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Repeated exposures to UVB induce differentiation rather

than senescence of human keratinocytes lacking p1
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Abstract Skin cancers and extrinsic aging are delayed
consequences of cumulative UV radiation insults.
Exposure of human keratinocytes to UVB has been
previously shown to trigger premature senescence. In
order to explore the involvement of the cyclin-depen-
dent kinase inhibitor pl6™*** in UVB-induced pre-
mature senescence, we developed an original model of
repeated sublethal exposures of human keratinocytes
deficient in p16™%** We did not observe any signif-
icant increase of senescence-associated f3-galactosidase
activity positive cells following UVB exposure in this
cell line in contrast to primary keratinocytes, suggesting
a role for pl6™%** in UVB-induced senescence.
However, we detected sustained DNA damage, pro-
longed cell cycle arrest, and induction of markers of
epidermal differentiation like involucrin and filaggrin as
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consequences of the repeated exposures. Keratinocytes
exposed to the same dose of UVB in a single exposure
died. Furthermore, the abundance of the keratins 6, 16
and 17 was increased in keratinocytes exposed repeat-
edly to UVB suggesting an alternative differentiation.
This model allows the induction of a state of differen-
tiation observed in vivo with differentiation uncoupled
from premature senescence.
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Abbreviations

CPDs Cyclobutane pyrimidine dimers

K Cytokeratin

ROS Reactive oxygen species

SA f-gal Senescence-associated [-galactosidase
activity

UVB Ultraviolet B

Introduction

Skin protects the organism against environmental
insults, including ultraviolet radiation (UV). The
epidermis covers the skin surface and is a multilay-
ered epithelium based on constantly regenerating
keratinocytes. Keratinocytes proliferate in the basal
layer before moving upwards to the suprabasal layers
through a complex differentiation programme that
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culminates in fully differentiated dead cells in the
cornified superficial layer, maintaining a strong
impermeable barrier (Eckert et al. 1997). Skin and
the epidermis are variably but repeatedly exposed to
UV, resulting in epidermal malignancies that repre-
sent a serious health threat around the world (Ichih-
ashi et al. 2003). UV also cause skin photoaging
which refers to the effects of long-term UV exposure
and UV damage surimposed on intrinsically aged
skin (Rabe et al. 2006; Rittie and Fisher 2002). UVB
(290-320 nm) are the most deleterious components
of sunlight reaching the earth surface (Ichihashi et al.
2003). UVB interact with cellular chromatophores
and produce reactive oxygen species (ROS) that
cause severe cellular oxidative damage and activate
multiple cellular signaling pathways related to cell
growth, differentiation, and replicative senescence,
but also linked to connective tissue degradation and
inflammation (Rittie and Fisher 2002). DNA is the
major chromophore for UVB, explaining the high
mutagenicity of UVB (Ichihashi et al. 2003).
Senescent cells remain metabolically active and
contribute to skin ageing (Gandarillas 2000). The
senescent phenotype is characterized namely by an
increase of cell surface, sustained expression of
cyclin-dependent kinase inhibitors, senescence-asso-
ciated f-galactosidase activity (SA f-gal) and
decreased proteasome activities (Blackburn 2005;
Dimri et al. 1995; Petropoulos et al. 2000). Replica-
tive senescence is characterized by a permanent arrest
of cell proliferation (Hayflick and Moorhead 1961)
resulting from the critical erosion of telomeres after
serial cellular divisions (Blackburn 2005). Senes-
cence can also be prematurely induced by oxidative
stress, DNA damaging agents or oncogene activation
(Ben-Porath and Weinberg 2005; Toussaint et al.
2002). Lewis et al. (2008) demonstrated that
premature senescence can occur in primary keratino-
cytes after exposure to a single dose of UVB through
a mechanism involving p53 and the cyclin-dependent
kinase inhibitor p21"VAF~! expression. However, in
vivo, the cyclin-dependent kinase inhibitor p16™<*?
was shown to be overexpressed in the dermis
and epidermis of aged persons (Ressler et al. 20006).
This prompted us to test whether keratinocytes
lacking p16™%** can still undergo premature senes-
cence after exposure(s) to UVB. In order to develop
a model which would allow further functional
studies with stable overexpressions or invalidations
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of genes, we used a line of human keratinocytes
lacking p16™5** and expressing human telomerase
(hTERT), while retaining other growth controls and
the ability to fully differentiate in vitro in a recon-
structed epidermis (Dickson et al. 2000). Expression
of hTERT does not prevent stress-induced senescence
in normal cells induced by either acute sublethal short
exposures to H,O,, UV, UVB or gamma-irradiation
(de Magalhaes et al. 2002; Gorbunova et al. 2002;
Matuoka and Chen 2002). Telomerase expression
alone cannot immortalize human keratinocytes. How-
ever, telomerase-expressing human keratinocytes that
exhibit an impaired expression of pl6™** are
immortal (Dickson et al. 2000). Premature senes-
cence, or stasis, has already been induced in a variety
of immortal and transformed cells (for reviews,
(Dierick et al. 2003; Schmitt 2007)). In addition,
expression of telomerase allows studying the effects
of DNA damaging agents like UVB on premature
senescence, independently of critical telomere ero-
sion. Indeed it has been shown that stress-induced
premature senescence, due to exposure to acute
sublethal short exposures to H,O, or UVB, can take
place independently of critical telomere shortening
(Dumont et al. 2001).

