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Abstract

We previously identified Mustang (musculoskeletal temporally activated novel gene) with expression exclusively in the musculoskeletal
system. Although its expression is almost undetectable in intact bone, it is robustly upregulated during bone regeneration. It is also abundantly
expressed in adult skeletal muscle and tendon. As such,Mustang represents a marker for these cells and thus identifying its promoter would enable
us to characterize its transcriptional regulation. To this end, we have isolated and characterized a 1512-bp mouse genomic clone representing the
Mustang 5′-flanking region and identified a transcription start site, a TATA box, and multiple putative transcription factor binding sites (including
AP-1 and AP-2). The activity of this promoter was detected in musculoskeletal cells and embryonic fibroblasts, even exceeding levels (145%) of
the control SV40 promoter (in C2C12 cells). Further, the contribution of specific AP-1 and AP-2 sites was determined with serially deleted and
mutated promoter constructs. Results indicate that one of the four AP-1 sites is required for substantial transcriptional activation, as its specific
deletion or mutation decreases promoter activity by 32% and 40%, respectively. In contrast, deletion of both identified AP-2 sites results in only a
12% decrease in promoter activity. We further characterized the key AP-1 site by EMSA and determined that in both proliferating and
differentiating C2C12 cells, only c-Fos, Fra-2 and JunD were required for transcriptional activation. Mustang's restricted tissue specificity and
strong promoter makes this gene an ideal candidate for utilization in cell lineage studies that could unveil cellular/molecular mechanisms
responsible for musculoskeletal development and regeneration.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Mustang was initially discovered through our expression
profiling experiments of bone regeneration [1]. Previous studies
have also identified the spatiotemporal expression of Mustang
in embryonic mesenchymal cells, in osteoprogenitor cells of the
periosteum, chondrocytes of articular cartilage, skeletal muscle,
tendon, as well as in fracture callus of a healing bone [2]. More
specifically, Mustang is dramatically upregulated during the
early stages of fracture repair especially at PF (postfracture) Day
5 where its expression peaks with a 55-fold increase as
compared to intact bone. Its expression then gradually decreases
throughout the rest of the healing process (up to 3 weeks).
Although much is known aboutMustang's restricted expression
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in the musculoskeletal system, little is known about its
regulation or function. With the exception of a nuclear
localization signal, no other structural motif appears in the
Mustang open reading frame (ORF), thus making it very
difficult to place it in a specific protein family. However,
Mustang's specificity to the various cell types of the
musculoskeletal system and its expression patterns suggests a
multifunctional role.

As a first attempt to probe the tissue-specific expression of
Mustang, we focused on its transcriptional regulation by
isolating and characterizing its promoter in myogenic C2C12
cells. C2C12 is a well-established and characterized plurip-
otent cell line that can be induced to differentiate into various
cell types, including myocytes, osteoblasts and adipocytes [3–
5]. The natural transition of these cells from their proliferation
phase into differentiated myocytes (upon confluency in low-
serum environment) has been widely used to study skeletal
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muscle formation in vitro. We decided to utilize C2C12 cells
in order to study the regulation of Mustang because of its
strong expression in skeletal muscle and in the hope that
identifying the regulatory factors involved in myoblast
differentiation will facilitate understanding of Mustang's role
in this process and provide further clues regarding its
function.

Herein, we report that the expression of Mustang increases
as C2C12 cells undergo differentiation into myocytes and that
this mRNA upregulation parallels the increase of skeletal
muscle-specific transcription factors, MyoD and myogenin.
We further report on the genomic organization of Mustang as
well as the identification and cloning of a 1512-bp genomic
sequence upstream of the gene representing its promoter. The
activity of this putative promoter was tested via luciferase
activity assays in various cells lines known to express
Mustang, as well as some that do not. In addition, the activity
of the promoter was fully characterized in C2C12 via serial
deletions and mutations that show that the Mustang promoter
represents a very strong promoter, even inducing higher
transcription levels than the SV40 promoter (used as a
positive control in these experiments). Further, we have
identified a number of AP-1 and AP-2 transcription factor
binding sites present within the Mustang promoter. Specifi-
cally, a single AP-1 site was found to be critical for
essentially 40% of the promoter activity. Further, electropho-
retic gel shift assays (EMSA) identified only three members
(JunD, c-Fos and Fra-2) of the AP-1 family that bind to the
Mustang promoter during both myoblast proliferation and
differentiation. Collectively, the data presented herein further
support a role for Mustang in skeletal muscle differentiation,
as was suggested previously for osteoblasts and chondrocytes
[2], and suggest that the Mustang promoter can be used in
conjunction with reporter genes to analyze specific cell
Table 1

