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Fig. 2. PCR-based construction of a targeting vector containing a single 8-0x0G. (A) Diagram of pvINTSO*C vector preparation; The P and B at the 5'-terminus of the
oligodeoxynucleotides indicate phosphorylation and biotinylation, respectively. (B) Details of the site of 8-0xoG modification; the adduct is indicated by “8” in Primer
3F. We inserted 8-0x0G in place of the central guanine at the BssSI site in TK-NTS (5'-CTCGTG in Primer 3F) to generate the pvINT89%C vector. The MselR site was also placed

near the site in the 3F and 2R primers.

mutation in exon 4 on the other TK allele. An I-Scel site exists on the
original exon 5 region (Fig. 3A), which allows generation of wild-
type TK by correct targeting using pvINT®9*C or pvINTC vectors.
Subsequently, TK revertant clones (TK+/—) can be selected using
HAT (Fig. 3B). Gene targeting only with pvINTC vector yielded a very
low frequency of TK revertants (10~7). In contrast, co-transfection
with pvINTEO*C or pvINTC vectors and the I-Scel expression vector
pCBASce increased the frequency of TK revertants to approximately
102 (Fig. 4A), indicating that HR-mediated repair of DSB at the I-
Scel site enhances targeting efficiency. Interestingly, TK revertant
frequencies did not differ between cells transfected with pvINT8OXG
and pvINTC vectors, indicating that the 8-0xoG adduct in the tar-
geting vector was efficiently delivered to the genome (Fig. 4A).
Moreover, in cells transfected with only pCBASce, revertant fre-
quencies were significantly increased from 104 to 10~3 [18-20]
(Fig. 4A), indicating that approximately 10% of TK revertants in the

TATAM system are generated by inter-allelic HR, but not by gene
targeting. These revertants were distinguished using the molecular
analyses reported below.

TK revertant frequencies were constant until 72 h (Fig. 4B), sug-
gesting that the targeting vector is integrated immediately into
the TSCER122 genome. Moreover, TK revertant clones increased
linearly with quantities of pvINTS targeting vector in the TATAM
system (Fig. 4C), indicating that under the present conditions the
TATAM system is quantitative and reproducible.

3.3. Determination of mutation frequencies and spectra at
integrated 8-oxoG lesions

Table 1 shows mutation frequencies and spectra associated with
integration of single 8-0x0G adducts by each targeting vector. The
frequencies of pvINTC- (770/888 or 88%) and pvINT30XG-targeted
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Fig. 3. (A) Development of TSCER122 cells used in the TATAM system. TSCE105 (TK+/—) is heterozygous for a point mutation in exon 4 of the TK gene and has two I-Scel
recognition sites surrounding exon 5 of the TK+ allele. Following transfection of the I-Scel expressing vector, DSB occurring at the two I-Scel sites were correctly fused by
error-free end-joining and produced a new I-Scel site with a 356-bp deletion containing the entire exon 5, resulting in the TK-deficient mutant TSCER122. (B) Principle of the
use of HR in the TATAM system. The 8-0xoG-modified targeting vector pvINT®9*¢ (or pvINT® as a control) and the I-Scel expression plasmid pCBASce were co-transfected
into TSCER122 cells. The DSB occurring at the I-Scel site enabled high gene targeting efficiency for the TATAM system by inducing DSB-repair enhanced site-specific HR. The
targeting vectors contained MselR sites, which do not exist in the native TK gene and thereby distinguish between targeted and nontargeted revertants. Genomic DNAs were

extracted from the clones, and the part of the TK gene containing the 8-oxoG-integrated site was amplified by PCR using the primers Pri#291 and #292, as described in
Section 2. PCR products were then sequenced using an ABI 3730x1 DNA analyzer.

revertants (803/944 or 85%) were similar, and other non-target Among the sequenced sites generated by integration of 8-
revertants generated by inter-allelic HR (12% for pvINTS and 15% o0x0G, 86% were repaired or bypassed without causing mutations.
for pvINT80%G), These target and non-target revertants were distin- Among the remaining 14% of mutations, G:C to T:A transver-

guished using Msel enzyme cleavage analyses (Fig. 2B). sions were predominant (5.9%), followed by single-base deletions
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a Significantly different from the control value; P<0.05 (Student’s t-test).

b Indicates targeted single-base deletion.
d Non-targeted mutations. See sequence changes shown in Table 2.

