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a b s t r a c t

CHK2 and p53 are frequently mutated in human cancers. CHK2 is known to phosphorylate

and stabilize p53. CHK2 has also been implicated in DNA repair and apoptosis induction.

However, whether p53 affects CHK2 activation and whether CHK2 activation modulates

chemosensitivity are unclear. In this study, we found that in response to the DNA damage

agent, irofulven, CHK2 activation, rather than its expression, is inversely correlated to p53

status. Irofulven inhibits DNA replication and induces chromosome aberrations (breaks and

radials) and p53-dependent cell cycle arrest. Pretreatment of cells with the DNA polymerase

inhibitor, aphidicolin, resulted in reduction of irofulven-induced CHK2 activation and foci

formation, indicating that CHK2 activation by irofulven is replication-dependent. Further-

more, by using ovarian cancer cell lines expressing dominant-negative CHK2 and CHK2-

knockout HCT116 cells, we found that CHK2 activation contributes to the control of S and

G2/M cell cycle arrests, but not chemosensitivity to irofulven. Overall, this study demon-

strates that in response to irofulven-induced DNA damage, the activation of CHK2 is

dependent on DNA replication and related to p53 status. By controlling cell cycle arrest

and DNA replication, p53 affects CHK2 activation. CHK2 activation contributes to cell cycle

arrest, but not chemosensitivity.

# 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In response to DNA damage, cells evoke signal transduction

pathways to arrest at G1/S, S or G2/M phases, allowing time

to deal with the insult [1,2]. DNA damage activates ATM (ataxia

telangiectasia-mutated) and/or ATR (ATM-Rad3-related)

kinases, which in turn phosphorylate and activate down-

stream effector kinases, CHK1 and CHK2. ATM phosphorylates

CHK2 on Thr68 leading to CHK2 kinase activation, while ATM

and ATR phosphorylate CHK1 on Ser317 and Ser345 resulting
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in its activation. Activation of CHK1 and CHK2 regulates S

phase by phosphorylating CDC25A, or the G2/M transition by

phosphorylating CDC25C [2–4]. ATM and ATR phosphorylate

p53 on Ser15; and CHK1 and CHK2 phosphorylate p53 on Ser20,

leading to its accumulation and activation [2–4]. Activation of

p53 initiates cell cycle arrest and DNA repair-related genes

such as p21, GADD45 and 14-3-3d, which leads to G1 and G2

arrest.

Tumor suppressors p53 and CHK2 are frequently mutated

in human cancers [5,6]. Besides their roles in cell cycle control,
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p53 and CHK2 are also involved in regulating DNA repair and

apoptosis [5–7]. p53 promotes DNA repair or apoptosis by

directly regulating the expression of genes such as p48, DR5,

BAX, PUMA and NOXA [2,8]. CHK2 (cds1) in fission yeast was

shown to interact with RAD60, a protein required for

recombinational repair, at stalled replication forks [9]. In

mammalian cells, it was shown that CHK2 promotes homo-

logous recombination (HR) and non-homologous end-joining

(NHEJ) of DNA double-strand breaks through phosphorylation

of BRCA1 on serine 988 [10–13].

CHK2 has also been implicated in apoptosis induction.

However, there are conflicting studies. Some studies found

that CHK2 is a negative regulator of mitotic catastrophe, and

inhibition of CHK2 sensitized cells to chemotherapy-induced

apoptosis [14,15]. Other studies found that CHK2 is involved in

apoptosis induction [16–23]. Additional studies indicated that

CHK2 induces apoptosis by activating E2F1, which in turn up-

regulates its target genes INK4a/ARF, Apaf-1, caspase-7, p73 and

p53 [24–26].

While many studies have investigated how CHK2 activates

and stabilizes p53 [6,17,27–29], the possible role of p53 in

regulating CHK2 protein level or activity has not been well

studied. An inverse correlation between p53 and CHK2

expression has been reported in tumor cell lines and tissue

specimens [30,31]. A recent report suggested that p53

negatively regulates CHK2 expression by modulating the

function of transcription factor NF-Y [32].

