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ABSTRACT: Asthma affects ∼300 million people worldwide. Despite multiple treatment options, asthma treatment
remains unsatisfactory in a subset of patients. Airway obstruction is a hallmark of allergic asthma and is largely due
to airway smoothmuscle hypercontractility induced by airway inflammation. Identification ofmolecular pathways
that regulate airway smooth muscle hypercontractility is of considerable therapeutic interest. We previously
identified roles for milk fat globule epidermal growth factor–like 8 (Mfge8) in opposing the effects of allergic
inflammation on increasing airway smooth muscle contractile force. In this study, we delineate the signaling
pathway by which Mfge8 mediates these effects. By using genetic and pharmacologic approaches, we show that
the a8b1 integrin and the phosphatase and tensin homolog (PTEN) mediate the effects of Mfge8 on preventing
IL-13–induced increases in airway contractility. Tracheal rings frommice with smooth muscle–specific deletion of
a8b1orPTENhaveenhancedcontraction in response to treatmentwith IL-13.EnhancedIL-13–inducedtracheal ring
contraction in Mfge82/2 mice was abolished by treatment with the PI3K inhibitor. Mechanistically, IL-13 induces
ubiquitination and degradation of PTENprotein. Our findings identify a role for theMfge8–a8b1–PTENpathway
in regulating the force of airway smooth muscle contraction in the setting of allergic inflammation.—Khalifeh-
Soltani,A.,Gupta,D.,Ha,A., Podolsky,M. J.,Datta,R.,Atabai,K.TheMfge8-a8b1-PTENpathwayregulates airway
smooth muscle contraction in allergic inflammation. FASEB J. 32, 5927–5936 (2018). www.fasebj.org
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Approximately 300million peopleworldwide are affected
with asthma, and 1 in 12 people in the United States have
this disease (1). Evenwith the current effective therapeutic
options, symptoms remain poorly controlled in a signifi-
cant number of patients with asthma. Airway obstruction
leading to shortness of breath is a hallmark of allergic
asthma and is in large part due to airway smooth muscle
(ASM) hypercontractility. Although there has been an
extensive effort to understand the immunologic mecha-
nisms that cause asthma, less focus has been on in-
vestigating the abnormal contractile properties of ASM
commonly found in patients with asthma. Exposure of

ASM to allergic inflammation leads to an increase in the
contractile response to endogenous agonists due to en-
hanced ASM calcium sensitivity. Current treatment strat-
egies for asthma primarily focus on dampening the
immune response or dilating ASM. No current therapies
specifically target ASM hypercontractility, although this
strategy would address the main mechanism responsible
for shortness of breath in asthma. Identification of endog-
enous molecules and pathways involved in ASM hyper-
contractility are therefore of considerable therapeutic
interest.

We have previously identified one such pathway by
which integrin-ligand milk fat globule epidermal
growth factor–like 8 (Mfge8) regulates airway hyper-
responsiveness (AHR) by preventing cytokine-induced
increases in calcium sensitivity (2). Mice deficient in
Mfge8 (Mfge82/2) develop exaggerated AHR in experi-
mental models of asthma. Ras homolog gene family
member A (RhoA) has emerged as a key regulator of
AHR and has a central role in enhancing ASM contrac-
tion (3–5). We have shown that under conditions of
allergic inflammation, ligation of integrin receptors by
Mfge8 suppresses RhoA activation and decreases
the force of smooth muscle contraction in airways (2).
The integrin receptors involved in this process and the
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mechanism by which integrin ligation prevents RhoA
activation are, however, uncharacterized. Identification
of signaling mechanisms and molecules involved in
RhoA activation in the setting of allergic asthma could
lead to specific and effective therapeutic targets.

The present study investigated the molecular mecha-
nisms involved in Mfge8 regulation of RhoA in ASM
contraction. Based on our recent report on the role of
RGD-binding integrin a8b1 in promoting nutrient ab-
sorption through regulation of antral smooth muscle
contractile force (6), we hypothesized that an a8b1–
PTEN pathway might be involved in mediating the
effect of Mfge8 on ASM contraction in the setting
of allergic inflammation. Toward this end, we ob-
served that Mfge8 ligation of a8b1 integrin modulates
cytokine-mediated airway contraction in ASM by
modulating the PI3K pathway. Specifically, we eluci-
dated the role of phosphatase and tensin homolog de-
leted from chromosome 10 (PTEN), a major negative
regulator of the PI3Kpathway in this process.We found
that mice with smooth muscle–specific deletion of
PTENhave enhanced force of contraction in response to
IL-13, and enhanced contraction was not rescued with
the addition of rMfge8. Furthermore, Mfge8 ligation of
a8b1 on ASM prevents IL-13– mediated increase in
RhoA activation by inhibiting PTENubiquitination and
degradation.

