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All animals were observed before and 1 h and 5 h after dosing for clini-
cal signs of toxicity. During the recovery period, observation was made
twice a day (morning and afternoon). Body weight was recorded on days 0,
7, 14, 21, and 27 of the dosing period and days 0, 7, and 13 of the recovery
period. Food consumption was measured on days 7, 14, 21, and 27 of the
dosing period and days 7 and 13 of the recovery period. On day 25 of the
dosing period and day 11 of the recovery period, urine was collected for 3 h
and analyzed for dipstick parameters, such as occult blood, pH, protein, glu-
cose, ketone bodies, bilirubin, and urobilinogen. In addition, a 24-h urine
sample was also collected for color, sediment, osmotic pressure, and volume
of the urine.

Prior to necropsy at the end of dosing and recovery periods, blood was col-
lected from the abdominal aorta under deep ether anesthesia after overnight
starvation. One portion of the blood was treated with EDTA-2K and examined
for hematologic parameters such as red blood cell count, hemoglobin, hemat-
ocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), white blood cell count,
platelet count, reticulocyte count, and differential leukocyte count. Another
blood sample was treated with 3.13% sodium citrate, and blood clotting
parameters such as prothrombin time (PT), activated partial thromboplastin
time (APTT), and fibrinogen were examined. Serum from the remaining por-
tions of blood was analyzed for blood biochemistry [total protein, albumin,
albumin-globulin (A/G) ratio, glucose, total cholesterol, triglycerides, total
bilirubin, urea nitrogen (BUN), creatinine, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), y-glutamyl
transpeptidase, calcium, inorganic phosphorus, sodium, potassium, chlorine].
After the collection of blood, all animals were sacrificed by exsanguination,
and the surface and cavity of the body and the organs and tissues of the entire
body were macroscopically observed. The brain, pituitary, thymus, thyroids
(including parathyroids), heart, liver, spleen, kidneys, adrenals, testes, epid-
idymides, and ovaries were then removed and weighed (after formalin fixation
of the pituitary and thyroids). The trachea, lungs (including bronchus), pan-
creas, lymph nodes (mesenteric and mandibular), stomach, duodenum,
jejunum, ileum, cecum, colon, rectum, urinary bladder, eyeballs, spinal cord
(cervical, pectoral, and lumbar part), sciatic nerve, seminal vesicles, prostates,
uterus, vagina, bone marrow (femur), skeletal muscle (femur) as well as the
above organs were fixed in 10% neutral-buffered formalin phosphate (after
formalin acetate fixation for testes and epididymides). Histopathologic exami-
nation was conducted for all these organs of the control and the highest dose
groups. In addition, the liver, heart, kidneys, spleen, and thyroids of the other
groups were examined, as test-substance-related changes were found in the
highest group. Paraffin sections for microscopic examination were routinely
prepared and stained with hematoxylin-eosin.
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Data Analysis

Parametric data such as body weight, foed consumption, urinalysis find-
ings (urine volume and osmotic pressure), hematologic and biochemical find-
ings, and organ weights were analyzed by Bartlett’s test (Bartlett, 1937) for
homogeneity of distribution. When homogeneity was recognized, Dunnett’s
test (Dunnett, 1964) was conducted for comparison between control and indi-
vidual treatment groups. If not homogenous, the data were analyzed using
Steel’s multiple comparison test (Steel, 1959). For histopathologic findings,
Fisher’s exact test (Fisher, 1973) was performed. The 5% level of probability
was used as the criterion for significance.

RESULTS

No death or clinical sings of toxicity were found in any groups. There were
also no significant changes in body weight, but a significant increase in food
consumption was noted on dosing days 14 and 21 in males and on dosing days
21 and 27 in females at 62.5 mg/kg. No dose-related changes were found in the
findings of urinalysis.

At the end of the 28-day administration period, a significant decrease in
red blood cell count, hematocrit and hemoglobin at 2.5 mg/kg and more,
decrease in MCHC at 12.5 mg/kg and more, and increase in platelet count at
62.5 mg/kg were noted in males, but these changes were not found in females
(Table 1). For clotting factors, a significant decrease in fibrinogen was noted at
2.5 mg/kg and more in males and at 62.5 mg/kg in females (Table 1) but no
significant prolongation of PT or APTT.

Blood biochemical examination revealed significant increases in the A/G
ratio at 0.5 mg/kg and more, and levels of glucose at 2.5 mg/kg and more, albu-
min, ALT, and ALP at 12.5 mg/kg and more, and BUN and AST at 62.5 mg/kg
in males (Table 2). On the other hand, for females, a significant increase in
the levels of glucose, A/G ratio, total cholesterol, triglyceride, and ALT was
noted only at 62.5 mg/kg.

At necropsy, absolute liver weight was significantly increased at 2.5 mg/kg
and more in males and at 12.5 mg/kg and more in females with a significant
increase in the relative weight at all doses in males and at 12.5 mg/kg and
more in females (Table 3). In the highest dose group, there was also a signifi-
cant increase in absolute and relative kidney weight in males and in absolute
heart weight in females. No test-substance-related significant change was
detected in other organs. Macroscopically, enlargement of the liver was
observed at all doses in males and at 12.5 mg/kg and more in females. In the
liver, a white patch/zone was found at 2.5 mg/kg and more in males and at
62.5 mg/kg in females. ‘
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Principal hematologic values in male and female rats given HDBB by gavage for 28 days.

Table 1
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Principal blood biochemical values in male and female rats given HDBB by gavage for 28 days.

