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ABSTRACT

Xeroderma pigmentosum (XP) patients are hypersensitive to sunlight
and have a high predisposition to developing cancer. At the cellular level,
XP patients are defective in nucleotide excision repair (NER). Recently,
mice have been generated via gene targeting that are deficient in the
expression of the XPA gene [A. de Vries et al., Nature (Lond.), 377:
169-173, 1995]. We have assessed the consequences of defective NER for

mutagenesis in normal and XPA mice exposed to benzo(a)pyrene and
2-acetylaminofluorene. To study mutagenesis, mature T lymphocytes were

isolated from the spleen and stimulated to proliferate in vitro to select for
mutants at the endogenous Hprt locus. Background mutant frequencies in
normal and XPA mice were very similar and not influenced by age. Single
doses of benzo(a)pyrene administered i.p. resulted in a dose-dependent

increase of the Hprt mutant frequency in normal mice. In addition, after
chronic exposure to benzo(a)pyrene, Hprt mutants were readily detectable
in XPA mice at an early onset of treatment but only at a later stage in
normal mice. In contrast, chronic treatment of either normal or XPA mice
with 2-acetylaminofluorene did not increase Hprt mutant frequency above

the background frequency. This absence of significant induction of Hprt
mutants can be entirely attributed to the low frequency of 2-acetylamin-
ofluorene-induced DNA adducts in lymphoid tissue. These results provide

the first direct evidence in mammals that deficient NER leads to enhanced
mutagenesis in endogenous genes in internal tissue after exposure to
relevant environmental mutagens, such as benzo(a)pyrene.

INTRODUCTION

NER4 is a versatile process that is capable of removing a variety of

structurally different lesions from the DNA. The major steps in the
NER process are highly conserved among eukaryotes and involve
DNA damage recognition and demarcation, endonuclease-mediated

incisions at both sides of the lesion, and, finally, release of the
damaged oligonucleotide and DNA repair synthesis. More than 30
proteins have been identified to participate in the various steps of
NER in mammalian cells. Defects in a single NER protein can have
severe biological effects, as demonstrated by single gene mutations in
cells derived from patients with the disease XP. XP patients are
hypersensitive to sunlight and have a > 1000-fold increased risk of
developing cancer in sun-exposed areas of the skin, compared to

normal individuals. In addition, XP patients often exhibit severe
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neurological abnormalities. At the cellular level, skin fibroblasts iso
lated from these patients were shown to be highly sensitive to the
cytotoxic and mutagenic effects of UV light and deficient in the
removal of UV-induced lesions from DNA. XP patients belonging to
a complementation group A generally display a severe clinical phe-

notype, including neurological abnormalities. In normal individuals,
the XP/4-encoded protein is involved in the DNA damage recognition

step of NER (reviewed in Ref. l).
Recently, mice have been generated via gene targeting in embry

onic stem cells that are deficient in the expression of the XPA gene (2,
3). Embryonic fibroblasts isolated from these mice were highly sen
sitive to UV irradiation and XfVl-deficient (XPA) mice exhibited an
increased susceptibility to UV-B-induced skin tumors (2). With re

spect to skin carcinogenesis, the mice, therefore, mimic the phenotype
of human XP-A patients. In contrast to skin carcinogenesis, little is

known about the effect of the NER deficiency on internal organs of
XP patients, although a 10-20-fold increased level of internal tumors

in XP patients has been reported (4,5). To investigate the effect of the
XPA deficiency on the induction of mutations in internal tissues, we
have exposed XPA mice to the chemical mutagens benzo(a)pyrene
and 2-acetylaminofluorene and screened the splenocytes for Hprt

mutations.
In mammalian cells, benzo(a)pyrene is predominantly metabolized

to the reactive intermediate BPDE, which induces adducts at the N2
position of guanine (dG-N2-BP; Ref. 6). The directly acting agent
/V-acetoxy-2-acetylaminofluorene induces predominantly dG-C8-AF
adducts in cultured cells. dG-C8-AF and the minor dG-C8-AAF
adduci are induced by 2-acetylaminofluorene and its derivative, N-
hydroxy-2-acetylaminofluorene, after metabolic activation in animal

tissues (reviewed in Ref. 7). The bulky DNA lesions induced by
benzo(a)pyrene and 2-acetylaminofluorene or its derivatives are sub
strates for NER in mammalian cells (8-11). Their repair is fully
dependent on a functional XPA-encoded protein because primary

human XPA fibroblasts are defective in the removal of BPDE (8) and
/V-acetoxy-2-acetylaminofluorene induces lesions (12). In mammalian
cells, dG-N2-BP, dG-C8-AF, and dG-C8-AAF in DNA were shown to
be mutagenic lesions (13-15).

