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ARTICLE INFO ABSTRACT

Article history: ) Poly(ADP-ribose) polymerase-1 knockout (Parp-1-/-) mice show increased frequency of spontaneous liver
Received 16 August 2008 , tumors compared to wild-type mice after aging. To understand the impact of Parp-1 deficiency on muta-
Received in revised form 30 January 2009 tions during aging, in this study, we analyzed spontaneous mutations in Parp-1-/~ aged mice. Parp-1-/~
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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

Available online 14 February 2009

{f?; ;‘:‘;rds" frequency of single base deletion mutations at non-repeat or short repeat sequences was 5.8-fold higher
Mutation in Parp-1-!- 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** 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 gpt 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.

© 20089 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 (3 [8] and
DNA ligase Ille [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.mrfmmm.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 1-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-1~ /“p53 =/~ mice also show spontaneous medulloblastomas
in p53 knockout (p53~/~) mice at a higher incidence compared to
Parp-1**p53~I= 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
as well as point mutations are reported in the liver but not 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 10kb 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 106
[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 10-6 [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*/* 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-1-1-|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 108 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 Cm and 6-TG. A 739 bp 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 at 4 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
4.3 x 1077 and showed a higher frequency than that in Parp-17*
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 1kb were observed in the liver
of Parp-1-1~ mice, whereas all three mutants in Parp-1** mice
(Table 1) had deletions larger than 1kb (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 genes in 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, respectively). (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~/= 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, althoughitis 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- - 1 mice at 18 months old.
Tissue | Deletion Smemrg “Parp- -1 : b Parp-1-~
S Mutatmn frequency (x 10‘5) No of mutants (ME]/Non—MEJ) Mutatlon frequency( X 10'5) No. of mutants (ME}/Non-ME})
Liver - - Simple : 034 :i: 0.21 -3 (2/1) 0964027 : 13(6(7)
i Complex 0 013 £0.08 S12(2/0)
with small insertion®- S0 013 £0. 08 ; ,2 (2/0)
with recombmatxon Q. . ;<0 13
Brain  Simple (o) i 3?(,21:1).:
~Complex: 0 3011y i
. with small insertion 0 2011y
: - with recombmanon 0: T

MEJ; microhomology-mediated end joining. Non—MEj non-mxcrohomology~medlated encl joining.

2 Small insertion represents 4-9 bp insertion.
* One of the mutants could not be classified into MEJ or non-MEJ type.

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

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).
Atendency 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 10~6, 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~ 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.

Tissue¢ Mutant [D? Original séquéncein lambdaEGl‘O‘ e

Junctio‘na! sequence of mﬁtaf‘ion

Deletion/insertion size
(nucleonde position in 1ambdaEGl())

57 -GTCATCARACKChe tec‘@escccce a0 s

G6I-1-3 - 5, ‘QAGTAG'J:mTGﬁgtg a&a&CGACCGGGGC-S'

s *rcmcmc:acac@eaccccc 3
~ 3’-cacTAGTT

~ 20bp dcletmn + 4 bp insertion

; gCGACCGGGGC 50 (25021 25040)

Liver : ' o ol L , :
o P CoaTGECETTh a=@"ffc}\'rcqfsf, 5 cce,cecc;r'rttgctg@e CATGG 3 *14, bp delenon+6bp msemon
‘693~2;-~ 3- -GGCACCGCAACGtt  tattCGCAAGTACC-5/ 3'-GGCR CGCAAaacgacCGCAAGTACC 50 (23068 2:206)
G111 57 TTCATTAGACtEAL tagtGAATGCTTIT-37 - 5/-TTCATTAGACaaattaGAATECTITI-3¢. - 23 ”694 bp de‘elmn*ﬁbpmﬁm‘mj,
3‘-AAGTAATCTGaata 'ZLCHCTTACGAANA-5' 3’-AAGTMTCTGtttaatCTTACGMAA 57 (21600 25293) - :
Brain -« G941 ~‘5'-TGTCTGCAT @ : aﬂtcgrﬂ'?w@‘l”;“ : 5"TGTCTGCATG“93”°‘9 @TTTCC@ 3L "3805 bp.de suon+9'  insertion .
-pral e '3’-ACAG¢\CGTACthts AAAAGGBA-5 1" 3'-C’GTACCTCTGtctggtettCTMAAGGGA-S’ e ‘ S
! : (21682-25486)
G934

Re ombmat;on with unknown sequence

?1D; Identification number. Red and blue letters indicate deleted and inserted sequences, respectively. Letters in the box are microhomologous sequences.
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-/- 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-I- 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~ [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 liveris around 5 x 10-% at 4-6 months of age and
1.2 x 1075 at 24-34 months of age in wild-type mice [19]. Therefore
age-dependent 2-fold increase in mutant frequericy 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-I~ 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-
0OxodG 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~/~ 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-
tra of 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 =
i

Base
BER
foss % @G!ywsylase

step may further cause deletion mutations after treatment with
an alkylating agent [20]. Thereforé, 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 11l
[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 coinplex-type deletions observed in Parp-1—/~ mice accom-
panied small insertions as well as microhomologous sequences
at deletion junctions, suggesting that these mutations could be

Statied and
destabilized DNA

Exonuclease @

§ Exonuclease @

L terminus
Ligation %_ in the absence of
R =y Parp-1 -
Single base __E”'___ B
bulge .i- A ] = =
* DNAreplication [ £ End-joining
— 865 ==
Deletion Deletion

