
Loss of poly(ADP-ribose) glycohydrolase causes
progressive neurodegeneration in
Drosophila melanogaster
Shuji Hanai*, Masayuki Kanai*, Sayaka Ohashi*, Keiji Okamoto*, Mitsunori Yamada†, Hitoshi Takahashi†,
and Masanao Miwa*‡

*Department of Biochemistry and Molecular Oncology, Institute of Basic Medical Sciences, University of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki
305-8575, Japan; and †Department of Pathology, Brain Research Institute, Niigata University, Niigata 951-8585, Japan

Communicated by Takashi Sugimura, National Cancer Center, Tokyo, Japan, November 3, 2003 (received for review August 11, 2003)

Poly(ADP-ribosyl)ation has been suggested to be involved in reg-
ulation of DNA repair, transcription, centrosome duplication, and
chromosome stability. However, the regulation of degradation of
poly(ADP-ribose) and its significance are not well understood. Here
we report a loss-of-function mutant Drosophila with regard to
poly(ADP-ribose) glycohydrolase, a major hydrolyzing enzyme of
poly(ADP-ribose). The mutant lacks the conserved catalytic domain
of poly(ADP-ribose) glycohydrolase, and exhibits lethality in the
larval stages at the normal development temperature of 25°C.
However, one-fourth of the mutants progress to the adult stage at
29°C but showed progressive neurodegeneration with reduced
locomotor activity and a short lifespan. In association with this,
extensive accumulation of poly(ADP-ribose) could be detected in
the central nervous system. These results suggest that poly(ADP-
ribose) metabolism is required for maintenance of the normal
function of neuronal cells. The phenotypes observed in the parg
mutant might be useful to understand neurodegenerative condi-
tions such as the Alzheimer’s and Parkinson’s diseases that are
caused by abnormal accumulation of substances in nervous tissue.

Poly(ADP-ribosyl)ation process involves a posttranslational
modification of target proteins catalyzed by the poly(ADP-

ribose) polymerase (PARP) family of enzymes with NAD� as
the substrate, resulting in formation of long-branched polymers
of ADP-ribose (1, 2). The covalently attached and negatively
charged poly(ADP-ribose) units significantly affect several im-
portant biological functions, including DNA repair (3), tran-
scription (4), regulation of telomere length, cell cycle progres-
sion, centrosome duplication (5, 6), and chromosome stability
(7). One of the major members of the PARP family is PARP-1,
which catalyzes poly(ADP-ribosyl)ation in response to DNA
strand breaks. Recently, additional members of the PARP family
of enzymes have been characterized; PARP-2, -3, tankyrase-1,
-2, VPARP, and Ti-PARP (2). In Drosophila, only two PARP
family members, corresponding to PARP-1 and tankyrase, have
been reported (8, 9).

Poly(ADP-ribose) attached to acceptor proteins is hydrolyzed
rapidly to produce free ADP-ribose residues by poly(ADP-
ribose) glycohydrolase (PARG) (10–12). In contrast to PARPs,
only one gene for PARG has been detected in mammals and
insects (13). Thus, it is likely that the regulation of PARG activity
is required to complete protein modification cycles initiated by
different PARPs. In fact, PARG has been proposed to shuttle
between the nucleus and the cytoplasm and becomes localized
to the centrosomes during mitosis (14). There is evidence for an
alternative form in the cytoplasm (M. K. Jacobson, personal
communication), indicating that regulation of poly(ADP-
ribosyl)ation by PARG is very dynamic.

Mutation of the parg gene, tej, in plants alters circadian
rhythms (15), and increased sensitivity to DNA damage in parg
knockout mouse embryonic stem cells has been reported (3).
However, little is known about the effects of a loss-of-function
mutations in animal models. To elucidate the role of poly(ADP-

ribose) metabolism in vivo, we have generated such a parg
mutant in Drosophila.

Materials and Methods
Flies and Mutagenesis. The Drosophila EP351 strain was obtained
from the Bloomington Stock Center (http:��fly.bio.indiana.edu),
and EP351; ��TMS, Sb P[ry� delta2–3]99B females were crossed
with FM7�Y males. Offspring without P element, selected by eye
color, were crossed with FM7�Y to produce parg27.1. Transgenic
flies expressing PARG were made according to a standard protocol
(16). pargEGFP consists of parg gene (nulceotides 33,667–37,056 of
GenBank accession no. Z98254) fused to EGFP (Clontech) and a
pCaSpeR-based vector. hs-parg is a parg cDNA driven by a heat-
inducible promoter of pCaSpeR-hs.

