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Solar ultraviolet (UV) A radiation is a well known trigger of
signaling responses in human skin fibroblasts. One important
consequence of this stress response is the increased expression
of matrix metalloproteinase-1 (MMP-1), which causes extracel-
lular protein degradation and thereby contributes to photoag-
ing of human skin. In the present study we identify the protea-
some as an integral part of the UVA-induced, intracellular
signaling cascade in human dermal fibroblasts. UVA-induced
singlet oxygen formation was accompanied by protein oxida-
tion, the cross-linking of oxidized proteins, and an inhibition of
the proteasomal system. This proteasomal inhibition subse-
quently led to an accumulation of c-Jun and phosphorylated
c-Jun and activation of activator protein-1, i.e. transcription fac-
tors known to control MMP-1 expression. Increased transcrip-
tion factor activation was also observed if the proteasome was
inhibited by cross-linked proteins or lactacystin, indicating a
general mechanism.Most importantly, inhibition of the protea-
some was of functional relevance for UVA-induced MMP-1
expression, because overexpression of the proteasome or the
protein repair enzyme methionine sulfoxide reductase pre-
vented the UVA-induced induction of MMP-1. These studies
show that an environmentally relevant stimulus can trigger a
signaling pathway, which links intracellular and extracellular
protein degradation. They also identify the proteasome as an
integral part of the UVA stress response.

Solar ultraviolet A (UVA; 320–400 nm) radiation is a well
known trigger of signaling responses in human dermal fibro-

blasts in vitro aswell as in vivo in human skin (1–3). One impor-
tant consequence of this stress response is the increased expres-
sion of matrix metalloproteinase-1 (MMP-1),8 which causes
extracellular protein degradation and thereby contributes to
photoaging of human skin. In fact, UVA-induced MMP-1
expression and the resulting increased degradation of collagen
fibers, which occurs primarily in the upper part of the dermis, is
thought to be a major reason for wrinkle formation in photo-
aged human skin (4–6).
The specific signaling steps involved in UVA radiation-in-

duced MMP-1 expression have been extensively examined in
recent years. These studies have identified UVA radiation-in-
duced singlet oxygen formation as the initiating event (for
review, see Ref. 7) that triggers a cascade of downstream steps
which critically involve the activation of the transcription factor
complex AP-1 and the subsequent increase in expression of
MMP-1. This signaling model, however, includes a black box,
because the precise signaling steps linking singlet oxygen with
AP-1 activation are largely unknown.
In this regard it is of interest that skin fibroblasts in the upper

part of the dermis, i.e. exactly the compartment where collagen
degradation takes place, contain increased amounts of oxidized
proteins (8). The functional relevance of protein oxidation in
human skin is not known. Under normal conditions oxidized
proteins are being degraded by the proteasome. The protea-
some is located in the cytosol, nucleus, and attached to the
endoplasmic reticulum and the cell membrane. Themain body
of this system is called 20 S “core” proteasome which is regu-
lated by several peptides but also known to be able to degrade
proteins without any regulator. It has been shown by many
studies that proteasome activity decreases in aging tissues. A
major reason for proteasome activity inhibition is protein
aggregate formation which can occur as a consequence of pro-
tein oxidation.
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In the present study we show that UVA radiation, through a
singlet oxygen-mediated mechanism, causes protein oxidation
and attenuation of proteasome activity in human skin fibro-
blasts. This then leads to the decreased degradation of intracel-
lular proteins including constituents of the transcription factor
complex AP-1 and ultimately to increased MMP-1 transcrip-
tion. Our studies identify the proteasome as an integral part of
theUVA stress response and link intracellular and extracellular
protein degradation.

EXPERIMENTAL PROCEDURES

Cell Culture—Human foreskin fibroblasts were cultured in
Dulbecco’s modified Eagle’s medium supplemented with peni-
cillin (100 units/ml), streptomycin (100 �g/ml), and 10% fetal
calf serum in a humidified atmosphere of 5%CO2 and 95% air at
37 °C. All experiments were performed with cells of passages
22–26. Cell viability was determined using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide)
reduction by viable cells.
UVA Irradiation and Treatments of the Human Dermal

Fibroblast Cells—TheUVA irradiation sourcewas aTL15W/05
lamp that emitted an energy spectrum in theUVA region (320–
400 nm). The emitted dose was calculated using a UV-MAT
dosimeter system. Before UVA irradiation, cells were washed
twice with PBS to remove all medium, and during irradiation
cells were held in PBS andmaintained at 37 °C in a thermostat-
ically controlled water bath. Control samples were subjected to
the same conditionswithout irradiation. After irradiation, fresh
medium was added, and the cells were incubated for a further
3 h before analysis. According to viability test results, 0–60
J/cm2 of UVA irradiation were chosen for the experiments. On
average, 50 J/cm2 of UVA typically corresponds to oneminimal
erythemal dose in human skin (9). For lactacystin experiments
cells were incubated with 20 �M lactacystin alone or with pro-
tein kinase inhibitors: 80 �M JNKi I (cell-permeable, Ref. 10),
100 �M JNKi II, SP600125 (11), 100 �M I�B kinase inhibitor
(cell-permeable; Calbiochem) for 24 h. Chemical generation of
1O2 was achieved by incubation of cells with disodium 3,3�-
(1,4-naphthylidene) dipropionate-1,4-endoperoxide (NDPO2)
in PBS. NDPO2 was synthesized from NDP (Molecular Probes,
Eugene, OR) by oxidation with H2O2/molybdate. Control
experiments were performed with solutions of predecomposed
(heated) NDPO2 containing the decomposition product, NDP.
In Vivo Irradiation Protocol—Healthy volunteers were irra-

