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Background: �-Catenin links transmembrane cadherin to actin filaments at cell-cell contacts.
Results: Contractile activation increases the association of �-catenin with N-cadherin, which is regulated by actin
polymerization.
Conclusion: Actin polymerization controls the recruitment of �-catenin to N-cadherin, which is essential for smooth muscle
contraction.
Significance: The regulated interaction of �-catenin with N-cadherin is a novel mechanism for the control of smooth muscle
contraction.

�-Catenin is a key component that connects transmembrane
cadherin with the actin cytoskeleton at the cell-cell interface.
However, the role of the �-catenin/cadherin interaction in
smooth muscle has not been well characterized. Here stimula-
tion with acetylcholine promoted the recruitment of �-catenin
to N-cadherin in smooth muscle cells/tissues. Knockdown of
�-catenin by lentivirus-mediated shRNA attenuated smooth
muscle contraction. Nevertheless, myosin light chain phosphor-
ylation at Ser-19 and actin polymerization in response to con-
tractile activation were not reduced by �-catenin knockdown. In
addition, the expression of the �-catenin armadillo domain dis-
rupted the recruitment of �-catenin to N-cadherin. Force devel-
opment, but not myosin light chain phosphorylation and actin
polymerization, was reduced by the expression of the �-catenin
armadillo domain. Furthermore, actin polymerization and
microtubules have been implicated in intracellular trafficking.
In this study, the treatment with the inhibitor latrunculin A
diminished the interaction of �-catenin with N-cadherin in
smooth muscle. In contrast, the exposure of smooth muscle to
the microtubule depolymerizer nocodazole did not affect the
protein-protein interaction. Together, these findings suggest
that smooth muscle contraction is mediated by the recruitment
of �-catenin to N-cadherin, which may facilitate intercellular
mechanotransduction. The association of �-catenin with N-
cadherin is regulated by actin polymerization during contractile
activation.

Smooth muscle contraction plays a critical role in regulating
bodily functions, including the maintenance of appropriate air-
way tone. Dysregulation of smooth muscle contraction contrib-
utes to the pathogenesis of diseases such as asthma. Despite its
importance, the mechanisms that regulate smooth muscle con-
traction are not fully elucidated.

Upon external stimulation, myosin light chain undergoes
phosphorylation at Ser-19, which activates myosin ATPase and
initiates the sliding of contractile filaments and smooth muscle
contraction (1– 4). In addition, contractile stimulation induces
actin filament polymerization, which may promote smooth
muscle force development by enhancing the transmission of
force between the contractile unit and the extracellular matrix
and by increasing the contractile unit (5–10). Myosin may serve
as an “engine” for smooth muscle contraction, whereas the
actin cytoskeleton may function as a “transmission system” in
smooth muscle (11, 12). However, other mechanisms for the
regulation of smooth muscle contraction may also exist.

�-Catenin, a member of the armadillo family of proteins, is a
key component of the cadherin-catenin complex in the plasma
membrane (13). �-Catenin is composed of an N-terminal head,
an Arm (armadillo)2 domain, and a C-terminal tail. The Arm
domain of �-catenin binds to the cytoplasmic domain of cad-
herins, and the extracellular domain of cadherins interacts with
their counterparts of adjacent cells to form cell-cell contacts.
The N terminus of �-catenin interacts with actin filaments via
linker proteins such as �-catenin, vinculin, and VASP (14, 15).
Therefore, �-catenin plays an essential role in connecting actin
filaments of cells to the cell-cell interface at adherens junctions
(13, 15).

Recent work has shown that the cadherin-catenin complex is
a mechanosensive and responsive structure (16). Adherens
junctions undergo reorganization in endothelial cells in
response to tugging forces and thrombin treatment (16). In
keratinocytes, the engagement of adherens junctions occurs
upon chemical stimulation. Knockout of �-catenin disrupts the
structural change (17). The dynamic change of adherens junc-
tions may allow cells to adapt their mechanical properties and
intracellular signaling (16, 17).

�-Catenin has been implicated in mediating mechanical
integrity and signal transduction in the epidermis and endothe-
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lial cells (16, 17). Loss of �-catenin results in defects of mecha-
notransduction at the adherens junctions of epithelial cells (17).
In addition, �-catenin may have a role in T cell transformation
(18) and Wnt signaling (19). However, the functional role of
�-catenin/cadherin coupling in smooth muscle contraction is
largely unknown.

In this study, we found that contractile activation induces the
recruitment of �-catenin to N-cadherin in smooth muscle
cells/tissues. Disruption of the recruitment of �-catenin to
N-cadherin attenuates smooth muscle contraction. Further-
more, actin polymerization has a role in mediating the coupling
of �-catenin with N-cadherin. Therefore, we propose that the
recruitment of �-catenin to N-cadherin may promote intercel-
lular mechanotransmission and smooth muscle contractility.

