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Excessive exposure to UV radiation is a major risk
factor for developing skin cancer. UV-induced reac-
tive oxygen species (ROS) cause accumulation of
DNA damage products such as 8-oxoguanine (8-
oxoG) in the skin. We have previously shown that
mice lacking the repair enzyme 8-oxoguanine gly-
cosylase (Ogg1 knockout mice) are highly suscepti-
ble to skin cancer after long-term UVB exposure. To
investigate the genes involved, we performed gene
profiling of Ogg1 knockout mouse skin after UVB
exposure. Among the up-regulated genes in UVB-
treated Ogg1 knockout mice, inflammatory re-
sponse pathway-related genes were most affected.
The Vcan gene, which encodes the large extracellu-
lar matrix proteoglycan versican, was continuously
up-regulated in UVB-treated Ogg1 knockout mice,
suggesting that versican is a mediator of skin cancer
development. We examined the expression pattern
of versican in skin tumors from wild-type mice and
UVB-treated Ogg1 knockout mice, and also analyzed
157 sun-related human skin tumors. Versican was
strongly expressed in malignant skin tumors in
both mice and humans, and especially in Ogg1
knockout mice. Additionally, infiltrating neutro-
phils strongly colocalized with versican in UVB-
treated Ogg1 knockout mouse skin. These data
demonstrate that inflammatory responses, particu-
larly neutrophil infiltration and versican up-regula-
tion, are closely involved in UVB/ROS-induced skin
tumorigenesis. (Am J Pathol 2011, 179:3056–3065; DOI:
10.1016/j.ajpath.2011.08.042)
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The mechanism of sunlight-induced skin carcinogenesis
has been extensively investigated, and direct DNA dam-
age with subsequent generation of dipyrimidine photo-
products has been considered a major cause of skin
cancer.1,2 On the other hand, UV irradiation is known to
induce the generation of reactive oxygen species (ROS),
which in turn cause various types of DNA damage.
Among many oxidative DNA base modifications, 8-ox-
oguanine (8-oxoG) pairs with adenine as well as cytosine
during DNA replication, resulting in GC¡TA muta-
tions.3–5 Accumulation of 8-oxoG has been shown in skin
cells after irradiation with UVB (wavelength, 280 to 320
nm).6 UV-induced 8-oxoG has been recognized as re-
sponsible for development of skin cancers in both hu-
mans and animals.7,8

In mammalian cells, Ogg1 encodes a DNA glycosy-
lase/apurinic/apyrimidinic (AP) lyase that is responsible
for the excision of 8-oxoG from DNA.9 We showed that
Ogg1 knockout mice exhibit impaired ability to excise
8-oxoG from DNA in epidermal cells after UVB exposure
and that Ogg1 knockout mice develop significantly more
skin tumors after long-term UVB irradiation than do wild-
type or heterozygous mice.7 In addition, we found that
the ratio and incidence of malignant skin tumors pro-
duced by chronic UVB irradiation in Ogg1 knockout mice
is significantly higher and occurs at an earlier age than in
wild-type or heterozygous mice. Nonetheless, the mech-
anisms underlying the highly susceptible phenotype of
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Ogg1 knockout mice for developing UVB-induced skin
cancers remain to be fully elucidated.

In the present study, we performed gene profiling of
UVB-irradiated skin to investigate the relevant genes in-
volved in the susceptibility to skin cancer in Ogg1 knock-
out mice. We found that inflammatory pathway-related
genes were most significantly affected among the up-
regulated genes in Ogg1 knockout mice. Among the con-
tinuously up-regulated genes in Ogg1 knockout mice af-
ter UVB exposure, the expression of Vcan (the gene
encoding versican, a large chondroitin sulfate proteogly-
can) significantly and persistently differed between wild-
type and Ogg1 knockout mice after UVB exposure. Ver-
sican is a component of the extracellular matrix (ECM). It
participates in the release of cytokines from the ECM and
interacts with other ECM molecules, including collagen,
proteoglycans, hyaluronan, and glycoproteins.10,11 We
studied versican expression in skin tumors of wild-type
and Ogg1 knockout mice after long-term UVB exposure,
as well as in human sunlight-related skin tumors, and
found that strong versican expression is highly associ-
ated with UV/ROS-related skin tumors. To study the
role of versican in ROS-induced 8-oxoG accumulation,
the inflammatory response, and the development of
skin tumors, we further assessed the involvement of
neutrophil infiltration in UVB-exposed wild-type and
Ogg1 knockout mice.

Materials and Methods

Mice

C57BL/6J Ogg1 knockout mice12 and their respective
wild-type counterparts were used for gene profiling of the
skin and for immunohistochemical studies after UVB ex-
posure. Mice aged 8 to 9 weeks were selected for all
studies. We inbred Ogg1 heterozygous mice (C57BL/6J;
n � 12), and their genotype was determined as de-
scribed previously.12 The mice were housed under spe-
cial pathogen-free conditions, and all animal experi-
ments were conducted according to the Guidelines for
Animal Experimentation of the Kobe University School
of Medicine.

