
On the role of major vault protein in the resistance of
senescent human diploid fibroblasts to apoptosis
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Major vault protein (MVP), the main component of vault complex, is overexpressed in many multidrug-resistant cancer cell lines,
suggesting a possible role for MVP in cell signaling and survival. In this study, we have found that MVP is markedly increased in
senescent human diploid fibroblasts (HDFs) as well as in aged organs. We examined whether MVP expression might be affected
by apoptotic stress in an aging-dependent manner. We treated young and senescent HDFs with apoptosis-inducing agents such
as H2O2, staurosporine and thapsigargin, and monitored MVP expression. We found that MVP expression is markedly reduced in
young HDFs but not in senescent HDFs, in response to apoptotic stresses. Downregulation of MVP increased the sensitivity of
senescent HDFs to apoptosis. Also, the level of antiapoptotic B-cell lymphoma protein-2 (Bcl-2) was significantly reduced and
the accumulation of c-Jun increased in MVP knocked-down senescent HDFs. Moreover, treatment of MVP knocked-down
senescent HDFs with SP600125, a specific c-Jun NH(2)-terminal kinase (JNK) inhibitor, restored the level of Bcl-2 protein. Taken
together, these results suggest that MVP is important in the resistance of senescent HDFs to apoptosis by modulation of Bcl-2
expression by JNK pathway.
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Vaults are large ribonucleoprotein particles found in a great
portion of eukaryotic cells. The vault particle is a multimeric
structure composed of three proteins – the major vault protein
(MVP), two minor vault proteins, vault poly (ADP-ribose)
polymerase (VPARP) and telomerase-associated protein-1
(TP-1), and four small untranslated vault RNAs (vRNAs).1

MVP is the main component of the vault complex accounting
for 75% of the total particle mass.2 The vault particle has been
so named because it has a barrel-shaped structure, reminis-
cent of the vaulted ceilings in cathedrals.3 The interaction of
MVP by its coiled coil domain is involved in the formation of
the basic vault complex.4 MVP expression is upregulated
in cancers such as melanoma,5 colon cancer6 and gliomas7

during acquisition of multidrug resistance8,9 and during
differentiation of dendritic cells.10 MVP expression has also
been shown to be induced by histone deacetylase inhibitors
such as sodium butyrate,11 phorbol 12-myristate 13-acetate
(PMA) and cytarabine12 as well as by cytotoxic drugs.12–14

MVP/vaults have been proposed to be important in intracel-
lular transport,15–17 innate immunity18 and virus infection.19

Several studies demonstrated that MVP is important in cell
signaling20–22 and in cell survival.10,20,23 For example, serum-
deprived MVP-deficient mouse embryonic fibroblasts (MEFs)
exhibit significantly increased cell death when compared with
wild-type MEFs.20 Therefore, the role of MVP as a scaffolding
protein for signaling proteins, especially for cell survival, has
received more attention than as a transport vehicle. However,
the exact role of MVP in cell survival is not well understood. In

this study, we found that apoptotic resistance of senescent
human diploid fibroblasts (HDFs) correlates with the in-
creased content of MVP in the senescent cells. This is the
first report implicating MVP in apoptosis resistance of
senescent HDFs.

Results

Increased expression of MVP in aged cells and
organs. We determined the expression levels of MVP in
young and senescent HDFs using cDNA microarray
(Figure 1a), RT-PCR (Figure 1b) and western analysis
(Figures 1c and d). Expression of MVP in the senescent
HDFs was twice that in young HDFs. High levels of MVP
were also noted in aged heart, liver, spleen and lung tissues
(Figure 1e). We also examined the intracellular distribution of
MVP in young and senescent HDFs. As shown in Figures 1f
and g, MVP was equally localized in both the cytoplasm and
nucleus in contrast to previous studies that reported that the
main site of MVP localization is the cytoplasm.15,24 We also
investigated the basal expression and localization of the
minor vault proteins, TP-1 and VPARP, and vRNA (Supple-
mentary Figure 1). We found that VPARP increased slightly,
in contrast to TP-1, that changed little, in senescent HDFs
(Supplementary Figure 1a). Northern analysis was carried
out to determine the expression levels of the four vault RNA
species in senescent HDFs and showed markedly increased
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hvg1 but no detectable vRNAs (Supplementary Figure 1b).
As shown in Supplementary Figures 1c and d, TP-1 was
mainly localized in the cytoplasm of both young and
senescent HDFs and only slightly in the nucleus. VPARP
was primarily localized in the cytoplasm of young HDFs, but
equally in both the cytoplasm and nucleus of senescent
HDFs.