EXPERIMENTAL PROCEDURES

Cell Culture—Human airway smooth muscle (HASM) cells
were prepared from human bronchi and adjacent tracheas
obtained from the International Institute for Advanced Medi-
cine (20). Human tissues were non-transplantable and consent
for research was given. This study was approved by the Albany
Medical College Committee on Research Involving Human
Subjects. Briefly, muscle tissues were incubated for 20 min with
dissociation solution (130 mM NaCl, 5 mM KCl, 1.0 mM CaCl2,
1.0 mM MgCl2, 10 mM Hepes, 0.25 mM EDTA, 10 mM D-glucose,
10 mM taurine (pH 7), 4.5 mg of collagenase (type I), 10 mg of
papain (type IV), 1 mg/ml BSA, and 1 mM dithiothreitol). All
enzymes were purchased from Sigma-Aldrich. The tissues were
then washed with Hepes-buffered saline solution (10 mM

Hepes, 130 mM NaCl, 5 mM KCl, 10 mM glucose, 1 mM CaCl2, 1
mM MgCl2, 0.25 mM EDTA, and 10 mM taurine (pH 7)). The cell
suspension was mixed with Ham’s F12 medium supplemented
with 10% (v/v) FBS and antibiotics (100 units/ml penicillin and
100 �g/ml streptomycin). Cells were cultured at 37 °C in the
presence of 5% CO2 in the same medium. The medium was
changed every 3– 4 days until cells reached confluence, and
confluent cells were passaged with trypsin/EDTA solution
(20 –23). Smooth muscle cells within passage 5 were used for
the studies.

Immunoblot Analysis—Cells were lysed in SDS sample buffer
composed of 1.5% dithiothreitol, 2% SDS, 80 mM Tris-HCl (pH
6.8), 10% glycerol, and 0.01% bromphenol blue. The lysates
were boiled in the buffer for 5 min and separated by SDS-PAGE.
Proteins were transferred to nitrocellulose membranes. The
membranes were blocked with bovine serum albumin or milk
for 1 h and probed with primary antibodies followed by horse-
radish peroxidase-conjugated secondary antibodies (Fisher Sci-
entific). Proteins were visualized by enhanced chemilumines-
cence (Fisher Scientific) using the LAS-4000 Fuji image system.
Antibodies against myosin light chain, N-cadherin, �-catenin,
and �-tubulin were purchased from Santa Cruz Biotechnology.
Phospho-myosin light chain (Ser-19) was purchased from Cell
Signaling Technology or Santa Cruz Biotechnology. �-Smooth
muscle actin antibody was purchased from Sigma-Aldrich.
GAPDH antibody was purchased from Fitzgerald (Acton, MA).
The levels of proteins were quantified by scanning densitome-
try of immunoblots (Fuji Multigauge software). The lumines-
cent signals from all immunoblots were within the linear range.

Coimmunoprecipitation Analysis—Coimmunoprecipitation
analysis was used to evaluate protein-protein interactions as
described previously (22, 24). Briefly, cell/tissue extracts were
incubated overnight with the corresponding antibodies and
then incubated for 2–3 h with 125 �l of a 10% suspension of
protein A-Sepharose beads. Immunocomplexes were washed
four times in buffer containing 50 mM Tris-HCl (pH 7.6), 150
mM NaCl, and 0.1% Triton X-100. The immunoprecipitates
were separated by SDS-PAGE followed by transfer to nitrocel-
lulose membranes. The membranes of immunoprecipitates
were probed with the corresponding antibodies.

Immunofluorescence and Fluorescence Analyses—Cells on
coverslips were fixed for 15 min in 4% paraformaldehyde and
then washed three times in PBS followed by permeabilization
with 0.2% Triton X-100 dissolved in PBS for 5 min. These cells
were immunofluorescently stained using primary antibodies
followed by appropriate secondary antibodies (Invitrogen). The
cellular localization of fluorescently labeled proteins was
viewed under a high-resolution digital fluorescence micro-
scope (Leica DMI system, �63 oil objective). The time of image
capturing, intensity gaining, and image contrast in each chan-
nel were optimally adjusted and kept constant for all experi-
ments to standardize the fluorescence intensity measurements
among experiments. National Institutes of Health ImageJ soft-
ware was used to quantify the fluorescence intensity at the cell-
cell contacts.

Virus-mediated RNAi—For �-catenin knockdown (KD), len-
tiviruses encoding �-catenin shRNA (catalog no. sc-29209-V)
or control shRNA (catalog no. sc-108080) were purchased from
Santa Cruz Biotechnology. HASM cells were infected with con-
trol shRNA lentivirus or �-catenin shRNA lentivirus for 12 h.
They were then cultured for 3– 4 days. Positive clones express-
ing shRNAs were selected by puromycin. Immunoblot analysis
was used to determine the expression levels of �-catenin in
these cells. �-catenin KD cells and cells expressing control
shRNA were stable at least five passages after initial infection.
The experimental procedures for generating c-Abl KD cells
have been described previously (20, 25).

Plasmids and Gene Mutation—pcDNA 3 encoding WT
human �-catenin was purchased from Addgene. PCR was used
to generate plasmids encoding the Arm domain of �-catenin.
The 5-primer sequence was 5�-ATCAAGGGATCCATGTT-
GATTAACTATCAAGATGA-3�. The 3-primer sequence was
5� TACTATGCGGCCGCCACCTTCATTCCTAGAGTGAA-
3�. The resulting product was double-digested at the BamH I
and NotI sites. The enzyme-digested product was then sub-
cloned into pcDNA3 followed by bacterial transformation.
Plasmid purification was performed using the Maxiprep kit
from Invitrogen.

