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UVB is the most energetic and DNA-damaging to humans in ultraviolet radiation. Previous
research has suggested that exposure to UVB causes skin pathologies because of direct DNA
damage and the generation of reactive oxygen species (ROS). However, the detailed molec-
ular mechanisms by which UVB leads to skin cancer have yet to be clarified. In the current
study, normal skin fibroblast cells (CCD-966SK) were exposed to various doses of UVB, and
the changes in protein expression and thiol reactivity were monitored with lysine- and
cysteine-labeling 2D-DIGE and MALDI-TOF mass spectrometry. Our proteomic analysis
revealed that 89 identified proteins showed significant changes in protein expression, and
37 in thiol reactivity. Many proteins that are known to be involved in protein folding,
redox regulation and nucleotide biosynthesis were up-regulated under UVB irradiation. In
contrast, proteins responsible for biosynthesis and protein degradation were down-
regulated. In addition, the thiol-reactivity of proteins involving cytoskeleton, metabolism,
and signal transduction were altered by UVB. In summary, these UVB-modulated cellular
proteins and redox-regulated proteins might play important roles in the early stages of
skin cancer formation and photoaging induced by UVB-irradiation. Such proteins might
provide a potential target for the rational design of drugs to prevent UVB-induced diseases.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

One of themost important functions of the human skin is pro-
tection against solar ultraviolet (UV) irradiation which causes

pathological changes in the skin such as sunburn, photoaging
and even skin cancer. The previous studies indicated that
UVC and part of UVB are absorbed by ozone layer, whereas
most UVB and UVA are able to reach earth surface, in which,
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UVB is mainly considered to be involve in skin cancer [1–3].
However, the molecular and biochemical mechanisms that
lead to skin cancer by UV are yet to be clarified. Recent reports
showed that UV-induced reactive oxidant species (ROS) which
can activate growth factor receptors, cytokine receptors as
well as intracellular signaling molecules [4–6]. The high con-
centrations of ROS are mediators of damage to cell structures
such as plasmamembranes, lipid and nucleic acids and play a
powerful role to promote tumorigenesis [7,8]. Although the
ROS can be balanced by cellular antioxidant reactions such
as glutathione detoxification [9], oxidative damage accumu-
lates during the ROS attack and ROS-mediated modifications
on biomolecules such as DNA, lipids and proteins have been
proposed to contribute in the development of many degener-
ative diseases and cancers [10].

Several chemical moieties have been found to be potential
targets ROS in cells. One of these, the free thiol group (RSH) of
cysteine residues is a potent nucleophilic agent and can un-
dergo a number of redox-induced modifications under physi-
ological conditions. Oxidative modifications of RSH groups
other than disulphide formation include the formation of
the sulfenic acid, sulfinic acid and sulfonic acid depending
upon the oxidative capacity of the oxidant [11]. Oxidation of
RSH groups to sulfinic and sulfonic acids is irreversible
under physiologic conditions and induces loss of biological
functions of proteins [12,13].

Two-dimensional gel electrophoresis (2-DE) is one of the
most widely used proteomic separation methods which has
often been employed for the analysis of differential protein
expression in biological samples [14,15]. However, as most
users realize, 2-DE and the methods commonly used for in-
gel protein visualization are inherently variable and many
replicate gels must be run before significant differences in
protein expression can be ascribed with accuracy. Moreover,
these protein visualization methods often have narrow linear
dynamic ranges of detection, making them unsuitable for the
analysis of biological samples where protein copy numbers
vary enormously. A significant improvement in the ability to
use gel-based methods for protein quantitation and detection
was achieved with the introduction of 2D-difference gel elec-
trophoresis (2D-DIGE), which enables co-detection of several
samples on the same 2-DE gel, so avoiding gel-to-gel variation
[16–20].

In the present study, the cellular targets of UVB-irradiation
of skin fibroblasts were monitored by lysine- and cysteine-
labeling 2D-DIGE [21,22]. These strategies combined with
MALDI-TOF MS were used to determine whether cellular pro-
tein abundance and thiol reactivity were altered. The results
demonstrated a number of differentially labeled proteins
that were identified from 2-DE by MS. Using lysine and cyste-
ine 2D-DIGE, this study revealed some of the players involved
in the cellular response to UV-B irradiation.

2. Materials and methods

2.1. Chemicals and reagents

Generic chemicals were purchased from Sigma-Aldrich (St.
Louis, USA), while reagents for lysine-2D-DIGE were purchased

from GE Healthcare (Uppsala, Sweden). The synthesis of the
ICy3 and ICy5 dyes has been previously reported [23,24]. All
primary antibodies were purchased from Abcam (Cambridge,
UK) and anti-mouse, and anti-rabbit secondary antibodies
were purchased from GE Healthcare (Uppsala, Sweden). All
the chemicals and biochemicals used in this study were of
analytical grade.

2.2. Cell lines and cell cultures

The human skin fibroblast line CCD-966SK was purchased
from American Type Culture Collection (ATCC), Manassas,
VA. CCD-966SKwasmaintained in Dulbecco'sModified Eagle's
medium (DMEM) supplemented with 10% (v/v) fetal calf serum
(FCS), L-glutamine (2 mM), streptomycin (100 μg/mL), and pen-
icillin (100 IU/mL) (all from Gibco-Invitrogen Corp., UK). All
cells were incubated at 37 °C and 5% CO2.

2.3. UV-B treatment of skin fibroblast

Before UV-B irradiation, CCD-966SK cells were trypsinized,
counted using a hemocytometer and 106 cells were seeded
into 10 cm-cell culture dishes; after overnight incubation
medium was removed and the monolayers were irradiated
with indicative UV-B doses in a CL-1000 UV cross-linker
(Ultra-Violet Products) fitted with 5×8 W 302 nm dual bipin
discharge type tubes. Control cultures were decanted and
sham irradiated. After UV-B irradiation, the cultures were
filled with fresh medium and continued culture for indicat-
ed times.

2.4. MTT cell viability assay

CCD-966SK cells growing exponentially were trypsinized,
counted using a hemocytometer and 5000 cells/well were
seeded into 96-well plates. The culture was then incubated
for 24 h before treatment with indicative doses of UVB or left
untreated. After removal of the medium, 50 μL of MTT work-
ing solution (1 mg/mL) (Sigma) was added to the cells in each
well, followed by a further incubation at 37 °C for 4 h. The
supernatant was carefully removed; 100 μL of DMSO was
added to each well and the plates shaken for 20 min. The ab-
sorbance of samples was then measured at a wavelength of
540 nm in a multi-well plate reader. Values were normalized
against the untreated samples andwere averaged from 8 inde-
pendent measurements.