RNA Isolation, Gene Expression Profiling, and
Real-Time Quantitative PCR

RNAs from skin isolated at each time point were used for
microarray and real-time PCR analyses. After genotyp-
ing, tissue samples were pooled into two separate
groups per genotype for biological replicates. The dupli-
cated RNAs were isolated according to a method de-
scribed previously,13 and cyanine 5-labeled cRNAs were
generated and hybridized to the CodeLink Mouse Whole
Genome Bioarray (35K; Filgen, Nagoya, Japan). Data
were analyzed using the Microarray Data Analysis Tool
software (version 3.2; Filgen). After screening out weakly
labeled genes (ie, those with a weak signal), we analyzed
only strongly labeled genes normalized with GAPDH lev-

els. Genes with a fold difference of �1.5 or �0.5 were
considered significant and were subjected to a validation
study, such as real-time quantitative RT-PCR.

To study kinetic gene regulation after UVB exposure,
gene clusters were defined with the primary focus on
expression at 24 hours after UVB exposure, the time point
at which the most significant difference in 8-oxoG forma-
tion was observed.7 The significant genes expressed at 3
and 24 hours after UVB exposure were categorized into
six clusters, as follows, in terms of expression at 3 and 24
hours after UVB exposure: up-regulated and up-regu-
lated (cluster 1), not significant and up-regulated (cluster
2), down-regulated and up-regulated (cluster 3), down-
regulated and down-regulated (cluster 4), not significant
and down-regulated (cluster 5), and up-regulated and
down-regulated (cluster 6). Pathway analysis for samples
exposed to 24 hours of UVB was performed with Microar-
ray Data Analysis Tool software (version 3.2; Filgen, Na-
goya, Japan), which uses GenMAPP (http://www.
genmapp.org) and WikiPathways (http://wikipathways.
org/index.php/WikiPathways) databases. Once a group of
statistically significant (P � 0.05) pathway genes was
formed, gene relationships within pathways were visual-
ized with schematic figures obtained from WikiPathways.

Two-step real-time quantitative RT-PCR using Univer-
sal ProbeLibrary (LightCycler 480 System II; Roche,
Mannheim, Germany) was performed to confirm microar-
ray results. The following genes were analyzed using
real-time PCR: Il1b, Vcan, Apod, Saa3, Aif1, Fbn1, Slit2,
Mmp2, Tnf (alias Tnfa), and Cxcl1 (alias KC). Total RNAs
from the back skin of wild-type mice isolated at 24 hours
after UVB exposure at 250 mJ/cm2 were used to generate
a standard curve. Each group of RNAs was assayed in
duplicate samples by real-time PCR. Expression levels
were normalized to those of GAPDH. The primers pairs
were designed in the hyaluronan-binding region domain
encompassing the intron of Vcan: 5=-TGGGATTGAAGA-
CACTCAGGA-3= as a forward primer in exon 3 and 5=-
TGGCTGCCCTGTAGTGAAA-3= as a reverse primer in
exon 4.14 Statistical differences were determined using
an unpaired t-test for relative mRNA expression ana-
lyzed; P � 0.05 was considered to be statistically signif-
icant.

UVB Irradiation

Banks of six TL 20W/12RS fluorescent lamps (Philips,
Eindhoven, Holland) were used to irradiate the mice with
broad-band UVB. These lamps emit a continuous spec-
trum from 275 to 390 nm, with peak emission at 313 nm;
approximately 65% of that radiation is within the UVB
wavelength range. The irradiance was 3.8 J/m2 · s for the
lamps at a distance of 40 cm, as measured by an UVR-
305/365D digital radiometer (Tokyo Optical Company;
Tokyo Kogaku Kikai KK, Tokyo, Japan). Before the back
skin of mice was taken, the backs of the mice were
shaved; the mice were then placed 40 cm below the bank
of lamps and were irradiated. For immunohistochemical
and immunofluorescence studies, 8-week-old mice were
irradiated with UVB at 250 mJ/cm2, which is the approx-

imate minimal erythema dose for C57BL/6J mice.

http://www.genmapp.org
http://www.genmapp.org
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3058 Kunisada et al
AJP December 2011, Vol. 179, No. 6
Analysis of UV-Induced Murine Skin Tumors
and Sun-Related Human Skin Tumors

All skin tumors developed in wild-type and Ogg1 knock-
out mice after chronic exposure to UVB were sampled for
immunohistochemical analyses. Tumors were induced by
irradiation with broadband UVB at the minimal erythema
dose three times per week for 40 weeks.7,15 The histo-
logically examined wild-type samples were squamous
cell carcinoma (SCC; n � 5), sarcoma (n � 1), and
papilloma (n � 5); the Ogg1 knockout samples were SCC
(n � 19), sarcoma (n � 4), and papilloma (n � 3). Human
skin tumor samples were also examined for immunohis-
tochemical analysis. Patient samples previously exam-
ined by independent dermatopathologists were selected
from the archival tissue sample collection of the Division
of Dermatology of the Kobe University of Medicine. We
focused primarily on human UV-induced malignant and
benign tumors. The tumors selected (except for malig-
nant melanoma, all the tumors had developed on sun-
exposed skin areas) were as follows: malignant mela-
noma (n � 32), lentigo maligna melanoma (n � 11),
superficial spreading melanoma (n � 7), acral lentiginous
melanoma (n � 11), nodular melanoma (n �3), basal cell
carcinoma (n � 30), SCC (n � 27), and actinic keratosis
(n � 25). In addition, seborrheic keratosis (n � 25) and
lentigo senilis (n � 18) lesions were selected as the
benign counterparts.

