
Introduction
The definition of replicative senescence covers irreversible
growth arrest triggered by telomere shortening which counts
generations of cells lacking endogenous telomerase (Shay and
Wright, 2000). Cells can remain alive for several months after
the onset of replicative senescence (Bayreuther et al., 1988). In
contrast, cells committed to apoptosis die with hours after pro-
apoptotic stimuli (Zhivotovsky and Kroemer, 2004).

Exposure of human proliferative cell types such as human
diploid fibroblasts (HDFs), endothelial cells, melanocytes, etc.
to acute stress from subcytotoxic concentrations of oxidative
agents such as tert-butylhydroperoxide (t-BHP) (Dumont et al.,
2000) or hydrogen peroxide (H2O2) (Chen et al., 1998), results
in stress-induced premature senescence (SIPS) which begins 2-
3 days after the stress (Brack et al., 2000), long before the cells
reach the critical telomere length observed in replicative
senescence. Cells in SIPS induced by subcytotoxic oxidative
stress remain alive for months (Dumont et al., 2000;
Bayreuther et al., 1988) and display several features of
replicative senescence. These features include a typical
senescent morphology (Bayreuther et al., 1988), senescence-

associated β-galactosidase (SA β-gal) activity (Dimri et al.,
1995), deletion in mitochondrial DNA (Dumont et al., 2000)
and change in the expression level of several senescence-
associated genes such as clusterin/apolipoprotein J (apo J),
coding a protein with extracellular chaperone-like activity
(Dumont et al., 2000). Transforming growth factor-β1 (TGF-
β1) signaling pathway also regulates the appearance of the
features of H2O2-induced premature senescence (Frippiat et al.,
2001). In addition cells in SIPS display long-term stress-
specific irreversible mRNA and protein expression level
changes coined ‘molecular scars’ (Dierick et al., 2002).

UVB (290-320 nm) is an inherent component of sunlight
that crosses the epidermis, reaching the upper dermis
composed mainly of fibroblasts and extracellular matrix
(Rosette and Karin, 1996). UVB interacts with cellular
chromatophores and photosensitizers resulting in the
generation of reactive oxygen species (ROS), DNA damage
and activation of signaling pathways related to growth,
differentiation, senescence and connective tissue degradation
(Helenius et al., 1999). Preliminary data demonstrated the
feasibility of detecting biomarkers of senescence in skin HDFs
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Premature senescence of human diploid fibroblasts (HDFs)
can be induced by exposures to a variety of oxidative stress
and DNA damaging agents. In this study we developed a
robust model of UVB-induced premature senescence of
skin HDFs. After a series of 10 subcytotoxic (non-
proapoptotic) exposures to UVB at 250 mJ/cm2, the so-
called biomarkers of senescence were markedly expressed:
growth arrest, senescence-associated β-galactosidase
activity, senescence-associated gene overexpression,
deletion in mitochondrial DNA. A set of 44 stress- and
senescence-associated genes were found to be differentially
expressed in this model, among which clusterin/
apolipoprotein J (apo J) and transforming growth factor-
β1 (TGF-β1). Transfection of apo J cDNA provided
protection against premature senescence-inducing doses of
UVB and other stressful agents. Neutralizing antibodies

against TGF-β1 or its receptor II (TβRII) sharply
attenuated the senescence-associated features, suggesting a
role for TGF-β1 in UVB-induced premature senescence.
Both the latent and active forms of TGF-β1 were increased
with time after the last UVB stress. Proteasome inhibition
was ruled out as a potential mechanism of UVB-induced
stress-induced premature senescence (SIPS). This model
represents an alternative in vitro model in photoaging
research for screening potential anti-photoaging
compounds.
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after subcytotoxic exposures to UVB. Unfortunately only a low
number of stresses was performed, which did not produce
highly expressed biomarkers of senescence or permit
mechanistic studies (Chainiaux et al., 2002).

In this work, we present a new model of SIPS obtained by
exposing skin HDFs to a series of 10 non-pro-apoptotic
stresses with subcytotoxic doses of UVB. This treatment
induced marked appearance of senescence-associated features
and changes in gene expression profiles. It was therefore
possible to study the potential role of two systems known as
being protective against the appearance of modified proteins:
apo J and the proteasome. Indeed we could test if ectopic
overexpression of apo J protects against UVB-induced
cytotoxicity and premature senescence and measured both the
proteasome activity and level of oxidized proteins when SIPS
establishes. We were also able to test the involvement of TGF-
β1 in UVB-induced SIPS.

Materials and Methods
Cell culture, exposure to UVB, cytotoxicity assay and SA β-
galactosidase activity
AG04431 skin HDFs (Coriell Institute for Medical Research, USA)
were classically grown in BME (basal medium Eagle) (Invitrogen,
UK) + 10% (v:v) fetal calf serum (FCS) (Invitrogen, UK) and 2 mM
L-glutamine and 100 µg/ml streptomycin. Cells at 55-60% of in
vitro proliferative life span were subcultured at half confluence
(10,000 cells/cm2) in BME + 1% FCS. At 72 hours after plating,
they were washed once with phosphate-buffered saline pH 7.4 (10
mM, 0.9 g NaCl) (PBS) and exposed to UVB radiation in a thin layer
of PBS using three Philips TL 20W/01 lamps (Philips, The
Netherlands), emitting UVB peaking at 311 nm, which were placed
30 cm above the flasks. The emitted radiation was checked under
the flask lid using a UVR radiometer with a UVB sensor (Bioblock
Scientific, Belgium). After irradiation, PBS was replaced by BME
+ 1% FCS. The radiation stress was performed twice a day for 5
days. Control cells were kept in the same culture conditions without
UVB exposure.

At 48 hours after the last stress, the cellular protein content was
assayed by the Folin method described by Lowry (Lowry et
al., 1951). This method was previously shown to give accurate
estimates of the number of surviving cells in such conditions
(Dumont et al., 2000). The results (mean of triplicates ± s.d.) are
expressed as a percentage of surviving cells. Alternatively, cells
were seeded 48 hours after the last stress in square 35 mm culture
dishes (Falcon, UK) at 700 cells/cm2 in BME + 1% FCS.
Senescence-associated β-galactosidase (SA β-gal) activity was
determined 24 hours later as described by Dimri et al. (Dimri et al.,
1995). The population of SA β-gal-positive cells was determined by
counting 400 cells per dish. The proportions of cells positive for the
SA β-gal activity are given as percentage of the total number of cells
counted in each dish. The results are expressed as mean of triplicates
± s.d.

SV-40 transformed WI-38 fibroblasts (#CCL-75.1, WI-38 VA-13
subline 2RA) purchased from the American Type Culture Collection
(USA) were seeded at 200,000 cells/well of 10 cm2 multidishes (Cel
Cult, UK). At 24 hours after seeding, the cells were exposed to a
single 1-hour stress under increasing concentrations of tert-
butylhydroperoxide (t-BHP) (0-500 µM) (Merck, Germany), a 2-hour
stress under ethanol (0-10%) diluted in minimal essential medium
(MEM; Invitrogen, UK), or a UVB stress performed (0-4500 mJ/cm2)
in a thin layer of PBS. After rinsing twice with MEM, the cells were
given fresh MEM + 10% FCS. Cell survival was assessed 24 hours
after the stress using the classical method of cellular protein assay
(Lowry et al., 1951).

Estimation of DNA synthesis and protein level of p53, p21WAF-1

and p16INK-4a

At 24, 48 and 72 hours after the last stress, cells were seeded in 24-
well plates (Cell Cult, UK) at 10,000 cells/well in BME + 1% FCS.
1 µCi [3H]thymidine (specific activity: 2 Ci/mmol; Du Pont, NEN,
USA) was added to BME + 1% FCS for 48 hours. Quantification of
radioactivity was performed using a scintillation counter (Packard
Instrument Company, USA) as described by Dumont et al. (Dumont
et al., 2000). The results are expressed as mean of triplicates ± s.d.

At 72 hours after the last stress, cells were washed once with PBS
and lysed on ice [2% SDS, 10 mM Tris, 1 mM EDTA pH 6.8, anti-
protease complete (Roche, Germany)]. After homogenization of the
lysates, 30 µg of proteins were electrophoresed on Bis-Tris NuPage
4-12% acrylamide gel (Invitrogen, UK). The proteins were transferred
on hybond-P membrane (Amersham Biosciences, Sweden). The
antibodies used were anti-p53 antibody (sc-6243), anti-p21WAF-1

antibody (sc-6246), anti-p16INK-4 antibody (sc-468) (Santa Cruz
Biotechnology, USA), anti-α-tubulin antibody (AM2495-11,
Innogenex, USA) and horseradish peroxidase-linked secondary
antibody (Amersham Biosciences, Sweden). The bands were
visualized chemiluminescently (ECL Advance Detection Kit,
Amersham Biosciences, Sweden). Semi-quantification was obtained
with ImageMaster TotalLab software (Pharmacia, Sweden).

