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Abstract Survivin, an important anti-apoptotic protein,
is highly expressed in most cancers, which generally
arise in cells of older individuals. We have shown here
accumulation of survivin and phospho-survivin in aged
normal human skin fibroblasts and mice organs. This
age-related accumulation of survivin was due to protein
stabilization through association with the molecular
chaperone Hsp90 protein, which was also up-regulated
during aging. Interestingly, Hsp90 binds preferentially
to phospho-survivin, which explains its higher stability.
In addition, we provide clear evidence that aged cells
exhibit apoptosis resistance when challenged with UV
light, cisplatin, γ-rays or H2O2 as compared to their
younger counterparts. In response to γ-rays and H2O2,
the levels of Bcl-2 and both forms of survivin were up-
regulated in old cells, but not in their corresponding
young ones. This repression of survivin and phospho-
survivin in young cells is p53 dependent. Importantly,
survivin inhibition/down-regulation with flavopiridol or
specific shRNAs increased the apoptotic response of old
fibroblasts to various genotoxic agents, and restored the
pro-apoptotic Bax/Bcl2 ratio and the increase in the
levels of cleaved caspase-3 and PARP in old cells. These
results show the role of survivin in the age-dependent
resistance of human fibroblasts, and provide new

insights into the molecular mechanisms that underlie
the complex relationship between aging, apoptosis,
and cancer.
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Introduction

Aging is a complex process driven by genetic and
extrinsic factors that ultimately lead to the accumulation
of deleterious modifications in various vital biomole-
cules, change in gene expression, and resistance to
various stresses (Partridge and Gems 2002). Several
reports have shown that damaged cells, which are
normally removed from the body, accumulate during
aging, which can lead to various age-related diseases
such as cancer (Kourtis and Tavernarakis 2011).
Apoptosis normally plays a critical role in maintaining
tissue homeostasis over age and consequently sup-
presses the carcinogenesis process (Tan et al. 2009).
However, the nature of the link between aging and
apoptosis, and the molecular mechanisms underlying
this link are still not well understood.

Among the regulators of apoptosis, interest has
been recently focused on survivin, a structurally
unique member of the inhibitors of apoptosis proteins
(IAP) family. Abundantly expressed during embryonic
development but undetectable in most normal adult
tissues, survivin is over-expressed in most human
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cancers and functionally implicated in apoptosis inhi-
bition, control of cell division, and cellular adaptation
to stress (Altieri 2006, 2010). High levels of survivin
correlate with abbreviated patient survival, unfavor-
able prognosis, resistance to therapy, and accelerated
rates of tumor recurrence (Altieri 2003b, 2006; Li et al.
1998). It is noteworthy that survivin phosphorylation on
Thr 34 by the mitotic kinase Cdk1 is important for the
anti-apoptotic function of the protein (O'Connor et al.
2000).

In the present report, we have shown that the levels of
survivin and its active phosphorylated form increase in
an age-dependent manner in normal human and mice
skin fibroblast cells as well as in aged mice heart, liver,
and lung tissues. Interestingly, old human and mice
fibroblast cells showed survivin-dependent resistance
to various genotoxic agents. This is the first report
implicating survivin in apoptosis resistance of aged
fibroblasts.

Materials and methods

Cell culture and chemicals

Normal human skin fibroblasts (HFSN1) and mouse
embryonic fibroblasts (MEF) were routinely cultured
in DMEM/F12 medium supplemented with 10% fetal
bovine serum. Cisplatin (cis diamminedicloroplatinum
II), hydrogen peroxide (H2O2), flavopiridol, and cyclo-
heximide were purchased from Sigma (MO, USA). 17-
AAG (17-Allylaminogeldanamycin) was purchased
from Selleck Chemicals (USA).

Animals and homogenization of tissues

Three young (1 month) and three old (6 months) female
mice (C57BL/6 J) were sacrificed and heart, liver, and
lung were extracted and frozen in liquid nitrogen and
kept at −80°C. The breeding, care, and sacrifice of the
animals were in accordance with the protocols approved
by the Animal Care and Use Committee of the King
Faisal Specialist Hospital and Research Centre. Frozen
tissues were mechanically homogenized using a mortar
and pestle. Samples were then solubilized in lysis buffer
containing 9M urea, 2M thiourea, 1 mMEDTA, 65mM
DTT, 0.2 mM PMSF, 0.8 mM benzamidine, 25 mM
CHAPS, 5% Resolyte (pH 4–8), and 5% Nonidet P40.
Ten percent SDS including 33.3% mercaptoethanol,

DNase I (3.72 U/ml), and RNase A (0.036 U/ml) was
also added. The mixture was incubated on a shaker at
room temperature for 3 h and then centrifuged at
12,000 rpm for 15 min to remove any insoluble material.
Protein concentration was determined using theBradford
method.

UV light and γ-ray treatments

For UV irradiation, the medium was removed and cell
culture monolayers were covered with phosphate-
buffered saline (PBS; 138 mM NaCl, 2.7 mM KCl pH
7.4) and exposed to a germicidal UV lamp (254 nm) at
fixed distance. The UV dosimetry was performed using
an ultraviolet meter (Spectronics Corporation, NY,
USA). Gamma radiation was done using cobalt (Co)
source at a dose rate of 0.30 Gy/min.