MATERIALS AND METHODS

Mice

All animal experiments were approved by the University of
California, San Francisco (UCSF) Institutional Animal Care and
UseCommittee in adherence toU.S.National Institutes ofHealth
(Bethesda, MD, USA) guidelines and policies. avb3 and avb5
double knockout (b32/2/b52/2) mice are in the 129SVEV back-
ground (7, 8). Wild-type (WT) mice in the129SVEV background
were used as controls for studies with b32/2/b52/2 mice. All
othermiceweremaintainedon aC57BL/6background. Itga8flox/flox

mice have been previously described (9). a8sm2/2 mice were
created by crossing Itga8flox/floxmicewithmice carryingTg(TetO-
cre)1Jaw/J and Tg(Acta2-rtTA)#Des transgenes. PTENsm2/2mice
were created by crossing ptenflox/floxmice (10) withmice carrying
Tg(TetO-cre)1Jaw/J and Tg(Acta2-rtTA)#Des transgenes. For
smooth muscle induction of Cre-mediated recombination of
Itga8flox/flox—Tg(Acta2-rtTA, TetO-Cre) or ptenflox/flox—Tg(Acta2-
rtTA, TetO-Cre), mice were fed doxycycline chow for 2 wk be-
fore the experiments.

Tracheal ring contraction

Tracheal rings were obtained from 6- to 8-wk-old sex-matched
mice as previously described (5), and were placed in DMEM
supplemented with 20% fetal bovine serum. Rings were in-
cubated with or without IL-13 (100 ng/ml; PeproTech, Rocky
Hill, NJ, USA) for 1 h or overnight in a 37°C incubator with 5%
CO2. Theywere then suspended in a 15-ml organ bath filledwith

Figure 1. Mfge8 ligation of the a8b1 integrin prevents the effect of IL-13 on ASM contraction. Tracheal rings isolated from
a8sm2/2 (A, D), avb3 (b32/2), or avb5 (b52/2) integrin knockout (B, E) and avb3 and avb5 double knockout (b32/2/b52/2)
(C, F) mice were treated with rMfge8 (10 mg/ml) and IL-13 (100 ng/ml) for 12 h. Force of contraction in response to MCh
(A–C) (n = 3–4) and KCl (D–F) (n = 3) was measured. Male mice were used for these experiments. Data are expressed as means6
SEM. One-way ANOVA was used to make comparisons between multiple groups. When the ANOVA comparison was statistically
significant (P , 0.05), further pairwise analysis was conducted by using a Bonferroni t test. *P , 0.05, **P , 0.01, ***P , 0.001.

5928 Vol. 32 November 2018 KHALIFEH-SOLTANI ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by University of Liverpool Library (154.59.124.102) on November 01, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 5927-5936.

http://www.fasebj.org


oxygenatedmodified Krebs-Henseleit solution and connected to
a force displacement transducer (FT03; Grass Instrument, West
Warwick, RI, USA), and a resting tension of 0.5 g was applied.
After a 15 min equilibration period, concentration–response
curves to MCh or KCl were obtained. For selected studies,
wortmannin (100 ng/ml; Selleck Chemicals, Houston, TX, USA)
and recombinant Mfge8 constructs (10 mg/ml; R&D Systems,
Minneapolis, MN, USA) were added 20 min before the addition
of IL-13.

Primary ASM cells and treatments

Primary ASM cells were obtained from the tracheas of sex-
matched 6- to 8-wk-old mice by dissecting out the trachea and
placing 3-mmsliceswith the luminal side down on tissue culture
plates in DMEM (Thermo Fisher Scientific, Waltham,MA, USA)
supplementedwith 20% fetal bovine serumand antibiotics. Cells
from passages 5 to 8 were grown to near-confluence, serum-
starved for 12 h before stimulation, and incubated with IL-13
(100 ng/ml) for 1 h at 37°C. Cells were then treated with 5-
hydroxytryptamine (100mM) (MilliporeSigma, Burlington,MA,
USA) for 15min and lysed forWestern blotting.A total of 350mg
of total protein was used for evaluation of RhoA activation as
previously described (5). For selected studies, wortmannin (100
ng/ml), recombinant Mfge8 constructs (10 mg/ml), and block-
ing antibodies (5mg/ml)were added 20min before the addition
of IL-13. pAkt (S473) (4060; Cell Signaling Technology, Danvers,
MA, USA), total Akt (9272; Cell Signaling Technology), RhoA
(2117; Cell Signaling Technology), ROCK1 (4035; Cell Signaling
Technology) andROCK2 (9029;Cell SignalingTechnology), and
glyceraldehyde-3-phosphate dehydrogenase (5174; Cell Signal-
ing Technology) antibodies were used in Western blotting.

