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tumor suppressor genes during tumorigenesis. Recombination
events are not detected by cytogenetic assays. Liechty et al.
(1998) speculated that the MLA is able to detect recombination
because of the autosomal location and the heterozygous status
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of the Tk gene. There is also evidence that the MLA can detect
aneuploidy. It is especially important for regulatory purposes to
collect more evidence demonstrating that the MLA is capable
of detecting aneuploidy and recombination.

For our analysis, we needed mutants that were the result of
deletion, mitotic recombination, or aneuploidy. For this
purpose, we used three chemicals (AZT, mitomycin C, and
taxol) to induce Tk mutants. AZT is a thymidine analogue that
is clastogenic (Wang et al., 2007). Mitomycin C is a potent
clastogen, and it induces mutations in the Tk gene (Davies
et al., 1993; Dobrovolsky et al., 2002). Taxol can impair cell
spindles and induce aneuploidy (Ikui et al., 2005; Mailhes
et al., 1999; Schiff and Horwitz, 1980).

As mentioned earlier, Honma et al. (2001) performed an
analysis of Tk mutants using two aneugens, colchicine and
vinblastine. The increase in MF was not very high, even after
a 24-h treatment (3.6- and 2.3-fold over the control, for
colchicine and vinblastine, respectively), so the mutants
isolated and analyzed from these chemically treated cultures
would include a large number of spontaneous mutants. In the
present study, the MFs were much higher (4.8- to 16.6-fold
over the control), indicating that many to most of the analyzed
mutants were induced by the test chemicals.

Early cytogenetic studies of MLA Tk mutants showed that
many SC mutants have recognizable chromosome aberrations
involving the chromosome 11 that camries the Tk™ allele. At
that time, the chromosome aberrations identified in Tk mutants
were primarily translocations (Blazak et al., 1986; Hozier
et al., 1981; Moore et al., 1985). Later, Southemn blot analysis
and an allele-specific PCR technique were used to determine
the status of the Tk allele (Applegate et al., 1990; Liechty et al.,
1994, 1996). Most of the SC mutants (both spontaneous and
from treated cultures) and a large fraction of L.C mutants
(depending upon the mutagen) showed the loss of the Tk*
allele, which indicates that the MLA is able to detect LOH,
the most common mutational mechanism in human cancer.

Liechty et al. (1998) analyzed a large number of
spontaneous Tk mutants using LOH analysis as well as
chromosome painting. Their analysis provided evidence to
support the hypothesis that the MLA detects recombination.
However, the mutants they analyzed were all spontancous

FIG.2. G-banding analysis of mouse lymphoma Tk mutants A3C2, A6C2,
and ASD6 that were isolated from a culture treated with 1 mg/ml AZT. The
circled chromosomes are chromosome 11. The analysis of mutant A3C2 (top
photo) shows a normal metaphase: two chromosome 11 with normal length and
banding pattems (Tk" chromosome is on the right). The analysis of mutant
A6C2 (middle photo) shows a visible deletion of the Tk* chromosome (left,
indicated by an arrow). The Tk™ chromosome (right) has a normal banding
pattern. The analysis of mutant ASD6 (bottom photo) shows a visible deletion
of the distal Tk chromosome resulting from an unbalanced translocation
(translocation site indicated by an arrow). The Tk~ chromosome (right) has
a normal banding pattem. Note that the Tk™ chromosome has a bigger
centromere than the Tk~ chromosome. This centromeric heteromorphism can
be used to distinguish between the Tk* and Tk~ chromosomes.
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FIG. 3. G-banding analysis of mouse lymphoma Tk mutants MS8 (isolated
from a cell culture treated with 0.4 pg/ml mitomycin C) and mutant A5SD2
(isolated from a cell culture treated with 1 mg/ml AZT). Their metaphase cells
display complex chromosome alterations. The circled chromosomes are
chromosome 11. The Tk* chromosome has a bigger centromere than the T4~
chromosome. This centromeric heteromorphism can be used to distinguish
between the Tk and Tk~ chromosomes. In the top photo for mutant MS8, the
Tk~ chromosome (top) shows a normal banding patten, while the Tkt
chromosome (bottom) is abnormally long. It is formed by two chromosome
11 joined together (translocation site indicated by an arrow). In the bottom
photo for mutant ASD2, two Tk~ chromosomes were identified: one (left)
shows a normal banding pattern; the other (middle) is translocated to another
chromosome (translocation site indicated by an arrow). The Tk* chromosome
(right) was partially deleted by an unbalanced translocation (translocation site
indicated by an arrow).

mutants. In addition, although chromosome painting is
relatively easy to perform and analyze, it is not as informative
as conventional G-banding analysis. In their swmdy, four
mutants showed interesting chromosome alterations: two
chromosome 11 with different lengths. Without G-banding
analysis, those aberrations could not be identified. Previously
we analyzed a mutant isolated from a bleomycin-treated culture
(mutant 950, Clark et al., 2004) and chromosome painting

WANG ET AL.

FIG. 4. Chromosome painting analysis of mouse lymphoma Tk mutants
TL8 and TL2 that were isolated from a culture treated with 1 pg/ml taxol. The
chromosome 11 probe is labeled with red fluorescence. The top photo for mutant
TL8 shows only one chromosome 11 (chromosome loss). The bottom photo for
mutant T1.2 shows two chromosome 11 (chromosome duplication after loss).

showed a similar result: two chromosome 11 with different
lengths, with a partial LOH pattern. This was first interpreted as
a deletion. However, further analysis using G-banding revealed
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FIG. 5. Chromosome painting and G-banding analysis of mouse
lymphoma Tk mautant 950 isolated from a bleomycin-treated culture (Clark
et al., 2004). The chromosome 11 probe is labeled with red fluorescence.
Chromosome painting (top photo) shows two chromosome 11 of different
length. The G-banding analysis (bottom photo) shows complex chromo-
some alterations. The circled chromosomes are chromosome 11. The Tk~
chromosome (left) shows a normal banding pattern, while the Tkt
chromosome (right) is abnormally long. It is formed by two chromosome 11
joined together (transtocation site indicated by an arrow). Note that the Tk
chromosome has a bigger centromere than the Tk~ chromosome. This
centromeric heteromorphism can be used to distinguish between the Tk and
Tk™ chromosomes.

that the “longer” chromosome 11 was actually formed by two
(or two parts of) chromosome 11 in an unbalanced trans-
location, while the ‘“shorter” chromosome 11 was actually
anormal Tk~ chromosome (Fig. 5). Therefore, in this study we
used a combination of all the different analysis methods to
identify the mutation types. Interestingly, five mutants (four
from the AZT treatment and one from mitomycin C) were found to
have alterations similar to mutant 950: deletion with aneuploidy.
The proportion of this specific aberration in the mutants we
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analyzed is very high: 5 of the 19 analyzed were partial
chromosome 11 LLOH mutants. The underlying mechanism for
this event is unclear. We speculate that the 7k~ chromosome
duplication is some type of compensation for the deletion of the
Tk™ chromosome, resulting in partial trisomy (aneuploidy). This
unique aberration may be related to the clastogenicity of the
chemical: AZT, mitomycin C, and bleomycin are all clastogens.

Although chromosome loss is the primary mutation
mechanism whereby aneugens induce Tk -deficient mutants,
few cells were found to be monosomic for chromosome 11 in
this study. We analyzed nine mutants showing complete
chromosome 11 LLOH. The majority were mosaic with most
having chromosome duplication after loss. This probably
occurs because duplication of the Tk~ chromosome is a repair/
compensation mechanism after the loss of the Tk™ chromo-
some. Cells containing two Tk~ chromosomes would be
expected to have a growth advantage over cells containing only
one Tk~ chromosome, thereby becoming the predominant cell
type in the culture (Honma et al., 2001).

The results clearly demonstrate that MLLA Tk mutants can
result from recombination, deletion, and aneuploidy. The
ability to detect recombination is a particular advantage of
the MLA. Recombination is an important pathway for repairing
DNA double-strand breaks, and it is essential for cellular
survival in mammals (Helleday, 2003). It cannot be detected by
assays using hemizygous reporter genes, such as Hprt. The
ability to detect large deletions is another advantage of the
MLA. This may be due to the Trp53 status of the L5178Y/Tk*
~ mouse lymphoma cell line. In this cell line, both alleles of the
Trp53 gene have point mutations, one of which likely results in
no protein production (the point mutation produces a stop
codon) and the other results in the production of a mutant
Tip53 (Clark et al., 1998; Storer et al., 1997). Large-scale
damage may be incompatible with the survival of Trp53-sufficient
cells; these cells will undergo apoptosis under the surveillance of
Tip53 (Honma et al., 2000). The Trp53 status may also play
a critical role in the ability of the MLA to detect aneuploidy
(Honma et al., 2001). In mammalian cells, Trp53 is involved in the
maintenance of diploidy by participating in a mitotic checkpoint
and the regulation of centrosome duplication (Cross et al., 1995;
Honma et al., 2001; Tarapore and Fukasawa, 2000).

