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Epithelial cell migration during wound healing requires coor-
dinated signaling pathways that direct polarization of the lead-
ing and trailing ends of the cells, cytoskeletal organization, and
remodeling of focal adhesions. These inherently mechanical
processes are disrupted by cyclic stretch (CS), but the specific
signaling molecules involved in this disruption are not well
understood. In this study, we demonstrate that inhibition of
phosphatidylinositol 3-kinase (PI3K) or expression of a domi-
nant-negative form of PI3K caused inhibition of airway epithe-
lial cell wound closure. CS caused a sustained decrease in acti-
vation of PI3K and inhibited wound healing. Expression of
constitutively active PI3K stimulated translocation of Tiam1 to
the membrane, increased Rac1 activity, and increased wound
healing of airway epithelial cells. Increased Rac1 activity
resulted in increased phosphorylation of JNK1. PI3K activation
was not regulated by association with focal adhesion kinase.
Restoration of efficient cell migration during CS required coex-
pression of constitutively active PI3K, focal adhesion kinase,
and JIP3.

Migration of cells into an injury site is a primary component
of repair after injury (1). Epithelial cells in airways have an
important role both in defining the physical barrier between the
host and external environment and in regulating the response
to inflammation in airways diseases such as asthma. Airway
epithelial cells (AECs)2 migrate in response to injury along a
basement membrane containing several extracellular matrix
proteins using cell-surface receptors in the integrin family (2,
3). Binding of extracellular matrix proteins such as collagen IV
and laminin to appropriate integrins signals to several key path-
ways via focal adhesion kinase (FAK), a non-receptor tyrosine
kinase residing within the focal adhesion complex (4, 5). FAK
mediates both epithelial (3) and non-epithelial (6, 7) cell migra-

tion via several signaling pathways mediated by c-Jun N-termi-
nal kinase (JNK).
AEC migration after injury occurs during a state of cyclic

mechanical distention of the underlying substrate in the air-
ways during respiration. Conditions such as asthma may alter
these mechanical stresses due to changes in bronchomotor
tone, volume trapping, or structural remodeling (8–11). We
demonstrated previously that cyclic stretch (CS) of AECs
causes inhibition of wound healing primarily through mecha-
nisms that decrease cell migration (12–14).
Activation of JNK from FAK is one such signaling pathway

critical to epithelial cell migration after injury. We recently
demonstrated that CS mediates this pathway through de-
creased phosphorylation of FAK at Tyr397, leading to dissocia-
tion of the JNK-interacting protein JIP3 and subsequent
decreased kinase activation of JNK (12).
Several signaling pathways modulate JNK activation, and

some of these have known effects on cell migration. One such
pathway is mediated by phosphatidylinositol 3-kinase (PI3K),
part of a family of kinases that phosphorylate the membrane
lipid phosphatidylinositol (15). Although the role of PI3K in cell
motility is well documented, the interactions of PI3Kwith other
signaling pathways involved in cell migration vary markedly in
different types of cells (15–20), and no clear interaction
between the PI3K and JNK pathways has been demonstrated in
the early steps in cell migration. Furthermore, to our knowl-
edge, no studies have examined howmechanical forces regulate
PI3K signaling during cell migration.
Therefore, we investigated PI3K signaling in wounded AECs

exposed to CS. We found that wounding of AECs activated
PI3K and that CS inhibited this activation, leading to decreased
activation of Rac1. Because FAK has been shown to serve as a
scaffold for interactions with other signaling molecules
involved in cell migration (21, 22) and because Tyr397 has been
identified as a binding site for PI3K (23), we also investigated
whether PI3K activity is affected by changes in FAK signaling
and further investigated the potential interaction in signaling
via PI3K and JNK.

