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Summary.

The S-phase checkpoint protects the genome from spontaneous damage during
DNA replication, although the cause of damage is unknown. We used a dominant
negative mutant of CAF-I, a complex that assembles newly synthesized DNA
into nucleosomes, to inhibit S-phase chromatin assembly and found that this
induced S-phase arrest. Arrest was accompanied by DNA damage and S-phase
checkpoint activation and required ATR or ATM kinase activity. These results
show, for the first time, that in human cells CAF-I activity is required for
completion of S-phase and defects in chromatin assembly induce DNA damage.
We propose that errors in chromatin assembly, occurring spontaneously or
caused by genetic mutations or environmental agents, contribute to genome

instability.

Running title: Defective chromatin assembly induces DNA-damage.

Introduction.

Cancer cells characteristically have a high frequency of genome rearrangements
(Lengauer et al., 1998), although the cause of rearrangements is poorly
understood. Genome integrity during S-phase of the cell cycle depends on the S-
phase checkpoint. This checkpoint is activated by DNA damage or stalled
replication forks and inhibits ongoing DNA synthesis (Abraham, 2001; Osborn

et al., 2002), thus giving time for DNA repair. DNA double strand breaks caused
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by ionizing radiation (IR) activate ATM kinase, whereas stalled replication
forks caused by hydroxyurea (HU) and lesions caused by ultraviolet (UV) light
activate the related kinase, ATR. Downstream effectors of ATM and ATR
include BRCA1, NBS1, Mrell, FANCD2, Chkl and Chk2 kinases, the histone
H2A variant, H2AX, and p53 (Abraham, 2001; Taniguchi et al., 2002; Redon et
al., 2002). Underscoring the importance of the S-phase checkpoint, many S-
phase checkpoint genes, such as ATM, NBS1, Mrell, BRCA1 (Khanna and
Jackson, 2001), Chk2 (Bell et al., 1999), p53 (Vogelstein et al., 2000) and
FANCD2 (Taniguchi et al., 2002) are mutated in human cancers.

The S-phase checkpoint also maintains genome stability in the absence of
external genotoxic stress. Inactivation of ATR (Brown and Baltimore, 2000; de
Klein et al., 2000), Chk1 (Liu et al., 2000; Takai et al., 2000), Husl (Weiss et
al., 2000), BRCA1 (Hakem et al., 1996; Liu et al., 1996), NBS1 (Zhu et al.,
2001) and Mrell (Xiao and Weaver, 1997) in normal somatic cells is lethal and
mouse cells lacking ATR exhibit high levels of chromosome abnormalities
(Brown and Baltimore, 2000; de Klein et al., 2000). Depletion of xMrell from
X. laevis cell-free extracts accumulates double strand breaks in S-phase
(Costanzo et al., 2001). In yeast, mutant alleles such as mecl, mrell, chkl and
rad53 (inactivated yeast homologs of human ATR/ATM, Mrell, Chkl and Chk2
respectively) cause spontaneous "gross chromosomal rearrangements" (GCRs)
(Kolodner et al., 2002). In sum, the S-phase checkpoint protects against

spontaneous DNA damage that arises in a normal S-phase.
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One likely source of spontaneous damage is stalled replication forks that
are processed to Holliday junctions and double strand breaks (Osborn et al.,
2002). A cell's response to stalled forks depends on the S-phase checkpoint. In
yeast the checkpoint is required to reinitiate DNA replication after transient
HU-mediated arrest (Desany et al., 1998), to maintain stable replication forks in
the presence of an HU-mediated arrest (Lopes et al., 2001) and to prevent
collapse of replication forks in response to methyl methanesulphonate (MMS)-
mediated DNA damage (Tercero and Diffley, 2001). In the absence of exogenous
DNA-damaging agents Mecl promotes fork progression through "replication
slow zones", where forks have a tendency to stall (Cha and Kleckner, 2002).
Electron microscopy studies showed that in wild type yeast stalled forks retain a
bifurcating, Y-shaped appearance. However, in cells lacking the S-phase
checkpoint stalled forks frequently reversed to form Holliday junction-like
“chickenfoot” structures that, by inappropriate processing, could give rise to
double strand breaks (Sogo et al., 2002). Therefore, the S-phase checkpoint acts
to prevent stalling and collapse of replication forks and, consequently, DNA
damage and genome instability. The factors that influence the frequency of
stalled forks are poorly understood.

In S-phase, nucleosomes are assembled onto newly synthesized DNA
within a few hundred base pairs of the fork by chromatin assembly factors,
including CAF-I and ASF1 (Tyler 2002). CAF-I is a heterotrimeric complex,

consisting of p15S0CAF-I, p60CAF-I and p48CAF-I (Smith and Stillman, 1989).
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Direct binding of pI50CAF-I to the replication processivity protein, PCNA,
targets CAF-I to sites of DNA synthesis and contributes to coupling of DNA
synthesis and chromatin assembly (Krawitz et al., 2002; Marheineke and Krude,
1998; Martini et al., 1998; Moggs et al., 2000; Shibahara and Stillman, 1999).
We showed recently that repression of histone synthesis triggers S-phase
arrest in human cells, suggesting that DNA synthesis and chromatin assembly
are obligatorily coupled (Nelson et al., 2002). Here, we directly tested whether
disruption of S-phase chromatin assembly affected DNA synthesis by inhibition
of CAF-I. Indeed, inhibition of CAF-I blocked DNA synthesis, induced DNA
damage and activated the S-phase checkpoint. These results suggest that errors
in chromatin assembly, either spontaneous or resulting from genetic mutations
or environmental agents, are likely to increase the rate of DNA mutation and

genome instability.

Results.

