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Pathways on Cell Cycle Phase in Human
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DNA doublestrand breaks [DSBs) are usudlly
repaired by nonhomelogous end-joining (NHEJ) or
homologous recombination {HR). NHEJ is thought
to be the predominant pathway operating in mam-
malian cells functioning in al( phases of the cell
cycle, while HR works in the late-S and G2 phases.
However, relative confribution, 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 IScel site
into the thymidine kinase {TK) gene of human lym-
phoblastoid TKS cells. Here, we use this system fo
investigate the relative confribution of HR and
NHE] tor repairing |-Scelinduced DSBs under vari-
ous conditions. We used a novel transfection sys-
tem, Amaxa'™ nucleofecior, which directly introdu-
ces the |-Scel expression vecfor into cell nuclei.

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

© 2009 Wiley-Liss, Inc.

tion-induced DSBs, demonstrale that their contribution
varies with cell cycle phase [Takata et al, 1998; Roth-
kamm et al., 2003]. Ionizing 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 TRSCR?2 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-
Jetion 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 (TK) gene of human lymphoblastoid TK6 cells,
and developed cell lines that can detect NHEJ (TSCES)
and HR (TSCER2). TSCES is heterozygous (+/—) and
TSCER?2 is compound heterozygous (—/—) for the 7K
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
NHEJ 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 NHE] and HR, we investigate repair
activity in NHEJ knock-down cells generated by siRNA
technology.

MATERIALS AND METHODS
Cell lines and Vectors

We used human Jymphoblastoid 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 muta-
tion in exon 4, and TSCER?2 cells are compound heterozygous (TK —/—)
for a point mutation in exons 4 and 5. NHEJ for 2 DSB occurring at the
1-Scel site results in TK-deficient mutants (TX —/—) in TSCES cells,
while HR between the alleles produces TK-proficient revertants (TK +/—)
in TSCER2 cells (Fig. 1). Cells were grown in RPMI 1640 medium
(Gibco-BRL, Life technology, Grand Island, NY) supplemented with
10% theat-inactivated horse serum (JRH Biosciences, Lenexa, KS),
200 pg/ml sodium pyruvate, 100 U/m} penicillin, and 100 pg/ml strepto-
mycin and maintained them at 10° to 10° cells/ml at 37°C in a 5% CO;
ammosphere 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 cerevisice 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 -Scel-nuclease coding sequence and a poly (A) site.



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 clectroporated ~5 X 10° cells using Amaxa™ mucleofecior

(Amaxa Biosystems, Gailhersburg, 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 trifluorothymidine (TFT) (for TK-mutants) or hypoxanthine,
aminopterin, and thymidine (HAT) {for TK-reveﬂants) medmm Drug re-
sistant colonies were counted 2 weeks later. .

Flow Cytometric and Mlcroscoplc Analysns wnth
immunofluorescence

We examined the post transfection kinetics of I-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 transfection efficiency analyzed with an Epics X1
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 dihydrochiorine (DAPI), and
observed with a fluorescent microscope (Olympus, Tokyo, Japan).

siRNA and Western Blot Analysis

Cells were fransfected with 50 nM KUS80 small interfering RNA
(siRNA; Sanfa Cruz Biotechnology, Santa Cruz, CA) using Amaxa' ™
nucleofector and Nucleofection Kit V. After 24-hr and 48-br incubations,
cell extracts were Western blotted using anti-KUS86G (Santa Cruz Bio-
technology) and anti-P-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 gquantified by densitometric

scanning.

Cell Cycle Synchronization

A 2-step procedure was used fo synchronize cells that included treal-
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 Gi rich cell
population. Several hours later, following removal to a drug-free
medium, the cell population shified to the S/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/m] RNase A (Wako Pure Chemical, Osaka,
Japan), and stained with 10 pg/ml propidium iodide (Wako Pure Chemi-
cal). Approximately 10,000 cells per each sample were examined by
EPICS-XL Row-cytometer (Beckman Coulter), and the data were quanti-
tatively analyzed by MuliCycle 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 flow cytometry.

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

RESULTS AND DISCUSSION
Expression of 1-Scel and Generation of DSBs

The expression of the I-Scel enzyme in TSCES and
TSCER?2 cells generates a DSB in the TK gene. To intro-
duce the expression vector into the cells, we used the
Amaxa™ nucleofection system, which can directly trang-
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 permifs 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 fo 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 vecior 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. Detection of DSBs by immunohistochemical analysis with gamma-H2AX antibody. Gamma-H2AX
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.
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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 tansfected with the pCBASce vector (Sce), cells co-transfecied
with KU80 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
I-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 SDh.
#p < (.05, (C): Expression of KUS0 protein. TSCES cells were trans-
fected with KURO-siRNAs, and were conducted by Western blot analyses
at 24 hr and 48 br later afier the transfection.

