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Abstract
Fgfr4 has been shown to be important for appropriate muscle development in chick limb buds,
however, Fgfr4 null mice show no phenotype. Here, we show that staged induction of muscle
regeneration in Fgfr4 null mice becomes highly abnormal at the time point when Fgfr4 is normally
expressed. By 7 days of regeneration, differentiation of myotubes became poorly coordinated and
delayed by both histology and embryonic myosin heavy chain staining. By 14 days, much of the
muscle was replaced by fat and calcifications. To begin to dissect the molecular pathways involving
Fgfr4, we queried the promoter sequences for transcriptional factor binding sites, and tested candidate
regulators in a 27 time point regeneration series. The Fgfr4 promoter region contained a Tead protein
binding site (M-CAT 5′-CATTCCT-3′), and Tead2 showed induction during regeneration
commensurate with Fgfr4 regulation. Co-transfection of Tead2 and Fgfr4 promoter reporter
constructs into C2C12 myotubes showed Tead2 to activate Fgfr4, and mutation of the M-CAT motif
in the Fgfr4 promoter abolished these effects. Immunostaining for Tead2 showed timed expression
in myotube nuclei consistent with the mRNA data. Query of the expression timing and genomic
sequences of Tead2 suggested direct regulation by MyoD, and, consistent with this, MyoD directly
bound to two strong E-boxes in the first intron of Tead2 by chromatin immunoprecipitation assay.
Moreover, co-transfection of MyoD and Tead2 intron reporter constructs into 10T1/2 cells activated
reporter activity in a dose dependent manner. This activation was greatly reduced when the two E-
boxes were mutated. Our data suggest a novel MyoD-Tead2-Fgfr4 pathway important for effective
muscle regeneration.
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Fibroblast growth factors (FGFs)1 and their receptors (FGFRs) are critical for the development
of most cell types. There are at least 22 distinct FGF ligands and four receptors (FGFR1-4),
and different ligand/receptor pairs regulate cell growth in either a positive or negative manner,
depending on the cell type and stage of development (1,2). Gain-of-function mutations of
FGFR1, FGFR2, and FGFR3 cause a series of important human disorders of bone development,
most notably achondroplasia (dwarfism) (FGFR3), and different types of craniosynostosis
(FGFR1, FGFR2, FGFR3) (3-7).

We and others have shown that the major receptor expressed in muscle is FGFR4, while the
major ligand is FGF6 (8-17). Consistent with an important role for FGFR4 in muscle
development, previous studies have shown that inhibition of FGFR4 leads to the arrest of
muscle progenitor differentiation in chick embryo, with reduced expression of Myf5, MyoD,
and embryonic myosin heavy chain and dramatic loss of limb muscles (18). This effect is

1The abbreviations used are:

FGF  
fibroblast growth factor

Fgfr  
fibroblast growth factor receptor

M-CAT  
muscle-CAT

MCK  
muscle creatine kinase

Tead  
TEA domain

TEF  
transcription enhancer factor

Vgl  
vestigial-like

Cmas  
cytidine monophospho-N-acetylneuraminic acid synthetase

Rapsn  
receptor-associated protein of the synapse

SV40  
simian virus 40

GM  
growth medium

DM  
differentiation medium

CTX  
cardiotoxin

ChIP  
chromatin immunoprecipitation

QMF-PCR  
quantitative multiplex fluorescent-polymerase chain reaction
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independent of myoblast proliferation (18). Sp1 is shown as one of the factors to control the
transcription of FGFR4 in skeletal muscle cells (19,20).

Despite the well-documented importance of Fgfr4 in muscle development in the chick,
Fgfr4 null mice develop normally, with no evident muscle defects (21). The only phenotype
shown to date for Fgfr4 null mice is increased liver injury and fibrosis induced by carbon
tetrachloride, and increased cholesterol metabolism and bile acid synthesis (22-24).

In our studies of staged muscle regeneration in vivo (17,25,26), we had observed that Fgfr4
was strongly yet transiently induced at a key day 3 time point post-injection in muscle
regeneration. This time point is commensurate with the myoblast-myotube transition, where
proliferating myoblasts leave the cell cycle, fuse with neighboring cells, and terminally
differentiate into multi-nucleated myotubes.

We hypothesized that Fgfr4 may be required for effective muscle regeneration, and tested this
using staged degeneration/regeneration in Fgfr4 null mice. Regeneration in Fgfr4 was highly
abnormal, with poorly differentiated myotubes at day 7, and extensive replacement of muscle
by fat and calcifications by day 14. We then built a transcriptional pathway upstream of
Fgfr4. We show that one of the TEA domain transcriptional factors, Tead2, is induced at day
3 during regeneration, whereupon it regulates the Fgfr4 promoter through the M-CAT motif
(CATTCCT). Moreover, we show that MyoD directly binds to and activates Tead2 first intron.
Thus, our data defines a MyoD-Tead2-Fgfr4 pathway important for effective muscle
regeneration.

EXPERIMENTAL PROCEDURES
Staged muscle regeneration and expression profiling—Fgfr4 null mice were originally
generated by Dr. Chu-Xia Deng (NIDDK, NIH; 21), and maintained by Dr. Wallace McKeehan
at Texas A&M University.

Staged muscle degeneration/regeneration was done in both 8 week old wild-type and Fgfr4
null mice by intramuscular injection of 100 μl of 10 μM cardiotoxin (CTX) using a 10-needle
manifold, as we have previously described (25,26). Both gastrocnemii of three mice per time
point were injected and studied.

H+E staining—Each muscle was examined histologically in the belly (center) of the
gastrocnemius muscle. Cryosections (8μm) were cut using an IEC Minotome® cryostat,
collected on Superfrost Plus slides (Fisher Scientific), and stained with hematoxylin and eosin,
or used for immunostaining and immunolocalizations.