diated at a dose of 120 J/cm2 in the buttock area. Biopsies were
taken 1 h after irradiation from the irradiated area and, for
comparison, from the contralateral nonirradiated area. The
studies were approved by the ethical committee of the Hein-
rich-Heine-University, Düsseldorf. Biopsies were split into half
and snap-frozen and stored at �80 °C until analysis. One part
was used for immunostaining, whereas the other part of the
biopsy was used for biochemical analysis.
Protein Carbonyl Measurement by Enzyme-linked Immu-

nosorbent Assay—Protein carbonyl content was taken as a
measure for protein oxidation. Carbonyls were determined in
cell lysates (1 mg/ml in lysis buffer with 1 mM butylated
hydroxytoluene) by an enzyme-linked immunosorbent assay as
introduced by Buss et al. (12). Primary anti-DNP-rabbit-IgG

antiserum (Sigma) and a secondary monoclonal anti-rabbit-
peroxidase-conjugated IgG (Sigma) were used as detection sys-
tem. Development was performed with o-phenylene diamine
andH2O2. Absorbance was measured at 492 nm using amicro-
plate reader (BioTek Instruments EL 340).
Proteasome Activity Analysis by Fluorometry—Cells were

lysed in 1 mM dithiothreitol by vigorous shaking for 1 h at 4 °C.
The lysates were centrifuged at 14,000� g for 30min to remove
nonlysed cells, membranes, and nuclei. Supernatants were
incubated in 225 mM Tris buffer (pH 7.8) containing 7.5 mM

MgOAc, 7.5 mM MgCl2, 45 mM KCl, and 1 mM dithiothreitol.
The fluorogenic peptide succinyl-LLVY-methyl coumarin was
used as substrate at a concentration of 200 �M to measure chy-
motrypsin-like activity of the proteasome. After 30min of incu-
bation at 37 °C, methyl coumarin liberation wasmeasured with
fluorescence reader (360 nm excitation/485 nm emission) and
calculated using freemethyl coumarin as standards. To exclude
other protease activities the selective proteasome inhibitor lac-
tacystin with the final concentration of 20 �M was used in the
reaction, and proteasome activity was calculated as the differ-
ence between the total activity and the remaining activity in the
presence of lactacystin. For measurements in the isolated form
of the proteasome, purification was made as described (13, 14).
Protein Carbonyl and Proteasome Content Observation by

Immunohistochemistry in Tissue Samples—Immunostaining
was performed on 5-�m-thick sections. Fixation was done as
previously described (15). The following antibodies were used:
rabbit polyclonal anti-DNP (Sigma, diluted 1:200) for protein
carbonyls and rabbit polyclonal antibody to human 20 S pro-
teasome (Biomol, diluted 1:100). For 4�,6-diamidino-2-phenyl-
indole staining, 1 mg/ml of solution was used. Observations
were made by fluorescence microscopy using an Olympus
BX-60 transmission fluorescencemicroscope running standard
software.
Quantitative PCR Analysis—Cells were lysed, and total

RNA was isolated using the Qiagen RNeasy Mini kit follow-
ing the manufacturer’s protocol. The amount and purity of
the extracted RNA were determined via spectrophotometry
in a Smartspec 3000 (Bio-Rad). An iScript cDNA synthesis
kit and 1 �g of RNA were used for cDNA synthesis. Quanti-
tative real-time PCR was performed using a Bio-Rad iCycler
3.0 and the Bio-Rad IQ SYBR Green reaction mixture. The
sequences of primers used in this work were as fol-
lows: human MMP-1 forward, CTGCTTACGAATTTGCC-
GAC; human MMP-1 reverse, GCAGCATCGATATGCTT-
CAC; human TIMP-1 forward, GATGGACTCTTGCACA-
TCACT; human TIMP-1 reverse, TGGATAAACAGGGAA-
ACACTG. As the housekeeping gene for relative mRNA
quantification, 18 S rRNA was chosen; human 18 S rRNA
forward, GGACATCTAAGGGCATCACA; human 18 S
rRNA reverse, GGACATCTAAGGGCATCACA.
Immunoblot Analysis—Cells were lysed at 4 °C using 10 mM

Tris HCl (pH 7.5) buffer containing 1 mM Pefabloc, 0.9% Non-
idet P-40, 0.1% SDS. The protein concentrations of the super-
natantswere determined according to Lowry (16). 30�g of total
protein in reducing Laemmli buffer (0.25 M Tris (pH 6.8), 8%
SDS, 40% glycerol, 0.03% bromphenol blue) were denatured at
95 °C for 5 min and applied to SDS-PAGE of 12% (w/v) acryl-
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amide followed by electrophoresis and blotting onto nitrocel-
lulose membrane according to standard procedures. Immuno-
detections were performed with the following antibodies at
dilutions recommended by the suppliers: rabbit polyclonal
c-Jun antibody, mouse monoclonal anti-phospho- (Pi-) c-Jun
antibody raised against amino acids 56–69 of human c-Jun
(Santa Cruz Biotechnology; Santa Cruz, CA), mouse mono-
clonal anti-glyceraldehyde-3-phosphate dehydrogenase anti-
body (Novus Biologicals). After exposure to peroxidase-cou-
pled secondary antibodies (Calbiochem), membranes were
developed using Lumi-Light Western blotting substrate (Cell
Signaling).
AP-1 Binding Activity Analysis by Fluorescence Microscopy—

The modulation of JNK/AP1 pathway was observed using
Cignal AP1 Reporter Assay kit GFP (Superarray) according
to the manufacturer’s protocol. After reverse transfection of
the cells for 16 h, cells were treated with 30 J/cm2 UVA or 20
�M lactacystin. GFP expression was analyzed via fluorescent
microscopy using standard fluorescein isothiocyanate filters
(excitation of 470 � 20 nm and an emission filter of 515 nm).
Protein Aggregates and Proteolysis Measurement by Liquid