Age dependence of MVP expression in response to
apoptotic stress. Major vault protein is upregulated by PMA
and trichostatin and downregulated by TNF-a.12,25,26 We
previously reported that senescent HDFs, in contrast to
young HDFs, are resistant to apoptosis induced by stresses
such as H2O2, staurosporine and thapsigargin, and that
modulation of the expression of B-cell lymphoma protein-2
(Bcl-2) is important in the apoptotic resistance of senescent
cells.27 To examine whether MVP expression might be
affected by apoptotic stress, we treated young and
senescent HDFs with 1.5 mM H2O2, 100 nM staurosporine
and 100 nM thapsigargin for various time periods and

examined MVP expression in each case. We found that
MVP expression, following these treatments, was markedly
reduced in young HDFs (Figure 2a) but not in senescent
HDFs (Figure 2b). RT-PCR studies using a specific MVP
primer revealed that MVP-specific mRNA levels were
downregulated in stress-induced young HDFs but not in
senescent HDFs (Figures 2c and d), suggesting that
downregulation of MVP in young HDFs occurs at the
transcriptional level. To determine whether or not the
reduction of MVP is mediated by caspase in apoptotic
drug-treated young HDFs, we treated young HDFs with
caspase inhibitor, Z-VAD (OMe)-FMK, followed by H2O2 or
staurosporine for indicated times (Supplementary Figure 2).
We found that the reduction in MVP was prevented by
treatment with the caspase inhibitor. This indicates that the
loss of MVP is a consequence of apoptosis. Next, we further
investigated the subcellular localization of MVP in H2O2,
staurosporine or thapsigargin-treated young and senescent
HDFs at early times. As shown in Supplementary Figure 3,
we observed that MVP was more localized in cytoplasm by

Figure 1 Major vault protein (MVP) is increased in senescent human diploid fibroblasts (HDFs) and old tissues. (a) cDNA microarray for MVP gene expression in young
and senescent HDFs. RNA samples from young and senescent HDFs were used to make cDNAs labeled with Cy3 (senescent) and Cy5 (young). The mRNA and protein
expressions of MVP were determined by RT-PCR using specific MVP primer (b) and western analysis using anti-MVP antibody (c). (d) Quantitative graph of MVP protein. The
results shown are representative of three independent experiments; the histograms represent the average and the error bars represent the standard deviation of the means.
(e) Expression of MVP in young and old mouse tissues. Tissues obtained from young and old mice as described in Materials and Methods. Subcellular localization of MVP in
young and senescent HDFs was detected by immunostaining (f) and subcellular fractionation (g). Y, young HDFs; O, senescent HDFs; Cox-1, Cyclooxygenase-1; H3, Histone
3; Green, MVP; Blue, nuclei; C, cytosol; N, nucleus; Cox-1, cytosolic marker; H3, nucleus marker
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H2O2 or thapsigargin treatment in young HDFs but was not
changed by staurosporine. In senescent HDFs, we found that
localization of MVP is increased in cytoplasm by only
thapsigargin treatment. These changes of subcellular
localization during cell death need further study.

Increased apoptotic sensitivity in senescent HDFs
following reduction of MVP. To examine the role of MVP
in the apoptotic resistance of senescent HDFs, we
downregulated MVP expression in these cells using MVP-
specific small-interfering RNA (siRNA). We transfected
senescent HDFs with three different MVP-specific siRNAs
(nos. 1, 2 and 3) and a control siRNA. As can be seen in
Figures 3a and b, transfection with MVP-specific siRNAs
resulted in a significant reduction in MVP in 72 h. Morpho-
logical changes were noticed in MVP downregulated
senescent HDFs following the three apoptotic stresses, and
these included cellular exfoliation and drift in culture medium,
indicating increased induction of apoptosis (Figure 4a).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays confirmed that MVP siRNA-transfected

