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ABSTRACT. The c-Myc oncoprotein contributes to oncogenesis by activating and repressing a repertoire
of genes involved in cellular proliferation, metabolism, and apoptosis. Increasing evidence suggests that
the repressor function of c-Myc is critical for transformation. Therefore, identifying and characterizing
Myc-repressed genes is imperative to understanding the mechanisms of Myc-induced tumorigenesis. Here,
we employ NIH 3T3 cell lines harboring c-Myc-ER or N-Myc-ER to dissect the relationship between
Myc activation and caveolin-1 expression. In this well-established inducible system, treatment with estrogen
like molecules, such as tamoxifen, leads to activation of Myc, but in a tightly controlled fashion. Using
this approach, we show that Myc activation induces the repression of caveolin-1 expression at the
transcriptional level. We also provide two independent lines of evidence suggesting that caveolin-1 is a
direct target of Myc: (i) the effect of Myc activation on caveolin-1 expression is independent of new
protein synthesis, as revealed through the use of cycloheximide; and (ii) Myc-mediated repression of the
caveolin-1 promoter is dependent on an intact INR sequence. Moreover, we show that expression of
caveolin-1, via an adenoviral vector approach, can suppress cell transformation that is mediated by Myc
activation. In support of these observations, treatment with an adenoviral vector harboring anti-sense
caveolin-1 specifically potentiates transformation induced by Myc activation. Taken together, our results
indicate that caveolin-1 is a direct target of Myc repression, and they also provide evidence for an additional
mechanism by which Myc repression can elicit a malignant phenotype.

The Myc oncogene, first characterized in the avian main mechanism for its ability to mediate cellular transfor-
myelocytomatosis virus, is overexpressed in a variety of mation. Classically, Myc heterodimerizes with Max and
human malignancies. This nuclear phosphoprotein plays ansubsequently activates gene expression through E-box Myc-
active role in directing cellular proliferation, differentiation, binding sites (EMS).
and apoptosisl(—3). Overexpression studies of c-Myc have However, Myc also has trans-repressor capacity, and
demonstrated a shortening of the G1 phase of the cell cycleincreasing evidence indicates that this function largely
and an inhibition of differentiation leading to a transformed contributes to its role in oncogenesis. An expanding array
phenotype 4, 5). It is believed that the ability of Myc to  of Myc-repressed genes that regulate the cell cycle, dif-
transactivate a repertoire of growth-stimulatory genes is the ferentiation, and DNA damage is currently emerging.
Although the mechanisms of Myc repression are not fully
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mutant, which retains normal transactivation function but
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Expression VectorsThe cDNAs encoding wild-type

increased repression capacity, has more potent transformatior-Myc, c-MycAhelix—loop—helix (c-MycAHLH), and c-

ability (13). Other mutants have further confirmed the direct
correlation between the ability of Myc to repress and its
transformation capacity.

Caveolin-1 (Cav-1), a principal component of cholesterol-

MycAtransregulatory domain (c-MyYCTRD) were generous
gifts from Dr. Nissim Hay, University of Illinois at Chicago
(31). The pSVp-gal plasmid is an SV40-driven vector
expressingd-galactosidase purchased from Promega.

rich caveolae membranes, has been proposed to function as Immunoblot AnalysisCells were cultured in their respec-

a scaffolding protein to concentrate specific lipids as well
as lipid-modified signaling molecules (Src-like kinases,
H-Ras, eNOS, and G-proteind4—18). Caveolin-1 binding

can functionally suppress the GTPase activity of heterotri-
meric G-proteins and inhibit EGF-R, Neu, PKC, and Src-
family kinases through the caveolin-scaffolding domain
(CSD) (19—-22). Caveolin-1 has been shown to be lost or
reduced during cellular transformation by activated onco-
genes 23, 29. We have previously demonstrated that down-
regulation of caveolin-1 protein expression in NIH 3T3 cells

tive media and allowed to reaeh80—90% confluency. The
cells were incubated in PRF DMEM/CD-FBS for 24 h and
then treated with 4-hydroxytamoxifen (OHT) at 250 nM for
varying amounts of time. Subsequently, the cells were
washed with PBS and incubated with lysis buffer (10 mM
Tris, pH 7.5, 50 mM NaCl, 1% Triton X-100, 60 mM octyl
glucoside) containing protease inhibitors (Boehringer Mann-
heim). Protein concentrations were quantified using the BCA
reagent (Pierce), and the volume required fou®f protein
was determined. Samples were separated by-SPXSGE

using an anti-sense approach elicited anchorage-independen(tl2.5% acrylamide) and transferred to nitrocellulose. The

growth in soft agar and tumor formation in immunodeficient

nitrocellulose membranes were stained with Ponceau S (to

mice. Loss of caveolin-1 expression was also marked by visualize protein bands) followed by immunoblot analysis.

