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Abstract
Pierisin-1 identified from the cabbage butterfly, Pieris
rapae, is a novel mono-ADP-ribosylating toxin that
transfers the ADP-ribose moiety of NAD at N 2 of dG in
DNA. Resulting mono-ADP-ribosylated DNA adducts
cause mutations and the induction of apoptosis.
However, little is known about checkpoint responses
elicited in mammalian cells by the formation of such
bulky DNA adducts. In the present study, it was shown
that DNA polymerases were blocked at the specific site of
mono-ADP-ribosylated dG, which might lead to the
replication stress. Pierisin-1 treatment of HeLa cells was
found to induce an intra-S-phase arrest through both
ataxia telangiectasia mutated (ATM) and Rad3-related
(ATR) and ATM pathways, and ATR pathway also
contributes to a G2-M-phase delay. In the colony survival
assays, Rad17 / DT40 cells showed greater sensitivity
to pierisin-1-induced cytotoxicity than wild-type and
ATM / DT40 cells, possibly due to defects of checkpoint
responses, such as the Chk1 activation. Furthermore,
apoptotic 50-kb DNA fragmentation was observed in the
HeLa cells, which was well correlated with occurrence of
phosphorylation of Chk2. These results thus suggest that
pierisin-1 treatment primarily activates ATR pathway and
eventually activates ATM pathway as a result of the
induction of apoptosis. From these findings, it is suggested
that mono-ADP-ribosylation of DNA causes a specific
type of fork blockage that induces checkpoint activation
and signaling. (Mol Cancer Res 2006;4(2):125 – 33)

Introduction
Pierisin-1 is a novel apoptosis-inducing protein identified
from cabbage butterfly, Pieris rapae (1-3). The cytotoxic
potency of pierisin-1 varies among different cell lines, with
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IC50s ranging from 0.043 to 270 ng/mL in 13 cell lines tested
(4, 5). Pierisin-1 is an ADP-ribosylating toxin targeting a
DNA rather than proteins (6), and the protein consists of a
NH2-terminal ADP-ribosyltransferase enzymatic domain,
which catalyzes the transfer of ADP-ribose moieties from
NAD to guanine residues of DNA, and a COOH-terminal
receptor-binding domain, which is responsible for incorporation into cells by binding to glycosphingolipid receptors
(5, 7, 8). The chemical structures of mono-ADP-ribosylated
dG are concluded to be N 2-(a-ADP-ribos-1-yl)-2V-dG and its
h-form (8, 9). The guanine adducts produced can lead to
mutations in the HPRT and supF genes (10), and the system
responsible for repair of mono-ADP-ribosylated dG adducts
due to pierisin-1 involves nucleotide excision repair (11). In
addition, pierisin-1 induces apoptosis via the mitochondrial
pathway that can be blocked by the overexpression of Bcl-2
(12). The mono-ADP-ribosylated dG produced by pierisin-1,
therefore, might associate with the induction of apoptosis and
mutations.
In response to DNA damage, checkpoint signals are evoked
primarily in the form of kinase-mediated protein phosphorylation to arrest cells in the G1-S, S, and G2-M phases and allows
time for repair to take place (13). Ataxia telangiectasia mutated
(ATM) and/or ATM-Rad3-related (ATR) kinases are activated,
are dependent on DNA damage, and phosphorylate downstream
effector kinases, such as Chk1 and Chk2. Whereas ATM seems
to be activated mainly by ionizing radiation (IR) – induced DNA
DSBs, ATR acts in response to a variety of DNA-damaging
agents, including UV irradiation. Thus, these kinases relay and
amplify the damage signal and effector proteins that control cell
cycle progression, chromatin restructuring, and DNA repair.
DNA damage – induced checkpoint response has been studied
extensively in many laboratories but mainly in context of UVor IR-induced alteration (14, 15). In contrast, little is known
regarding molecular mechanisms of checkpoint responses
elicited in mammalian cells by other form of DNA damage,
such as bulky adducts.
Some carcinogens are known to form bulky DNA adducts,
such as 2-acetylaminofluorene, which generates guanine
adducts at C-8 (16) resulting in replication stress through
inhibition of DNA polymerases and then activates ATR (17).
Under conditions of replication stress, ATR mainly activates
downstream target Chk1 in a Rad17-dependent manner (18).
The contribution of Chk1 in the S- and G2-M-phase checkpoint
is well understood to be mediated by phosphorylation of
Cdc25A and Cdc25C, respectively (14). A recent study
provided evidence of the existence of a caffeine-sensitive,
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Chk1-mediated, S-phase arrest that is operational in response to
benzo(a)pyrene dihydrodiol epoxides (19). Benzo(a)pyrene
dihydrodiol epoxides bind covalently to the N 2 position of dG,
the location of mono-ADP-ribosylation by pierisin-1.
Given the essential role of ATR and ATM in genome
maintenance, in the present study, we focused on the checkpoint
signals in response to mono-ADP-ribosylated dG produced by
pierisin-1. Our results indicate that the replication stress caused
by the inhibition of polymerase may activate the checkpoint
responses mediated by ATR-Rad17-Chk1 leading to cell cycle
arrest at S and G2-M phases. ATM-Chk2 and Chk2 pathways
are also activated possibly due to the production of characteristic 50-kb DNA fragments in pierisin-1-treated cells and may
partially contribute to S-phase arrest. The importance of monoADP-ribosylated dG for the activation of checkpoint responses
is discussed.

