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Hypo-responsiveness to growth factors is a fundamental feature of cellular senescence. In this study, we
found markedly decreased level of Nup107, a key scaffold protein in nuclear pore complex assembly, in
senescent human diploid fibroblasts as well as in organs of aged mice. Depletion of Nup107 by specific
siRNA in young human diploid fibroblasts prevented the effective nuclear translocation of phosphory-
lated extracellular signal-regulated kinase (ERK) following epidermal growth factor (EGF) stimulation,
and decreased the expression of c-Fos in consequence. The disturbances in ERK signaling in Nup107
depleted cells closely mirror the similar changes in senescent cells. Knockdown of Nup107 in anaplastic
oligodendroglioma cells caused cell death, rather than growth retardation, indicating a greater sensitivity
to Nup107 depletion in cancer cells than in normal cells. These findings support the notion that Nup107
may contribute significantly to the regulation of cell fate in aged and transformed cells by modulating
nuclear trafficking of signal molecules.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

An age-related decline in growth factor signaling is one of the
characteristic features of senescent cells. For example, ERK signal-
ing is perturbed in senescent cells and Elk-1 phosphorylation as a
result of activation of ERK signaling is necessary for c-Fos gene
activation [1–5]. Previous studies have demonstrated that senes-
cent cells show the impaired phosphorylation of Elk-1 in response
to epidermal growth factor (EGF) [6] and dysfunctional induction
of c-Fos upon exposure to stimuli, including serum [7], mitogenic
growth factors [7], and antioxidants [8]. Despite extensive re-
searches, the mechanism underlying this decline remains poorly
understood. Many signaling molecules, as well as transcription fac-
tors, perform their roles following their import to the nucleus. We
previously showed that p-ERK1/2 accumulates in the cytoplasm
and fails to translocate to the nucleus in senescent HDFs treated
with EGF [9]. The lack of Elk-1 phosphorylation likely results from
the reduced levels of active ERK proteins in the nuclei of senescent
cells. However, the molecular mechanism for nuclear translocation
of ERK has not been clarified yet. We have reported that the
expression of genes involved in nucleocytoplasmic trafficking is
suppressed in senescent cells to be compared with young cells
[10]. From these results, we assumed the possible existence of
aging-dependent functional barriers for the nucleocytoplasmic
trafficking of signalings. In this context, we paid a special attention
on the aging-dependent inefficiency of nuclear translocation of
ERK signaling in response to EGF.
ll rights reserved.
An earlier study has demonstrated that the scaffold protein
Nup107 is essential for nuclear pore complex (NPC) assembly
[11]. In its absence, nuclear membrane lacks formation of NPCs.
Here, we examined the role of Nup107 in young and senescent
HDFs and explored whether Nup107-related nuclear trafficking
might be involved in aging-related attenuation of EGF signaling.

2. Materials and methods

2.1. Cell culture and transfection

Human diploid fibroblasts (HDFs) were isolated from the fore-
skin of a 6-year-old boy, healthy donor. Cells were grown in Dul-
becco’s modified eagle medium (DMEM) (Gibco BRL, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS) (Gibco
BRL, Grand Island, NY, USA) and 1% penicillin/streptomycin in a
5% CO2 incubator. Cells were subcultured serially at a ratio of
1:4. We defined young cells as those resulting from <25 population
doublings, and old cells were from >66 population doublings. SNU-
738 human oligodendroglioma cells were purchased from the
Korean Cell Line Bank (KCLB, Seoul, Korea). Cells were cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented with
10% heat-inactivated FBS at 37 �C 5% CO2 and 95% O2 in a humidi-
fied cell incubator, and the medium was changed every 2–3 days.
Cells were subcultured serially at a ratio of 1:3.

