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Although FGF signaling promotes myoblast proliferation and represses myogenic differentiation, one of the
FGF receptors (FGFR), FGFR4, is expressed mainly in mature skeletal muscle. Disruption of FGFR4 signaling
interrupts chick limb muscle formation. To determine the developmental regulation of FGFR4 expression, we
compared the transcriptional control and action of FGFR4 in myoblasts and myotubes. We identified higher
FGFR4 expression in differentiated myotubes than precursor myoblasts. FGFR4 promoter activity was localized
within a region 115bp upstream of the transcription start site. Overlapping fragments of this promoter
displayed a distinct difference when compared by electromobility shift assay (EMSA) using nuclear extracts
from myoblasts and myotubes. While fragments B (�95/�56) and C (�65/�26) formed specific complexes in
both cell types, these complexes were consistently more intense in myotubes than myoblasts. These
complexes were efficiently competed by an Sp-type oligonucleotide and were supershifted by Sp1 and by Sp3
antibodies. Deletions of the Sp-binding sites in fragment B (�95/�56) confirmed their critical contribution to
promoter activity. Moreover, Sp1 expression correlated with FGFR4-expression in myotubes. To determine
whether FGFR4 expression regulates myoblast differentiation, we infected a soluble dominant-negative FGFR4-
containing adenovirus into these cells. This significantly impeded Erk1/2 phosphorylation and differentiation of
myoblasts into MHC-expressing myotubes. Our findings point to distinct transcriptional regulation and action
for FGFR4 in differentiating skeletal muscle cells.
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Myogenic cells proliferate as mononucleated myo-
blasts before ultimately differentiating into multi-
nucleated skeletal muscle fibers. This process is
governed by signaling cascades orchestrated by a
number of growth factors. Of these, members of the
fibroblast growth factor (FGF) and FGF receptor
(FGFR) family have been implicated in sustaining
myoblast proliferation and possibly delaying their
differentiation.1

The FGF family is composed of 22 members (FGFs
1–14 and 16–23), each possessing a conserved
120-amino-acid core domain. These ligands are
organized into six groups based on phylogenetic

relationships. FGFs bind with low affinity to
heparan sulfate proteoglycans (HSPGs) present on
most cell surfaces and extracellular matrices. FGF
signaling is mediated through four distinct FGF
receptors (FGFR1-4) that form a complex family of
transmembrane receptor tyrosine kinases (RTKs).2

Each prototypic receptor is composed of three
immunoglobulin (Ig)-like extracellular domains,
two of which are involved in ligand binding, a
single transmembrane domain, a split tyrosine
kinase, and a COOH-terminal tail with multiple
autophosphorylation sites.2 Multiple forms of cell-
bound or secreted forms of FGFR1, 2 and 3 are
generated by alternative transcription, alternative
initiation, alternative splicing, exon switching, or
variable polyadenylation.3,4 Alternative splicing
results in a secretable first Ig-like domain and a
separate membrane-bound 2 Ig form.5 Polyadeny-
lation downstream of exons 3, 6 or 7 results in
termination of translation, yielding secreted
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receptors only. Soluble forms of the extracellular
domain of FGFR1 may bind FGFs in blood.6 In
FGFRs 1, 2 and 3, alternative RNA splicing of one of
two exons results in two alternate forms of the
second half of the third Ig-like domain; exon 8
encodes the IIIb form or exon 9 encodes the IIIc
form. Whereas FGFR1, 2 and 3 are known to have
multiple isoforms, FGFR4 until relatively recently
was believed to have none.7–9

Many FGFs display high-affinity interactions with
multiple FGFRs, while some activate unique recep-
tors or receptor isoforms. Most FGFs have demon-
strated mitogenic activity in a variety of systems.
However, a few, including FGFs 11–14, 19, and
21–23, do not display proliferative functions.10 The
mitogenic capability of an FGF is likely a function of
the FGFR(s) with which it interacts. For example,
FGF-19 plays a role in regulating cholesterol and
bile acid synthesis through a unique non-heparin-
dependent interaction with FGFR4.11 An essential
role for FGF23 in physiologic regulation of phos-
phate and vitamin D metabolism has also emerged.12

