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Poly(ADP-ribose) polymerase-1 knockout (Parp-1-/-) mice show increased frequency of spontaneous liver
tumors compared to wild-type mice after aging. To understand the impact of Parp-1 deficiency on muta-
tions during aging, in this study, we analyzed spontaneous mutations in Parp-1-I- aged mice. Parp-1-I-
mice showed tendencies of higher mutation frequencies of the red/gam genes at 18 months of age, com-
pared to Parp~-1*"* mice, in the liver and brain. Complex-type deletions, accompanying small insertion
were observed only in Parp-1-/~ mice in the liver and brain. Further analysis in the liver showed that the

gg::«;rds. frequency of single base deletion mutations at non-repeat or short repeat sequences was 5.8-fold higher
Mutation in Parp-1-I- than in Parp-1** mice (p<0.05). A 3.2-fold higher tendency of the deletion frequency of
Deletion two bases or more was observed in Parp-1-/- mice compared to Parp-1*1* mice (p =0.084). These results
gpt delta support the model that Parp-1 is involved in suppressing imprecise repair of endogenous DNA damage
Aging leading to deletion mutation during aging. The mutation frequencies of the £pt gene in the brain were

found to be 3-fold lower in Parp-1-/~ than in Parp-1** mice at 4 months of age (p<0.01), implying that
Parp-1 may be positively involved in imprecise DNA repair in the brain. On the other hand, the frequencies
of gpt mutation showed an increase at 18 months of age in the Parp-1-/- (p<0.05) but not in Parp-1*/*

brains, suggesting that Parp-1 deficiency causes an increase of point mutations in the brain by aging.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Poly(ADP-ribose) polymerase-1 (Parp-1) facilitates DNA strand
break repair by binding to the end of DNA strand breaks and cat-
alyzing transfer of ADP-ribose residues from NAD to itself and other
nuclear proteins, including XRCC1 (X-ray cross-complementing fac-
tor 1) [1], WRN (Werner's syndrome protein) [2,3] and Ku70/80
[4,5]. PolyADP-ribosylation results in recruitment of DNA repair
proteins to DNA damage sites [6,7). Accumulating studies have
indicated that Parp-1 is involved in base excision repair (BER) and
single strand break (SSB) repair by interacting with XRCC1 through
poly(ADP-ribose) residues, as well as DNA polymerase 8 {8] and
DNA ligase Illo [9] using the BRCT domain in Parp-1. We previously
demonstrated that Parp-1-/~ mice show higher susceptibility to

* Corresponding author at: Biochemistry Division, National Cancer Center
Research Institute, 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. Tel.: +81 3 3542 2511;
fax: +81 3 3542 2530,

E-mail address: mmasutan@ncc.go.jp (M. Masutani).

0027-5107/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrfrnmm.2009.02.001

carcinogenesis induced by alkylating agents such as N-nitrosobis(2-
hydroxypropyl)amine (BHP) [10] and azoxymethane [11] but not
with 4-nitroquinoline i-oxide [12}. Parp-1-/- mice develop nor-
mally, and spontaneous tumor incidences in all organs are not
elevated at least until 9 months old [11]. However, the incidences
of hepatocellular adenomas and carcinomas in Parp-1-/~ mice are
increased at 18-24 months old compared to Parp-1** mice [13].
Parp-11-p53~I- mice also show spontaneous medutloblastomas
in p53 knockout (p53~/~) mice at a higher incidence compared to
Parp-1**p53-1- mice [14,15].

In wild-type mice, age-related increases of mutant frequencies
are observed in the liver, spleen, heart and small intestine, whereas
mutant frequencies in the brain and germ cells are only slightly
increased [16-18]. Age-related increases in genome rearrangement
aswell as point mutations are reported in the liver butnot observed
in the brain [19]. Therefore, the effects of aging on spontaneous
mutation frequency might be different among tissues,

To analyze the impact of aging on spontaneous mutant fre-
quency and its spectra in Parp-1-/- mice, we performed mutation
analysis in Parp-1-/- mice at advanced age using progeny of
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intercross with gpt delta transgenic mice harboring about 80
copies of tandemly integrated lambda EG10 DNA as a transgene
[20,21]. The rescued phage was analyzed by the Spi~ (sensitive
to P2 interference) assay, which preferentially detects deletion
mutations in the red/gam genes. The deletion mutations of a single
base to approximately 10 kb or several copies of EG10 DNA could
be detected. The gpt assay detects point mutations in the guanine
phosphoribosyl transferase (gpt) gene. The spontaneous mutant
frequency of the gpt gene in the liver of mice is around 2-6 x 10-6
[23] in tissues including the liver and brain [24]. The frequency of
mutation in the red/gam genes in the liver of mice is also reported
to be around 1-5 x 107 [23,24].

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

The results in this study suggest that Parp-1 suppresses sponta-
neous deletion mutations, especially at non-repeat or short repeat
sequences in the liver and brain during aging. Complex-type dele-
tions accompanying small insertion and microhomology at deletion
junctions observed in Parp-1~/~ livers and brains are also discussed.
Additionally, we observed that the mutant frequencies of the gpt
gene in the brains were found to be 3-fold lower in Parp-1-/- than
in Parp-1*1* mice at 4 months of age but increased in Parp-1—/- mice
to the level of Parp-1*/* mice at 18 months of age.

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

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

2.2, Spi~ assay

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

2.3. gptassay

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

2.4. Statistical analysis

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

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

3. Results

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

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

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

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

The mutations in the red/gam genes could be categorized into
deletion, base substitution and single base insertion. As shown
in Fig. 1C, deletion mutation frequencies in the liver of Parp-1-/-
mice showed a tendency of 1.7-fold increase compared to those in
Parp-1** mice (p=0.20). The deletion mutations could be classified
into single base deletion and deletion of two bases or more (Fig. 1C).
Fig. 1D shows the distribution of single base deletions of the gam
gene in the liver of Parp-1-/= and Parp-1*/* mice at 18 months of
age. Single nucleotide repeats, ~AAAAA- at 227-231, ~AAAAAA-
at 295-300 and -GGGG- at 286-289, are known as hot spots of
single base deletions in the gam gene of wild-type mice [28]. The
frequency of single base deletions at hot spots, namely at 4~6bp
mononucleotide repeats was not increased in Parp-1-~ mice
compared to Parp-1** mice (Fig. 1C). In contrast, the frequency of
single base deletions at non-repeat sequences or short repeats of
2-3 bp mononucleotides showed a 5.8-fold increase in Parp-1-/—
mice (p=0.031, Fig. 1C). The single base deletions at non-repeat
sequences were only observed in Parp-1-/~ mice at a frequency of
43 x10-7 and showed a higher frequency than that in Parp-1**
mice (p=0.023). The specific deletion mutation frequencies of
two bases or more in the liver showed a 3.2-fold (Fig. 1C) higher
tendency in Parp-1-/~ mice than those in Parp-1** mice, although
there was no statistical significance (p=0.084). Deletions of both
2bp-1kb and deletions larger than 1 kb were observed in the liver
of Parp-1-I~ mice, whereas all three mutants in Parp-1** mice
(Table 1) had deletions larger than 1 kb (data not shown).

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

We further categorized deletion mutations of two bases or more
into simple or complex types (Table 1). Complex-type deletions
were defined as accompanying small insertions or recombina-
tion with deletions [20]. Complex-type deletions were found in
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Fig. 1. Spontaneous mutant frequencies of the red/gam and gpt genesin the liver of Parp-1-/- and Parp-1*/* mice at 4 and 18 months of age. (A) Spontaneous mutant frequencies
of the red/gam genes in the livers. (B) Spontaneous mutant frequencies in the gpt genes of the livers, Error bars represent standard error values, (C) Effect of Parp-1 deficiency
on the mutation spectrum of the red/gam genes in the liver at 18 months of age. Specific mutation frequencies in the red/gam genes of the liver are shown. Mean values and

standard error values are presented for Parp-1-/~ and Parp-1** mice (n=6 and 4, res

pectively). (D) Distribution of single base deletion mutations in the gam gene of the livers

at 18 months of age. Single base deletions were observed on non-repeat, or 2-3 base repeats, or 4-6 base repeats as indicated in the figure as repeat length (N), of 1, 2, 4-6,

respectively.

Parp-1-I~ mice, but not in Parp-1** mice in the liver at 18 months
old. As shown in Table 1, the frequencies of complex-type deletions
in Parp-1-/~ mice showed a higher tendency than those in Parp-1**
mice, although it is not statistically significant (p = 0.224). The struc-
tures of complex-type mutations of Parp-1-/~ mice observed at 18
months of age are shown in Table 2. Two complex-type deletions

observed in Parp-1-- mice accompanied both small insertions
and microhomologous sequences at deletion junctions (Table 2).
It is of note that complementary nucleotides AAA (G61-1-3) or TT
(G93-2-3) (marked with upper lines in Table 2) are present at the
5' position to these microhomologous deletion junctions in each
case,
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Table 1
Spectrum of the mutations of two bases or more in the red/gam genes in the liver and brain of Parp-1-/~ mice at 18 months old.
Tissue - . Deletion Parp-1t i E Parp-17F
Mtation frequency (x10-8)7 < 'No. of mutants (MEj/Non-MEJj- Mutation frequency (x10-°). - - No. of mutants (MEJ/Non-MEJ])
Liver Simple. 034021 L 3RM) 0962027 =13 (6(7)
Complex , N 0 013+ 008 2200y
with'small insertion® " --<0167 . = : 0= 0134 0,08 i = 2(2/0)
with recombination <016 = - 0 <0137 0
Brain  Simple 015+015 < 10Ny 0324014 3R
Complex - <018 - i} = 032£014 3anye
with small insertion” == <018 = o . G 019012 201
with recombination <018 S Voo 0124012 - it

ME}; microhomology-mediated end joining. Non-ME]; non-microhomology-mediated end joining.

2 Small insertion represents 4-9 bp insertion.
" One of the mutants could not be classified into ME} or non-ME] type.

3.3. Mutation frequencies of the red/gam gene in the brains at 4
and 18 months of age A

Parp-1-/~ mice showed 1.5-fold higher mutant frequencies com-
pared to Parp-1*/* mice (p=0.047) in the brains at 4 months of age
(Fig. 2A). The brains of Parp-1~/- mice showed a 2.2-fold higher ten-
dency of mutant frequencies than those in Parp-1*/* mice (p=0.088)
at 18 months of age (Fig. 2A). The tendency of age-dependent slight
increase in the mutant frequency in the brain was observed in Parp-
1-/= but not in Parp-1*/* mice, as mentioned earlier in the case with
the liver. Analysis of the mutation spectrum in the brain (Fig. 2C)
revealed some differences from that of the livers. In the brain, a
tendency of increase in base substitution and deletion mutations
of two bases or more was observed in Parp-1-/- mice compared
to Parp-1** mice (base substitution: p =0.055, deletion mutation:
p=0.11). Different from the cases in the liver, the frequency of sin-
gle base deletions at non-repeat or 2-3 bp repeats is not increased
in the brain of Parp-1-/~ mice at 18 months of age compared to
Parp-1*/* mice (Fig. 2C).