NHEJ and HR for I-Scel-Induced DSBs in KU8Q-Competent
and Knockdown Cells

Figures 4A and 4B show the frequency of the TK-defi-
cient mutants in TSCE5 and TK-proficient revertants in
TSCER?2 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 TSCER2 also increased
up to 0.9 X 10" following introduction of pCBASce
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Fig. 5. DNA histograms for synchronization of cell cycle. Nonsynchron-
ized cells (A) were arrested in the M phase with nocodazole (1 puM) for
12 hr, and (B) released into the media confaining hydroxyurea (1 mMj.
After 6 hr incubation, the cells were amested 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 confribution
of NHEJ and HR was ~100:1, similar to our previous
findings [Honma et al., 2007].

When TSCES and TSCER2 cells were transfected with
the pCBASce-off vector, the TK-deficient mutant fre-
quency was 1.6 X 1072 in the TSCES cells, and the TK-
revertant frequency was 1.3 X 107 in the TSCER2 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 KUBQ 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 (022 X 1072 than when the pCBASce vector
alone was transfected (1.1 X 107%) (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—»

Cell number—»

DNA content—

and released into a drug-free medium.. The cells' synchronously
progressed through the cell cycle afier 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 KURO siRNA indicates that the TK-
deficient mutunts induced I-Scel expression by NHEI.
However, NHEJ still predominantly repairs DSBs in the
KU80-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 becanse KU80 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 NHEJ
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 KUSO 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 M)
and hydroxyurea (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 TSCES5
cells (A, C) and of the TK-proficient revertants in synchronized TSCER2
cells. (A, C). 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 (G1) 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 10 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 G1 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 107%) and late-S/G2 (2.0 X 107?) 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
1077 (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
thronghout 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



change in NHEJ frequency across all phases of the ceil
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 mouse lymphoma assay (MLA) uses the thymidine kinase
(Tk) gene of the L5178Y/Tk*'~-3.7.2C mouse lymphoma cell line
as a reporter gene to evalnate the mutagenicity of chemical and
physical agents. The MLA is recommended by both the United
States Food and Drug Administration and the United States
Environmental Protection Agency as the preferred in vitro
mammalian cell mutation assay for genetic toxicology screening
because it detects a wide range of genetic alterations, including
both point mutations and chromosomal mutations. However, the
specific types of chromosomal mutations that can be detected by
the MLA need further clarification. For this purpose, three
chemicals, including two clastogens and an aneugen (3'-azido-3'-
deoxythymidine, mitomycin C, and taxol), were used to induce Tk
mutants. Loss of heterozygosity (LOH) analysis was used to select
mutants that could be informative as to whether they resulted
from deletion, mitotic recombination, or aneuploidy. A combina-
tion of additional methods, G-banding analysis, chromosome
painting, and a real-time PCR method to detect the copy number
(CN) of the Tk gene was then used to provide a detailed analysis.
LOH involving at least 25% of chromosome 11, a normal
karyotype, and a Tk CN of 2 would indicate that the mutant
resulted from recombination, whereas LOH combined with
a karyotypically visible deletion of chromosome 11 and a Tk
CN of 1 would indicate a deletion. Aneuploidy was confirmed
using G-banding combined with chromosome painting analysis for
mutants showing LOH at every microsatellite marker on
chromosome 11. From this analysis, it is clear that mouse
lymphoma Tk mutants can result from recombination, deletion,
and aneuploidy.
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The mouse lymphoma assay (MLA), using the thymidine
kinase (Tk) gene of the L5178Y/Tk*/~-3.7.2C mouse lymphoma
cell line as a reporter gene of mutation, is preferred by a number
of international regulatory agencies, including the United States
Food and Drug Administration and the United States Environ-
mental Protection Agency, as the in vifro mammalian mutation
assay in the genetic toxicology screening battery. The decision
to prefer the MLA was based on previous research demonstrat-
ing that the assay detects most of the mutational events known to
be associated with the etiology of cancer and other human
diseases, including point mutations and a number of different
types of chromosomal mutations (Applegate et al., Blazak et al.,
1989; Chen et al., 2002; Clive et al., 1990; 1990; Honma et al.,
2001; Hozier et al., 1981, 1992; Liechty et al, 1998; Moore
et al., 1985; Zhang et al., 1996).