Calculation of cumulative population doublings (PD)

The population doublings of cells grown in vitro were
determined by direct counting of cell numbers at pas-
sages as previously described (Cristofalo et al. 1998).

Cell cycle analysis by flow cytometry

Propidium iodide (PI) stained cells were analyzed for
DNA content and the percentage of cells in various cell
cycle phases was determined by the Cell Quest software
(Becton Dickinson, Mississauga, ON, Canada).

Analysis of protein half-life

Sub-confluent cells were treated with 20 μg/ml cyclo-
heximide (Sigma) for various periods of time (0–
150 min) and then lysed. Cellular extracts from each
time point were subjected to immunoblotting using spe-
cific antibody.

Cellular lysate preparation

Cells were washed and scraped in lysis buffer supple-
mented with 40 μg/ml aprotinin, 20 μg/ml leupeptin,
and 5 μg/ml pepstatin. Lysates were homogenized
using a Polytron homogenizer and then centrifuged
at 14,000 rpm in an Eppendorf microcentrifuge tube
for 20 min. The supernatant was removed, aliquoted,
and stored at −80°C.
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Immunoblotting

SDS–PAGE was performed using 12% separating mini-
gels. Equal amounts of protein extract (30 μg) from
different samples were placed in boiling water for 5 min
in the presence of SDS gel sample buffer (0.5 M Tris pH
6.8, 10% glycerol, 10% SDS, 5% 2-mercaptoethanol, 1%
bromophenol) and electrophoresed for 2 h at 125 V. After
transfer onto polyvinylidene difluoride membrane
(PVDF), the membrane was incubated overnight with
the appropriate antibodies. Visualization of the secondary
antibody was performed using the enhanced chemilumi-
nescence detection system (Amersham Biosciences, NJ,
USA). The antibodies directed against β-actin (C-11),
GAPDH (FL-335), α-tubulin (B-5-1-2), Bax (B-9),
Bcl-2 (C-2), and survivin (C-19) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA);
phospho-survivin (Thr34) was purchased from Abcam
(Cambridge, MA, USA); cleaved PARP (Asp214) and
cleaved caspase-3 (Asp175) from Cell Signalling (UK)
and Hsp90 (4F10) was purchased from Transduction
Laboratories (Lexington, KY, USA).

Quantification of protein expression level

The expression levels of the immunoblotted proteins
were measured using a densitometer (BIO-RAD GS-
800 Calibrated Densitometer). X-ray films were scanned
and protein signal intensity of each band was deter-
mined. Next, dividing the obtained value of each band
by the values of the corresponding internal control
allowed a correction of the loading differences. The fold
of induction in the protein levels was determined by
dividing the corrected values that corresponded to the
treated samples by that of the non-treated one (time 0).

Immunocytochemical analysis

Cells were cytospin as described (Ghebeh et al. 2007)
and fixed in 1:1 acetone/methanol, and a standard indi-
rect immunoperoxidase procedure was applied, using
mouse monoclonal antibody for Ki-67 (Dako, CA,
USA) followed by peroxidase-conjugated rabbit anti-
mouse Ig (Dako) followed by the mouse-specific
avidin–biotin–peroxidase (ABC) system (Vector Labo-
ratories, Burlingame, CA, USA). Sites of antibody bind-
ing were visualized by the deposition of brown polymer
following incubation in diaminobezidine–hydrogen

peroxide, and nuclei were visualized with a light hema-
toxylin counterstain.

Immunoprecipitation

Cell lysates from young and old cells were prepared
using RIPA buffer containing protease inhibitors, and
then centrifuged at 14,000 rpm at 4°C. Three hundred
micrograms of protein extracts was pre-cleaned with
20 μl protein A/G agarose for 2 h at 4°C and then
incubated for 2 h with 2 μg of specific antibody at 4°C.
Subsequently, 50 μl of A/G agarose was added for 2 h at
4°C. After centrifugation, the pellet was washed with
the RIPA buffer and the proteins were recovered by
boiling in Laemmli buffer.

shRNA/siRNA transfection

Sure Silencing shRNA plasmids against survivin and
the control plasmid (SA Biosciences, Frederick, MD,
USA), and HSP90-siRNA and plasmid bearing the
HSP90 ORF as well as their respective controls
(Ambion, Carlsbad, USA) were used to transfect
HFSN1 cells. Transfection was carried out by mixing
8 μg of the plasmid DNA in 1.5 ml of Opti-MEM I
medium without serum. A mixture of 1.5 ml of Opti-
MEM I medium with 36 μl Lipofectamine (Invitrogen)
was then added to the DNA, followed by incubation for
20 min before mixing with cells. Cells were incubated
for 12 h, and the media was changed to remove the
remaining transfection reagent. Forty-eight hours later,
transfected cells were selected with 100 μg/ml G418.