Quantitative multiplex fluorescent PCR—Quantitative multiplex fluorescent PCR (QMF-PCR)
was done as previously described using a LI-COR DNA analyzer (25,27). Briefly, 1μg of total
RNA was used to synthesize cDNA using oligo(dT) primer (Roche) in a 20μl reaction. 0.5μl
of cDNA was then used for RT-PCR in a 12.5μl reaction. PCR was done at 94°C for 30s, 55°
C for 30s, and 72°C for 30s for 18 to 20 cycles, and then a 72°C extension for 10 min. Primers
used for RT-PCR are Tead2 (NM_011565) forward: 5′
GGAGTGAGCAGCCAGTATGAGAG 3′, Tead2 reverse: 5′
TACACAAAGCGCCCGTCCTC 3′. Primers for control genes (NIPI-like protein, Cytidine
monophospho-N-acetylneuraminic acid synthetase) are NIPI-like protein (U67328) forward:
5′ AACAGGGAACCTATGGTGGC 3′, reverse: 5′ CTGTCCACAGGGTGACTGAAG 3′;
Cytidine monophospho-N-acetylneuraminic acid synthetase (Cmas, AJ006215) forward: 5′
GACCTAGTCTTGCTCCGACCTC 3′, reverse: 5′ CAGGGGTGTCTTACCAGACTC 3′.
Forward primers were labeled with an infrared fluorescent dye (IRDye 700, LI-COR). PCR
products are 135bp (Tead2), 142bp (NIPI-like protein), and 128bp (Cmas). PCR products were
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quantitated using Gene ImagIR 3.56 (LI-COR). Expression of tested gene was normalized to
that of NIPI-like protein (control1) and Cmas (control2) by using the following formula: (test/
control1 + test/control2)/2.

Real time RT-PCR—Real time RT-PCR was done using ABI Prism 7900HT Sequence
Detection System. Tead2 and Cmas primers are the same as these used in QMF-PCR. Primers
for Vgl2 (NM_153786.1) are forward: 5′ TCGGTCTGGCTGGGTGGTACAG 3′, reverse: 5′
CCATTCATCCTAGCCACACACCG 3′. 0.5μl of cDNA was used for RT-PCR in a 25μl
reaction with SYBR® Green fluorescence labeling. PCR was done at 95°C for 15s, 57°C for
30s, and 72°C for 30s for 40 cycles followed by a dissociation step to check the specificity of
the products.

Antibody production, western blotting and immunostaining—Rabbit polyclonal antibodies
were produced against Tead2 using a single peptide showing no homology with other Tead
family members (WTGSEEGSEEGTGGS). Immune sera were affinity purified using the
peptide. Antibody is available from the authors by request.

Whole protein extraction from muscles was quantitated with Bradford protein assay (BioRad)
and 10μg of proteins for each sample were loaded onto NuPAGE® Novex Bis-Tris gels
(Invitrogen). Proteins were transferred to nitrocellulose membrane, incubated with Tead2
antibodies for 2 hours, and then with HRP-bovine-anti-rabbit IgG (Santa Cruz) for 1 hour.
Samples were detected with ECL Western blotting detection reagents (Amersham pharmacia
biotech) and exposed to film.

Immunostaining was done as previously described (28). R-phycoerythrin-conjugated rat anti-
mouse CD16/CD32 monoclonal antibodies (1:40 dilution) were purchased from BD
Biosciences Pharmingen. Rat anti-mouse Laminin a2 monoclonal antibodies (1:50 dilution)
were purchased from Alexis Biochemicals. Monoclonal antibodies against embryonic myosin
heavy chain were obtained from Developmental Studies Hybridoma Bank. Secondary
antibodies Cy3-conjugated donkey anti-rabbit IgG (1:500 dilution), Cy3-conjugated donkey
anti-mouse IgG (1:500 dilution) and Cy2-conjugated goat anti-rat IgG (1:100 dilution) were
purchased from Jackson ImmunoResearch Laboratories.

Quantitation of anti-CD16/CD32 fluorescence was done using Image-Pro® Plus imaging
software (Media Cybernetics). Muscle areas were measured using ImageJ (http://
rsb.info.nih.gov/ij/). Fluorescence was normalized to the area of each muscle.

Mineral Analysis—Injected muscles were cryosectioned and either stained by the von Kossa
technique to demonstrate the presence of phosphate containing mineral or placed on barium
fluoride spectroscopic windows and analyzed by Fourier transform infrared imaging (29) using
a Perkin Elmer Spotlight Imaging system (PerkinElmer Instruments). The spatial resolution
was ∼7μm. Individual spectra were extracted from the images where mineral was visible
(based on the increased intensity of the phosphate band at 900-1200 wavenumbers), and
compared to spectra of bone.

PCR amplification of the Fgfr4 promoter, Tead2 first intron, subcloning and mutagenesis—A
226bp Fgfr4 genomic region containing the M-CAT site was PCR amplified from genomic
DNA isolated from C2C12 skeletal muscle cells. A MluI site was added to the forward primers
and an XhoI site was added to the reverse primers. Primer sequences are- forward: 5′
CAGTACGCGTAACGACTGAGACTGGGCGATCC 3′; reverse: 5′
TAGTCTCGAGACACTCACCCGCCCGGAGCTC 3′. After PCR amplification, the Fgfr4
genomic products were first subcloned into pCR-II-TOPO vector (Invitrogen), and then
digested with MluI and XhoI. The Fgfr4 restricted fragments were subcloned in the pGL2
luciferase reporter vectors pGL2-Basic and pGL2-Promoter (Promega) digested with MluI and

Zhao et al. Page 4

J Biol Chem. Author manuscript; available in PMC 2007 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



XhoI. Six consecutive point mutations were introduced in the M-CAT site (CATTCCT to
CCGGAAA) of the FGFR4 promoter using the QuikChange XL site-directed mutagenesis kit
(Stratagene). Both the wild type sequence and mutations were confirmed by DNA sequencing
of the Fgfr4 constructs.

A 213bp Tead2 first intron region containing two E-boxes was amplified from C2C12 cell
genomic DNA. A KpnI site was added to the forward primers and an XhoI site was added to
the reverse primers. Primer sequences are- forward: 5′
TCAGGGTACCATGCCCCCTTTTGCTGTGTCG 3′ reverse: 5′
AGTCCTCGAGAGTGCCTGAGGCTGTGTTTGG 3′. PCR products were digested with
KpnI and XhoI and subcloned into pGL3-Promoter vector (Promega). Point mutations were
introduced in the E-boxes (CAGCTGCTGCCCTTCTCTGAGCACCTG to
CAGCGACTGCCCTTCTCTGAGTCCCTG) using the QuikChange XL site-directed
mutagenesis kit (Stratagene). Both wild type and mutant constructs were confirmed by DNA
sequencing.

