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Figure 7.2 Daughter strand gaps by stalling of Pol B1 at template U (or HX) are sealed by HR and/or
translesion bypass by Pol Y1. Cytosine in DNA (A) is deaminated by heat, thereby generating G:U mismatch
(B). When the strand containing U is copied by Pol B1 before the U is removed, Pol B1 may stop before U
(C). ssDNA region downstream of the U can be sealed by HR with sister chromatid (D). UDG may remove the
U (E) and provide a chance to regenerate normal G:C basepair (A). However, if Pol B1 is switched to Pol Y1,
the Y-family DNA Pol may bypass U by incorporating adenine opposite template U (F). Pol B1 extends the
primer strand containing adenine opposite U, thereby generating a mutagenic mispair in DNA (G).

conventional DNA replicases. Whenever they
encounter an unrepaired lesion in the template
DNA strand, the default replication apparatus
would halt. However, most living organisms are
equipped with alternative Pols that can tolerate
or even correctly accommodate certain abnor-
malities at the primer-template junction and thus
relieve replication blocks. This process termed
TLS is faster and energetically less expensive
than other DNA reparation mechanisms that
do not leave damaged parental strand behind.
Depending on DNA lesion context, TLS can
result in progeny mutations and that is probably
why it is predominantly used under adverse and
stressful conditions when an adaptive change in
the genotype may be desirable.

According to their primary amino acid
sequence similarities signifying common evolu-
tionary origin, Pols are currently classified into
seven families, namely A, B, C, D, E, X and Y
(Ito and Braithwaite, 1991; Lipps et al., 2003;
Ohmori et al., 2001). The enzymes from Y-family
are exclusively engaged in the TLS process. They
specialize in copying DNA at stalled replication
forks, which arise in vivo from mismatched or

misaligned primer ends usually due to the pres-
ence of damage on DNA template. They lack
3’-5’ exonuclease (proofreading) activity and are
poorly processive and error-prone when copying
undamaged DNA resulting often in untargeted
mutagenesis (Kim et al., 2001; Kim et 4l., 1997).
The archaeal members of the Y-family Pols have
served as great models for solving the three-
dimensional structure of these unique enzymes
(Ling et al, 2001; Silvian et al., 2001). Their
catalytic core consists of finger, palm, thumb and
little inger (or wriest or PAD) domains, but the
finger and thumb domains are much smaller than
in high-fidelity polymerases. An active site cleft
consisted of five sequence motifs common to all
known Y-family Pols can accommodate DNA
and nucleotide triphosphates with relaxed geo-
metric constraints, which result in higher rates
of misincorporation and low processivity (Fiala
et al., 2007; Ling et al., 2003; Ling et al., 2004b;
Zang et al, 2006). Some of these enzymes,

. however, accurately bypass certain DNA lesions.

Examples include accurate bypass across cis-syn
thymine-dimer by human Pol eta (Trincao et
al., 2001; Washington et al., 2003) and correct
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incorporation of cytosine opposite template N-
guanine minor groove adducts (Choi et al., 2006;
Jarosz et al., 2006) such as the steroid hormone
derived DNA adduct by human Pol kappa
(Suzuki et al., 2004). REV1 and Pol zeta can
bypass an AP site efficiently in vitro (Haracska et
al., 2002; Masuda et al., 2002). Although not es-
sential for ‘short-term’ survival, the Y-family Pols
may play important roles in ‘long-term’ survival
(or evolution) by counteracting DNA adducts
resulting from radiation and genotoxic byprod-
ucts of metabolism in an energetically efficient
way (Yeiser et al., 2002).

The archaeal Y-family Pols have been studied
mostly as models of their eukaryotic counterparts
due to the availability of the three-dimensional
structures and feasibility to do co-crystallization
studies. The complexes of Pol Y1 (Dpo4) from S.
solfataricus with benzo[a]pyrene (Chandani and
Loechler, 2007; Ling et al., 2004b), cis-syn thy-
mine dimer (Ling et al., 2003), 8-oxo-G (Zang et
al., 2006) and an AP site (Ling et al., 2004a) have
been described in great details. The crystal struc-
tures also serve as models for the prediction and
manipulation of structural properties of other
homologous enzymes from low temperature
organisms such as the genetic model E. coli (Lee
et al., 2006). The three dimensional structure of
Pol Y1 (Dpo4) was even used in molecular dy-
namics simulation study to elucidate the catalytic
mechanism and kinetics of DNA lesion bypass
at atomic resolution (Chandani and Loechler,
2007; Wang et al., 2006). However, it remains
to be determined by in vivo genetic experiments
what the physiological relevance of the Y-family
Pols is in Archaea. A pioneering work related to
this topic is the disruption of the dpo4 gene of
S. solfataricus (P. Blum, unpublished results). The
resulting disruptants display enhanced expres-
sion of genes involved in protection of oxidative
stress, suggesting the roles of the Y-family DNA
Pol in the tolerance against oxidative DNA
damage.