Scintillation Counting—Cells were incubated with [35S]methi-
onine/cysteine at the end activity of 100 �Ci/ml in methionine
and cysteine-freeminimal essential Eagle’s medium at 37 °C for
16 h. After washing non-incorporated medium with PBS, cells
were irradiated with 30J/cm2 and incubated for 3 h in medium.
For proteolysis measurement at the end of incubation, the
mediumwasmixed with the equal volume of 20% trichloroace-
tic acid. Scintillation counting was performed with the acid-
soluble supernatant after centrifugation at 14,000 � g for 15
min at 4 °C. The acid-soluble counts were calculated as (acid
soluble sample counts/incorporated counts)� 100. For protein
aggregate measurement, detergent solubility was taken as a
measure. After collecting the medium for proteolysis measure-
ment, cells were scraped, and pellets were resuspended in a
detergent solution consisting of 1% Triton X-100, 0.5% sodium
deoxycholate, and 0.1% SDS in 10 mM Tris-HCl, 1 mM EDTA
(pH 8) (17). After cell lysis at 4 °C for 15 min, samples were
centrifuged at 13,000 � g for 10 min. Supernatants were
counted as detergent-soluble proteins, and pellets, counted as

detergent-insoluble proteins, were
dissolved in 1 N NaOH and sub-
jected to scintillation counting.
Statistics—Statistical analysis was

performed using Prism 4 (Graph-
Pad) software. For determination of
statistical significances of differ-
ences, Student’s t test and one-way
ANOVA were performed followed
by multiple comparisons using the
Bonferroni’s multiple comparison
test. A p value of less than 0.05 was
selected as the level of significance.

RESULTS

UVATreatment Increases Protein
Carbonyl Formation and Inhibits
Proteasome Activity but Does Not

Change Proteasome Content—As an indicator of oxidized pro-
teins, the amount of protein-bound carbonyls were measured
after UVA treatment according to Buss et al. (12) with modifi-
cations byVoss et al. (18). The use of protein carbonyl groups as
a biomarker of oxidative stress is widely accepted because of the
relatively early formation and the stability of carbonylated pro-
teins (19). The protein carbonyl content of cells was enhanced
with increasing doses of UVA (Fig. 1A).

Protein oxidation appears to be lower at higher doses of UVA
(50 and 60 J/cm2).More specifically, the amount of soluble pro-
tein carbonyls is lower. We believe that this is because of a
masking of carbonyl moieties from detection via DNP hydra-
zine by reaction of carbonyls with several other oxidized com-
ponents of the cells and by an enhanced formation of aggre-
gated proteins.
It was shown in earlier studies (20, 21) that the proteasome

plays a major role in the degradation of oxidatively modified
proteins. To test whether afterUVA irradiation the proteasome
is able to fulfill this task, we measured the proteasomal activity
in fibroblast lysates after UVA treatment using the fluorogenic
peptide succinyl-LLVY-methyl coumarin. Surprisingly, a clear
decay of the proteasomal activity was detected, reaching amin-
imum at a dose of 30 J/cm2 (Fig. 1B). To further test whether
this effect is because of an inhibition of the proteasome or due
to a reduction of the presence of the proteasome, we deter-
mined the proteasome content by immunoblot. No change in
the expression of the 20 S core proteasome subunits was
observed (Fig. 1C). Therefore, we concluded that the reduction
of proteasomal activity after UVA irradiation was because of
inhibition of its catalytic activity. In this line we tested whether
such effects also occur in vivo. Therefore, we next investigated
protein carbonyls, proteasome activity, and proteasome con-
tent in sections of human skin biopsies exposed to UVA. Pro-
tein carbonyl content was increased, and proteasome activity
was inhibited afterUVA treatment (Fig. 2). Proteasome content
and distribution was not changed because of UVA treatment
(Fig. 2). 4�,6-Diamidino-2-phenylindole (DAPI) staining was
used to show the nuclei of the cells. In summary, we could see a
clear increase of protein carbonyl formation in UVA-exposed
human skin and no decline in proteasome amount (Fig. 2).

FIGURE 1. Effect of UVA treatment on protein carbonyl formation and proteasome activity in dermal
fibroblast cells. Cells were cultured and exposed to UVA as described under “Experimental Procedures.”
Three hours later the cells were harvested, lysed, and analyzed for the protein carbonyl levels (A) by
enzyme-linked immunosorbent assay (data are the means � S.E.; n � 4; *, p � 0.05 versus nonirradiated,
ANOVA, Bonferroni’s multiple comparison test) or the 20 S proteasome activity (B) (data are the means �
S.E.; n � 4; *, p � 0.05 versus nonirradiated, ANOVA, Bonferroni’s Multiple Comparison test). The same
lysates were analyzed for the proteasome content (C) by an immunoblot (see the upper panel) and quan-
tified amount (see the lower panel). Immunodetection of proteasomal subunits was by employing a
polyclonal anti-proteasome antibody. MCA, 7-amino-4-methylcoumarin.
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Singlet Oxygen Formation after UVA Treatment—1O2 is
known to be formed as a consequence of UVA irradiation, and
the effects on protein oxidation and extracellular matrix
changes can be correlated to 1O2 formation (22–24). To test the
effect of 1O2 on proteasome inhibition afterUVA, sodium azide
(NaN3), a potent quencher of 1O2, was used in themodel. NaN3
at 20 mM was shown to inhibit 1O2 formation caused by UVA
irradiation (22, 25). Because NaN3 prevented the decline of the
proteasome activity in our model (Fig. 3A), we concluded that
1O2 is the cause of the proteasomal inactivation. To confirm
this we incubated fibroblasts with NDPO2 at millimolar con-
centrations, establishing pico-/low nanomolar steady-state
concentrations of 1O2. As shown in Fig. 3B, proteasome activity
was inhibited significantly by 1 mM NDPO2 in the cells (n � 3;
p � 0.05). This was surprising because earlier studies by our
group had demonstrated the resistance of the proteasome
toward oxidative stress (13, 26, 27). Therefore, we tested
whether the isolated proteasome is also susceptible toward 1O2.
However, this was not the case (Fig. 3C). Our conclusion was
that either 1O2 generates an unknown intermediate product in

