Chk2/hCds1 tunctions as a DNA damage
checkpoint in G, by stabilizing p53
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Chk2/hcds1, the human homolog of the Saccharomyces cerevisiae RAD53/SPK1 and Schizosaccharomyces
pombe cds1 DNA damage checkpoint genes, encodes a protein kinase that is post-translationally modified
after DNA damage. Like its yeast homologs, the Chk2/hCds1 protein phosphorylates Cdc25C in vitro,
suggesting that it arrests cells in G, in response to DNA damage. We expressed Chk2/hCds1 in human cells
and analyzed their cell cycle profile. Wild-type, but not catalytically inactive, Chk2/hCds1 led to G, arrest
after DNA damage. The arrest was inhibited by cotransfection of a dominant-negative p53 mutant, indicating
that Chk2/hCds1 acted upstream of p53. In vitro, Chk2/hCds1 phosphorylated p53 on Ser-20 and dissociated
preformed complexes of p53 with Mdm?2, a protein that targets p53 for degradation. In vivo, ectopic expression
of wild-type Chk2/hCds1 led to increased p53 stabilization after DNA damage, whereas expression of a
dominant-negative Chk2/hCds1 mutant abrogated both phosphorylation of p53 on Ser-20 and p53
stabilization. Thus, in response to DNA damage, Chk2/hCds1 stabilizes the p53 tumor suppressor protein

leading to cell cycle arrest in G,.
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In eukaryotic cells, DNA damage and stalled replication
activate an evolutionarily conserved checkpoint (Elledge
1996; Weinert 1998). In Saccharomyces cerevisiae, the
genes that comprise this checkpoint fall in three groups,
those required only for the response to DNA damage,
those required only for the response to stalled replica-
tion, and those required for both responses (Navas et al.
1996). Three genes that belong to the last group, MEC1,
RAD53/SPK1, and CHK1, encode protein kinases, which
become activated in response to DNA damage or stalled
replication. The MEC1 kinase phosphorylates and acti-
vates the RAD53/SPK1 and CHKI1 kinases, which then
phosphorylate proteins that regulate progression through
the cell cycle (Sanchez et al. 1996; Sun et al. 1996).
Known targets of RAD53/SPK1 include SWI6, a tran-
scriptional activator of G, cyclins; DBF4, a regulatory
kinase subunit involved in the firing of replication ori-
gins; and CDC5, a Polo kinase important for anaphase
entry (Sidorova and Breeden 1997; Weinreich and Still-
man 1999; Sanchez et al. 1999). CHK1 induces arrest in
mitosis, but acts through a distinct mechanism other
than RAD53/SPK1, as it targets the anaphase inhibitor
PDS1 (Sanchez et al. 1999). CHK1 further differs from
RAD53/SPK1 in that it responds to DNA damage but
not to replication blocks (Cohen-Fix and Koshland 1997;
Sanchez et al. 1999).
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Homologs of MEC1, RAD53/SPK1, and CHKI, are
present in S. pombe and higher eukaryotes. In S. pombe,
the homolog of MEC1 is Rad3 (Bentley et al. 1996),
whereas the functions of RAD53/SPK1 and CHKI1 are
mediated by Cdsl and Chkl, respectively. Cdsl is acti-
vated by both DNA damage and stalled replication, but
only during S phase; Chk1 is activated in late S phase and
G, and responds primarily to DNA damage (Walworth
and Bernards 1996; Lindsay et al. 1998; Brondello et al.
1999). Both Cdsl and Chkl can phosphorylate and
thereby inactivate Cdc25, a phosphatase needed for Cdc2
activation and entry into mitosis (Furnari et al. 1997;
Zeng et al. 1998).

In humans, there are two known functional homologs
of MEC1, ATM and ATR. ATM responds to DNA double
stranded-breaks (DSBs) and its inactivation in patients
with ataxia-telangiectasia (A-T) leads to checkpoint de-
fects in G,, S, and G, (Savitsky et al. 1995; Halazonetis
and Shiloh 1999). ATR, an ATM-related kinase, may me-
diate the response to stalled replication or types of DNA
damage other than DSBs (Bentley et al. 1996; Cimprich
et al. 1996). The human homologs of S. pombe Cds1 and
Chk1 are Chk2/hCdsl and hChk1, respectively. Chk2/
hCdsl is phosphorylated in an ATM-dependent manner
in response to ionizing radiation (IR), which induces
DSBs, and in an ATM-independent manner in response
to UV light and stalled replication (Matsuoka et al. 1998;
Blasina et al. 1999; Brown et al. 1999). hChk1 is less well
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studied; the available evidence suggests that its response
to DNA damage is ATM dependent (Flaggs et al. 1997).

The Chk2/hCdsl and hChkl proteins have not yet
been shown to induce cell cycle arrest when activated in
human cells in response to DNA damage or stalled rep-
lication and their physiological substrates remain ill de-
fined. The Cdc25C phosphatase is a potential in vivo
substrate, as it is an in vitro substrate (Sanchez et al.
1997; Matsuoka et al. 1998; Blasina et al. 1999; Brown et
al. 1999). Phosphorylation of Cdc25C in vivo could lead
to arrest in G,, similar to the proposed mechanism for
cell cycle arrest in S. pombe (Furnari et al. 1997; Zeng et
al. 1998). Other targets of Chk2/hCds1 and hChk1 could
regulate progression through the G, and S phases of the
cell cycle.

