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COX-2 (cyclooxygenase-2) is a pivotal player in inflamma-
tory processes, and ultraviolet radiation is a known stimulus
for COX-2 expression in skin cells. Here, an induction of
COX-2 expression in HaCaT human keratinocytes was ob-
served only upon exposure of cells to UVB (280–320 nm) but
not to UVA radiation (320–400 nm), as demonstrated by
reverse transcription-PCR and Western blotting. Prostag-
landin E2 levels were elevated in cell culture supernatants of
HaCaT cells exposed to UVB. COX-2 mRNA stability was dra-
matically increased byUVB irradiation. Both the stabilization of
COX-2 mRNA and the enhancement of COX-2 steady-state
mRNA and protein levels caused by UVB were prevented both
by inhibition and small interfering RNA-induced depletion of
p38MAPK, a kinase strongly activated upon exposure to UVB,
suggesting p38MAPK-dependent mRNA stabilization as a mech-
anism of UVB-induced COX-2 expression. A dramatic decrease
in COX-2 expression induced by UVB was elicited by small
interfering RNA-based depletion of a stress-responsive mRNA
stabilizing protein regulated by p38MAPK, i.e. HuR; UVB-in-
duced elevation of COX-2 mRNA and protein levels coincided
with an accumulation of HuR in the cytoplasm and was attenu-
ated in cells depleted of HuR. Moreover, UVB-induced genera-
tion of prostaglandin E2 by HaCaT cells was blunted by HuR
depletion, suggesting that stress kinases (such as p38MAPK) as
well as HuR are excellent targets for approaches aiming at inter-
fering with induction of COX-2 expression by UVB.

Cyclooxygenases catalyze the rate-limiting step in pros-
taglandin biosynthesis, i.e. the conversion of arachidonic
acid to prostaglandin (PG)3 H2, which in turn is converted by
various synthases to different prostaglandins or thrombox-
ane A2, important mediators in inflammatory processes. Two
genes coding for isoforms of cyclooxygenase (COX-1 and

COX-2) are known (1). Although COX-1 and a COX-1 variant,
termed COX-3 (2), are constitutively expressed, expression of
COX-2 is strongly inducible by growth factors, cytokines, and
other stimuli, resulting in the production of prostaglandins
during inflammatory processes. One such potent stimulus for
COX-2 induction is UV radiation. Both UVB (280–320 nm) (3)
and UVA (320–400 nm) (4) were reported previously to en-
hance the expression of COX-2 in human keratinocytes, fol-
lowed by an increased production of the inflammatory media-
tor PGE2, a major prostaglandin in skin. Analysis of the relative
contributions of UV ranges to the effects of solar light on
COX-2 levels demonstrated that UVB is a far more efficient
inducer of COX-2 expression; for example, UVB and UVA-2
(320–350 nm) but not UVA-1 (350–400 nm) contributed to
COX-2 induction by simulated solar light in artificial human
epidermis (5). Several lines of evidence linkCOX-2 and PGE2 to
the development of UV-induced skin cancer, such as the find-
ings that COX-2 and PGE2 levels are elevated in skin cancer
versus normal tissue, that PGE2 is a promoting factor in skin
carcinogenesis, and that depletion or inhibition of COX-2
attenuates skin carcinogenesis in various models of induced
carcinogenesis (6).
The induction of COX-2 expression by UVB has been dem-

onstrated to bemediated by both transcriptional and post-tran-
scriptionalmechanisms. Isoforms of theMAPK familymember
p38MAPK play an essential role in these processes and were
found to mediate UVB-induced elevation of COX-2 promotor
activity in human keratinocytes by phosphorylating cAMP-re-
sponsive element-binding protein and ATF-1 (activating tran-
scription factor), which interact with the COX-2 promoter (7,
8). Moreover, the aryl hydrocarbon receptor was recently dem-
onstrated to be involved in transcriptional control of COX-2
expression in response to UVB (9). Although it has been known
for some time that exposure to UVB affects RNA stability and
post-transcriptional regulation of gene expression (10, 11), this
was recently also demonstrated for COX-2 whose mRNA was
stabilized in HaCaT keratinocytes exposed to UVB (12).
HuR is an mRNA-stabilizing protein related to the Dro-

sophila embryonic lethal abnormal vision family of proteins
(13) known to be modulated by mitogenic and stress-causing
agents, including UV radiation (14, 15). Stress-induced mod-
ulation of HuR activity may be achieved by phosphorylation,
such as by protein kinase C isoforms, resulting in its transloca-
tion to the cytoplasm (16, 17). Furthermore, p38MAPK has been
shown to stimulate transfer of HuR to the cytosol and to affect
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HuR mRNA stabilizing activity (15). It was recently demon-
strated in human keratinocytes that COX-2 mRNA coprecipi-
tates with endogenous HuR, suggesting that HuR binds to
COX-2 mRNA in a constitutive manner; moreover, forced
overexpression of an HuR-GFP construct stabilizes COX-2
mRNA in unstimulated HaCaT cells (12).
In this study, we demonstrate that the stress-responsive

kinase p38MAPK and the RNA-stabilizing protein HuR are
involved in UVB-induced COX-2 expression in HaCaT cells
and further demonstrate that both stress kinases and HuR are
excellent targets for a pharmacological approach that interferes
with COX-2 expression and its induction by UVB.