Real time RT-PCR
At 72 hours after the last stress, total RNA was extracted from three
independent cultures using the Total RNAgent extraction kit
(Promega, USA). Total RNA (2 µg) was reverse transcribed using
SuperScript II Reverse Transcriptase (Invitrogen, UK). Primers (Table
1A) were designed using the Primer Express 1.5 software (Applied
Biosystems, The Netherlands). Amplification reactions assays
contained 1× SYBR Green PCR Mastermix and primers (Applied
Biosystems, The Netherlands) at optimal concentration. A hot start at
95°C for 5 minutes was followed by 40 cycles at 95°C for 15 seconds
and 65°C for 1 minute using the 7000 SDS thermal cycler (Applied
Biosystems, The Netherlands). Melting curves were generated after
amplification and data were analyzed using the thermal cycler
software. Each sample was tested in triplicate.

Low density DNA-array
Design of the array

We developed the DualChip™ human aging, a low-density DNA array
representing a range of 240 genes involved in senescence or stress
response of HDFs in collaboration with Eppendorf (Germany) (see
Table S1 in supplementary material). The method is based on a system
with two assays (a control and a test) per glass side with three sub-
arrays per assay. The sequences of the DNA covalently linked to the
glass slide were carefully chosen by sequence comparison. Checks
were made to ensure that no cross-hybridization takes place. Several
positive and negative hybridization controls plus detection controls
were spotted on the array in order to control the reliability of the
experimental data. 0.5 µg of mRNA was retrotranscribed using
SuperScript II Reverse Transcriptase (Invitrogen, UK). Three
synthetic poly(A)+ tailed RNA standards were spiked at three different
amounts (10 ng, 1 ng and 0.1 ng per reaction) into the purified mRNA.
Three independent experiments were performed in triplicate,
providing hybridizations on nine arrays. Hybridization on DualChip
human aging was carried out as described by the manufacturer.
Detection was performed using a Cy3-conjugated IgG anti-biotin
(Jackson Immuno Research Laboratories, USA). Fluorescence of the
hybridized arrays was scanned using the Packard ScanArray
(PerkinElmer, USA) at a resolution of 10 µm. To maximize the
dynamic range of detection, the same arrays were scanned at three
photomultiplier gains for quantifying high- and low-copy expressed
genes. The scanned 16-bit images were imported into the ImaGene
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4.1 software (BioDiscovery, USA). The fluorescence intensity of each
DNA spot (average intensity of each pixel present within the spot)
was calculated using local mean background subtraction. A signal was
accepted when the average intensity after background subtraction was
at least 2.5-fold higher than their local background. The three intensity
values of the triplicate DNA spots were averaged and used to calculate
the intensity ratio between the reference and the test samples.

Data normalization
The data were normalized in two steps. First, the values were
corrected using a factor calculated from the intensity ratios of the
internal standards in the references and test samples. The presence
of the three internal standard probes at two different locations of the
array allowed a measurement of local background and evaluation of
the array homogeneity, which is considered in the normalization.
However, since the internal standard control does not take into
account the purity and quality of the mRNA, a second step of
normalization was performed based on calculating the average
intensity for a set of eight housekeeping genes. The variance of the
normalized set of housekeeping genes was used to generate an
estimate of expected variance, leading to a predicted confidence

interval for testing the significance of the ratios obtained. Ratios
outside the 95% confidence interval were determined to be
significantly different (de Longueville et al., 2002; de Magalhaes et
al., 2004).

Detection of the common 4,977 bp mitochondrial DNA deletion
Mitochondrial DNA was extracted as described previously (Filser et
al., 1997) and the presence of mitochondrial DNA was assessed by
PCR amplification of a 247 bp conservative region of the
mitochondrial DNA using H1/L1 as described by Berneburg et al.
(Berneburg et al., 1999). Nested PCR, to detect the deletion, was
performed with H2/L2 and H3/L3 primers as described previously
(Dumont et al., 2000). Sequences of the primers are shown in Table
1B. PCR was carried out with 500 ng of mitochondrial DNA, 2.5 U
AmpliTaq Gold Polymerase (Roche, Germany), 200 µM dNTPs and
1 µM of the primers. After initial denaturation (94°C, 10 minutes),
PCR conditions, according to the respective primers were: [H1/L1]
denaturation, 94°C, 1 minute; annealing, 58°C, 1 minute; elongation,
72°C, 45 seconds; 30 cycles; [H2/L2] denaturation, 94°C, 30 seconds;
annealing, 55°C, 35 seconds; elongation, 72°C, 1 minute; 40 cycles;
[H3/L3] denaturation, 94°C, 30 seconds; annealing, 52°C, 45 seconds;
elongation, 72°C, 1 minute; 25 cycles. Final elongation (72°C, 10
minutes) was the last step of all these PCRs. PCR products were
detected with ethidium bromide after agarose gel electrophoresis. The
first set of primers (H2/L2) flanking the deletion gives a 524 bp
fragment and the set of nested primers (H3/L3) give a 404 bp
fragment. Nested PCR was carried out with 1 µl of the 50 µl mixture
obtained with the H3/L3 primers.

Anti-active caspase-3 immunofluorescence
Cells were seeded at 1,000 cells/cm2 in BME +1% FCS on glass cover
slides at 72 hours before incubation with TGF-β1. Alternatively, cells
were seeded at 1,000 cells/cm2 in BME +1% FCS at 16, 40 or 64
hours after the last UVB stress. As a positive control of pro-apoptotic
stimuli, cells were incubated for 16 hours in BME + 25 µM etoposide
(Sigma, USA). After incubation, the cells were fixed for 10 minutes
with 4% paraformaldehyde (Merck, Germany) in PBS before three
washings with PBS. Cells were permeabilized in PBS + 1% Triton X-
100 (Sigma, USA) and then washed twice in PBS + 3% bovine serum
albumin (BSA) (Sigma, USA). The specific rabbit polyclonal
antibody against anti-active caspase-3 (1:100 dilution, Promega,
USA) was added overnight at 4°C in a wet room. The cells were
washed three times in PBS + 3% BSA before adding the specific
Alexa Fluor 488 goat anti-rabbit IgG (H+L) conjugate (1:1000
dilution; Molecular Probes, USA) diluted in PBS + 3% BSA for 1
hour in a wet room at room temperature. The cells were washed three
times in PBS + 3% BSA. To visualize the nucleus, the cells were
incubated for 35 minutes at room temperature with TO-PRO-3 [1:80
dilution (Molecular Probes, USA) in PBS + 2 mg/ml RNAse (ICN,
USA)]. The coverslips were mounted in Mowiol (Sigma, USA) and
observed with a TCS confocal microscope (Leica, Germany) using a
constant multiplier.

PARP cleavage
After the TGF-β1 stimulation and at 4, 16, 40 or 64 h after the last
UVB-stress, the cells were washed once with PBS and lysed on ice
(2% SDS, 10 mM Tris, 1 mM EDTA pH 6.8, anti-protease complete;
Roche, Germany). As positive control of pro-apoptotic stimuli,
cells were exposed to t-BHP at cytotoxic concentrations. After
homogenization of the lysates, 30 µg of proteins were subjected to
SDS-PAGE (10% acrylamide) and transferred to a PVDF membrane
(Amersham Biosciences, Sweden). The antibodies were a specific
mouse monoclonal anti-PARP antibody (#556494, BD Biosciences,
USA), anti-α-tubulin  antibody (AM2495-11, Innogenex, USA) and

Table 1. Primers
A. Real time PCR primers

Genes Positions (bp) Sequences

Apolipoprotein J 937-959 5′-gga tga agg acc agt gtg aca ag-3′
1032-1050 5′-cag cga cct gga ggg att c-3′

Fibronectin 5023-5041 5′-tgt ggt tgc ctt gca cga t-3′
5111-5131 5′-gct tgt ggg tgt gac ctg agt-3′

Osteonectin 868-889 5′-gag acc tgt gac ctg gac aat g-3′
957-982 5′-gga agg agt gga ttt aga tca caa ga-3′

SM22 511-530 5′-cgt gga gat ccc aac tgg tt-3′
586-606 5′-aag gcc aat gac atg ctt tcc-3′

p21WAF-1 495-515 5′-ctg gag act ctc agg gtc gaa-3′
599-617 5′-cca gga ctg cag gct tcc t-3′

p53 1209-1229 5′-aag aaacca ctg gat gga gaa-3′
1263-1283 5′-cag ctc tcg gaa cat ctc gaa-3′

c-fos 249-268 5′-tca ccc gca gac tcc ttc tc-3′
323-343 5′-gtg gga atg aag ttg gca ctg-3′

c-jun 2016-2033 5′-gga tca agg cgg aga gga a-3′
2088-2102 5′-tcc agc cgg gcg att-3′

