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Abstract. Carcinogenesis involves multiple steps and
pathways with functional alterations in a variety of genes.
There is accumulating evidence that a deficiency of
poly(ADP-ribose) polymerase (PARP)-1 leads to DNA
repair defects, genomic instability, failure of induction of
cell death and modulation of gene transcription. PARP-1
also supports the growth of tumor cells in certain situa-
tions. Genetic analyses of the PARP-1 gene have demon-
strated alterations in neoplasms, and a mutation affecting
the conserved amino acid E251 in germ cell tumors, as
well as an association of a single-nucleotide polymorphism
V762A with risk of prostate cancer. Recent development
of a selective inhibitor of poly(ADP-ribose) glycohydro-

lase (PARG), the enzyme primarily responsible for degra-
dation of poly(ADP-ribose), and PARG-deficient animals
should facilitate studies of the relationship of poly(ADP-
ribose) with carcinogenesis. Inhibitors of PARP have
also suggested roles in the pathogenesis of autoimmune
disease, and a promoter haplotype of PARP-1 confers a
higher risk of rheumatoid arthritis. Further analysis of
PARP-1, PARG and other PARP family genes should
extend our understanding of the pathogenesis of cancer
and autoimmune diseases. Furthermore, there is potential
for sensitization to chemo- and radiation therapy of
cancers as well as the treatment of autoimmune disease
with development of stronger PARP inhibitors.

Key words. Poly(ADP-ribose); PARP; PARG; cancer; autoimmune diseases.

Introduction

Since the discovery of poly(ADP-ribose) and poly(ADP-
ribose) polymerase (PARP) in the 1960s, progress in
understanding their biological functions has been slow.
The first breakthrough was made through the availability
of a specific PARP inhibitor, 3-aminobenzamide (3AB),
which was found to enhance the effects of DNA damaging
agents [1]. The elucidation of the molecular mechanisms
of DNA repair, DNA replication and transcription places
the science of poly(ADP-ribose) and PARP on a firm
basis with detailed information about their biological
roles. Involvement of poly(ADP-ribose) and PARP in
carcinogenesis has thereby become evident (fig. 1). The
usage of appropriately designed inhibitors of PARP and
knockout animals has been crucial. We previously pub-

* Corresponding author.

lished two review articles on carcinogenesis and PARP
[2, 3]. In the present review, we include more recent
information with relevance to human health, and cover
priorities for future work.

In 1977, our group reported the presence of an antibody
against poly(ADP-ribose) in the sera of patients with
systemic lupus erythematosus (SLE), soon after the
discovery of poly(ADP-ribose) and PARP [4]. This was
followed by a demonstration of antibodies against
poly(ADP-ribose) in the sera of New Zealand mice,
which spontaneously develop autoimmune disease. The
latter half of this paper reviews current information on
research into poly(ADP-ribose) with reference to autoim-
munity. Cancer and autoimmune diseases are clearly very
different in their clinical features. Nevertheless, to a certain
extent, the common involvement of poly(ADP-ribose)
and PARP has been found. It can be envisaged that
attention to both diseases, focusing on poly(ADP-ribose),
would provide new insights. In this article, we summarize
and discuss the current understanding of the relation of
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Figure 1. Possible involvement of Parp-1 dysfunction in multi-step carcinogenesis. Endogenous and exogenous DNA damage, as well as
genomic and epigenetic instabilities, induces activation of oncogenes and inactivation of tumor suppressor genes. These events cause cellular
transformation (as indicated by yellow) and lead to selection of tumor cells which might accompany potential of survival against cell death
pressures (as indicated by orange) and tumor cells which further acquire malignant and invasive properties (as indicated by brown). Parp-1
dysfunction affects genomic and epigenetic stabilities possibly through defects in DNA repair and cell cycle regulation. Both stimulative
and inhibitory effects on proliferation of tumor cells by Parp-1 dysfunction are observed depending on the types of tissues and tumor cells.
Parp-1 dysfunction may further inactivate a cell death pathway, which accompanies NAD depletion, and may modulate tumor cells to

acquire malignant and invasive potential.

poly(ADP-ribose) metabolism to pathogenesis and thera-
peutic aspects of cancer and autoimmune diseases, focus-
ing on two major molecules, PARP-1 and PARG.

Cancer and autoimmune diseases

The development of cancer is governed by two groups of
etiologic factors: heritable and environmental, namely
genotoxic agents, such as DNA damaging agents, and
non-genotoxic factors, such as hormones [5]. Cancers
showing early onset are often associated with a substantial
contribution of heritable genetic alteration, while those
developing at an advanced age may be triggered by a
combination of weak heritable and multiple environmental
factors. DNA damage can be induced by chronic or acute
inflammatory reactions and cause genetic and epigenetic
changes in oncogenes and tumor suppressor genes.
When caretaker genes for genomic stability are involved,
evolution of tumors would be expected to be markedly
accelerated.

Meanwhile, the pathogenesis of autoimmune diseases
involves the activation of B and/or T cells, which recog-
nize weak self-antigens and subsequent inflammation,
which trigger damage in tissues. Delayed clearance of
apoptotic cells by macrophages and dendritic cells is

considered to stimulate immune responses to self-
antigens, thereby leading to autoimmunity. Substantial
involvement of heritable factors is also notable in
autoimmune diseases. Hereditary defects may promote
failure of T cell regulation, which is critical to support
non-responsiveness to weak self-antigens. Environmental
factors such as infection by microbes, ultraviolet
(UV) radiation, ionizing radiation or drugs that modify
weaker antigens might increase specific B or T cell
activation.

