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Article

A genome-wide distribution of 8-oxoguanine
correlates with the preferred regions

for recombination and single nucleotide
polymorphism in the human genome

Mizuki Ohno," Tomofumi Miura,’-? Masato Furuichi,’* Yohei Tominaga,’
Daisuke Tsuchimoto," Kunihiko Sakumi,’ and Yusaku Nakabeppu'*

"Division of Neurofunctional Genomics, Department of Immunobiology and Neuroscience, Medical Institute of Bioregulation,
?Department of Neuropsychiatry, Graduate School of Medical Sciences, and *Radioisotope Center, Kyushu University,

Fukuoka 812-8582, Japan

8-Oxoguanine (8-0xoG), a major spontaneous form of oxidative DNA damage, is considered to be a natural cause of
genomic diversity in organisms because of its mutagenic potential. The steady-state level of 8-0xoG in the nuclear
genome of a human cell has been estimated to be several residues per 10 guanines. In the present study, to clarify
the genome-wide distribution of 8-0xoG in the steady state, we performed fluorescence in situ detection of 8-oxoG
on human metaphase chromosomes using a monoclonal antibody. Multiple dot-like signals were observed on each
metaphase chromosome. We then mapped the position of the signal at megabase resolution referring to the
cytogenetically identified chromosomal band, and demonstrated that 8-oxoG is unevenly distributed in the normal
human genome and that the distribution pattern is conserved among different individuals. Moreover, we found that
regions with a high frequency of recombination and single nucleotide polymorphisms (SNPs) are preferentially
located within chromosomal regions with a high density of 8-0xoG. Our findings suggest that 8-0xoG is one of the
main causes of frequent recombinations and SNPs in the human genome, which largely contribute to the genomic

diversity in human beings.

[Supplemental material is available online at www.genome.org.]

Mutations are sequence variations in the genome caused by base
substitutions, insertions/deletions, duplications, and recombina-
tions, which largely contribute to genomic diversity in living
organisms (Aquadro et al. 2001; Nevo 2001). Mutagenesis is
known to be a biological outcome of processing damaged DNA
during genome replication, transcription, repair, and recombina-
tion, and enzymes that act upon DNA in the transactions have
been well documented (Hanawalt 1998; Maki 2002). Analyses of
spontaneous mutagenesis in various organisms revealed that
these mutations do not occur randomly in the genome sequence
and that their distribution and mutation spectrum exhibit strong
bias in the genome (Drake 1991; Maki 2002). Recent progress in
human genome projects demonstrated that human genome se-
quence variation, such as single nucleotide polymorphisms
(SNPs), differs greatly in extent across the genome (Sachidanan-
dam et al. 2001; Lercher and Hurst 2002; Malcom et al. 2003).
This may be a result of the nonrandom distribution of premuta-
genic lesions; however, how and where DNA is damaged in the
genome remains to be elucidated.

Amongst the various forms of DNA damage, oxidative DNA
lesions caused by reactive oxygen species (ROS) that are gener-
ated both as a byproduct of oxidative metabolism and as a con-
sequence of exposure to ionizing radiation and other environ-
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mental factors are considered to be a major threat to the genome
(Hanawalt 1998; Barnes and Lindahl 2004). Among the four
bases, guanine is known to be the most susceptible to oxidation,
and its simple oxidized form, 8-oxoguanine (8-0x0G), is one of
the major oxidation products in DNA or nucleotides (Kasai and
Nishimura 1984). 8-0xoG is known as a potent premutagenic
lesion, because it can pair with adenine as well as cytosine during
DNA replication and cause a G:C to T:A transversion mutation
(Shibutani et al. 1991). To counteract the mutagenic potential of
8-0x0G, organisms are equipped with elaborate error-avoiding
mechanisms. In Escherichia coli, MutT hydrolyzes 8-oxo-dGTP,
thus avoiding its incorporation into DNA (Maki and Sekiguchi
1992), MutM is an 8-oxoG DNA glycosylase that excises the
8-0x0G opposite cytosine (Tchou et al. 1991), and MutY with
adenine DNA glycosylase activity excises adenine misincorpo-
rated opposite 8-oxoG (Michaels et al. 1992). In humans, ho-
mologs of MutT such as MTH1 (Sakumi et al. 1993; Furuichi et al.
1994), MTH2 (Cai et al. 2003), and NUDTS (Ishibashi et al. 2003),
OGG1, a functional homolog of MutM (Aburatani et al. 1997;
Boiteux and Radicella 1999; Nishioka et al. 1999), and a MutY
homolog, MUTYH (MYH) (Slupska et al. 1996; Ohtsubo et al.
2000), are likely to suppress spontaneous mutagenesis initiated
by 8-0xoG. Mutant bacteria or mice lacking one of these genes
exhibit a mutator phenotype with an increased spontaneous mu-
tation rate or an increased susceptibility to carcinogenesis (Miller
1996; Sekiguchi and Tsuzuki 2002; Nakabeppu et al. 2004). Evo-
lutionary conservation of error-avoiding mechanisms suggests
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Figure 1. In situ detection of 8-oxoG on human metaphase chromosomes. (A) Immunological

