The number and size of GST-P-positive foci in rat livers at week
16 is summarized in Table 2. The total numbers of GST-P-posi-
tive foci per unit area in the livers in the groups administered
0.001-1 p.p.m. 1Q did not differ from the control value
(0 p.p.m. group), and no significant increases were observed in
any size range of GST-P-positive foci in these groups. Signifi-
cant increases in the total numbers of GST-P-positive foci per
unit area in the liver were observed in the 10 and 100 p.p-m.
groups compared with the control. The numbers of GST-P-posi-
tive foci composed of 2—4 cells and 5-10 cells in the 10 p-p.m.
group and GST-P-positive foci of all sizes in the 100 p.p.m.
group were significantly increased.

Formation of 1Q-DNA adduct and 8-OHdG in- liver DNA.
Representative autoradiograms of IQ-DNA adducts in livers are
shown in Figure 1. The levels of IQ-DNA adducts in the livers
of the 0 and 0.001 p.p.m. IQ-treated groups were under the
detectable limit at week 4 (Table 3). IQ-DNA adducts were
detectable in the livers of rats administered 0.01 p.p.m. 1Q, and
adduct formation increased in a dose-dependent manner in
groups administered higher doses of 1Q. No significant differ-
ences in 8-OHdG levels were observed in the liver DNA
between any of the groups administered IQ and the control
group (Table 3).

Gene expression changes in the liver. Relative mRNA
expression of 1Q metabolizing genes CYPIA land CYP1A2,
cell cycle genes PCNA and p219P"WAFI 153 and DNA repair
genes APE-1 and GADDA4S5 in the livers at week 16 is shown
in Figure 2. CYP1Al was significantly increased in the livers
of rats treated with 100 p.p.m. 1Q, but not in the lower doses
of 1Q. CYP1A2, on the other hand, was significantly increased
in the 0.01-10 p.p.m. groups, but no significant change was
observed in the 100 p.p.m. group. There was no significant dif-
ference in the CYPIBI expression level among groups (data
not shown).

A significant increase in PCNA was observed in the
100 p.p.m. group, but not in the groups administered lower
doses of 1Q, while the negative cell cycle regulator p2] ¢iP/WAFI
was significantly induced in the 0.01 p-p-m. group and maxi-
mal}y induced in the 100 p.p.m. group. The expression level of
p21“PWAFL i1 the 100 p-p-m. group was significantly higher
than in the 10 p.p.m. and lower dose groups. There were no sig-
nificant changes in p353 expression levels in the 1Q-treated
groups.

APE-1 was significantly induced in the 10 and 100 p.p.m.
groups and GADDA5 was significantly induced in the
100 p.p.m. group. IQ had no effect on the expression of Ogg-1,
MSH?2 or MSH3 (data not shown).

Induction of ACF in the colon. The number and size of ACF
in rat colons at week 16 is summarized in Table 4. In the
10 p.p.m. group, the number of ACF composed of one crypt was
significantly increased compared with the control. In the
100 p.p.m. group, significant increases were observed in the

numbers of all sizes of ACF. In contrast, in the groups adminis-
tered 0.001-1 p.p.m. IQ, neither the number of any size ACF
nor the total number of ACF differed from the control.

Discussion

Dose-response relationships for genotoxic carcinogens have
been a topic of intense scientific and public debate. High doses
of the genotoxic dietary carcinogen IQ have been demonstrated
to_induce liver and colon cancers in rats (300 p.p.m. in diet)®
and liver cancers in nonhuman primates (10 mg/kg b.w./
day).19 However, as the concentrations of IQ in food are
generally extremely low,""" there is uncertainty regarding the
carcinogenicity of the doses of IQ to which humans are exposed.
The present study shows that IQ at doses of 1 p.p.m.
(0.08 mg/kg body weight [b.w.}/day) and lower did not induce
either GST-P-positive foci in the liver or ACF in the colon. Only
in the groups administered higher doses of IQ, 10 p.p.m.
(0.76 mg/kg b.w./day) and 100 p-p-m. (7.83 mg/kg b.w./day),
were increases in GST-P-positive foci and ACF observed.

GST-P-positive foci and ACF are well-established preneo-
plastic lesions of the liver and colon, respectively, in rats. These
lesions have been accepted as useful end-point markers in the
assessment of carcinogenic effects of environmentally relevant
concentrations of carcinogens as they can extend the range of
observable effect levels.**?% Therefore, the results of the pres-
ent study suggest the presence of no-effect levels of 1Q for both
liver and colon carcinogenicity in rats and indicate that the
dose-response relationship for carcinogenicity of low dose 1Q is
nonlinear.

Several threshold mechanisms for genotoxic carcinogens have
been suggested, including induction of detoxification processes,
cell cycle delay, DNA repair, apoptosis and the suppression
of neoglastically transformed cells by the immune sys-
tem,1213.1533) However, little in vivo evidence is available. To
explore mechanisms underlying the carcinogenicity of low doses
of IQ, we.examined the relative mRNA expression of a panel of
genes involved in cell proliferation, cell cycle regulation, DNA
repair and IQ metabolic activation. We found that the cell prolif-
eration marker PCNA was significantly increased only at a dose
of 100 p.p.m., a dose that is carcinogenic. The cell cycle nega-
tive regulator p21 9P WAFL o4 the other hand, was significantly
induced at a dose of 0.01 p-p.m., a dose well below that which
induced the formation of pren_e'o/a}astic lesions. Furthermore, the
finding that the levels of p21 P/ WAFI i 1o groups administered
10 p.p.m. and less were much lower than that of the group
administered 100 p.p.m. implies that hepatocytes have adequate
capaci%,to cope with the type of damage that is repaired by the
p21“P" VAR pathway when exposed to low doses of 1Q, but that
the repair _c%acily of these hepatocytes, even in the presence of
high p21Cip/WAFI expression, can be overwhelmed when the cell
is subjected to very high doses of IQ. It is reasonable to suggest

Table 2. Development of GST-P-positive foci in the livers of rats administered 1Q for 16 weeks

Size of GST-P positive foci

Group 1Q (p.p.m.) No. rats
2-4 5-10 11-20 221 Total
1 0 240 0.09 + 0.25 0.03 £ 0.11 0.02 + 0.11 0.00 + 0.02 0.15 £ 0.31
2 0.001 240 0.10 + 0.24 0.04 + 0.15 0.01 + 0.07 0 0.16  0.31
3 0.01 240 0.15 + 0.47 0.07 + 0.41 0.02 £ 0.22 0.02 + 0.03 0.26 + 1.30
4 0.1 240 0.10+0.28 0.04 x 0,15 0.01 £ 0.07 0.01 £ 0.08 0.15 £ 0.35
5 1 240 0.10 = 0.25 0.04 + 0.16 0.01 £ 0.06 0 0.14 + 0.33
6 10 240 0.51 + 0.65 0.19 = 0.36* 0.02 £ 0.10 0.01 +0.11 0.74 + 0.88*
7 100 120 26.23 + 18.24* 23.81 + 16.23* 19.25 = 11.70* 18.74 £ 11.81* 88.03 £ 50.41*

*Significantly different from group 1. GST-P, glutathione S-transferase placental form positive foci; IQ, 2-amino—3-methylimidazo[4,S-f]quinoline.
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Fig. 1. Autoradiograms of 2-amino-3-methylimidazo-
[4,5-flquinaline (IQ)-DNA adducts the livers of 0 (a),
0.001 (b) and 100 (c) p.p.m. IQ-treated groups at
week 4. Arrowheads indicate 1Q-DNA adduct. The
imaging plates were exposed for 3 h (a) and 24 h
(b and ¢).

Table 3. 1Q-DNA adduct and 8-OHdG formation in liver DNA
Adduct level 8-0HdG

Group 1Q (p.p-m.) No. rats (107 ntd) | (x10° dG)
1 0 5 uDL 0.23 = 0.07
2 0.001 5 ubL 0.25 + 0.05
3 0.01 5 0.045 + 0.02 0.24 + 0.07
4 0.1 5 0.7 + 0.004 0.32 £ 0.10
5 1 5 1.7 £ 0.07 0.24 + 0.08
6 10 5 12.7 £ 0.07 0.22 + 0.07
7 100 5 107.0 + 0.07 0.23 + 0.08

1Q, 2-amino-3-methylimidazo[4,5-flquinoline; ntd, nucleotide; 8-OHdG:
8-hydroxy-2’-deoxyguanosine; UDL, under the detectable limit.

that suppression of cell cycle progression by p2]1CiP/WAF!
followed by DNA repair is at least one of the mechanisms
responsible for the observed no-effect of low doses of 1Q in rats
in the present model.

It is known that the vast majority of DNA damage is repaired
by base excision repair (BER), nucleotide excision repair (NER)
and mismatch repair (MMR).®® APE-1 plays an essential role
in the BER repair process by cleaving the phosphodiester back-
bone.®® The activities of two different heterodimeric com-
plexes, MSH2-MSH3 and MSH2-MSH6, belonging to the
MMR system are maian responsible for the post-replicative
repair of mismatches.®™® We found that IQ significantly
increased the expression levels of APE-1 but not MSH2 and
MSHS3 at doses of 10 and 100 p.p.m. in the liver. It has also been
reported that IQ has no effect on expression of ERCC1, which is
a key molecule in the NER process.®” These findings suggest
that BER rather than MMR or NER responds to 1Q-induced
DNA damage.

GADDA4S5 is involved in a variety of growth regulatory mech-
anisms, including DNA repair, growth arrest and apoptosis.®® It
is induced by genotoxic and certain other cell stresses by p53-
dependent and independent pathways.®**? GADD45 expres-
sion was significantly induced in the 100 p.p.m. group. The fact
that significant induction of APE-1 and GADD45 was observed
only at the highest doses of 10 and/or 100 p.p.m. indicate the
IQ-induced DNA damage response is dose-dependent. More-
over, the fact that in the groups with low doses expression of
APE-1 and GADD45 were not affected and that there was a sig-
nificant but moderate induction of p219*"WAF! jmply that nor-
mal physiological levels of these genes are sufficient to repair
the DNA damage caused by low doses of 1Q. However, the
expression levels of these genes are all increased by higher car-
cinogenic doses of IQ. A reasonable explanation of the no-effect
of low doses of IQ and the carcinogenicity of high doses of 1Q
is that carcinogenicity is the consequence of a disruption in the
balance between DNA damage and repair and between abnor-
mal cell proliferation and apoptosis or cell cycle regulation.

