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Caveolin-1 Expression Is Down-Regulated in Cells Transformed by the Human
Papilloma Virus in a p53-Dependent Manner. Replacement of Caveolin-1
Expression Suppresses HPV-Mediated Cell Transform@tion
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ABSTRACT. Squamous cell carcinomas of the lung and cervix arise by neoplastic transformation of their
respective tissue epithelia. In the case of cervical carcinomas, an increasing body of evidence implicates
the human papillomavirus, HPV (types 16 and 18), as playing a pivotal role in this malignant transformation
process. The HPV early genes E6 and E7 are known to inactivate the tumor suppressors p53 and Rb,
respectively; this leads to disruption of cell cycle regulation, predisposing cells to a cancerous phenotype.
However, the role of caveolin-1 (a putative tumor suppressor) in this process remains unknown. Here, we
show that caveolin-1 protein expression is consistently reduced in a panel of lung and cervical cancer
derived cell lines and that this reduction is not due to hyperactivation of p42/44 MAP kinase (a known
negative regulator of caveolin-1 transcription). Instead, we provide evidence that this down-regulation
event is due to expression of the HPV EG6 viral oncoprotein, as stable expression of E6 in NIH 3T3 cells
is sufficient to dramatically reduce caveolin-1 protein levels. Furthermore, we demonstrate that p53
tumor suppressor inactivated by E& a positive regulator of caveolin-1 gene transcription and protein
expression. SiHa cells are derived from a human cervical squamous carcinoma, harbor a fully integrated
copy of the HPV 16 genome (including E6), and show dramatically reduced levels of caveolin-1 expression.
We show here that adenoviral-mediated gene transfer of the caveolin-1 cDNA to SiHa cells restores
caveolin-1 protein expression and abrogates their anchorage-independent growth in soft agar. Taken together,
our results suggest that the HPV oncoprotein E6 down-regulates caveolin-1 via inactivation of p53 and
that replacement of caveolin-1 expression can partially revert HPV-mediated cell transformation.

Caveolin-1, a 2324 kDa integral membrane protein,isa and caveolin-3 {, 8). Caveolin-2 has the same tissue
principal component of caveolae membranes in vilre3). distribution as and co-localizes with caveolin-1, whereas
Caveolae are-50—100 nm vesicular invaginations of the caveolin-3 is expressed only in cardiac and skeletal muscle
plasma membrane and are thought to form as a result of acells ©, 10).
local accumulation of cholesterol, glycosphingolipids, and  ajthough caveolae function in vesicular and cholesterol
caveolin-1 §—6). Two other members of the caveolin gene y 4fficking (11, 12), they have also been implicated in signal
family have recently been identified and cloned: caveolin-2 ;.. <quction at the plasma membrat8, (14). Biochemical
and morphological experiments have shown that a variety
’ ! ITtEiS’:ﬁOka \{\fl1as I\S/IuppolftedDby tgfaﬂrfs t&om thet_NationEél iﬂsti}gtes of of lipid-modified signaling molecules are concentrated within
Breeaast (Canc)ér F%ungggzr?r(to)Iﬁ.lgo.ﬁ.))./B.?&S.%:iaslglz‘bggrted ?)y ;rTISPH these_ pla_sma membrane microdomains, SL!Ch 6}5 Src fan.“ly
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p42/44 MAP kinase cascade in vivo, including Raf, MEK,
and ERK @4). In accordance with the idea that caveolin-1
functions as a negative regulator of signal transduction,
recombinant expression of caveolin-1 in H-Ras- (G12V) and
v-Abl-transformed NIH 3T3 cells abrogates their anchorage-
independent growth phenotyp25.

Caveolin-1 was first identified as a transformation-
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Kadish, Albert Einstein College of Medicine. Normal cer-
vical, bronchial, and small airway epithelial cells were
obtained from Clonetics, Inc. (CC-2648, CC-2640, and CC-
2647, respectively). Balb/c-3T3 cell lines [wild type and
stably expressing a p53-valine 135 temperature-sensitive
mutant 81)] were gifts from Dr. Nissim Hay, University of
lllinois, Chicago. A variety of other reagents were purchased

dependent substrate of v-Src in RSV-transformed fibroblasts commercially as follows: cell culture reagents were from

(26). In addition, caveolin-1 levels are dramatically reduced
in H-Ras- (G12V) and v-Abl-transformed NIH 3T3 cells
(27). Similarly, mutational activation of c-Neu, a receptor
tyrosine kinase, is sufficient to down-regulate caveolin-1
expression Z3). It should also be noted that, in these and
other transformed cells, there is a loss of morphologically
identifiable caveolae2b, 27), presumably because of the
concomitant loss of caveolin-1. Interestingly, despite the
down-regulation of caveolin-1 expression in these trans-
formed NIH 3T3 cell lines, caveolin-2 expression remains
unaffected by cell transformatio®)(

In support of the idea that caveolin-1 functions as a

Life Technologies, Inc., and the Effectene transfection
reagent was from Qiagen.

