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Abstract Human diploid fibroblasts (HDFs) exposed to subcytotoxic stresses under H2O2, tert-butylhydroperoxide (t-
BHP), and ethanol (EtOH) undergo stress-induced premature senescence (SIPS) characterized by many biomarkers
of HDFs replicative senescence. Among these biomarkers are a growth arrest, an increase in the senescence-asso-
ciated b-galactosidase activity, a senescent morphology, an overexpression of p21waf-1 and the subsequent inability to
phosphorylate pRb, the presence of the common 4977-bp mitochondrial deletion, and an increase in the steady-state
level of several senescence-associated genes such as apolipoprotein J (apo J). Apo J has been described as a survival
gene against cytotoxic stress. In order to study whether apo J would be protective against cytotoxicity SIPS and
replicative senescence in human fibroblasts, a full-length complementary deoxyribonucleic acid of apo J was trans-
fected into WI-38 HDFs and SV40-transformed WI-38 HDFs. The overexpression of apo J resulted in an increased
cell survival after t-BHP and EtOH stresses at cytotoxic concentrations. In addition, when WI-38 HDFs were exposed
to 5 subcytotoxic stresses with EtOH or t-BHP, in conditions that were previously shown to induce SIPS, a lower
induction of 2 biomarkers of SIPS was observed in HDFs overexpressing apo J. No effect of apo J overexpression
was observed on the proliferative life span of HDFs, even if apo J overexpression triggered osteonectin (SPARC)
overexpression, which was shown to decrease the mitogenic potential of platelet-derived growth factor but not of other
common growth-inducing conditions. Apo J senescence–related overexpression is proposed to have antiapoptotic
rather than antiproliferative effects.

INTRODUCTION

Human diploid fibroblasts (HDFs) exposed to subcyto-
toxic oxidative stress undergo stress-induced premature
senescence (SIPS), which is characterized by several bio-
markers of replicative senescence (for a review, see Tous-
saint et al 2000b). The exposure of WI-38 HDFs to 5 re-
peated stresses of 1 hour each under 30 mM tert-butyl-
hydroperoxide (t-BHP) decreases their proliferative life
span and increases the proportion of cells positive for the
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senescence-associated b-galactosidase (SA b-gal) activity.
A senescent morphology appears, as well as the common
4977-bp mitochondrial deletion. The cyclin-dependent ki-
nase inhibitor p21waf-1 is overexpressed, which inhibits the
phosphorylation of the retinoblastoma protein (Dumont
et al 2000). Subcytotoxic concentrations of H2O2 also trig-
ger SIPS in IMR-90 HDFs. The cells become enlarged and
flattened. Growth arrest occurs at phase G1 of the cell
cycle. These cells also overexpress p21waf-1 concomitantly
with the hypophosphorylation of pRb (Chen and Ames
1994; Chen et al 1998).

Cultures of WI-38 HDFs exposed to repeated subcy-
totoxic 2-hour stresses with 4% ethanol (EtOH) (v/v) also
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display, 3 days after the treatment, an increase in the pro-
portion of cells positive for the SA b-gal activity (Tous-
saint et al 2000a) and a senescent morphology (Toussaint
et al 1992). Human fibroblasts can be sorted into 7 suc-
cessive morphotypes based on cell shape, size, and nu-
cleus-cytoplasm surface ratio: 3 mitotic morphotypes (MF
I–III) followed by 4 postmitotic morphotypes (PMF IV–
VII). PMF VII represent the degenerative state of PMF VI
and die within a few hours. These morphotypes were
biochemically characterized as distinctive cells by 2-di-
mensional gel electrophoresis. An expert computer soft-
ware program allowing the sorting of fibroblasts into the
cell morphotypes was developed. It couples an image an-
alyzer to a software program capable of comparing the
data to a repertoire of cell shapes (unpublished). Suble-
thal oxidative stresses under t-BHP were shown to induce
a shift from the early fibroblast morphotypes to the later
ones. Observations based on a time-lapse video of single
cells after stress clearly showed that there is a transition
from 1 morphotype to the next and not a selection of a
given cell morphotype over the others (for a review, see
Toussaint et al 2000b).

The steady-state messenger ribonucleic acid (mRNA)
level of at least 7 genes is increased both in replicative
senescence and in t-BHP- and H2O2-induced SIPS. Among
these 7 genes, the genes of the most well-known functions
are fibronectin, osteonectin (SPARC), and apolipoprotein
J (apo J) (Dumont et al 2000). Apo J (also referred to as
clusterin, sulfated-glycoprotein-2, testosterone-repressed
message-2, glycoprotein 80, or SP-40) is a 70–80-kDa gly-
coprotein consisting of 2 disulfide-linked subunits named
apo Ja (34–36 kDa) and apo Jb (36–39 kDa) (de Silva et
al 1990a, 1990b). Apo J is constitutively synthesized and
secreted by many cell types. Apo J is overexpressed in
several models of apoptosis (Lee and Sensibar 1987).
Stimulation of LNCaP cells with tumor necrosis factor a
(TNF-a) induces the expression of apo J (Sensibar et al
1995). High levels of apo J were shown to protect against
TNF-a–mediated apoptosis in several cells lines, includ-
ing PC3 (Sintich et al 1999), LNCaP (Sensibar et al 1995;
Sintich et al 1999), and L929 (Humphreys et al 1997) cells.
Osteonectin (SPARC, BM-40) is an extracellular matrix
protein. It regulates the proliferation of different cell
types. SPARC blocks the mitogenic effect of vascular en-
dothelial growth factor (VEGF) in microvascular human
endothelial cells. SPARC binds to VEGF, resulting in a
reduced association of VEGF with its cell surface recep-
tors (Kupprion et al 1998). SPARC reduces the mitoge-
nicity of basic-fibroblast growth factor (bFGF) in endo-
thelial cells (Hasselaar et al 1992) and of platelet-derived
growth factor (PDGF) in mesangial cells (Pichler et al
1996). SPARC is expressed at high levels in human ovar-
ian surface epithelial cells but at reduced levels in ovarian
carcinoma cells in vitro and in vivo. In addition, the over-

expression of SPARC into an ovarian carcinoma cell line
results in a reduced growth rate in culture and a de-
creased tumorogenicity (Mok et al 1996).