Histology and Immunohistochemistry

For histological analyses, the back skin from wild-type
and Ogg1 knockout mice, dissected at each time point,
was fixed in neutralized 10% formalin and embedded in
paraffin. Then, 4-�m sections were cut, deparaffinized,
rehydrated, and washed in PBS. Sections placed in 10
mmol/L of citrate buffer (pH 6.0) were microwaved three
times for 5 minutes. After blocking of endogenous perox-
idase, nonspecific binding sites were blocked by incu-
bating the sections with protein blocking serum (Dako,
Kyoto, Japan). Sections were incubated for 16 hours at
4°C with the following primary antibodies: rabbit poly-
clonal anti-mouse IL-1� (1:1000 dilution; Abcam, Cam-
bridge, MA), rabbit polyclonal anti-mouse versican (1:
100 dilution; LifeSpan Biosciences, Seattle, WA), rabbit
polyclonal anti-human versican (1:125 dilution; Atlas An-
tibodies, Stockholm, Sweden), or rabbit polyclonal anti-
mouse p53 (CM5) (1:500 dilution; Leica Biosystems New-
castle, Newcastle upon Tyne, UK). The antibody of
murine versican that is capable of detecting glycosami-
noglycan domain � could identify V0 and V1 isoforms,
which have been shown to be functional in cell prolifer-
ation and anti-apoptosis.16 Human versican antibody can
be used to detect hyaluronan-binding domain; it was
used to detect the V0, V1, V2, and V3 isoforms. After a
washing with PBS, the sections were incubated with bio-
tin-conjugated anti-rabbit IgG (IgG; Dako) for 20 minutes
at room temperature, followed by incubation for 15 min-
utes with streptavidin-conjugated horseradish peroxi-

dase (Dako) at room temperature before counterstaining
with hematoxylin. Finally, sections were mounted with
Glycergel mounting medium (Dako). Samples were ana-
lyzed under an all-in-one fluorescence microscope
(Biozero BZ-8000; Keyence, Osaka, Japan). For immu-
nofluorescence staining, 4-�m frozen sections were in-
cubated with the rat monoclonal anti-mouse Ly-6G/Gr-1
antibody (1:100 dilution; Pharmingen; BD Biosciences,
San Diego, CA) or the rabbit polyclonal anti-mouse ver-
sican antibody (1:100 dilution; LifeSpan Biosciences).
Then, sections were incubated with Alexa Fluor 488-con-
jugated secondary antibodies (Invitrogen, Carlsbad, CA)
before applying DAPI (Invitrogen). Versican positivity in
mouse and human tumors was analyzed and classified
as high (�50% of positive cells) or low (�50%), diag-
nosed by two independent dermatopathologists (C.N.
and R.O.). To quantify the number of neutrophils present
in mouse skin samples after UVB exposure, the number
of granulocyte receptor-1 (Gr-1)-positive cells detected
by immunofluorescence was counted in ten 800-�m2 ar-
eas. The average number of Gr-1-positive cells was then
calculated for each genotype.

Statistical differences were determined using an un-
paired t-test for the number of Gr-1 positive cells ana-
lyzed; P � 0.05 was considered to be statistically sig-
nificant.

Western Blot Analysis

Western blotting was performed as described previ-
ously.17 Briefly, 10.0 �g of protein was electrophoresed
on 10% sodium dodecylsulfate-polyacrylamide gels and
transferred to polyvinylidene difluoride membranes.
Membranes were incubated with rabbit polyclonal anti-
mouse versican (1:1000 dilution; LifeSpan Biosciences),
rabbit polyclonal anti-mouse p53 (CM5) (1:2000 dilution;
Leica Biosystems Newcastle), or �/�-tubulin (1:500 dilu-
tion; Cell Signaling Technology, Danvers, MA) as loading
control, followed by reaction with alkaline phosphatase-
linked IgG (Promega, Madison, WI). Immunoreactive
bands were visualized after reaction with Nitro Blue Tet-
razolium/5-bromo-4-chloro-3=-indole phosphate (NBT/
BCIP) solution (Promega).

Results

Time-Course Analysis of Gene Expression in
Ogg1 Knockout Mice after UVB Exposure

To investigate which genes are up- or down-regulated
after UVB irradiation in wild-type and Ogg1 knockout
mice, we performed microarray gene profiling of skin at 3
and 24 hours after exposure. We extracted the significant
genes at each time point and sorted the genes with a fold
difference of �1.5 or �0.5, after excluding low-intensity
signals. This microarray study revealed that 255 genes
were up-regulated and 426 genes were down-regulated
in Ogg1 knockout mice at 3 hours after UVB exposure
and that 372 and 206 genes were up- and down-regu-
lated at 24 hours after UVB exposure, respectively

(Figure 1A). To understand the kinetics of gene regulation
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after UVB exposure, gene clusters were defined with a
primary focus on expression at 24 hours after UVB expo-
sure, at which point the most significant difference in
8-oxoG formation was observed.7 The main reason for
using cluster analysis in the present study was to identify
the constitutively up-regulated (down-regulated) genes
because we speculated that among those genes, there
may be the most probable candidate genes for skin can-
cers with positive (negative) driving forces by up-regu-
lated (down-regulated) genes. The numbers of significant
genes in each cluster at 3 and 24 hours after UVB expo-
sure are presented in Figure 1B. These data were further
analyzed in our next study.