This study is focused on mutation induction in the mouse to study
the effect of the NER deficiency in internal tissues of XPA mice.
Mature T lymphocytes were isolated from the spleen of animals
exposed to the mutagen in vivo and subsequently cultured in vitro to
select for mutants at the endogenous Hprt locus. First, in a series of
experiments, the in vivo mutagenicity of single doses of benzo-
(a)pyrene and JV-hydroxy-2-acetylaminofluorene was tested in normal

mice. Subsequently, mutagenesis by (sub)chronic benzo(o)pyrene and
2-acetylaminofluorene exposures was studied in XPA mice and in

normal littermates. The experiments were complemented with exper
iments in which cultured mouse embryonic fibroblasts from normal
and XPA mice were exposed to either benzo(a)pyrene or /V-acetoxy-
2-acetylaminofluorene to assess the cytotoxicity. To correlate the

frequency of induced Hprt mutants with DNA adduci formation in
mouse lissues, Ihe dG-C8-AF adduci levels were quanlified by a
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recently developed electrochemical detection method (16) in liver and
lymphoid tissues of normal and XPA mice chronically exposed to
2-acetylaminofluorene. The relationship between the frequency of
dG-C8-AF and the number of Hpn mutants induced by /V-acetoxy-2-

acetylaminofluorene was calibrated in experiments in which mouse
lymphoma cells in culture were exposed to single doses of the chem
ical.

MATERIALS AND METHODS

Chemicals

Benzo(a)pyrene was purchased from Serva Feinbiochemica, and
2-acetylaminofluorene was purchased from Aldrich Chemie GmbH. /V-Hy-
droxy-2-acetylaminofluorene was synthesized according to Westra (17).
A/-Acetoxy-2-acetylaminofluorene was prepared by acetylation of AAhydroxy-
2-acetylaminofluorene with acetic anhydride in 10% pyridine (18).

Animals and Treatment

Normal Mice. Male 129/ola and C57B1/6 mice were obtained from the
breeding colony at Leiden University. They were kept in MACROLON cages
and fed pellet food (Hope Farms, Woerden. the Netherlands). Water and food
was supplied ad libitum. At the age of 8 weeks, 129/ola mice were exposed to
single doses of 50, 100. 200, 300, and 400 mg/kg benzo(a)pyrene. Benzo-

(a)pyrene was dissolved in trycaprylin, and a volume of 10 ml/kg body weight
was dosed i.p. At the age of 8 weeks. C57B1/6 mice were treated with
/V-hydroxy-2-acetylaminofluorene at doses of 150, 300, 450, or 600 mg/kg.
A/-Hydroxy-2-acetylaminofluorene was dissolved in 80% DMSO, and a vol

ume of 5 ml/kg body weight was injected i.p. The mice were sacrificed 7
weeks after treatment, and the spleen was isolated.

XPA Mice. XPA mice have been generated as described previously (2).
They were obtained from the breeding colony of the National Institute of
Public Health and the Environment (Bilthoven, the Netherlands). XPA+I+ and
XPA~'~ mice were daily exposed to 300 ppm 2-acetylaminofluorene added to

the food for a period of 2, 4, 8, or 12 months. From a cross of XPA with lacZ
mice (19), the /acZ-negative XPA+I+ and XPA~'~ mice obtained were used to

study mutant frequencies at the Hpn locus following exposure to benzo-

(a)pyrene. Mice used in the experiments were all in a C57BI/6 genetic
background (F8 generation). At the age of 8 weeks, XPA +l+ and XPA ~'~ mice

were p.o. treated with benzo(a)pyrene. Benzo(a)pyrene was dissolved in soy
oil (0.1 ml) and dosed at 13 mg/kg by gavage, three times a week for 1, 5. 9
or 13 weeks. Mice were sacrificed after a minimum expression time of 7
weeks. When mice were treated for >7 weeks, they were sacrificed 2 weeks
after the final treatment.

Cell Survival of Mouse Embryonic Fibroblasts

Fibroblasts isolated from mouse embryos were cultured in DMEM (3.7
g/liter NaHCOj) supplemented with 1% glutamine, 1% nonessential amino
acids, 10% PCS, and antibiotics at 37Â°Cand 5% CO,. At passage 3, the

exponentially growing cells were treated with benzo(a)pyrene in the presence
of a rat microsomal S9 fraction for 2 h or with /V-acetoxy-2-acetylaminoflu-
orene for 30 min in serum-free medium. The fibroblasts were washed two
times with fresh serum-free medium and cultured for 5 days in 24-well plates.

Surviving cells were visualized by the addition of the tetrazolium salt XTT,
which, in viable cells, is cleaved by mitochondria! enzymes into an orange
formazan dye (Cell proliferation kit II; Boehringer Mannheim). The absor-

bency was read after 2 h by an ELISA reader. The survival of treated cells was
calculated as the percentage of absorbency in relation to the absorbency of
untreated cells.

