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Abstract
Solar UVA exposure plays a causative role in skin photoaging and photocarcinogenesis. Here we
describe the proteomic identification of novel UVA-targets in human dermal fibroblasts following
a 2D-DIGE (two-dimensional-difference-gel-electrophoresis) approach. Fibroblasts were exposed
to non-cytotoxic doses of UVA or left untreated, and total protein extracts underwent CyDye-
labeling followed by 2D-DIGE/mass spectrometric identification of differentially expressed
proteins, confirmed independently by immunodetection. The protein displaying the most
pronounced UVA-induced upregulation was identified as the nucleolar protein nucleophosmin.
The protein undergoing the most pronounced UVA-induced downregulation was identified as
cathepsin B, a lysosomal cysteine-protease displaying loss of enzymatic activity and altered
maturation after cellular UVA exposure. Extensive lysosomal accumulation of lipofuscin-like
autofluorescence and osmiophilic material occurred in UVA-exposed fibroblasts as detected by
confocal fluorescence microscopy and transmission electron microscopy, respectively. Array
analysis indicated UVA-induced upregulation of oxidative stress response gene expression, and
UVA-induced loss of cathepsin B enzymatic activity in fibroblasts was suppressed by antioxidant
intervention. Pharmacological cathepsin B-inhibition using CA074Me mimicked UVA-induced
accumulation of lysosomal autofluorescence and deficient cathepsin B-maturation. Taken
together, these data support the hypothesis that cathepsin B is a crucial target of UVA-induced
photooxidative stress causatively involved in dermal photodamage through impairment of
lysosomal removal of lipofuscin.

Introduction
Most of the solar UV energy incident on human skin derives from the deeply penetrating
UVA region (> 95%, 320-400 nm). In contrast to the formation of mutagenic photoproducts
including epidermal cyclobutane pyrimidine dimers through direct absorption of UVB (290 -
320 nm) radiation by skin cell DNA (1), UVA radiation results in little photoexcitation of
DNA directly, and cutaneous generation of reactive oxygen species (ROS) and organic free
radicals has been implicated in photo-oxidative mechanisms of UVA-induced skin damage
contributing to photoaging and photocarcinogenesis (reviewed in (2-7)). Various molecular
sources of ROS and redox dysregulation are thought to contribute to the generation of
cutaneous photooxidative stress including NAD(P)H oxidase, endogenous photosensitizers,
mitochondrial electron leakage, energy crisis and glycolytic blockade, lysosomal disruption
upstream of iron dysregulation, and inflammatory signaling (8-17). However, identification
of novel molecular targets of UVA mechanistically involved in the causation of skin cell
photodamage remains an important subject of ongoing research.
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Proteomic analysis using two-dimensional difference gel electrophoresis (2D-DIGE) in
combination with mass spectrometry has been used successfully for the unbiased
identification of novel molecular targets involved in various human pathologies including
infectious diseases, cancer, neurodegeneration, inflammatory dysregulation, metabolic
disease, and general chronological aging (18,19). DIGE is a variant of two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) involving two or more separate protein
samples that are covalently labeled with different fluorescent dyes and then mixed prior to
PAGE analysis (20). Using advanced fluorescent gel imaging technology, 2D-DIGE enables
proteomic detection of differences in protein abundance between samples, which is then
followed by mass spectrometric identification of specific proteins displaying differential
abundance between samples. In this study, we have used 2D-DIGE combined with mass
spectrometry as a photobiological discovery tool validated by immunodetection and
biochemical analysis. Here we report the proteomic identification of the lysosomal protease
cathepsin B as a novel UVA-target in cultured human skin fibroblasts.

Materials and Methods
Chemicals

CA074Me was purchased from Enzo Life Sciences (Plymouth Meeting, PA), 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI), and LysoTracker Red™ were purchased
from Invitrogen (Carlsbad, CA). All other chemicals were from Sigma Chemical Co. (St.
Louis, MO).

Cell Culture
Dermal neonatal foreskin Hs27 fibroblasts from ATCC (Manassas, VA) were cultured in
DMEM containing 10% bovine calf serum. Cells were maintained at 37°C in 5% CO2, 95%
air in a humidified chamber.

Irradiation with solar UVA
A KW large area light source solar simulator, model 91293, from Oriel Corporation
(Stratford, CT) was used, equipped with a 1000 W Xenon arc lamp power supply, model
68920, and a VIS-IR bandpass blocking filter plus UVB and C blocking filter (output 320–
400 nm plus residual 650–800 nm, for UVA). The output was quantified using a dosimeter
from International Light Inc. (Newburyport, MA), model IL1700, with a SED033 detector
for UVA (range 315–390 nm, peak 365 nm), at a distance of 365 mm from the source,
which was used for all experiments. Using UVB/C blocking filter, the dose at 365 mm from
the source was 5.39 mJ cm-2 sec-1 UVA radiation with a residual UVB dose of 3.16 μJ cm-2

sec-1.

Chronic UVA exposure regimens
For chronic UVA treatment, an exposure regimen was selected that delivered a
physiologically relevant dose of UVA without causing compromised cell viability or altered
proliferative rate after reseeding.

‘Three week’ UVA regimen (used for DIGE- and DIGE-related experimentation): Cells
were exposed to 9.9 J/cm2 UVA twice a week for a total of 18 days (59.4 J/cm2 total UVA
dose). Viability was maintained throughout the duration of the experiment as confirmed by
flow cytometric analysis of annexinV/ propidium iodide-stained cells performed as
published earlier (21)(data not shown). Moreover, after completion of the irradiation
regimen, proliferation rate based on cumulative population doublings monitored over ten
days after reseeding [(control: 4.8 ± 0.1; UVA: 4.7 ± 0.3 (mean ± SD)] was unaltered. In
addition, no experimental evidence of UV-induced cellular senescence was obtained using
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SA-β-galactosidase staining performed according to a published standard procedure (22)
(data not shown).

‘One week’ UVA regimen [used for exposure that required inclusion of pharmacological
modulators (NAC and CA074Me) that would display cytotoxicity over the length of the
three week regimen]: Cells were exposed to 9.9 J/cm2 UVA for four consecutive days (39.6
J/cm2 total UVA dose).

