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Abstract. Major vault protein (MVP) is identical to lung 
resistance-related protein (LRP), which is the major compo-
nent of vaults. Vaults are considered to play a protective role 
against xenobiotics and other types of stress. In a previous 
study, we reported that the expression levels of MVP in 
SW620 human colon cancer cells were increased in hypertonic 
culture medium with sucrose. However, the molecular mecha-
nism behind the induction of MVP expression by osmotic 
stress has not yet been elucidated. Therefore, in the present 
study, we investigated the mechanism behind the induction 
of MVP expression by osmotic stress. Under hyperosmotic 
stress conditions, the ubiquitination of specificity protein 1 
(Sp1) decreased, Sp1 protein levels increased, its binding to 
the MVP promoter was enhanced, and small interfering RNA 
(siRNA) for Sp1 suppressed the induction of MVP expression. 
The inhibition of c-jun N-terminal kinase (JNK) by SP600125, 
a specific JNK inhibitor, decreased the expression of MVP 
and Sp1 under hyperosmotic conditions. Our data indicate that 
the stabilization and upregulation of Sp1 protein expression 
by JNK participate in the inhibition of the ubiquitination and 
degradation of Sp1, and thus in the induction of MVP expres-
sion under hyperosmotic conditions.

Introduction

Vaults are predominantly cytoplasmic ribonucleoprotein 
particles identified in preparations of coated vesicles  (1). 
The vault complex has a barrel-like structure with an invagi-
nated waist and two protruding caps. Mammalian vaults 
are composed of major vault protein (MVP) and two minor 
vault proteins [vault poly(ADP-ribose)polymerase (VPARP) 
and telomerase-associated protein 1 (TEP1)] as well as small 
untranslated RNAs  (2). Vault particles have been highly 
conserved throughout evolution and are found in numerous 
eukaryotic species (3). These data suggest that vaults have an 
important cellular function. However, the precise function of 
vault particles has not yet been completely elucidated.

MVP is the main component of vault particles and covers 
over 70% of the particle mass. Since MVP is identical to lung 
resistance-related protein (LRP), which was first identified in 
a non-P-gp multidrug-resistant cancer cell line and has been 
shown to be overexpressed in several multidrug resistant cell 
lines  (4,5), it has been suggested that MVP is involved in 
multidrug resistance.

On the other hand, a number of previous studies have 
reported that MVP expression is induced by a variety of 
cellular stresses such as DNA damaging agents, UV irra-
diation, hypoxia and hyperthermia (6-8). Kowalski et al (9) 
reported that MVP is involved in host resistance to infection 
with Pseudomonas aeruginosa. Ryu et al (10) demonstrated 
that MVP enhanced the resistance of cells to apoptosis induced 
by H2O2 in senescent human diploid fibroblasts (HDFs). These 
findings suggest that MVP plays an important role in cellular 
responses to stress.

It has previously been reported that the human MVP 
promoter lacks a TATA-box, as well as other core promoter 
elements, but harbors putative transcriptional factor binding 
sites for p53, STAT1, MyoD, specificity protein 1 (Sp1), GATA 
and YB-1 (11). Transcription factors are involved in the regula-
tion of MVP in different cell types (6-9,12,13). We previously 
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reported that hyperosmotic stress upregulated the expression 
of MVP (14). However, it is unclear which transcription factor 
affects MVP expression under hyperosmotic stress conditions 
and the underlying mechanism has not yet been elucidated. 
Therefore, the aim of this study was to investigate the mechanism 
behind the induction of MVP expression under hyperosmotic 
stress conditions.

