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Poly(ADP-ribose) polymerase (PARP) is a major NAD-dependent modifying enzyme that mediates important
steps in DNA repair, transcription, and apoptosis, but its role during development is poorly understood. We
found that a single Drosophila Parp gene spans more than 150 kb of transposon-rich centromeric
heterochromatin and produces several differentially spliced transcripts, including a novel isoform, PARP-e,
predicted to encode a protein lacking enzymatic activity. An insertion mutation near the upstream promoter
for Parp-e disrupts all Parp expression. Heterochromatic but not euchromatic sequences become
hypersensitive to micrococcal nuclease, nucleoli fail to form, and transcript levels of the copia retrotransposon
are elevated more than 50-fold; the variegated expression of certain transgenes is dominantly enhanced. Larval
lethality can be rescued and PARP activity restored by expressing a cDNA encoding PARP-e. We propose that
PARP-e autoregulates Parp transcription by influencing the chromatin structure of its heterochromatic
environment. Our results indicate that Parp plays a fundamental role organizing the structure of Drosophila
chromatin.
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In diverse eukaryotes, protein ADP-ribosylation plays
important but imperfectly understood roles in DNA re-
pair, apoptosis, and gene transcription (for review, see de
Murcia and Shall 2000; Ziegler and Oei 2001). Poly(ADP-
ribose) polymerase-1 (PARP1), the major nuclear source
of this activity in mice, becomes activated upon binding
DNA strand breaks via its conserved amino-terminal
zinc fingers. The activated protein transfers ADP-ribose
moieties from NAD onto local chromatin proteins such
as histones, topoisomerases, polymerases, and transcrip-
tion factors (Poirier et al. 1982; Menissier-de Murcia et
al. 1997). These modifications facilitate base excision re-
pair by transiently clearing proteins from the chromo-
some to expose the lesioned area, by down-regulating
transcription of the affected genes, and by modulating
the activity of checkpoint and stress regulatory proteins.
PARP1 also controls its own activity by ADP-ribosylat-
ing a conserved “automodification” domain that is re-
quired for dimerization and for target protein binding.
PARP1 carries out these functions in part by forming

protein complexes with transcription factors, replication
proteins, and DNA damage checkpoint effectors
(Dantzer et al. 1998; Pleschke et al. 2000; Ziegler and Oei
2001). Mice with defective Parp1 genes develop into fer-
tile adults, and hence a developmental role for PARP1
has yet to be established (Wang et al. 1997). However,
four other mouse genes encode distinct ADP-ribosyl
transferases with related catalytic domains (Amé et al.
1999; Kickhoefer et al. 1999), including a telomere-asso-
ciated form known as Tankyrase (Smith et al. 2001), and
thus functional redundancy may have obscured such a
role.
The model eukaryote, Drosophila melanogaster, has

the potential to support detailed genetic studies of PARP
function in both physiology and development. Its ge-
nome contains a single gene, Parp, related to mamma-
lian Parp1 (Uchida et al. 1993; Hanai et al. 1998), and one
homolog of tankyrase (Adams et al. 2000). The protein
specified by the major Parp transcript, PARP-I, includes
all the conserved domains characteristic of mammalian
PARP1 except a canonical caspase cleavage site. Parp-I
transcripts are expressed in nearly mature ovarian fol-
licles and throughout embryonic development, but were
not detected in larvae (Hanai et al. 1998). Parp-II tran-
scripts lacking the automodification domain are pro-
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duced via differential splicing of a single exon
(Kawamura et al. 1998). However, genetic studies have
been hindered because Parp is located deep within cen-
tromeric heterochromatin, and its exons are scattered
among several contigs that remain unlinked to the eu-
chromatic genome sequence (Adams et al. 2000).

Drosophila development has been studied extensively
to determine how changes in chromatin structure con-
tribute to specifying programs of tissue-specific and tem-
porally regulated gene expression (for review, see Farkas
et al. 2000; Gerasimova and Corces 2001). Zygotic tran-
scription begins during the first 14 embryonic nuclear
cycles concomitant with the establishment of hetero-
chromatin and of nucleolus formation (Foe and Alberts
1983). During subsequent embryonic and larval stages,
chromatin domains are refined under the control of mul-
tiprotein remodeling complexes (for review, see Cairns
1998; Jacobs and van Lohuizen 1999). The role of NAD-
requiring enzymes in these processes is poorly under-
stood, but in addition to Parp, Drosophila contains a
gene structurally and functionally related to the NAD-
dependent histone deacetylase encoded by the yeast Sir2
locus (Barlow et al. 2001; Rosenberg and Parkhurst 2002).
Here we characterize mutations in the heterochromat-

ic Parp gene. Rather than simply functioning as a repair
enzyme, Parp is necessary for viability and to organize
the chromatin structure of nucleoli, heterochromatin,
and other sequences during development. Reduction of
Parp function causes hyperexpression of the copia retro-
transposon and enhances the variegation of GAL4 trans-
genes. These studies show that Parp plays a fundamental
role in organizing chromatin structure during Dro-
sophila development, and suggest that ADP-ribosylation
of chromosomal proteins plays an important role in
chromatin remodeling.

