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Substrate Product CYP forml
7,8-Dihydroxy~7,8-dihydrobenzo[a

Jpyrene 9,10-oxide CYP1Al
3-Methylcholanthrene CYP1A
Almotriptan CYP3A4
Atrazine iPr-OH CYP1A2
Benzofalpyrene 3-hydroxylation CYP1A
Benzo[alpyrene 7,8-oxide CYPIA
Benzolalpyrene 6-OH CYP1A
Benzolclphenanthrene CYP1A2
Clozapine CYPIA2
Coumarin coumarin 3,4~epoxide CYPl1AL/2
Cyclobenzaprine N-demethylation CYPIA2
Daidzein CYP1A2
DMXAA 6—methylhydroxylation CYPIA2
Fluvoxamine CYPLA2
Furafylline inf mechanism CYP1A2
[mipramine CYP1A2
JANEX-1 O-demethylation CYP1A2
Lidocaine N-DE CYP1A2
Lisofylline pentoxyfylline CYP1AZ
PhIP N-CH CYP1A2
Primaquine CYP1A2
Promazine 5—sulphoxidation 1A1>2B6>1A2
Promazine N-demethylation 2CIP2B601A1>1A2
Ropivacaine 3-OH-ropivacaine CYP1A2
Ropivacaine 4-OH-rvpivacaine CYP3A4
Ropivacaine 2-OH-methyl-ropivacaine CYP3A4
Ropivacaine 2’,6"pipecoloxylidide CYP3A4
Rutaecarpine inh CYP1A2

5 16020 Unknown CYP1A2
Sanguinarine inh mechanism CYP1A2
Tacrine 7-OH CYP1A2
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Tanshinone I[A
Terbinafine
Terbinafine
Thalidomide
Theophylline
Theophylline
Tizanidine
Verlukast
Zaleplon
Zolmitriptan
Zolpidem
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DHDiol
N-DM
5,5'-0OHs
demethylation
hydroxylation
ring Ox
epoxidation
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N-demethylation

alcohol deriv
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CYP1A2
CYPIA
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CYP1A2
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CYP1A]
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BN AT S0 trigger site LIRS, 10D P450 Sy FRETIX AT MR MICEE O E ST
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FHRTEDER LI pinching point 23354 FRIZN 57, pinching point DR EIZRNE LIS,
RRALB10BOHEIZ oW TIORAEH AL THLEBALL tigger site DEURE TR, i
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ZHRBEHK—ENZRAINL— AL LT pyrene mle ZE R,

Pyrene rule {22V v

TEID pyrene (T4ARMED TSy FThHD, 2T CYPIA2 IZEHITRTRHIDOIBALA trigger site
KRB EE 2D, FEESERLRERTHS, EHETELEOHEEN—EORGEHLTL,
RRHOBRCRA SN LEFZE > TRAL TABENDLE XD, T2 nMEZELICEE
THURERDHY, E TRV OORFED pinching point Z3k43,

IDINTEZ DL, #ERILE 0% pyrene LERAZLIZE> THANETR B LR FTHEL S,

EFMITIISTRICOIz>TELZDWAOZVHEIZE, BAMNDHDLE RS,

~LTBRORA T APLBEET20TRPNIO T 2RI COHmBEIHNITRE LS,

BR{LELIE BB 1ESOR33Y, T 59 naphthalene kX anthracene 1272 > ThIRA T RET
5D, 12 TIC pyrene FTIEBA THIRITITERN,

FrRALER LD D naphthalene OB EETHEETH S,

Trigger ¥ D R BRI HD,

Caffeine D&
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N-7-methyl ZDE{KITE TIZHD N-3-methyl/carbonyl ZEDOREEEZIT3, FRANZ N-3-methyl £
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Atrazine DL M

H,C N N N CH,

H
Atrazine SHIDIAIA CYPIA2 iokoTIoHE
MO

A7V E T F L ES Pyrene RN W TTED, fRBIAIRTWEE XIS, JuVEFRHBD
Lz T trigger SHRLTVBIEIZR>TWBEE X HNB,
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Deletion, Rearrangement, and Gene Conversion; Genetic
Consequences of Chromosomal Double-Strand Breaks in
Human Cells