¢ Indicates the sum of targeted C, T, and G insertions.
¢ Not detectable.
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Fig. 4. TK revertant frequencies induced by pCBASce and targeting vectors. (A) I-
Scel expression vector (pCBASce) and/or pvINT®%*C vector (or pvINT® as a control)
were transfected into TSCER122 cells. Three days later, cells were seeded into 96-
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frequencies were calculated. (B) No effect of expression period on the frequency of
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then seeded into 96-microwell plates. (C) Dose-dependent relationship between TK-
revertant frequency and the amount of pvINT® targeting vector; pCBASce (50 j.g)
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Table 2
Properties of miscellaneous base changes and large deletions at BssSI site.

PVINTS
TSCER122

Other base-changes? PVINTEOXG

TSCER122 TSCER122MYH

5'-ctc8tg (original)
5'-cttgtg
5’—ct€gag
5'-cccg€g

N =N =D
- N ==

5'-ctcgta
5'—Cttcgzg
5‘—ct;tttg
5'—ccc§g
5'—cEaEtg
5’—ctc_gé_g
5'-ctggtg
5’~ctc_gttg

e T

5'-ctegteg
5'-ctctag
5'-ctc§gg
5'—Ctt;tg—
5'—ct;ttg
5’—ttc€t§
5’—2tc€atg
135-bp deletion 1°
6-bp deletion 1¢
33-bp deletion 14

_ ke N

Total 12 18 12

a wg” and “A” indicate 8-o0oxoG and single-base deletion, respec-
tively.

b 5'-gctgcgcagttgtggatgtacctgtegtetgetggggggegtgegggtggacacagtee-
cceggectggggagectegtgggagaattaagagttactecgggeccaaatggecggagttgteca-
gatccattacec.

¢ 5’-cctecgt.

d 5'-gagcctecgtgggagaattaagagttactccgag.

(2.1%) and G:C to C:G transversions (1.2%). In contrast, control
vector integrated lesions did not produce any point mutations.
Table 2 shows the miscellaneous base changes observed at low
frequency. Base substitutions, single-base deletions and insertions
were observed around the 8-0x0G sites. Some of these mutations
were also observed in the control experiment (pvINTS). However,
three deletional mutations (6, 33, and 135-bp) containing 8-0xo0G
site observed in cells transfected only with pvINT39%XG,

3.4. Stability of 8-ox0G in pvINTS9XC before targeting integration

DNA repair enzymes such as 8-oxoguanine glycosylase (0GG1)
may remove 8-oxoG adducts after transfection of plasmid vec-
tors before integration into the genome [28,32,33]. Thus, assays
were performed with competitive 100-bps8°*CG and noncompeti-
tive 100-bpsC vectors that cannot act as targeting vectors. In these
experiments, if the 8-oxoG adduct is efficiently excised from the
vectors, the revertant frequency with the competitive vector should
be higher than with the non-competitive vector. However, the fre-
quencies of base changes in the BssSI cleavage site, which was not
present in the revertants (Fig. 3B), were 18.7 +2.0% (26/139) for the
noncompetitive vectorand 14.3 +2.3%(19/132) for the competitive
vector. These frequencies did not differ significantly, indicating that
8-0x0G was not efficiently excised from the targeting vector prior
to integration into the genome.

3.5. Decreased mutation frequencies of 8-0xoG in TSCER122MYH
cells

MYH-overexpressing TSCER122MYH cells were isolated from
5x 108 TSCER122 cells transfected with Xmnl-linearized pCI-
MYHR3 and cultured in 96-microwell plates in the presence of

G418, as described in Section 2. MYH expression was 2.1-times
higher in TSCER122MYH cells than in wild-type TSCER122 cells
(Supplementary Fig. S3). Among the 619 genomic DNAs extracted
from TSCER122MYH clones, 507 (82%) were MseIR-bearing clones,
indicating that the integration frequency was similar to that of
the control (Table 1). The total point mutation frequency (8.7%)
decreased a little, but did not differ significantly from that in wild-
type TSCER122 cells (10.7%). However, the fraction of G:C to T:A
transversions in TSCER122MYH cells (2.6%) was 2.3 times lower
than in wild-type cells (5.9%; Table 1).

