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Abstract

Cde25 dual specificity phosphatases positively regulate the cell
cycle by activating cyclin-dependent kinase/cyelin complexes.
Of the three mammalian Cdec25 isoforms, Cdc25A is phos-
phorylated by genotoxic stress-activated Chkl or Chk2, which
triggers its SCF>T"P_mediated degradation. However, the
roles of Cde25B and Cdc25C in cell stress checkpoints remain
inconclusive. We herein report that c-Jun NH,-terminal kinase
(JNK) induces the degradation of Cdc25B. Nongenotoxic stress
induced by anisomycin caused rapid degradation of Cdc25B as
well as Cdc25A. Cdc25B degradation was dependent mainly
on JNK and partially on p38 mitogen-activated protein kinase
(p38). Accordingly, cotransfection with JNK1, JNK2, or p38 de-
stabilized Cdc25B. In vitro kinase assays and site-directed mu-
tagenesis experiments revealed that the critical JNK and p38
phosphorylation site in Cdc25B was Ser'”’, Cdc25B with Ser'®
mutated to alanine was refractory to anisomycin-induced deg-
radation, and cells expressing such mutant Cde25B proteins
were able to override the anisomycin-induced G, arrest. These
results highlight the importance of a novel JNK/p38-Cdc25B
axis for a nongenotoxic stress—induced cell cycle checkpoint.
[Cancer Res 2009;69(16):6438-44]

Introduction

Cell cycle progression in eukaryotic cells requires the succes-
sive activation and inactivation of cyclin-dependent kinase (CDK)-
cyclin complexes. Activation of CDK-cyclin complexes depends on
members of the Cdc25 dual specificity phosphatases. In mam-
malian cells, the Cdc25 family consists of Cdc25A, Cdc25B, and
Cdc25C. Although Cdc25C was the first member to be identified,
Cdc25A is now regarded as one of the major players in multiple
phases of cell cycle progression in mammalian somatic cells (1, 2).
Besides its well-known role in G,-S transition, Cdc25A is also
involved in the G,-M transition and chromosome condensation (1,
3, 4). Moreover, Cdc25A is also a well-known target of the DNA
damage checkpoint (2, 5). On genotoxic insults, Cdc25A is rapidly
phosphorylated by the checkpoint kinases Chk1 and Chk2 followed
by SCF**™*_mediated ubiquitinylation and degradation (2, 6).

In contrast to Cdc25A, the roles of Cdc25B and Cdc25C remain
elusive. Experiments with Cdc25B- or Cdc25C-knockout mice indi-
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cate that these genes are dispensable not only for normal cell cycle
control but also for the DNA damage checkpoint (7, 8). The only
prominent phenotype is a defect in oocyte maturation in Cdc25B-
depleted female mice (9). However, several lines of evidence suggest
that Cdc25B is important for controlling CDK1-cyclin B activity at
the centrosome, where the kinase contributes to centrosome sep-
aration at prophase (4, 10). Chkl is believed to down-regulate the
activity of Cdc25B until prophase (11, 12). The phosphorylation
of Cdc25B (Ser®™® of Cdc25B1 or Ser®®® in Cde25B3) has also been
implicated in the function of Cdc25B in conjunction with 14-3-3
binding (13, 14). A mutation that abolishes the specific phosphor-
ylation site causes Cdc25B to localize to the nucleus and enhances
its ability to abrogate DNA damage~induced G, arrest (15, 16).
These results suggest that despite its nonessentiality in mouse
models, Cdc25B does play some role in the G,-M transition (14).

Stress stimuli that do not target genome DNA lead to the
activation of the so-called stress-activated mitogen-activated pro-
tein kinases (MAPK), including p38 MAPK (p38) and c-Jun NH,-
terminal kinase (JNK; ref. 17). Recently, MAPKAP kinase 2 (MK2)
has received attention for its ability to phosphorylate Cdc25B,
leading to 14-3-3 binding (18). MK2 is usually complexed with and
activated by p38 (18). Therefore, a fraction of p38 can be found to
coimmunoprecipitate with MK2, which could mislead one to be-
lieve that p38 phosphorylates substrates that are normally phos-
phorylated exclusively by MK2. The p38-MK2 cascade is, therefore,
believed to regulate cell cycle progression by controlling the sta-
bility and subcellular localization of Cdc25A and Cdc25B, respec-
tively, when cells are exposed to genotoxic or nongenotoxic stress
(14, 18-20). JNK also phosphorylates and inactivates Cdc25C (21).
In addition, nuclear Cdc25B is exported to the cytoplasm on UV or
nongenotoxic stress by an unknown mechanism (22).

We previously reported that overexpression of 14-3-3 causes the
relocation of Cdc25B from the nucleus to the cytoplasm (13, 23, 24).
To delineate the role of the cytoplasmic export of Cdc25B, we
established HeLa cell lines that constitutively express Cdc25B and
investigated conditions that induce nuclear export of the phos-
phatase. We found that nongenotoxic stress, but not genotoxic cell
stress, induced loss of Cdc25B nuclear localization and that non-
genotoxic stress was also an effective inducer of Cdc25B degra-
dation. Moreover, we found that the stability of Cdc25B could be
controlled by JNK and p38. These data reveal a novel pathway
linking the stress response kinases to the Gy-M cell cycle engine.

Materials and Methods

Reagents, plasmids, and antibodies. Reagents of the highest grade
were obtained from Wake or Sigma. Restriction enzymes were obtained
from New England Biolabs, and MKK7-activated recombinant JNKI and
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MKKé-activated p38a (both isolated from baculovirus-infected Sf21 cells)
were obtained from Upstate. Oligonucleotides were synthesized by Invitrogen.
The cDNAs and antibodies used in the experiments were described in
Supplementary Materials and Methods.

Cell culture and plasmid transfection. HeLa cells were grown in
DMEM as previously described (13). Plasmids were transiently transfected
with Lipofectamine 2000 (Invitrogen). Cell cycle synchronization was per-
formed using the double thymidine block protecol. To obtain stable
Flag-tagged Cdc25B (F-Cdc25B)-expressing Hela cells, we used 10 pg/mL
blasticidin S (Invitrogen) for the selection of transformed cells. Established
Flag-Cdc25B~expressing HeLa cells were maintained with 2 pg/mL blas-
ticidin S.

Preparation of crude extracts, immunoblotting, immunoprecipita-
tion, and kinase assay. Crude extracts for the analysis of proteins followed
by immunoblotting or immunoprecipitation were performed as described
previously (13). To detect endogenous Cdc25B, we subjected proteins that
had been immunoprecipitated with rabbit anti-Cdc25B antibodies to SDS-
PAGE, followed by immunoblotting. The Cdc25B protein was detected with
mouse monoclonal anti-Cde25B antibody. The immunoprecipitates used for
the kinase assay were washed twice with buffer containing 100 mmol/L
Tris-HCl (pH 8.0), 5 mmol/L EGTA, and 20 mmol/L MgCl,. The sam-
ples were then incubated with the same buffer that was supplemented
with appropriate glutathione S-transferase (GST) fusion Cdc25B proteins,
1 mmol/L DTT, 200 pmol/L ATP, and [y-*PJATP (1 uCi = 37 KBq; Perkin-
Elmer). The reaction mixtures were incubated at 30°C for 60 min and
subjected to SDS-PAGE, and radioactivity was detected using the Fuji BAS
system (Fujifilm),

Indirect immunofluorescence and flow cytometry. Indirect immuno-
fluorescence of cells grown on glass coverslips was conducted as described
previously (13). Cells treated for fluorescence-activated cell sorting (FACS)
were analyzed on a FACSCalibur (BD Biosciences) using ModFit software,
The Ser'®-phosphorylated histone H3 (phospho-S10-H3)-positive cells were
analyzed using CellQuest software.

