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Fig. (3). Growth of ES cells and their survival after treatment with DNA damaging agents and y-irradiation. A. Growth curves of ES cell

clones in vitro. Growth of Parg™*

, Parg™" and two Parg™ ES cell clones, D79 and D122, was measured in the absence of a STO feeder layer.

All the samples were analyzed in triplicate. Bars, SE. The statistical significance was not observed at continuous four time points with Parg™”
or Parg'/' ES cell clones when compared to between Parg” * ES cell clone. B-E. Survival curves of wild-type, Parg‘/ “and Parp-1" ES cell
clones after treatment with DNA damaging agents. DMS (B). Parg™ ES cell clone D79 showed the same level of enhanced lethality com-
pared to Parg” ES cell clone D122 {data not shown). Cisplatin (D), gemcitabine (E), 5-fluorouracil (F), camptothecin (G) and y-irradiation
(C). Clonogenic survival assays were performed in triplicate as described in EXPERIMENTAL PROCEDURES. Bars, SE. When the values
of survival for Parg™ or Parp-1* genotype consistently showed more than two-fold differences compared to wild-type ES cell clone, the

significant differences (p<0.05) were indicated with brackets.

50-100 uM but not at 200 uM concentration of DMS (Fig.
3B). Similarly, y-irradiation caused a 1.5-fold greater lethal-
ity (»<0.05) in Parg” ES cell clones compared to Parg** ES
cell clones (Fig. 3C). We previously reported that Parp-17
ES cell clones showed the similar level of enhanced sensitiv-
ity to y-irradiation [22]. Parg'/' ES cell clones also showed
increased lethality against treatment with cisplatin as well
(Fig. 3D), whereas Parp-1"" ES cell clones did not (Fig. 3D).
After treatment with gemcitabine, a fluorinated analog of
deoxycytidine, cell survival was not different between Parg”
and Parg™* ES cell clones (Fig. 3E). No difference in the
clonogenic survival was also observed with Paip-I7 ES
cells (Fig. 3E), either. After 5-fluorouracil treatment, Parg”
ES cell clones showed increased lethality at 20 UM concen-
tration (p<0.05) but not at lower concentrations like in the
case with Parp-1"" ES cell clones (Fig. 3F). No increase in
lethality was observed with camptothecin in Parg” ES cell
clones, and a tendency of slight resistance to camptothecin
was noted (Fig. 3G). In contrast, Paip-I"" ES cell clones
show increased lethality to the treatment with camptothecin
(Fig. 3G). Regarding sensitivity to hydrogen peroxide, there
was no difference between the Parg™" and Parg” genotypes
(data not shown) like in the case between the wild-type and
Parp-1" ES cell clones [24].

Time Course of Cell Death in Parg” ES Cell Clones After
DMS Treatment

Apoptotic oligonucleosomal DNA ladder formation was
observed in Parg™" ES cells 24 hr after addition of 0.1 mM

DMS, whereas clear DNA ladder formation was observed
already at 10 hr in Parg” ES cells (Fig. 4). The increased
level of DNA ladder was also evident at 24 hrs in Parg” ES
cells compared to Parg™* ES cells. Parp-17 ES cell clones
also exhibited enhancement of DNA ladder formation at 24
hr but not at 10 hr compared with wild-type ES cells. There-
fore, there is a distinct difference in cell death process be-
tween Parg™ and Parp-1"" ES cells.

DISCUSSION

In the present study, we generated hypomorphic mutant
ES cells of Parg by eliminating the Parg transcript encoding
a full length isoform and by reducing other Parg isoforms,
including a mitochondrial Parg isoform. Parg isoforms, in-
cluding splicing variants are likely targeted to different sub-
cellular regions [26-28]. Parg activity in Parg” ES cells was
reduced to one-tenth of Parg*" ES cells. We confirmed that
our gene targeting method did not affect expression of the
Timm23 gene present at upstream region of the Parg gene.
The protein level of Timm23 was not different between
Parg™*and Parg‘/ " ES cell clones. This suggests that the ob-
served pheriotypes in Parg” ES cells are caused by Par,
gene disruption but not by Timm23 gene disruption. Parg”™
ES cells showed no alteration in growth rate from Parg™* ES
cells (Fig. 3A), whereas Parg” trophoblast stem cells de-
rived from embryos derived from Parg null mice disrupted at
exon 4 were only viable when PARP activity was inhibited
by PARP inhibitors [29]. This difference in the viability of
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Fig. (4). Time course analysxs of cell death after DMS treatment,
Wild-type, Parg” and Parp-17 ES cell clones were cultured in the
absence of a STO feeder layer and harvested, at each time point.
Oligonucleosomal DNA ladder formation was analyzed by 2%
agarose gel electrophoresis.

their and our Parg deficient cells is probably caused by the
difference in the residual level of Parg activity. In the Par, g
ES cells, which we established, residual poly(ADP-ribose)
degradation activity was 10% compared with wild-type ES
cells, mainly covered by the isoforms of Parg (Fig. 2C, 2D,
& 2E). The level of Parg activity seems to support the nor=
mal growth in the absence of cellular stress, although the
difference in cell type, namely ES cells vs. trophoblast stem
cells, may also affect the effect on growth.

We compared the effect of Parg deficiency on cytotoxic-
ity of different types of DNA damagmg agents. using a
clonogenic survival assay.' Parg” ES cell clones showed
increased lethality against treatment with an alkylating agent,
DMS, cisplatin and y-irradiation. These results suggest that
efficient poly(ADP -ribose) degradation by Parg is positively
involved in cell recovery from DNA damage of particular
types. After DMS treatment, Parg” ES cell clones exhibited
early and increased induction of apoptotic cell death. Our
result support the notion that Parg deficiency results in in-
creased cytotoxicity of alkylating agents and <-irradiation
[6,11,12]. On the other hand, there was no increase in sensi-
tization against 5- ﬂuorouracxl at 15 uM or lower concentra-
tion for both Parg” and Parp-1 7 ES cell clones, although an
increased sensitization against 5-fluorouracil was noted at 20
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uM for both Parg” and Parp-1"" ES cell clones. Regarding
another nucleosxde analog, gemcitabine, no sensitization
effect in Parg™ or Parp- -I7" ES cell clones was observed at
the examined concentration range. 5-Fluorouracil inhibits
thymidylate synthase and causes dTTP depletion, dNTP pool
imbalance and apoptosis [30]. On the other hand, gemcit-
abine is known to cause inhibition of ribonucleotide reduc-
tase, dNTP depletion and replication stall or termination
[30]. The results suggest that Parg and Parp-Ideficiency do
not critically affect cell death induced by these nucleoside
analogs.

It is also notable that the sensitivity spectrum to DNA
damaging agents in Parg-deficient ES cells partially but not
completely overlaps that of Parp-1 deficient ES cells. To the
treatment with alkylating agents and +y-irradiation, Parg and
Parp-1 [22] deficiency both resulted in increased sensitivity.
Against treatment with cisplatin, which mainly induces inter-
or intra-strand DNA crosslinks, Parg deficiency leads to
augmented sensitivity (p<0.05), whereas Parp-1 deficiency
does not in ES cells. Against treatment with camptothecin,
Parg deficiency did not sensitize ES cells whereas Parp-/
deficiency resulted in increased sensitivity.

Parg is suggested to be involved in single strand break
repair [6, 31] and this may partially explain the enhanced
lethality against alkylating agents and fy-irradiation under
Parg deficiency. In contrast, the major repair pathways of
DNA damage induced by cisplatin require nucleotide exci-
sion repair, mismatch repair and homologous recombination
repair proteins [32]. The role of Parg in the repair pathway of
DNA damage caused by cisplatin remains to be clarified.
Parp-1 is shown to be involved in the repair of camptothecin-
induced DNA damage, at reactivation process of the camp-
tothecin-DNA- topmsomerase I cleavable complex [33],
therefore increased lethality in Parp-17" ES cells is consistent
with this model. By contrast, the sensitization to camptothe-
cin was not observed in Parg-deficient ES cells, suggesting
that Parg may not be essentially involved in this repair proc-
ess.

