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Idiopathic pulmonary fibrosis (IPF) is a progressive
fibroproliferative disorder refractory to current phar-
macological therapies. Fibroblasts isolated from IPF pa-
tients display pathological activation of PI3K/Akt caused
by low PTEN phosphatase activity. This enables these
cells to escape the negative proliferative properties of
polymerized collagen. The mechanism underlying low
PTEN activity in IPF fibroblasts is unclear, but our prior
studies indicate that membrane-associated PTEN ex-
pression is decreased in these cells. Caveolin-1 is an
integral membrane protein whose expression is de-
creased in IPF lung tissue, but how low caveolin-1 con-
tributes to pathological fibrosis is incompletely under-
stood. The objective of this study was to examine the
hypothesis that caveolin-1 regulates PTEN function in
IPF fibroblasts. Here we demonstrate that caveolin-1
expression is a determinant of membrane PTEN levels
and show that PTEN interacts with caveolin-1 via its
caveolin-1-binding sequence. We demonstrate that
caveolin-1 expression is low in IPF fibroblasts and
that this correlates with low membrane PTEN lev-
els, whereas overexpression of caveolin-1 restores mem-
brane PTEN levels, inhibits Akt phosphorylation, and sup-
presses proliferation. We demonstrate that caveolin-1 and
PTEN expression are low in myofibroblasts within IPF
fibroblastic foci. These data indicate that IPF fibroblasts
display low caveolin-1 expression, which results in
low membrane-associated PTEN expression. This creates
a membrane microenvironment depleted of inhibitory
phosphatase activity, facilitating the aberrant activation
PI3K/Akt and pathological proliferation. (4m J Pathol
2010, 176:2626-2637; DOI: 10.2353/ajpath.2010.091117)

Polymerized type | collagen suppresses normal fibroblast
proliferation.’ * The mechanism involves inhibition of the
PI3K/Akt signal by high PTEN phosphatase activity." This
provides an effective physiological mechanism to limit
fibroproliferation after tissue injury. In contrast, inappro-
priately low PTEN activity has been implicated in the
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pathogenesis of human fibroproliferative disorders, and
PTEN-deficient mice display increased lung fibrosis in
response to injury attributable to a durable fibroprolifera-
tive response.’® Importantly, lung fibroblasts isolated
from patients with idiopathic pulmonary fibrosis (IPF), a
prototypical fibroproliferative disorder, display depleted
membrane PTEN levels and consequently inappropri-
ately low PTEN activity in response to their interaction
with polymerized collagen via 81 integrin.” This results in
pathological activation of the integrin/PI3K/Akt signal
pathway, which enables them to elude the proliferation-
suppressive effects of polymerized collagen. The molec-
ular mechanism underlying this inappropriately low PTEN
function in IPF fibroblasts remains to be elucidated.
PTEN is a dual lipid/protein phosphatase that negatively
regulates proliferation by repressing the integrin—PI3K/Akt
pathway.®~'2 It has relatively high constitutive phosphatase
activity consistent with its function as a tumor suppressor. A
current paradigm for PTEN regulation suggests that the
phosphorylation of key serine/threonine residues in the
PTEN C-terminal tail determine protein stability and activa-
tion. Evidence suggests that PTEN activation involves de-
phosphorylation of serine/threonine residues within the C
terminus and translocation from the cytosol to the plasma
membrane where it is in the right location to inhibit phos-
phoinositol 3,4,5-triphosphate.' ' However, the precise
mechanism for PTEN localization to the plasma membrane
and its activation remain incompletely understood.
Caveolin-1 is an integral membrane protein that regu-
lates a variety of cellular processes, including integrin
turnover and signal transduction pathways controlling
cell proliferation and apoptosis, such as the PI3K/Akt
signal pathway.'”'® Studies indicate that similar to PTEN
haplo-insufficient mice, caveolin-1-deficient mice also
display an increased propensity for the development of
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lung fibrosis. 929 Interestingly, caveolin-1 expression has
been found to be low in fibrotic lung tissue from patients
with IPF, but the mechanism by which caveolin-1 defi-
ciency results in exaggerated fibrosis is still incompletely
understood.?" However, amino acid sequence analysis
of PTEN indicates that PTEN contains the caveolin-1 con-
sensus binding sequence PXPXXXXP corresponding to
amino acids 271-278 (FHFWVNTF), where ® = aromatic
amino acid phenylalanine (F).?? This suggests a relation-
ship between caveolin-1 expression and PTEN function.
Here we demonstrate that the level of caveolin-1 protein
expression is a determinant of membrane-associated PTEN
levels and activity. The mechanism involves direct interac-
tion of caveolin-1 with PTEN via PTEN’s caveolin-1-binding
sequence. We demonstrate that caveolin-1 protein expres-
sion is decreased in IPF fibroblasts cultured on polymerized
collagen compared with control fibroblasts, and this corre-
sponds to low membrane PTEN expression and augmented
levels of phosphorylated Akt. However, overexpression of
caveolin-1 in IPF fibroblasts augments PTEN levels, re-
duces the level of phospho-Akt, and suppresses their ability
to proliferate. We show that there is a low level of caveolin-1
and PTEN expression in myofibroblasts comprising fibro-
blastic foci in human IPF lung tissue and that within the
fibroblastic focus, the pattern of caveolin-1 expression cor-
relates well with that of PTEN. Our data suggest that in IPF
fibroblasts, reduced caveolin-1 expression at the plasma
membrane creates a membrane microenvironment de-
pleted of PTEN phosphatase activity and favorable for the
pathological activation of the PI3K/Akt signal pathway. This
confers IFP fibroblasts with the ability to elude the prolifer-
ation-suppressive effects of polymerized type | collagen.

Materials and Methods
Primary IPF and Normal Fibroblast Lines

Eight primary fibroblast lines were established from IPF
patients. Cells were obtained from lungs removed at the
time of transplantation or death. The diagnosis of IPF was
supported by history, physical examination, pulmonary
function tests, and typical high-resolution chest computed
tomography findings of IPF. In all cases, the diagnosis of
IPF was confirmed by microscopic analysis of lung tissue
and demonstrated the characteristic morphological find-
ings of usual interstitial pneumonia. All patients fulfilled the
criteria for the diagnosis of IPF as established by the Amer-
ican Thoracic Society and European Respiratory Society.®
Six nonfibrotic primary control adult human lung fibroblast
lines were used. These lines were established from normal
lung tissue (n = 3), or histologically normal lung tissue
adjacent to carcinoid tumor (n = 2) or adjacent to radiation-
induced fibrotic lung tissue (n = 1). Primary lung fibroblast
lines were generated by explant culture and cultured in
high-glucose DMEM containing 10% FCS. Fibroblasts were
used between passages 5 and 8. Cells were characterized
as fibroblasts as described.?* Use of human tissues was
approved by the Institutional Review Board at the University
of Minnesota.
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Cell Culture

Primary lung fibroblasts (ATCC) were cultured in high
glucose DMEM containing 10% fetal calf serum. Primary
mouse lung fibroblasts, isolated from wild-type caveo-
lin-1 (cav-1 wild-type) or caveolin-1 knock-out mice
(cav-1 KO), were a gift from Augustine Choi (Harvard
University, Cambridge, MA). PTEN wild-type and null fi-
broblasts were obtained from Eric White (University of
Michigan, Ann Arbor, MI). The cells were cultured in
high-glucose DMEM containing 10% fetal calf serum. The
fibroblasts were used between passages 5 and 8 for all
experiments.