Arrest in the G, phase of the cell cycle in mammalian
cells exposed to DNA damage is mediated by the p53
tumor suppressor protein, a transcription factor for genes
that induce cell cycle arrest or apoptosis (Kastan et al.
1991; Kuerbitz et al. 1992; Clarke et al. 1993; Lowe et al.
1993; Levine 1997). DNA damage leads to p53 stabiliza-
tion and functional activation (Maltzman and Czyzyk
1984; Kastan et al. 1991; Fritsche et al. 1993; Lutzker and
Levine 1996; Chernov and Stark 1997). Stabilization of
p53 in cells exposed to IR or UV light is due to dissocia-
tion from Mdm2 (Shieh et al. 1997), a protein that targets
p53 for degradation through the ubiquitin pathway
(Haupt et al. 1997; Kubbutat et al. 1997; Midgley and
Lane 1997). Functional activation is mediated by modi-
fications that target the carboxy-terminal 30 residues of
p53, a region that regulates the affinity of p53 for se-
quence-specific DNA (Kapoor and Lozano 1998; Lu et al.
1998; Sakaguchi et al. 1998; Waterman et al. 1998; Liu et
al. 1999).

Stabilization of p53 in response to IR and UV light is
dependent on the ATM and ATR kinases, respectively
(Kastan et al. 1992, Khanna and Lavin 1993; Canman et
al. 1994, Savitsky et al. 1995; Tibbetts et al. 1999). ATM
and ATR directly phosphorylate p53 in vivo on Ser-15
and Ser-37 (Banin et al. 1998; Canman et al. 1998,
Khanna et al. 1998; Tibbetts et al. 1999). Because p53
stabilization is dependent on phosphorylation of p53 on
Ser-20 (Chehab et al. 1999), ATM and ATR must stabi-
lize p53 by activating a kinase or kinases that phosphory-
late(s) p53 on Ser-20. Chk2/hCds1 and hChk1 are obvi-
ous candidates, because they are downstream of ATM. In
what follows, we examine whether Chk2/hCdsl1 has a
role in p53 stabilization and induction of G, arrest in
response to DNA damage.

Results

As a first step to determine whether Chk2/hCdsl is in-
volved in p53 stabilization, we examined whether it can
phosphorylate p53 on Ser-20 in vitro and whether such
phosphorylation disrupts the interaction of p53 with
Mdm2. Purified recombinant His-tagged Chk2/hCdsl
and full-length p53 proteins were incubated in the pres-
ence of [**PJATP. Autoradiography of the reaction prod-
ucts indicated that p53 became phosphorylated, as did a
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proteolytic fragment of His-tagged Chk2/hCdsl1 and full-
length His-tagged Chk2/hCds1 (Fig. 1A). A p53 mutant
with substitution of Ser-20 with Ala (p53A20) was also
phosphorylated by recombinant Chk2/hCdsl (data not
shown), suggesting that either Chk2/hCdsl does not
phosphorylate p53 on Ser-20 or that it phosphorylates
multiple residues, including Ser-20. In favor of the latter
possibility, full-length p53 incubated with Chk2/hCds1
reacted with AbS20p, an antibody specific for p53 phos-
phorylated on Ser-20 (Chehab et al. 1999); whereas
p53A20, which serves as a negative control, did not react
(Fig. 1B).

The interaction of p53 with Mdm2 is weakened when
p53 is phosphorylated on Ser-20 (Chehab et al. 1999;
Unger et al. 1999). To examine whether Chk2/hCdsl
can regulate the binding of p53 to Mdm?2 in vitro-purified
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Figure 1. Chk2/hCdsl phosphorylates p53 on Ser-20 in vitro
and dissociates preformed p53/Mdm2 complexes. (A) Recombi-
nant Chk2/hCds1 was incubated with [**P]JATP in the presence
or absence of recombinant full-length p53. The reaction prod-
ucts were resolved by denaturing gel electrophoresis and visu-
alized by autoradiography. (B) Full-length wild-type (wt) p53 or
p53 with substitution of Ser-20 with Ala (A20) were incubated
with Chk2/hCds1. Phosphorylation of p53 on Ser-20 (S20p) was
monitored by immunoprecipitation of the reaction products
with AbS20p, an antibody specific for p53 phosphorylated on
Ser-20, followed by immunoblotting with antibody DO7, which
recognizes p53 irrespective of its phosphorylation state. p53
protein levels were monitored by immunoblotting with DO?7.
(C) p53 phosphorylated by Chk2/hCdsl does not interact with
Mdm?2. Full-length p53 was incubated with Chk2/hCdsl1. One-
half of the sample was stored on ice (input sample) and the other
half was incubated with beads coated with GST-Mdm2(1-125).
After washing the beads to remove unbound p53, the p53 pro-
tein bound to Mdm2 was eluted (Mdm2-bound sample). The
fraction of p53 phosphorylated on Ser-20 in the input and
Mdm2-bound samples was determined by comparing the
amounts of p53 immunoprecipitated with antibodies AbS20p
(p53 phosphorylated on Ser-20; S20p) and DO7 (p53 phosphory-
lated and nonphosphorylated on Ser-20; S20+S20p). (D) Chk2/
hCds1 disrupts preformed p53/Mdm2 complexes. Complexes of
GST-Mdm2 with wild-type p53 or p53A20 bound to glutathi-
one beads were incubated with Chk2/hCds1. p53 that remained
bound to Mdm?2 after incubation of the beads with Chk2/hCdsl
was resolved by denaturing gel electrophoresis and detected by
immunoblotting with antibody DO7.

GENES & DEVELOPMENT 279



Chehab et al.

recombinant full-length p53 was incubated with Chk2/
hCdsl and then allowed to bind to glutathione beads
coated with GST-Mdm2(1-125), a fusion protein con-
sisting of GST and the amino-terminal 125 residues of
Mdm2, which contain the entire domain of Mdm2 that
interacts with p53 (Kussie et al. 1996). On the basis of its
reactivity with AbS20p, about half of the total amount of
p53 incubated with Chk2/hCdsl was phosphorylated on
Ser-20; this fraction of p53, however, did not bind to the
Mdm2-coated beads (Fig. 1C). In another experiment, pu-
rified full-length wild-type p53 or p53A20 was incubated
with glutathione beads coated with GST-Mdm?2(1-125).
Excess p53 was washed off and the beads were incubated
with Chk2/hCdsl. The beads were washed again, and
the fraction of p53 that still remained bound to Mdm2
was detected by immunoblotting. Chk2/hCdsl dis-
rupted the wild-type p53/Mdm2 complex but did not
affect the p53A20/Mdm2 complex (Fig. 1D). Thus, in
vitro Chk2/hCdsl dissociated preformed p53/Mdm2
complexes, and this effect required phosphorylation of
p53 on Ser-20.

