Table 4. Transgene mutation rate of mammary tumors in Hras128 female rats

Test compound Codonl2 (%) Codon 61 (%) Codon 12 and/or 61 (%)
3-MC 20/33 (60.6) 14/33 (42.4) 28/33 (84.8)
B[a]P 17/28 (60.7) 12/28 (42.9) 21/28 (75.0)

Anthracene 1/3 (33.3) 1/3 (33.3) 2/3 (66.7)
Pyrene _ 1/2 (50.0) 0/2 (0) 1/2 (50.0)
NNK 1/2 (50.0) 1/2 (50.0) 2/2 (100)
IQ 8/12 (66.7) 2/12 (16.7) 10/12 (83.3)
MelQx 1/3 (33.3) 0/3 (0) 1/3 (33.3)
DEN 0/3 (0) 0/3 (0) 0/3 (0)
DMA 0/2 (0) 1/2 (50.0) 1/2 (50.0)
AOM 3/5 (60.0) 2/5 (40.0) 5/5 (100)
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Table 5. Transgene mutation rate of mammary tumors in Hras128 male rats

Test compound Codoni?2 (%) Codon 61 (%) Codon 12 and/or 61 (%)
3-MC 2/18 (11.1) 11/18 (61.1) 12/18 (66.7)
B[a]P 4/4 (100) 2/4 (50.0) 4/4 (100)

Anthracene 0/3 (0) 2/3 (66.7) 2/3 (66.7)
Pyrene 1/1 (100) 0/1 (0) 1/1 (100)
NNK - - -
1Q 1/2 (50.0) 0/2 (0) 1/2 (50.0)
MelQx 0/2 (0) 0/2 (0) 0/2 (0)
DEN - - -
DMA - - -
AOM 4/7(57.1) 3/7 (42.9) 7/7 (100)
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Table 6. Transgene mutation type of codon 12 and 61 in Hras128 rats

Codonl2 (GGC) Codon 61 (CAG)

Test compound GTC TGC CGG CAT AAG CTG CGT
3-MC 20 2 9 4 1 0 0
Bla]P 20 1 6 4 0 0 0

Anthracene 1 0 3 0 0 0 0
Pyrene 2 0 0 0 0 0 0
NNK 1 0 0 1 0 0 0
1IQ 9 0 1 1 0 0 0
MelQx 1 0 0 0 0 0 0
DEN 0 0 0 0 0 0 0
DMA -0 0 0 0 0 1 0
AOM 7 0 2 2 0 0 1
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Abstract

The recent finding that acrylamide (AA), a potent carcinogen, is formed in foods during cooking raises human health concerns. In
the present study, we investigated the genotoxicity of AA and its metabolite glycidamide (GA) in human lymphoblastoid TK6 cells
examining three endpoints: DNA damage (comet assay), clastogenesis (micronucleus test) and gene mutation (thymidine kinase
(TK) assay). In a 4 h treatment without metabolic activation, AA was mildly genotoxic in the micronucleus and TK assays at high
concentrations (>10 mM), whereas GA was significantly and concentration-dependently genotoxic at all endpoints at >0.5 mM.
Molecular analysis of the TK mutants revealed that AA predominantly induced loss of heterozygosity (LOH) mutation like sponta-
neous one while GA-induced primarily point mutations. These results indicate that the genotoxic characteristics of AA and GA were
distinctly different: AA was clastogenic and GA was mutagenic. The cytotoxicity and genotoxicity of AA were not enhanced by
metabolic activation (rat liver S9), implying that the rat liver S9 did not activate AA. We discuss the in vitro and in vivo genotoxicity
of AA and GA.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Acrylamide; Gycidamide; Genotoxicity; TK mutation; Metabolic activation

1. Introduction and grouts. Because it had been believed that humans

are rarely exposed to AA under ordinary circumstances,

Acrylamide (AA) is a synthetic chemical that has
been produced since the early 1950s. Because AA poly-
merizes easily to an adhesive gel, it has been widely
used in industry for water flocculation, soil coagulation

* Corresponding author. Tel.: +81 33700 1141x434;
fax: +81 3 3700 2348.
E-mail address: honma@nihs.go.jp (M. Honma).

1383-5718/$ — see front matter © 2005 Elsevier B.V. All rights reserved.

doi: 10.1016/j. mrgentox.2005.11.006

concern was centered only on occupational exposure [1].
In 2000, however, Tareke et al. [2] reported that AA was
unexpectedly discovered in cooking foods. It forms dur-
ing frying and baking principally by a Maillard reaction
between asparagine residues and glucose [3,4]. This find-
ing raises concerns about the health risks of AA for the
general population [5].

According to toxicological studies, AA is neuro-
toxic for animals and human [6,7], and the International

—245—



152 . ' N. Koyama et al. / Mutation Research 603 (2006) 151158

Agency for Research on Cancer classifies it as 2A, a
probable human carcinogen [1]. AA is also genotoxic
in somatic and germinal cells in in vitro and in vivo
[8]. In vivo examination [8] AA is metabolized to the
epoxide derivative glycidamide (GA), presumably by
cytochrome P4502E1 (CYP2EL1) [9]. GA may be more
toxic than AA because it reacts quickly with DNA and
other biological macromolecules, and it is positive in
most genotoxicity tests [8]. AA, on the other hand,
is inactive in bacterial and some in vitro mammalian
gene mutation assays, but it induces sister chromatid
exchanges and chromosome aberrations in vitro and in
vivo [8]. AA may have indirect genotoxic mechanisms,
such as protein binding, spindle disturbance or hormonal
imbalance, which could lead to tumors [10,11]. Thus, the
genotoxic mechanism of AA is unclear.

In the present study, we used human lymphoblatoid
TKG6 cells to investigate the genotoxicity of AA and GA
and its mechanisms. TK6 cells are widely used for the
thymidine kinase (TK) gene mutation assay and can also
be used in the in vitro micronucleus (MN) and comet
(COM) assays. The TK gene mutation assay detects a
wide range of genetic damage, including gene mutations,
large-scale chromosomal deletions, recombination and
aneuploidy [12], while other mammalian gene mutation
assays, such as the HPRT and transgenic LacZ and Lacl
gene assays, detect only point mutations and small dele-
tions [13]. Most of the genetic changes observed in TK
mutants occur in human tumors and are presumably rel-
evant to carcinogenesis. Molecular analysis of the TK
mutants induced by AA or GA can help elucidate their
genotoxic mechanisms. In addition, because it uses a
human cell line, the TK assay is appropriate for human
hazard evaluation.

2. Materials and methods
2.1. Cell culture, chemicals and treatment

The TK6 human lymphoblastoid cell line has been
described previously [14]. The cells were grown in RPMI1640
medium (Gibco-BRL, Life technology Inc., Grand Island,
NY) supplemented with 10% heat-inactivated horse serum
(JRH Biosciences, Lenexa, KS), 200 pg/ml sodium pyruvate,
100 U/ml penicillin and 100 pg/ml streptomycin and main-
tained at 10° to 10° cells/ml at 37 °C in a 5% CO, atmosphere
with 100% humidity.

AA (CAS#79-06-1) and GA (CAS # 5694-00-8) were pur-
chased from Wako Pure Chemical Co. (Tokyo). We dissolved
them in phosphate-buffered saline just before use. N-di-N-
butylnitrosamine (DBN) (CAS # 924-16-3) was purchased
from Tokyo Kasei Kogyo Co. Ltd. (Tokyo) and dissolved in
DMSO for use. Post-mitochondrial supernatant fractions of

liver homogenate (S9) were purchased from Kikkoman Co.
Ltd. (Noda, Chiba, Japan), which were prepared from the
liver of phenobarbital- and 5,6-benzoflavone-treated SD rats.
We prepared a 10 ml S9 mix with 4ml S9 fraction and 2 ml
each of 180 mg/ml glucose-6-phosphate, 25 mg/ml NADP and
150 mM KCl.