Materials and methods
Reagents and cell culture

Immortal human keratinocytes ectopically expressing
the catalytic subunit of telomerase and characterized
by inactivated pl6™5** gene (N-hTERT keratino-
cytes) were a kind gift of Pr J. Rheinwald (Dept of
Medicine & Harvard Skin Disease Research Center,
Boston MA, USA). N-hTERT keratinocytes were
grown at 37°C under a 5% CO, atmosphere in Epilife
medium containing human keratinocyte growth sup-
plement (HKGS, Cascade Biologics, Portland OR,
USA). Cell cultures were maintained at subconflu-
ence in order to keep control cells (not exposed to
UVB) in proliferating conditions, allowing the iden-
tification of growth-arrest in cells exposed to UVB.
Apoptosis was induced by incubating the cells for 4 h
with 500 nM staurosporine (Sigma, Bornem, Bel-
gium) in Epilife medium.

Primary keratinocytes were isolated by the trypsin
float technique from normal adult human skin
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obtained during plastic surgery and were cultured
similarly to the N-hTERT cell line. Experiments were
performed using primary keratinocytes at low (<4)
culture passage.

Exposure(s) to UVB

For one single exposure to UVB, 200,000 keratino-
cytes were seeded in 25 cm?® flasks 2 days before
exposure: the cells were then washed with phosphate-
buffered saline pH 7.4 (10 mM phosphate, 0.9%
NaCl) (PBS), bathed in 3 ml of PBS and exposed to
UVB between 150 and 3,000 mJ/cm? using three TL
20 W/01 lamps (Philips, Eindhoven, The Nether-
lands), emitting UVB peaking at 311 nm, and placed
at 30 cm above the flasks. The emitted radiation was
checked under a flask lid using a UVR radiometer
with UVB sensor (Bioblock Scientific, Tournai,
Belgium).

For repeated exposures to UVB, keratinocytes
were plated (2,000 cells/cmz) 64 h before the first
exposure. The cells were washed with PBS and
exposed to UVB between 100 and 400 mJ/cm? in a
thin layer of PBS. This exposure was repeated 4 times
per day for 2 days. The time interval between
exposures 1-4 and 5-8 was 2.5h, while 16 h
separated exposure 4 and 5 in order to mimic the
UV-free night period. After each exposure, fresh
medium was provided to the cells. Control cells
(CTL) were submitted to the same conditions but
with no exposure to UVB.

Cell viability

Cell viability was measured 16 h after the last
exposure to UVB, using the classical MTT method
(Mosmann 1983).

Measurement of DNA synthesis

After 40 h the last exposure to UVB, 1 nCi [*H]-
thymidine (DuPont NEN, Boston MA, USA) was
added to the medium for 24 h. The DNA-incorpo-
rated radioactivity was quantified 64 h later after the
last exposure using scintillation counting (Packard
Instrument Company, Meriden CT, USA). Data
were normalized to the cellular protein content
assayed by the Folin method before [*H]-thymidine
incorporation.

Confocal microscopy

Cells were fixed with 4% paraformaldehyde (Merck,
Darmstadt, Germany) and permeabilized with 1%
Triton X-100 (Sigma—Aldrich, Bornem, Belgium).
For detection of Cyclobutane Pyrimidine Dimers
(CPDs), specific procedures were achieved according
to the manufacturer’s instructions (MBL®, Woburn,
MA, USA). The following antibodies were used:
rabbit anti-active caspase-3 (Promega, Leiden, The
Netherlands), mouse anti-filaggrin (Neomarkers, Fre-
mont CA, USA) and rabbit anti-involucrin (Harbor
Bio-Products, Boechout, Belgium), as well as specific
Alexa Fluor 488 goat anti-rabbit or anti-mouse IgG
conjugates (Molecular Probes Leiden, The Nether-
lands). To visualize the nucleus, the cells were
incubated with TO-PRO-3 (Molecular Probes). The
coverslips were observed with a TCS confocal
microscope (Leica, Solms, Germany) using a con-
stant multiplier. Triplicates were performed.

Protein extraction and Western blot analyses

Cells were lysed (10 mM Tris pH 7.4, 100 mM NacCl,
10% glycerol, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate) at 4, 16, 40 or 64 h after the last
exposure to UVB and proteins analyzed by SDS—
PAGE and Western blotting using the following
antibodies: mouse anti-PARP (BD Pharmingen, Erem-
bodegem, Belgium), mouse anti-p21"V*F~! (Santa
Cruz, CA, USA), mouse anti-p53 (Upstate, Charlottes-
ville, VA, USA), mouse anti-cytokeratin 6 (K6), anti-
cytokeratin 16 (K16) and anti-cytokeratin 17 (K17)
(Neomarkers, Fremont, CA, USA), or o-tubulin anti-
body (Sigma, Bornem, Belgium) and horseradish
peroxidase-linked secondary anti-mouse and anti-
rabbit antibodies (GE Healthcare, Diegem, Belgium).
Triplicates were performed.

Colorimetric assay of DNA binding of p53

DNA-binding activity of pS3 was assayed using the
TransAM assay according to the manufacturer’s
instructions (Active Motif, Carlsbad, CA, USA).
Briefly, 5 pg of nuclear proteins were incubated for
1 h in a 96-wells plate coated with a double-stranded
oligonucleotide containing the p53 consensus binding
site (5'-GGACATGCCCGGGCATGTCC-3'). Total
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p53 bound to DNA was detected with a rabbit
antibody against p53. Colorimetric detection at
450 nm was performed using a secondary HRP-
conjugated anti-rabbit IgG antibody. The results are
expressed as mean £ SD from three independent
experiments.

