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Abstract

The role of TGF-B1 in hydrogen peroxide-induced senescence-like morphogenesis has been described. The aim
of this work was to investigate whether TGF-B1-independent changes in protein synthesis are involved in this
morphogenesis and to study possible mechanisms occurring earlier than TGF-B1 overexpression. Among the
multiple TGF-B1-independent changes in protein neosynthesis, followed or not by posttranslational
modifications, identified by proteomic analysis herein, those of ezrin, L-caldesmon, and HSP27 were particularly
studied. Rho-GTPase cdc42 was shown to be responsible for p38™™ activation, in turn triggering
phosphorylation of L-caldesmon and HSP27. Cdc42 was also shown to be mainly responsible for the increase in
TGF-f1 mRNA level observed at 24 h after treatment with H,O, and onward. This study further clarified the
mechanisms of senescence-like morphogenesis in addition to the previously demonstrated role of TGF-$1
signaling pathways.
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In 1961 Hayflick and Moorehead proposed that serial sub-cultivations of WI-38 human diploid fibroblasts
(HDFs) under the usual laboratory conditions available more than 45 years ago (namely under 20% O,) exhaust
the proliferative potential of these cells [1]. This in vitro phenomenon has been historically termed replicative
senescence [2,3]. It was shown later that cultivating human diploid fibroblasts under more physiological O,
partial pressure (2-5% O,) prolongs their in vitro life span (for a review see [2]). Legitimately this led to the
question whether the molecular mechanisms of senescence are really the same when cells are cultivated under
usual laboratory conditions (20% O,) or under physiological O, pressure, even if both are characterized by
critical telomere shortening [2]. According to the authors' paradigm, there are two definitions of senescence. The
narrowest definition of senescence is "genuine" replicative senescence restricted to irreversible growth arrest
triggered by critical telomere shortening, which counts cell generations, in the absence of non-physiological
(oxidative) stress (definition 1) [4]. Other authors enlarged this definition to a functional definition
encompassing irreversible arrest of proliferative cell types induced by oxidative stress/DNA damage and/or
overexpression of proto-oncogenes (definition 2) [2,5].

Considering definition 1 of senescence, cells cultivated under 20% O, that irreversibly stop dividing, even after
50 population doublings, are in a stress-induced phenotype that resembles genuine replicative senescence. The
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same holds true for cells that have been exposed chronically to a higher pressure of O, or to acute sublethal
stress, and that was also called "stress-induced senescence-like phenotype" [6]. The word "stasis" was originally
used to describe growth arrest of cancer cells induced by antineoplastic molecules. It was proposed to extend the
word stasis to the senescence-like phenotype that is induced in normal cells after exposure to DNA-damaging
agents [7]. However, the mechanisms of growth arrest might be extremely different between cancer cells, whose
cycle is by definition deregulated for many possible reasons, and normal cells exposed to stressful agents.
According to definition 2 of senescence, the stress-induced senescence-like phenotype of normal cells should be
called "stress-induced senescence." The phrase "stress-induced premature senescence" was also used because,
according to definition 2, this type of senescence could be triggered at population doublings much earlier than
the maximum number of population doublings. This work will be based on definition 1 of senescence and we
shall use the phrase "stress-induced senescence-like phenotype."

Our cells are exposed to oxidative stress every day [8], Oxidative stress damages biomacromolecules like DNA,
proteins, and lipids, which participates in aging [9]. A stress-induced senescence-like phenotype is induced
between days 2 and 3 after an acute treatment of HDFs with a sublethal concentration of oxidative agents like
tert-butylhydroperoxide (+~-BHP) [10] or H,O, [11-13]. Features of senescence obtained after passaging under
20% O, are observed, such as enlarged shape, senescence-associated -galactosidase activity (SA B-gal),
inhibition of cell cycle, and increased mRNA abundance of senescence-associated genes like fibronectin,
osteonectin, or apolipoprotein J [10,13,14], Experiments performed with various types of stress (H,O,, UVB, ¢-
BHP, or ethanol) under sublethal conditions revealed that transforming growth factor-p1 (TGF-B1) mRNA and
protein abundance are increased in HDFs in stress-induced senescence-like phenotype. Neutralization of TGF-f1
or TGF-B1 receptor II attenuates, but does not suppress, the appearance of several biomarkers of senescence after
sublethal exposures to UVB or H,0, [13,15,16]. Increased abundance of TGF-1 mRNA was not observed in
HDFs expressing the catalytic subunit of telomerase, due to possible interplay between telomerase and the TGF-
B1-related pathways [17,18]. In addition, neutralization of TGF-B1 does not affect the growth arrest observed in
H,0,-induced senescence-like phenotype [6]. In other words, TGF-B1 -independent mechanisms exist, which
participate in the appearance of a stress-induced senescence-like phenotype.

The aim of this work was to search for TGF-B1-independent features in the H,O,-induced senescence-like
phenotype. Cellular proteins are effectors able to directly modify cell functions. Generally speaking, changes in
protein neosynthesis are more likely to be linked to alterations in regulation of corresponding genes than changes
in protein abundance. The strategy was to perform a proteomics study based on separation of proteins
metabolically labeled with radioactive methionine between 46 and 70 h after treatment of IMR-90 HDFs with a
sublethal concentration of H,O, in the presence of neutralizing antibodies against TGF-f1 or not. The results of
the analysis were compared to results obtained in a parallel study in which IMR-90 HDFs were stimulated with
TGF-B1 or not.

Several interesting protein candidates were identified that can play a role in the appearance of a stress-induced
senescence-like phenotype. We focused on proteins that can regulate senescent morphogenesis like cdc42/racl
GTPase-activating protein, heat shock protein 27 (HSP27), and L-caldesmon, in relationship with
phosphorylation of p38™**®, Functional studies with siRNA revealed the roles of some of these proteins in the
appearance of a stress-induced senescence-like phenotype.

MATERIALS AND METHODS
Cell culture, stress, and stimulation

IMR-90 fetal lung HDFs were grown in minimal essential medium (MEM) (Gibco, Paisley, Scotland, UK)
supplemented with 10% fetal bovine serum (FBS) (Gibco). IMR-90 HDFs at 50% of in vitro proliferative life
span were seeded at a density of 24 x 10° cells/cm’. The cells were treated with different experimental conditions
(Fig. 1A). The beginning of the treatment with H,O, was defined as day 0. Under condition 1, 1 day after
seeding, cells were treated for 1 or 2 h with 150 uM H,0, (Merck, Darmstadt, Germany) diluted in MEM + 10%
FBS. After the treatment with H,O,, the cells were rinsed twice with PBS, pH 7.4 (10 mM phosphate, 0.9%
NaCl). A 2-h treatment represented sublethal conditions as shown earlier [13]. Under condition 2, the cells were
incubated with TGF-B1 (10 ng/ml) (R&D Systems, Oxon, UK) diluted in MEM+10% FBS with new TGF-p1
every day for 3 days. Under conditions 3 and 4, IMR-90 HDFs were incubated or not with anti-TGF-1
antibodies (R&D Systems) diluted (3 pg/ml) in MEM + 10% FBS with new MEM, FBS, and antibodies
provided every day for 3 days. Under condition 5, incubation with anti-TGF-B1 antibodies started at 12 h before
treatment with H,O, and went on during treatment. New MEM, FBS, and anti-TGF-B1 antibodies were provided
every day for 3 days after treatment with H,O,.
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Fig. 1. (4) Schematic representation of the schedule of IMR-90 HDF treatment with H,O,, TGF-p1, or anti-
TGF-B1 antibodies and metabolic labeling of proteins. (B) Schematic representation of the schedule of IMR-90
HDF transfection with siRNA and treatment with H,O,.
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Estimation of DNA synthesis and SA B-galactosidase activity

At 1 day after the stress, cells were seeded in 24-well plates at 10,000 cells/well in MEM + 10% FBS. One
microcurie of [*H]thymidine (sp act 2 Ci/mmol; Du Pont, NEN, USA) was added to MEM + 10% FBS between
the second and the third day. Quantification of radioactivity was performed classically using a scintillation
counter (Packard Instrument Co., USA) as described before [10]. Data were normalized to the cellular protein
content assayed by the Folin method [19] before [°H] thymidine incorporation. The results are expressed as
means of triplicates+SD.

Cells were seeded 1 day after the treatment with H,O, in six-well plates at 1000 cells/well in MEM + 10% FBS.
SA B-gal activity was determined 2 days later [12]. The population of SA B-gal-positive cells was determined by
counting 400 cells per well. The proportion of cells positive for the SA B-gal activity is given as a percentage of
the total number of cells counted in each well.

