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ABSTRACT:. Neointima formation is a process characterized by smooth muscle cell (SMC) proliferation
and extracellular matrix deposition in the vascular intimal layer. Here, we critically evaluate the role of
caveolin-1 (Cav-1) in the pathogenesis of neointima formation. Cav-1 and caveolae organelles are
particularly abundant in SMCs, where they are thought to function in membrane trafficking and signal
transduction events. To directly evaluate the role of Cav-1 in the pathogenesis of neointimal lesions, we
used Cav-1-deficient (Cav-1/—) mice as a model system. The right common carotid artery of wild-type
and Cav-1—-/— mice was ligated just proximal to its bifurcation. Specimens were then harvested 4-weeks
postligation and processed for morphometric and immunohistochemical analyses. The carotids of Cav-1
—/— mice showed significantly more intimal hyperplasia with subtotal luminal obstruction, as compared
to wild-type mice. These neointimal lesions consisted mainly of SMCs. Mechanistically, neointimal lesions
derived from Cav-1—/— mice exhibited higher levels of phospho-p42/44 MAP kinase and cyclin D1
immunostaining, consistent with the idea that Cav-1 functions as a negative regulator of signal transduction.
A significant increase in phospho-Rb (Ser780) immunostaining was also observed, in line with the
upregulation of cyclin D1. In conclusion, using a carotid artery blood-flow cessation model, we show
that genetic ablation of Cav-1 in mice stimulates SMC proliferation (neointimal hyperplasia), with
concomitant activation of the p42/44 MAP kinase cascade and upregulation of cyclin D1. Importantly,
our current study is the first to investigate the role of Cav-1 in SMC proliferation in the vascular system
using Cav-1—/— mice.

Neointimal hyperplasia is a signature feature of early ligation site, as a consequence of partial blood stasis, reduced
atherosclerosis, restenosis after angioplasty, and bypass-grafhear stress, and enhanced arterial wall ten$pn (
failure. The events leading to the development of neointimal Caveolae are specialized membrane microdomains that
lesions have been well-studied and include the migration of function in vesicular and cholesterol trafficking and that have
smooth muscle cells (SMCsinto the intima, followed by also been implicated in signal transduction at the plasma
proliferation and matrix depositiori). Blood-flow reduction membrane. Caveolin proteins form a scaffold onto which
has been shown to increase intimal formation in vascular many classes of signaling molecules can assemble to generate
grafts and balloon-injured vessels, implying that alterations “preassembled” signaling complexe ). In addition to
in blood flow affect the proliferative response of SMQ@s-( concentrating these signal transducers within a distinct region
4). Kumar and Lindner have developed a model in which of the plasma membrane, caveolin binding may functionally
blood flow in the common carotid artery of the mouse is regulate the activation state of these signaling molecules.
arrested by carefully ligating the vessel near the bifurcation. These caveolin-interacting proteins include endothelial nitric
In this model, a neointimal lesion develops proximal to the oxide synthase (eNOS), as well as H-Ras and extracellular

signal-regulated kinase (ERK-1/25<8).
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Transmission Electron Microscopy

Ficure 1: Vascular SMCs show a loss of caveolae in Cav-1)
KO mice, as seen by transmission electron microscopy. Control
WT (A) and control Cav-1-/— (B) nonligated carotid arteries were

isolated and processed for electron microscopy. (A) Note that
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by polymerase chain reaction, as previously descrithéjl (
Housing and maintenance were provided by the Albert
Einstein College of Medicine barrier facility. Mice were kept
on a 12-h light/dark cycle and had ad libitum access to food
and water. All animal protocols used in this study were
preapproved by the Albert Einstein College of Medieine
Institute for Animal Studies. Cav-t/— mice, 12-16 weeks

of age 6 = 7), and sex-, age-, and strain-matched (C57BL/
6J) wild-type (WT) litermatesn(= 9) were used.

Electron MicroscopyMurine carotid arteries were isolated
and fixed with 2.5% glutaraldehyde/0.1 M cacodylate,
postfixed with Os@, and stained with uranyl acetate and
lead citrate. Samples were then examined under a JEOL
1200EX transmission electron microscope and photographed
at a magnification of 25 000. SMC caveolae were identified
by their characteristic flask shape, size {30 nm), and
location at or near the plasma membrahg)(

Flow Cessation ModelThe carotid artery ligation model
used in our experiments has been previously descrifed (
Briefly, WT and Cav-1—/— mice were anesthetized by
intraperitoneal injection of ketamine HCI and xylazine (80
and 5 mg/kg body weight, respectively). The right common
carotid artery was dissected and ligated just proximal to its
bifurcation with a 6-0 silk ligature. The animals were
processed for morphological and biochemical studies at 4
weeks after the initial surgery.

