cells were treated
with 2mM HU at different times. Meanwhile, to study the ability to
recover from replicative stress, cells were labelled for 20min before
the HU treatment and during the treatment itself. After two washes,
cells were labelled for 20min with IdU. Fibre assay using S1 nuclease
was performed as indicated by Quinet et al., 201765. Briefly, cells were
pulse-labelled with 50 µMCldU and then labelled with 250 µM IdUwith
or without treatment, as reported in the experimental schemes. At end
of treatment, cells were permeabilized with CSK buffer (100mMNaCl,
10mM PIPES pH 6.8, 1M EGTA, 3mM MgCl2, 300mM sucrose, 0.5%
Triton X-100) for 10min at RT, then were washed with PBS 1X and S1
nuclease buffer (30mM sodium acetate, 10mM zinc acetate, 5% gly-
cerol, 50mMNaCl) prior to add +/- S1 nuclease for 30min at 37 °C in a
humidified chamber. Cells were washed with S1 buffer then scraped
with 0.1% BSA/PBS and collected pellets were used to perform fibres
spreading. DNA fibres were prepared, spread out and immunodeco-
rated following primary antibodies with rat anti-CldU/BrdU (Abcam)
and mouse anti-IdU/BrdU (Becton Dickinson). Images were acquired
randomly from fields with untangled fibres using Eclipse 80i Nikon
Fluorescence Microscope, equipped with a Virtual Confocal (ViCo)
system. The length of labelled tracks were measured using the ImageJ
software. A minimum of 100 individual fibres were analysed for each
experiment.

Neutral comet assay
After treatment, cells were embedded in low-melting agarose and
spread onto glass slides. After an electrophoretic run of 20min (6-7A,
20V), cells were fixed with methanol. DNA was stained with 0.1%
GelRed (Biotium) and examined at 20xmagnificationwith anOlympus
fluorescence microscope. Slides were analysed with a computerised
image analysis system (CometScore, Tritek Corp.). To assess the
amount of DNA DSB breaks, computer-generated tail moment values
(tail length × fractionof total DNA in the tail) were used. Apoptotic cells
(smaller comet head and extremely larger comet tail) were excluded

from the analysis to avoid artificial enhancement of the tail moment. A
minimum of 150 cells were analysed for each experiment.

Statistical analysis
All the statistical analyses were performed using GraphPad Prism
9 software. Frequency distributions of DNA track length and ratios
were determined with GraphPad Prism 9 software after the quantifi-
cation of the tract lengths using ImageJ. Mann-Whitney and Kruskal-
Wallis tests coupled with ad-hoc Dunn test for false-discovery rates
were used for statistical analyses when performed pair comparisons or
when comparing more than two samples, respectively. In all graphs,
P <0.05 was considered significant for frequency distribution. When
data are not presented as scatter plot, they are shown as the mean of
independent experiments.

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

Data availability
Primary Mass Spectrometry Datasets have been deposited to Proteo-
meXchange accession PXD059007. All remaining data supporting the
findings of this study are available within the paper and its Supple-
mentary Information files. Source data are provided with this paper.
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