Fig. 3. A model for augmented development of deletion mutation through imprecise BER or NHE] 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]J, base loss
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 dufing microhomolo-
gous end-joining (ME])-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 at the 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/~ 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-nitrosoquinoline1-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:Cto 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-/- 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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Since the publication of the International Programme on
Chemical Safety (IPCS) Harmonized Scheme for Mutage-
nicity Testing, there have been a number of publications
addressing test strategies for mutagenicity. Safety assess-
ments of substances with regard to genotoxicity are

generally based on a combination of tests to assess effects

on three major end points of genetic damage associated
with human disease: gene mutation, clastogenicity and
aneuploidy. It is now clear from the results of international
collaborative studies and the large databases that are
currently available for the assays evaluated that no single
assay can detect all genotoxic substances. The World
Health Organization therefore decided to update the IPCS
Harmonized Scheme for Mutagenicity Testing as part of
the IPCS project on the Harmonization of Approaches to
the Assessment of Risk from Exposure to Chemicals. The
approach presented in this paper focuses on the identifi-
cation of mutagens and genotoxic carcinogens. Selection of
appropriate in vitro and in vivo tests as well as a strategy
for germ cell testing are described.

~ Introduction

Since the publication of the International Programme on
Chemical Safety (IPCS) Harmonized Scheme for Mutage-
nicity Testing (1), there have been a number of publications
addressing test strategies for mutagenicity (2-6) and reviews
thereof (7). In addition, analyses of test batteries and their
correlation with carcinogenicity (8—11) have indicated that
an optimal solution to this issue has not yet been found.
The 2005 International Workshop on Genotoxicity Testing

(IWGT) meeting in San Francisco, USA, discussed many

of these problems, and reports of this meeting (10,12) and

companion papers (13-16) have recently been published.
Safety assessments of substances with regard to genotoxicity

-are generally based on a combination of tests to assess effects

on three major end points of genetic damage associated with
human disease: gene mutation (i.e. point mutations or
deletions/insertions that affect single or blocks of genes),
clastogenicity (i.e. structural chromosome changes) and
aneuploidy (i.e. numerical chromosome aberrations). It is
now clear from the results of international collaborative studies
and the large databases that are currently available for the
assays evaluated that no single assay can detect all genotoxic
substances. This is not surprising, as a wide variety of possible
genetic events can occur. For example, some mutagens
preferentially induce gene mutations by either base pair
substitutions or frameshift mechanisms, whereas others induce
chromosome mutations but show little or no evidence of
inducing gene mutations. |

The World Health Organization (WHO) therefore decided to
update the IPCS Harmonized Scheme for Mutagenicity Testing
(1) as part of the IPCS project on the Harmonization of
Approaches to the Assessment of Risk from Exposure to
Chemicals. A public review draft paper was prepared by an
International Drafting Group Meeting of experts, held at the
Fraunhofer Institute for Toxicology and Experimental Medi-
cine in Hanover, Germany, on April 11-12, 2007, and revised,
following peer and public review, by an expert review meeting
hosted by the University of Bradford, Bradford, UK, on June
30 to July 1, 2008. The present paper is the product of the
expert review meeting.

Strategy for mutagenicity testing

The approach presented in this paper (see Figure 1) focuses on
the identification of mutagens and genotoxic carcinogens. The
term ‘mutation’ as understood in this paper (a glossary of
terms used in this paper is available on the IPCS website at
http://www.who.int/ipcs/publications/methods/harmonization/en
/index.html) refers to permanent changes in the structure and/
or amount of the genetic material of an organism that can lead
to heritable changes in its function, and it includes gene
mutations as well as structural and numerical chromosome
alterations. The group is aware of other mechanisms leading
to carcinogenicity and other heritable diseases, but their
identification requires additional types of mechanistic studies.
‘Genotoxicity” refers to the capability of substances to damage
DNA and/or cellular components regulating the fidelity of
the genome—such as the spindle apparatus, topoisomerases,
DNA repair systems and DNA polymerases (4)—and includes
all adverse effects on genetic information. These potentially
harmful effects on genetic material may be mediated directly or
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Strategy for mutagenicity testing

Considerations prior to testing:

B Routes of exposure, bicavailability, and target tissue

B Chemical structure and class of the agent, chemical features such as solubility and stability
B Expected metabolism, reactivity, biological activity, relationship to known genotoxins

1) Bacterial test for gene mutation

a) metaphase analysis
b) micronucleus test

In vitro testing (usually two or three from the following):

2) Test for detection of chromosomal mutations, including indications for aneugenicity, e.g.

3) Mammalian cell mutation assay (e.g. mouse lymphoma assay or HPRT assay)

:

¥

Positive

Appropriate choice of
in vivo tests may be helped
by further analysis to determine

+veor
unresolved :

Contradictory or equivocal results
within or between tests

Negative

R

Further in vitro testing may be used
to clarify positive/negative results

l

P,

In vivo tests depending

on anticipated

resumed non-mutagenic
in vivo; no further tests

level of human exposure

In vivo somatic cell mutagen I

mode of action (MOA) or special concerns
In vivo test
Cytogenetic {(bone marrow) or gene mutation assay OR alternative test defined by MOA,
chemical class/reactivity, and considering bioavailability and metabolism, etc. (see Table 11f)
Positive Equivocal (after appropriate efforts . Negative
* to improve sensitivity)
In vitro assay positive
Additional test(s) in vivo
Choose appropriate test(s), e.g comet assay, transgenic mutation assay,
based on end point, tissue, route of exposure, etc., as discussed in Table 1l
( Equivocal (after appropriate efforts
to improve sensitivity)
Positive . l Negative
Additional testing or conclusion
based on weight of evidence

L No evidence indicating in vivo mutagenicity

' Germ cell testing - see Figure 2

Fig. 1. Strategy for mutagenicity testing.

indirectly and are not necessarily associated with mutagenicity.
Genotoxicity is therefore a broader term than ‘mutagenicity’,
which refers to the capacity to give rise to mutations.

