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TEA domain (TEAD) transcription factors serve important
functional roles during embryonic development and in stri-
ated muscle gene expression. Our previous work has impli-
cated a role for TEAD-1 in the fast-to-slow fiber-type transi-
tion in response to mechanical overload. To investigate
whether TEAD-1 is a modulator of slow muscle gene expres-
sion in vivo, we developed transgenic mice expressing hemag-
glutinin (HA)-tagged TEAD-1 under the control of the
muscle creatine kinase promoter.We show that striated mus-
cle-restricted HA-TEAD-1 expression induced a transition
toward a slow muscle contractile protein phenotype, slower
shortening velocity (Vmax), and longer contraction and relax-
ation times in adult fast twitch extensor digitalis longus mus-
cle. Notably, HA-TEAD-1 overexpression resulted in an
unexpected activation of GSK-3�/� and decreased nuclear
�-catenin and NFATc1/c3 protein. These effects could be
reversed in vivo by mechanical overload, which decreased
muscle creatine kinase-driven TEAD-1 transgene expression,
and in cultured satellite cells by TEAD-1-specific small inter-
fering RNA. These novel in vivo data support a role for
TEAD-1 in modulating slow muscle gene expression.

A functionally important characteristic of mammalian skel-
etal muscle is its diversity in fiber type composition, making
each skeletal muscle uniquely suited for a particular function.
This property is brought about by the differential transcription
of contractile protein gene families during embryonic myogen-
esis and by the influence of nerve activity (1, 2). The structure of
skeletal muscle is highly specialized for the generation of force
that is required for various movement patterns and postural
maintenance. The force-generating capacity of skeletalmuscles
occurs bymeans of an intricate organization of contractile pro-
teins into myofibrils composed of repeating units called sar-
comeres, the smallest force-producing unit of a muscle fiber
(cell). Of the skeletal muscle contractile proteins, myosin heavy
chain (MyHC)2 is a motor protein comprising the thick fila-

ment of sarcomeres, and it has been shown to represent amajor
determinant of the unloaded shortening velocity (Vmax) of a
givenmuscle ormuscle fiber (3). TheMyHCprotein is encoded
by a multigene family that produces four distinct adult-stage
MyHC isoforms termed fast type IIb, IIx/d, IIa, and slow type I
(or �). Because each MyHC displays distinct biochemical
(actin-activated ATPase activity) and physiological (force-ve-
locity) properties, their expression pattern has been shown to
contribute to the classification of four primary fiber types
named fast IIb, IIx/d, IIa, and slow type I. Therefore, the
amount and type of MyHC comprising the sarcomeres of a
given skeletal muscle is of functional importance.
A noteworthy feature of adult skeletal muscle is its intrinsic

ability to adapt its fiber-type composition to accommodate
functional demands imposed by contractile usage patterns. In
this regard, both human and animal studies have reported per-
turbation-specific skeletal muscle adaptations that involve
mass, endurance, strength, power, metabolic properties, and
MyHC expression pattern/fiber type (4). Recent inquiries into
the molecular basis of skeletal muscle remodeling have pro-
vided evidence that stimulation of the calcium-activated cal-
cineurin, calmodulin-dependent protein kinase, and protein
kinase D1 (PKD1) signaling pathways cooperate to modulate
the transcriptional activation of slow fiber genes through class
II HDAC degradation and the activation of members of the
MEF2 and nuclear factor of activatedT-cells (NFAT) transcrip-
tion factor families (5–7). In addition to MEF2 and NFAT,
other transcriptional regulators, such as MusTRD/GTF3, Six1,
Eya1, PGC-1�, PGC-1�, and PPAR�, have been implicated in
fiber type-specific gene expression (8–13).
In our previous work aimed at identifying cis-acting ele-

ment(s) that direct �MyHC slow fiber gene expression and
mechanical overload (MOV) responsiveness, we delineated an
A/T-rich element (�A/T-rich; �269/�258, 5�-GGAGATAT-
TTTT-3�) that appears necessary for �MyHC transgene slow
fiber expression and MOV responsiveness (14). By using the
�A/T-rich element as bait in a one-hybrid screen of both adult
skeletal muscle and MOV-plantaris cDNA libraries, we identi-
fied TEAD proteins as the functionally relevant �A/T-rich
binding factor. Interestingly, additional experiments revealed
specific TEAD protein binding to a subset of A/T-rich/MEF2

* This work was supported, in whole or in part, by National Institutes of
Health, NIAMS, Grants AR41464 and AR47197 (to R. T.). The costs of publi-
cation of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in accord-
ance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: University of Missouri,
Columbia, 440D Bond Life Science Center, Columbia, MO 65211. Tel.: 573-
884-4547; Fax: 573-884-3087; E-mail: tsikar@missouri.edu.

2 The abbreviations used are: MyHC, myosin heavy chain; MOV, mechanical
overload; TEAD, TEA domain; HA, hemagglutinin; MCK, muscle creatine

kinase; WT, wild type; siRNA, small interfering RNA; EDL, extensor digito-
rum longus; Tg, transgenic; RT, reverse transcription; qRT, quantitative
reverse transcription; NFAT, nuclear factor of activated T-cells; GSK, glyco-
gen synthase kinase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 52, pp. 36154 –36167, December 26, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

36154 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 52 • DECEMBER 26, 2008



elements located within the control region of several other
muscle-specific genes and revealed that this binding was
enriched duringMOV-induced fast to slow fiber type switching
(15).
The vertebrate TEAD genes encode a family of transcrip-

tion factors that include TEAD-1 (NTEF-1/TEF-1), TEAD-2
(ETEF-1/TEF-4), TEAD-3 (DTEF-1/TEF-5), and TEAD-4
(RTEF-1/TEF-3). All TEAD familymembers contain an evolu-
tionarily conserved 72-amino acid DNA binding domain
(TEAD) that is found in plant (ABAA), fly (Scalloped), and yeast
(TEC1) transcription factors. TEAD proteins have been shown
to serve a regulatory role by binding to canonical MCAT ele-
ments (5�-CATTCC(T/A)-3�) located in the promoter/en-
hancer region of several cardiac, smooth, and skeletal muscle
genes and by combinatorial interactions with adjacently bound
transcriptional regulators andubiquitous and/or tissue-specific
coactivators (16, 17). Although most mammalian tissues
express more than one TEAD protein during embryonic and
adult life, several recent studies involving single or double
TEAD gene inactivation (TEAD-1, TEAD-2, and TEAD-4)
have shown that these transcription factors serve both unique
and overlapping functional roles during embryonic develop-
ment (18–22). Thus, the regulatory specificity of each TEAD
protein during development and in response to various stimuli
is probably due to their capacity to recognize a broad spectrum
of DNA elements, accessibility to target elements, interactions
with various tissue-specific co-activator/co-binding proteins,
post-translational modifications, or subtle gradients in their
expression levels.
To investigate whether TEAD-1 functions as a modulator of

basal and/or inducible slow muscle gene expression in vivo, we
generated transgenic mice that expressed HA-tagged TEAD-1
under the control of the muscle creatine kinase (MCK) pro-
moter. ThemouseMCKpromoter has been extensively studied
in both cultured striated muscle cells and transgenic mice (23–
25). In transgenic mice, a 3300-nucleotide region of the MCK
5�-flanking sequencewas shown to be sufficient to drive expres-
sion of a reporter gene at high levels in skeletal muscle, at lower
levels in the heart, and at barely detectable levels in nonmuscle
tissue, which is similar in pattern andmagnitude to the expres-
sion pattern of the endogenousMCK gene (23). In addition, we
have previously shown that 48 h of MOV virtually repress the
expression of the 3300-bp MCK promoter/reporter gene (26).
On the basis of the latter data, we hypothesize that any pheno-
type resulting from MCK-driven TEAD-1 overexpression
could in part be reversed by 48 h of MOV. We show that a
persistent increase in TEAD-1 protein induced a change in
MyHC and troponin complex protein expression pattern and
contractile properties that more closely resemble slow oxida-
tive muscle fibers. We further demonstrate that increased HA-
TEAD-1 expression activated glycogen synthase kinase (GSK)-
3�/3�, resulting in decreased nuclear �-catenin and NFATc1/
c3. The latter effects could be reversed in vivo by 48 h of MOV,
which decreased MCK-driven TEAD-1 transgene expression,
and in cultured satellite cells by TEAD-1 siRNA. These data
support a novel role for TEAD-1 in modulating a slow skeletal
muscle gene program.