hyperactivation of the p42/44 MAP kinase pathwag)( In

All subsequent wash buffers contained 10 mM Tris, pH 8.0,

addition, the human CAV-1 gene is localized to a suspected 150 mM NacCl, 0.05% Tween-20, which was supplemented
tumor suppressor locus (7931.1) that is deleted in many formswith 1% bovine serum albumin (BSA) and 2% nonfat dry

of human cancer2g, 27.

milk (Carnation) for the blocking solution and with 1% BSA

We have previously reported that caveolin-1 expression for the antibody diluent. Primary antibodies were used at a

is dramatically down-regulated in mammary tumors derived
from MMTV-c-Myc transgenic mice 22). However, the
mechanism by which c-Myc expression induces the down-

regulation of caveolin-1 protein expression remains unknown.

This initial finding prompted us to directly investigate the
relationship between Myc and caveolin-1.

Here, we employ NIH 3T3 cell lines harboring c-Myc-
ER or N-Myc-ER to dissect the relationship between Myc

1:500 dilution. Horseradish peroxidase-conjugated secondary
antibodies (1:5000 dilution, Pierce) were used to visualize
bound primary antibodies with the Supersignal chemilumi-
nescence substrate (Pierce).

Northern Blot AnalysisCells were cultured in 10 cm
dishes and allowed to reaet80—90% confluency. The cells
were then treated as described above for immunoblot
analysis. Subsequently, the cells were washed in PBS, and

activation and caveolin-1 expression. In this well-established total RNA was extracted using the QIA shredder and RNeasy
system, treatment with estrogen like molecules, such asMini Kits (Qiagen). Twenty micrograms of total RNA for

tamoxifen, leads to activation of Myc, but in a tightly

each sample was separated using a 1.2% agarose gel under

controlled fashion. Taken together, our results indicate that RNase-free conditions and transferred to nylon membranes.
caveolin-1 is a direct target of Myc-repression, and they also The filters were hybridized using the ExpressHyb solution

provide evidence for an additional mechanism by which Myc
repression can elicit a malignant phenotype.

MATERIALS AND METHODS

Materials. The caveolin-1 mouse mAb 2297 and caveo-
lin-2 mouse mAb 65 [used for immunoblottingg, 29] were
the gifts of Dr. Roberto Campos-Gonzalez, BD Transduction
Laboratories, Inc. NIH 3T3 cell lines stably expressing
c-Myc-ER, N-Myc-ER, and pBABE empty vector were as
described previously3Q). A variety of other reagents were
purchased commercially as follows: cell culture reagents
were from Life Technologies, Inc.; cycloheximide, puromy-
cin, and 4-hydroxytamoxifen were purchased from Sigma.

Cell Culture. Myc-ER cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM glutamine, 100
units/mL penicillin, 100 mg/mL streptomycin (Life Tech-
nologies, Inc.), and 5 mg/mL puromycin at 3 and 5%
CQ,. Prior to 4-hydroxytamoxifen (OHT; 250 nM) treatment,
Myc-ER cell lines were incubated in phenol red free DMEM,
0.2% charcoal dextran-stripped FBS (PRF-DMEM/CD-FBS)
for 24 h to prevent any basal activation of Myc-ER. NIH
3T3 cells were cultured similarly using medium containing
10% donor calf serum (JRH Biosciences).

(Clontech). Blots were probed with the caveolin-1 cDNA.

Inhibition of Protein Synthesis with CycloheximideMyc-
ER NIH 3T3 cells were cultured in DMEM, 10% FBS media
and allowed to reackr80—90% confluency. The cells were
incubated in PRF-DMEM/CD-FBS for 24 h. Prior to adding
OHT (250 nM), the cells were treated with 101 cyclo-
heximide for 30 min in order to completely inhibit protein
synthesis. We have previously shown that this concentration
of cycloheximide fully abrogates protein synthesis in these
cell lines @0). After cycloheximide treatment, OHT was
added at 0, 2, 4, and 8 h. Cells were treated with cyclohex-
imide alone, OHT alone, or in combination. The cells in each
time point were then lysed and subjected to Northern blot
analysis.

