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coupled through RIF1–PP1 interaction
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Three-dimensional genome organisation and replication timing are known to be correlated,
however, it remains unknown whether nuclear architecture overall plays an instructive role in
the replication-timing programme and, if so, how. Here we demonstrate that RIF1 is a
molecular hub that co-regulates both processes. Both nuclear organisation and replication
timing depend upon the interaction between RIF1 and PP1. However, whereas nuclear
architecture requires the full complement of RIF1 and its interaction with PP1, replication
timing is not sensitive to RIF1 dosage. The role of RIF1 in replication timing also extends
beyond its interaction with PP1. Availing of this separation-of-function approach, we have
therefore identiﬁed in RIF1 dual function the molecular bases of the co-dependency of the
replication-timing programme and nuclear architecture.
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n eukaryotes, origins of DNA replication are not activated all
at once. Origin ﬁring follows a cell-type speciﬁc temporal
programme known as DNA replication timing. The
replication-timing programme is mirrored by the spatial distribution in the nucleus of replication foci, which are clusters of
about ﬁve simultaneously activated bidirectional replication
forks1. Both spatial and temporal replication patterns are reestablished every cell cycle in G1, at the timing decision point
(TDP)2, that coincides with chromosomal territories achieving
their radial position3 and the re-establishment of chromatin
architecture and interphase-nuclear conﬁguration4. The spatial
organisation of DNA replication is evident at multiple levels. The
units of DNA replication timing, replication domains (RD),
coincide with one of the basic units of three-dimensional (3D)
genome organisation, the topologically associated domains
(TADs)5. Recently, in cis elements (early replicating control elements—ERCEs) that can simultaneously inﬂuence chromatin
looping and replication timing have also been identiﬁed6.
Moreover, the “assignment” of RDs as early or late replicating
(the establishment of the replication-timing programme), takes
place on a chromosome-domain level, prior to the speciﬁcation of
the active origins of replication2. On a global scale, the early and
late replicating genomes overlap with the A and B compartments
identiﬁed by Chromosome Conformation Capture methods
(HiC)7–9 and are segregated in the nuclear interior or the peripheries of the nucleus and nucleolus, respectively. It has been
shown that artiﬁcially re-localising chromocenters to the nuclear
periphery affected their replication timing without an immediate
impact on their epigenetic makeup10. Finally, a recent study from
budding yeast has shown that activation of early origins drives
their internalisation11. However, no molecular, causal link
between the temporal and spatial aspects of DNA replication
organisation has been established.
RIF1 is a key genome-wide regulator of replication timing12–18.
It is also involved in re-establishing spatial chromatin organisation in the nucleus at G113, and in the control of replication foci
spatial dynamics12. RIF1 could therefore be a molecular connection between the temporal and spatial organisation of DNA
replication in mammalian cells.
The molecular function of RIF1 is still unclear, although it is
involved in a variety of functions such as DNA repair19–30, telomere length regulation in yeast31–35, cytokinesis36, epigenetic37–41
and DNA replication-timing control. Mammalian RIF1 (266 kDa)
interacts with components of the nuclear lamina13,42, behaving as
an integral part of this insoluble nuclear scaffold and chromatin
organiser. RIF1 associates with the late replicating genome,
forming megabase-long domains called RIF1-associated-domains
(RADs)13. It is unknown what directs RIF1’s association with
chromatin, but both the N and C terminus can mediate the
interaction with DNA33,43–47. RIF1 has a highly conserved
interaction with protein phosphatase 1 (PP1) that is reported to be
critical to regulate the ﬁring of individual late origins of
replication15,48–51. Activation of these origins is promoted by RIF1
removal in late S-phase, led by the increasing levels of cyclindependent kinase (CDK) activity15,16,48–51. These studies therefore
place the role of the RIF1–PP1 interaction at the stage of execution
of the replication-timing programme, in S-phase. However, we
have also identiﬁed a role for RIF1 as a chromatin organiser earlier
during the cell cycle, in G1, around the time of the establishment
of the replication-timing programme13. Rif1 deﬁciency impacts
nuclear architecture, relaxing the constraints that normally limit
chromatin interactions between domains with the same replication timing13. It is unknown if RIF1-dependent chromatin
architecture establishment affects the replication-timing programme, how RIF1 contributes to nuclear organisation, and if and
how its interaction with PP1 plays a role in these functions. More
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generally, the functional relationship between nuclear architecture
and replication timing is still unclear.
Here, we tackle these questions by interfering with the
RIF1–PP1 interaction, introducing point mutations in Rif1 that
speciﬁcally abolish the interaction. Our results show that both
replication timing and nuclear organisation depend upon
RIF1–PP1 interaction. However, unlike the replication-timing
programme, we ﬁnd that nuclear organisation is exquisitely
sensitive to RIF1 dosage. Using this separation-of-function
approach, we identify in RIF1 the molecular hub for their coregulation. In addition, we show for the ﬁrst time that the
replication-timing programme can be established and executed
independently of a speciﬁc 3D organisation or of the spatial
distribution of replication foci.
Results
Mouse embryonic stem cells (ESCs) expressing Rif1ΔPP1.
RIF1–PP1 interaction promotes the continuous dephosphorylation of MCM4 at replication origins that are “marked” to
be activated only during the later part of S-phase15,48–51. This
suggests that, through RIF1, PP1 contributes to control of the
time of ﬁring of individual origins of replication. However, the
functional signiﬁcance of RIF1–PP1 interaction for the establishment and domain-level regulation of the replication-timing
programme, and in the context of nuclear 3D organisation is
unknown.
Mutations that perturb RIF1–PP1 interaction are potential
tools to achieve separation-of-function between nuclear organisation and replication timing. We have recently identiﬁed the sites
within RIF1 that mediate the physical contacts with PP1 (SILK
and RVSF motifs, respectively residues 2128–2131 and
2150–2153). Point mutations of these residues reduce RIF1’s
interaction with PP1 to undetectable levels (RIF1ΔPP1: SILK into
SAAA and RVSF into RVSA52). We therefore sought to express
the Rif1ΔPP1 mutant allele in mESCs. Rif1 overexpression is toxic,
hence, to create a system to expresses Rif1ΔPP1 at controlled and
as physiological levels as possible, we have utilised Rif1FH/ﬂox
mESCs. In these cells, one allele of Rif1 contains loxP sites
ﬂanking exons 5 to 719 (Rif1ﬂox)), while the second is a knock-in
of a FLAG-HA2 tag (FH) into the Rif1 locus (Rif1FH)12
(Supplementary Fig. 1A and B)). We then targeted the FH
allele with a mini-gene encoding Rif1ΔPP1. As a control, following
the same strategy, we also knocked-in a Rif1 wild type mini-gene
(Rif1TgWT). Thus, Cre-mediated deletion of the Rif1ﬂox allele
leaves either the FH-tagged Rif1ΔPP1, Rif1TgWT or the parental
Rif1FH allele as the sole source of RIF1, effectively creating
inducible FH-tagged Rif1 hemizygous cells. Upon tamoxifenmediated Cre recombination, we have then studied the
consequences of abolishing RIF1–PP1 interaction in Rif1ΔPP1/ﬂox
(Rif1ΔPP1/-, abbreviated Rif1-ΔPP1), control Rif1TgWT/ﬂox
(Rif1TgWT/- abbreviated Rif1-TgWT) and the parental Rif1FH/ﬂox
(Rif1FH/-, abbreviated Rif1-FH) cell lines. In agreement with the
fact that, upon Cre induction, all the Rif1 FH-tagged alleles
are hemizygous, RIF1-ΔPP1, RIF1-TgWT and RIF1-FH, are
expressed at comparable levels (Fig. 1a, b and Supplementary
Fig. 1C) and RIF1–PP1 interaction is undetectable in RIF1-ΔPP1
(Fig. 1c). As it was previously shown50, we also found that
expression of Rif1-ΔPP1 leads to accumulation of hyperphosphorylated MCM4 (data not shown). Both RIF1-ΔPP1 and
RIF1-TgWT have a comparable degree of chromatin-association
(Fig. 1d and Supplementary Fig. 2A).
RIF1 deﬁciency in mESCs affects nuclear function at multiple
levels. One of the features of Rif1-KO cultures is the doubling of
the cell population in G2, accompanied by a decreased S-phase
population (Fig. 1e)13. Our data show that Rif1 hemizygosity

