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ABSTRACT UVA radiation is the major component of the
UV solar spectrum that reaches the earth, and the therapeutic
application of UVA radiation is increasing in medicine. Anal-
ysis of the cellular effects of UVA radiation has revealed that
exposure of human cells to UVA radiation at physiological
doses leads to increased gene expression and that this UVA
response is primarily mediated through the generation of
singlet oxygen. In this study, the mechanisms by which UVA
radiation induces transcriptional activation of the human
intercellular adhesion molecule 1 (ICAM-1) were examined.
UVA radiation was capable of inducing activation of the
human ICAM-1 promoter and increasing ICAM-1 mRNA and
protein expression. These UVA radiation effects were inhib-
ited by singlet oxygen quenchers, augmented by enhancement
of singlet oxygen life-time, and mimicked in unirradiated cells
by a singlet oxygen-generating system. UVA radiation as well
as singlet oxygen-induced ICAM-1 promoter activation re-
quired activation of the transcription factor AP-2. Accord-
ingly, both stimuli activated AP-2, and deletion of the putative
AP-2-binding site abrogated ICAM-1 promoter activation in
this system. This study identified the AP-2 site as the UVA
radiation- and singlet oxygen-responsive element of the hu-
man ICAM-1 gene. The capacity of UVA radiation and/or
singlet oxygen to induce human gene expression through
activation of AP-2 indicates a previously unrecognized role of
this transcription factor in the mammalian stress response.

Gene expression in mammalian cells is frequently regulated
through sequence-specific transcription factors (1). One of the
first transcription activator proteins to be discovered was the
transcription factor AP-2 (2). AP-2 is involved in vertebrate
morphogenesis and, in particular, in the differentiation and
development of neural crest cells and epidermal keratinocytes
(3, 4). In the latter cell type, AP-2 was found to be present in
abundance and to be involved in gene expression by serving as
an accessory transcription factor in regulation of the keratin 14
gene (4). AP-2 activity is inducible by retinoic acid, cAMP, and
phorbol esters (5, 6), but, in comparison with other transcrip-
tion factors such as AP1 or NF-«B (1, 7), little is known about
environmental factors capable of triggering AP-2-mediated
gene regulation.

Increased gene expression as a consequence of environmen-
tal stress is typically observed in mammalian cells upon
exposure to UVC (<280 nm), UVB (280-320 nm), or UVA
(320-400 nm) radiation (1, 8, 9). In human keratinocytes, this
so-called UV response leads to an increased transcriptional
expression of various genes, including the adhesion molecule
intercellular adhesion molecule 1 (ICAM-1) (10, 11). The cis-
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and trans-acting genetic elements responsible for gene induc-
tion by UVC or UVB radiation have been well characterized
(1). In contrast, the mechanisms by which UVA radiation
induces transcriptional activation of human genes are poorly
understood and most likely differ from those induced by short
wavelength UV radiation because they involve different chro-
mophores leading to different photobiological effects (12).
Recent studies indicate that singlet oxygen is a primary
effector in UVA radiation-induced gene expression (13-15),
but the capacity of singlet oxygen to activate transcription
factors and to induce promoter activation has not yet been
demonstrated. The study of UVA radiation- and/or singlet
oxygen-induced gene regulation, however, is important be-
cause the amount of UVA radiation reaching the earth’s
surface is approximately 20 times greater than that of UVB
radiation (16). In addition to solar UV A radiation, human skin
is exposed to increasing doses of UVA radiation from high
intensity UVA sources for cosmetic and therapeutic reasons
(17-19).

In the present study, we analyzed UVA radiation-induced
promoter activation by using promoter constructs based on the
human ICAM-1 promoter, which contains numerous putative
binding sites for transcription factors, including AP-2 (20, 21).

MATERIALS AND METHODS

Cell Culture. Long-term cultured, normal human keratino-
cytes prepared from neonatal foreskin and human, trans-
formed, primary, embryonal kidney cells (293 cells) were
cultured as described (9, 22).

UV Irradiation. For UV radiation, medium was replaced by
PBS, and cells were exposed to UVA radiation (30 J/cm?) or
UVB radiation (100 J/m?) as described (11, 23).

