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We examined the role of glycogen synthase kinase-3� (GSK-
3�) inhibition in airway smooth muscle hypertrophy, a struc-
tural change found in patients with severe asthma. LiCl,
SB216763, and specific small interfering RNA (siRNA) against
GSK-3�, each of which inhibit GSK-3� activity or expression,
increased human bronchial smooth muscle cell size, protein
synthesis, and expression of the contractile proteins �-smooth
muscle actin, myosin light chain kinase, smooth muscle myosin
heavy chain, and SM22. Similar results were obtained following
treatment of cells with cardiotrophin (CT)-1, a member of the
interleukin-6 superfamily, and transforming growth factor
(TGF)-�, a proasthmatic cytokine. GSK-3� inhibition increased
mRNA expression of �-actin and transactivation of nuclear fac-
tors of activated T cells and serum response factor. siRNA
against eukaryotic translation initiation factor 2B� (eIF2B�)
attenuated LiCl- and SB216763-induced protein synthesis and
expression of �-actin and SM22, indicating that eIF2B is
required for GSK-3�-mediated airway smooth muscle hyper-
trophy. eIF2B� siRNA also blocked CT-1- but not TGF-�-in-
duced protein synthesis. Infection of human bronchial smooth
muscle cells with pMSCV GSK-3�-A9, a retroviral vector
encoding a constitutively active, nonphosphorylatable GSK-3�,
blocked protein synthesis and �-actin expression induced by
LiCl, SB216763, and CT-1 but not TGF-�. Finally, lungs from
ovalbumin-sensitized and -challenged mice demonstrated
increased�-actin andCT-1mRNAexpression, and airwaymyo-
cytes isolated from ovalbumin-treated mice showed increased
cell size and GSK-3� phosphorylation. These data suggest that
inhibition of the GSK-3�/eIF2B� translational control pathway
contributes to airway smoothmuscle hypertrophy in vitro and in
vivo. On the other hand, TGF-�-induced hypertrophy does not
depend on GSK-3�/eIF2B signaling.

Increased smooth muscle mass is the most prominent patho-
logic changeobserved in the airwaysof patientswith asthma.Clin-
ical studies examining the underlying cellularmechanism are lim-
ited but suggest that both hypertrophy (1, 2) and hyperplasia (1, 3)

play a role. Despite evidence that smooth muscle hypertrophy
contributes to airway remodeling in asthma, little is known about
the biochemical mechanisms regulating this process.
Glycogen synthase kinase (GSK)-3�2 is a serine/threonine

kinase that is constitutively active in unstimulated cells and
becomes inactivated upon phosphorylation at Ser9 (4). The ser-
ine/threonine kinase Akt is the major GSK-3� kinase, but oth-
ers exist, including mitogen-activated protein kinase kinase 1
(5) and protein kinase A (6). GSK-3� activity is also inhibited by
Wingless/Wnt signaling, independently of phosphorylation at
serine 9 (7). Accumulated evidence suggests that GSK-3� neg-
atively regulates cardiac (8–11) and skeletal muscle (12, 13)
hypertrophy. The mechanisms underlying GSK-3�-mediated
inhibition of hypertrophy are not completely understood.
GSK-3� negatively regulates transcription factors involved in
muscle-specific gene expression, including nuclear factors of
activated T cells (NFAT), GATA4, and �-catenin (9, 11, 12,
14–16). Phosphorylation of the GTPase-activating protein
tuberous sclerosis complex-2 byGSK-3� increases the ability of
tuberous sclerosis complex-2 to inhibit mammalian target of
rapamycin signaling (17).Other downstream targets ofGSK-3�
regulate muscle hypertrophy via the translational process. One
of the critical steps controlling the initiation of protein transla-
tion is formation of the 43 S preinitiation complex. Eukaryotic
initiation factor-2 (eIF2), a multimer consisting of �, �, and �
subunits, functions to recruit methionyl-tRNA and conduct it
as a tRNA-eIF2-GTP ternary complex to the 40 S ribosomal
subunit. eIF2 GTP loading is determined by the activity of
eIF2B, a guanine nucleotide exchange factor. eIF2B� Ser539
phosphorylation by GSK-3� inhibits its GDP/GTP exchange
activity, thereby limiting binding of methionyl-tRNA to the 40
S ribosomal subunit. However, phosphorylation of GSK-3� by
Akt inactivates it, leading to eIF2B dephosphorylation and acti-
vation and a general enhancement of translation initiation (18,
19). Accordingly, overexpression of a nonphosphorylatable
eIF2B� increases cardiac myocyte cell size and abolishes the
antihypertrophic effect of GSK-3� (19).
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The role of GSK-3� in smooth muscle hypertrophy has not
been studied. Unlike cardiac myocytes, which withdraw from
the cell cycle early in development, smooth muscle cells may
proliferate or hypertrophy, depending on the stimulus. A num-
ber of peptide growth factors and bronchoconstrictor agonists
have been shown to induce airway smoothmuscle proliferation
in vitro (20).More recently, cardiotrophin (CT)-1, amember of
the IL-6 superfamily present in human lungs, has been shown to
induce protein synthesis and cell enlargement, but not DNA
synthesis, in cultured human bronchial smooth muscle cells
(21) and guinea pig airway explants (22). In addition,we showed
that transforming growth factor (TGF)-�, a proasthmatic cyto-
kine (23–26), increased human bronchial smooth muscle cell
size, protein synthesis, expression of �-smooth muscle actin
and smooth muscle myosin heavy chain (smMHC), formation
of actomyosin filaments, and cell shortening to acetylcholine
(27). Further, TGF-� induced the phosphorylation of eIF-4E-
binding protein (4E-BP), and inhibitors of 4E-BP phosphoryla-
tion blocked TGF-�-induced �-actin expression and cell
enlargement, suggesting that eIF4E-, cap-dependent transla-
tion is necessary for TGF-�-induced hypertrophy.
In this report, we investigate the contribution of the GSK-3�

translational control pathway to airway smooth muscle hyper-
trophy. We found that inhibition of GSK-3� is sufficient for
human airway smooth hypertrophy and that inhibition of GSK-
3�/eIF2B signaling is required for CT-1- but not TGF-�-in-
duced hypertrophy. Finally, we provide evidence for airway
smooth muscle GSK-3� phosphorylation in a mouse model of
asthma.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary human airway smooth muscle cells
were isolated by enzymatic digestion from lung donor tissue
unsuitable for transplantation (from Julian Solway, University
of Chicago). This protocol was approved by the relevant insti-
tutional review boards. Cells were cultured in Dulbecco’s mod-
ified Eagle’smedium (DMEM)with 10% fetal bovine serum and
penicillin/streptomycin. Cells were seeded on uncoated plastic
culture plates at �50% confluence. Prior to experiments, cells
were serum-deprived for 24 h. Cells were treated with LiCl (10
mM), SB216763 (50 nM), CT-1 (10 ng/ml), or TGF-� (10 ng/ml)
for 6 days. Fresh medium and chemicals were added 48 h after
initial treatment. Experiments were performed in the absence
of serum. Finally, for selected experiments, A7R5 rat vascular
smoothmuscle cells (American Type Culture Collection,Man-
assas, VA) were studied.
Immunoblotting—Human bronchial smooth muscle cell

lysates were matched for protein concentration, resolved by
SDS-PAGE, and transferred to nitrocellulose or polyvinylidene
difluoride membrane. Membranes were blocked in 5%milk for
1 h and probed with mouse anti-�-smooth muscle actin (Cal-
biochem), mouse anti-myosin light chain kinase (MLCK)
(Sigma), mouse anti-SM-22 (Abcam, Cambridge, MA), mouse
anti-smMHC (Sigma), rabbit anti-extracellular signal regulated
kinase (ERK) (Santa Cruz Biotechnology, Santa Cruz, CA), rab-
bit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
rabbit anti-phospho-Ser9 GSK-3�, rabbit anti-GSK-3�, rabbit
anti-eIF2B� (each from Cell Signaling, Danvers, MA), or rabbit

anti-phospho-Ser539 eIF2B� (Biosource, Camarillo, CA). Anti-
body binding was detected with a peroxidase-conjugated anti-
rabbit or anti-mouse IgG and chemiluminescence.
In Vitro GSK-3� Kinase Assay—GSK-3� activity was meas-

ured by immunoprecipitating cell lysates with mouse anti-
GSK-3� (clone GSK-4B; Sigma) and incubating immunopre-
cipitates with the GSK-3� substrate Tau (1 �g/�l; Sigma), ATP
(1 mM), and [�-32P]ATP (10 �Ci) for 30 min at 30 °C, as
described (28). Because immunoprecipitation of human airway
smooth muscle cell lysates brought down a contaminating
phosphorylated protein of similar molecular weight to the sub-
strate, A7R5 vascular smooth muscle cells were used for these
experiments. Cells were treated with LiCl, SB216763, CT-1, or
TGF-� for 6 days. Cells were then washed with ice-cold PBS
and then lysed. Reaction mixtures were subjected to SDS-
PAGE, transferred to a nitrocellulose membrane, and exposed
to film. Total GSK-3� in the immunoprecipitates was exam-
ined using rabbit anti-GSK-3� (Cell Signaling).
Transfection of GSK-3� and eIF2B� siRNA—21-bp duplexes

of either GSK-3� siRNA or eIF2B� siRNA (both fromDharma-
con, Lafayette, CO)were transfected into subconfluent primary
human airway smooth muscle cells using Oligofectamine in
OptiMEM (Invitrogen). ForGSK-3�, a pool of double-stranded
siRNAs containing equal parts of the following antisense
sequences was used: 1, 5�-PUAUACCACACCAAAUGAU-
CUU-3�; 2, 5�-PUAUGUUACAGUGAUCUAGCUU-3�; 3,
5�-PAUAGGCUAAACUUCGGAACUU-3�; 4, 5�-PCAAA-
GAUCAACUCUGGUGCUU-3�. For eIF2B� siRNA, a pool of
double-stranded siRNAs containing equal parts of the follow-
ing antisense sequences was used: 1, 5�-PUAAAUCAUAUC-
GAACCUCCUU; 2, 5�-PUUAGACUUAUGUUAUAGGCUU;
3, 5�-PCCAUAUUCCUUAGCUGUUAUU; 4, 5�-PUCU-
UGCGCAACUGCUGGCCUU. The corresponding nontarget-
ing siRNA sequence was 5�-UAGCGACUAAACACAUCAA-
3�. Six hours later, DMEM and FBS were added. The next
morning, cells were incubated in fresh DMEM containing 10%
FBS for 24 h. Finally, cells were treated with the relevant stim-
ulus in serum-free medium for 2 days prior to harvest.
Cell Size Analysis—Human bronchial smooth muscle cell

size was measured by fluorescence-activated cell sorting. Cells
were treated with LiCl, SB216763, GSK-3� siRNA, CT-1, or
TGF-�. Cells were collected and fixed with 75% ethanol and
stored at �20 °C before staining. Cells were centrifuged and
stained with propidium iodide (50 �g/ml), RNase (100
�g/ml) solution for 1 h. Cells in G0/G1 phase were gated for
forward scatter measurement using a FACSCalibur flow
cytometer (BD Biosciences).
Protein Synthesis—Cells were serum-starved for 24 h before

experiments. Cells were plated at 5 � 105 cells/well (or 3 � 105
cells/well for experiments involving transfection) and incu-
bated in [3H]leucine (0.5 �Ci; PerkinElmer Life Sciences) for
48 h. Cells were lysed, and proteins were precipitated with 10%
trichloroacetic acid. After washing with cold ethanol and solu-
bilization with 1% Triton X-100 in 0.5 M NaOH, radioactivity
was measured by a scintillation counter.
Fluorescence Microscopy—Human bronchial smooth muscle