Immunocytochemistry and confocal imaging

ASM cells were cultured on the glass coverslips, fixed with ice-
coldmethanol for 5min, andblocked in PBSwith 0.5%Tween 20
and 10%goat serum for 1 h at room temperature. Cellswere then
treated with the antibody against a smooth muscle actin (F3777;
MilliporeSigma), calponin (ab46794; Abcam, Cambridge, MA,
USA), and SM22a (ab28811; Abcam) at 1:200 in blocking at 4°C
for 16 h followed by secondary antibodies Alexa Fluor 568 and
Alexa fluor 635 (A21069 and A31574, respectively; Molecular
Probes, Eugene, OR, USA) at 1:500 in blocking for 1 h at room
temperature. Coverslips were then mounted with fluorescent
mountingmedium (0100-01; SouthernBiotech, Birmingham, AL,
USA). Confocal microscopy was performed by using a 340 oil
objective lens on a Leica TCS SPE confocal microscope (Leica
Microsystems, Wetzlar, Germany). Images were processed with
Photoshop CS6 software (Adobe Systems, San Jose, CA, USA).

PTEN ubiquitination and degradation

Smooth muscle dissected from posterior mouse tracheas was
treatedwithMG132 (50mM; SelleckChemicals) and chloroquine
(50mM;MilliporeSigma) for 4 h followedby the addition of IL-13
(100 ng/ml) for 1 h. Samples were then treated with MCh
(100 mM; MilliporeSigma) for 15 min and lysed in NETN buffer
(100 mMNaCl, 1 mM EDTA, 20 mM Tris-Cl [pH 8.0], and 0.5%
NP-40) containing protease-phosphatase inhibitors (Roche,
Basel, Switzerland). For immunoprecipitation, extracts were
precleared by using protein G Sepharose beads (GE Healthcare,
Waukesha, WI, USA) and incubated with PTEN antibody (9552;
Cell Signaling Technology) or rabbit IgG (isotype control) (3900;
Cell Signaling Technology) overnight at 4°C with constant shak-
ing. Thebeadswere thenwashed3 timeswith the lysis buffer, and
bound proteinswere eluted by boiling in 13 Laemmli buffer and

subjected to immunoblottingwith the antibody against ubiquitin
(sc-8017; Santa Cruz Biotechnology, Dallas, TX, USA).

PTEN activity assay

Smooth muscle dissected from mouse posterior tracheas were
used for quantificationofPTENactivity byusing aPTENactivity
ELISA kit (Echelon, San Jose, CA, USA) as previously described
(6). Briefly, PTEN activity ELISA kit quantifies the phosphatase
activity of PTEN by detection of the product phosphatidylino-
sitol 4,5-bisphosphate. This is a competitive ELISA in which the
signal is inversely proportional to the amount of PI(4,5)P2 pro-
duced by PTEN.After the PTEN reactions are complete, reaction
products are added to the PI(4,5)P2-coated microplate, and a
PI(4,5)P2 detector protein is then added for competitive binding.
A peroxidase-linked secondary detector and colorimetric detec-
tion are used to determine PI(4,5)P2 detector binding to the plate.

Statistical analyses

Data were assessed for normal distribution and similar variance
between groups by using GraphPad Prism 6.0 (GraphPad Soft-
ware, SanDiego,CA,USA).A 1-wayANOVAwasused tomake
comparisons between multiple groups. When the ANOVA com-
parison was statistically significant (P , 0.05), further pairwise

Figure 2. PI3K inhibition abrogates the effect of Mfge8 on
IL-13–mediated ASM contraction. Force of smooth muscle
contraction with and without the addition of PI3K inhibitor
wortmannin (wort 100 ng/ml) in response to MCh (A) and
KCl (B) in tracheal rings from WT and Mfge82/2 mice (n =
4–5). Male mice were used for these experiments. Data are
expressed as means 6 SEM. One-way ANOVA was used to
make comparisons between multiple groups. When the
ANOVA comparison was statistically significant (P , 0.05),
further pairwise analysis was conducted by using a Bonfer-
roni t test. ***P , 0.001.
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analysis was performed by using a Bonferroni t test. A 2-sided
Student’s t test was used for comparisons between 2 groups.

RESULTS

Mfge8 ligation of the a8b1 integrin prevents
the effect of IL-13 on ASM contraction