Enhancement of cytotoxicity of DNA damaging agents
by Parg deficiency may also be partially explained by the
involvement of Parg in the cell death regulation process.
After treatment with DMS, we observed that apoptotic cell
death pathway is augmented under Parg deficiency. It was
previously demonstrated that apoptosis-inducing factor
(AIF), a mitochondrial oxidoreductase, mediates Parp-1-
dependent cell death accompanying NAD depletion [34].
Poly(ADP-ribose) was reported to induce cell death through
induction of AIF release from mitochondria in the neuronal
cells [35]. The data showing the. classic apoptotic DNA
Iaddermg is accelerated after treatment with DMS in the
Parg ES cells suggests that the AIF pathway may not
predominate. Parg”™ ES cells did not show increased
sensitivity to hydrogen peroxide but do to y-irradiation,
although these two agents have many common aspects of
their cytotoxicity. As we previously reported, Parp- I" ES
cells also showed increased sensitivity to y-irradiation but
not to hydrogen peroxide {24]. It could be speculated that
cell-type dependent responses to different types of DNA
damage might be present. In ES cells, cell death induction by
hydrogen peroxide are not affected by Parp-1 and Parg defi-
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cienecy. Taken together, the results imply that functional
inhibition of Parg leads to increased cytotoxicity of DNA
damaging agents of some types.

The increases in cell killing by Parg deficiency is
aroundl.5 fold in ES cells for DMS, y-irradiation. For cis-
platin and 5-fluorouracil, the increase less than 1.5 fold in
sensitivity was observed. For treatment with the alkylating
agent and y-irradiation, Parg™ ES cells and Parp-1"" ES cells
show comparable level of increase in sensitivity. Consider-
ing the fact that Parp inhibitors are being tested to sensitize
the effect of alkylating agents and y-irradiation in pre-clinical
and clinical trials of cancer therapy [10, 36], it should be
important to point out that the sensitizing effect against alky-
lating agents, cisplatin and y-irradiation under Parg defi-
ciency was observed, even it is apparently small in ES cells.
Therefore, there is a possibility that Parg may become a
novel sensitization target for chemotherapy with alkylating
agent treatment or radiation therapy of cancer. The effect of
Parg deficiency on sensitivity to DNA damaging agents
should be examined in various types of cancer cells includ-
ing those of human. Differences in cancer cell type should
also affect the sensitization effect by Parg deficiency. Since
ES cells retain stem cell properties, functional inhibition of
Parg may be a strategy to target cancer stem population. Fur-
ther studies are necessary to delineate the effect of Parg—
deficiency in cell death induction mechanisms in cancer
cells.

Inhibitors of Parg might be clinically useful in sensitizing
cancer cells to certain types of chemotherapeutic agents that
target DNA, including alkylating agents and cisplatin, and
also to radiation therapy. Tentori et al. reported that an in-
hibitor of Parg, N-bis-(3-phenyl-propyl)9-oxo-fluorene-2, 7-
diamide, sensitized malignant melanoma cells to the treat-
ment of temozolomide [14]. Basic studies on optimization of
treatment conditions for Parg inhibitors with combination of
various types of DNA damaging agents are necessary. On
the other hand, protection of Parg from its inactivation in
normal cells is also of importance in diverse clinical situa-
tions to prevent apoptosis in healthy cell population.

The mechanism of sensitization to genotoxic agents by
Parg functional inhibition should be further studied in differ-
ent cell types and should be carried out carefully to explain
distinct differences i the effect of Parg deficiency observed
with the various DNA. damaging agents. Only a limited
number of Parg inhibitors have been reported [14, 21, 37-
40], therefore, development of specific and effective Parg
inhibitors should be also necessary.
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ABBREVIATIONS

ATF = apoptosis-inducing factor

ARH = ADP-ribose-(arginine) protein hydrolase
DMS = dimethy! sulfate

DT-A = diphtheria toxin A

ES cell = embryonic stem cell

lacZz = B-galactosidase gene

Parg = poly(ADP-ribose) glycohydrolase
Parp = poly(ADP-ribose) polymerase
PBS = phosphate-buffered saline

TLC = thin-layer chromatography
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Poly(ADP-ribose) Preparation Using Anion-Exchange
Column Chromatography
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104-0045, Japan.
Abstract: Poly(ADP-ribose) polymerase (PARP) polyADP-ribosylates proteins involved in various physiological processes.
Accumulated evidence suggests not only protein-conjugated poly(ADP-ribose) but also protein-free poly(ADP-ribose)
function in various physiological processes. There are increasing occasions that require protein-free poly(ADP-ribose) to
study the function and dynamics of poly(ADP-ribose) in cells. However, the availability of poly(ADP-ribose) is still limited
because a chemical synthesis method has not been established. Here, we describe an improved method for the preparation
of protein-free poly(ADP-ribose), synthesized enzymatically by using a recombinant PARP-1 expression system and purified
with an anion-exchange column chromatography. This method will be useful for biochemical and biological investigation
of poly(ADP-ribose) functions and dynamics.

Keywords: poly(ADP-ribose) polymerase, poly(ADP-ribose), anion-exchange column, preparation

Introduction
Poly(ADP-ribose) is a biomacromolecule produced in a polyADP-ribosylation reaction, one of the
post-translational modifications of proteins.' The involvement of PARP-1 in development of insulin-
dependent diabetes mellitus®* cerebral ischemia® and in maintenance of genomic stability®’ has been
reported. The presence of poly(ADP-ribose) polymerase family proteins®™'® has been reported and
proteins which bind poly(ADP-ribose) have been described.!’'* Understanding the role of protein-
conjugated and released poly(ADP-ribose) molecules has become a more important issue than ever.

Preparation of poly(ADP-ribose) polymer is necessary for studying polyADP-ribosylation and
poly(ADP-ribose) metabolism. Unlike DNA or RNA, chemical synthesis of poly(ADP-ribose) is still
not practical and enzymatic synthesis of poly(ADP-ribose) is being carried out. Small scale preparation
of radioisotopically-labelled or unlabelled poly(ADP-ribose) has been carried out. Using extracts of
cultured cells or tissues such as calf thymus, poly(ADP-ribose) synthesis reaction was carried out and
after detachement of protein and removal of protein, DNA and RNA, poly(ADP-ribose) was purified
with a molecular sieve column, hydroxylapatite column, ion-exchange column or an affinity-column
chromatography with boronate resin. Molecular sieve columns such as Zorvax G450 (Dupont) and
HPLC column TSK-125 (Bio-Rad) have been used,'® Boronate resins, such as dihydroxyboryl Bio-Rex
70 (Bio-Rad) have an affinity with cis-diol groups and have been also used for preparation of
poly(ADP-ribose). Elution of poly(ADP-ribose) is carried out with diluted HCL ' The size fractionation
of poly(ADP-ribose) is not possible with boronate resin. Ion-exchange column for HPLC has been
applied for purification of oligo- and poly(ADP-ribose).'” Another frequently used procedure for the
purification of poly(ADP-ribose) involves hydroxylapatite column chromatography separation.'s This
step can remove short DNA or RNA fragments. It also allows rough size-dependent elution of
poly(ADP-ribose). However, size fractionation of poly(ADP-ribose) cannot be achieved by this
procedure. In addition, elution with high concentrations of phosphate buffer requires further exclusive
dialysis to remove phosphates.

To improve the purification method of poly(ADP-ribose), we utilized QITAGEN-tip (Qiagen, Hilden,
Germany), which is commercially available for plasmid DNA purification.'® This column contains
pre-packed QIAGEN resin, which has a hydrophilic surface coated with diethylaminoethyl groups.
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Poly(ADP-ribose) can be eluted with a buffer
containing NaCl, which is easily removed by
dialysis. Furthermore, this column allows better size
separation of the polymer. This method was only
briefly mentioned in our previous reports?®?! and
here we describe the detailed procedure and the
characterization of the prepared poly(ADP-ribose).
The procedure described here will be useful for
researchers who study poly(ADP-ribose) function,

Materials and Methods
Poly(ADP-ribose) was prepared using an E. coli
crude extract that overexpressed human PARP-1,
as described.? The E. coli crude extract from one
liter contained approximately 72 units of PARP
activity (one unit of PARP activity was defined as
1 nmol ADP-ribose incorporation per minute at
25 °C). Briefly, pellets of E. coli expressing PARP-1
from a 4-liter culture (approximately 10 ml) were
suspended in 20 ml of lysis buffer-200 pug/ml
lysozyme and incubated at 0 °C for 15 min, then
NaCl and NP-40 were added to 0.6 M and 1.0%,
respectively. A supernatant was obtained by
ultracentrifuge at 39,800 g for 60 min at 4 °C,
desalted with Centriprep (Millipore, Billerica,
Massachusetts, U.S.A.) and was subjected to
poly(ADP-ribose) synthesis reaction. A reaction
mixture of 50 ml containing the above lysate,
30 mM MgCl,, 20 pg/ml histone (Sigma-Aldrich
Corp.), 10 pg/ml activated calf thymus DNA
(Sigma-Aldrich Corp.), 1 mM NAD, and protein-
ase inhibitor cocktail (Complete, Roche Applied
Science, Mannheim, Germany) was prepared and
incubation was carried out for 60 min at 25 °C.
The reaction was stopped by adding 1/50 volume
of 5 N NaOH, and further incubated for 60 min at
37 °C to release poly(ADP-ribose) from acceptor
proteins.

