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DNA polymerase l preferentially inserts dCTP opposite
8-oxo-7,8-dihydroguanine (GO, 8-hydroxyguanine) in vitro,
and this function is considered to be important after A base
removal from GO:A pairs by the MUTYH DNA glycosylase.
However, dCTP incorporation would promote A:T→C:G
transversion mutations induced by 8-oxo-7,8-dihydro-
dGTP (dGOTP), the mutation triggered by the incorporation
of dGOTP opposite A in the template DNA. In this study,
double-stranded plasmid DNA containing the GO:A pair, an
intermediate in the dGOTP mutagenesis pathway, was
transfected into human cells in which DNA polymerase l
was knocked down. The knockdown of DNA polymerase l
signiˆcantly reduced the frequency of A:T→C:G transver-
sion mutations induced by the GO:A pair although the
knockdown eŠect was small. These results suggested that
DNA polymerase l is involved in the mutagenesis proc-
esses of GO, generated by dGOTP, in the nucleotide pool.
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Introduction
Reactive oxygen species (ROS) are formed en-

dogenously by normal oxygen metabolism, as well as by
many environmental mutagens and carcinogens. ROS
oxidize bases in both DNA and the nucleotide pool, thus
producing mutagenic base damage (1). Other modiˆca-
tions, such as the loss of a base moiety and strand
breaks, are also induced by ROS. The damage thus
produced causes mutagenesis, carcinogenesis, neu-
rodegeneration, and aging (2,3). 8-Oxo-7,8-dihydrogua-
nine (GO, also known as 8-hydroxyguanine) is an im-
portant modiˆed base produced by ROS, and more than
100 GO residues are generated per cell per day. (4–6).
The GO base can pair with both the C and A bases and is
highly mutagenic in Escherichia coli and mammalian
cells, in which it induces G:CªT:A transversion muta-
tions (7–16). The oxidized base is also formed when
dGTP is oxidized by ROS (17,18). The damaged deoxy-

ribonucleotide, 8-oxo-7,8-dihydro-dGTP (dGOTP), is
mutagenic in living cells and speciˆcally induces
A:TªC:G transversions (19–21). This type of mutation
is likely triggered by the incorporation of dGOTP oppo-
site A in the template DNA by DNA polymerases (pols),
resulting in the formation of GO:A base pairs (22). The
incorporation of dCTP opposite GO by DNA pols
would be the next step in the mutagenesis pathway of
dGOTP. The ratio of dCTP to dATP incorporated op-
posite GO is considered to be one of the determinants of
dGOTP mutagenicity.

The GO:A base pair is recognized by the mammalian
base excision repair enzyme, MUTYH DNA glycosy-
lase, which removes the unmodiˆed A base from the
GO:A pair (23–26). The removal of A results in gap for-
mation, and DNA pols incorporate dCTP and dATP
opposite GO in the gap. In addition to DNA pol b, DNA
pol l, another X-family DNA pol, reportedly performs
gap-ˆlling (27,28). The nucleotide insertion opposite GO

by DNA pol l is accurate, and dCTP is preferentially in-
corporated relative to dATP. However, this ``error-
free'' dCTP incorporation would promote the
A:TªC:G transversion mutation induced by dGOTP.
Thus, the mutagenicity of dGOTP would be aŠected by
both the amount and recruitment e‹ciency of DNA pol
l. Therefore, it would be interesting to assess the muta-
genicity of GO:A, an intermediate in the dGOTP muta-
genesis pathway, in living cells with reduced amounts of
DNA pol l.

In this study, double-stranded plasmid DNA contain-
ing the GO:A pair was transfected into human cells, in
which DNA pol l was knocked down. We found that
the knockdown of DNA pol l reduced the frequency of
A:TªC:G transversion mutations induced by the GO:A
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pair. These results suggested that DNA pol l is involved
in the mutagenesis processes of GO, generated by the
oxidation of dGTP in the nucleotide pool.

Materials and Methods
Materials: Oligodeoxyribonucleotides containing

GO and T (control) (29) were purchased from Nihon
BioService (Asaka, Japan). They were synthesized and
chemically phosphorylated at their 5?-ends on the
support during synthesis, and were puriˆed by HPLC,
as described previously (30). Their sequences are
5?-dGCAGACTCGOAAATCTGCCGTCAT-3? (GO-96)
and 5?-dGCAGACTCTAAATCTGCCGTCAT-3? (T-
96). Other oligodeoxyribonucleotides were obtained
from Sigma Genosys Japan (Ishikari, Japan) in puriˆed
forms. The Stealth Select 3 RNAi was obtained from
Life Technologies (Carlsbad, CA, USA). The following
RNAs were used: l sense, 5?-AAUAGAAGCAUCCU
GCUCUGCCUUG-3?; l antisense, 5?-CAAGGCAG
AGCAGGAUGCUUCUAUU-3?. Stealth RNAi Nega-
tive Control Med duplex (Life Technologies) was used
as the negative control, according to the recommended
GC content.

