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Abstract: Conflicts between replication and transcription are a common source of genomic instability,
a characteristic of almost all human cancers. Aberrant R-loops can cause a block to replication
fork progression. A growing number of factors are involved in the resolution of these harmful
structures and many perhaps are still unknown. Here, we reveal that the Werner interacting protein 1
(WRNIP1)-mediated response is implicated in counteracting aberrant R-loop accumulation. Using
human cellular models with compromised Ataxia-Telangiectasia and Rad3-Related (ATR)-dependent
checkpoint activation, we show that WRNIP1 is stabilized in chromatin and is needed for maintaining
genome integrity by mediating the Ataxia Telangiectasia Mutated (ATM)-dependent phosphorylation
of Checkpoint kinase 1 (CHK1). Furthermore, we demonstrated that loss of Werner Syndrome
protein (WRN) or ATR signaling leads to formation of R-loop-dependent parental ssDNA upon
mild replication stress, which is covered by Radiorestistance protein 51 (RAD51). We prove that
Werner helicase-interacting protein 1 (WRNIP1) chromatin retention is also required to stabilize the
association of RAD51 with ssDNA in proximity of R-loops. Therefore, in these pathological contexts,
ATM inhibition or WRNIP1 abrogation is accompanied by increased levels of genomic instability.
Overall, our findings suggest a novel function for WRNIP1 in preventing R-loop-driven genome
instability, providing new clues to understand the way replication—transcription conflicts are handled.
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1. Introduction

DNA damage or unusual DNA structures may pose a serious impediment to DNA replication,
thus threatening genome integrity. One of the major obstacles to the replication fork progression
is transcription [1,2]. The main transcription-associated structures that can be detrimental to fork
movement are R-loops [3,4]. They are transient and reversible structures forming along the genome,
consisting of a DNA-RNA hybrid and a displaced single-stranded DNA. Despite their beneficial
function in a series of physiological processes, such as transcription termination, regulation of gene
expression, and DNA repair [5], they can cause a head-on clash between the replisome and the
RNA polymerase, leading to R-loop-driven replication stress if their turnover is deregulated [6,7].
Therefore, R-loop accumulation is a leading source of replication stress and genome instability. Because
critical levels of R-loops may contribute to the heightened cancer predisposition of humans, cells have
evolved multiple factors to prevent/remove these harmful structures. Apart from direct regulators of
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R-loop levels, such as ribonucleases and RNA-DNA helicases, a lot of evidence has highlighted the
importance of several replication fork protection factors and DNA damage response (DDR) proteins
in counteracting pathological R-loop persistence. Among them are breast cancer gene 1 product
(BRCA1) and 2 [8-10], the components of the Fanconi Anemia pathway [11-13], DNA helicases
RECQS5 and BLM [14,15], and the apical activator of the DDR, the ATM kinase [16]. Interestingly,
defects in the ATR-CHK1 signaling promote accumulation of aberrant R-loops [17]. Recently, a crucial
function in the response to R-loop-associated genome instability in human cells has been reported
for the Werner syndrome protein (WRN) [18]. The Werner syndrome (WS) is a severe human disease,
caused by genetic mutations that lead to loss of WRN protein, and as a result, affected individuals
are predisposed to the early-onset of several cancer types [19,20]. WRN is a protein belonging to the
RecQ family of DNA helicases essential in genome stability maintenance, with a role in the repair
and recovery of stalled replication forks [21,22]. WRN-deficient cells show impaired ATR-dependent
checkpoint activation after short times of treatment with aphidicolin-induced mild replication stress
(MRS) [23]. Among the plethora of WRN-interacting proteins participating in the maintenance of
genome stability, there is WRNIP1 [24,25]. WRNIP1 is a member of the AAA+ class of ATPase family
that is evolutionary conserved [24,26]. Although the yeast homolog of WRNIP1, maintenance of
genome stability 1 (Mgs1), is required to prevent genome instability caused by replication arrest [27],
little is known about the function of human WRNIP1. Previous studies established that WRNIP1
binds to forked DNA resembling stalled forks [28]. More recently, we demonstrated that WRNIP1
is recruited to hydroxyurea-induced stalled replication forks interacting with RAD51 [29]. Indeed,
WRNIP1 is directly involved in preventing uncontrolled MRE11-mediated degradation of stalled forks
by promoting RAD51 stabilization on single-stranded DNA (ssDNA) [29]. Furthermore, WRNIP1 has
been implicated in the activation of the ATM-dependent checkpoint in response to MRS [30].

In this study, we explore a role of WRNIP1 in limiting R-loop-associated genomic instability upon
MRS in cells with compromised ATR-mediated checkpoint response.

2. Results

2.1. Combined Loss of WRNIP1 and WRN Results in Increased Sensitivity of Cells to MRS

WRNIP1 was originally identified as a WRN-interacting protein [24], but there is no evidence that
they cooperate in response to MRS. Hence, we first investigated if WRN and WRNIP1 interact in vivo
by testing their coimmunoprecipitation. To this aim, HEK293T cells were transfected with an empty
vector or the FLAG-tagged wild-type WRNIP1 and treated or not with a low dose of aphidicolin (Aph).
Under untreated conditions, WRNIP1 and WRN coimmunoprecipitated, as expected, and Aph slightly
increased this interaction (Figure 1A). This result supports a possible cooperation of WRNIP1 and
WRN in response to MRS.

WRN-deficient cells are hypersensitive to Aph [31]. Hence, to gain insight into the role of
WRNIP1 and WRN in maintaining genome stability upon MRS, we examined the level of chromosomal
damage in cells lacking both proteins. MRC5SV cells stably expressing WRNIP1-targeting shRNA
(sShWRNIP1) [29] and their parental, wild-type, counterpart (MRC5SV) were transiently transfected
with WRN-targeting siRNA. After transfection, cells were exposed to Aph and aberrations scored in
metaphase chromosomes. As previously reported [31], depletion of WRN determined an increase in
the average number of gaps and breaks both in unperturbed and Aph-treated samples, with respect to
wild-type cells (Figure 1B and Supplementary Figure S1). On the contrary, shWRNIP1 cells presented
a level of chromosomal damage that is slightly higher than in wild-type cells, but lower with respect to
WRN-depleted cells (Figure 1B). Notably, concomitant depletion of WRNIP1 and WRN was associated
with a synergistic enhancement of the chromosomal aberration frequency (Figure 1B).

In parallel experiments, we also evaluated the presence of DNA damage by alkaline Comet assay.
Loss of WRNIP1 or WRN led to higher spontaneous levels of DNA damage compared to wild-type
cells, and depletion of WRN in shWRNIP1 cells significantly increased DNA damage accumulation
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with respect to each single deficiency (Figure 1C). Similarly, concomitant depletion of WRN and
WRNIP1 increased DNA damage above the levels observed in single-depleted cells after Aph treatment
(Figure 1C).
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Figure 1. Loss of Werner Syndrome Protein (WRN) and WRNIP1 exacerbates genomic instability upon
mild replication stress (MRS). (A) Co-IP analysis showing the interaction between WRN and WRNIP1
after IP with anti-FLAG antibody in HEK293T cell extracts, followed by Western blot with the indicated
antibodies; (B) Analysis of chromosomal aberrations. Data are presented as chromosomal aberration
per cell. Error bars represent standard error; (C) Alkaline comet assay in cells treated as in (B). Data are
presented as tail moment + SE from three independent experiments.

Overall, these findings indicate that WRNIP1-deficiency sensitizes cells to Aph and that combined
loss of WRNIP1 and WRN exacerbates this sensitivity. Furthermore, they suggest that these two

proteins do not function cooperatively in response to MRS, even if Aph stimulates their association in
a complex.