NATURE COMMUNICATIONS | (2021)12:2910 | https://doi.org/10.1038/s41467-021-22899-2 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22899-2

ARTICLE

Fig. 1 Expression levels and chromatin association of RIF1-TgWT and RIF1-ΔPP1 are comparable to those of RIF1 in hemizygous cells. a Quantitative
analysis of total levels of FH-tagged RIF1, measured by intra-cellular FACS staining. Anti-HA mouse ascites 16B12 was used to stain the indicated cell lines.
Rif1FH/FH: homozygous knock-in FH-tagged RIF1, as a control of quantitative staining. The plot shows distributions of densities from HA signal, measured in
arbitrary units. One representative experiment is shown. b Quantiﬁcation from Fig. 1a. The bar plot represents the median intensities for the experiment
shown and the error bars indicate 95% conﬁdence intervals, calculated through bootstrapping with 10,000 iterations. c Total proteins were extracted from
cells expressing untagged wild type RIF1 (WT), or from hemizygote cells expressing RIF1-TgWT or RIF1-ΔPP1 (HA tagged), and immunoprecipitated with
anti-HA antibody. The input, immunoprecipitated complex and ﬂow through were analysed by western blot with anti-mouse RIF1 afﬁnity-puriﬁed rabbit
polyclonal antibody (1240) and anti-PP1α. d Quantitative analysis of the levels of chromatin-associated FH-tagged RIF1 throughout the cell cycle measured
by FACS staining. Cytoplasmic and nucleoplasmic proteins were pre-extracted before ﬁxing chromatin-associated proteins. Anti-HA mouse ascites 16B12
was used to visualise FH-tagged RIF1 as in a. Cell cycle stage was determined by DNA quantiﬁcation (DAPI staining). Means from the results from two
independent experiments, each with 2 or 3 independent cell lines per genotype are summarised. The error bars indicate standard deviations. P values were
calculated by two-sided unpaired t test. e Cell cycle distribution of the indicated cell lines, as determined by FACS quantiﬁcation of EdU incorporation (Sphase) and DAPI staining (DNA amount). The mean value of three independent clones per genotype, from three experiments is shown. Error bars indicate
the standard error of the mean. P values are calculated using two-sided Wilcoxon rank-sum test.
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(Rif1-FH and Rif1-TgWT) results in an altered cell cycle similar to
Rif1 deﬁciency (Fig. 1e). Importantly, cell cycle distribution in
both Rif1-ΔPP1 and Rif1-TgWT cell lines appears comparable to
Rif1-FH cells. These results suggest that the defective cell cycle
progression of Rif1 null cells is not attributable to altered PP1
function but to insufﬁcient levels of RIF1.
Loss of RIF1 function also results an altered gene expression
proﬁle in mESCs13, including the de-repression of MERVLs38, an
effect that RIF1 shares with other epigenetic and DNA replication
regulators53. We therefore compared the level of MERVL RNA in
Rif1-WT, Rif1-TgWT, Rif1-KO and Rif1-ΔPP1 cells. After 4 days of
deletion, MERVLs are upregulated not only in Rif1-ΔPP1 and Rif1KO cells, but, surprisingly, also in the hemizygous control (Rif1TgWT, Supplementary Fig. 2B), suggesting that, as for cell cycle
progression, gene expression control is also sensitive to RIF1 dosage.
RIF1–PP1 interaction is important for the replication-timing
programme. The most conserved function of RIF1 is the control
of the replication-timing programme and Rif1-KO cells show
pronounced genome-wide changes in the temporal programme of
origin ﬁring12,13. As RIF1–PP1 interaction has been shown to be
important, at least during the execution of the replication-timing
programme in S-phase15,48–51, expression of Rif1ΔPP1 should
affect replication timing to a similar extent to Rif1 deletion. In
agreement with this prediction, hierarchical clustering of
genome-wide replication timing shows that Rif1-ΔPP1 and Rif1KO mESCs cluster together, while Rif1+/+ (Rif1-WT) and control
hemizygous (Rif1-FH and Rif1-TgWT) cells form a separate
cluster (Fig. 2a and Supplementary Fig. 3A).
The deﬁnition of early and late replicating domains of both
Rif1-ΔPP1 and Rif1-KO mESCs also appears affected (the proﬁles
are compressed around the zero, with less deﬁned early domains
—above the line—and late domains—below the line—Fig. 2b and
Supplementary Fig. 3B), and a comparable fraction of the genome
displays replication timing switches and changes (Supplementary
Fig. 4), suggesting an analogous loss of temporal control of origin
ﬁring in both cases. Importantly, the replication timing changes
induced by the expression of Rif1ΔPP1 are not attributable to Rif1
haploinsufﬁciency. In fact, the replication-timing proﬁles of Rif1
hemizygous controls (Rif1-FH and Rif1-TgWT), are very similar
to the wild type cells (Rif1-WT, Fig. 2b and c and Supplementary
Fig. 4, red boxes). Despite the similarities, however, the impact of
loss of RIF1 versus loss of RIF1–PP1 interaction on the
replication-timing programme is quantitively not identical.
Rif1ΔPP1 expressing cells maintain a better degree of distinction
between earlier and later replicating domains than Rif-KO
(Fig. 2b, c and Supplementary Fig. 3B). These data suggest that
RIF1-dependent control of the replication-timing programme
could be not entirely exerted through PP1 and some other
function of RIF1 could partially contribute as well.
DNA replication timing is independent of the spatial distribution of replication foci. DNA replication takes place in a
spatially organised manner54,55, with the distribution of replication foci correlated to the time of replication56. We have shown
that in mouse primary embryonic ﬁbroblasts (pMEFs), Rif1 deﬁciency induces changes of both the spatial distribution of replication foci and replication timing12. We ﬁnd a comparable effect
in Rif1-deﬁcient mESCs, with an increased proportion of cells
displaying an early-like replication pattern (Fig. 2d) despite there
being no increase in the proportion of cells in early S-phase, as
judged from the analysis of DNA content (Supplementary
Fig. 3C). In wild type mESCs, the early S-phase replication pattern features many small replication foci throughout the
nucleoplasm (examples in Supplementary Figs. 5A, B and 6D)57.
4

