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Poly(ADP-ribose) polymerase-1 (Parp-1) is activated by DNA
strand breaks and functions in the maintenance of genomic integ-
rity and cell death control. On the other hand, Parp-1 is also in-
volved in transcriptional regulation of various genes, and the
relationship between Parp-1 deficiency and susceptibility to tu-
morigenesis has not been fully elucidated. In the present study,
Parp-1 −−−−/ −−−− mice, harboring exon 1 disruption in Parp-1, and Parp-
1 ++++/ ++++  animals were administered azoxymethane (AOM) at a dose
of 10 mg/kg body weight once a week for 6 weeks. At 30 weeks
after the first carcinogen treatment, mice were sacrificed. The in-
cidence of animals bearing either adenomas or adenocarcinomas
in the colon and the average number of colon tumors per mouse
were significantly higher in Parp-1 −−−−/ −−−− mice than in Parp-1++++/ ++++ ani-
mals. ββββ-Catenin accumulation was observed in 43/44 of Parp-1 −−−−/ −−−−

tumors and 19/21 of the Parp-1 ++++/ ++++  tumors and was not statisti-
cally different between the genotypes. This suggests that most
tumors developed through a pathway involving the alteration of
Wnt-ββββ-catenin signaling in both Parp-1 −−−−/ −−−− and Parp-1++++/ ++++  mice. In
the liver, where AOM is primarily activated, the incidence of ani-
mals bearing nodules and the average number of nodules per
section were significantly increased in Parp-1 −−−−/ −−−− mice compared
with Parp-1++++/ ++++  mice. Therefore, the results indicate that suscepti-
bility to AOM-induced tumorigenesis in the colon and also in the
liver is enhanced in Parp-1 −−−−/ −−−− mice, and Parp-1 could have a sub-
stantial role in colon and liver tumorigenesis. (Cancer Sci 2003; 94:
497–500)

he polyADP-ribosylation reaction is catalyzed by
poly(ADP-ribose) polymerase (Parp) family proteins using

NAD as a substrate. Parp-1 is a 113-kDa nuclear enzyme which
polyADP-ribosylates various nuclear proteins, including Parp-1
itself and histones, after activation by binding to DNA single
and double strand breaks. Parp-1− /− cells show delayed DNA
rejoining after treatment with alkylating agents, and a role of
Parp-1 in base excision repair and double strand break (DSB)
repair has been suggested.1) Parp-1− /− cells also display en-
hanced genomic instability, including chromosome aberration
and increased levels of micronuclei formation both in the ab-
sence of DNA damage and after DNA damage introduction.2, 3)

In addition, Parp-1 also has a leading role in cell death after
DNA damage and Parp-1 overactivation. NAD depletion after
DNA damage was abrogated in Parp-1− /− cells and as a conse-
quence, Parp-1−/− cells became resistant to cell death induced
by severe DNA damage.4–8) This evidence suggests that loss of
Parp-1 function could have a substantial contribution to tumori-
genesis, through the introduction of genetic alterations.

In fact, we previously demonstrated that Parp-1− /− mice, har-
boring exon 1 disruption in Parp-1, showed increased inci-
dences of liver and lung tumors after N-nitrosobis(2-
hydroxypropyl)amine administration.9) Pronounced susceptibil-
ity to tumorigenesis was also reported with Parp-1− /− SCID by
Morrison et al.10) and with Parp-1−/− p53−/− mice11) and Parp-1−/−

Ku80− /− mice,12) harboring exon 2 disruption in Parp-1, by

Tong et al.13) It is also known that pharmacological intakes of
niacin augment NAD level and increase the latency of the eth-
ylnitrosourea-induced liver carcinogenesis.14) Since Parp-1 is
also involved in the transcriptional regulation of various
genes,15–17) the impact of Parp-1 deficiency may differ among
various types of tumors and among various organs. Therefore,
the effect of Parp-1 deficiency on tumorigenesis needs to be in-
vestigated in various models of tumorigenesis.

In the present study, Parp-1− /− mice, harboring exon 1 dis-
ruption of Parp-1, were treated with azoxymethane (AOM), a
potent colon carcinogen. We observed that the Parp-1− /− mice
showed an enhanced incidence of tumor development in the co-
lon and also in the liver. Colon tumors induced by AOM in ro-
dents are frequently associated with alteration of the Wnt-β-
catenin signaling cascade, and β-catenin accumulation is ob-
served.18) Therefore, to examine whether the development of tu-
mors in Parp-1+ /+  and Parp-1−/− mice involves alteration of
Wnt-β-catenin signaling, immunostaining of β-catenin was car-
ried out.

