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When cells attach to the extracellular matrix (ECM) a prolif-
eration permissive signal is engaged. The mechanism involves
activation of the integrin/PI3K/Akt signal pathway. FoxO3a is a
transcriptional activator and inhibits cell proliferation via up-
regulating the expression of the cell cycle inhibitor p27. Fur-
thermore, it is known that activated Akt can suppress FoxO3a
function. However, it is not knownwhether integrin interaction
with the ECM regulates FoxO3a function. We examined
whether the �1-integrin-mediated signaling pathway promotes
fibroblast proliferation via FoxO3a suppression. We found that
when fibroblasts are attached to collagen, PTENprotein expres-
sion and activity are inhibited due to promotion of PTEN deg-
radation. This decrease in PTEN function permits FoxO3a sup-
pression via thePI3K/Akt pathway. In contrast, the inhibition of
PI3K/Akt or reconstitution of PTEN restores FoxO3a expres-
sion on collagen. Furthermore, we found that the serine/threo-
nine phosphatase PP2A also regulates FoxO3a. PP2A expres-
sion/activity is low when fibroblasts are attached to collagen,
and PP2A overexpression augments FoxO3a levels. Thus the
mechanism involves a coordinated decrease in PTEN and PP2A
phosphatase activity and increase inPI3K/Akt activity.We show
that �1-integrin-ECM interaction decreases FoxO3a protein
levels via caspase-3-mediated cleavage. Our novel finding indi-
cates that during fibroblast interaction with ECM, activation of
�1-integrin/PI3K/Akt by inhibiting PTEN in combination with
low PP2A phosphatase activity synergistically inhibits FoxO3a,
promoting fibroblast proliferation.

Cell attachment to extracellularmatrix (ECM)2 regulates cell
proliferation and apoptosis (1–3). Cell-ECM interactions are
mediated through a large family of cell adhesion receptors
termed integrins (4–5). Ligation of integrins and subsequent
integrin clustering by the ECM induces signal transduction

pathways that can regulate cell proliferation (6). Because pre-
cise control of cell growth is required for proper tissue devel-
opment and repair, amechanism for activation ofmajor growth
pathways must exist. Integrin-ECM interaction promotes acti-
vation of the Ser/Thr protein kinase Akt through the upstream
lipid kinase, PI3K (7). Activation of the PI3K/Akt pathway pro-
motes cell proliferation by facilitating G1 to S phase cell cycle
transition.
FoxO3a belongs to the family of FoxO (forkhead boxO) tran-

scription factors, which were identified at chromosomal break-
points in human tumors and are a direct target of Akt phos-
phorylation (8, 9). Upon activation, FoxO3a inhibits cell cycle
progression by up-regulating expression of the cyclin-depen-
dent kinase inhibitor, p27 (9, 34). Activated FoxO3a also pro-
motes apoptosis by enhancing the expression of pro-apoptotic
molecules such as Bim and Fas ligands (10, 11). FoxO3a func-
tion is negatively regulated by PI3K/Akt. Activated Akt phos-
phorylates and inactivates FoxO3a (8, 9). Three FoxO3a
phosphorylation sites, Thr-32, Ser-253, and Ser-315, are phos-
phorylated byAkt and the second regulatory site, Ser-253, has a
greater affinity than the first and third sites (21, 30, 31). Phos-
phorylation of FoxO3a promotes its exit from the nucleus,
resulting in inhibition of FoxO3a-dependent transcription
thereby promoting cell cycle progression (17, 32, 33). We have
found that fibroblast attachment to collagen activates the PI3K/
Akt pathway via �1-integrin (19, 20). Activation of the PI3K/
Akt signal promotes fibroblast proliferation and protects them
from contractile collagen-induced apoptosis (20, 26). However,
the role of integrin-matrix interaction in regulating FoxO3a
function has not been previously examined. We therefore
sought to determine whether integrin interaction with the
ECM involved phosphorylation and inactivation of FoxO3a by
Akt. Here we show that �1-integrin-extracellular matrix inter-
action suppresses FoxO3a function by promoting PTEN degra-
dation, facilitating fibroblast proliferation by high Akt activity.
Wehave discovered that during fibroblast adhesion to collagen,
FoxO3a protein expression decreaseswhereas the level of phos-
phorylated or inactive FoxO3a remains steady. This indicates
that FoxO3a activity decreases during fibroblast attachment to
collagen.
We demonstrate that the mechanism of suppression of

FoxO3a function in response to integrin-collagen interaction is
complex and involves net phosphorylation of FoxO3a as a con-
sequence of down-regulation of PP2A and PTEN phosphatase
activity plus activation of Akt. Although the FoxO3a regulatory
mechanism is not fully understood, experimental evidence sug-
gests that FoxO3a may be degraded by Ser/Thr phosphoryla-
tion (17, 18). Interestingly, we have found that FoxO3a contains
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2 PEST sequences in itsN-terminal domain and that 3 potential
caspase-3 cleavage sites are located in the second PEST
sequence. We show that caspase-3 activity increases in
response to fibroblast attachment to collagen. Furthermore,
FoxO3a protein levels are preserved in fibroblasts attaching to
type I collagen in the presence of caspase-3 inhibitor. Together
these data suggest that integrin-collagen interaction inactivates
FoxO3a by a complex mechanism involving net phosphoryla-
tion of the molecule and cleavage by caspase-3. Our data show
that inhibition of FoxO3a is conducted in a coordinated PTEN/
PI3K/Akt and PP2A-dependent fashion via �1-integrin,
thereby promoting fibroblast proliferation.

MATERIALS AND METHODS

Cell Culture and Type I Collagen Matrices—For this study,
the normal human lung fibroblast line HLF-210 was used (pur-
chased fromATCC). HLF-210 fibroblasts were cultured in high
glucoseDMEMcontaining 10% fetal calf serum.The fibroblasts
were used between passages 5 and 8 for all experiments. In
addition, PTEN�/� and PTEN�/� cells were provided by
Deane F. Mosher (University of Wisconsin, Madison).
FoxO3a�/� and FoxO3a�/�mouse embryonic fibroblasts were
kindly obtained from Dr. Noboru Motoyama, National Center
for Geriatrics and Gerontology, Japan. These cells were main-
tained in DMEM � 10% fetal calf serum, 1% penicillin, and 1%
streptomycin. Type I collagen solution (Vitrogen 1000) was
obtained from Cohesion, Palo Alto, CA. Monomeric collagen
matrices were prepared by coating Petri dishes with 100 �g/ml
of type I collagen solution. The dishes were washed twice with
DMEM prior to plating the cells. Fibroblasts were cultured on
the surface of the collagen-coated dishes.
Antibodies and Chemicals—Anti-PTEN antibody was

obtained from Santa Cruz Biotechnology. Anti-Akt and anti-
phospho-Akt (Ser-473) antibodieswere obtained formCell Sig-
naling Technologies. FoxO3a and phosphorylated FoxO3a
(Ser-253) antibodies were obtained from Cell Signaling Tech-
nologies. p27 antibody was purchased from Santa Cruz Bio-
technology, Inc. FoxO3a antibody against mouse was obtained
from Millipore. �1-Integrin activating monoclonal antibody
TS2/16 was produced from hybridoma culture (ATCC,
HB-243). �1-Integrin blocking antibody P5D2 was also pro-
duced from hybridoma culture. �1 to �5 and �v integrin block-
ing antibodies were purchased fromChemicon (Billerica, MA).
PI3K inhibitor (wortmannin), Akt inhibitor, caspase-3 inhibi-
tor, ERK inhibitor, and okadaic acid were purchased from
Calbiochem.
Adenovirus Constructs, PP2A, and FoxO3a Constructs—For