After addition of Tris-HCI (pH 7.5) to 50 mM,
the pH was adjusted to 7.5 with HCI, and incubated
overnight after addition of SDS to 0.1% and
proteinase K (Merck and Co., Inc., Readington
Township, New Jersey, U.S.A.) to 50 pg/ml at
37 °C in a volume of approximately 50 ml. Protein
was removed by extracting with equal volumes
(50 ml) of water-saturated phenol/chloroform
(1:1 (v/v)), mixing vigorously for 10 min, centri-
fuging at 1,500 g at room temperature and taking
the supernatant. The sample was then extracted
with equal volumes of chloroform two times, and
the aqueous layer obtained after centrifugation was
processed to ethanol precipitation. To the aqueous

layer, 1/10 volume of 3 M sodium acetate (pH 5.0)
and 2 volumes of ethanol were added. The sample
was kept at ~80 °C for 15 min and centrifuged at
10,000 g for 15-20 min at 4 °C and the pellet was
taken. After washing the pellet with 30 ml of 70%
ethanol and drying, the pellet was resuspended in
20 ml of a buffer consisting of 50 mM Tris-HCl
(pH 7.5), 10 mM MgCl,, 5 mM CaCl,, 4 pg/ml
DNase I (Takara Bio Inc., Otsu, Shiga, Japan),
4 ug/ml RNase A (Sigma-Aldrich Corp.), 10 pg/ml
nuclease P1 (Yamasa Corp., Choshi, Chiba, Japan),
and 1% toluene and incubated overnight at 37 °C.
After addition of pronase E (Sigma-Aldrich Corp.)
to 0.1 mg/ml, incubation was continued at 37 °C
for 2 hr. Following extraction with equal volumes
of water-saturated phenol/chloroform 1:1(v/v) for
10 min by mixing vigorously, as described above,
the sample was centrifuged at 1,500 g at room
temperature and the supernatant taken. The sample
was then extracted with equal volumes of
chloroform two times, and the aqueous layer
obtained after centrifugation was processed to
ethanol precipitation. Poly(ADP-ribose) was
recovered from the aqueous layer by ethanol
precipitation by adding ammonium acetate (pH 7.0)
to 2 M and adding 2.5 volumes of ethanol at room
temperature. After centrifugation at 3,000 g for
15 min at 4 °C, washing the pellet with 70%
ethanol and drying, the pellet was resuspended into
10 ml of a solution consisting 50 mM Tris-HCl
(pH 7.0) and 10 mM EDTA.

Acolumn of QIAGEN-tip 500 was equilibrated
with 10 ml of buffer QBT [750 mM NaCl, 50 mM
MOPS (pH 7.0), 15% ethanol, 0.15% Triton
X-100], and allowed to empty by gravity flow.!”
Ten ml of poly(ADP-ribose) solution was applied
to the QIAGEN-tip with gravity flow. After washing
with 2 x 10 ml wash buffer [SO mM MOPS (pH 7.0),
0.4 M NaCl, 15% ethanol], stepwise elution of
poly(ADP-ribose) was conducted with 10 ml of
elution buffer-1 [S0 mM MOPS (pH 7.0), 0.6 M
NaCl, 15% ethanol], 10 ml of elution buffer-2
[SO0 mM MOPS (pH 7.0), 0.8 M NaCl, 15%
ethanol], 10 ml of buffer QC [50 mM MOPS (pH
7.0), 1.0 M NaCl, 15% ethanol] and 10 ml of buffer
QF [50 mM MOPS (pH 7.0), 1.2 M NaCl, 15%
ethanol]. Ethanol in each buffer can be substituted
with propanol. Washing and elution buffers were
degassed or autoclaved to shorten the chromato-
graphic steps. Each fraction was analyzed for
poly(ADP-ribose) chain length distribution by 20%
polyacrylamide gel electrophoresis as described,?

Organic Chemistry Insights 2009:2



Poly(ADP-ribose) prepared with anion-exchange column

and dialyzed against 3 liters of water at room
temperature overnight. The desalting step could be
replaced by ethanol or isopropanol precipitation.
Capillary electrophoresis was performed using
ssDNA Gel Linear Polyacrylamide with Tris-borate-7
M urea (P/ACE, Beckman Coulter Inc., Fullerton,
California, U.S.A).

For preparation of **P-labelled-poly(ADP-
ribose), an E. coli pellet from a 500 ml culture was
prepared and 1-3 volumes of lysis buffer [S0 mM
Tris-HCI (pH 8.0), 1 mM dithiothreitol, 1 mM
phenylmethanesulfonyl fluoride, 10 pg/ml leu-
peptin] were added. Egg white lysozyme was added
to 200 pg/ml and incubated at 0 °C for 15 min.
After adding NaCl to 0.6 M and NP-40 to 1.0%,
centrifuge was carried out for 45 min at 25,000 g
at4 °C. The supernatant, approximately 5 ml, was
added to a 50 ml reaction mixture containing
50 mM Tris-Cl (pH 7.5), 1 mM dithiothreitol,
30 mM MgCl, 20 pg/ml histone (Sigma-Aldrich
Corp.), 10 pg/ml activated calf thymus DNA
(Sigma-Aldrich Corp.), 10-20 uM [adenylate-*?P]
NAD (0.46 MBg/nmol, NEN, PerkinElmer, Inc.,
Waltham, Massachusetts, U.S.A.), proteinase
inhibitor cocktail (Complete) and incubation was
carried out for 60 min at 25 °C. This reaction was
stopped with 1/50 volume of 5 N NaOH, and fur-
ther incubated for 60 min at 37 °C to release
poly(ADP-ribose) from acceptor proteins and pro-
cessed as described above for preparation of cold
poly(ADP-ribose). Either QTAGEN-tip 500 or -tip
100 was used for preparation of **P-poly(ADP-
ribose) as described above.

For determination of the size of *2P-poly(ADP-
ribose), hydrolysis by purified venom phosphodi-
esterase was carried out. Phosphodiesterase from
Crotalus adamanteus (Worthington Biochemical
Corp., Lakewood, New Jersey, U.S.A.) was purified
by a Blue-Sepharose column to remove any traces
of phosphomonoesterase.**?* The sample was
digested in a reaction mixture containing 10 mM
sodium phosphate buffer (pH 7.0), 10 mM
MgCIg, and 0.004 unit of the purified phosphodies-
terase” and incubated for 3 hr or overnight. The
samples were spotted on F1440 (Scheleicher
and Schuell, Dassel, Germany) TLC plate and
developed with solvent A: isobutyric acid/25%
NH,OH/H,0 (50/1.1/28.9 by volume), and B: 0.1
M sodium phosphate (pH 6.8)/ammonium
sulfate/n-propanol (100/60/2, v/w/v). The radioac-
tivity of each spot was analyzed by BAS2000
(Fujifilm, Minato-ku, Tokyo, Japan). Each spot was

characterized as AMP, phosphoribosyl-AMP
(PR-AMP), diphosphoribosyl-AMP ((PR),AMP).
The average polymer size was calculated as [AMP
+ PR-AMP + (PR),AMP]/[AMP — (PR),AMP] as
described.”®

Results and Discussion

As shown in Figure. 1A, a rapid and size separation
of *P-poly(ADP-ribose) was achieved with the
QIAGEN-tip column by changing the pH and salt
concentration of the elution buffer. The average
polymer size and the average number of branching
points were determined by two-dimensional