EXPERIMENTAL PROCEDURES

Cell Culture, UV Irradiation, and siRNA Transfections—
HaCaT human immortalized keratinocytes (18) were a kind gift
from Prof. P. Boukamp, Heidelberg, Germany. Cells were held at
37 °C in a humidified atmosphere with 5% (v/v) CO2 and cultured
in Dulbecco’s modified Eagle’s medium (PAA, Pasching, Austria)
supplementedwith (final concentrations) 9% (v/v) fetal calf serum

(PAA), 2 mM Glutamax (Invitrogen),
and penicillin/streptomycin (100
units/ml and 0.1 mg/ml, respectively;
PAA). For mRNA stability measure-
ments and UVA irradiations, cells
were cultured in RPMI 1640medium
(Sigma). Exposure of cells to UVA
was performed with a UVA700 irra-
diation device (Waldmann, Vil-
lingen-Schwenningen, Germany)
emitting in the UVA spectral region
(320–400 nm) with a maximum
emission at 365 nm. For exposure
to UVB, TL20W/12RS-UV bulbs
(Philips, Eindhoven, The Nether-
lands) were used emitting most of
the energy in the UVB spectral
region (280–320 nm) with a max-
imum emission at 310 nm. Irradi-
ations were at an intensity of 49
milliwatts/cm2 (UVA) and 0.60–
0.85 milliwatt/cm2 (UVB), respec-
tively. Cell viability after exposure
to UVB was determined using the
reduction of 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide to the correspond-
ing blue formazan by viable cells.
For irradiations, cells were grown to
�90% confluence and held in
serum-free media for 24 h prior to
exposure to UV, washed once with
PBS, and covered with PBS during
exposure toUVor during sham irra-
diation. Inhibitors of signaling mol-
ecules or transporters (SB202190
was from Sigma, and staurosporine,
bisindolylmaleimide I, rottlerin, and

leptomycin B were from Calbiochem) or the respective solvent
controls (DMSO) were added to media 30 min prior to expo-
sure of cells to UV and were also present throughout post-
irradiation incubations. siRNAs targeting the coding sequence
(HuR1, sense GAGGCAAUUACCAGUUUCA) and the 3�-un-
translated region (HuR2, UCUUAAGUUUCGUAAGUUA) of
human HuR mRNA and a nontargeting control siRNA (UUC-
UCCGAACGUGUCACGUUU) were used at 150 nM (final
concentration) and were purchased from Qiagen (Hilden,
Germany). Knockdownof hnRNPA0was accomplished using a
mixture of four duplex siRNAs targeting human hnRNP A0
mRNA (GAGGAUAUCUACUCCGGUG,GAUUCGGCUUC-
GUGUAUUU, CCGAGAUUAUUGCCGACAA, and GUGG-
GAGCGACUACGGUAA) in a total final concentration of 40
nM or nontargeting control siRNA (UGGUUUACAUGUC-
GACUAA), both from Dharmacon (Lafayette, CO). The
siRNA targeting both � and � p38MAPK isoforms (CGGCA-
GGAGCUGAACAAGAUU) was from Dharmacon and was
employed at 100 nM. Transfection of siRNAs into HaCaT cells
was performed using Oligofectamine transfection reagent

FIGURE 1. Induction of COX-2 expression in HaCaT cells by UVB but not UVA. HaCaT cells were held under
serum-free conditions for 24 h prior to exposure to UV. A, cells were exposed to UVA (300 kJ/m2) and UVB (100
J/m2) or were sham-irradiated through PBS, followed by lysis after the given periods of time. Detection of COX-2
and GAPDH mRNA levels was by RT-PCR. Data are representative of at least three independent experiments.
B, viabilities of HaCaT cells following exposure to UVB at the given dose were determined in a 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay 8 and 24 h post-irradiation, respectively, and nor-
malized for viabilities of sham-irradiated cells. Data shown are means of at least two independent experiments.
C and D, cells were exposed to UVA (300 kJ/m2) or UVB (100 J/m2), followed by post-incubation in serum-free
medium and lysis after the given periods of time. Detection of COX-2 protein levels was by Western blotting;
GAPDH or actin served as loading controls. Data are representative of at least two (UVB) or three (UVA) inde-
pendent experiments. E, cells were exposed to UVB at the given doses through PBS, followed by lysis after 8 h.
Detection of COX-2 protein levels was by Western blotting; tubulin served as loading control. Data are repre-
sentative of three independent experiments. F, cells were treated as described under C. Cell culture superna-
tants were collected at the indicated time points and analyzed for PGE2 by ELISA. The values shown are
means � S.D. (n � 3) normalized to total protein amounts in the corresponding cultures. Normalized PGE2
concentrations at 0 h post-irradiation were set to 1.
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(Invitrogen) according to the manufacturer’s instructions. 40 h
after transfection, cell culture media were changed and cells held
in serum-freemedia for another 24 h prior to further treatment or
analysis.
Reverse Transcription (RT)-PCR—Total RNA was isolated