2.5. Assay for endogenous reactive oxygen species using
DCFH-DA

CCD-966SK cells growing exponentially were trypsinized,
counted using a hemocytometer and 10,000 cells/well were
seeded into multiple 24-well plates. The culture was then
incubated for 24 h before treatment with indicative doses
of UV-B or left untreated. After two washes with PBS, cells
were treated with 10 μM of 2,7-dichlorofluorescin diacetate
(DCFH-DA; Molecular Probes) at 37 °C for 20 min, and subse-
quently washed with PBS. Fluorescence was recorded at an
excitation wavelength 485 nm and emission wavelength at
530 nm.
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2.6. Sample preparation for total cellular protein and thiol
reactivity analysis

For total cellular protein analysis, cells were washed in chilled
0.5× PBS and scraped in 2-DE lysis buffer containing 4% w/v
CHAPS, 7 M urea, 2 M thiourea, 10 mM Tris–HCl, pH8.3, 1 mM
EDTA. Lysates were homogenized by passage through a 25-
gauge needle 10 times, insoluble material was removed by
centrifugation at 13,000 rpm for 30 min at 4 °C, and protein
concentrations were determined using Coomassie Protein
Assay Reagent (BioRad). Protein samples were labeled with
N-hydroxy succinimidyl ester-derivatives of the cyanine
dyes Cy2, Cy3 and Cy5. Briefly, 150 μg of protein sample was
minimally labeled with 375 pmol of either Cy3 or Cy5 for
comparison on the same 2-DE. To facilitate image matching
and cross-gel statistical comparison, a pool of all samples
was also prepared and labeled with Cy2 at a molar ratio of
2.5 pmol Cy2/μg of protein as an internal standard for all
gels. Thus, the triplicate samples and the internal standard
could be run and quantify on multiple 2-DE. The labeling
reactions were performed in the dark on ice for 30 min and
then quenched with a 20-fold molar ratio excess of free L-
lysine to dye for 10 min. The differentially Cy3- and Cy5-
labeled samples were then mixed with the Cy2-labeled inter-
nal standard and reduced with dithiothreitol for 10 min. IPG
buffer, pH3–10 nonlinear (2% (v/v), GE Healthcare) was added
and the final volume was adjusted to 450 μL with 2D-lysis
buffer for rehydration. All samples were run in triplicate
against the standard pool.

For redox DIGE analysis, cells were lysed in 2-DE buffer (4%
w/v CHAPS, 8 M urea, 10 mM Tris–HCl pH 8.3 and 1 mM EDTA)
in the presence of ICy3 or ICy5 (80 pmol/mg protein) on ice to
limit post-lysis thiol modification. Test samples were labeled
with the ICy5 dye and mixed with an equal amount of a stan-
dard pool of both samples labeled with ICy3. Since ICy dyes
interfered with the protein assay, protein concentrations
were determined on replica lysates not containing dye. Ly-
sates were left in the dark for 1 h followed by labeling with
Cy2 to monitor protein level. The reactions were quenched
with DTT (65 mM final concentration) for 10 min followed by
L-lysine (20-fold molar ratio excess of free L-lysine to Cy2
dye) for a further 10 min. Volumes were adjusted to 450 μL
with buffer plus DTT and IPG buffer for rehydration. All sam-
ples were run in triplicate against the standard pool.

The rehydration process was performed with immobilized
non-linear pH gradient (IPG) strips (pH3–10, 24 cm) which
were later rehydrated by CyDye-labeled samples in the dark
at room temperature overnight (at least 12 h). Isoelectric fo-
cusing was then performed using a Multiphor II apparatus
(GE Healthcare) for a total of 62.5 kV-h at 20 °C. Strips were
equilibrated in 6 M urea, 30% (v/v) glycerol, 1% SDS (w/v),
100 mM Tris–HCl (pH8.8), 65 mM dithiothreitol for 15 min
and then in the same buffer containing 240 mM iodoaceta-
mide for another 15 min. The equilibrated IPG strips were
transferred onto 26×20 cm 12.5% polyacrylamide gels casted
between low fluorescent glass plates. The strips were overlaid
with 0.5% (w/v) low melting point agarose in a running buffer
containing bromophenol blue. The gels were run in an Ettan
Twelve gel tank (GE Healthcare) at 4 W/gel at 10 °C until the
dye front had completely run off the bottom of the gels.

Afterward, the fluorescence 2-DE was scanned directly be-
tween the low fluorescent glass plates using an Ettan DIGE
Imager (GE Healthcare). This imager is a charge-coupled
device-based instrument that enables scanning at different
wavelengths for Cy2-, Cy3-, and Cy5-labeled samples. Gel
analysis was performed using DeCyder 2-D Differential Analy-
sis Software v7.0 (GE Healthcare) to co-detect, normalize and
quantify the protein features in the images. Features detected
from non-protein sources (e.g. dust particles and dirty back-
grounds) were filtered out. Spots displaying a ≧1.5 average-
fold increase or decrease in abundance with a p-value <0.05
were selected for protein identification.

2.7. Protein staining

Colloidal coomassie blue G-250 staining was used to visualize
CyDye-labeled protein features in 2-DE. Bonded gels were
fixed in 30% v/v ethanol, 2% v/v phosphoric acid overnight,
washed three times (30 min each)with ddH2Oand then incubat-
ed in 34% v/v methanol, 17% w/v ammonium sulfate, 3% v/v
phosphoric acid for 1 h, prior to adding 0.5 g/L coomassie blue
G-250. The gels were then left to stain for 5–7 days. No destain-
ing step was required. The stained gels were then imaged on
an ImageScanner III densitometer (GE Healthcare), which pro-
cessed the gel images as .tif files.

2.8. In-gel digestion

Excised post-stained gel pieces were washed three times in
50% acetonitrile, dried in a SpeedVac for 20 min, reduced with
10 mM dithiothreitol in 5 mM ammonium bicarbonate pH 8.
0 (ammonium bicarbonate) for 45min at 50 °C and then alky-
lated with 50mM iodoacetamide in 5 mM ammonium bicar-
bonate for 1 h at room temperature in the dark. The gel pieces
were then washed three times in 50% acetonitrile and
vacuum-dried before reswelling with 50 ng of modified trypsin
(Promega) in 5 mM ammonium bicarbonate. The pieces were
then overlaid with 10 μl of 5 mM ammonium bicarbonate and
trypsinized for 16 h at 37 °C. Supernatants were collected, pep-
tides were further extracted twice with 5% trifluoroacetic acid
in 50% acetonitrile and the supernatants were pooled. Peptide
extracts were vacuum-dried, resuspended in 5 μL ddH2O, and
stored at −20 °C prior to MS analysis.