Detection of oxidized proteins

Immunoblot detection of carbonyl groups was per-
formed with the OxyBlot™ protein oxidation detec-
tion kit (Chemicon®, Temecula, CA, USA) according
to the manufacturer’s instructions with 2 pg of total
proteins. To assess protein loading, membranes were
transiently stained with 0.1% Ponceau in 5% acetic
acid to visualize proteins transferred to membranes.
The results presented are representative from three
independent experiments.

Proteasome peptidase activities

At 16 and 64 h after the last exposure to UVB, the
cells were trypsinized, harvested and resuspended in
250 pl of lysis buffer [S mM Tris—=HCl, pH 7.5,
supplemented with 250 mM saccharose, 0.2 mM
MgSOy, 20 mM EDTA, 0.4% Triton X-100, 2 mM
DTT and a complete protease inhibitor cocktail
(1:25) (Roche, Indianapolis, IN, USA). Cells were
lysed with two freeze—thaw cycles from —80 to 4°C
followed by a sonication of 2 x 10 s at 4°C. Cellular
debris and organelles were removed from crude
extracts by centrifugation at 15,000x g for 30 min at
4°C. Peptidase activities of the proteasome (chymo-
trypsin-like, peptidylglutamyl-peptide hydrolase and
trypsin-like activities) were monitored using fluoro-
genic peptides in a temperature-controlled microplate
fluorimetric reader (Fluostar Galaxy, bMG, Stuttgart,
Germany) as described in (Bulteau et al. 2002).

Real time RT-PCR

Total RNA was extracted (Total RNAgent extraction
kit, Promega, Madison, WI, USA) and reverse
transcribed using the SuperScript II Reverse Trans-
criptase (Invitrogen, Carlsbad, CA, USA). Real time
PCRs were performed with the Power SYBR Green
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PCR Master Mix (Applied Biosystems, Foster City,
CA, USA) using the ABI PRISM 7900HT fast Real-
Time PCR system (Applied Biosystems). The
sequences of the forward and reverse primers are
respectively: 5'-ctg gag act ctc agg gtc gaa-3’ and 5'-
cca gga ctg cag get tee t-3' for p21WAF ! 5/ otg gec
acc caa aca taa ata ac-3' and 5'-cct agc gga ccc gaa ata
agt-3’ for involucrin, 5'-ggg cac tga aag gca aaa ag-3'
and 5'-cac cat aat cat aat ctg cac tac ca-3' for filaggrin,
5'-gag acc tgt gac ctg gac aat G-3' and 5’-gga agg agt
gga ttt aga tca caa ga-3' for osteonectin, 5’-tgt ggt tgc
ctt gca cga t-3’ and 5'-gct tgt ggg tgt gac ctg agt-3' for
fibronectin, 5’-gga tga agg acc agt gtg aca ag-3’ and 5'-
cag cga cct gga ggg att c-3’ for clusterin and 5'-acc cac
tce tee acc ttt gac-3’ and 5'-gtc cac cac cct gtt get gta-
3’ for the housekeeping gene GAPDH. Values are
average of triplicates &+ SD.

Cytochemical staining and microfluidic
detection of SA f-gal activity

Cytochemistry The detection of senescence-associ-
ated f-galactosidase activity (SA f-gal) was deter-
mined 64 h after the last exposure to UVB as
described by Dimri et al. (1995). The proportions of
S-A p-gal-positive cells are given as a percentage of
the total number of cells counted in each well. Each
result is the mean value obtained by counting 500
cells in three independent culture dishes & SD.

Microfluidic chip detection of the SA [-gal activity
It was achieved as described in (Debacq-Chainiaux
et al. 2008). Briefly, to measure the SA f-gal at pH 6,
cells were treated with bafilomycin Al (Sigma,
Bornem, Belgium). Fluorogenic membrane-perme-
able substrate of f-galactosidase C;,FDG (Molecu-
lar Probes, Leiden, The Netherlands) was added.
Cultures were incubated with carboxynaphtofluores-
cein diacetate (Molecular Probes) to label living
cells. Approximately 500 events were recorded per
experiment.

Statistical analysis

Statistical analysis was carried out with the Student’s
t-test (NS: non significant, *P < 0.05, **P < 0.01
and ***P < 0.001 vs. (respective) control).
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Results

Sublethal dose of UVB induces cellular
senescence in primary keratinocytes
but not in N-hTERT keratinocytes

The viability of primary or N-hTERT keratinocytes
exposed to UVB at single doses between 150 and
3,000 mJ/cm? was determined using the MTT assay,
16 h after the exposure (Fig. la). Primary and
N-hTERT keratinocytes present a very similar curve
with a significant dose-dependent cytotoxicity appear-
ing at doses above 1,200 mJ/cm?.

SA f-gal is known to be expressed in keratinocytes
of elderly humans (Dimri et al. 1995). Thus, primary
and N-hTERT keratinocytes were exposed to a
sublethal dose of UVB (250 or 375 mJ/cm?) and then
analysed 64 h after the exposure. N-hTERT keratino-
cytes did not display any significant increase in the
number of SA f-gal positive cells, whereas primary
keratinocytes did (Fig. 1b), confirming the observa-
tions made by Lewis et al. (2008). There is a minor
difference in the absolute percentage of positive cells
in the controls between primary (14.4 &+ 2.8%) and
N-hTERT keratinocytes (5.4 £ 0.5%). The fact that
primary cells had already been passaged a minimal
number of times might explain this little difference.