Antibodies and Chemicals

Anti-Cyclin D1, GAPDH, a-SMA antibodies were obtained
from Santa Cruz Biotechnology Company (Santa Cruz,
CA). Caveolin-1, keratin 8/18, PTEN, HA, and phospho-
Akt (Serd73) antibodies were obtained from Cell Signal-
ing Technology (Danvers, MA).

Collagen Matrices

Three-dimensional polymerized collagen matrices (final
concentration, 2 mg/ml) were prepared by neutralizing
the collagen solution with 1/6 volume of 6 X DMEM and
diluting to a final volume with 1X DMEM to which fetal calf
serum was added at a final concentration of 1% fetal calf
serum. Gels formed after incubation of this solution at
37°C for 1 to 2 hours as described previously.® "

Adenoviral VVectors

Adenoviral vectors containing wild-type PTEN(Ad-wtPTEN),
mutant PTEN(ad-mPTEN), and control (Ad-GFP) constructs
were purified according to the manufacturer’s instructions
(Takara Shuzo Co, Ltd., Kyoto, Japan). The adenoviral vec-
tor containing wild-type caveolin-1 was a gift from Augus-
tine Choi (Harvard University). The cells were infected with
adenoviral vectors at a multiplicity of infection of 1:20.

Caveolin-1 siRNA and Control sSiRNA

Caveolin-1 and control siRNA were obtained from Invitro-
gen. Caveolin-1 siRNA is from Validated Stealth RNAI
duoPak. Control siRNA is from Stealth RNA interference
negative control duplexes. Transient transfection of nor-
mal lung fibroblasts was performed using FUGENE. HD
siRNA transfection reagent was obtained from Roche
Applied Science (Indianapolis, IN) and used according
to the manufacturer’s instructions.

Apoptosis Assay

Quantification of apoptosis was performed by DNA content
assay and fluorescent-based assay for detection of active
caspases in cells undergoing apoptosis (CHEMICON Inter-
national, Inc., Billerica, MA). Briefly, the cells were fixed in
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ice-cold 70% alcohol overnight and stained with 2 pg/ml
propidium iodide, 100 ug/ml DNase in 1X phosphate-
buffered saline buffer for 60 minutes. The percentage of
cells in each phase of the cell cycle was quantified by
FACS analysis using FACSCalibur software.

Western Blot and Immunoprecipitation

Serum-starved fibroblasts were plated on extracellular
matrix-coated plates and lysed at the indicated times
using cell lysis buffer containing 150 mmol/L NaCl, 1
mmol/L EGTA, 50 mmol/L Tris, pH 7.4, 1% Triton X-100,
1% Nonidet P-40, 1% sodium deoxycholate (SDS), with
protease inhibitors (complete protease inhibitor mixture
tablets; Roche Applied Science). To isolate the cell mem-
brane fraction, cells were first lysed with 25 mmol/L Tris-
HCI, pH 7.4, 50 mmol/L NaCl, 1 mmol/L EDTA, 0.5%
Triton X-100, followed by centrifugation, and the pellets
containing the membrane fraction lysed in lysis buffer
containing Triton X-100, Nonidet P-40, and SDS (see
above). Western analysis was performed on the resulting
lysates. For immunoprecipitation assay, the cells were
lysed in lysis buffer containing 20 mmol/L Tris-HCI, pH
7.5, 150 mmol/L NaCl, 1% Nonidet P-40, 1 mmol/L EDTA,
1 mmol/L EGTA, 1 mmol/L phenylmethylsulfonyl fluoride,
1 mg/ml aprotinin, protease, and phosphatase inhibitor
cocktails. The samples were centrifuged at 20,000g for
15 minutes at 4°C, and the lysates were precleared for 1
hour at room temperature with protein A/G beads and
immunoprecipitated for 16 hours at 4°C with the appro-
priate primary antibody. The samples were processed for
Western analysis.

Cell-Free in Vitro Pull-Down Assay

Recombinant caveolin-GST protein was obtained from
Abnova (Taipei, Taiwan). Recombinant PTEN-His protein
was from R&D Systems (Minneapolis, MN). 0.5 pg of
recombinant caveolin-1 and recombinant PTEN protein,
either alone or mixed together, were added to the reac-
tion buffer (120 mmol/L NaCl, 10 mmol/L KCI, 2 mmol/L
KPO4, pH 7.4 in PBS) containing GST-beads and incu-
bated (4°C, 16 hours). After centrifugation, the beads
were washed 3% with wash buffer (50 mmol/L Tris, pH
7.4, 150 mmol/L NaCl, 0.02% triton X-100). Western anal-
ysis was then performed.

Proliferation Assay

Fibroblasts were serum-starved for 2 days and then
plated on monomeric (100 ug/ml) or on top of polymer-
ized collagen (2 mg/ml) matrices in DMEM + 1% fetal calf
serum. After the cells were replated onto polymerized
collagen matrices, the media were replaced with DMEM +
10% FBS. The cells were incubated with 10 umol/L BrdU for
5 hours before the cells were harvested at 24 hours. The
cells were then stained with anti-BrdU antibody to quan-
tify DNA synthesis and 7-amino actinomycin D as a mea-
sure of total DNA. DNA synthesis was quantified by as-
sessing the percentage of BrdU-positive cells by FACS

according to the manufacturer’s instructions (BD Bio-
sciences, San Diego, CA).

In Vitro Phosphatase Assay

PTEN was immunoprecipitated from cell lysates with 4 ug
of anti-PTEN antibody. 10 ul of PTEN enzyme assay
buffer (100 mmol/L Tris-HCI, pH 8.0, and 2 mmol/L dithio-
threitol) and 10 wl of phospholipid vesicles (PLV; 0.1
mmol/L diC4PIP5, 0.5 mmol/L dioleoyl phosphatidylserine
in 20 mmol/L HEPES, pH 7.4, and 1 mmol/L EGTA in
diCgPIP5 followed by sonication for 30 minutes) were
added to 5 ul of immunoprecipitate and incubated. The
enzyme reaction was terminated by adding 100 ul of
Malachite Green solution. PTEN activity was measured
using a microtiter plate reader at 630 nm.

Immunofluorescent Confocal Microscopy

Immunostaining was performed on paraffin-embedded
IPF and control lung tissue using a Zeiss Axiovert 200M
Confocal Microscope.

