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The organizer of chromatin topology RIF1 ensures cellular
resilience to DNA replication stress

Rana Lebdy™, Julie Patouillard’, Marion Larroque’®, Serge Urbach®, Raghida Abou Merhi“, Christian Larroque®,

Cyril Ribeyre'®

Eukaryotic genomes are duplicated from thousands of replication
origins that fire sequentially forming a defined spatiotemporal
pattern of replication clusters. The temporal order of DNA rep-
lication is determined by chromatin architecture and, more
specifically, by chromatin contacts that are stabilized by RIF1.
Here, we show that RIF1 localizes near newly synthesized DNA. In
cells exposed to the DNA replication inhibitor aphidicolin, sup-
pression of RIF1 markedly decreased the efficacy of isolation of
proteins on nascent DNA, suggesting that the isolation of proteins
on nascent DNA procedure is biased by chromatin topology. RIF1
was required to limit the accumulation of DNA lesions induced by
aphidicolin treatment and promoted the recruitment of cohesins
in the vicinity of nascent DNA. Collectively, the data suggest that
the stabilization of chromatin topology by RIF1 limits replication-
associated genomic instability.
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Introduction

The duplication of a complete genome is a formidable task that
must be perfectly controlled to avoid the transmission of mutations
or chromosomal rearrangements to daughter cells. 2 m of DNA is
packed and replicated in a human cell of about 10 um diameter.
Hence, the spatiotemporal program of DNA replication is largely
defined by the global organization of the nucleus. DNA replication is
initiated from defined regions of the genome called origins of
replication. More than 30,000 replication origins are required for
the duplication of the human genome (Mechali, 2010). When rep-
lication forks stall, the firing of backup origins (also known as
dormant origins) ensures the completion of DNA replication (Blow
et al, 2011). The timing of replication is influenced by the 3D or-
ganization of chromatin architecture (Courbet et al, 2008; Foti et al,
2016; Klein et al, 2021). Cohesin influence origins firing locally
(Guillou et al, 2010), yet without determining replication timing

globally (Oldach & Nieduszynski, 2019), most likely via the formation
of loops by extrusion (Davidson et al, 2019; Kim et al, 2019). RIF1, a
conserved protein involved in telomere capping, DNA double-
strand break (DSB) repair, and chromatin organization, controls the
timing of DNA replication (Cornacchia et al, 2012; Hayano et al, 2012;
Yamazaki et al, 2012; Foti et al, 2016; Mattarocci et al, 2016; Klein et al,
2021; Richards et al, 2022). RIF1 determines replication timing via the
stabilization of chromatin architecture (Yamazaki et al, 2013; Kanoh
et al, 2015; Foti et al, 2016; Klein et al, 2021) and may regulate origin
licensing owing to its interaction with PP1 phosphatase that would
counteract DDK kinases (Dave et al, 2014, Hiraga et al, 2014
Mattarocci et al, 2014).

Throughout the S phase, different nuclear patterns of replication
foci reflect the orderly and sequential replication of chromatin
domains (Dimitrova & Berezney, 2002; Chagin et al, 2016). Repli-
cation forks encounter a variety of impediments from both en-
dogenous and exogenous sources (Lambert & Carr, 2013; Zeman &
Cimprich, 2014). The slowing or stalling of replication forks by these
impediments induces the activation of the checkpoint kinase ATR,
which ensures that DNA synthesis within actively replicating chro-
mosomal domains is completed before the duplication of a new
chromosomal domain has started. ATR signaling delays the acti-
vation of late replication domains while promoting the firing of
dormant origins within active replication domains (Blow et al, 2011).
This suggests that the nuclear architecture contributes to cellular
resilience to DNA replication stress. In support of this, Lamin A/Cis
required for the maintenance of chromosome integrity when the
progression of replication forks is impeded by DNA lesions or upon
nucleotide depletion (Singh et al, 2013). Furthermore, the associ-
ation of Lamin A/C with the DNA polymerase clamp PCNA is critical
for replication fork stability (Cobb et al, 2016). Hutchinson-Gilford
progeria syndrome is caused by a mutation of the LMNA gene that
leads to an aberrant Lamin A protein named progerin. The asso-
ciation of progerin with PCNA alters the nuclear distribution of
PCNA, and induces ATR activation and the formation of yH2AX
(Wheaton et al, 2017). In budding yeast, cohesin accumulates in the
vicinity of replication forks upon treatment with hydroxyurea and is
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Figure 1.

RIF1 is associated with nascent DNA and is required to limit DNA lesions in response to prolonged aphidicolin treatment.

(A) iPOND coupled with mass spectrometry. Hela S3 cells were pulse-labeled with EdU or pulse-labeled with EdU followed by a 120-min thymidine chase, then
subjected to iPOND, and analyzed by mass spectrometry. Label-free quantification was performed using MaxQuant (Cox & Mann, 2008) and statistical analysis using
Perseus (Tyanova et al, 2016). Pulse experiments have been performed six times and chase experiments four times. Examples of replisome-specific proteins are indicated
on the right side of the figure above the line. Full protein list is available in Table S1. (B) Indicated proteins were isolated by iPOND and detected by Western blotting.
Hela S3 cells were pulse-labeled with EdU for 15 min and chased with thymidine for 120 min. In no-click samples, biotin-TEG azide was replaced by DMSO. (C) Western blot
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required for replication fork restart (Tittel-Elmer et al, 2012). These
examples illustrate the links between replication stress and nu-
clear structures, which remain incompletely understood.

The isolation of proteins on nascent DNA coupled with mass
spectrometry (iPOND-MS) allows the identification of proteins lo-
calized in the vicinity of active replication forks (Sirbu et al, 2011,
2013; Lopez-Contreras et al, 2013; Lossaint et al, 2013; Aranda et al,
2014; Dungrawala et al, 2015). iPOND experiments performed under
various experimental conditions have revealed components of the
replication machinery (e.g, PCNA and DNA polymerases), proteins
that accumulate near forks under stressful conditions (e.g.,, ATR and
FANCD?2), proteins that are required for the restoration of chromatin
structures after passage of the replication fork (e.g, histones), and
proteins that are playing structural roles such as Lamin A (Sirbu
et al, 2011, 2013; Lopez-Contreras et al, 2013; Lossaint et al, 2013;
Alabert et al, 2014; Dungrawala et al, 2015; Ribeyre et al, 2016;
Wheaton et al, 2017).

Here, we provide evidence that during the S phase, RIF1 is
proximal to newly synthesized DNA. In cells exposed to the DNA
polymerase inhibitor aphidicolin, RIF1 promotes the recruitment of
the cohesin subunits SMC1 and SMC3 near replication forks and
stabilizes replicating nucleoprotein clusters isolated by iPOND. We
propose that the stabilization of chromatin architecture by RIF1and
cohesin limits the formation of DNA lesions caused by DNA rep-
lication impediments.

Results

iPOND coupled with mass spectrometry identifies proteins
involved in nuclear organization

To identify new proteins in the vicinity of replication forks, we
performed iPOND-MS using a highly sensitive last-generation mass
spectrometer (SCIEX TripleTOF 5600+) and quantified the results
using MaxQuant (Cox & Mann, 2008). We analyzed the data using
Perseus (Tyanova et al, 2016) and took advantage of a volcano plot
representation to visualize the proteins significantly enriched upon
the EdU pulse compared with a 2-h thymidine chase (Fig 1A). As
expected, most of the known proteins of the replisome (e.g,, PCNA,
RFC subunits, MCM1-6, FEN1, or DNA polymerases) were clearly
enriched. We also identified many proteins that were not previously
described as replisome components that will be analyzed else-
where. Interestingly, the iPOND-MS data revealed an enrichment of
several cohesin subunits (SMC3, SMC1A, STAG2, RAD21, PDS5A, and
PDS5B) near forks (Fig 1A). Because cohesins are thought to play an
architectural role at replication foci (Guillou et al, 2010), it is likely

that they are not associated directly with individual replication
forks but rather with chromatin domains undergoing replication. In
contrast, Lamin B1 and Lamin B2 were not enriched after the EdU
pulse (Fig 1A), indicating that not all the structural components of
the nucleus are localized in the proximity of active replisomes.
Interestingly, we identified RIF1 as a protein associated with na-
scent DNA (Fig 1A), consistent with previous studies (Alabert et al,
2014; Munden et al, 2018). We confirmed these data using an an-
tibody directed against RIF1 (Fig 1B). This indicates that RIF1 lo-
calizes in the vicinity of active replication forks. Consistent with this,
we detected RIF1 in immunoprecipitates of the endogenous DNA
polymerase clamp PCNA (Fig 1C).