2.2. WRNIP1 is Tightly Associated with Chromatin in WS Cells

Our results argue that WRNIP1 and WRN cooperate to maintain genome integrity upon MRS,
although they do not act in the same pathway. Hence, we verified whether WRNIP1 might be required
in the absence of WRN. Because protein recruitment/retention onto chromatin is a critical process
for DNA metabolism, we monitored the chromatin association of WRNIP1 in WRN-deficient cells
(WS) and in isogenic WRN wild-type corrected (WSWRN) counterpart. Cells were treated or not
with Aph and subjected to a chromatin fractionation assay at increasing concentrations of NaCl
combined with detergent pre-extraction (Figure 2A). WRNIP1 total levels were comparable in WS and
WS-corrected cell lines under unperturbed and Aph-treatment conditions (Figure 2B). Although low
salt extraction did not greatly influence WRNIP1 binding to chromatin, under high salt concentration,
the chromatin-bound fraction of the protein was higher in WS than in WS-corrected cells (Figure 2B).
Similar results were obtained in cells transiently depleted of WRN (WRN-kd), indicating that increased
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stability of WRNIP1 in chromatin is not cell type-dependent but related to the absence of WRN
(Supplementary Figure S2). Our findings suggest that loss of WRN increases the affinity of WRNIP1

for chromatin.
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Figure 2. WRNIP1 mediates the ATM-dependent CHK1 phosphorylation in WS cells. (A) Schematic
representation of chromatin fractionation assay; (B) The membrane was probed with the indicated
antibodies. The amount the chromatin-bound WRNIP1 is reported as a ratio of WRNIP1/LAMIN B1
normalized over the untreated control; (C) IF analysis of cells transfected with Green Fluorecent Protein
(GFP) or WRNIP1 siRNA and stained for pATM (S1981). Bar graph shows pATM intensity per nucleus.
Error bars represent standard error; (D) WB analysis of the presence of activated, i.e., phosphorylated,
CHK1 assessed using 5345 phospho-specific antibody (pS345) in WS cells depleted for WRNIP1 and
treated with Aph. ATMi was added 1 h prior to Aph and used as a negative control. The membrane
was probed with the indicated antibodies. The normalized ratio of the phosphorylated CHK1/total
CHK1 is given. (E) WB analysis of chromatin binding of WRNIP1, performed as in (A) in WS cells
transfected with empty vector or FLAG-tagged CHK1317/345D and treated with Aph. The membrane
was probed with the indicated antibodies. The normalized ratio of the WRNIP1/LAMIN B1 signal
(chromatin) is reported.

2.3. WRNIP1 Mediates ATM Signaling Activation Leading to CHK1 Phosphorylation in Response to MRS in

WS Cells

WRNIP1 promotes ATM signaling activation upon MRS [30], and we recently reported a

hyperactivation of ATM in WRN-deficient cells after mild replication stress [18]. To elucidate the
significance of the higher chromatin-affinity of WRNIP1 in WS cells, we evaluated whether it correlates
to ATM activation. Hence, we analyzed by immunofluorescence the presence of the phosphorylation
of ATM at Ser1981 (pATM), an accepted marker for ATM activation [32], in wild-type (WSWRN) or
WS cells depleted of WRNIP1 treated or not with Aph. As expected, pATM levels were increased in
the absence of WRN (Figure 2C). Notably, downregulation of WRNIP1 significantly reduced the strong
ATM activation in WS cells (Supplementary Figure S3 and Figure 2C), confirming that WRNIP1 is

required in establishing the idiosyncratic ATM signaling associated with loss of WRN [18].
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Next, we tested whether the WRNIP1-mediated ATM pathway could participate in late CHK1
activation observed in WS cells [18]. To this aim, WS cells were depleted for WRNIP1 and treated
or not with Aph. Loss of WRNIP1 compromised CHK1 activation after treatment in WS cells, and
the reduction of phospho-CHK]1 levels was similar to that caused by ATM inhibition (Figure 2D).
Consistently with a role of WRNIP1 in activating an ATM signaling, combined loss of WRNIP1 and
ATM did not have any additive effect on CHK1 phosphorylation (Figure 2D). Absence of WRN
differently affects CHK1 activation upon MRS: it reduces the ATR-dependent CHK1 activation early
after Aph treatment but stimulates that dependent on ATM at late time-points [18]. The two phenotypes
are interlinked and expression of a phospho-mimic form of CHK1, CHK1317D/345D [33], prevents the
late phenotype [18]. Hence, we verified whether expression of the phospho-mimic mutant of CHK1
could hinder stable association of WRNIP1 with chromatin in WS cells. Notably, a normal binding of
WRNIP1 to chromatin was restored by expression of the phospho-mimic CHK1 mutant in WS cells
(Figure 2E). This suggests that WRNIP1 is required for an ATM-mediated activation of CHK1 and that
its stable recruitment in chromatin is triggered by the impaired early CHK1 phosphorylation.

To reinforce this hypothesis, we investigated the binding of WRNIP1 to chromatin in WRN¥>77M
cells, which efficiently phosphorylate CHK1 early after Aph [23]. Fractionation analysis showed
that the level of chromatin-bound WRNIP1 in WRNK>’M cells was lower than that in WS cells
(Supplementary Figure S4A). However, following CHK1 inhibition by UCN-01 [34], the amount of
chromatin-associated WRNIP1 was greatly enhanced in WRNX>"M cells as well as in wild-type cells
(Supplementary Figure 54B,C).

Therefore, our findings suggest that, in WRN-deficient cells, WRNIP1 is strongly associated with
chromatin and related to ATM-dependent CHK1 phosphorylation in response to MRS.

2.4. Depletion of Essential Factors for Activation of ATR-CHK1 Pathway Promotes WRNIP1 Retention in
Chromatin

Increased stability of WRNIP1 in chromatin is linked to defective CHK1 activation observed
in the absence of WRN early after MRS. Several factors facilitate the early ATR-mediated CHK1
phosphorylation, including the ATR kinase-activating protein DNA Topoisomerase 2-binding protein
1 (TopBP1) [35] and the CHK1-interacting factor Claspin [36,37]. Hence, we asked whether increased
binding of WRNIP1 to chromatin is a general response to compromised phosphorylation of CHK1.
To this aim, we used siRNAs to deplete endogenous TopBP1 or Claspin expression in wild-type
cells (WSWRN) and examined WRNIP1 retention in chromatin at high salt concentration upon MRS.
The total amount of WRNIP1 was comparable in mock-depleted, TopBP1-, or Claspin-depleted cells
under unperturbed conditions or after treatment (Figure 3A). Interestingly, however, TopBP1 or Claspin
depletion greatly enhanced WRNIP1 binding to chromatin under high salt concentration, irrespective
of the Aph treatment (Supplementary Figure S5 and Figure 3A).

Loss of WRN leads to a significant induction of phospho-ATM upon MRS in wild-type cells [18].
We therefore evaluated the phosphorylation of ATM in wild-type cells depleted of TopBP1 or
Claspin. Staining against pATM showed that, after depletion of TopBP1 or Claspin, ATM was
hyper-phosphorylated and that Aph significantly increased its activation (Figure 3B). Interestingly,
no significant differences were noted using hydroxyurea (HU) as replication-perturbing treatment
(Figure 3B), suggesting that this response is specific of an MRS that does not arrest completely replication
fork progression.

Next, we explored whether the ATM pathway is involved in activating CHK1 in TopBP1-depleted
cells as observed in WS cells. Our results showed that, although Aph activated CHK1 in both cell
lines, CHK1 phosphorylation was only modestly reduced by ATM inhibition in wild-type cells but
appeared considerably hampered in TopBP1-depleted cells (Figure 3C). As expected, CHK1 was not
phosphorylated after short-term exposure to Aph in the absence of TopBP1 (Supplementary Figure S6).
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Collectively, these results indicate that impairment of the early ATR-dependent CHK1 activation
after MRS calls for increased stability of WRNIP1 in chromatin. Furthermore, they suggest that a
WRNIP1-mediated ATM signaling is hyperactivated whenever CHK1 phosphorylation is defective.
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Figure 3. Impairment of the ATR-CHK1 signaling triggers a WRNIP1-mediated ATM activation.
(A) WB analysis of chromatin binding of WRNIP1, performed as in Figure 2A. WSWRN cells were
transfected with GFP, Claspin, or TopBP1 siRNA for 48 h and treated with Aph. The membrane was
probed with the indicated antibodies. The normalized ratio of the chromatin-bound WRNIP1/LAMIN
Bl is reported; (B) IF analysis of cells depleted of Claspin or TopBP1 as in (A) and stained for pATM
(51981). Bar graph shows pATM intensity per nucleus. Error bars represent standard error. WB
using the indicated antibodies confirms depletion of Claspin and TopBP1; (C) WB analysis of the
presence of activated, i.e., phosphorylated, CHK1 assessed using S345 phospho-specific antibody
(pS345) in WSWRN cells depleted for TopBP1 as in (A) and treated with Aph. ATMi was added 1 h
prior to Aph and used as a negative control. The membrane was probed with the indicated antibodies.
The normalized ratio of the phosphorylated CHK1/total CHK1 is given.