Given the critical roles that CHK2 plays in cell cycle

control, DNA repair and apoptosis, it is still unclear whether

it can ultimately affect chemosensitivity. In this study, we

investigated the possible role that p53 plays in CHK2

activation and whether CHK2 activation will affect chemo-

sensitivity in response to the DNA damage agent, irofulven.

Irofulven (6-hydroxymethylacylfulvene, NSC# 683863) is a

semi-synthetic analog of mushroom-derived illudin toxins.

Preclinical studies and clinical trials have demonstrated

that it is effective against several tumor cell types [33–41]. It

was previously demonstrated that irofulven activates ATM

and its targets, NBS1, SMC1, CHK2 and p53 [42]. Here, we

found that CHK2 activation is DNA replication-dependent

and related to p53 status. By controlling cell cycle arrest

and DNA replication, p53 affects CHK2 activation. Further-

more, we demonstrated that CHK2 activation contributes

to the control of S and G2/M cell cycle arrest, but not

chemosensitivity, in response to irofulven-induced DNA

damage.
2. Materials and methods

2.1. Cell culture

All cell lines were maintained in various media supplemented

with 10% fetal bovine serum in a 37 8C incubator with 5% CO2

atmosphere. Ovarian cancer cell lines A2780 and CAOV3 were

cultured in RPMI 1640. Colon cancer cell line HCT116 and its

p53-knockout (HCT116 p53�/�) [43] and CHK2-knockout

(HCT116 CHK2�/�) cells [44] (generously provided by Prof.

Bert Vogelstein, Johns Hopkins University, Baltimore, MD)

were cultured in McCoy’s 5A medium.
2.2. Clonogenic survival assay

To determine chemosensitivity and 1� IC50 concentration, the

clonogenic survival assay was performed on 60-mm cell culture

dishes as described previously [42]. Cells were treated with

different concentrations of irofulven for 1 h followed by drug-

free incubations for about 10 days. Colonies were stained with

crystal violet and counted if 50 or more cells were present.

2.3. Western blotting

Western blot was performed as described previously [42]. The

antibodies used included: monoclonal anti-actin (Sigma, St.

Louis, MO), polyclonal anti-phosphorylated CHK2 on Thr 68

and anti-CHK2 (Cell Signaling Technology, Beverly, MA),

monoclonal anti-p53, polyclonal anti-p21, anti-cyclin E, A,

and B1 (Santa Cruz Biotechnology, Santa Cruz, CA), and

monoclonal anti-HA (Roche Applied Science, Indianapolis, IN).

2.4. Propidium iodide staining and flow cytometry

Cells were harvested, washed once with cold PBS and fixed in

75% ethanol/PBS. After washing twice with PBS, cells were re-

suspended in PBS containing 10 mg/ml propidium iodide, 20 mg/

ml RNase A, 0.1% sodium citrate and 0.1% Triton X-100. Cells

were analyzed by FACSCalibur with CellquestPro software

(Becton Dickinson, San Jose, CA). Cell cycle distributions were

analyzed by ModFit v3.0 software (Verity, Topsham, ME).

2.5. Metaphase spread

Cells were treated with irofulven for 1 h followed by 24 h of

drug-free incubation. Colcemid (400 ng/ml) (Biosciences, La

Jolla, CA) was added to medium 4 h before harvesting. After

trypsinization, cells were washed with PBS. Cell pellets were

re-suspended in 75 mM KCl and placed in a 37 8C incubator for

8 min. After centrifugation, cells were fixed using 3:1 absolute

methanol to glacial acetic acid at 4 8C for 2 h and then washed

twice with fixative. Cells were re-suspended in fixative and

dropped onto slides. Slides were air-dried at room tempera-

ture and stained with 5% Gurr’s Giemsa stain (Biomedical

Specialties, Santa Monica, CA) for 7 min. Slides were rinsed

twice with distilled water and air-dried. The images were

recorded with a Leica DMR microscope (Bannockburn, IL) and

Applied Imaging digital system (San Jose, CA).