Our results show that p53 gene expression is not induced by
administration of 1Q. Furthermore, p53-deficient mice do not
show higher susceptibility to IQ-induced liver carcinogenesis
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than wild type mice.“” These results suggest that p53 does not
have a significant impact on the carcinogenicity of IQ.

DNA adduct formation by metabolic activation of IQ is
believed to play an important role in the carcinogenicity of
1Q.“? Formation of IQ-DNA adducts in the liver showed a lin-
ear dose-dependency and proved to be one of the most sensitive
end-points for the detection of exposure to I1Q. Adduct formation
was detectable in groups administered far lower doses of IQ
compared with detection of other end-points such as cell prolif-
eration and preneoplastic lesion induction. That IQ-DNA adduct
formation was not detected in the 0.001 p.p.m. group was most
likely due to the detection limit of the assay. It should be noted
that DNA adduct is a premutagenic lesion and not necessarily
correlated to the frequencies of mutation and cancer induced by
genotoxic compounds. For example, it is known that IQ forms
DNA adducts in the kidneys and stomach of both rats and mon-
keys, but does not induce tumors in these organs.“** Qur pres-
ent findings of a linear dose-response of IQ-DNA adduct
formation and a nonlinear carcinogenic dose-response to 1Q
administration support the idea that IQ-DNA adducts do not
necessarily lead to mutation and formation of cancerous lesions.
Our results are also in line with B‘revious results on HCA
including MeIQx"'®4% and PhIP.*" These results can be
explain(;d; at least in part, by the actions of gene products such
as p21€P"WAF1 GADD45 and APE-1 and the other repair genes
for DNA damage. Moreover, in the case of MelQx, it has been
suggested that formation of DNA adducts alone might not be
sufficient to produce cancers and that the MelQx-induced
genetic alterations in the liver are enhanced by liver regenera-
tion induced by high doses of MelQx itself.") Therefore, while
IQ-DNA adduct formation is important in IQ carcinogenicity,
high levels of adduct formation are likely required and other fac-
tors such as cell proliferation can affect the balance between
DNA damage and repair and lead to fixation of DNA mutations
into the cell’s genome.

It has been demonstrated in virro that 1Q is more efficiently
metabolized and activated by CYP1A2 than by CYPIAI or
CYP1B1.“9 However, limited in vivo data are available. In a
study by McPherson et al.“”, no significant induction in mRNA
expression level or activity of either CYP1A1 or CYP1A2 were
reported in the livers of rats receiving 300 p.p.m. IQ in the diet
for 52 weeks, but these enzymes were significantly increased
after daily administration of 20 mg/kg b.w. IQ by oral gavage
for 3 days; in the average adult rat, a dose of 300 p.p.m. IQ in
the diet is approximately equivalent to administration of
20 mg/kg b.w. 1Q by oral gavage. The results of the present
study revealed that IQ significantly induced CYP1A2 expression
at doses from 0.01 to 10 p.p.m., but CYP1A2 was not induced
in the 100 p.p.m. group. The lack of effect of 100 p.p.m. IQ on
CYP1A?2 expression is consistent with the results in rats receiv-
ing 300 p.p.m. IQ in the diet for 52 weeks.“”’ Significant
increases in CYPIAI expression in the 100 p.p.m. group pro-
vide an alternative mechanism that can compensate for
decreased CYP1A2 activity. However, as noted above, in appar-
ent contrast to our results, in the study by McPherson et al.,*”
administration of 300 p.p.m. IQ over the course of 52 weeks did
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Fig. 2. Relative mRNA expression in
groups. APE-1, AP endonuclease-1;
proliferating cell nuclear antigen.
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the livers of rats at week 16. *Significantly different from 0 p.p.m. **Significantly different from all other
B2M, beta-2-microglobulin; GADD45, growth arrest and DNA damage-inducible protein 45; PCNA,
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Table 4. Development of ACF in the colons of rats administered 1Q for 16 weeks

Size of ACF
Group 1Q (p.p.m.) No. rats
1 2 3 24 Total

1 0 240 0.08 + 0.28 0.12 £ 0.32 0.06 + 0.25 0.08 + 0.29 0.33 £ 0.64
2 0.001 240 0.12 £ 0.36 0.08 + 0.29 0.10 £ 0.32 0.09 + 0.30 0.39 = 0.69
3 0.01 240 0.15 + 0.41 0.15 + 0.42 0.06 x 0.24 0.06 + 0.24 0.43 + 0.77
4 0.1 240 0.11 £ 0.33 0.11 £ 0.35 0.06 + 0.25 0.08 + 0.27 0.36 + 0.63
5 1 240 0.15 = 0.45 0.10 + 0.30 0.10 = 0.33 0.05 £ 0.23 0.41 + 0.80
6 10 240 0.19 + 0.48* 0.16 + 0.41 0.07 + 0.25 0.09 = 0.40 0.50 = 0.86
7 100 120 1.48 + 1.46* 1.29 + 1.51* 0.70 x 0.93* 0.72 + 1.01* 4,19 + 3.34*

*Significantly different from group 1. ACF, aberrant crypt foci; 1Q, 2-amino-3-methylimidazo[4,5-flquinoline.

not induce CYP1A1. Therefore, it is reasonable to postulate that
the dose-relationship between IQ and induction of CYP1A1 is
not a simple dose-response. CYPIB1 does not appear to be
involved in the metabolism of IQ at doses up to 100 p.p.m. in
rats. The findings described above demonstrate the importance
of taking into account dosage, duration and route of exposure in
interpretation of the data on metabolic activation of 1Q. Further
studies on the dose-response relationships between chronic 1Q
exposure and the protein expression levels and activities of
detoxifying enzymes, especially at doses relevant to human
exposure, would provide further insight into the role of meta-
bolic activation in IQ carcinogenicity.

Oxidative DNA damage does not appear to play a role in IQ-
induced carcinogenesis. In the present study, no significant
changes in 8-OHdG levels or Oggl expression levels in the liv-
ers of IQ-treated rats were observed. Our results are consistent
with the recent findings in 1Q-treated Big Blue rats that oxida-
tive stress was not responsible for the initiation of 1Q-induced
carcinogenesis in the liver and colon.®” In this respect, 1Q is
different from MelQx, in which oxidative DNA damage plays
an important role in liver carcinogenesis.

In summary, the present study provides the first experimental
data on the carcinogenicity of low doses of 1Q in both the liver
and colon of the test animal and compares the effect of 1Q at the
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cellular level with its carcinogenic effect. Our findings support
the idea that there is a practical threshold that should be consid-
ered when evaluating the risk of genotoxic carcinogens. To this
end, further accumulation of data, especially mechanistic data,
should be promoted to facilitate not only an understanding of
the carcinogenic effects of low doses of genotoxic carcinogens
but also to establish an accurate means of quantitative risk
assessment.

Acknowledgments

The authors would like to acknowledge the-encouragement of Dr N. Tto
(Emeritus Professor, Nagoya City University Medical School, Nagoya,
Japan) and Dr T. Kitagawa (Emeritus Director, the Cancer Institute of
Japanese Foundation for Cancer Research, Tokyo). This research was
supported by a grant from the Japan Science and Technology Corpora-
tion, included in the Project of Core Research for Evolutional Science
and Technology (CREST) and a Grant-in-Aid for Specially Promoted
Research from the Ministry of Education, Science, Sports, Culture and
Technology of Japan.

Disclosure Statement

The authors have no conflict of interest.

10 Adamson RH, Thorgeirsson UP, Snyderwine EG er al. Carcinogenicity of 2-
amino-3-methylimidazo[4,5-f]quinoline in nonhuman primates: induction of
tumors in three macaques. Jpn J Cancer Res 1990; 81: 10-4.

WHO, 1ARC. IARC Monographs on the Eval of Carci ic Risks 10

Humans: Some Nuturally Occurring Substances: Food Items and Constituents,

Heteracylic Aromatic - Amines and Mbycotoxins. Lyon: World Health

Organization, International Agency for Research on Cancer, 1993; 165-242.

12 Sofuni T, Hayashi M, Nohmi T, Matsuoka A, Yamada M, Kamata E. Semi-
quantitative evaluation of genotoxic activity of chemical substances and
evidence for a biological threshold of genotoxic activity, Murat Res 2000,
464: 97-104.

13 De Flora S. Detoxification of genotoxic compounds as a threshold mechanism
limiting their carcinogenicity. Toxicol Pathol 1984; 12: 337-43.

14 Kirkland DJ, Muller L. Interpretation of the biological relevance of
genotoxicity test results: the importance of thresholds. Mutar Res 2000; 464:
137-47.

15 Lutz WK, Kopp-Schneider A. Threshold dose response for tumor induction by
genotoxic carcinogens modeled via cell-cycle delay. Toxicol Sci 1999; 49:
110-5.

16 Parry JM. Reflections on the implications of thresholds of mutagenic activity
for the labelling of chemicals by the Evuropean Union. Murat Res 2000; 464:
155-8.

17 Hoshi M, Morimura K, Wanibuchi H er al. No-observed effect levels for
carcinogenicity and for in vivo mutagenicity of a genotoxic carcinogen.
Toxicol Sci 2004; 81: 273-9.

18 Fukushima S, Wanibuchi H, Morimura K er al. Lack of a dose-response
relationship for carcinogenicity in the rat liver with low doses of 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline or N-nitrosodiethylamine. Jpn J Cancer
Res 2002; 93: 1076-82.

1

—

Cancer Sci | January 2011 | vol. 102 | no.1 | 93
© 2010 Japanese Cancer Association



2

22

23

24

25

26

27

28

29

30

3

—_

3

N

33

94

Bolt HM, Degen GH. Human carcinogenic risk evaluation, part II:
cantributions of the EUROTOX specialty section for carcinogenesis. Toxicol
Sci 2004; 81: 3-6.