2.5. Combined Abrogation of ATM Activity and WRNIP1 Enhances DNA Damage after MRS in Cells with
Defective ATR-CHK1 Signalling

Our data indicate that MRS triggers a WRNIP1-mediated ATM signaling in cells with impaired
CHK1 phosphorylation. However, apart from its role in promoting an ATM pathway, WRNIP1 acts as
a replication fork protection factor [29]. Moreover, ATM inhibition exacerbates the already elevated
genomic instability in WRN-deficient cells [18]. Hence, we asked whether abrogating the ATM pathway
and WRNIP1 function could exacerbate genome instability further in cells with defective ATR-CHK1
signaling in response to MRS. As a model of impaired early activation of CHK1, we used WS cells or
cells depleted of TopBP1 or Claspin. We first performed the alkaline Comet assay in WS cells treated
with ATM inhibitor and/or siRNA against WRNIP1. As expected, in the absence of WRN, depletion of
ATM or WRNIP1 markedly increased the extent of DNA damage after Aph and concomitant depletion
of ATM/WRNIP1 further strengthened it (Figure 4A and Supplementary Figure S7).
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Figure 4. Cells with defective ATR-CHK1 signaling exhibit enhanced sensitivity to combined loss of
ATM activity and WRNIP1. (A) Alkaline comet assay in WS cells transfected with GFP or WRNIP1
siRNA and treated as in the scheme. Data are presented as tail moment + SE from three independent
experiments; (B) Alkaline comet assay in WSWRN cells after TopBP1 or Claspin depletion in WSWRN
cells as reported in the scheme. Data are presented as tail moment + SE from three independent
experiments; (C) Alkaline comet assay in WSWRN cells after TopBP1 and/or WRNIP1 depletion as
reported in the scheme. Data are presented as tail moment + SE from three independent experiments.

Similarly, the downregulation of TopBP1 or Claspin in WSWRN cells resulted in DNA damage
potentiation upon MRS (Figure 4B). Notably, more than an additive effect was detected after a
combination of ATM inhibition and TopBP1 or Claspin depletion in Aph-treated wild-type cells
(Figure 4B).

Of note, treatment with Aph induced a significantly higher level of DNA breakage in cells
with concomitant loss of ATM/WRNIP1 than in cells depleted of WRNIP1 alone (Figure 4C and
Supplementary Figure S8). However, upon MRS, the amount of DNA damage was even further
increased in wild-type cells with triple TopBP1/ATM/WRNIP1 abrogation in comparison with double
knockdown (Figure 4C).

Therefore, combined loss of ATM activity and WRNIP1 potentiates DNA damage after MRS in
cells with defective ATR-CHK1 signaling. This suggests that WRNIP1 may play an additional role
beyond its function in activating an ATM pathway.

2.6. Retention of WRNIP1 in Chromatin Correlates with the Presence of RAD51 in WS Cells

We have previously demonstrated that WRNIP1 stabilizes RAD51 on HU-induced replication
arrest [29]. We therefore investigated whether WRNIP1 and RAD51 is correlated upon MRS. To this
end, we performed a chromatin fractionation assay in wild-type (WSWRN) and WRN-deficient (WS)
cells subjected to low-dose Aph at early or late time-points. As expected, under unperturbed conditions
and after 24 hours of treatment, high salt concentration weakened the binding of WRNIP1 to chromatin
in wild-type but not in WS cells (Figure 5A). Similar results were obtained at 8 hours of Aph (Figure 5A).
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Importantly, in WRN-deficient cells, the high levels of WRNIP1 correlated with the presence of elevated
amounts of RAD51 (Figure 5A). In agreement with this observation, depletion of WRNIP1 abolished
RAD?51 retention in chromatin in WS cells (Figure 5B). Further supporting our hypothesis, inhibition
of CHK1 activity led to an accumulation of WRNIP1 and consequently of RAD51 in wild-type cells
(Figure 5C and Supplementary Figure S4C). By contrast, overexpression of a phospho-mimic mutant of
CHK1 promoted removal of both proteins from chromatin in WS cells (Figure 5D).
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Figure 5. WRNIP1 stabilizes RAD51 on chromatin in WS cells. (A) WB analysis of chromatin binding
of WRNIP1 and RAD51, performed as in Figure 2A, in WSWRN and WS cells treated with Aph for
different times. The membrane was probed with the indicated antibodies. The normalized ratio of the
chromatin-bound WRNIP1/LAMIN B1 or RAD51/LAMIN B1 are given; (B) WB analysis of chromatin
binding of WRNIP1 and RAD51, performed as in Figure 2A, in WSWRN and WS cells transfected with
GFP or WRNIP1 siRNA treated with Aph for 24 h. The membrane was probed with the indicated
antibodies. The normalized ratio of the chromatin-bound WRNIP1/LAMIN B1 or RAD51/LAMIN B1
are given; (C) WB analysis of chromatin binding of WRNIP1 and RAD51, performed as in Figure 24,
after CHK1 inhibition. WSWRN cells were treated with Aph, and/or to 300 nM of CHK1 inhibitor,
UCN-01, for the last 6 h. The membrane was probed with the indicated antibodies. The normalized
ratio of the chromatin-bound WRNIP1/LAMIN B1 or RAD51/LAMIN B1 are given; (D) WB analysis
of chromatin binding of WRNIP1 and RAD51, performed as in Figure 2A. WS cells were transfected
with empty vector or FLAG-tagged CHK131734D and treated with Aph. The membrane was probed
with the indicated antibodies. The normalized ratio of the chromatin-bound WRNIP1/LAMIN B1 or
RAD51/LAMIN B1 are given.

Overall, our observations suggest that WRNIP1 may play a role in stabilizing RAD51 after MRS
in WRN-deficient cells because of the impaired early CHKI1 activation.
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2.7. WRNIP1 Stimulates the Association of RAD51 with ssDNA in Pproximity of R-Loops upon MRS in WS
Cells

WRNIP1 protects stalled replication forks from degradation, promoting RAD51 stabilization on
ssDNA [29]. Hence, we first verified whether ssDNAs accumulate upon MRS in WS cells. WSWRN
and WS cells were pre-labeled with the thymidine analogue 5-iodo-2’-deoxyuridine (IdU) and treated
with Aph for different times as described in the scheme (Figure 6A). We specifically visualized
ssDNA formation at parental-strand by immunofluorescence using an anti-BrdU/IdU antibody under
nondenaturing conditions as reported [23]. Our analysis showed that WRN-deficient cells presented a
significant higher amount of ssDNA than wild-type cells at later time-points of treatment (Figure 6A
and Supplementary Figure S9).
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Figure 6. RAD51-ssDNA association requires WRNIP1 in WS cells upon MRS. (A) Detection of ssDNA
by IF with an anti-BrdU/IdU antibody in WSWRN and WS cells treated with 0.4 uM Aph for different
times as reported in the scheme. Graph shows the mean + SE from three independent experiments; (B)
Analysis of proximity between ssDNA (anti-BrdU/IdU antibody) and endogenous RAD51 (anti-RAD51
antibody) performed by in situ PLA assay in WS cells depleted of WRNIP1 and treated as reported in
the scheme. PLA interaction is shown in red. Graph shows the number of PLA spots per nucleus; (C)
Detection of ssDNA by IF with anti-BrdU/IdU antibody in WS cells transfected with an empty vector or
a FLAG-tagged CHK1317/345D and treated with 0.4 uM Aph. Graph shows the mean + SE from three
independent experiments; (D) Detection of ssDNA by IF with anti-BrdU/IdU antibody in WSWRN or
WS cells treated as reported in the scheme after transfection with a plasmid expressing GFP-tagged
RNaseH1. Graph shows the mean + SE from three independent experiments; (E) WB analysis of
chromatin binding of WRNIP1 and RADS51 in WS cells treated as in (D). Chromatin fractionation
was performed as described in Figure 2A. The membrane was probed with the indicated antibodies.
The normalized ratio of the chromatin-bound WRNIP1/LAMIN B1 or RAD51/LAMIN B1 are given.
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Next, we wondered if RAD51 localizes on parental ssDNA in a WRNIP1-dependent manner.
Using a modified in situ proximity ligation assay (PLA), a fluorescence-based improved method that
makes possible to detect protein/DNA association [29,38,39], we investigated the co-localization of
RAD51 at/near ssDNA. To do this, WS cells depleted of WRNIP1 by RNAi were treated or not with
Aph (Figure 6B). We found that the co-localization between ssDNA (anti-IdU signal) and RAD51
significantly increased after MRS in WS cells (Figure 6B). By contrast, and in agreement with the
reduced levels of RAD51 in chromatin, less PLA spots were observed in the absence of WRNIP1
(Figure 6B). This result suggests that, in WS cells, the RAD51-ssDNA association requires WRNIP1 also
after MRS.

It is important to note that the levels of ssDNA decreased upon ectopic expression of a
phospho-mimic mutant of CHK1 in WS cells, which prevents ATM activation and retention in
chromatin of WRNIP1 and RAD51 (Figure 6C and Supplementary Figure 510).

Asloss of WRN results in R-loop accumulation that is responsible for ATM signaling activation [18],
we assessed if ssDNA could arise from persistent DNA-RNA hybrids. To prove this, we analyzed
the effect of overexpression of ectopic GFP-RNaseH]1, a ribonuclease that degrades RNA engaged
in R-loops [40], on ssDNA formation. As can be seen in Figure 6D and Supplementary Figure S11,
the IdU intensity per nucleus was significantly suppressed by RNaseH1 overexpression in both
the WSWRN and WS cell lines with or without treatment. Consistently, degradation of R-loops
counteracted retention in chromatin of WRNIP1 and RAD51 in WS cells (Figure 6E). By contrast,
preventing the processing of R-loops into double strand breaks (DSBs) by the endonuclease Xeroderma
Pigmentosum complementation group G (XPG) heightened slightly the levels of parental ssDNA in
WS cells (Supplementary Figure 512).

