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DNA damage and its repair can cause both local and
global rearrangements of chromatin structure. In
each case, the epigenetic information contained within
this structure must be maintained. Using the recently
developed method for the localized UV irradiation of
cells, we analysed responses that occur locally to
damage sites and global events trigged by local
damage recognition. We thus demonstrate that, within
a single cell, the recruitment of chromatin assembly
factor 1 (CAF-1) to UV-induced DNA damage is a
strictly local phenomenon, restricted to damage sites.
Concomitantly, proliferating cell nuclear antigen
(PCNA) locates to the same sites. This localized
recruitment suggests that CAF-1 participates directly
in chromatin structural rearrangements that occur in
the vicinity of the damage. Use of nucleotide excision
repair (NER)-de®cient cells shows that the NER
pathwayÐspeci®cally dual incisionÐis required for
recruitment of CAF-1 and PCNA. This in vivo demon-
stration of the local role of CAF-1, depending directly
on NER, supports the hypothesis that CAF-1 ensures
the maintenance of epigenetic information by acting
locally at repair sites.
Keywords: chromatin assembly/DNA repair/epigenetics/
UV damage

Introduction

Chromatin structure contains non-genetically encoded,
mitotically heritable epigenetic information, which can
take the form of DNA methylation, de®ned nucleosome
position, speci®c inclusion of variant histones, post-
translational modi®cations of histones and association of
non-histone proteins and RNA (Jenuwein and Allis, 2001;
Turner, 2002). This is essential for the regulation of
genome function to ensure speci®c gene expression
pro®les in different cell types. Therefore beyond genetic
integrity, epigenetic integrity is important to fully preserve
cellular identity. It follows that after any perturbations, the
restoration of chromatin to its original state is crucial.

At the nucleosome level chromatin can be rearranged or
altered in different ways (comprehensively reviewed in
Wolffe, 1998), including: (i) post-translational modi®ca-
tion of histones by a variety of enzymes; (ii) remodelling,
the increase in DNA accessibility performed by multi-
subunit complexes containing a SWI/SNF family ATPase

subunit; and (iii) disruption of nucleosomal structure by
either partial or total removal of histones. Furthermore, in
the nuclear context, chromatin is organized into higher
order structures which can also potentially be altered, by
unfolding or modi®cation of non-histone proteins, for
example. Our understanding of the form of these higher
order structures and therefore their dynamic nature is still
very limited. Nevertheless, at the nucleosomal level it is
clear that chromatin structures are altered during processes
that require access to the DNA, such as replication and
transcription, but also DNA repair (for reviews see
Fyodorov and Kadonaga, 2001; Green and Almouzni,
2002). How the structures disrupted during replication and
transcription can be restored with the maintenance of
epigenetic marks has generated a lot of interest in recent
years. In the context of DNA repair processes, our
understanding of the extent of chromatin structural
changes, as well as the enzymes that perform them and
those that ensure the maintenance of epigenetic informa-
tion after damage to DNA, is less advanced.

NER is a highly conserved DNA repair pathway that
removes bulky lesions, such as those caused by UV light.
Analysis by nuclease sensitivity of repaired DNA in UV-
irradiated cells indicated that the chromatin structure is
rearranged during NER (Smerdon and Lieberman, 1978).
These rearrangements were interpreted as resulting from
changes at the nucleosomal level to allow the repair
machinery to gain access, and subsequent nucleosomal
restoration. The elegant systems available to study NER
in vitro (Biggerstaff and Wood, 1999; Shivji et al., 1999),
initially used to study repair of lesions in naked DNA, were
used to demonstrate the inhibitory effect of the nucleo-
somal organization of DNA on NER, which can partly be
relieved by nucleosome remodelling activities (for reviews
see Thoma, 1999; Green and Almouzni, 2002). Based on
such studies, the `Access Repair Restore' model proposes
that chromatin is inhibitory for repair and hence, in vivo,
alteration of this structure is required in the proximity of
the damage, concomitantly with, or just prior to, repair
(Green and Almouzni, 2002). In addition to the inhibitory
effect of chromatin due to restricted activity of the repair
machinery at target sites, it is also important to consider the
reduced detection of lesions within chromatin. Nucleo-
somal structure severely inhibits the binding of XPC, a
major damage recognition protein for global genomic
repair (GGR), to damaged DNA (Hara et al., 2000). This
raises the following puzzling paradox: during NER,
chromatin rearrangements result from the access require-
ments of repair factors, yet lesions cannot be detected in
chromatin without such rearrangements, therefore repair
cannot be initiated. This is a particular problem for
cyclobutane pyrimidine dimers (CPD) that form within
nucleosome cores, and also for highly compacted regions
of the genome such as heterochromatin, as in both cases the
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damage may be particularly dif®cult to detect. However,
such a detection paradox does not apply to transcription-
coupled repair (TCR), where lesions are detected by
stalling of the transcription machinery (Svejstrup, 2002). It
has therefore recently been proposed that the detection of
lesions during TCR could trigger global relaxation of
chromatin structure throughout the genome, and hence
enhance access of repair factors for GGR (Rubbi and
Milner, 2003). This chromatin relaxation after UV irradi-
ation appears to be independent of the NER repair
machinery but dependent on p53 function, perhaps
operating via the histone acetylase p300. Indeed, p53
was previously shown to be required for ef®cient GGR,
although this was thought to be due to the p53-dependent
induction of proteins that participate directly in repair
(Ford and Hanawalt, 1997; Hwang et al., 1999). In fact the
p53-dependent chromatin relaxation could also be due in
part to indirect effects, as p53 is required for the induction
of Gadd45, a protein that has been suggested to act as an
accessibilty factor, particularly on UV-damaged or
acetylated chromatin (Carrier et al., 1999).

