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Irinotecan-induced ovarian follicular apoptosis is attenuated by
deleting the kinase domain of death-associated protein kinase
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Abstract. Although death-associated protein kinase (DAPK)
is a Ca?/calmodulin-regulated serine/threonine kinase that
plays important roles in various types of apoptotic cell death,
there have been no reports of its tissue distributions and
functions in female reproductive organs. By comparing
C57BL/6 wild-type mice with DAPK-mutant mice lacking the
74-amino acid catalytic kinase domain of DAPK, the cellular
distributions and biological functions of DAPK in murine
ovaries were investigated. In sifu hybridization analyses with
sense and antisense riboprobes revealed that DAPK mRNA
was selectively and highly expressed in granulosa cells in the
ovaries of both types of mice. There were no significant
differences in the body weights, ovarian weights and un-
stimulated ovarian follicular numbers between the wild-type
and DAPK-mutant mice. Intraperitoneal injection of CPT-11,
an anticancer topoisomerase I inhibitor that causes granulosa
cell-specific apoptosis partly through Fas-Fas ligand (FasL)
interactions in MCH mice, induced follicular apoptosis in
both the wild-type and DAPK-mutant mice. However, the
numbers of apoptotic follicles were significantly reduced in
the DAPK-mutant mice. The Fas and FasL expression levels in
the CPT-11-injected mice did not differ significantly between
the wild-type and DAPK-mutant mice. These results indicate
that DAPK positively regulates intracellular signaling pathways
for CPT-11-induced granulosa cell apoptosis.

Introduction

Recent combination anticancer chemotherapy regimens have
significantly improved the long-term survival rates of advanced
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cancer patients, but can cause irreversible adverse effects (1-3).
In young female patients, anticancer chemotherapy sometimes
induces severe ovarian toxicity, including infertility and pre-
mature ovarian failure. Advances in reproductive technology
may provide help toward the preservation of fertility in such
patients. Several studies have already evaluated the feasibilities
of ovarian protection with concurrent hormone therapy, such as
oral contraceptives (OCs) or gonadotropin-releasing hormone
agonists (GnRHa), and clinical applications of assisted
reproductive technology (ART), including embryo cryopre-
servation, oocyte cryopreservation, ovarian tissue cryopre-
servation and in vitro oocyte maturation (3-5). However,
ovarian protection with OCs or GnRHa has not been
completely established and its effects are currently insufficient.
The ART strategies mentioned above are developing techno-
logies and successful pregnancy rates in patients treated with
intensive chemotherapy have been low to date (4,5). Although
ovarian damage is the main long-term adverse effect following
chemotherapy, its molecular mechanisms have not yet been
fully elucidated. Therefore, clarification of the mechanisms
involved in chemotherapy-induced ovarian toxicity could lead
to the development of new strategies for reducing ovarian
damage during chemotherapy.

Death-associated protein kinase (DAPK) is a Ca?*/
calmodulin-regulated serine/threonine kinase that plays crucial
roles in various types of apoptotic cell death. For example, it
is involved in regulating the apoptosis induced by interferon-y,
tumor necrosis factor-a, anti-Fas antibodies and ceramide,
and has been implicated as a positive mediator of apoptosis
(6-10). However, several reports have shown that DAPK can
exert anti-apoptotic actions under certain conditions (11,12).
DAPK has a multidomain structure, comprising a kinase
domain, eight ankyrin repeats, P-loops, a cytoskeleton-binding
region and a death domain (13). Both the kinase domain and
death domain are critical for its death-mediating functions
(8,14,15). Using DAPK-mutant mice lacking the 74-amino
acid catalytic kinase domain of DAPK, we have revealed that
DAPK plays a pro-apoptotic role in renal tubular cell
apoptosis in chronic obstructive uropathy and renal ischemia-
reperfusion injuries (16-18). Furthermore, DAPK is involved
in modulating spatial memory in mice (19). However, there
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have been no previous studies on the tissue distributions and
physiologic functions of DAPK in female reproductive organs.
Similarly, there have been no reports regarding DAPK
involvement in ovarian follicular apoptosis.