Chemical Treatments and Singlet Oxygen Generation. All
chemicals were purchased from Sigma except for sodium azide
(Merck). Vitamin E (a-tocopheryl succinate) was dissolved in
ethanol and added to cell cultures 24 h before irradiation in a
concentration of 25 uM. Sodium azide (50 mM in PBS),
D-mannitol (0-100 mM in PBS), catalase (0-1600 units/ml in
PBS), and superoxide dismutase (0-750 units/ml in PBS) were
present only during irradiation of cells. For irradiation in the
presence of heavy water, deuterium oxide (99.9 atom % 2H)
was used in a final concentration of 95% in PBS (13, 15).

Singlet oxygen was generated by thermal decomposition of
the endoperoxide of the disodium salt of 3,3'-(1,4-
naphthylidene) dipropionate (NDPO), 1 mM in PBS, for 1 h
in the dark at 37°C and yielded excited singlet molecular

Abbreviations: ICAM-1, intercellular adhesion molecule 1; GEMSA,
gel electrophoretic mobility-shift assay; NDP, 3,3'-(1, 4-naphthyli-
dene) dipropionate; NDPO», endoperoxide of 3,3'-(1, 4-naphthyli-
dene) dipropionate.
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oxygen and 3,3’-(1,4-naphthylidene)dipropionate (NDP) (24).
This singlet oxygen-generating system was shown to be well
suited for use in cell cultures (14, 15) because it is water-soluble
and nontoxic for up to 40 mM for 1 h of incubation. Infrared
emission of singlet oxygen was measured with a liquid nitro-
gen-cooled germanium photodiode detector (model EO-817L,
North Coast Scientific, Santa Rosa, CA) as described (24). The
rate of singlet oxygen generation was monitored by the for-
mation of NDP. Fifteen minutes after addition of 1 mM
NDPO,, the rate of singlet oxygen generation was 3 uM per
min. Control cells were stimulated with NDP, which had been
generated by thermal decomposition from the same batch of
NDPO; used in these experiments.

Transfections and Reporter Gene Assay. Transfection was
mediated by Polybrene (Aldrich) (25). A commercially avail-
able luciferase reporter system (Serva) was used. Constructs
containing various deletions of the ICAM-1 promoter were
cloned as described (20, 26). For transfection of cells (tripli-
cates of 2 X 10° cells), 5 ug of DNA was sufficient for 293 cells
whereas 20 pg was required for keratinocytes. Transfection
efficiency was monitored as described (26) by cotransfecting
cells with the simian virus 40 promotor and enhance region—
B-galactosidase control plasmid (Serva) using the B-galacto-
sidase assay system (Serva). Routinely, 10 ug of DNA of this
control plasmid was cotransfected in 293 cells and keratino-
cytes. Promoter activation was expressed as mean = SD of
relative specific luciferase activity, which was based on protein
content (26). Sham-irradiated cells were used as controls and
were set equal to 1.

Nuclear Extracts and Gel Electrophoretic Mobility-Shift
Assays (GEMSAs). Nuclear extracts were prepared as de-
scribed by Dignam et al. (27). Protein concentration of the
extracts was determined by the method of Bradford (28).
GEMSAs were performed according to Goodwin (29). The
AP-2 consensus oligonucleotide AP-2p (top strand, 5'-
GACCCTCTCGGCCCGGGCACCCT-3") was deduced from
the ICAM-1 promoter (20). For competition experiments,
synthetic, double-stranded oligonucleotides containing con-
sensus sequences for AP-2 deduced from the simian virus 40
promoter (AP-2c; top strand, 5'-GATCGAACTGACCGC-
CCGCGGCCCGT-3") and AP1 (APlc; top strand, 5'-
CGCTTGATGAGTCAGCCGGAA-3") were obtained from
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Serva. Poly(dI-dC) X (dI-dC) (Pharmacia) was used as non-
specific competitor DNA.

RNA Extraction and Reverse Transcriptase-PCR. Total
RNA was isolated using RNeasy Total RNA Kits (Qiagen,
Hilden, Germany). Expression of ICAM-1 mRNA was mea-
sured by differential reverse transcriptase—PCR as described
(9, 23, 30) using a primer pair specific for ICAM-1 (5'-
TGACCAGCCCAAGTTGTTGG-3',5'-ATCTCTCCTCAC-
CAGCACCG-3").

Immunofluorescence Flow Cytometry. Keratinocyte
ICAM-1 surface expression was assessed by immunofluores-
cence flow cytometry using anti-ICAM-1 mAb 84H10 (Di-
anova, Hamburg, Germany) as described (31).