In this work, we wished to know whether an increase
in apo J expression could protect HDFs against cytotoxic
stresses, SIPS, and normal replicative senescence. t-BHP,
H2O2, and EtOH were used as stressors as the experi-
mental conditions for them to induce SIPS are well estab-
lished. No protective effect of apo J against EtOH stress
had been shown earlier. As the overexpression of apo J
was found to increase the mRNA steady-state level of os-
teonectin, we also tested whether overexpression of os-
teonectin would alter either the cellular survival after cy-
totoxic stress or the proliferative capacity of the fibro-
blasts.

MATERIALS AND METHODS

Cell cultures

Normal and SV40-transformed human WI-38 fibroblasts
purchased from the American Type Culture Collection
(USA) were cultivated in 75-cm2 culture flasks (Cel Cult,
UK) containing 15 mL of basal medium Eagle (BME) or
Dulbecco modified Eagle medium (DMEM) (Flow Labo-
ratories, UK) supplemented with 10% fetal calf serum
(FCS) (Flow Laboratories). Confluent, cells were subcul-
tivated as previously described (Hayflick and Moorhead
1961). In slowly proliferating cultures, the medium was
changed every 4 days. The PT67-packaging cell line
(Clontech, USA) was grown in high-glucose DMEM
(Flow Laboratories) supplemented with 10% FCS and 4
mM L-glutamine (Sigma, USA). All cultures were grown
at 378C in an atmosphere containing 5% CO2.

Apo J retroviral expression vector construction and
transfection

A 1477-bp complementary deoxyribonucleic acid (cDNA)
fragment containing the entire open reading frame of dog
apo J (gp80) (88.5% identity with the human apo J) was
released from the pBEH vector by restriction with BamH1
(Promega, USA). The purified fragment was inserted by
T4 ligase (Promega) into the PLXSN retroviral vector
(Clontech) in the sense orientation. The construct was ver-
ified by restriction profiles and sequencing (data not
shown). The use of the dog apo J allowed differentiation
between the endogenous apo J mRNA and the transfected
apo J mRNA.

Subconfluent SV40 WI-38 cells, cultivated in 100-mm
culture dishes containing 10 mL of DMEM without se-
rum, were transfected for 8 hours with 30 mg of either
the PLXSN/apo J expression vector or the PLXSN vector
without insert, using the calcium phosphate precipitation
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method (Calphos mammalian transfection, Clontech). At
48 hours, the cells were plated in the selection medium
containing 0.5 mg/mL G418 (GIBCO BRL, UK). Colonies
were isolated from this medium 3 weeks later and ex-
panded in DMEM 1 10% FCS supplemented with 0.5
mg/mL G418.

Overexpression of apo J in WI-38 HDFs between 35%
and 39% of the replicative life span was achieved by ret-
roviral infections. The PLXSN/apo J expression vector
and the PLXSN vector without insert were transfected
into the PT67-packaging cell line by calcium phosphate
precipitation. After 15 days of selection under 0.5 mg/
mL G418, stable virus-producing cell lines were obtained.
At 18 hours before the infections, WI-38 HDFs were plat-
ed in 100-mm culture dishes at a density of 500 000 cells/
dish. The culture medium from PT67 cells was collected,
filtered through a 0.45 mM filter, and supplemented with
4 mg/mL of hexadimethrine bromide (Sigma). The ret-
roviral supernatants were added (10 mL/dish) to the tar-
get cells for 24 hours. At day 2 after the infection, a 2-
week selection under 0.5 mg/mL G418 was started.

SPARC retroviral expression vector construction and
transfection

A 1040-bp human SPARC cDNA was inserted into the
PLXSN retroviral vector (Clontech) and introduced in
WI-38 HDFs by retroviral infections. The PLXSN/SPARC
expression vector and the PLXSN vector without insert
were transfected into the PT67-packaging cell line by the
calcium phosphate precipitation method. After 15 days of
selection under 0.5 mg/mL G418, stable virus-producing
cells were obtained. Infections and selections in WI-38
HDFs between 35% and 39% of the replicative life span
were performed as described in the previous section.

Determination of recombinant apo J, SPARC, and
fibronectin expression relative levels

Assessment of dog apo J mRNA relative levels in SV40
WI-38 and WI-38 HDFs was done after G418 selection by
semiquantitative reverse transcriptase–polymerase chain
reaction (RT-PCR). Total RNA was extracted (RNA isola-
tion kit, Promega). Prior to the RT-PCR, the RNA samples
were treated with RNase-free DNase I (GIBCO BRL).
Semiquantitative RT-PCRs were achieved in 1 step (Ac-
cess RT-PCR kit, Promega) in the presence of 0.025 mCi
of [a-32P] per reaction. RT-PCRs were performed in the
exponential range of the PCR amplification, using 100 ng
of total RNA in 50 mL reactions containing 50 pmol of
both primers, 1 mM MgSO4, 0.2 mM of each deoxynu-
cleoside triphosphate, and 5 U of both Tfl DNA poly-
merase and avian myeloblastosis virus reverse transcrip-
tase. Negative controls were performed in the absence of

RNA. The presence of DNA contamination was checked
by performing a PCR without preliminary reverse tran-
scription. Recombinant dog apo J expression was checked
using primers 59-GTG AGT AGT GGT AAG TAT CCT-39
(position 226–246) and 59-CCC TAA TAG AAC AGA CAA
ACG-39 (position 655–675) (Eurogentec, Belgium), giving
a 449-bp amplicon. Endogenous apo J mRNA was am-
plified using the primers 59-CGG GGT GAA ACA GAT
AAA G-39 (position 69–88) and 59-TGC GGT CAC CAT
TCA TCC A-39 (position 373–392), giving a 322-bp am-
plicon. SPARC mRNA steady-state level was also deter-
mined by semiquantitative RT-PCR. SPARC mRNA was
detected using the primers 59-CTG TGG GAG CTA ATC
CTG-39 (position 181–199) and 59-GGG TGC TGG TCC
AGC TGG-39 (position 765–783). The primers 59-GAT
TGC CTG TTC TGC TTC-39 (position 360–378) and 59-
TTG GGT GAC TTT CCT ACT-39 (position 502–520) were
used to detect fibronectin mRNA. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA, amplified
using the primers 59-CGT CTT CAC CAT GGA GA-39 (po-
sition 333–350) and 59-CGG CCA TCA CGC CCA CAG
TTT-39 (position 601–622), was used as a reference level
because its relative level did not change among all the
situations tested. RT-PCR products were electrophoresed
on 5% polyacrylamide gels. The band radioactivity was
quantified with an Instant Imager (Packard Instruments,
USA). The autoradiographies of the corresponding gels
were performed on b-max films (Amersham Life Science,
UK).

