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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.
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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
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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
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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 (CYP2EIL) [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 [ 10,1 1]. Thus, the
genotoxic mechanism of AA is unclear.

In the present study, we used human lymphoblatoid
TK6 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
widerange 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 7K
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 p.g/m! sodium pyruvate,
100 U/m! 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
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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 10ml 89 mix with 4ml S9 fraction and 2 ml
each of 180 mg/ml glucose-6-phosphate, 25 mg/ml NADP and
150 mM KCI.

We treated 20ml 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 TK
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 105
cells suspended in hypotonic KClI solution were incubated for
10min 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 pg/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 pg/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 TK mutants: normally
growing (NG) mutants had the same doubling time (13-17 h)
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 7K 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 7K 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 7K
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 7K 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 TK gene that contains frameshift mutations. Another primer
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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 (2.4mM), 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

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 (x1078) %SG No. None LOH Hemi-LOH Homo-LOH

Vehicle [16] 100 2.19 56 56

NG mutants 19 14(74) 3(16) 2(11)

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

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

SG mutants A 26 0(0) 13(50) 13(50)
GA (22mM, 4h) 12 55.5 36 44

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

$G mutants 16 0(0) 6(38) 10(62)

quencies at about four times the spontaneous level. We
detected two distinct phenotypic classes of TK mutants
in TK 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 for4h.
Table | shows the cytotoxicity (RS) and TK 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 TK

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 TK 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=37), GA-induced (n=17) and spontaneous (rz=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 7K locus. The
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Fig. 2. COM assay results in TK6 cells treated with ’AA or GA for 4h without metabolic activation. Asterisk (*) statistically significant in the

Dunnett’s tests (P < 0.05).
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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).

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 17923.2. 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 TK muta-
tion assay, suggesting that AA causes predominantly
large-scate 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 damage, 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 TK mutants, on the other hand, were the
non-LOH type, as were most spontaneous ones, strongly
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supporting the positive results in bacterial gene mutation
assay [29]. In contrast to AA, GA is amutagen, inducing
primarily point mutations.

AA is known to be metabolized to GA by CYP2EI
[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 S9 [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 cll
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 CYP2EI, 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.
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Abstract

Bloom syndrome {BS) and ataxia-telangiectasia {A-T) are vare autosomal recessive diseases associated with chromosomal instability. The
genes responsible for BS and A-T have been identified as BLM and 4TM, respectively, whose products were receutly found to be components
of BRCA I-associated genome surveillance complex (BASC), a supercomplex possibly involved in the recognition and repair of aberrant
DNA structures. Based on experiments using BLM ™'~ DT40 cells and BLM ™' ~/R4D54~ '~ DTAO cells, we previously suggested that BLM
functions to reduce the formation of double-strand breaks (DSBs) during DNA replication. To examine whether ATM is involved in the
recognition and/or repair of DSBs generated in BLM ™'~ DT40 cells and to address the functional relationship between the two BASC
components, we generated BLM ™' ~/4TM™ '~ DT40 cells and characterized their properties as well as those of A”TM™/ ~ and BLM™'~ DT40
cells. BLM™ ' ~/ATM ™'~ cells proliferated slightly more slowly than either BLM ™'~ or ATM™ '~ cells. The sensitivity of BLM™' ~/ATM ™'~
cells to y-irradiation was similar to that of ATM ™'~ cells, while BLA™'~ cells were slightly resistant to y-irradiation compared with wild-
type cells. BLM™' ™ cells showed sensitivity to methyl methanesulfonate (MMS) and UV irradiation while 4744’ ~ cells did not show
sensitivity to either agent. The sensitivity of BLM ™' ~/ATM™ '~ cells to MMS and UV was similar to that of BLM™ '~ cells. Disrupting the
function of ATM reduced the targeted integration frequency in BLM™'~ DT40 cells. However, a defect in ATM only slightly reduced the
increased sister chromatid exchanges (SCEs) in BLAM ™'~ DT40 cells,
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Bloom syndrome (BS) is a rare autosomal recessive
disease characterized by immunodeficiency, retarded
growth, male sterility, sensitivity to sunlight, and a predis-
position to a wide variety of cancers. Cells derived from BS
patients exhibit clevated frequencies of sister chromatid
exchanges (SCEs), chromosomal breaks, and interchanges
between homologous chromosomes [1]. However, they
show a retarded rate of elongation of nascent DNA chains
[2] and accumulate abnormal replication intermediates [3].
In addition, immunodepletion of Xenopus Bloom syndrome
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E-mail address: seki@mail.pharm.tohoku.acjp (M. Seki).
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0925-4439/% - sce front matter © 2003 Elsevier B.V. All rights reserved.
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gene product (xBLM) from a Xenopus egg extract severely
inhibited the replication of chromosomal DNA in reconsti-
tuted nuclei and the inhibition was cancelled by the addition
of recombinant xBLM [4]. Thus, BLM seems to be some-
how involved in DNA replication.