Genomic Southern Blotting. A cDNA fragment of parg exon 1 was
labeled with digoxigenin–dUTP (Roche Diagnostics) by PCR
amplification. HindIII-digested genomic DNA from adult f lies
was used for Southern blot analysis, as described (17), then
detected with alkaline phosphatase-labeled anti-digoxigenin an-
tibody by using nitro blue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate for color development.

RT-PCR. Total RNA was isolated with ISOGEN (Wako Pure
Chemical, Osaka) from adult flies cultured at 29°C, then treated
with RNase free DNase (Roche Diagnostics). RT-PCR was per-
formed with a RT-PCR core kit following the manufacturer’s
protocol (Applied Biosystems) with primers for parg (forward,
5�-GGATCCACCGGTATGCAAGAATT-3�; reverse, 5�-TCG-
CAGACACTCCGTAAAGA-3�) and rp49 (forward, 5�-GAA-
GAAGCGCACCAAGGACT-3�; reverse, 5�-TTGAATCCGGT-
GGGCAGCAT-3�) (18).

Locomotor Activity and Survival. The parg27.1�FM7 genotype was
cultured at 29°C with normal media. Eclosed parg27.1�Y and
parg27.1�FM7 genotypes were kept at 29°C in a vial with blotting
paper soaked with grape juice to prevent death of the mutants,
and they were used for scoring locomotor activity. For this
purpose, f lies were put in a clear polystyrene vial with measures.
Flies were shaken down to the bottom, and their position was
scored after 20 sec. A perfect score was given if they climbed �10
cm within 20 sec. The average score of 10 experiments and the
survival rate of the flies used for scoring were determined.

ELISA. Total nucleic acid from adult f lies eclosed at 29°C was
spotted on a nylon membrane, and the concentration was
adjusted to 10 A260 then diluted 5- and 25-fold. After blocking
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with 5% skimmed milk�TBS-T (Tris-buffered saline plus 0.1%
Tween 20), the membranes were incubated with anti-poly(ADP-
ribose) antibody (10H) (19) and with alkaline phosphatase
labeled second antibody (Sigma). Detecton of binding was
carried out with nitro blue tetrazolium and 5-bromo-4-chloro-
3-indolyl phosphate.

Immunostaining. Adult f lies were frozen in carboxymethyl cellu-
lose, then sectioned in a cryostat by the film method (20). These
sections were fixed with formalin, and stained with anti-
poly(ADP-ribose) antibody (10H) and tetramethylrhodamine B
isothiocyanate (TRITC)-labeled second antibody. Nuclei were
stained with Hoechst dye 33342. For axon staining, formalin-
fixed, paraffin-embedded brain sections were immunostained by
the avidin–biotin–peroxidase complex method with an antibody
against phosphorylated neurofilaments (SMI 31, 1:1,000, Stern-
berger Monoclonal, Lutherville, MD). Diaminobenzidine was
used as the chromogen, and sections were then counterstained
with hematoxylin.

Electron Microscopy. Adult males of the mutant and wild-type
OregonR, eclosed at 29°C and kept at 25°C, were used for
electron-microscopic analysis according to a standard protocol.

Results
Isolation of a parg Loss-of-Function Drosophila melanogaster Mutant.
The Drosophila parg gene (Fig. 1A) has been mapped to the X
chromosome by the European Drosophila Genome Sequencing
Consortium (GenBank accession no. Z98254), and a Drosophila
parg cDNA has been submitted by Ame and Jacobson (GenBank
accession no. AF079556). The ORF of parg is indicated to start
from 68th adenine of AF079556. However, according to the
annotation of the Drosophila Genome Project, the start is from
the 203rd adenine. We found a polymorphic allele with a 10-bp
deletion (169–178delACTCGGCAAG of AF079556) in some