RIF1 protects the integrity of replication forks upon prolonged
replication stress

Although RIF1is located near active replisomes, suppression of RIF1
did not significantly alter the progression of replication forks (Fig
S1A), consistent with previous studies (Cornacchia et al, 2012; Ray
Chaudhuri et al, 2016). A higher frequency of stalled forks, however,
was observed in rif1”/~ DT40 cells (Xu et al, 2010), suggesting that
RIF1 could be important for fork progression in some contexts.
Consistent with this, several studies have detected the activation
of the checkpoint effector kinase Chk1 in RIF1-depleted cells
(Chapman et al, 2013; Foti et al, 2016). We confirmed that Chk1 was
active by phosphorylation on serine 345 upon suppression of RIF1
by means of siRNAs (Fig S1B). We observed also that RPA32 was
phosphorylated on Ser4/8, suggesting that RIF1-depleted cells
accumulate DNA lesions (Fig S1B). Interestingly, RIF1 recruitment
at replication forks is slightly increased upon hydroxyurea (HU)
treatment to limit DNA2-mediated DNA resection and DNA lesions
(Ray Chaudhuri et al, 2016; Garzon et al, 2019; Mukherjee et al, 2019).
Consistent with this, DNA lesions, genetic instability, and HU sen-
sitivity are increased upon RIF1 impairment (Buonomo et al, 2009;
Xu et al, 2010; Mukherjee et al, 2019). This raises the possibility that
the stabilization of chromatin topology by RIF1 limits replication-
associated DNA lesions under stressful conditions. To test this, we
analyzed whether RIF1 loss had any impact on replication fork
dynamics in the presence of aphidicolin (APH). We labeled cells for
30 min with IdU and then for 30 min with CldU in the presence of a
low dose (0.05 uM) of APH. As expected, the ratio of the lengths of
CldU versus 1dU tracts was close to 1 in control conditions and
reduced by halfin the presence of APH (Figs 1D and S1C). The status
of RIF1 did not change the ratios of CldU to IdU tracts (Figs 1D and
S1C), indicating that RIF1 depletion does not play any major role in
early responses to APH. As RIF1 is protecting HU-stalled forks from
nuclease degradation (Garzon et al, 2019; Mukherjee et al, 2019), we

analysis of indicated proteins after immunoprecipitation with an antibody directed against PCNA or against mouse IgG. (D) DNA fiber labeling and Western blot analysis

of RIF1 depletion. HelLa S3 cells were labeled for 30 min with 1dU and then for 30 min with CldU in the absence or presence of 0.05 yuM aphidicolin (APH) in the cell culture
medium. Graphic representation of the ratios of CldU versus IdU tract length. For statistical analysis, a Mann-Whitney test was used, ns, non-significant; ****P <0.0001. The
horizontal bar represents the median with the value indicated in red. 50 replication tracts were measured for each experimental condition. (E) Analysis of DNA resection
using DNA fiber labeling. HeLa S3 cells were labeled for 30 min with 1dU and then for 30 min with CldU. 1 uM aphidicolin (APH) was added in the cell culture medium for 6 h.
Graphic representation of the ratios of CldU versus IdU tract length. For statistical analysis, a Mann-Whitney test was used, ****P < 0.0001. The horizontal bar represents
the median with the value indicated in red. 50 replication tracts were measured for each experimental condition. (F) Immunofluorescence analysis of yH2A X and RIF1 in
Hela S3 cells with siRNA against control or RIF1in the presence or absence of aphidicolin (APH) for 24 h. Graphic representation of the percentage of yH2A X-positive cells

based on three independent experiments.
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tested whether this was also the case when replication forks were
blocked with APH. To do so, we treated cells 6 h with a high dose
(1 uM) of APH after 30-min sequential labeling of IdU and CldU and
measured the ratio between the lengths of CldU and IdU tracts. The
ratio was close to 1in cells treated with a control siRNA, and below 1
in RIF1-depleted cells, confirming that RIF1 is indeed protecting
APH-stalled forks (Figs 1E and S1D). Consistent with this, prolonged
treatment (24 h) with APH increased the percentage of y-H2AX-
positive cells to almost twofold (Fig 1F) and decreased by twofold
the ability of replication forks to restart (Fig S1E). Altogether, these
data indicate that RIF1 limits the formation of DNA lesions under
stressful conditions.

RIF1-dependent loss of replication organization induces
DNA lesions

Despite its role in protection of stalled replication forks (see above),
RIF1 recruitment at forks does not increase drastically in response
to HU (Mukherjee et al, 2019) compared with proteins such as ATR, 9-
1-1, TopBP1, or FANCD2/FANCI (Lossaint et al, 2013; Dungrawala et al,
2015). Therefore, we hypothesize that the impact of RIF1 on nascent
DNA protection may not reflect a direct role at stalled replication
forks. This is supported by several articles, showing that RIF1 is
crucial for the organization of higher order chromatin domains and
for the establishment of the replication timing program (Yamazaki
et al, 2012; Foti et al, 2016; Moriyama et al, 2018; Klein et al, 2021).
Remarkably, the mid-S pattern is selectively lost upon RIF1 im-
pairment (Yamazaki et al, 2012); this effect was attributed to the
impact of RIF1in replication timing. However, we noticed that these
experiments have been performed in cells synchronized with a
thymidine block and released into the S phase. It is well established
that synchronization with the thymidine block perturbs the pool of
nucleotides and induces DNA damage (Kurose et al, 2006). Thus, we
hypothesized that the absence of the mid-S pattern in RIF1-
depleted cells synchronized using a thymidine block could reflect a
defect in the maintenance of chromatin topology during DNA
replication stress. To test this, we compared the frequency of each
pattern in asynchronous conditions and in cells synchronized with
the thymidine block and released into the S phase upon RIF1
depletion (Fig 2A). In the synchronous condition, we were able to
reproduce the results of Yamazaki et al and observed the disap-
pearance of the mid-S pattern upon RIF1 depletion (Fig 2B and C).
Surprisingly, in asynchronous conditions, we found that RIF1 de-
pletion did not alter the occurrence of the mid-S pattern (Fig 2B and
C). Importantly, and as already observed (Yamazaki et al, 2012), cell-
cycle distribution was not significantly affected in the absence of
RIF1 in synchronous or asynchronous conditions (Fig S2A). This
result suggests that the disappearance of the mid-S pattern in RIF1-
depleted cells is a consequence of the synchronization procedure
and cannot be solely explained by the difference in replication
timing because it should be also observed in asynchronous cells. To
test whether synchronization procedure increases the level of
replication stress, we analyzed the level of the marker of DNA
damage y-H2AX. In an asynchronous population of cells, the de-
pletion of RIF1 had no impact on the percentage of y-H2A X-positive
cells (Fig 2B and D). As expected, the percentage of y-H2A X-positive
cells increased 2 h after release from the thymidine block.

RIF1 stabilizes replication domains Lebdy et al.

Strikingly, inactivation of RIF1 tripled the percentage of y-H2AX-
positive cells in the same conditions (6.9% in control versus 24.1% in
shRIF1 (1) and 19.1% in shRIF1 (2)). We conclude that the disap-
pearance of the mid-S pattern upon RIF1 depletion correlates with the
formation of DNA lesions. However, we cannot rule out that syn-
chronization of control cells leads to an enrichment of cells in mid-
S compared with cells depleted for RIF1 as suggested by minor
differences in cell-cycle distribution (Fig S2A). The thymidine block
procedure is affecting the pool of dNTPs and therefore should have
adirectimpact on the progression of replication forks that might be
exacerbated in the absence of RIF1. To test this, we monitored the
phosphorylation of Chk1 on serine 345. In the control condition, we
observed a mild phosphorylation of Chk1 on serine 345, in line with
the higher level of y-H2AX (Fig 2E). Interestingly, we observed a
strong level of Chk1 phosphorylation in RIF1-depleted cells 2 h after
release from the thymidine block (Fig 2E). In asynchronous con-
ditions, suppression of RIF1 did not significantly alter the pro-
gression of replication forks (Fig S1A). Two hours after release from
a thymidine block, however, replication tracts were longer in the
absence of RIF1 (Figs 2F and S2B). Unrestrained DNA synthesis
would yield single-stranded DNA gaps detected and signaled by
ATR, consistent with a higher level of Chk1 and H2AX phos-
phorylation. We propose that the occurrence of DNA lesions
during prolonged replication stress observed in RIF1-depleted
cells is a consequence of alterations in the organization of
replicated chromatin domains.

