
Introduction

Insulin transmits its signals through a cell surface tyrosine
kinase receptor, which stimulates multiple intracellular signalling
events. The insulin receptor (IR) undergoes activation upon
insulin binding, leading to the generation of two major intracel-
lular signalling pathways the phosphatidylinositol 3-kinase
(PI3K)/Akt and the Ras/Raf/MEK/ERK: mitogen-activated protein
kinase (MAPK) pathway [1, 2]. Insulin signalling in cellular mito-
genesis via the MAPK pathway has been well established [3, 4].
Extracellular signal-regulated protein kinases (ERK) are activated
when they are phosphorylated by MEK, which is activated by Raf
[5]. In the MAPK signalling cascades, the ERK proteins are sites
where diverse signals converge to elicit distinct biological
responses through activation of the ERK effectors. When acti-
vated, ERK phosphorylates various downstream substrates

involved in a multitude of cellular responses for mitogenesis
[6–8]. Critical cellular processes such as proliferation, growth,
differentiation, cytoskeletal remodelling, migration, cell cycle pro-
gression and apoptosis are known to be mediated by the MAPK
pathway [9–11].

Upon mitogenic stimulation, ERK was re-localized from cyto-
plasm to nucleus [7, 12]. Comparison of the kinetics of ERK acti-
vation and nuclear translocation revealed that it is the active
phosphorylated form of ERK that re-localizes into the nucleus
[13]. Numerous transcription factors, including Elk-1, Egr-1, and
c-Jun, are modulated by ERK in the nucleus for regulation of gene
transcription [8–11, 14, 15]. The catalytically active ERK-mediated
transcriptional events ultimately impinge on cell cycle elements,
such as the induction of cyclinD1 for cell cycle progression [6–8].
In addition, cytoskeletal elements such as MAPs and Tau are also
known to be regulated by ERK for cytoskeleton rearrangements
affecting cellular morphology [16].

Caveolin, an integral membrane protein, is the primary protein
component of caveolae membranes [17, 18]. The caveolin gene
family consists of caveolin-1, -2 and -3. Caveolin-1 and -2 are
expressed in most cell types, while caveolin-3 is expressed mainly
in muscle cells [19]. Recent studies suggest that caveolins 
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function as scaffolding proteins to interact with signalling mole-
cules like G-proteins, receptor tyrosine kinases (RTKs), Src-like
kinases, eNOS, Ras and ERK [17, 18]. Thus, caveolins are known
to play an active role in a variety of cellular processes [20, 21].
Despite numerous findings of caveolin regulation in signalling,
most of the studies reported have concentrated exclusively on the
role of caveolin-1. Of interest, the MAPK-mediated signal cascade
is negatively regulated by the relative abundance of caveolin-1
[22–27]. The expression of caveolin-1 is significantly reduced in
human breast cancer cells [22, 23]. The cyclin D1 gene is inhibited
during overexpression of caveolin-1 [24]. The loss of mitogenic
signalling in senescent cells is related to their up-regulation of
caveolin-1 [27–29]. Caveolin-1, thus, affects the regulatory mech-
anism of cell growth negatively and reduces not only cell growth
but also tumourigenecity.

Caveolin-2, which is 38% identical and 58% similar to
caveolin-1 is widely presented in many cell types [19, 30] and
has been known generally for its structural role in caveolae
formation [17–21]. Primary sequence analysis of caveolin-2
reveals that caveolin-2 contains a putative tyrosine kinase
recognition motif (QLFMADDSpY) at tyrosine 19 and a
 conserved SH2 domain-binding motif (pYADP) at tyrosine 27
[31, 32]. Although recent reports show that caveolin-2 can be
phosphorylated on tyrosine 19 and 27 by c-Src [31, 32] and
serine-phosphorylated on 23 and 36, likely through the action
of casein kinase 2 [33], and that caveolin-2 deficient trans-
genic mice have pulmonary dysfunction [34], there have been
no data demonstrating that caveolin-2, per se, can modulate
signalling in a manner similar to caveolin-1. Thus, the exact
physiological role of caveolin-2 remains unknown. Therefore,
except for its structural role in the formation of caveolae, little
is known concerning any role of caveolin-2, especially in the
regulation of cell mitogenesis. In our previous study, we
showed that caveolin-2 enhances the insulin-induced cell
cycle in Hirc-B fibroblasts [35]. Induction of the caveolin-2
gene was up-regulated in response to insulin and the endoge-
nous caveolin-2 enhanced the G1 to S phase transition of cell
cycle whereas caveolin-1 inhibits when cells were expressed
with recombinant caveolin-1. However, the molecular mecha-
nisms by which caveolin-2 regulates cell proliferation have not
been established.

Accordingly, the present study was conducted to assess the
molecular mechanism of the positive modulatory role of
 caveolin-2 in the regulation of the MAPK-mediated insulin
mitogenic signalling. Here, we provide evidence that pY19-caveolin-
2 physically associates with phospho-ERK and the complex co-
localizes in the nucleus in response to insulin. pY19-Caveolin-2
is required for ERK translocation, gene transcription, cell 
proliferation and cell cycle progression via the insulin-induced
MAPK signalling pathway. In addition, nuclear translocation of
the caveolin-2-ERK complex depends on an intact actin
cytoskeleton. These findings suggest that pY19-caveolin-2 is
an important key mediator for ERK translocation and is
required for actin cytoskeleton-dependent MAPK-mediated
mitogenesis by insulin.

Materials and methods

Cell culture and treatment

Rat1 and 3T3L1 fibroblasts and H9c2 cardiomyoblasts were grown in
Dulbecco's modified Eagle's medium (DMEM: Gibco/BRL) containing 
5 mM D-glucose supplemented with 10% (v/v) FBS and 0.5% peni-
cillin/streptomycin (Sigma Chemical Co, St Louis, MO, USA) in a 5% CO2

incubator at 37°C. Human insulin receptor-overexpressed rat 1 fibroblast
(Hirc-B) cells were grown in DMEM containing 5 mM D-glucose supple-
mented with 10% (v/v) fetal bovine serum (FBS) (Cambrex Bio Science),
100 nM methotrexate (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
and 0.5% gentamycin (Gibco) in a 5% CO2 incubator at 37°C as previously
described [35]. Cells were serum starved in serum-free DMEM containing
0.2% BSA for 4 or 18 hrs as indicated. Cells were then pretreated with or
without 10 �M U0126 (#9903, Cell Signaling) for 2 hrs, 100 nM wortman-
nin (W1628, Sigma) for 1 hr, 1 �M cytochalasin-D (CCD: C8273, Sigma)
for 15 min., or 1 �M latrunculin B (LatB: 428020, Calbiochem) for 30 min.
followed by stimulation with or without 100 nM insulin (Human insulin,
Novo Nordisk) for 10 min. or 3 hrs.