Results

Sequences encoding a novel PARP isoform
are expressed in embryos

The previously determined structure of the genomic re-
gion encoding Parp-I is shown on the right in Figure 1A
(Hanai et al. 1998; Adams et al. 2000). To search for
additional Parp transcripts, clones corresponding to 14
Parp-related EST sequences (Rubin et al. 2000) were ana-
lyzed, and GM10715, derived from an early ovarian RNA
library, was found to differ from Parp-I. The complete
sequence of GM10715 was determined, revealing an ad-
ditional 920 bp intron within exon 8 encoding the PARP
catalytic domain as well as 287 bp of novel 5� sequence
that splice into the first Parp-I exon (exon 3) about 40 bp
downstream from its 5�-end but 6 bp before the AUG
codon (Fig. 1A). The PARP isoform predicted by
GM10715, which we name PARP-e (embryonic), should
lack enzymatic function since the new intron removes
conserved amino acids essential for catalytic activity in-
cluding the NAD binding site.
Previous studies of Parp-I production showed that

transcripts are abundant in late-stage ovarian follicles

and embryos, but did not distinguish between transcripts
encoding different isoforms (Hanai et al. 1998). We ana-
lyzed Parp expression throughout the Drosophila life-
cycle using Northern blots (Fig. 1B), whole mount in situ
hybridization (Fig. 1C), and RT-PCR with specific prim-
ers to distinguish Parp-e from Parp-I and II (Fig. 1D). The
3.2-kb Parp-I RNA and 2.6-kb Parp-II or Parp-e RNAs are
expressed in ovaries, embryos, and adults. In contrast to
previous results, low levels of the 3.2-kb Parp-I mRNA
remain in second instar larvae (Fig. 1B). In the ovary,
nurse cells express Parp RNA beginning as early as stage
4, whereas male germ cells strongly express Parp until
the spermatid stage (data not shown). Parp-e expression
is detected only in adult ovaries and embryos (Fig. 1D).
To further analyze Parp expression, we constructed

and expressed epitope-tagged versions of the two major
PARP isoforms in flies. When expressed using this UAS/
GAL4-based system, PARP-I (Fig. 1E) and PARP-e (data
not shown) are both highly enriched in nucleoli, hetero-
chromatic chromosomal regions, and diverse euchro-
matic sites in the cells of most embryonic and adult
tissues. The distribution of ADP(ribosyl)-modified pro-
teins, as revealed by immunostaining with an antibody
specific for ADP-ribose polymers (Kawamitsu et al.
1984), was very similar, strongly labeling these same re-
gions within nuclei (Fig. 1F). These experiments provide
a clearer picture of developmentally regulated Parp ex-
pression and show a correlation between PARP protein
and protein ADP(ribosyl) moieties.

Parp spans a large region of 3R heterochromatin

The structure of GM10715 implies that some Parp tran-
scripts originate from a novel promoter(s), which we de-
note Pm2, located at or upstream from the GM10715 5�
end. Using the isoform-specific 5�portion of GM10715 as
a probe, six overlapping clones spanning ∼100 kb of ge-
nomic DNA flanking the 5� region of Parp-e were iso-
lated from a Drosophila P1 genomic library and used to
map and sequence this region (Figs. 1A, 2). P1 clones
were also recovered from the genomic region encoding
Parp-I. At least 55 kb separates the upstream Parp-e se-
quence contig defined by DS09016 from the nonoverlap-
ping Parp-I 5� sequence contig AE002935. Sequence iden-
tity was also observed between the upstream region and
the DNA flanking a previously described heterochromat-
ic P element insertion, CH(3)1 (Zhang and Spradling
1994). To confirm that the upstream region defined by
GM10715 and CH(3)1 really lies adjacent to PARP cod-
ing sequences, we showed that probes specific for Parp
coding sequences and for the CH(3)1 insertion generated
overlapping in situ hybridization signals on metaphase
chromosomes (Fig. 2B). The CH(3)1 P element insertion
was mapped previously to region h55-h56 of 3R hetero-
chromatin (Zhang and Spradling 1994). Taken together,
these studies define the structure of the Parp locus and
confirm its location in the heterochromatin of chromo-
some 3R.
Analyzing the genomic DNA sequence surrounding

the Parp transcription unit revealed several striking fea-
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tures of this 300-kb heterochromatic chromosome re-
gion (Fig. 2A). About 210 kb (70%) lies within Parp and
four other genes, including a thiamine kinase ortholog
(TK) and two apparent mitochondrial translocase sub-
units (Tim17b and Tim23). Most of the DNA within and
surrounding the genes consists of transposons (Fig. 2A,
blue) and retrotransposons (black) that are strikingly or-
ganized over the entire region studied. Nearly all are ori-
ented in the same direction on the chromosome and op-

posite to the genes. These transposons have lost LTR
homologies, and the gypsy elements lack insulator se-
quences that can disrupt enhancer-promoter interac-
tions. Because unselected genomic sequences diverge
rapidly during Drosophila evolution, our observations
suggest that in recent evolutionary time the Parp region
underwent extensive transposon invasion subject to
some large-scale selective or mechanistic constraint on
insertional orientation.

Figure 1. Structure and expression of the Drosophila Parp locus. (A) Deduced genomic structure of the 300-kb Parp region; open boxes
are sequenced. The arrangement of the exons encoding Parp-I is shown at top (Uchida et al. 1993; Hanai et al. 1998). (Bottom) The
positions of three unlinked Drosophila genomic contigs (thin black lines: AE002935, AE002666, and AE002892) homologous to Parp-I
exons are shown at right (Adams et al. 2000). Pm1 indicates the Parp-I promoter deduced from 5� cDNA sequences (Hanai et al. 1998).
A single cDNA isolated from early ovarian stages, GM10715, defines the alternatively spliced Parp-e transcript. The 5�-most 273 bp
of GM10715 matches the genomic sequence flanking a P element insertion, CH(3)1 (Zhang and Spradling 1994). A map of this region
(left portion of figure) was constructed by chromosome walking using a P1 genomic library (Kimmerly et al. 1996) (bottom, thick black
lines). The two resulting scaffolds were sequenced and found to span four small preexisting genomic sequence contigs (thin black lines)
and to link to a fifth (AE003403). The color code indicates which portion of PARP is encoded: DNA binding (red), automodification
(purple), catalytic (blue), noncoding (green and yellow). (B) Multiple Parp transcripts. A Northern blot of poly(A)-containing RNA from
the indicated developmental stages reveals both a 3.2-kb RNA, the size predicted for Parp-I, and a 2.6-kb RNA, the approximate size
expected for Parp-II and Parp-e. Parp-homologous RNAs are abundant in both ovaries and embryos, and are reduced but still detectable
in second instar larvae and adults. (C) Whole mount in situ hybridization using a 1.4-kb cDNA probe from the DNA-binding domain
common to all isoforms labels Parp RNA in nurse cells and in oocytes from stage 9–14 follicles. (D) RT-PCR using isoform-specific
primers (see diagrams) that distinguish between Parp-I (or Parp-II) and Parp-e demonstrate that Parp-e is produced in ovaries and
embryos, but not at detectable levels in second instar larvae, or in adults outside the ovary. (E) Nuclei are shown from brains of third
instar larvae expressing a Parp-I-DsRed fusion gene (see Materials and Methods). Protein is abundant in the chromocenter (C), the
nucleolus (N), and at sites within euchromatin. (F) Third instar larval brain nuclei stained with anti-poly(ADP-ribose) antibody 10H
show that protein-associated ADP-ribose is found in the same regions as PARP-DsRed.
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CH(3)1 defines a complementation group that disrupts
Parp expression