Histology and MorphometryMice were euthanized and
transcardially perfused with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) under physiological pressure.
Fixed ligated arteries were embedded in paraffin. For the
morphometric analysis, sections g5 thick) at 2 mm

plasmalemmal caveolae are abundant in WT vascular SMCs of theproximal to the ligated site were stained with hematoxylin

carotid artery (see arrows). (B) In contrast, Cav-/l- SMCs of
the carotid artery show a specific ablation of caveolae organelles.
Bar = 200 nm. ECM, extracellular matrix; Nuc, nucleus.

The first reports on Cav-1/— mice describe the hyper-

and eosin (H&E). Digital microscopic images were analyzed
using the image analysis software, NIH Image J. Perimeters
of the lumen, the internal elastic lamina (IEL), and the
external elastic lamina (EEL) were obtained by tracing the

proliferation of mouse embryo fibroblasts in culture and lung contours on digitized images. The intimal and medial areas
hypercellularity because of the presence of an increasedwere calculated by subtracting the area defined by the lumen
number of endothelial celld(, 13), consistent with the idea  from the area defined by the IEL and subtracting the area
that Cav-1 normally functions as a negative regulator of cell defined by the IEL from the area defined by the EEL. The

growth (14). Furthermore, we have recently demonstrated nNeointimal area was determined by subtracting the lumenal
that Cav-1 null mice develop mammary ep|the||a| cell area from the area defined by the IEL. For the evaluation of

hyperplasia, even in 6-week-old virgin micks}. Moreover,
Cav-1-deficient mice develop cardiac hypertrophy and show
hyperactivation of the Ras-p42/44 MAP kinase cascade in
cardiac interstitial fibrotic lesions in vivo. Similarly, hyper-
activation of the Ras-p42/44 MAP kinase cascade was
observed in isolated cardiac fibroblasts in cultur®)(Thus,

we hypothesize that Cav-1 null mice may possess other
hyperproliferative phenotypes.

Here, we investigate the role of Cav-1 in neointima
formation by evaluating the influence of targeted deletion
of the Cav-1 gene on vascular remodeling after flow cessation
in murine carotid arteries. Our results provide the first genetic
evidence that Cav-1 negatively regulates SMC proliferation
in an in vivo setting.

MATERIALS AND METHODS

Animals.Cav-1—/— mice were generated as previously
described 12). All animals used in the current studies were
in the C57BL/6J genetic background and were genotyped

collagen deposition, Masson’s Trichrome staining was
performed on proximal sections.

Immunohistochemical Techniqu@araffin (5um) sections
were immunostained with antibodies directed against SMC-
o-actin (DAKO, clone 1A4), proliferating cell nuclear
antigen (PCNA, BD Pharmingen, San Diego, CA), phospho-
ERK-1/2 (pERK, Cell Signaling Technology, Beverly, MA),
cyclin D1 (NeoMarkers, Fremont, CA), phospho-Rb (pRb-
Ser780, Cell Signaling Technology, Beverly, MA), and
p21CPWafl (n21-C-19, Santa Cruz Biotechnology, Santa
Cruz, CA) using the avidin-biotin peroxidase method. In
brief, paraffin sections were dewaxed in xylene for 20 min,
rehydrated in alcohol, and washed in PBS, and then all
sections were incubated with Triton-X 100 (0.2%) for 30
min. After 3 washes with PBS, they were incubated for 30
min with 5% HO, to block endogenous peroxidase activity,
incubated with 10% normal goat serum for 30 min, and then
incubated with the corresponding primary antibody for 18 h
at 4°C. Next, sections were incubated with biotinylated 1gG
(1:200) for 45 min and stained using the immunoperoxidase
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H & E-Staining

Ficure 2: Histological analysis of WT and Cav-1/— carotid arteries retrieved 4-weeks postligation. (A and B) H&E staining of control
WT (A) and control Cav-1—-/— (B) nonligated arteries. Note that both WT and Cav-/t- carotid arteries appear normal, without any
evidence of baseline SMC hyperproliferation or migration. (C and D) H&E staining of ligated WT (C) and ligated-@av{D) arteries.