cells were grown on collagen-coated glass slides (BD Bio-
sciences) and fixed in 1% paraformaldehyde. To stain filamen-
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tous actin, slides were incubated with Alexa Fluor 488-conju-
gated phalloidin (Molecular Probes, Eugene, OR). For
immunocytochemistry, slides were probed with Cy3-conju-
gated mouse anti-�-smooth muscle actin-Cy3 (Sigma) or anti-
MLCK, followed by Alexa Fluor 594-labeled goat anti-mouse
IgG (Molecular Probes) and with phospho-GSK-3� antibody
followed by Alexa Fluor 488-labeled goat anti-rabbit IgG
(Molecular Probes).
Retroviral Transduction of Human Bronchial Cell Lines—

cDNA encoding a nonphosphorylatable GSK-3� (GSK-3�-
A9), with Ser9 replaced by alanine, was provided by Dr. Anne
Vojtek (University of Michigan). GSK-3�-A9 cDNA was sub-
cloned into the pMSCVpuro retroviral vector (BDBiosciences).
The Phoenix-GP retrovirus packaging cell line, a 293-cell deriv-
ative line that expresses only the gag-pol viral components
(provided by G. Nolan, Stanford University) was transiently
transfected with pHCMV-G, which contains the vesicular sto-
matitis virus envelope glycoprotein, and either pMSCVpuro-
AA-GSK-3�-A9 or pMSCV alone. Viral supernatant was col-
lected, filtered, and supplemented with Polybrene (8 �g/ml).
Human bronchial smooth muscle cells were infected with viral
supernatant (four times for 4 h each). Infected cells were
selected with puromycin (2 �g/ml). After selection, cells were
grown to confluence, split into 6-well plates, and incubated in
the absence or presence of LiCl, CT-1, or TGF-�.
Cell Contraction—Individual cell length before and after con-

tractionwith KClwasmeasured by computerized imagemicrom-
etry.Cellswere seeded in100-mmdishes andgrown toconfluence
in serum-freemediumormediumsupplementedwithLiCl, CT-1,
or TGF-�. At confluence, cells were scraped off with a rubber
policeman, triturated, and transferred to polypropylene tubes. At
this stage, cells tend tomaintain a contracted state due tomechan-
ical stimulation. The cells were treated with 8-bromo-cAMP and
thenallowed to float freely and relax for 24hwithoccasional swirl-
ing to prevent settling or sticking to the sides of the tube. During
this period, cells regain a spindle shape and extend processes. Ali-
quots of cultured cell suspension (2.5 � 104 cells/0.5 ml) were
stimulatedwithKCl (75mM).The reactionwasallowed toproceed
for4minandstoppedby theadditionof0.1mlofglutaraldehydeat
a final concentration of 1% (v/v). Fixed cells were allowed to settle
and then transferred by widemouth pipette to amicroscope slide
for analysis. The average length of cells before or after the addition
of test agentswasobtained from20cells encountered in successive
microscopic fields.
Real Time PCR—Quantitative two-step real time PCR for

human �-smooth muscle actin, human 18 S rRNA, mouse
�-actin, mouse �-actin, and mouse CT-1 was conducted using
specific primers andprobes. Primerswere from IDT (Coralville,
IA) and used 6-carboxyfluorescien (FAM) as a reporter
fluorochrome and either tetramethyl-6-carboxyrhodamine
(TAMRA) or Iowa Black (IB) as fluorescent quenchers. Human
�-actin forward primer was 5�-GAC CCT GAA GTA CCC
GATAGAAC-3�, reverse primerwas 5�-GGGCAACACGAA
GCT CAT TG-3�, and probe was 5�-FAM-TGG CAT CAT
CAC CAA CTG GGA CG-IB-3�. Human 18 S rRNA forward
primer was 5�-CGC CGC TAG AGG TGA AAT TCT-3�,
reverse primer was 5�-CAT TCT TGG CAA ATG CTT TCG-
3�, and probe was 5�-FAM-ACC GGC GCA AGA CGG ACC

AGA-TAMRA-3�. Mouse �-actin forward primer was 5�-CCA
GGCATTGCTGACAGGAT-3�, reverse primer was 5�-CCA
CCG ATC CAG ACA GAG TAC-3�, and probe was 5�-FAM-
AAGGAGATCACAGCCCTCGCACC-IB-3�. Mouse �-ac-
tin forward primer was 5�-TGA CAG GAT GCA GAA GGA
GAT-3�, reverse primer was 5�-GCG CTC AGG AGG AGC
AAT-3�, and probe was 5�FAM-ACT GCT CTG GCT CCT
AGCACCAT-IB-3�. Mouse CT-1 forward primer was 5�-GCC
TCA GCC TTT GAG AGG AAA-3�, reverse primer was
5�-AGC CCG GTC TGT CCA GTG A-3�, and probe was
5�-FAM-TGC AGA GGC TAC ATA GTG ACC CGA-IB-3�.
Reactions were performed on an Eppendorf Realplex2 thermo-
cycler (Westbury, NY).
Reporter Assays—A7R5 cells were used for these experiments

because of their superior transfection efficiency. Cells were
transiently transfected with the 200 ng of NFAT-luc (BD Bio-
sciences) or serum response factor (SRF)-luc (29) (from J. Sol-
way, University of Chicago). Three nanograms of the SV40
Renilla luciferase vector was used as transfection control. Cells
were transfected using a Lipofectamine 2000 (Invitrogen). The
following day, cells were serum-deprived for 2 h and treated
with LiCl, SB216763, CT-1, or TGF-� for 48 h. Cells were sub-
sequently lysed, and luciferase activity was measured using the
Promega luciferase assay system (Madison, WI).
Ovalbumin Sensitization/Challenge Model and Isolation of

