
The HP1–p150/CAF-1 interaction is required for
pericentric heterochromatin replication and S-phase
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The heterochromatin protein 1 (HP1)-rich heterochromatin domains next to centromeres are crucial for chromosome segregation
during mitosis. This mitotic function requires their faithful reproduction during the preceding S phase, a process whose mechanism
and regulation are current puzzles. Here we show that p150, a subunit of chromatin assembly factor 1, has a key role in the
replication of pericentric heterochromatin and S-phase progression in mouse cells, independently of its known function in histone
deposition. By a combination of depletion and complementation assays in vivo, we link this unique function of p150 to its ability
to interact with HP1. Absence of this functional interaction triggers S-phase arrest at the time of replication of pericentromeric
heterochromatin, without eliciting known DNA-based checkpoint pathways. Notably, in cells lacking the histone methylases
Suv39h, in which pericentric domains do not show HP1 accumulation, p150 is dispensable for S-phase progression.

Genomic DNA in the nucleus of a eukaryotic cell is packaged into
chromatin, a nucleoprotein complex, whose fundamental unit is the
nucleosome. This basic building block consists of a core particle (146
base pairs of DNA wrapped around a histone octamer1) and linker
DNA. Additional chromatin proteins and further folding of the
nucleosomal template contribute to the formation of specific chroma-
tin domains such as those corresponding to centromeric heterochro-
matin, which are crucial for genome stability2,3. This is exemplified in
mouse cells by the high accumulation of HP1 isoforms at constitutive
heterochromatin domains4. These regions located next to centromeres,
called pericentric heterochromatin, are critical for proper chromosome
segregation5. They consist of repetitive major satellite (pericentric)
DNA sequences and flank repetitive minor satellite (centric) DNA
sequences6. Notably, in mouse cells, the clustering in interphase of
major satellite repeats from individual chromosomes forms distinct
entities easily detected by DAPI (4,6-diamidino-2-phenylindole) stain-
ing5,7. Therefore, maintenance and accurate reproduction of such a
complex heterochromatin structure throughout multiple cell divisions
represents a major challenge to ensure its stability.

Inheritance of functional centromeres demands that, during
S phase, not only does DNA need to be replicated but, concomitantly,
each replicated daughter strand should be incorporated into a whole
domain with its special architecture. These two requirements necessi-
tate both disruption and assembly events, not simply of nucleosomal
organization but also of higher-order structures involving the dis-
placement or incorporation of associated proteins such as HP1. At the
nucleosomal level, replication fork passage displaces parental histones

ahead of the replication fork. Redistribution of the evicted histones on
the two daughter strands in combination with deposition of newly
synthesized histones provides a full nucleosome complement for the
newly replicated DNA8.

Increasing knowledge about histone dynamics and associated
chaperones has improved our understanding of histone displacement
and incorporation9,10. However, in the case of the complex organiza-
tion of constitutive heterochromatin, the mechanisms by which HP1
proteins are displaced and reassociated during replication fork passage
are poorly understood. Fluorescence recovery after photobleaching
(FRAP) experiments have indicated that HP1 binding dynamics differ
in euchromatin and heterochromatin11,12. However, how HP1
dynamics can be controlled to avoid defects in reproduction of the
chromatin structure during replication of pericentric heterochromatin
is an enigma. This is of critical importance given that centromere
identity and function has long been known to be epigenetically
specified by the chromatin structure in particular, rather than by
the DNA sequence itself13. Furthermore, in Schizosaccharomyes pombe,
the identity of centromeric regions depends on the organization of
adjacent pericentric heterochromatin14. To coordinate reproduction of
pericentric heterochromatin with a control of S-phase progression
would thus be advantageous to ensure proper inheritance of these
sophisticated domains.