EXPERIMENTAL PROCEDURES

Cell Culture—A human AEC line, 16HBE14o� (provided
by D. Gruenert, California Pacific Institute), was used in
all studies. These cells were transformed by SV40, maintain
the capability to form polarized monolayers and tight junc-
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tions, and retain other characteristics of differentiated
native epithelium (reviewed in Ref. 24). Cells were grown
either on collagen IV-coated Silastic membranes (Flexcell
International Corp., Hillsborough, NC) or on collagen IV-
coated membranes upon which laminin-5-rich matrix was
deposited by 804G cells (rat bladder carcinoma cells known
to lay down a laminin-5 matrix in culture (25)) as described
previously (12). Cyclic strain of 20% with a frequency of 30
cycles/min was applied using the Flexercell FX-4000TTM

tension unit. In some experiments, cells were infected with
an adenovirus expressing enhanced green fluorescent pro-
tein (EGFP) as a control (26), wild-type (WT) FAK (27),
kinase-inactive FAK (FAK-related non-kinase (FRNK))
(28), WT-Rac1 (26), dominant-negative (DN) Rac1 (26), JIP3
(29), constitutively active (CA) PI3K (30), or DN-PI3K (31) (mul-
tiplicity of infection of 6–8) as described previously
(26). Experiments were conducted 48 h after adenoviral
infection.
Migration—Multiple wounds were scraped through conflu-

ent monolayers grown on either collagen IV or laminin-5
matrix using a fine-toothed comb in all cell migration assays.
Each well contained �17 wounds of �475 �m, and migration
was followed for up to 10 h in serum-free medium as described
previously (26).
PI3K Activity Assay—PI3K activity was determined in either

multiple wounded or unwounded cells using an activity kit
from Echelon Biosciences Inc. (Salt Lake City, UT). Briefly, the
assay involves isolation of PI3K from cell lysates (75 �g) using
antibodies bound to agarose beads, incubation with substrate
(phosphatidylinositol 3,4,5-bisphosphate), and a competitive
enzyme-linked immunosorbent assay in which the signal is
inversely proportional to the amount of phosphatidylinositol
3,4,5-trisphosphate produced from phosphatidylinositol 3,4,5-
bisphosphate by PI3K.
Immunoprecipitations and Immunoblotting—Multiplewounds

were applied to confluent monolayers, and cells were imme-
diately exposed to static or CS conditions for 2 or 6 h. Cells
were lysed with radioimmune precipitation assay buffer (150
mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton
X-100, and 50 mM Tris, pH 7.2) containing 1 mM sodium
vanadate, 1 mM sodium fluoride, 1 mM phenylmethylsulfonyl
fluoride, 5 �g/ml aprotinin, and 5 �g/ml leupeptin at 4 °C.
Equal amounts of cell lysates were subjected to immunopre-
cipitation with either anti-FAK (BD Transduction Laborato-
ries) or anti-JIP3 (Santa Cruz Biotechnology) antibody.
Immunoblotting of the SDS-PAGE-separated protein com-
plex was done using anti-PI3K (Upstate) or anti-JNK1 (Santa
Cruz Biotechnology) antibody. For immunoblotting experi-
ments to detect phosphorylated JNK1, 50 �g of the radioim-
mune precipitation assay cell lysates were loaded on gels
for SDS-PAGE, transferred onto nitrocellulose membranes,
and probed with anti-phospho-JNK1 (Abcam) and anti-
JNK1 antibodies. For detection of expression of WT-FAK
and CA-PI3K, blots were probed with anti-EGFP antibody
(Santa Cruz Biotechnology), whereas JIP3 was detected
using anti-FLAG antibody (Sigma). The secondary antibody
used was either anti-rabbit (Amersham Biosciences) or anti-

mouse (Jackson ImmunoResearch Laboratories) horseradish
peroxidase.
Rac1 Activation Assay—Activated Rac1 (GTP-Rac1) levels in

multiple wounded 16HBE14o� cells, transfected with either
CA-PI3K or DN-PI3K and exposed to static or CS conditions,
were determined using the Rac1 activation assay kit from
Upstate as described previously (32) using anti-Rac1 antibody
(BD Transduction Laboratories).
Cytosolic and Membrane Fraction Preparations—Multiple

wounded 16HBE14o� cells expressing EGFP, CA-PI3K, or
DN-PI3K were lysed, and the total, cytosolic, and membrane
fractions for Tiam1 localization were prepared as described
previously (32).
Statistical Analysis—All values are presented asmeans� S.E.