EXPERIMENTAL PROCEDURES

Generation and Screening of Transgenic Mice—Transgenic
mice were generated by microinjection of purified transgene
DNA into pronuclei of single cell fertilized embryos, as
described previously (27). Transgene-positive mice (founders)
were identified using PCR. Subsequent offspring derived from
mating the founders were also screened for transgene incorpo-
ration by using PCR. In the present study,multiple independent
transgenic lines representing the HA-TEAD-1 transgene were
studied, and all linesweremaintained in a heterozygous state by
continual outbreeding to nontransgenic BDF1mice. The trans-
gene was designed as follows. The mouse TEAD-1 cDNA con-
taining an in-frame HA tag at its 5�-end was subcloned at the
3�-end of the MCK regulatory sequences. The HA-tagged
TEAD-1 cDNA was released from pBluescriptSK by XhoI
digest and subcloned into the blunt-ended PstI site of plasmid
pBSMCK (a generous gift fromDr. R. Kahn), which consisted of
a 6.5 genomic region composed of 3.3 kb of theMCK promoter
and enhancer 1, untranslated exon 1, 3 kb of intron 1, which
included the enhancer 2 region, and the first 16 bp of exon 2
(28). The TEAD-1 cDNA was followed by the SV40 polyad-
enylation signal. The transgene was released from the plasmid
by KpnI/SacII digest, gel-purified, and injected into fertilized
eggs of BDF1 mice. The incorporation of an HA tag allowed us
to easily make a distinction between endogenous TEAD-1 pro-
tein and the transgene-encoded HA-TEAD-1 protein byWest-
ern blot analysis (Fig. 1A).
Mechanical Measurements—Force-velocity and power-load

relationships on adult (5-month-old) sex-matched wild-type
(WT) andHA-TEAD-1 transgenicmice (n� 4–6mice/group)
were determined using Dynamic Muscle Control software
(Aurora Scientific) to elicit tetanic afterloaded contractions as
previously described (29). Contractile measurements were
completed with the assessment of maximal isometric contrac-
tion (Po). Following the completion of mechanical measure-
ments, the extensor digitorum longus (EDL) muscle was
removed from the experimental apparatus, blotted on filter
paper, and immediately weighed. The total cross-sectional area
(mm�2) for each muscle was determined by dividing muscle
mass (mg) by the product of optimal fiber length and 1.06 mg
mm�3, the density of mammalian skeletal muscle (30). Force-
velocity and power-load curves were analyzed as described pre-
viously (31). The values for twitch and tetanic tension were
normalized to cross-sectional area to obtain specific tension
(millinewtons mm�2). In a similar fashion, power output
(watts) was normalized with respect to muscle mass (watts
kg�1) (30).
Protein Isolation for Western Blots—For total protein ex-

tracts, 50mg of tissue was homogenized for 30 s on ice in 0.5ml
of buffer (50 mM Tris, pH 7.5, 10 mM EGTA, 5 mM EDTA,
phenylmethylsulfonyl fluoride, phosphatase inhibitor mixture
1, 2, and proteinase inhibitor mixture (Sigma)), using an Omni
International TH homogenizer. For isolation of nuclear pro-
tein, the homogenate was centrifuged at 14,000 � g for 10 min
at 4 °C, the cytoplasmic fraction (supernatant) was removed,
and the pellet was resuspended in 0.2 ml of buffer. Sonication
for 10 s with a dismembranator (Fisher) of homogenates was
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followed by the addition of 1% Triton X-100 and incubation on
ice for 30 min. Membrane fractions were isolated by homoge-
nizing tissues in 1.5 ml of buffer (50 mM Tris-HCl, pH 7.4, 50
mM mannitol, 2 mM EDTA), centrifugation at 500 � g for 10
min at 4 °C,mixing the supernatantwith 3.2ml of buffer (50mM
Tris-HCl, pH 7.4, 300 mMmannitol, 2 mM EDTA), and centrif-
ugation at 40,000 rpm for 45 min. Protein concentrations were
determined using a protein assay kit (Bio-Rad), and extracts
were stored at�80 °C. Protein separation and analysis was per-
formed as previously described (15). Experimental and stand-
ard bands were scanned and quantified usingMulti Gauge soft-
ware, and the experimental data were normalized by dividing
by the signal of the standard. The antibodies used in this study
are as follows: TEAD-1 (BD Transduction Laboratories), HA
(Cell Signaling), Akt, p-Akt, Akt1, and Akt2 (Cell Signaling),
GSK-3�/� (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
p-Ser-GSK-3� and p-Ser-GSK-3� (Cell Signaling), glyceralde-
hyde-3-phosphate dehydrogenase (Cell Signaling), �-catenin
(Cell Signaling), NFATc1 and NFATc3 (Santa Cruz Biotech-
nology), Serca2a (Badrilla), Serca1 (Santa Cruz Biotechnology),
Myoglobin (Santa Cruz Biotechnology), Troponin I slow (Santa
Cruz Biotechnology), histone H1 (Santa Cruz Biotechnology),
IP90 anti-peptide antibody (Abcam), and anti-rabbit IgG
(horseradish peroxidase-linked) and anti-mouse IgG (horse-
radish peroxidase-linked) (Cell Signaling).
Protein Extraction for High Resolution Gel Electrophoresis—

Protein extraction and high resolution gel electrophoresis for
MyHC isoform separation were performed as described previ-
ously (32). Briefly, 50 mg of muscle tissue of adult (5-month-
old) and aged (11-month-old) wild-type and TEAD-1 Tg mice
was processed, and 0.75 �g of total protein was separated on an
8% acrylamide gel by 104 V for 24 h at 4 °C. The gel was then
stainedwith SilverSNAP stain (Thermo Scientific) according to
the manufacturer’s recommendations.
Animal Care andMOV Surgical Procedure—The imposition

of a mechanical overload (bilateral) on the fast twitch plantaris
muscle was accomplished as described by us previously (26)
and approved by theAnimalCareCommittee for theUniversity
of Missouri-Columbia. The animals were housed in an Associ-
ation for the Assessment and Accreditation of Laboratory Ani-
mal Care International-accredited animal facility.
Satellite Cell Isolation and siRNA Transfection—Freshly iso-

lated satellite cells from adult mice were isolated and cultured
as previously described (33). Briefly, muscle was dissected from
the hind limbs, minced, digested in 400 units/ml collagenase
type I (Worthington), diluted in Ham’s F-12 medium (Invitro-
gen), filtered, and collected by centrifugation. Cells were cul-
tured on treated plates (Nunc) coated with 0.66% gelatin unless
otherwise noted. After 2 days in culture, 50 nM siRNA mouse
TEFD1 (Dharmacon RNA Technologies, ON-TARGETplus
SMARTpool) and siCONTROL Non-Targeting #1 were trans-
fected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol, and the protein was extracted after 36 h
of incubation and analyzed byWestern blot as described above.
RNA Samples and Isolation—EDLmuscles of adult wild-type

and transgenic (RTN12) mice were surgically removed and
transferred to RNAlater (Ambion) according to the manufac-
turer’s instructions. Total RNA was isolated from �20–50 mg

of tissue from each animal using RNA STAT-60 according to
the manufacturer’s instructions (Tel Test Inc). Equal amounts
of total RNA from each of four replicate tissue samples were
pooled for cDNA synthesis after RNA quality control tests.
RNA Quality Control—Immediately prior to cDNA synthe-

sis, the purity and concentration of RNA samples were deter-
mined from A260/280 readings using a dual beam UV spectro-
photometer, and RNA integrity was determined by capillary
electrophoresis using the RNA 6000 Nano Lab-on-a-Chip kit
and the Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA) as per the manufacturer’s instructions.
Reverse Transcription, PCR, andReal TimeQuantitative PCR