A dominant negative mutant of p150CAF-I.

As described previously, both HA-p150CAF-1 WT and HA-p150C bound stably
to p60CAF-I (Figure 1a) whereas only HA-p150CAF-I WT bound stably to
PCNA (Figure 1b) (Kaufman et al., 1995; Moggs et al., 2000). We reasoned that
HA-p150C could behave as a dominant negative inhibitor of chromatin assembly

by CAF-I via titration of p60CAF-I into non-functional complexes (Figure Ic).



During in vitro replication-coupled CAF-I-dependent chromatin assembly
assays, incorporation of newly replicated plasmid DNA into nucleosomes causes
the DNA to become negatively supercoiled (Smith and Stillman, 1989). In this
assay, HA-p150C inhibited CAF-I-dependent chromatin assembly (Figure 2a, b).
There was no effect on DNA synthesis (production of **P-labeled plasmid),
indicating that it does not perturb the progression of replication forks directly.
Importantly, inhibition of nucleosome formation by HA-p150C was abolished by
excess purified, recombinant human CAF-I (Figure 2b), confirming that HA-
pl150C acts as a specific inhibitor of CAF-I.

We predicted that overexpression of HA-p150C in human cells would
disrupt the interaction between endogenous p60CAF-I and p150CAF-I (Figure
Ic). Indeed, endogenous p150CAF-I coprecipitated with endogenous p60CAF-I
in the absence but not the presence of ectopically expressed HA-p150C (Figure
2c¢). Additionally, expression of HA-p150C in cells resulted in a dramatic
reduction in the total amount of p150CAF-I (Figure 2c, lanes 5-8), suggesting
that p15S0CAF-I is degraded when not incorporated into the CAF-I complex.
Expression of p60CAF-I was unaffected by HA-p150C (Figure 2d). However,
p60CAF-I was stably bound to chromatin in punctate DNA replication foci in
45% of control cells but only 15% of the cells expressing HA-p150C (Figure 2e,
see note in Experimental Procedures). These data indicate that HA-p150C

disrupts the interaction between endogenous p150CAF-I and p60CAF-I and



prevents tight association of p60CAF-I with chromatin and sites of DNA

synthesis.

Inhibition of DNA synthesis.

We next tested whether HA-p150C affected DNA synthesis in vivo. As shown in
Figure 3a, mock transfected cells released synchronously into S-phase
progressed normally through S-phase. In contrast, cells transiently transfected
with a plasmid encoding HA-p150C had a profound defect in S-phase
progression. Many failed to detectably exit G1-phase and most of those that did
arrested within S-phase. We also measured DNA synthesis by pulse labeling
with 5'-BrdU at a time when the cells had accumulated in S-phase. Most of the
HA-p150C expressing cells failed to incorporate 5'-BrdU and thus were not
actively synthesizing DNA (Figure 3b, 13% of HA-p150C expressing cells were
5'-BrdU positive compared to 56% of the untransfected cells on the same
coverslip. Representative of more than 5 similar experiments). Therefore both
FACS analysis and 5'-BrdU labeling demonstrated that HA-p150C inhibited
DNA synthesis. In contrast, full-length HA-p150CAF-IWT failed to inhibit DNA
synthesis (Figure 3d and e) and coexpression of HA-p150CAF-IWT with HA-
p150C abolished the arrest (Figure 3f, g). These data confirm that the effect of
HA-p150C on DNA synthesis depends on its ability to perturb the endogenous
CAF-I complex. Significantly, the cell cycle arrest induced by HA-p150C was

indistinguishable from the arrest induced by ectopic expression of human HA-
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HIRA (Figure 3c). Ectopic expression of HA-HIRA represses histone gene
expression, thus indirectly inhibiting chromatin assembly (Hall et al., 2001;
Nelson et al., 2002).

The model in Figure 1c predicts that overproduction of any fragment of
p150CAF-I that binds p60CAF-I but not PCNA will inhibit DNA synthesis.
Consistent with this idea HA-p150CAF-1(451-938), which did not bind PCNA,
efficiently induced arrest but HA-p150CAF-1(250-938), which did bind to
PCNA, failed to induce arrest (Figure 4a and c). These data also indicated that
the PCNA-binding domain of HA-pI150CAF-1I WT is between residues 250-451,
consistent with previous sequence analysis which identified a partial consensus
PCNA-binding domain at residues 421-431 (Krawitz et al., 2002). As
anticipated, deletion of residues 421-431 produced a polypeptide (HA-p150CAF-
IAPCNA) that bound to p60CAF-I but not PCNA and inhibited DNA synthesis
(Figure 4a, b, ¢). Expression of HA-p150CAF-IAPCNA did not affect
localization of PCNA to DNA replication foci (Figure 4d, see note in
Experimental Procedures) (Bravo and Macdonald-Bravo, 1985; Celis and Celis,
1985). Thus, perturbation of CAF-I inhibits DNA synthesis but, as far as we can
tell from Figure 4d, does not affect assembly of DNA replication foci.

Additionally, we predicted that fragments of HA-p150CAF-I that fail to
bind to both PCNA and p60CAF-I should fail to induce S-phase arrest. As
anticipated, deletion of the C-terminal p60CAF-I-binding site (Kaufman et al.,

1995) from HA-p150CAF-IAPCNA protein resulted in a polypeptide, HA-
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pl150CAF-IAPCNA(1-547), that failed to bind to either p60CAF-I or PCNA and
did not induce S-phase arrest (Figure 5a and b).