2.9. Protein identification by MALDI-TOF MS and MS/MS

For protein identification, extracted peptides were subjected to
peptidemass fingerprinting (PMF) usingMALDI-TOFMS. Briefly,
0.5 μL of trypsin digested protein sample wasmixed with 0.5 μL
of a matrix solution containing α-cyano-4-hydroxycinammic
acid at a concentration of 1 mg/mL of 50% ACN/0.1% TFA (v/v),
spotted onto an anchorchip target plate (Bruker Daltonics) and
dried. The peptide mass fingerprints were acquired using an
Autoflex III mass spectrometer (Bruker Daltonics) in reflector
mode and the rawdatawas analyzedwith FlexAnalysis acquisi-
tion software (version 3.0, Bruker Daltonics). The algorithm
used for spectral annotation was SNAP (Sophisticated Numeri-
cal Annotation Procedure). The following metrics were used:
peak detection algorithm: SNAP; signal to noise threshold: 25;
relative intensity threshold: 0%; minimum intensity threshold:
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0; maximal number of peaks: 50; quality factor threshold: 1000;
SNAP average composition: averaging; baseline subtraction:
median; flatness: 0.8; median level: 0.5. The spectrometer was
also calibrated with a peptide calibration standard (Bruker
Daltonics) and internal calibrationwas performed using trypsin
autolysis peaks atm/z 842.51 andm/z 2211.10 (MS BioTools ver-
sion 3.0, Bruker Daltonics). Peaks in the mass range of m/z
800–3000 were used to generate a peptide mass fingerprint
that was searched against the Swiss-Prot/TrEMBL database
(2010_04 of 23-Mar-10, 515,203 sequence entries) using Mascot
software v2.3.00 (Matrix Science, London, UK). The following pa-
rameters were used: Homo sapiens; tryptic digest with a maxi-
mum of 1 missed cleavage; carbamidomethylation of cysteine,
partial protein N-terminal acetylation, partial methionine oxi-
dation, partial modification of glutamine to pyroglutamate,
ICy3 (C34 H44 N3 O) and ICy5 (C34 H42 N3 O) and a mass toler-
ance of 50 ppm. Identifications were accepted based on signifi-
cant MASCOT scores (P<0.05), at least 4 peptides per protein,
spectral annotation and observed versus expected molecular
weight and pI on 2-DE.MALDI-TOF/TOF analysiswas performed
on the same instrument using the LIFT mode. MS/MS ion
searches were performed using Mascot with the same search
parameters as above and using an MS/MS tolerance of ±0.2 Da.

2.10. Immunoblotting

Immunoblotting was used to validate the differential expres-
sion of mass spectrometry identified proteins. Cells were
lysed with a lysis buffer containing 50 mM HEPES pH 7.4,
150 mMNaCl, 1% NP40, 1 mM EDTA, 2 mM sodium orthovana-
date, 100 μg/mL AEBSF, 17 μg/mL aprotinin, 1 μg/mL leupeptin,
1 μg/mL pepstatin, 5 μM fenvalerate, 5 μM BpVphen and 1 μM
okadaic acid prior to protein quantification with Coomassie
Protein Assay Reagent (BioRad). 30 μg of protein samples
were diluted in Laemmli sample buffer (final concentrations:
50mM Tris pH 6.8, 10% (v/v) glycerol, 2% SDS (w/v), 0.01% (w/v)
bromophenol blue) and separated by 1D-SDS-PAGE following
standard procedures. After electroblotting separated proteins
onto 0.45 μm Immobilon P membranes (Millipore), the mem-
branes were blocked with 5% w/v skim milk in TBST (50 mM
Tris pH8.0, 150 mMNaCl and 0.1%Tween-20 (v/v)) for 1 h.Mem-
branes were then incubated in primary antibody solution in
TBS-T containing 0.02% (w/v) sodium azide for 2 h. Membranes
werewashed in TBS-T (3×10min) and then probedwith the ap-
propriate horseradish peroxidase-coupled secondary antibody
(GEHealthcare). After furtherwashing inTBS-T, immunoprobed
proteins were visualized using an enhanced chemilumines-
cence method (Visual Protein Co.).

2.11. Validation of thiol reactivity changes by
immunoprecipitation coupled immunoblotting

UV-B irradiated CCD-966SK cells were lysed in the presence of
ICy3 or ICy5 dyes to limit postlysis-induced thiol modification.
The labeling reactions were performed in the dark in 37 °C
for 1 h and then quenched with a 2-fold molar ratios of DTT
for 10 min. 500 μg of ICy dye-labeled cell lysates were 20
folds-diluted with NP40 buffer containing protease inhibitors
and then incubated with 5 μg primary antibody and 40 μL of
a 50% slurry of protein A-Sepharose for 16 h at 4 °C. Immune

complexes were then washed three times in lysis buffer and
boiled in Laemmli sample buffer prior to resolve with SDS-
PAGE. Afterward, the ICy3 or ICy5 imageswere scanned directly
between the low fluorescent glass plates using an Ettan DIGE
Imager (GE Healthcare) followed by immunoblotting analysis
with the same primary antibody to detect the specific protein.
The immunoblotting procedures were described above.

3. Result

3.1. UVB-induced shifts in protein expression profiles in
human skin fibroblast CCD-966SK cells

To study the effect of UVB irradiation on the expression of
skin fibroblast proteins, CCD-966SK cells were exposed to

Fig. 1 – UVB-induced loss of cell viability and cell
morphologic changes. (A) MTT-based viability assays were
performed where 10,000 CCD-966SK cells were plated into
96-well plates in medium containing 10% FBS. After 24 h, the
cells were irradiated with the indicated doses of UVB for
indicated doses. Cells were incubated with MTT and then
DMSO added and the plates shaken for 20 min followed by
measurement of the absorbance at 540 nm. Values were
normalized against untreated samples and are the average
of 4 independent measurements±the standard deviation.
(B) The morphological changes of CCD-966SK cells were
photographed at the UVB doses indicated. Each treatment
condition has been performed at least 3 times.
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302 nm dual bipin discharge type UVB tubes for indicated UVB
doses. As expected from the dosage used, irradiation of CCD-
966SK cells to UVB was shown to result in a dose-dependent
loss of cell viability (Fig. 1A). At UVB doses of 17 mJ/cm2,
70 mJ/cm2 and 468 mJ/cm2, a significant loss of cell viability
(25%, 50%, 75%) and change in cell morphology was detectable
after 24 h incubation, respectively (Fig. 1B).