Materials and Methods

Parp-1− /− mice generated by disrupting the Parp-1 exon 1
through the insertion of a neomycin resistance gene cassette5)

were used in this study. Mice were housed in plastic cages in an
air-conditioned room with a 12 h light-dark cycle. Water and
basal diet (CE-2, CLEA JAPAN, Tokyo) were available ad libi-
tum. Parp-1+/+  and Parp-1− /− female mice (7–8 weeks old) of a
mixed genetic background of ICR and 129Sv were produced by
line-breeding. The mean body weights of Parp-1+ / +  and Parp-
1− /− mice at the start of the experiment were 21.7±1.7 g and
21.4±2.9 g, respectively. Parp-1+ /+  and Parp-1− /− mice re-
ceived i.p. injections of either AOM (Sigma, St. Louis, MO) in
sterile saline at a dose of 10 mg/kg body weight or saline alone
once a week for 6 weeks. Mice that became moribund before
the termination of experiment were euthanized and autopsied,
and dead animals were necropsied. Thirty weeks after the first
carcinogen treatment, the remaining mice were euthanized and
all organs were examined macroscopically for the presence of
tumors and fixed in neutralized 10% formalin solution. The co-
lons were opened along the longitudinal axis and the number
and maximum diameter of colon tumors detectable with naked
eyes were measured. Locations of colon tumors were deter-
mined after dividing the colons equally into proximal, middle
and distal parts. Histological analysis of colon tumors was per-
formed after the routine process of embedding the tissue in par-
affin and staining sections with hematoxylin and eosin. In
addition to ordinary polypoid tumors, flat adenomas were de-
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fined as previously described.19) Liver sections were prepared in
5 mm thickness from each lobe at maximum diameter, and his-
tological analysis of the liver tumors was carried out as de-
scribed by Frith and Ward.20, 21) The number of liver nodules on
each section was analyzed according to the criteria of Campbell
et al.22) The maximum diameters and areas of nodules were an-
alyzed with the aid of an image analyzer, IPAP-WIN software,
version 1.0.0.1 (Sumika Technoservice Corp., Osaka).

For β-catenin immunostaining, tissue sections prepared at 3.5
µm thickness were mounted on slides coated with aminosilane
(Matsunami, Osaka), deparaffinized with xylene, and rehy-
drated with graded alcohol. Autoclave treatment in citrate
buffer was used for antigen retrieval. Immunostaining of the
sections with a monoclonal antibody against mouse β-catenin
(Transduction Lab., Lexington, KY) diluted at 150-fold in PBS
containing 2% goat serum and 0.1% BSA was performed using
the Ventana NX automated immunohistochemistry system
(Ventana Medical Systems, Tucson, AZ). Sections processed
without primary antibodies were used as negative controls.

The significance of differences was analyzed by the χ2 test
for the incidence, size distribution and locations of tumors and
by Mann-Whitney U test for the number of tumors per mouse
using SPSS for Macintosh (SPSS, Inc., Tokyo). To analyze dif-
ferences in the number of liver nodules, Student’s t test was
used.

Results

Tumorigenesis in the colon. Administration of AOM did not af-
fect body weight increase either in Parp-1+/+  or Parp-1− /− mice.
Data for colon tumor development are summarized in Table 1.

Parp-1− /− mice treated with AOM showed a significantly
higher incidence of the colon tumors compared with that of
Parp-1+ /+  mice (P<0.05). The number of tumors per mouse
was also higher in Parp-1− /− mice than in Parp-1+/+ animals
(P<0.05). No colon tumor was found in Parp-1+/+ and Parp-1−/−

mice that received saline alone. The tumors were mostly well-
differentiated or moderately differentiated adenocarcinomas
and a few adenomas were observed. The incidences of adeno-
carcinomas were 21/21 and 41/44 in Parp-1+ /+  and Parp-1−/−