RESULTS

Deletion of the AP-2 Site Abrogates UVA Radiation-
Induced ICAM-1 Promoter Activation. UVA and UVB radi-
ation-induced activation of the human ICAM-1 promoter were
compared in human, transformed, primary embryonal kidney
cells (293 cells) using various ICAM-1 promoter-based lucif-
erase reporter gene constructs in the range of 6000 to 277 bp
upstream of the transcription start site. These constructs
contained consensus-binding sequences for various transcrip-
tion factors (Fig. 14). Exposure of cells to UVA or UVB
radiation induced ICAM-1 promoter activation 4- to 5-fold if
cells were transfected with the pIC6000, pIC339, or pIC277
construct (Fig. 1B). Deletion of the putative AP-2-binding site
in the pIC277 construct (pIC277AAP-2) resulted in loss of the
UVA-induced, but not UVB-induced, ICAM-1 promoter-
based luciferase activity. In contrast, deletion of the putative
NF-«B site in the pIC277 construct (pIC277ANF-«B) affected
neither UVA nor UVB radiation-induced ICAM-1 promoter
activation. Essentially identical results were obtained when
human keratinocytes were used instead of 293 cells (Table 1).
In keratinocytes, UVA radiation-induced, but not UVB radi-
ation-induced, ICAM-1 promoter activation was prevented
completely if the putative AP-2-binding site was deleted from
the pIC277 construct.

UVA-Irradiated Keratinocytes Express a Protein That
Binds to an AP-2 Consensus Sequence. Nuclear extracts were
prepared from human keratinocytes 2 h after exposure of cells
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Fig. 1. ICAM-1 promoter activation in 293 cells. (4) Localization of putative binding sites for transcription factors as detected by
computer-aided analysis in the 5'-regulatory region of the ICAM-1 gene and in deletion constructs of the ICAM-1 promoter-based luciferase
reporter gene constructs. The constructs were named after the number of base pairs relative to the transcription start site. Deletions of interior
putative binding sites are indicated by A in the construct’s name and within the map. (B) The 293 cells were transiently transfected with the indicated
ICAM-1-based luciferase reporter gene constructs and were exposed to 30 J/cm? of UVA radiation (solid bars), 100 J/m? of UVB radiation (gray
bars), or sham-irradiation (open bars). ICAM-1 promoter activation was determined as described. Data are given as mean * SD of relative, specific
luciferase activity based on total protein contents and represent four experiments.
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Table 1. ICAM-1 promoter activation in normal human
keratinocytes after exposure to UVA and U VB radiation

Relative, specific luciferase activity
per microgram of protein

Exposure pIC277ANFkB pIC277AAP2
Sham 1.0 +0.12 1.0+ 015
UVA 3.1+058 13 +0.26
UVB 2.8 +0.28 3.4+ 0.40

The recombinant plasmids pIC277ANFkB and pIC277AAP2 con-
taining the named deletions of the ICAM-1 promoter and the lucif-
erase reporter gene were transiently transfected into human kerati-
nocytes as described. The transfected cells were sham-irradiated or
irradiated with UVA (30 J/cm?) or UVB (100 J/m?). The cells were
harvested 48 h after exposure and were analyzed for luciferase activity.
Data are given as relative, specific luciferase activity (per microgram
of protein) and represent the mean * SD of four independent
experiments.

to UVA radiation and were used for GEMSA. UVA-
irradiated cells contained a protein capable of shifting a
radiolabeled, synthetic, double-stranded oligonucleotide (AP-
2p) containing an AP-2 consensus sequence deduced from the
5’-regulatory region of the human ICAM-1 gene (Fig. 24).
Similar results were obtained when the extracts were incubated
in the presence of oligonucleotides that contained an AP-2-
binding site derived from the simian virus 40 promoter (AP-2c;
Fig. 24). Binding was competed with specific competitor as
well as unspecific competitor poly(dI-dC) X (dI-dC) in molar
excess, which decreases the buildup of nonspecific high mo-
lecular weight aggregates and thereby affects migration of
specific protein-DNA complexes. Binding was not competed
with a consensus oligonucleotide containing an AP1 site.
Time Course of UVA Radiation-Induced AP-2 Activation
and ICAM-1 mRNA Expression. Human keratinocytes were
exposed to UVA radiation, and, at the indicated time after
UVA exposure, nuclear extracts were prepared and analyzed
for AP-2 activation by GEMSA. UVA radiation-induced AP-2
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FIG. 2. GEMSAs of nuclear extracts from UVA-irradiated (30 J/cm?)
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activation exhibited a biphasic pattern (Fig. 2B). A first
activation between 0.5 and 2 h postirradiation was followed by
a second, more sustained activation that was detectable be-
tween 8 and 48 h after UVA irradiation. A similar biphasic
activation pattern was observed when U VA radiation-induced
up-regulation of ICAM-1 mRNA steady-state levels was an-
alyzed in these cells (Fig. 2C). In this case, a first maximum was
observed in UVA-irradiated cells 4-8 h after exposure, which
was followed by a second increase after 24 h.