Because of the wide range of genetic damage that can occur,
test batteries are designed to include complementary tests
evaluating different mechanisms of mutagenicity. At all stages
of the outlined testing strategy, a weight of evidence approach
and scientific judgement should be used. Multiple negative
results may not be sufficient to remove concern for mutagenicity
raised by a clear positive result in a single mutagenicity assay.
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Most short-term tests in bacteria and mammalian cell
cultures have been designed primarily for hazard identification
and thus can represent only the starting point in the process
of risk assessment. Whether or not the observed effects are
relevant for humans under anticipated exposure conditions
depends on pharmacokinetic, pharmacodynamic and other
factors that require investigation in vivo. :

Especially when choosing in- vivo assays and when pro-
ceeding into germ cell mutagenicity studies (see Strategy for
germ cell testing), expert judgement is required to select the



appropriate test systems and to avoid uninformative and thus
unnecessary animal experiments.

Development of a testing strategy

Before initiating mutagenicity testing on a particular substance
(or mixture of substances), the following aspects should be
considered, when available:

(i) Chemical structure and class of the substance (possible
structure~activity relationships) and physicochemical
properties, such as solubility and stability;

(ii) Expected pathways of metabolism, chemical and bi-
ological reactivity/activity and relationship to known
genotoxic substances and

(iii) Routes of exposure, bioavailability and target tissues for
genotoxicity.

Critical evaluation of available data prior to testing usually
provides important information for choosing the appropriate in

vitro assays, but even more so for the selection of appropriate

in vivo studies.
Distinction needs to be made between ‘mutagenicity tests’ in
the strict sense and ‘indicator tests’ that provide evidence of

interaction with DNA that may or may not lead to mutations

(e.g. DNA adducts, DNA strand breaks and sister chromatid
exchanges). Preference should be given to mutagenicity tests
whenever possible.

In vitro testing

Usually two or three different tests in bacteria and mammalian
cells are selected to cover the end points of gene mutations,
clastogenicity (structural chromosome aberrations) and aneu-
ploidy (numerical chromosome abeirations), taking into’
account physicochemical properties of substances under
consideration.

In vitro tests. Screening should be based on a limited number
of tests that are well validated and informative. Genotoxicity
test batteries generally include the following:

(i) A test for gene mutation in bacteria (bacterial reverse
mutation assay): Organisation for Economic Co-operation
and Development (OECD) Test Guideline 471 recom-
mends the use of at least five strains of bacteria: (a)
Salmonella typhimurium TA1535, (b) S.typhimurium
TA1537 or TA97 or TA97a, (c) S.typhimurium TA9S,
(d) S.typhimurium TA100 and (e) Escherichia coli WP2
or E.coli WP2uvrA or S.typhimurium TA102. The choice
of additional tests depends on the chemical structure and
class of the substance (see Development of a testing
strategy). Table I describes the most commonly used
bacterial mutagenicity tests.

(i) In vitro mammalian assays: These assays should evaluate
the potential of a substance to induce point mutations,
clastogenicity and/or aneugenicity, by using either mam-
malian cell lines or primary human cell cultures such as
fibroblasts or lymphocytes (e.g. mouse lymphoma thymi-
dine kinase assay, hypoxanthine guanine phosphoribosyl-
transferase  assay or cytogenetic evaluation of
chromosomal damage in mammalian cells via either the
in vitro chromosome aberration or the in vitro micronu-
cleus test) (see Table II).

Mutagenicity testing for chemical risk assessment

Evaluation of in vitro testing results. In the evaluation, results
are classified into (i) positive, (ii) negative and (iii) contradic~
tory or equivocal:

(i) Positive: Substance is positive at one or more end pomts
of mutagenicity.

(ii) Negative: Substance is negative in all test systems
under appropriate in vitro test conditions; the substance
is not mutagenic (or genotoxic) in vitro and is anticipated
not to be mutagenic in vivo [for exceptions, see refs
(37,38)].

(iii) Contradictory or equivocal (e.g. borderline biological or
statistical significance): All other substances.

Follow-up to in vitro testing.
(i) Positive in vitro results

In vivo test; selection of an appropriate end pomt if
necessary, further in vitro studies to optimize in vivo
testing (e.g. kinetochore staining as an addition in the
micronucleus assay of in vitro aneugens). Follow-up tests
in vitro may also provide additional mechanistic in-
formation to enable interpretation of a positive finding.

(ii) Negative in vitro results
In vivo testing is recommended in the case of ‘high’ or
‘moderate and sustained’ human exposure or for sub-
stances otherwise of high concern. In limited cases,
metabolic considerations may trigger in vivo testing (38).

(iii) Contradictory or equivocal in vitro results
Further in vitro testing to clarify positive or negative
results; depending on whether the situation is resolved by
further in vitro testing, proceed according to ‘positive’ or
‘negative’.

In vivo testing

In vivo tests. In vivo tests (see Tables Il and IV) should be
chosen carefully to avoid an uninformative outcome and with
concern for animal welfare. Therefore, toxicokinetics, metab-
olism and chemical reactivity have to be considered carefully.
In vivo tests may also be used for evaluation of a dose—
response, species differences or mode of action determination.
The use of such tests needs to be considered on a case-by-case
basis for risk assessment purposes.