Apart from the recently heavily studied
Sulfolobus enzymes, the Y-family Pol homologues
are present in numerous but interestingly not all
archaeal species. This contrasts with the other
two kingdoms of life, i.e. Eukarya and Bacteria,
where at least one Y-family member is pres-
ent. Of the completely sequenced 38 archaeal
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genomes, there are only 15 having a classified
Y-family Pol homologue as described in the
current version of the NCBI GeneBank Protein
Sequence Database. We have used the program

‘ClustalX (Thompson et al., 1997) to construct

an alignment of all the 18 archaeal protein
sequences and generated their phylogenetic tree
(Fig. 7.3). From this tree we can distinguish four
distinct evolutionary branches representing the
homologues found in euryarchaeal halobacteria
and methanomicrobia as well as Crenarchaeota.
Interestingly, the methanomicrobia group
splits into two subgroups. One group including
Methanosarcina acetivorans and bungate possesses
only one Y-family homologue while another

group including Methanosarcina burtoni, mazei

and barkeri harbour two. Although Picrophilus
torridus is an Euryarchaeota, its Y-family homo-
logue resembles those of Crenarchaeota prob-
ably because it originated by a horizontal gene
transfer, which is known to occur between this
species and Crenarchaea (Futterer et al., 2004).
Because the temperate deepwater planktonic
Crenarchaeote 4B7 homologue (Beja et al., 2002)
is standing apart from all the branches, it may
represent a common evolutionary predecessor. It
is likely that at least one of the Methanosarcina
mazei representatives originates by a lateral gene
transfer since this species is known to harbour
numerous ORFs whose closest homologues are
present in the bacterial domain (Deppenmeier et
al., 2002) and its natural habitat is rice paddies,
a niche shared by other bacterial species such
as Bacillus subtillis known to harbour numerous
Y-family Pol genes (Sung et al., 2003). One of
the related species Methanosarcina acetivorans
with the largest known archaeal genome of 5.8
MB (Galagan et al,, 2002) has only one Y-family
Pol.

It still remains an open question of how
old the Y-family Pols are on evolutionary scale
and whether they precede the chromosomal
replicases belonging to the B-family. Given the
absence of the homologous genes or pseudogenes
in about half of the sequenced archaeal genomes,
it is tempting to speculate that Y-family Pols are
late comers to compensate for genotoxic effects
of an aggressive energy metabolism or life under
higher radiation exposures. It is conceivable that
the tolerated DNA lesions would become gradu-



Methanospirillum hungatei
Methanococcoides burtonii 1

Methanosarcina mazei 1
Methanosarcina barkeri 1

Methanococcoides burtonii 2

Methanosarcina barkeri 2

Methanosarcina mazei 2
Methanosarcina acetivorans

crenarchaeote 4B7

Figure 7.3 Tree showing the phylogeny, of Y-family
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Haloarcula marismortui

Natronomonas pharaonis

Halobacterium salinarum
Haloquadratum walsbyi

Sulfolobus acidocaldarius

Sulfolobus tokodaii

Metallosphaera sedula

Sulfolobus solfataricus

Picrophilus torridus
of DNA Pols in archeal species listed in Table 7.2. The

tree was drawn using the drawtree program of the PHYLIP phylogeny package based on multiple amino acid
sequence alignment generated by the ClustalX program (Thompson et al., 1997). The amino acid sequence

alignment is available upon request.