Results

Nuclear localization of Cdc25B is lost following treatment of
cells with anisomycin but not with DNA-damaging agents.
Phosphorylation of Ser*”® of Cdc25B1 followed by binding of 14-3-3
disrupts nuclear localization of Cdc25B (13). Ser®® can be phos-
phorylated by Chk1/2 and MK2 (18, 25, 26). To determine the types
of cellular stresses that induce nuclear export, we treated cells with
various chemicals and analyzed the subcellular localization of
Cdc25B. Given that an antibody that displayed high specificity
toward endogenous Cdc25B was not available commercially or in
house, we first established a HeLa cell-based cell line that consti-
tutively expressed F-Cdc25B. No gross abnormality of cell growth
or morphology was discerned for F-Cdc25B~expressing cells, which
are hereafter called HeLa-W40 cells. '

We treated HeLa-W40 cells with hydroxyurea, aphidicolin,
etoposide, or camptothecin, which activate either Chkl or Chk2.
DNA damage induced by the chemicals was confirmed by assaying
for phosphorylated histone H2AX (y-H2AX; ref. 27). Cdc25B lo-
calized to the miicleus in cells with or without DNA damage or
replication arrest (Fig. 14). We next investigated the possible in-
volvement of the p38/MK2 pathways in this process. To activate
the p38/MK2 pathway, we treated the cells with anisomycin, which
activates p38 and JNK (28, 29). Treatment with anisomycin dis-

rupted the nuclear localization of Cdc25B and promoted the re- -

distribution of Cdc25B to the cytoplasm (Fig. 1B). These results
suggest that Cdc25B nuclear localization can be disrupted by stress
pathways other than those initiated by DNA damage.

To assess the possibility that the p38 pathway regulates Cdc25B,
we added the p38 inhibitor SB202190 to HeLa-W40 cells. Of interest

A
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Nuclei &
B DMSO Anisomycin
F-Cde25B
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Figure 1. Nuclear localization of Cdc25B is maintained after DNA damage
but is disturbed by anisomycin treatment. A, HeLa-W40 cells were

treated with the indicated chemicals and Flag-Cdc258 and y-H2AX were
detected by indirect immunofluorescence. The nuclei were identified using
4',6-diamidino-2-phenylindole. The conditions for chemical treatment were
described in Supplementary Materials and Methods. B, HeLa-W40 cells were
treated with 50 ng/mL anisomycin for 15 min and processed for indirect
immunofluorescence. C, HeLa-W40 cells were pretreated with the indicated
MAPK inhibitors for 1 h followed by anisomycin challenge. The cells were fixed,
and Flag-Cde25B and nuclei were analyzed. The concentration for inhibitors
was as follows: SB202190, 20 umol/L; SP600125, 20 pmol/t..

is that SB202190 exerted only a small effect on the anisomycin-
induced diffusion of Cdc25B (Fig. 1C). In contrast, the JNK inhibitor
SP600125 induced strong nuclear staining of Cdc25B under con-
ditions of anisomycin stress. Furthermore, stronger nuclear signals
for Cdc25B were generated by simultaneous treatment with both
$B202190 and SP600125 than by treatment with SP600125 alone.
Inhibition of MAPK/extracellular signal-regulated kinase (ERK)
kinase (MEK1) with U0126, thereby inhibiting the activation of
ERK1/2, did not prevent cytoplasmic diffusion of Cdc25B (data not
shown). Collectively, these data indicate that anisomycin-mediated
stress can disrupt nuclear localization of Cdc25B in a JNK-dependent
manner,

Cdc25B is degraded in cells treated with anisomycin or
sodium chloride but not with DNA-damaging agents. The signals
for F-Cdc25B faded in cells after long-term exposure to anisomycin
but not after treatment with DNA-damaging agents (data not
shown). These observations led us to analyze the level of F-Cdc25B
protein in HeLa-W40 cells treated with anisomycin and another
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nongenotoxic reagent, sodium chloride (NaCl). We also examined
the levels of Cdc25A and Cdc25C to determine whether differ-
ent cellular stresses affect members of this phosphatase family.
Genotoxic stress caused by exposure to hydroxyurea, aphidicolin,
etoposide, or camptothecin effectively induced Cdc25A degrada-
tion (Fig. 2A4). In contrast, expression of Cdc25B or Cdc25C was un-
affected under the same conditions. Although neither anisomycin
nor NaCl activated Chkl or Chk2, both Cdc25B and Cdc25A
were degraded (Fig. 24). Cdc25A and Cdc25B decreased in a time-
dependent fashion after exposure to anisomycin (Fig. 2B). The
endogenous Cdc25B protein in parental HeLa cells was also deg-
raded by anisomycin treatment but not by DNA-damaging agents
(Supplementary Fig. S1). The abundance of Cdc25C was not af-
fected by any of the stimuli examined here. UV irradiation, which is
known to activate not only Chk1/2 but also p38/JNK, abrogated
nuclear localization of Cdc25B as reported (22) and induced Cdc25B
degradation (Supplementary Fig. $24 and B).

Although anisomycin inhibits protein synthesis (29), the more
rapid decline of Cdc25B in anisomycin-treated cells compared with
cycloheximide-treated cells suggested that degradation of Cdc25B
was specifically caused by anisomycin-induced stress and not by a
general inhibition of protein synthesis (Fig. 2C). More convincing
evidence was obtained when we examined the stability of Cdc25B
that contained mutations at the constitutive B-TrCP binding site
of ®'DDGFVD®™® (amino acid numbering is based on human
Cdc25B1; ref. 30). The site is responsible for the steady-state deg-
radation of Cdc25B by a constitutive SCF* T""—mediated ubiquitin-
proteasome pathway. We established a HeLa cell line expressing a
mutant Cdc25B that contained mutations at the B-TrCP binding
site (Cdc25BP*4, of which D255 and G256 were replaced by Ala).

Figure 2D shows that Cdc25BP** was unstable after anisomycin
treatment. This indicates that the Cdc25B degradation was specific
to anisomycin treatment. Collectively, these data indicate that
anisomycin-induced stress, but not DNA damage-induced stress,
triggers a loss of nuclear localization and stability of Cdc25B.
Inhibition of JNK attenuates the degradation of Cde25B by
anisomyein. To determine the role of p38 or JNK on the stability of
Cdc25A and Cdc25B, we treated HeLa cells with inhibitors of p38 or
JNK and analyzed the cellular proteins. The activation of p38a/p
was monitored as the slower migrating form of MK2, correspond-
ing to phosphorylated MK2 (Fig. 34); JNK activation was moni~
tored using antibodies recognizing phospho-JNKI or phospho-c-Jun. -
We found that the JNK inhibitor SP600125 protected Cdc25B from
anisomycin-induced degradation (Fig. 34, lanes 5-8). A relatively
small but definite contribution of the p38 pathway to the deg-
radation of Cdc25B was revealed by these experiments (Fig. 34,
lanes 3-8). The MEK1 inhibitor U0126 again had no effect on the
stability of either Cdc25A or Cdc25B (data not shown). Time course
experiments further validated the critical role of JNK in regulat-
ing the degradation of Cdc25B (Fig, 3B). The stability of Cdc25C
was essentially unaffected by these inhibiters (Fig. 34). Exactly
the same results were obtained with HeLa-W40 cells that expressed
F-Cdc25B (Supplementary Fig. S34). JNK inhibitor also attenu-
ated the NaCl-induced F-Cdc25B degradation (Supplementary
Fig. S3B). Results shown in Fig, 3C indicate the correlation between
the degradation of Cdc25A/Cdc25B and activation of p38/JNK.
Anisomycin-, NaCl-, or UV-induced degradation of Cdc25B was
inhibited by the proteasome inhibitor MG132, suggesting that the
anisomycin-induced degradation of Cdc25B is mediated by the
ubiquitin-proteasome pathway (Supplementary Fig, S3C, 1, 2, and 3).
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Figure 3. JNK inhibitor SP600125 attenuates the anisomycin-induced Cdc25B
degradation, A, Hela cells were treated with the indicated MAPK inhibitors for
1 h followed by anisomycin treatment. Cell extracts were prepared at 20 min
after anisomycin addition. SB, SB202190; SP, SP600125. B, HeLa cells were
treated with MAPK inhibitors, and the expression of proteins was determined at
the indicated time. C, Hel.a-W40 cells were treated with anisomycin, and the
expression of protein was determined at the indicated time. Slower migrating
bands of c-Jun and MK2 represent phosphorylated forms of the proteins.

Results of indirect immunofluorescence also supported that the
instability of Cdc25B in anisomycin-treated cells was due to its
proteasome-dependent degradation (Supplementary Fig, $3D).