Protein labeling, sample preparation, and 2D gel electrophoresis (2DGE)

Cellular proteins were metabolically labeled with [**S]meth-ionine (50 pCi/600 pl/well) (Amersham
Biosciences, Uppsala, Sweden) diluted in MEM + 150 mM cold methionine (Sigma Aldrich, Steinheim,
Germany) for 24 h, starting at 46 h after treatment with H,O,. IMR-90 HDFs were washed twice with ice-cold
PBS buffer and lysed in ice-cold lysis buffer (6 M urea, 2 M thiourea, 4% Chaps, 1% DTT, 2% pharmalytes 3/10
(Amersham Biosciences), and 4% protease inhibitor cocktail (Roche, Mannheim, Germany)). Proteins were
precipitated with trichloroacetic acid (Merck) and assayed using the Bradford reagent (Bio-Rad, Miinchen,
Germany). Counts per minute (cpm) of protein extracts were measured with a liquid scintillation analyzer (TRI-
CAR B 2100 TR; Packard Biosciences, Zellik, Belgium).

First-dimension isoelectric focusing gel was carried out on immobiline strips providing a continuous pH 4-7
gradient (IPG strips; Amersham Biosciences). A quantity of labeled sample corresponding to 3 x 10° cpm
(approximately 1.5 pg of solubilized proteins) was diluted in rehydration solution (6 M urea, 2% Chaps, 0.28%
DTT, 0.5% v/v IPG buffer, pH 4-7 (Amersham Biosciences), and 0.001% bromophenol blue (Merck)). IPG
strips were rehydrated for 13 h at 20 °C on an IPGphor isoelectric focusing system (Amersham Biosciences)
with a low voltage at 20 V. Proteins were focused for 1 h at 200 V, 1 h at 500 V, 1 h at 1000 V, and 17 h at 8000
V (steady state). Preparative gels were performed similarly with a final amount of 200 pg of protein per gel.

For the second-dimension, IPG strips were equilibrated for 15 min under gentle shaking in DTT equilibration
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buffer (0.045 M Tris-HCI, pH 8.8 (Merck), 6 M urea (Amersham Biosciences), 30% glycerol (Merck), 2% SDS
(MP Biomedicals, Eschwege, Germany), 1% DTT (Amersham Biosciences), 0.001% bromophenol blue
(Merck)), followed by 15 min under gentle shaking in iodoacetamide equilibration buffer (0.045 M Tris-HCI, pH
8.8 (Merck), 6 M urea (Amersham Biosciences), 30% glycerol (Merck), 2% SDS (MP Biomedicals), 2.5%
iodoacetamide (Amersham Biosciences), 0.001% bromophenol blue (Merck)). Precast SDS-PAGE gels (12.5%;
255 %196 x 1 mm) (Ettan DALT II Gel 12.5 and Ettan DALT Buffer Kit; Amersham Biosciences) were used.
First, 5 W/gel was applied, followed by a constant power at 84 W/gel until bromophenol blue reached the bottom
of gel. Gels were incubated for 1 h in fixing solution (25% isopropanol (Merck), 10% acetic acid (Merck), 2%
glycerol (Merck)) and for 30 min in Amplify Fluorographic Reagent (Amersham Biosciences) under mild
shaking. The gels were dried at 80 °C for 2 h and exposed to Hyperfilm MP (Amersham Biosciences) at -80 °C
for 4 days.

Image acquisition was carried out by scanning the films (Image Master Labscan V 2003.01 software; Amersham
Biosciences). Quantitative analysis was performed from 15 analytical 2DGE images (three gels per condition):
spot detection and spot matching were performed, and spot volume was normalized with the total optical density
of all the spots, followed by differential analysis. A cutoff value was set at a twofold increase or decrease. The
differences in spot intensities were analyzed by Student ¢ test. We checked the results of this analysis visually
using the images acquired from the gels.

Protein identification

Preparative 2DGE were performed according to the same protocol as for the analytical gels except 200 pg of
nonlabeling proteins was mixed with samples labeled with radioactive methionine. A total of 10 preparative
2DGE gels were prepared and 26 spots of interest could be excised from every dried gel.

The gel plugs were rehydrated with water (Milli-Q system; Millipore, Bedford, MA, USA) and washed twice
with water (5 min) and twice with 100% acetonitrile (5 min) with shaking at 14,000 rounds per minute. The gel
plugs were dried by vacuum centrifugation. Trypsin (10 ng/ul) (Promega, Madison, WI, USA) dissolved in 50
mM NH4HCO;, pH 7.8, was added. In-gel digestion was performed as described [20]. The digestion went on for
14-16 h at 37 °C. The supernatants were kept at -20 °C.

Custom-made chromatographic microcolumns were used for desalting and concentration of the thawed peptide
mixture before mass spectrometry (MS) analysis. These columns were constricted GELoader tips (Eppendorf,
Hamburg, Germany) containing 0.2 pl of POROS RP R2 material (20 um bead size; PerSeptive Biosystems,
Framingham, MA, USA). The columns were equilibrated with 10ul 1% trifluoroacetic acid (TFA). For each
spot, an aliquot of the digestion supernatant was loaded onto the column. Gentle air pressure from a 10-ml
syringe pushed the liquid through the columns. The column was washed with 10 ul 1% TFA. Peptides were
eluted directly onto the MALDI target with 0.8 pl of matrix solution (10 pg/pl of a-cyano-4-hydroxycinnamic
acid (Sigma, St. Louis, MO, USA) in 70% acetonitrile and 0.1% TFA). Manual data acquisition was performed
using an Applied Biosystems 4700 Proteomics Analyzer with TOF/TOF optics (Applied Biosystems, Darmstadt,
Germany), in positive reflector mode as described [21]. In the manual setup, an MS spectrum was first recorded
and analyzed manually by a first round of peptide mass search. Peaks were selected for MS/MS analysis based
on the obtained results. MS/MS spectra were included in the analysis and the total scores reported.

For the liquid chromatography-tandem mass spectrometry (LC-MS/MS), the peptide separation was achieved by
using an LC-Packings Ultimate 3000 nanoflow system (LC Packings, Amsterdam, The Netherlands). Peptides
were loaded with a high flow rate of 3 pl/min onto a custom-made 1-cm precolumn (75 um i.d. fused silica with
kasil-frits retaining the Reprosil CIS8, 3.5-um reversed-phase particles (Dr. Maisch GmbH, Germany)). Nanoflow
reversed-phase HPLC was then performed with a flow of 0.1 pul/min through a custom-made 8-cm analytical
column (50 um i.d., packed with Reprosil C18, 3.5-pm reversed-phase particles (Dr. Maisch GmbH)). Peptides
were eluted directly into the ESI source of a Q-TOF Micro tandem mass spectrometer (Waters/Micromass,
Manchester, UK) using a stepped linear gradient. The steps were 0-10% B in 5 min, 10-50% B in 30 min, and
50-100% B in 5 min. Solvent A was 0.5% acetic acid (Merck) and B was 80% acetonitrile in 0.5% acetic acid
(Merck). Mass- and charge-dependent collision energies were used for peptide fragmentation.

All spectra were converted into ASCII format. The MALDI-MS, MS/MS, and LC-MS/MS peptide mass maps
were analyzed by using the MoverZ software (www.proteometrics.com). All spectra underwent an internal two-
point calibration using autodigested trypsin peak masses, m/z 842.51 and 2211.10 Da, and the search was
performed with a signal-to-noise ratio of 15. Protein identification was performed by searching the MALDI-MS
spectra alone and/or in combination with MS/MS spectra from the same spot. Data were used to search protein
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candidates by sequence similarity against available human protein database NCBInr (05/05) (20070210,
4,565,699 sequences) using an in-house Mascot search server (version 1.8) (Matrix Sciences, London, UK). For
MALDI-MS analysis, peptide mass fingerprinting search parameters were as follows: 70 ppm for peptide mass
tolerance, a single tryptic miss cleavage allowed, oxidation of methionine residues as partial modification. For
MALDI-MS in combination with MS/MS analysis, peptide mass fingerprinting search parameters were as
follows: 70 ppm for peptide mass tolerance and 0.5 Da for fragment mass tolerance, a single tryptic miss
cleavage allowed, carbamidomethylation of cysteine residues as fixed modifications, and oxidation of
methionine residues as partial modification. For LC-MS/MS analysis, peptide mass fingerprinting search
parameters were as follows: 150 ppm for peptide mass tolerance and 0.6 Da for fragment mass tolerance, a
double tryptic miss cleavage allowed, carbamidomethylation of cysteine residues as fixed modifications, and
deamidation of asparagine and glutamine residues, oxidation of methionine residues as partial modification, ion
fragment mass accuracies of 0.5 Da. Only significant hits as defined by the Mascot probability analyses (protein
scores greater than 75 are significant (p < 0.05; p is the probability that the observed match is a random event))
were accepted but always verified manually. The false positive rate of approximately 5% was found sufficient
because the purpose of the study was to identify protein and not to perform high-confidence phosphorylation or
other modification site identification. For MS/MS data, significant hits were carefully inspected manually to
eliminate false positives, based on criteria such as ion score and expect value. When peptides matched multiple
members of a protein family, of which their criteria of acceptance did not enable us to select one member, only
the general name of the protein was taken into account. When peptides matched a specific member of a protein
family, and not the other members, the name of the isoform was taken into account. All Mascot scores and £
values were reported for he MALDI-MS, for the MALDI-MS in combination with MS/MS, and for the LC-
MS/MS search results in Supplementary (S) Table S.3 or S.4.