3.6. 8-oxoG mutations did not differ between NTS and TS of the
TK gene

Initially, the TATAM system was devised for NTS of the TK gene.
Subsequently, we analyzed consequences of 8-oxoG adducts in
both NTS and TS of the TK gene (Table 3). Introduction of 8-0x0G
into the TK-TS side of the BssSI site (Supplementary Fig. S1) caused
atotal point mutation frequency of 10.6%, which was similar to that
inthe NTS side (10.7%). Mutation spectra were also similar between
NTS and TS of the TK gene. Interestingly, no single-base deletions
were detected in the TS side, whereas the frequency of single-base
deletions at the NTS side was 2.1% (Table 3).

4. Discussion

Because the frequency of HR in mammalian cells is generally
low, the gene targeting efficiency through HR is <10-¢ [34,35].
In contrast, gene targeting integration using the present TATAM
system (Figs. 1 and 3) was 10~3 to 10~2 (Fig. 4). This dramatic
enhancement of gene targeting efficiency was achieved by site-
specific 1-Scel, which produces DSB that strongly initiates HR
[24,25]. In addition, TK revertant frequencies increased linearly
with the quantity of targeting vector (Fig. 4C), indicating that gene
targeting in the TATAM system is not saturated by the targeting
vector under the present conditions, enabling quantitative com-
parison of the gene targeting efficiencies. Using a new PCR-based
method, we prepared high yields (micrograms) of target vectors
containing DNA adducts within 5 days. Thus, the TATAM system
allows efficient recovery of adduct-integrated clones, and can be
used to investigate the genetic consequences of individual adducts
at specific sites in the human genome.

Oxidative damage by reactive oxygen species (ROS) occurs fre-
quently in all organisms. Reactions of ROS with DNA produce a
large variety of lesions on bases and sugars. Among these, the
biological importance of 8-0xoG is widely accepted because of its
abundance and mutagenicity [36]. The mutagenicity of 8-0xoG has
been well characterized in bacterial and mammalian cells. Specifi-
cally, shuttle vectors carrying specific 8-0xoG sites predominantly
produce G:C to T:A transversions in E. coli and simian kidney cells
(COS-7) [15,37]. Kamiya et al. integrated a synthetic c-Ha-ras pro-
tooncogene containing 8-hydroxyguanine (8-ohG; hydroxyl form
of 8-0x0G) in the second position of codon 12 (GGC) into the
murine genome of NIH3T3 cells and demonstrated a preponder-
ance of G:C to T:A transversions among the resulting transformants
[38]. In another study, treatments of Oggl deficient gpt trans-
genic mice with the oxidative agent potassium bromate (KBrOs)
caused tremendous accumulation of 8-ohG lesions in kidney DNA,
which produced a high frequency of mutations in the gpt gene [39].
Subsequent mutational spectra analyses revealed that G:C to T:A
transversions were the most prevalent, followed by G:Cto A:T tran-
sitions and small deletions in both wild-type and Ogg1 deficient gpt
transgenic mice.

The TATAM system showed that 8-0x0G predominantly caused
G:C to T:A transversions followed by single base deletions. These
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Table 3

data are consistent with the above reports. However, only 14% of
8-0x0G lesions led to mutations in the system and the remaining
86% of 8-0x0G lesions were restored to G, probably through base
excision repair (BER) or TLS (Table 1). Because we did not use
drug selection to isolate mutants, the TATAM system enabled both
characterization of mutations and evaluation of the efficiency
of DNA repair and TLS. To investigate the effects of BER, we
constructed TSCER122MYH cells overexpressing the MYH protein,
which removes adenine from 8-oxoG:A but not cytosine from
8-0x0G:C [29,40]. Overexpressed MYH only works for 8-oxoG:A
that is generated by error-prone TLS. Accordingly, mutation fre-
quencies of G:C to T:A transversions were significantly suppressed
in TSCER122MYH cells (2.6%), whereas other mutations occurred
with similar frequency, suggesting that MYH in the TATAM system
specifically removes adenine from 8-oxo0G:A mismatched pairs.
These results indicate that the 8-oxoG sites introduced by the
TATAM system are processed as those generated by oxidative
DNA damage. Use of additional cell types with overexpressed
or deficient repair enzymes in the TATAM system will further
elucidate DNA repair and TLS mechanisms.