The coexpression of either JNK1 or JNK2 with MKK? triggered
Cdc25B degradation (Fig. 44). In addition, p38a was able to induce
Cdc25B degradation. Furthermore, the expression of kinase-dead
JNK1 and JNK2 stabilized Cdc25B (Fig. 4B), indicating dominant-
negative effects, We further examined the contribution of MK2 to
Cdc25B degradation. In this experiment, we used the D316N mu-
tant of p38a, which is unable to activate MK2 (31). As shown in
Fig. 4C, expression of p380”***™ induced the degradation of Cdc25B.
Taken together, these results suggest that JNK and p38 are inte-
grally involved in Cdc25B degradation.

JNK phosphorylates Cdc25B. We found that bacterially ex-
pressed Cdc25B was phosphorylated by kinase-active JNK1 but not
by its kinase-dead form, indication that JNK1 can directly phos-

phorylate Cdc25B (Supplementary Fig. S44). Likewise, recombinant
JNKI1 could also phosphorylate Cdc25B (Supplementary Fig. S4B).
To identify the phosphorylation site(s) on Cdc25B, GST fusion
constructs of different fragments of Cdc25B were produced in
Escherichia coli and used as substrates for kinase assays. As shown
in Fig. 54, JNK phosphorylation sites were present in the NH,-
terminal 175 amino acids. The same fragment was also phosphory-
lated by recombinant p38a (Supplementary Fig. $4C). Furthermore,
JNK and Cdc25B were able to form complex, which supports the
idea of Cdc25B being a JNK substrate [Supplementary Fig, S54; the
loss of the complex formation in wild-type (WT) JNK with MKK7
suggests that JNK may dislodge after phosphorylation event]. The
importance of the NH,-terminal region was also supported by
the JNK-induced degradation of the construct containing green
fluorescent protein fused to the NHy-terminal 175 amino acid
fragment of Cdc25B (Supplementary Fig. S558).

Cdc25B/8101 is a candidate JNK phosphorylation site. To
identify JNK phosphorylation site(s), we first mutated all six can-
didate serine residues to alanine in six potential JNK substrate
SP sequences {(and no TP) in N175-Cdc25B. The 6SA mutant was
refractory to JNK- or p38a-induced degradation (Supplementary
Fig. S64). The coexpression of the individual SA mutant Cdc25B
with JNK indicated the importance of S101, followed by S103
(Fig. 5B). The importance of $101 and $103 was further supported
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Figure 4. Involvement of JNK in the destabilization of Cdc25B. A, Hela cells
were transfected with Flag-Cdc25B in combination with MKK6 and p38«, or
MKK7 and JNK1 or JNK2. The expression of the indicated proteins was
determined by immunoblotting. B, expression of Flag-Cdc25B was determined
after cotransfection with MKK7 and either the WT or kinase-dead (KD) form
of JNK1 or JNK2. C, expression of Flag-Cdc25B was examined after
cotransfection with MKK6 and WT or the D316N mutant (MU) of p38a.
Arrowhead, phospho-MK2.
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by the slower degradation rate of the Cdc25B protein with a double
mutation (S101/103A) compared with the mutants with a single
mutation (Fig. 5C, lanes 4, 6, and 8). Essentially the same results
were obtained when p38c was used as a kinase for the Cdc25B
mutants (Supplementary Fig. S6B). Taken together, these data
indicate that phosphorylation of Cdc25B at S101 and S103 by JNK
and p38 is important for degradation.

HeLa cells expressing the Cdc25B S101A mutant ignore
anisomycin-induced G, arrest. We next examined the effects of
anisomycin on cell cycle progression, in particular during G,-M
phase, when Cdc25B peaks during the cell cycle. HeLa cells were
synchronized at G,-S and released into S phase. At 6 hours after
release, the cells were treated with anisomycin followed by moni-
toring of M-phase entry by detection of phospho-810-H3. Cdc25B
and phospho-810-H3 increased progressively in DMSO-treated cells
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Figure 5. Phosphorylation of Cdc25B by JNK at possible phosphorylation sites.
A, left, GST-Cdc25B fragments were incubated with a recombinant JNKT in
the presence of [y-**P]ATP followed by autoradiography; right, substrate
GST-Cde25B fragment as detected by anti-GST antibody. 8, WT Cdc258B or
mutants that contained SA mutations at candidate JNK phosphorylation sites
were cotransfected into HeLa cells with or without MKK7 and JNK1, and
expression of Cdc25B was determined by immunoblotting. C, the WT or SA
mutant at 3101, 8103, or S101/103 was cotransfected into HeLa cells with or
without MKK7 and JNK1, and the expression of Cdc25B was determined.

(Fig. 64), but no phospho-510-H3 was detected in anisomycin-
treated cells, indicating that anisomycin treatment inhibited
mitotic entry. In such cells, Cdc25B disappeared completely by
30 minutes after addition of anisomycin (Fig. 64, lanes 7 and 8).
FACS analysis confirmed the induction of a G, delay by anisomycin
treatment in synchronously or asynchronously growing Hela cells
(Supplementary Fig. §7A4).

To delineate the significance of Cdc25B S101 phosphorylation in
anisomycin-induced G, arrest, we added anisomycin to asynchro-
nously growing HeLa cells that constitutively express the non-
phosphorylatable Cdc25B S101A mutant (HeLa-101-1). The results
shown in Fig. 68 indicate that the half-life of the S10IA mutant
Cdc25B was twice as long as that of the WT after anisomycin
treatment (~35 minutes in S101A and ~ 15 minutes in WT),
indicating that phosphorylation of S101 is essential for proper
degradation. Treatment of HeLa-101-1 with either NaCl or UV also
supported the idea that S101 is important for stress-induced
Cdc25B degradation (Supplementary Fig. S84).

We next investigated whether the $101A mutant would exhibit
abrogation of anisomycin-induced G, arrest. We used cell lines
expressing WT Cdc25B (W40) or S101A (101-1). The amount of
Cdc25B protein in W40 cells and that of 1011 is shown in
Supplementary Fig. S7B. Asynchronously growing HeLa cells, W40
cells, and 101-1 cells were treated with 100 ng/mL anisomycin, and
the number of cells entering M phase during a 3-hour treatment
with anisomycin was determined by detecting phospho-S§10-H3.
As shown in Fig. 6C, HeLa-101-1 cells exhibited resistance to
anisomycin-induced G, retardation. Thus, cells expressing S101A-
mutated Cdc25B seem to be more resistant to anisomycin-induced
degradation and to recover more rapidly than WT Cdc25B-
expressing cells.

Collectively, HeLa cells expressing Cdc25B with a nonphosphor-
ylatable mutation at the possible JNK target S101 residue were
more refractory to anisomycin-induced cell cycle retardation.

Discussion

We report here for the first time that Cdc25B is targeted for
degradation in cells that are challenged with anisomycin or NaCl
and that the degradation of Cdc25B is mediated mainly by JNK. We
uncovered this phenomenon by using HeLa cells that constitutively
expressed recombinant Cdc25B. In our hands, commercially avail-
able antibodies did not properly recognize endogenous Cdc25B in
crude extracts by immunoblotting. Immunoprecipitation followed
by immunoblotting was necessary to detect endogenous Cdc25B.

Our experiments highlight the critical role of JNK in controlling

. Cdc25B stability. A level of DNA damage that is sufficient for

activating Chk1/2 and Cdc25A degradation did not exert any ef-
fects on the stability of Cdc25B. Export of Cdc25B from the nucleus
to the cytoplasm is thought to be a mechanism of checkpoint re-
sponse (18). However, Cdc25B did not follow this expected pattern
after DNA damage (Fig. 14). We therefore suspect that Cdc25B
is not’a primary target of the DNA damage checkpoint, although
we cannot exclude the possibility that its phosphatase activity is
directly repressed by a Chkl-dependent mechanism (32).