Determination of in Vivo Induced Hprt Mutant Frequencies in Mouse
Splenocytes

Cell Culture. The T-lymphocyte culture medium used for priming and
cloning of T-cells consisted of standard medium (RPMI 1640. 25 niM HEPES,

2 g/liter NaHCO3, and 2 mM glutamine) supplemented with 30% AIMV
medium (Life Technologies, Inc.), 15% PCS (Biological Industries), 10%
lymphokine-activated killer cell supernatant (20), 4 mM glutamine, 50 /J.M
2-mercaptoethanol, 1 mM sodium pyruvate, and antibiotics (100 units/ml

penicillin and 100 /xg/ml streptomycin). The SP2/0 lymphoblastoid cell line
used as feeder cells were cultured in SP/GR medium consisting of standard
medium supplemented with 10% PCS (Life Technologies, Inc.), 50 /XM 2-

mercaptoethanol, and antibiotics (100 units/ml penicillin and 100 (ig/ml
streptomycin) at 37Â°Cand 5% CO,. Prior to the addition of SP2/0 cells to the

T lymphocytes, the cells were irradiated with 30 Gy of X-rays.

Isolation and Priming of T Lymphocytes. Mouse T lymphocytes were
isolated from the spleen according to Tales el al. (21). Until use. the cells were
frozen in standard medium supplemented with 10% DMSO and 40% PCS using
a CryoMed freezing apparatus (Forma Scientific Inc.). The T lymphocytes were
thawed on ice by slowly adding 10 ml of standard medium-40% PCS over 30 min.
The splenocytes were primed in T-lymphocyte culture medium supplemented with
4 /ig/ml ConA (Pharmacia) for ~44 h at 37Â°Cand 5% CO,.

Selection for Hprt Mutants. The selection for Hprt mutants was done
according to Tales et al. (21). Essentially, Hprt mutanls were plaled in
round-bollomed 96-well microliter plates (Nunc) at a cell density of 2 X IO4
cells/well (672 wells in total), together with 5 x IO1 SP2/0 feeder cells per

well, and selected in T-lymphocyte culture medium supplemented with I
/ig/ml ConA and 2.5 ;ng/ml 6-thioguanine. To determine the clone-forming

ability, stimulated cells were counted and plated at a cell density of 6 cells/well
(in total, 288 wells) in the presence of 5 x K)' SP2/0 feeder cells per well, in

T-lymphocyte culture medium supplemented with 1 /ig/ml ConA. The cells
were cultured for 6-7 days at 37Â°Cand 5% CO,, and viable clones were scored

by microscopic inspection. The determinations of the clone-forming ability and

Hprt mutant frequency, as well as the statistical analysis, were performed as
described previously (21).

Determination of Hprt Mutant Frequencies in GRSL Lymphoblastoid
Cells

Cell Culture and Treatment. The GRSL 13 cell line is a male pseudo-

diploid lymphoblastoid line derived from a spontaneous lymphoma in the GRS
mouse strain (22). The standard and SP/GR culture media were similar to those
described for the determination of in vivo Hprt mutant frequencies. GRSL cells
were cultured in SP/GR medium at 37Â°Cand 5% CO,. GRSL cells (1 X IO7

cells per 10 ml) were treated with 0. 0.2, 1.0. 2.5, 5.0, or 10.0 /Â¿MÂ¿V-acetoxy-
2-acetylaminofluorene in standard medium with 2% HEPES (pH 7.4) for 30
min at 37Â°C.Cells were washed twice with SP/GR medium and counted with

a Coulter cell counter.
Cell Survival and Selection for Hprt Mutants. To determine the cell

survival, cells were plated in 96-well round-bottomed microtiter plates (Nunc)

at a cell density of 2 or 6 cells/well in SP/GR medium. The survival was
measured as the clone-forming ability after 10 days of culture. To determine
the Hprt mutant frequency, the remaining cells were mass-cultured for 7 days.

Then, the cells were plated at a density of 2 cells/well to determine the
clone-forming ability and at 1 X IO4 cells/well in the presence of 6-thiogua

nine (5 /Â¿g/ml)to select for Hprt mutants. After 10 days of culture, the wells
containing viable cell clones were scored using an inverted light microscope.
The clone-forming ability and Hpn mutant frequency were calculated as

described for primary T lymphocytes (21).

Quantification of dG-C8-AF and dG-C8-AAF Adduci Levels

The dG-C8-AF and dG-C8-AAF adducts induced by /V-acetoxy-2-
acetylaminofluorene in lymphoblastoid cells (GRSL) or by 2-acetylaminoflu
orene in mouse tissues were quantified by high-performance liquid chroma-

tography separation and electrochemical detection. The DNA was purified and
hydrolyzed to bases by trifluoroacetic acid. The adducted bases were extracted
by ethylacetate. separated by high-performance liquid chromatography, and

quantified by electrochemical detection (16).