We treated 20mli aliquots of cell suspensions
(5.0 x 10% cells/ml) at 37°C for 4h with serially diluted
AA or GA, washed them once, re-suspended them in fresh
medium, and cultured them in new flasks for the MN and 7K
assays or diluted and plated them for survival measurement
(PEQ). We treated the cultures with AA both in the absence
and presence of 5% S9 mix.

2.2. Comet assay

After treating the cells for 4h with AA or GA, we pre-
pared slides for alkaline COM assay as previously reported
[15]. Briefly, the cells were suspended in 0.5% agarose-LGT
(Nakalai Tesque Inc., Kyoto, Japan), quickly layered on a slide
(Matsunami Glass Ind. Ltd., Osaka, Japan) coated with 1%
agarose GP-42 (Nakalai Tesque Inc.), and covered with 0.5%
agarose-LGT. We immersed the slide in alkaline lysing solution
(pH 13) for 1 h, electrophoresed it for 15 min after the unwind-
ing treatment, fixed the cells with 70% ethanol, and stained
them with SYBER green (Molecular Probes, Eugene, OR)
according to the manufacturer’s recommendation. We observed
the cells by an Olympus model BX50 fluorescence microscope.
At least 50 cells were captured by CCD camera, and the tail
length of the comet image was measured. We statistically ana-
lyzed the difference between the non-treated and treated plates
with the Dunnett’s test after one-way ANOVA [16].

2.3. Micronuclei test

Forty-eight hours after treatment, we prepared the MN test
samples as previously reported [17]. Briefly, approximately 106
cells suspended in hypotonic KCl solution were incubated for

. 10 min at room temperature, fixed twice with ice-cold glacial
_ acetic acid in methanol (1:3), and resuspended in methanol

containing 1% acetic acid. We placed a drop of the suspen-
sion on a clean glass slide and allowed it to air-dry. We
stained the cells with 40 wg/ml acridine orange solution and
immediately observed them by Olympus model BX50 fluo-
rescence microscope. At least, 1000 intact interphase cells for
each treatment were examined, and the cells containing MN
were scored. The MN frequencies between non-treated and
treated cells were statistically analyzed by Fisher’s exact test.
The concentration-response relationship was evaluated by the
Cochran—Armitage trend test [18].

2.4. TK gene mutation assay

The TK6 cell cultures were maintained for 3 days after
treatment to permit expression of the TK deficient phenotype.
To isolate the TK deficient mutants, we seeded cells from each
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culture into 96-microwell plates at 40,000 cells/well in the pres-
ence of 3.0 ug/ml trifluorothymidine (TFT). We also plated
them at 1.6 cells/well in the absence of TFT for the determina-
tion of plating efficiency (PE3). All plates were incubated at
37°C in 5% CO, in a humidified incubator. The TK assay pro-
duces two distinct phenotypic classes of 7K mutants: normally
growing (NG) mutants had the same doubling-time (13-17h)
as the wild type cells, and slowly growing (SG) mutants had
a doubling time of >21 h. The difference is thought to be due
to a putative gene near the TK gene. NG mutants result mainly
from intragenic mutations, such as point mutations and small
deletions, while SG mutants result from gross genetic changes
extending beyond the TX gene [19]. We scored for the colonies
in the PE plates and for the colonies for normal-growing TK
mutants in the TFT plates at 14th day after plating. We then re-
fed the plates containing TFT with fresh TFT, incubated them
for an additional 14 days, and scored them for slow-growing TK
mutants. Mutation frequencies were calculated according to the
Poisson distribution {20]. The data were statistically analyzed
by Omori’s method, which consists of a modified Dunnett’s
procedure for identifying clear negative, a Simpson-Margolin
procedure for detecting downturn data, and a trend test to eval-
uate the dose-dependency [21]. '

2.5. Molecular analysis of TK mutants

Genomic DNA was extracted from TK mutant cells and
used as a template for the polymerase chain reaction (PCR).
We analyzed for loss of heterozygosity (LOH) at the human 7K
gene by PCR products as described previously {22]. A set of
primers was used to each amplify the parts of exons 4 and 7 of
the TX gene that contains frameshift mutations. Another primer

TK assay

set for amplifying parts of the B-globin were also prepared. We
used quantitative-multiple PCR to co-amplify the three regions
and to identify and quantify the PCR products. We analyzed
them with an ABI310 genetic analyzer (PE Biosystems, Chiba,
Japan), and classified the mutants into “none LOH”, “hemizy-
gous LOH” or “homozygous LOH”. To determine the extent of
LOH, we analyzed 10 microsatellite loci on chromosome 17q
by PCR-based LOH analysis described previously [22]. The
results were processed by GenoTyper™ software (PE Biosys-
tems) according to the manufacturer’s guidelines.

3. Results

3.1. Cytotoxic and genotoxic responses to AA and
GA

Fig. 1a shows the effect of - AA on relative sur-
vival (RS), mutation frequency (7K assay) and num-
ber of micronucleated cells per 1000 cells examined.
AA was concentration-dependently cytotoxic, permit-
ting about 20% RS at the maximum concentration
(14 mM), while its genotoxicity and clastogenicity were
weak. We repeated the experiment because of the weak
genotoxicity. AA showed negative in the first TK assay,
but positive in the second statistically. In MN test, both
experiments showed statistically positive. GA, in con-
trast, was significantly genotoxic even at concentrations
that were not severely cytotoxic (Fig. 1b). At the max-
imum concentration (2.4 mM), GA induced TK muta-
tion frequencies that were about 20 times and MN fre-
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Fig. 1. Cytotoxic (relative survival, RS), genotoxic responses (TK assay and MN test) of TK6 cells treated with AA (a) or GA (b) for 4 h without
metabolic activation. The AA experiment was repeated to confirm the result because of the weak genotoxicity. Closed and open symbols are first
and second experiment, respectively. Asterisk (*) statistically significant experiments in both pair-wise comparison and trend test (P <0.05).
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Table 1
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Cytotoxic and mutational responses to AA and GA, and the results of LOH analysis of normally growing (NG) and slowly growing (SG) TK-mutants

Treatment Cytotoxic and mutational response LOH analysis at TK gene
RS (%) MF (x 10“6) % SG No. None LOH Hemi-LOH Homo-LOH

Vehicle [16] 100 2.19 56 56

NG mutants 19 14(74) 3(16) 2(1D)

SG mutants 37 0(0) 9(24) 28(76)
AA (14mM, 4 h) 40 18.9 54 48

NG mutants 22 11(50) 11(50) 0(0)

SG mutants 26 0(0) 13(50) 13(50)
GA (2.2mM, 4h) 12 55.5 36 44

NG mutants 28 26(93) 2(7 0(0)

SG mutants 16 0(0) 6(38) 10(62)

quencies at about four times the spontaneous level. We
detected two distinct phenotypic classes of 7K mutants
in 7K assay: NG and SG mutants. AA did not affect
the proportion of SG mutants, while GA treatment low-
ered it (Table 1). This implies that GA induced pri-
marily point mutations. In the COM assay, even at
the highest concentration, AA did not induce DNA
damage, while GA did so strongly starting at 0.6 mM