We expected that the cells arrested in S-phase would have defective
chromatin structure. Digestion with micrococcal nuclease (MNase) was used to
probe chromatin structure of cells in S-phase (Nelson et al., 2002). Chromatin
from HA-p150CAF-1(451-938)-expressing cells was indeed more sensitive to
digestion than chromatin from mock-transfected control cells (Figure 5c, d). We
conclude that disruption of the endogenous CAF-I complex induces chromatin

abnormalities.

Induction of DNA damage.

One cause of S-phase arrest is DNA damage (Abraham, 2001). An early response
to DNA damage, particularly double-strand breaks, is phosphorylation of histone
H2AX in chromatin surrounding the lesion (Redon et al., 2002). To determine
whether the DNA in arrested cells contained double-strand breaks we tested
whether H2AX was phosphorylated. Phosphorylated H2AX (yYH2AX) staining
was enriched in HA-p150C and HA-p150CAF-IAPCNA expressing cells relative
to the untransfected cells or cells expressing HA-p150CAF-IWT (Figure 6a and
6b). Significantly, nuclei that had the brightest yH2AX staining often contained
visibly abnormal DAPI-stained nuclear structures, consistent with a defect in

chromatin assembly and/or extensive DNA fragmentation (Figure 6a).



In addition, even without MNase treatment the DNA extracted from HA-
p150CAF-1(451-938)-expressing cells reproducibly migrated faster on agarose
gels than DNA from mock transfected cells or cells transfected with HA-
p150CAF-I (Figure S5c, 6¢c and data not shown). However, at the same time after
transfection (36 hours), the dominant negative fragments of HA-p150CAF-I did
not detectably induce three characteristic markers of apoptosis - chromatin
condensation, cleavage of genomic DNA into a "nucleosomal ladder" and cells
with less than 2n DNA content (Loo and Rillema, 1998) (Figures 6, 3c and data
not shown). These data suggest that inhibition of CAF-I results in DNA double

strand breaks but not a general apoptotic program.

Activation of the S-phase checkpoint.

Phosphorylation of H2AX in response to external genotoxic stresses is mediated
by ATR and/or ATM kinases (Redon et al., 2002), suggesting that one or both of
these kinases is activated in cells expressing HA-p150C. Activation of ATR is
accompanied by its relocalization to discrete nuclear foci (Tibbetts et al., 2000).
Expression of HA-p150C induced nuclear ATR foci in 23.2% of cells (standard
deviation [SD] of 6.6% from 4 independent experiments) compared to less than
1% of HA-p150CAF-IWT expressing or untransfected cells (Figure 7).
Similarly, HA-HIRA also activated ATR, as judged by induction of nuclear ATR

foci (data not shown).
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If the ATR foci are linked to S-phase arrest, they should exist in S-phase
cells. Under the conditions used to optimally detect both ATR foci and PCNA in
U20S cells, the S-phase cells were readily identified by their "granular" PCNA
staining pattern (Figure 7a, iv-vi). 73% of the HA-p150C-expressing cells that
contained ATR foci were in S-phase (* in Figure 7a, i-ii1) compared to 51% of
the untransfected cells, suggesting that the ATR foci formed preferentially in S-
phase. However, very few (less than 1%) of the HA-p150C expressing cells that
contained ATR foci were actively synthesizing DNA, as measured by pulse-
labeling with 5'-BrdU (Figure 7a, vii-ix). Taken together, these results are
consistent with the idea that ATR foci are present in cells arrested in S-phase.

In addition to H2AX, other downstream effectors of ATR and ATM
include the p53 tumor suppressor protein and BRCA1. Phosphorylation of p53
on serine 15 is catalyzed by ATR and ATM (Banin et al., 1998; Canman et al.,
1998; Tibbetts et al., 1999) and contributes to stabilization of the protein
(Vousden, 2002). Both HA-p150C and HA-HIRA stabilized p53 (Figure 7b and
7c) and induced phosphorylation of p53 on serine 15. In the case of BRCAIL,
activation by genotoxic stress results in dispersal of small nuclear foci normally
present in S-phase (Scully et al., 1997). Only 13% (SD=1.2%, 3 separate expts)
of the HA-p150C expressing cells that contained ATR foci contained detectable
BRCAT1 foci (Figure 7a, x-xii), compared to 50.7% (SD=13.4%, 3 separate
expts) of the untransfected cells on the same coverslip. BRCA1 activation is

also frequently reflected by hyperphosphorylation and relocalization of BRCA1
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to morphologically distinct nuclear foci that colocalize with PCNA, ATR and
DNA repair proteins (Gatei et al., 2001; Scully et al., 1997; Tibbetts et al.,
2000; Khanna and Jackson, 2001), but neither of these responses was observed
in HA-p150C-expressing cells. Significantly, IR has not always been found to
induce BRCAT1 foci and complete phosphorylation is not essential for
relocalization of BRCA1 to damage-induced foci (Scully et al., 1997; Cortez et
al., 1999; Gatei et al., 2000). Conceivably, BRCA1 phosphorylation and
detectable DNA damage-induced foci depend upon recruitment of BRCAI to a
specific chromatin structure that is absent from cells in which chromatin
assembly is perturbed. Whatever the reason, we conclude that disruption of
chromatin assembly results in ATR/ATM-mediated phosphorylation and
stabilization of p53 and dispersal of BRCA1 foci, consistent with activation of
S-phase checkpoint signaling.