CCD-966SK cells obtained at 24 h after low dose (17 mJ/cm2),
middle dose (70 mJ/cm2) and high dose (468 mJ/cm2) UVB ir-
radiation or unirradiated. A total of four cell lysate samples
were analyzed by 2D-DIGE to examine the protein expression
changes in various doses of UVB irradiation and unirradiated
CCD-966SK cells. The analysis revealed 1911 protein spots
were detected and 200 protein features that displayed differ-
ential expression (≧1.5-fold; P<0.05) across the 4 different
conditions (Fig. 2). Proteins in 89 of these features were sub-
sequently identified byMALDI-TOFMS (Table 1). These differ-
entially expressed proteins are mostly located in cytoplasm,
nucleus and endoplasmic reticulum and have functions in
protein folding, signaling, cytoskeleton regulation and pro-
tein biosynthesis (Fig. 3 and Table 2).

To further verify the up- or down-regulation of the identified
proteins, we performed immunoblotting and ELISA analysis of
some of the proteins we found modulated by UVB irradiation

in CCD-966SK cells compared with control cells without UVB-
irradiation (Fig. 4). Among these, we used specific antibodies
against HSP-27, cyclophilin A, peroxiredoxin 4, cofilin-1, prohi-
bitin and annexin A2. Fig. 4 reveals that most of the above veri-
fied proteins showed the same pattern of expression with the
2D-DIGE analysis (Table 1). These results also strengthen the
validation of 2D-DIGE analysis in this study.

3.2. Redox proteomic analysis of UVB-induced cysteine
modifications of CCD-966SK proteins

UVB has been reported to induce ROS mediating cell damages
and promoting tumorigenesis. Although the low concentration
of ROS can be balanced by cellular antioxidant reactions, ac-
cumulation of ROS mediates modifications on biomolecules
such as DNA, lipids and proteins in cells. The free thiol
group of cysteine residues is a potent nucleophilic agent to
undergo a number of oxidative modifications leading to loss
of biological functions of proteins (see Introduction). In
order to optimize the condition to monitor oxidative modifi-
cations, DCF fluorescence was used to detect ROS production
induced by UVB-irradiation. The result revealed that irradia-
tion of CCD-966SK cells with UVB for 20 min resulted in a
dose-dependent increase in ROS generation compared with

Fig. 2 – 2D-DIGE analysis of UVB-dependent differentially expressed proteins in CCD-966SK cells. UVB-irradiated CCD-966SK
cells were lysed and arranged for a triplicate 2D-DIGE experiment. Protein samples (50 μg each) were labeled with Cy-dyes and
separated using 24 cm, pH 3–10 non-linear IPG strips. 2D-DIGE images of the protein samples from untreated and
UVB-irradiated CCD-966SK cells at low dose (17 mJ/cm2), middle dose (70 mJ/cm2) and high dose (468 mJ/cm2) were shown as
well as overlaid pseudo-colored image processed with ImageQuant Tool (GE Healthcare).
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unirradiated CCD-966SK cells (Fig. 5). Accordingly, we applied
a recently developed redox 2D-DIGE methodology utilizing
iodoacetylated ICy dyes [25] to assess UVB-induced changes
in protein thiol reactivity. Briefly, UVB-irradiated (80 and
320 mJ/cm2) or unirradiated cells were lysed in the presence
of ICy5 in triplicate. Individual ICy5-labeled samples were
then run on 2D gels against an equal load of ICy3-labeled
standard pool comprising of an equal mixture of both sample
types to aid in spot matching and to improve the accuracy of
quantification (Fig. 6). The ICy5-labeled samples were subse-
quently labeled with lysine labeling Cy2 dye as an internal
protein level control which was used to normalize the corre-
sponding ICy5/ICy3 signals (Table 3). 1248 protein features
were detected, of which 184 displayed statistically significant
differences in labeling due to UVB irradiation. Notably, com-
parison of our saturated cysteine labeling strategy with that
used for the minimal lysine labeling strategy in this study
revealed increased protein precipitation at cysteine labeling
2D-DIGE above >70 kDa molecular weight range. This might

be caused by the rise in the amount of ICy dye-modified cys-
teines in higher molecular weight proteins which leads to in-
creased protein precipitation (data not shown). CCB post-
staining and matching with fluorescence images allowed
confident picking of 94 gel features and 37 of these were iden-
tified as unique gene products by MALDI-TOF peptide mass
fingerprinting (Table 3). All of the identified proteins contain
at least one cysteine, and since the ICy dyes target reduced
cysteinyl thiols, these results suggest that UVB irradiation
has altered the oxidative status of some of these thiol groups.
These identified proteins were classified according to their
subcellular locations and biological functions. 49% of the
total proteins identified in CCD-966SK cells were cytosolic
proteins. 16% of these identified proteins were membrane
proteins and the other 16% were nucleus proteins. In addi-
tion, 11% of the identified proteins were located inmitochon-
dria, 5% of identified proteins were secreted proteins and 3%
of them were located in ER. Most of these identified proteins
were involved in cytoskeleton (19%), metabolism (16%),

Fig. 3 – Percentage of differentially expressed proteins identified by 2D-DIGE/MALDI-TOF MS for UVB-untreated or -irradiated
CCD-966SK cells according to their sub-cellular locations (A) and biological functions (B).
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signal transduction (13%), growth regulation (8%) and gene
regulation (8%) (Fig. 7).

The UVB irradiation-induced alteration of thiol-reactivity
was further validated by IP-WB. Prohibitin is one of the identi-
fied proteins with significant change in thiol reactivity under
UVB irradiation. The thiol-reactivity of prohibitin was moni-
tored by immunoprecipitation of ICy dye-labeled CCD-966SK
cells irradiated with various doses of UVB and scanned the
fluorescent images using an Ettan DIGE Imager. Subsequently,
immunoblotting analysis was using the same primary anti-
body to measure the expression levels of prohibitin. The ob-
served thiol reactivity of prohibitin was normalized with the
expression level of the protein from immunoblotting to accu-
rately measure the UVB-induced alteration in thiol reactivity
(Fig. 8).

4. Discussion

Over the past few decades, the rapid progress of science and
technology has resulted in a thinning of the ozone layer and
an increase in solar UVB radiation reaching the earth. In
humans, the skin is the first and only line of defense protect-
ing the body from harmful UVB irradiation. Although the clin-
ical symptoms of UVB damage (such as skin cancer) are well
known, the molecular mechanisms causing this damage re-
quire further elucidation. Various approaches have been
used to investigate the biological effects of UVB exposure on
human skin, specifically on gene and protein expression
levels [26–28]. The current study monitored UVB irradiation-
induced alterations in the protein expression and thiol reac-
tivity of skin fibroblasts, using lysine- and cysteine-labeling
2D-DIGE respectively. The protein expression profile identi-
fied 89 proteins that showed different expression levels in
UVB-treated CCD-966SK cells compared with non-irradiated

cells. Most of these proteins exhibited UVB dose-dependent
protein expression changes between sham irradiation and
UVB irradiations. However, almost a quarter of the identified
proteins, such as peroxiredoxin-1, failed to display UVB
dose-dependency for high dose UVB irradiation. This finding
implied that high dose UVB might activate as-yet unknown
mechanisms to protect skin cells from UVB-damage.