Fukushima S, Wanibuchi H, Morimura K er al. Lack of initiation activity in
rat liver of low doses of 2-amino-3,8-dimethylimidazo|4,5-f]quinoxaline.
Cancer Lett 2003; 191: 35-40.

Kushida M, Wanibuchi H, Morimura K et al. Dose-dependence of promotion
of 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline-induced rat hepatocarcino-
genesis by ethanol: evidence for a threshold. Cancer Sci 2005; 96: 747-57.
Wei M, Hori TA, Ichihara T er al. Existence of no-observed effect levels for
2-amino-3,8-dimethylimidazo{4,5-f)quinoxaline on hepatic preneoplastic
lesion development in BN rats. Cancer Lett 2006; 231: 304-8.

Doi K, Wanibuchi H, Salim EI ¢r al. Lack of large intestinal carcinogenicity
of 2-amino-1-methyl-6-phenylimidazo[4,5-blpyridine at low doses in rats
initiated with azoxymethane. Int J Cancer 2005; 115: 870-8.

Fukushima 8, Wanibuchi H, Morimura K et al. Existence of a threshold for
induction of aberrant crypt foci in the rat colon with low doses of 2-amino-1-
methyl-6-phenolimidazo[4,5-blpyridine. Toxicol Sci 2004; 80: 109-14.

Ito N, Tsuda H, Taiematsu M et al. Enhancing effect of various
hepatocarcinogens on induction of preneoplastic glutathione S-transferase
placental form positive foci in rats — an approach for a new medium-term
bioassay system. Carcinogenesis 1988; 9: 387-94.

Tsuda H, Fukushima S, Wanibuchi H eral Value of GST-P positive
preneoplastic hepatic foci in dose-response studies of hepatocarcino-
genesis: evidence for praclical thresholds with both genotoxic and
nongenotoxic carcinogens. A review of recent work. Toxicol Pathol 2003;
31: 80-6.

Bird RP. Observation and quantification of aberrant crypts in the murine colon
treated with a colon carcinogen: preliminary findings. Cancer Lett 1987; 37:
147-51.

Tudek B, Bird RP, Bruce WR. Foci of aberrant crypts in the colons of mice
and rats exposed to carcinogens associated with foods. Cancer Res 1989; 49:
1236-40.

Ochiai M, Nakagama H, Turesky RJ, Sugimura T, Nagao M. A new
modification of the 32P-post-labeling method to recover 1Q-DNA adducts as
mononucleotides. Mutagenesis 1999; 14; 239-42.

Totsuka Y, Fukutome K, Takahashi M et al. Presence of N2-(deoxyguanosin-
8-yI)-2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline  (4G-C8-MelQx) in
human tissues. Carcinogenesis 1996; 17: 1029-34.

Wei M, Hamoud AS, Yamaguchi T et al. Potassium bromate enhances N-
ethyl-N-hydroxyethylni induced kidney carci is only at high
doses in Wistar rats: indication of the existence of an enhancement threshold.
Toxicol Pathol 2009; 37: 983-91.

Pretlow TP, O'Riordan MA, Somich GA, Amini $B, Pretlow TG. Aberrant
crypts correlate with tamor incidence in F344 rats treated with azoxymethane
and phytate. Carcinogenesis 1992; 13: 1509-12.

Kirsch-Volders M, Vanhauwaert A, Eichenlaub-Ritter U, Decordier 1. Indirect
mechanisms of genotoxicity. Toxicol Lers 2003; 140-141: 63-74.

4

34

35

36
37

38

3

0

40

—

P
™~

5
w2

45

47

48

Norbury CJ. Hickson 1D. Cellular responses to DNA damage. Annu Rev
Pharnacol Toxicol 2001; 41: 367-401.

Bennett RA, Wilson DM 111, Wong' D, Demple B. Interaction of human
apurinic endonuclease and DNA polymerase beta in the base excision repair
pathway. Proc Nail Acad Sci U S A 1997; 94: 7166-9.

Kolodner RD. Guarding against mutation. Nature 2000; 407: 687-9.

Moller P, Wallin H, Vogel U etal Mutagenicity of 2-amino-3-
methylimidazo[4.5-flquinoline in colon and liver of Big Blue rats: role of
DNA adducts, strand breaks, DNA repair and oxidative stress. Carcinogenesis
2002; 23: 1379-85.

Yang Q, Manicone A, Coursen JD et al. Identification of a functional domain
in a GADD45-mediated G2/M checkpoint. J Biol Chem 2000; 275: 36892-8.
OReilly MA, Staversky RJ, Watkins RH, Maniscaleco WM, Keng PC. p53-
independent induction of GADD45 and GADD153 in mouse lungs exposed to
hyperoxia. Am J Physiol Ling Cell Mol Physiol 2000; 278: 1.552-9,

Shaulian E, Korin M. Stress-induced INK activation is independent of Gadd45
induction, J Biol Chem 1999; 274: 29595-8.

Morimura K, Salim EI, Yamamoto S, Wanibuchi H, Fukushima S. Dose-
dependent induction of aberrant crypr foci in the colons but no neoplastic
lesions in the livers of heterozygous p53-deficient mice treated with low dose
2-amino-3-methylimidazo [4,5-f]quinoline. Cancer Letr 1999; 138; 81-5.
Schut HA, Snyderwine EG. DNA adducts of heterocyclic amine food
mutagens: implications for mutagenesis and carcinogenesis. Carcinogenesis
1999; 20: 353-68.

Schut HA, Herzog CR, Cummings DA. Accumulation of DNA adducts of 2-
amino-3-methylimidazo[4,5-f] quinoline (IQ) in tissues and white blood cells
of the Fischer-344 rat after multiple oral dosing. Carcinogenesis 1994; 15:
1467-70. g

Snyderwine EG, Yamashita K, Adamson RH et al Use of the 32P-
postlabeling  method to  detect DNA  adducts of  2-amino-3-
methylimidazolof4,5-f]quinoline (IQ) in monkeys fed 1Q: identification of the
N-(deoxyguanosin-8-y1)-1Q adduct. Carcinogenesis 1988; 9: 1739-43,
Yamashita K, Adachi M, Kato S ef al. DNA adducts formed by 2-amino-3,8-
dimethylimidazo[4,5-flquinoxaline in rat liver: dose-response on chronic
administration. Jpn J Cancer Res 1990; 81: 470-6,

Shimada T, Hayes CL, Yamazaki H et al. Activation of chemically diverse
procarcinogens by human cytochrome P-450 1B1. Cancer Res 1996; 56:
2979-84.

McPherson RA, Tingle MD, Ferguson LR. Contrasting effects of acute and
chronic dietary exposure 10 2-amino-3-methyl-imidazo[4,5-f]quinoline (1Q) on
xenobiotic metabolising enzymes in the male Fischer 344 rat: implications for
chemoprevention studies. Eur J Nutr 2001; 40: 39-47,

Kato T, Hasegawa R, Nakae D eral Dose-dependent induction of 8-
hydroxyguanine and preneoplastic foci in rat liver by a food-derived
carcinogen, 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline, at low dose
levels. Jpn J Cancer Res 1996; 87: 127-33.

doi: 10.1111/].1349-7006.2010.01761.x
© 2010 Japanese Cancer Association



Genes and Environment, Vol. 33, No. 1 pp. 14-20 (2011)

Review

In Vitro and In Vivo Genotoxicity Induced by

Fullerene (Cgo) and Kaolin

Yukari Totsuka'-5, Tatsuya Kato'-2, Shu-ichi Masuda2, KouSuke Ishino’,
Yoko Matsumoto™3, Sumio Goto3, Masanobu Kawanishi?, Takashi Yagi* and

Keiji Wakabayashi?

'Division of Cancer Development System, National Cancer Center Research Institute, Tokyo, Japan
2Department of Food & Nutritional Science, Graduate School of Nutrition & Environmental Science, University of Shizuo-

ka, Shizuoka, Japan

3Laboratory of Environmental Risk Evaluation, School of Life and Enviromental Science, Azabu University, Kanagawa,

Japan

4Environmental Genetics Laboratory, Frontier Science Innovation Center, Osaka Prefecture University, Osaka, Japan

(Received December 11, 2010; Revised December 22, 2010; Accepted December 26, 2010)

Nanomaterials are being utilized for many kinds of indus-
trial products, and the assessment of genotoxicity and
safety of nanomaterials is therefore of concern. In the
present study, we examined the genotoxic effects of fulle-
rene (Cgo) and kaolin using in vitro and in vivo genotoxicity
systems. Both nanomaterials significantly induced
micronuclei and enhanced frequency of sister chromatid
exchange {SCE) in cultured mammalian cells. When ICR
mice were intratracheally instilled with these nanomateri-
als, DNA damage of the lungs increased significantly that
of the vehicle control. Formation of DNA adducts in the
lungs of mice exposed to nanomaterials were also ana-
lyzed by stable isotope dilution LC-MS/MS. 8-Oxodeox-
yguanosine and other lipid peroxide related adducts were
increased by 2- to 5-fold in the nanomaterial-exposed

-mice.. Moreover, multiple (four consecutive doses of 0.2

mg per animal per week) instillations of Cg, or kaolin, in-
creased gpt mutant frequencies in the lungs of gpt delta
transgenic mice. As the result of mutation spectrum analy-
sis, G:C to C:G transversions were commonly increased in
the lungs of mice exposed to both nanomaterials. In addi-
tion, G:C to A:T was increased in kaolin-exposed mice. In
immunohistochemical analysis, many regions of the lungs
that stained positively for nitrotyrosine (NT) were ob-
served in mice exposed to nanomaterials. From these ob-
servations, it is suggested that oxidative stress and inflam-
matory responses are probably involved in the genotoxici-
ty induced by Cg, and kaolin.