PTEN adenovirus construction, wild type PTEN cDNA was
generated from normal human lung fibroblasts (HLF-210) by
RT-PCR. The primers used for wild type PTEN, which span the
entire coding region of PTENare 5�-CTACTCGAGGCTCCC
AGA CAT GAC-3� and 5�-ACG CTC GAG ATA AAA AAA
AAT TCA G-3�. The amplified products were cloned into
MIGR1-IRES-GFP followed by SalI and EcoRI digestion. Wild
type PTENMIGR1-IRES-GFP fragments were then cloned into
the adenoviral vector, pAxCAwt (purchased from Dakara Biol
Inc., Japan), and adenovirus titer was measured by plaque
method in 0.5% soft agar. The PP2A adenovirus expressingHA-

tagged PP2A catalytic subunit was kindly provided by Dr. Alex-
ander Verin (University of Chicago). The cells were infected
with adenoviral vectors at a multiplicity of infection of 1:20.
Adenovirus expressingHA-taggedAktwith the c-Srcmyristoy-
lation sequence fused in-frame to the N terminus (Hyperactive
Akt), HA-tagged Akt dominant mutant (T308A, S473A), and
wild type FoxO3a were purchased from Vector Biolabs
(Eagleville, PA). Adenovirus expressing GFP-tagged wild type
FoxO3a, dominant-negative FoxO3a with the deletion of the
transactivation domain from the C terminus and empty vector
were purchased from Vector BioLabs (PA).
PTEN, PP2A, and Caspase-3 Activity Assay—For PTEN

activity assay, PTEN was immunoprecipitated from lysates
containing equal amounts of protein by incubation with 2�g of
anti-PTEN antibody overnight at 4 °C. The immunoprecipi-
tates were washed twice with TBS buffer (25 mM Tris, pH 7.4,
100 mM NaCl, 10 mM KCl) followed by phosphatase reaction
buffer. PTEN activity was assayed using a Malachite green
phosphatase kit (Echelon) according to the manufacturer’s
instructions. For PP2A activity assay, fibroblasts were lysed in
lysis buffer containing 2 mM imidazole (pH 7.0), 2 mM EDTA, 2
mM EGTA, 2% Nonidet P-40, and 1� protease inhibitor mix-
ture (Calbiochem, La Jolla, CA). Total protein levels were mea-
sured from the resulting lysates. PP2A catalytic subunit protein
was then immunoprecipitated from lysates containing equal
amounts of protein by incubation with 2 �g of anti-PP2A anti-
body overnight (4 °C). The immunoprecipitates were washed
twice with TBS buffer followed by two additional washes with
phosphatase reaction buffer (50 mM Tris, pH 7.4, 10 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol). PP2A activity was assayed
using aMalachite green phosphatase kit (Echelon) according to
the manufacturer’s instructions. For the caspase-3 activity
assay, a caspase-3 colorimetric activity assay kit was used (Mil-
lipore). Briefly, serum-starved lung fibroblasts were incubated
in the presence or absence of �1-integrin blocking antibody
followed by plating on type I collagen-coated plates. Cells were
lysed and incubated with the caspase-3 substrate (3mg/ml, Ac-
DEVD-p-nitroanilide) for 2 h at 37 °C. Caspase-3 activity was
measured using a microtiter plate reader at 405 nm. For pulse-
chase analysis, human lung fibroblasts were incubated for 45
min in methionine-free DMEM. The cells were then incubated
for 1 h with methionine-free DMEM containing [35S]methi-
onine (150 �/Ci/ml) (Life Sciences). The cells were trypsinized
and replated on type I collagen-coated dishes (100 mg/ml) or
degraded collagen and the medium was then replaced with
DMEM � 10% fetal calf serum. At the indicated times the cells
were lysed, PTEN was immunoprecipitated from labeled cell
extracts, and resolved on a 7.5% polyacrylamide gel. Radiola-
beled PTEN was detected by autoradiography.
Cell Proliferation Assay—The number of viable proliferating

cells was determined using the Cell Titer 96AqueousOne solu-
tion Cell Proliferation Assay (MTS assay, Promega). Briefly,
human lung fibroblasts were transfected with FoxO3a or con-
trol siRNA (10 nM, each) for 24 h. 2 � 103 human lung fibro-
blasts were then grown in 100 �l of DMEM on 96-well plates
overnight. 20 �l of Cell Titer 96 Aqueous One solution reagent
was added to each well of the 96-well plate followed by incuba-
tion for 2 h at 37 °C in a humidified 5% CO2 atmosphere. The
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absorbance at 490 nm using a 96-well plate reader was mea-
sured. For the proliferation assay, 3,000 PTEN�/� or PTEN�/�

cells were incubated in DMEM for 72 h. Cell numbers were
then counted using the Coulter counter. For the collagen
attachment assay, 5,000 serum-starved lung fibroblast cells
were preincubatedwith�2 or�1 or both integrin blocking anti-
bodies (1 �g/ml, respectively) for 45 min followed by attach-
ment to type I collagen for 30 min. Attached cells were then
trypsinized, collected, and counted.
RT-PCR and Transfection—HLF-210 cells were serum-

starved for 2 days followed by plating on a collagen-coated plate
for the indicated times as described. Cells were then collected
and total RNA was isolated using TRIzol. cDNA was prepared
using oligo(dT) primer with purified total RNA (1 �g) from
each sample, and PCR was carried out with FoxO3a primers
(sense FoxO3a primer, 5�-AAA TGT TCG TCG CGG CGG
AAC-3�; antisense FoxO3a primer, 5�-GTC GCC CTT ATC
CTTGAAGTA-3�) as follows: 95 °C for 5min for 1 cycle, 95 °C
for 45 s, 54 °C for 45 s, and 72 °C for 30 s for 25 cycles. RT-PCR
for PTENwas also carried out with PTENprimers (sense PTEN
primer, 5�-ATGACAGCCATCATCAAAGAG-3�; antisense
PTEN primer, 5�-TGT GGT GGG TTA TGG TCT TC-3�) as
follows: 95 °C for 5 min for 1 cycle, 95 °C for 45 s, 60 °C for 45 s,
and 72 °C for 50 s for 28 cycles. Amplified products were ana-
lyzed using 1.2% agarose gel. For siRNA transfection experi-
ments, human lung ormouse embryonic fibroblasts were trans-
fected with pre-made human or mouse FoxO3a siRNA or a
control non-silencing siRNA obtained from Santa Cruz Bio-
technology, Inc. using X-tremeGENE siRNA transfection rea-
gent (Roche Applied Science) according to the manufacturer’s
protocol. At 24 h post-transfection, cells were then serum-
starved for 1 day, followed by either plating on type I collagen-
coated plates (100 �g/ml) or ligation with 3 �g of integrin acti-
vating antibody (TS2/16) as described.
Statistical Analysis—Data are expressed as the mean � S.D.

Experiments were performed three times. Paired evaluations
weremade for experimental and control conditionswithin each
experiment, and significance was determined by Student’s t
test. Significance level was set at p � 0.05.

RESULTS

Fibroblast Attachment to the Type I Collagen Increases Akt
Activity and Suppresses FoxO3a—We have previously found
that Akt activity (Ser-473 phosphorylation) increases when
normal fibroblasts attach to type I collagen via integrin (19, 20).
Activated Akt phosphorylates and inactivates FoxO3a, how-
ever, whether integrin-matrix interaction regulates FoxO3a
function remains unknown. To begin to examine this issue, we
first measured Akt activity in lung fibroblasts on collagen-
coated plates as a function of time. Phosphorylated Akt levels
increased on collagen (Fig. 1A), suggesting that fibroblast
attachment to type I collagen can increaseAkt activity.We then
measured FoxO3a protein expression and activity on collagen
as a function of time. The level of FoxO3a protein expression
decreased in response to fibroblast attachment to type I colla-
gen-coated plates (Fig. 1B, upper panel). We also examined
whether FoxO family members other than FoxO3a are regu-
lated on collagen. The expression levels of FoxO1 were not

detectable and FoxO4 expression was low as a function of time
on collagen (Fig. 1B, lower panel). This indicates that FoxO3a
may be the major FoxO family protein expressed by fibroblasts
during interaction to type I collagen. We further examined
FoxO3a protein expression in response to fibroblast interaction
with other ECMs. Similar to type I collagen, FoxO3a expression
decreased in response to fibroblast attachment to fibronectin or
laminin as a function of time (Fig. 1C). In contrast, FoxO3a
levels modestly decreased when fibroblasts were attached to
vitronectin. These data indicate that fibroblast attachment to
specific extracellular matrix such as type I collagen and
fibronectin promotes a significant decrease in FoxO3a protein
expression.
The serine/threonine kinase Akt phosphorylates FoxO3a,

regulating its activity. It preferentially phosphorylates Ser-253.
This promotes FoxO3a translocation from the nucleus to the
cytoplasm thereby inhibiting its function (21). Therefore, we
examined the phosphorylation status of Ser-253 as a surrogate
marker of FoxO3a activity. Unlike low FoxO3a expression lev-
els on collagen (Fig. 1B), phosphorylated FoxO3a levels were
unchanged on collagen-coated plates as a function of time (Fig.
2A, upper panel), indicating that FoxO3a activity was sup-
pressed when fibroblasts were attached to collagen.We further
measured phosphorylated FoxO3a levels on fibronectin-,
vitronectin-, and laminin-coated plates (Fig. 2A, lower panel).
Phosphorylated FoxO3a (inactive FoxO3a) levels were barely