In human and murine ovaries, ovarian follicles develop
cyclically and ovulate for possible pregnancy. During normal
ovarian follicular development, most developing follicles
become apoptotic (20,21), suggesting that ovarian follicles
may be very sensitive to apoptotic stimuli. Therefore, anti-
cancer chemotherapy-induced ovarian damage may further
enhance the original apoptotic susceptibility of ovarian
follicles. The morphological characteristics of apoptosis and
positive apoptotic staining have been observed in pregranulosa
cells exposed to certain chemotherapeutic agents (22,23).
Our previous studies revealed that ovarian dysfunction during
chemotherapy with irinotecan HCI (CPT-11) (24) was caused
by specific granulosa cell apoptosis (25). CPT-11, an anti-
cancer prodrug, is converted into a powerful inhibitor of
topoisomerase I by carboxyl esterase in the body (26) and is
widely used in various cancer chemotherapies. The aims of
the present study were to investigate the expression and
localization of DAPK in murine ovaries, and to examine
whether DAPK is involved in ovarian follicular development
and CPT-11-induced ovarian follicular apoptosis.

Materials and methods

Animals. DAPK-mutant mice expressing a mutant form of
DAPK lacking the kinase domain (amino acids 22-95) were
generated as described previously (16-19). The mutant mice
had a C57BL/6 genetic background, and wild-type littermates
were used as controls. The mice were maintained on a 12-h
light/12-h dark cycle with free access to food and water in
the animal facility of Wakayama Medical University and
genotyped by polymerase chain reaction (PCR) analysis of
tail DNA (16). All the animal experiments were approved by
the Animal Ethics Review Committee of Wakayama Medical
University.

Histological evaluation of the number of growing follicles.
To examine whether DAPK participates in the development
of ovarian follicles, 7-week-old female C57BL/6 wild-type
mice (n=7) and DAPK-mutant mice (n=7) were weighed and
then sacrificed. Their ovaries were immediately removed,
weighed and fixed in 4% paraformaldehyde solution. The
fixed tissues were embedded in Tissue-Tek OCT Compound
(Sakura Finetek USA Inc., Torrance, CA), serially sectioned
at 5-um thickness and stained with hematoxylin-eosin for
microscopic observation. The ovarian sections were sampled
and their follicles were counted as described previously (27).
Briefly, a stratified sample consisting of every tenth section
was used to estimate the numbers of growing follicles. The
numbers of growing follicles at different developmental stages
were counted in all the selected sections of one ovary and the
mean numbers were calculated. The ovarian follicles were
classified using the criteria established by Pedersen and Peters
(28). Briefly, small follicles were defined as follicles with a
single granulosa cell monolayer, medium follicles as those with
2-3 granulosa cell layers and large follicles as those with at
least 4 granulosa cell layers. All slides were counted without
knowledge of the mouse genotypes.

LI et al: REDUCED CPT-11-INDUCED GRANULOSA CELL APOPTOSIS IN DAPK-MUTANT MICE

Reverse transcription (RT)-PCR. Total RNA was extracted
from ovaries of wild-type and DAPK-mutant mice using an
RNeasy Mini Kit (Qiagen Inc., Valencia, CA) according to
the manufacturer's instructions. Next, 1 pg of total RNA was
subjected to RT using a Transcriptor First Strand cDNA
Synthesis Kit (Roche Applied Science, Mannheim, Germany)
with random primers according to the manufacturer's protocol
to create cDNA templates. PCR amplification was performed
in a 25-u] reaction mixture using a GeneAmp PCR System
9700 Thermocycler (Perkin-Elmer Applied Biosystems, Foster
City, CA). The primer sequences used for amplification of
the DAPK gene were: forward, 5'-GCAGGAAAACGTGGA
CGACT-3'; reverse, 5'-TTGGATCCTTGACCAGCAGT-3'
(16). An initial incubation at 95°C for 15 min was followed
by 35 cycles of denaturation at 94°C for 1 min, annealing at
55°C for 1 min and extension at 72°C for 1 min, with a final
extension step at 72°C for 10 min (16). The B-actin gene was
amplified as a control as described previously (29). The
primer sequences used for amplification of the B-actin gene
were: forward, 5'-GGGCACAGTGTGGGTGAC-3'; reverse,
5'-CTGGCACCACACCTTCTAC-3'.