To extend the above observations to the cells with defective ATR-CHKI signaling, we evaluated
direct accumulation of R-loops by immunofluorescence in WSWRN cells in which TopBP1 or Claspin
was depleted. Our analysis showed that spontaneous levels of 59.6 nuclear intensity in both TopBP1-
and Claspin-depleted cells were significantly higher than those observed in wild-type cells (Figure 7A).
A significant enrichment of the 59.6 nuclear signal was revealed upon Aph-treatment in cells depleted
for TopBP1 or Claspin with respect to wild-type counterpart (Figure 7A).

In addition, TopBP1-depleted cells accumulated ssDNA upon MRS, but treatment with 5,
6-dichloro-1-f3-D-ribofurosylbenzimidazole (DRB), an inhibitor of RNA elongation [41], led to a
strong reduction of the IdU intensity per nucleus (Figure 7B and Supplementary Figure 513).

Finally, to further confirm that ssDNAs are formed at/near R-loops, we performed a PLA
assay. WSWRN and WS cells were incubated with Aph and DRB, then subjected to PLA using an
anti-BrdU/IdU (ssDNA) and an anti-DNA-RNA hybrids 59.6 (R-loop) antibodies. Our analysis showed
an increased number of spontaneous PLA spots in WS cells that were abolished by transcription
inhibition (Figure 7C). After Aph treatment, PLA spots were significantly enhanced in both cell
lines, with values more elevated in WRIN-deficient cells, and almost completely suppressed by DRB
(Figure 7C). These evidences indicate a spatial proximity between ssDNAs and R-loops.

Altogether, our findings suggest that RAD51-ssDNA association and accumulation is
R-loop-dependent in WRN-deficient cells.
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Figure 7. Spatial proximity between ssDNA and R-loops upon MRS in cells with dysfunctional
ATR-dependent checkpoint. (A) Immunofluorescence detection of R-loops with 59.6 antibody in
WSWRN cells transfected with GFP, Claspin, or TopBP1 siRNA and treated with 0.4 uM Aph for
24 h. Box plot shows nuclear S9.6 fluorescence intensity. Box and whiskers represent 20-75 and
10-90 percentiles, respectively; (B) detection of ssDNA by IF with an anti-BrdU/IdU antibody in
WSWRN transfected with GFP or TopBP1 siRNA and treated with 0.4 uM Aph for 24 h. Graph
shows the mean =+ SE from three independent experiments; (C) analysis of proximity between ssDNA
(anti-BrdU/IdU antibody) and R-loops (anti-59.6 antibody) performed by in situ PLA assay in WSWRN
cells transfected with GFP or TopBP1 siRNA and treated as reported in the scheme. PLA interaction
is shown in red. Graph shows the number of PLA spots per nucleus; and (D) proposed model
of a role of WRNIP1 in suppressing R-loop-induced genome instability in cells with dysfunctional
ATR-mediated checkpoint.

3. Discussion

Accumulation of unscheduled R-loops represents a common source of replication stress and genome
instability [3,42]. Given the negative impact of aberrant R-loops on transcription, replication, and
DNA repair, cells possess several mechanisms to prevent or resolve such harmful intermediates [7,42].
Currently, it is thought that an important role in avoiding deleterious consequences of these R-loops is
played by some DDR proteins and replication fork protection factors [8]. Furthermore, it has recently
emerged that loss of WRN, a protein involved in the repair and recovery of stalled replication forks,
leads to an ATM-pathway activation to limit R-loop-associated genome instability in human cells [18].
In this study, we demonstrate that the WRN-interacting protein 1 (WRNIP1) is implicated in the
response to R-loop-induced DNA damage in cells with dysfunctional replication checkpoint.

WRNIP1 is a member of the AAA+ ATPase family that was first identified as an interactor of
WRN [24]. However, there is no evidence of a functional relationship between these proteins in
response to MRS. Our results show that WRNIP1 coimmunoprecipitates with WRN under unperturbed
conditions and that a low dose of aphidicolin slightly enhances this interaction; however, we notice that
WRNIP1 is essential in the absence of WRN to counteract the effects of unscheduled R-loops. Indeed,
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loss of WRN or WRNIP1-depletion sensitizes human cells to Aph treatment, but concomitant lack of
WRNIP1 and WRN results in a synergistic enhancement of the chromosomal aberrations frequency
and DNA damage levels. These observations agree with those obtained from chicken DT40 cells that
confirmed the binding of WRNIP1 to WRN, but concomitantly showed that the two proteins function
independently to deal with DNA lesions during replication [25]. Of note, in yeast, deletion of Mgs1,
the homolog of WRNIP1, leads to growth defects and elevated genomic instability and exhibits a
relation of synthetic lethality with Sgs1, the yeast RecQ helicase [27].

WRNIP1 is stabilized in chromatin in WS cells and stabilization correlates with an inability
to properly activate CHK1 upon aphidicolin, which is consistent with loss of WRN affecting ATR
checkpoint activation upon MRS [18,23]. However, WRNIP1 is stabilized in chromatin also upon
depletion of TopBP1, which is a key mediator of the ATR kinase [35], indicating that whenever the
ATR-CHK1 signaling is dysfunctional, WRNIP1 is hyperactivated and retained stably in chromatin.
In WS cells, inability to activate CHK1 early after Aph correlates to increased R-loop formation [18].
ATR-CHKI1 pathway has been previously involved in safeguarding genome integrity against aberrant
R-loops [43,44]. This agrees with the ability of deregulated R-loops to hamper replication fork
progression [45-47] and also with the recent observation that depletion of ATR or CHKI leads to
R-loop-dependent replication fork stalling [43]. Consistently, and in line with other reports [21,45],
we see that abrogation of essential factors for the ATR-dependent checkpoint results in high levels
of R-loops. It has been previously shown that WRNIP1 is implicated in the efficient activation of
ATM in response to stimuli that do not produce DNA breakage [30,48,49], and a DSB-independent but
R-loop-dependent ATM pathway has been described in quiescent cells [16]. Indeed, WRN-deficient
cells trigger an ATM signaling specifically after Aph-induced replication stress, which is R-loop
dependent [18]. In keeping with this, we observe an R-loop-dependent hyper-phosphorylation of
ATM in all the conditions tested in which the ATR checkpoint was inhibited. In addition, we find that
chromatin-bound WRNIP1 is related to the late ATM-dependent CHK1 phosphorylation. Supporting
this, WRNIP1 recruitment is counteracted by overexpression of a constitutively active CHK1 that,
compensating for defective ATR pathway, abolishes the need to activate ATM as well as in WRN helicase
dead cells that efficiently phosphorylate CHK1 [18,23]. Interestingly, degradation of R-loops weakens
the association of WRNIP1 with chromatin. Hence, it is not surprisingly that, similarly, every time the
replication checkpoint is compromised, WRNIP1 retention in chromatin is required for triggering an
ATM-CHK1 signaling, which might be engaged in limiting transcription and/or in preventing massive
R-loop-associated DNA damage accumulation. Accordingly, ATM inhibition or WRNIP1 abrogation in
these pathological contexts is accompanied by increased levels of genomic instability.

Notably, combined loss of ATM activity and WRNIP1 potentiates DNA damage in cells with
dysfunctional ATR checkpoint, suggesting additional roles for WRNIP1 beyond its function as a
mediator of ATM. We have recently reported that WRNIP1 stabilizes RAD51 at perturbed forks after
hydroxyurea treatment [29]. Of note, we observe that retention of RAD51 in chromatin in WS cells
correlates with the presence of WRNIP1, and both correlate with the accumulation of R-loops. It is
known that BRCA2 mediates RAD51 loading on ssDNA [50-52] and is required for R-loop processing [8].
WRNIP1 forms a complex with BRCA2/RAD51 [29]. It has been proposed that BRCA2 together with
other proteins could contribute to preventing the collapse and reversal of R-loop-induced stalled forks,
avoiding R-loop extension and promoting fork restart and R-loop dissolution [8]. In this regard, it is
tempting to speculate that, in cells with replication checkpoint defects, WRNIP1 could act in concert
with BRCAZ2 to stabilize RAD51 on ssDNA generated near/at sites of replication-transcription conflicts.

