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In the lung, caveolin-1 is expressed in both type I
alveolar epithelial and endothelial cells where it is hy-
pothesized to modulate molecular signaling activities
and progression of tumorigenesis. Developmentally,
caveolin-1� is expressed in fetal lung endothelial, but
not epithelial, cells; in adult lung, both cell types express
caveolin-1�. To test the hypothesis that caveolin-1 tran-
scription is differentially regulated in type I and endo-
thelial cells, we characterized the proximal promoter of
the mouse caveolin-1 gene in lung cell lines to identify
factors that control its cell-specific expression. We show
that caveolin-1 expression is regulated by an Ets cis-
element in a lung epithelial cell line, but not a lung
endothelial cell line, and that three ETS family mem-
bers, ETS-1, PEA3, and ERM, recognize and bind the Ets
site in the epithelial cell line. Based on these findings,
we have identified the Ets cis-element as a region that
accounts for differential transcriptional regulation of
caveolin-1 in lung epithelial and endothelial cells.

The caveolin-1 promoter of several species has been cloned and
sequenced, yet little is known about the protein transcription
factors and cis-elements that regulate its transcription. In NIH
3T3 cells, caveolin promoter constructs containing 750 bp or 3 kb
of upstream sequence show similar promoter activity (1), sug-
gesting that in this cell line most of the regulatory regions are
contained within the first 750 bp of the caveolin-1 promoter. In
normal human skin fibroblasts, the caveolin-1 promoter is regu-
lated by Sp1, p53, E2F/DP-1, and serum-response element-spe-
cific enhancers (2), whereas in vascular smooth muscle cells
increases in free cholesterol stimulate caveolin-1 transcription by
an SREBP-1-dependent mechanism (3).

The regulation of expression of caveolin-1 in the lung is
especially interesting both because it is developmentally regu-
lated and because two extensive cell populations expressing
high levels of caveolin-1, i.e. alveolar epithelial type I cells and
alveolar capillary endothelial cells, reside within a short dis-
tance from each other and therefore share many environmental
influences (4). Furthermore, targeted deletions of caveolin-1 in
mice show mainly a pulmonary phenotype, pulmonary hyper-

tension as well as hyperproliferative and fibrotic lung tissue
(5–7). Consistent with this hyperproliferative phenotype, em-
bryonic fibroblasts derived from the null animals appear to
have an increased rate of proliferation, which is partially re-
versed by re-expressing caveolin-1 protein from a viral expres-
sion vector (5). In intact animals loss of caveolin-1 leads to lung
abnormalities at 2–4 months, about the same postnatal time
point that caveolin-1� is first detectable by immunohistochem-
istry in type I cells in normal animals (4). The pulmonary
phenotype appears to contribute to the shortened life span of
the null animals although there are uncertainties about the
actual cause of early death (8).

Caveolin-1, the main structural protein of caveolae, is a
21–24-kDa integral membrane protein that appears to orga-
nize specialized membrane domains into vesicles. Caveolae
and/or caveolin-1 are proposed to be involved in tumorigenesis
and in modulating signaling events, cholesterol trafficking, and
chemokine activities (9–13). Caveolae have also been shown to
provide a pathway for endocytosis of cellular prion proteins and
some viruses including simian virus 40 and echovirus (14–17).
In general, caveolin-1 modulates signal transduction by acting
as a scaffolding protein that, by binding to signaling proteins,
negatively regulates their activity.

Caveolin-1 is expressed in many cells including adipocytes,
endothelial cells, fibroblasts, and type I alveolar epithelial
cells. Two caveolin-1 isoforms have been identified. The � and
� isoforms of caveolin-1 protein are identical except that the �
isoform has an additional 31 amino acids at the amino termi-
nus (18, 19). It is unclear whether the two isoforms have
different functions. In mice the � and � isoforms are produced
from different RNAs (full-length and 5�-variant) that differ in
the first exon and in 620 bp of the 3�-untranslated region (19).
In vitro transcription studies show that full-length caveolin-1
mRNA lacking the 5�-untranslated region can produce either
the � or � isoform. Truncation of the 5�-untranslated region to
22 bp mostly produces the � isoform, whereas the 5�-variant,
which lacks exon-1, produces only the � isoform (19).

Immunohistochemistry studies of embryonic, fetal, and adult
mouse lung using an antibody that recognizes the caveolin-1�
isoform show that caveolin-1� expression is present in developing
endothelial cells but is not detectable in epithelial cells at the
same developmental time points, suggesting differential regula-
tion between the two cell types (4). No caveolin-1� expression is
detectable in epithelial cells before birth. In the adult lung, caveo-
lin-1� can be detected in both type I epithelial cells and endothe-
lial cells but rarely in type II cells (4). Most interesting, in pri-
mary culture, alveolar type II cells growing on a plastic
substratum acquire an alveolar type I phenotype as evidenced by
an increase in many type I cell-specific proteins including caveo-
lin-1. In these cells, caveolin-1 expression coincides with the
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formation of caveolae and a down-regulation of SP-C (20, 21). To
date, there are no studies reporting the identification of cis-
elements or transcription factors important for caveolin-1 tran-
scription in lung epithelial and endothelial cells.

To begin to understand the molecular mechanisms that reg-
ulate caveolin-1 transcription, we characterized the proximal
promoter of the mouse caveolin-1 gene in lung cell lines to
identify factors that control cell-specific expression, and we
now demonstrate that 1.3-kb promoter of caveolin-1 contains
such regulatory elements. Deletion, gel retardation, and muta-
tion analyses in cell lines show that caveolin-1 expression is
enhanced by a 20-bp region (�844 to �865 bp) in the lung
epithelial cell line but not the lung endothelial cell line. An
Ets-binding site is located within this region. We show here
that three ETS family members, ETS-1, PEA3, and ERM, rec-
ognize and bind the Ets site in the epithelial cell line but not in
the endothelial cell line. These studies have identified the Ets
cis-element as a region that accounts for differential expression
between cell lines representative of alveolar type I cells and
lung endothelial cells.

EXPERIMENTAL PROCEDURES

Culture and Characterization of the Cell Lines—The murine cell lines
used for promoter studies are E10, an adult lung epithelial cell line that
expresses type I cell genes, provided by Dr. A. Malkinson (University of
Colorado, Denver, CO) and Dr. Randy Ruch (Medical College of Ohio),
and MFLM-4, a fetal lung endothelial cell line, provided by Dr. Ann
Akeson (Children’s Hospital, Cincinnati, OH). Selection of these two
cell lines is consistent with our observations during lung development
that caveolin-1� is expressed early in endothelial cells, whereas in
epithelial cells it is first expressed postnatally (4).

E10 is a spontaneously immortalized cell line that expresses type I
cell markers such as T1� and AQP-5, as shown previously, but not type
II cell markers (22, 23). MFLM-4 is an SV40 large T antigen immortal-
ized cell line that expresses the endothelial cell markers von Willebrand
factor, vascular endothelial growth factor receptor, and angiopoietin-1
as shown earlier by RT-PCR1 (24) and confirmed in our lab (data not
shown). E10 cells were maintained in CMRL 1066 medium (Invitrogen),
10% fetal bovine serum (Invitrogen), 0.5 mM glutamine (Invitrogen),
100 units/ml penicillin G, and 100 �g/ml streptomycin sulfate (Invitro-
gen). MFLM-4 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Invitrogen), 10% fetal bovine serum (Invitrogen), 2 mM glutamine
(Invitrogen), 100 units/ml penicillin G, and 100 �g/ml streptomycin
sulfate (Invitrogen).

Purification of RNA, QRT-PCR, and RT-PCR—Total RNA was iso-
lated from newborn mouse lung or cell lines with TRIzol reagent using

the manufacturer’s protocol (Invitrogen) and treated with DNase using
DNA-free kit (Ambion, Texas, CA). Isolated RNA (1 �g) was reverse-
transcribed using avian myeloblastosis virus-reverse transcriptase
(Promega, Madison, WI) following the manufacturer’s protocol in a final
volume of 25 �l.