Analysis of F-actin/G-actin Ratios—The content of F-actin
and G-actin in smooth muscle was measured using a method
described previously (11, 12, 24). Briefly, smooth muscle cells
were treated with F-actin stabilization buffer (50 mM PIPES (pH
6.9), 50 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 5% glycerol, 0.1%
Triton X-100, 0.1% Nonidet P40, 0.1% Tween 20, 0.1% �-mer-
captoethanol, 1 mM ATP, 1 �g/ml pepstatin, 1 �g/ml leupeptin,
and 10 �g/ml benzamidine). The supernatants of protein
extracts were collected after centrifugation at 151,000 � g for
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60 min at 37 °C. The pellets were resuspended in ice-cold H2O
plus 1 �M cytochalasin D and then incubated on ice for 1 h to
dissociate F-actin. The resuspended pellets were gently mixed
every 15 min. The supernatant of the resuspended pellets was
collected after centrifugation at 16,100 � g for 2 min at 4 °C. An
equal volume of the first supernatant (G-actin) or second
supernatant (F-actin) was subjected to immunoblot analysis
using �-actin antibody. The amount of F-actin and G-actin was
determined by scanning densitometry.

Measurement of Human Bronchial Ring Contraction—Bron-
chial rings (diameter, 5 mm) were prepared from human lungs
obtained from the International Institutes for Advanced Med-
icine (see above). Bronchial rings were placed in physiological
saline solution at 37 °C in a 25-ml organ bath and attached to a
Grass force transducer connected to a computer with an ana-
log-to-digital converter (Grass). For lentivirus-mediated RNAi
in tissues, the thin epithelium layer of human bronchial rings
was removed using forceps. They were then transduced with
lentivirus encoding �-catenin shRNA or control shRNA for 3
days. Force development in response to acetylcholine (ACh)
(100 �M, 10 min) activation was compared before and after
lentivirus transduction. For biochemical analysis, human tis-
sues were frozen using liquid nitrogen and pulverized as
described previously (11, 26, 27).

We used reversible permeabilization (24, 28, 29) to introduce
the constructs of WT or mutant �-catenin into human bronchi.
Briefly, the contractile responses of human tissues were deter-
mined, after which they were placed in 0.5-ml tubes and incu-
bated successively in each of the following solutions: Solution 1
(at 4 °C for 120 min) containing 10 mM EGTA, 5 mM Na2 ATP,
120 mM KCl, 2 mM MgCl2, and 20 mM TES; Solution 2 (at 4 °C
overnight) containing 0.1 mM EGTA, 5 mM Na2ATP, 120 mM

KCl, 2 mM MgCl2, 20 mM TES, and 10 �g/ml plasmids; Solution
3 (at 4 °C for 30 min) containing 0.1 mM EGTA, 5 mM Na2ATP,
120 mM KCl, 10 mM MgCl2, and 20 mM TES; and Solution 4 ( at
22 °C for 60 min) containing 110 mM NaCl, 3.4 mM KCl, 0.8 mM

MgSO4, 25.8 mM NaHCO3, 1.2 mM KH2PO4, and 5.6 mM dex-
trose. Solutions 1–3 were maintained at pH 7.1 and aerated
with 100% O2. Solution 4 was maintained at pH 7.4 and was
aerated with 95% O2-5% CO2. After 30 min in Solution 4, CaCl2
was added gradually to reach a final concentration of 2.4 mM.
The tissues were then incubated in a CO2 incubator at 37 °C for
2 days in DMEM containing 5 mM Na2ATP, 100 units/ml pen-
icillin, 100 �g/ml streptomycin, and 10 �g/ml plasmids.

Statistical Analysis—All statistical analyses were performed
using Prism 6 software (GraphPad Software, San Diego, CA).
Comparison among multiple groups was performed by one-
way analysis of variance followed by Tukey’s multiple compar-
ison test. Differences between pairs of groups were analyzed by
Student-Newman-Keuls test or Dunn’s method. Values of n
refer to the number of experiments used to obtain each value.
p � 0.05 was considered to be significant.

RESULTS

Contractile Activation Induces the Recruitment of �-Catenin
to N-Cadherin in Smooth Muscle—As described earlier, the
cytoplasmic tails of N-cadherin bind to �-catenin, which, in
turn, connects with actin filaments via linker proteins (13–15).

However, the physiological properties of the adherens junc-
tions in smooth muscle under contractile activation are poorly
understood. We hypothesized that contractile stimulation may
promote the association of �-catenin with N-cadherin, which
may enhance the intercellular connection. To test this, HASM
cells were stimulated with ACh for 5 min or left unstimulated.
Cell extracts were immunoprecipitated with N-cadherin anti-
body and blotted with antibodies against N-cadherin and
�-catenin. The amount of �-catenin in the immunoprecipitates
was higher in stimulated cells than in unstimulated cells. The
ratios of �-catenin/N-cadherin precipitates were increased in
stimulated cells compared with unstimulated cells (Fig. 1A).

To verify this, we used reverse coimmunoprecipitation anal-
ysis. Cell extracts were immunoprecipitated using �-catenin
antibody, and blots of the immunoprecipitates were probed
using antibodies against �-catenin and N-cadherin. The ratios
of N-cadherin/�-catenin precipitates in stimulated cells were
higher compared with unstimulated cells (Fig. 1B).

Furthermore, we evaluated the effects of contractile activa-
tion on the interaction of �-catenin with N-cadherin at the
tissue level. Human bronchial rings were treated with ACh, and
the protein-protein interactions were assessed by coimmuno-
precipitation analysis. The ratios of �-catenin/N-cadherin or
N-cadherin/�-catenin precipitates were higher in stimulated
tissues than in unstimulated tissues (Fig. 1, C and D).