In both regimens, cells were seeded at 5×105 cells/ 100 mm dish and incubated overnight
prior to UVA exposure. Before each irradiation, cells were first washed with PBS and
irradiated (10 ml PBS, 30 min). After irradiation, PBS was removed and fresh culture
medium was added. For mock UVA treatments, cells were washed with PBS, placed in 10
ml PBS and then incubated at room temperature in the dark for 30 min. For analysis, cells
were harvested one hour after last UVA exposure occurred.

2D-DIGE (two-dimensional difference gel electrophoresis) and mass spectrometry
Sample preparation—After UVA exposure according to the ‘three week’ regimen,
UVA-exposed and mock treated cells (7 × 106 per group) were harvested by scraping and
washed with PBS. The pellet was frozen immediately on dry ice. For sample processing, 200
ml 2-D cell lysis buffer (30 mM Tris-HCl, pH 8.8, containing 7 M urea, 2 M thiourea and
4% CHAPS) were added to the thawed samples followed by sonication at 4 °C. After
centrifugation (14,000 rpm, 4 °C, 30 min) the supernatant was collected. Protein
concentration was determined using the Bio-Rad assay and the lysate samples were diluted
with the sample 2-D cell lysis buffer to the same protein concentration between 5 to 8 mg/
ml. 2-D DIGE and mass spectrometric analysis were then performed in collaboration with
Applied Biomics (Hayward, CA).

Minimal CyDye labeling—To 30 mg of cell lysate 1.0 ml of diluted CyDye (1:5 diluted
with DMF; control: Cy3; UVA: Cy5; GE Health Care, Piscataway, NJ) was added and after
vortexing the tube was kept on ice for 30 min. After addition of 1.0 ml of 10 mM L-lysine to
each of the samples samples were incubated on ice for an additional 15 min. After mixing
Cy3 and Cy5 labeled samples and addition of 2× 2-D sample buffer (8 M urea, 4% CHAPS,
20 mg/ml DTT, 2% pharmalytes and trace amount of bromophenol blue), 100 ml destreak
solution (GE Healthcare) and rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20
mg/ml DTT, 1% pharmalytes and trace amount of bromophenol blue) were added (250 ml
final volume). After mixing and spinning the labeled samples were loaded into the strip
holder [13 cm immobilized pH gradient (IPG) strip, Amersham BioSciences].

IEF and SDS-PAGE—After IEF according to the manufacturer's protocol (Amersham
BioSciences), the IPG strips were incubated in the freshly prepared equilibration buffer 1
(50 mM Tris-HCl, pH 8.8, containing 6 M urea, 30% glycerol, 2% SDS, a trace amount of
bromophenol blue and 10 mg/ml DTT) for 15 min. The strips were rinsed in the fresh made
equilibration buffer 2 (50 mM Tris-HCl, pH 8.8, containing 6 M urea, 30% glycerol, 2%
SDS, a trace amount of bromophenol blue and 45 mg/ml iodacetamide) for 10 min. The IPG
strips were then rinsed once in the SDS-gel running buffer before transfer into the SDS-gel
(12% SDS-gel prepared using low fluorescent glass plates) and sealed with 0.5% (w/v)
agarose solution (in SDS-gel running buffer). The SDS-gel was run at 15 °C.

Protein identification by mass spectrometry—Spots of interest were picked using
the Ettan Spot Picker (Amersham BioSciences) based on in-gel analysis and spot picking
design performed using the DeCyder software. Gel spots were digested in-gel with modified
porcine trypsin protease (Trypsin Gold, Promega). The digested tryptic peptides were
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desalted by Zip-tip C18 (Millipore). Peptides were eluted from the Zip-tip with 0.5 μl of
matrix solution (a-cyano-4-hydroxycinnamic acid; 5 mg/ml in 50% acetonitrile, 0.1%
trifluoroacetic acid, 25 mM ammonium bicarbonate) and spotted on the MALDI plate
(model ABI 01-192-6-AB). MALDI-TOF MS and TOF/TOF tandem MS/MS were
performed on an ABI 4700 mass spectrometer (Applied Biosystems, Framingham, MA).
MALDI-TOF mass spectra were acquired in reflectron positive ion mode, averaging 4000
laser shots per spectrum. TOF/TOF tandem MS fragmentation spectra were acquired for
each sample, averaging 4000 laser shots per fragmentation spectrum on each of the 10 most
abundant ions present in each sample (excluding trypsin autolytic peptides and other known
background ions).

Database search—Both the resulting peptide mass and the associated fragmentation
spectra were submitted to a GPS Explorer workstation equipped with MASCOT search
engine (Matrix science) capabilities to search the database of the National Center for
Biotechnology Information non-redundant (NCBInr). Searches were performed without
constraining protein molecular weight or isoelectric point, with variable
carbamidomethylation of cysteine and oxidation of methionine residues, and with one
missed cleavage allowed in the search parameters. Candidates with either protein score C.I.
% or Ion C.I.% greater than 95 were considered significant.

Cathepsin B enzymatic activity
Cathepsin B activity was measured using the fluorimetric cathepsin B assay kit from
BioVision, Inc. (Mountain View, CA) according to manufacturer's instructions. Cells
(7×105) were lysed in 0.5 ml of chilled lysis buffer. After 10 min incubation on ice, lysates
were centrifuged at 10,000 g at 4 °C for 5 min and supernatant was retained for analysis. 50
μL of cell lysate was incubated with 50 μL of reaction buffer and cathepsin B substrate (Ac-
Arg-Arg-AFC; 200 μM final concentration; 1 h at 37 °C). As a negative control, analysis
was performed in the presence of the cathepsin B inhibitor Z-Phe-Phe-FMK (200 μM final
concentration). The release of free amino-4-trifluoromethylcoumarin (AFC) was measured
using a fluorescence plate reader (λex 400, λem 505; SpectraMax Gemini, Molecular
Devices, Sunnyvale, CA). Additionally, protein concentration of cell lysates was determined
using the Pierce™ BCA Protein Assay Kit (ThermoScientific, Rockford, IL), and cathepsin
B activity was normalized to protein concentration per sample.

Measurement of Cathepsin L activity
Cathepsin L activity was measured using the fluoremetric cathespin L activity assay kit from
BioVision, Inc. according to manufacturer's instructions. Processing of samples and assay
protocol was identical to the cathepsin B activity assay except the cathepsin L substrate (Ac-
Phe-Arg-AFC; 200 μM final concentration) was used.

