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Background: FGFR1 gene expression regulates myoblast proliferation and differentiation, and its expression is controlled
by Krüppel-like transcription factors.
Results: KLF10 interacts with the FGFR1 promoter, repressing its activity and cell proliferation.
Conclusion: KLF10 represses FGFR1 promoter activity and thereby myoblast proliferation.
Significance: A model of transcriptional control of chicken FGFR1 gene regulation during myogenesis is presented.

Skeletal muscle development is controlled by regulation of
myoblast proliferation and differentiation into muscle fibers.
Growth factors such as fibroblast growth factors (FGFs) and
their receptors (FGFRs) regulate cell proliferation and differen-
tiation in numerous tissues, including skeletal muscle. Tran-
scriptional regulation of FGFR1 gene expression is developmen-
tally regulated by the Sp1 transcription factor, a member of the
Krüppel-like factor (KLF) family of transcriptional regulators.
Here, we show that another KLF transcription factor, KLF10,
also regulates myoblast proliferation and FGFR1 promoter
activity. Expression of KLF10 reducedmyoblast proliferation by
86%. KLF10 expression also significantly reduced FGFR1 pro-
moter activity inmyoblasts and Sp1-mediated FGFR1 promoter
activity in Drosophila SL2 cells. Southwestern blot, electromo-
bility shift, and chromatin immunoprecipitation assays demon-
strated that KLF10 bound to the proximal Sp factor binding site
of the FGFR1 promoter and reduced Sp1 complex formation
with the FGFR1promoter at that site. These results indicate that
KLF10 is an effective repressor of myoblast proliferation and
represses FGFR1 promoter activity in these cells via an Sp1
binding site.

Vertebrate skeletal muscle development is partly character-
ized by expansive proliferation of muscle precursor cells or
myoblasts followed by coordinated differentiation of these cells
at specific times in development. During differentiation,mono-
nucleated myoblasts form multinucleated muscle fibers, and
the muscle nuclei become irreversibly withdrawn from the cell
cycle (1). Therefore, vertebrate myogenesis provides an appro-
priate and amenable system to investigate mechanisms that
control cell proliferation versus differentiation.
Members of the family of fibroblast growth factors (FGFs)

regulate myoblast proliferation and differentiation by interac-
tionwith specific cell surface receptors. FGF1 andFGF2possess
mitogenic activity, stimulate myoblast proliferation, and delay

myogenic differentiation (2, 3). These effects on cell prolifera-
tion and differentiation are mediated by a high affinity FGF
receptor, FGFR1. The members of the family of FGFRs2
(FGFR1–4) are receptor tyrosine kinases that typically activate
the mitogen-activated protein kinase (MAPK) signaling path-
way in a variety of cell types throughout development. FGFR1 is
expressed in developing bone, skin, brain, cardiac muscle, and
skeletal muscle (4).
A number of studies have reported that FGFR1 gene expres-

sion is developmentally regulated in skeletal muscle cells. Pro-
liferating and migratory myoblasts in vitro and in vivo express
the FGFR1 gene, and FGFR1 gene expression at the protein and
mRNA levels declines during myogenic differentiation into
postmitotic muscle fibers (5–9). FGFR1 gene expression levels
are reduced but still detectable after cardiac muscle develop-
ment, and some data suggest that a minimal level of FGFR1
gene expression persists in skeletal muscle after differentiation
in vivo (3, 8). The functional significance of the developmental
regulation of FGFR1 gene expression is apparent by disruption
of normal myogenesis in embryos with altered FGFR1 gene
expression. Myoblasts that constitutively expressed wild type
FGFR1 were repressed or delayed in differentiation both in
vitro and in vivo (10, 11). Conversely, myoblasts that expressed
a dominant negative FGFR1 mutant displayed decreased pro-
liferation and accelerated differentiation. Insufficient FGFR1-
mediated cell signaling, reduced myoblast proliferation, and
concomitant precocious differentiation may be responsible for
the observed reduction in skeletal muscle mass in chick
embryos expressing the dominant negative FGFR1 variant (10,
12).
Many growth factor receptor genes possess similar structural

motifs in their transcriptional regulatory regions. Promoter
regions of growth factor receptor genes are typically GC-rich
and often lack consensus TATA boxes. For example, the pro-
moters for the rat transforming growth factor � (TGF�) recep-
tor type III and the human FGFR3 genes are 69 and 82% GC-
rich, respectively (13, 14). Rather than TATA boxes, these
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promoters often contain multiple potential Sp factor binding
sites. These GC boxes (GGGCGG) and CT elements
((CCT)4CGG(CCT)2) are usually clustered near the start of
transcription and are thought to functionally substitute for the
lack of basal (e.g. TATA and CCAAT elements) cis-regulatory
components (15).
The small family of Sp transcription factors (Sp1–4) belongs

