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Abstract

Among other targets, the protein lysine methyltransferase PR-Set7
induces histone H4 lysine 20 monomethylation (H4K20me1l), which
is the substrate for further methylation by the Suv4-20h methyl-
transferase. Although these enzymes have been implicated in
control of replication origins, the specific contribution of H4K20
methylation to DNA replication remains unclear. Here, we show
that H4K20 mutation in mammalian cells, unlike in Drosophila,
partially impairs S-phase progression and protects from DNA re-
replication induced by stabilization of PR-Set7. Using Epstein—-Barr
virus-derived episomes, we further demonstrate that conversion of
H4K20mel to higher H4K20me2/3 states by Suv4-20h is not suffi-
cient to define an efficient origin per se, but rather serves as an
enhancer for MCM2-7 helicase loading and replication activation
at defined origins. Consistent with this, we find that Suv4-20h-
mediated H4K20 tri-methylation (H4K20me3) is required to sustain
the licensing and activity of a subset of ORCA/LRWD1-associated
origins, which ensure proper replication timing of late-replicating
heterochromatin domains. Altogether, these results reveal Suv4-
20h-mediated H4K20 tri-methylation as a critical determinant in
the selection of active replication initiation sites in hetero-
chromatin regions of mammalian genomes.
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Introduction

Eukaryotic DNA replication is initiated at thousands of chromoso-
mal sites, known as replication origins, which are scattered along
the genome and activated in a well-defined order during S-phase
(Rhind & Gilbert, 2013; Renard-Guillet et al, 2014). To ensure that
replication origins are activated only once per cell cycle, the initia-
tion of replication is separated into three tightly regulated steps
(Remus & Diffley, 2009; Ding & MacAlpine, 2011; Leonard &
Meéchali, 2013). First, origins are selected by the binding of the
hexameric origin recognition complex (ORC), as cells exit mitosis.
In a second step termed “replication licensing”, ORC serves as a
scaffold for the subsequent association of CDC6 and CDT1, which
together coordinate the loading of the MCM2-7 complex on chro-
matin to form the pre-replication complex (pre-RC) (Siddiqui et al,
2013). Finally, in S-phase, CDK and DDK kinases trigger pre-RC acti-
vation, resulting in the association of additional components and
establishment of active replication forks (Bell & Botchan, 2013).
Once origins have fired, the recruitment of pre-RC components on
chromatin is inhibited until the onset of the following mitosis (Arias
& Walter, 2007). Importantly, to provide a backup system when
cells undergo replication stress, a large excess of origins is licensed
during Gl-phase and only a fraction of them are transformed in
active replication initiation sites during S-phase (Blow et al, 2011).
To date, the mechanisms that dictate whether an origin will be
active or not in unperturbed S-phase are unclear.

Although metazoan replication origins tend to be enriched in
GC-rich sequences and G4 quadruplex structures, they do not share
a clear consensus sequence (Besnard et al, 2012; Fragkos et al,
2015; Prioleau & MacAlpine, 2016). Chromatin features, such as
nucleosome positioning and histone modifications, are also involved
in the selection of replication initiation sites (Smith and Aladjem,
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2014). Hence, origin activation follows a spatiotemporal program
that is highly connected to the regulation of chromatin states, with
origins in transcriptionally active chromatin firing earlier than those
in repressed chromatin (McGuffee et al, 2013; Pope & Gilbert, 2013;
Pope et al, 2014; Fragkos et al, 2015). Typically, early-firing origins
are characterized by their proximity to a combination of activating
chromatin marks, including acetylation of histone H3 and H4 tails
and methylation at lysines (K) 4 and 79 of histone H3 (Picard et al,
2014; Cayrou et al, 2015; Smith et al, 2016). In contrast, little is
known about chromatin modifications that control the formation
and activity of late origins in heterochromatin regions.

Lysine 20 of histone H4 (H4K20) is the major methylated residue
on the H4 tail that can exist as mono (H4K20mel)-, di (H4K20me2)-,
or tri-methylation (H4K20me3) (Brustel et al, 2011; Jorgensen et al,
2013). While H4K20me2 is the predominant H4K20 methyl state
found in 80% of total histone H4, H4K20mel and H4K20me3 are
less abundant and typically enriched in transcriptionally active and
silent chromatin, respectively (Beck et al, 2012a). Recently,
biochemical analysis performed with histone peptides revealed that
H4K20me2 and H4K20me3 might serve as binding sites for mamma-
lian ORC1 and its cofactors (Oda et al, 2010; Vermeulen et al, 2010;
Beck et al, 2012b; Kuo et al, 2012), suggesting a potential role of
these two histone marks in replication origin selection and activity.
Consistent with this hypothesis, artificial recruitment of the
H4K20mel methyltransferase PR-Set7 (also known as SET8, SETDS,
and KMTSA) at a specific locus can induce the recruitment of
several ORC components in a manner depending on the presence of
Suv4-20h1/h2 (also known as KMTS5B and KMTSC), the enzymes
that catalyze H4K20me2/3 from H4K20mel (Schotta et al, 2008;
Beck et al, 2012b). In addition, PR-Set7 is targeted for proteasome
degradation during S-phase by the PCNA-CRL4%"?  ybiquitin
complex and failure to degrade PR-Set7 triggers DNA re-replication
in Suv4-20hl-expressing cells (Tardat et al, 2010; Beck et al,
2012b). However, it remains unclear whether these enzymes have a
broad role in the regulation of DNA replication origins or restrained
to specific genomic regions. Furthermore, several puzzles remain
including the fact that loss of Suv4-20h and H4K20me2/3 only leads
to a partial reduction in cell growth during mouse development
(Schotta et al, 2008). Likewise, H4K20 methylation is not essential
for DNA replication initiation in Drosophila cells (McKay et al,
2015; Li et al, 2016) and H4K20 enzymes have also non-histone
substrates (Takawa et al, 2012), which also question on the role, if
any, of H4K20 methylation in the control of DNA replication origins.

In order to clarify these issues, we have investigated further the
functions of H4K20 methylation and the associated H4K20 enzymes
in the regulation of DNA replication. By expressing a histone H4
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mutant unable to undergo methylation on lysine 20, we first provide
evidence that unlike Drosophila, H4K20 methylation states are
mandatory for proper DNA replication and contribute to DNA
re-replication induced by PR-Set7 stabilization in mammalian cells.
Although facilitating ORC recruitment on chromatin, we show that
the conversion of H4K20mel to higher H4K20me states is not suffi-
cient to define an efficient origin per se but rather serves as an
enhancer for MCM2-7 loading and replication activation at defined
origins. In line with this, we reveal that Suv4-20h-mediated
H4K20me3 stimulates the binding of ORCA-associated protein
LRWD1/0ORCA and pre-RC complex at a subset of late-firing origins,
which is essential for the timely replication of heterochromatin
during late S-phase.