Effects of Singlet Oxygen Quenchers and Enhancers on
UVA Radiation-Induced ICAM-1 Expression. The generation
of singlet oxygen was shown to play an important role in UVA
radiation-induced expression of the human heme oxygenase
and metalloproteinase-1 genes (13-15). Therefore, in the
present study, reagents capable of quenching (sodium azide,
a-tocopherol; ref. 32) or enhancing (deuterium oxide) singlet
oxygen effects were screened for their capacity to affect UVA
radiation-induced ICAM-1 expression using fluorescence-
activated cell sorter analysis of ICAM-1 surface expression as
a read-out system. As shown in Table 2, exposure of kerati-
nocytes to UVA or UVB radiation within 24 h significantly
induced ICAM-1 surface expression. Irradiation of cells in the
presence of sodium azide completely inhibited U VA radiation-
induced ICAM-1 expression whereas U VB radiation-induced
ICAM-1 surface expression remained essentially unaltered
(Table 2). A similar inhibition of UVA, but not UVB, radia-
tion-induced ICAM-1 surface expression was observed when
keratinocytes were treated with a-tocopheryl succinate 24 h
before irradiation. Moreover, exposure of cells to UVA, but
not UVB, radiation in the presence of deuterium oxide
increased ICAM-1 surface expression (Table 2). In contrast,
irradiation of cells in the presence of mannitol (quenching of
hydroxyl radicals), catalase (dismutation of hydrogen perox-
ide), or superoxide dismutase (dismutation of superoxide
anions) did not affect UVA or UVB radiation-induced
ICAM-1 surface expression (Table 2).

Reagents that had been found to interfere with UVA
radiation-induced ICAM-1 surface expression were tested for
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cultured human keratinocytes. (4) Binding of nuclear extracts to a

double-stranded, radiolabeled oligonucleotide containing an AP-2 consensus sequence deduced from the sequence of the human ICAM-1 promoter
(AP-2p) was studied in the presence or absence of unlabeled competitor, a commercially available oligonucleotide containing an AP-2 consensus
sequence deduced from the simian virus 40 promoter (AP-2c), or an AP1 consensus oligonucleotide (AP1c) in 100 or 500 M excess. Nuclear extracts
were prepared 2 h after irradiation as described. Data represent one of three essentially identical experiments. (B) Time course of the activation
of transcription factor AP-2 in keratinocytes after UVA irradiation (30 J/cm?). Nuclear extracts were prepared at different time points as indicated
and were analyzed by GEMSA using a radiolabeled oligonucleotide containing an AP-2-binding site. Free radiolabeled oligonucleotides (—) and
the sham-irradiated control extract (lane c) were analyzed in lanes 1 and 2, respectively. Data represent one of five essentially identical experiments.
(C) Time course of induction of ICAM-1 mRNA expression in cultured human keratinocytes after UVA irradiation (30 J/cm?). Sham-irradiated
cells (lane c) served as control. Total RNA was extracted at the indicated times. Expression of ICAM-1 mRNA was analyzed by differential reverse
transcriptase-PCR as described. Data are given as mean = SD of relative ICAM-1 mRNA expression (normalized for glyceraldehyde-3-phosphate

dehydrogenase expression) of five experiments.
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Table 2. Fluorescence-activated cell sorter analysis of ICAM-1
surface expression in cultured human keratinocytes after
UVA irradiation

ICAM-1 expression, mean fluorescence

intensity
Additive Sham-irradiated UVA UVB
None 6=+4 120 = 14 140 = 22
Sodium azide 20 =2 100+ 2 140 = 28
a-Tocopheryl succinate 156 10 1 130 = 20
Deuterium oxide 7+4 180 = 10 125 =20
Mannitol 12+6 115 £ 20 135+ 8
Catalase 155 125 =10 130 = 15
Superoxide dismutase 5+5 90 = 20 100 + 20