We characterized the CH(3)1 strain to learn whether its
recessive lethality (Zhang and Spradling 1994) is caused
by disrupting Parp gene function. A second allele of the
CH(3)1 locus was found within another P element inser-
tion strain, CH(3)4, but the CH(3)4 P element cannot be

responsible for the allelism as it is located on the oppo-
site chromosome arm (3L) and mutates a different gene.
However, both CH(3)1 and CH(3)1/CH(3)4 animals dis-
play a similar phenotype. Mutant CH(3)1 homozygotes
develop slowly and usually die during the second larval
instar after 6–9 d (Fig. 3A). Evidence of mitotic cell cycle
defects was not seen; predominantly diploid larval tis-
sues such as the brain are of normal size. However, ex-

Figure 2. DNA sequence of the heterochromatic region containing Parp. (A) A diagram summarizing the sequence organization of the
region as determined from this study (see Materials and Methods) and from Adams et al. (2000) is shown. Genes defined by cDNAs
sequenced as part of this study are shown in red (boxes are exons). The names of retrotransposons (black) and of transposons (blue) are
given above the region of homology represented by an arrow (arrowhead: 3� end). Regions containing only small sequence blocks
related to a particular transposon are indicated by parallel bars. The position of the CH(3)1 insertion and the location of the putative
Parp promoters Pm1 and Pm2 are indicated. Gaps in the sequence of known or estimated size are represented by hash marks. (B) An
ideogram of chromosome 3 heterochromatin shows the cytological region of CH(3)1 insertion (Zhang and Spradling 1994). (Bottom)
A chromosome set from a CH(3)1/TM3 third instar larval neuroblast is shown that has been hybridized in situ with Parp cDNA (green)
and transposon-specific sequences (red). The partial overlap of the Parp and CH(3)1 sequences indicates that Parp and CH(3)1 are
located near each other in 3R heterochromatin. (Note: the TOTO-3 used for this confocal micrograph does not reveal full morpho-
logical detail, but chromosomes were also scored using DAPI; CH(3)1 was localized previously to h55 (Zhang and Spradling 1994).
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amination of larval mouth hooks shows that up to 50%
of the mutant larvae are arrested at the onset of ecdysis
II (Fig. 3B). When the CH(3)1 element was imprecisely
excised, about 7% of the derived chromosomes were ho-
mozygous viable and complemented CH(3)4, arguing
strongly that the CH(3)1 P element was responsible for
the original lethality.
If CH(3)1 alleles mutate Parp, then its gene transcripts

should be reduced in the affected larvae. As predicted, we
found that Parp expression is severely affected in both
CH(3)1 and CH(3)1/CH(3)4 animals. We observed that
3.2-kb Parp-I mRNA levels are strongly reduced on
Northern blots of RNA from mutant larvae (Fig. 3C) and
by using quantitative RT-PCR (data not shown). ADP-
ribosylation of proteins is also dramatically decreased in
mutants (Fig. 3D). However, the effects observed on all
forms of Parp were surprising because mutation of Pm2-
initiated transcripts by the CH(3)1 insertion might have
been expected to only disrupt production of the 2.6-kb
Parp-e mRNA and the enzymatically inactive PARP-e
protein isoform. The small amount of Parp mRNA and
enzymatic activity that does remain in the mutant lar-
vae might come from transcripts initiated at Pm1 or

from remaining maternal stores of Parp transcripts. To
try and remove all Parp mRNA, we injected a 587-bp
dsRNA specific for Parp into early embryos and observed
that all traces of Parp mRNA detectable by RT-PCR
were lost after 16 h of embryonic development (Fig. 3E).
More than 70% of the animals receiving Parp RNAi in-
jections, unlike buffer-injected controls, arrested after
hatching into first instar larvae, that is, at an earlier
point than in the mutants that retain low levels of re-
sidual Parp RNA. These observations further strengthen
the connection between the CH(3)1 locus and Parp.