Interestingly, we observe that defective ATR checkpoint promotes accumulation of parental
ssDNA that is dependent on transcription and R-loops. Such parental ssDNA is detected in proximity
of R-loops upon MRS. Upon transcription—replication conflicts, exposure of parental ssDNA might
derive from the unwound DNA strand at the R-loop or from the fork stalling in front of the R-loop.
Hence, WRNIP1 could contribute to stabilize either RAD51 nucleofilaments assembling at the displaced
DNA strand of the R-loop or at the parental DNA exposed at the fork. Of note, the fact that, upon
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replication-transcription collisions, WRNIP1 stimulates the stability of RAD51 at parental strand might
suggest that its function is carried out before fork reversal, which is expected to result in formation of
RAD51 nucleofilaments at the exposed nascent strand of the reversed arm [38,53,54]. Therefore, the
WRNIP1-mediated RAD51 stabilization in chromatin might be not specific for RAD51 assembled at
reversed forks, as described in hydroxyurea-treated cells [29].

Previous findings reported that the structure-specific nucleases Xeroderma Pigmentosum
Complementation Group F (XPF) and XPG directly cleave R-loops to promote their resolution [55].
Mounting evidences suggest that R-loop-induced ATR activation is independent of XPG but requires
the Mutagen Sensitive 81 (MUSS81) endonuclease [43,49,56]. By contrast, in the absence of WRN,
XPG-mediated transient DSBs deriving from R-loop processing are responsible for ATM pathway
activation [18]. This agrees with previous data showing that, in WRN-deficient cells, treatment
with a low dose of Aph does not induce MUS81-dependent DSB formation but determines ssDNA
accumulation and enhances the number of RADS51 foci [57]. Accordingly, WRNIP1 could play two
independent functions upon replication—transcription conflicts: stabilization of RAD51 at R-loops or
R-loop-dependent stalled forks, and activation of ATM to repair downstream DSBs derived from the
active processing of R-loops and collisions with the forks (Figure 7D).

In summary, our findings uncover a novel role of the WRNIP1-mediated response in
counteracting aberrant R-loop accumulation, suggesting that a dual function of WRNIP1 is required
for proper maintenance of genome stability in the pathological contexts deriving from dysfunctional
ATR-dependent checkpoint. As mounting evidences reveal direct connections between R-loops and
cancer [58], the elevated genome instability caused by MRS after WRNIP1 depletion in cells with
dysfunctional ATR checkpoint puts forward WRNIP1 as a target to further sensitize cancer cells to
inhibitors of ATR or CHK1, which are currently under clinical evaluation.

4. Materials and Methods

4.1. Cell Cultures

AG11395 (WRN-deficient) human fibroblasts retrovirally-transduced with full length cDNA
encoding wild-type WRN (WSWRN) or missense-mutant form of WRN with inactive helicase
(WRNK7’M) wvere generated as previously described [31]. The SV40-transformed MRC5 fibroblast
cell line (MRC5SV) was a generous gift from Patricia Kannouche (IGR, Villejuif, France). shWRNIP1
cell line was generated by stably expressing shRNA against WRNIP1 (shWRNIP1) (OriGene). Cells
were cultured in the presence of puromycin (100 ng/mL; Invitrogen, Waltham, MA, USA) to maintain
selective pressure for shRNA expression. All cell lines were maintained in DMEM (Invitrogen, Waltham,
MA, USA) supplemented with 10% FBS (Boehringer Manheim-Roche, Rotkreutz, Switzerland) and
incubated at 37 °C in an humified 5% CO, atmosphere. All the cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM,; Life Technologies, Carlsbad, MA, USA)) supplemented with 10%
FBS (Boehringer Mannheim-Roche, Rotkreutz, Switzerland) and incubated at 37 °C in a humidified 5%
CO, atmosphere.

4.2. Chromatin Fractionation

Chromatin fractionation experiments were performed as previously described with minor
modifications [29]. Briefly, 1.5 x 10 cells were harvested using a cell scraper, centrifuged, and then
pellet was washed twice with PBS. Cell pellets were resuspended in buffer A (10 mM HEPES pH 7.9,
10 mM KCl, 1.5 mM MgCly, 0.34 M sucrose, 10% glycerol, 1 mM DTT). Triton X-100 (0.1%) (Bio-rad,
Hercules, California) was added, and the cells were incubated for 5 min on ice. Nuclei were collected
in pellet by centrifugation. The supernatant was discarded, nuclei washed once in buffer A and
then lysed in buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT). Insoluble chromatin was collected
by centrifugation, washed once in buffer B, and centrifuged again under the same conditions. The
chromatin pellet was resuspended in buffer B diluted in cytoskeleton buffer (CSK: PIPES, 300 mM
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Sucrose, 3 mM MgCl,, and 1 mM EGTA) and then split into two equal aliquots. These samples were
centrifuged, and supernatants discarded. Pellets were resuspended in buffer B/CSK supplemented
with 100 mM NacCl ([low salts] extraction) and kept on ice for 10 min. Pellets containing nuclei
were subjected to Western blot analysis or to further salt extraction by resuspension in buffer B/CSK
supplemented with 300 mM NacCl ([high salts] extraction). After an incubation period of 10 min on
ice, pellets were collected by centrifugation and supernatant was discarded. The final pellets were
resuspended in 2x sample loading buffer (100 mM Tris/HCI pH 6.8, 100 mM DTT, 4% SDS, 0.2%
bromophenol blue, and 20% glycerol), sonicated on ice, boiled for 5 min at 95 °C, and then subjected to
Western blot as reported in Supplementary Materials and Methods.

4.3. Immunofluorescence

Immunofluorescent detection of phospho-ATM was performed according to standard protocol
with minor changes. Briefly, exponential growing cells were seeded onto Petri dishes, then treated
(or mock-treated) as indicated, fixed in 3% formaldehyde/2% sucrose for 10 min, and permeabilized
using 0.4% Triton X-100 for 10 min prior to incubation with 10% FBS for 1 h. After blocking, cells were
incubated with the antibody against phospho-ATM-Ser1981 (Millipore, Burlington, Massachussets
1:300) for 2 h at RT.

To detect parental-strand ssDNA, cells were prelabeled for 20 h with 100 uM IdU (Sigma-Aldrich,
Saint Louis, Missouri), washed in drug-free medium for 2 h, then treated with Aph for 24 h. Next,
cells were washed with PBS, permeabilized with 0.5% Triton X-100 for 10 min at 4 °C, fixed with
3% formaldehyde/2% sucrose solution for 10 min, and then blocked in 3% BSA/PBS for 15 min as
previously described [18]. Fixed cells were then incubated with anti-IdU antibody (mouse monoclonal
anti-BrdU/IdU; clone b44 Becton Dickinson, Franklin Lakes, New Jersey, 1:100). The incubation with
antibodies was accomplished in a humidified chamber for 1 h at RT. DNA was counterstained with
0.5 pg/ml DAPI. Images were acquired as described above.

Immunostaining for RNA-DNA hybrids was performed as described [44]. Briefly, cells were
fixed in 100% methanol for 10 min at —20 °C, washed three times in PBS, pretreated with 6 ug/mL of
RNase A for 45 min at 37 °C in 10 mM Tris-HCl pH 7.5 supplemented with 0.5 M NaCl, before blocking
in 2% BSA/PBS overnight at 4 °C. Cells were then incubated with the anti-DNA-RNA hybrid [S9.6]
antibody (Kerafast, Boston, Massachussets, 1:100) overnight at 4 °C.

After each primary antibody, cells were washed twice with PBS, and incubated with the specific
secondary antibody: goat anti-mouse Alexa Fluor-488 or goat anti-rabbit Alexa Fluor-594 (Molecular
Probes, Eugene, Oregon). The incubation with secondary antibodies were accomplished in a humidified
chamber for 1 h at RT. DNA was counterstained with 0.5 pg/mL DAPI Images were randomly
acquired using Eclipse 80i Nikon Fluorescence Microscope (Minato, Tokyo, Japan), equipped with a
VideoConfocal (ViCo) system. For each time point, at least 200 nuclei were acquired at 40X magnification.
Phospho-ATM, IdU or 59.6 intensity per nucleus was calculated using Image]. Parallel samples either
incubated with the appropriate normal serum or only with the secondary antibody confirmed that the
observed fluorescence pattern was not attributable to artefacts.

4.4. Statistical Analysis

Statistical differences in all case were determined by two-tailed Student’s t test. In all cases, not
significant; p > 0.05; * p < 0.05; ** p < 0.01; ** p < 0.001; *** p < 0.0001.