ally diluted under fast growing conditions when
symmetric cell division prevails, rather than they
would accumulate like in unrepaired genomes of
non-dividing cells. In fact, evidence is presented
recently that a mechanism may be in place to
reduce mutagenesis in non-dividing resting cells
" by restricting TLS Pol expression to the G2/M
phase of cell cycle (Waters and Walker, 2006).
Such strategy, ie. replication first and correct-
ness second, may represent a selective advantage
over the opposite strategy, i.e. correctness first
and replication second, given that the living
environment for Archaea may change rapidly
and the most common lesions are bypassed in
an -error-free manner. The obligate symbiont
Nanoarchaeum equitans, which is deeply branched
on an evolutionary tree and probably represents a
novel archaeal kingdom, lacks a genuine Y-family
homologue despite having an extensive repertoire
of other DNA repair enzymes (Waters et al.,
2003). Surprisingly, 2 RecA/RadA recombinase
homologue in this species contains a short 53
amino acids segment sharing homology to human
Pol iota, a representative of human Y-family Pols
(GeneBank accession # AAR39271). The deep
water archaeal species like Pyrococcus are also
lacking Y-family Pols probably because they are
well shielded from the surface UV radiation and

oxygen. As the major components of archaeal

cell membranes are isoprenoid ether-linked
glyceroldiethers or tetraethers (De Rosa and
Gambacorta, 1988; Itoh et a4l., 2001), these
organisms may be exposed to lower amounts of
genotoxic lipid peroxides, which are generated
from fatty acid-derived membranes of Bacteria
and Eukarya by oxidative metabolism (Chung et
al., 2003a). One of the major lipid peroxidation
products, trans-4-hydroxy-2-nonenal (Feng et
al., 2003; Feng et al., 2004), forms a N2-dG ad-
duct which is known to be efficiently bypassed
in an error-free manner by the TLS Y-family Pols
(Wolfle et al., 2006; Lone et al., 2007). In fact, at
least the DinB homologues, which are the most
widespread among all Y-family members, are
likely to function during an error-free bypass of
the N2-dG minor groove bulky DNA adducts
(Jarosz et al, 2006). All the 18 currently se-
quenced Y-family DNA Pols from Archaea seem
to be enzymatically active because they harbour
the important catalytic acidic residues in motifs
I and III, which bind to the metal Mg?* cofac-
tor. Therefore TLS seems to play an important
role in the physiology of certain archaeal species
probably by letting them tolerate and become
‘immune’ against the genotoxic effects of specific
DNA lesions resulting either from constant ex-
posure to external radiation or internal reactive
by-products of metabolism.
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Future perspectives

Hyperthermophilic Archaea are interesting
model organisms in terms of finding novel
molecular strategies of how cells survive in
harsh environments. As has been reviewed
here, the replicative DNA Pols have unique
molecular features that halt DNA synthesis
when they encounter deaminated bases, ie. U
or HX, in template DNA. We expect that more
unique mechanisms in DNA repair and damage
tolerance will be revealed in Archeaa given the
wealth of genome sequence information and
ease of crystallization of proteins involved in the
processing of DNA damage. However, there are
several technical limitations that may hamper
the progress of research in this area. The first
problem may be the difficulty of cultivation.
Many hyperthermophilic Archaea should be
cultivated at extremely high temperatures and
often require strictly anaerobic conditions and
inorganic energy sources. Therefore, the actual
genome stabilities such as mutation rates of most
of hyperthermophilic Archaea are not experi-
mentally determined. In addition, because of the
difficulty to culture, information about chemical
analysis of DNA lesions is very rare. We suppose
that hyperthermophilic Archaea should have
massively damaged bases in DNA such as U,
8-OH-G and AP sites. However, quantitative
data concerning the DNA damage are scare and
thus it is not sure that hyperthermophilic Archaea
protect their genome stability mainly via chemical
prevention such as using antioxidants to prevent
oxidation of DNA or via efficient DNA repair
and damage avoidance mechanisms discussed
in this chapter. Collaboration with analytical
chemists with experts of Archaea is essential to
solve the problem. The second problem may be
the lack of genetic approaches in particular gene
disruption methods. Only a limited number of
Archaea, such as Halobacterium species, Sulfolo-
bus solfataricus, Pyrococcus Kodakaraensis, can be
utilized for genetic studies. It is hard to evaluate
the physiological roles of the mechanisms even
if the proteins involved are crystallized and the
fine three-dimensional structures are solved. In
this regard, it is desirable to establish the gene
knockout and knockin approaches to identify the
roles of critical amino acids predicted by struc-
tural studies. Nevertheless, recent developments,

such as measurement of mutation rates based on

- DNA instead of phenotypes of living organisms

(Bielas and Loeb, 2005), high resolution mass
spectrometry equipped with high performance
liquid chromatography (Zhu et a4l., 2003) and
RNA-based gene knockdown (Collins and
Cheng, 2005), will enable hyperthermophilic Ar-
chaea to be better model organisms to establish
the relationships between genome integrity and a
variety of environmental stresses.
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ABSTRACT