cells, affecting the proteasomal
activity, or that UVA has a 1O2-in-
dependent effect on proteasomal
activity. Because the direct exposure
of isolated proteasome toUVA even
at much higher doses did not cause
any loss of activity (Fig. 3D), it seems
to be most likely that UVA affects
cellular structures which in turn
inhibit the proteasome. It was
shown by us (20, 21, 28) and others
(29–33) that protein aggregates are
potential factors inhibiting the pro-
teasome after oxidative stress. If
indirect inhibition of proteasomal
activity occurs as a result of UVA-
induced generation of cellular pro-
tein aggregates, the proteasomal
activity should be impaired along
with the total rate of cellular prote-
olysis. Total proteolysis was meas-
ured by metabolic radiolabeling of
the intracellular protein pool, and
we could clearly demonstrate an
inhibition in overall protein degra-
dation in cells after UVA (n� 3; p�
0.05) (Fig. 3E).
Our conclusion from this series of

experiments was that UVA gener-
ates 1O2.We then hypothesized that
1O2 may cause oxidative formation
of protein aggregates that in turn
inhibit the proteasome. We, there-
fore, measured formation of protein
aggregates.
UVA-induced Protein Aggregate

Formation as an Indicator of Severe
Protein Oxidation—Because oxida-

tively modified proteins can form aggregates due to cross-
linking and loss of solubility (34, 35), we determined the
changes in protein detergent solubility to test for the forma-
tion of insoluble aggregates after UVA treatment. Cellular
proteins were metabolically labeled with [35S]methionine/
cysteine, and proteins which were soluble and insoluble in a
detergent mixture were counted by liquid scintillation. In
cells exposed to UVA at 30 J/cm2, the amount of detergent-
soluble proteins was decreased by 35% (Fig. 4A) and deter-
gent-insoluble proteins was increased 100% compared with
nonirradiated cells (Fig. 4B) (n � 3; p � 0.05). Quenching
singlet oxygen by the addition of azide ions completely abro-
gated UVA-induced loss of detergent-soluble protein (Fig.
4A) and UVA-induced increase in protein aggregate forma-
tion (Fig. 4B). This clearly indicates the formation of a frac-
tion of highly cross-linked protein aggregates after a single
exposure to UVA via singlet oxygen. To test whether the
aggregate-induced inhibition of the proteasome is of any sig-
nificance for cellular signaling and metabolism, we analyzed
MMP-1 expression under these conditions.

FIGURE 2. Effect of UVA treatment on protein carbonyl formation and proteasome content in vivo.
Human skin was UVA exposed in vivo, and biopsies were taken 1 h after irradiation or sham treatment. Biopsies
were split into half. One part was used for biochemical analysis. After homogenization in PBS, the homogenate
was analyzed by enzyme-linked immunosorbent assay for protein oxidation (A) or proteasome activity (B) (data
are the means � S.E.; controls in one experiment were set to 100%. n � 4; *, p � 0.05 versus nonirradiated,
Student’s t test). The other part was cut into 5-�m-thick sections and used for histochemical analysis. The
protein carbonyl formation was measured after DNP hydrazine reaction using a rabbit polyclonal anti-DNP
(dinitrophenyl) primary antibody and TRITC-labeled secondary antibody (C), whereas the proteasome content
was detected using a rabbit polyclonal anti-20 S primary antibody and fluorescein isothiocyanate (FITC)-la-
beled secondary antibody (D). In both panels 4�,6-diamidino-2-phenylindole (DAPI) staining was used to iden-
tify cell nuclei. Quantification was done separately for the epidermal and dermal layers of the skin (data are the
means � S.E.; n � 4; *, p � 0.05 versus nonirradiated, ANOVA, Bonferroni’s multiple comparison test).
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MMP-1 and TIMP-1mRNA Levels after UVA Treatment—It
is known that UVA changes MMP-1 and TIMP-1 expressions
and thatMMP-1 expression is elevated during skin aging.How-
ever, these changes of expression occur in a manner mechanis-
tically not yet fully understood. Therefore, we tested whether
the expression of MMP-1/TIMP-1 is changed in our fibroblast
UVA exposure model. As demonstrated in Fig. 5, UVA irradi-
ation led to significant increases in MMP-1 and decreases in

TIMP-1 mRNA expressions (n � 3;
p � 0.05). Therefore, we were able
to mimic some of the in vivo effects
of UVA. We next tested whether
aggregate formation and the inhibi-
tion of the proteasome might play a
role in the modulation of gene
expression.
Effects of Cross-linked Protein Ag-

gregates on Proteasome Activity and
MMP-1 mRNA Expression—To test
the role of proteasomal inhibition on
gene expression, we decided to use a
model of proteasome inhibition by
protein aggregates without UVA as
described by us before (29, 36, 37). As
a model for cross-linked, oxidized
proteins, we chose lipofuscin, a fluo-
rescent pigment of aggregated poly-
mers derived from cross-linked oxi-
dation products of proteins and lipids
accumulating during aging (28, 38).
We prepared lipofuscin from isolated
erythrocyte membranes exposed to
UV as described in detail previously
(28) and incubated dermal fibroblasts
with thismaterial. Because fibroblasts
were described to readily incorporate
such material (28), we measured the
uptake of lipofuscin into the cells by
fluorescence microscopy (Fig. 6A).
Quantitation of the results revealed