Cell Culture. SW756, Hela-229, H1-Hela, NCI-H157,
NCI-H125, NCI-H2170, KLN-205, SiHa, normal cervical,
bronchial, and small airway epithelium, and the Balb/c-3T3
cell-lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 100 units/mL penicillin, and
100ug/mL streptomycin (Life Technologies, Inc.) at 3¢
and 5% CQ. NIH 3T3 cells were cultured similarly using
medium containing 10% donor calf serum (JRH Bio-
sciences).

possible “tumor suppressor”, antisense-mediated ablation of EXpression Vectordhe cDNA encoding the HPV 16 early

caveolin-1 expression in otherwise normal NIH 3T3 cells
promotes their morphological transformation, anchorage-
independent growth in soft agar, and tumor formation in nude
mice and induces hyperactivation of the p42/44 MAP kinase
pathway 28).

Despite the documented down-regulation of caveolin-1
expression in NIH 3T3 fibroblasts transformed by activated
oncogenes, little is known about the expression of caveolin-1
in human tumor derived cell lines. However, it is known
that caveolin-1 expression is down-regulated in human breas
cancer cell lines, such as MCF-7 and T47-D, as compare
with normal human mammary epithelial cell29j. This
provides an indication that down-regulation of caveolin-1

expression may be relevant to the development of human

tumors.

Here, we examine the expression of caveolin-1 in a panel
of squamous cell carcinoma-derived cell lines from the lung
and the cervix. We show that caveolin-1 protein expression

is consistently reduced in these cell lines, as compared with

normal human lung and cervical epithelial cells. In the case
of cervical carcinomas, we provide evidence that this down-
regulation event is due to expression of the HPV EG6 viral

oncoprotein, as stable expression of E6 in NIH 3T3 cells is
sufficient to dramatically reduce caveolin-1, while p53, the

primary EG6 target, is able to induce caveolin-1 protein levels.
In addition, using SiHa cells, we demonstrate that replace-
ment of caveolin-1 expression can partially revert HPV-

mediated cell transformation.

EXPERIMENTAL PROCEDURES

Materials. The caveolin-1 mouse mAb 2297 and caveo-
lin-2 mouse mAb 65 [used for immunoblotting, 30)] were
gifts from Dr. Roberto Campos-Gonzalez, Transduction
Laboratories, Inc. Theg-tubulin mAb 2.1 was purchased
from Sigma. The cervical carcinoma cell lines SW756, Hela-
229, and H1-Hela and the lung carcinoma cell lines NCI-
H157, NCI-H125, NCI-H2170, and KLN-205 were obtained
from ATCC (CRL-10302, CCL-2.1, CRL-1958, CRL-5802,
CRL-5801, CRL-5928, and CRL-1453, respectively). The
cervical carcinoma cell line, SiHa, was a gift from Dr. Anna

gene E6 was subcloned into pcDVL, a mammalian expres-
sion vector driven by the humgtactin promoter [gift from
Dr. Peter M. Howley, Harvard Medical School, Boston, MA
(32)]. The cDNAs encoding wild-type p53, wild-type Rb,
Rb Ig (379-928; large pocketa minimally active form of
Rb), and Rb C706F (a loss-of-function mutant) were sub-
cloned into a CMV-based mammalian expression vector, as
described previously3@, 34).

Transfection and Selection of Stable Cell Linearental

{NIH 3T3 cells were cotransfected with the E6-expressing
gvector and a plasmid containing hygromycin resistance

(pCB7) using the calcium phosphate precipitation method.
After selection in medium supplemented with hygromycin
B (200 ug/mL; Calbiochem, Inc.), resistant colonies were
isolated via trypsinization using cloning rings. Individual
clones were screened for the expression of E6 via Northern
blot analysis using the E6 cDNA as a probe.

Immunoblot AnalysisCells were cultured in their respec-
tive media and allowed to reach 86%0% confluency.
Subsequently, they 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 Mannheim). Protein concentrations
were quantified using the BCA reagent (Pierce), and the
volume required for 10ug of protein was determined.
Samples were separated by SEFSAGE (12.5% acrylamide)
and transferred to nitrocellulose. The nitrocellulose mem-
branes were stained with Ponceau S (to visualize protein
bands) followed by immunoblot analysis. All subsequent
wash buffers contained 10 mM Tris, pH 8.0, 150 mM NaCl,
and 0.05% Tween-20, which was supplemented with 1%
bovine serum albumin (BSA) and 2% nonfat dry milk
(Carnation) for the blocking solution and 1% BSA for the
antibody diluent. Primary antibodies were used at a 1:500
dilution. Horseradish peroxidase-conjugated secondary an-
tibodies (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 reach 86%0% confluency. Subse-
guently, they were washed in PBS, and the total RNA was
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extracted using the QIA shredder and RNeasy Mini Kits  Growth in Soft-Agar AssayGrowth in soft agar was