In the present study, the TATAM system characterized muta-
tions induced by xanthine and 8-bromoguanine adducts, which are
formed by reactions of ROS and reactive nitrogen species with gua-
nine bases in inflamed tissues [41-43]. As shown in Supplementary
Table S1, the predominant mutations (G:C to A:T transitions for
xanthine and single-base deletions for 8-bromoguanine) observed
in the TATAM system were consistent with previous in vitro stud-
ies [5,44-46]. Thus, the TATAM system accurately characterizes
mutation spectra of various endogenous DNA adducts in the human
genome.

In this study, we investigated mutational properties of 8-0xoG
on TS and NTS of the TK gene using the TATAM system. It is
widely accepted that transcription-coupled repair (TCR) is initi-
ated upon irreversible stalling of RNA polymerase II on TS of bulky
pyrimidine dimers [47-49]. However, the mechanisms of trans-
criptional arrest at site-specific 8-0xoG adducts remain unknown.
Although pauses and partial blockage by the lesions has been
demonstrated using purified RNA polymerase II in vitro [50,51],
other studies show efficient bypass of 8-0xoG lesions using cell
extracts and luciferase reporter assays [52-54]. Pastoriza-Gallego
et al. showed that transcriptional arrest by 8-0xoG can vary with
proximal promoter strengths and nucleotide sequences [54]. As
shown in Table 3, the mutational properties of 8-0x0G on NTS and
TS were almost the same, indicating that no preferential strand
repair of 8-0xo0G adducts in the TK gene, and implying that the TCR
pathway is not initiated by such lesions.

Interestingly, single-base deletions were detected on NTS, but
not on TS in the TK gene, potentially reflecting the sequence con-
text of neighboring 8-0x0G rather than the TCR pathway. In a
previous study of mammalian cells, oligonucleotides containing
8-0x0G in shuttle vector systems predominantly produced G:C
to T:A transversions, whereas other frequently detected muta-
tions were influenced by neighboring sequences and no single
base deletions were observed [55]. Thus, the mechanisms behind
8-oxoG-associated single-base deletions in the present TATAM
experiments remain unclear. In in vitro DNA synthesis experiments
using synthetic templates, single-base deletions were generated
depending on the neighboring sequences and the polymerase used
(mammalian DNA polymerase o, 3, and vy, and E. coli Klenow frag-
ment pol I or pol II) [56-58]. In contrast, single-base deletions,
particularly of guanine, were infrequently observed in transgenic
gene mutation assays after treatment of animals with KBrOs [59].
The TATAM system detects unique mutations caused by 8-0xoG
(Table 2, 3). Because some mutations were also produced by the
control targeting vector pvINTS, artifactual effects of gene targeting
may cause occasional gene mutations. However, some mutations,
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particularly large deletions (6-135 bp), were only specifically gen-
erated by the pvINT89*G vector (Table 3), implying an association
with DSB. In the BER pathway, 8-0x0G is excised by DNA glycosylase
and creates an abasic site, which is incised by AP endonucleases and
generates single strand breaks. Repair of these lesions can lead to
DSB through collapsed replication forks during cell cycle progres-
sion [60]. Hence introduction of DNA adducts into introns of the TK
gene using the TATAM system enables rescue from various genetic
consequences of DNA adducts, such as large deletions, offering a
significant advantage for investigations of mutation spectra, and
evading selection biases.

In conclusion, the TATAM system we developed here can be used
to introduce any synthetic DNA adduct into specific regions of the
human genome, providing a valuable tool for quantitative inves-
tigations of the fate of individual adducts in the human genome.
Moreover, this method can be used to determine the biological
characteristics and phenomena of DNA adducts in human cells
overexpressing or deficient in specific enzymes, such as DNA poly-
merases and DNA repair proteins.
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1. Introduction