The choice of an in vivo follow-up test should be guided by
the spectrum of genotoxic events observed in the in vitro
studies as well as knowledge of the bioavailability, distribution,
metabolism and target organ specificity of the substance.
Typically, a bone marrow micronucleus or clastogenicity test is
conducted. However, if there are indications that point to
a more appropriate assay, then this assay should be conducted
instead (e.g. mutagenicity study with transgenic animals and/or
comet assay in potential target tissues).

Follow-up to in vivo testing.
(i) Positive in vivo results
Substance is considered an ‘in vivo somatic cell mutagen’,
Testing for germ cell mutagenicity (see Strategy for germ
cell testing) may be required.
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Table I. Common in vitro bacterial assays

Assay Strain End point Comments Published guidelines References
Salmonella typhimurium  TA1535, TA1537 Primarily detects Contain specific mutations OECD Test Guideline (17-19)
reverse mutation assay (or TA97 or TA97a), G/C base pair and in one of several genes 471 (replaces old
TA98, TA100 frameshift mutations involved in histidine OECD Test
biosynthesis that must Guidelines 471 and 472)
be reverted to function
normally. Testing with
and without appropriate
exogenous metabolic
activation system.
May not detect some
oxidizing mutagens and
cross-linking agents.
S.typhimurium TA102 Primarily detects A/T Detects oxidizing mutagens OECD Test (19,20)
base pair damage and cross-linking agents Guideline 471
’ and small deletions
Other S.typhimurium YG1021, YG1026 For detection of mutagenicity (21,22)
mutants (NR overexpression); of nitroaromatic and
YG1024, YG1029 aminoaromatic substances
(NAT overexpression) that are bioactivated by
NR and NAT. More sensitive
than conventional strains.
Used for detecting
mutagenicity of toxic
pollutants in air, water
and food.
Escherichia coli reverse WP2, WP2uvrA . Primarily detects A/T Detects oxidizing mutagens and ~ OECD Test 19)
mutation assay base pair damage cross-linking agents Guideline 471
A, adenine; C, cytosine; G, guanine; NAT, N-acetyltransferase; NR, nitroreductase; T, thymine.
Table II. Common in vitro mammalian assays
Assay Method/end point Main attributes Comments Published guidelines References
Mouse lymphoma TK L5178Y mouse Detects not only point Use of positive controls and OECD Test Guideline (3,23-26)
gene mutation assay Iymphoma cell line; mutations but also colony sizing essential for 476; IWGT
using a selective’ various sizes of quality control. Evaluation guidelines
medium, mutant chromosome deletions "and interpretation changed
-frequencies and other effects that over the years. Recent protocol
are determined can lead to loss of updates recommendations.
heterozygosity (e.g. Can be used as alternative to
mitotic recombination, metaphase analysis.
gene conversion and
translocations)
HPRT gene mutation assay Chinese hamster ovary, Detects not only point Use of positive controls essential OECD Test (23,27)
ASS52 or other suitable mutations but also for quality contro} Guideline 476
cell line; using a small deletions; larger
selective medium, deletions may be
mutant frequencies are detected in AS52 cells
determined )
Metaphase analysis A metaphase-arresting Detects clastogenicity; A variety of cell lines, strains or OECD Test (29-31)
(in vitro mammalian substance (e.g. colchicine)  some information on primary cell cultures, including Guideline 473
chromosome aberration is applied; metaphase aneugenicity can be human cells, may be used (e.g.
test) ' cells are analysed obtained with extended Chinese hamster fibroblasts,
for the presence of culture times human or other mammalian
structural chromosome peripheral blood lymphocytes)
aberrations (28)
Micronucleus test Detects micronuclei in the  Detects both aneugenic Several developments in updating Draft OECD Test (13,32-36)

cytoplasm of cultured
mammalian cells during
interphase

and clastogenic
substances; established
mammalian lines,

cultured human peripheral

blood lymphocytes or
Syrian hamster embryo
cells may be used

the protocol. Immunochemical Guideline 487
labelling of kinetochores or

hybridization with general or

chromosome-specific centromeric/

telomeric probes gives information

on the nature and mechanism of

formation of micronuclei induced

(whole chromosomes or fragments).

HPRT, hypoxanthine guanine phosphoribosyltransferase; TK, thymidine kinase.
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Table III. Common in vivo genotoxicity assays

Assay

End point Main attributes

Comments Published guidelines References

Micronucleus test in
erythropoietic cells

Metaphase analysis
in vivo

Transgenic animal
models

Chemically modified
DNA

DNA strand breakage
assays (e.g. comet assay)

Liver UDS

Structural and numerical
chromosome alterations

Long history, regulatory
acceptance, high
relevance of end point

Structural and numerical Long history, regulatory
chromosome aberrations  acceptance, high
relevance of end point

Can be applied to many
tissues. Gene specific.
No selective pressure
on mutations. Relevant
end point.

Gene mutation

Can be applied to mén‘y
tissues. Can be highly

Covalent DNA adducts,
oxidative lesions
(e.g. 8-OH-dG)

or AMS) or chemically
specific (MS). Other
methods include

sensitive (**P-postlabelling

OECD Test
Guideline 474

Has potential for
application to
other tissues

Has potential for
application to
other tissues

Need to optimize
protocols overall
and for each tissue.
lacl, lacZ, gpt
systems not sensitive
to the detection of
large deletions. Spi~
system detects large
deletions.

Indicator test detecting
premutagenic lesions.
Interpretation of results
can be complicated.