Key words: nanomaterials, genotoxicity, fullerene (Ceo),
kaolin, DNA adducts

Introduction

Recently, nanomaterials are being utilized for cosmet-
ics and industrial products, and applications in medicine
are under consideration. The assessment of genotoxicity

© The Japanese Environmental Mutagen Society

and safety of nanomaterials is therefore of concern.
One reason behind this is the asbestos crisis (1). Some
nanomaterials are not only nano-sized particles, but
also asbestos shape-like fibers, and the carcinogenic
potential of such nanomaterials has attracted much at-
tention over the years. Moreover, it is thought that
nano-sized particles can be taken up in cells and cause
intracellular damage (2,3). With this background, we
here investigated induction of in vitro and in vivo geno-
toxicity using fullerene (Cgy) and kaolin as examples. To
clarify the mechanisms of mutations due to these
nanomaterials, we analyzed the formation of DNA ad-
ducts in the lungs of mice after exposure. Here, we brie--
fly summarize our data and also discuss mechanisms of
genotoxicity induced by nanomaterials.

Size Distribution in Suspensions of
Nanomaterials

The size distribution of nanomaterials used in the
present study was analyzed by dynamic light scattering
(DLS) as described previously (4). The most abundant
sizes were at 234.1+48.9 and 856.5+119.2 nm for Cg
and 357.6+199.4 nm for kaolin, respectively.

In Vitro Genotoxicity Test

Micronucleus test: The micronucleus genotox-
icity/clastogenicity test is widely used for assessment of
environmental substances and medicinal chemicals.
Here, we investigated the micronucleus inducing activity
of C¢ and kaolin using human lung carcinoma A549
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Chome, Chuo-ku, Tokyo 104-0045, Japan. Tel: +81-3-3542-2511,
Fax: +81-3-3543-9305, E-mail: ytotsuka@ncc.go.jp



-t
o
J

9
°
111
- -
Q
i
©
3 i
T}
- -
c
g 5
= .
[
y
c - ]
§ %
g K
o & [24)
[ 0 P ol
6 2= ¢ =3
g § E 2 & S
0 T (3]
< O g 9
z g Z 32
Cc60 Kaolin
(20pg/mL)  (20ug/mL)

~Fig. 1. Effects of anti-oxidative agents on the micronucleus inducing

activity of nanoparticles. Values represent the means of three experi-
ments  SD. Asterisks (*, ** for p <0.05 and p<0.01, respectively) in-
dicate significant differences from cells without NAC in the Student’s
t-test. Concentrations of nanoparticles in ug/cm? are given in paren-
theses. .

cells (4). Six-hours treatment with 200 ug/mL kaolin
caused .growth inhibition of 60% whereas, Cg at the
same concentration was without effect. Cg and kaolin
particles both increased the number of micronucleated
cells. The background frequency of micronucleated cells
was 0.7% to 1.0%, and this rose to 10% and 5% with
200 ug/mL of Cg and kaolin, respectively, the increase
being statistically significant in both cases. To inves-
tigate the effects of an anti-oxidative agent on the
micronucleus induction, we conducted tests with or
without N-acetyl cysteine (NAC) using Chinese hamster
ovary CHO-AAS cells. As shown in Fig. 1, the fre-
quency of micronucleated cells was decreased sig-
nificantly in the presence of NAC. With 20 pg/mL of

" Cg and kaolin for 6 h without NAC the results were

3.8% and 8%, respectively, but in the presence of 10
mM NAC these decreased to 1.7% and 2.3%. From this
observation, oxidative stress might be involved in the
genotoxicity induced by nanoparticles. Furthermore, it
is known that photoexcited Cg produces reactive
oxygen species (5) and in the present experiments, the
cells and Cgy were not shielded from visible light com-
pletely. Therefore, reactive oxygen species might con-
tribute to micronucleus-induction in Cg-treated cells.
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Fig. 2. Sister chromatid exchange (SCE) in CHO AAS8 cells follow-
ing treatment with C60 or kaolin for 1h. The values represent the
means of three experiments + SD. Asterisks (**) indicate a significant
difference (»<0.01) from control (treatment with 0.005% (v/v)
Tween-80) cells in the Student’s t-test.

On the other hand, biologically relevant features of kao-
lin are unclear and further studies will be required to
elucidate genotoxic mechanisms.

Sister chromatid exchange (SCE) test: SCE is
also used for mutagenic testing of many products.
While the mechanisms responsible for SCE are not com-
pletely understood, they involve breakage of both DNA
strands, followed by exchange of whole DNA duplexes.
This occurs during the S phase and is efficiently induced
by mutagens that form DNA adducts or that interfere
with DNA replication. To investigate SCE inducing ac-
tivity of nanoparticles, we examined CHO-AAS cells
following 1h treatment with C¢ and kaolin (Fig. 2).
The SCE frequencies in cells treated with 2.0 ug/mL of
Céo and kaolin were approximately 11 and 7 times higher
than the control level, respectively (P<0.01 at 0.1
ug/mL or higher concentrations). Cg demonstrated
stronger genotoxic/clastogenic potency than kaolin.
Cozzi ef al. earlier reported that H,O,-treatment pro-
duced reactive oxygen species and induced SCE in CHO
cells, and antioxidants, such as ascorbic acid and f-
carotene, reduced the frequency (6). In the present
study, the results of the micronucleus test indicated in-
volvement of reactive oxygen species so that they might
contribute to SCE induction as well.

In Vivo Genotoxicity Test
Comet assay: The comet assay is known as a stan-
dard simple and sensitive technique for evaluation of
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mice intratracheally instilled with particles, with or without FPG
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DNA damage. The types of damage usually detected are
single and double strand breaks. The pH (usually be-
tween neutral and alkaline pH) of the lysis condition can
be adjusted depending upon the type of damage. Under
alkaline conditions, AP sites and others where excision
repair takes place are detected as DNA damage. We
here evaluated DNA damage induced by particles using
the comet assay under alkaline conditions. The values
for DNA tail moment in the lungs with single-particle
treatment at 0.2 mg/body for 3 h were measured, and
DNA damage was significantly increased, around 2-
fold, as compared with the vehicle control, and its inten-
sity was Ceo>kaolin. When we examined the effects of
oxidation of purines, DNA damage was analyzed by
formamidopyrimidin-glycosilase (FPG)-modified comet
assay. DNA damage induced by kaolin was not
- changed, whereas DNA damage caused by Cg was
elevated up to 1.7 fold compared with the vehicle con-
trol (Fig. 3). In addition, Jacobsen ef al. also reported
that Cg significantly increased the level of FPG sensitive
sites/oxidized purines determined by the comet assay
using the E1-Mutatrade markMouse lung epithelial cell
line (7). From these findings, it seems that oxidative
damage would be partly involved in the induction of
DNA damage by Ce, although other changes responsi-
ble for DNA damage might be induced by kaolin.
Oxidative and lipid peroxide related DNA adduct
formation: DNA adducts, formed by reactions with
exogenous or endogenous agents, are known to induce
gene mutations. Reactive oxygen species (ROS) are one
type of endogenous agent that can produce oxidative
DNA adducts such as 8-oxo-2’-deoxyguanosine (8-0x-
0dQ), a widely recognized and utilized biomarker of ox-
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idative stress, and a major mutagenic lesion producing
predominately G to T transversion mutations (8). In ad-
dition, ROS generate lipid hydroperoxides to yield hep-
tanon-etheno (He)-adducts, such as HedG, HedA and
HedC via 4-oxo0-2-nonenal (4-ONE) (9). These adducts
can lead to mutations, if not repaired. We examined
whether these oxidative and lipid peroxide related DNA
adducts were induced in the lungs of mice by in-
tratracheally instilled nanomaterials. 8-OxodG and
three kinds of He-adducts were analyzed in the lungs of
ICR mice 3, 24, 72 and 168 h after intratracheal instilla-
tion of 0.2 mg/body of Cy or kaolin, and quantified by
the stable isotope dilution LC-MS/MS method de-
scribed by Chou et al. (10). Compared with a vehicle
control, DNA adduct levels were increased by about 2-
to 5-fold in the lungs of mice 24 h after injection of
nanoparticles (Fig. 4). The increases were time depend-
ent until 72 h then gradually decreased within 168 h of
injection (data not shown). Related to this, oxidative
DNA damage was induced by intratracheal instillation
of Cg or kaolin in the comet assay with FPG treatment,
as described above. In addition, Folkmann ef al. report-
ed that oral gavage of Cq increased the levels of 8-0x-
0dG in-the liver and the lungs of F344 rats (11).
Moreover, Tsurudome et al. described increased 8-ox-
0odG levels induced by intratracheally instilled diesel ex-
haust particles in the lungs of F344 rats, and 8-oxogua-
nine DNA glycosylase 1 (OGG1) mRNA was also over-
expressed (12). The decreased DNA adducts in the
present study at 168 h may have been a result of a repair
enzyme such as OGG1. This is the first observation that
He-lipid peroxide related DNA adducts are increased by
nanoparticles. Such adducts could clearly contribute to
nanomaterial-induced DNA damage and mutation. Our
findings suggest involvement of ROS generation,
although differences between Cy, and kaolin still require
clarification. .

gpt Mutations in the lungs of gpt transgenic mice:
Transgenic gpt delta mice are a useful model system for
detecting both point mutations and large deletions (< 10
kb) (13). AEG10 transgenes carrying gpt (detection of
point mutations) and red, gam (detection of deletion)
genes have been integrated into mouse chromosome 17 ’
and point mutations.and deletions observed in any tis-
sues can be detected as 6-thioguanine (6-TG) resistant
colonies and Spi~ plaques, respectively. To examine in
vivo mutagenicity of nanoparticles, gpt delta transgenic
mice. were exposed to Ce and kaolin at four different
doses by intratracheal instillation, and gpt mutations
were analyzed. The background gpt mutant frequency
(MF) in lungs was 10.3+£0.53 X107, MFs were sig-
nificantly increased by 2 to 3-fold to 30.75+3.32 X 10~¢
(p=0.019) for Ce and 19.30+4.82x 10~¢ (p=0.002)
for kaolin (4).

Moreover, we examined the mutational characteris-
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Fig. 4. Oxidative and lipid peroxide related DNA adduct formation in the lungs of ICR mice induced by nanoparticle exposure. DNA was ex-
tracted from lungs of mice 24 h after intratracheal instillation of 0.2 mg/body of C60 or kaolin, and digested enzymatically. Control animals were
exposed to saline containing 0.05% Tween80. The 8-0xodG and 3 kinds of He-adducts were quantified by the stable isotope dilution LC-MS/MS

method described by Chou et al. (10).

