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Fig. 3. Correlation between calculated and experimental dipole moments. The experimental dipole moments are taken in a horizontal axis and

the those calculated by QEq methods are taken in the vertical axis.

dipole moments. RMSDs and correlation coefficients
relating the calculated and experimental values were
evaluated. The results for sets i and ii are shown in
Table 7, and those for sets iii and iv in Table 8. The

dipole moments evaluated from HF-ESP charges are
closest to the experimental values. Method 6
gave the next closest results, whereas the other
QEq methods were much less successful in

Table 7
RMSD and correlation between calculational and experimental dipole moments

1 2 3 4 5 6 QEq G-H
Set i ) .
RMSD 1.125 1.158 1.254 1.228 1.244 0.821 1.113 0.992
Conelation 0.721 0.722 0.723 0.723 0.724 0.815 0.692 0.719
Set ii .
RMSD 0.928 0.950 1.023 0.995 1.000 0.524 0.942 0.805
correlation 0.754 0.757 0.780 0.780 0.787 0.909 0.734 0.844

The Gasteiger—Hiickel charges are calculated for compounds except for carbon monoxide in (a). Abbreviation is the same as Table 4.
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Table 8
RMSD and cormelation between calculational and experimental dipole moments for compounds sets without Bakowies et al. test sets

1 2 3 4 5 6 QEq G-H
Set iii
RMSD 1.188 1.224 1.201 1.263 1.283 0.852 1.156 1.067
correlation 0.731 0.732 0.743 0.744 0.745 0.829 0.714 0.713
Setiv
RMSD 0.978 1.010 1.079 1.045 1.062 0.553 0.991 0.865
correlation 0.771 0.773 0.792 0.794 0.799 0915 0.754 0.860

Abbreviation is the same as Table 4.,

Table ¢
Atomic charges on «- and B-D-idose

1 2 3 4 5 6 HF-ESP
a-D-Idose
C-1 0.173 0.202 0.687 0.628 0.726 0.502 0.535
Cc-2 0.085 0.095 0.147 0.137 0.076 0.096 -0.116
c-3 v 0.076 0.087 0.232 0.216 0.230 0.159 0.285
Cc-4 0.072 0.081 0.205 0.192 0.167 0.146 -0.034
C-5 0.082 0.093 0.187 0.165 0.183 0.133 0.015
C-6 0.045 0.050 0.162 0.144 0.144 0.113 0.237
H-7 0.145 0.154 0.051 0.076 0.053 0.040 0.058
H-8 0.121 0.127 0.102 0.113 0.125 0073 0.135
H-9 0.125 0.134 0.126 0.136 © 0.138 0.092 0.102
H-10 0.102 0.105 0.063 0.073 0.077 0045 0.128
H-11 0.131 0.140 0.107 "0.121 0.121 0.080 0,103
H-12 0.109 0.114 0.115 0.121 0.116 0.083 0.073
H-13 0.133 0.143 0.139 0.146 0.153 0.101 0.034
0-14 —0.440 —0.489 —0.954 -0.939 —0.886 —0.708 -0.695
0-15 -0.462 -0.514 —-0.941 -0.932 ~0.854 - 0.692 -0.633
0-16 -0.476 —-0.531 —-0.990 -0.981 -0.910 -0.722 -0.722
0-17 —0.455 —0.506 -0.912 ~0.907 -0.832 —0.680 - 0.624
0-18 -0.388 -0.425 -0.709 ~0.682 ~0.715 -0.529 —0.442
0-19 —0.448 —0.496 -(.862 - 0.859 - 0.794 —0.650 —0.689
H-20 0.271 0.307 0.669 0.668 0.583 0512 0.464
H-21 0.231 0.257 0.525 0.521 0.459 0.394 0.444
H-22 0.220 0.246 0.530 0.525 0.459 0.396 0447
H-23 0.280 0319 0.691 - 0.691 0.613 0.532 0.453
H-24 0.271 0.307 0.630 0.627 0.566 0.484 0.443
B-D-Idose
C-1 0.169 0.197 0.675 0.613 0.706 0.489 0.314
C-2 0.089 0.101 0.197 0.186 0.129 0.135 0.260
C-3 0.070 0.080 0.194 0.178 0.178 0.133 -0.072
C-4 0.079 0.090 0.240 0.226 0.218 0.172 0.356
C-5 0.080 0.091 0.194 0.168 0.178 0.138 -0.107
C-6 0.046 0.051 0.159 0.142 0.149 0.111 0.284
H-7 0.124 0.130 0.006 0.035 0.009 0.010 0.066

H-8 0.113 0.117 0.065 0.077 0.090 0.046 0.060
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Table 9 (continued)

1 2 3 4 5 6 HF-ESP
H-9 0.123 0.131 0.116 0.126 0.133 0.084 0.152
H-10 0.115 0.122 0.122 0.132 0.125 0.091 0.099
H-11 0.113 0.118 0.077 0.091 0.089 0.059 © 0120
H-12 0.093 0.095 0.038 0.046 0.049 0.024 -0.016
H-13 0.152 0.167 0.212 0.219 0.218 0.157 0.093
0-14 —-0.445 ~0.496 —0.990 = 0.971 -0914 -0.725 ~0.706
0-15 —0.449 - 0.501 ~0.955 ~0.947 —~0.857 ~0.705 -0.721
0-16 ~0.478 -0.531 ~0.926 —-0.918 - 0.865 —0.680 ~0.721
0-17 —~0.453 ~0.504 —0.923 -0917 —0.844 —0.687 ~0.749
0-18 -0.378 ~0.413 - 0.681 —0.652 —0.683 -0.509 -0.365
0-19 ~0.443 ~0.489 -0.821 —0.817 -0.760 -0.620 -0.684
H-20 0267 ¢ 0.301 0.614 0.609 0.543 0.462 0.474
H-21 0.275 0.312 0.654 0.652 0.577 0.494 0.485
H-22 0.221 0.246 0.522 0.518 0.460 0.393 0.468
H-23 0.284 0.323 0.688 0.639 0.610 0.529 0.485
H-24 0.233 0.261 0.520 0.517 0.463 0.399 0422

reproducing the experimental results. This tendency
was apparent whether or not the compound set
included the reference molecules used for BT
parameterization. Dipole moments calculated by

QEq methods other than method 6 were less
appropriate than those derived from Gasteiger—
Hiickel charges, which are not geometry-dependent.
These results suggest that BT parameters are

Table 10
Difference between the atomic charges of «-and B-b-idose

1 ) 2 3 4 s 6 HF-ESP
C-1 - 0.004 -0.005 -0.012 -0.015 -0.019 -0.013 —-0.221
C-2 0.004 . 0.005 0.051 0.048 0.053 0.039 0.376
C-3 - 0.006 - 0.007 -0.038 —-0.038 —-0.052 -0.026 —0.357
C-4 0.007 0.009 0.035 0.035 0.050 0.026 0.390
C-5 -0.002 -0.002 0.007 0.004 —0.005 0.005 -0.122
C-6 0.001 0.002 -0.003 —-0.003 0.005 -0.002 0,048
HI -0.021 —-0.024 -0.045 -0.042 -0.045 - 0.030 0.008
H-8 -0.008 -0.010 -0.037 -0.035 -0.036 —-0.027 -0.075
H-9 -0.002 --0.003 -0.010 —-0.010 -0.005 -0.008 0.050
H-10 0.013 0.017 0.059 0.059 0.048 0.045 -0.029
H-11 -0.018 -0.022 -0.030 -0030 —0.032 —-0.021 0.017
H-12 -0.015 -0.019 —-0.076 ~0076 ~0.068 ~0.059 -0.0%0
H-13 0.019 0.024 0.072 0.073 0.065 0.057 0.059
0-14 -0.004 —-0.006 —-0.035 -0.032 -0.028 -0.018 -0.011
0-15 0.012 0.014 -0,015 -0.014 -0.003 -0.013 —0.089
0-16 -0.001 0.000 0.065 0.063 0.046 0.042 0.001
0-17 0.002 0.002 -0.011 -0.010 ~0.013 -0.007 ~0.124
0-18 0.010 0.013 0.028 0.031 0.033 0.020 0.077
0-19 0.004 0.007 0.042 0.042 0.034 © 0030 0.005
H-20 -0.004 —-0.006 ~0.054 - 0.059 —0.040 - 0.050 0.011
H-21 0.045 0.055 0.129 0.131 0.118 0.100 0.041
H-22 0.000 0.001 ~0.008 —0.007 0.001 —0.002 0.021
H-23 0.004 0.004 -0.003 —-0.003 -0.003 --0.003 0.033
H-24 -0.038 ~0.046 -0.111 -0.110 -0.103 -0.085 -0.021
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desirable for accurate calculations of dipole
moments and, in contrast to atomic charge calcu-
lations, that the parameterization of J;; and )} plays
a more important role in dipole moment calculations
than the type of empirical approximation of Jj;.

