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Free radicals play a role in aging and age-related human dis-
eases, including pulmonary emphysema. Cigarette smoke rep-
resents a source of oxidants and is considered an environmental
hazard that causes pulmonary emphysema. Here, we show that
caveolin-1 activates ataxia telangiectasia-mutated (ATM) after
oxidative stress by sequestering the ATM inhibitor, the catalytic
subunit of protein phosphatase 2A, into caveolar membranes.
We demonstrate that cigarette smoke extracts promote stress-
induced premature senescence in wild type but not caveolin-1
null lung fibroblasts and that caveolin-1 expression is required
for activation of the ATM-p53-p21¥4?/C?1 pathway following
stimulation with cigarette smoke extracts in vitro. In vivo studies
show that caveolin-1 expression is necessary for cigarette smok-
ing-induced senescence of lung fibroblasts and pulmonary
emphysema. These findings bring new insights into the molec-
ular mechanism underlying free radical activation of the ATM-
p53 pathway and indicate that caveolin-1 is a novel therapeutic
target for the treatment and/or prevention of pulmonary
emphysema.

Most cells cannot divide indefinitely due to a process termed
cellular senescence. Growth arrest is associated with well
defined biochemical alterations. These include irreversible cell
cycle arrest, increased p53 activity, and increased p21%¥%/?/ <!
protein expression (1, 2). Cellular stress can accelerate the
onset of senescence. Oxidative stress, for example, is known to
induce premature senescence in cells in culture (3, 4). Accumu-
lation of senescent cells over time may contribute to aging and
age-related diseases. In fact, their inability to proliferate con-
tributes to reduced tissue function in aging organs. In addition,
remaining metabolically active, senescent cells may play a role
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in tissue aging by influencing the neighboring tissue microen-
vironment (reviewed in Ref. 5).

Pulmonary emphysema is a fatal and age-related lung disease
that occurs after a prolonged period of cigarette smoking. In the
United States alone, there are about 4—5 million people with
emphysema. Pulmonary emphysema is characterized by alveo-
lar destruction, which promotes airspace enlargement with
reduction of alveolar capillary exchange area. Because each puff
of cigarette smoke contains ~10"° free radicals in the gas phase,
contains 10'® free radicals/gram of tar, and includes potent oxi-
dants such as hydrogen peroxide, oxidative stress is believed to
play an important role in the pathogenesis of emphysema (6, 7,
33). The classical concept of the pathogenesis of emphysema
was based on lung inflammation caused by cigarette smoking
and environmental pollutants, which leads to a protease/anti-
protease imbalance, and ultimately, to the destruction of the
alveolar wall (8).

However, emerging data indicate that cellular senescence
may contribute to the cigarette smoke-induced emphysema-
tous phenotype, which is consistent with the notion that oxi-
dants promote cellular senescence (9-13). Because cellular
senescence is characterized by cell cycle arrest, the presence of
senescent cells may explain the lack of compensation for cell
loss, which results in progressive destruction of alveolar archi-
tecture. The molecular mechanisms underlying free radical-
induced senescence and emphysema remain to be elucidated.

Caveolae are vesicular invaginations of the plasma mem-
brane. Caveolin-1 is the structural component of caveolae. It
has been proposed that caveolin-1 participates in vesicular traf-
ficking events and signal transduction processes (14) by acting
as a scaffolding protein (15) to organize and concentrate spe-
cific lipids (cholesterol and glyco-sphingolipids) and lipid-
modified signaling molecules (Src-like kinases, H-Ras, endo-
thelial nitric oxide synthase, components of the p42/44 MAPK>
pathway, G-proteins, epidermal growth factor receptor, Neu,
protein kinase A, and protein kinase C) within caveolar mem-
branes (16-20). In addition to concentrating these signaling
molecules within a specific region of the plasma membrane,
caveolin-1 binding functionally regulates the activity of caveo-
lae-associated molecules.