FGF-1 and FGF-2 possess well-documented mito-
genic activity on skeletal muscle cells and both can
activate FGFR1 in proliferating myoblasts.13 FGF-2
stimulation of myoblasts induces SHP-2 complex
formation with FRS2 and induces Erk activity and
Elk-1 transactivation. Conversely, overexpression of
SHP-2 potentiates the suppressive effects of FGF-2
on muscle-specific gene expression and myogen-
esis14 further highlighting the potential importance
of FGFR signaling in myogenic development.

Recent evidence, however, has challenged the
general view that FGF signaling can delay myogenic
differentiation. Loss of FGFR4 signaling was shown
to result in impaired skeletal muscle development
in chick embryos.15 FGFR4 was found to be over-
expressed in tumors arising from skeletal muscle.16

Little is known, however, about FGFR4 regulation in
general or in differentiating skeletal muscle cells.

In this report, we sought to obtain insight into the
regulatory mechanisms governing FGFR4 gene reg-
ulation in myoblasts compared with myotubes. We
mapped the elements required for promoter activity
and identified relevant transcription factors in the
extremes of cell differentiation to identify potential
developmental mechanisms for FGFR4 regulation
and function.

Materials and methods

Cell Culture

The mouse C2C12 skeletal muscle cell line was
cultured in DMEM containing 10% fetal bovine
serum (GIBCO BRL), 2mM L-glutamine and 100 IU/
ml penicillin and 100 mg/ml of streptomycin at 371C
in a 5% CO2 humidified incubator. These cells
initially have a myoblast phenotype with absence of
muscle markers including myosin heavy chain
(MHC) expression. As myoblasts reached 90%

confluence, the medium was changed to DMEM
containing 5% horse serum (GIBCO BRL). Four to 6
days of additional incubation were required for
myotube differentiation. This stage was identified
by classical tube formation and expression of MHC.

Western Blotting Analysis

Protein concentrations were determined by the Bio-
Rad protein assay. Equal amounts of protein (50 mg)
from whole cell lysates or nuclear fractions were
solubilized in 2� SDS-sample buffer, separated on
SDS-8% polyacrylamide gels and transferred to
nitrocellulose. Blots were incubated with rabbit
polyclonal anti-FGFR4, Sp1, or Sp3 antibodies all
from Santa Cruz at a concentration of 1:1000, or
b-actin (Sigma) at 1:500. MHC expression was
detected using anti-MF20 antibody (kindly provided
by M Rudnicki, Ottawa). Total and phosphorylated
forms of the Erk1/2 forms of MAPK were detected
using total and phospho-specific antibodies respec-
tively (1:1000; New England Biolabs).

Plasmids

Promoter analysis of the FGFR4 gene was per-
formed with the assistance of gene finder (http://
genome.cbs.dtu.dk/htbin/nph-webface). Possible trans-
cription start sites were detected with TRANSFAC-
Promoter 2.0 Prediction Program. To generate the
�1133/þ 99 fragment, PAC# 32C5 was used for
PCR using an upstream primer containing a KpnI
restriction site, and a downstream primer contain-
ing a BglII or HindIII site, permitting subcloning
into the corresponding sites of the multiple cloning
site of the promoterless firefly luciferase expression
vector pGL3 (Promega, WI, USA) to produce a P
(�1133/þ 99)-Luc construct. Other reporters
P(�855/þ 99)-Luc, P(�173/þ 99)-Luc and, P(�115/
þ 99)-Luc were generated by restriction of the
P(�1133/þ 99)-Luc construct with StuI, XhoI, and
SmaI, respectively. P (�535/þ 99)-Luc was con-
structed by PCR using a primer containing an FspI
restriction site. The P(þ 13/þ 99)-Luc construct
was synthesized (Sigma, Ontario, Canada) and
similarly positioned into the pGL3 basic vector.
The construct P(�1133/�173)-Luc was generated by
deleting the 30end of the (�1133/þ 99)-Luc con-
struct using XhoI with subsequent ligation into the
corresponding KpnI and XhoI sites in pGL3. The
orientation and sequences of all constructs were
verified by restriction analysis and nucleotide
sequencing.