In order to test the effectiveness of the QEq
methods in more complicated calculations, atomic
charges of a- and B-p-idose (which has been
discussed in Ref. [5]) were evaluated (Table 9). The
differences between the atomic charges of a.- and $-b-
idose calculated using the six methods are shown in
Table 10. As is evident in Table 9, it was found that all

~methods qualitatively reproduced the HF-ESP results,
method 6 in particular giving the most reasonable
values for both a- and 8-D-idose. With respect to the
differences in charges, methods 3-5 reproduced the
HF-ESP results equally as well as method 6 (for
example, compare the negative differences of O-14,
0O-15 and O-17 with the positive values of O-16, O-18
and O-19). These results suggest that the six types of
QEq methods can also be classified in two groups with
respect to their success in calculating the atomic
charges for various molecular topologies: the less
successful group consists of methods 1 and 2 while the
more successful group consists of methods 3—6. The
types of approximations for J; may play
a more important role in atomic charge calculations of
enantiomers than the parameterization of J;; and K.

4. Conclusion

In this study, the atomic charges and dipole
moments of various molecules were calculated by
QEq methods using five types of empirical approxi-
mation for J;, and then assessed relative to one
another. We found that methods 5 and 6 were
appropriate for Jj; calculations of the QEq method.
Since both methods are undemanding in terms of
computational resources, easy calculation of atomic
charges at every step of MM and MD calculations are

expected. For the DasGupta—Huzinaga approxi-
mation, only RG parameters were used in this study;
it is possible that even better results may be obtained
by using specific parameters for this approximation
similar to the BT parameters specified for the
Ohno-Klopman equation. Furthermore, on introdu-
cing more explicit types of atom (imitating atom types
of the MM method) such as ‘nitrogen in nitro group’
and parameterizing for each atom type, the QEq
method is expected to allow the accurate calculation
of atomic charges and dipole moments even for
compounds whose atomic charges could not be
evaluated in this study. We intend to investigate
these aspects in a future study.
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Deletion, Rearrangement, and Gene Conversion; Genetic
Consequences of Chromosomal Double-Strand Breaks in
Human Cells
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and Makoto Hayashi’
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Chromosomal double-strand breaks [DSBs) in
mammalian cells are usually repaired through ei-
ther of two pathways: end-joining {El) or homolo-
gous recombination (HR). To clarify the relative
contribution of each pathway and the ensving ge-
netic changes, we developed a system fo trace the
fate of DSBs that occur in an endogencus single-
copy human gene. Lymphoblasioid cell lines
TSCES5 and TSCER2 are heterozygous {+/—} or
compound heterozygous {—/—}, respectively, for
the 1ﬁymidine kinose gene {TK], and we infroduced
an I-Scel endonuclease site into the gene. E) for a
DSB at the I-Scel site results in TK-deficient mutants
in TSCE5 cells, while HR between the alleles pro-
duces TK-proficient revertants in TSCER2 cells. We
found that almost all DSBs were repaired by EJ and
that HR rarely contributes 10 the repair in this sys-

tem. EJ contributed 1o the repair of DSBs 270 times
more frequently than HR. Molecular analysis of the
TK gene showed that EJ mainly causes small dele-
tions limited to the TK gene. Seventy percent of the
small deletion mutants analyzed showed 100- to
4,000-bp deletions with a 0- to 6-bp homology at
the joint. Another 30%, however, were accompa-
nied by complicated DNA rearrangements, pre-
sumably the result of sister<hromatid fusion. HR, on
the other hand, always resulted in non-crossing-
over gene conversion without any loss of genetic
information. Thus, although HR is important to the
maintenance of genomic stability in DNA contain-
ing DSBs, almost all chromosomal DSBs in human
cells are repaired by EJ. Environ. Mol. Mutagen.
42:288-298, 2003.  ® 2003 Wiley-iss, Inc.

Key words: double-strand breaks; end-joining; inter-allelic recombination; human somatic cells,

INTRODUCTION

Chromosomal double-strand breaks (DSBs), either aris-
ing spontaneously or induced by jonizing radiation, are
particularly dangerous lesions, and their repair is important
for maintaining the genomic integrity of all organisms {Van
Dyck et al., 1999]. The failure to repair DSBs or their
inaccurate repair may be mutagenic or lethal to cells, and
can cause genetic defects that lead to genctic diseascs and
cancers [Khanna and Jackson, 2001; van Gent et al., 2001].
DSBs are usually repaired through either end-joining (EJ) or
homologous recombination (HR) |Haber, 2000; lJackson,
2002]. EJ joins sequences at the broken ends with little or no
homology in a nonconservative manner and, as a result,
some genetic information is lost. HR, in contrast, requires
extensive tracts of sequence homology and is basically a
conservative repair pathway, HR can occur by gene con-
version with or without crossing-over [Giver and
Grosovsky, 1997; Cromie et al., 200 ]. Non-crossing-over
only involves the localized DNA region swrrounding the
DSB, whereas crossing-over results in a switch of the link-
age relationships of all alleles from the break point to the

© 2003 Wiley-Liss, Inc.

telomere. The repair of DSBs has been studied extensively
in the yeast Saccharomyces cerevisiae [Paques and Haber,
1999]. HR is the primary pathway for repairing DSBs in
yeast and almost always resulls in gene conversion without
crossing-over [Haber, 1995]. This is in striking contrast to
mammalian cells, where EJ is thought to be the predominant
mechanism for repairing DSBs [Jackson and Jeggo, 1995].
However, the relative contribution of the two patbways and
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their interaction in mammalian cells has not been firmly
established.

In the study of DSB repair in mammalian cells, we
employed the TK6 human lymphoblastoid cell line that is
heterozygous for the thymidine kinase (7K) gene on chro-
mosome 17q [Honma et al., 1997a,b, 2000]). The TK-gene
mutation assay using the TK6 cells was first developed by
Liber and Thilly {1982]. It can detect not only intragenic
point mutations, but also loss of the functional allele (loss of
heterozygosity [LOH]), which is considered a consequence
of the repair of chromosomal DSBs. For repair of a DSB in
the functional 7K allele, HR produces homozygosity of the
nonfunctional 7K allele, while EJ brings about delction in
the functional 7K allele, leading to its hemizygosily
{Honma et al., 1997b]. We have demonstrated that homozy-
gous LOH is the predominant spontaneous event, whereas
hemizygous LOH is induced by ionizing irradiation, imply-
. ing that HR repairs infrequently occurring DSBs, maintain-
ing genomic integrity, whereas EJ repairs extensive DNA
damage, enabling cell survival {Honma et al., 1997a; Jack-
son, 2002]. The mutational spectrum in the TK gene induced
by nontargeting mutagenesis, however, has a strong bias for
the recovery of HR mutants with crossing-over [Quintana et
al., 2001]. DSBs generated within the 7K gene can be
recovered by any repair pathway as TK-deficienl mutants.
HR mutants with crossing-over, however, frequently result
from the repair of DSBs outside the 7K gene, which cannot
be recovered by EJ and HR without crossing-over, because
such genetic events are localized and do ot affect the 7K
gene. Thus, the mutational spectrum for nontargeted mu-
tagenesis does not provide appropriate information to elu-
cidate the relative contribution of each DSB repair pathway.