mice, and those of adenomas were 0/21 and 3/44 in Parp-1+/+

and Parp-1− /− mice, respectively. The tumors were mainly lo-
cated in the distal part of the colon both in Parp-1+ /+  and Parp-
1− /− mice. The average of the maximum diameter of the colon
tumors was larger in Parp-1− /− mice than in Parp-1+ /+ mice
(P<0.05). Tumors were mostly of the polypoid type (Fig. 1A)
and flat tumors were only infrequently observed, namely 2/21
(9.5%) of Parp-1+ /+ tumors and 4/44 (9.1%) of Parp-1− /− tu-
mors. The majority of the tumors, 19/21 of the Parp-1+/+ tu-
mors and 43/44 of the Parp-1− /− tumors, exhibited dense β-
catenin accumulation in the nuclei or cytoplasms in the tumors,
as shown in Fig. 1. Nineteen of 19 polypoid tumors and 0/2 flat
tumors in Parp-1+ /+ mice and 39/40 polypoid tumors and 4/4
flat tumors in Parp-1−/−  mice showed β-catenin staining.

It was proposed that lymphoid tissues in the distal colon play
a promotional role following carcinogen treatment.23) No differ-
ence in the distribution of the gut-associated lymphoid tissues
in the colon was observed between Parp-1+ / + and Parp-1−/−

mice before and after AOM treatment (data not shown).
Tumorigenesis in the liver. AOM is primarily metabolized and ac-
tivated in the liver and Parp-1− /− mice displayed an increased
incidence of liver nodules compared with Parp-1+ /+  mice after

Table 1. Colon tumor in mice given AOM

Mice AOM dose
(mg/kg BW)

No. of mice 
bearing tumors

(%)

No. of 
tumors per 

mouse2)

No. of tumors

Maximum diameter Location

<1.5 mm ≥1.5 mm Distal Middle Proximal

Parp-1+ /+ 0 0/23 (0) 0 0 0 0 0 0
10 8/19 (42) 1.1±2.0 9 12 20 1 0

Parp-1− /− 0 0/19 (0) 0 0 0 0 0 0
10 16/21 (76)1) 2.1±1.81) 8 361) 40 4 0

1) Significantly different between Parp-1+ /+ and Parp-1−/− mice at P<0.05.
2) Mean±SE.

A B

Fig. 1. Typical β-catenin-positive colon adenocarcinoma in Parp-1−/− mice. A. Hematoxylin-eosin staining of the tumor. B. Immunostaining with
anti-β-catenin antibody. Bars indicate 1 mm.
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AOM administration. The nodules are composed of cells,
which resemble normal hepatocytes but are compressed com-
pared to the surrounding liver tissue, as previously
described.19, 20) Nuclear atypia, mitoses, and apoptosis were not
frequently observed. The trabecular and columnar patterns of
plates of hepatic cells were maintained and there was no obvi-
ous disruption of the liver architecture, although the demarca-
tion of nodules to adjacent normal parenchyma was detectable.
Table 2 summarizes the liver nodule development in Parp-1+ /+

and Parp-1−/− mice after AOM treatment. Compared with
Parp-1+ /+  mice, Parp-1−/− mice showed a significantly higher
incidence of liver nodule formation (P<0.05) and the number
of nodules per section (P<0.01). There were only two nodules
in Parp-1+/+ mice, so statistical analysis of the difference in
size of the nodules between Parp-1+ /+ and Parp-1− /− mice was
not carried out. β-Catenin accumulation in the liver nodules
was not observed in either the Parp-1+/+  or Parp-1− /− animals
(data not shown).

Discussion

The present study demonstrates the increased susceptibility of
Parp-1− /− mice to AOM-induced tumorigenicity compared with
Parp-1+ /+  mice. The incidence of tumors both in the colon and
liver after AOM treatment was significantly higher in Parp-1− /−

mice than in Parp-1+ /+  mice. In contrast, the development of
spontaneous tumors was not observed either in Parp-1− /− mice
9 months after birth, or in their Parp-1+ /+  counterparts, as pre-
viously described.3, 5, 24) Since the histopathological features of
the Parp-1− /− and Parp-1+ /+  colon tumors induced by AOM
were similar to each other and the tumors of both genotypes
showed accumulation of β-catenin, the results suggest that the
majority of tumors of both genotypes developed through a
common molecular pathway, namely alteration of the Wnt-β-
catenin signaling. On the other hand, the average size of the co-
lon tumors was larger in Parp-1− /− mice than in Parp-1+ /+  mice.
Since Parp-1− /− cells show altered gene expressions,25) the defi-
ciency of Parp-1 could have influenced the transcription of
genes involved in tumor growth control. In addition, Parp-1− /−

embryonic fibroblasts become resistant to apoptosis inducing
factor-dependent apoptosis induced by DNA damage.26) The
lower sensitivity to cell death after DNA damage under condi-
tions of Parp-1 deficiency may potentially enhance tumor
growth, as well as allowing the accumulation of genetic alter-
ations in the cells.