strains, in which the ORF from the 68th adenine was disrupted.
Therefore, the regulation of translation of Drosophila parg might
be variable. A mutant with a P element in 5�UTR of the parg
gene, EP351 (Fig. 1 A) was produced by the Berkeley Drosophila
Genome Project (GenBank accession no. AQ025499). EP351
proved to be viable in the homozygous state, expressing parg
transcripts (data not shown). To make a loss-of-function mutant,
we generated deletion mutants by imprecise excision of the P
element. One of the mutants, parg27.1, lacked two-thirds of the
parg ORF (nucleotides 34,622–36,079, GenBank accession no.
Z98254), including the conserved catalytic domain (Fig. 1A).
The allele, parg27.1, was stocked with a balancer X chromosome,
either FM7 or FM7GFP. With the parg27.1�Y genotype, Southern
blotting showed no band corresponding to the first exon of the
parg gene (Fig. 1B) and RT-PCR did not detect any expression
of parg-message (Fig. 1C). Almost all parg27.1�Y embryos laid by
parg27.1�FM7GFP females crossed with FM7GFP�Y hatched,
and two-thirds of the larvae developed to the pupal stage, but
they showed lethality before eclosion at 25°C (Fig. 1D). When
parg27.1�Y was cultured at 29°C continuously, approximately
one-fourth of the parg27.1�Y embryo developed into morpholog-
ically normal adult f lies (Fig. 1D). For this to occur, it was
necessary to elevate the culture temperature from 25°C to 29°C
before or just after pupation (Fig. 1D).

Neurological Disorders in the Loss-of-Function Mutant Raised at
Permissive Temperature. Interestingly, the surviving parg27.1�Y
adults showed neurological abnormalities, and reduced locomo-
tor activity, which became progressively more severe (Fig. 2A),
and most mutants died within 10 days after eclosion (Fig. 2B).
parg27.1�parg27.1 homogygous females also developed to morpho-
logically normal adults at 29°C and showed the same defects in
locomotor activity and viability as parg27.1�Y males. In contrast,
most sibling females with the parg27.1�FM7 genotype showed
high locomotor activity and were viable at the 10th day (Fig. 2).

Fig. 1. Characterization of the Drosophila parg mutant. (A) The upper line denotes genes in the parg locus predicted by the European Drosophila Genome
Sequencing Consortium (GenBank accession no. Z98254). The structure of the Drosophila parg gene is shown in the lower line, and the parg27.1 mutant deletion
is indicated by the bracket. Boxes denote exons, and filled boxes denote coding regions. The position of a P element insertion is shown. (B) Genomic Southern
blotting of the parg gene. Lane 1, parg27.1�Y; lane 2, wild type. (C) parg transcripts examined by RT-PCR. Lane 1, parg27.1�Y; lane 2, wild-type. rp49 was used as
a control. (D) Effects of temperature on development of parg mutants. (E) Relative content of poly(ADP-ribose) examined by ELISA using an anti-poly(ADP-ribose)
antibody.
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The maximum life span of parg27.1�Y adults eclosed at 29°C and
kept at 25°C was 16 days, whereas most parg27.1�FM7 adults
survived for 1 month after eclosion. Generally, most wild-type
adult f lies live beyond 1 month.

Most of parg27.1�Y adults dragged their wings and could not
fly, and three-fourths of them developed a black spot(s) in one
or both of the base joints of the second limb (data not shown).
The limb became disabled with the appearance of the spot. Both
parg27.1�Y and parg27.1�parg27.1 genotypes were sterile. The neu-
rological disorders and sterility of the mutants were rescued by
transgenes containing the parg ORF with 1 kb of its upstream
sequence (Fig. 1D, pargEGFP), or parg cDNA with a heat-
inducible promoter (Fig. 1D, hs-parg).