It thus seems that in addition to local chromatin
rearrangements that occur in response to DNA damage
by UV, global chromatin relaxation must also be con-
sidered. In both of these cases some process will be
required to restore the chromatin to its original state in
order to ensure the stability of the epigenetic information.

In the case of UV damage, CAF-1 is currently the best
candidate for a factor involved in the restoration of
chromatin structure after repair. Initially identi®ed by its
ability to assemble nucleosomes onto nascent DNA
strands in an SV40-based in vitro replication system
(Smith and Stillman, 1989), CAF-1 was later shown to
perform assembly of chromatin speci®cally onto plasmids
that have been repaired by NER (Gaillard et al., 1996).
Furthermore, in vitro, CAF-1 can be recruited to UV-
damaged DNA in a PCNA-dependent manner (Moggs
et al., 2000). However, although powerful, in vitro tech-
niques are always limited for the analysis of chromatin as
they never mimic the complexity of the in vivo situation.
Furthermore, because such analyses tend to rely on
analyses of repaired products, it has not been possible to
use such systems to investigate direct links with the NER
process. Supporting the in vitro connection between UV
damage repair and CAF-1, Saccharomyces cerevisiae
strains lacking the orthologues of CAF-1 are sensitive to
UV (Kaufman et al., 1997; Game and Kaufman, 1999). In
addition, in human cells, the chromatin-associated fraction
of CAF-1 increases in response to UV irradiation (Martini
et al., 1998). However, none of the studies to date had
investigated whether CAF-1 function is required locally at
damage sites, tightly linked to NER and its concomitent
chromatin rearrangements, or alternatively whether
CAF-1 participates in some global response to UV
damage, perhaps linked to chromatin relaxation. To
validate the importance of CAF-1 in an in vivo chromatin
context and investigate a speci®c connection with NER in
various mammalian cells, here we used a localized UV
irradiation method to analyse repair sites in vivo. This
allows direct comparison between irradiated and non-
irradiated areas within a single nucleus (MoneÂ et al.,
2001), essential to determine whether CAF-1 acts locally
to the damaged region, or across the whole genome at a

distance from the damage. We demonstrate that CAF-1
and PCNA are concomitantly recruited speci®cally at sites
of UV damage in vivo. This approach was then combined
with the use of NER-defective cells lines (Volker et al.,
2001) to show that CAF-1 recruitment is strictly dependent
upon the incision stages of NER. This late action is
consistent with CAF-1 being involved in the restoration of
chromatin structures that have been locally disturbed
during NER in vivo.

Results

Recognition of DNA damage in vivo and initiation
of repair
Damage caused in vivo by UV irradiation can be detected
by indirect immuno¯uorescence using an antibody that
recognizes CPD, speci®cally thymine dimers (Kamiya
Biomedical) (Figure 1A). To create localized regions of
damage within a single nucleus, HeLa cells grown on
collagen/®bronectin-coated coverslips were covered with
a millipore ®lter before irradiation (MoneÂ et al., 2001;
Volker et al., 2001). The ®lter used absorbs ~98% of the
applied dose, as measured with a dosimeter (Vilber
Lourmat). Throughout our study we applied doses of
between 10 and 200 J/m2 to the ®lter surface, therefore the
average doses applied to the cells ranged from 0.2 to
4 J/m2, although the damage was locally concentrated with
a maximum local dose of 200 J/m2. Such doses were low
enough to permit cell survival after treatment. Localized
damage was detectable immediately after irradiation,
giving a signal that decreased in intensity after prolonged
incubation in growth media at 37°C (Figure 1B). This
decrease was dependent upon the initial dose applied; the
signal was no longer detectable 16 h after a 10 J/m2

irradiation, but was still visible at this time after a 100 J/m2

dose, suggesting repair of CPD was not yet complete after
this time (Figure 1B). Although the CPD signal was
brighter in the cells that had been irradiated at 100 J/m2

than those irradiated at 10 J/m2, this difference was not
striking, probably due to the high senstivity of the antibody
that we use.

Because nucleosomal structure is inhibitory to repair
in vitro, but repair can be enhanced by the addition of
chromatin remodelling factors (Ura et al., 2001; Hara and
Sancar, 2002) and increases in the amounts of acetylated
histones have been detected after UV irradiation of human
cells (Ramanathan and Smerdon, 1986; Brand et al.,
2001), we asked whether changes in chromatin structure
could be detected at damage sites. Speci®cally we looked
for acetylation at speci®c residues of histone H3 and H4
and the recruitment of histone-modifying enzymes such as
GCN5 and p300 or chromatin remodelling proteins such as
ISWI. With the antibodies used we could not detect any
major changes at sites of DNA damage after localized UV
irradiation (data not shown; see Materials and methods for
a list of antibodies). Furthermore, using the same
antibodies we did not detect global changes after localized
irradiation. Of course transient events or other modi®ca-
tions or factors could be involved for which we lack
appropriate antibodies.