Statistical analysis was performedwith the SigmaStat statistical
package (Version 3.5, Jandel Scientific, San Rafael, CA). One-
way analysis of variance with the Holm-Sidak method was per-
formed for comparisons of multiple treatments to determine
significant differences between individual or two different con-
ditions. Significant differences were determined based on a
threshold of p � 0.05.

RESULTS

PI3K Regulates Wound Closure of AECs—To investigate the
role of PI3K in AEC wound healing, we first measured the clo-
sure of scrape wounds in 16HBE14o� cells treated with the
PI3K inhibitor LY294002. As shown in Fig. 1A, LY294002 (20
�M) slowed wound closure significantly, and the extent of inhi-
bition was comparable with that caused by CS (20% linear
strain, 30 cycles/min). Adenoviral expression of DN-PI3K also
slowed wound closure comparable with that caused by CS, and
expression of CA-PI3K stimulated cell migration (Fig. 1B).
Becausemeasurements weremade over the initial 9 h following
wounding, cell spreading and migration were the major mech-
anisms involved in wound closure. Adenoviral expression of
EGFP as a control had no effect on wound closure.
Wounding Activates PI3K—To determine whether PI3K was

activated by wounding of AECs, we measured PI3K activity in
multiple wounded and unwounded monolayers grown either
on collagen IV or on laminin-5 deposited upon collagen IV. Fig.
2A shows that there was a 4-fold increase in PI3K activity 2 h
after multiple scrape wounds were applied to cells grown on
either collagen or laminin, and the activity continued to
increase 6 h after wounding. PI3K activity was higher in both
wounded and unwounded cells grown on laminin-5 compared
with collagen IV. We showed previously that cell migration of
16HBE14o� cells is significantly faster on laminin-5 compared
with collagen IV (12), and the results in Fig. 2 suggest that this
difference may be due in part to enhanced activation of PI3K.
PI3K Activity Is Inhibited by CS—Because our previous

studies demonstrated that CS inhibits wound closure of
16HBE14o� cells (12, 13), we examined whether CS affected
PI3K activation during wound closure. As shown in Fig. 2B, CS
caused a significant decrease in PI3K activity in monolayers
withmultiple wounds on both collagen and laminin at 2 and 6 h
after injury.
To investigate whether we could restore the rate of wound

closure in cells exposed to CS by expression of CA-PI3K, we
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first measured PI3K activity. Fig. 3A shows that CA-PI3K
caused increased PI3K activity in cells under static conditions
and in cells subjected to CS. Likewise, DN-PI3K significantly
decreased PI3K activity both in cells under static conditions
and in cells subjected to CS. Expression of CA-PI3K in cells
exposed to CS enhanced wound closure, but closure was not
completely restored in comparison with static cells (Fig. 3B).
Adenoviral expression of EGFP as a control had no effect on
either PI3K activity or cell migration (data not shown).
PI3K Regulates Rac1 Activity through Tiam1—We next

investigated whether the loss of PI3K activity caused by
CS also caused decreased Rac1 activity. Our previous stud-
ies demonstrated that CS inhibits wound healing of rat alve-

olar epithelial cells by causing decreased Rac1 activity in rat
alveolar type II cells (32). Fig. 4 shows that 6 h of CS caused
a significant decrease in GTP-Rac1 levels in wounded
16HBE14o�, and this effect was also observed after 2 h (data
not shown). Fig. 4 also shows that expression of CA-PI3K
caused a significant increase in Rac1 activity, and this
increase was maintained under conditions of CS. DN-PI3K
caused decreased Rac1 activity similar to the levels caused by
CS. Expression of a control adenovirus (EGFP) had no effect
on Rac1 activity.
PI3K has been shown to regulate Rac1 activity through the

