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Contraction and insulin promote glucose uptake in skeletal
muscle through GLUT4 translocation to cell surface mem-
branes. Although the signaling mechanisms leading to GLUT4
translocation have been extensively studied in muscle, the cel-
lular transport machinery is poorly understood. Myo1c is an
actin-based motor protein implicated in GLUT4 translocation
in adipocytes; however, the expression profile and role of
Myo1c in skeletal muscle have not been investigated. Myo1c
protein abundance was higher in more oxidative skeletal mus-
cles and heart. Voluntary wheel exercise (4 weeks, 8.2 � 0.8
km/day), which increased the oxidative profile of the triceps
muscle, significantly increased Myo1c protein levels by �2-
fold versus sedentary controls. In contrast, high fat feeding (9
weeks, 60% fat) significantly reduced Myo1c by 17% in tibialis
anterior muscle. To study Myo1c regulation of glucose uptake,
we expressed wild-type Myo1c or Myo1c mutated at the
ATPase catalytic site (K111A-Myo1c) in mouse tibialis ante-
rior muscles in vivo and assessed glucose uptake in vivo in the
basal state, in response to 15 min of in situ contraction, and 15
min following maximal insulin injection (16.6 units/kg of body
weight). Expression of wild-type Myo1c or K111A-Myo1c had
no effect on basal glucose uptake. However, expression of
wild-type Myo1c significantly increased contraction- and
insulin-stimulated glucose uptake, whereas expression of
K111A-Myo1c decreased both contraction-stimulated and in-
sulin-stimulated glucose uptake. Neither wild-type nor
K111A-Myo1c expression altered GLUT4 expression, and nei-
ther affected contraction- or insulin-stimulated signaling pro-
teins. Myo1c is a novel mediator of both insulin-stimulated
and contraction-stimulated glucose uptake in skeletal muscle.

Glucose uptake in skeletal muscle provides energy for mus-
cle fibers and is also critical in the maintenance of whole body
glucose homeostasis. In people with type 2 diabetes, defects in
insulin-stimulated glucose uptake in skeletal muscle are a ma-
jor factor in impaired glucose homeostasis. Therefore, eluci-
dating the molecular mechanisms regulating glucose uptake
in muscle has been the focus of considerable research and
could eventually lead to the development of new treatments
for type 2 diabetes.
Contraction and insulin are the major physiological stimu-

lators of glucose uptake in muscle, and both stimuli increase
uptake by increasing the number of glucose transporter pro-
teins at the sarcolemma and transverse tubules (1–5). Glucose
transporter 4 (GLUT4) is the major glucose transporter pro-
tein expressed in skeletal muscle, and in the basal state, it is
contained in specialized intracellular vesicular structures. In-
sulin stimulates GLUT4 translocation in muscle via a distinct,
well characterized intracellular signaling cascade that includes
phosphorylation of the insulin receptor and insulin receptor
substrate-1/2 (IRS-1/2), activation of phosphatidylinositol
3-kinase (PI3-kinase), and phosphorylation of Akt (6). Al-
though the signaling pathways by which muscle contraction
stimulates glucose uptake are not yet fully elucidated, con-
traction signaling is distinct from that of insulin, and LKB1
and Ca2�/calmodulin-dependent protein kinase II (CaMKII)3
have emerged as important mediators (5, 7–9). Recent find-
ings suggest that contraction- and insulin-stimulated signals
converge at the Akt substrate of 160 kDa (AS160, also known
as TBC1D4) and its homologue TBC1D1 (10–12). These Rab
GTPase-activating proteins (Rab-GAP) are thought to func-
tion by releasing intracellular GLUT4 vesicles, allowing move-
ment to the sarcolemma and transverse tubules. Beyond
AS160 and TBC1D1, little is known about the molecules that
bring about the physical movement of GLUT4 toward the cell
surface membranes in skeletal muscle.
The cytoskeleton consists of an elaborate array of distinct