TGF-β1 1788-1808 5′-agg gct acc atg cca act tct-3′
1869-1889 5′-ccg ggt tat gct ggt tgt aca-3′

TGF-β2 1067-1083 5′-acc aac cgg cgg aag aa-3′
1153-1176 5′-cac cct aga tcc ctc ttg aaa tca-3′

TGF-β3 1288-1305 5′-agg ccc ttg ccc ata cct-3′
1349-1372 5′-aga tgc ttc agg gtt cag agt gtt-3′

GAPDH 942-963 5′-acc cac tcc tcc acc ttt gac-3′
1033-1053 5′-gtc cac cac cct gtt gct gta-3′

B. Primers used for the detection of the common 4977 bp mitochondrial DNA
deletion

Primers Positions (bp) Sequences

H1 219-238 5′-atg ctt gta gga cat aat aa-3′
L1 447-466 5′-agt ggg agg gga aaa taa ta-3′
H2 8150-8169 5′-ccg ggg gta tac tac ggt ca-3′
L2 13631-13650 5′-ggg gaa gcg agg ttg acc tg-3′
H3 8197-8215 5′-cag ttt cat gcc cat cgt c-3′
L3 13560-13578 5′-gat gag agt aat aga tag g-3′

C. Primers used to construct the different apo J retroviral expression vectors

Primers Sequences

APOJ31F 5′-cgc gga tcc gcg gcg acc atg atg aag act ctg ctg ctg tt-3′
APOJ31R 5′-tgc tct aga gcc ctc ctc ccg gtg ctt ttt gcg-3′
APOJPNF 5′-g ggt taa ccc gcc acc atg atg aag act ctg ctg ctg tt-3′
APOJPNR 5′-c ggg atc ccg gcg ggt tta aac tca atg gtg-3′
TRAPOJR 5′-c ggg atc ccg tca ctc ctc ccg gtg ctt ttt gc-3′

Jo
ur

na
l o

f C
el

l S
ci

en
ce



746

horseradish peroxidase-linked secondary antibody (Amersham
Biosciences, Sweden). The bands were visualized chemiluminescently
(ECL Advance Detection Kit; Amersham Biosciences, Sweden).
Semi-quantification was obtained with the ImageMaster TotalLab
software (Pharmacia, Sweden).

Transfection of apolipoprotein J cDNA
Cloning of apo J cDNA

A 1350 bp complementary deoxyribonucleic acid (cDNA) fragment
containing the entire open reading frame of human apo J (RZPD,
Germany) was amplified by PCR from the pBluescript II SK plasmid
using forward primer APOJPNF (Table 1C) (HpaI restriction site at
5′ end) and TRAPOFR (BamHI restriction site at 5′ end). The purified
amplicons were digested by HpaI and BamHI and inserted using a T4
ligase reaction (Promega, USA) into the pLXSN retroviral vector
(Clontech, USA).

Cloning of apo J V5/His tag cDNA
The 1350 bp cDNA fragment of human apo J was amplified by PCR
from the pBluescript II SK plasmid using forward primer APOJ31F
(BamHI restriction site at 5′ end) and reverse primer APOJ31R (XbaI
restriction site at 5′ end). The purified amplicons were digested by
BamHI and XbaI and inserted using a T4 ligase reaction into the
pCDNA3.1 V5/His (Clontech, USA). The apo J V5/His sequence was
amplified by PCR using forward primer APOPNF (HpaI restriction
site at 5′ end) and reverse primer APOPNR (BamHI restriction site at
5′ end). The purified amplicons were digested by HpaI and BamHI
and inserted using a T4 ligase reaction into the pLXSN retroviral
vector. The different constructs were checked by restriction profiles
and sequencing (data not shown).

Transfections
Subconfluent SV-40 WI-38 cells (# CCL-75.1, American Type
Culture Collection, USA) were cultured in 100 mm culture dishes
(Cel Cult, USA) containing 10 ml of MEM (Invitrogen, USA)
without serum and were transfected for 8 hours with 30 µg of either
pLXSN/apo J expression vector, pLXSN/apo J-V5-His expression
vector or pLXSN vector without insert, using Ca2(PO4)3
precipitation method (CalPhos mammalian transfection kit;
Clontech, USA). At 48 hours after transfection, the cells were plated
and exposed to the selection medium containing 0.5 mg/ml G418
(Invitrogen, USA). Colonies were isolated after 3 weeks of selection
and expanded in MEM + 10% FCS supplemented with 0.5 mg/ml
G418.

Overexpression of apo J in AG04431 HDFs between 35 and 40%
of the replicative lifespan was achieved by retroviral infections. The
pLXSN/apo J expression vector, the pLXSN/apo J-V5-His expression
vector and the pLXSN vector without insert were transfected in the
PT67-packaging cell line (Invitrogen, USA) by Ca2(PO4)3
precipitation. After 15 days of selection under 0.5 mg/ml G418, stable
virus-producing cell lines were obtained. At 18 hours prior the
infections, AG04431 HDFs were plated in 100 mm culture dishes at
500,000 cells/dish. The culture medium of PT67 cells accumulated
viruses for 3 days. This medium was collected, filtered through a 0.45
µm filter (Sarstedt, Germany) and supplemented with 4 µg/ml of
hexadimethrine bromide (Sigma, USA). The retroviral supernatants
were added (10 ml/dish) to the target AG04431 cells for 24 hours. At
day 2 after the infection, a 2-week selection under 0.5 mg/ml G418
was started.

To check for apo J overexpression at the protein level, cell lysates
were prepared in lysis buffer (2% SDS, 10 mM Tris, 1 mM EDTA pH
6.8, anti-protease complete; Roche, Germany). We used anti-clusterin
β (Santa Cruz, USA) and anti-V5 (Invitrogen, UK) antibodies. The
level of α-tubulin was used as reference level.

Proteasome peptidase activities
Proteasome activities were monitored using fluorogenic peptides,
LLVY-AMC (Succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin)
for the chymotrypsin-like and LLE-NA (N-benzyloxycarbonyl-Leu-
Leu-Glu-β-naphthylamine) for the peptidylglutamyl-peptide
hydrolase activities, as previously described (Bulteau et al., 2000).
The assay mixture contained 50 µg of total soluble protein in 25 mM
Tris-HCl buffer, pH 7.5 and the fluorogenic peptide was added at
different concentrations (25 µM for LLVY-AMC and 150 µM for
LLE-NA) giving a total volume of 200 µl. Additional measurements
were carried out after including a powerful proteasome inhibitor
(MG132, TEBUSA, France), in order to ensure that the activity
observed was actually due to the proteasome activity. Kinetic
enzymatic activity measurements were carried out at 37°C in a
fluorimetric microplate reader (Fluostar Galaxy, BMG, Germany).
The excitation and emission wavelengths were 350/440 nm for amino-
4-methylcoumarin and 340/410 nm for β-naphthylamine.

Detection of oxidatively modified cytosolic proteins
SDS-PAGE was done using the Laemmli method (Laemmli, 1970) on
a 12% acrylamide (w/v) separating gel. Immunoblot detection of
carbonyl groups was performed with the OxyBlot oxidized protein
detection kit (Abcys Valbiotech, France), according to the
manufacturer’s instructions. Briefly, 10 µg of proteins were incubated
for 15 minutes at room temperature with 2,4-dinitrophenylhydrazine
(DNPH) to form the carbonyl derivative dinitrophenylhydrazone
before SDS-PAGE separation. After transfer onto nitrocellulose,
modified proteins were revealed by anti-DNP antibodies. Detection
of bands in immunoblots was carried out (Enhanced
ChemiLuminescence, Amersham Biosciences, The Netherlands)
using peroxidase-conjugated anti-rabbit secondary antibodies
(Amersham Biosciences, Sweden).

Stimulation with TGF-β1 and neutralization of TGF-β1 and
TGF-β1 receptor II
Skin HDFs under 55-60% of in vitro proliferative life span were
plated at 10,000 cells/cm2 in BME + 1% FCS. At 72 hours after
subcultivation, the cells were stimulated with increasing
concentrations of TGF-β1 (R&D systems, UK) diluted in the culture
medium for 72 hours.