Inflammation reactions are considered to promote
carcinogenesis by inducing genomic instability due to
oxidative and nitrosative stress on cellular components
[6]. However, in general, organ-specific autoimmune
diseases only infrequently predispose to cancer develop-
ment. Deficiency in poly(ADP-ribose) polymerase
(PARP)-1 might contribute to carcinogenesis through
induction of genomic and epigenetic instability and
alteration of transcriptional regulation and differentia-
tion. In the pathogenesis of autoimmune diseases,
PARP-1 dysfunction could modulate immune responses
through affecting transcriptional regulation and might
also influence cell death induction and clearance of dead
cells.
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Poly(ADP-ribosyl)ation reactions, PARP and PARG

Poly(ADP-ribosyl)ation reactions function in multiple
cellular responses, including DNA damage, inflammation
and cell death induction. More than 16 PARP family
proteins have been reported, including PARP-1, which
has a siginificant function in several DNA repair pathways
[7]. PARP uses NAD as a substrate and poly(ADP-
ribosyl)ates glutamic acid, aspartic acid and lysine
residues on various proteins, including PARP-1 itself.
This poly(ADP-ribosyl)ation of proteins affects their
conformation through highly negative charges and conse-
quently modulates interactions with DNA.

PARP-1 has a three-domain structure and is activated by
binding to DNA strand breaks. The N-terminal DNA
binding domain harbors two zinc-finger (ZF) motifs,
CX,CX,5 30HX,C, bipartite nuclear localization signals
(NLSs) and a conserved cysteine-rich structure,
CX,CX,CX,C. Cleavage sites of PARP-1 during apopto-
sis by caspase reside in the NLS. ZF-I is necessary for
PARP-1 activation, and ZF-II functions in binding to
single-strand breaks (SSBs) but is not essential for
PARP-1 activation [8]. Both ZF-I and -II have the capacity
to bind to SSBs [9]. PARP-1 also binds to cruciform,
curved, bent and looped DNA structures. With the latter,
the Kd value is equivalent to that for the blunt end of
DNA [10]. The ability of PARP-1 to bind to looped and/or
curved DNA structures may account for its specific
localization to nuclear matrices, chromatin fractions or
the promoter sequences of certain genes and should be
further investigated.

In the auto-modification domain, 15 glutamic acid and 4
aspartic acid residues are present in human PARP-1,
serving as potential acceptor sites for poly(ADP-ribo-
syl)ation. PARP-1 also poly(ADP-ribosyl)ates other
proteins, including histones, DNA topoisomerase I (topo I)
and II, DNA polymerases, p53, various transcription
factors, such as NF-kB, and proteins involved in DNA
repair. A BRCT motif (BRCA1 C-terminus motif) is
involved in the interaction with other proteins, including
transcription factors, such as YY1 (Ying Yang transcription
factor 1) and Oct-1 (Pou-homeodomain-containing oc-
tamer transcription factor-1). XRCC1 (X-ray repair
cross-complementing factor-1), which is involved in
base-excision repair (BER), also interacts with PARP-1.
The automodification domain and N-terminal DNA
binding domain function in homodimerization of PARP-
1 and heterodimerization of PARP-1 and PARP-2 [11].
The C-terminal domain is well conserved among species.
Random mutagenesis of the catalytic domain of PARP-1
revealed that mutation at G699, R704, L797, S808, N868,
F869, G871, L877, M890, F897, D899, C908, E923,
L1926, L964, G972, 1984, Y986, E988, Y989, 1999,
Y1001, and L1003 reduced poly(ADP-ribosyl)ation
activity [12]. Mutation at Y986 and E988 also affected
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poly(ADP-ribose) branching and/or elongation [12].
Mutation of some surface residues (R847, E923, G972)
also altered the branching of poly(ADP-ribose). The
presence of a shorter isoform, SPARP-1, consisting of the
C-terminal catalytic domain, has been reported in the
mouse [13]. sPARP-1 is localized in the nucleus and is
stimulated by genotoxic agents, suggesting an involvement
in DNA damage responses.

Poly(ADP-ribose) glycohydrolase (PARG) is the major
degradation enzyme for poly(ADP-ribose). A single
PARG gene has been identified, but three different
isoforms of the protein are produced by alternative splicing
and located in various cellular organella [14, 15]. These
isoforms seem to be responsible for catalyzing the degra-
dation of poly(ADP-ribose) present in different cellular
compartments. Human PARG complementary DNA
(cDNA) encodes a 976-aa protein, comprising N-terminal
regulatory and C-terminal catalytic domains [16]. In the
N-terminal domain, a putative NLS is present in exon 1.
A potential nuclear export signal, LX,VX,LXL, is also
present in this domain from aa 127-135 [17]. There is
also a possible mitochondrial localization signal present
in the middle of the protein [14]. When overexpressed,
111-kDa full-length human PARG fused to GFP protein
is exclusively present in the nucleus in the interphase and
is not associated with chromatin during mitosis, but is
present in cytoplasm and centrosomes [18]. The presence
of two alternatively spliced variants, 102 kDa, lacking
exon 1, and 99 kDa, lacking both exons 1 and 2, has also
been demonstrated in cytoplasm [14]. An 80-kDa isoform
was also identified by Western blotting [15]. PARG is
cleaved by caspase-3 at DEID,V and MDVD,;;N to
yield 85- and 74-kDa C-terminal fragments [19]. The
apparent lack of NLS in these fragments may explain
their localization in the cytoplasm. The cleaved PARG may
have distinct functions and influence cell death processes.