In response to exogenous genotoxic stress, activated ATR and ATM
trigger cell cycle arrest (Abraham, 2001). Caffeine, an inhibitor of ATR and
ATM (Blasina et al., 1999; Sarkaria et al., 1999), abolished the HA-p150C-
induced S-phase accumulation (Figure 7d) indicating that one or both kinases is
required for the arrest. Caffeine abolished the arrest regardless of whether it
was added before or after onset of arrest, indicating that it does act simply by
blocking S-phase entry (data not shown). Significantly, when cells were
harvested 60 hours after transfection HA-pI5S0CAF-IAPCNA decreased the

viability of the cells and this was potentiated by caffeine (Figure 7e). In
12



contrast, expression of a dominant negative mutant of ATR (ATRkd) (Cliby et
al., 1998) had no effect on the arrest induced by HA-p150C in U20S (data not
shown), suggesting that ATM also contributes. Indeed, coexpression of ATRkd
with HA-p150CAF-I APCNA or HA-p150C in ATM-/- cells completely abolished
the inhibition of DNA synthesis (Figure 7f, data not shown). This shows that
simultaneous inactivation of both ATR and ATM is sufficient to prevent a viable

cell cycle arrest by HA-p150CAF-IAPCNA and HA-p150C.

Discussion.

Our data demonstrate, for the first time, that disruption of CAF-I inhibits S-
phase progression and causes DNA damage in human cells. We propose that
inhibition of S-phase chromatin assembly causes stalled replication forks which
are inappropriately processed to DNA double strand breaks. Most likely, stalled
forks and double strand breaks are responsible for ATR and ATM-dependent

checkpoint activation and cell cycle arrest.

CAF-1 is required for S phase progression.

Several lines of evidence indicate that inhibition of DNA synthesis by HA-
p150C and HA-pI150CAF-IAPCNA results from inhibition of CAF-I-dependent
chromatin assembly. First, HA-p150C inhibits chromatin assembly but not DNA
synthesis in vitro, disrupts the interaction between endogenous pl150CAF-I and

p60CAF-I in vivo and blocks stable association of p60CAF-I with replication
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foci in vivo (Figure 2). Second, HA-p150C-induced inhibition of DNA synthesis
is abolished by coexpression of HA-pI150CAF-IWT, just as excess trimeric CAF-
I complex restores nucleosome assembly to HA-p150C-inhibited reactions in
vitro (Figures 2 and 3). Third, the ability of HA-p150CAF-IWT and HA-
p150CAF-I fragments to inhibit cell cycle progression correlates inversely with
their ability to bind PCNA (Figure 4). Fourth, inhibition of DNA synthesis is
not due to total disruption of DNA replication foci because in arrested cells
PCNA was still localized in a punctate pattern characteristic of normal
replication foci (Figure 4d). Fifth, the ability of HA-p150CAF-I fragments to
inhibit cell cycle progression appears to depend upon their ability to sequester
endogenous p60CAF-I away from the endogenous pl150CAF-I/PCNA complex,
because a mutant that fails to bind to both PCNA and p60CAF-I is inert (Figure
5). Finally, chromatin from S-phase cells expressing a dominant negative HA-
p150CAF-I fragment was more sensitive to MNase digestion than chromatin
from control S-phase cells, showing directly that inhibition of CAF-I in S-phase
induces defects in chromatin structure (Figure 5c). Together, these data strongly
suggest that disruption of CAF-I-dependent chromatin assembly is responsible
for inhibition of DNA synthesis.

Cell cycle arrest induced by HA-p150C and HA-p150CAF-I APCNA is
similar to that induced by human HIRA (Hall et al., 2001; Nelson et al., 2002)
(Figure 3c). Previously we showed that repression of histone synthesis was the

direct cause of HIRA-induced S-phase arrest (Nelson et al., 2002). Therefore,
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direct inhibition of chromatin assembly by HA-p150C and HA-p150CAF-
IAPCNA or, presumably, indirect inhibition of chromatin assembly by HIRA-
mediated repression of histone synthesis both block S-phase DNA synthesis in
human cells. Importantly, the fact that HA-p150C and repression of histone
synthesis have identical effects on S-phase, very strongly suggests that
chromatin assembly, rather than DNA synthesis per se, is the target of HA-
pl150C.

Previous investigations suggested that inhibition of chromatin assembly
would not block DNA synthesis in S-phase. First, in yeast none of the likely
DNA synthesis-linked chromatin assembly factors identified to date, such as
CAF-I, Asfl or the Hir proteins, is essential for viability either alone or in
combination (Kaufman et al., 1998; Sharp et al., 2001; Tyler et al., 1999).
Second, in vitro replication of plasmid DNA in mammalian cell extracts or D.
melanogaster embryo extracts does not require chromatin assembly (Bulger et
al., 1995; Stillman, 1986). Third, yeast expressing histones from conditional
promoters replicate their entire genome when new histone synthesis and
chromatin assembly are blocked (Han et al., 1987; Kim et al., 1988). Fourth, in
C. elegans and D. melanogaster embryos the reduced histone synthesis caused
by mutant alleles of SLBP have no obvious effect on DNA synthesis (Sullivan et
al., 2001; Kodama et al., 2002). Fifth, although in X. laevis perturbation of
CAF-I blocks development past the mid-blastula transition, it has no detectable

effect on a somatic cell line (Quivy et al., 2001). Therefore, our data
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demonstrate for the first time that in intact human somatic cells, inhibition of

chromatin assembly blocks DNA synthesis in S-phase.

Defects in chromatin assembly cause DNA damage

Inhibition of chromatin assembly induces DNA double strand breaks as
measured by accumulation of YH2AX and fragmentation of genomic DNA
(Figure 6). These breaks are likely to result from inappropriate processing of
stalled replication forks (Osborn et al., 2002). Several scenarios that result in
damage are possible. First, PCNA binds to both replication and chromatin
assembly proteins, such as DNA polymerase 6 and pI5S0CAF-I respectively
(Warbrick, 2000), suggesting that replication and chromatin assembly
machineries function as an integrated complex in which disruption of one
affects the other. Second, failure to package newly replicated DNA into
chromatin might result in steric constraints that impede fork progression. Third,
inhibition of chromatin assembly might not increase the rate of fork stalling, but
the frequency with which stalled forks are processed to double strand breaks.
Failure to incorporate the newly synthesized DNA into nucleosomes might
increase the frequency of fork reversal, formation of a "chickenfoot" and
resolution of this structure to give a double strand break (Osborn et al., 2002;

Sogo et al., 2002).