The human genome is continuously exposed to a variety of
endogenous and exogenous genotoxic agents, which induce DNA
damage. These DNA lesions strongly block DNA replication medi-
ated by replicative DNA polymerases (Pols), thereby inducing cell
toxicity. Cells have evolved various defense mechanisms against
genotoxic agents such as antioxidants, detoxication enzymes, DNA
repair and so on. Translesion DNA synthesis (TLS) is one of defense
mechanisms to overcome the toxic effects of DNA lesions [1,2].
In fact, human cells possess more than 10 specialized Pols, which
can take over the primer DNA from the replicative Pols and con-
tinue primer extension beyond the template lesion, i.e., TLS [3-5].
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After the successful TLS, the specialized Pols transfer the continued
primer DNA to the replicative Pols, what make the chromosome
replication complete and rescue the damaged cells [6]. TLS can also
suppress mutations by incorporation of correct dANMPs opposite
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the damaged base in the template. A typical example of such error-
free TLS is the correct insertion of dAMP opposite thymine dimer
induced by ultraviolet light (UV) by human Pol 1 [7,8]. Defects in
the XPV gene encoding Pol 1 are molecular basis for the human
genetic disease Xeroderma pigmentosum variant, the sufferers of
which are highly susceptible to UV-induced skin cancer. In general,
the specialized Pols are less accurate for DNA replication compared
to the replicative Pols [9,10]. Therefore, some of TLS mediated by
the specialized Pols are error prone and generate sequence changes,
i.e., incorrect ANMPs incorporation opposite the damaged template
base, thereby causing base substitutions [11,12]. Thus, TLS can be
a double-edged sword, as the mechanisms contributing to genetic
integrity can themselves result in mutations.

Human Pol k is one of the specialized Pols and belongs to
the Y family, the most predominant Pol family for TLS [6,13-15].
Unlike other Y-family members, i.e., Pol m, Pol v and REV1, the
orthologs of Pol k present in bacteria, Eukarya and Archaea
[16-18]. Other Y-family Pols are present only in Eukarya. Although
Pol k is suggested to be involved in TLS across a number of
DNA lesions, i.e., N2-guanyl adducts induced by polycyclic aro-
matic hydrocarbons and alkylating agents, a C8-guanyl adduct
generated by 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP), the thymine glycol lesion, 8-oxo-guanine and interstrand
DNA crosslinks [19-29], the best characterized one is N?>-guanyl
adducts induced by benzo[a]pyrene (BP). BP is an environmental
mutagen that is present in cigarette smoke and released to the
air as a combustion product of fossil fuel [30]. Upon contact with
lung tissue, BP is metabolized to various reactive intermediates,
the most mutagenic and carcinogenic of which is benzo[a|pyrene-
7,8-dihydrodiol-9,10-epoxide (BPDE) [30,31]. Pol k appears to be
involved in error-free TLS across N?-guanyl adducts induced by
BPDE, i.e., (—)- and (+)-trans-anti-BPDE-N2-dG (hereafter, we call
them (—)-BPDE-dG and (+)-BPDE-dG) [19,23,25,32]. Pol k strongly
binds to DNA containing (—)-BPDE-dG, and preferentially incorpo-
rates dCMP opposite both (-) and (+) lesions [25]. Several lines
of evidence with cultured mammalian cells suggest that Pol k
is involved in error-free TLS across BPDE DNA adducts in vivo
[24,33,34]. However, the catalytic mechanism underlying the error-
free TLS across the lesions is not fully understood yet.

To understand better the catalytic mechanism, we have replaced
amino acids proximal to the adducts with alanine and examined the
TLS activities of the purified enzymes in vitro [35]. The amino acids
that were replaced were phenylalanine 171 (F171), arginine 175
(R175) and leucine 197 (L197), based on the ternary complex of
Pol k with DNA and an incoming nucleotide [36]. R175 to alanine
(R175A) and L197 to alanine (L197A) exhibited either no or a slight
decrease in their effects on the TLS activities. Unexpectedly, how-
ever, the substitution of F171 to alanine (F171A) increased the TLS
activities by about 20 fold and significantly enhanced the binding
ability to DNA containing (—)-BPDE-dG. In the present study, we
established human cells that express the F171A variant Pol k and
examined the sensitivity to (—)-and (+)-BPDE-dG in DNA. Such cells
exhibited significantly lower mutation frequencies induced by the
adducts compared to the cells expressing wild-type Pol k. From the
current in vivo studies along with our previous in vitro results, we
conclude that F171 acts as a molecular brake for Pol k-mediated
TLS across (—)- and (+)-BDPE-dG in DNA. A possible mechanism by
which F171 inhibits TLS across BPDE adducts in DNA and possible
cognate substrates for Pol k are discussed.