Genomic stability and DNA repair

The impact of Parp-1 ablation on genomic stability has
been analyzed in primary cultures and with immortalized
cells, as listed in table 1. Notably, when bone marrow cells
were used, chromosome breaks did not show elevation
[20, 21], whereas bone marrow cells after treatment with
DNA damaging agents or non-treated mouse embryonic
fibroblasts (MEFs), even at early passage, exhibited
elevated chromosome instability [22, 23]. A plausible
explanation is that genomic instability observed in
Parp-1--cells is mostly induced by DNA damage. In fact,
the 20% oxygen concentration commonly used for cell
culture induces substantial oxidative damage in MEFs,
resulting in increased mutation [24].

A higher rate of loss of heterozygosity (LOH) occurred at
the p53 locus derived from Parp-17- p53* than from
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Table 1. Impact of Parp-1 deficiency on genomic instability.

Poly(ADP-ribosyl)ation, cancer and autoimmune diseases

Genomic instability Detailed description of alterations Treatment Outcome (observed cells or tissue)
Chromosomal abberation chromosome/chromatid breaks none Tt primary MEF?[20], —?bone marrow [21]
MNU Tbone marrow [21]

LOH
aneuploidy

ploidy increase

SCE

Micronuclei

Elevation of mutation
frequency

point mutation

deletion

Minisatellite instability

Misregulation of
transcription

y-irradiation
P53 deficiency
none

none
none

mitomycin C
hydroxyurea
MNU*

none

MMS
mitomycin C
y-irradiation

Tbone marrow [21]
Ttumor [20]
—ES cell*

Timmortalized MEF [108, 109],
— splenocyte?, -ES cell*

Tbone marrow [21], Tsplenocyte [22],
Timmortalized MEF [25]

T primary MEF [22]

T immortalized MEF[25]

Tbone marrow [21]

Tprimary MEF [23], — primary MEF [22]
Tprimary MEF [23]

Tsplenocyte [22]

Tsplenocyte [22]

none —liver [27], —bone marrow [27]
BHP —liver [27]

none —liver [27], —bone marrow [27]
BHP Tliver [27]

none —ES cell*

none Tprimary MEF [108], TES cell [55]

I'No change (—), or %elevated (T), when compared to wild-type cells or tissue.

3MEF: mouse embryonic fibroblast.
4 M. Masutani et al., unpublished.

Parp-1""p53*~ mice [20]. This raises the intriguing
possibility that Parp-1 deficiency induces LOH during
tumorigenesis, although the frequency of LOH should be
further measured with different loci. LOH could be
caused by chromosome breaks, chromosome loss and
through homologous recombination (HR) repair. Increased
and persistent formation of Rad51 foci and augmented
sister chromatid exchange (SCE) frequencies in Parp-17"
cells [25] have indicated that Parp-1 deficiency causes a
higher chance of HR by providing stalled replication
forks or increasing DSB formation.

PARP-1 binds specifically with high affinity to the ends
of single- and double-strand breaks of DNA. Through this
property and also through the capacity of PARP-1 to
interact with DNA repair proteins through the BRCT
motif, PARP-1 functions in BER, and SSB and double-
strand break (DSB) repair, as well as HR [23, 26]. After
treatment with an alkylating agent, N-nitrosobis(2-
hydroxypropyl)amine (BHP), point mutations in the
livers of Parp-17- mice did not increase, but deletions and
those accompanying rearrangement/insertions were en-
hanced [27]. These results suggest that PARP-1 might act
to prevent the formation of a stalled complex after exci-
sion of damaged bases during BER reactions, and, in its

absence, the stalled BER complex may cause DSBs which
would require further repair by either non-homologous
end-joining repair (NHEJ) or HR. The fidelity of NHEJ
itself may also be lower in the absence of PARP-1, result-
ing in induction of deletions/insertions.

Regarding other members of the PARP family, PARP-2 is
involved in BER by interacting with PARP-1 and XRCCl1
[11]. PARP-1 and PARP-2 prevent covalent complex
formation of topo I with DNA and are able to remove
stalled topo I from abortive SSBs [28]. PARP-2 localizes
in centromeres, and Parp-2- cells show enhanced G2/M
accumulation, and tetraploidy with kinetochore defects,
and an increase of anaphase bridges [29]. PARP-3 localizes
in daughter centrioles throughout the cell cycle and inter-
acts with PARP-1, and its overexpression causes G1/S
phase arrest [30]. These results indicate the possibility
that dysfunction of PARP-2 and PARP-3 could induce
mitotic defects leading to genomic instability, thus con-
tributing to carcinogenesis.

During DNA repair, various proteins are poly(ADP-
ribosyl)ated. Thus, it is speculated that dysfunction of
PARG may also interfere with DNA repair. However,
Parg”~ embryonic stem (ES) cells did not show an
increased frequency of SCE induction in the absence or
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presence of an alkylating agent, methylmethanesulfonate
(MMS) [30]. Since Parg™~ cells [2, 32, 33] and mice show
increased lethality on exposure to alkylating agents and
ionizing irradiation [34], more detailed analyses should be
conducted to clarify the role of PARG in DNA repair.
Knockdown of tankyrase 1 resulted in mitotic arrest and
non-resolution of sister telomere association [35]. Even
partial dysfunction of tankyrase 1 may lead to chromo-
some aberration and possibly take part in carcinogenesis.