Immunofluorescence

Immunofluorescence studies were performed on caveo-
lin-1—null and wild-type fibroblasts cultured on glass cov-
erslips. The cells were plated on glass coverslips and
infected with the adenoviral vector containing wild-type
caveolin-1 construct for 24 hours. The cells were then fixed,
permeabilized, and incubated (60 minutes, room tempera-
ture) with the appropriate primary antibody (PTEN or Cav-
1). The cells were then incubated (60 minutes, room
temperature) with cy2- or cy3-conjugated secondary an-
tibodies, followed by incubation (10 minutes, room temper-
ature) with DAPI. Primary antibodies caveolin-1 and total
PTEN (6H2.1) were obtained from Cell Signaling and Cas-
cade Bioscience (Winchester, MA), respectively.

Data Analysis

Comparisons of data among each experiment were per-
formed with the unipolar unpaired or paired Student t test.
All experiments were replicated a minimum of three
times. Data are expressed as mean * SD. P < 0.05 were
considered significant.

Results

Myofibroblasts within IPF Fibroblastic Foci
Display Low-Intensity Expression of Both
Caveolin-1 and PTEN Protein

The sentinel morphological lesion of IPF is the fibroblastic
focus. Fibroblastic foci consist of a subepithelial accu-
mulation of & smooth muscle actin expressing fibroblasts
in a type | collagen-rich matrix. We have found that
membrane PTEN levels are decreased in primary fibro-
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Figure 1. Myofibroblasts within IPF fibro-

blastic foci display low-intensity expression
of both caveolin-1 and PTEN protein. H&E
and immunofluorescent confocal micro-

scopic analysis were performed on control
human lung tissue (n = 4) and IPF tissue J
(n = 3). Shown is representative H&E stain-
ing of a fibroblastic foci (FF) in IPF tissue
(A). Immunofluorescent confocal micro-
scopic analysis was performed on the IPF
fibroblastic foci within the boxed region
shown in A and illustrates the pattern of
caveolin-1 (Cav-1), PTEN, a-smooth muscle
actin (a-SMA), and keratin 8/18 expression
(B—K). Insets in B and F display the pattern
of caveolin-1 and PTEN staining in myofi-
broblasts within the fibroblastic focus in a
zone beneath the epithelium and in the
overlying epithelium, respectively. Myofi-
broblasts are identified by a-smooth muscle
actin staining, epithelial cells by keratin
staining, and nuclei are identified by DAPI
staining. Please note that “Merge” indicates
merging of caveolin-1 (red) with a-SMA
(green) or PTEN (red) with a-SMA (green). L-N:

Keratin 8/18

Ctrl-Cy3

R controlr DAPI

0 Cav-1/ DAPI

blasts derived from patients with IPF, and a previous
study has found that caveolin-1 expression is decreased
in IPF lung tissue and fibroblasts.”?" Together, these
data suggest a potential relationship between caveolin-1
and PTEN expression in IPF. To begin to address this
issue, we analyzed the pattern of caveolin-1 and PTEN
expression within IPF fibroblastic foci by immunofluores-
cence confocal microscopy and compared it to human
control lung tissue (Figure 1A, H&E, L-N staining of a
fibroblastic focus). « smooth muscle actin was used as a
marker of myofibroblasts and keratin 8/18 as an epithelial
marker. Several differences in caveolin-1 and PTEN stain-
ing features between the IPF fibroblastic focus and con-
trol lung tissue were noteworthy. First, when analyzing IPF
lung tissue, we noted that prominent caveolin-1 and
PTEN expression was displayed in cells overlying the
fibroblastic foci (Figure 1B for caveolin-1 and F for PTEN).
These cells stained positive for the epithelial cell marker
keratin 8/18, suggesting that they are epithelial (Figure 1,
J and K). a« smooth muscle actin staining was not appar-
ent in the epithelial cells overlying the fibroblastic foci. In
contrast, cells constituting the fibroblastic foci, especially
those in a zone just beneath the overlying epithelial cells,
stained prominently for @« smooth muscle actin indicating
that these cells are myofibroblasts (Figure 1, C and G).

PTEN/ DAPI

Controls performed on IPF lung tissue consist-
ing of secondary antibody without primary
(Ctrl-Cy3, Ctrl-Cy2). O—R: Immunostaining of
control lung tissue demonstrating prominent
caveolin-1 and PTEN staining in cells lining
the alveolar airspace. Scale bar = 50 um.
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Myofibroblasts within the fibrotic foci displayed relatively
low intensity expression of both caveolin-1 and PTEN
compared with the overlying epithelial cells (Figure 1,
merged panels D and E showing caveolin-1 and
a-smooth muscle actin and merged panels H and | show-
ing PTEN and a-smooth muscle actin). Second, when we
analyzed control lung tissue, we found that both caveo-
lin-1 and PTEN expression were very prominent in cells
lining the alveolar airspace (Figure 1, O-R), many of
which stained positive for the epithelial cell marker keratin
8/18. The vast majority of caveolin-1 and PTEN staining
cells lining the normal alveolar airspace did not stain for
a smooth muscle actin (see supplemental Figure 1 at
http://ajp.amjpathol.org). Rare cells within the alveolar
wall stained for both vimentin and caveolin-1, suggesting
that interstitial fibroblasts may stain for cavolin-1 (see
supplemental Figure 2 at http.//ajp.amjpathol.org). Taken
together, these data demonstrate that myofibroblasts
within the fibroblastic focus display relatively low intensity
expression of caveolin-1 and PTEN compared with epi-
thelial cells overlying the fibroblastic focus or lining the
normal alveolar airspace. In addition, the level of caveo-
lin-1 and PTEN expression in the myofibroblasts corre-
lates well with one another.
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Figure 2. Caveolin-1 expression is low in IPF fibroblasts. Western analysis
of caveolin-1 protein expression in primary lung fibroblasts from IPF (72 = 6)
and control patients (7 = 6) seeded on polymerized type I collagen matrices.
GAPDH is shown as a loading control. Relative protein expression was
determined as the densitometric ratio of PTEN to GAPDH. Data are repre-
sentative of three independent experiments.

Caveolin-1 Expression Is Low in IPF Fibroblasts

We have previously found that membrane PTEN levels
are decreased in IPF fibroblasts.” To discern whether
PTEN levels correlate with caveolin-1 levels in our primary
IPF fibroblast lines, we analyzed caveolin-1 expression in
primary lung fibroblasts derived from IPF patients (n = 6)
and from control patients (n = 6) by Western analysis. We
found that caveolin-1 expression was decreased in pri-
mary IPF fibroblast cell lines compared with controls
(Figure 2), consistent with a prior report.?’