Table 2
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On histopathology, test-substance-related changes were observed in the
liver, heart, kidneys, thyroids, and spleen as shown in Table 4. In the liver,
hypertrophy of hepatocytes in males at 0.5 mg/kg and more and in females at
12.5 and 62.5 mg/kg; bile duct proliferation and decreased incidence of hepato-
cellular fatty change in males at 0.5 mg/kg and more and in females at
62.5 mg/kg; vacuolar degeneration of hepatocytes in males at 2.5 mg/kg and
more and in females at 62.5 mg/kg; focal necrosis in males at 2.5 mg/kg and
more; increased mitosis of hepatocytes in males at 62.5 mg/kg and in females
at 12.5 and 62.5 mg/kg; and hepatocellular pigmentation and/or cytoplasmic
inclusion bodies in males at 62.5 mg/kg were observed. In the heart, cell infil-
tration at 2.5 mg/kg and more in males, and degeneration and/or hypertrophy
of the myocardium at 12.5 and 62.5 mg/kg in both sexes were noted. Further-
more, hypertrophy of the tubular epithelium was observed in the kidneys of
males at 12.5 and 62.5 mg/kg and of females at 62.5 mg/kg, and increased
severity of basophilic tubules was found in males at 62.5 mg/kg. In the thy-
roids and spleen, diffuse follicular cell hyperplasia at 62.5 mg/kg in both sexes
and extramedullary hematopoiesis at 2.5 mg/kg and more in males, respec-
tively, were detected.

At the end of the recovery period, a significant decrease in red blood cell
count, hematocrit, hemoglobin and MCHC, and increase in platelet count
were still observed in males, and a significant decrease in MCH and increase
in reticulocyte in males and increase in platelet count in females were addi-
tionally found (Table 1). A significant increase in serum levels of albumin, A/G
ratio, BUN, ALT, and ALP in males, and in total protein, albumin, glucose
and total cholesterol in females was also noted (Table 2). At necropsy, grossly
enlarged liver was still observed, and the absolute and relative weight was
significantly increased in both sexes (Table 3). In males, the liver was brown,
and some were accompanied with a red or white patch/zone. A significant
increase in the relative weight of the heart and kidneys was also noted in
males (Table 3). Histopathologically, except for increased mitosis of hepato-
cytes, hepatic changes were observed with similar incidence as observed at the
end of the administration period in males (Table 4). Degeneration of the myo-
cardium and cell infiltration in the heart, diffuse follicular cell hyperplasia in
the thyroid, and extramedullary hematopoiesis in the spleen were also
detected in males. In females, hypertrophy of hepatocytes was found, but
other histopathologic changes observed at the end of the administration
period were not detected. In the liver, focal necrosis and hepatocellular pig-
mentation were also found in females.

DISCUSSION

The current study was conducted to obtain initial information on the possible
repeated-dose toxicity of HDBB in rats. The dosage of HDBB used in this
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study was sufficiently high to be expected to induce toxicity in the liver. As
expected, histopathologic changes including vacuolar degeneration and hyper-
trophy of hepatocytes were observed in the liver. These findings showed that
one of the toxicologically main targets of HDBB was the liver. Increased food
consumption without body weight changes, increased blood glucose, total cho-
lesterol and triglyceride, and decreased incidence of fatty changes of hepato-
cytes were noted after HDBB administration for 28 days. These changes
indicate metabolic derangement and suggest possible adverse effects of HDBB
in metabolic homeostasis. The current study showed that the heart was
another toxicologic target organ for HDBB. Although degeneration and hyper-
trophy of the myocardium and cell infiltration were observed after HDBB
administration, cardiac function was not evaluated in the current study. Fur-
ther studies are required to clarify the adverse effects of HDBB on cardiac
function, because functional parameters are considered to be more susceptible
than histopathologic changes in the heart (Glaister, 1992). In our study,
HDBB also caused anemic changes (decreased red blood cell count, hemat-
ocrit, hemoglobin and MCHC, and extramedullary hematopoiesis), and
adverse effects on the kidneys (hypertrophy of tubular epithelium and
increased severity of basophilic tubules with increased BUN) and the thyroids
(diffuse follicular cell hyperplasia) at higher doses. Adverse effects on the liver
and kidneys, and anemia, but not adverse effects on the heart and thyroid,
were reported in the 90-day repeated feeding study on the structural ana-
logue, 2-(2"-hydroxy-3’,6’-di-tert-amylphenyl)benzotriazole, in rats (U.S. EPA,
2001). Further studies are needed to clarify the differences in the toxicological
profiles between the current study and study on the analogue.

The results of the current study clearly showed sex differences in the toxic
susceptibility of rats to HDBB. In males, the development of anemia and his-
topathologic changes in the liver, heart, kidneys, thyroid, and spleen accompa-
nied with related blood biochemical and organ weight changes were seen.
Hypertrophy of hepatocytes, decreased incidence of fatty change of hepato-
cytes, bile duct proliferation, increase in relative liver weight and serum A/G
ratio were noted even at 0.5 mg/kg. Most of the changes were not improved
after a 14-day recovery period in the highest dose group. In females, however,
no anemic effects of HDBB were observed, and other effects observed in males
were noted only at 12.5 mg/kg and more in females. These changes in females
mostly recovered after the recovery period. These findings suggest that male
rats have a nearly 25 times higher susceptibility to HDBB toxicity than
female rats.