It is important to determine the various mutation types that
can be detected by this assay, so that MLA data can be properly
interpreted. Since the development of this assay, quite a number
of studies have been conducted to understand the types of
mutations that can be detected by the MLA. Several cytogenetic
studies have been conducted to analyze Tk mutants induced by
various mutagens (Blazak et al., 1986, 1989; Hozier et al., 1981;
Moore et al., 1985; Zhang et al., 1996). It is clear that many
small colony (SC) mutants have recognizable chromosome
rearrangements involving chromosome 11, which contains the
Tk gene. The Tk~ and Tk* chromosomes can be distinguished
by a centromeric heteromorphism: the Tk* chromosome has
a bigger centromere (Hozier et al., 1982; Sawyer et al., 1985).
This finding greatly helps the cytogenetic characterization of
chromosome abemrations in Tk mutants. However, without the
help of molecular genetics, small chromosome changes cannot
be detected using cytogenetic methods alone; mitotic recombi-
nation cannot be identified because the karyotype of the mutant
would be normal. Applegate et al. (1990) identified a Nco I
restriction fragment length polymorphism that distinguishes the
Tk™ and Tk~ alleles. Several studies using Southem blot analysis
to determine the status of the Tk allele were subsequently
conducted (Applegate et al., 1990; Clive et al., 1990). The
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presence of the Tk™ allele suggests an intragenic mutation, while
the loss of the Tkt allele indicates a chromosome mutation.
Most large colony (LC) mutants induced by point mutagens,
such as ethyl methanesulfonate, retain the Tk™ allele; while most
SC mutants induced by clastogens, such as bleomycin, lose the
Tk* allele. An allele-specific PCR technique was developed to
identify the presence or absence of the Tk* allele. Furthermore,
based on microsatellite polymorphisms, the loss of heterozy-
gosity (LOH) patiem of the entire chromosome 11 can be
investigated (Liechty et al., 1994, 1996, 1998). This labor-
saving approach allows many mutants to be analyzed; however,
without the detection of Tk gene copy number (CN), one cannot
distinguish between a deletion and a recombination event.
Southern blot analysis can be used to detect Tk gene CN
(Applegate et al., 1990), but it is resource intensive, requires
a relatively large amount of DNA, and the measurement is not
precise (Joseph et al., 1993). Therefore, we developed a real-
time PCR method to detect the CN of the Tk gene (Wang et al.,
2007). By combining LOH analysis of chromosome 11 and
cytogenetic analysis, we were able to distinguish between
deletion and recombination events.

Another important issue for the MLA is whether the assay
can detect aneuploidy. Aneuploidy plays a significant role in
many adverse human health conditions, including spontaneous
abortions, birth defects, and cancer (Aardema ef al., 1998;
Duesberg et al., 1999; Oshimura and Barrett, 1986; Sen, 2000).
Anengens can interact with the spindle apparatus or impair its
function, thereby inducing aneuploidy due to nondisjunction
mechanisms. Several aneugens are carcinogens (Cimino et al.,
1986; Oshimura and Barrett, 1986). Although the MLA has
been shown to detect aneugens, its ability to adequately detect
aneuploidy is unclear. Applegate et al. (1990) reported that at
least some Tk mutants show aneuploidy. Honma ef al. (2001)
evaluated two aneugens, colchicine, and vinblastine, using the
MLA. The two chemicals did not induce a significant mutant
frequency (MF) increase afier the regular 3-h treatment.
Although they did show positive responses after the long-term
(24 h) treatment, the increase of MF was not high. Therefore,
many of the mutants that were isolated and analyzed from the
chemical-treated cultures would be spontaneous rather than
induced mutants.

Overall, the specific types of chromosomal mutations that
are detected by the MLA need further clarification. In this study,
Tk mutants from cultures treated with different chemicals,
including two clastogens and an aneugen (3'-azido-3’-deoxy-
thymidine [AZT], mitomycin C and taxol), were used. A
combined strategy of both molecular genetic and cytogenetic
methods was used to analyze the mutants. LOH analysis of
chromosome 11 was conducted first, and then the Tk mutants
showing LOH involving a large portion of chromosome 11
were selected for further cytogenetic analysis and Tk CN
detection. It should be noted that it was not our intent to provide
a complete analysis of the types of mutational events induced by
these three chermnicals; rather, we used these chemicals to give us

mutants for our analysis that would be expected to include
deletions, mitotic recombination, and aneuploidy.

MATERIALS AND METHODS

Cell culture. The L5178Y/TKY'™ -3.7.2C mouse lymphoma cells were
cultured in suspension using Fischer's medium for leukemic cells of mice
(Quality Biologicals, Gaithersburg, MD) supplemented with 10% heat-
inactivated horse serum, 200 pg/ml sodium pyruvate, 100 unit/ml penicillin,
100 pg/ml streptomycin, and 0.05% (volfvol) pluronic F68 (Invitrogen,
Carlsbad, CA). The cultures were incubated at 37°C in an atmosphere of 5%
CO, and saturated humidity and maintained in logarithmic growth.