We analysed both early (damage recognition) and late
(repair synthesis) stages of NER in our experimental
conditions. The XPC protein is the damage recognition
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protein for NER that operates on non-transcribed DNA
(Batty and Wood, 2000; Volker et al., 2001). Triton-
extracted cells ®xed immediately after local irradiation at
100 J/m2 showed no speci®c enhancement of XPC signal
at the damage sites (Figure 1C). However, 5 min after
irradiation, the association of XPC with damage sites was
clearly visible (Figure 1C). In these HeLa cells this
colocalization was markedly reduced after 30 min post-
irradiation incubation, suggesting that after initial binding
the XPC protein is released from damage sites (Figure 1C).

In vitro, XPC has a high af®nity for 6-4 photoproducts
(Hey et al., 2002), which are repaired more rapidly than
CPD in vivo (Mitchell et al., 1985); this may account for
the rapid loss of XPC association from damage sites.
These data are consistent with recent publications that also
show localized recruitment of XPC to damage sites
(Volker et al., 2001; Wang et al., 2003) the slight kinetic
differences may be due the different cell types used.

Even more rapid than the recruitment of XPC was the
recruitment of another damaged DNA binding protein,

Fig. 1. In vivo formation and repair of localized DNA damage. (A) HeLa cells were UV-irradiated at 100 J/m2, or mock treated, and immediately
®xed without detergent extraction. DNA damage was visualized by indirect immuno¯uorescence using a mouse monoclonal antibody against thymine
dimers (CPD, red). (B) HeLa cells were locally irradiated through a polycarbonate UV-absorbing ®lter, at the doses indicated, followed by post-
irradiation incubation for the times indicated on the left. DNA damage was detected by indirect immuno¯uorescence as in (A). (C) The recruitment of
XPC protein to damage sites was visualized by indirect immuno¯uorescence following an irradiation dose of 100 J/m2 using a rabbit polyclonal anti-
body to XPC (green) and the mouse anti-thymine dimer monoclonal antibody (red). (D) The recruitment of stably expressed HA-tagged DDB2 protein
to damage was visualized by indirect immuno¯uorescence following a dose of 100 J/m2 (or mock treatment) using a rat monoclonal antibody against
the HA epitope (green) and the mouse anti-thymine dimer monoclonal antibody (red). (E) The local recruitment of PCNA, a protein involved in the
repair synthesis stage of NER, to damage sites was visualized by indirect immuno¯uorescence after irradiation at 100 J/m2. Unless otherwise stated,
all cells were treated with Triton prior to ®xation to remove soluble nuclear proteins, and the DNA was visualized with DAPI (white). The scale bar in
(A) represents 10 mm, the magni®cation used for all the images.
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DDB2 [the smaller (p48) subunit of damaged-DNA-
binding protein 2, defective in XP-E (de Laat et al.,
1999)]. Using HeLa cells carrying an integrated, epitope-
tagged version of the DDB2 gene (Groisman et al., 2003),
we detected recruitment of tagged-DDB2 protein to
damaged sites immediately after localized irradiation at
100 J/m2 (Figure 1D). This recruitment was even observed
if the cells were irradiated on ice and immediately ®xed
(not shown). The DDB2 protein was retained at damage
sites for at least 1 h (Figure 1D). These data are consistent
with a recent study, using a different epitope-tagged
version of DDB2 (Wakasugi et al., 2002). It should be
noted that in both cases the tagged DDB2 protein is not
subject to the same transcriptional regulation as the
endogenous DDB2 (Hwang et al., 1999). These data
demonstrate that the early damage recognition events of
NER can occur and are detectable very rapidly within
chromatin in vivo.

Repair synthesis, which occurs after removal of the
damaged oligonucleotide, is performed by polymerases
delta and epsilon, which depend on the processivity factor
PCNA (Wood and Shivji, 1997). HeLa cells were locally
irradiated and Triton-extracted, and PCNA localization
was analysed by indirect immuno¯uorescence. Cells that
were in S-phase at the time of ®xation display character-
istic localization of PCNA at replication foci; these
strongly staining cells are easy to identify (Martini et al.,
1998) and were not analysed further. In cells outside
S-phase, we detected PCNA localized to regions of DNA
damage 30 min after 100 J/m2 (Figure 1E). This shows that
later stages of NER operate and can be readily detected
in vivo.