The two cell lines were analyzed for caveolin-1� (full-length) and -�
(5�-variant) expression by quantitative real time PCR (QRT-PCR) in an
ABI Prism 7000 sequence detector (Applied Biosystems, Foster City,
CA). Reverse transcriptions were diluted 1:32. Primers and probe se-
quences for caveolin-1 were designed using PrimerExpress software
(Applied Biosystems) and are shown in Table I. Reactions were per-
formed in 50 �l using Taqman Universal Master Mix (Applied Biosys-
tems) and amplified under the same conditions for both cell lines.
Reverse transcription products from three E10 and three MFLM-4
samples were analyzed in triplicate. The relative amount of RNA for
caveolin-1� and -� was obtained using calibration curves performed for
each isoform using normal adult lung RNA. Data were analyzed statis-
tically using Statview software.

Expression of Ets-1, Pea-3, Erm, Pdef, Elf-3, and Ese-3 in E10 and
MFLM-4 cell lines was determined by semi-quantitative reverse tran-
scription-PCR. The PCR was performed with 1 �l of the reverse tran-
scription reaction and the Advantage-HF 2 polymerase mixture from
Clontech (Palo Alto, CA) (94 °C, 30 s; 68 °C, 3 min; 35 cycles) for all
genes. Primer sets and product sizes for each gene are shown in Table
I.

Caveolin-1 Promoter Constructs—1.3 kb of the 5� caveolin-1 promoter
was generated from murine genomic DNA by PCR cloning. By using the
published mouse caveolin-1 promoter sequence (GenBankTM accession
number AF124227), 30-mer primer oligonucleotides were designed with
adapters for Nhe-1 and Sac-1 and were used to amplify the caveolin-1
promoter sequence. The PCR was performed with 0.5 �g of mouse
genomic DNA and Advantage-HF 2 polymerase mix (94 °C, 30 s; 68 °C, 3
min; 35 cycles) (Clontech). Fragments were digested with restriction en-
zymes Nhe-1 and Sac-1 and purified with QIAquick kit (Qiagen, Valencia,
CA). The purified fragment was ligated into the promoterless luciferase
expression vector, pGL3-basic vector (Promega), and confirmed by se-
quence analysis. By using similar methods, eight deletion promoter con-
structs containing �172, �269, �462, �800, �826, �844, and �865 bp
and �1.1 kb 5� from the transcription initiation site were generated and
confirmed by sequence analysis. Constructs containing mutated Ets and
forkhead sites were generated by PCR using �865 luciferase as the
template. The forward primers were mutated oligonucleotides for the Ets
site (865M, agaggatgt3cgcgtaagt) and each of the two-forkhead sites
(844M, gtgtttaat3gtgtctcat; 826M, aatacaca3actacaca). The reverse
primer was a 30-mer oligonucleotide complementary to the 3� wild type
sequence. After sequence verification, computer algorithms were used to
ensure that no other known enhancer/repressor sites had been created in
the mutant constructs. All constructs were digested with Nhe-1 and Sac-1
prior to insertion into the pGL3-basic vector. All caveolin-1 constructs
contain �62 bp of the untranslated region.

Transfection and Reporter Assay Activity—Constructs (Cav-1 pro-
moter-luciferase and Renilla luciferase control plasmid) were tran-
siently cotransfected into the cell lines using GeneJammer transfection
reagent (Stratagene, La Jolla, CA). Optimal transfection efficiency for

1 The abbreviations used are: RT-PCR, reverse transcription-PCR;
EMSA, electrophoretic mobility shift assay; RT, room temperature;
QRT-PCR, quantitative real time-PCR.

TABLE I
Primer sequences

Gene Primers/probes Product size

bp

Cav-1 5�-ACGATGTCTGGGGGCAAATAC 198
5�-CTTGACCACGTCGTCGTTGAG
Probe catctacaagcccaacaacaaggcca

Cav-1� 5�-TAGCAAAAGTTGTAGCGCCAG 293
5�-CTTGACCACGTCGTCGTTGAG
Probe catctacaagcccaacaacaaggcca

Ets-1 5�-AGCCGACTCTCACCATCATC-3� 542
5�-GGATGCAGCGTCTGATAGGA-3�

Pea3 5�-GCTCATTTCATTGCTTGGAC-3� 580
5�-GATTTGGCCTGCCTCCACTG-3�

Erm 5�-GGGAAATCTCGATCAGAGGACTG-3� 338
5�-GGCTTCCTATCGTAGGCACAATAG-3�

Pdef 5�-GGCCTTCCAGGAGCTGGGCG-3� 600
5�-GGACCTTGGGTTCTGGGATATCAG-3�

Elf-3 5�-TTCCCTGTGTTGCTGTAGAGAGG-3� 192
5�-GTCTCATTTGCAGTCCATGTTGG-3�

Ese-3 5�-CCTGGACACCAACCAGCTAGATGC-3� 524
5�-CCTGAAGATGCCTTCCGAACGGTC-3�
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the E10 cell line was achieved using 0.8 � 105 cells per 35-mm dish, 2
�g of various reporter constructs, and 12 �l of DNA of transfection
reagent. For the MFLM-4 cell line, 0.9 � 105 cells per 35-mm dish, 1 �g
of reporter constructs, and 6 �l of DNA of transfection reagent was
used. Cells were first grown to 60–80% confluency. The transfection
mixture containing 100 �l of serum-free medium and the transfection
reagent were preincubated for 10 min. Plasmid DNA was added to the
mixture and further incubated for 10 min. The standard culture me-
dium was replaced with 900 �l of fresh serum-containing medium. The
transfection mixture was added dropwise to the tissue culture dish, and
after 3 h (37 °C in 5% CO2), an equal volume of serum-containing
medium was added. The cells were incubated using standard growth
conditions (37 °C in 5% CO2) for 48 h, harvested, washed three times
with phosphate-buffered saline, lysed, and analyzed for both luciferase
activities with the Dual Luciferase Reporter assay kit (Promega) ac-
cording to the manufacturer’s instructions. Luminescence was detected
in a Berthold Lumat LB 9501 (Berthold, Nashua, NH) luminometer;
firefly luciferase activity was normalized to Renilla luciferase activity.
Data are expressed as the mean of at least three experiments (duplicate
samples) � S.E. The SV40 promoter-luciferase construct was used as a
positive control to show the maximum expression level in the two cell
lines. Luciferase activities are presented relative to the level of expres-
sion of a promoterless construct, pGL3. Data were analyzed by Stu-
dent’s t test with differences of p � 0.05 considered significant.

Nuclear Protein Extract Preparation—Nuclear proteins were isolated
by using a mini-extraction procedure (25, 26). All procedures were
performed with cold reagents and on ice. Briefly, confluent cells from 2
to 3 10-cm diameter plates were washed twice with 10 ml of phosphate-
buffered saline, harvested with 1 ml of phosphate-buffered saline, and
pelleted at 14,000 rpm for 1 min. The pelleted cells were resuspended in
20–40 �l of buffer A (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM

EDTA, 1.5 mM MgCl2, 0.2% (v/v) Nonidet P-40, 1 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, 2 �g/ml aprotinin) and lysed on ice
with gentle vortexing for 5 min. The nuclei were pelleted at 3000 rpm
for 5 min prior to protein extraction. Nuclear proteins were dissociated
from native DNA-binding sites by the addition of buffer B (20 mM

HEPES (pH 7.9), 420 mM NaCl, 0.1 mM EDTA, 1.5 mM MgCl2, 25% (v/v)
glycerol, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 2
�g/ml aprotinin) and incubation with gentle vortexing for 10 min. The
samples were centrifuged at 14,000 rpm for 10 min, and the superna-
tant containing nuclear proteins was collected and used for EMSA
experiments and Western blot assays. Protein concentrations were
determined by a modified Bradford method (Bio-Rad) using bovine
serum albumin as a standard.