Masamitsu Henma,'* Masako Izumi,2 Mayumi Sakuraba,’
Satoshi Tadokoro,! Hiroko Sakamoto,’ Wensheng Wang,' Fumio Yatagai,?
ond Makoto Hayashi'

Division of Genetics and Mutagenesis, National Instilute of Health Sciences,
Setagoya, Tekyo
2Division of Radioisotope Technology, Institute of Physical and Chemical Research,
Wako, Saitoma, Jopon

Chromosomal double-sirand  brecks {DSBs) in
mammalian cells are usually repaired through ek
ther of two pathways: end-joining [E)} or hemolo-
gous recombination (HR). To clarify the relative
confribution of each pathway and the ensuing ge-
nelic changes, we developed o system 1o Irace the
fate of D$Bs that occur In an endogenous single-
copy human gene. lymphoblastoid cell lines
TSCES ond TSCER2 are helerozygous {+/-} or
compound heterozygous {— /=], respectively, for
the thymidine kinase gene {TK), and we in!roJuced
an )-5cel endonuclease site into the gene. E) for a
DSB at the [-Scel site results in TKde_Ecienl mutants
in TSCE5 cells, while HR between the olleles pre-
duces TK-proficient revertants in TSCER2 cells, We
found that almost all DSBs were repaired by E) and
that HR rarely coniributes fo the repair in this sys-

tem. E} contributed 1o the repoir of DSBs 270 times
more frequently than HR. Molecular analysis of the
TK gene showed that E} mainly causes smoll dele-
tions limited to the TK gene. Seventy percent of the
small deletion mutants analyzed showed 100- o
4,000-bp deletions with a O- to 6-bp homology at
the joint. Another 30%, however, were accompa-
mec' by complicated DNA rearrangements, pre-
sumably the result of sister-chromatid fusion. HR, on
the other hand, always resulted in noncrossing:
over gene conversion without any loss of genetic
information. Thus, although HR is important ta the
maintenance of genomic stability in DNA contain-
ing D5Bs, olmost all chromosomal DSBs in human
cells are repaired by El. Environ. Mol. Mutagen.
42:288-298, 2003, @ 2003 WileyLiss, Inc.

Key words: doubla-strand breaks; end-joining; inter-cllelic recombinction; human somatic ceils.

INTRODUCTION

Chremosomal double-strand hreaks (DSBs), either aris-
ing spontaneously or induced by ionizing radiation, are
particularfy 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 (EI) or
homeologous recombination (HR) [Haber, 2000; Jackson,
20021, 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, requircs
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., 2001]. Non-crossing-over
only involves the localized DNA region surrounding 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 results in gene conversion without
crossing-aver [Haber, 1995]. This is in siriking contrast to
mammalian cells, where EJ is thought to be the predominant
mechanism for repairing DSBs [Jackson and Jeggo, 1995].
Howevcr, the relative contribution of the two pathways 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 (foss of
heterozygosity [LOH]), which is considered a consequence
of the repuir of chromosomal PSBs. For repair of « DSB in
the functional 7K allele, HR produces homozygosity of the
nonfunctional 7K allcle, while EJ brings about delction in
the functiopal TK allele, leading to its hemizygosity
[Honna et al., 1997b). We have demonstrated thal homozy-
gous LOH is the predominant spontaneous event, whereas
hemizygous LOH is induced by ionizing imradiation, 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 7K gene induced
by nontargeling mutagenesis, however, has a strong bias for
the recovery of HR mutants with crossing-over [Quintana et
al, 2001]. DSBs generated within the TK gene can be
recovered by any repair pathway as TK-deficient 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 pot affect the TK
gene, Thus, the mutational spectrum for nontargeted mu-
tagenesis does not provide appropriate information to elu-
cidale 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 |8-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 ¢n-
zyme in the genetically modified cells. Using this unique
sysiem, it has been demonstrated that DSBs in mammalian
chromosomes initiate HR as wel? 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 are
biased in favor of detecting specific deletion and recombi-
nation events {Taghian and Nickoleff, 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 chromosemal DSBs in mammalian cetls. Moyna-
han and Jasin [1997] enginecred 4 recombinational substrate
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containing an l-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 useful 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 stwdy, we developed 4 system to trace the
fate of DSBs that occur in a single-copy human gene. We
introduced an }-Scel site inlo the endogenous TK gene of
TK6 celis by gene targeting, Unlike nontargeted mutagen-
esis, this system mukes it possible to recover efficiently cell
clones resulting from the repair of DSBs at a defined site.
Using this system, we cvaluated the relative contribution of
E) and HR for rcpairing DSBs and investigated the genetic
consequences of each pathway at the molecular and cyto-
genetic level, This is the first repont 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 dusigned to disrupt exon § of the
TK gene by replacement with 2 nen gene. It was constructed as follows: (1)
aregion containing cxons 8 and 7 of the TX pene (position 12.002~13,367)
was amplificd by a polymerase chain reaction (PCR) in which a Xba! linker
was added 1o the 5'-primer. The amplified product was cleaved by Xbul
and BaraHI and was cloncd into pBluescript ) (Sleatugene, La Jolla, CA):
(2) a 1,637-bp Sspl-Ece0109]1 DNA fragment containing a simian virus 40
(SV-40) early-promoter-driven uea gene wis cleaved from pEGFP-CI (BD
Biosciences-Clontech, Tokya, Japan), modified with a Mo linker, und then
cloned inte the sbove plasmid; and (3) a region containing the last part of
intron 4 (position 9,291-11,850) wus amplificd using a A-primcr maditied
with & Sacll linker. The PCR product was cleaved by Secl and Sacil, and
cloned into the above plasmid.