Target gene Accession number Primer sequ

A. Primers used for qRT-PCR
GAPDH NM_017008 Forward: AA

Reverse: GG
Mustang NM_181390 Forward: TG

Reverse: TT
Myogenin NM_031189 Forward: GG

Reverse: CG
MyoD NM_010866 Forward: GC

Reverse: GG

B. Primers used for RT-PCR
Actin (M, R, H, P a) M: NM_007393R:

NM_031144H: NM_001101P:
NM_001009945

Forward: AG

Reverse: AG
Mustang (H, P) H: NM_205853P: NW_104868 Forward: AA

Reverse: CT
Mustang (M) M: NM_181390 Forward: AA

Reverse: CT
Mustang (R) R: NM_181368 Forward: AA

Reverse: GT
a M, Mus musculus; R, Rattus norvegicus; H, Homo sapiens; P, Pan troglodytes.
lineages (chondrogenic, osteogenic, myogenic, tendogenic) of
the musculoskeletal system.

Materials and methods

Materials

[γ-32P]-ATP (3000 Ci/mmol) was purchased from Amersham Pharmacia
Biotech. Synthetic oligonucleotides were synthesized by Invitrogen Inc. Anti-c-
Jun, anti-JunB, anti-JunD, anti-c-Fos, anti-FosB and anti-Fra-2 polyclonal
antibodies were purchased from Active Motif. Anti-cyclophilin antibody was
purchased from Upstate. Goat-anti-rabbit IgG HRP monoclonal antibody was
purchased from Chemicon.

Cell Culture

C2C12, NIH3T3, COS-1 and HeLa cells were maintained in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. RCJ3.1C5 [6] cells were maintained in
DMEM supplemented with 15% FBS and 1% penicillin/streptomycin. MC3T3
cells were maintained in minimum essential medium alpha medium (α-MEM)
supplemented with 10% FBS and 1% penicillin/streptomycin. All cell lines were
cultured at 37°C and 5% CO2. To induce myogenic differentiation of C2C12
cells, we replaced the medium with DMEM supplemented with 2% horse serum
once the cells were confluent.

Quantitative real-time RT-PCR (qRT-PCR)

Proliferating (Day −1) and differentiating (Days 2, 4, 6 and 8) C2C12 cells
were collected and total RNA was isolated with RNeasy Mini Kit (QIAGEN)
and treated with DNase I (QIAGEN) to remove any traces of DNA. The
concentration of each RNA sample was determined by RiboGreen RNA
Quantitation Kit (Molecular Probes) following manufacturer's protocol. qRT-
PCR was carried out with QuantiTect SYBR Green RT-PCR Kit (QIAGEN) on
LightCycler system (Roche) as previously described [7]. Temporal expression
levels of Mustang, myogenin and MyoD were determined by qRT-PCR and
normalized to that of GAPDH. Primer sequences used in these analyses are
listed in Table 1. Each experiment was performed in triplicate in order to
calculate the standard deviation.
ence Amplicon size (bp) Tm (°C)

TGGGGTGATGCTGGTG 119 60
AAGGGGCGGAGATG
CCCAATGTCCCCAAC 115 60
CCCTGTCCCACCTCA
AAGTCTGTGTCGGTGGAC 150 60
CTGCGCAGGATCTCCAC
CTGAGCAAAGTGAATGAG 184 60
TCCAGGTGCGTAGAAGG

ACCTTCAACACCCCAG 166 60

GTCCAGACGCAGGATG
GAAGAAGCGCCCCCCT 190 60

TTGGGCTTCTCAAAGAC
GAAGAAGCGGCCCCCT 190 60

TTGGGCTTCTCAAAGAC
GAAGAAGCGCCCCCCT 190 60
CTTCGAGAAGCCCAAAG
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Cloning and construction of the Mustang promoter constructs

To clone the Mustang promoter, primers (F(−1447) and R(+65); Table 2A)
were designed to amplify the 1512-bp 5′-Mustang-flanking mouse genomic
region using genomic DNA isolated from mouse tail. The PCR amplicon was
cloned into pGL3-Basic luciferase vector following manufacturer's instructions
(Promega). Following verification by sequencing, the 1512-bp sequence was
analyzed using Alibaba 2.1 (http://www.gene-regulation.de) in order to identify
putative transcription factor binding sites. Based on the regulatory sequences
identified by this bioinformatic analysis, we created deleted fragments of the
promoter and cloned them into the pGL3-Basic vector. The primers used to
generate the various deletion constructs are listed in Table 2A. Finally, all
genomic clones were verified by sequencing.