2. Materials and methods

2.1. Cell culture and DNA transfection

The human pre-B cell line Nalm-6 and its derivatives were cul-
tured in RPMI 1640 (Nacalai Tesque) with 10% calf serum (Thermo

Fisher Scientific) and 50 uM 2-mercaptoethanol at 37 °C in an
atmosphere of 5% CO, and 100% humidity. DNA transfection for
gene targeting was performed as previously described [37]. Briefly,
the linearized targeting construct DNA (2 j.g) was transfected into
2.0 x 108 cells that were suspended in 0.1 mL of KitT solution with
supplement 1 by using the Nucleofector [ according to the man-
ufacturer’s instructions (Lonza). After cultivation for 24-48 h, the
cells were re-plated at a density of ~10% per 90-mm dish at agarose
medium containing 400 p.g/ml hygromycin B (Wako) or 0.5 p.g/ml
puromycin (Wako). Alternatively, the appropriate numbers of cells
were plated into 96-well plates in medium containing one or other
of the same medium. After 2-3 weeks incubation, the resulting drug
resistant colonies were isolated and cultured for stock frozen per-
manents for preparation of cell extracts, total RNA and genomic
DNA.

2.2. Targeting constructs for POLK knock-out or POLK F171A
knock-in cells

The targeting vectors were constructed by using the simple
vector construction method based on the Multi Site Gateway®
Technology (Life Technologies) as described [38]. For knock-out
of POLK, genomic fragments were obtained by PCR amplifi-
cation with Ex Taq Pol (Takara Bio) from Nalm-6 genomic
DNA using primers KO-5armF (5-GGGGACAACTTTGTATAGAAA
AGTTGTGCTGTCTAAGAGACTGATAAT-3') and KO-5armR (5'-GGG-
GACTGCTTTTTTGTACAAACTTGTAGCTACCTACTATATCTAGTTATAA-
3’) for the 5'-arm, and KO-3armF (5'-GGGGACAGCTTTCTTGTAC-
AAAGTGGTGACACAGAAGGGTTTGCTCAC-3’) and KO-3armR (5'-
GGGGACAACTTTGTATAATAAAGTTGCAGGGTGGTCTCAAACTCCTG-
3’) for the 3’-arm. The targeting vector was linearized with
Ahdl and transfected into the Nalm-6 cells as described above.
The targeted clones were confirmed by the Southern blotting
analysis. For knock-in of POLK F171A, genomic fragments were
obtained from Nalm-6 genomic DNA by PCR with KOD-FX (Toy-
obo) using primers KI-5armF (5'-GGGGACAACTTTGTATAGAAAA-
GTTGATGGTCTTGGTAACTTCCCTATGTTGC-3’) and KI-5armR (5'-
GGGGACTGCTTTTTTGTACAAACTTGTGAGCCATCGCCATCGCACTC-
3')for the 5’-arm, and KI-3armF (5'-GGGGACAGCTTTCTTGTACAAA-
GTGGACCTTGCTCTACCTGGAGTTGGC-3') and KI-3’armR (5'-
GGGGACAACTTTGTATAATAAAGTTGTGCTCCCCTCTCCTCCACCAC-
3’) for the 3’-arm. The mutation of TIT to GCT at codon
171, which directed an amino acid substitution of F171 to
alanine, was introduced into the 3’-arm by PCR-mediated
site-directed mutagenesis. The targeting vector was linearized
with Pmel and transfected into POLK*/-(H¥er) cells. The tar-
geting clones were confirmed by the genomic PCR using
primers 5-GAAGAGGTTCACTAGTACTGGCCATTGC-3’ and 5'-
GCCAGAAGTTTTGCTGAGTTAAAGTACGACT-3'. Insertion of the
puromycin-resistance gene (Pur’) into the POLK wild-type allele
in POLKF171A/-(Hyer) ce]l was confirmed by RT-PCR followed by
sequencing analysis as described below and the genomic PCR
using primers 5'-GATAATAATGGTTTCTTAGACGTGCGGC-3' and 5'-
GAAGAGGTTCACTAGTACTGGCCATTGC-3/, which amplifies ~5kb
fragment when both Puro® and the hygromycin-resistance gene
(Hyg") are targeted into the same POLK allele and no fragments
are generated when Puro® and Hyg' are targeted into the discrete
POLK allele. The Puro and the Hyg" were removed by introduction
of Cre recombinase expression vector by Nucleofector 1.