It should be emphasized that while this analysis indicates that
the MLA can detect newly induced deletions, mitotic re-
combination, and aneuploidy, it does not provide insight into
the relative proportion of the various types of mutational events
or the efficiency with which these events are detected. While we
have combined several powerful techniques to elucidate the
mutations, all these techniques are very “blunt” tools. The nine
LOH markers were distributed across chromosome 11, but from
the perspective of potentially mutable sites, only a tiny fraction of
the chromosome could be evaluated. Furthermore, our strategy
of combining the G-banding analysis with the LOH analysis to
distinguish between deletion and mitotic recombination required
that the breakpoints be located so that at least approximately 25%
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of the chromosome would be deleted (and readily visible by
banded karyotype) if the mutant were a deletion rather than
resulting from mitotic recombination.

To understand the mechanism for the induction of every
mutant, and ultimately to fully understand the fundamental
differences between the small and LC Tk mutants, the analysis
must be conducted in a way that can interrogate a much larger
portion of chromosome 11. We are cumently initiating
a research project to utilize comparative genomic hybridization
microarray technology in combination with our current tools.

Our present study clearly demonstrates that the MLA can, in
fact, detect deletion, recombination, and aneuploidy and
provides new evidence for the utility of the MLA in
a mechanistically based genotoxicity hazard identification
battery. Depending upon the question that is being addressed
and the importance of understanding the mutations induced by
a particular chemical, our strategy of combining cytogenetic
and molecular analysis of mutants can be used to provide more
than a simple mutagenic/nonmutagenic hazard assessment.

FUNDING

Supported in part by an appointment (J.W.) to the Research
Participation Program at the National Center for Toxicological
Research administered by the Oak Ridge Institute of Science
and Education (Oak Ridge, TN) through an interagency
agreement between the U.S. Department of Energy and the
U.S. Food and Drug Administration

ACKNOWLEDGMENTS

Disclaimer: The findings and conclusions in this report are
those of the authors and do not necessarily represent the views
of the U.S. Food and Drug Administration.

REFERENCES

Aardema, M. J., Albertini, S., Armi, P., Henderson, L. M., Kirsch-Volders, M.,
Mackay, J. M., Sarrif, A. M., Stringer, D. A., and Taalman, R. D. F. (1998).
Aneuploidy: A report of an ECETOC task force. Mutat. Res. 410, 3-79,

Applegate, M. L., Moore, M. M., Broder, C. B., Burell, A,, Juhn, G.,
Kasweck, K. L., Lin, P. F., Wadhams, A., and Hozier, J. C. (1990).
Molecular dissection of mutations at the heterozygous thymidine kinase
locus in mouse lymphoma cells. Proc. Natl Acad. Sci. US.A. 87, 51-55.

Blazak, W. F,, Los, F. J., Rudd, C. 1., and Caspary, W. J. (1989). Chromosome
analysis of small and large L5178Y mouse lymphoma cell colonies:
Comparison of triflucrothymidine-resistant and unselected cell colonies from
mutagen-treated and control cultures. Mutat. Res. 224, 197-208.

Blazak, W. F., Stewart, B. E., Galperin, L, Allen, K. L., Rudd, C. J,
Mitchell, A. D., and Caspary, W. 1. (1986). Chromosome analysis of
trifluorothymidine-resistant L5178Y mouse lymphoma cell colonies. Envi-
ron. Mutagen. 8, 229-240.

Chen, T., Harrington-Brock, K., and Moore, M. M. (2002). Mutant frequencies
and loss of heterozygosity induced by N-ethyl-N-nitrosourea (ENU) in the

WANG ET AL.

thymidine kinase (TK) gene of L5178Y/T, k++-3.7.2C mouse lymphoma cells.
Mutagenesis 17, 105-109.

Chen, T., and Moore, M. M. (2004). Screening for chemical mutagens using
the Mouse Lymphoma Assay. In Methods in Pharmacology and Toxicology
Optimization in Drug Discovery: In Vitro Methods (Z. Yan and
G. W. Caldwell, Eds.), pp. 337-352. Humana Press, Totowa, NJ.

Cimino, M. C., Tice, R. R., and Liang, J. C. (1986). Aneuploidy in mammalian
somatic cells in vivo. Mutat. Res. 167, 107-122.

Clark, L. S., Harington-Brock, K., Wang, 1., Sargent, L., Lowry, D,
Reynolds, S. H., and Moore, M. M. (2004). Loss of P53 heterozygosity is not
responsible for the small colony thymidine kinase mutant phenotype in
L5178Y mouse lymphoma cells. Mutagenesis 19, 263-268.

Clark, L. S., Hart, D. W,, Vojta, P. J., Harrington-Brock, K., Barrett, J. C.,
Moore, M. M., and Tindall, K. R. (1998). Identification and chromosornal
assignment of two heterozygous mutations in the Trp53 gene in L5178Y
Tk 3.7.2C mouse lymphoma cells. Mutagenesis 13, 427-434.

Clive, D., Glover, P., Applegate, M., and Hozier, J. (1990). Molecular aspects
of chemical mutagenesis in L5178Y/T & mouse lymphoma cells.
Mutagenesis §, 191-197.

Cross, S. M., Sanchez, C. A, Morgan, C. A, Schimke, M. K., Ramel, S.,
Idzerda, R. L., Raskind, W. H., and Reid, B. 1. (1995). A p53-dependent
mouse spindle checkpoint. Science 267, 1353-1356,

Davies, M. 1, Phillips, B. J., and Rumsby, P. C. (1993). Molecular analysis of
mutations at the Tk locus of L5178 mouse lymphoma cells induced by ethyl
methanesulphonate and mitomycin C. Mutat. Res. 290, 145-153.

Dearfield, K. L., and Moore, M. M. (2005). Use of genetic toxicology
information for risk assessment. Environ. Mol. Mutagen. 46, 236-245.

Dobrovolsky, V. N., Shaddeck, J. G., and Heflich, R. H. (2002). Mutagenicity
of gamma-radiation, mitomycin C, and etoposide in the Hprt and Tk genes of
Tk mice. Environ. Mol. Mutagen. 39, 342-347.

Duesberg, P., Rasnick, D., Li, R., Winters, L., Rausch, C., and Hehlmann, R.
(1999). How aneuploidy may cause cancer and genetic instability.
Anticancer Res. 19, 4887-4906.

Helleday, T. (2003). Pathways for mitotic homologous recombination in
mammalian cells. Mutat. Res. 532, 103-115.

Honma, M., Hayashi, M., Shimada, H., Tanaka, N., Wakuri, S., Awogi, T.,
Yamamoto, K. I, Ushio-Kodani, K. N., Nishi, Y., Nakadate, M., et al.
(1999). Evaluation of the mouse lymphoma Tk assay (microwell method) as an
altemative to the In vitro chromosomal aberration test. Mutagenesis 14, 5-22.

Honma, M., Momose, M., Sakamoto, H., Sofuni, T., and Hayashi, M. (2001).
Spindle poisons induce allelic loss in mouse lymphoma cells through mitotic
non-disjunction. Mutat. Res. 493, 101-114,

Honma, M., Momose, M., Tanabe, H., Sakamoto, H., Yu, Y., Little, J. B.,
Sofuni, T., and Hayashi, M. (2000). Requirement of wild-type pS3 protein
for maintenance of chromosomal integrity. Mol. Carcinog. 28, 203-214.

Hoxzier, J., Applegate, M., and Moore, M. M. (1992). In vitro mammalian muta-
genesis as amodel for genetic lesions in human cancer. Mutat. Res. 270, 201-209.

Hozier, J., Sawyer, 1., Clive, D., and Moore, M. M. (1982). Cytogenetic
distinction between the TK™ and 7K~ chromosomes in the L5178Y TK
3.7.2C mouse-lymphoma cell line. Mutat. Res. 108, 451-456.

Hozier, J., Sawyer, J., Moore, M., Howard, B., and Clive, D. (1981).
Cytogenetic analysis of the LS178Y/TK'" — TK" mouse lymphoma
mutagenesis assay system. Mutat. Res. 84, 169-181.

Ikui, A. E., Yang, C. P, Matsumoto, T., and Horwitz, S. B. (2005). Low
concentrations of taxol cause mitotic delay followed by premature
dissociation of pS5CDC from Mad2 and BubR1 and abrogation of the
spindle checkpoint, leading to aneuploidy. Cell Cycle 4, 1385-1388.

Joseph, G., Grist, S., Firgaira, F, Tumer, D., and Morley, A. (1993).
Classification of mutations at the HLA-A locus by use of the polymerase
chain reaction. Environ. Mol. Mutagen. 22, 152-156.

—163—



MLA DETECTS RECOMBINATION, DELETION, AND ANEUPLOIDY

Liechty, M. C., Crosby, H., Jr., Murthy, A., Davis, L. M., Caspary, W. J., and
Hozier, J. C. (1996). Identification of a heteromorphic microsatellite within
the thymidine kinase gene in L5178Y mouse lymphoma cells. Mutat. Res.
371, 265-271.