guanosine exchange factor Tiam1 in Madin-Darby canine
kidney cells (33), and increased membrane localization of
Tiam1 has been shown to increase Rac1 activity (34). To
determine whether loss of PI3K activity in stretched cells
caused decreased Rac1 activity by affecting Tiam1, we exam-
ined the cytosolic and membrane localization of Tiam1. CS
caused increased cytosolic localization of Tiam1 (Fig. 5A)
and decreased membrane localization (Fig. 5B) compared
with static cells. Expression of CA-PI3K caused a significant
increase in membrane-associated Tiam1 (Fig. 5B), whereas
expression of DN-PI3K caused increased cytosolic Tiam1
(Fig. 5A). CS did not affect the distribution of Tiam1 when
either CA-PI3K or DN-PI3K was expressed. We also found
that treatment with the Tiam1 inhibitor NSC23766 caused
increased cytosolic localization of Tiam1, decreased Rac1
activity, and decreased cell migration (data not shown).
These results suggest that the decrease in PI3K activity
caused by CS leads to increased cytosolic localization of
Tiam1 and decreased Rac1 activity.
Rac1 Activation Causes Increased Phosphorylation of JNK1—

JNK1 has been implicated as a downstream target of Rac1 in
other cell types (35–37), and our previous studies have shown
that inhibition of JNK1 decreases migration of AECs (38). In
addition, we have shown that CS causes decreased phosphory-
lation of JNK1 and its downstream target, c-Jun (12). Therefore,
we examined whether expression of DN-Rac1 induced de-
creased phosphorylation of JNK1. Fig. 6 shows that expression
of DN-Rac1 caused decreased phosphorylation of JNK1,
whereas overexpression of WT-Rac1 caused increased phos-
phorylation of JNK1. These results demonstrate that JNK1
phosphorylation can be modulated by Rac1 in AECs.
PI3K Activation in AECs Is Independent of FAK Phos-

phorylation—PI3K-mediated stimulation of cell migration has
been shown to be dependent upon binding to FAK (at Tyr397

(23)) in Chinese hamster ovary cells (39), malignant breast epi-
thelial cells (MCF-7) (21), and cardiomyocytes (40). To deter-
mine whether association with FAK affected PI3K activation in
16HBE14o� cells, we expressedWT-FAK and a kinase-inactive
form of FAK (FRNK) and measured PI3K activity. Previous
studies have shown that WT-FAK expression increases and
FRNK expression decreases FAK phosphorylation at Tyr397

(12). Fig. 7A shows that PI3K activity was not affected by
expression of either vector under static or stretched conditions.
In addition, immunoprecipitation of FAK-associated com-
pounds showed that PI3K was not bound to FAK when cells
were grown on either collagen or laminin (Fig. 7B).
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FIGURE 1. PI3K regulates migration of 16HBE14o� cells. Scrape-wounded
16HBE14o� cells grown on collagen IV (A) or laminin-5 (B) matrix were
exposed to static conditions or cyclic mechanical stretch (CS) for 9 h. Multiple
wounds were created in each well, and measurements were made on three
wounds/well and averaged. A, treatment of static cells with the PI3K inhibitor
LY294002 (20 �M) inhibited cell migration to the same extent as cells exposed
to CS. B, cells were infected with adenovirus expressing EGFP, CA-PI3K, or
DN-PI3K, and wound widths were measured. CA-PI3K stimulated cell migra-
tion, and DN-PI3K inhibited cell migration to the same extent as CS. Data are
expressed as means � S.E. (n � three independent experiments). *, p � 0.05,
significant differences from static untreated cells.
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Wealso found recently that JIP3 associates with FAK to facil-
itate interaction with JNK and to regulate migration of cycli-
cally stretched 16HBE14o� cells (12). JIP3 is a scaffold protein,
and to examine its possible interaction with PI3K, we deter-
mined whether PI3K co-immunoprecipitated with JIP3. As
shown in Fig. 7C, we could not detect an association between
JIP3 and PI3K.
Recovery of Cell Migration during CS Requires Restoration of