Loss of PARP derepresses the copia retrotransposon

Because Parp is located in transposon-rich heterochro-
matin, we looked for effects of the mutation on transpo-
son activity. We found that CH(3)1, CH(3)4, and
CH(3)1/CH(3)4 animals dramatically overproduce the
5.5-kb transcript of the copia retrotransposon (Fig. 4A). A
similar large accumulation of copia-specific RNA was
observed in embryos and larvae following injection of
Parp-specific RNAi (Fig. 4B), providing further support
that the CH(3)1 mutation acts directly on Parp. Tests

Figure 3. The CH(3)1 complementation group disrupts Parp expression and activity. (A) Timelines of development of wild-type (top)
and CH(3)1 homozygotes (bottom) are shown. The fraction of animals at each developmental stage are plotted as a function of time,
revealing the strong developmental delay caused by CH(3)1. (B) Preparation of larval mouth hooks, which distinguish larval instars,
are illustrated showing the characteristic appearance of the normal l2 mouthhooks (left) and of mouthhooks from CH(3)1 mutants
arrested at the onset of ecdysis 2 (right). (C) Northern blot of poly(A)-containing RNA from wild-type larvae and 4-d-old CH(3)1 larvae
showing reduced levels of Parp 3.2-kb mRNA. (D) Proteins labeled by ADP-ribosylation in wild-type (wt) and CH(3)1 mutant larvae.
An autoradiogram of a gel of 32P-labeled protein is shown (see Materials and Methods). The prominent band at 117 kD in wild-type
has the expected molecular weight of Parp itself. Stained protein in a segment of the same gel is shown as a loading control. (E) RNAi
treatment of embryos eliminates detectable Parp mRNA in 16-h embryos and larvae. An RT-PCR assay recognizing all forms of the
Parp transcripts is shown; primers specific for the alcohol dehydrogenase gene (Adh) gene serve as a loading control.
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using several other retrotransposable elements showed
no increase in transcripts in CH(3)1 mutant animals, so
the increased expression appeared to be specific for co-
pia. Copia hyperexpression in CH(3)1 mutants and nor-
mal copia expression in their wild-type sibs could be
abolished by injecting copia-specific dsRNA into preb-
lastoderm embryos (Fig. 4C), but CH(3)1 lethality was
not rescued. Thus, disrupting Parp expression causes co-
pia hyperexpression, but this effect is not responsible for
the lethal effects of CH(3)1.

Disrupting Parp expression alters
heterochromatin structure

The CH(3)1 mutation might affect a transcription factor
that negatively regulates copia transcription or it might
disrupt a protein that acts at the level of chromatin. We
looked for global effects on chromatin by examining
DAPI-stained nuclei from various tissues of CH(3)1 ho-
mozygotes, and by carrying out nuclease sensitivity ex-
periments. CH(3)1 alleles dramatically alter nuclear
morphology (Fig. 5A). DAPI-stained nuclei from all mu-
tant tissues examined appear more uniform than wild-
type, show a less distinct chromocenter, and lack a
nucleolar region of low DNA density. Copia chromatin
is specifically affected, because copia-homologous se-
quences are much more sensitive to micrococcal nucle-

ase digestion within CH(3)1 mutant compared to wild-
type nuclei (Fig. 5B). Even the lowest levels of nuclease,
which digested very little copia-specific DNA in wild-
type, cleaved it extensively in CH(3)1 homozygotes. El-
evated sensitivity could also be induced by injecting
Parp-specific RNAi (Fig. 5C).
Many additional nuclease sensitivity tests were car-

ried out to develop a picture of which genomic sequences
and regions become nuclease-sensitive in the mutant.
All the repetitive sequences tested were strongly affected
(Fig. 5B; data not shown). These include the transposons
GATE, gypsy, mdg1, hoppel, the S element, 297, Idefix,
the rDNA-specific R1 element, and the Stellate repeats.
In contrast, no changes in micrococcal nuclease sensi-
tivity of the unique euchromatic genes actin 5C and rp49
were observed (Fig, 5D). The single-copy Parp gene re-
sides within a region of highly repetitive sequences in-
cluding many of the transposons shown to be affected in
deficient animals. We tested three Parp exons, including
exon 3 which lies adjacent to Pm1, and found that they
became much more accessible to nuclease digestion in
CH(3)1 homozygotes (Fig. 5C). Taken together, these ob-
servations suggest that reducing PARP activity selec-
tively alters the chromatin structure of heterochromatic
and repetitive sequences but not of euchromatic, single-
copy DNAs.

Expression of PARP-e but not PARP-I rescues
CH(3)1 mutations

Despite strongly reduced Parp expression in CH(3)1 mu-
tant animals and the correlation between the mutant
phenotype and the effects of removing PARP activity
using RNAi, we sought to verify that CH(3)1 mutates
Parp by rescue. Because of its size and unclonable struc-
ture, it is impractical to attempt rescuing CH(3)1 using
genomic Parp DNA. Consequently, we generated con-
structs that express Parp-I or Parp-e cDNAs under the
control of a UAS promoter. Following transformation,
we studied the effects of expressing these cDNAs
throughout many tissues using the Armadillo-GAL4
driver. Ectopic expression of Parp-I cDNA, but not Parp-e
cDNA, in wild-type flies causes rough eyes and abdomi-
nal cuticle defects (data not shown). Parp-I-expressing
animals arrest at the pupal stage if two doses of the
driver are present. Thus, as in mammals, excess PARP-I
levels cause deleterious effects.
Expressing Parp-e cDNA in a CH(3)1 mutant back-

ground revealed that the PARP-e isoform can completely
suppress larval lethality and give rise to a small number
of viable, fertile adults. Mutant flies bearing two copies
of the Parp-e cDNA and driver can be readily maintained
as a homozygous stock. In contrast, mutant animals ex-
pressing Parp-I cDNA die as third instar larvae but still
develop significantly farther than in the absence of the
construct. The ability of Parp cDNAs to partially or
wholly rescue CH(3)1 animals demonstrates that the
CH(3)1 lesion directly disrupts Parp gene expression. We
have therefore renamed the CH(3)1 and CH(3)4 alleles
ParpCH1 and ParpCH4, respectively.