Gender-related differences in toxic susceptibility have been documented
for some other substances. For example, a recent subchronic toxicity study
using F344 rats showed that fluoranthene, a polycyclic aromatic hydrocarbon,
had greater effects on males than females (especially on the kidneys) (Knuckles
et al., 2004). In contrast, it was reported that female rats exhibited a greater
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susceptibility to hypothermic effects and inhibition of hypothalamic cholinest-
erase by a carbamate cholinesterase inhibitor, rivastigmine (Wang et al.,
2001). Such gender-related variation is also reported in humans, mostly for
drugs, such as more severe adverse effects with greater improvement in
response to antipsychotic drugs such as chlorpromazine and fluspirilene in
women (Fletcher et al., 1994; Harris et al., 1995). The various causes of these
gender differences are indicated mainly for toxicokinetic determinants. It is
well-known that hepatic metabolism differs between the sexes, with males
generally having higher activity than females in rats (Gad, 2006). Further-
more, gender differences in membrane transport in various organs of the body
including the kidneys, liver, intestine, and brain have emerged relatively
recently (Morris et al., 2003). In the case of HDBB, it is difficult to discuss the
cause of the gender differences because no other data are available on toxicity,
including the toxicokinetics. However, because male rats showed higher sus-
ceptibility to various effects of HDBB (on the liver, heart, blood, etc.) consis-
tently, such differences in metabolism or transports between the sexes might
increase the blood concentration of causative substances (HDBB or its metab-
olites) in males.

For gender differences, it goes without saying that sexual hormones play
an important role. In fact, Wang et al. (2001) reported that orchidectomy com-
pletely abolished the above-mentioned sex differences in hypothalamic cho-
linesterase inhibition induced by rivastigmine., Because testosterone
decreased cholinesterase inhibition in gonadectomized males and females, it
is apparent that testosterone interferes with the effects of rivastigmine. On
the other hand, estrogen has been shown to act as a dopamine antagonist
(Fletcher et al., 1994; Harris et al., 1995), which is considered to contribute at
least in part to sex differences in response to antipsychotic drugs. It would be
interesting to investigate the role of sex steroids in the mediation of sex differ-
ences in toxic susceptibility to HDBB, too. For the metabolic enzyme cyto-
chrome P450, involved in the metabolism of many substances, gonadal
hormones are known to play an important role in regulating the expression;
however, gonadal hormones do not act directly on the liver to confer the sex-
dependent pattern, but rather, indirectly via the hypothalamus, which
regulates the pituitary and its secretion of the polypeptide hormone, growth
hormone (Waxman and Chang, 2005).

Based on the findings of this study, the NOAEL for females was concluded
to be 2.5 mg kg! day! based on the induction of hypertrophy and increased
mitosis of hepatocytes and degeneration and hypertrophy of the myocardium
at 12.5 mg/kg. On the other hand, the NOAEL for males could not be deter-
mined because hypertrophy and decreased incidence of fatty change of hepato-
cytes and bile duct proliferation were noted at the lowest dose of 0.5 mg/kg.
Considering the toxic effects observed at a relatively low dose and the incomplete
recovery, more severe damage by the longer exposure is a concern; therefore, we
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are currently performing a 52-week repeated-dose toxicity study to clarify the
potential toxic effects of this chemical.

CONCLUSION

The current results showed that the oral administration of HDBB for 28 days
principally affected the liver and heart, and male rats were more susceptible
to the toxic effects of this chemical than female rats. The NOAEL for repeated-
dose toxicity was concluded to be less than 0.5 mg kg™! day ' in male rats and
2.5 mg kg'! day™! in female rats.
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ABSTRACT

DNA double strand breaks (DSBs) are usually repaired through either non-homologous end-
joining (NHE]) or homologous recombination (HR). While HR is basically error-free repair,
NHE] is a mutagenic pathway that leads to deletion. NHE] must be precisely regulated
to maintain genomic integrity. To clarify the role of NHE], we investigated the genetic
consequences of NHE] repair of DSBs in human cells. Human lymphoblastoid cell lines
TSCES and TSCE105 have, respectively, single and double I-Scel endonuclease sites in the
endogenous thymidine kinase gene (TK) located on chromosome 17q. I-Scel expression
generated DSBs at the TK gene. We used the novel transfection system (Amaxa Nucle-
ofector) to introduce an I-Scel expression vector into the cells and randomly isolated
clones, We found mutations inveolved in the DSBs in the TK gene in 3% of TSCES cells and
30% of TSCE105 cell clones. Most of the mutations in TSCES were small (1-30bp) dele-
tions with a 0-4bp micrchomology at the junction. The others consisted of large (>60)
bp deletions, an insertion, and a rearrangement. Mutants resulting from interallelic HR
also occurred, but infrequently. Most of the mutations in TSCE10S, on the other hand,
were deletions that encompassed the two I[-Scel sites generated by NHE] at DSBs. The
sequence joint was similar to that found in TSCES mutants. Interestingly, some mutants
formed a new I-Scel site by perfectly joining the two original I-Scel sites without deletion
of the broken-ends. These results support the idea that NHE] for repairing I-Scel-induced
DSBs mainly results in small or no deletions. Thus, NHE] must help maintain genomic
integrity in mammalian cells by repairing DSBs as well as by preventing many deleterious
alterations.

® 2007 Elsevier B.V. All rights reserved.