Checkpoint activation
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Several lines of evidence indicate that inhibition of chromatin assembly
activates the S-phase checkpoint. First, H2ZAX, a known substrate of ATR and
ATM kinases is phosphorylated (Figure 6a and b) (Redon et al., 2002). Second,
ATR is recruited into nuclear foci, an indicator of ATR activation (Figure 7a)
(Tibbetts et al., 2000). Third, p53 is stabilized and phosphorylated on serine 15,
a known ATR and ATM phosphorylation site (Figure 7b and c)(Banin et al.,
1998; Canman et al., 1998; Tibbetts et al., 1999). Fourth, the S-phase BRCA1
foci in HA-p150C-expressing cells that contain ATR foci are dispersed, a
marker of BRCAT1 activation (Figure 7a) (Scully et al., 1997). Fifth, inactivation
of the S-phase checkpoint abolishes the S-phase arrest and decreases cell
viability (Figure 7d, e and f), suggesting that a failure to arrest DNA synthesis
is lethal to the cell. Taken together, these results show for the first time that
inhibition of chromatin assembly activates the S-phase checkpoint.
Conceivably, the defect in chromatin assembly might be directly
responsible for checkpoint activation. However, the simplest model to explain
checkpoint activation is that defects in chromatin assembly cause stalling of
replication forks and double strand breaks (Figure 6) and these structures
activate the ATR and ATM-dependent checkpoints, similar to HU and IR

(Abraham, 2001).

Chromatin assembly and genome stability

Cancer cells are characterized by a high frequency of genome abnormalities
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(Lengauer et al., 1998), including "gross chromosomal rearrangements (GCRs)",
such as translocations and large deletions. In the absence of an S-phase
checkpoint, progression though a normal S-phase is associated with a high
frequency of GCRs (Kolodner et al., 2002). This suggests that S-phase is an
inherently mutagenic process and one function of the checkpoint is to suppress
formation of GCRs. In addition, the S-phase checkpoint prevents stalling of
replication forks and stabilizes them after they have stalled (Cha and Kleckner,
2002; Lopes et al., 2001; Sogo et al., 2002; Tercero and Diffley, 2001). Since
stalled replication forks can be processed to double strand breaks which are a
potent source of GCRs (Osborn et al., 2002), it seems likely that the S-phase
checkpoint suppresses GCRs, at least in part, by protecting the integrity of
replication forks and preventing conversion of stalled forks to double strand
breaks (Kolodner et al., 2002). However, the processes that influence replication
fork stalling and formation of double strand breaks in a normal S-phase are
largely unknown.

We propose that defects in S-phase chromatin assembly cause double
strand breaks due to stalling and inappropriate processing of replication forks
and that the S-phase checkpoint limits the damage caused by defective
chromatin assembly by stabilizing the stalled replication forks, inhibiting
further DNA synthesis and promoting DNA repair. If so, defects in chromatin
assembly and inactivation of the S-phase checkpoint should act synergistically

to increase DNA damage. Indeed, in yeast Kolodner and coworkers have
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observed a synergistic effect on accumulation of GCRs due to mutations in the
S-phase checkpoint and chromatin assembly factors, such as cacl and asfI
(Myung et al., Personal communication).

In human cells, errors in chromatin assembly combined with inactivation
of the S-phase checkpoint might promote genome instability and neoplastic
transformation. Several components of the S-phase checkpoint, such as ATM,
BRCAI1, NBS1, Mrell (Khanna and Jackson, 2001), Chk2 (Bell et al., 1999),
pS53 (Vogelstein et al., 2000), FANCD?2 (Taniguchi et al., 2002) are known to be
mutated in human cancer. Errors in chromatin assembly might occur
spontaneously or result from genetic mutations or environmental agents that
inhibit chromatin assembly factors. Admittedly, the phenotype reported here
may represent an extreme case that results from near-total inactivation of CAF-I
and such a profound phenotype is, presumably, lethal in most cell contexts.
However, more subtle defects in chromatin assembly that result from
haploinsufficiency of chromatin assembly factors or from point mutations within
the PCNA binding site of pl50CAF-I (that weaken, but do not completely
disrupt, the p15S0CAF-I/PCNA interaction) might be expected to be non-lethal
but increase the error rate associated with DNA replication. Consistent with this
idea, some genes encoding chromatin assembly factors, such as p150CAF1,
p48CAF1, ASFla and ASF1b, are located in regions of chromosomes reported to
be deleted in some cancers [19p13, 1p34, 6922 and 19p13 respectively (Couch

and Weber, 2000; Mertens et al., 1997; Oesterreich et al., 2001; Sheng et al.,
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1996)]. We are currently testing whether these genes are the targets of mutations

in human cancers.

Experimental Procedures.
Cell culture and transfections. U20S cells were cultured, transfected and

synchronized as described previously (Adams et al., 1996; Nelson et al., 2002).

Plasmids. pcDNA3 Flag-ATRkd was a gift of Drs. Robert Abraham and Kathy
Brumbaugh. pBOS-GFP-H2B was purchased from Becton-Dickinson. All other
plasmids were generated using standard molecular biology procedures and

details are available on request.