Neutralization: after the last UVB stress, skin HDFs were incubated
with a specific mouse monoclonal antibody against TGF-β1 (3 µg/ml,
#mAb240; R&D systems, UK) or with a specific goat polyclonal
antibody against the TGF-β1 receptor II (10 µg/ml, #AF-241-NA;
R&D systems, UK) as described previously (Tsang et al., 1995;
Frippiat et al., 2001). The medium containing the neutralization
antibodies was replaced every day for 3 days.

Anti-TGF-β1 and anti-LAP immunofluorescence
Cells were seeded at 1,000 cells/cm2 in BME +1% FCS on glass cover
slides at 16, 40 or 64 hours after the last UVB stress. At 24 hours
after seeding, the cells were fixed for 10 minutes with 4%
paraformaldehyde (Merck, Germany) in PBS before three washings
in PBS and two washings in PBS + 3% BSA (Sigma, USA). The
specific goat polyclonal antibody against LAP (TGF-β1) (5 µg/ml,
#AF-246-NA; R&D systems, UK) and the specific mouse monoclonal
antibody against TGF-β1 (10 µg/ml, #mAb240; R&D systems, UK)
were added overnight at 4°C in a wet room. The next day, cells were
washed three times in PBS + 3% BSA before the specific Alexa Fluor
488 goat anti-rabbit conjugate (1:1000 dilution, Molecular Probes,
USA) and the specific Alexa Fluor 568 goat anti-mouse (1:1000
dilution; Molecular Probes, USA) were added for 1 hour in a wet room
at room temperature. Then the protocol for confocal microscopy
described above was applied.
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Results
A preliminary part of this work was devoted to test whether
obvious features of replicative senescence would be observed
after a series of 10 exposures of skin HDFs at early cumulative
population doublings (CPDs) to UVB (125, 250, 375 or 500
mJ/cm2) with two stresses per day for 5 days. Cell viability was
determined by cell counting, MTT assay (Mosmann, 1983) (data
not shown) and protein biomass assay (Lowry, 1951) at 48 hours
after the last stress. These methods were previously shown to
give comparable results in such models (Dumont et al., 2000).
Cytotoxicity was found after exposure to 375 mJ/cm2 and
500 mJ/cm2 (Fig. 1A). Therefore the subcytotoxic dose used
throughout this study was 250 mJ/cm2. Using active caspase-3
detection and PARP cleavage as criteria and etoposide as positive
pro-apoptotic control, we showed that this UVB intensity was
not pro-apoptotic (Fig. 1B,C).

SA β-gal and mitochondrial DNA deletion after repeated
exposures to UVB
The UVB-stressed skin HDFs and the senescent skin HDFs were
characterized by a major proportion of enlarged cells typical of
senescent cultures. The percentage of cells positive for SA β-gal
activity increased along the population doublings with 8% of
positive cells at early CPDs (day 0) to 53% in cells over 90% of
their proliferative life span. A 2.5-fold increase of positive cells
was found at 72 hours after 10 exposures to UVB at 250 mJ/cm2

when compared to the control cells (Fig. 2A).
The so-called common 4,977 bp deletion in the mitochondrial

DNA is detected in both replicatively senescent and t-BHP-
induced senescent HDFs (Dumont et al., 2000). This deletion
was detected by nested PCR, performed as explained in the
Materials and Methods, after a series of 10 stresses at 250
mJ/cm2 UVB. Indeed a 404 bp PCR product resulting from the
4,977 bp deletion was observed in UVB-stressed cells at 72
hours after the last stress (Fig. 2Bb). We checked the integrity
of the mitochondrial DNA. First we amplified the intact 5,501
bp fragment present in the non-deleted fragment amplified with
the H2/L2 primers (data not shown). Second we amplified a
conservative 247 bp fragment of the mitochondrial DNA using
the primers H1/L1 (Fig. 2Ba).

Decreased proliferative potential after repeated
subcytotoxic exposures to UVB
A progressive decrease of the proliferation potential is observed
along the population doublings of HDFs (Cristofalo and Sharf,
1973). Determination of the level of incorporation of
[3H]thymidine was performed at 24, 48 and 72 hours after a
series of 10 UVB stresses at 250 mJ/cm2. The incorporation
remained very low at 48 and 72 hours after the last exposure
while it increased sharply in the control cells until they reached
confluence at 72 hours after the last stress (Fig. 2C).

Western blottings were performed with proteins extracted at
72 hours after a series of 10 UVB stresses, taking α-tubulin
protein level as a reference level. p53, p21WAF-1 and p16INK-4a

increased by 2.3-, 1.8- and 1.5-fold, respectively when compared
to the control cells (Fig. 2D). Active p53 is known to trigger
p21WAF-1 overexpression. p21WAF-1 and p16INK-4a are cyclin-
dependent kinase inhibitors that block the cell cycle in G1/S
(Sherr and Roberts, 1999). Unpublished results show that the

DNA-binding activity of p53 is sharply increased at least until
72 hours after the last UVB stress.

mRNA level of cell cycle- and senescence-associated
genes
Apo J, fibronectin, osteonectin and SM22 mRNA steady-state
levels are increased in senescent HDFs and at 72 hours after
exposure of HDFs to t-BHP and H2O2 (Dumont et al., 2000).
We determined these mRNA steady-state levels at 72 hours after
a series of 10 exposures to subcytotoxic UVB stress. p53 and
p21WAF-1 mRNA level was checked since their protein level
increased in such conditions.

c-fos and c-jun mRNA level were also studied since they are
known to be overexpressed in aged skin (Grassilli et al., 1996).
Semi-quantitative real-time RT-PCR showed that all these
senescence-associated genes tested were overexpressed in both
UVB-treated and senescent cells (Fig. 3Aa,b).

We developed a low-density DNA array to check the mRNA
level of 240 genes involved in aging or stress (see complete
technological description in Materials and Methods). Thirty-nine
genes were found to be differentially expressed in UVB-induced
SIPS. The list of these genes are listed in Table 2. Most of these
genes can be sorted according to their potential involvement in
the SIPS phenotype. First, genes involved in growth arrest are
overexpressed: insulin-like growth factor binding protein 3
(IGF-BP3) (Buckbinder et al., 1995), IGF-BP5 (Caroni and
Schneider, 1994), p21WAF-1 (Sherr and Roberts, 1999), MAX
(Ayer et al., 1993) and proliferating cell nuclear antigen (PCNA)
(Xu and Morris, 1999). Cyclin D1 is overexpressed as previously
found in replicative senescence (Fukami et al., 1995). Second, a
series of proteins involved in chaperoning [heat shock proteins
(Hsp)27, Hsp 40, Hsp 70, Hsp 90, apo J (Humphreys et al.,
1999) or disulfide reduction metallothionein 2 (MT2A) (Jiang
et al., 1998)] were overexpressed, as well as Jun N-terminal
kinase-2 (JNK2). Antioxidant enzymes like selenium dependent
glutathione peroxidase (GPX) and peroxiredoxin VI (Fisher et
al., 1999) were also overexpressed. Metalloproteinases (MMP)-
1 and MMP-2 were overexpressed. They could participate in the
degradation of the extracellular matrix. MMP-1 is known to be
overexpressed in in vivo photoaging (Hermann et al., 1993).
Connective tissue growth factor (CTGF) is also overexpressed
in UVB-treated cells. It has been shown recently to be
upregulated in replicative senescence by a TGF-β-mediated
signaling pathway (Kim et al., 2004). It is noteworthy that the
type II receptor of TGF-β (TβRII) and the pro-inflammatory
interleukines IL-1β and IL-11 were also overexpressed. This
could participate in the inflammatory aspect of photoaging
(Wlaschek et al., 1994). The real-time RT-PCR data and the data
obtained with the DualChip human aging were compared for a
significant number of differentially expressed genes including:
apo J, fibronectin, osteonectin, SM22, p21WAF-1. Real-time RT-
PCR was also used to detect p53 mRNA, which was found to
be increased by 50% (Table 3).