Liechty, M. C., Hassanpour, Z., Hozier, J., and Clive, D. (1994). Use of
microsatellite DNA polymorphisms on mouse chromosome 11 for in vitro
analysis of thymidine kinase gene mutations. Mutagenesis 9, 423427,

Liechty, M. C., Scalzi, J. M., Sims, K. R,, Crosby, H., Jr,, Spencer, D. L.,
Davis, L. M., Caspary, W. 1., and Hozier, J. C. (1998). Analysis of large and
small colony LS5178Y Tk" mouse lymphoma mutants by loss of
heterozygosity (LOH) and by whole chromosome 11 painting: Detection
of recombination. Mutagenesis 13, 461-474.

Mailhes, J. B., Carabatsos, M. J., Young, D., London, S. N, Bell, M., and
Albertini, D. F. (1999). Taxol-induced meiotic maturation delay, spindle
defects, and aneuploidy in mouse oocytes and zygotes. Mutat. Res. 423, 79-90.

Moore, M. M., Clive, D., Hozier, J. C., Howard, B. E., Batson, A. G.,
Turner, N. T., and Sawyer, J. R. (1985). Analysis of trifluorothymidine-
resistant (TFTr) mutants of L5178Y/TKH" mouse lymphoma cells. Mutat.
Res. 151, 161-174.

Moore, M. M., Mei, N., Chen, L., and Chen, T. (2005). Taxol induces
mutations in the Tk gene of LS178Y/TK™" mouse lymphoma cells through
a mitotic non-disjunction mechanism. Toxicologist 84, 455.

105

Oshimura, M., and Barrett, J. C. (1986). Chemically-induced aneuploidy in
marnmalian cells: Mechanisms of biological significance in cancer. Environ.
Mol. Mutagen. 8, 129-159.

Sawyer, J. R., Moore, M. M., Clive, D., and Hozier, J. C. (1985). Cytogenetic
characterization of the L5178Y 7K™ 3.7.2C mouse lymphoma cell line.
Mutat. Res. 147, 243-253.

Schiff, P. B., and Horwitz, S. B. (1980). Taxol stabilizes microtubules in mouse
fibroblast cells. Proc. Natl Acad. Sci. US.A. 77, 1561-1565.

Sen, S. (2000). Aneuploidy and cancer. Curr. Opin. Oncol. 12, 82-88.

Storer, R. D., Kraynak, A. R., McKelvey, T. W, Elia, M. C., Goodrow, T. L.,
and Deluea, J. G. (1997). The mouse lymphoma L5178Y TE*" cell line is
heterozygous for a codon 170 mutation in the pS3 tumor suppressor gene.
Mutat. Res. 373, 157-165.

Tarapore, P., and Fukasawa, K. (2000). p53 mutation and mitotic infidelity.
Cancer Invest. 18, 148-155.

Wang, I, Chen, T., Honma, M., Chen, L., and Moore, M. M. (2007). 3'-azido-
3'-deoxythymidine induces deletions in L5178Y mouse lymphoma cells.
Environ. Mol. Mutagen. 48, 248-257.

Zhang, L. S., Honma, M., Matsuoka, A., Suzuki, T., Sofuni, T., and
Hayashi, M. (1996). Chromosome painting analysis of spontaneous and
methyl methanesulfonate- induced trifluorothymidine-resistant L5178Y cell
colonies. Mutat. Res. 370, 181-190.

—164—



Environmental and Molecular Mutagenesis 50:815-822 (2009)

Research Article

Dependence of DNA Double Strand Break Repair
Pathways on Cell Cycle Phase in Human
Lymphoblastoid Cells
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DNA doublestrand breaks (DSBs] are wsually
repaired by nonhomologous end-joining (NHEJ} or
homologous recombination {HR). NHEJ is thought
to be the predominant pathway operating in mam-
malian cells functioning in dll phases of the cell
cycle, while HR works in the late-S and G2 phases.
However, relative contribution, competition, and
dependence on cell cycle phases are not fully
understood. We previously developed a system to
trace the fate of DSBs in the human genome by
infroducing the homing endonuclease |-Scel site
into the thymidine kinase {TK} gene of human lym-
phoblastoid TK6 cells. Here, we use this system to
investigate the relative contribution of HR and
NHE! for repairing I-Scelinduced DSBs under vari-
aus conditions. We used a novel transfection sys-
tem, Amaxa'™ nucleofector, which directly introdu-
ces the 1-Scel expression vector into cell nuclei.

Approximately 65% of transfected cells expressed
the |-Scel enzyme and over 50% of the cells pro-
duced a single DSB in the genome. The relative
contribution of NHEJ and HR for repairing the DSB
was ~100:1 and did not change with transfection
efficiency. Cotransfection with KUBO-siRNA signifi-
canfly diminished KUBO protein levels and
decreased NHEJ activity, but did not increase HR.
We dlso investigated HR and NHEJ in synchron-
ized cells. The HR frequency was 2-3 times higher
in late-5/G2 phases than in G1, whereas NHE]
was unaffected. Even in late-S/G2 phases, NHE]
remained elevated relative to HR. Therefore,
NHE] is the major pathway for repairing endo-
nucleaseinduced DSBs in mammalian cells even
in late-S/G2 phase, and does not compete with
HR. Environ. Mol. Mutagen. 50:815-822,
2009. © 2009 Wileydiss, Inc.

Key words: double strand breaks (DSBs); 1-Scel site; non-homologous end joining {NHEJ); homolagous

recombination {HR); humon cells

INTRODUCTION

Chromosomal double-strand breaks (DSBs) can be
caused by ionizing radiation, chemicals, or endogenous
processes that include V(D)J recombination and meiotic
exchange. If these lesions are not repaired or are misre-
paired, they can result in genomic rearrangement or cell
death. The repair of DSBs is therefore essential for the
maintenance of genomic integrity [Olive, 1998; van Gent
et al., 2001]. The two major pathways responsible for
such repair are homologous recombination (HR) and non-
homologous end joining (NHEJ) [Haber, 2000; Jackson,
2002]. As HR repairs DSBs using the undamaged homol-
ogous sequence as a template, we hypothesize that HR
would take place mainly in the late-S and G2 phases of
the cell cycle, when sister chromatids are available as
templates. NHEJ, in contrast, should operate in all cell
cycle phases. Many studies examining the relative contri-
bution of NHEJ and HR in the repair of ionizing radia-

@ 2009 Wiley-Liss, Inc.

tion-induced DSBs, demonstrate that their contribution
varies with cell cycle phase [Takata et al., 1998; Roth-
kamm et al., 2003]. Tonizing radiation, however, produces
not only DSBs but also single-strand breaks, various kinds
of base and sugar damage, DNA interstrand crosslinks,
and DNA-protein crosslinks [Brenner and Ward, 1992].
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Fig. 1. Detection of NHEJ and HR in TSCES and TRSCR2 cells, respectively. Closed and shadowed bars

represent mutant and wild-type alleles. In TSCES, when a DSB at the I-Scel site is repaired by NHEJ, a de-
letion results in exon 5, and TK-deficient mutants can be isolated in TFT medium. In TSCER2, when HR
repairs the DSB, TK-proficient revertants are generated. The revertants can be selected in HAT medium.

Therefore, ionizing radiation-induced damage may not be
ideal for the study of DSB repair. Recently, an under-
standing of DSB repair has emerged from systems that
use the rare cutting restriction endonuclease from Saccha-
romyces cerevisiae, I-Scel {Johnson and Jasin, 2001].
Because the 18-bp recognition sequence of the I-Scel
gene is not present in most mammalian genomes and can
be introduced by transfection, it is possible to generate
site-specific DSBs in a mammalian chromosome or plas-
mid by expressing the I-Scel enzyme in genetically modi-
fied cells. This system was used to demonstrate that
DSBs initiated HR and NHEJ of mammalian chromo-
somes. Most studies using this system, however, use arti-
ficial reporter substrates based on exogenous drug-resist-
ance genes or a fluorescence gene, or are biased toward
detecting specific deletion and recombination events
[Sargent et al., 1997; Taghian and Nickoloff, 1997; Lin
et al., 1999; Golding et al., 2004].

We previously developed a system to trace the fate of
DSBs that occur in endogenous single-copy human genes
[Honma et al., 2003, 2007]. Using gene-targeting, we
introduced an I-Scel site into the endogenous thymidine
kinase (7K) gene of human lymphoblastoid TK6 cells,
and developed cell lines that can detect NHEJ (TSCES)
and HR (TSCER?2). TSCES is heterozygous (+/-—) and
TSCER2 is compound heterozygous (—/-) for the TK
gene, and both have an I-Scel site in intron 4. A DSB can
be generated at the I-Scel site by introducing I-Scel
enzyme expression vector into the cells. NHEJ of the
DSB results in TK-deficient mutants in TSCES cells,
whereas HR between the alleles produces TK-proficient
revertants in TSCER2 cells. The positive-negative drug
selection assays for the TK phenotypes enable the distinc-
tion between NHEJ and HR events (Fig. 1). The assay
system does not detect the genetic outcome of every
NHETJ or HR event, because small deletion or small tract

recombination that does not change the TK phenotype
cannot be recovered. Furthermore, sister-chromatid
recombination, which is also very important in HR, is
also missed. Nonetheless, the system is very useful for
understanding the role and mechanism of DSB repair in
mammalian cells.