2.2. SA b-galactosidase staining

Cellular senescence of all of the old cells was confirmed by their
delayed population doubling times (over 3 weeks) and by a
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senescence-associated b-galactosidase activity assay as described
by Dimri et al. [12]. Cells were washed with phosphate-buffered
saline and fixed with 2% paraformaldehyde containing 0.2% glutar-
aldehyde in phosphate-buffered saline for 5 min at room tempera-
ture. After washing with phosphate-buffered saline, cells were
incubated with b-galactosidase reagent (1 mg/ml 5-bromo-4-
chloro-3-indolyl-b-d-galactopyranoside (X-gal), 40 mm citric
acid/sodium phosphate buffer, pH 6.0, 5 mm potassium ferrocya-
nide/potassium ferricyanide, 150 mm NaCl, 2 mm MgCl2) at 37 �C.
2.3. Preparation of cytosol and nuclear extract

Subcellular fractionation was performed to prepare nuclear and
cytosol extracts. Cells (6 � 106) were harvested by trypsin, washed
three times with phosphate-buffered saline and resuspended to
6�106 cells/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 Tri-
ton X-100 added to a final concentration of 0.5% and incubated on
ice for 10 min. Cell lysates were separated by 80 passages through
a 26-gauge needle. The nuclei were isolated from the cytosol by
centrifugation at 6000 rpm at 4 �C 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 microcentri-
fuge for 5 min.
2.4. Animals and homogenization of tissues

C57Bl/6 J 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.
Lungs, livers, kidneys and intestine were frozen in liquid nitrogen
and kept at �80 �C until further use. Frozen tissues were homoge-
nized 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 (Son-
ics & Materials Inc., CT, USA) in homogenization buffer (10 mM
Tris–HCl, pH 7.6, 5 mM EDTA, 5 mM EGTA, 0.5 lg/ml antipain,
0.1 mM PMSF, 140 lg/ml trypsin inhibitor). The homogenate was
centrifuged at 16,000�g for 15 min and the supernatant was col-
lected and used in the subsequent experiments.

2.5. Western blotting and immunoprecipitation

Cells were lysed in a lysis buffer containing 50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA, pH 8.0, 1 mM protease inhibitor cock-
tail (Roche), 1 mM phenylmethylsulphonyl fluoride (PMSF), 1 mM
NaF, and 1 mM sodium orthovanadate. Protein samples were re-
solved by SDS–PAGE and transferred onto nitrocellulose mem-
branes (Schleicher & Schuell Bioscience). The membranes were
incubated with primary antibodies for 16 h at 4 �C and then with
secondary antibodies for 1 h at RT. The antigen–antibody com-
plexes were detected by enhanced chemiluminescence (Pierce).
For immunoprecipitation cell lysates were gently mixed with spe-
cific antibodies and incubated overnight at 4 �C, followed by over-
night incubation with protein A/magnetic beads (Milipore). The
beads were washed three times with lysis buffer, eluted with
SDS sample buffer and subjected to reducing SDS–PAGE. For
reprobing, the membranes were stripped by incubation in 2%
SDS, 100 mM b-mercaptoethanol, 62.5 mM Tris–HCl (pH 6.8) for
45 min at 50 �C. After extensive washing and blocking, the
membranes were probed with the appropriate antibody and devel-
oped. Antibodies for actin (A5441), p-Erk (sc-7383) and p-Elk (sc-
8406) were purchased from Santa Cruz Biotechnology. Antibodies
for Nup107 (A301-9579) were purchased from Bethyl Laboratories.
Quantitation of the band signals (from three independent experi-
ments) was carried out by Gel-Pro analyzer version 3.1 (Media
Cybernetics).

2.6. Immunofluorescence staining

Cells were plated on 24-well culture plates with coverslips and
incubated with different stimuli for the indicated times. After incu-
bation, cells were washed three times with ice-cold PBS and fixed
in 4% paraformaldehyde/PBS for 15 min at room temperature,
briefly washed in PBS, and permeabilized with 0.5% Triton X-100
in PBS for 10 min. After brief washing, cells were blocked in block-
ing solution (2% BSA in PBS) and incubated with indicated antibody
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. Stained cell were viewed on a confocal imaging
system.