Results

H4K20 methylation is critical for S-phase progression and
PR-Set7 replication licensing functions

As shown in human U20S cells (Appendix Fig S1), loss of mamma-
lian PR-Set7 results in improper S-phase progression, which is in
part attributed to defects in replication origin activity (Jergensen
et al, 2007; Tardat et al, 2007). To provide evidence that this
S-phase phenotype is directly caused by a decrease in the levels of
H4K20 methylation rather than defects in the methylation of other
PR-Set7 targets, we examined the cell cycle of human U20S cells
transduced with a high titer of retroviral vectors encoding a
FLAG-tagged histone H4%?°* mutant carrying a lysine to alanine
substitution at position 20 (K20A). Cells transduced with a virus
encoding a FLAG-tagged wild-type histone H4“T were used as
controls. As shown in Fig 1A and B, immunoblot analysis showed
that both FLAG-tagged H4"" and H4%?°* proteins were expressed at
similar levels and were efficiently incorporated into chromatin
3 days after retroviral infection (Fig 1A, lanes 3 and 6), thereby
leading to the replacement of half of the pool of the endogenous
histone H4 (Fig 1B, top panel). Incorporation of FLAG-H4%*04
mutant into chromatin slightly increased PR-Set7 levels but led to a
specific decrease in the global levels of the three methylated H4K20
states, with a stronger reduction for H4K20mel and H4K20me3
(Fig 1B). Cell-cycle profiles of FLAG-H4"" and FLAG-H4"*%* cells
were then analyzed the same day by measuring the DNA content
according to low (gates 1) and high (gates 2) levels of FLAG-H4
expression (Fig 1C; gates 1 and 2, respectively). We noticed that the
amount of cells with the highest levels of Hak2% (je., with the
strongest decrease in H4K20me) was low compared to FLAG-H4""

Figure 1. H4K20 mutation affects S-phase progression and prevents DNA re-replication induced by PR-Set7 stabilization.

A Immunoblot analysis of histone H4 and FLAG-tagged histone H4 protein levels in FLAG-H4™™ and FLAG-H4"*°* U205 cells and subjected to biochemical fractionation:
Cytosolic (S1) and nuclear (S2) are soluble supernatants and P3 is the chromatin-enriched fraction. MEK1 was used as a control of soluble components and HCF-1

protein was used for control of chromatin fraction.

B Immunoblot analysis of PR-Set7 and the levels of acetylation and methylation of endogenous H4 and FLAG-tagged H4 in FLAG-H4"" and FLAG-H4"?* U20S cells.
C FACS analysis of DNA content and FLAG signal in FLAG-H4"'T or FLAG-H4"?° cells. DNA content was analyzed according to the low (gate 1) and high (gate 2) levels of

FLAG-tagged histone H4 proteins.

D FACS analysis of DNA content in cells expressing similar levels (gate 1) of FLAG-tagged histone H4"" and H4"?°* upon expression of the PR-Set7"'"™"* and
PR-Set7"'PMUtHSETMUt ytants. Quantitation of re-replicating parental (No FLAG), FLAG-H4"T, and H4*?%* cells upon PR-Set7”'"™“t expression. Data are means + SD,

n = 3. (*) Statistical significance with P < 0.05 (t-test).
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cells (Fig 1C, upper panels, compare gates 1 and 2), suggesting that
the H4K20A mutation is relatively toxic. Conspicuously, whereas
cells with low levels of H4"2°* displayed a cell-cycle profile similar
to FLAG-H4"T cells (Fig 1C, gates 1), cells expressing high levels of
FLAG-H4%?°* accumulate in S-phase, suggesting that they fail to
complete DNA replication as previously described in PR-Set7-
depleted cells (Tardat et al, 2007; Appendix Fig S1).

Our results suggest that appropriate H4K20 methylation levels
may be required for PR-Set7 functions in the licensing of replication
origins. To verify this, we measured by FACS the levels of re-replica-
tion induced by the proteolytic-resistant PR-Set7"""™ " mutant in cell
populations expressing similar and non-deleterious levels of FLAG-
tagged H4"" or FLAG-tagged H4%?°*, 3 days before infection with
retrovirus encoding PR-Set7”"™"' mutant (Fig 1C, gate 1). PR-
Set7P'P™! contains mutations in the PCNA binding domain that
inhibit CRL4°“"*-mediated degradation and induce PR-Set7 stabiliza-
tion (Tardat et al, 2010; Beck et al, 2012b). The resulting re-replica-
tion phenotype is caused by repeated PR-Set7-induced replication
origin licensing (Tardat et al, 2010), which can be observed by the
appearance of cells with DNA content greater than 4N, 2 days after
PR-Set7"PMut expression (Fig 1D, panel a). As shown in Fig 1D,
expression of the PR-Set7”™™U' but not of the catalytic inactive
PR-Set7PTPmut+SETmut 1 ytant, caused the appearance of ~30% of
re-replicated cells in both parental and FLAG-tagged H4WT cells
(Fig 1D, compare panels a—d). In contrast, the level of re-replication
upon PR-Set7”"™t expression was greatly reduced in FLAG-tagged
H4"2%* cells (Fig 1D, panels e—f) correlating with the reduced
amount of H4K20 residues in these cells. These results provide the
evidence that H4K20 methylation is indeed a critical downstream
effector of PR-Set7 replication licensing functions.

H4K20 methylation is an enhancer of origin efficiency

K20 methylation enhances histone H4 interaction with ORC in vitro
(Beck et al, 2012b), suggesting that this histone mark might be suffi-
cient to induce DNA replication at specific loci in vivo. To test this
possibility, we examined the impact of H4K20 methylation on the
replication of Epstein—Barr virus-derived (EBV) episomes from
origin DNA sequences that involve cellular pre-RC complex for
licensing. As illustrated in Fig 2A, the replication and stability of
EBV episomes require the binding of the EBV-encoded protein
EBNAI to two DNA elements: (i) the family of repeats (FR) element
that ensures the segregation and stability of episomes during cell
division and (ii) the dyad symmetry (DS) element that serves as
replication origin in human cells by co-recruiting ORC to this DNA
sequence (Hammerschmidt & Sugden, 2013). To assess whether
PR-Set7-induced H4K20 methylation on chromatin induces origin
activity by its own, a GAL4-binding UAS sequence was introduced