In Vivo Reporter Assay for Geolin-1 Gene Expression.
A 13 kb DNA segment containing the caveolin-1 exons 1
and 2 was identified by screening a mouse genomic DNA
library as previously describe8%). A portion of caveolin-1
exon-1 in addition to intron-1 and the 3 kb upstream promoter
was derived from this segment and subcloned into the vector
pA3Luc, a promoter-less vector containing the luciferase
cDNA as a reporter3d3, 39. In this way, the effect of various
signal transduction pathways on the regulation of caveolin-1
at the transcriptional level can be assessed. Transient
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transfections were performed using the calcium phosphatelow-melting temperature agarose (FMC Bioproducts), and
precipitation method. Briefly, 150 000 NIH 3T3 were seeded 250 nM OHT. The suspension was plated onto a 60 mm
in 6-well plates~12—24 h prior to transfection. Each cell dish containig a 2 mLlayer of solidified DMEM, 10% FBS,

well was then transfected with 0/g of either the c-Myc and 0.5% SeaPlaque agarose. Three 60 mm dishes were used
wild-type, c-MycAbHLH/LZ, c-MycATRD, or empty vector,  for each cell population. The cells were allowed to settle to
1.0 ug of the luciferase reporter containing the caveolin-1 the interface between these layers for 30 min at@yand
promoter, and 0.2g of pSV{3-gal (Promega). In the case plates were allowed to harden at room temperature for an
of Myc-ER cells, only the reporter construct and the pSV- additional 30 min before being returned to 37. The cells
f-gal plasmid were transfected. The p$Mal plasmid, an  were fed every 34 days by overlaying with 2 mL of
SV40-driven vector expressirtygalactosidase, was used as medium containing 10% FBS, 0.33% agarose, and 250 nM
a control for transfection efficiency. Twelve hours post- OHT. After 2 weeks, the number of colonies was quantitated
transfection, the cells were rinsed once with PBS and manually by counting foci at five predesignated locations
incubated for an additional 12 h for wild-type NIH 3T3. In  on the dish using 10 magnification. Experimental values
addition to the above, Myc-ER cells were treated with OHT represent the average number of colonies in the three 60 mm
at 250 nM for 36 h. The cells were lysed in 20Q of plates for each condition; error bars represent the observed
extraction buffer, 10QuL of which was used to measure standard deviation between the three plates. Representative
luciferase activity as describe85). Another 50uL of the regions were also photographed under low magnification
lysate was used to conduct xgalactosidase assay, as (4x).

previously describedg). Each experimental value has been  Anti-sense experiments using Ad-Cav-1-AS were done
normalized using its respectiykgalactosidase activity and as described above. The adenovirus harboring anti-sense
represents the average of at least three separate transfectiongziveolin-1 (Ad-Cav-1-AS) was constructed as follows. The
performed in parallel; error bars represent the observedcDNA encoding murine caveolin-1 was subcloned in the anti-
standard deviation. All experiments were performed at least sense orientation into the adenovirus type 5 shuttle vector,
3 times independently and yielded virtually identical results. pAE1-CMV-pA, under the control of a constitutive CMV-

Cav-1 Promoter ConstructgoA3Luc was the luciferase
reporter plasmid into which the caveolin-1 promoters were
cloned. For construction of Pr-3kb, a 2.2 Kipnl—HindlII
fragment from pXP2 and a-750 bp Hindlll —Hindlll
fragment from pZero Blunt were combined in a three-part
ligation into theKpnl—HindlIl site of pA3Luc. For construc-
tion of Pr-750bp, the 750 bidindlll —HindlIll fragment was
subcloned into thédindlll site of pA3Luc. Based on TESS

search analysis, serial deletions of the caveolin-1 promoter

were made in the'%ortion of the 3 kb caveolin-1 promoter

driven promoter. AE1-CMV-pA was constructed using the
vectors AE1splA (Microbix Biosystems, Inc., Ontario,
Canada) and pcDNA3 (Invitrogen, Inc.). Briefly, tiaal/
Bglll fragment of pDE1sp1A was removed and replaced with
the Nrul/Puull fragment of pcDNA3 containing the CMV
promoter, the MCS, and the BGH pA signal.