SDS-PAGE and immunoblot analysis

For the protein extraction, cells were washed twice with ice-cold phos-
phate-buffered saline (PBS) and lysed with RIPA buffer (50 mM HEPES,
150 mM NaCl, 100 mM Tris-HCl (pH 8.0), 0.25% deoxycholic acid, 0.1%
SDS, 5 mM EDTA, 10 mM NaF, 5 mM DTT, 1 mM phenylmethylsulfonyl flu-
oride (PMSF), 1 mM sodium ortho-vanadate, 20 �M leupeptin and 100 �M
aprotinin). The lysate was put on ice for 30 min. and microcentrifuged at
12,000 rpm for 20 min. at 4°C. Aliquots from the clear supernatant were
taken for protein quantification as determined by the Bradford assay 
(Bio Rad). Equal amounts of samples (50 �g) were separated on 10 or
12.5% (w/v) SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore). Transfers were blocked overnight
at 4°C with 5% (v/v) nonfat dry milk in TBS, 0.1% (v/v) Tween 20 and then
incubated for 2 hrs at room temperature (RT) in the primary antibody. The
primary antibodies used were as follows: caveolin-2 (BD 610685; diluted
1/250), phosphotyrosine-PY20 (BD 610000; 1/500), ERK1 (BD 610031;
1/2500), ku-70 (BD 611892; 1/500) and c-Jun (BD 554083; 1/500) anti-
bodies from BD Transduction Laboratories; F-actin (sc-1616; 1/200), 
�-tubulin (sc-5286; 1/200), and IR� (sc-711; 1/200) antibodies from
Santa Cruz Biotechnology; phospho-ERK (Thr202 and Tyr204) (#9101;
1/1000), and p44/42 MAPK (#9102; 1/1000) antibodies from Cell
Signaling; pY19-caveolin-2 (ab3417; 1/500) antibody from Abcam;
cyclinD1 (AB1320; 1/500) antibody from Chemicon. The membranes were
washed with TBS, 0.1% (v/v) Tween 20 and incubated for 1 hr at RT in
horseradish peroxidase-conjugated anti-rabbit (#W4011) or anti-mouse
(#W4021) secondary antibodies (Promega; 1/15000) in 5% (v/v) nonfat
dry milk in TBS, 0.1% (v/v) Tween 20. The immunoblots were developed
using the ECL detection reagent (RPN2106, Amersham Biosciences).

Immunoprecipitation

Serum-starved cells were incubated with or without 100 nM insulin for 
10 min. after being preincubated with or without 10 �M U0126 for 2 hrs or
100 nM wortmannin for 1 hr, washed with ice-cold PBS, and lysed in buffer
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A (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 
1 mM EGTA (pH 8.0), 0.2 mM sodium ortho-vanadate, 0.2 mM PMSF, 0.5%
Nonidet P-40 (Igepal CA-630, octyl phenoxylpolyethoxylethanol, 198596:
ICN Biomedicals) [36, 37]. The cell lysates were centrifuged at 12,000 rpm
for 20 min. at 4°C and the supernatants were subjected to immunoprecipi-
tation with either anti-caveolin-2, anti-ERK, anti-phospho-ERK, anti-IR�, or
anti-PI3K antibodies. Lysates were rotated overnight at 4°C, then 30 �l of
protein G plus Agarose (IP04: Calbiochem) was added and the mixture was
rotated for 4 hrs at 4°C. The immunocomplexes were collected by centrifu-
gation at 12,000 rpm for 10 min. at 4°C and washed three times with ice-
cold lysis buffer. After the final wash the pellet was resuspended in 30 �l of
2X SDS-PAGE sample buffer. Immunoprecipitated samples were then
resolved, separated by SDS-PAGE and subjected to immunoblot analyses
using the specific antibodies against proteins of interest.

Because of its property to solubilize caveolins bound to cholesterol-
rich membrane domains, buffer B (buffer A containing 60 mM n-octylglu-
coside (OG, 494460: Calbiochem)) was employed to analyse caveolin-2
and ERK interaction. Cells incubated with or without 100 nM insulin for 
10 min. after being preincubated with 10 �M U0126 for 2 hrs and cells
transiently co-transfected with wild type caveolin-2 (WT) or site-directed
Y19A caveolin-2 mutant (Y19A) were lysed in buffer B and processed for
immunoprecipitation as described above.

Transient expression of mutant caveolin-2 (Y19A)

A full-length caveolin-2 cDNA (NCBI research; Rattus norvegicus,
NM131914) was subcloned into pcDNA3 vector using EcoRI - Xho I (NEW
ENGLAND BioLabs). A construct encoding caveolin-2 (Y19A) was generated
by PCR mutagenesis using mutated oligonucleotides. These vectors (pcDNA3
alone, pcDNA3 � caveolin-2 (WT) and pcDNA3 � caveolin-2 (Y19A)) were
transiently transfected into cells using the Lipofectamin LTX transfection
reagent (Invitrogen) as per the manufacturer's instructions. Thirty-six hours
after transfection, cells were scraped into boiling sample buffer. Recombinant
expression was confirmed by SDS-PAGE/immuno-blotting and caveolin-2
and ERK interaction was analysed by immunoprecipitation.

Silencing of caveolin-2 gene by siRNA

The small interfering RNAs (siRNAs) were designed to target the following
sequences: scramble control; 5�-GGAAAGACUGUUCCAAAAA-3�, caveolin-2
siRNA duplexes; sense (GUAAAGACCUGCCUAAUGGUU) and antisense 
(5�-PCCAUUAGGCAGGUCUUUACUU). The siRNA duplexes were synthesized
and purified by Dharmacon Research, Inc. Transfection of siRNA duplexes
was carried out using DhamaFECT Transfection Reagents (Dharmacon) for
48 hrs. The transfected cells were serum starved for 4 hrs and pretreated
with or without U0126 (10 �M) for 2 hrs followed by stimulation with or
without 100 nM insulin for 10 min. or 3 hrs. Cells were then subjected to
immunoblot analysis and processed for immunostaining as described below.

Immunofluorescence microscopy and quantitative
detection of fluorescence staining

Effects of insulin and caveolin-2 down-regulation by caveolin-2 siRNA on
cellular translocation of caveolin-2, pY19-caveolin-2, and ERK were 
investigated by immunofluorescence microscopy. Briefly, cells were trans-
fected either by scramble or caveolin-2 siRNAs for 48 hrs after plating on

coverslips. Transfected cells were serum-starved for 4 hrs in DMEM con-
taining 0.2% BSA. Cells, after being preincubated with or without 10 �M
U0126 for 2 hrs, 100 nM wortmannin for 1 hr, 1 �M CCD for 15 min., or 
1 �M LatB for 30 min., were then incubated with 100 nM insulin for 10 min.,
washed twice with ice-cold PBS, and fixed with 3.7% paraformaldehyde in
PBS for 20 min. at RT. The fixed cells were rinsed with PBS and incubated
with 0.1% Triton X-100 in PBS for 30 min. Permeabilized cells were rinsed
with PBS, incubated with 1% BSA in PBS for 30 min. and then with anti-
caveolin-2, anti-ERK, anti-phospho-ERK and anti-pY19-caveolin-2 antibod-
ies diluted 1/200 in 1% BSA in PBS for 2 hrs at RT. After washing three
times with PBS, the primary antibodies were detected with TRITC-conju-
gated anti-mouse (1/100 dilution), FITC-conjugated anti-rabbit (1/100 dilu-
tion), and Alexa Fluor® 488-conjugated anti-mouse (1/250 dilution) IgG
antibody (Invitrogen) TRITC-conjugated anti-rabbit (1/100 dilution) IgG
antibodies (Sigma) for caveolin-2, ERK, phospho-ERK or pY19-caveolin-2.
To localize actin filaments, cells were incubated with FITC-conjugated phal-
loidin (P5282: Sigma) for 2 hrs at RT. Nuclei were fluorescently labelled with
4', 6-diamidino-2-phenylinodole (DAPI) (D8417: Sigma) for 15 min. at RT.
The coverslips were then washed and mounted on glass slides. Fluorescent
images were obtained using appropriate filters on an Olympus BX51 micro-
scope and imaged with an Olympus DP-71 digital camera with an image
processing system equipped with Image-ProPlus 6.1 (MediaCybernetics).
Neither labelling in the absence of the primary antibody nor cross-reactivity
between secondary and primary antibodies was observed.