Because �-catenin has also been implicated in connecting
actin filaments with N-cadherin (13, 14), we determined
whether contractile activation affects the association of
�-catenin with N-cadherin and �-catenin. Stimulation with
ACh increased the interaction of �-catenin with N-cadherin
but not �-catenin (Fig. 1, E and F). These results suggest that
contractile activation recruits both �-catenin and �-catenin to
N-cadherin, which supports the concept that �-catenin links
actin filaments with N-cadherin via �-catenin (13, 14),

We assessed the spatial localization of �-catenin and N-cad-
herin in response to contractile activation by immunofluores-
cent microscopy. N-cadherin was localized in the cell-cell con-
tact in unstimulated cells. ACh stimulation did not affect the
spatial distribution of N-cadherin (Fig. 2, A and B). In contrast,
the amount of �-catenin at the intercellular junctions of
unstimulated cells was relatively lower. The amount of
�-catenin at the intercellular contacts increased upon ACh
stimulation (Fig. 2, A and B). These results suggest that
�-catenin translocates to the intercellular junction in response
to contractile stimulation.

�-Catenin Is Necessary for Smooth Muscle Contraction but
Not Actin Polymerization and Myosin Phosphorylation—
�-Catenin has been implicated in cell adhesion, development,
mechanical integrity, and transformation (13, 17, 18). The role
of �-catenin in smooth muscle contraction is poorly under-
stood. To determine the role of �-catenin, we utilized a lentivi-
rus-mediated RNAi approach (11, 12) to inhibit the expression
of �-catenin. The contractile response of human bronchial
rings to ACh was evaluated. Bronchial rings were then trans-
duced with lentiviruses encoding control shRNA or �-catenin
shRNA. These tissues were incubated in serum-free medium
for 3 days. The contractile force of these tissues was then eval-
uated. Immunoblot analysis verified the lower expression of
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�-catenin in tissues transduced with viruses encoding
�-catenin shRNA compared with uninfected rings and tissues
transduced with viruses for control shRNA (Fig. 3A). More
importantly, the contractile responses of human bronchial
rings were lower in �-catenin-deficient tissues than in control
tissues (Fig. 3B).

Because actin polymerization and myosin activation are
known to regulate smooth muscle contraction (1–3, 5–9), we
evaluated the effects of �-catenin knockdown on F/G-actin
ratios and myosin light chain phosphorylation at Ser-19. The
knockdown of �-catenin did not affect F/G-actin ratios (Fig.
3C) or myosin light chain phosphorylation at Ser-19 (Fig.
3D).

Expression of the �-Catenin Arm Domain Disrupts the
Recruitment of �-Catenin to N-Cadherin—�-Catenin is com-
posed of an N-terminal head, an Arm domain, and a C-terminal
tail. The Arm domain of �-catenin binds to the cytoplasmic
domain of cadherins, whereas the N terminus interacts with
actin filaments via linker proteins (14, 15). Therefore, �-catenin
is a key element linking transmembrane cadherins to actin fil-
aments at adherens junctions (13, 15). We evaluated the effects
of the expression of the Arm domain of �-catenin on the asso-
ciation of �-catenin with N-cadherin in cells. We used
�-catenin full-length antibody to assess protein expression in
cells transfected with WT or mutant �-catenin. As shown in
Fig. 4A, immunoblot analysis verified the expression of WT

FIGURE 1. Contractile activation increases the association of �-catenin with N-cadherin in smooth muscle cells/tissues. A, N-cadherin immuno-
precipitates (IP) or extracts of HASM cells stimulated with ACh (10�4

M, 5 min) or left unstimulated (US) were separated by SDS-PAGE and blotted with
antibodies against N-cadherin and �-catenin. Ratios of �-catenin/N-cadherin in stimulated cells were normalized to corresponding unstimulated cells.
The ratios of �-catenin/N-cadherin in immunoprecipitates were significantly higher in stimulated cells than in unstimulated cells (*, p � 0.05). However,
the protein ratios in cell extracts are similar in stimulated and unstimulated cells. Data are mean � S.E. of four independent experiments. B, blots of
�-catenin immunoprecipitates or extracts of cells treated with ACh or left untreated were probed with antibodies against N-cadherin and �-catenin. The
ratios of N-cadherin/�-catenin in stimulated cells were normalized to corresponding unstimulated cells. Data are mean � S.E. of four independent
experiments. *, p � 0.05. C, N-Cadherin immunoprecipitates or extracts of human bronchial rings treated with ACh or left untreated were analyzed by
immunoblotting. The ratios of �-catenin/N-cadherin in stimulated tissues were normalized to corresponding unstimulated tissues. Data are mean � S.E.
of three independent experiments. *, p � 0.05. D, �-catenin precipitates or extracts of human bronchial rings treated with ACh or untreated were
evaluated by immunoblot analysis. The ratios of N-cadherin/�-catenin in stimulated tissues were normalized to corresponding unstimulated tissues.
Data are mean � S.E. of three independent experiments. *, p � 0.05. E, N-cadherin immunoprecipitates or extracts of HASM cells treated with ACh or left
untreated were analyzed by immunoblotting. The ratios of �-catenin/N-cadherin in stimulated cells were normalized to corresponding unstimulated
cells. Data are mean � S.E. of four independent experiments. *, p � 0.05. F, �-catenin precipitates or extracts of HASM cells treated with ACh or left
untreated were evaluated by immunoblot analysis. The ratios of �-catenin/�-catenin in stimulated cells were normalized to corresponding unstimu-
lated cells. Data are mean � S.E. of four independent experiments.
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FIGURE 2. Activation with ACh induces the translocation of �-catenin to the intercellular junctions. A, representative micrographs illustrating the effects
of ACh (10�4