Murine Airway Smooth Muscle Cells—BALB/c mice (Charles
River Laboratories,Wilmington,MA)were sensitized and chal-
lenged to endotoxin-free ovalbumin (Pierce), as previously
described (30). On day 0, mice were anesthetized and injected
intraperitoneally with 200 �l of a suspension of 25% (w/v) alum
(Pierce) in either PBS or ovalbumin (5 mg/ml). On day 11, ani-
mals were given an identical intraperitoneal injection as well as
a 50-�l intranasal instillation of PBS or ovalbumin (20 mg/ml).
On days 18, 21, 22, and 23, intranasal instillations were
repeated. Twenty-four hours after the final challenge, mice
were euthanized, and the lungs were processed for RNA quan-
titation or airway smooth muscle cell isolation. Cells were iso-
lated by dissection of major bronchi from the lung, mincing

FIGURE 1. GSK-3� inhibitors increase GSK-3� phosphorylation and
decrease GSK-3� activity. A, human airway smooth muscle cells were
treated with LiCl (10 mM), CT-1 (10 ng/ml), and TGF-� (10 ng/ml). Repre-
sentative immunoblots for phospho-GSK-3� and total GSK-3� are shown.
LiCl, CT-1, and TGF-� increased the level of phospho-GSK-3� without
affecting that of total GSK-3�. SB216763, a GSK-3� kinase inhibitor, had no
effect. B, A7R5 vascular smooth muscle cells were treated with LiCl,
SB216763, CT-1, or TGF-� and lysed. Lysates were immunoprecipitated and
assayed for GSK-3� activity in a reaction containing the GSK-3� substrate Tau
(1 �g/�l), ATP (1 mM), and [�-32P]ATP (10 �Ci). Total GSK-3� of immunopre-
cipitates is also shown. In the first example shown, the IgG heavy chain appar-
ently migrated just behind GSK-3�, leaving a “ghost band” and creating the
impression of a doublet. For this panel, the control and SB216763 bands are
from different parts of the same gel. Results are representative of three sep-
arate experiments.
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well, and incubating for 1 h at 21 °C on a rotarymixer inDMEM
with 0.1% trypsin and 0.1% collagenase. Proteolysiswas stopped
by the addition of 9 volumes of DMEM with 10% FBS. Intact
cells and tissue debris were sedimented at 1000 � g for 5 min,
dispersed with further mincing, and plated in growth media
with antibiotics. Medium was changed every day for the next

week to remove floating cells, and all
tissue fragments were removed at
the end of 1 week.

RESULTS

GSK-3� Inhibitors Decrease
GSK-3� Activity in Intact Cells—
LiCl attenuates GSK-3� activity by
increasing the phosphorylation of
the inhibitory Ser9 residue, probably
by inhibiting a protein phosphatase,
andby acting as a competitive inhib-
itor for Mg2�, which is needed for
maximal kinase activity (31). LiCl
has been shown to decrease cardiac
myocyte GSK-3� activity and
eIF2B� phosphorylation (19) while
increasing protein synthesis (9).
SB216763 is a permeable, structur-
ally distinct maleimide that inhibits
GSK-3 activity (32). We examined
the effect of these inhibitors, as well
as CT-1 and TGF-�, on GSK-3�
phosphorylation and kinase activity.
First, early passage human bron-
chial smooth muscle cells were
treated with LiCl (10 mM),
SB216763 (50 nM), CT-1 (10 ng/ml),
or TGF-� (10 ng/ml), and GSK-3�
phosphorylation was assessed by
immunoblotting with a phos-
phospecific antibody. LiCl, CT-1,
and TGF-� each enhanced GSK-3�
phosphorylation without affecting
the expression of total GSK-3� (Fig.
1A). As expected, SB216763 had no
effect on GSK-3� phosphorylation.
Next, we examined the effects of
LiCl, SB216763, CT-1, and TGF-�
on GSK-3� kinase activity by in
vitro assay. A7R5 cell lysates were
immunoprecipitated with anti-
GSK3� antibody and incubated
with [�-32P]ATP and Tau protein, a
GSK-3� substrate. Treatment with
LiCl, SB216763, CT-1, and TGF-�
each inhibited GSK-3� activity, as
indicated by a decrease in Tau phos-
phorylation (Fig. 1B).
GSK-3� Inhibitors Increase Hu-

man Airway Smooth Muscle Cell
Size and Protein Synthesis—We

determined the effect of GSK-3� inhibition on human airway
smooth muscle cell size, protein synthesis, and contractile
protein expression. Flow cytometry data showed that cells
treated with LiCl or SB216763 displayed a rightward shift in
forward scatter, indicating an increase in cell size (Fig. 2A).
Changes in cell size were accompanied by an increase in

FIGURE 2. GSK-3� inhibitors increase human airway smooth muscle cell size and protein synthesis.
A, changes in human airway smooth muscle cell size after treatment with LiCl or SB216763. Cells were sorted by
forward scatter. B, overall protein synthesis of human airway smooth muscle cells treated with LiCl or
SB216763, as assessed by [3H]leucine incorporation (cpm/well). C, immunoblots for GSK-3� expression in cells
transfected with GSK-3� or nontargeting siRNA (60 nM). D, changes in human airway smooth muscle cell size
after treatment with GSK-3� siRNA (dashed line, nontargeting siRNA; solid line, GSK-3� siRNA). E, changes in
protein synthesis with GSK-3� siRNA. F–H, CT-1 and TGF-� also induced cell hypertrophy, as indicated by a
rightward shift in forward scatter and increased protein synthesis (dashed lines, control; solid lines, CT-1 or
TGF-�; n � 3–5 for each group, mean � S.E.; *, p � 0.05 relative to unstimulated cells or nontargeting siRNA,
one-way ANOVA). I, effects of TGF-�, CT-1, and inhibitors of GSK-3� on human airway smooth muscle [3H]thy-
midine uptake, a measure of DNA synthesis (n � 3). 10% FBS was employed as a positive control.
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protein synthesis, since the [3H]leucine incorporation was
enhanced (Fig. 2B). We also examined the effect of GSK-3�
knockdown on cell size and protein synthesis using specific
siRNA. Cells treated with GSK-3� siRNA exhibited
decreased GSK-3� expression (Fig. 2C). GSK-3� siRNA-
treated cells also exhibited a rightward shift in the forward
scatter compared with the cells treated with nontargeting
siRNA (Fig. 2D). Like LiCl and SB216763, treatment with
GSK-3� siRNA also enhanced protein synthesis (Fig. 2E).
CT-1 and TGF-� also induced cell hypertrophy, as indicated
by a rightward shift in forward scatter and increased protein
synthesis (Fig. 2, F–H). Finally, there was no effect of GSK-3�

inhibition or CT-1 on human airway smooth muscle DNA
synthesis (Fig. 2I).
GSK-3� Inhibition Increases Contractile Protein Expression—

Cellular proteins were resolved by SDS-PAGE, transferred to
nitrocellulose, and immunoblotted for �-smooth muscle actin,
MLCK, smMHC, and SM22. LiCl, SB216763, CT-1, andTGF-�
each increased �-actin but not �-actin expression (Fig. 3A).
Immunocytochemical stains showed increased �-smoothmus-
cle actin and phospho-Ser9-GSK-3� content (Fig. 3, B–E). LiCl,
SB216763, CT-1, and TGF-� also increased MLCK, smMHC,
and SM22 expression (Fig. 3A). ForMLCK, there was increased
induction of both the long and short forms of MLCK, the latter
of which is associated with enhanced contractile function (33).
Inhibition of GSK-3� expression by specific siRNA also
increased�-actin expression,with themaximumeffect at 60 nM
(Fig. 3G).
LiCl, CT-1, and TGF-� Increase Cell Shortening in Response

to KCl—To determine whether cellular hypertrophy is accom-
panied by increased contractile function, cells were grown to
confluence in either serum-freemediumormediumcontaining
LiCl, CT-1, or TGF-�. At confluence, cells were gently scraped
off the plate with a rubber policeman, triturated, transferred to
polypropylene tubes, and relaxed with 8-bromo-cAMP.
Selected aliquots were treated with KCl (75 mM). After 4 min,
the cells were fixed with glutaraldehyde, and cell length was
measured by computerized image micrometry. Cells treated
with LiCl, CT-1, and TGF-� were longer at rest compared with
control cells (Fig. 4). Based on length comparisons between
unstimulated and KCl-stimulated cells, LiCl-, CT-1-, and TGF-
�-treated cells demonstrated increased mean fractional short-
ening (control, 19%; LiCl, 41%; CT-1, 45%; TGF-�, 36%). These
data support the notion thatGSK-3�-mediated increases in cell
size and contractile protein expression are linked to increased
contractility.
Phosphorylation of GSK-3� Is Required for LiCl- and

CT-1-induced but Not TGF-�-induced Hypertrophy—To
address the question of whether inhibition of GSK-3� is nec-
essary for airway smooth muscle hypertrophy, we expressed
GSK-3�A9, which cannot be phosphorylated at Ser9, in
human airway smooth muscle cells via retroviral gene trans-
fer and determined its effect on LiCl-, CT-1-, and TGF-�-

FIGURE 3. GSK-3� inhibition increases expression of contractile pro-
teins. A, representative immunoblots for �-actin, MLCK, SM22, and
smMHC. �-Actin expression was employed as a control. B–E, cells were
stained with Cy3-conjugated anti-�-actin (red channel) and anti-phospho-
Ser9 GSK-3� antibody followed by Alexa Fluor 488-conjugated secondary
antibody (green channel). Nuclei were stained with bis-benzimide (blue
channel). Cells were untreated (B) or stimulated with 10 mM LiCl (C), 10
ng/ml CT-1 (D), or 10 ng/ml TGF-� (E). Bar, 100 �m. F, representative
immunoblots for MLCK. Both the low molecular weight (contractile) and
high molecular weight forms are induced by GSK-3� inhibition. G, effect of
GSK-3� siRNA on �-smooth muscle actin expression. For this panel, the
two sets of bands are from different parts of the same gel. The results
shown are representative of three separate experiments.

FIGURE 4. LiCl, CT-1, and TGF-� increase cell shortening in response to
KCl. Compared with control cells, treatment with LiCl, CT-1, and TGF-� each
increased resting length and fractional shortening in response to KCl (75 mM)
(n � 20 for each group, mean � S.D.; *, p � 0.05 relative to control cells
without KCl treatment, ANOVA).
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induced hypertrophy. Expression of GSK-3�A9 significantly
attenuated LiCl- and CT-1-induced protein synthesis (Fig.
5A) and LiCl-, SB216763-, and CT-1-induced �-actin
expression (Fig. 5B). However, expression of GSK-3�A9 did
not affect protein synthesis and �-actin expression in TGF-
�-treated cells. These data suggest that phosphorylation of

GSK-3� is required for CT-1 but
not TGF-�-induced hypertrophy.
Effect of GSK-3� Inhibition on