Cells, Transfections and Luciferase Assay—C2C12 skeletal muscle cells (ATCC) were
cultured in growth medium, GM (DMEM supplemented with 10% fetal bovine serum). To
induce differentiation, cells were switched to differentiation medium, DM (DMEM
supplemented with 2% horse serum and 1X insulin, transferrin and selenium) 24 hours after
transfection and cultured for additional 48 hours. C3H10T1/2 mouse fibroblasts (ATCC) were
cultured in growth medium, GM (DMEM supplemented with 10% newborn calf serum).
Twenty-four hours after transfection, cells were switched to differentiation medium, DM
(DMEM supplemented with 2% horse serum and 1X insulin, transferrin and selenium) and
allowed to differentiate for 48 hours. The pcDNA-mETF expression vector encoding mouse
Tead2 was kindly provided by Dr. Hiroaki Ohkubo (Kumamoto University, Japan) (30).
Transfections were performed with FuGENE 6 transfection reagent (Roche) and luciferase
activity assayed with Luciferase Reporter Assay kit (Promega) on the microtiter luminescence
detection system (MLX, Dynex, and Centro LB 9600, Berthold). Luciferase assays were done
in triplicate points and repeated three times. Transfection efficiency was determined by co-
transfection of green fluorescent protein.

Gel shift assay—Twenty base pair double-stranded oligonucleotide probes containing potential
MyoD binding sites in the first intron of Tead2 gene were used for MyoD gel shift assay. The
sequences on the plus strand are Tead2 E1: 5′ TCTCCAGCAGCTGCTGCCCT 3′; Tead2 E2:
5′ CTCTGAGCACCTGTTCTTTC 3′. A 21 bp MyoD binding probe from muscle creatine
kinase (MCK) promoter (Geneka Biotech) was used as a control. The oligonucleotide probes
were labeled with [gamma-32P] ATP and purified with MicroSpin™ G25 columns (Amersham
Pharmacia Biotech). Gel shift assay was done using a MyoD gel shift kit (Geneka Biotech).
Nuclear extracts (10μg) from C2C12 cells were incubated with binding buffer for 20 min at
4°C, and then incubated with 5ng labeled oligonucleotide probes for additional 20min at 4°C.
For competition test, 100 times more of unlabeled wild-type or mutant MCK probes (500ng)
were added to each reaction. The reaction mixture was subjected to 6% polyacrylamide gel
electrophoresis at 90 volts for 2.5 hours. Gels were dried and exposed to X-ray film.

Chromatin immunoprecipitation assay (ChIP)—Murine myoblasts (C2C12) were cultured in
15 cm plates in 10% fetal bovine serum to 75% confluency. To induce differentiation, serum
was withdrawn and cells were allowed to differentiate for 2 days. Cells were fixed with 1% of
formaldehyde to cross-link protein and DNA. Cells were then harvested and chromatin was
extracted. Chromatin was sonicated to 200bp to 600bp fragments. Chromatin fragments were
precleared with protein A (Invitrogen) and then incubated with MyoD antibodies (M318X,
Santa Cruz Biotech) or rabbit IgG and rotated overnight at 4°C. Chromatin bound by antibodies
was then precipitated with protein A, washed as described previously (25), and eluted with 50
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mM NaHCO3 and 1% SDS. Protein and DNA cross-linking was reversed by incubating at 67°
C in 0.3M NaCl for 5 hours. DNA was then ethanol precipitated, digested with proteinase K
and extracted with phenol/chloroform.

Primers were designed to amplify candidate promoter sequences. Tead2 forward: 5′
TTGTCCCTGGATCTCTCTGTCCC 3′, reverse: 5′ ATGGGGTTGAAGCCACCTGACC 3′.
Gapdh forward: 5′ CAGCATAGAGCAGGTGGACCATG 3′, reverse: 5′
TCAGCCCACTCTCCAGAAGC 3′. Rapsn (Receptor-associated protein of the synapse)
forward: 5′ TCAGAAGTGTCAAAGGGGACACC 3′, reverse: 5′
CACCCTGGGAACAAGGCTGGTTC 3′. Real time PCR was performed using Stratagene
Mx3000P system and ABI Prism 7900HT Sequence Detection System.

RESULTS
Fgfr4-/- mice show abnormal muscle regeneration—To investigate the role of Fgfr4 in muscle
regeneration, we induced staged degeneration/regeneration in gastrocnemii muscles in
Fgfr4-/- mice and controls using CTX, as we have previously described (17,25,26). Six muscles
at each time point of 0, 3, 4, 7, and 14 days post-injection were analyzed by H+E for both
Fgfr4 null and normal controls, with three muscles in each group selected for more detailed
study. The Fgfr4 null mice have an insertion of the NEO gene in exon 6, and have been reported
to lack mRNA and protein (21). RT-PCR was done at day 3 of regeneration in both wild-type
and Fgfr4 null muscles, with primer sets to amplify both exons 5-7, and 5-8. Wild-type muscle
showed the expected RT-PCR products, while the Fgfr4 null muscles showed an absence of
these products (data not shown). This confirmed both the loss-of-function mutation of the
Fgfr4 strains used, and the expression of the Fgfr4 gene at the 3 day time point, as we have
previously reported (17).

H+E histopathology showed similar staining patterns in both Fgfr4-/- and controls at days 0,
3, and 4 (data not shown). However, by day 7 there were clear distinctions between Fgfr4 null
and wild type mice by immunostaining with embryonic myosin heavy chain antibodies (Fig.
1). Wild-type muscle showed maturing myofibers of relatively homogeneous size, central
nuclei, and moderate staining with embryonic myosin heavy chain. Fgfr4 null mice showed
considerable variability in myofiber size, with many small and intensely staining myofibers,
suggesting a lag in the timing of regeneration. There were also very small fibers that stained
intensely positive for embryonic myosin heavy chain, yet appeared to lack internal nuclei (Fig.
1).