We reasoned that, in addition to general DNA damage checkpoints,
dynamics of intrinsic chromatin components within these particular
domains could possibly contribute to such a control. Given the high
enrichment and importance of HP1 in pericentric heterochromatin,
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we searched for factors that could establish a link between HP1,
replication and chromatin. The histone chaperone chromatin assem-
bly factor 1 (CAF-1) was of particular interest in this context.
Comprising three subunits in mammals (p150, p60 and p48)8,15, it
was initially identified on the basis of its ability to specifically assemble
nucleosomes in vitro onto newly synthesized DNA during replica-
tion16. It is found in vivo at replication foci17,18, and this can be
accounted for by the fact that its largest subunit p150 interacts directly
with PCNA19,20. In addition, the same CAF-1 subunit possesses the
interesting property of directly binding to HP1b in vitro21. Structural
analysis revealed that this interaction takes advantage of a key domain
in p150 called the Mod-interacting region (MIR) and a cognate motif
conserved in the three mammalian HP1 isoforms (a, b and g)22. This
recognition applies to the different HP1 isoforms and can explain
interactions of HP1 proteins with p150 in vivo21, in particular the
ability of p150 to stabilize a replicative pool of HP1 proteins at hetero-
chromatin during replication23. Notably, isolation of nuclear HP1
complexes showed that they contain CAF-1 without detectable histone
H3-H4 (ref. 23), and thus are distinct from H3.1 complexes in which
CAF-1 is also present24. In light of this link between CAF-1, HP1 and
the organization of particular replication domains, we investigated
whether this sole interaction has an impact on replication progression.

We report that the largest subunit of CAF-1, p150, is uniquely
required for the progression of S phase in mouse cells, independent of
its ability to promote histone deposition but dependent on its ability
to interact with HP1. We discuss how this HP1–CAF-1 interaction
module functions as a built-in replication control for heterochroma-
tin, which, like a control barrier, has an impact on S-phase progression
in addition to DNA-based checkpoints.

RESULTS
p150 but not p60 is required for S-phase progression
To dissect the cellular response to CAF-1 loss of function in
mouse 3T3 cells, we examined the effect of small interfering RNA
(siRNA)-mediated individual knockdown of p150 or p60 subunits.
Immunofluorescence and western blot analysis showed that more than
90% of p150 and p60 were depleted 72 h after transfection with siRNA
duplex (Supplementary Fig. 1a,b online). Remarkably, depletion of
individual subunits led to the same loss of CAF-1–dependent nucleo-
some assembly activity, as shown by an in vitro supercoiling assay
(Supplementary Fig. 1c), but the outcome in terms of cellular fate
was different. The depletion of p150 alone prevented cell proliferation,
and analysis of DNA content by flow cytometry revealed an accumu-
lation of cells in S phase 48–72 h after transfection (Supplementary
Fig. 1d and ref. 23). Beyond 72 h, we observed cell death, with an
increase of cellular debris and a concomitant decrease in the number
of adherent cells. This is consistent with data obtained using domi-
nant-negative p150 or siRNA interference in human cells25,26 and with
a p150 conditional knockout in chicken DT40 cells27. In contrast, p60
depletion, which did not appreciably affect the level of p150 (Supple-
mentary Fig. 1a,b), did not alter the cell-cycle profile (Supplementary
Fig. 1c) and did not promote cell death, although we saw a slight
decrease in cell proliferation, as reported for human cells28.

We characterized the S-phase arrest in p150-depleted cells, taking
advantage of the well-defined spatiotemporal organization of sites of
DNA replication (identified by bromodeoxyuridine (BrdU) incor-
poration and/or proliferative cell nuclear antigen (PCNA) staining)
in mouse cells23,29. Following release of 3T3 cells into S phase,
characteristic profiles are observed through time: first, early S-phase
patterns with a high density of small foci spread throughout the
nucleus; then, mid-late S–phase patterns with a typical ring-shaped
labeling around pericentric heterochromatin domains; and finally, late
S-phase patterns with a few large dots located mainly at the nuclear
periphery23 (Fig. 1a,b).

We first analyzed S-phase progression in control, p150- and
p60-depleted cells during the time window before cell death, that is,
48–72 h after transfection (Fig. 1a,b). We found that the proportion of
p150-depleted cells with the early S-phase pattern increased, whereas
the proportions of mid-late and late S–phase cells decreased about
three-fold compared to control cells (Fig. 1c). In contrast, p60
depletion did not alter the proportion of cells in early, mid-late and
late S phase (Fig. 1c). Notably, inactivation of p60 did not interfere
with p150 localization at sites corresponding to early, mid-late and late
replication (Supplementary Fig. 1e), indicating that our experimental
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Figure 1 Depletion of p150 but not p60 leads to accumulation of cells in

early S phase. (a,b) The pattern of BrdU incorporation (red) in S-phase cells

after knockdown of individual p150 (a) or p60 (b) CAF-1 subunits (green)

