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Transient receptor potential (TRP) channels are nonselective cation channels, several of which are expressed
in striated muscle. Because the scaffolding protein Homer 1 has been implicated in TRP channel regulation,
we hypothesized that Homer proteins play a significant role in skeletal muscle function. Mice lacking Homer
1 exhibited a myopathy characterized by decreased muscle fiber cross-sectional area and decreased skeletal
muscle force generation. Homer 1 knockout myotubes displayed increased basal current density and sponta-
neous cation influx. This spontaneous cation influx in Homer 1 knockout myotubes was blocked by reexpres-
sion of Homer 1b, but not Homer 1a, and by gene silencing of TRPC1. Moreover, diminished Homer 1
expression in mouse models of Duchenne’s muscular dystrophy suggests that loss of Homer 1 scaffolding of
TRP channels may contribute to the increased stretch-activated channel activity observed in mdx myofibers.
These findings provide direct evidence that Homer 1 functions as an important scaffold for TRP channels and
regulates mechanotransduction in skeletal muscle.

Mechanosensitive ion channels through their interactions
with cytoskeletal proteins link mechanical stimuli such as
stretch and changes in osmolarity with signaling pathways. In
this way, stretch-activated channel activity is governed by the
mechanical properties of the plasma membrane that are estab-
lished by the underlying cytoskeleton (8). As mechanical forces
reach the cytoskeleton, channel activity is increased, setting in
motion a series of biochemical events that provide an adaptive
response to mechanical stimulation. Increased transient recep-
tor potential (TRP) channel activity has long been associated
with pathological features of muscle dystrophy, where a muta-
tion in a dystrophin results in altered membrane integrity and
increased stretch-activated channel activity (16, 37).

Homer proteins are a family of multifaceted scaffolding pro-
teins that enhance signaling efficiency by linking transmem-
brane proteins with signaling complexes. For example, Homer
proteins bind to metabotropic glutamate receptors, clustering
them to the postsynaptic density and modulating the excitatory
actions of glutamate (1, 34). All Homer proteins share a highly
conserved Ena/vasodilator-stimulated phosphoprotein homol-
ogy 1 (EVH1) domain at their amino termini that allows bind-
ing to proline-rich motifs on Homer ligands, which include
metabotropic glutamate receptors, inositol 1,4,5-triphosphate
receptors (IP3Rs), and several members of the TRP channel
family (23, 35, 43). Constitutively expressed Homer isoforms

such as Homer 1b and 1c, in addition to containing an amino-
terminal EVH1 domain, also contain a C-terminal coiled-coil
domain, allowing Homer proteins to self-multimerize (15).
Homer 1a, which was identified as an immediate-early gene,
lacks a C-terminal coiled-coil domain and is postulated to
function as a dominant negative isoform (10). The different
isoforms of Homer genes including the immediate-early gene
isoforms are the result of alternative splicing (5).

Recent work has shown that Homer 1 interacts with several
members of the TRPC family of TRP channels and mediates
the formation of a large macromolecular complex involving
IP3R and TRPC channels (43). Mutations of the Homer bind-
ing site of TRPC1 or coexpression of Homer 1a and TRPC1 in
cells results in increased TRPC1 channel activity. Pancreatic
acinar cells lacking Homer 1 exhibit abnormal calcium entry,
with a 2.5-fold increase in spontaneous calcium influx com-
pared to cells from wild-type mice (43). In addition, a mutation
in the Drosophila Homer locus leads to abnormal motor activ-
ity and coordination (7).

Homer proteins are expressed in skeletal muscle and local-
ize to the Z-disk/costamere complex (26). Homer protein ex-
pression is highly regulated in skeletal muscle, as indicated by
expression profiling studies using models of muscle regenera-
tion and mechanical overload (4, 28). As to the function of
Homer in muscle, several studies have focused on the interac-
tion of Homer with either the IP3R or ryanodine receptor in
skeletal muscle (26, 38). Recently, our group observed that
Homer is expressed as part of the myogenic differentiation
program, the function of which is to enhance muscle differen-
tiation through modulation of calcium-dependent gene expres-
sion (31). Homer enhances calcium signaling via the cal-
cineurin/NFAT (nuclear factor of activated T cells) pathway,
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resulting in greater activation of a muscle-specific transcrip-
tional program.

To determine the function of Homer in adult muscle, we
examined the histological and functional properties of skeletal
muscle from Homer 1 knockout (KO) mice. The generation of
Homer 1 KO mice has been described by Yuan et al. (43).
These mice have previously been shown to display complex
behavioral abnormalities and impaired urinary bladder func-
tion (18, 32). Here, we show that mice lacking Homer 1 exhibit
a myopathy characterized by decreased fiber cross-sectional
area and skeletal muscle force generation. Loss of Homer 1 in
primary myotubes resulted in increased basal current density,
increased basal cytosolic [Ca�2], and spontaneous cation influx
consistent with abnormal TRP channel activation. This spon-
taneous cation influx in Homer 1 KO myotubes was blocked by
reexpression of the coiled-coil Homer isoform, Homer 1b, and
by gene silencing of TRPC1. Skeletal muscle from Homer 1
KO mice shows upregulation of calpastatin and sarcoplasmic
reticulum Ca2� ATPase 1 (SERCA1) protein expression, in-
dicating that excessive calcium influx contributes to the myop-
athy of these mice.