PI3K, FAK, and JIP3—As shown in Fig. 3, expression of
CA-PI3K, which prevents loss of PI3K activity duringCS, accel-
erated cell migration during CS but did not restore the migra-
tion to the same level as in cells under static conditions. We
found a similar result in a previous study when we coexpressed
WT-FAK and JIP3 in 16HBE14o� cells (12). These findings
suggest thatmultiple pathways are affected byCS.We therefore
coexpressed CA-PI3K, WT-FAK, and JIP3 to determine
whether that would be sufficient to restore cell migration in
stretched cells. Fig. 8 shows that the coexpression in cells

exposed to CS restored cell migra-
tion to the level in cells under static
conditions. These results indicate
that restoration of FAK, JIP3, and
PI3K signaling pathways is neces-
sary for efficient migration of AECs
during CS.

DISCUSSION

Our results demonstrate for the
first time that wounding of AECs
causes activation of PI3K and that
CS both inhibits this activation
and decreases cell migration. We
also found that activation of PI3K
stimulates Rac1 activation through
Tiam1 and that Rac1 activation
leads to phosphorylation of JNK1.
However, restoration of cell migra-
tion in cells exposed to CS requires
both stimulation of PI3K activity
and recovery of FAK and JIP3
interactions.
PI3K activation has been shown

to be an essential component of
leukocyte migration, involved in
both motility and directional sens-
ing (reviewed in Ref. 15). PI3K is
involved in similar processes in
adherent cells, but the specific role
of PI3K and the interactions with
parallel pathways appear to vary
markedly depending upon the type
of cell or tissue (20). Wounding of
retinal epithelial cells (ARPE-19)
causes activation of PI3K through
transactivation of the epidermal
growth factor receptor (41), and
inhibition of PI3K impairs cell mi-
gration of cultured intestinal epi-

thelial cells (42, 43), Madin-Darby canine kidney cells (44), and
corneal epithelial cells (45). Zhang et al. (46) suggested that the
time-dependent increase in PI3K in wounded rabbit corneal
epithelial cells in vivo primarily affects cell proliferation.Others
have suggested that cell migration is independent of PI3K-me-
diated Rac activation in human keratinocytes (47), that oxi-
dant-mediated inhibition of IEC-6 (intestinal epithelial) cell
wound closure is not regulated by PI3K (48), and that ACK-2-
mediated inhibition of HeLa cell migration is independent of
PI3K (49). In our studies, PI3K activity was significantly
increased 2 h after wounding and continued to increase after
6 h (Fig. 2). We found that inhibition of PI3K, both pharma-
cologically and through expression of DN-PI3K, caused
decreased cell migration comparable with the levels of
migration measured in cells exposed to CS (Fig. 1).
The activation of PI3K was significantly higher in cells

grown on laminin-5 matrix compared with cells grown on
collagen IV (Fig. 2). Airway wall remodeling is known to
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occur in asthmatics (50–53) with changes in both the base-
ment membrane and the subepithelial layer (54–56). Lami-
nin-5 is a major component of non-pathological basement
membrane and has been demonstrated to play an important
role in cell migration in other cell types (57–59). It has been
reported that adhesion of human colon adenocarcinoma
cells to laminin-5 induces PI3K-dependent activation of
Rac1 (60), and activation of �-catenin in colon cancer cells
is inhibited by fluid shear stress through a pathway involv-
ing laminin-5, PI3K, and Rac1 (61). Migration of human
corneal epithelial cells is significantly increased through
expression of laminin-5 by activation of the PI3K/Akt path-
way (62), whereas deposition of laminin-5 and ligation by
integrins activate PI3K and promote adhesion and spreading
of keratinocytes (58). We and others have shown that lami-