2.3. Southern blot analysis

Southern blotting was performed as previously described [39].
Briefly, 10 j.g of genomic DNA was digested with EcoRV, then sub-
jected to electrophoresis in 0.8% agarose gel and the DNA was trans-
ferred onto a hybond-N* membrane (GE Healthcare Bio-Sciences),
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followed by Southern hybridization with a 32P-labeled probe that
was obtained by PCR amplification from Nalm-6 genomic DNA
using the following primers: 5'-CATCATGAGGACCCTGAACTATC-3’
and 5'-TCAGGT AGTCCACGAGCTTCG-3'.

2.4. Western blot analysis

Total cell extracts were prepared from exponentially growing
cells and subjected to electrophoresis in 10% SDS-polyacrylamide
gel and then electro-transferred onto a PVDF membrane (Milli-
pore). The membrane was soaked with blocking buffer including 5%
skim milk, then incubated with either polyclonal antibody against
Pol k or mouse anti-f3-actin monoclonal antibody (Sigma-Aldrich),
and finally incubated with peroxidase-conjugated anti-rabbit
immunoglobulin or anti-mouse IgG conjugated to horseradish per-
oxidase (GE Healthcare Bio-Sciences). The polyclonal antibody was
prepared by TaKaRa (Shiga, Japan) by immunization of a rabbit with
purified C-terminally truncated 10 x HisTag human Pol k 1.559 [25].
The proteins were visualized by chemiluminescence using the ECL
system (GE Healthcare Bio-Sciences).

2.5. RNA extraction and RT-PCR

Total RNA was extracted using RNeasy kit (Qiagen). For RT-
PCR, total RNA was transcribed into ¢cDNA using SuperScript III
First-Strand Synthesis System (Invitrogen). The synthesized cDNA
was used as the template for PCR using Ex Taq Pol (Takara Bio)
with gene-specific primers 5-GATAATAAAGCAGGGATGG-3' and
5'-GCACTAGCTGTCAGTGTTGT-3'. The sequence of the POLKF1714/~
cells were analyzed with 3130 Avant genetic analyzer (Applied
Biosystems).

2.6. Construction of closed circular double-stranded plasmid DNA
containing a single (- )- or (+)-BPDE-dG

The nucleotide position 123 of the supF gene was chosen for
the (—)-BPDE-dG or (+)-BPDE-dG incorporation site because it
has been recognized as a BPDE-induced mutational hotspot for
G:C to T:A transversions [40]. The 21-mer oligodeoxynucleotide
bearing BPDE-dG (5-GCGGCCAAAGXGAGCAGACTC-3’, where X
represent (—)-BPDE-dG or (+)-BPDE-dG) was synthesized as pre-
viously reported [41]. The pMY189 single-stranded DNA was
prepared in Escherichia coli (E. coli) JM109 strain using VCSM13
helper phage as previously described [42]. The 5'-phosphorylated
unmodified, (—)-BPDE-dG or (+)-BPDE-dG-modified oligodeoxynu-
cleotide was annealed with pMY189 single-stranded DNA, and
closed circular double-stranded DNA containing a single dG:dC,
(=)-BPDE-dG:dC, or (+)-BPDE-dG:dC pair was synthesized and
purified as previously described [43].