MATERIALS AND METHODS

Measurement of skeletal muscle contractility. Measurement of the contrac-
tility of extensor digitorum longus (EDL) muscles from Homer 1 KO mice and
wild-type (WT) littermates was performed using an established protocol (9).
Homer 1 KO and control mice were anesthetized and euthanized, after which
intact EDL muscles were removed and placed in Kreb’s buffer (pH 7.4). The
intact whole muscles were placed in a 30-ml chamber between platinum stimu-
lating electrodes and bathed in Kreb’s buffer, which was continuously aerated
with 95% O2. The muscles were then attached to an isometric force transducer
and stretched to a length that produced the maximum tetanic force with field
stimulation. The force transducer measurements were recorded and analyzed on
a computer using Polyview software (Astro-Med, West Warwick, RI). Muscles
were subjected to multiple frequencies of stimulation of 500-ms duration be-
tween 1 and 140 Hz to produce the force-frequency relationship and determine
the maximal tetanic force. Unless otherwise specified, forces shown are normal-
ized to the muscle cross-sectional area (N/cm2).

Primary culture of Homer 1 KO and WT myotubes. Skeletal muscle was
obtained from the hind limbs of euthanized neonates derived from the mating of
breeding pairs heterozygous for loss of the Homer 1 allele. Tail clips were
obtained simultaneously for genotyping of Homer 1 �/�, �/�, and �/� neo-
nates obtained from these matings. Skeletal muscle from neonates was digested
in trypsin for 30 min, followed by the addition of soybean trypsin inhibitor and
type VII collagenase (Sigma) for an additional 30 min. Digested muscles were
pelleted by centrifugation, resuspended, and preplated on plastic culture plates
for 2 h for removal of fibroblasts. Cells were then plated on fibronectin (Roche)-
coated tissue culture plates. After proliferation in Dulbecco’s modified Eagle’s
medium containing 20% fetal bovine serum, myoblasts were then allowed to
differentiate into myotubes in low-serum medium (Dulbecco’s modified Eagle’s
medium with 2% horse serum). Unless otherwise specified, measurements of
calcium transients and transverse mechanical properties were performed on day
5 myotubes, i.e., myotubes that were allowed to differentiate for 5 days in
low-serum medium.

AFM. The transverse mechanical properties of primary myotubes were mea-
sured using a Bioscope atomic force microscopy (AFM) probe mounted on an
inverted microscope as described previously (6). AFM uses a cantilever arm that
comes in contact with the cell to induce cellular deformations. The force applied
was calculated from Hooke’s law and is the product of the spring constant, k, and
the deflection of the cantilever, d. The equal and opposing force with which the
myotube resists was estimated by using the Hertz model. From this known force,
the apparent elastic modulus can be calculated. Myotube stiffness is inversely
proportional to the amount of deformation as expected from the spring equation
(Hooke’s law): that is, for a given force applied to the myotube surface, the
greater the resultant deformation, the less stiff the myotube and the lower the
transverse apparent elastic modulus. The elastic properties are defined as an
apparent elastic modulus because there are viscous contributions within the

cellular response and nonlinear elastic behavior that is not apparent from the
deformations studied (6).

Calcium imaging. Primary myoblasts were grown and allowed to differentiate
into myotubes on glass-bottom plates (Mattek) and subsequently loaded with 10
�M fura 2-AM (fura-2-acetoxymethyl ester; Molecular Probes, Eugene, OR) for
30 min for measurements of calcium transients in response to agonists. Fura-2-
AM-loaded cells were illuminated by alternating 340/380-nm light delivered
every 300 ms by a DG-4 argon exciter (Sutter Instruments, Novato, CA) under
the control of MetaFluor software, and fluorescence images were captured at an
emission of 510 nm with a Photometrics Cool SNAP HQ charge-coupled device
camera (Roper Scientific, Tucson, AZ) based on a Nikon TE2000 fluorescent
microscope. Measurements of cytosolic calcium concentration were performed
using the method described by Grynkiewicz et. al (12).

Whole-cell patch clamp recordings. Patch clamp experiments were performed
to record currents in the whole-cell mode with pipettes filled with a low-chloride
pipette solution containing 120 mM cesium aspartate, 10 mM CsCl, 1 mM
MgCl2, 10 mM HEPES, 5 mM EGTA, pH 7.2 (with CsOH), and 295 mosM (with
D-mannitol). The extracellular bath included a low-chloride and potassium so-
lution containing 130 mM sodium aspartate, 6 mM NaCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4 (with NaOH), and 305 mosM
(with D-mannitol). Potassium channel activity was blocked by replacing potas-
sium with cesium in the solutions. L-type Ca2� channel activity was blocked by
10 �M verapamil in external solution. The voltage-dependent sodium channel
was inactivated by the stimulation protocol, and chloride current was inhibited by
a reduced and equal chloride ion concentration in the external and internal
solution, or 1 mM anthracene-9-carboxylic acid in the external solution. The
osmolarity of each solution was verified with a freezing-point osmometer (Ad-
vanced Instruments). Voltage across the cell-attached membrane patch was
controlled, and currents were recorded using an Axonpatch-200A amplifier with
Digidata 1200 interface and analyzed with pCLAMP software. Currents were
induced by 200-ms voltage ramp protocols (1 mV/ms, from 100 mV to �100
mV), at a holding potential of �60 mV. Experiments were performed at room
temperature with a sample rate of 4 kHz (filter, 2 kHz). GsMTx4, a spider venom
peptide, was used in certain experiments as an inhibitor of mechanosensitive
channels (Peptides International, Louisville, KY).