Accumulation of Poly(ADP-Ribose). The poly(ADP-ribose) content
of adult f lies was examined by ELISA using an anti-poly(ADP-
ribose) antibody, 10H (19). The parg27.1�Y genotype showed
strong staining, whereas the wild-type, parg27.1�FM7 and FM7�Y
genotypes had only very faint signals (Fig. 1E). Incubation of

poly(ADP-ribose) with extracts of the CNS of wild-type wan-
dering larva eliminated the poly(ADP-ribose) signal, but there
was no effect with extracts from parg27.1�Y larval CNS (data not
shown). When adult wild-type flies were separated into head and
body, both demonstrated significant capacity for poly(ADP-
ribose) degradation. On the other hand, the bodies of parg
mutant flies had activity that could be suppressed by NaF, an
inhibitor of phosphodiesterase, whereas the heads showed only
barely detectable activity (data not shown). These results indi-
cate that the PARG protein is expressed in the CNS and that
PARG must be the major or the only enzyme in this site that can
degrade poly(ADP-ribose). To examine the location of poly-
(ADP-ribose) accumulation in the parg27.1�Y genotype, sections
through adult f lies were stained with anti-poly(ADP-ribose)
antibody. Poly(ADP-ribose) was widely detected in the
parg27.1�Y case, being particularly prominent in the CNS includ-
ing the eye (Fig. 3 A–D) and the thoracic ganglion regions (data
not shown), whereas poly(ADP-ribose) was not detectable in
wild-type animals (data not shown). In the absence of the
primary antibody, only autofluorescence of surface cuticle was
detected (data not shown). With the parg27.1�Y genotype, strong
signals were detected at the surface of brain, where nuclei of
neuronal cells are clustered. There was some overlap of poly-
(ADP-ribose) and nuclear staining (Fig. 3 C and D). Poly(ADP-
ribose) is known to be mainly metabolized in nuclei, but our
findings indicated wide accumulation of poly(ADP-ribose)
throughout the cell. No immunoreactivity of ubiquitinated pro-
teins or polyglutamine repeat proteins was detected in the
parg27.1�Y or wild-type genotypes (data not shown).

Neurodegenerative Changes. The normal structure of axons in the
wild-type optic lobe (Fig. 3E), examined by immunostaining of
phosphorylated neurofilament, was completely absent in the
mutant brains (Fig. 3F). Although there were no gross micro-
scopic changes in morphology a few days after eclosion (Fig. 4A),
degeneration was remarkable 2 weeks thereafter (Fig. 4D).
Electron microscopic analysis showed no typical degenerative

Fig. 2. Locomotor activity and survival of parg27.1�Y and parg27.1�FM7
genotypes. (A) Locomotor activity was measured as described in Materials and
Methods. (B) Viability of the same group.

Fig. 3. Accumulation of poly(ADP-ribose) and disruption of axon structures in the parg mutant. (A) Poly(ADP-ribose) in a parg27.1�Y adult as detected with
anti-poly(ADP-ribose) antibody. (B) Nuclei are stained with Hoechst dye 33342. A part of the sagittal section of the head is shown. (C) Merging of poly(ADP-ribose)
(magenta) and DNA (green). The box in C is shown in D at higher magnification. Axon staining of the horizontal section of adult head at 10 days after eclosion
is shown in E for the wild type and in F for parg27.1�Y mutant.
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change in neurons compared with wild-type (Fig. 4 B and H) at
low magnification, but at high magnification aggregate(s) of
uniform particles adjacent to nucleolus in the parg27.1�Y geno-
type were observed a few days after eclosion (Fig. 4C, arrow-
head). These aggregates were more abundant in dying mutants
2 weeks later (Fig. 4F). Our findings are consistent with a recent
report that poly(ADP-ribose) is abundant in chromocenters (21),
which correspond to clustered heterochromatin. It is under
investigation whether these particles are poly(ADP-ribose) or
proteins modified by poly(ADP-ribosyl)ation. Most of the cells
in the mutants were swollen, and the organelles and nuclei were
no longer clearly visible (Fig. 4 E and F). Also, there were many
condensed bodies indicative of cell death (Fig. 4 E and F). These
features were not found in wild-type adults (Fig. 4 H and I).