nin-5 matrix up-regulates FAK Tyr397 phosphorylation and
increases migration of A549 cells (63) and cyclically
stretched 16HBE14o� cells (12). We also demonstrated that
laminin-5 matrix activates a signaling pathway involving
FAK, JIP3, and JNK that accelerates migration of cyclically
stretched AECs (12).
Airways in asthmatics are subject to increased mechanical

stimulation due to both increased base-line tone of the air-
ways and changes in airway wall structure. We showed that
CS caused decreased PI3K activity and that the effect per-
sisted for up to 6 h (Fig. 2). In contrast with our findings with
longer duration of stretch, short-term (�5 min) CS has been
shown previously to stimulate PI3K activity in endothelial
cells (64, 65), fibroblasts (66), osteoblasts (67), bladder
smooth muscle cells (68), vascular smooth muscle cells (69,
70), and epithelial cell lines (71). Although we did not mea-
sure PI3K activation in response to short-term CS, our previ-
ous studies showed that FAK phosphorylation is initially
increased in response to CS (�30 min) but then is signifi-
cantly decreased with time relative to unstretched cells (12).
We speculate that an initial increase in PI3K activity also
occurred in our cells but that adaptation to CS with time
resulted in decreased PI3K activity. Hammerschmidt et al.
(72) found that PI3K activity is decreased in rat alveolar epi-
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FIGURE 4. PI3K regulates Rac1 activation. Cells were grown on laminin-5
matrix and treated with adenovirus expressing CA-PI3K, DN-PI3K, or EGFP for
48 h prior to wounding. Multiple wounds were applied, cells were exposed to
CS or static conditions for 6 h, and Rac1 activity (GTP-Rac1) was assessed via a
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and the bar graph summarizes the densitometry data expressed as means �
S.E. Values are expressed as the ratio of active GTP-bound Rac1 to total Rac1.
*, p � 0.05, significant difference from the static control. (Similar results (not
shown) were obtained after 2 h.)

Wound Closure of 16HBE14o� Cells

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4515



thelial cells after 24 h of CS. Our
results support those findings in
AECs and demonstrate for the
first time that CS inhibits PI3K
activation during wound healing.
Previous studies from our labo-

ratory have demonstrated that
cyclic mechanical strain inhibits
migration of AECs after injury (13,
14), as shown in Fig. 1, and we
showed recently that the inhibi-
tion is due in part to decreased
FAK phosphorylation, which re-
sults in decreased association of
JIP3 and downstream JNK signal-
ing (12). Because previous studies
have suggested that PI3K activa-
tionmay be dependent upon inter-
actions with FAK (21, 23, 39, 40),
we hypothesized that the decrease
in PI3K we observed in response to
CS was due to diminished interac-
tion with FAK. However, we could
not detect an association between
PI3K and FAK in our cells (Fig. 7).
Furthermore, manipulation of FAK
phosphorylation using expression
of WT-FAK and FRNK had no
effect on PI3K activation.
In this study, we identified a

parallel pathway involved in cell
migration that was inhibited by
CS. We showed that CS caused
decreased Rac1 activation (Fig. 4)
and that this decrease was depen-
dent upon CS-induced localization
of Tiam1 to the cytosol (Fig. 5). It
has been demonstrated previously
that Tiam1 requires membrane lo-
calization via its N-terminal pleck-
strin homology domain to activate
endogenous Rac1 (73, 74). In
Madin-Darby canine kidney cells,
Tiam1-mediated Rac1 activation is
dependent on PI3K activity on both
a collagen I and fibronectin matrix,
suggesting that PI3K is required for
Tiam1/Rac1-induced cell migra-
tion. Similarly, Shaw et al. (19) dem-
onstrated that PI3K acts upstream
of Rac1 in PI3K-induced motility of
colon carcinoma cells. However,
using T47D mammary carcinoma
cells, Keely et al. (18) found that
PI3K is located downstream of
Rac1, and others have suggested a
negative feedback loop for the regu-
lation of Rac1 throughPI3K (75, 76).