Western blotting, coimmunoprecipitation, immunohistochemistry, and re-
verse transcription-PCR (RT-PCR). Dissected muscles from euthanized mice
were homogenized using a glass mortar and pestle in either 1% Triton lysis buffer
containing 1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8, and protease
inhibitor (Complete Mini; Roche, Mannheim, Germany) or lysis buffer contain-
ing 50 mM Tris, pH 7.6, 500 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5%
deoxycholate, 1% Triton X-100, and protease inhibitor. Protein concentrations
were measured by the Bradford assay for equal loading and subsequent analysis
by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting. Pro-
tein transfer was confirmed by Ponceau staining, and equal loading was con-
firmed by immunoblotting for �-tubulin (Santa Cruz Biotechnology, Santa Cruz,
CA). In coimmunoprecipitation assays, muscles were homogenized in 1% Triton
X-100 lysis buffer as above. A rat pan-Homer antibody (Ab) and protein G-
Sepharose (Amersham Biosciences, Uppsala, Sweden) were used for immuno-
precipitation, followed by SDS-PAGE and immunoblotting for TRPC1. For
immunofluorescence studies, muscles were frozen in 22-oxyacalcitriol and then
cryo-sectioned. Homer immunoblotting, immunoprecipitation, and immunoflu-
orescence studies were performed using a rat pan-Homer Ab that recognizes all
Homer isoforms (Chemicon, Temecula, CA). Rabbit anti-�-actinin Ab used in
immunofluorescence studies was obtained from Sigma (St. Louis, MO), and
mouse anti-SERCA1 Ab was obtained from Affinity Bioreagents (Golden, CO).
TRPC1 Ab was generated with the assistance of Larial Proteomics (Ontario,
Canada) using the carboxy-terminal 20 amino acids of TRPC1 (GFRTSKYAM
FYPKNC). Validation of this antibody is available at www.larial.com.

Cloning of Homer 1 isoforms and TRPC1 gene silencing. PCR primers were
used to amplify the open reading frames of Homer 1a and Homer 1b from adult
mouse skeletal muscle as described by Sandona et al. (27). PCR products for
Homer 1a and Homer 1b were then subcloned into the PCI-Neo vector (Pro-
mega) using the EcoRI restriction site, and the correct orientation was confirmed
by sequencing. DNA templates for the synthesis of silencing RNA were cloned
into an expression plasmid for subsequent transfection. The selection of the
coding sequence for targeting TRPC1 mRNA was done by using the small
interfering RNA target finder and design tool from Ambion. The potential target
sequence was subjected to a BLAST search against mouse expressed sequence tag
libraries to ensure specificity of the target. The oligonucleotide sequences were the
following: SIL A construct, 5�-GATCCCCCATAAATTGCGTAGATGTGTTCAA
GAGACACATCTACGCAATTTATGTTTTTGGAAA-3� (sense) and 3�-GGGG
TATTTAACGCATCTACACAAGTTCTCTGTGTAGATGCGTTAAATACAA
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AAACCTTTTCGA-5� (antisense); SIL B construct, 5�-GATCCCCGGGTGACTA
TTATATGGTTTTCAAGAGAAACCATATAATAGTCACCCTTTTTGGAA
A-3� (sense) and 3�-GGGCCCACTGATAATATACCAAAAGTTCTCTTTGGT
ATATTATCAGTGGGAAAAACCTTTTCGA-5� (antisense); SIL C construct
(noneffective), 5�-GATCCCCAGCAACGACACCTTCCACTTTCAAGAGAAG
TGGAAGGTGTCGTTGCTTTTTTGGAAA-3� (sense) and 3�-GGGTCGTTGC
TGTGGAAGGTGAAAGTTCTCTTCACCTTCCACAGCAACGAAAAAACC
TTTTCGA-5� (antisense). Primary myocytes were transfected with empty vector
expressing yellow fluorescent protein (YFP) and either TRPC1 silencing plasmids or
scrambled control plasmids using Fugene reagent (Roche). YFP-positive cells were
studied 5 days posttransfection.

Statistics. Data are presented as means � standard errors of the means. An
unpaired Student’s t test was used for comparison between two groups, and
analysis of variance with Tukey-Kramer’s test was used for comparison among
groups. Values of P of �0.05 were considered significant.

RESULTS

Spatial distribution of Homer in skeletal muscle. Homer
proteins are expressed in a variety of tissues including skeletal
muscle, where there is expression of both Homer 1 and Homer
2 isoforms (27, 28). Homer proteins are often localized into
specialized regions of a cell, e.g., the postsynaptic density (14,
34). Using immunohistochemical localization of Homer pro-
teins in adult skeletal muscle, we found that Homer localizes in
a repetitive band pattern that overlaps with staining for �-ac-
tinin, supporting previous observations that Homer localizes to
the Z-disk (Fig. 1A to C) (26). The Z-disk forms the lateral
boundary of the sarcomere, anchors actin thin filaments, and
plays an essential role in the lateral transmission of force gen-
erated by actin-myosin cross-bridging (3, 8).

Histologic sections and protein lysates taken from mice lack-
ing Homer 1 demonstrate minimal expression of Homer even
with a pan-Homer Ab that recognizes all Homer isoforms,
confirming that Homer 1 isoforms are the predominant iso-
forms in skeletal muscle (Fig. 1E and F). However, a small
quantity of Homer protein was detected in the lysates from
slow-twitch muscle (soleus) (Fig. 1F). These results are con-
sistent with previous studies that indicate that coiled-coil
Homer 1 isoforms are the predominant isoforms in skeletal
muscle and that residual Homer expression in slow-twitch mus-
cle represents Homer 2, which we previously have shown is
preferentially expressed in slow-twitch muscle (28, 31). RT-
PCR was performed using primers and conditions described by
Sandona et al. for amplification of coiled-coil Homer 1 iso-
forms (27). RT-PCR using cDNA prepared from plantaris
muscle resulted in amplification of two distinct bands of the
predicted size, corresponding to Homer 1b and Homer 1c (Fig.
1G, H1b and H1c, respectively), which differed in size by about
30 bp. The identity of the amplified products was later con-
firmed by direct sequencing.