Buffer-1

QC buffer

QF buffer

Figure. 1. A) ¥P-Poly(ADP-ribose) fraction on QIAGEN-tip. 20%
polyacrylamide gel electrophoresis analysis. One i of samples of
each fraction was mixed with 20 pl of sample buffer [50% urea, 25 mM
NaCl, 4 mM EDTA, 0.02% xylene cyanol, 0.02% bromophenol blue],
and applied to 20% polyacrylamide gel (acrylamide/bisacrylamide,
19.85/0.25 by weight).2* Applied fraction (apply), eluted fractions with
buffer 1, buffer 2, QC buffer and QF buffer were subjected to analysis.
The radioactivity of the gel was analyzed by BAS2000.
B) Two-dimensional TLC for characterization of *P-poly(ADP-ribose).
After hydrolysis by purified venom phosphodiesterase, the samples
(eluent with buffer-1, QC buffer and QF buffer) were spotted on a
TLC plate and developed with solvent A and B as described in
Materials and Methods. The radioactivity of each spot was analyzed
by BAS2000. Each spot was characterized as AMP ((a), phosphoribosyl-
AMP (PR-AMP) (b), and diphosphoribosyl-AMP ((PR),AMP) (c).
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thin-layer chromatography after phosphodiesterase
treatment’® as shown in Figure. 1B. The typical
yield of cold poly(ADP-ribose) prepared from
4 liters of lysate of the E. coli was 0.393 umol
(ADP-ribose residues, 216 ug), 1.419 pmol (780
1g), 0.156 umol (86 pg) for buffer-1, QC and GF,
respectively. Mean chain-length in each fraction
was 17-mer, 20-mer, 26-mer, for buffer-1, QC
buffer and QF buffer, respectively. Branched
poly(ADP-ribose) could be observed in the fractions
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B)
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30 35 40 45 50 55 60
Retention time (min)

Figure. 2. A) Analysis of poly(ADP-ribose) by 20% polyacrylamide
gel electrophoresis. Twenty ug of buffer 0.5 [50- mM MOPS (pH 7.0),
0.5 M NaCl, 15% propanol] eluted fraction and QC buffer [50 mM
MOPS (pH 7.0), 1.0 M NaCl, 15% propanol] eluted fraction were
applied. Note that ethanol in the buffers was substituted with propanol.
After electrophoresis, the gel was subjected to silver-staining (Daiichi
Pure Chemicals Co. Ltd., Chuo-ku, Tokyo, Japan).-B) Capillary
electrophoresis profile of poly(ADP-ribose). The fraction eluted with
QC buffer was subjected to capillary electrophoresis. Detection was
carried out with measurement of UV absorbance at 254 nm. The
retention time of each peak is shown. Apeak marked with an asterisk
is derived from an unknown UV absorbing substance in the
preparation.

eluted with QC and QF. It should be noted that
doublet bands were observed as reported by
Panzeter et al. due to two different hydrolysis prod-
ucts at the reducing termini.* The maximum capac-
ity of QIAGEN-tip 100 and -tip 500 for DNA is
around 100 pg and 500 g, respectively, according
to the manufacturer’s recommendation. The above
result suggests maximum capacity of QLTAGEN-tip
500 for poly(ADP-ribose) is approximately
1,000 g or higher. Figure. 2A shows non-radioiso-
topic poly(ADP-ribose) prepared using the same
method. Figure. 2B shows the capillary electropho-
resis pattern of the poly(ADP-ribose). This method
should be applicable for rapid and larger scale
preparation of poly(ADP-ribose).

Abbreviations
PARP, poly(ADP-ribose) polymerase; NAD,
nicotinamide adenine dinucleotide.
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Abstract

The poly(ADP-ribose) polymerase-1 protein (PARP-1) functions in DNA repair, maintenance of
genomic stability, induction of cell death, and transcriptional regulation. We previously analyzed
alterations of the PARPI gene in 16 specimens of human germ cell tumors, and found a heterozy-
gous sequence alteration that causes the amino acid substitution Met129Thr (M129T) in both tumor
and normal tissues in a single patient. In this study, aberration of the PARPI gene and protein was
further analyzed in human germ cell tumor cell lines. We found a nonheterozygous sequence alter-
ation that causes the amino acid substitution Glu251Lys (E251K) located at a conserved peptide
stretch of PARP-1 in cell line NEC8. Sequencing of 95 samples from Japanese healthy volunteers
revealed that all the samples were homozygous for the wild-type alleles at M129T and E251K. The
MI29T allele is thus suggested to be a rare single-nucleotide polymorphism (SNP). We observed
a decrease in auto-poly(ADP-ribosyl)ation activity of PARP-1 proteins harboring MI129T or
E251K amino acid substitution, but the difference was not statistically significant. The levels of
PARP-1 and poly(ADP-ribosyl)ation were heterogeneous among germ cell tumor cell lines. The
SNPs of the PARPI gene, as well as differences in the levels of PARP-1 and poly(ADP-ribosyl)a-
tion of proteins, may infiuence germ cell tumor development and responses to chemotherapy and

radiotherapy, © 2010 Elsevier Inc. All rights reserved.

1. Introduction

Poly(ADP-ribose) polymerase-1 (PARP-1) is activated by
DNA. damage and catalyzes poly(ADP-ribosyDation of
various proteins, including PARP-1 itself, using nicotinamide
adenine dinucleotide (NAD™) as a substrate. PARP-1 is
involved in DNA repair, maintenance of genomic stability,
and cell death induction. We and others have previously re-
ported that Parp-1 knockout (Parp-1 ~'~) mice showed higher
susceptibility to carcinogenesis induced by alkylating agents
in the colon [1] and lung [2], compared with wild-type
(Parp-1*'*) mice. The incidence of spontaneous tumors
developed at an advanced age in the liver was also higher in
Parp-1 ~'~ mice [3.4].

Involvement of PARP-1 in the development of human
cancer has not yet been fully clarified. In human cancers,

* Corresponding author. Tel.: +81-3-3542-2511; fax: -+81-3-2542-
2530.
E-mail address: mmasutan@ncc.go.jp (M. Masutani).

0165-4608/10/$ — see front matter © 2010 Elsevier Inc. All rights reserved.
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increased expression of the PARPI gene has been reported
in Ewing’s sarcoma [5,6], in malignant lymphoma [7], and
in the familial adenomatous polyposis (FAP) tumors [8].
Decreased expression of the PARPI gene has been
observed in several gastric and colon cancer cell lines [6],
grade II and III endometrial carcinomas [9], and in some
breast cancers [10].

The A/A homozygotes of the V762A single-nucleotide
polymorphism (SNP) in the PARPI gene have been
reported to be associated with decreased activity of
PARP-1. The A/A homozygotes are shown to be associated
with an increased risk for prostate cancer in European-
origin subjects [11] and in lung cancer and esophageal
cancers in Chinese heavy smokers [12,13]. In the case of
lung and esophageal cancers, a twofold increase in risk
with the A/A homozygotes was observed in Chinese
smokers [12,13]. The combination of the 762A allele of
the PARPI gene and the 399 G allele of the XRCCI gene
was associated with increased risk of lung, esophageal,
and gastric cardia cancers [12—15].
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PARP-1 also participates in the transcriptional regula-
tion of some genes [16—18] and in cellular differentiation
[18—20). Parp-I™"~ mouse embryonic stem cells show
preferential induction of the trophoblast lineage [20],
including trophoblast giant cells (TGCs), during teratocar-
cinoma formation in vivo or during cell culture in vitro
[19]. The biochemical properties of TGCs resemble those
of syncytiotrophoblastic giant cells (STGCs) of human
germ cell tumors [21,22]. It is thus suggested that PARPI
deficiency may possibly trigger differentiation to STGCs
during germ cell tumor formation. The appearance of
STGCs in trophoblastic or choriocarcinomatous human
germ cell tumors has been reported to be associated with
poor prognosis [21]. Teratocarcinoma cells undergo differ-
entiation into epithelial cells in vitro, at least in part, in the
presence of the PARP inhibitor 3-aminobenzamide {23].

The aberrations of the PARP] gene in 16 human germ
cell tumors were previously analyzed, and a heterozygous
sequence alteration (ATG to ACG) that causes amino acid
substitution, Met129Thr (M129T) [24] was found in one
patient in both cancer and normal tissues. In the present
study, we further analyzed aberration of the PARPI gene
and poly(ADP-ribosyl)ation level in human germ cell
tumor cell lines and evaluated effects of any amino acid
alterations found on PARP-1 function.