FIGURE 1. FoxO3a expression decreases on collagen. A, serum-starved
human lung fibroblasts were attached to collagen (100 �g/ml, upper panel)-
coated plates as a function of time. Akt and Ser-473-phosphorylated Akt lev-
els were then measured. B, human lung fibroblasts were serum-starved for 2
days followed by attachment to collagen-coated plates as a function of time.
FoxO3a, FoxO1, and FoxO4 expression levels were measured (upper and lower
panels, respectively). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and actin were used as a loading control. C, serum-starved human lung fibro-
blasts were attached to fibronectin- (10 �g/ml), vitronectin- (10 �g/ml), and
laminin (10 �g/ml)-coated plates as a function of time. FoxO3a expression
levels were measured. Actin was used as a loading control.
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changed on fibronectin or laminin. Because FoxO3a levels were
significantly low on these ECM (Fig. 1, B and C), these data
suggested that FoxO3a activity was also decreased on fibronec-
tin- and laminin-coated plates. Likewise, phosphorylated
FoxO3a levels did not alter notably on vitronectin (Fig. 2A,
lower panel). However, unlike other ECMwe tested, as FoxO3a
expression was modestly decreased on vitronectin (Fig. 1C,
middle panel), these results indicate that FoxO3a activity does
not alter significantly on vitronectin compared with that on
collagen and fibronectin.We furthermeasured FoxO3a activity
on various concentrations of type I collagen and found that
FoxO3a levels were decreased, whereas phosphorylated
FoxO3a levels were unaltered on collagen (Fig. 2B). Taken
together, these data demonstrated that fibroblast attachment to
ECM such as collagen, fibronectin, and laminin promotes sig-
nificant inhibition of FoxO3a activity and cell attachment to
specific ECM is crucial in determining FoxO3a activity.
Because Akt is known to inactivate FoxO3a we sought to deter-
minewhethermodulation of FoxO3a is dependent on thePI3K/
Akt pathway in our model. Fibroblasts were pre-treated with
different doses of PI3K or Akt inhibitor (0.1 and 1 �M, respec-
tively) and plated on collagen-coated plates for 30 min. We
found that FoxO3a protein levels were preserved when fibro-
blasts were pre-treated with PI3K or Akt inhibitor (Fig. 2C). In
contrast, FoxO3a expression decreased when DMSO-preincu-
bated cells attached to collagen. Likewise, FoxO3a expression
remained relatively high when fibroblasts were cultured in the
presence of PI3K orAkt inhibitor on collagen-coated plates as a
function of time (Fig. 2D). These data indicate that FoxO3a
protein expression is regulated by the PI3K/Akt pathway.
Because Akt phosphorylates FoxO3a, thereby regulating its
activity, we furthermeasured phosphorylated Akt levels in lung
fibroblasts in response to ECM. Like phosphorylated Akt levels
on collagen (Fig. 1A), Akt activity (Ser-473 phosphorylatedAkt)
was increased when fibroblasts were placed on fibronectin
(p-Akt/Akt signal ratio is provided in supplemental Fig. S1A).
In contrast, phosphorylated Akt levels were low and remained
unaltered on vitronectin as a function of time (Fig. 2E, left
panel). Phosphorylated Akt levels also did not change signifi-
cantly on laminin. These data showed that Akt activity can vary
in response to fibroblast attachment to specific ECM. A prior
study showed that FoxO3a is also regulated by ERK and its
activity is dependent on cell type (36). To address whether ERK
activity is also regulated by fibroblast attachment to ECM, cells

were placed on type I collagen-, fibronectin-, vitronectin-, and
laminin-coated plates and phosphorylated ERK1/2 levels
(p-p44/p42) were measured as a function of time. Phosphory-
lated ERK levels were increased on collagen- and fibronectin-
coated plates (Fig. 2E, middle and right panels). In contrast,
ERK activity did not change significantly on the vitronectin-
and laminin-coated plates (Fig. 2E, middle and right panels,
p-ERK/ERK signal ratio is provided in supplemental Fig. S1B).
To examine whether ERK activity is crucial in regulating
FoxO3a activity on the collagenmatrix, wemeasured the phos-
phorylated and total FoxO3a levels in the presence of various
doses of the ERK inhibitor on collagen. The signal ratio of phos-
phorylated FoxO3a/FoxO3a did not change significantly even
at the highest dose of the ERK inhibitor on collagen (Fig. 2F). In
contrast, the phosphorylated FoxO3a/FoxO3a signal ratio was
low in the presence of Akt inhibitor (lane 5), indicating that Akt
may play a major role in regulating FoxO3a activity in response
to fibroblast attachment to type I collagen.

�1-Integrin/PI3K/Akt Pathway Suppresses FoxO3a in Re-
sponse to Fibroblast Attachment to Collagen—�1-Integrin is a
crucial integrin subunit that facilitates attachment to type I
collagen (19, 22, 23). We therefore examined whether the inte-
grin-ECM interaction regulates FoxO3a function. For this
assay, serum-starved lung fibroblasts were seeded on type I col-
lagen in the presence or absence of � or � integrin subunit
blocking antibodies and FoxO3a protein expression was exam-
ined. FoxO3a protein expression was preserved when fibro-
blasts were pretreated with �1-integrin blocking antibody (Fig.
3A, upper panel, lane 7, FoxO3a/GAPDH signal ratio is pro-
vided in supplemental Fig. S1C). In contrast, FoxO3a protein
expression was lower when fibroblasts were pretreated with �
subunit blocking antibodies. Our data suggest that the �1-inte-
grin-collagen interaction plays a crucial role in regulating
FoxO3a.
We have previously shown that �1-integrin activating anti-

bodyTS216 activates PI3K/Akt function (19, 22). Therefore, we
next examined the effect of �1-integrin on FoxO3amodulation
via PI3K/Akt. FoxO3a expression decreased when fibroblasts
were treated with �1-integrin activating antibody TS2/16 (Fig.
3B, lane 2, FoxO3a/GAPDH signal ratio is provided in
supplemental Fig. S1D), whereas FoxO3a levels were unaltered
in the presence of PI3K or Akt inhibitor or the IgG isotype
control antibody (Fig. 3B, lanes 3, 4, and 6, respectively). These
data support the concept that �1-integrin activation inhibits