(Qiagen). Ten micrograms of total RNA for each sample assayed as previously described, with minor modifications
was separated by 0.8% agarose gel under RNase-freg27). Conditions for adenovirus infection of SiHa cells were
conditions and transferred to nitrocellulose. The filters were optimized by immunofluorescence and immunoblot analysis,
hybridized using the ExpressHyb solution (Clontech). Probes so that relatively high protein expression was achieved
used were the E6 cDNA and the humg@ractin cDNA without toxicity to the cells (unpublished observations).
(Clontech, as a control probe for equal RNA loading). Twenty four hours before infectiony100 000 SiHa cells

In Vizo Reporter AssayA 13 kb DNA segment containing ~ Were plated in six-well plates. At the time of infection, cells
the caveolin-1 exons 1 and 2 was identified by screening aWe'® washed once with PBS and incubated Toh with
mouse genomic DNA library as previously describ88)( serum-free media containing either Ad-cav-1 alone (20 pfu/
A portion of caveolin-1 exon 1 in addition to intron 1 and C€ll), Ad-TA alone (10 pfu/cell), Ad-cav-3 Ad-{TA (10
the 3 kb upstream promoter was derived from this segmentPfu/cell for each), or Ad-GFP+ Ad-tTA (10 pfu/cell for
and subcloned into the vector pA3LUC, a promoter-less each). Cells were then washed with PBS and cultured for
vector containing the luciferase cDNA as a repor&; 87). an additional 12 h in medium containing 10% FBS. Each
In this way, the effect of various signal transduction pathways cell poputl\illt'lon was thﬁn trypsmlzetd azd quqnt|t?t?d 1bg/
on the regulation of caveolin-1 at the transcriptional level Coig}'ng” Ice using a gn&o_cygomﬁ e;'DI\F/’lEr&X'mate_y_ )
can be assessed. Transient transfections were performed usin Cells were suspended In > mL o containing

: ; : 0% FBS and 0.33% SeaPlaque low-melting temperature
the Effectene method (Qiagen) as described previo . )
Briefly, 150 000 NIH 3.|§3 ce%ls v)vere seeded in gix-weﬁ?llaﬁes agarose (FMC Bioproducts). The suspension was plated onto

. - a 60 mm dish containing a 2-mL layer of solidified DMEM
12—24 h prior to transfection. Each cell well was then .’
transfecteg with 0.5 of either the p53 wild type, Rb wild 10% FBS, and 0.5% SeaPlaque agarose. Three 60 mm dishes
type, Rb Ig, Rb C?O6F or empty CMV vector 'llt@ of were used for each cell population. The cells were allowed
the luciferase reporter containing the caveolin-1 promoter, o fettle to the interface between these layers for 30 min at
and 0.2ug of pSV-gal (Promega). The pSP-gal, a SV40 37°C, and plates were allowed to harden at room temperature

1aD.qug ot p ga 9a). PoF-gal, for an additional 30 min before being returned to 7.

driven vector expressingrgalactosidase, was used to control ; .

: T . The cells were fed every-34 days by overlaying with 2
for transfection efficiency. Twelve hours post transfection, mL of medium containing 10% FBS and 0.33% acarose
the cells were rinsed once with PBS and incubated for an 9 ' 9 ;

. . . After 2 weeks, the number of colonies was quantitated
additional 12 h. The cells were lysed in 200 of extraction R ; . . ;
buffer, 1004L of which was used to measure luciferase manually by counting foci at five predesignated locations

- . on the dish using 10 magnification. Experimental values
activity as describedi). Another o0ul of the lysate was represent the average number of colonies in the three 60 mm
used to conduct g-galactosidase assay, as previously

described40). Each experimental value has been normalized plates for each condition; error bars represent the observed
Scrit - =ach experimental vajue 12€0 standard deviation between the three plates. Representative
using its respectivg-galactosidase activity and represents

- >_regions were also photographed under low magnification
the average of two separate transfections performed in ( g) P grap 9

parallel; error bars represent the observed standard deviation.
All experiments were performed at least three times inde- RESULTS