Discussion
The parg mutant isolated in this study lacks the entire region of
the catalytic domain, and the parg27.1�Y genotype is clearly
associated with neurodegeneration and accumulation of poly-
(ADP-ribose) in the CNS. The preferential accumulation of
poly(ADP-ribose)or poly(ADP-ribosyl)ated proteins in the CNS
has several possible explanations. First, the neuronal cells in
CNS do not divide so that the accumulated poly(ADP-ribose)

could not be diluted. However almost all cells in adult f lies are
nondividing, so that this cannot be a major factor. Second, the
accumulation may reflect the relative amount of PARP activity
in different tissues, because poly(ADP-ribose) would be ex-
pected to accumulate with a lack of degrading enzyme activity
and is known that the brain has marked PARP activity in rats
(22) and in mice (23). It is interesting that membrane depolar-
ization induces poly(ADP-ribosyl)ation of nuclear proteins in
brain cortical neurons (24), suggesting an importance of active
poly(ADP-ribose) metabolism in neuronal function. Third, other
enzyme(s) could be involved in the degradation of poly(ADP-
ribose) in organs other than the CNS. For example, a phos-
phodiesterase that can degrade poly(ADP-ribose) has been
described (25–27) and the brain might have lower phospho-
diesterase activity as compared with other organs of Drosophila.

The fact that the parg mutants could not develop into adult
f lies at the normal temperature for development, 25°C, indicates
that PARG is essential for the survival of Drosophila. Although
PARG is clealy not required for morphogenesis of adult Dro-
sophila, parg27.1�Y f lies under permissive conditions, at 29°C, the
observed neurodegeneration indicates an indispensable role in
the maintenance of neuronal function and cell survival. It is
known that some neurological disorders can be ameliorated by

Fig. 4. Microscopic and electron-microscopic analyses of adult brain. Horizontal section through adult heads. (A–C) parg27.1�Y at a few days after eclosion. (D–F)
parg27.1�Y at 2 weeks after eclosion. (G–I) Wild type. A, D, and G show light microphotographs of tissue stained with toluidine blue; B, E, and H show electron
microphotographs; C, F, and I show higher magnification of parts of B, E, and H, respectively. Open arrowheads indicate granular structures typical in the
parg27.1�Y genotype. (Scale bars, 2 �m in B, E, and H and 1 �m in C, F, and I.)
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expression of heat shock proteins (28). Although the molecular
mechanism underlying the neuronal cell death in our flies is not
clear, it is possible that target proteins were irreversibly modified
by poly(ADP-ribose) so that cellular events requiring its removal
are disturbed. For example in mammals, PARG may regulate
PARP-1 activity by removing poly(ADP-ribose) from heavily
automodified PARP-1, because inactivation of PARP-1 by an
inhibitor of PARG has been reported (29). Alternatively, be-
cause decondensation of chromatin structures by poly(ADP-
ribose) synthesis has been reported (30), extensive accumulation
of poly(ADP-ribose) in the mutant could lead to abnormal
chromatin remodeling and disordered transcription, which might
also explain the observed neurodegeneration. Consistent with
this notion, the period length of the circadian oscillator of
Arabidopsis was recently reported to be distorted by mutation of
the tej gene, identified as a PARG orthologue in plants (15),
presumably because of disordered regulation of transcription by
persistent poly(ADP-ribosyl)ation of transcriptional factors.

A number of neurodegenerative disorders, including Alzhei-
mer’s disease, Parkinson’s disease, prion disease, polyglutamine
disease, the Tauopathies, and familial amyotrophic lateral scle-
rosis, are characterized by damage to neurons that can be caused
by abnormal accumulation of protein aggregates seen as inclu-
sion bodies (28, 31). These disorders could be caused by muta-
tions of genes leading to abnormal aggregation of proteins
normally hydrolyzed by proteases. At present, it is speculative

whether abnormal accumulation of poly(ADP-ribose) might also
be found in humans. However, progressive neurological deteri-
oration and renal failure due to storage of glutamyl ribose-5-
phosphate, which might be derived from the linkage portion
between poly(ADP-ribose) and acceptor proteins, has been
reported (32).

Amelioration of hypoxia reperfusion injury of neuronal cells
with inhibitors of PARP was recently reported (33–35). It is
possible that ischemia reperfusion injury of the brain and also
neurological diseases of unknown etiology may result from an
imbalance of poly(ADP-ribose) metabolism. The neurotoxicity
found in parg knockout flies could, for example, be related to the
PARP-1-dependent cell death described by Yu et al. (36) by
altering the ratio of PARP-1 to PARG. Understanding of
metabolic disturbances and associations with regulation of target
proteins by poly(ADP-ribosyl)ation may lead to the development
of new strategies for treatment and prevention of the above
diseases.
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