By 14 days, wild-type muscle showed characteristic large, closely packed regenerated
myofibers with central nuclei (Fig. 2A). Fgfr4 null mice showed a highly variable
histopathology, with some areas showing regenerated myofibers of variable size, with larger
nuclei (Fig. 2B). Other areas showed extensive calcifications by the von Kossa technique (Fig.
2C), and others adipose tissue (Fig. 2D). Calcifications and adipocytes were not seen in any
area of the wild-type regenerated mice. Inflammation, calcification and fat infiltration were
quantified. Inflammation was characterized by staining of muscle sections with phycoerythrin-
conjugated antibodies against CD16/CD32, which are expressed on a variety of inflammatory
cells including natural killer cells, monocytes, macrophages, dendritic cells, granulocytes, mast
cells, B lymphocytes, immature thymocytes, and some activated mature T lymphocytes.
Fgfr4 null mice showed 2-3 times more CD16/CD32+ cells relative to the total muscle area
than wild type mice (Fig. 2E). Fgfr4 null muscle showed large numbers of calcifications (three
representative fields of three Fgfr4 null mouse muscles), with an average of 60 calcified foci
per 10-X field (Fig. 2F). Fgfr4 null mice also showed 8-30% of the muscle area replaced by
adipocytes, while no adipocytes were seen in wild-type muscle (Fig. 2G)
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The calcifications were particularly striking in size and number. Chronic degeneration/
regeneration in muscle can lead to foci of calcification, presumably due to poor clearance of
macrophages. However, the large number and size of the calcifications suggested that these
may be bone-like. To test this, we analyzed the mineral composition of the muscle using Fourier
Transform infrared microspectroscopy (31). We compared the infrared spectra from normal
murine muscle (Fig 3A), Fgfr4 null muscle 14 days after injection with cardiotoxin (Fig. 3B),
and normal murine bone (Fig. 3C). The mineral peaks at ∼900-1200 cm-1 in the injected
Fgfr4-/- muscle are comparable to normal bone, indicating that hydroxyapatite is present. The
increased intensity of the mineral relative to the amide I peak in the injected specimen (Fig.
3B) in contrast to the bone demonstrates that the calcifications are not truly bone-like because
the ratio of mineral to collagen differs (either less collagen or more mineral), but have similar
components.

Taken together, this data shows that Fgfr4 deficient muscle regenerates abnormally, with
poorly timed regeneration after day 4 (myotube formation).

Activators of Fgfr4: Identification of Tead as a candidate—To determine transcriptional
activators for Fgfr4 relevant to myogenesis, we obtained mouse Fgfr4 (NM_008011) promoter
sequence from Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway), and queried
the promoter region (600 bp) and first intron of the Fgfr4 genomic sequence for potential
transcriptional factor binding sites using Transcription Element Search System (TESS, http://
www.cbil.upenn.edu/tess/). We identified an M-CAT motif (CATTCCT) 49 bp from the
transcription start site of mouse Fgfr4. This M-CAT motif is conserved in human FGFR4. The
M-CAT motif has been found in promoters of muscle specific genes, and has been shown to
be bound by TEA domain proteins (Tead) proteins. To determine which Tead isoform (gene)
was a possible regulator of Fgfr4, we queried our previously reported 27-time point muscle
regeneration expression profiling series for all Tead transcripts (17,25,26). The transcripts
corresponding to Tead1 (TEF-1) and Tead3 (TEF-5) were not detectable at any time points by
Affymetrix GeneChips (absent calls). There are two different probe sets for Tead4 (TEF-3).
One showed expression at all time points without differential regulation and the other showed
upregulation at day 3.5. Tead2 (TEF-4) showed a characteristic expression pattern similar to
MyoD and Fgfr4, with ∼10-fold upregulation at peak time point (day 3) (Fig. 4A). Upregulation
of Tead2 at this critical time point in muscle regeneration was confirmed by both quantitative
multiplex fluorescent (QMF) RT-PCR using LI-COR DNA Analyzer and real time RT-PCR
using ABI Prism 7900HT Sequence Detection System (Fig. 4B, C, D). The fold change
difference observed by QMF RT-PCR and real time RT-PCR is probably caused by the
different signal quantitation methods each system employed. Because Tead2 expression is
commensurate with Fgfr4, whereas Tead4 is half day later, we focused on Tead2 in this study.

To further study Tead2 expression, we produced affinity purified polyclonal antibodies to a 15
amino acid sequence unique to Tead2 N-terminal region before the TEA DNA-binding domain.
Immunoblotting showed a band of the predicted molecular weight (45 kD), as well as additional
bands (Fig. 4E). Immunoprecipitation of muscle cell nuclear extracts with the same Tead2
antibodies pulled down only the expected 45 kD protein, suggesting that the additional bands
seen by immunoblot were non-specific (data not shown). Tead2 was not detectable in normal
non-regenerating muscle, but was induced by degeneration/regeneration by day 3, consistent
with the mRNA data (microarray and RT-PCR).

Tead2 antibodies were then used for immunolocalization of the protein in regenerating muscle
(Fig. 5). Double immunostaining with antibodies to Tead2 and a basal membrane protein
Laminin a2 showed Tead2 protein to be localized to regenerating myofiber nuclei, with some
cells showing staining patterns suggestive of concentration of Tead2 at the nuclear envelope.
Tead2 was not detectable in non-injected control muscle nuclei.
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Tead2 activates the Fgfr4 promoter—The data presented above was consistent with Tead2 as
a candidate for regulating Fgfr4. To test this hypothesis, a 226 bp Fgfr4 genomic region
containing the M-CAT motif was subcloned into two different reporter constructs. One of these
constructs harbored the viral SV40 promoter directing expression of the luciferase gene
(SV40P-luc), the second contained the luciferase gene only (Fgfr4-SV40P-luc and Fgfr4-luc
reporters) (Fig. 6A). These Fgfr4 constructs were transiently transfected into mouse C2C12
skeletal muscle cells with or without the co-transfection of Tead2 expression constructs. C2C12
cells were grown in growth medium (GM) for 24 hours after transfection. C2C12 cell
differentiation was then induced by switching to differentiation medium (DM) and continuing
culture for 2 days. Cells were harvested and luciferase activity measured. In myoblasts and
myotubes transfected with Fgfr4-SV40P-luc, luciferase activity significantly increased in the
presence of Tead2 constructs compared to that in the absence of Tead2 constructs (p<0.0048
and 0.0009, respectively; data not shown). In myotubes transfected with Fgfr4-luc, luciferase
activity showed a 3-fold increase in the presence of Tead2 constructs relative to that in the
absence of Tead2 constructs (p<0.0002) (Fig. 6B). Luciferase activity did not show significant
difference between myoblasts transfected with Fgfr4-luc alone and myoblasts transfected with
Fgfr4-luc and Tead2 (Fig. 6B).