RESULTS
Regulated Actiation of c-Myc and N-Myc Down-

using a PCR-based approach. The various segments wer&egulates Ceeolin-1 mRNA and Protein Expressiofhe

then subcloned into the pA3LUC vector usidgnl—HindlIl.
INR Mutational AnalysisTo mutate the INR element in

relationship between Myc activation and caveolin-1 expres-
sion was examined utilizing the Myc-estrogen receptor (Myc-

the caveolin-1 promoter, a 78 bp reverse primer containing ER) chimera system. Myc-ER, which was first characterized

the mutation (CCGGCCAAGCTTGCTGGCGCGTGGCTG-
GCTGCAGGCTCTGAGGAGGTTTCCCTGGGCTGTG-
ATTTAAGTATACTGAGG) was used as a primer for PCR

by Eilers and Bishop, has been used as a reliable system for
elucidating new direct and indirect Myc target genes. Fusing
Myc with the hormone-binding domain of the estrogen

to generate a 360 bp mutated fragment. The mutatedreceptor allows for exquisite posttranslational control of Myc
caveolin-1 promoter PCR product was then subcloned into activity (38). In the presence of 4-hydroxytamoxifen (OHT),

the pA3LUC plasmid to yield pCav-AINR-Luc.
Growth in Soft Agar AssayGrowth in soft agar was

Myc is activated and targeted to the nucleus where it can
turn on or off Myc-responsive genes. Utilizing this approach,

assayed as we previously described, with minor modifications approximately 50 Myc-regulated genes have now been

(37). Conditions for adenoviral transduction of cells were
optimized by immunofluorescence and immunoblot analysis,
so that relatively high protein expression was achieved
without toxicity to the cells (unpublished observations).
Twenty-four hours prior to infection;x100 000 c-Myc-ER
cells were plated in 6-well plates. At the time of infection,
cells were washed once with PBS and incubated fo with
serum-free media containing either Ad-cav-1 alone (500
pfu/cell), Ad-tTA alone (200 pfu/cell), Ad-cav-t Ad-tTA
(500 + 200 pfu/cell, respectively), or Ad-GFf Ad-tTA

identified.

NIH 3T3 cells stably transfected with c-Myc-ER, N-Myc-
ER, or the pBABE empty vector control were grown to
~80% confluence, incubated in phenol red-free DMEM/
charcoal dextran-stripped FBS (PRF-DMEM/CD-FBS), and
treated with OHT (250 nM) to induce Myc activation. Figure
1A shows that caveolin-1 protein expression is dramatically
down-regulated by c-Myc activation in a time-dependent
fashion. At 12-24 h post-activation, caveolin-1 protein levels
are decreased by-50%, while near complete loss of

(500+ 200 pfu/cell, respectively). Cells were then washed caveolin-1 expression is achieved by 36 h post-activation.
with PBS and cultured for an 12 additional h in medium Virtually identical results were obtained with N-Myc activa-
containing 10% FBS. Each cell population was then tryp- tion as shown in Figure 1B, while no effect on caveolin-1
sinized and quantitated by counting twice using a hemo- expression was observed in cells harboring empty vector
cytometer. Approximately 1.5 10* cells were suspended alone (pBABE; Figure 1C). Immunoblotting with antibodies
in 3 mL of DMEM containing 10% FBS, 0.33% SeaPlaque to -tubulin was performed as a control for equal loading;
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NIH-3T3 Cell Line
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: . c-Myc-ER Cav-1 > cmem o
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Ficure 1: c-Myc and N-Myc activation down-regulates caveolin-1 283
protein expressianNIH 3T3 cell lines were grown to~80%
confluency in phenol red-free DMEM with 10% charcoal dextran- TR
stripped fetal bovine serum (PRF-DMEM/CD-FBS) and treated with 188 ,g,,“uwﬂm ik

4-hydroxytamoxifen (OHT; 250 nM) for 0, 12, 24, and 36 h. Cell
lysates were prepared; the cellular proteins were then separated b

SDS-PAGE and subjected to immunoblot analysis with anti- \pN A jevels. NIH 3T3 cell lines were grown te80% confluency

ﬁavt()eol!n-l I?\/lG (rrégb Zéglz?ﬁgq_grmﬁu%“"g (A) N'\zHM3T3Ec|§IIs 4 inphenol red-free DMEM with 10% charcoal dextran-stripped fetal
gr ISIII’II-?%'(IZ'S yc” o (b) . BAI(?:ES arboring N-MyC-ER; and  poyine serum (PRF-DMEM/CD-FBS) and treated with 4-hydroxy-
(©) cells harboring p (empty vector). tamoxifen (OHT; 250 nM) for 12, 24, and 36 h. Total RNA was
prepared and subjected to Northern blot analysis with the cDNA
note thatg-tubulin remains unaffected by Myc activation. for caveolin-1. The amounts of 18S and 28S rRNA are shown as