Epigenetic regulation

Epigenetic information in the cell is defined as information
that is stably inherited by daughter cells but not coded by
DNA sequences. DNA methylation and chromatin modi-
fication, including that of histones, are the major known
processes underlying epigenetic regulation. Poly(ADP-
ribosyl)ation, occurring on histones and other chromatin
proteins, may be directly involved in epigenetic regulation
and also function indirectly by affecting DNA methyla-
tion and histone acetylation. PARP inhibition induced an
increase in global DNA methylation in the genome and
also showed reduction of HtfY gene expression [36].
Parp-1-disrupted flies show loss of gene expression in puff
loci and a wide range of changes in the gene-expression
pattern [37]. These results support some relation of
poly(ADP-ribosyl)ation with epigenetic regulation, and
further studies are anticipated in this regard.

Genetically manipulated animal models for cancer

PARP inhibitors may enhance chemical-induced carcino-
genesis or exert suppressive effects depending on the tissue
and carcinogen used. PARP-1 inhibitors, such as 3AB,
may impact not only on PARP-1 but also other PARP
family proteins, and this might influence the outcome of
carcinogenesis experiments. The carcinogenesis experi-
ments of transgenic and knockout models of PARP-1
are summarized in table 2. Transgenic mice expressing
the DNA binding domain of PARP-1, which acts as a
dominant-negative mutant, show an increased frequency
of T cell lymphoma in p53-deficient mice [38]. In Parp-1"
mice established by disrupting exon 2 [39] and exon 1[3],
an increased frequency of the spontaneous development
of hepatocellular carcinoma (HCC) was observed at the
ages of 18-24 months. Parp-1- mice disrupted in exon 1
demonstrated a substantial increase in carcinogenesis after
administration of alkylating agents, including BHP, in the
liver and lungs [40]. In addition, hemangiosarcomas were
observed in the livers of Parp-17- mice but not at all in
wild-type mice, indicating that Parp-1 deficiency also
enhances the malignancy of the tumors. In the case of
azoxymethane treatment, Parp-17~ mice also demon-
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strated increases of the incidences of colon cancer and
liver nodules [41]. The sizes of colon adenocarcinomas
were larger in Parp-1-- than in Parp-1"" mice, suggesting
promotion of tumor growth.

In contrast, Parp-17~ mice did not show an increased
incidence of tumors after treatment with the carcinogens
4-nitrosoquinoline 1-oxide (4NQO) [A. Gunji et al, un-
published 43] and IQ (2-amino-3-methylimidazo[4,5-f]
quinoline) [K. Ogawa et al., unpublished, 43], both of
which generate bulky adducts in DNA and would be
repaired by nucleotide excision repair. Taken together,
these results suggest that the functions of PARP-1 in BER
and/or DNA strand break repair that are involved in
correction of alkylation-induced DNA lesions are more
important than other functions of PARP-1 for suppression
of carcinogenesis.

The combination of the DNA-PKcs (SCID mutation) [42],
Ku80 [38] or p53 [20] deficiency all enhanced the inci-
dence of tumor development in exon 2-disrupted Parp-1"
mice, probably through triggering genomic instability.
Notably, in Parp-17"p537 mice, medulloblastomas, cere-
bellar embryonal tumors, were observed at a 50%
frequency from about 16 weeks [43]. All of these tumors
accompanied Hedgehog pathway activation by overexpres-
sion of the effector G/i gene and showed aneuploidy.
Further characterization of medulloblastomas in Parp-17"-
p537 mice should be helpful to understand the mecha-
nisms of development of this type of tumor in humans.
When exon 4-disrupted Parp-17- mice were used to gener-
ate Parp-17"p53~ mice, tumor-free survival was extended
50% [44]. Constitutive iNOS (inducible nitric oxide
synthase) upregulation in p53” mice was previously
shown to contribute to carcinogenesis [45], and the Parp-1
deficiency substantially suppressed iNOS expression,
causing reduction in the cell proliferation potential in
Parp-17p537 mice. The incidence of skin papilloma in
the Parp-1--mice, harboring exon 4 disruption in Parp-1
gene induced in a two-step carcinogenesis model with
7,12-dimethylbenz[a]-anthracene (DMBA) and 12-O-tetra-
decanoyl-phorbol-13-acetate (TPA), was also decreased
with a concomitant reduction in NF-xB activation and
proliferation in epidermis after carcinogen treatment
[46]. It should be noted that genomic instability is com-
monly enhanced both with exon 2- and 4-disruption of
the Parp-1 gene in p53~ mice. Therefore, the different
results for susceptibility to tumorigenesis between exon
2- and -4-disrupted Parp-1-- mice may not be caused by
the difference in genomic instability. PARP-1 may also
function to support tumor growth under certain conditions.
Interactions of the effects of genetic background with
Parp-1 deficiency and/or the expression of different iso-
forms of PARP-1 from disrupted alleles may be important
in this regard.

