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Down-regulation of caveolin-1 in mouse Lewis lung cancer P29
is a causal factor for the malignant properties
in a high-metastatic subline
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Abstract. In order to analyze molecular mechanisms for cancer
metastasis, we established a high-metastatic subline H7-Lu
from a subline H7 of mouse Lewis lung cancer (P29) by
repeated injection into tail veins. H7-Lu exhibited increased
proliferation and invasion activity. Analysis of gene expression
profiles between the parent H7 and H7-Lu revealed that
several genes were down-regulated in H7-Lu. One of them,
caveolin-1, was a component of lipid/rafts. After confirming
the down-regulation of caveolin-1 mRNA by real-time RT-PCR
and reduction of the protein by immunoblotting, respectively,
H7 was transfected with siRNA for caveolin-1 to examine
the role of caveolin-1 in H7-Lu. mRNA of the caveolin-1 gene
was suppressed to approximately one third of the original
level in H7 cells transfected with siRNA. The transfectant
cells showed significantly increased cell proliferation and
motility when analyzed by MTT assay and scratching wound
healing assay, respectively. In the siRNA-transfectant cells,
both ERK1/2 and Akt showed stronger phosphorylation than
the mock-transfectant cells indicating that both of these
signaling pathways were activated in caveolin-1-suppressed
cells. These situations seem to reflect some aspects of the
cellular changes in the high metastatic subline H7-Lu. Thus,
down-regulation of caveolin-1 in a high-metastatic subline of
Lewis lung cancer as defined by DNA array is really a causal
factor for the increased malignant properties.

Introduction
Although the development of metastasis is a major cause of

death in many cancers, mechanisms for the acquisition of
metastatic potential are not well understood. Recently, a
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number of molecules involved in metastasis have been
identified and their functions have been well studied (1). Cell
adhesion (2), angiogenesis (3) and lymph-angiogenesis (4),
and protease-mediated migration and invasion (5) have been
eagerly investigated.

Microdomains in the cell surface membrane are recognized
as an important site for cholesterol metabolism, endocytosis,
infection of microorganisms, apoptosis, and signal transduction
(6). These microdomains are called caveolae (7), lipid rafts (8),
or glycolipid-enriched microdomain (GEM) (9), and we refer
to them as GEM/rafts. Little has been known on the roles of
GEM/ rafts and caveolin-1, a main component of the micro-
domain in cancer metastasis, although their implications in
cell transformation and oncogenesis have been extensively
studied (10).

We established a high-metastatic subline from H7 derived
from mouse Lewis lung cancer P29 (11) by repeatedly injecting
into tail veins, and analyzed cellular changes between the
parent cells and the high-metastatic subline with gene expr-
ession profiling using DNA array. We found that caveolin-1
was strongly down-regulated in the high-metastatic subline
H7-Lu. Then, we demonstrated that caveolin-1 is a crucial
factor in regulating the malignant properties of cancer cells.
This study should be the first to report the role of caveolin-1 in
the regulation of tumor features based on gene expression
profiling of metastatic tumor cells.

Materials and methods

Cell lines and culture. P29, a low-metastatic subline (with
s.c. inoculation) of Lewis lung cancer was subcloned to
establish monoclonal sublines H7. H7 was repeatedly injected
into C57BL/6 mice intravenously (i.v.), and a high-metastatic
subline H7-Lu was established. Cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 7.5% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere of 95% air and 5% CO,.

Antibodies. Anti-ERK1/2 and anti-phosphorylated ERK1/2
antibody, anti-Akt and anti-phosphorylated Akt antibody,
and HRP-conjugated anti-rabbit IgG were purchased from
Cell Signaling Technology (Beverly, MA). Anti-caveolin-1
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antibody was purchased from Santa Cruz Biotechnology
(CA). Anti-B-actin antibody was purchased from Sigma (St.
Louis, MO).

Assay of metastasis. Cells were detached from culture dishes
by 5-min treatment with 0.02% EDTA in PBS, centrifuged and
resuspended in 200 u1 PBS. For the experimental metastasis
assay, cells (0.5x10%mouse) were injected into the tail veins of
C57BL/6 mice. Mice were sacrificed at 3 weeks after injection,
and the number of metastatic nodules on the surface of the
lungs was counted. When mice died before this term, the meta-
static nodules were counted at death. The metastatic nodules
from lungs were isolated and cells were cultured in vitro to be
used for the next injection and/or other functional assays.

