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The Chk1/Cdc25A Pathway as Activators of the Cell Cycle in
Neuronal Death Induced by Camptothecin
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Cell cycle regulators appear to play a paradoxical role in neuronal death. We have shown previously that cyclin-dependent kinases
(CDKs), along with their downstream effectors, Rb (retinoblastoma) and E2F/DP1 (E2 promoter binding factor/deleted in polyposis 1),
regulate neuronal death evoked by the DNA damaging agent camptothecin. However, the mechanism by which CDKs are activated in this
modelis unclear. The cell division cycle 25A (Cdc25A) phosphatase is a critical regulator of cell cycle CDKs in proliferating cells. In cortical
neurons, we presently show that expression of Cdc25A promotes death even in the absence of DNA damage. Importantly, Cdc25A activity
is rapidly increased during DNA damage treatment. Inhibition of Cdc25A blocks death and reduces cyclin D1-associated kinase activity
and Rb phosphorylation. This indicates that endogenous Cdc25A activity is important for regulation of cell cycle-mediated neuronal
death. We also examined how Cdc25A activity is regulated after DNA damage. Cultured embryonic cortical neurons have a significant
basal activity of checkpoint kinase 1 (Chk1), a kinase that regulates cell cycle arrest. During camptothecin treatment of neurons, this
activity is rapidly downregulated with a concomitant increase in Cdc25A activity. Importantly, expression of wild-type Chkl, but not
kinase-dead Chkl, inhibits the camptothecin-induced increase in Cdc25A activity. In addition, Chk1 expression also promotes survival in
the presence of the DNA-damaging agent. Together, our data suggest that a Chk1/Cdc25A activity participates in activation of a cell cycle
pathway-mediated death signal in neurons. These data also define how a proliferative signal may be abnormally activated in a postmitotic

environment.
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Introduction

Neuronal death is an important component in the progression of
neuropathological disorders such as stroke and neurodegenera-
tive disease (Stefanis et al., 1997; Cotman, 1998; Dirnagl et al.,
1999). One important initiator of neuronal death is DNA dam-
age, which has been implicated in conditions such as stroke
(Tobita et al., 1995; Chen et al., 1997; Cui et al., 2000), Alzhei-
mer’s disease (Robison and Bradley, 1984; Gabbita et al., 1998;
Lovell and Markesbery, 2001), and Parkinson’s disease (Robison
and Bradley, 1984; Alam et al., 1997; Jenner, 1998). Genotoxic
agents/stress have also been associated with cerebellar toxicity
syndrome, peripheral neuropathies, as well as significant reduc-
tions in the intelligence quotient (Wallach et al., 1992; Mansfield
and Castillo, 1994; Radcliffe et al., 1994).
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Increasing evidence indicates that one important signal in
neuronal death involves the paradoxical activation of cell cycle
machinery (Becker and Bonni, 2004; Greene et al., 2004; Herrup
et al., 2004; Kruman et al., 2004). A growing number of reports
have implicated critical cell cycle regulators, the cyclin-
dependent kinases (CDKs), in several in vitro neuronal death
paradigms, including those initiated by DNA-damaging agents
(Park et al., 1996, 1998), B-amyloid toxicity (Copani et al., 1999;
Giovanni et al., 1999, 2000), trophic factor deprivation (Farinelli
and Greene, 1996; Park et al., 1996, 1997b), and protesomal in-
hibitors (Rideout et al., 2003). For example, cyclin D1-associated
kinase activity (CDK4/6) is inappropriately increased in cortical
neurons treated with the topoisomerase I inhibitor camptothecin
(Park et al., 1998). We used this particular model to study the
signaling events that are activated during genotoxic stimulus.
Deregulation of cyclin D1/CDK4/6 has been reported in other
death models, including K™ deprivation (Padmanabhan et al.,
1999) and ischemia (Osuga et al., 2000). Initial reports on the
importance of CDKs in neuronal death in vitro relied on phar-
macological agents. For example, flavopiridol and roscovitine
block death attributable to K™ withdrawal (Park et al., 1997a;
Padmanabhan et al., 1999). More recently, molecular evidence
implicating cell cycle CDKs has emerged. Overexpression of
dominant-negative CDK4/6 or of the CDK inhibitors p16 and
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p27 can block death attributable to DNA damage (Park et al.,
1998), B-amyloid (Copani et al., 1999; Giovanni et al., 1999), and
proteasomal inhibitors (Rideout et al., 2003). Cyclin DI-
deficient neurons are also resistant to delayed hypoxic insult
(Rashidian et al., 2005).

The downstream effectors of CDKs that promote neuronal
death are also starting to be delineated. For example, CDK-
dependent Rb phosphorylation has been reported in a number of
death paradigms, including that with the topoisomerase 1 inhib-
itor camptothecin. Camptothecin induces rapid pRb/p107 phos-
phorylation on Ser795 (Park et al., 2000) and subsequent degra-
dation. Importantly, overexpression of Rb has been shown to
protect against neuronal death (Park et al., 2000; Liu and Greene,
2001). Loss of the E2 promoter binding factor (E2F)/Rb repres-
sional complexes have also been implicated in other death models
(Liu and Greene, 2001; Biswas et al., 2005). E2F-1 expression
evokes neuronal death, and endogenous E2F-1 mediates the
death of cerebellar granule neuron (CGNs) evoked by low K*
(Hou et al., 2000; O’Hare et al., 2000). In addition, E2F-1-
deficient CGNs are more resistant to kainic acid-induced death
(R. A. Smith et al., 2003).