We have previously demonstrated that overexpression of
caveolin-1 arrests cell cycle progression and induces a senes-
cent phenotype (21, 22). We have also shown that oxidative
stress induces premature senescence by stimulating caveolin-1
gene transcription through p38 MAPK/Spl-mediated activa-
tion of two GC-rich promoter elements (23). The signaling
events, downstream of caveolin-1, activated by oxidative stress
and whether caveolin-1 expression is required for SIPS remain
to be determined. In addition, the role of caveolin-1 in the

2 The abbreviations used are: MAPK, mitogen-activated protein kinase; ATM,
ataxia telangiectasia-mutated; PP2A, protein phosphatase 2A; SIPS, stress-
induced premature senescence; DMEM, Dulbecco’s modified Eagle’s
medium; CSE, cigarette smoke extract; WT, wild type; H&E, hematoxylin
and eosin; MEF, mouse embryonic fibroblast; LF, lung fibroblast; Cav-1 KO,
caveolin-1 null; SA-B-gal, senescence-associated B-galactosidase.
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pathogenesis of emphysema is totally unknown. Here, we iden-
tify caveolin-1 as a novel signaling player that links oxidative
stress to pulmonary emphysema.

EXPERIMENTAL PROCEDURES

Lung Histology—The mice were sacrificed at the appropriate
time point, and the right ventricle was perfused with normal
saline to remove blood. The lungs were then inflated to fixed
pressure (25 cm of H,O) with 10% buffered formalin for 10 min.
The lungs were fixed overnight before embedding in paraffin.
Sections were obtained for morphological and histochemical
analysis as described previously (24 —27). Briefly, lung sections
were stained with hematoxylin and eosin (H&E). For each lung,
images from 20 randomly selected X20 fields were analyzed
using the NIH Image software. Images were edited to remove
airways, blood vessels, and lymphocytic nodules; they were then
thresholded manually, made binary, and inverted. Horizontal
and vertical grid lines were sequentially superimposed over the
images, and the number of intercepts was measured using NIH
Image. The mean linear intercept (L,,) was calculated from the
number of intercepts as described previously (25).

RESULTS

Caveolin-1 Activates ATM after Oxidative Stress by Seques-
tering PP2A-C into Caveolar Membranes—The ATM protein
kinase is a key regulator of the p53 pathway in response to
genotoxic stress. Reactive oxygen species have been shown to
activate ATM (28) and p53 in an ATM-dependent manner in
different cell types (29, 30). Activation of ATM occurs when
oxidative stress promotes autophosphorylation of multimeric
ATM at serine 1981, which dissociates into active monomers
and then rapidly phosphorylates and activates numerous sub-
strates, including p53 (31). Because we have previously shown
that overexpression of caveolin-1 activates p53 in mouse
embryonic fibroblasts (21), we asked whether caveolin-1 may
play a role in the activation of p53 after oxidative stress through
modulation of ATM.

Using subcytotoxic hydrogen peroxide as a source of free
radicals, we first show that oxidative stress activated ATM,
up-regulated p21 V4?3 downstream target of p53 that
regulates cell cycle arrest, and induced premature senes-
cence in WI-38 human lung fibroblasts (supplemental Fig. 1,
A-D). Stress-induced premature senescence was dependent
upon activation of ATM, as shown by a dramatically reduced
number of senescent cells in the presence of caffeine, an
ATM inhibitor (supplemental Fig. 1, C and D). Interestingly,
oxidative stress induced the translocation of PP2A-C, an
ATM inhibitor, into caveolar membranes, away from ATM,
and promoted the interaction between PP2A-C and caveo-
lin-1 (supplemental Fig. 2, A and B, respectively). Does the
translocation of PP2A-C into caveolar membranes play a
role in the activation of ATM? We show in Fig. 1, A and B,
that the translocation of PP2A-C into caveolar membranes
occurred in wild type but not caveolin-1 null mouse embry-
onic fibroblasts (MEFs), which do not express caveolin-1.
Consistent with this result, we show in supplemental Fig. 34
that PP2A-C and caveolin-1 did not co-localize under rest-
ing conditions in WT MEFs; PP2A-C was localized in the
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nucleus and cytoplasm, whereas caveolin-1 was localized at
the plasma membrane. However, PP2A-C partially co-local-
ized with caveolin-1 at the plasma membrane (supplemental
Fig. 3A, arrows) and in cytoplasmic membranes (supplemen-
tal Fig. 3A, arrowhead) after oxidative stress in WT MEFs. In
contrast, PP2A-C was localized in the nucleus and cytoplasm
either before or after oxidative stress in caveolin-1 null MEFs
(supplemental Fig. 34). We also show that ATM was local-
ized in the nucleus in both WT and caveolin-1 null MEFs
under resting conditions and that oxidative stress did not
change its localization (supplemental Fig. 3B).