Since several muscular dystrophies result from mutations in
proteins residing in the Z-disk/costamere, we were interested
to understand if muscles from Homer 1 KO mice displayed
features of muscle damage consistent with myopathy (2). To
determine whether myopathic changes exist in Homer KO
mice, we performed immunostaining for dystrophin in frozen
sections of skeletal muscle from Homer 1 KO mice and WT
littermates at 8 weeks of age. We observed no changes in
dystrophin staining, suggesting the preservation of plasma
membrane integrity (Fig. 1H). We also saw no significant dif-
ference in the frequencies of central nucleation, a marker of

myofiber degeneration/regeneration, between Homer 1 KO
mice and WT littermates (1.1% � 0.4% for Homer 1 KO
versus 0.6% � 0.2% for WT mice; data are the mean �
standard error [SE]; P � 0.26). However, automated analysis
of the fiber cross-sectional area with Metamorph software
(Molecular Devices, Sunnyvale, CA) did detect a significant
difference in the cross-sectional area of myofibers from mus-
cles of Homer 1 KO mice compared with WT littermates (Fig.
1I). The fiber cross-sectional area was 42.1 	 102 � 80 �m2 in
Homer 1 KO mice versus 53.6 	 102 � 65 �m2 in WT litter-
mate controls (mean � SE; P � 0.05). The distribution of
muscle fiber cross-sectional areas was as shown in Fig. 1J.

Homer 1 KO mice exhibit decreased skeletal muscle con-
tractility. Homer 1 KO mice were previously noted to show
complex alterations in learning and behavior as well as an
increased predilection to cocaine addiction. Behavioral testing
revealed a variety of deficits in motor performance including
grip strength, rotorod performance, nest building, and vertical
activity (32). Although previous reports implicated loss of
Homer in defects in motor control in Drosophila and in grip
strength in mice, few details were available on how Homer
influenced muscle performance (7, 32). Consistent with these
reports, forced treadmill testing of Homer 1 KO mice and WT
littermates revealed that Homer 1 KO mice exhibited a de-
crease in maximal running speed compared to WT littermates
(data not shown). These results indicate a motor defect, but
they cannot be used to distinguish a neuronal defect from an
intrinsic muscle defect. To determine whether the altered mus-
cle performance was an intrinsic defect in muscle, we isolated
EDL muscle to measure contractile force and force-frequency
relationships for Homer 1 KO and WT mice. Homer 1 KO
mice displayed a delayed relaxation phase and marked reduc-
tions in both twitch and tetanic force production (Fig. 2) (P �
0.05). Forces generated over a range of stimulation frequencies
(1 to 140 Hz) were significantly reduced in Homer 1 KO
muscle compared to WT controls even after normalization to
muscle cross-sectional area, indicating a primary defect in con-
tractility. Interestingly, there was no significant difference in
the frequency at which maximum force was obtained (i.e., a
shift in the relative force-frequency curve, in which force at a
given frequency is normalized to maximal force obtained) to
suggest a defect in excitation-contraction (EC) coupling in
Homer 1 KO mice (Fig. 2B). These results indicate a primary
defect in contractility, independent of EC coupling (9).

A potential explanation for the reduction in contractile force
is the possibility that loss of Homer 1 results in denervation.
Homer proteins localize to the postsynaptic density of neurons
and could be theorized to play a role in the formation of the
neuromuscular junction and activation of acetylcholine recep-
tor signaling. We addressed this possibility by measuring bun-
garotoxin staining of the motor endplate of skeletal muscle
from Homer 1 KO mice and their WT littermates. We ob-
served no significant difference in the presence or numbers of
motor endplates between Homer 1 KO muscle and controls,
arguing against a myasthenic phenotype as the cause of the
force generation defect (for Homer 1 KO, 31 � 5 [n � 8]
versus 25 � 4 [n � 7] endplates/cross section for WT; P �
0.40).