RNA purification and RT–PCR

Total RNA was purified using the TRI reagent (Sigma)
according to the manufacturer’s instructions. The concen-
tration of RNA was determined using NanoDrop® ND-
1000 Spectrophotometer (NanoDrop Inc., Wilmington,
DE, USA). Single stranded complementary DNA
(cDNA) was obtained from reverse transcription of
1 μg of RNA using RT–PCR kit (Clontech, CA, USA)
following the manufacturer’s protocol. cDNA was then
amplified with 1 U Taq polymerase, dNTPs (50 mM),
and primers (25 pmol each). The mixture was first heated
at 95°C for 5 min and then 30 cycles at 94°C for 1 min,
60°C for 1 min, and 72°C for 1 min, then 72°C for
10 min. PCR products were seen on 2% agarose gel.
The respective primers were as follows: survivin—5′-
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CAGAGGAGGCGCCAAGACAG-3’ (forward) and
5 ′-CCTGACGGCGGAAAACGC-3 ′ (reverse);
GAPDH—5 ′ -ATGGATGACGATATCGCTGC
GC-3′ (forward) and 5′-ACAGGGCAAGGGAG
GTAGAT-3′ (reverse). The intensity of the bands was
determined with the Quantity One program (Bio-RAD)
and was normalized against GAPDH.

Apoptosis analysis by annexin V/flow cytometry

Cells were either not treated or challenged with cisplatin
(60 μg/μl), γ-rays (30 Gy), UV light (10 Jm−2), and
H2O2 (0.2 μM). Detached and adherent cells were then
harvested after 72 h, unless otherwise stated, centri-
fuged, and re-suspended in 1 ml phosphate buffered
saline (PBS). Cells were then stained by propidium
iodide (PI) and Alexa Flour 488 annexin V. Annexin
V staining was performed using Vybrant Apoptosis
Assay kit #2 (Molecular Probes, Eugene, OR, USA)
following the manufacturer’s recommendations.
Annexin V-stained cells were analyzed by flow cytom-
etry, measuring the fluorescence emission at 530 nm and
>575 nm. The percentage of cells was determined by the
FACSCalibur apparatus and the Cell Quest Pro software
from Becton Dickinson. For each cell culture, three
independent experiments were performed using 104

cells in each experiment.

Statistical analysis

Student’st test was performed and results were considered
to be statistically significant when P <0.05.

Results

Increased expression of survivin in aged cells
and organs

After serial passaging of human fibroblast HFSN1
cells, we first confirmed that the late passage cells
(PD 40) were actively proliferating and not senescent
(Fig. 1a). Therefore, young (PD 20) and old (PD 40)
fibroblast cells were stained with the proliferation
marker Ki-67, and the number of stained nuclei was
calculated. Figure 1b shows that both young and old
cells stained positive with Ki-67 and that the Ki-67
labeling index was similar (89%), indicating that late
passage cells are not replicatively senescent. Next, we

investigated age-related expression of both the phos-
phorylated (Thr34) and non-phosphorylated forms of
survivin. Figure 1c shows that the expression of both
forms progressively increased in the serially passaged
HFSN1 cells, reaching levels 5.1- and 3.8-fold higher in
old cells (PD 40) as compared to their younger counter-
parts (PD 11), respectively. Similar results were also
obtained in mouse embryonic fibroblasts (MEF) and
human breast fibroblasts (data not shown). It is note-
worthy that both young and old human fibroblasts
exhibited similar proportions of cells in G0/G1 (p0
0.151) and G2/M (p00.641) phases (Fig. 1d), indicating
that the aging-dependent accumulation of survivin is not
due to the accumulation of cells in the G2/M phase of
the cell cycle. Similarly, the levels of survivin and
phospho-survivin were also higher in aged heart, liver,
and lung mice tissues as compared to their levels in the
same tissues extracted from youngmice (Fig. 1c), which
shows age-dependent up-regulation of survivin in
various cell types and organs.

Next, total RNA was prepared and the survivin
mRNA level was assessed by RT–PCR. Figure 1e
shows that the mRNA level of survivin was similar in
young and old cells, suggesting that the age-dependent
up-regulation of the survivin protein did not result from
increase in the corresponding mRNA, but seems to
occur at the protein level.

Therefore, the turn-over of the survivin and phospho-
survivin (Thr34) proteins were tested in the young and
old cells by treating themwith cyclohexamide (20μg/ml)
for different periods of time (0–150 min). While survivin
half-life was only 30 min in the young cells, it reached
95min in their old counterparts (Fig. 1f). The turn-over of
phospho-survivin (Thr34) was also assessed in young
and old cells. Interestingly, phospho-survivin was much
more stable than survivin in young cells. However, the
stability of phospho-survivin was similar in young and
old cells up to 150 min (Fig. 1f). This suggests that the
age-related increase in survivin level occurs at the post-
translational level through increasing the stability of the
protein.