Tk mutant induction. Tk mutants isolated from AZT-treated and taxol-
treated cultures were from previous studies using the microwell version of the
assay (Moore et al., 2005; Wang ef al., 2007). For the induction of Tk mutants
using mitomycin C (obtained from Sigma, St Louis, MO), the protocol for the
microwell version of the mouse lymphoma assay described by Chen and Moore
(2004) was followed. Briefly, cells were centrifuged and resuspended at
a concentration of 0.2 X 10° cells/mi in 50 m! of medium in 75-cm’
polystyrene flasks. Mitormycin C dissolved in dimethy] sulfoxide (DMSO) was
added from a stock solution to the cell cultures. Additional DMSO was added
to give a final volume of 100 pl. The flasks were incubated for 4 h, and then the
cells were centrifuged, washed twice, and resuspended in fresh medium. The
cells were transferred to new 75-cm’ flasks and cultured for 2 days for mutant
expression with cell counts and cell density adjustment made after 1 day. Then
the cells were cloned in 96-well plates in medium containing 3 pg/ml
triffuorothymidine (IFT) for selection and medium without TFT for the
measurernent of cloning efficiency. After 12 days, the 96-well plates were
evaluated by eye using a Quebec dark field colony counter to determine the
presence or absence of colonies in each well and to enumerate the number of
small and LC mutants. Total MF, SC MF, and LC MF were determined, and the
relative total growth values that measures cytotoxicity were calculated
according to the published protocol (Chen and Moore, 2004). Mutant colonies
were randomly selected and isolated from the cultures treated with the highest
test dose of AZT (1 mg/ml), mitomycin C (04 pg/ml), or taxel (1 pg/ml),
respectively.

DNA extraction. The isolated mutant colonies were cultured in fresh
medium for several days to obtain sufficient cells for subsequent analysis.
Genomic DNA was extracted from 3 X 10" cells of each Tk mutant clone using
the Qiagen DNeasy tissue kit (Valencia, CA) and stored at — 20°C.

Tk gene LOH analysis. Tk gene LOH analysis was conducted using the
allele-specific PCR described by Liechty et al. (1996), with some modifications
(Wang et al., 2007). Basically, the microsatellite locus D11Agi2 that resides in
the Tk gene was amplified using a touchdown PCR method. The PCR was
performed in 96-well plates using a PCR System 9700 (Applied Biosystems,
Foster City, CA). The reaction products were separated by 2% agarose gel
electrophoresis, stained with 1 pg/ml ethidium bromide, and visualized with
a UV light box.

Chromosome 11 LOH analysis. In addition to microsatellite marker
D11Agl2, eight other microsatellite loci on mouse chromosome 11 (D11Mit 42,
59, 36, 29, 22, 20, 19, and 74) were used (Wang et al., 2007). The nine
microsatellite loci are almost evenly distributed along the length of the
chromosome (with locations at 78.0, 72.0, 58.5, 47.6, 40.0, 25.0, 20.0, 13.0,
and 0.0cM, respectively). LOH analysis was performed at each microsatellite
locus using allele-specific PCR as previously described (Wang et al., 2007).
The PCR products were separated and visualized as above.

Tk gene dosage analysis. For those mutants showing LOH involving
a large portion of chromosome 11 (at least including microsatelite markers
D11Agi2 and D11Mit 42), Tk gene CN was evaluated using the real-time PCR
27445 method described previously (Wang et al., 2007). Briefly, a fragment
of the Tk gene and a fragment of an unrelated gene (#-2K) on chromosome
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17 were amplified simultaneously. The H-2K gene fragment was used as an
endogenous reference for PCR relative guantitation.

According to the criteria set by Honma et al. (2001), the CN of Tk mutants
was classified as <1.2, 1.2-1.8, and >1.8, which sets the ranges for the
hemizygous, mosaic, and homozygous states of the Tk gene, respectively.

G-banding analysis. For the mutants showing LOH involving a large
portion of chromosome 11 (at least including microsatellite markers DI1Agl2
and D11Mit 42), G-banding analysis was performed to examine the alteration
of chromosome 11. The protocol established by Sawyer ef al. (1985) was
followed with some revision. Briefly, a 12-ml cell culture (approximately 810
X 10% cells) was centrifuged at 200 X g for 10 min. The supematant was
discarded, and the cell pellet was resuspended with gentle agitation in
a hypotonic solution (10 ml 75SmM KCI). Then 120 pl of 10 pg/ml colchicine
(Sigma) was added. The cell suspension was then incubated at 37°C for 20 min.
Five drops of fixative (5:2, methanol:acetic acid) were added at the end of
incubation with gentle agitation to avoid cell clumping. Then the cells were
centrifuged, and the supematant was discarded leaving approximately 0.5 ml of
solution over the pellet. The pellet was then gently agitated, and 10 ml of
fixative was added. After gentle mixing, the cell suspension was incubated at
room temperature for 20 min. The cell suspension was centrifuged, and the
fixative was changed twice to climinate cell debris and to ensure good
spreading and staining of chromosomes. The cell pellet was resuspended in
about 1 ml fixative to make the slides. For karyotypic analysis, cells were
dropped onto precleaned glass slides (soaked in 95% ethanol overnight) and air
dried. Trypsin treatment before Giemsa staining was used to sharpen bands and
increase contrast. At least 10 cells were examined per clone.