Results
Effect of ADP-Ribosylated dG on DNA Replication
Primer extension assays using pierisin-1-modified and
unmodified oligonucleotides as templates showed blocking
potential of the ADP-ribosylated dG adduct on replication by
polymerase a, h, and I (Fig. 1A). Replication of unmodified
DNA templates by the family B polymerases, polymerases a
and I, was highly efficient, with full extension products within
5 minutes of initiation of reaction. For family X polymerase h,
the extension reaction was almost completed within 30
minutes. In contrast, replication of pierisin-1-modified templates with each polymerase was completely blocked one base

before the ADP-ribosylated dG. Crude extracts from HeLa
cells were also efficient in extension reaction of unmodified
templates, and the extension reaction was partially inhibited by
a polymerase a – selective inhibitor aphidicolin (Fig. 1B).
Replication of pierisin-1-modified templates by crude extracts
was blocked one base before the modified dG, and the
extension reaction was inhibited by aphidicolin. Moreover,
aphidicolin inhibited only polymerase a but not polymerase h.
These results indicate that the ADP-ribosylated dG adducts
block primer extension by polymerases leading to replication
stress.
S-Phase Arrest and G2-M-Phase Delay Induced by
Pierisin-1 in HeLa Cells
To investigate the effect of pierisin-1 on the cell cycle, HeLa/
Bcl-2 cells were synchronized at the G1-S boundary by a
thymidine block method. Figure 2 shows representative cell
cycle profiles of HeLa/Bcl-2 cells treated with or without 1,000
pg/mL pierisin-1. The experiment was repeated on more than
three separate occasions with similar results. The cells were
accumulated in the middle S phase at 4 hours later of pierisin-1
treatment, and the cell cycle profile was almost same until 24
hours after treatment, when they were treated with pierisin-1 for
1 hour just after the release of the thymidine block (Fig. 2A). In
addition, the cell cycle progression through the G2-M phase
was delayed compared with the nontreatment case, when the
cells were treated with pierisin-1 for 1 hour after 6 hours late of
the release (Fig. 2B), and the cells seemed to be arrested in the
next G1 phase at 24 hours. It is possible that they might be

FIGURE 1. Effects of ADP-ribosylated dG on
DNA replication. After annealing the 30-base oligonucleotide, either ADP-ribosylated or unmodified,
with the 14-base primer, the annealed DNA was
incubated for indicated time (minutes) with mammalian polymerase (pol ) a and h and E. coli polymerase I (A) or HeLa cytosol (B). To inhibit DNA
polymerase a, 10 Ag/mL aphidicolin was included in
the reaction mixture. Reactions were terminated by
addition of gel loading buffer containing formamide,
and extension products were separated on 15%
denaturing polyacrylamide gel and subjected for
autoradiography.
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FIGURE 2. S-phase arrest and G2-Mphase delay induced by pierisin-1. For cell
cycle distribution analysis, HeLa/Bcl-2 cells
were synchronized at G1-S phase by the
double thymidine block method. These cells
were treated with 1,000 pg/mL pierisin-1 for 1
hour just after the release (A) or 6 hours after
the release from the thymidine block (B),
harvested at the indicated time point, and
analyzed by the flow cytometry as described
in Materials and Methods. Fluorescence data
were displayed as peaks using the CellQuest
software. C. Asynchronized HeLa cells were
transfected with siRNAs for control, ATM,
ATR, and Rad17 as described in Materials
and Methods and treated with 100 and 1,000
pg/mL pierisin-1 for 6 hours. Rates of
DNA synthesis of resulting cultures were
determined by [3H]thymidine incorporation.
Columns, mean of at least three separate
experiments; bars, SD. D. Cultures with the
indicated siRNA were transfected as described in (C) and incubated with nocodazole
for 8 hours with or without treatment with
1,000 pg/mL with pierisin-1. Percentages of
phosphorylated histone H3 – positive cells
were determined. Columns, mean of at least
three separate experiments; bars, SD.