M, 5 min) on the spatial localization of �-catenin and N-cadherin in HASM cells. The insets are �1.5 magnifications of the selected areas. Dashed
arrows indicate a single line scan to quantify the fluorescence signals at cell-cell junctions. The right panel shows relative fluorescence intensity. Scale bars � 10
�m. US, unstimulated. B, the fluorescence intensity of �-catenin or N-cadherin in stimulated cells was normalized to corresponding unstimulated cells. Data are
mean � S.E. of 10 –12 independent experiments. *, p � 0.05.

FIGURE 3. �-Catenin is required for smooth muscle contraction. A, human bronchial rings were transduced with lentiviruses encoding control shRNA or
�-catenin shRNA. These tissues were then incubated in serum-free medium for 3 days. Immunoblot analysis was used to assess protein expression in tissues.
UI, uninfected; Ctrl, control shRNA; �-Cat, �-catenin shRNA. *, p � 0.05 (significantly lower protein ratios of �-catenin/GAPDH in tissues transduced with virus
encoding �-catenin shRNA than in uninfected tissues and tissues expressing control shRNA). Data are mean � S.E. of three independent experiments. B, the
contraction of human bronchial rings was evaluated, after which they were transduced with lentiviruses as described above. Contractile responses were
compared before and after incubation. *, p � 0.05 (significantly lower contractile force in bronchial rings treated with �-catenin shRNA compared with
uninfected tissues or tissues infected with viruses encoding control shRNA). Data are mean � S.E. of three independent experiments. C, uninfected cells and
cells expressing control shRNA or �-catenin shRNA were stimulated with ACh (10�4

M, 5 min) or left unstimulated. F/G-actin ratios in the cells were evaluated
using a fractionation assay. Data are mean � S.E. of four independent experiments. (p � 0.05). S, supernatant; P, pellet. D, myosin light chain (MLC) phospho-
rylation at Ser-19 in uninfected cells and cells transduced with lentivirus encoding control or �-catenin shRNA was assessed by immunoblot analysis. Myosin
phosphorylation was similar in uninfected cells, cells expressing control shRNA, or �-catenin shRNA (p � 0.05). Data are mean � S.E. of four to five independent
experiments.
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�-catenin and the Arm domain of �-catenin in these cells.
Moreover, expression of the Arm domain inhibited the associ-
ation of endogenous �-catenin with N-cadherin in cells upon
ACh stimulation compared with WT �-catenin, as evidenced
by coimmunoprecipitation analysis using antibody against the
C terminus of �-catenin (Fig. 4B). Furthermore, expression of
the Arm domain attenuated the spatial translocation of endog-
enous �-catenin (Fig. 4, C and D). These results suggest that the
Arm domain of �-catenin is able to compete with endogenous
�-catenin for N-cadherin binding. Therefore, expression of the
Arm domain inhibits the interaction of endogenous �-catenin
with N-cadherin and the spatial redistribution of endogenous
�-catenin to the intercellular junction upon contractile
activation.

The Expression of the Arm Domain of �-Catenin Affects
Smooth Muscle Contraction, But Not Actin Polymerization and
Myosin Light Chain Phosphorylation—To determine the func-
tional role of the �-catenin/N-cadherin interaction, we
assessed the effects of the expression of the Arm domain on
smooth muscle contraction. The contractile response of
human bronchial rings to ACh was evaluated. Plasmids
encoding WT or mutant �-catenin were introduced into
bronchial rings by reversible permeabilization (24, 28, 29).
Tissues were then incubated in the medium for 3 days.
Immunoblot analysis confirmed the expression of the
recombinant proteins (Fig. 5A). The contractile force of
these tissues was compared before and after incubation. The
contractile force was reduced in tissues expressing the Arm

FIGURE 4. Expression of the Arm domain of �-catenin attenuates the recruitment of �-catenin to N-cadherin. A, representative immunoblots
illustrating the expression of WT �-catenin or the Arm domain of �-catenin in cells. Extracts of cells transfected with plasmids encoding WT �-catenin
or the Arm domain of �-catenin were immunoblotted (IB) with �-catenin full-length antibody. The Arm domain with a molecular mass of 60 kDa was
detected in the extracts of cells transfected with the plasmid for Arm domain but not in untransfected cells (UI) or in cells transfected with WT �-catenin
plasmid, indicating the effective expression of the Arm domain of �-catenin in these cells. The blots are representative of four identical experiments. B,
cells expressing WT �-catenin or the Arm domain of �-catenin were stimulated with 10�4

