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Abstract

In this work, we show that repeated stresses with UVB (290-320 nm) induce stress-induced premature senescence (SIPS)
of skin human diploid fibroblasts (HDFs). HDFs at early cumulative population doublings were exposed three or five times
to increasing subcytotoxic doses of UVB with one stress per day. After 2 days of recovery, several biomarkers of replica-
tive senescence were established. First, there was an increase in the proportion of cells positive for senescence-associate
B-galactosidase activity. Second, there was a loss of replicative potential as assessed by a very low?ldjsthyrhjdine
incorporation. Third, the steady-state level of the mRNA of three senescence-associated genes, i.e. fibronectin, osteonectin
and SM22, was increased in HDFs at 72 h after three and five exposures to UVB. In conclusion, these results suggest that it
is possible to induce SIPS in HDFs after repeated exposures to subcytotoxic doses of UVB. This model could be used to test
whether HDFs in UVB-induced premature senescence are able to promote epithelial cell growth and tumorigenesis in skin,
as shown recently with HDFs ing®,-induced premature senescence.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction ers of senescence of normal human diploid fibrob-
lasts (HDFs) which appear at a long term after
Senescence of replicative cells can be defined asexposure to conditions likeert-butylhydroperoxide
irreversible growth arrest (replicative senescence) due (t-BHP), HO;, hyperoxia, mitomycin C, hydrox-
either to telomere shortening linked with the DNA yurea, 5-bromodeoxyuridine include senescence-like
end-replication problem, overexpression of certain morphology, decrease in the maximum number of in
oncogenes or tumor suppressors, or stress-inducedvitro cumulative population doublings (CPDs), irre-
premature senescence (SIPS) after exposure to aversible growth arrest in G1, senescence-associated
variety of oxidative stresses and DNA damaging P-galactosidase activity (SApB-gal), accelerated
agents (for a review, sgd]). Examples of biomark-  telomeres shortening, lipofuscin accumulation and
change in expression level of many genes (for a
mponding author. Tek:-32-81-724132; reweyv, .see[2]).
fax: +32-81-724135. Skin is exposed to UVB and UVA. UVB (290-320
E-mail address: olivier.toussaint@fundp.ac.be (O. Toussaint). nm) and UVA (320—-400 nm) are essential components
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of sunlight that generate severe oxidative stress in The Netherlands) at day 3 after subcultivation at
the skin. UVB crosses the epidermis and reaches the 10,000 cells/crf, which represented half-confluence.
upper dermis[3]. The UVB interact with cellular  These lamps emit mainly UVB, peaking at 311 nm.
chromotophores and photosensitizers, resulting in the Radiation was carried out at room temperature at a
generation of reactive oxygen species (ROS), DNA target distance of 30cm. The emitted radiation was
damage (e.g. pyrimidine dimers) and activation of checked using a UVR-radiometer with a UVB-sensor
cytoplasmic signal transduction pathways that are re- (Bioblock Scientific, Belgium). After radiation, the
lated to growth, differentiation, replicative senescence PBS was replaced with BME containing 1% FCS in
and connective tissue degradatigh. The biological order not to interfere with the LDH cytotoxicity assays
responses to UV can be immediate and transient (in- which were achieved preliminarily to the protein assay
flammation, sunburn cell formation, pruritus) or de- and cell counting. Control samples were submitted to
layed and chronic (photoaging, immunosuppression, the same conditions without UVB illumination. HDFs
photocarcinogenesi). were submitted to a repeated subcytotoxic exposure
The aim of this study was to develop a model of to UVB stress with one stress per day for 3 or 5 days.
UVB-induced premature senescence using subcyto-
toxic doses of UVB. We show that repeated exposure 2.3. Cytotoxicity assays
of skin HDFs to subcytotoxic doses of UVB lead to the
long-term appearance of several biomarkers of senes- At 48h after the last stress, cells were washed
cence such as senescence associatgdlactosidase  twice with PBS and lysed with NaOH 0.5 N. The pro-
activity, a sharp decrease in the DNA synthesis capa- tein content of the samples was assayed by the Folin
bility and overexpression of several genes known to method described by Lowry et a[7]. Triplicates

be overexpressed in senescent HDFs. were always performed. The results are expressed as
mean=+ S.D.