The pPAC expression vectors encoding Sp1
and Sp3 were kindly provided by Dr P Marsden
(University of Toronto) and were cloned into
the mammalian pcDNA3.1 (InVitrogen) vector.
Sequence fidelity was confirmed by direct sequenc-
ing and protein expression monitored by Western
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immunoblotting. An FGFR4 expression vector was
used as previously described.17

To abrogate FGFR4 signaling, we used a soluble
dominant-negative (dn) strategy. In addition to
deletion of the cytoplasmic domain, the FGFR
transmembrane domain is substituted with the
human Ig heavy chain hinge and IgG1 Fc domains
thus creating a stable and secretable chimeric
protein dnFGFR-HFc. This dnFGFR efficiently inter-
feres with membrane-anchored FGFR signaling18

and abrogates FGF1-induced MAPK (Erk1/2) stimu-
lation transduced by FGFR4 without affecting
endogenous FGFR1-4 expression.7 To maintain
stable expression in differentiating cells, we
adopted an adenoviral approach for gene transfer.19

The dnFGFR-HFc cDNA was subcloned into
pACCMV-pLpA vector and cotransformed with
pjM17 plasmid into HEK 293 cells. Successful
recombination between the two plasmids results in
recombinant viruses encoding dnFGFR-HFc inserts
and the control Ad-bgal. Following plaque forma-
tion, viruses were amplified in HEK 293 cells and
purified. Plaque-forming units (PFU) were quanti-
fied using a commercial Adeno-X rapid titer kit
(Boheringer). Chimeric dnFGFR-HFc protein expres-
sion was monitored by immunoblotting with anti-
HFc antibody at 1:2000 (Dako).

DNA Deletion and Mutagenesis

The 50 Sp1 binding site in fragment B of the FGFR4
promoter (Figure 3a) was deleted by ApaI digestion.
This corresponds to FGFR4 genomic position 1055
and generated the reporter construct P(�86/þ 99)-
Luc. The remaining three Sp1 binding sites were
deleted using mutagenic PCR primers. For deletion
of the second binding site the mutagenic sense
primer used was 50-CCGAGCAGGAGGGTTCGGGC
CCGAGGG-30 (corresponding to FGFR4 genomic
positions 1059–1076). For the third Sp1 site the
mutagenic sense primer used was 50-GCGGGC
CCAGGTTCGGGGCGGGACAGGAG-30 (correspond-
ing to FGFR4 genomic positions 1073–1102). For
targeting the fourth Sp1 site the mutagenic sense
primer used was 50-GCCCGAGGTTCGGTTCGGGA
CAGGAGGTG-30 (corresponding to FGFR4 genomic
positions 1077–1105). The common antisense pri-
mer was 50-GCTCCTCCGCCGCCTCACTC-30. The
generated reporter constructs were P(�80/þ 99)-
Luc, P(�66/þ 99)-Luc, and P(�62/þ 99)-Luc, re-
spectively. The PCR conditions used were as
follows: denaturation at 951C for 3min, followed
by 30 cycles of 951C for 40 s, 561C for 45 s, and 721C
for 1min, and finally 721C for 7min. All inserts with
deletion and/or mutation were confirmed by restric-
tion digestion and nucleotide sequencing.