protein filaments that, among other functions, participates in
the intracellular transport of cellular proteins. Actin and mi-
crotubule networks are the major components of the cy-
toskeleton and have been reported to play roles in GLUT4
translocation in cultured 3T3-L1 adipocytes, whereas only the
actin network has been shown to be involved in glucose up-
take in rat skeletal muscle (13, 14). Insulin causes actin fila-
ment (F-actin) formation in L6 skeletal muscle cells (15, 16),
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and in rat epitrochlearis muscle, F-actin has been observed as
mesh-like structures beneath the inner face of the sarco-
lemma membrane (14). Disruption of the actin network by
latrunculin B, an actin monomer-binding compound, inhib-
ited insulin-stimulated glucose uptake and GLUT4 transloca-
tion in rat epitrochlearis muscle without affecting proximal
insulin signaling (14). Furthermore, F-actin staining was de-
creased in epitrochlearis muscles isolated from insulin-resis-
tant hyperinsulinemic Zucker fatty rats (17), muscles that are
characterized by reduced insulin-stimulated GLUT4 translo-
cation. In contrast, depolymerization of microtubules with
colchicine, an agent that binds free tubulin monomers and
acts by disrupting the microtubule lattice at the growing ends,
did not inhibit insulin- or contraction-stimulated glucose up-
take in multiple rat skeletal muscles despite the disappearance
of the majority of the microtubule network (13). Taken to-
gether, these observations suggest that the actin cytoskeleton,
but not the microtubules, plays a role in the movement or
fusion of GLUT4 to the cell surface membrane in skeletal
muscle.
Myo1c (previously called MM1�/Myr2) is a single-headed,

actin-associated molecular motor protein of �120 kDa be-
longing to the class I myosin family. Myo1c consists of three
domains: an amino-terminal motor domain, a regulatory do-
main (neck domain or lever arm), and a carboxyl-terminal tail
domain (18). The motor domain is conserved and contains
the ATPase catalytic and actin-binding sites. In 3T3-L1 adi-
pocytes, Myo1c functions as one component of the GLUT4-
vesicle carrier system that promotes GLUT4 translocation to
the cell surface membrane (19–22). In 3T3-L1 adipocytes,
Myo1c was detected in GLUT4 vesicles and was found to be
associated with the G protein RalA, which interacted with the
exocyst, an evolutionarily conserved vesicle-tethering com-
plex (22). In addition, reduced expression of Myo1c in adipo-
cytes using siRNA or overexpression of the Myo1c tail do-
main as a dominant inhibitor impaired insulin-stimulated
GLUT4 translocation to the cell surface membrane in 3T3-L1
adipocytes (19–23). In 3T3-L1 adipocytes, it was also demon-
strated that insulin regulates Myo1c function via CaMKII-de-
pendent phosphorylation that increased Myo1c ATPase activ-
ity, the domain responsible for motor activity (23).
In the current study, we tested the hypothesis that Myo1c is

expressed in skeletal muscle and functions in the regulation of
glucose uptake. For this purpose, we determined the expres-
sion profile of Myo1c in various metabolic states in mouse
skeletal muscle and used in vivo gene transfection and glucose
uptake measurements to determine whether Myo1c regulates
contraction- and insulin-stimulated glucose uptake. We
found that Myo1c protein abundance is associated with the
metabolic phenotype of the muscle and that this protein func-
tions in the control of glucose uptake in skeletal muscle.

EXPERIMENTAL PROCEDURES

Animals—Female ICR mice (8–9 weeks, 25–30 g) were ob-
tained from Taconic Laboratory (Hudson, NY) or Charles
River Laboratories (Wilmington, MA), and female db/db mice
were obtained from Charles River Laboratories. Mice were
housed at 20–22 °C with a 12-h light/dark cycle. For the exer-

cise training studies, female ICR mice were housed in wheel
cages for 4 weeks, and the corresponding control mice for
these experiments were housed in separate cages that did not
have a wheel. These mice received LabDiet� rodent chow
(Purina Mills Inc., St. Louis, MO) and water ad libitum. A
separate cohort of 6-week-old C57BL/6NHsd male mice was
fed a high fat diet (60% kcal fat) or normal chow diet from
Harlan Labs for 9 weeks (TD 06414). All experiments were
performed in accordance with the Institutional Animal Care
and Use Committee of the Joslin Diabetes Center and the Na-
tional Institutes of Health guidelines for the care and use of
laboratory animals.
Plasmid cDNA Constructs and Transfection of Plasmid

DNA—Amouse wild-type Myo1c cDNA construct was pur-
chased from OriGene (MC201330, Rockville, MD). Myo1c
DNA was excised from the original pCMV6 vector, affixed to
a single hemagglutinin (HA) tag sequence at the NH2-termi-
nal via specific primers and PCR amplification, and subcloned
into pCS2� plasmids. An ATPase-inactive mutant of Myo1c
(K111A-Myo1c) was generated by mutating Lys111 to Ala111
using site-directed mutagenesis (200522; Stratagene, La Jolla,
CA). This mutation has previously been shown to eliminate
Myo1c ATPase activity (23). Myo1c cDNA constructs were
sequenced to confirm accuracy using the high throughput
DNA sequencing service at the Brigham andWomen’s Hospi-
tal (Boston, MA). Plasmid DNA was amplified in Escherichia
coli TOP10 cells (Invitrogen), extracted using an endotoxin-
free plasmid mega kit (Qiagen), and solubilized in saline at 4
�g/�l. Myo1c plasmids and empty vector (100 �g) were in-
jected into mouse tibialis anterior muscles followed by elec-
troporation as we have previously described (7, 24, 25).
In Vivo Muscle Contraction and Insulin Treatments and