2. Materials and methods 2.4. Senescence-associated B-galactosidase (SA
B-gal) activity

2.1. Cdll culture
At 48 h after the last stress, cells were trypsinised

AG04431 skin HDFs were obtained from the and seeded in squared 35mm culture dishes (Falcon,
Coriell Institute for Medical Research (USA). HDFs UK) containing 2 ml of BME and 1% FCS at a den-
were routinely cultivated in 75 ciflasks (Cel Cult, sity of 700 cells per crh At 24 h after, SAB-gal ac-
UK) containing 15 ml of basal medium eagle (BME) tivity was determined as described by Dimri et[8l..
(Gibco-BRL, UK) supplemented with 10% fetal calf The population of SA3-gal positive cells was deter-
serum (FCS) (Flow Laboratories, UK) and 2mM mined by counting 400 cells per dish. The proportions
L-glutamine, 100 U/ml penicillin and 1Qdg/ml strep- of cells positive for SA3-gal activity are given as per-
tomycin. Cultures were grown at 3T in an atmo- centage of the total number of cells counted in each
sphere containing 5% GO When confluent, cells  dish. Triplicates were always performed. The results
were subcultivated until they reached irreversible are expressed as me#rS.D.
growth arrest, that is replicative senescence, as previ-
ously described6]. 2.5. Measurement of DNA synthesis

2.2. UVB light exposure At 24 h after the last stress, cells were seeded in
24 well plates (Cel Cult, UK) at a density of 10,000
Cultures of HDFs at early CPDs were submitted to cells/well. A 1pCi [3H]-thymidine (specific activ-
repeated UVB stress. HDFs were washed once with ity: 2 Ci/mmol, Du Pont NEN, USA) was added to
PBS and exposed to UVB radiation in a thin layer BME + 1% FCS for 48 h. Cells were washed twice
of phosphate buffer saline pH 7.4, 10 mM phosphate with PBS, fixed 5 min with trichloroacetic acid (TCA),
(PBS) using three Philips TL 20W/01 lamps (Philips, washed once with 70% ethanol and once with PBS.
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Table 1 3. Results

Primers used for semi-quantitative RT-PCR

Gene Position  Sequence 3.1. Cytotoxicity after UV irradiation
(bp)

Fibronectin ~ 4834-4856 'Hgc att cac tga tgt gga tgt cg-3 To select the conditions of subcytotoxic stress, cy-
5247-5269 Scat aag tec tga tac aac cac g9-3  tqtoxicity induced by UVB irradiation was measured

Osteonectin 63-84  'fgc ctg gat ctt ctt tet cct 43 at 48 h after three or five repeated exposures to UVB
412-434  5aag aag 99 cag gaa gag tcg 4a-3  ggeg ranging from 500 to 1000 mIfELFig. 1). Cy-

Sm22 249-266 Stgg cgt gat tct gag cad-3 totoxicity appeared at doses equal to or higher than
470-487  5cig cca age tgc cca agd-3 750 mJ/cm after three stresses and at doses equal to

23 kDa HBP ~ 280-300 'Higc ccc aca aaa cca age gég-3 or higher than 625 mJ/ctrafter five stresses. There-

614-634  51gg get cag acc agg agt ccg-3 fore the subcytotoxic doses used throughout this

study were 625mJ/cfnfor three repeated stresses
NaOH 0.5 N was added for 30 min and neutralized by and 500 mJ/crfor five repeated stresses.
HCI 0.5 N. The incorporated radioactivity was quanti-
fied by a scintillation counter (Beckman Coulter Inc., 3.2. Effect of subcytotoxic UVB stresses on the
USA). Triplicates were always performed. The results proportion of cells positive for SA 8-gal activity
are expressed as meaS.D.