Cytotoxic stresses under t-BHP, H2O2, and EtOH

SV40 WI-38 HDFs seeded in multidishes at 50 000 cells/
well (wells of 2 cm2, Cel Cult) were exposed to a single
stress of 2 hours under increasing concentrations of t-BHP
(0–1.25 mM) (Merck, Germany), EtOH (0–10%, v/v)
(Merck), and H2O2 (0–1.5mM) (Merck) diluted in BME
medium. After 2 washes with phosphate-buffered saline
(PBS) (10 mM, pH 7.4), the cells were given fresh BME
1 10% FCS. WI-38 HDFs seeded in multidishes at 50 000
cells/well were exposed to a single stress of 2 hours un-
der increasing concentrations of t-BHP (0–0.8 mM) and
EtOH (0–10%, v/v) diluted in PBS or BME, depending
on the type of experiment, in order to test whether a pro-
tective effect would be maintained under these condi-
tions. After 2 washes with BME, the cells were given fresh
BME 1 10% FCS.

Cell survival was assessed at 24 hours after the stress,
using either the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium salts (MTT) method (Mosmann 1983; Hansen
et al 1989; Marshall et al 1995) or the classical method of
measurement of cellular protein content (Lowry et al
1951). Measurement of the cellular protein content was
previously shown to be representative of cell survival
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Fig 1. Relative steady-state messenger ribonucleic acid (mRNA)
level of dog apolipoprotein J (apo J) after transfection in SV 40 WI-
38 fibroblasts. (A) Autoradiographies showing the steady-state level
of mRNA of transfected dog apo J in different G418-resistant colo-
nies of SV 40 WI-38 human diploid fibroblasts. (B) Quantifications
using glyceraldehyde-3-phosphate dehydrogenase as a reference
gene.

when compared with other methods (Toussaint et al
1994). The results are expressed as percentages of the
control cells not incubated with the stressor, considered
as 100%. Mean values of 4 independent experiments 6
standard deviations (SDs) are presented.

SIPS triggered by repeated EtOH and t-BHP stress

Confluent cultures of WI-38 HDFs at early cumulative
population doublings (CPDs), in 75-cm2 culture flasks,
were submitted to 5 repeated subcytotoxic stresses of 1
hour under 30 mM t-BHP or 2 hours under 4% EtOH
diluted in BME 1 10% FCS, with 1 stress per day for 5
days, according to previously described protocols (Tous-
saint et al 1992, 2000a; Dumont et al 2000). After 2 washes
with BME, the cells were given fresh BME 1 10% FCS.
Control cultures at the same early CPDs followed the
same schedule of medium changes without stressing mol-
ecule.

Morphotypes determination and senescence-
associated b-galactosidase activity

At 48 hours after stress, the cells were trypsinized and
seeded in 60-mm2 culture dishes (Falcon, UK) containing
5 mL of BME 1 10% FCS at a low density of 700 cells/
cm2. At 24 hours after cell seeding, the proportions of the
different morphotypes as well as the proportions of SA
b-gal positive cells were determined, as described by
Toussaint et al (1992) and Dimri et al (1995), respectively.
The proportions of cells positive for the SA b-gal activity
and the proportions of the different morphotypes were
assessed by counting 400 cells/dish, in 4 different dishes.
To avoid staining as a result of confluency, SA b-gal stain-
ing was always performed on nonconfluent cells. The re-
sults are given as means of 4 independent experiments 6
SD.

Mitogenic stimulations of WI-38 HDFs transfected with
SPARC

Cells were seeded in 24-well plates at 25 000 cells/well.
The next day, cells were rinsed twice with PBS and refed
with BME. After 48 hours of serum deprivation, the cells
were stimulated for 24 hours with the mitogens: bFGF,
epidermal growth factor (EGF), insulin-like growth factor
I (IGF-I) (Clonetics, USA), PDGF-AB (Calbiochem, USA),
interleukin-1b (IL-1b), and tumor necrosis factor a (TNF-
a) (R&D Systems, USA). Control cells were incubated in
BME without growth factors. Concomitantly, 1 mCi [3H]-
thymidine (specific activity: 2 Ci/mM; Du Pont NEN,
USA) was added to each well. After the 24-hour stimu-
lation, [3H]-thymidine–incorporation period, the cells
were washed twice with 0.5 mL PBS, fixed for 5 minutes

with 0.5 mL of ice-cold 10% trichloro-acetic acid (TCA),
and washed twice with 0.5 mL TCA, once with 70%
EtOH, and once with PBS. TCA precipitates were dis-
solved in 0.5 mL of 0.5 M NaOH. After neutralization
with 0.5 M HCl, the incorporated radioactivity was quan-
tified on a scintillation counter (Beckman Coulter Inc,
USA). The growth stimulation induced by each mitogen
was calculated as the ratio, in percent, of counts per mi-
nute (cpm)/25 000 stimulated cells to cpm/25 000 control
cells. Results are presented as mean values of 3 indepen-
dent experiments 6 SD.