Glucose Uptake Measurements—The mice were fasted over-
night (9 p.m. to 8 a.m.) prior to study and anesthetized (100
mg of pentobarbital/kg of body weight), and one leg was
sham-treated and the other leg was contracted in situ by per-
oneal nerve stimulation for 15 min as we have previously de-
scribed (25). For maximal insulin stimulation, insulin (16.6
units/kg of body weight) was administered through the retro-
orbital sinus together with 20% glucose bolus to prevent hy-
poglycemia. For immunoblotting studies, muscles were dis-
sected after 15 min of in situ contractions or 15 min after
insulin administration, and muscles were snap-frozen in liq-
uid nitrogen for subsequent analysis. Glucose uptake was
measured in vivo using 2-[3H]deoxyglucose as described pre-
viously (25–27).
Sample Preparation and Immunoblots—Muscles were pro-

cessed as described previously (25–27), and lysate protein
concentrations were determined by the Bradford method (28)
using a dye reagent from Bio-Rad. Lysates (40 �g of protein)
were separated by SDS-PAGE before immunoblotting (29).
Antibody-bound proteins were visualized with chemilumines-
cence detection reagents (PerkinElmer Life Sciences) and de-
tected on a film or using the FluorChemTM 8000 (Alpha Inno-
tech Co., San Leandro, CA). Protein bands in the film were
scanned with an ImageScanner (GE Healthcare). Images were
quantitated by densitometry (Fluor-Chem 2.0, Alpha Inno-
tech). Quantification of protein expression was calculated
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relative to the loading control. Fold increases were expressed
relative to the average of the empty vector-injected control
group (Basal or Saline). Anti-Myo1c was a gift fromMichael
P. Czech (University of Massachusetts, School of Medicine,
Worcester, MA) (19). The commercially available primary
antibodies that were used were: anti-phospho-IRS-1 Tyr612
(44-816G) obtained from BIOSOURCE (Carlsbad, CA);
horseradish peroxidase (HRP)-conjugated anti-goat (V805A)
from Promega (Madison, WI); anti-HA-HRP (12 013 819 001)
from Roche Applied Science; HRP-conjugated anti-rabbit
(31460) and streptavidin HRP for acetyl-CoA carboxylase
(21126) detection from Thermo Fisher Scientific; anti-
CaMKII (sc-9035) and anti-hexokinase II (sc-6521) from
Santa Cruz Biotechnology (Santa Cruz, CA); purified anti-
TBC1D1 antibody (5929) (12), anti-Akt (9272), anti-phospho-
Akt Thr308 (9275), anti-phospho-Akt Ser473 (4058), anti-PAS
(9611), anti-phospho-AMPK Thr172 (2535), and anti-phos-
pho-CaMKII Thr286 (3361) from Cell Signaling Technologies
(Beverly, MA); and anti-phospho-acetyl-CoA carboxylase
Ser212 (07-303), anti-AMPK �1 (07-350), anti-AMPK �2 (07-
363), anti-IRS-1 (06-248), anti-AS160 (07-741), anti-GLUT4
(07-1404), anti-GLUT1 (07-1401), and HRP-conjugated anti-
mouse (12-349) fromMillipore (Billerica, MA).
Glycogen Measurements—Aliquots of muscle lysates were

added to microcentrifuge tubes containing 30% KOH, 5%
Na2SO4 and then heated at 60 °C for 10 min. Glycogen was
precipitated by adding 100% ethanol and placed at �20 °C
overnight. Tubes were centrifuged and decanted; the precipi-
tates were washed with 100% ethanol and then centrifuged
and decanted once more. The precipitates were hydrolyzed by
heating at 95 °C for 1 h in 6 N H2SO4 (30). Neutralized super-
natants were used for measurement of glucose (31), and gly-
cogen content was expressed as glucose units in muscle
lysates.
Statistics—Data are expressed as the means � S.E. Statisti-

cal analyses were performed using unpaired t tests, one-way
analysis of variance, or two-way analysis of variance
(SigmaStat 3.5, Systat, San Jose, CA). When differences be-
tween means were detected by one- or two-way analysis of
variance, the Student-Newman-Keuls test was used for post
hoc testing. The differences between groups were considered
significant when p � 0.05.