Fluorescence staining was quantified by image analysis performed
using ImageJ software [38, 39]. Quantitative fluorescence data were
exported from ImageJ generated histograms into Microsoft Excel software
for further analysis. Averages and standard errors were computed over 3
or 5 images per condition for a minimum of 150 cells per condition. The
DAPI staining mask was used to define the nuclear region of interest (ROI).
Measurement of nuclear co-localization of caveolin-2 with ERK or pY19-
caveolin-2 with phospho-ERK was performed using the Colocalization
Finder Plugin from ImageJ, which allowed us to highlight and select the
caveolin-2/ERK or pY19-caveolin-2/phospho-ERK with a specified ratio of
intensities measured in the merge mask from both caveolin-2 and ERK or
pY19-caveolin-2 and phospho-ERK masks. Using the Image Calculator
from ImageJ, the DAPI mask was subtracted from the merge mask to cre-
ate a staining mask defining the cytoplasmic ROI. Nuclear translocation
was determined with binary image masks, which were created of either
ERK or pY19-caveolin-2, and DAPI positive staining to define ROI for
analysis. The DAPI mask was subtracted from the ERK or pY19-caveolin-2
mask to create a staining mask defining the cytoplasmic ROI using the
Image Calculator from ImageJ. Nuclear and cytoplasmic staining intensi-
ties were compared to give the nuclear:cytoplasmic ratio.

Nuclear fractionation

Nuclear and cytosol lysates were prepared following the recommendation
of the manufacturer of the Nuclear Extraction Kit (Chemicon International,
Cat. No.2900). Briefly, cells were incubated with or without 100 nM insulin
for 10 min. after being preincubated with or without 10 �M U0126, 100 nM
wortmannin for 1 hr, 1 �M CCD for 15 min., or 1 �M LatB for 30 min.
washed with ice-cold PBS, and centrifuged at 250 � g for 5 min. at 4°C.
The pellet was suspended in Cytoplasmic Lysis Buffer and recentrifuged at
8000 � g for 20 min. at 4°C. The supernatants were collected as cytoplas-
mic extracts. The nuclear pellets were resuspended in Nuclear Extraction
Buffer and debris was removed by centrifugation at 16,000 � g for 5 min.
at 4°C. The supernatants were finally collected as nuclear extracts and
processed for immunoblot analysis as described above.
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Cell proliferation assay

The 5-bromo-2-deoxy-uridine (BrdU: B5002, Sigma) labelling was per-
formed to examine cell proliferation by measuring DNA replication in
insulin-treated Hirc-B cells with or without caveolin-2 siRNA transfection.
Transfected cells were preincubated with or without 10 �M U0126 for 
2 hrs, treated with or without 100 nM insulin for 10 min., and then incu-
bated for 16 hrs in the presence of BrdU. After 16 hrs incubation, cells
were fixed with 3.7% formaldehyde for 10 min. at RT and permeabilized
with 0.3% Triton X-100. The fixed cells were incubated with 50 �l of anti-
BrdU antibody (NA20: Oncogene) at 37°C for 1 hr. After repeated washing
with PBS, cells were incubated with 50 �l of TRITC-conjugated anti-mouse
antibody (diluted in PBS; 1/100) at 37°C for 1 hr. BrdU incorporation into
DNA was assessed by measuring the absorbance at 543 nm wavelength
using immunofluorescence microscopy.

RT-PCR analysis

Total RNA was extracted with TRIzol reagent (SolGent Co., Ltd.) according
to the manufacturer's instructions. cDNA was generated using a reverse
transcription kit (Accupower RT PreMix, Bioneer). The cDNA was used as
the template for the subsequent PCR amplification. PCR primers for glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH): 5�-ACCACCATGGA-
GAAGGCTGG-3� and 5�-CTCAGTGTAGCCCAGGATGCC-3�; CyclinD1: 5�-
CTGAGGAGACCTGCGCGC-3� and 5�-TCGATGTTCTGCTGGGCCT-3�; p21:
5�-ATGTCCGATCCTGGTGATGTCC-3� and 5�-TCAGGGCTTTCTTGCA-
GAAGA-3�. PCR was performed using AccuPower PCR PreMix (Bioneer)
kit with a 2-min. initial denaturation at 95°C and 20~30 cycles of 30 sec. at
95°C, 30 sec. at 50°C and 1 min. at 72°C; these cycles were followed by a
5-min. extension at 72°C. The PCR fragments were separated by running
on 1% agarose gels.

Densitometry analysis

Chemiluminescent images of immunoblots were analysed by scanning
densitometry using Kodak Gel Logic 100 Imaging System (Eastman Kodak
Co.). Multiple exposure of each blot was used to obtain gray-scale images
of each chemiluminescent band. Bands were visualized on a UV transillu-
minator and photographed

Statistical analysis

Data are expressed as mean � S.E. An unpaired Student's t-test was used to
compare treatment groups with significance established at a level of P < 0.05.

Results

Insulin induces tyrosine phosphorylaion 
of caveolin-2

To investigate the phosphorylation of caveolin-2 and its functional
significance in response to insulin, cells were treated with insulin
for a detailed time-course experiment and insulin-induced tyrosine

phosphorylation of caveolin-2 was characterized (Fig. 1). Insulin
triggered caveolin-2 tyrosine phosphorylation as early as 10 min.
after insulin incubation. Phosphotyrosine-caveolin-2 was reached
maximum 2.1-fold increase at 60 min. and gradually returned to
1.3-fold at 180 min. In contrast, pY19-caveolin-2 was increased
1.3-fold starting at 10 min., reached maximal level of 1.6-fold at 60
min. and sustained the level throughout until 180 min.

Insulin increases the association of 
phosphotyrosine-caveolin-2 with 
the insulin receptor

To investigate how tyrosine phosphorylation of caveolin-2 influ-
ences in insulin signalling, we first examined the association
between IR and caveolin-2 (Fig. 2). During an insulin time course,
the interaction of IR with caveolin-2 was increased to the maxi-
mum 4-fold at 10 min. (Fig. 2A). When the interaction with phos-
photyrosine-caveolin-2 was examined, 5.4-, 6.9- and 2.9-fold
increases at 10, 60 and 180 min., respectively, was observed 
(Fig. 2B). In contrast, the IR interaction with pY19-caveolin-2
showed no detectable changes in response to insulin (Fig. 2C).
These results show that pY19-caveolin-2 does not involve in
upstream insulin signalling through direct interaction with IR.
However, the results suggest that pY27-caveolin-2, another phos-
photyrosine-caveolin-2, might be involved in the insulin signalling.