SA B-gal activity was described by Dimri et 48].
2.6. Semi-quantitative RT-PCR It was shown to be a reliable biomarker of long-term
growth arres{9]. In our study, the percentage of cells
Total RNA was extracted (total RNA extrac- positive for SAB-gal activity increased with the CPDs.
tion kit, Promega, USA) 72h after the last stress. Itincreased from 10% of positive cells at 56% of their
Semi-quantitative RT-PCRs were achieved in the ex- proliferative life span to 53% of positive cells at 90%
ponential linear zone of amplification for each gene of their proliferative life spanKig. 2. An increase
studied in one step (access RT-PCR kit, Promega, in the proportion of the cells positive for SB-gal
USA). In presence of o*2P] dideoxycytosine  activity was detectable in HDFs at 56% of their pro-
(0.025u.Ci per reaction). RT-PCR were performed liferative life span at 72 h after UVB exposures. This
using 50 ng RNA, 5U AMV reverse transcriptase, 5U  proportion was around 15% at 72 h after three stresses
Teflon polymerase, 200M dNTPs, 1mM MgSQ at 625 mJ/crh and 24% at 72 h after five stresses at
and 50 pmol of each primer. The primers are listed in 500 mJ/cr.
Table 1 After a reverse transcription step of 45min
at 48°C, the following PCR cycles were used: de- 3.3. Effect of subcytotoxic UVB stresses on the
naturation, 94C, 30s; annealing, 60C, 30s (except  mitotic index
for SM22: 53°C, 305s); elongation, 68, 30s. The
number of cycles necessary to be in the exponen- The progressive decrease of the proliferation po-
tial zone of the PCR was determined and was 20 tential followed by irreversible growth arrest is an
cycles for fibronectin, 24 cycles for osteonectin and important feature of replicative senescence. The level
SM22 and 22 cycles for 23 kDa Highly Basic Protein of [3H]-thymidine incorporation was determined at
(23kDa HBP). A 23kDa HBP mRNA level was used 72h after each stress at UVB doses ranging from
as reference after it was checked it was stable in our 375 to 750 mJ/cr in both stress modelsF{g. 3).
conditions. RT-PCR products were electrophoresed In UVB-stressed cells, sharp dose-dependent de-
on a 5% (w/v) polyacrylamide gel and analyzed creases of incorporation were found when compared
with an instant imager (Hewlett-Packard, USA). The with control cells at the same CPDs. Moreover the
dried gels were exposed to MP films (Amersham, higher number of exposures, the lower incorpora-
Belgium). Negative controls were performed without tion level observed. After three exposures to UVB at
RNA. Triplicates were always performed. The results 625 mJ/cm, a quasi-null level of incorporation is still
are expressed as meaS.D. observed at 72 h after the last stress. This decrease was



1334 F. Chainiaux et al./ The International Journal of Biochemistry & Cell Biology 34 (2002) 1331-1339

140

120 -

100 A

80 -

60 -

40 -

Protein content (%/d0)

20 A

do 500 625 750 1000 CTL
UVB doses (mJ/cm?)

Fig. 1. Cytotoxicity at 48 h after three or five repeated exposures to UVB. Protein content was determined in HDFs at early CPDs (56% of
their proliferative life span ) to three (grey columns) or five (black columns) repeated UVB stress with one stress per day. Doses ranged from
500 to 1000 mJ/ch The results are expressed as percentage of the values found at day 0 (d0) before any stress. CTL represents HDFs at
early CPDs submitted to the same culture conditions than the stressed cells but without any UVB exposure. The difference between dO and
CTL represented the normal growth of the cells in these conditions. Results are given as &Bafrom three independent experiments.
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Fig. 2. Effects of repeated UVB stress on the proportion of skin HDFs positive fq3-8&l activity. Fibroblasts at 56% of their proliferative

life span were exposed to three (grey columns) or five (black columns) repeated UVB stress. CTL represents the control cells submitted
to the same culture conditions than the stressed cells but without any UVB exposure. The proportiof3-gaBpositive cells was also
determined for fibroblasts at 90% of their proliferative life span (dashed column). The results are presented asSidedrom three
independent experiments.
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Fig. 3. Estimation of the proliferative potential of skin HDFs repeatedly exposed to UVB by measure of the incorporaitirtiojrnidine

into DNA between days 3 and 7 after stress. The results obtained after one to five stresses were expressed as percentages of the counts pe
minute (cpm) incorporated by the control cells, which correspond to cells incubated in the same conditions as the stressed cells but without
UVB exposure. Other controls obtained at times corresponding to each of the successive stress gave similar values and are also shown.
Doses of UVB from 375 to 750 mJ/d&mwere used in these experiments. The results represent the-4m®&&n from three independent
experiments.