In situ detection of 8-0xoG in human
chromosomes

detection of 8-0xoG. The arrowhead indicates one example of a twin dot on sister chromatids. (B)
Immunological detection of 8-oxoG after treatment with MutM. (C) MutM-dependent in situ end-

labeling. (D) MutM (—) negative control for in situ end-labeling. (E) Signal patterns on chromosome

Using HPLC-MS/MS, we determined the
contents of 2'-deoxy-8-oxoguanosine (8-
0x0-dG) in human nuclear DNA pre-
pared from freshly isolated peripheral
lymphocytes or from those cultured af-
ter PHA stimulation. The former con-
tained 2.66 (SEM = 0.05) residues of
8-0x0-dG per 10° residues of deoxyguanosine (dG), and the lat-
ter, 3.07 (SEM = 0.17) residues of 8-oxo-dG per 10° residues of
dG. These numbers correspond to ~10,000 8-0x0G residues per
single nucleus of a human cell (2n: 6.4 x 10° bp = 12.8 x 10°
bases, which contain ~3.2 X 10° guanine residues), and this rep-
resents the steady-state level of 8-0xoG in the human genome.

Next, we performed immunofluorescence microscopy using
anti-8-oxo-dG monoclonal antibody (N45.1) for in situ detection
of 8-0x0G in a human metaphase spread prepared from PHA-
stimulated peripheral lymphocytes. The preparation was pre-
treated with RNase A to eliminate fluorescent signals derived
from 8-0xoG in RNA and with HCI to denature the double-
stranded DNA. In addition to diffused fine signals with a weak
fluorescence intensity, multiple dot-like signals with a strong
fluorescence intensity were observed in all interphase nuclei
(data not shown) or metaphase chromosomes (Fig. 1A). Since
each dot-like signal exhibited a different fluorescence intensity,
each single fluorescent dot was likely derived from multiple
8-0x0G residues in the same region. Thus, a chromosomal region

7: comparison between immunological detection (top) and MutM-sensitive sites (bottom). Lines indi-
cate centromere. The monochrome images of signal (left) and DAPI (middle) are digitally enhanced and
positively inverted. For a merged image, signal and DAPI images are pseudo-colored with green and
red, respectively (right). (F) Signal positions on chromosome 7 are indicated as filled circles on corre-
sponding regions in the ideogram of the G-banding pattern at the 850-band resolution obtained from
the NCBI ftp site. The line indicates centromeres.

with a strong fluorescent signal was considered to have a high
density of 8-0x0G, in contrast to a chromosomal region without
such a signal. Twin dots of fluorescent signals were often found
at the same region in sister chromatids (Fig. 1A, arrowhead).

When a specimen was sequentially treated with RNase A
and DNase I prior to the first antibody reaction, no fluorescent
signal was observed, while pretreatment with RNase A and RNase
H, instead of with DNase I, altered neither its intensity nor pat-
tern (data not shown). Pretreatment of a specimen with a bacte-
rial enzyme, MutM, which excises 8-0xoG opposite cytosine,
completely abolished the fluorescent signal (Fig. 1B). Further-
more, pre-adsorption of the anti-8-oxo-dG with free 8-oxo-dG
also diminished the immunoreactivity to the level obtained
without the primary antibody (data not shown). We thus estab-
lished a method for in situ detection of 8-0xoG in human chro-
mosomes.