Parg knockout mice were recently generated and shown
to feature increased sensitivity to streptozotocin and
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y-irradiation [34]. We have established Parg” ES cells
and found that they exhibit increased lethality to an
alkylating agent, MMS, and y-irradiation [2]. When nude
mice were inoculated with Parg” ES cells, they developed
teratocarcinomas with the same spectrum of differentiation
as Parg”* ES cells, indicating that the potential for
tumorigenesis is not lost by Parg disruption [47]. Since
several splicing variants have been reported [15], as men-
tioned earlier, the results of the Parg gene-targeting
experiment should best be interpreted with information
on which splicing variants were actually disrupted. About
three fourths of Parg knockout Drosophila become mor-
bid in the larval stages, and surviving adult flies show
progressive neurodegeneration with accumulation of
poly(ADP-ribose) in the central nervous system [48].
This experimental system will be also useful for analyzing
the impact of Parg deficiency on tumorigenesis and
genomic stability.

Modulation of tumor phenotypes

Early studies using PARP-1 inhibitors showed induction
of differentiation in various types of tumor cells, including
mouse teratocarcinoma cells [49], Friend erythroleukemic
cells [50] and human HL-60 cells [51]. H-ras transformed
NIH3T3 cells and endothelial cells showed loss of
tumorigenicity on treatment with PARP inhibitors,
benzamide 4-hydroxy-quinazoline or 5-iodo-6-amino-
1,2-benzopyrone [52]. Overexpression of a dominant-
negative mutant of PARP-1 also reduced the tumor-
forming ability of HeLa cells with an increase in apoptosis
[53]. Although the molecular mechanisms underlying the
reduction of tumorigenic potential by PARP-1 inhibition
is not fully clarified, a decrease of iINOS expression by
PARP-1 inhibition may be involved because a decrease of
iNOS expression causes attenuation of cell proliferation
and an increase in apoptosis [44].

When Parp-1--ES cells were grafted subcutaneously into
nude mice, they specifically developed trophoblast giant
cells (TGCs) within teratocarcinomas [54]. In culture,
induction of expression of the trophoblast markers,
including proliferin, and prolactin-like protein A was
observed, indicating that deficiency of Parp-1 promotes
differentiation into the trophoblast lineage [55]. It is
known that terminal differentiation to trophoblast giant
cells occurs through an endoreduplication process, in
which chromosome replication proceeds without cell divi-
sion and ploidy can reach ~1,000 N. Loss of PARP-1 may
also enhance the endoreduplication process. It should be
noted that the observed TGCs possess properties similar
to syncytiotrophoblastic giant cells (STGCs), which are
observed in human germ cell tumors (HGCTs). STGCs
show a high potential for invasiveness, and hence their
presence correlates with poor prognosis in HGCT of the
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brain [56]. The above experimental system might be use-
ful for elucidation of the mechanism of STGC induction
in HGCTs.

Dysfunction and role of PARP-1 in human cancers

A number of lines of evidence suggest involvement of
PARP-1 in human carcinogenesis. However, genetic alter-
ations and polymorphisms of the PARP-1 gene have not
been extensively studied yet. The PARP-1 gene consists
of 23 exons [57] and is located at chromosome 1q41-42.
An augmented expression of the PARP-1 gene and high
PARP-1 activity was demonstrated in Ewing’s sarcoma
cell lines [58, 59]. They further showed that activation of
the transcription factor ETS-1 caused overexpression of
the PARP-1 gene. The structure of PARP-1 promoter [60,
61] is illustrated in figure 2A. It contains five potential
ETS-1 binding sites and two Sp-1 (simian-virus-40-
protein-1) binding sites. Binding sites for US-1, YY1 and
AP-2 (cAMP responsive elements) are also present
[61, 62].

Low PARP-1 expression levels in breast cancers correlate
with higher genomic instability [63]. In addition, breast
cancers that overexpress the PARP-I gene frequently
show amplification of chromosome 1q41-42 [63]. PARP-1
gene expression in gastric cell lines (Katolll, OKAJIMA
and MKN45), a colon cancer cell line (WiDr) and T-cell
leukemia cell lines (Molt-4 and CCRF-CEM) is reported
to be substantially lower than in other cancer cell lines
[64]. The gastric cancer cell line MKN28 features a struc-
tural alteration in the PARP-I gene, although precise
details and the effect on the cell phenotype have yet to be
studied [64]. We have also demonstrated a point mutation
of the PARP-1I gene in a germ cell tumor cell line, NECS8
[M. Masutani et al., unpublished], resulting in the amino
acid substitution, E251K, at a conserved peptide stretch
(see table 3). A germ cell tumor contained a possible
germ line mutation, which causes amino acid substitution
of M129T [65]. Several germ cell tumor cell lines show a
substantial decrease in the amount of poly(ADP-ribosyl)-
ation level [M. Masutani et al., unpublished], suggesting
a possible association between dysfunction of PARP and
germ cell tumors.

PARP-1 was found to be a coactivator of TCF-4 and to
interact with TCF-4, B-catenin and mutated APC (adeno-
matous polyposis coli) [66]. Furthermore, an association
of overexpression of PARP-1 with accumulation of
P-catenin in intestinal adenomatous polyps of familial
adenomatous polyposis (FAP) patients, as well as multiple
intestinal polyposis (Min) mice, has been reported [66].
Treatment with PARP inhibitor, PJ34, in APC""* mice
resulted in a reduction of the incidence of intestinal
polyposis [67]. Also, in the early phase of endometrial
cancer, PARP-1 expression appears to be increased.
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Figure 2. Schematic structures of upstream regulatory sequences for human PARP-1 and PARG genes. (4) Human PARP-1 gene. The po-
sitions of polymorphisms are indicated with orange lines. Binding sites for YY1, ETS1, US-1, AP-2 and Sp1 are shown with boxes. In-
verted repeat motifs are indicated with arrows. Internal base pairing of these motifs is reported to give rise to quadruplex-DNA-loop struc-
tures. Four possible dyad symmetry elements (DS) [-1V are also located at —635/~586, —418/-402, —325/-290 and —71/—46, which may af-
fect transcription by binding to PARP-1 protein [107]. (B) Human PARG gene [15]. Binding sites for C/EBPa, CREBP, ETS1, GCF
(glucocorticoid receptor binding site), LyF-1, MyoD, Spl and SRF (serum response factor) are shown with boxes. Coding exons are shown

with black boxes in (4) and (B).