Site-directed mutagenesis

Specific mutations and deletion of the AP-1 site between −1151 and −1161
was accomplished by site-directed mutagenesis using the QuikChange II Site-
Directed Mutagenesis Kit following the manufacturer's protocol (Stratagene).
Specifically, to generate the desired mutation and deletion, we designed a pair of
complementary primers for each construct in a way that the sequence of interest
is centered and each flanking region contains 13–15 extra oligonucleotides that
are identical to the template sequence. Both constructs were then amplified with
PfuUltra High-Fidelity DNA polymerase using Construct A (Table 2A) as
template. Primers used to create these two constructs are listed in Table 2B.
Lastly, both mutated and deleted clones were verified by sequencing.

Luciferase activity assay

Cells used in this study were transfected with each of theMustang promoter
construct, pGL3-Basic vector (promoterless, negative control) and pGL3-
Promoter (SV40 promoter, positive control) (Promega). In a given assay, 8000
cells from each cell line were plated in designated wells of a 96-well plate in
triplicate. Twenty-four hours later, the cells were transiently transfected using
Fugene 6 Reagent (Roche) according to manufacturer's protocol. Forty-eight
hours post-transfection, the cells were lysed within the wells and processed using
the Steady-Glo Luciferase assay system according to manufacturer's protocol
(Promega). Luminescence from each well was measured on a Tropix TR717
Microplate Luminometer (PE Applied Biosystems). For Fig. 2, normalized data
Table 2

A. Primers used for the Mustang promoter deletions construction

Target construct Primer name Primer sequence

A F(−1447) Forward: GTCGCTCGAG
B F(−1250) Forward: ATTACTCGAG
C F(−1187) Forward: ATTACTCGAG
D F(−1132) Forward: ATTACTCGAG
E F(−366) Forward: TAGTCTCGAG
F F(−200) Forward: ATTACTCGAG
G F(−121) Forward: GGTCCTCGAG
H F(−60) Forward: TAATACTCGA
I F(+1) Forward: ACTACTCGAG
J R(−117) Reverse: CAGTGAATTCT

F(−73) Forward: TCAGGAATTC
K R(−286) Reverse: ACCTGAATTCT

F(−154) Forward: TACAGAATTC
A–K R(+65) Reverse: TTAGCCATGGT

B. Primers used for the site-directed mutagenesis

Construct Application

L AP-1 mutation

M AP-1 deletion
(relative luciferase activity) are presented as percentage based on the value of the
Mustang promoter construct as compared to the value obtained with positive
control (pGL3-Promoter). For Fig. 4, normalized data (relative luciferase
activity) are presented as fold increase based on the value of each construct as
compared to the value obtained with the negative control (pGL3-Basic vector).

Electrophoretic mobility shift assays (EMSA)

Nuclear extracts from proliferating (Day −1) and differentiating (Day 6)
C2C12 cells were isolated using the nuclear extracts kit (Active Motif) following
the manufacturer's protocol. EMSA reactions were prepared by adding the
following components: (a) ∼5–10 μg nuclear extracts from either proliferating
(Day −1) or differentiating (Day 6) C2C12 cells; (b) binding buffer (10%
glycerol, 1 mM MgCl2, 0.5 mM dithiothreitol, 50 mM KCl, 10 mM Tris–HCl,
pH 7.4); (c) 5 ng/μl poly(dİdC); (d) 50× wild-type unlabeled AP-1 sequence
(Forward: TTGTCCTAGTCAGCCAGCTGTG, underlined represents wild-type
AP-1 site; Reverse: CACAGCTGGCTGACTAGGACAA); (e) 50× mutated
unlabeled AP-1 sequence (Forward: TTGTCCTGGTTCGACCGCTGTG;
Reverse: CACAGCGGTCGAACCAGGACAA); and (f) individual antibodies
specific to AP-1 family members. All reactions were incubated on ice for 1 h.
Lastly, 1× 32P-ATP-labeled wild-type probes were added and the reactions were
further incubated on ice for 30 min. The protein–DNA complexes were resolved
on 4% non-denaturing polyacrylamide gels in 0.25× TBE buffer at 4°C and
visualized by autoradiography. Antibodies used in this assay were included in the
Nushift AP-1 Family Kit (Active Motif).