Analysis—Single strand cDNAwas synthesized from0.02 to 2.0
�g of each total RNA sample using the High Capacity cDNA
synthesis kit (Applied Biosystems), according to the manufac-
turer’s instructions. Conventional PCR for TEAD isoforms was
performed using 20 nmol of the following primers for
TEAD-1 (5�-AGAGCCCTGCCGAAAACATGG and 5�-TGG-
CTGTCCTGTCTGTATCAT), TEAD-2 (5�-GGAAGGCA-
GCGAAGAGGGC and 5�-CTTCACGTCTGGAACATTC-
CAT), TEAD-3 (5�-TGGACAAGGGTCTGGACAACG and
5�-AACCTTGAGGAGGAGGAGAAG), TEAD-4 (5�-ATTA-
CCTCCAACGAGTGGAGC and 5�-CTGGCAAAGCTCCT-
TGCCAAA), and tubulin (5�-TCACTGTGCCTGAACT-
TACC and 5�-GGAACATAGCCGTAAACTGC), 2.5 mM
MgCl2, 200 nM dNTPs, and 1 unit of Taq polymerase per reac-
tion at 95 °C for 5min at 95 °C, 65 °C, and 72 °C for 30 s each for
26–30 cycles, and at 72 °C for 10 min. The PCR product was
analyzed on a 1.2% standard agarose gel and stained with
ethidium bromide. Approximately 20 ng of each cDNA (9 �l)
was mixed with 10 �l of TaqMan� Gene Expression 2� PCR
Master Mix (Applied Biosystems) and 1 �l of each indicated
TaqMan� gene expression assay (Applied Biosystems) in 384-
well plates and analyzed on the 7900HT Fast Real Time PCR
system according to the manufacturer’s instructions (Applied
Biosystems). Primary analysis of the acquired signal data were
performed in SDS 2.3 and RQ Manager 1.2 (Applied Biosys-
tems). Outlier reactions were removed after Grubb’s test iden-
tification, and differential expression was calculated using the
��CT method.

RESULTS

Persistent Expression of Transgenic HA-TEAD-1 Is Restricted
to Striated Muscle and Does Not Induce Skeletal Muscle
Hypertrophy—Our previous work has implicated a role for
TEAD-1 in the fast-to-slow fiber type transition in the fast
twitch plantaris muscle as a result of mechanical overload (14,
15). To determine the phenotypic consequences of a persistent
increase in striated muscle TEAD-1 protein expression in vivo,
we have generatedmultiple transgenicmouse lines that express
hemagglutinin-tagged TEAD-1 (HA-TEAD-1) cDNA under
the control of the mouse muscle-specific creatine kinase regu-
lator sequences (Fig. 1A). A comparison of body weight, nor-
malized skeletal muscle weight (muscle weight/tibia length or
muscle weight/body weight), or cross-sectional area (data not
shown) did not reveal a difference between age and gender-
matched WT and TEAD-1 Tg mice. These data demonstrate
that an increase in total TEAD-1 protein (endogenous and
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exogenous (transgenic)) was not sufficient to directly and/or
indirectly induce skeletal muscle hypertrophy or to alter the
growth rate of the TEAD-1 Tg mice. To determine the tissue-
specific and developmental expression pattern of the MCK-
HA-TEAD-1 transgene, we performed Western blot analysis

using anti-HA antibody and total protein extracts isolated from
skeletal muscles composed of varying proportions of fast and
slow fiber types, nonmuscle tissues, and the heart of adult
(5-month-old) WT and TEAD-1 Tg mice. Endogenous MCK
gene expression is restricted to striatedmuscle (skeletal muscle

FIGURE 1. Schematic of TEAD-1 transgene and expression pattern of transgenic and endogenous TEAD-1. A hemagglutinin-tagged mouse TEAD-1 cDNA
was subcloned at the 3�-end of a mouse muscle-specific creatine kinase promoter/enhancer cassette followed by SV40 polyadenylation signal (A). Western blot
analysis was performed using 100 �g of total protein extract isolated from the soleus (B), plantaris (C), EDL (D), gastrocnemius (E), and heart (F) of WT and from
three independent TEAD-1 transgenic mouse lines (lines 4, 12, and 14). Analysis using either anti-HA or anti-TEAD-1 antibody revealed the striated muscle-
specific expression pattern of the TEAD-1 transgene (HA-tagged TEAD-1 protein). G, HA-tagged TEAD-1 protein was not detected in nonmuscle tissue (brain,
liver, spleen, and kidney) of transgenic line 12. TEAD-1 transgenic line 12 embryonic day 17 (H) and neonatal (day 14 postbirth) (I) leg muscle tissue express
HA-tagged TEAD-1 protein.
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and heart) and is first detected in skeletal muscle at approxi-
mately embryonic day 17. In addition, the magnitude of MCK
gene expression in adult skeletal muscle follows a fiber type-
specific pattern wherein the highest level of expression is
detected in fast type IIb fibers, with successively lower levels
occurring in the order IIx/d � IIa � I (�) (34, 35). Likewise,
extensive study of the mouse MCK promoter has revealed that
transgenic mice harboring a 3300-nucleotide region of MCK
5�-flanking sequence displayed an expression pattern that
mimicked that of the endogenousMCKgene (23–25). ByWest-
ern blot analysis, HA-TEAD-1 protein was detected only in the
total protein extracts isolated from adult hearts, as well as adult,
embryonic day 17 (fetal), and day 14 postnatal skeletal muscle
of all three TEAD-1 Tg lines (4, 12, 14) examined (Fig. 1, B–H)
(data not shown). The additional HA band that appears in lanes
2 and 3 for transgenic line 4 probably represents a truncated
HA-TEAD-1 product due to degradation or a smaller product,
initiation of translation at an alternative site, or truncation of
the transgene during chromosomal integration at a second site.
Moreover,HA-TEAD-1 proteinwas not detected in the cellular
extracts obtained from the brain, liver, spleen, or kidney of
TEAD-1 Tg mice (Fig. 1G). Consistent with the broad expres-
sion pattern of endogenous TEAD-1 protein, anti-TEAD-1-
specific antibody detected endogenous TEAD-1 protein in the
heart, skeletal muscle, brain, liver, spleen, and kidney of adult
WT and TEAD-1 Tg mice (Fig. 1, B–H). Multiple bands were
detected when using anti-TEAD-1 antibody, because this anti-
body recognizes a common epitope (amino acids 86–199) pres-
ent in both HA-TEAD-1 and endogenous TEAD-1 protein (Fig.
1, B–H). Consistent with the pattern of MCK gene expression,
HA-TEAD-1 protein was detected at the highest levels in the
EDL and plantaris muscles, which contain a predominance of
fast type II fibers (�90%), whereas comparatively lower levels
were detected in the soleusmuscle (�60–70% type I fibers) and
in the adult heart (Table 1). Importantly, althoughHA-TEAD-1
protein was detected in the heart of adult HA-TEAD-1 Tg (line
12) mice, a significant deficit in cardiac function was not
detected, as assessed by echocardiography and MRI analysis.3
Since all lines displayed a similar striated muscle-restricted
HA-TEAD-1 expression pattern, we have chosen to present
only our analysis ofHA-TEAD-1Tg line 12. Since adult striated
muscle has been shown to express multiple TEAD protein iso-
forms, we employed RT-PCR and qRT-PCR to assess whether
themRNA levels encoding other TEAD isoproteins in TEAD-1
Tg line 12 mice would be altered due to a persistent increase in
TEAD-1 protein.With the exception of TEAD-1mRNA levels,
mRNAs encoding TEAD-2, TEAD-3, and TEAD-4 did not dif-