�-Smooth Muscle Actin mRNA Ex-
pression—As noted above, GSK-3�
may regulate cell size and con-
tractile protein expression by nega-
tively regulating transcription fac-
tors involved in muscle-specific
gene expression or by negatively
regulating the initiation of protein
translation via eIF2B�. We exam-
ined the effect of GSK-3� inhibition
on �-smooth muscle actin mRNA
expression by real time PCR.
TGF-�, CT-1, LiCl, and SB216763
each increased �-actin mRNA
expression (Fig. 6A). Based on pre-
vious work showing that GSK-3�
negatively regulates NFAT and
other transcription factors involved
in muscle-specific gene expression,
we examined the effect of LiCl and
SB216763 on the transactivation of
NFAT and SRF, a regulator of

smooth muscle-specific gene expression (29) (Fig. 6B). TGF-�,
CT-1, LiCl, and SB216763 each increasedNFAT and SRF activ-
ity, consistent with the notion that inhibition of GSK-3�
induces human airway smooth muscle hypertrophy, at least in
part, via transcriptional mechanisms.
Cell Hypertrophy Induced by GSK-3� Inhibition Is Mediated

by eIF2B—We also assayed changes in the phosphorylation of
eIF2B, a downstream target of GSK-3� that regulates transla-
tion initiation. Treatment with LiCl, SB216763, CT-1, and
TGF-� each conferred amarked reduction in eIF2B� phospho-
rylation, consistent with their inhibitory effect on GSK-3�
(Fig. 7A).
Next, we pretreated cells with either siRNA targeting

eIF2B or nontargeting siRNA (Fig. 7B) and then stimulated
with LiCl or SB216763. LiCl and SB216763 each increased
protein synthesis in cells pretreated with nontargeting
siRNA, but the increase was significantly reduced by siRNA
against eIF2B (Fig. 7C). Similar to the effects of GSK-3�A9,
eIF2B siRNA decreased CT-1 but not TGF-�-induced pro-
tein synthesis (Fig. 7D). In addition, siRNA targeting eIF2B
decreased LiCl-, SB216763-, and CT-1-induced �-smooth
muscle actin and SM22 protein expression (Fig. 7E). Again,
siRNA against eIF2B had no effect on TGF-�-induced con-
tractile protein expression. siRNA against eIF2B had no
effects on �-actin, ERK, or GAPDH protein abundance.
Taken together with the data presented in Fig. 6, these
results suggest that GSK-3� inhibition induces human air-
way smooth muscle hypertrophy via an enhancement of
translation, leading to increased protein synthesis and cell
size, as well as by specific effects on contractile protein
expression, which are mediated at both the transcriptional
and translational levels.

FIGURE 5. Phosphorylation of GSK-3� is required for LiCl- and CT-1-induced but not TGF-�-induced
protein synthesis and �-actin expression. GSK-3�A9 was expressed in human airway smooth muscle cells
via retroviral gene transfer. A, effect of GSK-3�A9 on protein synthesis (n � 3 for each group, mean � S.E.; *, p �
0.05 relative to unstimulated cells). B, effect of GSK-3�A9 on �-smooth muscle �-actin expression in the pres-
ence of GSK-3� inhibitors, TGF-� or CT-1. Results are representative of three separate experiments.

FIGURE 6. Effect of GSK-3� inhibition on �-smooth muscle actin mRNA
expression. A, quantitative two-step real time PCR for human �-smooth
muscle actin and human 18 S rRNA was conducted using specific primers and
probes. TGF-�, CT-1, LiCl, and SB216763 each increased �-actin mRNA expres-
sion (B). A7R5 cells were transiently transfected with SV40 Renilla luciferase
vector and either NFAT-luc or SRF-luc. After treatment with TGF-�, CT-1, LiCl,
or SB216763 for 48 h, cells were lysed, and luciferase activity was determined.
Each stimulus increased NFAT and SRF activity (n � 8, mean � S.E.; different
from unstimulated cells; *, p � 0.05; **, p � 0.001, ANOVA).
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Effects of Ovalbumin Sensitization and Challenge on Air-
way Smooth Muscle Mass and GSK-3� Phosphorylation—
Ovalbumin sensitization and challenge is a commonly used
mouse model of asthma. After a 3-week sensitization and
challenge protocol, airways exhibited an increased amount
of �-actin immunostaining compared with PBS-treated con-
trols (not shown), as others have observed (30, 34). Ovalbu-
min treatment also increased lung CT-1 mRNA expression
(Fig. 8A). Bronchial smooth muscle cells were isolated from
selected control and ovalbumin-sensitized and -challenged
mice. Cells from allergen-sensitized and -challenged mice
were larger, as evidenced by greater amounts of �-smooth
muscle actin (Fig. 8, B and C) and increased forward scatter
(Fig. 8D). Cells from treated mice also demonstrated greater

levels of phospho-Ser9-GSK-3�
and decreased GSK-3� kinase
activity (Fig. 8, E and F).

DISCUSSION

Excess smooth muscle mass is
present in patients with fatal and
nonfatal asthma. Using advanced
stereologic techniques, Ebina et al.
(1) examined the airways of patients
with fatal asthma and found two
subgroups, one in which smooth
muscle hyperplasiawas present only
in the central bronchi and another
in which smooth muscle cell size
was increased throughout the air-
way tree. Subsequently, Benayoun
et al. (2) found that the airways of
patients with nonfatal severe
asthma had larger smooth muscle
cell diameter than control sub-
jects, patients with mild asthma,
or patients with chronic obstruc-
tive pulmonary disease. Expres-
sion of �-smooth muscle actin and
MLCK was also increased. Fur-
ther, there was no evidence of air-
way smooth muscle cell prolifera-
tion, as evidenced by the lack of
staining for Ki67, a nuclear marker
of cell cycle traversal. Finally,
Woodruff et al. (3) found that air-
way smooth muscle cell number
was nearly 2-fold higher in sub-
jects with mild to moderate
asthma, whereas there was no
increase in cell size between
groups. Also, although �-smooth
muscle actin immunoreactivity
increased by 50–83% in these
patients, the mRNA expression of
contractile protein genes was not
increased, consistent with the
notion that contractile protein

expression may be regulated in a post-transcriptional
manner.
Despite evidence that smooth muscle hypertrophy contrib-

utes to airway remodeling in asthma, little is known about the
biochemical mechanisms regulating this process. Two models
employing cell cycle arrest (long term serum deprivation and
withdrawal of SV40 large T antigen) demonstrate increases in
cell size and contractile protein accumulation without a corre-
sponding increase in mRNA (35, 36), again suggestive of post-
transcriptional control. In the latter model, as with TGF-�-
treated cells, hypertrophy did not occur in cells infected with a
retrovirus encoding a phosphorylation site mutant of 4E-BP1
that dominantly inhibits eIF4E, suggesting that phosphoryla-
tion of 4E-BP, eIF4E release, and cap-dependent protein syn-