Transfection and Luciferase Assays

Plasmid reporters were prepared by column chro-
matography (Qiagen, Mississauga, ON, Canada) for

sequencing and transfections. Cells were transfected
by the Lipofectamine reagent (Invitrogen) according
to the manufacturer’s protocol. Cells were plated
into 12 wells at a density of 3–5� 105 cells and
transfected the following day after plating with 3 ml/
well of lipofectamine and 0.5–2 mg of DNA per well
as indicated. The total amount of transfected DNA
was kept constant by adding empty vector. Trans-
fection efficiency was monitored by simultaneous
co-transfection with a b-galactosidase control ex-
pression plasmid CMV-bgal (20ng/well). At 24h
following transfection, cells were lysed in buffer
containing 25mM glycylglycine, 15mM MgSO4,
4mM EGTA, 1% Triton X, and 1mM DTT. Lucifer-
ase activity was measured for 20 s in a Lumat LB
9507 luminometer. b-Galactosidase activity was
measured to normalize for variations in transfection
efficiency. Promoter activity of each construct was
expressed as firefly luciferase/b-gal activity. Each
experiment was independently performed on three
separate occasions with triplicate wells in each
group.

Preparation of Nuclear Extracts

Nuclear extracts from myoblasts and myotubes (24h
of culture after plating for myoblasts and 4–7 days
for myotubes) were prepared by washing cells in
1�PBS cold and lysed in 100 ml of buffer containing
(10mM HEPES pH 7.9, 1mM DTT, 1mM EDTA,
60mM KCl, 0.5% NP-40, 1mM PMSF) 5min on ice.
The pellet was resuspended into 100 ml of the
nuclear resuspension buffer (0.25mM Tris-HCl pH
7.8, 60mM KCl, 1mM DTT, 1.5mM PMSF) and
lysed with three cycles of freezing and thawing to
371C. After centrifugation at 13 000 rpm for 10min at
41C, the clear supernatant was collected and stored
at �801C for further analysis. Protein concentrations
were determined by the Bio-Rad protein assay.

Electrophoretic Mobility Shift Assays (EMSA)

Oligonucleotides were end-labeled with 32PdATP
using the T4 DNA kinase. Overlapping double-
stranded oligonucleotide fragments of FGFR4
(Figure 3a) between –115/þ 99 were used as probes
and for competition in EMSAs as follows: fragment
B (�95 to �56), 50-GAAGGAGGGGCGGGCCCGAGCA
GGAGGGGGCGGGCCCGAG-30, fragment C (�65 to
�26), sense: 50-CGGGCCCGAGGGGCGGGGCGGGA-
CAGGAGGTGGGCCGATC-30, fragment D (�35 to
þ 4), 50-TGGGCCGCTCGCGGCACGCCGCCGTCGCG
GGTACATTCCT-30; fragment E (�5 to þ 24), 50-
GTACATTCCTCGCTCCCGGCCGAGGAGCGC-30;
fragment F (þ 15 to þ 54), 50-CGAGGAGCGCTCGGG
CTGTCTGCGGACCCTGCCGCGTGCA-30; and frag-
ment G (þ 49 to þ 99), 50-CGTGCAGGGGTCGCGGC
CGGCTGGAGCTGGGAGTGAGGCGGCGGAGGAGC-
30. Fragment A contains long stretches of G0s (�115
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to �86): 50-GGGTGGGGGGGGGGGGCGTGGAAGGA
GGGG-30 could not be synthesized.

Competitor oligonucleotides containing transcrip-
tion binding sites were as follows: Sp1: 50-ATTC-
GATCGGGGCGGGGCGAGC-30, Ets-1: 50-GGGCTGC
TTGAGGAAGTATAAGAAT-30; Ikaros: 50-AAGAA
GCGGGAGTGACAGG-30 and their complementary
strands were synthesized by Sigma (Sigma, Oak-
ville, ON, Canada). The complementary strands
were annealed in a buffer of 10mM Tris-Cl pH 8.0,
50mM NaCl, and 1mM EDTA. Gel-shift probes were
radiolabeled using T4 DNA kinase (Invitrogen), and
purified with G50 spin column. For EMSA, 100 cpm
of labeled probe was incubated with 5mg nuclear
extracts at room temperature for 30min in a binding
reaction consisting of 20mM HEPES (pH 7.9),
50mM KCl, 1mM EDTA, 1mM DTT, 0.5mM MgCl2,
2% glycerol, and 0.5 mg poly(dI-dC) (Pharmacia, NJ,
USA) in a final volume of 20 ml. For competition
assay, molar excess of unlabeled oligonucleotide or
antibody to the relevant transcription factor was
added 30min before addition of radiolabeled probe.
Samples were electrophoresed on 4% polyacryla-
mide nondenatured gels containing 0.5% Tris-borate
buffer and 2% glycerol. Gels were dried under
vacuum and autoradiographed.

