
INTRODUCTION

The skin is a physiological barrier against envi-
ronmental stressors such as sunlight, pathogens,
and chemical/physical insults. One of the predomi-
nant environmental stressors for the skin is ultra-
violet (UV) radiation, especially ultraviolet B (UVB)
with a wavelength range between 290 and 320 nm
(1). To protect the skin against the DNA-damaging
effects of UVB, the skin is endowed with highly
complicated cellular programs, including cell-cycle
arrest, DNA repair, and apoptosis (2, 3). To provide
systemic protection, skin cells also have numerous

defense mechanisms, presumably evolving from a
network of intracellular communications coordi-
nated by messages from the local neuro - endocrine-
immune system (4).

Exposure to UV radiation suppresses systemic
immune responses largely by modulating cytokine
gene expression in skin keratinocytes (5-8). How-
ever, information on the molecular mechanism of
the UV - induced response has been provided mostly
through the use of cultured cell lines (9 - 11), and
those studies in vitro may not evenly reflect local
and systemic responses in vivo (12).

The local skin defense machinery communicates
with circulating blood leukocytes by producing cy-
tokines and other inflammatory mediators (13).
Peripheral blood leukocytes express receptors for
these mediators and also produce various biologi-
cally active molecules. Thus, peripheral blood leu-
kocytes may be one of appropriate targets for the
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detection and assessment of local or systemic re-
sponses to UVB irradiation.

Acute UVB irradiation causes not only sunburn
but also fatigue, and decreases local and systemic
immunities. Chronic and persistent exposure to
UVB is carcinogenic. To prevent these hazardous
effects, it is potentially useful to identify markers
sensitive to UVB irradiation in peripheral blood. In
this study, we recruited healthy male volunteers,
exposed them to a sub-clinical dose of UVB, and
examined gene expression profiles in peripheral
blood cells (PBC) using a microarray carrying oli-
gonucleotide (80 mer) probes for 2,000 stress-re-
sponsive genes. Here we show 9 genes identified
as sensitive markers for UVB stress.

MATERIALS AND METHODS

Subjects

Eleven healthy male Japanese volunteers with
either skin type III or IV were recruited for the
study. They were all in good physical health, non-
smokers, and receiving no medications (median
age 27.2 years, range 23 - 39 years). The study
was approved by the Human Study Committee of
Tokushima University Hospital. A written informed
consent was obtained from each participant prior
to the study.

Narrow-band (NB) UVB irradiation and blood col-
lection

Eleven subjects were exposed to NB - UVB of
0.3J/cm2, about half of minimal erythema dose
(MED : the smallest amount of energy to produce
a perceptible erythema) in Japanese, on the entire
body except the face and genital region in a spe-
cial cabinet equipped with 20 NB-UVB bulbs emit-
ting a very short range of wavelengths from 311 to
315 nm exclusively (UV7001K-TL01, Waldmann,
Villingen-Schwenningen, Germany). The irradia-
tion was performed between 13 : 00 to 14 : 00. Pe-
ripheral venous blood (12 ml) was taken from
each subject immediately before and 4 h, 24 h, 4 d,
and 7 d after UVB irradiation. Two ml of blood was
used for total and differential leukocyte counts,
and remaining 10 ml of the blood was poured into
PAXgeneTM Blood RNA tubes (Becton Dickinson,
Franklin Lakes, NJ).

Construction of microarray

We had originally developed a complementary

DNA (cDNA) microarray specifically designed to
assess stress response in peripheral blood cells (14,
15). This carried cDNA probes for 1,467 genes that
were detected in total RNA from peripheral blood by
reverse transcriptase (RT)-PCR. In this study, we
constructed a new microarray carrying 80-mer oli-
gonucleotide probes for the above 1,467 genes and
newly added 400 genes that are categorized into
drug metabolism (see http://www.hitachi.co.jp/LS/
for the full list of genes). These oligonucleotide
probes were designed using original software from
Hitachi, Ltd. (Saitama, Japan). The microarray
showed high reproducibility with a mean coefficient
of variation of less than 10%, and the dynamic ranges
were three orders of magnitude. This microarray
was purchased from Hitachi, Ltd.