Insulin triggers association between 
pY19-caveolin-2 and phospho-ERK

We have investigated insulin-induced tyrosine phosphorylation of
caveolin-2 and its interaction with phospho-ERK by immunoprecip-
itation analyses after cells were treated with U0126. U0126 com-
pletely abolished insulin-induced interaction of caveolin-2 with
phospho-ERK (Fig. 3A). When the insulin-induced tyrosine phos-
phorylation of caveolin-2 was analysed, pY19-caveolin-2 was 
2-fold increased but U0126 suppressed the phosphorylation to basal
level. The interaction of ERK with pY19-caveolin-2 was increased
2-fold by insulin but decreased below the basal level by U0126 
(Fig. 3B). Of interest, the basal interaction of phospho-ERK with
pY19-caveolin-2 was increased by insulin (Fig. 3C). These data
suggest that insulin promotes phosphorylation of caveolin-2 on
tyrosine 19 and ERK in the caveolin-2-ERK complex. When the
effect of wortmannin on the insulin-induced caveolin-2 interaction
with ERK was examined, the interaction of caveolin-2 with phos-
pho-ERK and phosphorylation of pY19-caveolin-2 showed no 
significant changes (Fig. 3D). Furthermore, the insulin-elicited
interaction of ERK with pY19-caveolin-2 was also not changed 
(Fig. 3E). Thus, our data demonstrate that insulin-induced phos-
phorylation of caveolin-2 at tyrosine 19 and its interaction with ERK
was mediated independently of the PI3K signalling pathway.

In order to verify physiological relevance of the interaction
between caveolin-2 and phospho-ERK, we further examined the
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Fig. 1 Insulin-induced tyrosine phospho-
rylation of caveolin-2. After serum starva-
tion, Hirc-B cells were treated with 100 nM
insulin for different time periods. The
whole cell lysates (WCL) were immuno-
precipitated with anti-caveolin-2 antibody
and subjected to immunoblot analysis
with anti-pY19-caveolin-2 and anti-phos-
photyrosine PY20 antibodies. Tyrosine
phosphorylation of caveolin-2 levels were
quantified by densitometry. The results
represent mean � S.E. of indicated inde-
pendent experiments, PY20 (caveolin-2)
(n � 4), pY19-caveolin-2 (n � 3).

Fig. 2 Insulin-induced association between
phosphotyrosine-caveolin-2 and insulin
receptor. Hirc-B cells were incubated with
100 nM insulin in a time course as indi-
cated. WCL were immunoprecipitated
with anti-IR� antibody and subjected to
immunoblot analysis with anti-pY19-cave-
olin-2, anti-phosphotyrosine PY20 and
anti-IR� antibodies as indicated. Insulin
receptor (IR) interaction with caveolin-2;
(A) PY20 (caveolin-2); (B) and pY19-cave-
olin-2; (C) was quantified by densitome-
try. The results represent mean � S.E. of
three independent experiments.
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Fig. 3 Effects of U0126 and wortmannin
on the insulin-induced association
between phosphotyrosine-caveolin-2 and
phospho-ERK. (A) Hirc-B cells were
treated with or without 10 �M U0126 for
2 hrs before100 nM insulin treatment for
10 min. WCL were immunoprecipitated
with anti-caveolin-2 antibody and sub-
jected to immunoblot analysis with anti-
ERK, anti-phospho-ERK, anti-caveolin-2
and anti-pY19-caveolin-2 antibodies as
indicated. pY19-Caveolin-2 protein levels
were quantified by densitometry.
Quantification shown was the relative lev-
els of pY19-caveolin-2 detected as com-
pared to the control samples; mean �

S.E., n 	 3. *, P < 0.01; phosphorylation
levels  differed significantly compared
with insulin-stimulated samples. (B)
Equal amounts of WCL were immunopre-
cipitated with anti-ERK antibody and sub-
jected to immunoblot analysis with anti-
pY19-caveolin-2, anti-caveolin-2, anti-
ERK and anti-phospho-ERK antibodies as
indicated. pY19-Caveolin-2 protein levels
were quantified by densitometry.
Quantification represents the relative
intensity to the control cells; mean �

S.E., n 	 4. **, P < 0.001;
phosphorylation levels  differed signifi-
cantly compared with insulin-stimulated
samples. (C) Equal amounts of WCL were
immunoprecipitated with anti-phospho-
ERK and anti-pY19-caveolin-2 antibodies
and subjected to immunoblot analysis
with anti-pY19-caveolin-2 and anti-phos-
pho-ERK antibodies as indicated. (D)
Cells were treated with or without 100 nM
wortmannin for 1 hr before 100 nM
insulin treatment for 10 min. WCL were
immunoprecipitated with anti-caveolin-2
antibody and subjected to immunoblot
analysis with anti-ERK, anti-phospho-
ERK, anti-caveolin-2 and anti-pY19-cave-
olin-2 antibodies as indicated. (E) Equal
amounts of WCL were immunoprecipi-
tated with anti-ERK antibody and sub-
jected to immunoblot analysis with anti-
pY19-caveolin-2, anti-caveolin-2, anti-
ERK and anti-phospho-ERK antibodies as
indicated. (F) Rat1 and 3T3L1 fibroblasts
and H9c2 cardiomyoblasts were treated
with or without 100 nM insulin for 
10 min. WCL were immunoprecipitated
with anti-caveolin-2 antibody and sub-
jected to immunoblot analysis with anti-
phospho-ERK, anti-ERK and anti-caveolin-
2 antibodies as indicated.
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interaction in Rat1 and 3T3L1 fibroblast cells, and H9c2 cardiomy-
oblast cells derived from embryonic rat heart tissue. The interac-
tion of caveolin-2 with phospho-ERK was confirmed in the various
cell types and increased by insulin in Rat1 fibroblast cells (Fig. 3F).

Nonidet P-40 and n-octylglucoside solubilize
caveolin-2 while retaining caveolin-2-ERK 
interaction

Caveolin-2 is mostly bound to cholesterol-rich membrane domains.
Since Triton X-100 has been reported to solubilize the membrane
domains inefficiently, we tested additional detergents, Nonidet P-40
for solubilizing membrane proteins during isolation of membrane-
protein complexes and OG for disrupting cholesterol-rich domains
to promote greater solubilization during cell lysis for co-immuno-
precipitation analysis between caveolin-2 and ERK. When caveolin-
2 and ERK were immunoprecipitated in lysis buffer B (1% Triton 
X-100 lysis buffer containing 0.5% Nonidet P-40 � 60 mM OG),
insulin-stimulated interaction of both caveolin-2 with phospho-ERK
and ERK with pY19-caveolin-2, respectively, showed almost same
results obtained from samples immunoprecipitated in lysis buffer A
(1% Triton X-100 lysis buffer containing 0.5% Nonidet P-40 alone)
or C (1% Triton X-100 lysis buffer containing 60 mM OG alone) (Fig. 4).
Buffer B and C solubilized more caveolin-2 than buffer A. However,
the insulin-induced interaction between caveolin-2 and ERK was
more evident in buffer B than C. Thus, it appears that both Nonidet
P-40 and OG are required for optimal caveolin-2 solubilization and
isolation of caveolin-2-ERK complex without altering the binding
affinity of those two proteins.