For changes in thiol reactivity, we identified 37 proteins
showing redox-alterations of cysteine residues on specific
proteins during UVB irradiation. This finding implied that
UVB-induced oxidative stress disturbed the normal redox bal-
ance, and shifted CCD-966SK into a state in which the redox-
modulation of specific proteins was systematically taking
place. The ICy labeling results supported the hypothesis that
UVB irradiation induces the formation of free thiols in certain
proteins through disrupting disulphide bonds. In addition,
UVB irradiation-induced reactive oxygen species (ROS) or
protein-derived peroxides may directly oxidize thiol groups
to form the sulfenic, sulfinic, or sulfonic acid forms of cyste-
ine, which do not react with ICy dyes. These thiol modifica-
tions have been reported to perturb the normal functions of
the proteins [29]. We thus suggest that UVB-induced regula-
tion of protein expression combining redox-modification sig-
nificantly influences cell physiology, and might contribute to
the early progression of skin cancer formation.

The accumulation of damaged and misfolded proteins fol-
lowing toxic stimuli constitutes a major phenomenon in cells.
Our results showed that many chaperone proteins and
folding-related proteins were up-regulated under a medium
dose of UVB exposure. These proteins included heat shock
cognate 71 kDa protein, peptidyl-prolyl cis-trans isomerase
A, nuclelophosmin, protein disulfide-isomerase, and calreti-
culin. Such proteins might be able to alleviate UVB-induced
cell damage. The folding-related chaperone proteins were
down-regulated under high doses of UVB irradiation. This
finding might indicate that high-dose UVB irradiation caused
direct damage to chaperone proteins, which then lost their
ability to regenerate, or that the exposure may have induced
caspase-3 protease-dependent cell apoptosis, which catalyzes
the cleavage of many cellular proteins [30].

Nucleophosmin (NPM; also known as B23, NO38) is a
nucleolar acidic chaperone protein that translocates to the cy-
toplasm during cellular stress. NPM is over-expressed in nu-
merous cancers, such as gastric, colon, ovarian, and prostate
carcinomas. Prior research has reported that UVC damages
DNA, thereby increasing the activation of NPM promoters
and stimulating NPM expression [31]. The activation of the
Ras pathway after UV irradiation prolongs the half-life of c-
Myc and enhances c-Myc activity, which allows the elevated
c-Myc to bind to the promoter of NPM and up-regulates its
transcript level [32,33]. In addition, NPM could interact with
p53 and block p53 transcriptional activity, which would fur-
ther inhibit cell apoptosis [34]. Furthermore, ARF is a tumor
suppressor that inhibits the Mdm2-mediated p53 degradation.
NPM targets ARF in nucleoli and prevents its binding toMdm2.
Released Mdm2 further ubiquitinates p53, which causes the
rapid degradation of p53 and contributes to anti-apoptosis
and tumor progression [35,36]. One study reported that NPM
plays a role as an NF-κB co-activator and controls the cell
cycle progression [37]. All these studies have suggested that

Table 2 – Representative list of proteins potentially
contribute to protein folding, redox regulation, protein
degradation, protein biosynthesis, cell migration,
adhesion, nucleotide biosynthesis, growth regulation and
calcium-dependent regulation in comparing CCD-966SK
cells with/without UVB irradiation.

Functional class Trend Examples

Protein folding Peptidyl‐prolyl cis‐trans isomerase
A; nucleophosmin;
protein disulfide‐isomerase

↓ Heat shock protein beta‐1/HSP‐27
Redox regulation Peroxiredoxin‐1; peroxiredoxin‐4

Protein degradation ↓ E3 SUMO‐protein ligase PIAS1
Protein biosynthesis ↓ 40S ribosomal protein SA;

heterogeneous nuclear
ribonucleoproteins C1/C2

Cell migration ↑ Cofilin‐1; fascin
Adhesion ↑ Otoancorin
Nucleotide
biosynthesis

↑ Bifunctional purine biosynthesis
protein PURH

Growth regulation ↑ Prohibitin
Calcium‐dependent
regulation

↑ Annexin A5; reticulocalbin‐1
↓ Annexin A2
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UVB induces NPM overexpression in CCD-966SK cells, which
might contribute to skin cancer formation by stimulating
anti-apoptosis and controlling the cell cycle (Fig. 9).

Heat shock proteins (HSPs) are molecular chaperones that
accelerate cell recovery from harmful conditions, by reducing

the concentrations of unfolded or denatured proteins [38]. The
expression of HSP70 is induced by environmental and physio-
logical stress, including UV irradiation and oxidative stress
[39]. A recent study showed that HSP70 can inhibit the JNK/
Bim signaling pathway and block the translocation of Bax to

Fig. 4 – Representative immunoblotting and ELISA analyses for selected differentially expressed proteins identified by
2D-DIGE/MALDI-TOF MS for UVB-untreated or -irradiated CCD-966SK cells. The levels of identified proteins, (A) HSP-27,
(B) cyclophilin A, (C) peroxiredoxin 4, (D) cofilin-1, (E) prohibitin in indicated doses of UVB-irradiated CCD-966SK cells versus
untreated ones confirmed by immunoblot, densitometry results with normalized values using actin-β as loading controls,
protein expression map and three-dimensional spot image. (F) 50 μg of UVB-irradiated CCD-966SK cells and untreated ones
were coated onto each well of a 96-well plate for ELISA analysis with anti-annexin A2 antibody and absorbance wasmeasured
at 450 nm using a Stat Fax 2100 microtiter plate reader.

2003J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 1 9 9 1 – 2 0 1 4



Author's personal copy

mitochondria in UV-induced apoptosis. HSP70 also inhibits
Bax activation by directly interacting with Bax, which pre-
vents cytochrome c release from mitochondria and leads to
anti-apoptosis in UV-irradiated cells [40]. Our data revealed
that the over-expression of HSP70 in UVB-irradiated CCD-
966SK cells played a role in promoting cell survival, and
caused carcinogenesis by its anti-apoptotic function (Fig. 9).