In the present study, we use the system described above
to investigate the relative contribution of NHEJ and HR
for repairing DSBs in TK6 cells. We also evaluate the de-
pendence of both types of repair on cell cycle phases in
synchronized cells. To understand the competition or co-
operation between NHEJ and HR, we investigale repair
activity in NHEJ knock-down cells generated by siRNA
technology.

MATERIALS AND METHODS
Cell lines and Vectors

‘We used human lymphoblastoid cell lines TSCES and TSCER?2, which
are TK6 cells with an I-Scel site inserted into the TK locus [Honma
et al., 2003]. TSCES cells are heterozygous {TK +/—) for a point mula-
tion in exon 4, and TSCER?2 cells are compound heterozygous (TK —/~)
for a point mutation in exons 4 and 5. NHEJ for a DSB occurring at the
I-Scel site results in TK-deficient mutants (TK —/—) in TSCES cells,
while HR between the alleles produces TK-proficient revertants (TK +/~)
in TSCER2 ceils (Fig. 1). Cells were grown in RPMI 1640 medium
(Gibco-BRL, Life technology, Grand Island, NY) supplemented with
10% heat-inactivated horse serum (JRH Biosciences, Lenexa, KS),
200 pg/ml sodium pyruvate, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin and maintained them at 10° to 10° cells/ml at 37°C in a 5% CO:
atmosphere with 100% humidity.

The I-Scel-expression vector, pCBASce, (kindly provided by Dr.
Shunichi Takeda, Kyoto University) contains the coding sequences of
the I-Scel endonuclease from Saccharomyces cerevisiae under the
control of the B-actin gene promoter [Fukushima et al., 2001]. We also
constructed a pCBASce-off vector from pCBASce by inserting a 28-bp
DNA fragment containing the 18-bp I-Scel-restriction sequence between
the 3'-end of its I-Scel-nuclease coding sequence and a poly (A) site.
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The expression of the I-Scel endonuclease of the pCBASce-off vector
destroys the vector itself. Hence, its expression should be lost following
transfection.

I-Scel Expression and Detection of NHEJ and HR

We electroporated ~5 X 10° cells using Amaxa’™ nucleofector
(Amaxa Biosystems, Gaithersburg, MD), program A-30), in solution V
(provided by the supplier ) with 50 pg/ml I-Scel expression vector,
pCBASce or pCBASce-off. After 72 hr, cells were seeded into 96-well
plates with trifiuorothymidine (TFT) (for TK-mutants) or hypoxanthine,
aminopterin, and thymidine (HAT) (for TK-revertants) medium. Drug re-
sistant colonies were counted 2 weeks later.

Flow Cytometric and Microscopic Analysis with
Immunofluorescence

We examined the post transfection kinetics of 1-Scel expression using
an anti-hemagglutinin A (HA) antibody [Guirouilh-Barbat et al., 2004]
because the pCBASce vector coexpresses HA-tag together with I-Scel
enzyme. Cells were fixed in 4% paraformaldehyde for 15 min at room
temperature and permeabilized with 0.1% Triton X-100 (Sigma. St.
Louis, MO) for 10 min. Immunofluorescence analysis was performed
with an anti-HA antibody conjugated with Alexa Fluor 488 (Covance,
Berkeley, CA), and transtection efficiency analyzed with an Epics XL
flow cytometer (Beckman Coulter, Fullerton, CA) according to the man-
ufacturer’s recommendations.

Cells were also fixed with methanol on glass slides and immersed in
PBS containing 0.5% Triton X100 for 30 min. To detect DSBs within
individual cells, we conducted immunohistochemical analysis using
gamma-H2AX antibody. The fixed cells were treated with a rabbit anti-
phospho-gamma-H2AX antibody (Trevigen, Gaithersburg, MD), and
then treated with a second antibody, goat Alexa Flour 488 anti-rabbit
1gG (Invitrogen Japan KK, Tokyo, Japan).Cells were rinsed with PBS.
stained with 4',6-diamino-2-phenylindole dihydrochlorine (DAPT), and
observed with a fluorescent microscope (Olympus, Tokyo, Japan).

siRNA and Western Blot Analysis

Celis were transfected with 50 nM KUBO small interfering RNA
(siRNA; Santa Cruz Biotechnology, Santa Cruz, CA) using Amaxa™™
nucleofector and Nucleofection Kit V. After 24-hr and 48-hr incubations,
cell extracts were Western blotted using anti-KUSG (Santa Cruz Bio-
technology) and anti-B-actin (Sigma) antibodies. Blots were exposed to
horseradish peroxidase-labeled secondary antibodies (Amersham Phar-
macia Biotech, Arlington Heights, IL), visualized using an enhanced
chemiluminescence detection system, and quantified by densitometric
scanning.

Cell Cycle Synchronization

A 2-step procedure was used to synchronize cells that included treat-
ment with nocodazole (Sigma) followed by hydroxyurea (Sigma)
because extended exposure to either chemical is genotoxic [Timson,
1975; Sun et al., 2005}, Cells were treated with 1 pM nocodazole for
12 hr followed by 2 mM hydroxyurea for 6 h to obtain a G1 rich cell
population. Several hours later. following removal to a drug-free
medium, the cell population shifted to the §/G2 phase. Cell cycle syn-
chronization was established by flow cytometry. Cells were periodically
harvested, washed in phosphate buffered saline (PBS), fixed in 70% cold
ethanol, treated with 20 pg/ml RNase A (Wako Pure Chemical, Osaka,
Japun), and stained with 10 pg/ml propidium jodide (Wako Pure Chemi-
cal). Approximately 10,000 cells per each sample were examined by
EPICS-XL flow-cytometer (Beckman Coulter), and the data were quanti-
tatively analyzed by MultiCycle AV software (Version. 4.0, Phoenix
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Fig. 2. Kinetics of I-Scel expression after transfection of pCBASce and
pCBASce-off vectors. Detection of the anti-HA antibody tagged enzyme
by fiow cytomeltry.

Flow Systems, San Diego, CA). A student’s r-test was used to identify
statistically significant differences in mutant frequencies.

RESULTS AND DISCUSSION
Expression of I-Scel and Generation of DSBs

The expression of the [-Scel enzyme in TSCES and
TSCER?2 cells generates ¢ DSB in the 7K gene. To intro-
duce the expression vector into the cells, we used the
Amaxa™ nucleofection system, which can directly trans-
fer DNA into the nucleus at high efficiency [Honma
et al., 2007]. We examined the kinetics of I-Scel expres-
sion by flow cytometry. The HA-tag attached to the
[-Scel enzyme's amino terminus permits expression
monitoring (Fig. 2). Expression was immediately apparent
following introduction of pCBASce vector into TSCES
cells. Twenty-four hours later, 65% of the cell popula-
tion expressed the HA-tag. The expression continued to
48 hr, but not 72 hr. We also examined gamma-H2AX,
a marker of DSBs [Femandez-Capetillo et al., 2003,
Nakamura et al., 2006]. Imunohistochemical analysis
demonstrated that over 50% of the nucleofected cells
showed a single DSB in their nuclei (Fig. 3). These
results indicate that our I-Scel system with Amaxa™
nucleofection efficiently and specifically produced a DSB
at the target site. The data also suggest that DSBs con-
tinue to occur up to at least 48 hr after nucleofection.
Some DSBs may repeatedly occur and be repaired during
that period, if an error-free pathway predominates
[Honma et al., 2007].

We also developed a pCBASce-off vector based on
pCBASce. This vector contains the 18 bp I-Scel restric-
tion sequence between the 3'-end of I-Scel-nuclease cod-
ing sequence and the poly (A) site. The kinetics of
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Fig. 3.
foci (green) in TSCES cells transfected with pCBASce vector (left) and cells irradiated with 2Gy gamma-ray
(right). Nuclei were stained with DAPIL. The transfection of pCBASce vector produced a single DSB in a

TSCES cell at high efficiency.