M ACh for 5 min or left unstimulated. The interaction of
N-cadherin with �-catenin was evaluated by coimmunoprecipitation (IP) analysis using antibody against the �-catenin C terminus and antibody against
N-cadherin. The ratios of �-catenin/N-cadherin in stimulated cells were normalized to corresponding unstimulated cells. *, p � 0.05 (significantly lower
ACh-induced �-catenin/N-cadherin ratios in cells expressing the Arm domain of �-catenin compared with cells expressing WT �-catenin). Data are
mean � S.E. of four independent experiments. C, representative images illustrating the effects of the expression of the Arm domain of �-catenin on the
localization of �-catenin and N-cadherin at the adherens junctions in response to ACh activation. Cells were immunostained with antibodies against the
�-catenin C terminus and N-cadherin. The insets are �1.5 magnifications of the selected areas. Dashed arrows indicate a single line scan to quantify the
signals at cell-cell junctions. The right panel shows the relative fluorescence intensity. Scale bars � 10 �m. D, the fluorescence intensity of �-catenin or
N-cadherin in stimulated cells was normalized to corresponding unstimulated (US) WT cells. Data are mean � S.E. of 10 –12 independent experiments.
*, p � 0.05.
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domain of �-catenin compared with tissues transfected with
WT �-catenin (Fig. 5B).

We then determined whether the disruption of the
�-catenin/N-cadherin coupling by the Arm domain affects
actin polymerization and myosin phosphorylation. F/G-actin
ratios and myosin light chain phosphorylation at Ser-19 were
comparable in cells expressing WT or mutant �-catenin (Fig. 5,
C and D).

Actin Polymerization Regulates the Recruitment of �-Catenin
to N-Cadherin upon Contractile Activation—Actin polymeri-
zation has been implicated in regulating intracellular traffick-
ing of the glucose transporter GLUT4 in adipocytes and striated
muscle cells (30). Because actin polymerization occurs in
smooth muscle upon contractile activation, we questioned
whether the actin cytoskeleton affects the recruitment of
�-catenin to N-cadherin. Smooth muscle cells were pretreated
with the actin polymerization inhibitor latrunculin A (31) for 15
min. They were then stimulated with ACh or left unstimulated.
Coimmunoprecipitation analysis was used to assess the pro-
tein-protein interaction. The amount of �-catenin in N-cad-
herin immunoprecipitates in response to ACh stimulation was
reduced in cells treated with latrunculin A compared with cells
not treated with the inhibitor. The ACh-induced increase in

�-catenin/N-cadherin coupling was reduced in cells treated
with latrunculin A (Fig. 6A). Furthermore, treatment with jas-
plakinolide (an inducer of actin polymerization and stabiliza-
tion, 3 �M, 30 min) increased the association of �-catenin with
N-cadherin upon ACh stimulation (Fig. 6B).

We then determined whether the actin cytoskeleton affects
the cellular localization of �-catenin. Although treatment with
latrunculin A did not affect the cellular localization of N-cad-
herin, the ACh-induced increase in the fluorescent intensity of
�-catenin at the cell-cell contact was reduced in cells treated
with latrunculin A (Fig. 6, C and D). In contrast, the treatment
with jasplakinolide enhanced the spatial redistribution of
�-catenin (Fig. 6, C and D). Fluorescence microscopy verified the
efficacy of latrunculin A and jasplakinolide in the cells (Fig. 6E).

Effects of the Myosin II Inhibitor Blebbistatin on the Interac-
tion of �-Catenin with N-Cadherin—Because actin polymeriza-
tion affects tension in smooth muscle (5–8), the effects of latrun-
culin A on the association of �-catenin with N-cadherin may be
attributed to actin polymerization and/or changes in tension. To
distinguish this, we evaluated the effects of blebbistatin on the pro-
tein-protein interaction. Treatment with blebbistatin did not
affect the interaction of �-catenin with N-cadherin (Fig. 7, A and
B). The results suggest that actin polymerization, but not tension,

FIGURE 5. Expression of the Arm domain of �-Catenin inhibits smooth muscle contraction. A, representative immunoblots showing the expression of
�-catenin and its mutant in tissues. Extracts of human bronchial rings transduced with plasmids encoding WT �-catenin or the Arm domain of �-catenin were
immunoblotted (IB) with antibodies against full-length �-catenin. The blots are representative of three identical experiments. UI, uninfected. B, the contraction
of human bronchial rings was evaluated, after which they were transduced with plasmids as described under “Experimental Procedures.” Contractile responses
were compared before and after incubation. *, p � 0.05 (significantly lower contractile force in bronchial rings expressing the Arm domain of �-catenin
compared with tissues transfected with WT �-catenin). Data are mean � S.E. of three independent experiments. C, cells expressing WT or mutant �-catenin
were stimulated with ACh or left unstimulated. F/G-actin ratios in the cells were evaluated using a fractionation assay. Data are mean � S.E. of four independent
experiments (p � 0.05). S, supernatant; P, pellet. D, myosin light chain (MLC) phosphorylation at Ser-19 in uninfected cells and cells transduced with lentivirus
encoding control or �-catenin shRNA was assessed by immunoblot analysis. Myosin phosphorylation was similar in uninfected cells and cells expressing
control shRNA or �-catenin shRNA (p � 0.05). Data are mean � S.E. of four to five independent experiments.

�-Catenin/N-Cadherin Interaction in Smooth Muscle

APRIL 3, 2015 • VOLUME 290 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 8919



regulates the recruitment of �-catenin with N-cadherin in smooth
muscle upon contractile activation.