Western blotting

Equal amount of protein extracts (same as those used in EMSA analyses)
were resolved on 12% SDS–PAGE gels and transferred to nitrocellulose
membranes. After blocking with 5% non-fat milk in 1× TBST buffer for 1 h at
room temperature, membranes were incubated with each specific antibody
(diluted 1:500 in 1× TBST) overnight at 4°C. The blots were then washed in
1× TBST buffer and probed with goat-anti-rabbit HRP-conjugated IgG
secondary antibody (diluted 1:500 in 1× TBST) for 1 h at room temperature.
Antibody binding was visualized with ECL chemiluminescence reagent
(Pierce) and then exposed on X-ray film (Kodak). After stripping, the blots
were re-probed with anti-cyclophilin antibody (1:1000, Upstate) following the
same procedure.
Target size (bp) Tm (°C)

ATGGTGTACTTCCATT 1512 60
CCTAGCGTGGTCTA 1315 60
CTGGGCATCCCTTATC 1252 60
GCATGGCCTGGCCT 1197 60
CATCCACCCTTGTTCA 431 60
TAAGCAGCTGTCCCCA 265 60
AATAAACTCCAGCTAG 186 60
GTGACTACCCAGGACG 125 60
ATCCTTTCCTGTGGCT 65 60
TGGCGATGATGGGCA 388 60
CAAAGGAGGGGAGT
GCAAGAACCCATCCC 1381 60
CTCTCACCAGGGCA
GGATGCCAAGCAA – 60

Primer sequence

Forward: CCTTATCCTTGTCCGCACTAGCCAGCTGTGGG
Reverse: CCCACAGCTGGCTAGTGCGGACAAGGATAAGG
Forward: CATCCCTTATCCTTGTCCTGGGTACTCCTCACAAGG
Reverse: CCTTGTGAGGAGTACCCAGGACAAGGATAAGGGATG

http://www.gene-egulation.dehttp://www.gene-egulation.de
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Results

Identification, cloning and characterization of the Mustang
promoter

Using the Basic Local Alignment Search Tool (BLAST) in
conjunction with the Mustang coding region (accession no.:
NM_181390), we were able to identify Mustang's genomic
organization. Alignment of the Mustang coding sequence with
the mouse genome database revealed that Mustang resides on
chromosome 14. Specifically, Mustang's ORF is comprised of
three exons and two introns (Fig. 1A). A 1512-bp fragment
corresponding to the 5′-flanking region of the gene was
chosen to represent the putative Mustang promoter based on
bioinformatic analysis that revealed that this sequence
contained a translation start codon (ATG), a TATA box, and
Fig. 1. Genomic organization of murineMustang. (A) Genomic organization of theM
interest. Numbers below each box represent the start position of the site. (B) 5′ upstre
sites. The sequence spans from −1447 to +65 (1512 bp in total excluding the trans
transcriptional start site (TSS). The specific sequences corresponding to each tran
translation start codon is in boldface.
multiple transcription factor binding sites (Alibaba 2.1; http://
www.gene-regulation.de) (Fig. 1). Notable among them are
sequences for activator proteins AP-1 (4 sites) and AP-2 (2
sites) (Fig. 1). It is not surprising that we found these sites
because it is well established that AP-1 and AP-2 factors are
known to be key regulators of several genes specific to the
musculoskeletal system [8–12]. In addition, other transcrip-
tion factor binding sites were also predicted by the program
(data not shown).

Transcriptional activity of the Mustang promoter in various
cell lines

To study the transcriptional activity of the Mustang
promoter, we designed primers (Tables 2A and B), performed
PCR and isolated the 1512-bp putative promoter sequence from
ustang gene and schematic distribution of the transcription factor binding sites of
am sequence of theMustang gene and the putative transcriptional factor binding
lation start codon). Indicated are the AP-1 and AP-2 sites, a TATA box and a
scription factor binding site are all underlined. The TSS is italicized and the