a 5-fold increase in autofluorescence (Fig. 6B), accompanied by
a decline in proteasomal activity similar to that detected after
UVA treatment (Fig. 6C). Most importantly, proteasome inhi-
bition by protein aggregates was also accompanied by an
increased expression of MMP-1 (Fig. 6D) and a decrease in
TIMP-1 expression (Fig. 6E). Immunochemical detection of
MMP-1 and TIMP-1 was unsuccessful, probably because of the
fact that both are secreted proteins, the detection of which is
hampered by lipofuscin, which was present in the cell culture
media in this experimental setup. Therefore, the change of the
MMP-1/TIMP-1 expression ratio in cells exposed to UVA
appears to be a result of proteasome inactivation. To further
support this hypothesis, we analyzed the effect of direct inhibi-
tion of the proteasome by inhibitor molecules on MMP-1 and
TIMP-1 expression.
Effects of Proteasome Inhibition on MMP-1 and TIMP-1

Expressions—To determine whether direct proteasome inhibi-
tion affects MMP-1/TIMP-1 mRNA levels, we employed lacta-
cystin, an irreversible inhibitor of the proteasome. Lactacystin
binds to catalytic subunits of the 20 S proteasome and inhibits
its protease activity (39). After the incubation of fibroblasts
with 20 �M lactacystin for 24 h, the proteasome activity was
inhibited more than 50% (Fig. 7A). The same concentration of
lactacystin elicited significant elevation and decrease of
MMP-1 and TIMP-1 mRNA steady-state levels, respectively
(Fig. 7, B and C, p � 0.05). Therefore, proteasomal activity

FIGURE 3. UVA treatment of dermal fibroblast cells causes singlet oxygen formation and consequently
inhibits proteolysis and proteasome activity. Fibroblasts were UVA treated as described under “Experimen-
tal Procedures” with the exception that NaN3 as a potential 1O2 quencher was present. Panel A demonstrates
the proteasomal activity after UVA treatment. Data are the means � S.E. (n � 3). *, p � 0.05 versus 0J/cm2,
ANOVA, Bonferroni’s multiple comparison test. To mimic the 1O2 generation of UVA, we used the singlet
oxygen donor NDPO2 and tested the effect on the proteasomal activity (B). Data are the means � S.E. (n � 3).
*, p � 0.05 versus untreated, Student’s t test. 20 S proteasome was isolated as described before (14), and the
effects of NDPO2 were tested on its activity (C). Control experiments were performed with solutions of pre-
decomposed NDPO2 containing the decomposition product, NDP. Data are the means � S.E. (n � 3). In panel
D the effect of UVA on the isolated 20 S proteasome was tested. UVA was used here in significantly higher doses
compared with cell treatment. Data are the means � S.E. (n � 3) ANOVA, Bonferroni’s multiple comparison test.
The effect of UVA on the overall protein degradation in fibroblasts after UVA irradiation was tested (E). The
release of trichloroacetic acid-soluble radioactivity within 3 h from the intracellular protein pool was used as a
measure of proteolysis. The data represent the means � S.E. of three independent experiments, each with six
independent measurements (*, p � 0.05 versus 0J/cm2, Student’s t test). MCA, 7-amino-4-methylcoumarin.

FIGURE 4. UVA treatment of dermal fibroblasts causes protein aggrega-
tion. Detergent solubility of cellular proteins was measured using liquid scin-
tillation counting after [35S]methionine/cysteine labeling and UVA treatment
in the absence or presence of the singlet oxygen quencher sodium azide (20
mM). The data represent the means � S.E. of three independent experiments
(*, p � 0.05 versus nonirradiated, ANOVA, Bonferroni’s multiple comparison
test). Detergent-soluble (A) proteins and detergent-insoluble aggregates (B)
were determined without and after 30J/cm2 UVA treatment.
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seems to be a crucial regulator of MMP-1/TIMP-1 mRNA
levels.
Thus, UVA should not be able to change mRNA levels to the

same extent if high proteasomal activity is present in cells.
Accordingly, we next studied the effect of UVA on fibroblasts
with elevated proteasomal activity due to overexpression.
WI38/T fibroblast cells were stably transfected with either an
empty vector or a �5-subunit (40). Empty vector-transfected
cells were used as controls for �5-overexpressing cells. Overex-
pression of the�5 proteasomal subunit was previously shown to
increase cellular protease activities (40), and we also found a
60% increase in proteasome activity due to �5-subunit overex-
pression, as shown in Fig. 8A. Overexpression did not change

the viability of the cells after UVA
exposure (Fig. 8B). Exposure of vec-
tor-transfected cells to UVA at 30
J/cm2 caused a significant increase
of protein aggregation (Fig. 8C, right
panel) and of MMP-1 mRNA levels
of 3-fold over control (i.e.nonirradi-
ated vector) cells (n � 3; *, p � 0.05
versus nonirradiated) (Fig. 8D). In
contrast, UVA-induced protein
aggregation was blunted (Fig. 8C),
and the change in MMP-1 mRNA
levels was strongly attenuated (Fig.
8D) in �5-subunit-overexpressing
cells exposed to 30 J/cm2 of UVA
compared with nonirradiated cells.
Moreover, mRNA levels were sig-
nificantly lower in �5-subunit-over-
expressing cells exposed to 30 J/cm2

of UVA relative to irradiated vector
control cells (n � 3, &, p � 0.05 ver-
sus irradiated vector cells). These
data clearly point to a crucial role of
the proteasome in the regulation of
MMP-1 mRNA levels. However, if
oxidized proteins are formed during
UVA irradiation, which in turn
cross-link and inhibit the protea-
some, it should be possible to block
such a formation of oxidized cross-
linked proteins as well as its conse-
quences for proteasome activity and
MMP-1 expression by introducing
additional protein repair mecha-
nisms into fibroblasts.
MsrA Overexpression Protects Fi-