2.6. BrdU incorporation and flow cytometry

BrdU (10 mM) (Roche, Indianapolis, IN) was added to cell

culture 20 min before adding irofulven. Cells were harvested at

different time points, washed once with cold PBS, and fixed in

75% ethanol/PBS. Staining for BrdU and flow cytometry were

performed as described previously [42].

2.7. Immunofluorescent staining

Cells were plated on cover-slips and treated with irofulven for

1 h followed by 12 h of drug-free incubation. Cells were fixed

and stained with polyclonal antibody against phosphorylated

CHK2 on Thr 68 (Cell Signaling Technology, Beverly, MA). After



Fig. 1 – CHK2 activation induced by irofulven is related to

p53 status. Ovarian cancer cell lines A2780 (p53 wild-type)

and CAOV3 (p53-mutated) (A) and colon cancer cell line

HCT116 and its p53-knockout subline (p53S/S) (B) were

treated with 1� IC50 concentrations of irofulven (0.8, 0.9

and 2.8 mM for A2780, CAOV3 and HCT116 cells,

respectively) for 1 h followed by 12 or 24 h of drug-free

incubations. CHK2 activation was determined by Western

blot analysis with antibody recognizing Thr 68-

phosphorylated CHK2 (CHK2-pT68). Blots for CHK2 and

actin served as the loading control.
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staining with Alexafluor 488-conjugated goat anti-rabbit

secondary antibody (Molecular Probes, Eugene, OR), slides

were mounted with Vectashield mounting medium (Vector

Laboratories, Burlingame, CA) containing 5 ng/ml of DAPI.

Staining images were captured by an Olympus Provis AX70

fluorescence microscope (Olympus, Melville, NY), and Spot

digital camera and software (Diagnostic Instruments, Sterling

Height, MI).

2.8. Stable transfection of dominant-negative CHK2

The HA-tagged dominant-negative CHK2 (CHK2 kinase-dead,

CHK2.kd) cDNA was PCR-amplified from the pEF-BOS-

CHK2.kd vector [45] (generously provided by Dr. Jann N.

Sarkaria, Mayo Clinic and Foundation, Rochester, MN) and

sub-cloned into the pCIneo vector (Promega, Madison, WI).

The resulting plasmid was verified by DNA sequencing. The

vector and HA-tagged CHK2.kd plasmids were subsequently

transfected into the ovarian cancer cell line CAOV3. Stable cell

lines harboring the vector and CHK2.kd were established by

selecting in media containing G418 (Invitrogen, Carlsbad, CA).

2.9. Immunoprecipitation and in vitro kinase assay

The in vitro kinase assay was performed as described previously

[46]. Immunoprecipitation was performed with polyclonal

antibody against CHK2 (Santa Cruz Biotechnology, Santa Cruz,

CA). The GST-CDC25C200–256 (generously provided by Dr. Jann N.

Sarkaria, Mayo Clinic and Foundation, Rochester, MN) fusion

proteins were expressed in bacteria and purified by affinity

chromatography as described [45]. The purified GST-

CDC25C200–256 fusion proteins were used as the substrate.

2.10. RDS assay

The radioresistant DNA synthesis (RDS) assay was performed

as described previously [47]. Briefly, cells in the logarithmic

phase of growth were pre-labeled by culturing in medium

containing 10 nCi of [14C]-thymidine (Perkin-Elmer, Boston,

MA) for 24 h. The medium was then replaced with normal

medium, and cells were incubated for another 24 h. Cells were

treated with irofulven for 1 h and incubated in drug-free

medium for 3 h. Cells were then pulse-labeled with 2.5 mCi of

[3H]-thymidine (Perkin-Elmer, Boston, MA) for 15 min. Cells

were harvested, washed twice with PBS, and fixed in 70%

methanol for 30 min. Cells were then transferred to Whatman

filters (Whatman, Clifton, NJ) and washed sequentially with

70% and then 95% methanol. The filters were air-dried and the

amount of radioactivity was quantified in a Wallac 1410 liquid

scintillation counter (Perkin-Elmer, Downers Grove, IL). The

resulting ratio of 3H to 14C counts per minute, corrected for

channel crossover, was a measure of DNA synthesis.