The ability of Chk2/hCdsl to phosphorylate p53 on
Ser-20 and dissociate p53 from Mdm2 was pursued in
vivo. First, we examined whether Chk2/hCdsl activa-
tion and p53 stabilization exhibit similar kinetics in re-
sponse to DNA damage. U2-OS osteosarcoma cells,
which have wild-type endogenous p53, were stably
transfected with a plasmid expressing Flag-tagged Chk2./
hCdsl. The cells were exposed to either IR or UV light
and extracts were prepared at different time points after
irradiation. Stabilization of endogenous p53 was moni-
tored by immunoblotting; activation of Flag-tagged
Chk2/hCdsl was monitored by changes in electropho-
retic migration (Matsuoka et al. 1998; Blasina et al. 1999;
Brown et al. 1999). Consistent with previous reports
(Khanna and Lavin 1993; Lu and Lane 1993), IR induced
an early and transient increase in p53 levels, whereas UV
light induced a delayed and sustained increase. Activa-
tion of Chk2/hCds1 both in response to IR and UV light
exhibited similar kinetics to p53 stabilization, support-
ing the hypothesis that Chk2/hCdsl activation leads to
p53 stabilization (Fig. 2).

A second prediction of the hypothesis that Chk2/
hCds1 stabilizes p53 in vivo is that Chk2/hCdsl activa-
tion and p53 stabilization exhibit similar ATM depen-
dence in response to DNA damage. Both Chk2/hCdsl
activation and p53 stabilization are ATM dependent in
response to IR, and ATM independent in response to UV
light (Kastan et al. 1992; Khanna and Lavin 1993; Can-
man et al. 1994; Matsuoka et al. 1998; Blasina et al. 1999;
Brown et al. 1999). To extend these observations, we
examined the ATM dependence of p53 phosphorylation
on Ser-20. Human nontransformed diploid fibroblasts
from a normal individual and from two A-T patients,
who have inactive ATM, were either untreated or ex-
posed to IR or UV light. Extracts from these cells were
prepared 2 and 16 hr after exposure to IR and UV light,
respectively, and phosphorylation of p53 on Ser-20 was
analyzed with antibody AbS20p. p53 from the normal
fibroblasts became phosphorylated on Ser-20 after expo-
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Figure 2. Time course of p53 stabilization and Chk2/hCdsl
activation in U2-0S cells exposed to IR or UV light. Extracts
from cells exposed to DNA damage were resolved by denaturing
gel electrophoresis and immunoblotted for p53 and Flag-tagged
Chk2/hCdsl. Chk2/hCdsl activated in response to DNA dam-
age exhibits a mobility shift on denaturing gels.

sure to both IR and UV light; however, p53 from the A-T
fibroblasts became phosphorylated on Ser-20 only after
exposure to UV light (Fig. 3). Thus, phosphorylation of
p53 on Ser-20 in response to IR and UV light matches the
ATM dependence of Chk2/hCdsl1 activation.

To further link Chk2/hCdsl and p53, we examined
whether stabilization of p53 in response to DNA damage
would be inhibited in cells transiently transfected with a
dominant-negative Chk2/hCds1 mutant. For this experi-
ment, a previously described kinase-inactive protein
bearing an Asp347-to-Ala substitution (Chk2A347)
served as a dominant-negative mutant (Matsuoka et al.
1998). In addition, we did not monitor the levels of en-
dogenous p53, because p53 stabilization would be inhib-
ited only in the subpopulation of transfected cells that
actually expressed Chk2A347. Instead, the plasmid ex-
pressing Chk2A347 was cotransfected with a smaller
amount of plasmid expressing an HA-tagged p53 protein
to ensure that all cells that express HA-tagged p53 would
also express Chk2A347. A third plasmid directing ex-
pression of green fluorescent protein (GFP) was cotrans-
fected to monitor transfection efficiency. Stabilization of
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Figure 3. ATM dependence of p53 phosphorylation on Ser-20
in response to IR, but not UV light. Primary fibroblasts from a
normal individual (AG1522) or from A-T patients (ATI1BR and
AT5BI) were exposed to IR or UV light. Phosphorylation of p53
on Ser-20 (S20p) was monitored with the phosphate-specific an-
tibody AbS20p. p53* indicates that to facilitate analysis of the
p53 phosphorylation state, the amounts of extract used in each
lane of the top and bottom panels were adjusted so that all lanes
had equal levels of total p53 (bottom; immunoblotting with
antibody DO?7).



HA-tagged p53 was inhibited in cells expressing
Chk2A347, but not in cells transfected with the empty
vector, or in cells expressing Chk2A2-83 (Fig. 4A).
Chk2A2-83 was used as a control; it should not act as a
dominant-negative mutant, because it has a wild-type
kinase domain, and it also lacks wild-type function, be-
cause its amino terminus is deleted (see below).