to a larger extended family of transcriptional regulators known
as Krüppel-like factors (KLFs) (16). These proteins contain
highly conserved C2H2 zinc finger motifs in their carboxyl-ter-
minal halves and bind to GC-rich sites via these motifs.
Although KLFs have significant sequence similarity, the exten-
sive KLF family membership does display divergence in the
amino-terminal sequences, providing heterogeneity in struc-
ture and function.ManyKLF and Sp-like proteins activate tran-
scription, and perhaps the best characterized among these acti-
vators is Sp1 (17). Sp1 is broadly expressed and activates a wide
variety of constitutively expressed and differentially regulated
genes. For example, Sp1 activates the avian FGFR1 promoter in
proliferating myoblasts (18). However, other Sp and KLF pro-
teins (e.g. Sp3, KLF9, KLF10, KLF13, and KLF16) repress tran-
scription via specific Sin3 domains within the amino-terminal
region that recruit histone deacetylase transcriptional repres-
sor complexes (reviewed in Ref. 19).
TheTGF�-inducible early gene 1 (TIEG1)was first identified

in human osteoblast cells (20). Sequence analysis revealed that
it also contains three C2H2 zinc finger domains, and it is desig-
nated KLF10. Immunohistochemical studies have localized
KLF10 protein in a variety of tissues including placenta, breast,
pancreas, bone, cardiac muscle, and skeletal muscle (21). Over-
expression of KLF10 in human osteosarcoma and pancreatic
carcinoma cells mimicked the antiproliferative and apoptotic
effects of TGF� on the cells (22, 23). KLF10 also exhibits anti-
proliferative effects on breast cancer cells (24). KLF10 null mice
display an osteopenic phenotype with weakened bones and
decreased expression of RUNX2 and SMAD2, indicating
reduced osteoblast differentiation (25). These mice also
develop hypertrophic cardiomyopathies with increased fibrosis
(26).
This study addresses the function of KLF10 in skeletal myo-

genesis. We report that the KLF10 gene is expressed during
myogenic differentiation and that KLF10 gene expression sup-
presses myoblast proliferation in vitro. Because FGFR1 gene
expression regulatesmyoblast proliferation and differentiation,
we hypothesized that KLF10 suppresses myoblast proliferation
by transcriptional repression of the FGFR1 gene. We report
that FGFR1 gene promoter activity is repressed by KLF10 bind-
ing to a specific Sp binding site in the FGFR1 proximal pro-
moter. A model of FGFR1 gene transcriptional regulation
invoking multiple, functionally redundant levels of transcrip-
tional activation and repression is presented.

EXPERIMENTAL PROCEDURES

Cell Culture—Chick myoblasts were isolated from embry-
onic day (ED) 13 hindlimbs and placed in collagen-coated
dishes as described previously (27, 28). Cells were incubated in
F-10 base medium (Invitrogen) supplemented with 10% horse
serum (HyClone Laboratories), 5% chick embryo extract, 1.32

mM CaCl2, 2.9 mM glutamine, and penicillin/streptomycin/
Fungizone (Invitrogen) at 37 °C in a 5% CO2 humidified incu-
bator.Mediumwas replaced every other day.Myotube cultures
were maintained in medium containing �-arabinofuranoside
hydrochloride (AraC) as described previously (9). Drosophila
melanogaster SL2 cells were grown in serum-free medium
(Invitrogen) supplementedwith 2mMglutamine andpenicillin/
streptomycin/Fungizone at 25 °C in ambient atmosphere (18).
RT-PCR—Total RNAwas isolated using RNA STAT 60 (Tel-

Test) fromED13myogenic cultures at 0, 24, 48, and 72 h as well
as 10 days in cell culture. KLF10 transcripts were reverse-tran-
scribed and amplified using the Access RT-PCR kit (Promega).
Reverse transcription was carried out at 48 °C for 45 min with
the reverse primer (CTGCGCAGCCGCCGACGGAGGG).
Amplification was carried out for 35 cycles with the above
reverse primer and forward primer (ATGTCTTACAA-
GCACTGGAAGCAGGGCC) and annealing temperature of
55 °C. PCR products were resolved in a 1% agarose gel.
Immunostaining—ED13 chicken myoblasts were fixed in

100% methanol for 10 min, washed with phosphate-buffered
saline (PBS), and then incubated in blocking solution (5% horse
serum, 2% bovine serum albumin in PBS) for 1 h at room tem-
perature. Cells were then incubated with primary antibodies
directed against proliferating cell nuclear antigen (PCNA;
Santa Cruz Biotechnology) and the FLAG epitope (Sigma),
diluted 1:100 and 1:2000, respectively, in blocking solution for
1 h at room temperature. The PCNA antibody was conjugated
to FITC. Cells were washed with PBS and then incubated in
Texas Red-conjugated anti-mouse IgG (Vector Laboratories)
diluted 1:100 in blocking solution for 1 h at room temperature.
DAPI (2 �M) in PBS was applied to the cells for 10 min, and the
cells were then washed in PBS.
DNAConstructs, Transfections, and Promoter Activity Assays—