2. Materials and methods
2.1. Cell culture

Cell lines JEG-3, NCCIT, PA-1, Tera-1, and Tera-2 were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Cell lines ITOII and NEC8 were
purchased from the Japanese Collection of Research Biore-
sources (http://cellbank.nibio.go.jp/cellbank_e.html). Cell
lines NEC14 and NEC15 were purchased from the Riken
Bioresource  Center  (http://www.brc.riken.go.jp/inf/en/
index.shtml). Each cell line was cultured under the
conditions recommended by the providers. The growing
cells at mid-late log phase were used as the materials for
preparation of genomic DNA, total RNA, and total protein.

For transfection experiments, an immortalized Parp-1~"~
mouse embryonic fibroblast (MEF) clone, PH13b, estab-
lished from spontaneously immortalized Parp-I~'~ MEFs
[25] was used. The cells were cultured at 37°C under 5%
CO, and 95% humidity.

2.2. Direct sequencing of the human PARPI gene

Polymerase chain reaction (PCR)-based direct
sequencing of all 23 exons of the PARPI gene in germ cell
tumor cell lines was performed as previously described
[24]. Oligonucleotide primer sets for the 23 exons were de-
signed from intron sequences of each exon as previously
described [24]. Amplified PCR products were subjected
to sequence analysis (ABI PRISM 310 genetic analyzer,

Applied Biosystems, Carlsbad, CA; model CEQ8000, Beck-
man Coulter, Fullerton, CA). Sequence comparison was per-
formed against the sequence of the human PARP! gene
(NCBI accession numbers NT_004559 and NT_167186)
and its cDNA (NCBI accession numbers MI18112,
M32721, M17081, J03473, BC037545, and BC014206).

2.3. Pyrosequencing

Pyrosequencing for codon 129 and codon 251 of the
PARPI gene was performed as previously described [26].
Briefly, genomic DNA samples were extracted from blood
of 95 healthy Japanese volunteers, and samples were sub-
jected to genotyping by pyrosequencing using the PSQ96
System (Pyrosequencing, Uppsala, Sweden). For sequencing
of codons 129 and 251, we used 5'-CGTGCAAGGGGTGTA-
3 and 5'-TGAACACACTTTCTTTAGC-3 as sequencing
primers, respectively. In the case of codon 251, the
sequencing result of one sample was not informative.

All subjects provided informed consent, and the study
was approved by the Ethical Committee of the National
Cancer Center of Japan.

2.4. Construction of PARP1 mutants

PARP] mutant cDNA harboring either M129T, E251K,
or K940R amino acid substitution was prepared using
primers harboring respective mutation and Phusion poly-
merase (Fynnzymes, Espoo, Finland) according to the
protocol of the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The human PARPI c¢DNA
[27] was modified using PCR to harbor restriction enzyme
recognition sites of Sall, Smal, Agel, and Xbal at the 5’ and
3’ terminus, respectively, and modified Kozack’s sequences
derived from pEGFP-C1 (Clontech Laboratories, Mountain
View, CA) in the 5-UTR (untranslated region) of the
PARP1 cDNA. The PARPI cDNA harboring either
M129T, E251K, and K940R amino acid substitution was
inserted into pcDNA3.1(+)hygro (Invitrogen, Carlsbad,
CA) for measurement of PARP-1 enzymatic activity.
pEGFP-C1. was used for construction of the GFP protein
fused to the N-terminus of PARP-1 protein for analysis of
subcellular localization.

2.5. Transfection of the PARP1 mutant constructs

Four micrograms of each construct was transfected into
the Parp-1~"~ MEFs in six-well plates using Lipofectamine
2000 (Invitrogen). At 24 hours after transfection, whole-
cell extracts were prepared by suspending cells in a lysis
solution containing 50 mmol/L Tris—HCI (pH 6.8), 10%
glycerol, 2% sodium dodecyl sulfate (SDS), complete
protease inhibitor cocktail tablets (Roche Applied Science,
Mannheim, Germany), and 10% B-mercaptoethanol. The
samples were frozen in liquid nitrogen and stored at
—80°C until use.
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2.6. Activity gel analysis

PARP-1 enzymatic activity was measured as auto-
poly(ADP-ribosylation activity of PARP-1, as described
elsewhere [28]. Briefly, crude extracts were separated by
6% SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
containing 100 pug/mL of sonicated salmon sperm DNA as
an activated DNA. After renaturation of proteins in the gel,
the gel was incubated in a reaction mixture containing
50 mmol/L Tris—HC1 (pH 8.0), 1 mmol/L dithiothreitol,
50 pmol/L. [**PJadenylate-labeled nicotinamide adenine
dinucleotide (1 pCi/mL, NEN—PerkinElmer, Waltham,
MA), and 25 mmol/L. MgCl, at 37°C for 1 hour. The gel
was fixed with 10% methanol—30% acetic acid (v/v) solu-
tion, and washed with 5% trichloroacetic acid—0.2%
sodium pyrophosphate. The radioactivities of the dried gels
were analyzed using a BAS-2500 bio-imaging analyzer
(Fujifilm, Tokyo, Japan).

2.7. Western blot analysis

Whole-cell extracts were prepared by suspending cells in
a lysis solution containing 50 mmol/L Tris-HCl (pH 6.8),
10% glycerol, 2% SDS, complete protease inhibitor cocktail
tablets (Roche Applied Science), and 10% B-mercaptoetha-
nol, followed by sonication. Equivalent protein amounts of
lysate (8 pg) were separated by 4—20% gradient SDS-PAGE.
After transfer of proteins to Immobilon-P polyvinylidene
difluoride membranes (Millipore, Billerica, MA), the
membrane was incubated with anti-poly(ADP-ribose) mono-
clonal antibody 10H (Alexis Biochemicals—Enzo Life
Sciences, Lausanne, Switzerland) [29], anti-PARP-1 mono-
clonal antibody C2-10 (Oncogene Research Products, Merck
Chemicals, Darmstadt, Germany), F1-23 (Alexis Biochemi-
cals) or anti-e-tubulin monoclonal antibody DM1A (MP
Biomedicals, Irvine, CA). Immune complexes were visual-
ized using a horseradish peroxidase-linked secondary
antibody and an enhanced chemiluminescence reaction
ECL kit (Amersham Biosciences, Piscataway, NJ). The
PARP-1 protein level was quantified using a LAS-3000
bio-imaging analyzer (Fujifilm).

3. Resuits
3.1. Sequence alterations in germ cell tumor cell lines

The human germ cell tumor cell lines used in this study
are listed in Table 1. All 23 exons and their flanking regions
of the PARPI gene in nine germ cell tumor cell lines were
sequenced. Sequence alterations and SNPs found in the
PARPI gene are listed in Table 2. We found that the two
missense SNPs, Phe54Leu (F54L) and V762A, were
described in the NCBI (National Center for Biotechnology
Information) database of SNPs. These SNPs of F54L and
V762A in NEC14 and NEC15 were observed as nonheter-
ozygous sequence alterations. A nonheterozygous sequence

Table 1

Human germ cell tumor cell lines used in this study

Cell line  Type Reference

NECS8 Embryonal carcinoma: testis Motoyama et al.,, 1987 [39]

NEC14 Embryonal carcinoma, Motoyama et al., 1987 [39]
choriocarcinoma: testis

NECI15 Embryonal carcinoma, Motoyama et al., 1987 [39]
yolk sac tumor: testis

1ITON Embryonal carcinoma: testis ~ Motoyama et al., 1987 [39]

Tera-1 Embryonal carcinoma: lung Fogh et al., 1978 [40]

Tera-2 Embryonal carcinoma: lung Fogh et al., 1978 [40]

NCCIT Embryonal carcinoma Teshima et al., 1988 [41}

PA-1 Teratoma: ovary Zeuthen et al., 1980 (42]

JEG-3 Chorijocarcinoma: placenta Kohler et al.,, 1971 {43}

alteration (GAG to AAG) that causes amino acid substitu-
tion Glu251Lys (E251K) in NEC8 was also found (Table
2 and Fig. 1). This sequence alteration has not been listed
in the NCBI database of SNPs. Further information for
NECS8 was not available, and it is not known whether this
is a somatic or germ line mutation or sequence alteration
caused during establishment of this cell line.