fer from the levels detected inWTmouse EDL muscle (Fig. 2A
and Table 2). Collectively, these data demonstrate that the
MCK-driven HA-TEAD-1 transgene mimicked the striated
muscle-restricted expression pattern of the endogenous MCK
gene. Additionally, the persistent increase in total TEAD-1 pro-
tein did not result in cardiac dysfunction; nor did it directly or
indirectly alter the basal gene expression level of other mem-
bers of the TEAD gene family.
Mice Overexpressing TEAD-1 Display a Transition toward a

SlowerMuscle Contractile Phenotype—Previouswork by us (15,
36) and others (16, 37–40) has provided in vitro evidence that
the TEAD proteins participate in the regulation of several con-
tractile proteins. To determine whether a persistent increase in
TEAD-1 expression regulated MyHC gene expression in vivo,
we performed a comparative high resolution gel electrophore-
sis analysis of myofibrillar protein isolated from either WT or
TEAD-1 Tg line 12 mice. A striking observation was that the
intensity of silver-stained bands representing the fast type IIx/d
MyHCwas basically absent in both fast and slow twitchmuscles
of the TEAD-1 Tg mice as compared with those of WT mice.
Moreover, the plantaris, EDL, and gastrocnemius muscles of
the TEAD-1 Tg mice displayed a small but reproducible
decrease in the band intensity of fast type IIbMyHC and a small
and reproducible increase in the band intensity of the fast type
IIa MyHC. Interestingly, only the soleus and gastrocnemius
muscles of the TEAD-1 Tg line 12 mice showed an increase in
the band intensity of the slow type I (�) MyHC despite a signif-
icant increase in type I MyHC transcripts in the EDL muscle
(Fig. 3, A–D, and Table 3). These data demonstrate that3 R. W. Tsika, et al. manuscript in preparation.

FIGURE 2. Expression analysis of the TEAD gene family in adult striated
muscle. RT-PCR analysis of adult EDL muscle RNA (1 �g) isolated from WT and
TEAD-1 transgenic line 12 (Tg) EDL muscle showed increased TEAD-1 mRNA
levels without compensatory alteration of TEAD-2, TEAD-3, or TEAD-4 mRNA.

TABLE 1
Densitometry quantification of TEAD-1 overexpression in striated
muscle tissue of transgenic line 12 (n � 6)

TEAD-1 expression versusWT
Plantaris 23-fold1
EDL 37-fold1
Soleus 2.4-fold1
Gastrocnemius 17-fold1
Heart 3.3-fold1

TABLE 2
qRT-PCR analysis of TEAD1– 4 mRNA expression in adult TEAD-1 Tg
EDL muscle (line 12; n � 3) verified RT-PCR results showing an
increase in HA-tagged TEAD-1 mRNA without a compensatory
alteration in TEAD-2, TEAD-3, or TEAD-4 mRNA abundance

Gene qRT-PCR Regulation
TEAD-1�HA-TEAD-1 18-fold Increased
TEAD-1 1.2-fold No change
TEAD-2 1.0-fold No change
TEAD-3 1.2-fold No change
TEAD-4 1.1-fold No change
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TEAD-1 overexpression resulted in anMyHC profile reflective
of a slower phenotype in both fast and slow twitch skeletalmus-
cles. Likewise, lines 4 and 14 displayed MyHC expression

patterns that resembled that of
line 12, indicating that the MyHC
expression pattern observed due
to TEAD-1 overexpression was not
influenced by the transgene integra-
tion site. Furthermore, a compara-
tive analysis of muscle extracts
obtained from line 12 mice at 5 and
11 months of age did not reveal any
differences in MyHC expression
patterns (Fig. 3E).
It is well established that the con-

tractile velocity of a given muscle or
muscle fiber is strongly correlated to
theMyHCcompositionof its sarcom-
eres (3, 41). To directly ascertain
whether the putative TEAD-1-in-
duced shifts inMyHC isoform profile
resulted in alterations in the overall
power-generating capabilities of the
fast twitch extensor digitorum longus
muscle of adult TEAD-1 Tg line 12
mice, we performed a comparative
characterization of the force-velocity
and power-load relationship between
WT (n � 6) and TEAD-1 Tg (n � 6)
EDL muscle. Shortening velocities
were slower in the TEAD-1 Tg mice
as compared with theWTmice at all
relative loads less than isometric (Po;
Fig. 3E). This effect resulted in a
marked depression in the relative
power output in the EDL muscle of
TEAD-1 Tg mice (0.32 	 0.02 versus
0.51 	 0.03 P/Po�ml/s; Fig. 3F). Con-
comitant with the reduction in rela-
tive power output, overexpression of
TEAD-1 elicited a�40% reduction in
both peak absolute power (1.2 	 0.2
versus 2.3 	 0.4 watts; p 
 0.05) and
normalized power output (55.9	 6.4
versus 93.6 	 10.7 watts kg�1; p 

0.05).
To further investigate the effect

of TEAD-1 overexpression on the
contractile properties of the fast
twitch EDL muscle, we assessed
twitch kinetics. The contractile
properties of the TEAD-1 Tg line 12
and WT EDL muscle are summa-
rized in Table 4. The EDLmuscle of
TEAD-1 Tg mice (n � 6) displayed
significantly prolonged twitch dura-
tion (92.0 	 3.0 versus 79.0 	 4.0
ms) and half-relaxation time

(18.0	 1.0 versus 14.0	 1.0ms)when comparedwithWTEDL
(n � 6) muscle. No significant difference in either twitch ten-
sion or tetanic tension betweenWT andTEAD-1 Tgmice were