Figure 2. H4K20 methylation enhances origin formation and activity.
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into a DS-deleted EBV plasmid named FR-UAS, which is incompe-
tent for replication but not for EBN1A-mediated segregation. We
then examined the rescue of the replication competence of this
plasmid in HEK293 cells stably expressing EBNA1 and either GAL4
DNA-binding domain (GAL4), the wild-type GAL4-PR-Set7"", or the
methylase-deficient GAL4-PR-Set7S*™™ fusjon proteins (Fig EV1A).
HEK293 cell line was chosen because it is suitable for transfection
and EBV episome replication (Gerhardt et al, 2006). As observed
previously (Beck et al, 2012b), quantitative chromatin immunopre-
cipitation (ChIP-qPCR) showed that GAL4-PR-Set7 binding at the
UAS site, but not of the GAL4 or GAL4-PR-Set75™™"" proteins, led to
a local increase in H4K20mel followed by its conversion to higher
H4K20me states, as indicated by the appearance of high H4K20me3
enrichment at this locus (Fig EV1B). To measure episome replication
efficiency, low molecular weight DNA was harvested 6 days after
plasmid transfection and the number of replicated episomes was
quantified by bacterial transformation after Dpnl digestion to elimi-
nate the bacterial-derived plasmids initially transfected into GAL4
cell lines. The results are shown in Fig 2B. As controls, similar
experiments were performed with the wild-type FR-DS plasmid and
the FR-ORI"P" plasmid (Fig 2A), which contains the 300-bp ORC-
binding DNA fragment of the human replication origin (ORI*™) of
the RDH gene instead of the DS element (Gerhardt et al, 2006). The
results are shown in Fig 2B. Compared to the FR-DS plasmid, the
FR-ORI®PM plasmid displayed a low replication competence in all cell
lines (Fig 2B), which is representative of the low efficiency of short
mammalian origin DNA sequences to define an origin by their own
(Gerhardt et al, 2006). We noticed that the replication of the FR-UAS
plasmid was almost undetectable in GAL4 and GAL4-PR-Set7ETmut
cells but not in GAL4-PR-Set7-expressing cells, where this plasmid
exhibited a low replication similar to that of the FR-ORI®P" plasmid
(Fig 2B). These results indicate that a local increase in H4K20
methylation, as observed with mammalian DNA sequences, is not
sufficient to define a fully competent origin of replication.

Since origin efficiency might depend on the presence of multiple
origin determinants (Méchali et al, 2013; Valton et al, 2014), we
next examined the effect of inducing H4K20 methylation in the
vicinity of the ORI®P™ origin. For this, we created the FR-UAS-
ORI®P" plasmid (Fig 2A) and tested the replication competence of
this plasmid as described above. As shown in Fig 2D, the ORI"PY
efficiency in FR-UAS-ORI®PY plasmid was fourfold increased in
GAL4-PR-Set7 cells, whereas it remained unchanged in GAL4 and
GAL4-PRSet75ET™ut cells (Fig 2C). ChIP-gPCR analysis showed that
this stimulation of ORI®P™ activity GAL4-PR-Set7 cells was associ-
ated with an accumulation of H4K20mel/me3 and a higher
efficiency of MCM2-7 loading, as measured by the significant
increase in the levels of MCM3 at the UAS and ORI®P" sequences in
FR-UAS-ORI®P" plasmid (Fig 2D). Importantly, the same enhancer

A Schematic representation of EBN1A protein and studied EBV-derived plasmids with the relative position of DNA fragments amplified during ChIP-qPCR experiments.

B Quantitation of replicating FR-DS, FR-UAS, and FR-ORI®°" plasmids in cells expressing EBNAL and either GAL4, GAL4-PR-Set7, or GAL4-PR-Set7°"™", Data are
means + SEM (n = 4) with control FR-DS plasmid arbitrarily set as one in every cell line (gray bars).

C Quantitation of replicating FR-UAS-ORI®"" and FR-ORI®°" in the same cell lines as above. Data are means + SEM (n = 4) relative to FR-ORI®°" (black bars). (*)

Statistical significance (paired two-tailed t-test) with P < 0.05.

D ChIP-qPCR analysis at ORI®°", UAS, and FR sequences in different GAL4 cell lines transfected with FR-ORI®°™ or FR-UAS-ORI®®™ plasmids using antibodies as
indicated. Data are means & SEM (n = 4) as fold enrichment of the each antibody relative to isotype IgG control. (*) Statistical significance (paired two-tailed

t-test) with P < 0.05.
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effect on MCM2-7 loading and origin activity was also observed for
the viral origin sequence oriP in a FR-UAS-DS plasmid transfected in
GAL4-PR-Set7-expressing cells (Fig EVIB and C), confirming the
ability of PR-Set7-induced H4K20 methylation to stimulate replica-
tion initiation at defined origins. Taken together, these results show
that PR-Set7-induced H4K20 methylation is likely not sufficient to
promote efficient origin function but rather serves to strengthen the
activity of defined origins by enhancing the recruitment and/or
stability of pre-RC complexes at these origins.

PR-Set7-mediated stimulation of origin activity depends on the
further methylation of H4K20mel by Suv4-20h1/h2

Since the ORC shows a higher affinity for H4K20me2/3 than for
H4K20mel in vitro (Oda et al, 2010; Vermeulen et al, 2010; Kuo
et al, 2012), we asked whether the stimulatory effect of H4K20
methylation on origin activity depends on the switch from
H4K20mel to higher H4K20me states induced by Suv4-20h1/h2
methyltransferases. To address this question in vivo, we repeated
the replication assay with FR-ORI®P" and FR-UAS-ORI®PH plasmids
in GAL4-PR-Set7 cells in the presence of A-196, a chemical inhibitor
of Suv4-20h1/h2. Immunoblot analysis of whole-cell extracts con-
firmed the specificity of the A-196 treatment, which led to a strong
reduction in the levels of H4K20me2/3 and the subsequent increase
in H4K20mel without an impact on the levels of histone H3
tri-methylation at lysines 4, 9, and 27 (Appendix Fig S2). Consistent
with these results, ChIP-qPCR analysis showed that H4K20mel, but
not H4K20me3, was highly enriched at the UAS and ORI®PH
sequences in GAL4-PR-Set7-expressing cells treated with A-196
(Fig 3A). In this experimental context, the FR-UAS-ORI?PH and
FR-ORI®PM plasmids displayed a similar replication activity without
any significant difference in the levels of MCM3 loading at the
ORI®PY origin (Fig 3B and C). These results confirm that PR-Set7-
mediated H4K20mel is only a prerequisite for replication origin
stimulation (Beck et al, 2012b), which depends on additional
methylation of H4K20mel by Suv4-20h enzymes.

Loss of Suv4-20h activity on H4K20me1 specifically impairs
heterochromatin replication timing

We next sought to determine whether the ability of Suv4-20h and
higher H4K20 methylation states to enhance replication origin

Figure 3. PR-Set7 improves origin activity through Suv4-20h activity on

H4K20mel.

A ChIP-qPCR analysis of H4K20mel and H4K20me3 levels at ORI®"", UAS, and
FR in the HEK293 EBNA1* Gal4-PR-Set7-expressing cell line in the absence
(left panel) and presence of the Suv4-20h inhibitor A196 (right panels). Data
are means & SEM (n = 4).

B ChIP-qPCR analysis of MCM3 levels at ORI®°", UAS, and FR in EBNA1/Gal4-
PR-Set7-expressing cell lines in the absence (left panel) and presence of
A196 (right panel). Data are means + SEM (n = 4).

C Quantitation of replicating FR-ORI®°" (black) and FR-UAS-ORIFP* (striped)
plasmids in EBNA1/GAL4-PR-Set7-expressing cells in the presence and
absence of A196. The replication efficiency is relative to ORI®®" in untreated
cells. Data are means &+ SEM (n = 4).