The Inflammatory Pathway Is the Most Affected
among Up-Regulated Genes at 24 Hours after
UVB Exposure

Previously, we have shown by immunohistochemistry that
UVB-induced epidermal 8-oxoG accumulation is signifi-

Figure 1. Time-course analysis of gene expression in Ogg1 knockout mouse
skin after UVB exposure. A: Genes up- or down-regulated at 3 and 24 hours
after exposure of Ogg1 knockout and wild-type mice to UVB. Dots represent
genes with an expression difference of �1.5 or �0.5 times (significant genes)
after exclusion of low-intensity microarray signals. Red and blue dots repre-
sent up- and down-regulated genes in Ogg1-knockout, respectively, with the
number of up- and down-regulated genes indicated in the corresponding
color. B: Clusters of up- and down-regulated genes at each time point were
categorized based on the trend of up- or down-regulation at 3 and 24 hours
after UVB exposure. Schematics are shown for the six clusters, along with the
number of genes assigned to each cluster.
cantly different between wild-type and Ogg1 knockout
mice at 24 hours, compared with 3 hours, after UVB
exposure.7 First, to elucidate gene regulation in terms of
the pathways affected in Ogg1-knockout mice after UVB,
we performed pathway analysis using the Microarray
Data Analysis Tool (GenMAPP and WikiPathways) for 372
up-regulated and 206 down-regulated genes in Ogg1-
knockout at 24 hours after UVB exposure. We selected
significant pathways with high Z-score and low P value
(�0.5). Surprisingly, the inflammatory response pathway
was the most significantly affected pathway, with 7 of 39
genes altered (Table 1). The second most significant
pathway was the complement and coagulation cascade.
We further investigated the significant genes involved in
the inflammatory pathway. Those genes included Il1b,
Cd80, Col1a2, Col3a1, Fn1, Fcgr1, and Ighm (alias Igh-6).
The pathway involvement of seven genes previously
shown to be related to the skin is presented in Figure 2A.

We selected Il1b, which is one of the key genes ex-
pressed by macrophages, for validation studies. Using real-
time quantitative RT-PCR, we confirmed that the expression
levels of Il1b in Ogg1 knockout mice at 24 hours after UVB
exposure were 7.1-fold higher than in the wild-type coun-
terparts (Figure 2B). Moreover, we studied the expression
pattern of IL-1� in the skin of UVB-exposed or control Ogg1
knockout mice. Expression of IL-1� in the epidermis and
dermal cells in Ogg1 knockout mice was higher than in the
wild-type mice. On the other hand, nonirradiated skin was
negative for IL-1� (Figure 2C), which is consistent with re-
sults from the microarray and real-time PCR analyses.

Versican Is Strongly Up-Regulated in the Skin
and in UVB-Induced Tumors of Ogg1 Knockout
Mice

Accumulation of 8-oxoG in the epidermis at 3 and 24
hours after UVB exposure is higher in Ogg1 knockout
mice than in wild-type mice, implying that the continu-
ously up- or down-regulated genes are involved in skin
tumor development in Ogg1 knockout mice.7 Next, we
focused on constitutively up-regulated (or down-regu-

Table 1. Pathway Analysis for Changes in Gene Expression in
Ogg1�/� Mice 24 Hours after UVB Exposure

Pathway name*

Total
genes
(no.)

Changed
expression

(no.) P value

Increased Expression
Inflammatory response 39 7 0.000054
Complement/coagulation 56 7 0.00042
Striated muscle contraction 41 5 0.0032
Complement activation

(classical pathway)
13 3 0.0049

Decreased Expression
Hypertrophy model 19 3 0.0015
GPCR (class A,

rhodopsin-like)
187 7 0.0035

Id signaling pathway 48 3 0.016
Small ligand GPCRs 19 2 0.020

*Top four pathways involving significantly increased or decreased

gene expression, as extracted from microarray data.

GPCR, G protein-coupled receptor.
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lated) genes, because we speculated that some of these
genes are the most probable candidate genes for devel-
oping skin cancers with correspondingly positive or neg-
ative driving forces of the up-regulated or down-regu-
lated) genes. Of note, 22 continuously up-regulated
genes (cluster 1) were observed in gene clusters, but
only one gene was continuously down-regulated (cluster
4) (Figure 1B). These data suggest that some of the 22
continuously up-regulated genes in UVB-exposed Ogg1
knockout mice are likely to contribute to skin carcinogen-
esis. These 22 genes are detailed in Table 2.