2.7. RNA isolation and real-time PCR

Quantitative RT-PCR was performed using real-time PCR with
the SYBR Green reporter. Total RNA was extracted from cultured
HDFs using TRIZOL reagent (Invitrogen). RNA yield was determined
with OD260 nm. Total RNA was extracted and reverse transcribed
to cDNAs by Superscript II reverse transcriptase (Invitrogen).
Quantitative RT-PCR was performed after stabilizing the RNA.
The kit used for RT-PCR was a SYBR Green PCR master kit (Invitro-
gen), which were optimized to the desired concentration. Each
sample was tested three times. The primers used for this experi-
ment were purchased from BIONEER (P282659)

2.8. RNA interference

The transfection of siRNA duplexes was performed as described
previously [13]. Briefly, senescent HDFs (5 � 104) were plated in a
100 mm dish, transfected with 0.5 nM siRNA and oligofectamine™
reagent in serum-free medium and incubated for 4 h at 37 �C in a
CO2 incubator. Following incubation, the cells were supplied with
growth medium containing 10% fetal bovine serum. The specific
siRNA for Nup107 was purchased from BIONEER Co.

3. Results

3.1. Decreased expression of Nup107 in aged cells and organs

We previously found a decrease in the expression of Nup107 in
senescent cells using microarray analysis [14]. These results were
confirmed using a real-time PCR (Fig. 1A) and Western blotting
(Fig. 1B). The expression of Nup107 in young HDFs was 4- to 5-fold
higher to that in senescent HDFs (Fig. 1C). And Western blot anal-
ysis showed the lower levels of Nup107 in tissues of liver, lung and
intestine tissues from the aged mice (Fig. 1D).

3.2. Effect of Nup107 depletion on cellular proliferation

To explore the functional consequence of Nup107 depletion in
young HDFs, we evaluated the effect of Nup107-specific siRNA



Fig. 1. Nup107 expression is decreased in senescent human diploid fibroblasts (HDFs) and older tissues. (A) Decreased expression of mRNAs encoding proteins involved in
nucleocytoplasmic trafficking in senescent HDFs. Total RNA was extracted from young (Y) and senescent (O) fibroblasts, and analyzed by real-time PCR for Nup107 mRNA
expression. (B) Measurement of Nup107 protein expression using anti-Nup107 antibody. (C) Quantified Nup107 protein expression levels. Data are means and standard error
of three independent experiments. (D) Expression of Nup107 in tissues from young (Y) and old (O) mice. Tissues were obtained as described in Section 2. (E) Depletion of
Nup107 using siRNA inhibits the proliferation of HDF cells. Kinetic analysis of the responses of HDFs to Nup107-specific siRNAs. HDFs were transfected with siRNA1, siRNA2,
or mock siRNA. Cell numbers were counted at the indicated time points. The data are mean ± SEM of three independent experiments. (F) Dose effects of siRNA. HDF cells were
incubated with the indicated concentrations of Nup107 siRNA1 or mock siRNA for 72 h. Cell numbers were counted. The data are mean ± SEM of three independent
experiments.

S.Y. Kim et al. / Biochemical and Biophysical Research Communications 401 (2010) 131–136 133
treatment on HDF proliferation. As shown in Supplementary Fig. 1,
all three siRNAs tested downregulated Nup107 expression in
young HDFs. We next analyzed the antiproliferative effect of
Nup107 siRNA on HDF cells at different time points. Compared
with control cells, Nup107-knockdown cells displayed significantly
reduced proliferation in a direct cell count assay (Fig. 1E). Transfec-
tion with siRNA1 or siRNA2 reduced the average cell number by
36% or 23%, respectively, at 72 h. At this time point, no cell death
was detected by microscopic analysis. To examine the dose-kinet-
ics of this antiproliferative effect, we treated HDFs with different
concentrations of siRNA1 for 72 h. As shown in Fig. 1F, the prolifer-
ation of HDFs was reduced nearly 36% with transfection at 1 nM
siRNA1 and almost maximally inhibited with transfection at
50 nM siRNA1
3.3. Effect of Nup107 depletion on nuclear translocation of p-ERK after
EGF treatment

Owing to its strong inhibitory effect, as demonstrated in Wes-
tern blot analysis, siRNA1 was used further to examine the impact
of Nup107 knockdown on the nuclear translocation of p-ERK. We
analyzed the EGF-induced distribution of p-ERK in young HDFs
transfected with siRNA1. As shown Fig. 2A and B, p-ERK1/2 did
not efficiently translocate to the nucleus in NUP107-knockdown
cells following EGF treatment, but instead accumulated in the cyto-
plasm. These findings were confirmed by immunocytochemical
analysis of HDF cells (Fig. 2C). These results mirror the similar
defects in nuclear trafficking in senescent cells [9].
3.4. Effect of Nup107 depletion on Elk phosphorylation and c-Fos
expression in EGF-treated cell