Increased apo J protein level after repeated subcytotoxic
exposures to UVB
At 72 hours after a series of 10 exposures to UVB at 250 mJ/cm2,
a 1.5-fold increase of intracellular apo J level was found (with
α-tubulin protein level as reference level). More strikingly, a
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Fig. 1. Exposure to a series of 10 stresses to UVB at 250 mJ/cm2 or 72 hours of stimulation with TGF-β1 do not lead to apoptosis.
(A) Cytotoxicity at 24 hours after 10 exposures to UVB. Doses of UVB ranged from 0 to 500 mJ/cm2 with 2 stresses per day for 5 days. Results
are expressed as percentage of cell survival compared to day 0 (d0, 100%) before any stress. Results are given as mean ± s.d. of three
independent experiments. Statistical analysis was carried out with Student’s t-test. ns, non-significant (P>0.05); *, 0.05>P>0.01. (B) No
activation of caspase-3 after 10 exposures to UVB at 250 mJ/cm2 or 72 hours of stimulation with TGF-β1. Semi-quantitative confocal
microscopy of skin HDFs that were seeded on glass cover slides at 16, 40 or 64 hours after the last of a series of 10 exposures to UVB at 250
mJ/cm2 (micrographs 6, 8, 10). Control cells submitted to the same culture conditions but not exposed to UVB were checked (micrographs 5, 7,
9). Cells exposed to etoposide 25 µM for 16 hours were used as positive controls (micrograph 2). Cells incubated for 16 hours in BME were
used as negative controls (micrograph 1). At 24 hours after seeding, the activation of caspase-3 was detected using a specific anti-active
caspase-3 antibody (green). The nuclei were stained with TO-PRO-3 (blue). No pro-apoptotic effect was found after 72 hours of stimulation
with 5 ng/ml of TGF-β1 (micrograph 4) compared with the controls (micrograph 3). (C) No cleavage of PARP after a series of 10 exposures of
skin HDFs to UVB at 250 mJ/cm2 or 72 hours of stimulation with TGF-β1. Skin HDFs were submitted to a series of 10 UVB exposures at 250
mJ/cm2. Proteins were extracted at 4, 16, 40 or 64 hours after the last stress. Control cells submitted to the same culture conditions but not
exposed to UVB were checked. Cells exposed to cytotoxic concentrations of t-BHP or not were used as respective positive (CTL +) and
negative (CTL –) controls. Total cell extracts were analyzed by western blotting with an anti-PARP-1 antibody. The full length PARP-1 protein
(116 kDa) and the fragment resulting for PARP cleavage (85 kDa) are indicated. α-tubulin protein level was used as a reference. No cleavage of
PARP was observed after 72 hours of stimulation with 5 ng/ml TGF-β1 (TGF) or not (CTL).
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749TGF-β1 and clusterin in UVB-SIPS

considerable 7.2-fold increase of extracellular apo J was detected
in the culture medium collected at 72 hours after the stress series
when compared to control counterparts (Fig. 3Ba,b).

Role of apo J against UVB-induced SIPS
Overexpression of both native and tagged form of human apo
J in SV-40 WI-38 HDFs favored cell survival when the cells
were exposed to cytotoxic doses of UVB and cytotoxic

concentrations of ethanol and t-BHP. These preliminary results
obtained with both forms were similar (data non shown).
Apo J cDNA was retrovirally transfected in skin HDFs.
Overexpression of both native and tagged form were found at
both the mRNA and protein level (Fig. 4Aa,b). Both native and
tagged form of apo J protected against the increase of the
proportion of SA β-gal-positive cells observed after a series of
10 exposures to 250 mJ/cm2 UVB (Fig. 4B). Unexpectedly
overexpression of both tagged and native apo J decreased the

Fig. 2. Effect of a series of 10 exposures of HDFs at early cumulative population doublings (CPDs) to UVB at 250 mJ/cm2 on SA β-gal activity,
common 4,977 bp mitochondrial DNA deletion, incorporation of [3H]thymidine and the protein levels of p53, p21WAF-1 and p16INK-4A.
(A) Proportion of cells positive for the SA β-gal activity at 72 hours after 10 exposures to UVB at 250 mJ/cm2. Cells at early CPDs before
exposure to UVB (d0), incubated 10 times in a thin layer of PBS without (CTL) or with UVB exposure (UVB) and cells at late CPDs (±90% of
their proliferative life span) were examined. Results are given as mean ± s.d. of 3 independent experiments. (B) Detection of the common 4,977
bp mitochondrial DNA deletion by nested PCR after 10 exposures of UVB at 250 mJ/cm2. (a) Detection of a conserved 247 bp fragment of the
mitochondrial DNA in cells incubated 10 times in a thin layer of PBS exposed to UVB (UVB) or not (CTL). Cells at day 0 (d0, before any
incubation in PBS) were also examined. (b) Detection of the deletion by nested PCR. The 4,977 bp deletion is detected (404 bp product) in
UVB-exposed cells (UVB) and not in CTL or d0 cells. (C) Effect of repeated UVB stresses on the incorporation of [3H]thymidine. Skin HDFs
at early CPDs were incubated 10 times in a thin layer of PBS exposed to UVB (250 mJ/cm2) or not (CTL). They were trypsinised after 24, 48
or 72 hours after the last stress and incubated for 48 hours with [3H]thymidine at 1 µCi. Results are given as mean ± s.d. of three independent
experiments. (D) (a) Analysis of p53, p21WAF-1 and p16INK-4 protein level by western blotting. Proteins were extracted at 72 hours after the last
stress. α-tubulin protein was used as reference level. (b) Quantification of the protein level. The results are expressed as 100% of the protein
level in control cells (CTL). Results are given as mean ± s.d. of three independent experiments. Statistical analysis was carried out with the
Student’s t-test. ns, non-significant (P>0.05); *, 0.05>P>0.01; **, 0.01>P>0.001; ***, P<0.001.
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level of [3H]thymidine incorporation into DNA in both UVB-
treated and non-treated cells (Fig. 4C). A possible scenario is
metabolic exhaustion due to overexpression of the protein.
Previous results obtained with fetal lung WI-38 HDFs
suggested that, while being a biomarker of senescence, apo J
does not change the proliferative potential of the cells
(Petropoulou et al., 2001; Dumont et al., 2002). Moreover, we
observed that the growth rate of the skin HDFs used in this
study is much lower than that of WI-38 HDFs. This could also
explain a differential effect of apo J on proliferation. In the
study on t-BHP-induced SIPS of WI-38 HDFs, it was shown
that overexpression of apo J triggered an overexpression of
fibronectin and osteonectin at the mRNA level. Overexpression
of osteonectin was shown to inhibit PDGF-induced
proliferation but not EGF-, IGF-, FGF- or serum-induced
proliferation (Dumont et al., 2002). In the skin HDFs studied

here, overexpression of Apo J did not lead to
overexpression of fibronectin and osteonectin at the
mRNA level (data not shown). Anyway our results
suggest no stress-related effect of apo J on
[3H]thymidine incorporation. More importantly, the
UVB-induced overexpression of fibronectin shown
above vanished when apo J was overexpressed (Fig.
4D). Besides apo J, which might play a protective
role as extracellular chaperone, we wished to test if
the intracellular degradation of modified proteins,
through proteasome activity, could be changed in
SIPS.

No change of proteasome activity in SIPS
induced by acute subcytotoxic stress
An increase in proteasome activity in UVB-induced
SIPS might favor a protective effect of proteasome
against SIPS whereas a decrease might suggest a
pro-SIPS role. It has been proposed that inhibition

of proteasome activity could trigger SIPS (Chondrogianni et
al., 2003). Exposure of HDFs to hyperoxia under 40% O2 for
several weeks results in SIPS. When the exposure to 40% O2
is prolonged well after the establishment of SIPS (up to 12
weeks), the proteasome activity sharply decreases (Sitte et al.,
2000). In order to test whether proteasome activity also
decreases in SIPS induced by acute subcytotoxic stress, we
assayed the 20S proteasomal enzymatic activities in four
models of SIPS. First SIPS was induced in WI-38 HDFs by a
single 2-hour exposure to 300 µM H2O2 or five 1-hour
exposures to 30 µM t-BHP with a daily stress for 5 days
(Dierick et al., 2002) and in IMR-90 fetal lung fibroblasts by
a single 2-hour exposure to 150 µM H2O2 (Frippiat et al.,
2001). The results obtained at 72 hours after the last stress were
compared with WI-38 HDFs at early and late population
doublings. AG04431 skin HDFs in SIPS induced by UVB as
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Fig. 3. Effects in HDFs at early cumulative population
doublings (CPDs) to 10 exposures of UVB at 250
mJ/cm2 per exposure on the steady-state mRNA level of
senescence- and cell cycle-associated genes, and the
level of intracellular and extracellular protein level of
apo J. (A) Steady-state mRNA level of apolipoprotein J
(apo J), fibronectin (fibro), osteonectin (osteo), SM22,
p21WAF-1, p53, c-fos and c-jun. Total RNA was extracted
at 72 hours after the last stress. The GAPDH steady-
state mRNA level was used as reference in the real-time
RT-PCR. (a) The results obtained from the UVB-treated
cells are expressed as percentage of the steady-state
mRNA level of the respective mRNA species in control
cells (CTL). (b) The results obtained with senescent
cells (late CPDs) are compared with cells at early CPDs.
Results are given as mean ± s.d. of three independent
experiments. (B) Analysis of intracellular (a) and
extracellular (b) protein level of apo J by western
blotting. Proteins were extracted at 72 hours after the
last stress. α-tubulin protein was used as reference level
to estimate the intracellular level of apo J while the same
volume of collected medium was used to determine the
extracellular levels. Statistical analysis was carried out
with the Student’s t-test. ns, non-significant (P>0.05); *,
0.05>P>0.01; **, 0.01>P>0.001; ***, P<0.001.
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751TGF-β1 and clusterin in UVB-SIPS

described in this work were also included in these assays. We
detected a 60% decrease of 20S proteasome activity
in replicatively senescent HDFs as already known
(Chondrogianni et al., 2003). However, no significant variation
could be observed in the four models of SIPS. We tested the
hypothesis that proteasome activity did not decrease in SIPS
induced by acute subcytotoxic stress because of insufficient
stress load. A cytotoxic 2-hour exposure to H2O2 was
performed and the cellular proteins were extracted at 6 and 72
hours after stress. Significant decreases of 30-45% in 20S
proteasomal enzymatic activities were found only at cytotoxic
concentrations above 2 mM H2O2, at 72 hours after stress (data
not shown).