We next performed a MutM-dependent in situ end-labeling
assay to detect MutM-sensitive sites, and multiple dot-like signals
were again detected on each chromosome (Fig. 1C). Without the
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pretreatment with MutM, no signal was detected (Fig. 1D). By
comparing the distribution of fluorescent signals on chromo-
some 7 obtained with the two approaches (Fig. 1E,F), we found
that five of six regions found to be MutM sensitive coincided
with 8-oxoG-containing regions detected by immunofluores-
cence microscopy. From these results, we concluded that the
fluorescent signals obtained with the two approaches represent
8-0x0G present in the human genome, thus indicating that the
fluorescent dots represent chromosomal regions with a high den-
sity of steady-state 8-oxoG. Minor differences between the sites
identified by the anti-8-0xoG antibody and those found to be
MutM sensitive may reflect the fact that MutM recognizes for-
mamidepyrimidine derivatives as well as 8-0xoG (Boiteux et al.
1987, 1992; Tchou et al. 1991). In subsequent analyses, we there-
fore applied in situ immunodetection to map the location of
8-0x0G on human chromosomes.

Genome-wide distribution of 8-0xoG in the human genome

To examine whether chromosomal regions with a high density of
8-0x0G that we observed in one human subject are common
among different individuals, we compared the distribution of
8-0x0G on the chromosome of peripheral lymphocytes prepared
from four healthy volunteers. As shown in Figure 2A (top), the
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Figure 2. Genome-wide distribution of 8-oxoG is conserved among
individuals. (A, top) Immunological detection of 8-0xoG on metaphase
chromosomes from four individuals (A-D, green: immuno-fluorescence
signal, red: DAPI). Arrowheads indicate a single chromosome 1. (A4, bot-
tom) High-magnification image of chromosome 1 (arrow, top). A posi-
tively inverted monochrome image of DAPI (left) and signal (middle) is
presented. The fluorescence intensity of DAPI (blue) and signal (red) are
plotted on the profile (vertical axis: chromosome length, horizontal axis:
fluorescence intensity). (B) The position of each signal detected on chro-
mosome 1 is indicated by a filled circle on the corresponding region in
the ideogram. The regions detected in more than three chromosomal
copies of the four individuals are colored. (C) Total scoring for 8-oxoG
from 10 copies of chromosome 1 of the four subjects are represented as
bar plots with the chromosome length on the y-axis and the 8-oxoG
score on the x-axis, max = 20 points, see Methods). The vertical lines on
the right of the ideogram indicate mapped regions. A bar indicating
frequency per region was plotted at the center of the corresponding
region.

number and intensity of 8-0xoG immunofluorescent signals de-
tected in a single cell were essentially the same among the four
individuals. In order to compare the intrachromosomal distribu-
tion of 8-0xoG among the four, we next analyzed one copy of
chromosome 1 in a single cell from each individual at higher
magnification (Fig. 2A, bottom). Based on chromosomal bands
visualized by DAPI and on an intensity plot of the immunofluo-
rescent signals detected along chromosome 1, we mapped each
signal position on an ideogram of this chromosome (Fig. 2A,
bottom), and found that the distribution pattern of 8-oxoG sig-
nals on chromosome 1 was highly conserved among the four
volunteers (Fig. 2B). To carry out genome-wide mapping of chro-
mosomal regions with a high density of 8-0xoG, we next ana-
lyzed the distribution of immunofluorescent signals on all chro-
mosomes of the four subjects (Fig. 2C; Supplemental Fig. 1). We
identified the position of each immunofluorescent dot at mega-
base resolution referring to the cytogenetically identified chro-
mosomal band. A single immunofluorescent dot was counted as
one in 8-0x0G scoring (See Methods and Supplemental Table 1a);
thus, the 8-0x0G score for a metaphase (4n) was determined to be
306 (SD =22, n =4 individuals), while the number of chromo-
somal regions with a high density of 8-oxoG was 190 (SD =8,
n = 4 individuals, Supplemental Table 1b) on average. There was
no marked difference in these values among the four individuals.
The total number of chromosomal regions with a high density of
8-0x0G was 237 in the four subjects, and among them, four re-
gions were mapped on the Y chromosome. Of 233 regions (ex-
cluding the four on the Y chromosome), 147 regions (63%) were
detected in all four subjects, 37 (16%) were detected in three, and
30 regions (13%) were detected only in one subject (Supplemen-
tal Table 1c¢).