Immunodepletion of ETS Factors in Nuclear Extracts—Primary an-
tibodies (4 �l) against either ETS-1 (rabbit polyclonal IgG, catalog
number sc-350X, Santa Cruz Biotechnology, Santa Cruz, CA), PEA3
(mouse monoclonal IgG, catalog number sc-113X, Santa Cruz Biotech-
nology), or ERM (goat polyclonal IgG, catalog number sc-1955X, Santa
Cruz Biotechnology) and RIPA buffer containing inhibitors (above)
were incubated with 50 �g of nuclear protein extract (2 h, 4 °C). 30 �l
of pre-washed A-G beads (Santa Cruz Biotechnology) were added (2 h,
4 °C) followed by centrifugation at 14,000 rpm (1 min, 4 °C) and collec-
tion of the supernatant. For the second depletion, the supernatants
were incubated with 4 �l of antibody and with RIPA buffer containing
the above inhibitors (2 h at 4 °C); 30 �l of pre-washed A-G beads (Santa
Cruz Biotechnology) were added (2 h at 4 °C) and centrifuged at 14,000
rpm (1 min, 4 °C). For ETS-1 and PEA3, nuclear extract recovered from
the second cycle of depletion was analyzed by immunoblot assay. For
ERM, nuclear extract recovered from the second cycle of depletion was
used for immunoprecipitation followed by Western blotting.

Immunoprecipitation—E10 and MFLM-4 nuclear protein extracts
(50 �g) and ERM-immunodepleted nuclear protein were incubated with
4 �l of primary antibodies against ERM and RIPA buffer containing 2
�g/ml aprotinin and 0.5 mM phenylmethylsulfonyl fluoride (overnight,
4 °C) followed by 30 �l of pre-washed A-G beads (2 h, 4 °C). The samples
were centrifuged at 14,000 � g (1 min, 4 °C), and the precipitates were
washed three times with RIPA buffer containing the above inhibitors.
Samples were collected for immunoblot analysis.

Synthetic Oligonucleotides—Complementary oligonucleotides span-
ning the Ets-binding site (agaggatgt) with 4 bases of protruding 5� ends
purified by PAGE were purchased from Invitrogen. Annealing was
performed at oligonucleotide concentrations of 10 �M in 50 �l of anneal-
ing buffer (10 mM Tris (pH 7.5), 10 mM MgCl2, and 50 mM NaCl).
Mixtures were heated to 95 °C for 5 min and gradually cooled to room
temperature. A 1:10 dilution of this mixture was made in TE buffer (10
mM Tris (pH 8.0), 1 mM EDTA) and used as unlabeled competitor DNA
in EMSA experiments. For use as the EMSA probe, annealed oligonu-

cleotides (20 pmol) were labeled using 3 �l of [�-32P]dATP and DNA
polymerase large Klenow fragment (New England Biolabs, Beverly,
MA). Probes were purified on Nuc Trap columns (Stratagene) and
recovered in a final volume of 100 �l of STE at �40,000 cpm/�l. Similar
complementary oligonucleotides spanning a mutated ETS-binding site
(agaggatgt3cgcgtaagt) were synthesized, annealed, labeled, and puri-
fied as above.

EMSA—Nuclear protein extracts (10 �g) or ETS-1, PEA3, and ERM-
immunodepleted nuclear extracts (10 �g), 1 �g of poly(dI-dC) in 10 �l of
buffer (50 mM Tris (pH 7.5), 50 mM NaCl, 2 mM EDTA, 2 mM dithio-
threitol, 0.2 mM phenylmethylsulfonyl fluoride) were incubated with
labeled oligonucleotide (�20 fmol) at RT for 20 min. For competition
experiments, unlabeled oligonucleotides were incubated with nuclear
proteins for 10 min at RT prior to the addition of labeled oligonucleo-
tides. For mutation experiments, mutated labeled oligonucleotide was
added and then incubated for 20 min at RT. For supershift experiments,
mixtures were incubated with 4 �l of ETS-1, PEA3, or ERM antibody at
RT for 20 min followed by the addition of probe. For multiple antibody
incubations, 2–3 �l of each antibody was used. Polyacrylamide gels (5%)
were dried under vacuum and exposed at �70 °C for 3–5 days.

Western Blots—Western blot analysis was performed with nuclear
proteins from E10 and MFLM-4 cell lines for ETS-1, PEA3, and ERM
expression. For analysis of ETS-1 and ETS-1-immunodepleted protein,
polyvinylidene difluoride membranes were blocked in 1� TBST con-
taining 10% dry milk (1 h, RT) and exposed overnight at 4 °C to
anti-ETS-1 (above, 1:1000) and then to goat anti-rabbit secondary an-
tibody (1:10,000, 1 h, RT). For analysis of PEA3 and PEA3-immunode-
pleted protein, polyvinylidene difluoride membranes were incubated in
1� Tris-buffered saline containing 5% dry milk (1 h, RT) and exposed
overnight at 4 °C to anti-PEA3 (above, 1:500) followed by horse anti-
mouse secondary antibody (1:10,000, 1 h, RT). For analysis of ERM and
ERM-immunodepleted protein, polyvinylidene difluoride membranes
were blocked in 1� TBST containing 10% dry milk (1 h, RT) and
exposed overnight at 4 °C to anti-ERM (above, 1:1000) and then to
anti-goat secondary antibody (1:10,000, 1 h, RT). Binding of labeled
horseradish peroxidase-secondary antibodies was detected with Super-
Signal West Pico Chemiluminescent Substrate (Pierce).

RESULTS

E10 and MFLM-4 Cell Lines Express Endogenous Caveo-
lin-1� and -� Isoforms—The E10 and MFLM-4 cell lines were
analyzed for caveolin-1� and -� mRNA expression by QRT-
PCR. These results show that both cell lines express endoge-
nous caveolin-1� and -� mRNAs (Fig. 1) and that E10 and
MFLM-4 cell lines have �4 times higher expression of the
5�-variant mRNA (� isoform) compared with the full-length
mRNA (� isoform). Although this pattern of mRNA expression
is similar to that in both normal newborn and adult total lung
as seen by semi-quantitative RT-PCR (data not shown), the two
cell lines have not yet been analyzed for caveolin-1� and -�
protein expression. These lung cell lines are therefore good
models for studying the regulation of caveolin-1 because they
express the endogenous caveolin-1 gene and, as shown previ-
ously (22–24), express the appropriate cell markers for differ-
entiated epithelial and endothelial cells from lung.

FIG. 1. QRT-PCR analysis of caveolin-1 mRNA from E10 and
MFLM-4 cell lines. Both cell lines express the � (black bars) and �
isoforms (hatched bars) of caveolin-1 mRNA. The relative amounts of
each isoform were calculated using calibration curves obtained with
mRNA from normal adult mouse lung. Data are expressed as the mean
of three assays in triplicate � S.E.
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Deletion and Mutation Analyses Reveal the 1.3-kb Caveolin-1
Promoter Is Sufficient to Confer Specificity between Epithelial
and Endothelial Cell Lines and That an ETS Consensus Site Is
a Putative Enhancer for Caveolin-1—A 1.3-kb caveolin-1 pro-
moter-luciferase construct was transiently transfected into the
E10 and MFLM-4 cell lines. Fig. 2 compares luciferase activity
of the caveolin-1 promoter between the two cell lines. In E10
cells, the expression of the 1.3-kb promoter construct
(�1311-bp luciferase) is about 13-fold over that from a promot-
erless control construct (0-bp luciferase). In MFLM-4 cells, the
expression of the 1.3-kb construct is about 2.5-fold higher than
the promoterless control vector. Results (n � 4) show that the
�1.3-kb caveolin-1 promoter fragment drives expression of lu-
ciferase activity in the lung epithelial cell line about 5-fold
higher than in the endothelial cell line. The SV40 promoter-
luciferase construct was used to show the maximum expression
level in the two cell lines. Both E10 and MFLM-4 express
nearly identical amounts of luciferase indicating that the two
cell lines can produce and store approximately equal concen-
trations of luciferase protein under these conditions.