: Introduction

DSBs can cause cell death or neoplastic transformation [3,4],
so the accurate repair of DSBs is important for maintaining

DNA double strand breaks (DSBs) are the most dangerous form
of DNA damage. They can be caused by ionizing radiation
(IR) or radiometric chemicals, and they can occur sponta-
neously during DNA replication. Other DNA damage, such as
single strand breaks, easily convert to DSBs when a repli-
cation fork encounters them [1,2]. The non- or misrepair of

* Corresponding author. Tel.: +81 3 3700 9847, fax: +81 3 3700 2348.
E-mail address: honma@nihs.go.jp (M. Honma).

genomic integrity [5]. DSBs are generally repaired through
non-homologous end-joining (NHEJ) or homologous recombi-
nation (HR) [6,7]. NHE] joins sequences at the broken ends,
which have little or no homology, in a non-conservative man-
ner, and some genetic information is lost. HR, on the other
hand, requires extensive tracts of sequence homology and is

1568-7864/% - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.dnarep.2007.01.004
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Fig. 1 - Schematic representation of the experimental system. Shadowed and closed rectangles represent the wild type and
mutant exons of the TK gene, respectively. In TSCES cells, when a DSB at the I-Scel site is repaired by NHE] and causes an
exon 5 deletion, TK-deficient mutants are selected in TFT medium. In TSCER2 cells, when a DSB at the I-Scel site is repaired

by HR, TK-proficient revertants are selected in HAT medium.

basically error-free [8]. HR is the primary DSB repair pathway
in yeast and prokaryotes, but NHE] is believed to be the pri-
mary pathway in mammalian cells [3). HR is preferable to NHE]
because it is error-free, but NHE] may have a different way to
maintain genomic integrity.

We previously developed a human cell system to trace the
fate of a DSB occurring in an endogenous single copy gene
(Fig. 1) [10]. The human lymphoblastoid cell line, TSCES, is
heterozygous (+/-) and TSCER2 is compound heterozygous
(~/-) for the thymidine kinase gene (TK), and both have an
1-Scel endonuclease site in intron 4. DSBs can be generated
at the 1-Scel site by the introduction of an I-Scel enzyme
expression vector. When DSBs occur at the TK locus, NHE] in
TSCES cells produces TK-deficient mutants, while HR between
the alleles produces TK-proficient revertants in TSCER2 cells.
Positive-negative drug selection for the TK phenotypes per-
mits the distinction between NHE] and HR repair mechanisms.
Using the same system, we previously found that almost all I-
Scel-induced DSBs in human cells are repaired by NHE] and
result in mainly 1004000bp deletions [10]. Drug selection,
however, does not recover cells with genetic changes that are
too small to influence TK function, and the resulting spectrum
of mutations and reversions may be biased quantitatively as
well as qualitatively.

To better understand the fate of DSBs in human cells, we
randomly isolated non-selected clones after introducing DSBEs
and directly analyzed their DNA. A novel transfection system
(Amaxa Nucleofector™) can introduce the I-Scel expressicn
vector into most of cell population [11] and efficiently pro-
duces DSBs at the TK gene. With this improved method, we
were able to detect cells with deletions at DSBs without drug

selection and to trace the fate of DSBs without bias. We also
developed a new cellline that has two I-Scel sites in the TK gene
and can be used as a model for clustering DSBs. DNA sequence
analysis of the mutants in this strain revealed that both single
and double DSBs were repaired predominantly by NHE), pro-
ducing only small genetic changes, or none. We discuss how
NHEJ maintains genomic integrity.

2. Materials and methods

2.1.  Human cell lines for detecting NHE] and HR
induced by a single DSB

Human lymphoblastoid cell lines TSCES and TSCER2 were pre-
viously created from TK6 cells [10], which are heterozygous
for a point mutation in exon 4 of the TK gene (TK+/-) (Fig. 1).
TSCES has a 31bp DNA flagment containing the 18 bp I-Scel site
inserted 75bp upstream of exon 4 of the TK+ allele and retains
TK function. TSCER? is a TK-deficient mutant spontaneously
arising from TSCES. It has a point mutation (G:A transition) at
23bp of exon 5 of the TK+ allele of TSCES. TSCER2 is compound
heterozygote (TK—/-) for the TK gene. NHE] for a DSB occur-
ring at the I-Scel site results in TK-deficient mutants in TSCES
cells, while HR between the alleles produces TK-proficient
revertants in TSCER2 cells.

2.2, 1-Scel expression and isolation of mutant clones

We introduced the I-Scel expression vector (pCBASce) by sus-
pending 5 x 10° cells in 0.1 ml Nucleofector solution V (Amaxa
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Biosystem, Koeln, Germany) with 50pg of uncut pCBASce
vector (or without the vector as a control), foellowing the man-
ufacturer’s recommendations. We then plated the cells into
96-microwell plates at 1cell/well. Two weeks later, we ran-
domly isolated single colonies and independently expanded
them for DNA analysis.

We maintained the cell culture for 3 days and then seeded
them into 96-microwell plates in the presence of 2.0 ug/ml
triflucrothymidine (TFT) for isolating TK-deficient mutants
or HAT (200 uM hypoxanthine, 0.1pM aminopterin, 17.5 uM
thymidine) for isolating TK-proficient revertants. We counted
the drug-resistant colonies 2 or 3 weeks later [12] and calcu-
lated the mutation and revertant frequencies according to the
Poisson distribution [13].

2.3.  Creating a cell line containing two I-Scel sites

The targeting vector, pTK10, which we had used to make
TSCES cells, consists of about 6kb of the original TK gene
encompassing exons 5, 6, and 7 and an I-Scel site in intron
4 [10]. We constructed pTK13 by inserting an additional 21bp
DNA fragment containing the 18 bp I-Scel sequence into pTK10
at the Ncolsite inintron 5 (152 bp down stream of exon 5) using
site-directed mutagenesis (GeneTailer, Invitrogen) (Fig. 4a). To
obtain TK-revertant clones with two I-Scel sites in the TK gene,
we transfected TSCER2 cells (5 x 10°) with 20 pg of linearized
pTK13 vector using the Nucleofector system. After 72h, we
seeded the cells into 96-microwell plates containing HAT. We
identified one revertant clone, TSCE105, as correctly targeted
and confirmed its molecular structure by DNA sequencing.