Expression of PARP-1 in endometrial cancer was highest
in grade I lesions, namely in non-atypical and atypical
endometrial hyperplasia, and reduced in accordance with
histopathological progression towards grade II1I, parallel-
ing downregulation of the progesterone receptor [68].
These results suggest that PARP-1 may be positively
involved in the early phase of colon and endometrial
cancer development.

Determination of the human genome sequence acceler-
ated the identification of several single-nucleotide poly-
morphisms (SNPs) in the human PARP-1 gene, as listed
in table 3. A study of the V762A SNP with reference to
prostate cancer risk was carried out in Caucasian
subjects, and a significant increase observed with the
A/A genotype (odds ratio = 2.5) [69]. In addition,
proteomic analysis showed the presence of a PARP-1
molecule with a less basic pl value specifically in
human breast cancer cells [70]. Since PARP-1 is present
in DNA synthesomes and these breast cancer cells show
low DNA replication fidelity, the relationship between
the PARP-1 modification and its effect on the DNA
replication fidelity should be clarified. The presence of
processed pseudogenes for PARP-I on chromosome
13g33-qter and chromosome 14 has been reported [71],
and a polymorphism for the pseudogene on chromo-
some 13q33-ter, namely a 193-bp duplication within the
A allele and its absence in the B allele, was found [71].
An association of the B allele with endemic Burkitt’s
lymphoma, multiple myeloma, and colon and prostate
cancers in African American populations has been ob-
served [72, 73].

PARG and carcinogenesis

The human PARG gene has been mapped to chromosome
10q11.23 [74] and is organized into 18 exons [15]. Exons
9-14 form the catalytic center, while exons 1-4 encode
the putative regulatory domains. Notably, PARG structure
variants, some of which may be due to polymorphisms,
are clustered from exons 1 to 3 [15], as shown in table 4,
although the relevance of these polymorphisms to cancer
still needs careful analysis. The PARG gene shares a
470-bp common promoter region with the mitochondrial
membrane translocase 23 (TIMM23) gene. A bidirec-
tional mode of promoter activity was demonstrated
[15]. The PARG promoter contains three overlapping
Spl binding sites, binding sites for lymphocyte specific
factor I (LyF-1), MyoD (myogenic determination factor
D), ETS-1 binding sites and a putative inhibitory 120-kDa
cyclic AMP (cAMP) responsive element binding protein
(CREBP) [15]. Because the activity of these transcription
factors might change during carcinogenesis, resultant
alteration in expression levels of the PARG gene may
cause the alteration in poly(ADP-ribosyl)ation of
proteins.

Therapeutic potential

Since PARP-1 is involved in BER, SSB and DSB repair,
use of PARP-1 inhibitors as sensitizers for chemothera-
peutic agents or radiotherapy for cancer has long been
considered as an option. However, there is a limitation in
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Table 3. SNPs and sequence alterations in the PARP-1 gene.
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Amino acid substitution ~ SNP/sequence alteration Exon no. Sequence NCBI SNP database no

(variable base underlined)
F54L SNP 2 TTG*

TTC rs3738708
M129T sequence alteration 3 ATG

ACG our work
A188T SNP 4 GCT*

ACT! rs1805409
E251K sequence alteration 6 GAG

AAG our work
V3341 SNP 7 GTA?*

ATA rs3219057
S383Y SNP 8 TCT3*

TAT 1s3219062
H613Q SNP 13 CAC*

CAG rs1059011
V762A SNP 17 GTG**

GCG rs1136410
N827S SNP 18 AAT*

AGT rs1136420
C908Y SNP 20 TGC*

TAC rs1059040
K940R SNP 21 AAG*

AGG rs3219145

* Major allele [65].

Frequency of the heterozygosity is '0.006, 20.065, 30.21, #0.45, 50.44 in NCBI (National Center for Biotechnology Information) database.

clinical use of the classical PARP inhibitors because of
concern of weak activity and side effects. The potent
PARP inhibitor AG14361 did show effectiveness in
combination with an alkylating agent, temozolomide, a
topo I inhibitor, or ionizing irradiation against in vitro
growth and also with xenografts of human cancer cell
lines [75]. Notably, AG14361 restored sensitivity to
temozolomide, possibly by inhibiting BER through
PARP-1 inhibition, in mismatch repair (MMR)-deficient
cells [76]. MMR defects are frequent in various cancers,
suggesting that PARP inhibition might have significant
benefit in overcoming resistance to chemo- and radio-
therapy.