RESULTS

Myo1c Is Highly Expressed in Oxidative Mouse Skeletal
Muscle—The expression profile of Myo1c in skeletal muscle
has not been previously investigated. Because muscles com-
posed of a higher percentage of oxidative fibers have greater
levels of GLUT4 and glucose transport when compared with
muscles containing more glycolytic fiber types (32, 33), we
hypothesized that oxidative muscles would express greater
levels of Myo1c. Myo1c protein abundance was greatest in
soleus muscle followed by red gastrocnemius, extensor digito-
rum longus, tibialis anterior muscle, and white gastrocnemius
(Fig. 1A). The heart, which is also a highly oxidative muscle,
also had high levels of Myo1c expression (Fig. 1A). There was
a significant correlation between Myo1c and GLUT4 protein
abundance in red and white gastrocnemius muscle (supple-

mental Fig. S1). Thus, Myo1c is expressed at higher levels in
more oxidative muscle types that also have a greater abun-
dance of GLUT4.
We next tested the effects of chronic metabolic alterations

on Myo1c expression. Exercise training can induce profound
changes in muscle phenotype including increases in oxidative
capacity and GLUT4 expression in skeletal muscle (34–36).

FIGURE 1. Myo1c protein abundance is high in oxidative muscle. A, fe-
male ICR mice (12 weeks old) were sacrificed by cervical dislocation. Exten-
sor digitorum longus (EDL), tibialis anterior (TA), white gastrocnemius (WG),
red gastrocnemius (RG), soleus (Sol) muscles, and hearts were dissected,
frozen, and processed, and muscle lysates were subjected to immunoblot-
ting. Myo1c protein abundance was expressed relative to tibialis anterior.
A.U., arbitrary units. B and C, female ICR mice (8 –10 weeks old) were individ-
ually housed in cages without (Control) or with a wheel cage (Trained) for 4
weeks, and triceps muscles were dissected, frozen, processed, and immuno-
blotted for Myo1c (B) and GLUT4 (C). D, tibialis anterior muscles were dis-
sected from mice fed a high fat diet for 9 weeks or a control diet. E, tibialis
anterior muscles were dissected from db/db mice or control misty mice.
Data are means � S.E., *, p � 0.05 versus tibialis anterior or control. n � 6
muscles/group (A), 8 muscles/group (B and C), 15 muscles/group (D), and 10
muscles/group (E).
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To determine whether exercise training alters Myo1c abun-
dance in skeletal muscle, mice were housed in exercise wheel
cages for 4 weeks. The mice completed high levels of volun-
tary exercise during the 4-week period (8.2 � 0.8 km/day),
which we have previously shown results in significant in-
creases in oxidative muscle fiber types and increases in citrate
synthase activity (37–41). Wheel cage training significantly
increased Myo1c and GLUT4 protein in triceps muscle by
1.9- and 2.1-fold, respectively, when compared with sedentary
controls (Fig. 1, B and C). Taken together, these results dem-
onstrate that muscles that have a higher level of oxidative ca-
pacity have a higher level of Myo1c expression.
Myo1c Protein Is Decreased in Mouse Models of Insulin

Resistance—High fat-fed mice and db/db mice are animal
models of insulin resistance that have impaired insulin-stimu-
lated glucose uptake in skeletal muscle (42–44). To determine
whether Myo1c abundance is altered with high fat feeding,
6-week-old mice were fed a high fat diet (60% kcal from fat)
for 9 weeks, and tibialis anterior muscles were studied. Myo1c
protein was significantly decreased in the muscles when com-
pared with chow-fed control mice (Fig. 1D). Consistent with
these findings, Myo1c protein tended to be decreased in tibia-
lis anterior muscles from db/db mice (Fig. 1E), a model of in-
sulin resistance by virtue of an inactivating mutation of the
leptin receptor. Thus, Myo1c has a propensity to be decreased
in muscles from insulin-resistant animal models, consistent
with the idea that Myo1c may have a specialized function to
regulate glucose metabolism in skeletal muscle.
Overexpression of Wild-type Myo1c Increases Contraction-

and Insulin-stimulated Glucose Uptake in Mouse Skeletal
Muscle—To study Myo1c function in skeletal muscle, we used
in vivo injection and electroporation methods to overexpress
wild-type Myo1c in tibialis anterior muscles of mice. Seven
days after cDNA plasmid injection, expression of Myo1c was
severalfold higher in mouse tibialis anterior muscles when
compared with endogenous Myo1c obtained from empty vec-
tor-injected controls (Fig. 2A). To determine whether Myo1c
regulates contraction-stimulated glucose uptake in skeletal
muscle in vivo, mice were anesthetized and administered
2-[3H]deoxyglucose via the retro-orbital sinus. One leg was
sham-treated, and the other leg was contracted by electrical
stimulation of the peroneal nerve for 15 min, and tibialis ante-
rior muscles were obtained 30 min later. Overexpression of
wild-type Myo1c had no effect on basal rates of glucose up-
take. However, contraction-stimulated glucose uptake was
significantly increased when compared with the empty vector
control-injected muscles (Fig. 2B).
We next examined whether Myo1c regulates insulin-stimu-