Gene expression profiling. Expression profiling of genes in the
parent cell line H7 and the high-metastatic subline H7-Lu
was performed as described previously (12). Briefly, total
RNA was isolated from H7 and H7-Lu cells (1x107 cells) by
using the mTRAP mRNA isolation kit™ (Active Motif,
Carlsbad, CA). Cy3-dUTP (H7) or Cy5-dUTP (H7-Lu) was
incorporated into cDNA by using the CyScribe First-Strand
cDNA-labeling kit™ (Amersham Pharmacia Biotech). Two
cDNA samples, labeled with either Cy3 or Cy5 fluorescent
dyes, were applied competitively to the microarray, which
contained 1,000 cDNAs relevant with complex carbohydrate
synthesis and lipid metabolism and another 6,400 cDNAs of
mouse genes mapped in the UniGene database. A fluorescence
image of the microarray was obtained by using an Affymetrix
428 array scanner™ (Affymetrix, Santa Clara, CA). Data
obtained from the scanner were analyzed further by IMAGENE
(BioDiscovery, Marina del Rey, CA). The genes whose
expression levels were >2-fold higher in H7 than in H7-Lu
were selected as down-regulated genes along the acquisition
of metastatic potential.

MTT assay. Cells (2x10°%) were seeded into 96-well plates
and cultured in DMEM containing 7.5% FBS. Twenty micro-
liters of 5 mg/ml MTT (Sigma) in PBS were added to each
well. After incubation for 3.5 h at 37°C, 150 ul of n-propyl
alcohol containing 0.1% Nonidet P-40 and 4 mM HCI was
added. The color reaction was quantitated using the automatic
plate reader Immuno-Mini NJ-2300™ (Nihon Intermed,
Tokyo, Japan) at 590 nm with a reference filter of 620 nm.

Matrigel invasion assay. Cells (0.5x10°) were resuspended in
serum-free DMEM and seeded in the upper chamber of
Matrigel-coated transwell filters (8 ym pore) (Becton-
Dickinson, Franklin Lakes, NJ). The plain medium with or
without serum was added to the lower chamber and incubated
at 37°C for 20 h. Non-invading cells remaining on the upper
surface of the filter were removed, and the cells that appeared
on the lower surface of the filter were fixed with 75% ethanol
for 30 min, then stained and counted under a microscope.

Scratching wound healing motility assays. Cells (1x10°) were
seeded in 3.5-cm culture dishes and cultured for 12 h. Cells
were wounded with a pipett tip, rinsed, and incubated in
DMEM with 7.5% FBS. The areas newly occupied with
moved cells in the scratched spaces were measured by taking
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pictures at the time points of 0, 6, 24, 48 and 72 h after the
scratching. For statistical analysis, the wound distances were
measured at 3 randomly defined wound sites in two dishes
(total of 6 sites at each time point).

Cell lysis and immunoblotting. Cells (0.5x10°) were seeded
in 6-cm culture dishes and cultured in DMEM containing
7.5% FBS. Cells were lysed separately in 0.5 ml of ice-cold
lysis buffer [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
Na, EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerophosphate, 1| mM Na,;VO,,
1 ug/ml leupeptin and 1 mM PMSF], and insoluble material
was removed by centrifugation at 4°C and 15,000 x g for
10 min. Lysates were separated with SDS-PAGE using 10-15%
gels. The separated proteins were transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore). Blots
were blocked with 0.05% Tween-20 in PBS (PBST) containing
8% BSA for 1 h. The membrane was first probed for 1 h with
primary antibodies at the dilution suggested by the suppliers.
After washing three times with PBST, the blots were then
incubated for 1 h with goat anti-rabbit IgGs or goat anti-
mouse IgGs conjugated with horseradish peroxidase (Cell
Signaling) (1:4000). After the membranes were washed three
times with PBST, bound conjugates were visualized with an
ECL detection system™ (Perkin-Elmer Life Science, Boston,
MA).