RNA preparation, amplification, and hybridization

RNA was isolated from PAXgeneTM Blood RNA
tubes using a PAXgene blood RNA kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
protocol. Contaminated DNA was removed using a
DNase-kit (Qiagen). The quality of resultant RNA
was checked with an Agilent 2100 Bioanalyzer us-
ing an RNA 6000 Nano Labchip kit (Agilent Tech-
nologies, Palo Alto, CA). Five micrograms of total
RNA from randomly selected 6 subjects were re-
verse transcribed with an oligo dT primer conju-
gating T7 sequence. Yielded first strand cDNA com-
plementary to poly (A) RNA was amplified by us-
ing MEGAscript T7 in vitro RNA transcription kit
(Applied Biosystems, Foster City, CA). Amplified
RNA (6 μg) was reverse transcribed by using ran-
dom hexamers and aminoallyl -dUTP. The synthe-
sized cDNA was labeled with dye (NHS-ester Cy5
or Cy3 ; Amersham Biosciences, Piscataway, NJ).
Cy5-cDNAs from each blood sample collected at the
indicated times after UV irradiation were mixed with
the equivalent amount of Cy3-cDNAs, which was
from each subject prior to UV irradiation. Hybridi-
zation of the oligonucleotide microarray was per-
formed at 62��for 12 h. After washing, fluorescence
intensity at each spot was assayed using a scanner
(ScanArray 5000 ; GSI - Lumonics, Billerica, MA).

Data analysis

Signal intensities of Cy5 and Cy3 were quanti-
fied and analyzed by subtracting backgrounds us-
ing QuantArray software (GSI -Lumonics, Billerica,
MA). The intensity values for duplicate oligoDNA
probes were averaged. Following global normali-
zation, we selected 1,095 genes having fluorescence
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intensities higher than the cut -off value of 300 for
either Cy5 or Cy3 conditions among all 24 -paired
samples. In order to consider the quality criteria of
our microarray chip, we performed comparative ex-
periments by hybridizing the same 2 samples on
one microarray chip after labeling Cy5 and Cy3
dye separately (self -self test). Based on results of
these experiments, we decided that cut - off values
higher than 300 are sufficient for analysis. The rela-
tive expression values (Cy5/Cy3) for 1,095 genes
were subjected to hierarchical clustering using
GeneSpring 7.3 software (Agilent), and similarity
was measured by standard correlation. After Cy5/
Cy3 ratios of 1,095 genes were transformed to loga-
rithms, statistical significance between UV irradia-
tion and non- irradiated controls was examined by
the paired t - test using Cyber -T stats program writ-
ten in the R stats language (available at http : //
visitor.ics.uci.edu/genex/cybert/help/index.html).
Statistical significance was defined as a Bonferroni-
corrected P value of < 0.05.

Quantitative real-time RT-PCR

Total RNA (0.5 μg) was prepared as a template for
cDNA synthesis using the SuperScriptTM III first -
strand synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA). The mRNA levels of target genes
based on GenBank association numbers (CDC34 ,
TaqMan assay ID Hs00362082_m1 ; GSTP1 , Hs
00168310_m1 ; ABCB10 , Hs00429240_m1 ; SLC4A7 ,
Hs00186192_m1 ; ATF1 , Hs00270896_m1 ; ABCD3 ,
Hs00161065_m1 ; CAPN7 , Hs00204734_m1 ;
GABPB2, Hs00242573_m1 ; HSPH1, Hs00971475_
m1 ; GABPA , Hs01022023 _ m1 ; CCNC , Hs
00193177_m1 ; TANK, Hs00370305_m1 ; FAS, Hs
00531110_m1 ; SLC35A5, Hs00215733_m1 ; ATP6
V1C1, Hs00184625_m1 ; POLR2B, Hs00265358_
m1 ; SLC30A9, Hs00197118_m1 ; CHUK, Hs
00175141_m1 ; CASP1, Hs00169146_m1 ; ABCE1,
Hs01003010_g1 ; HAT1, Hs00186320_m1 ; GAPDH,
Hs99999905_m1) were analyzed by quantitative real -
time PCR using TaqMan gene expression assays
and ABI-PRISM 7500 sequence detection system
(Applied Biosystems). Glyceraldehyde-3 -phosphate
dehydrogenase (GAPDH) was used as the endo-
genous quantity control. Data were analyzed using
SDS 2.3 software (Applied Biosystems). The thresh-
old cycle (Ct) for each gene was calculated by the
standard curve method. Quantity values were fi-
nally normalized to GAPDH mRNA expression. Af-
ter the relative ratio of each mRNA expression level
between pre - and post - irradiation was calculated,