RESULTS

Prior to assessing the effect of XPA deficiency on in vivo mutagen-
esis, we assayed the sensitivities of XPA (XPA~'~), XPA hÃ©tÃ©rozygote
(XPA+'~), and normal (XPA+/+) mouse embryonic fibroblasts to

benzo(c;)pyrene and /V-acetoxy-2-acetylaminofluorene by measuring

cell survival at increasing doses of these mutagens (Fig. 1). XPA
fibroblasts are more sensitive than are both XPA hÃ©tÃ©rozygoteand
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Fig. 1. Sensitivity of XPA fibroblasts to benzo(a)pyrene (A) and JV-acetoxy-2-
acetylaminofluorene (B). XPA (XPA~'~; A), hÃ©tÃ©rozygote(XPA"~; â€¢¿�),and normal

(XPA*I+; â€¢¿�)mouse embryonic fibroblasts were treated with benzo(a)pyrene [B(a>P] in

the presence of a rat hepatic microsomal S9 fraction or with AÃ-acetoxy-2-acetylaminoflu-
orene (NA-AAF) and assayed for cell survival. Dala points, mean survivals of four

experiments.

normal fibroblasts to both benzo(cz)pyrene (Fig. \A) and W-acetoxy-
2-acetylaminofluorene (Fig. IÃŸ).The sensitivity of XPA cells relative
to normal cells seems higher after /V-acetoxy-2-acetylaminofluorene

than after benzo(a)pyrene exposure. This may be caused, however, by
insufficient metabolism of benzo(a)pyrene, resulting in adduci levels
that are relatively lower than those after treatment with the directly
acting /V-acetoxy-2-acetylaminofluorene. Because hÃ©tÃ©rozygotefibro

blasts behaved like normal cells, the hÃ©tÃ©rozygoteXPA mice were
excluded from the in vivo mutagenicity studies.

Mutagenesis in Normal Mice Exposed to a Single Dose of
Benzo(a)pyrene or N-Hydroxy-2-acetylaminofluorene. At first in
a series of experiments, the mutagenicities of /V-hydroxy-2-

acetylaminofluorene and benzo(a)pyrene in vivo were tested in nor
mal mice. For this purpose, mature T lymphocytes were isolated from
the spleen after treatment in vivo and cultured in vitro to select for

mutants at the endogenous Hpn locus. Single doses of 50, 100, 200,
300, and 400 mg/kg of body weight of benzo(a)pyrene or 150, 300,
450, and 600 mg/kg of body weight of /V-hydroxy-2-acetylaminoflu-

orene, was administered to male mice at an age of 8 weeks. To allow
expression of the Wprr-deficient phenotype, the mice were kept alive

for 7 additional weeks, to yield an optimal Hpn mutant frequency.
The spleen was obtained, the T lymphocytes were isolated and stim
ulated to proliferate, and the Hpn mutant frequencies were determined
(Table 1). The background Hpn mutant frequency (0.6 Â±0.1 X 10~6)

was independent of the solvent of the mutagen. Following treatment
with benzo(a)pyrene, a dose-dependent increase of the Hpn mutant

frequency was observed up to 300 mg/kg (Fig. 2). Furthermore, an
increase of the dose of benzo(o)pyrene, i.e., 400 mg/kg, resulted in a
decrease in the cloning efficiency of the cells and two of five animals
died, both indications of toxic effects of benzo(a)pyrene administered
at higher doses. In contrast to benzo(a)pyrene, /V-hydroxy-2-

acetylaminofluorene did not significantly increase the Hpn mutant
frequency above the background level (Table 1). The maximum Hpn
mutant frequency (1.3 Â±0.3 X 10~6) was reached using 450 mg/kg

A'-hydroxy-2-acetylaminofluorene, whereas after exposure to 600 mg/

kg, two of four animals died within 1 day after treatment.
Mutagenesis in XPA and Normal Mice after Chronic Exposure

to Benzo(a)pyrene and 2-Acetylaminofluorene. The XPA mice ex

hibited a mean background Hpn mutant frequency
(0.62 Â±0.3 X 10~6, n = 12), similar to the frequency observed in
normal controls (0.52 Â±0.24 X 10^6, n = 13). This frequency was

not influenced by sex or age (data not shown).
To study benzo(a)pyrene-induced mutagenesis in XPA mice and
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Fig. 2. In vivo mutagenicity of benzol<i)pyrene (B(atP\ and W-hydroxy-2-acetylamin-
ofluorene (N-OH-AAF) in normal mouse T lymphocytes obtained from 129/ola and
C57BI/6 mice, respectively. +. mean Hprt mutant frequencies induced by benzo(Â«)pyrcne
and Â¿V-hydroxy-2-acetylaminofluorene in normal mice, as shown in Table 1. For benzo-

(iÃ¯)pyrene,the individual points are shown as well (â€¢).

Table 1 Hpn mutant frequencies in T lymphocytes induced by exposure of normal mice to henzofaipyrene or N-hydroxy-2-acetylttminofluorene

DoseAgentControlB(a)PN-OH-AAFmg/kg050100200300400'150300450600'mmol/kg00.20.40.81.21.60.631.251.882.5No.
of

animals521312435331Range(%)9.0-15.98.3^*0.74.6-15.95.0-25.35.8-18.17.5-7.910.5-20.510.7-14.311.8-18.1CE"'*(%)13.5

Â±2.924.510.011.710.07.715.512.214.33.85.95.50.24.21.93.48.4Range

(X10~")0.5-0.82.0-2.71.0-18.01.6-32.615.3-29.42.8-20.70.6-1.40.5-1.41.1-1.6Hpnmutant frequency(X10~6)0.6

Â±0.12.46.4

Â±5.812.7
Â±10.521.8

Â±5.89.8
Â±9.60.8
Â±0.30.8
Â±0.51.3

Â±0.30.9

"CE, cloning efficiency; B(a)P, benzo(a)pyrene {129/ola mice); N-OH-AAF, /V-hydroxy-2-acetylaminofluorene (C57B1/6 mice).