FIGURE 2. FoxO3a activity decreases in response to fibroblast attachment to collagen. A, serum-starved human lung fibroblasts were attached to
collagen-coated plates as a function of time and phosphorylated FoxO3a (p-FoxO3a, Ser-253) and actin levels were measured (upper panel). Cells were placed
on fibronectin-, vitronectin-, and laminin-coated plates as a function of time and phosphorylated FoxO3a levels were measured (lower panel). Actin was used
as a loading control. B, serum-starved human lung fibroblasts were attached at 0 to 100 �g/ml of collagen-coated plates for 30 min. FoxO3a and phosphory-
lated FoxO3a levels were then measured. Actin was used as a loading control. C, upper panel, human lung fibroblasts were serum-starved followed by
preincubation with PI3K or Akt inhibitor as indicated for 45 min. Cells were then allowed to attach to collagen-coated plates for 30 min. FoxO3a expression
levels were then measured. Actin was used as a loading control. PI3KI, PI3K inhibitor; AktI, Akt Inhibitor; s/s, serum-starved fibroblasts. DMSO, dimethyl sulfoxide
control. Lower panel, fold-changes in FoxO3a expression (FoxO3a/actin) in the presence of PI3K or Akt inhibitor on collagen. The results are representative of
three different experiments. D, upper panel, serum-starved lung fibroblasts were preincubated with PI3K (200 nM) or Akt inhibitor (1 �M) for 45 min followed by
attachment to collagen-coated plates as a function of time. FoxO3a and Actin expression levels were then measured. Un, untreated cells. Lower panel,
fold-changes in FoxO3a expression (FoxO3a/actin) on collagen matrix in the presence or absence of PI3K or Akt inhibitor. The results are representative of three
different experiments. E, left panel, serum-starved human lung fibroblasts were placed on fibronectin (FN)-, vitronectin (VN)-, or laminin (LN)-coated plates as
a function of time and phosphorylated (p-Akt) and total Akt (Akt) levels were measured. Middle and right panels, cells were attached to collagen (100 �g/ml)-,
fibronectin (10 �g/ml)-, vitronectin (10 �g/ml)-, or laminin (10 �g/ml)-coated plates as a function of time. Phosphorylated ERK (p-ERK, p-44/p-42) and ERK levels
were then measured. F, human lung fibroblasts were preincubated with different doses of ERK inhibitor (ERKI) or Akt inhibitor (AktI, 1 �M) as indicated and
phosphorylated FoxO3a (p-FoxO3a) and total FoxO3a (FoxO3a) levels were then measured. Numbers represent p-FoxO3a versus FoxO3a signal ratio.
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FoxO3a function via PI3K/Akt. We further measured FoxO3a
expression levels by the �1-integrin activating antibody (TS2/
16) as a function of time. FoxO3a expressionwas also highwhen
fibroblasts were treated with the �1-integrin activating anti-
body in the presence of the Akt inhibitor as a function of time
(Fig. 3C, lanes 4 and 5, FoxO3a/actin ratio is provided in
supplemental Fig. S1E). Taken together, our data suggest that
FoxO3a activity is suppressed via the �1-integrin/PI3K/Akt
pathway.
Integrin-Collagen Interaction Suppresses PTEN—Because

integrin-ECM interaction results in activation of PI3K/Akt, we
sought to determinewhether the integrin inhibitory function of
PTEN relaxes during cell attachment to collagen. Because cell
attachment to collagen promotes Akt activation and cell prolif-
eration, we examined the PTEN expression on collagen-coated
plates as a function of time. Like FoxO3a levels, PTEN protein
expression markedly decreased as fibroblasts adhered to colla-
gen, whereas phosphorylated Akt levels increased (Fig. 4A).We
further measured PTEN activity on collagen as a function of
time. Like PTEN expression, PTEN activity was also decreased
on collagen-coated plates as a function of time, demonstrating
that fibroblast attachment to collagen suppresses PTEN func-
tion (Fig. 4B). Themajor integrinmediating attachment to type
I collagen is �2�1. Both �2- and �1-integrin blocking antibod-
ies inhibited the decrease in PTEN expression seen in response
to fibroblast adhesion to collagen (Fig. 4C, upper and lower
panels). The combination of �2- and �1-integrin blocking anti-
bodies had a synergistic effect in preventing this decrease in
PTENprotein expression. Because integrin blocking antibodies
inhibit fibroblast attachment to collagen, we further analyzed
cell numbers attached to collagen in the presence or absence of
these antibodies.When 5,000 cells were preincubated with IgG
isotype control antibody, �260 cells attached to collagen after

30 min. However, when fibroblasts
were incubated with �2-integrin
blocking antibody, �190 cells were
able to attach to collagen (Fig. 4D, a
27% decrease compared with that of
isotype control). The attached cell
numbers on the collagen matrix
decreased to 155 (40% decrease)
when fibroblasts were preincubated
with �1-integrin blocking antibody,
and when fibroblasts were preincu-
bated with �2- and �1-integrin
blocking antibodies together, most
cells failed to attach to collagenwith
only 40 cells able to attach to colla-
gen matrix (85% decrease). These
data demonstrated that �2�1-inte-
grins are crucial in fibroblast attach-
ment to collagen and �1-integrin
plays a major role in the interaction
with collagen matrix. Because �-in-
tegrin subunits other than �2 have
been implicated in mediating adhe-
sion to collagen, we examined a
panel of �-integrin blocking anti-

bodies on PTEN expression in response to fibroblast attach-
ment to collagen. In addition to �2, the �3 blocking antibody
inhibited the decrease in PTEN expression during fibroblast
adhesion to collagen-coated plates (Fig. 4, E and F). The other�
blocking antibodies including �1 had minimal effect on PTEN
expression. These data indicate that fibroblast attachment to
collagen via �2�1-integrin mainly triggers a decrease in PTEN
protein expression and activity.
PTEN Restores FoxO3a Activity in Response to Fibroblast

Attachment to Type I Collagen—We next sought to determine
the mechanism by which PTEN protein levels decrease when
fibroblasts attach to the ECM. For these studies we examined
fibroblast interaction with type I collagen. We first examined
the effect of attachment to collagen as a function of time on
PTEN mRNA levels using RT-PCR. PTEN mRNA levels
remained stable during the same time period when PTEN pro-
tein expressionwas decreasing (Fig. 5A,upper panel). This indi-
cates that changes in PTEN mRNA transcription could not
account for the decrease in PTEN protein expression seen
when fibroblasts attach to type I collagen. It has previously been
reported that in response to modulation of PTEN phosphory-
lation, PTEN protein stability is altered (37). To determine
whether the changes in PTEN protein levels in response to
attachment of collagen matrix were related to changes in pro-
tein stability, pulse-chase experiments using fibroblasts labeled
with [35S]methioninewere performed. In these experiments we
found that the half-life of PTENwas significantly reducedwhen
fibroblastswere cultured on collagen (Fig. 5A, lower panel).Our
data indicate that the decrease in PTEN protein levels in
response to attachment to type I collagen are not due to
changes in PTEN mRNA transcription but are secondary to
increased protein degradation. Because integrin-collagen inter-
action suppresses PTEN, we next examined whether PTEN can

FIGURE 3. �1-Integrin-collagen interaction suppresses the FoxO3a via PI3K/Akt pathway. A, human lung
fibroblasts were preincubated with �1 to �5 and �v-integrin and/or �1-integrin blocking antibodies (1 �g/ml,
respectively) for 45 min followed by the attachment to type I collagen for 30 min. FoxO3a levels were then
measured. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. B, serum-
starved human lung fibroblasts were preincubated with PI3K (0.2 �M) or Akt inhibitor (1 �M) for 45 min. Cells
were then ligated with �1-integrin activating antibody (3 �g/ml) for 60 min. FoxO3a expression levels were
measured. TS2/16, �1-integrin activating antibody; PI3KI, PI3K inhibitor; AktI, Akt inhibitor; IgG, isotype control.
C, serum-starved human lung fibroblasts were preincubated with Akt inhibitor (1 �M) for 45 min. Cells were
then stimulated with �1-integrin activating antibody TS2/16 (3 �g/ml) as a function of time. FoxO3a and actin
expression levels were then measured. IgG, isotype control.
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regulate FoxO3a activity viaAkt.We first examined the effect of
overexpression of PTEN on FoxO3a function when fibroblasts
were plated on collagen as a function of time. Serum-starved
lung fibroblasts infected with adenovirus expressing wild type
or mutant PTEN were seeded on type I collagen-coated plates,
and FoxO3a and Akt activity were measured at 0 and 48 h. Akt
activity was suppressed when wild type PTEN was overex-
pressed, whereas FoxO3a expression remained high at 48 h
(Fig. 5B). In contrast, Akt activity was high when fibroblasts

were infected with adenovirus expressing mutant PTEN or
empty vector, whereas the FoxO3a expression was low. This
data suggests that elevated PTEN levels suppressAkt andmain-
tain FoxO3a function.
To further examine the role of PTEN in regulating FoxO3a

via Akt, we examined FoxO3a and Akt activity as a function of
time in PTEN�/� and PTEN�/� cells on collagen. Phosphory-
lated FoxO3a and phosphorylated Akt expression levels were
high and remained relatively unaltered, whereas FoxO3a levels