Caveolin-1 Expression Is a Determinant of
Membrane-Associated PTEN Levels

PTEN inhibits the integrin/PI3K/Akt signal pathway. Its
activation is believed to involve translocation from the
cytoplasm to the membrane where it is activated and in
the right location to inhibit PI3K/Akt. Because caveolin-1
is an integral membrane protein, which also regulates
signal transduction including the PI3K/Akt pathway, this
suggested that low caveolin-1 expression may be a de-
terminant of low membrane PTEN levels in IPF fibroblasts.
To analyze whether caveolin-1 expression regulates
membrane-associated PTEN levels, we used caveolin-1
wild-type and null lung fibroblasts. We found that caveo-
lin-1-null fibroblasts displayed low levels of membrane-
associated PTEN compared with wild-type controls, and
this was associated with an augmented level of phospho-
Akt (Figure 3A). Consistent with this immunofluorescence
analysis showed that caveolin-1-null fibroblasts dis-
played a faint cytoplasmic distribution of PTEN, whereas
PTEN expression was more intense in wild-type cells
(data not shown). We next examined the effect of recon-
stituting caveolin-1 into caveolin-1—null fibroblasts using
an adenoviral vector containing a wild-type caveolin-1
construct on membrane PTEN levels. Caveolin-1-null
cells reconstituted with caveolin-1 now displayed caveo-
lin-1 expression. Caveolin-1-null cells transfected with an
empty vector did not express caveolin-1. Caveolin-1-null

A Cav-1WT Cav-1Null

— PTEN (Membrane)
‘_. | p-Akt Sera73
- -

Cav-1

W s% GAPDH
B Ad-GFP Ad-Cav-1
s wme PTEN (Membrane)

&= Cav-1
R A capoH

Figure 3. Caveolin-1 expression is a determinant of membrane PTEN levels.
A: Caveolin-1-null and wild-type lung fibroblasts were seeded on polymer-
ized collagen and examined for caveolin-1, membrane PTEN, and phospho-
Akt expression using GAPDH as a loading control. B: Caveolin-1-null fibro-
blasts were reconstituted with wild-type caveolin-1 (Ad-Cav-1) and seeded
on polymerized collagen. Cells infected with empty vector are shown as a
control (Ad-GFP). Shown is Western analysis of caveolin-1, membrane PTEN,
phospho-Akt, and GAPDH levels.

p-Akt Serd73

fibroblasts reconstituted with caveolin-1 displayed in-
creased levels of membrane-associated PTEN and a
lower level of phospho-Akt compared with cells trans-
fected with empty vector (Figure 3B). These data indicate
that the level of caveolin-1 expression is a determinant of
the amount of PTEN associated with the membrane.

PTEN Associates with Caveolin-1 in Control
Fibroblasts, but an Association Cannot be
Detected in IPF Fibroblasts

Because caveolin-1 is a determinant of PTEN expression
and the pattern of caveolin-1 expression correlates with
PTEN expression, we next sought to assess whether
PTEN associates with caveolin-1. We first analyzed
whether we could detect a binding association between
endogenous PTEN and caveolin-1 in control and IPF
fibroblasts. An endogenous caveolin-1/PTEN complex
could be detected in control fibroblasts (Figure 4A; see
also Figure 5B), where endogenous caveolin-1 and mem-
brane PTEN levels are relatively high. In contrast, both
membrane PTEN and caveolin-1 levels are very low in IPF
fibroblasts. Not surprisingly, we were unable to detect a
binding interaction between endogenous caveolin-1 and
PTEN in IPF fibroblasts (data not shown). However, when
caveolin-1 was overexpressed in IPF fibroblasts, a bind-
ing interaction between caveolin-1 and endogenous
PTEN could be detected (Figure 4B). These data suggest
that either a caveolin-1/PTEN complex does not form in
IPF fibroblasts or that because of the very low levels of
endogenous caveolin-1 and membrane PTEN, a complex
is below the limits of detection.

To confirm this binding association, we overexpressed
caveolin-1 in caveolin-1-null fibroblasts and performed
immunoprecipitation experiments. Caveolin-1-null fibro-
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Figure 4. PTEN associates with caveolin-1 in control fibroblasts, but an association cannot be detected in IPF fibroblasts. A: Caveolin-1 was immunoprecipitated
from control and IPF fibroblasts, and Western analysis for PTEN or caveolin-1 was performed (data shown for control only). B: IPF fibroblasts were infected with
an adenoviral vector containing wild-type caveolin-1 construct. Cells infected with empty vector (Ad-GFP) served as a control. Caveolin-1 was immunoprecipi-
tated, and Western analysis for PTEN and caveolin-1 was performed. C: Caveolin-1-null fibroblasts overexpressing wild-type caveolin-1 and PTEN constructs
together (left) or wild-type caveolin-1 alone (right) were seeded on polymerized collagen. Caveolin-1 or PTEN was immunoprecipitated and Western analysis
for PTEN, and caveolin-1 was performed. D and E: Shown is confocal microscopic immunofluorescent analysis of caveolin-1 and PTEN expression in
caveolin-1-null fibroblasts reconstituted with caveolin-1 (D) or empty vector (E; GFP control) and seeded on polymerized collagen. Arrows denote colocalization
of PTEN and caveolin-1 at the membrane in caveolin-1-null cells reconstituted with caveolin-1. Scale bar = 20 wm. Data are representative of three independent

experiments.

blasts were infected with an adenoviral vector containing
wild-type caveolin-1 and wild-type PTEN. Cells infected
with GFP were used as a control. An association of PTEN
with caveolin-1 could be identified in the caveolin-1-null
cells overexpressing both caveolin-1 and PTEN but not in
control caveolin-1-null cells infected with adenoviral-GFP
(Figure 4C, left). Furthermore, when we reconstituted
caveolin-1 in caveolin-1-null cells (but did not overex-
press PTEN) we found an association of endogenous
PTEN with caveolin-1 (Figure 4C, right), although the
amount of PTEN associating with caveolin-1 was lower
compared with caveolin-1-null cells overexpressing both
PTEN and caveolin-1 (compare right and left panels).
These data confirm that PTEN can associate with caveo-
lin-1 in intact fibroblasts.

A Control B Control C IPF
P Bl IgG IP: Cav-l  IgG p: Bl IgG
ws: B1 —_—
we:pt (D B ws: p1 .
WB: PTEN = - -

WB:Cav-1 .

WB: Cav-1 WB: Cav-1

Figure 5. A B1 integrin/caveolin-1/PTEN complex is present in control
fibroblasts but cannot be detected in IPF fibroblasts. A: Control fibroblasts
were cultured on polymerized collagen. B1 integrin was immunoprecipitated
and Western analysis for caveolin-1 or 81 integrin was performed. B: Caveo-
lin-1 was immunoprecipitated and Western analysis for 81 integrin, PTEN, or
caveolin-1 was performed. Immunoprecipitation using IgG antibody is
shown as a control. C: IPF fibroblasts were cultured on polymerized colla-
gen. B1 integrin was immunoprecipitated and Western analysis for caveolin-1
or B1 integrin was performed. Note: Immunoprecipitation using IgG anti-
body is shown as a control.