—*— primary KC —*~ N-hTERT KC
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Fig. 1 Viability and SA f-gal detection in primary and in
N-hTERT keratinocytes after a single exposure to UVB.
a Viability of primary and N-hTERT keratinocytes after a
single UVB exposure. At 16 h following a single exposure with
various doses of UVB, cell viability was assessed by the MTT
method. The results (means of triplicates = SD) are expressed
as percentages of cell survival compared with respective
control cells (unexposed to UVB). Statistical analysis was
carried out with Student’s r-test (NS: non significant,
* P <0.05 **P<0.01, *** P <0.001 vs. dose 0). b A

Primary keratinocytes are indeed particularly sensi-
tive to culture conditions (Ramirez et al. 2001).
Despite their slightly higher percentage of SA f-gal
positive cells, the primary cells still show a large
increase of their proportion of SA f-gal positive cells
after exposure to UVB.

In everyday’s life, keratinocytes may be exposed
daily and repeatedly to the sunlight, including UVB.
Since there was no induction of SA f-gal activity in
N-hTERT keratinocytes after a single exposure to
UVB, we decided to expose this cell type to a series
of exposures to UVB at sublethal doses, rather than
exposing them to higher UVB doses. In human skin
fibroblasts, repeated exposures to UVB are required
to induce a premature senescence phenotype (De-
bacq-Chainiaux et al. 2008). In order to test whether
this phenomenon also occurs in N-hTERT keratino-
cytes, a model of repeated sublethal exposures to
UVB was established.

Repeated sublethal exposures to UVB
do not induce apoptosis

N-hTERT keratinocytes were exposed four times a
day to UVB during 2 days (Fig. 2a). Cell viability
was measured 16 h after the last exposure (Fig. 2b).
Viable cells just prior the first exposure to UVB were

b ®primary KC™ N-hTERT KC
% 1007
2% 90
8- 80
®wg 701
0+~
& @ 607
g"g i‘o]_ -
it . a*
£8 s
ae 207 NS NS
2 0] B
0-

0 250 375
UVB doses (mJ/cm?)

low dose of UVB induces cellular senescence in primary
keratinocytes but not in N-hTERT keratinocytes. Primary and
N-hTERT keratinocytes were exposed or not to UVB at 250 or
375 mJ/cm?. Proportion of SA f-gal positive keratinocytes was
assessed by cytochemistry at 64 h after exposure. Results
(means of triplicates £ SD) are expressed as ratio of positive
SA f-gal cells/a respective total cell number of 500 events.
(NS, non significant, * P < 0.05, ** P < 0.01 vs. respective
control cells). A statistical test between control cells (no UVB)
of primary and N-hTERT keratinocytes was also computed
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considered as 100%. In this model, cell culture main mechanisms of the growth arrest induced by
conditions had to be set so that the control cells keep UVB (see beneath), which could have been partly
on proliferating. This allowed to characterize the similar to mechanisms of growth inhibtion due to
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Fig. 2 No apoptosis in N-hTERT keratinocytes after 8
exposures to UVB at 300 mJ/cm®. a Schedule of repeated
exposures to UVB. N-hTERT keratinocytes are exposed eight
times to UVB at a sublethal 300 mJ/cm?> dose (four daily
exposures during 2 days). Cells were analyzed at various times
after the last exposure. b Viability of N-hTERT keratinocytes
after eight UVB exposures. N-hTERT keratinocytes were
exposed to UVB at repeated doses of UVB from 200 to
400 mJ/cm® dose with four daily exposures during 2 days.
Control cells (CTL) were submitted to the same conditions
without UVB. Cell viability was assessed 16 h after the last
exposure. The results from triplicates are expressed as
percentages of cell survival compared with viability before
(column I) any exposure (NS: non significant, *** P < 0.001).
cl Detection of active caspase-3 in N-hTERT keratinocytes
exposed to a single UVB exposure. N-hTERT keratinocytes
were exposed, or not (CTL), once to 300 or 2,400 ml/cm?
UVB. The activation of caspase-3 was investigated by
immunostaining using a specific anti-active caspase-3 anti-
body. The nuclei were stained with TO-PRO-3. ¢2 No
activation of caspase-3 after eight sublethal UVB exposures.
N-hTERT keratinocytes were exposed to UVB at a sublethal
300 mJ/cm? dose with four daily exposures during 2 days. d
Detection of cleaved form of PARP after a single or repeated
exposure(s) to UVB. d1 N-hTERT keratinocytes were exposed
once to UVB at 300 mJ/em® or 2,400 mJ/cm>. Total cell
extracts at 4 and 16 h after the exposure were analysed by
Western blotting with an anti-PARP-1 antibody. The full
length PARP protein (116 kDa) and the fragment resulting
from PARP cleavage (85 kDa) are indicated. «-tubulin protein
level was used as a reference. d2 N-hTERT keratinocytes were
exposed eight times to 300 mJ/cm? UVB, with four exposures
per day for 2 days. Cells treated or not with staurosporine at
500 nM for 4 h were used respectively as positive and negative
(CTL—) controls. CTL d1 (day 1) corresponds to control cells
before any exposure to UVB

contacts between confluent control cells. For
instance, these conditions allowed the control cell
population, considered at 16 h after the last exposure
of their stressed counterparts, to be doubled com-
pared to a cell population considered before the first
exposure, 48 h earlier (Fig. 2b): these control cells
(Fig. 2b column 2) have proliferated normally as
expected when compared to cells prior exposure
(Fig. 2b column 1).