These results indicate that Tead2 can enhance the transcriptional activation of the SV40
promoter linked to the Fgfr4 genomic region in both myoblasts and myotubes. Tead2 alone is
sufficient to activate transcription of the Fgfr4-luc construct in myotubes, but not in myoblasts.
This suggests that co-activators of Tead2 are present in differentiated myotubes, but not
myoblasts.

To test whether the Fgfr4-luc construct responds to Tead2 in a dose-dependent manner, the
Fgfr4-luc construct was co-transfected with 0, 50ng, 100ng, 150ng and 200ng of the Tead2
construct respectively. Luciferase activity showed a slight increase with increasing amount of
Tead2 from 50ng to 200ng, although the dose-response was not dramatic (data not shown).

Transcriptional activation of Fgfr4 is dependent on the presence of the M-CAT motif—We
further investigated whether the Fgfr4 promoter region was necessary for this activation.
Fgfr4-luc constructs or constructs containing only luciferase (luc) were transfected into C2C12
cells in the presence of Tead2 constructs. Transfected cells were then allowed to differentiate
for 48 hours. Cells transfected with the Fgfr4-luc construct showed a significant upregulation
of luciferase activity compared to cells transfected with the luc construct (Fig. 6C). These
results suggest that the Fgfr4 genomic region is necessary for the transcriptional activation in
response to Tead2.

Finally, we tested whether regulation of Fgfr4 promoter region by Tead2 was dependent on
the M-CAT motif. We interrupted the integrity of the Fgfr4 M-CAT motif by introducing six
single point mutations (Fig. 6D) and co-transfected the resulting mutated Fgfr4-luc construct
in C2C12 cells with a Tead2 expression vector. While the Fgfr4-luc wild-type construct could
be efficiently transactivated by Tead2, the Fgfr4-M-CAT mutant-luc did not respond to Tead2
indicating that Tead2 activates the Fgfr4 promoter through the M-CAT site (Fig. 6E). These
results suggest that Tead2 is a direct regulator of the Fgfr4 promoter.

Co-activators of Tead2 are specific to differentiated myogenic cells—Our finding of activation
of Fgfr4-luc by co-transfected Tead2 in myotubes, but not in myoblasts suggested that Tead2
co-activators may be specific to differentiated myogenic cells. To test this, we transfected
Fgfr4-luc constructs into non-myogenic 10T1/2 cells with or without co-transfection of
Tead2 constructs, with increasing amounts of the myogenic differentiation factor, MyoD. Co-
transfection of Fgfr4 promoter reporter with Tead2 and MyoD expression constructs did not
result in significant reporter expression in growth medium (GM) (Fig. 7A). When cells were
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switched into differentiation medium (DM) for 48 hours, Tead2 was still unable to activate
Fgfr4-luc, suggesting the co-activator of Tead2 is not present in 10T1/2 cells (Fig. 7B).
However, co-transfection of MyoD with Tead2 constructs activated Fgfr4-luc in a dose
dependent manner (Fig. 7B).

This data suggested that either MyoD could activate Fgfr4-luc directly, or co-activators of
Tead2 were induced by MyoD during 10T1/2 cell differentiation. To distinguish the two
possibilities, we transfected 10T1/2 cells with MyoD and Fgfr4-luc without co-transfection of
Tead2 constructs. MyoD alone activated Fgfr4-luc to a similar extent compared to transfection
of the same amount of MyoD plus Tead2 constructs (Fig. 7B). This indicates that MyoD
activated Fgfr4-luc constructs directly rather than through the induction of Tead2 co-activators.
This is not surprising because the 226bp Fgfr4 promoter region contains an E-box 6bp before
the M-CAT motif (Fig. 7C). Although the M-CAT motif is conserved between mouse and
human FGFR4, the E-box is not conserved in human. This suggests that the E-box may play
a less important role in Fgfr4 regulation across species boundaries.

Expression of Vestigial like 2 in muscle regeneration—Vestigial like 2 (Vgl2) is a co-activator
of Tead transcription factors (32,33). Vgl2 appears to be the only known Tead interacting
protein expressed specifically in both embryonic and adult muscles, although a potential role
of Vgl2 has not been investigated in muscle regeneration. The U74Av2 GeneChips do not
contain a probe set for Vgl2. The probe set for Vgl2 on MOE 430 2.0 array showed that Vgl2
is present in day 0 normal muscle, down-regulated at early muscle regeneration, and then
expression increased towards normal level. We further examined the expression of Vgl2 in
muscle regeneration using real time RT-PCR. Vgl2 mRNA was detected in uninjected control
muscle. Following CTX injection, the expression of Vgl2 was down-regulated with the onset
of necrosis (day 2). Although the level of Vgl2 at day 3 was still lower than that of uninjected
muscle, its expression increased when compared to day 2 and gradually regained
commensurate with satellite cell proliferation and differentiation (day 3 and after; Fig. 8). This
observation suggests Vgl2 is a relevant co-activator for Tead2 mediated activation of
transcription in muscle regeneration.

MyoD directly binds to the first intron of Tead2—The transient upregulation of Tead2 at day
3 is the characteristic expression pattern of MyoD and some MyoD downstream targets (26).
We therefore investigated whether the Tead2 gene is a potential direct target of MyoD
transcriptional activation. MyoD binds to a consensus sequence (CANNTG) called the E-box
(34). By searching Tead2 genomic sequence, we identified multiple E-boxes within 1 kb of
the upstream promoter sequence and first intron. However, it has been shown that MyoD does
not bind to all E-boxes equally. The affinity of MyoD to E-boxes is affected by the bases in
the middle of E-boxes, as well as in the flanking region (25,35,36). By carefully examining
the sequences of these E-boxes, we found two closely located (15 bp interval) E-boxes in the
first intron region have high similarity to an expanded 9 bp consensus high affinity MyoD
binding site. We have previously reported this expanded 9 bp consensus site on both the muscle
creatine kinase (MCK) promoter and Slug promoter where we had previously shown
functionality by both gel shift and chromatin immunoprecipitation assays (25; Fig. 9A). The
two Tead2 intron E-boxes are conserved between mouse and human (Fig. 9B).