Recruitment of chromatin assembly activity to
damage sites
CAF-1 is a heterotrimeric protein comprising subunits of
48, 60 and 150 kDa. The p48 subunit (also called RbAp48)
is a component of several different protein complexes
(Ridgway and Almouzni, 2000), whereas the other
subunits are speci®c for CAF-1. A proportion of the total
cellular pool of CAF-1 in vivo is tightly associated with
sites of replication, and this can be revealed by removal of
the soluble fraction with a detergent extraction procedure
prior to ®xation (Krude, 1995; Martini et al., 1998; Taddei
et al., 1999). In unirradiated, asynchronous HeLa cells, the
nuclear localization of Triton-insoluble CAF-1 p60 closely
coincides with the sites of DNA replication, marked by a
10 min pulse of BrdU incorporation. In this way it is
possible to classify the cells as not in S-phase (Non S) or in
early-, mid- or late-S phase of the cell cycle (Figure 2A).
The low levels of CAF-1 in Triton-extracted non-S-phase
cells allowed us to unambigously analyse the recruitment
of CAF-1 p60 to sites of DNA damage in these cells. We
irradiated (100 J/m2) HeLa cells growing on coverslips
though a ®lter with 3 mm pores (Figure 2B). When the cells
were Triton extracted and ®xed immediately after the
irradiation, we did not detect speci®c localization of p60 at
damage sites. However, after a 30 min post-irradiation
incubation period we observed a speci®c recruitment of
the CAF-1 p60 subunit to sites of UV damage, with
adjacent undamaged regions remaining free of p60
staining (Figure 2B). This pattern of CAF-1 p60 observed
after irradiation through a ®lter is qualitatively distinct

from any of the replication patterns observed during S
phase (compare Figure 2A and B). Moreover, in order to
con®rm that the local concentration of CAF-1 p60 at the
damage sites could not be confused with replication
patterns, we repeated the irradiation using ®lters with 8 mm
pores. In this case, CAF-1 p60 was localized in larger
regions, colocalizing with the damage, con®rming that this
pattern of CAF-1 p60 was damage speci®c (Figure 2B).
This p60 recruitment was also dose dependent; the signal
was stronger at higher doses, which resulted in more
damage events per irradiated region (Figure 2C). Similar
staining patterns were observed using two independent
polyclonal antibodies, and a monoclonal antibody that
speci®cally recognizes a phosphorylated form of p60 (data
not shown). Importantly, we also observed recruitment of
CAF-1 p60 to localized sites of UV damage in MCF7 cells
(data not shown), and in 1BR3 primary human ®broblasts
(see Figure 5B), demonstrating that this phenomenon is
not restricted to HeLa cells. The detection threshold is a
limitation of any immuno¯uorescence technique; a certain
concentration of speci®c epitopes is necessary to generate
a visible signal over background. This probably explains
why the recruitment of CAF-1 p60 to damage sites was
more dif®cult to detect at doses <50 J/m2. Analysis of p60
recruitment after a ®xed dose of 150 J/m2 showed that it
was detectable 10 min after irradiation (Figure 2D).

The p150 subunit of CAF-1 behaved in a similar manner
to the p60 subunit (Figure 3). A transiently expressed
green ¯uorescent protein (GFP)±p150 fusion protein was
enriched at sites of DNA damage 30 min after localized
irradiation at 100 J/m2 (Figure 3A). In non-S-phase cells
with characteristic spots of p60 corresponding to damage
sites, we were able to detect GFP signal colocalizing with
p60 (Figure 3B). These observations were con®rmed by
colocalization of p60 and the endogenous p150 protein
using two different antibodies against p150 (Figure 3C and
data not shown). Finally, a triple labelling strategy
demonstrated that both endogenous subunits colocalize
within the same region of damage (Figure 3D). The pool of
CAF-1 present in a soluble form within the nucleus
(Martini et al., 1998), which is removed by our detergent
extraction procedure, provides a readily available source
for this rapid recruitment to repair sites. In all cases tested
we have noted that the recruitment of the p60 and p150
subunits are coupled; we have never detected recruitment
of one without the other. Our interpretation is either that
CAF-1 p60 and p150 exist as a preformed complex, ready
to be recruited to sites of action, or that two separate
recruitment events occur that are extremely tightly
coordinated. The localized nature of the recruitment of
the p60 and p150 proteins is consistent with CAF-1 acting
locally to the damage sites, and not in response to global
chromatin alterations, such as chromatin relaxation for
damage detection. However, we do not exclude the
possibility that CAF-1 could have indirect effects at a
global level resulting from cross talk between local and
global events.

CAF-1 localization at damage is concomitant with
PCNA recruitment
PCNA is required for the repair synthesis stage of NER. In
vitro the p150 subunit of CAF-1 associates with PCNA
and these two proteins can be immunoprecipitated from
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cell extracts (Shibahara and Stillman, 1999; Moggs et al.,
2000). Given this, and the local recruitment of PCNA to
damage sites (Figure 1E), it is possible that PCNA recruits
CAF-1 to such sites. Importantly, we detected a detergent-
resistant colocalization between PCNA and CAF-1 (both
p60 and p150) in de®ned areas of locally irradiated, non
S-phase cells (Figure 4 and data not shown). In all

repair-competent cell lines tested, HeLa, MCF7 and 1BR3,
we have not found conditions where we can separate the
recruitment of CAF-1 and PCNA, arguing for a tight
coupling between them. However, PCNA can be
recruited to replication foci in cells treated with siRNA
directed against CAF-1 p150 (J.-P.Quivy, personal
communication).