PTEN Colocalizes with Caveolin-1 at the Plasma
Membrane

To assess whether caveolin-1 colocalizes with PTEN,
we reconstituted caveolin-1-null fibroblasts with a wild-
type caveolin-1 construct and analyzed PTEN and
caveolin-1 staining by confocal microscopy. Caveolin-
1-null fibroblasts reconstituted with caveolin-1 showed
a different pattern of staining compared with the null cells
treated with empty vector. Reconstitution of caveolin-1-
null cells with caveolin-1 resulted in caveolin-1 expres-
sion both within the plasma membrane and in a peri-nu-
clear distribution, and there was prominent PTEN
expression in these cells (Figure 4D, left and middle). Im-
portantly, immunofluorescence confocal microscopy delin-
eated colocalization of PTEN and caveolin-1 at the plasma
membrane in caveolin-1-null cells reconstituted with caveo-
lin-1 (Figure 4D, right, arrows), but colocalization was not
apparent in caveolin-1 nulls treated with empty vector (Fig-
ure 4E). Together with our biochemical studies, these re-
sults are consistent with the idea that caveolin-1 expression
within the plasma membrane is a determinant of mem-
prane-associated PTEN levels.

A B1 Integrin/Caveolin-1/PTEN Complex Is
Present in Control Fibroblasts but Cannot be
Detected in IPF Fibroblasts

We have previously shown that the aberrant activation of
the PIBK/Akt proliferation pathway attributable to inappro-
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Figure 6. PTEN binds directly to caveolin-1. A: PTEN constructs showing: wild-type (wt) PTEN containing the 8-aa caveolin-1-binding motif; mutant PTEN
construct absent the caveolin-1 binding motif (APTEN 271-278); and the N terminus truncated PTEN construct absent the first 129 amino acids (APTEN 1-129).
B: Cell free in vitro pull-down assay. Recombinant caveolin-1-GST (rCav-1-GST) was bound to GST beads and incubated with recombinant PTEN (tPTEN-His).
PTEN incubated with GST beads without caveolin-1 was used as a control. Ln 1: rCav alone; Ln 2: rPTEN alone; Ln 3: rCav-1-GST incubated with GST beads alone;
Ln 4: rPTEN incubated with GST beads alone; Ln 5 rPTEN incubated with rCav-1-GST and GST beads. C: Modified pull down assay. 293 cells were transfected
with a HA-tagged wild-type PTEN construct. The cells were lysed and lysates incubated with: Ln 1: wild-type PTEN-HA and GST beads; Ln 2: wtPTEN-HA,
rCav-1-GST, and GST beads. Shown is Western analysis of the GST beads using a HA tag antibody. Western analysis of whole cell lysates not exposed to beads
using the HA tag antibody is shown as a loading control. D: Modified pull down assay. 293 cells were transfected with either HA-tagged wtPTEN, HA-tagged
mutant PTEN construct where the 8-aa residues constituting the caveolin-1 binding sequence were deleted (APTEN 271-278), or empty vector. Cell lysates were
incubated with rCav-1-GST and GST beads, and Western analysis of beads was performed using HA antibody and caveolin-1 antibody. Western analysis of whole
cell lysates was performed as a loading control. Ln 1: empty vector; Ln 2: wtPTEN; Ln 3: APTEN 271-278. E: 293 cells were transfected with either HA-tagged
WtPTEN or HA-tagged mutant PTEN construct (APTEN 271-278). Cell lysates were incubated with rCav-1-GST and GST beads. PTEN was immunoprecipitated
using a HA-tag antibody, and Western analysis of beads was performed using HA antibody and caveolin-1 antibody. Ln 1: wtPTEN (not incubated with rCav); Ln
2: WtPTEN + rCav-1-GST; Ln 3: APTEN 271-278 + rCav-1-GST. HC denotes position of heavy chain. F: PTEN-null fibroblasts were infected with an adenoviral
vector containing: Ln 1: empty vector (Ad-GFP) and wild-type caveolin-1 (Ad-cav-1); Ln 2: wild-type PTEN (Ad-wtPTEN) and wild-type caveolin-1 (Ad-cav-1); Ln
3: N-terminal truncated PTEN construct (Ad-APTEN 1-129) and wild-type caveolin-1. Caveolin-1 was immunoprecipitated, and Western analysis for PTEN was
performed. Shown as a loading control is immunoprecipitation of caveolin-1 followed by Western blotting for caveolin-1. Data are representative of three
independent experiments.

priately low PTEN activity occurs during IPF fibroblast
interaction with type | collagen via 81 integrin.' Prior
studies suggest that caveolin-1 may associate with inte-
grin and regulate integrin signaling.2>2® Since we have
found that during control fibroblast interaction with colla-
gen, PTEN associates with caveolin-1 and suppresses

PTEN Binds Directly to Caveolin-1

Amino acid sequence analysis of PTEN indicates that
PTEN contains the caveolin-1 consensus binding se-
quence PXPXXXXD corresponding to amino acids 271-
278 (FHFWVNTF) where ® = aromatic amino acid phe-

activation of Akt, we were interested in determining
whether B1 integrin also associates with caveolin-1 in a
protein complex. We found that an endogenous protein
complex consisting of caveolin-1, B1 integrin, and PTEN
could be coprecipitated from normal fibroblasts (Figure
5, A and B). However, we were unable to detect a B1
integrin/caveolin-1 protein complex during IPF fibroblast
interaction with polymerized collagen (Figure 5C). Of
note, there was no significant difference in total g1 inte-
grin expression in IPF and control fibroblasts (data not
shown). Together these data indicate that during normal
fibroblast interaction with polymerized type | collagen,
caveolin-1 complexes with PTEN and B1 integrin. This
may place PTEN in close proximity to the integrin. How-
ever, during IPF fibroblast interaction with type | collagen,
depleted caveolin-1 levels results in both an inability of
B1 integrin to associate with caveolin-1 and a reduction in
PTEN association with caveolin-1. This may reduce the
amount of PTEN in close association with B1 integrin.

nylalanine (F) (Figure 6A). Because PTEN contains a
caveolin-1 binding sequence, this suggested the possi-
bility that PTEN directly interacts with caveolin-1. To an-
alyze whether PTEN can directly interact with caveolin-1,
we performed a cell free in vitro pull down assay where
recombinant PTEN protein was incubated with recombi-
nant GST-tagged caveolin-1 immobilized on GST beads.
Considerable amounts of recombinant PTEN bound to
caveolin-1 immobilized on the GST beads (Figure 6B,
lane 5). Of note, a small amount of PTEN bound to the
GST beads alone, indicating some nonspecific binding of
recombinant PTEN to the beads (Figure 6B, lane 4). To
verify this finding, we transfected 293 cells with a HA-
tagged wild-type PTEN construct. The cells were lysed
and lysates incubated with recombinant caveolin-1-GST
and GST beads or with GST beads alone as a control. We
found that PTEN (HA tagged) bound to the recombinant
caveolin-1 whereas no PTEN could be detected when the
cell lysates were incubated with GST beads alone (Figure



6C). These data strongly suggest that PTEN is capable of
binding directly to caveolin-1.