Ten deletion constructs were used for transient expression
studies in the E10 and MFLM-4 cells (n � 3) to define regions
that regulate promoter activity. Deletion analysis shows that
expression from the caveolin �800 to �865-bp promoter in-
creases expression 8-fold in the epithelial cell line but not
endothelial cell line (Fig. 2). This preferential activation indi-
cates the presence of enhancer elements important for differ-
ential regulation between endothelial and type I epithelial cell
lines.

By using bioinformatic tools and programs including Match-
Public (www.gene-regulation.com/cgi-bin/pub/programs/match/
match.cgi), AliBaba2 (wwwiti.cs.uni-magdeburg.de/�grabe/
alibaba2), and Transcription Element Search software
(bioinformer.ebi.ac.uk: 80/newsletter/archives/2/tess.html)
that utilize Transcription Factor Database (TransFac) to
search DNA sequences for the presence of transcription factor-
binding elements, three potential cis-elements known to be
important for lung epithelial cell gene regulation were identi-
fied in the caveolin-1 promoter region from �800 to �865 bp.
These include an Ets transcription factor-binding site (�844 to
�865 bp) and two winged-helix/forkhead consensus binding

sites (�844 to �826 bp and �826 to �800 bp respectively). The
Ets family of transcription factors is of particular interest be-
cause certain members, similar to caveolin-1, are expressed in
the lung and are involved in tumorigenesis (27, 28). In addition,
several members of the forkhead family group of transcription
factors expressed in the lung are thought to be involved in
developmental gene regulation, including hepatic nuclear-3/
forkhead (HNF3/Fkh) which regulates transcription of lung-
specific genes expressed by Clara and type II epithelial cells
(29, 30).

Fig. 3a shows that deleting the caveolin-1 promoter from
�865 to �844 bp decreases expression in E10 cells from �22- to
�10-fold over background, suggesting the Ets cis-element is a
potential regulatory element in this region. The same deletion
also decreases expression in MFLM-4 cells (from �4- to �3-fold
over background), but the decrease is not statistically signifi-
cant. A promoter deletion from �844 to �826 did not change
expression levels in either cell line. This is in contrast to a
�826 to �800 deletion that decreases expression from �10- to
�3-fold in the E10 cell line but does not change expression
levels in the MFLM-4 cell line, identifying the forkhead con-
sensus site as a putative stimulatory region in the epithelial
cell line.

To determine whether these sites are transcriptionally ac-
tive, constructs containing mutations of the Ets and forkhead-
binding sites were prepared and assayed for luciferase activity
in the two cell lines. Mutation of the Ets-binding site (n � 3)
results in a statistically significant reduction in luciferase ac-
tivity for both the E10 (�22- to �12-fold) and the MFLM-4 (�4-
to �2.5-fold) cell lines (Fig. 3, b and c). Furthermore, gel shift
analyses (described below in detail and in Fig. 4) show that
extracts from both lung cell lines contain proteins that can bind
specifically to the Ets binding domain. Because the caveolin-1
promoter �844 to �865 (the region of the Ets-binding site) has
6-fold higher activity in the E10 compared with MFLM-4 cells,
it is likely that the Ets site is much more important for epithe-
lial cell regulation. These data do not rule out the possibility,
however, that the Ets site may be a weak activator in the
MFLM-4 cell line.

Mutation of the forkhead sites did not decrease luciferase
expression in either cell line suggesting that these elements are
not active binding sites in the cell lines tested (Fig. 3, b and c).
Although no other putative cis-elements are identified in the
region �800 to �826 by using bioinformatic tools, it is possible
that other sites yet unstudied may be important.

E10 and MFLM-4 Transcription Factors Interact with the
�844 to �865-bp Region—Gel shift assays were performed to
test for differential binding of epithelial and endothelial nu-
clear proteins to the DNA elements containing the Ets-binding
site. EMSA analysis shows that the oligonucleotide containing
the Ets site binds nuclear protein equally from both the E10
and MFLM-4 cell lines (Fig. 4a). Competition assays performed
with 100–400-fold excess specific unlabeled oligonucleotide
blocks complex formation with the labeled oligonucleotide in
both cell types, indicating that binding is specific (Fig. 4a).
Furthermore, the mutated oligonucleotide fails to form a com-
plex with proteins from either cell type (Fig. 4b). The gel shift
analyses therefore show that extracts from both lung cell lines
contain proteins that can bind specifically to the Ets binding
domain, suggesting that the Ets cis-element is a potential
enhancer for caveolin-1.

E10 and MFLM-4 Cell Lines Express Ets-1, Pea3, and Erm—
Six ETS family transcription factors were selected as candi-
dates potentially involved in caveolin-1 regulation because they
are either known to be expressed in lung or epithelial cells or to
be involved in lung tumorigenesis (27, 28, 31). The genes se-

FIG. 2. Deletion studies of the caveolin-1 promoter. The indi-
cated luciferase reporter constructs were transiently transfected into
E10 (black bars) and MFLM-4 (hatched bars) cell lines. Deletion anal-
ysis shows that the �800 to �865-bp promoter increases expression
�8-fold in the epithelial but not the endothelial cell line. Luciferase
reporter activity is normalized to activity of a cotransfected Renilla
luciferase reporter. Normalized luciferase activity is shown relative to
the promoterless pGL3 plasmid in each cell line. Activity from an SV40
promoter-luciferase construct used as a control shows that maximum
expression levels for each cell line are approximately equal in this
system. Data are expressed as the mean of three transfections with
duplicate assays � S.E. *, p � 0.05.
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lected were Ets-1, Pea3, Erm, Pdef, Elf-3, and Ese-3. RT-PCR
was used to determine whether E10 and MFLM-4 cell lines
express these transcription factors. Fig. 5 shows the amplified
products from mouse lung (N), E10 cells (E), and MFLM-4 cells
(M). �-Actin shows equal amplification indicating that the RNA

is intact. Pdef, Elf-3, and Ese-3 are detectable in whole lung
RNA, but not in either cell line. Ets-1 and Erm are expressed in
whole lung and in both cell lines. Pea3 is not detectable in total
lung but is expressed in both cell lines.

Immunoblot Analysis of ETS-1, PEA3, and ERM—E10 and

FIG. 5. RT-PCR analysis of selected ETS family mRNAs in E10 and MFLM-4 cells. Gel analysis of PCR products shows that both cell lines
express Ets-1, Pea3, and Erm mRNAs and that neither expresses Pdef, Elf-3, nor Ese-3. With the exception of Pea3, all mRNAs can be detected
in control mRNA from normal newborn mouse lung. Integrity of mRNAs is demonstrated by amplification of �-actin. N, newborn lung; E, E10 cells;
M, MFLM-4 cells.

FIG. 3. Deletion and mutation analyses of the caveolin-1 promoter. a, normalized luciferase activity shows that promoter fragments �844
to �865 and �800 to �826 increase expression in E10 cells but not in MFLM-4 cells. Luciferase activity is expressed relative to pGL3. Mean
values � S.D.; n � 3. * and **, p � 0.05. b, normalized transcriptional activity in E10 cells is significantly decreased from the �865 promoter
fragment mutated (hatched bars) as shown in d in the Ets site compared with the wild type construct (black bars). Mutation of either forkhead site
as shown in d does not result in a statistically significant decrease in expression. Data are expressed as the mean of three transfections with
duplicate assays � S.E. *, p � 0.05. c, in MFLM-4 cells, mutation (hatched bars) of the �865 Ets site results in a small but statistically significant
decrease in expression compared with wild type (black bars). Expression from fragments mutated in the forkhead element fragments at �844 and
�826 (hatched bars) is not different from the wild type (black bars) sequence. Luciferase activity is normalized for Renilla luciferase activity.
Means � S.D.; n � 3. *, p � 0.05. d, sequences of mutated probes at �865, �844, and �826 are shown compared with wild type with substituted
bases shown in boldface.