Wehave previously shown thatMfge8 ligation of integrin
receptors in airwaysprevents cytokine-mediatedAHR (2).
However, the integrin receptors that mediate this process
are unknown. avb3 and avb5 integrins are the canonical
receptors for Mfge8 (11, 12). In addition to these 2 recep-
tors,we found that theRGD-binding integrina8b1,which
is highly expressed in smoothmuscle cells (13–15), is also a
receptor forMfge8 and regulates the force of gastric antral
smoothmuscle contraction (6).We first examined if any of
these integrin receptors (avb3, avb5, and a8b1) were in-
volved in mediating the effects of Mfge8 on ASM con-
traction.We isolated the tracheal rings from avb3 (b32/2)
and avb5 (b52/2) integrin knockout mice and mice with
smooth muscle–specific deletion of a8b1 (a8sm2/2). We
then stimulated themwith IL-13 in vitro and evaluated the
force of contraction in an ex vivo muscle bath system.
Tracheal rings froma8sm2/2mice treated for 12 hwith IL-
13 had enhanced contraction in response to methacholine
(MCh) andKCl (Fig. 1A,D). RecombinantMfge8 (rMfge8)
significantly reduced the force of contraction in rings from
WT mice with no significant effect on tracheal rings from
a8sm2/2 mice. Tracheal rings from a8sm2/2 mice did not

have increased contraction at baseline (without IL-13
treatment), similar to what we observed with tracheal
rings from Mfge82/2 mice (2). Tracheal rings from avb3
(b32/2) and avb5 (b52/2) integrin knockout mice did not
have enhanced contraction compared with WT mice at
baseline or in response to IL-13. Furthermore, the force of
IL-13–stimulated contraction in response toMCh andKCl
was significantly reduced after incubation with rMfge8
(Fig. 1B, E). Interestingly, IL-13–treated tracheal smooth
muscle rings from avb3 and avb5 double knockout mice
(b32/2/b52/2) had enhanced contraction (Fig. 1C, F) in
response to MCh and KCl, similar to tracheal rings from
Mfge82/2mice (2).However, unlike IL-13–treated tracheal
rings froma8sm2/2mice, rMfge8 significantly reduced the
force of contraction in tracheal rings from b32/2/b52/2

mice. Taken together, these data indicate that the a8b1
integrin mediates the effect of Mfge8 on smooth muscle
contraction in ASM. Furthermore, the enhanced contrac-
tion seen in IL-13–treated tracheal rings fromb32/2/b52/2

mice occurs independent of the Mfge8 pathway.

PI3K inhibition abrogates the effect of Mfge8
on IL-13–mediated ASM contraction and
RhoA activation

We have shown that Mfge8 ligation of integrin receptors
prevents cytokine-mediated increases in RhoA activation
and RhoA protein expression in ASM cells (2). We next
looked for the upstreammolecular signaling pathways by
whichMfge8 prevents RhoA activation in smoothmuscle.

Figure 3. Mfge8 prevents IL-13–mediated Akt phosphorylation and RhoA activation in ASM. A, B) Western blot of tracheal
smooth muscle strips (A) and primary ASM cells (B) from WT and Mfge82/2 mice, incubated with IL-13 in the presence of
rMfge8 or RGE (10 mg/ml) for 1 h followed by stimulation with MCh (A) or 5-hydroxytryptamine (5-HT) (B) (100 mM) for
15 min. C) Western blot of tracheal smooth muscle strips obtained from WT andMfge82/2 mice treated with IL-13 (100 ng/ml) for
1 h in the presence of the PI3K inhibitor wortmannin (100 ng/ml for 20 min before the addition of IL-13) demonstrating active and
total RhoA using a glutathione S-transferase (GST) pull-down assay. D) Western blot of total proteins from tracheal smooth muscle
strips obtained from WT and Mfge82/2 mice treated with IL-13 (100 ng/ml) for 12 h in the presence of the PI3K inhibitor
wortmannin (100 ng/ml for 20 min before the addition of IL-13). Data are representative of 1 of the 3 independent experiments.
Male mice were used for all the panels; n 5 6 for all 4 panels. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Class I PI3Ks are enzymes modulated by Mfge8 (16)
and are known to promote allergic airway diseases. To
determinewhether PI3K, also a known regulator of smooth
muscle contraction (17, 18), mediates the effect of the
Mfge8–a8b1axisonASMcontraction,wefirstevaluatedthe
effect of the PI3K inhibitor, wortmannin, on the contraction
of tracheal rings fromMfge82/2 andWTmice.Wortmannin
significantly reducedMCh- andKCl-induced contraction in
IL-13–treated Mfge82/2 and WT tracheal rings with a pro-
portionally greater effect in rings fromMfge82/2mice com-
paredwith rings fromWTmice (Fig. 2A,B). Treatmentwith
wortmannin completely abrogated the difference in IL-13–
mediated contraction in WT andMfge82/2 mice.

We next evaluated whether AKT phosphorylation, a
downstream marker of PI3K activation (19), was altered in
tracheal rings fromMfge82/2mice.AKTphosphorylation (at
serine 473)was enhanced in IL-13–treatedMfge82/2 tracheal
rings and primary ASM cells (Fig. 3A, B), and enhanced
phosphorylationwas rescued after incubationwith rMfge8.
ASM cells were stained with a smooth muscle actin, calpo-
nin, and SM22a to confirm the primary cell phenotype
(Supplemental Fig. 1). Enhanced phosphorylation was not
rescuedwithanMfge8construct inwhichtheRGDsequence
was mutated to RGE (20), thereby preventing integrin liga-
tion. These data indicate thatMfge8 opposes the effect of IL-
13 on PI3K activation in an integrin-dependent manner.