In Supplementary Fig. 5A, we have identiﬁed early S-phase cells
by a diffuse nucleoplasmic MCM3 staining and absence of histone H3 phosphorylated on Ser10-H3S10p. In Supplementary
Figs. 5B and 6D, cells in early S-phase were identiﬁed by DNA
content, either by FACS sorting (Supplementary Fig. 5B, P1 and
P2, empty white arrowhead), or by quantiﬁcation of DAPI
staining in 3D-SIM images (Supplementary Fig. 6D, early, Rif1WT). In Rif1-KO cells, a diffuse distribution of replication foci
(EdU or BrdU) similar to early S-phase also appears aberrantly in
cells in later S-phase (Supplementary Fig. 5B, P4, empty white
arrowheads and Supplementary Fig. 5C, clusters of H3S10p signal, often at chromocenters, MCM3 discrete foci, larger-mid- or
smaller-late and peripheral). Normally at this stage, EdU or BrdU
signal appears as discrete foci of different sizes, often associated
with heterochromatin (Supplementary Fig. 5A, B, P4, full, yellow
arrowheads, and Supplementary Fig. 6D, mid/late, Rif1-WT).
To study the effect of Rif1 deﬁciency or expression of Rif1ΔPP1
on the total number of replication forks and their clustering, we
employed 3D-structure illumination microscopy (SIM—Supplementary Fig. 6A). Since Rif1 deletion and expression of Rif1ΔPP1
induce a loss of equivalence between replication foci distribution
and replication timing, we could not classify early, mid and late Sphase from the EdU patterns. We therefore used DNA
quantiﬁcation based on DAPI staining to categorise them. Rif1
deﬁciency results in an increase of the total number of replication
forks throughout S-phase (Supplementary Fig. 6B) that could
explain the apparent increase in the proportion of cells displaying
early-like replication patterns. However, expression of Rif1ΔPP1
does not increase the total number of replication forks per
nucleus at any stage of S-phase (Supplementary Fig. 6B), yet it
causes an accumulation of early-like replication patterns that is
comparable to Rif1-KO cells (Fig. 2d). Considering the different
extent of the impact of RIF1 loss (Rif1-KO) and loss of RIF1–PP1
interaction (Rif1-ΔPP1) on replication timing, this discrepancy in
the effect on the total number of forks is interesting and indicates
that the altered distribution of replication foci observed in both
cell lines is not linked to the change of total number of replication
forks. Moreover, by matching the total number of replication
forks to the number of replication foci, we could not ﬁnd a
correlation between the number of forks per replication focus
(Supplementary Fig. 6C) and the changes of distribution of
replication patterns (Fig. 2d). These data indicate that the
increase of the proportion of cells with early-like replication
patterns observed in Rif1-KO and Rif1-ΔPP1 cells is not
attributable to the de-clustering of the replication forks. Finally,
our analysis shows that Rif1 hemizygosity (Rif1-hem = Rif-FH +
Rif1-TgWT) has an impact on the spatial distribution of
replication foci that is similar to, although milder, than Rif1
deﬁciency or expression of Rif1ΔPP1 (Fig. 2d). However,
hemizygosity does not result in an increased number of total
replication forks or a measurable perturbation of the replicationtiming programme. These results suggest that spatial distribution
of replication foci and the timing of replication can be uncoupled.
In conclusion, loss or reduced RIF1 levels and loss of RIF1–PP1
interaction all impact on the distribution of replication foci, but
not all affect replication timing.
RIF1 dosage is important for nuclear compartmentalisation.
The distribution of replication foci in the nucleus reﬂects the
spatial organisation of the underlying chromatin. As a consequence, the altered spatial conﬁguration of replication foci in
Rif1-hem and Rif1-ΔPP1 cells suggests that a reduced amount of
RIF1 or loss of RIF1–PP1 interaction could affect chromatin
organisation similarly to what we have shown for Rif1 null cells13,
and irrespective of their effects on replication timing. We
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Fig. 2 Effect of loss of RIF1–PP1 interaction on the replication-timing programme and on the spatial distribution of replication foci. a Hierarchical
cluster analysis of Pearson correlation coefﬁcient of genome-wide replication-timing (RT) proﬁles between replicas, bin size 50 kb. The analysis shows
preferential clustering of RT distribution from Rif1-KO and Rif1-ΔPP1 lines, while RT distribution from Rif1-WT clusters with Rif1-TgWT and Rif1-FH lines.
b Representative RT proﬁle from Chromosome 17. The solid line shows the mean of three biological replicas, except for Rif1-FH (single, parental clone). RT
scores are calculated as the log2 of the ratio between mapped reads in the early and late replicating fractions of the cell cycle over bins of 50 kb. c Genomewide distribution of 50 kb genomic windows on the basis of their RT scores. Mean of three independent lines per genotype is shown, except for Rif1-FH.
Shaded areas represent standard deviations. If the mean minus the standard deviation was <0, it was set to 0. RT scores from Rif1-WT and Rif1 hemizygous
lines (Rif1-TgWT and Rif1-FH) show a bimodal distribution, deﬁning distinct early and late genomic regions. On the contrary, the distribution of RT scores
from Rif1-KO lines shows a tendency towards a unimodal distribution, centred around zero. Rif1-ΔPP1 lines display an increase in the windows with RT close
to 0, but still a bimodal distribution of the RT values. d The spatial distribution of replication foci (replication patterns) was visualised by EdU and DAPI
staining. Cells were pulsed for 30 min with EdU and ﬁxed. Examples in Fig. S5A. Pie charts show the relative distribution of S-phase cells (EdU positive)
between replication patterns corresponding to early, mid, and late S-phase. For each genotype, three independent lines and two separate experiments were
blind-scored. As Rif-FH cells are a single cell line with no biological replicas (parental) and the results are very similar to the results from Rif1-TgWT, they
were pooled (Rif1-hem). In the table, statistically signiﬁcant differences are summarised. P values are calculated by χ2 test.

therefore analysed 3D chromatin organisation in Rif1-KO, Rif1ΔPP1 and Rif1-hem cells using Hi-C. We have previously shown
by 4C that Rif1 deﬁciency induces an increase in low-frequency
contacts between TADs with different replication timing13. In
agreement with this, our Hi-C data indicate that Rif1 deletion
increases chromatin contacts in cis, especially at long range (>10
Mbp) (Rif1-WT and Rif1-KO, Fig. 3a and b and Supplementary
Fig. 7A), similarly and to a degree at least comparable to the
depletion of the cohesin subunit SCC1 (Supplementary Fig. 7b)58.
The contacts gained preferentially involve late-replicating genomic regions associating with early-replicating regions (Fig. 4a)
and RIF1-enriched regions gaining contacts with RIF1-poor
genomic regions (Fig. 4b). Loss of RIF1–PP1 interaction has the
same effect as the loss of Rif1 (Rif1-ΔPP1, Figs. 3a, b and 4a, b).
Unexpectedly, chromatin architecture in Rif1 hemizygous cells
(Rif1-FH and Rif1-TgWT) shows an intermediate but reproducible degree of change. Halving Rif1 dosage is sufﬁcient to
induce a gain of in cis contacts between distant genomic regions
(Fig. 3a) of opposite replication timing (Fig. 4a). These changes
cannot be explained by the increased fraction of cells in G2 in