was revealed by immunofluorescence. In each case, control staining was

performed on cells transfected with control siRNA (sicont). p150 and p60

immunostaining and BrdU incorporation are shown together with DAPI

staining and merge images. The identification of early, mid-late and late

S–phase patterns was based on characteristic patterns as previously

defined23. The scale bar indicates 10 mm. (c) Pie charts show quantitative

analysis of the proportion of S-phase cells in early, mid-late and late S–

phase (percentage within S phase) following transfection with control siRNA

or siRNA against p150 or p60. S-phase patterns were scored by BrdU

incorporation and PCNA immunostaining as indicated. Gray and black arc

lines on the left of the pie charts indicate unaltered and altered proportions

of mid-late and late S–phase nuclei, respectively. Numbers represent the
mean of five independent experiments (n ¼ 200 S-phase nuclei by

experiment) with a s.d. of ±4 for early S phase, ±2 for mid-late S phase

and ±2 for late S phase.
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approach affects one subunit without affecting the other and that p150
could fulfill a function at replication sites independently of p60. We
conclude that, in mouse cells, p150 (but not p60) is specifically
required for progression beyond early S phase.

p150 depletion does not elicit detectable DNA damage
The S-phase block and impaired cell proliferation observed upon p150
depletion was previously attributed to the activation of the DNA
damage checkpoint in human cells25,26. Indeed, when the function of
CAF-1 is compromised, incorrect assembly of DNA into nucleosomes
during replication might lead to the accumulation of excessive
amounts of naked DNA, potentially prone to damage, which could
trigger activation of ‘general’ DNA damage checkpoint pathways.
However, according to this scenario, p60 depletion should produce
a similar outcome for cell-cycle progression as p150 depletion, given
that both subunits are crucial for de novo nucleosome assembly on
naked DNA in vitro8,26,30 and that depletion of either of them
impaired CAF-1–mediated nucleosome assembly in vitro (Supple-
mentary Fig. 1c). This is not what we observed (Supplementary Fig.
1c,d, and refs. 28,30). Thus, in our cellular model, impaired S-phase
progression upon p150 depletion may not necessarily result from a
defect in CAF-1 nucleosome assembly function, as initially assumed.

We examined the nucleosomal status of both total DNA and newly
replicated DNA in vivo within p150- and p60-depleted cells by
micrococcal nuclease (MNase) digestion. We observed a similar
increase in nuclease sensitivity for both p150- and p60-depleted cells
when compared to control, indicating that in the absence of CAF-1
in vivo nucleosomal organization was affected (Fig. 2). This is
consistent with the loss of the nucleosome-assembly function of
CAF-1 in p150- and p60-depleted cells (Supplementary Fig. 1c).
Notably, a nucleosomal ladder was still detected in p150- and p60-
depleted cells (Fig. 2), indicating that, in vivo, nucleosome assembly
on replicated DNA can proceed to some extent without CAF-1.
This suggests that a major exposure of naked DNA is unlikely
and is consistent with undetectable DNA degradation in p150-
and p60-depleted cells, as visualized by alkaline gel electrophoresis
(Supplementary Fig. 2a online). It remained possible that low

amounts of naked DNA leading to DNA damage below our detection
limits may still have been exposed and have elicited a ‘general’ DNA
damage checkpoint. However, neither immunofluorescence (Supple-
mentary Fig. 2b–d) nor western blot analysis (Supplementary
Fig. 2e) detected increased phosphorylation of H2AX, p53 and
Chk1, as indicators of checkpoint activation31–33, following p150 or
p60 depletion. We thus conclude that DNA damage checkpoints were
not activated to levels generally observed for S-phase arrest as a
consequence of DNA damage33.

Therefore, under our experimental conditions, the failure of mouse
cells to progress through S phase when p150 is depleted cannot be
attributed to the activation of a ‘general’ DNA damage checkpoint as a
consequence of defects in nucleosome assembly. Furthermore, given
that either p60 or p150 depletion led to similar defects in nucleosome
assembly in vitro (Supplementary Fig. 1c) and in vivo (Fig. 2), but
that lack of p60 did not alter S phase, our data suggest that p150, in
addition to its role in nucleosome assembly, has an additional role that
influences progression of cells beyond early S phase.