using TRIzol reagent (Invitrogen) or the Nucleo Spin RNA/
Protein kit (Macherey-Nagel, Düren, Germany) for simultane-
ous protein isolation according to the manufacturer’s instruc-
tions. Reverse transcription of RNA (1�g)was performed using
the Omniscript RT kit (Qiagen) according to the manufactur-
er’s instructions, oligodeoxythymidine primers (10 �M), and 1
unit of RNaseOUT RNase inhibitor (Invitrogen). For PCR, 1:10
of the synthesized cDNA was added to 1 unit of Taq DNA
polymerase (Qiagen), 200 �M dNTPs (AmershamBiosciences),
and 1 �M (for GAPDH) or 1.5 �M (for COX-2) of the respective
primer pairs (Invitrogen, GTCAGTGGTGGACCTGACCT
and AGGGGTCTACATGGCAACTG for GAPDH, GCAGT-
TGTTCCAGACAAGCA and CAGGATACAGCTCCAC-
AGCA for COX-2). PCR products were visualized via agarose
gel electrophoresis and ethidium bromide staining.
Determination of COX-2 mRNA Stability—HaCaT cells

were depleted of serum for 24 h prior to exposure to UVA or
UVB. Following irradiation, cells were held in cell culture
medium for 2 h at 37 °C and then washed twice with PBS and
incubated in the presence of 1 �g/ml actinomycin D (Sigma),

an inhibitor of transcription, in
serum-free RPMI 1640 medium.
At several time points after addi-
tion of actinomycin D, cells were
washed with PBS and cell lysis
and RNA isolation performed using
TRIzol reagent (Invitrogen). COX-2
as well as GAPDH mRNA levels
were quantitated via RT-PCR, agar-
ose gel electrophoresis, and densito-
metric analysis of agarose gels. The
obtained values for COX-2 PCR
product levels were normalized ac-
cording to the GAPDH controls.
PGE2 Measurement—Cells were

grown to�90% confluence and held
in serum-free media for 24 h prior
to irradiation. Detection of PGE2
in cell culture supernatants post-
irradiation was performed via com-
petitive ELISA (Cayman Chemical,
Ann Arbor, MI). For analysis, su-
pernatants were diluted 1:10 in
serum-free Dulbecco’s modified
Eagle’s medium. PGE2 levels de-
tected were normalized to cellular
protein concentrations.
Western Blotting and Immuno-

cytochemistry—For Western analy-
ses, cells were lysed on ice by scrap-
ing and collecting lysates in cold
0.5% (w/v) SDS. Protein concentra-
tions were determined using a de-

tergent-compatible protein assay (Bio-Rad). 4� SDS-PAGE
buffer (250 mM Tris/HCl, 5% (w/v) SDS, 20% glycerol, 100 mM

dithiothreitol, and 0.01% (w/v) bromphenol blue, pH 8) was
added to samples, which were then subjected to heat denatur-
ation at 95 °C for 5 min and loaded onto SDS-polyacrylamide
gels of 10% (w/v) acrylamide, followed by electrophoresis and
Western blotting onto polyvinylidene difluoride membranes.
For detection of COX-2 and HuR, membranes were incubated
with mouse monoclonal anti-COX-2 (Cayman Chemical) and
anti-HuR (Santa Cruz Biotechnology, Lake Placid, NY) anti-
bodies, respectively, and diluted in blocking buffer (1–5% (w/v)
skim milk powder in 50 mM Tris/Cl, 150 mM NaCl, 0.1% (v/v)
Tween 20, pH7.4). Further antibodies used in this study include
mouse monoclonal anti-�-tubulin (Sigma), mouse monoclo-
nal anti-GAPDH (Chemicon, Temecula, CA), mouse mono-
clonal anti-�-actin (Abcam, Cambridge, UK), and rabbit poly-
clonal anti-phospho-p38 (Cell Signaling Technology, Beverly,
MA) as well as rabbit polyclonal anti-HDAC1 (Santa Cruz Bio-
technology) and goat polyclonal anti-hnRNP A0 antibodies
(Santa Cruz Biotechnology). Horseradish peroxidase-coupled
secondary antibodies were from Amersham Biosciences and
Santa Cruz Biotechnology for detection of primary antibodies
from mouse, rabbit, and goat. Detection of secondary antibod-
ies bound to polyvinylidene difluoride membranes was by
chemiluminescence employing reagents from Pierce. Subcellu-

FIGURE 2. Modulation of COX-2 mRNA stability by UVB but not UVA. HaCaT cells were held under serum-
free conditions for 24 h, exposed to UVB (100 J/m2) and UVA (300 kJ/m2) or sham-irradiated (ctrl), followed by
post-incubation in serum-free medium and the addition of actinomycin D (1 �g/ml) after 2 h. Cells were lysed
at the indicated time points after addition of actinomycin D and analyzed via RT-PCR for the mRNA levels of
COX-2 and GAPDH (loading control). A representative agarose gel is shown in A. Data were analyzed densito-
metrically, as shown in B and C. COX-2 mRNA levels were normalized over GAPDH levels; data are expressed as
percent of mRNA remaining after addition of actinomycin D. The values shown are means � S.D. (n � 3).
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lar fractionation was performed using the ProteoExtract S-PEK
kit from Calbiochem according to the manufacturer’s instruc-
tions. For immunocytochemical analyses, cells were grown to
�90% confluence on coverslips and held in serum-free cell cul-
ture medium for 24 h. Following exposure to UVB, cells were
incubated in serum-freemedia for 2, 4, 6, or 8 h at 37 °C,washed
twice with PBS, fixed with 4% (w/v) formaldehyde in PBS for 30
min at room temperature, and blocked for 1 h at room temper-
ature in PBS containing 3% (w/v) goat normal serum and 0.3%
(v/v) Triton X-100. Cells were then incubated overnight at 4 °C
with an anti-HuR antibody (Santa Cruz Biotechnology; 1:250 in
PBS, 1% goat normal serum), washed with PBS three times, and
subsequently incubated in the presence of an Alexa Fluor 488-
conjugated secondary anti-mouse antibody (Invitrogen; 1:500
in PBS) for 1 h at 37 °C. Nuclei were counterstained with
4�,6-diamidino-2-phenylindole.