Rif1-KO, Rif1-ΔPP1 and Rif1-hem cells, as it was shown that
chromosome compaction in G2/M favours the establishment of
short-range interactions59. Consequently, the increased proportion of Rif1-KO, Rif1-ΔPP1 and Rif1-hem cells in G2 will lead to
an under-estimate of the true extent of the accumulation of longrange interactions. They suggest instead the alteration of the A/B
compartmentalisation in mutant cells compared with Rif1-WT
cells. Indeed, principle component analysis shows that Rif1-WT
on one side and Rif1-KO and Rif1-ΔPP1 on the other, display a
distinctly different compartment organisation (Fig. 4c). In
agreement with previous data that have reported a more “open
chromatin”12,13,17; Rif1 loss of function, as well as the loss of
RIF1–PP1 interaction, induces an expansion of the A compartment (and corresponding contraction of the B compartment,
Fig. 4d) and compartment strength is weakened (Fig. 4e and f),
with increased inter-compartment interactions (Fig. 4e). Principal
component analysis (PCA) of the overall A/B compartment
organisation in Rif1-TgWT and Rif1-FH cells lies between with
Rif1 null and Rif1-ΔPP1 cells on one side, and Rif1-WT (Fig. 4c)
on the other, with an expansion of the A compartment (Fig. 4d)
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Δ

Fig. 3 RIF1 spatially conﬁnes chromatin contacts in a dose-dependent manner. a Normalised contact frequency versus genomic distances for Hi-C reads.
Median from three biological replicas per genotype, except for Rif1-FH, are shown. Intra-TADs contacts (line at a median TAD’s size of ~0.3 Mbp), and
long-range (over 10 Mbp apart) are indicated. Shaded areas represent standard deviations. b Representative distribution of the median number of in cis
chromatin contacts per indicated position (arbitrary units) within the speciﬁed region of Chromosome 11. Three independent clones per genotype were
used. Upper: log(balanced HiC signals). Lower: log((balanced HiC signals (indicated line/Rif1-WT)). Red indicates a gain of interactions over Rif1-WT, while
blue represents a loss.

and weakened compartmentalisation (Fig. 4e and f) that is
intermediate between Rif1-WT and Rif1-KO/Rif1-ΔPP1 cells.
These data indicate PP1 plays a key role in RIF1-dependent
control of chromatin organisation, but, also, that chromatin
architecture is exquisitely sensitive to RIF1 dosage, with
decreasing the levels of RIF1 inducing a progressive alteration of
nuclear organisation. This is in striking contrast with the lack of
any effect on the regulation of replication timing, when varying
RIF1 levels.
Discussion
The remarkable coincidence of spatial distribution and replication
timing of different portions of the genome, at multiple levels of
organisation and throughout evolution, has encouraged the idea of a
causal relationship between nuclear architecture and replication
timing. At a molecular level, their covariation—for example during
cell fate determination and embryonic development—ﬁnds a conﬁrmation in their co-dependence on RIF1. In this work, we show that
both aspects of nuclear function depend upon the interaction
between RIF1 and PP1. However, 3D organisation of chromatin
6

contacts and replication timing show a different degree of dependency on RIF1–PP1 interaction and are differentially inﬂuenced by
RIF1 dosage. The loss of RIF1–PP1 interaction affects the compartmentalisation of chromatin contacts comparably to a complete loss of
RIF1 function, while it partially recapitulates the effects of Rif1−/− on
the control of replication timing. In addition, the former is sensitive
to RIF1 dosage, while Rif1 haploinsufﬁciency does not affect the
latter. The fact that halving Rif1 dosage affects chromatin contact
organisation but not replication timing is not attributable to a lesser
sensitivity of Repli-seq as compared to HiC. Replication timing
measurement, even by Repli-chip, have detected differences between
samples as small as 10%60. In summary, there is a clear division into
two groups: (i) replication timing is only affected by complete loss of
functional RIF1 (Rif1-KO and Rif1-ΔPP1). (ii) On the contrary,
nuclear compartmentalisation, long-range chromatin contacts, replication foci spatial organisation and MERVL repression all show
sensitivity to RIF1 dosage, with the effect of lack of RIF1–PP1
interaction clearly worsening the effect of hemizygosis for the longrange chromatin interactions and nuclear compartmentalisation.
We hypothesise that the reason for the difference of the effect of
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Fig. 4 Segregation of A and B nuclear compartments is sensitive to RIF1 dosage. a Top row: Saddle plot of Hi-C data, binned at 250 kb resolution for loci
ranked by their replication timing. An increase in contacts of genomic positions of opposite replication timings is progressively more evident from Rif1-WT
to Rif1-KO. The triplicates for each genotype (except for Rif1-FH) were combined. Lower row: Hi-C for each genotype, data normalised to Rif1-WT. Red
indicates a gain in contacts. A and B indicates the compartments. b Top row: Saddle plot of Hi-C data, binned at 250 kb resolution for loci ranked by their
association with RIF113. An increase in contacts between RIF1-associated and RIF1-devoided genomic positions is progressively more evident from Rif1-WT
to Rif1-KO. The triplicates for each genotype (except for Rif1-FH) were combined. Lower row: Hi-C for each genotype, data normalised to Rif1-WT. Red
indicates a gain in contacts. A and B indicate the compartments. c Principle component analysis of A/B compartmentalisation for the indicated genotypes
in triplicate, except for Rif1-FH. d Distribution of genomic regions of 250 kb windows between the A and B compartment. Mean of three biological replicates
is shown, except for the parental line Rif1-FH. e Top row: Saddle plot of Hi-C data, binned at 250 kb resolution for loci ranked by their eigenvector values. An
increase in contacts between genomic positions in different compartments is progressively more evident from Rif1-WT to Rif1-KO. The triplicates for each
genotype (except for Rif1-FH) were combined. Lower row: Hi-C for each genotype, data normalised by Rif1-WT. Red indicates a gain in contacts. A and B
indicates the compartments, calculated from our data. f Compartment strength variation with distance for the indicated genotypes. Individual values for the
three biological replicates are represented by the outlined circles, except for Rif1-FH. The line represents the median and the bars the standard deviations.