Interestingly, caveolin-1 expression was required for the acti-
vation of ATM after hydrogen peroxide treatment, as shown by
a dramatically reduced expression of phospho-Ser-1981 ATM
in caveolin-1 null MEFs, as compared with wild type MEFs (Fig.
1C). Thus, our data indicate that caveolin-1 activates ATM
after oxidative stress by sequestering PP2A-C into caveolar
membranes away from ATM.

Activation of the ATM-p53 Pathway by Cigarette Smoke
Extracts Requires Caveolin-1—Cigarette smoke is a known
source of free radicals, and oxidative stress is a known inducer
of the p53 pathway. In addition, ATM is a known activator of
p53, and we show above that caveolin-1 mediates activation of
ATM after oxidative stress. To translate our findings into
a more physiological/pathological context, we hypothesized
that cigarette smoke extracts may activate the ATM-p53 path-
way in a caveolin-1-dependent manner.

Wild type and caveolin-1 null lung fibroblasts were
derived and treated with cigarette smoke extracts. Untreated
lung fibroblasts were used as controls. Cells were then col-
lected and subjected to immunoblotting analysis using anti-
body probes specific for caveolin-1 and autophosphorylated
ATM (anti-phospho-Ser-1981 ATM IgGs). Fig. 1D shows that
CSE up-regulated caveolin-1 and phospho-Ser-1981 ATM
expression in wild type but not caveolin-1 null lung fibroblasts.
Consistent with these data, the cigarette smoke extract-in-
duced accumulation of phospho-Ser-1981 ATM into the
nucleus was more pronounced in wild type then caveolin-1 null
lung fibroblasts (Fig. 1E). Interestingly, phospho-Ser-1981
ATM co-localized in the nucleus of wild type lung fibroblasts
with senescence-associated heterochromatic foci, as detected
by 4',6-diamidino-2-phenylindole (DAPI) staining (Fig. 1E). In
support of these data, we demonstrate in Fig. 1, D and E, that
p53 expression in wild type lung fibroblasts was significantly
increased by treatment with cigarette smoke extracts. We also
show that CSE up-regulated p21"#*/“?* protein expression, a
downstream target of p53, in lung fibroblasts from wild type
mice (Fig. 1D). Up-regulation of both p53 and p21%¥#*/<#! pro-
tein expression by cigarette smoke extracts was dramatically
prevented in lung fibroblasts derived from caveolin-1 null mice,
which lack caveolin-1 expression (Fig. 1, D and E). We conclude
that caveolin-1 expression is required for the activation of the
ATM-p53 pathway in lung fibroblasts following stimulation
with cigarette smoke extracts.

Caveolin-1 Expression Is Required for Induction of Premature
Senescence of Lung Fibroblasts by Cigarette Smoke Extracts in
Vitro—The p53 pathway responds to a variety of intrinsic and
extrinsic stress signals that can disrupt the fidelity of DNA rep-
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FIGURE 1. Cigarette smoke extracts induce premature senescence of lung fibroblasts in vitro through a
caveolin-1-dependent activation of the ATM/p53/p21 pathway. A-C, WT and Cav-1 KO MEFs were treated
with 150 um H,0, for 2 h (+H,0,). Cells were washed and recovered in growth medium for 24 h. Untreated cells
were used as controls (—H,0,). Cells were then collected, and detergent-resistant microdomains (DRMs) were
separated from the bulk of cellular membranes and cytosolic proteins (Non-DRMs) by equilibrium sucrose
density gradient centrifugation. Expression of PP2A-Ca and Cav-1 was examined by immunoblotting analysis
using specificantibody probes (A and B). In C, cells were treated as in A and B and subjected to immunoblotting
analysis using antibody probes specific for phospho-Ser-1981 ATM (ATM Ser(P) 1981) and total ATM. D-F, WT LFs
and Cav-1 KO LFs were exposed to 2% CSE for 1 (D and E) and 5 (D and F) days. In F, cells were also treated with
CSE in the presence of 30 um quercetin and 200 nm caffeine. Cells were then subjected to immunoblotting (D)
and immunofluorescence (E) analysis using specific antibody probes. Cells were also subjected to the senes-
cence-associated B-galactosidase activity assay (F). n = 4; values represent means = S.E. The total number of
cells per field was maintained identically in WT and caveolin-1 null LFs before SA-B-gal staining. CTL, control;
DAPI, 4',6-diamidino-2-phenylindole.