To test whether MyoD was able to bind to the two Tead2 E-boxes, an in vitro gel shift assay
was performed using myoblast nuclear extracts and synthesized oligonucleotides containing
each E-box. A band shift similar to that of the positive control E-box from MCK promoter was
seen with both Tead2 E-boxes (Fig. 9C). The DNA/protein complexes were competed by
excess unlabeled wild-type MCK probes, but not excess unlabeled mutant MCK probes. We
further tested whether MyoD binds to the Tead2 first intron region by chromatin
immunoprecipitation assays in both myoblasts and myotubes. In myoblasts, Tead2 showed a
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3.6-fold enrichment in MyoD precipitates compared to IgG precipitates. In myotubes, Tead2
was 7.4-fold enriched in MyoD precipitates compared to IgG precipitates (Fig. 9D). This
suggests that Tead2 is a direct downstream target of MyoD, and that MyoD binding to Tead2
intron increases with myoblast differentiation. As a positive control, we used Rapsn promoter;
this is one of the genes we previously reported as a strong MyoD target (26). The Rapsn
promoter showed very high affinit y to MyoD in both myoblasts (∼220 fold enrichment) and
myotubes (∼1300 fold enrichment). Gapdh was used as a negative control.

MyoD activates the first intron of Tead2—To investigate whether MyoD can bind and activate
the Tead2 gene via sequences in the first intron, a 213bp Tead2 intron region containing the
two E-boxes were subcloned into pGL3-Promoter luciferase reporter vector contain ing a
luciferase gene driven by a SV40 promoter (Fig. 10A). The constructs were transiently
transfected into 10T1/2 cells without MyoD or with co-transfection of increasing amount of
MyoD constructs. Cells were switched from growth medium to differentiation medium 24
hours after transfection, and allowed to differentiate for 48 hours before being harvested.
Luciferase activity increased when MyoD constructs were added from a lower amount to a
higher amount (Fig. 10B). When the two E-boxes were mutated (Fig. 10C), activation the
constructs by MyoD was greatly reduced (Fig. 10D). These results suggest that the Tead2 first
intron region can serve as an enhancer and be activated by MyoD.

DISCUSSION
Fgfr4 null muscle shows defective regeneration. While Fgfr4-/- mice have been reported to
show no overt phenotype, our previous studies of Fgfr4 gene expression suggested that this
protein could be critical for muscle regeneration (17). Induction of staged degeneration/
regeneration in Fgfr4-/- and wild-type controls showed poorly coordinated and inefficient
regeneration (Fig. 1,2). Particularly intriguing was the striking calcifications and extensive fat
replacement in the Fgfr4-/- muscle. Fibrofatty replacement is a common feature of “end-stage”
human dystrophic muscle, where chronic repeated bouts of degeneration/regeneration occur
over many years. However, such fatty replacement is not typically seen after a single bout of
damage in either human or mouse muscle. Likewise, calcifications can be seen in chronic
inflammatory states in muscle, as in other tissues, but the dramatic number and size of
calcifications seen in the Fgfr4-/- muscle after a single bout of degeneration/regeneration is
highly unusual. We tested the chemical structure of the calcifications using infrared
spectroscopy, and found spectra similar to immature murine bone, but with more
hydroxyapatite mineral and less amount of protein. Future studies are needed to determine if
the early and abundant calcifications reflect poor clearance of macrophages, or
transdifferentiation of myogenic cells towards the bone lineages. The poor regeneration of
Fgfr4 null muscle was consistent with importance of Fgfr4 expression during regeneration,
and led us to define the molecular pathways involved in induction of Fgfr4 gene expression
during muscle regeneration.

MyoD-Tead2 pathway in muscle regeneration—In this study, we present evidence supporting
a MyoD-Tead2/Vgl2-Fgfr4 regulatory cascade in muscle regeneration in vivo. Tead proteins,
also called transcription enhancer factors (TEF), are a family of transcriptional factors all
sharing a highly conserved TEA DNA binding domain. In vertebrates, at least four family
members have been identified, including Tead1 (TEF-1), Tead2 (TEF-4), Tead3 (TEF-5) and
Tead4 (TEF-3). Homologues are also identified in Drosophila (scalloped), fungus (AbbA), and
yeast (TEC1) (37-39). Tead1 was the first isolated in this family, as a binding protein of the
GT-IIC and Sph sites in the simian virus 40 (SV40) enhancer (40). Tead2, 3, and 4 were cloned
subsequently (30,41,42). Tead2, originally named as embryonic TEA domain-containing
factor, was initially identified in neural precursor cells (30). Tead2 was recently shown to
activate Pax3 transcription in neural crest cells (43). Tead2 mRNA is the earliest (as early as
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2-cell stage) expressed Tead gene in mouse embryos (44). Tead1, Tead3 and Tead4 are
expressed soon after (30,41,42,44,45). Tead1 is expressed in many embryonic tissues during
mouse development (41). It is particularly important for cardiogenesis as Tead1 mutant mice
show malformed hearts and embryonic lethality (46). Tead4 has been shown enriched in
embryonic skeletal muscles and increased in expression in differentiated skeletal muscle
C2C12 cells, suggesting it may have a role in myogenesis (41,42). Most recently, Tead4 was
shown as a novel MyoD target by ChIP-on-chip assays (47). In this study, we found strong
induction of another TEA domain protein, Tead2 in regenerating muscle nuclei. We further
show that MyoD directly binds to and activates the first intron of Tead2, suggesting Tead2 is
a downstream target of MyoD. It is worth mentioning that the positive control we used in ChIP
assay, Rapsn, functions to cluster the nicotinic acetylchoine receptor on neuromuscular
junctions (48). Interestingly, E-box mutations in the RAPSN promoter region are associated
with some cases of congenital myasthenic syndrome (49). This E-box region is highly
conserved between human and mouse. We identified Rapsn as a high potential MyoD target
in our previous study (26), and the new ChIP data shown here validates the binding of MyoD
to this expanded E box, and the importance of the patient mutations.