RIF1–PP1 loss of interaction between chromatin contacts/nuclear
compartmentalisation and replication foci distribution/MERVL
overexpression, is that chromatin contacts/nuclear compartmentalisation are the primary features affected by loss of RIF1-dependent
dephosphorylation of critical substrate/s, that directly or indirectly
control them. The alteration of replication foci distribution is a more
indirect way to visualise the same changes (therefore less sensitive),
and modiﬁcations in gene expression (MERVL upregulation, in this
case) could also be an indirect consequence of these architectural
changes, as we had already hypothesised12,13. We have indeed shown
that the transcriptome is only altered after a few cell cycles in the
absence of RIF1, while nuclear architecture changes are an immediate
consequence of RIF1 absence, in the ﬁrst cell cycle after Rif1
deletion13. Analysis of the effects of the loss of RIF1–PP1 interaction
is extremely complex. Chronic deletion of Rif1 causes cell cycle
arrest12, cell death13 and genome instability19. If and when a Rif1−/−
cell lines can be obtained, it is through selection of survivors that are
transcriptionally and genomically unstable and difﬁcult to control for.
Since Rif1-KO and Rif1-ΔPP1 share most of the cellular phenotypes,

homozygous knock-in of Rif1-ΔPP1 would have the same issues as
Rif1−/− cells. On the other hand, Rif1 over-expression can only be
analysed in transient, as it is toxic. Therefore, although Rif1-hem
present the inconvenience of a basal level of deregulation of most of
RIF1 functions, this system represents the best-controlled situation to
address the key question of the role of RIF1–PP1 interaction.
RIF1 is known to multimerise45,47,61 and to interact with the
nuclear lamina13,42. RIF1 multimers could act as a substochiometric platform, interacting with different regulators of
replication timing, in addition to PP1. In this case, the consequences
of the complete loss of RIF1 function on the replication-timing
programme would amount to the sum of perturbation of multiple
pathways that control the timing of origin activation. For example,
RIF1-ΔPP1 may only speciﬁcally interfere with the PP1-dependent
control of DDK (Dbf4-dependent kinases) activity at origins, while
other RIF1 interactors may contribute to the epigenetic control of
origin activation. Proteins associated with RIF1 are enriched for
chromatin and epigenetic regulators52, and the contribution of
histone modiﬁers to the control of replication timing has long been
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recognised60,62–66. However, an understanding of the effect of Rif1
deletion on the epigenetic landscape is still missing, leaving this
hypothesis currently hard to test12,13,38,67. In the context of chromatin architecture, RIF1 multimers could directly participate in the
creation of local scaffolds that restrict chromatin mobility or could
regulate other proteins with this role. In either case, a reduction of
RIF1 dosage could have structural, quantitative consequences.
Our results identify RIF1 as a molecular link, a point of convergence and co-regulation. We propose that RIF1, speciﬁcally, and
not generic nuclear architecture, coordinates the replication-timing
programme with nuclear 3D organisation. In agreement with this
view, recent data show that cohesin and CTCF are not involved in
the regulation of replication timing6,68 and that the deﬁnition of A/
B compartments and Early/Late replicating domains is uncoupled
at the time of zygotic genome activation in zebraﬁsh69 and during
the ﬁrst cell cycles of human ESCs differentiation70. Altogether,
these data suggest that replication timing and nuclear architecture,
or at least 3D organisation of chromatin contacts and spatial distribution of replication foci, are not linked by a causative relationship. Yet, they are coregulated, both during cell cycle and
embryonic development, and RIF1 is a point of convergence.
Having established this is an important step to start addressing the
fundamental question of why this coordination is important.
During embryonic development in different organisms, for example
in Drosophila melanogaster, replication timing16 and TADs deﬁnition both emerge around the time when zygotic transcription
starts71. Could uncoupling these two events have consequences on
gene expression? We can alter chromatin organisation, leaving
replication timing intact, by halving RIF1 dosage. This affects cell
cycle progression and the repression of MERVLs (this work). In a
complementary approach, it has been shown that alteration of
replication timing by overexpression of limiting replication factors
during early Xenopus laevis development, that presumably leaves
nuclear architecture intact, affects the onset of zygotic transcription
and the transition into gastrulation72. It is therefore tempting to
speculate that the covariation of replication timing and nuclear
architecture could be important to coordinate gene expression and
the choice of origins of replication.
Methods
Mouse ESC derivation. Mouse ESC cells were derived as described in ref. 13, with
the addition of 1 μM MEK inhibitor PD0325901 and 3 μM GSK3 inhibitor
CHIR99021 (MRC PPU Reagents and Services, School of Life Sciences, The University of Dundee) in the culture media, from the start of the protocol.
Rif1FH/ﬂox Rosa26Cre-ERT/+ mESCs were derived by crossing Rif1ﬂox/+
Rosa26Cre-ERT/Cre-ERT19 with Rif1FH/FH12 mice. The Rif1FH allele was speciﬁcally
targeted in the parental line Rif1FH/ﬂox Rosa26Cre-ERT/+ (Rif1-FH). Integrants were
selected by hygromycin resistance. The targeting vector encodes a codon-optimised
cDNA of RIF1 (exon 8–exon 36). Hygromycin-resistant colonies were screened for
correct targeting of the Rif1FH allele by Southern blot (EcoRV digest) and using a
PCR-ampliﬁed probe (primers in Supplementary Information table “Primers”).
Cell manipulation. mESCs were grown at 37 °C in 7.5% CO2 in Knockout DMEM
(Gibco 10829-018), containing 12.5% heat-inactivated foetal bovine serum (PanBiotech), 1% non-essential amino acids (Gibco 11140-035), 1% penicillin/streptomycin (Gibco 15070063), 0.1 mM 2-Mercaptoethanol (Gibco 31350-010), 1%
L-glutamine (Gibco 25030024)), supplemented with 1 μM PD0325901 and 3 μM
CHIR99021 and 20 ng/ml leukaemia inhibitory factor (LIF, EMBL Protein
Expression and Puriﬁcation core facility).
Experiments were carried out each time from a frozen vial of cells, at least two
passages after thawing. 5.2 × 106 cells for Rif1-WT and 6.5 × 106 for Rif1-KO lines,
per 15 cm plate (or the equivalent for different sized plates) were plated at day zero,
when treatment with 200 nM 4-hydroxytamoxifen (OHT, Sigma H7904) started.
Fresh medium with OHT was added after 48 h. Cells were collected about 96 h after
starting OHT treatment.