As mentioned earlier, Parg deficiency also can enhance
alkylating agent- and y-irradiation-induced lethality and
stimulate early induction of apoptosis after treatment
with alkylating agents. Therefore, Parg inhibitors might
also be promising sensitizers to cancer chemo- and
radiotherapy. Enhancement of lethal effects of y-irradi-
ation and an alkylating agent on germ cell tumors
derived from ES cells with Parg deficiency has in fact
been observed [A. Gunji et al., unpublished]. There are
only a few PARG inhibitors so far reported, including
ADP-HPD [adenosine diphosphate (hydroxymethyl)-
pyrrolidinediol] [77], 8-octylamino-ADP-HPD [78] and
pargamicin [79], but other forms with clinical applica-
tions may be developed as derivatives of these and through
studies of the structure and function relationships of the
enzyme.

Anti-poly(ADP-ribose) antibodies
in autoimmune disease

Naturally occurring antibodies to poly(ADP-ribose) have
been reported in the sera of patients with SLE [4]. The
presence of antibodies to nucleic acids, including DNA,
is well known, but the observed antibodies to poly(ADP-
ribose) were able to be distinguished from those to DNA.
Furthermore, some SLE patients retained high levels of
antibodies to poly(ADP-ribose) when the levels of their
antibodies to DNA had already decreased in sera [4].
Probably after increase of necrosis, release of PARP and
poly(ADP-ribose) occurs systemically and triggers anti-
body production. Much higher titers of poly(ADP-ribose)
have been observed in pregnant women suffering from
SLE, suffering abortion after 13 weeks of gestation or a
premature delivery when compared with normal pregnant
women with SLE [80]. The results indicate that high titers
of poly(ADP-ribose) may be a useful indicator of obstet-
ric complications in pregnant SLE patients.

Lupus-prone MRL/Mp-lpt/lpr (MRL/l) mice also show
an elevated level of antibodies against poly(ADP-ribose),
in addition to those against single-strand and double-
strand DNA [81]. When a PARP inhibitor, benadrostin,
was administrated, the antibodies to poly(ADP-ribose)
were selectively reduced [82], increasing the litter size of
healthy neonates from pregnant SLE mice [82], indicat-
ing the possibility of prevention of fetal loss in SLE pa-
tients with PARP inhibitors.
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Table 4. Candidate polymorphisms in the PARG gene*

Position of Amino Exon  Sequence NCBI database
amino acid  acid no. (variable base number
underlined)
13 A 1 GCG AF005043
R CGA AY258587, ESTs'
14 T 1 ACC AF005043
P CCC AY?258587, ESTs’
61 Q 1 CAG AF005043
R CGG AY258587, ESTs'
127 \Y% 3 GTA AF005043
E GAA AY258587, ESTs'
138 L 3 CIC AF005043
P CCC AY258587, ESTs'
227 H 3 CAC AF005043
Q CAG AY258587, ESTs'
242 H 3 CAT AF005043
D GAT AY258587, ESTs'
260 K 3 AAG AF005043
E GAG AY258587, ESTs'
275 S 3 TCA AF005043
P CCA AY258587, ESTs'
282 I 3 ATT AF005043
T ACT AY?258587, ESTs'
414 L 3 TTG AF005043
F TTC AY?258587, ESTs’
814 C 15 TGC AF005043
w TGG AY258587, ESTs'
815 E 15 GAG AF005043
Q CAG AY258587, ESTs'

* Data described in [15].
T EST clones, BU429712.1, AW861896.1, BG719380.1,
BU430589.1 and BU601350.1.

Effects of PARP inhibition on autoimmune disease

Reactive oxygen species, including superoxide anions,
hydroxyl radicals, hydrogen peroxide and singlet oxygen,
as well as NO and peroxynitrite, are extensively gener-
ated in inflammation associated with arthritis. Inhibitors
of PARP, including biogenic nicotinamide, are known to
reduce arthritic symptoms in a mouse model of arthritis
[83]. PARP inhibition also suppresses infiltration of
neutrophils, which may be attributable to effects of
PARP-1 on the gene expression control of cell adhesion
molecules, but this process has not been fully elucidated.
A PARP-1 inhibitor also reduced progression of arthritis
in a rat model induced by collagen [84]. In the model of
inflammatory bowel disease induced by chemicals or in
interleukin (IL)-10 deficiency in mice, PARP-1 inhibition
or Parp-1 deficiency markedly improved various inflam-
mation indexes, including neutrophil infiltration and
production of nitrotyrosine [85]. In a rat model of
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encephalomyelitis, PARP inhibitors increased the latency
of the pathogenesis as well as affecting the incidence and
progression [86]. During the pathogenesis of encephalo-
myelitis, the breakdown of the blood-brain barrier, and
infiltration of inflammatory cells into the central nervous
system (CNS) occur with the subsequent cell death
induction of oligodendrocytes and astrocytes and with
microglial migration. PARP-1 inhibition may interfere
with these processes. The PARP inhibitor, PJ34, also
prevented diabetes development in NOD mice [87].
PARP inhibitor reduced autoimmune f-cell destruction
in NOD mice by inducing apoptosis of islet-infiltrating
leukocytes and decreasing interferon-y expression in the
islets [87].