To determine whether E251K is a common SNP in the
Japanese population, we sequenced 94 samples from Japa-
nese healthy volunteers using a pyrosequencing method.
Similarly, sequencing data were obtained from 95 volunteers
for M129T, which we previously found in a germinoma and
its normal tissue from a patient [24]. In both cases, all the
sequenced samples were homozygous: GAG (251E) and
ATG (129M). None were heterozygous, which suggests that
the two amino acid substitutions, E251K and M129T, are not
common SNPs in the Japanese population.

Three synonymous SNPs were also found at Asp8l,
Ala284, and Lys352 (Table 2). In the noncoding region,
a SNP of G to C in 5-UTR, 17 bases upstream of the
translation initiation site, downstream of a putative ETS-
I-binding site (base —26 to —22) [30]), was found
(rs907187). NECI15 had a nonheterozygous C allele, and
ITOIl and Tera-1 had heterozygous G/C alleles. We also
noted that the nonheterozygous allele at a SNP in intron
2 (rs1805405) was observed at higher frequency (3/9) than
a heterozygous allele (1/9) in germ cell tumor cell lines, but
the difference was not statistically significant. NECS,
NEC1S, and ITOII had the nonheterozygous A allele,
whereas NCCIT had heterozygous C/A alleles.

3.2. Effect of amino acid alteration
on the activity of PARP-1

The effect of amino acid substitution of methionine to
threonine at codon 129 (Met129Thr) and glutamic acid to
lysine at codon 251 (Glu251Lys) on PARP-1 enzymatic
activity was examined. We transiently. expressed the
mutated PARP-1 harboring either M129T or E251K
substitution in the Parp-I_/_ MEFs, and measured the
enzymatic activity of PARP-1 by the activity gel method.
Both Parp-1 mutants showed a decrease in PARP-1 activity
relative to the wild type, although the difference was not
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Table 2
Sequence alterations and SNPs found in the PARP gene in human germ cell tumor cell lines
Exon Nucleotide® No. Germ cell tumor cell line® SNP ID® Heterozygosity®
Amino acid substitution
Phe54Leu 2 TTC 8 NECS, NEC14, ITOII, Tera-1, Tera-2, rs3738708 0.023
NCCIT, PA-1, JEG-3
TTC/TTG 0
TTG 1 NECI1s
Glu251Lys 6 GAG 8 NECI14, NEC15, ITOII, Tera-1, Tera-2, not listed not listed
NCCIT, PA-1, JEG-3
GAG/AAG 0
AAG 1 NEC8
Val762Ala 17 GTG 7 NECS, ITOII, Tera-1, Tera-2, NCCIT, PA-1, JEG-3 rs1136410 0.351
GTG/GCG 0
GCG 2 NEC14, NECI1S
SNPs without amino acid substitution
Asp81Asp 2 GAC 5 NECS, Tera-2, NCCIT, PA-1, JEG-3 rs1805404 0.372
GAC/GAT 2 ITOl, Tera-1
GAT 2 NEC14, NEC15
Ala284Ala 7 GCT 5 NECI15, ITOH, Tera-2, PA-1, JEG-3 1s1805414 0.498
GCT/GCC 2 NCCIT, Tera-1
GCC 2 NECS, NEC14
Lys352Lys 8 AAA 8 NEC14, NEC1S5, ITOI, Tera-1, Tera-2, 1s1805415 0.379
NCCIT, PA-1, JEG-3
AAA/AAG 0
AAG 1 NEC8
SNPs in noncoding region
§'-UTR (—17 bp) G 6 NEC8, NEC14, Tera-2, NCCIT, PA-1, JEG-3 rs907187 0.357
G/C 2 ITOl, Tera-1
C 1 NEC15
Intron 2 (5592 bp) C 5 NEC14, Tera-1, Tera-2, PA-1, JEG-3 rs1805405 0.362
CIA 1 NCCIT
A 3 NECS8, NECIS, ITOlI

Abbreviations: SNP, single nucleotide polymorphism; UTR, untranslated region,

* The altered nucleotide is indicated by underscoring.
® See Table 1 for cell lines.

“ SNPidentifiers and average estimated heterozygosity data are from the NCBI database of SNPs, available at http://www.ncbi.nim.nih.gov/SNP/index.html,

statistically significant (P = 0.1266 for 129T, P = 0.2752
for 251K) (Fig. 2A).

Cellular localization of E251K and MI129T mutants
was also analyzed as GFP-fusion protein expressed in the
Parp-I”'~ MEF. The cellular localization of another
PARPI mutant harboring K940R amino acid substitution
was analyzed as well [24]. Wild-type, 129T, 251K, and

B

G6 ACAAGCT AA TTAG CTTL2 TCC
Asp Gluilys Leu Leu Glu/Lys Asp

Fig. 1. Electropherograms of sequences surrounding codon 251 of the
PARP] gene in NEC8 cells. Sequence alterations of both strands were
confirmed by sequencing using the sense (A) and anti-sense (B) primers.

940R protein localized exclusively in the nuclei
(Fig. 2B). The localization is observed in a punctuated
manner in the nuclei, and the localization pattern did not
differ between wild-type and the mutants.

3.3. Levels of PARP-1 protein, activity,
and poly(ADP-ribosyl)ation

The levels of PARP-1 proteins were measured by Western
blot analysis (Fig. 3). PA-1 and NECS8 cells both showed lower
levels of PARP-1 proteins. We also examined the enzymatic
activity of PARP-1 as PARP-1 auto-poly(ADP-ribosyl)ation
activity using whole-cell extracts (Fig. 3, activity gel anal-
ysis). PA-1 and NECS cells both showed lower levels of
auto-poly(ADP-ribosyDation activity, compared with the
other cell lines analyzed. PA-1, NECS8, and also Tera-2
exhibited lower levels of overall poly(ADP-ribosyl)ation of
proteins, compared with the other cell lines.

4. Discussion

Among the germ cell tumor cell lines analyzed in this
study, five cell lines were established in Japan, and these
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Fig. 2. Effects of amino acid alteration in PARP-1 on enzymatic activity and subcellular localization, (A) Semiquantitative analysis of auto-poly(ADP-
ribosylation activity of wild-type and mutant PARP-1 proteins in the whole cell extracts from the Parp-1~"" mouse embryonic fibroblasts transfected with
either the wild-type (WT) or mutant PARP-1 expression plasmid. The representative result of the activity gel analysis (middle panel) and Western blot anal-
ysis of PARP-1 (top panel) is shown. The auto-poly(ADP-ribosyl)ation activity normalized to the expressed PARP-1 level measured by Western blot analysis.
A linear relationship between the amount of PARP-1‘and auto-poly(ADP-ribosyl)ation activity was confirmed (data not shown). (B) Subceliular localization
of GFP-fused PARP-1. At 24 hours after transfection, localization of wild-type PARP-1 and mutant proteins harboring either 129T, 251K, or 940R amino acid

substitution was observed exclusively in the nuclei. Scale bars: 10 pm.

may reflect a spectrum of polymorphisms in the Japanese
population. We found a nonheterozygous sequence alter-
ation (GAG to AAG) that causes amino acid substitution
of E251K of PARP-1 in NEC8. Because the corresponding
normal tissue samples were not available for the NEC8 cell
line, we could not examine whether E251K is a SNP, It is
not known whether the nonheterozygosity represents
a homozygosity or an allelic loss, nor could we exclude
the possibility that this sequerice alteration was introduced
during or after establishment of NEC8. We previously
reported that a heterozygous sequence alteration that causes
amino acid alteration of M129T was observed in a human
germ cell tumor specimen [24]. Our analysis in the present
study suggests that the sequence alterations of E251K and
M129T are not common SNPs in the Japanese population.

E251K is located at a peptide stretch conserved among
species in the C-terminus of a DNA binding domain close
to the nuclear localization signal. The third zinc-binding
motif (codon 295—321) [28,31] is present close to codon
251. The third zinc-binding domain of codon 216—366 is
required for dimerization of PARP-1. K249E substitution
is reported to decrease PARP-1 enzymatic activity {32]. A
decrease in auto-poly(ADP-ribosyl)ation activity but no
alteration in nuclear localization of PARP-1 harboring
MI29T or E251K amino acid substitution was observed;
however, we noted that NECS8, which has a nonheterozyous

E251K allele, had a lower level of PARP-1 protein in the
extract (Fig. 3). The effects on DNA binding or DNA repair
regulation, as well as stability, should be further analyzed.