pendently and yielded virtually identical results. Caveolin-1 Expression Is Down-Regulated in Squamous
Construction of Recombinant @eolin Adeneiral Vec- Cell Carcinoma-Deried Cell LinesUsing isoform-specific
tors. The adenoviral vector (pAd-tet) used consisted of a monoclonal antibody probes, we examined the expression
tetracycline-regulatable expression cassette [a heptamer obf caveolins-1 and -2 in a panel of squamous carcinoma-
tetO sequences preceding a CMV immediate early (IE) derived cell lines, as compared with normal squamous cells
promoter]. The full-length cDNA for caveolin-1 (canine) was  of the cervix and lung.
amplified by PCR with a c-Myc epitope tag fused to the  Figure 1A shows that caveolin-1 levels are significantly
C-terminus 80) and subcloned into the transfer vector pAd- reduced in four widely used human cervical carcinoma cell
tet usingSal (5") andNot (3') restriction sites. The correct  lines (SiHa, H1-Hela, Hela-229, and SW-756), while normal
orientation and sequence of the insert were verified by human cervical squamous epithelia express high levels of
restriction mapping and DNA sequencing. HEK 293 cells caveolin-1. In contrast, caveolin-2 levels are down-regulated
containing the E1 early gene region of the adenovirus type in only two of the four carcinoma-derived cell lines. We have
5 genome were subsequently used to package the adenoviruslso conducted Northern blot analysis on several of these
by cotransfection of 293 cells with th&pr restriction tumorigenic cell lines and discovered a reduction in caveo-
fragment of pADtet-caveolin-1 (pAd-cav-1) and the large lin-1 mRNA transcripts, as compared with their normal
right-end fragment of the AJBEIAE3 genome (adenovirus  counterparts (data not shown).
type 5 genome lacking the E1 and E3 early gene regions). Similarly, caveolin-1 levels were dramatically reduced in
Positive plaques were purified and expanded in 293 cells, four lung squamous cell carcinoma-derived lines (NCI-H157,
and virus titers were determined by OD260 and plaque assayNCI-H125, NCI-2170, and KLN-205), as compared with
as described previousI¢). The adenoviral vectors contain- normal human lung epithelia (bronchial and small airway)
ing tetracycline-regulatable GFP (Ad-GFP) and the CMV- and nontransformed NIH 3T3 cells (Figure 1B). Caveolin-2
driventet-controlled transactivator (Ad-tTA) were similarly  levels remained relatively constant in three out of four of
constructed. A cesium chloride banding procedure was usedthese lung carcinoma cell lines (Figure 1B). To ensure equal
for large-scale virus purification and yielded on the order of protein loading, the levels of the ubiquitously expressed
1 x 10% pfu/mL for each of the three adenoviruses. B-tubulin were also assessed for all cell types (Figure 1).
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Ficure 2: Down-regulation of caveolin-1 in squamous carcinoma
cell lines is independent of p42/44 MAP kinase activation. The
four cervical carcinoma (panel B, H1-Hela, Hela-229, SW-756, and
SiHa) and the four lung carcinoma cell lines (panel C, NCI-H157,
NCI-H125, NCI-2170, and KLN-205) were treated for 2 days in
the presence or absence of PD98059:(®N), a well-characterized
MEK inhibitor. Lysates were prepared and subjected to immunoblot
analysis with anti-caveolin-1 and anti-caveolin-2 IgG. Note that
oK 3 _ treatment with PD98059 did not up-regulate caveolin-1 levels in
B-tubulin = e - e - ‘. ' these cell lines; caveolin-2 levels also remained unchanged (panels
S " * B and C). However, treatment of H-Ras- (G12V) transformed NIH
) 3T3 cells with PD98059 resulted in up-regulation of caveolin-1
expression, as expected (panel A). Thus, it appears that down-
FIGURE 1: Caveolin-1 expression is down-regulated in squamous regulation of caveolin-1 in these squamous carcinoma cell lines is
cell carcinoma-derived cell lines. Using isoform-specific monoclonal clearly independent of p42/44 MAP kinase activation.
antibody probes, we examined the expression of caveolins-1 and
-2in a panel of squamous carcinoma-derived cell lines, as compared  Using H-Ras- (G12V) transformed NIH 3T3 cells, we have

with normal squamous cells of the cervix and lung. (A) Cervix.  nreviqusly shown that down-regulation of caveolin-1 is
Normal human cervical epithelial cells and four cervical carcinoma- . . L .
derived cell lines (SiHa, H1-Hela, Hela-229, and SW-756) were Mediated by constitutive activation of the p42/44 MAP kinase

cultured to 80%-90% confluency. Lysates were prepared and cascade. For example, treatment of H-Ras- (G12V) trans-
subjected to immunoblot analysis with anti-caveolin-1 and anti- formed NIH 3T3 cells with PD98059 (a potent and specific
caveolin-2 IgG. Note that caveolin-1 levels are significantly reduced inhibitor of MEK) restores caveolin-1 mRNA and protein

in the four widely used human cervical carcinoma cell lines, while . I Is ob di f d
normal human cervical squamous epithelia express high levels of XPression to normal levels observed in nontransformed NIH

caveolin-1. Two exposures are shown to better illustrate this point. 3T3 cells @5, 27).