Plasmid DNAs containing GO: The single-stranded
form of pZ189-107K/402E was obtained by superinfec-
tion of E. coli JM109, containing pZ189-107K/402E,
with the helper phage VCS-M13 (Agilent Technologies,
Santa Clara, CA, USA), followed by polyethylene
glycol precipitation and proteinase K treatment, as de-
scribed (31–33). Double-stranded plasmid DNA con-
taining the GO:A pair at position 96 of the supF gene
was constructed, essentially as described (34). Namely,
the single-stranded forms of pZ189-107K/402E (5 mg,
2.9 pmol) and the GO-96 oligodeoxyribonucleotide (16
pmol) were annealed and treated with T4 DNA pol (2
units, F. HoŠmann-La Roche, Basel, Switzerland) and
T4 DNA ligase (350 units, Takara, Otsu, Japan). The
DNA was treated with Dam methylase (16 units, New
England Biolabs, Ipswich, MA, USA), which methy-
lates the N 6-position of adenine in 5?-GATC-3? se-
quences, to restore the bacterial methylation pattern.
The control T:A plasmid was prepared by the same
procedures.

Mutagenesis experiments: U2OS cells (3.0×104

cells) were cultured in Dulbecco's modiˆed Eagle's
medium, supplemented with 10z fetal bovine serum, at
379C under a 5z CO2 atmosphere for 24 h. The siRNA
against DNA pol l (10 pmol) was introduced into U2OS
cells by Lipofectamine 2000 (Life Technologies), ac-
cording to the supplier's recommendations. After 24 h,
the plasmid DNA containing GO:A (100 ng, 29 fmol)
was transfected with Lipofectamine (Life Technol-
ogies). After 48 h of culture, the plasmid DNA replicat-
ed in the cells was recovered by the method of Stary and
Sarasin (35). The recovered plasmid DNA was treated

with DpnI, which recognizes 5?-GA*TC-3? sequences
(A* represents N 6-methyladenine), to digest the unrepli-
cated plasmids maintaining the bacterial methylation
pattern.

Determination of supF mutant frequency: The
DpnI-treated DNA was electroporated into E. coli
KS40/pOF105 (36), using a Gene Pulser II transfection
apparatus with a Pulse Controller II (Bio-Rad, Her-
cules, CA, USA). The supF mutant frequency was de-
termined as the ratio of white and faint blue colonies to
total colonies, on agar plates containing ampicillin,
chloramphenicol, 5-bromo-4-chloro-3-indolyl-b-D-gal-
actopyranoside, and isopropyl-b-D-thiogalactopyrano-
side (37).

Reverse transcription-quantitative PCR analysis
of mRNA: Total RNA was extracted from U2OS
cells with the TRIzol reagent (Life Technologies), and
was treated with RNase-free DNase I (Takara) to de-
grade the genomic DNA in these samples. First-strand
cDNA synthesis was performed on 1 mg of total RNA
with an Applied Biosystems High Capacity RNA-to-
cDNA Kit (Life Technologies), according to the
manufacturer's instructions. Each of the mRNA tran-
scripts was measured by quantitative PCR (qPCR) with
a Bio-Rad CFX96 Real Time PCR System and
EvaGreen chemistry (Bio-Rad), using the following
primers: Pol l upper, 5?-dGCCTGTGCCCTGCTCT
ACTT-3?; Pol l lower, 5?-dACTCATGCCCTTGG
TTTTGG-3?. Data are expressed as the ratio to the
GAPDH mRNA, which was determined using the fol-
lowing primers: GAPDH upper, 5?-dAACTTTGGTAT
CGTGGAAGG-3?; GAPDH lower, 5?-dGTCTTCT
GGGTGGCAGTGAT-3?.

Statistical analysis: Statistical signiˆcance was ex-
amined by the Student's t-test. Levels of Pº0.05 were
considered to be signiˆcant.

Results
The formation of GO:A base pairs and the incorpora-

tion of dCTP opposite GO would occur within the muta-
genesis pathway of dGOTP (22). In this study, we con-
structed plasmid DNAs containing the GO:A base pair
at position 96 of the supF gene (38). This position was
one of the A:TªC:G hot spots in the supF gene when
dGOTP was introduced (20,21). Plasmid DNA contain-
ing T:A at position 96 was also constructed.

Human U2OS cells expressing wild-type p53 and Rb
were treated with the siRNA against DNA pol l, and the
knockdown of DNA pol l was measured by reverse
transcription-qPCR (Table 1). The siRNA treatment of
U2OS cells reduced the amount of DNA pol l mRNA.
The knockdown e‹ciency was 62z at 24 h after siRNA
introduction, which was the time point when the plas-
mid DNAs were transfected.

The siRNA treatment did not aŠect the supF mutant
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Fig. 1. EŠects of the knockdown of DNA pol l in U2OS cells on the
mutant frequencies induced by GO:A. (A) Mutant frequencies upon
transfection of the control plasmid containing T:A at position 96. (B)
Mutant frequencies upon transfection of the plasmid containing GO:A
at position 96. Experiments were performed three (T:A) and four
(GO:A) times. Data are expressed as means＋SEM. *Pº0.05 vs.
control siRNA.