Detection of DSBs by immunohistochemical analysis with gamma-H2AX antibody. Gamma-H2AX
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Fig. 4. Frequencies of TK-deficient mutants in TSCES (A) and TK-pro-
ficient revertants in TSCER2 (B). Mock-transfected control cells (Mock),
cells transfected with the pCBASce vector (Sce), cells co-transfected
with KUB(O siRNA and the pCBASce vector (Sce+KU-i). The data are

expression of the pCBASce-off vector is also shown in
Figure 2. The expression of pCBASce-off vector reached
a peak at 4 hr following transfection and immediately
decreased. No expression was observed 48 hr later. This
indicates that the pCBASce-off vector was destroyed by
[-Scel-nuclease in the cells, and a DSB temporarily
occurs in the TK gene. This may provide a more suit-
able model than DSBs caused by ionizing radiation,
although the DSBs in the model do not correspond
exactly with exogenous DSBs, and the DSB induction-
efficiency is quite low. However, the model is useful to
study cell-cycle dependent DNA repair and mutagenesis
of DSBs.

presented as the mean * SD of 5 independent experiments; bars are SD.
*P < 0.05. (C): Expression of KU80 protein. TSCES cells were trans-
fected with KURO-siRNAs, and were conducted by Western blot analyses
at 24 hr and 48 hr later after the transfection.

NHEJ and HR for |-Scel-Induced DSBs in KU8O-Competent
and Knockdown Cells

Figures 4A and 4B show the frequency of the TK-defi-
cient mutants in TSCES and TK-proficient revertants in
TSCER2 cells. These mutants are the consequence of
DSBs repaired by NHEJ and HR, respectively. The TK-
deficient mutant frequency was 2.0 X 107% in the control
TSCES cells. Introduction of the pCBASce vector ele-
vated the frequency up to 1.1 X 1072 which was about
5,000 times higher than observed in control cells (Fig.
4A). The revertant frequency in TSCER?2 also increased
up to 0.9 x 107* following introduction of pCBASce
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Fig. 5. DNA histograms for synchronization of cell cycle. Nonsynchron-
ized cells (A) were arested in the M phase with nocodazole (I pM) for
12 hr, and (B) released into the media containing hydroxyurea (1 mM).
After 6 hr incubation, the cells were arrested at the G1/S boundary (C),

vector (Fig. 4B). These results suggest that the DSBs
induced by the restriction enzyme are efficiently repaired
by both NHEJ and HR. However, the relative contribution
of NHEJ and HR was ~100:1, similar to our previous
findings [Honma et al., 2007].

When TSCES and TSCER?2 cells were transfected with
the pCBASce-off vector, the TK-deficient mutant fre-
quency was 1.6 X 10”* in the TSCES cells, and the TK-
revertant frequency was 1.3 X 10”* in the TSCER? cells.
The lower frequency of mutants and revertants resulting
from pCBASce-off relative to pCBASce is likely due to
the low efficiency of expression of pCBASce-off (Fig. 2).
However, the relative contribution of NHEJ and HR was
not influenced.

Western blot analysis demonstrated that siRNA-medi-
ated knockdown of KUSO proteins in the cells resulted in
94% and 75% reduction of KU protein at 24 hr and 48 hr
after the transfection, respectively (Fig. 4C). TSCES cells
that were cotransfected with the pCBASce vector and
KU80 siRNA exhibited significantly lower NHEJ fre-
quency (0.22 X 10~2) than when the pCBASce vector
alone was transfected (1.1 X 10_2) (Fig. 4A). Conversely,
HR frequency induced by DSBs in TSCER2 was not
altered by KU80 knockdown (Fig. 4B). This suggests that
NHEJ and HR do not simply compete for I-Scel induced
DSBs [Delacote et al., 2002].

KU80 plays a major role in the NHEJ pathway for
DSB repair in mammalian cells. It is believed that KU80

DNA content—>

DNA content—

and released into a drug-free medium. The cells synchronously
progressed through the cell cycle after being released from the hydrox-
yurea block (D-F). Cell cycle synchronization was confirmed by flow
cytomeltry.

and KU70 bind to the DNA end, then recruit DNA-PKcs
and stabilize their binding [Smith and Jackson, 1999;
Lieber et al, 2003; Downs and Jackson, 2004]. A
decrease in the TK-deficient mutant frequency following
cotransfection with KU80 siRNA indicates that the TK-
deficient mutants induced I-Scel expression by NHEJ.
However, NHEJ still predominantly repairs DSBs in the
KUS80-knockdown cells, which may reflect the activity of
the remaining NHEJ by leaky KU80 protein or the pres-
ence of an alternative end-joining pathway [Iliakis et al.,
2004; Lieber, 2008]. Schulte-Uentrop et al. suggested dif-
ferent genetic’ requirements for repairing I-Scel-induced
DSBs because KUB0 knock-out mouse cells did not lose
end-joining activity for I-Scel-induced DSBs [Schulte-
Uentrop et al., 2008]). Wu et al. proposed a backup NHE]
pathway (B-NHEJ) utilizing Ligase III and PARP-1 as an
alternative to the classical DNA-PKcs dependent pathway
(D-NHEJ) [Wu et al., 2008]. It was demonstrated that the
efficiency of end-joining for restriction enzyme induced-
DSBs was significantly suppressed in KU80 knock-out
cells treated with PARP-1 inhibitors [Wang et al., 2006].

Contribution of NHEJ and HR in Repairing DSBs in
Different Phases of the Cell Cycle

Cell cycles were synchronized using nocodasol (1 pM)
and hydroxyvrea (2 mM). Nonsynchronized cells (Fig.
5A) treated with nocodazole for 12 hr were arrested in M
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Fig. 6. Frequencies of TK-deficient mutants in synchronized TSCE3
cells (A, C) and of the TK-proficient revertants in synchronized TSCER2
cells. {(A. ). The synchronized cells were transfected with pCBASce
vector (A, B) and with pCBASce-off vector (C, D). The data are pre-
sented as the mean * SD of three independent experiments; bars are
SD. *P < 0,05, **P < 0.1.

phase (Fig. 5B) and released into the media containing
hydroxylurea. After 6 hr incubation in hydroxyurea, cells
were arrested at the G1/S boundary (Fig. 5C). The cells
synchronously progressed through the cell cycle after
being released from the hydroxyurea block (Figs. SD-5F).
Because I-Scel expression began 3 hr post transfection
(Fig. 2), we transfected pCBASce vector into the cells
at the M/G1 boundary (1 hr after release from the noco-
dazole block), and in early-S phase (1 hr after release
from the hydroxyurea block) to efficiently generate DSBs
at the Gl phase and the late-S/G2 phase, respectively.
The cell populations at 3 hr following the transfection
were as expected as shown in Figures 5D (Gl) and SE
(late-S/G2).

The NHEJ frequency in the TSCES cells was 1.4 X
1072 in the G1 phase and 1.3 X 1072 in the late-S/G2
phase (Fig. 6A). In the TSCER2 cells, the HR frequency
was 2.0 X 107* in the G1 phase and 4.1 X 107* in the
late-S/G2 phase (Fig. 6B). Treatment with nocodazole
and hydroxyurea did not affect colony-forming efficiency
(data not shown). The HR frequency was twofold higher

in late-S/G2 cells than in Gl cells, whereas the frequency
of NHEJ was not dependent on cell-cycle phase. We also
transfected the pCBASce-off vector into the synchronized
cells (Figs. 6C and 6D). Because the pCBASce-off vector
is only briefly expressed following transfection, analysis
of cell cycle dependence should be clear. Although no
difference was observed for NHEJ frequencies between
G1 (1.7 X 1077 and late-S/G2 (2.0 X 10™%) phases (Fig.
6C), the HR frequency in the late-S/G2 cells (4.3 X
107°) was threefold higher than in the Gl cells (1.4 X
107%) (Fig. 6D). These results suggest that HR function is
dependent on cell cycle, and is more active in the late-S/
G2 phase.

The contribution of NHEJ and HR to the repair of
DSBs in mammalian cells varies with the systems used to
detect them [Rothkamm et al., 2003; Mao et al., 2008a].
In the present work, we demonstrated that NHEJ is
equally functional in all cell cycle phases, whereas HR
operates 2-3 times more efficiently in late-S/G2 than in
Gl. Because we could not completely synchronize the
cell population, and could not perfectly introduce a DSB
into the specific cell population even by using pCBASce-
off vector, quantitative analysis for cell-cycle dependence
of DSB repair is difficult. Saleh-Gohari and Helleday
demonstrated that by using synchronized human cells con-
taining a stably integrated copy of a recombination
reporter gene, the frequency of HR repair of DSBs was
24-fold higher in S-phase cells than in G1/GO cells
[Saleh-Gohari and Helleday, 2004]. However, they did
not examine the relative contributions of NHEJ and HR
throughout the cell cycle phases. Recently, Mao et al
measured the efficiency of NHEJ and HR at different cell
cycle stages in hTERT-immortalized diploid human fibro-
blast cells. They showed that the overall efficiency of
NHEJ was higher than HR at all cell cycle stages,
although HR works more efficiently in the S-phase [Mao
et al., 2008b].