Caveolin-2 expression levels remained unaffected by Myc a control for equal loading. (A) NIH 3T3 cells harboring c-Myc-

activation (not shown), indicating that the effects we observe ER: and (B) NIH 3T3 cells harboring N-Myc-ER.

are specific for caveolin-1. Similarly, oncogenic transforma- ,

tion by H-Ras (G12V) or v-Abl selectively down-regulates exponentially. In contrast, the empty vector has no effect

caveolin-1 expression, but has little or no effect on the (pCMVS).- . _ _

expression of caveolin-24). The amino aqd sequence of_ Myc suggests that it contains
Subsequently, Northern blot analysis was performed to two major QOmalns prltlcal fqr its function. The N-terminal

examine the level at which Myc activation down-regulates 140aa portion contains a region known as the transregulatory

caveolin-1 expression. NIH 3T3 cells harboring either c-Myc- domain (TRD), whereas the C-terminal dimerization domain

ER or N-Myc-ER were subjected to the same conditions as CONSists of a basic region/hetitoop—helix/leucine zipper

performed above for Western blot analysis. Figure 2 shows Motif (bHLH/LZ). Both of these regions have been shown

that caveolin-1 mRNAs levels are dramatically decreased by t0 be critical for Myc-induced transformation.

>70% at 12 h post-Myc-activation and are virtually absent ~ c-Myc mutants lacking the HLH region (c-MyHLH)

at 24 and 36 h post-activation. These results indicate thatand TRD (c-My@TRD) were next examined for their ability

Myc activation down-regulates caveolin-1 expression at the to repress caveolin-1 promoter activity. These mutants are

¥icure 2: c-Myc and N-Myc activation down-regulates caveolin-1

level of the mMRNA. illustrated schematically in Figure 3C. Interestingly, both
Activation of c-Myc and N-Myc Down-Regulates @a- c-MycAHLH and c-MyaATRD mutants lose their ability to
lin-1 mMRNA Leels via Transcriptional RepressionTo repress caveolin-1 promoter activity (Figure 3D). Note the

examine the mechanism by which Myc activation down- ¢-MycAHLH mutant potentiates cav-1 promoter activity over
regulates caveolin-1 expression, we next performed promoterbaseline. This result may be explained by the remaining
analysis usig a 3 kbportion of the caveolin-1 promoter ~ TRD, which may titrate N-terminal binding proteins away
subcloned into a luciferase reporter construg®)( This from endogenous c-Myc.
caveolin-1 promoter construct was used to transiently trans- To determine whether Myc requires new protein synthesis
fect NIH 3T3 cells harboring c-Myc-ER, N-Myc-ER, or the to down-regulate caveolin-1 protein expression, the protein
vector alone control (pBABE). synthesis inhibitor cycloheximide was utilized. Cyclohex-
As shown in Figure 3A, activation of either c-Myc or imide was added to c-Myc-ER cells 30 min prior to OHT
N-Myc with OHT treatment decreases caveolin-1 promoter treatment. As shown in Figure 4, the effects of c-Myc
activity by greater than 2-fold. No effect is observed with activation on caveolin-1 mRNA levels are independent of
NIH 3T3 cells harboring vector alone (pBABE). In addition, cycloheximide treatment. These data demonstrate that new
Figure 3B shows that when normal NIH 3T3 cells are protein synthesis is not required for c-Myc-dependent repres-
cotransfected with caveolin-1 promoter luciferase reporter sion of caveolin-1 expression. These results are consistent
plus increasing concentrations of c-Myc expression vector with the idea that the caveolin-1 promoter is a direct target
(pCMV5-c-Myc), caveolin-1 promoter activity decreases of Myc repression.
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Ficure 3: Induction of Myc activation represses caveolin-1 promoter actig&yNIH 3T3 cell lines [c-Myc-ER, N-Myc-ER, and pBABE