DNA double strand breaks (DSBs) are usually repaired through either non-homologous end-
joining (NHEJ) or homologous recombination (HR). While HR is basically error-free repair,
NHEJ is a mutagenic pathway that leads to deletion. NHEJ must be precisely regulated
to maintain genomic integrity. To clarify the role of NHEJ, we investigated the genetic
consequences of NHEJ 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 involved in the DSBs in the TK gene in 3% of TSCES cells and
30% of TSCE105 cell clones. Most of the mutations in TSCE5 were small (1-30bp) dele-
tions with a 0-4bp microhomology 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 TSCE105, 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 TSCE5 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]J 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.

1. 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).
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genomic integrity [5}. DSBs are generally repaired through
non-homologous end-joining (NHE]) 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
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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 NHEJ 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 tepaxred

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 [9]. 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
I-Scel endonuclease site in intron 4. DSBs can be generated
at the I-Scel site by the introduction of an I-Scel enzyme
expression vector. When DSBs occur at the TK locus, NHEJ in
TSCES cells produces TK-deficient mutants, while HR between
the alleles produces TK-proficient revertants in TSGER2 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 NHEJ and
result in mainly 100-4000bp 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 DSBs
and directly analyzed their DNA. A novel transfection system
(Amaxa Nucleofector™) can introduce the I-Scel expression
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 NHEJ, pro-
ducing only small genetic changes, or none. We discuss how
NHE]J maintains genomic integrity.

2. Materials and methods

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

Human lymphoblastoid cell lines TSCE5 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. TSCER2 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 TSCE5. 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 TSCE5
cells, while HR between the alleles produces TK-proficient
revertants in TSCER2 cells. '

2.2 I-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), following 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 pg/ml
trifluorothymidine (TFT) for isolating TK-deficient mutants
or HAT (200 uM hypoxanthine, 0.1 uM 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
atthe Ncolsiteinintron5 (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 p.g 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 isolated TSCE5 and TSCE105 .

clones, we amplified the part of the TK gene containing the
I-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 I-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 TSCE105 clones, we
used 166F and 241R to amplify the regions containing both
I-Scel sites. Amplification was performed by denaturation at
96"C for Smin, followed by 25 cycles of 96“C for 30s, 57"C
for 30s, 72°C for 30s, and extension at 72-C for 10 min. 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 NHEJ and HR
repair of chromosomal DSBs using Amaxa nucleofection

The lymphoblastoid cell lines, TSCE5 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 I-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 1-Scel expressioni 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 [-Scel
enzyme, suggesting that DSBs were efficiently introduced into
the cells (data not showh; Takashima et al., under submission).

(b) TSCER2

TK-revertants
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Fig. 2 - Detection of NHEJ 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.

-75-



784 DNA REPAIR 6 (2007) 781-788

Following Amaxa nucleofection, the mean TK mutant fre-
qt'lency 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 104, 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]J 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 NHEJ that do not affect TK function will notbe recov-
ered as TFT-resistant mutants in the TSCES assay. Similarly, in
the TSCER? 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 nucleoféection can efficiently generate
DSBs at the I-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) . 3.13
23 (Small deletion, insertion, 2.48 (79.3)
rearrangement; <60bp) '
5 (Large deletion; >60 bp) 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 0-4bp microchomologies 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 microhomology 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 TSCE5 mutants around [-Scel site Size (bp)

