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Remodeling of the actin cytoskeleton is a critical early step in
skeletalmuscle differentiation. Smoothmuscle�-actin (SMA) is
one of the earliest markers of myoblast differentiation and is
important for themigration and cell shape changes that precede
fusion. We have found that satellite cell-derived primary myo-
blasts frommice lacking theBarx2homeobox gene showaltered
patterns of actin remodeling, reduced cell migration, and
delayeddifferentiation.Consistentwith the role of SMA in these
processes,Barx2�/� myoblasts also show reduced expression of
SMAmRNAandprotein.Theproximal SMApromoter contains
binding sites for muscle regulatory factors and serum response
factor as well as a conserved homeodomain binding site (HBS).
We found that Barx2 binds to the HBS element and potentiates
up-regulationof SMApromoter activity byMyoD.Wealso show
that Barx2, MyoD, and serum response factor simultaneously
occupy the SMA promoter in cells and that Barx2 interacts with
MyoD. Overall these data indicate that Barx2 cooperates with
other muscle-expressed transcription factors to regulate the
early cytoskeletal remodeling events that underlie efficient
myoblast differentiation.

A critical process in skeletal muscle development is the ter-
minal differentiation and fusion of myoblasts and the concom-
itant activation of muscle-specific genes. These events are reg-
ulated by a suite of muscle-expressed transcription factors,
including bHLH3 muscle regulatory factors (MRFs), such as
MyoD and myogenin, and MADS domain proteins, such as
myocyte enhancer factor (MEF) 2 family and serum response
factor (SRF) (1–3). Muscle differentiation is also accompanied
by up-regulation of muscle-specific actin isoforms and the
down-regulation of nonmuscle actins (4). Although less than
10% different in sequence, actin isoforms are typically involved
in different processes within the cell, and thus their regulation
may differentially affect cell shape, motility, and fate (5).

Actin isoform nomenclature has not been used consistently
in the literature, leading to potential confusion about which
actins are under investigation. To clarify, mammalian genomes
contain six actin genes: skeletal �-actin (ACTA1), cardiac �-ac-
tin (ACTC), �-actin (ACTB), �-actin (ACTG1), enteric �-actin
(ACTG2), and vascular �-actin (ACTA2) (6). The vascular
�-actin gene (ACTA2) is also known as smooth muscle alpha
actin (SMA). In addition to its expression in smooth muscle
cells (7), SMA is transiently expressed in skeletal and cardiac
myoblasts during differentiation (8). In maturing skeletal myo-
fibers, SMA is down-regulated and replaced by skeletal � (sar-
comeric)-actin (8, 9). The exact role of transient SMA expres-
sion in skeletal myoblasts is unknown; however, a recent study
has shown that down-regulation of SMA inhibits cardiomyo-
cyte differentiation (10). In other cell types, including myofi-
broblasts, SMA has been shown to be involved in the cytoskel-
etal remodeling events that control cell spreading and
migration. SMA is frequently enriched in stress fibers, where it
plays key roles in cell shape change and force generation (11–
14). In cultured skeletal myoblasts, serum withdrawal induces
actin polymerization, and the conversion of G-actin to F-actin
acts as a signal that increases the activity of SRF and thus its
target genes, such as SMA (15–17). It is likely therefore that
changes in the expression and distribution of SMA influence
myoblast differentiation via mechanical effects on in cell
shape and motility as well as by modulation of transcrip-
tional pathways.
Studies of the chicken, mouse, and human SMA genes have

shown that different DNA regulatory elements are required for
transcriptional regulation in different cell types (18–20). The
proximal region of the mouse SMA promoter (20) contains
canonical CArG and E-boxmotifs that bind to SRF and ubiqui-
tous class I bHLH factors, respectively, in smooth muscle cells
(21). In skeletal muscle, myogenic bHLH factors, such asMyoD
andmyogenin, bind to the E-boxmotifs (22).Moreover, remov-
ing both E-box motifs was shown to abolish almost all expres-
sion in vivo (21), indicating the essential nature of these ele-
ments for both smooth and skeletal muscle expression of the
SMA gene.
Hautmann and co-workers (23, 24) identified a conserved