lated glucose uptake in skeletal muscle in vivo. Anesthetized
mice were administered 2-[3H]deoxyglucose together with
both insulin (16.6 units/kg of body weight) and 20% glucose (1
g of glucose/kg of body weight) to prevent hypoglycemia via
the retro-orbital sinus. Fifteen min after injection, muscles
were harvested and processed for measurements of muscle
glucose uptake. Overexpression of wild-type Myo1c had no
effect on basal rates of glucose uptake (Fig. 2C). However,
muscles overexpressing wild-type Myo1c exhibited a signifi-
cant increase in maximal insulin-stimulated glucose uptake

(Fig. 2C). Thus, exogenous Myo1c can enhance maximal insu-
lin-stimulated glucose uptake.
Overexpression of Wild-type Myo1c Does Not Affect Key

Proteins That Regulate Glucose Uptake—Myo1c has been re-
ported to associate with GLUT4-containing vesicles (19, 22).
Therefore, we determined whether overexpression of wild-
type Myo1c alters the abundance of GLUT4 in the transfected
muscles. There was no difference in GLUT4 protein expres-
sion among muscles injected with empty vector or wild-type
Myo1c constructs (Fig. 3A and supplemental Table S1). In
addition, overexpression of wild-type Myo1c did not alter
GLUT1 protein expression or the glycolytic enzyme hexoki-
nase II, which can be a critical regulator of glucose uptake in
skeletal muscle (Fig. 3A and supplemental Table S1).
Contraction and insulin activate numerous signaling pro-

teins in skeletal muscle that could regulate glucose uptake.
Therefore, we determined whether overexpression of wild-
type Myo1c altered the protein expression of the AMPK�1
and -�2 catalytic subunits, the CaMKII �M and �/� isoforms,
IRS-1, Akt, and the Rab-GAP proteins AS160 and TBC1D1.
The immunoblots showed that there was no effect of overex-
pressing wild-type Myo1c on the expression of any of these
key signaling proteins (Fig. 3A and supplemental Table S1).
To determine whether overexpression of wild-type Myo1c
was associated with increased contraction-stimulated AMPK
and CaMKII signaling, we measured phosphorylation of
AMPK�1/2 at Thr172 and CaMKII at Thr286, sites that regu-
late enzyme activity. We also measured phospho-Akt-sub-
strate (PAS) at 160 kDa, which is a measure of AS160 and
TBC1D1 phosphorylation. Contraction significantly increased
phosphorylation of all proteins, but none of these contrac-

FIGURE 2. Overexpression of wild-type Myo1c increases contraction-
stimulated glucose uptake in vivo. Mouse tibialis anterior muscles were
transfected with DNA vectors containing either wild-type Myo1c (WT-
Myo1c) or empty vector as control (Empty vector). One week after transfec-
tion, muscles were analyzed. A, muscles were harvested to assess Myo1c
protein expression. B, mice were anesthetized and injected with a bolus of
2-[3H]deoxyglucose (333 �Ci/kg via the orbital vein), muscles were stimu-
lated to contract in situ (Ctx, 15 min) and obtained 30 min later.
2-[3H]Deoxyglucose uptake was measured for the duration encompassing
the contraction and 30 min after contraction periods. C, mice were injected
with a bolus of 2-[3H]deoxyglucose (333 �Ci/kg), glucose (1 g/kg), and insu-
lin (16.6 units/kg of insulin), and muscles were obtained 15 min later
(Ins�Glu). Open bar � control group (Basal or Saline); black bar � stimu-
lated group (Ctx or Ins�Glu). Data are means � S.E., **, p � 0.01 versus Ba-
sal, ‡, p � 0.01 versus empty vector. n � 17–18 muscles/group (B), 9 mus-
cles/group (Saline), and 8 muscles/group (Ins�Glu) (C).
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tion-stimulated increases in phosphorylation were augmented
by overexpression of wild-type Myo1c in the tibialis anterior
muscles (Fig. 3B and supplemental Table S2). To determine
whether overexpression of wild-type Myo1c altered maximal
insulin-stimulated IRS-Akt and CaMKII signaling, we mea-
sured phosphorylation of IRS-1 Tyr612, Akt Thr308, Akt
Ser473, PAS at 160 kDa, and CaMKII Thr286. Maximal insulin
stimulation increased phosphorylation of all proteins except
for CaMKII (Fig. 3C and supplemental Table S2), but phos-
phorylation was not enhanced by overexpression of wild-type
Myo1c in the muscles (Fig. 3C and supplemental Table S2).
These results indicate that Myo1c overexpression alters glu-
cose uptake in the absence of changes in multiple contrac-
tion- and insulin-stimulated signaling molecules.
Overexpression of Wild-type Myo1c Does Not Alter Muscle