Statistical Analysis

Data are presented as mean7s.d. Differences were
assessed by Student’s paired t-test. Significance
level was assigned at Po0.05.

Results

Characterization of FGFR4 Expression in Myoblasts
and Myotubes

To compare the expression of FGFR4 in myocytes of
different degrees of differentiation, we examined
myoblasts and myotubes by Western immunoblot-
ting. Using an antibody that specifically recognizes
FGFR4, myotubes revealed higher levels of FGFR4
reactivity than myoblasts (Figure 1). The mature
glycosylated 110 kDa FGFR4-reactive band comi-
grated with lysates from HEK 293 cells transfected
with FGFR4.8 Further, this band was abolished
when lysates were preincubated with FGFR4 block-
ing peptide (Figure 1). The stage of myocyte
differentiation was confirmed by the detection of
MHC expression in myotubes but not in myoblasts
(Figure 1).

Characterization of the FGFR4 Promoter in Myocytes

Interactive elements, such as TATA or CAAT boxes,
often regulate the assembly and efficiency of the
basic transcriptional machinery. As with other
FGFRs, the FGFR4 gene lacks a classic TATA box
but includes a 50 upstream region that is rich in GC

residues. The latter contains many consensus motifs
that would predict recruitment of RNA polymerase
II and initiate gene transcription. We had previously
isolated the 50-upstream region of the FGFR4 gene
from the PAC#32C5.20 The region –1133 to þ 99
from the transcription start site21,22 was placed
upstream of the luciferase-reporter vector pGL3-
basic. A series of deletion analysis was used to
define the minimal promoter and fragments essen-
tial for functional activity. This activity was situated
within the region of P (�115/þ 99) (Figure 2) in
myoblasts. Serial 50-deletions of the FGFR4 promo-
ter region to þ 13/þ 99 markedly abrogated promo-
ter activity while the 30-deleted construct P (�1133/
�173) revealed no significant promoter activity.

FGFR4 Minimal Promoter Relies on Multiple
Sp1-Binding Sites

To determine which factors are most relevant in
mediating FGFR4 promoter activity in myoblasts
compared to myotubes, we screened potential
candidates using EMSA. EMSAs were performed
using nuclear extracts from myoblasts and myotubes
with overlapping 40–50 bp oligonucleotide frag-
ments derived from the 214 bp minimal FGFR4
promoter (Figure 3a). DNA–protein complexes were
detected when nuclear extracts from myotubes and
myoblasts were allowed to interact with fragments B
(�95/�56) and C (�65/�26). These complexes were
consistently more intense with myotube than with
myoblast nuclear extracts (Figure 3b). Based on

Figure 1 FGFR4 expression in skeletal myoblasts vs myotubes.
Whole cell lysates from C2C12 cells at the myoblast (MB) or
myotube (MT) phase of differentiation were subjected to im-
munoblotting using antibodies to FGFR4, myosin heavy chain
(MHC; antibody MF-20) or actin as indicated. The control lane
represents HEK 293 cells transfected with FGFR4 and is followed
by an empty lane. FGFR4 expression is prominent in myotubes
and preabsorption of the FGFR4 antiserum with peptide abolishes
the 110kDa reactive band. MHC, a marker of myotube differentia-
tion, confirms the differentiation of these cells.
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sequence prediction, fragments B and C each
contain 2 Sp-binding sites (Figure 3a). Consistent
with this prediction, these complexes were com-
peted by an Sp-type oligonucleotide (Figure 3c).
Moreover, the upper (slower) migrating band of this
complex was supershifted by an Sp1 antibody
while the lower (faster) migrating component of
the complex was supershifted by Sp3 antibody
(Figure 3c).