Fig. 2. Recruitment of CAF-1 p60 to replication and damage sites. (A) Characteristic patterns of CAF-1 p60 staining throughout the cell cycle. Cells
were pulsed with BrdU followed by double labelling with a polyclonal against p60 (green) and a rat monoclonal against BrdU after denaturation with
4 M HCl (red). (B) CAF-1 p60 is locally recruited to sites of UV damage. Cells were irradiated with 100 J/m2 through ®lters with either 3 mm or 8 mm
pores, with or without post-irradiation incubation, as indicated. Indirect immuno¯uorescence was performed with a polyclonal against p60 (green) and
the anti-thymine dimer mouse monoclonal antibody (red). (C) Damage sites and CAF-1 p60 were visualized as in (B), 30 min after irradiation at the
doses indicated. (D) Damage sites and CAF-1 p60 were visualized as in (B), at different times after a dose of 150 J/m2.
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Recruitment of CAF-1 and of PCNA is dependent
on NER activity
The recruitment of CAF-1 locally to damage sites raised
questions as to its role at these sites, and also the signal that
initiates this recruitment. Because CAF-1 is a histone
chaperone, one attractive theory was that it could act not
only to restore chromatin structure but it could also act as a
histone sink, to locally trap histones displaced during any
repair-associated rearrangements. This would provide a
means by which the epigenetic information contained
within histone modi®cations could be maintained, as the
original histones could be used to restore the structures. In

this case we might expect CAF-1 recruitment to occur as
an early event, prior to, or concomitant with, repair. With
regard to PCNA, which may act to bring CAF-1 to the
damage sites, there has previously been no extensive
in vivo analysis of the proteins that are required for its
recruitment to NER sites. Although the activity of PCNA
is required at a late stage of NER, some recruitment of
PCNA to an insoluble nuclear fraction was detected in UV
irradiated XP-A cells, although this was qualitatively
different from that found in repair-competent cells
(Aboussekhra and Wood, 1995; Li et al., 1996).
Furthermore, in the base excision repair pathway, PCNA

Fig. 3. Recruitment of CAF-1 p150 to damage sites. (A) Transient transfection of HeLa cells with a plasmid expressing the large subunit of CAF-1
tagged with GFP (GFP-p150) was used to visualize recruitment of GFP-p150 (green) to damage sites detected by indirect immuno¯uorescence (red)
30 min after irradiation at 100 J/m2. (B) Under the same conditions, GFP-p150 also colocalizes with endogenous p60 (red), detected by indirect
immuno¯uorescence using the rabbit polyclonal antibody. (C) Endogenous p150 and p60 subunits were detected by indirect immuno¯uoresence 1 h
after irradiation at 150 J/m2, using the rabbit polyclonal against p60 (green) and the mouse monoclonal against p150 (red). (D) A triple marking
strategy was used to demonstrate the colocalization of endogenous p60 and p150 at damage sites 30 min after 150 J/m2. The proteins were detected by
indirect immuno¯uorescence (p60 in green and p150 in red), with direct detection of the damage using the anti-damage antibody covalently coupled to
AlexaFluor647 (blue); in this case a colocalization of all three antibodies results in a white signal in the merged view.
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is required not just at the synthesis stage, but for ef®cient
excision (Gary et al., 1999). To determine whether NER
was required for the recruitment of CAF-1 and PCNA, and
if so to assess when such recruitment occurs, we ®lter-
irradiated primary ®broblasts derived from patients with
xeroderma pigmentosum (XP), defective at de®ned
stages of the NER pathway, as depicted in Figure 5B.
Importantly, the S-phase-dependent localization of CAF-1
and PCNA to replication foci was normal in these lines
(Figure 5A and data not shown), demonstrating that
CAF-1 and PCNA are present in these cells and can be
recruited normally to replication forks. This was further
con®rmed by pulse-labelling replicating cells with BrdU
and co-staining replication sites with CAF-1
(Supplementary ®gure 1, available at The EMBO Journal
Online). The recruitment of CAF-1 can readily be detected
in 1BR3 repair-pro®cient primary ®broblasts 1 h after
irradiation at 100 J/m2 (Figure 5B). In none of the XP cells
tested (XP-A, XP-C, XP-F or XP-G) could we detect
recruitment of CAF-1 to sites of UV damage (Figure 5B).
Crucially, neither did we detect recruitment of PCNA to
the damage in any of these lines (data not shown), again
highlighting that CAF-1 and PCNA recruitment are linked.
The lack of recruitment of CAF-1 and PCNA to damage in
all these cell lines suggests that initial damage recognition
and open complex formation are not suf®cient to initiate
recruitment; the excision of the damage-containing
oligonucleotide by the XPG and XPF/ERCC1 enzymes
is required. This step will leave a double-stranded to
single-stranded transition that in vitro would be an
appropriate substrate for the loading of PCNA by the
replication factor C complex. The interaction between
CAF-1 and PCNA would then ensure that chromatin
assembly activity is directed to repair sites at which
DNA synthesis is ongoing. This late recruitment of CAF-1
does not necessarily exclude the possibility that CAF-1
utilizes its histone chaperone activity to act as a local
histone sink. As we suggested previously, nucleosome
rearrangement may be a multistep process, operating at
different stages throughout the repair process (Green and

Almouzni, 2002). It remains possible that CAF-1 gathers
histones displaced during the DNA synthesis stage of NER
and then reassembles nucleosomes on the newly synthe-
sized DNA behind the polymerase, using the original
histones.