RIF1 impairment reduces iPOND efficiency in the presence of
replication stress

We showed that prolonged treatment with APH or thymidine yields
high level of yH2AX in RIF1-depleted cells. Importantly, after a
thymidine block, the increase in yH2AX signal correlates with al-
terations of DNA replication patterns. Because APH has also been
widely used for cell synchronization, it is highly probable that the
increased level of DNA lesions in the absence of RIF1in APH-treated
cells is also due to a defect in the maintenance of chromatin to-
pology. Alternatively, the data could reflect a role of RIF1in G1 cells
rather than in the S phase. To understand this in more detail, we
performed a series of experiments in RIF1-depleted cells using
short treatments with aphidicolin (Fig 3A). First, we performed
iPOND assay and probed isolated proteins by Western blotting (Fig
3B). Under standard cell culture conditions, the efficacy of PCNA
isolation with nascent DNA in RIF1-depleted cells was similar to that
of control cells (Fig 3B). As expected, a 30-min treatment with a low
dose of APH (0.1 uM) induced the recruitment of BRCA1 and TopBP1
on nascent DNA (Fig 3B). Strikingly, in RIF1-depleted cells treated
with APH, the efficacy of PCNA recovery with nascent DNA dimin-
ished dramatically (Fig 3B). To generalize this observation, we
analyzed replisome composition using iPOND coupled to mass
spectrometry in RIF1-depleted cells in response to APH (Fig 3C). In
comparison with control cells, the treatment of RIF1-depleted cells
with APH markedly reduced the abundance of well-established
replication factors captured by iPOND (Lopez-Contreras et al, 2013)
such as MCM subunits, RFC subunits, and proteins involved in
Okazaki fragment maturation, mismatch repair, and chromatin
remodeling (Fig 3C). However, this observation could be the
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Figure 2. RIF1 depletion alters S-phase organization and yields DNA lesions.

(A) Experimental setup to study the impact of synchronization procedure in Hela S3 cells depleted or not for RIF1. The efficacy of RIF1 depletion using two different
shRNAs is shown. For synchronization, cells were grown 18 h in the presence of 2 mM thymidine, then released into the S phase for 2 h. Cells were then subjected to
immunofluorescence, Western blot, or DNA fiber analyses. (B) Immunofluorescence analysis of yH2A X and EdU in asynchronous and synchronous Hela S3 cells expressing
shRNAs against luciferase or RIF1. (C) Graphic representation of the frequency of replication patterns (Late-S, Mid-S, and Early-S) based on at least three independent
experiments for each condition. (D) Quantification of yH2AX intensity within nucleus stained with Hoechst using CellProfiler based on at least three independent
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consequence of a massive decrease in EdU incorporation that
would impair protein recovery. To test this hypothesis, we mea-
sured EdU incorporation using immunofluorescence. As ex-
pected, APH treatment reduces strongly EdU incorporation, but
this effect was similar in RIF1-depleted cells, suggesting that EdU
incorporation is not impaired (Fig 3D and E). In addition, and
consistent with Fig 1D, DNA fiber experiment performed in the exact
same cell line than the one used for iPOND indicates that DNA
synthesis is occurring, although at a lower pace, in response to APH
independently of the presence of RIF1 (Figs 3F and S3A). Thus, a
defect in DNA synthesis does not account for the reduced isolation
of EdU-bound proteins from RIF1-depleted cells. Furthermore, we
detected similar levels of the replisome-associated proteins MSH2
and MCM7 in PCNA immunoprecipitates from control and RIF1-
depleted cells (Fig S3B), suggesting that RIF1 is not required for
replisome stability and replication fork progression. At this step, the
most reasonable hypothesis is that in the presence of replication
stress, suppression of RIF1 reduces the efficacy of the capture of
EdU-associated proteins.

The efficacy of iPOND is biased by chromatin topology

How can we explain that in cells exposed to aphidicolin, RIF1 depletion
decreases the efficacy of iPOND without affecting EdU incorporation?
To answer to this question, one must take into consideration that the
association of proteins such as cohesin or RIF1 with EAU may be in-
direct and determined by chromatin topology. Consistent with this,
methods that are using formaldehyde crosslinking such as ChIP or
chromosome conformation capture are indeed dependent on nuclear
organization. To test whether iPOND efficiency is biased by chromatin
organization, we took advantage of the distinct and characteristic
patterns formed by replicons labeled with EdU (Dimitrova & Berezney,
2002). In the early S phase (replication of euchromatin), the EdU
pattern is poorly clustered. Clusterization then increases in the mid-S
phase (replication of facultative heterochromatin) and is even stronger
in the late S phase (replication of constitutive heterochromatin). We
synchronized Hela S3 cells using a simple thymidine block procedure
and released the cells in fresh media without thymidine (Fig 4A). We
added EdU for 15 min just before release (T0) and then 2 h (T2), 4 h (T4),
and 8 h (T8) after release (Fig 4A). We verified the synchronization
procedure by flow cytometry using double labeling with EdU and
propidium iodide (Figs 4B and S4A). As expected at TO, most (~80%) of
the cells were in G1.2 and 4 h after release (T2 and T4), most of the cells
(~80%) were in the S phase. After 8 h (T8), cells entered G2 and the
number of S-phase cells decreased (~25%). We then performed iPOND
experiment on synchronized and non-synchronized cells. At TO, the
PCNA signal was barely detectable, as expected, and comparable to
the control (minus click) of the asynchronous conditions (Fig 4C). In
contrast, we could observe a clear PCNA signal after the EdU-biotin
click reaction in the non-synchronized condition. At T2 and T4, the
PCNA signal became detectable. Surprisingly, the strongest signal
was observed at T8 even though the number of cells in the S phase
is lower than in T4 and T2 (Fig 4C). This observation was also true for

MCM7 and H3 (Fig 4C) and is reproducible (Fig 4D). This result in-
dicates that the efficacy of protein isolation on nascent DNA does
not correlate directly with the number of cells in the S phase.
Therefore, we propose that the recovery of replisome components
by iPOND may be influenced by the organization of replicated
chromatin domains (Fig S4B).

RIF1 depletion impairs the loading of SMC1 and SMC3 at forks in
the presence of replication stress

RIF1 stabilizes chromatin topology via its intrinsic capacity to bridge
molecules (Mattarocci et al, 2017) and may promote the recruitment
of additional proteins involved in the organization of chromatin
topology such as the cohesin complex. Indeed, cohesin subunits
are associated with replication forks in basal conditions (Fig 1A) and
in response to replication stress (Tittel-Elmer et al, 2012; Ribeyre
et al, 2016). In addition, cohesin cooperates with RIF1 in the
stabilization of chromatin topology at sites of DNA DSB (Ochs et al,
2019) and organizes DNA repair foci via a mechanism of loop ex-
trusion at both sites of the DNA breaks (Arnould et al, 2021). Because
RIF1 depletion diminishes the efficacy of the iPOND procedure (Fig
3C), we used, as an alternative method, a proximity ligation assay
(PLA; Fig 5A) to analyze the loading of cohesin subunits in the vi-
cinity of nascent DNA (Petruk et al,, 2012, 2017; Roy et al, 2018). We
first validated the method using PCNA as a positive control. As
expected, we detected PCNA-EdU proximity signals in cells after the
coupling of EdU and biotin, specifically (Fig S5A). We then analyzed
the recruitment of SMC1 to nascent DNA in the presence of 0.1 uM
APH. In control conditions, we observed a clear PLA signal between
EdU and SMC1, confirming that SMC1 is recruited near stalled
replication forks (Fig 5B). Interestingly, the signal of proximity
between EdU and SMC1 was reduced in RIF1-depleted cells (Figs 5B
and C and S5B). Consistent with this, the localization of SMC3 to
stalled forks was also dependent on RIF1 (Fig S5C). In contrast, RIF1
suppression had no impact on EdU-PCNA proximity signal (Figs 5B
and C and S5B) and EdU-MCM5 proximity signal (Fig S5D). We verified
that the suppression of RIF1 did not reduce the level of SMC3 and
SMC1 expression (Fig S6). Thus, we conclude that RIF1 contributes to
the loading of the cohesin subunits SMC1and SMC3 near stalled DNA
replication forks in the presence of replication stress.

Discussion

RIF1 was originally discovered more than 30 yr ago in budding yeast as
a negative regulator of telomere elongation (Hardy et al, 1992). It is now
clearly established that RIF1is a highly conserved protein (Sreesankar
et al, 2012) involved in telomere protection, DNA replication, DNA DSB
repair, transcription, and heterochromatin formation (Mattarocci et al,
2016). The links between the seemingly disparate functions of RIF1 may
stem from the function of RIF1 in the stabilization of chromatin to-
pology (Arnould et al, 2021; Klein et al, 2021). Here, we provide evidence
that the organization of chromatin architecture by RIF1 ensures

experiments for each condition. (E) Western blot analysis of Chk1 phosphorylation on serine 345 upon RIF1 depletion. (F) DNA fiber assay. Hela S3 cells were labeled for
30 min with IdU and then for 30 min with CldU. Graphic representation of CldU tract lengths. For statistical analysis, a Mann-Whitney test was used, ns, non-significant;
***%p < 0.0001. The horizontal bar represents the median with the value indicated in red. At least 50 replication tracts were measured for each experimental condition.
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Figure 3. RIF1 loss reduces the efficacy of protein isolation on nascent DNA.