Recently, an understanding of mammalian EJ and HR has
emerged {rom systems that use the rare cutting restriction
endonuclease I-Scel from Saccharomyces cerevisiae [John-
son and Jasin, 2001]. Because the 18-bp recognition se-
quence of I-Scel is infrequent enough to be naturally absent
from most genomes, and can be introduced into a chromo-
some by transfection, it is possible to generate site-specific
DSBs in a mammalian chromosome by expressing the en-
zyme in the genetically modified cells. Using this unique
system, it has been demonstrated that DSBs in mammalian
chromosomes initiate HR as well as EJ, and that deficiency
or overexpression of Rad5/ and its paralogues, which have
a central role in HR, can influcnce the efficiency of HR
[Rijkers et al., 1998; Cui et al., 1999; Takata et al., 2001].
These systems, however, have used artificial reporter sub-
strates based on exogenous drug-resistance genes and arc
biased in favor of detecting specific deletion and recombi-
nation events [ Taghian and Nickoloff, 1997; Sargent et al.,
1997; Liang et al., 1998; Lin et al., 1999]). Most of these
models, in particular, cannot detect inter-allelic recombina-
tion, which is expected to be a major HR pathway for
repairing chromosomal DSBs in mammalian cclls. Moyna-
han and Jasin [1997] engineered a recombinational substrate
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containing an 1-Scel site integrated into the retinoblastoma
(Rb) gene of mouse embryonic stem cells and demonstrated
a significant contribution of inter-allelic recombination for
repairing DSBs, but the contribution of EJ was not clear.
Thus, the previous DSB studies using the I-Scel system
have been uselul for elucidating the molecular mechanisms
of the repair pathways, but do not provide a general model
for demonstrating the fate of a DSB in mammalian cells.

In the present study, we developed a system to trace the
fate of DSBs that occur in a single-copy human gene, We
introduced an I-Scel site into the endogenous TK gene of
TKG cells by gene targeting. Unlike nontargeted mutagen-
esis, this system makes it possiblc to recover efficiently cell
clones resulting from the repair of DSBs at a defined site.
Using this system, we cvaluated the relative contribution of
EJ and HR for repairing DSBs and investigated the genetic
consequences of each pathway at the molccular and cyto-
genetic level. This is the first report tracing the fate of a
DSB occurring in an endogenous single-copy genc in the
human genome.

MATERIALS AND METHODS
Vectors

The first targeting vector, pTK4, was designed to disrupt exon 5 of the
TK gene by replacement with a neo gene, It was constructed as follows: (1)
a region containing exons 6 und 7 of the 7K gene (position 12.002-13,367)
was amplificd by a polymerasc chain reaction (PCR) in which a Xbel linker
was added to the 5'-primer. The amplified product was cleaved by Xbul
and BamHI and was cloned inio pBlueseript 11 (Stratagene, La Jolla, CA);
(2) a 1,637-bp Sspl-Ece0O1091 DNA fragment containing a simian virus 40
(SV-40) carly-promoter-driven neo genc was cleaved from pEGFP-C1 (BD
Biosciences-Clontech, Tokyo, Japan), modified with a Mol linker, und then
cloned into the above plasmid; and (3) a region containing the last part of
iniron 4 (position 9,291 -11,850) was amplificd using a 3'-primer modified
with a Sacll linker. The PCR product was cleaved by Sucl and Sacll, and
cloned into the above plasmid.

The sccond targeting vector, pTK10, consisted of about 6 kb of the
original TK gene encompassing exons 5, 6, and 7, and an J-Scel site, which
was used 1o revert the TK gene disrupted by pTK4. To construct pTK10, a
region containing exons §, 6, and 7 (positions 7,248 -13,367) was amplified
using a 5'-primer modified with a Xhol linker. The PCR product was
cleuved by Xhol aund BamHI, and cloned into pBluescript I1. A 31-bp DNA
fragment containing the 18-bp [-Seel site was formed hy anneuling the two
oligonucleotides (53'-2atce ATTACCCTGTTATCCCTActetegag-3' and 5'-
gatcetegagag TAGGGATAACAGGGTAATE-3'), producing Bglll com-
patible sitcs at both ends. The DNA fragment was inseried into the Bglll
site of the above plasmid.

The I-Scel-expressing vector. pCMV3xnis-1-Scel (kindly provided hy
Dr. J. Nickoloft, Unjversity of New Mexico School of Medicine, Albu-
querque, NM), contains the J-Seel-nuclease coding sequence fused at its
5'-end 10 a triplicate nuclear localization signal. driven by the CMV
promoter, and terminated by the bovine growth hormone polyadenylation
signal [Brenneman et al., 2002}

Cell Construction

TK6 human lymphoblastoid cells are heterozygous for a point mutation
in exon 4 of the TK gene |Grosovsky et al,, 1993]. They were grown in
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RPMI 1640 medium (Gibco-Invitrogen, Carlsbad, CA), supplemcented with
10% heat-inactivated horse serum (JRH Biosciences, Lenexa, KS). TK-
deficient clones were generated by transfecting cells with the first targeting
vector that had beeb lincarized with Scal. TKG6 cells (2 X 107) were
suspended with 20 pg of the linearized vector DNA in 0.8 ml of scrum-frec
RPMI 1640 medium, transferred into a 0.4-cm gap chamber, and electro-
porated with an electroporation unit (Bio-Rad, Hercules, CA) set at 950 pF
and 250 V. After 72 hr, the cells were seeded into 96-well microwcell plates
in the presence of 2.0 pg/ml trifluorothymidine (TFT) and 500 pg/ml
G418, TK-deficient clones were isolated 2 weeks later, as described pre-
viously [Honma et al., 1997a}. One of clones, TKpd-2, was found to have
the desired disruption of the TK gene (Fig. J2). To obtain TK-revertant
clones with an I-Scel site in the TK gene, we transfeeted TKpd-2 ecils (2 X
[07) with the lineurized second targeting vector, using the same techniques
used ahove, and isolated histone acetylransferase (HAT) (200 M hypo-
xanthine, 0.1 pM aminopterin, [7.5 nM thymidine)-resistunt clones. Oue
revertant clone, TSCES, was identified and its molecular structure was
confirmed by PCR analysis (Fig. 1a). ‘The cell line TSCER2 was sponta-
neously generated as a TK-deficient clone from TSCES. 1t had a point
mutation (G—A transition) at the bp 23 of exon 5 in the TK allele
containing the I-Scel site, resulting in a compound heterozygote (7K /)
(Fig. a).

{-Scel Expression

A total of 1 X 107 cclls were transtected in serum-trec RPMI 1640
medium by electroporation with 20 pg of uncut pCMV3xnls-l-Scel vector
or without vector as a control. After 72 hr, the cells were seeded into
96-well microwell plates in the presence of TFT (for TSCES) or HAT (for
TSCER2). Drug-resistant colonies were counted 2 weeks later and inde-
pendently expanded.

DNA and Cytogenetic Analysis

DNA extraction and PCR analysis for LOH analysis at polymorphic sites
in the TK gene and microsatellite markers were performed as described
[Honma et al., 2000]. PCR analyses at the 1-Seel site were performed to
amplify the following products with the specified primers: the short fray-
ment (Fig. 1a,b), 164F (5'-TGGGAGAATTAAGAGTTACTCC-3') and
196R (5'-AGC TTCCACCCCAGCAGCAGCT-3"). and the long fragment
(see Fig. dab), 175F (5'-TCGCTTGGCAATAGTAGGAGCT-3') and
199R (5'-ACTCTGTCTGTGCCGAGTGTA-3"). Amplitication was per-
formed by denaturation ag 94°C for 5 min, followed by 25 cycles of 94°C
for § min, 57°C for | min, 72°C for 2 min, and extension at 72°C for 10
min, PCR products were analyzed using an Agilent 2100 Bioanalyzer
(Agitent Tecbnologies, Waldbronn, Germany) and sequenced with an ABI
310 genetic unalyzer (Applicd Biosystems, Foster City, CA).