An averaged 8-0x0G score per megabase in a given region of
each chromosome except for the Y chromosome was calculated
and its distribution was mapped on a connected physical map of
chromosomes 1-22 and X (Supplemental Fig. 2a). The distribu-
tion of chromosomal regions with a high density of 8-oxoG
across the entire genome was statistically compared among four
subjects. The Kruskal-Wallis test revealed that there was no sig-
nificant difference among the four subjects (P =0.54, Supple-
mental Fig. 2a), and moreover, there was a strong correlation
between any pair of the four subjects (coefficient >0.7,
P <0.0001, Spearman’s rank correlation test, Supplemental Fig.
2b). These analyses revealed that the genome-wide distribution
of 8-0x0G, in terms of its chromosomal region and frequency,
was highly similar among the four individuals, suggesting that
8-0x0G at steady state is generally distributed in distinct regions
of human chromosomes. Thus, results from the four subjects
were combined to obtain a comprehensive map of chromosomal
regions with a high density of 8-oxoG (Fig. 3). These high-density
regions were distributed throughout the genome, and at least a
single region was mapped on each arm of all chromosomes. The
high densities of 8-oxoG were found in regions corresponding to
GC-rich R-bands and GC-very-rich T-bands or near boundaries
between R and G bands more frequently than in those corre-
sponding to AT-rich G-bands. The total 8-0xoG score per chro-
mosome increased with increasing chromosomal length (Supple-
mental Table 1a). However, the 8-0xoG density in each chromo-
some (total 8-0xoG score per megabase) varied among the
chromosomes, and the shorter chromosomes tended to exhibit a
higher 8-0xoG density (Supplemental Table 1a). Chromosomes
18 and 19, whose sizes are very close to each other, exhibit a
similar level of 8-0xoG density, regardless of the difference in
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Figure 3. Comprehensive mapping of 8-0xoG. The positions at which
8-0x0G was detected are indicated as vertical lines on the right of the
ideogram. The total 8-0xoG score for each region was graded from zero
to five and indicated as filled circles.

their GC content; i.e., 40% in chromosome 18 and 48% in chro-
mosome 19, suggesting that another factor(s) in addition to the
GC content may have control over the distribution of 8-0xoG in
the human genome.

8-0x0G and meiotic recombination rate in the human
genome

In recent years, it has been shown that each human chromosome
has different features in terms of certain sequence parameters
revealed by the human genome project (Venter et al. 2001). To
determine the factors involved in the distinct distribution of
8-0x0G in human chromosomes, we first performed simple re-
gression analyses considering the 8-oxoG density as the response
and eight different genomic parameters as the predictor (Fig. 4;
Table 1). The strongest correlation was found between the
8-0x0G density and the meiotic recombination rate (data from
Kong et al. 2002) (coefficient = 0.79, R? = 0.6, P < 0.0001, Table
1). We also noticed its significant positive correlation with GC
content, CpG-island density, poly(A) or poly(T) fraction and
gene density (coefficient =0.53, 0.51, 0.45, 0.39, respectively,
Table 1). Since it is well known that CpG-island density, the
poly(A) or poly(T) fraction and gene density strongly correlate
with the GC content, the GC content can be considered as one of
the factors determining the distribution of 8-0xoG in the human
genome. There is a significant negative correlation between the
8-0x0G density and chromosomal length as we noted above. On
the other hand, the multiple regression analysis with the six pre-
dictors, which showed a significant correlation with the 8-oxoG
density in simple regression analyses, indicated that only the
recombination rate has a significant correlation with the 8-oxoG
density (P =0.0127, Table 1).

To further examine whether the intrachromosomal distri-
bution of 8-0xoG has any correlation with that of recombina-
tion-prone sites, we compared locations of regions with a high
density of 8-0xoG and regions with a high frequency of recom-
bination on chromosome 11. As shown in Figure 5A, most of the
recombination peaks were located within regions with a high

density of 8-oxoG. Statistical analysis revealed that regions with
the high 8-oxoG density exhibited a significantly higher recom-
bination rate in comparison with regions lacking this high den-
sity (Fig. 5B). The same results were obtained from a genome-
wide analysis using data from all autosomes (Supplemental
Table 2).