We showed that M-phase entry is delayed in Hela cells treated
with anisomycin (Fig. 6). The G, retardation observed in this situ-
ation is caused in part by the degradation of Cdc25A and Cdc25B.
Depletion of either Cdc25A or Cdc25B is insufficient for Go-phase
arrest, but the depletion of both Cdc25A and Cdc25B is necessary
for a more robust G, arrest (4). Therefore, anisomycin-induced G,
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retardation can be explained at least in part by the simultaneous
degradation of Cdc25A and Cdc25B (Fig. 2). Our results strongly
suggest the presence of a nongenotoxic stress—dependent cell cycle
checkpoint wherein Cdc25 phosphatases are degraded to down-
regulate CDK activity. This checkpoint is mediated by stress-
activated MAPKs, including p38 and JNK, as depicted in Fig, 6D.
The proteasome inhibitor MG132 attenuated anisomycin-induced
Cdc25B degradation, which strongly suggests that Cdc25B is de-
graded by the ubiquitin-proteasome pathway. Cdc25B is degraded
in the steady state by the SCF*™“"-mediated ubiquitinylation
mechanism. It is unlikely that phosphorylation of S101 stimulated
binding of SCF* ™™ to the constitutive binding site, which is
located more than 100 amino acids downstream of S101. It is
necessary to identify the responsible ubiquitinylation system to
understand JNK-mediated Cdc25B degradation more precisely.
Several reports have indicated a correlation between the ma-
lignancy of tumors and the overexpression of Cdc25A and Cdc25B
(33, 34). Cdc25A and Cdc25B are oncogenic (35), and Cdc25A is a
main target of the DNA damage checkpoint (1, 2, 34). Assuming
that Cdc25B is a target of a nongenotoxic stress checkpoint, over-
expression of Cdc25B may allow cells to become less sensitive to
intrinsically harmful cell stresses that do not directly compromise
genome integrity. Ignoring the detrimental stress signal, such as
NaCl-induced distortion of the cytoskeleton by hyperosmolarity or

anisomycin-induced inhibition of protein synthesis, may disrupt
the proper regulation of chromosome segregation and cytokinesis
during mitosis, which are well-known causative events of genome
instability (36).

In conclusion, we have shown that Cdc25B is targeted for JNK-
mediated degradation by cellular stress. The stress-induced
checkpoint is initiated by the activation of JNK and p38, which
phosphorylates Ser'® of Cdc25B. This results in the rapid deg-
radation of Cdc25B and cell cycle arrest.
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Abstract

In mammalian cells, DNA polymerase p (Polf) and poly(ADP-ribose) polymerase-1 (PARP-1) have been implicated in base excision
repair (BER) and single-strand break repair. Polp knockout mice exhibit extensive neuronal apoptosis during neurogenesis and die
immediately after birth, while PARP-1 knockout mice are viable and display hypersensitivity to genotoxic agents and genomic instability.
Although accumulating biochemical data show functional interactions between Polf and PARP-1, such interactions in the whole animal
have not yet been explored. To study this, we generate PolB‘/ ~PARP-1"/~ double mutant mice. Here, we show that the double mutant
mice exhibit a profound developmental delay and embryonic lethality at mid-gestation. Importantly, the degree of the neuronal apop-
tosis was dramatically reduced in PARP-1 heterozygous mice in a PolB null background. The reduction was well correlated with
decreased levels of p53 phosphorylation at serine-18, suggesting that the apoptosis depends on the p53-mediated apoptosis pathway that
is positively regulated by PARP-1. These results indicate that functional interactions between Polf and PARP-1 play important roles in

embryonic development and neurogenesis.
© 2007 Elsevier Inc. All rights reserved.

Keywords: DNA polymerase B; PARP-1; Knockout mouse; Development; Neuronal apoptosis

DNA repair is essential for maintaining the genome
integrity for development and survival [1]. Base excision
repair (BER) is the pathway for repair of DNA damage
such as apurinic/apyrimidinic (AP) sites and base modifica-
tions, which spontaneously occur or are caused by a variety
of endogenous and exogenous agents [2,3]. BER is initiated
by monofunctional DNA glycosylases that remove a dam-
aged base to generate an AP site, which is then excised by
AP endonuclease 1 (APE1). This process is also carried out
by bifunctional DNA glycosylases carrying APE1 activity.

* Corresponding author. Fax: +81 45 820 1901,
E-mail address: koyama@yokohama-cu.acjp (H. Koyama).
! Present address: Graduate School of Frontier Biosciences, Osaka
University, 1-3 Yamadaoka, Suita, Osaka 565-0871, Japan.
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Then, the BER pathway is divided into the short-patch and
long-patch subpathways, depending on the length of syn-
thesized nucleotides and factors involved. DNA polymer-
ase B (PolB), one of the factors, plays a key role in BER.
In the former subpathway, Polp synthesizes one nucleotide
to fill the gap and excises the 5/-dRP residue, followed by
ligation with DNA ligase I (LIGI) or a XRCCI/LIGII
complex [3,4]. The latter subpathway synthesizes 2-10
nucleotides by Polf and/or Pold/e with proliferating cell
nuclear antigen (PCNA), displacing the damaged strand;
the displaced strand is then excised by flap endonuclease
1 (FENI), followed by ligation with LIGI [5].

Gu et al. [6] reported that Polp knockout (PolB“/ ~) mice
are embryonic lethal. We showed that Polp-deficient
embryos exhibit extensive apoptosis in newly generated
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post-mitotic neuronal cells in the developing central and
peripheral nervous systems and that the mice die of respira-
tory failure immediately after birth [7]. We also showed that
p53 deficiency can dramatically rescue the neuronal apopto-
sis, indicating involvement of the p53-dependent pathway in
the apoptosis [8]. Polp™~ mouse embryonic fibroblast
(MEF) cells are viable and exhibit BER defects, as evidenced
by increased sensitivity to DNA-alkylating agents [7,9].
However, the cells still retain an activity to repair damaged
DNA bases in vitro, indicating that both the Polp-dependent
and -independent BER pathways are functioning in vive [10].

Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear
localized protein that can be activated by DNA strand
breaks [11]. The activated PARP-1 catalyzes the transfer
of multiple ADP-ribose units to various nuclear proteins
including histones and PARP-1 itself, using NAD" as a
substrate. Synthesized poly(ADP-ribose) (PAR) is thought
to act as a signal which regulates various cellular functions
including DNA repair, cell cycle checkpoint control, chro-
matin remodeling, and carcinogenesis [11-13]. Recently,
there is accumulating biochemical evidence showing that
PARP-1 is directly involved in BER [14-16] as well as in
single-strand break (SSB) repair {17,18]. That is, PARP-1
senses a SSB or BER intermediate (single nucleotide gap,
SNG) in genomic DNA, binds to the damaged site, and
catalyzes the auto-poly(ADP-ribosyl)ation. Then, the poly-
ADP-ribosylated PARP-1 mediates efficient recruitment of
XRCCI1, LIGIII, and Polf to the site and allows its repair
via the short-patch subpathway [14,19,20]. Also, PARP-1
was reported to stimulate strand displacement during
DNA synthesis by Polf or Pold/e, in cooperation with
FENI and PCNA, in the long-patch subpathway [16].

PARP-1 knockout (PARP-17/ 7) mice are viable and fer-
tile {21-23], but the mice and their MEF cells display
hypersensitivity to DNA-alkylating agents or y-irradiation
and genomic instability [17,21]. In PARP-1"/~ MEF cells,
the BER activity, assayed with cell-free extracts, was
reported to be considerably impaired [14]. The data sup-
port the involvement of PARP-1 in BER, although contra-
dictory data have also been reported [24).

PARP-1 can participates in signaling pathways leading
to cell death. When cells suffer massive strand breaks,
PARP-1 is fully activated, and a cellular NAD level is dras-
tically reduced, resulting in cell death [25]. The same mech-
anism causes neuronal cell death in ischemia-reperfusion
injury following cerebral ischemia [26]. PARP-1 mediates
cell death by apoptosis-inducing factor (AIF), which trig-
gers caspase-independent apoptosis [27]). These findings
indicate that the level of PARP-1 activation by DNA dam-
age is critical for stimulating the signaling pathways for cell
death.

Dantzer et al. [14] reported that MEF cells lacking both
Polp and PARP-1 show a dramatic reduction in in vitro
BER activity; however, they did not address the pheno-
types of the embryos. In this study, we generate Polf and
PARP-1 double mutant mice and examine their pheno-
types to explore potential interactions between Polp and

PARP-1 in vivo. We find that the double mutants exhibit
earlier embryonic lethality than PolB_/ ~ single mutants.
We also find that heterozygosity for PARP-1 dramatically
reduces the neuronal apoptosis associated with Polf defi-
ciency. These results indicate critical functional interac-
tions between the two proteins during embryonic
development and neurogenesis.