induced by cigarette smoke
extracts. WT LFs and caveolin-1
null (Cav-1 KO LFs) lung fibro-
blasts were isolated and treated
with CSEs for 1 and 5 days.
Untreated cells were used as con-
trols. Cells were then collected,
and cellular senescence was as-
sessed by senescence-associated
B-galactosidase (SA-B-gal) stain-
ing. We show that cigarette smoke
extracts successfully induced cel-
lular senescence of wild type lung
fibroblasts, as demonstrated by
the increased number of SA-(-
gal-positive cells after CSE treat-
ment (Fig. 1F). We also demon-
strate that free radicals produced
by cigarette smoke extracts caused
SIPS, as shown by a dramatically
reduced number of senescence-
associated [-galactosidase-posi-
tive cells when lung fibroblasts
were treated with cigarette smoke
extracts in the presence of the
antioxidant quercetin (Fig. 1F).
Importantly, SIPS was signifi-
cantly inhibited in the presence of
the ATM inhibitor caffeine (Fig.
1F), suggesting that SIPS was, at
least in part, dependent upon
ATM activation. Cigarette smoke
extract-induced premature senes-
cence of lung fibroblasts was
caveolin-1-dependent, as demon-
strated by compromised SIPS in
caveolin-1 null lung fibroblasts
(Fig. 1F).

Caveolin-1 Expression Is Neces-
sary for Cigarette Smoking-induced
Senescence and Emphysema in
Vivo—To investigate the in vivo role
of caveolin-1 in cigarette smoking-
induced cellular senescence, wild
type and caveolin-1 null mice (on a
C57Bl6 background) were exposed

lication (32). Stresses that would compromise genome stability
can then be accommodated by either preventing cell cycle pro-
gression (senescence) or, alternatively, eliminating the cell from
the body (apoptosis) through p53 activation. Thus, p53 is a key
regulator of cellular senescence, which is known to play a cen-
tral role in aging and aging-related diseases.

Because we show in Fig. 1 that caveolin-1 expression is
required for the activation of the ATM-p53 pathway after
stimulation with cigarette smoke extracts, we asked whether
cigarette smoke may induce premature senescence in a
caveolin-1-dependent fashion. To this end, we looked at the
effect of lack of caveolin-1 on senescence of lung fibroblasts
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to cigarette smoking (Fig. 2, A and B, Sm) for either 6 weeks or
6 months. Non-smoking age-matched mice (Fig. 2, A and B, NS)
were used as controls. Lung fibroblasts were derived from these
mice, and cellular senescence was assessed by SA--gal staining
and p21Y#/CP1 expression. Exposure to cigarette smoking for
only 6 weeks was sufficient to up-regulate caveolin-1 expres-
sion and induce premature senescence of lung fibroblasts in
wild type mice (Fig. 2, A and B). Interestingly, lack of caveolin-1
prevented cellular senescence of lung fibroblasts induced by
cigarette smoking, as demonstrated by a dramatically reduced
increase of SA-B-gal-positive cells (Fig. 24) and lack of
p21W4/CP1 yp_regulation (Fig. 2B), as compared with lung
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FIGURE 2. Cigarette smoking induces premature senescence of lung fibroblasts and emphysema in vivo in a caveolin-1-dependent manner. 2-month-
old WT and Cav-1 KO mice were exposed to cigarette smoking (Sm) for either 6 weeks or 6 months. Non-smoking WT and Cav-1 null mice were used as controls
(NS). Lung tissues were extracted, and primary cultures of lung fibroblasts were derived and subjected to SA B-galactosidase activity staining (A; the total
number of cells per field was maintained identical in WT and caveolin-1 null LFs before SA-B-gal staining) and immunoblotting analysis using anti-p21 and
anti-caveolin-11gGs (B). Immunoblotting with anti-B-actin IgGs was performed to show equal loading. Values in A represent means = S.E.;n = 6;*, #, p < 0.001.
In addition, lung sections were subjected to H&E staining (C) and morphometric analysis (D). Lm? in D is mean linear intercept, which measures the average
distance between alveolar walls and is proportional to the amount of emphysema. Data are expressed as the mean value = S.E. (SEM) in each experimental
group; n = 20 sections/group. E, schematic diagram summarizing the caveolin-1-dependent activation of the ATM/p53/p21/senescence pathway and induc-

tion of pulmonary emphysema after oxidative stress/cigarette smoking.

fibroblasts from exposed wild type mice. Exposure to cigarette
smoking for 6 months further increased the number of senes-
cent cells by ~40% (Fig. 24).