FIG. 4. Nuclear proteins from E10 and MFLM-4 cell lines bind equally to the �844 to �865-bp promoter containing the Ets site. a,
EMSAs were performed using 32P-labeled oligonucleotide (from bp �844 to �865). Competition assays with 100- (�) and 400-fold (�) excess of
unlabeled oligonucleotide block binding of E10 and MFLM-4 nuclear extracts (10 �g) with the labeled oligonucleotide. b, EMSA studies using a
32P-labeled probe with a mutated Ets site (agaggatgt3cgcgtaagt) did not form nuclear complexes in either cell line. E, E10; M, MFLM-4.
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MFLM-4 nuclear extracts were analyzed by Western blot to
determine whether the cells express ETS-1, PEA3, and ERM
proteins and to estimate their relative amounts in the E10 and
MFLM-4 cells. For ETS-1, an immunoreactive doublet at 62
kDa is identified in both cell lines (Fig. 6a). For PEA3, a
doublet at 72 kDa is observed in the E10 cell line, whereas only
a single 72-kDa immunoreactive band is observed in the
MFLM-4 cell line (Fig. 6b). The higher molecular weight bands
seen in ETS-1 and PEA3 likely represent phosphorylated forms
of these transcription factors; similar doublets for ETS-1
associated with ETS-1 phosphorylation have been described
previously (32, 33).

Because ERM protein could not be detected by Western blot
in these samples using available antibodies, we used immuno-
precipitation followed by Western blot analysis. A single im-
munoreactive band at 82 kDa is identified in both cell lines
(Fig. 6c).

ETS Transcription Family Proteins Bind to the Caveolin-1
Promoter in E10 Cells but Not MFLM-4 Cells—Supershift ex-
periments were performed to determine the identity of the
nuclear protein complex. As shown in Fig. 8a, nuclear protein
complex from the E10 cells is supershifted by anti-ETS-1,
-PEA3, and -ERM. Both anti-ETS-1 and anti-PEA3 used to-
gether and the combination of all three antibodies together
supershift the complex to a greater degree than any single
antibody. Control IgG does not supershift the complex. In con-
trast, the nuclear protein complex from the MFLM-4 cell line is
not supershifted by anti-ETS-1, -PEA3, -ERM, IgG, or the
combination of the three antibodies (Fig. 8b).

Immunodepletion and EMSA Analyses Confirm That ETS-1,
PEA3, and ERM Contribute to the Formation of the DNA-
Protein Complex—We next examined the effect of immu-
nodepletion of E10 nuclear extracts with anti-ETS-1, anti-
PEA3, or ERM antibody on binding to the ETS consensus site.
Nuclear extract recovered from the second cycle of depletion
was first analyzed by immunoblot assay indicating that at least
90% of ETS-1 protein, 80% of PEA3, and 70% of ERM are
removed from the E10 extract (Fig. 7, a–c). In the E10 nuclear
extract, a single immunoreactive band is seen for ETS-1 and
PEA3 in contrast to the doublet seen in our previous E10
nuclear extract analyzed by immunoblot assay (shown in Fig.
6). A possible explanation for these differences is that there is
variability in the growth state of the cells isolated for nuclear
extract, which influences the level of basal phosphorylation as
reported previously. In astrocytes at confluence, for example,
ETS-1 is largely unphosphorylated, whereas in exponentially
growing cells there is a substantial increase in the phosphor-
ylated form (32).

The results of the EMSA performed with the immunode-
pleted extracts are shown in Fig. 8c. Compared with control
IgG-treated extracts (Fig. 8c, 1st lane), nuclear protein extracts
depleted of ETS-1, PEA3, or ERM have decreased DNA bind-
ing. Densitometry of these data normalized to the IgG control
value shows that ETS-1 binding is decreased about 15%,
whereas extracts immunodepleted of PEA3 and ERM are each
decreased about 25%. Given that the immunodepletions are
incomplete, these may actually account for all of the binding.
The competition, supershift, and immunodepletion experi-
ments suggest therefore that ETS-1, PEA3, and ERM can form
the DNA-protein complex in the E10 cell line.

DISCUSSION

In this study we show that an Ets cis-element strongly en-
hances expression of the caveolin-1 gene in a lung epithelial
cell line, but has only minimal effects on caveolin-1 expression
in a lung endothelial cell line, and that three members of the
ETS family of winged helix-loop-helix transcription factors rec-
ognize and bind to the Ets cis-element in the epithelial cell line
but not the endothelial cell line. The comparison of these two
cell lines was undertaken because of our previous observations
on the expression patterns of caveolin-1� in fetal lung showing
that endothelial cell expression commences very early in lung
development, whereas epithelial expression commences some-
time after birth (4), suggesting that the regulatory mechanisms
of caveolin-1 gene transcription are markedly different in these
cell types.

The lung is unusual in that two cell populations with exceed-
ingly large surface areas, alveolar epithelial type I cells and
alveolar capillary endothelial cells, express very high concen-
trations of caveolin-1 mRNA and protein. These epithelial and
endothelial cells reside adjacent to each other to form the
alveolar septae, often separated only by their single or some-
times fused basement membranes. Thus the cells would be
expected to encounter many similar stimuli that affect gene
expression, including that of caveolin-1. We hypothesized that
the selective expression of intracellular molecules such as tran-
scription factors or their cofactors was likely to account for
differences in caveolin-1 in these two cell populations. We
therefore anticipated finding a key transcription factor, such as
an epithelial specific forkhead protein, that would be expressed
in epithelial but not endothelial cells.

We provide evidence, however, that epithelial expression is
regulated by ETS family members and that forkhead proteins
are not likely to be involved. Based on analysis of promoter
deletion fragments and mutational analyses, we first identified
a cis-element containing the core Ets family binding site se-

FIG. 6. Western blot analysis for ETS-1, PEA3, and ERM in E10 and MFLM-4 nuclear proteins. a, analysis of 10 �g of nuclear
protein/lane using a polyclonal anti-ETS-1 antibody. Expression levels of ETS-1 protein detected as an immunoreactive doublet at the same
molecular weight as positive control (RETS-1) show no differences in protein abundance between the two cell types. An unidentified nonspecific
band at 32 kDa is seen in both cell lines. RETS-1, recombinant ETS-1 protein. b, analysis of 30 �g of nuclear protein/lane using a monoclonal
anti-PEA3 antibody. A doublet at 72 kDa is detected in the E10 cell line. In contrast, a single 72-kDa immunoreactive band is observed in the
MFLM-4 cell line. Based on published data, the higher molecular weight band detected in E10 cells likely represents a phosphorylated product (32,
33). c, 50 �g/lane of nuclear protein immunoprecipitated for ERM was analyzed by immunoblot assay using a polyclonal anti-ERM antibody.
Expression levels of ERM protein show no differences in protein abundance between the two cell types. The bands detected at 55 kDa in both cell
lines likely represent IgG heavy chains. E, E10 cells; M, MFLM-4 cells.
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quence, 5�-GGA(A/T)-3�, that preferentially activates the caveo-
lin-1 promoter in the epithelial cell line. In contrast, cis-ele-
ments containing the forkhead family binding site sequences
did not activate caveolin-1 transcription in either cell line.