pCMVKLF10 contains the full-length human KLF10 cDNA
linked to the FLAG epitope tag (kindly provided by R. Urrutia).
The 3284FGFR1CAT expression construct contains the full-
length wild type FGFR1 promoter and has been described pre-
viously (9). The 3284FGFR1Luc construct contains the same
wild type FGFR1 promoter linked to the firefly luciferase gene.
m23FGFR1Luc contains the full-length FGFR1 promoter with
a mutation of the most proximal (�23-bp) Sp1 binding site
described previously (18). For immunostaining of KLF10, ED13
chicken myoblasts were transfected with pCMVKLF10 (4
�g/35-mm culture dish) for 3 h at 37 °C in growth medium
without antibiotic supplements using Lipofectamine 2000
(Invitrogen). For analyses of FGFR1 promoter activities, ED13
chicken myoblasts were transfected with 3284FGFR1CAT (1.5
�g/35-mm culture dish) and increasing amounts (0–6
�g/35-mm culture dish) of pCMVKLF10. For transfection of
Drosophila SL2 cells, 3284FGFR1CAT (2.5 �g/35-mm culture
dish) and pPacSp1 (750 ng) along with increasing amounts of
pCMVKLF10 (0–6 �g) were co-transfected using Cellfectin
(Invitrogen) as described previously (29). For all transfections
related to promoter activities, pRSV�GAL (1 �g) was co-trans-
fected to normalize for variations in transfection efficiencies.
Also, pBSKS plasmid DNA (Stratagene) was used to maintain
constant DNA amounts in transfections. Promoter activity
assays were performed as described previously (29).
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Western Blots—Nuclear extracts (100 �g) from control, non-
transfected ED13myoblasts andmyotubes and frommyoblasts
transfected with pCMVKLF10 as above were electrophoresed
in a 10% SDS-polyacrylamide gel and transferred to nitrocellu-
lose membrane. The blots were incubated in blocking solution
(2% nonfat dry milk, 0.5% Tween 20 in PBS) overnight at 4 °C.
Primary antibodies included Sp1 (Santa Cruz Biotechnology;
diluted 1:1000), FLAG epitope (Sigma; diluted 1:2000), KLF10
(Abcam; diluted 1:1000), and E47 (Santa Cruz Biotechnology;
diluted 1:100). Blots were incubated in primary antibody
diluted in blocking solution for 1 h at room temperature. Blots
were washed with PBS-Tween 20 and then incubated with
horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology) diluted 1:2000 in blocking solution
for 1 h at room temperature. Blots were washed as before and
developed by chemiluminescence (Pierce).
Southwestern Analysis and Electromobility Shift Assays—

Southwestern blot analysis was performed as described
previously (29). Nuclear extracts (75 �g) from control, non-
transfected myoblasts and from myoblasts transfected with
pCMVKLF10 as above were electrophoresed in a 7.5%
SDS-polyacrylamide gel and electroblotted to nitrocellulose
membranes. These membranes were then incubated with end-
labeledwild type ormutated FGFR1 promoter double-stranded
oligonucleotide sequence. The mutated sequence contained a
dinucleotide substitution within the most proximal (�23-bp)
Sp binding site (5�-CTGCCCTGACTCTCTTTCTCCTATC-
CACAGCTCACAGCGCC-3�). Bold, italicized nucleotides
replaced wild type sequence (5�-CTGCCCTGACTCTCTTT-
CTCCCCTCCACAGCTCACAGCGCC-3�).
Nuclear extracts from myoblasts and myotubes were pre-

pared as described previously (18), and protein content was
determined byBCAprotein assay (Pierce). Electromobility shift
assays were carried out as described previously (18).
Chromatin Immunoprecipitation—Chromatin from ED13

chick myoblast cultures at 0, 24, 48, and 72 h was prepared. In
addition, myoblasts were allowed to differentiate in vitro for 10
days, and the resulting myotubes were maintained in cell cul-
ture medium supplemented with AraC as described previously
(9). Chromatin immunoprecipitation was then conducted as
described previously (29). Chromatin was immunoprecipitated
with 4�g of Sp1 or KLF10 antibody (Abcam). As a control, 4�g
of Gaq antibody (Santa Cruz Biotechnology) was used in parallel
immunoprecipitation procedures. Precipitated DNA was ampli-
fied for 25 cycles using FGFR1 promoter-specific forward primer
(CTGTTTTCAGTGCCAACT) and reverse primer (CATGGG-
GCCCCGTCGGCCGCTG). For transient chromatin immuno-
precipitation, ED13 chick myoblasts at a density of 3 � 106
cells/10-cm dish were transfected with 8 �g of pCMVKLF10
using Lipofectamine 2000 (Invitrogen). Myotube cultures were
maintained in cell culture medium supplemented with AraC as
described previously for a total of 10 days (9). Chromatin
immunoprecipitation was then conducted as described previ-
ously (29). For chromatin immunoprecipitation experiments
usingwild type andmutated FGFR1 promoterDNAconstructs,
8 �g of pCMVKLF10 and 4 �g of wild type 3284FGFR1Luc or
m23FGFR1Luc were transfected into myoblasts. Cell culture
and chromatin immunoprecipitation from myotubes was car-

ried out as described above. Precipitated DNA was amplified
for 30 cycles using the FGFR1 promoter-specific forward
primer (CTGTTTTCAGTGCCAACT) and a luciferase gene-
specific reverse primer (CAGCGGTTCCATCATCCAGCGG-
ATAG). DNA was resolved in a 1% agarose gel.