RESULTS

Induction of COX-2 Expression by UVB but Not UVA—
HaCaThuman keratinocytes were exposed toUVA (300 kJ/m2)
or UVB (100 J/m2), followed by analysis ofCOX-2mRNA levels

at various time points after irradia-
tion. Although a significant eleva-
tion of COX-2 mRNA levels was
already detected 2 h after exposure
to UVB, no such effect was seen
with UVA (Fig. 1A). The irradiation
doses chosen were subcytotoxic
(Fig. 1B; UVA: data not shown) and
were equivalent in terms of induc-
ing activation of a stress kinase,
p38MAPK, to a similar extent at 30
min post-irradiation (see below).
Although no induction of COX-2
was elicited both at mRNA (Fig. 1A)
and protein levels (Fig. 1C), UVB-
induced enhancement of COX-2
mRNA levels was accompanied by
an even more significant stimula-
tion of COX-2 protein levels start-
ing at 4 h post-irradiation, with a
maximum induction at about 8 h
following exposure of cells to UVB
(Fig. 1D). Maximum induction of
COX-2 was achieved with a dose of
100–150 J/m2, whereas induction
was less pronounced at higher doses
(Fig. 1E), which is probably due to
the cytotoxic effects of doses be-
yond 100 J/m2 (Fig. 1B). In line with
the induced COX-2 being enzymat-
ically active, prostaglandin E2 levels
were elevated in culture superna-
tants of HaCaT cells exposed to
UVB, with the highest accumula-
tion of PGE2 detected at 16 h post-
irradiation (Fig. 1F).
EnhancedCOX-2mRNAStability

following Exposure to UVB but Not UVA—To test whether
COX-2 mRNA stabilization may account for the observed
induction of COX-2 mRNA and protein levels, HaCaT cells
were exposed to UVB, followed by addition of the transcrip-
tional inhibitor actinomycin D 2 h later and the analysis of
remaining COX-2 mRNA at several time points thereafter. In
line with previous reports (12), mRNA stability was drastically
enhanced by exposure of cells to UVB (Fig. 2,A and B), whereas
no significant stabilization of COX-2 mRNA was detectable in
cells exposed to UVA (Fig. 2C), which is in accordance to UVA
not stimulatingCOX-2 expressionunder these conditions (Fig. 1).
Crucial Role of p38MAPK in COX-2 Induction and COX-2

mRNAStabilization byUVB—Exposure ofHaCaT cells toUVB
(100 J/m2) resulted in stimulation of p38MAPK (Fig. 3A). Acti-
vation of p38MAPK was detected by Western analysis of phos-
phorylation at Thr-180 and Tyr-182, i.e. by demonstrating that
the enzymatically active form of the protein is present. Phos-
phorylation of p38MAPK was already detected 15 min post-irra-
diation both with UVB and UVA (Fig. 3, A and B), but whereas
both UVA (300 kJ/m2) and UVB (100 J/m2) stimulated
p38MAPK activation to a similar extent, UVB-induced stimula-

FIGURE 3. p38MAPK is essential for COX-2 induction by UVB. HaCaT cells were held under serum-free conditions
for 24 h prior to exposure to UVA (300 kJ/m2) or UVB (100 J/m2) through PBS, followed by post-incubation in
serum-free media for the indicated periods of time. A and B, cells were lysed at the indicated time after irradiation
and tested for p38MAPK phosphorylation by Western blotting employing a phospho-specific antibody. Detection of
total p38 or tubulin served as loading control. C, 30 min prior to irradiation, the p38MAPK inhibitor SB202190 (SB) (5
�M) or DMSO (vehicle) was added to the culture media, followed by irradiation of cells covered in PBS and post-
incubation of cells for 6 or 8 h in serum-free media containing SB202190 (5 �M) or DMSO. Cells were lysed and tested
for COX-2 levels by Western blotting. Tubulin served as loading control. D, cells were treated as in B. Cell culture
supernatants were collected 16 h post-irradiation and analyzed for PGE2 by ELISA. The values shown are means �
S.D. (n � 4) normalized to total protein amounts in the corresponding cultures. Normalized PGE2 concentrations
determined in supernatants of sham-irradiated and vehicle-treated cells were set to 1. E, 30 min prior to UVB irradi-
ation (100 J/m2), genistein (50�M) or the MKK1/2 inhibitor U0126 (10�M) or DMSO (vehicle) was added to the culture
media, followed by irradiation of cells covered in PBS and post-incubation of cells for 8 h in serum-free media
containing the respective inhibitor or DMSO. Cells were lysed and tested for COX-2 levels by Western blotting. Data
are representative for three independent experiments.
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tion was persistent and detected even 8 h post-irradiation,
whereas UVA-induced p38MAPK activation was transient and
no longer significant after 2 h (Fig. 3A). Inhibition of p38MAPK

employing a specific inhibitor, SB202190, abrogated the induc-
tion of COX-2 expression by UVB, both at mRNA (data not
shown) and protein levels (Fig. 3C), and of UVB-induced eleva-
tion of PGE2 levels in cell culture supernatants (Fig. 3D).