Data information: Significance was determined employing an unpaired two-
tailed t-test. *P < 0.05.
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activity plays an essential role in the replication of all the genome or
only at specific chromatin regions. To address this question, we
examined at genome-wide levels the spatiotemporal replication
program of mouse embryonic fibroblast (MEF*°*) line derived from
Suv4-20h2~/~, Suv4-20h1~/"°*, Cre-ER embryos and in which the
remaining knocked-in floxed SUV4-20H1 gene can be deleted by
addition of 4-hydroxytamoxifen (40HT). Four days after 4OHT
treatment, immunoblot analyses showed a complete and irreversible
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disappearance of H4K20me2 and H4K20me3 followed by a concomi-
tant accumulation of H4K20mel in MEFs®***? (Fig 4A, left panels).
At this time, untreated and 40HT cells were pulse-labeled with BrdU
and sorted into early and late S-phase fractions by flow cytometry.
Nascent BrdU-substituted DNA of each fraction was then isolated
and labeled with fluorescence dyes before hybridization on micro-
arrays covering the mouse genome, at the exception of centromeric
and telomeric regions, with one probe every 13 kb. The replication
timing of these cells was determined using the Agilent CGH
algorithm that generates a log ratio value corresponding to early-
replicating regions when the log ratio is positive and to late-
replicating regions when the log ratio is negative. As illustrated in
Fig 4A for a fragment of chromosome 11 (right panel), the loss of
Suv4-20h in 40HT-treated MEFs*®*2 specifically delays the replica-
tion of some mid- and late-replicating chromatin domains, whereas
the replication of early domains remained largely unaffected.
Consistent with these results, 40HT-treated MEFs**** displayed a
lower proliferation rate and tended to accumulate in late S-phase as
shown by FACS analysis (Fig EV2A and B). Furthermore, replica-
tion-timing delays of the same chromatin regions were also
observed in fibroblast lines derived from Suv4-20hl1/2 knockout
embryos (Fig EV2C), thereby indicating that the disrupted replica-
tion pattern upon loss of Suv4-20h was highly reproducible and cell
line independent. To verify that the replication-timing alterations
observed in 40HT-treated MEFs®®** are indeed triggered by the loss
of H4K20me2/3 states, we generated as described above the replica-
tion-timing profile of untreated MEF*** expressing similar levels of
FLAG-tagged histone H4"™ or H4**°*, As shown in Fig 4B, expres-
sion of histone H4%%%A led to a decrease in the levels of three H4K20
methylation states, which was followed by the same replication-
timing alterations than those observed in 40HT-treated MEFs®**
(see arrows in Fig 4A and B). In addition, we noticed that both
histone H4%?°*. and H4"“T-expressing MEFs*°*? displayed some
replication-timing changes in early-replicating domains compared to
untreated cells, which might be caused by the artificial expression
of FLAG-tagged histone H4 proteins in these cells (compare Fig 4A
and B, right panels). Conspicuously, although H4"?°* expression
caused only a partial decrease in H4K20me2/3 levels compared to
the loss of Suv4-20h, we found that 54% of replication-timing
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alterations in 40HT-treated MEFs***% were also detected in H4"2°4-
expressing MEFs*®*%, demonstrating that these replication defects
are indeed caused by the loss of Suv4-20h activity on H4K20mel.
Further analysis of replication-timing delays in 4OHT-treated
MEFs®%*? revealed that 80% of these delays occurred in late-
replicating domains (Fig 4C). These domains correspond to large
genomic regions with a median size of 2.2 megabases (Fig 4D).
Quantification of these data shows that 114 distinct late-replication
domains, which cover ~15% of the genome, displayed a significant
replication-timing delay upon loss of Suv4-20h (P-value <1 x 1073).
In mammalian cells, late-replication domains have been reported to
be gene poor and often to coincide with heterochromatin regions
(Rhind & Gilbert, 2013). In line with these results, the 114 altered
replication domains exhibited the lowest gene density and coverage
with activating chromatin mark H3K27 acetylation, but the highest
coverage with the heterochromatin repressive mark H3K9me2
compared to stochastic or unmodified early/mid/late-replication
domains in Suv4-20h-null cells (Fig 4E-G, statistical analysis in
Appendix Table S1). Altogether, these results show that Suv4-20h
activity on H4K20mel is specifically required for the replication
timing of late domains corresponding to heterochromatin regions.

High levels of H4K20me3 at origins are required for proper
heterochromatin replication

Since H4K20me3 is a hallmark of heterochromatin (Schotta et al,
2004), we next examined by ChIP-qPCR whether H4K20me3 is
particularly enriched at replication origins in late-replicating hete-
rochromatin domains that were delayed in Suv4-20h-null cells. The
results of four replication origins randomly selected in a delayed
domain and of four origins in a non-delayed late domain of the chro-
mosome 11 are shown in Fig 5. Moreover, the results of 10 addi-
tional origins in different delayed and non-delayed late domains are
shown in Fig EV3A. The localization of all these origins was previ-
ously found by nascent DNA strand purification in MEF lines
(Cayrou et al, 2011, 2015). Compared to a control origin in an early-
replicating domain and a flanking negative sequence (NEG) close to
ORI-1, the levels of H4K20me3 at origins in non-delayed late domains
were generally weak or close to background levels in all cellular

Figure 4. Loss of Suv4-20h impairs the timing of late-replicating heterochromatin.

A Immunoblot analysis (left panel) of H4K20mel, H4K20me2, and H4K20me3 levels and replication-timing profile (right panel) of a 23-Mb fragment of chromosome 11

(cytogenetic coordinates gA31 to qB1.2) in MEFs>**?

treated cells.

untreated or 4 days after 4-hydroxytamoxifen (40HT) treatment. Arrows point to delayed domains in 40HT-

B Immunoblot analysis (left panel) of histone H4, H4K20mel, H4K20me2, and H4K20me3 levels and replication-timing profile (right panel) of the same fragment of
chromosome 11 as above in MEFs***2 5 days after transduction with retrovirus encoding histone H4"“" or H4?°* mutant. Arrows point to delayed domains in

H4*2%A_expressing cells.

C Box-plot showing the percentage of delayed replication domains in each timing categories in 40HT-treated MEFs
D Size distribution (megabase) of delayed domains in MEFs***? treated with 40HT.

364.2

E Box-plot showing gene coverage (percentage) in unaffected early, mid-, and late domains, in delayed domains, and in stochastic replication domains of 40HT-treated

ME FS364.2

F Box-plot showing H3K27ac coverage levels in unaffected early, mid-, and late domains, and in delayed domains, and in stochastic replication domains of 40HT-

treated MEFs>**2.