Western blotting. Total proteins were extracted from ovaries
of wild-type and DAPK-mutant mice using T-PER Tissue
Protein Extraction Reagent (Pierce, Rockford, IL) containing
a protease inhibitor cocktail (Roche Applied Science). The
resulting protein concentrations were determined using the
Coomassie Plus Reagent (Pierce). Equal amounts of proteins
were loaded in the lanes of a 7.5% polyacrylamide gel,
separated by electrophoresis and transferred to a PVDF
membrane. After blocking non-specific binding sites with 5%
skim milk, the membrane was incubated with a mouse anti-
DAPK monoclonal antibody (clone 17; BD Biosciences, San
Jose, CA; 1:250 dilution). The antigen-antibody complexes
were detected using the ECL-plus Western Blotting System
(Amersham Pharmacia Biotech, Buckinghamshire, UK)
according to the manufacturer's instructions. An anti-B-actin
antibody (Sigma, St. Louis, MO) was used as a control.

Synthesis of DAPK RNA probes and in situ hybridization. To
identify DAPK-expressing cells in murine ovaries, in situ
hybridization was performed using digoxigenin (DIG)-labeled
riboprobes. A mouse DAPK cDNA fragment (1407 bp) was
subcloned into the PCRII-TOPO vector (Invitrogen, Carlsbad,
CA), verified by sequencing and used as a template for the
synthesis of antisense and sense riboprobes. The obtained
riboprobes were labeled with DIG-UTP using a DIG RNA
Labeling Kit (SP6/T7; Roche Applied Science) according to
the manufacturer's protocol. The labeled riboprobes were
fragmented into ~100-base probes by alkaline hydrolysis.

In situ hybridization was performed as previously described
(30). Briefly, paraffin sections were prepared from 4% para-
formaldehyde-fixed ovarian tissues from 8-week-old wild-
type and DAPK-mutant mice. The sections were hybridized
with the DIG-labeled antisense and sense probes for DAPK
mRNA for 44 h at 39°C in a hybridization solution, followed
by incubation with an anti-DIG-AP antibody (Roche Applied
Science; 1:400 dilution) for 2 h at room temperature. The
localizations of the bound probes were visualized by incubation
in a nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl
phosphate (NBT/BCIP) solution (Roche Applied Science) at
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Figure 1. Analyses of DAPK expression in murine ovaries. A, RT-PCR analysis of murine ovaries. A shorter transcript is detected in DAPK-mutant ovaries
compared with wild-type ovaries. B, Western blot analysis of murine ovaries using an anti-DAPK monoclonal antibody. A DAPK protein band is detected in the
wild-type ovaries. No DAPK protein band is detected in the DAPK-mutant ovaries.

37°C as a substrate. The reaction was stopped by adding
10 mM Tris-HCI (pH 7.4) containing 1 mM EDTA. The
sections were counterstained with Nuclear Fast Red (Vector
Laboratories Inc., Burlingame, CA). The sense probe served
as a negative control.

Terminal deoxynucleotidyl transferase (TdT)-mediated deoxy-
UTP nick end labeling (TUNEL) staining of ovarian tissues.
A mouse experimental model of CPT-11-induced ovarian
injury has recently been established (25). Detection and
quantification of CPT-11-induced ovarian follicular apoptosis
were performed by in situ TUNEL staining using an ApopTag
Peroxidase In Situ Apoptosis Detection Kit (Chemicon
International, Temecula, CA) according to the manufacturer's
protocol. Eight-week-old female wild-type and DAPK-mutant
mice were intraperitoneally injected with CPT-11 (Yakult
Co., Tokyo, Japan) at 0.1 mg/mouse (n=5) or 0.5 mg/mouse
(n=6). Control mice were intraperitoneally injected with saline
(n=6). The mice were sacrificed at 72 h after the injection and
their ovaries were removed. The ovaries were embedded in
Tissue-Tek OCT Compound and cut into 5-¢m sections for
TUNEL assays and immunohistochemical analyses of Fas
and Fas ligand (FasL).