Centromeric DNA is not replicated in p150-depleted cells
To gain insight into this possible role, we first analyzed possible defects
in elongation during S phase. We used pulse-chase labeling with BrdU
and biotinyl-16 dUTP (BiodU) to compare replication fork progres-
sion in p150-depleted and control cells. The spatial separation of
the two labels into different foci is a direct reflection of the rate
of replication elongation (Fig. 3a and Supplementary Methods
online)18. Therefore, a reduced replication fork progression manifests
as persistent colocalization of both labels. Persistent colocalization of
BrdU and BiodU labeling in cells exposed to hydroxyurea, leading to
replication arrest, validated that our assay efficiently revealed reduced
replication fork progression (Supplementary Fig. 3a and Supplemen-
tary Methods online). Because p150-depleted cells arrest at the transi-
tion from early to mid-late S phase (Fig. 1c), only the early S-phase
replication pattern could be monitored. For comparison of colocaliza-
tion persistence, we therefore analyzed early S–phase patterns in p150-
depleted and control cells. We found that, within the resolution limits
of our approach, replication fork progression during early S phase was
similar in p150-depleted and control cells, suggesting that defects in
p150-depleted cells cannot relate to an impact on the global replica-
tion machinery (Fig. 3a, below). These data are in contrast to the
response to hydroxyurea, in which early S–phase replication is affected
(Supplementary Fig. 3a) without changing the proportion of S-phase
replication profiles (Supplementary Fig. 3b). Taken together, these
results suggest that the impaired S-phase progression in p150-depleted
cells could reflect a defect beyond early S phase and specific to
mid-late and/or late S phase.

To investigate such replication defects, we focused our attention on
satellite DNA sequences for which replication timing had already been
documented in 3T3 cells7,23. Major satellite sequences in pericentric
regions (enriched in HP1) first replicate in mid-late S phase followed
by minor satellite sequences in centric regions (low HP1)7. Using
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Figure 2 Nucleosomal organization in p150- and p60-depleted cells.

Analysis of MNase-digestion patterns of nuclei isolated from cells

transfected with siRNA against p150 (above) or p60 (below) and

corresponding control cells transfected with control siRNA (sicont). Total
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against p150 and p60 (magenta) are shown. Profiles are normalized to the
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real-time quantitative PCR, we measured the relative amounts of these
satellite sequences using DNA extracted from control cells and p150-
depleted cells. As an early-replicating control DNA sequence, we used
the a-globin gene34. An identical number of PCR cycles was required
for amplification of the a-globin gene from serially diluted DNA
extracted from control and p150-depleted cells (Fig. 3b, left), con-
sistent with the absence of a defect in replication fork progression for
early S–phase patterns in p150-depleted cells (Fig. 3a). In contrast,
amplification of the major and minor satellite sequences reproducibly
required an additional cycle when using DNA from cells lacking p150
(Fig. 3b, left). Thus, we observed a two-fold reduction in major and
minor satellite DNA in cells lacking p150 when compared to control
cells (Fig. 3b, right). These data demonstrate that depletion of p150
does not affect replication of an early-replicating gene (a-globin) but
impairs replication of both pericentric and centric satellite DNA
replicating in mid-late and late S phase, respectively. This is consistent
with the decrease of mid-late and late-replication profiles when p150
is depleted (Fig. 1c). Furthermore, they strongly support the idea that
loss of mid-late and late-replication patterns can be attributed to a
true replication defect, rather than disruption of their spatial organi-
zation. We conclude that replication of pericentric and centric DNA
specifically requires p150.

Interaction of p150 with HP1 is required for S-phase progression
Depletion of p150 impaired replication of HP1-enriched hetero-
chromatin, and p150 is the only subunit of CAF-1 that interacts
with HP1 (ref. 21). This led us to hypothesize that the requirement of
p150 for S-phase progression resides in the link between p150 and
HP1 rather than in the nucleosome-assembly function of CAF-1. We
thus investigated whether impairing the interaction between p150 and
HP1, without affecting the ability of p150 to support histone deposi-
tion, is sufficient to cause an S-phase arrest similar to p150 depletion.
The MIR domain of p150 (Mod-interacting region, PVVVL motif in
mouse) is critical for interaction with HP1 (refs. 21,22) but dispen-
sable for nucleosome assembly and interaction with known p150
partners including PCNA, p60 and MBD1 (refs. 8,20,35,36; Fig. 4a).
We established 3T3 cell lines stably expressing GFP fusion constructs
of wild-type p150 (GFPp150WT) and p150 mutants lacking the