Age-dependent up-regulation of Hsp90
and association with survivin

It has been previously shown that survivin is degraded
through the ubiquitin–proteasome pathway (Zhao et al.
2000) and that the binding of the Hsp90 protein to
survivin inhibits this degradation (Fortugno et al. 2003).
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Therefore, it is possible that increased survivin stability
during aging is due to its binding to Hsp90. To test this
hypothesis, we first investigated age-dependent ex-
pression of Hsp90. Figure 2a shows that the Hsp90
protein level increased 3.1-fold in old cells as compared
to their younger counterparts. Next, the same protein
extracts were used for immunoprecipitation using spe-
cific anti-survivin antibody, and specific anti-Hsp90
antibody was utilized for immunoblotting. Figure 2b,
left panel, shows that concomitant to the age-related

increase in the survivin and Hsp90 protein levels,
the level of the Hsp90–survivin complex was also
higher in old cells as compared to their younger
counterparts. Subsequently, we investigated whether
Hsp90 binds preferentially to phospho-survivin.
Figure 2b, right panel, shows that the levels of both
forms of survivin were similar in the input of each
age group. However, the level of Hsp90 bound to
phospho-survivin was more pronounced than the level
of Hsp90 associated with survivin in both young and old

Fig. 1 Survivin and phospho-survivin protein levels are higher
in old cells. a Cumulative population doublings for HFSN1 cells
in culture. b In vitro passaged HFSN1 cells [Population Doubling
20 (PD 20), Population Doubling 40 (PD 40)] were cytospin
attached to slides and stained with anti-Ki-67 antibody. Scale bars
represent 500μm. c Proteins were extracted from serially passaged
HFSN1 cells as well as from young and old mice tissues, and then
used for western blot analysis utilizing the indicated antibodies.
The histogram shows the expression level of survivin (PD popu-
lation doubling, Y young, O old). Error bars represent standard
deviation of at least three different experiments. d Cells were
harvested and analyzed for DNA content by flow cytometry. The

percentage of G0/G1 and G2/M cells are indicated. e Total RNA
was extracted from young and old cells, and then RT–PCR was
used to assess the level of the survivin mRNA. GAPDH was used
as internal control. f Cells were treated with cycloheximide
(20 μg/ml), and then were harvested at the indicated periods of
time for protein extraction and western blotting. Thirty micro-
grams of proteins was loaded and the indicated antibodies were
used. Signals were quantitated by densitometry and were normal-
ized against GAPDH. The graph shows the proportion of the
remaining survivin per time. Error bars indicate standard errors
from three different experiments
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cells. This indicates an age-dependent preferential bind-
ing of Hsp90 to phospho-survivin.

To confirm this age-related relationship between
Hsp90 and survivin, the level of Hsp90 was down-
regulated with different concentrations of 17-AAG and
the levels of Hsp90, survivin, and phospho-survivin
(Thr34) were analyzed by western blot. Figure 2c shows
that the decrease in the level of Hsp90 after treatment
with 0.5μMof 17-AAGwas accompanied by a decrease
in the level of both the survivin and phospho-survivin
proteins. This suggests that the age-related accumulation
of survivin and phospho-survivin is Hsp90 dependent.

To further confirm this relationship between Hsp90
and survivin, HSP90 was specifically down-regulated
by siRNA in old cells. After 72 h, the levels of the
Hsp90, survivin, and phospho-survivin (Thr34) proteins
were analyzed by immunoblotting. Figure 2d shows that
HSP90-siRNA decreased the level of the protein 3.1-
fold as compared to the control cells. Concomitantly, the
level of survivin and phospho-survivin (Thr34) also

decreased 5.6-fold and 2.3-fold as compared to their
levels in the control counterparts (Fig. 2d). On the other
hand, over-expression of Hsp90 in young cells increased
the level of survivin and phospho-survivin (Thr34) 3.4-
fold and 2.1-fold as compared to the control cells, respec-
tively. This shows that the age-related up-regulation of
survivin and phospho-survivin is Hsp90 dependent.

Aged human fibroblast cells are resistant to cisplatin,
γ-rays, and UV light

To investigate the effect of aging on the response of
fibroblast cells to various genotoxic stresses, young and
old HFSN1 cells were either sham-treated or challenged
with γ-rays (30 Gy), cisplatin (60 μg/ml), or UV light
(10 Jm−2) and re-incubated for 72 h. Subsequently, cells
were collected and apoptosis was assessed using the
flow cytometry/annexin V + PI technique. Only annexin
V positive cells were considered as apoptotic. Figure 3a
shows the spontaneous and induced apoptosis of HFSN1

Fig. 2 Hsp90 is up-regulated during aging. Whole-cell extracts
were prepared from young (PD 20) and old (PD 40) HFSN1
cells. aWestern blot analysis using the indicated antibodies. The
numbers below the bands indicate the expression level of
Hsp90. b Immunoprecipitation with either anti-survivin or
anti-phospho-survivin (Thr34) antibodies and mouse IgG was
used as control. IP materials were then immunoblotted with anti-
Hsp90 antibody. c HFSN1 cells (PD 40) were treated with
different concentration of the Hsp90 inhibitor (17-AAG) and
then re-incubated for 24 h. Whole-cell extracts were prepared

and analyzed by western blot using the indicated antibodies. d
Young HFSN1 cells (PD 20) were transfected with a plasmid
bearing the HSP90 ORF and a control plasmid, and old HFSN1
cells (PD 40) were transfected with Hsp90-siRNA and control
siRNA. Seventy-two hours post-transfection, cells were collect-
ed and whole-cell extracts were prepared and analyzed by
immunoblotting using the indicated antibodies. The numbers
below the bands represent the corresponding fold of variation
in the expression levels relative to their respective controls and
α-tubulin
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cells in response to the various agents. The proportion of
apoptosis depicted in Fig. 3b was considered as the sum
of both early and late apoptosis after deduction of the
proportion of spontaneous apoptosis (Shinwari et al.
2008).