(vector alone)] were transiently transfected with the caveolin-1 promoter luciferase reporter and were treated with 4-hydroxytamoxifen
(OHT) for 36 h. Note that c-Myc and N-Myc activation with OHT reduces caveolin-1 promoter activity byold, while caveolin-1
promoter activity in cells harboring the empty vector (pBABE) remains unaffected by OHT treatment. (B) Note that when normal NIH 3T3
cells are cotransfected with the caveolin-1 promoter luciferase reporter and increasing concentrations of an expression vector encoding
c-Myc, the activity of the caveolin-1 promoter falls exponentially. (C) The amino acid sequence of Myc suggests that it contains two major
domains critical to its function. The N-terminal 140aa portion contains a region known as the transregulatory domain (TRD), whereas the
C-terminal dimerization domain consists of a basic heloop—helix/leucine zipper motif (bHLH/LZ). Both of these regions have been
shown to be critical to Myc-induced transformation. Two c-Myc mutants lacking the TRD (AANR®) or the HLH region (c-MyAHLH)

are shown. c-MyATRD contains an internal deletion of residues-4%8 in the transregulatory domain (TRD), while c-MyidLH contains

an internal deletion of residues 37412 in the helix-loop—helix (HLH) region. (D) NIH 3T3 cells were transiently transfected with the
caveolin-1 promoter luciferase reporter and a vector encoding the c-Myc cDNA (WT or mutant). Note that bothidtMyand c-MyaATRD

mutants lose their ability to repress caveolin-1 promoter activity, while wild-type c-Myc retains its suppressive activity.

c-Myc Actiation Represses the @eolin-1 Promoteria relationship between c-Myc activation and the caveolin-1
an INR-ElementUtilizing the TESS search algorithm, an INR-sequence was analyzed.
analysis of the mouse and human 3 kb upstream caveolin-1 The caveolin-1 INR-sequence is located 66 bp upstream
promoter sequences (TESS search algorithm) revealed af the ATG start site within the mouse CAV-1 gene. The
distinct lack of TATA and E-box consensus elements. caveolin-1 INR-sequence CCTCAL)GTTCT closely re-
However, the caveolin-1 promoter does contain a putative sembles the INR-elements of HLA-A2 and HLA-C, which
pyrimidine-rich (), cis-acting INR-element. INR-elements, are both repressed by Myd(, 41 (see Table 1).
which have the loose consensus sequence YYCAYYYYY, It has been shown that the ability of c-Myc to repress
have been shown to be the site of Myc repression in severalat the INR-element in other systems is dependent on
TATA-less promoters. c-Myc appears to inhibit at these INR- residues—2, —1, +3, +4, +5, and+6. Considering this
elements by binding TFII-I, thus abrogating the recruitment information, the caveolin-1 INR-sequence was mutated from
of the RNA polymerase Il complex [Roy, 1993, #138)|( CCTCAGTTCT to CCTCAGTATA and then subcloned into

To delineate the mechanism by which c-Myc activation the pA3LUC vector as shown in Figure 6A. Note that the
regulates caveolin-1 gene transcription, several serial dele-ability of c-Myc activation to repress caveolin-1 promoter
tions were made in the portion of the caveolin-1 promoter.  activity was dramatically reduced when the INR-element was
The deletions were made proximal to putative transcription mutated at positions-4, +5, and+6 (Figure 6B). In lieu of
factor binding sites based on TESS search analysis. As showrthe cycloheximide data (Figure 4), it appears that Myc
in Figure 5, the ability of c-Myc to repress caveolin-1 directly interacts with the caveolin-1 INR-sequence and as
promoter activity was maintained to within 100 bp of the a consequence inhibits caveolin-1 transcription.
transcription start site. Because large deletions within the Because the INR is critical for transcriptional initiation in
caveolin-1 promoter did not abrogate the ability of c-Myc TATA-less promoters, any mutations made within this region
to negatively regulate caveolin-1 promoter activity, the can alter transcriptional assembly. Therefore, point mutations
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O hrs

Cav-1 > NP

Ficure 4: Effect of c-Myc activation on caveolin-1 mRNA levels

is independent of new protein synthesis. To determine whether Myc
requires new protein synthesis to down-regulate caveolin-1 protein
expression, cycloheximide was utilized. Cycloheximide (@)

was added to NIH 3T3 cells harboring c-Myc-ER 30 min prior to
OHT treatment (250 nM). Note that the effect of c-Myc activation
on caveolin-1 mRNA levels is independent of cycloheximide

treatment. These data demonstrate that new protein synthesis is not

required for c-Myc-dependent repression of caveolin-1 expression.
We have previously shown that this concentration of cycloheximide
(10 uM) is sufficient to abrogate new protein synthesis in these

cell lines B0).