Materials and methods

Mice. All mice, including mice heterozygous for either Polp or PARP-
I, were maintained as described previously [7,22]. Genotyping for the Polp
locus in animals or embryos was carried out by PCR, using a forward
primer BP19 (5'-CCGTGCACAGGGACCTTCTG-3") and two reverse
primers: NSb3 (5-CTGGTGAGTTAGCCTGAGAG-3') for wild-type
cells and KW2-2 (5-GGCTACCCGTGATATTGCTGAA-3') for mutant
cells. PCR was performed in a reaction mixture {10 pi) containing 70 nM
primers, 0.2 mM dNTPs, 0.25 U TaKaRa Taq DNA polymerase, 1 jif 10x
PCR buffer (Mg®* Plus) (Takara Bio Co.), and genomic DNA. After
denaturing at 95 °C for 5 min, the mixture was incubated 38 times for
1 min each at 95 °C, at 58 °C, and at 72 °C, followed by a 7-min extension
at 72 °C. The product was electrophoresed in a 1% agarose gel and stained
with ethidium bromide. The diagnostic bands were 1.1 and 1.4 kbp for
wild-type and mutant cells, respectively. Genotyping for the PARP-1 locus
was carried out using a forward primer mp66S (5-AAACCGACA
CGTTAGCGGAG-3') and a reverse primer mp23A (5'-CTTGGGAATA
CTCTCGCTGC-3'). PCR was performed in the same manner as above,
except for 300 nM primers in a reaction mixture and electrophoresis in a
2% gel. The bands diagnostic for wild-type and mutant cells were 156 bp
and 1.25 kbp, respectively.

Histology and inmmunohistochemistry. Embryonic brain sections for
histological analysis were prepared as described previously [7]. The
sections were incubated with rabbit anti-cleaved caspase-3 polyclonal
antibody (Cell Signaling Technology; 1:100). Horseradish peroxidase
(HRP)-conjugated antibody {Chemicon) was used for a secondary anti-
body to visualize the primary antibody.

Western blot analysis. Whole cell extracts were prepared from devel-
oping telencephalons in E13.5 embryos, subjected to sodium dodesylsul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). Aliquots of the
extracts (30 pg protein) were electrophoresed in an 8.0% or 12% poly-
acrylamide gel, and transferred to an Immobilon (Millipore) or Immun-
blot membrane (Bio-Rad) as described {7). The membrane was blocked
with 1% skim-milk/TBST and probed with various antibodies: anti-human
phospho-p53 (Ser-15) antibody (Cell Signaling Technology; 1:1000), anti-
Polp monoclonal antibody (Labvision; 1:1000), anti-XRCC1 polyclonal
antibody (Santa Cruz; 1:1000), anti-PARP-1 polyclonal antibody (Biomol;
1:1000), anti-cleaved caspase-3 polyclonal antibody (Cell Signaling Tech-
nology; 1:1000), and anti-PAR monoclonal antibody (Alexis; 1:1000), in
1% BSA/TBST. Signals were detected with HRP-conjugated secondary
antibody (Nacalai Tesque) and chemiluminescent detection reagents (ECL
Plus Kit, Amersham).

Results

Polp and PARP-1 double mutant embryos die at mid-
gestation

We crossed Polp™~ and PARP-1"/~ mice and the
resulting doubly heterozygous Polp*/"PARP-17/~ mice
developed normally and were fertile (data not shown).
Next, the heterozygous mice were intercrossed, and the
breeding data are summarized in Table 1. Among the off-
spring, PolB"‘PARP-I"‘ double mutant embryos at

— —
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Table |
Genotypic analysis of Polf™"PARP-1/~ intercrosses
Age No. of mice with genotype Total no. of litters Total no. of mice
Poip** Polp*/~ Polp~/~
PARP-1 PARP-1{ PARP-1
++ +/- ~[- +/+ +/- -/~ +/+ +/- =/~
E9.5 1 2 I 4 6 8 4 7 1 4 34
El10.5-11.5 6 16 9 8 24 25 6 16 4 11 114
El3.5 1 5 2 14 24 7 2 6 0 9 61
E18.5 1 5 6 3 14 5 2 4 0 5 40
4 weeks 3 8 1 21 17 5 0 0 0 10 55

The number of live embryos and mice of each genotype at the indicated stages is shown.

E9.5 displayed a profound developmental delay compared
to the littermates with other genotypes (see Fig. 1A). At
E10.5, the developmental stage of the double mutants pro-
ceeded; the embryos were much smaller than a PolB"/ -
PARP-1*/* littermate (Fig. 1B), although particular mal-
formations were undetected. The double mutants were
alive around E11.5, but eventually died and resorbed in ute-
ro by E13.5 (Table 1). These phenotypes were considerably
different from those in either Pol3™/~ or PARP-17/~ single
mutant, which can proliferate without showing apparently
retarded growth during embryogenesis [7,21,23]. On the
other hand, Polp™~PARP-1"/* and Polp™/+PARP-1*/~
mice survived and were fertile as reported [7,21,23];
Polp*/~PARP-1"/~ mice, like Polp™+*PARP-1"/" mice,
were born normally and developed into adulthood. More-
over, Polp~/"PARP-1*~ mice, like Polp™~ mice [7],
developed during the whole embryonic stage but died just
after birth, although the mice were born at nearly the pre-
dicted Mendelian frequency (Table 1 and data not shown).
These results indicate that physiological interactions
between Pol and PARP-1 play indispensable roles in
embryonic development.

Polff and PARP-1 deficiency affect neuronal apoptosis in an
opposite way

To examine whether PARP-1 deficiency affected neuro-
nal apoptosis, we carried out an immunohistochemical

A Polp+/+PARP-14/-

PoIp-/-PARP-1-/-

analysis using anti-cleaved caspase-3 antibody, a useful
marker for detecting apoptotic cells [8]. We stained sections
of developing telencephalons in E13.5 embryos with differ-
ent genotypes. As compared to wild-type controls
(Fig. 2A), in Polp~~"PARP-1""* brains (Fig. 2B), a large
number of cleaved caspase-3-positive (stained) cells were
observed in areas of medial ganglionic eminence (MGE),
lateral ganglionic eminence (LGE), and neocortex
(NCX). TImportantly, in Polp™"PARP-1"~ brains
(Fig. 2C), such stained cells dramatically decreased, indi-
cating that heterozygosity for the PARP-1 gene in a Polp
null background can remarkably rescue the neuronal apop-
tosis. In addition, Polp™"PARP-1~/~ brains (Fig. 2D),
like wild-type and PolB**PARP-1"/~ brains (data not
shown), showed almost no apoptotic cells. We failed to
examine the apoptosis in brains of Polp/~PARP-17/~
double mutants, because their embryos died by E13.5.

PARP-1 levels correlate with the extent of neuronal
apoptosis

Physical and functional interactions of PARP-1 with
BER proteins have been reported [14,19,20]. We examined
the levels of PARP-1, Pol and XRCC1 in whole cell extracts
prepared from EI13.5 telencephalones of wild-type and
mutant mice, by Western blotting using the corresponding
antibodies. As shown in Fig. 3A, PARP-1 levels in Polp~/~
PARP-1*/* extract were ~2-fold less than that in wild-type

B

-PoIR-/-PARP-14/+

Fig. 1. Morphology of developing mouse embryos. (A) Whole view of a Polp™/"PARP~/~ embryo at E9.5, displaying a severe developmental delay
compared to a PolB+/+PARP+/" littermate. (B} Whole view of a PolB‘/'PARP-l‘/" embryo at E10.5, which is much smaller than a Polﬂ””l’ARP"'/+

littermate.
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PoIB+/+PARP-14/+

PoIB-/-PARP-1+/+

PolB-/-PARP-1+/- Polp+/-PARP-1-/-

o

Fig. 2. Neuronal apoptosis observed in wild-type and mutant brains with different genotypes. Coronal sections of E13.5 developing telencephalons in: (A)
PolB**PARP-1*/* (wild-type), (B) Polg~/"PARP-1*'*, (C) Polp""PARP-1*'~, and (D) Pol*/~PARP-1~'~ mice were immunohistochemically stained
with anti-cleaved caspase-3 antibody. LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; NCX, neocortex. Scale bar, 200 pm.