arrested in the very early S phase, because sufficient amounts of
DNA adducts could already be formed during the 6- to 10-hour
cultivation, and p53, which is a main regulator of G1 arrest, is
inactive in HeLa cells.
To determine if pierisin-1-induced S-phase arrest is
dependent on checkpoint responses, DNA synthesis was
assessed in asynchronized HeLa cells 6 hours after pierisin-1
treatment. In cells transfected with nonsilencing control small
interfering RNA (siRNA), 100 and 1,000 pg/mL pierisin-1
treatment reduced DNA synthesis to 72% and 32% of that in
untreated cells, respectively (Fig. 2C). Whereas inhibition of
DNA synthesis induced by 100 pg/mL pierisin-1 was restored
in the ATR and Rad17 knockdown cells but not in ATM
knockdown cells, that induced by 1,000 pg/mL pierisin-1 was
restored in ATM, ATR, and Rad17 knockdown cells. Moreover,
the knockdown effects of ATM, ATR, and Rad17 on the mitotic
delay were examined by quantifying cells containing phosphorylated histone H3. Pierisin-1 treatment (1,000 pg/mL)
reduced histone H3 phosphorylation in asynchronized HeLa
cells by 47% compared with the untreated control (Fig. 2D).
ATM knockdown did not significantly affect the G2-M delay
induced by pierisin-1. On the other hand, knockdown of ATR

and Rad17 partially deviated this delay. These results suggest
that, in addition to the physiologic inhibition of the replication
apparatus by the DNA adduct itself, ADP-ribosylated dG
induced by pierisin-1 activated intra-S-phase and G2-M
checkpoint through ATR-Rad17 pathway. In cells treated by
high dose of pierisin-1, ATM pathway also contributes to intraS-phase checkpoint response.
Checkpoint Responses to Pierisin-1 in Rad17 / and
ATM / DT40 Cells
To investigate which checkpoint responses might be
involved for cell survival, a survival assay and a mitotic entry
assay using Rad17 / and ATM / DT40 cells were conducted
(Fig. 3A and B). Because the cytotoxic potency of pierisin-1
largely varies in cell lines, DT40 cells were treated with higher
doses of pierisin-1. Cytotoxicity assay of pierisin-1 assessed by
WST-1 methods showed that IC50s at 24 hours were 400 ng/mL
for DT40 cells and 500 pg/mL for HeLa cells (data not shown).
Pierisin-1 exerted a much greater antiproliferative effect on
Rad17 / cells than on their wild-type or ATM / counterparts, suggesting that Rad17- but not ATM-related checkpoint
pathways might contribute to the cell survival that might be
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FIGURE 3. Increased sensitivity
of Rad17 / DT40 cells to pierisin-1.
A. Clonogenic survival of indicated
clones following pierisin-1 treatment
at the indicated concentration for 4
hours. Points, mean of at least three
separate experiments per clone; bars,
SD. B. Each culture untreated or
treated with 5 Ag/mL pierisin-1 was
incubated with nocodazole for indicated time, and percentages of phosphorylated histone H3 – positive cells were
determined. The experiment was repeated on more than three separate
occasions with similar results. C. Cells
were harvested after treatment with
5 Ag/mL pierisin-1 for 3 hours. Equal
amounts of proteins were subjected to
Western blot detection of total Chk1
and phospho-Chk1 (Ser345).

threatened by ADP-ribosylated dG produced by pierisin-1.
Although the influence of pierisin-1 on cell cycle distribution
was analyzed as for HeLa cells, toxic effects of thymidine on
DT40 cells were too severe to allow assessment of S-phase
accumulation (data not shown). Therefore, G2-M checkpoint
responses to the pierisin-1 treatment were further analyzed
using mitotic entry analysis (Fig. 3B). Although pierisin-1induced mitotic delay was clearly detectable in wild-type and
ATM / cells, it was not observed in Rad17 / cells, showing
that Rad17 is required for the pierisin-1-induced checkpoint
responses. Because Chk1 plays an essential role in the
replication checkpoint control and Rad17 is required for
Chk1 activation induced by genotoxic agents, we assessed
whether Chk1 activation might be involved in the pierisin-1induced checkpoint responses (18). Treatment of wild-type and
ATM / cells with pierisin-1 led to activation of Chk1 as
evidenced by increased phosphorylation of Ser345 (Fig. 3C). In
contrast, activation of Chk1 was not observed in Rad17 /
DT40 cells, indicating that pierisin-1 induced Rad17- and
Chk1-mediated G2-M checkpoint responses in DT40 cells.
Checkpoint Responses Induced by Pierisin-1 in HeLa
Cells
It has been reported that the ATR-Chk1 pathway can
respond not only to DSBs but also to agents that interfere
function of DNA replication forks, such as UV and hydroxyurea, whereas ATM-Chk2 checkpoint pathway responds to the
presence of DSBs. For further investigation of checkpoint
responses induced by pierisin-1 in HeLa cells, activation of