We performed validation studies for some of the 22
genes by real-time quantitative RT-PCR. Consistent with
the microarray data, the expressions of Vcan, Saa3, Fbn1,
and Slit2 were significantly higher in Ogg1 knockout mice
than in wild-type mice, both at 3 and at 24 hours after
UVB exposure (Figure 3A). Again, in agreement with the
microarray data, the expression levels of Apod and Aif1 in
Ogg1 knockout mice were nearly twice of those in wild-
type mice (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Of the six genes analyzed by RT-PCR,
versican (Vcan) expression most significantly differed be-
tween the wild-type and knockout mice; knockout levels
were 2.9- and 7.2-fold higher than wild-type at 3 and 24

Figure 2. The inflammatory pathway is the most affected among the up-
regulated genes at 24 hours after UVB exposure. A: The relationships among
significantly up-regulated genes involved in inflammatory response path-
ways in Ogg1 knockout mice at 24 hours after UVB exposure. Significantly
up-regulated genes, previously shown to be involved in skin, were selected
from microarray data (red rectangles). The schematic figure was modified
from WikiPathways (available at http://www.wikipathways.org/index.php/
Pathway:WP458). B: Relative IL-1� gene expression levels in wild-type (WT)
and Ogg1 knockout (KO) mouse skin, as determined by real-time quantita-
tive PCR. Each of the two groups of RNAs isolated from wild-type and Ogg1
knockout mice was assayed in duplicate. **P � 0.01. Data are representative
of three separate determinations. C: IL-1� gene expression levels in the skin
of wild-type and Ogg1 knockout mice at 24 hours after UVB exposure.
Positive signals are seen as reddish-brown deposits produced on reaction
with the 3-amino-9-ethylcarbazole substrate. The UVB dose was 250 mJ/cm2.
Weak or no expression of IL-1� is seen in wild-type mouse skin with and
without UVB exposure. Scale bar � 30 �m.
hours after UVB exposure, respectively. Versican is
widely expressed in the skin18 and has been implicated
in a wide variety of biological functions during tumorigen-
esis.11,19,20 We therefore focused on versican to further
dissect the UVB-induced skin carcinogenic phenotype of
Ogg1 knockout mice.

To determine the expression pattern of versican in the
skin after UVB exposure, we performed immunohisto-
chemical staining for versican on the skin of control and
UVB-irradiated (24 hours) wild-type and Ogg1 knockout
mice. In wild-type mice, versican was strongly expressed
in the epidermis after UVB exposure, but was barely
expressed in nonexposed skin (Figure 3B). On the other
hand, versican expression was markedly stronger in
Ogg1 knockout mice at 24 hours after UVB exposure than
the wild-type counterparts; this strong expression was
observed not only in the epidermis but also in some
dermal components, such as fibroblasts (Figure 3B). We
also performed Western blot analysis for versican of the
wild-type and Ogg1 knockout mouse skin after UVB ex-
posure and found that versican was more up-regulated in
the knockout mice than in the wild-type mice at both 24

Table 2. Increased Expression of 22 Genes in Ogg1�/� Mice at
3 and 24 Hours after UVB Exposure

Gene symbol Gene name

1 Bst2 Bone marrow stromal cell antigen 2
2 Cfb Complement factor B
3 Cxcl13 Chemokine (C-X-C motif) ligand 13
4 Apod Apolipoprotein D
5 Mus musculus hemoglobin Y, beta-

like embryonic chain (Hbb-y),
mRNA

6 Ms4a6c Membrane-spanning 4-domains,
subfamily A, member 6C

7 Mus musculus Fc receptor-like
protein 2 immunoglobulin short

Isoform (Fcrh2) mRNA, complete
cds

8 Maa26e10.y1 NCI_CGAP_Li10 Mus
musculus cDNA clone

IMAGE:3812083 5
9 Tyrobp TYRO protein tyrosine kinase

binding protein
10 Vcan Versican
11 Saa3 Serum amyloid A 3
12 9530053H05Rik RIKEN cDNA 9530053H05 gene
13 Aif1 Allograft inflammatory factor 1
14 Mus musculus retinoic acid

receptor responder (tazarotene
induced) 2

(Rarres2), mRNA
15 Fcer1g Fc receptor, IgE, high affinity 1,

gamma polypeptide
16 BY765147 RIKEN full-length

enriched, activated spleen Mus
musculus

cDNA clone F830013C14 3-,
mRNA sequence

17 Pth1r Parathyroid hormone 1 receptor
18 Fbn1 Fibrillin 1
19 Slit2 Slit homolog 2 (Drosophila)
20 Gpx7 Glutathione peroxidase 7
21 Cpxm1 Carboxypeptidase X 1 (M14 family)
22 Pf4 Platelet factor 4

Increased expression was determined on the basis of a ratio of Ogg1

wild-type to knockout being �2.0, as determined from the microarray data
at each time point.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://www.wikipathways.org/index.php/Pathway:WP458
http://www.wikipathways.org/index.php/Pathway:WP458
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and 48 hours after UVB exposure. In addition, we found
that the expression levels of versican indicating V1 iso-
form were up-regulated in a time-dependent manner
(Figure 3C).

Versican Is Strongly Expressed in Skin Tumors
Induced in Ogg1 Knockout Mice after
Long-Term UVB Exposure

We found that high versican expression after single UVB
irradiation is associated with Ogg1 gene disruption. We
then investigated whether differences in versican expres-
sion between wild-type and Ogg1 knockout mice can also
be found in skin tumors induced by long-term UVB irra-
diation. We irradiated wild-type and Ogg1 knockout mice