PARP-1 polymorphism and predisposition to autoim-
mune diseases

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a systemic disease with
chronic inflammation and autoimmune features. Al-
though genetic analysis has revealed that the human
leukocyte antigen (HLA) complex gene on chromosome
6 has a major contribution to its pathogenesis, links with
several non-HLA genes have been reported [88]. A case
control study with 213 Spanish RA patients and 242
healthy controls was conducted to determine associations
with PARP-1 gene promoter polymorphisms [89]. Only
two haplotypes, namely, haplotype A (410T-[A],,-[CA],.
1,-1362C) and haplotype B (410C-[A],,-[CA]}5.,0-1362T)
were observed, and haplotype B was preferentially pre-
sent in the RA patient group (see fig. 2A). Within haplo-
type B, the PARP-1 CA 97-bp allele was further found to
be a RA-predisposing marker (odds ratio 2.2) [89]. Poly-
morphic CA repeats reside close to the binding site of
transcription factor YY1 (see fig. 2A) and the authors
postulated that longer CA repeats in haplotype B may
promote the expression of the PARP-1 gene by enhancing
the activity of YY1.

Type I diabetes

Nicotinamide, a PARP-1 inhibitor, has been reported to
be protective against inflammatory insult and improve the
function of residual g cells [90]. Parp-1 knockout mice
are resistant to streptozotocin-induced diabetes [91-93],
and in non-obese diabetic mice nicotinamide was shown
to protect islet cells against cytotoxic reagents and reduce
the incidence of type I diabetes [94]. One of the genes in-
volved in the inflammatory response, CTLA-4, was pre-
viously reported to be associated with type I diabetes
[95]. An association study of CA repeat polymorphisms
in the PARP-1 gene promoter in French Caucasian pa-
tients with type I diabetes and ethnically matched healthy
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controls demonstrated no significant differences in
PARP-1 alleles [96]. Further studies on the effects of
polymorphisms in the coding region of PARP-1 gene are
important to understand the relation of PARP-1 and type
I diabetes.

SLE and autoimmune thyroiditis

A case-control study of the previously mentioned 85-bp
allele of CA repeats in the PARP-1 promoter (fig. 2A) in
124 SLE families revealed a significant difference in
PARP-1 allele frequencies between the patients and con-
trols [97]. On the other hand, the 85-bp allele was not as-
sociated with the risk of SLE among a multiethnic group
of patients [98]. One interpretation is that the PARP-1
gene may be located in physical proximity to the SLE sus-
ceptibility locus within the 1q41-42 region. Further stud-
ies using other PARP-1 polymorphic markers are required
to clarify the involvement of PARP-1 in the genetic sus-
ceptibility to SLE.

Perspectives

Use of inhibitors and transgenic and knockout mice
models of PARP and PARG is greatly extending our
understanding of the links between poly(ADP-ribose)
metabolism and pathogenesis as well as the therapeutic
potential for cancer and autoimmune disease. PARP-1 is
involved in DNA repair, maintenance of genetic and
epigenetic stability, and transcriptional regulation. It
functions also in cell death induction after DNA damage,
which might be important in removing cells retaining
DNA lesions. Treatment with streptozotocin causes
pancreatic f cell death through PARP-1 activation and
NAD depletion [99], and rats develop insulinomas whose
incidence was markedly increased by the administration
of 3AB [100], indicating that the PARP-1-dependent cell
death pathway substantially contributes to prevention of
carcinogenesis. Knockout mice models showed higher
susceptibility to carcinogenesis with Parp-1 deficiency.
PARP-1 also acts as a coactivator of growth regulatory
proteins encoded by a retrovirus [101] and a papilloma
virus [102], and from the available evidence possible
involvement of PARP in viral carcinogenesis can also be
envisaged. With the advance of knowledge on the human
genome and proteome, this decade is predicted to be most
fruitful in revealing influences of genetic, epigenetic and
proteomic aberrations of poly(ADP-ribose) metabolism
on disease processes. As detailed above, a mutation in the
PARP-1 gene and an association of a SNP in the PARP-1
gene with the risk of prostate cancer have been found
[69]. Sequence analysis of coding exons as well as the
regulatory sequences of the PARP family and PARG
genes will be performed in the near future. Random
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mutagenesis analysis, such as the one carried out with
PARP-1 cDNA [12], as mentioned earlier, should provide
useful information on the relation of sequence alterations
and the functional changes.

From the viewpoint of prevention, it is also notable that
NAD deficiency can cause an increase of the incidence of
tumors and leukemia [103], while niacin supplementation
increased the latency of ethylnitrosourea-induced HCC
development with elevation in the amount of poly(ADP-
ribose) in bone marrow [104]. Niacin supplementation
may have a protective effect against development of
cancer, where its shortage is predictable.

Understanding the molecular basis of autoimmune dis-
eases may also facilitate development of therapeutic
strategies for cancers. Paraneoplastic neurological degen-
eration (PND) is a cancer associated autoimmune disease
characterized by anti-tumor autoimmunity [105]. It is
reported to be associated with small-cell lung cancer,
ovarian and breast cancer and the development of immu-
nity against antigens, such as CDR2 and NOVA1, which
are expressed in cancer cells, but which are restricted to
the CNS normally. Activated T and B cells specific for the
PND antigen are considered to cross the blood-brain
barrier, and immune reactions against neurons might
induce neuronal degeneration. Spontaneous regression of
small-cell lung carcinoma in PND patients has been
reported [106]. Since the pathogenesis of PND involves
cell death and immune and inflammatory responses, it is
of interest to examine whether poly(ADP-ribose) metab-
olism might make some contribution. The analysis of
mechanisms underlying autoimmune disease, including
PND, may provide new therapeutic possibilities taking
advantage of the immune response and poly(ADP-ribose)
metabolism for cancer control.
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