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DNA replication is spatially and temporally regulated

during S-phase. DNA replication timing is established in

early-G1-phase at a point referred to as timing decision

point. However, how the genome-wide replication timing

domains are established is unknown. Here, we show that

Rif1 (Rap1-interacting-factor-1), originally identified as a

telomere-binding factor in yeast, is a critical determinant

of the replication timing programme in human cells.

Depletion of Rif1 results in specific loss of mid-S replica-

tion foci profiles, stimulation of initiation events in early-

S-phase and changes in long-range replication timing

domain structures. Analyses of replication timing show

replication of sequences normally replicating early is

delayed, whereas that normally replicating late is ad-

vanced, suggesting that replication timing regulation is

abrogated in the absence of Rif1. Rif1 tightly binds to

nuclear-insoluble structures at late-M-to-early-G1 and reg-

ulates chromatin-loop sizes. Furthermore, Rif1 colocalizes

specifically with the mid-S replication foci. Thus, Rif1

establishes the mid-S replication domains that are

restrained from being activated at early-S-phase. Our

results indicate that Rif1 plays crucial roles in determining

the replication timing domain structures in human cells

through regulating higher-order chromatin architecture.
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Introduction

In eukaryotic cells, the initiation of DNA replication starts at

multiple sites along the genome. Firing of replication origins

are temporally and spatially regulated. Some origins are fired

at the beginning of S-phase and others later during S-phase.

This timing of replication may be coordinated with transcription

and chromatin structures, ensuring that the entire genome

replicates once during every cell cycle (Arias and Walter,

2007; Farkash-Amar et al, 2008; Karnani et al, 2007, 2009;

Hiratani et al, 2009; Masai et al, 2010). Replication timing

programme appears to be established in early-G1-phase

through chromatin regulation (Dimitrova and Gilbert,

1999). The decision was proposed to take place at the TDP

(timing decision point) concomitant with the repositioning of

chromatin in the nucleus after mitosis (Dimitrova and

Gilbert, 1999; Li et al, 2001; Gilbert, 2010; Lu et al, 2010).

Studies in budding yeast also indicated a critical role of early

G1 events in replication timing determination (Heun et al,

2001a,b). Interaction of late-replicating loci with nuclear

periphery at early G1 may play a crucial role in setting up

the late-replicating domains in yeast.

Correlation of chromosome banding with replication timing

as well as the S-phase-timing-specific replication foci pattern

have suggested that various segments of chromosomes repli-

cate with distinct timing in S-phase. Notably, mid-S replication

domains are coincident with a major change of the replication

profile including changes of nuclear replication foci pattern

and the R/G banding pattern and reduced fork rate, leading to

the prediction that instalment of mid-S replication domains

would play a critical role in determination of replication

timing (Takebayashi et al, 2005; Hiratani et al, 2009). More

recently, the genome-wide replication profile has been

determined in various cell lines through enrichment of

S-phase-timing-specific nascent DNA and the use of genomic

tiling arrays or deep sequencing (Karnani et al, 2007, 2009;

Hiratani et al, 2008; Gilbert, 2010; Hansen et al, 2010; Ryba

et al, 2010; Yaffe et al, 2010). These experiments led to the

identification of the chromosome segments, called ‘replication

domains’ that replicate simultaneously at specific times. The

sizes of the replication timing domains were proposed

to range from a few hundred kilobases to megabases,

depending on the averaging window size adopted (Karnani

et al, 2007, 2009; Hiratani et al, 2008). In experiments using

undifferentiated mouse embryonic stem cells, the distribution

of replication domains extensively changes after induction of

differentiation (Hiratani et al, 2008; Ryba et al, 2010).

Furthermore, extensive differences were detected in

replication domain structures between different cell types

(Hansen et al, 2010). Thus, replication timing domain

structures can be regarded as a novel epigenetic mark which

is specific to each cell type (Hiratani and Gilbert, 2009).

However, the mechanisms by which the replication domains

are determined are totally unknown.

In yeasts, late origin firing is inhibited by checkpoint

pathways (Santocanale and Diffley, 1998; Shirahige et al,

1998). Dbf4, the Cdc7 (cell division cycle 7) activation

subunit, and Sld3, a factor essential for initiation complex

formation, have been shown to be critical targets of

checkpoint inhibition in budding yeast, although precise

mechanisms of inhibition are unknown (Lopez-Mosqueda
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et al, 2010; Zegerman and Diffley, 2010). Epigenetic

modifications of histones have also been shown to regulate

the timing of origin firing at some selective locations

(Vogelauer et al, 2002; Aparicio et al, 2004; Goren et al,

2008; Hiratani et al, 2009). We recently have shown that Rif1

(Rap1-interacting-factor-1) may play an important role in

determination of replication timing of early and late origins

in fission yeast (Hayano et al, 2012). However, mechanisms

with which the genome-wide replication timing domain is

installed in mammalian cells have been elusive. In this

manuscript, we will present evidence that the human

homologue of Rif1 plays a major role in determination of

the replication timing domain structures of the human

genome.