PVVVL motif (GFPp150DPVVVL) (Fig. 4a). Notably, these fusion
proteins accumulate at replication foci and produce early, mid-late
and late S–phase patterns, as visualized by GFP fluorescence (data not
shown and Supplementary Fig. 4a online) and their expression
did not affect the cell cycle (Supplementary Fig. 4b). We verified
that, whereas GFPp150WT associates with endogenous HP1 like
endogenous p150, GFPp150DPVVVL does not (Supplementary
Fig. 4c). However, both WT and DPVVVL mutant GFPp150 fusion
proteins were competent for nucleosome assembly (Supplementary
Fig. 4d).

We then designed an siRNA targeting the 5¢ untranslated region
(UTR) of the endogenous p150 in order to deplete the endogenous
p150 without affecting the exogenous fusion proteins, whose mRNAs
lack the 5¢ UTR, enabling us to generate cells dependent on the
expression of the GFPp150WT or GFPp150DPVVVL (Fig. 4b,c,
combinations I and IV). In contrast, siRNA targeting p150 leads to
depletion of both endogenous p150 and exogenous GFPp150 fusions
(Fig. 4b,c, combinations III and VI). Notably, these GFPp150 fusions
were expressed at levels comparable to endogenous p150 in each cell
line (Fig. 4c).

When the endogenous p150 was specifically depleted (si5¢ UTR),
cells expressing the integrated GFPp150WT were not affected and
behaved essentially like control cells (Supplementary Fig. 4e, 5¢ UTR,
combination I). In contrast, cell proliferation was severely affected in
cells expressing the GFPp150DPVVVL (Supplementary Fig. 4e,
5¢ UTR, combination IV), similar to what is obtained upon depletion
of both endogenous and exogenous p150 (Supplementary Fig. 4e,
sip150, combinations III and VI). Thus, the region of p150 necessary
for interaction with HP1 is crucial for cell proliferation.
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We focused on adherent cells (48–72 h after transfection) in which
we could monitor S-phase progression. Depletion of both endogenous
and exogenous p150 resulted in an increase in early S–phase patterns
and a decrease of the mid-late and late S–phase patterns when
compared to control cells (Fig. 4d, compare combinations III and
VI with II and V), as observed in 3T3 cells (Fig. 1c). The selective
depletion of endogenous p150 in cells expressing GFPp150WT did not
affect the normal proportion of S-phase patterns (Fig. 4d, compare
combination I with II). In contrast, depletion of endogenous p150 in
cells expressing GFPp150DPVVVL led to an alteration of S-phase
patterns in a manner comparable to the effect of endogenous p150
depletion (Fig. 4d, compare combination IV with VI). Taken together,
these data show that the GFPp150WT fusion protein can compensate
for the loss of the endogenous p150, but the lack of the HP1-
interaction domain in GFPp150DPVVVL prevents compensation of

the loss of endogenous p150, although GFPp150DPVVVL is proficient
for nucleosome assembly. We thus conclude that, in 3T3 cells, the
ability of p150 to support nucleosome assembly is not sufficient to
ensure progression through mid-late and late S phase and rather that
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Figure 1c. Combination used for selective expression of exogenous GFPp150 fusion proteins and/or endogenous p150 is indicated in Roman numbers below.

Numbers represent the mean of three independent experiments (n ¼ 200 S-phase nuclei per experiment) with s.d. identical to that detailed in Figure 1c.
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Figure 5 S-phase progression is not perturbed in Suv39h dn MEF cells.

(a) Experimental scheme showing the use of wild-type MEFs (left) with HP1

enrichment at pericentric heterochromatin domains or Suv39h dn MEFs

(right) without HP1 enrichment at pericentric heterochromatin domains.

Representative HP1a and corresponding DAPI stainings are shown. Insets

show two-fold magnifications of selected individual domains (arrows). Scale

bar, 5 mm. (b) Flow-cytometry analysis of the DNA content of wild-type

MEFs (top) and Suv39h dn MEFs (bottom) transfected with miRNA control
(micont, left) or miRNA targeting p150 (mip150, right). Profiles from GFP-

negative cells (black) and GFP-positive cells (green) are overlayed. (c) Pie

charts show quantitative analysis of the proportion of S-phase profiles scored

based on PCNA immunostainings as in Figure 1c, in wild-type (top) and

Suv39h dn (bottom) MEFs transfected as in b. Numbers represent the mean

of two independent experiments (n ¼ 150 S-phase nuclei per experiment)

with s.d. identical to that detailed in Figure 1c.
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it is its ability to interact with HP1 that is a key limiting parameter at
this stage of S phase.