5. Conclusions

This study proposes a potential role of the WRNIP1-mediated response as regulator of
R-loop-associated genomic instability. Because elevated genome instability is caused by MRS after
WRNIP1 depletion in cells with dysfunctional ATR checkpoint, these findings could contribute to
understanding how cells handle replication-transcription conflicts to eventually avoid early-onset
of human diseases and cancer. Furthermore, as WRNIP1 has been found overexpressed in the most
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common cancers worldwide, such as lung and breast cancers, WRNIP1 could be considered a potential
target in cancer therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/389/s1,
Figure S1: Down-regulation of WRN using siRNA performed in MRC5SV and shWRNIP1 cells and verified by
WB, Figure 52: WB detection of chromatin binding of WRNIP1 in total extracts of WRN-wt and WRN-kd cells
untreated or treated with Aph, Figure S3: Depletion of WRNIP1 using RNAi performed in WSWRN and WS
cells and verified by WB, Figure S4: A) WB analysis of chromatin binding of WRNIP1 in WS cells, wild-type

(WSWRN) or WS cells expressing a mutant form of WRN affecting helicase function (WRNKS”M) treated or

not with Aph; B) WB analysis of chromatin binding of WRNIP1 in WRNK>”M cells exposed or not to Aph,
and/or to 300 nM of CHK1 inhibitor, UCN-01, for the last 6 h; C) WB analysis of chromatin binding of WRNIP1
in WSWRN cells exposed or not to Aph, and/or to 300 nM UCN-01, Figure S5: Down-regulation of Claspin
and TopBP1 performed in WSWRN cells using specific siRNAs and verified by WB, Figure S6: WB analysis
of CHKI1 phosphorylation in WSWRN cells transfected with GFP or WRNIP1 siRNA and treated or not with
Aph for 8 and 24 h, Figure S7: Depletion of WRNIP1 using siRNA performed in WS cells and verified by WB,
Figure S8: Depletion of WRNIP1 and TopBP1 using specific siRNAs performed in WSWRN cells and verified by
WB, Figure S9: Representative images of ssDNA analysis in WS cells upon prolonged exposure to Aph, Figure S10:
WB analysis of level of phospho-CHK1 in WS cells after transfection of FLAG-tagged CHK1317/345D Figure S11:
Representative images of parental ssDNA exposure in WS cells after RNaseH1 over-expression, Figure 512:
Evaluation of ssDNA accumulation at parental-strand by immunofluorescence analysis in WS cells depleted
of XPG by siRNA, Figure S13: Representative images of parental ssDNA in WSWRN cells depleted of TopBP1
depletion and treated with Aph and DRB.

Author Contributions: V.M. performed fluorescence and biochemical experiments, DNA damage and
chromosomal aberrations analyses. G.L. carried out ssDNA experiments. E.M. carried out PLA experiments. V.P.
contributed to biochemical experiments. V.M. analysed data and contributed to design experiments. A.F. and P.P.
designed experiments and analysed data. A.F. and P.P. wrote the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Associazione Italiana per la Ricerca sul Cancro to A.F. (IG #19971) and to
P.P. (IG #17383).

Acknowledgments: The authors express their grateful thanks to K.K. Khanna (Queensland Institute of Medical
Research, Australia), P. Kannouche (IGR, Villejuif, France), R.J. Chrouch (National Institutes of Health, Bethesda,
USA), K.A. Cimprich and S. Hamperl (Stanford University School of Medicine, Stanford, USA) for providing
helpful reagents and advice.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aguilera, A.; Garcia-Muse, T. Causes of Genome Instability. Annu. Rev. Genet. 2013, 47, 1-32. [CrossRef]
[PubMed]

2. Gorgoulis, V.G.; Vassiliou, L.-V.E; Karakaidos, P.; Zacharatos, P.; Kotsinas, A.; Liloglou, T.; Venere, M.;
DiTullio, R.A.; Kastrinakis, N.G.; Levy, B.; et al. Activation of the DNA damage checkpoint and genomic
instability in human precancerous lesions. Nature 2005, 434, 907-913. [CrossRef]

3.  Allison, D.E; Wang, G.G. R-loops: Formation, function, and relevance to cell stress. Cell Stress 2019, 3, 38-46.
[CrossRef] [PubMed]

4. Gaillard, H.; Aguilera, A. Transcription as a Threat to Genome Integrity. Annu. Rev. Biochem. 2016, 85,
291-317. [CrossRef] [PubMed]

5. Aguilera, A.; Garcia-Muse, T. R loops: From transcription byproducts to threats to genome stability. Mol.
Cell 2012, 46, 115-124. [CrossRef] [PubMed]

6. Goémez-Gonzalez, B.; Aguilera, A. Transcription-mediated replication hindrance: A major driver of genome
instability. Genes Dev. 2019, 33, 1008-1026. [CrossRef]

7. Crossley, M.P,; Bocek, M.; Cimprich, K.A. R-Loops as Cellular Regulators and Genomic Threats. Mol. Cell
2019, 73, 398-411. [CrossRef]

8. Bhatia, V.; Barroso, S.I.; Garcia-Rubio, M.L.; Tumini, E.; Herrera-Moyano, E.; Aguilera, A. BRCA2 prevents
R-loop accumulation and associates with TREX-2 mRNA export factor PCID2. Nature 2014, 511, 362-365.
[CrossRef]

9.  Shivji, M.K.K,; Renaudin, X.; Williams, C.H.; Venkitaraman, A.R. BRCA2 Regulates Transcription Elongation
by RNA Polymerase II to Prevent R-Loop Accumulation. Cell Rep. 2018, 22, 1031-1039. [CrossRef]


http://www.mdpi.com/2072-6694/12/2/389/s1
http://dx.doi.org/10.1146/annurev-genet-111212-133232
http://www.ncbi.nlm.nih.gov/pubmed/23909437
http://dx.doi.org/10.1038/nature03485
http://dx.doi.org/10.15698/cst2019.02.175
http://www.ncbi.nlm.nih.gov/pubmed/31225499
http://dx.doi.org/10.1146/annurev-biochem-060815-014908
http://www.ncbi.nlm.nih.gov/pubmed/27023844
http://dx.doi.org/10.1016/j.molcel.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22541554
http://dx.doi.org/10.1101/gad.324517.119
http://dx.doi.org/10.1016/j.molcel.2019.01.024
http://dx.doi.org/10.1038/nature13374
http://dx.doi.org/10.1016/j.celrep.2017.12.086

Cancers 2020, 12, 389 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hatchi, E.; Skourti-Stathaki, K.; Ventz, S.; Pinello, L.; Yen, A.; Kamieniarz-Gdula, K.; Dimitrov, S.; Pathania, S.;
McKinney, K.M.; Eaton, M.L.; et al. BRCA1 recruitment to transcriptional pause sites is required for
R-loop-driven DNA damage repair. Mol. Cell 2015, 57, 636—647. [CrossRef]

Schwab, R.A.; Nieminuszczy, J.; Shah, F.; Langton, J.; Lopez Martinez, D.; Liang, C.-C.; Cohn, M.A;
Gibbons, R.].; Deans, A.].; Niedzwiedz, W. The Fanconi Anemia Pathway Maintains Genome Stability by
Coordinating Replication and Transcription. Mol. Cell 2015, 60, 351-361. [CrossRef] [PubMed]
Garcia-Rubio, M.L.; Pérez-Calero, C.; Barroso, S.I.; Tumini, E.; Herrera-Moyano, E.; Rosado, I.V.; Aguilera, A.
The Fanconi Anemia Pathway Protects Genome Integrity from R-loops. PLoS Genet. 2015, 11, e1005674.
[CrossRef] [PubMed]

Liang, Z.; Liang, F.; Teng, Y.; Chen, X,; Liu, J.; Longerich, S.; Rao, T.; Green, A.M.; Collins, N.B.; Xiong, Y.; et al.
Binding of FANCI-FANCD2 Complex to RNA and R-Loops Stimulates Robust FANCD2 Monoubiquitination.
Cell Rep. 2019, 26, 564-572.e5. [CrossRef] [PubMed]

Urban, V.; Dobrovolna, ].; Hithn, D.; Fryzelkova, ].; Bartek, J.; Janscak, P. RECQ5 helicase promotes resolution
of conflicts between replication and transcription in human cells. J. Cell Biol. 2016, 214, 401-415. [CrossRef]
[PubMed]

Chang, E.Y.-C.; Novoa, C.A.; Aristizabal, M.].; Coulombe, Y.; Segovia, R.; Chaturvedi, R.; Shen, Y.; Keong, C.;
Tam, A.S.; Jones, S.J.M.; et al. RECQ-like helicases Sgs1 and BLM regulate R-loop—associated genome
instability. J. Cell Biol. 2017, 216, 3991-4005. [CrossRef]

Tresini, M.; Warmerdam, D.O.; Kolovos, P.; Snijder, L.; Vrouwe, M.G.; Demmers, ].A.A.; Van Ijcken, WE].;
Grosveld, F.G.; Medema, R.H.; Hoeijmakers, J.H.].; et al. The core spliceosome as target and effector of
non-canonical ATM signalling. Nature 2015, 523, 53-58. [CrossRef]