FIGURE 4. Fibroblast adhesion to collagen decreases PTEN expression and activity. A, serum-starved fibroblasts were plated on dishes coated with type I
collagen (100 �g/ml) and PTEN, FoxO3a, phosphorylated Akt (Ser-473), and actin levels were measured by Western analysis. B, serum-starved fibroblasts were
plated on collagen for 15 and 60 min. p � 0.01 versus a reference value. Cells lysates were immunoprecipitated with anti-PTEN antibody, incubated with
phosphatidylinositol (3,4,5)-trisphosphate substrate, and PTEN activity was quantified. To provide a reference value for PTEN activity under proliferation
prohibitive conditions, PTEN activity was assessed in serum-starved fibroblasts cultured on tissue culture plastic plates under contact-inhibited conditions.
C, upper panel, serum-starved fibroblasts were preincubated with �2- or �1-integrin blocking antibody (1 �g/ml), both (�2��1), or isotype control antibody
(IgG, 1 �g/ml) for 45 min and plated on collagen-coated plates for 30 min. PTEN levels were then measured. Actin was used as a loading control. Lower panel,
shown are the phase-contrast microscopic cell morphologies at 30 min after plating the cells on collagen-coated plates. �2 and �1 represent �2 and �1
blocking antibody, respectively. IgG, isotype control. D, 5,000 cells were preincubated with integrin blocking antibodies for 45 min as indicated and the
attached cells were counted at 30 min after plating the cells on collagen. E, serum-starved fibroblasts were pretreated with the indicated integrin blocking
antibodies (1 �g/ml) and then plated on collagen-coated plates for 30 min. Total PTEN and actin levels were determined by Western analysis. As a reference,
serum-starved (S/S) fibroblasts were trypsinized but not plated on collagen. F, PTEN expression was quantified by densitometry, normalized to actin.
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FIGURE 5. PTEN inhibition increases fibroblast proliferation via high Akt activity. A, upper panel, RT-PCR. Serum-starved fibroblasts were plated on
collagen-coated dishes for the indicated times. The cells were lysed and total RNA was isolated by TRIzol. RT-PCR was performed as described under “Materials
and Methods.” Lower panel, pulse-chase analysis. Fibroblasts were incubated in methionine-free medium followed by DMEM containing [35S]methionine as
outlined under “Materials and Methods.” The cells were then plated on collagen-coated dishes in DMEM � 10% fetal calf serum for the indicated times. The cells
were lysed, PTEN was immunoprecipitated from labeled cell extracts and resolved by SDS-PAGE. Radiolabeled PTEN was visualized by autoradiography.
B, human lung fibroblasts were infected with adenovirus expressing wild type PTEN or mutant PTEN followed by serum starvation for 1 day. Cells were then
attached to collagen-coated plates (100 �g/ml) for 48 h. Total Akt, phosphorylated Akt, and FoxO3a expression levels were then measured. Wt, wild type PTEN;
Mu, phosphatase-dead mutant PTEN; Vec, empty vector. C, PTEN�/� and PTEN�/� cells were serum-starved for 24 h followed by attachment to collagen-coated
plates as a function of time. FoxO3a, Ser-253-phosphorylated FoxO3a, and Ser-473-phosphorylated Akt levels were measured. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. D, PTEN�/� fibroblasts infected with adenovirus expressing wild type PTEN (Wt), phosphatase-dead
mutant PTEN (Mu), or empty vector (Vec) were attached to collagen-coated plates for 60 min. FoxO3a and Ser-253-phosphorylated FoxO3a expression levels
were then measured. GAPDH was used as a loading control. E, 3,000 PTEN�/� and PTEN�/� cells were incubated in DMEM and cell numbers were counted at
72 h as described under “Materials and Methods.” The results are representative of three different experiments. F, serum-starved lung fibroblasts infected with
adenovirus expressing hyperactive Akt (Akt H) or dominant Akt (Akt DN, T308A, S473A) were seeded on collagen-coated plates for 30 min. FoxO3a, Ser-253
phosphorylated FoxO3a (p-FoxO3a), and Ser-473 phosphorylated Akt (p-Akt) levels were measured. GAPDH was used as a loading control.
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were low at all time points in PTEN�/� fibroblasts (Fig. 5C). In
contrast, the expression levels of inactive FoxO3a were low and
further decreased at 24 h in response to PTEN�/� cell attach-
ment to collagen. Likewise, phosphorylatedAkt levels were also
very low at all time points in PTEN�/� cells. To confirm these
results, we examined phosphorylated levels of FoxO3a in
PTEN�/� fibroblasts infected with adenovirus expressing wild
type PTEN, phosphatase-dead PTEN, or empty vector on col-
lagen matrices. Phosphorylated FoxO3a expression levels were
suppressed when wild type PTEN was expressed, whereas
phosphorylated FoxO3a levels were high when mutant PTEN
or empty vector was expressed (Fig. 5D), showing that PTEN
increases FoxO3a activity by suppressing FoxO3a phosphory-
lation. Our data strongly suggest that the absence of PTEN

increases phosphorylated FoxO3a
via Akt on collagen. Because the
absence of PTEN increases Akt
activity, which in turn suppresses
FoxO3a function, we conducted a
fibroblast proliferation assay by
counting PTEN�/� and PTEN�/�

cells at 72 h in DMEM. PTEN�/�

cells were increased more than
5-fold compared with that of
PTEN�/� cells, showing that the
absence of PTEN greatly promoted
fibroblast proliferation (24, 25) (Fig.
5E). To prove that Akt increases
FoxO3a phosphorylation in our
model, FoxO3aactivitywasexamined
in lung fibroblasts infected with ade-
novirus expressing hyperactive wild
type Akt (Akt H) or dominant-nega-
tiveAkt (AktDN) on collagenmatrix.
Phosphorylated FoxO3a levels were
high when hyperactive Akt was
expressed, whereas dominant-nega-
tive Akt suppressed FoxO3a phos-
phorylation (Fig. 5F, upper panel). In
contrast, the FoxO3a level was low
when hyperactive Akt was expressed,
whereas the FoxO3a level was high
when the Akt dominant-negative
protein was expressed (Fig. 5F, lower
panel). These data demonstrate that
Akt modulates FoxO3a activity on
collagen.
PP2A Modulates FoxO3a—Our

data indicates that the integrin/
PI3K/Akt signaling pathway inhib-
its FoxO3a. Several prior studies
suggest that Ser/Thr phosphatase
PP2A can activate FoxO3a (14–16).
To begin to explore whether PP2A
also regulates FoxO3a function in
response to fibroblast interaction
with collagen, we first measured the
PP2A catalytic subunit expression

levels and activity in response to fibroblast attachment to col-
lagen-coated plates as a function of time. We found that PP2A
expression was decreased in response to lung fibroblast attach-
ment to collagen as a function of time (Fig. 6A), suggesting that
collagen-�1-integrin interaction suppresses PP2A function. To
confirm these results, we further examined PP2A expression
levels and activity in the presence or absence of the �1-integrin
blocking antibody P5D2 on collagen-coated plates. PP2A levels
and activity decreased when fibroblasts were attached to colla-
gen-coated plates or in the presence of isotype control antibody
(Fig. 6B, un and IgG lanes). However, when fibroblasts were
preincubated with �1-integrin blocking antibody, PP2A
expression and activity were high on collagenmatrices (Fig. 6B,
BA lane). These data demonstrate that during fibroblast inter-

FIGURE 6. PP2A regulates FoxO3a on collagen matrix. A, serum-starved human lung fibroblasts were
attached to collagen-coated plates (100 �g/ml) as a function of time and PP2A catalytic subunit expression
levels were measured. Actin was used as a loading control. B, serum-starved lung fibroblasts were preincu-
bated in the presence or absence of �1-integrin blocking antibody (1 �g/ml, BA) for 45 min. Cells were then
attached to collagen-coated plates for 30 min. Western analysis was carried out to measure PP2A catalytic
subunit expression (upper panel). PP2A activity was measured as described under “Materials and Methods”
(lower panel). s/s, serum-starved cells; Un, untreated cells; BA, cells preincubated with �1-integrin blocking
antibody; IgG, isotype control. C, lung fibroblasts infected with adenovirus expressing PP2A catalytic subunit or
empty vector were serum-starved for 1 day. Cells were then attached to collagen-coated plates for 60 min.
FoxO3a and HA-tagged proteins were then measured. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a loading control. PP2A, adenovirus expressing HA-tagged PP2A catalytic subunit; Vec, adenovirus
expressing empty vector; Un, untreated cells; HA, HA-tagged antibody. D, serum-starved lung fibroblasts were
preincubated with �1-integrin blocking antibody (1 �g/ml) in the presence or absence of 100 nM okadaic acid
for 1 h. Cells were then attached to type I collagen for 30 min. FoxO3a expression levels were measured. GAPDH
was used as a loading control. Un, untreated cells; P5D2, �1-integrin blocking antibody; DMSO, dimethyl
sulfoxide control; OA, okadaic acid; IgG, isotype control. E, human lung fibroblasts were transfected with 10 nM