To assess whether PTEN binds to caveolin-1 via its
caveolin-1 binding sequence, we generated a HA-
tagged mutant PTEN construct in which the 8-aa caveo-
lin-1 binding sequence was deleted. We then examined
the ability of the mutated PTEN construct to bind to
caveolin-1. We first overexpressed either HA-tagged
wild-type PTEN or the HA-tagged mutant PTEN (APTEN
271-278) construct in 293 cells and performed pull-down
assays where the cell lysates were incubated with recom-
binant caveolin-1 GST and GST beads. We found that
wild-type PTEN (HA tagged) bound to caveolin-1 (Figure
6D, lane 2), whereas the APTEN 271-278 construct ab-
sent the caveolin-1 binding domain did not (Figure 6D,
lane 3). We also performed a complementary experiment
where we overexpressed HA-tagged wild-type PTEN or
the HA-tagged mutant PTEN construct in 293 cells, and
the cell lysates were incubated with caveolin-1-GST and
GST beads and the lysates immunoprecipitated with HA-
tagged antibody. A large quantity of HA-tagged wild-type
PTEN bound to caveolin-1 (Figure 6E, lane 2), whereas
only a small amount of HA-tagged mutant PTEN associ-
ated with recombinant caveolin-1 (Figure 6E, lane 3). In
addition, we examined the ability of a truncated PTEN
construct to associate with caveolin-1. In this truncated
PTEN construct, the first 129 amino acids of the PTEN
amino terminus have been removed but the caveolin-1
binding motif remains intact. Both wild-type PTEN (Figure
6F, Lane 2) and truncated PTEN containing the caveolin-
1-binding motif (Figure 6F, Lane 3) immunoprecipitated
with caveolin-1. Together, these data suggest that PTEN
uses the caveolin-1-binding domain to directly associate
with caveolin-1. However, our data do not rule out the
possibility that other domains of PTEN (e.g., within the C
terminus) may also contribute in its ability to bind to
caveolin-1.

The Absence of Caveolin-1 Correlates with
Diminished PTEN Activity and Enhanced Akt
Activity

PTEN is a major inhibitor of the integrin/PI3K/Akt signal
pathway. Because membrane-associated PTEN levels
are decreased in caveolin-1-null cells, we sought to de-
termine the effect of reconstitution of caveolin-1 in caveo-
lin-1-null cells on PTEN and Akt activity. PTEN activity in
cells reconstituted with caveolin-1 was increased by
~59% compared with caveolin-1-null cells reconstituted
with GFP only (Figure 7A). Consistent with the increase in
PTEN activity, we found that phospho-Akt levels were
decreased following reconstitution of caveolin-1 in caveolin-
1-null cells compared with cells treated with empty vector
(Figure 7B). These data support the idea that the level of
caveolin-1 is a determinant of membrane-associated PTEN
levels and activity. Low caveolin-1 expression leads to di-
minished membrane PTEN levels and low PTEN activity
which augments Akt activity.

Pathologic Cav-1 and PTEN Function in IPF 2633
AJP June 2010, Vol. 176, No. 6

A B
250
-‘E' Cav-1 Null
g 200 1 Ad-GFP Ad-Cav-1
& 150 1 h p-Akt Serd73
o
5 |
g 100 u—. GAPDH
s
5 501
N
o A
Cav-1 Null Cav-1 Null
Ad-GFP  Ad-Cav-1
90000
C —&— Cav-1 WT PC D
=& Cav-1 Null PC
80000 1~ v wr e Cav-1 Null
70000 |~ Cav-1 Null TC Ad-GFP Ad-DN-Akt
60000 _ p-Akt Serd73
5 —
o
g 50000 ;
z s . ' Cleaved
E’ 40000 L Caspase-3
30000
20000 - - GAPDH
10000
(1]
0 1 2 3 4 (Day)
F
35000
— Ad-GFP 35
30000 { —— Ad-DN-Akt o 304
= X
S 25000 ® 25.
£ o
S 20000 = 20
z =)
;0 15000 ) 15 1
© 10000 0 10
NS
5000 T 51
0 0

0o 1 2 3(Day) Ad-GFP Ad-DN-Akt

Figure 7. The absence of caveolin-1 diminishes PTEN activity and enhances
Akt activity while promoting exaggerated proliferation and resistance to
apoptosis. Caveolin-1-null cells were infected with an adenoviral vector
containing wither wild-type caveolin-1 (Cav-1 Null Ad-GFP) or empty vector
(Cav-1 Null Ad-Cav-1). PTEN activity (A) and the level of phosphorylated Akt
(B) were assessed 48 hours after infection. C: Caveolin-1-null fibroblasts and
wild-type fibroblasts were plated on either tissue culture plates (TC) or
polymerized collagen (PC) in growth factor—replete media and cell number
determined as a function of time. D: Caveolin-1-null fibroblasts were in-
fected with an adenoviral vector containing dominant negative Akt or empty
virus and cultured in the presence of media containing 10% serum. The levels
of phospho-Akt and cleaved caspase 3 were examined by Western analysis.
E and F: The proliferation of caveolin-1-null cells expressing DN-Akt or
GFP-control was quantified by assessing cell number at 24, 48, and 72 hours
postinfection (E) or by BrdU uptake at 72 hours (F). Error bars represent
SEM. Data are representative of three independent experiments.

Caveolin-1-Null Fibroblasts Display
Exaggerated Proliferation and Resistance to
Apoptosis Compared with Caveolin-1 Wild-Type
Cells Cultured on Polymerized Type | Collagen
Matrices

The PI3K/Akt pathway regulates cell proliferation and
survival. Because our data indicate that caveolin-1-null
fibroblasts manifest depleted membrane PTEN expres-
sion/activity and enhanced Akt activity, we next exam-

ined the effect of depletion of caveolin-1 on fibroblast
proliferation and viability. We have previously demon-
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strated that polymerized type | collagen suppresses nor-
mal fibroblast proliferation by a mechanism involving
maintenance of high PTEN activity. Thus, we sought to
investigate whether polymerized collagen exerted prolif-
eration-suppressive properties on caveolin-1-null fibro-
blasts. To address this issue, we cultured caveolin-1
wild-type and null fibroblasts on either tissue culture
dishes without matrix or on polymerized collagen matri-
ces for 4 days in the presence of 10% serum. We did not
find a major difference in the proliferation of caveolin-1-
null and wild-type fibroblasts on tissue culture plates.
Moreover, similar to normal human lung fibroblasts, po-
lymerized collagen potently suppressed the proliferation
of caveolin-1 wild-type fibroblasts. However, we found
that the degree of suppression of cell proliferation by
polymerized collagen was less prominent in caveolin-1-
null cells, a finding similar to our published results for IPF
fibroblasts." Caveolin-1-null fibroblast cell numbers were
80% higher than caveolin-1 wild-type fibroblasts cultured
on polymerized collagen for 4 days (Figure 7C). This
suggests that depletion of caveolin-1 levels augments
Akt activity and confers fibroblasts with an increased
ability to elude the proliferative-suppressive properties of
polymerized collagen. To verify this, we knocked down
Akt by using a dominant-negative Akt construct as we
have described and examined caveolin-1-null cell prolif-
eration.” Dominant negative Akt reduced the level of
phospho-Akt (Figure 7D) and suppressed the ability of
caveolin-1-null cells to proliferate (Figure 7, E and F).
Reduction in the level of phospho-Akt may also promote
apoptosis. Using FACS analysis to quantify the level of
apoptosis, we observed an increase in apoptosis in
caveolin-1—-null cell cultures at 48 hours after knock-down
of Akt compared with control (19% versus 8%). Consis-
tent with this, we also detected the presence of cleaved
caspase 3 in caveolin-1-null cells treated with dominant
negative Akt (Figure 7D). This indicates that in caveolin-
1-null cells, knock-down of Akt promotes a low level of
apoptosis in addition to suppressing proliferation. Fur-
thermore, we noted that when caveolin-1 wild-type cells
were cultured on polymerized collagen their cell numbers
declined. Therefore, we also examined the level of apo-
ptosis in caveolin-1 wild-type and null fibroblasts cultured
on polymerized collagen for 3 days. We found that the
level of apoptosis was higher in caveolin-1 wild-type fi-
broblasts cultured on polymerized collagen compared
with caveolin-1-null cells (17% versus 2%; see supple-
mental Figure 3 at http://ajp.amjpathol.org). These data
suggest that an absence of caveolin-1 may confer resis-
tance to apoptosis in response to culture on polymerized
type | collagen.