Requirement for p150 is alleviated in Suv39 dn cells
We reasoned that, if the critical role of p150 is connected to its
interaction with HP1, then reduction of HP1 concentration at peri-
centric domains should alleviate the requirement for p150 during S
phase. We took advantage of mouse embryonic fibroblasts (MEFs)
derived from Suv39h double-null mutant mice (Suv39h dn)37 in which
the lack of Suv39h histone H3K9 trimethylases leads to a loss of HP1
localization at pericentric heterochromatin domains38 (Fig. 5a).
Because we could not efficiently transfect MEFs with siRNA duplex,
we transfected cells with a plasmid encoding a microRNA (miRNA) to
downregulate p150, and GFP to enable identification of the trans-
fected cells expressing the p150 miRNA. To validate this approach, we
verified by immunofluorescence that 72 h after transfection 90% of
GFP-positive MEFs or 3T3 cells were depleted of p150 (Supplemen-
tary Fig. 5a,b online) and that 3T3 cells depleted by this method
showed the same phenotype as those depleted by siRNA (Supple-
mentary Fig. 5d,e). Flow cytometry analysis of the DNA content
revealed that in wild-type MEFs p150 depletion resulted in S-phase
arrest. In contrast, Suv39h dn MEFs depleted of p150 did not show any
changes when compared to nontransfected cells or cells transfected
with the plasmid expressing the miRNA control (Fig. 5b). Further-
more, changes in the proportion of S-phase patterns found for the
wild-type MEFs were not detected in the Suv39h dn MEFs (Fig. 5c).
These data further support the idea that in mouse cells the crucial role
of p150 for S-phase progression is directly linked to the presence of
HP1 enrichment at pericentric heterochromatin domains.

DISCUSSION
Our results reveal that the p150 subunit of CAF-1 possesses a unique
function that is crucial for S-phase progression in mouse cells. This
function, distinct from the known property of the whole CAF-1
complex to promote histone deposition, relies on a key HP1–p150
interaction module, underlining the fact that the CAF-1 complex
should be considered not only as a histone-deposition complex (which
requires all three subunits), but also as a multitasking factor that
integrates information via individual subunits. We propose that p150
provides a novel type of control at regions enriched in HP1, and thus
we call it a built-in heterochromatin control of replication. By
efficiently coordinating HP1 dynamics and replication fork progres-
sion, this mechanism would ensure reproduction of specialized
chromatin structures present at key regions of the genome.

Most importantly, our data reveal that in mouse cells, even if CAF-1
is able to promote nucleosome assembly, lack of interaction between
p150 and HP1 is critical and prevents S-phase progression. Formally,
the defect could result from impaired preinitiation, initiation or
elongation events. Given that p150 recruitment to replication foci
is supposed to depend on its interaction with PCNA19,20, and
that loading of PCNA occurs post-initiation39, we favor the idea
of a requirement for p150 in elongation. We cannot, however,
exclude the possibility that p150 could be recruited earlier by an
unknown mechanism.

Regions in the genome with complex chromatin organization could
potentially impose structural constraints that, if not relieved, prevent
replication fork progression without possible bypass. In HP1-rich
regions, the unique properties of p150 could be used to facilitate
passage of the replication fork. This would involve displacing HP1
from the chromatin ahead of the replication fork and transferring it
onto newly replicated DNA behind the fork, in order to transiently

and locally relieve constraints that are imposed or maintained by HP1.
Such an acceptor/donor role for p150 is supported by the finding that
the HP1–CAF-1 complex is highly dynamic in vivo23 and that CAF-1
promotes deposition of HP1b on nascent chromatin in vitro21.