3.4. Lower mutation frequencies of the gpt gene in the brains of
Parp-1-/~ than Parp-1*/* mice at 4 months of age and
age-dependent increase

Of note, mutant frequencies of the gpt gene in the brains of Parp-
1/~ mice were lower than those of Parp-1** mice (p=0.009) at 4

Table 2

months of age (Fig. 2B). No pathological changes in the brains were
observed in Parp-1-/- and Parp-1*/* mice. Mutation spectra in the
brains of Parp-1-/~ mice showed a lower frequency of G:C to A:T
base transition mutations {(p =0.047) as well as deletion mutations
{(p=0.034) compared to Parp-1** mice at 4 months old (Fig. 2D).

The gpt mutant frequency showed an increase at 18 months of
age in the Parp-1-/~ but not in Parp-1*/* mice (p=0.011, Fig. 2B).
There was no difference in the mutant frequencies of the gpt gene
in the brain between Parp-1-/- and Parp-1*/* mice at 18 months of
age (Fig. 2B).

Comparison of the mutation spectra between 4 and 18 months
of age in Parp-1-/~ mice suggests a tendency of age-dependent
increase in the frequencies of deletion mutations (p = 0.068, Fig.2D).
A tendency of increase of point mutation (p=0.144) is also noticed,
suggesting that Parp-1 may be involved in suppressing age-
dependent introduction of point mutations in the brain.

4. Discussion

Spontaneous gpt and red/gam mutant frequencies are reported
to be around 2-6 x 10~% and 1-5 x 10~5, respectively, in gpt delta
mice of C57BL/6 genetic background [23,24]. In this study, the
spontaneous mutation frequencies of gpt and red/gam mutant fre-
quencies in the liver and the brain of Parp-1%* are both around
2 x 10-5 at 4 months of age and thus consistent with the previous
reports. The mutant frequency of the gpt gene in the small intestine

Junctional sequences of complex-type mutations in the liver and brain of Parp-1-/~ mice at 18 months old.
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Upperlines show complementary mononucleotide sequences at 5’ positions of the microhomologous sequences.
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Fig. 2. Spontaneous mutant frequencies of the red/gam and gpt genes in the brain of Parp-1-1- and Parp-1** mice at 4 and 18 months of age. (A) Spontaneous mutant
frequencies of the red/gam genes. (B) Spontaneous mutant frequencies in the gpt genes. Error bars represent standard error values. (C) Mutation spectra of the red/gam genes
in the brain of Parp-1-/~ and Parp-1** mice at 18 months of age. (D) Mutation spectra of the gpt genes in the brain of Parp-1-/~ and Parp-1** mice at 4 and 18 months of age.

of gpt delta transgenic mice of mixed genetic background of SWR
and C57BL/6 is reported to be 2.5 x 10~5 [22], which is higher com-
pared to other reports on gpt delta mice [23,24]. This difference
could be due to the mouse strain, tissues or other factors. From
4 to 18 months of age, the mutant frequency of the gpt gene in
Parp-1*/* mice increased 2-fold. The mutant frequency of the lacZ

marker gene in the liver is around 5 x 10~ at 4-6 months of age and
1.2 x 105 at 24-34 months of age in wild-type mice [19]. Therefore
age-dependent 2-fold increase in mutant frequency is consistently
observed both in the gpt and lacZ [19] genes. On the other hand,
size change mutations in the liver detected by the lacZ gene sys-
tem did not significantly increase before 25-27 months [19] but
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increased thereafter. Increase of mutant frequency in the red/gam
gene in Parp-1** mice at 18 months of age, which detects deletion
mutation, was not observed in the liver, being consistent with the
results in the lacZ gene [19]. In the lacZ gene system, the target size
is around 3000 bp, whereas that in the gpt and red/gam gene (Spi~
assay) are around 456 and 417 bp, respectively. The smaller size of
the target sequences of the gpt and red/gam genes could be also
responsible for the lower spontaneous mutant frequencies.

In this study, Parp-1-/~ mice showed a tendency of higher fre-
quencies of spontaneous deletion mutations in the red/gam gene,
including complex-type deletions in the liver (p=0.20) and brain
(p=0.29) at 18 months of age.

The single base deletion mutations at non-repeat or short
repeat sequences of the red/gam gene showed a 5.8-fold increase
(p=0.031) in the liver of Parp-1~/~ mice compared to Parp-1**
mice at 18 months of age. The frequency of deletion mutations
of two bases or more also showed a 3.2-fold higher tendency in
the Parp-1-!~ than in the Parp-1*/* liver (p=0.084). We observed
complex-type deletions in the livers and brains of Parp-1-/- but
not in Parp-1** mice at 18 months old.

8-Oxodeoxyguanosine (8-oxodG) is one outcome of major
oxidative DNA damage [31]. The 8-0xodG levels in DNA of the liver,
lungs, and small intestine in double knockout mice lacking both 8-
oxoguanine DNA glycosylase 1(0gg1) and Mut Y homologue (Myh)
genes increased linearly between 4 and 14 months of age [32]. 8-
OxodG and SSB, which are expected outcomes of major endogenous
DNA damage, are preferentially repaired by BER, Parp-1 is shown
to be involved in BER and deletion mutations of single base and
larger sizes of deletion as well as complexed-type were increased in
Parp-1-I- mice after treatment with an alkylating agent, BHP [20].
The frequency of single base deletion mutations at non-repeat or
short repeat sequences of the red/gam gene also increased 2.9-fold
in Parp-1-/~ mice compared to Parp-1** mice (p = 0.043)in the liver
after treatment of the alkylating agent, whereas no difference in
the frequency of single base deletion at 4-6 bp of mononucleotide
repeats was observed between genotypes [20]. Therefore the spec-
traof single base deletions in the liver of Parp-1-/— mice at advanced
age and after treatment with the alkylating agent are similar to
each other. Stalled BER in the absence of Parp-1 at a SSB introduced

DNA adduct :

step may further cause deletion mutations after treatment with
an alkylating agent [20]. Therefore, there is a possibility that dele-
tion mutation is also caused through BER induced by endogenous
DNA damage during aging in Parp-1-/- mice. After introduction of
SSB during BER, lack of Parp-1 may induce stall or delay in BER
and terminal nucleotides may be destabilized and lost under Parp-
1 deficiency by exonuclease activity (Fig. 3). Collision between SSB
and replication forks induces double strand breaks (DSBs) [33]. Two
SSBs on opposite strands within at least 30 nt could resolve into a
DSB [34]. Therefore, an increase of spontaneous DSBs might also be
caused by the presence of SSBs during replication fork progression
or defective BER under Parp-1 deficiency.

Deletion mutations including single base deletions may be also
produced during imprecise non-homologous end joining (NHE]).
In NHE] reconstituted systems that utilize DSB substrates, it is
shown that deletion or insertion of single bases as well as larger
sizes occurs during the NHE] process [35-37]. In chicken DT-40
cells, Parp-1 negatively regulates the NHE] process by inhibiting
Ku70/Ku80 action, and Parp-1 deficiency causes an increase of NHE]
frequency [38]. However, DT-40 cells are known to have high HR
levels compared to typical mammalian somatic cells. Using mouse
embryonic fibroblast or CHO cells, it is demonstrated that Parp-1
competes with Ku for DSB binding and is shown to be involved in
a backup pathway of classical NHE] pathway with DNA ligase IlI
[39]. Therefore, as shown in Fig. 3, during a NHE] process of DSB,
terminal nucleotides may be destabilized in the absence of Parp-
1, and resection of bases by the exonuclease may lead to deletion
mutation.

It is also notable that the frequency of single base deletions at
4-6 bp mononucleotide repeats did not show a difference between
either genotypes in the livers and brains. Single base deletion
mutations at 4-6bp of mononucleotide repeats, namely at run
sequences, might be caused by slippage error during DNA repli-
cation or repair reaction. The results suggest that Parp-1 is not
essential to suppress these slippage type errors induced during
aging.

Two complex-type deletions observed in Parp-1-/- mice accom-
panied small insertions as well as microchomologous sequences
at deletion junctions, suggesting that these mutations could be

p—
P Base ()
B 2
,,ER,,.... 1035 ‘é’?Glycosylase NHEJ
AP sit
- S oo —EE  E—
e By B —& B
Staited and
Exonuclease [] destabilized DNA _
L - terminus @ Exonuclease @
Ligation .@, in the absence of
| Parp-1 -
Single base __“_ '_. B—
bulge L= . E—

DNA replication @,

End-joining

Deletion

Deletion

Fig. 3. A model for augmented development of deletion mutation through imprecise BER or NHEJ process in the absence of Parp-1. During BER, after single strand breaks
are introduced following damaged base removal, the DNA terminus may be destabilized in the absence of Parp-1. Base loss could occur by the DNA exonuclease activity.
When misannealing and ligation occur, the deletion will be fixed by subsequent DNA replication. Stalled BER reaction in the absence of Parp-1 on single strand breaks may
also cause DSB and may induce switching to a NHE] reaction and subsequently base loss will be fixed by end-joining process. During DSB repair process by NHE], base Ioss
frequency might be augmented at the destabilized DNA terminus in the absence of Parp-1.
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caused by insertion of a few nucleotides during microhomolo-
gous end-joining (MEJ)-type reactions. A few complementary bases
are present at the 5’ position of the microhomologous sequences
(marked with upper lines in Table 2). During the end-joining
process, after resection of strand ends, transient base-pairing at
microhomologous sequences may occur and a few complementary
bases atthe 5 position may also form base-pairing. In the absence of
Parp-1, these base-pairings may be destabilized and resection and
insertion of a few bases may tend to occur in the livers. Consistently
of all seven simple-type deletions of two bases or more observed in
the livers of Parp-1-/~ mice (Table 1), none harbored a few comple-
mentary bases at the 5’ position of the microhomologous sequences
(data not shown). On the other hand, in two simple-type deletions
of two bases or more in Parp-1** mice, one deletion harbored a few
complementary bases at the 5 position of the microhomologous
deletion junctions (Table 1).