Knock-Down of Caveolin-1 in Control
Fibroblasts Reduces Membrane-Associated
PTEN Levels, Augments Phospho-Akt Levels,
and Increases Proliferation

We next sought to assess whether knock-down of caveo-
lin-1 levels in control fibroblasts will confer an IPF fibro-
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Figure 8. Knock-down of caveolin-1 in control fibroblasts reduces mem-
brane PTEN levels, augments phospho-Akt levels, and increases prolifera-
tion. Control fibroblasts were transfected with caveolin-1 or control siRNA, or
not treated (NT). Caveolin-1, membrane PTEN, phospho-Akt, and GAPDH
expression were examined by Western analysis. Data are representative of
three independent experiments.

blast-like phenotype. To do this, we knocked down
caveolin-1 expression in control lung fibroblasts using
caveolin-1 siRNA and examined the effect on membrane-
associated PTEN levels, Akt activity, and cell growth. We
found that knock-down of caveolin-1 in control fibroblasts
modestly decreased caveolin-1 expression as well as
membrane-associated PTEN levels and that knock-down
of caveolin-1 augmented the level of phospho-Akt (Figure
8). We next assessed the effect of knock-down of caveo-
lin-1 on the proliferation of control fibroblasts plated on
polymerized type | collagen in the presence of serum for
48 hours. The percentage of cells staining positive for
BrdU was roughly two-fold higher in control fibroblasts in
which caveolin-1 had been knocked-down compared
with cells treated with control siRNA where elevated lev-
els of caveolin-1 and membrane-associated PTEN were
maintained (35.1% versus 14.7%; see supplemental Fig-
ure 4 at http.//ajp.amjpathol.org). Our data indicate that
low caveolin-1 levels correlate with augmented fibroblast
proliferation and suggest that depletion of caveolin-1
confers control fibroblasts with the ability to circumvent
the anti-proliferative properties of polymerized collagen.

Overexpression of Caveolin-1 in IPF Fibroblasts
Augments Membrane-Associated PTEN Levels
and Suppresses Akt Activity

Our studies using control fibroblasts indicate that caveo-
lin-1 expression is a determinant of PTEN expression and
activity. To examine whether caveolin-1 levels are a de-
terminant of membrane-associated PTEN expression in
IPF fibroblasts, we infected IPF fibroblasts with an adeno-
viral vector containing a wild-type caveolin-1 construct
and analyzed PTEN expression. Fibroblasts infected with
empty vector served as control. IPF fibroblasts infected
with the adenoviral vector containing the caveolin-1 con-
struct displayed marked up-regulation of caveolin-1 pro-
tein expression and this correlated with increased mem-
brane-associated PTEN levels (Figure 9A). To determine
the effect of this increase in membrane-associated PTEN
on Akt activity, we analyzed Akt phosphorylation. The
level of phosphorylated serine 473 of Akt was modestly
suppressed in IPF fibroblasts overexpressing caveolin-1
compared with IPF fibroblasts infected with empty vector
(Figure 9A). Interestingly, the level of cyclin D was mark-
edly suppressed in IPF fibroblasts overexpressing
caveolin-1 compared with control. Together, these data
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Figure 9. Overexpression of caveolin-1 in IPF fibroblasts augments mem-
brane PTEN levels and suppresses Akt activity. IPF fibroblasts were infected
with an adenovirus containing wild-type caveolin-1 (Ad-wtCav1l) or empty
vector (Ad-GFP) and cultured on tissue culture dishes in the presence of
serum for 48 hours. A: Shown is Western analysis of caveolin-1, membrane
PTEN, phosphorylated Akt, and cyclin D levels. GAPDH is used as a loading
control. B: IPF fibroblasts were infected with an adenoviral vector containing
wild-type caveolin-1 (Ad-Cav-1) or empty vector (Ad-GFP), and proliferation
was quantified by BrdU uptake by FACS. Negative control = cells stained
with secondary antibody only. Data are representative of three independent
experiments.

strongly suggest that caveolin-1 expression is a determi-
nant of membrane PTEN expression and that low caveo-
lin-1 expression is responsible for the inappropriately low
PTEN activity and the pathologically activated PI3K/Akt
pathway that is characteristic of IPF fibroblasts.

We also examined the effect of overexpression of
caveolin-1 on IPF fibroblast proliferation and viability. The
cells were infected with an adenoviral vector containing
either wild-type caveolin-1 or empty vector and cultured
on tissue culture dishes. The level of BrdU uptake in IPF
fibroblasts infected with empty vector was 19%. In con-
trast, overexpression of caveolin-1 nearly completely
suppressed BrdU uptake (Figure 9B), indicating that
overexpression of caveolin-1 effectively suppresses IPF
fibroblast proliferation. We also analyzed the effect of
overexpression of caveolin-1 on IPF fibroblast viability.
Somewhat surprisingly, we found that the level of apopto-
sis of IPF fibroblasts overexpressing caveolin-1 was signif-
icantly higher than empty vector control (~31% versus
~10%; see supplemental Figure 5 at http.//ajp.amjpathol.
org). These data suggest that the pathologically low level
of caveolin-1 in IPF fibroblasts may confer IPF fibroblasts
with the ability to elude the proliferation-suppressive ef-
fects of polymerized type | collagen and an apoptotic-
resistant phenotype.