Chromosome painting analysis. Chromosome 11 painting analysis was
perfonmed as described by Zhang et al. (1996) with some modification. Briefly,
colchicine was added to a 12-ml cell culture (approximately 8-10 X 10° cells)
at a final concentration of 0.5 pg/ml Cells were incubated for 1 h at 37°C in an
atmosphere of 5% CO, and saturated humidity. Then the cell culture was
centrifuged at 200 X g for 10 min and resuspended in hypotonic solution
(75mM KCl), followed by incubation in a water bath at 37°C for 20 min. After
that, five drops of fixative (3:1, methanol:acetic acid) were added with gentle
agitation. The rest of the cell fixation was accomplished using the procedure
described in the G-banding analysis section above.

A whole-chromosome painting probe specific for mouse chromosome 11
labeled with biotin was purchased from Cambio (Cambridge, UK). The
chromosome painting procedure described in the manufacturer’s instructions
was followed. Briefly, chromosomal DNA on slides was denatured with 2X
sodium chloride-sodium citrate buffer (SSC)-70% formamide solution (1X
SSC is 0.15M NaCl + 0.015M sodium citrate) at 70°C for 2 min followed
by dehydration through an ethanol series (70%, 85%, and 100%). Probes were
added to the metaphase preparations. After overnight hybridization at 37°C, the
slides were washed three times with 2X SSC-50% formamide solution and
three times with 2X SSC at 45°C. The slides were then incubated with
fluorescent avidin-DCS (Vector Laboratories, Burlingame, CA) solution at
37°C for 30 min and washed with 2X SSC containing 0.1% Tween 20. The
slides were then incubated with biotinylated goat anti-avidin DCS (Vector
Laboratories) at 37°C for 30 min followed by a second fluorescent avidin-DCS
treatment. The slides were washed, counterstained with propidium iodide
solution, and mounted. At least 10 metaphases from each slide were examined
with fluorescence microscopy.

RESULTS

The Tk MFs for the AZT-, mitomycin C-, and taxol-treated
cultures used for mutant analysis are shown in Table 1. The
complete MF data for AZT can be found in Wang et al. (2007),
for taxol in Moore et al., (2005), and for mitomycin C in Figure 1.
At the highest dose tested, all three chemicals induced high Tk
MFs (4.8-, 16.6-, and 7.3-fold over the concurrent negative

TABLE 1
Tk Gene MFs in Mouse Lymphoma Cells Treated with AZT,
Mitomycin C, and Taxol (at the Highest dose Tested)

Tk MF (X 107%

Treated

Chemical Concentration SC? (%) Control culture
AZT" 1 mg/ml 65% 84 407
Mitomycin C 0.4 pg/ml 449 56 928
Taxol® 1 pgfml 41% 50 366

“SC mutants, as a percent of all 7k mutant colonies obtained.
"Data from Wang ef al. (2007).
“Data from Moore et al. (2005).

control for AZT, mitomycin C, and taxol, respectively). This
indicated that most of the analyzed Tk mutants were chemical-
induced mutants rather than spontaneous background mutants.

For our detailed analysis to determine if mutants can result
from deletion, mitotic recombination, and aneuploidy, we
needed mutants with large chromosomal alterations. Therefore,
a number of mutants were first screened using nine micro-
satellite markers spanning chromosome 11. Mutants showing
partial chromosome 11 LOH including at least microsatellite
markers Agl2 and Mir42 were selected for further analysis
using G-banding. In addition, Tk gene CN of these mutants was
evaluated. Chromosome painting analysis was performed for
some of the mutants showing LOH at every chromosome 11
microsatellite marker,

Fifteen mutants from the 1-mg/ml AZT-treated culture
(Wang et al., 2007) showing LOH including at least micro-
satellite markers Agl2 and Mit42 were analyzed using
G-banding analysis. Nineteen mutants from the 0.4-pg/ml
mitomycin C—treated culture were analyzed using chromosome
11 LOH analysis; then four mutants showing partial chromo-
some 11 LOH were analyzed using Tk gene dosage analysis
and G-banding analysis, and two mutants showing LOH at
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FIG. 1. Tk gene MFs and relative total growth values of mouse lymphoma
cells treated with mitomycin C.
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TABLE 2
The Number of Mutants that were Analyzed Using G-banding
Analysis or Chromosome Painting Analysis

Number of  Number of mutants
mutants analyzed analyzed using
using G-banding  chromosome
Treatment LOH pattern analysis painting analysis
1 mg/ml Partial LOH including 15
AZT at Jeast microsatellite
markers Agl2
and Mir42
0.4 pg/ml Partial ILOH including 4
mitomycin C  at least microsatellite
markers Agl2
and Mit42
Complete LOH 2
1 pg/ml Complete LOH 7
taxol

every microsatellite marker on chromosome 11 were analyzed
using chromosome painting analysis. Twenty mutants from the
1-pg/ml taxol-treated culture were isolated for chromosome 11
LOH analysis, and seven mutants showing LOH at every
microsatellite marker on chromosome 11 were analyzed using
chromosome painting analysis. The number of mutants that
were analyzed using the combined strategy is summarized in
Table 2.