Discussion

Access requirements for DNA repair in vivo:
local and/or global responses?
The Access Repair Restore model for DNA damage repair
in vivo postulates that chromatin structures, which are
inhibitory for repair processing, must be altered to allow
repair and then restored after such repair (Green and
Almouzni, 2002). This model is applicable not only to
NER, but also to other repair pathways that are inhibited
by chromatin structures. In a simpli®ed model, rearrange-
ments of chromatin would occur locally to the damaged
sites. This could involve chromatin modifying activities
such as histone acetyltransferases or chromatin remodell-
ing factors that are recruited to damage sites; the fact the
we have not yet detected such recruitments during NER
may suggest that such interactions are transient.
Alternatively, repair factors themselves could cause
chromatin rearrangement; particularly good candidates
for this type of function in the NER pathway are the
transcription-coupled repair factor CSB, which has
homology to SWI/SNF chromatin remodelling proteins,
and the TFIIH complex that contains the helicase subunits
XPD and XPB (Thoma, 1999). However, a non-mutually
exclusive suggestion is that global chromatin relaxation
increases accessibility over the whole genome in response
to damage in order to expose the individual damage sites
for recognition (Rubbi and Milner, 2003). Although large
macromolecules can diffuse freely even within compact
heterochromatic domains, it remains likely that the
detection of any damage is hindered by nucleosomal
structure. A system in which the detection of a lesion in a
readily accessible area, such as a transcribed gene, acts as a
signal to initiate chromatin relaxation and subsequent

Fig. 4. PCNA recruitment concomitant with CAF-1. Locally recruited, detergent-insoluble PCNA, detected with a mouse monoclonal against PCNA
(green), colocalized with p60, detected with a rabbit polyclonal antibody (red) 30 min after localized irradiation at 150 J/m2.

CAF-1 at NER sites

5169



lesion detection at distant sites, might therefore be
generally valid. Indeed, a similar dual system of both
local and global chromatin changes may exist in the case
of double strand break (DSB) repair, where the phos-

phorylation of histone H2AX occurs locally to DSB sites
(Redon et al., 2002), and longer range chromatin changes
have been postulated to act as a signal ampli®cation
mechanism (Bakkenist and Kastan, 2003).

Fig. 5. Steps in repair processing required for CAF-1 recruitment. (A) XP ®broblasts show normal S-phase staining for CAF-1. Asynchronous cells
were ®xed and CAF-1 p60 was revealed by indirect immuno¯uorescence (green). (B) Repair-pro®cient primary human ®broblasts and those derived
from XP patients defective at different stages of NER, as depicted in the cartoons on the right, were locally irradiated at 100 J/m2. Recovery was at
37°C for 1 h before processing for indirect immuno¯uorescence using the rabbit polyclonal antibody against p60 (green) and the mouse anti-CPD
monoclonal (red).
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Localized UV irradiation enables analysis of NER in
chromatin in vivo, from initial damage recognition to
elimination of the damage, and allows us to distinguish
between events that occur locally at damage sites and
those that are global responses to damage detection. Our
demonstration that CAF-1 is locally recruited to damage
sites indicates that the activities of this protein are required
in the vicinity of the damage, and not as a global response
to DNA damage. This suggests that the function of CAF-1
is directly linked to local chromatin rearrangements, not
global chromatin relaxation. As summarized in Figure 6,
within a chromatin-based view of the cellular response to
UV damage, a clear role for CAF-1 can be assigned in the
local responses. This does not exclude, however, crosstalk
between the two classes of responses, which may
indirectly involve CAF-1, perhaps as a component of a
signalling system. We do propose, however, that if global
chromatin alterations such as relaxation do occur during
NER, a factor other than CAF-1 should be involved in
reversing them. The recent characterization of a chromatin
assembly pathway that operates independently of DNA
synthesis (Ray-Gallet et al., 2002) highlights the fact that
chromatin assembly is an ongoing process, even in non-
replicating cells, and provides possible means for a
restoration of global chromatin alterations.

Because NER is a multi-step pathway, it was important
to determine at which stage CAF-1 and PCNA are
recruited. We used XP-A, XP-C, XP-F and XP-G cell
lines to show two things: ®rst, that NER is absolutely
required for the local recruitment of CAF-1 and PCNA to
damage sites; the presence of damage per se is not
suf®cient. Secondly, that only damage sites that have
undergone the dual incision stage of repair processing are
competent to recruit both PCNA and CAF-1. No recruit-
ment of PCNA or CAF-1 is seen in XP-F cells, even

though these are competent to recruit all the other NER
factors and have the capacity to make the ®rst (3¢) incision.
This argues for a late role of CAF-1 in NER, consistent
with the Access Repair Restore model, in which CAF-1 is
required to restore chromatin structures locally disturbed
during repair, as a ®nal stage of the repair process. It
should be noted that, similar to the situation in XP-C cells,
we have not detected the recruitment of CAF-1 to
local damage produced in mouse ®broblasts (A.Gontijo,
C.M.Green and G.Almouzni, unpublished data). Since in
both cases GGR is speci®cally impaired (Hanawalt, 2001),
this raises the intriguing possibility that this pathway is
predominantly required for CAF-1 recruitment. Further
investigation will be required to compare the role of
CAF-1 in mouse and human cells.