binning of the log2 ratio of the early and late fraction. Duplicated reads were
excluded from the computation of the bedgraph ﬁles as well as reads mapped on
XY chromosomes. The two fractions were normalised as reads per millions (RPM).
Plots and data manipulation were carried out using R version 3.5.1. The original
names of the cell lines used in these experiments, included in the name of the
Repli-seq raw ﬁles are: RFHF14 = Rif1-FH, 14 tgWT A7 = Rif1-TgWT 1, 14 tgWT
H4 = Rif1-TgWT 2, 14 tgwt H6 = Rif1-TgWT 3, 14 ΔP G11 = Rif1-ΔPP1 1, 14 ΔP
H1 = Rif1-ΔPP1 2, 14 ΔP H2 = Rif1-ΔPP1 3, mESC B = Rif1-WT 1, mESC F =
Rif1-WT 2, mESC H = Rif1-WT 3, mESC 5 = Rif1-KO 1, mESC 18 = Rif1-KO 2,
and mESC 24 = Rif1-KO 3.
Intra-cellular FACS staining for HARIF1. After 4 days of OHT treatment, cells
were collected and counted. 3 × 106 cells were ﬁxed in 400 μl of DPBS/2% paraformaldehyde (Sigma P-6148) for 10 minutes at room temperature shaking. Paraformaldehyde was then diluted to 0.2% and next cells were washed in cold DPBS.
After 2 minutes permeabilisation in 200 μl PBS-Triton X-100 0.1%, cells were
incubated 5 minutes in saponin solution (COMPONENT E from kit C10424,
Thermo Fisher Scientiﬁc) at room temperature and anti-HA antibody (Covance
monoclonal HA.11 clone 16B12 #MMS-101R, RRID:AB_291262) was added at
1:500. After 1 hour at room temperature rotating, cells were washed twice in DPBS/
2% FBS, resuspended in 200 μl of saponin solution with goat anti-mouse Alexa
Fluor 647 1:1000 (Thermo Fisher Scientiﬁc A-21235, RRID:AB_2535804) and
incubated for 1 hour rotating in the dark. After washing twice samples were
resuspended in 400 μl of saponin solution with DAPI 2.5 g/ml (Thermo Fisher
Scientiﬁc D1306) and analysed on an LSR II FACS (BD). .Data were processed
using R version 3.5.1. The conﬁdence intervals (CI) of the median shown in Fig. 1b
were calculated by bootstrap.
For the FACS analysis of RIF1’s chromatin association, the samples were
processed as above, except, ﬁxation was preceded by 3 minutes incubation in CSK
buffer (25 mM HEPES pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM
sucrose, 0.5% Triton X-100 and complete protease inhibitor cocktail tablet). Preextracted cells were subsequently ﬁxed in 3% PFA/sucrose for 30 minutes at room
temperature shaking. Example of the gating strategy in Fig. S8.
Cell cycle distribution analysis. After 4 days of OHT treatment, cells were pulsed
for 30 minutes with 10 μM EdU (Invitrogen A10044). Cells were then washed with
cold DPBS (Thermo Fisher Scientiﬁc 14190094), collected, counted and ﬁxed in
75%. EtOH Samples were kept at −20 °C for at least overnight. 7.5 × 105 cells were
then processed for click-chemistry detection of EdU. After washing in cold DPBS,
cells were permeabilised in DPBS/1% FBS/0.01% Triton X-100 (Sigma 93426250ML) for 10 minutes on ice. After washing twice, cells were incubated in 900 μl
of DPBS with 10 mM Na-Ascorbate (Sigma A7631-25G), 1 μM Alexa Fluor 647
Azide (Thermo Fisher Scientiﬁc A10277) and CuSO4 0.1 M (Sigma C1297) for
30 minutes at room temperature in the dark, rotating. Cells were washed in DPBS/
1%FBS/0.5% Tween 20 (Sigma P9416-100ML) for 10 minutes and then twice
in cold DPBS/1% FBS. After 1 hour incubation in 300 μl of DPBS/1%FBS/DAPI
2.5 g/ml (Thermo Fisher Scientiﬁc D1306), the samples were analysed using an LSR
II FACS (BD). The data acquired were analysed using Flowjo software and plotted
in R 3.5.1. To calculate the percentages of cells in early, mid and late S-phase in
Supplementary Fig. 2C, we have deﬁned the S-phase substages based on the
intensities of the PI/EdU signals in the wild type, drawn the gates and applied them
to all the samples12. Gating strategy in Figs. S9 and S10.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The HiC data have been deposited and are available at accession GEO: GSE148244. The
replication timing data have been deposited and are available at NCBI: https://www.ncbi.
nlm.nih.gov/sra/?term=PRJNA545793. Source data are provided with this paper.

Code availability
The codes employed in the analyses of the data associated to this manuscript are available
through the Buonomo lab github: https://git.ecdf.ed.ac.uk/buonomo/gnan-et-al.-2021.

Received: 15 September 2020; Accepted: 30 March 2021;

References
Replication timing analysis. Cells were pulsed for 2 hours with 100 μM BrdU,
collected and ﬁxed in 70% ethanol. Processing was as described in ref. 73. Fastq ﬁles
were aligned using Bowtie2 version 2.2.6 on mm10 as a reference genome. SAM
ﬁles were converted into BAM ﬁles and sorted using Samtools version: 1.3.1.
bamCompare version 3.1.3 was used to create bedgraph ﬁles with 50 and 1 kb
8

1.
2.

Chagin, V. O. et al. 4D Visualization of replication foci in mammalian cells
corresponding to individual replicons. Nat. Commun. 7, 11231 (2016).
Dimitrova, D. S. & Gilbert, D. M. The spatial position and replication timing
of chromosomal domains are both established in early G1 phase. Mol. Cell 4,
983 (1999).

NATURE COMMUNICATIONS | (2021)12:2910 | https://doi.org/10.1038/s41467-021-22899-2 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22899-2

3.

4.

5.
6.
7.

8.

9.

10.

11.

12.
13.
14.
15.

16.
17.
18.

19.

20.

21.
22.
23.

24.
25.

26.
27.
28.

29.
30.
31.

32.

33.