We next examined downstream effectors of ERK signaling in
senescent HDFs. Phosphorylation of Elk-1 as a result of the activa-
tion of the MEK/ERK pathway is necessary for c-Fos gene activation
[1–5]. We observed the reduced Elk-1 phosphorylation on Ser383
(the target for phosphorylation by ERK) in response to EGF
(Fig. 3A) and markedly decreased induction of c-Fos mRNA in
senescent fibroblasts (Fig. 3C, Left panel). These findings are con-
sistent with the results of previous studies of ERK signaling in
senescent cells. To investigate whether the knockdown of
Nup107 affects downstream ERK signaling, we analyzed p-Elk pro-
tein levels and c-Fos mRNA levels in Nup107-knockdown cells
after EGF stimulation. The level of Elk (Ser383) phosphorylation
was significantly lower in Nup107-knockdown cells than in control
cells (Fig. 3B). The downregulation of Nup107 also reduced c-Fos
mRNA expression (Fig. 3C, Right panel). The dysfunction of ERK sig-
naling in Nup107-knockdown cells closely resembles the similar
impairment in senescent cells.

3.5. Effect of Nup107 depletion on cancer cell proliferation

An analysis of published gene expression data using Oncomine
[15] revealed that Nup107 mRNA expression is increased in ana-
plastic oligodendroglioma (Supplementary Fig. 2). As we were
interested in investigating the role of Nup107 in this cancer cells
(SNU-738 cell line), we transfected the cancer cells with Nup107-
specific siRNA and then examined cell proliferation. A direct cell



Fig. 2. Depletion of Nup107 results in impaired nuclear translocation of p-ERK. (A) After treatment with 10 ng/ml EGF for 15 min, equal amounts of cytoplasmic and nuclear
lysates from young (left) and senescent (right) HDFs were subjected to immunoblot analysis using anti-p-ERK antibody. Cox-1 and lamin B1 was used as a cytosolic and
nuclear marker respectively (B) quantified nucleus/cytosol integrated optical density (IOD) ratio. Data are means and standard error of three independent experiments (C)
HDFs transfected with Nup107-specific or control siRNA were incubated with 10 ng/ml EGF for 15 min. Fixed cells were analyzed by immunofluorescence microscopy
performed using FITC-labeled p-Erk-specific antibodies. DNA was stained with DAPI.

Fig. 3. Dysfunction of ERK downstream signaling in Nup107-knockdown cells. (A) Young (Y) and senescent (O) cells were incubated with 10 ng/ml EGF for 15 min, and then
p-Elk protein was analyzed by immunoblotting performed using anti-phospho-Elk (Ser383) antibody. (B) Young HDFs transfected with Nup107-specific or control siRNA
were incubated with 10 ng/ml EGF for 15 min, and then p-Elk protein was analyzed by immunoblotting performed using anti-phospho-Elk (Ser383) antibody. (C) c-Fos mRNA
expression was analyzed by quantitative real-time RT-PCR. Y: young, O: senescent cells.
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count assay demonstrated the reduced proliferation of siRNA-
transfected cells compared with untreated control SNU-738 cells.
Compared with transfection of control siRNA, siRNA1 or siRNA2
transfection reduced the average cell number by 55 or 37% at
48 h. At 72 h, no viable siRNA1-transfected SNU-738 cells re-
mained, although 51% of siRNA1-transfected SNU-738 cells re-
mained viable (Fig. 4).

4. Discussion

Many signaling molecules and transcription factors must be im-
ported into the nucleus to exert their effects. We have reported the
aging-dependent accumulation of p-ERK1/2, actin and gelsolin in
the nuclei [9,16] and the lower expression of genes linked to nucle-
ocytoplasmic trafficking in senescent cells compared with that in
young cells [10]. These evidences collectively implicate the exis-
tence of a functional barrier for nucleocytoplasmic trafficking of
the signals in senescent cells.