Figure 3. Expression of continuously up-regulated genes after UVB expo-
sure. A: Four genes were significantly up-regulated at both 3 and 24 hours
after UVB exposure. Relative expression levels were determined by real-time
quantitative PCR. Each of the two groups of RNAs isolated from wild-type
and Ogg1 knockout mice was assayed in duplicate. Reactions were normal-
ized to GAPDH expression levels. *P � 0.05; **P � 0.01; and ***P � 0.001. B:
Immunohistochemical study of versican expression after UVB irradiation.
Versican is barely expressed in the wild-type mouse epidermis and dermis in
the absence of UVB irradiation. At 24 hours after UVB exposure, versican was
expressed in the wild-type epidermis. In Ogg1 knockout mice at 24 hours,
versican was strongly expressed in the epidermis (arrowheads), as well as
in dermal fibroblasts (arrows). Positive signals are seen as reddish-brown
deposits produced on reaction with the 3-amino-9-ethylcarbazole substrate.
Scale bar � 30 �m. C: Versican expression after UVB exposure, as deter-
mined by Western blotting. Versican was more strongly up-regulated in Ogg1
knockout than in wild-type mice at 24 and 48 hours after UVB exposure. This
up-regulation was time-dependent. The band at approximately 75 kDa indi-
cates that the antibody for versican can detect the V1 isoform. �/�-Tubulin
was used as the loading control. Data are representative of three separate
determinations.
with UVB for more than 40 weeks and obtained 11 tumors
in the wild-type mice and 26 tumors in the knockout mice;
we diagnosed these tumors histologically as SCC, sar-
coma, and papilloma.7 We performed immunohistochemi-
cal staining for versican in all these tumors. Versican was
expressed in 17 of 19 SCCs in the knockout mice and in 2
of 5 SCCs in the wild-type mice (Figure 4). All the sarcomas
(one in the wild-type and four in the knockout mice) were
strongly positive for versican. However, only one of five
papillomas in the wild-type and one of three papillomas in
the knockout mice were highly positive for versican (P �
0.05 for the ratio of malignant tumor/analyzed total tumors of
each genotype). Thus, versican was more highly expressed
in Ogg1 knockout mouse tumors than in the wild type. In
conclusion, versican expression is especially evident in ma-
lignant tumors, compared with benign skin tumors.

Versican Is Expressed in Various Sun-Related
Human Skin Tumors

To further examine versican expression, we investigated
whether versican is expressed in human skin tumors as-
sociated with long-term UV exposure. We performed im-
munohistochemistry in 157 human skin tumors. We se-
lected tumors that had developed on sun-exposed areas
of the skin (the exception being malignant melanoma).
Strong versican expression was seen mostly in the der-
mis and in the stromal components around the tumors,
rather than in the tumor cells (Figure 5, A and B). This
observation was more evident in malignant than in benign
tumors. Basal cell carcinoma, for instance, was positive for
versican in 80% (24/30) of the analyzed tumors; expression
was noted in stromal areas around the tumor cells (Figure
5A). Lentigo maligna melanoma, a malignant melanoma
that usually develops on chronically sun-exposed areas,
revealed strong versican expression in the dermis of 8 of 11
tumors. The other three malignant melanoma types showed
milder versican expression. These data suggest that lentigo
maligna melanoma might be strongly associated with UV/
ROS-induced 8-oxoG formation and that it might be of dif-
ferent etiology as opposed to the other malignant mela-

Figure 4. Versican expression in developing skin tumors of chronically
UVB-exposed mice. Representative histological sections of SCC tumors from
wild-type and Ogg1 knockout mice red-colored staining positively for versi-
can are shown, with a summary of versican-positive wild-type and Ogg1

knockout mouse tumors overall. *P � 0.05 for the ratio of malignant tumor
to total tumors analyzed for each genotype.
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noma types. Although versican expression was relatively
weaker in benign tumors than in malignant skin tumors,
some tumors, such as seborrheic keratosis, showed stron-
ger expression in tumor cells than in the dermis around the
tumors (Figure 5, A and B).

High Versican Expression Is Accompanied by
Inflammatory Neutrophil Infiltration

Finally, we investigated the mechanisms associated with
UVB-induced high versican expression in Ogg1 knockout
mice. Notably, we found that most human malignant and
benign tumors with high versican expression were en-
riched with inflammatory cells in the tumors or in the
dermis around them (Figure 6A). Versican was highly
expressed both in inflammatory cells, especially seg-
mented leukocytes (neutrophils), and in the dermal com-
ponent. To ascertain whether dermal neutrophils interact
with versican, we performed immunofluorescence double
staining for versican and the neutrophil marker Gr-1. We
irradiated wild-type mice with a single minimal erythema
dose of UVB and dissected the skin after 24 hours. Gr-1 and

Figure 5. Versican expression in human skin tumors. A: Immunohistochem
carcinoma, and squamous cell carcinoma) and benign (seborrheic keratosis a
keratosis tumor and the normal skin. Scale bar � 100 �m. B: Classification o
versican were colocalized in infiltrated neutrophils, indicat-
ing that UVB-induced skin neutrophils interact with versican
(Figure 6B). The interaction between versican and neutro-
phils suggests that the amount of neutrophils differs be-
tween wild-type and Ogg1 knockout mice. Indeed, when we
compared the number of neutrophils infiltrated in the dermis
at 24 and 48 hours after UVB exposure between wild-type
and Ogg1 knockout mice,20 the number of neutrophils was
significantly increased in Ogg1 knockout mice, compared
with the wild-type mice (Figure 6C). Taken together, high
versican expression in Ogg1 knockout mouse skin after
UVB exposure is highly associated with the inflammatory
response, particularly neutrophil infiltration (Figure 7).