Note that the carotids of Cav-1/— mice show significantly more intimal hyperplasia with subtotal luminal obstruction, as compared to
WT mice. In A—D, red arrows denote the IEL and black arrows denote the EEL.

technique, according to the instructions of the manufacturer date, and 10 mM Tris at pH 7.4). Homogenates were further
(Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, sonicated and then centrifuged at 166@®4°C for 10 min

CA) for 45 min at room temperature. The sections were to pellet insoluble material. Protein concentrations were
developed using diaminobenzidine (DAB) and hydrogen measured with the bicinchoninic acid protein assay (Bio-
peroxide, then counterstained with hematoxylin, dehydrated, Rad Laboratories), with bovine serum albumin as the protein
and cleared. Finally, glass cover slips were placed on top of standard. Equal amounts of protein for each sample were
the sections. Negative controls were performed to rule out loaded and run on SDSPAGE 12% gels. After the transfer
nonspecific staining, such as secondary alone, and the usé¢o nitrocellulose, the activation state and expression levels
of nonimmune serum in place of the primary antibody. of several signal transducers (PCNA, cyclin D1, ERK-1/2,

Statistical AnalysisValues are reported as the mean Rb, and p2%rWal) were examined by using specific
standard error of the mean (SEM). Comparisons betweenantibodies. Antibodies directed against glyceraldehyde-3-
Cav-1—/— and WT mice were performed using a one way phosphate dehydrogenase (GAPDH, Research Diagnostics,
analysis of variance (ANOVA) and the Studdrtest, where Inc.) were used as a control for equal loading.
appropriate.

Tissue Preparation and Western Blot Analysis of the Aorta. RESULTS
After the mice were killed by C@asphyxiation, aortas were Vascular SMCs Show a Loss of &mslae in Ca-1
collected from the heart to the iliac bifurcation and dissected Knockout (KO) MiceCaveolae organelles are particularly
to remove any adventitial tissue. After a short wash in PBS, abundant in SMCs and are formed by the oligomerization
aortas were snap frozen in liquid nitrogen. Samples were of the caveolin proteins. As such, we first examined the status
then homogenized in 5 volumes of boiling lysis buffer (1% of caveolae formation in vascular SMCs in the carotid arteries
sodium dodecyl sulfate (SDS), 1.0 mM sodium-orthovana- of WT and Cav-1—/— mice.
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Ablation of Cav-1 gene expression was sufficient to A Tk %
essentially eliminate caveolae formation in vascular SMCs. [ %%

Figure 1 shows that plasmalemmal caveolae are especially 40000
numerous in WT vascular SMCs of the carotid artery; in
contrast, Cav-1-/— SMCs conspicuously lack caveolae
organelles.

Thus, loss of Cav-1 prevents caveolae formation in
vascular SMCs in vivo. Importantly, these data are consistent
with our previous results obtained using Cav-/- bladder
smooth muscle22).

A Cav-1 Deficiency -/—) Dramatically Stimulates Neoin-
tima Formation.The changes in vessel wall geometry in
response to flow reduction in WT and Cav-1— mice were 0- Ligated Control
determined by measuring the luminal, intimal, and medial
areas of carotid arteries after vessel ligation. Lesion develop- Cav-1-/- WT
ment was assessed 4 weeks after ligation, at which time the |3 . ek

lesion is fully establishedsj. 20000+

In WT mice, 4 weeks after ligation, a neointimal lesion,

4—6 cell layers thick, was observed in the area proximal to
the ligation (Figure 2), similar to what has been reported by
other laboratoriesy, 17, 18). This resulted in an intimal/
medial ratio of 1.1+ 0.3 as compared to 0.£ 0.01 in
control nonligated arterie@ < 0.01 (Figure 3).