Muller, I., Boyle, S., Singer, R. H., Bickmore, W. A. & Chubb, J. R. Stable
morphology, but dynamic internal reorganisation, of interphase human
chromosomes in living cells. PLoS ONE 5, e11560 (2010).
Dileep, V. et al. Topologically associating domains and their long-range
contacts are established during early G1 coincident with the establishment of
the replication-timing program. Genome Res. 25, 1104 (2015).
Pope, B. D. et al. Topologically associating domains are stable units of
replication-timing regulation. Nature 515, 402 (2014).
Sima, J. et al. Identifying cis elements for spatiotemporal control of
mammalian DNA replication. Cell 176, 816 (2019).
Ryba, T. et al. Evolutionarily conserved replication timing proﬁles predict
long-range chromatin interactions and distinguish closely related cell types.
Genome Res. 20, 761 (2010).
Yaffe, E. et al. Comparative analysis of DNA replication timing reveals
conserved large-scale chromosomal architecture. PLoS Genet. 6, e1001011
(2010).
Moindrot, B. et al. 3D chromatin conformation correlates with
replication timing and is conserved in resting cells. Nucleic Acids Res. 40, 9470
(2012).
Heinz, K. S. et al. Peripheral re-localization of constitutive heterochromatin
advances its replication timing and impairs maintenance of silencing marks.
Nucleic Acids Res. 46, 6112 (2018).
Zhang, H. et al. Dynamic relocalization of replication origins by Fkh1 requires
execution of DDK function and Cdc45 loading at origins. Elife 8, e45512
(2019).
Cornacchia, D. et al. Mouse Rif1 is a key regulator of the replication-timing
programme in mammalian cells. EMBO J. 31, 3678 (2012).
Foti, R. et al. Nuclear architecture organized by Rif1 underpins the replicationtiming program. Mol. Cell 61, 260 (2016).
Hayano, M. et al. Rif1 is a global regulator of timing of replication origin ﬁring
in ﬁssion yeast. Genes Dev. 26, 137 (2012).
Hiraga, S. et al. Rif1 controls DNA replication by directing Protein
Phosphatase 1 to reverse Cdc7-mediated phosphorylation of the MCM
complex. Genes Dev. 28, 372 (2014).
Seller, C. A. & O’Farrell, P. H. Rif1 prolongs the embryonic S phase at the
Drosophila mid-blastula transition. PLoS Biol. 16, e2005687 (2018).
Yamazaki, S. et al. Rif1 regulates the replication timing domains on the human
genome. EMBO J. 31, 3667 (2012).
Peace, J. M., Ter-Zakarian, A. & Aparicio, O. M. Rif1 regulates initiation
timing of late replication origins throughout the S. cerevisiae genome. PLoS
ONE 9, e98501 (2014).
Buonomo, S. B., Wu, Y., Ferguson, D. & de Lange, T. Mammalian Rif1
contributes to replication stress survival and homology-directed repair. J. Cell
Biol. 187, 385 (2009).
Chapman, J. R. et al. RIF1 is essential for 53BP1-dependent nonhomologous
end joining and suppression of DNA double-strand break resection. Mol. Cell
49, 858 (2013).
Daley, J. M. & Sung, P. RIF1 in DNA break repair pathway choice. Mol. Cell
49, 840 (2013).
Di Virgilio, M. et al. Rif1 prevents resection of DNA breaks and promotes
immunoglobulin class switching. Science 339, 711 (2013).
Feng, L., Fong, K. W., Wang, J., Wang, W. & Chen, J. RIF1 counteracts
BRCA1-mediated end resection during DNA repair. J. Biol. Chem. 288, 11135
(2013).
Hengeveld, R. C. et al. Rif1 is required for resolution of ultraﬁne DNA bridges
in anaphase to ensure genomic stability. Dev. Cell 34, 466 (2015).
Martina, M., Bonetti, D., Villa, M., Lucchini, G. & Longhese, M. P.
Saccharomyces cerevisiae Rif1 cooperates with MRX-Sae2 in promoting
DNA-end resection. EMBO Rep. 15, 695 (2014).
Mirman, Z. et al. 53BP1-RIF1-shieldin counteracts DSB resection through
CST- and Polalpha-dependent ﬁll-in. Nature 560, 112 (2018).
Noordermeer, S. M. et al. The shieldin complex mediates 53BP1-dependent
DNA repair. Nature 560, 117 (2018).
Silverman, J., Takai, H., Buonomo, S. B., Eisenhaber, F. & de Lange, T. Human
Rif1, ortholog of a yeast telomeric protein, is regulated by ATM and 53BP1
and functions in the S-phase checkpoint. Genes Dev. 18, 2108 (2004).
Spies, J. et al. 53BP1 nuclear bodies enforce replication timing at underreplicated DNA to limit heritable DNA damage. Nat. Cell Biol. 21, 487 (2019).
Gupta, R. et al. DNA repair network analysis reveals shieldin as a key regulator
of NHEJ and PARP inhibitor sensitivity. Cell 173, 972 (2018).
Gallardo, F. et al. Live cell imaging of telomerase RNA dynamics reveals cell
cycle-dependent clustering of telomerase at elongating telomeres. Mol. Cell 44,
819 (2011).
Hardy, C. F., Sussel, L. & Shore, D. A RAP1-interacting protein involved in
transcriptional silencing and telomere length regulation. Genes Dev. 6, 801
(1992).
Mattarocci, S. et al. Rif1 maintains telomeres and mediates DNA repair by
encasing DNA ends. Nat. Struct. Mol. Biol. 24, 588 (2017).

ARTICLE

34. Shi, T. et al. Rif1 and Rif2 shape telomere function and architecture through
multivalent Rap1 interactions. Cell 153, 1340 (2013).
35. Teixeira, M. T., Arneric, M., Sperisen, P. & Lingner, J. Telomere length
homeostasis is achieved via a switch between telomerase- extendible and
-nonextendible states. Cell 117, 323 (2004).
36. Bhowmick, R. et al. The RIF1-PP1 axis controls abscission timing in human
cells. Curr. Biol. 29, 1232 (2019).
37. Daxinger, L. et al. An ENU mutagenesis screen identiﬁes novel and known
genes involved in epigenetic processes in the mouse. Genome Biol. 14, R96
(2013).
38. Li, P. et al. Rif1 promotes a repressive chromatin state to safeguard against
endogenous retrovirus activation. Nucleic Acids Res. 45, 12723 (2017).
39. Tanaka, H. et al. Epigenetic regulation of the Blimp-1 gene (Prdm1) in B cells
involves Bach2 and histone deacetylase 3. J. Biol. Chem. 291, 6316 (2016).
40. Toteva, T. et al. Establishment of expression-state boundaries by Rif1 and
Taz1 in ﬁssion yeast. Proc. Natl Acad. Sci. USA 114, 1093 (2017).
41. Zofall, M., Smith, D. R., Mizuguchi, T., Dhakshnamoorthy, J. & Grewal, S. I. S.
Taz1-shelterin promotes facultative heterochromatin assembly at
chromosome-internal sites containing late replication origins. Mol. Cell 62,
862 (2016).
42. Roux, K. J., Kim, D. I., Raida, M. & Burke, B. A promiscuous biotin ligase
fusion protein identiﬁes proximal and interacting proteins in mammalian
cells. J. Cell Biol. 196, 801 (2012).
43. Kanoh, Y. et al. Rif1 binds to G quadruplexes and suppresses replication over
long distances. Nat. Struct. Mol. Biol. 22, 889 (2015).
44. Moriyama, K., Lai, M. S. & Masai, H. Interaction of Rif1 protein with GQuadruplex in control of chromosome transactions. Adv. Exp. Med. Biol.
1042, 287 (2017).
45. Moriyama, K., Yoshizawa-Sugata, N. & Masai, H. Oligomer formation and Gquadruplex binding by puriﬁed murine Rif1 protein, a key organizer of
higher-order chromatin architecture. J. Biol. Chem. 293, 3607 (2018).
46. Sukackaite, R. et al. Structural and biophysical characterization of murine Rif1
C terminus reveals high speciﬁcity for DNA cruciform structures. J. Biol.
Chem. 13903–11 (2014).
47. Xu, D. et al. Rif1 provides a new DNA-binding interface for the Bloom
syndrome complex to maintain normal replication. EMBO J. 29, 3140 (2010).
48. Alver, R. C., Chadha, G. S., Gillespie, P. J. & Blow, J. J. Reversal of DDKmediated MCM phosphorylation by Rif1-PP1 regulates replication initiation
and replisome stability independently of ATR/Chk1. Cell Rep. 18, 2508 (2017).
49. Dave, A., Cooley, C., Garg, M. & Bianchi, A. Protein phosphatase 1
recruitment by Rif1 regulates DNA replication origin ﬁring by counteracting
DDK activity. Cell Rep. 7, 53 (2014).
50. Hiraga, S. I. et al. Human RIF1 and protein phosphatase 1 stimulate DNA
replication origin licensing but suppress origin activation. EMBO Rep. 18, 403
(2017).
51. Mattarocci, S. et al. Rif1 controls DNA replication timing in yeast through the
PP1 phosphatase Glc7. Cell Rep. 7, 62 (2014).
52. Sukackaite, R. et al. Mouse Rif1 is a regulatory subunit of protein phosphatase
1 (PP1). Sci. Rep. 7, 2119 (2017).
53. Yang, B. X. et al. Systematic identiﬁcation of factors for provirus silencing in
embryonic stem cells. Cell 163, 230 (2015).
54. Nakamura, H., Morita, T. & Sato, C. Structural organizations of replicon
domains during DNA synthetic phase in the mammalian nucleus. Exp. Cell
Res. 165, 291 (1986).
55. Nakayasu, H. & Berezney, R. Mapping replicational sites in the eucaryotic cell
nucleus. J. Cell Biol. 108, 1 (1989).
56. Fox, M. H., Arndt-Jovin, D. J., Jovin, T. M., Baumann, P. H. & Robert-Nicoud,
M. Spatial and temporal distribution of DNA replication sites localized by
immunoﬂuorescence and confocal microscopy in mouse ﬁbroblasts. J. Cell Sci.
99, 247 (1991).
57. Rausch, C. et al. Developmental differences in genome replication program
and origin activation. Nucleic Acids Res. 48, 12751 (2020).
58. Rhodes, J. D. P. et al. Cohesin disrupts polycomb-dependent chromosome
interactions in embryonic stem cells. Cell Rep. 30, 820 (2020).
59. Nagano, T. et al. Cell-cycle dynamics of chromosomal organization at singlecell resolution. Nature 547, 61 (2017).
60. Takebayashi, S. et al. Murine esBAF chromatin remodeling complex subunits
BAF250a and Brg1 are necessary to maintain and reprogram pluripotencyspeciﬁc replication timing of select replication domains. Epigenet. Chromatin
6, 42 (2013).
61. Kobayashi, S. et al. Both a unique motif at the C terminus and an N-terminal
HEAT repeat contribute to G-quadruplex binding and origin regulation by the
Rif1 protein. Mol. Cell. Biol. 39, e00364–18 (2019).
62. Jorgensen, H. F. et al. The impact of chromatin modiﬁers on the timing of
locus replication in mouse embryonic stem cells. Genome Biol. 8, R169 (2007).
63. Li, J., Santoro, R., Koberna, K. & Grummt, I. The chromatin remodeling
complex NoRC controls replication timing of rRNA genes. EMBO J. 24, 120
(2005).