Values represent mean Â±SD.
' At 400 mg/kg B(a)P and 600 mg/kg N-OH-AAF, two of five and three of four animals died, respectively.
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Table 2 Hprt mutant frequencies in T lymphocytes isolated from XPA+/+ and XPA~ mice exposed to benzofa)pyrene in vivo

B(a)P" exposure

(weeks)015913XPA
No. of

genotype1'animals+/+

3-/-
2+/+
3-/-
2+/+
3-/-
2+/+
3-/-
2+/+
3-/-

4Range

(%)13.4-15.6-24.612.3-18.714.2-18.7-21.114.9-21.314.0-23.6-27.010.9-11.46.8-14.7-15.27.8-19.416.8-17.8-19.611.7-13.7-15.5-21.3CE'(%)17.9

Â±5.915.517.8

Â±3.518.121.5

Â±6.711.212.2

Â±4.713.618.1

Â±1.415.6
Â±4.1Range

(X 10*)0.4-0.5-0.50.4-0.50.4-0.4-0.50.6-1.50.3-0.5-0.84.8-6.62.0-2.0-13.39.9-20.03.1-3.9-6.32.9-7.9-14.7-48.0Hprt
mutant frequency''

(XIO"6)0.5

Â±0.10.50.4

Â±0.11.10.6

Â±0.25.75.8

Â±6.5154.4

Â±1.718.4
Â±20.3

" B(a)P, benzo(u)pyrene; CE, cloning efficiency.
* +/+, X/M-proficient, C57BI/6 background (F8); -/-, X/M-deficienl, C57BI/6 background (F8).
' Values represent mean Â±SD.

Averaged over the exposure time the mutant frequency was significantly higher in XPA than in animals (P = 0.004).

their normal littermates, the animals were subchronically treated with
benzo(o)pyrene. Mice were treated p.o. (by gavage), three times a
week, with 13 mg/kg of body weight benzo(a)pyrene dissolved in soy
oil for 1, 5, 9, or 13 weeks. Control mice were treated with soy oil
only, also for three times a week, for a period of 5 weeks. The animals
were kept alive for a minimum of 7 weeks after the first treatment.
The Hprt mutant frequencies were determined in the T-lymphocytes

isolated from the spleen (Table 2). After 5 weeks of treatment with
benzo(a)pyrene, the mean Hprt mutant frequency was 10-fold en
hanced in XP-A (5.7 x 10~6) but not in normal mice (0.6 X 10~6).

After 9 and 13 weeks of treatment, an increased frequency of Hprt
mutants was also detected in normal mice, but in their XPA litter-
mates, the mean mutant frequency was 3-4-fold higher (Fig. 3). In

two of four XPA animals exposed to benzo(a)pyrene for 5 weeks and
one of three XPA mice treated for 9 weeks, the spleen had an abnormal
morphology, possibly due to the presence of tumor tissue. From this
tissue, it appeared to be impossible to stimulate the isolated T-

lymphocytes to proliferate, and no estimates of Hprt mutant frequen
cies could be made in these animals.

Despite the lack of increased mutagenicity of Af-hydroxy-2-
acetylaminofluorene in T-lymphocytes of normal mice, we initiated a
study on the mutagenicity of 2-acetylaminofluorene in XPA mice. The

rationale behind this was the presumption that a deficiency in repair of
2-acetylaminofluorene-induced lesions in XPA mice would make the

mice susceptible to the induction of mutations. Moreover, because the
bone marrow and spleen tissue were suspected to be poor targets for
formation of DNA lesions after 2-acetylaminofluorene treatment, chronic
exposure of mice to 2-acetylaminofluorene was expected to lead to

20

o
E 15

E
3C

5 10

B(a)P exposure (weeks)

15

Fig. 3. Effect of XPA deficiency on mutagenesis in mouse lymphoid tissue m vivo. The
mean Hprt mutant frequencies induced by benzo(a)pyrene [Bla)P\ in normal (wild-type;

â€¢¿�)and XPA (A) mice that are presented in Table 2 are corrected for the background
frequency. Mice used in the experiments were in C57B1/6 genetic background.

accumulation of DNA lesions in these tissues in XPA mice. A chronic
exposure of 2-acetylaminofluorene was achieved by daily exposure of
XPA mice and normal littermates to 300 ppm 2-acetylaminofluorene

added to the food for a period of 2, 4, 8, or 12 months. Control animals
were fed a normal diet for 6 months. The mice were kept alive for a
minimum of 2 weeks after termination of the treatment. Also in these
experiments, the frequency of Hprt mutants induced (0.2-2.6 X 10~6)

was not significantly increased above the background mutant frequency
in either normal or XPA mice (Table 3).