In line with p38MAPK mediating COX-2 induction, a general
tyrosine kinase inhibitor, genistein, also attenuated COX-2
induction by UVB; in contrast, no comparable inhibition of
COX-2 induction was elicited by U0126, an inhibitor of the
classical MKK1/2-ERK1/2MAPK pathway (Fig. 3E), pointing to
the specificity of SB202190.
The role of p38MAPK was further investigated by depleting

p38MAPK using an siRNA approach. Although cells were not
fully depleted of p38MAPK, with residual p38 phosphorylation
detectable after exposure to UVB (see Western blots in Fig. 4),
COX-2 induction upon UVB irradiation was strongly attenu-
ated in these cells (Fig. 4).
We then tested for an effect of p38MAPK inhibition on UVB-

induced COX-2 mRNA stabilization. In fact, stabilization of
COX-2 mRNA by UVB was completely abrogated in the pres-
ence of SB202190, whereas UVB-induced stabilization was not
affected in cells treatedwith vehicle, i.e.DMSO (Fig. 5). In addi-
tion to inhibition of p38MAPK, it appears that protein kinase C
inhibitors, staurosporine, rottlerin, or bisindolylmaleimide,
attenuate, but not fully abrogate, COX-2 induction by UVB
(Fig. 6).
HuRControls COX-2 Induction byUVB—As the stabilization

of COX-2mRNA and p38MAPK appear to be involved in UVB-
induced COX-2 expression, we further investigated whether
selected RNA-binding proteins known to be affected by
p38MAPKmodulate COX-2 expression. The p38MAPK inhibitor,
SB203580, was previously shown to prevent lipopolysaccha-
ride-induced interaction of the hnRNP A0 with mRNA of
COX-2 inmurinemacrophages (19). To test for a role of hnRNP

A0 in UVB-induced COX-2 expression, hnRNP A0 was
depleted from HaCaT cells by means of specific siRNA (Fig.
7A). However, the considerable reduction of hnRNP A0 levels
did not impair induction of COX-2 expression by UVB (Fig.
7A). Thus, hnRNPA0 is unlikely to be involved inUVB-induced
and p38MAPK-mediated induction of COX-2 expression.

We then tested for an involvement of HuR in UVB induction
of COX-2 expression. HuR is an mRNA-stabilizing protein the
cytosolic localization of which is affected by p38MAPK (15). Fur-
thermore,COX-2mRNAwas previously found to coprecipitate
with endogenous HuR, suggesting that HuR interacts with
COX-2mRNA; also, overexpression of an HuR-GFP construct

FIGURE 4. Depletion of p38MAPK attenuates COX-2 induction by UVB.
HaCaT cells were transfected with p38MAPK-specific or control (Ctrl) siRNA.
32 h post-transfection, culture media were changed, and cells were held in
serum-free media for another �16 h, followed by exposure to UVB (100 J/m2)
through PBS or by sham irradiation. After 8 h of post-incubation in serum-free
media, cells were lysed and tested for COX-2 and p38MAPK levels and the
extent of p38 phosphorylation by Western blotting. GAPDH served as loading
control. For densitometric analysis of COX-2 expression, COX-2 levels as
determined by densitometry were related to GAPDH levels and COX-2/
GAPDH ratios calculated. Ratios of the respective control treatments (sham
irradiation) were then set equal to 1. Data are means of three independent
experiments � S.E.

FIGURE 5. Stabilization of COX-2 mRNA by UVB is mediated by p38MAPK.
HaCaT cells were held under serum-free conditions for 24 h. 30 min prior to
exposure to UVB (100 J/m2), SB202190 (SB) (2 �M) or DMSO (vehicle) was
added to the culture media, followed by irradiation of cells covered in PBS and
post-incubation of cells in serum-free media and the continued presence of
SB202190 or DMSO. Actinomycin D was added after 2 h (�time point 0) to a
final concentration of 1 �g/ml. Cells were lysed at the indicated time points
after addition of actinomycin D and analyzed by RT-PCR for COX-2 and
GAPDH mRNA levels. PCR products were analyzed by agarose gel electro-
phoresis, followed by densitometric evaluation of gels. COX-2 mRNA levels
were normalized over GAPDH levels; data are expressed as percent of mRNA
remaining after addition of actinomycin D. The values shown are means �
S.D. (n � 3). Ctrl, control.

FIGURE 6. Protein kinase C inhibitors attenuate UVB-induced elevation of
COX-2 expression. HaCaT cells were held under serum-free conditions for
24 h. 30 min prior to exposure to UVB (100 J/m2), staurosporine (100 nM, A),
rottlerin (B), bisindolylmaleimide I (BIM, C), or DMSO (vehicle) was added to
the culture media, followed by irradiation of cells covered in PBS and post-
incubation of cells in serum-free media and the continued presence of the
inhibitors for 8 h. Cells were lysed and tested for COX-2 levels by Western
blotting. GAPDH served as loading control. Data are representative for four
(A), three (B), and two (C) independent experiments.
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caused stabilization of COX-2 mRNA in unstimulated HaCaT
cells (12).
In this study, knockdown of HuR in an siRNA approach

resulted in a strong depletion of HuR and in significant attenu-
ation of COX-2 induction, both at the level of protein (Fig. 7B)
and mRNA (Fig. 7C). Two different siRNAs were employed,
targeting the HuR coding region (HuR1) and the 3�-untrans-
lated region (HuR2), respectively. Both siRNAs were similarly
efficient in reducing HaCaT responsiveness to UVB in terms of
COX-2 induction (Fig. 7D); densitometric evaluation revealed
that only about 30% of the UVB-induced elevation of COX-2
levels was seen in HaCaT cells depleted of HuR, whereas
slightly less efficient attenuation of induction was achieved at
the level of COX-2 mRNA. Most interestingly, UVB-induced
elevation of PGE2 levels in cell culture supernatants was com-
pletely abrogated in cells depleted of HuR (Fig. 7E), implying
that HuR is crucial for UVB-induced enhancement of PGE2
production by HaCaT keratinocytes.
Exposure of cells to UVB (100 J/m2) did not cause changes in