RESULTS

KLF10 Gene Expression Reduces Myoblast Cell Proliferation—
The expression of KLF10 affects the proliferative capacity and
differentiation of a number of cell types (23, 24). To determine
whether KLF10 gene expression affects the proliferative capac-
ity of skeletal myoblasts from developing fetal muscle, KLF10
was overexpressed. ED13 chick myoblasts were isolated and
transfected with pCMVKLF10, a DNA construct that constitu-
tively drives full-length humanKLF10 gene transcription. Thir-
ty-six hours after transfection, cells were fixed and immuno-
stained. Proliferating cells were identified by immunodetection
of PCNA, and transfected cells overexpressing KLF10 were
identified by immunodetection of the FLAG epitope tag linked
to the KLF10 gene product. Cells were also stained with DAPI
to visualize all nuclei.
Cells that expressed KLF10 did not immunostain for PCNA

(Fig. 1A), although neighboring cell nuclei were immuno-
stainedwith the PCNA antibody. To assess the effects of KLF10
gene overexpression on overall proliferation, the percentage of
pCMVKLF10 transfected and nontransfected cells that immu-
nostained with the PCNA antibody were counted (Fig. 1B).
Approximately 22% of nontransfected cells were PCNA-posi-
tive. However, only �3% of KLF10-overexpressing cells were

FIGURE 1. Effect of KLF10 gene expression on myoblast proliferation. A,
immunodetection of proliferating myoblasts and cells transfected with
pCMVKLF10. Myoblasts were transfected with pCMVKLF10, and transfected
cells were identified using a FLAG epitope tag antibody followed by Texas
Red-conjugated secondary antibody. Proliferating cells were identified by
immunodetection of PCNA using a fluorescein-conjugated anti-PCNA anti-
body. Nuclei were visualized by DAPI staining. Arrows indicate the nucleus of
a transfected cell expressing the KLF10 gene but not PCNA. B, the percentage
of PCNA-expressing cells with and without transfection of pCMVKLF10. Non-
transfected and transfected cells were scored for expression of PCNA based
on immunostaining with the PCNA antibody. Transfection of pCMVKLF10 sig-
nificantly reduced the percentage of PCNA-positive cells (p � 0.01). Error bars
indicate S.D.
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PCNA-positive (an 86% reduction from nontransfected cells),
indicating that KLF10 overexpression reduced the number of
proliferative cells.
KLF10 Is Expressed in Both Myoblasts and Myotubes—The

expression of the KLF10 gene in proliferating myoblasts and
differentiated myotubes was assessed by RT-PCR. Myoblasts
were isolated and cultured for 0, 24, 48, and 72 h as well as 10
days. After 24 h in cell culture, myoblasts are still proliferative
(Fig. 1). By day 10, myoblasts exit the cell cycle and differentiate
into multinucleated myotubes. Total RNA was isolated from
myoblasts and myotubes and amplified using KLF10 gene-spe-
cific primers (Fig. 2A). PCR product was obtained from both
myoblast and myotube RNA extracts at all time points tested.
Western blot analysis was also conducted to detect KLF10

gene expression (Fig. 2B). KLF10 protein was detected in
nuclear extracts from myoblasts and myotubes. Therefore,
both RT-PCR and Western blot analyses confirm that the
KLF10 gene is expressed in both proliferating myoblasts and
differentiated myotubes.
KLF10 Represses Sp1-mediated Transcription of the FGFR1

Gene—Myoblast proliferation and differentiation are tightly
linked to the developmentally regulated expression of the
FGFR1 gene (5, 9–11). We have previously shown that FGFR1

gene expression in myoblasts is transcriptionally regulated by
multiple Sp factor binding sites in the FGFR1 promoter and
that these sites bind the Sp1 transcription factor (18). Sp1 inter-
action with these sites, located at �23, �48, and �59 bp in the
FGFR1 promoter, activates transcription in myoblasts. How-
ever, FGFR1 gene expression declines during myogenic differ-
entiation (5, 9), and this may be mediated by transcriptional
regulators such as KLF10.
To determine whether expression of KLF10 affects FGFR1

promoter activity, myoblasts were transfected with the tran-
scription reporter construct, 3284FGFR1CAT, which contains
the full-length wild type chicken FGFR1 promoter. This pro-
moter has previously been shown to exhibit developmentally
regulated transcriptional control similar to the endogenous
FGFR1 gene (18).Myoblasts were also transfectedwith increas-
ing amounts of pCMVKLF10 expression plasmid. FGFR1 pro-
moter activities inmyoblasts significantly declinedwith increasing
amounts (0–6 �g/plate) of transfected pCMVKLF10 (Fig. 3A).
When compared with FGFR1 promoter activity in the absence
of pCMVKLF10, relative promoter activity declined to�40% in
the presence of pCMVKLF10. The reduced promoter activity
was not due to decreased Sp1 protein levels as determined by
Western blot analysis of nuclear extracts (not shown).
Myoblasts express Sp1, which is required for FGFR1 pro-