Materials and methods

Cell line, antibodies and chemicals. The SW620 human colon 
carcinoma cell line was provided by Dr A.T. Fojo (National 
Cancer Institute, Bethesda, MD, USA). HA-tagged ubiquitin for 
constructing the plasmid was provided by Dr Dirk Bohmann 
(European Molecular Biology Laboratory, Heidelberg, 
Germany). RPMI‑1640 medium was purchased from Nissui 
Seiyaku  Co. (Tokyo, Japan). Fetal calf serum (FCS) was 
obtained from JRH Biosciences (Lenexa, KS, USA). Sucrose 
was obtained from Wako Pure Chemical Industries,  Ltd. 
(Osaka, Japan). A rabbit anti-ERK polyclonal antibody (C-16), 
mouse anti-Sp1 monoclonal antibody (E-3), rabbit anti-Sp1 
polyclonal antibody (PEP2), rabbit anti-HA polyclonal anti-
body (Y-11) and mouse phosphothreonin monoclonal antibody 
(H-2) were obtained from Santa Cruz Biotechnology, Inc. A 
mouse anti-STAT1 monoclonal antibody (610185) was obtained 
from BD Biosciences. A rabbit anti-MVP polyclonal antibody 
was prepared using a glutathione S-transferase (GST)-MVP 
(aa 694-794) fusion protein as an antigen (5).

Immunoblot analysis. Immunoblot analysis was carried out as 
described previously (5,17).

Reverse transcription-polymerase chain reaction (RT-PCR). 
Total RNA from cultured cells was isolated using TRIzol reagent 
(Invitrogen). RT-PCR was performed with the SuperScript 
One-Step RT-PCR system and gene-specific primers according 
to the manufacturer's instructions (Invitrogen). Reaction mixtures 
contained total RNA (500 ng of each), 0.2 mM dNTPs, 0.2 µM 
of Sp1 primer (sense, 5'-TGGAAGCAGCTGAGGCAATGG-3' 
and antisense, 5'-ATCCAGCCTCAGCTAGTTCAA-3') and 
GAPDH primer (sense, 5'-AGAACATCATCCCTGCCTCTA 
CTGG-3' and antisense, 5'-AAAGGTGGAGGAGTGGGTGT 
CGCTG-3'), enzyme mixture containing SuperScript  II RT, 
Platinum TaqDNA polymerase, and 1Χ buffer with 1.2 mM 
MgSO4. The reaction was performed at 50˚C for 20 min, 94˚C for 
2 min, followed by 28 cycles of 94˚C for 15 sec, 55˚C for 30 sec 
and 70˚C for 30 sec.

Dual-luciferase reporter assay. The generation of the MVP 
promoter-luciferase construct (pMVP78) has been described 
in a previous study of ours  (6). The luciferase assay was 
performed using the Dual-Luciferase Reporter Assay System 
according to the manufacturer's instructions (Promega). In 
order to perform the luciferase assay, transfected SW620 cells 
were cultured in the presence of sucrose. Cells were washed 
with PBS and lysed using 100 µl of passive lysis buffer per 
well. Luminescence assays were performed using a lumino
meter (TD-20/20 Luminometer; Turner Designs, Sunnyvale, 
CA, USA). All experiments were performed in triplicate and 
the results were normalized to pRL-TK activity.

RNA interference. STAT1 siRNA was obtained from Cell 
Signaling Technology (no. 6544). siRNA duplexes were synthe-
sized using the Silencer™ siRNA construction kit (Ambion Inc., 
Austin, TX, USA). The siRNA used in this study consisted of a 
21-nucleotide sense strand and a 21-nucleotide antisense strand 
with a two-nucleotide overhang at the 3'-end. Sequences were as 
follows: GFP-siRNA target sequence, 5'-AAGCGTTCAACTA 
GCAGACCA-3'; Sp1-siRNA target sequence, 5'-AAGGAA 
CAGAGTGGCAGCAGT-3'. siRNA (100 nM) was introduced 
into the SW620 cells using Lipofectamine™ 2000 according to 
the manufacturer's instructions (Invitrogen).

In vitro ubiquitination assays. COS-7 cells were transfected 
with expression vectors encoding HA-tagged ubiquitin for 24 h 
after transfection, and were exposed for 12 h to normal osmotic 
or hyperosmotic conditions in the presence of the proteasome 
inhibitor, MG132 (5 µM). The cells were then lysed in RIPA 
buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet 
P-40 (NP-40), 0.1% SDS, 0.5% sodium deoxycholate, 1 mM 
p-amidinophenyl methanesulfonyl fluoride hydrochloride 
(APMSF) and 1 mg/ml aprotinin] and lysates (500 µg protein) 
were immunoprecipitated with anti-Sp1 antibody followed by 
immunoblotting with anti-HA antibody.