PP2A siRNA (PP2A) or control siRNA (Control) along with untransfected (Un) cells followed by serum starvation
for 1 day. Cells were then preincubated with �1-integrin blocking antibody (P5D2, 1 �g/ml) for 45 min and
attached to collagen-coated plates for 30 min. FoxO3a and PP2A expression were then measured. Actin was
used as a loading control.
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action with collagen via �1-integrin, PP2A expression and
activity decrease.
To determine whether FoxO3a expression is regulated by

PP2A in response to fibroblast interaction with type I collagen,
lung fibroblasts were infected with adenovirus expressing HA-
tagged PP2A catalytic subunit and FoxO3a protein levels were
measured. FoxO3a levels were high in fibroblasts overexpress-
ing the PP2A catalytic subunit (Fig. 6C, lane 1). In contrast,
FoxO3a protein was lower in fibroblasts uninfected or infected
with virus expressing empty vector (lanes 2 and 3). We have
shown that PP2A expression and activity increase when fibro-
blast interaction with collagen is inhibited by �1-integrin
blocking antibody. We next sought to determine whether
FoxO3a expression is regulated by PP2A in response to fibro-
blast interaction with collagen via �1-integrin. To address this
question, we utilized �1-integrin blocking antibody to inhibit
the �1-integrin-collagen interaction in the presence of the
PP2A inhibitor, okadaic acid. Serum-starved lung fibroblasts
were preincubated with �1-integrin blocking antibody in the
presence or absence of okadaic acid andFoxO3a expressionwas
measured on collagen. FoxO3a expressionwas high in the pres-
ence of�1-integrin blocking antibody on collagen (Fig. 6D, lane
2). However, FoxO3a expressionwas lowwhen fibroblasts were
preincubated with �1-integrin blocking antibody (P5D2) in the
presence of the PP2A inhibitor, okadaic acid (Fig. 6D, lane 3).
These data suggest that PP2A modulates FoxO3a function via
�1-integrin. To confirm that PP2A inhibition suppresses
FoxO3a via�1-integrin, PP2Awas silenced by the catalytic sub-
unit siRNA and FoxO3a expression was measured in the pres-
ence of �1-integrin blocking antibody (P5D2) on collagen (Fig.
6E). The FoxO3a level was high when control siRNA or
untransfected cells were attached to collagen in the presence of
the �1-integrin blocking antibody. In contrast, the FoxO3a
level was low when PP2A protein was suppressed by PP2A
siRNA in the presence of the �1-integrin blocking antibody.
Taken together, these data demonstrate that PP2A regulates
FoxO3a protein expression via �1-integrin.
Caspase-3 Promotes FoxO3a Cleavage—We have demon-

strated that FoxO3a protein expression decreases when fibro-
blasts adhere to type I collagen. To begin to examine the mech-
anism for this decrease in FoxO3a protein levels, we examined
FoxO3a mRNA levels. RT-PCR analysis showed that FoxO3a
mRNA levels were unaltered (Fig. 7A), suggesting that the
decrease of FoxO3a protein expressionwas not due to the alter-
ation of mRNA expression. We next performed an amino acid
sequence analysis of FoxO3a using the web-based PEST-FIND
program.We have determined that FoxO3a contains two PEST
sequences in its N-terminal domain (amino acids 1–26 and
46–72). Furthermore, we have determined that FoxO3a con-
tains six potential caspase-3 recognition sites (DXXD), three of
which are located in the second FoxO3a PEST sequence (62–
65, 63–66, and 65–68). This suggests that cleavage of FoxO3a
by caspase-3 may be responsible for the fall in FoxO3a protein
levels that occur when fibroblasts attach to collagen. To test if
this was the case, we pretreated fibroblasts with the caspase-3
inhibitor followed by seeding fibroblasts on type I collagen.
FoxO3aprotein expressionwasmodestly stabilized by pretreat-
ment with the caspase-3 inhibitor, whereas the FoxO3a protein

level was undetectable in control DMSO-treated cells (Fig. 7B,
upper panel). Moreover FoxO3a protein expression was pre-
servedwith the highest dose of caspase-3 inhibitor (300 nM, Fig.
7B, lower panel). We next measured caspase-3 activity in
response to fibroblast adhesion to collagen in the presence or
absence of the �1-integrin blocking antibody. Caspase-3 activ-
ity increased when fibroblasts were attached to collagen in the
presence of mouse IgG control antibody (Fig. 7C). In contrast,
caspase-3 activitywas unalteredwhen fibroblastswere attached
to collagen matrix in the presence of the �1-integrin blocking
antibody. Our data suggest that fibroblast attachment to colla-
gen inhibits FoxO3a protein expression via a caspase-3-depen-
dent mechanism.

FIGURE 7. Cell attachment to collagen promotes caspase-3-dependent
cleavage of FoxO3a. A, RT-PCR was carried out with primers designed for
FoxO3a as described under “Materials and Methods.” Actin was used as a
loading control. B, upper panel, serum-starved human lung fibroblasts were
pretreated with caspase-3 inhibitor (30 nM) for 60 min. Cells were then
attached to type I collagen as a function of time. FoxO3a levels were mea-
sured. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
loading control. DMSO, control. Lower panel, serum-starved human lung
fibroblasts were pretreated with different doses of caspase-3 inhibitor (3 to
300 nM) for 60 min. Cells were then attached to type I collagen for 30 min.
FoxO3a levels were then measured. GAPDH was used as a loading control.
DMSO, control. C, serum-starved human lung fibroblasts were pretreated
with �1-integrin blocking antibody (1 �g/ml) or isotype control antibody IgG
(1 �g/ml) for 45 min. Cells were then attached to type I collagen (100 �g/ml)
for 60 min. Caspase-3 activity assay was performed as described under “Mate-
rials and Methods.”
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Activation of Integrin Inhibits
FoxO3a, thereby Suppressing p27—
Activated FoxO3a inhibits G1 to S
cell cycle progression by up-regulat-
ing the expression of p27, a cyclin-
dependent kinase inhibitor protein
(12, 13). Because FoxO3a expres-
sion decreases when fibroblasts
attach to collagen, these data sug-
gested that p27 expression may also
be suppressed, facilitating cell cycle
progression. To examine this issue,
we measured the p27 expression
level in fibroblasts on collagen. Like
the expression levels of FoxO3a and
PP2A, p27 expression progressively
decreased when fibroblasts were
attached to collagen-coated plates
as a function of time (Fig. 8A). To
confirm that p27 is a downstream
target of FoxO3a, FoxO3a was
silenced in serum-starved fibro-
blasts by FoxO3a siRNA. The p27
expression level was low when
FoxO3a expression was suppressed
by human FoxO3a siRNA (Fig. 8B,
upper panel). The p27 expression
level was also low when fibroblasts
were ligated with �1-integrin acti-
vating antibody in the presence
of FoxO3a siRNA (lower panel).
To confirm this, we utilized
FoxO3a�/� and FoxO3a�/� mouse
embryonic fibroblasts. The absence
of FoxO3a conferred very low p27
expression in FoxO3a�/� cells com-
pared with FoxO3a�/� cells (Fig.
8C), demonstrating that the pres-
ence or absence of FoxO3a affects
p27 expression. Similar to the re-
sult of p27 levels in FoxO3a�/�

cells, knockdown of FoxO3a in
FoxO3a�/� fibroblasts decreased
p27 expression (Fig. 8D). These data
demonstrated that FoxO3a regu-
lates p27. To verify that fibroblast
attachment to collagen modulates
p27 via FoxO3a,we further explored
p27 expression in FoxO3a�/� and
FoxO3a�/� cells on collagen matri-
ces as a function of time. Because
FoxO3a regulates p27 expression,
the absence of FoxO3a in null cells
may result in a loss of regulation of
p27 expression. Aswe expected, p27
expression was decreased in the
attachment of FoxO3a�/� cells to
collagen, whereas the level of p27