‘The second targeting vecter, pTKI0, consisted of abour & kb of the
original TK gene encompassing exons 5, 6, and 7, and on I-Scel site, which
was used 1o revert the JX gene disrupted by pTK4. To consiruct pTK10, a
region containing exons 5, 6, and 7 (positions 7,248 ~13,367) was smplilied
using a 5'-primer modified with a Xkol finker. The PCR product was
tleuved by Xhol and BumnHI, and cloned into pBluescript 11. A 31-bp DNA
fragment containing the [B-hp 1-Scel site was [ormed by anncaling the two
oligonuuleotides (5°-gatcc ATTACCCTGTTATCCCTActetepag-3* and §'«
gatcetegugag TAGGOATAACAGGGTAATE-3'), producing BeMl com-
patible sites ot both ends. The DNA fragment was inserted into the Bpil)
site of the above plasmid.

The I-Seel-cxpressing vector, pCMV3anls-1-Seel (kindly provided hy
Dr. ). Nickoloff, University of New Mexico School of Medicine, Albu-
quergue, NM), contains the J-Scel-nuclease coding sequence fused ar irs
5'-end 10 a triplicie auclear localization signal, driven by the TMV
promoter, and terninuted by the bovine growth hormone polyudenylation
signal [Brenneman et al., 2002].

Cell Construction

TK6 human lymphoblastoid cells are heterozygous for a point mutation
in exen 4 of the TA gene [Grosuvsky et al., 1993]. They were grown in
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RPM] 1640 medium (Gibco-Invitrogen, Carlsbul, CA), supplemented with
10% heat-inactivated horse serum (JRH Biosciences, Lenexa, KS). TK-
deficient clones were generaed by transfecting cells with the first tarpeting
vector that had been lincurized with Scal. TK6 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 (Bin-Rud, Hercules, CA) set at 950 uF
and 250 V. Afier 72 hr, the cells were seeded into 96-well microwell plates
in the presence of 2.0 pghnl trifluorothymidine (TFT) and 500 pg/ml
G418, TK-deficient clones were isolated 2 weeks later, as described pre-
viously [Huonma et al., 1997a). One of clones, TKp4-2. was found to have
the desired distuption of thc TK genc (Fig. 12). To obtuin TK-revertant
clones with an 1-Scel site in the TX gene, we transfected TKp4-2 cells (2 X
107) with the lineurized second targeting vector, using the same techniques
used ahove, and isulated histone acetyliransferase (HAT) (200 pM hypo-
xambine, 0.1 WM uminopterin, 17.5 pM (hymidinc)-resistant clones. One
reveriant clone, TSCES, was identified and its molecular structure was
conltirmed by PCR analysis {Hig. 1a). The cell line TSCER2 was sponta-
necusly generated as a TK-deficient clone from TSCES. 11 had 2 point
mutation (G— A transition) at the bp 23 of exon § in the TK allele
comaining the I-Seel site, resulting in a compound heterozygote (7K /")
(Fig. la).