(A) Experimental setup. (B) iPOND experiment. HeLa S3 cells (with shLUC or two different shRIF1) were labeled with EdU for 15 min or for 30 min with 0.1 uM aphidicolin
(APH). Indicated proteins were analyzed by Western blotting. In no-click samples, biotin-TEG azide was replaced by DMSO. (C) iPOND-MS experiment. Hela S3 cells (with
shLUC or two different shRIF1) were labeled with EdU for 30 min EdU with 0.1 uM aphidicolin (APH). Quantification of peptide intensity for each protein was performed using
MaxQuant; individual values are available in Table S2. The ratios of shRIF1 (1) or shRIF1 (2) versus shLUC are shown. The error bars represent the variation of two
experiments for shRIF1 (1) and three experiments for shRIF1 (2). Because of normalization, there are no error bars for shLUC, but the experiment was performed three
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chromosome stability during DNA replication stress. This model is
based on the following findings: (1) RIF1 is localized near replication
sites in basal conditions, (2) DNA replication stress in RIF1-depleted
cells modifies S-phase patterns and increases the level of the DNA
damage marker yH2AX, (3) suppression of RIF1 strongly affects the
organization of DNA replication in response to replicative stress, and
(4) RIF1 may exert this function in coordination with the cohesin. Our
model is consistent with the finding that RIF1 bridges proximal DNA
molecules (Mattarocci et al, 2017) and creates a protective structure
around DBSs (Ochs et al, 2019). Thus, we propose that the chromatin
organizing function of RIF1 ensures DNA replication under stressful
conditions (Fig 6). By analogy with its function at yeast telomeres, we
would like to propose that RIF1is protecting replication domains (Fig 6).

The association of RIFT with the replication forks has been previously
observed by other groups (Alabert et al, 2014; Her et al, 2018; Munden
et al, 2018). We confirmed that suppression of RIF1 has no measurable
effect on replication fork progression under standard conditions or in
response to short treatment with replicative stress (Xu et al, 2010;
Cornacchia et al, 2012; Ray Chaudhuri et al, 2016) despite the fact that
RIFT loss induces Chk1 phosphorylation on Ser345 (Chapman et al,
2013; Foti et al, 2016). Interestingly, we found that 2 h after re-
lease from a thymidine block, replication tracts are longer in the
absence of RIF1 and phosphorylation levels of Chk1 on Ser345 and
H2A.X on Ser139 are increased. One possibility is that in the absence
of RIF1, the disorganization of chromatin domains during DNA
replication results in the accumulation of single-stranded DNA. The
accumulation of DNA lesions likely underpins the increased sen-
sitivity of RIF1-defective cells to inhibitors of DNA replication
(Buonomo et al, 2009; Xu et al,, 2010, 2017; Feng et al, 2013).

RIF1 is recruited by 53BP1 at DSBs to prevent homologous re-
combination and favor NHEJ (Chapman et al, 2013; Di Virgilio et al,
2013; Escribano-Diaz et al, 2013; Zimmermann et al, 2013). Based on
this, it has been proposed that RIF1 could be recruited by 53BP1 to
protect stalled forks independently of BRCA1 (Xu et al, 2017). These
data are raising the possibility that 53BP1 contributes to the
recruitment of RIF1 at replication forks in basic conditions and in
response to replicative stress. However, RIF1 recruitment is not
impacted by 53BP1 depletion (Her et al, 2018) and RIF1, but not
53BP1, protects nascent DNA from degradation (Ray Chaudhuri et al,
2016), suggesting that the presence of RIF1 at replication forks is
independent of 53BP1, consistent with its capacity to form higher
order structures in budding yeast (Mattarocci et al, 2017).

Our model is consistent with the observation that RIF1 protects
stalled replication forks from resection by nucleases, perhaps via
the creation of a compartment that prevents their recruitment (Ray
Chaudhuri et al, 2016; Garzon et al, 2019; Mukherjee et al, 2019)
possibly thanks to the phosphorylation of its intrinsically disor-
dered region (Balasubramanian et al, 2022). A role of RIF1 in
safeguarding the stability of replicated domains may also explain
how RIF1 controls the activation of dormant origins in response to

replicative stress (Hiraga et al, 2017) and prevents the formation of
anaphase bridges (Hengeveld et al, 2015; Zaaijer et al, 2016). RIF1
depletion has a strong impact on replication timing (Cornacchia
et al, 2012; Yamazaki et al, 2012; Foti et al, 2016; Richards et al, 2022).
The action of RIF1 on the replication timing program may result
from the regulation of DDK kinase activation through RIF1 inter-
action with the PP1 phosphatase (Dave et al, 2014; Hiraga et al, 2014;
Mattarocci et al, 2014) or through its ability to bind G-quadruplexes
and to organize chromatin topology (Kanoh et al, 2015). Because the
loss of RIF1 induces drastic changes in nuclear organization
revealed by chromosome conformation capture methods (Foti et al,
2016), we favor the hypothesis that the impact of RIF1 on replication
timing is a consequence of impaired nuclear organization rather
than of a defect in the control of DDK kinases. The latter hypothesis
is supported by recent evidence based on Hi-C chromosome
conformation capture experiments, showing that RIF1 is necessary
to enforce chromosome interaction hubs that determine the
replication timing program (Klein et al, 2021). This model could
explain why suppression of RIF1 perturbs transcription and het-
erochromatin formation (Dan et al, 2014; Hiraga et al, 2017; Klein
et al, 2021). Because the recruitment of cohesin at stalled forks is
dependent on RIF1, it is tempting to speculate that RIF1 might
ensure the stabilization of replicating chromatin domains in co-
ordination with cohesin. Consistent with this, the depletion of
cohesin subunits mimics topological alterations at DSBs caused by
the depletion of RIF1 (Ochs et al, 2019). In contrast, induced deg-
radation of SCC1 did not impact the patterns of replication (Oldach
& Nieduszynski, 2019). We favor a model where the cohesin complex
is recruited by RIF1 directly at stalled forks to maintain the local
organization of chromatin, with no impact on the general organi-
zation of DNA replication (Tittel-Elmer et al, 2012; Ribeyre et al, 2016).

Finally, this study illustrates a yet unforeseen application of
iPOND (or iPOND-related methods based on formaldehyde
crosslinking). It is generally assumed that the iPOND method
captures proteins associated with individual replisomes distrib-
uted along a linear DNA template. Here, we show that the iPOND
method is efficient not only to isolate replisome components but
also to capture structural components of replicating chromatin
domains stabilized by formaldehyde crosslinking. Future studies
using iPOND and other methods should provide new insights into
the role of the nuclear organization in DNA replication.

Materials and Methods

Cell lines

Hela S3 (obtained from ATCC) cells were cultured in DMEM. Culture
media were supplemented with 10% fetal bovine serum (Biowest)
and penicillin/streptomycin (Sigma-Aldrich). Cells were incubated

times. (D) Analysis of EdU incorporation using microscopy in Hela S3 cells with shRNA against luciferase or RIF1. EdU was incorporated in cells during 15 min with or
without 0.1 uM aphidicolin (APH). (E) Quantification of EdU intensity within nucleus stained with Hoechst was performed using CellProfiler and is represented on the
histogram. Error bars correspond to the average values of three independent experiments. (F) DNA fiber labeling. Hela S3 cells were labeled for 30 min with IdU and then
for 30 min with CldU in the absence or presence of 0.05 uM aphidicolin (APH) in the cell culture medium. Graphic representation of the ratios of CldU versus IdU tract
length. For statistical analysis, a Mann-Whitney test was used, ****P < 0.0001. The horizontal bar represents the median with the value indicated in red. At least 50

replication tracts were measured for each experimental condition.
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(A) Experimental setup. HelLa S3 cells were submitted to the thymidine block for 18 h and released into the S phase. Cells were collected at T0 (G1), T2 (Early-S), T4 (Mid-S),
and T8 (Late-S) after a 15-min EdU pulse for iPOND and flow cytometry. Replication patterns showing the different phases are represented. (B) The percentage of cells in
each phase was analyzed using flow cytometry. The error bars represent the variations within three independent experiments. (C) iPOND experiment performed on
unsynchronized and synchronized cells and analyzed by Western blot using antibodies directed against the indicated proteins. In no-click samples, biotin-TEG azide
was replaced by DMSO. (D) Quantification of the indicated proteins in iPOND based on at least three independent experiments; T0 was used for normalization.

in 5% CO, at 37°C. For thymidine block experiments, cells were
treated 18 h with 2 mM thymidine, washed, and then released into
normal media.

Gene silencing

For RIF1 depletion, siRNA oligonucleotides were purchased from
Dharmacon (M-027983-01-0005) and transfected using INTERFERIn
(Polyplus-transfection). Anti-RIF1 shRNAs (1) and (2) anti-luciferase
SshRNA were cloned in pSUPER-EBV and transfected using Lipo-
fectamine 2000 (Thermo Fisher Scientific). Stable cell lines were
selected using puromycin.