FIGURE 3. Representative MyHC protein expression pattern in various muscles and TEAD-1-induced
contractile properties of the fast twitch EDL muscle. High resolution glycerol gel electrophoresis of protein
extracts (0.75 �g) isolated from plantaris (A), EDL (B), soleus (C), and gastrocnemius (D) muscles of WT and
TEAD-1 Tg (line 12) mice revealed that a persistent increase in TEAD-1 expression results in a fast-to-slow
transition in skeletal muscle MyHC composition in both fast and slow twitch skeletal muscles. E, plantaris MyHC
separation of WT and Tg lines 12, 4, and 14 as well as 5- and 11-month Tg line 12 show no difference between
Tg lines and age. F, cumulative force-velocity and power-load relationships of EDL muscles isolated from WT
and TEAD-1 Tg mice (line 12). Shortening velocities and power output were reduced over most relative loads in
the TEAD-1 Tg EDL muscle, as evidenced by a �40% decrease in peak normalized power.
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observed. The slowing of twitch kinetics is consistent with
changes in theMyHC isoform profile as well as altered kinetics
ofCa2�handling by the sarcoplasmic reticulumandCa2�bind-
ing to the thin filament or a combination of all three (42).
To determine whether TEAD-1 overexpression resulted in

the transcription of genes encoding proteins involved in Ca2�

handling by the sarcoplasmic reticulum and Ca2� binding to
the sarcomeric thin filament, we used qRT-PCR to obtain an
assessment of transcripts encoding the slow sarcoplasmic retic-
ulum Ca2�-ATPase (SERCA2a), the fast sarcoplasmic reticu-
lum Ca2�-ATPase (SERCA1), and the slow isoforms of tropo-
nin T, troponin I, and troponin C. When compared with the
WT EDL, transcripts encoding the slow sarcoplasmic reticu-
lum Ca2� ATPase and the slow isoforms of troponin T, tropo-
nin I, and troponin C were increased in the TEAD-1 Tg line 12
EDL muscle 4.7-, 3.6-, 7.1-, and 6.1-fold, respectively, whereas
transcripts encoding fast SERCA1 decreased 1.7-fold (Table 5).
Consistent with an increase in mRNA transcripts encoding
sTnI and SERCA2a,Western blot analysis using protein extract
obtained from the EDL muscle of TEAD-1 Tg mice and anti-
sTnI- or anti-SERCA2a-specific antibodies detected higher lev-

els of sTnI and SERCA2a protein. Likewise, Western blot anal-
ysis using anti-SERCA1 antibody confirmed decreased fast
SERCA1 expression (Fig. 4). In addition, Western blot analysis
detected an increase in myoglobin protein, an oxygen binding
protein that is highly expressed only in oxidative skeletal mus-
cle fibers (Type I � IIa � IIx/d), providing further evidence for
a fast-to-slow fiber-type transition in the EDL muscle of
TEAD-1Tgmice (Fig. 4). Together, these results provide strong
in vivo evidence suggestive of a regulatory role for TEAD-1 in
the transcription of genes encoding proteins highly represented
in slow oxidative myofibers.
TEAD-1 Overexpression Decreases Nuclear NFAT Levels—Pre-

viouswork has shown that activation of the calcium-dependent
phosphatase calcineurin results in the nuclear translocation of
members of the NFAT transcription factor family and their
subsequent interaction with other transcriptional activators to
mediate slow muscle gene expression (6, 43). To determine if
TEAD-1 overexpression altered the levels of nuclear NFAT
protein, we performed aWestern blot analysis using both anti-
NFATc1- and anti-NFATc3-specific antibodies and nuclear
extracts obtained from the EDL and plantaris muscle of WT
and TEAD-1 line 12 Tg mice. There was a significant decrease
in NFATc1 and NFATc3 protein in the nuclear extracts iso-
lated from the EDL and plantaris muscles of TEAD-1 Tg mice
when comparedwith those isolated fromWTmice. In contrast,
we did not detect a difference in NFATc1 and NFATc3 protein
byWestern blot when using total cellular extracts (Fig. 5,A–F).
TEAD-1 Overexpression Increases Glycogen Synthase Kinase-3

Activity—In contrast to the phosphatase calcineurin, phospho-
rylation of NFAT byGSK-3� has been shown to exclude NFAT
from the nucleus and by this means decreases activation of
NFAT target genes (44, 45). To determine whether TEAD-1
overexpression leads to altered GSK-3 activity we performed a
Western blot analysis using anti-GSK3�- or anti-GSK-3�-spe-
cific antibody to assess GSK-3 content and activity. No signifi-
cant difference in totalGSK-3� orGSK-3�was detected in total
protein extract obtained from TEAD-1 Tg line 12 EDL or plan-
taris muscle when compared with those obtained from WT
mice (Fig. 6,A andB). The activity of GSK-3 is tightly regulated,
whereby phosphorylation of Ser-21 of GSK-3� and Ser-9 of

FIGURE 4. Contractile properties and expression profile of genes encod-
ing proteins highly represented in slow oxidative myofibers. Western
blot analysis using 100 �g of protein extract obtained from adult wild-type
(WT) and TEAD-1 Tg (line 12) EDL muscle confirmed qRT-PCR analysis, reveal-
ing a fast-to-slow shift via increase in slow troponin I and SERCA2a while fast
SERCA1 decreased.

TABLE 3
Densitometry quantification of MyHC isoform expression in striated
muscle tissue of wild-type versus transgenic line 12 (n � 6)

MyHC
isoform Plantaris EDL Soleus Gastrocnemius

IIa 1.5-fold1a 1.3-fold1a 1.15-fold1a 1.25-fold1b

IIx 67%2a 81%2c 95%2a 89% fold2b

IIb 1.0 no change 1.0 no change 1.0 no change 10%2b

I NDd ND 1.2 fold1a 1.2 fold1
a p 
 0.005.
b p 
 0.05.
c p 
 0.0005.
d ND, not detectable.

TABLE 4
Summary of contractile properties shows significantly longer
contraction and relaxation times in TEAD-1 Tg EDL muscle (line 12)

Measurement WT Tg, L12
Body weight (BW) (mg) 37.6 	 4.9 31.2 	 2.0
Muscle weight (MW) (mg) 11.1 	 1.1 10.1 	 0.4
MW/BW (mg g�1) 0.30 	 0.01 0.33 	 0.02
Lo (mm) 12.5 	 0.1 12.2 	 0.1
Cross-sectional area (mm2) 1.9 	 0.2 1.8 	 0.1
Twitch tension (micronewtons mm�2) 28.8 	 1.6 26.5 	 2.6
Tetanic tension (micronewtons mm�2) 184.2 	 9.1 203.2 	 13.9
TR50 (ms)a 14 	 1 18 	 1b
CT (ms)c 79 	 4 92 	 3b

a TR50, half-relaxation time.
b p 
 0.05.
c CT, twitch duration.

TABLE 5
Summary of qRT-PCR (1 �g of RNA) and Western blot (100 �g of
protein) analysis of adult EDL muscle from wild-type and TEAD-1 Tg
(line 12) mice indicates a regulatory role for TEAD-1 in the
transcription of these genes

Gene qRT-PCR Regulation
MyHC IIx 5.0-fold Decreased
MyHC IIb 1.4-fold Decreased
MyHC IIa 2.0-fold Increased
MyHC I (�) 13.7-fold Increased
Troponin C, slow 6.1-fold Increased
Troponin I, slow 7.1-fold Increased
Troponin T1, slow 3.6-fold Increased
ATPase, Ca2�-transporting, slow 4.7-fold Increased
ATPase, Ca2�-transporting, fast 1.7-fold Decreased
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GSK-3� decreases kinase activity, whereas dephosphorylation
of these serine residues activates kinase activity (46, 47). West-
ern blot analysis using either phospho-GSK-3� (Ser-21)-spe-
cific or phospho-GSK-3� (Ser-9)-specific antibodies revealed a
significant decrease in GSK-3� and GSK-3� phosphorylation
(activation) in the protein extracts obtained from the EDL and
plantaris muscles of TEAD-1 Tg mice when compared with
those obtained fromWTmice (Fig. 6, A and B).
Signaling by Akt family members (Akt1, -2, and -3) has been

shown to inhibit GSK-3�/� activity via phosphorylation of Ser
(Ser-21 and Ser-9) residues (46, 48). To evaluate whether
TEAD-1 overexpression altered Akt signaling activity, we per-
formed aWestern blot analysis using an anti-Akt antibody that
recognizes all three Akt isoforms (Akt1, Akt2, andAkt3) as well

as antibodies that specifically recog-
nize either Akt1 orAkt2 protein. No
difference in total Akt (Akt1 to -3),
Akt1, or Akt2 protein was detected
between the cellular extracts iso-
lated from the EDL and plantaris
muscles of WT and TEAD-1 Tg
line 12 mice (Fig. 7, A and B). Simi-
larly, phospho-Ser473 Akt antibody
did not detect significant differ-
ences in Akt phosphorylation
between WT and TEAD-1 Tg EDL
andplantarismuscle extracts (Fig. 7,
A and B). These data show that acti-
vation of GSK-3� and GSK-3� in
the EDL and plantaris muscles of
TEAD-1 transgenic mice was not
due to decreases in total Akt or Akt
activity (phospho-Akt).
Increased GSK-3 Activity Alters