(Fig. 2).
3.2. Molecular analysis of TK mutants

The TK mutants were independently isolated from
the cells treated with 14 mM AA or 2.2 mM GA for 4 h.
Table 1 shows the cytotoxicity (RS) and 7K mutation fre-
quency (MF) and proportion of SG mutants (% SG) by
the treatment. Genomic DNA extracted from the mutants
was subjected by the PCR-based LOH analysis to clas-
sify the mutants into three types: non-LOH, hemizygous
LOH (hemi-LOH) and homozygous LOH (homo-LOH).
In general, hemi-LOH is resulted by deletion and homo-
LOH is by inter-allelic homologous recombination [13].
We analyzed 48 AA-induced and 44 GA-induced 7K
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mutants and compared them to those of spontaneously
occurring 7K mutants described previously [16]. The
fraction of hemi-LOH in AA-induced mutants, in which
50% each of NG and SG mutants exhibited hemi-LOH,
was higher than in spontaneous mutants, indicating that
AA-induced primarily deletions. GA, on the other hand,
induced primarily NG mutants, and most (93%) of them
were the non-LOH type, which is presumably generated
by point and other small intragenic mutations. Among
16 GA-induced SG mutants, the percentages that were
hemi-LOH (38%) and homo-LOH (62%) were similar
to those observed in spontaneous SG mutants. Fig. 3
shows the mutation spectra of 7K mutants found among
treated and untreated TK6 cells. GA and ethyl methane
sulfonate, an alkylating agent, produce similar spectra,
as do AA and X-radiation.

Fig. 4 shows the distribution of LOH in AA-induced
(n=137), GA-induced (n=17) and spontaneous (n=29)
LOH mutants. Because the majority of GA-induced
mutants were the non-LOH type, we were able to map
only 17 GA-induced LOH mutants. As a particular char-
acteristic of AA-induced LOH mutants, we frequently
observed small deletions limited to the TK locus. The

GA
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Fig. 2. COM assay results in TK6 cells treated with AA or GA for 4 h without metabolic activation. Asterisk (*) statistically significant in the

. Dunnett’s tests (P <0.05).

—248—



N. Koyama et al. / Mutation Research 603 (2006) 151-158 . 155

60
50 4
aof”
N
=] >
T 30
x # @ Homo
Lt L7 B - i -LOH
=2 20f y ’ 2 = Hemi
@ = mllinit
101 5 2 on
i y 3 -LOH
Spont  X-ray EMS

AA GA
(2Gy) (150 M) (14 mM) (2.2 mM)

Fig. 3. Frequency and spectra of TK mutations in spontaneous and
X-ray-induced (2 Gy), EMS-induced (150 uM, 4h), AA-induced
(14 mM, 4 h) and GA-induced (2.2 mM, 4 h) TK mutants in TK6 cells.
The fraction of each mutational event was calculated by considering
the ratio of normally growing (NG) and slowly growing (SG) mutants
and the results of molecular analysis (Table 1). The data of sponta-
neous, X-ray-induced and EMS-induced mutation spectra were taken
from our previous paper [13].

distribution of LOH in GA-induced and spontaneous
LOH mutants was similar.

3.3. Cytotoxicity and genotoxicity of AA under
metabolic activation

Rat liver S9 mix did not influence the cytotoxicity
or genotoxicity of AA but it did enhance the activity of
DBN, the positive control chemical (Fig. 5).

m
(cM) h

Spontaneous Mutants 80

4. Discussion

A large number of studies about the in vitro geno-
toxicity of AA have been reported [8]. AA has consis-
tently been negative in bacterial gene mutation assay
in both the presence and absence of metabolic activa-
tion [23-25] but positive in chromosome aberration and
sister chromatid exchange tests in Chinese hamster cell
lines [24-26]. In mammalian cell assays, AA induces
Tk but not Hprt gene mutations [24,25,27,28], and is
negative in the COM assay even at high concentrations
[27]. These results suggest that AA is clastogenic with-
out directly damaging DNA. GA, on the other hand, is
positive in most in vitro genotoxicity tests and is recog-
nized as a mutagen [8,27,29]. In the present study, the
higher concentrations of AA were positive in the MN
and TK assay but negative in the comet assay. According
to the in vitro genotoxicity test guideline, however, AA
may be negative [30], because the guideline suggests that
the maximum concentration should be 10 mM. Because
the genotoxic responses at higher concentrations were
reproducible, AA may be genotoxic, but its effect is very
weak. GA, in contrast, was positive in all the assays, even
under conditions of low cytotoxicity. These results are
consistent with the reports described above.

The mammalian TK gene mutation assay can detect a
wide range of genetic changes, including point muta-

" tions, small deletions, large-scale chromosomal dele-

tions, inter-allelic recombination and aneuploidy, while
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Fig. 4. The extent of LOH in spontaneous, AA-induced and GA-induced LOH mutants from TK6 cells. We examined 10 microsatellite loci on
chromosome 17q that are heterozygous in TK6 cells. The human TK locus maps to 17q23.2. Open and closed bars represent homo-LOH and
hemi-LOH, respectively. The length of the bar indicates the extent of the LOH. We analyzed 29 spontaneous mutants (10 NG and 19 SG mutants),
37 AA-induced mutants (11 NG and 26 SG) and 17 GA-induced mutants (2 NG and 15 SG). The data on spontaneous mutants were taken from our

previous paper [13]. :
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Fig. 5. Cytotoxicity (RS) and MN induction in TK6 cells treated with AA or DBN for 4 h in the presence (open symbol) or absence (closed symbol)
of rat liver S9. Asterisk (*) statistically significant experiments in both pair-wise comparison and trend test (P <0.05).

the bacterial and mammalian ‘HPRT gene mutation
assays detect only point mutations and small intragenic
deletions {13]. AA was positive only in the 7K muta-
tion assay, suggesting that AA causes predominantly
large-scale chromosomal changes. Our molecular anal-
ysis of the TK mutants supported this hypothesis. The
majority of the AA-induced TK mutants showed hemi-
LOH, which is the result of a deletion, although the
other types were also induced (Fig. 3). Deletions are
thought to result from the repair of double strand breaks
by non-homlogous end-joining [13]. Radiation-induced
double strand breaks are repaired by non-homlogous
end-joining, which leads to hemi-LOH. LOH-mapping
analysis, however, revealed that AA frequently induces
intermediate-sized deletions (100-3000kb); the dele-
tions encompass exons 4 and 7 of the TK locus but do
not extend to the microsatellites loci of the vicinity. This

type of deletion is rarely observed in radiation-inducing -

TK mutants [13]. Because the COM assay indicated
that AA did not induce DNA darmage, the deletion may
not be caused by DNA damage directly. Mechanisms

associated with global genomic instability should also

be considered [10] because the LOH patterns, except
for the intermediate-sized deletions, are generally sim-
ilar to those observed in spontaneous mutants. Most
GA-induced 7K mutants, on the other hand, were the
non-LOH type, as were most spontaneous ones, strongly

supporting the positive results in bacterial gene mutation
assay [29]. In contrast to AA, GA is a mutagen, inducing
primarily point mutations.

AA is known to be metabolized to GA by CYP2E1
[9]. GA, an epoxide, forms adducts directly with
DNA and protein, causing cytotoxicity and genotoxic-
ity. GA forms mainly N7-(2-carbamoyl-2-hydroxyethyl)
guanine and N3-(2-carbamoyl-2-hydroxyethyl) adenine
and reacts with hemoglobin and cytoskeletal proteins
[31-33]. Rat S9, however, did not affect AA cytotoxicity
or genotoxicity, although it did enhance the cytotoxicity
and genotoxicity of DBN, which is also metabolized by
CYP2EL. This suggests that rat S9 does not work for
activating AA. AA and GA are detoxified through glu-
tathione conjugation, and GA is also detoxified by epoxy
hydrolase (EH), which catalyzes the hydrolysis of GA to
dihidroxy propionamide {34,35]. Other in vitro studies
also failed to demonstrate the enhancement of AA geno-
toxicity by rat 89 [36,37]. Our results do not mean that
AA is always detoxified rather than activated because
DNA adducts are found in mice and rats given oral AA,

_and the genotoxicity of AA is consistently observed in

in vivo studies [8,31,36,37]. Recently, Manjanatha et al.
demonstrated in transgenic Big Blue™ mice that AA as
well as GA induces endogenous Hprt and transgenic ¢/l
mutation at same level, and both chemicals cause pre-
dominantly base substitutions and frameshift mutations.
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This result may indicate that AA is metabolized to GA
in vivo [38]. Tests that use rat liver S9 for metabolic
activation may not be appropriate for in vitro investiga-
tions of AA genotoxicity and metabolism. Transgenic
cells expressing CYP2E1, however, would be useful for
demonstrating the in vitro genotoxicity of AA [39].