Spectral karyotyping (SKY) was used for the cytogenetic analysis of
some TK-deficient mutants. The procedure was performed according to the
manufacturer's recommendilions as previously described [Honma et al.,
2002]. Metaphase images were captured and analyzed on a SKY vision
eytogenetics workstation (Applied Spectral lmaging, Carlsbad, CA) at-
tached to an Olympus model 50 fluorescence microscope. At least five
metaphase cells were analyzed per slide.

RESULTS
Experimental Design

To investigate the fate of DSBs occurring in the human
genome, we used human lymphoblastoid cells containing an
1-Scel recognition site in the endogenous TK gene. Human
lymphoblastoid TKG6 cells are heterozygous (TKY ™y for a

point mutation in exon 4 of the TK gene, which is on
chromosome 17q. We introduced an I-Scel sequence into
intron 4 near exon 5 of the functional TK allele. We em-
ployed two steps for gene targeting to minimize sequence
divergence between the alleles (Fig. 1a), because integrated
exogenous DNA sequences reduce sequence homology be-
tween alleles and probably suppresses inter-allelic recom-
bination {Elliott et al., 19981. The functional 7K allcle was
first disrupted by replacement with a neo gene, and then it
was reverted by a second targeting vector, pTK10, consist-
ing of 6 kb ot the original 7K gene including exons 3, 6, and
7 and containing an 1-Scel site. One of the recombinants,
TSCES, had a 31-bp DNA fragment containing the 18-bp
I-Seel site inserted 75 bp upstream of exon § (Fig. Ib).
TSCES cells can grow in HAT medium, but not in TFT
medium (HAT-resistant/TFT-sensitive; HATYTFT*). We
next isolated spontaneously generated TK-deficient mutants
from TSCES. One of the mutants, TSCER2, had a point
mutation (G— A transition) at bp 23 of exon 5. TSCER?2 is
compound heterozygote (TK™/~) for the TK gene and is
HATY/TFT"

Figure lc shows the strategy used for detecting EJ in
TSCES cells and HR in TSCER?2 cells. When a DSB at the
[-Scel site is repaired by EJ, a TK-deficient deletion mutant
is isolated as TFT" in TSCES cells. With HR repair, on the
other hand, a TK-proficient revertant, which is generated by
inter-allelic recombination, is sefected by HAT in TSCER2
cells. Theoretically, TSCES cells can also detect HR, if HR
with crossing-over or long tract gene conversion makes the
point mutation in exon 4 homozygous (TK™/7), We can,
however, distinguish these events by further molecular anal-
ysis. Because both cell lines are identical except for their 7K
status and because the DSB occurs at the same position in
both cell lines, this system can evaluate the conltribution of
EJ and HR without bias when the experiments are con-
ducted simultaneously in both cell lines using the same
conditions.

Almost All Chromosomal DSBs Were Repaired by
EJ, But Not by HR

We transfected an [-Scel expression vector, pCMV3xnls-
[-Scel, into TSCES cells by electroporation. TK-deficient
mutant cells appeared at an average frequency of 274 X
10™°, more than 130-fold higher than in nontransfected
cells (Fig. 2a). Because the transfection of the expression
vector did not affect the mutant frequencics for the HPRT
gene in TSCES cells and the TK gene in the original TK6
cells, the increase in mutant frequency must have been due
to repair ol DSBs at the 1-Scel site (Fig, 2a). When TSCER2
cells were transfected with the I-Scel cxpression vector
under the same conditions, TK-proficient revertants were
isolated at an average frequency of 1.07 X 107%, mare than
200-fold higher than spontaneously occurring events (Fig.
2b). This strongly suggests thatl inter-allelic HR is also
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Mutant frequency {X105)

Revertant frequency (X10F)

TSCES TSCEG
T HPRT
mutants mutants

Fig. 2. Double-strand breaks (DSBs) induce both cnd-joining (EI) and
homelogous recombination (HR). a: Translection of TSCES cells with the
1-Scel expression vector increases the thymidine Kinuse (TK)-deficient
mutant frequency more than [30-fold compared with the control. No

induced by a DSB. However, the [raction of HR was esti-
mated to be much lcss than that of Ef, indicating that almost
all DSBs were repaired by EJ.

EJ Mainly Coused Simple Deletions, But Also
Produced Complicated DNA Rearrangements

We examined 44 TK-deficient mutants from TSCES cells
at the molecular level. Every mutant lost the 1-Scel site (Fig.
1b) by deletion and were hemizygous for the nonfunctional
allele, suggesting that every mutunt was generated by EJ. To
obtain a rough determination of the extent of the deletion,

Fig. 1 {Overleaf). Creating assay systems to detect end-joining (EJ) and
homologous recombination (HR) for repuir of a double-strand breuk (DSB)
at 4 I-Scel site in the human thymidine kinase (7K) gene. a: Structure of the
functional TK altele in TK6 cells, and construction of the targeting vectors,
The functional allete of the TSCL5 cell line is modificd with a 31-bp DNA
insert, including the 18-bp [-Scel site at a Bgill site 75 bp upstream of exon
S. The TSCER2 cell line contains an additional puint mutation (X) in cxon
5 of the targeted allele, which results in an inactive the TK genc, b: PCR
analysis of & DNA fragment with 164F and 196R primers. Because of the
inserted DNA, the DNA from the TSCES cell line produces a 131-bp DNA
fragment in addition to the original 100-bp fragment, and the larger product
can be cleaved by I-Scel endnuclease. ¢: Schematic representation of the
experimental system, Closed and open rectangles reprosent the wild-type
and mutant cxons of the TK gene, respeetively. When a DSB at the I-Seel
site is repaired by El, and it causes deletion in exon §, ‘TK-deficient
mulants are isolated from TSCES cells in TFT medium, When HR repairs
the DSB, TK-proficient revertants are generated from TSCLR2 cells under
HAT selection.

TSCER2
T‘r'rf((6 TK
mutants revertants

transfection-induced mutant induction was observed for the HPKT gene in
'TSCES cells and the 7K locus in TK6 cells. b: Transicction of I'SCER2
cells ulso increases the TK-proficient revertant frequency more than 200-
fold compared with the control.

we analyzed LOH at polymorphic sites within the 7K gene
and at 5 polymorphic microsatellite loci surrounding the TK
gene. The 13.5-kb human 7K gene is located on chromo-
some 17¢23.2. The TK gene in TSCES and TSCER2 celly
has frame-shift dimorphisms in exons 4 and exon 7, which
are 6,950 and 876 bp, respectively, from the I-Seel site. The
I-bp difference in the PCR products from these regions
facilituted the LOH analysis [Honma et al., 2000). Eleven
(25%) of the mutants had small deletions not extending to
either poymorphic site, and 26 (59%) showed medium-size
deletions involving only the exon 4 and/or 7 polymorphic
site in the TK gene. The remaining 7 mutants (16%) were
the result of large interstitial or terminal deletions (Fig. 3).

We further analyzed small and medium deletions by PCR
and direct sequencing to determine the exact size of dele-
tions and the junction sequences generated by El. Eleven
small and 23 medium deletion I mutants identified by LOH
analysis were subjected to PCR using primers 175F and
199R, which amplified 5,618 bp (1-Scel allele) and 5,587 bp
(non-1-Scel allele) products nsing DNA from TSCES cells
(Fig. 4a,b). Twenty-two of the 34 mutants exhibited shorter
PCR products of various sizes in addition to the original
product in the gel analysis, wheteas the other 12 mutaats did
not clearly show shorter products (Fig. 4a). Sequence anal-
ysis of the 22 shorter PCR products showed that 16 mutants
resulted from simple deletions ranging from 109 to 3,964
bp. Zero to 6-bp microhomology was observed at the junc-
tions in these mutants, indicating that a nonhomologous
end-joining (NHEJ) model could explain the deletions
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(TK)-deficient mutants from TSCES and TK-proficient reventants from
TSCER2, Two frame-shift mutations in exons 4 and 7 of the TK genc and
5 microsatellite loci on chromosome 17q that are heteromorphic in the cell
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lines were used for the analysis. The human 7K gene consists of 13.5 kb
and maps 10 17¢923.2, oriented from wlomere 1o centromere, The length of
bars indicates the extent of LOH. Forty-lour TSCE5 mutants and 36
TSCER2 revertams were analyzed.
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Fig. 4. Dolymerase chuin reaction (PCR) and sequence analysis ot the  hibit shorter DNA fragments caused by delction. b: Twenty-two of 34