The identification of the ETS family member(s) responsible
for transcriptional activation in the epithelial cell line is not
straightforward, given that the ETS family consists of more
than 30 proteins. These proteins can function either to activate
or repress transcription depending on promoter context, cell
type, or stage of cellular differentiation and growth cycle, and
different proteins can activate the same gene promoter. In
A549 human lung carcinoma cells, for example, ETS-2 acti-
vates the GM-CSF promoter, whereas in Jurkat T cells ETS-1
activates this promoter (34), clearly demonstrating cell type-
specific regulation.

In addition, the binding characteristics of ETS proteins are
complex. ETS proteins can function as both transcriptional
activators and repressors (35), and it is not uncommon for

many ETS family members to bind to the same 11-bp extended
consensus DNA binding sequence. Nitric-oxide synthase 2 that
catalyzes nitric oxide production, for instance, can be regulated
by several ETS factors. ESE-1 and ETS-2 increase nitric-oxide
synthase 2 promoter activity, whereas ELK-3 represses nitric-
oxide synthase 2 via an inhibitory domain (36). Other ETS
domain proteins including ETS-1, ETS-2, PEA3, and ERM are
known to have inhibitory regions flanking the Ets domain that
affects their transcriptional and DNA binding activities (27, 28,
31).

ETS proteins can also interact with coregulatory proteins
either through protein-protein or protein-DNA interactions
and/or undergo post-translational modifications such as phos-
phorylation, dephosphorylation, or acetylation that modulate
their ability to activate transcription and promoter recognition
specificity (27, 28, 31). Many ETS proteins, for instance, re-
quire cooperation with other transcription factors, such as NF-
EM5, Sp1, Ap1, or SRF, to be active (37). Some ETS proteins

FIG. 7. Western blot analyses of E10 nuclear extracts showing immunodepletion efficiency of ETS-1, PEA3, and ERM. a, analysis of
10 �g of nuclear protein/lane of E10 and E10 nuclear extract immunodepleted of ETS-1. E10 nuclear extract recovered from the second cycle of
depletion was 90% depleted of ETS-1 protein (b). Analysis of 30 �g of nuclear protein/lane of E10 and E10 nuclear extract immunodepleted of PEA3.
E10 nuclear extract recovered from the second cycle of depletion was 80% depleted of PEA3 protein. c, analysis of 10 �g of nuclear protein/lane of
E10 nuclear extract immunoprecipitated for ERM and then immunodepleted of ERM. E10 nuclear extract recovered from the second cycle of
depletion was 70% depleted of ERM protein.

FIG. 8. EMSA supershifts show that ETS-1, PEA3, and ERM from E10, but not MFLM-4, cells bind to the Ets oligonucleotide. a,
supershift analyses of the complexes formed by E10 nuclear extract and labeled Ets probe. Antibodies (denoted as �) for ETS-1, PEA3, and ERM
or control IgG (4 �l) were incubated at RT for 20 min with the nuclear extracts before adding labeled probe. Both nuclear extract alone (no antibody)
and control IgG have equivalent bands in the supershifted region as assessed by densitometry. In contrast, complexes are markedly supershifted
by anti-ETS-1, PEA3, and ERM as compared with controls. The antibodies used in combination supershift the complex to a greater degree than
any antibody alone. b, supershift analyses of the complexes formed by MFLM-4 nuclear extract and labeled Ets probe. Nuclear protein complex was
not supershifted in the presence of anti-ETS-1, PEA3, ERM, control IgG, or the antibodies used in combination. c, immunodepletion (depleted noted
as 	) of ETS-1, PEA3, and ERM (10 �g) decreases binding of E10 nuclear proteins to the Ets oligonucleotide compared with control IgG.
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including ETS1, ETS2, PEA3, and ERM require activation by
either a Ras-dependent or -independent phosphorylation path-
way (27, 38), whereas ELF-1 activation requires phosphoryla-
tion and glycosylation (39). Whereas all ETS proteins bind a
central GGA motif, individual ETS proteins select specific nu-
cleotides over an 11-base sequence. Specificity is thought to be
maintained, at least partly, through these coregulatory pro-
teins and post-translational modifications of both ETS proteins
and their partners (27).

Given the complexity of the binding and transactivating
properties of ETS proteins, we were not surprised to find that
gel shift analysis shows that nuclear extracts from both cell
lines bind equally to the Ets-specific oligonucleotide even
though the Ets cis-element preferentially increases expression
in the epithelial cell line. To further identify the ETS transcrip-
tion factors responsible for transactivating the caveolin-1 pro-
moter in the lung epithelial cell line, we selected for study those
proteins that are known to be expressed in epithelial cells in
the lung or to be involved in lung tumorigenesis, which in-
cluded ETS-1, PEA3, ERM, PDEF, ELF-3, and ESE-3.

It is notable that Ets-1, Pea3, and Erm have been shown by
in situ hybridization analyses and other methods to be ex-
pressed simultaneously in the same population of lung epithe-
lial cells. ETS-1 is known to be expressed in developing and
adult lung, lymphoid organs, brain, and vascular endothelial
cells and is thought to play a key role in vascular development
and angiogenesis (40, 41). The molecular characteristics of
ETS-1, the founding member of the family, include the con-
served DNA binding domain and a second conserved domain
called the pointed domain that functions in homodimerization,
heterodimerization, and transcriptional repression (27) and
thus can activate or repress gene promoters. An ETS-1 target
important in lung development is Sprouty2 (Spry2), a gene
localized predominantly at the distal epithelium during devel-
opment in the same cell population expressing Pea3 and Erm
(42–44). Spry2 is transcriptionally regulated by a cis-element
that binds ETS-1, thus providing indirect evidence that ETS-1
is expressed in distal fetal epithelium. In mice deficient in
Ets-1, there is an increase in T cell apoptosis and defects in B
cell function, but there is no defect in the lung or vascular
development (27, 28, 40).

PEA3 (E1AF/ETV4) is the first member of a subfamily of
ETS proteins known as the PEA3 group, which also includes
ERM and ER81. PEA3 group members have nearly identical
Ets domains and additional homologous sequences. Although
PEA3 and ERM bind with similar affinities to some target
genes, they are not functionally equivalent. Animals with a
null mutation in the ERM gene die in early embryogenesis,
whereas those lacking PEA3 live a normal life span (44). PEA3
is mainly expressed in epithelial cells and is preferentially
expressed at sites of epithelium-mesenchymal interactions
(27). During lung organogenesis, PEA3 is expressed in both the
epithelium and mesenchyme of the distal buds in the develop-
ing bronchial tree. Like PEA3, ERM is restricted to the distal
bronchial tree during development but is expressed exclusively
in the epithelium (44).

Although PDEF has not been reported previously to be ex-
pressed in the lung, it is expressed in other epithelia including
trachea, breast, and prostate and, like caveolin-1, is overex-
pressed in human breast tumors (45). ESE-1/ELF-3/ESX/jen/
ERT is also expressed in the lung and in cell lines of epithelial
origin but is not expressed in hematopoietic cells (46). The
human ESE-1/ELF-3 gene is localized to 1q32.2, a region that
is amplified in epithelial tumors of the lung, breast, and pros-
tate (47). Most interesting, ESE-1/ELF-3 is overexpressed in
lung adenocarcinomas but not in small cell or squamous cell

cancers of the lung. ESE-3 is expressed in the lung and is
thought to be involved in the branching morphogenesis of the
lung, in the oncogenesis of epithelial derived tumors such as
bronchogenic tumors, and in the pathogenesis of asthma (48).
Because the lung expresses many ETS family members as
noted above, understanding their roles in lung biology and in
lung tumors is a challenging undertaking, not the least of
which is to determine which proteins are expressed by each of
the more than 40 cell types that make up the normal lung.