2-Acetylaminofluorene Induced DNA Adduct Levels in Tissues
of XPA and Normal Mice. The dG-C8-AF and dG-C8-AAF adduci

levels were quantified in DNA isolated from bone marrow and spleen
and from the livers of both normal and XPA mice after 12 months of
exposure to 2-acetylaminofluorene. No dG-C8-AAF adducts could be

detected in either of the tissues examined with a detection limit of 0.1
(liver and spleen) to 1.0 (bone marrow) dG-C8-AAF adduct/106 nt,

depending on the amount of DNA that could be isolated from the
tissue. In the bone marrow, the levels of dG-C8-AF were below the
detection limit (1 dG-C8-AF adduct/106 nt). In the spleen a low level
of dG-C8-AF adducts (detection limit 0.1 dG-C8-AF/106 nt) was
found in both normal (0.32 Â±0.03 dG-C8-AF/106 nt) and XPA
(0.42 Â±0.2 dG-C8-AF/106 nt) mice. In contrast, in liver a high level

of dG-C8-AF adducts was accumulated in normal (17.4 Â±6.3 dG-
C8-AF/106 nt; n = 6) mice, which was even higher than in XPA mice
(7.7 Â±2.5 dG-C8-AF/106 nt; n = 5).

To determine what level of dG-C8-AF adducts would be necessary

to cause a measurable increase in frequency of mutations at the Hprl
locus, experiments were performed in which GRSL mouse lymphoma
cells in culture were exposed to A'-acetoxy-2-acetylaminofluorene for
30 min followed by (a) measurement of the amount of dG-C8-AF in

the DNA and (b) determination of the frequency of Hprt mutants,
following an expression period of 7 days. The dose of /V-acetoxy-2-

acetylaminofluorene varied between 0 and 10 JAM.The spontaneous
mutant frequency in the GRSL cell population was 0.5 X 10~5

mutants per clonable cells, and after the lowest /V-acetoxy-2-

acetylaminofluorene concentration used (0.2 /J.M), the mutant fre
quency was 2.2 X 10~5 mutants per clonable cell. It should be noted

that no dG-C8-AAF adducts were detected within a detection limit of
0.5 dG-C8-AAF adduct/106 nt. The relationship between the dG-

C8-AF adduci level and the induced mulanl frequency is shown in

Fig. 4. The slope of ihe line indÃcalesthat, in GRSL cells, a frequency
of 10 dG-C8-AF adducts per IO6 nt induced an Hprl mutanl frequency
of 10 X 10~6 mulants per clonable cell.

DISCUSSION

Exposure of cullured mouse embryonic fibroblasls lo aclivaled
benzo(a)pyrene or lo N-aceloxy-2-acetylaminofluorene showed an
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Table 3 Hprt mutant frequencies in T lymphocytes isolated from XPA+/+ and XPA ' mice exposed to 2-acetylaminofluorene in viv

2-AAF" exposure

(months)024810XPA
No. of

genotypeanimals+/+

3-/-
3+/+

3-/-
3+/+
3-/-
3+/+

3-/-
3+/+

3-/-
3Range

(%)25.0-27.3-36.626.1-33.3^3.620.9-21.4-24.010.3-13.5-25.617.6-17.8-28.58.6-30.2-30.66.7-9.7-12.05.7-6.7-15.58.2-10.4-16.411.3-18.0-22.6CEC<%)29.634.322.116.521.323.19.59.311.76.18.81.78.16.212.62.75.44.217.3

Â±5.7Range

(XIO"6)0.3-0.5-0.80.25-0.8-1.10.3-0.4-2.10.6-1.2-2.20.7-0.7-0.80.2-0.9-1.00.6-0.8-2.21.1-1.3-2.90.7-1.4-1.81.0-1.7-2.6Hprt
mutant frequency"*

(XIO"6)0.5

Â±0.30.7
Â±0.40.9
Â±1.01.3

Â±0.80.7
Â±0.10.7
Â±0.41.2

Â±0.91.8
Â±1.01.3

Â±0.61.8
Â±0.8

" 2-AAF, 2-acetylaminofluorene; CE, cloning efficiency.
* +/+, X/M-proficient, C57B1/6 background (F8); -/-. X/M-deficient, C57B1/6 background (F8).
' Values represent mean Â±SD.

Averaged over the exposure time the mutant frequency was not significantly higher in XPA + + (P = 0.22) or XPA

untreated control animals.