regions flanking the I-Seel site in small deletion and medium deletion-1
mutants (Fig. 3. ) from TSCES cclls. a: PCR analysis of a DNA fragment
involving exons 5, 6, and 7 of the thymidine kinasc (TX) gene with primers
{75F and {99R. The DNA from the TSCES cell line produces 5,587-bp und
5,618-bp DNA fragments. DNAs from TK-deficient TSCES mutants ex-

mutants contained shorier PCR products. The length of bars indicates the
cextent of deletion. Sixteen mutants exhibited simple defetions with micro-
homology sequences, which are indicated on the side of bars, and the other
six mutants had defetions combined with complicated DNA rearrange-
ments (Fig. 5).
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Fig. 5. Complicated DNA rearrangements in thymidine kinase (TK)-
deficient mutants from TSCES cclls. a: DNA scquences ol the junctions ol
six mutants with complicated DNA rearrangements (Fig. 4). Scquences
with small letters are outside of the junction. Blue-left arrows and green-
right arrows show inverted and right directed sequences in parts of deleted
region, respectively. Sequences indicated by red capitals indicate the
microhomology at junctions. b: A model for mechanisms eliciting the
complicated DNA rearrangements produced by double-strand breaks

{Haber, 2000, Jackson, 2002]. Interestingly, six otber mu-
tants exhibited complicated DNA rearrangements that in-
volved a deletion combined with an inverted sequence that
was part of the deleted sequence (Fig. Sa). Clone NGOS
exhibited a particularly complicated rearrangement consist-
ing of an inverted sequence and a forward sequence. Be-
cause these inverted sequences also joined through a 0- to
5-bp microhomology, EJ probably contributed to the rear-
rangement. We also examined these rearranged mutants by
SKY analysis. There was, however, no apparent alteration
in chromosome 17q and no translocated chromosome frag-
ments derived from chromosome 17 in the muants (data not
shown).

HR Always Resulted in Non-Crossing-Over Gene
Conversion

We also analyzed 38 TSCER2 revertants, Every revertant
showed LOH at the [-Scel site accompanied by an increased
band intensity of the intact allele (Fig. 1b). This means that
HR between homofogous chromosomes produced the rever-
tants, as expected, resulting in homozygous LOH. Extended
L.OH analysis revealed that no revertant showed LOH at any
polymorphic marker surrounding the TK gene (Fig. 3).
Every LOH was limited to the TK gene, implying that these
revertants were the result of gene conversion without cross-
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(DSBs). Two broken ends of DSBs on sister chromatids in G, phase cells
are uncqually processed by exonuclease, and fuse 1o each other 1o form a
chromatid bridge. The dicentric chromatid is torn by cell division, produc-
ing daughter cells with broken chromosomes, which fuse with telomeric
chromosome fragments. Some broken chromosomes enter a breakage-
fusion-bridge (BFB) cycle, leading to more complicated rearrangements
with inverted and right directed sequences at the junction.

ing-over. The tract length of the gene conversion varied in
the revertants. At least 14 (37%) of the revertants were
generated by >876-bp tract gene conversion.

No Small Deletions or Small Tract Gene Conversions
Were Observed in Nonselected Cells

After transfecting TECSS cells with the [-Scel expression
vector pCMV3xnls-1-Scel, we isolated a total of 1,442 in-
dependent clones without TFT selection and analyzed their
I-Scel sites by PCR. All clones except one had the intact
1-Scel site and were identical to parental TSCES cells, The
exceptional clone, however, had a deletion of >1 kb that
included exons 5 and 6 (data not shown).

DISCUSSION

Contribution of EJ and HR for Repairing a
Chromosome DSB

The assay system we established in the present study can
trace the fate of a DSB in the human genome. We succeeded
in integrating an [-Scel site into an endogenous single-copy
gene by two gene-targeting steps to minimize the introduc-
tion of other exogenous DNA sequences. It is likely that the
DSB generated at the [-Scel site was similar to DSBs



induced by low-dose irradiation in an intact genomic region,
and the fate of the DSB seemed to depend on the physio-
logical response to the exogenous DNA damage. The I-Seel
induced DSBs in G, phase were chromosomal breaks, while
during late S and G, phases they were single or double
chromatid breaks. EJ can operate throughout the cell cycle
but may be more important during G, phase, while HR is a
post-DNA-replication repair pathway |Johnson and Jasin,
2000; Hendrickson, 1997]. HR likely repairs chromatid
breaks occurring in the late S and G, phascs, and for
chromosomal breaks that escape from EJ in the G, phase
and turn into sister-chromatid breaks after DNA replication.
Breaks on both sister chromatids can be repaired only by
inter-allelic HR, although either chromatid break could be
effectively repaired by sister-chromatid HR, which can not
be demonstrated in our system [van Gent et al., 2001].
Because the human lymphoblastoid cells used in this study
were unsynchronized and more than 50% were in G, phase
[Little et al., 1995], the genetic consequences of DSB repair
in the present system are mainly a reflection of chromo-
somal DSBs.

By transfecting the I-Scel expression vector into the cells,
TK-deficient mutants from TSCES cells and TK-proficient
revertants from TSCER2 cells were recovered 130- and
200-fold more frequently than spontaneous mutants, respec-
tively, suggesting that DSBs can stimulate inter-allelic HR
as well as EJ. Because the revertant frequency was much
less than the mutant frequency, however, almost all DSBs
appear to be repaired by EJ. The relative contribution of EJ
and HR for repairing DSBs in mammalian cells varies in the
cells and the systems used to detect them, but EJ is the
predominant mechanism for DSB repair in most cases
| Takata et al., 1998; Essers et al., 2000]. Liang et al. [ 1998]
and Johnson and Jasin |2000] demonstrated that approxi-
mately 30-50% of DSBs generated at an I-Scel site in
tandem repeated recombination substrates were repaired by
HR, with the rest repaired by EJ. The system is, however,
strongly biased in favor of detecting intra-chromosomal
recombination between the repeated sequences. Almost 1%
of DSBs in LINE-1 sequences (a repetitive element found
throughout the mammalian genome at approximately 1 X
10°® copies) was repaired by HR [Tremblay et al., 2000]. The
contribution of HR for repairing chromosomal DSBs in a
single copy mammalian gene must be quite low, however,
because only the homologous allele is available as a recom-
bination parttner. Recently, Stark and Jasin [2003] estimated
that an I-Scel-induced DSB in a single-copy gene in mouse
ES cells is repaired at least 1,000-fold more efficiently by EJ
than by ianter-allelic HR. Our present study strongly sup-
ported their estimation; nearly 100% of chromosomal DSBs
were repaired by EJ in human TKG6 cells, and HR rarely
contributed to the repair.
~ The assay system described in the present study cannot
recover every genetic consequence of EJ and HR. Because
the I-Scel site is inserted in intron 4 of the functional TK
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allele, in a position 75 bp upstrcam of exon 5, a small
deletion caused by EJ that does not affect the TK function
will not be recovered as a TFT-resistant mutant. Similarly,
a small-tract gene conversion not extending to the point
mutation in exon 5 (base 23 of exon 5) also will not be
rescued in the reversion assay (Fig. la). If small deletions
and small-tract gene conversions are the major products of
EJ and HR, respectively, the mutants and revertanls recov-
ered in this assay system may not accurately reflect DSB
repair. In fact, Lin ct al, [1999] rcported that [-Scel induced
DSBs in mouse chromosomes were mainly repaired by EJ,
resulting in very few nucleotide deletions. To clarify this
issue, we isolated 1,442 independent clones from TSCES
cells without drug selection after transfection with the 1-Scel
expression vector and examined their I-Scel site. No small
deletions or small-tract gene conversions were observed; the
one mutant clone detected had a 1-kb deletion, which should
have been detected as a TK-deficient mutant. Although the
efficiency of indocing DSBs by transfection of the I-Scel
expressing vector is not clear and the number of analyzed
clones may not be sufficient, this result would indicate that
our assay system detected most of the genetic consequences
resufting from the repair of DSBs and was not strongly
biased in favor of specific genetic cvents.