Nuclear Levels of Its Downstream
Target �-Catenin—It is well estab-
lished that activated GSK-3� is a
negative regulator of the transcrip-
tional regulatory protein,�-catenin.
GSK-3-mediated phosphorylation
of �-catenin leads to its proteo-
some-mediated degradation, result-
ing in altered transcriptional regula-
tion of �-catenin target genes (46,
49). Immunoblot analysis using
anti-�-catenin-specificantibodyde-
tected reduced levels of �-catenin
in the nuclear extracts obtained
from the EDL and plantaris muscles
of TEAD-1 Tg line 12 mice.
Although we detected a decrease in
nuclear �-catenin, no differences
where obtained between WT and
HA-TEAD-1 line 12 mice when
using total cellular extracts, which
is probably due to the large
amount of total cellular �-catenin
(Fig. 8, A–D).

The Effects of Activated GSK-3 Are Reversed by MOV and
TEAD-1 siRNA—Previously, we have demonstrated that 48 h of
MOVwas sufficient to nearly silence the expression of a 3300-bp
mouseMCKpromoter-reporter transgene (�3300to�7-CAT) in
the plantaris muscle of transgenic mice (26). Since expression of
the HA-TEAD-1 transgene is controlled in part by a 3300-bp
MCKpromoter (see Fig. 1A), we tested the hypothesis that 48 h of
MOVwould return the levels of phospho-GSK-3�/� back toWT
levels, thereby restoring nuclear NFAT and �-catenin levels.
Immunoblot analysis using protein extracts isolated from 48-h
MOV-plantaris muscle of TEAD-1 Tg line 12 mice and an anti-
TEAD-1-specific antibody showed a remarkable decrease in HA-
TEAD-1 protein when compared with plantaris muscle protein
extract obtained from TEAD-1 Tg mice that had not been sub-

FIGURE 5. Western blot analysis of NFATc1 and NFATc3 expression in fast twitch skeletal muscle. Densi-
tometry quantification of nuclear protein extracts (100 �g) obtained from adult WT and TEAD-1 Tg (line 12) EDL
and plantaris muscle show a significant decrease of nuclear NFAT protein in transgenic versus wild type EDL (A
and B) and plantaris (C and D) muscle. Comparative Western blot analysis using 100 �g of total protein extract
obtained from either adult WT control or TEAD-1 Tg (line 12) control revealed no difference in total level of
NFAT protein in EDL (E) and plantaris (F).
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jected toMOV (Fig. 9A).Most strikingly, 48 h ofMOV resulted in
a rescue of GSK-3� and GSK-3� phosphorylation level that was
not different from that detected in total protein extract isolated
from the plantaris muscle of WT and WT MOV mice (Fig. 9A,
lane 1 versus lanes 4–7). The latter indicates that 48 hofMOVdid
not alter the phosphorylation status of GSK-3�/�. Furthermore,
Western blot analysis using nuclear extract isolated from 48-h
TEAD-1TgMOV-plantarismuscle showed that thenuclear levels
of NFATc1, NFATc3, and �-catenin were similar to those
detected in nuclear extracts isolated from the plantaris muscle of
WTmice (Fig. 9B, lane 1 versus lanes 4–6). SinceAkt is a primary
upstream regulator of GSK-3 activity, we performed a Western
blot analysis to determine if 48 h ofMOV activated Akt signaling.
The levels of total and phosphorylated Akt in TEAD-1 TgMOV-
plantaris total protein extract did not differ significantly from
those detected in plantaris extract isolated fromTEAD-1Tgmice
not subjected toMOV (Fig. 9C, lanes 1–3 versus lanes 4–6). Sim-
ilar resultswereobtainedwhenassessing total andphosphorylated
Akt in total protein extract obtained fromWT versusWT-MOV
plantaris muscle (Fig. 9D, lanes 1–3 versus lanes 4–6).
Mouse skeletal muscle satellite cells reportedly appear

shortly before the end of gestation (2, 50, 51). Since we have
detected HA-TEAD-1 protein in the hind limb skeletal muscle

of embryonic day 17 (fetal) TEAD-1
Tg line 12 mice (Fig. 1H), it was
important to examine if the
HA-TEAD-1 transgene was ex-
pressed in adult skeletal muscle
myoblasts (satellite cells) of these
mice and, if so, whether TEAD-1
overexpression in these cells re-
sulted in an altered phosphorylation
status of GSK-3�/�. Western blot
analysis using TEAD-1-specific
antibody and total protein extract
obtained from differentiated satel-
lite cells isolated from either WT or
TEAD-1 Tg mice (3 months old)
revealed the presence of endoge-
nous TEAD-1 (Fig. 9E, lanes 1–4),
whereas the HA-tagged TEAD-1
protein only appeared in the protein
extracts of differentiated satellite
cells isolated from TEAD-1 Tg line
12mice (Fig. 9E, lanes 1 and 2 versus
lane 4). Transfection of TEAD-1 Tg
satellite cells with TEAD-1-specific
siRNA markedly decreased the lev-
els of total cellular TEAD-1 (endog-
enous and HA-TEAD-1) protein as
compared with transfection with
nontargeting siRNA (Fig. 9E, lane 2
versus lane 3) or in comparison with
WT TEAD-1 levels (Fig. 9E, lane 3
versus lane 4). Importantly, West-
ern blot analysis revealed that the
phosphorylation status of GSK-
3�/� was strikingly decreased in

protein extracts isolated from TEAD-1 Tg satellite cells when
compared with protein extracts isolated fromWT satellite cells
(Fig. 9E, lanes 1 and 2 versus lane 4). GSK-3�/� phosphoryla-
tion levels returned to WT levels in TEAD-1 Tg satellite cells
treated with TEAD-1 siRNA (Fig. 9E, lane 3 versus 4), whereas
those treated with nontargeting siRNA maintained reduced
levels of phospho-GSK-3�/� (Fig. 9E, lane 2 versus lane 3).
When considered collectively, these data provide convincing
evidence that TEAD-1 participates in slow muscle contractile
protein gene expression in vivo and reveal a regulatory role for
TEAD-1 in GSK-3�/� signaling.