Glycogen Concentrations—High levels of intracellular glyco-
gen have been shown to decrease rates of glucose uptake in
response to contraction and insulin in skeletal muscle (45–
47), and under some conditions, glycogen concentrations can
be increased transiently by sustained increases in glucose up-
take (48). Therefore, we determined whether alterations in
Myo1c concentrations affected glycogen concentrations in
the tibialis anterior muscle overexpressing wild-type Myo1c.
However, our results show that overexpression of wild-type
Myo1c did not alter glycogen concentrations when compared
with empty vector-injected control muscles (supplemental

Table S1). This suggests that overexpression of wild-type
Myo1c increases glucose uptake in the absence of decreases in
intracellular glycogen and that overexpression of wild-type
Myo1c does not cause excess glycogen accumulation.
Expression of K111A-Myo1c Impairs Contraction- and Insu-

lin-stimulated Glucose Uptake—We next examined whether
an active motor domain of Myo1c is necessary for contrac-
tion- and insulin-stimulated glucose uptake in skeletal mus-
cle. We generated a point mutant of Myo1c in which the
ATPase in the motor domain was inactivated by mutating
Lys111 to Ala111 (K111A-Myo1c) (23), and we overexpressed
K111A-Myo1c in tibialis anterior muscles (Fig. 4A). Seven
days after transfection of K111A-Myo1c, we measured con-
traction- and insulin-stimulated glucose uptake in vivo. Ex-
pression of K111A-Myo1c inhibited both contraction-stimu-
lated (Fig. 4B) and insulin-stimulated (Fig. 4C) glucose uptake
when compared with the empty vector-injected control.
These decreases in glucose uptake occurred in the absence of
changes in the expression of GLUT4, GLUT1, and hexokinase
II (Fig. 5A and supplemental Table S3). Similar to the data
from wild-type Myo1c overexpression, K111A-Myo1c expres-
sion did not alter expression of the �1 and �2 subunits of
AMPK, AS160, TBC1D1, CaMKII, IRS-1, and Akt (Fig. 5A
and supplemental Table S3). In addition, K111A-Myo1c ex-
pression did not impair contraction-stimulated phosphoryla-
tion of AMPK�1/�2 and PAS at 160 kDa or insulin-stimu-
lated phosphorylation of IRS, Akt, and PAS at 160 kDa (Fig. 5,
B and C, and supplemental Table S4). Glycogen concentra-
tions were also normal in muscles expressing the K111A-

FIGURE 3. Overexpression of wild-type Myo1c does not alter the abun-
dance of key proteins that regulate glucose uptake. Mouse tibialis ante-
rior muscles were transfected with DNA vectors containing either wild-type
Myo1c (WT-Myo1c) or the empty vector as control (Empty vector). After 1
week, mice were anesthetized, and muscles were harvested. Muscles were
without treatment (A), stimulated to contract in situ for 15 min (Ctx, B), or
stimulated by injection of insulin (16.6 units/kg of insulin) and a glucose
bolus to elicit maximal insulin effect (Ins�Glu). pAMPK, phosphorylated
AMPK; pCaMKII, phosphorylated CaMKII. C, muscles were harvested to as-
sess protein abundance 15 min after stimulation. The images are represen-
tative of 7– 8 muscles. Quantification results are shown in the supplemental
tables. pIRS1, phosphorylated IRS-1; pAkt, phosphorylated Akt.

FIGURE 4. Expression of Myo1c mutated at ATPase catalytic site (K111A-
Myo1c) inhibits glucose uptake in vivo in skeletal muscle. Mouse tibialis
anterior muscles were transfected with DNA vectors containing either
Myo1c mutated at Lys111 to Ala (K111A-Myo1c), which has been shown to
inactivate the ATPase activity of Myo1c, or the empty vector as control
(Empty vector). One week after transfection, muscles were analyzed. A, mus-
cles were harvested to assess Myo1c protein expression. B and C, mice were
anesthetized, and then muscles were stimulated to contract in situ for 15
min (Ctx, B) or stimulated by injection of insulin (16.6 units/kg of insulin)
and a glucose bolus to elicit maximal insulin effect (Ins�Glu, C), and tracer
(2-[3H]deoxyglucose) was injected via the orbital vein. Muscles were har-
vested to assess 2-[3H]deoxyglucose uptake 45 min (B) or 15 min (C) after
tracer injection. Open bar � basal muscle; black bar � stimulated to con-
tract or stimulated by insulin � glucose injection. Values are means � S.E.,
**, p � 0.01 versus Basal or Saline, ‡, p � 0.01 versus empty vector. The im-
ages are representative of 8 muscles (A). n � 19 –20 (empty vector), 11–12
muscles/group (K111A-Myo1c) (B), 6 muscles/group (Saline), and 12 mus-
cles/group (Ins�Glu) (C).
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Myo1c mutant (supplemental Table S3). These results suggest
that normal ATPase activity is necessary for Myo1c to regu-
late glucose uptake and that Myo1c functions downstream or
independent of proximal contraction- and insulin-stimulated
signaling proteins in skeletal muscle.