Figure 4. Parp mutations or Parp (RNAi) elevate copia tran-
script levels. (A) A Northern blot of total RNA from second
instar larvae of the indicated genotypes was probed with copia
sequences. The 5.5-kb copia transcript is overproduced up to
50-fold in CH(3)1 or CH(3)4 homozygotes, and in CH(3)1/
CH(3)4 trans-heterozygotes compared to wild-type. An rp49
probe was used as a loading control. (B) Quantitative RT-PCR
shows that injection of Parp-specific RNAi, but not buffer,
causes copia RNA to be overproduced. Primers specific to Adh
served as a loading control. (C) Copia RNA accumulation does
not cause lethality. Injection of mutant CH(3)1 embryos with
RNAi specific to copia suppressed the accumulation of excess
copia RNA and resulted in the elimination of all copia tran-
scripts detectable by RT-PCR within 16 h. Sequential dilutions
of the RNAi gave a graded response. However, the treatment did
not rescue larval lethality.
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Expressing Parp transcripts dramatically restores the
nuclear morphology and the Parp expression of the mu-
tant larvae. Parp-I expression causes a nucleolus to form
that can be visualized with the specific antibody AJ1 in
many but not all nuclei (Fig. 6A). The mosaic nature of
the response, which may result from cell-to-cell varia-
tion in either the production or effects of ectopic PARP-I,
is likely to explain the failure of this construct to rescue
fully. All nuclei in the Parp-e-expressing animals appear
wild-type in morphology. Surprisingly, larvae rescued by
Parp-e contain higher than wild-type levels of both the

2.6-kb Parp-e and the 3.2-kb Parp-I mRNA species (Fig.
6B). Thus, the enzymatically inactive Parp-e isoform
may rescue CH(3)1 by inducing production of Parp-I
mRNA. Consistent with this model, ADP-ribosyl trans-
ferase enzymatic activity is also restored, because the
amount of poly(ADP-ribose)-containing protein detect-
able by anti-poly(ADP-ribose)-specific antibody in-
creases to well above wild-type levels (Fig. 6C, 117 kD
PARP-I band). PARP-e may induce a more physiological
pattern of Parp-I expression, leading to fewer deleterious
effects than when Parp-I is misexpressed globally. How

Figure 5. Parp mutations alter nuclear morphology and chromatin accessibility to nuclease. (A) DAPI-stained nuclei from second
instar larval salivary glands of wild-type (top) or CH(3)1 mutants (bottom). A single nucleus is presented at higher magnification in
the insets. Nuclei in the mutant appear more diffuse, have a less distinct chromocenter, and lack the region of low DNA density caused
by the presence of a normal nucleolus. (B) Nuclei from CH(3)1 mutant larvae were treated with increasing concentrations of micro-
coccal nuclease (triangles) prior to DNA extraction, digestion with PstI, and analysis on Southern blots probed with a copia or GATE
probe. Pst digestion produces no small internal fragment of copia or GATE resolvable within the molecular weight range of the gel.
At all concentrations, retrotransposon-specific sequences were far more sensitive to digestion in the mutant. (C) The same analysis as
in B was carried out using nuclei at the indicated times after injection of Parp-specific RNAi. Copia sequences from RNAi-injected
animals become increasingly sensitive to micrococcal nuclease digestion with increasing time after RNAi injection, compared to
buffer-injected controls (C). (D) Micrococcal nuclease assays were carried out as in B and analyzed with a probe from the Parp gene
region encoding exons 3, 4, and 5, and with probes specific for the single-copy euchromatic genes actin 5C and rp49. Parp sequences
are much more accessible to digestion in the mutant, including a band containing exon 3 and Pm1 (asterisk). To ensure that
experiments with heterochromatic and single-copy probes were comparable, the same blot was used for copia, GATE, actin 5C, and
rp49. The blot assayed with Parp in D was reprobed with copia as a control and showed the same differential digestion as in B.
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expression of an enzymatically inactive protein rescues
Parp-I expression and ADP-ribosyl transferase activity is
discussed below.

PARP and SIR2 modify GAL4/UAS variegation

Because the Parp gene is located in heterochromatin and
acts on the chromatin structure of repetitive DNA se-
quences, we investigated whether it functions as an en-
hancer or suppressor of variegated position effects. Nei-
ther ParpCH1 nor ParpCH4 altered the level of wm4 var-
iegation, a standard test for modifiers of classical
position-effect variegation (data not shown). However,
we did notice that Parp strongly affects the variegated
expression commonly exhibited by many UAS/GAL4
constructs (Brand and Perrimon 1993). For example, in
the presence of only one wild-type dose of Parp+, the

variegation of an epitope-tagged mitochondrial protein
(Tim17B-DsRed) driven from a UAS promoter is strongly
enhanced (Fig. 7A,B). At six different tested sites of in-
tegration, DsRed expression is virtually silenced in a
ParpCH1/+ background, while at the seventh site, nonva-
riegated expression becomes variegated. Altering the
dose of Sir2 was found to have the opposite effect and
dominantly suppress UAS-Tim17B-DsRed variegation
(Fig. 7C). Similar reciprocal effects were observed with
two other tested constructs, UAS-Parp-I-DsRed (data not
shown) and UAS-Sir2-DsRed (Fig. 7D–F), suggesting that
the dosage of Parp and Sir2 may affect the expression of
UAS/GAL4 constructs generally. PARP and SIR2 levels
may alter the chromatin structure of sequences such as
those in UAS and GAL4 constructs that are prone to
silencing during development.

Discussion

PARP regulates chromatin structure during development

PARP is a conserved protein known to play critical roles
that help restore and maintain genomic integrity (for re-
view, see deMurica and Shall 2000). By identifying lethal
Parp mutations, we showed that Drosophila Parp also
plays an essential role during the lifecycle in the absence
of external stresses. Many genes have been identified
that act in both DNA repair and during development
(Baker et al. 1976; Gatti and Baker 1989). However, the
phenotype of Parp mutants differs from those of other

Figure 7. ParpCH1 and Sir205327 have opposite dominant effects
on the variegated expression of GAL4/UAS constructs. The var-
iegated expression of an Arm-Gal4-driven UAS-Tim17B -DsRed
construct (A,B) or a UAS-Sir2-DsRed construct (D–E) is modi-
fied by background genotype. In a ParpCH1/+ background (A,D),
expression is strongly reduced compared to expression in a wild-
type background (B,E). Similar variegated expression of the
same constructs driven by 69B-GAL4 is almost completely sup-
pressed in a Sir205327/+ background (C,F). Green: DNA.