2.11. Phosphorylated histone H3 staining and flow
cytometry

Phospho-histone H3 staining was done as described pre-

viously [47]. Briefly, cells were treated with irofulven for 1 h

followed by 1 or 3 h of drug-free incubation. Cells were

harvested and fixed in 70% ethanol. The fixed cells were
washed twice with PBS and made permeable with 0.25% Triton

X-100 in PBS on ice for 10 min. Cells were rinsed in 1% BSA/PBS

and then stained with rabbit anti-phospho-S10 histone H3

antibody (Upstate, Charlottesville, VA) for 2 h at room

temperature. Cells were rinsed in 1% BSA/PBS and incubated

with Alexafluor 488-conjugated anti-rabbit secondary anti-

body for 30 min at room temperature. Cells were washed twice

with PBS and suspended in PBS containing propidium iodide

(0.25 mg/ml) and RNase A (20 mg/ml). Flow cytometry was

performed on FACSCalibur with CellquestPro software (Becton

Dickinson, San Jose, CA). Thirty thousand events were

recorded for each sample. The percentage of mitotic cells

was determined as those cells that were Alexafluor-positive

and contained 4N DNA content.
3. Results

3.1. CHK2 activation induced by irofulven is related to p53
status.

CHK2 is phosphorylated on Thr 68 in response to DNA damage,

followed by oligomerization and auto-phosphorylation result-

ing in its activation [48–53]. CHK2 is known to phosphorylate

and activate p53 [6,17,27–29]. Whether p53 will affect CHK2

activation in response to DNA damage is unclear. To

investigate the roles that p53 might play in CHK2 activation,

we determined CHK2 kinase activation by assessing Thr 68

phosphorylation using Western blot in p53-proficient and

deficient cells after irofulven treatment. We found that CHK2
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activation, rather than its expression, is inversely correlated to

p53 status. Stronger CHK2 activation was observed in p53-

mutated ovarian cancer cells (CAOV3) and p53-knockout colon

cancer cells (HCT116 p53�/�) than in p53 wild-type ovarian

cancer cells (A2780) and parental HCT116 (p53+/+) cells after

irofulven treatment (Fig. 1).
Fig. 2 – Irofulven induces p53-dependent cell cycle arrest. A278

treated with 2.8 mM of irofulven for 1 h followed by 12, 24 or 48

assessed by propidium iodide (PI) staining and FACS analysis (

determined by Western blot analysis. Actin was blotted as the
3.2. Irofulven induces p53-dependent cell cycle arrest

Since CHK2 activation is related to p53 status in response to

irofulven-induced DNA damage, we hypothesized that CHK2

activation might be related to p53-dependent cell cycle

arrest and DNA replication. We analyzed the cell cycle
0, CAOV3, HCT116 p53+/+ and HCT116 p53S/S cells were

h of drug-free incubations. Cell cycle distributions were

A and C). p53 accumulation and p21 induction were

loading control (B and D).
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profiles in ovarian cancer cells A2780 (p53 wild-type) and

CAOV3 (p53-mutated) using PI staining and FACS analysis.

As shown in Fig. 2A, 12 h after drug treatment, A2780

cells displayed loss of G1 and increase of S phase. By 24 h,

the G1 peak was restored and there was a slight increase in

G2/M population. In CAOV3 cells, 12 h after drug treatment,

loss of G1 and an increase of S phase were observed. By 24 h,

S phase arrest and G2/M accumulation were observed

(Fig. 2A).

Consistent with the p53-dependent cell cycle arrest

observed by FACS analysis, p53 accumulation and p21

induction after irofulven treatment were observed in p53

wild-type A2780 cells. In p53-mutated CAOV3 cells, the

accumulation of p53 protein was observed, but p21 induc-
Fig. 3 – Irofulven induces chromosome aberrations and inhibits D

1� IC50 concentrations of irofulven (0.8 and 0.9 mM, respectivel

Metaphase spread staining was performed. Arrows indicate ch

and CAOV3 cells were treated with 1� IC50 concentrations of iro

incorporation and FACS analysis. The mean and standard devi
tion was largely impaired (Fig. 2B). These data together

indicated that irofulven induces p53-dependent cell cycle

arrest.