A Poif L S T
PARP-1 He  tfe - -
PARP-1
Polf}
XRCC1

B Polf EY S s A ¥ 5

PARP-1  +/+ +/+ /- -/

PAR
C Polf} H+ - - -
PARP-1

+Ht+ e - -

p53 (ser-18) -

cleaved caspase-3 (Asp175)

Fig. 3. Western blot analysis of whole cell extracts prepared from wild-
type and mutant telencephalons with different genotypes. Aliquots of cell
extracts were analyzed by SDS-PAGE, followed by immunoblotting using
the corresponding antibodies, as described in Materials and methods. (A)
Levels of PARP-1, Polp and XRCCI in cell extracts from EI3.5
telencephalons of Polf**PARP-1*/* (wild-type), Polp~/~PARP-1*"*,
PolB~/"PARP-1*~, and Polf*/"PARP-1" mice. The bands of XRCCI
confirm equal loading of the extracts. (B) Poly(ADP-ribosyl)ated proteins
in the same extracts used in (A). (C) Levels of 53 phosphorylation at
serine-18 and cleaved caspase-3 in the same extracts used in (A).

controls, suggesting that PARP-1 expression was likely
influenced by the Polp level. Except for this control level,
PARP-1 was produced in a gene dosage-dependent man-
ner. That is, compared to the Polb /" PARP-1"/* extract,
PARP-1 protein was extremely decreased in Polb™~

PARP-17/~ extract and undetectable in Polft/"PARP-
17/~ extract. As expected, Polf protein was absent in both
Polp/"PARP-1"/*  and  Polp~/~PARP-1""extracts.
There was no significant difference in XRCCl1 expression
among the mice examined (Fig. 3A). Taken together
with the data in Fig. 2, it is evident that, in Polp null brains,
the extent of the neuronal apoptosis is well correlated with
the level of PARP-1.

To study whether PAR was associated with neuronal
apoptosis, we examined PAR levels in the same cell extracts
using anti-PAR antibody (Fig. 3B). The levels of PAR in
Pol™/"PARP-1*/* and Polp~/"PARP-1*/~ extracts were
roughly the same, but seemed to be a little greater than that
in wild-type controls. In Polp™~PARP-1"/~ extract, the
PAR level reduced markedly but not completely, probably
because the residual PAR was synthesized by PARP-2 hav-
ing a catalytic activity similar to PARP-1 [28]. These results
indicate that the degree of the apoptosis shown in Fig. 2 is
independent from the PAR levels, suggesting no direct
involvement of the PAR signaling in the neuronal apopto-
sis arising in Polp null mice.

PARP-1 positively regulates the p53-dependent apoptosis
pathway

We reported that the neuronal apoptosis is mediated by
the phosphorylation of serine-18 of p53 protein [8]. Interac-
tions between p53 and PARP-1 have been observed in the
DNA damage-responsive signaling pathways [29,30]. To
study whether PARP-1 influenced p53 transactivation, we
examined p53 phosphorylation in the extracts of E13.5
telencephalons used above (Fig. 3A), using anti-human
phospho-p53 (Ser-15) antibody (the Ser-15 of human p53
is equivalent to the Ser-18 of mouse p53). The serine-18
in Polp/"PARP-1*"* extract was markedly phosphory-
lated compared to wild-type controls, as described previously
(8] Importantly, the phosphorylation level in Polp™/~
PARP-177~ extract obviously decreased to approximately
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one-half of that found in Polp~/~"PARP-1*/* extract, and
the signal was absent in Pol*/"PARP-17/" (Fig. 3C)
and PolB**PARP-1"/~ extracts (data not shown). Taken
together with the data in Fig. 3A, these results clearly indi-
cate that the p53 phosphorylation at serine-18 correlates
with the levels of PARP-1 expression depending on gene
dosage. We also examined cleaved caspase-3 levels by Wes-
tern blotting. Notably, the cleaved caspase-3 levels clearly
paralleled the levels of p53 phosphorylation (Fig. 3C).
Consistent with the immunostaining data in Fig. 2,
Polp™/"PARP-1"* extract revealed a strongly positive
band of cleaved caspase-3, but Pol~/"PARP-1*/~ extract
revealed an obviously lower expression. In PoIBH “PARP-
17/~ extract, the signal was hardly seen as in wild-type con-
trols. These results strongly suggest that PARP-1 positively
regulates the p53-dependent pathway in the neuronal apop-
tosis associated with Polf deficiency.

Discussion

Mice doubly deficient in Polp and PARP-1 were lethal at
mid-gestation. The reduction of PARP-1 expression in a
Polf null or heterozygous background caused a marked
decrease in neuronal apoptosis in embryonic brains. These
observations obviously show important physiological inter-
actions between Polp and PARP-1 proteins in embryonic
development and neurogenesis.

Polp/"PARP-1"/~ mutant mice revealed a severe
developmental delay around E10.5 and resulted in death
by E13.5 (Fig. I and Table 1), It has been shown that
Polp~™/~ mice die immediately after birth [7,8], while
PARP-1~/~ mice can survive and fertile [21,23]. Therefore,
our present observations indicate the acceleration of lethal-
ity associated with Polp deficiency by PARP-1 inactivation.
PolB and PARP-1 are thought to cooperatively function in
the process of SSB repair [17,18] and BER {14-16]. In
developing embryos, SSBs may be generated spontaneous-
ly or by direct excision of a DNA backbone by endogenous
agents [1]. Also, a large number of AP sites or other base
lesions would arise spontaneously and be processed in the
BER pathway, generating SNGs {2,3,31]. Given crucial
roles for Polf in BER, Polp deficiency would greatly retard
the repair of the damage, leading to the accumulation of
unrepaired breaks [8,32]. PARP-1 binds to the damage
and becomes auto-poly(ADP-ribosyl)ated; the activated
PARP-1 enhances access of BER proteins to the damaged
site to complete the repair process [14-16]. However,
PARP-1 deficiency, which caused a drastic, but not com-
plete, loss of PAR (see Fig. 3B), would retard the process
as shown in PARP-1~/~ MEF cells [28]. Moreover, double
deficiency of PolB and PARP-1 would result in further
retardation as described [14}; consequently, some of the
unrepaired breaks could be altered to more cytotoxic
DBSs, when replication forks run into the breaks during
S phase and collapse [33]. The increasing amounts of these
strand breaks would cause severe defects in transcription
and DNA replication, eventually leading to growth arrest,

cell death, and lethality of the animal [34]. Thus, we con-
clude that a functional cooperation of Pol3 and PARP-1
Is indispensable for survival and embryonic development.

PARP-1 protein in cell extracts from E13.5 telencepha-
lons in mice with distinct genotypes was expressed in a gene
dosage-dependent manner (Fig. 3A). Importantly, the
extent of the neuronal apoptosis caused by Polf deficiency
(Fig. 2) was well correlated with the PARP-1 levels. Nota-
bly, heterozygosity for PARP-1 in PolB“/ ~ mice dramatical-
ly suppressed the apoptosis. In contrast, no correlation was
found between the extent of the apoptosis (Fig. 2) and the
PAR levels (Fig. 3B). These results suggest that PARP-1
itself controls the neuronal apoptosis. Similarly, the phosp-
orylation level of p53 at serine-18 correlated well with the
degree of the apoptosis in a PolB“/“ background
(Fig. 3C); importantly, the phosphorylation level was signif-
icantly reduced in Polp~/~"PARP™~ mice compared to that
in Polp~/"PARP-17"" littermates. This result also suggests
that PARP-1 positively regulates p53 phosphorylation in
developing brains, thereby controlling the neuronal
apoptosis. Collectively, it is evident that both PARP-1 and
p33 are cooperatively involved in the process of the neuronal
apoptosis associated with Polp deficiency.