Eight exposures to 300 mJ/cm?® UVB doses inhibit
cell proliferation without any sign of lethality when
compared to cells analyzed before any exposure to
UVB (Fig. 2b). Repeated exposures represent a
cumulated dose of 2,400 mJ/cm? (8 x 300 mJ/cmz)
but are not lethal, whereas a significant loss of cell
viability is observed above 1,200 mJ/cm? after a
single exposure (Fig. 1a). A significant reduction in
cell viability is observed after 8 repeated exposures to
400 mJ/cm* UVB (Fig. 2b). Using immunodetection

of active caspase-3 as a marker of apoptosis, we show
that 8 exposures to 300 mJ/cm” UVB are not pro-
apoptotic (Fig. 2c¢2) in contrast to Kkeratinocytes
exposed to a single 2,400 mJ/cm®> UVB dose
(Figs. 1a, 2cl). Thus, keratinocytes respond differ-
ently after fractionated doses of UVB, as they survive
to the treatment. As expected, a single 300 mJ/cm?
UVB dose does not trigger detectable apoptosis
during the 64 h following exposure (Fig. 2cl). This
was confirmed by analysis of PARP cleavage as
another marker of apoptosis (Fig. 2d1, d2).

A 300 mJ/cm® UVB dose may be considered as
relevant. For instance, a single exposure of human
skin grafts to 500 mJ/cm? UVB induces sunburn cells
in the suprabasal layers of the epidermal tissue, 24 h
after the exposure (Del Bino et al. 2004).

DNA damage and cell cycle arrest after repeated
sublethal exposures to UVB

Exposure(s) of N-hTERT keratinocytes to UVB
clearly result(s) in the formation of cyclobutane
pyrimidine dimers (CPDs) in the nucleus of UVB-
exposed keratinocytes (Fig. 3a, b). Keratinocytes
exposed to a single 2,400 mJ/cm” UVB dose undergo
severe cell loss (Fig. 3b). CPDs disappear within
24 h after a single 300 mJ/cm* UVB exposure. In
keratinocytes exposed eight times to 300 mJ/cm?
UVB, CPDs remain detectable for at least 64 h
(Fig. 3a). These cumulative effects were correlated
with the dramatic decrease in cell proliferation still
observed 64 h after the eighth exposure to low dose
UVB. Indeed a significant 5.3-fold decrease in [*H]-
thymidine incorporation was found (Fig. 3c). Kerat-
inocytes exposed to a single 300 mJ/cm® UVB dose
do not display any decrease in DNA synthesis,
suggesting that the response observed after repeated
exposures is not due solely to the last exposure to
UVB. N-hTERT keratinocytes exposed to a single
2,400 mJ/cm® UVB dose display a dramatic decrease
in cell proliferation compared to control cells
(Fig. 3c¢).

P53 and p21VAF~! abundance is increased
after repeated exposures of N-hTERT
keratinocytes to UVB, while SA f-gal is not

Active p53 protein allows DNA repair, apoptosis
or cell cycle arrest by transcriptional activation of
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Fig. 3 Repeated exposures to sublethal UVB doses induce incorporation after repeated UVB exposures. N-hTERT kerat-
DNA damage and trigger to growth-arrest in N-hTERT inocytes were exposed either to 300 mJ/cm® UVB eight times
keratinocytes. a Repeated exposures to UVB generate DNA [four daily exposures during 2 days (8x)], or to 2,400 mJ/cm?
damage. N-hTERT keratinocytes were exposed to 300 mJ/cm? UVB as a single exposure (1x). Respective controls were
UVB, four times a day during 2 days. Micrographs of CPDs included. The incorporation of [3H]-thymidine into DNA was
immunofluorescence (green) were obtained by semi-quantita- analysed between 40 and 64 h after the last UVB exposure.
tive confocal microscopy. Nuclei were stained with TO-PRO-3 The results are expressed as means £ SD of ratios between the
(blue). b CPDs detection after a single exposure to 300 or counts per min (cpm) of radioactivity incorporated by the cells
2,400 mJ/cm®> UVB in N-hTERT keratinocytes. N-hTERT and the protein content assayed with the Folin method (pg/ml).
keratinocytes were exposed to 300 mJ/cm® or 2,400 mJ/cm? Student’s r-test, NS: non significant, *** P < 0.001 (Color
UVB as single doses. ¢ Large decrease in [3H]-thymidine figure online)
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p53-related genes such as p21VAF~! an inhibitor of

cyclin-dependent kinases that blocks the cell cycle in
G1/S (Cuddihy and Bristow 2004). Cell cycle arrest
was confirmed by sustained increased abundance of
p53 and p21VAF! at the protein level in N-hTERT
keratinocytes until 64 h after the series of eight
exposures to UVB (Fig. 4a) and also at the mRNA
level for p21VAF~! (Fig. 4b). Furthermore, DNA-
binding activity of p53 was measured from 45 min to
64 h after the last exposure to UVB. A maximal
increase was observed 90 min after the last exposure
(2.9-fold increase in UVB exposed cells, Student’s
t-test with P < 0.05 vs. non exposed cells).