DNA damage induces multiple p53 post-translational
modifications. These include phosphorylation of several
amino-terminal serine residues, including Ser-20; an
ATM-dependent dephosphorylation of phosphoserine
376, which creates a 14-3-3 binding site and leads to the
association of p53 with 14-3-3 proteins; and other car-
boxy-terminal modifications (Knippschild et al. 1997;
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Figure 4. Dominant-negative Chk2/hCdsl mutants inhibit
DNA damage-induced p53 stabilization (A) and Ser-20 phos-
phorylation (B). U2-OS cells were transiently transfected with
plasmids expressing HA-tagged p53, the indicated Flag-tagged
Chk2/hCds1 protein and GFP, as a marker of transfection effi-
ciency. The cells were exposed to IR or UV light and cell ex-
tracts were prepared 2 and 16 hr later, respectively. (A) HA-
tagged p53, Flag-tagged Chk2/hCds1, and GFP were resolved by
denaturing gel electrophoresis and detected by immunoblot-
ting. Equal levels of total protein were loaded in each lane to
monitor the increase in p53 protein levels. (B) Phosphorylation
of HA-tagged p53 on Ser-20 was monitored by immunoprecipi-
tation with AbS20p, followed by immunoblotting with an an-
tibody that recognizes the HA tag. The interaction of HA-tagged
p53 with 14-3-3 proteins was monitored by immunoprecipita-
tion with an antibody that recognizes 14-3-3 and detection of
the coprecipitated HA-tagged p53 by immunoblotting. p53* in-
dicates that to facilitate analysis of the p53 phosphorylation
state and interaction with 14-3-3, the amounts of extract used in
each lane of the top, middle, and bottom panels were adjusted
so that all lanes had equal levels of total p53 (bottom; immu-
noblotting with an antibody that recognizes HA-tagged p53).
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Shieh et al. 1997, 1999; Siliciano et al. 1997; Blades and
Hupp 1998; Kapoor and Lozano 1998; Lu et al. 1998;
Sakaguchi et al. 1998; Waterman et al. 1998; Liu et al.
1999). Chk2A347 inhibited the DNA damage-induced
phosphorylation of p53 on Ser-20, but not the interaction
of p53 with 14-3-3 proteins (Fig. 4B). These results sup-
port the model that Chk2/hCdsl regulates p53 protein
levels through Ser-20 phosphorylation and also suggest
that Chk2/hCdsl is involved only in a subset of the
DNA damage signaling pathways that target p53.

Subsequently, we examined whether ectopic expres-
sion of wild-type Chk2/hCdsl would enhance p53 sta-
bilization. U2-OS cells were selected for these experi-
ments. Like many tumor cell lines with endogenous
wild-type p53, these cells exhibit p53 stabilization in
response to DNA damage, but its magnitude is modest
and insufficient to lead to cell cycle arrest in G, (Li et al.
1995; Nagasawa et al. 1998; Syljuasen et al. 1999; see
below). Thus, there is potential for increased p53 stabi-
lization and G, arrest in response to Chk2/hCdsl ex-
pression. The cells were transiently transfected with a
plasmid expressing wild-type Chk2/hCdsl or, as control,
with a vector expressing Neo. A second plasmid direct-
ing expression of GFP was cotransfected to monitor
transfection efficiency. The transfected cells were ex-
posed to IR or were mock irradiated, and extracts were
prepared 2 hr later. In nonirradiated cells, the levels of
endogenous p53 were not affected by ectopic expression
of Chk2/hCds1; however, in irradiated cells, p53 levels
were higher in the cells transfected with the Chk2/
hCds1 plasmid (Fig. 5A). The increase was modest, prob-
ably because only a small fraction of the transfected cells
actually expressed Chk2/hCdsl. We therefore repeated
the experiment by monitoring the levels of p53 by im-
munofluorescence, which allows individual cells to be
analyzed. After exposure to IR, cells transfected with the
Neo vector showed a low uniform level of endogenous
p53 expression. In contrast, within the cell population
transfected with the Chk2/hCdsl1 plasmid, selected cells
exhibited p53 staining almost as intense as cells trans-
fected with a p53 vector (Fig. 5B). These cells also ex-
pressed GFP, marking them as cells that expressed pro-
teins from the transfected plasmids (data not shown).
Taken together, the immunoblotting and immunofluo-
rescence experiments indicate that Chk2/hCdsl pro-
motes stabilization of endogenous p53 in response to
DNA damage.

To determine whether ectopic expression of Chk2/
hCdsl restores the G, checkpoint, U2-OS cells were
transfected with plasmids expressing Chk2/hCdsl and
GFP and examined for cell cycle arrest by flow cytom-
etry analysis. The cell cycle profile was determined sepa-
rately for the GFP-positive and GFP-negative cells; the
former population should express Chk2/hCds1, whereas
the latter serves as a negative control. In the absence of
DNA damage, the cells were distributed in all phases of
the cell cycle and expression of Chk2/hCdsl1 did not af-
fect the cell cycle profile (data not shown). After expo-
sure to IR, the nontransfected cells exhibited predomi-
nantly cell cycle arrest in G, with practically no cells in
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S phase and very few cells arrested in G,, whereas cells
transfected with a plasmid expressing Chk2/hCdsl had
the G; checkpoint restored almost as effectively as cells
transfected with a wild-type p53 plasmid (Fig. 6C). G,
arrest induced by Chk2/hCdsl was dependent on endog-
enous wild-type p53, as p53W248, a dominant-negative
p53 mutant, abrogated the ability of Chk2/hCdsl1 to in-
duce G, arrest (Fig. 6C) without affecting the levels of
expressed Chk2/hCdsl protein (Fig. 6B). All three
known protein domains of Chk2/hCds1 were required to
restore the G, checkpoint. Deletion of the region that is
putatively phosphorylated by ATM (SQ), deletion of the
FHA domain, or amino acid substitutions that inactivate
the kinase domain (M249 and A347), abrogated the abil-
ity of Chk2/hCdsl to induce G; arrest, even though
there was no effect on the levels of expressed Chk2/
hCds1 protein (Fig. 6; data not shown).