Importantly, in the Cav-1 null mouse, ligation of the
common carotid artery caused a significant increase in
neointimal lesion development compared to WT mice
(Figures 2 and 3). This change was exemplified by a greater
than 2-fold increase in the intimal/medial ratio (240.3, Ligated Control Ligated Control
Figure 3). This increase was mostly due to a significant
change in the intimal area, which increase@—3-fold Cav-1 -/- WT
in the Cav-1—/— mice, as compared to the WT mice
(339424 3944 um? versus 14 668t 3473 um?, respec- C kil *¥%
tively, p < 0.001, Figure 2). -

A small but statistically significant increase in the medial 39
area was also observed in Cav-1— (14 5844 1128unv)
and WT ligated arteries (13 332 852 um?) compared to
the nonligated controls (10 51 978um? and 7552+ 321
um2, respectively); this might cause an underestimate of the
intimal/medial ratio observed in the ligated arteries. Impor-
tantly, the contralateral carotid artery, used as a control in
each animal, showed no neointimal formation.

Therefore, neointima formation, which occurred as a
response to the loss of net flow was much more extensive
in Cav-1—/— mice than in WT mice. These results indicate
that, in a flow-restricted carotid artery, Cav-1 expression 0- Ligated Control Ligated Control
normally negatively regulates neointimal development, such
that, in the case of a Cav-1 deficiency, lesion size is Cav-1 -/- WT
dramatically increased.

Neointimal Lesions Are Composed of SMCs and Extra- FIGURE 3: Morphometric analysis of neointima formation in WT
: " o and Cav-1—-/— mice. Changes in vessel wall geometry in response
cellular Matrix. The cellular composition of neointimal %o =% 0 5 T o nd Cav-4/— mice were determined by

lesions was determined by immunological and histochemical yeasuring the luminal, intimal, and medial areas of carotid arteries
methods. Immunostaining with anti-SM&-actin 1gG re- after vessel ligation. Digital microscopic images were analyzed
vealed that SMCs were the major component of neointimal using the image analysis software, NIH Image J (see the Materials
lesions in both Cav-+/— and WT mice (Figure 4). The and Methods). The (A) intimal area, (B) medial area, and (C)

o . o : : intimal/medial ratio are shown. Note that, in Cav-1— mice,
neovascularization formed in the intimal thickening also ligation of the common carotid artery caused a significant increase

showed SMCe-actin immunopositive cells. The presence jn neointimal lesion development. This increase was mostly due to
of monocytes/macrophages and other leukocytes was alsa significant increase in the intimal area, which increas@d-3-
investigated using an antibody directed against leukocyte fold in Cav-1—/— mice compared to WT mice (33 942 3944

common antigen (LCA). However, few or no leukocytes #M?Versus 14 668 3473unv, respectivelyp < 0.001). Cav-1
were present in the neointimal lesions in Cav- or WT —/= mice, 12-16 weeks of agen(= 7), and sex-, age-, and strain-
p matched (C57BL/6J) WT littermates (= 9) were used. Data

mice (data not shown). Moreover, collagen deposition was represent the meast SEM. Single, double, and triple asterisks
significantly noted in lesions of both groups (Figure 4). indicatep < 0.05,p < 0.01, andp < 0.001, respectively.
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Ficure 4: Neointimal lesions are composed of SMCs and extracellular matrix in WT and Cdv-Xarotid arteries, retrieved 4-weeks
postligation. (A and B) Immunostaining with anti-SMGactin in control WT (A) and control Cav-+/— (B) nonligated carotid arteries.
(C and D) Immunostaining with anti-SM@-actin in ligated WT (C) and ligated Cav-1/— (D) carotid arteries. (E and F) Masson’s
Trichrome staining for collagen deposition in ligated WT (E) and ligated Cav-1 (F) carotid arteries. In AD, sections were developed
using DAB and hydrogen peroxide and then counterstained with hematoxylin.

In addition, we evaluated the proliferation of neointimal Cav-1 —/— Neointimal Lesions Show an Upregulation of
cells using a monoclonal antibody directed against PCNA. Activated ERK-1/2 (p42/44 MAP Kinase) and Cyclin D1
Interestingly, the mean percentage of PCNA-positive cells ExpressionWe next examined the state of vascular signaling
was~2-fold higher in the intimal lesions of Cav-1/— mice in ligated carotid artery cross sections derived from Cav-1
than in those of their WT counterparts (14t43.7% versus ~ —/— and WT mice. More specifically, using an immuno-
6.7 £ 2.1%, respectivelyp < 0.05, Figure 5). histochemical approach with antibodies directed against
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PCNA Immunostaining

Ficure 5: Immunohistochemical analysis of the proliferative marker, PCNA, in WT and Caf~1carotid arteries, at 4-weeks postligation.
Note that PCNA nuclear staining was more frequent in the neointimal lesions of -€avinice (A and B), as compared to WT lesions
(C). Boxed areas (in red) are shown as insets at higher magnification.

phospho-p42/44 MAP kinase (ERK-1/2), cyclin D1, phos-
pho-Rb (Ser780), and p2a/Wafl we evaluated the levels
of these signal transducing molecules in Caw/t- versus
WT neointimal lesions.