http://www.gene-egulation.de
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mouse chromosomal DNA. This fragment was subcloned
upstream of the firefly luciferase gene in the pGL3-Basic
vector (indicated as pGL3-Mus1512 construct) (Fig. 2B).
pGL3-Mus1512 construct along with the empty promoterless
vector (pGL3-Basic, negative control) and an SV40-driven
luciferase gene construct (pGL3-Promoter, positive control)
were used to transfect the following 6 cell lines: C2C12,
RCJ3.1C5, MC3T3, NIH3T3, COS-1 and HeLa. We chose
these cell lines because they represent cells where Mustang is
known to be expressed (C2C12, myogenic; RCJ3.1C5,
chondrogenic; MC3T3, osteogenic; and NIH3T3, embryonic
fibroblasts) or not (COS-1 and HeLa), as measured by RT-PCR
(Fig. 2A). The relative luciferase activity observed from each
cell line was normalized to the positive control and presented as
a percentage (Fig. 2B). All three lines representing cells of the
musculoskeletal system (C2C12, RCJ3.1C5 and MC3T3) and
NIH3T3 showed high levels of promoter activity (145%, 83%,
28% and 35%, respectively, as compared to positive control,
pGL3-Promoter) consistent with Mustang expression. In
contrast, the levels in the other two non-Mustang expressing
cell lines (COS-1 and HeLa) were equivalent to those of the
negative control (pGL3-Basic) (Fig. 2). Thus, the promoter
activity correlated identically with the expression of Mustang;
present in C2C12, RCJ3.1C5, MC3T3 and NIH3T3 but absent
in COS-1 and HeLa (Fig. 2).
Fig. 2. Mustang expression in various cell lines and comparison of Mustang prom
RCJ3.1C5 (chondrogenic), MC3T3 (osteogenic), NIH3T3 (embryonic fibroblasts), C
RT-PCR. Equal amount of RNAwas used for each reaction. The cycling was contro
numbers. (B) Luciferase activity assay of the 1512-bp Mustang promoter luciferase
control), whereas pGL3-Promoter contains the viral SV40 promoter (positive control)
line and presented as percentage. Error bars indicate standard deviation of triplicate
Further, we observed that the highest levels of luciferase
activity in C2C12 cells corresponded with the higher levels of
Mustang expression (Fig. 2), consistent also with our previous
results showing that Mustang is highly expressed in adult
skeletal muscle [2]. Specifically, luciferase activity driven by
the 1512-bp Mustang promoter was detected at higher (145%)
or almost equal levels (83%) in the myogenic C2C12 and
chondrogenic RCJ3.1C5 cells, respectively, as compared to
the positive control (pGL3-Promoter) driven by the strong
SV40 viral promoter (Fig. 2B).

Temporal Mustang expression during C2C12 myogenic
differentiation

Based on the aforementioned results, we decided to
further characterize the Mustang promoter in C2C12 cells.
Thus, we initially analyzed Mustang expression in order to
investigate whether there is a direct correlation between its
temporal expression and myogenic differentiation. To
monitor C2C12 myogenic differentiation, we chose to
measure Mustang expression levels and those of two
myogenesis-specific genes, MyoD and myogenin, as well
as cell morphology. Both MyoD and myogenin are well-
established transcription factors and serve as markers for
early and late myogenic differentiation, respectively [13,14].
oter activity. Cell lines included in these experiments are C2C12 (myogenic),
OS-1 (kidney fibroblasts) and HeLa (carcinoma). (A) Mustang expression via
lled so that all reactions were terminated at the log phase using the same cycle
gene construct in each cell line. pGL3-Basic is the empty vector only (negative
. All values were normalized to that of the positive control of each individual cell
values.
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Specifically, using qRT-PCR, we analyzed Mustang, MyoD
and myogenin expression using RNA isolated from Day −1
(representing cell proliferation) and Days 2, 4, 6 and
8 (representing various differentiation stages) (Fig. 3A).
Results indicate that Mustang expression was temporally
regulated with the highest levels detected at the later stages
of differentiation (Days 6 and 8) where the cells have
formed distinct multinucleated myotubes (Figs. 3B and C).
In contrast, MyoD and myogenic expression, although also
temporally regulated, peaked at earlier time points, at Days 4
and 6, respectively, and then declined (Fig. 3A).

Deletion and mutational analysis of Mustang promoter

To determine the minimal sequence required for Mustang
promoter activity and to define the cis-elements responsible
for transcriptional activation, we created serially deleted
promoter fragments, as well as specific deletion constructs
based on the distribution of the AP-1 and AP-2 sites within
the 1512-bp promoter region (Fig. 4A). Again, we emphasize
that we focused on AP-1 and AP-2 because of their
involvement in regulating several other musculoskeletal-
specific genes [8–12]. Eight serially deleted fragments
(Constructs B–I) and two specific deleted fragments (Con-
structs J and K) were cloned into pGL3-Basic vector
Fig. 3. Temporal expression ofMustang during C2C12 differentiation. (A) qRT-
PCR ofMustang, myogenin and MyoD using RNA from proliferating (Day −1)
and differentiating (Days 2, 4, 6 and 8) cells. (B and C) Actively proliferating
(Day −1) and differentiating (Day 6) C2C12 cells, respectively. (C) Myotubes,
indicative of late differentiation, are also clearly seen.
(Construct A was the same as pGL3-Mus1512) (Fig. 4).
Transient transfection of all constructs followed by luciferase
activity assay in C2C12 cells was performed and luciferase
activity was measured 48 h later coinciding with the early
stage of myogenic differentiation and Mustang's upregulation
(see Fig. 3A).