In the liver, the incidence of liver nodules, precancerous le-
sions,19) was also higher in Parp-1− /− mice than in Parp-1+ /+

mice given AOM. Therefore, under Parp-1 deficiency, the liv-
ers are also exposed to an increased risk of AOM-induced tu-
morigesis. AOM injection into rats induces tumors in the kid-
ney, as well as in colon and liver.27, 28) We thus examined tu-
mor development in the kidney in Parp-1+ /+  or Parp-1− /− mice

treated with AOM, but found no tumor in these mice.
AOM is metabolized mainly in the liver to methyla-

zoxymethanol (MAM) and MAM spontaneously decomposes to
methyldiazonium, OH− and formaldehyde.29) Methyldiazonium
is further decomposed to a methyl cation, which induces DNA
damage, including formation of adducts such as O6-methylgua-
nine and 3-methyladenine. Methyl adducts on DNA also evoke
DNA strand breaks through abortive mismatch-repair pro-
cess.30) In addition, formaldehyde induces genetic alterations,
such as sister chromatid exchanges and micronuclei
formation.31, 32) MAM is also conjugated to glucuronate by
detoxification enzymes in the liver. The enterohepatic circula-
tion delivers the glucuronate conjugate of MAM to the colon,
where microbial glucuronidases release MAM. Multiple roles
of Parp-1 in the repair of such DNA damage have been sug-
gested. Parp-1 interacts with DNA-dependent protein kinase
and Ku8033, 34) and is involved in DSB repair. Parp-1 also pro-
tects single strand breaks and DSBs from accidental recombina-
tion through its anti-recombinogenic property and binding
ability to DNA strand breaks. The association of Parp-1,
XRCC-1 and DNA polymerase β has been reported, and Parp-1
may function as a key molecule in base-excision repair.1, 35) De-
lay in DNA strand-break repair and/or base-excision repair in
the Parp-1-deficient state possibly increases genetic alterations
during tumorigenesis.

The susceptibility of Parp-1− /− mice to tumorigenesis has
been reported using only a limited number of experimental sys-
tems. Parp-1− /−SCID mice showed a higher incidence of thy-
mic lymphoma compared with Parp-1+ /+SCID mice.10)

Similarly, Parp-1− /−p53− /− mice, harboring exon 2 disruption in
Parp-1, displayed increased incidences of various tumors com-
pared with Parp-1+ /+p53− /− mice, including brain tumors,
which were not observed in their Parp-1+ /+  counterparts.11, 13)

On the other hand, Parp-1−/−p53−/− mice, harboring exon 4 dis-
ruption in Parp-1, showed delayed onset of tumorigenesis com-
pared with Parp-1+ /+p53− /− animals.36) Parp-1− /− mice,
harboring exon 1 disruption in Parp-1, showed increased inci-
dences of hemangiomas and hemangiosarcomas in the livers
and those of adenomas in the lungs after N-nitrosobis(2-hy-
droxypropyl)amine administration.9) Differences in the dis-
rupted exon in the Parp-1 gene and/or the presence of a
modifier gene may cause this difference in the susceptibility to
tumorigenesis.

The present model of AOM-induced tumorigenesis in Parp-
1− /− mice should be useful to elucidate mechanisms of the colon
and liver tumor development.
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Table 2. Liver nodule formation in mice given AOM

Mice AOM dose 
(mg/kg BW)

Liver nodules

No. of mice 
bearing nodules

(%)

No. of nodules3) 
per section Mean area (mm2)

Parp-1+/+ 0 0/22 (0) 0 0
10 2/19 (11) 0.055±0.35 1.193)

Parp-1−/− 0 0/19 (0) 0 0
10 9/22 (41)1) 2.6±1.32) 0.29±0.194)

1) Significantly different between Parp-1+/+ and Parp-1− /− mice at P<0.05. 
2) Significantly different between Parp-1+/+ and Parp-1− /− mice at P<0.01.
3) The size of two nodules was 0.39 and 2.0 mm2, respectively.
4) Mean±SE.  
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