G Box-plot showing H3K9me2 coverage levels in unaffected early, mid-, and late domains, in delayed domains, and in stochastic replication domains of 40HT-treated

MEFs642,

Data information: (*) Statistical significance was detected when a Student’s test (t-test) was performed with P < 10~ (see Appendix Table S1 for detailed statistical
analysis). Inside the box-plot graphs, the thick line represents the median, the limit of the boxes corresponds to the 0.25 to 0.75 quartiles with whiskers extending to the

maximum value of 1.5 times the interquartile range.

© 2017 The Authors
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Figure 5. Suv4-20h-mediated H4K20me3 is required for the appropriate licensing and activity of a subset of origins in late-replicating heterochromatin.

A ChIP-gPCR analysis of H4K20me3 levels at the control early-firing MYC origin and at origins in delayed and non-delayed late domains of chromosome 11 in untreated
and 40HT-treated MEFs>**? using anti-H4K20me3 and an isotype non-relevant antisera (IgG) as control. NEG corresponds to a negative control region 5 kb
downstream of ORI-1. Coordinates of studied ORIs are indicated in Appendix Table S2. Errors bars represent SD (n = 3).

B ChIP-qPCR analysis of MCM2 levels at the same origins as above in untreated and 40HT-treated MEFs

or 1gG as ChIP control. Errors bars represent SD (n = 3).

C Quantitation of the relative SNS enrichment of the same origins as above origin in untreated and 40HT-treated MEFs

the control origin. Data are means & SD (n = 3).

Data information: (*) Statistical significance with P < 0.001 (unpaired t-test).

conditions, whereas a peak of H4K20me3 was detected at almost all
origins in delayed late domains before but not after 40HT treatment
(Figs SA and EV3A). Consistent with these results, H4K20mel was
found highly enriched instead of H4K20me3 at these origins in 40HT-
treated cells (Fig EV3B). Importantly, the decrease in H4K20me3
levels at origins in delayed late domains was also observed in

© 2017 The Authors

364.2

stably expressing FLAG-tagged MCM2 and using anti-FLAG

3542 and arbitrarily normalized with respect to

H4"***_expressing MEF*®** (Fig EV4A), thereby suggesting that the
replication-timing alterations upon loss of Suv4-20h-mediated H4K20
methylation principally occur in heterochromatin regions where
origins are normally associated with high levels of H4K20me3.

To determine whether the lack of H4K20me3 has indeed an
impact on the licensing and activity of these origins, wild-type as
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well as H4W"- and H4"*°A-expressing MEFs**** were transduced
with retroviral vectors encoding FLAG-tagged MCM2 or MCMS5 and
ChIP-gqPCR experiments were performed with FLAG antibody to
measure pre-RC formation at different origins. In parallel, we
isolated and quantified by qPCR the levels of short nascent DNA
strands at these origins (SNS), which is a direct measure of their
efficiency (Valton et al, 2014). As shown in Figs 5B and C, and
EV4B-D, all origins tested were normally associated with FLAG-
tagged MCMS5 and/or MCM2 proteins and displayed high SNS levels
in untreated or H4"" cells. In contrast, whereas the loading of MCM
proteins and the activity of origins in non-delayed late domains
largely remained unaffected, the abrogation of H4K20me3 upon
40HT treatment or its decrease in H4%*°* cells coincided with the
inability of H4K20me3-associated origins to recruit appropriate
levels of MCM proteins and to efficiently initiate DNA synthesis
(Figs 5B and C, and EV4B-D). These results show that high levels of
H4K20me3 are critical for the full activity of an important subset of
late-firing origins, thereby explaining the delay in heterochromatin
replication observed in Suv4-20h and H4K20 methylation-depleted
cells.

ORCA/LRWD1 binding to H4K20me3-associated late-firing origins
is required for heterochromatin replication

Previous studies have shown that tri-methylated H4K20 peptides
can directly interact in vitro with the WD40 domain of the ORCA-
associated protein ORCA/LRWDI1 (Beck et al, 2012b), which is
suspected to play an important role in the replication and organiza-
tion of heterochromatin by facilitating the recruitment of ORC
(Wang et al, 2016). We therefore reasoned that H4K20me3 might
ensure the proper replication timing of heterochromatin by inducing
the recruitment of ORCA at specific late-firing origins. To test this
hypothesis, FLAG-tagged ORCA was stably expressed in the dif-
ferent MEFs®®*? lines and the ability of this protein to associate with
origins in delayed and non-delayed late domains of the chromosome
11 was evaluated by ChIP-gPCR in Suv4-20h-null and H4%*°A-
expressing cells. Whereas FLAG-tagged ORCA was found associated
with all origins tested in untreated and H4"" cells, the abrogation of
H4K20me3 upon Suv4-20h inactivation or H4**** expression coin-
cided with the inability of ORCA to associate specifically with the
set of origins that are normally highly enriched in this methylation
mark (Figs 6A and EVS5). Consistent with the absence of ORCA

H4K20 methylation in heterochromatin replication  julien Brustel et al

binding to this specific subset of late-firing origins, which control
the replication of ~15% of the mouse genome (Fig 4), the amount of
chromatin-associated pool of ORCA was reduced of 40% in Suv4-
20h-null cells compared to control cells (Fig 6B). Altogether, these
results suggest that ORCA may associate with origins through multi-
ple mechanisms and that the binding of ORCA to H4K20me3 is
specifically required for its association with a subset of late-firing
origins.

To determine whether the recruitment of ORCA to H4K20me3-
enriched origins is necessary for the activity of these origins and the
proper replication of associated late domains, we induced the silenc-
ing of ORCA by two independent shRNA (Fig 6C) and then exam-
ined the replication timing and activity of H4K20me3-associated
origins in ORCA-depleted cells as described above. Although ORCA
was not fully depleted (Fig 6C), the replication of mid- and late-re-
plicating domains was delayed in shRNA ORCA-treated cells, while
early-replicating domains remained unchanged or eventually
slightly advanced (Fig 6D and Appendix Fig S3). Clearly, 64%
of late-replicating domains delayed in Suv4-20h-null and
H4"*%-expressing cells were also found significantly altered in
ORCA-depleted cells, as shown for the same fragment of chromo-
some 11 in the three cellular conditions (compare Figs 4A and B,
and 6D). In line with these results, we found that ORCA depletion
impairs the levels of MCM loading and replication initiation at
H4K20me3-associated origins (Fig 6E and F). Moreover, consistent
with the ability of ORCA to interact with Suv4-20h (Giri & Prasanth,
2015), ORCA depletion also caused a significant reduction of
H4K20me3 at these origins, thereby indicating a mutual dependence
between the binding of ORCA and the accumulation of high levels
of H4K20me3 at these sites (Fig 6G). Taken together, these results
suggest a model where the timely replication of a large fraction of
heterochromatin regions in mammalian cells depends on the
concerted activities of PR-Set7 and Suv4-20h in order to generate
H4K20me3-mediated ORCA binding at a subset of late-firing origins
and thus to enhance the licensing and efficiency of these origins.

Discussion

This study provides new insights into the role of H4K20 methylation
in the control of DNA replication in mammalian cells. First, we
demonstrate that H4K20 methylation is a critical effector of PR-Set7

Figure 6. ORCA/LRWD1 binds to H4K20me3-associated origins and promotes the licensing and activity of these origins.