Frozen sections were sequentially fixed with 1% para-
formaldehyde and pre-cooled ethanol:acetic acid. After
washing with phosphate-buffered saline (PBS), endogenous
peroxidase activity was inhibited by treatment with 3% H,0O,
solution for 5 min at room temperature. After soaking with
the equilibration buffer of the ApopTag kit, the sections were
incubated with the TdT reaction mixture in a humidified
chamber at 37°C for 1 h. The reaction was terminated by
incubation with the stop buffer of the ApopTag kit, and the
sections were washed with PBS. The sections were then
incubated with a horseradish peroxidase-conjugated anti-DIG
antibody at room temperature for 30 min. A color reaction
was produced with 0.05% 3,3-diaminobenzidine-tetrahydro-
chloride (DAB; Dako, Carpinteria, CA) in 0.01% H,O,
solution. The sections were counterstained with methyl green.
Classification and nomination of the ovarian follicles were
carried out as described above. TUNEL-positive follicles
were determined as follicles containing at least 10 TUNEL-
positive cells within an ovarian follicular section (25).

Immunohistochemical studies of ovaries from CPT-11-injected
mice. Frozen ovarian sections from the CPT-11-injected mice
were prepared as described above, dried at room temperature,

fixed with acetone at 4°C for 10 min and washed with PBS.
After quenching the endogenous peroxidase activity with 3%
H,O, for 10 min and washing with PBS, the sections were
treated with 5% normal goat serum at room temperature for
1 h to block non-specific binding. The sections were then
incubated with rabbit polyclonal antibodies against Fas or
FasL (Santa Cruz Biotechnology, Santa Cruz, CA) overnight
at 4°C. After washing with PBS, the sections were incubated
with a peroxidase-conjugated anti-rabbit secondary antibody
(Dako) at room temperature for 30 min, washed and reacted
with 0.5 mg/ml DAB in 10 mM Tris-HCI (pH 7.6) buffer
containing 0.01% H,0, for antigen detection. The sections
were counterstained with hematoxylin. The expression levels
of Fas and FasL. were compared among the different groups.

Statistical analyses. All graphical data were expressed as the
mean + SE. Data comparisons were analyzed by t-tests and/
or one-way ANOVA. Values of p<0.05 were considered to
indicate statistical significance.

Results

Expressions of DAPK mRNA and protein in ovaries. First,
DAPK mRNA and protein expressions were examined in
ovaries from wild-type and DAPK-mutant mice. As shown in
Fig. 1, RT-PCR and Western blot analyses detected DAPK
mRNA and protein, respectively, in the wild-type ovaries.
RT-PCR analysis of the DAPK-mutant ovaries identified a
shorter transcript compared with that detected in the wild-type
ovaries (Fig. 1A). The size of the shorter mRNA coincided
with the estimated length of the mutant DAPK mRNA lacking
the kinase domain. Notably, no DAPK-specific protein band
was detected in the DAPK-mutant ovaries by Western blot
analysis. Specifically, a single 160-kDa protein band was
detected in the wild-type ovaries but there was no shorter
DAPK protein band in the DAPK-mutant ovaries (Fig. 1B).