Cells repeatedly exposed to UVB display an
enlarged surface when compared to control cells
64 h after the last exposure (Fig. 4c). Such an
increased spreading is very often observed in senes-
cent cells (Lewis et al. 2008). However, the more
specific marker senescence-associated f-galactosi-
dase (SA f-gal) was not significantly increased 64 h
after eight exposures to sublethal UVB doses in
N-hTERT keratinocytes (Fig. 4d), in contrast to the
observations made with primary keratinocytes which
showed a 3.8-fold increase in SA f-gal activity
positive-cells (Student’s #-test with P < 0.01 vs non
exposed cells). In order to gain in sensitivity, SA [-gal
activity in N-hTERT keratinocytes exposed eight
times to UVB was evaluated using a quantitative
microfluidic method that has been already used in the
previous study of stress-induced premature senes-
cence of human fibroblasts, used as positive control
herein (Debacq-Chainiaux et al. 2008). A small but not
significant increase in SA f-gal activity positive-cells
of less than 8% was found in N-hTERT keratinocytes
exposed eight times to UVB with respectively 9.4 &+ 3
and 17.2 £+ 7% of positive cells in CTL and UVB
exposed cells (Student’s t-test P-value > 0.05 vs non
exposed cells). It is difficult to assess whether such a
small difference is biologically relevant.

Oxidized proteins accumulation is commonly seen
as a hallmark of cellular aging and results, at least in
part, from impaired degradation of abnormal proteins
(Friguet 2006). Proteasome is the major proteolytic
system implicated in removal of abnormal and
oxidatively damaged proteins (Davies 2001). In
human keratinocytes, previous studies have evi-
denced that the proteasome activity and content are
decreased during replicative senescence as well as in
cells aged in vivo (Petropoulos et al. 2000). Here,

oxyblot experiments showed a transient increase in
the amount of oxidized proteins at 16 h after the last
exposure of keratinocytes to UVB, with return to
basal level at 64 h after the last exposure (Fig. 4e).
Thus oxidatively damaged proteins were efficiently
processed. Furthermore, none of the 3 proteasome
activities were modified within 64 h after eight
exposures to UVB (data not shown) and no variation
in the abundance of the 20S proteasome subunit was
observed by Western blot (data not shown).

Lastly, the number of senescence-associated genes
is very low if not unexisting in keratinocytes, beyond
p21 and p53 which are not specific of senescence in
cells able to differentiate. We tested the mRNA
abundance of several senescence-associated genes
namely fibronectin, osteonectin and clusterin which
are overexpressed in senescent fibroblasts (Dumont
et al. 2000). Surprisingly, clusterin, osteonectin and
fibronectin genes were respectively weakly, moder-
ately and well expressed in N-hTERT keratinocytes
as well as in primary keratinocytes not exposed to
UVB (data not shown). Secondly, we found that the
abundance of mRNA of clusterin tends to decline,
although not significantly, in N-hTERT keratinocytes
exposed to UVB. Osteonectin and fibronectin mRNA
abundance showed no significant difference in this
experimental model.

Involucrin and filaggrin abundance is increased
after repeated exposures to UVB

Cell cycle arrest and increased expression of
p21VAF! are common features observed during
epidermal differentiation and senescence (Gandarillas
2000). In order to investigate whether epidermal
differentiation is triggered by repeated sublethal UVB
exposures of N-hTERT keratinocytes, these cells
were exposed to repeated exposures of UVB as
described above. The involucrin and filaggrin pro-
teins are markers of late epidermal differentiation in
keratinocytes, detected in upper spinous (involucrin)
and granular layers (involucrin, filaggrin) of the
epidermis (Eckert et al. 1997). The mRNA abundance
of these two proteins was significantly increased both
at 16 and 64 h after the last exposure to UVB
(Fig. 5a, b). Furthermore, according to immunofluo-
rescent detection, the abundance of these two proteins
was also markedly enhanced in UVB-exposed cells at
64 h after the last exposure to UVB (Fig. 5¢).
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<« Fig. 4 Increased abundance of p53 and p21VAF~!, increased
cell spreading, but not increased SA f-gal activity in N-hTERT
keratinocytes repeatedly exposed to UVB. N-hTERT kerati-
nocytes were treated with four daily exposures to 300 mJ/cm?
of UVB during 2 days (UVB). a Repeated exposures to UVB
increased the relative protein abundance of p21WAF_1 and p53.
Total proteins were extracted at 16, 40 and 64 h after the last
exposure to UVB. Western blot was performed to detect
p21WAF~1 and p53. a-tubulin protein was used as reference
level. Results are representative of three independent experi-
ments. b Relative increase in the steady-state level of the
mRNA of pZIWAF_l after eight exposures to UVB in N-
hTERT keratinocytes. Total RNA was extracted at 16 and 64 h
after the eighth exposure to UVB and real-time RT-PCR was
performed for human p21%AF~'. GAPDH was chosen as
housekeeping gene. The results (means of triplicates & SD)
are expressed as fold increase found in cells exposed to UVB
(UVB) compared with the mRNA abundance of the respective
mRNA species in control cells (CTL) (* P <0.05). ¢
Morphology of N-hTERT keratinocytes after eight UVB
exposures. Cells were visualized by phase-contrast microscopy
and photographed just before the first exposure and 64 h after
the last exposure (40x magnification and further 2.8x
magnification in zoom area). d No increase of SA f-gal
positive cells after the last UVB exposure of N-hTERT
keratinocytes. N-hTERT keratinocytes (KC) were exposed, or
not, eight times to UVB at 300 mJ/cm?. Primary keratinocytes
exposed similarly to UVB were used as positive control.
Histochemical detection of SA f-gal in UVB-exposed and
control cells (blue) was assessed 64 h after the last exposure.
Cells were visualized by phase-contrast microscopy (40x
magnification). e Transient increase of the amount of oxidized
proteins of N-hTERT keratinocytes after eight UVB exposures.
At 16 and 64 h after the last exposure to UVB, total protein
from cells exposed to UVB (UVB) or not (CTL) were extracted
and detection of oxidized proteins was performed by oxyblots.
Results presented are representative of three independent
experiments (Color figure online)