The importance of this additional function of p150 for S-phase
progression and ultimately cellular viability is likely to depend on the
cell type and the organism, considering in each case the features of
their heterochromatin. The requirement of p150 for the replication of
HP1-rich regions could be highest during early development in mice.
Indeed, knockout of p150 is lethal during mouse preimplantation
development at a time when HP1-enriched pericentric heterochroma-
tin domains are normally established in clusters to form DAPI-dense
dot structures after the 8–16-cell stage40. In the context of cells with less
complex heterochromatin domains, such p150-dependent function
would not necessarily be so crucial. For example, in Arabidopsis
thaliana, centromeric domains are not clustered, and CAF-1 mutants
are viable41. The same could apply to chicken DT40 cells, in which the
interaction of p150 with HP1 in DT40 cells is not required for cell
viability27. One should note, however, that in both organisms lack of
p150 results in mitotic and heterochromatin defects27,42,43, still in line
with a role of p150 in heterochromatin. The biological context
(organism, cell line and developmental stage) could determine the
extent to which defects in nucleosomal organization and/or the control
of the replication of HP1-rich domains will affect viability.

In chicken, mouse and human tissue-culture cells, depletion of
CAF-1 affects in vivo nucleosomal organization (refs. 27,30 and this
study) and this can cause DNA damage, checkpoint activation and cell
death25,26. This could explain why the lack of p150 or altered p150
function can prove to be lethal even in the absence of clustered
centromeric HP1 domains in DT40 cells27, human cells25,26 and early
(before the mid-blastula transition (MBT) stage) developing Xenopus
embryos44. In the case of mouse cells where pericentric heterochro-
matin domains from several chromosomes associate in clusters,
replication of these HP1-rich domains could create a higher demand
for the p150–HP1 interaction module, forming a barrier preventing
S-phase progression in absence of this module. This would occur
before the accumulation of defects in nucleosome assembly, which
would in turn lead to activation of a ‘classical’ DNA-based checkpoint
and S-phase arrest. One could also envisage a higher tolerance to the
lack of CAF-1–mediated nucleosome assembly as a result of compen-
sating nucleosome-assembly activities, as in S. cerevisae, where CAF-1
is not essential45–47.

Within the limits of detection of the assays, we did not observe a
‘general’ DNA damage checkpoint activation in the S-phase arrest
following p150 depletion. This excludes the possibility that the trigger
for the S-phase arrest relates to sensing DNA damage directly or
indirectly48. This is reminiscent of a situation in S. pombe where the
replication fork barrier RTS1 can block replication fork progression
without involving a classical DNA-based checkpoint activation49,50.
An S-phase arrest resulting from steric hindrance ahead of the
replication fork that physically blocks progression would prevent
uncoupling between the DNA-unwinding and polymerase activities
at the fork, and thus prevent the generation of replication factor A–
coated single-stranded DNA51 as a signal for checkpoint activation52.
In the case of heterochromatin domains, such a control would prevent
exposure of long stretches of repetitive DNA during replication that
would be prone to aberrant recombination and pose a threat to
genome stability3. Notably, in addition to affecting regions enriched in
HP1, our data reveal that replication of the late-replicating minor
satellite DNA repeats at which HP1 does not accumulate7 are also
affected when p150 is depleted, suggesting that a mid-late S–phase
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replication defect impacts on subsequent replication events possibly by
inhibiting late-replication firing53,54, but without a classical check-
point activation.

Notably, S phase is delayed in response to depletion of the histone
chaperone Asf1 without classical DNA-based checkpoint activation55.
In this case, Asf1, via an interaction with the putative helicase MCM2-7
and histones, would ensure coordination of parental nucleosome
disruption ahead of the fork and reassembly behind with replication
fork progression55. At pericentric heterochromatin, p150 may have a
role reminiscent of that of Asf1 to coordinate replication fork progres-
sion and HP1 dynamics ahead and behind the fork through its
interaction with PCNA and HP1. One could envisage that progression
of the replication fork through chromatin requires several interaction
modules, dedicated to specific chromatin components and/or organi-
zation. These interaction modules could provide a means of controlling
S-phase progression at the level of chromatin and be able to delay or
arrest S phase independently of a DNA-based checkpoint.

In conclusion, our data enabled us to reveal the importance of an
HP1–p150/CAF1 module to promote replication of HP1-rich regions
in mouse cells. We propose that it can contribute to a particular
replication control, in addition to the classical DNA-based check-
points, that would operate at key chromosomal regions as a ‘built-in’
lock for heterochromatin replication. In this scheme, the complex
organization of constitutive heterochromatin, central to centromere
function, through its very components (that is, HP1 proteins), would
create a barrier that p150 could help to overcome, and thus control
S-phase progression. This kind of S-phase control would be advanta-
geous to prevent subsequent aberrant mitosis. Although this is the
most simple explanation for our data, we cannot exclude the possi-
bility that, in addition to the release of steric hindrance imposed by
the chromatin organization, CAF-1 may also contribute to other
forms of S-phase control involving chromatin-based checkpoints56.
Whether this novel type of control can apply to other regions of the
genome such as telomeres, where steric hindrance problems may also
arise, and whether it can be exploited to control cell proliferation will
need further investigations.