2.4.  DNA analysis

To analyze mutations in the isoclated TSCES and TSCE105
clones, we amplified the part of the TK gene containing the
1-Scel sites by PCR, labeling forward primers with a fluores-
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cent dye. We used the following primers for the I-Scel site in
intron 4: forward (166F), 5'-TGG GAG AAT TAA GAG TTA CTC
C-3'; reverse (196R), 5'-AGC TTC CAC CCC AGC AGC AGC T-3'.
We used the following for the 1-Scel site in intron 5: forward
(251F), 5'-GGA TGG GCA CAG AGA CAC CA-3'; reverse (241R),
5'-CTG ATT CAC AAG CAC TGA AG-3'. For TSCE105S clones, we
used 166F and 241R to amplify the regions containing both
1-Scel sites. Amplification was performed by denaturation at
96°C for 5min, followed by 25 cycles of 96°C for 30s, 57°C
for 30s, 72°C for 305, and extension at 72°C for 10min. We
analyzed the PCR products using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Waldbronn, Germany) and sequenced
them with an ABI 310 genetic analyzer (Applied Biosystems,
Foster City, CA).

3. Results and discussions

3.1.  Efficiency of the system for detecting NHE] and HR
repair of chromosomal DSBs using Amaxa nucleofection

The lymphoblastoid cell lines, TSCES and TSCER2, which we
previously developed, can trace the genetic consequences of
chromosomal DSBs in the human genome. NHE] for a DSB
occurring at the 1-Scel site results in TK-deficient mutants
in TSCES cells, while HR between the alleles produces TK-
proficient revertants in TSCER2 cells (Fig. 1) [10]. To introduce
the I-Scel expression vector into the cells, we now used the
Amaxa nucleofection system. The Amaxa Nucleofector™ can
directly transfer DNA into the nucleus of the cells at high
efficiency. It was designed for primary cells and hard-to-
transfected cell lines such as the human B-cell lymphoblastoid
[11,14). Twenty-four hours after the nucleofection, approxi-
mately 65% of the transfected TSCES cells expressed the I-Scel
enzyme, suggesting that DSBs were efficiently introduced into
the cells (data not shown; Takashima et al., under submission).
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Fig. 2 - Detection of NHE] and HR repaired DSBs using Amaxa nucleofection or BioRad electroporation. (a) Transfection of
TSCES with the I-Scel expression vector using Amaxa nucleofection increased the TK-deficient mutant frequency more than
40-fold compared with BioRad electroporation. (b) Transfection of TSCER2 with the I-Scel expression vector using Amaxa
nucleofection increased the TK-proficient revertant frequency more than 100-fold compared with BioRad electroporation.
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Following Amaxa nucleofection, the mean TK mutant fre-
quency in TSCES cells was 1.21%, which was more than 40-fold
higher than the frequency we observed with the transfec-
tion system we had used previously (BioRad electroporation)
(Fig. 2a), and the mean TK-proficient revertant frequency in
TSCER2 cells was 1.22 x 10~%, which was more than 100-fold
higher than we observed previously (Fig. 2b). These results
demonstrate that the Amaxa nucleofection system effciently
introduced the expression vector and generated DSBs with
high efficiency in the TSCES and TSCER2 cell lines. The rel-
ative contribution of NHE] and HR for reparing the DSBs was
100:1. The value may be biased, however, because the drug
selection assay recovers certain classes of NHE] and HR.

3.2.  Genetic consequences of a chromosomal DSB in
non-selected clones

Because the I-Scel site is inserted into intron 4 of the func-
tional TK allele 75 bp upstream of exon 5, any small deletions
caused by NHE]J that do not affect TK function will notbe recov-
ered as TFT-resistant mutants in the TSCES assay. Similarly, in
the TSCER2 assay, short tract gene conversion events that do
not extend to exon 5 will not be recovered as TK revertants.
Thus, recovery of TK mutants and revertants by drug selection
may be biased. Because nuclecfection can efficiently generate
DSBs at the 1-Scel site, however, the system enables detection
of deletions and recombination in the TK gene without drug
selection. We randomly isolated 926 transfected clones with-
out TFT selection and directly analyzed DNAs from them. We
observed that 29 (3.13%) of them had an I-Scel mutation; these

Table 1 - Analysis of non-selected TSCES clones after

I-Scel expression

Total clones Mutant clones Mutants (%)
926 29 (Total) 313
23 (Small deletion, insertion, 2.48 (79.3)
rearrangement; <60bp)
5 (Large deletion; >60bp) 0.54 (17.2)
1 (Gene conversion) 0.11 (3.4)

were usually small (<60 bp) deletions, insertions, or rearrange-
ments (Table 1). Fig. 3 shows the DNA sequences of 21 mutants
with small genetic changes. Three of them (1659, 1841, and
1893) contained a 1bp deletion at a CCC tract within the I-Scel
site. Others had mostly 04 bp microhomologies at the junc-
tion, suggesting that the NHE] machinery was involved. The
mutant that had a 1bp insertion at a TT tract within the I-
Scel site (2018) might have been generated by misalignment of
the cohesive ends. The mutant that exhibited a complicated
DNA rearrangement involving a 50 bp deletion combined with
a 9bp inverted sequence that was a part of deleted sequence
(1614) was probably the result of sister chromatid fusion and
breakage after DNA replication, as described previously [10].
Five of the mutants showed large deletions (17.2%). This frac-
tion may correspond to the TK mutants in the drug selection
assay. The large deletions which were commonly detected in
the drug selection assay ranged from 1070 to 4030 bp, and had
4-7 bp micrchomology at their junctions (data not shown) [10].