Immunoprecipitation. Cells were lysed with RIPA buffer and 
centrifuged at 7,500 rpm for 10 min at 4˚C. Subsequent to 
protein extraction, 500 µg of total cell lysates were incubated 
with anti-Sp1 monoclonal antibody at 4˚C for 1 h. A total of 
30 µl of a 50% slurry of protein G-Sepharose 4B in RIPA 
buffer was then added to the reaction mixtures and incubated 
for 12 h at 4˚C with rotation. Following rapid centrifugation, 
the resulting pellets were washed three times with RIPA buffer, 
and the immunoprecipitated proteins were analyzed by immu-
noblotting using anti-phosphothreonin antibody or anti-Sp1 
polyclonal antibody.

Chromatin immunoprecipitation (ChIP) assay. Cells were fixed 
with 1% formaldehyde for 10 min at 37˚C to cross-link protein 
to DNA. A chromatin immunoprecipitation (ChIP) assay was 
carried out using a ChIP assay kit (Upstate Biotechnology), 
according to the manufacturer's instructions. The soluble DNA 
fraction was mixed with an anti-Sp1 polyclonal antibody or 
non-immunized rabbit IgG (Santa Cruz Biotechnology), and 
the precipitated DNA was amplified with primers for the MVP 
promoter [5'-GCCAGCTGGCTCCAAGGTAG-3' (sense) and 
5'-ATCACTTCCCGGCAGGGCAA-3' (antisense)]. 

Results

Sp1 directly regulates the transcription of the MVP gene 
under hyperosmotic stress conditions. We previously reported 
that hyperosmotic stress upregulates MVP promoter activity. 
To identify important MVP promoter elements that are 
involved in the induction of MVP expression by hyperosmotic 
stress, we generated luciferase reporter constructs containing 
various promoter elements. The pMVP78 construct contained 
three elements, Sp1, p53 and STAT, which were reported 
as transcription factors involved in MVP promoter activity 
(Fig. 1A). Following the transfection of the plasmids into the 
SW620 cells, cells were subjected to hyperosmotic stress and 
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MVP promoter activity was monitored by luciferase assay. 
Compared to basal luciferase activity, luciferase activity was 
approximately 2-fold higher in the pMVP78-transfected cells 
treated with sucrose (Fig. 1B). These results suggest that Sp1, 
p53, or STAT contribute to the enhancement of MVP promoter 
activity by hyperosmotic stress.

SW620 cells have a mutation in the p53 gene (codon 273, 
Arg→His). This suggests that Sp1 or STAT1 is involved in 
the induction of MVP expression by hyperosmotic stress. To 
determine whether Sp1 or STAT1 are involved in the induction 
of MVP by hyperosmotic stress, SW620 cells were transfected 
with siRNA targeting Sp1 or STAT1. Sp1 knockdown inhibited 
the induction of MVP expression by hyperosmotic stress in the 
SW620 cells (Fig. 1C). However, STAT1 knockdown did not 
affect the induction of MVP expression. These results suggest 
that Sp1 is involved in the induction of MVP expression by 
hyperosmotic stress in SW620 cells.

To determine whether Sp1 can bind to the promoter region 
of the MVP gene in SW620 cells under hyperosmotic stress 
conditions, we performed a chromatin immunoprecipitation 
(ChIP) assay using anti-Sp1 antibody. The presence of the MVP 
promoter in chromatin immunoprecipitates was assessed by PCR 
using a specific pair of primers spanning the Sp1-bind site in the 
MVP gene promoter. Sp1 recruitment to the MVP promoter was 
enhanced by hyperosmotic stress in SW620 cells (Fig. 1D). These 
results indicate that Sp1 directly regulates the transcription of the 
MVP gene under hyperosmotic stress conditions.