In contrast, caveolin-2 levels are down-regulated in only two of L . . :
the four carcinoma-derived cell lings-Tubulin protein levels were To dete_rmme i d(?Wﬂ regul_atlon of caveolin-1 in squa_
used as a control for equa| |0ading_ (B) Lungl Normal human mous Carc|n0ma'der|ved Ce”s IS aISO dependent on activation

bronchial epithelial cells (NHBE), normal small airway epithelial of the p42/44 MAP kinase cascade, we next treated these
cells (SAEC), four Iung carcinoma-derived cell lines (NC|-H157, cells in the absence and the presence of PDQSOSQK@O

NCI-H125, NCI-2170, and KLN-205), and normal NIH 3T3 cells . . . )
were subjected to immunoblotting as detailed in panel A. Note that Figure 2B,C shows that treatment with PD98059 did not up

caveolin-1 levels are dramatically reduced in the four lung squamous "égulate caveolin-1 levels in these cell lines. Howe\{er,
cell carcinoma-derived lines, as compared with normal human lung treatment of H-Ras- (G12V) transformed NIH 3T3 cells with

EF;}E@% (br|c|>nc_r|1_ial and small airway)hand ”f”gatft‘Slerlmetd ft"UtrLf]e PD98059 resulted in up-regulation of caveolin-1 expression,
cells. Two exposures are shown to better illustrate this ; ; _
point. Caveolin-2 levels remained relatively constant in three out as expected (Flgur.e ZA)' Thus, it appears that down

of four of these lung carcinoma cell lines. Agaffttubulin was regulation of caveolin-1 in these squamous carcinoma cell
used as an equal loading control. lines is clearly independent of p42/44 MAP kinase activation.

Cav-1

Cav-1 (longer exposure)
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Expression of p53 Up-Regulates olin-1 Promoter
Activity and Protein ExpressiotWhat is the mechanism by
which caveolin-1 levels are down-regulated in squamous
carcinoma-derived cells? In the case of cervical squamous
carcinoma-derived cells, one possibility is that caveolin-1
levels are down-regulated in response to transformation
induced by the human papilloma virus (HPV), such as HPV
16 and 18.

Several independent lines of evidence implicate the HPV
early genes, E6 and E7, in the progression of dysplastic
cervical epithelia to the malignant phenotypgie,(43). The
E6 and E7 oncoproteins are thought to disrupt cell cycle
regulation by binding to and inactivating the p53 and Rb
tumor suppressors, respectivefid). More specifically, E6
inhibits the function of p53 by enhancing p53 degradation
through the ubiquitir-proteasome pathway$), while E7
blocks Rb function by disrupting its direct interaction with
E2F, a positive regulator of the cell cyclég 47).

Therefore, we first examined the ability of Rb and p53 to

regulate caveolin-1 gene expression, as assessed using the

caveolin-1 promoter linked to a luciferase reporter. A8

kb 5 upstream region of the murine caveolin-1 gene (which
presumably includes the promoter elements for caveolin-1
regulation) and the first exon and intron of caveolin-1 were
subcloned into a promoter-less luciferase reporter vector and
used in these analyses (Figure 3A). Thi8 kb segment of
the murine caveolin-1 gene has been shown to have bon
fide promoter activity and undergoes the same regulation as
endogenous caveolin-1 transcription in a variety of cell lines
(48).

We cotransfected this caveolin-1 promoter construct in
combination with Rb and p53. Figure 3B shows that wild-
type Rb and two Rb mutants (Rb C706F and Rb Ig) have
little or no effect on caveolin-1 promoter activity, as
compared with the empty vector alone. In contrast, expres-
sion of wild-type p53 dramatically up-regulated caveolin-1
promoter activity by~10—20-fold (Figure 3C).

The stimulatory effect of p53 on the caveolin-1 promoter
led us to further investigate p53-mediated regulation of
caveolin-1 protein expression in vivo. The p53 Vall35
mutant is a well-characterized temperature-sensitive version
of p53 in which full activity is retained at 3Z2C and complete
abrogation of function occurs at 3€ (31).

We used a Balb/c-3T3 cell line stably expressing the p53
Val135 mutant to examine caveolin-1 expression by Western
blot analysis. Figure 4A shows that after 6 or 12 h of
incubation at the permissive temperature {82, caveolin-1
levels are up-regulated by2—3-fold. These changes in
caveolin-1 levels are not due to the temperature shift alone,
as assessed in parallel experiments with wild-type Balb/c-
3T3 cells (data not shown). In contrast, expression of
caveolin-2 and the control proteig-tubulin remained
unchanged (Figure 4A).