Results revealed maximum luciferase activity with Con-
structs A–C, indicating the contribution of the three AP-1
sites to the transcriptional activation of luciferase (Fig. 4A).
In addition, we observe a 40% increase in luciferase activity
when the first and second AP-1 sites are deleted (compare
Constructs A–C), suggesting the presence of an inhibitory site
within these deleted sequences (Fig. 4A). More importantly,
when the third AP-1 site at − 1151 is deleted (Construct D),
luciferase activity decreased by 64.5% (compare Constructs C
and D; Fig. 4A). The other AP-1 and AP-2 sites showed
much lower effect on luciferase activity (Constructs E–G).
Further, if all binding sites are deleted (Construct H) as well
as the TATA box (Construct I), then luciferase activity
decreased to the level obtained with the negative control
(pGL3-Basic) (Fig. 4A). In addition, we generated two
constructs that represent deletions of all AP-1 (Construct J)
and AP-2 sites (Construct K). It is clear from these two
constructs that deleting both AP-2 sites only decreases
transcriptional activity of the promoter by 12%. In contrast,
deleting all four AP-1 sites (Construct J) reduced the
luciferase activity by 73.5%, thus indicating that the AP-1
sites are the predominant transcription factor binding sites
required for maximal promoter activity (Fig. 4A).

Because we observed a dramatic decrease in luciferase
activity when the third AP-1 site at − 1151 along with its
adjacent sequences were deleted (Construct D; Fig. 4A), we
decided to further analyze this sequence using site-directed
mutagenesis (Construct L) and specific deletion (Construct M).
Additionally, we wanted to rule out the possibility that there
may be other sequences flanking this AP-1 site that could also
contribute to the induction of luciferase. Hence, the activity of
each construct was compared with the wild-type AP-1
(Construct A), as well as those of the negative and positive
controls. Results show distinct decreases in luciferase activity
with both mutation (40%) and deletion (32%) of the AP-1 site
(Fig. 4B). Combined with the previous serial deletion analyses,
these results clearly indicate that AP-1 transcription factors are
likely required for the activation of Mustang in differentiating
C2C12 myoblasts.

Confirmation of AP-1 binding by EMSA

Because the AP-1 site at − 1151 was identified as the
critical regulatory element for Mustang promoter activity, we
decided to identify which members of the AP-1 family bind
to this site. This was accomplished by using oligonucleotides
containing the wild-type AP-1 binding sequence and a
mutated sequence in conjunction with nuclear proteins
isolated from both proliferating (Day −1) and differentiating
(Day 6) C2C12 cells (it has been previously reported that
different AP-1 family members are involved in the transition



Fig. 4. Deletion/mutation analyses of the Mustang promoter. (A) Activity of Mustang promoter serially deleted constructs (A–I) and other specifically deleted
constructs (J: AP-1 deleted; K: AP-2 deleted). C2C12 cells were transfected with equal amount of plasmids containing Constructs A–K. Luciferase activity was
measured 2 days after transfection. Promoter activity is reported as fold of each construct over that of the negative control (pGL3-Basic). Error bars indicate standard
deviation of triplicate values. (B) Mutation/deletion analysis of the AP-1 site between −1161 and −1151. Mutated AP-1 was created by randomly switching the first 5
oligonucleotides to their opposite type (i.e., from purine to pyrimidine or from pyrimidine to purine). Both mutation and deletion was generated by site-directed
mutagenesis. Luciferase activity was measured and represented as described for panel A.
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from proliferation to myogenic differentiation [9]), as well as
monoclonal antibodies specific to the following AP-1 family
members: c-Jun, JunB, JunD, c-Fos, FosB and Fra-2. Results
from these EMSA experiments revealed that AP-1 members
bind effectively to the wild-type radioactive probes (AP-1
binding site) as indicated in Lane 2 (Figs. 5A and B,
indicated by band labeled as “shift”). Further, this binding
was blocked by the addition of excess (50×) wild-type
unlabeled probes (Lane 3), whereas it was not affected by the
addition of the same amount of the mutated unlabeled probes
(Lane 4). A strong non-specific binding band was also
observed, as indicated (Figs. 5A and B). Next, in order to
identify which AP-1 family members participated in binding
to this site, we applied antibodies against c-Jun, JunB, JunD,
c-Fos, FosB and Fra-2. Supershifts (Lanes 7, 8 and 10)
indicated that JunD, c-Fos and Fra-2 are the only AP-1
members that bind to this AP-1 site (Figs. 5A and B). Lastly,
no differences were detected between proliferating and
differentiating C2C12 cells (Figs. 5A and B).