Spontaneous apoptosis was very low in both young
and old cells (Fig. 3a, b). Interestingly, in response to
DNA damage, the apoptotic potential of old cells was
significantly reduced as compared to young cells. Indeed,
in response to γ-rays, 29.65% of young cells and only
4.26% of old cells underwent apoptosis (p value,
0.00047). Similarly, in response to cisplatin, the propor-
tion of apoptosis was higher in young cells (49.4%) as
compared to their older counterparts (17.93%) with a
p value of 0.0004 (Fig. 3a, b). Likewise, UV light
induced apoptosis in 58.58% of young cells, but only
39.11% of old cells underwent apoptosis, with a p value
of 0.01 (Fig. 3a, b). This indicates that aging significantly

reduces the apoptotic potential of human skin fibroblasts
in response to various DNA damaging agents.

Aged fibroblasts develop resistance to oxidative stress

Next, we tested the susceptibility of old fibroblasts to
the oxidative stress induced by H2O2. Thereby, young
and old cells were exposed to different doses (0–
0.2 μM) of hydrogen peroxide for 72 h, and then cells
were collected and were subjected to annexin V/flow
cytometry analysis. Figure 4a shows that, in response
to H2O2 (0.1 μM), the proportion of apoptosis induced
in young and old cells was similar about 10%. How-
ever, in response to 0.2 μM the proportion of apoptotic
cells increased in young cells reaching 82%, but was
only 58% in old cells, with a p value of 0.0035 (Fig. 4a).
Next, the time-dependent response of young and old
cells to 0.2 μMH2O2 was tested. Figure 4b and c shows

Fig. 3 Aged human skin fibroblasts are resistant to DNA dam-
aging agents. a HFSN1 cells were either mock-treated or chal-
lenged with γ-rays (30 Gy), cisplatin (60 μg/ml), or UV light
(10 Jm−2) and then re-incubated for 72 h. Apoptosis was

analyzed by annexin V/PI flow cytometry. b Histograms show-
ing the proportions of spontaneous and induced apoptosis (early +
late). The error bars represent standard deviations of at least three
different experiments
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time-dependent increase in apoptosis with themaximum
proportion occurred after 72 h of treatment. There was a
significant difference in the response of young cells as
compared to the old ones. At 48 h, 0.2 μM H2O2

induced apoptosis in about 45% of young cells, while
only 21% of old cells were apoptotic, with a p value of
0.01 (Fig. 4c). After 72 h of treatment, 66% of young
cells were apoptotic, whereas only 37% of old cells

underwent apoptosis (Fig. 4c). These results clearly
show that H2O2 induces apoptosis in human fibroblasts,
and that during aging cells develop resistance to this
oxidative stress.

Similar to HFSN1 cells, old MEF cells (PD 20) were
also more resistant than their younger counterparts (PD
6) to γ-rays, cisplatin, UV light, and H2O2 (Fig. 4d).
This indicates that the age-related resistance of

Fig. 4 Aged fibroblasts are resistant to H2O2. a HFSN1 cells
were either mock-treated or challenged with serial concentra-
tions of H2O2 and then re-incubated for 72 h. Apoptosis was
analyzed by annexin V/PI flow cytometry. Histogram showing
the proportions of apoptosis in response to the indicated doses of
H2O2. b Young and old fibroblasts were either mock-treated or
challenged with 0.2 μM H2O2 for the indicated periods of time
and then apoptosis was assessed by annexin V/PI flow cytom-
etry. c Histogram showing the proportions of apoptosis after

treatment with H2O2 (0.2 μM). The error bars represent stan-
dard deviation of at least three different experiments. d Young
(PD 6) and old (PD 20) MEF cells were either mock-treated or
challenged with the indicated genotoxic agents then re-incubated
for 72 h. Apoptosis was analyzed by annexin V/PI flow cytometry.
Histogram showing the proportions of induced apoptosis. The
error bars represent standard deviation of at least three different
experiments
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fibroblast cells to genotoxic stresses is not restricted to
human fibroblasts.