Mfge8 prevents RhoA activation in IL-13–treated tra-
cheal rings, and Mfge82/2 mice have enhanced RhoA ac-
tivity after cytokine treatment (2). We next tested whether
wortmannin prevents the enhanced RhoA activity in IL-
13–treated Mfge82/2 mice using a GST pull-down assay.
Wortmannin reduced the enhanced RhoA activation in
IL-13–treated Mfge82/2 and WT tracheal rings with a rel-
atively greater effect in the Mfge82/2 samples (Fig. 3C),
indicating that inhibition of PI3K activation prevents IL-
13–induced RhoA activation.We also evaluated the effect
of wortmannin on RhoA and ROCK2 protein expression
levels. ROCK2 is a downstream kinase targeted by RhoA
in smooth muscle and is responsible for phosphorylation
of myosin light chain phosphatase causing ASM contrac-
tion (3, 5, 21). Wortmannin prevented the increase in IL-
13–inducedRhoAandROCK2expression in bothWTand
Mfge82/2 tracheal rings (Fig. 3D). These data indicate that
Mfge8 prevents IL-13–mediated increase in PI3K activity
and hence RhoA activation in ASM cells.

Mfge8 regulates ASM contraction by
preventing IL-13–induced PTEN degradation

Wehave foundthat the inhibitionofPI3Ksbywortmannin
prevents the exaggerated increase in contraction and
RhoA activation induced by IL-13 in Mfge82/2 ASM.
PI3Ks increase the production of the lipid mediator
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which
then recruits 3-phosphoinositide-dependent kinase-1 and
Akt to the plasmamembrane, leading to kinase-mediated
phosphorylation and activation of AKT. The tumor sup-
pressor gene PTEN is known to be a major negative reg-
ulator of PI3Ks. It has important roles in smooth muscle
function (22) and works by dephosphorylating PIP3 to
phosphatidylinositol 4,5-bisphosphate. PTEN is a key

phosphatase that opposes the effect of PI3K on Akt
phosphorylation (23). We next explored whether Mfge8
inhibits PI3K activation in IL-13–treated ASM by modu-
lation of PTEN. To evaluate the role of PTEN in this
pathway, we measured the tracheal strip PTEN activity
after IL-13 stimulation using an ELISA-based assay that
quantifies the ability of lysates to convert PI(3,4,5)P3 to
PI(4,5)P2 (24). IL-13 reduced PTEN activity in WT and
Mfge82/2 tracheal rings with greater effect in Mfge82/2

compared with WT (Fig. 4A, B). rMfge8 significantly in-
creased PTEN activity in IL-13–treated tracheal rings from
both WT andMfge82/2 mice while RGE control construct
had no effect. Previous treatment of tracheal rings with

Figure 4. Mfge8 regulates IL-13–mediated activation of PI3K
pathway by increasing PTEN activity. PTEN activity in tracheal
smooth muscle strips of WT and Mfge82/2 (n = 3–6) mice treated
with IL-13 (100 ng/ml for 1 h), with and without the addition of
rMfge8 and RGE construct (10 mg/ml for 20 min before the
addition of IL-13) followed by stimulation with MCh. Wortmannin
(100 ng/ml for 20 min) was added to the respective groups 20 min
before the addition of IL-13. Male mice were used for panel A and
female mice were used for panel B. Data are expressed as means6
SEM. One-way ANOVA was used to make comparisons between
multiple groups. When the ANOVA comparison was statistically
significant (P , 0.05), further pairwise analysis was conducted by
using a Bonferroni t test. Ns, not significant; PIP2, phosphatidy-
linositol 4,5-bisphosphate. *P , 0.05, ***P , 0.001.
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wortmannin prevented the reduction in PTEN activity
upon IL-13 stimulation in tracheal rings frombothWTand
Mfge82/2mice (Fig. 4B). Also, treatment of these ringswith
rMfge8 caused no further increase in PTEN activity. This
finding indicates that Mfge8 regulates IL-13–mediated ac-
tivation of PI3K pathway by increasing PTEN activity.

Wenext assessed the expression levels of PTENprotein
upon IL-13 stimulation. One-hour treatment of tracheal
rings with IL-13 led to a marked loss of PTEN protein in
bothWT andMfge82/2mice, an effect that was prevented
by coincubation with rMfge8 but not the RGE control
construct (Fig. 5A). Incubation with fibronectin or vitro-
nectin, both a8b1 integrin ligands, did not rescue IL-13–
inducedPTENdegradation, suggesting that this effectwas
specific for Mfge8 (Fig. 5B).