SIRNA against caveolin-1 and transfection. The siRNA for
caveolin-1 was generated after the screening of three small
interfering RNAs (siRNAs). The 25-mer candidate target
sequences were selected from the open reading frame of mouse
caveolin-1 (GenBank accession no. NM_007616), corresp-
onding to nucleotides 203 to 228, 473 to 498 and 481 to 506
(relative to the start codon). These siRNA sequences contained
5'-AAUCUCCUUGGUGUGCGCGUCAUAC-3' and 5'-
GUAUGACGCGCACACCAAGGAGAUU-3', 5'-"AAUCA
GGAAGCUCUUGAUGCACGGU-3' and 5-ACCGUGC
AUCAAGAGCUUCCUGAUU-3', 5'-UGAAUCUCAA
UCAGGAAGCUCUUGA-3' and 5'-UCAAGAGCUU
CCUGAUUGAGAUUCA-3' (Invitrogen), respectively. We
used nonspecific control fluorescein-labeled luciferase GL2
Duplex provided by Dharmacon Research (Chicago, IL). For
the siRNA transfection, H7 cells (50-60% confluent) were
grown in 6-cm culture dishes, and either 20 ul of siRNA
duplex (20 #M) or a control duplex was introduced using
Lipofectamine 2000™ (Invitrogen) according to the
manufacturer's instruction and incubated for 24 h prior to
experiments.

Quantitative real-time RT-PCR. Total RNA was isolated in
Trizol™ (Invitrogen), and template cDNA was synthesized
from total RNA using the M-MLYV reverse transcriptase kit™
(Invitrogen). Quantitative real-time PCR analysis was
performed using the DNA engine Opticon2 system™ (Bio-
Rad Laboratories). cDNA product was amplified in a 20-ul
reaction containing a 10-x1 DyNAmo™ SYBR-Green qPCR
kit (FINNZYMES, Espoo, Finland) and 1 yl of each primer
(5 mM). The primers for caveolin-1 were 5'-CGGGAACAG
GGCAACATCTA-3' and 5-TGTGTCCCTTCTTTCTGC-3',
to amplify a 163-bp fragment corresponding to nucleotides
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Figure 1. Establishment of a high-metastatic subline H7-Lu. H7, isolated from
a low-metastatic subline of mouse Lewis lung cancer P29 was repeatedly
injected into C57BL/6 mice with i.v. injection as described in Materials and
methods. After five rounds of injection, a metastatic nodule in the lung was
harvested to establish a high-metastatic subline H7-Lu in in vitro culture.
(A) The morphology of H7 and H7-Lu cells was shown. (B) Results of the
MTT assay to examine in vitro proliferation. The error bars represent SD
(n=3). P, Student's t-test. (C) Results of the invasion assay. Cells (5x10°) were
seeded into the upper chamber in the absence of serum and incubated for 20 h,
then the cells that appeared on the lower surface of the filter were fixed with
75% ethanol for 30 min, then stained and counted under a microscope. Similar
experiments were repeated three times with essentially the same results.

135-297 in the open reading frame (ORF) of the mouse
caveolin-1 gene (GenBank). The PCR program consisted of
initial denaturation at 95°C for 10 min followed by amplifi-
cation for 40 cycles (95°C for 10 sec, 60°C for 20 sec, and
72°C for 20 sec). Data were analyzed using Opticon Monitor2
software™ (Bio-Rad Laboratories).

Results

Establishment of a high-metastatic subline. In order to
establish high-metastatic sublines using a low-metastatic line
of Lewis lung carcinoma (P29), we generated subline H7
from P29 by limiting dilution. Then, we repeatedly injected
H7 into the tail veins of C57BL/6 mice. After five rounds of
injection, a metastatic line H7-Lu was obtained. More than
200 metastatic foci were found on the lung surface in the
case of H7-Lu, while H7 parent cells showed only 2-5 foci.
The morphology of these lines is shown in Fig. 1. H7-Lu cells
were largely different from the parent H7 cells, i.e. frequently
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Caveolin-1

Figure 2. Gene expression profiling in H7 and H7-Lu cells. Signals of
mouse caveolin-1 gene in the DNA microarray (white arrows). Cy3-dUTP
(H7, red) or Cy5-dUTP (H7-Lu, green) was incorporated into cDNAs
prepared from the mouse Lewis lung cancer cell sublines H7 and H7-Lu,
and hybridized with the DNA array. The spots corresponding to caveolin-1
are indicated in a part of the DNA array plate. The cDNA array had been
prepared as duplicated spots.
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Figure 3. Reduced expression of mRNA and protein of caveolin-1 in H7-Lu.
Expression levels of mRNA (A) and gene product (B) of caveolin-1 in H7
and H7-Lu cells were analyzed by quantitative real-time RT-PCR and
immunoblotting, respectively.

aggregated and piled up. This subline showed higher prolifer-
ation and invasion activity than the parent line as shown in
Fig. 1B and C, respectively. In particular, H7-Lu showed
significantly higher cell growth than H7, suggesting that cells
continued to proliferate even after reaching 100% confluency.