Vehicle
G:C-> A:T Deletion
A:T->G:C Insertion
G:C->T:A Others

G:C->C:G
- 3 AT->TA
A:T->C:G

Fig. 5. Classification of gpt mutations from the lungs of control and nanoparticle treated mice.

tics induced by particles by PCR and DNA sequencing
analysis of 6-TG resistant mutants. Classes of mutations
found in the gpt gene are shown in Fig. 5. Interestingly,
G:C to C:G transversions were increased in common
with both particle treatments. Since these mutations
were commonly increased regardless of the constituents
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(i.e., Cg is graphite and kaolin is aluminum silicate), the
mechanisms might be the same. It has been reported
that various oxidative stresses caused by sunlight, UV
radiation, hydrogen peroxide and peroxy radicals fre-
quently induce G:C to C:G transversions in various in
vitro assay systems (14-17). Moreover, a variety of ox-
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idative lesion products of guanine other than 8-oxodG,
including imidazolone (Iz), oxazolone (Oz), spiroi-
minodihydantoin (Sp) and guanidinohydantoin (Gh),
have been reported (18-24). Three such molecules, Oz,
Sp and Gh are now thought to be key causes G to C
transversions with translesion synthesis systems (22-25).
Therefore, it is suggested that G:C to C:G transversions
induced by Cg and kaolin could involve Oz, Sp and Gh
‘formation. In addition, G:C to A:T transitions were
also significantly increased by instillation of kaolin but
not Cg. In general, G to A (or C to T) transitions have
commonly been observed in spontaneous and
chemically-induced mutants, and deamination of gua-
nine or 5-methylcytosine might be involved. Burney et
al. reported that nitric oxide induces DNA damage. NO*
can form N,0s, and direct by this agent can lead to
DNA deamination via diazonium ion formation (26).
Moreover, nitric oxide is produced by activated macro-
phages in inflamed organs. In fact, test substance-
phagocytized macrophages and granulomas were fre-
quently observed in the lungs of mice (4).

Immunohistochemical Analysis of Inflammation
Factors

In order to confirm enhancement of nitric oxide
production by Cg and kaolin, we examined immuno-
histochemical staining of an inflammation factor,
nitrotyrosine (NT), in the lungs of gpt delta mice treated

with these nanoparticles using the same procedure
reported previously (27) with minor modification. As
shown in Fig. 6, the pattern of NT staining correspond-
ed to the areas of inflammation within lung parenchy-
ma. In the case of Cg exposure, many regions of the
lungs stained positively (data not shown), and intense
NT staining was localized in test substance-phagocy-
tized macrophages and granulomas. Similarly, staining
with NT antibodies was observed in macrophages and
alveolar epithelial cells in the lungs of mice exposed to
kaolin, although to a lesser extent as compared with Cg.

Conclusion

Our results clearly demonstrated that both in vitro
and in vivo genotoxicity are induced by Cg and kaolin.
However, the mechanisms have yet to be fully clarified,
and oxidative stress might be at least partly involved.
There are a number of ways in which reactive oxygen
species (ROS) could be generated: i) nanoparticles might
trigger ROS production by iron-catalysed Fenton reac-
tions; ii) nanoparticles could accumulate in cells due to
phagocytosis, then enhance the production of ROS by
NADPH oxidase (28,29). Recently, innate immune acti-
vation through Nalp3 inflammasomes has been suggest-
ed to play an important role in pulmonary fibrotic dis-
orders of silicosis and asbestosis (30,31). It has been.
reported that proinflammatory cytokines, such as inter-
leukin 18 are key molecules for pneumoconiosis. At

Fig. 6. Immunohistochemical localization of nitrotyrosine (NT). Since C is brown in color, we used an SG substrate kit (Vector Laboratories,
USA) for peroxidase, with positive cells stained dark blue-gray. A: alveolar region in a control mouse, with no significant staining for NT. B: al-
veolar region in a mouse exposed to Cg, With positive macrophages phagocytizing test substance and epithelial cells. The brown colored material is
Ceo- C: alveolar region in a mouse exposed to kaolin. Note intense staining for NT in the granulomatous region.



present, no data are available for activation of the
Nalp3 inflammasome pathway by Cs and kaolin.
However, it is likely that both nanoparticles can activate
in the same way as asbestos and silica, because oxidative
stress was increased in the lungs of treated mice. Further
studies of the mechanisms of genotoxicity are needed.
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Abstract

Prostate cancer is one of the most prevalent cancers in men in Western countries, increasing in frequency with
age through the most advanced years. Patients with localized prostate cancer are generally treated with radical
prostectomy or radiation therapy. However, treatment of more malignant stages of the disease is problematic.
Docetaxel-based chemotherapy in men with androgen-independent prostate cancer has been shown to have survival
benefits but hormonal manipulation and other chemotherapeutic regimens, especially for androgen-independent
lesions, have uncertain value. While research into the complex pathophysiology of advanced prostate cancer has led
to identification of mechanisms and target molecules, it nevertheless remains necessary to develop new anticancer
drugs. Cell culture models that mimic the structure and features of prostate cancer in vivo are necessary for research
on tumor biology and design of novel anticancer therapies. In this context, 3-dimensional cultures of prostate cancer
cells, including multicellular spheroid (MCS) cultures, started attracting increasing attention.

The present review provides up-to-date information regarding the significance of MCS culture for identification
of mechanisms underlying human malignancies, including prostate cancer, and possible targets for prostate cancer
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therapies.

Keywords: Multicellular spheroid (MCS); Prostate cancer; Drug re-
sistance; Epigenetics; Poly (ADP-ribose) polymerase 1 (PARP-1)

Introduction

Prostate cancer is the most common cancer in men from Western
countries, and in particular from the United States of America [1].
Incidences and mortality rates of prostate cancer vary greatly among
different geographic areas and ethnic groups. In Japan, the incidence
is still low compared with Western countries. However, figures are
increasing [2]. Thus, Prostate cancer is the most common cancer in
men in Western countries , this place having been occupied by stomach
cancer in 1995 [3]. Most patients present with clinically localized
disease at the time of diagnosis, and prostate-specific antigen (PSA) and
transrectal ultrasound are used to aid in biopsy. Several management
options are available when prostate cancer is diagnosed at an early
stage, including surgery, cryosurgery, radiation therapy, hormonal
therapy, and watchful waiting. For advanced prostate cancers, surgical
or medical ablation of androgens is regarded as the optimal first-line
treatment [4]. In most patients treated with androgen deprivation,
however, disease progression will occur and result in a stage referred to
as hormone-refractory prostate cancer. Development of such hormone-
refractory state involves a complex series of events such as selection
and outgrowth of preexisting clones of androgen-independent cells,
adaptive up-regulation of genes that contribute to cancer cell survival
and growth after androgen ablation [5]. However, this process is not yet
entirely understood.

Patients with hormone-refractory prostate cancer (HRPC)
require new agents. Two trials with docetaxel-based chemotherapy
demonstrated a significant improvement in overall survival, disease-
free survival, pain control, and PSA response [6,7]. Therefore, the
United States Food and Drug Administration (FDA) has recommended
3-weekly docetaxel with prednisone as the first-line regimen for patients
with HRPC. Despite the benefits, survival remains short and most
patients actually do not benefit from docetaxel-based chemotherapy.
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Effective second- and third-line treatments are still urgently needed
and emerging new drugs clearly require evaluation. Although the
effects of several anticancer drugs for prostate cancer have been
evaluated in vitro and in animal experiments, most have had little or no
impact on the survival of patients with HRPC and metastatic prostate
cancer [8]. One of the reasons for discrepancies between in vivo and in
vitro experiments is thought to be the disordered arrangement of cells
within the tumor tissue, in clear contrast to the ordered arrangement
in 2-dimensional (2D} cultures [9,10]. Thus, preclinical experimental
models mimicking the clinical characteristics of prostate cancer are
a high priority for testing new agents against prostate cancer. This
review covers up-to-date information regarding the significance of
3-dimensional (3D) culture models, especially multicellular spheroid
(MCS) culture models for identification of mechanisms in prostate
cancer and target molecules for therapy.

Three-dimensional culture models to study tumor biology

The mechanism of drug resistance is associated with overexpression
of P-glycoprotein (P-gp), a protein efflux pump. Multicellular resistance
(MCR), which emerges as soon as cells have established contact with
their microenvironment, is also involved [11]. The development of
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methods to clarify the mechanisms of tumor microenvironment-
mediated drug resistance is clearly important. Two-dimensional culture
models have been used widely as in vitro models for drug discovery in
the field of cancer biology. They are easy and convenient to set up but
lack tumor tissue features like tumor cell-tumor cell, tumor cell-stromal
cell, and tumor cell-extracellular matrix (ECM) interactions as well as
its typical structural architecture. Cancer cells are also labile, and their
behavior can be modulated by the extracellular microenvironment and
culture conditions. Comparison between the gene expression patterns
of tumor tissues and immortalized cell lines has highlighted some
transcriptional modifications in response to the in vitro environment
[12-14]). Proteome analysis of 3D compared with 2D colon cancer
cell cultures revealed a panel of alterations that may affect a wide
variety of cellular functions related to protein synthesis, proliferation,
regulation of the cytoskeleton, and apoptosis [15]. In 2D culture
models, genes associated with cell cycling, metabolism, and turnover
of macromolecules are up-regulated, showing that tumor cells adapt
to growth needs and respond to growth factors in the culture medium
[12,16,17]. On the other hand, tumor cells repress the expression of
genes that may limit their growth potential or that are not necessary
for in vitro growth. Thus, the value of 2D culture models for cancer
research is limited. Importantly, it needs to be stressed that animal
test systems are indispensable for pharmacokinetic and toxicological
evaluation of candidate therapeutic compounds. However, the number
of animal models used in the initial discovery of lead compounds has
already begun to decline because of ethical and economic concerns, as
well as inaccuracy for predicting clinical efficacy. The same is expected
to happen with regard to target validation [18].