I-5¢cel Expression

A ol of I X 107 cells were wansfected in serum-frec RPMI 1640
medium by electroporation with 20 pg of uncut pCMY 3xnls-1-Scel vector
or without vector as a control, After 72 hr, the cells were sceded inte
96-well microwell plates in the presence of TFT (for TSCRS) or HAT (for
TSCFR2), Drug-resistant colonies were counted 2 weeks Jater and inde-
perdently expanded.

DNA and Cytogenetic Analysis

DNA extraction and PCR analysis for LOH analysis ul polymuorphic sites
in the TX gene and micrusatellite morkers were performed as described
[Honma et al., 2000]. PCR analyses at the I-Scel site were performed to
amplify the following products with the specified primers: the shont frag-
ment (Fig. 1ab). 164F (5'-TGGGAGAATTAAGAGTTACTCC-1') and
196R (5'-AGC TTCCACCCCAGCAGCAGCT-3'): and the long fragment
(see Fip. da.b), 175F (5'-TCGCTTGGCAATAGTAGGAGCT-3') and
19R (5 -ACTCTGTCTGTGCCGAGTGTA-3'). Amplification was per-
furmed by denaturation at 94°C for 5 min, followed by 25 cycles of 94°C
for | min, 57°C for | min, 72°C for 2 min, and exiension at 72°C for 10
min. PCR products were analyzed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Waldbronn, Germany) and seyuenced with un ABJ
310 genetic unalyzer (Applied Biosystems, Foster City, CA).

Speewral karyotyping (SKY) was used for the cytogenetic analysis of
some TK-deficient muiants. The procedure was performed according 1o the
manufacturer's recommendulions as previously deseribed [Honma et al,,
2002], Metaphase images were captured and analyzed on a SKY vision
cytogenetics workstution (Applied Spectral Imaging, Carlshad, CA) at-
tached to un Olympus moded 50 fluorescence microscope. At least five
metaphase cells were analyzed per slide,

RESULTS
Experimental Design

To investigate the fate of DSBs ocenrring in the human
genome, we used human lymphoblastoid cells containing an
I-Scel recognition site in the endogenous TK gene. Human
lymphoblastoid TK6 cells are heterozygous (TK'/ ") for a

point mutation in exon 4 of the TK genc, which is on
chromosome 17q. We introduced an 1-Scel sequence into
intron 4 near cxon 5 of the functional 7K allele. We em-
ployed two steps for gene targeting to minimize sequence
divergence betwcen 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., 1998]. The functional 7K allcle was
first disrapted by replacement with a reo gene, and then it
was reverted by a second targeting vector, pTK10, consist-
ing of 6 kb of the original TK gene including exons 5. 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-Scel site inserted 75 bp upstream of exon 5 (Fig. Ib).
TSCES cells can grow in HAT medium, but not in TFT
medivm (HAT-resistant/TFT-sensitive; HATYTFT). We
next isolated spontaneously generated TK-deficient mutants
from TSCES. One of the mutants, TSCER2, had a point
mautation (G—> A transition) at bp 23 of exon 5. TSCER2 is
compound heterozygote (TK™'7) for the 7K gene and is
HAT/TFT".

Figure lc shows the strategy used for detecting EJ in
TSCES cells and HR in TSCERZ cells. When a DSB at the
1-Scel site is repaired by EJ, a TK-deficient deletion mutant
is isvlated as TFT' in TSCES cells. With HR repair, on the
other hand, a TK-proficient revertant, which is generated by
inter-allelic recombination, is selected by HAT in TSCER2
cells. Theorelically, 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 lor their TK
status and because the DSB occurs at the same position in
both cell lines, this system can evaluate the contribution of
El and HR without bias when the cxperiments 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 un 1-Seel expression vector, pPCMV3xnls-
I-Scel, into TSCES cells by electroporation. TK-deficient
mutant cells appeared at an average [requency of 274 X
107", more than 130-fold higher than in nontransfected
cells (Fig. 2a). Because the transfection of the expression
vector did not affcet the imutant frequencics for the HPRT
gene in TSCES cells and the 7K gene in the original TK6
cells, the increase in mutant frequency must have been due
to repair of DSBs at the 1-Seel site (Fig. 2a). When TSCER2
cells were transfected with the 1-Scel cxpression vector
under the same conditions, TK-proficient revertants were
isolated at an average frequency of 1.07 X 107%, more than
200-fold higher than spontaneously occurring events (Fig.
2b). This strongly suggests that inter-allelic HR is also
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Fig. 2. Double-strand breaks (DSBs) induce both end-Joining (E)) and
hoemologous recotnbination (HR), a3 ‘I'ransfection of 'TSCES cells with the
1-Seel cxpression vector increases the thymidine kinase (TK)-deficicnt
mutant trequency mare than $30-fold compared with the control. No