Oxyblot experiments were performed with proteins
extracted from respective HDFs exposed to subcytotoxic
concentrations of t-BHP, UVB and H2O2, and from HDFs at
early population doublings and in replicative senescence.
These oxyblot experiments showed an increase in the amount
of oxidized proteins and modifications of the patterns of
oxidized proteins in the stressed and the replicatively senescent
cells (Fig. 5). These results obtained after assays of proteasome
activity and oxyblot experiments suggest that oxidatively
damaged proteins are still present in higher amounts when

UVB-, t-BHP- and H2O2-induced SIPS establishes, while
proteasome activity is not decreased.

TGF-β1, -β2 and -β3 mRNA level is increased after
repeated subcytotoxic exposures to UVB
TGF-β is a multi-functional cytokine involved in cell functions
such as cell growth, differentiation and biosynthesis of
extracellular connective tissue. TGF-β exists in a number of
structurally related isoforms. In mammals, TGF-β1, TGF-β2

Table 2. Genes differentially expressed in human skin fibroblasts in UVB-induced SIPS 
Gene Name UVB/CTL Function GenBank

IGF-BP3 insulin growth factor binding protein 3 ↑ 2,7 growth factor X64875
HSP70 heat shock 70 kD protein 1 ↑ 2,5 defense system AB023420
HMOX heme-oxygenase ↑ 2,4 defense system NM_002133
IL-1B interleukin 1 beta ↑ 2,4 cytokine M15330
OSTE osteonectin ↑ 2,4 extracellular matrix NM_003118
ODC ornithine decarboxylase 1 ↑ 2,3 cell cycle NM_002539
HSP90A heat shock 90 kD protein 1 alpha ↑ 2,3 defense system X15183
COL1A1 collagen 1 alpha-1 ↑ 2,2 extracellular matrix NM_000088
MAX MAX protein ↑ 2,2 cell cycle NM_002382
CTGF connective tissue growth factor ↑ 2,1 cell cycle U14750
PCNA proliferating cell nuclear antigen ↑ 2,1 control of DNA replication NM002592
TPA plasminogen activator tissue ↑ 2,1 extracellular matrix NM_000930
CCND-1 cyclin D1 ↑ 2,1 cell cycle NM_053056
MMP-1 matrix metalloproteinase 1 ↑ 2,1 degradation of extracellular matrix NM_002421
MT2A metallothionein 2A ↑ 2 defense system V00594
APO J apolipoprotein J ↑ 2 defense system J02908
COL3A1 collagen 3 alpha-1 ↑ 2 extracellular matrix NM_000090
HSP40 heat shock 40 kD protein 1 ↑ 2 defense system D49547
MEK-1 mitogen activated protein kinase kinase 1 ↑ 2 cell cycle L11284
p21 cyclin dependent kinase inhibitor 1A ↑ 1,9 cell cycle U03106
NRG-1 neuregulin ↑ 1,9 cell cycle M94165
FN1 fibronectin ↑ 1,9 extracellular matrix X02761
TGFβRII transforming growth factor-beta receptor II ↑ 1,9 growth factor D50685
Il-11 interleukin 11 ↑ 1,8 cytokine NM_000641
MMP-2 matrix metalloproteinase 2 ↑ 1,8 degradation of extracellular matrix NM_004530
ANX-1 annexin 1 ↑ 1,8 anti-inflammatory NM_000700
HSP70B heat shock 70 kD protein 6 ↑ 1,8 defense system NM_002155
IGF-BP5 insulin growth factor binding protein 5 ↑ 1,8 growth factor M65062
JNK-2 mitogen activated protein kinase 9 ↑ 1,8 defense system U09759
CANX calnexin ↑ 1,8 cell cycle NM_001746
HSP27 heat shock 27 kD protein 1 ↑ 1,8 defense system AB020027
EF1A eucaryotic translation elongation factor-alpha ↑ 1,7 protein synthesis AY043301
PRX VI peroxiredoxin VI ↑ 1,7 defense system NM_004905
MDM2 MDM2 ↑ 1,7 cell cycle NM_002392
GPX glutathion peroxidase ↑ 1,6 defense system M21304
H2BS histone 2B member B/S consensus ↑ 1,6 cell cycle NM_080593
CCNH cyclin H ↑ 1,6 cell cycle NM_001239
FMOD fibromodulin ↓ 0,6 extracellular matrix NM_002023
ICAM-1 intracellular adhesion molecule 1 ↓ 0,3 extracellular matrix J031032

Total mRNA was collected at 72 hours after a series of 10 UVB stresses at 250 mJ/cm2.

Table 3. Comparison between the data obtained with real-
time RT-PCR and the DualChip human aging

Real-time DNA Real time/
Gene RT-PCR array array (%)

Apolipoprotein J 2.1 2 4.8
Fibronectin 1.9 1.9 0.0
Osteonectin 1.7 2.4 41.2
SM22 1.2 1.1 8.3
p21 2.1 1.9 9.5
p53 1.5 n.d.

n.d., not determined.
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Fig. 4. Effects of retrovirally transfected apo J against UVB-induced SIPS. (A) Overexpression of human apo J after retrovirally-mediated
overexpression in skin HDFs. (a) Overexpression at mRNA level of both native and tagged (V5/His) apo J compared to empty PLXSN vector.
Real time RT-PCR was used to detect apo J mRNA. (b) Overexpression of protein level of both native and tagged (V5/His) apo J compared to
empty pLXSN vector (western blotting). (B-D) Effects of retrovirally transfected apo J against SIPS induced by 10 subcytotoxic exposures to
250 mJ/cm2 UVB in skin HDFs. SA β-gal activity (B), incorporation of [3H]thymidine (C) and relative steady-state mRNA level of fibronectin
(D) were studied as described in Materials and Methods. Skin HDFs transfected with the empty pLXSN vector, with pLXSN/apo J vector or
pLXSN/apo J-V5/His vector were exposed (gray columns) or not (white columns) to UVB. Results are given as mean ± s.d. of three
independent experiments except (D) where pools of RNA were obtained from extracts of RNA from three independent experiments. Statistical
analysis was carried out with the Student’s t-test. ns, non-significant (P>0.05); *, 0.05>P>0.01; **, 0.01>P>0.001; ***, P<0.001.
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753TGF-β1 and clusterin in UVB-SIPS

and TGF-β3 isoforms have been identified (for a review, see
Derynck and Zhang, 2003). TGF-β1 has been shown to be
involved in H2O2-induced SIPS (Frippiat et al., 2001). In vivo,
full-thickness, sun-protected adult human skin expressed TGF-
β1, -β2 and -β3 transcripts in a ratio of 1:5:3 (Quan et al.,
2002). The steady-state mRNA level of TGF-β1, -β2 and -β3
was estimated by semi-quantitative real-time RT-PCR at
increasing times after 10 subcytotoxic exposures of skin
HDFs to UVB at 250 mJ/cm2. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA level was used as a
reference. A respective 2.0-, 1.7- and 1.4-fold overexpression
of TGF-β1 was found at 24, 48 and 72 hours after the last UVB
stress (Fig. 6A). Such results were similar to those obtained in
H2O2-induced SIPS of fetal lung HDFs (Frippiat et al., 2001).
The steady-state mRNA level of TGF-β2 and -β3 was
increased at 72 hours after the last stress by 2.3- and 1.7-fold,
respectively (Fig. 6B).