(15,28), and
references
cited therein

OECD Test (39)

Guideline 475

IWGT, IPCS
guidance

(40-44)

IWGT guidance (45)

immunochemical techniques,

fluorescence, ECD

(for 8-OH-dG).
DNA strand breaks, Can be applied to many tis
alkali-labile lesions

can improve specificity.

Cell division not required.

Thymidine incorporation
outside S phase

Long history of use; useful

Incorporation of enzymes

for some classes of substances.

sues. Indicator tests. Need to

optimize protocols for
* different tissues. May

be unable to detect
mutagens that do not
induce strand breaks or
alkali-labile lesions, but
may detect repair-induced
breaks. Apoptosis/necrosis
need to be controlled.

Indicator test detecting repair OECD Test
activity. Uncertain acceptability  Guideline 486
and questionable sensitivity.
Limited use in other tissues.

IWGT guidance (14,46-49)

(50,51)

~ 8-OH-dG, 8-hydroxy-2'-deoxyguanosine; AMS, accelerator mass spectrometry; ECD, electrochemical detection; MS, mass spectrometry; UDS, unscheduled DNA

synthesis.

(i)

(iii)

—

Negative in vivo results

Further in vivo testing is recommended in the case of
positive in vitro studies. Again, the second in vivo test is
chosen on a case-by-case basis, as stated above. If the test
is negative, it is concluded that there is no evidence for in
vivo mutagenicity. :
Equivocal in vivo results

Equivocal results may be due to low statistical power,
which can be improved by increasing the number of .
treated animals and/or scored cells.

If the situation is unresolved, a second in vivo test is
recommended, chosen on a case-by-case basis (ordinarily
on a different end point or in a different tissue, depending
on toxicokinetics, metabolism and mode of action);
proceed according to ‘positive’ or ‘negative’.

Strategy for germ cell testing

When information on the risk to the offspring of exposed
individuals is important, the following germ cell testing
strategy is recommended.

‘For substances that give positive results for mutagenic
effects in somatic cells in vivo, their potential to affect germ
cells should be considered. If there ‘is toxicokinetic or
toxicodynamic evidence that germ cells are actually exposed
to the somatic mutagen or its bioactive metabolites, it is
reasonable to assume that the. substance may also pose
a mutagenic hazard to germ cells and thus a risk to future
generations.

Where germ cell testing is indicated, judgement should be
used to select the most appropriate test strategy. There are
a number of tests available (summarized in Table IV), which
fall into two classes:

(1) Tests in germ cells per se (class 1)
(ii) Tests to detect effects in the offspring (or potential
offspring) of exposed animals (class 2)

Three tests that are available for such studies have
established OECD test guidelines:

(i) Clastogenicity in rodent spermatogonial cells (class 1):
OECD Test Guideline 483 (65)
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Table IV. Germ cell assays

Assay End point

Main attributes®

Published
guidelines

Comments

References

Class 1: tests in
germ cells per se
Transgenic
animal models

Gene mutation

ESTR assay Non-coding tandem
repeat DNA mutation
Mammalian Structural chromosome
spermatogonial aberrations
chromosome

aberration test
FISH assays Structural chromosome
aberrations; sperm
aneuploidy
DNA strand breaks or
alkali-labile sites
DNA adducts

Comet assay

" Chemically
modified DNA
Class 2: tests to detect
effects in the offspring
(or potential offspring)
ESTR assay As above for
class 1 tests

Reduction in viable
embryos attributed
to chromosome or
gene mutations

Gene mutation

Dominant lethal test

Mouse visible specific
locus test

Mouse biochemical Gene mutation

specific locus test

Structural chromosome
aberrations

Mouse heritable
translocation assay

‘Gene specific. No

selective pressure

on mutations.

Relevant end point.
Potentially relevant

end point. Detects

heritable mutations

at ambient exposure

levels. Uses relatively

few animals. Can be

conducted in humans.
Relevant end point

Relevant end points.
Can be conducted
in humans.
See Table II1. Can be
conducted in humans.
See Table III. Can be
conducted in humans.

As above for
class 1 tests

Relevant end point.
Provides data for
quantification of
pregnancy loss.
Provides data for quantification
of inherited mutation
frequency. Relevant end point.
Provides data for quantification
of inherited mutation
frequency. Relevant end point.
Provides data for quantification
of inherited mutation
frequency. Relevant end point.

See Table IIT See Table I

See Table 11T

Some tandem repeat (52-55)
mutations also occur
in, or near, coding genes.
Although there are parallels
with mutations in coding
genes, the human health
outcomes require further study.
OECD Test (56)
Guideline 483
See Table III See Table III (57,58)
See Table IIT See Table I (59) -
See Table 111 See Table III (60)
As above for class 1 tests As above
for class
1 tests
OECD Test 61)

Guideline 478

Uses large number ‘ EPA OPPTS (62)
of animals 870.5200

Uses large number EPA OPPTS (63)
of animals 870.5195

Uses large number OECD Test (64)
of animals Guideline 485

EPA OPPTS, United States Environmental Protection Agency, Office of Prevention, Pesticides and Toxic Substances; ESTR, Expanded Simple Tandem Repeat;

FISH, fluorescence in situ hybridization,
“Relevant end point’ means relevant to the estimation

of human heritable health risk.