Glyceraldehyde dehydrogenase activity assay
UVA-induced alteration of GAPDH specific enzymatic activity was assessed in cytosolic
cell extracts prepared from Hs27 fibroblasts (5 × 106 per sample) according to a published
standard procedure measuring increase in absorbance at 340 nm (formation of NADH) in a
reaction mixture containing 0.4 mM NAD+, 50 mM sodium arsenate, 0.1 mM DTPA, 0.9
mM D,L-glyceraldehyde-3-phosphate, and 50 mM TrisHCl, pH 8.8. (23). Reaction was
started by the addition of cytosolic extract normalized for protein content using the BCA
protein assay. One unit of enzyme was defined as the amount forming 1 μmol/min NADH at
25° C.
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Gene expression analysis by real time RT-PCR
One hour after last UVA exposure, total cellular RNA (5×106 cells) was prepared using the
RNEasy kit from Qiagen (Valencia, CA). Reverse transcription was performed using
TaqMan Reverse Transcription Reagents (Roche Molecular Systems, Branchburg, NJ) and
200 ng of total RNA in a 50 μl reaction. Reverse transcription was primed with random
hexamers and incubated at 25°C for 10 min followed by 48°C for 30 min, 95°C for 5 min,
and a chill at 4°C. Each PCR reaction consisted of 3.75 μl of cDNA added to 12.5 μl of
TaqMan Universal PCR Master Mix (Roche Molecular Systems), 1.25 μl of gene-specific
primer/probe mix [Assays-by-Design; Applied Biosystems: CTSB (assay ID
Hs00947433_m1), CSTA (assay ID HS00193257_m1), CSTB (assay ID Hs00164368_m1),
CSTC (assay ID Hs00969174_m1), CST6 (assay ID Hs00154599_m1), NPM1 (assay ID
Hs01576587_g1) or GAPDH (assay ID Hs99999905_m1)] and 7.5 μl of PCR water. PCR
conditions were: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s alternating with
60°C for 1 min (Applied Biosystems 7000 SDSGene-specific product was normalized to
GAPDH and quantified using the comparative (ΔΔCt) Ct method described in the ABI Prism
7000 sequence detection system user guide. Expression values were averaged across three
independent experiments (mean ± SD).

Human Stress and Toxicity PathwayFinder™ RT2 Profiler™ PCR Expression Array
Expression array analysis was performed as published recently (24). One hour after last
UVA exposure, total cellular RNA (5 × 106 cells) was prepared using the RNeasy kit.
Reverse transcription was performed using the RT2 First Strand kit (SA Biosciences,
Frederick, MD) and 1 μg total RNA. The Human Stress and Toxicity PathwayFinder™ RT2

Profiler™ PCR Expression Array (SA Biosciences) profiling the expression of 84 stress-
and toxicity-related genes was run using the following PCR conditions: 95 °C for 10 min,
followed by 40 cycles of 95°C for 15 s alternating with 60 °C for 1 min (Applied
Biosystems 7000 SDS, Foster City, CA). Gene-specific product was normalized to GAPDH
and quantified using the comparative (ΔΔCt) Ct method as described in the ABI Prism 7000
sequence detection system user guide. Expression values were averaged across three
independent array experiments (mean ± SD).

Detection of intracellular oxidative stress by flow cytometric analysis
Induction of intracellular oxidative stress by photosensitization was analyzed by flow
cytometry using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a sensitive
nonfluorescent precursor dye according to a published standard procedure (15). One hour
after the last irradiation, DCFH-DA (5 μg/mL final concentration) was added to the culture
medium and cells were incubated for 1 h in the dark (37°C, 5% CO2). Cells were harvested,
washed with PBS, resuspended in 300 μl PBS and immediately analyzed by flow cytometry.
To avoid direct photooxidation of the dye probe, cells were loaded with the indicator dye
under light exclusion.

Flow cytometric quantification of cellular autofluorescence
One hour after the last irradiation, cells were harvested, washed with PBS, resuspended in
300 μL PBS, and immediately analyzed by flow cytometry (λex 488nm, λem 530 ± 15 nm).

Confocal Fluorescence Microscopy
One hour after last irradiation or CA074Me treatment, cells were trypsinized, reseeded on
glass bottom 35 mm dishes (MatTek Corp., Ashland, MA) at 1×105 cells per dish and
cultured overnight. Prior to live imaging, cells were incubated in LysoTracker Red DND-99
(75 nM in growth medium) for 1 h at 37 °C/ 5% CO2. Medium was removed and cells were
incubated in DAPI (3 μM in HBSS) for 30 min. Cells were then washed several times and
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kept in HBSS for fluorescence microscopy. Using a SP5 spectral confocal microscopy
system equipped with a Leica DMI6000 inverted microscope (Wetzlar, Germany), DAPI
was detected between 450-550 nm with excitation at 405nm (UV laser source).
Autofluorescence and LysoTracker Red were visualized using an argon laser (λex 488 nm),
and a spectral scan (560-700 nm with 10 nm increments) was performed. Image analyses
were performed using Leica Confocal Imaging software and distinction between fluorescent
signals was accomplished by spectral separation.

Transmission Electron Microscopy
One hour after last UVA irradiation, cells were trypsinized, reseeded and cultured for 4h.
Cells were fixed in situ with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH7.4),
postfixed in 1% osmium tetroxide in cacodylate buffer, washed, scraped and pelleted. Cells
were then stained in 2% aqueous uranyl acetate, dehydrated through a graded series (50,70,
90 and 100%) of ethanol and infiltrated with Spurr's resin, then allowed to polymerize
overnight at 60 °C. Sections (50 nm) were cut, mounted onto uncoated 150 mesh copper
grids, and stained with 2% lead citrate. Sections were examined in a CM12 Transmission
Electron Microscope (FEI, Hillsboro, OR) operated at 80 kV with digital image collection
(AMT, Danvers, MA).