In the brain, one out of three complex-type deletions of Parp-
1-I~ mice harbored microhomologous deletion junctions but did
not harbor complementary bases at 5 positions of the microhomol-
ogous deletion junctions. This point should be further evaluated by
analyzing deletion mutations induced after treatment with various
types of DNA damaging agents in different tissues,

The xeroderma pigmentosum complementation group A (Xpa)
plays an important role in nucleotide excision repair (NER) and
Xpa-deficient mice also show higher spontaneous mutant fre-
quencies in the liver at advanced ages [40]. In fact, Xpa-deficient
mice show an increased frequency of hepatocellular adenomas
at older ages [34]. It is thus possible that endogenous DNA
damage repairable by NER may occur during aging. However,
no increase in the susceptibility to carcinogenesis induced in
Parp-1-I- mice by 4-nitrosoquinoline-oxide [41], which induces
bulky DNA adducts, suggests that Parp-1 is not involved in
NER.

Most liver cells stay in the GO phase and they usually enter the
cell division cycle after various stimulating events, An augmented
frequency of DNA replication, like that in preneoplastic lesions, can
also increase the chance of DSBs and may increase the frequency
of deletions. Two of six Parp-1~/- mice used in the mutation anal-
ysis harbored tumors in the liver and the tumor regions were not
included for DNA isolation. Because the frequencies and spectrum
of mutations in the gpt or red/gam genes were unbiased in each
mouse, we can exclude the possibility that the tissues used for iso-
lation of DNA contained monoclonally proliferating preneoplastic
lesions or other cycling cells.

It is also possible that an increased frequency of cell division
may be causative of augmented frequency of DSBs and may result
in a higher frequency of deletion mutation. However, if this is
true, the observed mutation spectrum is expected to be the same
between the genotypes. We could rule out this possibility because
we observed different spectra of deletion mutations between the
genotypes,

Unexpectedly we also found a 3-fold lower frequency of point
mutations in adolescent Parp-1-/~ compared to Parp-1*/* mice in
the brain (p=0.009). An age-dependent increase in the mutant
frequency in Parp-1~/~ mice was also shown (p =0.011). Lower fre-
quencies of G:C to A:T type mutation and deletion mutation in
Parp-1-- mice suggest that Parp-1 may be positively involved
imprecise repair pathways which cause base substitution mutation
of G:C to A:T and deletion mutation in the brain.

In conclusion, this result supports the view that Parp-1 is
involved in suppressing imprecise repair of endogenous DNA dam-
age leading to deletion mutation during aging in the liver and brain.
Parp-1~1~ mice show increased incidence of hepatocellular tumors
at 18-24 months of ages [13]. The present results suggest a sub-
stantial role of Parp-1 in the maintenance of genomic stability and
suppression of carcinogenesis during aging.
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ARTICLE INFO ABSTRACT

Modification of proteins by the addition of poly(ADP-tibose) is carried out by poly(ADP-ribose) polymer-
ases (PARPs). PARPs have been implicateéd in a wide range of biological processes in eukaryotes, but no
universal function has been established. A study of the Aspergillus nidulans PARP ortholog (PrpA) revealed
that the protein is essential and involved in DNA repair, reminiscent of findings using mammalian sys-
tems. We found that a Neurospora PARP, orthologue (NPO) is dispensable for cell survival, DNA repair
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ig:; We propose that PARPs may control aging‘"és proposed for Sirtuins, which also consume NAD+ and func-
Neurospora tion either as mono(ADP-ribose) transferases or protein deacetylases. PARPs may regulate aging by
Chromatin impacting NAD+/NAM availability, thereby influencing Sirtuin activity, or they may function in alterna-
DNA repair tive NAD+-dependent or NAD+-independent aging pathways.
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1. Introduction PARP homologs have been identified in plants, metazoans, pro-

tists and filamentous fungi, but not in the yeasts, while PARG

Poly(ADP-ribose) polymerases (PARPs) are ADP-ribose transfer-
ases that catalyze the formation of both linear and branched poly-
mers of ADP-ribose (PAR) on target proteins. PAR is covalently
linked to the vy-carboxy group of glutamxc acid resndues at acceptor
sites (Burzio et al., 1979; Riquelme et ai., 1979): Poly(ADP-nbosyl-
ation) (PARylation) consumes nicotinamide adenine:dinucleotide
(NAD+) and generates nicotinamide (NAM) The addition of PAR
to proteins is thought to have dramatic effects on their catalytic
activities, as well as on potential protein-pr rotein and protein-nu-
cleic acid interactions (Burkie, 2000; D'Amours et al., 1999; Kraus
and Lis, 2003). Recently a number: of different proteins have been
identified that bind to PAR both in'vitro and in vivo, including pro-
teins containing Macro domains and. proteins containing novel
poly(ADP-ribose)-binding zinc finger (PBZ) motifs (Ahel et al..
2008; Karras et al, 2005). In higher eukaryotes PARylation is
reversible through the action of PAR glycohydrolases (PARG),
which are active in a.variety of subcellular compartments, and
are thought to be important in'regulation of cell death after DNA
damage (Ame et al,, 2009a,b). Thus, the principle players in PARy-
lation thus far identified are the PARPs, PARG and PAR binding
proteins.
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homologs have been identified in all eukaryotes, excluding fungi.
PARPs and PARylation impact a variety of biological processes
including development, transcriptional regulation, chromatin
structure, epigenetic phenomena, DNA repair, mitosis, genome sta-
bility, neuronal function, cell death and aging (Beneke and Burkie,
2004, 2007, Bouchard et al., 2003; Boulu et al., 2001; Burkle, 2000,
2001a; Burkle et al, 2005; Chiarugi and Moskowitz, 2002:
D'Amours et al., 1999; Herceg and Wang, 2001; Hong et al.,
2004; Jeggo, 1998; Kim et ai, 2005; Kraus and Lis, 2003; Pieper
et al,, 1999; Smulson et al., 2000).

The canonical PARP enzyme from mammals, PARP-1, has been
implicated in both double and single strand break repair (DSB
and SSB), as well as base excision repair (BER) (Burkle, 2001b;
Dantzer et al., 1999; Masutani et al,, 2003). In human and mouse
cells, the majority of PARylation involves auto-modification of
PARP-1 in response to DNA damage and PARP-1 has been described
as a DNA damage sensor (D'Amours et al., 1999; de Murcia et al.,
1997; Huletsky et al., 1989; Ogata et al., 1981). Residual PARylation
is detectable in mouse embryomc ﬁbroblast homozygous for PARP-
1 null mutations (PARP-1"/"}) (Shieh et al.,, 1998) and this may re-
flect PARP-2, which has also been shown to PARylate in response to
DNA damage (Ame et al., 1999). Both PARP-1"/" and PARP-2"/"
mice are viable, but are sensitive to DNA damaging agents, and
PARP-1/" mice have inherent genomic instability (de Murcia et
al, 1997; Menissier de Murcia et al 2003; Trucco et al., 1998;
Wang et al, 1895, 1997). PARP-1"¢ /PARP 2 mice die as em-
bryos prior to E8.0, and PARP-1"" [PARP-2 /~ female mice exhibit
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X-chromosome instability, infertility, and higher levels of embry-
onic lethality (Menissier de Murcia et al.,, 2003). These results sug-
gest that PARylation may be essential in higher eukaryotes.

A recent investigation using the filamentous fungus Aspergillus
nidulans revealed the presence of a single PARP ortholog (PrpA)
(Semighini et al., 2006). Disruption of the prpA gene was found
to be lethal in haploid strains, and diploid strains carrying only a
single copy of prpA had severe growth restrictions and were found
to be sensitive to several mutagenic compounds (Semighini et al.,
2006). These results suggest that the requirement of PARP for
DNA repair and viability is conserved between animals and fila-
mentous fungi.

In addition to evidence that PARPs and PARylation control di-
verse aspects of gene expression, DNA repair and genome stability,
there are suggestions that PARP-1 is involved in controlling aging
in metazoans. Grube and Burkle {1992) found a strong positive cor-
relation between lifespan and the degree of PARP activity in leuko-
cytes of 13 mammalian species. Long-lived species had higher
levels of PARylation, but similar levels of PARP protein, implying
greater enzyme activity (Grube and Burkle, 1992). In addition,
the WRN protein, which is defective in individuals with the prema-
ture aging disorder Werner's syndrome, was found to physically
and functionally interact with PARP-1 (Li et al., 2004; von Kobbe
et al., 2004).

Research using microorganisms as models for aging has been
dominated by studies in Saccharomyces cerevisiae. Replicative life-
span in S. cerevisiae is measured by determining the number of
daughter cells an individual mother cell can produce (Mortimer
and johnaston, 1959). Mutations in Silent Information Regulator
{SIR) complex components were isolated in a genetic screen de
signed to identify genes that control this form of aging (Kenned

et al, 1995). In particular, the NAD+-dependent histone deacetyl-
ase Sir2 was shown to be a key regulator, acting to suppress recom-

adequately investigated. Research directed at understanding the
roles of PARP and PARylation in aging of higher eukaryotes may
be hindered by functional redundancy of multiple PARP enzymes
and lethality of PARP mutants. Thus we chose to explore the func-
tion of PARP in the filamentous fungus N. crassa, which only has a
single gene encoding this enzyme.

2. Materials and methods

2.1. Media and culturing conditions

N. crassa was cultured asidescribed previously (Davis and
DeSerres, 1970). Strains weresgrown in liquid Vogel’s minimal
media with 1.5% sucrosé or 2%iglucose and supplements were
added where indicated. Solid média was the same but with 2%
agar. Strains were growi: GS (0.05% fructose, 0.05% glucose,
2% sorbose, 1X Vogel's salts, 2% agar) to induce colonial growth.
The concentration supplements were as follows: 1x alanine
(1 mg/ml), 1x a 1ilfic acid (140 pg/ml), 1x histidine (0.5 mg/
ml), 1x lysine; g/il), 1~ nicotinamide (10 pg/ml). Hygromy-
cin was used in'the range of 200 pg/m! to 1.5 mg/ml. Crosses were
carried ou ynthetic crossing medium with glucose or sucrose
concentrations at 0.5% or 2.0%.

ern and Northern blots

“DNA was isolated from N. crassa and Southern blots performed
as_previously described (Luo et al., 1995; Miao et 2, 2000). RNA
extraction and Northern blots were performed as previously de-
ibed (Rountree and Selker, 1997).