moter activation. To determine whether KLF10 gene expres-
sion repressed FGFR1 promoter activity by inhibition of Sp1-
mediated transcriptional activation, Drosophila SL2 cells were
employed. SL2 cells lack endogenous expression of genes
encoding Sp1, Sp2, Sp3, and Sp4 and therefore serve as a useful
model system for the study of Sp factor interactions and tran-
scriptional regulation (30). SL2 cells were transfected with
3284FGFR1CAT and a constant amount of pPacSp1 for exog-
enous expression of Sp1. As shown in Fig. 3B, co-transfection of
pPacSp1 activated the FGFR1 promoter in SL2 cells, in agree-
ment with previous findings (18). However, co-transfection of
increasing amounts of pCMVKLF10 reduced Sp1-mediated
transcriptional activation of the FGFR1 promoter. Maximal
amounts of KLF10 expression resulted in �40% of Sp1-medi-

FIGURE 2. Expression of KLF10 gene in myoblasts and myotubes. A, RNA
was isolated from myogenic cultures at 0, 24, 48, and 72 h as well as 10 days of
incubation. KLF10 mRNA was reverse-transcribed, and the DNA was amplified
using KLF10-specific primers (see “Experimental Procedures”). The control
reaction did not include reverse transcriptase (�RT). KLF10 RNA was detected
in extracts from both myoblasts and myotubes. B, KLF10 protein was
detected by Western blot analysis of nuclear extracts from myogenic cultures
at 0, 24, 48, and 72 h as well as 10 days of incubation. Immunodetection of E47
protein was used as a control for amount of nuclear extract in each analyzed
sample. KLF10 protein was detected at the indicated time points.

FIGURE 3. Repression of FGFR1 promoter activity by KLF10. A, ED13 myoblasts were transfected with 3284FGFR1CAT and increasing amounts of
pCMVKLF10. FGFR1 promoter activity was significantly reduced by KLF10 expression (p � 0.02). Error bars indicate S.D. B, Drosophila SL2 cells were transfected
with 3284FGFR1CAT, a constant amount of pPacSp1 to activate FGFR1 promoter activity, and increasing amounts of pCMVKLF10. Expression of KLF10
decreased FGFR1 promoter activity (p � 0.02). Error bars indicate S.D.
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ated promoter activity in SL2 cells relative to promoter activity
without KLF10 gene expression. These results indicate that
Sp1-mediated transcriptional activation of the FGFR1 pro-
moter in SL2 cells is repressed by KLF10.
Overexpressed KLF10 Interacts with the Proximal Sp Site of

the FGFR1 Promoter, Displacing a Protein-DNA Complex in
Myoblasts—Previous studies have demonstrated that Sp1 binds
to the proximal Sp factor binding site of the FGFR1 promoter in
proliferating myoblasts (18). Sp1 did not occupy this site in
differentiated myotubes. Therefore, we sought to determine
whether KLF10 could bind to the proximal Sp factor binding
site located at �23 bp within the FGFR1 promoter. Binding of
KLF10 to the Sp factor binding site was initially assessed by
Southwestern blot analysis. Myotube nuclear extracts were
electrophoresed in a 7.5% polyacrylamide gel, transferred to
nitrocellulose membrane, and probed with oligonucleotides

containing either the wild type or themutated sequences of the
�23-bp Sp factor binding site (Fig. 4). A single band was
detected when probed with the wild type Sp factor binding site.
This protein had the same relative mobility as KLF10, detected
in Western blot. This band was not detected with the oligonu-
cleotide containing the mutated Sp factor binding site.
Next we sought to determine whether KLF10 could not only

bind to the �23-bp Sp factor binding site, but also affect Sp1
complex formation with this site. Myoblasts were transfected
with pCMVKLF10 as before, and nuclear extracts from trans-
fected and nontransfected myoblasts were prepared. These
extracts were then incubated with oligonucleotides containing
either the�23-bp wild type Sp factor binding site of the FGFR1
promoter or the consensus Sp1 binding site (GGCGGG). Pro-
tein-DNA complexes were resolved in polyacrylamide gels (Fig.
5A). Similar to our previous findings (18), the nontransfected
control nuclear extracts formed a single prominent protein-
DNA complex with the consensus Sp1 binding site oligonu-
cleotide. This complex was diminished by incubation of the
consensus Sp1 binding site oligonucleotide in nuclear extract
derived frommyoblasts transfected with pCMVKLF10. Similar
results were obtained when nuclear extracts were incubated
with the �23-bp Sp factor binding site of the FGFR1 promoter.
Nuclear extracts from nontransfected control myoblasts
formed protein-DNA complexes indicative of Sp1 binding (18).
These Sp1-DNA complexes were diminished when nuclear
extracts from myoblasts transfected with pCMVKLF10 were
included. Rather, formation of a different protein-DNA com-
plex was enhanced. It is unlikely that these results are due to
reduced overall Sp1 protein levels becauseWestern blot analy-

FIGURE 4. Southwestern blot analysis of KLF10 binding to the �23-bp
Sp1 binding site. Proteins within nuclear protein extract from differentiated
myotubes were resolved in a polyacrylamide gel and probed with double-
stranded oligonucleotides containing the wild type (�23) or mutated (mut-
23) sequence of the proximal (�23-bp) Sp1 binding site. A control lane that
was not hybridized to an oligonucleotide probe is included. Also included is a
Western blot of KLF10, detected with the FLAG epitope tag antibody. The
protein band detected with the wild type oligonucleotide has the same rela-
tive mobility as KLF10.