Immunoblot detection
One hour after last irradiation, cells were washed with PBS, lysed in 1× SDS-PAGE sample
buffer and heated for 3 min at 95°C. Samples were separated by 12% SDS-PAGE followed
by transfer to nitrocellulose membranes (Optitran, Whatman, Piscataway, NJ). Membranes
were incubated with primary antibody in 5% milk-PBST overnight at 4°C. HRP-conjugated
goat anti-rabbit or goat anti-mouse secondary antibody (Jackson Immunological Research,
West Grove, PA) was used at 1:20,000 in 5% milk-PBST followed by visualization using
enhanced chemiluminescence detection reagents. Equal protein loading was examined by α-
actin-detection. The following primary antibodies were used: rabbit anti-cathepsin B
polyclonal antibody, 1:200 (BioVision, Inc.); rabbit anti-nucleophosmin polyclonal
antibody, 1:1,000 (Cell Signaling Technology, Danvers, MA); rabbit anti-HO-1 polyclonal
antibody, 1:1,500 (Stressgen Bioreagents, Ann Arbor, MI); rabbit anti-Hsp70 polyclonal
antibody, 1:1,000 (Stressgen Bioreagents); mouse anti-actin monoclonal antibody, 1:1,500
(Sigma).

Statistical analysis
The results are presented as means (± SEM) of at least three independent experiments. All
data were analyzed employing one-way analysis of variance (ANOVA) with Tukey's post hoc
test using the Prism 4.0 software unless specified otherwise. Differences were considered
significant at p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).

Results
Nucleophosmin and cathepsin B are targets of chronic UVA exposure in human skin
fibroblasts as revealed by two-dimensional difference gel electrophoresis (2D-DIGE)
followed by mass spectrometry

First, proteomic changes that occur in human fibroblasts in response to chronic UVA
exposure were examined using 2D-DIGE technology (Fig. 1).

A regimen of chronic UVA exposure was selected that delivered a physiologically relevant
dose without induction of cell death or inhibition of cellular proliferation (as detailed in
Materials and methods). To this end, after chronic UVA exposure (9.9 J/cm2, twice a week,
over three weeks; ‘three week UVA regimen’) or mock treatment, total cell protein extracts
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were prepared followed by Cy3- (untreated control) and Cy5-labeling (chronic UVA
exposure) and subjected to gel electrophoresis followed by differential fluorescence image
analysis (Cy3/Cy5-overlay shown in Fig. 1A, right panel, enlarged in Fig. 1B) using the
DeCyder software (Fig. 2A and Fig. 3A).

Fluorescent spots displaying the highest UVA-induced expression differential [upregulation:
spot #2 (red); downregulation: spot #3 (green); Fig. 1B] were excised for subsequent mass
spectrometric analysis. Additionally, spot #1 displaying equal abundance in both protein
samples was identified as β-actin [actin, cytoplasmic 1 (Mw: 42,000 Da; pI: 5.4; acc. no:
gi∣46397333; Fig. 1B]. Spot #2 displaying upregulation by 3.6 fold according to DeCyder
analysis was identified as nucleophosmin (Mw: 38,000 Da; pI: 4.71; accession number:
gi∣825671) with protein score and total ion score confidence intervals (C.I.) being 100%
(Fig. 2A). Independent confirmation of UVA-induced nucleophosmin upregulation was
obtained by immunodetection that indicated approximately 3.1 fold upregulation based on
densitometric analysis of band intensity (Fig. 2B).

Spot #3 displaying pronounced downregulation by almost 7.1 fold according to DeCyder
quantitative analysis was identified as cathepsin B (Mw: 24,000 Da; pI: 5.44; accession
number: gi∣741376) with protein score and total ion score confidence intervals (C.I.) being
100% (Fig. 3A). Independent confirmation of UVA-induced cathepsin B downregulation
was obtained by immunodetection [cathepsin B double chain (DC; 24 kDa) and single chain
(SC; 29 kDa) forms] (Fig. 3B and C). Densitometric analysis indicated downregulation of
the fully processed mature DC form in UVA-treated cells (59.4 J/cm2 total dose; ‘three
week’ UVA regimen) by approximately 10.7 fold, a number in good agreement with DIGE
analysis (Fig. 3A). Significant downregulation was also detectable in cells that received
UVA exposure according to a shorter UVA regimen (39.6 J/cm2 total dose; ‘one week’
UVA regimen). The ‘one week’ UVA regimen was therefore chosen in subsequent
experiments (displayed in Figs. 4C-D and 5D) that required co-administration of
pharmacological agents displaying cytotoxic effects over the course of the ‘3 week’ UVA
regimen.

Based on the detection of UVA-induced changes in cathepsin B protein levels (Fig. 3A-C),
we examined the possibility that chronic UVA-exposure impairs cathepsin B specific
enzymatic activity in human skin fibroblasts (Fig. 3D). As a positive control, the cathepsin B
inhibitor CA074Me (1μM, q.d., four consecutive days) was used causing complete loss of
cathepsin B specific enzymatic activity. After chronic UVA exposure of fibroblasts (‘three
week’ UVA regimen, identical to treatment used for 2D-DIGE analysis), specific enzymatic
activity of cathepsin B in total cellular extracts was reduced by more than 60% as compared
to mock-treated control. A significant loss of cathepsin B activity by approximately 10%
was already detectable after a single exposure to UVA (9.9 J/cm2), and inhibition by
approximately 50% was observed when UVA exposure occurred over the course of four
consecutive days (‘one week’ UVA regimen). In contrast, enzymatic activity of GAPDH, an
active site cysteine-containing glycolytic enzyme, known to be a common target of cytotoxic
oxidative insult including Rose Bengal-dependent photosensitization (25), was not changed
significantly in response to UVA exposure (‘1 week’ regimen) [control: 3.3 ± 0.5 versus
UVA: 3.4 ± 0.4 specific enzymatic activity (u/mg cytosolic protein; n=3; mean ± SD]. These
data suggest that UVA-induced changes affecting cathepsin B structure and enzymatic
activity may occur as a result of specific molecular mechanisms that do not cause the
indiscriminate inactivation of other cysteine-dependent enzymes such as GAPDH.
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Gene expression profiling reveals an oxidative stress response in UVA-exposed human
skin fibroblasts

Modulation of gene expression in response to chronic UVA exposure [treatment conditions
identical to 2D-DIGE experimentation shown in Fig. 1; ‘three week’ UVA regimen] versus
mock treatment was assessed using the RT2 Human Stress and Toxicity Pathway Finder™
PCR Expression Array platform (Fig. 4A and table 1).