HuR protein levels (Fig. 7B). It is therefore unlikely that an
enhanced COX-2 mRNA stability due to HuR induction is the
reason for the observed COX-2 induction.
UVBCauses Elevation of CytoplasmicHuRLevels—Although

HuR is located predominantly in the nucleus in unstimulated cells
(20), stressful stimuli such as UVC and oxidizing or alkylating
agents cause its transport to the cytosol, which coincides with

an enhancedmRNA stabilizing activ-
ity of HuR (14). Therefore, we tested
whether exposure of HaCaT cells to
UVB is capable of increasing cytoso-
lic localization of HuR. Following
exposure to UVB, cells were ana-
lyzed immunocytochemically for
the predominant localization of
HuR. Cells were then put in one of
three categories as follows: (i) cells
with predominantly nuclear HuR,
(ii) cells with some HuR in the cyto-
plasm, and (iii) cells with predomi-
nantly cytoplasmicHuR. In nonirra-
diated cultures, all cells had HuR
predominantly nuclear, whereas 8%
displayed some cytosolic HuR (Fig.
8A). Following exposure to UVB,
the percentage of cells with some or
predominantly cytoplasmic HuR
increased transiently, with a peak at
about 4 h post-irradiation, when 6%
of cells were found to carry HuR
predominantly in their cytoplasm
and 30% of cells with at least some
detectable cytoplasmic HuR. After
8 h, numbers were back to control
levels, except for the number of cells
with predominantly cytoplasmic
HuR, which were still slightly ele-
vated (Fig. 8A). To confirm this
UVB-induced cytoplasmic localiza-

tion of HuR, we analyzed subcellular fractions of HaCaT cells
exposed toUVB and found that althoughHuR is by far predom-
inant in the nuclear compartment in both control and exposed
cells, there are significant levels of HuR detected in the cyto-
plasmic fractions (Fig. 8B). Again, the maximum change of
cytoplasmic levels inUVB-exposed cells versus control cellswas
detected at 4 h post-irradiation, and in line with the immuno-
cytochemical analysis, some nuclear HuR remains detectable
after 8 h. Cytoplasmic fractions were demonstrated to be
devoid of nuclear impurities by excluding the presence of
detectable levels of nuclear histone deacetylase.
HuR export to the cytoplasm was previously reported to

depend on the transport receptor CRM1 (chromosomal region
maintenance protein 1) (21). Inhibiting CRM1-dependent
nucleocytoplasmic shuttling with leptomycin B resulted in an
inhibition of UVB-induced COX-2 expression (Fig. 8C), sug-
gesting that HuR is precluded from the UVB-induced nucleo-
cytoplasmic transport via CRM1 and thus cannot contribute to
stabilization of COX-2 mRNA. UVB-induced HuR transloca-
tion was not affected by SB202190, as demonstrated both
immunocytochemically and by subcellular fractionation (Fig.
8D), implying that it is independent of p38MAPK.

DISCUSSION

There is ample evidence linking COX-2 and PGE2 to the
development of UV-induced skin cancer (6). In this study, we

FIGURE 7. HuR controls COX-2 induction by UVB. A, HaCaT cells were transfected with siRNAs targeting
hnRNP A0, with control (ctrl) siRNA, or treated with transfection agent only. Forty hours post-transfection,
culture media were changed and cells held in serum-free media for another 24 h, followed by exposure to UVB
(100 J/m2) through PBS or by sham irradiation. After 8 h of post-incubation in serum-free media (i.e. 72 h
post-transfection), cells were lysed and tested for COX-2 and hnRNP A0 levels by Western blotting. �-Tubulin
served as loading control. Data shown are representative of three independent experiments with identical
results. B, cells were treated as in A but transfected with two different siRNAs targeting HuR (HuR#1 or HuR#2)
or with nondepleting control siRNA (ctrl), each at 150 nM. Lysis of cells was 8 h after irradiation (i.e. 72 h
post-transfection), followed by Western analysis of COX-2 and HuR levels. Data shown are representative of at
least three independent experiments. C, cells were transfected and irradiated as described under B, but lysed at
6 h post-irradiation, followed by RT-PCR analysis of COX-2 and GAPDH mRNA levels. Data shown are represent-
ative of four independent experiments. D, extents of increase in COX-2 protein or mRNA levels by UVB: densi-
tometric analysis of COX-2/GAPDH ratios of blots and agarose gels in B and C, respectively. Data are given as
means � S.D. and are normalized to the COX-2/GAPDH ratios (protein or mRNA) in UVB-irradiated cells trans-
fected with control siRNA (ctrl). E, cells were transfected and irradiated as in B. Cell culture supernatants were
collected 16 h post-irradiation and analyzed for PGE2 by ELISA. The values shown are means � S.D. (n � 3) and
normalized to total protein amounts and the PGE2 concentration found in cultures of untreated cells.
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have assessed the molecular mechanisms contributing to
COX-2 induction by UV radiation, employing HaCaT human
keratinocytes as a model. These cells have been employed pre-
viously to investigate UV-induced modulation of COX-2
expression; UVB was demonstrated to stimulate both COX-2
expression and PGE2 production via p38MAPK (7) and to
enhanceCOX-2mRNA stability in HaCaT cells exposed to 250
J/m2 (12). Similarly, UVAwas shown to elicit significantCOX-2
mRNA stabilization and induction of COX-2 expression via
p38MAPK (4).