the paired t - test was performed to compare the
mean of relative ratios for each gene.

RESULTS

Changes in gene expression in peripheral blood
cells after UVB irradiation

A single exposure to 0.3J/cm2 NB-UVB did not
cause any change on the skin in any of the subjects.
To detect UVB-sensitive genes, among the 11 vol-
unteers exposed to the irradiation, we randomly se-
lected 6 subjects and measured time-dependent
changes in their gene expression profiles using
RNAs prepared prior to the irradiation as individ-
ual controls. As shown in the hierarchical cluster-
ing map of the 1,095 genes (Fig. 1), 2 subjects (Nos.
2 and 3) had a similar expression change. This
change was also detected at one time point (24 h)
in subject 4. However, response of gene expression
differed among the other subjects (Nos. 1, 5, and 6),
suggesting a significant individual variability of sen-
sitivity and gene expression response to NB-UVB ir-
radiation. In all of the cases, most profound changes
in gene expression were observed 24 h after the ir-
radiation. In spite of the variations, we could iden-
tify 21 genes whose mRNAs were significantly up-
or down-regulated in all 6 subjects at 24 h after the
irradiation (Table 1). None of the genes were sig-

Fig. 1. Hierarchical clustering of gene expression pattern in
peripheral blood cells after irradiation by 0.3 J/cm2 NB-UVB.
Whole blood RNA collected at the indicated times after irradia-
tion by 0.3 J/cm2 NB-UVB (Cy5) were applied to oligonucleo-
tide microarray together with reference RNA collected imme-
diately before irradiation (Cy3) in each 6 volunteer. Relative ex-
pression values (Cy5/Cy3) were subjected to a hierarchical clus-
tering and shown in intensity of red and green.
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nificantly regulated in all 6 subjects at 4 h or 7 d
after the irradiation. Only one gene (HSPH1) in-
cluded in the 21 genes significantly changed its ex-
pression level at 4 d after the irradiation. The iden-
tified 21 genes were likely to be sensitive universal
marker genes, and most were detected as down-
regulated genes to the lowest levels at 24 h (Fig. 2,
upper panel).

Even at about half MED, NB-UVB irradiation
may leads to a shift in the subpopulation of leuko-
cytes ; therefore, the changes found in mRNA lev-
els of whole blood might reflect a shift between leu-
kocyte subpopulations. However, we could not de-
tect any common, significant changes in total and
differential leukocyte counts (data not shown). We
had already purified neutrophil-, monocyte-, T cell-,
and B cell -enriched fractions and identified genes
preferentially expressed in each fraction using a
whole human genome microarray carrying 44,000
oligonucleotide probes (Agilent) (see supplemen-
tary Table S1 in ref. (13)). The microarray used in
this study carries 3 neutrophil markers, 4 monocyte
markers, 8 B cell markers, and 9 T cell markers. We
tested how mRNA levels of these 24 cell fraction-
specific genes were modified after the UVB irradia-
tion. T cell fraction-specific genes were seemed to
be generally down-regulated (Fig. 2 lower panel),
while none of them was included in the commonly
and significantly changed genes.