Gene expression profiling. Expression of genes in these two cell
lines was analyzed using RNAs and DNA array containing
more than 7,000 genes. Several genes showed marked down-
regulation. As shown in Fig. 2, the caveolin-1 gene was one of
the markedly down-regulated genes in H7-Lu cells. Namely,
the indeces were 0.26-0.35 (fold). To confirm the reduced
mRNA level of the caveolin-1 gene in H7-Lu, we examined
caveolin-1 gene expression with real-time RT-PCR, showing
a marked reduction in the mRNA level of the caveolin-1 gene
in H7-Lu (Fig. 3A). With immunoblotting, definitely reduced
caveolin-1 protein in H7-Lu was also demonstrated (Fig. 3B).

Effects of the knock-down of caveolin-1 on the properties of
H7 cells. Expression of the caveolin-1 gene was suppressed by
knock-down with the siRNA technique. As shown in Fig. 4,
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Figure 4. Knock-down of caveolin-1 in H7 cells. H7 cells were treated with
nonspecific control fluorescein-labeled luciferase GL2 duplex (mock) or
three siRNA duplex targeting sequences of mouse caveolin-1 nucleotides
203-228,473-498, or 481-506 (Cav-1-siRNA). The expression of caveolin-1
was analyzed by immunoblotting. More than 80% knock-down of caveolin-1
was obtained with siRNA 481-506. Lower panel bands of $-actin indicate
that equal amounts of lysates were applied.

three siRNAs corresponding to 203 to 228, 473 to 498 or 481
to 506 were tried, showing a reduction of band intensities of
caveolin-1. Among the three siRNAs, the gene product was
reduced in the transfectant cells (Cav-1-siRNA) of siRNA
481-506 to approximately 20% of that in the mock trans-
fectant cells. Using the transient transfectant cells with this
siRNA, the effects of the knock-down of caveolin-1 on the
cell features were examined. In MTT assay, Cav-1-siNRA
cells showed significantly increased cell proliferation from
day 2 to day 4 after the siRNA transfection (Fig. 5SA). In
scratching wound healing assay, the cell motility of H7
transfected with caveolin-1 siRNA was also higher than that
of mock-transfectant cells (Fig. 5B). In contrast, invasion
activity as analyzed with the Matrigel/Boyden chamber was
almost equivalent between Cav-1-siRNA cells and mock-
transfected H7 cells (Fig. 5C).

Changes in the cellular signals in Cav-1-siRNA cells. Changes
in the representative intracellular signals relevant to cell
proliferation were examined in Cav-1-siRNA transfectant cells.
As shown in Fig. 6A, the phosphorylation levels of ERK1/2
were higher in the Cav-1-siRNA cells compared to the mock
control, particularly at 5 min after FBS treatment (Fig. 6A,
lower). Phosphorylated Akt bands were also generally stronger
in Cav-1-siRNA cells than in the control cells (Fig. 6B).

Discussion

Membrane microdomains such as GEM/rafts have been
considered to be involved in the regulation of various cellular
signals for cell proliferation, differentiation, and apoptosis
(13). As a GEM/rafts marker, caveolins, flotillin (14) or
ganglioside GM1 have been used in many studies (15). These
molecules appear to be GEM/rafts markers, and play some
roles in signal regulation. For caveolin families, caveolin-1 is
most frequently down-regulated in many oncogenically
transformed cells and tumors (16), although there has been
some disagreement (10). Thus, caveolin-1 has been considered
to be a tumor suppressor molecule. In fact, the suppression of
caveolin-1 expression enhanced tumor development in vivo
(17), and targeted disruption of the caveolin-1 gene also
resulted in enhanced tumorigenesis (18,19). Transfection of
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Figure 5. Effects of the knock-down of the caveolin-1 gene on the cell
features. (A) The proliferation of Cav-1-siRNA cells in vitro was examined
by MTT assay as described in Materials and methods. The error bars
represent SD (n=3). P, Student's t-test. (B) Results of the invasion assay
showing the time course of the wound distances at the scratching-wounded
spaces at 6, 24, 48 and 72 h after the scratching of the negative control
(mock) or Cav-1-siRNA cells as indicated. The error bars represent SD
(n=6). P, Student's t-test. (C) Results of the invasion assay with the Boyden
chamber. Cells (5x10°) were seeded into the upper chamber in the presence
or absence of serum and incubated for 20 h as described in Fig. 1C, then the
cells that appeared on the lower surface of the filter were fixed with 75%
ethanol, stained and counted under a microscope. The error bands represent
SD (n=3).