ori TCCGGECCAAATGGCCGBAGTTGTCAGATCC [Ajfcccv—cr;wgccm CTCTCGAGBATCTGGCAG

1659 TCCGGECCAAATGRCCERAGTTGTCABATCC ATTACCCTGITAT-CCTA CTCTCGAGGATCTGGCAG -1
1841 TCCGGGCCAAATGRCCGGAGTTGTCAGATCC ATTACCCTGTTAT-CCTA CTCTCGAGGATCTGGCAG -1
1893 TCCGGGCCAAATGGCCGBAGTTGTCAGATCC ATTACCCTGTTAT-CCTA CTCTCGAGGATCTGGCAG -1
1875 TCCGGGCCAAATGGCCGBAGTTETCAGATCG ATTACCCT—TATCCCTA CTCTCRAGGATCTGRCAG -2
2099 TCCGGECCAAATGGCCGRAGTTGTCAGATCC ATTACCCTGT-—CCCTA CTCTCGAGBATCTGECAG -3
'2399 TCCGGGCCAAATGGCCGEAGTTGTCAGATCC ATTACCCTGTTAT——A CTCTCGAGGATCTGGCAG —4
1573 TCOGGGCCAAATGGCCGRAGTTGTCAGATCG ATTACCCTGTTAT-—A CTCTCGAGGATCTGGCAG -4
2182 TCCGGGCCAAATGGCCBGAGTTGTCAGATCC ATTA——————TCOCTA CTCTCRAGGATCTGGCAG -8
2238 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTA————TCCCTA CTCTCGAGGATCTGGCAG -8
1678 TCCGGGCCAAATGGCCECAGTTGTCAGATCC ATTACCCT-———A CTCTCGAGGATCTGGCAG -9
1878 TCCGGGRCCAAATGGCCGRAGTTGTCAGATCG ATTACCCT———-—A GTCTCGAGGATCTGGCAG -9
1807 TCCGGBCCAAATRGCCGRAGTTGTCAGATCC ATTAGCCT-————A GTCTCGAGGATCTGBCAG -9
2003 TCCGGGCCAAATGGCOBGAGTTGTCAGATCC ATTACCCT— A CTCTCGAGGATCTGGCAG -9
2083 TCCGGECCAAATGBCCABAGTTGTCAGATCC ATTACCCT————A CTCTCGAGGATCTGGCAG * -8
2183 TCCGGECCAAATGACCGEAGT TGTCABATCC ATTACGCT A CTCTCGAGGATCTGGCAB -9
2070 TCCGGGCCAAATGGCCAGAGTTGTCAGATCC ATTACCCTGTT ——CTCGAGRATCTGRCAG -9
1657 TCCGGGCCAAATGGCCOGAGTTGTCAGATCC AT———————CCCTA CTCTCGAGGATCTGGCAG  —11
2078 TCCGGECCAAATGECCGEAGT TGTCAGATCC AT CTGECAG  -27
1627 TCCGGBCCAAATGRCCAEBAGTTATCAGATCG ATT TGGCAG  -27
2018 TCCGBGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTTATCCCTA CTCTCGAGBATCTBGCAG +1
1614 TCCBBLCATTT GGG AGGATCTGBCAG  -50+9

B

Fig. 3 - DNA sequences at the repair junction of 21 of the 26 non-selected I-Scel mutants with small (<60 bp) genetic changes
in TSCES cells (“ori.” is original sequence). The I-Scel recognition site is highlighted in orange. Arrows indicate I-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 I-Scel site. The appearance of HR mutants was infrequent
‘in the non-biased assay, too, suggesting that I-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 [-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 I-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 I-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
1-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) only 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.
DSBs

Genetic consequences of two closely separated

To efficiently generate DSBs in the genome, we developed a
cell line containing two I-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 Amazxa nucleofection. The mutant frequency was 30-fold higher in TSCE105 than in TSCE5.
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Table 2 - Analysis of TSCE105 mutants after I-Scel expression )

56D,
L -
1st 2nd

Total

Mutants Type of Mutation

Number of
Mutants(%)

125 Only 1st 1-Scel B ——
Only 2nd |-Scel D —
Both, independent =il
Both, combined =~ "y

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
31
29
6

1(0.8)

ing exon 5, and transfected it to TSCER2 cells {Fig. 4a). One
HAT-resistant recombinant, TSCE105, had another I-Scel site
at intron 5 of the TK gene in addtion to the original I-Scel
site in TSCES. The two I-Scel sites are 356bp apart, flanking
exon 5 (Fig. 4a). TSCE105 was also a TK heterozygote and was
TFT-sensitive. When we nucleofected the I-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. Amorng 283 non-selected clones, 83 (29.3%) of them
had a deletion mutation involving one or both I-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 I-Scel site, (2) only
at the second I-Scel site, (3) independenly at both 1-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 I-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 0-4bp 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 TSCE5 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
TSCE5 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 NHEJ is important
for repairing DSBs, at least endonuclease-induced DSBs. The
perfect joining by NHE] was also reported in other I-Scel-
induced DSB systems [23,24]. Van Heemst et al. demonstrated
that a blunt DSB induced by the E. coli transposon Tn5 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 NHEJ
was reduced in Ku80, DNA-PK, XRCC4, or p53 deficient cells
[23-26).