Western blot

The proteins were resolved by SDS-PAGE using homemade or precast
gels (Bio-Rad) and transferred to a nitrocellulose membrane (GE
Healthcare or Bio-Rad). Antibodies against the following proteins
were used: Ser345 phospho-Chk1 (2348; Cell Signaling Technology),
Chk1 (sc-8408; Santa Cruz), PCNA (P8825; Sigma-Aldrich), Ser4/8
phospho-RPA32 (A300-245A), RPA32 (NA18; Calbiochem), TopBP1
(A300-111A; Bethyl), histone H3 (ab62642; Abcam), BRCA1 (sc-642;
Santa Cruz), RIF1 (A300-568A-M; Bethyl), and MCM7 (ab2360; Abcam).

Co-immunoprecipitation

Cells were incubated for 30 min in ice in high salt buffer (50 mM Tris,
pH 7.5, 300 mM Nacl, 1% Triton, and 1 mM DTT). After 10-min cen-
trifugation at 14,000g, the supernatant was incubated with anti-PCNA
antibody (P8825; Sigma-Aldrich) or IgG rabbit (NI01; Calbiochem)
overnight at 4°C. Magnetic beads coupled with protein G (10004D;

RIF1 stabilizes replication domains Lebdy et al.

Life) were added for 1 h and washed five times with washing buffer
(10 mM Hepes, 100 mM KOAc, and 0.1 mM MgOAc). Beads were boiled
in Laemmli buffer, and supernatants were analyzed by Western
blot.

iPOND

iPOND was performed largely as described in Lossaint et al
(2013) and Ribeyre et al (2016). Briefly, HeLa S3 cells were pulse-
labeled with 10 yM EdU for 5-15 min and a 120-min chase was
performed with 10 pyM thymidine. Cells were fixed with 1%
formaldehyde for 5 min followed or not by quenching of
formaldehyde by 5-min incubation with 0.125 M glycine. Fixed
samples were collected by centrifugation at 1,000g for 3 min,
washed three times with PBS, and stored at -80°C. Cells were
permeabilized with 0.5% Triton, and click chemistry was used to
conjugate biotin-TEG azide (Eurogentec) to EdU-labeled DNA.
Cells were resuspended in lysis buffer, and sonication was
performed using a Qsonica sonicator. Biotin-conjugated DNA-
protein complexes were captured using streptavidin beads
(Ademtech). Captured complexes were washed with lysis buffer
and high salt. Proteins associated with nascent DNA were eluted
under reducing conditions by boiling into SDS sample buffer for
30 min at 95°C.

DNA fiber labeling

DNA fiber labeling was performed as previously described (Lossaint
et al, 2013; Ribeyre et al, 2016). Cells were labeled with 25 uM IdU,
washed with warm media, and exposed to 50 uM CldU. Cells were
lysed, and DNA fibers were stretched onto glass slides. The DNA
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Figure 5. RIF1 is required for full recruitment of cohesin subunits at stalled forks.
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(A) Scheme explaining the principle of proximity ligation assay (PLA) between EdU and replisome components. (B) Immunofluorescence analysis of PLA signal between
EdU and SMC1 and between EdU and PCNA upon 30-min treatment with 0.1 uM APH in Hela S3 cells expressing sShRNAs against luciferase or RIF1. EdU-positive cells were
labeled with Alexa Fluor 555. (C) Level of PLA signal within the nucleus was quantified using CellProfiler. Graphic representation of the PLA signal; at least 100 cells were
quantified in each condition. For statistical analysis, a Mann-Whitney test was used, ns, non-significant; ****P < 0.0001; and ***P < 0.001.

fibers were denatured with 2.5 M HCl for 1 h, washed with PBS, and
blocked with 2% BSA in PBS/Tween for 60 min. IdU replication tracts
were revealed with a mouse anti-BrdU/IdU antibody from BD
Biosciences (347580) and CldU tracts with a rat anti-BrdU/CldU
antibody from Eurobio (ABC117-7513). The following secondary
antibodies were used: Alexa Fluor 488 anti-mouse antibody (A110071;
Life) and Cy3 anti-rat antibody (712-166-153; Jackson Immuno-
Research). Replication tract lengths were analyzed using Image)
software. For statistical analysis, we used a non-parametric
Mann-Whitney test with Prism software.

RIF1 stabilizes replication domains Lebdy et al.

Immunofluorescence

Cells were plated on glass coverslips and fixed with 4% parafor-
maldehyde in PBS for 20 min at room temperature. When indicated,
cells were incubated with EdU (5-ethynyl-2’-deoxyuridine) for the
indicated times. PFA-fixed cells were permeabilized with 0.2% Triton
X-100in PBS for 5 min. Primary (Ser139 phospho-H2AX; Millipore, 05-
636 and RIF1; Bethyl, A300-568A-M) and secondary (anti-mouse
Alexa Fluor 488 and anti-rabbit Alexa Fluor 546) antibodies were
prepared in PBS with 0.1% Tween, and incubations were carried out
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in a humidified chamber at room temperature (60 and 30 min,
respectively). EdU was coupled with Alexa Fluor 555 using click
chemistry. DNA was stained with Hoechst. The cells were mounted
on glass slides with Prolong (Life). Cells were analyzed by fluo-
rescence microscopy, and quantification of various signals was
performed using CellProfiler software (Carpenter et al, 2006).

Proximity ligation assay

Cells were plated on glass coverslips and fixed with 4% parafor-
maldehyde in PBS for 20 min at room temperature. When indicated,
cells were incubated with EdU (5-ethynyl-2'-deoxyuridine). PFA-
fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 20
min. EdU was coupled with Alexa Fluor 555 or biotin-TEG azide using
click chemistry. Primary antibodies against SMC1 (A300-055A;
Bethyl), SMC3 (A300-060A; Bethyl), MCM5 (17967; Abcam), PCNA
(P8825; Sigma-Aldrich), and biotin (A150-109A; Bethyl or 200-002-
211; Jackson ImmunoResearch) were incubated overnight. Probes
from Duolink In Situ PLA Probe Anti-Rabbit PLUS (DU092002; Sigma-
Aldrich) and Duolink In Situ PLA Probe Anti-Mouse MINUS
(DU092004; Sigma-Aldrich) were incubated with coverslip for
60 min at 37°C. For ligation (30 min at 37°C) and amplification (100
min at 37°C), Duolink In Situ Detection Reagents Green (DUO92014;
Sigma-Aldrich) was used. The cells were mounted on glass slides
with Duolink In Situ Mounting Medium with DAPI (DUO82040; Sigma-
Aldrich). Cells were analyzed by fluorescence microscopy, and
quantification of PLA signal was performed using CellProfiler
software (Carpenter et al, 2006).

Flow cytometry
Cells were labeled with EdU for 15 min, then fixed in 80% ethanol.
After permeabilization, EdU was coupled with Alexa Fluor 488 using

click chemistry. DNA was stained using propidium iodide, and
analysis was performed on a Miltenyi MACSQuant device.

RIF1 stabilizes replication domains Lebdy et al.

Mass spectrometry analysis

Mass spectrometry was performed as indicated in Kumbhar et al
(2018) or using the following protocol. Protein digestion was
performed using S-Trap micro columns (ProtiFi) following the
manufacturer’s instructions. Briefly, after reduction (DTT 20 mM,
10 min at 95°C) and alkylation (IAA 40 mM, 30 min at RT) proteins
were digested using trypsin (1 ug/sample, 2 h at 47°C; Gold, Promega).
For LC-MS/MS analysis, peptides were loaded onto a 25-cm reversed-
phase column (75 mm inner diameter; Acclaim PepMap 100 C18; Thermo
Fisher Scientific) and separated with an UltiMate 3000 RSLC system
(Thermo Fisher Scientific) coupled to a Q Exactive HFX system (Thermo
Fisher Scientific). Separation of the peptides was performed fol-
lowing a gradient from 2% to 25% buffer B (0.1% AF in 80% ACN)
for 40 min at a flow rate 300 nl/min, then 25-40% for 20 min, and
finally 40-90% for 2 min. Tandem mass spectrometry analyses
were performed in a data-dependent mode. Full scans (350-1,500
m/z) were acquired in the Orbitrap mass analyzer with a resolution
of 120,000 at 200 m/z. For MS scans, 3e6 ions were accumulated
within a maximum injection time of 60 ms. The 20 most intense ions
with charge states 22 were sequentially isolated (1e5) with a
maximum injection time of 50 ms and fragmented by higher energy
collisional dissociation (normalized collision energy of 28) and
detected in the Orbitrap analyzer at a resolution of 30,000. Analysis
of raw files was performed using MaxQuant (Cox & Mann, 2008),
version 1.5.6.5, using default settings with label-free quantification
option enabled. Raw file spectra were searched against the human
UniProt reference database. Protein, peptide, and site false dis-
covery rate were adjusted to < 0.01.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101186

https://doi.org/10.26508/1sa.202101186 vol 6 | no 4 | 202101186 11 of 14


https://doi.org/10.26508/lsa.202101186
https://doi.org/10.26508/lsa.202101186
https://doi.org/10.26508/lsa.202101186

(<Y< . . .
s2ep Life Science Alliance

Acknowledgements

We are extremely grateful to Angelos Constantinou for his continuous input
during the course of the project. We thank all the laboratory members for
their comments and suggestions on the project and on the manuscript, and
Antoine Aze for critical reading of the manuscript. We thank Marie-Pierre
Blanchard and Amélie Sarrazin from the MRI microscopy platform for their
support, and the Montpellier Functional Proteomics Platform (FPP). This
work was supported by a Jeunes Chercheuses Jeunes Chercheurs (JCJC) grant
(REPLIBLOCK ANR-17-CE12-0034-01) from the Agence National de la
Recherche (ANR) to C Ribeyre. R Lebdy was funded by fellowships from
Azm & Saade Association and Fondation ARC pour la recherche sur le cancer.