Discussion

An important component of the response of vertebrates
to DNA damage is an increase in the levels of the p53
tumor suppressor protein, which is primarily due to de-
creased protein degradation (Maltzman and Czyzyk
1984; Kastan et al. 1991; Fritsche et al. 1993). Degrada-
tion of p53 involves Mdm?2, an intracellular protein that
binds to p53 (Momand et al. 1992) and exports it out of
the nucleus (Roth et al. 1998; Lain et al. 1999). In the
cytoplasm, Mdm2 targets p53 for ubiquitin-dependent
proteolysis (Haupt et al. 1997; Kubbutat et al. 1997,
Midgley and Lane 1997). There is consensus in the field
that p53 stabilization in response to DNA damage is due
to inhibition of Mdm2-dependent p53 degradation, be-
cause modified p53 proteins that fail to interact with
Mdm?2 are constitutively expressed at high levels (Ash-
croft et al. 1999; Blattner et al. 1999; Chehab et al. 1999)
and at least some DNA-damaging agents lead to disso-
ciation of p53 from Mdm?2 (Shieh et al. 1997).

The molecular basis for dissociation of p53 from
Mdm?2 in vivo was initially attributed to direct phos-
phorylation of p53 on Ser-15 by the DNA damage-induc-
ible kinases ATM and ATR (Banin et al. 1998; Canman
et al. 1998; Khanna et al. 1998; Tibbetts et al. 1999).
However, substitution of Ser-15 with Ala does not abro-
gate stabilization of p53 after DNA damage (Ashcroft et
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Figure 5. Ectopic expression of Chk2/hCdsl

leads to p53 stabilization. (A) U2-OS cells tran-
p53 siently transfected with plasmids expressing Neo
or Chk2/hCdsl and GFP, as a marker, were ex-
posed to IR or were mock irradiated. Cell extracts
were prepared 2 hr later, resolved by denaturing
gel electrophoresis and immunoblotted for en-
dogenous p53 with antibody DO7 and for GFP to
monitor transfection efficiency. (B) U2-OS cells
transiently transfected with plasmids expressing
Neo, Chk2/hCdsl, or wild-type p53 were ex-
posed to IR. Two hours later, p53 levels were
monitored by immunofluorescence and cell nu-
clei were visualized by DAPI staining.
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Figure 6. Chk2/hCdsl functions as a G, checkpoint in re-
sponse to DNA damage. (A) Diagram of Chk2/hCdsl protein
and deletion mutants. (SQ) Region that contains the SQ/TQ
motifs that are putatively phosphorylated by ATM; (FHA) FHA
domain; (KD) kinase domain. (B) Expression of Flag-tagged
Chk2/hCdsl proteins in transiently transfected U2-OS cells
exposed to IR. Extracts from transfected cells were resolved by
denaturing gel electrophoresis and immunoblotted with an an-
tibody that recognizes the Flag tag (p53W248, which does not
have a Flag tag, is not recognized by this antibody). (C) Chk2/
hCdsl induces cell cycle arrest in G,. U2-OS cells were either
nontransfected (-) or transiently transfected with plasmids ex-
pressing the indicated Chk2/hCdsl and p53 checkpoint pro-
teins and a plasmid expressing GFP (as a marker). Cell cycle
profile was determined 12 hr after exposure of the cells to IR.
GFP- cells do not express proteins from the transfected plas-
mids and serve as negative controls. 2N and 4N DNA contents
correspond to cells in G, and G,/M, respectively.



al. 1999; Blattner et al. 1999; Chehab et al. 1999). Instead,
the critical post-translational modification for p53 stabi-
lization after DNA damage appears to be phosphoryla-
tion of Ser-20; phosphorylation of Ser-20 disrupts the in-
teraction between p53 and Mdm?2 in vitro and substitu-
tion of Ser-20 with Ala abolishes stabilization of p53 in
response to IR and UV light in vivo (Chehab et al. 1999;
Unger et al. 1999).

The observation that phosphorylation of Ser-20 is im-
portant for p53 stabilization after DNA damage implies
the existence of one or more DNA damage-inducible ki-
nases that can phosphorylate p53 on Ser-20, because the
previously implicated kinases ATM and ATR target only
serines 15 and 37 (Banin et al. 1998; Canman et al. 1998;
Khanna et al. 1998; Tibbetts et al. 1999). The kinase(s)
that phosphorylate p53 on Ser-20 would further be ex-
pected to be activated by ATM and ATR, as p53 stabili-
zation in response to IR and UV light is ATM and ATR
dependent, respectively (Kastan et al. 1992; Khanna and
Lavin 1993; Canman et al. 1994; Savitsky et al. 1995;
Tibbetts et al. 1999). We have identified Chk2/hCds1 as
a kinase that can phosphorylate p53 on Ser-20 in re-
sponse to DNA damage. Chk2/hCdsl fulfills several cri-
teria that implicate it in regulation of p53 stabilization.
First, Chk2/hCds1 phosphorylates p53 on Ser-20 and dis-
rupts preformed p53/Mdm2 complexes in vitro. Second,
Chk2/hCdsl activation, p53 phosphorylation on Ser-20
and p53 stabilization are all ATM dependent in response
to IR and ATM independent in response to UV light.
Third, a dominant-negative Chk2/hCdsl mutant sup-
presses p53 phosphorylation on Ser-20 and p53 stabiliza-
tion after DNA damage. And fourth, ectopic expression
of Chk2/hCds1 leads to increased p53 stabilization after
DNA damage and to p53-dependent cell cycle arrest in
G,. On the basis of these findings, we propose a revised
model for the checkpoint-signaling pathways leading to
p53 stabilization. The major difference from the previous
models is that p53 stabilization is not attributed to direct
phosphorylation of p53 by ATM or ATR (Banin et al.
1998; Canman et al. 1998; Khanna et al. 1998; Tibbetts et
al. 1999) but to indirect phosphorylation by these ki-
nases through Chk2/hCdsl (Fig. 7).