The conclusions of the present work support those
described above. We demonstrate that NHEJ is the pre-
dominant mechanism for DSB repair even in late-S/G2
phase. Our systems, however, are unable to detect sister-
chromatid recombination (SCR), which must be an impor-
tant recombination event during late-S/G2 phase [Hel-
leday, 2003]. Because SCR is an error-free pathway and
does not leave any genetic change in principle, it is
impossible to quantitatively measure SCR at the molecu-
lar level. Most systems for studying HR are designed to
detect unusual SCR events that occur in artificial recom-
bination substrates [Bertrand et al., 1997; Boehden et al.,
2003; Richardson et al, 2004]. Because the I[-Scel
enzyme during the late-S/G2 phase cleaves both sister-
chromatids, SCR may not occur in our system. Occasion-
ally, if one of two sister-chromatids are broken, SCR may
arise. If SCR predominantly works during late-S/G2
phase, NHEJ frequency must be suppressed. The lack of
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change in NHEJ frequency across all phases of the cell
cycle implies that NHEJ is the major DSB repair pathway
and does not compete with HR. HR may be involved in a
more prolonged attempt to repair persistent DNA lesions
{Delacote et al., 2002; Frank-Vaillant and Marcand, 2002;
Kim et al., 2005]. While I-Scel induced a single DSB,
ionizing radiation and chemicals induce many different
types of DNA damage [Nikjoo et al., 1997]. DSBs also
endogenously arise by replication fork stalling or collapse
during S phase [Delacote and Lopez, 2008; Llorente
et al., 2008]. These lesions are thought to be repaired by
strand invasion into a homologous duplex DNA followed
by replication or HR [Llorente et al., 2008]. Therefore,
the relative contribution of NHEJ and HR to DSB repair
varies with the character of the lesion and the number of
DSBs induced in the genome.
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The recent finding that acrylamide (AA), a geno-
toxic rodent carcinogen, is formed during the fry-
ing or baking of a variety of foods raises human
health concerns. AA is known to be metabolized
by cytochrome P450 2E1 (CYP2E1) to glycida-
mide (GA], which is responsible for AA’s in vivo
genotoxicity and probable carcinogenicity. In
invitro mammalian cell tests, however, AA geno-
toxicity is not enhanced by rat liver S9 or a
human liver microsomal fraction. In an attempt to
demonsirate the in vitro expression of AA genotox-
icity, we employed Salmonella strains and human
cell lines that overexpress human CYP2E1. In the
umu fest, however, AA was not genotoxic in the

CYP2E1-expressing Salmonella strain or its paren-
tal strain. Moreover, a fransgenic human lympho-
biastoid cell line overexpressing CYP2E]
{h2E1v2) and its parental cell line {AHH-1) both
showed equally weak cytotoxic and genotoxic
responses fo high {>1 mM) AA concentrations.
The DNA adduct N7-GA-Gua, which is detected
in liver following AA treatment in vivo, was not
substantially formed in the in vitro system. These
results indicate that AA was not metabolically acti-
vated to GA in vitro. Thus, AA is not relevantly
genoloxic in vitro, although its in vivo genotoxicity
was clearly demonstrated. Environ. Mol. Muta-
gen. 00:000-000, 2010.  ® 2010 Wiley-liss, Inc.
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INTRODUCTION

Recently, low levels of acrylamide (AA), a synthetic
chemical widely used in industry, were detected in a vari-
ety of cooked foods [Tareke et al., 2000; Mottram et al.,
2002]. It has been proposed that AA forms during frying
and baking principally by the Maillard reaction between
asparagine residues and glucose [Stadler et al., 2002;
Torngvist, 2005]. This finding raised concerns about a
health risk for the general population [Tareke et al., 2002;
Rice, 2005].

The International Agency for Research on Cancer clas-
sifies AA as 2A, a probable human carcinogen [IARC,
1994]. Because AA clearly induces gene mutations and
micronuclei in mice, it could be a genotoxic carcinogen
[Cao et al., 1993; Abramsson-Zetterberg, 2003; Manjana-
tha et al., 2005]. AA is metabolized by cytochrome
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P450 2E1 (CYP2El) to glycidamide (GA), which can
react with cellular DNA and protein [Sumner et al., 1999;
Ghanayem et al., 2005a; Rice, 2005]. Two major
GA-DNA adducts, N7-(2-carbamoyl-2-hydroxyethyl)-gua-
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nine (N7-GA-Gua) and N3-(2-carbamoyl-2-hydroxyethyl)-
adenine (N3-GA-Ade), have been identified in mice and
rats treated with AA or GA [Segerback et al.,, 1995; Gam-
boa da Costa et al., 2003; Doerge et al., 2005], with the
fevel of N7-GA-Gua being 100 times as high as the level
of N3-GA-Ade in the test organ [Gamboa da Costa et al.,
2003]. Tt is likely that these DNA adducts are responsible
for AA’s in vivo genotoxicity [Carere, 2006; Ghanayem
and Hoffler, 2007]. In our previous study, however, AA
did not induce micronuclei in human lymphoblastoid TK6
cells in the presence of rat liver S9, although the genotox-
icity of N-di-N-butylnitrosamine (DBN), which is also
metabolized by CYP2EI, was enhanced under the same
conditions [Koyama et al., 2006]. Other in vitro genolox-
icity studies have also failed to demonstrate the metabolic
activation of AA in the presence of S9 [Knaap et al.,, 1988;
Tsuda et al., 1993; Dearfield et al., 1995; Friedman, 2003]. It
may be because most S9 preparations have low CYP2El ac-
tivity {Calleman et al., 1990; Hargreaves et al., 1994].

In an attempt to demonstrate the genotoxicity of AA in
vitro, we tested the compound using bacteria and mam-
malian cell lines that express CYP2EL. S. typhimurium
OY1002/2E1 strain expresses respective human CYP2EI
enzyme and NADPH-cytochrome P450 reductase (reduc-
tase), and bacterial O-acetyltransferase [Oda et al., 2001].
Using the strain, as well as its parental strain not express-
ing these enzymes, we conducted an wmu assay to evalu-
ate induction of cytotoxicity and DNA damage by AA
relative to that induced by its metabolite GA. The princi-
ple of the wnu assay is based on the ability of the DNA-
damaging agents inducing the wmnu operon. Monitoring
the levels of wmu operon expression enables us to quanti-
tatively detect environmental mutagens [Oda et al., 1985].
In addition, we evaluated the relative mutagenicity of AA
vs. GA in assays using transgenic human lymphoblastoid
cell lines. Induction of gene mutation at the 7X locus and
of chromosome damage leading to micronucleus (MN)
formation were assessed in the h2E1v2 which overexpress
human CYP2EIL [Crespi et al., 1993a], vs. its parental cell
line, AHH-1. We also investigated the relationship
between AA genotoxicity and the formation N7-GA-Gua
(derived from GA) in the in vitro mammalian cell system.

MATERIALS AND METHODS

Bacterial Strains, Cell Lines, Chemicals, and Human Liver
Microsomal Fraction

For the bacterial tests, we used wmu strain S. typhimurinm OY 1002/
2El, which expresses human CYP2EI, reductase, and bacterial O-acetyl-
transferase, and its pavental strain, S. ryphinmrium TA1535/pSK1002 that
does not express these enzymes [Oda et al., 2001].

For the mammalian cell tests, we used human lymphoblastoid cell
lines, TK6, AHH-1, and h2Elv2. The TK6 cell line has been described
previously [Honma et al., 1997]. The AHH-1 and h2E1v2 cell lines were
kindly gifted from Dr. Charles Crespi (BD Bio Sciences, Bedford, MA).

AHH-1 i3 a clonal isolate, derived from RPMI 1788 cells, which was
selected for sensitivity to benzolu]pyrene [Crespi and Thilly, 1984].
AHH-1 shows high activity of endogenous CYP1Al. Heterozygosity of
AHH-1 cells at thymidine kinase (TK) locus was derived in a two-step
selection process utilizing the frameshift mutagen. ICR-191. The AHH-1
cell line was then transfected with plasmids encoding human CYP2E!]
enzymes, generating h2E1v2 cell line. AHH-1 expresses CYPIA1 and
h2E1v2 expresses both CYP1AL and CYP2E? {Crespi et al., 1993a.b].

We purchased AA (CAS No. 79-06-1) and GA (CAS No. 5694-00-8)
from Wako Pure Chemical (Tokyo) and dissolved them in phosphate-buf-
fered saline just before use. We purchased N-di-N-methylnitorosamine
(DMN) (CAS No. 62-75-9) from Sigma Aldrich Japan (Tokyo) and dis-
solved it in DMSO as a positive control for use. We purchased liver 89
prepared from SD rats treated with phenobarbital and 5.6-benzoflavone
from the Oriental Yeast (Tokyo). The human liver 89 (HLS-104) was pre-
pared from a human liver sample. which was legally procured from the
NDRI (National Disease Research Interchange) in Philadelphia, USA, with
permission to use for research purpose only. HLS-104 showed high activity
of CYP2E! {Hakura et al., 2005). We prepared microsomal fraction from
the S9 according to an established procedure [Suzuki et al., 2000]. We pre-
pared the S9- or microsome-mix by mixing 4 mi S9 or microsomal fraction
with 2 ml each of 180 mg/ml glucose-G-phosphate, 25 mg/mi NADP, and
150 mM KCL CYP2EL! activity of the S9 and microsomal fractions were
determined as the activity of chlorzaxazone 6-hydroxylation according to
the method of Ikeda et al. [2001].