However, our previous analyses of the relative contributions
of these UV ranges to the effects of solar light on COX-2 levels
in artificial human epidermis demonstrated that UVB is a far
more efficient inducer of COX-2 expression than UVA; UVB
and UVA-2 (320–350 nm) but not UVA-1 (350–400 nm) con-
tributed to COX-2 induction by simulated solar light (5). Our
present study was conducted for the following reasons: (i) to
compareUVAandUVB at environmentally relevant doseswith
respect to their inducing COX-2 expression and mRNA stabi-
lization inHaCaTcells in one study, and (ii) to identify potential
approaches that would allow for a pharmacological interven-

tion with the induction of COX-2
expression by UVB, in particular by
analyzing contributions of stress
kinases and RNA-binding proteins
in this process.
Induction of COX-2 Expression by

UVB but Not UVA—Both UVB and
UVA are known stimulators of
p38MAPK, which was demonstrated
in this work (Figs. 3 and 4) and else-
where (5, 7, 22) to mediate COX-2
induction by UV radiation. Never-
theless, UVA was not capable of
eliciting significant elevation of
COX-2 mRNA or protein levels in
exposed HaCaT cells (Fig. 1) or of
COX-2 mRNA stability (Fig. 2),
although p38MAPK was stimulated
at the doses employed. Although
both UVA and UVB may affect cel-
lular signaling cascades via the for-
mation of reactive oxygen species
(23–25), these wavelength regions
differ with respect to their primary
cellular target molecules and thus
with respect to the following: (i) the
mode of formation and the identity
of generated reactive oxygen spe-
cies, and (ii) the battery ofmolecular
targets the irradiation of which may
lead to the formation of active sig-
naling molecules other than reac-
tive oxygen species. For example,
the amino acid tryptophan is a tar-
get of both UVA and UVB. How-
ever, whereas the latter is directly
absorbed by Trp, causing the gener-

ation of a photoproduct actively stimulating signaling cascades
that may culminate in the enhanced expression of COX-2 (9),
the former only indirectly, via photoactivation of riboflavin,
interacts with Trp, resulting in generation of hydrogen perox-
ide (26), which then acts as the active signaling molecule (27).
Thus, the reason for differences in COX-2 expression in
response to UVA and UVB is likely to reside in differences in
patterns ofmolecular changes elicited in exposed cells. Amajor
difference found in this work was that, although both stimu-
lated p38MAPK activation, UVB-induced p38MAPK activity was
more persistent than that induced by UVA (see “Results” and
Fig. 3). We propose that this is a crucial factor in modulation of
COX-2 expression and that these differences are due to molec-
ular changes induced by UVB not only differing from those of
UVA but also being more permanent. Nevertheless, the exact
molecular changes underlying p38MAPK activation by UVB
have yet to be identified.
HuR Is a Crucial Regulator of UVB-induced COX-2

Expression—The stress kinase p38MAPK was demonstrated in
this study to be involved in the regulation of COX-2 expression
under the influence of UVB (Figs. 3 and 4). The pharmacolog-

FIGURE 8. UVB-induced translocation of HuR to the cytoplasm. A, HaCaT cells were held under serum-free
conditions for 24 h, exposed to UVB (100 J/m2) or sham-irradiated (ctrl), followed by post-incubation in serum-
free medium and fixation in formaldehyde after the indicated periods of time. Cells were analyzed for subcel-
lular HuR localization immunocytochemically and classified according to the cellular localization of HuR. Three
categories were established as follows: (i) consisting of cells with HuR predominantly nuclear; (ii) consisting of
cells with HuR predominantly nuclear but detectable cytosolic HuR; and (iii) consisting of cells with predomi-
nantly cytosolic HuR. For each time point, �130 cells were evaluated in each independent experiment. Data are
given as means of at least three independent experiments � S.D. B, cells were treated as described in A,
followed by subcellular fractionation at the indicated time points after exposure to UVB and analysis of HuR
and histone deacetylase levels in cytosolic (cyt) and nuclear (nuc) fractions by Western blotting. Data are
representative of three independent experiments. C, HaCaT cells were held under serum-free conditions for
24 h. 150 min prior to exposure to UVB (100 J/m2), and leptomycin B (LMB) was added to a final concentration
of 20 ng/ml, followed by irradiation of cells covered in PBS and post-incubation of cells in serum-free media and
the continued presence of leptomycin B for 8 h. Leptomycin B was dissolved in methanol (70%), which was
added to media in vehicle control experiments. Cells were lysed and tested for COX-2 and HuR levels by
Western blotting, �-tubulin serving as loading control. Results are representative of three independent exper-
iments. D, cells were held under serum-free conditions for 24 h, followed by incubation in the presence of the
p38MAPK inhibitor, SB202190 (5 �M), for 30 min and exposure to UVB (100 J/m2) or sham-irradiation (ctrl). After
4 h of post-incubation in serum-free medium, cells were fractionated and analyzed for HuR and histone
deacetylase (HDAC) content as in B. Data are representative of two independent experiments.
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ical inhibitors employed allow for a further specification
because of their isoform specificities, with SB202190 selectively
inhibiting p38MAPK � or � (28, 29), rottlerin being a fairly selec-
tive inhibitor of protein kinaseC� isoforms (30), and bisindolyl-
maleimide I (also known as Gö 6850) being a rather selective
inhibitor of the �, �1, �, and � isoforms of protein kinase C (31),
although staurosporine is a protein kinase inhibitor with a
rather broad target spectrum. The concentrations of protein
kinase C inhibitors required for substantial inhibition of
COX-2 induction by UVB were generally rather high, whereas
the drastic effects of preincubation with SB202190 were
achieved with concentrations that are generally accepted as
within the safe range for inhibitor specificity (2–5 �M). We
therefore believe that, although protein kinase Cmay be amod-
ulator of the effects of UVB onCOX-2 expression, p38MAPK is a
crucial regulator of COX-2mRNA stability (Fig. 5) and COX-2
expression (Figs. 3 and 4). This is further supported by experi-
ments based on siRNA depletion of p38MAPK employing an
siRNA targeting the � and � isoforms (Fig. 4).
We have further demonstrated in this study that induction of