One-dimensional Western blot analysis

Cells were washed twice with ice-cold PBS and lysed in ice-cold lysis buffer (10 mM Tris-HCI, pH 7.4 (Merck),
100 mM NaCl (Merck), 10% glycerol (Merck), 1% NP-40 (Sigma-Aldrich), 0.1% SDS (MP Biomedicals), 0.5%
deoxycholate (Merck), 2 mM DTT (Amersham Biosciences), 4% protease inhibitor cocktail (Roche) and 4%
phosphatase inhibitor buffer (containing Na;VO,) (Merck), 1 M p-nitrophenyl phosphate (Sigma-Aldrich), 1 M
glycerol 2-phosphate disodium salt hydrate (Sigma-Aldrich), and 1 M NaF (Merck)). The cell lysates were
sonicated. Proteins were assayed using the Bradford reagent (Bio-Rad) before electrophoresis (10% SDS-
PAGE), transferred to polyvinylidene difluoride membrane (Amersham Biosciences), and probed with the
following antibodies: anti-phospho-p38 (Thrl80/Tyr 182) mouse IgG, anti-p38c™*** rabbit IgG, anti-phospho-
HSP27 (Ser 82) rabbit IgG, anti-phospho-L-CaD (Ser789) rabbit IgG, anti-phospho-ezrin (Tyr 353) rabbit IgG,
anti-ezrin rabbit IgG (Cell Signaling, Lake Placid, NY, USA), anti-HSP27 goat IgG, anti-p21 mouse IgG, anti-
ot-tubulin mouse IgG (Clone B-5-1-2; Sigma-Aldrich), anti-L-CaD mouse IgG, anti-racl mouse IgG, anti-cdc42
mouse IgG (BD Transduction Laboratories, Erembodegem, Belgium), and horseradish perox-idase-linked
secondary antibodies (anti-mouse and anti-rabbit antibodies; Amersham Biosciences; anti-goat antibodies; Dako-
Cytomation, Glostrap, Denmark), a-Tubulin was used as a reference protein to check equal loading on the gels.
The bands were visualized after incubation with chemiluminescent substrates (ECL detection kit; Amersham
Biosciences). Scanning was performed with the Image Master Labscan version 2003.01 software (Amersham
Biosciences).

For analyzing involvement of ERK protein in the phosphorylation of CaD, we analyzed protein abundance by
Western blot after the use of the ERK-specific chemical inhibitor U0126 (Cell Signaling) at 20 uM for 1 h before
treatment and during treatment with H,O,

Semiquantitative real-time RT-PCR analysis

Cells from different experimental conditions were washed once with cold PBS. Total RNA was extracted
(RNAgents, Total RNA Isolation System; Promega). Starting from 2 pg total RNA, mRNA was retrotranscribed
using oligo(dT);,-15, ANTP, and Superscript I reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Sequences
of the primers were determined (Primer Express 1.5 software; Applied Biosystems, Foster City, CA, USA)
(Table S.1A). cDNA and primer concentrations were experimentally determined for the PCRs to remain in the
exponential zone of amplification for each gene. Real-time PCR was performed using SYBR green (Applied
Biosystems) as intercalating agent. We used the SDS 2.2.1 software connected to the 7900 HT Fast real-time
PCR system (Applied Biosystems). The conditions of PCR were 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15
s at 95 °C, and 1 min at 60 °C and the specificity of amplification was checked by performing a dissociation
curve with a gradient from 60 to 95 °C. The abundance of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was used as reference for semiquantification with the classical AACt method [22].
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Cell viability

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay (Sigma-Aldrich) [23]. For testing the cytotoxicity of cycloheximide (CXM), IMR-90 HDFs were seeded at
a density of 24 x 10’ cells/cm . At 24 h after seeding, IMR-90 HDFs were incubated for 24 h with CXM diluted
in MEM + 10% FBS at 2,10, or 20 pg/ml. The MTT solution was added for 3 h at 37 °C. Then, the MTT
solution was discarded. Lysis buffer (20% SDS (MP Biomedicals), 33.3% N,N-dimethylfoimamide (Merck), pH
4.7) was added and extraction was performed for 3 h under gentle shaking at 37 °C in the dark. The OD of the
lysates was recorded at 570 nm (plate reader Ultramark Microplate Imaging System; Bio-Rad).

GTPase assays

The EZ-Detect racl or cdc42 Activation Kit was used (Pierce, Rockford, IL, USA). Cells were washed twice
with ice-cold PBS and lysed in ice-cold lysis buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1%
NP-40, 1 mM DTT, and 5% glycerol with 4% protease inhibitor cocktail (Roche)) after 1 h of treatment with
H,0, and at 1, 2, and 3 days after the beginning of treatment with H,O,. Lysates were centrifuged for 8 min at
16,000 xg. Aliquots of supernatants were used for protein concentration assays using the Bradford reagent (Bio-
Rad). The remainder of the supernatants was immediately frozen in liquid nitrogen and stored at -80 °C.

For pull-down assays, 500 ug of proteins was incubated for 1 h at 4 °C under gentle shaking with 20 ug of the
GST-PBD (pakl (p21-activated protein kinase 1) binding domain) fusion protein and with SwellGel
immobilized-glutathione disks. Active racl and cdc42 bind specifically to the PBD of pakl [24,25]. The beads
were washed three times in lysis buffer and boiled in 50 pl SDS sample buffer (125 mM Tris-HCI, pH 6.8, 2%
glycerol, 4% SDS, and 0.05% bromophenol blue). Western blots were performed as described before. Specific
antibodies to racl and cdc42 were used to detect their GTP form and total form.

Lysate control treatments were performed to ensure the pulldown procedure was working properly. Cell lysates
were incubated with GTPyS (0.1 mM) or GDP (1 mM) in presence of EDTA, pH 8.0 (10 mM) (Merck), as the
respective positive or negative control for the pull-down assays. Reaction was terminated by placing the sample
on ice and adding MgCl, (60 mM) (Merck).

As positive controls for racl or cdc4?2 activation, IMR-90 HDFs were incubated for 1 h respectively with 10
ng/ml EGF (R&D Systems) or with 100 ng/ml (0.1 pM) bradykinin (Sigma-Aldrich) before protein extraction.
As negative control for racl activation, IMR-90 HDFs were incubated with the specific racl inhibitor NSC23766
(200 pM; Calbiochem, Darmstadt, Germany) for 1 h before incubation for 1 h with 10 ng/ml EGF (R&D
Systems).

siRNA transfection

For invalidation of racl or cdc42, 21-nucleotide-long siRNAs were used (Table S.1B) [26]. The siRNA were
chemically synthesized, desalted, deprotected, purified using PAGE, and annealed at 100 uM (Eurogentec,
Seraing, Belgium). For invalidation of p38o™*", the siGENOME SMARTpool siRNA reagent M-003512-05
targeting p38a™*™ from Dharmacon (Erembodegem, Belgium) was used. Nontargeting oligoribonucleotides
(OR-0030-neg; Eurogentec) were used as negative control. IMR-90 HDFs were seeded at half-confluency (20 x
10 cells/cm ). One day later, the cells were transfected for 36 h (at day -3 before treatment with H,O,) with
siRNA at 50 nM in MEM using Dharmafect transfection reagent (Fig. IB). Cells were plated at day-1 before
treatment with H,O,. Forprelabeling of siRNA racl, the Silencer siRNA Labeling Kit-FAM was used according
to the manufacturer's protocol (Ambion, Austin, TX, USA).

RESULTS
Induction of senescence-like phenotype with H,0,

IMR-90 HDFs were treated with five different experimental conditions (Fig. 1A). Cells were treated for 1 or 2 h
with 150 uM H,0, (condition 1). The beginning of the treatment with H,O, was defined as day 0. A 2-h
treatment represented sublethal conditions as shown earlier [13]. Cells were incubated with TGF-B1 for 72 h
(condition 2). Cells were incubated or not with anti-TGF-B1 antibodies (conditions 3 and 4). Cells were
incubated with anti-TGF-B1 antibodies starting at 12 h before treatment with H,O, and continuing throughout the
experiment (condition 5). New TGF-B1 or anti-TGF-B1 antibodies were provided every day for 3 days after day
0.
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It was confirmed that treatment with H,O, effectively led to a senescence-like phenotype. The proliferative
potential of IMR-90 HDFs was estimated at 3 days after the sublethal 2-h treatment with H,O, (150 uM) by
measuring [ H]thymidine incorporation into DNA. A sharp decrease in proliferative potential (70 + 7%, p <
0.001) was observed at 3 days after treatment compared to control cells. The proportion of SA B-gal-positive
cells reached 45 + 5% (p < 0.001) at 3 days after treatment, representing a fivefold increase compared to control
cells. From 8 h to 3 days after treatment with H,O,, p21V**! mRNA abundance increased respectively by two-,
seven-, nine-, and fivefold at 8 h, 1 day, 2 days, and 3 days after treatment with H,O, (Fig. 2A). Moreover,
p21VA4F! protein abundance was increased from 8 h to 3 days after treatment with H,O, (Fig. 2B). These results
were in agreement with the literature [13].