FIGURE 8. FoxO3a increases p27 on the collagen matrix. A, serum-starved human lung fibroblasts were
attached to collagen-coated plates as a function of time and p27 expression levels were measured. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. B, upper, FoxO3a siRNA (10 nM)
transfected lung fibroblasts were serum-starved (s/s), and Western analysis was carried out to measure FoxO3a
and p27 levels. GAPDH was used as a loading control. Lower, lung fibroblasts were ligated with �1-integrin
activating antibody (TS2/16, 3 �g/ml) for 30 min in the presence or absence of FoxO3a siRNA. Western analysis
was then carried out with antibodies as indicated. F3, FoxO3a siRNA; con, control siRNA; Un, untransfected cells.
C, FoxO3a�/� and Foxo3�/� cells were serum-starved for 1 day, and FoxO3a and p27 expression levels were
measured using Western analysis. GAPDH was used as a loading control. D, FoxO3a�/� cells were transfected
with mouse FoxO3a siRNA (F3, 10 nM) or control siRNA (Con, 10 nM) and Western analysis was then carried out
to measure FoxO3a and p27 expression levels. GAPDH was used as a loading control. Un, untransfected cells.
E, serum-starved FoxO3a�/� and FoxO3a�/� cells were attached to type I collagen for 30 min. p27 expression
levels were then measured. GAPDH was used as a loading control. s/s, serum-starved fibroblasts. F, serum-
starved human lung fibroblasts were preincubated with either �1-integrin blocking antibody (1 �g/ml) or
isotype control mouse IgG (1 �g/ml) for 45 min. Cells were then attached to collagen-coated plates for 30 min.
FoxO3a, PP2A, and p27 expression levels were then measured. GAPDH was used as a loading control. Un,
untreated cells; BA, �1-integrin blocking antibody pretreated cells. G, serum-starved human lung fibroblasts
were preincubated with �1-integrin blocking antibody (1 �g/ml) in the presence of 10, 100, or 200 nM or
absence of okadaic acid for 60 min. Cells were then attached to type I collagen for 30 min. Western analysis was
carried out to measure p27 expression levels. GAPDH was used as a loading control. s/s, serum-starved human
lung fibroblasts; DMSO, control.
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was low and unaltered in FoxO3a�/� cells as a function of time
(Fig. 8E).
We have found that when fibroblasts attach to collagen via

�1-integrin, PP2A activity decreases and this facilitates the
decrease in FoxO3a expression. We next sought to determine
whether this also facilitates a decrease in p27 levels. To address
this issue, serum-starved human lung fibroblasts were preincu-
bated with �1-integrin blocking antibody and seeded on colla-
gen-coated plates. As shown, PP2A expression decreased when
lung fibroblasts were attached to collagen in the absence of
�1-integrin blocking antibody (Fig. 8F, lane 1). In contrast,
PP2A levels remained highwhen cells preincubatedwith�1-in-
tegrin blocking antibody (BA) were plated on collagen (lane 2).
Likewise, FoxO3a and p27 expression levels were also increased
in the presence of �1-integrin blocking antibody. These results
suggested that the inhibition of cell attachment to collagen by
�1-integrin blocking antibody up-regulates p27 via enhanced
PP2A/FoxO3a function. To confirm that PP2A facilitates acti-
vation of p27 via FoxO3a, we utilized�1-integrin blocking anti-
body and okadaic acid. We measured p27 levels in fibroblasts
seeded on collagen in the presence of the �1-integrin blocking
antibody and varying doses of okadaic acid. Similar to FoxO3a
expression, we found that p27 levels were highwhen fibroblasts
were serum-starved or plated on collagen in the presence of
�1-integrin blocking antibody (Fig. 8G, lanes 1 and 2). How-
ever, p27 expression was progressively decreased when fibro-
blasts attached to collagen in the presence of increasing doses of
okadaic acid (Fig. 8G, lanes 3–5). To confirm this result, we
measured p27 expressionwhen PP2A siRNAwas utilized in the
presence of �1-integrin blocking antibody on collagen
(supplemental Fig. S1F). Like the case of okadaic acid, p27
expression was low when PP2A was silenced, whereas p27 lev-
els were high when control siRNA was used. These results
showed that �1-integrin plays a crucial role in modulating p27
via PP2A/FoxO3a. Our data suggest that the maximum inhibi-
tion of FoxO3a requires the coordination of PP2A inhibition
and Akt activation in a synergistic fashion in response to fibro-
blast attachment to type I collagen.
FoxO3a Suppresses Fibroblast Proliferation—We have previ-

ously shown that fibroblast attachment to collagen promotes
fibroblast proliferation (26, 27). In this study, we showed that
�1-integrin-collagen interaction suppresses FoxO3a, thereby
inhibiting p27. These data suggest that FoxO3a inhibition pro-
motes fibroblast proliferation on type I collagen. To address
this issue, we first examined fibroblast proliferation on type I
collagen in the presence or absence of FoxO3a siRNA. Human
lung fibroblasts were transfected with FoxO3a siRNA or con-
trol siRNA and an MTS assay was conducted as described
under “Materials and Methods.” Fibroblasts transfected with
FoxO3a siRNA showed an �50% increase in fibroblast prolif-
eration compared with that of control siRNA-transfected cells
(Fig. 9A). Our data showed that FoxO3a inhibits fibroblast pro-
liferation. To examine whether the precise modulation of
FoxO3a can alter proliferation, we utilized adenovirus express-
ing dominant-negative FoxO3a in PTEN�/� cells. Although
PTEN�/� cells had high FoxO3a expression, the inhibition of
FoxO3a in this experimental setting candemonstrate the role of
FoxO3a in modulating fibroblast proliferation. An MTS assay

showed that there was a 33% increase of absorbance at 490 nm
in cells infected with dominant-negative FoxO3a, indicating
that inhibition of FoxO3a promotes cell proliferation (Fig. 9B,
upper graph). We further measured PTEN�/� cell numbers at
48 h postinfection of FoxO3a dominant-negative and empty
vector. PTEN�/� cell numbers increased (�27%) when cells
were infected with dominant-negative FoxO3a compared with
that of empty vector (Fig. 9B, lower graph). These data demon-
strated that the alteration of FoxO3a can affect fibroblast pro-
liferation.We also analyzed the proliferation of FoxO3a�/� and
FoxO3a�/� cells on collagen matrices. After a 24-h culture on
collagen-coated plates, FoxO3a�/� cell numbers were substan-
tially higher than wild type cells (Fig. 9C). We further analyzed
FoxO3a function in modulation of fibroblast proliferation by
overexpression of FoxO3a using an adenovirus vector contain-
ing FoxO3a protein in FoxO3a�/� cells. FoxO3a�/� cells were
infectedwith adenovirus expressingwild type FoxO3a or empty
vector plated on type I collagen, and cell numbers were deter-
mined. Overexpression of FoxO3a substantially decreased
fibroblast proliferation on type I collagen compared with con-
trol (empty vector or uninfected cells, Fig. 9D). Taken together,
these data demonstrated that FoxO3a function is crucial in pro-
moting fibroblast proliferation on collagenmatrix and integrin-
collagen interaction suppresses FoxO3a, thereby promoting
fibroblast proliferation.