FIGURE 5. Electromobility shift analysis of protein complex formation with the proximal Sp1 binding site. A, nuclear protein extracts were prepared from
nontransfected, control myoblasts (Con Extract) and from myoblasts transfected with the pCMVKLF10 expression construct (KLF10 Extract). These extracts were
incubated with double-stranded oligonucleotides containing the wild type �23-bp Sp1 binding site sequence (�23 Sp Site) and the consensus Sp1 binding
site (Sp1 Con Site). Arrows indicate protein-DNA complexes formed by incubation of control extract with either the �23-bp Sp Site or the Sp1 consensus site.
These complexes were reduced when control extract was replaced by KLF10 extract. The arrowhead indicates a protein-DNA complex that was enhanced in the
presence of KLF10 extract, particularly with the �23-bp Sp Site. B, nuclear extract from differentiated myotubes was incubated with oligonucleotides contain-
ing either the wild type (�23 Sp Site) or the mutated binding site (m23 Sp Site). Extract was also incubated with the KLF10 antibody (KLF10 Ab) prior to incubation
with the wild type Sp binding site oligonucleotide. Arrows indicate protein-DNA complexes with lower relative mobility due to the addition of the KLF10
antibody.
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sis did not detect noticeable differences in Sp1 protein content
between myoblasts transfected with pCMVKLF10 versus non-
transfected cells (Fig. 3). In total, these results indicate that
KLF10 is able to bind to consensus Sp1 binding sites and to the
�23-bp Sp factor binding site of the FGFR1 promoter. Further-
more, KLF10 binding to these sites reduced Sp1 complex for-
mation at these sites.
Endogenous KLF10 Binds the Proximal Sp Factor Bind Site of

the FGFR1 Promoter in Differentiated Myotubes—The interac-
tion of endogenous KLF10 with the FGFR1 promoter in differ-
entiated myotubes was assessed by electromobility shift assays
(Fig. 5B). Nuclear extracts from differentiated myotube cul-
tureswere incubatedwith either thewild type�23-bp Sp factor
binding site oligonucleotide or the oligonucleotide containing
the mutated Sp binding site. PAGE resolution of the protein-
DNA complexes revealed two prominent complexes. Neither
protein-DNA complex formed with the mutated Sp binding
site oligonucleotide. The protein-DNA complexes were incu-
bated with the KLF10 antibody to determine whether KLF10
was a component of either protein-DNA complex. The addi-
tion of the KLF10 antibody resulted in supershifts of both pro-

tein-DNA complexes. The results of these assays indicate that
endogenous KLF10 potentially binds to the proximal Sp factor
binding site of the FGFR1 promoter in differentiatedmyotubes.
To further investigate the interaction of KLF10 with the

FGFR1 promoter, chromatin immunoprecipitation studies
were performed. Chromatin frommyogenic cells cultured from
0 to 72 hwas obtained and immunoprecipitatedwith either Sp1
orKLF10 antibodies. DNAwas amplified using specific primers
that flank the Sp binding sites within the proximal FGFR1 pro-
moter (Fig. 6A). PCR product size was verified by amplification
of DNA contained with chromatin prior to immunoprecipita-
tion (input chromatin) as well as plasmid DNA containing the
full-length FGFR1 promoter. During the 72-h culture period,
proliferative myoblasts fused into differentiated myotubes.
FGFR1 chromatin from newly isolated myoblasts (0 h of cul-
ture) was immunoprecipitated with the Sp1 antibody, and no
detectable chromatin was immunoprecipitated with the KLF10
antibody. FGFR1 chromatin was immunoprecipitated at subse-
quent time points in cell culture (24–72 h) with the KLF10
antibody. Conversely, Sp1 antibody did not immunoprecipitate
FGFR1 chromatin by 72 h of cell culture when myoblasts had