These in vitro findings of the pro-death function of CDKs in
neurons are highlighted by the reports that CDKs are also acti-
vated and required in in vivo models of injury. For example,
inappropriate activation of CDKs have been reported in animal
models of Parkinson’s disease (P. D. Smith et al., 2003, 2004),
stroke (Li et al., 1997; Osuga et al., 2000; Katchanov et al., 2001;
Rashidian et al., 2005; Wen et al., 2005), and amyotrophic lateral
sclerosis (Nguyen et al., 2003). In human postmortem analyses,
aberrant cyclin and CDK expression has been reported in Alzhei-
mer’s disease brain (McShea et al., 1997; Busser et al., 1998;
Herrup and Arendt, 2002; Jordan-Sciutto et al., 2002).

Although the downstream targets of CDKs in neurons are
beginning to be defined, the manner by which they become acti-
vated is not well understood. In a model of cortical neuronal
death induced by DNA damage, cyclin D1-associated kinase ac-
tivity as well as Rb phosphorylation is detected early (Park et al.,
2000). However, we also reported previously that early changes in
the protein levels of numerous cell cycle regulators such as
CDK4/6, cyclin D1, and casein kinase I (CKIs) (p16, p21 and
p27), which might account for increased CDK activity, could not
be detected (Park et al., 2000). This strongly suggested that CDKs
may be regulated by a posttranslational mechanism.

The cell division cycle 25A (Cdc25A) phosphatase dephos-
phorylates and activates CDK4/6/cyclin D1 complexes during
G;-to-S transition (Terada et al., 1995; Iavarone and Massague,
1997) in proliferating cells. It is itself negatively regulated by
phosphorylation mediated by checkpoint kinase 1 (Chk1), which
is involved in an S-phase checkpoint pathway responding to
genotoxic stress evoked by DNA-damaging agents or irradiation
(Sanchez et al., 1997; Mailand et al., 2000). However, whether
Chkl or Cdc25A play a role in responding to camptothecin-
induced stress within neurons is unknown. Accordingly, we ex-
plored whether this pathway may be critical in the regulation of
pro-death CDK activity in neurons induced by this apoptotic
agent.

Materials and Methods

Materials. NSC95397 [2,3-bis-(2-hydroxyethylsulfanyl)-1,4-naphtho-
quinone] was kindly provided by the Drug Synthesis and Chemistry
Branch, National Cancer Institute (Bethesda, MD). Stock solutions were
prepared by dissolving NSC95397 in DMSO at a concentration of 200
mm and were stored at —20°C. Immediately before treatment, the
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NSC95397 stock solution was further diluted in serum-free media.
Camptothecin was obtained from Sigma (St. Louis, MO).

Neuronal cultures and calcium phosphate transfection. Primary cortical
neurons were derived from embryonic day 15 (E15) CD-1 mice (Charles
River Laboratories, Wilmington, MA) as described previously (Xiang et
al., 1996; Fortin et al., 2001) and maintained in Neurobasal media (In-
vitrogen, Carlsbad, CA) supplemented with B27 (Invitrogen), N2 (In-
vitrogen), and 0.5 mum glutamine (Sigma). These cultures contain 98%
neurons and little contamination of other cell types (data not shown).
Neurons were plated on poly-p-lysine (Sigma) -coated 35 mm six-well
plates at a density of 2.5 X 10° per well. Three days after plating, cortical
neurons were transiently transfected using a modified calcium phos-
phate precipitation protocol (Xia et al., 1996). In brief, neurons were
transfected with 2 ug of total plasmid DNA [1.5 ug of plasmid DNA and
0.5 ug of phosphorylated enhanced green fluorescent protein (pEGFP)
as a reporter] purified using an EndoFree Plasmid Maxi kit (Qiagen,
Hilden, Germany). At 24 h after transfection, neurons were treated with
camptothecin (10 um) for 1620 h, were fixed in 4% paraformaldehyde
(containing 0.2% picric acid in 0.1 M phosphate buffer, pH 6.9), and then
stained with Hoechst 33258 (0.25 ug/ml) to assess nuclear morphology.
This protocol results in <3% transfection efficiency of plasmid DNA.
Therefore, individual transfected neurons were visualized by cotrans-
fected GFP. Survival of these neurons was assessed as either alive or dead
by nuclear morphology and is expressed as ratio of live neurons to total
neurons assessed. Data are expressed as mean = SEM.

RNA interference. To suppress the expression of Cdc25A, we designed
two double-stranded short-interfering RNA (siRNA) to Cdc25A (se-
quences, CCGAUUCAGGUUUCUGUCUTT and GCCACUCUGAUU-
CUCUAGATT). The siRNA/Cdc25A duplexes along with a cyanine
3-labeled control duplex were obtained from Ambion (Austin, TX).
Three days after plating, cortical neurons were transfected as described
previously (Aleyasin et al., 2004) or with calcium phosphate as described
above with 60 pmol siRNA/24 well. At 24 h after transfection, neurons
were treated with camptothecin (10 um) for various periods of time. At
appropriate times, the cells were lysed and assayed for survival or West-
ern blot analyses as described below.

Survival assay. For Figures 3, 4, and 8, survival was determined as
described previously (Rukenstein et al., 1991; O’Hare et al., 2000) by
incubating neurons in a buffer that selectively lyses cell membranes but
not nuclear membranes and then counting the number of healthy intact
nuclei. The percentage of surviving neurons is expressed relative to un-
treated control wells. For survival of transfected neurons (see Fig. 2),
cultures were fixed and stained with the nuclear marker Hoescht. GFP-
expressing neurons were counted as either alive or dead according to the
appearance of Hoescht. Live neurons displayed large intact nuclei, whereas
dead neurons displayed condensed and/or fragmented nuclei. Survival was
expressed as the percentage of total cells that were classified as alive.