The results of the G-banding analysis can be classified as
normal chromosome 11, visible deletion, or complex chromosome
alterations. The number of chromosome 11 revealed by the
chromosome painting analysis can be classified as one (indicating
chromosome loss), two (indicating chromosome duplication after
loss), or more than two (including either aneuploidy or poly-

TABLE 3
The Number of Metaphase Spreads Showing Different Numbers
of Chromosome 11 in the Tk Mutants Isolated from Mitomycin
C- or Taxol-Treated Cultures as Revealed by Chromosome Painting

Number of chromosome 11

Mutant” 1 2 3 4 >4
ML7 1 9 0 0 0
MS3 3 4 2 1 0
TL2 2 8 0 0 0
TLA 0 9 0 1 0
TLR 3 7 0 0 0
TS2 1 7 0 1 1
TS4 0 8 1 1 0
TS6 0 2 5 0 3
TS7 2 8 0 0 0

“The first letier of the mutant name indicates the chemical exposure (M,
mitomycin C; T, taxol); the second letter indicates colony size of the mutant (L,
large; S, small). All the mutants showed LOH at every microsatellite marker on
chromosome 11. Ten metaphase spreads were counted for each Tk mutant.

ploidy). The numbers of metaphase spreads showing different
numbers of chromosome 11 as revealed by chromosome painting
are shown in Table 3. The combined results of the chromosome 11
LOH analysis, Tk CN detection, and G-banding/chromosome
painting analysis are shown in Table 4.

In total, 28 mutants showing partial or complete chromo-
some 11 LOH were analyzed using this combined strategy.
Among them, nine mutants (A1B4, A1BS, A2D4, A3C2,
A5B3, A6A2, ML4, MLI10, and MS6) retained a normal
karyotype, while at least three microsatellite markers showed
LOH. With a Tk CN of 2, the mutation type of these mutants
can be identified as recombination. A representative metaphase
cell is shown in Figure 2. Five mutants (A1C6, A3A4, A5C2,
ASD6, and A6C2) were identified to be deletions. They all
have partial chromosome 11 LOH patterns, one copy of the Tk
gene, and chromosome 11 showing visible deletions or deletions
combined with translocation (representative metaphase cell
shown in Fig. 2). Five mutants (ASC6, ASD2, A7B5, A7Cl,
and MS8) showed complex chromosome alterations. They all
have partial chromosome 11 LOH pattems, with more than one
copy of the Tk gene. G-banding analysis showed that the Tk~
chromosome appears to be normal, while the Tkt chromosome
is abnormally long (Fig. 3). It is speculated that this complex
alteration was the result of multiple events: deletion, duplication
(aneuploidy), and translocation. First, the Tk™ chromosome was
partially deleted, which resulted in the LOH pattemn; then the
Tk~ chromosome was duplicated and translocations occurred.
The duplicated Tk~ chromosome was translocated directly to the
damaged Tk* chromosome or other chromosomes. Mutants
ASD2 and MS8 have Tk CNs between 1 and 2, indicating that
they are mosaic mutants. They may be a mixture of cells with
duplicated Tk~ chromosome after the partial deletion of the Tk*
chromosome or the Tk~ chromosome was not duplicated. For
those mutants that showed complete LOH of chromosome 11
(ML7, MS3, TL2, TL4, TL8, TS2, TS4, TS6, and TS7),
chromosome painting analysis indicated that they were all
mosaic mutants, and overall the major mechanism appears to be
the Tk~ chromosome duplication after the loss of the Tkt
chromosome. Representative photos for chromosome loss and
chromosome duplication after loss are shown in Figure 4.

DISCUSSION

A complete evaluation of genetic toxicology data includes an
analysis of the mode of action by which the test chemical
induced mutation (Dearfield and Moore, 2005). Because there
are a number of genotoxicity tests and different tests detect
different types of genotoxic damage, they may give a mixture
of both positive and negative results. Therefore, it is important
to identify the types of mutations detected by the different
assays in order to evaluate the data properly.