8-0x0G and SNPs in the human genome

Since some of the base substitutions that occurred in the human
genome in the past are preserved as SNPs in the current popula-
tion, we hypothesized that regions with a high density of 8-oxoG
may be colocalized with a high density of SNPs. To evaluate our
hypothesis, we compared both the distributions and frequencies
across the entire genome. From the SNP database at NCBI (build
33), we selected SNPs with only two reported differences in bases
at the same position (A/G, C/T, G/T, A/C, C/G, A/T), and fre-
quencies of the six types of substitutions were calculated. The
chromosomal position and frequency of each type of substitu-
tion were expressed on an ideogram as bar plots (Fig. 5C for
chromosome 11, Supplemental Fig. 3 for all autosomes). All types
of substitutions were distributed throughout the genome, and
their frequencies varied from place to place. All chromosomes
possess multiple regions with a significantly higher frequency of
each base substitution spectrum compared with surrounding re-
gions. In general, regions with a high density of 8-0xoG tend to
exhibit a higher frequency of SNPs (Supplemental Fig. 3). Statis-
tical analyses clearly showed that the frequencies of all substitu-
tions except the A/T substitution were significantly higher in
regions with a high density of 8-0xoG in chromosome 11 than in
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Figure 4. Bar plots of 8-0xoG density and eight predictors. The recom-
bination rate (sex-averaged) was obtained from the deCODE study (Kong
et al. 2002). The GC content and CpG island density were obtained from
Venter et al. (2001). Gene density, pseudo gene density, and chromo-
somal length were obtained from the Ensembl Genome browser (http://
www.ensembl.org/Homo_sapiens/). Poly (A or T) and (C or G) fractions
were obtained from Rohrer et al. (2002).
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Table 1. Results of regression analyses with 8-oxoG density as the response

protected (Enright et al. 1996). Moreover,

Simple regression

Multiple regression

there is accumulating evidence indicating
that the local chromatin structure and/or

Predictors Coefficient R? P-value P-value transcription status alter the repair effi-
ciency, thus contributing to the regional
Recombination rate 0.79 0.60 <0.0001 0.0127 differences in damage repair (Livingstone-
Chromosome length ~0.64 0.41 0.0013 0.7315(NS) Zl krlr.j 11 1997.gwrup ir ( Wii grho
GC content 0.53 0.28 0.0107 0.5837(NS) atchej et al. ; Wellinger and Thoma
CpG island density 0.51 0.26 0.0157 0.8307(NS) 1997; Suter et al. 2000; Sanders et al. 2004).
Poly(A)/Poly(T) fraction 0.45 0.20 0.0358 0.6484(NS) Recently, Ikemura and coworkers have re-
Gene density ) 0.39 0.16 0.0700 0.3971(NS) ported that boundary regions of cytogeneti-
Poly(C)/Poly(G) fraction 0.24 0.06 0.2797(NS) cally identified chromosomal bands, which
Pseudo gene density 0.24 0.06 0.2743(NS) Coefficient = 0.81 ’

R2=0.66 are also known to be a transition zone of

Results presented are based on standardized values of the response variable (8-oxoG density) and

the eight or six predictors. NS, not significant.

the regions without this high density (Fig. 5D). The same results
were obtained from genome-wide analysis using data from all
autosomes (Supplemental Table 3). We also performed the same
analysis against the SNP data set obtained from shotgun sequenc-
ing, and the results were similar (Supplemental Table 4).

Discussion

In the present study, we detected and mapped positions of
8-0x0G in human chromosomes by means of in situ immuno-
detection to clarify its genome-wide distribution. The chromo-
somal distribution of 8-0x0G, detected as clusters of several resi-
dues at steady state, is uneven in the total genome of a single
human cell in terms of position and frequency, while there are
many common regions with a high density of 8-oxoG in the
human genome, even in cells of different individuals. Chromo-
somal regions with a high density of 8-0xoG contain peaks of
recombination, as do those with a high density of SNPs.

To elucidate the underlying cause for genomic diversity in
humans, it is essential to determine why 8-0xoG preferentially
locates within distinct regions of the human genome. In the in
situ immunodetection, MutM, which excises 8-0xoG opposite
cytosine, largely abolished the immune signals for 8-0xoG, thus
suggesting that most 8-0xoG present in the normal human ge-
nome is a product of oxidation of a G:C pair. Our results clearly
indicate that the GC content or GC content-related factors are
one of the determinants for 8-0xoG density in autosomes. How-
ever, we are still speculating as to whether there is another fac-
tor(s) that more strongly influences the local 8-oxoG density. The
steady-state level of 8-0xoG in the normal human genome re-
flects its generation and repair; thus, in regions with a high den-
sity of 8-0x0G, the generation of this lesion exceeds its removal
by repair. The results of in situ detection of 8-0xoG indicate that
the genome may not be a homogeneous target for oxidation and
repair. It has been pointed out that various factors contribute to
the outcome of oxidative damage to DNA (Beckman and Ames
1997; Evans and Cooke 2004). The first of these, guanine, pos-
sesses the lowest oxidation potential of all DNA bases, and 5'-
guanine in sequences GG and GGG is the selective target for
oxidation mediated by long-distance electron transport along the
double helix (Hall et al. 1996; Steenken 1997; Burrows and
Muller 1998). Secondly, internucleosomal DNA appears to be
more susceptible to oxidation by physiological iron chelates,
such as iron-ADP, while histone-associated nucleosomal DNA is