GMI1 synthase cDNA also resulted in the attenuation of cell
proliferation in Swiss3T3 cells by modulating the GEM/rafts
localization of the platelet-derived growth factor receptor
(20). Overexpression of GM1 in NIH3T3 cells also induced
changes in the intracellular local-ization of activated Ras
proteins, resulting in the reduction of cell proliferation (21).
Therefore, it seems reasonable that a high-metastatic subline
H7-Lu showed downregulation of the caveolin-1 gene in the
DNA array assay.

In the gene expression profiling, reduced expression levels
of the caveolin-1 gene was one of the conspicuous changes in
the high-metastatic P29 subline H7-Lu. Although a number
of approaches to investigate the mechanisms for cancer
metastasis have been performed using gene array techniques
and many candidate genes involved in cancer metastasis have
been identified (22,23), it is not so easy to clarify whether
those candidate genes are actually involved in the malignant
properties of cancer cells. Interestingly, reduced caveolin-1
expression had profound implications for tumor properties
such as cell proliferation and motility (Fig. 5). Thus, it was
demonstrated that caveolin-1 is capable of modulating mole-
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Figure 6. Effects of knock-down of caveolin-1 on the representative signals.
(A) Results of immunoblotting for ERK1/2. Cells (1x10°) were plated in 6-cm
culture dishes and cultured in D-MEM containing 7.5% FBS up to 70%
confluency followed by serum-starvation for 12 h. Caveolin-1 siRNA (right)
and negative control (mock) (left) cells were treated with FBS for the times
indicated and then used for immunoblotting with an anti-phosphorylated
ERK1/2 antibody (top). The intensity of bands was measured and corrected
with those of total ERK1/2 (middle), and plotted (bottom). (B) Results of
immunoblotting for the phosphorylation of Akt. Cells were treated as
described in A, and then activation levels of Akt were analyzed by immuno-
blotting with an anti-phosphorylated Akt antibody (top), and band intensities
were plotted after correction (bottom) with those of total Akt (middle).

cules directly or indirectly involved in tumor properties.
Although H7-Lu showed increased invasion activity corresp-
onding with its high incidence of lung metastasis, Cav-1-
siRNA cells showed no definite changes in the invasion
activity in contrast with the results of the MTT assay and
motility assay. These results indicate that the lowered
expression level of caveolin-1 is involved in the increased
high metastasis in vivo, and there should be other factors
responsible for the increased invasion activity observed in
H7-Lu. Other genes identified in our gene profiling analysis
might contain such molecules.

The mechanisms with which caveolin-1 suppresses tumor
properties in many cancer cells are not known. Therefore,
identification of the molecules interacting with caveolin-1 in
GEM/rafts should be critical to understand the way with which
caveolin-1 exerts anti-tumor actions. We demonstrated both
ERK1/2 and Akt activation levels increased in Cav-1-siRNA
cells (Fig. 6), suggesting that signals transduced by growth
factors/growth factor receptors were generally controlled
by caveolin-1, and these signals were enhanced based on the
modulation of GEM/rafts. Therefore, identification of the
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responsible factors present in FBS and its receptors expressed
on the cell surface is quite important. In addition, the involve-
ment of adhesion molecules such as integrins (24) and matrix
metalloproteases (25) in tumor metastasis is also an important
issue. Gangliosides GD2 and GD3 were reported to be involved
in cell adhesion mediated by integrins (25) and the modulation
of integrin functions with gangliosides was also reported by
Wang et al (26) and by us (27). These issues remain to be
investigated, particularly in the context of the modulation of
GEM/rafts.
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