Barroso, S.; Herrera-Moyano, E.; Mufioz, S.; Garcia-Rubio, M.; Gomez-Gonzalez, B.; Aguilera, A. The DNA
damage response acts as a safeguard against harmful DNA-RNA hybrids of different origins. EMBO Rep.
2019, 20. [CrossRef]

Marabitti, V.; Lillo, G.; Malacaria, E.; Palermo, V.; Sanchez, M.; Pichierri, P.; Franchitto, A. ATM pathway
activation limits R-loop-associated genomic instability in Werner syndrome cells. Nucleic Acids Res. 2019, 47,
3485-3502. [CrossRef]

Bayersdorf, R.; Schumacher, B. Recent advances in understanding the mechanisms determining longevity
[version 1; peer review: 3 approved]. F1000Research 2019, 8, 1-12. [CrossRef]

Lauper, ].M,; Krause, A.; Vaughan, T.L.; Monnat, R.J. Spectrum and Risk of Neoplasia in Werner Syndrome:
A Systematic Review. PLoS ONE 2013, 8, 1-8. [CrossRef]

Pichierri, P; Ammazzalorso, F; Bignami, M.; Franchitto, A. The Werner syndrome protein: Linking the
replication checkpoint response to genome stability. Aging 2011, 3, 311-318. [CrossRef] [PubMed]

Rossi, M.L.; Ghosh, A.K.; Bohr, V. A Roles of Werner syndrome protein in protection of genome integrity.
DNA Repair 2010, 9, 331-344. [CrossRef] [PubMed]

Basile, G.; Leuzzi, G.; Pichierri, P.; Franchitto, A. Checkpoint-dependent and independent roles of the Werner
syndrome protein in preserving genome integrity in response to mild replication stress. Nucleic Acids Res.
2014, 42, 12628-12639. [CrossRef] [PubMed]

Kawabe, Y.; Branzei, D.; Hayashi, T.; Suzuki, H.; Masuko, T.; Onoda, F; Heo, S.J.; Ikeda, H.; Shimamoto, A.;
Furuichi, Y.; et al. A novel protein interacts with the Werner’s syndrome gene product physically and
functionally. . Biol. Chem. 2001, 276, 20364-20369. [CrossRef] [PubMed]

Kawabe, Y.; Seki, M.; Yoshimura, A.; Nishino, K.; Hayashi, T.; Takeuchi, T.; Iguchi, S.; Kusa, Y.; Ohtsuki, M.;
Tsuyama, T.; et al. Analyses of the interaction of WRNIP1 with Werner syndrome protein (WRN) in vitro
and in the cell. DNA Repair 2006, 5, 816-828. [CrossRef] [PubMed]

Hishida, T.; Ohno, T.; Iwasaki, H.; Shinagawa, H. Saccharomyces cerevisiae MGS]1 is essential in strains
deficient in the RAD6-dependent DNA damage tolerance pathway. EMBO J. 2002, 21, 2019-2029. [CrossRef]
[PubMed]

Branzei, D.; Seki, M.; Onoda, F.; Yagi, H.; Kawabe, Y.; Enomoto, T. Characterization of the slow-growth
phenotype of S. cerevisiae whip/mgs1 sgs1 double deletion mutants. DNA Repair 2002, 1, 671-682. [CrossRef]
Yoshimura, A.; Seki, M.; Kanamori, M.; Tateishi, S.; Tsurimoto, T.; Tada, S.; Enomoto, T. Physical and
functional interaction between WRNIP1 and RAD18. Genes Genet. Syst. 2009, 84, 171-178. [CrossRef]
Leuzzi, G.; Marabitti, V.; Pichierri, P.; Franchitto, A. WRNIP 1 protects stalled forks from degradation and
promotes fork restart after replication stress. EMBO ]. 2016, 35, 1-15. [CrossRef]


http://dx.doi.org/10.1016/j.molcel.2015.01.011
http://dx.doi.org/10.1016/j.molcel.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26593718
http://dx.doi.org/10.1371/journal.pgen.1005674
http://www.ncbi.nlm.nih.gov/pubmed/26584049
http://dx.doi.org/10.1016/j.celrep.2018.12.084
http://www.ncbi.nlm.nih.gov/pubmed/30650351
http://dx.doi.org/10.1083/jcb.201507099
http://www.ncbi.nlm.nih.gov/pubmed/27502483
http://dx.doi.org/10.1083/jcb.201703168
http://dx.doi.org/10.1038/nature14512
http://dx.doi.org/10.15252/embr.201847250
http://dx.doi.org/10.1093/nar/gkz025
http://dx.doi.org/10.12688/f1000research.19610.1
http://dx.doi.org/10.1371/journal.pone.0059709
http://dx.doi.org/10.18632/aging.100293
http://www.ncbi.nlm.nih.gov/pubmed/21389352
http://dx.doi.org/10.1016/j.dnarep.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20075015
http://dx.doi.org/10.1093/nar/gku1022
http://www.ncbi.nlm.nih.gov/pubmed/25352544
http://dx.doi.org/10.1074/jbc.C100035200
http://www.ncbi.nlm.nih.gov/pubmed/11301316
http://dx.doi.org/10.1016/j.dnarep.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16769258
http://dx.doi.org/10.1093/emboj/21.8.2019
http://www.ncbi.nlm.nih.gov/pubmed/11953321
http://dx.doi.org/10.1016/S1568-7864(02)00073-3
http://dx.doi.org/10.1266/ggs.84.171
http://dx.doi.org/10.15252/embj.201593265

Cancers 2020, 12, 389 17 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kanu, N.; Zhang, T.; Burrell, R.A.; Chakraborty, A.; Cronshaw, J.; DaCosta, C.; Gronroos, E.; Pemberton, H.N.;
Anderton, E.; Gonzalez, L.; et al. RAD18, WRNIP1 and ATMIN promote ATM signalling in response to
replication stress. Oncogene 2016, 35, 4009-4019. [CrossRef]

Pirzio, L.M.; Pichierri, P.; Bignami, M.; Franchitto, A. Werner syndrome helicase activity is essential in
maintaining fragile site stability. J. Cell Biol. 2008, 180, 305-314. [CrossRef] [PubMed]

Bakkenist, C.J.; Kastan, M.B. DNA damage activates ATM through intermolecular autophosphorylation and
dimer dissociation. Nature 2003, 421, 499-506. [CrossRef] [PubMed]

Gatei, M.; Sloper, K.; Sérensen, C.; Syljudsen, R.; Falck, J.; Hobson, K.; Savage, K.; Lukas, J.; Zhou, B.-B.;
Bartek, J.; et al. Ataxia-telangiectasia-mutated (ATM) and NBS1-dependent Phosphorylation of Chk1 on
Ser-317 in Response to Ionizing Radiation. J. Biol. Chem. 2003, 278, 14806-14811. [CrossRef] [PubMed]
Hui, Z.; Helen, P-W. ATR-Mediated Checkpoint Pathways Regulate Phosphorylation and Activation of
Human Chk1. Mol. Cell. Biol. 2001, 21, 4129-4139.

Kumagai, A.; Lee, J.; Yoo, H.Y.; Dunphy, W.G. TopBP1 activates the ATR-ATRIP complex. Cell 2006, 124,
943-955. [CrossRef] [PubMed]

Chini, C.C.S.; Chen, ]. Human claspin is required for replication checkpoint control. J. Biol. Chem. 2003, 278,
30057-30062. [CrossRef] [PubMed]

Kumagai, A.; Kim, S.-M.; Dunphy, W.G. Claspin and the activated form of ATR-ATRIP collaborate in the
activation of Chkl. J. Biol. Chem. 2004, 279, 49599-49608. [CrossRef] [PubMed]

Malacaria, E.; Pugliese, G.M.; Honda, M.; Marabitti, V.; Aiello, F.A.; Spies, M.; Franchitto, A.; Pichierri, P.
Rad52 prevents excessive replication fork reversal and protects from nascent strand degradation. Nat.
Commun. 2019, 10, 1412. [CrossRef]

Iannascoli, C.; Palermo, V.; Murfuni, I.; Franchitto, A.; Pichierri, P. The WRN exonuclease domain protects
nascent strands from pathological MRE11/EXO1-dependent degradation. Nucleic Acids Res. 2015, 43,
9788-9803. [CrossRef]

Nguyen, H.D.; Yadav, T.; Giri, S.; Saez, B.; Graubert, T.A.; Zou, L. Functions of Replication Protein A as a
Sensor of R Loops and a Regulator of RNaseH1. Mol. Cell 2017, 65, 832-847. [CrossRef]

Salas-Armenteros, I.; Pérez-Calero, C.; Bayona-Feliu, A.; Tumini, E.; Luna, R.; Aguilera, A. Human THO-Sin3A
interaction reveals new mechanisms to prevent R-loops that cause genome instability. EMBO J. 2017, 36,
3532-3547. [CrossRef] [PubMed]