Results

Depletion of human Rif1 protein leads to increased

Cdc7-dependent phosphorylation and slight increase of

DNA synthesis at the early-S-phase

It was recently reported in budding yeast that loss of rif1, a

telomere-binding protein, resulted in early-S-phase replica-

tion of the late-replicating telomere segment (Lian et al,

2011). However, it is not known whether Rif1 regulates

origin firing in other species. We recently discovered that

loss of rif1 restores the growth of a null mutant of hsk1, the

fission yeast homologue of Cdc7 kinase, by changing the

origin firing programme (Hayano et al, 2012). This finding led

us to examine the human homologue of Rif1 (hereafter, will

be referred to as Rif1) for its involvement in regulation of the

replication programme in mammalian cells. Rif1, which does

not bind to telomeres, has been suggested to have a role in

DNA damage responses (Silverman et al, 2004; Buonomo

et al, 2009; Wang et al, 2009; Xu et al, 2010), but its roles in

DNA replication have not been explored.

Depletion of Rif1 in HeLa cells synchronously released

from the G1/S boundary did not significantly affect the over-

all S-phase progression as detected by FACS analyses of DNA

contents (Figure 1A–C). However, we noted a slight but

reproducible increase in BrdU (Bromodeoxyuridine) or [3H]

thymidine incorporation at early-S-phase in Rif1-depleted

cells (Supplementary Figure S1). The phosphorylation levels

of minichromosome maintenance (MCM) proteins, targets of

the Cdc7 kinase (Masai et al, 2006; Montagnoli et al, 2006),

increased in Rif1-depleted cells (Figure 1D and E), and this

increased phosphorylation was indeed dependent on Cdc7

kinase (Figure 1F). Analyses using the synchronized cell

population indicated that the increased phosphorylation of

MCM occurs specifically during early-S-phase (Figure 1E;

Supplementary Figure S2). This was also confirmed by

analyses of early- and late-S-phase cell populations fractio-

nated and separated by FACS from asynchronously growing

cells (Supplementary Figure S3). We then examined the

chromatin binding of Cdc45 and PCNA (proliferating cell

nuclear antigen), the proteins required for replication after

the action of Cdc7. The chromatin binding of Cdc45 and

PCNA during early-S-phase increased in Rif1-depleted cells

(Figure 1G), consistent with enhanced action of Cdc7 kinase.

This is not due to the enhanced Cdc7 kinase activity in Rif1-

depleted cells since we measured the Cdc7 kinase activity in

control and Rif1-depleted HeLa cells, and showed that it is

not affected or slightly reduced in Rif1-depleted cells

(Supplementary Figure S4). These results indicate that Rif1

depletion somehow alters the structures of pre-replicative

complexes (pre-RCs) in that they can be more readily acces-

sible for recognition by Cdc7. The measurement of DNA

synthesis at known replication origins in early- or late-S-

phase indicated that DNA replication at mid/late origins is

enhanced in early-S-phase, showing that the sequences nor-

mally replicated late is replicated early in Rif1-depleted cells

(Supplementary Figure S5). It should be noted that HU-

induced checkpoint activation is not affected at all by Rif1

depletion, and Rif1 depletion does not activate checkpoint,

either (Supplementary Figure S6). Thus, involvement of the

checkpoint pathway in regulation of replication timing by

Rif1 is unlikely. Previous report also states that depletion of

Rif1 does not affect mitotic index (Xu and Blackburn, 2004).

Depletion of Rif1 leads to specific loss of mid-S

replication foci and major change in replication timing

domain structures

We next examined the replication foci pattern in Rif1-de-

pleted HeLa cells. It is well established that replication foci

pattern changes during S-phase (Dimitrova and Berezney,

2002). Indeed, distinct early-, mid- and late-S-phase

replication foci patterns are observed in control human

cells during progression of S-phase. In contrast, Rif1-

depleted cells exhibited predominantly early-S-phase-like

characteristics almost throughout the S-phase (Figure 2A

and B). At the end of the S-phase, late-S pattern appeared,

indicating that the mid-S-phase pattern characterized by large

nucleoli-associated foci and nuclear periphery foci selectively

disappeared in the absence of Rif1. To further analyse

changes of replication foci patterns in single cells, cells

synchronously proceeding S-phase were sequentially labelled

by EdU and Biotin-dUTP at early- and mid-/late-S-phase,

respectively (Supplementary Figure S7A). In control cells,

pattern A dominated, indicative of distinct labelling at

early-S-replicating and mid-S-replicating foci by EdU and

Biotin-dUTP, respectively, In contrast, in Rif1-depleted cells,

pattern B dominated, where both labelings occur in the

early-S-replicating foci pattern (Supplementary Figure S7B;

Figure 2C and D). This further demonstrates that mid-S-

replicating pattern is lost and DNA synthesis proceeds in

the early-S pattern in the absence of Rif1.