Recombinant adenovirus infection. The adenoviruses expressing wild-
type (WT) or kinase-inactive/dead (DN) forms of Chk1 (kind gifts from
Dr. S.J. Elledge, Harvard Medical School, Boston, MA) were engineered
by using a Cre—lox adenoviral construction system as described previ-
ously (Aleyasin et al., 2004). The experiments were performed at a mul-
tiplicity of infection of 100 plaque-forming units per cell. Recombinant
adenoviral vectors were added to cell suspension immediately before
plating of primary neuronal cultures.

Cdc25A phosphatase assay. The phosphatase activity of Cdc25A was
assayed by hydrolysis of 4-nitrophenol phosphate (pNPP) (Roche Ap-
plied Science, Indianapolis, IN) as described previously (Baratte et al.,
1992) with modifications. E15 cortical neurons were treated with 10 um
camptothecin for various time periods 36 h after plating. The cells were
washed twice with cold PBS and harvested in immunoprecipitation (IP)
buffer [50 mm HEPES, pH 7.5, 150 mMm NaCl, 1 mm EDTA, 2.5 mM EGTA,
1 mm DTT, 0.1% Tween 20, and protease inhibitor cocktail (Roche)].
Protein (500 ug) was incubated with 2—4 ug of anti-Cdc25A antibody
(Upstate Biotechnology, Lake Placid, NY) for overnight at 4°C and pre-
cipitated with protein A-Sepharose beads (Sigma) for 1 h. Extracts that
lacked anti-Cdc25A antibody in the immunoprecipitation step were in-
cluded as an experimental control. The beads from Cdc25A immunopre-
cipitates was then incubated in phosphatase reaction buffer (in mm: 50
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Tris, pH 8.0, 50 NaCl, 1 EDTA, 1 DTT, and 1 pNPP) for 6-10 h at 37°C.
The reaction was stopped with 5N NaOH. Cdc25A activity was calculated
by measuring the absorbance of p-nitrophenolate at 410 nm and sub-
tracting the control background value. Each point is the mean * SEM of
data from at least three separate experiments.

Protein kinase assay. Cyclin D1-associated kinase activity or Chk1 ki-
nase assay was performed as described previously (Matsushime et al.,
1994; Park et al., 1998) with modifications. In brief, cortical neurons were
treated for various times with camptothecin (10 um). The cells were
washed twice with cold PBS and harvested in IP buffer as described
previously (Matsushime et al., 1994). Cell lysates were then precleared by
incubation with 75 ul of protein A-agarose beads (Sigma) for 1 h. One
microgram of anti-cyclin D1 (Santa Cruz Biotechnology, Santa Cruz,
CA) or anti-Chkl1 antibody (Santa Cruz Biotechnology) (two different
antibodies, one generated in rabbit FL-476 and the other from goat
M-16, were used with similar results) was then added to 300 ug of cell
lysate and incubated for 3 h. As control, lysate containing no antibody
was used. Protein A beads (50 ul) were then added to the lysates and
incubated for 1 h. Washing and kinase assay was performed as described
previously (Matsushime et al., 1994). pRb (1 ng; Santa Cruz Biotechnol-
ogy) or glutathione S-transferase (GST)—Cdc25A protein was used as
substrate. The proteins were then resolved on a 10% SDS-polyacrylamide
gel, and incorporation of [y- **P]ATP was analyzed by autoradiography
and densitometry.

Immunofluorescence. Cortical neurons were fixed in 4% paraformal-
dehyde (containing 0.2% picric acid in 0.1 M phosphate buffer, pH 6.9)
for 15 min at room temperature and permeabilized for 20 min in 0.2%
Triton X-100/PBS. After washing, neurons were incubated with or with-
out anti-Cdc25A antibody (1:500; Santa Cruz Biotechnology) overnight
at 4°C. Then the cells were incubated with AlexaFluor 594 (Invitrogen)
for 1 h at room temperature. Nuclei were stained with Hoescht 33258
(0.25 pg/ml) for 20 min at room temperature.

Western blot analysis. At 36 h after plating, at the indicated time points
after camptothecin and/or NSC95397 treatment, cortical neurons were
harvested into solubilization buffer (0.0625 M Tris, 2.5 mM EDTA, 2.5 mMm
EGTA, 10% glycerol, 2% SDS, 0.001% bromophenol blue, and 5%
B-mercaptoethanol). Alternatively, immunoprecipitation was per-
formed using antiCdc25A antibody (described above). Protein was
loaded onto SDS-polyacrylamide gels and transferred to nitrocellulose
membranes as described previously. Membranes were then probed with
anti-Cdc25A (1:1000; Santa Cruz Biotechnology), anti-Chkl1 (1:1000;
Santa Cruz Biotechnology), anti-pRb (Ser795) (1:500; Cell Signaling
Technology, Danvers, MA), and anti-$3-actin antibody (Sigma).

Single-cell gel electrophoresis “comet assay” for DNA strand-break anal-
ysis. DNA strand-break formation was directly determined by alkaline
single-cell gel electrophoresis (SCGE) as described previously (Morris et
al., 1999). Purified cultures of 1- to 2-d-old embryonic day 17 rat cerebral
cortical neurons were prepared as described previously (Morris and
Geller, 1996). Cells were exposed to DNA-damaging agents (or control
conditions), followed by an extensive washout (three 1 min washes with
PBS) and cell harvesting (a process lasting ~10 min), and were subjected
to SCGE analysis. Nuclei were visualized under fluorescein epifluores-
cence with a 20X Zeiss (Thornwood, NY) Plan-Neofluor objective, and
images were captured to disk for analysis with NIH Image version 1.59.
The “tail moment” or “comet moment” (Olive and Banath, 1993) was
defined (M in the equation) as the quantity of comet tail DNA (or the
sum of pixels, 3P, in the comet minus background, b) multiplied by the
length of the comet tail (L) or the distance from the end of the tail to
the front of the comet head at the point in which the DNA began to
migrate: M = %(P. — b)L.