Ataxia-telangiectasia (A-T} is also a rare autosomal
recessive disease displaying chromosome instability. Symp-
toms of A-T include cerebella ataxia, oculocutaneous telan-
giectasia, immunodeficiency, premature aging, pre-
disposition to lymphoid malignancy, and radiosensitivity.
Cells derived from A-T patients show high levels of
chromosome aberrations and hypersensitivity to ionizing
radiation [5]. The product of the gene responsible for A-T,
ATM, is a member of the family of phosphoinositide kinases
[6]. ATM plays essential roles in the recognition, signaling
and repair of DNA damage, especially DNA double-strand
breaks (DSBs). ATM is an upstream factor of p53 and
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regulates progression of the cell-cycle and apoptosis by
phosphorylating p53 [7.8]. ATM also interacts with and
phosphorylates ¢~-Abl, which interacts with p53, induces
apoptosis and asrests cells in G1 phase after ionizing
radiation [9,10]. Chk2 is also phosphorylated by ATM and
regulates progression of the cell cycle through p53-depen-
dent and independent pathways [11-13].

Recently, BLM and ATM have been repoerted to be
components of BRCAl-associated genome surveillance
complex (BASC), a supercomplex supposed to be involved
in the recognition and repair of aberrant DNA structures,
which consists of BRCA 1, MSH2, MSH6, MLH1, RFCs, and
RADS0 as well as BLM and ATM [14]. In addition, BLM is

phosphorylated by ATM in response to ionizing radiation

[15]. However, the functional relationship between BLM and
the other components of BASC is not clear at present.

1t has been reported that DSBs are produced by cleavage
of the Holliday junctions which are formed by the annealing
of two newly synthesized DNA at arrested replication forks
[16]. The gene responsible for BS encodes a protein which
is a member of the RecQ helicase family and actually has
DNA helicase activity [17,18]. In addition, BLM selectively
binds and acts on Holliday junctions to promote branch
migration over an extended length of DNA [19]. In our
previous study using BLM ™'~ cells constructed from a
chicken B cell line, DT40 and BLM ™' ~/RAD54~'~ DT40
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Fig. 2. Growth curves of wild-type, ATM ™', BLM™'~ and BLM '~/
ATM™'~ DT40 cells. Wild-type, ATM~'~, BLM ™'~ and BLM '~/
ATM='~ DT40 cells were inoculated into 35 mm dishes, and enumerated
at the time indicated. Three independent experiments were performed and
typical data were prescnted. Error bars show the standard deviation of the
roean.
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Fig. 1. Generation of DT40 BLAM™ ' ~/ATM ™'~ double mutant cells. (A) Schematic representation of part of the BLM genomic locus, targeting constructs, and
the configuration of the targeted locus. (B) Southern blot analyses for wild-type (++), BEM™'~, ATM™'~, and BLM™'~/ATM™ "~ cells were carried out to
confirm the BLM genc distuption in putative BLAf™' ~/ATM ™'~ cells, BamHI-digested genomic DNA was hybridized with the probe shown in panel A. (C)
RT-PCR analysis of total RNA from wild-type (+/+), BLM™'~, ATM™’", and BLM™'~/ATM™ '~ cells. The primer sets used to detect ATM, BLM, and

RECQLI (control) were described in Materials and methods.
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cells, we suggested that the physiological function of BLM
is to resolve Holliday junctions formed during DNA repli-
cation, and DSBs formed due to a defect in BLM function
are repaired mainly by homelogous recombination, resulting
in an increased incidence of SCE {20]. However, the precise
mechanism of the formation of SCE is not known. Inferest-
ingly, most of the components of BASC, such as BRCAI,
MSH2, RAD30, and ATM, are known to be somehow
involved in homologous recombination {141,

In this study, to examine whether ATM is involved in the
formation of SCE in BLM~'~ DT40 cells and to clucidate
the functional relationship between the two BASC compo-
nents, BLM and ATM, under DNA damage-induced con-
ditions, we generated BLM ™' ~/ATM™'~ double gene-
disrupted DT40 cells and characterized their properties as
well as those of BLM™'~ and ATM™’~ DT40 cells.