Garcia-Muse, T.; Aguilera, A. R Loops: From Physiological to Pathological Roles. Cell 2019, 179, 604-618.
[CrossRef] [PubMed]

Matos, D.A.; Zhang, J.-M.; Ouyang, J.; Nguyen, H.D.; Genois, M.-M.; Zou, L. ATR Protects the Genome
against R Loops through a MUS81-Triggered Feedback Loop. Mol. Cell 2019. [CrossRef] [PubMed]
Hamperl, S.; Bocek, M.J.; Saldivar, ]J.C.; Swigut, T.; Cimprich, K.A. Transcription-Replication Conflict
Orientation Modulates R-Loop Levels and Activates Distinct DNA Damage Responses. Cell 2017, 170,
774-786.€19. [CrossRef] [PubMed]

Wellinger, R.E.; Prado, F; Aguilera, A. Replication Fork Progression Is Impaired by Transcription in
Hyperrecombinant Yeast Cells Lacking a Functional THO Complex. Mol. Cell. Biol. 2006, 26, 3327-3334.
[CrossRef]

Gan, W,; Guan, Z,; Liu, J.; Gui, T.; Shen, K.; Manley, J.L.; Li, X. R-loop-mediated genomic instability is caused
by impairment of replication fork progression. Genes Dev. 2011, 25, 2041-2056. [CrossRef]

Tuduri, S.; Crabbé, L.; Conti, C.; Tourriere, H.; Holtgreve-Grez, H.; Jauch, A.; Pantesco, V.; De Vos, J.;
Thomas, A.; Theillet, C.; et al. Topoisomerase I suppresses genomic instability by preventing interference
between replication and transcription. Nat. Cell Biol. 2009, 11, 1315-1324. [CrossRef]

Schmidt, L.; Wiedner, M.; Velimezi, G.; Prochazkova, J.; Owusu, M.; Bauer, S.; Loizou, ].I. ATMIN is required
for the ATM-mediated signaling and recruitment of 53BP1 to DNA damage sites upon replication stress.
DNA Repair 2014, 24, 122-130. [CrossRef]

Pichierri, P.; Franchitto, A.; Mosesso, P.; Palitti, F.; Molecolare, C. Werner’s Syndrome Protein Is Required for
Correct Recovery after Replication Arrest and DNA Damage Induced in S-Phase of Cell Cycle. Mol. Biol.
Cell 2001, 12, 2412-2421. [CrossRef]

Jensen, R.B.; Carreira, A.; Kowalczykowski, S.C. Purified human BRCA2 stimulates RAD51-mediated
recombination. Nature 2010, 467, 678-683. [CrossRef]


http://dx.doi.org/10.1038/onc.2015.427
http://dx.doi.org/10.1083/jcb.200705126
http://www.ncbi.nlm.nih.gov/pubmed/18209099
http://dx.doi.org/10.1038/nature01368
http://www.ncbi.nlm.nih.gov/pubmed/12556884
http://dx.doi.org/10.1074/jbc.M210862200
http://www.ncbi.nlm.nih.gov/pubmed/12588868
http://dx.doi.org/10.1016/j.cell.2005.12.041
http://www.ncbi.nlm.nih.gov/pubmed/16530042
http://dx.doi.org/10.1074/jbc.M301136200
http://www.ncbi.nlm.nih.gov/pubmed/12766152
http://dx.doi.org/10.1074/jbc.M408353200
http://www.ncbi.nlm.nih.gov/pubmed/15371427
http://dx.doi.org/10.1038/s41467-019-09196-9
http://dx.doi.org/10.1093/nar/gkv836
http://dx.doi.org/10.1016/j.molcel.2017.01.029
http://dx.doi.org/10.15252/embj.201797208
http://www.ncbi.nlm.nih.gov/pubmed/29074626
http://dx.doi.org/10.1016/j.cell.2019.08.055
http://www.ncbi.nlm.nih.gov/pubmed/31607512
http://dx.doi.org/10.1016/j.molcel.2019.10.010
http://www.ncbi.nlm.nih.gov/pubmed/31708417
http://dx.doi.org/10.1016/j.cell.2017.07.043
http://www.ncbi.nlm.nih.gov/pubmed/28802045
http://dx.doi.org/10.1128/MCB.26.8.3327-3334.2006
http://dx.doi.org/10.1101/gad.17010011
http://dx.doi.org/10.1038/ncb1984
http://dx.doi.org/10.1016/j.dnarep.2014.09.001
http://dx.doi.org/10.1091/mbc.12.8.2412
http://dx.doi.org/10.1038/nature09399

Cancers 2020, 12, 389 18 of 18

51.

52.

53.

54.

55.

56.

57.

58.

Moynahan, M.E.; Jasin, M. Mitotic homologous recombination maintains genomic stability and suppresses
tumorigenesis. Nat. Rev. Mol. Cell Biol. 2010, 11, 196-207. [CrossRef] [PubMed]

Liu, J.; Doty, T.; Gibson, B.; Heyer, W.-D. Human BRCA2 protein promotes RAD51 filament formation on
RPA-covered single-stranded DNA. Nat. Struct. Mol. Biol. 2010, 17, 1260-1262. [CrossRef] [PubMed]
Stirling, P.C.; Hieter, P. Canonical DNA Repair Pathways Influence R-Loop-Driven Genome Instability. J. Mol.
Biol. 2017, 429, 3132-3138. [CrossRef] [PubMed]

Taglialatela, A.; Alvarez, S.; Leuzzi, G.; Sannino, V.; Ranjha, L.; Huang, J.-W.; Madubata, C.; Anand, R.;
Levy, B.; Rabadan, R.; et al. Restoration of Replication Fork Stability in BRCA1- and BRCA2-Deficient Cells
by Inactivation of SNF2-Family Fork Remodelers. Mol. Cell 2017, 68, 414—430.e8. [CrossRef]

Sollier, ].; Stork, C.T.; Garcia-Rubio, M.L.; Paulsen, R.D.; Aguilera, A.; Cimprich, K.A. Transcription-Coupled
Nucleotide Excision Repair Factors Promote R-Loop-Induced Genome Instability. Mol. Cell 2014, 56, 777-785.
[CrossRef]

Chappidi, N.; Nascakova, Z.; Boleslavska, B.; Zellweger, R.; Isik, E.; Andrs, M.; Menon, S.; Dobrovolna, J.;
Balbo Pogliano, C.; Matos, J.; et al. Fork Cleavage-Religation Cycle and Active Transcription Mediate
Replication Restart after Fork Stalling at Co-transcriptional R-Loops. Mol. Cell 2019. [CrossRef]

Murfuni, I; De Santis, A.; Federico, M.; Bignami, M.; Pichierri, P; Franchitto, A. Perturbed replication induced
genome wide or at common fragile sites is differently managed in the absence of WRN. Carcinogenesis 2012,
33, 1655-1663. [CrossRef]

Wells, J.P.; White, J.; Stirling, P.C. R Loops and Their Composite Cancer Connections. Trends in Cancer 2019, 5,
619-631. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nrm2851
http://www.ncbi.nlm.nih.gov/pubmed/20177395
http://dx.doi.org/10.1038/nsmb.1904
http://www.ncbi.nlm.nih.gov/pubmed/20729859
http://dx.doi.org/10.1016/j.jmb.2016.07.014
http://www.ncbi.nlm.nih.gov/pubmed/27452366
http://dx.doi.org/10.1016/j.molcel.2017.09.036
http://dx.doi.org/10.1016/j.molcel.2014.10.020
http://dx.doi.org/10.1016/j.molcel.2019.10.026
http://dx.doi.org/10.1093/carcin/bgs206
http://dx.doi.org/10.1016/j.trecan.2019.08.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Combined Loss of WRNIP1 and WRN Results in Increased Sensitivity of Cells to MRS 
	WRNIP1 is Tightly Associated with Chromatin in WS Cells 
	WRNIP1 Mediates ATM Signaling Activation Leading to CHK1 Phosphorylation in Response to MRS in WS Cells 
	Depletion of Essential Factors for Activation of ATR-CHK1 Pathway Promotes WRNIP1 Retention in Chromatin 
	Combined Abrogation of ATM Activity and WRNIP1 Enhances DNA Damage after MRS in Cells with Defective ATR-CHK1 Signalling 
	Retention of WRNIP1 in Chromatin Correlates with the Presence of RAD51 in WS Cells 
	WRNIP1 Stimulates the Association of RAD51 with ssDNA in Pproximity of R-Loops upon MRS in WS Cells 

	Discussion 
	Materials and Methods 
	Cell Cultures 
	Chromatin Fractionation 
	Immunofluorescence 
	Statistical Analysis 

	Conclusions 
	References