FIGURE 7. Induction of protein synthesis via inhibition of GSK-3� is mediated by eIF2B. A, immunoblots of
phospho-eIF2B� and total eIF2B� from LiCl- and SB216763-treated human bronchial smooth muscle cells. The
results shown are representative of three experiments. Cells were pretreated with nontargeting or eIF2B siRNA
(B). Next, cells were incubated with LiCl (10 mM), SB216763 (50 nM), CT-1 (10 ng/ml), or TGF-� (10 ng/ml). Protein
synthesis was assessed by [3H]leucine incorporation (C and D). In cells pretreated with nontargeting siRNA,
each stimulus induced protein synthesis. Pretreatment with eIF2B siRNA attenuated LiCl-, SB216763-, and
CT-induced protein synthesis. TGF-�-induced protein synthesis was unaffected (n � 6, mean � S.E.; *, different
from unstimulated cells, p � 0.05; **, different from nontargeting siRNA; p � 0.05, ANOVA). E, siRNA targeting
eIF2B decreased LiCl-, SB216763-, and CT-1-induced �-smooth muscle actin and SM22 protein expression.
eIF2B siRNA did not significantly reduce TGF-�-induced responses. siRNA against eIF2B had no effects on
�-actin, ERK, or GAPDH protein abundance.

GSK-3� and Airway Smooth Muscle Hypertrophy

10204 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 15 • APRIL 11, 2008



thesis are required for hypertrophy of human airway smooth
muscle cells (27, 37).
In the present study, we examined the contribution of

GSK-3� signaling to airway smooth muscle hypertrophy.
GSK-3� has been identified previously as a negative regulator
of cardiac and skeletal muscle hypertrophy (8–13). Selective
activation of Akt induces cellular hypertrophy and atrial natri-
uretic factor expression in cardiac myocytes, and isoprotere-
nol-induced atrial natriuretic factor expression is blocked by
expression of GSK-3� S9A (8). Phosphorylation of GSK-3� is
required for endothelin-1-, phenylephrine-, and Fas ligand-in-

duced cardiomyocyte sarcomere
organization and atrial natriuretic
factor expression (9, 10). Tissue-
specific activation of GSK-3� sup-
presses cardiac hypertrophy in
response to activated calcineurin,
chronic �-adrenergic stimulation,
and pressure overload in vivo (11).
In C2C12 myotubes, constitutive
activation of GSK-3� blocks insu-
lin-like growth factor-induced
NFAT-inducible gene expression, a
marker of myotube hypertrophy,
whereas inhibition of GSK-3� by
LiCl restores myoblast gene expres-
sion (12, 13). However, in general,
these studies failed to consider
the entire range of hypertrophic
responses (cell size, protein synthe-
sis, contractile gene expression),
and only one study considered the
role of GSK-3� in the regulation of
contractile function, either at the
tissue or cellular level (11). Further,
the role of GSK-3� in smooth mus-
cle cells capable of reentering the
cell cycle has not been studied. In
the present report, we found that
GSK-3� chemical inhibitors, as well
as GSK-3� siRNA, increased cell
size, protein synthesis, and KCl-in-
duced cell shortening. Interestingly,
inhibition of GSK-3� induced the
relative expression of specific con-
tractile proteins (�-actin, MLCK,
smMHC, and SM22) aswell as a glo-
bal increase in protein synthesis.
We also studied the effects of CT-1
and TGF-�, each of which have
been shown to induce human air-
way smooth muscle hypertrophy
but not hyperplasia (21, 26), on
GSK-3� phosphorylation and activ-
ity. CT-1 and TGF-� each increased
protein synthesis, cell size, contract-
ile protein expression, fractional
shortening, and GSK-3� phospho-

rylation while inhibiting GSK-3� kinase activity. Finally,
GSK-3� phosphorylation and CT-1 mRNA expression were
increased in the lungs of allergen-challenged and -sensitized
mice with airway hyperresponsiveness and increased airway
smooth muscle mass. Detailed morphometric studies have
shown that increased airway smooth muscle mass in ovalbu-
min-treated mice is due to cellular hypertrophy as well as
hyperplasia.3 Taken together, these data demonstrate that inhi-

3 J. K. Bentley, unpublished data.

FIGURE 8. Ovalbumin sensitization and challenge increases airway smooth muscle cell size and phos-
pho-Ser9 GSK-3� content in airway smooth muscle. A, �-smooth muscle actin and CT-1 mRNA expression in
lung homogenates was determined by quantitative RT-PCR. Ovalbumin treatment increased �-actin and CT-1
expression compared with PBS-treated controls. �-Actin and CT-1 values were initially normalized for �-actin
expression. Murine airway smooth muscle cells were isolated from control (B) and ovalbumin-treated animals
(C). Cells from ovalbumin-sensitized and -challenged mice showed greater �-smooth muscle actin expression
(red) and phospho-Ser9 GSK-3� content (green). D, cells from ovalbumin-sensitized and -challenged mice also
showed greater cell size, as assessed by forward scatter (dashed line, PBS; solid line, ovalbumin; n � 3, mean �
S.E.; *, different from cells from PBS-treated mice, p � 0.05, ANOVA). E, typical immunoblots showing phospho-
Ser9 GSK-3� and total GSK-3� from PBS and ovalbumin-sensitized (OVA) mice. In addition, immunoprecipitates
were tested for GSK-3� activity using recombinant Tau protein as the substrate. The total GSK-3� content of
immunoprecipitates was also examined. F, group mean data of experiments described in E (n � 3, mean � S.E.;
*, different from cells from PBS-treated mice, p � 0.05, ANOVA).
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bition of GSK-3� is sufficient for airway smooth muscle hyper-
trophy and suggest that GSK-3� may play an important physi-
ologic role in the regulation of smooth muscle contractile
function. These data contrast with a previous study in which
CT-1-treated airway explants showed increased smooth mus-
cle mass but paradoxically reduced maximal isometric stress in
response to acetylcholine (22), suggesting that hypertrophic
muscle may not function normally. However, in the former
study, CT-1 increased extracellular matrix deposition and pas-
sive tension, suggesting that the effects of CT-1 on contractility
may have been counterbalanced by parallel increases in elastic
load.
We examined the mechanisms by which GSK-3� regulates