To further confirm that irofulven induces p53-dependent

cell cycle arrest, the cell cycle profiles of HCT116 p53+/+ and

HCT 116 p53�/� cells were analyzed. These cells grew

relatively slower than A2780 and CAOV3 cells, therefore,

we examined the cell cycle profiles at 24 and 48 h after

drug treatment. As shown in Fig. 2C, 24 h after drug exposure,

both HCT116 p53+/+ and HCT116 p53�/� cells displayed

some S phase arrest; while HCT116 p53�/� cells showed

complete loss of G1 and more accumulation of G2/M

compared with parental HCT116 cells. Forty-eight hours

after drug treatment, parental HCT116 cells were mainly
NA synthesis. (A) A2780 and CAOV3 cells were treated with

y) for 1 h followed by 24 h of drug-free incubations.

romosome breaks, triradials and quadriradials. (B) A2780

fulven for 1–9 h. DNA synthesis rate was assessed by BrdU

ation of triplicate experiments were shown.
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arrested at G1 phase, while large populations of HCT116

p53�/� cells were arrested at G2/M phases (Fig. 2C). Corre-

sponding to p53-dependent cell cycle arrest, p53 accumula-

tion and p21 induction were observed in parental HCT116

cells, but not in p53-knockout cells after irofulven treatment

(Fig. 2D). Taken together, these results demonstrated

that irofulven induces p53-dependent cell cycle arrest;

p53 wild-type cells mainly arrested at G1/S phases,

while p53-mutated or p53-null cells arrested at S and G2/M

phases.
Fig. 4 – CHK2 activation induced by irofulven is DNA replication

(APH, 1 mM, 2 h) before being treated with 0.9 mM of irofulven fo

APH. (A) CHK2 activation was determined by Western blot anal

CHK2. Blots for CHK2 served as the loading control. (B and C) C

staining. Cells with five or more foci were counted as positive f

CHK2 foci was exhibited as the mean and standard deviation o
3.3. Irofulven induces chromosome aberrations and
inhibits DNA synthesis

To further explore the mechanisms that cause p53-dependent

cell cycle arrest and p53-related CHK2 activation, we assessed

chromosome damage by metaphase spread experiment and

DNA replication by BrdU incorporation and FACS analysis.

Analysis of metaphase cells clearly indicated that irofulven

induces chromosome breaks, triradials and quadriradials in

A2780 and CAOV3 cells (Fig. 3A). Similarly, chromosome
-dependent. CAOV3 cells were pretreated with aphidicolin

r 1 h followed by 12 h of incubation in medium containing

ysis with antibody recognizing Thr 68-phosphorylated

HK2 foci formation was assessed by immunofluorescent

or staining. The percentage of cells with phosphorylated

f triplicate counts of 100 cells.



Fig. 4. (Continued ).
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breaks and radials were also observed in HCT116 p53+/+ and

HCT116 p53�/� cells after treatment (data not shown).

Consistent with the observed chromosome damage, DNA

synthesis was completely inhibited in A2780 and CAOV3 cells

in the presence of irofulven, as determined by BrdU

incorporation and FACS analysis (Fig. 3B). Therefore, these

data demonstrate that irofulven induces chromosome

damage, stalled DNA replication and p53-dependent cell

cycle arrest.

3.4. CHK2 activation induced by irofulven is DNA
replication-dependent

We observed that irofulven induces chromosome aberrations,

stalled DNA replication and p53-dependent cell cycle arrest;

and CHK2 activation is related to p53 status. We hypothesized

that CHK2 might be activated by stalled DNA replication,

therefore, it might be replication-dependent and affected by

p53-dependent cell cycle arrest. To test this, CAOV3 cells were

pretreated with aphidicolin, a specific inhibitor of DNA

polymerase a [54]. It was demonstrated that CHK2 activation

by irofulven was indeed reduced by aphidicolin treatment

(Fig. 4A). Similar reduction of CHK2 activation by aphidicolin

was also observed in HCT116 p53�/� cells (data not shown).