H&E staining and morphometric analysis of lung tissues
showed that cigarette smoking for 6 weeks did not induce airway
enlargement in either wild type or caveolin-1 null mice (data not
shown). In contrast, cigarette smoking for 6 months promoted
pulmonary emphysema in wild type mice, as shown by a signifi-
cant airway enlargement (~39%) (Fig. 2, C and D). Interestingly,
cigarette smoking-induced emphysema was dramatically pre-
vented in lungs from caveolin-1 null mice, as indicated by only a 7%
airway enlargement (Fig. 2, C and D). Taken together, these data
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indicate that cigarette smoking induces senescence and emphy-
sema in vivo in a caveolin-1-dependent manner.

DISCUSSION

We show that caveolin-1 expression is required for the devel-
opment of senescent lung fibroblasts and emphysema in vivo
following exposure of mice to cigarette smoking. Notably,
senescent lung fibroblasts appear in wild type mice after 6
weeks of exposure to cigarette smoking, whereas 6 months of
exposure to cigarette smoking are required for pulmonary
emphysema to be morphologically detectable, suggesting that
the early lung senescence response may be a precursor to the
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later emphysema development. In addition, we show that lack
of caveolin-1 expression prevents the development of both
senescent lung fibroblasts and emphysema. Based on these
data, we propose a model in which the presence of senescent
lung fibroblasts plays a key role in the pathogenesis of emphy-
sema in a caveolin-1-dependent manner. Consistent with this
hypothesis, lung fibroblasts from patients with emphysema
show a reduced proliferation rate (11, 34), an altered growth
factor response (12), and a lower number of population dou-
bling in culture (34). As fibroblasts provide part of the struc-
tural support and matrix of the lung that is essential for its
integrity, senescent fibroblasts may affect tissue microbalance
and the structural maintenance of the lung and contribute to
the pathogenesis of emphysema. Interestingly, senescent cells,
including fibroblasts, have been shown to secrete matrix met-
alloproteases (35), which would further contribute to protease/
antiprotease imbalance, and mediators of inflammation (36,
37), therefore perpetuating the abnormal inflammatory
response. Consistent with this notion, we show in supplemental
Fig. 4 that the accumulation of inflammatory cells in response
to cigarette smoke exposure was dramatically reduced in caveo-
lin-1 null lungs, as demonstrated by counting inflammatory
cells using bronchoalveolar lavage fluid.

At a molecular level, we demonstrate that cigarette smoking
up-regulates caveolin-1 expression, supporting our previous
results showing increased caveolin-1 expression following
treatment with hydrogen peroxide (22). Interestingly, we iden-
tify caveolin-1 as a novel upstream activator of ATM. In fact,
activation of ATM by cigarette smoke extracts is prevented in
caveolin-1 null lung fibroblasts. Why does lack of caveolin-1
prevent activation of ATM? Protein phosphatase 2A belongs to
the conserved phosphoprotein phosphatase family of serine/
threonine protein phosphatases, which regulates a variety of
cellular processes (reviewed in Refs. 38 and 39). PP2A is a
holoenzyme composed of a catalytic C subunit (PP2A-C), a
scaffolding A subunit (PP2A-A), and a regulatory B subunit
(PP2A-B). Goodarzi et al. (40) have shown PP2A as a negative
regulator of ATM autophosphorylation and activity in vivo. We
demonstrate here that caveolin-1 activates ATM by sequester-
ing the ATM inhibitor PP2A-C into caveolar membranes. Lack
of activation of ATM in the absence of caveolin-1 prevents the
activation of the p53-p21"#%/<P! pathway and, as a conse-
quence, induction of premature senescence. Thus, our results
indicate the existence of a novel signaling pathway that links
cigarette smoking to pulmonary emphysema: cigarette smok-
ing — increased caveolin-1 expression — activation of ATM —
activation of p53 — up-regulation of p21"#*/“?? — induction
of cellular senescence of lung fibroblasts — development of
emphysema (Fig. 2E).
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