Genetic Consequences of Chromosomal DSBs
Repaired by EJ

Around 70% (16/22) of the small deletions we analyzed
by PCR and sequencing exhibited simple dcletions ranging
from 109 to 3,964 bp with a 0- to 6-bp microhomology at
the junction of the deletion. These deletions can be ex-
plained by an NHEJI model, which is a general EJ mecha-
nism found in mammalian cells as well as in other species
[Haber, 2000; Jackson, 2002]. Single-strand annealing
(SSA), which is a special form of HR that works efficiently
on repeated sequences flanking DSBs in yeast and mamma-
lian cclls |Paques and Haber, 1999; Lin et al., 1990], can
cause simple deletions in 4 nonconservative manner. This
mechanism can be excluded for generaling the delctions,
however, because it would need at least a 30-bp homology
at the sequence junctions [Sugawara et al.,, 2000]. SSA may
not function for DSB repair in a single-copy gene, but it
may have been responsible for some of the unanalyzed large
deletions. In contrast, six other mutants exhibited compli-
cated DNA rearrangements in which a deletion was com-
bined with an inverted sequence that was part of the deleted
sequence (Fig. 5a). Because these inverted sequences also
joined through 1- to 5-bp microhomologies, EJ probably
contributed to the rearrangements. We speculate that some
DSBs occurring in late S or G, phase could lead to the
rearrangements (Fig. 5b). DSBs induced by I-Scel expres-
sion occur at the same position on both sister chromatids
after DNA replication. The ends of the broken sister chro-
matids that are unequally processed by exonuclcase may
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occasionally fuse to each other to form a chromatid bridge.
A dicentric chromatid torn by cell division produces daugh-
ter cells with broken chromosomes, and the telomeric chro-
mosome fragment may fuse again, Clone NGO8 exhibited a
more complicated rcarrangement consisting of an inverted
sequence and a forward sequence, implying that a breakage-
fusion-bridge (BFB) cycle occurred. A BFB cycle resulting
from telomere loss is associaled with chromosome instabil-
ity and sometimes results in high-copy gene amplification or
nonreciprocal translocation, which is commonly observed
in tumor cells [Kuo et al., 1994; Coquelle et al., 1997].
These specilic DNA rearrangements, however, may be ob-
served in I-Scel-induced mutagenesis at a high frequency
because of the simultaneous occurrence of DSBs at the
same position on both sister chromatids. In spite of the
complex DNA rearrangement, these mutants did not reveal
any gross changes in chromosome 17q. Lo et al. [2002] and
Pipiras et al. [1998] reported that DSBs induced by T-Scel
causc chromosomal instability, and sometimes result in
large interstitial deletions and intra-chromosomal amplifi-
cations through a BFB cycle. Other unanalyzed mutants
from TSCES in this study, which are expected to have
deletions of =5 kb, may show gross structural changes
initiated by a BFB cycle, although they would be a minor
consequence of DSBs.

Genetic Consequences of Chromosomal DSBs
Repaired by HR

In the HR repair model, recombinational intermediates
(Holliday - junctions) may be resolved as a reciprocal ex-
change (crossing-over) or a nonreciprocal transfer of ge-
netic information (gene conversion without crossing-over)
[Szostak et al., 1983]. Both produocts appear equally for
meiotic recombination at some loci [Cromie et al., 2001].
Molecular analysis of 38 revertants [rom TSCER2 cells,
however, clearly demonstrated that gene conversion was
preferred for repairing DSBS, because no revertants showed
LOH at any of the distal microsatellite markers. HR for
repairing DSBs gencrally occurs during postreplication, and
inter-allelic recombination is also thought to occur between
chromatids in the late S and G, phase. Theoretically, recip-
rocal exchange can produce revertants that retain distal
heterozygosity if the two chomatids involved as recombi-
nation partners are co-segregated by cell division. Because
co-segregation presumably will occur 50% of the time,
resulting in LOH at distal markers, the participation of
reciprocal exchange for the generation of these revertants
can be excluded. In contrast, most HR products occurting
spontaneously or induced by ionizing irradiation in autoso-
mal recessive gene mutation assays in mouse and human
cells are the result of reciprocal exchange [Honma et al,,
1997h, 2000, 2001 ]. This may be becausc of the strong bias
for recovery of HR products with crossing-over involving
nontargeted mutagencsis; reciprocal exchange that affects a

particular target (e.g., the 7K gene) must occur at relatively
a low frequency. Quintana et al. | 2001] developed a cell line
from TK6 that has a compound heterozygous TK gene
(TK ') and examined TK-proficient revertants induced by
ionizing irradiation and a chemical mutagen. These inves-
tigators also did not recover any revertants with crossing-
over, and they estimated that non-crossing-over is approx-
imately 700-fold more frequent than reciprocal exchanges
on a yield-per-kilobasc basis. A prefcrence for recovery of
gene conversion rather than reciprocal exchanges in mitosis
also was reported in yeast and mammalian cells [Paques and
Haber, 1999; Cromie et al., 2001]. In yeast, however, about
109% of inter-allelic HR events involved crossing-over
|Nickoloff et al., 19997, while almost all inter-allelic HR in
mammalian cells was of a non-crossing-over type [Stark
and Jasin, 2003]. Thus, Holliday intermediates must be
resolved with bias, especially in mammalian cells. The
strong suppression of reciprocal exchanges may contribute
to the maintenance of genomic integrity because reciprocal
exchange could bring about large-scale genetic alterations,
including translocations JRichardson et al,, 1998].

Although the present study showed that the contribution
of HR for repairing chromosomal DSBs is quite low, HR
must be essential for maintaining genomic integrity in mam-
malian cells. Knocking out Rud57 and other genes involved
in HR, such as Rad52, Xree2, and Xree3, is lethal, enhances
sensitivity to ionizing irradiation and chemicals, and/or in-
fluences the fidelity of HR |Rijkers et al., 1998; Cui et al,,
1999; Takata et al., 2001; Sale ct al., 2001; Brenneman et
al.,, 2002]. These observations indicate that HR has an
important role in overcoming some genetic stresses. Most
spontaneous DSBs in mammalian cells is thought to be
produced by replication stress rather than exogenous effects
[Haber, 1999]. Single-strand breaks are frequently con-
verted during nucleotide and base excision repair to DSBs
when replication folks are encountered. These types of
DSBs could be repaired efficiently by HR between sister
chromatids in the late S and G, phases, which would be
critical for maintaining genomic integrity as well as cell
viability. Thus, HR may be important for repairing chroma-
tid breaks generated by the replication stress [Kadyk and
Hartwell, 1992), but not for chromosome breaks. The role of
inter-allelic HR remains unclear, although it is clearly in-
duced by DSBs. Inter-allelic HR contributes greatly to
genomic instability, in particular LOH in tumorigenesis, and
may be associated with genetic and environmental factors
[Lasko et al., 1991; Moynahan and Tasin, 19971,

We conclude that almost all chromosomal DSBs are
repaired by EJ in human cells, and that when HR is in-
volved, it is in the form of gene conversion without cross-
ing-over. Thesc findings strongly support the preferences of
mammalian DSB repair pathways reported previously. The
present system established in the present study can trace the
tate of DSBs in mammalian cells quantitatively as well as
qualitatively, and holds promise for elucidating genetic and



environmental factors that influence DSB repair [Palmer ct

al,, 2003].
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A liver micronucleus assay using young rats
exposed to diethylnitrosamine: methodological
establishment and evaluation
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Abstract. We have developed a simple liver micronucleus
assay using young rats (up to 4 weeks old) to assess cytogenetic
damage of chemicals in liver cells. Diethylnitrosamine (DEN)
was used as a model rodent hepatocarcinogen in this study.
Compared to the partial hepatectomy method most commonty
used for the liver micronucleus assay, the present assay method
showed cqual or even higher practicability. The young rat liver
micronucleus assay was also characterized for rat strain differ-
cnces, sampling time after treatment, single treatment vs. split
treatment, age of animals, administration route, and staining

method. Although based on one model chemical, we proposc an
acceptable protocol for the micronucleus assay using young rat
liver as follows: Up to 4-week-old rats should be used; oral or
intraperitoneal administration can be used; single or repeated
treatment protocols can be applied; sampling time is 3-5 days
after the last treatment; hepatocytes are prepared by the colla-
genase perfusion method; and cells are stained with the AO-
DAPI double staining method.