Some 3D culture models may satisfy the demands comparatively
well and are thus promising tocls for anticancer drug screening [19).
Notably, MCS can be cocultured with immune cells to evaluate the
efficacy of immunotherapy, which progresses to future-oriented culture
models [20]. The 3D culture models known at present are listed in
(Table 1).

MCS culture models of prostate cancer cells

MCS culture is a 3D culture technique that closely mimics the tumor

microenvironment. As for the case of other malignancies, MCS culture
Model Method

Multicellular

spheroid

Description

Spherical aggregate of cells in static or stirred
suspension culture

A small number of cell types forms clusters
rather than strict spheroids Cells cultured on
the surface of an agarose gel matrix which
blocks attachment of the cells

Beads support aggregation of attached
dependent cells to form pseudo-spheroids in
gyratory and spinner flasks

Greater quantities of spheroids can be
cultivated in suspension than in liquid-overlay
cultures

Cell suspensions in Erlenmeyer flasks
Gyratory shaker containing a specific amount of medium are
rotated in a gyratory rotation incubator

The low shear environment provides an
advantage over static and stirred cultures,
allowing cells to aggregate, grow like 3D
structure and differentiate

Layers of cells cultured on top of a porous
membrane

Cells cultured in synthetic 3D-simulating
matrices

Cells cultured within a network of perfused
artificial capillaries

Spontaneous
aggregation
Liquid-overlay

Microcarrier
beads

Spinner flask

Rotary cell
culture

Cellular
multilayer
Scaffold-
based culture
Hollow-fiber
bioreactor

Table 1: Summary of three-dimensional culture models [16,18).
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models of prostate cancer cells have been used to study prostate tumor
biology, tumor cell-stromal cell interactions, and tumor cell responses
to therapy [13,21-40] Recently, a comprehensive panel of spheroid
culture models, including normal epithelial cells, their derivatives,
and classical prostate cancer cell lines, has been reported [41]. As for
MCS culture methods, spontaneous aggregation, liquid overlay, spinner
flask, and rotating-wall vessel models have been used. Liquid overlay
cultures exhibit enhanced functions relative to 2D cultures [23,25,31].
We have used round-bottomed plates coated with poly (2-hydroxyethyl
methacrylate) (poly-HEMA; Sigma. Inc., St. Louis, MO) to monitor
and manipulate arranged single spheroids at particular growth stages.
Under some culture conditions, MCS of prostate cancer cell lines
appear to be induced through enhanced expression of E-cadherin.
PC-3 (human prostate cancer cell line) cells exhibiting abnormal
E-cadherin-mediated cell-cell adhesion are unable to form compact
spheroids or tight aggregates, yet loose aggregation in a liquid overlay
culture has been reported [13,23,25-31,42]. Moreover, treatment with
an anti-E-cadherin antibody inhibits spheroid formation of DU-
145 (human prostate carcinoma, epithelial-like cell line) and LNCaP
(human prostate adenocarcinoma cell line) cells (Figurel). Besides
its function in the formation of MCS, E-cadherin plays an important
role in suppression of anoikis [43]. Aggregation of PC-3 cells rather
than MCS formation occurs on agar- or poly-HEMA-coated plates;
on Matrigel, a one-cell-thick spheroid is formed that partially induces
normal differentiation of PC-3 cells [23,25,28]. These findings suggest
that MCS formation may be dependent on tumor cell adhesion
molecules and culture conditions. In addition, different MCS formation
techniques may lead to different MCS phenotypes with different gene
expression patterns [44). Thus, it is essential to carefully select the most
appropriate method.

DU-145 cells form fused compact spheroids, and both DU-145 and
LNCaP cells grow at significantly slower rates than in 2D culture [23,25].
MCS of LNCaP cells exhibit disordered but tight cell-cell contacts, and
their characteristics differ according to the location [13]. In two studies,
the tumor cells of the intermediate zone were found to be positive for
p27 and poly (ADP-ribose) polymerase 1 (PARP-1), but negative for
Ki-67 (Figure 2a) [13,45]. These cells thus appear to be quiescent. All in
all, the structure of a MCS is heterogeneous, with proliferating cells at
the periphery and necrotic cells at the center [10,13]. Quiescent cells are
viable but remain in a reversible state of growth arrest. The mechanism
of their development within MCS remains unclear but appears to be
a consequence of microenvironmental factors such as deprivation
of growth factors and/or nutrients [10,13,46]. In general, slow-
growing tumors tend to be more drug- or ionizing radiation-resistant
than rapidly growing tumors. There is no indication as to whether
the proportion of quiescent cells is higher in MCS [11]. However,
the presence and proportion of quiescent cells may be important
determinants of the efficacy of chemotherapy

Differential expression of p18INK4c, p21wafl/cipl, and p27kipl
with respect to their location in the spheroids of EMT6 (mouse
mammary tumor cell line) and MEL28 (human melanoma cell line) cells
hasalso been reported: p21wafl/cipl is found in the outer, proliferating
cells, whereas p18INK4cand p27kip1 expression becomes elevated with
increasing depth [47]. A decrease in all cell cycle regulatory proteins
such as cyclin-dependent kinases (CDKs), CDK inhibitors (CKIs), and
cyclins in the innermost spheroid fraction has also been observed [47).
These findings suggest molecular regulation of cell cycle progression
in the inner region of spheroids due to microenvironmental stress
and hypoxia, which evokes cell cycle arrest via the cyclin-dependent
kinase inhibitor p27kipl [48]. Quiescence was found due to marked
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cell contact-dependent up-regulation of p27kipl in EMT6 spheroids,
leading to drug or radiation resistance [49,50]. Ki-67 is a nuclear
protein expressed during all active phases of the cell cycle. Therefore,
it is expressed in proliferating but not in quiescent cells [10,13,46]. In
contrast, a dramatic increase of p27kip1 was detected in every cell of the
MCS in response to serum withdrawal, which is thought to be a specific
environment [46]. In addition, up-regulation of P-gp in G0/G1-phase
cells requires expression of p27kip1 but not of p21wafl, suggesting that,
under stress conditions (for instance, in hypoxia), p27kip1 contributes
to a cell cycle arrest that is essential for cell survival, whereas P-gp
contributes to cell survival by helping detoxify waste products [51].

PARPs are enzymes present in eukaryotes; these enzymes are
involved in cell signaling through poly (ADP-ribosyl) ation of DNA-
binding proteins [52,53]. By catalyzing the addition of ADP-ribose
units to DNA, histones, and various DNA repair enzymes, they play
multifunctional roles in many cellular processes. PARP-1 (EC 2.4.2.30)
was the first of this family to be described in association with cellular
responses to DNA damage [52,53]. PARP-1 hasa critical role in the repair
of DNA single-strand breaks (SSB) through excision repair pathway.
In addition, PARP-1 binds to DNA double-strand breaks (DSB) and
activates several proteins involved in homologous recombination repair
and nonhomologous end-joining pathways. Besides being involved
in DNA repair, PARP can also act as a mediator of cell death [53].
Extensive DNA damage is known to trigger PARP overactivation with
consequent extensive NAD consumption through ADP-ribose polymer
synthesis, leading to ATP depletion and induction of necrosis.

In human malignancies, increased expression of PARP-1 has been
reported in Ewing’s sarcomas and in malignant lymphomas; conversely,
decreased PARP-1 expression has been found in breast cancer and
several other cell lines [53]. High PARP expression in prostate cancer cell
lines compared to benign cell lines has already been reported, in which
greater than 90% of LNCaP cells showed positivity for PARP before
and after treatment with H202 [54]. In LNCaP spheroids, expression
of PARP-1 was detected and confined to the intermediate zone (Figure
2a) [37,45], but real-time PCR demonstrated that expression of PARP-1
in 2D cultures is higher than in spheroid cultures. The specific location
means that PARP maycontribute to the characteristics of the quiescent
cells within the LNCaP spheroids, being linked with the target molecule
in prostate cancer treatments. However, [55] reported that in glioma
spheroids, PARP expression, which is initially diffuse, becomes confined
to the outer proliferative zone, paralleling the expression of Ki-67. The
authors speculated that this phenomenon might be consistent with a
role for PARP in cell proliferation and determination of the biological
behavior of gliomas.

Epigenetic mechanisms that can affect gene expression without
altering the actual sequence of DNA include DNA methylation,

Figure 1: Role of E-cadherin in the formation of a LNCaP spheroid. (A)
LNCaP cells form spheroids when cultured on poly-HEMA-coated dishes. (B)
Treatment with an anti- E-cadherin antibody (HECD-1) inhibits LNCaP spheroid
formation (Takagi et al., unpublished data).
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Figure 2: Localization of PARP-1 in a LNCaP spheroid and structure of a
multicellular spheroid (MCS). (A) A section of a 7-day spheroid was stained
with an anti-PARP-1 antibody (A6.4.12; Serotec, Oxford, UK). There is the
intermediate zone with PARP immunostaining. (B) Structure of a MCS and
characteristics of the tumor microenvironment. The structure of the spheroid
favors genetic and epigenetic alterations.