Approximately 27-34 neurons were analyzed per condition, and the
mean = SEM of the comet moment was plotted for experimental condi-
tions versus control conditions.

Results

The required role of Cdc25A in neuronal death induced by
DNA damage

Camptothecin is a topoisomerase I inhibitor (L. F. Liu et al,,
2000), which we have shown induces apoptotic death of cultured
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embryonic cortical neurons in a manner dependent on Bax and
the conserved mitochondrial pathway of death (cytochrome ¢
release and activation of the apoptosome) (Enokido et al., 1996;
Keramaris et al., 2000; Morris et al., 2001). Importantly, we pres-
ently show that camptothecin is a DNA-damaging agent (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material). Brief (10 min) treatment of cultured cortical neurons
with camptothecin induces DNA strand breaks as made evident
by SCGE comet-assay analyses. During SCGE analysis, individual
neuronal nuclei from cells treated with camptothecin or DMSO
control were agarose embedded and subjected to lysis, followed
by chromatin denaturation and unwinding. As positive control,
neurons were also treated with UV-C irradiation before SCGE.
After ethidium bromide staining and pseudocolor image en-
hancement, control-treated neuronal nuclei had little DNA mi-
gration toward the anode, whereas significant comet tail forma-
tion was observed with neuronal nuclei after UV irradiation.
Treatment with neurotoxic doses of camptothecin was sufficient
to produce large comet tail formation in neurons, and quantifi-
cation of comet tails demonstrated significant comet moment
formation after camptothecin treatment. This result indicates the
genotoxic nature of even short-term (10 min) camptothecin
treatment and suggests it to be one of the earliest events induced
by camptothecin treatment.

What are the consequences of such genotoxic stress? Previ-
ously, we also provided evidence that the CDK/Rb/E2F pathway
is activated and required for death in this system (Park et al.,
1998, 2000). This activation occurs quite early in the apoptotic
cascade (2—4 h) and temporally before detectable caspase activ-
ity, which is observed 6—8 h after initiation of camptothecin
treatment (Stefanis et al., 1999). We also demonstrated that cell
cycle CDK signaling is activated independently of p53, a tumor
suppressor transcription factor required for death in this para-
digm (Morris et al., 2001). Together, cell cycle CDKs and down-
stream elements of the p53 pathway are both required for Bax
activation (Morris et al., 2001).

The mechanism underlying CDK activation in neuronal death
was unclear. Because we could not previously detect gross
changes in protein levels of CDKs or their regulators, which
might account for increased CDK activity during DNA damage
(Park et al., 2000), we focused on potential regulators of post-
translational signaling. The important role of Cdc25A in the reg-
ulation of CDK4/6/cyclin D1 during cell cycle progression led us
to examine its potential role in neuronal death after DNA dam-
age. Accordingly, we first determined whether Cdc25A activity
might be increased after DNA damage. To do this, we exposed
embryonic cortical cultures to camptothecin and then at varying
times harvested the neurons, immunoprecipitated Cdc25A, and
performed a phosphatase assay using pNPP as substrate. As
shown in Figure 1A, there was an approximate fourfold increase
in Cdc25A phosphatase activity 2 h after camptothecin treatment
compared with the normal controls. This indicates that Cdc25A
activity increases early, at similar times that we reported for Rb
phosphorylation in this paradigm (Park et al., 2000). Addition of
the Cdc25A inhibitor NSC95397 (2 uM) in the assay mixture com-
pletely abolished all detectable phosphatase activity, suggesting that
the IP phosphatase assay used was indeed targeted toward Cdc25A
activity (data not shown). As shown in Figure 1, B and C, we con-
firmed that Cdc25A can be detected in cortical neurons by both
IP/Western blot analyses or immunofluorescence.

The above evidence indicates that Cdc25A activity is increased
during exposure to a DNA-damaging agent. We next examined
the function of Cdc25A as it relates to neuronal death in this
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Figure 1. (dc25A phosphatase activity is increased in cortical neurons treated with camp-
tothecin. 4, (dc25A phosphatase was immunoprecipitated from 500 g of whole-cell lysate of
cortical neurons treated for various times with camptothecin (Campto) and subjected to phos-
phatase assay using pNPP as substrate. Phosphatase activity was assayed by liberation of the
pNPP cleavage product quantitated at 0D, by spectrophotometry. Significance comparisons
with time 0 control, *p << 0.05. Data represent the mean = SEM from seven independent
experiments. B, A parallel IP/Western blot was performed to demonstrate pull-down of Cdc25A.
IgG control refers to a control IP performed with nonspecific IgG control antibody. A cross-
reactive lgG band is also visible after Western blot analyses. €, Neurons were fixed and immu-
nostained for Cdc25A, and nuclei were stained with Hoescht. Culture without primary antibody
(Ab) incubation was provided as a control.
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Figure 2.  (dc25A promotes neuronal death in response to DNA damage. Cultured cortical

neurons were cotransfected with pEGFP and the indicated constructs. At 24 h after transfection,
cells were exposed to camptothecin (campto) (10 ) for 1620 h, fixed, and stained with
Hoechst 33258 (0.25 wg/ml). A, Photomicrographs of alive or dead cortical neurons under
green fluorescence, showing GFP-transfected neurons and Hoechst-stained nuclei. B, Expres-
sion of Cdc25A using a plasmid construct induces death of primary cultured cortical neurons
treated with camptothecin. Significance comparisons with respective vector untreated or
camptothecin-treated controls, **p << 0.01. Data represent the mean = SEM from three inde-
pendent experiments.