Discussion

Gene Profiling of UVB-Irradiated Ogg1
Knockout Mice

UV rays induce ROS formation, which provoke DNA dam-
age in the skin and subsequent formation of DNA dam-
age products, such as 8-oxoG.6 Previously, we have
shown that Ogg1 knockout mice exhibit a highly carcino-

y of versican expression in malignant (lentigo maligna melanoma, basal cell
o senilis) tumors. Arrowheads indicate the borders between the seborrheic
n expression in skin tumors, grouped as dermal and stromal versus tumoral.
ical stud
genic phenotype, with more early-induced malignant skin
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tumors than their wild-type counterparts.7 Although sev-
eral gene profiling studies have addressed the UVB re-
sponse using primary human keratinocytes21 or human
skin xenografts22 or the radiation effects using Ogg1-
deficient human leukemia cell lines,23 the gene pathways
in the Ogg1-mediated UVB response remain to be eluci-
dated. We found that the most affected pathway in Ogg1
knockout mice is the inflammatory response pathway.
Although the accumulation of DNA damage does not
seem to directly influence the inflammatory response,
persistent DNA damage response might allow the dam-
aged cells to compromise the biological state of the sur-
rounding tissue, which then secretes inflammatory cyto-
kines. This altered inflammatory state will create a
permissive microenvironment that allows the proliferation
and metastasis of tumor cells.24,25 Rodier et al26 reported
that irreparably large radiation doses induce DNA dou-
ble-strand breaks and increase IL-6 secretion. We com-
pared IL-6 levels after 250 mJ/cm2 of UVB irradiation
(approximately 1 minimal erythema dose) between the
wild-type and Ogg1 knockout mice by real-time PCR and
found that Ogg1 knockout mice express significantly

Figure 6. Versican expression and neutrophil localization in human and
murine skin tumors. A: Versican expression and inflammatory cells in human
squamous cell carcinoma. Versican is strongly expressed in the dermal
components (arrows) and inflammatory cells (arrowheads), seen at low
magnification (left) and high magnification (right). Two focused areas are
taken from different part of sections. Inflammatory cells, especially seg-
mented leukocytes (neutrophils) (arrowheads), were strongly positive for
versican. Scale bars � 30 �m. B: Versican expression and neutrophils in
mouse skin. In the merged iamge, neutrophils with versican expression
(arrows) appear yellow. Scale bar � 30 �m. C: Neutrophil infiltration after
UVB irradiation in wild-type and Ogg1 knockout mice. Arrows indicate
Gr-1-positive cells (green) in the dermis at 24 and 48 hours after UVB
exposure in the wild-type and Ogg1 knockout mice. Scale bar � 30 �m. The
accompanying graphs show the average number of neutrophils per 800 �m2

at each time point. *P � 0.02.
higher levels of IL-6 at 3 and 24 hours after UVB exposure
than do wild-type mice (see Supplemental Figure S2 at
http://ajp.amjpathol.org). We also performed RT-PCR for
inflammatory Mmp2 and Tnf, but found no significant
difference between the two Ogg1 genotypes (data not
shown).

The present data indicate that IL-1� and IL-6 are the
most important candidate cytokines to induce inflamma-
tory conditions associated with 8-oxoG accumulation af-
ter UVB exposure. However, the exact inflammatory path-
way genes that are involved in 8-oxoG-induced skin
tumorigenesis still remain to be fully elucidated.

Role of Versican in UVB/8-OxoG-Induced Skin
Tumorigenesis in Mice and Humans

Versican is a large chondroitin sulfate proteoglycan.27 In
the skin, versican is expressed not only in the associated
elastic fibers in the dermis but also in the epidermis, hair
follicles, and sweat glands.18,28 Versican is also known to
be expressed in photoaged skin,29 which is consistent
with our immunohistochemical finding that chronically
sun-exposed skin tumors of Ogg1 knockout mice ex-
pressed high levels of versican, thus implying that con-
tinuous accumulation of 8-oxoG induced by UV leads to
versican overexpression and photoaged skin. Versican
has also been reported in a wide variety of cancers.16,19

Elevated expression of stromal versican predicted in-
creased risk and rate of relapse.30 Moreover, versican is
highly expressed in the metastatic lesions of pharyngeal

Figure 7. Proposed relationships of versican in the inflammatory response
leading to the development of skin tumors in terms of UVB-induced 8-oxoG
accumulation. The accumulation of UVB/ROS-induced 8-oxoG in the skin
leads to inflammatory reactions. High versican expression is induced by a
highly inflammatory microenvironment with high numbers of infiltrated neu-

trophils; conversely, neutrophil infiltration induces versican overexpression.
More ROS will be generated at the inflammatory sites by neutrophils.

http://ajp.amjpathol.org
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squamous cell carcinoma.31 Our immunohistochemistry
studies revealed that versican expression is significantly
higher in UVB-exposed Ogg1 knockout mice than in the
wild-type counterparts. Versican overexpression induces
skin tumor development, especially malignant tumors in
Ogg1 knockout mice exposed to long-term UVB irradia-
tion. In mouse skin tumors, versican is expressed in not
only the dermal stroma but also intracellular components
of the epidermis. These observations are in agreement
with the results from immunohistochemical studies in the
skin at 24 hours after UVB irradiation (Figure 3B). Further-
more, we evaluated human skin tumors related to long-
term UV exposure and found that several skin tumors,
including malignant melanomas, exhibit high versican
expression. These data suggest that human UV-related
skin tumors are associated with UV-induced 8-oxoG
generation, as well as other DNA damage products
previously reported to cause mutation-prone DNA
damages by UV,2 such as cyclobutane pyrimidine
dimers and (6-4) photoproducts.