Searching for more evidence of a differentiation
process in N-hTERT keratinocytes repeatedly
exposed to UVB, we estimated the abundance of
several keratins by Western Blot. First the abundance
of K14 and K10 were estimated. K14 is a marker of
basal proliferating cells explaining that its elevated
abundance in cultured keratinocytes did not change
after repeated exposures to UVB. K10, an early
marker of differentiation, was not detectable (data not
shown). This was expected since the K10 gene is
induced in vitro only in confluent keratinocytes
(Poumay and Pittelkow 1995). K10 is more expressed
in the skin or in reconstructed epidermis than in
monolayers of cultured keratinocytes (Gazel et al.
2003). The expression of K6, K16 and K17 coincides
with alterations in activated keratinocytes and is
interpreted as a manifestation of an alternative

programme of differentiation (Bousquet and Cou-
lombe 2002; Freedberg et al. 2001; Wong and
Coulombe 2003). The expression of these keratins
is also known to be induced after exposure of human
skin to UVB (Del Bino et al. 2004). By Western blot
analysis, we showed that the abundance of these
keratins was increased in keratinocytes repeatedly
exposed to UVB (Fig. 5d).

Discussion

In keratinocytes exposed to UVB, p53 and subse-
quently p21VAF~! play a central role in mediating
cell cycle arrest, either allowing DNA repair or
leading to apoptosis (Decraene et al. 2005). The
senescence response is maintained by p53, while
p16™* provides a second barrier against the
unlimited growth of human cells (Beausejour et al.
2003). P53 and p21™VAF~! protein abundance was
increased in N-hTERT keratinocytes exposed 8 times
to low dose UVB, suggesting that N-hTERT kerat-
inocytes retain primary actors involved in cell cycle
arrest of keratinocytes exposed to UVB. We found
neither apoptosis nor any significant increase in SA
f-gal activity in keratinocytes lacking ple™K-4,
expressing hTERT and repeatedly exposed to UVB.
Proteasome is downregulated during replicative
senescence of keratinocytes as well as in cells aged
in vivo, possibly resulting in the accumulation of
modified proteins (Petropoulos et al. 2000). Repeated
exposures of N-hTERT keratinocytes to subcytotoxic
doses of UVB trigger a severe, but transient, oxida-
tive stress without impairment of proteasome func-
tion. Another study showed a decrease of the
proteasome activities in primary keratinocytes upon
single UVA/UVB exposure (Bulteau et al. 2002).
This work suggests that pl6™<“** is involved in
UVB-induced senescence. Restoration of the expres-
sion of p16™ " in N-hTERT keratinocytes would be
interesting in order to confirm the importance of
p16INK'4"‘ in the induction of senescence. However,
the molecular event responsible for the complete loss
of p16™** expression in N-hTERT keratinocytes
has not been elucidated yet in this unique cell line
despite many efforts. Indeed, neither deletion of DNA
sequence or CpG island methylation of the promoter
was detected (Dickson et al. 2000). The expression of
pl6™E4 s only detected in the granular layer of
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Fig. 5 Increased abundance of involucrin and filaggrin mRNA
and proteins and keratins 6, 16 and 17 proteins after eight
exposures to UVB in N-hTERT keratinocytes. N-hTERT
keratinocytes were treated four times daily with 300 mJ/cm?
UVB during 2 days (UVB). a, b Relative increase in the
abundance level of the mRNA of involucrin a and filaggrin b
after eight exposures to UVB in N-hTERT keratinocytes. Total
RNA was extracted at 16 and 64 h after the eighth exposure to
UVB. Real-time RT-PCR was performed. GAPDH was chosen
as housekeeping gene. The results (means of triplicates = SD)
are expressed as fold increase found in cells exposed to UVB
(UVB) compared with the abundance of the respective mRNA
species in control cells (CTL) at 16 h after the last exposure

normal skin (Nakamura and Nishioka 2003) which is
made of non proliferative cells. Ectopically express-
ing p16™5** in this proliferating cell line is techni-
cally difficult for several reasons and may not give
any interpretable results. Only inducible/regulated
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Increased protein abundance of involucrin and filaggrin at 64 h
after eight exposures to UVB exposure in N-hTERT keratino-
cytes. Cells were labeled with a rabbit anti-involucrin antibody,
or with a mouse anti-filaggrin antibody. Nuclei were stained
with TO-PRO3. d Repeated exposures to UVB increased the
relative protein abundance of the keratins K6, K16 and K17.
Total proteins were extracted at 16, 40 and 64 h after the last
exposure of N-hTERT keratinocytes to UVB. Western blot was
performed to detect K6, K16 and K17. a-tubulin protein was
used as reference level. Results are representative of three
independent experiments

expression of pl6™X“#* can be envisaged since
uncontroled overexpression of pl6™5** will block
proliferation and prevent any further experiments
aimed at testing whether p16™5“** controls senes-
cence after exposure to UVB. One should use the
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native promotor of the gene plus its known regulatory
sequences which represents a very long DNA
sequence. This may not give any interpretable results
since interactions will still be possible with the
unknown mechanisms responsible for the lack of
expression of p16™5“* gene in the wild cell line.