Three ETS family members, Ets-1, Pea3, and Erm, were
found to be expressed in both the E10 and MFLM-4 cell lines,
yet they bind specifically to the ETS site in the epithelial but
not the endothelial cell line. There were no differences between
the cell lines in Ets-1, Pea3, and Erm mRNA expression levels
and protein abundance. However, for PEA3 we detected two
immunoreactive bands in the E10 cells and only one in the
MFLM-4 cells. When E10 nuclear extracts were immunode-
pleted of ETS-1, PEA3, or ERM, each had decreased binding to
the Ets cis-element in EMSA studies, suggesting that all three
ETS proteins contribute to caveolin-1 regulation in epithelial
cells. These data do not rule out the possibility that other ETS
proteins may bind and transactivate or inhibit the caveolin-1
gene either through direct protein-protein interaction or by
competing for binding to the Ets site in these cell lines. This
possibility may be reflected by the residual binding we ob-
served using immunodepleted nuclear protein extracts.

We are left with the question of what directs epithelial cell-
specific caveolin expression because all three proteins are
found in both cell lines but bind and activate the caveolin-1
promoter only in the epithelial cell line. There are several
possible explanations. A coactivator protein may be present in
the epithelial cell line that increases the affinity of these ETS
proteins to their binding site; alternatively, the state of phos-
phorylation of the ETS proteins may be different in the epithe-
lial cell line, and/or inhibitory proteins may be present in the
endothelial cell line. These hypotheses require critical testing
in our model.

There is an extensive literature that links expression of both
ETS proteins and caveolin-1 to cancer. Expression profiles com-
paring mouse lung cancers with those of human lung adeno-
carcinomas show that caveolin-1 is one of the few genes whose
expression is uniformly decreased in both murine and human
lung cancers (49). Furthermore, in chemically induced murine
lung adenocarcinomas, Ets-2 expression is markedly decreased
as shown by QRT-PCR (49). Overexpression of the ETS-1 gene
has been associated with metastases of pulmonary adenocarci-
nomas and many other human tumors, most of which are
epithelial in origin (27, 41). PEA3 overexpression has been
reported in various cancer cells, including non-small cell lung
cancers, breast, colorectal, oral squamous cell, and ovarian,
and current evidence suggests that it contributes to cancer cell
invasiveness (50, 51).

At the molecular level, ETS proteins have been shown to
regulate genes implicated in cell invasiveness and tumorigen-
esis such as MMP-1 and matrilysin (50). Furthermore, Ras-
responsive ETS elements are thought to be activated in tumors
and promote oncogenesis. Pea3 transactivates the Muc4/SMC
promoter by a Ras and MEKK1 kinase pathway, which may
contribute to mammary tumor metastases (51).

Likewise, there is clear evidence that expression of caveolin-1
is altered in cancers; in fact, this has led to the proposal that
caveolin-1 has the characteristics of a tumor suppressor gene,
although this is debated because caveolin�/� animals do not
have increased spontaneous tumors. In lung adenocarcinoma
gene microarray studies, caveolin-1 is markedly down-regulated
(49, 52), and caveolin-1 expression is down-regulated in cells that
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have been transformed by oncogenes (53). Furthermore, re-ex-
pression of caveolin-1 in caveolin�/� cells partially reverses the
transformed hyperproliferative phenotype (5). The fact that mice
carrying null mutations in the caveolin-1 gene do not acquire
more spontaneous tumors than controls or acquire tumors at a
younger age, however, argues strongly that caveolin-1 is not a
direct tumor suppressor gene. If caveolin-1 acts as a tumor sup-
pressor gene in mice, it does so with low suppressor activity.

In contrast, some studies of caveolin-1 in tumor tissues in-
dicate a possible tumor-promoting effect of caveolin-1 (54).
Several reports indicate that caveolin-1 expression is up-regu-
lated in tumors that become or have already metastasized, thus
suggesting a role for the protein in the multiple steps that allow
detachment, invasion, motility, anoikis, and seeding into a new
tissue domain. In lung carcinoma cell lines (CL cells), up-
regulation of caveolin-1 mRNA and protein correlates with
increased metastatic capability; expression of caveolin-1 in the
less invasive CL cells that were caveolin-1-negative increases
their ability to metastasize (55). In human prostate, pancreatic
ductal tumors, and lung adenocarcinomas, sustained expres-
sion of caveolin-1 has been reported to be a negative prognos-
ticator of clinical outcome (54–56).

These observations lead to an obvious interest in the molec-
ular transcriptional regulation of caveolin-1, which in some
way appears to influence lung tumor progression. We now show
that three ETS proteins bind to an Ets cis-element that en-
hances transactivation of the caveolin-1 promoter in a lung
epithelial cell line. We therefore hypothesize that the ETS
protein driving expression of caveolin-1 in lung epithelial cells
may itself be up-regulated as lung carcinomas progress toward
metastases. Additional studies will focus on the role of ETS-1,
PEA3, and ERM in caveolin-1 regulation by using expression
vectors, cancer-derived cell lines, and human tumors. We be-
lieve this is the first report on the transcriptional regulation of
caveolin-1 in lung cell lines representative of alveolar type I
and lung endothelial cells. Because of its putative role in lung
and other epithelial derived carcinomas, exploring the role of
ETS proteins as regulators of caveolin in human lung tumors
will be important and perhaps allow the identification of ther-
apeutic targets not currently known.

Acknowledgments—We thank Dr. A. Malkinson (University of Colo-
rado, Denver) and Dr. Randy Ruch (Medical College of Ohio) for the E10
cells and Dr. Ann Akeson (Children’s Hospital, Cincinnati, OH) for the
MFLM-4 cells. We thank Dr. Barbara Nikolajczyk (Boston University
School of Medicine, Boston) for the recombinant ETS-1 protein.

REFERENCES

1. Engelman, J. A., Zhang, X. L., Razani, B., Pestell, R. G., and Lisanti, M. P.
(1999) J. Biol. Chem. 274, 32333–32341

2. Bist, A., Fielding, P. E., and Fielding, C. J. (1997) Proc. Natl. Acad. Sci.
U. S. A. 94, 10693–10698

3. Fielding, C. J., and Fielding, P. E. (2003) Biochim. Biophys. Acta 1610,
219–228

4. Ramirez, M. I., Pollack, L., Millien, G., Cao, Y. X., Hinds, A., and Williams,
M. C. (2001) J. Histochem. Cytochem. 50, 33–42

5. Razani, B., and Lisanti, M. P. (2001) J. Clin. Investig. 108, 1553–1561
6. Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B.,

Menne, J., Lindshau, C., Mende, F., Luft, F. C., Schedl, A., Haller, H., and
Kurzchalia, T. V. (2001) Science 293, 2449–2452

7. Zhao, Y., Liu, Y., Stan, R. V., Fan, L., Gu, Y., Dalton, N., Chu, P. H., Peterson,
K., Ross, J., and Chien, K. R. (2002) Proc. Natl. Acad. Sci. U. S. A. 99,
11375–11380

8. Park, D. S., Cohen, A. W., Frank, P. G., Razani, B., Lee, H., Williams, T. M.,
Chandra, M., Shirani, J., De Souza, A. P., Tang, B., Jelicks, L. A., Factor,
S. M., Weiss, L. M., Tanowitz, H. B., and Lisanti, M. P. (2003) Biochemistry
42, 15124–15131

9. Anderson, R. G. W. (1998) Annu. Rev. Biochem. 67, 199–225
10. Liu, P., Rudick, M., and Anderson, R. G. W. (2002) J. Biol. Chem. 277,

41295–41298
11. Marx, J. (2001) Science 294, 1862–1865

12. Parton, R. G. (2001) Science 293, 2404–2405
13. Ge, S., and Pachter, J. S. (2004) J. Biol. Chem. 279, 6688–6695
14. Peters, P. J., Mironov, A., van Donselaar, E., Leclerc, E., Erpel, S., DeArmond,