Abnormal current density in Homer 1 KO myotubes. We
observed no significant difference in resting membrane poten-
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FIG. 1. Homer 1 colocalizes with alpha-actinin at the Z-disk. (A) Immunostaining of alpha-actinin in adult WT plantaris muscle. (B) Immu-
nostaining of adult WT plantaris muscle using a pan-Homer Ab. (C) Merged image of panels A and B shows that Homer proteins and alpha-actinin
colocalize. (D) Immunostaining of alpha-actinin in Homer 1 KO skeletal muscle. (E) Immunostaining of Homer 1 KO skeletal muscle using a
pan-Homer Ab. (F) Western blotting using a pan-Homer Ab shows Homer expression in predominantly fast-twitch (plantaris) and predominantly
slow-twitch (soleus) skeletal muscles from WT and Homer 1 KO mice. Non-Homer 1 isoforms are expressed in soleus muscle. (G) RT-PCR of
cDNA generated from plantaris muscle shows the expression of coiled-coil Homer 1 isoforms, Homer 1b and Homer 1c, in adult mouse skeletal
muscle. (H) DAPI (4�,6�-diamidino-2-phenylindole [blue]) and dystrophin (red) immunostaining of WT and Homer 1 KO mouse muscle.
(I) Cross-sectional area of myofibers from muscles of Homer 1 KO (H1KO) mice (n � 1247) compared with WT littermates (n � 1343). Fiber
cross-sectional area was 42.1 	 102 � 80 �m2 in Homer 1 KO mice versus 53.6 	 102 � 65 �m2 in WT littermate controls (mean � SE; P � 0.05).
(J) Distribution of muscle fiber cross-sectional areas from WT (blue) and Homer 1 KO mice (red).
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tial or L-type current between Homer 1 KO myotubes and
control myotubes from WT littermates (not shown). As Homer
proteins have been reported to interact with multiple TRP
channels, we hypothesized that loss of Homer 1 would result in
alterations in the electrophysiological properties of myotubes
consistent with increased TRP channel activity. We then de-
signed whole-cell patch-clamp experiments to test this hypoth-
esis. With a holding potential of �60 mV and an inverted ramp
protocol from �100 to �100 mV, we recorded an increase in
outwardly rectifying current in Homer 1 KO myotubes com-
pared to control myotubes isolated from WT littermates (Fig.
3A and B). Treatment with GsMTx4 peptide, a component of
tarantula toxin and an inhibitor of stretch-activated channels
(42), blocked the increased current seen in Homer 1 KO myo-
tubes (Fig. 3C and D). Thus, our data confirm that the in-
creased current seen in Homer 1 KO myotubes is due to
dysregulation of mechanosensitive channels. The increased
outwardly rectifying current strongly suggested a TRP current
as the pipette and bath solution were configured to minimize
voltage-gated calcium, sodium and potassium currents (see
Materials and Methods).

The effect of loss of Homer on calcium signaling. As stated
previously, measurements of the relative force-frequency rela-

tionship in Homer 1 KO mice and controls did not suggest a
defect in EC coupling. In addition, we observed no differences
in the amount of ryanodine receptor expression on a protein
level or in the Ca2� dependence of [3H]ryanodine binding as a
measurement of receptor activity in isolated microsomes be-
tween Homer 1 KO mice and WT controls (not shown). Thus,
although reports have suggested that Homer proteins regulate
that gating of the ryanodine receptor, we saw no obvious de-
fects in EC coupling in the Homer 1 KO mice (11, 19, 38, 39).

Measurements of calcium transients showed no difference in
the response to stimulation with KCl (30 mM) or carbachol
(100 �M). We also observed no difference in calcium influx
after store depletion in Homer 1 KO myotubes compared to
WT controls (data not shown). However, at early time points
of myotube development, markedly abnormal calcium tran-
sients were seen in Homer KO myotubes stimulated with caf-
feine (15 mM). The disorganized calcium transients induced by
caffeine were dependent on the presence of extracellular cal-
cium, implicating disordered calcium entry into myotubes as
opposed to a defect in the release of internal stores (see Vid-
eos S1 and S2 in the supplemental material). Consistent with
this observation, we did see a significant increase in spontane-
ous barium influx, a surrogate measure of calcium influx, in

FIG. 2. Loss of Homer 1 results in decreased skeletal muscle contractility. (A) Representative tracings of twitch force generated by WT (blue)
and Homer 1 KO (red) skeletal muscle display a delayed relaxation phase and a marked reduction in twitch force in Homer 1 KO muscle. (B) Force
production was reduced over a range of stimulation frequencies (1 to 140 Hz), indicating a primary defect in contractility (n � 5, WT and KO).
No significant difference was observed in the frequency at which maximum force was obtained (i.e., shift in the relative force-frequency curve) to
suggest a defect in EC coupling in Homer 1 KO mice. (C) Homer 1 KO muscle exhibits significant decreases in both maximum twitch and tetanic
force (P � 0.05). Force measurements shown are normalized to muscle cross-sectional area.
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Homer 1 KO myotubes that was absent in WT controls (Fig.
4A). Rates of spontaneous barium influx were measured in the
presence of verapamil, an L-type calcium channel blocker,
excluding the possibility that this cation influx occurred
through voltage-gated calcium channels.

To determine if the spontaneous cation influx we observed
in KO myotubes was directly related to loss of coiled-coil
Homer 1 isoforms, KO myotubes were transfected with either
the coiled-coil isoform, Homer 1b, or Homer 1a, which lacks
the coiled-coil domain and is unable to form multimers. Tran-
sient reexpression of Homer 1b but not Homer 1a rescued the
phenotype in Homer 1 KO myotubes. Expression of Homer 1b
in the Homer 1 KO background (n � 44) significantly blocked
the spontaneous cation influx that was observed in KO myo-
tubes (n � 10), whereas expression of Homer 1a had no sig-
nificant effect (n � 46) (Fig. 4B). The average slope of spon-
taneous cation influx was (1.21 � 0.02) 	 10�2 arbitrary units/s
in Homer 1 KO myotubes transfected with control vector ver-
sus (1.01 � 0.01) 	 10�2 arbitrary units/s in Homer 1 KO
myotubes transfected with Homer 1b (P � 0.001). These find-
ings suggested that self-multimerization of Homer 1 proteins
through their coiled-coil domains was important for regulation
of calcium influx.