RESULTS

Recombinant apo J mRNA level in SV40 WI-38 HDFs

After 3 weeks of selection with G418, resistant clones
were isolated and individually expanded. The level of
apo J mRNA was determined in 6 clones by semiquan-
titative RT-PCR. Three clones had high levels of apo J
mRNA (clones 23A2, 23A1, and 15A1) (Fig 1).
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Fig 2. Role of apolipoprotein J (apo J) against cytotoxic stress with ethanol (EtOH) and tert-butylhydroperoxide (t-BHP) in SV 40 WI-38
human diploid fibroblasts (HDFs). (A) SV40 WI-38 HDFs exposed to increasing EtOH concentrations. Cells were exposed to a 2-hour stress
with 0–10% EtOH diluted in basal medium Eagle (BME). Cells were transfected with the PLXSN/apo J vector (n) and the control PLXSN
vector (●). Survival was estimated at 24 hours after stress by assay of the cellular protein content. Results are expressed as percentages of
the protein content of control cells (no EtOH), considered as 100%, and are mean values of 4 independent experiments 6 SD. (B) SV40
WI-38 HDFs exposed to increasing t-BHP concentrations. Cells were exposed to a 2-hour stress with 0–1.25 mM t-BHP diluted in BME.
Cells were transfected with the PLXSN/apo J vector (n) and the control PLXSN vector (●). Survival was estimated at 24 hours after the stress
by assay of the cellular protein content. Results are expressed as percentages of the protein content of control cells (without t-BHP),
considered as 100%, and are mean values of 4 independent experiments 6 SD.

Apo J decreases the cytotoxicity of t-BHP and EtOH in
SV40 WI-38 HDFs

SV40 WI-38 HDFs overexpressing apo J, as well as non-
transfected HDFs and HDFs transfected with PLXSN
control plasmid without insert, were exposed for 2 hours
to increasing concentrations of EtOH and t-BHP. Cell sur-
vival was determined at 24 hours after stress by mea-
surement of the cellular protein content. This methodol-
ogy has proven earlier to give a reliable representation of
cell survival after stress (Toussaint et al 1994). From 2%
to 6% of EtOH, protective effects around 40% were pro-
vided by apo J (Fig 2A). The protection afforded by apo
J disappeared at the highest EtOH concentrations. In-
creased absolute values of cell survivals of 26%, 27%,
22%, and 18% were observed at 24 hours after stress un-
der 250mM, 500mM, 750mM, and 1000 mM of t-BHP, re-
spectively, in cells overexpressing apo J, when compared
with the control cells (Fig 2B). Clone 23A1 gave a lower
protective effect, whereas clone 15A1 did not protect at
all. Similar results were obtained when cell survival was
estimated using the MTT method (data not shown). Na-
tive cells and PLXSN-transfected cells gave very similar
results (data not shown). No protective effect of apo J on
cell survival was observed after exposures of the cells to
increasing concentrations of H2O2 from 0 mM to 1 mM
(data not shown).

Recombinant apo J mRNA relative level in WI-38 HDFs

We tested whether apo J overexpression could also pro-
tect WI-38 HDFs against t-BHP and EtOH cytotoxicity.

WI-38 HDFs have a limited proliferative life span. A long
selection procedure after transfection would rapidly ex-
haust their proliferative potential and is therefore prohib-
ited for studies on SIPS. Therefore, apo J cDNA was ret-
rovirally transfected to allow the transfection of a high
proportion of cells. We obtained from 50% to 90% of
transfected cells, thus resulting in a minimal loss of rep-
licative potential during the selection procedure. After 2
weeks with G418, endogenous and transfected apo J
mRNA relative steady-state levels were analyzed. Despite
a high homology between dog and human apo J, it was
possible to differentiate between the transfected dog apo
J mRNA and the endogenous human mRNA using spe-
cific primers. A high relative steady-state mRNA level of
dog apo J was observed in cells transfected with the
PLXSN/apo J vector. The expression of the endogenous
apo J was similar in cells transfected either with the
PLXSN/apo J vector or with the control plasmid (Fig 3).

Apo J decreases the cytotoxicity of t-BHP and EtOH in
WI-38 HDFs

Cells were exposed to a 2-hour stress with EtOH concen-
trations ranging from 1% to 10% (v/v). Between 1% and
8% EtOH, the survival of the cells overexpressing apo J
was significantly higher (Fig 4A), with protective effects
between 12% and 21%. When the cells were exposed to a
2-hour t-BHP stress (Fig 4B), a protective effect of 24% and
20% was observed after stress at 25 mM and 50 mM t-BHP,
respectively. When the cells overexpressing apo J were ex-
posed to various concentrations of H2O2 from 0 mM to 800
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Fig 3. Relative steady-state messenger ribonucleic acid (mRNA)
level of dog apolipoprotein J (apo J) after retroviral transfection in
WI-38 human diploid fibroblasts (HDFs). (A) Autoradiographies
showing the steady-state mRNA level of retrovirally transfected dog
apo J, endogenous apo J, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) in WI-38 HDFs. Lane 1: WI-38 HDFs trans-
fected with the PLXSN/apo J expression vector; lane 2: WI-38 HDFs
transfected with the control PLXSN vector. (B) Quantifications using
GAPDH as a reference gene.

Fig 4. Role of retrovirally transfected apolipoprotein J (apo J) against cytotoxic stresses with ethanol (EtOH) and tert-butylhydroperoxide (t-
BHP) in WI-38 human diploid fibroblasts (HDFs). (A) Survival curves of WI-38 HDFs exposed to increasing concentrations of EtOH. Cells
were subcultivated in multiwell dishes at a density of 25 000 cells/cm2 and exposed, on the next day, to a stress of 2 hours with 0–10%
EtOH, diluted in phosphate-buffered saline (PBS). Cells were transfected with the PLXSN/apo J vector (n) or the PLXSN control vector (●).
Survival was determined at 24 hours after the stress. Results are expressed as percentages of the protein content of control cells (no EtOH),
considered as 100%, and are mean values of 4 independent experiments 6 SD. (B) Survival curves of WI-38 HDFs exposed to increasing
concentrations of t-BHP. Cells were subcultivated in multiwell dishes at a density of 25 000 cells/cm2 and exposed, on the next day, to a
stress of 2 hours under 0–0.8 mM t-BHP, diluted in PBS. Cells were transfected with the PLXSN/apo J vector (n) or the PLXSN control
vector (●). Survival was determined at 24 hours after the stress. Results are expressed as percentages of the protein content of control cells
(without EtOH), considered as 100%, and are mean values of 4 independent experiments 6 SD.

mM for 2 hours, which ranged from minimal to maximal
cytotoxicity, no protection against the cytotoxicity of H2O2

was observed, when compared with cells transfected with
the PLXSN without insert (data not shown).