DISCUSSION

Integrin-ECM interaction promotes fibroblast proliferation
via activation of the PI3K/pathway (19, 20). The FoxO3a tran-
scriptional activator inhibits cell proliferation by up-regulating
the expression of the cyclin-dependent kinase inhibitor p27.
Moreover, activated Akt can phosphorylate and inactivate
FoxO3a. However, it is not known whether integrin-ECM
interaction can modulate FoxO3a function. Here we demon-
strate that integrin-ECM interaction suppresses FoxO3a func-
tion via high Akt and the inhibition of PTEN and PP2A. The
mechanism is complex and involves the coordinated activation
of PI3K/Akt with suppression of PTEN and PP2A phosphatase.
We found that fibroblast attachment to collagen results in the
promotion of PTEN degradation. This results in the preferen-
tial phosphorylation and inactivation of FoxO3a via high Akt
activity. We also demonstrate that integrin-ECM interaction
promotes a decrease in FoxO3a protein expression. We have
found that 2 PEST sequences are located in the FoxO3a N ter-
minus. 3 putative caspsase-3 cleavage sites are located in the
second PEST sequence. We show that inhibition of caspase 3
attenuates the decrease in FoxO3a protein expression in
response to the fibroblast-matrix interaction. Thus we have
identified a novel basic mechanism by which the integrin-ma-
trix interaction is capable of down-regulation of the FoxO3a
activity, permitting fibroblast proliferation via the PTEN/PI3K/
Akt and PP2A-dependent pathways.
Our studies demonstrate that cell attachment to specific

extracellular matrices promotes different degrees of FoxO3a
suppression. For example, we have found that when fibroblasts
attach to type I collagen or fibronectin, FoxO3a levels rapidly
decrease. To a lesser extent, FoxO3a protein expression was
rather slightly decreased as a function of time on vitronectin-
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FIGURE 9. FoxO3a suppresses cell proliferation. A, FoxO3a siRNA or control siRNA-transfected human lung fibroblasts were grown in 96-well plates and an
MTS assay was carried out as described under “Materials and Methods.” Note that FoxO3a siRNA-transfected fibroblasts had an enhanced proliferation rate
compared with that of control siRNA or untransfected cells. *, p � 0.03 versus control siRNA. B, PTEN�/� cells infected with adenovirus expressing dominant-
negative FoxO3a (DN) or empty vector (Vec) were grown in 96-well plates and an MTS assay was carried out (upper panel). Dominant-negative FoxO3a
expression was evaluated using Western analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control (middle panel).
PTEN�/� cells infected with adenovirus expressing dominant-negative FoxO3a or empty vector were incubated with DMEM and cells numbers were measured
at 24 h (lower panel). *, p � 0.05 versus empty vector. C, 3 � 104 of FoxO3a�/� and FoxO3a�/� cells were serum-starved for 1 day followed by attachment to type
I collagen-coated plates for 24 h. Cells numbers were then measured. D, FoxO3a�/� cells were infected with adenovirus expressing wild type FoxO3a (FoxO3a)
or empty vector (GFP) along with uninfected (Un) cells for 24 h. 1.2 � 104 of Foxo3a�/� fibroblasts were then plated on tissue culture plates in the presence of
0.5% serum for 72 h. Cell numbers were then measured using a Coulter counter. Upper, Western analysis of FoxO3a protein expression in FoxO3a�/� cells
infected with adenovirus expressing FoxO3a wild type or empty vector or untransfected cells. GAPDH was used as a loading control. Lower, % change in cell
numbers in FoxO3a�/� cells infected with adenovirus expressing FoxO3a wild type or empty vector or untransfected cells. *, p � 0.03 versus GFP empty vector.
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coated plates. These data suggest that FoxO3a activity is
dependent upon cell attachment to specific ECM. Cells prefer-
entially use certain integrins to attach to specificmatrices. Cells
bearing the �2�1-integrin attach and spread on type I collagen.
We found that blockage of �1-integrin function by �1-integrin
blocking antibody preferentially inhibits FoxO3a suppression
in response to fibroblast attachment to type I collagen, showing
that �1-integrin-type I collagen interaction is required for
FoxO3a inhibition. FoxO3a inhibitory mechanisms have previ-
ously been examined and suggested that Akt suppresses
FoxO3a by phosphorylating several Ser/Thr residues (29).
Among them Ser-253 is known to be a surrogate marker of
FoxO3a activity and studies showed that the Ser-253 residue is
preferentially phosphorylated by Akt (21) and its phosphoryla-
tion promotes FoxO3a translocation to the cytoplasm from the
nucleus, thereby inhibiting its function.We have found that the
PI3K inhibitor, wortmannin, and Akt inhibitor stabilize
FoxO3a expression levels in response to fibroblast attachment
to type I collagen, suggesting that FoxO3a is regulated by PI3K/
Akt in our model. Utilizing adenovirus expressing hyperactive
and dominant Akt in fibroblasts demonstrated that Akt sup-
presses FoxO3a function on collagen. Our data also showed
that themodulation of FoxO3a is not due to the transcriptional
change but rather protein stability is themechanism of FoxO3a
suppression.
Our results suggest amodel where integrin-ECM interaction

promotes the rapid inhibition of FoxO3a by Akt via PTEN.We
have previously found that low PTEN activity increases Akt
phosphorylation, promoting cell proliferation. In this experi-
ment, we showed that integrin-collagen interaction in lung
fibroblasts suppresses PTEN function, thereby inhibiting
FoxO3a via high Akt activity. PTEN�/� fibroblasts further
demonstrated that the absence of PTEN suppressed FoxO3a
expression and activity via Akt. Because fibroblast attachment
to collagen activates Akt via low PTEN, we also examined
FoxO3a phosphorylation levels in response to lung fibroblast
attachment to collagen. We have found that Ser-253 levels
remained unaltered, whereas total FoxO3a expression levels
decreased when fibroblasts were attached to collagen-coated
plates. These data demonstrated that FoxO3a activity decreases
when fibroblasts are attached to collagen. Utilizing �1-integrin
activating or �1-integrin blocking antibody along with a PI3K
or Akt inhibitor also showed that �1-integrin plays a crucial
role in modulating FoxO3a activity via the PI3K/Akt pathway.
Because p27 is a direct transcriptional target of FoxO3a, �1-in-
tegrin-ECM interaction facilitates fibroblast proliferation at
least in part via the PTEN/PI3K/Akt/FoxO3a/p27 regulatory
pathway.
Prior studies suggest that PP2A dephosphorylates FoxO3a,

activating its function by translocating FoxO3a into the
nucleus. Because FoxO3a protein expression was rapidly
decreased on collagen, we predicted that PP2A functionmay be
abolished in response to fibroblast attachment to collagen. We
found that PP2A expression and activity were also suppressed
as a function of time via �1-integrin. Likewise, the cell cycle
inhibitor protein p27 decreased when fibroblasts were attached
to collagenmatrices. In contrast, PP2Aoverexpression or in the
presence of �1-integrin blocking antibody on collagen restored

FoxO3a and p27 expression, suggesting that PP2A modulates
p27 via FoxO3a. Thus, our data indicate that the precise orches-
tration of PP2A inhibition andAkt activation via low PTEN can
confer the maximum inhibition of FoxO3a activity.
We found that FoxO3a contains 2 PEST sequences in the

N-terminal domain of FoxO3a. Interestingly, there are 3
caspase-3 recognition sites within the PEST sequences. Dose
and time-dependent assays in the presence or absence of
FoxO3a inhibitor suggests that FoxO3a function is inhibited by
caspase-3. Furthermore, caspase-3 activity increased when
fibroblasts were attached to collagen, whereas �1-integrin
blocking antibody abolished caspase-3 activity. These data
showed that the integrin-ECM interaction may increase
caspase-3 activity, promoting the FoxO3a cleavage process. A
prior study showed that FoxO3a is inhibited via MDM2
(murine double minute 2)-mediated degradation (28). Fu and
Yang (35, 36) also previously reported that MDM2 acts as an
ubiquitin E3 ligase to regulate the degradation of FoxO3a.
Thus, a plausible scenario is that Ser-253 phosphorylation of
FoxO3a promotes its translocation to the cytoplasm from the
nucleus and facilitates its cleavage by caspase-3 and/or polyu-
biquitination by E3 ligase, which promotes its degradation. In
summary, we have found a novel FoxO3a inhibitory mecha-
nism utilized by the fibroblast-ECM interaction via �1-inte-
grin/PTEN/PI3K/Akt and a PP2A-dependent pathway. We
showed that fibroblast attachment to ECM inhibits FoxO3a
function via coordination of PTEN/PI3K/Akt and PP2A, pro-
moting fibroblast proliferation.
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