2DGE analysis of de novo protein synthesis after H,O, stress

Neosynthesized proteins were labeled from the second to the third day after treatment with H,O, or from the
second to the third day of stimulation with TGF-B1. Extracts of labeled proteins were prepared from the five
experimental conditions. Three independent experiments were performed. Thus 3 samples were collected for
each of the five conditions. This represented a total of 15 samples to be analyzed with 2DGE. A total of 431
different spots were located on the gels. Statistical analysis revealed 28 spots with a significant twofold
difference in integrated intensity (Fig. 2C and Tables 1A and B). Seventeen changes in intensity were found
during establishment of the H,O,-induced senescence-like phenotype, with only 1 spot with decreased intensity
compared to the controls. Seven changes in intensity were found in TGF-B1-stimulated HDFs, with only 1 spot
more intense compared to the control HDFs. In the absence of H,0O,, the incubation with anti-TGF-B1 antibodies
led to 4 significant changes compared to the control HDFs. TGF-B1 is probably secreted at low levels in normal
culture, which is likely to affect gene regulation through autocrine and/or paracrine mechanisms. No common
change in spot intensity was found between the HDFs treated with H,O, and the HDFs stimulated with TGF-B1.
It can be argued that the relatively low number of spots on 2DGE and relatively high cutoff value of the analysis
fixed played against the detection and consideration of spots with common changes in intensity. Anyway, these
results suggested that at least 17 proteins underwent differential metabolic labeling in HDFs in the senescence-
like phenotype. These changes were independent of TGF-B1, which supported the main hypothesis of this work.
The next step was to identify the proteins corresponding to the spots pinpointed in this analytical step.

Table 1

Spot No. Variation of spot intensity (p values)

H,O,/Ctrl H,0,+ab/Ctrl  TGF-f1/Ctrl H,0,+ ab/Ctrl + ab  Ctrl + ab/Ctrl

(4) Ratios = 2 (twofold increase)

1 105 5.4 (0.05)

126 5.2 (0.05)

243 2.8 (0.05)

710 2.7 (0.05) 3.0 (0.01)

721 2.2 (0.04)

752 3.1(0.03)

783 2.5(0.4)

825 4.0 (0.05)

874 2.6 (0.02) 2.2 (0.04)

10 4353 2.6 (0.02)

11 4920 3.5(0.02)
12 4965 2.9 (0.02) 2.6 (0.05)
13 4966 2.4 (0.03)
14 4997 2.2 (0.05)

15 5087 3.3 (0.02) 2.4 (0.04)
16 5217 4.2 (0.01)

17 619 2.9 (0.01)

(B) Ratios <2 (50% decrease)

18 5103 -2.8 (0.04)

19 442 -2.9 (0.05)

20 455 -2.0 (0.02)

21 762 -2.4 (0.05)

22 5156 -2.3(0.05)

23 5187a+b+c -2.0 (0.05)
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24 5194 2.0 (0.03)

Spot number, significant variations in spot intensity, and p values (in parentheses) are given for conditions compared two by two.

Fig. 2. Effects of treatment of IMR-90 HDFs with H,O, at 150 uM for 2 h on p21"**"" mRNA abundance and
p21"* ! protein abundance. (A) p21"**" mRNA abundance at increasing times after treatment with H,O5. The
abundance of GAPDH mRNA was used as reference in the real-time RT-PCR analysis. The results are expressed
in percentages compared to control cells before the treatment and are given as means* SD of three independent
experiments. Statistical analysis was carried out with the Student t test to compare the values with the control
before the stress. NS, nonsig nificant (p > 0.05); **0.01 > p > 0.001. (B) p21"**! protein abundance at
increasing times after treatment with H,O,. a-Tubulin protein abundance was used as reference in Western blot.
Analyses were performed on three independent experiments and the results presented are representative of
triplicates. (C) Typical 2DGE image obtained from IMR-90 HDFs after metabolic labeling of proteins with
[’S]methionine. At 1 day after seeding, IMR-90 HDFs were (1) exposed to 150 uM H-O, for 2 h, rinsed, and
provided new medium, (2) stimulated with 10ng/mITGF-f1 for 3 days; or (3) incubated with anti-TGF-f1
antibodies (3 ug/ml) from 12 h before the treatment with H,O, until 3 days after the beginning of the 2-h
treatment with H,0,. Controls incubated with anti-TGF-f1 or not were also included (4 and 5). At day 2 after the
beginning of the 2-h treatment with H,0,, IMR-90 HDFs from each condition were incubated with
[FS]methionine for 1 day. 2DGE was performed using a pH range of 4-7 in the first dimension and SDS-PAGE
(4-12%) in the second dimension. 431 spots were located on each gel. Circles and numbers on the 2D image of
control fibroblasts indicate the spots with an intensity change under one condition compared to another. The
variations and names of the identified proteins are given in Tables 1 and 2.
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Table 2
Spot Identification Accession No. Molecular p! Main known function
No. weight
(A) Increased intensity (spots with ratio > 2 (twofold increase))
1 105  Ezrin AAH68458 69,199 5.94 Cytoskeleton regulation
2 126  Caldesmon NP_149130 64,218 6.66 Cytoskeleton regulation
3 243  Plastin T isoform NP_005023 71,279 5.41 Cytoskeleton regulation
4 710  B-Actin AAHI12854 40,536 5.55 Structural constituent of
cytoskeleton
5 721  26S proteasome-associated padl NP_005796 34,555 6.06 Protein degradation
homolog
6 752 Proteasome al subunit NP_002777 29,822 6.15 Protein degradation
7 783  Mitochondrial short-chain enoyl- NP_004083 + P04792  31,807+22,783  8.34+7.83 Metabolism + Stress
coenzyme A hydratase 1 precursor + response
Heat shock protein 27
8 825  Pyridoxine 5'-phosphate oxidase + NP_060599 +P04792  30,311+22,783  6.62 + 7.83 Metabolism + Stress
Heat shock protein 27 response
9 874  Vacuolar protein sorting 28 NP 057292 25,694 5.37 Endosomal transport
10 4353 cdc42 GTPase-activating protein NP_004299 50,461 5.85 Cytoskeleton regulation
11 4920 Vimentin A25074 53,619 5.06 Cytoskeleton regulation
12 4965 Napsin A AAHO1165 33,211 5.23 Processing of pneumocyte
surfactant precursors
13 4966 Proteasome 26 S non-ATPase subunit NP_002805 24,697 5.71 Protein degradation
10
14 4997 BAF complex 53-kDa subunit NP 817126 43,665 5.78 Chromatin binding
15 5087 Phosphoglycerate mutase NP 002620 28,786 6.67 Metabolism
16 5217 Poly(rC) binding protein Q15366 38,955 6.33 Single-stranded nucleic
acid binding protein
17 619  Osteonectin NP_003109 35,465 4.73 Extracellular matrix
binding calcium ion and
collagen
(B) Decreased intensity (spots with ratio <2 (50% decrease))
18 5103 Proteasome ol subunit AAH05932 29864 6.15 Protein degradation
19 442  HLA-B-associated transcript 1 NP_004631 49416 5.44 ATP-dependent helicase
activity
20 455  HLA-B-associated transcript 1 NP 004631 48960 5.44 ATP-dependent helicase
activity
21 762 14-3-3¢ NP_006752 29326 4.63 Signal transduction
22 5156 Ribonuclease/angiogenin inhibitor NP_002930 51766 4.71 Inhibitor of pancreatic
RNase and angiogenin
23 5187a Protein disulfide isomerase ER-60 AACS51518 57147 5.88 Protein degradation
23 5187b Protein disulfide isomerase ER-60 AACS51518 57043 6.10 Protein degradation
23 5187c¢ Vacuolar H'-ATPase 56000 subunit AAH30640 56735 5.66 Metabolism
24 5194 Aldehyde dehydrogenase AAB59500 54394 5.70 Metabolism

List of proteins identified in the proteome analysis comparing IMR-90 fibroblasts in H,O,-induced senescence-like phenotype or after
stimulation with TGF-f 1. Spot number, accession number, theoretical molecular weight, and theoretical isoelectric point (pl), as well as
main known function, are given.

Protein identification by mass spectrometry

The proteins identified by mass spectrometry are listed in Tables 2A and B. Nearly every the spot corresponded
to a single protein species. Only two spots yielded several proteins. Analysis in database was performed with
data from MS (MALDI), with data from both MS and MS/MS (MALDI), as described [21], or with data from
LC-MS/MS, and the score, matching peptides, and sequence coverage (%) are listed in Tables S.2A and S.2B.
Details obtained with Mascot software are listed in Tables S.3 and S.4. Moreover, MALDI-TOF mass spectra are
included in Table S.3 for protein identification performed only with MS data. Sequences of peptides used for
identification by MS/MS are included in Tables S.3 and S.4. The differences in spot intensity can be due to two
processes, the first of which is a change in neosynthesis. In addition, some of the protein species identified can
also represent differential posttranslational modifications occurring after neosynthesis in the presence of [*°S]
methionine, which can result in a modified intensity of spots corresponding to posttranslationally modified
isoforms.