In conclusion, AA is weakly genotoxic, causing chro-
mosome aberrations and a type of genomic instability.
GA, its epoxide metabolite, is highly reactive with DNA.
GA is a strong mutagen, inducing predominantly point
mutations, and it may contribute to human cancers.

Acknowledgment

This study was supported by Health and Labor Sci-
ences Research Grants in Japan.

References

[1] IARC, Acrylamide, IARC Monographs on the Evaluation of Car-
cinogen Risk to Human: Some Industrial Chemicals, vol. 60,
International Agency for Research on Cancer, Lyon, 1994, pp.
389-433.

[2] E. Tareke, P. Rydberg, P. Karlsson, S. Eriksson, M. Torngyvist,
Acrylamide: a cooking carcinogen? Chem. Res. Toxicol. 13
(2000) 517-522.

[3] R.H. Stadler, I. Blank, N. Varga, F. Robert, J. Hau, PA. Guy, M.C.
Robert, S. Riediker, Acrylamide from Maillard reaction products,
Nature 419 (2002) 449-450.

[4] d.S. Mottram, B.L. Wedzicha, A.T. Dodson, Acrylamide is
formed in the Maillard reaction, Nature 419 (2002) 448—449.

[5]1 J.M. Rice, The carcinogenicity of acrylamide, Mutat. Res. 580
(2005) 3-20.

[6] E.J.Lehning, C.D. Balaban, J.F. Ross, M.A. Reid, R.M. LoPachin,
Acrylamide neuropathy. I. Spatiotemporal characteristics of nerve
cell damage in rat cerebellum, Neurotoxicology 23 (2002)
397-414.

[7] R.M. LoPachin, C.D. Balaban, J.F. Ross, Acrylamide axonopathy
revisited, Toxicol. Appl. Pharmacol. 188 (2003) 135-153.

{8] K.L. Dearfield, G.R. Douglas, U.H. Ehling, M.M. Moore, G.A.
Sega, D.J. Brusick, Acrylamide: a review of its genotoxicity and
an assessment of heritable genetic risk, Mutat. Res. 330 (1995)
71-99.

[9] S.C. Sumner, T.R. Fennell, T.A. Moore, B. Chanas, F. Gonzalez,
B.I. Ghanayem, Role of cytochrome P450 2E1 in the metabolism
of acrylamide and acrylonitrile in mice, Chem. Res. Toxicol. 12
(1999) 1110-1116.

[10] M. Friedman, Chemistry, biochemistry, and safety of acrylamide.
A review, J. Agric. Food Chem. 51 (2003) 4504—-4526.

{t11] H.M. Bolt, Genotoxicity~-threshold or not? Introduction of cases
of industrial chemicals, Toxicol. Lett. 140-141 (2003) 43-51.

{12] H.L. Liber, W.G. Thilly, Mutation assay at the thymidine kinase
locus in diploid human lymphoblasts, Mutat. Res. 94 (1982)
467-485. :

[13) M. Honma, Generation of loss of heterozygosity and its depen-
dency on p53 status in human lymphoblastoid cells, Environ. Mol.
Mutagen. 45 (2005) 162-176.

[14] M. Honma, M. Hayashi, T. Sofuni, Cytotoxic and mutagenic
responses to X-rays and chemical mutagens in normal and p53-
mutated human lymphoblastoid cells, Mutat. Res. 374 (1997)
89-98.

[15} K. Sekihashi, H. Saitoh, Y. Sasaki, Genotoxicity studies of stevia
extract and steviol by the comet assay, J. Toxicol. Sci. 27 (Suppl.
1) (2002) 1-8. - ’

[16] M. Watanabe-Akanuma, T. Ohta, Y.F. Sasaki, A nove! aspect of
thiabendasole as a photomutagen in bacteria and cultured human
cells, Mutat. Res. 158 (2005) 213-219.

{17} L. Zhan, H. Sakamoto, M. Sakuraba, D.S. Wu, L.S. Zhang, T.
Suzuki, M. Hayashi, M. Honma, Genotoxicity of microcystin-
LR in human lymphoblastoid TK6 cells, Mutat. Res. 557 (2004)
1-6.

{18} T. Matsushima, M. Hayashi, A. Matsuoka, M. Ishidate Jr., K.F.
Miura, H. Shimizu, Y. Suzuki, K. Morimoto, H. Ogura, K. Mure,
K. Koshi, T. Sofuni, Validation study of the in vitro micronuclei
test in a Chinese hamuster lung cell line (CHL/IU), Mutagenesis
14 (1999) 569-580. :

[19] S.A. Amundson, H.L. Liber, A comparison of induced mutation
at homologous alleles of the tk locus in human cells, Mutat. Res.
247 (1991) 19-27.

[20} E.E. Furth, W.G. Thilly, B.W. Penman, H.L. Liber, W.M. Rand,
Quantitative assay for mutation in diploid human lymphoblasts
using microtiter plates, Anal. Biochem. 110 (1981) 1-8.

{21] T. Omori, M. Honma, M. Hayashi, Y. Honda, I. Yoshimura, A new
statistical method for evaluating of L5178Ytk+ mammalian cell
data using microwell method, Mutat. Res. 517 (2002) 199-208.

[22] M. Honma, M. Momose, H. Tanabe, H. Sakamoto, Y. Yu, J.B.
Little, T. Sofuni, M. Hayashi, Requirement of wild-type p53 pro-
tein for maintenance of chromosomal integrity, Mol. Carcinog.
28 (2000) 203-214. :

[23] E. Zeiger, B. Anderson, S. Haworth, T. Lawlor, K. Mortelmans,
W. Speck, Salmonella mutagenicity tests: IIl. Results from the
testing of 255 chemicals, Environ. Mutagen. 9 (Suppl. 9) (1987)
1-109.

[24] H. Tsuda, C.S. Shimizu, M.K. Taketomi, M.M. Hasegawa, A.
Hamada, K.M. Kawata, N. Inui, Acrylamide; induction of DNA
damage, chromosomal aberrations and cell transformation with-
out gene mutations, Mutagenesis 8 (1993) 23-29.

[25] A.G. Knaap, P.G. Kramers, C.E. Voogd, W.G. Bergkamp, M.G.
Groot, P.G. Langebroek, H.C. Mout, J.J. van der Stel, H.W., Ver-
haren, Mutagenic activity of acrylamide in eukaryotic systems
but not in bacteria, Mutagenesis 3 (1988) 263-268.

[26] T. Sofuni, M. Hayashi, A. Matsuoka, M. Sawada, Mutagenicity
tests on organic chemical concominants in city water and related
compounds. II. Chromosome aberration tests in cultured mam-
malian cells, Eisei Shiken. Hok. 103 (1985) 64-75.