These results indicate that replication timing profile may

change in response to Rif1 depletion. Therefore, we analysed

the replication timing domains on the 42-Mb genome seg-

ment of the human chromosome V. The control cells showed

the replication domain pattern characteristic to HeLa cells. In

contrast, the patterns were substantially different in Rif1-

depleted cells (Figure 3A–C). The differences included con-

version of late to early or early to late domains (reversion),

the conversion of small domains into larger ones (consolida-

tion) and loss of clear replication domains (homogenization)

(Supplementary Figure S8A–C). These changes were vali-

dated by the quantitative PCR analyses of replication timing

at each location where the alteration was observed in the

tiling array analyses (Figure 3C). They occur on several

hundred kilobases to megabase scale, suggesting that Rif1

affects the replication timing on a long-chromosome level.

We have presented the early/late ratio of replication timing

as a histogram on the entire 42 Mb in control and

Rif1-depleted cells (Supplementary Figure S9A, upper). The
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histogram shows two early and late peaks in the control cells,

whereas the peak is centred (at mid-S) in the Rif1-depleted

cells in both 10 and 100 kb window analyses, indicating that

early- and late-replicating segments shifted to mid-S. The

histogram showing the ratio of Rif1-depleted cells to control

indicated the almost equal occurrence of both late-to-mid-S

and early-to-mid-S changes (Supplementary Figure S9A,

lower). Investigation of replication timing change in selected

segments in the 42-Mb region also indicated those shifting

towards early as well as towards late (Supplementary Figure

S9B and C). We also noted the presence of the genome

segments the replication timing of which is not much affected

by depletion of Rif1 (e.g., the segments C and E shown in

Supplementary Figure S9B). This could be because the effect

of Rif1 could be more enhanced in some regions than in

others, maybe reflecting the binding profiles of Rif1 protein

on the genome. Alternatively, replication timing of these

segments may be determined predominantly by local chro-

matin structures, which may be independent of Rif1. We

also analysed the replication timing at selective loci in ATR

(ATM and Rad3-related)-depleted HeLa cells and found

that the replication timing was largely same as the control

cells (Supplementary Figure S10). This suggests that genome-

wide structures of replication timing domains may not be

affected by checkpoint functions as much as by Rif1,

although some individual late-firing origins may be prema-

turely activated by loss of a replication checkpoint (Karnani

and Dutta, 2011).

Rif1 binds to the DNase I-insoluble nuclear structures at

late-M/early-G1

Above results indicate that the loss of Rif1 protein in human

cultured cells leads to (1) stimulation of replication initiation

events during early-S-phase, (2) loss of mid-S replication foci

pattern and prevalence of early-S-phase-like foci pattern, and

(3) alteration of replication timing domains on a large-gen-

ome basis. How can one account for these aberrations by the

loss of Rif1, a single factor? In an attempt to answer this

question, we first analysed the precise cellular localization of

Rif1 protein. Rif1 is not solubilized by detergents such as
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Figure 1 Depletion of Rif1 protein enhances initiation events in early-S-phase. (A) HeLa cells, transfected with Rif1 siRNA for 48 and 72 h,
were harvested and the whole-cell extracts were immunoblotted with antibodies against Rif1. The Rif1 protein level was reduced by 490% at
48 h compared with control. Tubulin is shown as a loading control (C). (B) Asynchronous cells transfected with control or Rif1 siRNA for 48 h
were stained with PI and DNA contents were examined by FACS. (C) HeLa cells treated with control or Rif1 siRNA were synchronized at the G1/
S-phase by double-thymidine block. At indicated times after release, cell-cycle progression was examined by FACS. (D) HeLa and NHDF cells
were harvested at 48 h after control (� ) or Rif1 (þ ) siRNA transfection, and the cells were fractionated into Triton-soluble and -insoluble
fractions by CSK buffer (containing 0.1% Triton X-100). The latter fractions (enriched in chromatin-bound proteins) were immunoblotted with
the antibodies indicated. (E) HeLa cells treated with control (� ) or Rif1 (þ ) siRNA were synchronized at the G1/S boundary, released into cell
cycle and harvested at indicated times after release. The whole-cell extracts were immunoblotted with the antibodies indicated. (F) The
chromatin-enriched fractions (insoluble fractions in CSK containing 0.1% Triton X-100) from HeLa cells, transfected with Rif1 and/or Cdc7
siRNAs for 48 h, were immunoblotted with the antibodies indicated. (G) HeLa cells treated with control or Rif1 siRNA were synchronized at the
G1/S boundary by double-thymidine block. At the times indicated after release, cells were harvested and fractionated into Triton-soluble and
Triton-insoluble chromatin-enriched fractions in CSK buffer (containing 0.1% Triton X-100). The latter fractions were immunoblotted with the
antibodies indicated. In all the experiments, Rif1 siRNA #4 was used.
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0.5% Triton X-100 or deoxycholic acid. A small fraction of