Hyperosmotic stress upregulates Sp1 protein levels. To deter-
mine whether hyperosmotic stress affects the expression of 
Sp1, we performed immunoblot analysis using anti-Sp1 anti-
body. Fig. 2A shows that the expression of Sp1 increased with 
increasing concentrations of sucrose from 50 to 200 mM. Sp1 
protein levels increased in a time-dependent manner during 
treatment with sucrose at 100 mM, and achieved a peak at 12 h 
(Fig. 2B).

We then examined the effect of hyperosmotic stress on the 
expression levels of Sp1 mRNA in SW620 cells. Hyperosmotic 
stress did not affect Sp1 mRNA levels (Fig. 2C and D). These 
results suggest that hyperosmotic stress upregulates Sp1 protein 
levels by reducing the turnover rate.

Hyperosmotic stress suppresses proteasome-dependent Sp1 
degradation by inhibiting ubiquitination. To examine the 
possibility that the accumulation of Sp1 protein reflects a 
reduction in its degradation rate, we investigated whether the 
induction of Sp1 expression by hyperosmotic stress occurs in 
SW620 cells exposed to cycloheximide.

As shown in Fig. 3A, cycloheximide did not inhibit the 
induction of Sp1 expression under hyperosmotic condi-
tions. This result suggests that the degradation of Sp1 may 
be suppressed under hyperosmotic conditions. We therefore 
investigated the effect of MG132, a proteasome inhibitor, on 
Sp1 protein levels. Proteasome inhibition in the SW620 cells 
by MG132 increased Sp1 protein levels (Fig. 3B). To determine 

Figure 1. (A) Outline of the MVP-promoter constructs used. The top line indicates the promoter region (-407) upstream of the MVP transcription start site 
(+1). The pMVP78 construct harbors the Sp1, p53 and STAT binding sites. This construct was linked to a luciferase reporter gene (luc). (B) SW620 cells were 
transiently transfected with pMVP78 (800 ng) and pRL-TK (200 ng) reporter gene constructs using Lipofectamine 2000 reagent. After transfection, the cells 
were incubated in the presence (+) or absence (-) of 100 mM sucrose for 48 h and then assayed for luciferase activity. Experiments were performed in triplicate 
and the results were normalized to pRL-TK activity. Bars indicated the means ± SD. *P<0.05. (C) SW620 cells were transfected with siRNA targeting Sp1, 
STAT1, or GFP and cultured in 100 mM sucrose for 48 h, and cell lysates were tehn prepared from these cells. The expression of Sp1, STAT1, MVP and ERK-1 
was detected by immunoblot analsyis using anti-Sp1, anti-STAT1, anti-MVP and anti-ERK-1 antibodies, respectively. (D) The SW620 cells were treated with 
100 mM sucrose for 72 h. Cells were fixed with formaldehyde to form a DNA-protein complex and were subjected to ChIP assay, as described in Materials and 
methods. A PCR primer for the MVP promoter was used to detect the promoter fragments in the immunoprecipitates. The input lane represents 20% of the total 
chromatin used in the ChIP assay.
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whether hyperosmotic stress affects the ubiquitination of Sp1, 
COS-7 cells were transfected with HA-tagged ubiquitin. The 
transfected cells were then incubated for 12 h under hyper-
osmotic conditions in the presence or absence of MG132. 
Ubiquitinated Sp1 was detected by immunoblot analsyis using 
anti-HA antibody following immunoprecipitation with anti-
Sp1 antibody. Furthermore, as shown in Fig. 3C, hyperosmotic 
stress suppressed the ubiquitination of Sp1. These results 
suggest that hyperosmotic stress induces the accumulation of 
Sp1 by suppressing its ubiquitination.