The p53-mediated induction of caveolin-1 expression is
transcriptional, as we determined by Northern blot analysis
of the same Balb/c-3T3 cell line (Figure 4B). Note that
caveolin-1 transcripts are up-regulated in a similai1@ h
time frame; the expression gfactin mRNA was used as a
control for equal loading (Figure 4B). Indeed, this is in
agreement with our observation of a robust activation of the
caveolin promoter by heterologous p53 expression (Figure
30).
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Ficure 3: Expression of p53 up-regulates caveolin-1 promoter

aactivity. (A) Caveolin-1 reporter construct. This schematic diagram

summarizes the organization of the caveolin-1 gene luciferase
reporter. The 3 kb upstream promoter, exon-1, and intron-1 of the
caveolin-1 gene were used to drive the expression of luciferase.
This ~3 kb segment of the murine caveolin-1 gene has been shown
to have bona fide promoter activity and undergoes the same
regulation as endogenous caveolin-1 transcription in a variety of
cell lines @8). (B) Effect of Rb. NIH 3T3 cells were cotransfected
with the caveolin-1 luciferase reporter and either the empty CMV
vector, Rb wt (wild type), Rb C706F (loss-of-function mutant), or
Rb Ig (379-928; large pocket). Note that wild-type Rb and the
two Rb mutants (Rb C706F and Rb Ig) have little or no effect on
caveolin-1 promoter activity, as compared with the empty vector
alone. The data presented have been normaliz8ebjmlactosidase
levels. (C) Effect of p53. NIH 3T3 cells were cotransfected with
the caveolin-1 luciferase reporter and either the empty CMV vector
or wild-type p53. Note that expression of wild-type p53 dramatically
up-regulated caveolin-1 promoter activity byl0—20-fold. The
data presented have been normalize@-galactosidase levels.

Interestingly, caveolin-1 protein and transcript levels
returned to baseline24 h after induction (data not shown),
indicating that the stimulatory effects of p53 on caveolin-1
expression are transient in nature and occur within hours of
p53 activation. This immediate gene induction is commonly
seen with other bona fide p53-regulated genes, including
regulators of the cell cycle and apoptosi®)(

Stable Expression of HPV E6 Is Sufficient To Down-
Regulate Caeolin-1 ExpressionTo test the hypothesis that
targeting of p53 plays a definitive role in the mechanism of
caveolin-1 down-regulation in cervical carcinoma, we stably
transfected NIH 3T3 cells with E6 (from HPV 16), a potent
inhibitor of p53 activity é5). We chose NIH 3T3 cells for
these experiments as they endogenously express both ca-
veolins-1 and -2 and have been used by many investigators
as a model to study the tumorigenicity of a variety of
oncogenes.

A vector containing E6 was used to stably express the
protein in NIH 3T3 cells 82). E6-positive clones were
identified by Northern blot analysis; the expressio-@ictin
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A FiIGURE 5: Stable expression of HPV-E6 is sufficient to down-

regulate caveolin-1 expression. A vector containing E6 was used

Cav-1 == B == 89 to stably express the protein in NIH 3T3 cells. E6-positive clones
were identified by Northern blot analysis; the expressiofi-attin
mRNA was used as a control for equal loading (upper panels). Note

: that caveolin-1 protein levels are dramatically reduced in both E6-

B-actin NN SND 0 positive clones, as compared with parental NIH 3T3 cells and an

E6-negative NIH 3T3 clone; however, caveolin-2 levels remain

Ficure 4: Expression of active p53 up-regulates caveolin-1 protein unchanged (lower panels).

expression. (A) The p53 Vall35 mutant is a well-characterized ) ) ) ) .
temperature-sensitive version of p53 in which full activity is retained express caveolin-1 in the SiHa cell line. SiHa cells are
at 32°C and complete abrogation of function occurs afG931). derived from a human cervical squamous carcinoma, contain
Thus, we used Balb/c-3T3 cells stably transfected with the pS3 7 fy|ly integrated HPV 16 genome (including EG)J, and

Vall35 mutant to assess the effect of p53 activity on caveolin-1 K ;
and caveolin-2 expression. Cells were plated on 60 mm dishes andundergo anchorage-independent growth in soft agar (our

allowed to adhere at 37C. They were shifted to either 32C unpublished observations).

(permissive) or 39C (nonpermissive) temperatures for 6 and 12 To efficiently express caveolin-1 in SiHa cells, we
h. Lysates were prepared and subjected to immunoblot analysisgeye|oped an adenoviral approach for efficient gene transfer
with anti-caveolin-1 and anti-caveolin-2 1gG. Note that there is a fth lin-1 cDNAE?). The C-t inally Mve-t d
clear increase in caveolin-1 protein expressio2{3-fold), but orihe caveolin-1 ¢ %2). The C-terminally Myc-tagge

not caveolin-2, under conditions of active p53 (Z2). -Tubulin canine caveolin-1 cDNA was placed under the control of a
was used as an equal loading control. (B) Total RNA was extracted CMV immediate early (IE) minimal promoter preceded by
from 100 mm dishes of the p53-|ndu0|ble Balb/c-3T3 cell line and a heptamer OfetOsequences_ Protein expression could then
subjected to Northern blot analysis o6 and 12 h time course.  pe jnguced by co-infection of the caveolin-1 adenovirus with
In agreement with the increase in protein levels, there is a notable d ad . . itutive CMV-dri
up-regulation of caveolin-1 transcripi$-Actin mRNA was used & Sécond adenovirus containing a constitutive ( -ariven
as a control for equal loading. tet-controlled transactivator (Ad-tTA). The tTA is a fusion
between the bacterigdtrepressor and the activation domain