A ChIP-gPCR analysis of ORCA levels at the same origins as in Fig 5 in untreated and 40HT-treated MEFs

364.2

stably expressing FLAG-tagged ORCA and using anti-FLAG

or IgG as a control. NEG corresponds to a negative ORCA binding site. Errors bars represent SD (n = 3).

B Immunoblot analysis of HCF-1 and ORCA proteins in whole-cell extracts (inputs) and in chromatin-enriched fraction in untreated and 40HT-treated MEFs

364.2

Chromatin-bound HCF-1 protein was used as control of chromatin purification. Quantitation of ORCA protein levels are indicated relative to HCF-1 and normalized
with respect to the ORCA levels in untreated cells. (*) indicates a ORCA cleavage product in chromatin fraction after biochemical fractionation.

C Immunoblot analysis of ORCA and tubulin proteins in immortalized MEFs transduced with lentivirus encoding shRNA control or two independent shRNA ORCA.
Quantitation of ORCA protein levels is indicated relative to tubulin and normalized with respect to the ORC levels in control cells.

D Replication-timing profile of the same 23-Mb chromosome fragment as in Fig 5A in MEFs treated with shRNA control or shRNA (2) ORCA. Arrows point to delayed late

domains in ORCA-depleted cells.

E ChIP-gPCR analysis of MCMS5 levels at the control early-firing MYC origin and H4K20me3-associated origins in control and ORCA-depleted MEFs expressing FLAG-
tagged MCM5 and using anti-FLAG or IgG as ChIP control. Errors bars represent SD (n = 3).
F Quantitation of the relative SNS enrichment of the same origins as above. SNS enrichment was arbitrarily normalized with respect to the control origin. Errors bars

represent SD (n = 2).

G ChIP-gPCR analysis of H4K20me3 levels at the same origins as above using anti-H4K20me3 and 1gG as ChIP control. Errors bars represent SD (n = 3).

Data information: (*) Statistical significance (unpaired t-test) with P < 0.05 (for panels E-G) and P < 0.005 (for panel A).
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replication licensing functions and appropriate levels of this methy-
lation mark are important for faithful and timely progression
through S-phase (Fig 1). Together with origin DNA sequences, we
show that a local increase in PR-Set7-induced H4K20mel followed
by its conversion to higher H4K20me states by Suv4-20h is not suffi-
cient to define a functional origin per se and rather serves to
enhance replication origin activity by improving MCM2-7 loading
(Figs 2 and 3). Moreover, we reveal that the loss of Suv4-20h and
H4K20me methylation impair the licensing and activity of a subset
of late-firing origins, which delay the replication of 15% of the
genome mostly at the levels of heterochromatin domains (Figs 4
and 5). Finally, we show that the recruitment of ORCA and the asso-
ciated pre-RC complex at these defined late-firing origins depends
on Suv4-20h-mediated H4K20me3, which is therefore essential for
proper heterochromatin replication (Figs 5 and 6). Altogether, these
results place H4K20 methylation and the degree of this methylation,
through the concerted activities of PR-Set7 and Suv4-20h, as a criti-
cal determinant in the selection of active replication initiation sites
in heterochromatin regions of mammalian genomes.

Although previous studies have shown that the role of PR-Set7 in
replication origin licensing is connected to Suv4-20h (Beck et al,
2012b), it still remained unclear whether H4K20 methylation was
the effector of these enzymes in the control of DNA replication.
Indeed, PR-Set7 and Suv4-20h are also known to interact with and
target non-histone proteins important for DNA replication and flies
harboring a histone H4 with a K20A substitution are viable,
although sick, with no apparent DNA replication defects (McKay
et al, 2015). By taking advantage that mammalian cells can rapidly
adapt the levels of endogenous histone H4 in response to an ectopic
histone H4 expression, we replaced a large fraction of the pool of
histone H4 with histone H4K20A mutant and thus directly assessed
the role of H4K20 methylation in mammalian cell-cycle progression.
Although we cannot exclude non-histone substrates being also
involved, our results demonstrate that H4K20 methylation is indeed
required for PR-Set7 and Suv4-20h functions at replication origins in
mammalian cells. Thus, the role of H4K20 methylation in replication
origin activity is likely specific to mammals, which is corroborated
by the absence of replication origin activation defects in Drosophila
Suv4-20h mutant and in Drosophila Kc167 cells depleted for PR-Set7
(Sakaguchi et al, 2008; Li et al, 2016). H4K20 methylation is actu-
ally not the unique replication origin feature that may differ
between Drosophila and mammalian models. Although enhanced
DNA flexibility similarly marks Drosophila and mammalian repli-
cation origins, the sequence composition of these origins is
remarkably different between these two organisms (Lombrafia
et al, 2013; Picard et al, 2014; Comoglio et al, 2015). Further-
more, Drosophila replication initiation sites are generally poor in
nucleosomes (Liu et al, 2015), while a versatile nucleosome occu-
pancy is often found at mammalian replication initiation sites
(Cayrou et al, 2011; Lombrana et al, 2013). Thus, the role of
H4K20 methylation in DNA replication could have emerged with
a differential nucleosome contribution to origin specification and
activity in mammals.

It is becoming increasingly evident that flexible combinations of
genetic and epigenetic features are responsible for the recruitment of
pre-RC complex and participate in the proper control of replication
origin activation (Leonard & Méchali, 2013). Consistent with this
idea, GC-rich DNA sequences contribute to origin specification but
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requires the presence of other elements to define a fully competent
replication origin in mammalian cells (Valton et al, 2014). Similarly,
using EBV-derived episomes, we showed that PR-Set7-induced
H4K20mel and its subsequent conversion to higher H4K20me states
by Suv4-20h constitute a weak specificity factor for origin. Instead,
our results suggest that Suv4-20h activity on H4K20mel marks can
enhance origin efficiency when this methylation activity is combined
with genetic origin features (Figs 2 and 3). We also showed that
Suv4-20h stimulates the activity of replication origins by increasing
or stabilizing the levels of MCMs at origin DNA sequences. This is
in agreement with previous studies showing that multiple MCMs
can be loaded at origins and that this excess of MCM proteins
increases origin efficiency (Bowers et al, 2004; Das et al, 2015).