Fig. 2. Identification of 21 marker genes after irradiation by 0.3
J/cm2 NB-UVB. The paired t-test (Bonferroni corrected p value
�0.05) revealed that 21 genes were commonly and significantly
changed between before and 24 h after irradiation by 0.3 J/cm2

NB-UVB in 1,095 genes. Time-dependent changes in relative ex-
pression levels of 21 genes are shown in the upper panel. Each
leukocyte marker genes are referred in the lower panel (Mo ;
monocyte, PMN ; neutrophil). Gene symbols are listed on the right.

Table 1. List of putative NB-UVB-responsive genes.
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Validation of microarray data by quantitative real-
time PCR

Based on microarray findings, we performed
quantitative real - time PCR to validate the putative
UVB-sensitive 21 genes. In this case, mRNA levels
were compared between those immediately before
(control) and 24 h after NB-UBV irradiation (0.3 J/
cm2) in all 11 subjects. Real - time PCR reproduced
the findings by microarray of a significant reduction
in the mRNA level of 9 genes (ABCB10 , ATF1 ,
ABCD3 , TANK , FAS , SLC30A9 , CHUK , CASP1 , and
ABCE1) in response to a half erythemogenic dose
of UVB, while we could not confirm any significant
changes in the other 12 mRNA levels by real - time
PCR (Fig. 3). Among the down-regulated 9 genes,
4 genes encode essential regulators of nuclear fac-
tor (NF)-κB and apoptosis ; these are a conserved
helix - loop-helix ubiquitous kinase (CHUK ), TNF
receptor -associated factor (TRAF) family member-
associated nuclear factor (NF)-κB activator (TANK ),
Fas (FAS ), and caspase 1 (CASP1).

DISCUSSION

In addition to wavelength, UV- induced injury de-
pends on many variables including dose, skin types,
and characteristics of the skin tissue (16). Individ-
ual sensitivity, probably due to genetic factors, is
also an important determinant of the susceptibility
to UV irradiation.

In this study, after a single exposure to a half
MED of NB-UVB (0.3 J/cm2), time-dependent

changes in gene expression of peripheral blood cells
were precisely examined up to 7 d in 6 subjects us-
ing RNA prepared from each subject immediately
before the irradiation as an individual reference
control. The routine of daily lives of our subjects
was similar, and they had no regular outdoor ac-
tivities. Even these relatively homogenous subjects
displayed inter - individual variations following ex-
posure to the same UVB dose. Among the hetero-
geneous responses, we identified 21 genes as com-
monly UVB-sensitive genes. Although there was
inconsistency between microarray and real - time
PCR analyses, 9 genes were confirmed to be sig-
nificantly down-regulated in response to the irra-
diation of 0.3 J/cm2 NB-UVB by both analyses.

At present, two different technologies are com-
monly used for preparation of RNA from whole
blood and its leukocyte compartments (17). RNA
from whole blood cells contains a large amount of
hemoglobin mRNAs that disturb specific and sen-
sitive hybridization reactions (18). However, the in
vitro handling required for isolation of distinct leu-
kocyte compartments stimulates ex vivo expression
and degradation of mRNAs for a number of genes,
particularly stress -responsive genes (14, 19 -20).
Therefore, to detect UVB-sensitive genes, we used
the whole blood RNA preparation method.

UV light activates distinct signaling pathways and
transcription factors, leading to changes in gene
expression in the skin (12, 17, 21 -24). Upon UVB
stress, keratinocytes produce numerous cytokines
and inflammatory mediators, including production
of interleukin (IL)-1β, tumor necrosis factor (TNF)-
α and reactive oxygen species (25). These media-
tors subsequently activate NF-κB, JunD/c-Fos and
p53 (26). In turn, activation of NF -κB has been re-
ported to result in transactivation of a number of
target genes, including those for IL - 1, IL - 6, IL - 8,
GRO - 1, TNF -α and COX - 2 (27). UVB also sup-
presses trafficking of lymphocytes and functions
of T and natural killer cells (28). Since UV does not
effectively penetrate into the dermis where blood
vessels are located, inflammatory mediators pro-
duced by skin cells are believed to act on PBC and
evoke systemic response (5 -8). Among the 9 genes
confirmed by microarray and real - time PCR to be
significantly down - regulated, ATF1 encodes acti-
vating transcription factor 1, and this transcription
factor together with the cAMP response element
binding protein regulates the stress - induced tran-
scription of several immediate early genes (29). It
should be noted that among the confirmed 9 genes,