Tyrosine 19 is essential for interaction with 
phospho-ERK and activation of ERK

To verify the association between pY19-caveolin-2 and phospho-
ERK following insulin stimulation is caveolin-2 phosphorylation

at tyrosine 19 specific, we mutated caveolin-2 tyrosine 19 to 
alanine (Y19A). Figure 5 shows that the caveolin-2 (Y19A) mutant
is no longer phosphorylated at tyrosine 19 and the insulin-stimu-
lated caveolin-2 interaction with phospho-ERK is completely
abolished. The reverse immunoprecipitation experiment with ERK
confirmed the decreased interaction with pY19-caveolin-2. Of
interest, Y19A mutant cells exhibited the inhibition of insulin-
induced ERK activation. Thus, our data demonstrate that the
phosphorylation of caveolin-2-bound ERK requires phosphoryla-
tion of caveolin-2 on tyrosine 19.

Insulin promotes nuclear co-localization 
of pY19-caveolin-2 and phospho-ERK

ERK activation is characterized by its nuclear translocation 
[7, 12, 13]. Since insulin caused the association between pY19-
caveolin-2 and phospho-ERK as demonstrated above (Figs 3–5),
we next investigated if the complex translocates together to the
nucleus in response to insulin. Immunofluorescence labelling for
caveolin-2, ERK, pY19-caveolin-2 and nucleus was performed
after cells were treated with U0126 or wortmannin (Fig. 6). 
Co-localization of caveolin-2 and ERK to the nucleus was evident
by insulin (Fig. 6A, panel b). The quantitative correlation analy-
sis showed the expected increase in the nuclear co-localization
(%) from nuclear:cytoplasmic ratios of caveolin-2 with ERK
staining. Interestingly, pretreatment with U0126 prevented the
insulin-induced co-localization (Fig. 6A, panel c). When we fur-
ther examined insulin-induced translocation of pY19-caveolin-2 
(Fig. 6B), insulin promoted translocation of pY19-caveolin-2 to
the nucleus (Fig. 6B, panel b). The nuclear translocation of pY19-
caveolin-2 was blocked by U0126 (Fig. 6B, panel c) but not
affected by wortmannin treatment (Fig. 6B, panel d). Consistent
with the results, quantitative data showed an increase in
nuclear:cytoplasmic ratios of pY19-caveolin-2 staining in
response to insulin.

© 2009 The Authors
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Fig. 4 Effect of nonionic, non-denaturing
detergents on the caveolin-2 solubilization
and interaction between caveolin-2 and
ERK. Hirc-B cells were treated with 10 �M
U0126 for 2 hrs before100 nM insulin treat-
ment for 10 min. Cells were then lysed in
either 1% Triton X-100 lysis buffer contain-
ing 0.5% Nonidet P-40 alone (buffer A), 1%
Triton X-100 lysis buffer containing 0.5%
Nonidet P-40 � 60 mM OG (buffer B), or
1% Triton X-100 lysis buffer containing 
60 mM OG alone (buffer C) as described
under 'Materials and Methods'. WCL were
immunoprecipitated with anti-caveolin-2
and anti-ERK antibodies and subjected to
immunoblot analysis with anti-phospho-
ERK, anti-ERK, anti-pY19-caveolin-2 and
anti-caveolin-2 antibodies as indicated.
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These immunostaining results were further confirmed by sub-
cellular fractionation, which demonstrate that both phospho-ERK
and pY19-caveolin-2 localize to nucleus in response to insulin 
(Fig. 6C). Consistent with the immunofluorescence microscopy
 findings, U0126 prevented the insulin-induced nuclear translocation
of pY19-caveolin-2 with phospho-ERK but wortmannin did not affect
the translocation (Fig. 6C). Our data therefore verify that insulin
 triggers phosphorylation of pY19-caveolin-2 and ERK in caveolin-2-
ERK complex and co-localizes the complex to the nucleus.

Depletion of caveolin-2 impairs nuclear 
translocation of ERK by insulin without 
affecting ERK activation

To evaluate the role of caveolin-2 in the MAPK signalling pathway
and to explore further the mechanism underlying caveolin-2-medi-
ated ERK activation by insulin, the effects of caveolin-2 siRNA on
insulin-stimulated ERK phosphorylation and nuclear translocation
were examined by transfecting cells with synthetic siRNA
duplexes. As shown in Fig. 7A, the caveolin-2 siRNA duplexes
effectively depleted caveolin-2 protein by over 75% of levels
observed in the scramble control siRNA-transfected cells. When
the caveolin-2 depleted cells were examined for the activation of
ERK by insulin, the knockdown of caveolin-2 had no effect on
insulin-stimulated ERK activation (Fig. 7A). However, when cave-
olin-2 tyrosine 19 was mutated to alanine, the inhibition of insulin-
induced ERK activation was observed (Fig. 5). Thus, it appears
that pY19-caveolin-2 influences the activation of ERK.

Since it has been reported that activation of MAPK is required
for its nuclear translocation [7, 12, 13], we next investigated the
effect of caveolin-2 siRNA on translocation of the activated ERK
by insulin to nucleus by immunofluorescence analysis (Fig. 7B).
Consistent with the result shown in Fig. 6, the inhibition of
insulin-induced nuclear translocation of ERK by U0126 was
observed in the scramble control cells (Fig. 7B, panels b and c).
However, in caveolin-2 siRNA transfected cells (Fig. 7C), insulin-
induced nuclear translocation of ERK was inhibited (Fig. 7C,
panel b). As observed in Fig. 7B, panel c, the same prevention of
nuclear translocation of ERK by U0126 was observed in caveolin-
2 siRNA transfected cells (Fig. 7C, panel c). Quantitative data
showed a decrease in nuclear:cytoplasmic ratios of ERK staining
by insulin in the caveolin-2 depleted cells. Thus, these results
demonstrate that the insulin-stimulated ERK re-localization to
nucleus requires caveolin-2.

siRNAs against caveolin-2 attenuate 
MAPK-mediated c-Jun expression 
and cell proliferation by insulin

To determine whether down-regulation of caveolin-2 affects the
expression of c-Jun, caveolin-2 siRNA was introduced to cells. In
whole cell lysates, insulin-induced 14.9-fold increase of c-Jun
expression was suppressed down to a 5-fold increase by U0126
(Fig. 8A, lanes 7 versus 9). Knockdown of caveolin-2 caused a sig-
nificant reduction from the 14.9-fold to 8.3-fold increase in the
insulin-induced c-Jun expression (Fig. 8A, lanes 3 versus 7 ).