system. We first targeted plasmid expressing Cdc25A or empty
vector control to neurons by calcium phosphate-mediated trans-
fection. A GFP-expressing plasmid was also cotransfected as a
marker for positively targeted neurons. Transfected cultures were
untreated or exposed to camptothecin. Cultures were then fixed
and stained with Hoechst. GFP-positive neurons were scored for
survival by evaluating nuclear integrity. Dead cells displayed frag-
mented and/or condensed nuclei. As shown in Figure 2, expres-
sion of Cdc25A alone, even without camptothecin treatment, is
sufficient to induce death of cultured cortical neurons (53%). In
contrast, GFP expression alone had only minimal background
toxic effects (~80% survival). During camptothecin treatment,
Cdc25A-expressing neurons showed an additional increase in
death. However, this death was only marginally increased over
death observed in vector-expressing control neurons. This evi-
dence indicates that overexpression of Cdc25A is sufficient to
induce death. Overexpression of Cdc25A only slightly enhances
additional death with camptothecin treatment, suggesting that
the Cdc25A pathway is already mostly activated with camptoth-
ecin exposure.

The above expression experiments do not indicate whether
endogenous Cdc25A is necessary for DNA damage-induced
death. Therefore, we next determined whether Cdc25A might be
necessary for death induced by camptothecin. To test this, we first
cultured cortical neurons in the presence of varying doses of the
Cdc25A inhibitor NSC95397, with or without camptothecin
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Figure 3.  (dc25A inhibition with NSC95397 protects cortical neurons from camptothecin-

induced neuronal death. At 36 h after plating, cortical neurons were treated with camptothecin
(10 pm) alone or cotreated with NSC95397. A, Phase micrographs of neuronal cultures not
treated, treated with camptothecin (campto) (10 ) alone, and cotreated with NSC95397
(NSQ) (1 um) for 12 h. B, Survival assay of camptothecin-induced death of cortical neurons
cotreated with NSC95397 at the indicated concentrations. Cells were lysed and intact nuclei
were counted according to the method outlined in Materials and Methods. Significance com-
parisons between untreated and camptothecin treatment at each NSC concentration, *p <
0.05, **p << 0.01. Data represent the mean =+ SEM from at least three independent
experiments.

treatment. NSC95397 has been reported to be a small-molecule
Cdc25 dual-specificity phosphatase inhibitor, >120-fold more
selective for Cdc25A than vaccinia H1-related dual-specificity
phosphatase or protein tyrosine phosphatase 1b (Lazo et al.,
2002). As shown in Figure 3, the inhibitor by itself did not have
any significant effect on background survival, whereas cotreat-
ment of NSC95397 protects cortical neurons from
camptothecin-induced neuronal death. Protection by this drug
started at 0.1 wM and was maximal at 1 uMm.

Although NSC95397 is most selective for Cdc254, it could
also block other Cdc25 isoforms at slightly higher concentrations
(Lazo et al., 2002). Because of this and other potential general
specificity issues related to pharmacological inhibitors, we next
investigated the functional importance of Cdc25A using a knock-
down approach. Cortical neurons were transfected with siRNA
oligonucleotides as described in Materials and Methods and
treated with camptothecin for the indicated times. As shown in
Figure 4, two separate Cdc25A-specific siRNA oligonucleotide
but not a control siRNA resulted in significant protection from
camptothecin (~20% survival with control siRNA vs >40% with
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Figure4.  (dc25A siRNA protects cortical neurons from death evoked by camptothecin. Cor-

tical neurons were transfected with a control siRNA (sicontrol) or two separate Cdc25A siRNA
oligonucleotides (siCdc25A1, siCdc25A2) as indicated for 48 h and then treated with camptoth-
ecin (campto) for 12 and 16 h also as indicated. Neurons were lysed and numbers of surviving
cells were assessed. Data represent means == SEM of three experiments. Significance compar-
isons with untreated or camptothecin-treated control siRNA. *p << 0.05, **p << 0.01. Insets at
top show Western blot analyses, showing downregulation of Cdc25A in cells treated with
siCdc25A1 (A1) or siCdc25A2 (A2) compared with control siRNA (C).

Cdc25A knockdown). Importantly, the Cdc25A siRNA con-
structs but not the control siRNA reduced protein level of
Cdc25A (Fig. 4). This finding is consistent with our observations
with Cdc25A overexpression and pharmacological inhibition
and supports a proapoptotic role for Cdc25A activation in DNA
damage. Together, these data suggest that Cdc25A is both neces-
sary and sufficient for cortical neuron death induced by DNA
damage.

Cdc25A inhibition/knockdown and effects on CDK activity
Previously, we have shown that cyclin D1-associated kinase ac-
tivity is increased after camptothecin treatment at an early time
point similar to that presently observed with Cdc25A activation
(Park et al., 1998). Cyclin D1/CDK4 complexes are known to
regulate proliferation in dividing cells by phosphorylating Rb
(Park et al., 1998). In neurons, DNA damage also results in Rb
phosphorylation at Ser795, and this phosphorylation is depen-
dent on CDK activity (Park et al., 2000). Rb also appears to be
essential as a survival factor in this paradigm because expression
of a mutant Rb that cannot be efficiently phosphorylated by
CDKs is protective (Park et al., 2000). Accordingly, we examined
whether Cdc25A might act as an upstream regulator of the
CDXK/Rb pathway. We first tested whether cyclin D1-associated
kinase activity might be affected by Cdc25A inhibition using the
NSC95397 inhibitor. As shown in Figure 5, A and B, treatment
with camptothecin resulted in activation of cyclin D1-associated
activity, consistent with our previous reports. Importantly, co-
treatment with the pharmacological Cdc25A inhibitor resulted in
reduction of this activity (Fig. 5A,B). It also reduced loss of ty-
rosine phosphorylation of cyclin D-containing complexes nor-
mally observed during camptothecin treatment (supplemental
Fig. S2, available at www.jneurosci.org as supplemental
material).