Localizations of DAPK mRNA in ovarian tissues. As described
above, DAPK mRNA was expressed in both wild-type and
DAPK-mutant ovaries, whereas DAPK protein was detected
in wild-type ovaries but not in DAPK-mutant ovaries. Since
there were no anti-DAPK antibodies available for immuno-
histochemical studies of murine tissues, we performed in situ
hybridization for DAPK mRNA expression to identify the
DAPK-expressing cells in the ovaries. Although DAPK mRNA
was detected extensively but very weakly in all types of ovarian
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Figure 2. In situ hybridization analysis of DAPK mRNA in murine ovarian tissues. A and D, In situ hybridization with sense riboprobes for DAPK as negative
controls. B, C, E and F, In situ hybridization with antisense riboprobes for DAPK showing DAPK mRNA localization in ovarian granulosa cells. C and F, are
magnified views of B and E, respectively. WT, wild-type mice; MT, DAPK-mutant mice.
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Figure 3. Comparisons of wild-type and DAPK-mutant mice. A, Body weights of 7-week-old female mice. B, Ovarian weights of 7-week-old female mice. C,
Ovarian follicular numbers in 7-week-old female mice. The mean numbers of ovarian follicles per ovarian section were compared between the two types of mice.
There are no significant differences in the body weights, ovarian weights and ovarian follicular numbers between the wild-type and DAPK-mutant mice. WT, wild-
type mice; MT, DAPK-mutant mice; ns, not significant.
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Figure 4. TUNEL staining analysis of ovaries from CPT-11-injected mice. A and D, Ovaries from the saline-injected mice as negative controls. B, C, E and F,
Opvaries from the CPT-11-injected mice. C and F, are magnified views of B and E, respectively. WT, wild-type mice; MT, DAPK-mutant mice.

cells in both wild-type and DAPK-mutant mice, high levels
of DAPK mRNA transcripts were predominantly localized in
the granulosa cells in all stages of follicles and atretic follicles
(Fig. 2). In all stages of healthy follicles in both wild-type and
DAPK-mutant mice, the expression levels of DAPK mRNA
were much higher in large follicles than in small and medium
follicles. No differences in the DAPK mRNA expression
patterns were observed between the wild-type and DAPK-
mutant mice.

Body weights, ovarian weights and ovarian follicle counts in
wild-type and DAPK-mutant mice. Since DAPK is highly
expressed in large follicular granulosa cells (Fig. 2), which
comprise the major estrogen-producing cells, it was possible
that there were significant differences in the ovarian follicular
numbers, ovarian weights and body developments between
the wild-type and DAPK-mutant mice. Comparisons between
the wild-type and DAPK-mutant mice revealed no significant
differences in their body weights (Fig. 3A) or ovarian weights
(Fig. 3B).

To examine whether the deletion of the DAPK kinase
domain affected folliculogenesis, the numbers of growing
follicles were counted according to the criteria described in

the Materials and methods. As shown in Fig. 3C, there were
no significant differences in the numbers of large follicles,
medium follicles and small follicles between the wild-type
and DAPK-mutant mice.

These results suggest that the wild-type and DAPK-mutant
mice were well matched in their body weights, ovarian weights
and follicle numbers for use in for the following CPT-11
injection experiments.

CPT-11-induced follicular apoptosis in ovaries from wild-
type and DAPK-mutant mice. As described above, the in situ
hybridization analyses revealed that DAPK is highly and
specifically expressed in large follicular granulosa cells
(Fig. 2). These findings indicate that DAPK may regulate
granulosa cell-specific apoptosis. CPT-11 induces follicular
apoptosis in murine and human ovaries (24,25). Therefore,
to examine whether DAPK plays roles in CPT-11-induced
follicular apoptosis, the effects of CPT-11 injection on ovarian
follicles were evaluated in the wild-type and DAPK-mutant
ovaries. As shown in Fig. 4, an intraperitoneal injection of
CPT-11 apparently increased the numbers of TUNEL-positive
granulosa cells in both the wild-type and DAPK-mutant mice.
The TUNEL-reactivity of the granulosa cells in the CPT-11-
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Figure 5. TUNEL-positive follicle ratios in ovaries from CPT-11-injected mice. A, The TUNEL-positive follicle ratios of the small ovarian follicles, medium
ovarian follicles and large ovarian follicles in the CPT-11-injected wild-type mice were counted. CPT-11 injection increases dose-dependently the TUNEL-positive
follicle ratios of the large ovarian follicles. No TUNEL-positive follicles were detected among 81 small follicles from ten saline-injected murine ovaries, among
84 small follicles from ten 0.1 mg - CPT-11-injected murine ovaries and among 91 small follicles from twelve 0.5 mg - CPT-11-injected murine ovaries. No
TUNEL-positive follicles were also detected among 88 medium follicles from ten saline-injected murine ovaries. B, CPT-11-induced TUNEL-positive follicle ratio
is significantly and partially reduced in the DAPK-mutant ovaries compared with the wild-type ovaries. WT, wild-type mice; MT, DAPK-mutant mice; ns, not

significant. "p<0.05, “p<0.01.