Chk1 and Chk2 as a result of phosphorylation by upstream
kinases ATR and ATM was assessed. Activation of Chk2 was
analyzed by using the commercially available phosphospecific
antiserum, which recognizes phospho-Thr68 of Chk2. Activated
Chk1 and Chk2 were observed after 6-hour treatment with
pierisin-1 (Fig. 4A). Hydroxyurea, which is generally used as
the inducer of replication stress, activated Chk1 but not Chk2
after 2- and 4-hour treatment at 2 mmol/L. Activation of ATM
assessed with a phosphospecific monoclonal antibody, which
recognizes phospho-Ser1981 of ATM, was observed 2 hours
after pierisin-1 treatment, and the cleaved form of ATM, which
was suggested to be a result of apoptosis (20), was detected at 9
and 12 hours. Furthermore, phosphorylation of histone H2AX
(DSB marker) was slightly detected at 6 hours and immensely
at 9 and 12 hours. After 6-hour treatment with various
concentrations, activation of Chk1 and Chk2 was increased in
a dose-dependent manner (Fig. 4B). Activation of ATM was
also increased at 50 pg/mL pierisin-1, although phosphorylation
of histone H2AX was barely detected at this time point (Fig. 4A
and B). To investigate the requirement of upstream kinases
for the activation of Chk1 and Chk2 after 6-hour treatment of
pierisin-1, siRNAs specifically inhibit expression of ATM,
ATR, and Rad17 in HeLa cells. Introduction of ATM, ATR, and
Rad17 targeting siRNA duplexes led to significant decreases in
the respective protein levels, respectively (Fig. 5A). Chk1
activation was totally abrogated in ATR knockdown cells and
partially diminished in Rad17 knockdown cells. These results
suggest that ATR-Rad17-Chk1-mediated checkpoint responses
might also occur in pierisin-1-treated HeLa cells. On the other
Mol Cancer Res 2006;4(2). February 2006
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hand, Chk2 activation was only slightly decreased in ATM
knockdown cells. To clarify whether Chk2 activation by
pierisin-1 treatment might be caused without ATM, an ATMdeficient fibroblast line, AT22IJE-T cells (ATM-deficient), in
which ATM gene is mutated, and the ATM-deficient cells
complemented with ATM minigene (pEBS7-YZ5) were used
(21). Chk2 activation induced by pierisin-1 was clearly
observed even in the ATM-deficient cells, whereas activation
of Chk2 by IR was observed only in the ATM-complemented
cells, suggesting that mono-ADP-ribosylated dG produced by
pierisin-1 might cause activation of Chk2 in both ATMdependent and ATM-independent manners (Fig. 5B).
Large-Scale DNA Fragmentation (50 kb) Induced by
Pierisin-1 in HeLa Cells
To confirm whether DSBs occur in pierisin-1-treated HeLa
cells, genomic DNA was analyzed by the pulsed-field gel
electrophoresis (PFGE) method. Large-scale DNA fragmentation (f50 kb), different from g-ray and etoposide exposure,
occurred in a time- and dose-dependent manner (Fig. 6A and
B), being increased after 6-hour treatment with 1,000 pg/mL
pierisin-1. The lowest concentration of pierisin-1 leading to
large-scale DNA fragmentation was 50 pg/mL, consistent with
the concentration required to ATM activation (see Fig. 4B).

FIGURE 5.
Defects of checkpoint responses induced by pierisin-1 in
ATR and Rad17 knockdown HeLa cells. A. HeLa cells were transfected
with siRNAs for control, ATM, ATR, and Rad17 as described in Materials
and Methods and harvested after treatment with 1,000 pg/mL pierisin-1 for
6 hours. Equal amounts of proteins were subjected to Western blot
detection of total Chk1, Chk2, ATM, ATR, Rad17, phospho-Chk1 (Ser345),
and phospho-Chk2 (Thr68). Western blot for actin was used as the lording
control. B. ATM-deficient fibroblasts AT22IJE-T and the matched line
complemented with ATM minigene (ATM-deficient + ATM) were harvested
after treatment with 10 ng/mL pierisin-1 for 24 hours or after 30-minute
cultivation following IR (10 Gy). Equal amounts of proteins were subjected
to Western blot detection of total Chk2 and phospho-Chk2 (Thr68).

FIGURE 4.
Activation of Chk1, Chk2, and ATM by pierisin-1
treatment in HeLa cells. HeLa cells were harvested after treatment with
1,000 pg/mL pierisin-1 for the indicated times (A) after exposure to various
concentrations of pierisin-1 for 6 hours (B). Equal amounts of proteins
were subjected to Western blot detection of total Chk1, Chk2, ATM and
phospho-Chk1 (Ser345), phospho-Chk2 (Thr68), phospho-ATM (Ser1981),
and phosphorylated histone H2AX.