DNA replication timing and GC content
(Tenzen et al. 1997), are likely to be highly
mutagenic judging from the higher density
of SNPs in these regions (Watanabe et al.
2002). The regions with a high density of
8-0x0G in chromosome 11 apparently correspond to the transi-
tion zones, as we noted that the 8-oxoG immunoreactivities are
often located in boundary regions of R and/or G bands. We there-
fore suggest that several structural factors in the genome such as
sequence contexts and chromatin structures as well as functional
factors such as replication/transcription and repair itself, coop-
eratively determine the local density of 8-0xoG in a particular
genomic region together with the cellular environment that is
affected by such factors as redox status.

We showed that chromosomal regions associated with peaks
in meiotic recombination are preferentially located within re-
gions with a high density of 8-0xoG. In the present study, we
compared the chromosomal distribution of 8-oxoG observed in
somatic lymphocytes with that of meiotic recombination, which
occurs in meiotic germ cells. In meiotic cells in mouse testis as
well as in cultured human cell lines, we observed a similar num-
ber of chromosomal regions with a high density of 8-oxoG (M.
Ohno and Y. Nakabeppu, unpubl.). Thus, we may assume that
there should be the same chromosomal distribution of 8-0xoG in
germ cells as observed in somatic lymphocytes.

One can argue that there must be another factor that coin-
cidentally increases the recombination rate in addition to the
accumulation of 8-0x0G in a particular region of chromosome,
implying that there is no causality between the two events, and
we do not have any data at present to deny this possibility. On
the contrary, it is also possible that there is causality between the
two events. However, we can eliminate the possibility that mei-
otic recombination itself causes an increased accumulation of
8-0x0G within the recombinogenic site, because we detected
8-0x0G accumulation in the long arms of both X chromosomes
in females, which undergoes meiotic recombination only during
oogenesis, as well as in the long arm of the Y chromosome which
has no counterpart for homologous recombination (see Supple-
mental Fig. 1) (Burgoyne 1982). Furthermore, the chromosomal
distribution of 8-oxoG was observed in somatic lymphocytes,
which never undergo meiotic recombination. We thus suggest
that 8-0xoG accumulated in a particular region of a chromosome
causes meiotic recombination, based on supporting data pub-
lished by others, as discussed below.

As in other eukaryotes, meiotically programmed double-
strand breaks by the enzyme SPO11, a member of the type II-like
topoisomerase family of proteins, are essential for initiating mei-
otic recombination in the mouse (Romanienko and Camerini-
Otero 2000). However, meiotic arrest in Spo11-deficient mice was
partially rescued by generating DNA damage with irradiation or
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Figure 5. Comparison of 8-oxoG distribution on chromosome 11 and
recombination rate or SNP frequency. (A) Regions with a high density
of 8-oxoG are indicated by vertical lines on the right of the ideogram.
The sex-averaged recombination rate (deCODE) was calculated with a
3-Mb window in 1-Mb steps and indicated as a bar plot with the chro-
mosome lengths on the y-axis and recombination rates on the x-axis. (B)
Box-whisker plot of recombination rates in chromosome 11 within re-
gions with a high density of 8-oxoG (gray) and regions without a high
density of 8-oxoG (light gray). (Mann-Whitney U-test, **P < 0.01,
***P < 0.0001). The center line within the box gives the median. The top
and bottom boxes show the 75 and 25 percentiles, respectively. The top
and bottom of the whisker show the 5 and 95 percentiles, respectively. (C)
Bar plots of SNP frequencies. The SNP frequency for each base substitu-
tion was calculated with a 200-Kb window and in 50-Kb steps. The sub-
stitution spectra are indicated by two letters separated with a slash. For
example, A/G means that A and G were recorded in a single position, and
does not suggest the direction of the substitution. The regions with a
high density of 8-oxoG are indicated by vertical lines on the right of the
ideogram of chromosome 11. (D) Box-whisker plots of SNP frequencies in
chromosome 11 regions with a high density of 8-oxoG (gray) and in
regions without a high density of 8-oxoG (light gray) (Mann-Whitney
U-test, *P < 0.05). Centrometic regions were excluded from the calcula-
tion.