PTEN has a half-life of .8 h (25). We observed loss of
PTENprotein after 1 h of treatmentwith IL-13, suggesting
that IL-13maymodulatePTENatapost-translational level
rather than affecting PTEN transcription. PTEN is known
to undergo extensive post-translational regulation, in-
cluding ubiquitination (25, 26). We next investigated
whether reduction of PTEN expression inASMafter IL-13
treatment was proteasome dependent. We therefore
treated the tracheal rings from WT and Mfge82/2 mice
with the proteasome inhibitor,MG132, for 4 h followed by
treatment with IL-13 for 1 h and evaluated PTEN protein
levels by Western blotting. Incubation with MG132 pre-
vented the lossofPTENproteinafter IL-13 treatmentwhile

chloroquine (a lysosomal inhibitor) had no effect (Fig. 5C).
To further confirm whether IL-13 induced ubiquitination
and subsequent proteasomal degradation of PTEN, ly-
sates of tracheal rings were immunoprecipitated with an
anti-PTEN antibody after incubation with IL-13 in the
presence ofMG132 (Fig. 5D).We then probed lysateswith
an anti-ubiquitin antibody and anti-PTEN antibody. IL-13
treatment resulted in an increase in degradation bands,
indicating that IL-13 induces ubiquitination of PTEN. We
interpret these data to indicate that IL-13 promotes PTEN
ubiquitination and degradation in ASM.

Mfge8 ligation of the a8b1 integrin prevents
PTEN degradation

To further confirm if Mfge8 prevents PTEN degradation
by ligation to a8b1 integrin, PTEN activity was measured
in tracheal smoothmuscle strips froma8sm2/2mice. IL-13
reduced PTEN activity in WT mice as well as in a8sm2/2

mice (Fig. 6A). However, rMfge8 significantly increased
PTEN activity in IL-13–treated tracheal rings from WT
mice but not from a8sm2/2 mice. Similar results were
obtained in the presence of blocking antibodies (Fig. 6B).
rMfge8 did not prevent the IL-13–mediated decrease in
PTEN activity in tracheal rings treated with a8 blocking
antibody. These results confirmed our finding that Mfge8
ligation to a8b1 integrin prevents IL-13–mediated de-
crease in PTEN activity in ASM.

Figure 5. Mfge8 regulates ASM contraction by preventing IL-13–induced PTEN degradation. A) Western blot of tracheal smooth
muscle strip from WT andMfge82/2 mice treated with or without IL-13 (100 ng/ml for 1 h) followed by stimulation with MCh for
15 min. rMfge8 or RGE (10 mg/ml) was added 20 min before the addition of IL-13 (n = 8). Blot shown is representative of 1 of the
4 independent experiments. B) Western blot of tracheal smooth muscle strip from WT mice treated with or without IL-13
(100 ng/ml for 1 h) followed by stimulation with MCh for 15 min. rMfge8, fibronectin (FN), or vitronectin (VN) (10 mg/ml) was
added 20 min before the addition of IL-13 (n = 5). Blot shown is representative of 1 of the 3 independent experiments. C)
Western blot of tracheal smooth muscle strip from WTmice andMfge82/2 mice treated with or without IL-13 (100 ng/ml for 1 h)
followed by stimulation with MCh for 15 min. MG132 (50 mM) and chloroquine (50 mM) were added to respective groups 4 h
before the addition of IL-13 (n = 4). Blot shown is representative of 1 of the 4 independent experiments. D) Tracheal strips from
WT mice were treated with MG132 for 4 h followed by treatment with IL-13 for 1 h. Lysates were immunoprecipitated with
antibody against PTEN and immunoblotted with antibody against ubiquitin and PTEN. IgG was used as an isotype control for
immunoprecipitation (n = 4). Blot shown is representative of 1 of the 2 independent experiments. Female mice were used for all
the panels. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Mfge8 prevents IL-13–mediated smooth
muscle contraction via PTEN

Given the aforementioneddata and as a proof-of-concept to
establish that PTENmediates the effect of Mfge8 and a8b1
on smooth muscle contraction, we created a mouse line
carrying an a smooth muscle actin-rtta transgene and a
tetracycline-inducible Cre transgene to allow for smooth
muscle–specificdeletionofPTEN inmicehomozygous for a
PTEN floxed allele (10) (PTENsm2/2). PTENsm2/2 had a
marked decrease in PTEN protein by Western blot of tra-
cheal smooth muscle strips after 2 wk of doxycycline

administration (Fig. 7A) compared with single transgenic
controls. Tracheal rings fromPTENsm2/2hadan increase in
the forceof tracheal ringcontraction in response toMChand
KCl (Fig. 7B,C) after 12hof treatmentwith IL-13. Therewas
no difference in baseline PTENsm2/2 tracheal ring contrac-
tion. Enhanced contraction after IL-13 treatment was not
rescued with the addition of rMfge8, indicating that Mfge8
andPTEN function in the samepathway.We also analyzed
the effect ofMfge8onAktphosphorylation in tracheal strips
from PTENsm2/2 mice (Fig. 7D). We found that rMfge8
prevents the increase in IL-13–mediated Akt phosphoryla-
tion in Mfge82/2 mice but not in PTENsm2/2 mice. These
results confirm that Mfge8 prevents IL-13–mediated in-
crease in ASM contraction by modulating PTEN.