In contrast to these Sp findings, we found no
evidence for significant binding by other predicted
factors including Ap1, Ap2, Ap4, CREB, Yy-1, Ets,
and Ikaros-type binding sites9,20,23 in either myo-
blasts or myotubes (data not shown).

Effects of Sp1 and Sp3 on the Regulation of
FGFR4 in Myocytes

To determine the functional contribution of each of
the four Sp-binding sites in fragments B and C in the
FGFR4 promoter, we individually deleted each of
these sites. Deletion of the most 50 site in fragment B
resulted in the most pronounced loss of promoter
activity (Figure 4a). Moreover, loss of this 50-Sp-
binding site resulted in near complete abrogation of
responsiveness to Sp1 cotransfection (Figure 4b). In
contrast to the Sp1 effects, Sp3 transfection had
minimal effect on FGFR4 promoter activity (Figure
4b). Similarly, Ets1 transfection had no appreciable
effect on FGFR4 promoter activity in myoblasts or
myotubes (data not shown).

To examine whether FGFR4 expression correlates
with Sp1 expression in differentiating myocytes, we
compared the protein expression of Sp1 by Western
blotting in myoblasts with myotubes. Nuclear frac-
tions from myotubes revealed higher levels than
myoblasts of the 105 kDa Sp1 isoform with no
difference in levels of the smaller 95 kDa isoform.
No appreciable difference in Sp3 expression (B130
and 76 kDa) between the two phases of myocyte
differentiation was detected (Figure 4c).

Adenoviral-Mediated Transduction of
Dominant-Negative FGFR Impedes Myocyte
Erk1/2 Activation and Cellular Differentiation

To determine the functional role of FGFR4 on
myocytes, we examined the effect of dominant-
negative FGFR4 transduction on progression to
myotube differentiation. Myoblasts were infected
with an adenovirus expressing a soluble dominant-
negative FGFR (dnFGFR-HFc) or the empty-vector
adenovirus. Western immunoblotting confirmed the
diminished expression of the differentiation marker
MHC by cells infected with dnFGFR as well as
interruption of Erk1/2 phosphorylation (Figure 5a).
Cells were examined daily and photographed using
phase-contrast microscopy after 4 days of infection.
As seen in Figure 5b, more than 80% of control-
infected myoblasts differentiate into large myotubes.
In contrast, a dose-dependent inhibition of myotube
formation was evident in cells transduced with
dnFGFR-HFc.

Discussion

We have compared the expression and promoter
activity of FGFR4 in myocytes of different degrees of
differentiation. We examined the cis-regulatory
elements in the proximal region of the FGFR4
promoter that render positive transcriptional activ-
ity in high FGFR4-expressing myotubes with those
from weak-FGFR4-expressing myoblasts. We demon-
strate that multiple binding elements mainly in
fragments B (�95/�56) and C (�65/�26) of the
FGFR4 promoter contain Sp binding sites. Our
findings point to the importance of Sp1 binding
sites in the region of fragment B as particularly
important for FGFR4 expression in differentiating
myotubes. Further, we demonstrate that dominant-
negative interruption of FGFR4 impedes myotube
formation in C2C12 cells. These findings begin to
address the mechanisms underlying the differences
in FGFR4 expression and its role in differentiating
myocytes.