Microtubules Do Not Modulate the Association of �-Catenin
with N-Cadherin upon ACh Stimulation—Because microtu-
bules have been implicated in regulating the movement of intra-
cellular vesicles and molecules in neurons (32), we also evaluated
the effects of the microtubule depolymerizer nocodazole on the
protein-protein interaction. The ratios of �-catenin/N-cadherin

in cells pretreated with nocodazole were similar to cells not pre-
treated with nocodazole (Fig. 7, C and D). Furthermore, treatment
with nocodazole decreased the fluorescence intensity of microtu-
bules in the cells (Fig. 7, E and F).

DISCUSSION

�-Catenin is a key element of adherens junctions that
plays an essential role in cell-cell contacts (13–15). The
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intercellular junctions provide the structural basis for main-
taining multicellular integrity as well as the endothelial/epi-
dermal barrier (13, 14, 16, 33). In addition, external stress
imposed on a cell is able to be sensed by adjacent cells via
adherens junctions (13, 16). In this study, knockdown of
�-catenin attenuated human smooth muscle contraction.
The results suggest that �-catenin is required for human

smooth muscle contraction, which is supported by a previ-
ous study by others (34).

There is evidence to suggest that adherens junctions undergo
reorganization in endothelial cells and the epidermis in
response to tugging force and chemical stimulation (13, 16, 17).
Here we found that contractile activation induced the coupling
of �-catenin with N-cadherin and the spatial redistribution of

FIGURE 6. Actin polymerization regulates the recruitment of �-catenin to N-cadherin upon contractile activation. A, cells were pretreated with 1 �M

latrunculin A (LAT-A) for 15 min. They were then stimulated with 10�4
M ACh for 5 min or left unstimulated. The protein-protein interaction was evaluated by

coimmunoprecipitation (IP). Ratios of �-catenin/N-cadherin under various treatments were normalized to unstimulated cells not treated with latrunculin A.
Data are mean � S.E. of four independent experiments. *, p � 0.05. B, cells were pretreated with 3 �M jasplakinolide (Jasp) for 30 min. The protein-protein
interaction in unstimulated and stimulated cells was evaluated by coimmunoprecipitation. The ratios of �-catenin/N-cadherin under various treatments were
normalized to unstimulated cells not treated with jasplakinolide. Error bars indicate S.E. *, p � 0.05; n � 4. C, cells pretreated with latrunculin A or jasplakinolide
were stimulated with ACh or left unstimulated (US). Cells were then immunostained with antibodies against the �-catenin C terminus and N-cadherin. The
insets are �1.5 magnifications of the selected areas. Dashed arrows indicate a single line scan to quantify the fluorescence signals at cell-cell junctions. The right
panel shows relative fluorescence intensity. Scale bar � 10 �m. D, the fluorescence intensity of �-catenin or N-cadherin in stimulated cells was normalized to
corresponding unstimulated and untreated cells. Data are mean � S.E. of 10 –12 independent experiments. *, p � 0.05. E, untreated HASM cells (a) or cells
treated with latrunculin A (1 �M, 15 min) (b) or jasplakinolide (3 �M, 30 min) (c) were stained with rhodamine-phalloidin to visualize F-actin. National Institutes
of Health ImageJ software was used to quantify the fluorescence intensity of the total cell areas. Arrows point to the cell edges. Data are mean � S.E. *, p � 0.05
versus control; n � 38 – 40 cells. Scale bars � 10 �m.

FIGURE 7. Tension and microtubules do not regulate the interaction of �-catenin with N-cadherin upon contractile activation. A, representative
immunoblots illustrating the effects of blebbistatin (BLB) on the interaction of �-catenin with N-cadherin. Cells were pretreated with 30 �M blebbistatin for 15
min. They were then stimulated with 10�4

M ACh for 5 min or left unstimulated. �-Catenin/N-cadherin coupling was evaluated by coimmunoprecipitation (IP).
B, �-catenin/N-cadherin ratios were normalized to the ratios in unstimulated cells not treated with blebbistatin. Data are mean � S.E. of four independent
experiments. C, representative immunoblots illustrating the effects of nocodazole on the interaction of �-catenin/N-cadherin. Cells were pretreated with 1 �M

nocodazole for 15 min. They were then stimulated with 10�4
M ACh for 5 min or left unstimulated. �-Catenin/N-cadherin coupling was evaluated by coimmu-

noprecipitation. D, �-catenin/N-cadherin ratios were normalized to the ratios in unstimulated cells not treated with nocodazole (Noc). Data are mean � S.E. of
four independent experiments. E, untreated cells and HASM cells treated with nocodazole (1 �M, 15 min) were stained with �-tubulin antibody. a, untreated
cells display a well defined microtubule structure. b, treated cells have a less defined filamentous structure. F, the fluorescence intensity in treated cells was
normalized to untreated cells. Data are mean � S.E. of 37– 41 independent experiments. *, p � 0.05.
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�-catenin in smooth muscle cells. More importantly, the dis-
ruption of the recruitment of �-catenin to N-cadherin by the
Arm domain of �-catenin attenuated smooth muscle contrac-
tion. To the best of our knowledge, this is the first evidence to
suggest that the interaction of �-catenin with N-cadherin is
dynamic and that the recruitment of �-catenin to N-cadherin is
critical for smooth muscle contraction.