Protein disulfide isomerase (PDI) is a ubiquitously
expressed multifunctional protein that catalyzes the forma-
tion and rearrangement of disulfide bonds; it is involved in
cell adhesion, gene regulation, cell–cell interaction, and actin
filament polymerization [41]. UVB exposure induces the accu-
mulation of unfolded or misfolded proteins in endoplasmic
reticulum (ER), which causes ER stress and leads to mitochon-
drial cytochrome c release, leading to cell apoptosis [42,43].
Past studies have reported that PDI-knockdown or inhibition
of PDI activity activates apoptotic signaling in cancer cells
[44,45]. Thus PDI has been recognized as a protein that can
protect cells from ER stress and stimulate cell survival. The

results of the current study revealed increased levels of PDI
in CCD-966SK cells after UVB irradiation, which might be an
early event of skin cancer initiation. In addition, PDI partici-
pates in integrin-dependent cell adhesion and is highly
expressed on migrating and invasive cancer cells [46]. Hence,
the up-regulated PDI observed in our experiment might in-
duce the formation of melanoma, which possesses the highly
invasive ability of skin cancers (Fig. 9).

Endoplasmic reticulumplays a role in regulating intracellu-
lar calcium (Ca2+) concentrations. ER stress might contribute
to Ca2+ release from the ER and stimulate mitochondria dis-
ruption, which would influence cell apoptosis [47]. In the cur-
rent study, this mechanism may explain why many calcium-
dependent regulated proteins (including reticulocalbin-1,
hippocalcin-like protein 1, and annexin A2 and A5) were iden-
tified with a distinct expression change in UVB-irradiated
CCD-966SK cells compared to the non-irradiated cells (Fig. 9).

Cyclophilin A (Cyp A) was found to be up-regulated in our
study. Cyp A displays peptidyl prolyl isomerase activity,
which facilitates protein folding, assembly, and trafficking. It
maintains the correct conformation of proteins and protects
cells from the damage of environmental stress [48]. Numerous
reports reveal that Cyp A is highly expressed inmany cancers,
and that Cyp A plays a role in blocking apoptosis, inducing
proliferation, regulating metastasis, and controlling signaling
pathways [49,50]. Jin et al. first demonstrated that Cyp A is a
secreted mediator that responded to oxidative stress in cells
[51]. Secreted Cyp A has been reported as a growth factor
that can interact with the membrane receptor CD147 and
stimulate phosphorylation of signaling molecules, including
ERK, JNK, Akt, and IκB, thus leading to cell proliferation and
migration [52]. In addition, Cyp A protects cells against oxida-
tive stress-induced apoptosis [53]. The studies mentioned
here indicated that UVB irradiation might contribute to
tumor progression by up-regulating Cyp A, a hypothesis con-
sistent with our own proteomic data (Fig. 9).

The redox-proteomic analysis of the current study found
that proteins played a role in the redox-regulation of CCD-
966SK cells. Specifically, identified redox-modulated proteins
such as pyruvate kinase isozymes M1/M2 was up-regulated
under medium doses of UVB irradiation but were down-
regulated under high doses. These trends were identical to
those of the earlier chaperone proteins. It might be that ex-
treme UVB irradiation caused direct damage to these proteins,
which thus lost their ability to regenerate. The redox-
regulated proteins identified in the current study, including
Prxn-1 and Prxn-4, are reportedly induced by oxidative stress.
UVB irradiation causes the generation of ROS and results in
oxidative stress in cells. Oxidative stress stimulates mito-
chondrial cytochrome c release and leads to apoptosis [54].
PRDXs are antioxidants with peroxidase activity that scav-
enge intracellular ROS and abolish ROS-induced apoptosis
[55]. Thus, the over-expression of peroxiredoxins might con-
tribute to UVB-induced skin cancers (Fig. 9).

Our findings also revealed that prohibitin (PHB) was up-
regulated in CCD-966SK cells treated with high doses of UVB.
PHB is a ubiquitously expressed protein that displays diverse
functions at different locations. PHB is located in the inner
membrane of mitochondria, and functions as a chaperone
protein that maintains the morphology of mitochondria and

Fig. 5 – Effect of UVB on CCD-966SK ROS production.
(A) DCFH-based intracellular ROS production assays were
performed where 10,000 CCD-966SK cells were plated into
96-well plates in medium containing 10% FBS. After 24 h, the
cells were irradiated with the indicated doses of UVB. Cells
were then treated with 10 μM of DCFH-DA at 37 °C for 20 min
and the fluorescence images was recorded at excitation and
emission wavelengths of 485 nm and 530 nm, respectively.
Each set of three fields was taken using the same exposure,
and images are representative of three different fields. Scale
bar=20 μm. (B) Microtiter plate-based DCFH analysis of
intracellular ROS production assays were performed where
MCF-7 cells were plated into 24-well plates. After 24 h, the
cells were treated with the indicated dose of UVB. Cells were
then treated with 10 μM of DCFH-DA at 37 °C for 20 min and
the fluorescence was recorded at excitation and emission
wavelengths of 485 nm and 530 nm, respectively.
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stabilizes mitochondrial DNA [56]. Knock-down of PHB re-
duced the mitochondrial membrane potential and abolished
complex Ι activity [57]. Recent research also suggests that
the absence of PHB results in excessive ROS formation,
which indicates that PHB might be important for the removal
of ROS and inducing apoptosis [58]. PHB plays a role in tran-
scriptional regulation, which is essential for cell proliferation
and cell cycle regulation in the nucleus [59]. Additionally,
PHB is highly expressed in many tumors. The expression of
PHB is induced by c-Myc which might be stimulated by UVB-
induced Ras activation. PHB directly interacts with Raf,
which is essential for the membrane localization and phos-
phorylation of Raf. Then Ras activates the PHB–Raf complex
to further activate the MEK–ERK cascades which modulate
cell proliferation and migration [60]. Moreover, PI3K/AKT
phosphorylates PHB on Thr258 and reduces Raf inhibition,
thus promoting cell proliferation. The phosphorylation of
PHB on Thr258 contributes to feedback that activates the
PI3K/AKT pathway, leading to mitogenesis [61].

Interestingly, the residues of PHB are able to perform vari-
ous types of post-translational modifications including phos-
phorylation, nitrosylation, cysteine oxidation, palmitoylation
and transamidation, which are modulated with multiple cel-
lular functions [62]. Our study indicated that the normalized

free thiol level of PHB was increased in UVB-irradiated CCD-
966SK cells, implying PHB has a reductive response on the cys-
teine residue during UVB irradiation. Importantly, PHB had
only one cysteine residue at position 69, suggesting that Cys
69 was reduced under UVB irradiation. Previous research by
Ande and Mishra demonstrated that cysteine palmitoylation
at Cys 69 of PHB lead to its membrane translocation and inter-
action with Eps 15 homology domain protein 2, and affected
cell signaling by facilitating tyrosine phosphorylation [63]. Al-
though the detailed mechanism of Cys 69 requires further in-
vestigation, we propose that the post-translational
modification of this cysteine residue might at least disturb
the tyrosine phosphorylation signaling and membrane trans-
location ability of PHB (Fig. 9).