As mediators of nucleocytoplasmic transport, NPCs are the larg-
est protein assemblies in eukaryotic cells [17,18]. Mammalian
NPCs are formed from at least 47 Nups and Nup-associated pro-
teins [19]. Nup107 is the mammalian homolog of yeast Nup84p.
The heterooligomeric Nup107 complex, whose components
(Nup107, Nup133, Nup96, Nup160, and Sec13) are homologous



Fig. 4. Depletion of Nup107 using siRNA inhibits cell proliferation of oligodendro-
glioma (SNU-738) cells. Kinetic analysis of the response of SNU-738 cells. SNU-738
cells were transfected with siRNA1, siRNA2 or mock siRNA. Direct cell numbers
were counted at the indicated time points. The data are mean ± SEM of three
independent experiments.
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to the components of the yeast Nup84p sub-complex, was isolated
through dissociation of NPCs [20,21]. Nup107 is a key scaffolding
molecule for NPC assembly. Its depletion causes reduction of vari-
ous nucleoporins and the resultingly defective NPC assembly [16].
We confirmed the effects of Nup107 depletion on other nucleopo-
rins using siRNA (data not shown).

In the present study, it is confirmed that Nup107 expression is
markedly decreased in senescent HDFs as well as in aged tissues
(Fig. 1). Furthermore, nuclear translocation of active ERK1/2 in re-
sponse to EGF was impaired in Nup107-depleted HDFs (Fig. 2A–C).
These results suggest that the loss of Nup107 would create a
functional barrier to the nucleocytoplasmic trafficking of active
ERK.

The lack of Elk-1 phosphorylation in senescent cells could be
traced to the reduced nuclear translocation of active ERK protein.
Although the molecular mechanism regulating the nuclear translo-
cation of ERK is not fully understood, several models have been
proposed. For examples, ERK1/2 enters the nucleus through the
NPCs via a carrier-independent and energy-independent mecha-
nism [10,11]. Phosphorylated proteins may also enter the nucleus,
perhaps by passive diffusion of a monomer or active transport of a
dimer [12,13]. ERK1/2 nucleocytoplasmic distribution is also
dependent on its nuclear efflux mechanism [14]. ERK can bind nu-
clear carrier proteins to translocate into the nucleus [15]. In the
present study, we used Nup107 siRNA to demonstrate that the nu-
clear trafficking of p-ERK is partly NPC-dependent (Fig. 2A–C). We
also showed that depletion of Nup107 affects downstream effec-
tors of ERK signaling, resulting in decreased Elk phosphorylation
and decreased induction of c-Fos gene expression (Fig. 3B and C).
These results strongly suggest that impaired ERK signaling in
senescent cells stems in part from dysfunctional NPC-dependent
nuclear trafficking.

Nucleoporins are overexpressed in many types of cancer,
including the breast, colon, and prostrate cancers, and in various
cancer cell lines, indicating that it may play a role in cell signaling
and survival [22]. Nucleoporin expression is increased during cell
division and high in continuously dividing cancer cells. Our analy-
sis of published gene expression data using Oncomine [15] shows
that the expression of Nup107 mRNA is increased in cervical can-
cer, seminoma, and oligodendroglioma, as well as in rectal and co-
lon cancer (data not shown). In the present study, it has been
shown that the simple depletion of Nup107 in anaplastic oligoden-
droglioma cells leads to cell death, which was not observed in nor-
mal human diploid fibroblasts (Fig. 4). These findings implicate
that cancer cell might be more sensitive than normal cells in
regulation of nucleocytoplasmic trafficking, which heralds the no-
vel cancer therapeutic approach by manipulating the nucleocyto-
plasmic trafficking. Whether the observed cell death was caused
by apoptosis or necrosis, and whether it was caspase-dependent or
-independent, requires further investigation.

Taken together, these results suggest that senescence-linked
hypo-responsiveness to growth factor stimulation may be attribut-
able in part to dysfunctional nuclear trafficking caused by reduced
Nup107 expression and that loss of Nup107 may play an important
role in the decline of intracellular signaling in senescent cells.
These results reveal a novel role of Nup107 in cellular aging and
may help in the development of new strategies for control of aging
process, as well as for anti-cancer therapy.
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