Discussion

Idiopathic pulmonary fibrosis is a prototypical fibroprolif-
erative disorder. It is characterized by progressive re-
placement of alveolar airspaces with proliferating fibro-
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blasts and their major connective tissue product—type |
collagen.?® However, this observation—that IPF is char-
acterized by the relentless proliferation of fibroblasts in a
matrix of polymerized type | collagen—was at odds with
the long-known fact that polymerized type | collagen is a
potent suppressor of fibroblast proliferation. Focusing on
this disparate observation, we have found that IPF fibro-
blasts have eluded the proliferative-suppressive effects
of polymerized type | collagen. We have demonstrated
that the mechanism involves aberrant activation of the
PI3K/Akt pathway due to inappropriately low activity of
the tumor suppressor phosphatase PTEN." We have
found that PTEN activity is low because of decreased
levels of PTEN at the plasma membrane—the location
where PTEN inhibits phosphatidylinositol-3,4,5-triphos-
phate.” Interestingly, a prior study has found that IPF is
also characterized by low levels of the integral membrane
protein caveolin-1.2" Here we show that reduced expres-
sion of caveolin-1 is responsible for the decreased level
of membrane-associated PTEN and the pathological ac-
tivation of the PIBK/Akt signal in IPF fibroblasts. We dem-
onstrate that the level of caveolin-1 is a major determinant
of membrane-associated PTEN expression.

Caveolin-1 exists in high-molecular-mass oligomers of
350 kDa and can be found in mesh-like structures juxta-
posed to the inner plasma membrane.®*°~22 Caveolin-1's
scaffolding domain (residues 82-101) anchors caveolin-1
to the membrane.®® Caveolin-1 has been linked to the
regulation of membrane-associated signal transduction
pathways that control key cellular functions including
proliferation.’®34-%% |n this study, our immunofluores-
cence and biochemical experiments demonstrate that
plasma membrane caveolin-1 expression is depleted in
primary lung fibroblasts derived from patients with IPF
and that overexpression of caveolin-1 in IPF fibroblasts
results in a prominent peri-nuclear localization of caveo-
lin-1 and restoration of caveolin-1 expression at the
plasma membrane. Our study links depletion of caveo-
lin-1 expression in fibroblasts with a pathological fibro-
blast phenotype characterized by an exaggerated ability
to proliferate that may contribute to aberrant tissue repair

Control IPF
B1 integrin B1 integrin

Proliferation

Figure 10. Working model of IPF fibroblast phenotype. Schematic illustrat-
ing the molecular mechanism underlying the ability of IPF fibroblasts to
elude the proliferation-suppressive properties of polymerized type I collagen
(see text for details).
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and fibrosis. Consistent with this, recent studies suggest
that a loss of caveolin-1 expression may be a marker of
the cancer-associated fibroblast phenotype, further link-
ing depletion of caveolin-1 with a pathological fibroblast
phenotype.37-38

We have previously demonstrated that membrane-as-
sociated PTEN levels and activity are low in IPF fibro-
blasts.” This results in pathological activation of the PI3K/
Akt signal pathway and confers IPF fibroblasts with the
ability to elude the antiproliferative properties of polymer-
ized type | collagen. We have also previously demon-
strated that PTEN-deficient mice display increased lung
fibrosis in response to bleomycin-induced lung injury
caused by a more durable fibroproliferative response,
confirming the importance of the PTEN/Akt axis in regu-
lating the degree of fibroproliferation and subsequent
fibrosis." Considerable experimental evidence indicates
that PTEN localizes to the plasma membrane where itis in
the correct location to inhibit the PI3K/Akt signal.®14-1¢
Here we provide substantial evidence that the depletion
of caveolin-1 at the membrane is responsible for low
membrane-associated PTEN expression and activation
of Akt in IPF fibroblasts, which facilitates their pathologi-
cal proliferation. First, using caveolin-1-null cells treated
with an adenoviral vector containing wild-type caveolin-1
we demonstrate that reconstitution of caveolin-1 results in
the colocalization of caveolin-1 and PTEN at the plasma
membrane. We show that this augments PTEN activity
while suppressing Akt activity. Second, we show that
caveolin-1-null cells display exaggerated proliferation
and importantly, we demonstrate that down-regulation of
Akt function in caveolin-1-null cells suppresses their abil-
ity to proliferate. Third, we demonstrate that knock-down
of caveolin-1 in control fibroblasts reduces membrane-
associated PTEN levels while increasing phospho-Akt
levels and their ability to proliferate. Fourth and most
importantly, we demonstrate that restoration of caveolin-1
levels in IPF fibroblasts repletes membrane-associated
PTEN levels, thereby diminishing Akt activity and sup-
pressing IPF fibroblast proliferation. Finally, our immuno-
fluorescent confocal microscopic analysis of IPF lung
tissue demonstrates that a smooth muscle actin express-
ing myofibroblasts within the fibroblastic focus, in a zone
adjacent to the overlying epithelium, display low-intensity
expression of both caveolin-1 and PTEN, thus confirming
correlation of caveolin-1 and PTEN expression in myofi-
broblasts within the fibroblastic focus.

Amino acid analysis of PTEN indicates that PTEN con-
tains a caveolin-1 consensus binding sequence. We pro-
vide evidence that PTEN directly interacts with caveo-
lin-1. Our cell-free pull-down assay using recombinant
caveolin-1 and wild-type PTEN protein suggest strong
avidity between caveolin-1 and PTEN, whereas we found
reduced PTEN association with caveolin-1 when we used
our mutant PTEN construct in which the caveolin-1-bind-
ing domain had been deleted. Furthermore, our co-im-
munoprecipitation experiments demonstrate that in con-
trol fibroblasts, where endogenous caveolin-1 levels are
high, caveolin-1 can associate with both PTEN and B1
integrin in a protein complex. In contrast, in IPF fibro-
blasts, which display very low levels of endogenous

caveolin-1 and membrane-associated PTEN levels, we
were unable to detect PTEN in a complex with caveolin-1.
Only when PTEN and caveolin-1 were overexpressed in
IPF fibroblasts were we able to detect the proteins in a
complex. In addition, in IPF fibroblasts, g1 integrin could
not be detected in a complex with caveolin-1. On the
basis of our studies we suggest a model where during
normal fibroblast interaction with polymerized collagen
via B1 integrin, PTEN accumulates at the plasma mem-
brane by association with the meshlike caveolin-1 struc-
ture in a protein complex also containing B1 integrin
(Figure 10). This positions PTEN in an optimal location to
inhibit phosphoinositol 3,4,5 triphosphate generated by
integrin—-matrix interaction. The accumulation of PTEN at
the membrane results in a membrane microenvironment
characterized by high phosphatase activity, which re-
presses the integrin/PI3K/Akt signal. However, we sug-
gest that in IPF fibroblasts, depletion of membrane-associ-
ated caveolin-1 results in reduced accumulation of PTEN at
the membrane in a complex with caveolin-1. In addition,
because of depleted membrane caveolin-1 levels, there is
reduced B1 integrin association with caveolin-1. Together,
this limits the accessibility of PTEN to phosphoinositol 3,4,5
triphosphate generated by B1 integrin-matrix interaction,
thereby facilitating the aberrant activation of Akt.

In conclusion, our studies demonstrate that in IPF fi-
broblasts, a lack of caveolin-1 expression in the plasma
membrane reduces membrane-associated PTEN levels
and activity. This creates a membrane microenvironment
depleted of inhibitory phosphatase activity and favorable
for the pathological activation of the PI3K/Akt signal path-
way. This confers IPF fibroblasts with a phenotype char-
acterized by the ability to circumvent the proliferation-
suppressive properties of polymerized type | collagen.
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