Keratinocytes were sham-irradiated, UV A-irradiated (30 J/cm?), or
U VB-irradiated (100 J/m?) in the presence or absence of sodium azide
(50 mM), deuterium oxide, mannitol (0-100 mM, shown for 100 mM),
catalase (0-1600 units/ml, shown for 200 units/ml), or superoxide
dismutase (0-750 units/ml, shown for 750 units/ml) or preincubated
for 24 h with or without a-tocopheryl succinate (25 uM). Cells were
harvested 24 h after exposure and were analyzed for ICAM surface
expression as described. Data are given as mean * SD of mean
fluorescense intensity of four experiments.

their capacity to modulate UVA radiation-induced ICAM-1
promoter activation (Table 3). Irradiation of 293 cells in the
presence of sodium azide or pretreatment of cells with a-to-
copheryl succinate diminished UVA radiation-induced
ICAM-1 promoter activation to background levels whereas
irradiation of cells in the presence of deuterium oxide resulted
in a slight, but consistent, increase in UVA radiation-induced
ICAM-1 promoter activation.

Moreover, in GEMSAs, UVA radiation-induced AP-2 ac-
tivation was almost completely inhibited by sodium azide. In
contrast, stimulation of unirradiated cells with H,O, did not
activate AP-2, and mannitol failed to suppress U VA radiation-
induced AP-2 activation (Fig. 34).

Singlet Oxygen Generation Induces ICAM-1 Expression
and AP-2 Activity. The capacity of sodium azide and a-toco-
pheryl succinate (32) to suppress, and of deuterium oxide to
enhance, UVA radiation-induced ICAM-1 surface and pro-
moter expression as well as AP-2 activation indicated a prom-
inent role for singlet oxygen in this system. We therefore next
assessed whether these UVA radiation-induced effects could
be mimicked by stimulating unirradiated cells with singlet
oxygen. Singlet oxygen was generated by thermal decomposi-
tion of NDPO, (14, 15, 24). As shown in Fig. 3B, singlet oxygen
generation increased ICAM-1 surface expression in unirradi-
ated keratinocytes to an extent similar to that observed in
UVA- or UVB-irradiated cells. Similar to ICAM-1 surface
expression, singlet oxygen generation also induced ICAM-1

Table 3. ICAM-1 promoter activation in UVA-irradiated 293 cells

Relative, specific luciferase activity per
microgram of protein

Exposure pIC277 pIC277ANFkB pIC277AAP2
Sham 1.0x£012 1.0*x0.15 1.0 £ 0.18
UVA 302059  3.0x0.30 1.1+0.22
+ Sodium azide 13+019 1.0=*=0.10 1.3 +0.16
+ a-Tocopheryl succinate 1.2 024 0.9 = 0.18 1.1 +0.23
+ Deuterium oxide 36021 3.8=*0.15 1.0 = 0.30

293 cells were transiently transfected with the indicated ICAM-1-
based promoter constructs linked to the luciferase reporter gene, and
ICAM-1 promoter activation was determined as described. Cells were
either sham-irradiated or UV A-irradiated (30 J/cm?) in the presence
or absence of sodium azide (50 mM) or deuterium oxide or after
pretreatment with or without a-tocopheryl succinate (25 uM). Data
are given as mean * SD of relative, specific luciferase activity (per
microgram of protein) and represent four experiments.
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promoter activation in unirradiated cells (Fig. 3C). Significant
induction of ICAM-1 promoter activation was observed in 293
cells, which had been transfected with the pIC277 construct
and had been irradiated with UVB or UVA radiation or left
unirradiated but stimulated with singlet oxygen. Deletion of
the AP-2 consensus sequence from the pIC277 construct (pIC
277AAP-2) completely abrogated UVA radiation- or singlet
oxygen-induced, but not UVB radiation-induced, ICAM-1
promoter activation (Fig. 3C). Stimulation of cells with NDP
did not induce ICAM-1 surface expression (Fig. 3B) or
ICAM-1 promoter activation (Fig. 3C).

These experiments indicated the involvement of AP-2 in
singlet oxygen-induced ICAM-1 promoter activation. Accord-
ingly, when nuclear extracts from human keratinocytes were
analyzed by GEMSA, activation of AP-2 was observed in cells
that had been stimulated with singlet oxygen as generated by
NDPO, (Fig. 34).