2. Materials and metheds

2.1. Construction of targeting vectors

Chicken BLM-targeting constructs, BLM-histidinol® and
BLM-blasticidin %, were made as deseribed previously {201,

139
2.2, Cell culture and DNA wansfection

The cell culture conditions were described previously
[20]. BLM™'~ and ATM~'~ DT40 cells were generated as
reported elsewhere [20,211. To generate BLM ™' ~/ATM ™'~
DT40 cells, ATM ™'~ DT40 cells were electroporated with
30 ug of linearized BLM-targeting constructs using a Gene
Pulser II apparatus (BioRad, Hercules, CA, USA) at 550 V
and 25 uF. Drug-resistant colonies were selected in 96-well
plates with medium containing | mg/ml of histidinel or 20
ug/ml of blasticidin S. Gene disruption was confirmed by
Southern blotting and RT-PCR. Primer sets used to detect
ATM, BLM, and RECQLI (control) by RT-PCR are as
follows:

ATM-sense:5-GTGGATCCCACAGGAAGATA-Y
ATM-antisense: 5'-GTCAGCTTCATCCTCTGGTC-%
BLM-sense: 5'-ACCAGCGTGTGTCTCTGCTG-3
BLM-antisense: 5'-CTACAGATTTTGGAAGGGAAGC-
3 :
RECQLI-sense: 5-ATGACAGCTGTGGAAGTGCTA-
3/

RECQLI-antisense: S-TCAGTCAAGAACAA-
CAGGTTGGTCATCTC-3.

i 1 2 1 2
wild-type; ATM™
3.81% 0.69%
4| 4
' 1 2 1 2
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Fig. 3. Flow cytometry for detection of dead cells. Cells (5 x 10%) were treated according to the Manual of the ApoAlert Annexin V-FITC Apoptosis kit and
3% 10% cells were analyzed by Flow Cytometry. The number in the upper right comer indicates the percentage of dead cells.
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2.3. Growth curve and flow cytometry

‘Cells (2 x 10*) were inoculated and cultured at 39 °C for
specified periods. They were then enumerated with a
Particle Count and Size Analyzer (Coulter, USA) and
relative growth rates were estimated. The cell cycle distri-
bution pattern and cell death were examined with a EPICS
XL Flow Cytometer (Coulter) after treatment according to
the manual of the BrdU Flow Kit {(Beckon Dickinson, CA)
and ApoAlert Annexin V-FITC Apoptosis Kit (Clontech
Laboratories, Inc., CA).

2.4. Measurements of MMS, UV and y-radiation sensitivity

The sensitivity to methyl methanesulfonate (MMS) was
evaluated as described previously [20]. To determine the
sensitivity to UV or ionizing radiation, cells were irradi-
ated with UV light or y-rays at given doses, and then
inoculated into dishes containing growth medium supple-
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mented with 1.5% methylcellulose. The colonies were
enumerated 9 days after inoculation. Survival was deter-
mined by comparing results with the number of colonies
of untreated cells.

2.5, Measurements of targeted integration frequency and
SCE frequency

To analyze targeted integration events at the chicken
RECQLI, RECQL35 and RADS34 loci, a targeting construct,
either chicken RECQL!-Hygromycin®, RECQLS5-
Hygromycin® or RADS4-Hygromycin® (a gift from Dr.
Takeda), was transfected into cells, and then cells were
selected with the medium containing 2.5 mg/ml of
hygromycin (Wako Pure Chemical Industries, Ltd. Japan).
Genomic DNA of drug-resistant clones was isolated and
targeted integration was confirmed by polymerase chain
reaction and Southern blotting. SCE analysis was per-
formed as described previously [22].

e o wild-type
—QO— ATM~
—B— BLM~-

—@— BLM~~/ATM~-

Survival (%)

I
1 : : : }
0 25 5 75 10 125
UV (J/m2)