γ-Rays and H2O2 up-regulate survivin and Bcl-2
in old cells

Next, we investigated the possible implication of survivin
in the resistance of old cells to the killing effect of γ-rays
and H2O2. Therefore, the expression of the anti-apoptotic
survivin protein was investigated in response to both
genotoxic agents in old and young cells. Figure 5a shows
that in young cells, the expression level of survivin
decreased 3.3-fold and 10-fold 24 h and 48 h post γ-
irradiation, respectively, and then returned to the basal
level at 72 h after γ-irradiation. However, in old cells,
the level of survivin showed 2.2- and 2.1-fold increase

24 h and 48 h post-γ-irradiation, respectively, and
returned to the basal level at 72 h. In response to
H2O2, survivin was also up-regulated in old cells (2-fold
after 48 h of treatment), while the effect was only
marginal in the young ones (Fig. 5c). Interestingly, the
level of phospho-survivin decreased sharply in young
cells but increased in old ones in response to both γ-rays
and H2O2, with different kinetics (Fig. 5a, c), indicating
that γ-rays and H2O2 modulate survivin expression in
an age-dependent manner.

We next sought to assess the expression level of the
pro-apoptotic (Bax) as well as the anti-apoptotic (Bcl-2)
proteins by immunoblotting following treatment with γ-
rays (30 Gy) and H2O2 (0.2 μM) for different periods of
time. Treatment of young cells with γ-rays led to 2.9-
fold increase in the level of Bax, while the level of Bcl-2

Fig. 5 The effect of γ-rays and H2O2 on survivin expression is
age dependent. a, c Young and old cells were either sham-
treated or exposed to γ-rays (30 Gy) or H2O2 (0.2 μM) and then
were incubated for the indicated periods of time, before being
harvested and proteins extracted. Thirty micrograms of proteins
was used for immunoblotting analysis using the indicated anti-
bodies. The numbers below the gels indicate the induction/reduc-
tion folds in the expression levels after normalization against

β-actin. b, d Graphs showing the age-dependent level of Bax/
Bcl-2 ratio after treatment with γ-rays or H2O2, respectively. Error
bars represent standard deviation of at least three different experi-
ments. e Western blot analysis using the indicated antibodies in
young TP53 shRNA-expressing cells and their control counter-
parts treated with γ-rays (30 Gy). The numbers below the gels
indicate the fold of induction/reduction in the expression levels as
compared to the basal level (time 0)
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remained stable, which resulted in 3-fold increase in the
Bax/Bcl-2 ratio at 48 h post-treatment (Fig. 5a, b). On
the other hand, treatment of old cells with the same
dose of γ-rays led to a slight decrease in Bax expres-
sion level and 2.8-fold increase in Bcl-2 level, which
resulted in 2-fold decrease in the Bax/Bcl-2 ratio 48 h
post-γ-ray treatment (Fig. 5a, b). Similar results were
obtained when cells were treated with H2O2 (Fig. 5c, d),
indicating that γ-rays and H2O2 trigger apoptosis in
HFSN1 fibroblasts through the internal mitochondrial
pathway.

γ-Ray-dependent modulation of survivin
during aging is p53-related

Since the transcription of survivin is negatively regulated
by the tumor suppressor p53 protein at the basal level
(Hoffman et al. 2002; Mirza et al. 2002) and in response
to DNA damage (Ikeda et al. 2007), we sought to inves-
tigate the potential role of p53 in survivin up-regulation
in old cells in response to γ-rays. With this objective,
TP53 was down-regulated using specific shRNA in
young cells and a scrambled sequence shRNAwas used
as control (Fig. 5e). Cells were irradiated with γ-rays
(30 Gy) and then were re-incubated for different periods
of time, and used for protein preparation. Figure 5e
shows that while the level of survivin decreased 10-
fold in the control cells, it increased 2.3-fold in p53-
deficient cells. Similarly, phospho-survivin at Thr34,
which was down-regulated in the control cells, was also
up-regulated in response to γ-rays in young p53-deficent
cells (Fig. 5e). This indicates that, in young cells, the
down-regulation of survivin following DNA damage is
p53 dependent.

Age-related resistance to genotoxic stress is survivin
dependent

To address the role of survivin in age-related resistance
to DNA damaging agents, we first inhibited the activa-
tion of survivin by phosphorylation using flavopiridol,
which has been shown to suppress the phosphorylation
of survivin at Thr34 by targeting Cdk1 (Wall et al.
2003). Thereby, old HFSN1 cells were treated with
different concentrations of flavopiridol for 24 h.
Figure 6a shows that while the level of survivin did
not change after treatment with flavopiridol, there was
3-fold decrease in the level of phospho-survivin (Thr34)
in response to 0.5 μM falvopiridol (Fig. 6a). Next,