2.3, Analysis of PARP, MacroD and zf-PARP sequences

extrachromosomal rDNA circles (ERCs), which are antagonis ic t

long replicative lifespan in budding yeast (Kaeberl¢in €
1999; Sinclair and Guarente, 1997). e
Although Sir2-like proteins (Sirtuins) have bee

Sirtuins are NAD+-dependent enzymes. Séme Sirty
mono(ADP-ribose) transferases (ARTS), othefs, flinction as protein
deacetylases, and some have both activities:

established that NAD+ and NAM levels impact replicative aging
through regulation of Sir2 deacetylase™attivity (Gallo et al,
2004; Sandmeier et al., 2002). Additional studies have shown that
lifespan extension by calorie ion:(CR) in S. cerevisiae in-
volves Sir2, as well as the NAD#:dépendent deacetylase Hst2,
and is thus regulated by NAD#and:NAM levels as well (Anderson
et al.. 2003; Lamming et & 05; Lin et al,, 2000, 2004). In addi-
tion, a yeast pathway for Sirtuin-independent lifespan extension
by CR is also influenced;by NAD+ and NAM availability (Tsuchiya
et al. 2006). The fact that'GRextends lifespan in higher eukary-
otes, and that Sirtuins have been implicated in controlling aging
in flies and worms suggests that NAD+ and NAM metabolism
may be of general importance in the regulation of lifespan. While
Sirtuins are present in all eukaryotes including the yeasts, addi-
tional ARTS, along with PARPs and cADP-ribose synthases exist
in metazoans and filamentous fungi (Belenky et al, 2007). All of
these enzymes are major consumers of NAD+, and might there-
fore be expected to impact aging. While aging studies in S. cere-
visiae have provided many valuable insights, the involvement of
certain key biological regulatory pathways that are common to
many eukaryotic organisms, but absent from yeast, have not been

Fungal PARP-like proteins, MacroD-like, zf-PARP-like and their
ORFs were identified using the BLASTP and TBLASTN programs at
NCBI (http://www.ncbi.nih.gov). The BLASTP program was also
used at the Broad Neurospora Genome Project database (http://
www.broad. mit.edufannotation/genome/neurospora) to identify
the NPO and MacroD proteins, and the NGP genome browser was
used to identify their ORFs. Protein motifs and domains were ver-
ified in the SMART database (http://www.smart.embl-heidel-
berg.de/). All sequence alignments and analysis was performed
with programs at the SDSC Biology Workbench. The BL2SEQ pro-
gram was used to compare NPO with human PARP-1 and PARP-2.
The npo gene and amino acid sequence shown in Fig. 3 was gener-
ated with the Publish program using Genetics Computer Group
(GCG) software.

2.4. Analysis of subcellular localization of GFP tagged proteins

PCR products of the hpl1, rapl, mcd (MacroD) and npo genes
amplified from wild type Neurospora were cloned into pMF272
(Honda and Selker, 2009) to allow his-3 targeting of GFP tagged
fusions expressed from the Neurospora ccg-1 promoter. These
PCR products spanned the start and stop codons of these genes,
excluding %' and 3’ UTR sequences. The details of all cloning steps
are available upon request. The Neurospora yphl and zfp (zf-
PARP) genes were cloned, along with 2 kb of upstream sequences,
as Notl-Pacl PCR fragments into Netl-Pacl digested pMF272, The
Notl-Pacl pMF272 restriction fragment lacks the ccg-1 promoter.
All GFP fusion constructs were used to transform a his-3 targeting
strain p49 (relevant genotype: his-3; inl; npo®) obtained by cross-
ing the original npo KO strain (14-6-1-1A) with FGSC 7508. Con-
idia from transformants were imaged using a Zeiss LSM 510
confocal microscope at 630x magnification. Images were taken
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as Z-sections and analyzed using the program Image]. Individual
slices were selected and saved as JPEGs.

2.5. Knockout of npo by homologous replacement

The npo gene was amplified by PCR from wild type N. crassa
using the following primers: 5-CAAATGGACGAAAGAGCAGA-3
and 5-TGGTGAAAGGAAGGATGGAA-3. The 6.5kb PCR product
was digested with EcoRI and Sacl, and cloned into pBluescript
SK+. This construct was then digested with Xhol to remove the
npo ORF and the hygromycin B-resistant gene (hph), derived from
pCB1003 (Carroll et al,, 1994), was cloned in its place. The resulting
plasmid (pP1) contains the hph gene flanked by 1.9 kb and 1.0 kb of
npo upstream and downstream sequences, respectively. To knock-
out the npo gene, wild type N. crassa (74-OR31-14a) was trans-
formed with an EcoRi-Sacl fragment from pP1. Transformation
was carried out by electroporation as described (Ninomiya et al,,
2004) and hygromycin resistant transformants were crossed to a
wild type N. crassa strain of opposite mating type (74-OR31-16A)
to render the integrations homozygous. Finally, npo knockout mu-
tants were identified by PCR and Southern hybridization.

2.6. Cloning and mutation of npo by RIP

npo was cloned by PCR amplification from wild type N. crassa
(N150, 74-OR23-1VA) using the following primers: (2653F) 5'-
TCCAATTCATGCCGCCCAGACGAGCAAAG-3"; (2653R) 5 -CTGCGGC
CGLTCATACGCARTGTACTCGTTG-3", The PCR product was digested
with EcoRI and Notl and cloned into pBM61 (Margolin et al.,, 1997)

to generate pGK111. This construct was linearized with Dral, and.

targeted to the his-3 locus in strain N1674. Ten transformants were

isolated, and correct integrations were confirmed by Southern™

hybridization. Four of the transformants (pGK111-T1, T2, T3,-T4)

were crossed with strain N1444 and DNAs from 14 histidine proto- 8
trophic progeny from each of the four crosses were analyzed for
evidence of mutation of npo. Probing of Southern blots of Dpnll/

Sau3A digested DNAs with npo sequences revealed RFLPs and hea-
vy methylation in progeny 11 (P11), among others. P11, ‘was ob-
tained from a cross of strain pGK111-T2 with N1444 From here
on this strain is referred to as N3180. The endogenous npo gene
was cloned by PCR from strain N3180 using the fol]owmg primers:

(2653F2) 5-CTT LA(_;XCACITLA(ALL ITTGTITC-37- (2653R2) 5~

GCTATCTTGACACGGAAAAG-Y. Digestion of the:PCR product with
Dpnil confirmed the presence of the RELPs detected by Southern
blot, and the PCR product was gel isolated and sent for sequencing
using primer 2653F. The npo allele present m N3]80 is designated
npof'*! (see Table 1),

2.7. Testing for genetic mteracnons between npo""’ " and N. crassa
Sirtuins {nsts) :

For the purpose of isolating the npo™F" allele in a mat a back-
ground, and to look for possible genetic interaction between npo
and nst-7, N3180 was crossed with N1983 (mat a; mtr cold; nst-
1¥%1 trp-2). No obvious defécts in growth or development were ob-
served in double mutant progeny. Strain N3181 (mat a; npo®*’;
nst-1%) was obtained from this cross. To isolate npo™*’ in a back-
ground with a TPE marker and both nst-1 and nst-3 mutations,
N3181 was crossed with N2636 (mat A nst-3¥""; mtr cold; tel-
VR::hph::T; nst-1%871 trp-2). Numerous progeny were isolated from
this cross and Southern blots were used to determine their geno-
types. Among the progeny were P6 (nst-3*; npo” telVR::hph::T;
nst-1"), P80 (nst-3*; npo™F' telVR:hph::T; nst-1*) and P23 (nst-
3MPT, npo” telVR::hph::T; nst-1*) which were tested for TPE (see
Fig. 7) along with others. No obvious defects in growth or develop-
ment were observed for triple mutant progeny.

Table 1
Neurospora crassa strains used in this study.
Strain Genotype Source
number
N150 mat A - FGSC 2489
N1444 mat a his-3; am'3% . This study
N1674 mat A his-3; lys-1 am'? inl; am®"::hph::am™  Hays et al.
) e e (2002)
N1983 mat a; mtr cold; nist-1""" trp-2 This study
N2636 mat A nst-38""; mer col-4; telVR: hph :T: nst- - Smith et al.
1™ pp-2 . (2008)
N3180 mat A his-3::npo™™’; am”z npoRiPl This study
N3181 mat a; npo®*L This study
74-0OR31- mat A al-2; pan-2;cot-1 de Serres
16A N (1980)
74-OR31- mat a al-2; pan-2; cot-1 de Serres. .-
14a R : (1980)
MKI-1411A  mat A al-2; pan-2; cot-1; npoKO This study
MKI-14142  mat a al-2; pan-2; cot-1; npoKO This study’
14-6-1-1A- .. mat A'al-2; pan-2; cot-1; npoKO This study
G1 . mat A his-3 cyh-1 al-1; mtr; inl FGSC 7508
P49 This-study.

mat A his-3 cyh-1 al-1; inl

2.8. TPE assays"»;

Progeny from the cross of N3181 with N2636 were spot-tested
on hygromycin to assay the effects of mutation of npo, nst-1 and
nst-3 on TPE in genetic backgrounds with telVR::hph::T (Smith et
als 2008) "All possible combinations of alleles were analyzed.

_ 'Approxxmately 1000 conidia were spot-tested on FGS plates con-
. taining 600 pg/ml or 1.5 mg/ml hygromycin and supplemented
~with-alanine, lysine, inositol and anthranillic acid. Spot-tests were

also done on identical plates with no hygromycin as a control for

-.growth.

2.9. Mutagen sensitivity assays

For mutagen sensitivity assays, progeny from the cross of
N3181 with N2636 were spot-tested on the same media used in
the TPE assays, but containing either MMS (0.03%), MNNG
(0.5 pg/ml), EMS (0.3%) or CPT (0.3 pg/ml). As with the TPE assay
approximately 1000 conidia were spot-tested, and identical con-
trol plates with no mutagen were used as a control for growth.
Mutagen sensitivity of the npo KO strain was tested as previously
described (Watanabe et al,, 1997).