In the revised model, the signaling pathways leading to
p53 stabilization share similarities with the yeast DNA
damage and stalled replication checkpoint-signaling
pathways. Specifically, in budding yeast, the ATM ho-
molog MECI1 induces G, arrest by activating the down-
stream kinase RAD53/SPK1 (the homolog of Chk2/
hCds1), which in turn phosphorylates SWI6, leading to
decreased expression of G, cyclins (Fig. 7). Thus, both in
mammals and yeast, an evolutionarily conserved kinase
cascade targets transcription factors (p53 and SWIG6, re-
spectively) that induce G, arrest. Regulation of p53 and
SWI6 through a kinase cascade, rather than by ATM or
MECI1 directly, may allow amplification of the DNA
damage signal.

Implicating Chk2/hCdsl in p53 stabilization allows
us to consolidate some of the checkpoint-signaling path-
ways that target p53. It is well established that blocks in
DNA replication induced by aphidicolin, hydroxyurea,
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DSBs Dimers — °  Blocks
ATM(MEC1) ATR?(MEC1) ATR?(MEC1)
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p53(SWI6)

}
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Figure 7. Model for p53 stabilization in response to DNA dam-
age and stalled replication. IR, induces DNA DSBs and activates
Chk2/hCdsl in an ATM-dependent manner. Thymine dimers,
which are induced by UV light and stalled replication, activate
Chk2/hCdsl in an ATM-independent manner. Stabilization of
p53 in response to UV light is dependent on ATR and requires
DNA replication, suggesting that ATR signals the presence
of thymine dimers and/or replication blocks to Chk2/hCdsl
(2 indicates that it is not known whether ATR responds to thy-
mine dimers or stalled replication or both). In budding yeast,
activation of RAD53/SPK1 (the Chk2/hCdsl homolog) is de-
pendent on MECI (the ATM and ATR homolog) and leads to
phosphorylation of the SWI6 transcription factor and G, arrest.

or PALA lead to p53 stabilization (Linke et al. 1996;
Agarwal et al. 1998; Chen et al. 1998). Some types of
DNA damage, such as cross-linked pyrimidines induced
by UV light, may also stabilize p53 by inhibiting DNA
replication (Haapajarvi et al. 1997). The signaling path-
way(s) leading to p53 stabilization in response to stalled
replication have not been deciphered. As Figure 7 indi-
cates, Chk2/hCdsl is activated in response to both DNA
damage and replication blocks and is, in fact, a compo-
nent of an evolutionarily conserved checkpoint that
monitors both DNA damage and stalled replication
(Matsuoka et al. 1998; Blasina et al. 1999; Brown et al.
1999). Because activated Chk2/hCds]1 stabilizes p53, we
propose that agents that block DNA replication stabilize
p53 through Chk2/hCdsl.

It is worth noting that Chk2/hCdsl1 is not involved in
all aspects of p53 regulation in response to genotoxic
stress. IR induces an ATM-dependent association of the
carboxyl terminus of p53 with 14-3-3 proteins that is
important for functional activation of p53 (Waterman et
al. 1998). Chk2/hCdsl is not involved in regulating this
association, as UV light, which activates Chk2/hCds] as
effectively as IR, did not promote the interaction be-
tween p53 and 14-3-3. Furthermore, a dominant-negative
Chk2/hCdsl mutant inhibited p53 stabilization, but not
the interaction of p53 with 14-3-3.

The budding yeast RAD53/SPK1 and fission yeast
Cdsl checkpoint kinases induce cell cycle arrest when
activated (Elledge 1996; Weinert 1998). Experimental
evidence showing that human Chk2/hCdsl induces cell
cycle arrest had been lacking. Our findings show a role of
Chk2/hCdsl in promoting G, arrest. We did not observe
any effect of wild-type or dominant-negative Chk2/
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hCdsl on cell cycle arrest in S or G,. This does not
preclude a role of Chk2/hCdsl in these phases of the cell
cycle, but may indicate functional redundancy within
the DNA damage and replication block checkpoint. In
fact, we anticipate that Chk2/hCds1 functions as a DNA
damage checkpoint in S and G,, as well as in G,, because
IR induces post-translational modifications of Chk2/
hCdsl in all phases of the cell cycle (Matsuoka et al.
1998). Functional redundancy in cell cycle checkpoints
raises another issue; whether Chk2/hCds1 is the only
kinase that phosphorylates p53 on Ser-20 after DNA
damage and replication blocks. In fission yeast, there is
redundancy between Cdsl and Chkl (Boddy et al. 1998;
Zeng et al. 1998). The human Chk2/hCdsl and hChk1
kinases may also exhibit functional redundancy, as they
are both activated by DNA damage and have similar sub-
strate specificities (Sanchez et al. 1997; Matsuoka et al.
1998; Blasina et al. 1999; Brown et al. 1999), which raises
the possibility that not only Chk2/hCdsl, but also
hChkl1 targets p53. There is now evidence that hChkl
phosphorylates p53 on Ser-20 and regulates p53 protein
levels in vivo (Shieh et al. 2000).

Because p53 is a tumor suppressor and Chk2/hCdsl
activates p53, one might anticipate that Chk2/hCdsl1 is
inactivated in human cancer. There are already two re-
ports pointing in this direction. First, Chk2/hCds1 is
expressed at much lower levels in tumor cell lines that
have endogenous wild-type p53 as compared with cell
lines with mutant p53 (Tominaga et al. 1999). Using an
antibody that recognizes endogenous protein, we also ob-
served low levels of Chk2/hCdsl in U2-OS cells (data
not shown). Low levels of Chk2/hCdsl might compro-
mise the p53 checkpoint and can explain why ectopic
expression of Chk2/hCdsl enhanced p53 stabilization
and p53-dependent G, arrest in response to genotoxic
stress. The most dramatic observation linking Chk2/
hCdsl to human cancer is the identification of muta-
tions in the chk2/hcds1 gene in a subset of Li-Fraumeni
syndrome families, who do not have p53 mutations (Bell
et al. 1999). In what can be considered as genetic evi-
dence for chk2/hcds1 and p53 being in the same path-
way, mutations targeting either gene lead to a similar
phenotype, the Li-Fraumeni syndrome.