Induction of Sp1 is mediated by the activation of c-Jun 
N-terminal kinase (JNK) activation under hyperosmotic stress 
conditions. Hyperosmotic stress activates JNK, which plays 
an important role in cellular stress responses. A recent study 
showed that threonine phosphorylation by JNK-1 regulates 
the stability of Sp1 (15). In order to investigate whether JNK 
is activated in SW620 cells under hyperosmotic stress condi-

tions, we analyzed the phosphorylation of JNK in SW620 cells 
under hyperosmotic stress conditions. The phosphorylation of 
JNK increased in a manner dependent on the sucrose concen-
tration, which was increased from 50 to 200 mM (Fig. 4A). 
These data suggest that hyperosmotic stress activates JNK in 
SW620 cells.

Therefore, we investigated the threonine phosphorylation 
of Sp1 under hyperosmotic stress conditions to confirm that 
hyperosmotic stress affects the threonine phosphorylation of 
Sp1 in SW620 cells. Hyperosmotic stress increased the threo-
nine phosphorylation of Sp1 (Fig. 4B). Moreover, as shown 
in Fig. 4C, SP600125, a specific JNK inhibitor, inhibited the 
phosphorylation of Sp1 under hyperosmotic conditions.

To investigate whether JNK regulates the induction of Sp1 
and MVP by hyperosmotic stress, SW620 cells were treated 
with SP600125 in the presence or absence of hyperosmotic 
stress. SP600125 inhibited the induction of Sp1 expression and 
consequently that of MVP under hyperosmotic stress condi-

Figure 3. (A) SW620 cells were treated with sucrose in the presence or absence of cyclohexymide. Cell lysates were prepared from these cells. The expression 
of Sp1 and ERK-1 was detected by immunoblot analysis using antibodies against Sp1 or ERK-1. (B) Effect of the proteasome inhibitor, MG132, on the expres-
sion of Sp1 in SW620 cells. SW620 cells were incubated in 0-10 µM MG132. Cell lysates were prepared from these cells. The expression of Sp1 and ERK-1 
was detected by immunoblot analysis using antibodies against Sp1 or ERK-1. (C) COS-7 cells were transfected with a vector encoding HA-tagged ubiquitin. 
Transfected cells were treated with sucrose for 12 h in the presence or absence of MG132 (5 µM). Ubiquitinated proteins were immunoprecipitated with anti-
Sp1 antibody, and ubiquitinated Sp1 was detected by immunoblot analysis using anti-HA antibody.

Figure 2. Effect of osmotic stress on Sp1 expression levels in SW620 cells. (A and B) SW620 cells were incubated in (A) 0-200 mM sucrose for 8 h, or 
(B) 100 mM sucrose for 24 h. After incubation, cell lysates were prepared and analyzed for Sp1 and ERK-1 protein expression by immunoblot analysis using 
anti-Sp1 or anti-ERK-1 antibodies. (C and D) SW620 cells were incubated in (C) 0-200 mM sucrose for 8 h, or (D) 100 mM sucrose for 8 h. After incubation, 
cell lysates were prepared and analyzed for Sp1 mRNA by RT-PCR. The expression of GAPDH was used as the loading control.
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tions (Fig. 4D and E). These data suggest that JNK upregulates 
MVP expression by inhibiting Sp1 degradation under hyperos-
motic stress conditions. Therefore, the stability of Sp1 may be 
mediated by the enhancement of Sp1 phosphorylation by JNK 
under hyperosmotic stress conditions.

Discussion

One of the cellular stresses to which cells are exposed to 
in vivo is hyperosmotic stress. It has previously been reported 
that hyperosmotic stress induces apoptosis of cells (16). We 
previously reported that hyperosmotic stress modulates the 
PI3K/Akt pathway and induces MVP, which exerts a cyto-
protective effect against apoptosis, thereby preventing cells 
from undergoing apoptosis by the activation of Akt in SW620 
colon cancer cells (14). However, the molecular basis for the 
expression of MVP induced by hyperosmotic stress is unclear. 
Therefore, in the current study, we elucidated that Sp1 and 
JNK regulate the expression of MVP under hyperosmotic 
conditions.