[27] M. Baum, E. Fauth, S. Fritzen, A. Herrmann, P. Mertes, K. Merz,
M. Rudolphi, H. Zankl, G. Eisenbrand, Acrylamide and glyci-
damide: genotoxic effects in V79-cells and human blood, Mutat.
Res. 580 (2005) 61-69.

[28] M.M. Moore, A. Amtower, C. Doerr, K.H. Brock, K.L. Dearfield,
Mutagenicity and clastogenicity of acrylamide in L5178Y mouse
lymphoma cells, Environ. Mutagen. 9 (1987) 261-267.

[29] K. Hashimoto, H. Tanii, Mutagenicity of acrylamide and its
analogues in Salmonella typhimurium, Mutat. Res. 158 (1985)
129-133.

[30] C.S. Aaron, G. Bolcsfoldi, H.R. Glatt, M. Moore, Y. Nishi, L.
Stankowski, Theiss F J., E. Thompson, Mammalian cell gene
mutation assays working group report, Mutat Res. 312 (1994)
235-239.

—251—



158 N. Koyama et al. / Mutation Research 603 (2006) 151158

[31] d.C. Gamboa, M.I. Churchwell, L.P. Hamilton, L.S. Von Tungeln,
F.A. Beland, M.M. Marques, D.R. Doerge, DNA adduct forma-
tion from acrylamide via conversion to glycidamide in adult and
neonatal mice, Chem. Res. Toxicol. 16 (2003) 1328-1337.

[32] D.M. Lapadula, M. Bowe, C.D. Carrington, L. Dulak, M. Fried-
man, M.B. Abou-Donia, In vitro binding of [14C]acrylamide to
neurofilament and microtubule proteins of rats, Brain Res. 481
(1989) 157-161. ’

[33] S.C. Sumner, C.C. Williams, R.W. Snyder, W.L. Krol, B. Asghar-
ian, T.R. Fennell, Acrylamide: a comparison of metabolism and
hemoglobin adducts in rodents following dermal, intraperitoneal,
oral, or inhalation exposure, Toxicol. Sci. 75 (2003) 260-270.

{34] B. Paulsson, A. Rannug, A.P. Henderson, B.T. Golding, M.
Tornqvist, M. Warholm, In vitro studies of the influence of glu-
‘tathione transferases and epoxide hydrolase on the detoxification
of acrylamide and glycidamide in blood, Mutat. Res. 580 (2005)
53-59. :

{35] S.C. Sumner, L. Selvaraj, S.K. Nauhaus, T.R. Fennell, Urinary
metabolites from F344 rats and B6C3F1 mice coadministered
acrylamide and acrylonitrile for 1 or § days, Chem. Res. Toxicol.
10 (1997) 1152-1160.

[36] A. Besaratinia, G.P. Pfeifer, Genotoxicity of acrylamide and gly-
cidamide, J. Natl. Cancer Inst. 96 (2004) 1023-1029.

[37] A.Besaratinia, G.P. Pfeifer, DNA adduction and mutagenic prop-
erties of acrylamide, Mutat. Res. 580 (2005) 31-40.

[38] M.G. Manjanatha, A. Aidoo, S.D. Shelton, M.E. Bishop, L.P.
MacDaniel, D.R. Doerge, Genotoxicity of acrylamide and its
metabolite glycidamide administrated in drinking water to male
and female Big Blue mice, Environ. Mol. Mutagen, in press (Epub
ahead of prints).

[39] H. Glatt, H. Schneider, Y. Liu, V79-hCYP2E1-hSULT1Al, acell
line for the sensitive detection of genotoxic effects induced by
carbohydrate pyrolysis products and other food-borne chemicals, -
Mutat. Res. 580 (2005) 41-52.

—252—



Available online at www.sciencedirect.com

Genetic Toxicology and
Environmental Mutagenesis

Mutation Research 606 (2006) 52-60

www.elsevier.com/locate/gentox
Community address: www.elsevier.com/locate/mutres

Relationship between p53 status and 5-fluorouracil
sensitivity in 3 cell lines

Hiroaki Oka®*, Kazumasa Ikeda®, Hiromi Yoshimura?,
Akinobu Ohuchida®, Masamitsu Honma®¢

* Drug Safety Research Lab., Taiho Pharmaceutical Co. Ltd., 224-2 Ebisuno, Hiraishi, Kawauchi-cho, Tokushima, Japan
b Research Administration Office, Taiho Pharmaceutical Co. Ltd., Tokushima, Japan
© Division of Genetics and Mutagenesis, National Institute of Health Science, 158 Yoga, Setagaya, Tokyo, Japan

Received 7 November 2005; received in revised form 20 February 2006; accepted 23 February 2006
Available online 3 April 2006

Abstract

Mouse lymphoma L5178Ytk*~ (MOLY) cells and human lymphoblastoid TK6 and WTK-1 cells are widely used to detect
mutagens in vitro. MOLY and WTK-1 cells have a p53 mutation, while TK6 cells, which were derived from the same parental line
as WTK-1 cells, do not. In this study, we tested the clastogen 5-fluorouracil (5-FU) in the Tk assay and the in vitro micronucleus
(MN) assay in MOLY, TK6, and WTK-1 cells to clarify whether differential responses were related to p53 gene status. We also
determined the effect of 5-FU on the frequency of apoptotic cells and on cell cycle distribution in each cell line. Furthermore, we
measured the activity of the 5-FU metabolizing enzymes (thymidylate synthetase (TS), dihydrouracil dehydrogenase (DPD), orotate
phosphoribosyl transferase (OPRT), and thymidine phosphorylase (TP)) in each cell line.

We treated MOLY cells with 1.0-8.0 pg/mL 5-FU for 3 h and TK6 and WTK-1 cells with 1.56-25 and 3.13-50 pg/mL, respec-
tively, for 4h. In MOLY cells, the mutation frequency (MF) and MN frequency increased. In WTK-1 cells, the MN frequency but
not the MF increased. In TK6 cells, neither the MF nor the MN frequency increased. Furthermore, the ICs of 5-FU was lower in
MOLY cells than in the human cells. The response to 5-FU treatment differed in other ways as well. At the same level of cytotoxicity,
the frequency of apoptotic cell was highest in TK6 cells. The cell cycle was delayed just after treatment in MOLY cells while the
delay appeared 24 h later in TK6 and WTK-1 cells. Nothing in our analysis, however, revealed marked differences between the cell
lines that could account for the severe cytotoxic and mutagenic responses that 5-FU elicited only in MOLY cells.

5-FU is phosphorylated by OPRT and TP and detoxified by DPD. MOLY cells have higher OPRT activity and markedly lower
DPD and TP activity than TK6 and WTK-1 cells. The content of TS, however, the target enzyme of 5-FU, was similar in all cell
lines, suggesting that 5-FU was more readily phosphorylated and less readily detoxified in MOLY cells than in TK6 and WTK-1
cells.

MOLY cells were more sensitive to 5-FU than WTK-1 cells even though both have a mutated p53 gene, suggesting that the
different responses to 5-FU were due to differences in 5-FU metabolism rather than the p53 status.
© 2006 Elsevier B.V. All rights reserved.

Keywords: 5-fluorouracil; p53; Tk assay; In vitro micronucleus assay

1. Introduction
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ity (LOH) leads to the detection of mutants [6]. Human
lymphoblastoid TK6 and WTK-1 cells are also heterozy-
gous at the Tk locus and are also widely used in the Tk
mutation assay [7-10].