Apo J overexpression protects against SIPS induced
by t-BHP and EtOH stress

Exposures of HDFs at early CPDs to repeated subcyto-
toxic stresses with t-BHP and EtOH trigger SIPS (Tous-
saint et al 1992, 2000a, [for a review] 2000b; Dumont et
al 2000). In order to avoid cell death, the subcytotoxic
stresses are performed in medium plus serum as it was
previously shown that cell viability is enhanced in the
presence of substrates of the energy metabolism, such as
D-glucose, pyruvate-malate, or glutamate-malate. In ad-
dition, the proteins of serum act as quenchers of reactive
oxygen species (ROS), and growth factors can decrease
cytotoxicity (Toussaint et al 1994).

Apo J overexpression and stress-induced changes in
morphotype proportions

The morphology of the cells was already used as a reli-
able biomarker of SIPS (Toussaint et al 1992, 2000a; Du-
mont et al 2000). Along with their in vitro life span, HDFs
evolve through a sequence of 7 morphological types,
called morphotypes. Three mitotic morphotypes (MF I–
III) and 4 postmitotic morphotypes (PMF IV–VII) are
identified in HH8 skin HDFs (Bayreuther et al 1988, 1991,
1992) and in WI-38 human lung fibroblasts (Toussaint et
al 1992, 1995). A software program was designed to sort
the HDFs according to their morphotype. It was based on
the analysis of pictures from a CCD camera by an expert
system (unpublished). In addition, the proportions of the
morphotypes shifted in favor of the latest morphotypes
after various types of subcytotoxic stresses, such as UV
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Fig 5. Effect of retrovirally transfected apolipoprotein J (apo J) against SIPS induced by 5 repeated subcytotoxic stresses using morphotypes
as criteria. The cells were exposed to 5 repeated subcytotoxic 1-hour stresses with 30 mM tert-butylhydroperoxide (A) or 2-hour stresses
with 4% ethanol (B). At 48 hours after the last stress, cells were seeded in 60-mm culture flasks at a low density of 700 cells/cm2. The next
day, the morphotype proportions were determined. The results are presented as variations in the proportions of morphotype, recorded at 72
hours after the last stress, between the stressed and the nonstressed cells. Black columns: WI-38 human diploid fibroblasts (HDFs) transfected
with the PLXSN control vector; white columns: WI-38 HDFs transfected with the PLXSN/apo J vector. Results are mean values of 4 inde-
pendent experiments 6 SD.

Fig 6. Effects of retrovirally transfected apolipoprotein J (apo J)
against SIPS induced by 5 repeated subcytotoxic stresses using se-
nescence-associated b-galactosidase (SA b-gal) activity as criteria.
The cells were exposed to 5 repeated subcytotoxic 1-hour stresses
with 30 mM tert-butylhydroperoxide or 2-hour stresses with 4% eth-
anol. At 48 hours after the last stress, cells were seeded in 60-mm
culture flasks at a low density of 700 cells/cm2. The next day, the
percentage of cells positive for the SA b-gal activity was determined.
Results are expressed as percentages of the total cell population
and are means of 4 independent experiments 6 SD. Black columns:
WI-38 human diploid fibroblasts (HDFs) transfected with the PLXSN
control vector; white columns: WI-38 HDFs transfected with the
PLXSN/apo J vector.

light (Rodemann et al 1989), mitomycin C (Rodemann
1989), EtOH, and t-BHP (Toussaint et al 1992, 1995,
2000a).

WI-38 HDFs at early CPDs retrovirally transfected with
apo J cDNA were exposed to repeated concentrations of
4% (v/v) EtOH or 30 mM t-BHP. The data were expressed
as variations in morphotype proportions when compared

with control nonstressed cells. In the cells transfected
with the control vector, t-BHP and EtOH induced a dra-
matic decrease in the proportion of MF II, a large increase
in the proportion of MF III, and a significant increase in
PMF IV–VI (Fig 5A). Similar variations were previously
obtained when WI-38 HDFs were exposed to t-BHP or
EtOH under the same experimental conditions (Toussaint
et al 2000a). These stress-induced transitions were greatly
reduced in cells overexpressing apo J (Fig 5A). Repeated
EtOH stresses also induced a drastic shift from MF II to
III, PMF IV, V, and VI (Fig 5B). When compared with
control cells transfected with the PLXSN vector without
insert, this shift was greatly reduced in the cells overex-
pressing apo J (Fig 5B).

Apo J overexpression and stress-induced increase in the
proportions of SA b-gal positive cells

The proportion of HDFs positive for SA b-gal activity
increases with the number of CPDs (Dimri et al 1995).
The exposure of HDFs at early CPDs to repeated subcy-
totoxic stresses with EtOH or t-BHP results in a drastic
increase in the proportion of cells positive for this activity
(Dumont et al 2000; Toussaint et al 2000a). Five repeated
exposures to t-BHP and EtOH at their respective subcy-
totoxic concentrations of 30 mM and 4% (v/v) induced
respective increases in SA b-gal–positive cells of 31% and
38.5% in the cells transfected with PLXSN vector without
insert (Fig 6). These results were very similar to those
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Fig 7. Relative steady-state level of osteonectin and fibronectin
messenger ribonucleic acid (mRNA) in senescent human diploid fi-
broblasts (HDFs) and after SIPS-inducing treatment under tert-bu-
tylhydroperoxide (t-BHP) performed on cells transfected with the
PLXSN/apolipoprotein J (apo J) vector. (A) Autoradiographies show-
ing the relative steady-state level of osteonectin, fibronectin, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, as
determined by semiquantitative reverse transcriptase–polymerase
chain reaction. Cells were exposed to 5 subcytotoxic 1-hour stresses
with 30 mM t-BHP. Total RNA was extracted at 72 hours after the
last stress. WI-38 HDFs at early CPDs (45% of proliferative life span)
(lane 1). WI-38 HDFs at late cumulative population doublings (95%
of proliferative life span) (lane 2). WI-38 HDFs transfected with
PLXSN/apo J exposed (lane 4) or not (lane 3) to five 1-hour stresses
with 30 mM t-BHP. WI-38 HDFs transfected with the PLXSN control
vector exposed (lane 6) or not (lane 5) to five 1-hour stresses with
30 mM t-BHP. (B) Quantifications using GAPDH as a reference
gene.