RNA-associated silencing, and histone modification. These
phenomena importantly affect gene expression during development
[56]. Methylation of the C5 position of cytosine residues in DNA is
recognized as a particularly important epigenetic silencing mechanism.
Histone modification is another important epigenetic mechanism that
determines their interactions with other proteins, thereby regulating
chromatin structure and remodeling. DNA methylation and histone
modifications related to chromatin remodeling have been intensively
analyzed in various tumor types [57]. Thus, it is interesting to
examine the epigenetic state of cancer cells in spheroids. [58] found
that, similar to spheroids, TSUPrl cells dynamically change their
methylation patterns and the expression of E-cadherin as a function
of the cellular microenvironment. They distinctively speculated that
the cellular microenvironment selects for cells that have an appropriate
methylation pattern, and that spheroid formation may increase the
transcriptional expression E-cadherin, which in turn may drive regional
hypomethylation of densely methylated CpG islands. This finding is
very interesting because a methylation-regulated gene in a spheroid
culture changes within a few days as compared to 2D cultures. A recent
study by [59] has shown that increased levels of heterochromatin in
spheroids characterized by histone H3 deacetylation and increased
heterochromatin protein la expression result in improved radiation
survival and reduced numbers of DNA DSBs and lethal chromosome
aberrations. A previous report showed that 3D growth of mammary
epithelial cells reduced histone H3 and H4 acetylation and gene
expression, although ECM-controlled cell shape was discussed [60].
Few studies about DNA methylation in spheroids have been reported.
Similarly, little is known about the action of DNA methyltransferase
(DNMT) enzymes. However, preliminary data showed that there are no
significant differences in long interspersed nucleotide element 1 (LINE-
1) hypomethylation between 2D culture and MCS of LNCaP cells [37].
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The microenvironment of solid tumors such as prostate cancer
is characterized by hypoxia, low extracellular pH, and nutrient
deprivation. Under hypoxia, tumor cells increase expression of various
genes, for instance those contributing to angiogenesis, partially through
hypoxia-induced factor 1 (HIF-1). On the other hand, genes involved in
cellular adhesion and DNA repair are decreased [61]. Down-regulation
of mutL homologue 1 (MLH-1) in 2D cultures of EMT-6 cells under
hypoxic conditions has been detected, with PM2 expression being
unchanged [62]. However, down-regulation of PM2 was detected in
EMT-6 spheroids. These results suggest that tumors can down-regulate
DNA mismatch repair as a result of a series of microenvironmental
factors, which results in increased resistance to alkylating agents. It
has been hypothesized that hypoxia may influence local epigenetic
alterations, leading to inappropriate silencing and reawakening of
cancer genes [63]. A reduction of 5-methylcytosine in xenografts
compared to the levels in the same cancer cell lines in vitro has been
reported, providing direct evidence that epigenetic events in solid
tumors may be modulated by microenvironmental stress [64]. In several
mammalian cell lines, hypoxia increases globaldimethylated histone
H3 lysine 9 (H3K9me2) expression through histone methyltransferase
G9a, leading to inhibition of gene expression [64].

These findings suggest that epigenetic alterations in spheroids may
be linked to their microenvironment. Whether activation or stimulation
of anticancer drug resistance-related genes such as MDR-1 is brought
about by epigenetic events is an intriguing possibility that needs to be
analyzed.

Applications to prostate cancer therapy

Like solid tumors in vivo, MCS is characterized by hypoxic
regions, The presence of hypoxic tumor microenvironment correlates
with increased tumor invasiveness, metastases, and resistance to
chemotherapy and radiotherapy [65]. Chemotherapeutic drug
resistance in cancer cells under hypoxia is partially caused by reduced
toxicity because of the absence of molecular oxygen. Hypoxia and
nutrient deprivation can also promote mitochondrial reactive oxygen
species (ROS) production, which result in modulation of ROS levels
and energy metabolism to activate many signalling pathways leading to
HIF family protein stabilization and activation [66]. Chemotherapeutic
drug resistance is caused by HIF family-induced inhibition of cell cycle
progression and proliferation.

Androgen ablation leads to an initial favorable response in patients.
However, most relapse with an aggressive form of the disease known
as castration-resistantor hormone-refractory prostate cancer. As
critical molecular events that lead to prostate cancer cell resistance
to androgen-deprivation therapy have been reported, there is also a
possibility that hypoxia may be involved in the transition to androgen
independence. Crosstalk between the androgen receptor and HIF-1a in
prostate cancer cells has been reported [67]. Thus, methods of targeting
the microenvironment, especially hypoxia, have been investigated, e.g.,
to increase the oxygen supply to the tumor hypoxic area, to exploit
the microenvironment by using bioreductive drugs, and to exploit the
biological response to hypoxia by targeting HIF-1a.

PARP has attracted considerable attention as a therapeutic target for
various diseases including cancer. Enhanced PARP-1 expression and/
or its activity has been shown in several tumor cell lines, contributing
to resistance to genotoxic stress and ability to survive exposure to
DNA-damaging agents [52,53]. Inhibition of PARP-1 thus enhances
the efficiency of alkylating agents and ionizing radiation [53]. These
results have stimulated the development of specific PARP-1 inhibitors
as potential chemoand radiosensitizers. Several small-molecule
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PARP inhibitors have indeed been synthesized and introduced into
the clinic for treatment of cancer patients [53]. Research into breast
cancer 2 susceptibility protein (BRCA2)-deficient cells, which are
highly sensitive to inhibitors of PARP, has provided the basis for new
therapeutic approaches [53]. Recently, a PARP inhibitor has been
reported to radiosensitize DU-145 cells under hypoxia [68]. Like PARP,
other proteins expressed by quiescent cells in MCSs may constitute
targets for prostate cancer therapy.

The cancer stem cell (CSC) theory has emerged as a paradigm
shift in our understanding of cancer as a disease of stem cells. A
small subset of cancer cells within the tumor mass has the exclusive
capacity to divide and expand the CSC pool and to differentiate into
nontumorigenic, more differentiated cancer cell lineages. The existence
of these small subsets of cells is responsible for tumor recurrence and
metastasis. Thus, effective therapeutics should target rare CSCs that
sustain tumor malignancy [69]. Such small subsets have been detected
not only in malignancies of the blood but also in solid tumors in the
brain, breast, and prostate, among others. Recent studies with prostate
cells have also shown that nonmalignant immortalized cell lines and
malignant cell lines contain a subset of cells with stem cell properties.
In the spheroid culture system, nonmalignant and malignant human
hTERT-immortalized prostate epithelial cells have been reported to
maintain high CD133 expression [70]. The spheroid culture methods
appear to contribute to the identification of CSCs from the prostate,
which may be a new target for prostate cancer therapy.

Summary

MCS culture models have become a mainstream culture model for
tumor biology and identification of anticancer resistance mechanisms
as an alternative to the classical 2D culture models that poorly reflect
the structural characteristicsseen in vivo. MCS culture models better
mimic the growth characteristics of in vivo solid tumors. Like other
solid tumors, prostate cancer creates a microenvironment characterized
by hypoxia, acidosis, and nutrient deprivation, which collectively
lead to tumor genetic and adaptive changes (Figure 2b). The tumor
microenvironment correlates with prostate cancer invasiveness,
metastasis, and resistance to radiotherapy and chemotherapy. Hypoxia
may also be involved in the transition of prostate cancer to androgen
independence. MCS culture models are a good model for understanding
the mechanisms of resistance to chemotherapy, radiotherapy, and
androgen ablation, and discovery of new targets for prostate cancer,
especially androgen-independent cancer. Our review has highlighted
the characteristics of prostate cancer MCS (p27 and PARP expression,
and epigenetics), and underlined the tumor microenvironment as target
for prostate cancer therapy. MCS culture models appear to contribute to
the identification of CSCs from the prostate.

Further studies are needed to clarify mechanisms such as epigenetic
regulation, to better characterize the formation of MCS, and to apply
this knowledge into prostate cancer biology and the discovery of new
targets for prostate cancer.
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1. Introduction

The in vitro micronucleus (MN) test is widely used for scréening genotoxic compounds, but it often
produces false-positive results. To consider the significance of positive results, it is important to
know whether DNA adducts are formed in the cells treated with the test compound. Recently,
Matsuda et al. developed the DNA adductome approach to detect DNA adducts comprehensively
([4] Kanaly, et al., Antioxid. Redox Signal., 20086, 8, 993-1001). We applied this method to assess
the DNA-damaging capability of in vitro MN test-positive compounds. CHL/IU cells were treated
with compounds from three categories: (1) carcinogens causing DNA alkylation, ethyl methane-
sulfonate and N-methy}-N'-nitro-N-nitrosoguanidine; (2) carcinogens producing DNA bulky adducts,
2-amino-6-phenyl-1-methylimidazo[4,5-b]pyrene, benzo[alpyrene, 7,12-dimethylbenz[a)anthracene,
and 4-nitroquinoline-1-oxide, and (3) non-carcinogens, caffeine, maltol, and sodium chloride, with or
without metabolic activation. With the conditions in which all test compounds gave positive results in
the MN tests, DNA was extracted from the cells and hydrolyzed to deoxyribonucleosides, which were
subsequently subjected to LC/ESI-MS/MS analysis. All carcinogens (categories 1 and 2) produced various
DNA adduct peaks, and some of the m/z peak values corresponded to known adducts. No non-carcinogens
produced DNA adducts, indicating that these compounds produced MN through different mechanisms
from the adduct formation. These results indicate that the adductome approach is useful to demonstrate
DNA damage formation of MN test-positive compounds and to understand their mechanisms of action.

© 2010 Elsevier B.V. All rights reserved.

Direct or indirect DNA reaction with a compound is an exam-
ple of MOA, and should be first considered after a positive result

In regulatory science, in vitro genotoxicity tests are used for
examinations of gene mutations and chromosomal alterations due
to DNA damage caused by chemicals. The tests can predict carcino-
genic potential of new chemicals applicable as pharmaceuticals,
industrial materials, food additives, and cosmetic ingredients. If a
compound shows a positive result from these tests, further in vitro
studies to clarify the mechanism of its action (MOA) or in vivo
genotoxicity tests are required to assess the risk for human health.
Kirkland et al. demonstrated recently that the results from in vitro
genotoxicity tests, esp=cially the chromosome aberration assay and
the micronucleus test in Chinese hamster cells and the mouse lym-
phoma tk locus assay, are highly discrepant from the results from
rodent in vivo carcinogenicity tests [1].

* Corresponding author. Tel.: +81 72 254 9802; fax: +81 72 254 9938,
E-mail address: yagi-t@riast.osakafu-u.ac.jp (T. Yagi).

1383-5718/$ - see front matter © 2010 Elsevier BV. All rights reserved.
doi:10.1016/j.mrgentox.2010.11.012

is obtained in in vitro genotoxicity tests [2]. Direct DNA-reactive
compounds are considered to have a non-effective threshold in the
dose-response relationship in carcinogenesis; however, non-DNA-
reactive (indirect) compounds have a threshold. It is considered
that there is no cancer risk below the threshold level exposure;
therefore, evidence of direct or indirect reaction of the genotoxicity
test-positive compound is important for its cancer risk evaluation.
A rapid, sensitive, and accurate method to measure cellular DNA
damage, that s, direct DNA reactivity in cells, at the same experi-
mental condition as the genotoxicity test will be required to clarify
the MOA of the compound.