Given the alterations in current density we observed in the
experiment shown in Fig. 3, we felt that the spontaneous cation
influx we observed in Homer 1 KO myotubes was likely due to
dysregulation of a mechanosensitive TRP channel. We per-
formed gene silencing of TRPC1 to test this hypothesis.
Homer 1 KO myotubes were transfected with either a control
short hairpin RNA (shRNA) construct (n � 22), a shRNA
construct for silencing of TRPC1 (SIL A, n � 24; SIL B, n �

28), or a noneffective shRNA construct designed against
TRPC1 (SIL C; n � 40). Homer 1 KO myotubes transfected
with either one of the two shRNA constructs for silencing of
TRPC1 (SIL A or SIL B) showed significant inhibition of
spontaneous cation influx, closely approximating the response
of WT myotubes. The average slope of spontaneous cation
influx was (1.33 � 0.07) 	 10�2 arbitrary units/s in Homer 1
KO myotubes transfected with control shRNA vector versus
(1.01 � 0.002) 	 10�2 in Homer 1 KO myotubes transfected
with SIL A and 1.03 � 0.004 	 10�2 in Homer 1 KO myotubes
transfected with SIL B (P � 0.001 for SIL A and SIL B versus
control). Both of two control (scrambled) shRNA constructs
had no effect on the spontaneous cation influx observed in
Homer 1 KO myotubes. Additionally, a noneffective silencing
construct designed against TRPC1 had no effect on spontane-
ous cation influx in Homer 1 KO myotubes and served as an
important additional control (SIL C). Knockdown of TRPC1
expression with silencing constructs (SIL A and B) was con-
firmed on a protein level in myocytes after adenoviral infection
(Fig. 4D).

Spontaneous calcium influx through TRP channels is likely
to be responsible for the increase in basal cytosolic calcium we
observed in Homer 1 KO myotubes compared to controls (287
nM versus 118 nM, P � 0.05) (Fig. 4E). Interestingly a similar
abnormality in calcium influx through TRP channels and in-
crease in basal cytosolic calcium have been described in mdx
myotubes lacking dystrophin (17). Integrity of the Z-disk/cos-
tamere complex is a key determinant of the mechanical prop-
erties of the developing myotube. Previous work has shown
that myotube stiffness is dependent on the integrity of cytoskel-
etal proteins that are targets of calpains, calcium-dependent

FIG. 3. Membrane current of Homer 1 knockout (H1KO) versus WT day 5 myotubes. (A) Current density-voltage (I-V) relationships of
whole-cell current of Homer 1 KO (H1KO; red) versus WT (blue) myotubes. Currents were induced by 200-ms voltage ramp protocols (1 mV/ms,
from 100 mV to �100 mV) with a holding potential of �60 mV. Currents were normalized to membrane capacitance and shown in averaged traces.
Vertical bars represent the standard error of the mean. (B) Group mean current amplitudes of WT (blue; n � 9) versus H1KO (red; n � 11) at
�80 mV (downward) and �80 mV (upward) (**, P � 0.01). (C) Effect of tarantula toxin (5 �M GsMTx-4) on membrane current of KO myotubes.
GsMTx-4 (green) inhibited membrane current at both positive and negative membrane potentials. (D) Group mean values of Homer 1 KO control
(red) versus GsMTx-4 (green) at �80 mV (downward) and �80 mV (upward) (*, P � 0.05, n � 5).
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proteases (33, 44). In these previous reports, increased calpain
activity was associated with deceased myotube stiffness as mea-
sured by the transverse apparent elastic modulus. Because we
observed that Homer 1 KO mice showed evidence of abnormal
calcium influx, which would be expected to result in increased
calpain activity, we hypothesized that loss of Homer would

lead to alterations of the mechanical properties of myotubes.
We isolated primary myotubes from Homer 1 KO mice and
their WT littermates and allowed them to differentiate into
myotubes for 5 days in low-serum differentiation medium; we
then measured membrane stiffness using AFM. Homer 1 KO
myotubes had a significant decrease in membrane stiffness, as

FIG. 4. Homer 1 KO myotubes exhibit abnormal TRP channel activation. (A) Homer 1 KO and WT myotubes were placed in a zero calcium
solution in the presence of verapamil, followed by the readdition of 2 mM barium. Spontaneous barium influx was seen in Homer 1 KO myotubes
(red) but not in controls (blue). (B) Homer 1 KO myotubes were transfected with empty vector expressing YFP alone (H1KO; n � 10) or along
with an expression vector for either Homer 1a (H1a; n � 46) or Homer 1b (H1b; n � 44). Reexpression of Homer 1b (black trace) significantly
inhibited the spontaneous cation influx observed in Homer 1 KO myotubes, while reexpression of Homer 1a (green trace) had no effect. (C) Homer
1 KO myotubes were transfected with either a control shRNA construct (H1KO; n � 22), an shRNA construct for silencing of TRPC1 (SIL A [n �
24] or SIL B [n � 28]), or a noneffective shRNA construct designed against TRPC1 (SIL C; n � 40). Silencing of TRPC1 (blue trace, SIL A; black
trace, SIL B) significantly inhibited the spontaneous cation influx observed in Homer 1 KO myotubes. Marked spontaneous cation influx was still
observed in Homer 1 KO myotubes transfected with a control shRNA construct (red trace) or a noneffective TRPC1 shRNA construct (green
trace). (D) Knockdown of TRPC1 expression in myocytes with silencing constructs (SIL A and SIL B) was confirmed on a protein level by Western
blotting after adenoviral infection. (E) Bar graph showing increased basal cytosolic calcium concentration in Homer 1 KO myotubes (n � 28)
compared with controls (n � 16). (F) Primary skeletal myocytes were isolated from Homer 1 KO neonates and their WT littermate controls and
allowed to differentiate into myotubes. After 5 days of differentiation, myotube stiffness was measured using AFM (n � 25 for WT and KO). Homer
1 KO myotubes exhibited a significant decrease in stiffness as expressed by the apparent elastic modulus. CTL, control.
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exhibited by a decrease in their apparent elastic modulus, com-
pared to WT myotubes (Fig. 4F) (P � 0.05). This decrease in
membrane stiffness is consistent with a defect in the integrity of
the Z-disk/costamere complex due to increased TRP current
and excessive calpain activity.