Fig. 4. Sensitivity of cells with various genotypes to -y-irradiation, MMS, and UV-irradiation. (A) y-irradiation sensitivity, (B) MMS sensitivity, (C) UV-
irradiation scnsitivity. Sensitivities of wild-type, ATM™ '= BLM™'~, and BLM ™/ ~IATM '~ DT40 cells to y-irradiation, MMS, and UV-irradiation were
determined as described under Materials and metheds. Three independent experiments were performed and typical data were presented. Each value represeats
the mean of the survival rate and error bars show the standard deviation of the mean.
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3. Resulis

To generate A7M~'~/BLM~'~ DT40 cells, BLM-
histidinol® and BLM-blasticidin S® targeting vectors were
sequentially transfected into ATM ™'~ DT40 cells (Fig. 1A)
[21]. Disruption of the corresponding genes in 4TM™ '~/
BLM™' =, BLM™'~, and ATM™'~ cells was confirmed by
Southern blotting (Fig. 1B). In addition, we confirmed by
RT-PCR the absence of ATM message in ATM ™'~ celis and
BLM ™ ~JATM ™'~ cells, and the absence of BLM message
in BLM™'~ cells and BLM™' ~/1ATM™ '~ cells (Fig. 1C).

We first monitored the growth curves of wild-type,
ATM™' =, BLM™' ™ and BLM™' ~/ATM ™'~ cells. BLM™ '~/
ATM ™'~ cells proliferated at a lower rate than either single
mutant indicating that the simultaneous defect of ATM and
BLM results in an additive effect on cell proliferation (Fig. 2).
To obfain an insight into the cause of the slow growth
phenotype in BLM ™' ~/ATM ™'~ DT40 cells, we investigated
cell cycle distribution patterns and spontaneous cell death by
flow cytometry. BLM ™' ~/4TM~ '~ cells showed no obvious
difference in cell cycle distribution (data not shown), but they
showed a high rate of spontaneous cell death as compared
with ATM™' =, BLM™'~, or wild-type cells (Fig. 3).

It has been demonstrated that ATM-deficient DT40 cells
exhibit high seusitivity to ionizing irradiation [20,21]. Thus,
we examined the sensitivity to ~y-irradiation of BLM™'~/
ATM™ '~ cells as well as wild-type, ATM ™' ™, and BLM ™'~
cells. As shown in Fig. 4A, the sensitivity of BLM ™'~/
ATM~'~ cells to wvy-irradiation was similar to that of
ATM™ '~ cells. In contrast to ATM™' ™ cells, BLM™' ~ cells
were slightly resistant to -y-irradiation as compared with
wild-type cells. .

We previously reported that BLM ™'~ DT40 cells showed
hypersensitivity to MMS as compared with wild-type cells
{20). Thus, we next investigated the sensitivity of ATA™ =y
BLM™'~ cells to MMS. In contrast to BLM ™'~ cells,
ATM™ '~ cells showed a similar sensitivity to MMS as the
wild-type cells. The sensitivity of ATM ™' ~/BLM" I cells
to MMS was similar to that of BLM™'™ cells (Fig. 4B).
Similar results were obtained upon exposure fo ultraviolet
light {Fig. 4C).

Table |
Targeted integration frequency

Locus® Targeted integration/total integration (%)
Wild-type  ATM™'~  BLM™'T  BLM™'T/ATM™'-

RECQLI 41.67+0.00 3750589 8750+ 589 66.67x3.61*
RECQLS 37.50+£589 27.08+2.95 8333+2.95 S54.17+7.22%
RADS4 4583 4:589 2500+0.00 9583+ 0.00 6814+ 5.01%*

#Indicated loci were targeted by targeting counstructs RECQL/-
Hygromycin®, RECOLS-Hygromycin®, and R4AD54-Hygromycin®. Re-
sults arc represented as means & S.D. of two to three. cxperiments.
Significant differences from the valuc of BLM™/™ are represented by
*(P<0.05)or ** ( P<0.01). Statistical analysis was performed by means of
Student’s s-test.
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BLM™'~ DT40 cells showed an increased incidence of
SCE and increased targeted integration frequency [20].
Thus, it is interesting to examine whether ATM is involved
in the targeted integration and SCE in BLM ™'~ cells. As
shown in Table 1, ATM~'~ cells showed a slightly lower
targeted integration frequency than wild-type cells as de-
scribed previously {21]. The targeted integration frequencies
in BLM™'~/ATM ™"~ cells were higher than those in wild-
type cells, but lower than those in BLM™ '~ cells, indicating
that ATM is partly involved in targeted integration in
BLM~'~ DT40 cells.