A

Cytosolic Tiam1

Total Tiam1

Static

CS

CA-PI3K

DN-PI3K

+

+

+

+

+
+++

++ +

+

+

+

+
+++

++

2 hr 6 hr

Sta
tic

CA-P
I3K

DN-P
I3K CS

CA-P
I3K

DN-P
I3K

Sta
tic

CA-P
I3K

DN-P
I3K CS

CA-P
I3K

DN-P
I3K

0.0

1.0

2.0

3.0

4.0

5.0

6.0

N
o

rm
al

iz
ed

 R
at

io
 o

f
C

yt
o

so
lic

 / 
To

ta
l T

ia
m

1
*

**
*

*

*

6 hr2 hr

CSStatic CSStatic

B

Membrane Tiam1

Total Tiam1

Static

CS

CA-PI3K

DN-PI3K

+

+

+

+

+
+++

++ +

+

+

+

+
+++

++

2 hr 6 hr

*

*

*

*

**

Sta
tic

CA-P
I3K

DN-P
I3K CS

CA-P
I3K

DN-P
I3K

Sta
tic

CA-P
I3K

DN-P
I3K CS

CA-P
I3K

DN-P
I3K

0.0

1.0

2.0

3.0

4.0

N
o

rm
al

iz
ed

 R
at

io
 o

f
M

em
b

ra
n

e 
/ T

o
ta

l T
ia

m
1

*
*

6 hr2 hr

CSStatic CSStatic

Wound Closure of 16HBE14o� Cells

4516 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 7 • FEBRUARY 12, 2010



Our findings suggest that PI3K acts upstream of Tiam1/Rac1
in the response to wounding and that CS-induced loss of
PI3K activity results in downstream loss of Rac1 activity
(Figs. 4 and 5).
In our previous study, we were able to stimulate cell migra-

tion in cells exposed to CS by coexpression of WT-FAK and
JIP3, butwewere unable to fully restoremigration to the level in
static cells (12). We observed the same response in this study
using CA-PI3K (Fig. 3). When we coexpressed WT-FAK, JIP3,
and CA-PI3K, we restored themigration of cells exposed to CS.
These results suggest that parallel pathways are involved in the
regulation of cell migration in AECs, as shown in Fig. 9. In
this scheme, wounding induces integrin-mediated activation
of both FAK and PI3K. Activation of FAK leads to associa-
tion with JIP3, phosphorylation of JNK1, and activation of
other pathways that regulate cell migration. Activation of
PI3K causes translocation of Tiam1 to the cell membrane
and subsequent Rac1 activation that leads to regulation of

F-actin at the leading edge of the cell and to phosphorylation
of JNK1. CS causes disruption of association between FAK
and JIP3 and independently decreases PI3K-mediated acti-
vation of Rac1. Inoue and Meyer (76) recently proposed an

FIGURE 5. PI3K regulates localization of the Rac1 guanosine exchange factor Tiam1. Cells were grown on laminin-5 matrix and treated with adenovirus
expressing CA-PI3K, DN-PI3K, or EGFP for 48 h prior to wounding. Multiple wounds were applied, and cells were exposed to CS or static conditions for 2 or 6 h.
Cells were lysed, aliquots of the total fraction were withdrawn, and cell lysates were further subjected to high speed centrifugation to prepare cytosolic and
membrane fractions. The total, cytosolic (A), and membrane (B) levels of Tiam1 were assessed by Western blotting. The ratio of cytosolic or membrane-
associated Tiam1 to total Tiam1 was then normalized to the ratio for static control cells at that time. The blots are representative of four different experiments,
and the bar graphs summarize the densitometry data expressed as means � S.E. (n � four independent experiments). *, p � 0.05, significant difference from
the static control.