DISCUSSION

This study provides the first in vivo evidence indicating that
TEAD-1 participates in slow skeletal muscle gene expression,
and it reveals that TEAD-1 unexpectedly activated GSK-3�/�,
resulting in decreased nuclear �-catenin and NFATc1/c3 pro-
tein. We have verified the link between increased TEAD-1
expression and activation of GSK-3�/� by using TEAD-1
siRNA in culture satellite cells and in vivo by using MOV, both
of which decreased TEAD-1 transgene expression, thereby
restoringWT levels of phospho-GSK-3�/� andnuclear�-catenin
andNFATc1/c3.TEAD-1activationofGSK-3�/� signaling in sat-

FIGURE 6. Western blot analysis of total and phosphorylated GSK-3� and -� expression in fast twitch
skeletal muscle. Densitometry quantification of total protein extracts (100 �g) obtained from adult WT and
TEAD-1 Tg (line 12) EDL and plantaris muscle reveals no difference in total GSK-3� and GSK-3� protein and a
significant decrease in the phosphorylation status of GSK-3� and GSK-3� in transgenic versus wild type EDL (A)
and plantaris (B) muscle.
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ellite cells may have future applica-
tions tonovel therapeutic strategies in
regenerative medicine.
Although numerous in vitro stud-

ies have provided evidence that
TEAD proteins regulate basal and
adaptive skeletal muscle contractile
protein gene expression, their in
vivo role in this capacity has not
been examined in adult skeletal
muscle. We show herein that a per-
sistent increase in TEAD-1 expres-
sion in adult skeletal muscle
induced a transition toward a slow
muscle contractile protein pheno-
type. This was evidenced by a shift
toward a slower MyHC profile that
was distinguished by the virtual loss
of fast type IIx/d MyHC protein in
both fast and slow twitch muscles, a
variable decrease in type IIb MyHC
protein, and an increase in type IIa
and/or type I MyHC protein for
each of three independent Tg lines
(Fig. 3E). Most importantly, the
physiological significance of the
shift toward a slowerMyHC expres-
sion pattern was underscored by a
corresponding decrease in the
shortening velocity of the fast twitch
EDL muscle, which is consistent
with a large body of evidence dem-
onstrating that each MyHC isopro-
tein confers a different ATPase
activity and contractile velocity (3,
41, 52). In addition to the transition
toward a slower MyHC expression
pattern in the fast twitch EDL
muscle, we have shown a striking
increase in the abundance of
mRNAs encoding the slow isoforms
of the thin filament troponin com-
plex proteins (TnC, TnT, and TnI
(troponin C, troponin T, and tro-
ponin I, respectively)) and the slow
sarcoplasmic calcium ATPase
(SERCA2a) that was paralleled by
increases in myoglobin, slow TnI,
and SERCA2a protein with a
decrease in fast SERCA1mRNAand
protein. This fast-to-slow transition
in EDL gene expression was paral-
leled by significantly longer con-
traction and relaxation times, which
corresponds well with previous
studies demonstrating that the tro-
ponin complex proteins and sarco-
plasmic calcium-ATPase regulate

FIGURE 7. Western blot analysis of total and phosphorylated Akt protein in fast-twitch skeletal muscle.
Densitometry quantification of total protein extracts (100 �g) obtained from WT and TEAD-1 Tg (line 12) EDL
and plantaris muscle revealed no difference in expression and phosphorylation levels of Akt in transgenic mice
in EDL (A) and plantaris (B) muscle.

FIGURE 8. Western blot analysis of nuclear �-catenin expression in fast-twitch skeletal muscle. Densitom-
etry quantification of nuclear protein extracts (100 �g) obtained from WT and TEAD-1 Tg (line 12) EDL and
plantaris muscle revealed a significant decrease in nuclear �-catenin protein abundance in transgenic EDL (A)
and plantaris (B) muscle. Comparative Western blot analysis using 100 �g of total protein extract obtained from
either adult WT control or TEAD-1 Tg (line 12) control revealed no difference in total level of �-catenin protein
in EDL (C) and plantaris (D).
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the kinetics of calcium-activated muscle contraction (29). It is
notable that the skeletal muscle phenotype displayed by the
TEAD-1 Tg mice shows a remarkable correlation to our previ-
ous work wherein we showed that MOV not only induced
TEAD-1 protein expression but also increased the expression
ofmyoglobin, slow TnI, and �MyHCprotein concurrent with a
significant increase in type I fibers (15, 53, 54). In addition,
trends in MyHC gene expression similar to those reported
herein have been reported to occur in both human and rodent
fast twitch muscle in response to resistance and endurance
exercise (55). It is also noteworthy that the transcriptional acti-
vation ofmyoglobin and slowTnI in fast twitchmuscle of trans-
genic mice expressing constitutively active forms of cal-
cineurin, CaMK, or PDK1 has been used as a standard to
confirm the induction of a slow gene program (5, 56, 57). Col-
lectively, these data provide in vivo evidence that TEAD-1
serves a role in slow and oxidative skeletal muscle contractile
protein gene expression and point toward a role for this tran-
scription factor in human and rodent skeletal muscle adapta-
tions in response to various modes of exercise.
An interesting and rather unexpected finding from our study

was that although the fast-twitch EDL muscle of TEAD-1 Tg
mice displayed increased levels of �MyHC mRNA (�14-fold;
this is a muscle that normally does not express �MyHC to any
appreciable degree), increased �MyHC protein expression was
only detected in the gastrocnemius and soleusmuscles, indicat-
ing that �MyHC protein production was being regulated by a
muscle-specific post-transcriptional mechanism. There are
two reasonable explanations that can account for this finding.
Micro-RNAs (small noncoding RNAs) have been shown to reg-
ulate gene expression post-transcriptionally by binding target
mRNAs and in this manner prevent and/or decrease protein
synthesis of the encoded protein (58). In this regard, several
striatedmuscle-specific micro-RNAs have been shown to serve
crucial regulatory roles during skeletal muscle development
and in cardiac gene expression and stress responsiveness (59,
60). For example, the hearts from miR-208 nullizygous mice
displayed up-regulation of numerous fast twitch skeletal mus-
cle genes andwere unable to induce�MyHCgene expression in
response to pressure overload, indicating a specific role for
miR-208 in maintaining the cardiac phenotype and in �MyHC
gene expression as a result of stress. Although speculative, it is
conceivable that the fast twitch EDL muscle expresses a set of
micro-RNAs that target mRNAs encoding various slowmuscle
proteins (e.g. �MyHC), thereby maintaining its fast fiber phe-
notype. Equally plausible, the �MyHC protein may have been
degraded as an inappropriately expressed protein. The ubiq-
uitin-proteasome system participates in the regulation of
numerous cellular processes by proteolytic degradation of reg-
ulatory proteins of signaling and gene expression pathways and
serves as the primary site of skeletal muscle contractile protein
maintenance and turnover under basal conditions and in

FIGURE 9. MOV- and TEAD-1-specific siRNA repress TEAD-1 transgene
expression and reverse the effects of activated GSK-3�/� on nuclear
abundance of NFATc1/c3 and �-catenin. A–D, comparative Western blot
analysis using 100 �g of total protein extract obtained from either adult WT
and MOV-treated (WT MOV) or TEAD-1 Tg line 12 (Tg, L12) control and MOV-
treated plantaris muscles (Tg, L12, MOV) revealed that the phosphorylation of