2.10. PARylation assay

Crude N. crassa extracts were incubated in 50 mM Tris~HCl {pH
8.0}, 10 mM MgCl,, 1 mM dithiothreitol, 10 uM (74 KBg/nmol) 32p-
NAD (Du Pont), 20 pg/ml activated DNA (Sigma) and 20 pg/m! calf
thymus type lI-A histones (Sigma H9250) at 25 °C for 30 min. To
stop the reaction, the PARP inhibitor 3-aminobenzamide was
added to 5 mM and unincorporated NAD was removed using spin
columns containing Sephadex G-50 resin (GE Healthcare). Fschie-
richig coli extracts expressing human recombinant PARP-1 (Ikejima
et al., 1990) were used as positive controls. After centrifugation at
300g for 4 min, the eluent containing 3P-PARylated proteins was
treated with 0.1 M NaOH at 37 °C for 30 min to detach 2P-PAR,
and the solution was neutralized by addition of Tris-HCl {(pH 7.5}
to 50 mM and HCI to 0.1 N. After extraction with water-saturated
phenol and chisroform-iscamy! alcohol (49:1 (v/v)), ammonium
acetate was added to 2 M and 3?P-PAR was ethanol-precipitated.
After washing with 70% ethanol, the fraction was dried and dis-
solved in a loading dye containing urea (Panzeter and Althaus,
1990). The fraction was then analyzed by 20% polyacrylamide gel
electrophoresis as described elsewhere (Panzeter and Althaus,
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1990). The gel was exposed and analyzed with BAS2500 (Fuji Film).
The radioactive area containing 3?P-PAR was cut out and further
analyzed. The gel fragments were rinsed with water and crushed.
The radioactive material was eluted and digested by incubation
overnight at 25°C in 100 ul of a PARG buffer containing 20 mM
potassium phosphate {pH 7.5), 10 mM B-mercaptoethanol, 0.05%
Triton X-100 (Sigma), 0.1% bovine serum albumin and rat PARG-
conjugated with glutathione-S-transferase (GST-PARG) (Shimoka-
wa et al,, 1999). Treatment with GST-PARG digested PAR to ADP-ri-
bose, and the reaction mixture was treated with perchloric acid at
0.5 N on ice for 20 min and neutralized with 0.7 M glycyl-glycine-
3 M potassium hydroxide and centrifuged at 15,300g for 5 min at
4 °C. The supernatant was subjected to high performance liquid
chromatography (HPLC). HPLC was carried out using Develosil col-
umns (C30-UG-5, @46X250 mm, Nomura Chemicals). UV absor-
bance was monitored at 254 nm (Toso, UV-8000). A linear
gradient elution for 100 min using buffer A (0.1 M ammonium ace-
tate) and buffer B (50 mM ammonium acetate-50% acetonitrile)
was performed, ranging from 2% to 100% buffer B at a flow rate
of 0.5 ml/min. The retention time of ADP-ribose was 17-19 min.
Each 0.5 ml fraction between 13 and 20 min was concentrated
and spotted on DE81 paper (Whatman) and analyzed by BAS2500.

2.11. Telomere erosion assay

Genomic DNAs from wild type and the npo strain were digested
with Clal and Hindlll. Electrophoresis was carried out in a 2.5% aga-
rose gel for 5h at 50 mV and Southern blots performed as previ-
ously described (Luo et ai., 1995; Miao et al,, 2000). These blots
were then probed with a non-isotopically labeled oligo composed
of seven direct tandem copies of the telomere repeat seque

{3-CCCTAA-].

3. Results and discussion
3.1. There are two classes of fungal PARP-like proteins

Semighini et al. (2006) observed that PARP homologs exist in

phase. The canonical PARP enzyme from mammals, PARP-1, con-
tains an N-terminal zinc finger DNA-hinding domain (zf-PARP), a
BRCT motif that is the major target for auto-modification, a WGR
motif, and a core catalytic domain (Ame et al, 2004; Kim et al,
2005). We performed TBLASTN searches through the NCBI
(http://www.ncbi.nih.gov) fungal genome databases using the hu-
man PARP-1 catalytic domain as the query. We then analyzed the
hits using the SMART database (http:/fwww.smart.embl-heidel-
berg.def) to confirm the presence of a PARP catalytic domain (pfam
00644). Our analysis revealed twg classes of PARP-like proteins: (1)

Homologous to A, nidulans PrpA containing BRCT (pfam 00533)
and WGR motifs (pfam 054083 and {2) those with a catalytic do-
main most similar to mammalian PARP-6/PARP-8 family members
and having a carboxyl terminal:extension showing homology to
the catalytic domain (SMART 00212) of ubiquitin-conjugating en-
zyme E2 (Fig. 1A). This ain‘organization seems to be specific
to filamentous fungx Weirefer to this second class of fungal
PARP-like proteins‘as PARPJE2. Like the PrpA class, the PARP/E2
proteins are broadly distributed in the euascomycetes, In fact, N.
crassa is the nl eifascomycete represented in the NCBI fungal
25 species) that does not have a PARP[E2
homolog, raising the possibility that a N. crassa homolog is in a
sequencmg gdp. Homologs in the PARP/E2 class were also found
in the basido ycetes Coprinus cinereus {EAUS83704.1) and Phanero-
chaete chrysosporium (unannotated protein, contig accession:
AADSDTOD00SE, gi:46851846, approx. coordinates 71,000-75.000}.

.N."crassa has a single PARP homolog of the PrpA class

ingal PARP proteins of the PrpA class lack an amino terminal
nger DNA-binding domain (zf-PARP), but have both an N-ter-
inal BRCT motif and a WGR motif (Semighini et al,, 2006). A
BLASTP search with PARP-1 sequences through the Broad Institute
Neurospora genome database (http://www.broad.mit.edufannota-
tion/genome/neurospora) identified a single ORF encoding a pre-
dicted protein of 592 amino acids with a WGR motif, but lacking
a BRCT motif (NCU08852.3, EAA31746, GI:157070000, accession
AABX02000063.1). We feel that the most likely start codon for this
ORF is 235 nucleotides upstream of that suggested by the Broad
annotation, which would predict a protein of 670 amino acids with

PepAINPO

class

PARPIEZ
ciass

ZFP

MCD

Fig. 1. Domain organization of fungal PARP-like proteins and associated DNA and PAR binding proteins. (A) Schematic representation of the domain organization of the two
classes of fungal PARP proteins. The complete amino acid sequences of NPO. Neurorospora crassa PARP ortholog [CAD21266] and Aspergillus nidulans ANO482.2
[XM_652294.1] were used as queries to search the SMART database (smart.embi-heidelberg.de). Searching with NPO identified BRCT [IPRO01357], WGR [IPRO08893], PARP-
regulatory [PF02877], and PARP-catalytic [PF00644] domains, defining the PrpA/NPO class. Searching with AN0482.2 identified PARP-catalytic [PFO0644] and Ubiquitin-
conjugating enzyme E2 catalytic domains [SM00212), defining the PARP/E2 class. (B) Domain organization of the Neurospora MacroD protein. The complete amino acid
sequence encoded by Neurospora ORF NCU07925.3 was used to search the SMART database indentifying the A1 pp domain [SM00506}. (C) Domain organization of the
Neurospora zf-PARP protein. The complete amino acid sequence of a Neurospora hypothetical protein [Broad coordinates LGI, containing 2:447973 -~ 449833+] was used to
search the SMART database identifying a single zf-PARP Pfam domain {PF00645].
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both WGR and BRCT motifs, as expected for a member of the PrpA
class (Fig. 1A). We refer to this protein as Neurospora PARP Ortho-
log (NP} The presence of BRCT motifs in the PrpA class of fungal
PARPs, and their absence from PARP-2 homologs, suggests that
proteins of the PrpA class are more closely related to PARP-1. How-
ever, comparison of NPO with human PARP-1 and PARP-2 using the
BL2SEQ program suggests a closer relationship with PARP-2 [NPO:-
PARP-1, e=10""%, identities = 216/681 (31%), similarities = 335/
681 (49%), gaps = 67/681 (9%); NPO:PARP-2, e =3 » 10 %, identi-
ties = 187/464 (40%), similarities = 259/464 (55%), gaps = 39/464
(8%)]. In agreement with our analysis Semighini et al. (2006) ob-
served that PrpA-like PARPs belong to a microbial clade more sim-
ilar to PARP-2 than PARP-1.

3.3 P
s

igal 2f-PARP proteins, maocre domain proteins and nuclear
ocalizati

on of NPO

-

Fungal PARP-like proteins, including NPO, lack any obvious
DNA-binding domain, raising the question of whether these pro-
teins are principally associated with chromatin, like their meta-
zoan counterparts. NPO might contain a cryptic DNA-binding
domain or could require a partner for DNA binding. Because
PARP-1 contains a highly characteristic amino terminal zinc finger
DNA-binding domain (zf-PARP), we sought to identify fungal pro-
teins containing a similar motif. To this end we performed
TBLASTN searches through the NCBI fungal genome database
using the PARP-1 zinc finger as query. These searches identified
a single Neurospora ORF encoding a protein of 404 amino acids,

containing a single zinc finger of the zf-PARP class (Fig. 1B). We .:
refer to this protein as ZFP. Although this ORF has not been anno-, -

tated with an NCU number in the Broad database, we believe that

it represents a functional gene, as a GFP tagged form, expressed -

via its own promoter, has a punctate nuclear staining pattern,

similar to the heterochromatin associated protein, HP1 (Fig. 2).
(Freitag et al., 2004a). To determine the subcellular location of
NPO we tagged the protein with GFP at its carboxyl terminus;

and expressed the fusion protein in aerial hyphae ‘and conidia
using the developmentally regulated ccg-1 promoter (Fig.:2) (Fre-
itag et ai, 2004b; Loros et al, 1989; McNally and Free; 1988). GFP
tagging of ectopically expressed NPO verifies that this protein is
also localized primarily to nuclei (Fig. 2), and thus has a func-
tional nuclear localization signal. The subnuclear distribution of
NPO seems to be essentially uniform, in comparison to proteins

t;cgﬂ::‘l?'u“::(SFiiI

ceg-1::RAP1GFP

YPH1::GFP

localized specifically to heterochromatin (HP1), telomeres
(RAP1) and rDNA (YPH1) (Fig. 2).

We have not been able to identify any PARG-like protein in any
filamentous fungal database, and thus PAR may be a more stable
posttranslational modification in fungi than in higher eukaryotes.
Although we were unable to identify fungal proteins with the
PAR-binding C2H2 zinc finger (PBZ) domain (Ahel et al., 2008),
we did identified one ORF encoding a protein of 277 amino acids
with a single Macrodomain (also designated as A1 pp) (Fig. 1C).
Macrodomains have also been shown to bind PAR both in vivo
and in vitro (Karras et al, 2005). The Neurospora Macrodomain
protein is annotated in the Broad database as NCU07925.3, and
we refer to it as Macrodamain {(MCD} An over-expressed GFP
tagged form of MCD has essentially uniform cytoplasmic and nu-
clear distributions, but is'slightly more concentrated in nuclei than
in cytoplasm (Fig. 2). Thus, while NPO has an autonomous nuclear
localization signal, it may be brought to DNA via association with
other proteins such as ZFP. Furthermore, while fungi are unlikely
to remove PAR via a glycohydrolase activity, as mammals do, they
are likely to recognize PAR via nuclear localized Macrodomain pro-
teins such as MCD. '

34.npoisa nonessential gene in N. crassa
After verifying the nuclear distribution of NPO we then isolated

N. crassa stains with mutations in the npo gene using Repeat In-
duced Point mutation (RIP) (Seiker, 1990) and made knockout

..strains. by replacing the npo coding sequence with the bacterial

hygromycin phosphotransferase gene (hph) (Figs. 3 and 44 and

»B}. Both homozygous and heterozygous crosses of strains carrying

duplications of npo at the his-3 locus were fully fertile. These re-

- sults suggest that npo is not required in the brief diploid phase
for completion of meiosis, as heterozygous duplications would be

expected to trigger meiotic silencing by unpaired DNA (MSUD)
(Aramayo and Metzenberg, 1996; Shiu et al., 2001). However, it
is also possible that there is enough transcript or protein present
in ascogenous hyphae to override the effect of MSUD during the
diploid phase.