obtained previously in nontransfected WI-38 HDFs (Du-
mont et al 2000; Toussaint et al 2000a). In the cells trans-
fected with apo J cDNA, increases of only 9% and 13.5%
were found after these stresses with t-BHP or EtOH, re-
spectively, when compared with nonstressed cells trans-
fected with apo J cDNA (Fig 6).

Effect of apo J on the relative mRNA steady-state level of
fibronectin and osteonectin

We described 7 genes whose relative mRNA steady-state
level undergoes a senescence-associated increase as well
as a SIPS-associated increase at 72 hours after t-BHP and
H2O2 subcytotoxic stress (Dumont et al 2000). Two of
these genes, eg, fibronectin and osteonectin, have well-
known functions. We wished to know whether interac-
tions take place between an increased apo J mRNA level
and the level of transcripts of these 2 genes. For both
genes, we first confirmed their senescence-associated in-
crease in relative transcript levels in WI-38 HDFs. The
relative steady-state levels of osteonectin and fibronectin
mRNA were 3.2- and 1.7-fold higher, respectively, in se-
nescent HDFs as compared with HDFs at early CPDs (Fig
7, lanes 1 and 2). Fibronectin and osteonectin relative
transcript levels were increased in SIPS induced by t-BHP
in cells transfected with the PLXSN vector without insert,
with a respective 1.7- and 1.8-fold increase when com-
pared with nonstressed cells transfected with the PLXSN
control vector (Fig 7, lanes 5 [no t-BHP] and 6 [t-BHP]).
This data allowed us to consider that the retroviral trans-
fection of HDFs does not prevent the SIPS-induced in-
crease in the transcript levels of these 2 genes, although
an increase in the relative mRNA steady-state level of os-
teonectin cDNA was observed in the nonstressed con-
trols. WI-38 HDFs retrovirally transfected with apo J
cDNA behaved unexpectedly because both osteonectin
and fibronectin relative transcript levels increased simi-
larly by 1.4- and 2.0-fold, respectively, when compared
with the respective relative transcript level observed in
the control cells transfected with the PLXSN control vec-
tor (Fig 7, lanes 3 [no t-BHP] and 4 [t-BHP]). This sug-
gests that apo J can induce an overexpression of fibro-
nectin and osteonectin. After t-BHP–induced SIPS, no sig-
nificant increase in osteonectin or fibronectin relative
transcript levels was observed in the cells transfected
with the PLXSN/apo J vector. These results indicate a
protection against the SIPS-induced increase in the tran-
script level of these 2 genes. However, it could be possible
that the transfection of apo J cDNA maximally induces
an increase of these mRNA steady-state levels, leaving no
possiblity for further SIPS-induced increase.

Effect of apo J on replicative senescence of WI-38 HDFs

We tested whether apo J overexpression affects the pro-
liferative life span of WI-38 HDFs. HDFs transfected with
the PLXSN/apo J or the PLXSN without insert were sub-
cultivated until the exhaustion of the proliferative poten-
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Fig 8. Autoradiographies and quantifications showing the relative
steady-state messenger ribonucleic acid level of SPARC in WI-38
human diploid fibroblasts transfected with the PLXSN/SPARC vector
(lane 2) or the PLXSN control vector (lane 1).

tial. No difference was found between the replicative life
span of these transfected cells. Very similar numbers of
cells per flask were found at each subcultivation in the
HDFs transfected with the PLXSN/apo J, transfected
with the PLXSN vector without insert, and nontransfect-
ed. The cells transfected with the PLXSN/apo J or the
PLXSN without insert stopped growing at CPDs between
48 and 50, whereas the nontransfected cells stopped
growing at CPDs between 49 and 52. Retroviral transfec-
tion allowed a high efficiency of transfection, avoiding an
important decrease in proliferative potential, and gave
similar results whether the cells were transfected with the
PLXSN/apo J or the PLXSN control vector. No difference
in the cell numbers was observed during the selection
process of the cells transfected with the PLXSN/apo J or
the PLXSN vector. As apo J overexpression did not affect
the proliferative life span of HDFs, this suggests that apo
J per se does not provoke senescence, although it is over-
expressed in senescent HDFs and in HDFs in SIPS. The
literature gives many indications that apo J is an antiapo-
ptotic rather than an antiproliferative protein. Neverthe-
less, apo J overexpression in our system led to the over-
expression of osteonectin. As the growth-inhibitory ef-
fects of osteonectin have been found in many cell types,
we needed to know whether overexpression of osteonec-
tin (SPARC) in our experimental models would affect the
stress resistance or decrease the proliferative capacity of
the cells.

Effect of SPARC overexpression

Determination of relative SPARC expression level

The SPARC cDNA cloned into the PLXSN vector was ret-
rovirally introduced in WI-38 HDFs at early CPDs. After
2 weeks of selection with G418, the relative SPARC
mRNA steady-state levels were analyzed in the cells
transfected with the PLXSN/SPARC vector, and in the
cells transfected with the PLXSN control vector without
insert, by semiquantitative RT-PCR. A higher relative
steady-state level of SPARC mRNA was observed in cells
transfected with the PLXSN/SPARC as compared with
cells transfected with the control PLXSN vector (Fig 8).