The adherens junctions in nonmuscle cells have been impli-
cated in cell signaling (33, 35, 36). Engagement of N-cadherin in
MC3T3E1 preosteoblasts promotes the activation of PI3K,
which is reduced by an N-cadherin-blocking antibody (35).
E-Cadherin is required for the activation of PI3K in epithelial
ovarian cancer cells (36). PI3K is able to activate Tiam-1 and
VAV-2 (guanine nucleotide exchange factors), which may sub-
sequently regulate Rac/Cdc42 activation and actin polymeriza-
tion (33, 37). Here the knockdown of �-catenin or the disrup-
tion of �-catenin with N-cadherin did not affect actin
polymerization upon contractile activation. Therefore, cad-
herin-regulated actin filament assembly is not mediated by
�-catenin in smooth muscle during contractile activation. Cad-
herin may directly interact with pleckstrin homology domains
on Tiam-1 or VAV-2, which activates Rac/Cdc42 and actin
polymerization (33, 37).

E-Cadherin is required for the activation of the small
GTPase Rho in epithelial cells (38, 39). Rho is known to
regulate myosin light chain phosphorylation in smooth mus-
cle (4). In this study, the silencing of �-catenin or the disrup-
tion of the �-catenin/N-cadherin association did not affect
myosin light chain phosphorylation at Ser-19 in response to
contractile activation. Therefore, the interaction of �-
catenin with N-cadherin does not regulate myosin light
chain phosphorylation in smooth muscle.

Because the recruitment of �-catenin to cadherin does not
regulate actin polymerization and myosin phosphorylation, it is
likely that the coupling of �-catenin with N-cadherin may
enhance the linkage of actin filaments to N-cadherin, which, in
turn, promotes intercellular force transmission and smooth
muscle contraction (13, 14, 16, 17).

Actin polymerization may mediate intracellular trafficking of
certain molecules. In adipocytes and striated muscle cells,
GLUT4 undergoes spatial translocation to the plasma mem-
brane from the cytoplasm upon insulin activation, which may
promote glucose uptake. Inhibition of actin polymerization by
molecular approaches attenuates the intracellular trafficking of
GLUT4 during insulin activation (30). In addition, Rac may
promote adherens junction assembly by binding to IQ motif
containing GTPase activating protein (a scaffold protein),
which enhances the linkage of actin filaments to �-catenin (33),
and by promoting actin polymerization (8, 37, 39). Further-
more, actin polymerization regulates Raf-1 translocation in
smooth muscle cells (20).

In this study, treatment with latrunculin A attenuated the
agonist-induced association of �-catenin with N-cadherin.
Exposure to jasplakinolide enhanced the interaction of �-
catenin with N-cadherin. Furthermore, treatment with the
myosin II inhibitor blebbistatin did not affect protein-protein
interaction. In vitro biochemical studies have shown that bleb-
bistatin is less effective on turkey smooth muscle myosin than it

is on cytoplasmic myosin (40). Moreover, there is evidence that
treatment with 10 –30 �M blebbistatin effectively inhibits the
contraction of smooth muscle tissues (41, 42). Therefore, it is
likely that actin polymerization, not tension, is necessary for the
translocation of �-catenin and the recruitment of �-catenin to
N-cadherin. It is possible that actin polymerization may create
a local environment to allow �-catenin to have better access to
the cytoplasmic domain of N-cadherin (13, 30, 43).

Actin polymerization may facilitate force development by
enhancing the linkage of actin filaments to integrins and
strengthening the transmission of mechanical force between
the contractile unit and the extracellular matrix (5, 8, 44, 45).
In addition, actin filament assembly may also increase the
numbers of contractile units and the length of actin fila-
ments, providing more and efficient contractile elements for
force development (46). In this study, we discovered that
actin polymerization also promotes the recruitment of
�-catenin to N-cadherin, which may facilitate cell-to-cell
force transmission.

�-Catenin has also been implicated in regulating the TGF-�-
regulated gene expression in airway smooth muscle cells (47).
TGF-� was not present under our experimental conditions,
and, therefore, the effects of �-catenin knockdown or mutant
expression on TGF-�-regulated gene expression was minimal
in these cells/tissues. However, it is possible that �-catenin
knockdown or mutant expression might affect other cellular
processes in smooth muscle cells/tissues. Future studies are
needed to investigate the possibility.

Microtubules may regulate the movement of intracellular
vesicles and molecules in neurons (32). In addition, the micro-
tubule-associated protein dynein binds to �-catenin and may
tether microtubules to adherens junctions (48). In this study,
disruption of microtubules did not affect the coupling of
�-catenin with N-cadherin. The results suggest that microtu-
bules are not required for the recruitment of �-catenin to
N-cadherin.

We unveiled a novel mechanism that is necessary for smooth
muscle contraction. In response to contractile activation,
�-catenin is recruited to N-cadherin, which may promote the

FIGURE 8. Proposed mechanism for intercellular force transmission. In
addition to myosin activation, contractile agonists induce actin polymeriza-
tion, which promotes the recruitment of �-catenin to N-cadherin. The
increase in protein-protein interaction may enhance linkage of actin fila-
ments to adherens junctions and promote intercellular force transmission
and smooth muscle contraction. C, C terminus; N, N terminus; Linkers, linker
proteins such as �-catenin, vinculin, and VASP.
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intercellular transmission of contractile force. In addition, the
recruitment of �-catenin to N-cadherin in smooth muscle is
regulated by actin polymerization upon contractile activation
(Fig. 8).
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