DISCUSSION

Airway obstruction caused by ASM hypercontractility is a
major underlying feature of asthma (27, 28). Cytokines,
growth factors, and other extracellular matrix proteins are
known to modulate ASM contraction and function. Integ-
rins and their ligands play an important role in regulating
AHR. For example, the integrin a9b1, highly expressed in
ASM cells (29, 30), inhibits AHR. In vivo studies have
shown that conditional knockout of thea9 subunit leads to
an increased contractile response to cholinergic agonists
and enhanced AHR (30). Another study has suggested the
role ofavb8 in allergen-inducedAHR. Tracheal rings from
mice lacking avb8 on dendritic cells have decreased air-
way contractility after allergen challenge (5).

The role of the RGD-binding integrin a8b1 has pre-
viously not been characterized in ASM contractility. By
using genetic and pharmacologic approaches, we identi-
fied the molecular mechanisms by which a8b1 ligation
prevents cytokine-mediated ASM contraction (Fig. 8).
Mice with smooth muscle–specific deletion of a8b1 integ-
rin have enhanced force of tracheal smooth muscle con-
traction in response to IL-13, and Mfge8 binding to a8b1
integrin is essential to abrogate the enhanced contraction.
Previous studies have identified the role of a8 in vascular
and gastric smoothmuscle aswell as in intestinal epithelial
cells (6, 13, 31). However, the role of a8b1 in RhoA regu-
lation differs among these cell types. In vascular smooth
muscle cells (31,32)andintestinal epithelial cells,knockdown
of a8 leads to less active RhoA. In contrast to this scenario,
a8b1 ligation in gastric smooth muscle prevents RhoA acti-
vation (6). Similar to gastric smooth muscle, we found that
a8b1 ligation in ASM prevents RhoA activation and con-
traction.However,unlikegastricsmoothmuscle, thiseffectof
a8b1 ligation in ASM is seen in response to inflammatory
cytokines and not under basal conditions.

Mechanistically, we found that Mfge8 ligation of a8b1
on ASM prevents IL-13–mediated increases in RhoA ac-
tivation by regulating the PI3K pathway. Previous reports
have established the role of the PI3K pathway in the
pathogenesis of asthma such as in airway inflammation,
mucus hypersecretion, and AHR. It has been shown that
IL-13 binding to IL-13 receptors activates PI3K and
downstreameffectormolecules (33, 34). Administration of
wortmannin or LY294002, two broad-spectrum inhibitors

Figure 6. Mfge8 ligation to a8b1 integrin prevents IL-
13–mediated decreases in PTEN activity in ASM. PTEN activity
in tracheal smooth muscle strips of WT (single transgenic
controls) and a8sm2/2 (A; n = 3) and Mfge82/2 (B; n = 4–6)
mice treated with IL-13 (100 ng/ml for 1 h), with and without
the addition of rMfge8 and RGE construct (10 mg/ml for
20 min before the addition of IL-13) followed by stimulation
with MCh. a8 and b5 blocking antibodies (5 mg/ml) were added
20 min before the addition of rMfge8 in B. Male mice were used
for both A and B. Data are expressed as means 6 SEM. One-way
ANOVA was used to make comparisons between multiple
groups. When the ANOVA comparison was statistically
significant (P , 0.05), further pairwise analysis was conducted
by using a Bonferroni t test. Tx, treatment. ***P , 0.001.
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of PI3K, attenuated inflammation in a murine model of
allergic asthma (35). In another study, intratracheal ad-
ministrationofLY294002significantly inhibitedmostof the
pathologic characteristics in a mouse asthma model (36).
Consistent with these findings, we found that treatment
with wortmannin reduced IL-13–mediated increase in
RhoA activation, increased PTEN activity, and abrogated
the enhanced force of tracheal smooth muscle contraction.
To extend this further, we found that Mfge8 prevents

cytokine–mediated airway contraction by inhibiting the
PI3K/Akt pathway.Mfge8 regulates the PI3K pathway by
inhibiting IL-13–induced PTEN ubiquitination and degra-
dation. The mechanism by which IL-13 induces PTEN
ubiquitination is a major focus of our future studies. One
possibility is that IL-13 activates an E3 ligase(s), thereby
promoting the addition of ubiquitin residues to PTEN.
Alternatively, IL-13 may inhibit the functions of enzymes
responsible for deubiquination. Similarly, a8b1 could