Rif1 was solubilized after DNase I treatment in the presence

of 0.25 M ammonium sulphate, but most remained in the

pellet (Figure 4A and B). This suggests that the majority of

Rif1 is present in the nuclear-insoluble fractions. We then

conducted immunostaining of Rif1 protein (Supplementary

Figure S11A). As expected from the fractionation study, the

Rif1 signal did not change by prior wash with detergent. The

significant Rif1 signals remained, even after the cells on the

glass slides were pretreated with DNase I, while DAPI-stained

DNA signals were largely gone (Figure 4C). The Rif1 signals

in the nuclease-treated cells overlapped with those of Lamin

B1, known to be associated with nuclear-insoluble structures

(Supplementary Figure S11B and C). This confirms the results

of the fractionation study and indicates that Rif1 is present in

the DNase I-insoluble, matrix-associated structures. We then

examined these nuclear-insoluble Rif1 signals during cell-

cycle progression. Since Rif1 signals can be detected through-

out the interphase, we examined the mitotic cells. In the

prophase cells, the nuclear Rif1 signals did not overlap with

the condensing chromatin, suggesting dissociation of Rif1

from DNA at this stage. As reported before (Xu and

Blackburn, 2004), Rif1 did not localize on mitotic

chromosomes. Rif1 rebound to the chromatin at late

telophase, and this binding was resistant to DNase I

(Figure 4D). The timing of chromatin binding of Rif1 is

close to that of pre-RC formation. Therefore, we examined

effect of Rif1 depletion on the chromatin binding of MCM.

First, we show that depletion of Cdt1 significantly reduced

the amount of MCM on the detergent-prewashed nuclei by
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Figure 2 Mid-S-phase replication foci pattern is selectively lost in Rif1-depleted cells. (A) HeLa cells, transfected with control or Rif1 siRNA,
were arrested at the G1/S boundary by double-thymidine block and were released into cell cycle. After treatment with BrdU for 30 min at the
indicated times, cells were fixed, treated with 2.0 N HCl to denature DNA, and then stained with anti-BrdU antibody to detect DNA replication
sites. Representative BrdU images of nuclei in cells at each stage of S-phase are shown. (B) Cells were analysed under fluorescence microscopy
(Olympus FV1000 microscopy) and the numbers of the cells with each foci pattern (representing early-S-, mid-S- or late-S-phase cells) were
counted at each time point after release. The averages of three independent experiments (N¼ 100 for each) are presented. (C) Enlarged foci
patterns of the cells from Supplementary Figure S7A. (D) The fractions of the two replication foci patterns were counted in control and Rif1-
depleted cells under microscopy. The averages of three independent experiments (N¼ 100 for each) are presented. (E) The cell-cycle
progression of the cells used in (C) monitored by FACS. In all the experiments, Rif1 siRNA #4 was used.
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immunostaining (Supplementary Figure S12A and B). The

level of MCM in the chromatin-enriched fraction also signifi-

cantly reduced by Cdt1 depletion (Supplementary Figure

S12E). On the other hand, MCM staining and its level in the

chromatin-enriched fraction was not affected by Rif1 deple-

tion (Supplementary Figure S12C and D). These results

indicate that Rif1 is not required for pre-RC formation.