GSK-3�/� returned to WT levels, thereby restoring nuclear NFAT and �-cate-
nin levels, whereas Akt was not activated. E, Western blot analysis of protein
extract obtained from satellite cells isolated from either WT or TEAD-1 Tg (line
12) muscle treated with nontargeting or TEAD-1 siRNA showed silencing of
HA-TEAD-1 expression concurrent with a return of GSK-3�/� phosphoryla-
tion status to WT levels.
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response to physiological and pathological stimuli (61). In this
regard, mice deficient for two E3 ligases, muscle RING finger 1
and 3 (MuRF1 and MuRF3), develop skeletal muscle patholo-
gies characterized by subsarcolemma accumulation of MyHC
(�MyHC and fast type IIa MyHC), indicating a role for MuRF1
and MuRF3 in the maintenance of basal contractile protein
turnover (62). Thus, degradation of the �MyHC protein may
have served as a compensatory response to retain the fast fiber
phenotype of the EDL muscle. Clearly, skeletal muscle fiber
type conversion, be it fast-to-slow or slow-to-fast, requires
coordinate regulation at multiple levels, given that it involves a
multitude of changes in muscle-specific gene expression, and
regulation can be imposed at any point along the gene expres-
sion pathway. Consistent with this concept, recent inquiries
into the molecular mechanisms involved in establishing, main-
taining, andmodulating skeletalmuscle fiber types have led to a
proposed model wherein the cooperative interactions between
three signaling pathways (calcineurin, CaMKs, and PKD1)
modulate the transcriptional activation of slow muscle fiber
genes through class II HDAC degradation and the activation of
members of the MEF2 and NFAT transcription factor families
(5–7, 43).
Another intriguing and unexpected finding was that the

TEAD-1-induced transition toward a slowermuscle contractile
phenotype was accomplished in a seemingly NFAT-independ-
ent manner. Our Western blot analyses showed a reduction in
the phosphorylation status of both isoforms of glycogen syn-
thase kinase-3 (GSK-3� and GSK-3�; dephosphorylation acti-
vates GSK kinase activity) concurrent with decreased nuclear
levels of NFATc1 and NFATc3. The observed decrease in the
phosphorylation status of GSK-3�/� could not be attributed to
an alteration in signaling fromAkt, a primary upstream regula-
tor of GSK phosphorylation, since we did not detect changes in
total or phosphorylated levels of Akt. Importantly, previous
work has shown that GSK-3� works in opposition to the pro-
tein phosphatase calcineurin. Once activated by a sustained
increase in intracellular calcium, calcineurin dephosphorylates
cytoplasmic NFAT, resulting in its nuclear translocation and
subsequent activation of NFAT-dependent gene expression,
whereas GSK-3� phosphorylates NFAT, affecting its nuclear
abundance and, by this means, decreases NFAT target gene
expression (63). Consistent with our result showing that GSK-
3�/� can regulate nuclear NFAT levels, it has been shown that
overexpression of a constitutively active form of GSK-3�
increased NFAT export from the nucleus of cardiomyocytes
(64). Furthermore, the inhibition of GSK-3� has been shown to
slow the export of NFATc1 from the nucleus of single fibers
isolated from themouse flexor digitorum brevis muscle follow-
ing the cessation of electrically stimulated import of NFATc1
(65). It is also worth noting that although several studies have
provided evidence that calcineurin signaling is important for
fiber type switching, activation of the slow gene program can
occur by an NFAT-independent mechanism (13, 56, 57,
66–69).
AswithNFAT,we also demonstrate a notable decrease in the

nuclear levels of�-catenin, which is another downstream target
of activated GSK-3�. This result is consistent with previous
work, wherein a decrease in �-catenin was detected in embry-

onic stem cells isolated from double homozygous GSK�/
�(21A/21A/9A/9A) knock-in mice expressing constitutively active
forms of GSK-3�/� due to a serine-to-alanine substitution that
prevents phosphorylation and thus inactivation of GSK-3� and
GSK-3� (70). GSK-3� phosphorylation of �-catenin targets it
for degradation by the ubiquitin proteosome, thereby control-
ling its nuclear level and transcriptional activity of �-catenin/
TCF/Lef-responsive promoters (46, 47). Although �-catenin
has been shown to be necessary for skeletal muscle develop-
ment (71), we did not detect a difference in skeletal muscle
growth rate or normalized weight between wild type and
TEAD-1 Tg mice despite the early expression pattern of the
TEAD-1 transgene (embryonic day 17), indicating that �-cate-
nin is required at an earlier time during myogenesis or that the
overall magnitude of decrease in nuclear �-catenin in our
experiment was not sufficient to altermuscle growth. Although
our data did not provide evidence as to whether decreased
nuclear �-catenin contributed to the observed transition to a
slower contractile protein phenotype, a role in this capacity is
conceivable based on the numerous TCF/Lef elements con-
tained within the promoter regions of the MyHC, troponin
complex, and SERCA2a genes.
Our current study also provides substantial evidence that the

persistent increase in TEAD-1 expression is responsible for the
reduced level of phospho-GSK-3�/3� and nuclear NFATc1/3
and �-catenin. This was evidence by employing 48 h of MOV,
which resulted in a significant decrease in MCK-driven HA-
tagged TEAD-1 transgene expression and a return of phospho-
GSK-3�/3�, nuclear NFATc1/c3, and �-catenin to WT levels
in the absence of a significant change in total or phospho-Akt.
Of direct relevance to the latter study is our previous work
showing that 48 h of MOV is sufficient to repress endogenous
and transgenic MCK reporter gene expression (26). However,
sinceMOV is associated with an increase in motor nerve activ-
ity, a stimulus previously shown to regulate nucleocytoplasmic
shuttling of NFAT via the calcium-dependent calcineurin-
NFATpathway (65, 72, 73), it could be argued that the observed
return of nuclear NFATc1/c3 to wild type levels in our study
was due to heightened neural activity imposed by MOV. Nev-
ertheless, the connection between increased TEAD-1 expres-
sion and dephosphorylation of GSK-3�/� was further substan-
tiated when we demonstrated that adult stage myoblast
(satellite cells) isolated from TEAD-1 Tg mice displayed WT
levels of phospho-GSK-3�/� concurrent with a striking
decrease in MCK-driven HA-TEAD-1 expression as a result of
transfection with TEAD-1-specific siRNA. Although beyond
the scope of the current study, it will be intriguing to determine
the role TEAD-1 serves in satellite cell (skeletal muscle adult
stem cells) regulation, given that satellite cells contribute to
postnatal skeletal muscle growth and play an essential role in
skeletal muscle homeostasis and regeneration after injury and
during aging (74).
In summary, the present study provides the first in vivo evi-

dence that TEAD-1 participates in slow skeletal muscle gene
expression and revealed a novel link between increased
TEAD-1 expression and activation of GSK-3�/�, which, in
turn, decreased nuclear NFATc1/c3 and�-catenin protein. It is
expected that this putative pathway (TEAD-13GSK-3�/�3

TEAD-1 Participates in Slow Fiber Gene Expression

DECEMBER 26, 2008 • VOLUME 283 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36165



�-catenin/NFATc1/c3) would work in conjunction with the
well established calcium-dependent signaling pathways to acti-
vate a complete array of gene programs necessary to accom-
plish a complete fast-to-slow phenotype switch in adult skeletal
muscle. However, our data also support the notion that
TEAD-1 can induce a transition toward a slower contractile
protein phenotype independent of activation of calcium-de-
pendent pathways, conceivably via direct TEAD element bind-
ing and combinatorial interactions with adjacently bound tran-
scriptional regulators and coactivators. Additional work will be
required to elucidate 1) the phosphatase that dephosphorylates
GSK-3�/�, 2) the transcription factors and coactivators that
interact with the TEAD proteins in vivo to mediate skeletal
muscle-fiber-specific gene expression under basal conditions
and during remodeling in response to MOV/exercise, and 3)
the full complement of TEAD target genes, given the crucial
transcriptional role recently reported for the TEAD proteins in
neural cells and smooth and striated muscle (17–22, 75).
Finally, our current results suggest a possible regulatory role of
TEAD-1 in satellite cells. Because satellite cells are basically
solely responsible for regeneration of adult skeletal muscle,
increased TEAD-1 expression potentially may be exploited for
the development of novel therapeutic strategies in regenerative
medicine.
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