DISCUSSION

Abrogation of the UVA Effect by Deletion of the AP-2-
Binding Site. Deletion of the putative AP-2-binding site of the
5'-regulatory region of the human ICAM-1 promoter resulted
in loss of the UVA radiation-induced response in ICAM-1
promoter-based luciferase reporter gene experiments. More-
over, UVA radiation was shown to induce AP-2 activity in
nuclear extracts of irradiated cells, and kinetic experiments
revealed that UVA radiation-induced AP-2 activation fol-
lowed a biphasic pattern that strongly resembled that observed
for UVA radiation-induced ICAM-1 mRNA expression in
these cells. These observations identified the AP-2-binding site
as the UVA radiation-responsive element of the human
ICAM-1 gene.

Abrogation of UVA radiation-induced ICAM-1 promoter
activation by deletion of the AP-2-binding site was observed
regardless of whether human embryonal kidney cells (293
cells) or normal human keratinocytes were used. The latter cell
type forms the outermost frontier of the human body to the
environment and thus constitutes one of the primary cellular
targets for UVA radiation from sunlight or artificial irradia-
tion devices. Deletion of the AP-2-binding site prevented
activation of the pIC277 ICAM-1 promoter construct by UVA
irradiation, but these constructs were still found to be activated
in the same cells by UVB irradiation. This indicates that (i) the
putative AP-2 binding site is specifically involved in UVA
radiation-induced ICAM-1 promoter activation, and (if) UVA
radiation and U VB radiation induce ICAM-1 promoter acti-
vation by different molecular mechanisms.

By using GEMSAs, we have demonstrated that UVA radi-
ation is capable of activating transcription factor AP-2. This
conclusion is based on the observations that (i) UVA-
irradiated cells expressed a protein capable of binding to
oligonucleotides containing AP-2 consensus sequences, which
were either deduced from the human ICAM-1 promoter or
from the simian virus 40 promoter, and (i) this binding could
be competed with specific competitors in molar excess but not
with consensus oligonucleotides containing an AP1 site. In
addition to AP-2, UVA radiation recently has been demon-
strated to activate transcription factor NF-«B (33). Activation
of NF-kB, in contrast to AP-2 activation, was not of functional
relevance for UVA radiation-induced ICAM-1 promoter ac-
tivation; deletion of putative NF-«B binding sites from the
human ICAM-1 promoter did not alter UVA radiation-
induced ICAM-1 promoter activation. These results are in
agreement with the notion that singlet oxygen generation,
which has been shown here to mediate U VA radiation-induced
ICAM-1 promoter and AP-2 activation, does not activate
transcription factor NF-«kB (34). In conclusion, our data
demonstrate that AP-2 activity is an indispensable prerequisite
for UVA radiation-induced ICAM-1 promoter activation,
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Fic. 3. (A) GEMSAs of nuclear extracts from cultured human
keratinocytes. Human keratinocytes were sham-irradiated (C) or
stimulated with UVA irradiation (30 J/cm?), NDPO; (1 mM for 60
min), H>O; (250 mM) in the presence or absence of sodium azide (50
mM), mannitol (100 mM). Nuclear extracts were prepared 2 h after
stimulation as described. Data represent one of two essentially iden-
tical experiments. (B) Fluorescence-activated cell sorter analysis of
ICAM-1 surface expression in cultured human keratinocytes. Cells
were either sham-irradiated, irradiated with 30 J/cm? U VA radiation
(UVA), or incubated in the presence of NDPO, or NDP at a
concentration of 1 or 5 mM for 60 min or irradiated with 100 J/m?
UVB radiation. Cells were harvested after 24 h and were analyzed for
ICAM-1 surface expression as described. Data are given as mean
fluorescence intensity (mean = SD of four experiments). C. ICAM-1
promoter activation in 293 cells; 293 cells were transiently transfected
with the indicated ICAM-1-based promoter constructs, and ICAM-1
promoter activation was determined as described. Cells were
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although it presently may not be excluded that additional
transcription factors may be activated by UVA radiation and,
together with AP-2, may form a functional active transcription
factor complex necessary for ICAM-1 promoter activation (3,
35). Addition of dithiothreitol (0-200 mM) did not prevent
retardation of AP-2 as detected by GEMSA (data not shown).
Further studies are required to define the precise mechanism
by which transcription factor AP-2 is activated by UVA
radiation.