How might Suv4-20h activity improve MCM2-7 helicase loading
at specific loci? Since the BAH domain of ORC1 and the WD40
domain of ORCA display a high affinity for H4K20me2 and
H4K20me3, respectively (Oda et al, 2010; Beck et al, 2012b; Kuo
et al, 2012), one simple explanation is that the subsequent methyla-
tion of H4K20mel by Suv4-20h at specific origins would enhance the
affinity of ORC for these origins, resulting in a higher ORC occupancy
or stability that in turn favors a more efficient MCM recruitment and
higher origin efficiency. Interestingly, our replication-timing analysis
of Suv4-20h-null and histone H4****-expressing cells suggests that
this enhancer function of H4K20 methylation marks on origin activ-
ity is likely specific to late-replicating origins in silent chromatin
regions, which are naturally less favorable for MCM2-7 loading. It is
somehow reminiscent of the differential ORC-origin binding mecha-
nisms in S. cerevisiae, where the high affinity of ORC for specific
DNA sequences is required for late-firing origins and heterochro-
matin formation (Palacios DeBeer et al, 2003; Hoggard et al, 2013).
However, the mammalian ORC complex does not have noticeable
DNA specificity unlike its yeast counterpart (DePamphilis, 2005) and
it is more likely that new mechanisms have evolved in mammals to
increase ORC occupancy at heterochromatin, including the ability of
ORC to interact with H4K20 methylation marks.

Despite many attempts and similarly to other laboratories (Eid
et al, 2016), we were unable to identify a specific H4K20me2 anti-
body for ChIP experiments, which has precluded exploring further
the impact of this Suv4-20h-mediated H4K20me state in our studies.
Although we cannot rule out a role of H4K20me2 in DNA replication,
our results suggest that this function would be restrained to late-repli-
cating heterochromatin regions. However, H4K20me2 is an ubiqui-
tous histone modification found at almost 80% of histone H4
molecules (Pesavento et al, 2008) and it is therefore difficult to
envision H4K20me2 as a specific determinant of replication origin
activity in heterochromatin. Instead, Suv4-20h-mediated H4K20me3
is a hallmark of heterochromatin and our results show that this
H4K20me state is particularly enriched at a subset of late-firing
origins in heterochromatin domains retarded in Suv4-20h-null cells.
In the absence of this mark, we showed that the licensing and firing
of these origins are strongly reduced. The specific affinity of ORCA
for H4K20me3 could explain why this histone methylation is required
for sustaining proper replication origin activity in heterochromatin
regions (Vermeulen et al, 2010; Beck et al, 2012b). Indeed, previous
studies have shown that ORCA is a heterochromatin protein that facil-
itates the recruitment of ORC to chromatin and, in the absence of this
factor, the MCM2-7 loading is impaired (Shen et al, 2010). In line
with this, we showed that loss of H4K20me3 triggers a decrease in
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ORCA binding followed by a reduction in the recruitment of MCMs at
a specific subset of late-firing origins in Suv4-20h-null and H4%*%4
cells (Figs 5 and 6). Our results are also in agreement with a recent
genome-wide study showing that ORCA is enriched at late-firing
origins in chromatin regions associated with H3K9me3 and methyl-
CpG (Wang et al, 2016), two repressive chromatin marks that often
coincide with H4K20me3 (Benetti et al, 2007; Pannetier et al, 2008).
In addition to its role in replication origin licensing, it has been
proposed that ORCA could also mediate heterochromatin formation
by associating with these repressive marks and regulating their depo-
sition on chromatin through the interaction with the enzymes respon-
sible for these marks (Giri & Prasanth, 2015). In agreement with
these results, we observed a strong decrease of H4K20me3 at late-
firing origins in ORCA-depleted cells (Fig 6). Since H3K9me3 appears
as a prerequisite for the subsequent H4K20me3 (Schotta et al, 2004),
we therefore propose that the initial recruitment of ORCA could
depend on H3K9me3 and the subsequent appearance of H4K20me3
signal at some origins would serve to reinforce and stabilize ORCA
binding to these specific sites, which in turn is pivotal to ensure an
appropriate loading of pre-RC complex and proper replication timing
in more condensed regions of the genome. It is also interesting to note
that the decrease of H4K20me3 mark is generally associated with a
negative cancer prognosis (Koturbash et al, 2012), suggesting that
the observed alterations in heterochromatin replication upon loss of
Suv4-20h and H4K20me3 could contribute to malignant transforma-
tion. Consistent with this possibility, Suv4-20h-null cells exhibit a
high sensitivity to stress conditions resulting in abnormal mitotic
chromosome behavior and genome instability (Schotta et al, 2008;
Hahn et al, 2013), two hallmarks of pre-cancerous cells that can be
the consequences of reduced origin activity and delayed late-
replication domains (Donley & Thayer, 2013).

Because of the cell-cycle regulation of PR-Set7 activity, H4K20mel
is mainly synthesized during G2/M transition and converted to
H4K20me2/3 afterward, leaving H4K20 largely un-methylated after
replication and during most of the G2-phase (Saredi et al, 2016). This
cell-cycle regulation is essential to prevent premature origin licensing
and re-replication during S/G2-phase (Tardat et al, 2010), as con-
firmed by our results with H4K20A mutant (Fig 1). However, the
reset in H4K20 methylation states after each round of DNA replica-
tion could also provide a window of opportunity for changes in the
chromosomal distribution of H4K20 methylation and thus in the
choice of active replication origins among several potential origins.
Indeed, late-firing origins are generally cell type specific and varia-
tions in replication timing are controlled primarily at the level of
origin activity and often associated with chromatin structure changes
that drive cell differentiation (Smith et al, 2016). Determining how
PR-Set7 and Suv4-20h enzymes find their specific targets on chro-
matin will therefore be exciting and fruitful research avenues to focus
on and help to unravel the epigenetic mechanisms that regulate the
usage of late-firing origins in each cell lineage.

Materials and Methods

Plasmids and shRNA constructs

pPCDNA-UAS(5X)-LUC, pMSCV PR-SET7FY/A%  and PMSCV PR-
Set7FY/AASETMUL wware previously described (Tardat et al, 2010).
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pQCXIP H4WT was generated by cloning the histone H4 cDNA and a
C-terminal 3x FLAG sequence as an Agel-Notl fragment into the
pQCXIP vector (Clontech). pQCXIP H4**%* substitution mutant was
generated by site-directed mutagenesis (Agilent). pQCXIP GAL4-
PRSet7 and pQCXIH 3xFlag-ORC2, ORCA, MCM2, and MCM5 were
generated as described for pQCXIP H4W'. pDEST-ZEO-GAL4P5P-RfA
plasmid was first generated by cloning GAL4°®" and RfA sequences
into pCDNA3-ZEO and subsequently used to shuttle PRSet7™T
and PR-Set7ET™  sequence from pDON221 vectors using
clonase LR in order to generate pZEO-GAL4-PR-Set7"' and
PZEO-GAL4-PR-Set7%ET™" " Control and ORCA shRNA lentiviral
constructs (Sigma) were previously described (Chan & Zhang,
2012), and viral production and infection were performed as
described in Tardat et al (2007).