of the herpes simplex virus protein VP16 that transcription-
Note that caveolin-1 protein levels are dramatically ally activates promoters containinigtO elements in the

reduced in both E6-positive clones, as compared with absgnce ofet (53, 54) , L
parental NIH 3T3 cells and the E6-negative NIH 3T3 clone;  Figure 6A shows robust expression of caveolin-1 in SiHa
however, caveolin-2 levels remain unchanged (Figure 5, Ceélls co-infected with Ad-cav-1 and Ad-tTA. Note the
lower panels). Similarly, NIH 3T3 cells transformed by the Presence of a dose response for caveolin-1 expression when
expression of a single activated oncogene [e.g., H-RasVarying multlpllcme_s of infection are used (moi) (Ianeg 1
(G12V), v-Src, v-Abl] show down-regulation of caveolin-1 @nd 2) and that, in the absence of Ad-tTA, caveolin-1

mRNA was used as a control for equal loading (Figure 5,
upper panels).

expression, but caveolin-2 levels remain unaffec&®8, expression is prevented (lane 3). As a control for these
27). experiments, we utilized a green fluorescent protein adeno-
Recombinant Expression of @eolin-1 in a HPV- virus (Ad-GFP) engineered in the same manner as for

Transformed Cerical Carcinoma Cell Line Abrogates Their ~ ¢aveolin-1. The expression pattern for GFP qualitatively
Anchorage-Independent Growth Phenotypée and others ~ Mimicked that of caveolin-1 (data not shown).
have shown that reexpression of caveolin-1 in (i) oncogeni- Figure 6B shows the number of colonies for SiHa cells
cally transformed NIH 3T3 cells [either H-Ras (G12V) or infected with Ad-cav-1 or Ad-GFP, with or without Ad-tTA.
v-Abl] and (ii) T47-D cells (a human mammary carcinoma- Note that caveolin-1 expression (Ad-cav-t Ad-tTA)
derived cell line) can partially revert their transformed produced a dramatic reduction4—5-fold) in the number
phenotype, as assessed by suppression of anchoragesf colonies formed, as compared with the GFP control (Ad-
independent growth in soft aga25, 50). GFP + Ad-tTA). Furthermore, in the absence of the
To determine if caveolin-1 also has transformation sup- corequisite Ad-tTA (Ad-cav-1 alone), the Ad-cav-1 infected
pressor activity in HPV-transformed cells, we chose to cells formed colonies as readily as the Ad-GFP control. These



13922 Biochemistry, Vol. 39, No. 45, 2000 Razani et al.

&
x x
A N D
WP\ -
OO o C Foci/ field
o 0% N o
P
O O S
,\?' ,\?* ,\?‘ $6‘
NS o
A
Cav-1 Ad only
B 9
8 tTA Ad only
S |
) 7
=
~ 6'
©
E 5
“—
o
N 4
[0 Cav-1 Ad + tTA Ad
2 3
£
= 2
1
0
Qs ’)"q Q, GA}, GFP Ad + tTA Ad
4 4
y/ 40'0 y/ Y
O’oo % % QX % o
% o

FicurRe 6: Recombinant expression of caveolin-1 in a HPV-transformed cervical carcinoma cell line abrogates their anchorage-independent
growth phenotype. (A) Western blot analysis. To assess the fidelity of the tetracycline-inducible caveolin-1 adenovirus (Ad-cav-1) expression
system, six-well dishes were plated with 100 000 SiHa cells/well and infected with either (i) Ad-cav-1 (25 pfti/&adtTA (25 pfu/

cell), (i) Ad-cav-1 (50 pfu/cell)+ Ad-tTA (25 pfu/cell), or (iii) Ad-cav-1 (50 pfu/cell) alone or (iv) mock-infected. Note the robust and
dose-responsive expression of caveolin-1 in cells co-infected with Ad-cav-1 and Ad-tTA. Also note that, in the absence of Ad-tTA, caveolin-1
expression is prevented. (B) Quantitation of colony formation. Twenty four hours prior to infectid¥ 000 SiHa cells were plated in

six-well plates. At the time of infection, cells were washed once with PBS and incubaté&chfaith serum-free media containing either

(i) Ad-cav-1 alone (20 pfu/cell), (i) Ad-tTA alone (10 pfu/cell), (iii) Ad-cav-t Ad-tTA (10 pfu/cell for each), or (iv) Ad-GFR Ad-tTA