Among the nine proteins which neosynthesis changed after stimulation with TGF-B1, eight appeared less
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metabolically labeled. Only osteonectin was more metabolically labeled (spot 619). The proteins identified as
undergoing a decrease in metabolic labeling after stimulation with TGF-B1 are briefly described in the
supplementary material available online.

The main goal of this study was to search for TGF-B1-independent effectors playing a role in the
establishment/maintenance of the H,O,-induced senescence-like phenotype. The proteins identified in this
category included a series of cyto-skeleton-, heat shock-, and metabolism-related proteins, as well as proteasome
subunits and proteins involved in protein degradation and in signal transduction induced by stress and
transcription (Table 2). Let us focus on B-actin, ezrin, caldesmon (CaD), cdc42-GAP, T-plastin, and HSP27,
given their possible involvement in morphogenesis. The literature evidence that these proteins play a role in
morphogenesis is described in the supplementary material. f-Actin (spot 710) was increased by 2.7-fold and
corresponded to an isoform of actin lighter than the native form. The latter corresponded to a much larger spot on
the 2DGE (Fig. 2C). A 5.4-fold increase in spot intensity corresponding to ezrin (spot 105) was found in the
H,0,-induced senescence-like phenotype. The intensity of the spot corresponding to CaD (spot 126) was
increased by 5.2-fold in the senescence-like phenotype. Spot 243 (2.8-fold increase in spot intensity in the
senescence-like phenotype) corresponded to the T isoform of plastin. The intensity of the spot corresponding to
cdc42-GTPase-activating protien (cdc42-GAP) underwent a 2.6-fold increase under the condition "H,0, + anti-
TGF-B1 antibodies" compared to the condition "control + anti-TGF-B1 antibodies" (spot 4353). HSP27 was
identified in two different mixes of proteins (spots 783 and 825). The other proteins for which the corresponding
spot was more intense in the senescence-like phenotype independent of TGF-B1 are briefly described in the
supplementary material available online.

Study of proteins of interest involved in morphogenesis

A large decrease in the abundance of the mRNA of L-CaD, ezrin, cdc42-GAP, and T-plastin was observed at 4 h
after the beginning of the 2-h treatment with H,O,- The abundance of L-CaD and T-plastin mRNA was still very
low at 8 h after the beginning of the 2-h treatment with H,O,. At 2 and 3 days after the treatment, the abundance
of all the mRNA species studied was similar in the treated and control cells (Fig. 3).

The total protein abundance of ezrin, L-CaD, and HSP27 was estimated by Western blot. No specific antibody
was available for detecting cdc42-GAP or T-plastin by Western blot. Western blots were performed from cells
obtained in three independent experiments. Each experiment gave similar results (Fig. 4A).

The protein abundance of ezrin, L-CaD, and HSP27 was similar in the treated and untreated cells after 1 and 2 h
of treatment with H,O, and at 4 h, 8 h, 1 day, 2 days, and 3 days after the beginning of the 2-h treatment.

Ezrin, L-CaD, and HSP27 can be phosphorylated. The phosphorylated isoforms could have been identified in
this study as spots with increased intensity. Western blots showed that phosphorylated L-CaD was more
abundant after 1 and 2 h of treatment with H,O, and from 3 to 5 days after treatment with H,O, (Figs. 4A and B).
Western blots also revealed that the abundance of HSP27 phosphorylated on serine 82 greatly increased after 1
and 2 h of treatment with H,O, and at 4 and 8 h after the beginning of a 2-h treatment with H,O, (Fig. 4A).
Phospho-ezrin and phospho-ERM could not be detected in lysates of IMR-90 HDFs despite two different
antibodies being tested.

The increased spot intensity observed on the 2DGE did not correspond to increased mRNA or total protein
abundance for any of these proteins of interest. Only the phosphorylation profile of L-CaD could explain the
detection of a CaD spot with increased intensity if L-CaD was phosphorylated after neo-synthesis. Another
hypothesis was that the changes observed on 2DGE for ezrin, CaD, and HSP27 corresponded to concomitant
increased neosynthesis and increased degradation of these spots.
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Fig. 3. Effects of H,O; on the abundance of L-CaD, ezrin, cdc42-GAP, T-plastin, and HSP27 mRNA in IMR-90
HDFs. IMR-90 HDF's were treated with H,O; at 150 uM for 2h. Total RNAwas extracted at 4 h, 8h, 1 day, 2
days, and 3 day s after the beginning of 2-h treatment with H,0,. The abundance of GAPDH mRNA was used as
reference in the real-time RT-PCR analysis. The results are expressed in percentages compared to control cells
before the stress and are given as means= SD of three independent experiments. Statistical analysis was carried
out with the Student t test to compare the values with the control before the treatment with H,O,. NS,
nonsignificant (p > 0.05); *0.05 > p > 0.01.
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Fig. 4. (A) Protein abundance of ezrin, phospho-L-CaD, total L-CaD, phospho-HSP27, and total HSP27 in IMR-
90 HDFs before any treatment with H,O, (0 h), after a 1 - or 2-h treatment with H,O,, and at 4 h, 8 h, and 1 to 3
days after the beginning of a 2-h treatment with H,0,. a-Tubulin protein abundance was used as reference in the
Western blot. Analyses were performed in three independent experiments and images are representative results
of triplicates. (B) Protein abundance of phospho-L-CaD, total L-CaD, and p21"*** in IMR-90 HDFs at 4 to 8
days after the beginning of a 2-h treatment with H,O,. p21"* and a-tubulin protein abundances were used
respectively as positive control for the treatment with H,O, and as reference in the Western blot. Analyses were
performed in three independent experiments and images are representative results of triplicates.
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Neosynthesis of ezrin, L-CaD, and HSP27 after treatment of IMR-90 HDF's with H,0,

The abundance of ezrin, L-CaD, and HSP27 was estimated at 72 h after treatment with H,O, with or without the
inhibitor of protein translation CXM added between day 2 and day 3 after a 2-h treatment with H,O, at 150 pM.
This timing corresponded to the conditions of metabolic labeling with [ SJmethionine used above and was used
thereafter.

The effects of CXM on IMR-90 HDF numbers were tested (Fig. S.1). Under these conditions, CXM at 2 and 10
ng/ml rapidly prevented the induction of expression of p21%*after treatment with H,O, (Fig. 5A). This
indicated that CXM effectively inhibited protein translation. Analysis by Western blot revealed that the protein
abundance of ezrin, L-CaD, and HSP27 was decreased at 3 days after treatment with H,O, and incubation with
CXM at 2 or 10 pg/ml, compared to the cells treated with H,O, and not incubated with CXM (Fig. 5A). This
spoke in favor of increased neosynthesis of these proteins after treatment with H,O,. However, incubation of
IMR-90 HDFs with CXM did not completely abrogate the presence of ezrin, L-CaD, and HSP27, whereas
p21™VA! disappeared totally (Figs. 5B and C). A possible explanation was that the life spans of ezrin, L-CaD,
and HSP27 are longer than 1 day. To test this hypothesis CXM at 10 or 2 pg/ml was used for incubations
respectively shorter or longer than 3 days (Fig. 5C). The abundance of HSP27 started to decrease after 3 days of
incubation with CXM. A slight decrease in the abundance of L-CaD was observed after 4 days of incubation.
The abundance of ezrin remained stable for at least 5 days of incubation with CXM (Fig. 5C). Thus, HSP27,
ezrin, and L-CaD were indeed neosynthesized more between day 2 and day 3 after treatment with H,O,. Now, it
can be understood why the total abundance of these proteins did not seem to change: their neosynthesis was
probably compensated for by concomitant degradation.
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Fig. 5. (4) Effects of CXM on p21"*™! ezrin, L-CaD, and HSP27 protein abundance in IMR-90 HDF controls or after
treatment with H,O; at 150 uM for 2 h. At day 2 after the beginning of the 2-h treatment with H,O,, IMR-90 HDF's were
incubated with CXM (2 or 10 ug/ml) for 1 day. Proteins were extracted at 2 or 3 days after the beginning of the 2-h treatment
with H,O,. a-Tubulin protein abundance was used as reference in the Western blot. Analyses were performed in three
independent experiments and images are representative results of triplicates. (B, C) Estimation of p21"*"! | ezrin, L-CaD,
and HSP27 life span in IMR-90 HDFs. IMR-90 HDFs were incubated with CXM for increasing durations (B, 2 h to 2 days
with 10 ug/ml CXM; C, 3 to 5 days with 2 ug/ml CXM). a-Tubulin protein abundance was used as reference in the Western
blot. Analyses were performed in three independent experiments and images are representative results of triplicates. (D, E,
F) Effects of a 2-h treatment of IMR-90 HDF's with H,O, on racl, cdc42, and p38 activation. Proteins were extracted at (D)
1 hor(E) 1, 2, and 3 days after the beginning of a 2-h treatment with H,O,. GTP-bound forms of racl or cdc42 were purified
with GST-pakl-PBD fusion protein. Extracts were analyzed by Western blot. Racl and cdc42 activity was determined by the
amount of GST-pakl-PBD (racl-GTP and cdc42-GTP) normalized to total racl and cdc42 presented in whole-cell lysates.
For positive control of cdc42 activity, IMR-90 HDF's were incubated with 100 ng/ml bradykinin for 1 h before protein
extraction and analysis. For positive control of racl activity, IMR-90 HDFs were incubated with 10 ng/ml EGF for 1 h
before protein extraction and analysis. For negative control of racl activity, IMR-90 HDFs were preincubated 1 h with a
racl inhibitor (NSC 23766) at 200 uM and then incubated with 10 ng/ml EGF with NSC 23766 for 1 h before protein
extraction and analysis. Positive and negative controls for pull-down assays were performed by adding GTPyS (0.1 mM) or
GDP (1 mM), respectively, in whole-cell lysates before purification and analysis. Analyses were performed in three
independent experiments and images are representative results of triplicates. (F) p38"X and phospho-p38"*™* protein
abundance at increasing times during and after the treatment of IMR-90 HDFs with H,0,. a-Tubulin protein abundance was
used as reference in the Western blot analysis. Analyses were performed in three independent experiments and the images
presented are representative results of triplicates.
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Effect of treatment with H,O, on activation of racl/cdc42 in IMR-90 HDFs