These DNA fragmentations were not observed in the 2 mmol/L
hydroxyurea-treated cells (Fig. 6A). It has been reported that
the 50-kb fragment was generated during apoptosis mediated by
the apoptosis-inducing factor, which is a mitochondrial effector
of apoptotic cell death (22). Overexpression of Bcl-2, which
controls the opening of mitochondrial permeability transition
pores, impeded the pierisin-1-induced DNA fragmentation but
not that induced by N-methyl-NV-nitro-N-nitrosoguanidine,
which directly induces mitochondrial permeability transition
(Fig. 7A). In addition, ATM and Chk2 activation was largely
reduced in HeLa/Bcl-2 cells (Fig. 7B). These results suggest
that ATM can be activated by apoptotic large-scale DNA
fragmentation induced by pierisin-1.

Discussion
Pierisin-1 is a novel mono-ADP-ribosylating protein, which
induces apoptosis and mutations to mammalian cells. These
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FIGURE 6.
Large-scale DNA fragmentation (50 kb) induced by
pierisin-1 in HeLa cells. HeLa cells were harvested after treatment with
1,000 pg/mL pierisin-1 or 2 mmol/L hydroxyurea (HU ) for indicated times
or after 0 hour following IR (40 Gy) exposure (A) and after treatment with
various concentrations of pierisin-1 or 100 Amol/L etoposide for 12 hours
or after 0 hour following IR (40 Gy) exposure (B). Cells were subjected to
PFGE to visualize f50-kb DNA fragments as described in Materials and
Methods. Similar results were obtained in three independent experiments.

actions might be triggered by formation of mono-ADPribosylated dG catalyzed by pierisin-1, and in the present
study, we obtained evidence of polymerase inhibition leading
to replication stress involving the ATR-Rad17-Chk1 checkpoint
pathway that might contribute to S-phase arrest and G2-Mphase delay. In addition, we found that pierisin-1 induced largescale DNA fragmentation that likely lead to activation of
ATM-Chk2 pathway. Thus, it is suggested that pierisin-1
induces dual checkpoint responses mediated not only by ATR
but also by ATM.
Bulky DNA adducts generally interfere with the DNA
replication apparatus leading to replication stress. At the sites of
stalled replication forks, ssDNA is generated and coated by

replication protein A, a ssDNA-binding protein complex (23),
which is required for the recruitment of ATR-ATR-interacting
protein complex to sites of DNA damage (24). In addition,
replication protein A mediates recruitment and activation of the
Rad17 complex, which is a replication factor C – like protein
complex in which Rfc1 is substituted by Rad17 (25). Although
the localization of ATR and Rad17 are largely independent,
they function in concert to fully activate the damage response,
including Chk1 phosphorylation, mediated by Rad9-Rad1Hus1 complex (18, 26). The present study showed that monoADP-ribosylated dG produced by pierisin-1 blocks replication
by polymerases, thus directly causing S-phase arrest. In
addition, replication stress caused by the inhibition of
replication triggered ATR-Rad17-Chk1-mediated checkpoint
responses, so that cells became arrested in both S and G2-M
phases. Surprisingly, large-scale DNA fragmentation, which has
been reported with apoptosis mediated by apoptosis-inducing
factor, occurred after treatment with pierisin-1 and clearly
differed from DSBs induced by IR and etoposide. Although
robust activation of ATM pathway correlated the occurrence of
large-scale DNA fragmentation, weak activation of ATM was
observed in the absence of detectable DSBs assessed by PFGE
in the pierisin-1-treated HeLa/Bcl-2 cells, suggesting that
mono-ADP-ribosylation of amino group at N 2 position of dG
might result in disruption of the double-helix structure of
genomic DNA, because this position is critical for formation of
hydrogen bonds with dC. The results support the hypothesis
that ATM might sense and respond to changes in chromatin
structure in response to cellular irradiation but not direct
binding to DSBs (27). Thus, ATM might be even activated by
the topological changes of DNA caused by the production of
DNA adducts, and such activation was accelerated by the largescale DNA fragmentation.
The roles of Chk2 in the checkpoint response are
complicated. It has been determined previously that Chk2
regulates G1- and S-phase arrest when DSBs are present (14),
but phenotypic analysis of Chk2 / murine fibroblasts
revealed only subtle or no defects in the G1- and S-phase
checkpoints (28-30). However, apoptosis defects have been
shown in Chk2-deficient mice (31). After treatment with