Materials and methods

Recombinant plasmids and proteins

A clone within the EST database (GenBank accession no.
AA285249) containing the entire coding sequence of Chk2/
hCdsl was obtained from Robert Hawley (The Toronto Hospi-
tal, Canada). For expression in mammalian cells, the Chk2/
hCdsl1-coding sequence was cloned in a modified pcDNA-zeo-
cin vector (Invitrogen) that fuses a Flag tag (Sigma) to the Chk2/
hCdsl amino terminus. For expression in Escherichia coli, the
Chk2/hCdsl-coding sequence was cloned in a modified pT5T
vector (Eisenberg et al. 1990) that fuses a six-histidine tag to the
Chk2/hCdsl amino terminus; His-tagged Chk2/hCdsl1 protein
was purified from crude E. coli lysates on a Hi-Trap Ni-chelat-
ing column (Pharmacia, Piscataway, NJ). Plasmids expressing
full-length p53 in mammalian cells and E. coli have been de-
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scribed (Muller-Tiemann et al. 1998; Chehab et al. 1999). Full-
length p53 expressed in E. coli was purified by sequential chro-
matography on Sepharose SP ion exchange and Sephadex 200 gel
filtration columns on a high resolution SMART protein purifi-
cation system (Pharmacia). Mutants of Chk2/hCdsl and p53
were constructed by PCR-based mutagenesis. The domain of
human Mdm?2 that binds p53 (residues 1-125) was expressed in
E. coli as a GST fusion protein with a pGEX4T1 plasmid (Phar-
macia) GST-Mdm2(1-125) was purified with glutathione beads
(Pharmacia).

Antibodies

ADbS20p, a polyclonal antibody (clone 430) that recognizes p53
phosphorylated on Ser-20, was obtained from New England Bio-
labs (Beverly, MA). DO7, a monoclonal antibody that recognizes
p53 irrespective of its phosphorylation state, was obtained from
Calbiochem (San Diego, CA). Y11 and M5, monoclonal antibod-
ies that recognize amino-terminal hemagglutinin (HA) and Flag
tags, respectively, were obtained from Santa Cruz Biotech
(Santa Cruz, CA) and Sigma (St. Louis, MO). Antibodies GFP-FL
and K-19 that recognize GFP and 14-3-3 proteins, respectively,
were obtained from Santa Cruz Biotech.

In vitro kinase assay

Purified recombinant full-length wild-type or mutant p53 pro-
teins (150 ng) were incubated with or without purified His-
tagged Chk2/hCdsl protein (200 ng) for 30 min in 1x kinase
buffer [50 mm HEPES (pH 7.4), 10 mm MgCl,, 10 mm MnCl,, 10
mMm DTT] supplemented with either 500 nm unlabeled ATP or
200 nM unlabeled and 200 nm [**P]JATP. The protein mixtures
were either resolved by denaturing gel electrophoresis and sub-
jected to autoradiography to monitor 3P incorporation or im-
munoprecipitated with AbS20p, resolved by denaturing gel elec-
trophoresis and immunoblotted with antibody DO7 to monitor
phosphorylation of p53 on Ser-20.

Binding of p53 to Mdm2

Purified full-length p53 (150 ng) was incubated with 200 ng of
purified His-tagged Chk2/hCds1 for 30 min in 1x kinase buffer.
Then, half of the sample (input sample) was stored on ice; the
other half was incubated for 1 hr with glutathione beads coated
with 200 ng of GST-Mdm2(1-125) in 1x IP buffer [25 mm HEPES
(pH 7.4), 100 mm NaCl, 5 mm MgCl,, 100 mm EDTA, 200 ng/ml
BSA, 0.1% Tween 20]. The beads were washed with 2xIP buffer
and p53 that remained bound to Mdm?2 was released from the
beads by adding 20 ul of SDS sample buffer, and then diluted
50-fold with 1x IP buffer (Mdm2-bound sampled). The fraction
of p53 phosphorylated on Ser-20 in the input and Mdm2-bound
samples was determined by comparing the amounts of p53 im-
munoprecipitated with AbS20p (p53 phosphorylated on Ser-20)
versus the amount of p53 immunoprecipitated with DO7 (p53
phosphorylated and nonphosphorylated on Ser-20). p53 immu-
noprecipitated with AbS20p or DO7 was detected by immuno-
blotting with DO7.

Disruption of preformed p53/Mdm2 complexes

Purified full-length p53 (150 ng) was incubated for 1 hr with
glutathione beads coated with 200 ng of GST-Mdm2(1-125) in
1x IP buffer. Unbound p53 was removed by washing the beads
three times with 2x IP buffer. The beads were then incubated
with 200 ng of purified His-tagged Chk2/hCds1 for 30 min in 1x
kinase buffer and washed again three times with 2x IP buffer to



remove any p53 protein that had dissociated from Mdm2. The
fraction of p53 that remained bound to the beads after washing
was visualized by immunoblotting with antibody DO?.

Kinetics of Chk2/hCds1 activation and p53 stabilization

U2-0S osteosarcoma cells were transfected by calcium phos-
phate precipitation with 5 pg of Flag-tagged Chk2/hCdsl ex-
pression plasmid, 1 pg of plasmid pSV7neo, and 24 pg of pBC12/
PLseap carrier plasmid (Wieczorek et al. 1996). Stably trans-
fected cells were selected with G418 and pooled when visible
colonies emerged. The pools of stably transfected cells were
exposed to 9 Gy IR or 50 J/m? UV light. Whole cell extracts
were prepared 1-16 hr after exposure to IR or UV light by lysis
in 1x extraction buffer [50 mm Tris (pH 8), 120 mm NacCl, 0.5%
NP-40, 1 mm DTT, 0.4 ng/ml Pefabloc SC, 2 ng/ml pepstatin,
0.2 pm wortmannin, 0.1 um staurosporine, 15 mm NaF, 1 mm
sodium vanadate]. DNA damage-induced post-translational
modifications of Flag-tagged Chk2/hCdsl and stabilization of
endogenous p53 were monitored by immunoblotting with M5
and DO7 antibodies, respectively.