Increased intensity of a spot corresponding to cdc42-GAP was found on the 2DGE. This protein can inhibit racl
and/or cdc42 Rho proteins. Thus, we performed a GTPase assay for racl and cdc42 at different times after 2 h of
treatment with H,O,, in three independent experiments. Each experiment gave very similar results. We treated
IMR-90 HDFs with 0.1 uM bradykinin and 10 ng/ml EGF as positive controls for activating respectively cdc42
or racl. We used the chemical inhibitor of racl, NSC23766, at 200 uM, as a negative control for racl activity.
The total abundance of cdc42 and racl did not change until 3 days after treatment with H,O,. Cdc42-GTP was
more abundant after 1 h of treatment with H,O,, whereas rac1-GTP abundance was decreased (Fig. 5D). Cdc42-
GTP was more abundant at 1 day after the treatment with H,O, and rac1-GTP increased at 1, 2, and 3 days after
2 h of treatment with H,O, compared to untreated cells (Fig. SE). Thus the activation of cdc42 and racl was not
synchronized after treatment with H,O, except at day 1 after treatment. Thus, it seems unlikely that increased
neosynthesis of cdc42-GAP alone can explain these results. Activation of cdc42 after 1 h treatment with H,O,
and at 1 day after cell treatment (stress, stimulation) had never been reported before. The same holds true for
activation of racl from 1 to 3 days after treatment. This made it likely that these proteins can play a role in
senescence-like morphogenesis after treatment with H,O,.

In addition, p38™4™ is know to be involved in rho protein-induced signaling [27,28]. Phosphorylation of
p38MAPK was observed after 1 and 2 h of treatment with H,0, and until 4 h after the beginning of the 2-h
treatment with H,O, (Fig. 5F). Taken together, these results suggest that cdc42, racl, and p38™™ could play a
role in senescence-like morphogenesis. To test this hypothesis, cdc42, racl, and p38a™M*** expression was
invalidated using siRNA. The experimental settings for invalidation with siRNA are described in Fig. 1B and

optimization of the experimental conditions is described in the supplementary material available online (Figs.
S.2 and S.3).

Effect of cde42, racl, or p38a™*"* invalidation on the proliferation rate of IMR-90 HDFs after treatment
with H,0,

The proliferative rate of IMR-90 HDFs was analyzed between the second and the third day after treatment with
H,0, because the arrest of DNA synthesis at this time is a known marker of the stress-induced senescence-like
phenotype. Despite the cells transfected with siRNA for racl, cdc42, or p38a™** being markedly less
proliferative even in the absence of treatment with H,O,, the ratio between the cells exposed to H,O, and those
not exposed was much lower, respectively 0.007 + 0.004, 0.030 = 0.002, and 0.100 + 0.09 in cells transfected
with cdc42, racl, and p380™*FX, compared to the ratio between cells exposed to H,0, and those not exposed and
transfected with negative siRNA (0.200 £ 0.05) (Table 3).

Table 3: Effects of racl, cdc42, and p38a™™** invalidation with siRNA on the proliferative potential of IMR-90
HDFs treated with H,O, or not

siRNA Ratio H,O,/control cells p value
Negative 0.200 + 0.05

Racl 0.007 + 0.004 1.5x10*
Cdc42 0.030 + 0.002 1.6 x 10

p38a MAPK 0.100 + 0.09 9.9 x 10°°
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Fig. 6. (4) Effect of racl, cdc42, or p38a™™ invalidation with siRNA on morphology of IMR-90 HDFs before
treatment with H,O; (day 0) and at day 3 after the beginning of 2-h treatment with H,O, or not. IMR-90 HDF's
were transfected with the indicated siRNA and incubated with Dharmafect or with medium alone ("medium") for
36 h. Representative micrographs of IMR-90 HDF's in phase-contrast microscopy are shown at day 0 (before
H,0,) and at day 3 after treatment with H>O,. (B) Effect of racl, cdc42. or p38a™*™® invalidation with siRNA on
actin and paxillin organization after treatment of IMR-90 HDFs with H,O,. IMR-90 HDFs were transfected with
the indicated siRNA or incubated with medium alone ("medium") for 36 h before treatment with H,O,. At day 3
after the transfection, the cells were treated with H,O, at 150 uM for 2 h. At day 3 after the treatment with H>O,
the cells were seeded on cover glasses at 20,000 cells/cm’ and fixed at day 4. f-Actin was stained by phalloidin.
Paxillin was immunolabeled using specific primary antibodies and secondary antibodies conjugated to Alexa
fluorochrome. Representative fluorescence micrographs were obtained by semiquantitative confocal microscopy.
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Fig. 6 (continued).
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Effect of cdc42, racl, orp38c™*"* invalidation on senescence-like morphology induced by H,0,

A senescence-like morphology is observed in IMR-90 HDFs at 3 days after treatment with H,O, at sublethal
concentration [ 11,13]. In fibroblasts, the small GTPases racl and cdc42 regulate the formation of lamellipodia
and filopodia, respectively [29]. These are dynamic and often transient membranous structures on the surface of
cells that can be observed in spreading, moving, and dividing cells. Lamellipodia are flat and wide and filopodia
are shaped more like fingers that extend from the cells. Deroanne et al. already demonstrated in normal human
skin fibroblasts that ablation of racl with siRNA decreased lamellipodium formation and ablation of cdc42 with
siRNA induced a more "dendritic" morphology [26]. Under similar conditions, we found that invalidation of
racl induced a thinner morphology of IMR-90 HDFs with edges that became refringent (Fig. 6A). Cells in which
cdc42 was invalidated displayed a more "dendritic" morphology with reduced cytoplasmic surface. After
p38a™*PX invalidation, the cell morphology looked similar to the morphology obtained after rac1 invalidation.

At day 3 after treatment with H,O,, IMR-90 HDFs under normal conditions transfected with negative siRNA or
incubated with Dharmafect presented a more flattened shape. When rac1, cdc42, or p38a™*™ was invalidated,
no senescence-like morphology could be observed after treatment with H,O,. The data with p380™“F* confirmed
previous data obtained with chemical inhibition of p38™™ with SB203580 or with anti-sense oligonucleotides

[6].

Previous studies showed a correlation between induction of senescence-like morphology after treatment with
H,0, in IMR-90 HDFs, enhancement of actin stress fibers, and randon/ sporadic distribution of vinculin and
paxillin throughout these treated cells [14]. Similar results were obtained herein after treatment with H,O, (Fig.
6B): actin and paxillin showed increased labeling intensity with more stress fibers (actin) and more intense focal
adhesion plaques possessing paxillin at 3 days after treatment with H,O..
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The cells transfected with cdc42 siRNA displayed strong actin labeling on the edges of filopodia. At 3 days after
treatment with H,O,, the cells with invalidated rac1, cdc42, or p38c™“™* displayed similar actin patterns
compared to their untreated counterparts.

As for the paxillin pattern, the cells with invalidated cdc42 or racl displayed less intense paxillin foci after
treatment with H,O,. When p38a™*™ was invalidated, the cells displayed more intense paxillin even in absence
of H,O,. This intensity was again reinforced after treatment with H,O,.

Cells transfected with the indicated siRNA and incubated with Dharmafect or medium alone were treated with
H,0, at 150 uM for 2 h, and incorporation of [°’H] thymidine (1 pCi/ml) into the DNA was allowed between the
second and the third day after the beginning of the 2-h treatment with H,O,. Each condition with siRNA and
H,0, was compared with the control condition (no H,O,) with siRNA. The results are given as means = SD from
three independent experiments. Statistical analysis was carried out with the Student ¢ test. Differences in
proliferative potential between both conditions and p values are given.