Figure 6 shows that neointimal lesions derived from Cav-1
—/— mice clearly have increased levels of activated ERK-
1/2 as compared to WT mice. Similarly, cyclin D1 expression
levels were more pronounced in Cav=1— intimal lesions,
as well as in medial SMCs, compared to their WT counter-
parts (Figure 6).

Rb inactivation normally occurs through its phosphor-
ylation on Ser780 by the cyclin Dicdk4/6 complex, thus,

Finally, sections from Cav-3/— and WT ligated arteries
were also checked for p2#/Wafl |evels. In contrast, this
tumor-suppressor protein was similarly expressed in both WT
and Cav-1—/— neointimal lesions (Figure 7).

Cav-1 Deficiency Alters the Actation State and Expres-
sion of Various Signal Transducers in the Vasculatlre.
facilitate biochemical manipulations and to confirm our
results from the immunocytochemistry of carotid arteries,
we next harvested the aortas from WT and Cav{t mice
and subjected them to Western blot analysis with antibodies
directed against signal transducing molecules. Interestingly,
we have previously shown that the aortas of Cav{t are

driving cell-cycle progression. As a consequence, we also morphologically normal, as assessed by H&E stainit®).(

examined the levels of phospho-Rb (Ser780) by immun-

ostaining. Interestingly, Cav-1/— lesions exhibited stronger

Figure 8 shows that the levels of PCNA, phospho-ERK-
1/2, and cyclin D1 (all proproliferative markers) are clearly

levels of pRb phosphorylated at Ser780, as compared to WTincreased in Cav-1-/— aortic samples, as compared with

neointimal lesions (Figure 7). This is consistent with the
notion that upregulation of cyclin D1 levels is predicted to
increase the phosphorylation of pRb on Ser780.

In addition, in both groups (WT and Cav-1/—), ligated

WT control mice. Similarly, in Cav-1-/— aortas, phospho-
Rb is also increased in accordance with elevated cyclin D1
expression. In contrast, the levels of f21"a are consider-
ably reduced. However, the levels of total ERK-1/2 and total

arteries always showed higher levels of these three signalRb remain virtually unchanged. Also, we evaluated the
transducers (phospho-ERK-1/2, cyclin D1, and phospho-Rb) expression of GAPDH as a control for equal loading, and
compared to contralateral nonligated control arteries (dataits levels are equivalent in WT and Cav-1/— aortic

not shown).

samples.
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Phospho-ERK-1/2

(A and B) Activated ERK-1/2. Note that phospho-ERK-1/2 immunostaining was more pronounced in-@av+ieointimal lesions (B)
than in the corresponding WT lesions (A). (C and D) Cyclin D1. Note that cyclin D1 immunostaining was clearly more intense in the Cav-1
—/— neointimal lesions (D) than in the corresponding WT lesions (C). Boxed areas (in red) are shown as insets at higher magnification.

Thus, these biochemical data provide direct support for Numerous studies have suggested a role for Cav-1 in cell
our findings from the immunocytochemical analysis of proliferation and epithelial hyperplasia. Thus, Cav-1—
carotid artery neointimal lesions. In addition, they suggest a cells are predicted to exhibit derangements in proliferation
possible m_olgcular basis f(_)r the increased predisposition and/or growth. Indeed, an analysis of the growth properties
toward neointimal hyperplasia that we observe in Cav/t of primary cultures of mouse embryo fibroblasts (MEFs)
mice, given an appropriate stimulus. reveals that Cav-1/— cells display more active cell-cycle
DISCUSSION profiles than th_eir WT counterparts_faSO% increase in t_he

S-phase fraction) and they attain nearly 3-fold higher

In this study, we have assessed the proposed role of Cav-Imonolayer densities over a 10-day perid®)( Moreover,
as a negative regulator of cell proliferation by using Cav-1 null mice exhibit initial or induced hyperplasia in
genetically engineered mice that harbor a targeted disruptionvarious cell types, such as cardiac fibroblasts, mammary
of the Cav-1 locus. We subjected these Cav+/t- mice epithelial cells, and keratinocyte4® 20, 21). Regarding