Author Contributions

R Lebdy: conceptualization, data curation, formal analysis, inves-
tigation, visualization, methodology, writing, review, and editing.

J Patouillard: data curation, formal analysis, investigation, and
methodology.

M Larroque: data curation, formal analysis, and methodology.

S Urbach: data curation, formal analysis, and methodology.

R Abou Merhi: supervision and project administration.

C Larroque: data curation, formal analysis, and methodology.

C Ribeyre: conceptualization, data curation, formal analysis, su-
pervision, funding acquisition, investigation, visualization, meth-
odology, project administration, writing original draft, review, and
editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Alabert C, Bukowski-Wills JC, Lee SB, Kustatscher G, Nakamura K, de Lima
Alves F, Menard P, Mejlvang ), Rappsilber J, Groth A (2014) Nascent
chromatin capture proteomics determines chromatin dynamics
during DNA replication and identifies unknown fork components. Nat
Cell Biol 16: 281-291. d0i:10.1038/nch2918

Aranda S, Rutishauser D, Ernfors P (2014) Identification of a large protein
network involved in epigenetic transmission in replicating DNA of
embryonic stem cells. Nucleic Acids Res 42: 6972-6986. doi:10.1093/
nar/gku374

Arnould C, Rocher V, Finoux AL, Clouaire T, Li K, Zhou F, Caron P, Mangeot PE,
Ricci EP, Mourad R, et al (2021) Loop extrusion as a mechanism for
formation of DNA damage repair foci. Nature 590: 660-665.
doi:10.1038/541586-021-03193-2

Balasubramanian S, Andreani M, Andrade JG, Saha T, Sundaravinayagam D,
Garzon ), Zhang W, Popp O, Hiraga S, Rahjouei A, et al (2022) Protection
of nascent DNA at stalled replication forks is mediated by
phosphorylation of RIF1 intrinsically disordered region. Elife 11:
€75047. doi:10.7554/ elife.75047

Blow JJ, Ge XQ, Jackson DA (2011) How dormant origins promote complete
genome replication. Trends Biochem Sci 36: 405-414. doi:10.1016/
j.tibs.2011.05.002

Buonomo SB, Wu Y, Ferguson D, de Lange T (2009) Mammalian Rif1
contributes to replication stress survival and homology-directed
repair. J Cell Biol 187: 385-398. d0i:10.1083/jch.200902039

RIF1 stabilizes replication domains Lebdy et al.

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, Guertin
DA, Chang JH, Lindquist RA, Moffat J, et al (2006) CellProfiler: Image
analysis software for identifying and quantifying cell phenotypes.
Genome Biol 7: R100. doi:10.1186/gb-2006-7-10-r100

Chagin VO, Casas-Delucchi CS, Reinhart M, Schermelleh L, Markaki Y, Maiser A,
Bolius JJ, Bensimon A, Fillies M, Domaing P, et al (2016) 4D Visualization
of replication foci in mammalian cells corresponding to individual
replicons. Nat Commun 7: 11231. doi:10.1038/ncomms 11231

Chapman JR, Barral P, Vannier JB, Borel V, Steger M, Tomas-Loba A, Sartori AA,
Adams IR, Batista FD, Boulton SJ (2013) RIF1 is essential for 53BP1-
dependent nonhomologous end joining and suppression of DNA
double-strand break resection. Mol Cell 49: 858-871. doi:10.1016/
j.molcel.2013.01.002

Cobb AM, Murray TV, Warren DT, Liu Y, Shanahan CM (2016) Disruption of
PCNA-lamins A/C interactions by prelamin A induces DNA replication
fork stalling. Nucleus 7: 498-511. doi:10.1080/19491034.2016.1239685

Cornacchia D, Dileep V, Quivy JP, Foti R, Tili F, Santarella-Mellwig R, Antony C,
Almouzni G, Gilbert DM, Buonomo SBC (2012) Mouse Rif1 is a key
regulator of the replication-timing programme in mammalian cells.
EMBO J 31: 3678-3690. d0i:10.1038/emb0j.2012.214

Courbet S, Gay S, Arnoult N, Wronka G, Anglana M, Brison O, Debatisse M
(2008) Replication fork movement sets chromatin loop size and origin
choice in mammalian cells. Nature 455: 557-560. doi:10.1038/
nature07233

Cox J, Mann M (2008) MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat Biotechnol 26: 1367-1372. d0i:10.1038/
nbt.1511

Dan J, Liu Y, Liu N, Chiourea M, Okuka M, Wu T, Ye X, Mou C, Wang L, Wang L,
et al (2014) Rif1 maintains telomere length homeostasis of ESCs by
mediating heterochromatin silencing. Dev Cell 29: 7-19. doi:10.1016/
j.devcel.2014.03.004

Dave A, Cooley C, Garg M, Bianchi A (2014) Protein phosphatase 1recruitment
by Rif1 regulates DNA replication origin firing by counteracting DDK
activity. Cell Rep 7: 53-61. doi:10.1016/j.celrep.2014.02.019

Davidson IF, Bauer B, Goetz D, Tang W, Wutz G, Peters J-M (2019) DNA loop
extrusion by human cohesin. Science 366: 1338-1345. doi:10.1126/
science.aaz3418

Di Virgilio M, Callen E, Yamane A, Zhang W, Jankovic M, Gitlin AD, Feldhahn N,
Resch W, Oliveira TY, Chait BT, et al (2013) Rif1 prevents resection of
DNA breaks and promotes immunoglobulin class switching. Science
339: 711-715. d0i:10.1126/ science.1230624

Dimitrova DS, Berezney R (2002) The spatio-temporal organization of DNA
replication sites is identical in primary, immortalized and
transformed mammalian cells. J Cell Sci 115: 4037-4051. doi:10.1242/
jCs.00087

Dungrawala H, Rose KL, Bhat KP, Mohni KN, Glick GG, Couch FB, Cortez D (2015)
The replication checkpoint prevents two types of fork collapse
without regulating replisome stability. Mol Cell 59: 998-1010.
doi:10.1016/j.molcel.2015.07.030

Escribano-Diaz C, Orthwein A, Fradet-Turcotte A, Xing M, Young JT, Tkac J, Cook
MA, Rosebrock AP, Munro M, Canny MD, et al (2013) A cell cycle-
dependent regulatory circuit composed of 53BP1-RIF1 and BRCA1-CtIP
controls DNA repair pathway choice. Mol Cell 49: 872-883. doi:10.1016/
j.molcel.2013.01.001

Feng L, Fong KW, Wang J, Wang W, Chen J (2013) RIF1 counteracts BRCA1-
mediated end resection during DNA repair. J Biol Chem 288:
11135-11143. doi:10.1074/jbc.m113.457440

Foti R, Gnan S, Cornacchia D, Dileep V, Bulut-Karslioglu A, Diehl S, Buness A,
Klein FA, Huber W, Johnstone E, et al (2016) Nuclear architecture
organized by Rif1 underpins the replication-timing program. Mol Cell
61: 260-273. d0i:10.1016/j.molcel.2015.12.001

https://doi.org/10.26508/1sa.202101186 vol 6 | no 4 | €202101186 12 of 14


https://doi.org/10.1038/ncb2918
https://doi.org/10.1093/nar/gku374
https://doi.org/10.1093/nar/gku374
https://doi.org/10.1038/s41586-021-03193-z
https://doi.org/10.7554/elife.75047
https://doi.org/10.1016/j.tibs.2011.05.002
https://doi.org/10.1016/j.tibs.2011.05.002
https://doi.org/10.1083/jcb.200902039
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1038/ncomms11231
https://doi.org/10.1016/j.molcel.2013.01.002
https://doi.org/10.1016/j.molcel.2013.01.002
https://doi.org/10.1080/19491034.2016.1239685
https://doi.org/10.1038/emboj.2012.214
https://doi.org/10.1038/nature07233
https://doi.org/10.1038/nature07233
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1016/j.devcel.2014.03.004
https://doi.org/10.1016/j.devcel.2014.03.004
https://doi.org/10.1016/j.celrep.2014.02.019
https://doi.org/10.1126/science.aaz3418
https://doi.org/10.1126/science.aaz3418
https://doi.org/10.1126/science.1230624
https://doi.org/10.1242/jcs.00087
https://doi.org/10.1242/jcs.00087
https://doi.org/10.1016/j.molcel.2015.07.030
https://doi.org/10.1016/j.molcel.2013.01.001
https://doi.org/10.1016/j.molcel.2013.01.001
https://doi.org/10.1074/jbc.m113.457440
https://doi.org/10.1016/j.molcel.2015.12.001
https://doi.org/10.26508/lsa.202101186