UVA treatment upregulated expression levels of eight genes on the array by at least three-
fold including genes encoding the heat shock proteins Hsp70B' (HSPA6; 1042-fold), Hsp70
(HSPA1A; 11-fold), Hsp105 (HSPH1; 4-fold), the heat shock protein and antioxidant
enzyme hemeoxygenase-1 (HMOX1; 18-fold), the antioxidant enzyme thioredoxin reductase
1 (TXNRD1; 3-fold), the cyclin dependent kinase inhibitor p21(WAF1) (CDKN1A; 3-fold),
and the inflammatory transforming growth factor beta superfamily member GDF15
(GDF15; 9-fold). Of note, significant downregulation of chemokine encoding genes (CL5,
CCL4, CXCL10) was observed in response to chronic UVA exposure. UVA-induced
upregulation of major stress response encoding genes (HSPA1A and HMOX1) was then
confirmed at the protein level by immunoblot detection that revealed 4.7 fold (Hsp70) and
9.5 fold (HO-1) upregulation as determined by densitometric analysis (Fig. 4B).

UVA-induced loss of cathepsin B enzymatic activity in human skin fibroblasts can be
antagonized by the antioxidant N-acetyl-L-cysteine

Further evidence supporting the induction of cellular oxidative stress in response to chronic
UVA treatment was obtained by quantitative detection of DCF-fluorescence after subjecting
Hs27 cells to UVA treatment (‘one week’ UVA regimen) performed in the presence or
absence of the thiol-based antioxidant N-acetyl-L-cysteine (NAC, 10 mM) (Fig. 4C). UVA
exposure upregulated cellular DCF fluorescence intensity by almost 80% indicative of
increased peroxide levels, an effect significantly suppressed by inclusion of NAC during
irradiation. In parallel, loss of cathepsin B enzymatic activity observed earlier in response to
UVA exposure (Fig. 3D) was antagonized significantly if irradiation occurred in the
presence of NAC (Fig. 4D)

Cathepsin B inhibition using CA074Me mimics UVA-induced accumulation of lysosomal
autofluorescence and deficient cathepsin B maturation in human skin fibroblasts

Earlier reports have demonstrated lysosomal accumulation of autofluorescent material
(lipofuscin) originating from lipid peroxidation damage in oxidatively stressed human cells
(26-30). Our data demonstrating UVA-induced oxidative stress (Fig. 4) and cathepsin B
dysfunction (Fig. 3 and Fig. 4D) led us to examine generation of cellular autofluorescence
indicative of lipofuscin accumulation in response to UVA exposure (Fig. 5A-C).

Visualization by confocal fluorescence microscopy revealed pronounced accumulation of
autofluorescent material (λex 488 nm/ λem 553-611 nm) displaying a punctate cytosolic
staining pattern in human fibroblasts observed after chronic UVA exposure (‘three week’
UVA regimen), but not in untreated control cells (Fig. 5A). Further studies employing
lysotracker Red and nuclear DAPI staining confirmed cellular colocalization of
autofluorescent chromophores and lysosomal organelles (Fig. 5A, overlay panels III, VI, and
IX). In addition, substantial accumulation of lysosomal vesicles as obvious from intense
lysotracker Red staining occurred in UVA-exposed fibroblasts (Fig. 5A, panel II versus
panel V). Accumulation of autofluorescent material in response to chronic UVA exposure as
shown in Fig. 5A was confirmed independently by flow cytometric analysis of the same
treatment groups that revealed a time-dependent increase in fluorescence intensity during the
course of this three week experiment (Fig. 5C) (31). Further flow cytometric analysis
showed that UVA-induced increase in cellular autofluorescence was partially antagonized if
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irradiation occurred in the presence of the antioxidant NAC (Fig. 5D), consistent with an
involvement of photooxidative mechanisms.

Lysosomal integrity seemed to be unaffected by UVA exposure as evidenced by
maintenance of punctate staining observed by confocal microscopy (Fig. 5A, panel V-VI)
and confirmed independently by electron microscopy (Fig. 5B) that indicated extensive
cytosolic accumulation of membraneous vesicles containing osmiophilic material commonly
referred to as lipofuscin (26). Interestingly, other ultrastructural changes beyond vesicular
accumulation of osmiophilic lipofuscin material were observed as a result of UVA exposure
including mitochondrial shrinkage and loss of functional endoplasmatic reticulum, structural
changes with important implications for skin cell photodamage not addressed further in this
study.

Next, we tested the hypothesis that UVA-induced inhibition of cathepsin B enzymatic
activity (as observed in Fig. 3D) may contribute to the generation of autofluorescent
lipofuscin pigments in these cells (Fig. 5A and E). To this end, Hs27 cells were exposed to
the specific cathepsin B inhibitor CA074Me (1 μM, q.d., 4 subsequent days), and
autofluorescence was examined by confocal fluorescence microscopy (Fig. 5A, panel VII)
and flow cytometric detection (Fig. 5E). CA074Me-treatment caused a marked increase in
cellular autofluorescence displaying colocalization with lysosomes (lysotracker Red; Fig.
5A, panels VII-IX) with striking similarities to the UVA-induced autofluorescence pattern
observed earlier (Fig.5A, panels IV-VI).

After demonstrating CA074Me-induced accumulation of autofluorescent material that
mimics UVA-associated changes, we tested the hypothesis that pharmacological inhibition
of cathepsin B might also impact cathepsin B protein maturation in response to UVA as
detected earlier by 2D-DIGE mass spectrometric analysis and immunoblot analysis (Fig.
3A-C). Indeed, immunoblot analysis revealed the complete loss of the mature double chain
(DC) form and a pronounced increase in the single chain (SC) form of cathepsin B in cells
exposed to CA074Me (1 μM, q.d., 4 subsequent days; Fig. 5F).

Taken together, these data demonstrate that pharmacological inhibition of cathepsin B
mimics UVA-induced accumulation of lysosomal autofluorescence and deficient cathepsin
B maturation in human skin fibroblasts suggesting that UVA-induced cathepsin B
dysfunction plays a role in photodamage of skin fibroblasts.

Discussion
2D-DIGE is a powerful analytical tool for the unbiased identification of protein targets that
display altered expression levels in cutaneous cells exposed to cytotoxic stimuli and
environmental stressors including UVB (32-34). Here, using a proteomic approach that
involved 2D-DIGE analysis followed by mass spectrometric identification and follow up
confirmation by immunodetection, we have identified novel target proteins that display a
pronounced expression differential in human dermal fibroblasts exposed to chronic UVA
irradiation.