Rif1 colocalizes with the mid-S replication foci

We then examined the correlation with the sites of DNA

replication. The Rif1 foci did not overlap with early-S or late-S

replication foci. However, we found that Rif1 protein

colocalizes with the sites of DNA replication during mid-S-

phase (Figure 4E). Rif1 localizes at the nuclear periphery as

well as at the periphery of nucleoli, where mid-S replication

foci are observed. Partial overlap of Rif1 with mid-S replica-

tion foci was previously reported in mouse cells as well

(Buonomo et al, 2009). These results are consistent with

the idea that Rif1 somehow directs the formation of nuclear

structures that are prerequisite for the mid-S replication

domain. The DNA damage-induced foci of Rif1 protein, that

have been reported to colocalize with g-H2AX signals

(Silverman et al, 2004; Wang et al, 2009), are largely

eliminated by prior DNase I treatment (Supplementary
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Figure 3 Rif1 depletion causes major changes in replication timing domains on a 42-Mb segment of the human chromosome 5.
(A) Asynchronously growing HeLa cells, treated with control or Rif1 siRNA #4, were pulse labelled for 90 min with BrdU and were fractionated
into early- and late-S-phase fractions by FACS cell sorter (see Supplementary Figure S15). Nascent BrdU-substituted DNA, immunoprecipitated
with anti-BrdU antibody, in each fraction was hybridized with oligonucleotide tiling arrays containing one probe every 1.0 kb, as described in
‘Materials and methods’. Data, processed in Genomic workbench software, generated the timing pattern on the 42-Mb segment on the
chromosome 5. In the scatter plots, red and green indicate early- and late-replicating regions, respectively. The smoothed curve shows
replication timing domains. The R/G band pattern of this segment is shown below. (B) Overlay of the results of the control (red) and Rif1-
depleted (blue) cells. (C) Validation of the timing array results by quantitative PCR. Asynchronously growing HeLa cells, treated with control or
Rif1 siRNA #2, were pulse labelled for 90 min with BrdU and were fractionated into early- and late-S-phase fractions by FACS cell sorter. BrdU-
labelled nascent DNA was immunoprecipitated in each fraction. The nascent DNAs at the indicated loci (A–G; left) on the chromosome 5 were
amplified by quantitative PCR to determine replication timing. The values presented are the ratios to the level of amplified mtDNA (right). Data
means were calculated from at least three independent experiments. The data are in excellent agreement with those of tiling array analyses.
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Figure S13), suggesting that the mechanisms of Rif1 recruit-

ment to the sites of damage and its role in damage responses

may be distinct from those at the nuclear-insoluble structures

during the normal S-phase progression.

Rif1 regulates chromatin-loop structures

The above results suggest that Rif1 regulates chromatin

architecture by binding to nuclear-insoluble structures and

generating specific chromatin-loop structures. Therefore, we
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Figure 4 Rif1 tightly binds to DNase I-insoluble nuclear structures in nuclei at late M/early G1 and colocalizes with mid-S replication foci.
(A, B) Asynchronously growing HeLa cells were fractionated as described in ‘Materials and methods’. (A) Each fraction was immunoblotted
with indicated antibodies. (B) The soluble fractions were run on 2% agarose gel to examine the presence of DNA. (C) Immunostaining of Rif1
protein (green) after various treatment. Total, fixed with 4% paraformaldehyde; detergent-insoluble, pretreated with 0.5% Triton X-100 before
fixation; DNase I-insoluble, pretreated with DNase I before fixation. (D) (Left) Mitotic HeLa cells as shown were fixed with 4%
paraformaldehyde and immunostained with anti-Rif1 antibody. Rif1 dissociates from DNA in prophase and is not present on mitotic
chromosomes. Rif1 binds to chromatin at late telophase. (Right) Rif1 staining on late telophase chromosome is resistant to prior DNase I
treatment. (E) H1299 cells in early-, mid- and late-S-phase were labelled with EdU. The sites of the EdU signals (green) and Rif1 localization
(red) were compared in each stage of S-phase. The insets show the enlarged images of the segments indicated. The intensities of both green and
red signals on the white line are shown in the right graph (Olympus FV1000 microscopy). Blue, DNA.
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conducted nuclear halo assays that may indicate the sizes of

the chromatin loops (Gerdes et al, 1994). We have shown that

the halo size increased in HeLa cells treated with two

different siRNAs #2 and #4. The extent of the inhibition of

the Rif1 expression was better with #4, which gave rise to

cells with larger halo than #2 did (Figure 5A and B;

Supplementary Figure S2). These results strongly indicate

that Rif1 regulates the chromatin-loop sizes. DNA fibre

analyses on the DNA labelled with halogenated nucleotide

derivatives indicated that replication fork rate increased in

both early- and mid-S-phase. Increase is more striking in mid-

S-phase, since fork speed is generally slower in mid-S replica-

tion domains than in early-S-phase in untreated cells.

Disintegration of mid-S replication domains apparently re-

sults in conversion of replication modes from ‘mid-S’ type to

‘early-S’ type. Concomitantly, average inter-origin distances

are longer in Rif1-depleted cells in both early- and mid-S

(Supplementary Figure S14), consistent with the longer chro-

matin loops indicative of larger replicon sizes (Buongiorno-

Nardelli et al, 1982; Courbet et al, 2008; Guillou et al, 2010).

In contrast, the fork rate and inter-origin distances did not

change in late-S-phase, consistent with the fact that late-

replicating foci patterns are not affected by Rif1 depletion.

Discussion

Rif1, originally identified as a telomere-binding factor in

yeast, does not play significant roles in telomere maintenance

in human cells (Hardy et al, 1992; Kanoh and Ishikawa, 2001;

Silverman et al, 2004; Xu and Blackburn, 2004). Although

deregulation of silent origins near telomere in rif1D cells was

reported in budding yeast (Lian et al, 2011) and more recently

fission yeast Rif1 was reported to regulate origin firing timing,

it was not known whether Rif1 regulates DNA replication in

mammalian cells. In this report, we have presented evidence

that shows the crucial roles of Rif1 protein in setting up the

replication timing domain structures in human cells.