We confirmed the presence of mutations by RIP in progeny
from these crosses by Southern hybridization and DNA sequenc-
ing. Clear evidence of RIP was detected by Southern hybridization
in & out of 40 progeny. None of the six progeny exhibited any
gross_morphological or developmental phenotypes. Sequencing

ceg-1::MacroD::GFP

ccg-1::NPO::GFP
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1 AATCTTGACACGGTCGIGGAGTGAGTGCCCTGTCTCACCCTICTTITCCTACTICCACGCC 60
61 CCATTGTTTGTTTACTITCGCACCLGCCTTCACACACTTCACACCTTTIGTTICCTCCTGA 120
121  GACCCCATCAGTTCGTCGCGATGCCGCCCAGACGAGCAARGAAGGAAGCGGCTGCCCCAG 180

1 ¥ P P R R A X X E A A AP A U
181 CCAARACTTCCGCTTGAAGACTGICCCATIGTCTTIAGCGGAACCTTTCTTCGCGGTCANG 240

15 XK L P L EDCR I F 8§ 6 T F V G & 34
241 ACCAGCACAAGAAAACAGCAGAGTCCCTCGGAGCAAACACCACCGGGACTACCATC 300
35 H K K. T A E & L G A N T 7 G T G 1 ¥ 54

301 AGAGCGTCACCCATHIAATCTACTCGGACAAGAGCACCGACAARATAAGCGCCAAAGTCA 360
55 EVTHVIYSDKSTDKISAK\IQN
361  AGCAGGCACA AATCAGCATCCCCOGTTGTCAGCATTGACTGGCTGCTGAAGACCAAAG 420
75 A B G M S I P V V § T D W L K T X E 94
421  AGACCAACACCCGACATCCTEAGAAGGATTA TCTECACTTGTCCTICTTTGGATGCCE 480
95 T N T R R P E KD Y A L DPIL S 8 L D A A 114
481 CMGCGACACC‘rCTG‘K‘GGCT@\CGCAGATAC'X‘ACCTCCCAGACCMCGCCGMGACACCA 540
115 $ DT $§$V A DADTT S QTNKG DD TR 13
541 GAGGCACCAAGAGAAAGAGATCGCCGTCGCCTGCCCAGGATCGCGCCAAGGCTEATGGTG 600
135 ¢ T KR X R S P S P A QD G A X A D G B 154
601 AGGAGGAGGACACTCTGAAAAGGTCCARACTCOAMACCAAAAGCGCCATGGGCEAGGGCC 660
155 E E O T L KR R 8§ XK L E T X R A N G E G Q@ 124
661 AMATCTTGAAGGACAAGACTETGCAGATTCC TETHGACGCCGGCGCTCCATATCGUTTCG 720
175 S A D K TV I P VD A G A& P Y G F A 134
721 cccml\'xg'x"rc)\m'xﬁ}smc'rgztatttatgacgcatcaugaucctgaccaattcca 780
195 Y H vV D 8§ D ¢ 201
781 ctggcancaacaacaagtt.ctaccgccttcaqgcauﬁtcuccgtcucaacgthcctgcr. 840

831 gcaccecocagactaactcatcaaatagCTTCTEACCCAETCGAGE LIJATGCGCTGTC 900
202 L L T Q S S G]W {C A Y 212
301 TGGACGCGCTGGGGGCGCTGTCGGAGAATCCCGLCAGCACGCGETCATICRCTGCCAGTCT 960
213 W T R W G R V 6 B & G Q H A L I D C 0 5 232
961 CTCCAAGATGCCCTGCAAACTTTCGAAAAGAAGTTCAAGGACARGTCGGGATIGCTCTGG 1020

233 D A L T F E X K P K D K S G L L W 252
1021 A&@'M! Lmaaz"r’c"mhﬁécM&EEMEAAGrAWETTEWEWTEM‘"“@A‘“T‘JMG 1080
253 £ ¥ N 6 D NP KPEKXKJYAFVEVDNY K 272
1081 GATGARTCCGATGACGAAGAGGARGUGGAGGGCAGCGCGGCCACGAAAGARGAGARAGAG 1140

Fig. 3. Sequence of the npo®*F allele, The NPO protein sequence is indicated beneath the upper case nucleotide coding sequence. Lower case nucleotides represent intron

sequences, The boxed amino acid in the first exon indicate the BRCT domain and the boxed amino acids in the second exon indicate the WGR motif. Guanine residues mutated
to adenines are highlighted, and the tryptophan codon that was mutated to a stop codon is boxed. The sequence of the npo™ allele had been deposited in Genbank with the
accession number EU869543.

462 strains (AprpAf+), described as haplo-insufficient (Semighini et 495
463 al., 2006). 496
464

465 ° were found on the coding strand, spanning the first 3.5. NPO is a PAR-polymerase 497

466 exons. The 21 mutations affected 15 codons, with

467 occurring in the intron. Of the 16 mutation occui We assayed PARylation activity in extracts from both wild type 498

468 four were in 3rd position and silent (V53,%L 1203 and and npo KO strains to determine if NPO functions as a protein PAR- 499
469 Q205), seven were in 1st position, resulting in:conservative sub- polymerase. To our knowledge, results from PARylation assays 500
470 stitutions {V39 -» 1, £101 - K, D121 — N, B15 N, VIST -+ M, have only been reported for mammalian systems. To assay PARyla- 501
471 V197 -+ 1 and D206 - N}, two were in 1s ition resulting in tion, crude extracts from wild type and the npo KO strain were pre- 502

472 nonconservative substitutions {G78 — Reand.
473 was in second position producing a

AT05 - T) and one

) pared from conidia that had either been treated or not treated with 503
op codon {W209 -» stop).

MMS for 60 min. The crude extracts were incubated with 3°P-NAD, 504

474  The conservative substitution at position 185 {V185 — I} resulted sheared DNA and histones. As a positive control, an assay was also 505
475 1 Ad 3rd positions. The performed on extracts from E. coli cells expressing recombinant 506
476 introduction of a stop codon at ery likely to eliminate human PARP-1. PAR was detached from proteins by alkaline treat- 507
477 NPO function, as it occurs in . erminal region of the ment and analyzed on 20% PAGE. As shown in Fig. 5A, the MMS- 508
478 WGR motif, upstream of the P alytic domain (Fig. 3). We treated wild type strain produced a PAR-ladder like the human 509
479 refer to this allele as npo®!and:the?original progeny harboring PARP-1 control (right-most lane), but the npo KO strain did not. 510
480 the allele (P11) as N3180; To confirm that the ladder observed with the MMS-treated wild 511
481 All tested strains carrying:npo™’ were fully fertile as males  type strain reflected PAR, the radioactive material was eluted from 512
482 or females, and homozygous crosses appeared normal as well. the gel, digested with PAR-glycohydrolase {PARG), which specifi- 513
483 Knockouts of npo were tadée by homologous replacement of cally cleaves PAR into ADP-ribose, and analyzed by HPLC. As shown 514
484 the npo coding region with hph in a wild type background. in Fig. 5B, the radioactivity that eluted at the retention time of 515
485 Proper replacements were confirmed by PCR analysis and ADP-ribose, namely at 18-19 min, is higher in the PARG-treated 516
486 Southern blots (Fig. 4A and B). Strains with the npo KO, like sample than in the untreated control. It is possible that the radio- 517
487 strains with the npo®" allele, did not exhibit gross morpholog- activity detected at 18-19 min in the PARG untreated control is 518
488 ical or developmental phenotypes, and were fully fertile in het- due to degradation of PAR to ADP-ribose during PARG-treatment 519
489 erozygous and homozygous crosses. We conclude that npo is a or due to unrelated products generated during the 3>P-NAD incor- 520
490 nonessential gene in N. crassa and is not required for normal poration reaction. The control extract containing human PARP-1 521
491 growth or development. These results stand in contrast to what also showed high intensity spots at 18~19 min, corresponding to 522
492 was reported for a prpA knockout in Aspergillus, which was ADP-ribose. We conclude that N. crassa PARylation increases in re- 523
493 lethal in haploid strains, and produced severe growth restric- sponse to MMS treatment, and that this activity depends on NPO, 524
494 tions and developmental phenotypes in heterozygous diploid which is likely responsible for most or all PARylation in N, crassa. 525
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Fig. 4. Disruption of the N. crassa npo gene by homologous recombination, (A) Schematic illustration of knockout strategy for the npo gene. A white arrow box represents the
nop gene and shows the direction of transcription. Stippled boxes indicate immediate flanking sequences. The knackout construct is shown below the genomic sequence with
the E. coli hph gene represented by a black box. The genomic sequence resulting from correct replacement is shown beneath the knockout construct. Horizontal black arrows
indicate the positions of PCR primers used to analyze the transformants. Vertical black arrows indicate restriction sites used to characterize the transformants by Southern
hybridization. A horizontal black line represents the probe used int he Southern blot. (B) The images labeled PCR6 and PCR7 are ethidium bromide-stained agarose gels with
size markers run in the left-most lanes. The next three lanes contained PCR products that had been amplified from wild type N. crassa DNA, as controls. The position of primers
for the PCR6 and PCR7 reactions are shown in panel A. The right-most image shows an autoradiograph of a Southern blot probed with hph sequences. DNAs from the indicated

transformants were digested with Ncol. DNA from wild type N. crasse was run in the right-most lane as a control.

3.6. npo transcription is induced by MMS treafrngﬁt k

It is well established that auto-modification of mammalian
PARP-1 increases dramatically with the. binding of the protein to
double and single-strand DNA breaks. Although the transcriptional
response of the mammalian PARP:1 gene to DNA damaging agents
has not been reported, plant PARP—I and PARP-2 gene transcription
is highly induced by DNA damage (Dotcet-Chabeaud et al., 2001).
In addition, Semighini et al: (2006) found prpA steady-state tran-
script levels increased in respornse to MMS, BLM and 4-NQO treat-
ments. Our results from PARylation assays demonstrated a
dramatic increase in NPO activity in response to MMS treatment.
To determine if this reflected-a change in npo transcript levels or
enzyme activity, we performed Northern blots of RNAs isolated
from wild type and npo KO strains that had either been treated
or not treated with MMS. The blots were probed with npo se-
quences, and cox-5 sequences as a control for the loading. In un-
treated wild type cells, npo transcripts were undetectable by
Nosthern blot, but a large accumulation of npo transcript was de-
tected 30 min after treatment of wild type cells with MMS, and
high levels of transcript were still detectable 120 min after treat-
ment (Fig. 6). As expected, no npo transcripts were detectable in
the npo KO strain (Fig. 6). Thus npo transcription is likely to be reg-
ulated in response to DNA damage, like the A. nidulans prpA gene.