broblasts against UVA-induced Pro-
tein Aggregation, Proteasome Inhibi-
tion, and Elevation of MMP-1
Expression—MsrAcontributes to cel-
lular repair of oxidized proteins by
reducing methionine sulfoxide to
methionine (41). Inaddition to recon-
stituting previous activities of pro-
teins thatwere targetedbyanoxidant,

the generationof reducedmethionine serves thequenchingof fur-
ther oxidants, acting as an intramolecular antioxidativemoiety, as
proposed earlier (42). To test for the effects of MsrA on UVA-
induced MMP-1 expression in fibroblasts, we used WI38/T cells
stably overexpressing MsrA and exposed them to 30 J/cm2 of
UVA.The employed cell lineswere thoroughly characterized pre-
viously, andMsrA overexpression was established (43). No signif-
icant differences in survival were observed between control and
MsrA-overexpressing cells (Fig. 9A). Overexpression of MsrA
decreased UVA-induced loss of detergent-soluble protein and
abrogated theUVA-induced increase inprotein aggregate forma-
tion (Fig. 9B). Intriguingly, proteasome inhibition, which was
seen in control cells after UVA, was not seen in MsrA-overex-

FIGURE 5. UVA induced MMP-1 and TIMP-1 expressions in fibroblasts after UVA treatment. The dose
dependence of MMP-1 mRNA (A) and TIMP-1 mRNA (B) expressions 3 h post-irradiation are shown (n � 3; *, p �
0.05 versus nonirradiated, ANOVA, Bonferroni’s multiple comparison test. Data are the means � S.E.).

FIGURE 6. Cross-linked protein aggregates inhibit the proteasome activity and cause an increase in
MMP-1 mRNA expression and a decrease in TIMP-1 mRNA expression. Fibroblasts were treated with arti-
ficial lipofuscin as described under “Experimental Procedures.” Panel A shows the autofluorescence image after
2 weeks of incubation of fibroblasts with 0.6 mg of lipofuscin, whereas in panel B the quantification of autofluo-
rescence using fluorometry with 360-nm excitation and 590-nm emission is demonstrated. Data are the
means � S.E., (n � 3). *, p � 0.05 versus untreated, Students t test. C, the proteasome activity without and with
lipofuscin treatment of the cells was measured as described under “Experimental Procedures.” Panel D shows
the relative MMP-1 mRNA level compared with 18 S rRNA levels, and panel E shows the relative TIMP-1 mRNA
level compared with 18 S rRNA levels (n � 3, *, p � 0.05 versus untreated, Student’s t test. Data are the means �
S.E.).
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pressing cells (Fig. 9C), further indicating a crucial role of pro-
tein oxidation in causing proteasome inhibition. Moreover,
MMP-1 mRNA expression was not increased (Fig. 9D) due to
an enhanced protein repair after MsrA overexpression.
Having established that UVA-induced changes in MMP-1

expression are because of oxidant (1O2) formation, the forma-
tion of oxidized, cross-linked proteins, and the inhibition of the
proteasome, we next asked how decreased proteasomal activity
relates to changes in mRNA levels.
Proteasome Inhibition Leads to c-Jun and Pi-c-Jun Accumu-

lation, Resulting in AP-1 Activation—UVA irradiation of
human skin cells is known to lead to the activation of transcrip-

tion factors AP-1 and NF-�B (44–46). Both transcription fac-
tors are related to the proteasomal pathway. Both the compo-
nents of AP-1 factors (including c-Jun and c-Fos) (47–51) and
the phosphorylated I-�B inhibitor of NF-�B (52, 53) are
degraded by the proteasome. Active AP-1 is composed of phos-
phorylated c-Jun (Pi-c-Jun) and another protein (such as c-Fos).
Therefore, we tested c-Jun andPi-c-Jun protein levels in control
cells and cells exposed to either UVA, lipofuscin, or lactacystin.
Both protein levels of c-Jun and extent of c-Jun phosphoryla-
tion were significantly increased in all three models of protea-
some inhibition comparedwith the controls (Fig. 10A). Because
c-Jun is a protein involved in the formation of functional AP-1,

an enhanced c-jun expression as
well as c-Jun phosphorylation
should cause an increase in AP-1
activity, i.e. its DNA binding and
potency of stimulating transcrip-
tional processes. We determined
AP-1 activity using a Cignal
reporter gene assay, employing GFP
expression and detection thereof by
fluorescence microscopy as read-
out. As shown in Fig. 10B, AP-1
activity was increased in cells
exposed to either 30 J/cm2 of UVA
or to 20 �M lactacystin. Unfortu-
nately, it was not possible to use lip-

FIGURE 7. Proteasome inhibition increases MMP-1 mRNA levels. Fibroblasts were treated with lactacystin in
panels A–C. Panel A shows the proteasome activity inhibition by 20 �M lactacystin. n � 3; *, p � 0.05 versus
untreated. Panel B shows the MMP-1 mRNA expression without and with lactacystin. n � 3; *, p � 0.05 versus
untreated, whereas panel C demonstrates the TIMP-1 mRNA expression without and with lactacystin. n � 3; *,
p � 0.05 versus untreated. Student’s t test. Data are the means � S.E.