sharper above this subcytotoxic dose, when the cells We used the housekeeping gene coding for the 23 kDa
were exposed to 750 mJ/émAfter five exposures  HBP as reference. In skin HDFs at late CPDs (>90%
to UVB at 500 mJ/cr, there was a dose-dependent of their replicative life span), the steady-state mRNA
and number of stress-dependent dramatic decrease ofevel of fibronectin, osteonectin and SM22 were in-

[3H]-thymidine incorporation. creased by 2.04-, 1.30- and 1.72-fold, respectively,
compared with HDFs at much earlier CPDs (56% of

3.4. Gene expression 72 h after repeated their replicative life span). After repeated exposures

subcytotoxic exposure to UVB stress to three UVB stresses at 625 mJ&rthe steady-state

mMRNA level of these genes underwent a respective in-

It was found previously that fibronectin, osteonectin crease of 1.56-, 1.86- and 1.65-fold. After five UVB
and SM22 are overexpressed in senescence and irstresses at 500 mJ/énrespective increases of 2.33-,
SIPS induced by b, andt-BHP [10]. These genes  1.85- and 1.30-fold were observed.
are also found to be overexpressed when rat fibrob-
lasts immortalized by a temperature permissive SV-40
T antigen are submitted to heat shock, undergo growth 4. Discussion
arrest, and display a senescence-like morphojbil
We studied the steady-state mMRNA level of these three  Senescent HDFs, including HDFs in@&,-induced
genes by semi-quantitative RT-PCR in HDFs at late SIPS, promote epithelial cell growth and tumorigene-
CPDs (>90% of their proliferative life span) and at 72 h  sis[12]. Since UVB crosses the epidermis and reaches
after three subcytotoxic stresses at 625 m3/and af- the upper dermis, it could be possible that HDFs
ter five subcytotoxic stresses at 500 mHAdfig. 4). in UVB-induced premature senescence accumulate
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Fig. 4. Steady-state mRNA level of fibronectin, osteonectin and SM22 72 h after three or five repeated subcytotoxic exposures of UVB. (a)
Autoradiographs after migration of the products obtained by semi-quantitative RT-PCR performed on fibronectin, osteonectin, and SM22
mRNA with 23kDa HBP mRNA taken as reference. (b) Quantification of the autoradiographs: HDFs at early CPDs (white columns),
HDFs at early CPDs 72h after three repeated UVB stress at 625 fgmey columns) and five repeated UVB stress at 500 n#l/cm