As mentioned before, it has been established that the MLA
can detect both point mutations and chromosomal mutations
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TABLE 4
Combined Results of the LOH Analysis, Tk Gene CN Detection, and G-Banding/Chromosome Painting Analysis for the Tk (Mutants
Isolated from AZT-, Mitomycin C-, or Taxol-Treated Cultures

LOH pattern”
80cM Tk 60cM 40cM 20cM ocM
o — [T 110
LR S, S T A XN N
G-banding/chromosome
Mutants® s Agl2 42 59 36 29 2220019 74 TkCN? painting®
AlB4 L o) O O o] o} @ o ® ® >1.8 Recombination
AlBS L O o O o [ ] [ o [ J ® >1.8 Recombination
AlC6 L O O ® [ J [ J [ ® o ® <12 Deletion
A2D4 L o} O o) [ ] [ J [ ] o L 2 [ ] >1.8 Recombination
A3A4 S O O ® [ J [ J [ [ ® ® <1.2 Deletion
A3C2 S ) O O O O ° [ ] L ® >18 Recombination
ASB3 S ¢] O (o] 0 (o] ) [} o [ ] >1.8 Recombination
ASC2 S o) O ® ] o [ [ [ ] [ <12 Deletion
A5C6 S o) o o] ] ® -] [ ] [ ] ® >138 Deletion with aneuploidy
ASD2 S O O O [ J e [ o [ @ 1.2-1.8 Deletion with/without
aneuploidy
ASD6 S O O O ) [ ] L (] ] [ ] <12 Deletion with translocation
ABA2 S o) O o} -] 9 e @ L] 9 >1.8 Recombination
A6C2 S O O O [ ] [ ] & i o @ [ ] <1.2 Deletion
A7BS S 0] O O o [ e @ [ ] ® >138 Deletion with aneuploidy
A7C1 S O o O [ ] ® [ = o [ [ >1.8 Deletion with aneuploidy
ML4 L o O o} o [ L @ [ ] ® >1.8 Recombination
ML10 L O O O e e e e o o >3 Recombination
MS6 S o) O O L o [ ] o [ ] ® 18 Recombination
MS8 S O o] o [ o o [} L] L] 1.2-1.8 Deletion with/without
aneuploidy
ML7 L O O O O O (0] O o) O NA Chromosome loss/duplication
MS3 S O O o] O O o) O e O NA Chromosome loss/duplication
TL2 L O O O O o o] o o O NA Chromosome loss/duplication
TLA L 0] 0] o] o] (0] 0] 0 O O NA Chromosome duplication -
TL8 L e} 0 o) o) 0 o) o) o) O NA Chromosome Ioss/duplication
TS2 S o] O O e} o] o] (e] o] ] NA Chromosomie loss/duplication
TS4 S (@] O (@] e} o] O (] ] o} NA Chromosome duplication
TS6 S o O o (0] O (@] o o] O NA Chromosome duplication
TS7 S o o] O o} O (o] I e N O NA Chromosome loss/duplication

®, retain heterozygosity; O, LOH.

“The first letter of the mutant name indicates the chemical exposure. A, AZT; M, mitomycin C; T, taxol. For mutants from AZT-treated culture, LOH analysis
and Tk gene CN detection was done in a previous study (Wang ef al., 2007).

bL, large colony mutant; S, small colony mutant.

‘D11Agi2, D1IMit 42, 59, 36, 29, 22, 20, 19, and 74 are nine microsatellite markers that are almost evenly distributed along the length of chromosome 11.

“The Tk gene CN analysis was performed for mutants showing microsatellite LOH for at least markers Agl2 and Mit 42 but also retaining microsatellite
heterozygosity for at least marker Mit 74 (partial LOH of chromosome 11),

“G-banding analysis was performed for the mutants showing LOH at least at microsatellite markers Agl2 and Mit 42 but also retaining heterozygosity at least at
microsatellite marker Mit 74 (partial LOH of chromosome 11). Chromosome painting analysis was performed for the mutants showing LOH at every microsatellite
marker on chromosome 11 (complete LOH of chromosome 11). Qe

/Not analyzed. : )

(Applegate et al., 1990; Chen e al., 2002; Honma et al., 2001; to give positive responses for clastogens. It is important to
Hozier et al., 1981; Liechty ef al., 1998; Moore et al., 1985). A recognize that the MLA detects small-scale alterations that are
large experimental trial including 45 labs (Honma et al., 1999)  too small to be detected by cytogenetic assays. In addition, the
suggested that- the MLA and-the in vitro chromosome MLA detects recombination, which may lead to recessive
aberration test were basically “equivalent” as to their ability —mutations and plays an important role in the deactivation of



MLA DETECTS RECOMBINATION, DELETION, AND ANEUPLOIDY

tumnor suppressor genes during tumorigenesis. Recombination
events are not detected by cytogenetic assays. Liechty ef al.
(1998) speculated that the MLA is able to detect recombination
because of the autosomal location and the heterozygous status

Y
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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 ef 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 ef 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 camies the Tk allele. At
that time, the chromosome aberrations identified in Tk mutants
were primarily translocations (Blazak ef al., 1986; Hozier
et al., 1981; Moore et al., 1985). Later, Southem 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 LC mutants
(depending upon the mutagen) showed the loss of the Tkt
allele, which indicates that the MLA is able to detect LOH,
the most common mutational mechanism in buman 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 spontaneous

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 patterns (T«" 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.