injected wild-type mice was much stronger than that in the
CPT-11-injected DAPK-mutant mice (Fig. 4B and E). When
the follicles containing at least 10 TUNEL-positive granulosa
cells in the ovarian sections were defined as TUNEL-positive
follicles, TUNEL-positive follicles were mainly detected in
large follicles in CPT-11-injected wild-type and DAPK-mutant
mice (Figs. 4 and 5), but rarely detected in small and medium
follicles, suggesting that large follicles were more sensitive
to CPT-11-induced follicular apoptosis. These findings are
consistent with those in a previous report using a different
mouse strain (25). Notably, however, the TUNEL-positive
large follicle ratios were significantly higher in the wild-type
mice than in the DAPK-mutant mice (Fig. 5B).

Expression of Fas and FasL in ovaries from the CPT-11-
injected mice. Our previous studies indicated that follicular
apoptosis through Fas-FasL interactions in granulosa cells
was one of the molecular mechanisms involved in CPT-11-
induced ovarian failure (24,25). Therefore, we performed
immunohistochemical analyses to examine whether the
different apoptotic susceptibilities of ovarian follicles
stimulated by CPT-11 between the wild-type and DAPK-
mutant mice was caused by differential inductions of Fas
and/or FasL expressions in granulosa cells. In the saline-
injected control mice without CPT-11 administration, Fas
expression was similarly detected in almost all types of ovarian
cells in the wild-type and DAPK-mutant mice, including
granulosa cells (Fig. 6A and C). In the CPT-11-injected mice,
the tissue distributions and immunoreactivities of Fas in the
ovaries showed no apparent differences between the wild-
type and DAPK-mutant mice (Fig. 6B and D).

In the saline-injected control mice, small numbers of large
and medium follicles showed immunoreactivities for FasL in
both the wild-type and DAPK-mutant mice, while the extra-
follicular ovarian cells did not show any FasL expression

(Fig. 6E and G). In the CPT-11-injected mice, higher levels
of FasL immunoreactivity were detected in the granulosa
cells in most large follicles and several medium follicles in
both the wild-type and DAPK-mutant mice (Fig. 6F and H),
while no FasL expression was found in small follicles. When
the follicles containing at least 10 strongly FasL-positive cells
per ovarian section were determined as FasL-positive follicles
(25), the FasL-positive follicle ratios of medium and large
follicles in the CPT-11-injected mice (0.1 mg and 0.5 mg/
mouse) were significantly higher than those in the saline-
injected control mice (Fig. 7A). However, no FasL-positive
follicle was detected in the small follicles. CPT-11 dose-
dependently increased FasL-positive follicle ratios of medium
follicles (Fig. 7B) and large follicles (Fig. 7C) in both types
of mice. In contrast, in both the saline-injected control and
CPT-11-injected mice, there were no significant differences
in the FasL-positive follicle ratios between the wild-type and
DAPK-mutant mice (Fig. 7B and C).