Furthermore, we examined the foci formation of phos-

phorylated CHK2 on Thr 68 using immunofluorescent staining

in CAOV3 cells after aphidicolin and irofulven treatment. The

results demonstrated that phosphorylated CHK2 forms foci

upon irofulven treatment (Fig. 4B), and CHK2 foci formation is

reduced by aphidicolin treatment (Fig. 4C). Taken together,

these results indicate that CHK2 activation induced by
irofulven results from stalled DNA replication and is related

to p53-mediated cell cycle arrest.

3.5. p53 or CHK2 activation does not contribute to
chemosensitivity to irofulven

The activation and accumulation of p53 after irofulven

treatment was observed (Fig. 2). Previous studies conducted

in tumor cell lines with wild-type or mutant p53 suggested

that the cytotoxicity induced by irofulven is independent of

p53 status [55–57]. To confirm these results in an isogenic

background, we performed clonogenic assay in HCT116 p53+/+

and p53�/� cells. The results indicated that p53 status does

not affect chemosensitivity to irofulven (Fig. 5A).

Reports have been inconsistent regarding the role that

CHK2 plays in apoptosis. To determine whether CHK2

activation modulates chemosensitivity to irofulven, we

performed clonogenic survival assays in isogenic vector and

dominant-negative CHK2-transfected CAOV3 cells, along with

paired isogenic HCT116 CHK2+/+ and CHK2�/� cells.

First, we established stable CAOV3 cell lines expressing the

HA-tagged dominant-negative CHK2 (CHK2 kinase-dead,

CHK2.kd) [45]. The HA-CHK2.kd expression was verified by

Western blot analysis with antibodies against HA and CHK2

(Fig. 5B). The effect of CHK2.kd in blocking endogenous CHK2

kinase activity was verified by immunoprecipitation and in

vitro kinase assay with GST-CDC25C fusion protein as the

substrate. As shown in Fig. 5C, the CHK2 kinase activity

induced by irofulven was blocked by CHK2.kd expression.

However, when the clonogenic survival assay was carried out

in the cell lines, the results indicated that CHK2 did not

contribute to irofulven-induced chemosensitivity (Fig. 5D).

To further confirm these findings, the paired, isogenic

colon cancer cell line HCT116 CHK2+/+ and its CHK2-knockout

cell line HCT116 CHK2�/� [44] were used. The CHK2 knockout

status was verified by Western blot analysis (Fig. 5E). Clono-

genic survival assay was performed and the results again

demonstrated that CHK2 does not contribute to the chemo-

sensitivity to irofulven (Fig. 5F).

3.6. CHK2 activation contributes to the control of S and
G2/M cell cycle arrest in response to irofulven-induced DNA
damage

To explore the role that CHK2 activation plays in response to

irofulven-induced DNA damage, we analyzed the alterations

of cell cycle progression in CHK2.kd transfected cells and in

CHK2-knockout cells. The radioresistant DNA synthesis (RDS)

assay was performed to monitor the S phase checkpoint. The

immunofluorescent staining for phospho-histone H3, a

marker for mitosis, and FACS analysis were performed to

assess the G2/M checkpoint.

The vector and CHK2.kd-transfected CAOV3 cells were

treated with irofulven. The results of the RDS assay demon-

strated that DNA synthesis was inhibited in vector-transfected

CAOV3 cells after treatment compared with CHK2.kd-trans-

fected cells (p < 0.05 and <0.01) (Fig. 6A). Similarly, when the

DNA synthesis rate was assessed by RDS assay in isogenic

HCT116 CHK2+/+ and CHK2�/� cells, more inhibition of DNA

synthesis was observed in CHK2+/+ cells than in CHK2�/� cells



Fig. 5 – p53 or CHK2 activation does not contribute to chemosensitivity to irofulven. Cells were treated with irofulven for 1 h