Sp1 has been shown to play a significant role in
the regulation of other FGFRs. For example, analysis
of the mouse FGFR1 gene reveals the presence
of consensus sequences for binding sites of
the transcription factors Sp1 and the absence of
TATA and CAAT sequence motifs.24 Transfection

Figure 2 Functional characterization of the FGFR4 promoter in
differentiating skeletal muscle cells. The effects of sequences
spanning the proximal 50 region of FGFR4 from �1133 to þ 99 on
luciferase reporter activity were assessed in transiently trans-
fected myoblasts as indicated. A series of deleted promoter
fragments were generated by PCR as described in Materials and
methods, ligated and subcloned upstream of the promoterless
luciferase reporter gene pGL3-basic vector as indicated. Note that
serial 50-deletions of the FGFR4 promoter region to P(þ13/þ99)-
Luc markedly abrogates luciferase activity, and that the 30- deleted
construct P(�1133/�173)-Luc shows minimal activity. Data are
presented as the mean luciferase activity adjusted for b-gal
activity (þ s.d.) and compared with control wells from three
independent experiments (Po0.005).
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of 50- regulatory region into NIH 3T3 cells defined a
minimal promoter within the region defined by
�106 and þ 104 of FGFR1.24 Similarly, deletion

analysis of the avian FGFR1 promoter reveals a
78 bp region containing multiple Sp1 binding sites
that confer a high level of FGFR1 promoter activity
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Figure 3 Characterization of transcription factor binding elements in the FGFR4 promoter. (a) The FGFR4 (�115/þ 99) minimal promoter
was divided into overlapping fragments (A–G) which were used to characterize individual binding factors in differentiating skeletal
muscle cells. Note the presence of two distinct Sp-binding sites (italics) in each of fragments B and C and the flanking Ikaros and Ets-type
binding sites in fragment C. (b) The overlapping fragments (A–G) were used to compare binding with nuclear extracts from the myoblasts
(MB) and myotubes (MT). The (-) lane represents omission of nuclear protein. Only fragments B and C formed distinct DNA–protein
complexes (arrow) that were more evident in myotubes compared with myoblasts. (c) Fragments B and C were further tested as probes to
compare their binding interactions with nuclear extracts from myoblasts (MB) and myotubes (MT) as indicated. Fragments B and C
formed consistently stronger complexes with MT where the slower migrating band (middle arrow) is supershifted (top arrow) by Sp1
antibody and the faster migrating band (bottom arrow) is abolished by Sp3 antibody. Both complexes are competed by 50- and 100-fold
excess of Sp1 oligonucleotide as indicated.

Figure 4 Sp1 but not Sp3 regulates FGFR4 transcriptional activity in skeletal muscle cells. (a) Myoblasts were transiently cotransfected
with the wild-type minimal FGFR4 P(�115/þ 99)-Luc promoter or progressive Sp-binding deletions in fragments B (�86/þ99) (�80/
þ 99) and C (�66/þ 99)(�62/þ 99) as indicated. Note the marked loss of promoter activity with deletion of the Sp-binding sites in
fragment B. (b) Myoblasts were transiently cotransfected with the progressive Sp-deleted minimal FGFR4 promoter and pcDNA3.1-
encoding Sp1 or Sp3 as indicated. Note efficient activation of FGFR4 promoter activity by Sp1 an effect which was lost with deletion of
the 50 Sp-binding site in fragment B (�86/þ 99). Note ineffectiveness of Sp3 in measurably influencing promoter activity. All
transfections included corresponding empty control vectors along with 20ng of pCMVbgal to normalize for transfection efficiency. The
results are meanþ s.d. derived from three independent experiments with each construct performed in duplicate. (c) Extracts were
compared with Western immunoblotting. Myotubes (MT) demonstrated higher Sp1 levels than myoblasts (MB). Sp3 reactivity was
similar in both cell stages of differentiation and demonstrates comparable protein loading.
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in myoblasts.25 The FGFR2 promoter has been
localized to a CpG island encompassing the 50

end,26 lacking classical cis-regulatory motifs. Se-
quence analysis of the FGFR3 promoter also reveals
multiple transcription binding sites including five
classical Sp1 sites26 all situated within the first
200 bp from the transcription start site. From these
and our current studies, it may be concluded that
for all FGFRs (FGFR1,2,3,4) as little as 100 bp of
sequence 50 to the transcription initiation site
confers significant transcriptional activity.