3.7. npo mutant strains are not sensitive to DNA damaging agents

Genetic and biochemical studies of mammals established roles
for PARP-1 in DNA repair and genome stability (Masutani et al.,
2003; Watanabe et al., 2004). The fact that the steady-state tran-
script levels of npo were regulated by exposure to MMS suggested
that NPO may play a role in a DNA damage response. We tested the
effects of a number of DNA damaging agents on N. crassa strains
carrying either the npo®! allele or the npo KO. We tested CPT,
EMS, H,0,, HU, MMS, MNNG and UV (Fig. 7), as well as BLM (data
not shown). Neither mutant showed sensitivity to any of these
compounds. Semighini et al. (2006) found the haplo-insufficient
AprpAl+ mutant to be extremely sensitive to both phleomycin
(PLM), which induces double-strand breaks, and the UV-mimetic
agent 4-NQO. While we did not test PLM, the npo mutants were
not sensitive to BLM, which also induces DNA double-strand
breaks (Povirk et al, 1977). Because npo transcript levels increase
inresponse to MMS, it is likely that NPO function is connected with
a DNA damage response. The fact that npo mutants are not sensi-
tive to DNA damaging agents suggests the function may be redun-
dant, or it may impact a nonessential aspect of repair.
Alternatively, NPO may function in related processes such as regu-
lating expression of genes controlled by DNA damage. The fact that
A. nidulans PrpA is necessary for normal repair reveals divergence
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A oxtracts

recomb,
wild type npo human
MMS + + pw  PARP-
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o
©

14-15
5-16
6-17

17418

{a -PARG) 14

{a +PARG) 2

(b -PARG) 3

{b +PARC]) 4

Fig. 5. Verification of NPO PARylatiop activity. (A) Autiradiogram of a 20% poly acrylamide gel showing 32p-PAR ladder, PARylation reactions with extracts from wild type N.
crassa cells treated (+} or not treated (—) with MMS were run alongside reactions with extracts from npo KO celis treated (+) or not treated (—) with MMS, The lane fabeled DW
is a negative control reaction using distilled water in place of extract. The right-most Jane contains a positive control reaction with recombinant human PARP-1 expressed in
E. coli. The boxed regions labeled a and b were excised and the radioactivity was eluted fir analysis by HPLC. (B} An autoradiogram (BAS2500) of fractions from HPLC blotted
onto DE81 paper (Whatman} with retention times indicated above and sample designations on the left. Eluents of >p-PAR from these gel stices were either treated with

recombinant PARG, or not, and fractionated by HPLC as described in Section 2. The boxed regions show the peak signals eluted at the retention time for ADP-ribose,

wild type npo
0.05% MMS (min)
9 15 30 60 120

0.05% MMS (min)
15 30§80 120

npo

cox-5

Fig. 6. Analysis of npo transcription by Northern blot. The left panel shows an’

autoradiogram of a northern blot of RNAs extracted from wild type N. crassa after
the indicated duration of MMS treatment. The upper panel shows resuits of probing
the blot with npo sequences and in the lower panel shows results of probing with
cox-5 sequences ad a control for loading. The right panel shows the same for the npo
strain.

in DNA damage response pathways betw Netifospora and

Aspergillus.
3.8. NPO is not a global regulator of TP]

In metazoans, PARP enzymes dre involved in chromatin-medi-
akumar et al, 2008).
1 made in understanding
k atin structure, simple genetic
nvolvement in epigenetic position

studies to test their possib

control MMS uv

wild type
npo KO

mei-3

HU NG

such as Telomere Position Effect (TPE), are lacking. We re-
developed N. crassa strains with markers at subtelomeric
Sitions to examine TPE (Smith et al,, 2008). This system allowed

ta'identify factors that control TPE, including several Sirtuins,
rmed Neurospora Sirtuins {NSTs). To analyze the effect of muta-
ions in npo on TPE, we crossed the npo™'? allele into a back-
ground with the E. coli hph gene targeted to telomere VR
(telVR :hph::T). We found significant derepression of hph at telo-
mere VR in a strain with mutations in the N. crassa Sirtuin gene
nst-3 (nst-3%P1), but not in a strain with npo™™ (Fig. 8).

3.9. NPO is not involved in DNA niethylation or DNA methylation-
dependent silencing

In mammals it has been reported that PARP-1 is antagonistic to
DNA methylation. Treatment of mouse fibroblasts with the com-
petitive PARP inhibitor 3-aminobenzamide (3-AB) resulted in
DNA hypermethylation and PAR has been shown to inhibit the
activity of the maintenance DNA methylase, DNMT1 (Reale et al.,
2005). N. crassa is the simplest genetically tractable system used
to study DNA methylation. In N, crassa virtually all DNA methyla-
tion occurs in transposons that have been mutated by RIP (Selker
et al, 2003) and this methylation is not confined to symmetrical
positions (Selker et al,, 1993). Numerous viable N, crassa mutants
with reduced methylation have been described, including dim-2,

EMS CPT H,0,

Fig. 7. Mutagen sensitivity of the npe KO strain. Spot-tests of conidia on FGS plates for wild type N. crassa (top), the npo (middle) and mel-3 strains (bottom) were done as
described in Section 2. The mei-3 strain was used as a positive control for mutagen sensitivity. Panels from left to right are as follows: no mutagen;0.015% methyl methane
suifonate(MMS); conidia pretreated with 450 J/MF UV; 30 mM hydroxy urea (HU); 0.05 pg/ml N-methyl-N'-nitro-N-nirtosoguanidine (MNNG);0.3% ethyl mithane sulfonate
(EMS); 0.3 ug/ml camptothecin (CPT) and 0.0015% H,0,.
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wild type npoRF nst-3RIPT
T

no drug

1.5 mgiml
hygromycin

o
Fig. 8. Telomere position effect assay. Spot-tests of conidia on FGS plates for wild

type N. crassa, npo™’, and nst-3%"' strains on media with 1.5 mg/mi hygromycin or
no hygromycin, as described in Section 2.

dim-5, and hpo. Mutation in any of these genes completely abol-
ishes all detectable DNA methylation (Freitag et al., 2004a;
Kouzminova and Sglker, 2001; Tamaru and Selker, 2001). Although
no mutants with hypermethylation have been described in N. cras-
sa thus far, strains of Ascobolus immersus carrying silenced copies of
the histone H1 gene (hH1) were shown to have elevated levels of
DNA methylation (Barra et al., 2000). This hypermethylated DNA
could be detected globally on ethidium bromide-stained agarose

gels, as higher molecular weight fragments after digestion with” ‘

methylation sensitive restriction enzymes.

As a first test of whether inhibition of NPO effects DNA methyl~
ation we treated wild type N. crassa cells with high concentrations
of nicotinamide (NAM) and looked at global DNA methylatlon by .
analyzing Sau3A- and Dpnll-digested DNAs on agarose gels:

(Fig. 9A). NAM acts as a strong noncompetitive inhibitor of both
Sirtuins and PARPs, and we had previously shown that treatment
of N. crassa with NAM dramatically reduces silencing of telVR::hph,
but has no effect on silencing of the methylated transgene am®*::h-
ph::am®” (Smith et al., 2008). No effect on global DNA methylation
was observed after NAM treatment (Fig. 9A): The fact-that NAM
treatment did not relieve silencing of am™::hph::am®", suggests
that neither NPO nor NSTs are involved in methylation-dependent
silencing at this locus. Because it was coriceivable that NPO is resis-
tant to NAM, we also tested if mutation of npb would affect DNA
methylation. Southern blots of Sau3A-"and. Dpnil-digested DNAs
from progeny with mutations by RIP in the npo gene, including
strain P11, which is likely to be'a null mutant, revealed heavy
DNA methylation when probed. with-npe sequences (data not
shown). We probed the same Southern blots with W63 sequences,
which are normally methylated (Margolin et al,, 1998), and did not
see any change in DNA méthylation at this locus (Fig. 9B). We also
looked at global DNA-methylation levels by ethidium bromide
staining in N. crassa strains.with the npo®™ allele and saw no effect
(data not shown). In addition, presence of the npo®®’ allele, or
quelling experiments with npo sequences, had no effect on silenc-
ing of am™::hph::am™" (data not shown), indicating that NPO is
not involved in methylation-dependent silencing. We conclude
that npo is not involved in DNA methylation.

3.10. The npo knockout causes acceleration of replicative aging

Studies of aging in filamentous fungi have focused largely on
replicative aging associated with mitochondrial DNA (mtDNA)
rearrangements triggered by mitochondrial plasmid/intron

A N

NAM concentration 6“3
)

4

Fig. 9. Absence of effects of NAM treatment and npo mutation on DNA methylation.
(A) Approximately 1 g samples of chromosomal DNA, isolated from wild type N.
crassa (N150) grown for 3 days in Vogles minimal media with the indicated
concentrations of NAM, where digested either with Dpnll (D) or Sau3A(S) and
fractionated on a 1X TAE[0.8% agarose gel containing 1 pg/ml ethidium bromide.
The left-most lane contains 0.5 g of 1 kb DNA ladder (invitrogen). (B) A Southern
blot of chromosomal DNAs from wild type and npo mutant strains digested with
Dpnil (D) or Sau3A(S), as described for panel A and in Section 2. The Southern blot
was probed with Y63 sequences,

"mpbilizét’ions (Osiewacz, 2002). Replicative lifespan is a measure
~ . of the humber of mitotic divisions a cell undergoes before senes-

cence. Analogous to the ERC situation in yeast, these mechanisms

_seem to be specific to filamentous fungi. Barra et al. (2000) re-

ported that strains of A immersus with silenced copies of the
hH1 gene exhibited a decreased replicative lifespan; along with
DNA hypermethylation. Such strains were found to initiate
growth normally, but to senesce between 6 and 13 days after ger-
mination, whereas strains with unsilenced hH1 continued with a
linear rate of growth for up to 40 days. We observed a similar
phenotype for our npo KO strain, although the replicative lifespan
of N. crassa mycelia is considerably longer than that of A. immer-
sus (500 days versus 35-4{ days, respectively). We grew both
wild type and npo KO strains on minimal medium in 30 cm race
tubes at 34 °C with 12 h dark/light cycles, and were careful to
transfer only mycelial fragments upon inoculation (Fig. 10A).
The npo KO strain had a linear growth rate indistinguishable from
wild type for the first 140 days of growth (6 cm/day), at which
point the growth rate started to decrease gradually, culminating
in senescence at around 300 days (Fig. 10B).