TK6 and WTK-1 cells are both derived from WIL-
2 cells [11], but TK6 cells have a wild type p53 tumor
- suppressor gene while WTK-1 cells have a mutant p53
gene [12].

p53 is involved in DNA repair, the G; check point,
and the induction of apoptosis [13]. Wild type p53 leads
cells with repairable DNA damage into cell cycle arrest,
allowing repair of the damage, and cells with severe
DNA damage to apoptosis, although mutated p53 does
not. Earlier studies have shown that, compared with p53
mutant or null cells, p53 wild type cells undergo apop-
tosis earlier or at a higher frequency following severe
cytotoxicity induced by X-rays or certain chemicals
[10,12,14-17]. p53 mutant cells differ from the wild type
intheir cytotoxic and mutagenic responses to some muta-
gens [3,18-20]. Some clastogens and spindle poisons are
more cytotoxic in wild type cells than in mutant cells,
and at equal levels of cytotoxicity, are more clastogenic
in the mutant cells [10,21].

The spontaneous MF in WTK-1 cells is 100-
200 x 1078 while it is less than 10 x 10~ in TK6 cells
[3]). Furthermore WTK-1 cells are more resistant than
TK6 cells to X-rays and other mutagens [3). These dif-
ferences may be due to differences in p53 status. Because
TK6 and WTK-1 cells are genetically similar except for
p33 status, they are useful for examining the function of
p53 status.

P53 is mutated at codon 170 of exon 5 in MOLY cells
and at codon 237 of exon 7 in WTK-1 cells [22]. Because
both those codons are the part of the central DNA bind-
ing domain [13], it is likely that the mutant p53 proteins
in MOLY and WTK-1 cells lose the same function. The
spontaneous MF is about the same in MOLY [5] and
WTK-1 cells, and MOLY cells are also more resistant
to X-rays than p53 wild type cells [21]. Because no cell
line with a wild type p53 gene has the same genomic
background as MOLY cells, MOLY cells cannot be com-
pared directly with a p53 wild type cell line. However the
response of MOLY cells to mutagens is probably simi-
lar to that of WTK-1 cells, so MOLY cells would show
the same genomic instability as WTK-1 cells (or other
p53-mutated cells).

5-Fluorouracil (5-FU), a pyrimidine based analog, is
used as an anticancer drug. When 5-FU is converted to
5-fluoro-2-deoxyuridylate monophosphate (FAUMP), it
competitively inhibits DNA synthesis via inhibition of
thymidylate synthetase (TS) [23-25]. 5-FU is metabo-
lized by orotate phosphoribosyl transferase (OPRT) and

thymidine phosphorylase (TP) and detoxified by dihy-
drouracil dehydrogenase (DPD) [24-27].

5-FU is clastogenic in mammalian cells [28] in vitro
and in vivo [29], and is mutagenic to MOLY cells [5,30],
but not to Salmonella typhimurium [28]. While 5-FU
induces neither chromosomal aberrations nor sister chro-
matid exchanges in the human subjects studied so far
[31], it is difficult to assess whether 5-FU is truly non-
mutagenic in humans because all the human subjects
have been patients. Furthermore, there are few reports
on the mutagenicity or clastogenicity of 5-FU in human
cell lines. Here we evaluated the mutagenicity and clas-
togenicity of 5-FU in human cell lines in an attempt to
assess its risk to humans.

Because both WTK-1 and MOLY cells are p53
mutants, we were interested in determining whether both
lines would respond similarly to 5-FU, We used both
lines, and TK6 cells as well, to test the effects of 5-FU
in the Tk and in vitro MN assays, and we also analyzed
the effect of 5-FU on apoptosis and the cell cycle in each
cell line. Furthermore we measured the activity of the
5-FU metabolizing enzymes (TS, DPD, OPRT, and TP)
in each cell line.

2. Materials and methods
2.1. Chemicals

5-FU (CAS No. 51-21-8) was purchased from Wako Pure
Chemicals Industries Ltd. (Osaka, Japan), and methy]l methane-
sulfonate (MMS, CAS No. 66-27-3) from Aldrich Chemi-
cal Co. Inc. (Milwaukee, WI). 5-FU and MMS were dis-
solved in physiologic saline just before use. [6-4C}-5-FU
(1.85 GBg/mmol) and [6-*H]-FdUMP (625 GBg/mmol) were
purchased from Moravek Biochemicals Inc. (Brea, CA).

2.2. Cell lines and culture

MOLY, TK6, and WTK-1 cells were provided by Hatano
Research Institute at the Food and Drug Safety Center. The
cells were cultured in RPMI 1640 medium (Gibco, Invitrogen
Corp., Carlsbad, CA) containing 10% (v/v) horse serum (JRH
Biosciences, Lenexa, KS); 20% (v/v) horse serum was used
to measure the plating efficiency and mutation frequency of
MOLY cells. The cells were incubated at 37 °C in an atmo-
sphere of 5% CO, and high humidity.

2.3. Selection of concentration

Considering its cytotoxicity, we tested 5-FU at 1, 2, 4, and
8 pg/mL in MOLY cells; 1.56, 3.13, 6.25, 12.5, and 25 p.g/mL
in TK6 cells; and 3.13, 6.25, 12.5, 25, and 50 pLg/mL in WTK-
I cells. MMS was used as the positive control at 10 pg/mL in
MOLY cells and 5 pg/mL in human cells. .
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2.4. Chemical treatment

In this study, MOLY cells doubled in 10.3h, TK6 cells in
16.9h, and WTK-1 cells in 19.9 h. Based on that, we treated
MOLY celis for 3 h and the human cell lines for 4 h. We treated
1 x 107 cells (at 5 x 10°/mL), with shaking, at 37 °C, washed
them, adjusted them to a density of 2 x 10° cells/mL, and incu-
bated them.

2.5. Tkassay

The Tk assay was performed by the microwell method [3,5].
A portion of the cells were seeded onto 96-well plates to mea-
sure the plating efficiency (PE) after 5-FU treatment (PEO).
The remaining MOLY cells were incubated for 48 h and the
human cells for 72h to permit phenotypic expression. They
were seeded onto 96-well plates in the presence of trifluo-
rothymidine (TFT, CAS No. 70-00-8, Sigma Chemical Co.,
St. Louis, MO) for assessment of mutation frequency (MF).
Another portion of the cells were seeded onto 96-well plates in
the absence of TFT for the measurement of plating efficiency
after the expression period (PE2 for MOLY cells, PE3 for TK6
and WTK-1 cells).

After incubation, the number of wells containing colonies
were counted, and PE, MF, and relative survival (RS) from
PEQ were calculated as previously described [5]. We also calcu-
lated the 5-FU concentration that caused 50% growth inhibition
(ICs) in RSO.

2.6. Invitro MN assay

We collected 108 to 3 x 109 cells 48 h after 5-FU treatment,
and prepared the MN assay specimens as previously described
[32]. The specimens stained with acridine orange (Wako) were
observed with the aid of a fluorescence microscope with a
470490 nm excitation filter. One thousand cells from each
treatment group were observed and the number with MN was
counted. To be judged a MN, the structure had to have a diam-
eter that was less than half the diameter of the main nucleus.
Cells having an abnormal main nucleus were excluded from
this analysis.

2.7. Analysis of apoptosis and the cell cycle

For analysis of apoptosis and cell cycle distribution, we
sampled 2 x 10% cells at 0.5, 24, and 48 h (all cell lines) or at
72h (TK6 and WTK-1 cells) after 5-FU treatment. Apopto-
sis was analyzed by flow cytometry and nuclear morphology.
For flow cytometry, MEBSTAIN Apoptosis Kit® (Medical &
Biological Laboratories Co. Ltd., Nagoya, Japan), which is
based on the TUNEL method [33,34], was used. The number
of TUNEL-positive cells per 10,000 cells was determined with
a flow cytometer (FACScan, Becton-Dickinson, San Diego,
CA) equipped with a 488 nm argon-ion laser at 15 mW with a
530/30 nm bandpass filter.