SA β-gal activity and mRNA level of senescence-
associated genes increase after stimulation with TGF-β1
Skin HDFs were stimulated for 72 hours with 1, 5 and 10 ng/ml
of human TGF-β1 diluted in culture medium + 1% FCS. This
range of doses used for the stimulation of skin HDFs with
TGF-β1 were not pro-apoptotic. Indeed a stimulation of 5
ng/ml had no effect on the activity of caspase-3 or on PARP
cleavage (Fig. 1B,C). The proportion of HDFs positive for SA
β-gal activity increased at all TGF-β1 concentrations with a
1.6-fold increase at 5 ng/ml (Fig. 6Ca). However, such increase
did not reach the levels obtained after a series of 10 UVB
exposures, suggesting partial involvement of TGF-β1.

Semi-quantitative real-time RT-PCR showed that the steady-
state mRNA level of the senescence-associated genes apo J,
fibronectin, osteonectin, SM22 and p21WAF-1 plus TGF-β1
mRNA was increased after 72 hours of stimulation with 5
ng/ml TGF-β1 (Fig. 6D). When compared to skin HDFs
transfected with an empty vector, counterpart cells
overexpressing apo J did not display any change in the level of
the biomarkers of senescence after stimulation with 5 ng/ml
TGF-β1 (data non shown). It is noteworthy that p53 mRNA
level did not change after stimulations with TGF-β1 whereas
it increased after a series of 10 exposures to 250 mJ/cm2 UVB,
as shown above. TGF-β1 has already been described as a
potential inducer of p21WAF-1 (Datto et al., 1995), which is
confirmed here at 5 ng/ml TGF-β1 (Fig. 6D).

Increase of both latent and active forms of TGF-β1
TGF-β1 is secreted in a latent form (LTGF-β), which consists
of TGF-β1 noncovalently associated with its amino-terminal
propeptide called latency associated peptide (LAP) (for a
review, see Annes et al., 2003). Extracellular activation of
LTGF-β allows the binding of TGF-β to its receptors.
Immunohistochemistry has been previously been used with
success to discriminate between the latent and active forms of
TGF-β1 (Barcellos-Hoff et al., 1995; Chong et al., 1999). Dual
immunostaining of LAP (green) and active TGF-β1 (red) after
a series of 10 exposures to UVB are shown in Fig. 7. An
increase in both latent and active forms of TGF-β1 were
detectable at 16, 40 and 64 hours after the last UVB stress in
comparison with control cells.

Effects of the neutralization of TGF-β1 and TGF-β1
receptor II
Since our study with the dedicated low-density DNA array
showed an increase in the mRNA level of TGF-β receptor II
(TβRII) (Table 2) in UVB-induced SIPS, we wished to test
whether neutralization of this receptor with antibodies would
block the appearance of UVB-induced SIPS. Neutralizing
antibodies against TGF-β1 or TβRII prevented the UVB-
induced increase of the proportion of cells positive for SA β-
gal activity (Fig. 6Cb). These results corroborate the data
obtained by Frippiat et al. (Frippiat et al., 2001) on H2O2-
induced SIPS. Additionally these authors showed that p38MAPK

is activated by TGF-β1 overexpression (Frippiat et al., 2002).
When incubated from the ninth exposure to UVB to 72 hours
after the last stress with a chemical inhibitor of p38MAPK

(SB203580; Calbiochem, USA) skin HDFs failed to display
SA β-gal activity and to overexpress apo J, osteonectin and

Fig. 5. Oxidized protein patterns in SIPS and replicative senescence.
SIPS was induced by 10 exposures of AG04431 HDFs to UVB at
250 mJ/cm2, five exposures of WI-38 HDFs to t-BHP (Dierick et al.,
2002), and a single exposure of IMR-90 HDFs to H2O2 (Frippiat et
al., 2001). Procedures for detecting oxidized proteins are described
in Materials and Methods. (a) Lane 1: control AGO4431 HDFs at
early cumulative population doublings (CPDs). Lanes 2, 3:
AGO4431 HDFs exposed to a series of 10 UVB stresses and proteins
extracted at 24 and 72 hours, respectively, after the last stress. Lane
4: control WI-38 cells at early cumulative population doublings.
Lanes 5, 6: WI-38 HDFs exposed to a series of 5 t-BHP stresses and
proteins extracted at 24 and 72 hours, respectively, after the last
stress. Lane 7: control IMR-90 cells at early at early cumulative
population doublings. Lanes 8, 9, 10: H2O2 stressed IMR-90 cells,
protein were extracted at 6, 24 and 72 hours, respectively, after the
stress. Lanes 11, 12: WI-38 cells at early and late CPDs respectively.
MW: molecular weights. (b) α-tubulin was used as reference protein.
The arrows indicate the most evident modifications of the oxidized
protein patterns.
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SM22 at the mRNA level (data non shown). In addition, Table
2 shows that MEK-1, a MAPK (mitogen activated protein
kinase) kinase able to activate p38MAPK (Wang et al., 2002), is
overexpressed at the mRNA level. Preliminary results also
suggest that the smad pathway is involved after the UVB-
induced SIPS, as an increase in the phosphorylation of smad-
2, a receptor-activated smad, was detected at 4, 16 and 40 hours
after the last UVB-stress (data non shown).

The antibodies against TGF-β1 also decreased the
incorporation of [3H]thymidine into DNA of the cells not
exposed to UVB. This suggests that basal levels of TGF-β1
might participate in cell growth as already reported (Kletsas
et al., 1995). Similar ratios of [3H]thymidine incorporation
existed between the cells exposed to UVB or not and thereafter
incubated with the neutralizing antibodies (data non shown).
This suggests that TGF-β1 either does not play a major role in
the UVB-induced growth arrest or is redundant with other
growth arresting mechanisms (for instance p53) as observed in

H2O2-induced SIPS (Frippiat et al., 2001). Real-time RT-PCR
was used to determine the steady-state mRNA levels of
fibronectin, osteonectin, SM22, apo J, p21WAF-1 and TGF-β1
after 72 hours incubation with neutralizing antibodies against
TGF-β1 following a series of 10 subcytotoxic exposures to
UVB. Although a stress-induced overexpression of each gene
was observed, these overexpressions vanished when the cells
were incubated with the neutralizing antibodies (Fig. 8). In
these experiments pools of total RNA were obtained from three
independent experiments.

Discussion
Skin represents an excellent and accessible model organ
allowing the study of intrinsic and extrinsic factors
coordinately contributing to the complex phenomenon of aging
(for a review, see Wlaschek et al., 2001). Evidence shows that
intrinsic and extrinsic aging of the skin are probably driven by
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Fig. 6. Role of TGF-β1 in UVB-
induced SIPS. (A) Steady-state mRNA
level of TGF-β1 in skin HDFs exposed
(UVB) or not (CTL) to 10 repeated
subcytotoxic doses of UVB at 250
mJ/cm2. Total RNA samples were
extracted at 24, 48 or 72 hours after the
last stress. Results were obtained by
real-time RT-PCR with GAPDH mRNA
as reference. The steady-state mRNA
level of TGF-β1 in control cells after 24
hours was considered as 100%. Results
are given as mean ± s.d. of three
independent experiments. (B) Steady-
state mRNA level of TGF-β2 and TGF-
β3 at 72 hours after a series of 10
exposures to UVB at 250 mJ/cm2.
Results are given as mean ± s.d. of three
independent experiments. (Ca) Effects
of the stimulation of skin HDFs with
TGF-β1 at 1, 5 and 10 ng/ml on the
percentage of cells positive for SA β-gal
activity after 72 hours of stimulation.
Results are given as mean ± s.d. of three
independent experiments. (Cb) Effect of
anti-TGFβ-1 receptor II and anti-TGF-
β1-neutralizing antibodies on the
proportion of cells positive for SA β-gal
activity at 72 hours after exposure of
skin HDFs to 10 subcytotoxic stress
with 250 mJ/cm2 UVB. Control (CTL)

cells had no UVB exposure. The concentration and
incubation conditions of antibodies are given in the
Materials and Methods. (D) Steady-state mRNA level of
apolipoprotein J (apo J), fibronectin (fibro), osteonectin
(osteo), SM22, p21WAF-1, p53 and TGF-β1 after 72 hours
of stimulation with TGF-β1 at 5 ng/ml. Total RNA was
extracted at 72 hours after the last stress. The GAPDH
steady-state mRNA level was considered as reference level
with real time RT-PCR. The results are expressed as 100%
for the steady-state mRNA level in control cells (CTL) not
exposed to UVB. Results are given as mean ± s.d. of three
independent experiments. Statistical analysis was carried
out with the Student’s t-test. ns, non-significant (P>0.05);
*, 0.05>P>0.01; **, 0.01>P>0.001; ***, P<0.001.
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similar biological, biochemical and molecular mechanisms (for
a review, see Rittie and Fisher, 2002). Extrinsic aging, also
called photoaging, is mainly due to UV-induced damage of the
dermal connective tissue of the skin, resulting in qualitative and
quantitative alterations of the dermal extracellular matrix (for
a review, see Wlaschek et al., 2003). Dermal fibroblasts are
essential regulators of the synthesis and the degradation of
extracellular matrix. UVB generates DNA damage, particularly
cyclobutane pyrimidine dimers and (6-4) photoproducts (for a
review, see Ichihashi et al., 2003) and severe oxidative stress
in skin via interactions with intracellular chromatophores and
photosensitizers. This results both in transient and permanent
genotoxicity, and in the activation of cytoplasmic signal
transduction pathways related to growth, differentiation,
replicative senescence and connective tissue degradation (for a
review, see Rittie and Fisher, 2002). Very few of the multiple
studies that dealt with the effects of UV were aimed at
investigating the long-term effects of UV.