Table 1. Amounts of DNA pol l mRNA in knocked-down U2OS
cells*

24 h 48 h 72 h

0.38±0.03 0.48±0.02 0.52±0.01

*The amount of mRNA was measured by reverse transcription-qPCR
at 24, 48, and 72 h after siRNA introduction. The amount of mRNA
was normalized relative to the amount of human GAPDH mRNA
present in each sample. Values relative to those in U2OS cells treated
with the control siRNA are shown. Experiments were performed three
times. Data are expressed as means±SEM.

Table 2. Mutations at position 96, found in progeny plasmids repli-
cated in U2OS cells with knocked-down DNA pol l*

Mutation
T:A GO:A

Control Knockdown Control Knockdown

Single base substitutions
Transition

A:TªG:C 0 (0) 0 (0) 0 (0) 0 (0)
Transversion

A:TªT:A 0 (0) 0 (0) 0 (0) 1 (5)
A:TªC:G 0 (0) 1 (4) 20 (100) 19 (95)

Others 0 (0) 0 (0) 0 (0) 0 (0)
No mutation 13 (100) 22 (96) 0 (0) 0 (0)
Total colonies analyzed 13 (100) 23 (100) 20 (100) 20 (100)

*All data are represented as cases found (z).
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frequencies in the experiments using the T:A plasmid
(¿7×10－4, Fig. 1A). When the plasmid DNA with the
GO:A pair at position 96 was introduced into U2OS cells
treated with the control (Med) siRNA, the supF mutant
frequency was 93×10－2 (93z), which is quite high (Fig.
1B). This high mutant frequency was due to the
MUTYH protein, which removes A opposite GO (29).
The supF mutant frequency was decreased to 91×10－2

in the cells in which DNA pol l was knocked down.
Although the knockdown eŠect was small, it was
statistically signiˆcant, suggesting that this DNA pol
enhances the GO:A-induced mutations.

We analyzed the sequences of the supF genes in the
colonies that grew on the selection agar plates (Table 2).
As expected, the A:TªC:G transversion was found in
almost all of the progeny plasmid DNAs of the GO:A
plasmid. Only one colony contained the A:TªC:G mu-
tation, at position 96 for the transfection of the control
T:A plasmid (Table 2).

Discussion
When DNA is directly oxidized, GO:A base pairs are

formed after dATP insertion opposite GO during DNA
replication. In this situation, the removal of the A base
by MUTYH and the subsequent incorporation of dCTP
by DNA pol l provide a useful defense system against
the oxidized base. However, this DNA repair pathway
leads to the formation of a GO:C base pair, at the site
where dGOTP is incorporated opposite A. Thus, DNA
pol l is expected to promote A:TªC:G mutations. In-
deed, the knockdown of DNA pol l decreased the fre-
quency of A:TªC:G mutation caused by the GO:A base
pair at position 96, which was used as a dGOTP muta-
genesis pathway intermediate in this study (Fig. 1B).
Therefore, this DNA pol would enhance the frequency
of dGOTP-induced A:TªC:G mutations. The
decreased A:TªC:G mutation by the DNA pol l
knockdown indicated that at least one other DNA pol
incorporates dATP opposite GO. DNA pol b reportedly
performs gap-ˆlling, and inserts dATP more frequently
than DNA pol l (28). Thus, if DNA pol b conducted the
gap-ˆlling, then the A:TªC:G mutation rate would be
suppressed. Meanwhile, the knockdown of DNA pol h
slightly decreased the A:TªC:G transversion frequency
in human cells (38). The results obtained in the previous
and present studies indicated that two translesion syn-
thesis DNA pols, l and h, in addition to DNA pol b, are
involved in the pathway generating the A:TªC:G trans-
version mutations induced by GO:A pairs.

As shown in Table 1, the knockdown e‹ciency was
62z at 24 h after siRNA introduction, which was the
time point when the plasmid DNAs were transfected.
The supF mutant frequency was 93×10－2 and 91×10－2

in the cells treated with the control and anti DNA pol l
siRNAs, respectively, when the plasmid DNA with the
GO:A pair at position 96 was introduced (Fig. 1). The
value (91×10－2) would re‰ect contribution of DNA pol
l that was present in the knockdown cells. Thus, more
evident knockdown eŠect would be expected when more
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eŠective knockdown conditions would be found.
A possible defense system against the GO:A pair,

formed by dGOTP incorporation, is the removal of the
GO base paired with A. In E. coli cells, endonuclease III
(Nth) performs this function, and the mutagenicity of
dGOTP is higher in nth cells than wild type cells (39).
However, the knockdown of the human counterpart,
the NTH1 protein, did not aŠect either dGOTP- or
GO:A-caused mutations (29). Further studies will be
needed to examine whether human/mammalian cells
contain this type of enzyme(s).

In conclusion, the knockdown of DNA pol l
decreased the mutagenicity of GO paired with A in hu-
man U2OS cells. This result suggested that DNA pol l is
involved in the mutagenesis processes of GO, generated
by dGTP oxidation in the nucleotide pool. In addition
to the DNA pols, other cellular enzymes play crucial
roles in the mutagenesis processes of damaged DNA and
DNA precursors (40). Experiments to reveal their roles
are currently in progress.
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