© 2009 The Authors
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Fig. 5 Effect of transient expression of
mutant caveolin-2 (Y19A) on the
insulin-induced association of caveolin-
2 with phospho-ERK. Hirc-B cells were
transiently transfected with pcDNA3
alone (pcDNA3), pcDNA3 � caveolin-2
(WT: wild type), or pcDNA3 � caveolin-
2 (Y19A: phosphorylation-deficient
mutant) using the Lipofectamin trans-
fection reagent. Thirty-six hours after
transfection, the cells were lysed in 1%
Triton X-100 lysis buffer B containing
0.5% Nonidet P-40 � 60 mM OG. The
WCL were processed for immunopre-
cipitation with anti-caveolin-2 and anti-
ERK antibodies and subjected to
immunoblot analysis with anti-phos-
pho-ERK, anti-ERK, anti-pY19-cave-
olin-2, and anti-caveolin-2 antibodies
as indicated.
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Fig. 6 Effects of U0126 and wortmannin on insulin-induced nuclear co-localization of pY19-caveolin-2 with phospho-ERK. (A) Confluent Hirc-B fibrob-
last monolayers grown on coverslips were left untreated (C); (a), or challenged for 10 min. with 100 nM insulin in the absence (I); (b) and presence
of 10 �M U0126 for 2 hrs (UI); (c). Cells were then fixed, permeabilized and stained with anti-caveolin-2 antibody followed by TRITC-conjugated anti-
body, and anti-ERK antibody followed by FITC-conjugated antibody as described under 'Materials and Methods'. DNA was stained using DAPI to visu-
alize the nucleus. Coverslips were mounted on a slide and analysed by fluorescence microscopy. Red: Caveolin-2, Green: ERK, Blue: Nucleus (DAPI),
Merge1: Caveolin-2 � ERK, and Merge2: Caveolin-2 � ERK � DAPI. Co-localization of caveolin-2/ERK to the nucleus was quantified by ImageJ as
described in 'Materials and Methods'. Percentage of nuclear co-localization from nuclear:cytoplasmic ratios of caveolin-2 with ERK staining is shown.
The results represent mean � S.E. from analysis of five separate field images of five independent experiments. A minimum of 150 cells per condition
were counted. (B) Cells were treated as follows: (a), control (C); (b), 100 nM insulin for 10 min. (I); (c), 10 �M U0126 for 2 hrs plus 100 nM insulin
for 10 min. (UI); (d), 100 nM wortmannin for 1 hr plus 100 nM insulin for 10 min. (WI). After fixation and permeabilization, cells were stained with
anti-pY19-caveolin-2 antibody followed by TRITC-conjugated antibody. DNA was stained using DAPI to visualize the nucleus. Red: pY19-Caveolin-2,
Blue: Nucleus (DAPI), and Merge: pY19-Caveolin-2 � DAPI. pY19-Caveolin-2 nuclear translocation was quantified by ImageJ. Nuclear:cytoplasmic
ratios of pY19-caveolin-2 staining is shown. The results represent mean � S.E. from analysis of three separate field images of three independent
experiments. (C) Cells were treated with or without U0126 (10 �M) for 2 hrs or with or without wortmannin (100 nM) for 1 hr before insulin treat-
ment (100 nM) for 10 min. and subjected to nuclear fractionation using nuclear extraction kit as described under 'Materials and Methods'. The cyto-
plasmic and nuclear fractions were analysed by immunoblotting using antibodies specific for phospho-ERK, pY19-caveolin-2, �-tubulin, and ku-70.
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Importantly, cells depleted of caveolin-2 and further treated with
U0126 (Fig. 8A, lane 5) exhibited a complete inhibition in the c-Jun
expression compared to the 5-fold increase observed by U0126
alone (Fig. 8A, lane 9). These results reveal that caveolin-2 is
involved in the MAPK-mediated c-Jun expression in response to
insulin. Collectively, these data demonstrate that caveolin-2 down-
regulation prevents the nuclear targeting of ERK and in turn leads
to a reduction of c-Jun expression in response to insulin.

To ascertain whether insulin-triggered cell proliferation can be
influenced by caveolin-2 in MAPK signalling, the effect of caveolin-
2 depletion on the entry of cells into S phase was investigated. Cell
proliferation was determined by counting the number of viable
cells and BrdU labelling following insulin treatment. When cells
were treated with both U0126 and insulin, U0126 caused an
almost 40% reduction from the initial insulin-stimulated 60.6%

incorporation of BrdU (data not shown). Remarkably, caveolin-2
siRNA transfection resulted in a significant decrease (42%) in
BrdU labelling as compared to the scramble control with 70%
increase in response to insulin (Fig. 8B). Thus, these data demon-
strate that insulin-induced BrdU incorporation is regulated by
caveolin-2 in cell proliferation.

Depletion of caveolin-2 attenuates 
MAPK-mediated cell cycle progression by insulin

To gain insight into the signalling events that link caveolin-2-medi-
ated ERK activation to the cell cycle regulatory machinery, we inves-
tigated the involvement of caveolin-2 in ERK-mediated signalling of
G1 cyclinD1 expression. To verify that cyclinD1 expression was

© 2009 The Authors
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Fig. 7 Effect of caveolin-2 siRNA on
insulin-stimulated phosphorylation and
nuclear translocation of ERK. (A) For the
WCL, Hirc-B cells were pretreated with
or without 10 �M U0126 for 2 hrs
before 100 nM insulin stimulation for 
10 min. For scramble control or cave-
olin-2 siRNAs, cells were transfected for
48 hrs. Cells were then pretreated with
or without 10 �M U0126 for 2 hrs before
100 nM insulin stimulation for 10 min.
Lysates were subjected to immunoblot-
ting using antibodies specific for phos-
pho-ERK, ERK, caveolin-2, and actin.
After transfecting cells with the scram-
ble; (B) or caveolin-2 siRNAs; (C) for 
48 hrs, cells were treated as follows: 
(a) control (C); (b) 100 nM insulin for
10 min. (I); (c) 10 �M U0126 for 2 hrs
plus 100 nM insulin for 10 min. (UI).
After fixation and permeabilization, cells
were stained with anti-ERK antibody fol-
lowed by TRITC-conjugated antibody as
described under 'Materials and
Methods'. To visualize nucleus DNA was
stained using DAPI. Coverslips were
mounted on a slide and analysed by flu-
orescence microscopy. Red: ERK, Blue:
Nucleus (DAPI), Merge: ERK � DAPI.
ERK nuclear translocation was quanti-
fied by ImageJ. Nuclear:cytoplasmic
ratios of ERK staining is shown. The
results represent mean � S.E. from
analysis of five separate field images of
five independent experiments.
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mediated by MAPK, cells were treated with U0126. The insulin-
induced 6.2- and 6.6-fold increases in cyclinD1 mRNAs and protein
levels, respectively, were inhibited by U0126 (Fig. 9, A and B,
respectively). To determine whether caveolin-2 is required for the
ERK-mediated cell cycle progression, caveolin-2 siRNAs were
transfected. As shown in Fig. 9C, lanes 2 versus 6, caveolin-2-
depleted cells exhibited a 2-fold reduction in the mRNA levels of
cyclinD1 as compared to the scramble control in response to
insulin. When caveolin-2-depleted cells were pretreated with U0126,
however, the elevation in insulin-induced cyclinD1 mRNA levels of
the scramble control cells was completely repressed (Fig. 9C, lanes
4 versus 8). Thus, these data demonstrate that caveolin-2 positively
regulates ERK-mediated cell cycle progression by insulin.

It is well known that ERK indirectly controls the activity of cell
cycle regulators, such as cyclins, cyclin-dependent kinases (cdks),
and their inhibitors including p21 [8]. When cells were treated

with U0126 to verify whether the attenuation of p21 mRNAs was
mediated by MAPK, no significant change in p21 mRNAs level by
U0126 was detected (Fig. 9D), indicating that p21 is not related to
MAPK signalling. In addition, caveolin-2 siRNAs also did not cause
any significant changes in the mRNA levels (data not shown).
Thus, our data suggest that p21 is regulated independently of
caveolin-2-mediated MAPK signalling pathway.