FIGURE 6. Chromatin immunoprecipitation assays of KLF10 interaction with the FGFR1 promoter. A, chromatin was isolated from myogenic cells at 0, 24,
48, and 72 h of cell culture and immunoprecipitated with Sp1 (Sp1 Ab) or KLF10 antibodies (KLF10 Ab). FGFR1 DNA was amplified using FGFR1 promoter-specific
forward and reverse primers that flanked all three proximal Sp1 binding sites. Lane 1, input chromatin prior to immunoprecipitation. Lane 2, immunoprecipi-
tation without antibody (No Ab). Lane 3, immunoprecipitation with a nonspecific antibody (N.S. Ab). Lane 4, immunoprecipitation with the Sp1 antibody. Lane
5, immunoprecipitation with the KLF10 antibody. Lane 6, amplification of plasmid DNA containing the FGFR1 promoter sequence (Control). PCR products
(input, light gray bars; Sp1 antibody precipitated, gray bars; KLF10 antibody precipitated, black bars) from 0 to 72 h were quantitated. Error bars indicate S.D. B,
endogenous FGFR1 chromatin was prepared from nontransfected myotubes and immunoprecipitated using the KLF10 antibody. Chromatin was also pre-
pared from myotubes transfected with pCMVKLF10, which expresses KLF10 coupled to the FLAG epitope tag. Myotubes were also transfected with the wild
type FGFR1 promoter coupled to the luciferase reporter gene (3284FGFR1Luc) or the FGFR1 promoter-luciferase construct containing the mutation of the
�23-bp Sp binding site (m23FGFR1Luc). Chromatin from transfected cells was immunoprecipitated with the FLAG epitope tag antibody. Endogenous FGFR1
DNA was amplified using FGFR1 promoter-specific forward and reverse primers that flanked all three proximal Sp1 binding sites. DNA containing either the
wild type or the mutated FGFR1-luciferase sequence was amplified using the same FGFR1 promoter-specific forward primer and a luciferase gene-specific
reverse primer. Lane 1, input chromatin prior to immunoprecipitation. Lane 2, immunoprecipitation without antibody. Lane 3, immunoprecipitation with a
nonspecific antibody. Lane 4, immunoprecipitation with the KLF10 or FLAG antibody. Lane 5, amplification of plasmid DNA containing either the wild type or
the mutated FGFR1 promoter sequence. PCR products (input, light gray bars; KLF10 antibody precipitated, black bars) from endogenous (Endo.), 3284FGFR1Luc
(3284), and m23FGFR1Luc (m23) DNAs were quantitated. Error bars indicate S.D.
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differentiated intomyotubes. These results indicate that KLF10
replaces Sp1 in the FGFR1 proximal promoter region as prolif-
erative myoblasts transition to differentiated myotubes.
To further determine whether KLF10 interacted specifically

with the most proximal �23-bp Sp binding site as suggested by
the electromobility shift assays (Fig. 5) and endogenous chro-
matin immunoprecipitation, ED13 myoblasts were transfected
with plasmid constructs containing the full-length wild type
FGFR1 promoter (3284FGFR1Luc) and the mutation of the
�23-bp Sp binding site within the FGFR1 promoter
(m23FGFR1Luc). The resulting myotube cultures were main-
tained for a total of 10 days. Chromatin immunoprecipitations
were repeated as above, except that immunoprecipitated DNA
was amplified using an FGFR1 promoter-specific primer and a
firefly luciferase-specific primer (see “Experimental Proce-
dures”) to distinguish amplification of transfected DNA versus
endogenous FGFR1 promoter sequence (Fig. 6B). Similar to the
result of endogenous FGFR1 chromatin immunoprecipitation,
exogenous wild type FGFR1 chromatin was immunoprecipi-
tated by the KLF10 antibody and amplified using FGFR1 and
luciferase gene-specific primers. However, PCR product con-
taining the mutated �23-bp Sp binding site was not detected.
These results indicate that KLF10 interacts with themost prox-
imal Sp binding site located at �23 bp within the FGFR1 pro-
moter. These results also indicate that the KLF10 interaction
with the FGFR1 proximal promoter is specific to this site rela-
tive to the two other Sp binding sites located at�48 and�59 bp
because the primers used for amplification flank all three Sp
binding sites.

DISCUSSION

Skeletal myoblast proliferation and differentiation are tightly
regulated by expression of the FGFR1 gene. The presence of
FGFR1 on the cell surface of proliferating myoblasts allows for
cellular response to the mitogenic signals initiated by FGF
ligand binding to the receptor. Therefore, the molecular mech-
anisms that control FGFR1 gene expression are also likely to
control myoblast proliferation and differentiation. Both tran-
scriptional activators and repressors regulate the FGFR1 pro-
moter. We have previously found that Sp1 activates the FGFR1
promoter (9). In total, five Sp1 binding sites have been identi-
fied in the chicken FGFR1 promoter. Three of these sites are
located within the proximal (�100-bp) promoter, and two sites
are locatedmore than 1 kb upstream from the start of transcrip-
tion (9, 18, 31). The proximal Sp1 binding site located at�23 bp
was the most potent Sp1 activator site (18).
We hypothesized that other KLF family members may func-

tion as transcriptional repressors of FGFR1promoter activity to
direct cessation ofmyoblast proliferation. KLF10 is a C2H2 zinc
finger KLF transcription factor that exhibits cell-specific anti-
proliferative effects (22–24). Indeed, increased KLF10 gene
expression in myoblasts significantly reduced proliferation.
Given themechanistic link betweenmyoblast proliferation and
FGFR1 gene expression, the effect of KLF10 gene expression on
FGFR1 promoter activity was then assessed. Increased KLF10
expression reduced FGFR1 promoter activity in myoblasts.
Furthermore, Sp1-mediated activation of the FGFR1 promoter
in Drosophila SL2 cells was repressed by KLF10. These results

suggested that KLF10 interacts with one or more of the Sp fac-
tor binding sites, known to potentially bind other KLF-related
transcription factors.
KLF10 was shown to interact with the most proximal (�23-