S. J., Burton, D. R., Williamson, R. A., Vey, M., and Prusiner, S. B. (2003)
J. Cell. Biochem. 162, 703–717

15. Marjomaki, V., Pietiainen, V., Matilainen, H., Upla, P., Ivaska, J., Nissinen,
L., Reunanen, H., Huttunen, P., Hyypia, T., and Heino, J. (2002) J. Virol.
76, 1856–1865

16. Sanchez-San Martin, C., Lopez, T., Arias, C. F., and Lopez, S. (2004) J. Virol.
78, 2310–2318

17. Richards, A. A., Stang, E., Pepperkok, R., and Parton, R. G. (2002) Mol. Biol.
Cell. 13, 1750–1764

18. Scherer, P. E., Tang, Z. L., Chun, M., Sargiacoma, M., Lodish, H. F., and
Lisanti, M. P. (1995) J. Biol. Chem. 270, 16395–16401

19. Kogo, H., and Fujimoto, T. (2000) FEBS Lett. 465, 119–123
20. Fuchs, S., Hollins, A. J., Laue, M., Schaefer, U. F., Roemer, K., Gumbleton, M.,

and Lehr, C. M. (2003) Cell Tissue Res. 311, 31–45
21. Campbell, L., Hollins, A. J., Al-Eid, A., Newman, G. R., von Ruhland, C., and

Gumbleton, M. (1999) Biochem. Biophys. Res. Commun. 262, 744–751
22. Cao, Y. X., Ramirez, M. I., and Williams, M. C. (2001) Am. J. Resp. Crit. Care

Med. 163, 575 (abstr.)
23. Cao, Y. X., Ramirez, M. I., and Williams, M. C. (2003) J. Cell. Biochem. 89,

887–901
24. Akeson, A. L., Wetzel, B., Thompson, F. Y., Brooks, S. K., Paradis, H.,

Gendron, R. L., and Greenberg, J. M. (2000) Dev. Dyn. 217, 11–23
25. Ramirez, M. I., Rishi, A. K., Cao, Y. X., and Williams, M. C. (1997) J. Biol.

Chem. 272, 26285–26294
26. Bohinski, R. J., Di Lauro, R., and Whitsett, J. A. (1994) Mol. Cell. Biol. 14,

5671–5681
27. Sharrocks, A. D. (2001) Nat. Rev. Mol. Cell. Biol. 2, 827–837
28. Oikawa, T., and Yamada, T. (2003) Gene (Amst.) 303, 11–34
29. Clevidence, D. E., Overdier, D. G., Tao, W., Qian, X., Pani, L., Lai, E., and

Costa, R. H. (1993) Proc. Natl. Acad. Sci. U. S. A. 90, 3942–3948
30. Ye, H., Kelly, T. F., Samadani, U., Lim, L., Rubio, S., Overdier, D. G., Roebuck,

K. A., and Costa, R. H. (1997) Mol. Cell. Biol. 17, 1626–1641
31. de Launoit, Y., Baert, J., Chotteau, A., Monte, D., Defossez, P., Coutte, L.,

Pelczar, H., and Leenders, F. (1997) Biochem. Mol. Med. 61, 127–135
32. Fleishman, L. F., Holtzclaw, L., Russel, J. T., Mavrothalassitis, G., and Fisher,

R. J. (1995) Mol. Cell. Biol. 15, 925–931
33. Maier, H., Colbert, J., Fitzsimmons, D., Clark, D. R., and Hagman, J. (2003)

Mol. Cell. Biol. 23, 1946–1960
34. Lu, Z., Kim, K. A., Suico, M. A., Uto, A., Seki, Y., Shuto, T., Isohama, Y.,

Miyata, T., and Kai, H. (2003) Biochem. Biophys. Res. Commun. 303,
190–195

35. Lelievre, E., Lionneton, F., Soncin, F., and Vandenbunder, B. (2001) Int.
J. Biochem. Cell Biol. 33, 391–407

36. Chen, Y. H., Layne, M. D., Chung, S. W., Ejima, K., Baron, R. M., Yet, S. F.,
and Perrella, M. A. (2003) J. Biol. Chem. 278, 39572–39577

37. Dittmer, J., and Nordheim, A. (1998) Biochim. Biophys. Acta 1377, F1–F11
38. Paumelle, R., Tulasne, D., Kherrouche, Z., Plaza, S., Leroy, C., Reveneau, S.,

Vandenbunder, B., Fafeur, V., and Reveneau, S. (2002) Oncogene 21,
2309–2319

39. Tsokos, G. C., Nambiar, M. P., and Juang, Y. T. (2003) Ann. N. Y. Acad. Sci.
987, 240–245

40. Maroulakau, I. G., Papas, T. S., and Green, J. E. (1994) Oncogene 9, 1551–1565
41. Takanami, I., Takeuchi, K., and Karuke, M. (2001) Tumor Biol. 22, 205–210
42. Ding, W., Belluski, S., Shi, W., and Warburton, D. (2003) Gene (Amst.) 332,

175–185
43. Mailleux, A. A., Tefft, D., Ndiaye, D., Itoh, N., Thiery, J. P., Warburton, D., and

Bellusci, S. (2001) Mech. Dev. 102, 81–94
44. Liu, Y., Jiang, H., Crawford, H., and Hogan, B. L. M. (2003) Dev. Biol. 261,

10–24
45. Ghadersohi, A., and Sood, A. K. (2001) Clin. Cancer Res. 7, 2731–2738
46. Kas, K., Finger, E., Grall, F., Gu, X., Akbarali, Y., Boltax, J., Weiss, A.,

Oettgen, P., Kapeller, R., and Libermann, T. A. (2000) J. Biol. Chem. 275,
2986–2998

47. Tymms, M. J., Ng, A., Thomas, R. S., Schutte, B. C., Zhou, J., Eyre, H. J.,
Sutherland, G. R., Seth, A., Rosenberg, M., Papas, T., Debouck, C., and
Kola, I. (1997) Oncogene 15, 2449–2462

48. Tugores, A., Le, J., Sorokina, I., Snijders, A. J., Duyao, M., Reddy, P. S., Carlee,
L., Ronshaugen, M., Mushegian, A., Watanaskul, T., Chu, S., Buckler, A.,
Emtage, S., and McCormick, M. K. (2001) J. Biol. Chem. 276, 20397–20406

49. Bonner, A. E., Lemon, W. J., Devereux, T. R., Lubet, R. A., and You, M. (2004)
Oncogene 23, 1166–1176

50. Horiuchi, S., Yamamoto, H., Min, Y., Adachi, Y., Itoh, F., and Kohzoh, I. (2003)
J. Pathol. 200, 568–576

51. Perez, A., Barcos, R., Fernandez, I., Price-Schiavi, S. A., and Carraway, K. I.
(2003) J. Biol. Chem. 278, 36942–36952

52. Powell, C. A., Spira, A., Derti, A., DeLisi, C., Borczuk, A., Busch, S.,
Sahasrabudhe, S., Chen, Y., Sugarbaker, D., Bueno, R., Richards, W. G.,
and Brody, J. S. (2003) Am. J. Respir. Cell Mol. Biol. 29, 157–162

53. Racine, C., Belanger, M., Hirabayashi, H., Boucher, M., Chakir, J., and Couet,
J. (1999) Biochem. Biophys. Res. Commun. 255, 580–586

54. Carver, L. A., and Schnitzer, J. E. (2003) Nat. Rev. Cancer 3, 571–581
55. Ho, C. C., Huang, P. H., Huang, H. Y., Chen, Y. H., Yang, P. C., and Hsu, S. M.

(2002) Am. J. Pathol. 161, 1647–1656
56. Takefumi, S., Yang, G., Egawa, S., Addai, J., Frolov, A., Kuwao, S., Timme,

T. L., Baba, S., and Thompson, T. C. (2003) Cancer 97, 1225–1233

Caveolin-1 Is a Target of ETS Transcriptional Regulation30036