cisplatin treatment (Romanienko and Camerini-Otero 2000),
thus indicating that the double-strand breaks in spermatocytes
introduced by DNA damage or its repair resulted in the meiotic
recombination. Recently, it was shown that nitric oxide-induced
homologous recombination in E. coli is promoted by DNA gly-

cosylases, such as uracil DNA glycosylase or MutM (Spek et al.
2002), suggesting that homologous recombination is induced by
strand breaks accumulated during the repair reaction. It is rea-
sonable to assume that excision repair of 8-oxoG or misincorpo-
ration of an adenine opposite 8-0xoG increases the chance of
strand breaks in the genome when these events are clustered
within a limited region. OGG1, an enzyme that excises 8-oxoG
opposite cytosine, and MUTYH which excises adenine opposite
8-0x0G, are therefore important for maintaining informative
8-0x0G in the genome, and both are highly expressed in ovary
and testis, the reproductive organs (Nishioka et al. 1999; Ohtsubo
et al. 2000). Thus, base excision repair of 8-oxoG or adenine
opposite 8-0xoG in germ cells may increase recombination, es-
pecially in regions containing clusters of 8-0xoG. It has been
reported that the meiotic recombination rate in women is higher
than that in men, indicating that there is another factor(s),
which increases the recombination rate other than solely the
genomic sequence context (Kong et al. 2002). In females, envi-
ronmental factor(s) to which oocytes at the prophase of meiosis
I are exposed for many years may increase the recombination
rate. Thus, one can speculate that 8-oxoG, which accumulates in
oocytes during aging, may result in the increase in the recombi-
nation rate seen in females. However, further analysis is required
to prove the causal relationship between 8-0xoG and recombi-
nation.

Areas with a higher density of SNPs are predominantly dis-
tributed within regions with a high density of 8-0xoG, suggesting
that 8-0oxoG may contribute to the generation of SNPs because of
its mutagenic potential. SNPs are unevenly distributed across the
human genome; however, the cause(s) of these base substitutions
and the factor(s) determining their distribution are still largely
unknown. The transition from C:G to T:A, for example, is be-
lieved to be largely induced by deamination of 5-methylcytosine
at the CpG sequence, but this accounts for only part of the sub-
stitution (Venter et al. 2001). A:T to T:A or T:A to A:T substitu-
tions are distinctly independent of the regions with a high den-
sity of 8-0x0G (Supplemental Table 2), suggesting that 8-0xo0G is
somehow involved in base substitutions from or toward a G:C
base pair. The accumulation of 8-0xoG in DNA is a result of the
incorporation of 8-0xo-dGTP generated in nucleotide pools as
well as of the direct oxidation of guanine in DNA, thus primarily
causing A:T to C:G or G:C to T:A transversions (Egashira et al.
2002; Arai et al. 2003; Nakabeppu et al. 2006). Recently, it has
been shown that 8-oxoG in DNA induces various substitutions
not only at the 8-0xoG site, but also in the neighboring regions
through error-prone DNA replication in addition to the typical
transversions (Efrati et al. 1999). Furthermore, it has been noted
that there are correlations between the recombination rate and
SNPs or base substitutions (Lercher and Hurst 2002; Hellmann et
al. 2003). Thus, we suggest that 8-0xoG is one of the major causes
of SNPs as well as recombination, and that its generation and
repair are responsible for their uneven genomic distribution, as
discussed above. In conclusion, we propose that the spontane-
ously oxidized base, 8-0x0G, contributes to genomic diversity in
human beings.

Methods

Blood samples and cell culture

Peripheral blood samples were obtained from healthy adult vol-
unteers (four unrelated Japanese, two males and two females).
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We obtained informed consent from all volunteers. Lympho-
cytes were cultured in RPMI1640 (Gibco-BRL) medium supple-
mented with 10% FBS, antibiotics and PHA-M (Sigma) for 72 h
under normal conditions according to a standard cytogenetic
method (Barch 1991).

HPLC-MS/MS analysis of 8-0x0G

Nuclear DNA was prepared from the uncultured or cultured lym-
phocytes and were subjected to HPLC-MS/MS analysis for
8-0x0G, according to a previously described method (Tsuruya et
al. 2003).