young and old cells were either mock-treated or chal-
lenged with γ-rays (30 Gy), flavopiridol (0.5 μM), or a
combination of both. Cells were re-incubated for 72 h,
and then cell death was assessed by the flow cytometry/
annexin V + PI technique. Figure 6b shows that γ-rays
or flavopiridol alone triggered only low proportion of
apoptosis in both young and old cells, with the young
ones more sensitive than their old counterparts. When
combined, flavopiridol significantly enhanced the apo-
ptotic response of old cells to γ-rays, reaching a level
close to that exhibited by the young ones treated with γ-
rays alone (35% and 25%, respectively). This suggests
that phospho-survivin could be involved in the resis-
tance of old cells to the killing effect of γ-rays. To
further investigate this possibility, survivin was specifi-
cally down-regulated using four different shRNAs that
were introduced independently into HFSN1 fibroblast
cells, with a scrambled sequence served as control. The
expression levels of both survivin and phospho-survivin
(Thr34) were assessed by immunoblotting. Figure 6c
shows that compared to the control, the third sequence
(shRNA3) shows a significant down-regulation of survi-
vin. Similarly, a sharp decrease in the level of phospho-
survivin (Thr34) was also obtained (Fig. 6c). Subse-
quently, young and old HFSN1 fibroblasts expressing
the control plasmid and old fibroblasts expressing
survivin-shRNA3 were then treated as described above.
Figure 6d and e shows that down-regulation of survivin
in old cells increased the proportion of apoptotic cells to
49%, similar to that exhibited by young cells (Fig. 6d, e).
Interestingly, similar results were obtained in response
to UV light, cisplatin, and H2O2 (Fig. 6d, e). Similar
results were also obtained using old HFSN1 expressing
survivin-shRNA sequence 2 (Fig. 6d, e).

To further show the effect of survivin down-regulation
on apoptosis, we assessed the effect of H2O2 (0.2 μM) on
the expression of pro- and anti-apoptotic proteins in
young and old cells. Figure 6f shows that, similar to
survivin, the levels of cleaved caspase-3 and PARP
increased in young cells, while they decreased in the old
ones. Importantly, specific down-regulation of survivin
in old cells enhanced their expression to a level similar
to that observed in young ones (Fig. 6f). Similarly, upon
H2O2 treatment, the Bax/Bcl-2 ratio increased in
survivin-defective old cells as compared to their control
counterparts, reaching a level similar to that observed in
young cells (Fig. 6g). Together, these results strongly
suggest that survivin is the main inhibitor of the age-
related resistance to genotoxic stress-induced apoptosis.
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Discussion

In the present report, we present the first indication that
the expression of survivin and phospho-survivin (Thr34)
increases with age in human and mouse skin fibroblast
cells as well as in agedmice tissues. This up-regulation is
mainly due to a decrease in the protein turn-over. Indeed,
survivin half-life increased from 30min in young cells to
95 min in their old counterparts. This rapid turn-over of
survivin in young cells parallels what has been previous-
ly reported (Zhao et al. 2000). However, we have shown
here that survivin stability is regulated in an age-
dependent manner. Furthermore, we have found an
age-dependent increase in the level of the phosphor-
ylated survivin at Thr34, which is indeed much more
stable than the non-phosphorylated form of the protein
(Fig. 1e). This result confirms what has been previously
shown that non-phosphorylatable survivin, which har-
bor alanine instead of threonine-34, exhibited accelerated
clearance as compared to the wild-type protein (Wall et
al. 2003). Importantly, we have also shown that the level
of Hsp90, known to stabilize survivin (Fortugno et al.

2003), significantly increases with age and that
Hsp90 binds survivin in an age-dependent manner with
preference to the phosphorylated form of the protein.
This binding stabilized survivin during the aging pro-
cess (Fig. 2). Together, these results indicate that survi-
vin and Hsp90 accumulate during aging, which leads to
the stabilization of survivin and the consequent inhibi-
tion of apoptosis, a major hallmark of cancer cells
(Hanahan and Weinberg 2011). Like survivin, Hsp90
is also known to be up-regulated in cancer cells and
linked to apoptotic resistance (Altieri 2003a, 2010).

Besides, we have found a significant decrease in the
apoptotic response of old human and mouse cells as
compared to their young counterparts when challenged
with γ-rays, UV light, cisplatin, and H2O2. This is in
agreement with other studies that have reported a
decrease in induced apoptosis in old cells in response to
different stimuli, including oxidative stress (Higami and
Shimokawa 2000; Lee andWei 2007) andγ-rays (Polyak
et al. 1997). Likewise, previous studies have shown that
senescent fibroblasts are resistant to apoptosis induced by
UV light (Ryu et al. 2006) oxygen radicals (Gansauge et
al. 1997), serum withdrawal, H2O2, staurosporine, and
thapsigargin (Wang 1995; Ryu et al. 2006, 2007). On the
other hand, other studies have shown that aging enhances
apoptosis triggered by various challenges (Higami and
Shimokawa 2000; Lee andWei 2007). Indeed, fibroblasts
cultured from old individuals were more sensitive to
H2O2-induced apoptosis than those cultured from youn-
ger ones (Miyoshi et al. 2006). Apoptosis also increased
with age in cells of AL-fed mice incubated with H2O2

(Avula and Fernandes 2002). These discrepancies are
probably due to the use of different species, different
strains, or different cell types (Higami and Shimokawa
2000). It is also possible that these differences result
from the differences between mitotic and post-mitotic
tissues, as aging of post-mitotic tissues is known to
be associated with a general enhancement of apoptosis,
and this trend seems to be essential for the removal of
damaged and dysfunctional non-replaceable cells
(Higami and Shimokawa 2000; Campisi 2003). These
considerations suggest that the decline of the apoptotic
response in mitotic tissues, human and mouse skin
fibroblasts in this study, may decrease longevity as a
consequence of higher incidence of cancer. Hence, our
findings support the hypothesis set out by Polyak et al.
(1997) and Suh et al (2002), based on rodent data, that a
decrease in apoptosis efficiency may play an important
role in age-associated disease processes.