NHE]J 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 Artemis 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)
_ Ist site  2nd site

perfact TCCGGGCCAAATGGCCEEAGTTGTCAGATCC ATTAGGLTGT TATCCCTA |GGTCTGTGCAGACTGE
2412 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTATCCCTA GGTCTGTGCAAACTGC -356 (0)
2429 TCCGGGECCAAATGGCCGBAGTTGTCAGATCC ATTACCCTGTTATCCCTA GGTCTGTGCAAACTGC -356 (0)
2445 TCCGGGCCAAATGGCCGBAGTTGTCAGATCC ATTACCCTGTTATCCCTA GGTCTGTGCAAACTGC -356 (0)
2485 TCCGGGCCAAATGGCCGBAGTTGTCAGATCC ATTACCCTETTATCCCTA GGTCTGTGCAAACTGC -356 (0)
2703 TCCGGGCCAAATGGCCGRAGTTATCAGATCC ATTACCCTGTTAT-CCTA GGTCTGTGCAAACTGE -357. (-1)
2650 TCCGGGCCAAATGGCCBRAGTTGTCAGATCC ATTACCCTAT——CCCTA_GGTCTGTGCAAACTGC -359 (-3)
2393 TCCGGGCCAAATGGCCGBAGTTGTCAGATCC ATTACCCTG——CCCTA GGTCTGTGCAAACTGC —360 (-4)
2453 TCCGGGCCAAATGGCCGBGAGTTGTCAGATCC ATTA—————TCCCTA GGTCTGTGCAAACTGC -364 (-8)
2434 TCCGRBCCAAATGGCCGBABTTGTCAGATCC AT ATCCCTA GGTCTGTGCAAACTGC -365 (-9)
2345 TCCGGBCCAAATGGCCGGAGTTGTCAGATCC ATTACCCYT———A GGTCTCTGCAAACGGC -365 (-9)
2689 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCT———A GGTCTCTGCAAACGGC -—365 (-9)
2714 TCCGGBCCAAATGGCCRRAGTTGTCAGATCC ATTACCCT—————A GGTCTCTGCAAACGGC -365 (-9) '
2764 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCT————-A GGTCTCTGCAAACGEC -—365 (-9) 4
2444 TCCGGGCCAAATGGCCBGAGTTGTCAGATCC ATTACCCT—————A GGTCTCTGCAAACGEC -365 (-9)
2446 TCCGGGCCAAATGGCCGEAGTTGTCAGATCC ATTACCCT ——A GGTCTGTGCAAACTGC -365 (-9)
2424 TCCGGGCCAAATGGCCGGAGTTGTCAGATCG ATTACCCT——————A GGTCTGTGCAAACTGC -365 (-9)
2304 TCCGGGCCAAATGGCCBGACTTGTCAGATCC AT—————CCCTA GGTCTGTGCAAACTGC -367 (-11)
2442 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGT-————— ———GCAAACTGC -372 (-16)
2443 TCCGGGCCAAATGTCCGGAGTTGTCAGATCC TA GGTCTGTGCAAACTGC -372 (-16)
2402 . TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTTAT—— ~—ACTGC -372 (-16)
2425 " TCCOGRCCAAATGACCGAAGTTGTCABATCC ATTACCCTOTTATC——— —————TGC -374 (-18)
2435 TCCGGGCCAAATGGCCGGAGTTGTCAGATCC ATTACCCTGTT GC -378 (-22)
2713 TCCGBGCCAAATGGCCGGAGTTGTC- ——TGTGCAAACTGC ~384 (-28)
2735 TCCGGBCCAAATGGCCGGAGTTGTCAGATCC CTeC -378 (-22)
2405 TCCGGGCCAAATGGCCG —TCTGTGCAAACCGC -392 (-36)
2437 TCCGGGC AAACTGC -409 (-53)

Fig. S - DNA sequences at the NHE] repair junction around the I-Scel junction site in TSCE5 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 mterpretauon of the references to color in this
figure legend, the reader is refen'ed to the web version of the article.)

and do not require terminal processing. Perfect joining by
NHEJ 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 nucleolytic processing

DSB by
I-Scel

[7,9]. ‘Their repair by NHEJ 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
recovered TSCE5 or TSCE105 mutants exhibited large dele-
tions or translocations similar to those frequently observed

Perfect . Joining afte?r
Joining E End Processing
Pe_rfect : Joining after
Joining : End Processing
= DSB by
v I-Scel

A
Perfect
Joining
Fig. 6 - A model for NHEJ 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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