Obviously, the connection with NER described here
does not exclude additional involvement of CAF-1 during
other repair processes. Recruitment of CAF-1 to SSB
in vivo has recently been reported (Okano et al., 2003),
reinforcing the previous in vitro studies (Moggs et al.,
2000). Interestingly however, to date we have been unable
to detect a speci®c enrichment of CAF-1 protein at
ionizing radiation (IR)-induced foci of phosphorylated
H2AX, where DSBs are postulated to be processed and
repaired (unpublished data). It is therefore possible that
any chromatin structural alterations required for DSB
repair are not restored by CAF-1. Consistent with this,
budding yeast cells lacking the CAF-1 orthologues are not
sensitive to IR; other factors, such as ASF1, may be
involved in the maintenance of chromatin to allow IR
survival in this organism (Tyler et al., 1999). Extending
these studies to include a more thorough analysis of
chromatin structural alterations and restoration in response
to DSBs and other damage in higher eukaryotic cells will
be a future challenge.

Fig. 6. A chromatin-based view of the cellular response to UV damage. The local irradiation technique enables the independent analysis of local and
global responses to UV damage. The image shows a nucleus stained with DAPI, with damage sites, visualized by immuno¯uorescence, in red.
Although each damaged region contains many individual lesions, this can be used as a model for events that occur at a single lesion surrounded by
undamaged DNA (the more physiologically relevant case). Here, we highlight that the damage response involves both local and global events and that
there will be crosstalk between these two systems; a local event can initiate signals that propagate to have global effects, and such global effects can
in turn impinge on events occurring local to the damage. Alterations of the chromatin structure, whether global or local, will need to be reversed once
damage is complete to ensure stability of the epigenome. In this work we have demonstrated that CAF-1 is likely to perform this role at a local level.
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CAF-1 and the maintenance of epigenetic
information
Our data also have strong implications for genome
function and the maintenance of cellular identity.
Cellular systems for maintaining such information during
DNA replication and cell division have been the subject of
much study in recent years, but how this information is
maintained during other events that transiently alter
chromatin structure, including DNA repair, as discussed
here, must also be considered. In this context, processes
adapted to the scale of the chromatin changes in the
nucleus will be critical. The early in vitro data (Gaillard
et al., 1996) were a ®rst hint that CAF-1 was a good
candidate for this type of function during NER in cell
extracts. Here, our study provides the ®rst strong in vivo
evidence for a direct connection between CAF-1 and NER.
Furthermore, this work allows us to de®ne when, within
the sequential repair process, this recruitment of CAF-1
occurs, and the scale on which CAF-1 is acting. An
immediate consequence of a defect in chromatin restor-
ation after repair would be `epigenetic instability', mani-
festing as changes in transcription pro®les and silenced
states. In fact, in budding yeast, the CAF-1 orthologs are
required for maintenance of silenced states at telomeres
and mating type loci (Enomoto et al., 1997; Kaufman et al.,
1997; Enomoto and Berman, 1998). Furthermore, normal
heterochromatin structures are required for proper
chromosome segregation in ®ssion yeast and in mamma-
lian cells (Ekwall et al., 1997; Bernard et al., 2001; Taddei
et al., 2001), hence `epigenetic instability' can in turn lead
to genetic instability. The use of dominant-negative
strategies has demonstrated the grave consequences of
perturbing CAF-1 function in higher eukaryotic cells
(Quivy et al., 2001; Ye et al., 2003). In Arabidopsis,
deletion of Fasciata, the homologue of p150, results in
defects in proliferative tissues (Kaya et al., 2001). The
cellular defects observed after interference with CAF-1
function, both in yeast and in higher eukaryotes, are
currently attributed to the lack of proper chromatin
assembly at the replication fork. However, the UV
sensitivity of yeast strains defective in CAF-1 function
suggests that a failure to restore proper chromatin
structures after repair can also have serious consequences
for cell survival after DNA damage (Kaufman et al.,
1997). It is important to stress that the differences between
the mutant phenotypes in S.cerevisiae and the effect of
interfering with CAF-1 in higher eukaryotes are currently
not completely understood. It may be that chromatin
assembly during replication is not so crucial for the
majority of the S.cerevisiae genome. However, it will be
critical to evaluate to what extent the use of dominant-
negative strategies compared with gene deletion can
impinge on the ®nal phenotype.

The development of new tools, both to abrogate and to
assess CAF-1 function in vivo in various systems, will be
essential for our understanding of its integrated role at the
crossroads of DNA replication/repair and heterochroma-
tin. Insight into the crosstalks between these processes and
their spatio-temporal organization in living cells will be of
signi®cance for both fundamental research and medicine,
considering that these processes are highly compromised
in many cancer cases.