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

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

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

Fig. 1 [Overleaf). Creating assay systems to detcet end-joining (EJ) and
homologous recombination (HR ) for repair of 2 double-strand break (DSB)
at @ I-Scel sie in the human thymidine kinase (TK) gene. a2 Structure of the
functional TK allele in ‘I'K6 cells, and construction of the targeting veciors,
The functional allele of the TSCLS cell fine is modificd with a 31-bp DNA
insert, including the 18-bp [-Scel site at a Bgill site 75 bp upstreum of exon
5. The TSCER2 cell tine contains an sdditional point mutation (X) in exon
5 of the targeted allele, which results in un inactive the 7K genc. b: PCR
analysis of 2 DNA [ragment with 164F and 196R primers. Becuuse of the
inseried DNA, the DNA from the TSCES cell Jing produces a 13)-bp DNA
fragment in addition to the original 100-bp fragment, and the larger product
can be cleaved by I-Scel endnucleasc. e: Schematic representation of the
experimental system. Closed and open rectungles represent the wild-type
and mulant cxons of the TK gene, respeetively, When a DSB at the 1-Seel
site is repuired by El, and it canses deletion in exon §, ‘TK-deficiem
matants are isolated from TSCES cells in TFT medium. When HR repairs
the DSB. TK-proficient revenants are generated from TSCLER2 cells under
HAT selection.
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transfection-induced mutant induction was observed for the HPRT gene in
TSCES cells and the 7K Jocus in TKé cells, b: Transfeelion of TSCER2
cells also increases the TK-proficient revertant frequency more than 200-
fold compared with the control.

we analyzed LOH at polymorphic sites within the TK gene
and at 5 polymorphic microsatellite loci surrounding the TK
gene. The 13.5-kb human TK gene is Jocated on chromo-
some 17q23.2. The TK gene in TSCES and TSCER2 cells
has frame-shift dimorphisms in exons 4 and exon 7, which
are 6,950 and 876 bp, respectively, from the 1-Seel site. The
1-bp difference in the PCR products from these regions
tacilitzted 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 defetions 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-I-Scel allele) products vsing DNA from TSCES cells
(Fig. 4a.b). Twenmy-two of the 34 mutants exhibited shorter
PCR products of various sizes in addition to the original
preduct in the gel analysis, whereas the other 12 mutants did
not clearly show shorter preducts (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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Fig. 3. Extent of (loss of heterozygosity (LOH) in thymidine kinase
(TK)-deficient mutants from TSCES and TK-proficient revertants from
TSCER2. Two frame-shift mutations in exons 4 and 7 of the TX genc and
5 microsatcllite loci on chromosome 17y that are heteromorphic in the cell

a)

lines were used for the analysis. The human TX gene consists of 13.5 kb
and maps 0 17423.2, orented from telomere 10 centromere. The length of
bars indicales the exient of LON. Forty-four TSCES mutams and 36
TSCER2 revertants were analyzed.
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Fig. 4. Polymcrase chain reaction (PCR) and sequence analysis of the
regions flanking the J-Seel site in small deledon and medium deletion-1
mutants {Fig. 3. ) from TSCES5 cclls. a: PCR analysis of a DNA fragment
invalving exons 8, 6, and 7 of the thymidine kinase (TX) gene with primers
175F and 99R. The DNA from the TSCES ccll line produces 5.587-bp and
5.618-bp DNA tragments, DNAs from TK-delicient TSCES mutants ex-

hibit shorter DNA fragments caused by delciion, b2 Twenty-two of 34
mutants contained shoner PCR products, The length of bars indicales the
extent of deletion. Sixteen mutamts exhibitzd simple delelions with micro-
homology sequences, which are indicated on the side of hars, and the ather
six mutamts had deletions combincd with complicated DNA rearrange-
ments (Fig, S5).