(ii) The dominant lethal test (class 2): OECD Test Guideline
478 (66)

(iii) The mouse heritable translocation assay (class 2): OECD
Test Guideline 485 (67)

The above-mentioned class 2 tests usually require large
numbers of animals. Thus, in order to minimize the use of
animals in germ cell testing, it is advisable to start with tests that
detect effects in germ cells per se (class 1). Other methods
include (but are not limited to) gene mutation tests in transgenic
animals [see ref. (41) for INGT guidance], gene mutations in the
more recent Expanded Simple Tandem Repeat (ESTR) assay,
chromosomal assays (including those using fluorescence in situ
hybridization), comet assay and DNA adduct analysis.

Following the use of such tests, if quantification of heritable
effects is required (class 2), an assay for ESTR mutations can
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be performed with the offspring of a low number of exposed
animals. Tests used historically to investigate transmitted
effects (e.g. the heritable translocation test and the specific
locus test) can also be performed; however, they use large
numbers of animals.

Class 1 and class 2 germ cell assays are summarized in Table
IV. The strategy used in germ cell mutagenicity testing is
outlined in Figure 2.
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Strategy for germ cell mutagenicity testing

\4

: In vivo somatic cell mdtagen— from Figure 1 I

Germ cell testing (when required or desired) I

}

:| Evaluate toxicokinetic/toxicodynamic evidence that germ cells are exposed to test substance and that the substance
may pose mutagenic hazard to germ cells and risk to future generations (where applicable)

Evidence of no exposure

Y

In cases where no additional testing
for characterization of risk is required,
no further testing

Evidence of exposure, or no exposure data

Y

If germ cell testing undertaken,
judgement used to select most
appropriate test strategy

™

5) comet assay;
6) DNA adduct analysis

Test(s) in gonadal cells per se from the following (see Table IV):

1) clastogenicity in rodent spermatogonial cells;

2) gene mutation in transgenic animals;

3) Expanded Simple Tandem Repeat (ESTR) mutation;

4) chromosomal analysis using fluorescence in situ hybridization (FISH);

v

Negative

Presumed nota
germ cell mutagen

¥

Positive

)Established or presumed
germ cell mutagen

'

—

: If quantification of heritable mutations
in offspring (or potential offspring) required

If no quantification of heritable mutations
in offspring required; no further testing

Y

Estimation of
genetic risk to offspring

Test(s) to detect and quantify effects in (potential) offspring
of exposed animals from the following (see Table IV): :

1) dominant lethal test (potential offspring); 2) mouse heritable translocation assay;
3) gene mutation in ESTR assay; 4) specific locus tests

Fig. 2. Strategy in germ cell mutagenicity testing.
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DNA-protein cross-links (DPCs) are uniqﬁe among DNA lesions in their unusually bulky nature. We have

recently shown that nucleotide excision repair (NER) and RecBCD-dependent homologous recombination (HR) ,

collaboratively alleviate the lethal effect of DPCs in Escherichia coli. In this study, to gain further insight into the
damage-processing mechanism for DPCs, we assessed the sensitivities of a panel of repair-deficient E. coli mutants
to DPC-inducing agents, including formaldehyde (FA) and S-azacytidine (azaC). We show here that the damage
tolerance mechanism involving HR and subsequent replication restart (RR) provides the most effective means of cell
survival against DPCs. Translesion synthesis does not serve as an alternative damage tolerance mechanism for
DPCs in cell survival. Elimination of DPCs from the genome relies primarily on NER, which provides a second and
moderately effective means of cell survival against DPCs. Interestingly, Cho rather than UvrC seems to be an
effective nuclease for the NER of DPCs. Together with the genes responsible for HR, RR, and NER, the mutation
of genes involved in several aspects of DNA repair and transactions, such as recQ, xth nfo, dks4, and topA, rendered
cells slightly but significantly sensitive to FA but not azaC, possibly reflecting the complexity of DPCs or cryptic
lesions induced by FA. UvrD may have an additional role outside NER, since the uvrD mutation conferred a slight
azaC sensitivity on cells. Finally, DNA glycosylases mitigate azaC toxicity, independently of the repair of DPCs,

presumably by removing 5-azacytosine or its degradation product from the chromosome.

" The DNA molecules of living organisms continuously suffer
from various types of damage resulting from exposure to en-
dogenous and environmental genotoxic agents. Damage to
DNA impairs the faithful propagation of genetic information
during replication and transcription, exerting deleterious ef-
fects on cells (20). DNA-protein cross-links (DPCs) are unique
among DNA lesions in that they are extremely bulky compared
to conventional bulky lesions, such as pyrimidine photodimers
and the base adducts of aromatic compounds. DPCs are pro-
duced by a number of chemical agents, such as aldehydes and
heavy metal ions, and also by physical agents such as ionizing
radiation and UV light (reviewed in reference 3). DPCs have
also been identified in cells or nuclei treated with antitumor
agents (4, 10, 44, 62). In addition, we have shown that oxanine,
which is produced by nitrosative damage to guanine, mediates
_ the formation of DPCs and polyamine cross-link adducts (49,
50, 52). Thus, understanding the repair and/or damage toler-
ance mechanism of this ubiquitous and unique class of DNA
lesions will provide further insight into how cells maintain
genetic integrity and ensure survival in the face of genomic
insults. However, the repair and- damage tolerance mecha-
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nisms of DPCs have long remained elusive, partly because
many but not all DPC-inducing agents produce other types of
DNA lesions simultaneously, making it rather difficult to elu-
cidate the repair and tolerance mechanisms associated with
DPCs alone. Although preceding studies of the sensitivities of
repair-deficient Escherichia coli mutants to DPC-inducing
agents such ds formaldehyde (FA) and 5-azacytidine (azaC)
provided intriguing insights into the mechanisms of DPC pro-
cessing in cells (5, 40, 54, 70), a unified mechanism has not yet
been established. ‘