(10 pfu/cell for each). After allowing for a period of protein expression, each group of cells was seeded in triplicate at a deristy of

x 10* cells per dish in prepared 60 mm soft-agar plates and incubated for 2 weeks with periodic feeding. Experimental values represent the
average number of colonies in the three 60 mm plates for each condition; error bars represent the observed standard deviation between the
three plates. Note that caveolin-1 expression (Ad-cav-Ad-tTA) produced a dramatic reduction4—5-fold) in the number of colonies

formed, as compared with the GFP control (Ad-GFRAd-tTA). Furthermore, in the absence of the corequisite Ad-tTA (Ad-cav-1 alone),

the Ad-cav-1-infected cells formed colonies as readily as the Ad-GFP control. (C) Colony morphology. Representative fields of SiHa
colonies for each experimental condition are shown. Note that caveolin-1-expressing cells (Ad-cAd-fTA) not only show that the

number of colonies are reduced but also show that the size of these colonies is dramatically reduced.

studies were performed in triplicate for each experimental  Although much evidence indicates a role for the HPV early
condition. genes in the progression and malignant transformation of

Figure 6C displays representative fields of SiHa colonies cervical epithelium, there are currently no reports on the
observed in soft agar for each experimental condition. Note effects of these viral oncogenes on the regulation of

that caveolin-1-expressing cells (Ad-cawlAd-tTA) not caveolin-1 expression. In this study, we show that caveolin-1
only show a reduced number of colonies but also show a expression is dramatically down-regulated in both cervical
dramatically reduced colony size. and lung carcinoma-derived cell lines, that expression of the

HPV early gene E6 in NIH 3T3 cells is sufficient to reduce
DISCUSSION caveolin-1 expression, and that HPV-induced down-regula-
Caveolin-1 is a potent negative regulator of a variety of tion of caveolin-1 may be due to inactivation of p53, as this
mitogenic signaling pathways, and down-regulation of ca- tumor suppressor is able to up-regulate caveolin-1 gene
veolin-1 expression occurs in NIH 3T3 fibroblasts trans- transcription and protein expression. Furthermore, we dem-
formed by a variety of activated oncogenes. However, little onstrate that recombinant expression of caveolin-1 in a

is known about the expression of caveolin-1 in human tumor human cervical carcinoma/HPV-transformed cell line (known
derived cell lines. Here, we have examined the status of as SiHa cells) abrogates their anchorage-independent growth
caveolin expression in cervical and lung squamous carcinoma-phenotype. These observations are consistent with the idea
derived cell lines and HPV-transformed cells. that down-regulation of caveolin-1 expression may be a



Caveolin-1 and HPV-Mediated Cell Transformation Biochemistry, Vol. 39, No. 45, 2003923

critical event in the development of HPV-related squamous addressed, there are indications to that effect. Caveolin-1
cell carcinomas of the cervix. inhibits or inactivates a variety of mitogenic signaling

Among the most common cancers in the world, cervical pathways 15, 22—24). Caveolin-1 expression is down-
carcinoma is intriguing in its high incidence of concomitant regulated in rapidly dividing cells and dramatically up-
infection with the human papilloma viruses (HPV), most regulated at confluency28). The caveolins are induced
frequently HPV types 16 and 1&%). In fact, in a recent  during differentiation and are most abundantly expressed in
multinational study, Walboomers and colleagues raise theterminally differentiated cell typesl8). The possible role
possibility that HPV infection is a precursor for all invasive of caveolin-1 as a p53-regulated inhibitor of cell cycle
cervical carcinomas and that previously diagnosed HPV- progression and/or apoptosis is indeed curious and one that
negative cancers are probably due a lack of detectionwill require further experimentation.
sensitivity 66). Our understanding of the signaling pathways  We also showed that the ability of a cervical carcinoma
that regulate caveolin-1 expression in normal and transformedcell line to form colonies in soft agar is abrogated upon
cells is still rudimentary; thus, we focused on the role of recombinant expression of caveolin-1. This observation,
viral oncogenes in the development of cervical cancer as atogether with E6’s and p53’s opposing regulation of caveo-
approach to dissect the pathways that regulate caveolin-1lin-1 expression, supports an emerging role for caveolin-1
gene expression. We observed that, in cell lines derived fromas a tumor suppressor. Indeed, genes with general growth
cervical cancers and which contain the HPV genome (i.e., inhibitory capabilities are commonly targeted in carcinogen-
Hela, SW 756, and SiHa}4, 51, 57), caveolin-1 expression  esis and during the progression of dysplastic lesions to a
is consistently down-regulated or undetectable. malignant phenotype.

Of the viral genes expressed in HPV-infected cervical cells,
the early genes E6 and E7 have long been associated wittACKNOWLEDGMENT

tumor formation. The E6 and E7 proteins of the “high risk”
HPV types 16, 18, 31, and 33 have an ability to immortalize
and transform cells in culturetd). The well-characterized
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