FIGURE 8. Proteasome overexpression attenuates UVA-induced protein aggregation and rise in MMP-1 mRNA levels. A cell clone overexpressing the
�5-subunit of the proteasome or the vector control was exposed to UVA. A, the proteasome activity after �5-subunit overexpression was measured; n � 3; *, p �
0.05 versus vector control. B, viability was measured under control conditions (gray columns) or after UVA treatment (black columns) in untransfected cells,
vector control, and �5-overexpressing cells. C, protein aggregation (levels of detergent-insoluble aggregates, right panel) and levels of detergent-soluble
proteins (left panel) were determined as in Fig. 4; n � 3; *, p � 0.05 versus nonirradiated. Panel D demonstrates the MMP-1 mRNA levels in vector control and
�5-overexpressing cells after UVA treatment (black columns) or untreated cells (gray columns) after proteasome overexpression. n � 3; *, p � 0.05 versus
nonirradiated vector cells; &, p � 0.05 versus irradiated vector cells, ANOVA, Bonferroni’s multiple comparison test. Data are the means � S.E.
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ofuscin for proteasome inhibition in this assay, as the autofluo-
rescence of lipofuscin overlaps with GFP fluorescence spectra.
To further confirm that c-Jun phosphorylation plays a crucial
role in MMP-1 expression, we inhibited c-Jun N-terminal
kinases (JNK) by incubation of cells with JNK inhibitors for 24 h
to suppress the phosphorylation of c-Jun. The up-regulation of
MMP-1 mRNA by proteasome inhibition was found to be
attenuated by inhibition of JNKusing a broad and rather unspe-
cific inhibitor (SP600125 � JNKi II) and a specific peptide
inhibitor of the kinases (JNKi I, Calbiochem) (Fig. 10C). On the
other hand, use of NF-�B inhibitors (cell-permeable I�B kinase
inhibitor, Calbiochem) did not show any effect (data not
shown). These data demonstrate that inhibition of the protea-
some is accompanied by an accumulation of c-Jun, activation
(i.e. phosphorylation) of c-Jun by JNK, and formation of active
AP-1. Therefore, we were able to establish a chain of events
leading from UVA-induced singlet oxygen formation, via for-
mation of oxidized cross-linked proteins, to proteasome inhi-
bition, which in turn causes activation of the transcription fac-
tor AP-1, leading to an enhanced production of MMP-1
mRNA.

DISCUSSION

In this study we have found that UVA irradiation causes a
loss in proteasome activity byway of protein oxidation followed

by aggregate formation. The resulting proteasome inhibition
plays a critical role inUVA-induced changes inMMP-1 expres-
sion levels.
Taking into account 1O2 formation after UVA irradiation

(23, 25, 54), we tested for a role of singlet oxygen in UVA-
induced proteasome inhibition employing NaN3 as a singlet
oxygen quencher. Results suggest that 1O2 is indeed amediator
of UVA-induced proteasome inhibition in fibroblasts (Fig. 3).
These data were confirmed in experiments employing 1O2 gen-
erated chemically by thermodecomposition of NDPO2 (Fig. 3).
In contrast, neither NDPO2 nor UVA even at higher doses
caused inhibition of proteolytic activity of isolated proteasome
(Fig. 3). In this regard it is of interest that UVA irradiation
causes an accumulation of highly oxidized and aggregated pro-
teins. Therefore, proteasome inhibition in living cells might be
explained by protein aggregates formed after severe oxidation
(28, 34, 36, 37, 55). Evidence from several studies has indicated
that photoaging and also intrinsic skin aging coincides with
visible changes in the skin which are the results of collagen
polymerization and degradation. These effects are also elicited
by 1O2, which is generated in vivo under exposure to UVA and
is known to mediate the UVA-induced enhancement of
MMP-1 expression in the dermal layer of the skin (54, 56). In
our hands exposure of up to 60 J/cm2 of UVA irradiation

FIGURE 9. Effect of MsrA overexpression on UVA-induced outcomes. MsrA-transfected cells were used for the experiment, and vector-transfected cells were
used as controls. All experiments were performed in triplicate. *, p � 0.05, versus nonirradiated vector; &, p � 0.05, versus 30 J/cm2 irradiated vector, ANOVA,
Bonferroni’s multiple comparison test. Data are the means � S.E. Panel A shows the effect of UVA on viability in vector and MsrA-transfected fibroblasts.
B, protein aggregation (levels of detergent-insoluble aggregates, right panel) and levels of detergent-soluble proteins (left panel) were determined as in Fig. 4;
n � 3; *, p � 0.05 versus nonirradiated. The proteasome activity after UVA treatment in vector and MsrA-overexpressing cells is demonstrated in panel C,
whereas panel D shows MMP-1 mRNA levels after UVA treatment in vector and MsrA-overexpressing cells; &, p � 0.05 versus irradiated cells in the first and
second columns.
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changes the expression levels of MMP-1 mRNA and TIMP-1
mRNA (Fig. 5), which is in agreement with earlier studies (12,
23, 24, 56–59). Furthermore, we demonstrate a direct chain of
events and a connection between proteasome inhibition and
mRNA expression. In line with this, an elevation of cellular
proteasomal activity by overexpression of a proteasomal sub-
unit blocked the induction of changes in mRNA levels (Fig. 8).
Similarly, the reversion of oxidative protein damage by overex-
pression of MsrA interfered with UVA-induced changes in
mRNA levels (Fig. 9).
The strategy employed was to enhance intrinsic defense

against protein oxidation by elevating the levels of reduced
methionine residues in proteins; protein carbonyls are no direct
substrates of MsrA, but an overexpression of MsrA causes
enhanced reduction of protein-bound methionine sulfoxide,
which is generated during oxidative stress, to methionine.
Methionine was proposed to act as an endogenous antioxidant
in proteins protecting other amino acids in its vicinity from
oxidation (42). MsrA is the only enzyme identified in human
skin so far that is capable of repairing oxidative protein damage
(60). It was demonstrated previously to be down-regulated dur-
ing senescence in WI-38 fibroblasts and after chronic or high
dose UVA treatment of keratinocytes (61, 62), and this decline
was associated with an accumulation of oxidative protein dam-