Figure 2 Levels of major vault protein (MVP) in H2O2, staurosporine or thapsigargin-treated young and senescent human diploid fibroblast (HDFs). Young (a, c) and
senescent HDFs (b, d) were treated with 1.5 mM H2O2, 100 nM staurosporine or 100 nM thapsigargin for the indicated times. Cells were then harvested. Protein and mRNA
expression levels of MVP were determined by western blotting using anti-MVP antibody (a, b) and RT-PCR using specific MVP primer (c, d). Actin and GAPDH are loading
controls. STP, staurosporine; THAP, thapsigargin

Figure 3 Downregulation of major vault protein (MVP) in senescent human
diploid fibroblast (HDFs). Senescent HDFs were transfected with three different
small-interfering RNAs (siRNAs) of MVP and a control siRNA as described in
Materials and Methods using an Oligofectamine reagent. After 72 h (a) and 96 h (b),
cells were harvested. Protein expression of MVP was analyzed by western blotting
using an anti-MVP antibody. Cont, control siRNA
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senescent HDFs are more sensitive to the apoptotic stresses
(Figure 4b). Flow cytometric analysis showed significant
accumulation of subploid cells, the so-called sub-G1 peak, in
the MVP downregulated stressed senescent HDFs
(Figure 4c). Proteolytic cleavage of pro-caspase-3 into its
active form, a 17 kDa fragment and of 116 kDa PARP protein
into a 85 kDa fragment was observed (Figure 4d), confirming
the increased apoptosis of MVP siRNA-transfected
senescent HDFs after treatment with staurosporine and
thapsigargin.28

Modulation of Bcl-2 expression by MVP by JNK
pathway. Bcl-2, which was previously shown by us is

important in regulating the resistance of senescent HDFs to
a variety of apoptotic stresses,27 was significantly reduced in
MVP downregulated senescent HDFs, whereas Bax, a
proapoptotic factor, and Bcl-xl, an antiapoptotic factor
changed little (Figures 5a and b). We also tracked the
proapoptotic BH3-only proteins (BIM, PUMA, BAD, BIK) and
the proapoptotic BAX/BAK family protein (BAK) in MVP
downregulated senescent HDFs (Supplementary Figure 4)
and found that BH3-only proteins and Bak was not changed
by MVP siRNA. Studies by others demonstrated that the
expression of Fos, Jun and Bcl-2 gene families are modified
during programmed death of skin cells29 and that different
AP-1 complexes are involved in the regulation of Bcl-2 gene

Figure 4 Knockdown of endogenous major vault protein (MVP) sensitizes senescent human diploid fibroblast (HDFs) to H2O2, staurosporine or thapsigargin-induced cell
death. Senescent HDFs were transfected with a specific small-interfering RNA (siRNA) no. 3 of MVP and control siRNA of GL2 luciferase, an siRNA directed against the firefly
luciferase, by used Oligofectamine reagent. After 72 h, cells were harvested. (a) Morphologies of senescent HDFs after MVP downregulation were determined by light
microscopy. (b) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After transfecting MVP-specific siRNA for 72 h, cells were treated with 1.5 mM
H2O2, 100 nM staurosporine or 100 nM thapsigargin for 24, 16 and 48 h, respectively. Error bars represent the standard deviations of the means. Significance was tested by
ANOVA followed by a Dunnett’s post-test to compare the drug-treated group versus the control group. A double asterisk **Po0.01. (c) Senescent or control and MVP siRNA-
transfected HDFs were treated with 1.5 mM H2O2, 100 nM staurosporine or 100 nM thapsigargin for 24, 16 and 48 h, respectively. Cells were harvested by trypsinization and
then stained with propidium iodide (PI). PI staining was determined by flow cytometry. (d) Senescent or control and MVP siRNA-transfected HDFs were treated with 100 nM
staurosporine or 100 nM thapsigargin for 16 and 48 h, respectively. Cells were harvested. Poly(ADP-ribose)polymerase (PARP) cleavage and caspase-3 activation were
analyzed by western blotting using anti-PARP or anti-caspase-3 antibodies. Actin is loading control. STP, staurosporine; THAP, thapsigargin; Old, senescent HDFs; Cont,
control siRNA-transfected senescent HDFs; MVP, MVP siRNA-transfected senescent HDFs; Casp-3, caspase-3