Fig. 3. Validation of UVB-responsive 21 genes. The mRNA
levels of putative UVB-responsive 21 genes listed in Table 1
were measured in sample of 24 h after irradiation of NB-UVB by
quantitative real - time PCR. GAPDH mRNA was used as an en-
dogenous quantity control. The fold changes in relative ratios
(each mRNA level/GAPDH mRNA) are shown. Values are
means�S. E. M. (n = 11).
*Significantly different compared with that before the irradia-
tion (P �0.05 by the paired t - test)
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4 genes (CHUK , TUNK , CASP1 , and FAS ) encode
molecules essential for activation of NF-κB or apop-
tosis. CHUK encodes an inhibitor of NF-κB kinase
α(IKK -α). IKK -α, a component of a cytokine - acti-
vated protein complex that is an inhibitor of the
NF-κB complex, phosphorylates IκB leading to the
degradation of the inhibitor via the ubiquination
pathway, thereby activating NF-κB. TUNK encodes
a RAF family member-associated NF-κB activator
(TRAF2 ; TNF receptor -associated factor 2). TRAF2
associates with and transduces signals from mem-
bers of the TNF receptor superfamily. TRAF2 binds
to the TNF receptor death domain (TRADD) and
recruits NF-κB-inducing kinase (NIK) leading to
phosphorylation of IκB. CASP1 encodes caspase 1,
apoptosis -related cysteine peptidase (IL - 1β conver-
tase). Fas is a member of the TNF-receptor super-
family containing the death domain and plays a cen-
tral role in the regulation of apoptosis. This receptor
also activates NF -κB, MAPK3/ERK1, and MAPK8/
JNK. The 9 genes also included SLC30A9 , encod-
ing a recently identified nuclear receptor coactiva-
tor interacting with β - catenin (30) and 3 genes
(ABCB10 , ABCD3 , and ABCE1) encoding members
of the superfamily of ATP-binding cassette (ABC)
transporters.

Because the 4 identified genes (CHUK , TUNK ,
CASP1 , and FAS ) were closely related to activation
of NF-κB and apoptosis, we additionally performed
real - time PCR measurement of mRNA levels of
other NF-κB activation associated genes such as
Toll - like receptor (TLR) family members (TLR1 ,
TLR2 , TLR4 , and TLR5) and 2 apoptosis -regulating
factors (BCL2A1 and BCL2L11) all of which are ex-
pressed in peripheral leukocytes. We also measured
changes in mRNA levels of HSP60 and stress- in-
ducible HSP70 to assess stress response. However,
none of these 8 genes changed their mRNA levels
after exposure to 0.3 J/cm2 of NB - UVB (data not
shown), suggesting the high sensitivity of 9 marker
genes to UVB irradiation.

Dermatologists recommend a variety ways to limit
sun exposure to avoid UV- induced injury. Despite
the extensive use of sunscreens, the incidence of
skin cancer has been increasing. The efficacy of
sunscreens is generally assessed using the sun pro-
tection factor (SPF) as an indicator. Evaluation of
SPF is based solely on the ability to prevent UV -
induced perceptible erythema. However, our results
suggest that even about half MED of UVB may
evoke significant changes in the expression of dis-
tinct genes in PBC. Reliable indicators should evalu-

ate not only the protective effect against erythema,
but also potency of protection against UV - induced
systemic immunological and mutational effects. In
this context, sensitive and characteristic features
of 9 marker genes may be useful indicators for moni-
toring systemic response to UVB irradiation.
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