(<Y< . . .
s2ep Life Science Alliance

Garzon ), Ursich S, Lopes M, Hiraga S, Donaldson AD (2019) Human RIF1-
protein phosphatase 1 prevents degradation and breakage of nascent
DNA on replication stalling. Cell Rep 27: 2558-2566.e4. doi:10.1016/
j.celrep.2019.05.002

Guillou E, Ibarra A, Coulon V, Casado-Vela J, Rico D, Casal I, Schwob E, Losada
A, Mendez J (2010) Cohesin organizes chromatin loops at DNA
replication factories. Genes Dev 24: 2812-2822. doi:10.1101/gad.608210

Hardy CF, Sussel L, Shore D (1992) A RAP1-interacting protein involved in
transcriptional silencing and telomere length regulation. Genes Dev 6:
801-814. doi:10.1101/gad.6.5.801

Hayano M, Kanoh Y, Matsumoto S, Renard-Guillet C, Shirahige K, Masai H
(2012) Rif1 is a global regulator of timing of replication origin firing in
fission yeast. Genes Dev 26: 137-150. d0i:10.1101/gad.178491.111

Hengeveld RC, de Boer HR, Schoonen PM, de Vries EG, Lens SM, van Vugt MA
(2015) Rif1 is required for resolution of ultrafine DNA bridges in
anaphase to ensure genomic stability. Dev Cell 34: 466-474.
doi:10.1016/j.devcel.2015.06.014

Her J, Ray C, Altshuler J, Zheng H, Bunting SF (2018) 53BP1 mediates ATR-chk1
signaling and protects replication forks under conditions of
replication stress. Mol Cell Biol 38: €00472-17. doi:10.1128/mcb.00472-
17

Hiraga Si, Alvino GM, Chang F, Lian HY, Sridhar A, Kubota T, Brewer B},
Weinreich M, Raghuraman MK, Donaldson AD (2014) Rif1 controls DNA
replication by directing Protein Phosphatase 1 to reverse Cdc7-
mediated phosphorylation of the MCM complex. Genes Dev 28:
372-383. d0i:10.1101/gad.231258.113

Hiraga SI, Ly T, Garzon J, Horejsi Z, Ohkubo YN, Endo A, Obuse C, Boulton SJ,
Lamond Al, Donaldson AD (2017) Human RIF1 and protein
phosphatase 1 stimulate DNA replication origin licensing but
suppress origin activation. EMBO Rep 18: 403-419. d0i:10.15252/
embr.201641983

Kanoh Y, Matsumoto S, Fukatsu R, Kakusho N, Kono N, Renard-Guillet C,
Masuda K, lida K, Nagasawa K, Shirahige K, et al (2015) Rif1 binds to G
quadruplexes and suppresses replication over long distances. Nat
Struct Mol Biol 22: 889-897. d0i:10.1038/nsmb.3102

Kim Y, Shi Z, Zhang H, Finkelstein 1), Yu H (2019) Human cohesin compacts
DNA by loop extrusion. Science 366: 1345-1349. doi:10.1126/
science.aaz4475

Klein KN, Zhao PA, Lyu X, Sasaki T, Bartlett DA, Singh AM, Tasan |, Zhang M,
Watts LP, Hiraga Sl, et al (2021) Replication timing maintains the global
epigenetic state in human cells. Science 372: 371-378. d0i:10.1126/
science.abab545

Kumbhar R, Vidal-Eychenie S, Kontopoulos D-G, Larroque M, Larroque C,
Basbous J, Kossida S, Ribeyre C, Constantinou A (2018) Recruitment of
ubiquitin-activating enzyme UBAT to DNA by poly(ADP-ribose)
promotes ATR signalling. Life Sci Alliance 1: €201800096. d0i:10.26508/
[sa.201800096

Kurose A, Tanaka T, Huang X, Traganos F, Darzynkiewicz Z (2006)
Synchronization in the cell cycle by inhibitors of DNA replication
induces histone H2AX phosphorylation: An indication of DNA damage.
Cell Prolif 39: 231-240. doi:10.1111/j.1365-2184.2006.00380.x

Lambert S, Carr AM (2013) Impediments to replication fork movement:
Stabilisation, reactivation and genome instability. Chromosoma 122:
33-45. d0i:10.1007/500412-013-0398-9

Lopez-Contreras AJ, Ruppen I, Nieto-Soler M, Murga M, Rodriguez-Acebes S,
Remeseiro S, Rodrigo-Perez S, Rojas AM, Mendez ), Munoz J, et al (2013)
A proteomic characterization of factors enriched at nascent DNA
molecules. Cell Rep 3: 1105-1116. doi:10.1016/j.celrep.2013.03.009

Lossaint G, Larroque M, Ribeyre C, Bec N, Larroque C, Decaillet C, Gari K,
Constantinou A (2013) FANCD2 binds MCM proteins and controls
replisome function upon activation of s phase checkpoint signaling.
Mol Cell 51: 678-690. d0i:10.1016/j.molcel.2013.07.023

RIF1 stabilizes replication domains Lebdy et al.

Mattarocci S, Shyian M, Lemmens L, Damay P, Altintas DM, Shi T, Bartholomew
CR, Thoma NH, Hardy CF, Shore D (2014) Rif1 controls DNA replication
timing in yeast through the PP1 phosphatase Glc7. Cell Rep 7: 62-69.
doi:10.1016/j.celrep.2014.03.010

Mattarocci S, Hafner L, Lezaja A, Shyian M, Shore D (2016) Rif1: A conserved
regulator of DNA replication and repair hijacked by telomeres in
yeasts. Front Genet 7: 45. doi:10.3389/fgene.2016.00045

Mattarocci S, Reinert JK, Bunker RD, Fontana GA, Shi T, Klein D, Cavadini S, Faty
M, Shyian M, Hafner L, et al (2017) Rif1 maintains telomeres and
mediates DNA repair by encasing DNA ends. Nat Struct Mol Biol 24:
588-595. d0i:10.1038/nsmb.3420

Mechali M (2010) Eukaryotic DNA replication origins: Many choices for
appropriate answers. Nat Rev Mol Cell Biol 11: 728-738. d0i:10.1038/
nrm2976

Moriyama K, Yoshizawa-Sugata N, Masai H (2018) Oligomer formation and
G-quadruplex binding by purified murine Rif1 protein, a key
organizer of higher-order chromatin architecture. J Biol Chem 293:
3607-3624. doi:10.1074/jbc.ra117.000446

Mukherjee C, Tripathi V, Manolika EM, Heijink AM, Ricci G, Merzouk S, de Boer
HR, Demmers J, van Vugt MATM, Ray Chaudhuri A (2019) RIF1 promotes
replication fork protection and efficient restart to maintain genome
stability. Nat Commun 10: 3287. d0i:10.1038/s41467-019-11246-1

Munden A, Rong Z, Sun A, Gangula R, Mallal S, Nordman JT (2018) Rif1 inhibits
replication fork progression and controls DNA copy number in
Drosophila. Elife 7: €39140. doi:10.7554/ elife.39140

Ochs F, Karemore G, Miron E, Brown J, Sedlackova H, Rask M-B, Lampe M,
Buckle V, Schermelleh L, Lukas J, et al (2019) Stabilization of chromatin
topology safeguards genome integrity. Nature 574: 571-574.
doi:10.1038/541586-019-1659-4

Oldach P, Nieduszynski CA (2019) Cohesin-mediated genome architecture
does not define DNA replication timing domains. Genes (Basel) 10: 196.
doi:10.3390/genes10030196

Petruk S, Sedkov Y, Johnston DM, Hodgson JW, Black KL, Kovermann SK, Beck
S, Canaani E, Brock HW, Mazo A (2012) TrxG and PcG proteins but not
methylated histones remain associated with DNA through replication.
Cell 150: 922-933. d0i:10.1016/j.cell.2012.06.046

Petruk S, Cai J,, Sussman R, Sun G, Kovermann SK, Mariani SA, Calabretta B,
McMahon SB, Brock HW, lacovitti L, et al (2017) Delayed accumulation
of H3K27me3 on nascent DNA is essential for recruitment of
transcription factors at early stages of stem cell differentiation. Mol
Cell 66: 247-257.e5. doi:10.1016/j.molcel.2017.03.006