One mutant was the product of gene conversion between
homologous alleles. It had lost the I-Scel site and retained

deletion
Clone DNA sequence of TSCES mutants around |-Scel site Size (bp)
v
ori. TCCGGGCCAAATGBCCGRAGTTETCAGATCC ATTACCCTG]TATCCCTA CTCTCGAGGATCTGGCAG
1659 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTAT-CCTA CTCTCGAGGATCTGGCAG -1
1841 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTAT-CCTA CTCTCGAGGATCTGGCAG -1
1893 TGCGGGCCAAATGBCCGRARTTGTCAGATCC ATTACCCTGTTAT-CCTA CTCTCGAGBATCTGGCAG -1
1875 TCCGGGCCAAATGGCCGRAGTTGTCAGATCC ATTACCCT—TATCCCTA CTCTCGAGGATCTGGCAG -2
2099 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGT—CCCTA CTCTCGAGGATCTGGCAG -3
2399 TCCGGGCCAAATGGCCGGAGT TGTCGAGATCC ATTAGCCTGTTAT-——A CTCTCGAGGATCTGGCAG -4
1573 TCCOGGCCAAATGGCCGGAGTTGTCAGATOC ATTACCCTGTTAT——A CTCTCGAGGATCTGGCAG -4
2182 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTA TCCCTA CTCTCGAGGATCTGGCAG -8
2238 TCCGGGCCAAATGGCCGGAGTTGTCAGATCG AT TA————TCCCTA CTCTCGAGGATCTGGCAG -8
1678 TCCOGBCCAAATGGCCBBAGTTGTCABATCC ATTACCCT——————A CTCTCBAGGATCTGGCAG -9
1878 TCCGGGCCAAATGGCCEGAGTTGTCAGATCG ATTACCCT————A CTCTCGAGGATCTGGCAG -9
1907 TCCGBGCCAAATGGCCBGABTTATCABATCC ATTACCCT—————A CTCTCGABGATCTGECAG -9
2003 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCT A CTCTCGAGGATCTGGCAG -8
2083 TCCGGGCCAAATGGCCBGAGTTGTCAGATCC ATTACCCT—————A CTCTCGAGGATCTGGCAG -8
2183 TCCOOBCCAAATOGCCBGABTTATCABATCC ATTACCCT——————A CTCTCGAGGATCTGGCAG -9
2070 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTETT ~~CTCGAGGATCTGGCAG -9
1657 TCOGGGCCAAATGGCCGGAGTTGTCAGATCG AT ———CCCTA CTCTCGAGGATCTGGCAG -11
2078 TCCGGGCCAAATGGCCEBAGTTGTCAGATCG AT -CTGBCAG  -27
1627 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATT—— TGGCAG -27
2018 TCOGGGCCAAATGBCCGGAGTTGTCAGATCC ATTAGCCTGTTTATCCCTA CTCTCGAGGATCTGGCAE +1
1614 AGBATCTGBCAG  -50+9

TCCoG

Fig. 3 - DNA sequences at the repair junction of 21 of the 26 non-selected I-Scel mutants with small (<60bp) genetic changes
in TSCES cells (“ori.” is original sequence). The I-Scel recognition site is highlighted in orange. Arrows indicate 1-Scel
cleavage sites. The 1bp deletion in the CCC tract is shown in blue and the 1bp insertion in the TT tract is shown in green.
Microhomologous sequences at junctions are shown in red. The sequence in yellow with a left arrow indicates an inverted
sequence from part of a deleted sequence. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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intron 4 of the TK gene that had been originally connected to
the 1-Scel site. The appearance of HR mutants was infrequent
in the non-biased assay, too, suggesting that 1-Scel-induced
DSBs are mainly repaired by NHE], resulting in small dele-
tions [10,15-17]. This does not mean that HR rarely works for
DSBs, however, because our 1-Scel system does not cover all
HR events.

Most I-Scel systems have been developed using artificial
reporter substrates based on exogenous drug-resistance or
fluorescence genes and are biased in favor of detecting cer-
tain classes of deletions and recombination events [18-20]. In
the present system, however, we conducted a survey of DSBs
occurring in the endogenous single-copy gene, and investi-
gated the consequences of the DSB without selection bias. We
first demonstrated the mutational spectrum induced by 1-Scel
endonuclease in the human genome. However, it does not nec-
essarily reflect the fate of DSBs occurring spontaneously or
induced by irradiation, because our I-Scel system does not
monitor sister chromatid HR, which must be the major HR
pathway in mammalian cells. Other 1-Scel systems setting up
two tandem copies of the selective gene on the same chromo-
some can not also evaluate sister chromatid HR quantitatively,

because both chromatids are theoretically cleaved during S/G2
phase. We may underestimate the contribution of HR in the
I-Scel system.

Although the I-Scel expression vector was introduced into
about 65% of the cells, the frequency of mutants at the I-Scel
site in the non-selection assay was still only 3.1%. Three possi-
bilities could explain this: (1) enly a small proportion of TSCES
cells expressing the I-Scel vector may undergo a DSB, (2) most
cells with DSBs may undergo apoptosis, and (3) some DSBs
may go back to their original sequence by perfect joining.
The last possibility would be important to the maintenance
of genomic integrity following DSB repair, but its demonstra-
tion would be difficult because it is impossible to distinguish
between non-cleaved and perfectly repaired I-Scel sites.