CAF-I-dependent in vitro chromatin assembly assays. In vitro SV40 DNA
replication/nucleosome assembly assays were performed as described (Kaufman
et al., 1995). The three subunit CAF-I complex and the pI50CAF-I subunit were
produced in insect cells and purified as described (Kaufman et al. 1995). HA-
p150C was expressed by in vitro translation using TnT T7 Quick for PCR DNA

(Promega).

Immunological techniques. Anti-HA (12CAS5, mouse monoclonal) was
purchased from Roche. Anti-HA (Y11, rabbit polyclonal), anti-PCNA (PC10 and

FL261) and anti-ATR (C19) were purchased from Santa-Cruz Biotech. Anti-p53
20



(Ab6) and anti-BRCA1 (Abl) were purchased from Oncogene Research Products
and anti-p53pS15 was purchased from Cell Signaling. Anti-5'-BrdU-FITC was
purchased from Becton-Dickinson. Anti-yH2AX was purchased from UBI. Anti-
CD19-FITC was purchased from Caltag. Anti-p150CAF-I and p60CAF-I have
been described previously (Smith and Stillman, 1991). Immunoprecipitation and
western blots were performed as described previously (Adams et al., 1996).
When performing anti-HA immunoprecipitations followed by anti-HA western
blots, mouse (12CAS5) and rabbit (Y11) anti-HA antibodies were used so as to
avoid detection of antibody heavy chain in the western blot.
Immunofluorescence was performed as described previously by us or
others (Hall et al., 2001; Tibbetts et al., 2000). Detailed methods of 2- and 3-
colour immunofluorescence are available upon request. To optimize the
detection of p60CAF-I and PCNA by immunofluorescence it was necessary to
pre-extract the cells with EBC (Adams et al., 1996). Under these conditions HA-
p150C and p60CAF-I not stably bound to chromatin were washed out of the
cells. GFP-H2B served as an NP40-resistant marker of transfected cells (Figures
2e and 4d). GFP-H2B did not affect cell cycle nor HA-p150C induced S-phase

arrest (data not shown) (Kanda et al., 1998).

Collection and FACS of CD19+ transfected cells. Collection using magnetic
beads and FACS were described previously (Adams et al., 1996; Nelson et al.,

2002).
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Digestion with MNase and purification of genomic DNA. Transiently
transfected (CD19+) cells were collected with anti-CD19 coated beads.
Permeabilized nuclei were prepared, treated with MNase and genomic DNA

purified as described previously (Hall et al., 2001; Nelson et al., 2002).
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Figure Legends.

Figure 1. HA-p150C is a putative dominant negative inhibitor of CAF-I. (a)
*3S-labeled p60CAF-I was in vitro translated with or without cotranslation of
HA-p150CAF-1 WT or HA-p150C as indicated. Reactions were
immunoprecipitated with an anti-HA antibody (12CAS, lanes 1-3) and
fractionated by SDS-PAGE. Lanes 4-6 contain 20% of input proteins. (b) U20S
cells were transiently transfected with pcDNA3 HA-p150CAF-1 WT or HA-
pl150C as indicated. Cell lysates were immunoprecipitated with an anti-HA
antibody (Y11) and western blotted with antibodies to HA (12CAS5) or PCNA
(PC10) as indicated. (c) A model for the proposed mode of action of HA-p150C

(see text for details).
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Figure 2. HA-p150C inhibits CAF-I-dependent chromatin assembly in vitro
and disrupts the endogenous CAF-I complex in vivo. (a) DNA replication-
coupled CAF-I-dependent chromatin assembly assays were performed with
purified p15S0CAF-I and in vitro translation reaction that was unprogrammed
(lane 1) or expressed HA-p150C (lane 2). HA-p150C was detected by western
blotting with anti-HA (12CAS5, upper panel). Purified **P-labeled replicated
plasmid DNA was fractionated by agarose gel electrophoresis (lower panel) to
resolve relaxed (non-nucleosomal) and supercoiled (nucleosomal) plasmids. (b)
DNA replication-coupled CAF-I-dependent chromatin assembly assays were
performed in the absence or presence of ~4ng p150CAF-IWT, in vitro-translated
HA-p150C and purified recombinant trimeric CAF-I complex (5.5, 11, or 22ng
as indicated by the triangle). (c) U20S cells were transiently transfected with
pCMV-CD19 together with pcDNA3 HA-p150C or pcDNA3 as indicated.
Transfected cells were immunopurified with anti-CD19 coated magnetic beads,
lysates were prepared and immunoprecipitated with antibodies to p60CAF-I
(SS24), p15S0CAF-I (SS1) or control (419) as indicated, fractionated by SDS-
PAGE and western blotted with an antibody to p15S0CAF-I (SS1). Lanes 7 and 8
contain 150ug of whole cell lysate derived from immunopurified transfected
cells. (d) Lysates from (c) were western blotted with antibodies to p60CAF-I (a
cocktail of SS3, SS53, SS60 and SS96). (e) U20S cells were transiently
transfected with pBOS-GFP-H2B in the absence (i, ii, iii) or presence (iv, v, Vi)

of pCDNA3 HA-pl150C. The cells were stained with antibodies to p60CAF-I
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(SS75) and visualized by immunofluorescence microscopy to detect GFP-H2B
and p60CAF-I. 100 cells were counted and scored as p60CAF-I positive or
negative. The results of two independent experiments are plotted in panels i and

iv.