Consistent with the observation of reduced cyclin
D-associated kinase activity, we also observed that treatment with
the NSC95397 inhibitor (Fig. 5C,D) reduced Ser795-Rb phos-
phorylation. Rb phosphorylation was detected by Western blot
analyses using a Ser795 phosphoepitope Rb antibody. Rb phos-
phorylation was maximal at ~2—4 h, the same time at which
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Figure 5.  Inhibition of Cdc25 phosphatase activity attenuates camptothecin-evoked cyclin
D1-associated kinase activity and pRb phosphorylation at Ser795. A, NSC95397 decreases
camptothecin-induced cyclin D1-associated kinase activity in cortical neurons. B, Densitometric
analysis of cyclin D1-assciated kinase activity. The kinase activity was quantified by measuring
theincorporation of >P onto pRb substrate and subtracting the control background value. Data
are the mean == SEM and are expressed relative to the initial amount of phosphorylated pRb at
time 0. €, NSC95397 (1 M) attenuates the camptothecin-evoked increase in phosphorylation
of Rb—Ser795. Western blotting analysis was performed using anti-pRb—Ser795 antibody. Ac-
tin is provided as loading control. D, Densitometric analysis of Western immunoblots. Data are
themean = SEMand are expressed relative to the initial amount of phosphorylated pRb at time
0. E, Cdc25A siRNA (siCdc25A) attenuates the camptothecin (campto)-evoked increase in phos-
phorylation of Rb—Ser795. Actin is provided as loading control. Similar results were observed in
two separate experiments.
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Figure 6.  (dc25A and Chk1 protein levels do not change significantly in response to DNA

damage. Western blot showing relative Cdc25A and ChkT levels from the whole-cell lysates of
cortical neurons after camptothecin (campto) (10 uum) treatment for the indicated times. Cul-
tured cortical neurons were treated with camptothecin (10 wum) for various times 36 h after
plating, whole-cell lysates were harvested, and Western blot analysis was performed according
to standard procedure. Actin is provided as loading controls.

maximal Cdc25A activity is observed (Fig. 1A). Importantly,
similar results in reduction of Rb phosphorylation were observed
with siRNA treatment against Cdc25A (Fig. 5E).

Role of Chk1 in camptothecin-induced death

The above results indicate that Cdc25A activity is increased after
DNA damage and it regulates cyclin D-associated kinase activity.
However, when we examined for levels of total cellular Cdc25A
by Western blot analyses with various times of camptothecin
treatment, there did not appear to be any significant/robust early
change in protein levels that could account for the increased ac-
tivity (Fig. 6). In fact, Cdc25A levels actually decreased, although
fairly late, at 8 h. A similar lack of induction of Cdc25A was also
observed with treatment with another genotoxic agent, etoposide
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material). Chkl is an important regulator of Cdc25A after
DNA damage, which is thought to modify Cdc25 through several
mechanisms, including sequestration with 14-3-3, in addition to
regulation of stability (Mailand et al., 2000). Accordingly, we next
examined whether this checkpoint kinase acts as a possible up-
stream regulator of Cdc25A in this death model. First, we tested
whether camptothecin can alter Chkl1 kinase activity. As shown
in Figure 7, there was a consistent and readily detectable basal
level of Chk1 activity as determined by IP pull-down of Chkl
from untreated control neuronal cultures and in vitro kinase as-
say using GST-Cdc25A as substrate. Interestingly, camptothecin
treatment led to a rapid decrease in Chk1 kinase activity to almost
undetectable levels. Total levels of Chkl itself did not change
during the course of camptothecin treatment as determined by
Western blot analyses (Fig. 6). This indicates that the downregu-
lation of Chk1 activity is likely attributable to a posttranslational
event.

We next determined whether loss of Chkl activity might be
functionally relevant for death after camptothecin treatment and
also affect Cdc25A activation. To perform the necessary bio-
chemical analyses of the phosphatase assay, we could not rely on
transfection delivery techniques, which are extremely inefficient
for plasmid DNA. Accordingly, we used recombinant adenovi-
rus, which we have shown previously can efficiently infect neu-
rons (O’Hare et al., 2000). We generated adenovirus expressing
either WT-Chk1 or DN-Chk1 mutant.

As shown in Figure 8 A, we first determined the effects of Chk1
on survival. Infection of cultures with adenovirus containing
WT-Chkl, but not control or DN-Chk1, significantly improved
survival after DNA damage. Similar results showing protection
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Figure7.  Chk1kinase activity is rapidly decreased in response to DNA damage. Chk1 activity
was calculated by measuring the incorporation of >P onto GST—Cdc25A substrate and subtract-
ing the control (cont) background value. The kinase activity from three independent experi-
ments were analyzed by densitometry. A, An example of autoradiogram showing the incorpo-
ration of 2P into Cdc25A. campto, Camptothecin. B, Autoradiograms were quantified by
densitometry. Data represent the mean = SEM from three independent experiments.

with WT-Chkl was also observed with transient calcium
phosphate-mediated transfection of WT-Chk1 (data not shown).
Together, these data indicate that endogenous Chkl may be im-
portant for neuronal survival.