The actin cytoskeleton-dependent pathway 
is required for pY19-caveolin-2-mediated 
phospho-ERK nuclear translocation by insulin

To test whether actin cytoskeleton is involved in the insulin-
induced nuclear localization of pY19-caveolin-2 with phospho-ERK,
cells were treated with CCD or LatB. Application of insulin led to

© 2009 The Authors
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Fig. 8 Effect of caveolin-2 siRNA on
insulin-induced MAPK-mediated c-Jun
expression and DNA synthesis. (A) Hirc-
B cells were pretreated with or without
10 �M U0126 for 2 hrs before 100 nM
insulin stimulation for 3 hrs. WCL were
subjected to immunoblotting using anti-
bodies specific for c-Jun and caveolin-2.
For scramble or caveolin-2 siRNAs, cells
were transfected for 48 hrs. Cells were
then pretreated with or without 10 �M
U0126 for 2 hrs before 100 nM insulin
stimulation for 3 hrs and lysates were
immunoblotted with antibodies specific
to c-Jun and caveolin-2. Insulin-induced
c-Jun expression was quantified by den-
sitometry. Each bar represents mean 
� S.E of five independent experiments.
*, P < 0.01; **, P < 0.001. (B) Scramble
or caveolin-2 siRNAs were transfected
for 48 hrs. Cells were then treated with
or without 10 �M U0126 for 2 hrs
before 100 nM insulin for 10 min. treat-
ment. DNA synthesis was determined by
quantitating BrdU incorporated into the
newly synthesized DNA during cell pro-
liferation. Quantification shown was
insulin-induced proliferating cells
detected as compared to the control
cells; mean � S.E., n 	 3. *, P < 0.001.
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nuclear co-localization of pY19-caveolin-2 with phospho-ERK
(Fig. 10A, panel b). Addition of CCD or LatB evidently abrogated
insulin-induced nuclear co-localization of pY19-caveolin-2 with
phospho-ERK (Fig. 10A, panels d and f ). Consistent with the
results, quantitative data showed decreases in the nuclear co-
localization (%) from nuclear:cytoplasmic ratios of pY19-caveolin-
2 with phospho-ERK stainings by disruption of the cytoskeleton in
response to insulin.

To confirm the immunostaining results demonstrating that
the actin cytoskeleton participates in the nuclear translocation
of ERK and caveolin-2, we performed subcellular fractionation.
As shown in Fig. 10B, CCD and LatB markedly prevented
insulin-induced nuclear localization of pY19-caveolin-2. The
inhibition of phospho-ERK nuclear localization by CCD and LatB
was also observed. Analysis of the subcellular localization
showed that insulin increased nuclear accumulation of phos-
pho-ERK by 56%. In contrast, phospho-ERK was predominantly
localized in cytoplasm (63–65%) in CCD- and LatB-treated cells.
Collectively, our data demonstrate that the insulin-elicited 
pY19-caveolin-2-mediated translocation of phospho-ERK from
the cytoplasm to the nucleus depends on the intact cellular 
actin cytoskeleton.

Discussion

In this report, we have presented data that suggest a novel role for
pY19-caveolin-2 as a key mediator for ERK activation and translo-
cation to the nucleus in insulin signalling. Although we previously
showed that caveolin-2 can associate with ERK [33], our report
herein is the first to document that pY19-caveolin-2 positively reg-
ulates ERK signalling in response to insulin and participates
directly in the regulation of mitogenic insulin signalling. We show
that incubation of cells with insulin induced: (i ) tyrosine phospho-
rylation of caveolin-2; (ii ) association between pY19-caveolin-2
with phospho-ERK; (iii ) nuclear re-localization of pY19-caveolin-2
with phospho-ERK; (iv ) expression of c-Jun; (v ) DNA synthesis
and (vi ) expression of cyclinD1. In addition, we demonstrate that
the mitogenic effect of insulin is mediated by pY19-caveolin-2 via
actin cytoskeleton-dependent MAPK signalling pathway.

Our investigation for the functional role of the insulin-induced
tyrosine phosphorylation of caveolin-2 reveals that pY19-cave-
olin-2 displays its distinctive interaction with signalling molecules
in insulin signalling cascade. In order to define the regulatory
mechanism by pY19-caveolin-2 involved in the insulin signalling
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Fig. 9 Effect of caveolin-2 siRNA on
MAPK-mediated cyclinD1 and p21
expression by insulin. (A) Hirc-B cells
were pretreated with or without 10 �M
U0126 for 2 hrs before 100 nM insulin
stimulation for 3 hrs. CyclinD1 mRNA
levels were analysed by RT-PCR as
described under 'Materials and
Methods'. (B) Protein levels of cyclinD1
were analysed by immunoblot analysis
with anti-cyclinD1 antibody. (C) Cells
were stably transfected with each of the
scramble and caveolin-2 siRNAs. Cells
were then pretreated with or without 
10 �M U0126 for 2 hrs and treated with
or without 100 nM insulin for 3 hrs. Total
RNA were extracted and the amount of
cyclinD1 mRNAs were analysed by the
RT-PCR. (D) Cells were pretreated with
or without 10 �M U0126 for 2 hrs before
100 nM insulin stimulation for 3 hrs. p21
mRNA levels were analysed by the 
RT-PCR. GAPDH was co-amplified as the
internal control in (A), (C) and (D).
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Fig. 10 Effect of cytochalasin-D and
latrunculin B on insulin-induced nuclear
co-localization of pY19-caveolin-2 with
phospho-ERK. Confluent Hirc-B cells
grown on coverslips were left untreated
(C) (a), challenged with 100 nM insulin
for 10 min. (I) (b), treated with 1 �M
CCD for 15 min. alone (CCD) (c), pre-
treated with 1 �M CCD for 15 min.
before 100 nM insulin stimulation for 
10 min. (CCD�I) (d), treated with 1 �M
LatB for 30 min. alone (LatB) (e), pre-
treated with 1 �M LatB for 30 min.
before 100 nM insulin stimulation for 
10 min. (LatB�I) (f). Cells were then
fixed, permeabilized and stained with
anti-F-actin, anti-pY19-caveolin-2 and
anti-phospho-ERK antibodies followed
by TRITC- or Alexa Fluor® 488-conju-
gated antibodies as described under
'Materials and Methods'. DNA was
stained using DAPI to visualize the
nucleus and F-actin using FITC-conju-
gated phalloidin. Coverslips were
mounted on a slide and analysed by flu-
orescence microscopy. Gray: F-actin,
Red: pY19-caveolin-2, Green: phospho-
ERK, Merge: pY19-caveolin-2 � phos-
pho-ERK � nucleus (DAPI). Co-local-
ization of pY19-caveolin-2 with phos-
pho-ERK to the nucleus was quantified
by ImageJ. Percentage of nuclear co-
localization from nuclear:cytoplasmic
ratios of pY19-caveolin-2 with phos-
pho-ERK staining is shown. The results
represent mean � S.E. from analysis of
five separate field images of three inde-
pendent experiments. (C) Hirc-B cells
were treated with CCD (1 �M) for 
15 min. or LatB (1 �M) for 30 min.
before insulin treatment (100 nM) for
10 min. and subjected to nuclear frac-
tionation using nuclear extraction kit as
described under 'Materials and
Methods'. The cytoplasmic and nuclear
fractions were analysed by immunoblot-
ting using antibodies specific for
phospho-ERK, pY19- caveolin-2, �-tubu-
lin, and ku-70. Quantification shown
represents the relative levels of phos-
pho-ERK cellular distribution (%) in
cytoplasm and nucleus detected as
compared to the control sample; mean
� S.E., n 	 3.
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pathway, effects of the specific inhibitors U0126 and wortmannin
of the MAPK and PI3K pathways, respectively, were examined.
Our data show that U0126 specifically reduces the insulin-
induced phosphorylation of pY19-caveolin-2 and inhibits its
interaction with phospho-ERK. However, the insulin-induced
pY19-caveolin-2 and association with phospho-ERK was not
changed by wortmannin. The present results provide the first evi-
dence that pY19-caveolin-2 specifically associates with phospho-
ERK in response to insulin. Furthermore, phosphorylation of
caveolin-2 at tyrosine 19 is required for the activation of ERK and
before insulin-induced interaction of caveolin-2 with phospho-
ERK. Thus, our findings indicate that the insulin-induced associ-
ation of pY19-caveolin-2 and phospho-ERK is mediated by pY19-
caveolin-2 to regulate down stream mitogenic signalling by
insulin. The interaction is confirmed in various cell types and has
characterized a novel signalling pathway with mechanistic
insights with the functional significance.