Within nine cell lines, both nonheterozygous minor
alleles: of V762A and intron 2 (5,592 bp) (SNP ID,
151805405) showed a tendency of higher frequencies than
expected, although it was not statistically significant. These
tendencies are similar to the result obtained with our
previous study using 16 germ cell tumor specimens [24].
The V762A SNP was found to be associated with the risk
of prostate cancers in European-origin subjects, in whom
the A/A genotype showed a twofold increase in suscepti-
bility [11]. Recently the PARPI V762A polymorphism
has been reported to reduce the enzymatic activity of
PARP-1 and the ability - of interaction with XRCCI
[15,33]; however, a decrease in PARP-1 auto-poly(ADP-ri-
bosyl)ation "activity and overall - poly(ADP-ribosyl)ation
levels was not observed in NEC14, which harbors a nonhe-
terozygous V762A allele (Table 2 and Fig. 3).

The nonheterozygous allele of SNP rs1805405, located
within the polypyrimidine tract close to the 3’ splice
acceptor site in the intron 2, was observed at a higher
frequency (3/9) than expected, as in the case with human
germ cell tumor specimens (3/16) {24]. A stretch of (C/
T)sNCAGG(C/T) at a splicing acceptor site is relatively
conserved in the introns [34]. The polypyrimidine tract is
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Activity gel
analysis

Fig. 3. PARP-1 protein levels and activity, with overall poly(ADP-ribosyl)-
ation protein levels. Western blot analysis was performed for detection of
PARP-1 protein and poly(ADP-ribosyl)ated proteins (upper and middle
panels). For detection of PARP-1 enzymatic activity, activity gel analysis
was performed (bottom panel) to analyze PARP-1 auto-poly(ADP-ribosyl)-
ation activity; 30 ug of cell extracts was subjected to 6% SDS-PAGE in the
presence of activated DNA in the gel.

highly conserved, and the frequency of adenine at this posi-
tion is low (~7%) [35]. In the case of all introns of PARPI
reference sequences (NCBI numbers NT_004559 and
NT_167186), the frequency of adenine at this position is
~9%. In the case of hereditary nonpolyposis colorectal
cancer proband, a single base-pair T-to-A transversion at
position —11 of the MLHI gene intron 1 splice acceptor site
caused exon 2 skipping [36]. We detected only a full-length
transcript of PARP1 in the cell lines harboring minor alleles
of the SNP at intron 2 by Northern blot analysis (data not
shown). Whether the SNP at intron 2 of PARPI affects
the splicing efficiency of exon 3 needs further investigation.

It is noteworthy that the poly(ADP-ribosyl)ation level is
lower in NEC8, PA-1, and Tera-2, compared with other
germ cell tumor cell lines. The lower poly(ADP-ribosyl)a-
tion level in NEC8 and PA-1 could be explained by the
lower PARP-1 level, but that is not the case for Tera-2. Ac-
tivites of other PARP family proteins or of PARG, a major
poly(ADP-ribose) degradation enzyme, may also affect the
poly(ADP-ribosyl)ation level in Tera-2. We did not find any
SNPs or other base alterations in the 3'UTR of the PARPI
gene in nine cell lines. Therefore, the mechanism for lower
levels of PARP-1 in NECS8 and PA-1 may not be due to
altered posttranscriptional regulation of PARP-1.

In this study, we identified sequence alterations, including
SNPs, in the PARPI gene of human germ cell tumor cell
lines. The nonheterozygous minor alleles of SNPs at
V762A and intron 2 showed a slightly higher frequency.
Differences in the levels of PARP-1 and poly(ADP-ribosyl)a-

~ tion were observed. Because poly(ADP-ribosyl)ation reac-

tion is involved in several physiological processes in cancer
cells, including DNA repair and differentiation, the alteration
of PARP-1 activity may affect the development of cancers
through multiple processes. It is also suggested that PARP
family proteins, including PARP-2, may complement
PARP-1 functions [37]. It may therefore be necessary to
examine aberrations of PARP-1 and other PARP family
proteins in cancers not only at gene expression levels but also
at protein or enzymatic activity levels. Clinical trials are
ongoing with PARP inhibitors in combination with chemo-
therapeutic agents [38]. Understanding the mechanisms of
functional regulation of PARP-1 in cancer cells is important.
Because the activity of PARP-1 and other PARP family
members is important in DNA repair and cell death induc-
tion, the levels of PARP-1 and poly(ADP-ribosyl)ation
activity may also substantially affect the outcome of cancer
therapies that target DNA.
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Poly(ADP-ribose) polymerase-1 knockout (Parp-1-/~ ) mice show increased frequency of spontaneous liver
tumors compared to wild-type mice after aging. To understand the impact of Parp-T deficiency on muta-
tions during aging, in this study, we analyzed spontaneous mutations in Parp-1-/- aged mice, Parp-1-I-
mice showed tendencies of higher mutation frequencies of the red/gam genes at 18 months of age, com-
pared to Parp-1** mice, in the liver and brain. Complex-type deleétions, accompanying small insertion
were observed only in Parp-1-/~ mice in the liver and brain. Further analysis in the liver showed that the

5;{; <;rds. frequency of single base deletion mutations at non-repeat or short repeat sequences was 5.8-fold higher
Mutation in Parp-1-I- than in Parp-1*"* mice (p<0.05). A 3.2-fold higher tendency of the deletion frequency of
Deletion two bases or more was observed in Parp-1-/~ mice compared to Parp-1*"* mice (p = 0.084). These results
gpt delta support the model that Parp-1 is involved in suppressing imprecise repair of endogenous DNA damage

Aging leading to deletion mutation during aging. The mutation frequencies of the gpt gene in the brain were
found to be 3-fold lower in Parp-1-/- than in Parp-1*!* mice at 4 months of age (p<0.01), implying that
Parp-1 may be positively involved in imprecise DNA repair in the brain. On the other hand, the frequencies
of gpt mutation showed an increase at 18 months of age in the Parp-1-/- (p<0.05) but not in Parp-1*"*
brains, suggesting that Parp-1 deficiency causes an increase of point mutations in the brain by aging.
© 20089 Elsevier B.V, All rights reserved.

1. Introduction carcinogenesis induced by alkylating agents such as N-nitrosobis(2-
hydroxypropyl)amine (BHP) [10] and azoxymethane [11] but not
with 4-nitroquinoline 1-oxide [12]. Parp-1-/- mice develop nor-
mally, and spontaneous tumor incidences in all organs are not
elevated at least until 9 months old [11]. However, the incidences
of hepatocellular adenomas and carcinomas in Parp-1-/~ mice are
increased at 18-24 months old compared to Parp-1*/* mice [13].

Poly(ADP-ribose) polymerase-1 (Parp-1) facilitates DNA strand
break repair by binding to the end of DNA strand breaks and cat-
alyzing transfer of ADP-ribose residues from NAD to itself and other
nuclear proteins, including XRCC1 (X-ray cross-complementing fac-
tor 1) [1], WRN (Werner's syndrome protein) [2,3] and Ku70/80

[4,5]. PolyADP-ribosylation results in recruitment of DNA repair
proteins to DNA damage sites [6,7]. Accumulating studies have
indicated that Parp-1 is involved in base excision repair (BER) and
single strand break (SSB) repair by interacting with XRCC1 through
poly(ADP-ribose) residues, as well as DNA polymerase B [8] and
DNA ligase llla [9] using the BRCT domain in Parp-1. We previously
demonstrated that Parp-1~/~ mice show higher susceptibility to

* Corresponding author at: Biochemistry Division, National Cancer Center
Research Institute, 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. Tel.: +81 3 3542 2511;
fax: +81 3 3542 2530.
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0027-5107/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/f. mrfmmm.2009.02.001

Parp-1-1-p53~1- mice also show spontaneous medulloblastomas
in p53 knockout (p53~/~) mice at a higher incidence compared to
Parp-1**p53-I- mice [14,15].

In wild-type mice, age-related increases of mutant frequencies
are observed in the liver, spleen, heart and small intestine, whereas
mutant frequencies in the brain and germ cells are only slightly
increased [16-18]. Age-related increases in genome rearrangement
as well as point mutations are reported in the liver but not observed
in the brain [19]. Therefore, the effects of aging on spontaneous
mutation frequency might be different among tissues.