We next analyzed frequencies of SCE in wild-type,
ATM™'~, BLM™ '™, and BLM™'~JATM ™'~ cells. The fre-
quency of SCE in ATM™ '~ cells was almost the same as
that in wild-type cells (Fig. 5A and B). The increased
frequency of SCE in BLM ™'~ cells was only slightly
decreased by the disruption of the ATM gene (P <0.05)
(Fig. 5C and D), indicating a small contribution of ATM to
the formation of SCE in BLM ™'~ DT40 cells.

4. Discussion

To our knowledge, this is the first study to genetically
investigate the functional relationship between BLM and
ATM, two of the components of BASC. It has been
demonstrated that BLM is phosphorylated by ATM in
response to ionizing radiation {13]. The sensitivity of
ATM ™' ~IBLM ™'~ cells to y-irradiation was similar to that
of ATM™'~ cells, and BLM ™'~ cells showed slight resis-
tance to +y-irradiation compared with wild-type cells. The
results indicate that ATM plays an important role in the
repair of DNA lesions induced by v-irradiation as expected,
while BLM has essentially no function in the repair of these
lesions at least when the function is assessed based on
viability. ATM is thought to be a signaling protein acting in
response to DNA damage induced by ionizing radiation as a
sensor. Suzuki et al. [23] have demonstrated that ATM
associates with double strand DNA and the association is
increased under ionizing radiation. In addition, after ioniz-
ing radiation, ATM phosphorylates the downstream proteins
that are involved in DNA recombination repair [24]. In
contrast, BLM is not thought to be nvolved directly in DNA
recombination repair. Consistent with this notion, it has
been indicated that a defect of BLM does not affect the
formation of RADS1 foci under ionizing radiation [25,26].
Taken together, these result further support the notion that
BLM functions to reduce the formation of DSBs during
DNA replication [20] and is not involved in the repair of
DSBs.

The slight resistance of BLM ™'~ cells to y-irradiation is
reminiscent of the observation that cells exposed to low-
dose ionizing radiation or hydrogen peroxide arc less
sensitive to high-dose ionizing radiation {27]. Our previous
studies suggest that slightly more DNA lesions occur when
there is a defect in BLM. Thus it seems likely that the slight

-589-

resistance of BLM ™'~ cells to y-irradiation is caused by the
activation of the DSB repair system due to an increase in
DSBs in BLM™'~ cells under conditions not inducing
damage.

Methyl methanesuifonate (MMS) causes the methylation
of DNA bases, and a methylated base such as 3-methyl-
adenine is thought to block DNA replication [28]. Recent
studies using prokaryotic and eukaryotic ¢ells indicated that
the Holliday junctions are formed at arrested replication
forks [16,29], and the cleavage of such junctions leads to the
formation of DSBs at arrested replication forks [16]. We
previously suggested that the physiological function of
BLM is to resolve Holliday junctions. If this is the case,
the number of DSBs will be considerably increased upon
exposure to MMS in BLM-defective cells. However, the
sensitivity of ATM ™' ~/BLM~'~ DT40 cells to MMS was
similar to that of BLM ™'~ DT40 cells, indicaling that ATM
is not essential to the repair of DSBs formed in BLA™'~
cells on exposure to MMS,

The defect of ATM only slightly reduced the increased
SCE in BLM~'~ DT40 cells, indicating a minor contribu-
tion of ATM to the formation of SCE in BLM™'~ DT40
cells. We previously suggested that the defect of BLM
causes the formation of DSBs during DNA replication,
and these DSBs are repaired mainty by homologous recom-
bination, resulting in an increased incidence of SCE [20].
Thus, the small contribution of ATM to the formation of
SCE in BLM™'~ DT40 is not surprising because DNA
fesions formed during DNA replication could be recognized
by ATR instead of ATM.

1t has been reported that p53 binds to BLM in vivo and in
vitro and localizes at stalled DNA replication sites depend-
ing on BLM [30}. In addition, the depletion of pS3 in the
cells derived from a Bloom syndrome individual slightly
increased the frequency of SCE. Thus, it is interesting to
analyze the functional relationship between BLM and p53.
However, DT40 cells -do not express p53 [21], and the
phenotypes of ATM ™' =, BLM™'~, and ATM ™' ~/BLM ™'~
DT40 cells represent those of these cells in the absence of
p53. It seems likely that the increase in the frequency of
SCE in BLM™'~ and ATM~'7/BLM™'~ DT40 cells
involves the contribution of the defects in both BLM and
p53 although the contribution of p53 is small.