To test the hypothesis that Chkl modulates Cdc25A activity in
the camptothecin DNA damage paradigm, we examined wheth-
er/how WT-Chkl or DN-ChkI might affect Cdc25A activity. Af-
ter infection with control, WT, or kinase-deficient virus, we ex-
posed neuronal cultures to camptothecin and then assayed for
Cdc25A activity as described above. Consistent with previous
results, Cdc25A activity was increased in camptothecin-treated
neurons infected with control virus. Background Cdc25A activity
appeared to be slightly higher with virus treatment, and therefore
total induction of Cdc25A activity was slightly less than observed
in Figure 1 A. Importantly, WT-Chkl expression reduced basal
and camptothecin-induced Cdc25A activity. Interestingly, ex-
pression of DN-Chk1 had the opposite effect from WT-Chkl1, in
that both background and induced Cdc25A activity were in-
creased when compared with control virus treatment (Fig. 8 B).
By itself, however, DN-Chk1 expression did not significantly af-
fect death (Fig. 8A), suggesting that the magnitude of basal
Cdc25A activation induced by expression of DN-Chkl1 is not
sufficient on its own to promote rapid death. Together, these
results suggest that Chkl may participate in the regulation of
Cdc25A. This, in turn, perhaps with other signaling events, in-
creases cyclin D1-associated kinase activity and consequent Rb
phosphorylation and inactivation.

Discussion

Reactivation of cell cycle has been shown to be a common and
required event in various models of neuronal death and neuro-
degeneration, yet little is known regarding the mechanisms that
allow for this cell cycle reactivation to occur. The results pre-
sented here address this important issue. The preceding data sug-
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gest that, during death induced by camptothecin, cell cycle reac-
tivation is promoted by an increase in Cdc25A activity that, in
turn, is regulated, at least in part, through a decrease in Chkl
activity.

DNA damage during G, or S phase results in cell cycle arrest
brought about by Chkl-mediated deactivation of the Cdc25A
phosphatase (Mailand et al., 2000). However, we found that, in
postmitotic neurons, basal Chkl activity is normally high and
Cdc25A activity was low. In response to camptothecin, Chkl1 is
suppressed and Cdc25A is activated, allowing for activation of
downstream cell cycle regulatory events such as activation of cy-
clin D1-associated kinase activity and pRb phosphorylation.

Chk1/Cdc25A activity in neurons

Neurons are postmitotic cells that have terminally differentiated
and exited the cell cycle. Nevertheless, numerous cell cycle pro-
teins have been detected in cultured neurons, including CDK-1,
CDK-2, CDK-4, and CDK-6 (Park et al., 2000; Konishi and
Bonni, 2003; Sumrejkanchanakij et al., 2003), cyclin A, E, and D
(Copani et al., 1999; Park et al., 2000; Sumrejkanchanakij et al.,
2003), the CKIs pl6, p21, and p27 (Park et al., 2000), E2F1
(O’Hare et al., 2000; Trinh et al., 2001), pRb (Park et al., 2000;
Trinh et al.,, 2001), and Cdc25A (Kruman et al., 2004). Although
the presence of cell cycle inhibitory proteins may be necessary to
maintain the differentiated state (Zindy et al., 1999; Chen et al.,
2003), the function of cell cycle-promoting proteins in postmi-
totic neurons is much less clear. Because neurons are not cycling,
these cell cycle-promoting proteins, particularly cyclin D1/
CDK4, must be maintained in an inactive state. One mechanism
by which quiescent somatic cells inactivate CDK4 is through ty-
rosine phosphorylation, and, to reinitiate cycling, these cells re-
quire Cdc25A-mediated tyrosine dephosphorylation. We found
that both Cdc25A and Chk1 are normal constituents of embry-
onic brain neurons, each with detectable basal levels of activity.
Interestingly, under normal conditions, the basal level of Chkl
activity in postmitotic neurons is relatively high. We suggest that
this level of Chkl activity maintains Cdc25A in a relatively low
state of activation. This also suggests that the quiescence of cell
cycle machinery in postmitotic neurons may result, at least in
part, from the suppression of Cdc25A by Chkl. The presence of
Chk1/Cdc25A in quiescent neurons led us to examine the poten-
tial function of these two proteins in a pathological context of
DNA damage. Our results indicate that genotoxic stress, such as
with the DNA-damaging agent camptothecin, induces Chkl in-
activation, Cdc25A activation, and subsequent cell cycle activa-
tion in postmitotic neurons.

The mechanism by which Chkl regulates Cdc25 in our
present death model is not defined. Chk1 is reported to regulate
Cdc25 through multiple mechanisms, including regulation of
stability, sequestration and inactivation with 14-3-3, as well a
prevention of interaction with cyclin complexes (Lam and Rosen,
2004). Although we cannot rule out subtle changes in Cdc25A
stability/levels, our results suggest that other mechanisms may be
regulating the majority of Cdc25A activity. This contrasts with
other death models that have shown increased Cdc25A levels
(Kruman et al., 2004), suggesting that there may be multiple
pathways of Cdc25A regulation that may or may not relate to
Chkl. In addition, whereas loss of Chkl activity is sustained,
Cdc25A activity is only transiently increased. Therefore, caution
must be maintained in interpreting a direct relationship between
Chkl1 and Cdc25A. However, this could be attributable to the fact
that multiple factors regulate Cdc25. For example, Pim1 (proviral
integration site 1) has been shown to also modify Cdc25 activity
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(Mochizuki et al., 1999). The transient na-
ture of Cdc25A activation may be attribut-
able to compensatory pathways that try to A.
limit cell cycle activation in neurons. The
nature of these signals, however is pres-
ently unknown.