We grew the cell lines in RPMI1640 medium (Gibco-BRL, Life Tech-
nology, Grand Island, NY) supplemented with 10% heat-inactivated
horse serum (JRH Biosciences, Lenexa, KS), 200 pg/mi sodium pyru-
vate, 100 U/ml penicillin, and 100 pg/m! streptomycin, and we main-
tained the cultures at 10°—=10% cells/ml at 37°C in a 3% CO, atmosphere
with 100% humidity.

umu Assay

The umu assay was carried out by the method of Aryal et al. [1999. 2000]
with slight modification. Overnight cultures of tester strains were diluted
100-fold with TGlyT medium (1% Bactotryptone, 0.5% NaCl (w/v), 0.2%
glycerol (v/v), and 1 pg of tetracycline/ml, 1.0 mM IPTG. 0.5 mM3-ALA,
and 250 ml of trace element mixture/l) [Sandhu et al., 1994]. The culture
was incubated for 1 hr at 37°C and then 0.75 ml aliquots of TGA culture
(ODgon: 0.25-0.3) and human. Induction of the umuC gene by HCAs in dif-
ferent strains was determined by measuring cellular B-galactosidase activ-
ity, as described by Oda et al. [1985]. Cell toxicity was determined in reac-
tion mixture by measuring the optical density change at 600 nn.

Mommadlian Cell Assays Measuring Gene Mutation and
Chromosome Damage

We incubated 20-ml aliquots of TK6, AHH-1, or h2E1v2 cell suspen-
sions (3.0 X 10° cells/ml) treated with serjally diluted AA, GA, or DMN in
the presence or absence of S9 or micorosomes at 37°C for 4 hr, washed
them once, resuspended them in fresh medium, and cultured them in new
flasks for the MN and TK assays. For TKG cells, we also seeded cells into
the 96-well plates (1.6 celis/well) to determine plating efficiency (PE0).

Forty-eight hours after treating the cells, we prepared the MN test
samples as previously reported {Koyama et al., 2006]. At least, 1,000
intact interphase cells for each treatment were examined, and the cells
containing MN were scored. The MN frequencies between nontreated
and freated cells were statistically analyzed by Fisher’s exact test. The
concentration—response relationship was evaluated by the Cochran-
Armitage trend test {Matsushima et al., 1999].

We maintained the cultures another 24 hr to allow phenotypic expres-
sion prior to plating for determination of the mutant fractions. After the
expression lime, to isolate the TK deficient mutants, we seeded the cells
into 96-well plates in the presence of 3.0 pg/ml trifluorothymidine (TFT).
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Fig. 1.

Cyltoloxic (relative survival, RS) and genotoxic (TK and MN assays) responses of TK6 cells treated

with AA or GA for 4 hr with or without metabolic activation. (a) TKG cells were treated with AA without
(B or with () rat liver §9 or human microsomes (A). (b) TK6 cells were treated with GA without (@) or
with (O} rat liver 89. *P < 0.05 (Omori method for TK-mutation assay, trend test for MN assay).

We also seeded cells into the 96-well plates in the absence of TFT to deter-
mine plating efficiency (PE3). TK6 cells were seeded at 40,000 cells/well
and 1.6 cell/well for TFT and PE plates. respectively. AHH-1 and h2E1v2
cells were seeded at 5,000 cells/well and 3.2 cells/well for TFT and PE
plates, respectively. All plates were incubated at 37°C in 5% CO; in a
humidified incubator. We scored for the colonies in the PE plates at 14th
day afler plating, and scored for the colonies in the TFT plate on the 28th
day after plating. Mutation frequencies were calculated according to the
Poisson distribution {Furth et al.. 1981]. The data were statistically ana-
lyzed by Omori’s method, which consists of a modified Dunnett’s proce-
dure for identifying clear negative, a Simpson-Margolin procedure for
detecting downturn data, and a trend test to evaluate the dose-dependency
[Omori et al.,, 2002]. We evaluated cytotoxicity tor TK6 by relative sur-
vival (RS). which is calculated from plating efficiency {(PE0), and for
AHH-1 and h2E1v2 by relative suspension growth (RSG). which is calcu-
lated from cell growth rate during 3 days expression period.

Western Blot Analysis

A goat polyclonal anti-rat CYP2E! antibody (Daiichi Pure Chemical, To-
kyo) and rabbit anti-rat actin (Sigma. St. Louis, MO) were used as primary
antibodies. AP-conjugated secondary antibody (Cappel. Organon Technika
Corp., West Chester, PA) was used to detect primary antibody signals.

DNA Adduct Assay

As a standard for LC/MS/MS analysis, N7-GA-Gua and ['*Ns}-abeled
N7-GA-Gua were synthesized as described previously {Gamboa da Costa
et al., 2003]. DNA was extracted from the cells by using DNeasy 96 Blood
&Tissue Kit (QIAGEN, Diisseldorf) and incubated at 37°C for 48 hr for
deprination. An aliguot of the ['5N5]-]abelcd N7-GA-Gua standard was
added to each sample and filtered through an ultrafilyation membrane to
remove DNA. The eluted-solution was evaporated thoroughly and dissolved
in water, and then the solutions were subsequently quantified by LC/MS/MS.

RESULTS

Cytotoxicity and Genotoxicity of AA and GA Under
Metabolic Activation

We used human microsomal preparation and phenobarbi-
tal- and 5,6-benzoflavone-treated rat liver S9 for metabolic
activation. CYP2EL activity of the human microsomal
preparation was more than twice that of the rat liver 59
preparations (2,917 vs. 1,295 pmol/mg/min).

Figure 1 shows the cytotoxicity (RS; relative survival),
MN, and TK-mutations induced by AA (a) and GA (b)
with and without rat liver S9 or human microsomes. Rat
liver 89 or human microsomes enhanced cytotoxicity
(RS) of AA and GA. On the other hand, AA showed
weak genotoxicity only at relatively high concentrations
(>10 mM) without S9, but neither activating system
enhanced the weak genotoxicty. GA induced TK-muta-
tions dose-dependently from the low concentration (0.5
mM) and induced MN from 1.5 mM both with and
without S9. Thus, neither the rat nor human metabolizing
system activated AA or inhibited the expression of GA
genotoxicity.

umu Assay Using Strains Expressing Human CYP2E]

We used S. ryphimurium OY1002/2E! strain to assess
the cell toxicity and genotoxicity of AA at exposures up
to 10mM (Fig. 2c). We also examined AA and GA with
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Fig. 2.
rium tester strains TA1535/pSK 1002 (a, b) and OY1002/2E] (c). The unm tests were conducted without (&)
or with rat S9 (). B-Galactosidase activity (units) was determined as described in Materials and Methods.
Cylotoxic activities are expressed as % optical density change at 600 nm.

Induction of wmuC gene expression and cytotoxic response by AA {a, ¢) or GA (b) in S. ryphimu-

or without rat S9 wusing TAI1535/pSK1002 sirain. Microsome
Although GA clearly produch a fiose-rela.tefj increase in AHH-1 h2E1v2 TKB
response to DNA damage (Fig. 2b), AA elicited no geno-
toxic or cell toxic response with and without S9 (Fig. 2a). -
Thus, we could not demonstrate any in vitro genotoxicity CYP2E1—# "
of AA in the bacterial system. D

v Actin  —» P e

Cytotoxic and Genotoxic Responses to AA in Transgenic
Cell Lines

Western blot analysis revealed that h2E1v2 accumu-
lated more CYP2El than either of its parental cell lines
(Fig. 3). Both the h2E1v2 and AHH-1 cells exhibited
weak responses (TK-gene mutations and MN) to AA at
<3 mM with little difference in cytotoxicity (RSG, rela-
tive suspension growth) (Fig. 4a). h2E1v2 differed from
AHH-1, however, in that it showed clear genotoxic and
cytotoxic responses (RSG) to DMN, which is a represen-
tative substrate for CYP2E! (Fig. 4b). Thus, the h2E1v2
cell line had CYP2EI activity but did not activate AA.

DNA Adduct Formation by AA and GA in the Cell Lines

AA induced trace amounts of N7-GA-Gua adduct in
TK6 cells (with and without S89) (Fig. Sa) and in AHH-1
and h2Elv2 cells (Fig. 5b). GA, on the other hand,
induced a substantial number of N7-GA-Gua adducts in
TK6 cells (Fig. 5c). These results suggest that the expres-
sion of genotoxicity may be dependent on N7-GA-Gua

Fig. 3. Western blot analysis of CYP2E! in AHH-1, h2Elv2, and TK6
cells. Equal amount of materials were loaded for each sample. CYP2E]
protein was stained with the anti-CYP2E! antibody. Actin was used as a
joading control.

adduct formation, and the in vitro metabolic activation
system did not metabolize AA into GA.