pA3

LUC

-3kb 4&
-760bp —[r:]
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Ficure 5: Ability of c-Myc to repress the caveolin-1 promoter is
maintained to within 100 bp of the caveolin-1 transcription start
site. Serial deletions in the caveolin-1 promoter were performed to
determine the sites of repression by c-Myc. Deletions were made
in the B portion of the 3 kb caveolin-1 promoter and then subcloned
into the pA3LUC reporter vector. These luciferase constructs were
transiently transfected into NIH 3T3 cells harboring c-Myc-ER and
then treated with OHT for 36 h.

were designed which would specifically affect c-Myc binding
(see above), without dramatically affecting basal transcrip-
tional activity. Note that the basal transcription of INR
mutants stayed well within the repressible range (Figure 6B).
Caveolin-1 Expression Suppresses the Malignant Pheno-
type Induced by c-Myc Actition. Previous studies have
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FIGURE 6: c-Myc activation inhibits caveolin-1 promoter activity
via an INR-dependent mechanism. (A) The caveolin-1 INR-
sequence is located 66 bp upstream of the ATG start site with-
in the mouse CAV-1 gene. It has been shown that the ability of
c-Myc to repress at the INR-element in other systems is dependent
on residues—2, —1, +3, +4, +5, and +6. Considering this
information, the caveolin-1 INR-sequence was mutated from
CCTCAGTTCT to CCTCAGTATA and then subcloned into the
PA3LUC vector. (B) These luciferase constructs were transiently
transfected into NIH 3T3 cells harboring c-Myc-ER or pBABE
(empty vector) and then treated with OHT for 36 h. Note that the
ability of c-Myc activation to repress caveolin-1 promoter activity
was dramatically reduced when the INR-element was mutated at
positions+4, +5, and+6.

Table 1: Similarities in the INR-Elements of Myc-Repressed
Gened

gene INR-element reference

Ad-MLP CTCACTCTCT (49
C/EBRx ATCACCTTTC (50
MT-1 GTCACCACGA (59
adhesion

N-CAM CTCACTCATT (52
integrin

LFA-1la ATCATTTTCC (53
MHC class |

HLA-A2 CTCAGATTCT (40

HLA-C CTCAGATTCT (54
caveolins

Cav-1 CTCAGTTCTC this report

a Modified from Li et al., 1994 9).

shown that expression of caveolin-1 can abrogate anchorage- In the presence of tamoxifen, NIH 3T3 cells harboring

independent growth in both H-Ras (G12V) and v-Abl
transformed NIH 3T3 cell lines, suggesting that caveolin-1
may function as a transformation suppressor prot2#). (

c-Myc-ER show a transformed phenotype, which includes
increased cellular proliferation and anchorage-independent
growth. In these studies, we used an adenoviral vector to

Thus, we next assessed the effect of caveolin-1 expressiorefficiently deliver the caveolin-1 cDNA (Ad-Cav-1). In

on the transformed phenotype induced by c-Myc activation.

addition, this adenoviral vector system is inducible and
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FIGURE 7: Caveolin-1 expression suppresses the malignant pheno-Phenotype induced by c-Myc. (A) In the converse experiment,
type induced by c-Myc-activatioifd) In the presence of tamoxifen, ~ We analyzed the abllllty of caveolin-1 down-regulatlon to potentiate
NIH 3T3 cells harboring c-Myc-ER show a transformed phenotype, the effect of c-Myc-induced cell transformation. For this purpose,
which includes increased cellular proliferation and anchorage- We constructed a constitutive adenoviral vector containing the
independent growth. To assess the effect of caveolin-1 expressionc@veolin-1 cDNA in the anti-sense orientation (Ad-Cav-1-AS) to
on the transformed phenotype induced by c-Myc activation, we further down-regulat.e.caveolln-l levels. Cav-1 protein expression
used an adenoviral vector to efficiently deliver the caveolin-1 cDNA Was reduced to negligible levels as determined by inmunoblotting.
(Ad-Cav-1). In addition, this adenoviral vector system is inducible (B) Note that transduction with Ad-Cav-1-AS potentiates the effects
and requires a co-activator for expression [Ad-tTA, as previously Of c-Myc-induced cellular transformation.

described 7)]. Another adenovirus, harboring GFP, was used as . .

a control to rule out the nonspecific effects of protein overexpression AS) in order to further down-regulate caveolin-1 levels
(Ad-GFP). After infection, caveolin-1 expression was determined (Figure 8A). As shown in Figure 8B, transduction with Ad-
by immunoblot analysis using the caveolin-1-specific mAb 2297. Cav-AS potentiated the effects of c-Myc-induced cell