The role of major vault protein
SJ Ryu et al

1676

Cell Death and Differentiation



expression.30 Moreover, MVP negatively regulates c-Jun
levels and AP-1 transcription activity.31 Therefore, to
understand the role of MVP in the expression of Bcl-2, we
examined MAP kinase pathway and c-jun accumulation. We
observed that phosphorylation of c-Jun NH(2)-terminal
kinase (JNK) is up regulated and that accumulation of c-jun
is significantly enhanced in MVP downregulated senescent
HDFs without any significant changes in p-Erk and p-p38
(Figures 6a and b). To investigate the effects of JNK
inhibition on survival and MVP levels in young and
senescent HDFs, we treated young and senescent HDFs
with 40 mM SP600125 (Supplementary Figure 5). There were
no significant differences in the survival and MVP levels
between the young and senescent HDFs subjected to
SP600125. Next, to elucidate whether JNK activation is
affecting the reduction of Bcl-2 in senescent HDFs, we
treated MVP siRNA-transfected HDFs with JNK MAP kinase
specific inhibitor, SP600125, and found that the level of Bcl-2
protein was restored (Figure 6c). These results suggest that
MVP modulates Bcl-2 gene by negative regulation of the JNK
c-jun pathway.

Discussion

In this study, we examined whether MVP contributes to
apoptosis resistance of senescent HDFs and how MVP
regulates cell survival signaling. We found that MVP levels
increase significantly in senescent HDFs and organs, such as
the heart, liver, spleen and lungs of aged-mice (Figures 1a–e).
This suggests a possible cause and effect relationship
between the resistance to apoptosis exhibited by senescent
cells and their high content of MVP. In contrast to previous
studies that showed that the majority of MVP resides in the
cytoplasm and that no more than 5% of MVP is localized to the
nucleus,15,16 we observed that the MVP is equally localized in
both the cytoplasm and nucleus (Figures 1f and g). Moreover,

in the case of 253J cells, it was reported that more MVP was
detected in the nucleus than in cytosol.22 These results
suggest that MVP localization might depend on cell status or
cell type. Clearly, the detailed mechanism of MVP transloca-
tion from the cytoplasm to the nucleus in young and senescent
HDFs should be further elucidated.

A number of studies have demonstrated that MVP expres-
sion can be induced in several tumor cell lines by a variety of
differentiating agents and cytotoxic drugs.12–14,32 However, a
reduction of MVP mRNA and protein was detected in two
human colon carcinoma cell lines treated with TNF-a.26 In this
study, we observed that the levels of MVP protein and mRNA
were downregulated only in young HDFs, but not in senescent
HDFs, treated with apoptosis-inducing agents such as H2O2,
staurosporine and thapsigargin (Figure 2), suggesting age
dependency of MVP response. Human MVP gene contains
transcription factor-binding sites for p53, STAT1, Sp1 and
MyoD,32,33 and transcription factors including STAT1, YB-1
and Sp-1 are involved in the regulation of MVP in different cell
types.14,32,34 Interestingly, we observed that the basal and
phosphorylation status of p53 are either increased or
decreased in specific agonist-induced apoptosis of young
HDFs, but the status of other transcription factors for MVP
such as STAT1, Sp1 and MyoD did not change (data not

Figure 5 Knockdown of major vault protein (MVP) downregulates B-cell
lymphoma protein-2 (Bcl-2) expression. (a) Senescent human diploid fibroblast
(HDFs) were transfected with the small-interfering RNA (siRNA) of MVP and control.
After 96 h, cells were harvested. Whole-cell lysates were extracted and 40 mg of
total protein were analyzed for Bcl-2, Bcl-xl and Bax by western blotting. Actin was
used as a loading control. (b) The quantitative graph of downregulated Bcl-2. The
results shown are representative of three independent experiments; the histograms
represent the average and the error bars represent the standard deviation of the
means. Significance was tested by ANOVA followed by a Dunnett’s post-test to
compare the drug-treated group versus the control group. A double asterisk
**Po0.01. Old, senescent HDFs; Cont, control siRNA-transfected senescent
HDFs; MVP, MVP siRNA-transfected senescent HDFs