followed by drug-free incubations. Irofulven-induced chemosensitivity was determined by clonogenic survival assay. The

mean and standard deviation of triplicate experiments were presented. (A) The clonogenic survival of HCT116 p53+/+ and

p53S/S cells treated with irofulven. The p53 knock-out status of these cells was shown in Fig. 2D. (B and C) Stable

transfection of HA-tagged kinase-dead CHK2 (CHK2.kd) into CAOV3 cells. The vector and CHK2.kd-transfected CAOV3 cells

were treated with 0.9 mM of irofulven for 1 h followed by 24 h of drug-free incubation. Western blot analyses were

performed with antibodies against HA, CHK2 and actin (B). Immunoprecipitation and in vitro kinase assay were conducted

with the antibody against CHK2 and with purified GST-CDC25C200–256 fusion protein as the substrate. The amounts of

immunoprecipitated CHK2 and GST-CDC25C200–256 substrate in each reaction were verified by Western blot and

Coommassie blue staining, respectively (C). (D) The clonogenic survival of vector and CHK2.kd-transfected CAOV3 cells

treated with irofulven. (E) The CHK2 status in parental (HCT116 CHK2+/+) and CHK2-knockout (HCT116 CHK2S/S) cells was

verified by Western blot analysis. The asterisk denotes a non-specific band. (F) The clonogenic survival of HCT116 CHK2+/+

and CHK2S/S cells treated with irofulven.
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Fig. 6 – CHK2 activation contributes to the control of S and G2/M arrests after irofulven treatment. The statistical significance

was analyzed by Student’s t-test and marked as *p < 0.05 and **p < 0.01. DNA synthesis was determined by RDS assay. The

vector and CHK2.kd-transfected CAOV3 cells (A), and HCT116 CHK2+/+ and CHK2S/S cells (B) were treated with 1� or 2�
IC50 concentration of irofulven for 1 h followed by 3 h of drug-free incubation. DNA synthesis rate was presented as the

average and standard error of triplicate experiments. The mitotic population of cells was determined by

immunofluorescent staining of phosphorylated histone H3 and flow cytometry. The vector and CHK2.kd-transfected

CAOV3 cells (C), and HCT116 CHK2+/+ and CHK2S/S cells (D) were treated with 1� IC50 concentration of irofulven for 1 h

followed by 1 or 3 h of drug-free incubation. The percentage of phospho-histone H3-positive cells was exhibited as the

mean and standard deviation of triplicate experiments.
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after treatment (p < 0.01) (Fig. 6B). These results indicate that

CHK2 contributes to the control of S phase checkpoint in

response to irofulven.

The results of FACS analysis of phospho-histone H3 staining

demonstrated that 1 h after treatment, phospho-histone H3-

positive population decreased from 2.5% to 0.66% in vector-

transfected CAOV3 cells (p < 0.01); while in CHK2.kd-trans-

fected CAOV3 cells, it was unchanged (Fig. 6C). When the

phospho-histone H3-positive population was assessed in

isogenic CHK2 knock-out cells 3 h after treatment, it was

decreased from 0.87% to 0.64% in CHK2+/+ cells (p < 0.01); while

in CHK2�/� cells, it was slightly increased from 0.6% to 0.7%

(Fig. 6D). These results suggest that CHK2 controls the G2/M

checkpoint in response to irofulven treatment.
Taken together, these results demonstrate that CHK2

contributes to the control of S and G2/M cell cycle arrests in

response to irofulven-induced DNA damage.
4. Discussion

In this study, we found that CHK2 activation is replication-

dependent andrelatedtop53status.p53affectsCHK2activation

by controlling cell cycle arrest and DNA replication in response

to the anticancer agent, irofulven. CHK2 activation contributes

to the control of cell cycle arrest, but not chemosensitivity.

Tumor suppressors p53 and CHK2 are frequently mutated

in human cancers [5,6]. Both p53 and CHK2 play important
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roles in cell cycle control, DNA repair and apoptosis [2,5–26].