3.11. Telomere erosion does not occur in the npo knockout strain

Eukaryotic microorganisms must maintain telomere length in
every proliferating cell type, either by telomerase activity or by
recombination. We were therefore interested to test if the in-
creased replicative aging observed in the npo strain reflected defec-
tive maintenance of telomeres. To determine if mutation of npo
affects telomere length in N. crassa, DNA was isolated from young
cultures (~80 h) and old cultures (~8000 h} of both wild type and
npo KO strains. The DNAs were digested with Clal and Hindlll and
Southern blots were probed with telomere repeat sequences. The
8000 h time point was chosen because this is when the npo KO
strain begins to senesce (Fig. 11A). The Southern blots did not re-
veal any obvious change in the length of the npo KO telomeres,
even after 8000 h of culture time (Fig. 11B). Therefore, regulation
of telomere length does not appear to be a factor in lifespan reduc-
tion for the npo KO strain.
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Fig. 10. Method and resuits of senescence assay. (A) Schematic of race tube strategy for measuring long-term linear extension rate, (B) Plot of growth (cm/h) for wild type N.
crassa and npo strain. Arrows at 3400 h and 12,000 h indicate entry into senescence for npo and wild typg. N. crassa strains, respectively.
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Fig. 11. Telomere stability in wild type and npo mutant strains. (A) Arrows on plot shows time points used in telomere erosion assay, (B) Chromosomal DNAs were isofated
from wild type and the npo mutant at the time points indicated in panel A. The DNAs were digested with Haelll, blotted as described in Section 2, and probed with telomere
repeat sequences.

 for viability or DNA repair (Semighini et al., 2006). Our work in N. crassa stands in contrast
to what has been found for mammals and A. nidulans, as N. crassa

PARP orthologs have been identified in all eukaryotes, excluding npo mutants are viable and do not show sensitivity to mutagens,

yeast. Both plants and animalsitypically have multiple PARP ortho- establishing that PARylation is dispensable for both viability and

logs, making genetic characterization difficult. Lethality of PARP- DNA-repair in certain eukaryotes with PARP orthologs. The fact

1°#/PARP-2"{* mice and évidence linking PARylation with DNA that transcription of PARP genes is induced by DNA damage in both

repair and genomic stability support a view that PARylation im- plants (Doucet-Chabeaud et ai, 2001) and filamentous fungi

pacts nuclear functions essential for higher eukaryotic develop- (Semighini et al., 2006) does support the idea that there is a univer-

ment or survival. Unsuccessful attempts to generate PARP-1/ sal function for PARylation in DNA repair, but this function may be

PARP-2 double knockouts in mouse embryonic fibroblasts (Meder redundant in N. crassa, but not A. nidulans.

et al., 2005) suggest that these functions may be critical for cellular

survival. Mutation of dPARP in Drosophila results in larval lethality 3.13. PARylation is not required for heterochromatin formation in N,

at the second instar stage, with disruption of heterochromatin crassa

organization and elimination of nucleoli (Tulin et al, 2002), again

supporting the hypothesis that PARPs provide nuclear functions Two major heterochromatin silencing pathways described in N.

essential to the cell. Recent work on PARP in the filamentous fun- crassa are TPE (Smith et al., 2008) and cytosine methylation (Selker,

gus A. nidulans extends this view to PARylating lower eukaryotes 2004). Our analysis indicates that neither pathway is significantly

3.12. PARylation is not universall
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affected by mutation of npo. The histone H3 K9 methylase, DIM-5
(Tamaru and Selker, 2001), and the HP1 ortholog, HPO (Freitag et
al., 2004a), are necessary for silencing at all tested N. crassa telo-
meres (Smith et al., 2008), as well as for all detectable DNA meth-
ylation. It is formally possible, however, that NPO might regulate
TPE at telomeres other than VR or DNA methylation at a subset
of unanalyzed genomic loci, although we have no reason to expect
this to be so. We have shown that treatment of N. crassa with NAM
dramatically reduces silencing of telVR::hph, but has no effect on
silencing of the methylated transgene am®":hph::am®". Before
our analysis of the effect of the npo™" allele on silencing of tel-
VR::hph, we could not fully interpret these data. Our genetic studies
now suggest that the mechanism of action of NAM on TPE involves
inhibition of NSTs, but not NPO. The fact that NAM treatment did
not relieve silencing of am®"::hph::am®", strongly suggests that
neither NPO nor NSTs are involved in methylation or methyla-
tion-dependent silencing at this locus. The observation that
PARP-1 activity impacts DNA methylation in mammals implies
divergence in pathways that regulate methylation between mam-
mals and filamentous fungi. This is not surprising considering that
the activity of DNMT1, which is the primary maintenance methyl-
ase in mammals, is inhibited by PAR (Reale et al,, 2005). N. crassa
lacks this form of maintenance methylation, which acts specifically
on hemimethylated CpG dinucleotides in conjunction with DNA
replication. In N. crassa, both maintenance and de novo methylation
are carried out by a single methyltransferase, DIM-2 (Kouzminova
and Setker, 2001), which does not require a symmetrical sequence
(Selker et al,, 1993). It would be interesting to know whether PARP
inhibitors or silencing of a PARP ortholog affect DNA methylation

in A. immersus, as this species may have a maintenance methyla—_

tion system that is more similar to that in mammals.

3.14. The NPO aging pathway does not involve telomerelength._..
maintenance :

Some current models for regulation of aging in humans consider

telomere maintenance potentially important, as somatic’ human
cells lack telomerase activity, and thus have a finite replicative life-
span (Campisi, 2005; Verdun and Karlseder, 2007), Recently, SIRT6
has been shown to function as a telomere-specific histone H3 K9
deacetylase, which is necessary for normal telomei‘e maintenance
and for prevention of premature cellular senescence in human
fibroblasts (Michishita et al., 2008). In addition to playlng a role
in replicative cellular aging, SIRTS has also been shown to impact
chronological aging in mice, as SIRT67/~ animals exhibit pheno-
types characteristic of progeroid disorders (Mostoslavsky et al.,
2006). We did not observe any effect on telomere length in an
npo mutant strain. These results: do not rule out the possibility,
however, that mutation of npo mlght affect other aspects of telo-
mere maintenance or stability. In fact, the aberrations seen at telo-
meres in SIRT6 knockdown fibroblasts'are similar to those seen in
Werner syndrome cells, such as telomere deletions, duplications
and fusions, with no obvious: effect on the length of intact telo-
meres (Michishita et al; 2008). Importantly, N. crassa has a homo-
log of SIRT6, termed Neursspéra Sirtuin 7 {NST-7), not found in
either S. cerevisiae or S. pombe (Smith et al,, 2008). It would be
interesting to know whether NST-7 functxons in the same aging
pathway as NPO, and whether maintenance of telomere integrity
is involved.

3.15. The NPO aging pathway and histone H1

The replicative aging phenotype that we observed in the npo
mutant is novel for N. crassa but similar to that reported for a
strain of the filamentous fungus Ascobolus immerses carrying a si-
lenced epi-allele of the histone H1 (i

ene, that confers a DNA

hypermethylation phenotype (Barra et al., 2000). Although N.
crassa hH1 mutants do not display hypermethylation (Folco et
al., 2003), it would be interesting to know whether Neurospora
hH1 mutants show a decreased replicative lifespan, and if so,
whether this involves NPO. Conversely, one could ask whether
PARP inhibitors or mutation/silencing of a PARP ortholog would
affect replicative aging in A. immersus, and if so, whether the
pathway is independent of the established hH1 pathway and/or
DNA methylation. Kim et al. {2004) showed that PARP-1 associ-
ates with chromatin in a manner very similar to hH1: PARP-1 in-
creases the nucleosome repeat length and competes with hH1 in
nucleosome assembly reactions. Like hH1, binding of PARP-1 to
chromatin in vitro triggers. condensation and transcriptional
repression. Unlike hH1, however, PARP-1 dissociates from chro-
matin in the presence of. NAD+,and it has been suggested that
localized NAD+ levels.in nuclei might control chromatin structure
and transcription (Kim et al, 2004). Results of ChIP-chip experi-
ments have shown that acnvely transcribed promoters have high
levels of PARP-1 and low levels of hH1, and that hH1 occupancy is
excluded by PARP-1::binding (Krishnakumar et al, 2008). An
attractive hypothesis is that PARPs and hH1 provide related func-
tions associated with nuclear NAD+ levels, genome stability and
aging. Coln»sis:tént with this possibility, dramatic loss of hH1
accompanies’ cellular senescence of human fibroblasts (Funayama
et al., 2006). While it is intriguing that both PARP and hH1 ortho-
logs have been implicated in replicative aging in filamentous fun-
gi,-there is currently no evidence that fungal PARPs of the PrpA
class: have the linker histone-like properties of PARP-1. Further-

* more, they lack an amino terminal DNA-binding domain, which
w s reqmred for PARP-1 chromatin association. It remains possible,

however, that fungal PARPs interact with DNA binding proteins

1. that target them to chromatin.

3.16. NPO might regulate aging in a pathway with Sirtuins

The possible function of NSTs in regulation of lifespan in N. cras-
sa has not been investigated. If PARPs impact aging exclusively
through indirect effects on the activity of Sirtuins, then our obser-
vation that NPO is necessary for normal replicative lifespan in N.
crassa is difficult to reconcile with current models on how Sirtuins
regulate aging in yeast and higher organisms. Current models from
yeast that assume Sirtuins function exclusively to promote longev-
ity would predict that when NAD+ is limiting, PARylation would in-
hibit long lifespan, because NAD+-dependent deacetylation and
PARylation both consume NAD+ and produce NAM. Thus, an
important question is whether localized NAD+ levels in nuclei
are in fact limiting. If they are not, then NSTs and NPO could pre-
sumably act in the same or parallel pathways, with both function-
ing to promote longevity. Anderson et al. {2002) found that
increasing the levels of NAD+ salvage pathway proteins in S, cere-
visiae increased telomere and rDNA silencing in a Sir2-dependent
manner. Although sir2 deletion mutants were not found to have
elevated levels of total cellular NAD+, the authors argue that most
or all of NAD+ salvage in S. cerevisiae occurs in nuclei, and that nu-
clear NAD+ salvage pathway flux is important in regulation of Sir2
deacetylase activity (Anderson et al., 2002).

Unlike Sir2, PARP-1 can dramatically reduce total cellular NAD+
levels in response to DNA damage (Zong et al., 2004). If NPO is as
robust as PARP-1, and if NAD+ availability within nuclei is limiting
in N. crassa, then NSTs and NPO may compete for NAD+, and thus
function antagonistically in the same aging pathway. However, if
it is also assumed that Sirtuins act exclusively to promote longev-
ity, as some models suggest, then PARylation should have a nega-
tive affect on lifespan, and mutation of npo should increase
longevity, which is contrary to our observations.
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