Figure 3. HA-p150C blocks DNA synthesis and progression through S-phase.
(a) U20S cells were transiently transfected with pCMV CDI19 together with
pcDNA3 or pcDNA3 HA-p150C as indicated. 16 hours later the cells were
arrested in mimosine for 20 hours, released into S-phase and at time intervals
afterwards the cell cycle distribution of the CD19+ cells was determined by
FACS. (b) U20S cells were transiently transfected with pcDNA3 HA-p150C and
36 hours later pulse labeled for 30 minutes with 10uM 5'-BrdU and stained with
DAPI to visualize the DNA (i), anti-HA (Y11) (ii) and anti-5'-BdU-FITC (iii).
(c) U20S cells were transiently transfected with pCMV CD19 together with
pcDNA3, pcDNA3 HA-p150C or pcDNA3 HA-HIRA as indicated and processed
as in a). (d) U20S cells were transfected with pCMV-CD19 together with
pcDNA3 (lane 1), 14 and 28ug of pcDNA3 HA-150CAF-IWT (lanes 2 and 3
respectively) or 1 and 3ug of pcDNA3 HA-p150C (lanes 4 and 5 respectively).
Sug of whole cell lysate was fractionated by SDS-PAGE and western blotted
with anti-HA (12CAS). Lanes 1-3 and 4-5 of are non-adjacent lanes from the
same exposure of the same gel. (e) The same transfections as d) processed as in

a). (f) U20S cells were transfected with pCMV CD19 together with pcDNA3
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HA-p150C or pDNAZ3 as indicated and decreasing amounts of pcDNA3 HA-
pl150CAF-IWT (as indicated by the shaded triangle). The cells were processed as
in a). (g) Sug of whole cell lysate from cells in f) was fractionated by SDS-

PAGE and western blotted with anti-HA (12CAS).

Figure 4. S-phase arrest correlates with failure of HA-p150CAF-I mutants to
bind to PCNA. (a) U20S cells were transiently transfected with pcDNA3,
pcDNA3 HA-p150CAF-1 WT or the mutants derived from HA-p150CAF-I as
indicated. Cell lysates were immunoprecipitated with anti-HA antibodies (Y11)
and then western blotted with anti-HA (12CAS, top panel) or anti-PCNA (PCI10,
middle panel). The bottom panel (WCE) shows an anti-PCNA (PC10) western
blot of 10ug of the whole cell lysate. (b) U20S cells were transiently
transfected with pcDNA3 HA-p150CAF-I1 WT or HA-p150CAF-IAPCNA as
indicated. Cell lysates were immunoprecipitated with antibodies to p60CAF-I
(SS24) or a control antibody of the same subclass (con., 419, 1gG,) and western
blotted with anti-HA (12CAS5). (¢) U20S cells were transiently transfected with
pCMYV CD19 together with pcDNA3, pcDNA3 HA-pI50CAF-1 WT or the same
set of mutants used in (a) and indicated by the same numbers 1-6. The cells were
processed as in Figure 3a) (d) U20S cells grown on coverslips were transiently
transfected with pBOS GFP-H2B in the absence (v-viii) or presence (i-iv) of
pcDNA3 HA-pl150CAF-IAPCNA. The cells were stained with antibodies to

PCNA and expression of GFP-H2B (iii and vii) and localization of PCNA (ii and
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vi) were visualized by immunofluoresence microscopy. 100 GFP-H2B positive
cells were scored as PCNA positive or negative and the results plotted (i and v).

The results shown are the means of two independent experiments.

Figure 5. S-phase arrest correlates with sequestration of p60CAF-I and is
accompanied by defects in chromatin structure. (a) U20S cells were
transiently transfected with pcDNA3 (lane 1), pcDNA3-HAp150CAF-IWT (lane
2), pcDNA3HAp150CAF-IAPCNA (lane 3) or pcDNA3HAp150CAF-IAPCNA(1-
547) together with pCMV CD19. Lysates were immunoprecipitated with
antibodies to anti-HA (Y 11) and then western blotted with antibodies to HA
(12CA5), p60CAF-I and PCNA. The bottom panel is a western blot of PCNA in
the crude lysate. (b) As in a) except that the cell cycle distribution of CD19+
cells was determined as in Figure 3a. (c) U20S cells were transiently
transfected with pcDNA3 (lanes 3,5, 7, 9) or pcDNA3 HAp150CAF-1(451-938)
(lanes 2, 4, 6, 8) together with pCMV CD19. The cells were arrested in
mimosine for 20 hours and then washed to release them into S-phase for 6
(pcDNA3) or 8 (pcDNA3 HAp150CAF-1[451-938]) hours to give equal
proportions of cells in S-phase. CD19+ cells were immunopurified, nuclei
prepared and treated with 0, 0.5, 1.5 and 5 Worthington Units/ml of MNase as
indicated by the shaded boxes. Genomic DNA was purified and fractionated by
agarose gel electrophoresis. Lane 1 contains lug of phage A DNA digested with

HindIII and lane 10 contains 1ug of a 100bp ladder. (d) The same transfection as
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in c), but the cell cycle distribution of the CD19+ cells was determined as in

Figure 3a. Top, pcDNA3. Bottom, pcDNA3 HAp150CAF-1(451-938).

Figure 6. Dominant negative HA-p150CAF-I mutants induce DNA damage.
(a) U20S cells on coverslips were transiently transfected with pcDNA3
HAp150C. The cells were stained with DAPI, anti-yH2AX antibodies or anti-HA
antibodies, as indicated, and visualized by immunofluorescence microscopy. (b)
100 transfected HA+ cells or 100 untransfected HA- cells from the same
coverslip were scored as positive or negative for yYH2AX. The results are the
mean of 12 (untransfected), 8 (HA-pI50CAF-IWT and HA-p150C) or 2 (HA-
p150CAF-IAPCNA) independent experiments. (c) U20S cells were transiently
transfected with pcDNA3 (lane 4) or pcDNA3 HApI50CAF-1(451-938) (lane 3)
together with pCMV CD19. The cells were processed and genomic DNA purified
as in lanes 2 and 3 of Figure 5c¢ (without MNase). Lane 1 contains 1ug of phage
A DNA digested with HindIII (MW markers indicated on left of gel) and lane 2

contains lug of a 100bp ladder.