It has been reported that a defect of ATM causes the
slower accumulation of RADS1 foct in response to ionizing
radiation [31], and ATM phosphorylates BRCA1, NBSI and
Rad51 [32--35]. In addition, a defect in BRCA! reduces
homologous recombination [36]. These results indicate that
ATM is somehow involved in homologous recombination.
The defect of ATM partially reduced the increased targeted
integration frequency in BLM™'~ DT40 cells, indicating the
involvement of ATM in homologous recombination. It
seems likely that in the case of targeted integration, there
exist double strand DNA ends of transfected DNA regard-
less of DNA replication and these double strand DNA ends
are recognized by ATM.
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In summary, although BLM is phosphorylated by ATM
in response to ionizing radiation [15], and BLM and ATM
are components of BASC [14], we could find little func-
tional relationship between BLM and ATM. While circum-
stantial evidence strongly indicates the formation of DSBs
in BLM™'~ DT40 cells under MMS-exposed and non-
exposed conditions, the contribution of ATM to the repair
of DSBs formed in BLM ™'~ DT40 cells, seems to be very
small. We speculate that the DSBs that are formed during
DNA replication in the absence of BLM are specifically
channeled to a homologous recombination pathway via
components of BASC other than ATM, such as BRCAI
and RADSO/MRE11/NBS1. The identification of such chan-
neling factors among the components of BASC will shed
light on the function of BASC.
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Abstract

Toxic cyanobacteria (blue-green algae) water blooms have become a serious problem in several industrialized areas of
the world. Microcystin-LR (MCLR) is a cyclic heptapeptidic toxin produced by the cyanobacteria. In the present study, we
used human lymphoblastoid cell line TK6 to investigate the in vitro genotoxicity of MCLR. In a standard 4 h treatment,
MCLR did not induce a significant cytotoxic response at <80 pg/ml. In a prolonged 24 h treatment, in contrast, it induced
cytotoxic as well as mutagenic responses concentration-dependently starting at 20 wg/ml. At the maximum concentration
(80 pg/ml), the micronucleus frequency and the mutation frequency at the heterozygous thymidine kinase (7K) locus were
approximately five-times the control values. Molecular analysis of the TK mutants revealed that MCLR specifically induced
loss of heterozygosity at the 7K locus, but not point mutations or other small structural changes. These results indicate
that MCLR had a clastogenic effect. We discuss the mechanisms of MCLR genotoxicity and the possibility of its being a

hepatocarcinogen.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Cyanobacteria; Microcystin-LR; Micronucleus test; TK-gene mutation

1. Introduction

Water pollution by cyanobacteria (blue-green algae)
causes serious environmental and public health prob-
lems in several areas of the world {1-3]. Some genera,
such as Microsystis, Oscillatoria, and Anabaena pro-
duce microcystines, cyclic heptapeptides, with potent
hepatotoxic activity. Fifty different cyanobacterial mi-
crocystines have been discovered. They have caused
the death of fish, birds, wild animals, and livestock

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

[1,4] and sometimes have had adverse health effects on
humans through contaminated residential water sup-
plies [5,6].

Microcystin-LR (MCLR) is the most toxic micro-
cystine. Only 1-2 pg MCLR given intraperitoneally
is lethal to mice, with most accumulating in the liver
[7,8]. While MCLR hepatotoxicity has been well
documented in vitro and in vivo [9-12], few reports
describe its genotoxicity. MCLR is not genotoxic in
the Ames test, although cyanobacterial extracts are,
both with and without metabolic activation [13]. In a
human cancer cell line, on the other hand, MCLR in-
duces point mutations, and it produces DNA fragmen-
tation and degradation in mouse liver in vivo [14,15].

1383-5718/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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To evaluate the in vitro genotoxicity of MCLR, we
used the in vitro micronucleus (MN) assay and the
thymidine kinase (7K) gene mutation assay on treated
human lymphoblatoid TK6 cells [16,17]. The TK gene
mutation assay is capable of detecting a wide range
of genetic damage, including gene mutations, large
scale chromosomal changes, recombination, and ane-
uploidy. Most of the changes occur in human tumors
and are presumably relevant to carcinogenesis. Use of
a human cell line makes this genotoxicity evaluation
appropriate for human hazard evaluation. Molecular
analysis of the TK-mutants may help us understand
the genotoxic mechanism of MCLR [18,19].