The strong association of Rif1 with nuclear-insoluble struc-

tures suggests a possibility that Rif1 may be a crucial factor

for generating higher-order chromatin architecture including

special organization of chromatin loops (Figure 6). Rif1 may

tether the chromatin fibres at the nuclear-insoluble structures

to assemble proper chromatin architecture that may specify

mid-S replication domains. Oligomerization and DNA-bind-

ing activity of Rif1 may facilitate this process (Xu et al, 2010).

The nuclear replication foci surrounding nucleoli or those at

nuclear periphery that are observed in mid-S depend on Rif1

and overlap with Rif1 localization. The Rif1-mediated

chromatin structures are formed during late M-to-early-G1-

phase, and are maintained throughout G1-to-S-phase. This

mid-S chromatin architecture is somehow sequestered from

the activation by Cdc7 kinase in early-S-phase, but this

restraint is relieved at mid-S-phase to permit the action of

Cdc7 kinase at the mid-S origins.

In the absence of Rif1, this mid-S-phase architecture is not

formed, allowing Cdc7 kinase to gain access in early-S-phase

to the origins that would normally not be activated until mid-

S-phase. This would explain the increased Cdc7-dependent

phosphorylation of the target proteins and hyper-loading of

Cdc45 and PCNA onto chromatin in Rif1-depleted cells at

early-S-phase (Figure 1). As a result of loss of mid-S replica-

tion domains, replication timing domain structures may

undergo genome-wide alteration. It should be noted that

replication timing is generally more centred to mid-S in the

absence of Rif1, although mid-S replication foci pattern is lost

and all the replication foci appear to adopt the early-S-like

pattern (Supplementary Figure S9). This effect of Rif1 on

replication timing is similar to what we observed in fission

yeast rif1D mutant, where some early-firing origins are

delayed and late-firing/dormant origins are fired earlier

(Hayano et al, 2012). Changes of replication timing domain

structures in Rif1-depleted cells are mostly consistent with

this observation. The fusion of small replication domains into

larger replication domains may be consistent with the

extended chromatin-loop sizes. However, changes of

replication domains are less dramatic in some genome

regions. The replication timing in the absence of Rif1 may

be determined directly by local chromatin structure or

epigenetic state. It could also be due to the segment-specific

association of Rif1 with chromatin/nuclear structures.

Alternatively, other proteins (e.g., cohesin; Guillou et al,

2010), or other nuclear skelton-associating proteins may

exert chromatin-loop regulation and/or local epigenetic

modifications might affect replication timing domains

(Hiratani et al, 2009).

All these data are consistent with the hypothesis that Rif1

plays a crucial role at or near TDP when the replication

timing programme is determined. The timing of association

of Rif1 with chromatin appears to be very close to that of pre-

RC formation. This timing may be slightly earlier than the

proposed timing of TDP which is early-G1-phase (Dimitrova

and Gilbert, 1999), suggesting the requirement for another

event(s) for execution of TDP. We show that Rif1 is not

required for the pre-RC formation (Supplementary Figure

S12) and think it is unlikely that Rif1 regulates replication

Control siRNA:Rif1 #4

A

B

0 10 20 30 40 50

siRNA:Rif1 #4

siRNA:Rif1 #2

Control

Halo assay

(µm)

Figure 5 Rif1 depletion causes increase of chromatin-loop sizes.
(A, B) Control and Rif1-depleted HeLa cells were synchronized at
G1/S-phase and released into cell cycle for 1 h. Cells were harvested
and DNA halo assays were conducted (N¼ 50). (A) Phase-contrast
images of representative cells. (B) Chromatin-loop sizes were
calculated according to the formula described in ‘Materials and
methods’ (Guillou et al, 2010). The data with two representative
siRNAs (#2 and #4) are presented.
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timing through regulation of timing of pre-RC assembly

(Wu and Nurse, 2009). However, the current result does not

completely rule out this possibility.

In spite of rather dramatic effect of Rif1 depletion on

replication timing during S-phase, effect of overall S-phase

progression is surprisingly subtle in the experimental setting

conducted. S-phase is apparently completed without delay,

and cell viability is not much affected. This is in sharp

contrast to the depletion of Cdc7 or other replication factors

under the identical condition which disturbs S-phase progres-

sion and often induces strong cell death in cancer cells (Feng

et al, 2003; Montagnoli et al, 2004; Ito et al, 2012). Although

initiation events are stimulated at early-S-phase in Rif1-

depleted cells (Figure 1), this occurs only in a limited window

of cell cycle. We speculate this is because the amount of Cdc7-

ASK is limited and is not able to activate all the early-/mid-S

origins at one time. We show that fork speed increases in the

absence of Rif1 in early- and mid-S-phases. This appears to be

compensated by longer inter-origin distances. Thus, overall

S-phase length stays unchanged. It should be noted that

S-phase delay was observed in Rif1 knockout MEF cells

(Buonomo et al, 2009). We speculate that acute depletion

of Rif1 by siRNA may cause deregulation of replication

programme but may not cause much effect on S-phase

progression. It would be interesting to examine the effect of

a long-term depletion of Rif1 on progression of S-phase.