METHODS
Cells. 3T3 (US National Institutes of Health (NIH)) and MEF cells were grown

in DMEM (Gibco BRL) containing 10% (v/v) FCS at 37 1C and 5% CO2. We

used donor calf serum instead of FCS for Flp3T3 (Invitrogen). We inserted

cDNAs encoding GFPp150WT and GFPp150DPVVVL21 into pcDNA5FRT

plasmid (Invitrogen) to generate Flp3T3 cells stably expressing the GFPp150

fusion proteins (Flp3T3GFPp150WT and Flp3T3GFPp150DPVVVL). As a

positive control for checkpoint activation, we exposed cells to 3 mM hydro-

xyurea for 1.5 h. We prepared total cell extract by resuspending cells in Laemmli

SDS-PAGE sample loading buffer.

siRNA and miRNA treatments. We synthesized and transfected siRNA

duplexes as described23. Plasmids expressing the control miRNA or the miRNA

targeting p150 were constructed according to the Block-iTt Pol II miR RNAi

system (Invitrogen) and transfected using the AMAXA system. We carried out

analyses between 48 h and 72 h after transfection. The sequences of the siRNA

duplexes were as follows: sip150, 5¢-AAGGAGAAGGCGGAGAAGCAG-3¢;
sip60, 5¢-AAAGGUGAACUUGGCAUACCU-3¢; si5¢UTR, 5¢-AAGCCUGAGC

CGCCGCCGCCG-3¢; sicont, 5¢-AAGCUGGAGUACAACUACAACCCUGUC

UC-3¢ (targets GFP). The control siRNA used in experiments involving GFP

fusion proteins (Fig. 4 and Supplementary Fig. 4) was the scrambled II duplex

from Dharmacon (5¢-AAGCGCGCUUUGUAGGAUUCG-3¢).

Immunochemistry and image acquisition. Cells were processed for immuno-

staining as described23. For simultaneous visualization of p150 staining

and GFP, cells were not extracted before fixation. For quantification of early,

mid-late and late S–phase cells, more than 300 nuclei from at least three

independent experiments were scored. We carried out pulse-chase–labeling

experiments with BrdU and BiodU as described18. A DMR-HC (Leica)

epifluorescence microscope equipped with a �63 objective lens and a chilled

CCD camera (CoolSnap Fx, Photometrics) was used for image acquisition.

Analysis of the colocalization of BrdU and BiodU incorporation was performed

using Metamorph software (Universal Imaging); see numerical treatment in

Supplementary Methods.

Micrococcal nuclease digestion and BrdU detection. We carried out digestion

with MNase (30 s, 1 min, 2 min and 5 min) on nuclei isolated from cells pulsed

for 30 min with 40 mM BrdU. Digestion products were analyzed by agarose gel

electrophoresis. Total DNA was visualized by ethidium bromide staining, and

BrdU-labeled replicated DNA was visualized by immunodetection of BrdU

as described57.

Antibodies. See description in Supplementary Methods.

Real-time quantitative PCR. We performed real-time quantitative PCR reac-

tions on DNA extracted from siRNA-treated cells with a Light Cycler PCR

machine (Roche) using the following primer pairs: a-globin forward,

5¢-AAGGGGAGCAGAGGCATCA-3¢; a-globin reverse, 5¢-AGGGCTTGGGAG

GGACTG-3¢ (ref. 34); minor satellite repeat forward, 5¢-GAAAATGATAAAAA

CCACAC-3¢; minor satellite repeat reverse, 5¢-ACTCATTGATATACACTGTT-3¢;
major satellite repeat forward, 5¢-AAATACACACTTTAGGACG-3¢; major satel-

lite repeat reverse 5¢-TCAAGTGGATGTTTCTCATT-3¢. The number of cycles,

corresponding to the start of the log-linear phase of the PCR amplification

(crossing point), was determined using the Light Cycler software.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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