ATM dependence of p53 Ser-20 phosphorylation

Cultures of diploid nontransformed fibroblasts from a normal
individual (AG1522) or from A-T patients (AT1BR and AT5BI)
were exposed to 9 Gy IR or 50 J/m? UV light. Whole cell ex-
tracts were prepared 2 hr after exposure to IR or 16 hr after
exposure to UV light by lysis in 1x extraction buffer. Phosphory-
lation of p53 on Ser-20 was assayed by immunoprecipitation
with AbS20p, followed by immunoblotting with DO7. The
amounts of extracts used were adjusted to have equal p53 levels
in all lanes, as shown by immunoblotting with DO?.

Effects of dominant-negative Chk2/hCds1 mutants

U2-0S osteosarcoma cells were transfected by calcium phos-
phate precipitation with 0.5 ng of a plasmid expressing HA-
tagged p53IND, 5 pg of a plasmid expressing mutant Chk2/
hCdsl1, or 5 pug of the expression plasmid without insert, 1 pg of
a plasmid expressing GFP (to monitor transfection efficiency),
and 24 ng of pBC12/PLseap carrier plasmid (Wieczorek et al.
1996; Palm et al. 1997; Chehab et al. 1999). p53IND differs from
wild-type p53 by seven amino acid substitutions in the oligo-
merization domain; it forms homotetramers and maintains the
native p53 structure and function, but does not hetero-oligo-
merize with native p53 (Stavridi et al. 1999). The transfected
cells were exposed to 50 J/m?> UV light or 9 Gy IR 36 and 48 hr
after transfection, respectively. Whole cell extracts were pre-
pared 16 hr after exposure to UV light or 2 hr after exposure to
IR by lysis in 1x extraction buffer. The levels of HA-tagged
p53IND, Flag-tagged Chk2/hCdsl and GFP were assayed by im-
munoblotting. Phosphorylation of HA-tagged p53IND on Ser-20
was assayed by immunoprecipitation with AbS20p, followed by
immunoblotting with antibody Y11. The interaction of HA-
tagged p53IND with 14-3-3 proteins was monitored by immu-
noprecipitation with antibody K-19, followed by immunoblot-
ting with Y11.

Effects of ectopic expression of wild-type Chk2/hCds1
on p53 levels

U2-0S osteosarcoma cells were transfected by calcium phos-
phate precipitation with 5 pg of a plasmid expressing wild-type
Chk2/hCdsl or 5 pg of a plasmid expressing Neo, 1 ng of a
plasmid expressing GFP (as a marker), and 24 ng of pBC12/

Chk2/hCds1 stabilizes p53

PLseap carrier plasmid (Wieczorek et al. 1996; Palm et al. 1997).
Thirty-six hours after transfection, the cells were exposed to 5
Gy IR and analyzed for p53 levels 2 hr later by immunoblotting
and immunofluorescence. For immunoblotting, the cells were
lysed in 1x extraction buffer; the lysates were resolved by de-
naturing gel electrophoresis, and levels of endogenous p53 were
assayed by immunoblotting with antibody DO7. For immuno-
fluorescence, cells that were transfected on glass coverslips
(Fisher, Pittsburgh, PA) were washed 2 hr after irradiation, once
with PBS and three times with KM buffer [10 mm MES (pH 6.2),
10 mm NaCl, 10 mm MgCl,, and 2.5% glycerol] and were then
fixed with 1% paraformaldehyde (in PBS) on ice for 15 min.
After three washes with PBS, the cells were permeabilized by
incubation with 0.2% Triton X-100/PBS for 20 min on ice,
washed again three times with PBS, and incubated with anti-
body DO7 for 1 hr at room temperature. The cells were washed
three times with PBS, incubated with Texas Red-conjugated
secondary antibody (Vector Laboratories, Burlingame, CA) for
30 min at room temperature, washed again with PBS, and
stained with 3.0 mg/ml DAPI (Sigma) for 5 min. The coverslips
containing the cells were then washed three times with PBS and
mounted onto glass slides with Fluoromount-G (Fisher). The
cells were visualized with a fluorescence microscope (Leica,
Deerfield, IL) and separate images were acquired with filters
corresponding to the excitation maxima of DAPI (to visualize
cell nuclei), GFP (which serves as a marker of transfected cells),
and Texas Red (to visualize p53).

Effects of Chk2/hCds1 on cell cycle progression

U2-0S osteosarcoma cells were transfected by calcium phos-
phate precipitation with 2.5 png of a plasmid expressing various
Chk2/hCds1 and/or p53 proteins or 2.5 pg of the expression
plasmid without insert, 1 pg of a plasmid expressing GFP (as a
marker), and 24 pg of pBC12/PLseap carrier plasmid (Wieczorek
et al. 1996). Twenty-four hours after transfection, the cells were
exposed to 5 Gy IR or were mock irradiated. The cells were
trypsinized 12 hr later, washed once with PBS supplemented
with 1% FBS (GIBCO-BRL, Grand Island, NY), resuspended in
200 ul of 0.4% paraformaldehyde in PBS, and incubated for 12
min at 37°C and, subsequently, for 10 min on ice. The fixed
cells were overlaid with 1800 ul of cold (-20°C) methanol with
gentle vortexing. After a 10-min incubation on ice, the cells
were washed in 1x PBS-TF (PBS with 0.1% Tween 20 and 2%
FBS) and incubated in 1 ml of PBS-TF containing 20 ul of RNase
(GIBCO-BRL) and 10 pl of propidium iodide (Boehringer Mann-
heim, Indianapolis, IN) for 1 hr at 37°C. Flow cytometry analy-
sis was performed on a FACSscan flow cytometer (Becton Dick-
inson, Franklin Lakes, NJ).
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