How does PARP-1 interact with p53 in the process of
the neuronal apoptosis? As noted above, in developing
brains, Polf and PARP-1 deficiency would cause severe
defects in repair of SSBs and SNGs and leave unrepaired
breaks, thereby generating DSBs. In response to these
breaks, ataxia-telangiectasia mutated (ATM), a key player
serving in cell cycle checkpoint response and apoptosis,
would be activated and phosphorylate p53 protein [35].
However, the present data show that reduction or loss of
PARP-1 activity in a Pol™/~ background significantly
lowered the p53 phosphorylation levels (Fig. 3A and C).
It may be possible that PARP-1 positively regulates the
ATM-p53 signaling pathway, through which p53 is phos-
phorylated to act as a downstream signal for cell cycle
checkpoint and apoptosis. Thus, PARP-1 defect would
cause a reduced transactivation of p53, leading to a striking
decrease in neuronal apoptosis as seen in Fig. 2. Our find-
ing resembles the observation reported by Wieler et al. [30],
who showed that in human breast adenocarcinoma and
fibrobalst cell lines, PARP-1 inhibition causes a marked
disruption of p53-mediated G1 arrest following ionizing
radiation, and suggested that PARP-1 is a positive regula-
tor of the p53-mediated G1 arrest response. In contrast,
our finding seems to be inconsistent with the results that
PARP-1 negatively regulates ATM kinase activity for
p53, since p53 phosphorylation is augmented in PARP-1
null MEF cells treated with neocarzinostatin, an anti-tu-
mor agent that can induce DSBs [36). Although the reason
for the differences is not known, ATM response to DNA
damage endogenously arising in developing brains defec-
tive in Polf and PARP-1 might differ from that induced
in the drug-treated mutant MEF cells. Further study
should be needed to clarify the role for the interactions
of the proteins in embryogenesis and neurogenesis.
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Abstract

Poly(ADP-ribose) is a biopolymer synthesized by poly(ADP-ribose) polymerases. Recent findings suggest the possibility for modu-
lation of cellular functions including cell death and mitosis by poly(ADP-ribose). Derivatization of poly(ADP-ribose) may be useful
for investigating the effects of poly(ADP-ribose) on various cellular processes. We prepared poly(etheno ADP-ribose) (poly(eADP-ri-
bose)) by converting the adenine moiety of poly(ADP-ribose) to 1-NS-etheno adenine residues. Poly(eADP-ribose) is shown to be highly
resistant to digestion by poly(ADP-ribose) glycohydrolase (Parg). On the other hand, poly(eADP-ribose) could be readily digested by
phosphodiesterase. Furthermore, poly(eADP-ribose) inhibited Parg activity to hydrolyse ribose-ribose bonds of poly(ADP-ribose). This
study suggests the possibility that poly(eADP-ribose) might be a useful tool for studying the poly(ADP-ribose) dynamics and function of
Parg. This study also implies that modification of the adenine moiety of poly(ADP-ribose) abrogates the susceptibility to digestion by

Parg,
© 2007 Elsevier Inc. All rights reserved.

Keywords: Poly(ADP-ribose) glycohydrolase; Poly(ctheno ADP-ribose); Poly(ADP-ribose); Inhibitor

The poly(ADP-ribosylation) reaction is catalyzed by
poly(ADP-ribose) polymerases (Parps) using NAD as a
substrate on various acceptor molecules, including histones
and Parps [1-4]. Phosphodiesterase (PDE) degrades
poly(ADP-ribose) to 5”-phosphoribosyl-5'-AMP (PR-
AMP) and 5-AMP [5]. In intact cells, poly(ADP-ribose)
is mainly degraded to ADP-ribose by poly(ADP-ribose)
glycohydrolase (Parg) [6,7]. This degradation reaction of
poly(ADP-ribose) is involved in DNA damage responses
(8~11], transcription {12] and chromatin remodeling [13].
Poly(ADP-ribose) so formed in cells is highly enriched in
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ogy Project, National Cancer Center Research Institute, 1-1 Tsukiji 5-
chome, Chuo-ku, Tokyo 104-0045, Japan. Fax: +81 3 3542 2530.

E-mail address: mmasutan@gan?.res.ncc.go.jp (M. Masutani).

! These authors contributed equally to this work.
0006-291X/§ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.01.171

metaphase chromosomes, and injection of Parg into intact
cells resulted in disturbed chromosome segregation [14].
Accumulation of poly(ADP-ribose) in nuclei also induces
cell death in neuronal cells [15,16]. It is also reported that
Parg inhibitor enhances sensitivities of cancer cells to
anti-cancer drug [17).

Poly(ADP-ribose) synthesis and degradation appear to
be dynamically controlled in the cells [18,19); thus,
poly(ADP-ribose) derivatives, which are resistant to degra-
dation by Parg within the cells, might be useful for the
study of poly(ADP-ribose) function. Qei et al. prepared
poly(ADP-ribose) containing 1-N®-etheno adenine (gA)
moieties and reported that the modified poly(ADP-ribose)
is digestable by Parg [20). In their preparation, the
conversion percentage of adenine moieties to eA moieties
scemed to be less”than optimal. Here, we prepared
poly(eADP-ribose}) with almost complete conversion of
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adenine moieties in poly(ADP-ribose) to €A moieties
(Fig. 1), and demonstrated that poly(sADP-ribose) is resis-
tant to Parg activity. We further showed that Parg activity
is inhibited by poly(eADP-ribose).

Materials and methods

Preparation of poly(eADP-ribose). Poly(ADP-ribose) was prepared
using E. coli expressing recombinant human PARP-1 [21]. Average chain
length was estimated to be around 13 ADP-ribose residues [22]. One
hundred micrograms of poly(ADP-ribose) was mixed with 0.1 M chloro-
acetaldehyde (Tokyo Kasei) and 0.2 M ammonium acetate in a volume of
1.0 ml and reacted at 60 °C for 4 h. The reaction was stopped by adding
ammonium solution to 0.8% (v/v) and after precipitation with ethanol,
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poly(sADP-ribose) was dissolved in H,O and the amount was measured
by UV absorbance at 275 nm in 100 mM potassium phosphate buffer (pH
7.0) using &y75 value of 6000, which was reported for 1-NS-etheno aden-
osine [23].

pjabelled poly(sADP-ribose) at 5-AMP  moieties was
prepared using 32P-poly(ADP-ribosc) {21} The chain length of
32F‘-poly(ADP~ribose) was between 3 and 15 ADP-ribose residues.

Digestion of poly(eADP-ribose) by PDE and Parg activities.
Poly(eADP-ribose) or poly(ADP-ribose) was incubated with rat Parg
fused with glutathione-S-transferase (GST-Parg) [21]in a reaction mixture
containing 20 mM potassium phosphate (pH 7.5), 0.05% Triton X-100,
and 10mM B-mercaptoethanol at 25°C for 2 h. Poly(séADP-ribose) or
poly(ADP-ribose) was incubated with 0.004 U of snake venom PDE
(Worthington) [24] in a reaction mixture containing 10 mM sodium
phosphate (pH 7.0), 10 mM MgCl, at 37 °C for 2 h. S9 cells expressing
full-length rat Parg using baculovirus system (Bac to Bac System,

L4 O

T
Poly(e ADP-ribose)

Fig. 1. Conversion of poly(ADP-ribose) to poly(eADP-ribose).
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Invitrogen) and HeLa cells were lysed with a bufler containing 20 mM
potassium phosphate (pH 7.5), 0.05% Triton X-100, 10 mM B-mercap-
toethanol. Etheno NAD was purchased from Sigma.

Polyacrylamide gel electrophoresis (PAGE) and thin layer chromatog-
raphy (TLC). PAGE (20%) of **P-poly(sADP-ribose) and *?P-poly(ADP-
ribose) was performed as described elsewhere [25]. TLC was carried out
using polyethyleneimine-impregnented TLC plates (Macherey-Nagel)
using a developing solvent consisting 3 M acetic acid, 0.1 M LiCl and 3 M
Urea [21]. Radioactivity was measured using BAS2500 (Fuji Film).

High performance liquid chromatography (HPLC) and liquid chroma-
tography mass spectrometry (LC-MS). HPLC (Shimadzu LC solution)
was carried out using Develosil column (C30-UG-5, 046 x 250 mm,
Nomura Chemicals). UV absorbance was monitored at 254 nm (Tosoh,
UV-8000). Fluorescence was monitored (Shimadzu RF-10AXL) with
excitation at 230 nm and emission at 410 nm. A linear gradient elution for
100 min using buffer A (0.1 M ammonium acetate) and buffer B (50 mM
ammonium acetate —50% acetonitrile) was performed, starting from 2% to
100% concentration of buffer B at a flow rate of 0.5 ml/min.