(B) NIH 3T3 cells harboring c-Myc-ER were infected with Ad-  {ransformation. Thus, down-regulation of caveolin-1 appears
Cav-1 alone, Ad-ITA alone, Ad-Cav-1 plus Ad-TTA, or Ad-GFP to be one of thé mech'anisms bg which c-Myc activatior? Ii)eads
plus Ad-tTA. Note that only transduction with Ad-Cav-1 plus Ad- y y

{TA inhibited the anchorage-independent growth induced by c-Myc 0 @ malignant phenotype.
activation. In contrast, the other control adenoviral vectors have
no effect. DISCUSSION

Here, we use the well-established Myc-ER system to
clearly demonstrate that activation of either c-Myc or N-Myc
results in down-regulation of caveolin-1 mRNA and protein

requires a co-activator for expression [Ad-tTA, as previously
described §7)]. Another adenovirus, harboring GFP, was
used as a control to rule out the nonspecific effects of protein expression. In addition, we show that Myc activation

overgxpressmn (Ad-GFP). _ _ represses caveolin-1 expression at the transcriptional level

Briefly, NIH 3T3 cells harboring c-Myc-ER were infected  py directly interacting with an INR-element within the
with Ad-Cav-1 alone, Ad-tTA alone, Ad-Cav-1 plus Ad-  caveolin-1 promoter region. Interestingly, we also show that
tTA, or Ad-GFP plus Ad-tTA. Only Ad-Cav-1 plus AdtTA  recombinant expression of caveolin-1 can suppress cellular
yields caveolin-1 protein expression (Figure 7A). As shown transformation induced by Myc activation. Furthermore, anti-
in Figure 7B, only transduction with Ad-Cav-1 plus Ad-tTA  gense-mediated reductions in caveolin-1 potentiated Myc-
inhibited the anchorage-independent growth induced by jnduced cell transformation.

c-Myc activation. In contrast, the other control adenoviral  gince caveolin-1 was first identified as a major v-Src
vectors have no effect. Thus, recombinant expression of thegpstrate in Rous sarcoma virus-transformed cd, @n

caveolin-1 protein is sufficient to inhibit c-Myc-induced jncreasing body of evidence has accumulated which suggests
cellular transformation. that caveolin-1 functions as a transformation suppressor
In the converse experiment, we next analyzed whether protein. For example, caveolin-1 has been shown to be highly
caveolin-1 down-regulation could potentiate the effects of up-regulated in fully differentiated tissues and as cultured
c-Myc-induced cell transformation. For this purpose, we cells reach confluency2f). Conversely, caveolin-1 and
constructed a constitutive adenoviral vector containing the caveolae organelles are lost or down-regulated in a variety
caveolin-1 cDNA in the anti-sense orientation (Ad-Cav-1- of tumors and in transformed cell line2, 39. Recombinant
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expression of caveolin-1 in human breast cancer cells resultsncluding breast, colon, ovarian, and cervicaP( 43, 55-

in a ~50% reduction in cellular proliferation and al5- 57). Furthermore, reintroduction of caveolin-1 via transfec-

fold reduction in anchorage-independent grow3)( In tion or infection with adenoviral vectors reduces the malig-

addition, down-regulation of caveolin-1 expression in NIH nant phenotype in various tumor cell line®4( 43, 56, 5Y.

3T3 cells using an anti-sense approach leads to anchorage€onsidering caveolin-1 expression is inversely related to

independent growth in soft agar and tumor formation in tumorigenicity, recombinant expression of caveolin-1 could

immunodeficient miced4). Under these conditions, down- be potentially used as an adenoviral-based anti-cancer

regulation of caveolin-1 expression was also associated withtherapy. Injection of caveolin-1 expressing adenoviral vectors

hyper-activation of the p42/44 MAP kinase casca2e).( intratumorally or into the tumor arterial supply could serve
There are several putative mechanisms by which caveo-to attenuate malignant progression. As the intimate relation-

lin-1 exerts its transformation suppressor effects. Caveolin-1 ship between Myc and caveolin-1 becomes further defined,

expression is known to antagonize the effects of activatedthe use of such novel therapeutic modalities may serve to

Ras by inhibiting its downstream effectors. More specifically, be invaluable in the treatment of various Myc-related

caveolin-1 has been shown to negatively regulate both Ras/malignancies.

MAPK-mediated and basal transcriptional activation of
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