In this study, we also found that proteins possessing a nu-
cleotide biosynthesis function showed a significant increase
in UVB-irradiated CCD-966SK cells compared with control
cells. These proteins contain bifunctional purine biosynthesis
protein PURH, purine nucleoside phosphorylase, and UMP–
CMP kinase. Elevated rates of nucleotide biosynthesis are cru-
cial in cancer cells. The proliferation of cancer cells relies on
the increase of nutrient uptake and the stimulation of signal
transduction pathways to support nucleotide biosynthesis
[64]. Accordingly, the up-regulation of nucleotide biosynthetic

Fig. 6 – Redox 2D-DIGE analysis of UVB-induced differential cysteine-modification in CCD-966SK cells. Lysates from CCD-966SK
cells irradiated with 80 mJ/cm2 and 320 mJ/cm2 of UVB or left untreated were subjected to redox 2D-DIGE analysis as described
in Materials and methods. Images of protein samples from untreated and UVB-irradiated CCD-966SK are displayed.
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proteins might be an important molecular mechanism in the
early stage of skin cancer formation (Fig. 9).

Metastasis is a major sign of malignancy and a driver of
mortality in cancer patients. The process of metastasis,
namely detachment from the primary tumor, intravasation,
extravasation, and growth at another site, is controlled by
the cytoskeleton [65,66]. Actin is one of the main cytoskeletal
components that control cell motility and various cellular pro-
cesses, such as endocytosis, cytokinesis, organelle transport,
and cell signaling [67]. Actin-binding proteins (ABP) bind to
actin and affect actin dynamics which regulate cytoskeletal
organization and affect cell migration. Our study demonstrat-
ed that actin-binding proteins such as fascin and cofilin-1,
and other cell migration-related proteins, were all over-
expressed as a response to UVB irradiation.

Facin is an actin-binding protein that has been found in
core actin bundles and localized to the leading edge of migra-
tory cells. The over-expression of facin increases cell motility
and correlates with several human cancers including breast,
colon, ovary, and skin cancers [68]. In our proteomic study,

facin was up-regulated under UVB-irradiation, revealing the
early event of UVB-induced skin cancer formation (Fig. 9).

Cofilin-1 is an actin depolymerizing factor (ADF) that is re-
sponsible for the disassembly of actin filament. It controls
actin filament dynamics and is essential for cell proliferation,
migration, and cell cycle progression [69]. The deregulation of
cofilin is associated with various tumors. Nowak et al. demon-
strated that the expression level of cofilin distinctly increases
in colon adenocarcinoma cells [70]. However, cofilin-1 activity
is negatively regulated by phosphorylation. Previous research
reported that UV induced the de-phosphorylation of cofilin-1
and activated the cofilin-1 function by altering kinase or phos-
phatase activity, which might be modulated by the UV-
induced generation of ROS [71]. In addition, Klamt et al.
found that oxidation of cofilin induced a loss of actin-
binding ability and promoted cell apoptosis [72]. Our redox
proteomic data indicated that cofilin-1 increased the labeling
in normalized cysteine levels on UVB-irradiated CCD-966SK
cells, implying that cofilin-1 was in a reductive state after
UVB irradiation. This status might cause a rise in actin-

Fig. 7 – Distribution of differential ICy-labeled proteins from UVB-irradiated and untreated CCD-966SK cells according to
(A) subcellular location and (B) biological function.
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binding affinity and affect actin filament dynamics, inhibit
cell apoptosis, and promote skin cancer formation (Fig. 9).

Profilin-1 and actin were up-regulated in the normalized
cysteine level in our redox-proteomic data. Profilin-1 is an
actin-binding protein contributing to actin filament assembly;
it participates in morphogenesis, cytokinesis, embryonic de-
velopment, and vesicle trafficking [73]. The binding affinity
of profilin-1 is regulated by phosphorylation and oligomeriza-
tion, but the function of reductive profilin is still unknown.
Actin has been suggested as a redox-sensitive protein upon
oxidative stress [74]. Dalle-Donne et al. showed that the oxi-
dation of actin, such as S-glutathionylation, decreases the
polymeric ability and reduces the elongation of actin filament
[75]. Our data indicated that UVB-induced ROS caused the re-
duction of actin thiols in CCD-966SK cells, which might influ-
ence the interaction of actin with other factors and alter actin
filament dynamics, inducing skin cancer formation (Fig. 9).

In our proteomic analysis, we observed that an adhesion-
related protein, otoancorin, was up-regulated in CCD-966SK
cells treated with UVB irradiation, and showed a UVB dose-
dependent response. Otoancorin modulates the attachment
of cellular gels and the apical surface of non-sensory cells in
the inner ear [76]. Thus otoancorin might control actin fila-
ment dynamics and play a role in cell migration in UVB-
irradiated CCD-966SK cells. Nevertheless, few prior reports
have discussed the function of otoancorin, even its role in
skin cancer progression.

The E3 SUMO-protein ligase PIAS1 belongs to the protein
inhibitor of activated STATs (PIAS) family. We found that
the expression of PIAS 1 was significantly decreased in
CCD-966SK cells after UVB irradiation. PIAS 1 functions as a
negative regulator of the JAK/STAT pathway in the nucleus,
by negatively regulating methylation on STAT 1. PIAS 1
masks the DNA binding site and then blocks the cytokine-
induced cellular response [77,78]. The JAK/STAT pathway is
activated by the binding of cytokines to a specific receptor
that constitutively connects with janus kinase (JNK). JNK is
activated by dimerization and transphosphorylation. Activat-
ed JNK further phosphorylates the receptor, which recruits
and phosphorylates signal transducers and activators of
transcription 1 (STAT 1). Phosphorylated STAT 1 then dimer-
izes and translocates to the nucleus, leading to the binding
of target genes which regulate cytokine-induced cellular re-
sponses including proliferation, differentiation, and survival
[79,80] (Fig. 9). PIAS 1 also participates in DNA repair. Galanty
et al. suggested that PIAS 1 accumulates at DNA double-
strand break sites, which promotes the double-strand break
signaling and induces the response of DNA repair [81]. In ad-
dition, Liu et al. reported that PIAS 1 directly interacts with
NF-κB and inhibits cytokine-induced NF-κB activation [82].
In our study, PIAS 1 was down-regulated in CCD-966SK
cells treated with UVB irradiation compared to the control
cells. Down-regulated PIAS 1 might incur a suppressed inhib-
itive ability and induce the activation of the NF-κB and JAK/
STAT pathways, prolonging skin cell growth and resulting
in skin cancer formation (Fig. 9).