FIGURE 7.
Large-scale DNA fragmentationindependent ATM and Chk2 activation induced by
pierisin-1. A. HeLa cells transfected with a Bcl-2
expression vector (Bcl-2 ) or a control vector (Vector)
were treated with or without 1,000 pg/mL pierisin-1 for
12 hours or cultured for 12 hours following 0.5 mmol/L
N -methyl-NV-nitro-N -nitrosoguanidine (MNNG ) treatment for 15 minutes or cultured for (6) 0 hour following
IR (40 Gy) exposure. Cells were subjected to PFGE to
visualize f50-kb DNA fragment as described in
Materials and Methods. Similar results were obtained
in three independent experiments. B. HeLa cells
transfected with a Bcl-2 expression vector or a control
vector were harvested after treatment with 1,000
pg/mL pierisin-1 for 6 hours or cultured for 6 hours
following 0.5 mmol/L N -methyl-N V-nitro-N -nitrosoguanidine for 15 minutes. Equal amounts of proteins were
subjected to Western blot detection of total ATM,
phospho-ATM (Ser1981), Chk2, and phospho-Chk2
(Thr68).
Mol Cancer Res 2006;4(2). February 2006
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pierisin-1 at concentrations sufficient to induce apoptosis,
Chk2 was activated in HeLa cells and this was reduced by
Bcl-2 overexpression, suggesting that Chk2 may have a partial
role in the pierisin-1-induced apoptosis. In addition, Chk2 was
activated in ATM-deficient cells, indicating that Chk2 might
be activated in a ATM-independent manner. Recent reports
indicate that polo-like kinase family members, including Plk1,
and TTK/hMps1 that regulate many critical events in mitosis
may be involved in the phosphorylation of Chk2 (32-34). It
remains to be elucidated whether the formation of mono-ADPribosylation of dG perturbs mitotic events and activates the
spindle assembly checkpoint.
Pierisin-1 induces caspase-dependent apoptosis via mitochondrial pathway that can be blocked by Bcl-2 (12).
Mitochondrial proteins that cause caspase-dependent apoptosis
include cytochrome c, which triggers caspase-9 activation by
binding, activating the apoptosis protease-activating factor-1,
and many other proteins regulating the activation of caspase
(35). Mitochondria have also been reported to contain the
caspase-independent death effector apoptosis-inducing factor,
which induces chromatin condensation and large-scale DNA
fragmentation (50 kb) when translocated into the nucleus (22).
It has been reported that apoptosis-inducing factor – mediated
apoptosis induced by alkylating agent N-methyl-NV-nitro-Nnitrosoguanidine is dependent on poly(ADP-ribose) polymerase-1, which is an enzyme, similar to pierisin-1, consuming a
NAD as a substrate (36). Poly(ADP-ribose) polymerase-1 is
activated in response to DNA damage and forms ADP-ribose
polymers using NAD. The resultant NAD depletion can cause
glycolytic failure and lead to poly(ADP-ribose) polymerase-1 –
dependent apoptosis (37), although we here found no major
change in cellular NAD levels after treatment pierisin-1 (data
not shown). Our present study showed pierisin-1 to induce
large-scale DNA fragmentation, which might be mediated by
apoptosis-inducing factor, but exact mechanisms remain to be
elucidated.
In summary, pierisin-1, a novel ADP-ribosylating protein,
activates DNA damage signaling pathways, including the ATRRad17-Chk1 through replication stress caused by inhibition of
polymerases at the mono-ADP-ribosylated dG, with consequent
cell cycle arrest. The ATM-Chk2 pathway is also activated
possibly due to the occurrence of large-scale DNA fragmentation. Furthermore, pierisin-1 treatment caused ATM-independent
Chk2 activation, suggesting the involvement of other kinases.
At present, it is not clear how ATR or ATM sense DNA
damages, such as bulky DNA adducts, and activate checkpoint
responses. Most studies on checkpoint responses have been
focused on DNA damage by physical sources, including IR and
UV, and by chemical agents. Pieirisin-1 is a protein that monoADP-ribosylates specific sites in genomic DNA, so that it
provides a unique tool to elucidate the effects of specific type of
fork blockage on checkpoint activation and signaling.

Materials and Methods
Materials
Pierisin-1 was purified from pupae of P. rapae as described
previously (2). Rabbit polyclonal antibodies to phospho-Chk1
(Ser345) and phospho-Chk2 (Thr68) and a mouse monoclonal