DISCUSSION

A large number of studies about the in vitro genotoxic-
ity of AA have been reported [Dearfield et al., 1995;
Besaratinia and Pfeifer, 2005]. AA was negative in Ames
assay in both the presence and absence of S9 {Zeiger
et al., 1987; Knaap et al., 1988; Tsuda et al, 1993]. In
mammalian cell assays, cytogenetic tests such as chromo-
some aberration test and sister chromatid exchange tests
were positive [Sofuni et al,, 1985; Tsuda et al., 1993].
AA also induced Tk mutation in the MLA but did not
induce Hprt mutation in V79 cells [Moore et al.,, 1987,
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Fig. 4. Cytotoxic (relative suspension growth, RSG) and genotoxic (TK assay and MN test) responses of
AHH-1 (O) or h2E1v2 (B cells treated with AA or DMN for 4 hr. I-MF means induced mutation fraction,
in which back ground mutation frequency is subtracted. *P < 0.05 (Omori method for TK-mutation assay,
trend test for MN assay).
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Fig. 5. Levels of N7-GA-Gua adduct in TK6 (a, ¢), AHH-1 (b), or i2E1v2 (b) cells treated with AA (a, b)

or GA (c) for 4 hr at different concentrations. Data are expressed as the number of adducts in 10% nucleo-
tides.
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Knaap et al., 1988; Tsuda et al., 1993; Baum et al., 2005;
Mei et al., 2008}, and produced negative results in the
Comet assay with V79 cells and human lymphocytes
[Baum et al., 2005]. We also obtained positive results in
TK gene mutation and micromuclei assays, but not in
Comet assay using human lymphoblastoid TK6 cell in the
absence of S9 [Koyama et al., 2006]. To obtain the posi-
tive results in the MLA and TK6 cells, however required
very high dose of AA, which was sometimes beyond the
top dose of the OECD testing guideline (>10 mM)
[Koyama et al., 2006; Mei et al.,, 2008]. The spectrum of
AA-induced TK mutations in TK6 and cfl mutations in
Big Blue® mouse embryonic fibroblasts were not signifi-
cantly different from the spontaneous one, although its
metabolite GA distinctly induced a specific point mutation
[Besaratinia and Pfeifer, 2003, 2004; Koyama et al,
2006]. Thus, the in vitro genotoxicity of AA is still con-
troversial.

In confrast, the in vivo genotoxicity of AA has been
clearly demonstrated by various rodent genotoxicity tests
including micronuclei tests in peripheral blood [Cao et al.,
1993; Abramsson-Zetterberg, 2003; Manjanatha et al,
2005], transgenic gene mutation in liver [Manjanatha et al.,
2005], and Comet assay in various organs [Ghanayem
et al., 2005b]. AA has also proven to be genotoxic to germ
cells [Dearfield et al., 1995]. AA induced micronuclei in
mice spermatids, and heritable chromosome translocations
and specific locus mutations in postomeiotic sperm and
spermatogonia [Lahdetie et al., 1994; Xiao and Tates,
1994]. AA also elevated the frequency of dominant lethal
mutations probably accompanying with chromosome aber-
rations leading to death of embryo [Shelby et al, 1987,
Adler et al., 1994]. The International Agency for Research
on Cancer (IARC) classified it as 2A, a probable human
carcinogen based on finding of rodent carcinogenicity
[TIARC, 1994]. AA caused tumors in various organs includ-
ing mammary gland, peritesticular mesothelium, thyroid,
and central nervous system [Carere, 2006], although the
AA-inducing genotoxicity in these organs have not been
demonstrated.

AA is metabolized either via direct glutathione conju-
gation followed by excretion of mercapturic acid or via
oxidative pathways catalyzed by CYP2EIL to yield GA
[Calleman et al., 1990; Wu et al., 1993; Sumner et al.,
19991. GA reacts quickly with DNA, mainly forming
N7-GA-Gua adduct. Genotoxicity of GA has been demon-
strated in vitro and in vivo. In contrast to AA, GA is pos-
itive in most genotoxicity tests [Hashimoto and Tanii,
1985; Dearfield et al.,, 1995; Besaratinia and Pfeifer,
2004; Baum et al., 2005; Koyama et al., 2006]. Manjana-
tha et al. [2005] demonstrated in transgenic Big Blue®
mice that both AA and GA induces endogenous Hprt and
transgenic ¢fl mutation at same level, and also produced
similar mutational spectra. The predominant type of muta-
tions observed in these two systems was G:C to T:A

transversion, which is presumably derived from N7-
GA-Gua [Besaratinia and Pfeifer, 2005]. The in vivo
results with transgenic Big Blue® mice indicate that in
vivo expression of AA genotoxicity is mediated via its
GA metabolite.

However, no one has succeeded in demonstrating meta-
bolically activated AA genotoxicity in vitro [Kuaap et al,,
1988; Tsuda et al., 1993; Dearfield et al., 1995; Friedman,
2003; Emmert et al, 2006]. In this study, we used
induced rat liver S9 and human microsomal fraction for
the metabolic activation. Although they have high
CYP2EL activity, the AA-inducing genotoxicity was
never influenced by the presence of the exogenous meta-
bolic activation system (Fig. la). We assumed that GA, a
reactive epoxide, could be rapidly inactivated through
microsomal epoxide hydrolase or glutathione in any S9 or
microsomal fraction resulting in either the metabolism or
the conjugation and detoxification of GA [Sumner et al.,
2003; Decker et al., 2009]. However, presence of rat S9
did not prevent GA from inducing TK-mutation and
micronuclei.

The umu assay could not detect the genotoxicity of AA
even by the strain (Fig. 2). Emmert et al. [2006] also
failed to demonstrate the mutagenicity of AA in the
Ames test using the metabolically compelent S. ryphimu-
rium strain YGT7108pinERbs that expresses CYP2EL. In
mammalian cell system, such as the human lymphoblas-
toid cell line, h2E1v2 overexpressing human CYP2E! did
not show different response in TK-gene mutation and MN
induction compared to its parental cell line, AHH-I,
although these cell lines exhibited distinct difference fo
DMN, which is a representative substrate for CYP2EIL.
We also investigated the genotoxicity of AA in h2Elv2
cells after long exposure (24 hr), because AA may be
slowly metabolized to GA. The result was also negative
(data not shown). Thus, we could not obtain any evidence
of in vitro genotoxicity of AA vie metabolic activation.

Glatt et al. [2005] developed a Chinese hamster V79-
derived cell line that stably expresses human CYP2E!
and sulphotransferase (SULT), and applied it to investi-
gate sister chromatid exchanges (SCE) induced by some
chemicals. They demonstrated that AA induced SCE in
the transgenic cell line but not in the parental line.
Although the reason for the discrepancy between their
results and ours is not clear, it is possible that another
enzyme, such as SULT, may be involved in metabolic
activation of AA.

The DNA adduct analysis clearly revealed that hi2E1v2
cells does not generate N7-GA-Gua adduct in vitro.
Because exposure of human cells to GA results in signifi-
cant accumulation of N7-GA-Gua adduct, but DNA
adduct analysis following exposure of h2El1v2 with AA
does not generate N7-GA-Gua adduct in vitro, lead one a
conclusion that the presence of CYP2El alone is not
enough to metabolize AA to GA in mammalian cells. The
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DNA adduct analysis also strongly supports a hypothesis
that GA contribute to its genotoxicity by forming N7-
GA-Gua adduct. Interestingly, very small amount of
N7-GA-Gua adduct was generated in TK6 cells in a dose-
dependent manner regardless of the presence of S9
(Fig. 5a). TK6 cells themselves may have an enzymatic
activity to metabolize AA to GA, although its activity
must be extremely low. Ghanayem et al. [2005b] showed
that AA was not mutagenic or genotoxic in CYP2El-null
mice. Intraperitoneal injection of AA (25, 50 mg/kg) by
once daily for S days induced micronuclei in erythrocyte
and DNA damage assessed by Comet assay in leukocyte
and liver cells of wild-type, but not in the CYP2El-null
mice. The plasma concentration of AA in the CYP2EI-null
mice was 115-times higher than in the wild-type mice,
while the GA concentration in the CYP2EIl-null mice was
negligible compared to that in the wild-type mice [Gha-
nayem et al.,, 2000]. Ghanayem et al. [2005c] also demon-
strated that AA produces dominant lethal in mice that
express CYP2ElL, but not in mice that do not express
CYP2E], indicating that induction of germ cell mutations
by AA in mice in vivo is also dependent upon CYP2EI
metabolism. These results clearly suggest that CYP2EI is
the principal enzyme responsible for the metabolism of AA
to GA in vivo.

In conclusion, AA could not be metabolized to GA by
in vitro metabolic activation system commonly used in
genotoxicity tests. In vivo, on the other hand, GA is appa-
rently responsible for AA-inducing genotoxicity. Although
AA may exhibit genotoxicity in in vitro mammalian cells
at high concentrations, its positive response is not relevant
for its major genotoxicity. AA could be classified into in
vivo specific genotoxic chemical.
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