While many studies have investigated how CHK2 activates

and stabilizes p53 [6,17,27–29], the possible role of p53 in

regulating CHK2 protein level or activity has not been well

studied. Studies conducted in tumor cell lines and tissue

specimens have previously demonstrated an inverse correla-

tion between p53 and CHK2 expression [30,31]. However, in

our previous and current studies, neither HCT116, HCT116

p53�/�nor p53 wild-type and mutant ovarian cancer cell lines

demonstrated a dramatic inverse correlation of p53 and CHK2

protein levels after irofulven treatment [42]. Instead, we found

that p53-deficient cells had enhanced CHK2 activation due to

the loss of p53-regulated G1 arrest and stalled DNA replication

in response to irofulven-induced DNA damage. In addition, we

demonstrated that CHK2 activation contributes to the control

of S and G2/M checkpoints. Therefore, enhanced CHK2

activation in p53-deficient cells serves as a mechanism to

enforce cells arresting at S or G2/M phases in response to

irofulven-induced DNA damage.

Previous studies conducted in tumor cell lines with wild-

type or mutant p53 suggested that the cytotoxicity induced by

irofulven is independent of p53 status [55–57]. In this study,

the chemosensitivity to irofulven was compared in isogenic

HCT116 p53+/+ and p53�/� cells. It was found that p53 status

does not affect chemosensitivity to irofulven.

In mammalian cells, CHK2 was shown to promote DNA

double-strand break repair via homologous recombination

(HR) and non-homologous end-joining (NHEJ) by phosphor-

ylating BRCA1 on serine 988 [10–13]. The CHK2 phosphoryla-

tion and nuclear foci formation observed in this study suggest

that CHK2 was activated and recruited to the DNA damage

sites, mediating the DNA repair process. CHK2 has also been

implicated in regulating apoptosis [14–26]. However, there are

some variations in the results reported. Some studies found

that CHK2 is a negative regulator of mitotic catastrophe, and

inhibition of CHK2 sensitizes cells to chemotherapy-induced

apoptosis [14,15]. One report suggested that CHK2 does not

affect neuronal cell death induced by topoisomerase I or II

inhibitors [20]. Other studies found that CHK2 is involved in

apoptosis induction, however there is disagreement with

regards to whether it is dependent or independent of p53 [16–

23]. Given the diverse roles of CHK2 in DNA repair and

apoptosis induction, whether CHK2 activation ultimately

contributes to chemosensitivity was not evaluated in these

studies. Here, we found that the loss or inhibition of CHK2 is

not sufficient to render cancer cells more susceptible to

irofulven treatment. CHK2 activation only contributes to the

control of cell cycle arrests at S and G2/M phases in response to

irofulven-induced DNA damage.

Recent reports have indicated that ATM and CHK2 are

specifically activated by drug (calicheamicin) or radiation-

induced DNA double-strand breaks (DSBs), and the level of

activation directly correlates to the number of DNA DSBs

[58,59]. Our previous studies demonstrated that irofulven

activates ATM and its targets, NBS1, SMC1, CHK2 and p53 [42].

In this study, we found that irofulven induces chromosome

aberrations (breaks and radials), inhibits DNA replication and

activates CHK2 in a replication-dependent manner. These

data suggest that irofulven causes stalled DNA replication and

the generation of DNA DSBs. Further studies are needed to
elucidate the mechanisms that lead to stalled DNA replication,

and whether proteins that are critical for the HR repair of DNA

DSBs will modulate irofulven-induced chemosensitivity.

In summary, this study demonstrated that irofulven-

induced CHK2 activation is replication-dependent and related

to p53 status. p53 affects CHK2 activation by controlling cell

cycle arrest and DNA replication. CHK2 activation contributes

to the control of S and G2/M cell cycle arrests, but not

chemosensitivity. Further characterization of irofulven-

induced DNA damage and elucidation of the DNA damage

signaling and repair pathways will allow a better under-

standing of the mechanisms of action involved with irofulven

and improved application of this drug in the clinic.
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