Discussion

Since DAPK was initially identified as a positive mediator of
interferon-y-induced programmed cell death in the HeLa human
cervical cancer cell line (6), the apoptosis-related functions
of DAPK products have been extensively investigated using
various types of in vitro-cultured cells (7-10). However, the
physiological functions of DAPK in vivo were not fully under-
stood until DAPK-mutant mice were generated. Although a
few studies have shown roles for DAPK in the kidney and
brain (16-19), the functions of DAPK in the ovary have not
previously been reported. In the present study, we have
clarified the tissue distributions and biocharacteristics of
DAPK in the murine ovary for the first time. By using a
DAPK-mutant mouse model, the biological functions of DAPK
in ovarian follicular growth and its involvement in CPT-11-
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Figure 6. Immunohistochemical analyses of Fas and FasL expression in ovaries from CPT-11-treated wild-type and DAPK-mutant mice. A-D, Immunohisto-
chemical analyses of Fas expression in ovarian tissues. There are no apparent differences in the Fas expression patterns between the wild-type and DAPK-mutant
mice. E-H, Immunohistochemical studies of FasL expression in ovarian tissues. There are no apparent differences in the FasL expression patterns between the
wild-type and DAPK-mutant mice. WT, wild-type mice; MT, DAPK-mutant mice.

induced ovarian follicular apoptosis were investigated. We
found that deletion of the DAPK kinase domain significantly
attenuated ovarian follicular apoptosis in CPT-11-injected
mice in vivo, suggesting that DAPK may act as a positive
modulator of granulosa cell apoptosis in certain types of
anticancer drug-induced ovarian failure.

DAPK is widely expressed in many kinds of cells and
tissues, implying that it plays roles in various types of apoptotic
cell death (6-10). DAPK protein expression was previously
detected in normal human endometrium, normal murine ovary
and normal murine uterus by Western blot analyses (31).
However, there have been no reports about the tissue
localizations and functions of DAPK in female genital organs,
particularly in the context of ovarian follicular development
and apoptosis. To understand this issue, we first examined
the tissue localization of DAPK in murine ovaries. RT-PCR
analyses of the DAPK-mutant ovaries detected the expression

of a DAPK-mutant mRNA that was shorter than the wild-
type transcript, as previously shown in DAPK-mutant mouse
kidneys (16,17). However, Western blot analysis did not detect
a corresponding DAPK protein band in the DAPK-mutant
ovaries. These results indicate that deletion of the DAPK
kinase domain may have caused certain conformational
changes in the mutant DAPK protein, rendering the mutant
protein unrecognizable by the anti-DAPK monoclonal anti-
body used in the Western blotting analysis. Alternatively,
deletion of the DAPK kinase domain may have blocked
DAPK mRNA translation, thereby inhibiting DAPK protein
expression in the mouse ovaries. Suppressed translation of
DAPK mRNA is often observed in cancer cells because DAPK
protein expression can be regulated by the methylation status
of the promoter region of the DAPK gene (31,32). Therefore,
the lack of detectable mutant DAPK protein in the mouse
ovary in the present study may have been caused by a
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Figure 7. FasL-positive follicle ratios in the murine ovaries. A, The FasL-positive follicle ratios of the small ovarian follicles, medium ovarian follicles and large
ovarian follicles in the CPT-11-injected wild-type mice were counted. CPT-11 dose-dependently induces FasL expression in medium follicles and large follicles
in the murine ovaries. No FasL-positive follicles were detected among 74 small follicles from ten saline-injected murine ovaries, among 86 small follicles from
ten 0.1 mg - CPT-11-injected murine ovaries and among 93 small follicles from twelve 0.5 mg - CPT-11-injected murine ovaries. B, The FasL-positive medium
follicle ratios in the CPT-11-injected mice were compared. There are no significant differences in the FasL-positive medium follicle ratios between the wild-type
and DAPK-mutant mice. C, The FasL-positive large follicle ratios in the CPT-11-injected mice were compared. There are no significant differences in the FasL-
positive large follicle ratios between the wild-type and DAPK-mutant mice. WT, wild-type mice; MT, DAPK-mutant mice; ns, not significant. “p<0.05, “p<0.01.

mechanism involving DAPK gene promoter methylation.
Another possibility is that the defective DAPK mRNA may be
translated into a very unstable DAPK protein by an unknown
mechanism.