The functional relevance of UVA radiation-induced AP-2
activation for UVA radiation-induced ICAM-1 expression is
further supported by the observation that up-regulation of
ICAM-1 mRNA expression and AP-2 binding is partially
overlapping (e.g., at 2 h), but maximal AP-2 binding precedes
maximal ICAM-1 mRNA expression. In addition, AP-2 acti-
vation and ICAM-1 mRNA expression follow a biphasic time
course, further suggesting a cause—effect relationship. Bipha-
sic activation of gene expression has previously been reported
for UVB radiation-induced expression of c-fos mRNA (8),
and, more recently, for UVA radiation-induced expression of
selected cytokine genes (23), and it has been proposed that the
second, later activation may be due to cytokine-mediated,
autocrine loops in U V-irradiated cells.

Abrogation of the Singlet Oxygen Effect by Deletion of the
AP-2-Binding Site. Singlet oxygen is produced by a variety of
biological systems, including human cells, and is a significant
biochemical intermediate in several biological processes (36).
Singlet oxygen has been shown to serve as a primary effector
in UVA radiation-induced transcriptional activation of the
human heme oxygenase and of the matrix metalloproteinase-1
genes (13-15). No direct methods exist to detect singlet oxygen
in irradiated cells. Evidence for the involvement of singlet
oxygen in gene induction is therefore circumstantial and is
based on indirect methods, including the use of singlet oxygen
quenchers, enhancers of singlet oxygen life-time, and effects
induced by singlet oxygen-generating systems (13-15). In the
present work, a similar experimental approach was used to
demonstrate that singlet oxygen is involved in U VA radiation-
induced ICAM-1 promoter activation (Fig. 4). Our studies
indicate that singlet oxygen generation in human cells serves
an important function in transcription factor activation and
regulation of gene expression, in particular in response to
UVA radiation. Similarly, H,O, previously has been shown to
induce gene expression, including ICAM-1 (37), and to acti-
vate transcription factors such as NF-«B (34). In UVA radi-
ation-induced ICAM-1 promoter activation, however, no ev-
idence for the involvement of H,O; could be obtained because
the hydroxyl radical quencher mannitol failed to inhibit UVA
radiation-induced ICAM-1 promoter activation, and H,O;
stimulation of unirradiated cells did not activate transcription
factor AP-2 at concentrations capable of inducing ICAM-1
expression (ref. 37; Fig. 34). We propose that UVA radiation-
induced ICAM-1 promoter activation is primarily mediated
through the generation of singlet oxygen and that UVA
radiation/singlet oxygen-induced ICAM-1 promoter activa-
tion critically depends on the activation of transcription factor
AP-2 (Fig. 4). Our studies indicate that transcription factor
AP-2 is not only involved in gene regulation as it relates to
differentiation and morphogenesis of cells but also is involved
in the transcriptional response induced in mammalian cells by
long wavelength UV radiation.

either sham-irradiated (open bars), incubated in the presence of
NDPO: (horizontally striped bars) or NDP (gray bars) at a concen-
tration of 1 mM for 60 min, or exposed to 30 J/cm? of UVA radiation
(solid bars) or irradiated with 100 J/m? of U VB radiation (diagonally
striped bars). Data are given as mean *= SD of relative specific
luciferase activity based on total protein contents and represent four
experiments.
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Fi1G. 4. Scheme of UVA radiation- and singlet oxygen-induced,
AP-2-mediated ICAM-1 transcription.

Nucleus

Relation to in Vivo Conditions. The present observation that
an environmental stimulus such as UVA radiation may acti-
vate transcription factor AP-2 in vitro in human keratinocytes
raises questions about the in vivo relevance of these effects. In
this regard, it is of interest that UVA radiation doses used in
this study were equivalent to the amount of UVA radiation
human skin may be exposed to on a summer day at approxi-
mately noon at the Northern latitude of 30°-35° during a 1- to
2-h period (16). In addition, U VA radiation doses identical to
those used in the present study are capable of inducing skin
lesions in patients suffering from polymorphous light eruption
(38). The development of skin lesions in these patients after
UVA radiation exposure is thought to be due to the induction
of proinflammatory genes such as ICAM-1 in keratinocytes
(38). Further studies therefore will have to assess whether
UVA radiation is capable of inducing AP-2 activation in vivo
in human skin and whether differences in UVA radiation-
induced AP-2 activation may constitute the molecular basis for
the abnormal UVA response observed in the skin of patients
with polymorphous light eruption.
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