Copyright @ 2003 S. Karger AG, Basel

Micronucleus assays have been widely performed using
bone marrow cells to assess the clastogenic potential of chemi-
cals in vivo, Since bone marrow (BM) is one of the continuously
proliferating tissues in adult animals. it has been used as a com-
mon target organ for cytogenetic studies. However, it is well
known that some compounds need metabolic activation in the
liver, and it has been pointed out that some pro-mutagens elicit
a negative response in the BM micronucleus assay (Morita ct
al., 1997). It may be considered that some activc metabolites
have a very short lifespan and do not reach the BM at sufficient
congcentrations to induce micronuclel. In fact, some rodent liv-
er carcinogens, including di-alkyl-nitrosamines, nitro aromatic
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compounds, and azo derivatives, gave negative results in a BM
assay (Angelosanto, 1995). It is worthwhile, thercfore, to con-
sider the selection of other organs for evaluating genotoxicity of
test chemicals, especially the liver for detecting liver carcino-
gens. The use of suitable organs for genotoxicity determination
is also recommended in the guidance proposed by the Commit-
tee on Mutagenicity of Chemicals in Food, Consumer Products
and the Environment (Committee on the Mutagenicity of
Chemicals, 2000).

In recent years, various investigators have tried to develop a
liver micronucleus assay. Due to extremely low mitotic activity
in adult animals, procedures require mitotic stimulation of liv-
cr cells together with treatment of animals with test chemicals.
Tates et al. (1980) reported a method comprising partial hepa-
tectomy (PH) before or after chemical treatment for the liver
micronucleus assay. The division of hepatocytes is stimulated
by PH, and positive responses were obtained in induction of
micronuclei in liver cells after treatment with liver carcinogens
that gave negative results in the BM assay. Other investigators
also cvaluated the chemical clastogenicity potential in the liver
by the PH method (Cliet et al., 1989; Roy and Das, 1990; Mere-
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to et al., 1994; Zhurkov et al., 1996}, There are, however, two
shortcomings in the PH method: 1) Technically it is not easy to
perform successful hepatectomy on all animals used in the
assay, and 2) it has been reported that cytochrome P450, sty-
rene mono-oxygenasc, cpoxide hydrolase, and glutathione-S-
epoxide transferase activities decrcased by 50, 35, 50, and 35%,
respectively 12 h after PH (Rossi et al., 1987).

Another method used 4-acctyl aminofluorene (4AAF), a
mitogen for liver cells (Braithwaite and Ashby, 1988), to acti-
vate ccll proliferation. In this method, the possibility of interac-
tion with the test chemical has not been ignored (Parton and
Garriott, 1997). An in vivo/in vitro assay system bas also been
reported, i.e., after treatment of animals with test chemicals in
vivo, hepatocytes were collected and primary cell cultures were
established with growth factors before cell harvest for slide
preparation (Sawada et al., 1991). However, this in vivo/in
vitro mcthod is labor-intensive, costly and time consuming;
thus it has not been used as a routine method to evalvate chem-
ical clastogenicity in the liver.

The use of proliferating tissue is a prerequisite for the micro-
nucleus assay. In 4-wcek-old rats, the hepatocytes are still pro-
liferating, and the percentage of S phasc cclls is more than 40
times higher than in adult rat liver (Parton and Garriott, 1997).
Sipes and Gandolfi (1993) reported that P450 levels reach a
maximum at 4 weeks of age in the rat. Considering these points,
we developed and evaluated the young (4-week-old) rat liver
micronucleus assay. We used diethyitrosamine (DEN), which
is a well-known rodent liver carcinogen, as a model compound.
DEN was negative in the conventional BM micronucleus assay
(Morita et al., 1997), but positive in the liver micronucleus
assay vsing the PH method (Tates et al., 1980). This paper
describes the comparison of the PH and young rat methods and
investigations of technical points in the voung rat liver micro-
nucleus assay.

Materials and methods

Animals

Male Fischer 344 (F344) und Sprague Dawley (SD) rats were purchased
from Charles River Japan. The animals were housed under a 12-hour light-
dark cycle and allowed free access to food and watcr.

Chemicals

Dicthylnitrosamine (DEN, CAS No. 55-18-5), was purchased [rom
Wako Pure Chemical Industrics, Lid. {Osaka, Japan), DEN was dissolved in
physiological saline immediately before treatment and given once or twice by
intraperitoneal injection or gavage 1o rats.

Comparison of the young rat method with the partial hepatectomy (PH)

method

F344 or SD rats were treated orally with 50 mg/kg of DEN at 3 or 4 weeks
of age in the young rat method, and at 6 wecks of age in the PH method, in
the former method, stide preparations were made 2-5 days after single treat-
ment, and peripheral blood samplcs were collected and supravitally stained
with acridine orange (AO)-coated slides {Huyashi et al,, 1990) before and 1,
2,and 3 days after treatment. In the latter method, PH was performed 7 days
after treatment, and the slides were prepared 2-5 days after P11,

Dose dependency and age effect

DEN al dose levels of 12,5, 25, and 50 mg/kg was administered 1o 4«
wecek-old rats, and hepatocytes were isolated 5 days after treatment. To inves-
tigate the effect of age, F344 rats at 3-9 weeks of age were treated with DEN
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(50 mg/ke) once and slide preparations were made on the 5th day atter treat-
ment as with the dose-response assay.

Administration route difference and treatment times

4-week-old F344 rats were treated by gavage or intraperitoneally with
DEN once at 40 mg/kg or twice at 20 myg/kg with a 24-hour interval, Hepato-
cytes were isolaied 2-5 days after the last treatment.

Preparation of hepatocytes

Hepatocytes were isolated from anesthetized rats by the collagenase per-
fusion method, rinsed with 10% neutral buffered formalin 2 or 3 times and
eentrifuged at 50 g (500 rpm) for 1 min (Clict ct al., 1989). Hepatocytes were
suspended with 10% neutral buffered formalin and stored in a refrigerator
until analysis. In the case of PH, two-thirds of the liver was removed accord-
ing (o the published method (Higgins and Anderson, 1931), The hepatocyles
were suspended with 10% neutral buffered formalin, and kept in a refrigera-
tor until analysis.

Microscopy and micronucleus determination

Immediately prior o analysis, 10-20 pi of hepatocyte suspensions were
mixed with an equal volume of AO-4',6-diamidino-2-phenylindole dihy-
drochloride (DAPI) stain solution for Ruorescent microscopy. The AQ-DAP]
stain solution contains one part of 500 pg/ml of AO agueous solution and one
part of 10 pg/ml of DAPIL agueous solution. Approximately 10-20 wl of
stained hepatocyte suspension was dropped onto a glass slide and covered
with a coverslip (24 x 40 min).

Hepatocytes were analyzed under a fluorescent microscope (x400 or
higher) equipped with a UV cxeitation system. The number of micronu.
cleated hepatocytes (MNHEPs) was recorded based on analysis of’ 2000
hepatocytes {in two ficlds) from cach animal, In accordance with the meth-
ods of Braithwaite and Ashby (1988) and Clicr ct al. {1989), the following
classification criteria for MNHEPs were used: Round or distinet micronuclei
stained with the same ¢olor as the nuclej, with diameters of 1/4 or jess that of
the main nuclei. The number of mitotic cells was also counted in 1000 hepa-
tocytes in cach animal to determine the mitotic index (MI) for adninistra-
tion route or treatment time differences. Mitotic cells were delined as cells at
any stage from prophase to telophase.