Rif1 is overexpressed in embryonic stem cells and is rapidly

downregulated upon induction of differentiation (our unpub-

lished data and Loh et al, 2006). It was reported that

replication domains are fused together (consolidated) after

differentiation (Hiratani et al, 2008), which may be consistent

with the reduction of Rif1 expression. Thus, the Rif1 protein

level could be crucial for determining the chromatin higher-

order structures specific for each cell type. We observed that

4600 genes are either upregulated or downregulated in Rif1-

depleted HeLa cells by 41.5 fold (unpublished observation).

Thus, chromatin structures regulated by Rif1 obviously affect

transcription activity as well. It was reported that replication

timing domain structures exhibit striking similarity to the

spatial proximity of chromatin as measured by Hi-C analyses

(Ryba et al, 2010). This is also consistent with the idea that

Rif1 may determine higher-order chromatin architecture that

may regulate not only DNA replication but also transcription.

In conclusion, we identified Rif1 as a crucial determinant

for replication timing domains in human cells. Rif1 regulates

higher-order chromatin architecture by facilitating the chro-

Rif1 knockdownControl

Mid-S replicating regions
Rif1

Generation of mid-S replication domains at late-M/
early-G1 which are sequestered from activation.

Cdc7

S-phase
(DNA replication)

G2

M

G1 S-phase
(DNA replication)

G2

M

G1

Timing decision point Timing decision point

Mid-S replication domains

Early-S replication domains

No access

Loss of mid-S replication domains and activation 
of origins throughout early- to mid-S phase in 
early-S like foci pattern.

Late-S replication domains

Figure 6 A model for Rif1-mediated determination of replication timing domains. (Left) Normally, Rif1 binds to nuclear-insoluble structures at
late-M to early-G1, generating mid-S replication domains some of which are clustered at nuclear periphery as well as around nucleoli. This
could be related to TDP known to occur at early-G1. The origins associated with the mid-S domains are sequestered from activation until mid-S-
phase (shown with dotted grey arrow emanating from Cdc7). (Right) In Rif1-depleted cells, mid-S replication domains are not generated and
the origins normally associated with mid-S domains are scattered throughout the nuclei. This permits access of Cdc7 (shown with solid arrow)
and other replication factors to mid-S origins throughout early- to mid-S-phase, resulting in stimulation of initiation events (Cdc7-mediated
phosphorylation of MCM and chromatin loading of Cdc45 and PCNA, etc.) at early-S-phase. Portions of this figure were adopted from
Gilbert (2010).
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matin-loop organization through binding at nuclear-insoluble

structures. Rif1 may regulate TDP by setting up special

chromatin architecture at late-M/early-G1-phase that speci-

fies mid-S replication domains on the human chromosomes.

Materials and methods

Cell culture and cell-cycle synchronization
HeLa (human cervical cancer) and H1299 (human non-small cell
lung carcinoma) cells were maintained in Dulbecco’s modified
Eagle’s Medium supplemented with 10% fetal bovine serum
(Hana-Nesco Bio) at 371C. Normal human dermal fibroblasts
(NHDF) cells were maintained in fibroblast basal medium
(TaKaRa). For synchronization, cells were arrested at the G1/S
boundary by two consecutive incubation in the presence of
2.5 mM thymidine for 14–16 h each with a 9-h interval of growth
without thymidine. Cells were then released into cell cycle and
harvested at the indicated time points after release. Cells were
transfected with siRNA at 4 h before the first thymidine incubation.

Visualization of BrdU incorporating sites in nuclei
Asynchronous or synchronized cells were pulse labelled for 30 min
with 20mM BrdU before fixation with 4% paraformaldehyde. BrdU
detection was performed as previously described (Dimitrova and
Berezney, 2002).

Dual labelling of replication foci patterns
Cells arrested at the G1/S boundary were released into cell cycle for
1.5 h and pulse labelled with EdU (20 mM) for 20 min. After the first
labelling, the cells, incubated in new medium for 4.5 h, were
prewashed with KH buffer (10 mM HEPES (pH 7.4) and 50 mM
KCl) as a hypotonic shift step (Koberna et al, 1999), were pulse
labelled with Biotin-dUTP (100mM) for 10 min, incubated in new
medium for 30 min, and then fixed with 100% methanol.

Cell fractionation and immunofluorescence
Cell fractionation and immunofluorescence were performed as
previously described (Gregson et al, 2001; Guillou et al, 2010).
Immunofluorescence images at each extraction step were
collected with the same exposure time. As a control for staining
of nuclear matrix scaffold (DNase I-insoluble structures), cells were
costained for Lamin B1.