Figure 6. Expression of Parp-I or Parp-e cDNA rescues defects
in CH(3)1 mutants. (A) Partial restoration of normal nuclear
morphology by expression of Parp-I. Immunofluorescent detec-
tion of the nucleolar antigen AJ1 (red) and DNA (green) is shown
in larval salivary glands of the indicated genotypes. AJ1 staining
alone is shown on the right. In CH(3)1 mutants (middle), AJ1 is
cytoplasmic rather than in nucleoli as in wild-type (left). Ex-
pression of Parp-I cDNA (right) restores nucleoli and nuclear
AJ1 staining in a mosaic manner; note cells at the top of the
figure with normal localization, but cells near the bottom still
show a mostly cytoplasmic distribution of AJ1 reactivity. (B) A
Northern blot of RNA from larvae of the indicated genotypes
shows that Parp-e cDNA expression greatly elevates the level of
2.6-kb Parp-e mRNA and also of the 3.2-kb Parp-I mRNA. Note
that copia-specific RNA accumulation is greatly reduced in
CH(3)1 mutant larvae that express Parp-e cDNA. rp49 hybrid-
ization serves as a loading control. (C) A Western blot of pro-
teins isolated from larvae of the same genotypes as in C, and
probed with an antibody specific for poly(ADP-ribosyl) moi-
eties. Expression of Parp-e cDNA in a CH(3)1 homozygous
background increases the amount of poly(ADP)-ribose-modified
proteins to levels greater than in wild-type. As in wild-type,
diverse proteins are affected, the most prominent of which is
the size of PARP-I itself (shown). An actin antibody was used as
a loading control.
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genes in this class, which typically produce third instar
larvae deficient in diploid tissue as a result of defects in
the mitotic cell cycle.
Our experiments suggest that Drosophila Parp plays a

special and fundamental role in organizing chromatin on
a global scale. Parp mutant cells lack nucleoli and con-
tain unusually nuclease-accessible repetitive sequences.
Both the heavy expression of Parp-e and Parp-I in oocytes
and early embryos and the early onset of these defects
suggest that a major role for PARP occurs as develop-
ment begins. At fertilization, the zygote genome is qui-
escent and unregionalized, but during the final cleavage
divisions heterochromatin becomes distinguishable
from euchromatin, nucleoli form, and specific gene tran-
scription begins. Zygotic PARP activity may be needed
to carry out these changes, which are reminiscent of the
amphibian “mid-blastula transition.” The strong enrich-
ment of epitope-tagged PARP in nucleoli and on hetero-
chromatin is consistent with such a role. When Parp
function is limited by a declining maternal pool, chro-
matin may not regionalize normally, stunting further de-
velopment.
Our observations argue that the role of Parp is not

limited to the initial stages of development, however.
Programmed changes in chromatin organization con-
tinue after blastoderm formation in concert with cell
differentiation (for review, see Hagstrom and Schedl
1997). The effects of reducing Parp expression later in
embryonic development using RNAi, and the influence
of Parp dosage on GAL4/UAS variegation, indicate that
it also participates in organizing chromatin domains dur-
ing later embryonic and larval growth. PARP plays a
positive role in expressing euchromatic UAS constructs,
because reduced Parp dosage enhances the variegation of
these transgenes. Furthermore, Parp function is likely to
be specially required for larval metamorphosis, because
up to 50% of mutant larvae were arrested at precisely
this stage. Thus, PARP influences both the expression
and silencing of particular euchromatic and heterochro-
matic sequences at diverse times during Drosophila de-
velopment.

PARP may act by modifying chromosomal proteins

Enzymes that add or remove phosphoryl, acetyl, or
methyl groups on specific residues of histones are known
to control key aspects of chromatin structure during dif-
ferentiation and development (Wolffe and Hayes 1999;
Strahl and Allis 2000). In particular, heterochromatin as-
sembly on both repeated and unique DNA is defined at
least in part by a code of particular histone modifications
(Nakayama et al. 2001). In mammals, histones and other
chromosomal proteins are subject to modification by
PARP (Tanuma et al. 1983; Krupitza and Cerrutti 1988; for
review, see Althaus et al. 1995). We observed a strong re-
duction in the levels of protein ADP-ribosylation in PARP
mutants. Many of the modified proteins detectable with
antibodies that recognize protein-ADP(ribosyl) groups are
located along chromosomes, and are particularly enriched
in nucleoli and in the heterochromatic chromocenter, re-

gions strongly affected by Parp mutations. These observa-
tions support the idea that PARP acts on Drosophila chro-
matin by ADP-ribosylating chromatin proteins.

PARP-e autoregulates the activity of a complex Parp
gene located within heterochromatin

Our structural characterization of the Parp gene reveals
that both the gene itself and its surrounding chromosom-
al region are complex. The Parp locus is localized in 3R
heterochromatin near band h55, where it spans at least
150 kb. At least two promoters are utilized, and the up-
stream promoter, Pm2, produces a transcript encoding a
novel protein isoform, PARP-e, primarily during oogen-
esis and early larval development. Four other genes re-
side nearby and are transcribed in the same direction. In
contrast, most of the DNA located outside gene exons
consists of diverse transposable elements that are ori-
ented opposite to the genes, perhaps as a result of selec-
tion to minimize the disruptive effects of transposon-
encoded transcription and splicing signals. Much re-
mains to be learned about the number, structure,
regulation, and evolution of heterochromatic genes
(Cook and Karpen 1994; for review, see Weiler and Wa-
kimoto 1995). The Parp region may now serve as a valu-
able model for detailed studies of these issues.
Our experiments suggest that Parp itself is subject to