Figure 7. IL-13 mediates increases in ASM contraction by modulating PTEN. A) Smooth muscle–specific deletion of PTEN in
tracheal smooth muscle strips. Western blot of tracheal strips from PTENsm2/2 mice after 2 wk of being fed a doxycycline diet. B,
C) Force of tracheal smooth muscle contraction in WT (single transgenic controls) and PTENsm2/2 mice in the presence or
absence of IL-13 and rMfge8 in response to MCh (B) and KCl (C) (n = 3–4). D) Western blot of tracheal smooth muscle strip
from PTENsm2/2 and Mfge82/2 mice treated with IL-13 (100 ng/ml for 1 h) followed by stimulation with MCh for 15 min.
rMfge8 was added 20 min before the addition of IL-13 (n = 6). Data are expressed as means 6 SEM. One-way ANOVA was used to
make comparisons between multiple groups. When the ANOVA comparison was statistically significant (P , 0.05), further
pairwise analysis was conducted by using a Bonferroni t test. Male mice were used for all 4 panels. Data are representative of 1 of
the 3 independent experiments (A, D). *P , 0.05, **P , 0.01, ***P , 0.001.

Figure 8. Mfge8 ligation of
a8b1 on ASM prevents IL-13–
mediated increases in RhoA acti-
vation by regulating the PI3K
pathway. Mfge8 binding to a8b1
prevents cytokine-mediated air-
way contraction by inhibiting the
PI3K/Akt pathway. IL-13 binding
to its cell surface receptor acti-
vates PI3K pathway and phos-
phorylates Akt. It also promotes
PTEN ubiquitination and degra-
dation. Mfge8 regulates the PI3K
pathway by inhibiting IL-13–
induced PTEN ubiquitination
and degradation. PIP2, phospha-
tidylinositol 4,5-bisphosphate; Ub,
ubiquitin.
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prevent IL-13–induced PTEN degradation through either
of these pathways.

IL-13 is an important cytokine implicated in the devel-
opment of AHR and asthma. Other cytokines such as IL-17
andTNF-a arealso implicated in thepathogenesisofasthma
by inducing RhoA expression in ASM (37). We have pre-
viously shown that Mfge8 has a similar effect on airway
contraction in response to IL-17 and TNF-a comparedwith
IL-13.However, it is notknown ifMfge8 regulates IL-17 and
TNF-a mediated ASM contraction through a PTEN–PI3K–
RhoA pathway or if there are other divergent pathways
controlling RhoA activation in response to these cytokines.

PTEN has multiple and diverse roles in many biologic
processes, including embryonic development, cell migra-
tion, cell survival, and apoptosis (38–40). It can act via the
PI3K/Akt pathway and its protein tyrosine phosphatase
activity (23, 24, 38, 41, 42), but the major function of PTEN
appears to be down-regulation of PIP3 produced by PI3K.
PTENplays apivotal role in thepathogenesis of the allergic
airway disease in mice (43). A previous study found that
somaticmutation or deletion of PTENwas observed in the
epithelium of patients with chronic airway inflammatory
disease (44). Airway PTEN expression is reduced after al-
lergen challenge, and adenoviral overexpression of PTEN
in the lung reduces bronchial inflammation andAHR (43).
The research presented in this study suggests that smooth
muscle PTEN expression modulates cytokine-induced
airway constriction. Increased force of tracheal smooth
muscle contraction in mice with the smooth muscle–
specific deletion of PTEN, which Mfge8 could not rescue,
provides compelling evidence that PTEN mediates the re-
duction in ASM contraction by Mfge8–a8b1 integrin liga-
tion. Our results suggest that Mfge8 binding to the a8b1
integrin on tracheal smooth muscle increases PTEN activ-
ity, thereby preventing RhoA activation and enhanced
airway contraction in response to cytokine treatment.

PTEN is regulated by a number of post-translational
modifications that modulate its phosphatase activity, sta-
bility, and intracellular localization. These modifications
include phosphorylation (45), ubiquitination (46, 47),
acetylation (48), oxidation (49), SUMOylation (50, 51),
S-nitrosylation (52), and ADP-ribosylation (53). Protein–
protein interactions also influence PTEN activity and sta-
bility. In the present study, we observed the loss of PTEN
proteinwithin 1 h of treatmentwith IL-13 in tracheal rings,
indicating themodulation of PTEN at the post-translational
level. Further investigation is needed to look at the mecha-
nisms involved in IL-13–mediated ubiquitination and deg-
radation of PTEN. Study of the role of the Mfge8–a8b1
interaction on these intermediarieswill further elucidate the
mechanism of cytokine-induced ASM hypercontractility.
This information in turn will help design better therapeutic
strategies that target thepathwayspecifically involved in the
cytokine-mediated degradation of PTEN in the setting of
allergic asthma.
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