In situ immunodetection of 8-0xoG

Toyokuni et al. (1997, 1999) previously described immunofluo-
rescence staining with anti-8-oxo-dG monoclonal antibody
(N45.1) to study changes in the intranuclear distribution of
8-0x0G in renal cells of male Wistar rats. We therefore used this
monoclonal antibody to detect 8-oxoG in human chromosomes
with modifications to the method, as described below. Meta-
phase chromosome spreads on glass slides were prepared from
cultured lymphocytes according to a standard cytogenetic
method (Barch 1991). The slides were incubated with 1 mg/mL of
RNase A (Sigma) in PBS at 37°C for 1h. Chromosomal DNA was
denatured by treating with 2N HCI for 7 min, and was neutral-
ized in 50 mM Tris-base and with PBS. The slides were then in-
cubated with anti-8-0x0-dG mouse monoclonal antibody (JaICA,
N45.1, 1:10 dilution) for 2 h at room temperature, and washed
three times with PBD (0.1% TritonX-100 in PBS). Then, the slides
were incubated with anti-mouse IgG conjugated to Alexa-488
(Molecular Probes Inc., 1:300 dilution) for 40 min at room tem-
perature, and washed and mounted with anti-fade mounting me-
dium containing DAPI (Vector). To verify the specificity of the
immunoreactivity, some slides were treated with either 0.1 pg/
mL of MutM protein (Sigma) in nicking buffer (10 mM Tris-HC],
5 uM ZnCl,, 0.5 mM DTT, 0.5 mM EDTA, 1.5% glycerol, 100
pg/mL bovine serum albumin) or 1000 U/mL of DNase I (Sigma)
in reaction buffer (50 mM Tris-HCI [pH 7.5], 0.1 mM MgCl,) at
37°C for 1 h after RNase A treatment.

MutM-dependent in situ end-labeling assay

Chromosome slide preparations were incubated with 0.1 pg/mL
of BSA or MutM protein and 0.02 pug/mL of purified mAPEX1
protein (Tominaga et al. 2004) in nicking buffer at 37°C for 1 h
after RNase A treatment. mAPEX1 was used to convert abasic sites
or nicks with 3’-phosphate, which were produced by MutM, to
nicks with a 3’-hydroxy group (Madhusudan et al. 2005). The
3'-hydroxy ends were labeled with fluorescein-dUTP using ter-
minal deoxynucleotidyl transferase (Roche Diagnostics) accord-
ing to the manufacturer’s instructions. The slides were then
washed and mounted with anti-fade mounting medium.

Image analysis

Digital images were acquired using Axioskop2 plus equipped
with a CCD camera, AxioCam and AxioVision software (Carl
Zeiss). Captured images were processed for publication with
Adobe Photoshop 5.1 software (Adobe Systems, Inc.). The inten-
sity of each fluorescence was quantified using ImageGage 4.0
software (Fujifilm).

Chromosomal mapping of 8-oxoG

Digital images of well-spread metaphases with clear DAPI-
banding patterns were independently acquired for each of the
four subjects. The number and positions of 8-0xoG signals on 10
copies of each chromosome from each individual were deter-

mined from the images. The chromosomal position of the signal
was determined by the DAPI-banding pattern with megabase
(Mb) resolution. A single fluorescent dot on one of the sister
chromatids of each chromosome was given an 8-0xoG score of 1;
thus, twin dots observed in the same region of both sister chro-
matids were counted as 2. The maximum score was 20 at any
given chromosomal region calculated from 20 sister chromatids
of each chromosome. When two sister chromatids were not sepa-
rated at the centromeric region, only a single fluorescence dot or
no dot at all was observed; therefore, these signals were excluded
from the analysis. This analysis was performed by an individual
unaware of the source of each sample.

Calculation of the recombination rate and SNP frequency

All data including results of deCODE high-resolution genetic
mapping, human genome sequence data (build33), uniSTS,
dbSNPs (build116), and ideogram data were obtained from the
NCBI ftp site (ftp://ftp.ncbi.nlm.nih.gov/). The physical posi-
tions associated with each of the deCODE genetic markers were
obtained by comparing the uniSTS IDs in the databases. The re-
combination rates at each deCODE genetic marker were calcu-
lated with the genetic position and the corresponding physical
position according to Kong et al. (2002). We calculated the mov-
ing average of the recombination rate for each chromosome with
a 3-Mb window and in 1-Mb steps. To determine the base-
substitution frequency across each chromosome, we extracted
single nucleotide substitutions from the dbSNP database dis-
counting insertions and deletions. We selected data on one-base
substitutions having only two different bases recorded in a single
position using the refSNP in dbSNP build 116 (http://
www.ncbi.nlm.nih.gov/projects/SNP/). Multispectrum data were
excluded from the calculation. The moving average of the SNP
frequency of all chromosomes was calculated with a 200-Kb win-
dow and in 50-Kb steps.
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