Expression of hTERT alone does not prevent
stress-induced senescence induced by either acute
sublethal short exposures to H,O,, UV, UVB or
gamma-irradiation (de Magalhaes et al. 2002; Gor-
bunova et al. 2002; Matuoka and Chen 2002).
Telomerase expression alone cannot immortalize
human keratinocytes. Gain of function due to
concomitant absence of pl16™5“* and expression of
hTERT are still possible. This question will remain a
debate for long since pl6™“*’_deficient human
keratinocytes are not immortal, which does not make
them suitable for deep functional studies of stress
response.

One very interesting point in the present study is
that, in addition to overexpression of p53 and
p21VAFT1 e observed an increased expression of
involucrin and filaggrin in keratinocytes repeatedly
exposed to UVB, suggesting that a differentiation
state is induced rather than senescence, and that
differentiation and senescence can be uncoupled in
this model. Upregulation of involucrin and filaggrin
has been found in vivo after exposure to UVB (Lee
et al. 2002). Filaggrin expression reflects maturity in
the level of epidermal differentiation (Lee et al.
2002). In vivo, an increase in epidermal thickness,
mostly of the cornified layer, occurs after UV
exposure and provides protection from further UV-
induced damage since UVB need to cross an
thickened protective layer before they can reach and
affect proliferative basal keratinocytes (de Winter
et al. 2001). Subsequently, epidermal differentiation
will eventually lead to the elimination of damaged
cells (Gandarillas 2000). Thus, our in vitro findings
are consistent with in vivo studies that indicate
alterations in the program of keratinocyte differenti-
ation leading to abnormal parakeratosis a few days
after UVB exposure (Del Bino et al. 2004; Lee et al.
2002). This reinforces the interest in this experimen-
tal model.

K6, K6 and K17 were already known to be
induced after exposure of human skin to UVB (Del
Bino et al. 2004). K17 is induced by interferon-y
(IFNy) in keratinocytes (Jiang et al. 1994), during

skin inflammation linked with psoriasis (Carlen et al.
2005), in skin allergy (Jiang et al. 1994; Komine et al.
1996) and in damaged epidermis (Bousquet and
Coulombe 2002). This suggests that K17 expression
may be specific of inflammatory skin conditions that
might be reproduced in vitro in this model. K6 is
induced in several skin diseases including abnormal
differentiation (Stoler et al. 1988; Weiss et al. 1984)
or hyperproliferative stratified epithelium such as in
psoriasis (Carlen et al. 2005). K6 also participates in
migration and wound healing processes (Paladini
et al. 1996; Wong and Coulombe 2003). It was also
shown in vivo that up-regulation of K16 leads to
acanthosis and hyperkeratosis (Takahashi et al.
1994), suggesting that K16 may also act as a
protective mechanism through epidermal thickening.
Together with involucrin and filaggrin, the increased
abundance of these keratins reflects more an alterna-
tive differentiation process than a typical differenti-
ation like observed in terminal differentiation
process. The expression of K6 and K16 may corre-
spond to a modification of the terminal programme of
differentiation after chronic UVB exposures (Sano
et al. 2009). In a transcriptomic analysis, Li et al.
(2001) have shown that the genes most strongly
induced by UVB in primary keratinocytes are com-
ponents of the cornified envelope, but not other
earlier differentiation markers. This particular differ-
entiation process leads to enhancement of the corni-
fied, dead, protective layer of skin.

Berge et al. (2008) have shown that several
inducers of the keratinocyte differentiation could
have beneficial and anti-aging effect in vitro. The
functional role of differentiation in the protection of
the epidermis against the harmful effects of UVB
suggests that maintaining the ability of keratinocytes
to differentiate is crucial for the well-being of this
tissue.

The effects of a single sublethal exposure to UVB
are rapidly reversed (Del Bino et al. 2004). Therefore,
this model based on multiple daily exposures to UVB
is more likely to mimic the cumulative alterations due
to repeated exposures to UVB. Human keratinocytes
exposed to a single 2,400 mJ/cm* UVB dose were
apoptotic, whereas keratinocytes exposed to the same
but fractionated UVB dose proceeded toward a state
of differentiation that favours survival and resistance
against any further stress. Altogether, our results
suggest to carefully evaluate the in vitro models
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based on a single exposure of epidermal components
to elevated UVB doses. Apparently, repeated suble-
thal exposures of keratinocytes to UVB can be
responsible for sustained DNA damage including the
formation of CPDs that will eventually predispose to
skin cancer. Interestingly, Sano et al. (2009) have
demonstrated that, in the epidermis of mice, altera-
tions of K6 and K16 expression induced by the
chronic UVB exposure were distinct from those
elicited by a single acute UVB exposure. Indeed, the
expression of K6 and K16 was quite long-lasting after
9 weeks of chronic UVB exposure. In contrast, K6
and K16 expression induced by a single exposure to
UVB almost ceased within 2 weeks after that expo-
sure. The long-lasting expression of K6 and K16 also
suggest modifications of the differentiation state. This
strengthens the interest of studying the effect of
repeated exposures to UVB.

Lastly, a further advantage of this model is in the
possibility to perform functional studies with this cell
type which enlarges greatly its scientific value.
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