COX-2 expression by UVB depends on the mRNA-binding
protein HuR (Fig. 7) and that HuR accumulates in the cyto-
plasm upon exposure of HaCaT cells to UVB (Fig. 8). Both
mRNA binding activity and nucleocytoplasmic shuttling of
HuR are known to be controlled by several protein kinases,
including p38MAPK and protein kinase C. Although phosphor-
ylation of HuR in its hinge region that governs nucleocytoplas-
mic shuttling (for review see Ref. 13) by the cell cycle regulating
kinase Cdk1 (Ser-202) (32) or a yet unknown kinase (Ser-242)
(33) has been demonstrated to result in a predominantly
nuclear localization, phosphorylation of Ser-221 by protein
kinase C isoforms coincided with its translocation to the cyto-
plasm (16, 17). Furthermore, checkpoint kinase Chk2-depend-
ent phosphorylation in the RNA binding regions of HuR has
been reported to cause a loss of interaction between HuR and
SIRT1mRNA (34), although in contrast p38MAPK was demon-
strated to enhance HuR-dependent mRNA stabilization (15,
35). In fact, it was recently demonstrated that HuR is a direct
substrate of p38MAPK and that p38-dependent phosphorylation
of HuR enhances its mRNA stabilizing activity (36).
As p38MAPK was not required for UVB-induced alteration of

cytoplasmic accumulation ofHuR in our hands (Fig. 8D), and as
HuR levels were not simply increased by UVB in our system
(Figs. 7B and 8C), we propose that p38MAPK affects COX-2
mRNA stability in one of two ways. First, it may enhance HuR
binding toCOX-2mRNA by phosphorylating HuR, either indi-
rectly or directly in a not yet identified manner. Second,
p38MAPK may change the affinities of mRNA-binding proteins
associated with COX-2 mRNA in a way that renders COX-2
mRNA more accessible toward HuR. In fact, mRNA-binding
proteins that are p38MAPK targets and that also destabilize
mRNAs exist, such as “KH domain-containing RNA-binding
protein” (KSRP) and tristetraproline; we hypothesize that such
a destabilizing RNA-binding protein may compete with HuR
for AU-rich elements in the 3�-untranslated region of COX-2
mRNA and that interaction of these destabilizing proteins with
COX-2 mRNA is weakened in a p38MAPK-dependent fashion,
rendering COX-2 mRNA accessible for the stabilizing RNA-

binding protein HuR. The binding of HuR to COX-2 mRNA
and the enhanced stability of COX-2 mRNA in cells overex-
pressing an HuR-GFP fusion protein has recently been demon-
strated (12).
Conclusions—In this study, COX-2 expression in HaCaT

keratinocytes was found to be induced in cells exposed to UVB
but not UVA. The reported UVB effects strongly depended on
p38MAPK, which mediated UVB-induced stabilization of
COX-2 mRNA and an increase in COX-2 mRNA and protein
levels, as demonstrated employing a specific inhibitor of
p38MAPK, SB202190, and p38-specific siRNA. Furthermore,
depletion of themRNA-stabilizing protein HuR bymeans of an
siRNA approach employing one of two different specific
siRNAs emphasized the crucial role of HuR in COX-2 induc-
tion upon exposure to UVB. The involvement of p38MAPK and
HuR in UVB-induced COX-2 expression was highlighted also
at the level of PGE2 production.

These data not only provide insight into molecular cas-
cades mediating UVB-induced COX-2 expression but also
point at two different approaches potentially interfering
with COX-2 induction by UVB, which is of interest with
respect to the prevention of UVB-induced skin carcinogen-
esis; both approaches employed in this study, i.e. low molec-
ular mass inhibitors, such as SB202190, and siRNA-based
strategies, equally and efficiently interfered with UVB-in-
duced COX-2 expression and PGE2 production. Furthermore,
and more specifically, two potential target molecules for
approaches aiming at interfering with UVB-induced COX-2
expression were established, p38MAPK and HuR.
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