antibody to phospho-ATM (Ser1981) were purchased from Cell
Signaling Technology, Inc. (Beverly, MA). A rabbit polyclonal
antibody to Rad17 and a goat polyclonal antibody to ATR were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). A mouse monoclonal antibody to Chk2 and phosphorylated histone H2AX and a rabbit polyclonal antibody to
phosphorylated histone H3 were purchased from Upstate
Biotechnology (Charlottesville, VA). A goat polyclonal antibody to Chk1 and a mouse monoclonal antibody to ATM were
from Bethyl Laboratory, Inc. (Montgomery, TX) and GeneTex,
Inc. (San Antonio, TX), respectively. Horseradish peroxidase –
conjugated secondary antibodies to rabbit and mouse IgG and
to goat IgG were purchased from Amersham Biosciences Co.
(Piscataway, NJ) and Santa Cruz Biotechnology, respectively.
DNA polymerase a from calf thymus and DNA polymerase h
from human were purchased from CHIMERx (Madison, WI).
Escherichia coli DNA polymerase I and T4 polynucleotide
kinase were from Takara (Otsu, Japan). All other chemicals
were of the highest quality commercially available.
Cell Culture and Treatment
Human cervical carcinoma HeLa cells were obtained from
the RIKEN Cell Bank (Tsukuba, Japan), transfected with a
Bcl-2 expression vector (HeLa/Bcl-2) or a control vector,
and maintained as described previously (12). Rad17 / and
ATM / DT40 cells were also established and maintained as
detailed earlier (26, 38). ATM-deficient fibroblasts AT22IJE-T
and a matched line complemented with an ATM minigene
(ATM-deficient + ATM) were kindly provided by Dr. Yosef
Shiloh (Tel Aviv University, Tel Aviv, Israel) and maintained
in DMEM supplemented with 20% fetal bovine serum (21).
The cells were incubated at 37jC in a humidified atmosphere
containing 5% CO2 and treated with various concentrations of
pierisin-1 and other chemicals dissolved in DMSO for various
times as indicated in each figure. Irradiation was carried out at
the doses indicated using Gammacell 60Co.
siRNA Transfection
Synthetic siRNA duplexes targeting ATM (AAGCGCCTGATTCGAGATCCT), ATR (AAGACGGTGTGCTCATGCGGC), Rad17 (AACAGACTGGGTTGACCCATC), and
nonsilencing control (AATTCTCCGAACGTGTCACGT) were
purchased from Qiagen Co. (Tokyo, Japan). HeLa cells were
transfected with 100 nmol/L duplexes and Oligofectamine
(Invitrogen, Tokyo, Japan) and analyzed 48 hours after
transfection.
Preparation of an Oligonucleotide Template with ADPRibosylated Single Guanine Bases
A chemically synthesized 30-base oligonucleotide, 5VCCAATCGCACACTTCTCCTCATTCCACTCA (10 Ag), and
2 Ag protease-activated pierisin-1 were incubated in 10 AL of 50
mmol/L Tris-HCl (pH 7.5), 2 mmol/L EDTA trisodium, and
1 mmol/L NAD for 24 hours at 37jC. The reaction mixture was
subjected to high-performance liquid chromatography on TSK
gel oligoDNA RP column (Tosoh, Tokyo, Japan) with the
following elution system: linear gradient from 5% to 15%
acetonitrile over 20 minutes in 0.1 mol/L ammonium acetate at
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a flow rate of 1 mL/min. High-performance liquid chromatography analysis of a nuclease-digested mixture (8) of the
separated oligonucleotides showed complete modification of a
guanine base. In addition, urea-denatured PAGE-silver staining
analysis showed that the high-performance liquid chromatography separation effectively removed oligonucleotide without
ADP-ribosylation. The confirmed ADP-ribosylated oligonucleotide was used as a template for the following studies.
Polymerase Arrest Assay
For 5V-end labeling of the primer, 14-base oligonucleotide 5VTGAGTGGAATGAGG (200 ng) and 5 units T4 polynucleotide
kinase were incubated in 10 AL of 1 T4 polynucleotide kinase
buffer solution supplied by the manufacturer and 1 ACi
[g-32P]ATP (25 Ci/mmol) for 60 minutes at 37jC, and the
enzyme was inactivated at 70jC for 5 minutes. Next, the
labeled 14-base oligonucleotide (100 ng) and the 30-base
oligonucleotide (1 Ag), either ADP-ribosylated or unmodified,
were annealed for primer extension study. The annealed DNA
(40 ng template + 4 ng labeled primer) and various DNA
polymerase were incubated in 2 AL of 50 mmol/L Tris-HCl
(pH 8.0), 5 mmol/L MgCl2, 0.02% bovine serum albumin,
1 mmol/L DTT, 0.2 mmol/L spermidine, and 0.2 mmol/L each
of dATP, dCTP, dGTP, and TTP. DNA polymerase a (0.2 unit),
DNA polymerase h (0.05 unit), DNA polymerase I (0.05 unit),
and HeLa cytosol (2 Ag; prepared using Dounce homogenizer
and ultracentrifuged after removing of nuclear fraction) were
the enzyme sources in this study. To inhibit DNA polymerase a,
10 Ag/mL aphidicolin was incubated in the reaction mixture.
Reactions were terminated by addition of gel loading buffer
containing formamide and heated at 95jC. Extension products
were separated on 15% denaturing polyacrylamide gel and
subjected to autoradiography.
Cell Cycle Analysis
For cell cycle distribution analysis, cells were fixed in 70%
ethanol and stored at 20jC for >8 hours. Before sorting, cells
were washed twice in PBS, resuspended in PBS supplemented
with 0.5 Ag/mL RNase A, and incubated for 30 minutes at
room temperature. Cells were then stained in the same buffer
supplemented with 50 Ag/mL propidium iodide, incubated for
1 hour at room temperature, and immediately analyzed using a
FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). Fluorescence data were displayed as peaks using the CellQuest
software (Becton Dickinson). For quantitation of phosphorylated histone H3, cells were treated with pierisin-1 and
nocodazole (50 ng/mL) for indicated time, and these cells were
fixed, incubated with anti-phosphorylated histone H3 antibody
(Upstate Biotechnology) and 1% bovine serum albumin/PBS
for 2 hours at room temperature and with FITC-conjugated goat
anti-rabbit antibody (Santa Cruz Biotechnology) for 1 hour at
room temperature, and stained with propidium iodide for 1 hour
at 37jC for fluorescence-activated cell sorting analysis.
DNA Synthesis Assay
Cells plated in 24-well culture dishes were transfected with
siRNAs and labeled with 10 nCi/mL (specific activity, 50 mCi/
mmol) [14C]thymidine for 24 hours. Cells were then washed