2. Materials and methods
2.1. Cells culture and chemical treatment

The TK6 human lymphoblastoid cell line has
been described previously [18]. Cells were grown
in RPMI1640 medium (Gibco-BRL, Life technol-
ogy Inc., Grand Island, NY) supplemented with
10% heat-inactivated horse serum (JRH Biosciences,
Lenexa, KS), 200 j.g/ml sodium pyruvate, 100 unit/ml
penicillin, and 100 pg/ml streptomycin. The cultures
were incubated at 37 °C in a 5% CO; atmosphere with
100% humidity and maintained at densities ranging
from 10° to 10 cells/ml.

MCLR (Cas.# 101043-37-2) was purchased from
Wako Pure Chemical Co. (Tokyo, Japan) and dis-
solved in phosphate-buffered saline just before use.
Prior to their exposure, the cells were cultured in
CHAT (10 uM deoxycytidine, 200 M hypoxanthine,
0.1 pM aminopterin, 17.5 pM thymidine) medium
for 2 days to reduce the background mutant fraction.
Cultures of 20ml at 5.0 x 10° cells/ml and of 50 ml
at 2.0 x 10° cells/ml were treated at 37°C with se-
rial dilution of MCLR for 4 h and 24 h, respectively.
They were then washed once, re-suspended in fresh
medium, and cultured in new flasks for the MN assay
and 7K gene mutation assay, or diluted to be plated
for survival estimates.

2.2. MN assay

Forty-eight hours after exposure, the MN assay
samples were prepared as previously reported [20].

-593-

Briefly, approximately 10° cells suspended in hypo-
tonic KC1 solution were incubated for 10 min at room
temperature, fixed twice with ice-cold fixative (glacial
acetic acid: methanol, 1:3), and then re-suspended
in methanol containing 1% acetic acid. A drop of
the suspension was placed on a clean glass slide and
air-dried. The cells were stained with 40 pg/ml acri-
dine orange solution and immediately observed with
the aid of an Olympus model BX50 fluorescence mi-
croscope equipped with a U-MWBYV band pass filter.
At least 1000 intact interphase cells for each treat-
ment were examined, and the cells containing MN
were scored.

2.3. TK gene mutation assay

The TK6 cell cultures were maintained for 3 days
after exposure to permit expression of the 7K de-
ficient phenotype. To isolate the TK deficient mu-
tants, we seeded cells into 96-well microwell plates
at 40,000 cells/well in the presence of 3.0 pg/ml tri-
fluorothymidine (TFT). Cells from each culture were
also plated at 1.6 cells/well in the absence of TFT for
the determination of plating efficiency (PE). All plates
were incubated for 14 days at 37°C in a 5% COg,
humidified incubator, and then scored for colony for-
mation. Plates containing TFT were then re-fed with
TFT, incubated for an additional 14 days, and scored
for the appearance of slow-growing 7K mutants. Mu-
tation frequencies were calculated according to the
Poisson distribution [21].

2.4. LOH analysis of TK mutants

Genomic DNA was extracted from 7K mutant cells
and used as a template for PCR. The PCR-based
LOH analysis at human 7K gene was described
previously [19]. Two sets of primers were used to
amplify the parts of exons 4 and 7 of the TK gene
containing frameshift mutations. Another primer
set for amplifying parts of the B-globin was also
prepared. Quantitative-multiple PCR was subjected
to co-amplification of the three regions and qual-
ify and quantify the PCR products. They were
analyzed with an ABI310 genetic analyzer (PE
Biosystems, Chiba, Japan), and classified them into
non-LOH, hemizygous LOH, or homozygous LOH
mutants.
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Fig. 1. Cytotoxic responses represented by RS and relative cell
growth (RSG) of TK6 cells treated with MCLR for 4 or 24 h.

3. Results
3.1. Cytotoxic response to MCLR

TK6 cells were exposed to various doses of MCLR
for 4 or 24 h. Fig. 1 shows cytotoxic responses; relative
survival (RS) and relative suspension growth (RSG),
which is relative cell growth during 72 h after expo-
sure. Exposure to MCLR for 4 h did significantly affect
RS or RSG. Exposure for 24 h, however, decreased

RSG concentration-dependently, but did not signifi-
cantly alter RS.