Western blot analysis of the AP-1 family members

To further verify the link between specific members of the
AP-1 family and promoter activity, we performed Western blot
analysis to determine the protein expression levels of c-Jun,
JunB, JunD, c-Fos, FosB and Fra-2 using Day − 1 and Day 6
nuclear protein extracts. Results from these analyses showed
that c-Jun, JunB, JunD, c-Fos and Fra-2 are expressed during



Fig. 5. Verification of AP-1 binding and identification of specific family members. EMSAwas performed using C2C12 nuclear extracts (NE) from (A) proliferating
cells (Day −1) and (B) differentiating cells (Day 6). Same amount of wild-type-labeled (WTL) probes was added to each lane. For competition analysis, 50× wild-type
unlabeled (WTU) probes or mutated unlabeled (MU) probes were also added. Bands that are absent with the addition of excess WTU probe but remain visible with the
addition of excess MU probes are shifts caused by AP-1 binding. Supershifts are bands that result from the binding of each specific antibody targeting a particular AP-1
family member. Non-specific bands were also detected.
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C2C12 proliferation (Day −1), but in differentiating cells only
expression of JunB, JunD, c-Fos and Fra-2 is detected. In
contrast, c-Jun expression is completely abolished by Day 6
(Fig. 6). No expression was detected for FosB at either time
point (Fig. 6). These results are also consistent with those
obtained from the EMSA analyses in that they show that the
three AP-1 members (JunD, c-Fos and Fra-2) that induced
supershifts are also expressed in both proliferating and
differentiating cells (Figs. 5A, B and Fig. 6). Additionally,
two closely positioned bands were observed when anti-JunD
antibody was applied against Day −1 nuclear proteins whereas
at Day 6 only one band was detected (Fig. 6).
Fig. 6. Western blot analyses of the AP-1 family members. Western analyses as
described in Materials and methods were used with equal amounts of nuclear
extracts from proliferating (Day −1) and differentiating (Day 6) C2C12 cells.
For detection of each AP-1 family member, the identical antibodies utilized in
EMSA analyses (see Fig. 5) were also used for these Western blots. The lower
levels of cyclophilin detected are indicative of a general decrease in cellular
proliferation, as expected.
Discussion

Mustang is a novel gene that possesses a unique spatiotem-
poral expression pattern but whose function remains unknown.
Previous analyses showed that its expression was restricted to
fracture callus, skeletal muscle, as well as tendon [1]. A
temporal analysis of its expression in regenerating fracture
calluses indicated that Mustang was upregulated 55-fold at PF
Day 5 when compared to intact unfractured bone. As the callus
proceeded to heal, Mustang expression gradually decreased
accordingly and suggested the importance of Mustang during
the earlier phases of the repair process. More specifically, in situ
hybridization revealed that Mustang is only strongly expressed
in osteoprogenitor cells, young osteoblasts and proliferating
chondrocytes of the healing callus. Consistent with the notion
that fracture repair recapitulates skeletal development [15],
Mustang expression was also detected during embryogenesis,
especially in mesenchymal condensations of limbs, vertebral
perichondrium and mesenchymal cells of the intervertebral
discs [2]. Provided with these data, we strongly believe that
Mustang represents a novel musculoskeletal marker that may
play a crucial role in both bone development and regeneration.
Thus, identification and characterization of the Mustang
promoter will enable us to study the gene's transcriptional
regulation.

Based on our bioinformatic analyses, the genomic organiza-
tion of Mustang reveals that it contains 3 exons separated by 2
introns. A 1512-bp region upstream of the 5′ end of the first exon
was chosen to represent the Mustang promoter due to the
presence of classical features, including a transcriptional start
site, a TATA box and multiple transcription factor binding sites.
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Some of these sites included AP-1 sites, which were previously
reported to represent regulatory binding sites in many other
musculoskeletal-specific genes (i.e., PTHrP, MyoD, beta-
catenin, osteocalcin and collagenase-3) [16–20]. AP-2 sites
were also found and included in our investigation for their
reported activity during embryonic development [12]. Other
transcription factor binding sites were also identified through our
bioinformatic analyses; however, because our goal was to
decipher the link between Mustang and the musculoskeletal
system, we chose to focus on the AP-1 and AP-2 sites for the
aforementioned reasons.

Luciferase activity assays of the full-length Mustang
promoter showed that Mustang expression is highly cell type
specific. That is, luciferase activation correlates perfectly with
known expression of Mustang in myogenic (C2C12), chondro-
genic (RCJ3.1C5), osteogenic (MC3T3) and fibroblastic
(NIH3T3) cells. In contrast, in other cell types where Mustang
is not expressed (i.e., COS-1 and HeLa), luciferase activation
was not detectable. In addition, these luciferase activity assays
also indicated that the Mustang promoter represents a very
strong promoter, as its ability to activate luciferase in
chondrogenic RCJ3.1C5 and myogenic C2C12 cells equal to
or exceeded that of the strong viral SV40 promoter, respec-
tively. The strength of the Mustang promoter makes it unique
among other isolated mammalian promoters, especially in the
context of Mustang's highly restricted expression to the
musculoskeletal system.