To analyze the impact of aging on spontaneous mutant fre-
quency and its spectra in Parp-1-/~ mice, we performed mutation
analysis in Parp-1-/- mice at advanced age using progeny of
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intercross with gpt delta transgenic mice harboring about 80
copies of tandemly integrated lambda EG10 DNA as a transgene
{20,21]. The rescued phage was analyzed by the Spi~ (sensitive
to P2 interference) assay, which preferentially detects deletion
mutations in the red/gam genes. The deletion mutations of a single
base to approximately 10 kb or several copies of EG10 DNA could
be detected. The gpt assay detects point mutations in the guanine
phosphoribosyl transferase (gpt) gene. The spontaneous mutant
frequency of the gpt gene in the liver of mice is around 2-6 x 10~
[23] in tissues including the liver and brain [24]. The frequency of
mutation in the red/gam genes in the liver of mice is also reported
to be around 1-5 x 10-6 [23,24].

Analysis of deletion mutation with a Spi~ assay using gpt delta
transgenic mice has been shown to be useful in detecting dele-
tion mutations after treatment with various types of chemicals or
irradiation with y-rays or heavy ions [23,25-26].

The results in this study suggest that Parp-1 suppresses sponta-
neous deletion mutations, especially at non-repeat or short repeat
sequences in the liver and brain during aging. Complex-type dele-
tions accompanying small insertion and micrchomology at deletion
junctions observed in Parp-1-/- livers and brains are also discussed.
Additionally, we observed that the mutant frequencies of the gpt
gene in the brains were found to be 3-fold lower in Parp-1-/- than
in Parp-1** mice at4 months of age butincreased in Parp-1-/~ mice
to the level of Parp-1*1* mice at 18 months of age.

2. Materials and methods
2.1. Genomic DNA extraction and rescue of the transgene

Parp-1-1-[gpt delta and Parp-1*/*[gpt delta animals were previously established
by intercrossing Parp-1*- [gpt delta mice [20). The mice possess mixed genetic back-
ground of C57BL/6, ICR and 129Sv. Male Parp-1-/~ and Parp-1** mice were fed a
basal diet (CE-2, Clea Japan), and these mice were anaesthetized and sacrificed at
the ages of 4 months (n=5 for each genotype) and 18 months (n =6 (Parp-1-/~) and
n=4 (Parp-1**)). The livers and brains were immediately frozen in liquid nitrogen,
and stored at —80°C until DNA extraction. Genomic DNA was extracted by a Recov-
erEase DNA isolation kit (Stratagene). Two out of six Parp-1~/~ mice (mouse ID,
G60 and G94) of 18 months of age harbored tumors in the liver, and genomic DNA
was extracted from areas containing no tumors. A lambda phage in vitro packag-
ing reaction was performed with Transpack Packaging Extract (Stratagene). Part of
the tissues were also fixed with formalin solution, routinely processed and sections
were stained with hematoxyline-eosine. The experimental protocol was approved
by the Ethics Review Committee for Animal Experimentation of the National Cancer
Center Research Institute.

2.2. Spi~ assay

A Spi~ assay [21] was carried out with a modification as described previously
{27). The frequencies of background mutants were less than 10~ in the Spi~ assay
and were negligible [28]. The data for Spi~ mutant frequencies were therefore pre-
sented without subtracting the background mutant frequencies. To narrow down
the deleted region, the structure of each mutation was analyzed by a Southern blot
hybridization method that uses oligonucleotide DNA probes [29]. DNA sequencing
of the mutated region was performed with a CEQ™ DTCS Quick Start Kit (Beckman
Coulter).

2.3. gptassay

The gpt assay was performed as described previously {21]. Briefly, the phages
rescued from genomic DNA were transfected into E. celi YG6020 expressing Cre
recombinase. Infected cells were cultured at 37°C on plates containing chloram-
phenico! (Cm) and 6-thioguanine (6-TG) for 3 days until 6-TG resistant colonies
appeared. To confirm the 6-TG resistant phenotype, colonies were restreaked on
plates containing Cm and 6-TG. A 739bp DNA fragment encompassing the gpt gene
was amplified by PCR [30]. DNA sequencing of the target 456 bp in the gpt gene was
performed with a CEQ™ DTCS Quick Start Kit (Beckman Couiter).

24. Statistical analysis

The statistical significance of differences in mutant or mutation frequencies
between the two groups was analyzed by using the Mann-Whitney U test. When p
value is less than 0.05, the difference was considered significant. Because the indi-
vidual differences in mutant frequency became larger at advanced ages, "tendency

of >1.5 fold increase or reduction” in the mutant frequency is also mentioned with
p value in the text, when p value is equal to or larger than 0.05.

3. Results

3.1. Analysis of spontaneous mutant frequency of the red/gam
genes and the gpt genes in the livers of Parp-1-/- mice at 4 and 18
months of age

There was no difference in the mutant frequencies of the red/gam
genes in the liver between Parp-1-/~ and Parp-1** mice at4 months
of age. The liver of Parp-1-/~ mice at 18 months of age showed a 1.7-
fold higher tendency of the red/gam mutant frequencies than those
in Parp-1** mice (p=0.34, Fig. 1A). The tendency of age-dependent
1.5-fold increase in mutant frequency was observed in Parp-1-/-
but not in Parp-1** mice.

On the other hand, in the case of the gpt gene (Fig. 1B), in which
point mutations are mostly detected, the mutant frequencies in
Parp-1** mice showed a higher elevation at 18 months than that at
4months (p=0.037).In Parp-1-/- mice, a tendency of higher mutant
frequency was noticed at 18 months compared to that at 4 months
(p=0.14). There was no significant difference in the mutant fre-
quency of gpt gene between Parp-1-/~ and Parp-1*/* mice at either
4 or 18 months (Fig. 1B).

3.2. Structural analysis of deletion mutations in the red/gam
genes of Parp-1-/— mice at 18 months of age

The mutations in the red/gam genes could be categorized into
deletion, base substitution and single base insertion. As shown
in Fig. 1C, deletion mutation frequencies in the liver of Parp-1-/~
mice showed a tendency of 1.7-fold increase compared to those in
Parp-1*/* mice (p=0.20). The deletion mutations could be classified
into single base deletion and deletion of two bases or more (Fig, 1C).
Fig. 1D shows the distribution of single base deletions of the gam
gene in the liver of Parp-1-/~ and Parp-1*/* mice at 18 months of
age. Single nucleotide repeats, ~AAAAA- at 227-231, ~AAAAAA-
at 295-300 and -GGGG- at 286-289, are known as hot spots of
single base deletions in the gam gene of wild-type mice [28]. The
frequency of single base deletions at hot spots, namely at 4-6bp
mononucleotide repeats was not increased in Parp-1-/- mice
compared to Parp-1** mice (Fig. 1C). In contrast, the frequency of
single base deletions at non-repeat sequences or short repeats of
2-3 bp mononucleotides showed a 5.8-fold increase in Parp-1-/~
mice (p=0.031, Fig. 1C). The single base deletions at non-repeat
sequences were only observed in Parp-1-/- mice at a frequency of
4.3 x 10~7 and showed a higher frequency than that in Parp-1*/*
mice (p=0.023). The specific deletion mutation frequencies of
two bases or more in the liver showed a 3.2-fold (Fig. 1C) higher
tendency in Parp-1-/~ mice than those in Parp-1** mice, although
there was no statistical significance (p=0.084). Deletions of both
2 bp-1kb and deletions larger than 1 kb were observed in the liver
of Parp-1-I- mice, whereas all three mutants in Parp-1%* mice
(Table 1) had deletions larger than 1 kb (data not shown).

The deletion mutations of two bases or more were also cate-
gorized into those that occurred at non-repeat and short repeat
sequences of mononucleotides. Frequencies of deletion mutations
of two bases or more at non-repeat and short repeats of mononu-
cleotides showed a higher tendency in Parp-1-/— than Parp-1*/*
mice (p=0.28) at 18 months old (Fig. 1C). There was no deletion
mutation of two bases or more that occurred on a mononucleotide
repeat larger than 4 bp in both genotypes.

We further categorized deletion mutations of two bases or more
into simple or complex types (Table 1). Complex-type deletions
were defined as accompanying small insertions or recombina-
tion with deletions [20]. Complex-type deletions were found in