Effect of racl, cdc42, or p38a™*"* on phospho-HSP27 and phospho-L- CaD
It was tested whether cdc42, racl, or p38a™“F¥ can play a role in the phosphorylation of HSP27 and L-CaD (Fig.
7). After 1 h of treatment with H,O,, cdc42 siRNA decreased the abundance of phosphorylated p38™*™ and
phosphorylated HSP27. p38a™A™® siRNA decreased the abundance of phosphorylated HSP27 and cdc42-GTP
This regulation is not mediated by direct interaction because immunoprecipitation of p38o™** does not
coprecipitate cdc42 (data not shown). Cdc42 and p38a™*™ siRNA respectively did not affect or decreased the
abundance of phosphorylated L-CaD after 1 h of treatment with H,O, and at 4 days after treatment with H,O.
Thus, the phosphorylation of L-CaD during treatment with H,O, does not seem to be controlled by p38a™*™ nor
by cdc42. Studies on other cell types concluded that ERK MAP kinase is responsible for the early
phosphorylation of CaD, whereas p38™***-dependent phosphorylation takes place thereafter [30]. However, the
phosphorylation level of L-CaD was not reduced by inhibiting ERK with the specific chemical inhibitor U0126
during treatment with H,O, (data not shown). The phosphorylation of L-CaD observed at day 4 after treatment
with H,0, is dependent on p380™*™ and cdc42 or Racl siRNA did not present a marked effect on
phosphorylation of L-CaD.

As positive control for the response to H,0,, the abundance of p21"*F!
treatment with H,O, [13].

was still sharply induced at 4 days after

Transfection reagent alone (+ H,0,) and negative siRNA (= H,0,) gave results similar to those obtained with
culture medium alone (respectively + H,O,).

Effect of racl, cdc42, or p38a™**® siRNA on TGF-p1 mRNA abundance

It was found previously that p38™*™ is responsible for the induction of TGF-1 after treatment of IMR-90 HDFs
with H,0,. p380™4F* and cdc42 siRNA reduced the induction of TGF-P1 respectively 2.5 + 0.2, 2.2 + 0.5, and
2.2 £ 0.1 after H,O, treatment for control cells, cell treatment with transfected reagent, and cells transfected with
negative siRNA, to a respective 1.6 + 0.3 -fold and nonsignificant 1.2 + 0.1-fold increase. Racl siRNA did not
alter the induction of TGF-B1 (2.1 +0.3).
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Fig. 7. Effect of racl, cdc42, or p38a™*™ invalidation with siRNA on protein abundance of p38"“*¥, phospho-
p38PK bhospho-L-CaD, and phospho-HSP27 after treatment with H>O,. IMR-90 HDFs were transfected with
the indicated siRNAs and incubated with Dharmafect or with medium alone. Proteins were extracted (A) after a

1-h treatment with H,O; or (B) at day 4 after the beginning of a 2-h treatment with H,O,. p2

WAF-1 .
1 protein

abundance was estimated at day 4 as positive control for the treatment with H,O,. a-Tubulin protein abundance
was used as a reference in the Western blot. Analyses were performed in three independent experiments and the

results presented are representative of triplicates.
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The aim of this work was to search for proteins undergoing TGF-B1-independent changes in abundance in the
H,0,-induced senescence-like phenotype of IMR-90 HDFs. We performed a proteomic study based on
metabolic labeling of proteins after treatment of the cells with a sublethal concentration of H,O,, in the presence
of neutralizing antibodies against TGF-B1 or not. Previous studies showed that metabolic labeling is a sensitive
technical approach, making it possible to obtain valuable results compared with other types of protein labeling.
We pinpointed 17 TGF-B1-independent changes in H,O,-treated IMR-90 HDF's and 7 changes in IMR-90 HDFs
stimulated with TGF-B1. Thus establishment of the H,O,-induced senescence-like phenotype does not depend

only on TGF-B1 (Fig. 8).

Only the osteonectin was more metabolically labeled after stimulation with TGF-B1. Osteonectin is associated
with the extracellular matrix. It elicits changes in cell shape, inhibits cell-cycle progression, and influences the
synthesis of the extracellular matrix [31]. The abundance of osteonectin mRNA is increased in IMR-90 HDFs
stimulated with TGF-B1 [13]. TGF-B1 is involved in the morphological changes taking place in the y-radiation-
induced growth arrest of fibroblasts [32]. Using antibodies neutralizing TGF-B1, it was shown that TGF-p1
controls the establishment of several biomarkers of the cellular senescence-like phenotype, including increased
abundance of osteonectin mRNA, after treatment of IMR-90 HDFs with a sublethal concentration of H,O,. An
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increased abundance of osteonectin mRNA was also described in models of stress-induced senescence-like
phenotype using other agents as diverse as --BHP, UVB, and ethanol [15,16]. However, an increase in
osteonectin protein abundance in the H,O,-induced senescence-like phenotype has not been described.

Fig. 8. Putative model depicting effects of H;O, on 'MR-90 HDF senescence-like morphogenesis. Rapid
activation of cdc42 and p38™** promotes phosphorylation of HSP27 and increased transcription of TGF-pI.
This in turn leads to the reactivation of p38™™%, which with cdc42 allows phosphorylation of L-CaD as well
asreorganization of the actin and paxillin cytoskeleton. On the other hand, H,O; induces increased neosynthesis
of ezrin, L-CaD, and HSP27, which are also thought to be involved in cytoskeleton reorganization.
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B-Actin, ezrin, L-CaD, and HSP27 were among proteins which present changed neosynthesis, independent of
TGF-B1, between day 2 and day 3 after treatment with H,O,. It is likely that cleavage of actin resulting in
fragments was increased in the stress-induced senescence-like phenotype, resulting in an increase in the size of
the spot corresponding to this fragment of actin. Enlarged fibers of actin are typically observed in the
senescence-like phenotype of HDFs [14].

The profile of phosphorylation of L-CaD suggested that a spot on 2DGE corresponding to separation of an
isoform phosphorylated after neosynthesis has been detected.

Previous studies showed that transfection of fibroblasts with the full-length CaD cDNA resulted either in altered
cell morphology and increased cell spreading or in decreased contractility, inhibition of stress fiber formation,
and focal adhesion. Over-expression of the fully functional actin-binding C-terminal fragment of CaD also
promotes cell spreading [33]. A study on vascular smooth muscle cells suggested differential roles of L-CaD in
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the modulation of podosome size and lifetime [34]. Podosomes have been identified as columnar arrays of actin
filaments surrounding a narrow tubular invagination of the plasma membrane roughly perpendicular to the
substratum. These intracellular adhesion structures are involved in the regulation of cell locomotion by
regulating the release of metalloproteinases in a large number of cell types [35-38]. Distinct molecular pathways
involved in these processes have been described depending on the cell type considered, all involving rho
GTPases [37].

CabD is considered one of the key regulators of actin dynamics and thereby cell polarity, membrane extension,
and cell motility. We showed for the first time that L-CaD can be phosphorylated after treatment with H,O,. It is
known that L-CaD phosphorylation alters the interaction of L-CaD with actin [39]. The kinases that can
phosphorylate CaD in vitro include not only p38™4™ but also ERK, pakl, cdkl, and protein kinase C [40]. These
kinases represent potential candidates responsible for phosphorylation of L-CaD after treatment with H,O,. In
addition, a study on smooth muscle contraction revealed that phospho-HSP27 can interact with phospho-CaD
[41].

Other studies showed that ezrin is immediately neosynthesized as well as degraded by the proteasome after
treatment with oxidative stress [42]. A first possible explanation of this regulation in the stress-induced
senescence-like phenotype is that the turnover of proteins involved in cytoskeleton scaffolding like ezrin, L-CaD,
and HSP27 represents a sensitive cellular sensor involved in spatial and temporal reorganization of the actin
cytoskeleton observed after the oxidative stress. A second and complementary hypothesis is that after oxidative
stress, cells simultaneously degrade and neosynthesize ezrin, L-CaD, and HSP27 in order to work with a pool of
unoxidized proteins, ensuring better regulation of the cytoskeleton. Indeed, it is known that protein oxidation is
observed in the H,O,-induced senescence-like phenotype of IMR-90 HDFs [15] and that the cellular de novo
production of H,O, increases for at least 72 h after the initial stress [43].