NATURE COMMUNICATIONS | (2021)12:2910 | https://doi.org/10.1038/s41467-021-22899-2 | www.nature.com/naturecommunications

9

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22899-2

64. Vogelauer, M., Rubbi, L., Lucas, I., Brewer, B. J. & Grunstein, M. Histone
acetylation regulates the time of replication origin ﬁring. Mol. Cell 10, 1223
(2002).
65. Yokochi, T. et al. G9a selectively represses a class of late-replicating genes at
the nuclear periphery. Proc. Natl Acad. Sci. USA 106, 19363 (2009).
66. Yoshida, K. et al. The histone deacetylases sir2 and rpd3 act on ribosomal
DNA to control the replication program in budding yeast. Mol. Cell 54, 691
(2014).
67. Dan, J. et al. Rif1 maintains telomere length homeostasis of ESCs by mediating
heterochromatin silencing. Dev. Cell 29, 7 (2014).
68. Oldach, P. & Nieduszynski, C. A. Cohesin-mediated genome architecture does
not deﬁne DNA replication timing domains. Genes 10, 196 (2019).
69. Kaaij, L. J. T., van der Weide, R. H., Ketting, R. F. & de Wit, E. Systemic loss
and gain of chromatin architecture throughout zebraﬁsh development. Cell
Rep. 24, 1 (2018).
70. Dileep, V. et al. Rapid irreversible transcriptional reprogramming in human
stem cells accompanied by discordance between replication timing and
chromatin compartment. Stem Cell Rep. 13, 193 (2019).
71. Ogiyama, Y., Schuettengruber, B., Papadopoulos, G. L., Chang, J. M. & Cavalli,
G. Polycomb-dependent chromatin looping contributes to gene silencing
during Drosophila development. Mol. Cell 71, 73 (2018).
72. Collart, C., Allen, G. E., Bradshaw, C. R., Smith, J. C. & Zegerman, P. Titration
of four replication factors is essential for the Xenopus laevis midblastula
transition. Science 341, 893 (2013).
73. Ryba, T., Battaglia, D., Pope, B. D., Hiratani, I. & Gilbert, D. M. Genome-scale
analysis of replication timing: from bench to bioinformatics. Nat. Protoc. 6,
870 (2011).

Acknowledgements
We would like to acknowledge Martin Waterfall from the IIIR Flow Cytometry Core
Facility, University of Edinburgh; David Kelly from the COIL facility, WTCCB, University of Edinburgh; Vladimir Benes and the Genomic Core Facility at EMBL Heidelberg; Philip Hublitz from Gene expression Facility, EMBL Monterotondo; Violetta
Parimbeni for mouse husbandry, EMBL Monterotondo. We thank Chunlong Chen,
Institut Curie, for critically reading the manuscript. S.G. was funded by ERC consolidator
award 726130 to S.C.B.B.; E.C. was supported by the Erasmus Programme. E.E. received
funding from the European Union’s Horizon 2020 research and the Marie SkłodowskaCurie Individual Fellowship grant agreement No. 660985 and from the ERC consolidator
award 726130 to S.C.B.B. I.M.F. was funded by the Darwin Trust of Edinburgh. S.C.B.B.
thanks the ERC, D.M.G. thanks NIH grant GM083337, W.A.B. is funded by a Medical
Research Council University Unit programme grant [MC_UU_00007/2]. M.C.C. was
funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
—Project-ID 393547839—SFB 1361 TP06 and DFG grant CA 198/9-2.

10

Author contributions
S.G. has created the cellular system, performed the majority of the experiments and the
bioinformatics analysis. I.M.F. has helped with HiC experiments and analysis. K.N.K. has
performed the replication timing measures. E.C. and N.C. have stained and scored with
SG replication-timing patterns. P.W., A.R. and A.M. have stained cells, acquired 3D-SIM
images and performed the analysis. E.E. has analysed MERVL expression. W.A.B., D.M.
G., M.C.C. have supported the work with personnel, resources, scientiﬁc discussions and
critical reading of the manuscript. S.C.B.B. has conceived the project, performed some of
the experiments and written the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22899-2.
Correspondence and requests for materials should be addressed to S.C.B.B.
Peer review information Nature Communications thanks Ildem Akerman, Juan Mendez
and Marie-Noëlle Prioleau for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:2910 | https://doi.org/10.1038/s41467-021-22899-2 | www.nature.com/naturecommunications