3.3.  Genetic consequences of two closely separated
DSBs

To efficiently generate DSBs in the genome, we developed a
cell line containing two 1-Scel sites in the TK gene. We con-
structed a targeting vector, pTK13, consisting of 6kb of original
TK gene including exon 5, 6, 7 and two I-Scel sites flank-
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Fig. 4 - (a) Creating the TSCE105 cell line with two I-Scel sites. The functional TK allele in the TSCE105 cell line has two I-Scel
recognition sites flanking exon 5, 356 bp apart. (b) The TK-deficient mutant frequency in the TSCE105 cells after introduction
of DSBs by Amaxa nucleofection. The mutant frequency was 30-fold higher in TSCE105 than in TSCES.
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Table 2 - Analysis of TSCE105 mutants after I-Scel expression

A56bp.,
Total Type of Mutation
Mutants 1st 2nd

Number of
Mutants(%)

125 Only 1st I-Scel [ T
Qﬂy 2nd I-Scel #
Both, independent sl

Both, combined e
Perfect joining
Joining with small deletion (<60bp)
Joining with large deletion (>60bp)
Joining with rearrangement

Recombination

1(0.8)

47 (38)

6 (4.8)

70 (56)
4
3
29
6

1(0.8)

ing exon 5, and transfected it to TSCER2 cells (Fig. 4a). One
HAT-resistant recombinant, TSCE105, had anocther I-Scel site
at intron 5 of the TK gene in addtion to the original I-Scel
site in TSCES. The two 1-Scel sites are 356 bp apart, flanking
exon 5 (Fig. 4a). TSCE105 was also a TK heterozygote and was
TFT-sensitive. When we nucleofected the 1-Scel expressing
vector into TSCE105, the TK-deficient mutant frequency by the
TFT selection assay, surprisingly, was extremely high (31.3%)
(Fig. 4b). We also examined non-selectecd clones after nucle-
ofection. Among 283 non-selected clones, 83 (25.3%) of them
had a deletion mutation involving one or both 1-Scel sites. This
mutation frequency was about the same as the TK-deficient
mutation frequency in the TFT selection assay, suggesting that
most mutations in TSCE105 were deletions involving coding
sequence of the TK gene.

To investigate the genetic changes induced by the two
DSBs, we analyzed 125 mutants (42 TFT-selected and 83
non-selected) and classified them into 4 types depending on
whether they occurred (1) only at the first 1-Scel site, (2) only
at the second I-Scel site, (3) independenly at both I-Scel sites,
or (4) at the combined first and second I-Scel sites (Table 2).
The majority (56%) were the last type. Interestingly, four of
them joined the two 1-Scel sites perfectly, creating a new I-
Scel site. Fig. 5 shows the DNA sequences around the joint
sites of 26 of the 31 mutants that had small deletions. Almost
all of them had a 04 bp microhomology at the junction, and
the sequences were similar to those found around single DSB
repair sites (Fig. 3).

While a single DSB in TSCES cells caused predominantly
small deletions, two closely occuring DSBs in TSCE105 cells
were not repaired independently and caused large deletions
involving the two I-Scel sites, indicating that multiple DSBs
enhance genetic changes qualitatively as well as quantita-
tively. Mammalian cells may have difficulty retaining small
DNA fragments generated by multiple DSBs. High doses of ion-
izing irradiation, too, not only increase mutation frequency
but also change the mutation type to predominantly large

deletions [21,22]. The genomic changes observed in TSCES and
TSCE105 may reflect a dosage-effect, bringing about different
numbers of DSBs. In both cases, however, NHE] is involved and
injury is minimized.

The mutants with perfect joining were generated by NHE]
without exonuclease processing in which the cleaved two
flanking I-Scel ends simply join. Most of I-Scel-induced DSBs in
TSCES and TSCE105 cells may be perfectly joined and create
a new I-Scel site. Because the I-Scel enzyme is continuously
expressed for at least 48h after nucleofection (Takashima
et al,, under submission), the new I-Scel sites generated by
perfect joining are cleaved again and again. When the DSBs
are occasionally joined after exonuclease processing, they
accumulate as deletional mutations and are not cleaved any
more (Fig. 6). Thus, the perfect joining by NHE] is important
for repairing DSBs, at least endonuclease-induced DSBs. The
perfect joining by NHE] was also reported in other 1-Scel-
induced DSB systemns [23,24]. Van Heemst et al. demonstrated
that a blunt DSB induced by the E. coli transposon TnS were
repaired without loss of nucleotides in Chinese hamster cell
lines, suggesting that compatible ends precisely join with-
out deletions [25]. The efficiency or accuracy of precise NHE]
was reduced in Ku80, DNA-PK, XRCC4, or p53 deficient cells
[23-26].