Homer 1 and TRPC1 localization in skeletal muscle. A
direct interaction between Homer 1 and TRPC1 has been
previously described and is dependent on the N-terminal
EVH1 domain of Homer 1 isoforms and interaction sites on
both the N and C termini of TRPC1 (43), but this interaction
has not been confirmed in skeletal muscle. Because our results

showed a functional interaction (Fig. 4), we investigated the
spatial expression patterns of Homer 1 proteins and TRPC1 in
skeletal muscle. Immunostaining for Homer 1 isoforms in
adult skeletal muscle revealed Homer 1 expression along the
entire length of the Z-disk/costamere while TRPC1 expression
was localized to the costamere and sarcolemma (Fig. 5A to E).
Although Homer and TRPC1 showed distinct spatial expres-
sion patterns, there was significant colocalization at the cos-
tamere (Fig. 5C). Importantly, we observed no significant dif-
ference in the spatial expression pattern of TRPC1 in Homer
1 KO adult skeletal muscle compared with adult WT skeletal
muscle (Fig. 5B and E). We also observed no difference in the
surface expression of TRPC1 protein in cultured myotubes
derived from Homer 1 KO mice compared with those from
WT mice, either by immunostaining or by surface biotinylation
(data not shown). We then performed a coimmunoprecipita-
tion assay which confirmed an interaction between endogenous
Homer and TRPC1 protein in adult skeletal muscle (Fig. 5F).

Homer expression in mouse models of muscular dystrophy.
Abnormal calcium influx through TRP channels has been de-
scribed in skeletal muscle from patients with Duchenne’s mus-
cular dystrophy (DMD) and in mdx mice lacking dystrophin,
although the mechanism of TRP channel dysregulation in this
disease is uncertain (16, 37). We measured Homer protein
expression in tibialis anterior muscle from mdx mice as well as
in mdx and utrophin double KO mice (mdx/utr�/�) which lack
both dystrophin and utrophin and have a more severe myo-
pathic phenotype resembling DMD. We saw a significant de-
crease in Homer expression in muscles taken from both
mdx�/� and mdx/utr�/� mice, suggesting that loss of Homer
may contribute to the abnormal calcium influx through TRP
channels seen in DMD (Fig. 6C and D).

The calcium overload which results from abnormal TRP
channel activity is felt to contribute to the myopathic process in

FIG. 5. Partial colocalization and coimmunoprecipitation of
Homer and TRPC1 in adult skeletal muscle. (A) Immunostaining of
adult WT plantaris muscle using a pan-Homer Ab. (B) Immunostain-
ing of adult WT plantaris muscle for TRPC1. (C) Merged image of
panels A and B shows that Homer 1 proteins and TRPC1 show sig-
nificant colocalization at the costamere. (D) Immunostaining of
Homer 1 KO plantaris muscle using a pan-Homer Ab. (E) Immuno-
staining of Homer 1 KO skeletal muscle using a TRPC1 Ab. (F) Co-
immunoprecipitation of Homer and TRPC1 from a mouse gastrocne-
mius muscle protein lysate. Preimmune rat serum was used as a
negative control. A pan-Homer Ab was used for immunoprecipitation
(IP) of endogenous Homer protein, followed by SDS-PAGE and im-
munoblotting (IB) for TRPC1.

FIG. 6. (A) Western blotting showing expression of calpastatin and SERCA1 in WT and Homer 1 KO gastrocnemius muscle. (B) Bar graphs
summarizing expression data from Western blots in arbitrary units. (C) Western blots showing Homer protein and calpastatin expression in WT,
MDX�/�, and MDX/UTR�/� double KO mice. (D) Bar graphs summarizing expression data from the above Western blots in arbitrary units.
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DMD through the activation of calpains, a family of calcium-
activated proteases, resulting in excessive muscle protein deg-
radation (29, 30). Calpastatins are a family of endogenous
calpain inhibitors that are upregulated in response to the stress
of excessive calpain activity as part of a compensatory response
(30). We show an inverse relationship between Homer expression
and calpain activation. While Homer expression is downregulated
in mdx�/� and mdx/utr�/� models of muscular dystrophy, we
see a concomitant increase in calpastatin expression, consistent
with the increase in calpain activation described in these mod-
els (Fig. 6C and D). Furthermore, we see the same evidence of
increased calpain activation in the Homer 1 KO mice. Homer
1 KO mice exhibited a significant increase in calpastatin ex-
pression, closely mimicking the expression pattern seen in
mouse models of muscular dystrophy (Fig. 6A and B). We also
observed an increase in expression of SERCA1, consistent with
a compensatory response to increased cytosolic calcium.
Therefore, we conclude that abnormal influx of calcium
through TRP channels contributes to the myopathy observed
in the Homer 1 KO mice.