Effects of SPARC overexpression on the survival of WI-38
HDFs against stress with t-BHP and H2O2

Cells were exposed to a 2-hour stress with either t-BHP
or H2O2 at concentrations ranging from 0 mM to 1 mM.
Similar survival rates were observed in the cells trans-
fected with the PLXSN control vector or the PLXSN/
SPARC vector (Fig 9). Thus, no protection against the cy-
totoxicity of H2O2 and t-BHP was observed in HDFs over-
expressing SPARC.

Effects of SPARC overexpression on the [3H]-thymidine
incorporation after stimulation by mitogens

We tested the ability of several mitogens to induce DNA
synthesis in WI-38 HDFs after a serum deprivation pe-
riod of 48 hours. For each of the mitogens tested, the same
number of cells were incubated with 50 ng/mL of mito-
gens, which represents the concentrations effective on
WI-38 HDFs (Phillips and Cristofalo 1988; Owen et al
1989), in the presence of 1 mCi of [3H]-thymidine per well
for 24 hours. These experiments were conducted in cells
transfected with the PLXSN control vector and in cells
transfected with the PLXSN/SPARC vector. Control cells
(no mitogen added) nontransfected, transfected with the
PLXSN control vector, or transfected with the the
PLXSN/SPARC vector exhibited very similar levels of
[3H]-thymidine incorporation.

Whereas PDGF-AB at 50 ng/mL triggered a 62% in-
crease of the [3H]-thymidine incorporation level in cells
transfected with the PLXSN control vector, no significant
change (15 6 14%) was observed in the cells transfected
with the PLXSN/SPARC vector. High levels of [3H]-thy-
midine incorporation were observed with IGF-I, IL-1b,
FGF, EGF, TNF-a, and 10% FCS, and showed great simi-
larity between the cells transfected with the PLXSN con-
trol vector and the cells transfected with the PLXSN/
SPARC. The results obtained after stimulation of HDFs
transfected with the PLXSN control vector or the PLXSN/
SPARC vector are compared in Figure 10A where the lev-
el of stimulation observed for each mitogen in HDFs
transfected with the PLXSN control vector is considered
to be 100%.

We stimulated WI-38 HDFs transfected with the
PLXSN control vector and with the PLXSN/SPARC vec-
tor with 25–100 ng/mL PDGF. Significant percentages of
inhibitions of [3H]-thymidine incorporation, 76% and
98%, were observed at 50 ng/mL and 25 ng/mL PDGF,
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Fig 9. Survival curves of WI-38 human diploid fibroblasts transfected with either the PLXSN control vector (m) or the PLXSN/SPARC vector
(v) after exposures to cytotoxic stresses with tert-butylhydroperoxide (t-BHP) (A) and H2O2 (B). Cells plated in multiwell dishes at 25 000
cells/cm2 were exposed to a stress of 2 hours with increasing concentrations of t-BHP or H2O2 diluted in basal medium Eagle. Survival was
determined at 24 hours after stress. Results are expressed as percentages of the protein content of control cells (no stressor), considered
as 100%. The results represent the mean value of 4 experiments 6 SD.

respectively, in cells transfected with the PLXSN/SPARC
vector when compared with cells transfected with the
PLXSN control vector (Fig 10B). At 100 ng/mL PDGF, the
inhibition of [3H]-thymidine incorporation (45% inhibi-
tion) caused by SPARC overexpression was much lower
than that observed at 50 ng/mL (76% inhibition).

DISCUSSION

Apo J is overexpressed in SIPS of HDFs triggered by H2O2

and t-BHP subcytotoxic stresses, as well as in the repli-
cative senescence of HDFs (Dumont et al 2000). Apo J is
overexpressed in response to stimulations with TNF-a
and IL-1 or to stresses with UV light, H2O2, O2

•(2), hyper-
oxia, and endotoxin (Clark and Griswold 1997; Schwo-
chau et al 1998; Viard et al 1999). These agents lead to
the production of ROS in cells, suggesting that apo J
might be a survival factor against oxidative stress. Ad-
dition of exogenous apo J to a suspension of cells of the
proximal tubular LLC-PK1 cell line increased cell surviv-
al after incubation, with either 1.5 mM H2O2 or the cat-
alase inhibitor aminotriazole plus 1-chloro-2,4 dinitroben-
zene, which depletes the cellular reduced glutathione
(Schwochau et al 1998). Apo J antisense stable transfec-
tants that fail to express apo J are much more sensitive
to UVA and heat stress (Viard et al 1999). A heat shock
factor 1 (HSF1) 14-bp element exists in the apo J–regu-
lating sequences. This element regulates heat shock–me-
diated activation of transcription in transient expression
assays (Michel et al 1997). In addition, the apo J–regulat-
ing sequences contain several binding sites for the tran-
scription factor AP-1. These findings likely explain the
high inducibility of apo J in conditions of stress (Michel
et al 1997).

In this work, we showed that apo J overexpression
greatly increased the survival of SV40 HDFs and WI-38
HDFs after exposure to cytotoxic concentrations of t-BHP
and EtOH. t-BHP is a hydrophobic organic peroxide that
generates deleterious oxidizing species such as hydroxyl,
t-butoxy, and t-butylperoxy radicals. These ROS may be
generated from t-BHP in aqueous medium by a Fenton
reaction because of interaction of t-BHP with ferrous an-
ions (Starke and Farber 1985; Masaki et al 1989). Given
its high hydrophobicity, t-BHP critically affects the bio-
logical membranes. Low t-BHP concentrations induce the
peroxidation of cellular lipids at levels causally related to
cell death. t-BHP also inhibits glutathione peroxidase,
which detoxifies lipid hydroperoxides (Ochi 1989). Ad-
ditionally, t-BHP also damages proteins and DNA (Ochi
and Miyaura 1989; Altman et al 1994). The exposure of
cells to EtOH results in the destabilization of biological
membranes with modifications of their fluidity (Brazeau
and Fung 1990). Thus t-BHP and EtOH both drastically
affect membrane integrity.