Fig. 6 Inhibition of survivin enhances apoptotic response of old
fibroblasts to DNA damage. a HFSN1 cells (PD 40) were
treated with different concentrations of flavopiridol and then
re-incubated for 24 h. Whole-cell extracts were prepared and
analyzed by western blot using the indicated antibodies. b
Young and old HFSN1 cells were either mock-treated or chal-
lenged with γ-rays (30 Gy), flavopiridol (0.5 μM), or a combi-
nation of both and re-incubated for 72 h. Apoptosis was then
assessed by annexin V/PI flow cytometry. The histogram shows
the proportions of apoptosis induced by the indicated agents.
The error bars represent standard deviations of three different
experiments. c Western blot showing the expression of the
indicated proteins in HFSN1 cells expressing either four shRNA
against survivin, independently, or control shRNA (Ctrl). The
numbers below the gels indicate the expression level of the
indicated proteins as compared to the control. d Young and
old HFSN1 fibroblasts expressing either survivin-shRNA or
control shRNA were either mock-treated or challenged with
the indicated agents, and then cell death was assessed by
annexin V/PI flow cytometry. e Histogram showing the propor-
tions of apoptosis induced by the indicated agents. The error bars
represent standard deviations of three different experiments. f
Young and old HFSN1 fibroblasts expressing the control plasmid
and old fibroblasts expressing survivin-shRNA3 were either
mock-treated or challenged with H2O2 (0.2 μM) for 72 h. Cells
were then collected and cell lysates were prepared to assess the
level of the indicated apoptotic proteins. The numbers below the
gels indicate the expression levels of the indicated proteins after
normalizing against GAPDH. g Graph showing the Bax/Bcl-2
ratio in the indicated cells after treatment with H2O2 (0.2 μM).
Error bars represent standard deviation of at least three different
experiments

R

560 AGE (2013) 35:549–562



What is the molecular mechanism that underlies
age-dependent resistance to genotoxic stress? Previous
studies have shown that failure to down-regulate Bcl-2
is responsible for the resistance of senescent human
diploid fibroblasts to apoptosis (Wang 1995; Ryu et al.
2007). We have shown here that indeed Bcl-2 level
increases in response to γ-rays and H2O2 in old cells
while its modulation was only marginal in young ones.
By contrast, we have found that γ-rays and H2O2

increases the level of the pro-apoptotic Bax protein
in young cells but not in their old counterparts. This
led to a significant difference in the Bax/Bcl-2 ratio
favoring apoptosis in young cells (Fig. 5). Furthermore,
we have shown that the levels of both survivin and
phospho-survivin decreased in young cells, but rather
increased in their old counterparts following treatment
with γ-rays and H2O2. Interestingly, p53-defective
young cells also up-regulate survivin and phospho-
survivin following treatment with γ-rays, which shows
the role of p53 in γ-ray-dependent modulation of survi-
vin expression during aging.

Together, these results prompted us to speculate that
sustained down-regulation of survivin might have the
ability to re-sensitize these cells to genotoxic stress.
Indeed, we have shown that sustained down-regulation
of survivin by means of shRNA sensitized old fibro-
blasts to UV light, γ-rays, cisplatin, and H2O2. In addi-
tion, suppressing phosphorylation of survivin by
flavopiridol enhanced the apoptotic response of old
fibroblasts toγ-rays. This points to a synergism between
flavopiridol and γ-rays, and shows that the age-
dependent resistance to induced apoptosis is indeed
survivin dependent. Interestingly, survivin affects also
the Bax/Bcl-2 levels and ratio in aged cells following
treatment with H2O2. While this ratio is 7-fold higher in
young cells than in the old ones, it increased to a level
similar to that observed in young cells when survivin
was knocked down in old cells. This suggests that Bax/
Bcl-2 expression is under the control of survivin. This
effect could be mediated through negative regulation of
p53 known to control the expression of Bax and Bcl-2.
Indeed, Wang et al. (2004) have shown that survivin
inhibits the accumulation of p53 in response to adria-
mycin. Therefore, the effect of survivin on Bax/Bcl-2
could be mediated through p53. In addition, down-
regulation of survivin in old cells increased the levels
of cleaved caspase-3 and PARP (Fig. 6g). Themolecular
mechanism underlying the increase in apoptosis is
still not clear, but it is plausible that survivin down-

regulation does not normalize apoptosis in old cells, but
rather enable the killing process by affecting the apopto-
tic gene network, wherein p53 plays a major role. These
results shed light on the role of survivin in age-related
resistance to genotoxic agents; however, further experi-
ments are required to elucidate the complex molecular
link between survivin, apoptosis, and predisposition to
cancer.
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