DISCUSSION

The principle finding of this study identifies Homer 1 as a
regulator of mechanosensitive TRP channels in skeletal mus-
cle. Skeletal muscle from mice lacking Homer 1 displays a
reduction in force generation over a range of stimulation fre-
quencies, reflecting increased muscle damage independent of a
defect in either motor nerve innervation or EC coupling. Myo-
tubes from Homer 1 KO cells display increased TRP channel
current and spontaneous calcium influx that results in a my-
opathy. Thus, these studies provide direct evidence that
Homer 1 defines a scaffolding protein within myotubes that is
essential for regulation of TRPC1, which has previously been
shown to be activated by mechanical stretch (24). In our model
(Fig. 7), coiled-coil Homer proteins (i.e., Homer 1b and 1c)
link TRPC1 channels to the Z-disk/costamere, where they are
poised to respond to stretch. In response to stretch, these
mechanosensitive TRP channels are activated, but in the ab-
sence of Homer, dysregulation of TRPC1 channels results in
spontaneous calcium influx, activation of calcium-dependent
proteolysis via calpains, and degradation of cytoskeletal ele-
ments resulting in a myopathy. Homer proteins have also been
shown to interact with the actin cytoskeleton which, in turn,
has been shown to regulate TRPC1 function (21, 36). As
TRPC channels have been noted to form heteromers, we can-
not rule out the possibility that other TRPC channels may be
involved in this process, but gene silencing of TRPC1 resulted
in nearly complete inhibition of the spontaneous cation influx
noted in Homer 1 KO myotubes. While Homer 1 isoforms
represent the predominant isoforms of both fast- and slow-
twitch muscle, slow-twitch muscle expresses both Homer 1 and
2 isoforms (Fig. 1F). We would therefore expect the dysregu-
lation of TRPC1 to be fiber type dependent.

We had previously observed that Homer is expressed as part
of the myogenic differentiation program and that overexpres-
sion of Homer 2b resulted in enhanced myotube differentiation
through its effects on calcineurin/NFAT activation (31). Im-
paired myogenic differentiation of Homer 1 KO myotubes may
have been expected based on these results. However, Homer 1

KO skeletal myocytes showed normal myotube formation and
no difference in the expression of myoglobin compared with
WT myotubes, the expression of which is dependent on cal-
cineurin/NFAT signaling (data not shown). The Homer 1 KO
mouse, therefore, appears to be a model of skeletal myopathy
rather than altered calcineurin signaling.

These data can be reconciled with our previous work based
on a model in which Homer participates in the formation of a
microdomain linking TRPC1 to the costamere, the site of
several signaling proteins including calcineurin. Coordinated
calcium influx through TRP channels, as occurs when Homer is
overexpressed, is necessary for enhanced calcineurin signaling.
We have shown increased TRP channel activity in Homer 1
KO myotubes. However, increased TRP channel activity alone
is not sufficient to enhance calcineurin activity when it occurs
in a dysregulated manner, as in the absence of Homer 1, where
we observe deleterious effects associated with spontaneous cal-
cium influx.

The Homer 1 KO mouse represents a novel model system
for studying a skeletal muscle myopathy due to the loss of a
scaffolding protein which links the contractile apparatus with
stretch-activated calcium signaling. This has important clinical
implications for understanding mechanotransduction in skele-
tal and cardiac muscle. Quite recently, dysregulation of TRP
channels has been associated with several human diseases and
disease models (13, 25, 37, 41). The present study reveals that
Homer 1 is localized to the Z-disk and that loss of Homer 1
results in a myopathy characterized by decreased contractile

FIG. 7. Model of the role of Homer proteins in the regulation of
mechanosensitive TRP channels. In the basal state, coiled-coil Homer
proteins (i.e., Homer 1b and 1c) link mechanosensitive TRP channels
to the Z-disk/costamere, where they are poised to respond to stretch.
In response to stretch, mechanosensitive TRP channels are activated,
resulting in activation of calcium-dependent signaling pathways. In the
absence of Homer (bottom), dysregulation of mechanosensitive TRP
channels results in spontaneous calcium influx, activation of calcium-
dependent proteolysis via calpains, and degradation of cytoskeletal
elements resulting in a myopathy.
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force and abnormal calcium influx through mechanosensitive
TRP channels. In addition to its role in anchoring actin thin
filaments, the Z-disk is important for lateral force transmission
as well as being the location for a variety of signaling mole-
cules. An emerging body of evidence suggests that the Z-disk/
costamere complex, with its strategic location, plays a critical
role in mechanotransduction, or the conversion of mechanical
forces into activation of signaling pathways. The critical func-
tion of this protein complex is further evidenced by the fact
that mutations or loss of several proteins in this complex are
associated with myopathies (8).

Homer expression was found to be decreased in mdx mice
and mdx/utr double KO mice. Previous work has shown in-
creased calcium influx through TRP channels in mouse models
of muscular dystrophy, resulting in deleterious consequences
due to calcium-dependent activation of calpains and subse-
quent breakdown of a variety of cytoskeletal and costameric
proteins (17, 22, 29, 40). The cause of the dysregulation of
TRP channels in muscular dystrophy remains unclear. One
hypothesis is that calcium influx through disruptions in the
sarcolemma results in activation of TRP channels. Another
hypothesis supported by recent work is that the loss of the
dystrophin-associated complex alters the mechanical proper-
ties of myofibers, leading to increased propensity for activation
of mechanosensitive TRP channels such as TRPC1 (20, 37).
The significant loss of Homer in mouse models of DMD may
contribute to the TRP channel dysregulation seen in these
models. Our data suggest that Homer may serve as a link
between mechanical stretch and activation of mechanosensi-
tive TRP channels. Stretch-activated channel blockade has in
fact been shown to decrease the degree of membrane damage
from eccentric contractions in mdx mouse muscle (42). Homer
proteins represent an important potential target in the treat-
ment of diseases characterized by abnormal mechanosensitive
channel activation.
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