Among the various types of benign and malignant tumors
analyzed in the present study, malignant melanomas exhib-
ited a distinct expression pattern for versican. Of the four
malignant melanoma types analyzed (ie, lentigo maligna
melanoma, superficial spreading melanoma, acral lentigi-
nous melanoma, and nodular melanoma), lentigo maligna
melanoma, which is thought to be strongly associated with
chronic UV exposure, showed the strongest versican ex-
pression. These results indicate that these four subtypes of
malignant melanoma have different pathogenesis in terms
of UV induction and 8-oxoG accumulation. Versican was
significantly and strongly expressed in basal cell carci-
noma, another UV-related skin tumor, especially in the stro-
mal components surrounding the tumors. Although strong
versican expression in basal cell carcinoma could be attrib-
uted to 8-oxoG accumulation after long-term UV exposure,
we consider the possibility that development of basal cell
carcinoma is associated with versican up-regulation
through epithelial and mesenchymal interactions that occur
during hair follicle development. In fact, basal cell carci-
noma is a hair follicle-oriented tumor, and the versican pro-
moter is activated during hair follicle development.32

Interaction between 8-OxoG and Versican in the
Development of Skin Tumors

Gene profiling of UVB-irradiated Ogg1 knockout mouse
skin showed that 8-oxoG accumulation in the skin leads
to high inflammatory responses. Furthermore, the highly
inflammatory state in Ogg1 knockout mice is accompa-
nied by neutrophil infiltration. Neutrophil infiltration might
increase the susceptibility of the epidermal and dermal
microenvironment to the development of versican-posi-
tive skin cancers, which might be one of the mechanisms
for high 8-oxoG accumulation leading to high versican
expression in skin tumors (Figure 6). These data are
consistent with a previous report showing that a chon-
droitin sulfate proteoglycan such as versican has a spe-
cific receptor for platelet factor 4 (PL-4), a member of the

�-chemokine subfamily of cytokines on human neutro-
phils33 (Table 2). Versican carries many strong negatively
charged glycosaminoglycans. One of the main glycos-
aminoglycans, chondroitin sulfate, establishes the inter-
action between versican and various cytokines and
chemokines,34 modulating their function.10 The interac-
tion of L- and P-selectins and the CD44-expressing leu-
kocytes, fibroblasts, and epithelial cells with versican
also suggests a role of versican in leukocyte infiltration
into the ECM.35 In addition, P-selectin glycoprotein li-
gand-1 (PSGL-1), a glycoprotein expressed on the cell
surface of neutrophils, binds to the G3 domain of the
extracellular proteoglycan versican and mediates leuko-
cyte aggregation, which might be another implication of
association between versican and neutrophils.36,37

In the present study, the levels of IL-6, a key cytokine
triggered by persistent DNA damage,26 were signifi-
cantly up-regulated in Ogg1 knockout mouse skin at both
3 and 24 hours after UVB exposure (see Supplemental
Figure S2 at http://ajp.amjpathol.org). Previously, we
showed that Cxcl1/KC, a chemoreactant gene, is associ-
ated with neutrophils during skin inflammation and is
more up-regulated when UVB is irradiated.38 In the pres-
ent study, we found no differences in Cxcl1/KC expres-
sion in the skin of UVB-exposed wild-type and Ogg1
knockout mice, as determined by real-time PCR (data not
shown). Recently, it was reported that versican functions
as a macrophage activator via the Toll-like receptor fam-
ily members TLR2 and TLR6, leading to a more inflam-
matory microenvironment in which cancer cells can be
easily grown.25,39 Kim et al25 reported the up-regulation
of Il1b in metastatic Lewis lung carcinoma and showed
that versican functions as a macrophage activator. Our
present data indicate that IL-1� and IL-6 are the most
important candidate cytokines in inducing inflammation
associated with 8-oxoG accumulation after UVB expo-
sure. Versican and the inflammatory response might be
reciprocally up-regulated in the skin after UVB exposure.
A highly inflammatory microenvironment that is rich in
neutrophils will produce more ROS by positive feed-
back40 (Figure 7). Although our present data clearly sug-
gest that high versican expression colocalizes with neu-
trophil infiltrated in UVB-exposed Ogg1 knockout mice
skin, the exact cytokine profile associated with those
interactions, and whether the accumulation of 8-oxoG
up-regulates versican directly after UVB exposure, re-
main to be elucidated.

In conclusion, the accumulation of UVB/ROS-induced
8-oxoG in the skin leads to inflammatory reactions. A
highly inflammatory microenvironment characterized by
neutrophil infiltration up-regulates versican expression.
Versican overexpression contributes to more aggravated
skin inflammation, ultimately leading to the development
of skin tumors. The present study provides new clues for
understanding the mechanism underlying ROS-induced
skin tumorigenesis after UV irradiation.
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