DISCUSSION

Skeletal muscle has the unique ability to promote glucose
uptake; it responds not only to stimuli from outside the cell
such as insulin but also to intracellular environmental
changes elicited by contraction. It is well established that
these stimuli utilize distinct proximal signaling pathways that
eventually converge, leading to an increase in the amount of
GLUT4 in the sarcolemma and transverse tubule membranes
and a subsequent increase in glucose uptake (49, 50). Over the
past several years, these signaling pathways have been inten-
sively studied; however, the molecules responsible for the
physical movement of GLUT4 to the cell surface membranes
have not been identified. Here, we provide direct evidence
that the actin motor protein Myo1c regulates contraction-
and insulin-stimulated glucose uptake in skeletal muscle in
vivo. To our knowledge, this is the first report showing that a
motor protein is necessary for the regulation of glucose up-
take in adult skeletal muscle. In addition, our data reveal an
association between Myo1c abundance and oxidative capacity
in muscle.

Actin filaments have been found to be co-localized with
GLUT4 in cultured skeletal muscle cells (15), and disruption
of the actin filament network inhibits insulin-stimulated
GLUT4 translocation and glucose uptake in skeletal muscle
(14). Myo1c has been reported to move along actin filaments
by in vitromotility assay (51, 52). In cultured 3T3-L1 adipo-
cytes, overexpression of wild-type Myo1c increased GLUT4
translocation (19) and rescued impaired GLUT4 translocation
in adipocytes with knockdown of endogenous Myo1c by
siRNA (23). In the current study, there was enhanced glucose
uptake in muscles expressing wild-type Myo1c and impaired
glucose uptake in muscles expressing mutant Myo1c. Al-
though the current model does not allow us to directly mea-
sure GLUT4 translocation, taking these studies together, we
hypothesize that Myo1c functions as a motor protein that
physically moves GLUT4 to the cell surface membrane in
skeletal muscle, regulating glucose uptake.
Contraction and insulin activate distinct proximal signaling

pathways leading to glucose uptake in adult skeletal muscle,
and in the current study, we show that multiple contraction-
and insulin-stimulated signaling proteins were not altered
with overexpression of wild-type or K111A-Myo1c. Consis-
tent with our data, disruption of the actin filament network
inhibited insulin-stimulated glucose uptake in rat skeletal
muscle without affecting proximal insulin signaling, including
IRS-1-associated PI3-kinase activity and Akt phosphorylation
(14). AS160 and TBC1D1 phosphorylation and subsequent
inhibition of Rab-GAP activity have been the most distal steps
identified to date in the contraction- and insulin-stimulated
signaling pathways in adult skeletal muscle. Our finding that
TBC1D1 and AS160 expression and phosphorylation were
not changed in muscles overexpressing wild-type or K111A-
Myo1c, along with the purported function of AS160 and
TBC1D1 to regulate GLUT4-vesiclular movement, suggests
that Myo1c mediates GLUT4 translocation at a step distal to
AS160 and/or TBC1D1 signaling. Our data showing that ex-
pression of wild-type Myo1c or K111A-Myo1c did not change
the expression of GLUT4, GLUT1, and hexokinase II indi-
cates that Myo1c does not function by altering transcription
of critical proteins that directly regulate glucose uptake.
Moreover, muscle glycogen concentrations, which can affect
rates of glucose uptake (45–47), were not altered in muscles
expressing wild-type Myo1c or K111A-Myo1c. Thus, Myo1c
does not regulate glucose uptake by altering glycogen concen-
trations, proximal signaling, or gene transcription, supporting
the hypothesis that Myo1c functions as a motor protein.
Expression of the K111A-Myo1c mutant only partially in-

hibited glucose uptake, indicating that, in addition to Myo1c,
there may also be a Myo1c-independent mechanism for glu-
cose uptake in muscle. Alternately, it is possible that full inhi-
bition does not occur because our in vivo electroporation sys-
tem does not result in 100% transfection efficiency of the
muscle fibers. Future studies with Myo1c knock-out mice will
be important to elucidate the relative contribution of Myo1c
in the regulation of glucose uptake in skeletal muscle.
In 3T3-L1 adipocytes, insulin has been shown to increase