Many of the reported biological ligands of apo J are
hydrophobic molecules (for a review, see Humphreys et
al 1999). Apo J contains 3 amphipatic a-helical regions
that can potentially mediate interactions with hydropho-
bic molecules, as well as a number of short hydrophobic
regions (de Silva et al 1990a; Tsuruta et al 1990). Apo J
is associated with the neural plaques found in Alzhei-
mer’s disease and exerts protection against the cytotox-
icity of b-amyloid peptide. Apo J has the ability to form
high–molecular weight complexes with damaged pro-
teins. Therefore, like the small heat shock proteins, apo J
may bind to the hydrophobic regions of partially unfold-
ed proteins, thereby solubilizing them and protecting the
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Fig 10. (A) Effects of SPARC on mitogenicity. WI-38 human diploid
fibroblasts (HDFs) transfected with the PLXSN/SPARC vector (black
columns) or the PLXSN control vector (white columns) were seeded
in 24-well plates and serum deprived for 48 hours. The cells were
then stimulated for 24 hours with 50 ng/mL of several mitogens
(platelet-derived growth factor [PDGF]-AB, basic-fibroblast growth
factor, epidermal growth factor, insulin-like growth factor I, interleu-
kin-1b, and tumor necrosis factor a) in the presence of 1 mCi [3H]-
thymidine. Control cells were incubated without mitogen. The level
of [3H]-thymidine incorporation in the cells transfected with the
PLXSN control vector was considered as 100% for each mitogen.
The results represent the mean value of 3 experiments 6 SD. (B)
Effects of PDGF-AB on [3H]-thymidine incorporation. WI-38 HDFs
transfected with the PLXSN/SPARC vector (v) or the PLXSN control
vector (m) were seeded in 24-well plates and serum deprived for 48
hours. The cells were then stimulated for 24 hours with 25 ng/mL,
50 ng/mL, and 100 ng/mL of PDGF-AB in the presence of 1 mCi
[3H]-thymidine. Control cells were incubated in the absence of mi-
togen. The level of [3H]-thymidine incorporation in the unstimulated
control cells was considered as 100%. The results represent the
mean value of 3 experiments 6 SD.

cells from the cytotoxicity caused by protein precipitation
(for a review, see Humphreys et al 1999). These data on
apo J may explain its protective effect against cytotoxic
stress with t-BHP and EtOH, as well as the absence of
protection against H2O2 cytotoxicity because H2O2 is
much more hydrophobic, which might therefore result in
a lower level of oxidative damage in the hydrophobic cel-
lular compartment.

Given its hydrophobicity, the secreted apo J could pro-
tect several critical targets of ROS, such as proteins of the

extracellular matrix or extracellular domains of mem-
brane proteins, participating thereby in membrane stabi-
lization. Wilson and Easterbrook-Smith (2000) have pro-
posed that apo J could sequester toxic compounds, there-
by decreasing cytotoxicity.

We showed that overexpression of apo J decreases the
appearance of 2 main biomarkers of SIPS, eg, senescent
morphotypes III–VI and SA b-gal activity. In addition,
we found that apo J overexpression results in an increase
in fibronectin and osteonectin relative mRNA steady-state
levels. An increase in the fibronectin level could protect
the cells against apoptosis through the reinforcement of
their anchorage to their substrate because fibronectin is a
major component of the extracellular matrix that is re-
sponsible for anchorage of the cells.

Apo J overexpression did not affect the proliferative life
span of the lung HDFs at early CPDs in normal culture
conditions. Thereby, a simple conclusion of this work
could be that the overexpression of apo J in senescence
or SIPS could protect the cells against a subsequent ap-
optotic stimulus rather than provoke senescence. Never-
theless, apo J overexpression triggered SPARC overex-
pression, and it is known that SPARC can have antipro-
liferative effects. We showed herein that SPARC overex-
pression did not result in an overall inhibition of the
proliferative response to several mitogens except PDGF-
AB, confirming previous results (Raines et al 1992; Pichler
et al 1996). The selective inhibition of the mitogenic effect
of PDGF-AB explains why no growth inhibition took
place in cells overexpressing apo J cultivated in normal
culture conditions with FCS, where many other growth
factors are present.

Stimulation of dermal human fibroblasts with trans-
forming growth factor b1 (TGF-b1) results in increased
expression of type I collagen and SPARC (Reed et al
1994). On the other hand, TGF-b1 induces the overex-
pression of fibronectin and SPARC, at both the mRNA
and the protein levels, in human pulp cells (Shiba et al
1998). SPARC-null mesangial cells display significantly
decreased levels of TGF-b1 mRNA and secreted TGF-b1
protein, as well as decreased steady-state levels of a1(I)
procollagen mRNA and protein, as compared with cells
expressing wild-type SPARC. Addition of recombinant
SPARC to SPARC-null cells restores the expression of
a1(I) procollagen and TGF-b1 mRNA (Francki et al 1999).
Thus, in different systems, TGF-b1 regulates the expres-
sion of fibronectin, SPARC, and a1(I) procollagen mRNA,
whereas, in return, SPARC protein levels regulate the ex-
pression of TGF-b1 mRNA. We recently showed that
IMR-90 HDFs developing the phenotype of H2O2-induced
SIPS have high steady-state levels of TGF-b1 mRNA be-
tween 24 hours and 72 hours after stress, and secrete high
levels of TGF-b1. In addition, the stimulation of these
HDFs by TGF-b1 is sufficient to trigger the appearance
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of biomarkers of SIPS as varied as SA b-gal activity, se-
nescent morphology, and overexpression of the mRNA of
the senescence-associated genes, fibronectin, SPARC, apo
J, and SM22. Antibodies against TGF-b1 or TGF-b1 recep-
tor II inhibited the overexpression of the genes observed
after subcytotoxic H2O2 stress (Frippiat et al 2001).

In conclusion, our data favor the hypothesis that apo J
exerts a protective effect against cytotoxicity caused by
multiple stressing conditions, such as EtOH, which was
previously unknown. In addition, we show for the first
time that apo J protects HDFs against SIPS. Lastly, the
overexpression of osteonectin triggered by apo J overex-
pression does not seem to affect the growth kinetics of
cells used in this study, at least in normal culture con-
ditions.
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