FGFR1 promoter studies have provided some
insight into the possible mechanisms of FGFR1
regulation in skeletal muscle cells. The distal region
of the FGFR1 promoter is located more than 1 kb
upstream from the start of transcription and has
been shown to positively regulate FGFR1 gene
expression in myoblasts.25 This region contains
two Sp transcription factor-binding sites, both of
which are required for FGFR1 promoter activity in
proliferating myoblasts. Although the distal Sp1
binding sites are required for full FGFR1 promoter
activity and confer increased transcriptional activ-
ity, the distal region was not sufficient for promoter
activity. Instead, the proximal region between �69
and �14 of the FGFR1 promoter appears to be
more critical. However, in contrast to our findings
with FGFR4 promoter, electromobility shift assays
revealed that myoblast but not differentiated myo-
tube nuclear proteins specifically bind to the cis-
elements in the FGFR1 promoter.27 There was no
evidence of significant Sp3-mediated repression of
the FGFR1 promoter.27 Similarly, we found no
evidence for significant repression by Sp3 on FGFR4
regulation.

Our previous analysis of the FGFR4 promoter in
pituitary cells identified a 214 bp fragment contain-
ing 115 nucleotides upstream of the FGFR4 trans-
cription start site as critical for promoter activity.20

Overlapping 40–50 bp fragments of this minimal
functional promoter were examined by EMSAs.
Specific DNA–protein complexes were noted with
two adjacent fragments. As shown here, these two
fragments contain multiple Sp binding sites. In
particular, fragment B contains two Sp sites that
formed strong complexes with FGFR4-expressing
myotubes in contrast with the low FGFR4-expres-
sing myoblasts. Fragment C (�65/�25), however,
also contains multiple predicted binding sites for
Ap1, Ap2, Ap4, CREB, Yy-1, Ets, and Ikaros-type
binding sites.23 The latter predicted binding element
is flanked by two sites for Sp1. However, unlike
lymphopoietic and pituitary cells,20 we found no

evidence of Ikaros expression in either myoblasts or
myotubes. Moreover, EMSA studies failed to identi-
fy significant binding for these other factors. Instead,
our data emphasize the importance of Sp1 as an
FGFR4 regulator in differentiated myocytes.

Thus far, the wealth of data has suggested a
differentiation arrest mediated by FGFR signaling.
Numerous studies have demonstrated that FGFs
promote cell proliferation and repress terminal
differentiation.28 In addition, genetic studies in
Caenorhabditis elegans have demonstrated that
FGF signaling plays an important role in myoblast
migration.29 Thus it appears that FGFs have the
capacity to promote cell proliferation, differentia-
tion, and/or migration of myogenic precursors.
FGFR1 transcription gradually decreases as muscle
cell lines differentiate13 and this has been inter-
preted to indicate that FGFR1 plays an important
role sustaining myoblast arrest along the myogenic
lineage. We propose here that FGF action in myocyte
differentiation needs to be reconsidered in the
context of FGFR signaling contributions. While the
weight of evidence has implicated FGFR1 in arrest-
ing myoblast differentiation, the contrasting pattern
with FGFR4 expression and regulation shown here
suggests distinct regulatory mechanisms for FGFR1
from FGFR4 in differentiating muscle cells. The
dnFGFR approach we used here is not selective for
FGFR4 alone and could potentially also interrupt
FGFR1 expressed by these cells. However, given the
arresting function of FGFR1, the dnFGFR-resulting
blockade of myotube development shown here is
consistent with a differentiating function for FGFR4.
Taken together, our data are more in line with an
emerging theme assigning FGFR4 a distinctly posi-
tive role in myogenesis and terminal skeletal muscle
differentiation.
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