DNA damage formation can be measured using various analyti-
cal methods [3]. The amount of DNA adducts can be determined by
measuring radioactive decay or accelerator mass spectrometry of
radiolabeled adduct residues in DNA of the cells treated with radio-
labeled chemicals. When the labeled compounds are not available,
adducts can be measured by 32P post-labeling analysis, physic-
ochemical methods including mass spectrometry, fluorescence
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spectrometry, and electrochemical detection, or by immunochem-
ical methods. Each of these approaches has different merits and
limitations, and the measurement of DNA adduct formation needs
a specific experimental protocol that is dependent on the reactiv-
ity and characteristics of each compound. None of these methods
is very sensitive and accurate to quantitate the amount of DNA
damage at the low concentration used in in vitro genotoxicity tests.

Recently, Kanaly et al. developed the “DNA adductome”
approach to detect DNA adducts comprehensively using high-
performance liquid chromatography equipped with tandem mass
spectrometry (LC-MS/MS) [4]. The technique allows comprehen-
sive monitoring of multiple types of DNA adducts that have
different molecular weights even though their molecular struc-
tures are unknown. The technique can detect adducts in cellular
DNA with extremely high sensitivity by comparing the “adductome
maps” of treated and untreated cells, and is applicable to the anal-
ysis of DNA damage produced in various experimental protocols
in vivo and in vitro.

In this study, we combined this adductome approach with the
in vitro micronucleus (MN) test to examine whether adductome
analysis is useful in regulatory science. Chinese hamster lung (CHL)
cells were treated with representative MN-inducing compounds
with different MOA, and the increase in the MN incidence was con-
firmed. Following chemical treatment with the identical condition
to the MN test, DNA was extracted from the cells, and DNA adducts
were measured by adductome analysis. DNA adducts should not
be detected in cells treated with non-DNA-reacting compounds
suchas caffeine, maltol, and sodium chloride, whereas DNA adducts
should be detected in cells treated with directly DNA-reacting com-
pounds such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
and 4-nitroquinoline-1-oxide (4-NQO). If the adductome analysis
in the MN test condition is valid in this pilot study, newly found
MN-positive compounds would be rapidly evaluated in terms of
whether they are directly or indirectly reactive to DNA by adduc-
tome analysis, which may become a new standard method for the
MOA evaluation of in vitro genotoxic compounds.

2. Materials and methods
2.1." Test chemicals and reagents

Nine compounds were selected for the MN test and adductome analysis,
which were classified into three categories: group A, carcinogens known to
produce alkyl residues including ethylmethanesulfonate (EMS) and N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG); group B, carcinogens known to make
bulky DNA adducts including 2-amino-6-phenyl-1-methylimidazo[4,5-b]pyrene
(PhIP), benzo|a]pyrene (B[a]P), 7,12-dimethylbenz[ajanthracene (DMBA), and 4-
nitroquinoline-1-oxide (4-NQO), and group C, non-carcinogens including caffeine,
maltol, and sodium chloride (NaCl). EMS, Bla]P, 4-NQO, and caffeine were pur-
chased from Sigma Co. (St. Louis, MO, USA), and the other chemnicals were purchased
from Wako Chemical (Osaka, Japan). They were dissolved in distilled water (DW),
dimethyl sulfoxide (DMSO), phosphate buffered saline (PBS), physiological saline
(saline), or minimum essential medium with 10% calf serum (MEM), immediately
before treatment (Table 1). The solvent for each test chemical was used as a negative
control.Ifa chemical required metabolic activation to exert its genotoxicity, rat liver
59 mix, which was designed for the in vitro chromosomal aberration test (Kikkoman
Corporation, Noda, Japan), was added simultaneously during the treatment period
(Table 1).

05-methyl deoxyguanosine was purchased from Chemsyn Science Laborato-
ries (Kansas, USA). N’-methyl deoxyguanosine was synthesized according to the
method reported by Yang et al. [5]. ['SNs, 13Cyo]-2-(2'-deoxyguanosine-8yl)-3-
aminobenzanthrone (['*Ns, '3C;0]-dG-8-ABA) was kindly supplied by Dr. Takamura
of Kanagawa Institute of Technology. These compounds were used for chro-
matogram standards for the LC/ESI-MS/MS analysis.

22. Cells

CHL/IU cells were obtained from DS Pharma Biomedical Co. Ltd. (Osaka, Japan)
and used in all experiments. The cells were maintained in Eagle's minimum essential
medium (MEM; Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) supplemented with
10% heat-inactivated (56 C for 30min) calf serum (CS; Hana-Nesco-Bio Co., Tokyo,
Japan) in a 5%-CO, incubator at 37<C.

2.3. MN test

The cells were seeded in $60mm plastic dishes at 1.6 x 10* cells/dish for the
micronucleus tests. The cells were treated with the test chemicals for 6h in the
absence or presence of 59 mix followed by a 20-h recovery period (Fig. 1). Then, the
cells were trypsinized and counted. Cytotoxicity was evaluated using the relative cell
survival rate, which was defined as the number of chemical-treated cells divided by
the number of solvent-treated cells. The cells were spun down and then resuspended
in KCI hypotonic solution (75 mM) for 5 min at room temperature. The hypotonized
cells were fixed twice in methanol:glacial acetic acid (3:1). Finally, the cells were
suspended in methanol containing 1% acetic acid and dropped ontoglassslides. After
drying, the cells were stained with 0.04% acridine orange solution and subjected to
microscopic examination. One thousand intact interphase cells were observed using
a microscope, and the incidence of the MN cells was calculated. Fisher's exact test
was performed for a statistical analysis.

2.4. DNA extraction

The cells were seeded in ¢150 mm plastic dishes at 10 x 104 cells/dish for DNA
extraction. The cells were treated with test chemicals for 6 h in the absence or pres-
ence of S9 mix (Fig. 1). The treatment was carried out with the same experimental
protocol as the MN test. The cells were detached by trypsinization, and cellular DNA
was extracted according to the method described previously |1]. Purified DNA was
suspended in distilled water, and the DNA concentration was determined by mea-
suring absorbance at 260 nm using a UV-vis spectrophotometer. An aliquot of DNA
(100 jug) was transferred to a 1.5 mL Eppendorf tube and subjected to evaporation.

2.5. Digestion of DNA samples

DNA was enzymatically hydrolyzed to nucleosides by the micrococcal nucle-
ase/spleen phosphodiesterase (MCN/SPD) method or the nuclease P1 method
as described below. In the MCN/SPD method, DNA (100 1g) was enzymatically
hydrolyzed to 2'-deoxyribonucleoside-3'-monophosphates for 3 h at 37:C by the
addition of 45 pL of buffer (17 mM sodium succinate and 8 mM CaCl; at pH 6.0)
and 9 L of MCN/SPD mix consisting of 7.5 units/uL MCN (Worthington Biochem-
ical, Lakewood, NJ) and 0.025 units/uL SPD (Sigma, St. Louis, MO). Then, 3 units of
alkaline phosphatase, 30 uL of 0.5 M Tris-HCI (pH 8.5), 15 p.L of 20 mM ZnS0,, and
200 p.L of water were added and further incubated for 3h at 37°C.

In the nuclease P1 method, DNA (100 pg) was enzymatically hydrolyzed to
2'-deoxyribonucleoside-5'-monophosphates by the addition of 300 wl of buffer
(30mM sodium acetate at pH 5.3 and 10mM 2-mercaptoethanol), 15 pL of 20mM
ZnS04, 15 pl of water, 3 units of alkaline phosphatase (Wako, Osaka, Japan), and
6 units of nuclease P1 (Wako, Osaka, Japan) for 3h at 37-C. Then, 60 pl of 0.5M
Tris-HCl (pH 8.5) was added and incubated for another 3hat 37°C.

The digested samples were extracted twice with methanol. The resul-
tant methanol fraction was completely evaporated, and the remaining
2'-deoxyribonucleosides were dissolved in 160 L of 30% DMSO containing
an internal standard (11.5nM ['5Ns, 13C;0]-dG-8-ABA).

2.6. Adductome analysis by LC/ESI-MS/MS

The analysis was performed using the Shimadzu HPLC System (Shimadzu),
which consists of LC-10ADvp bipumps, a SIL-10ADvp autosampler, a Shim-pack
XR-ODS (3.0mm x 75 mm, 2.2 wm, Shimadzu), and a SPD-10 ADvp UV-Vis detec-
tor. The HPLC mobile phases A and B were water and methanol, respectively. The
HPLC flow rate was set at 0.2 mL/min. The HPLC gradient started at 5% B, was
increased linearly to 80% B over 20min, and returned to the initial condition over
1min, which was maintained for a further 10 min. The HPLC system was interfaced
with a Quattro Ultima Pt (Waters-Micromass) tandem quadrupole mass spectrom-
eter with an electrospray interface. The temperature of the electrospray source was
maintained at 130°C, and the desolvation temperature was maintained at 380-C.
Nitrogen was used as the desolvation gas (700L/h), and the cone gas was set to
30L/h. The capillary voltage was set at 3.5KkV. The collision cell pressure and colli-
sion energy were set to 3.8 x 10-3 mBar and 15eV, respectively. The adducts were
analyzed by MS/MS using multiple reaction monitoring (MRM). lon transition was
set at [M+H]" - [M+H-116]*; the [M+H] of which ranged from mjz 250 to m/z 702,
The LC/ESI-MS/MS was set to monitor 32 ion transitions simultaneously in each
injection and 10 p.l of each sample was injected 15 times. The ion transitions for
an internal standard (m/z 526 — m/z 405) were monitored in each injection. The
absorbance at 254 nm was also monitored with a UV-Vis detector to monitor DNA
digestion, and the peak area of 2'-deoxyguanosine (dG) was used for data analysis
peak normalization as described below.

2.7. Data analysis

DNA adduct peaks were extracted by comparing chromatograms between the
controls (solvent-treated samples) and chemical-treated samples using the follow-
ing criteria: the signal to noise (S/N) ratio of the detected peak should be more than
3, and the peak area should be 3 times larger than the control peak. When a pos-
sible adduct peak was detected, a repeated MN test and adductome analysis were