3.2. Genotoxic responses to MCLR

Exposure to MCLR for 24 h induced both MN and
TK mutation in a concentration-dependent manner
(Fig. 2). The maximum induction of MN and 7K
mutations were 4.8- and 5.1-times the control values.
Two distinct phenotypic classes of 7K mutants were
generated. Normally growing (NG) mutants grew at
the same rate as the wild type cells (doubling time
13-17h), and slowly growing (SG) mutants grew
at a slower rate (doubling time >21h). NG mutants
result mainly from intragenic mutations, while SG
mutants result from gross genetic changes beyond the
TK gene. The proportion of SG mutants increased in
MCLR induced mutants, suggesting that MCLR was
clastogenic.

3.3. Molecular analysis of TK mutants

Spontaneously arising and MCLR-induced 7K mu-
tants were isolated independently. The MCLR-induced
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Fig. 2. MN induction (a), mutation frequency at 7K locus (b), and percentage of slowly growing (SG) mutants (c) among TK-deficient

mutants treated with MCLR for 24 h.
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Table 1

Cytotoxic and mutational response to MCLR?* and LOH analysis of TK-mutants

Treatment Cytotoxic and mutational response LOH analysis at 7K gene
RSG (%) MF (x107%) % SG No. analyzed None Hemizygous Homozygous
LOH LOH LOH

Spontaneous 100 2.19 56 56

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

SG mutants 37 0(0) 9 (24) 28 (76)
MCLR-induced 32,6 11.2 80 36

NG mutants 9 4 (44) 5 (56) 0 (0)

SG mutants 27 0(0) 10 (37) 17 (63)

380 pg/ml for 24 h.

mutants were produced by the treatment at 80 pg/ml
for 24 h. The cytotoxicity (RSG), mutation frequency,
and proportion of SG mutants by the treatment are
shown in Table 1. We used PCR-based LOH analysis
of genomic DNA from TK mutants to classify the
mutants into 3 types; Non-LOH, hemizygous LOH,
and homozygous LOH. We analyzed 58 spontaneous
and 36 MCLR induced 7K mutants, including NG and
SG type (Table 1). Every SG mutant was a result of
LOH regardiess of the treatment, suggesting that SG
mutants were always associated with gross genetic
changes. Among the MCLR-induced mutants, 56% of
NG mutants and 100% of SG mutants exhibited LOH.
Every LOH in the NG mutants was hemizygous, and

—
<

W

Mutant frequency (X10-6)

MCLR-induced
(80 p/ml, 24 h)

Spontaneous

Fig. 3. Frequency and spectra of 7K mutations in spontaneous and
MCLR (80 pg/ml, 24h) induced 7K mutants in TK6 cells. The
fraction of each mutational event was calculated by considering the
ratio of NG and SG mutants and the result of molecular analysis
(Table 1).
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63% of LOH in the SG mutants was homozygous.
This is in contrast to spontaneous 7K mutants, where
the majority of spontaneous NG and SG mutants
were non-LOH (74%) and homozygous LOH (76%),
respectively. Fig. 3 shows the spectra of spontaneous
and MCLR-induced 7K mutants in TK6 cells, which
were adjusted by considering % SG mutants. These
data clearly indicate that MCLR induced LOH, but
not point mutation or other small genetic changes.

4. Discussion

Although MCLR causes severe hepatoxoxicity in
mammals [9-12], its genotoxicity and carcinogenicity
are inconclusive. Ding et al. [13] reported that mi-
crocystic cyanobacteria extract (MCE) significantly
induced mutations in the Ames assay regardless of
metabolic activation, although pure MCLR did not.
Tsuji et al. [22,23] also failed to demonstrate MCLR
genotoxicity in the Ames assay. On the other hand,
MCLR has some genotoxic effects in mammalian
cells. Ding et al [13] observed DNA damage in pri-
mary rat hepatocytes in comet assay, and Rao and
Bhattacharya [14] found that MCLR could induce
DNA fragmentation and strand breaks in mouse liver
in vivo. Two studies reported the induction of chromo-
some aberrations and gene mutations in mammalian
cells [15,24].

Our present study clearly demonstrated the in vitro
genotoxicity of MCLR, which induced MN forma-
tion as well as gene mutations in human cells. A 24 h
treatment was required, however, to express the ef-
fects. Although MCLR is toxic and highly lethal to