We also show that a co-activator of Tead protein, Vgl2 expression was commensurate with
Tead2 in muscle regeneration, suggesting it is a co-activator of Tead2. Vgl2 has been shown
expressed in C2C12 myoblasts and upregulated upon differentiation. Transfected Vgl2 protein
translocated from cytoplasm to nucleus during C2C12 differentiation (32). This agrees with
our observation that Fgfr4 promoter was not activated in Tead2 transfected myoblasts, but
activated in Tead2 transfected myotubes.

Fgfr4, transcriptional regulation and effects in muscle regeneration—All TEF proteins can
bind to the same DNA sequence (M-CAT motif 5′-CATTCCT-3′). Recent studie s have also
suggested that Tead1 binds to and activates A/T-rich and MEF2 elements on some muscle
genes (50). The M-CAT motif was initially identified in the cardiac troponin T promoter, and
the interaction of M-CAT motif and an M-CAT binding factor is required for the activation of
cardiac troponin T promoter in muscle cells (51). The M-CAT binding factor was later found
closely related and possibly identical to TEF-1 (52). Additionally, the GT-IIC binding site for
TEF-1 in the SV40 enhancer is highly similar to the M-CAT motif. Subsequently, M-CAT has
also been found present in the promoter of other muscle specific genes such as a and β myosin
heavy chain, and skeletal a actin (53-57). In this study, we identified an M-CAT motif in the
Fgfr4 promoter region, and showed that Tead2 could induce transcription through this region.
Furthermore, activation of transcription was dependent on the integrity of the M-CAT site.
These results suggest that Fgfr4 is a novel downstream target of Tead2 in muscle regeneration.
Both genes are induced at day 3 post-injection, suggesting an association with the transition
from myoblasts to differentiated myotubes in muscle regeneration. Fgfr4-/- mouse muscle
appeared to regenerate less efficiently than normal mouse muscle, with lagged expression of
muscle cytoskeletal genes, persistent inflammation, calcification and fat infiltration in late
stage. This finding agrees with the role of Fgfr4 in embryonic muscle development (18).