Skin aging is one of the most important features of solar
radiation-induced damage, and is referred to as photoaging.
Changes due to skin photoaging include wrinkling, elastosis,
keratoses, pigmentation, and malignant skin tumors. The
principle process of photoaging is the generation of ROS that
cause an accumulation of damage. UVB-induced ROS activate
transcription factors, such as activator protein-1 (AP-1), which
increase the level of matrix metalloproteinase-1 (MMP-1),
thereby stimulating collagen degradation and leading to skin
photoaging [83] (Fig. 10). The expression of MMP-1 is also in-
duced by the activation of cell surface receptor-induced sig-
naling cascades such as the JAK/STAT and c-JNK pathways.
This activation derives from the constitutive phosphorylation
of EGFR by ROS-induced inhibition of protein tyrosine phos-
phatase (PTP) after UVB irradiation [84,85].

Skin pigmentation disorder is associated with a high risk
of melanoma formation. This is due to the abnormal mela-
nin produced by melanocytes [86]. Tanaka et al. reported
that UV-induced NF-κB activation in skin fibroblasts triggers
melanogenesis by the stimulation of COX-2 and endothelin
expression. Activated NF-κB also induces the generation of
basic fibroblast growth factor (bFGF), which is essential for
the proliferation of melanocytes [87]. As a result, the prolifer-
ation of melanocytes increases the melanin formation and
causes pigmentation which might lead to melanoma devel-
opment (Fig. 10). According to our proteomic data, certain
differentially expressed proteins contributed to cellular ROS
level regulation, such as PRDXs and PHB, in UVB-irradiated
CCD-966SK cells. These proteins might affect the cellular ox-
idative stress and participate in skin photoaging. We identi-
fied UVB-induced changes in the expression of proteins

Fig. 8 – Validation of the thiol reactive protein, prohibitin,
identified through redox-proteomic study in CCD-966SK
cells after UVB irradiation by IP-WB. ICy dye-labeled protein
samples from CCD-966SK cells were either untreated or
treated with 80 and 320 mJ/cm2 of UVB irradiation followed
by immunoprecipitated with prohibitin antibody to confirm
the alterations of thiol reactivity in prohibitin. The imagewas
visualized by Ettan DIGE imager. Western blot against the
corresponding antibody was performed to gain the protein
level. (A) The relative ratio of cysteine level derived from
DeCyder software and the cysteine level normalized with
protein level of prohibitin are shown. (B) Prohibitin was
validated by IP-WB. The ICy dye-labeled images were
scanned by Ettan DIGE Imager (top panel). Protein level of
prohibitin was obtained by Western blot analysis (bottom
panel). (C) The relative ratio of cysteine level/protein level
was calculated from ICy dye bands normalized with WB
band intensities.
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including PISA 1, peroxiredoxins, PHB, NPM, HSP70, HSP27,
and Cyp A. These proteins might play roles in skin photoag-
ing by controlling the relative cellular signaling pathways.
Interestingly, HSP27, one of chaperone proteins, was down-
regulated in CCD-966SK cells treated with UVB irradiation
compared to the non-irradiated cells. Similarly, Jonak et al.
performed biopsies and found that the expression of HSP27
gradually decreased with age [88]. Our data revealed that
HSP27 with low-expression levels might not only function
as a chaperone protein but might also play an important

role in photoaging in UVB-irradiated CCD-966SK cells
(Fig. 10).

In summary, we performed comprehensive proteomic
analysis after irradiating normal skin fibroblast cells with
varying levels of UVB. We identified differentially expressed
proteins, and attempted to develop a novel redox proteomic
strategy to monitor the redox-modulated proteins in skin fi-
broblasts CCD-966SK after UVB exposure. These UVB-
modulated proteins participate in many cellular responses in-
cluding anti-apoptosis, tumorigenesis, cell migration,

Fig. 9 – The hypothetical mechanisms of differentially expressed proteins derived from expression and redox proteomics in
UVB-irradiated CCD-966SK cells. Results were compared with those of non-irradiated cells. Irradiation by UVB induced DNA
damage, which promoted the activation of NPM promoter and stimulated NPM expression. NPM expression prolongs the
half-life of c-Myc and enhances c-Myc activity. Elevated c-Myc binds to the promoter of NPM and up-regulates its transcript
level. Thus, NPM could suppress the activation of p53 and further inhibit cell apoptosis. Moreover, NPM plays a role as NF-κB
co-activator and controls the cell cycle progression. HSP70 may inhibit the JNK/Bim signaling pathway and block the
translocation of Bax to mitochondria in UV-induced apoptosis. PDI has been identified as a protein that protects cells from ER
stress and stimulates cell survival; it also participates in integrin-depended cell adhesion and is highly expressed onmigrating
and invasive cancer cells. UVB stress might contribute to Ca2+ release from ER and stimulate mitochondria disruption which
participates in cell apoptosis. Cyp A inhibits the activation of cell apoptotic signaling by binding to released cytochrome c.
Secreted Cyp A has been reported as a growth factor which interacts with membrane receptor CD147 and stimulates the
phosphorylation of signaling molecules, including ERK, leading to cell proliferation and migration. PRDXs are antioxidants
with peroxidase activity which scavenge intracellular reactive oxygen species. Prohibitin (PHB) is up-regulated under high
doses of UVB, and plays a role in cell proliferation via activation of Ras-Raf-PI3K/Akt signaling. Proteins associated with
nucleotide biosynthesis function showed a significant increase in nucleotide biosynthesis. Actin-binding proteins, such as
fascin and cofilin-1, and other cell migration-related proteins were all over-expressed in response to UVB irradiation. Redox
proteomic analysis showed that cofilin-1 was in a reductive state after UVB irradiation; this status might cause a rise in
actin-binding affinity, affect the actin filament dynamics, and inhibit cell apoptosis. The UVB-induced ROS cause a reduction in
actin and profiling-1 thiols, which might disturb the interaction of actin with other factors and alter actin filament dynamics.
Otoancorin, an adhesion-related protein, was up-regulated under UVB irradiation and controlled the actin filament dynamics.
The E3 SUMO-protein ligase PIAS1 was significantly down-regulated after UVB irradiation, leading to the activation of the JAK/
STAT pathway in the nucleus via activation of STAT 1.UVB-irradiated proteins that displayed up-regulation in their expressed
levels are shown in red in Fig. 9. Identified proteins with alterations in thiol reactivity are highlighted with baselines. Red
arrows (↓) indicate the down-regulation of proteins.
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photoaging, and melanogenesis. Our study indicated a whole
network of identified proteins in UVB-irradiated skin cells,
and deduced their roles in the early stage of skin cancer for-
mation and photoaging. Our findings are pertinent to photo-
protective cosmetics for repair of UVB-induced skin damage;
in addition, the identified proteins might be potential targets
for preventing UVB-induced tumorigenesis.
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