(and their WT littermates) to an interruption of blood flow SMCs, however, only the bladders of aged male Cav-%
induced by carotid artery ligation. Then, we quantitatively (1-year-old mice) were evaluated and showed a gradual
monitored neointimal formation and evaluated the levels of hickening of the smooth muscle lay@2]. In contrast, no

candidate signal transducing molecules that may be affecte ladder thickening was observed in young Caw/l- (4-

by a loss of Cav-1. Interestingly, Cav-1/— mice showed ths-old mi ¢ aith . dqf le Cavid
a dramatic reduction in luminal area secondary to marked months-old mice of either sex) or in aged female Cav

neointimal hyperplasia, consisting mainly of SMCs. Mecha- Mic€. Thus, we chose to evaluate young Cav/t (3—4-
nistically, immunohistochemical analysis of these Cav#t- month-old mice) in the current study of neointimal hyper-
neointimal vascular lesions revealed higher levels of phos- plasia. Importantly, our study is the first to investigate the
pho-ERK-1/2, cyclin D1, and phospho-Rb compared to those role of Cav-1 in SMC proliferation in the vascular system
of the WT mice. using Cav-1—/— mice.
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Phospho-Rb (Ser780)
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FiGURE 7: Immunohistochemical analysis of phospho-Rb (Ser780) an@28™ in WT and Cav-1—/— carotid arteries, at 4-weeks
postligation. (A and B) Phospho-Rb (Ser780). Note that immunostaining for the retinoblastoma protein phosphorylated at Ser780 was
clearly more pronounced in Cav-4/— carotid arteries (B) than in WT arteries (A). (C and D) gpWafL |nterestingly, the level of p21
immunostaining was similar in both Cav-1/— (D) and WT (C) carotid arteries.

In this report, we have used a model developed by Kumar stream signaling events. For example, Cav-1 has been shown
and Lindner (1997), for studying vascular remodeling in the to interact with and suppress the kinase activity of the EGF
mouse §). Interruption of blood flow caused by ligating the  receptor and several members of the Ras-p42/44 MAP kinase
common carotid artery induces the migration of SMCs from cascade, including MEK and ERK, in vitro2g 24).
the media to the intima and their proliferation in the intima, Conversely, downregulation of Cav-1 in NIH 3T3 fibroblasts
leading to neointima formation. Our results show that the (using an antisense cDNA approach) results in hyperactiva-
ablation of Cav-1 gene expression dramatically increases thetion of the p42/44 MAP kinase cascade and cellular
size and extent of SMC-rich neointimal lesions induced by transformation 25). Moreover, downregulation of Cav-1
blood-flow interruption. This is consistent with the notion expression by RNAi inCaenorhabditis elegangesults in
that Cav-1 and caveolae organelles normally function to hyperactivation of the meiotic cycle, which is controlled by
negatively regulate SMC proliferation. the Ras-MAP kinase pathway?§). Finally, Cav-1 null

The neointimal region was composed predominantly of keratinocytes exhibited increased levels of phospho-ERK-
SMCs (as revealed by immunohistochemical analysis), with 1/2 immunostaining during DMBA-induced epidermal hy-
accompanying extracellular matrix (collagen deposition). perplasia 21). In accordance with these findings, we show
Vascular cell proliferation, as assessed using antibodieshere that phospho-ERK-1/2 levels are upregulated in Cav-1
directed against PCNA, was more pronounced in Cav-1 —/— neointimal lesions, following blood-flow cessation.
mice, as compared to their WT counterparts. However, the Thus, these results provide the first evidence that Cav-1
medial thickness observed in ligated vessels compared tonegatively regulates SMC proliferation in an in vivo setting.
the contralateral nonligated arteries control did not differ ~ Another possible mechanism by which Cav-1 could
between WT and Cav-1/— mice. regulate cell proliferation is through the upregulation of

How does Cav-1 regulate cell proliferation? It appears that cyclin D1 expression levels. The cyclin D1 protein is the
caveolin binding serves to inhibit multiple parallel down- regulatory component of the holoenzyme that inactivates the
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Western Blot Analysis
WwT |Cav-1 -/- WT |Cav-1 -/-
| I
e PCNA . Phospho-Rb (Ser 780)
-
== &=  Phospho-ERK-1/2 ———  Total Rb
oo G- Total ERK-1/2 -— pzl Cipl/Wafl
- Cyclin D1 - GAPDH