Materials and methods

Cell culture
HeLa and MCF7 cultures were grown in DMEM plus 10% fetal calf
serum (FCS), in 5% CO2. Primary ®broblasts derived from XP patients
were grown in F10 (Ham) media, plus 12% FCS, in 5% CO2. The 1BR3
line was grown in MEM plus 15% FCS in 5% CO2. All media were from
Gibco-BRL and also contained 2 mM L-glutamine, 10 mg/ml penicillin
and streptomycin. BrdU pulses were for 10 min in normal medium with
40 mM BrdU. Transient transfection of HeLa cells was performed using
Effectene transfection reagent according to the manufacturer's protocol
(Qiagen).

Local irradiation
Glass coverslips were pre-treated with a solution of 20 mg/ml collagen
and 1 mg/ml ®bronectin in phosphate-buffered saline (PBS) for 1 h at
37°C. These were then rinsed in PBS and cells seeded at the appropriate
density the evening before the experiment was due to be performed.
Coverslips were rinsed in PBS then individually covered with a piece of
Isopore 3.0 or 8.0 mm ®lter (Millipore), and irradiated at 254 nm using a
6 W VL-6.MC lamp at a ¯uence rate of 6 J/m2/s as measured with a
VLX3W dosimeter (Vilber Lourmat). Doses of between 10 and 200 J/m2

were applied by varying the time of irradiation. Mock irradiated samples
were processed identically, except the lamp was switched off. The ®lters
were removed and the coverslips returned to the original medium at 37°C
for post-irradiation incubation.

In situ detergent extraction and immuno¯uorescence
analysis
After post-irradiation incubation, coverslips were rinsed with PBS then
washed twice in CSK buffer (100 mM NaCl, 300 mM sucrose, 10 mM
PIPES pH 7.0, 3 mM MgCl2) and soaked in CSK plus 0.2% Triton X-100
for 5 min at room temperature. After two further washes in CSK, cells
were ®xed by incubating in 2% paraformaldehyde (PAF) for 15 min at
room temperature. Blocking was for 15 min in 5% bovine serum albumin
(BSA) in PBT (PBS containing 0.1% Tween 20). Incubation with the
appropriate primary antibodies, diluted in blocking buffer as described
below, was for 1 to 2 h at room temperature, followed by three washes in
PBT. Secondary antibodies against rabbit, mouse or rat immunoglobulin
Gs (IgGs), and coupled to AlexaFluor488 (Molecular probes) or Texas
Red (Interchim-Jackson Laboratories), were used at a dilution of 1/1000
for 45 min to 1 h. DAPI was added at a ®nal concentration of 0.5 mg/ml
for the ®nal 5 min of incubation. Four washes of PBT and a ®nal rinse in
PBS were performed before the coverslips were mounted onto slides
using vectashield mounting media (Vector Laboratories). For visualiza-
tion of incorporated BrdU, Triton extraction, ®xation and blocking were
performed as described above, followed by incubation with the primary
antibody against the protein to be co-stained. After three washes in PBT, a
second ®xation was performed in 2% PAF for 15 min. The DNA was then
denatured by 10 min incubation in 4 M HCl at room temperature,
followed by neutralization with four washes in PBS. A second blocking
step of 10 min in 5% BSA in PBT was peformed, followed by the
incubation in primary antibody against BrdU and then washing and
incubation in secondary antibodies as above.

Slides were observed using a DMR epi¯uorescence microscope
(Leica). Images shown are representative mid-plane sections captured
using a CCD camera (Hamamatsu) and Metamorph software, and
arti®cially coloured using Adobe Photoshop software.

Antibodies
Antibodies were used at the following dilutions: anti-thymine dimer
mouse monoclonal (Kamiya Biomedical) 1/2000, after denaturation in
0.5 M NaOH for 5 min prior to blocking; anti-XPC rabbit polyclonal
1/1000; anti-HA epitope rat monoclonal (Roche) 1/100; anti-GCN5
(Santa Cruz) 1/200; anti-p300 (Santa Cruz) 1/200; anti-histone H3
acetylated on lysine 9 (Euromedex) 1/200; anti-histone H3 phosphoryl-
ated on serine 10 (Upstate Biotechnologies) 1/200; anti-histone H4
acetylated on lysine 5 and anti-histone H4 acetylated on lysine 12
(B.Turner) 1/1000; anti-CAF-1 p60 rabbit polyclonal (made by AgroBio
using antigen supplied by D.Roche) or mouse monoclonal (Novus-
Abcam) 1/1000; anti-CAF-1 p150 af®nity puri®ed rabbit polyclonal
(made by AgroBio using antigen supplied by J.-P.Quivy) 1/100 or mouse
monoclonal (Novus-Abcam) 1/1000; anti-PCNA mouse monoclonal
(DAKO) 1/1000 or rabbit polyclonal (Santa Cruz) 1/20, both after 15
min incubation in 100% methanol at ±20°C after PAF ®xation; and anti-
BrdU rat monoclonal antibody (Becton Dickinson) 1/200. For triple
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marking, the anti-thymine dimer monoclonal was coupled to
AlexaFluor647 using a kit (Molecular Probes). After incubation with
primary and secondary antibodies to detect the two CAF-1 subunits, a
blocking step of 10 mg/ml mouse IgG in PBT was performed, followed by
crosslinking in 4% PAF. Incubation with the AlexaFluor-647-coupled
anti-damage antibody was for 30 min, followed by washing and
mounting.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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