Our data suggests that MyoD acts upstream of Tead2 and Fgfr4. Ectopic expression of
MyoD rapidly induces Fgfr4 in chick embryos in vivo, which had previously suggested a direct
regulation of Fgfr4 by MyoD (58). The data presented here suggests a MyoD-Tead2-Fgfr4
pathway in regeneration, including an indirect regulatory loop between MyoD and Fgfr4. We
also showed that MyoD can activate mouse Fgfr4 promoter region through an E-box close to
the M-CAT motif, although this E-box is not conserved in human FGFR4 whereas the M-CAT
motif is highly conserved. This suggests that the MyoD-Tead2-Fgfr4 pathway may coexist
with a direct MyoD-Fgfr4 pathway in mouse muscle .
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In conclusion, our data suggests a MyoD-Tead2-Fgfr4 regulatory pathway in muscle
regeneration. This pathway is critical for regeneration, as Fgfr4-/- mice show impaired muscle
regeneration with slowed maturation of regenerating fibers, and development of intramuscular
adipose and calcifications. It will be of interest to investigate signaling pathways downstream
of Fgfr4 in muscle regeneration in future studies.
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Fig 1.
Fgfr4-/- mouse muscle shows impaired regeneration with embryonic myosin heavy chain
staining. Shown is immunostaining of day 7 regenerating muscle frozen sections from normal
(A, B, C) and Fgfr4-/- (D, E, F) mice. Positive regenerating muscle fibers in normal mice appear
to be larger and more homogeneous than these in Fgfr4-/- mice, suggesting they are in a more
advanced regeneration stage. Muscle sections are from two independent normal mouse muscles
and three independent Fgfr4-/- mouse muscles.
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Fig 2.
. Fgfr4-/- mouse muscle shows impaired regeneration at late stage. Shown is H&E staining of
day 14 regenerating muscle frozen sections from normal (A) and Fgfr4-/- (B, D), and von Kossa
staining of calcifications in Fgfr4-/- mice (C). Wild-type mice show effective muscle
regeneration (A), whereas Fgfr4-/- mice show poorly staged regeneration (B), extensive
inflammation (C, E), calcified regions (C, F), and fatty replacement (D, G). *, p<0.05.
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Fig 3.
Fourier Transform infrared microspectroscopy of injected Fgfr4-/- muscle indicates the
mineral deposit is hydroxyapatite. A, spectrum from a control, uninjected mouse muscle
compared with panel B, the spectrum from a Fgfr4-/- muscle containing calcifications 14 days
after injection with 10 uM cardiotoxin. Spectrum of B is comparable with panel C, the spectrum
for normal bone. The mineral peaks at ∼900-1200 cm-1 in the injected muscle are comparable
to normal bone, indicating that hydroxyapatite is present. The increased intensity of the mineral
relative to the amide I peak in the injected specimen (B) in contrast to the bone demonstrates
that the calcifications are not truly cortical bone-like because the ratio of mineral to collagen
differs (either less collagen or more mineral).
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Fig 4.
Expression of Tead2 in muscle regeneration. A, shown is the temporal expression of Tead2,
Fgfr4 and MyoD over the entire 27 time point series. Tead2 was transiently upregulated at day
3 post-injection, corresponding to a stage of proliferating myoblast differentiation. B, shown
is the expression of Tead2 confirmed by QMF-RT-PCR at selected time points (0, 12h, 1d, 2d,
3d, 3.5d, 5d, 16d). Two independent muscle samples studied at each of the time points are
shown. The intensity of Tead2 bands was normalized to each control transcript (C1- control
1, NIPI-like protein; C2- control 2, Cmas). The two different relative measurements of
Tead2 were then plotted relative to the time 0 values, with two replicate values shown with
standard error (C). D, shown is the expression of Tead2 confirmed by real time RT-PCR at
selected time points (0, 2d, 3d, 3.5d, 5d, 16d). Tead2 expression was normalized to the control
gene, Cmas. The error bar shows the range of two replicates. The fold change difference
between C and D is possibly caused by the two different systems used. E, shown is expression
of Tead2 confirmed by Western blot at selected time points (0, 3d, 4d, 7d). 10μg of total proteins
were loaded for each time point. Tead2 protein (45kD) also showed increased expression during
muscle regeneration. Myosin was stained with Coomassie blue and used as loading control.
Because of the extensive myofiber necrosis at early time points of muscle degeneration/
regeneration, the amount of myosin was not equal across all the time points, as expected.
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Fig 5.
Tead2 is expressed in regenerating muscle fibers. Shown are normal murine muscle (A, B, C,
D), and regenerating muscle at 7 days (E, F, G, H). Cryosections were immunostained with
Tead2 (A and E), Laminin a2 (B and F), or stained with H&E (D and H), and visualized using
fluorescent microscopy. Superimposed immunostaining images are also shown (C and G).
Tead2 is seen strongly expressed in the central nuclei of regenerating muscle fibers.
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Fig 6.
Fgfr4 promoter contains Tead2 sensitive positive regulatory elements. A, shown is a schematic
of the constructs containing the 226 bp of Fgfr4 promoter and the luciferase reporter. B, shown
is the luciferase activity in proliferating myoblast C2C12 cells or differentiated myotubes after
transfection of Fgfr4-luciferase constructs in the presence or absence of Tead2 constructs.
Luciferase activity was normalized to transfection without Tead2 in each condition. The
Fgfr4 genomic element acted as a positive promoter in response to Tead2 in differentiated
myogenic cells, but not in proliferating myoblasts. GM, growth medium; DM, differentiation
medium. Standard deviations are shown (n=3). *, p<0.05 relative to vector controls. C, shown
is luciferase activity in differentiated myotubes after co-transfection of Tead2 constructs and
luc constructs/Fgfr4-Luc constructs. Luciferase activity was normalized to transfection of luc
constructs. Luciferase activity significantly increased in the presence of Fgfr4 promoter
element. D, shown is Fgfr4 promoter sequence containing wild type (Wt) or mutant (Mt) M-
CAT binding sites. E, shown are luciferase activity changes in differentiated myotubes after
transfection of wild type Fgfr4-luc constructs or mutant Fgfr4-luc constructs in the presence
or absence of Tead2 constructs. Luciferase activity was normalized to transfection without
Tead2 constructs. Tead2 increased luciferase activity in the presence of wild type Fgfr4
promoter. This effect was abolished when the M-CAT binding site was mutated. *, p<0.05
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relative to vector controls. Fold induction difference between C and E is due to normalization
to luc only constructs and Fgfr4-luc constructs respectively.
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Fig 7.
Tead2 activation of the Fgfr4 promoter requires co-factors in differentiated myogenic cells.
A, shown is transfection into non-myogenic 10T1/2 cells of Fgfr4-luc reporter construct, with
or without co-transfection of Tead2 expression construct, and with increasing amount of
MyoD expression construct. The Fgfr4 promoter failed to be activated by Tead2 in proliferating
10T1/2 cells in growth media (GM). Co-transfection of increasing amount of MyoD constructs
did not significantly increase luciferase expression. B, shown is a similar transfection series to
that conducted in A, but with cells cultured in myogenic differentiation media (DM).
Additionally, 60ng of MyoD constructs were co-transfected with Fgfr4-luc without Tead2.
Tead2 alone was unable to activate Fgfr4-luc. Co-transfection of MyoD with Tead2 constructs
activated Fgfr4-luc in a dose dependent manner. However, 60ng of MyoD constructs alone
activated Fgfr4-luc to a similar extent compared to transfection of the same amount of
MyoD plus Tead2 constructs. This indicates that MyoD activates the Fgfr4 promoter directly,
rather than through the induction of Tead2 co-activators. C, shown is the mouse and human
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Fgfr4 5′ regulatory region. The M-CAT motif (bold and underlined) is conserved, whereas the
E-box (bold and italic) is not.
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Fig 8.
Expression of Vgl2 is regulated during muscle regeneration. Shown is expression of Vgl2
detected by real time RT-PCR at selected muscle regeneration time points (0, 2d, 3d, 3.5d, 5d,
16d). Two independent muscle samples were studied at each of the time points. The expression
of Vgl2 bands was normalized to a control transcript (Cmas). The two different relative
measurements of Tead2 were then plotted relative to the time 0 values, with two replicate values
shown on the error bar. Expression of Vgl2 showed down-regulation at day 2, and then
gradually regained towards time 0 expression levels.
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Fig 9.
MyoD directly binds to the first intron of Tead2 gene. A, shown are E-boxes and flanking
sequences in the mouse Tead2 first intron, Slug promoter and muscle creatine kinase (MCK)
promoter. Tead2 E-boxes (Tead2 E1 and E2) show high similarity to Slug and MCK E-boxes.
B, shown are gel shift assays with oligonucleotides corresponding to putative E box MyoD
consensus binding site sequences from the mouse Tead2 first intron. Incubation of labeled
oligonucleotides with C2C12 myonuclear extracts leads to band shift patterns with that are
indistinguishable from a known downstream target of MyoD, MCK. The presence of 100 times
more of unlabeled wild type (wt) competitor DNA displaces the band shift, whereas mutant
(mut) competitor DNA does not affect band shifting. This in vitro assay suggests Tead2 is a
likely MyoD downstream target. C, shown is chromatin immunoprecipitation assay with MyoD
antibodies and control IgG anibodies in myoblast (MB) and myotubes (MT). In both cases,
Tead2 first intron region was enriched in MyoD precipitated DNA, suggesting MyoD directly
binds to Tead2 first intron. Enrichment was higher in myotubes than in myoblasts. Gapdh was
used as a negative control. Rapsn was used as a positive control.
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Fig 10.
MyoD activates Tead2 intron region through the E-boxes. A, shown is a schematic of the
constructs containing the 213 bp of Tead2 first intron region, a SV40 promoter and the
luciferase reporter. B, shown is the dose response of Tead2-SV40P-luc constructs to MyoD.
Tead2-SV40P-luc constructs were transfected into 10T1/2 cells with co-transfection of
increasing amounts of MyoD expression construct. Luciferase activity increased with the
increasing amount of MyoD. C, shown is Tead2 intron region containing wild type (Wt) or
mutant (Mt) E-boxes. D, shown is transfection of wild type or mutant Tead2-SV40P-luc with
or without co-transfection of MyoD. Activation of luciferase by MyoD was greatly reduced
when the E-boxes were mutated.
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