2.7. SupF forward mutation assay and sequencing analysis

Plasmid pMY189 with or without (—)-BPDE-dG or (+)-BPDE-dG
(1 pg) was transfected into 2.0 x 106 cells by using Nucleofector
I as described above. After 72h of culturing in medium, prop-
agated plasmids were extracted from the cells by the method
described by Stary and Sarasin [44]. The recovered DNA was
treated with Dpnl to digest unreplicated plasmids. The recov-
ered plasmids were introduced into the KS40/pOF105 indicator
bacteria [45] with a MicroPulser Electroporator (Bio-Rad Laborato-
ries). To select E. coli with a mutated supF gene, the transformed
cells were plated onto Luria-Bertani (LB) agar plates contain-
ing nalidixic acid (50 p.g/ml), streptomycin (100 p.g/ml), ampicillin
(150 pg/ml), chloramphenicol (30 p.g/ml), 5-bromo-4-chloro-3-
indolyl-3-D-galactopyranoside (80 pg/ml), and isopropyl-8-D-
thiogalactopyranoside (23.8 p.g/ml). To determine the total number

of transformants, the transformed cells were plated onto LB
plates containing ampicillin (150 pg/ml) and chloramphenicol
(30 pg/ml). The nucleotide sequences of the supF gene were ana-
lyzed by DNA sequencing, as previously described [46].

2.8. Statistical analysis

The statistical significance was examined using the Student’s ¢
test. Levels of P<0.05 were considered significant.

3. Results
3.1. Establishment of POLK*/~ and POLK~/~ cells

POLK resides on chromosome 5 (coordinates 74.8-74.9 Mb of the
human genome presented in Ensembl) and includes 15 exons. To
disrupt the POLK gene in the human pre-B lymphoblastic leukemia
cell line, Nalm-6, a targeting vector was constructed to delete
exon 6 of the POLK gene, resulting in a frameshift (Fig. 1A). The
targeting vectors have Hyg' for the first targeting or Puro® for
the second targeting flanked by the loxP site and also contain
the diphtherotoxin A (DT-A) gene to exclude random integrants.
As a result of the first targeting, we obtained one heterozygous
disrupted clone (POLK*-(Hyen)) out of 132 hygromycin-resistant
clones. For the second targeting, the puromycin-resistance tar-
geting vectors were transfected into the POLK*/~(H¥8) clone. We
obtained one homo-disrupted clone (POLK-(Puror)/—(Hygr)y out of
158 puromycin-resistant clones from POLK*/~(H¥er), The targeted
disruption into the POLK gene was verified by Southern blot
analysis using the EcoRV-digested genomic DNA with an exter-
nal 3’ probe (Fig. 2A). To remove the Hyg' and Puro’ cassettes
from the resulting clones, the Cre expression vector was elec-
troporated into the clones obtained above. The expression of the
protein was then examined by Western blot analysis with anti-
Pol k antibody (Fig. 2B), which indicated that Pol k protein was
expressed in POLK** and POLK*/~ cells, but not in POLK~/~ cell.
Loss of the expression of POLK mRNA in POLK~/~ was confirmed
by RT-PCR analysis (Fig. 2C). The doubling time of the POLK*/~
(20.8+0.59h) or POLK~/~ (20.9+0.91h) cell was similar to that
of POLK** (20.2 +0.95 h) cell, showing that the knock-out of POLK
does not significantly influence the proliferation rate of Nalm-6 cell
line.

3.2. Establishment of POLKF1714/~ cell

The knock-in cell that expresses POLK F171A (POLKF171AI-) was
generated from POLK*/-(HYer) cells that possess a Hyg' cassette in
the POLK knock-out allele. The targeting vector was constructed to
introduce the mutation (TTT to GCT) into exon 5 (Fig. 1B), resulting
in the substitution of phenylalanine for alanine at codon 171. The
targeting vector has a Puro’ cassette flanked by the loxP site and
contains the DT-A gene. The targeting vector was linearized with
Pmel and electroporated into the POLK*/~(H¥er) cell, After select-
ing the cells with puromycin, we obtained 7 positive clones, in
which the Puro’ cassette was introduced into the targeted locus of
POLK wild type or POLK knock-out allele, out of 133 puromycin-
resistant clones. We further examined the expression of POLK
mRNA and confirmed the sequence of the cDNA in clones (Fig. 2D).
We obtained 2 clones that expressed the mutant POLK mRNA, i.e.,
POLK F171A, out of 7 clones, suggesting that the expected muta-
tion was introduced into POLK wild-type allele in these clones.
We also confirmed that the Puro® cassette was introduced into
the targeted locus of POLK wild type allele, but not POLK knock-
out allele in these clones by genomic PCR (data not shown). The
equivalent construct without the mutation was used to gener-
ate the mock-treated cell (POLK™°k/-), Puro’ and Hyg' cassettes