LC-MS was carried out by electrospray ionization method (Micro-
mass ZQ, Waters). LC system (Series 1100, Agilent) was performed with
Develosil C30-UG-5 column using buffer A and B as described above. A
linear gradient starting from 2% to 50% concentration of buffer B was
applied at a flow rate of 0.3 ml/min for 50 min. Two microgram of
poly(eADP-ribose) were digested with 0.012 U of PDE at 25 °C overnight,
treated with perchloric acid as described above, and soluble fraction was
applied to HPLC. The collected fraction was then concentrated and pre-
filtrated (YM-3, Millipore) before LC-MS.

Preparation of 5"-phosphoribosyl etheno 5'-AMP (PR-eAMP) and
etheno ADP-ribose (eADP-ribose). PR-AMP prepared from poly(ADP-
ribose) [24] or ADP-ribose (Sigma) was mixed with the reaction mixture
containing 0.1 M chloroacetaldehyde and 0.2 M ammonium acetate and
reacted at 60 °C for 4 h. The reaction was stopped by adding ammonium
solution to 0.8% (v/v) and applied to HPLC, and the fraction of PR-
eAMP and eADP-ribose was collected. PR-eAMP and cADP-ribose
(molecular mass of both compounds = 583) were further subjected to LC—
MS.

Results and discussion

Etheno derivatization of poly(ADP-ribose) was carried
outusing the reaction condition for preparation of 1-N®-ethe-
no adenosine [23]. The UV spectrum of prepared
poly(e ADP-ribose) was similar to that of 1-N%-etheno aden-
osine [26]. When poly(eADP-ribose) was digested with PDE
and subjected to HPLC, a main peak of PR-cAMP (Fig. 2A)
was observed and the amount of PR-AMP was only 1% of
PR-eAMP (Fig. 2B). The conversion efficiency of adenine
to €A residues in poly(ADP-ribose) was thus ~99%. When
the PR-¢eAMP fraction was subjected to LC-MS, molecular
ion peaks at m/z = 584 (ES+) and 582 (ES-) were detected
(Fig. 2C). These peaks matched to expected mass of PR-
eAMP (molecular mass = 583) and the profile (Fig. 2C)
was identical to that of standard PR-eAMP (data not shown).

3?P-poly(eADP-ribose) was subjected to 20% PAGE
and TLC (Fig. 3A and B). A ladder pattern similar to
32P-poly(ADP-ribose) was observed; however, the ladder
of 32P-poly(sADP-ribose) showed slightly slower mobility
than that of *?P-poly(ADP-ribose). After digestion with
PDE, *?P-poly(eADP-ribose) was almost completely
digested to PR-eAMP and sAMP (Fig. 3A and B). In
contrast, **P-poly(eADP-ribose) was not digested to
eADP-ribose by GST-Parg whereas **P-poly(ADP-ribose)
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Fig. 2. HPLC and LC-MS of poly(sADP-ribose) after digestion with
PDE. (A) Structure of PR-eAMP. (B) Poly(sADP-ribose) was digested
with PDE and subjected to HPLC. Most of UV absorbance was eluted at
the retention time of PR-eAMP. No peak was detected at the retention
time for AMP. (C) The PR-eAMP fraction was subjected to LC-MS.
Molecular ion peaks of m/z = 584 (ES+) and 582 (ES—) were detected at
retention time of PR-eAMP.

was nearly completely digested to ADP-ribose and AMP.
AMP is formed by Parg activity from protein-side terminal
adenylate moiety, which is considered to be formed during
preparation of poly(ADP-ribose) through detachment of
poly(ADP-ribose) from protein by alkaline treatment
[21]. When *?P-poly(eADP-ribose) was incubated with
increasing amount of GST-Parg at the extended time peri-
od (Fig. 3C), 32P—poly(sADP-ribose) was again resistant to
digestion by GST-Parg. Poly(eADP-ribose) was neither
digested by Parg activity in the extract of HeLa cells nor
Sf9 cells expressing rat Parg (Fig. 2D).
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Fig. 3. Susceptibility of poly(eADP-ribose) to digestion by Parg and PDE. (A) PAGE (20%) of *?P-poly(eADP-ribose) and 32P-poly(ADP-ribose) after
digestion with GST-Parg or PDE. Digestion of poly(ADP-ribose) by Parg to ADP-ribose (R, value of 0.23) was observed, whereas digestion of *2P-
poly(eADP-ribose) by Parg to eADP-ribose (Rf value of 0.27) was not observed. (B) Analysis of the products in A by TLC. (C) 3*P-poly(sADP-ribose) and
*2p_poly(ADP-ribose) were subjected to TLC after digestion with GST-Parg or PDE. (D) 32P-Po]y(aADP-ribose) and **P-poly(ADP-ribose) were digested
with the extracts of HeLa cells or Sf9 cells expressing rat Parg at 25 °C for 2 h.

We further tested whether poly(sADP-ribose) inhibits
Parg activity using free poly(ADP-ribose) as substrate
(Fig. 4). Increasing concentrations of poly(eADP-ribose)
inhibited Parg activity. The ICsq value for poly(eADP-ri-
bose) was approximately 3 pM (equivalent of eADP-ri-
bose) in the presence of poly(ADP-ribose) at 2.6 uM
(equivalent of ADP-ribose). In contrast, inhibition of
GST-Parg activity by free eADP-ribose or etheno NAD
was not observed (data not shown).

Oei et al. reported that poly(e ADP-ribose) of their prep-
aration could be degraded by Parg activity [20]. Their reac-

tion was performed ““at ambient temperature for 16 h” for
synthesis of poly(eADP-ribose). Their reaction tempera-
ture was much lower compared to the temperature we
applied, therefore, percentage of conversion to €A residues
might be lower compared with our condition. Their poly-
mer could contain modified €A residues only partially
and could show much higher susceptibility to Parg activity
compared with poly(sADP-ribose) which we prepared in
this study.

Poly(e ADP-ribose) may be useful to investigate function
of Parg or the biological effects on cells after introduction
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Fig. 4. Inhibition of Parg activity by poly(eADP-ribose). **P-Poly(ADP-
ribose) at 2.6 uM (equivalent of ADP-ribose) was digested with GST-Parg
in the presence of various concentration of poly( eADP-ribose) (equivalent
of eADP-ribose) at 25 °C for 30 min.

into cells, because poly(eADP-ribose) might show extended
half life within the cells compared with poly(ADP-ribose)
due to high resistance to Parg activity.

This study also indicated that modification of adenine
residues in poly(ADP-ribose) extensively decreases suscep-
tibility to Parg activity. There are only a few effective
PARG inhibitors [17,27-29]. Parg inhibitors may be devel-
oped by introducing modification on adenine residues of
poly- or oligo(ADP-ribose).
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Abstract

Background: Many lines of evidence suggest that poly(ADP-ribose) polymerase-| (Parp-1) is involved in
transcriptional regulation of various genes as a coactivator or a corepressor by modulating chromatin
structure. However, the impact of Parp-/-deficiency on the regulation of genome-wide gene expression
has not been fully studied yet.

Results: We employed a microarray analysis covering 12,488 genes and ESTs using mouse Parp-1-deficient
(Parp-1-+) embryonic stem (ES) cell lines and the livers of Parp-I-- mice and their wild-type (Parp-1**)
counterparts. Here, we demonstrate that of the 9,907 genes analyzed, in Parp-1- ES cells, 9.6% showed
altered gene expression. Of these, 6.3% and 3.3% of the genes were down- or up-regulated by 2-fold or
greater, respectively, compared with Parp-1** ES cells (p < 0.05). In the livers of Parp-I-- mice, of the
12,353 genes that were analyzed, 2.0% or 1.3% were down- and up-regulated, respectively (p < 0.05).
Notably, the number of down-regulated genes was higher in both ES cells and livers, than that of the up-
regulated genes. The genes that showed altered expression in ES cells or in the livers are ascribed to
various cellular processes, including metabolism, signal transduction, cell cycle control and transcription,
We also observed expression of the genes involved in the pathway of extraembryonic tissue development
is augmented in Parp-|-- ES cells, including H19. After withdrawal of leukemia inhibitory factor, expression
of H19 as well as other trophoblast marker genes were further up-regulated in Parp-1--ES cells compared
to Parp-1*1* ES cells.

Conclusion: These results suggest that Parp-1 is required to maintain transcriptional regulation of a wide
variety of genes on a genome-wide scale. The gene expression profiles in Parp-/-deficient cells may be
useful to delineate the functional role of Parp-1 in epigenetic regulation of the genomes involved in various
biological phenomena.
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