Cell culture and establishment of stable cell lines

Cells were grown in Dulbecco’s modified Eagle’s medium (Invitro-
gen) with 10% fetal bovine serum (Sigma). For Suv4-20h inhibition
in human cells, A-196 (Sigma) was added to a final concentration
of 5 uM. Primary mouse embryonic fibroblast cells with inducible
deletion of Suv4-20h1 (E364.2) were established by standard
procedures from Suv4-20h17°%~; Suv4-20h2~/~; Cre-ER embryos
at E13.5 as described previously (Hayashi & McMahon, 2002;
Schotta et al, 2008). As oxidative stress is associated with the loss
of Suv4-20h enzymes (Schotta et al, 2008), MEFs*%4?  were
cultured under low oxygen conditions in a tri-gas incubator
containing 2% O, and 5% CO,. FLAG-tagged pre-RC protein
expression was established by transduction with the appropriate
PQCXIP retroviral vectors. Deletion of floxed Suv4-20h1 allele in
MEF364.2 lines was achieved by treatment with 4-hydroxytamox-
ifen (1 uM) for 48 h. Establishment of GAL4 and GAL4-PR-Set7WT
and GAL4-PRSet7°ET™"expressing HEK293 EBNA1" cell lines
were established by transfection of pZEO vectors followed by
Zeocin selection (20 pg/ml).

Fluorescence-activated cell sorting (FACS) analysis

Cells were prepared as described previously (Tardat et al, 2010).
For cell-cycle analysis, cells were washed with PBS and resuspended
in PBS containing 7-amino-actinomycin D (Sigma) and RNase A
(100 mg/ml) for 4 h at room temperature. Samples were run on a
FACSCalibur (Becton Dickinson) and data analysis was performed
using Flowjo software (Tree Star).

ChIP-gPCR

ChIP experiments with MEFs were performed as described previ-
ously (Tardat et al, 2010). ChIP-gPCR on EBV episomes was
performed with transfected HEK293 EBNA1™ cell lines. Detailed
methods and primer sequences used for qPCR are available in
Appendix Supplementary Methods. ChIP was performed with
300 pg of sheared chromatin with the appropriate antibody as
follows: anti-GAL4 (Santa Cruz), anti-FLAG M2 (Sigma), anti-
H4K20mel (Diagenode), anti-H4K20me3 (Abcam and Diagenode),
anti-ORCA (Bethyk), and anti-MCM (Ritzi et al, 2003). Quantitative
PCR analysis was performed using the Roche LightCycler 480
System and the SYBR Green I Master (Roche) according to the
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manufacturer’s instructions. Quantitative PCR values were calcu-
lated as fold enrichment relative to isotype IgG control.

Nascent DNA strand purifications and analysis

Nascent strands (NS) were purified as described previously (Cayrou
et al, 2011). Briefly, after extraction by DNAsol, NS are crudely
separated from genomic DNA by sucrose gradient. Fractions of
interest containing NS were then processed by the lambda exonucle-
ase to eliminate contaminating DNA. Three samples were collected
from three independent cell cultures. Control was obtained after
treatment of the high sucrose fractions (which do not contain NS)
by lambda exonuclease digestion, in order to remove lambda
exonuclease artefactual digestion. NS levels at specific origins were
then evaluated by PCR wusing specific sets of primers
(Appendix Table S2) with the Roche LightCycler 480 System and the
SYBR Green I Master (Roche).

Immunoblot analysis and small-scale biochemical fractionation

The following antibodies were used: anti-PRSet7 (1:1,000, Cell
Signaling), anti-H4 and anti-H4K20mel, me2, me3 (1:1,000, Cell
Signaling), anti-H4 acetylation (Active motif, 1:1,000), anti-
H3K9me3 (1:1,000, Abcam), anti-FLAG (1:1,000, Sigma), anti-
H3K4me3 (1:1,000; Abcam), anti-H3K27me3 (1:2,000; Upstate),
anti-GAL4P®P (1:10,000, Santa Cruz), anti-MEK1 (1:1,000, Milli-
pore), anti-HCF-1 (1:5,000), anti-ORCA (1:1,000, Bethyl), and anti-
MCM (Cell Signaling). Small-scale biochemical fractionation to
purify chromatin-enriched fraction was prepared with 107 cells as
described previously (Tardat et al, 2010).

Plasmid replication assay

Detailed protocol is available in the Appendix Supplementary Meth-
ods. GFP-positive reporter plasmids (1 png) were transfected into
HEK293 EBNA1" cell line stably expressing the respective GAL4-
fusion protein using Lipofectamine 2000 (Life technologies). Trans-
fections with comparable efficiencies were verified by visualizing
GFP-positive cells. Six days post-transfection, cells were harvested
according to the HIRT protocol (Gerhardt et al, 2006). After centrifu-
gation (2,000 x g) for 1 h at 4°C, DNA was purified by phenol-chlo-
roform extraction and digested with 40 U Dpnl (NEB) in the
presence of RNase (Roche). Digested DNA (300 ng) was electropo-
rated into Electromax DHI10B competent cells (Invitrogen) and
ampicillin-resistant colonies, representing the number of recovered
plasmids, were counted. The FR-DS plasmid was always transfected
in parallel, and the number of resulting colonies was used for
normalization. Statistical analysis of replication efficiency was
performed using paired Student’s t-test.

Replication-timing analysis

A detailed method is provided as Appendix Supplementary Meth-
ods. Briefly, 30 x 10° cells were incubated with BrdU for 1 h
before ethanol fixation. Fixed cells were sorted into early and late
S-phase fractions using INFLUX 500 (Cytopeia BD Biosciences).
After lysis and anti-BrdU immunoprecipitation, whole-genome
amplification was conducted (WGA, Sigma) and early and late
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neo-synthesized DNAs were labeled with Cy3 and Cy5 ULS mole-
cules (Genomic DNA Labeling Kit, Agilent). The hybridization was
performed according to the manufacturer’s on
4 x 180K mouse microarrays (SurePrint G3 Mouse CGH Microarray
Kit, 4 x 180K, AGILENT Technologies, reference genome: mm9).
Microarrays were scanned with an Agilent High-Resolution C
Scanner using a resolution of 2 pm and the autofocus option.
Feature extraction was performed with the Feature Extraction 9.1
software (Agilent technologies). Analysis was performed with the
Agilent Genomic Workbench 5.0 software. The log, ratio timing
profiles were smoothed using the Agilent Genomic Workbench 5.0
software with the Triangular Moving Average option (500-kb
windows). The analysis of replication-timing data was performed
using algorithms from CGH applications (Agilent Genomic
Workbench 5.0 software), particularly the aberration detection
algorithms (Z-score with a threshold of 1.8) that define the bound-
aries and magnitudes of the regions of DNA loss or gain correspond-
ing to the late- and early-replicating domains, respectively. A
Student test (t-test) was performed on the average of the log2 values
of every domain with R program 3.2.3 and significant difference is
annotated when P-value < 10~2. The intersection with different data
sets was performed with GALAXY tools and t-test was performed to
identify significant differences. The microarray data have been
deposited in the Gene Expression Omnibus (GEO) (accession no.
GSE69084). Positions of genes used for gene coverage come from
RefSeq mm9. Positions of H3K27ac peaks used for coverage come
from GSM1631248 (GEO database). Positions of H3K9me2 peaks
used for coverage come from GSM887877 (GEO database).

instructions

Expanded View for this article is available online.
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