In this study we developed a model of premature senescence
induced by a series of 10 exposures to a subcytotoxic dose of
UVB (250 mJ/cm2). Repeated exposures to UVB sharply
increased SA β-gal activity, reaching levels observed after
exposure(s) of fetal lung HDFs to t-BHP or H2O2 (Dumont et
al., 2000). Higher levels of SA β-gal-positive cells were
previously found in keratinocytes and fibroblasts from skin
biopsies from old donors compared with younger counterparts
(Dimri et al., 1995). Nested PCR was necessary to detect the

DNA fragment resulting from the 4,977 bp deletion, indicating
an extremely low frequency of this deletion, as also suggested
by studies on senescent HDFs and on HDFs in t-BHP-induced
SIPS (Dumont et al., 2000). It was reported that the in vivo
frequency of this deletion was higher in sun-exposed compared
with non-exposed skin biopsies taken from the same
individuals (Pang et al., 1994). This deletion was confined to
the dermal rather than the epidermal compartment of the skin
and seems to reflect photo- rather than chronological aging
(Birch-Machin et al., 1998). This deletion has been shown to
be mediated by singlet oxygen (Berneburg et al., 1999).

Growth arrest is an important feature of cellular senescence.
A drastically decreased proliferative potential of HDFs in
UVB-induced SIPS was observed after 10 exposures to UVB.
This decreased potential was correlated with an overexpression
of p53, p21WAF-1 and p16INK-4A. The overexpression of p53
protein and DNA binding activity would play a role in growth
arrest, while the overexpression of TGF-β would play a role in
the appearance of the other biomarkers of senescence after
a series of 10 exposures to UVB. The results on p53 and
p21WAF-1 corroborate more fragmentary results obtained with
skin BJ fibroblasts ectopically expressing telomerase (BJ1-
hTERT) or not, and exposed to a single H2O2 stress and five
UVB stresses (de Magalhaes et al., 2002). However, BJ1-
hTERT cells undergo tremendous changes in gene expression
when compared with normal cells (de Magalhaes et al., 2004),
BJ and BJ1-hTERT cells are much more resistant to oxidative

Fig. 7. A series of 10 exposures of skin HDFs to UVB at 250 mJ/cm2 increases sharply the abundance of both latent and active forms of TGF-
β1. Skin HDFs were given a series of 10 exposures to UVB at 250 mJ/cm2 and seeded on glass cover slides at 16, 40 or 64 h after the last
stress. Control cells were submitted to the same culture conditions but not exposed to UVB. At 24 hours after seeding, the activation of TGF-β1
was investigated by immunofluorescence using antibodies recognizing the latent form of TGF-β1 (LAP) (green; left images) and the active
TGF-β1 (red; middle images) using semi-quantitative confocal microscopy. (Right images) Superimposition of phase contrast and fluorescence
with green and red emission.
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stress than most fibroblasts strains (Lorenz et al., 2001) and
do not overexpress p16INK-4A or TGF-β1 after UVB stress,
whereas TGF-β1 overexpression is observed in vivo after
exposure to UVB, reinforcing the present model in which skin
HDFs are exposed to a series of 10 stresses.

The relative steady-state mRNA level of c-jun, c-fos, MMP-
1 and MMP-2 increased in dermal HDFs at 72 hours after a
series of 10 UVB exposures. It was already known that c-jun
is overexpressed at the mRNA and protein levels in vivo after
exposure of human skin to UV (Fisher et al., 1998). Increased
levels of c-JUN protein compete with JunD resulting in the
preferential formation of c-JUN:c-FOS AP-1 complexes in
both the epidermis and the dermis (Angel et al., 2001). AP-1
regulates the expression of several metalloproteinases (MMP-
1, MMP-3 and MMP-9), whose overexpression has been
correlated with the activation of AP-1 by UV irradiation
(Wlaschek et al., 2003).

The senescence-related genes fibronectin, osteonectin, SM22
and apo J were overexpressed at 72 hours after the last UVB

stress. Fibronectin is an essential component of the
extracellular matrix and may contribute to the morphological
changes observed in senescent HDFs as well as anchorage of
cells to their substrate (Kumazaki et al., 1993). Osteonectin is
a calcium-binding protein able to inhibit the cell entry into S
phase through selective binding of platelet-derived growth
factor (Funk and Sage, 1991). SM22 (transgelin) encodes a
putative calcium binding protein involved in senescence-
induced morphological changes (Lecka-Czernick et al., 1996).
Apo J is an extracellular protein with chaperone-like activity
similar to small heat shock proteins (Poon et al., 2002;
Humphreys et al., 1999). The steady-state mRNA levels of
these four genes increased in replicative senescence and in
H2O2- and t-BHP-induced SIPS (Dumont et al., 2000), which
broadens their role in cellular senescence.

WI-38 HDFs retrovirally transfected with gp80, the canine
apo J sharing 88% homology with its human counterpart, better
resisted exposures to cytotoxic concentrations of t-BHP or
ethanol and better resisted t-BHP- and ethanol-induced SIPS

Journal of Cell Science 118 (4)

β

Fig. 8. Effects of anti-TGF-β1 neutralizing antibody (3 µg/ml) on the steady-state mRNA level of apolipoprotein J (A), osteonectin (B), SM22
(C), TGF-β1 (D), fibronectin (E) and p21WAF-1 (F) at 72 hours after a series of 10 exposures of skin HDFs to UVB at 250 mJ/cm2. Anti-TGF-β1
CTL and CTL cells had no UVB exposure and were incubated with or without anti-TGF-β1 antibodies, respectively. Statistical analysis was
carried out with the Student’s t-test. ns, non-significant (P>0.05); *, 0.05>P>0.01.
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(Dumont et al., 2002). As observed here transfection of human
apo J in SV-40 WI-38 cells favors survival after cytotoxic
exposures to UVB, t-BHP and ethanol. Additionally, dermal
HDFs retrovirally transfected with human apo J were protected
against the increase of both SA β-gal-positive cells and
fibronectin mRNA steady-state mRNA level induced by UVB.
It is noteworthy that apo J expression has been reported to be
regulated by TGF-β1 via modulation of c-fos (Jin and Howe,
1999). This suggest that cells in SIPS could be better protected
against further stresses of similar intensities.

The results obtained when assaying proteasome activity and
performing oxyblots left open a possibility for a role of
damaged proteins somehow activating signaling pathways that
could eventually participate in the establishment of SIPS,
in agreement with the findings of Chondrogianni et al.
(Chondrogianni et al., 2003).

Exposure of fetal lung IMR-90 HDFs to a subcytotoxic
concentration of H2O2 induces a first phase of activation of
p38MAPK (Frippiat et al., 2002). This activation triggers an
overexpression of TGF-β1, which starts a positive feedback
loop allowing sustained activation of p38MAPK. p38MAPK

phosphorylates and activates the transcription factor ATF-2
that interacts with hypophosphorylated retinoblastoma protein
(pRb). This complex induces the appearance of features of
replicative senescence. This regulatory loop triggers UVB-
induced SIPS with concomitant activation of p53. Indeed TGF-
β1 is known to be overexpressed in skin in vivo after UVB
exposure (Quan et al., 2002). In addition, UVB is known to
generate ROS (for a review, see Ichihashi et al., 2003), and
ROS have been shown to activate the latent form of TGF-β1
(Vodovotz et al., 1999). Thus there might be two successive
waves of activation of TGF-β1 after subcytotoxic exposures to
UVB: an immediate activation by ROS, followed by an
increase of the secretion of the latent form of TGF-β1, possibly
activated by MMP-2, as shown earlier (Yu and Stamenkovic,
2000).

The specific biological functions of each TGF-β isoforms
and their role in photoaging and tumorigenesis in human skin
remain to be elucidated. In addition investigating the signaling
pathway(s) leading to UVB-induced SIPS could be informative
about the role of TGF-β1 in skin photoaging.
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