Figure 6 Major vault protein (MVP) regulates B-cell lymphoma protein-2 (Bcl-2)
by negative regulation of the c-Jun NH(2)-terminal kinase (JNK) pathway. (a)
Senescent human diploid fibroblast (HDFs) were transfected with the small-
interfering RNA (siRNA) of MVP and control. After 96 h, the cells lysates were
immunoblotted with anti-p-Erk, anti-p-P38, anti-P-JNK and anti-c-jun antibody. The
blots were reprobed with antibody against actin to confirm equal protein loading. (b)
The quantitative graph of downregulated Bcl-2. The results shown are
representative of three independent experiments; the histograms represent the
average and the error bars represent the standard deviation of the means.
Significance was tested by ANOVA followed by a Dunnett’s post-test to compare the
drug-treated group versus the control group. A double asterisk **Po0.01. (c)
Senescent HDFs were pretreated for 1 h with 10 mM of SP600125 (JNK MAP kinase
inhibitor) and then treated with the siRNA of MVP and SP600125. The medium was
then replaced daily with fresh serum-free media containing JNK inhibitor. After 96 h,
the cells were harvested. Cell lysates were analyzed by western blotting with the
indicated antibodies. SP, SP600125
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shown). How p53 regulates MVP expression in an agonist-
specific manner remains to be clarified.

To determine whether the high level of MVP contributes to
the resistance of senescent cells to apoptosis, we examined
the sensitivity to apoptosis of MVP downregulated senescent
HDFs (Figure 3). As shown in Figure 4, MVP downregulated
senescent HDFs showed increased sensitivity to a variety of
apoptotic agonists such as H2O2, staurosporine and thapsi-
gargin. To investigate the effect of MVP siRNA on young
HDFs, we transfected young HDFs with various doses of
MVP-specific siRNA for 72 h and found a dose-dependent
downregulation of MVP (Supplementary Figure 6a). MTT
assays revealed that the survival rate of MVP downregulated
young HDFs decreased to 15–20% after staurosporine and
thapsigargin treatments, with no detectable change in the
survival rate after H2O2 treatment (Supplementary Figure 6b).
To further dissect the mechanism of stress-induced cell death,
we analyzed DNA fragmentation by fluorescence-activated
cell sorter (FACS). As shown in Supplementary Figure 6c, the
sub-G1/G0 population increased by 10–15% in staurosporine
and thapsigargin-treated MVP downregulated young HDFs
but not in H2O2-treated MVP downregulated young HDFs.
Next, assessing the Bcl-2 family proteins and MAP kinases,
we found that Bcl-xl protein was reduced (Supplementary
Figure 6d), but the phosphorylation of MAP kinases and
expression of c-jun did not change (Supplementary Figure 6e)
in MVP downregulated young HDFs. Furthermore, we found
that the overexpression of MVP in young HDFs leads to
resistance to apoptosis-inducing agents and increase in Bcl-2
protein (Supplementary Figure 7). How MVP downregulation
decreases the expression of Bcl-xl in young HDFs requires
further study.

On the basis of this study, we tentatively conclude that MVP
is closely associated with age dependence of apoptosis
resistance of HDFs. Several recent studies have suggested
that MVP is involved in cell survival following stress or
damage,34,35 but apparently plays no role in development as
MVP knockout mice exhibit no discernible developmental
abnormalities.35

We have recently shown that increased levels of Bcl-2
contribute to apoptotic resistance in senescent HDFs.27 To
understand the mechanism by which MVP promotes the
survival of senescent HDFs, we monitored the level of Bcl-2
protein in MVP siRNA-transfected senescent HDFs and found
that Bcl-2 is significantly reduced in MVP downregulated
senescent HDFs (Figure 5).

Signaling molecules, such as extracellular-regulated kinase
(Erk), JNK and p38, are reportedly involved in the apoptotic
process.36 It has also been reported that activation of the JNK
pathway is required for stress-induced apoptotic processes.37