Ficure 8: Biochemical analysis of the vasculature in WT and Cav#+ mice. Aortas were harvested from WT and Cawv- mice.
After solubilization, equivalent amounts of total protein were then separated by BBSE and transferred to nitrocellulose. The activation
state and expression levels of various signal transducers were assessed with specific antibodies. Note that PCNA, cyclin D1, activated
ERK-1/2 (phospho-ERK-1/2), and activated Rb [phospho-Rb (Ser 780)] levels are all upregulated in-Cawadrtas, as compared to WT
controls, consistent with a predisposition toward hyperproliferation. On the other hand,-Qavabrtas show reduced levels of [§P¥Wail,
Antibodies directed against GAPDH were used as a control for equal loading.
retinoblastoma pRb protein, implying a role for cyclin D1 clear downregulation of pZPY/Wall |evels by Western blot
in cellular proliferation and tranformatior27). D-cyclins analysis. This minor discrepancy may be due to the increased
are involved in controlling cell-cycle progression by activat- sensitivity afforded by immunoblotting. Thus, gZeL/wait
ing their associated kinases, cdk4 and cdk6. These cyclin-levels are indeed affected in the vasculature of Cavtt
dependent kinases phosphorylate the retinoblastoma pRhmice, consistent with the above-noted Cav-1 antisense studies
protein, leading to transition through the G1 phase of the (33).
cell cycle @8). We have shown that overexpression of Cav-1  Besides regulating cell proliferation, Cav-1 has also been
causes transcriptional repression of cyclin D1, whereas shown to affect the migration of epithelial cells. Recombinant
expression of antisense Cav-1 increases cyclin D1 levels, inexpression of Cav-1 in MTLn3, a metastatic rat mammary
cultured cell modelsZ7). In the present study, we show here adenocarcinoma cell line, inhibits EGF-stimulated lamellipod
that cyclin D1 is upregulated in the neointimal region of extension and cell migration, probably through inhibition of
Cav-1 —/— arteries following blood interruption, lending the p42/44 MAP kinase cascad&). In the present study,
further support to the idea that Cav-1 performs a negative the absence of Cav-1 gene expression increased neointimal
growth regulatory function. Furthermore, our results also formation, characterized by SMC migration and proliferation.
showed increased levels of the retinoblastoma protein, theThus, loss of Cav-1 could play a role not only in stimulating
substrate of the cyclin-Bcdk4/6 complex, phosphorylated SMC proliferation, but also in enhancing SMC migration
at Ser780. The phosphorylation of Rb at Ser780 is induced from the media to the intimal layer.
specifically by the cyclin D+cdk4 complex and not the In conclusion, our results indicate that Cav-1 plays an
cyclin E—cdk-2 complex and inhibits the binding of pRb to important in vivo role in suppressing the proliferation and/
E2F-1 @9). This process induces cell-cycle progression. or migration of vascular SMCs. As such, an absence of Cav-1
Moreover, several studies have reported enhanced phosphofacilitates the appearance of neointimal lesions that are
rylation of pRb associated with an overexpression of cyclin clinically relevant to the pathogenesis of many vascular
D1 in proliferating SMCs 30—32). Therefore, our findings  diseases, including restenosis after angioplasty and bypass-
suggest a mechanism involving the hyperactivation of SMC gratft failure. Therefore, our current findings identify Cav-1
proliferation mediated through the Ras-p42/44 MAP kinase and caveolae organelles as novel targets for drug develop-
and the cyclin D+phospho-Rb pathways. ment to pharmacologically prevent the formation of neoin-

In addition to the cdk-activator, cyclin D1, we investigated timal vascular lesions.
the expression levels of p2atWall g cdk inhibitor. Cho et
al. have shown that a reduction in the levels of Cav-1 using ACKNOWLEDGMENT
antisense oligonucleotides and small interfering RNA, de- We especially thank Dr. Federica Sotgia for her expert
creased the level of p2®Waflin epidermal growth-factor-  intellectual and technical advice. We also thank Dr. Radma
stimulated fibroblasts3@). However, in our study, deletion  Mahmood and Mr. Victor Nieves (from the Histotechnology
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seen by immunocytochemistry. In contrast, we observed ationing.
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