and incubated for 12 hours in nonradioactive medium. The cells
were treated with or without pierisin-1 for 6 hours and then
labeled with [3H]thymidine (1 ACi/mL) for 15 minutes. At the
end of the labeling period, the [3H]thymidine-containing
medium was removed, and the monolayers were fixed by
addition of 5% trichloroacetic acid. The fixed cells were
washed with thrice with trichloroacetic acid and then
solubilized in 0.3 N NaOH. An aliquot of the NaOH-solubilized
materials was transferred to a scintillation vial and neutralized
by glacial acetic acid. After addition of scintillation fluid,
incorporated [3H]thymidine and [14C]thymidine was measured
by scintillation counting. The resulting ratio of 3H to 14C of a
sample was presented as the percentage of the value of the
untreated.
Colony Survival Assay
Clonogenic survival of wild-type, Rad17 / , and ATM /
DT40 cells following pierisin-1 treatment at different concentration for 4 hours was determined. Serially diluted cells were
plated in 60-mm dishes with 5 mL of 1.5% methylcellulose
plates containing DMEM/F-12, 15% FCS, 1.5% chicken serum,
penicillin/streptomycin, 2 mmol/L L-glutamine, and 10 5 mol/L
h-mercaptoethanol after pierisin-1 treatment. Colonies were
counted after 7 to 10 days and percentage survival was
determined relative to the numbers of colonies from untreated
cells.
Western Blot Analysis and Immunoprecipitation
After various treatments, cells were washed twice with icecold PBS and then lysed in radioimmunoprecipitation assay
buffer [50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1%
NP40, 0.25% sodium deoxycholate, 1 mmol/L Na3VO3, 1
mmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, 1
mmol/L EDTA] with protease inhibitor cocktail (Nacalaitesque,
Tokyo, Japan) at 4jC for 15 minutes. The lysate was spun at
10,000  g for 15 minutes at 4jC, and the supernatant was
collected and stored at 80jC. Whole-cell lysates were then
separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes for detection of proteins with antibodies.
Horseradish peroxidase – conjugated IgG was used as the
secondary antibody and specific immune complexes were
visualized with the enhanced chemiluminescence detection
system (Amersham Biosciences).
For immunoprecipitation experiments, whole-cell lysates
were incubated with Chk1 antibody for overnight at 4jC,
further incubated with protein G-Sepharose (Amersham Biosciences) for 1 hour at 4jC, and washed thrice with radioimmunoprecipitation assay buffer. Bound proteins were
analyzed by SDS-PAGE followed by Western blotting.
Pulsed-Field Gel Electrophoresis
Levels of high molecular weight DNA fragmentation
(1  105 cells per lane) were determined by using PFGE as
reported previously (39). After various treatments, 1  105 cells
in PBS were mixed with preheated (50jC), 2% low melting
point agarose and transferred into agarose plug molds. After
solidification at room temperature, the plugs were transferred
into a solution containing 0.5 mol/L EDTA (pH 9.0), 1%
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lauroylsarcosine, and 0.4 mg/mL proteinase K and incubated
overnight at 50jC without agitation. Deproteinized DNAcontaining agarose plugs were rinsed for period of 1 hour in
50 mmol/L EDTA (pH 8.0) buffer and stored until use at 4jC in
the same buffer. Plugs were introduced into the 1% agarose gel
and PFGE was carried out using a Clamped Homogeneous
Controlled Electrodes Mapper System (Bio-Rad Laboratories,
Inc., Hercules, CA). Fragments were separated at 14jC for
20 hours. Field strengths were 5.4 V/cm forward and 3.6 V/cm
reverse, with initial and final switching times set 5 to 60
seconds with a liner ramp. Finally, gels were stained with
ethidium bromide and visualized under UV light.

organization of the checkpoint pathways in mammalian cells. J Cell Biochem
2005;94:298 – 306.
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