(black columns), and HDFs at late CPDs (dashed columns). A 23kDa HBP mRNA steady-state level was used as reference since its level
was checked to be stable in all conditions tested. The signal obtained for fibronectin, osteonectin and SM22 in non-stressed HDFs at early
CPDs is considered as 100%.
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in vivo and promote epithelial cell growth and tumori- results were obtained when feetal lung HDFs were
genesis. One of the steps before testing this possibility exposed to subcytotoxic concentrations ¢fQ] [15]
is to develop a model of UVB-induced premature or t-BHP [10]. According to this criteria, skin HDFs
senescence using subcytotoxic doses of UVB. Among exposed to UVB and feetal lung HDFs exposed to
the multiple papers which dealt with the effects of H>O; or tot-BHP behave like presenescent cells.
UVB on different cell types, very few studies were In this study, we also observed a very low level of
aimed at the long-term effect of UVB on the appear- [3H]-thymidine incorporation into DNA both in the
ance of SIPS in HDFs. Earlier studies used UV light three- and five-stress models, between days 3 and 7
but without discriminating the wavelength used and after the stress. The ratios of incorporation between
were very descriptive since they were restricted to the cells exposed to repeated stresses or not are very
the description of morphological changes and appear- similar to those observed in cells exposed to a single
ance/disappearance of spots on two-dimensional elec-subcytotoxic stress at 45M H20, [16] or to five
trophoreseg13]. Short subcytotoxic oxidative stress repeated subcytotoxic stresses ajuB0 t-BHP [11].
protocols have already been used to induce SIPS (for Using this criteria too, we can suggest that the UVB
a review, sed?]). Repeated stresses have allowed to stressed HDFs behave like presenescent cells.
decrease very much the dose of stre§30t. There- Fibronectin, osteonectin and SM22 steady-state
fore in this study we developed a model of SIPS mRNA level were all found to be increased in senes-
where skin HDFs at early passage in culture were ex- cent skin HDFs and 72 h after three or five stresses
posed to repeated subcytotoxic UVB stress. Up to five under UVB, with fibronectin and osteonectin giving
stresses were performed, with a stress per day. Wethe more spectacular results. These three genes, and
considered markers of senescence such a-gAl particularly fibronectin and osteonectin were also
activity, low [*H]-thymidine incorporation into DNA found to be expressed in senescent osteoblagdis
and overexpression of senescence-associated genes.in WI-38 feetal lung HDFs and in IMR-90 feetal lung
Previous studies have shown that protein assay atHDFs. In bO,- andt-BHP-induced SIPS of IMR-90
48 h after stress reflects very well the percentage of and WI-38 HDFs, these three genes were also found
surviving cells. In those conditions, this method gave to be overexpressed in similar exterfti0]. This
results very similar to those obtained by other methods further validates the model of UVB-induced SIPS
such as cell counting or assays based on the colori- developed herein.
metric detection of a cellular enzymatic activ[tyO]. Fibronectin is known to facilitate the cellular an-
The first step to develop a model of SIPS is always chorage to culture dishes, thereby decreasing the
to find doses that are subcytotoxic. Previous works possibility of apoptosis and explaining in part why
showed it is necessary to consider cell death 48 h af- senescent cells are resistant to apoptosis. Osteonectin
ter each repeated subcytotoxic stress to consider totalis also a component of the extracellular matrix.
cell death. Indeed, there are cells which apoptosis is Retrovirally-mediated stable overexpression of os-
triggered within the 24 h after stress and which will teonectin reduces the mitogenic effects of platelet-
detach from the flasks before 48 h after stress. From derived growth factor in WI-38 HDFs, which explains
our experience with other types of stress no more cell partly the sharp decrease of the proliferative potential
starts apoptosing from 48 h after str¢$4]. This ap- observed in SIPEL7].
proach allowed us to determine subcytotoxic doses of  In conclusion, skin HDFs exposed to repeated sub-
UVB after three or five stresses, with a stress per day, cytotoxic doses of UVB present a phenotype of SIPS,
these doses being 625 and 500 mJ¥/craspectively. which shares many similarities with the fibroblasts ob-
After three stresses, a significant increase in SA tained in presenescent cultures at 85-90% of their in
B-gal positive cells was observed at the subcytotoxic vitro replicative life span.
dose of 625 mJ/cf This increase was greater at the Presenescent and senescent HDFs were shown to
higher dose of 750 mJ/cin After five stresses at a  promote growth and tumorigenesis of preneoplas-
subcytotoxic dose of 500 mJ/é&nthe proportion of tic and neoplastic epithelial cells, with greater ef-
SA B-gal positive cells doubled. At 750 mJ/épthis fects obtained in the senescent cqll®]. HDFs in
proportion increased by more than three-fold. Similar H2O»-induced premature senescence also promoted
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growth and tumorigenesis of these cells. According [5] K. Scharffetter-Kochanek, P. Brenneisen, J. Wenk, G.

to the results obtained herein, it would be worth- Herrmann, W. Ma, L. Kuhr, C. Meewes, M. Wlaschek,

while studying whether skin HDFs in UVB-induced Photoaging of the skin from phenotypes to mechanisms,
. . Exp. Gerontol. 35 (2000) 307-316.