NHE] in mammalian cells involves seven components—
Ku70, Ku80, DNA-PKcs, Artemis, XRCC4, Cernunnos/XLF, and
Ligase IV [4,7,27-29]. Although the exact role of these pro-
teins remains unknown, three steps have been suggested:
(1) end-binding, (2) terminal processing, and (3) ligation [9].
Karanjawala et al demonstrated that defects in Artemnis and
DNA-PKcs, which are key components in step 2 and pos-
sess substantial nucleolytic activity, do not cause severe
phenotypes or genomic instability [30]. On the other hand,
deficiency of Ku (step 1) or Ligase IV (step 3) confers severe
radiosensitivity or lethality [30]. Thus, the second step may
not be essential in NHE] of DSBs, especially of endonuclease-
induced DSBs, because the cleaved DNA ends are ligatable
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Deletion

Clone DNA sequence of TSCE105 mutants around junction site Size (bp)
fa .
t site  2nd site

perfect TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GGTCTETGCAGACTGE
2412 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GATCTATGCAAACTGC -356 (0)
2429 TCCGGGCCAAAT GGCCBGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GETCTETGCAAACTEC -358 (D)
2445 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GETCTGTGCAAACTGC -356 (0)
2485 TCCGGGCCAMATGBCCEGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GETCTGTGCAAACTGC -356 (0)
2703 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTAT-CCTA GGTCTGTGCAAACTGC -357 (-1)
2650 TCCOGGCCAAATGGCCGRAGTTGTCAGATCC ATTACCCTGT-—CCCTA_GGTCTETACAAACTEC -359 (-3)
2303 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTG——CCCTA GGTCTGTGCAAACTGE -360 (-4)
2453 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTA————TCCCTA GGTCTGTECAAACTEC -364 (-B)
2424 TCCGGGCCAAAT GBCCBBAGTTGTCABATCE AT—————ATCCCTA GATCTATECAAACTGC -365 (-9)
2345 TCCGGOCCAAAT GGCCGGAGTTGTCAGATCE ATTACCCT——————A GGTCTCTGCAAACGEC -365 (~9)
2689 TCCGGGCCAAAT GGCCGGAGTTGTCAGATCE ATTACCCT--—— —A GGTCTCTBCAAACGEC -365 (-9)
2714 TCOGGOCCAAAT GBCCBAAGTTATCABATCE ATTACCCT-——————A GETCTCTGCAAACGBC -365 (-9)
2764 TCCGGGCCAAAT GGCCBGAGTTGTCAGATCG ATTACCCT——————A GGTCTCTECAAACGEC -365 (-9)
2444 TCCGGGCCAAATGGCCGGABTTGTCAGATCE ATTACCCT-——————A GGTCTCTGCAAACGGC -385 (-9)
2446 TCCGGGCCAAATGGCCBGAGTTGTCAGATCC ATTACCCT-—————A GGTCTGTACAAACTEC -365 (-9)
2424 TCCGGGCCAAATGGCCBGABTTGTCAGATCC ATTACCCT——-——-——A GGTCTETGCAAACTGC ~-385 (~-9)
2304 TCCGGGCCAAAT GGCCOGAGTTGTCAGATCC AT—————--—CCCTA GGTCTGTGCAAACTGC -367 (-11)
2442 TCCGAGCCAAATGBCCBGABTTGTCABATCC ATTACCCTGT———— ———GCAAACTEC -372 (-186)
2443 TCCGGGCCAAATGTCCBGAGTTGTCAGATOC ~—————————TA GATCTATGCAAACTGC =372 (~16)
2402 TCCGGGCCAAATGECCEGAGTTGTCABATCC ATTACCCTGTTAT—— ——————AACTGC -372 (~16)
2425 TCCOABCCAAAT GBCCBAAGTTGTCABATCC ATTACCCTGTTATC—— —— TeC =374 (-18)
2435 TCCGGBCCAAAT BGCCBGAGTTGTCAGATCE ATTACCCTGTT ¢ -378 (-22)
2713 TCCGGGCCAAATBGCCEGABTTRTC ——TGTGCAAACTEC  -384 (-28)
2735 TCCOGGCCAAAT GEBCCGEAGTTGTCAGATCC CTeC -3718 (-22)
2405 TCOGGRCCAAAT BGCCE —TCTATGCAAACCAC —392 (-36)
2437 TCOGGGC AMACTEC —409 (-53)

Fig. 5 - DNA sequences at the NHE] repair junction around the I-Scel junction site in TSCES cells. “Perfect” is the DNA

sequence when two I-Scel sites join perfectly and create a new I-Scel site (highlighted in orange). Sequences in black are
upstream of the first I-Scel site and those in blue are downstream of the second I-Scel site. A total of 26 TSCE105 mutants
with deletions combining two I-Scel sites are shown. Underlining indicates a new I-Scel recognition sequence produced by
error-free NHE]. Red indicates microhomologous sequences at junctions. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

and do not require terminal processing. Perfect joining by
NHE] probably skips the second step. Naturally occurring
DSBs produced by oxidative stress, ionizing radiation, and
DNA-damaging agents, however, do not have directly ligat-
able DNA ends and need some form of nucleclytic processing

DSB by
I-Scel

e

. Joining after
Joining :: End Processing
Perfect : Joining after
Joining : End Processing
¢ DSB by
' 1-Scel
0-...'_ -
A
I-Scel pa-l'fec( i
Joining

[7,3). Their repair by NHE] results in deletions, even if it
works properly. In the present study, the size of the dele-
tions caused by NHE], however, were relatively small. No
recavered TSCES or TSCE105 mutants exhibited large dele-
tions or translocations similar to those frequently observed

Fig. 6 - A model for NHE] generating deletions in TSCE105 cells. When a DSB is repaired by perfect joining, an I-Scel site
newly generates and is cleaved again. The rare DSB that is joined after exonuclease processing converts to a deletional

mutation and accumulates in the cell population.
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at the chromosome level in cancer cells [4]. This suggests that
NHE] helps maintain genomic integrity in mammalian cells
by repairing DSBs as well as by preventing many deleterious
alterations.
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