The high level of Mustang expression during C2C12
myogenic differentiation provides an ideal system for
studying its regulation. Results from our experiments showed
that Mustang underwent prominent and sustained upregula-
tion during C2C12 differentiation. However, unlike MyoD
and myogenin, two well-known myogenic molecular markers
whose expression peaked and then decreased steadily,
Mustang expression remains high (at least up to 8 days
after cell confluency). Based on these data, as well as the
fact that Mustang is highly expressed in terminally
differentiated adult skeletal muscle [2], we speculate that
Mustang is a significant player in myogenic differentiation
and may serve as a late differentiation marker for skeletal
muscle cells.

In order to unveil the transcriptional regulation of Mustang
expression, we also tried to decipher the information embedded
within its promoter. Based on our promoter deletion/mutation
data, as well as EMSAs, we determined that the dominant
transcriptional regulators for Mustang are specific members of
the AP-1 family. This is not surprisingly because AP-1 has been
reported to be a versatile transcription factor that regulates
numerous genes involved in a variety of cell types and cellular
processes [21]. Interestingly, AP-1 and its family members (Fos
family: c-Fos, FosB, Fra-1 and Fra-2; Jun Family: c-Jun, JunB
and JunD) are key regulators of specific genes of the
musculoskeletal system and loss-of-function studies showed
different degrees of deficiency when specific members were
knocked out individually [8].

Selective pairing between the Fos and Jun family members
was previously suggested as one source of AP-1's binding
versatility [9]. Further, the ATF family proteins that are able to
dimerize with certain Fos or Jun proteins added more
complexity to this composition-dependent specificity [22].
Another common mechanism of regulating AP-1's specificity
is post-translational modification such as phosphorylation and
dephosphorylation [23,24]. To date, the full regulatory activity
of AP-1 and its family members is still not completely
elucidated and our data add Mustang to the list of AP-1 target
genes by showing thatMustang is activated by the binding of c-
Fos, JunD and Fra-2 to its promoter.

No compositional change of AP-1 family members was
observed between proliferating and differentiating C2C12 cells.
It is noteworthy to mention that our Western blots revealed a
double band when anti-JunD was applied to the nuclear extracts
from proliferating cells, whereas only a single band was
detected with nuclear extracts from differentiating cells. This
may indicate that during C2C12 differentiation, dephosphory-
lation of JunD occurs and may have significant functional
consequences. Consistent with this idea, a previous study
showed downregulation of both phosphorylated and depho-
sphorylated JunD upon C2C12 cell entry in differentiation [9].
Hence, it is likely that the upregulation of Mustang expression
during the latter phases of C2C12 cell differentiation is
connected to JunD dephosphorylation. Further, because Fos
family proteins are unable to dimerize with each other unlike the
Jun family proteins [9], JunD is then likely to serve as the active
and determining component of the AP-1 complex that binds to
the Mustang promoter (because JunD was the only member of
Jun family detected by EMSA). However, further experiments
are required before we can determine conclusively the exact
composition of the AP-1 transcriptional complex responsible
for regulatingMustang expression during both cell proliferation
and differentiation.

Whereas Mustang activation depends on the binding of
specific AP-1 family proteins, MyoD is negatively regulated
by AP-1 through downregulation of c-Fos and c-Jun [17].
Further, a dual role of c-Jun (stimulates/represses myoblast
differentiation) in regulating myogenin expression has also
been reported [25]. Hence, although evidence has shown that
Mustang is tightly linked to myoblast differentiation, its
transcriptional regulation could be completely different from
that of MyoD and myogenin. Provided that the process of
myogenesis is heavily linked to the MyoD-associated signaling
pathway, elucidation of Mustang function could certainly place
it within this pathway.

In summary, we have identified and characterized the
Mustang promoter. This 1512-bp DNA sequence contains
multiple AP-1 binding sites that activate gene transcription
very strongly, especially in cells of the musculoskeletal
system. Given that Mustang expression is restricted to the
musculoskeletal system, coupled with its high level of
expression during development and regeneration, makes its
promoter ideal for future studies. Specifically, using Mustang
promoter GFP transgenic mice will enable us to characterize
the spatiotemporal expression of Mustang, as well as to
perform lineage mapping analyses more comprehensively
during musculoskeletal development and regeneration.
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