Figure 7. S-phase arrest depends upon activation of the S-phase checkpoint.
(a) U20S cells on coverslips were transiently transfected with pcDNA3 HA-
pl150C. In iv-ix cells were pulse labeled for 15 minutes with 5'-BrdU prior to
harvesting. Cells were stained with antibodies to HA, ATR and PCNA (i-iii), 5'-

BrdU and PCNA (iv-vi), HA, ATR and 5'-BrdU (vii-ix) and HA, ATR and
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BRCA1 (x-xii). (b) U20S cells were transiently transfected with pcDNA3 (lane
1), pcDNA3 HA-HIRA(421-729) (lane 2) or pcDNA3 HAp150C (lane 3) together
with pCMV CD19. CD19+ cells were immunopurified with magnetic beads and
cell lysates western blotted with an antibody to p53. (¢) Cell lysates from b)
were western blotted with an antibody to p53pSerl5. Lane 4 contains lysate
from cells irradiated with UV light. (d) U20S cells were transiently transfected
with a plasmid pCMV CD19 in the absence or presence of pcDNA3 HA-p150C.
16 hours later the cells were treated with 1.7mM caffeine or PBS and 24 hours
later the cell cycle distribution of the CD19+ cells determined as in Figure 3a.
(e) U20S cells were transiently transfected with pCMV CD19 in the absence or
presence of pcDNA3 HA-p150CAF-IAPCNA. 36 hours later the cells were
treated with 2 or 6mM caffeine or PBS and 24 hours later percentage of the
CD19+ cells determined by FACS. The number of CD19+ HA-p150CAF-
IAPCNA-expressing cells is expressed as a % of the control (CD19 alone) at
each dose of caffeine. (f) ATM-/- human fibroblasts were transiently transfected
with pcDNA3 HA-p150CAF-1 WT or HA-p150CAF-I APCNA in the absence or
presence of a pcDNA3 ATRKkd as indicated. 36 hours later the cells were pulse-
labeled for 1 hour with 10uM 5'-BrdU and stained with anti-HA( Y11) and anti-
5'-BrdU and DAPI. 100 untransfected cells (HA-negative) and 100 transfected
cells (HA-positive) were scored as 5'-BrdU positive or negative and expressed
as the percentage of 5'-BrdU positive. Each bar with standard deviation is the

mean of 4 separate experiments.
38



- = + = = 4+ HA-p150C = + = HA-p150CAF-l WT
- + = = + = HA-p150CAF-1 WT - = + HA-p150C
+ + + + + + p60WT HA-p150
" HA-p150 ® G iwr
. ' CAF-1 WT
- c
- - o
7]
— Q
- ' :
- :
| = |
W smemm PSOCAFIWT & @ «HApisoc
. HA-p150C
- & A .
< 0
1 2 3, 4 5 6 2y - < PCNA
anti-HA IP Input as 1 2 3,
anti-HA IP
c)
p150C




a) b)

HA-p150C B> = p150CAF-I WT
— HA-p150C
CAF-I (p48, p60, p150) -

relaxed > ' 4

“-05&,

supercoiled hﬁ ‘

e

1 2
HA-p150C = +
c) d)
HA-p150C = + = + = 4+ = + HA-p150C -  +
150CAF-I - i
p > *® PEOCAF-1 P ol
.
L 1 2 I 3 4 I 5 6 I 7 8 .
IP: Con. ap60 api50 T2
100, i
£ | =S
£ 50 ;E;
SE
8 0.
EE100 T
(5 Q 1 A5 I:n§
5 o
2 507 Eq
i - Gi
o
no  p60 GFP-H2B P60CAF-I
p60 foci

foci



HA-HIRA HA-p150
HA-p150C CAF-1 WT —--
mock

g =i
+nN
+ W
+ &
+ o1

HA-p150C
HA-p150CAF-1 WT



HA IP

d)
100

)]
o

% of GFP+ cells that
cogtain
()] o
o

oo

Hi

i
2L

no PCNA
PCNA foci
foci

PCNA

b)

GFP-H2B

& &

DAPI

GFP-H2B

+HA-p150
CAF-IAPCNA

GFP-H2B



a) -

HA western

- b)

HA IP

=  p60CAF1

- <«PcNA g

KLl & o)
12 3 4

WCE

wf HA-p150
| (451-938)

1

2
HA-p150(451-938) +
MNase L

1 W

8 f 1
+ - GO0/G1 G2/M




HA-p150C

b) c)
50
X 40
N
I
- 23,130 —
= 30 ’
3 9,416 —
> 6,557 —
S 20
o~
10 < v 2322 —
E el 2027 —
@ LR
AR \s
RGPS o
& N QO
F RS 1 2 34
Y R



:)N i. HA-p150

b)
p53 > L — -
1 2 3
HA-HIRA = + =
HA-p150C = = +
c)

53
pSp15 P -

1 2 3 4
HA-HIRA= + = =
HA-p150C= = + =
UV= = = +

d)

1 + + +HA-p150C
1 1 + Caffeine

e) ) 270
Q
.1000 2 L 4 © 60
2 =
>3 80 ~9-+CD19 ,-550-
Ao 0 40 -
¥ \.\-++CD1 9+p150
= an. 5 >
2% 60 CAF-IAPCNA 3
R m
| | | 1 o\o 20
0 2 4 6

[caffeine] mM