novel regulatory mechanisms. ParpCH1 likely disrupts
Parp-e transcription from Pm2, but homozygotes also
have greatly reduced levels of Parp-I mRNA and of PARP
activity, despite the fact that Pm1 is located at least 75
kb downstream from the ParpCH1 insertion site. Thus,
Parp-e production appears to be essential for transcrip-
tion of Parp-I from Pm1. It is difficult to rule out the
existence of additional promoters or splice forms of
PARP transcripts. However, the fact that expression of a
cDNA encoding PARP-e rescues lethality, Parp-I mRNA
production, and ADP ribosyl-transferase activity argues
strongly that PARP-e autoregulates Parp transcription.
Indeed, Parp-e expression may be rate-limiting for Parp-I
transcription, because overproduced Parp-e from the res-
cue construct was associated with elevated levels of
Parp-I mRNA (Fig. 6C).
There are two basic ways in which Parp-e might con-

trol Parp-I transcription. PARP-e may simply function as
a factor that activates transcription from Pm1. Alterna-
tively, it may function by a novel mechanism related to
its action on heterochromatin. The Pm1 promoter and
surrounding sequences may need to acquire a compact,
heterochromatic chromatin state for activity. Zygotic
PARP-e produced near the onset of development would
facilitate heterochromatin formation, thereby activating
Pm1 and Parp-I production. Simultaneously, this chro-
matin transition might shut off or limit Parp-e produc-
tion from Pm2. Such a feedback switch would link PARP
production to the chromatin state and might represent a
mechanism utilized by other heterochromatic genes.
Two other such genes were recently shown to require
the heterochromatin-specific HP-1 protein to be effi-
ciently expressed (Lu et al. 2000).
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PARP may remodel and maintain chromatin domains

Previous studies of the role played by PARP during DNA
repair have led to a model of how it acts on chromatin
(for review, see Zeigler and Oei 2001). Following DNA
damage, inactive PARP-I protein located near the dam-
aged region binds to DNA breaks, activating the cata-
lytic site, and begins to transfer ADP-ribose groups to the
chromatin proteins located in the immediate vicinity
and to the PARP automodification domain. The modi-
fied proteins are released from the DNA, allowing repair
enzymes to access the damaged region. When repair is
complete, the ADP-ribosyl groups are removed by a spe-
cific glycosylase, and the disrupted chromatin reas-
sembles. During this time, automodified PARP may
serve as a local storage site for the dissociated chromatin
proteins, preventing them from diffusing away and mix-
ing with general pools (Althaus 1992). The local nature
of the disruption may help to ensure that repair does not
inadvertently lead to alterations in the preexisting state
of chromatin programming.
We propose that the role played by PARP in DNA re-

pair, as described above, represents just one instance of a
general function PARP carries out to reprogram chroma-
tin at multiple points during the lifecycle. Inactive PARP
molecules located in many chromosome regions may be
subject to activation by particular developmental and en-
vironmental stimuli in addition to DNA damage. Fol-
lowing such stimulation, activated PARP would catalyze
the dissociation of chromosomal proteins in the affected
domain. Introducing new or differentially modified chro-
mosomal proteins to the affected site in conjunction
with PARP activation would cause the local chromatin
state to be specifically altered when ADP-ribosyl resi-
dues are subsequently cleaved and the dissociated pro-
teins reassembled. Such a mechanism would allow chro-
matin remodeling to be precisely limited to particular
chromosome regions by spatially controlling the sites of
PARP activation and protein delivery. It might also ex-
plain many previous observations concerning the tran-
scriptional role of PARP and its interaction with tran-
scription factors.
Our results suggest that PARP acts to maintain certain

chromatin domains as well as to remodel them. For ex-
ample, copia sequences in animals that had already
formed heterochromatin became nuclease-sensitive
when PARP levels were gradually reduced in developing
embryos with the use of RNAi. Even when enzymati-
cally inactive, PARP molecules remain associated with
many chromosome regions and may play essential struc-
tural roles. Disruption of these roles may be responsible
for some of the effects caused by loss of the enzymati-
cally inactive PARP-e isoform, and for some of the del-
eterious effects of PARP-I overexpression. Our findings
emphasize the importance of learning more about the
properties of PARP molecules within specific chromo-
some regions and how they change during chromatin
reprogramming. Finally, our results suggest ways in
which manipulating PARP molecules might allow chro-
matin reprogramming to be experimentally controlled.

Materials and methods

Drosophila strains and genetics

Genetic markers are described in Flybase (1999), and stocks
were obtained from the Bloomington Stock Center except as
indicated. The CH(3)1 and CH(3)4 strains were generated in a
single P-element mutagenesis screen (Zhang and Spradling
1994). CH(3)1 was found to be viable in combination with
Df(3R)10-65; Southern blotting indicated that this deletion does
not remove PARP coding sequences (data not shown). y w67c23(2)

was used as the host for transformation. The driver strain for the
rescue experiments was arm-GAL44 (Sanson et al. 1996). The
69B-GAL4 driver is described by Brand and Perrimon (1993).
Sir205237 was constructed by Karpen and Spradling (1992) and is
described by Rosenberg and Parkhurst (2002). Balancer chromo-
somes carrying Kr-GFP were used to differentiate homozygous
mutant embryos and larvae: TM3, Sb, P{w+, Kr-GFP}, and CyO,
P{w+, Kr-GFP} (Casso et al. 2000). Imprecise excision of CH(3)1
was carried out as described (Zhang and Spradling 1994).

Developmental timing measurements

Embryos were collected on grape juice/agar plates for 2 h at
25°C, aged 10–12 h, and subsets were subsequently analyzed
each 1–2 h during daytime for 4–8 d. Larval stages were identi-
fied by mouth hook and/or posterior appendage morphology.