The cdc42 GTPase-activating protein (or cdc42-GAP) expression can lead to inhibition of racl and cdc42 rho-
GTPases by hydrolysis of their GTP into GDP [44]. The rho family (rho, racl, and cdc42) has been shown to be
involved in producing signals that affect the rearrangement of the actin cytoskeleton [45], Activated cdc42 and
racl induce, respectively, the formation of filopodia and lamellipodia [29]. It is known that expression of
activated forms of racl or cdc4?2 activate p38™“F* in COS-7 and HeLa cells [28]. The activation of cdc42 was
synchronized with the phosphorylation of p38™*™ HSP27, and L-CaD during the treatment with H,0,, whereas
racl was inactivated. HyO, [6] or UVB [15] can induce the phosphorylation of p38. Previous studies
demonstrated that the immediate activation of p3 §MAPK after treatment of IMR-90 HDFs with H,O, at sublethal
concentration is independent of TGF-B1 and that inhibition of p38™4™ blocks the appearance of H,0,-induced
senescence-like morphology during treatment of different cell lines with H,O, [6]. p38™*™ phosphorylates
HSP27, which behaves as a phosphorylation-regulated filamentous actin-capping protein, capable of inhibiting
actin polymerization in its nonphosphorylated form and releasing actin polymerization after its phosphorylation
[30]. Specific invalidation of p38a™*™*, rac1, or cdc42 by using a siRNA approach allowed us to clarify the
possible links between these proteins and L-CaD during or after treatment with H,O,. We demonstrated that
cdc4? is involved in the phosphorylation of p38™A™® during treatment with H,O, and vice versa, which was
unknown. It was already observed that pakl, a potential mediator of cdc42 signaling, stimulates p38™*™ activity
in COS-7 fibroblasts [28]. Thus a similar mechanism might exist during treatment with H,O,. We showed that
p38aMA™ and cdc42 allowed the phosphorylation of HSP27. Although phospho-HSP27 becomes much less
abundant after invalidation of p38a™*™ it is still observable at very low levels after invalidation of cdc42. A
possible explanation is that cdc42 is not the only effector responsible for p38 activation, which seems
reasonable.

Morphological changes are important features of cell senescence. Actin and focal adhesion, constituted
essentially of vinculin and paxillin, build the framework of a cell [46]. The expression levels or spatial
arrangement of these cytoskeleton proteins determine cell morphology [47,48]. p38a™*™, cdc42, and racl are
known to regulate the functions of actin. Also it is well established that IMR-90 HDFs in the H,O,-induced
stress-induced senescence-like phenotype display a spread-out morphology. By investigating the role of these
proteins in the appearance of this typical morphology, we showed that the appearance of this senescence-like
morphology depends on p380™*™, cdc42, and racl regulation of actin and paxillin organization.

The p38™**-induced increase in transcription and the increase in abundance of TGF-B1 protein were previously
shown to be partly necessary for H,O,-induced morphogenesis, appearance of senescence-associated -
galactosidase activity, and over-expression of senescence-associated genes [13]. This study shows that cdc42 is
responsible for early phosphorylation of p38™***leading in turn to increased transcription of TGF-B1.
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Thus, cdc4?2 participates in the TGF-f1-dependent changes observed in the senescence-like phenotype. However,
TGF-B1-independent events are also shown herein to participate in senescence-like morphogenesis. Thus both
TGF-B1-dependent and -independent events participate in the senescence-like phenotype of HDFs induced by a
sublethal concentration of H,O,.

It was proposed that it could be possible to find culture conditions for each cell type that minimize stress (culture
shock) and that leave telomere shortening as the only barrier to immortalization [4,49]. Narrowing the discussion
to human diploid fibroblasts in vitro at physiological O, concentrations, 80 population doublings can be reached.
If we consider two telomerase-negative fibroblasts that appear during in vivo embryogenesis, it would mean that
at least 2* fibroblasts (> 10** fibroblasts) should be produced before the first replicatively senescent fibroblasts
are seen (if 80 population doublings are necessary for the cells to become "truly" replicatively senescent, with
critically short telomere). In addition, removal of any type of culture shock should increase this figure further to
values slightly higher than 80. Considering the volume of a single fibroblast, 10** fibroblasts represent a volume
of several cubic kilometers of fibroblasts. Even if the volume of a human could represent as much as 1 m® of
fibroblastic tissue subject to turnover, this would represent billions of possible turnovers, which is virtually
impossible to reach within the present maximal human life span of 125 years. Of course asymmetric division
processes should be considered, which would decrease these figures to some extent.

In vitro models of cells in stress-induced senescence-like phenotype have been generated. Historically authors,
including ourselves, made the error of believing at first sight that cells in the stress-induced senescence-like
phenotype were very similar to cells obtained after passaging at 20% O,. Between 2 and 3 days after exposure of
fibroblasts to oxidative stress, including H,O, and -BHP, one could indeed detect overexpression of
"senescence-associated" genes like p21"", fibronectin, osteonectin, SM22, apolipoprotein J, Mn-SOD, and
al(I)-procollagen. One could detect SA B-gal; the common deletion in mitochondrial DNA [10]; a decrease in c-
fos mRNA level [50]; a decrease in AP-1 DNA-binding activity [6]; an overexpression of TGF-f1 [16], cyclin
D1 [51], HSP27, pyruvate kinase [52], and cyclo-oxygenase-2 [53]; hypophosphorylated Rb [14]; increased de
novo production of H,O, [43]; DNA-binding activity of p53 (S. Zdanov and O. Toussaint, unpublished data);
cdc4?2 and racl activation ([54] and this study); overexpression of caveolin-1 ([54] and A. Chretien et al.,
unpublished observation); etc. Afterward, one started to realize, by comparing the proteomes [52,55] and the
transcriptomes [16], that, beyond common mechanisms, cells obtained after passaging at 20% O, and exposure
to sub-lethal oxidative stress also displayed differences in regard to gene expression. The long-term stress-
specific changes have been termed "molecular scars" [56,57].

It was calculated that under 40% hyperoxia or after four treatments with ~BHP with a treatment at every two
population doublings, compensatory cycling after stress was not sufficient to explain the observed telomere
shortening, which was in favor of the existence of telomere shortening due to oxidative damage [58-60]. After a
single exposure to H,O, or five exposures to f-BHP within the same population doubling, telomere shortening
due to oxidative DNA damage reached only 322+55 bp (H,0,) and 381 + 139 bp (+~-BHP) [58]. On one hand, this
confirmed that stress-induced senescence-like phenotype can be observed even if the TRF shortening does not
reach a minimal critical size of around 5 kb. On the other hand, this also suggested the possibility that limited
telomere shortening could accumulate slowly within the life span of individuals, after local exposure(s) to sub-
lethal oxidative stress.

Tissues are stochastically exposed to stressful agents during life. A good argument in favor of the stochastic
evolution of tissues with aging is that the variability of the maximum number of population doublings that
normal fibroblasts can make increases with the age of the donor, as clearly seen from published data [61]. Also
fibroblasts taken from some human centenarians can make as many population doublings as fibroblasts from
young donors, whereas fibroblasts from another centenarian will make only a few population doublings [62,63].
Such stochasticity is due in part to lifetime exposures to stress. Stochastic exposure to stress can be endogenous
(local inflammation, microinflammation generating abnormal reactive oxygen species concentrations [64], etc.)
or exogenous (exposure of skin fibroblasts to UV irradiation, for instance [65]), including therapeutic agents (for
instance, psoralen £ UV A therapy [66]). Also it is likely that cells in a senescence-like phenotype could play a
role in the age-related changes of tissues in a usual environment. One example is that human diploid fibroblasts
in 20% O,-induced or H,0,-induced senescence-like phenotype can modify the physiology of preneoplastic
keratinocytes [67], favoring their transformation, which is of paramount importance because cells in such stress-
induced phenotype could accumulate during the life span, possibly explaining in part why the rate of cancer
increases with aging [68].

The words "inadequate culture conditions" [49] were used to describe any stress-related senescence-like
phenotype. However, stressful situations exist in vivo that might lead to such phenotype, especially in situations
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of repeated stress. Cells in a stress-induced senescence-like phenotype in vivo could thereby participate in tissue
(patho)physiology during aging and in several (age-related) diseases. SA B-gal activity-positive endothelial cells
are found a few weeks after balloon angioplasty in arteries (and thus have no time to reach such a state through
cell divisions only). SA B-gal-activity is found in chronic hepatitis and tissue surrounding liver carcinomas (for a
review see [2]). It is easy to understand that "true" replicative senescence could participate in diseases such as
Duchenne muscular dystrophy through exhaustion of the proliferative potential of muscle satellite cells [7,69],
although local inflammation might also play a role and generate a stress-induced senescence-like phenotype with
accelerated telomere shortening due to chronic oxidative stress. In vivo, human endothelial cells display a
senescence-like phenotype in atherosclerotic lesions of the coronary arteries from patients who died from
ischemic heart diseases [70]. No SA B-gal staining is observed in normal cartilage regardless of patient age. SA
[B-gal is observed in damaged osteoarthritis cartilage adjacent to lesions. Cultured chondrocytes isolated from
sites near a lesion contain a greater percentage of SA B-gal-positive cells than cultures isolated from distal sites
or normal cartilage [71,72]. HDFs excised from venous ulcers display several features of senescent cells:
reduced proliferative capacity, enlarged size, SA B-gal activity, overexpression of fibronectin. TNF-a is a major
component identified in the fluid of these ulcers. When neonatal skin HDFs are exposed to ulcer wound fluid or
to TNF-ot, the senescence-like phenotype appears [73,74], which confirms the data obtained in vitro on WI-38
HDFs [75]. Human aging itself is accompanied by an elevation of the circulating levels of TNF-a (for a review
see [76]).
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