Our results showed that hyperosmotic stress enhanced the 
binding of Sp1 to the MVP promoter and upregulated the tran-
scription of the MVP gene. Sp1 is ubiquitous in mammalian 
cells and is known as a housekeeping gene and a transcrip-
tion factor with a C2H2 zinc finger DNA binding domain, 
and also modulates transcription of numerous genes (17). It 
has been reported that Sp1 is activated by osmotic changes 
and regulates the transcription of a number of genes (18,19). 

Our data are consistent with these data from previous reports. 
Moreover, it has also been reported that the knockdown of Sp1 
enhances the H2O2-induced apoptosis of U2OS osteosarcoma 
cells (20). We previously reported that MVP prevents cells 
from undergoing apoptosis (14). Our findings, as well as those 
from previous reports suggest that Sp1 augments the expres-
sion of MVP and consequently protects cells from apoptosis 
under hyperosmotic conditions.

JNK belongs to the family of mitogen-activated protein 
kinases (MAPKs) and is activated by several types of cellular 
stress, such as hypoxia and osmotic stress (21,22). This study 
demonstrates that the inhibition of the ubiquitination and 
degradation of Sp1 by JNK causes the stabilization and 
upregulation of Sp1 protein, which participates in the induc-
tion of MVP expression under hyperosmotic stress conditions. 
Chuang et al (15) reported that the phosphorylation by JNK-1 
regulates the stability of transcription factor Sp1 during mitosis. 
We previously reported that the expression levels of MVP in 
S1 small cell lung cancer cells increased in hypertonic culture 
medium with sucrose (14). As Sp1 protein levels also increased 
in S1 cells (data not shown), JNK may regulate the expression of 
MVP under hyperosmotic stress conditions in other cell lines. 
Recent studies have shown that JNK suppresses the interaction 
between Sp1 and ring finger protein 4 (RNF4), which is an 
E3 ubiquitin ligase of Sp1 (15,23). These data suggest that JNK 
is activated by hyperosmotic stress and may suppress the inter-
action between Sp1 and RNF4 by phosphorylating the threonine 
residue of Sp1. Consistent with these data, the results from our 

Figure 4. (A) SW620 cells were incubated in 0-200 mM sucrose for 1 h, lysed, and analyzed for phosphorylated JNK and JNK by immunoblot analysis using 
anti-phosphorylated JNK or anti-JNK antibodies. (B) SW620 cells were incubated in 100 mM sucrose for 12 h. Phosphorylated proteins were immunoprecipi-
tated with anti-Sp1 antibody, and phospho-threonine levels of Sp1 were detected by immunoblot analysis with anti-phospho-threonine antibody. (C) SW620 
cells were treated with 100 mM sucrose in the presence or absence of SP600125. After incubation, phosphorylated proteins were immunoprecipitated with 
anti-Sp1 antibody, and phospho-threonine levels of Sp1 were detected by immunoblot analysis with anti-phospho-threonine antibody. (D and E) SW620 cells 
were treated with 100 mM sucrose in the presence or absence of SP600125. After incubation, cell lysates were prepared and analyzed for (D) Sp1 and (E) MVP 
by immunoblot analysis. Blotting of ERK-1 was used as the loading control.
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study showed that hyperosmotic stress enhanced the threonine 
phosphorylation of Sp1 and decreased the ubiquitination of 
Sp1 (Figs. 3C and 4B).

We previously reported that p38 MAPK, which belongs to 
the family of MAPKs and is activated by cellular stress, is 
partly involved in the expression of MVP induced by hyperos-
molytes. However, SB203580, a p38 MAPK-specific inhibitor, 
did not affect the induction of Sp1 by hyperosmotic stress (data 
not shown). These data suggest that p38 MAPK activates Sp1 
without affecting the expression of Sp1 under hyperosmotic 
conditions. In fact, certain studies have shown that p38 MAPK 
activates Sp1 (24,25). Further studies are required to define the 
role of p38 MAPK under hyperosmotic conditions.

In conclusion, the expression of MVP is upregulated by 
several types of cellular stress. The data from our study indi-
cate that hyperosmotic stress upregulates Sp1 expression levels 
by inhibiting ubiquitination through the activation of JNK, 
and the induction of Sp1 expression directly enhances MVP 
transcription.
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