For nuclear morphology analysis, the cells were stained
with Hoechst 33342 solution (Wako) and observed with the

aid of a fluorescence microscope with a 330-385 nm excitation
filter.

For analysis of cell cycle distribution, the cells were fixed
with 70% (v/v) ethanol at —20°C overnight, and stained with
propidium iodide (Wako) for 30 min at room temperature. Ten
thousand cells were analyzed on FACScan with a 585/42 nm
bandpass filter. Mod Fit LT ver. 1.00 (Verity Software House
Inc., Topsham, ME) was used for cell cycle analysis.

2.8. Measurement of enzyme activity

2.8.1. TS content

TS content was determined by quantifying [6-*H]-FdUMP
binding sites in the 105,000 g supernatant (cytosol) of cell
homogenates based on the method described by Spears et al.
[35]), with minor modifications [36]. The samples were incu-
bated with [6-*H]-FdUMP in the presence of 5,10-methylene
tetrahydrofolate for 20min at 30°C and radioactivity in the
acid-insoluble fraction was measured with a liquid scintilla-
tion counter.

2.8.2. DPD, OPRT, and TP activity

DPD activity were measured as previously described, with
minor modifications [35,37]. Briefly, cell line enzyme solu-
tions were incubated with a reaction mixture containing 2 mM
dithiothreitol, 5 mM MgCl,, 0.02 mM [6-'*C]-5-FU (56 nCi),
and 100mM NADPH at 37°C for 10 or 30min. The DPD
activity was calculated as the ratio of the radioactivity of the
catabolism fraction (dihydrofiuorouracil and fluoro-f-alanine)
to total radioactivity ([6-'*C]-5-FU plus the catabolism frac-
tion).

OPRT activity was determined according to the modi-
fied method of Peters et al. [38] using [6-'“C}~5-FU (56 nCi)
as the substrate. Cell line enzyme solutions were incu-
bated with a reaction mixture containing 50 mM Tris—HCl
buffer (pH 8.0), 10 mM NaF, 5 mM MgCl,, 4 mM PRPP, and
0.02mM [6-'*C]-5-FU (56 nCi) at 37°C for 10 or 30 min.
OPRT activity was calculated as the ratio of the radioac-
tivity of the metabolism fraction (5-fluoro-2-deoxyuridylate
monophosphate) to the total radioactivity ([6-'#C]-5-FU plus
the metabolism fraction).

TP activity was measured as previously described [39].
Briefly, the cell line enzyme solution was incubated with a
reaction mixture containing 50 mM Tris—HCl buffer (pH 8.0),
10mM NaF, 5mM MgCl,, 4 mM deoxyribose-1-phosphate,
10mM ATP, and 0.02mM [6-'*C]-5-FU (56 nCi) at 37°C
for 10 or 30min. TP activity was calculated as the ratio
of the radioactivity of the metabolism fraction (5-fluoro-
deoxyuridine) to total radioactivity ([6-'4C]-5-FU plus the
metabolism fraction).

2.9. Statistical analysis

We judged the Tk mutation assay as positive when treat-
ment at least doubled the MF relative to the solvent control and
linear regression analysis indicated concentration dependence.
For the MN assay, the conditional binomial test was performed
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in Microsoft Excel 2000. The x?-test was used to evaluate the
statistical significance of the ratio of apoptotic to normal cells.
We considered P-values <0.05 as significant. The Dunn test
was used for multiple comparisons in the conditional bino-
mial and x2-test. SAS, Windows edition (System release 7.10),
was used for linear regression analysis and to calculate the
ICso.

. 3. Results
3.1. Cytotoxicity

5-FU was cytotoxic in all cell lines in a concentration-
dependent manner (Fig. 1). In MOLY and TK®6 cells,
there were severe cytotoxicity in the highest dose. The
ICsp of RSO was 2.4 pg/ml in MOLY cells, 15.4 pg/mL
in TKS6 cells, and 30.6 pg/mL in WTK-1 cells.

3.2. Tk assay

5-FU increased MF in MOLY cells in a concentration-
dependent manner (P=0.021, linear regression analy-
sis), doubling the total MF relative to the solvent control
at 2.0 pg/mL and quadrupling it at 4.0 png/mL (Fig. 1).
MF was not increased more than 2 times to the solvent
control in TK6 and WTK-1 cells. Therefore 5-FU was
not mutagenic to TK6 or WTK-1 cells while MMS, the
positive control, was.

3.3. MN assay

5-FU increased the MN frequency to 5.5 times the
control value at 2.0 pg/mL (P=0.0003) and 14.5 times
the control value at 4.0 pg/mL (P <0.0001) in MOLY
cells in a concentration-dependent manner (Fig. 2). In
WTK-1 cells, 5-FU increased the MN frequency to 7.3
times the control value only at 50 pg/mL (P=0.0001).
5-FU was not clastogenic in TK6 cells while MMS, the
positive control, was.

3.4. Measurement of apoptotic cells

5-FU at the higher concentrations significantly
increased the ratio of cells in apoptosis 24h after
treatment in all cell lines (P <0.0001-0.0162, x2-test)
(Fig. 3). TK6 cells showed the greatest response. At
the same level of cytotoxicity, the levels of apoptosis
in MOLY and WTK-1 cells were similar. We confirmed
apoptosis by nuclear morphology analysis.

3.5. Cell cycle effects

Fig. 4 shows the time course of cell cycle distribution
following treatment with various concentration of 5-FU.
In MOLY cells, no G/M phase cells were evident 0.5h
after treatment and G, phase cells accumulated slightly.
At 24h, we observed cell cycle delay at 4.0 ug/mL
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Fig. 1. The mutation frequency and cytotoxicity in tk assay after 5-FU treatment in MOLY, TK6 and WTK-1 cells. The percentage of cell survival
(RSO, line graphs) and total MF (bar graphs) after 5-FU treatment (MOLY cells for 3h and the human cell lines for 4 h) were shown. 5-FU was
cytotoxic in all cell lines in a concentration-dependent manner. 5-FU increased MF in MOLY cells in a concentration-dependent manner, however

not mutagenic to TK6 or WTK-1 cells.
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Fig. 2. The frequency of cells with micronuclei in MOLY, TK6 and WTK-1 cells after 5-FU treatment. The frequency of cells with MN (MN
frequency) 48 h after 5-FU treatment was shown. One thousand cells from each treatment group were observed and the number with MN was
counted. 5-FU significantly increased MN frequency in comparison with the control value at 2.0 (P =0.0003) and 4.0 pg/mL (P <0.0001) in MOLY
cells. 5-FU increased MN frequency only at 50 pg/mL (P =0.0001) in WTK-1 cells. 5-FU was not clastogenic in TK6 cells. ***P < 0.001, conditional
binomial test.