age. Furthermore, a crucial role of theMsr system in protecting
against oxidative stress-induced cell death has been reported
for several cell lines (43, 63–66).
There is ample evidence that UV radiation-induced increase

in MMP-1 expression is caused by activation of transcription
factors AP-1 and NF-�B (25, 45, 63, 67–70). The stimulation of
AP-1 and NF-�B DNA binding activities by UVA was indeed
demonstrated for human fibroblasts and keratinocytes to occur
(44, 45). The transcription factorAP-1 is composed ofmembers
of the Jun and Fos families which bind to AP-1 sites (69). Here,
UVA at 30 J/cm2 caused an increase in both expression and
phosphorylation of c-Jun, as did lactacystin and lipofuscin,
resulting in an enhanced AP-1 binding activity (Fig. 10). Jun
phosphorylation is essential in lactacystin-induced MMP-1
mRNA expression, as confirmed in experiments with inhibited
JNK (Fig. 10). NF�B did not affect the lactacystin-induced
MMP-1 expression (data not shown).
We here demonstrate that protein aggregate formation is

induced by (singlet oxygen-mediated) oxidation during UVA
treatment, resulting in inhibition of the proteasome that is
accompanied by phosphorylation of c-Jun and increased AP-1
activity. These effects were attenuated by MsrA and protea-
some overexpression. Thus, the cause/effect relationship con-
necting UVA-induced protein oxidation and proteasomal dys-

FIGURE 10. C-Jun expression, phosphorylation, and AP-1 activation are results of proteasome inhibition. Fibroblasts were irradiated with 30 J/cm2,
treated with lipofuscin (LF) or lactacystin (LC), or used without treatment (C) as described under “Experimental Procedures.” Cells were harvested and lysed, and
proteins were analyzed by immunoblotting with anti-c-Jun, anti-Pi-c-Jun, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies giving
the products with the sizes of 40, 47, and 37 kDa, respectively (A). Immunoblotting for glyceraldehyde-3-phosphate dehydrogenase (bottom panel) showed
equal loading of the proteins in each lane. The results of quantitative analysis of these immunoblots are depicted in the columns in the lower part of the panel.
Amounts were quantified in relation to glyceraldehyde-3-phosphate dehydrogenase by densitometry. B, the Cignal AP1-GFP reporter assay measures the
activation of AP-1 (see “Experimental Procedures”). After UVA and lactacystin treatments, bright field and fluorescent images were taken of the cultures. Clearly
the green florescence in response to AP-1 activation after UVA and lactacystin is visible. The effect of JNK inhibitors (JNKi I and SP600125 or JNKi II) on
lactacystin-induced MMP-1 mRNA level increase is shown in panel C; n � 3; *, p � 0.05 versus control cells without lactacystin treatment; &, p � 0.05 versus only
lactacystin-treated cells, ANOVA, Bonferroni’s multiple comparison test.
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function was established in four steps, i.e. (i) by demonstrating
the formation of oxidized protein under exposure to UVA (Fig.
1A) and the loss of proteasomal activity (Fig. 1B) that was
shown not to occur in the absence of cellular environment,
including oxidizable protein (Fig. 3D); (ii) by imitating UVA
effects on cellular protein oxidation and the proteasome by
adding cross-linked protein to cells in the absence of UVA,
which elicited the exact same effect as UVA in terms of inhib-
iting cellular proteasome (Fig. 6C) and causing changes in gene
expression (Fig. 6, D and E); (iii) by enhancing the inherent
resistance of cellular protein against oxidation by elevating lev-
els of MsrA, a protein repair enzyme keeping up the levels of
reducedmethionine; (iv) by excluding that oxidants rather than
oxidized proteins are the direct cause of proteasome dysfunc-
tion; neither oxidants nor UVA was capable of inhibiting iso-
lated proteasome (Fig. 3). Intriguingly, with MMP-1 being a
major protease of the extracellularmatrix, the signaling cascade
delineated in this work links the regulation of extracellular pro-
teolytic events to intracellular proteolysis.
These results also provide novel insight into UVA- and sin-

glet oxygen-induced signaling. It was hypothesized previously
that singlet oxygen-induced oxidation of selected sensitive sig-
naling proteins may result in signaling causing changes in gene
expression (71–73). It is demonstrated here for the first time,
however, that general protein oxidation rather than oxidation
of selected proteins also contributes to the regulation of UVA-/
singlet oxygen-induced signaling in that extensive protein oxi-
dation causes attenuation of proteasome activity, resulting in a
net accumulation of selected signaling proteins, including con-
stituents of the transcription factor complex AP-1 that, in turn,
controls MMP-1 expression. This introduces a novel level of
specificity to oxidant-induced signaling as, rather than modu-
lating signaling cascades by oxidation of specific oxidation-
prone proteins, general oxidation causes a loss of degradation
of selected proteins; selectivity is shifted from the level of oxi-
dant/target interaction to that of an interaction between pro-
teasome and its substrates. We propose a model of UVA- and
singlet oxygen-induced signaling comprising both an immedi-
ate and a later response, the first being initiated at the level of
oxidation of specific oxidation-prone signaling proteins and the
latter being because of general overoxidation and accumulation
of proteins with a consecutive proteasome inhibition.
It has previously been reported that photoaged as well as

intrinsically aged skin contains increased the amounts of oxi-
dized proteins within fibroblasts of the upper dermis. It should
be noted that it is exactly this compartment of skinwhich shows
stromal collagen breakdown in skin aging (8). The results
described in this study are the first to indicate that the presence
of oxidized proteins and collagen degradation in the upper der-
mis of (photo)aged skin are causally linked with each other and
that prevention of protein oxidation represents a potential pro-
tective strategy regarding skin aging.
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