A major target of the JNK pathway is the transcription factor c-
Jun, a member of the AP-1 complexes.38 It is well known that
phosphorylation of the NH(2)-terminal transactivation do-
mains of c-Jun correlates well with increased transactivating
activity and that JNK can phosphorylate the c-Jun transacti-
vating domain at Ser-63 and Ser-73.39,40 Expressions of Fos,
Jun and Bcl-2 family genes are modulated during pro-
grammed death of skin cells.29 Different AP-1 complexes
regulate Bcl-2 gene expression30 and MVP suppresses c-Jun-
mediated AP-1 transcription.31 To explain the mode of

regulation of Bcl-2 by MVP, we examined the phosphorylation
status of MAP kinases and c-Jun accumulation. As shown in
Figures 6a and b, both JNK phosphorylation and c-Jun were
enhanced in MVP siRNA-transfected senescent HDFs,
whereas the phosphorylation status of Erk and p38 was not
changed, which suggests the involvement of the JNK pathway
in MVP function. To determine whether MVP regulates Bcl-2
gene through JNK c-Jun-mediated pathway, we treated MVP
siRNA-transfected senescent HDFs with SP600125, a spe-
cific JNK inhibitor, and found that this resulted in the
restoration of Bcl-2 protein (Figure 6c). On the basis of these
results, we conclude that MVP modulates Bcl-2 gene
expression through negative regulation of the JNK c-Jun-
mediated pathway.

Next, we questioned how MVP knockdown decreases
phosphorylation of JNK in senescent HDFs. We examined, by
immunoblotting MVP complexes with JNK and p-JNK
antibodies, whether JNK and p-JNK interacted with MVP in
young and senescent HDFs. We did not observe any direct
association of either JNK or p-JNK with MVP (data not
shown). MVP could interact with the activated forms of the
extracellular-regulated kinaseErks in response to EGF,
suggesting that MVP might function as a novel scaffold
protein for Erk.20 However, the absence of interaction
between p-JNK and MVP might suggest that the mode of
action of MVP in the JNK pathway might be different.

This study is the first to propose that MVP prolongs cell
survival by promoting resistance to apoptosis in an age-
dependent manner. We have shown in this work that (1) MVP
is increased in senescent HDFs and old tissues; (2) MVP
protein and mRNA are downregulated in response to
apoptotic stress, time dependently in young HDFs but not in
senescent HDFs; and (3) knocking down MVP expression in
senescent HDFs with siRNA increases their sensitivity to
apoptosis. We also propose that MVP modulates the
sensitivity of senescent HDFs to apoptosis by increasing
the level of the antiapoptotic protein, Bcl-2, by negative
regulation of JNK MAP kinase pathway. We recognize that the
relationship with efflux activity and efficiency of drug clearing
needs to be confirmed. The mechanisms underlying
the induction of apoptosis resistance by MVP in senescent
cells proposed in this study provide a possible clue to
understanding the development of multidrug resistance
of cancer cells.

Materials and Methods
Reagents. The sources of various reagents and materials were as follows:
DNase I (Roche Diagnostics, Mannheim, Germany) monoclonal antibody against
actin was from Santa Cruz Biotechnology Inc.; Polyclonal antibodies against p-Erk,
p-P38, P-JNK, c-jun, PARP, caspase-3, Bcl-2, Bcl-xl, Bax, Bim, Bad, Puma, Bik and
Bak were from Cell Signaling Technologies Inc.; Monoclonal antibody against MVP
was from Transduction Laboratories (Lexington, KY, USA); Staurosporine was from
Calbiochem (La Jolla, CA, USA). Hydrogen peroxide, thapsigargin, propidium iodide
and MTT were from Sigma Chemical Co. (St Louis, MO, USA). Alexa Fluor 488 goat
anti-mouse immunoglobulin G was from Molecular Probes. Secondary horseradish
peroxidase-conjugated anti-rabbit and anti-mouse antibodies were from Zymed
Laboratories Inc., and chemiluminescent detection systems were from Pierce. All
other biochemical reagents were from Sigma or Invitrogen. TwinChipTM Human-8K
was provided by Digital-Genomics Inc. (Seoul, Republic of Korea). SiRNA were from
Dharmacon Research (Lafayette, CO, USA) as duplex-ready stable 20-ACE
protected form HDFs. HDFs were isolated from human foreskins.
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Cell studies. The primary culture of normal HDF was isolated from the foreskin
of a 4-year-old boy. HDFs were kept in 100 mm tissue culture dishes in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U/ml
penicillin and 100mg/ml streptomycin, maintained in 5% CO2 in a humid incubator at
371C. Cells were cultured as described by Ryu et al.27 Cellular senescence was
confirmed using an senescence-associated b-galactosidase activity assay. HDFs
were grown to 70% confluence and then treated with 1.5 mM H2O2, 100 nM
staurosporine or 100 nM thapsigargin in serum-free media for the times indicated in
‘Results’.