Peripheral blood micronucleus assay

5-10 plof peripheral blood samples were collected from the tail vein and
dropped on AQ-coated stides (Hayashi ct al., 1990), covered with a coverslip
and stored overnight in 4 refrigerator until analysis. Reticulocytes supravital-
ly stained with AO were analyzed under a fluorescent microscope (x600 or
higher) equipped with a blue light excitation system. The number of micro-
nucleated reticulocytes (MNRETS) was recorded by evaluation of 2000 retic-
ulocytes in two ficlds per animal,

Statistical analysis

The incidences of micronucleated hepatocytes or reticulocytes were ana-
lyzed statistically by using Kastenbaumm’s and Bowman’s tables (Kastenbaum
and Bowmnan, 1970).

Results

AO-DAPI double fluorescent staining

Figure 1 shows fluorescent microphotographs of nuclei in
voung rat hepatocytes stained with AO alone (Fig. la), DAPI
alone (Fig. Ic), and combination of AO and DAPI (Fig. b).
Compared to AO or DAPI alone, the double staining allows
better distinction of micronuclei and cytoplasm.

. Comparison of the young rat method with the partial
hepatectomy method
The results of the assay with DEN at 50 mg/ke are shown in
Fig. 2. Both methods revealed significant increases in the nuni-
bers of MNHEPs in comparison with concurrent controls. The
frequencics of MNHEPs in young rats were generally higher



Fig. 1. Fluorescent microphotographs of he-
patocyte nuclei from young rats stained with (a)
AO alone, (b} a combination of AO and DAPI,
and (¢) DAPI alone.
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Fig. 2, Frequencies of MNHEPs (micronuclei/1000 hepatocytes) 2 to 3
days after administration of 50 mg/kg DEN to (a) F344 rats and (b) $D rats
in the young rat method and PH method. Mean of 4-5 animals. * P < 0.05,
** P<0.01, significantly different from the concurrent solvent control.

than those of the PH method and it was shown that the
MNHEP frequencies of F344 rats (Fig, 2a) were higher than
those of SD rats (Fig. 2b) in both methods. There was no statis-
tically significant difference in MNRET induction observed in
peripheral blood at any treatment time in either ¥344 or SD
rats (data not shown).
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Fig. 3. MNHEP frequencies (evaluation of 2000 hepatocytes) 5 days after
administration of DEN (12.5, 25 and 50 mg/kg) to F344 rats (column with
standard deviation bar). Body weight (BW) gain was only marginally affected
at the highest dose.

Dose dependency and age effect

The MNHEP frequencies after administration of DEN
(12.5, 25, 50 mgke) to 4-week-old F344 malc rats increased
dose dependently and reached approximately 9- to 20-fold the
concurrent solvent control (Fig. 3). During this study, the rate
of body weight gain was only marginally decreased at the high-
est DEN dose. The MNHEP frequency after 50 mg/kg DEN
administration to F344 rats aged between 3 and 9 weeks
decreased age-dependently, with the highest value (2.3%) at 3
weeks of age, and lowest (0.17%) at 9 weeks of age (Fig. 4).

Roule difference and treatment times

To determine the influence of administration route, DEN
was given either orally or intraperitoneally to 4-week-old F344
rats, MNHEP frequency was similar for both routes, 2~5 days
after single (40 mg/kg) or the second treatment for a split-dose
(2 x 20 mgrkg) regime (Fig. 5a, b). The MNHEP frequency
increased depending on the time after DEN treatment (up to 5
days). On days 2, 3, and 4, split DEN dosing resulled in higher
MNHEP frequencies compured to the single dose protocol,
Mitotic cells were observed in 1.2 & 0.30%to 1.5 & 0.74% of
cells in the solvent control group 5 days alter treatment, and in
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Fig. 4. MNHEP frequencies (evaluation of
2000 hepatocytes) after administration of 50 mg/
kg DEN to F344 rats aged 3 to 9 weeks. Data are
the mean of five animals with standard devia-
fion,
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Fig. 6. Frequencics of mitotic indexes (evalua-
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4-week-old F344 rats by (a) gavage or (b) intra-
peritoneal injection, Results are the mean of five
animals with standard deviation.

0.7 £ 0.21%t0 1.7 £ 0.68% of'cells in the DEN group (Fig. 6a,

b). The incidence of metaphase cells tended to be lower after

the double treatment of DEN,

Discussion

Since Tates et al. reported a liver micronucleus assay in
1980, a number of variations have been published (Cliet et al.,
1989; Roy and Das, 1990; Mereto et al., 1994; Zhurkov et al.,
1996). In these studies, the PH method, the chemical mitogens
method, and an in vivo/in vitro method have been applicd to
assess micronucleus induction in liver cells, These methods
have been used on a case by case basis, but they have not becn
used routinely for evaluation of genotoxicity of chemicals.
Some criticisms of these methods are 1) introduction of abnor-
mal physiological conditions (e.g., PH method), 2) increased
unknown factors as a result of interaction between test chemi-
cal and mitogen, 3) laborious and time-consuming (c.g., in
vivodin vitro method). We have thus paid attention to the
method based on proliferating activity of liver cells in young
rats up to about 4 weeks of age. Although the method using
young rat liver was reported by Parton and Garriott (1997), it
has not been well characterized and evaluated.

We consider the young rat liver micronucleus assay method
as advantageous because it docs not require any physical injury
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such as PH, nor pretreatment with mitogens that may interact
with a test substance, nor setting up of primary culture that also
may cause damage (o the target cells. Therefore, we propose to
use the present method as a tool for evaluation of chemical
genotoxicity that may occur in the liver,

As shown in Fig. 6, we confirmed that there were many
mitotic cells in the liver of 4-week-old rats. The mitotic index
(MI) observed in the present study was comparable to that
reported by Parton and Garriott (1997). As shown in Fig. 4, the
incidence of MNHEP decreased with the age of the rats. This
can be explained by an age-related decrease in proliferation of
hepatocytes and dilution of the cells with micronuclei with
undivided normal hepatocytes. This phenomenon was also
observed in the PH method. The M1 in regenerating hepato-
cytes is 3.6% and decreases below 1% at 72 h after PH (Gri-
sham, 1962; Parton and Garriott, 1997). To restrict the cell
population to one ccll division after treatment, co-treatment
with cytochalasin B could be considered. It would, however, be
important Lo consider possible interactions between test chemi-
cal and cytochalasin B. Therefore we believe that it is accepta-
ble to perform the assay without ¢co-treatment of cytochalasin B
as long as rats at 4 weeks of age are used,

The AO-DAPI staining method, which was originally devel-
oped for the testis micronucleus assay (Noguchi, 1997), was
efficient for analysis of micronuclei in cytoplasm of hepato-
cytes. This novel staining method gave clearer distinction of



micronucleus, nucleus, and cytoplasm than the single Nuores-
cent staining with either AO or DAPL. To evaluate the practica-
bility of the staining method, 12 laboratories participated in the
collaborative trial and obtained similar MNHEP frequencies
after treatment with 40 mg/kg DEN. This result indicated that
the new staining method is powerful even for novice users af
the liver micronucleus assay.

We chose the 4-week-old rat for the liver micronucleus assay
based on our present results and also on the knowledge of age-
related changes in metabolic enzyme profiles: Cytochrome P-
450 content in young rats is similar to that in aduit rats (Im1aoka
et al., 1991); there is no major difference between 30-day-old
and 100-day-old rats in the activity of hexobarbital hydroxyla-
tion, N-demethylation of ethylmorphine, O-demethylation of
p-pitroanisole or hydroxylation of anilinc (Furncr et al., 1969).
P-450-1A2, 2A1, 2Bl, 2B2, 2E1, 3Al, and 3A2 activily levels
reach a maximum at about 30 days of age, thereafter, the levels
of these P-450 species plateau in the liver due to growth hor-
mone action. Conversely, P-4502C7, 2C11, 2CI12, and 2C22
arc expressed rapidly after 30 days of age (Kato and Yamazoe,
1992). Thus, a compound which is principally activated by
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