SIPS have Slm_”ar promotl_ng eﬁeCtS' Indeed_’ UVB [6] L. Hayflick, P.S. Moorhead, The serial cultivation of human

crosses the epidermis, which contains keratinocytes diploid cell strains, Exp. Cell Res. 25 (1961) 585-621.

and melanocytes, and reaches the upper dermis, which [7] O. Lowry, N. Rosebrought, A. Farr, R. Randall, Protein

contains fibroblasts. It would be also worthwhile to test gggi‘;fggnse';‘g’”h Folin phenol reagent, J. Biol. Chem. 193
whether Sklr,] HDFs in UVB-induced SIPS promote [8] G.P. Dimri, X. Lee, G. Basile, M. Acosta, G. Scott,
the growth either of melanocytes and melanoma cells. * " ¢ Roskelley, E.E. Medrano, M. Linskens, I. Rubeli, O.
The next step is to show that UVB-induced pre- Pereira-Smith, M. Peacoke, J. Campisi, A biomarker that
mature senescence exists in vivo, which would not identifies senescent human cells in culture and in aging skin

be surprising. Indeed SIPS has already been shown in vivo, Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 9363-9367.

L. . . - [9] R.D. Ramirez, C.P. Morales, B.S. Herbert, J.M. Rohde,
FO exist in many pa’Fhophy3|oIog|caI. conqmons. For C. Passons, JW. Shay, W.E. Wright, Putative telomere-
instance, HDFs excised from gastric veinous ulcers independent mechanisms of replicative aging refelect inade-
display several features of senescence: reduced pro- quate growth conditions, Genes Dev. 15 (2001) 398-403.
liferative capacity, enlarged size, Sp-gal activity, [10] P. Dumont, M. Burton, Q.M. Chen, E.S. Gonos, C. Frippiat,
overexpression of fibronect[r18,19]. HDFs cultured J.B. Mazarati, F. Eliaers, J. Remacle, O. Toussaint, Induction

. L . . . of replicative senescence biomarkers by sublethal oxidative

.from ‘,"?ta' !Ower extremltles in patients with Velr_]OleS stresses in normal human fibroblast, Free Radical Biol. Med.
insufficiencies also display cellular characteristics 28 (2000) 361-373.
of senescenc§0] as well as arteries subjected to [11] E.S. Gonos, A. Derventzy, M. Kveiborg, G. Agiostratidou,
balloon angioplast{@l], tissue Surrounding liver car- M. Kassem, B.F.C. Clark, P.S. Jat, S.I.S. Rattan, Cloning

and identification of genes that associate with mammalalian

replicative senescence, Exp. Cell Res. 240 (1998) 66—74.
[12] A. Krtolica, S. Parrinello, S. Lockett, P.Y. Desprez, J. Campisi,

Senescent fibroblasts promote epithelial cell growth and
Acknowledgements tumorigenesis: a link between cancer and aging, Proc. Natl.
Acad. Sci. U.S.A. 98 (2001) 12072-12077.

. . h . [13] H.P. Rodemann, K. Bayreuther, P.l. Francz, K. Dittmann, M.
O. Toussaint is a Research Associate and F. Albiez, Selective enrichment and biochemical characterization

Chainiaux is a Research Assistant of the FNRS, of seven human skin fibroblasts cell types in vitro, Exp. Cell
Belgium. J.-P. Magalhaes thanks FCT, Portu- Res. 180 (1989) 84-93.
gal. We wish to thank the European Union, 5th [14] O. Toussaint, D. Lambert, J. Remacle, Mathematical model

. . of the survival curves and of the recovery times for mitosis
Framework Programme, Qua"ty of Life, R&D, of cell populations exposed to stresses, In Vitro Toxicol. 9

cinomag[22] and benign prostatic hyperplags].

‘Protage’ (QLK6-CT-1999-02193) and ‘Functionage’ (1996) 251-259.
(QLK6-CT-2001-00310), as well as the Région Wal- [15] C. Frippiat, Q.M. Chen, S. Zdanov, J.P. Magalhaes, J.
lonne, Belgium Initiative Project ‘Modelage’. Remacle, O. Toussaint, Subcytotoxio®b stress triggers

a release of transforming growth fact®t; which induces
biomarkers of cellular senescence of human diploid
fibroblasts, J. Biol. Chem. 276 (2001) 2531-2537.
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