We have recently shown in vivo and in vitro evidence that
nucleotide excision repair (NER) and homologous recombina-
tion (HR) cooperate closely to mitigate the genotoxic effect of
DPCs in E. coli cells (51). NER removes DPCs with cross-
linked proteins smaller than 12 to 14 kDa, whereas oversized
DPCs are processed exclusively by RecBCD-dependent HR.
The upper size limit of DPCs amenable to NER is determined
by the loading efficiency of UvrB, the damage recognition
protein in NER, onto DPCs. Consistent with this mechanism,
the NER incision efficiency for DNA containing DPCs varies
significantly with the size of cross-linked proteins and peptides
in vitro (2, 46, 47, 51, 58). Interestingly, no chromosome break-
age was observed in cells following FA treatment, although the
HR of DPCs proceeded through the RecBCD pathway (51),
which is specific to recombination initiated at DNA double-strand
breaks. Taken together, these results indicate that E. coli cells
employ both repair and damage tolerance mechanisms for DPCs.
However, a number of repair and damage tolerance genes still
remain to be examined for obtaining an entire picture of the
repair and tolerance mechanisms of DPCs.

6002 '62 IsnBny Uo A LISHIAINN YWIHSOHIH 1e Bio'wse dl woly pepeojumoq



5658  SALEM ET AL.

“In the present wdrk, we have systematically assessed the

sensitivities of E. coli mutants defective in HR, replication

restart (RR), translesion synthesis (TLS), NER, base excision
repair (BER), transcription, and topological changes of chro-

mosomes to DPC-inducing agents, including FA and azaC. FA

is a relatively nonspecific DPC-inducing agent that produces
DPCs containing various proteins of sizes greater than 7 kDa
in E. coli (51). Thus, FA treatment of E. coli results in chro-
mosomal DPCs that are processed by both NER (small DPCs)
and HR (large DPCs). Conversely, azaC is a specific DPC-
inducing agent. azaC is metabolized and incorporated into
DNA, covalently trapping DNA cytosine methyltransferases
(Dcm) (21, 65). Accordingly, azaC treatment of E. coli likely
results in chromosomal DPCs containing 53-kDa Dcm, which
is the sole Dem in E. coli K-12. Due to the large size of the
Dcm protein, Dem-DPCs are processed by HR. The present
results reveal differential or cryptic roles of repair and miscel-
laneous genes in the processing of DPCs and provide further
insights into how cells survive when chromosomal DNA takes
on the burden of unusually bulky lesions. Our data also suggest
that DNA glycosylases mitigate azaC toxicity, presumably by
removing 5-azacytosine or its degradation product from the
chromosome.

MATERIALS AND METHODS

Strains, plasmids, and media. All strains used in this study are derivatives of
E. coli K-12 (1, 6-8, 13, 17, 19, 27, 29, 30, 34-37, 48, 53, 60, 63, 67, 68, 71, 72, 76,
78,79). The relevant genotypes of the strains and the properties of plasmids are
listed in Table 1. A portion of the strains in Table 1 was constructed in this study.
The strains deficient in recQ (NKJ1514) and recJ (NKJ1515) were made via P1
transduction of recQ::Tn3 from KD2250 (53) and rec/::Tnl0 from BIK814 (71)
into the AB1157 recipient strain, respectively. Transductants were selected for
ampicillin resistance (Amp®) with NKJ1514 and for tetracycline resistance (Tet")
with NKJ1515. To construct NKJ1500 (uvrC), uvrC279::Tnl10 from CAG12156
(68) was transduced into AB1157 using P1 phage, and UV-sensitive and Tet*
derivatives were selected. Strains YG2238 (pol4) and YG6341 (polB) were ob-
tained by P1 transduction using AB1157 as the recipient and HRS7052 (chlor-
amphenicol resistant [Cam’]) (35, 76) and HRS6700 (kanamycin resistant
[Kan']) (67) as donors, respectively. The dinB gene was disrupted as an in-frame
deletion without a selection marker as described previously (14). Briefly,
using the primers dinB W-F (5'-CAAACCCTGAAATCACTGTATACTTT
ACCAGTGTTGAGAGGTGAGCAATGATTCCGGGGATCCGTCGACC-3")
and dinB W-R (§'-GCACACCAGAATATACATAATAGTATACATCATAATC
CCAGCACCAGTTGTGTAGGCTGGAGCTGCTTCG-3'), the Kan" cassette on
pKD13 was amplified and the resultant fragment was flanked upstream and down-
stream of the dinB gene. The fragment was introduced into AB1157 harboring
pKD46, and then recombination events generated Kan® coionies, which are
expected to carry AdinB:Kan'. Cultivation of the colonies at 43°C cured the
temperature-sensitive (Ts) plasmid pKD46, which had been introduced to allow
AB1157 to keep the linear PCR fragments intact with its encoding genes derived
from lambda phage. The AdinB::Kan' strain without pKD46 was designated
YG6158. After introducing another Ts plasmid (pCP20) into YG6158, the strain
was incubated at 43°C again. The high temperature induced a recombinase FLP
and also removed the Ts plasmid from the strain. The FLP specifically acts on the
FLP recombination target (FRT) sequences which had been introduced between
the dinB flanking regions and the Kan® cassette in advance -(Table 1). The
recombination removed the Kan' cassette and produced the AdinB strain
(YG6162). To construct YG6168, A(umuDC)596::ermGT was transferred to
AB1157 using the DE2302 and ECS8 strains as described previously for two-step
P1 transduction (19, 78). YG6171 (a dinB umuDC double mutant) was con-
structed by introduction of AdinB::Kan' into YG6168, followed by removal of the
Kan" cassette as described above. To introduce ApolB::Kan® into YG6171, P1
transduction was carried out with HRS6700 as the donor. The resultant polB
dinB umuDC triple mutant was designated YG6342. Finally, YG6344, which has

deletions of pold, polB, dinB, and umuDC, was constructed by P1 transduction '

using YG6342 as the recipient and HRS7052 as the donor. RFM445
[gyrB203(Ts)] and REM475 [gyrB203(Ts) A(fopA cysB)204)] are the Ts mutants