The fibroblast protein displaying the highest differential upregulation in response to chronic
UVA exposure was identified as nucleophosmin (nucleolar phosphoprotein B23, NPM1)
(Figs. 1 and 2). Nucleophosmin is a nucleolar protein that undergoes stress-induced
nucleoplasmic relocalization displaying regulatory protein-protein interactions with
important nuclear factors including cell cycle regulator checkpoint kinase 1 (Chk1), the
tumor suppressor proteins p53, Rb, BRCA1, and the p53-antagonist MDM2 (35,36).
Recently, it has been demonstrated that nucleophosmin is an UVC-damage response protein
involved in attenuation of p53-dependent apoptosis that occurs in response to genotoxic
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stress in cultured human fetal WS-1 fibroblasts and U2OS osteosarcoma cells (35,37). Our
data document for the first time the significant upregulation of nucleophosmin protein levels
in human dermal fibroblasts exposed to chronic UVA, but no further functional implications
of this UVA-induced expression differential were explored at this point.

The protein displaying the highest differential downregulation in UVA-exposed fibroblasts
was identified as the 24 kDa fragment of the mature cathepsin B double chain form (Figs. 1
and 3). The lysosomal papain-like cysteine protease cathepsin B is known to undergo
proteolytic maturation that encompasses cysteine protease-dependent processing of
procathepsin B (41 kDa) to the proteolytically active single chain cathepsin B form (29 kDa)
followed by further maturation to the cystine-linked double chain form (5 kDa and 24 kDa
fragments) in the lysosomal compartment (38). Loss of the cathepsin B 24 kDa fragment
occurred as a result of both UVA treatment regimens (‘one week’ and ‘three week’
exposure) employed in this study, but a more pronounced effect was observed as a result of
exposure according to the ‘three week’ regimen (Fig. 3B and C).

Our data indicate for the first time that chronic UVA exposure causes alteration of cathepsin
B maturation and dramatic loss of cathepsin B specific enzymatic activity in human dermal
fibroblasts. Loss of cathepsin B activity was already detectable even after exposure to a
single dose of UVA (9.9 J/cm2) (Fig. 3D). Importantly, fibroblasts exposed to chronic UVA
(‘one week’ and ‘three week’ regimens) displayed strong cellular autofluorescence,
indicating the accumulation of lysosomal fluorescent pigments as confirmed by confocal
microscopy employing costaining with Lysotracker Red (Fig. 5A and C).

Consistent with a causative involvement of UVA-induced impairment of cathepsin B
structure and function in the accumulation of lysosomal autofluorescence, the
pharmacological cathepsin B inhibitor CA074Me that completely abolished cellular
cathepsin B activity (fig. 3D) mimicked UVA-induced autofluorescence characteristics,
specifically pronounced punctate cytosolic staining displaying lysosomal colocalization
(Fig. 5A) and quantitative detection by flow cytometry (Fig. 5 E). Importantly, CA074Me
treatment altered cathepsin B maturation causing the loss of the 24 kDa mature form with
accumulation of the 29 kDa single chain form (Fig. 5F), a posttranslational change of
protein structure observed earlier in response to chronic UVA exposure (Fig. 1 and Fig. 3A-
C). These data are consistent with the hypothesis that loss of cathepsin B activity from UVA
exposure (or as a result of pharmacological inhibition) may impair cathepsin B maturation,
possibly in the context of impaired autoproteolytic cleavage.

Earlier reports have demonstrated accumulation of autofluorescent lysosomal pigment
(lipofuscin) originating from lipid peroxidation damage that was observed in oxidatively
stressed human cells, including retinal pigment epithelial cells that accumulate the
bisretinoid lipofuscin chromophore A2E under conditions of photooxidative stress (39), skin
fibroblasts exposed to oxidative stress, and fibroblasts undergoing replicative senescence
(26-30). The pronounced accumulation of autofluorescent material in lysosomal organelles
that was observed as a consequence of either chronic UVA exposure (Fig. 5A, panels IV-
VI)) or pharmacological inhibition of cathepsin B (Fig. 5A, panels VII-IX) strongly suggests
a causative role of cathepsin B structural and functional alteration in UVA-induced
accumulation of autofluorescent pigments. This is consistent with the established role of
cathepsin B and other lysosomal proteases in lysosomal maintenance and clearance of
damaged proteins, further supported by recent experimental evidence that demonstrates the
involvement of cathepsin B and D in removal of glycated AGE-modified proteins (40).

The detailed mechanism underlying UVA-induced alteration of cathepsin B structure and
function remains largely unresolved at this point and may result from complex molecular
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changes, since it is well established that cathepsin B is regulated by posttranslational
modification through enzymatic glycosylation or nonenzymatic singlet oxygen-dependent
oxidation, proteolytic processing and maturation, organelle trafficking, cellular and
extracellular localization, and endogenous cysteine proteinase inhibitors (cystatins), all of
which could be the subject of modulation by UVA exposure (38,41-43).

Our data do not suggest the involvement of changes that occur at the transcriptional level
affecting expression of genes encoding either cathepsin B itself (CTSB) or established
peptide inhibitors of cathepsin B including cystatin A (CSTA), cystatin B (CSTB), cystatin
C (CSTC), and cystatin 6 (cystatin M/E; CST6) (Fig. 4A and table 1) (41,44). In contrast,
our experiments indicate a causative involvement of photooxidative mechanisms in UVA-
induced cathepsin B alterations as evidenced by detection of UVA-dependent ROS
formation (Fig. 4C), oxidative stress response gene expression profiling (Fig. 4A and table
1), and antioxidant suppression of cathepsin B inactivation (Fig. 4D) and accumulation of
autofluorescence (Fig. 5D).

In earlier studies photooxidative inactivation of active site cysteine residue-containing
enzymes including protein tyrosine phosphatase 1B has been demonstrated (23,45,46), and
oxidative inactivation of cellular cathepsin B by Rose Bengal-dependent photosensitization
and singlet oxygen generated from naphthalene endoperoxides has been reported (25,43).
Further experimentation involving mass spectrometric analysis of cathepsin B isolated from
fibroblasts after chronic UVA exposure will therefore address the question if UVA-induced
cathepsin B alterations result from direct photooxidation. Moreover, the possibility that
UVA photooxidative stress targets additional cathepsins, forming a complex network
involved in protein maturation and lysosomal function, will be examined in more detail
(25,47,48). Interestingly, our preliminary experimentation using Hs27 fibroblasts exposed
according to the ‘1 week’ UVA regimen indicated a significant loss of specific enzymatic
activity of an additional lysosomal cysteine protease, cathepsin L, by almost 40 % compared
with untreated controls [60.7 % ± 13.0 residual protease activity after UVA exposure (n=3;
mean ± SD; p < 0.05)]. In contrast, no UVA-induced changes affecting activity of the
cysteine-dependent enzyme GAPDH were observed (as reported in the results section),
consistent with UVA-induced changes that specifically target lysosomal structure and
function.