airway smooth muscle cell size and contractile protein expres-
sion. Based on the preferential effects of GSK-3� inhibition on
�-smooth muscle actin, MLCK, smMHC, and SM22 protein
abundance relative to �-actin, we examined the effects of
GSK-3� inhibition on �-smooth muscle actin mRNA expres-
sion andNFAT promoter activity. GSK-3� negatively regulates
NFAT transactivation, and NFAT has been implicated in mus-
cle-specific gene expression (11, 12). NFAT cytosolic compo-
nent 1 potentiates GATA-6-activated smMHC transcription in
primary human aortic vascular smooth muscle cells (38), and
NFAT and SRF cooperatively regulate the activity of an �-actin
intronic enhancer in the rat A7R5 aortic smooth muscle cell
line (39). We found that inhibition of GSK-3� increased
�-smoothmuscle actinmRNA expression as well as NFAT and
SRF transactivation, consistent with the notion that inhibition
of GSK-3� induces human airway smoothmuscle hypertrophy,
at least in part, via transcriptional mechanisms.
One of the critical steps controlling the initiation of protein

translation is formation of the 43 S preinitiation complex. Phos-
phorylation and inactivation of GSK-3� by Akt lead to eIF2B
dephosphorylation and activation and an increase in eIF2 GTP
loading. eIF2, in turn, functions to recruit methionyl-tRNA and
conduct it as a tRNA-eIF2-GTP ternary complex to the 40 S
ribosomal subunit, thereby promoting a global increase in
mRNA translation. In the present study, LiCl, SB216763, and
CT-1 not only decreased GSK-3� kinase activity but also
reduced phosphorylation of the GSK-3� downstream target
eIF2B�. Further, eIF2B siRNA attenuated LiCl-, SB216763-,
and CT-1-induced protein synthesis. Finally, siRNA against
eIF2B� also inhibited LiCl-, SB216763-, andCT-1-induced pro-
tein expression of �-actin and SM22 but not �-actin, ERK, or
GAPDH. Together, these data demonstrate that CT-1 induces
airway smooth hypertrophy via the GSK-3�/eIF2B� transla-
tional control pathway as well as by transcriptional pathways.
We speculate that the preferential inhibitory effect of eIF2�
siRNA on �-actin and SM22 translation relates to the relatively
high levels of contractile apparatus mRNA in the cell, com-
paredwith�-actin, ERK, orGAPDH.Wehave previously found
that steady-state �-actin and SM22 mRNA levels are high in
unstimulated airway smooth muscle cells (35, 36). This level
would be further increased following GSK-3� inhibition,
which, as noted above, stimulates�-actin transcription. Finally,
it is conceivable that, once assembled into filaments, �-actin,
MLCK, and other contractile proteins are less susceptible to

proteolytic turnover, as has been observed for calpain and
smooth muscle myosin (40, 41).
In cells overexpressing GSK-3�A9, a nonphosphorylable,

constitutively active form of GSK-3�, LiCl, SB216763, and
CT-1 failed to increase protein synthesis or �-smooth muscle
actin expression. These data suggest that GSK-3� phosphoryl-
ation is required for LiCl-, SB216763-, and CT-1-induced air-
way smooth muscle hypertrophy. However, protein synthesis
and �-actin expression induced by the pleotrophic growth fac-
tor TGF-� were not blocked by either GSK-3�A9 or eIF2B
siRNA, suggesting that, in the context of TGF-� treatment, an
alternative pathway or pathways are sufficient for the hyper-
trophic response. As noted above, besides phosphorylation and
inhibition of GSK-3�, TGF-� treatment is also followed by
phosphorylation of 4E-BP, which facilitates eIF4E-dependent
translation of 7-methylguanine-capped mRNAs (27). Overex-
pression of AA-4E-BP, a nonphosphorylatable mutant, inhib-
ited TGF-�-induced airway smooth muscle hypertrophy.
Together, these results suggest that TGF-� induces hypertro-
phy via phosphorylation of 4E-BP and GSK-3� but that only
the 4E-BP translational control pathway is required for the
response. Finally, TGF-� has robust stimulatory effects on
the transcription of contractile apparatus mRNAs, which
may be independent of GSK-3� inhibition.
In conclusion, we have demonstrated that inhibition of

GSK-3� activity or expression is sufficient to evoke a hyper-
trophic phenotype in human airway smooth muscle cells, as
demonstrated by morphological, biochemical, and functional
criteria. Inhibition of GSK-3� activity increases airway smooth
muscle cell size, protein synthesis, contractile protein expres-
sion, and shortening. Our data show that GSK-3� inhibition
induces human airway smooth muscle hypertrophy via an
eIF2B-dependent translational control pathway as well as by spe-
cific effects on smoothmuscle-specific gene transcription. Inhibi-
tion of GSK-3� is required for CT-1- but not TGF-�-induced air-
way smooth muscle hypertrophy. Finally, airway smooth muscle
GSK-3� phosphorylation and CT-1 expression are increased in a
mouse model of asthma. Although the GSK-3� null mouse is
embryonic lethal (42), future studies utilizing tissue-specific
knock-out mice could determine whether GSK-3� is required for
airway smooth muscle hypertrophy in vivo. Additional studies
examining the role ofGSK-3� and eIF2B in airway smoothmuscle
growth will provide insight into the pathogenesis of asthma and
perhaps lead to novel therapies.
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