(P = 0.19) mice, compared to the mutant frequency in

enhanced toxicity in cells from XP-A mice compared to cells from

normal mice. This observation suggests that the DNA lesions caused
by these genotoxic chemicals are substrates for NER in the mouse.
When normal mice were exposed to a single dose of benzo(a)pyrene,
the frequency of Hpn mutants in T-lymphocytes from the spleen
increased in a dose-dependent manner. A single dose of 50 mg/kg

benzo(a)pyrene induced a mean Hprt mutant frequency of
2.4 X 10~6, which is in agreement with data of Skopek et al. (23). In

contrast, exposures to increasing doses of A/-hydroxy-2-acetylamin-

ofluorene did not induce Hprt mutations in T lymphocytes from the
spleen. In rat, however, both benzo(a)pyrene and 2-acetylaminoflu

orene have been reported to induce mutations at the Hprt gene in T
lymphocytes (24). The difference between mouse and rat is most
likely due to differences in metabolic activation of 2-acetylaminoflu

orene.
Mutagenesis in XPA and Normal Mice after Chronic Exposure

to Benzo(a)pyrene and 2-Acetylaminofluorene. In XPA mice up to

12 months of age, the background frequency of Hprt mutants in the T
lymphocytes isolated from the spleen was not significantly higher
than that in normal mice. This is in contrast to the human situation, in
which the Hprt mutant frequencies were found to be 2-fold higher in

circulating T lymphocytes isolated from XP patients than in those
from a group of normal individuals of the same age (25). We note here
that the background Hprt mutant frequency in splenic T lymphocytes
isolated from mice is very low (0.5 X 10~6) and quantification is,

therefore, inaccurate, possibly masking small differences between the
normal and XPA genotypes. However, the higher mutant frequency in

12

Ã«

C
â€¢¿�C

10
dG-C8-AFadducts/105N

Fig. 4. Mutagenic potency of the dG-C8-AF adduci. Mouse lymphoblastoid GRSL
cells were treated with yV-acetoxy-2-acetylaminofluorene. and for each dose, the dG-
C8-AF adduct levels, cell survivals, and Hprt mutant frequencies were determined in the
same cells. The Hprt mutant frequencies are plotted against the dG-C8-AF adduct levels
detected. The cell survivals ranged from 100% (1 dG-C8-AF/105 nt) to 15% (10 dG-C8-
AF/105 nt).

T lymphocytes from XP patients may be due to exposure to a variety
of environmental mutagens, such as benzo(a)pyrene that is present in
motor vehicle exhaust, cigarette smoke, and cooked meat, from which
laboratory mice are protected.

We have studied benzo(a)pyrene-induced mutagenesis at the Hprt
locus in XPA~'~ mice crossed with mice carrying the lacZ gene (19).
The lacZ+'~ mice obtained from this breeding scheme were used by

de Vries et al. (26) to study mutant frequencies induced by benzo-
(a)pyrene at the lacZ locus. In our study, the /acZ-deficient littermates

were used. In both studies, the spleen was chosen as a target tissue and
the benzo(o)pyrene administration protocol was the same to allow
comparison of mutant frequencies in the Hprt and lacZ loci. After
prolonged benzo(a)pyrene treatment, Hprt mutants were induced in
both normal and XPA mice, although XPA mice showed an increase of
the Hprt mutant frequency at an earlier onset (5 weeks) than did
normal mice (9 weeks). Moreover, the Hprt mutant frequency in XPA
mice was, with increasing exposure, 10-3-fold higher as compared to

their normal littermates. These data are in agreement with the en
hanced frequency of Hprt mutants that has been observed in BPDE-
treated XP-A human fibroblasts (27, 28). In the spleen, liver, and lung
of lacZ+'~ mice analogously treated with benzo(a)pyrene, an increase

in the lacZ mutant frequency was observed in both normal and XPA
animals. In contrast to the effect of NER on the Hprt mutant frequency
in the spleen, no significant difference in lacZ mutant frequency
between XPA and normal mice was observed over the entire range of
benzo(a)pyrene exposure in the liver and lung and after 5 and 9 weeks
benzo(a)pyrene treatment in the spleen. Only after 13 weeks of
treatment was the lacZ mutant frequency in the spleen 2-fold higher in

XPA than in normal mice (26).
It appears, therefore, that the endogenous Hprt gene is a more

sensitive target gene for studying benzo(a)pyrene-induced mutagen
esis in XPA repair-deficient mice than the exogenous lacZ marker

gene. The larger effect of a deficiency in the XPA gene on mutagen
esis in the Hprt gene when compared to the lacZ marker might be
explained by slower repair of the lacZ gene when compared to the
Hprt gene because (a) the inactive lacZ marker is presumably heavily
methylated and (b) the lacZ gene is not transcribed. Adding to (a), we
assume that repair of benzo(a)pyrene-induced adducts in the lacZ

gene in normal mice takes place, albeit at a much slower rate than in
the active Hprt housekeeping gene and, possibly, even slower than in
the genome overall, due to the high methylation of Escherichia
Â«Â»//'-derivedmarker genes (29). The level of DNA methylation has

been shown and argued to influence NER in Chinese hamster ovary
cells (30). Adding to (b), an efficient preferential repair of BPDE-

induced lesions in actively transcribed genes may exist in normal
mice, as has been observed for the Hprt gene in cultured human
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fibroblasts (31). In hamster cells, however, no transcription-coupled
repair of BPDE-induced DNA lesions has been observed (32). To our
knowledge, preferential repair of benzo(a)pyrene-induced DNA ad-

ducts in transcriptionally active genes has not been studied in mouse
cells.