102

FIG.3. G-banding analysis of mouse lymphoma Tk mutants MS8 (isolated
from a cell culture treated with 0.4 pgfnl mitomycin C) and mutant A5D2
(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 Tk~
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 pattem, while the Tk™
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 Tkt 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 study, 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 jsolated 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 TL.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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chromosome has a bigger centromere
centromeri¢ heteromorphism can be used to di

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
a normal Tk~ chromosome (Fig. 5). Therefore, in this study we
used a combination of all the different analysis methods 1o
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 LOH mutants, The underlying mechanism for
this event is unclear. We speculate that the Tk~ 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 LOH. 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 resulis clearly demonstrate that MLA 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 resuls in
no protein production (the point mutation produces a stop
codon) and the other results in the production of a mutant
Trp53 (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
Trp53 (Honma et al., 2000). The Tip53 statas 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 ef 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 atiny 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
microarmray technology in combination with our cument 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,
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Review

An Approach to Estimate Radioadaptation from
DSB Repair Efficiency”

Fumio YATAGAII*, Kaoru SUGASAWAZ, Shuichi ENOMOTO!
and Masamitsu HONMA?

Radioadaptation/I-Scel digestion/DSB repair/TKG6 cells.

In this review, we would like to introduce a unique approach for the estimation of radioadaptation.
Recently, we proposed a new methodology for evaluating the repair efficiency of DNA double-strand
breaks (DSB) using a model system. The model system can trace the fate of a single DSB, which is intro-
duced within intron 4 of the 7K gene on chromosome 17 in human lymphoblastoid TK6 cells by the
expression of restriction enzyme I-Scel. This methodology was first applied to examine whether repair of
the DSB (at the I-Scel site) can be influenced by low-dose, low-dose rate gamma-ray irradiation. We
found that such low-dose IR exposure could enhance the activity of DSB repair through homologous
recombination (HR). HR activity was also enhanced due to the pre-IR irradiation under the established
conditions for radioadaptation (50 mGy X-ray-6 h-I-Scel treatment). Therefore, radioadaptation might
account for the reduced frequency of homozygous loss of heterozygosity (LOH) events observed in our
previous experiment (50 mGy X-ray-6 h-2 Gy X-ray). We suggest that the present evaluation of DSB
repair using this I-Scel system, may contribute to our overall understanding of radioadaptation.

INTRODUCTION

It is important to accurately estimate human health risks
for persons occupationally exposed to ionizing radiation
(IR), such as airline crews and workers in medical and
industrial fields. For estimating such risks, it is worthwhile
to investigate radioadaptation, that is, acquiring a cellular
radioresistance to a challenging IR by a pre-exposure to low-
dose IR. Radioadaptation was first reported by Olivieri et
al.’ The priming radiation exposure delivered by labeling
human lymphocytes with tritiated thymidine caused a
decrease in chromosomal aberration frequency after a chal-
lenging exposure to 1.5 Gy of IR. That discovery stimulated
a series of studies using human lymphocytes and various
mammalian cell lines as described in reviews.>® A reduced
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induction of both micronuclei and sister chromatid exchang-
es was shown in Chinese hamster V79 cells pre-exposed to
low doses of y-rays or *H B-rays.¥ Subsequent studies
reported similar radioadaptive responses, such as reduced
mutation frequencies in human lymphocytes,” mouse SR-1
cells® and human-hamster hybrid Ay cells,” an altered muta-
tion spectrum in human-hamster hybrid Ay cells,” reduced
micronucleus frequencies in human lymphocytes® and
mouse embryo cells,” and reduced deletions and rearrange-
ments in human lymphoblast cells.'® Those studies suggest
that radioadaptation is an important defense mechanism
against a high-dose IR, although the molecular mechanisms
involved remain largely unknown. !9

Cellular responses such as a bystander effect, genetic
instability, and hyper-radiosensitivity are reported to be
tightly related to the radioadaptation.'®?V In mammalian
cells, for example, bystander mutagenesis may be suppressed
by an adaptive response.'® Another example is the possible
involvement of a “radioadaptive bystander” effect in human
lung fibroblasts.”? The reduction of radiosensitivity in cells
with a wild type p53 gene by a radiation-induced, nitric oxide
(NO)-mediated bystander effect may also be a manifestation
of the radioadaptation.” This possibility is supported by
the finding that the NO-induced apoptosis observed in lym-
phoblastoid and fibroblast cells depends on the phosphoryla-
tion and activation of p53.* In fact, pS3 was suggested to
play a key role in the mechanisms of an adaptive response
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