bp) Sp binding site by Southwestern blot, electromobility shift,
and chromatin immunoprecipitation assays. There are two
aspects of this interaction that are particularly interesting rela-
tive to promoter function and the specificity of interaction.
First, asmentioned above, the�23-bp proximal Sp binding site
displays the strongest transcription-activating potential rela-
tive to the other two proximal Sp binding sites. Therefore, it can
be considered that modification of the transcriptional regula-
tors at this sitewill have relatively profound effects on promoter
activity. This would be particularly true if a transcriptional
repressor such as KLF10 replaced the transcriptional activator,
Sp1. Our studies demonstrate that KLF10 does occupy this site
and effectively represses FGFR1 promoter activity. Secondly,
the chromatin immunoprecipitation results indicate the speci-
ficity ofKLF10 for interactionwith the�23-bp Sp site.Wewere
not able to detect KLF10 interaction with the �48- or �59-bp
Sp binding sites. The basis for this specificity remains unclear.
However, some insight may be obtained from the binding site
sequences. The Sp binding sites at�48 and�59 bp contain the
sequence CTGCCC, whereas the �23-bp Sp site contains
the sequence CCCCTC. KLF10 may display preference for this
�23-bp Sp binding site sequence. In addition, flanking
sequence around each binding sitemay contribute to transcrip-
tion factor binding site specificity.
The results presented here allow for further development of

the mechanism of transcriptional regulation of the FGFR1 pro-
moter activity in proliferating avian myoblasts and differenti-
ated myotubes (Fig. 7). Sp1 is present in myoblasts, binds to
multiple sites within the FGFR1 promoter, and activates tran-

FIGURE 7. Model of transcriptional regulation of FGFR1 promoter activity
in proliferating myoblasts and differentiated myotubes.
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scription. We have previously shown that the transcriptional
complex composed of E2F4, p107, and Sp1 occupies the E2F
binding site, also within the proximal FGFR1 promoter (29).
Although E2F4 functions as a transcriptional repressor of
FGFR1 promoter activity, its repressor activity is masked by its
association with Sp1 via p107 (29). As myogenic differentiation
and the formation of myotubes proceeds, a transition in the
transcription factors associated with the FGFR1 promoter
occurs. As Sp1 protein levels decline, Sp1 interaction with the
FGFR1 promoter is correspondingly reduced. This has several
effects. First, the lack of Sp1 interaction with the FGFR1 pro-
moter at multiple Sp1 binding sites reduces Sp1-mediated pro-
moter activation. Secondly, the decline of Sp1 protein is
coincident with the exchange of p130 and p107 within the
E2F4-based transcriptional repressor complex. It is not known
whether the reduced Sp1 protein level directly facilitates this
exchange. This latter complex is active in its role as a transcrip-
tional repressor. Lastly, the unoccupied Sp1 binding site at the
proximal�23-bp location is nowaccessible for interactionwith
the transcriptional repressor, KLF10.
Repression of FGFR1 gene expression in differentiated mus-

cle fibers is stable. Stable repression is perhaps achieved
through KLF10 occupancy of the proximal promoter element
and by KLF10-mediated chromatin modification. KLF10
represses transcription of Smad7 by interaction with JARID1B,
leading to histoneH3 lysine 4 demethylation (32). Additionally,
the FOXP3 promoter is transcriptionally silenced by trimethyl-
ation of histone H3K27 in KLF10-deficient mice (33). There-
fore, replacement of Sp1 by KLF10 in the proximal promoter of
the FGFR1 genemay result in epigeneticmodifications that add
to the repression of FGFR1 promoter activity.
Left unresolved in these studies is the cause for the apparent

lack of FGFR1 promoter repression in myoblasts that nonethe-
less express the KLF10 gene. A relatively straightforward
hypothesis can be put forth in which Sp1 occupancy of the
�23-bp Sp binding site precludes KLF10 interaction with the
same site. Our results provide suggestive support for this
hypothesis. Increasing KLF10 gene expression repressed Sp1-
mediated activation of the FGFR1 promoter in SL2 cells (Fig. 3).
Also, we have previously demonstrated that Sp1 protein levels
decline during myogenic differentiation (18). This reduced Sp1
protein content results in lack of Sp1 occupancy of the �23-bp
Sp binding site in myotubes, thereby allowing access to this site
by KLF10. Alternatively, protein-protein interactions involving
KLF10 with other regulators may inhibit its transcriptional
repressor function. Similar to E2F4, KLF10 is present in both
proliferating myoblasts and differentiated myotubes. However,
both transcriptional regulators do not fully repress FGFR1 pro-
moter activity in proliferating myoblasts. Endogenous KLF10,
which is present in both myoblasts and myotubes, only occu-
pies the FGFR1 promoter regulatory region as Sp1 occupancy
of the promoter declines. Moreover, E2F4 does occupy the E2F
binding site of the FGFR1 promoter in myoblasts yet does not
exert its full repressor activity. Therefore, components of
FGFR1 promoter repression appear to be readily present in
proliferating myoblasts, but are temporarily disallowed their
full repressive activity until myogenic differentiation.
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