It is important to note that earlier work has demonstrated the involvement of lysosomal
disruption in UVA-induced fibroblast photodamage, involving photooxidative rupture of
lysosomal membranes followed by cytoplasmic release of proteases including cathepsin B
that degrade ferritin with mobilization of redox-active iron (16,17). However, typical UVA
fluence (dose) and irradiance (intensity) employed in these studies were significantly higher
than the ones used in our model of chronic UVA exposure. In our experiments, fibroblast
viability, proliferative rate after reseeding, and integrity of lysosomal membranes as
monitored by direct imaging involving confocal fluorescence (Fig. 5A) and transmission
electron microscopy (Fig. 5B) were not impaired as a result of chronic UVA exposure, and
other mechanisms different from lysosomal disintegration must therefore be involved in
UVA-induced cathepsin B alterations to be addressed by future experimentation.

In the context of cathepsins as potential molecular targets involved in skin photodamage, it
should be mentioned that in another recent study performed in cultured presenescent
fibroblasts downregulation of cathepsin B has been observed at the transcriptional and
protein level in response to psoralen-UVA (PUVA) co-treatment (8-methoxypsoralen in
combination with UVA) used as a model of photoaging (49,50). Moreover, using a mixed
UVA/B light source (30% UVA + 70 % UVB spectral output), loss of cathepsin B
immunohistochemical staining was observed in human skin specimens after undergoing a

Lamore et al. Page 11

Photochem Photobiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



six week exposure regimen, but no assessment of altered specific enzymatic activity was
performed (50). Moreover, a role of cathepsin K in cutaneous solar elastosis has been
substantiated recently in human skin fibroblasts where an age-related decline in cathepsin K
maturation was shown to compromise the process of orderly intracellular elastin degradation
leading to subsequent accumulation of elastin in the extracellular space (51).

Irrespective of the molecular mechanism involved in UVA-induced impairment of cathepsin
B structure and enzymatic activity, our findings may be of significant relevance to cutaneous
photobiology given the emerging role of cathepsin B in lysosomal removal of damaged and
AGE-modified cellular proteins observed in dermal fibroblasts (40,52). In the specific
context of fibroblast photoaging, it is therefore tempting to speculate that in addition to the
established role of UVA as a source of cellular oxidative stress leading to ROS-dependent
structural damage and formation of autofluorescent lipofuscin-like material, UVA may
contribute to cutaneous photodamage through an additional, heretofore unrecognized
mechanism: Our data suggest that chronic UVA exposure of dermal fibroblasts
compromises lysosomal clearance of damaged cellular material through cathepsin B
inactivation thereby enhancing lipofuscin accumulation (summarized in Fig. 6), a hypothesis
to be substantiated by future experimentation.