J. BACTERIOL.

of topoisomerases. In keeping with the reported Ts properties (17), RFM445 and
RFM475 exhibited heat and cold sensitivities, respectively (see Fig. S1 in the
supplemental material). pNTR-SD is a set of mobile plasmid clones of E. coli
open reading frames, and the expression of the open reading frames is strictly
controlled by P,,. and lacI9 (61). pNTR-SD containing the dem gene was des-
ignated pNTR-SD-Dcm (Table 1).

For FA and azaC treatment, cells were grown in LB, minimal A, or M9 medium.
Minimal A medium was comprised of 60 mM K;HPO,, 33 mM KH,PO,, 7.5 mM
(NH,),SO,, 1.7 mM sodium citrate dihydrate, 1 mM MgSO, * TH,0O, and 0.2%
glucose, and supplemented with 1 pg/ml thiamine and 0.2% Casamino Acids (5).
The composition of M9 medium was 47 mM Na,HPO, - 12H,0, 22 mM KH,PO,,
8.6 mM NaCl, 19 mM NH,Cl, 2 mM MgSO,, 0.1 mM CaCl,, and 0.4% glucose,
supplemented with 2 pg/mi thiamine, 20 pwg/ml thymine, and 100 ug/ml each of
arginine, leucine, tryptophan, histidine, and proline (36).

Cell survival assays with FA and azaC. The working solution of FA was
prepared freshly from the 37% FA solution (Nacalai Tesque) for every experi-
ment, azaC (Sigma) was dissolved in 50% acetic acid and stored at —20°C until
use. Except for the pri4 and other related primosomal mutants (priB, priC, and
rep), cells were grown to an optical density at 600 nm (ODyggp) of 0.3 at 37°C in
LB medium for FA treatment or in minimal A medium for azaC treatment. A
total of 0.2 ml of cell culture was diluted with 4.8 ml of 66-mM phosphate buffer
(pH 6.8) containing different concentrations of FA (indicated in the figures) or
with 4.8 ml of minimal A medium containing different concentrations of azaC
(indicated in the figures), incubated at 37°C for 30 min with shaking. The prid,
priB, priC, and rep mutants were similarly grown and treated with FA and azaC
in M9 medium, since the prid mutant is sensitive to rich media {36). After FA or
azaC treatment, cells were diluted and plated on LB, minimal A, or M9 agar
plates, and colony formation was typically analyzed after overnight incubation at
37°C. Some strains used in this study grew slowly on M9 plates {AQ10459 [wild
type (wt)] and AQ10479 [prid]) or LB plates (RFM445 [gyrB(Ts)] and RFM475
[gyrB(Ts) topA]} (see Table S1 in the supplemental material) so that colony
formation was analyzed after a few days of incubation. Cells transformed with
pNTR-SD-Dcm (Table 1) were grown to an ODgq, of 0.2 and incubated with 1
mM isopropyl B-p-1-thiogalactopyranoside (IPTG) for 10 min to induce Dem.
The subsequent FA and azaC treatments were performed as described above for
cells without a plasmid. Unless otherwise noted, the survival data are based on

" three to five independent experiments. Statistical significance was determined by

a two-sided unpaired Student ¢ test. A P value of less than 0.05 was defined as
significant.

Measurement of UV and MMC sensitivity. For the measurement of UV
sensitivity, cells were grown to an ODggq of 0.3 at 37°C in LB medium, serially
diluted and plated on LB agar plates, and exposed to the UV light at doses
indicated in the figures. After overnight incubation at 37°C, the number of
growing colonies was counted. The sensitivity to mitomycin C (MMC; Sigma)
was measured as described above for FA.

RESULTS

RR following HR of DPCs depends on PriA but not Rep
helicase. In E. coli, the PriA, PriB, and PriC proteins play vital
roles in restarting chromosome replication through two PriA-
dependent mechanisms, i.e., the PriA-PriB and PriA-PriC
pathways (Fig. 1A) (24, 36). The RR proteins recognize forked
DNA structures, such as arrested replication forks and D-
loops, and sequentially load the replicative helicase DnaB (41,
64). To determine the roles of PriA, PriB, and PriC in RR
following the HR of DPCs, the sensitivities of prid, priB, and
priC mutants to DPC-inducing agents were assayed. The wt
and mutant cells were treated with various concentrations of
FA and azaC for 30 min, and the cell survival was analyzed.
The pri4 mutant was hypersensitive to both FA and azaC (Fig.
1B and- E), indicating that RR following the HR of DPCs
proceeds through PriA-dependent mechanisms. Compared to
wt, the priB mutant exhibited a moderate sensitivity to azaC at
high concentrations (Fig. 1F), although it was not sensitive to
FA (Fig. 1C). The priC mutant also showed a slight sensitivity
to azaC at high concentrations (Fig. 1F), but the sensitivity
increase was not statistically significant. The differential azaC
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