Ray Chaudhuri A, Callen E, Ding X, Gogola E, Duarte AA, Lee JE, Wong N, Lafarga
V, Calvo JA, Panzarino NJ, et al (2016) Replication fork stability confers
chemoresistance in BRCA-deficient cells. Nature 535: 382-387.
doi:10.1038/nature18325

Ribeyre C, Zellweger R, Chauvin M, Bec N, Larroque C, Lopes M, Constantinou A
(2016) Nascent DNA proteomics reveals a chromatin remodeler
required for topoisomerase | loading at replication forks. Cell Rep 15:
300-309. doi:10.1016/j.celrep.2016.03.027

Richards L, Das S, Nordman JT (2022) Rif1-Dependent control of replication
timing. Genes (Basel) 13: 550. doi:10.3390/genes13030550

Roy S, Luzwick JW, Schlacher K (2018) SIRF: Quantitative in situ analysis of
protein interactions at DNA replication forks. J Cell Biol 217: 1553.
doi:10.1083/jcb.20170912103212018¢

Singh M, Hunt CR, Pandita RK, Kumar R, Yang CR, Horikoshi N, Bachoo R, Serag
S, Story MD, Shay JW, et al (2013) Lamin A/C depletion enhances DNA
damage-induced stalled replication fork arrest. Mol Cell Biol 33:
1210-1222. doi:10.1128/mcb.00597-13

Sirbu BM, Couch FB, Feigerle JT, Bhaskara S, Hiebert SW, Cortez D (2011)
Analysis of protein dynamics at active, stalled, and collapsed
replication forks. Genes Dev 25: 1320-1327. doi:10.1101/gad.2053211

https://doi.org/10.26508/1sa.202101186 vol 6 | no 4 | €202101186 13 of 14


https://doi.org/10.1016/j.celrep.2019.05.002
https://doi.org/10.1016/j.celrep.2019.05.002
https://doi.org/10.1101/gad.608210
https://doi.org/10.1101/gad.6.5.801
https://doi.org/10.1101/gad.178491.111
https://doi.org/10.1016/j.devcel.2015.06.014
https://doi.org/10.1128/mcb.00472-17
https://doi.org/10.1128/mcb.00472-17
https://doi.org/10.1101/gad.231258.113
https://doi.org/10.15252/embr.201641983
https://doi.org/10.15252/embr.201641983
https://doi.org/10.1038/nsmb.3102
https://doi.org/10.1126/science.aaz4475
https://doi.org/10.1126/science.aaz4475
https://doi.org/10.1126/science.aba5545
https://doi.org/10.1126/science.aba5545
https://doi.org/10.26508/lsa.201800096
https://doi.org/10.26508/lsa.201800096
https://doi.org/10.1111/j.1365-2184.2006.00380.x
https://doi.org/10.1007/s00412-013-0398-9
https://doi.org/10.1016/j.celrep.2013.03.009
https://doi.org/10.1016/j.molcel.2013.07.023
https://doi.org/10.1016/j.celrep.2014.03.010
https://doi.org/10.3389/fgene.2016.00045
https://doi.org/10.1038/nsmb.3420
https://doi.org/10.1038/nrm2976
https://doi.org/10.1038/nrm2976
https://doi.org/10.1074/jbc.ra117.000446
https://doi.org/10.1038/s41467-019-11246-1
https://doi.org/10.7554/elife.39140
https://doi.org/10.1038/s41586-019-1659-4
https://doi.org/10.3390/genes10030196
https://doi.org/10.1016/j.cell.2012.06.046
https://doi.org/10.1016/j.molcel.2017.03.006
https://doi.org/10.1038/nature18325
https://doi.org/10.1016/j.celrep.2016.03.027
https://doi.org/10.3390/genes13030550
https://doi.org/10.1083/jcb.20170912103212018c
https://doi.org/10.1128/mcb.00597-13
https://doi.org/10.1101/gad.2053211
https://doi.org/10.26508/lsa.202101186

(<Y< . . .
s2ep Life Science Alliance

Sirbu BM, McDonald WH, Dungrawala H, Badu-Nkansah A, Kavanaugh GM,
Chen Y, Tabb DL, Cortez D (2013) Identification of proteins at active,
stalled, and collapsed replication forks using isolation of proteins on
nascent DNA (iPOND) coupled with mass spectrometry. J Biol Chem
288: 31458-31467. d0i:10.1074/jbc.m113.511337

Sreesankar E, Senthilkumar R, Bharathi V, Mishra RK, Mishra K (2012)
Functional diversification of yeast telomere associated protein, Rif7,
in higher eukaryotes. BMC Genomics 13: 255. doi:10.1186/1471-2164-13-
255

Tittel-Elmer M, Lengronne A, Davidson MB, Bacal J, Francois P, Hohl M, Petrini
JH, Pasero P, Cobb JA (2012) Cohesin association to replication sites
depends on rad50 and promotes fork restart. Mol Cell 48: 98-108.
doi:10.1016/j.molcel.2012.07.004

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox J
(2016) The Perseus computational platform for comprehensive
analysis of (prote)omics data. Nat Methods 13: 731-740. doi:10.1038/
nmeth.3901

Wheaton K, Campuzano D, Ma W, Sheinis M, Ho B, Brown GW, Benchimol S
(2017) Progerin-induced replication stress facilitates premature
senescence in hutchinson-gilford progeria syndrome. Mol Cell Biol 37:
€00659-16. doi:10.1128/mch.00659-16

Xu D, Muniandy P, Leo E, Yin J, Thangavel S, Shen X, li M, Agama K, Guo R, Fox D
3rd, et al (2010) Rif1 provides a new DNA-binding interface for the
Bloom syndrome complex to maintain normal replication. Embo J 29:
3140-3155. doi:10.1038/emb0j.2010.186

RIF1 stabilizes replication domains Lebdy et al.

Xu'Y, Ning S, Wei Z, Xu R, Xu X, Xing M, Guo R, Xu D (2017) 53BP1 and BRCA1
control pathway choice for stalled replication restart. Elife 6: €30523.
doi:10.7554/ elife.30523

Yamazaki S, Ishii A, Kanoh Y, Oda M, Nishito Y, Masai H (2012) Rif1 regulates
the replication timing domains on the human genome. EMBO J 31:
3667-3677. doi:10.1038/emb0j.2012.180

Yamazaki S, Hayano M, Masai H (2013) Replication timing regulation of
eukaryotic replicons: Rif1 as a global regulator of replication timing.
Trends Genet 29: 449-460. d0i:10.1016/].tig.2013.05.001

Zaaijer S, Shaikh N, Nageshan RK, Cooper JP (2016) Rif1 regulates the fate of
DNA entanglements during mitosis. Cell Rep 16: 148-160. doi:10.1016/
j.celrep.2016.05.077

Zeman MK, Cimprich KA (2014) Causes and consequences of replication
stress. Nat Cell Biol 16: 2-9. d0i:10.1038/ncb2897

Zimmermann M, Lottersberger F, Buonomo SB, Sfeir A, de Lange T (2013)
53BP1 regulates DSB repair using Rif1 to control 5" end resection.
Science 339: 700-704. doi:10.1126/science.1231573

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.202101186 vol 6 | no 4 | €202101186 14 of 14


https://doi.org/10.1074/jbc.m113.511337
https://doi.org/10.1186/1471-2164-13-255
https://doi.org/10.1186/1471-2164-13-255
https://doi.org/10.1016/j.molcel.2012.07.004
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1128/mcb.00659-16
https://doi.org/10.1038/emboj.2010.186
https://doi.org/10.7554/elife.30523
https://doi.org/10.1038/emboj.2012.180
https://doi.org/10.1016/j.tig.2013.05.001
https://doi.org/10.1016/j.celrep.2016.05.077
https://doi.org/10.1016/j.celrep.2016.05.077
https://doi.org/10.1038/ncb2897
https://doi.org/10.1126/science.1231573
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202101186

	The organizer of chromatin topology RIF1 ensures cellular resilience to DNA replication stress
	Introduction
	Results
	iPOND coupled with mass spectrometry identifies proteins involved in nuclear organization
	RIF1 protects the integrity of replication forks upon prolonged replication stress
	RIF1-dependent loss of replication organization induces DNA lesions
	RIF1 impairment reduces iPOND efficiency in the presence of replication stress
	The efficacy of iPOND is biased by chromatin topology
	RIF1 depletion impairs the loading of SMC1 and SMC3 at forks in the presence of replication stress

	Discussion
	Materials and Methods
	Cell lines
	Gene silencing
	Western blot
	Co-immunoprecipitation
	iPOND
	DNA fiber labeling
	Immunofluorescence
	Proximity ligation assay
	Flow cytometry
	Mass spectrometry analysis

	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Alabert C, Bukowski-Wills JC, Lee SB, Kustatscher G, Nakamura K, de Lima Alves F, Menard P, Mejlvang J, Rappsilber J, Groth ...