Apart from substantiating the emerging role of cathepsin B as a novel cellular target in skin
photodamage involved in lipofuscin accumulation, it will be fascinating to elucidate the
functional implications of UVA-induced lipofuscin accumulation in the context of skin
photocarcinogenesis and photoaging, particularly in the light of earlier studies that have
documented the emerging functional involvement of lipofuscin in transition metal ion-
dependent redox dysregulation and alteration of lysosomal cell death pathways in lipofuscin-
loaded fibroblasts (53,54).
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Figure 1. UVA-induced proteome changes in human skin fibroblasts as analyzed by two-
dimensional difference gel electrophoresis (2D-DIGE)
(A) After chronic UVA exposure (9.9 J/cm2, twice a week, three weeks, termed ‘three week
regimen’) or mock treatment, total cell protein extracts were prepared followed by Cy3-
(untreated control) and Cy5-labeling (chronic UVA exposure). After gel electrophoresis
differential fluorescence image analysis was performed: Cy3-image (left panel) Cy5-image
(middle panel), Cy3/Cy5-overlay (right panel). (B) Cy3/Cy5-overlay with molecular weight
(Mw) and isolectric point (pI) scales. Fluorescent spots displaying the highest UVA-induced
expression differential [upregulation: spot #2 (red); downregulation: spot #3 (green)] were
then excised for subsequent mass spectrometric analysis. A yellow reference spot displaying
equal abundance in both protein samples is also indicated (spot #1).
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Figure 2. Nucleophosmin upregulation in UVA-exposed human skin fibroblasts as detected by
2D-DIGE mass spectrometry and immunoblot analysis
(A) Differential in-gel analysis (gel spot view: panels I and III; 3D-view: panels II and IV)
was performed using the DeCyder software. The arrow indicates position of protein spot #2
from Fig. 1B (untreated: panels I and II; UVA-exposed: panels III and IV). Spot #2 was
picked and identified as nucleophosmin using mass spectrometric analysis (see Materials
and methods). (B) Upregulation of cellular nucleophosmin protein levels in response to
UVA exposure was confirmed by Western blotting as described in Materials and methods.
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Figure 3. Cathepsin B downregulation in UVA-exposed human skin fibroblasts as detected by
2D-DIGE mass spectrometry and immunoblot analysis occurs with loss of specific enzymatic
activity
(A) Differential in-gel analysis (gel spot view: panels I and III; 3D-view: panels II and IV)
was performed using the DeCyder software. The arrow indicates position of protein spot #3
from Fig. 1B (untreated: panels I and II; UVA-exposed: panels III and IV). Spot #3 was
picked and identified as cathepsin B using mass spectrometric analysis (see Materials and
Methods). (B) Immunoblot detection of cellular cathepsin B protein levels [double chain
(DC) and single chain (SC) form] in UVA-treated (59.4 J/cm2 total dose; ‘3 week’ UVA
regimen) versus untreated control cells was performed as described in Experimental
Procedures. (C) Immunoblot detection of cellular cathepsin B protein levels in UVA-treated
(‘1 week’ UVA regimen) and control cells. (D) Loss of cathepsin B specific enzymatic
activity in human skin fibroblasts exposed to UVA exposure (1 day to 3 weeks) was
detected using a fluorigenic enzyme substrate as described in Experimental Procedures.
Treatment with the cathepsin B inhibitor CA074Me (1μM, q.d., four consecutive days)
served as a positive control (n=3, mean ± SEM; p<0.05).
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Figure 4. Gene expression changes and oxidative stress in UVA-exposed human skin fibroblasts
that display impaired cathepsin B activity
(A) Differential gene expression in response to chronic UVA exposure (conditions as in Fig.
1; ‘three week’ UVA regimen) or mock treatment was analyzed using the RT2 Human Stress
and Toxicity Pathway Finder™ PCR Expression Array. Three independent repeat
experiments were analyzed using the two-sided Student's t test as summarized in table 1.
Changes in cycle threshold (Ct) for genes of interest relative to ACTB for untreated control
(x-axis) versus UVA-exposed (y-axis) cells are displayed as scatter blot. Upper and lower
lines represent the cut-off indicating three fold up- or down-regulated expression,
respectively. Arrows mark genes of specific interest. (B) Induction of Hsp70 and HO-1
protein expression in UVA-exposed fibroblasts from (A) was determined by Western blot
analysis using α-actin detection as a loading control. (C) Modulation of cellular oxidative
stress was examined in UVA-exposed cells irradiated (‘one week’ UVA regimen) in the
presence or absence of NAC (10 mM) by flow cytometric detection of DCF fluorescence.
One representative histogram is shown. Bar graph depicts summarized data of three
independent repeats (n=3, mean ± SEM; p<0.05). (D) UVA-induced changes in cathepsin B
specific enzymatic activity were assessed in human skin fibroblasts (‘one week’ UVA
regimen) irradiated in the presence or absence of NAC (10 mM) using a fluorigenic enzyme
substrate as described in Experimental Procedures (n=3, mean ± SEM; p<0.05).
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Figure 5. Pharmacological inhibition of cathepsin B mimics UVA-induced accumulation of
lysosomal autofluorescence and deficient cathepsin B maturation in human skin fibroblasts
(A) After exposure to chronic UVA (59.4 J/cm2 total dose; ‘three week’ UVA regimen),
cathepsin B inhibitor CA074Me (1 μM, q.d., 4 subsequent days), or mock treatment, cellular
autofluorescence (panels I, IV, VII) and lysosomal staining (Lysotracker Red; panels II, V,
VIII) were visualized by confocal microscopy as specified in Materials and methods. In
addition, nuclei were stained using DAPI (panels II, V, VIII). Overlays of lysosomal
staining and autofluorescence demonstrating colocalization are depicted in panels III, VI,
and IX. (B) Cells [control and chronic UVA treated (59.4 J/cm2 total dose; ‘three week’
UVA regimen)] were examined by transmission electron microscopy (direct magnification:
8,800 x): L (Osmiophilic vesicles indicative of lysosomal lipofuscin accumulation; M
(mitochondrion); N (nucleus); ER (endoplasmic reticulum); GV (Golgi vesicles). (C) The
increase in UVA-induced autofluorescence intensity of cells treated as in panel (A) was
examined over the course of the three week irradiation period by flow cytometric analysis.
The histograms depict fluorescence intensity of UVA- and mock-treated cells after treatment
for four (19.8 J/cm2 total dose; left panel), eleven (39.6 J/cm2 total dose; middle panel), and
eighteen days (59.4 J/cm2 total dose; right panel) as specified in Materials and methods. One
representative set of histograms out of three similar repeats is shown. (D) Exposure to UVA
(39.6 J/cm2 total dose; ‘one week UVA regimen’) was performed in the presence or absence
of NAC (10 mM, as specified in Fig. 4D). Cellular autofluorescence intensity was then
quantified by flow cytometric analysis. One representative histogram out of three similar
repeats is shown. (E) After exposure to the cathepsin B inhibitor CA074Me (treatment as for
Fig. 5A, panels VII-IX), cellular autofluorescence intensity was quantified by flow
cytometric analysis (n=3, mean ± SEM; p<0.05). (F) Deficient cathepsin B maturation as a
result of pharmacological inhibition of cathepsin B. Immunoblot detection of cellular
cathepsin B protein levels [double chain (DC) and single chain (SC) form] in CA074Me-
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treated (treatment as for Fig. 5A, panels VII-IX) versus untreated control cells was
performed as described in Materials and methods.

Lamore et al. Page 22

Photochem Photobiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. A model of UVA-induced accumulation of lipofuscin-like material in human dermal
fibroblasts
Photooxidative stress that results from UVA-induced formation of reactive oxygen species
(ROS) and intracellular release of redox-active transition metal ions (Men+) causes lipid
peroxidation and glycation reactions involved in accumulation of lipofuscin-like lysosomal
material including proteins with autofluorescent and crosslinking AGE-epitopes (advanced
glycatione endproducts). In parallel, lysosomal clearance of lipofuscin-precursor material is
impaired by UVA-induced alterations of cathepsin B protein structure and enzymatic
activity, thereby further enhancing skin fibroblast photodamage.
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Table 1
Gene expression changes in human skin fibroblasts exposed to chronic UV

(A) Genes displaying UVA-induced (‘three week’ UVA regimen) up- or downregulation of expression by at
least threefold (p < 0.05) as detected using the RT2 Human Stress and Toxicity Pathway Finder™ PCR
Expression Array shown in Fig. 4A. (B) Selected genes without significant expression changes in response to
UVA exposure (p > 0.05).

A

gene symbol fold change p-value

HSPA6 (NM_002155) 1041.61 0.0002

HMOX1 (NM_002133) 18.05 0.0048

HSPA1A (NM_005345) 11.04 0.0026

GDF15 (NM_004864) 8.93 0.0011

CYP2E1 (NM_000773) 3.87 0.0130

HSPH1 (NM_006644) 3.76 0.0012

TXNRD1 (NM_003330) 3.16 0.0218

CDKN1A (NM_000389) 3.02 0.0080

CCL5 (NM_002985) -5.66 0.0128

CCL4 (NM_002984) -7.65 0.0037

CXCL10 (NM_001565) -11.35 0.0199

B

gene symbol fold change p-value

CTSB (NM_001908) -1.22 0.5112

NPM1 (NM_002520) 1.30 0.3476

CSTA (NM_005213) 1.34 0.7779

CSTB (NM_000100) 1.46 0.4332

CSTC (NM_000099) 1.21 0.6888

CST6 (NM_ 001323) 1.02 0.9672
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