Cell-cycle fractionation and isolation of BrdU-labelled DNA
HeLa cells were pulse labelled for 90 min with BrdU. After fixation
in 70% ethanol at � 201C, cells were stained with PI solution.
Sorting windows within S-phase were defined on the basis of DNA
content. Cells were collected with two gates, corresponding to early-
and late-S-phase, by FACS Aria III. The proper fractionation of
S-phase cells has been validated by reanalysis of the DNA contents
of the sorted cells (Supplementary Figure S15). Isolation of BrdU-
labelled DNA with immunoprecipitation has been described (Ryba
et al, 2011).

Replication timing array
The replication profiling protocol has been described (Ryba et al,
2011). Two independent biological replicates were analysed, in
which early- and late-replicating DNA were labelled with Cy3 and
Cy5 (with dye switch). Nascent DNA was amplified in the linear
range (20 cycles) by using a WGA2 kit (Sigma-Aldrich) according to
the protocol provided by the supplier and the amplified products
were then purified with a PCR cleanup kit (Qiagen). The amplified
samples were loaded onto gel to determine size range and reverified
by PCR to confirm that no bias was introduced during amplification.
Amplified DNA was labelled using the Genomic DNA Enzymatic
Labelling kit (Agilent) and hybridized with custom microarrays
according to the manufacturer’s instructions (Agilent: 4� 44K:
G4497A#022461). The oligonucleotide microarrays used contain
one probe every 1.0 kb. The array slides were scanned with a
Laser Scanner GenePix 4000B (Molecular Devices) using
appropriate gains on the photomultiplier (PMT) to obtain the
highest intensity without saturation. Scanned images were
processed using Feature Extraction software (Agilent). Data
analyses were done using Genomic workbench software.

Smoothed replication timing profiles are shown with a moving
average of 100 kb windows. The raw and processed microarray
data are accessible through GEO Datasets under accession numbers
GSE37971.

Replication timing analyses using real-time PCR
Immunoprecipitated nascent DNA was subjected to quantitative
PCR with the Light Cycler 480 (Roche) using SYBR Premix Ex
Taqt (Perfect Real Time; TaKaRa) to quantify the amount of the
replicating DNA at a given locus in each fraction (early- and late-S-
phase). Primers used for PCR are listed in Supplementary Table S1.
Mitochondrial DNA (mtDNA) known to replicate throughout cell
cycle and to be equally represented in early- and late-S-phase
fractions was used as control. The amount of each DNA relative
to that of mtDNA is presented.

Halo assays
Control and Rif1-depleted HeLa cells were synchronized at early-S-
phase by double-thymidine block. Harvested cells were washed
twice in PBS and halo assays were preformed as previously de-
scribed (Gerdes et al, 1994). The halo radius of each nucleus was
determined by measuring the total areas of the nucleus and the
central area, heavily stained with DAPI, and using the following
formula. The halo radius (R)¼O(A/p)�O(B/p); A, total area of
nucleus; B, central area.

Antibodies
Antibodies used in this study were anti-Rif1 antibody (1:1000 for
western blotting and 1:50 for immunofluorescence; Bethyl
Laboratories, Inc.), anti-phosphoMCM2 Ser53 (1:1000; Bethyl
Laboratories, Inc.), anti-MCM2 (1:200; Santa Cruz Biotechnology,
Inc.), anti-phosphoMCM4 Ser6Thr7 (1:1000), anti-MCM4 (1:1000)
(Masai et al, 2006), anti-ATR (1:200; Santa Cruz Biotechnology,
Inc.), anti-phosphoHistoneH3 Ser10 (1:200; Upstate), anti-PCNA
(1:200; Santa Cruz Biotechnology, Inc.), anti-HistoneH3 (1:200;
Santa Cruz Biotechnology, Inc.) anti-Cdc45 (1:200; Masai et al,
2006), anti-Lamin B1 (1:200; Santa Cruz Biotechnology, Inc.),
anti-aTubulin (1:1000; Sigma), anti-Cdc7 (1:1000; MBL), and anti-
BrdU antibody (MBL), and anti-Cdt1 antibody (1:200; Santa Cruz
Biotechnology, Inc.).

RNAi experiments
HeLa and NHDF cells were transfected with siRNA for 48 or 72 h
according to the Invitrogen protocol. In double gene silencing, both
siRNAs were mixed and added to the cells for 48 h. siRNA#2, #3, #4
and #6 were designed as published previously (Silverman et al,
2004). Human Rif1 siRNA: #2, AAUGAGACUUACGUGUUAAAA
dTdT; #3, AAGAGAAACCAGGUUCUGAAGdTdT; #4, AAGAAUGA
GCCCCUAGGGAAAdTdT; #6, AAGAGCAUCUCAGGGUUUGCUdT
dT; ATR siRNA, CCUCCGUGAUGUUGCUUGAdTdT; Cdt1 siRNA,
GACAUGAUGCGUAGGCGUUdTdT. The sense oligonucleotide for
each pair was used for control transfection.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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