It is also important to point out that,
although the present study has focused
on the role of a Chkl/Cdc25A/cyclin
D/CDK4 pathway, the potential role of
Cdc25B and Cdc25C, as well as other cell
cycle CDK members, is not characterized.
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We have shown previously that Cdk2 does
not appear to functionally participate in
DNA damage-induced death (Park et al.,
1998). However, the role of Cdkl (Cdc2)
in this model is unknown. Cdk1 has been
associated with other death models, in-
cluding K* deprivation-induced death of
cerebellar granule neurons (Konish and
Bonni, 2003). An involvement of Cdkl g,

makes the study of other Cdc25 members

particularly relevant because they are

known to regulate later stage cell cycle CDK activity (Gautier et
al,, 1991). It will be interesting to investigate any roles of these
signals in neuronal death in future studies.

Finally, the data in the present study are generated from cul-
tured neurons from embryonic brain. These neurons have just
turned postmitotic and have not had the opportunity to com-
pletely downregulate their cell cycle machinery. It is unclear,
therefore, whether the Chk1/Cdc25A pathway might also be rel-
evant in mature adult neurons, under normal conditions and
after injury. In adult animals, relatively little cell cycle compo-
nents are detected. This suggests that an active Chkl pathway
may be unnecessary to deactivate the cell cycle machinery. Other
pathways or mechanisms in addition to Chk1/Cdc25A may also
be important in regulating cell cycle activation in neurons after
DNA damage. After injury in numerous adult situations, how-
ever, active upregulation of components such as cyclin D1 have
been reported. Clearly, this upregulation is likely important for
activation of cell cycle machinery in the adult. In addition, it has
been reported that nuclear translocation of cyclin D1 is also in-
creased in dying neurons (Sumrejkanchanakij et al., 2003). It is
not yet clear how increased nuclear localization of cyclin D1 itself
would produce an increase in total cellular cyclin D1-associated
kinase activity, but it is possible that translocation occurs along
with dissociation from a CKI. Whether the Chk1/Cdc25A path-
way would be required in this circumstance is unclear. However,
it may be that inhibitory modifications are required to be re-
moved after active resynthesis. Intriguingly, in support of a role
for Cdc25 in adult neurons, it has been reported that Cdc25A and
Cdc25B activation have been found in neurons of Alzheimer’s
disease patients (Ding et al., 2000; Vincent et al., 2001)

Control

Figure8.

Chk1 versus Chk2

Although activation of the cyclin D/CDK4/6/pRb cell cycle path-
way is required for camptothecin-induced neuronal death, it is
not the only required pathway. p53 activity is also required for
neuronal death caused by this DNA-damaging agent. The cell
cycle and p53 pathways are activated independently (Morris et
al., 2001), yet activation of both is required for Bax-mediated
cytochrome c release and activation of the mitochondrial death
pathway. Under select circumstances, p53 activation has been
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Chk1 expression protects neurons from camptothecin-induced death through downregulation of Cdc25A activity. 4,
The effects of Chk1 on survival of cultured cortical neurons treated with camptothecin (campto). At the time of plating, neuronal
cultures were infected with a control virus and both WT-Chk1 and kinase-dead DN-Chk1 viruses (multiplicity of infection, 100) and
were then treated with or without camptothecin for 16 h. Significance comparisons with control virus alone, **p < 0.01. B,
(dc25A phosphatase activity with overexpression of WT-Chk1 and DN-Chk1 viruses. The phosphatase activity was normalized to
IP control. Significance comparisons with control virus alone untreated or treated with camptothecin for 2 h, *p << 0.05; **p <

shown to rely on an ataxia telangiectasia mutated protein (ATM)/
Chk2 pathway. Similar to Chk1, Chk2 kinase activity is increased
after DNA damage induced by a variety of stress in dividing cells.
Functionally, Chk2 can activate both apoptosis (via p53 and
E2F1) and cell cycle checkpoint (via Cdc25A and Cdc25C) path-
ways. However, in the model of DNA damage in cortical neurons,
identical to that described in this paper, p53 activation is depen-
dent on ATM but completely independent of Chk2. ATM-
deficient neurons show no activation of p53 and are significantly
protected against camptothecin toxicity (Keramaris et al., 2003).
Chk2-deficient neurons, conversely, show normal p53 activation
and no difference in survival compared with wild-type neurons
(Keramaris et al., 2003). Importantly, because Chk2 deficiency
does not alter neuronal survival after camptothecin, Chk2 is un-
likely to be involved in Cdc25A modulation. The relative impor-
tance of Chk1 and not Chk2 in neuronal death is paralleled in the
developmental requirements between Chk1 and Chk2. Whereas
Chk2 knock-out mice are viable (Hirao et al., 2002; Takai et al.,
2002), loss of Chk1 results in early embryonic lethality (Q. Liu et
al., 2000; Takai et al., 2000). This suggests that, although there
may be some overlap in Chkl and Chk2 function, there appears
to be distinct properties of the two family members with respect
to DNA damage in cortical neurons.

In conclusion, we have shown here that Chk1/Cdc25A mod-
ulate cell cycle activation in neurons exposed to camptothecin.
Our data provide a plausible mechanism by which cell cycle
CDKs are activated in neurons after treatment with this DNA-
damaging agent. Given the reported activation of cell cycle regu-
lators in a wide variety of neuropathological states, Cdc25A may
be a novel therapeutic target for neurodegenerative disease.
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