Some anticancer drugs are well known to induce ovarian
damage in addition to cancer cell death (1-5). Anticancer
drugs may increase the apoptotic susceptibilities of normal
ovarian follicles and cause granulosa cell apoptosis in ovarian
follicles. Recently, we reported that intraperitoneal injection
of CPT-11 induces FasL expression in the granulosa cells of
large follicles and that apoptosis is induced in these granulosa
cells by interactions of FasL and Fas constitutively expressed
in granulosa cells (25). Nevertheless, the possible induction
of other intracellular signaling pathways for granulosa cell
apoptosis by anticancer drugs has hardly been investigated.
The numbers of ovarian follicles at each developmental stage
and the ovarian weights of the DAPK-mutant mice were
similar to those in the wild-type mice. These findings indicate

that DAPK has no significant effects on ovarian follicular
development under normal conditions and that these types of
mice were well matched for investigations of DAPK functions
in anticancer drug-induced ovarian damage. Our in situ
hybridization assays revealed that DAPK mRNA was highly
expressed in ovarian granulosa cells, but widely and very
weakly distributed in various ovarian cells, suggesting that
DAPK may play granulosa cell-specific roles in the ovary.
Further experiments demonstrated that CPT-11 could induce
granulosa cell apoptosis, mainly in large follicles, in both the
wild-type and DAPK-mutant mice, although the follicular
apoptosis was significantly fewer and much weaker in the
DAPK-mutant mice than in the wild-type mice. These findings
indicate that deletion of the DAPK kinase domain significantly
attenuates CPT-11-induced granulosa cell apoptosis.

Fas is a transmembrane glycoprotein that belongs to the
tumor necrosis factor receptor family and mediates apoptosis
in many cell types (33,34). FasL, a well-known cell death
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factor and a type II integral membrane protein homologous
to tumor necrosis factor (35), specifically binds to Fas and
induces cell death through apoptosis (36). Our previous study
confirmed that CPT-11-induced FasL expression in granulosa
cells is one of the main mechanisms for CPT-11-induced
ovarian follicular apoptosis in mice (25). Therefore, to examine
whether DAPK is involved in the increase in FasL expression
during CPT-11-induced follicular apoptosis, the expression
levels of Fas and FasL in the follicles after CPT-11 injection
were compared between the wild-type and DAPK-mutant
mice. The Fas expression levels were similar in the wild-type
and DAPK-mutant mice, regardless of whether or not they
received CPT-11 treatment. Moreover, in the CPT-11-injected
mice, there were no significant differences in the FasL-
positive follicular ratios between the wild-type and DAPK-
mutant mice, but the follicular apoptosis was much stronger
in the wild-type mice than in the DAPK-mutant mice. These
results suggest that DAPK activity may be involved in an
apoptotic signaling pathway distinct from the regulation of
FasL expression in CPT-11-induced follicular apoptosis.

The present study has revealed a crucial role for DAPK in
CPT-11-induced ovarian follicular apoptosis. However, the
follicular apoptosis was not completely inhibited in the DAPK-
mutant mice. These findings suggest that follicular apoptosis
is regulated by several complex systems involving large
numbers of molecules and that DAPK-mediated signaling is
only part of the regulatory system. The existence of such
DAPK-independent regulatory signals in follicular apoptosis
may represent biological redundancy for reproduction to
avoid complete ovarian damage.

In summary, the present study has revealed that deletion
of the DAPK kinase domain does not affect normal follicular
development, despite the fact that DAPK mRNA is highly
expressed in ovarian granulosa cells, but significantly
attenuates the ovarian follicular apoptosis induced by CPT-11
in vivo. The present results indicate that DAPK positively
regulates the ovarian follicular apoptosis activated by anti-
cancer drugs. Therefore, DAPK activity in ovarian follicles
may represent one of the molecular mechanisms involved in
anticancer drug-induced ovarian failure. The present findings
also suggest that DAPK may play a physiological role in the
induction of follicular apoptosis to remove ovarian follicles
damaged by chemicals and maintain normal reproduction. On
the other hand, molecular targeting therapies that specifically
inhibit DAPK activity may reduce the ovarian follicular loss
induced by some anticancer drugs and preserve the reproductive
capability of young female cancer patients. Finally, DAPK-
mutant mice may be useful for investigations of the various
biological functions of DAPK and ovarian follicular apoptosis.
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