Construction of transgenic Drosophila

For the rescue experiments, pP{w+, UAST-PARP-I} was con-
structed by cloning the NotI/KpnI fragment encoding PARP-I
from cDNA LD02455 into the pUAST vector. pP{w+, UAST-
PARP-e} was constructed by fusing a NotI/KpnI fragment en-
coding PARP-e from cDNA GM10715 into pUAST. To detect
protein localization in vivo, PARP-I cDNA was fused to DsRed
(Clontech Laboratories) in pP{w+, UAST-PARP-I-DsRed}, and
PARP-e was fused to EGFP (Clontech Laboratories) in pP{w+,
UAST-PARP-e-EGFP}. To study the variegation of UAS con-
structs, we built pP{w+, UAST-Tim17b-DsRed}, which contains
a Tim17b cDNA fused inframe to DsRed (Clontech Laborato-
ries) in pUAST. Transformation was as described (Spradling and
Rubin 1982), with modifications (Prokhorova et al. 1994).

Genomic mapping and sequencing

A physical map of the Parp region was constructed using cDNA
libraries (Rubin et al. 2000) and a P1 library (Kimmerly et al.
1996) from the Berkeley Drosophila Genome Project (BDGP).
Clone DS09016 was subcloned into pTZ19R using XbaI or
EcoRI digestion and sequenced. The following cDNAs were se-
quenced and used to express PARP isoforms: LD02455 (Parp-I)
and GM10715 (Parp-e). In addition, 13 other Parp cDNAs were
fully sequenced. To determine the location of transcribed exons
in the Parp region (Fig. 2), we also fully sequenced the following
cDNAs: SD15682 (TK), RE01394 (Tim23), CK01513 (Tim17b),
and LP13698 (no ORF).

Fluorescent in situ hybridization (FISH)

Mithotic chromosomes were prepared as described by Laverty
(2001). Probe preparation by nick translation, pretreatment, hy-
bridization, and signal detection were performed as described
(Dej and Spradling 1999). cDNA LD02455 was used to detect
Parp coding sequences, and the PZ element without rosy gene
sequences (Karpen and Spradling 1992) was used to detect the
PZ insertion in CH(3)1.
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Double-stranded RNA interference (dsRNAi)

RNAi was prepared as described by Kennerdell and Carthew
(1998). The following regions were targeted: 269–864 for
GM10715, 1–604 for LD02455, and 485–891 for copia. DsRNAi
was injected into the posterior region of precellular blastoderm
embryos at a concentration 0.5 µg/µL, and the embryos were
allowed to develop for an appropriate period under oil in a hu-
mid chamber prior to analysis.

RT-PCR and Northern blot

Total RNA was isolated using Trizol reagent (Gibco BRL), pre-
cipitated twice with 3M LiCl, and treated with amplification-
grade Dnase I (Gibco BRL) and poly(A)-containing RNA purified
using a MessageMarker kit (Gibco BRL). The SuperScript Pre-
amplification System (Gibco BRL) was then used to synthesize
cDNA and for RT-PCR. The following primers were used to
distinguish PARP-I and PARP-e transcripts: P-I (5�-AAATAAT
AAATGTCTTGAAATTG-3�) for PARP-I, P-e (5�-GTCTTGAT
TTTGTGTATACCG-3�) for PARP-e, and R4 (5�-TTTTATGA
AACCAATTCG-3�) for both. Total Parp transcripts were de-
tected using D1 (5�-GTGTCGTGGATGTGAAC-3�) and R2 (5�-
TTGGAATTCTGGATTTTG-3�), which target a common cod-
ing region within the DNA binding domain. Copia-specific tran-
scripts were detected using 5�-copia (5�-CCGTTTGATGG
CGAGAAGTACGCGATTTGG-3)� and 3�-copia (5�-CCATC
GTAACACGAAGGCAATGTGATC-3�), which target part of
ORF1. For the Northern blot analysis, at least of 2.5 µg of
poly(A) RNA from second instar larvae was used for each lane.
The PARP probe was from the DNA binding domain, and an
rp49 probe was used as a control.

Nuclease sensitivity assays

Embryos were collected on grape juice/agar plates for 2 h at
25°C and aged for 10–12 h, after which subsets were analyzed at
frequent intervals during the next 4–8 d. Themicrococcal nucle-
ase sensitivity of purified nuclei was determined as described by
Wu (1989) and Quivy and Becker (1997) with minor modifica-
tions (available on request). Controls showing the absence of
endogenous nuclease activity were carried out, and the levels of
micrococcal nuclease used were calibrated for each stock.

Immunohistochemistry and fluorescence microscopy

Tissues were fixed and stained with primary and secondary an-
tibodies as described (Grieder et al. 2000) and examined by con-
focal microscopy using a Leica TCS-NT microscope. Primary
antibodies were: mouse monoclonal (mAb) Aj1 (1:100) and anti-
fibrillarin (1:200) from J. Gall (Department of Embryology,
Carnegie Institution of Washington, Baltimore, MD); and
mouse mAb 10H (1:20–50) from Dr. Manfred Frey (Steinbeis-
Transferzentrum fur Angewandte Biologische Chemie). 10H
specifically recognizes ADP-ribose polymers (Kawamitsu et al.
1984). Nuclear staining by 10H such as that shown in Figure 1F
was abolished in Parp mutant larvae, further confirming the
specificity of this reagent (data not shown). Mouse Alexa-568
(Molecular Probes) (1:400) was used as a secondary antibody.

pADPr assay

Embryos were collected and nuclei purified as for the nuclease
sensitivity assay. Nuclei were incubated in nuclear buffer
(Quivy and Becker 1997) containing 0.1 mCi/mL [32P]-NAD
(Amersham) for 15 min at room temperature. Then nuclei were

washed twice in nuclear buffer, collected by centrifugation, and
preheated for 3 min. The protein gel was then processed, dried,
and subjected to autoradiography.
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