When we explored the role of caveolin-2 in the insulin-elicited
nuclear translocation of ERK by applying caveolin-2 siRNA, down-
regulation of caveolin-2 by siRNA inhibits insulin-induced nuclear
translocation of ERK with no changes in ERK activation by insulin.
Thus, the present findings demonstrate that caveolin-2 is required
for insulin-elicited translocation of ERK to nucleus and strongly
support that caveolin-2 acts as a key regulator for cellular localiza-
tion of ERK by insulin. The importance of caveolin-2 is further
supported by the finding that depleted caveolin-2 by siRNA
reduced the c-Jun expression in response to insulin. In addition,
when caveolin-2 depleted cells were treated with U0126, insulin-
induced c-Jun expression was completely inhibited. Our results
also show that insulin-stimulated DNA synthesis requires ERK
activation and ERK translocation to the nucleus with the assis-
tance of caveolin-2. Thus, our data collectively demonstrate that
the inhibition of ERK nuclear translocation by caveolin-2 siRNA
results in the attenuation of insulin-induced c-Jun expression and
DNA synthesis by ERK and point out that caveolin-2 has a critical
regulatory role in ERK translocation to the nucleus.

As cyclinD1 expression is generally regulated by the MAPK
signalling pathway [6, 40], our results show that the insulin-
stimulated ERK activation is linked to the increase in mRNA and
protein levels of cyclinD1. However, the insulin-stimulated
increase of cyclinD1 mRNAs was completely inhibited when
caveolin-2 depleted cells were treated with U0126. p21 is known
to induce growth arrest and to possess apoptotic functions [41].
Insulin-induced reduction of p21 mRNAs coincided with the
highest induction of cyclinD1 mRNA at 3 hrs of incubation (data
not shown). However, insulin-induced p21 mRNA induction
exhibited no remarkable changes upon U0126 treatment and
caveolin-2 siRNA transfection (data not shown) in contrast to the
reduction in cyclinD1 mRNA levels. Thus, it would appear that
caveolin-2-mediated mitogenic insulin signalling for cell prolifer-
ation and growth is not linked to p21-regulated apoptosis path-
way. Thus, the results suggest that caveolin-2 in parallel with
ERK activation regulates the insulin-induced G1 phase progres-
sion of cell-cycle. Importantly, our data show that depletion of

caveolin-2 results in a significant retardation of mitogenic insulin
signalling, which is correlated with the failure in the transloca-
tion of ERK to the nucleus. This impairment has a consequent
inhibitory effect on the down stream cascade of the insulin
action. Thus, it is apparent that the insulin-induced c-Jun
expression and DNA synthesis, and the subsequent activation of
the G0/G1 to S phase transition of the cell cycle by cyclinD1 are
achieved concomitantly with an increase in the phosphorylation
of caveolin-2 and ERK, the interaction between pY19-caveolin-2
and phospho-ERK, and more importantly the nuclear transloca-
tion of that complex.

Insulin causes a rapid remodelling of actin filaments, promot-
ing membrane ruffling in various cells [42, 43]. CCD and LatB,
actin depolymerizing agents prevented stretch-induced ERK acti-
vation and nuclear translocation in cardiomyocytes and vascular
smooth muscle cells [44, 45]. However, CCD and LatB failed to
influence ERK phosphorylation or translocation of ERK to the
nucleus in smooth muscle cell mitogenesis caused by serotonin
[46]. Our data show that disassembly of the actin network by CCD
and LatB impaired the insulin-induced nuclear co-localization of
pY19-caveolin-2 with phospho-ERK. Thus, our data demonstrate
that insulin-stimulated actin remodelling is required for insulin-
induced association of pY19-caveolin-2 with phospho-ERK and
nuclear co-localization of pY19-caveolin-2 with phospho-ERK.
These findings provide a mechanism whereby insulin exerts actin
cytoskeleton-dependent association of pY19-caveolin-2 with
phospho-ERK and their nuclear re-localization.

In summary, the present study provides evidence for a cave-
olin-2-mediated actin cytoskeleton-dependent mechanism that is
activated by insulin to regulate MAPK signalling. Insulin triggers
phosphorylation of caveolin-2 at tyrosine 19. pY19-Caveolin-2
specifically interacts with phospho-ERK. The interaction leads to
the translocation of phospho-ERK from the cytoplasm to the
nucleus that depends on an intact actin cytoskeleton. Once acti-
vated ERK enters the nucleus, phospho-ERK regulates nuclear
proteins including transcription factors to enhance the mitogenic
signalling of insulin. These transcription factors, finally, regulate
expression of diverse genes related to control the proliferation and
growth of cells. Thus, pY19-caveolin-2 could regulate cell fate by
acting as a mediator molecule linking the ERK signalling cascade
with the spatial coordination regulated by cross-talk among actin,
caveolin-2 and ERK in response to insulin.

Evidence of the role of caveolin in cancer cells has been well
documented, wherein specifically caveolin-1 is down-regulated
in transformed cells and has a tumor suppressor activity
[22–26]. Senescent cells exhibited elevated levels of caveolin-1
and the morphologies of senescent cells became young cell-like
by down-regulation of caveolin-1 [27–29]. Thus, it is apparent
that caveolin-1 plays a negative role in the regulation of both
aging and cancer. On the contrary, our results demonstrate that
caveolin-2, widely presented in normal, senescent and tumor
cells [17–21, 27–30], positively regulates cell growth and pro-
liferation. These results imply that normal cell proliferation and
growth might be controlled by homeostasis of caveolin-1 and
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caveolin-2 status. Therefore, our findings identify caveolin-2 as
an important positive regulator of cellular mitogenesis of the
MAPK pathway and a potential target for the treatment of can-
cers and aging. Furthermore, the present functional characteri-
zation of caveolin-2 could also provide new insights into the
understanding both insulin and growth factor signalling in
mammalian cells.
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