FIGURE 6. Activated Rac induces phosphorylation of JNK1. Representative
immunoblots of equal amounts of cell lysates from multiple wounded mono-
layers grown on laminin-5 matrix expressing WT-Rac1 or DN-Rac1 were
probed with anti-phosphorylated and anti-total JNK1 antibodies. The bar
graph summarizes the densitometry data expressed as means � S.E. (n � four
independent experiments). *, p � 0.05, significant difference from the
untreated control. HA, hemagglutinin.

B C

++
++

IP-FAK, IB-PI3K

Total PI3K

Static

Matrix

CS

L

J

C L

C C

++
++

IP-JIP3, IB-PI3K

Total PI3K

Static

Matrix

CS

LC L

J

A

Sta
tic

wtF
AK

FRNK CS

wtF
AK

FRNK
0

20

40

60

80

P
I3

K
 A

ct
iv

it
y 

(p
m

o
l P

IP
3)

Static CS

* **

FIGURE 7. PI3K activation is independent of FAK phosphorylation. Con-
fluent cells grown on collagen IV (C) or laminin-5 (L) matrix were treated with
adenovirus expressing WT-FAK or FRNK for 48 h prior to application of multi-
ple wounds. Cells were exposed to static or CS conditions for 6 h. A, PI3K
activity was not affected by expression of WT-FAK or FRNK. *, p � 0.05, signif-
icant difference from the static control. PIP3, phosphatidylinositol 3,4,5-
trisphosphate. B and C, cells were lysed and immunoprecipitated (IP) with
anti-FAK (B) or anti-JIP3 (C) antibody and then immunoblotted (IB) with anti-
PI3K antibody. Representative Western blots from four different experiments
are shown. Jurkat (J) cell lysate was used as a positive control.
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“AND-gate” control mechanism for PI3K-dependent and
PI3K-independent pathways in the regulation of cell polar-
ization and migration, and this mechanism supports our

findings. In summary, we have defined a unique signaling
mechanism that shows that both a phosphorylated FAK/JIP3
scaffold and PI3K-induced Rac activation are required for
increased JNK1 phosphorylation and efficient cell migration
in cyclically stretched cells.
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1. Erjefält, J. S., Erjefält, I., Sundler, F., and Persson, C. G. (1995) Cell Tissue

Res. 281, 305–316
2. Rickard, K. A., Taylor, J., Rennard, S. I., and Spurzem, J. R. (1993) Am. J.

Respir. Cell Mol. Biol. 8, 63–68
3. White, S. R., Dorscheid, D. R., Rabe, K. F.,Wojcik, K. R., andHamann, K. J.

(1999) Am. J. Respir. Cell Mol. Biol. 20, 787–796
4. Cox, B. D., Natarajan,M., Stettner, M. R., and Gladson, C. L. (2006) J. Cell.

Biochem. 99, 35–52
5. Schlaepfer, D. D., and Mitra, S. K. (2004) Curr. Opin. Genet. Dev. 14,

92–101
6. Huang, C., Jacobson, K., and Schaller, M. D. (2004) J. Cell Sci. 117,

4619–4628
7. Xia, Y., and Karin, M. (2004) Trends Cell Biol. 14, 94–101
8. An, S. S., Bai, T. R., Bates, J. H., Black, J. L., Brown, R. H., Brusasco, V.,

Chitano, P., Deng, L., Dowell, M., Eidelman, D. H., Fabry, B., Fairbank,
N. J., Ford, L. E., Fredberg, J. J., Gerthoffer,W. T., Gilbert, S. H., Gosens, R.,
Gunst, S. J., Halayko, A. J., Ingram, R. H., Irvin, C. G., James, A. L., Janssen,
L. J., King, G. G., Knight, D. A., Lauzon, A. M., Lakser, O. J., Ludwig, M. S.,
Lutchen, K. R., Maksym, G. N., Martin, J. G., Mauad, T., McParland, B. E.,
Mijailovich, S. M., Mitchell, H.W., Mitchell, R.W., Mitzner,W., Murphy,
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