In XPA mice, benzo(a)pyrene induced Hprt mutants in T cells after
only 5 weeks of exposure. This induction of mutations is most likely
initiating the formation of T-cell lymphomas that have recently been

observed after 13 weeks of benzo(o)pyrene treatment in XPA but not
in normal mice (26). In contrast to benzo(o)pyrene, chronic exposure
of 2-acetylaminofluorene did not induce detectable levels of Hprt

mutants in the splenocytes in both XPA and normal mice. Neither i.p.
treatment of normal mice with A'-hydroxy-2-acetylaminofluorene nor
daily feeding of normal and XPA mice with 2-acetylaminofluorene

significantly induced the number of Hprt mutants above the back
ground level. In the liver, however, lacZ mutants have been detected
in XPA mice carrying the lacZ gene but not in normal littermates after
treatment with A^-hydroxy-2-acetylaminofluorene.5

In all experiments described in this study, a considerable interin
dividual variation in mutant frequency has been observed. This vari
ation was found in acute and chronic exposure regiments, as well as
following various mutagen administration routes. This makes it un
likely that the route of exposure is the major source of variation and
that the rate of lymphoma occurrence after chronic exposure interferes
with mutant recovery. We would like to point out that interindividual
variation is not typical for this study but, rather, forms a general
feature of these types of animal studies.

Correlation of Mutagenesis with DNA Adduci Levels in Normal
and XPA Mice. The target organ for DNA damage induction in T
lymphocytes is believed not to be the spleen but the bone marrow
(33), due to migration of maturing T lymphocytes in the organism.
The dG-C8-AF and dG-C8-AAF adduci levels were, therefore, in
addition to the spleen, also quantified in the bone marrow of XP-A
and normal mice after 12 months of 2-acetylaminofluorene feeding.
Because the liver is one of the target organs for 2-acetylaminoflu-
orene-induced tumorigenesis, the liver DNA was also analyzed. No
dG-C8-AAF adducts were detected in the lymphoid tissues. In neither
XP-A nor normal animals were dG-C8-AF adducts detected in the
bone marrow, whereas in the spleen, the dG-C8-AF adduci level was
0.3 adducts/106 nt in normal and 0.4 adducts/106 nt in XPA mice. To

correlate adduci levels with Hprt mutant frequencies, we determined
in mouse lymphoblastoid GRSL cells, that 1 dG-C8-AF adduci per
IO5 nt induced an Hprt mutanl frequency of 1 mutant per IO5clonable

cells, which is in agreement with a study by Heflich et al. (34) using
Chinese hamster ovary cells. Assuming that the mutagenic potency of
the dG-C8-AF adduci is Ihe same in mice in vivo as in lymphoblastoid
cells, one would expect an Hprt mutant frequency of 0.4 mutants/106

clonable cells, which is about the background frequency (0.6 mu
tant X 10~6 cells) of the Hprt cloning assay for T lymphocytes. The

low induclion of DNA adducls in lymphoid tissue, therefore, explains
the absence of a significant induction of Hprt mutants by
2-acetylaminofluorene in mouse splenocytes.

In the liver, as in Ihe lymphoid lissues, no dG-C8-AAF was de
lected after 12 months of 2-acetylaminofluorene feeding, but the
dG-C8-AF adduci level was highly increased. The mean adduci level
in Ihe liver of normal mice (17.4 dG-C8-AF/106 nl) was, nolably, 2
limes higher lhan in XPA mice (7.7 dG-C8-AF/106 nt), which might

be due to the growth of tumor tissue in the liver of XPA mice.

5 A. F. W. Frijhoff, C. A. M. Knil, M. C. J. M. Kelders. A. de Vries, G. Weeda. H. Van
Steeg, and R. A. Baan. The role of nucleotide excision repair in A'-hydroxy-2-acetylamin-
ofluorene-induced mutagenesis studied in AlacZ-transgenic mice. Environ. Mol. Muta
gen., 29: 136-142. 1997.

Currently, a long-term carcinogenicity sludy using chronic feeding of
2-acetylaminofluorene in XPA mice is in progress.

This study shows the biological relevance of correct NER in the
defense against the accumulation of mutations in internal tissue and,
therefore, in the prevention of cancer. We, therefore, suggest thai, in
XP patients, the reported increase of mutations in circulating T lym
phocytes (25) and the elevated occurrence of internal tumors (4) are
related to the exposure to environmental mutagens, such as benzo-

(a)pyrene and mutagens generated during food preparation. Another
abundant and potent food mutagen, 2-amino-l-methyl-6-phenylimi-
dazo[4,5-b]-pyridine, which induces DNA lesions that are believed to

be substrate for NER, may also contribute to the induction of internal
mulalions and lumors in XP palients. In mice, the effects of 2-amino-
l-melhyl-6-phenylimidazo[4,5-b|-pyridine are Ihe subjecl of fulure

investigations.
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