5-FU. The cell cycle returned to normal 48h after the cell cycle recovered by 72 h. G2/M phase cells dis-
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In TK6 cells, we observed no cell cycle changes 0.5 h - WTK-1 cells also underwent no cell cycle changes
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Fig. 3. The percentage of TUNEL-positive MOLY, TK6, and WTK-1 cells after 5-FU treatment. For analysis of apoptosis, 10,000 cells were
analyzed at 0.5, 24, and 48 h (all cell lines) or at 72 h (TK6 and WTK-1 cells) after 5-FU treatment. 5-FU increased the ratio of apoptotic cells 24h
after treatment in all cell lines. The ratio of apoptotic cells was the highest in TK6 cells. The levels of apoptosis in MOLY and WTK-1 cells were
similar at the same level of cytotoxicity. *P <0.05; ***P<0.001 (relative to saline control); x2-test.
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Fig. 4. Time course of cell cycle distribution in MOLY, TK6, and WTK-1 cells following 5-FU treatment. For analysis of cell cycle distribution,
10,000 cells were analyzed at 0.5, 24, and 48 h (all cell lines) or at 72 h (TK6 and WTK-1 cells) after 5-FU treatment. In MOLY cells, no G2/M phase
cells were evident 0.5 h after treatment. At 24 h, the cell cycle delayed at 4.0 pg/mL 5-FU. The cell cycle returned to normal 48 h after treatment.
In TK6 and WTK-1 cells, there was no cell cycle change 0.5 h after treatment. G2/M phase cells disappeared in the highest dose (TK6 cells) and
in the higher 2 doses (WTK-1 cells) 24 h after treatment. In TK6 cells, G1 phase cells accumulated in direct proportion to 5-FU concentration 24 h
after treatment, and the cell cycle recovered by 72h. In WTK-1 cells, cells were arrested in S phase 24 h after treatment but recovered by 48 h in all

concentration groups.

groups. Go/M phase cells disappeared in the higher two
doses 24 h after treatment.

3.6. Enzyme activity and TS content

Table 1 shows TS content and DPD, OPRT, and TP
activity in MOLY, TK6, and WTK-1 cells. The cell
lines did not differ much in TS content. MOLY cells
showed the highest OPRT activity and the lowest DPD
and TP activity. TK6 cells showed lower DPD activity

Table 1
The content and activities of 5-FU related metabolism and catabolism
enzymes in MOLY, TK6, and WTK-1 cells

Enzyme (units) Cell lines

MOLY TKé6 WTK-1

TS contents (pmol/min/mg protein)  0.726 1.284 0.573

OPRT activity (pmol/min/mg) 171.8 215 39.6
DPD activity (pmo}/min/mg) 0.28 10.11 34.97
TP activity (pmol/min/mg) ND 20.58 16.08

Abbr.: TS, thymidylate synthetase; OPRT, orotate phosphoribosyl
transferase; DPD, dihydrouracil dehydrogenase; TP, thymidine phos-
phorylase; ND, not detected.

than WTK-1 cells, but the TS content was higher in TK6
cells than in WTK-1 cells.

4. Discussion

In general, X-rays and mutagens induce more cyto-
toxicity and/or a higher frequency of apoptosis in cells
with wild type p53 and a higher frequency of mutations
and chromosomal aberrations in cells with mutant p53
[3]. Because the mutated p53 site in both MOLY (codon
170 of exon 5) and WTK-1 cells (codon 237 of exon
7) are part of the central DNA binding domain [13], and
because 5-FU was positive in the Tk assay in MOLY cells
[5,30], we expected 5-FU to be positive in WTK-1 cells
as well. It was not, however, indicating that 5-FU muta-
genicity did not depend on p53 function. Furthermore,
5-FU was much more cytotoxic in MOLY cells, which
have a mutant pS3 gene, than in TK6 cells, which have
the wild type pS3 gene, indicating that 5-FU cytotoxi-
city also did not depend on p53 function. At the same
level of cytotoxicity, the level of apoptosis was similar in
MOLY and WTK-1 cells, suggesting that the induction
of apoptosis cells was not directly related to 5-FU muta-
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Fig. 5. The intracellular metabolism and catabolism of 5-FU. (I) 5-FU is metabolized by OPRT to FUMP. (II) 5-FU is metabolized to FdUrd by TP,
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from IARC Monographs [26].

genicity in MOLY and WTK-1 cells. Cell cycle analysis
showed no clear difference between MOLY cells and the
human cell lines, suggesting that p53 gene status did not
directly determine the sensitivity of the cells to 5-FU
mutagenicity and cytotoxicity.

Fig. 5 shows the intracellular metabolism and detox-
ification of 5-FU. When 5-FU, a fluorinated pyrimidine
base analogue, is converted to 5-fluoro-2-deoxyuridylate
monophosphate (FAUMP), it complexes with TS and
5,10-methylene tetrahydrofolate (CH2FH4), and com-
petitively inhibits DNA synthesis [23-26]. Thymidine
depletion by TS inhibition induces a nucleotide pool
imbalance and the misincorporation of dUTP and/or mis-
repair of the uracil-containing lesion, causing double
strand DNA breaks (DSBs) [40-42]. Furthermore, the
direct incorporation of 5-fluoro-deoxyuridine triphos-
phate (FAUTP) inhibits DNA synthesis {24]. There-
fore, the intracellular metabolism of 5-FU to FAUMP
or FAUTP leads to cytotoxic and mutagenic effects.

5-FU can be metabolized by OPRT to fluoro-uridylate
monophosphate and detoxified by DPD to fluoro-8-
alanine, or by TP to 5-fiuoro-deoxyuridine (FdUrd) and,
in turn, back to 5-FU (Fig. 5). In this study, DPD activity
was lower and OPRT activity was higher in MOLY cells
than in TK6 and WTK-1 cells, suggesting the efficient
metabolism of 5-FU in MOLY cells, which could have
led to the strong cytotoxic and mutagenic effects that we
observed.

Only MOLY cells had no TP activity in this study. TP
and OPRT are involved in the intracellular metabolism
of 5-FU. Inhibition of OPRT decreases the incorporation

of 5-FU into nucleotides and therefore its cytotoxicity,
while TP has no effect [43]. Thus, the absence of TP
activity in MOLY cells would have little effect on its
sensitivity to 5-FU. TS content, on the other hand, was
not associated with the cytotoxic and mutagenic effects
of 5-FU.

From these findings, we conclude that the difference
in DPD and OPRT activity in MOLY, TK6, and WTK-1
cells were responsible for differences in the cells’ cyto-
toxic and mutagenic responses to 5-FU.

The relationship between sensitivity to 5-FU and the
intracellular distribution of 5-FU metabolic enzymes
indicate that differences in the way that human cells and
animal cells metabolize a chemical can cause differences
in mutagenicity test results. Thus, potentially mutagenic
chemicals should be tested in human cells as well as
animal cells.

Compared with WTK-1 cells, TK6 cells had much
lower DPD activity, and 5-FU in TK6 cells was effi-
ciently metabolized to FAUMP without being detoxified.
But the TS content was higher in TK6 cells than in WTK-
1 cells, so 5-FU metabolism would not be very different
in TK6 and WTK-1 cells. In this study, however, 5-FU
cytotoxicity was higher in TK6 cells than in WTK-1
cells, perhaps because 5-FU is more cytotoxic in p53 nor-
mal cells than in p53 mutant or null cells [15-17]. Our
results suggest that if 5-FU metabolizing enzyme activity
is equivalent, p53 status might influence 5-FU cytotox-
icity. Indeed, p53 status might influence responses to
cytotoxicity induced by 5-FU as it does to cytotoxicity
induced by X-rays [3]. Furthermore 5-FU increased the
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MN frequency in MOLY and WTK-1 cells but not TK6
cells, while the ratio of apoptosis cells induced by 5-FU
was the highest in TK6 cells. In TK6 cells, the wild type
p53 gene might suppress the induction of micronuclei by
leading of DNA damaged cells to apoptosis. Thus, 5-FU
mutagenicity might be influenced by also the p53 gene
status. However, ICsq of RSO was obviously lower and
MF was obviously higher in MOLY cells than TK6 and
WTK-1 cells. Therefore we suspected that the difference
in 5-FU metabolism influenced to 5-FU cytotoxicity and
mutagenicity more than the pS3 gene status.

In summary, our study showing that MOLY cells were
more sensitive than WTK-1 cells to 5-FU cytotoxicity
and mutagenicity even though both have a mutated p53
gene suggested that those differences were attributable
to differences in 5-FU metabolism rather than the p53
gene status.
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