RNA preparation and cDNA microarray analysis. Total RNA was
prepared from young and senescent HDFs using TRIzol reagents (Invitrogen)
according to the manufacturer’s instructions. RNA purity was determined by
measuring absorbance at 260/280 nm in a spectrophotometer (Beckman, USA).
RNA samples from young and senescent HDFs were used to make cDNAs labeled
with Cy5 and Cy3, respectively. Microarray experiments were performed according
to the manufacturer’s standard protocol.

Semiquantitative RT-PCR. Extracted RNA was treated with DNase I and
reverse transcribed to single-stranded cDNAs using oligo(dT) 12–18 primer with
Superscript II reverse transcriptase (invitrogen). Appropriate dilutions of each
single-stranded cDNA were prepared for subsequent PCR amplification by
monitoring the GAPDH gene as a quantitative control. Primer sequences were as
follows:

50-CATCATTCGCACTGCTGTCT-30 and 50-CAGCTCCAAAAGTTCCTTGC-30

for MVP.
50-ACCACAGTCCATGCCATCAC-30 and 50-TCCACCACCCTGTTGCTGTA-30

for GAPDH.
RT-PCR was performed using the following conditions for MVP gene: 421C for

1 h, 951C for 10 min, 29 cycles of (1) 941C for 30 s, (2) 521C for 30 s, (3) 721C for
1 min and 721C for 10 min. Samples were analyzed by gel electrophoresis and
bands were revealed by staining gels with ethidium bromide.

Animals and homogenization of tissues. C57Bl/6J male mice of two
different age groups, young (4 months) and old (24 months), kept under standard
laboratory conditions were used. The mice were killed by cervical dislocation.
Hearts, spleens, lungs, livers, kidneys and skeletal muscles were frozen in liquid
nitrogen and kept at �801C until further use. Frozen tissues were homogenized by
10–15 strokes each with a polytron tissue homogenizer and a teflon-glass
homogenizer (GlasCol, Terre Haute, IN, USA) at high speed and sonicated with a
VCX 400 sonication machine (Sonics & Materials Inc., CT, USA) in homogenation
buffer (10 mM Tris-HCl, pH 7.6, 5 mM EDTA, 5 mM EGTA, 0.5mg/ml antipain,
0.1 mM PMSF, 140mg/ml trypsin inhibitor). The homogenate was centrifuged at
16 000� g for 15 min and the supernatant was collected and used in the
subsequent experiments.

Immunoblot analysis. Cells and tissues were solubilized with a lysis buffer
containing 50 mM, Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, pH 8.0, 1% SDS,
protease inhibitor cocktail (Roche), 1 mM PMSF, 1 mM NaF and 1 mM sodium
orthovanadate. Protein contents were determined using Bradford assay. Protein
(40mg) of each sample was resolved by SDS-PAGE, transferred onto nitrocellulose
membranes (Schleicher & Schuell Bioscience Inc.) and blocked with TBS containing
Tween-20 in 2.5% nonfat dry milk. The membranes were incubated with the primary
antibodies at 41C overnight. Secondary antibodies were added for 1 h at RT. The
antibody-antigen complexes were detected using the ECL detection system
(Pierce).

Northern analysis. About 15mg of total RNA was dissolved in RNA loading
buffer (45 mM Tris borate, 1 mM EDTA, 90% (v/v) formaldehyde) and separated by
electrophoresis on a 10% polyacrylamide gel containing 8 M urea. The separated
RNA was transferred to a Zeta-probe membrane using a semi-dry blotting method.
In brief, RNAs were electroblotted at 70 V for 15 min followed by 100 V for 45 min in
TAE buffer (40 mM Tris acetate, 1 mM EDTA). The membrane was then crosslinked
by UV (1.5 J/cm2) and prehybridized in Church buffer (0.5 M sodium phosphate (pH
7.2), 7% (w/v) SDS, 1 mM EDTA (pH 7.0)) at 681C for 2 h. The following
oligonucleotide probes were used: HVG1, 50-GCTTGTTTCAATTAAAGAACTG
TCG; HVG2, 50-AGGTGGTTACAATGTACTCGAAG; HVG3, 50-GAGGTGGTTT
GATGACACGCGAAG and HVG4, 50-CCTAACCATGGAAAGCATTGTCG. five S
rRNA (50-TCTCCCATCCAAGTACTAACCAGGCC) were used as a control for