Myo1c phosphorylation at Ser701 in a CaMKII-dependent
manner (23). These authors concluded that CaMKII-induced

FIGURE 5. Expression of K111A-Myo1c does not alter the abundance of
key proteins that regulate glucose uptake. Mouse tibialis anterior mus-
cles were transfected with DNA vectors containing either K111A-Myo1c or
the empty vector as control (Empty vector). After 1 week, mice were anes-
thetized, and then muscles were harvested. Muscles were without treat-
ment (A), stimulated to contract in situ for 15 min (Ctx, B), or stimulated by
injection of insulin (16.6 units/kg of insulin) and a glucose bolus to elicit
maximal insulin effect (Ins�Glu)(C). Muscles were harvested to assess pro-
tein abundance 15 min after stimulation. The images are representative of
eight muscles. Quantification results are shown in the supplemental tables.
pAMPK, phosphorylated AMPK; pCaMKII, phosphorylated CaMKII; pIRS1,
phosphorylated IRS-1; pAkt, phosphorylated Akt.
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Myo1c Ser701 phosphorylation increases Myo1c ATPase ac-
tivity and facilitates GLUT4 translocation in adipocytes (23).
However, in this same report, insulin stimulation of skeletal
muscle did not result in 14-3-3 binding to Myo1c, a predictor
of Myo1c Ser701 phosphorylation. Consistent with these find-
ings, in the current study, insulin did not increase CaMKII
phosphorylation, and in another report, we recently demon-
strated that CaMKII does not regulate insulin-stimulated glu-
cose uptake in skeletal muscle (7). Thus, although CaMKII-
dependent regulation of Myo1c may play a fundamental role
in insulin-stimulated glucose uptake in adipocytes, this mech-
anism of Myo1c regulation is unlikely to be important in skel-
etal muscle. Instead, Myo1c may be regulated by other,
CaMKII-independent phosphorylation sites that are insensi-
tive to 14-3-3 binding in skeletal muscle. One possibility is
that binding partners directly regulate Myo1c activity or regu-
late the accessibility of Myo1c to GLUT4-containing vesicles
and/or the actin filament network (22).
Chronic exercise training can have significant effects on

skeletal muscle metabolism, including a shift toward a more
oxidative phenotype. We found that Myo1c abundance was
increased in triceps muscles after 4 weeks of exercise training
(Fig. 1B). The mechanism for the increase in Myo1c is not
known, but this finding raises the possibility that Myo1c ex-
pression is regulated by transcriptional factors and/or co-acti-
vators that also regulate the expression of oxidative enzymes,
such as nuclear respiratory factors 1 and 2 (53), peroxisome
proliferator-activated receptor-� co-activator-1 � (53, 54),
and hypoxia-inducible factor-1 � (55). We also found that
Myo1c expression was correlated with GLUT4 expression in
gastrocnemius muscle. In addition, muscles with insulin-re-
sistant phenotypes or lower oxidative capacity were associ-
ated with lower Myo1c expression, and muscles with more
insulin-sensitive phenotypes or higher oxidative capacity were
associated with higher Myo1c expression. It is unlikely that
changes in Myo1c regulate GLUT4 expression because 7-fold
overexpression of wild-type Myo1c did not alter GLUT4 ex-
pression in the muscle. Instead, Myo1c expression may be
regulated by the amount of glucose utilization and the level of
GLUT4 in the muscle, which could occur through a feedback
mechanism. Most individuals with diabetes have a distinct
skeletal muscle phenotype with impaired oxidative capacity,
and a number of studies have shown that fiber type distribu-
tion correlates with insulin resistance (56, 57). The decrease
in Myo1c may exacerbate impaired glucose uptake under cer-
tain pathological conditions in insulin-resistant muscle. In
fact, not only insulin-stimulated but also contraction-stimu-
lated glucose uptake is impaired in some types of insulin-re-
sistant models (58). Thus, the expression profile of Myo1c
supports the idea that Myo1c participates in glucose metabo-
lism, specifically glucose uptake in skeletal muscle.
In summary, Myo1c expression in skeletal muscle directly

correlates with the oxidative capacity and insulin sensitivity of
this tissue. Although proximal signaling proteins regulating
contraction- and insulin-stimulated glucose uptake are dis-
tinct in skeletal muscle, Myo1c functions in the regulation of
glucose uptake with both stimuli, at a point distal to estab-
lished signaling mechanisms. To our knowledge, this is the

first study to investigate the metabolism-based expression
profiles and role of an unconventional myosin in skeletal
muscle.
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