equal loading. The probes were end-labeled with [g32P]ATP. Hybridizations were
performed at 681C in Church buffer overnight. Subsequently, the membranes were
washed twice at room temperature in 2�SSC, 0.1% SDS (20�SSC: 3 M
trisodium citrate dehydrate, pH 8) and thrice in 5�SSC, 0.1% SDS for 10 min at
681C. Blots were exposed to Agfa X-ray film at �701C.

Subcellular fractionation. To prepare nuclear and cytosol extracts, 6� 106

cells were harvested by trypsin, washed three times with phosphate-buffered saline
and resuspended to 6� 106 cells per ml in TM-2 buffer containing 10 mM Tris, pH
7.4, 2 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride and protease inhibitors.
Resuspended cells were incubated at room temperature for 1 min and then
transferred into a tube in ice for 5 min with Triton X-100 added to a final
concentration of 0.5% and incubated on ice for 10 min. Cell lysates were separated
by 70–80 passages through a 26-gauge needle. The nuclei were isolated from the
cytosol by centrifugation at 6000 r.p.m. at 41C for 10 min. Isolated nuclei were
washed with TM-2 buffer and resuspended in a nuclear extraction buffer containing
20 mM of Hepes, pH 7.9, 0.42 M NaCl, 1.5 mM MgCl2, 25% (v/v) glycerol, 0.2 mM
EDTA, 0.5 mM dithiothreitol and protease inhibitors. Resuspended nuclei were
incubated on ice for 30 min with occasional shaking and sonicated to extract the
nuclear proteins and finally were spun down in a microcentrifuge for 5 min.

Immunofluorescence staining. Cells were plated on 24-well culture plates
with coverslips. The cells were washed three times with ice-cold phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde in PBS for 15 min, and then
permeabilized with 0.5% Triton X-100 in PBS for 10 min. Nonspecific protein-binding
sites were saturated with 2% BSA in PBS for 30 min. The cells were incubated with
monoclonal antibody against MVP (1 : 100 dilution) overnight in cold and then
washed three times with ice-cold PBS. Cells were incubated with FITC-conjugated
secondary antibody for 30 min. Nuclei were then fluorescently labeled with DAPI.
After washing four times with ice-cold PBS, coverslips were mounted on glass slides
by mounting medium. Fluorescent images were then obtained using a confocal
microscope.

Analysis of apoptosis by cell cycle. After treatment with H2O2,
staurosporine and thapsigargin, the suspended and adherent cells were
harvested by centrifugation and treatment with trypsin-EDTA, respectively, and
then washed twice with PBS, and fixed with ice-cold 70% ethanol. Cells were
pelleted by centrifugation for 5 min at 3000 r.p.m., 41C, and the supernatant was
discarded. Cells were then resuspended in a propidium iodide solution (50 mg/ml in
PBS) that contained 50mg/ml RNase A and incubated in the dark at room
temperature for 20 min. The sub-G1 content of the cells was then analyzed using the
FACScan immunocytometry system.

RNA interference and transfection. Three regions of MVP mRNA were
targeted for RNA interference. The target sequences were as follows: MVP no. 1:
50-TAGGAGTCACCATGGCAAC-30; MVP no. 2: 50-AAGAGTATGTGCCATCTG
CCA-30; MVP no. 3: 50-ACATCCGGCAGGACAATGA-30. A synthetic siRNA
directed against the firefly luciferase mRNA sequence 50-AACGUACGCGG
AAUACUUCGA-30 was used as a negative control. The siRNAs were purchased
from Dharmacon Research as duplex-ready stable 20-ACE protected form. The
transfection of siRNA duplexes was performed as described previously.27 MVP-Flag
was a generous gift from Dr. Kim EK (Department of Toxicology, College of
Veterinary Medicine, GyeongSang National University, Gajwa-dong, Jinju-si,
Gyeongsangnam-do, Korea). The plasmid DNA was transiently transfected into
young HDFs by the use of Lipofectamine according to the manufacturer’s protocol.
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