homeobox binding site (HBS) within the SMA promoter
located between the previously characterized E-box and CArG
motifs. In smooth muscle cells, this HBS is bound by the Mhox
homeobox factor, which transactivates the promoter in
response to angiotensin stimulation.Mhox also promotes bind-
ing of SRF to the adjacent CArG box elements, which activates
the promoter further (23). Whether particular homeobox fac-
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tors also regulate the transient expression of SMA in skeletal
muscle is currently unknown.
Barx2 is a member of the Antennapedia family of homeobox

proteins (25) that is expressed in both smooth and skeletalmus-
cle (26–28). Barx2 has also been shown to interact directly with
SRF and can increase the binding of SRF to DNA (26). We
showed previously that Barx2 is expressed in skeletal myoblasts
and that down-regulation of Barx2 expression in primary limb
bud cell cultures delayed myotube formation, whereas its over-
expression accelerated the appearance of myotubes (28). How-
ever, Barx2 could not induce myogenic differentiation in cells
that do not express canonical MRFs, such as MyoD, suggesting
that Barx2 may function in cooperation with these factors (28).
In this study, we used myoblasts from the Barx2 null mouse

(29) to explore the role of Barx2 in regulation of SMA expres-
sion and myoblast differentiation. Our results indicate that
Barx2 is a direct regulator of the SMA gene in cooperation with
classical muscle regulatory factors and that reduced SMA
expression in the absence of Barx2 may inhibit the cell shape
change and migration events that are required for efficient
differentiation.

EXPERIMENTAL PROCEDURES

Barx2 Null Mice—Mice were obtained from Dr. Geoff
Rosenfeld and maintained by heterozygous crosses. The
detailed muscle phenotype of these mice will be described else-
where. Limb bud mesenchymal and satellite cell-derived pri-
mary myoblast cultures were prepared from sibling pairs as
described below.
Cell Cultures and Staining—Two different types of primary

cultureswere used in these studies, primarymyoblasts and limb
bud mesenchymal cells. Primary myoblasts were generated as
previously described (30) from postnatal day 4 (P4) Barx2�/�

and Barx2�/� mice. Cells were cultured on collagen-coated
plates in Dulbecco’s modified Eagle’s medium/F10 with 20%
fetal bovine serum and 5 ng/ml basic fibroblast growth factor.
Differentiation was induced by transferring cells to Dulbecco’s
modified Eagle’s medium supplemented with 2% horse serum.
Cells were fixed at various time points after induction of differ-
entiation with 2% paraformaldehyde and stained with mono-
clonal antibodies to SMA (clone 1A4; Sigma), myogenin (clone
F5D; BD Bioscience Pharmingen or Santa Cruz Biotechnology,
Inc., Santa Cruz, CA)with rhodamine-conjugated phalloidin or
combinations thereof. Single optical sections or Z-series were
obtained using a Bio-Rad (Zeiss) Radiance 2100 Rainbow laser-
scanning confocal microscope. Images were analyzed with
IMARIS imaging software. Limb budmesenchymal cell (micro-
mass) cultures were prepared andmaintained as described pre-
viously in serum-free CMRL growth medium (27, 31, 32).
COS1, C3H10T1/2, and C2C12 cells were obtained from
ATCC and used variously in coimmunoprecipitation, reporter
gene assays, gel shift, andChIP experiments as described below.
These cell lines were grown in basal medium or Dulbecco’s
modified Eagle’s medium supplemented with 10–20% fetal
bovine serum as appropriate.
Cell Migration Assays—Barx2�/� and Barx2�/� primary

myoblasts were seeded into collagen-coatedOris cell migration
chambers as described by the manufacturer. Well inserts were

removed, and the cells were allowed to migrate into the clear
field over 24 h. Cells were fixed with paraformaldehyde, photo-
graphed, and then counted manually. Data were averaged from
at least six fields.
Time Lapse Imaging—Barx2�/� and Barx2�/� primary

myoblasts were plated onto 3-cm glass bottom dishes and
maintained for 48 h in growth medium. They were then trans-
ferred to differentiationmedium and imaged using anOlympus
IX70 inverted microscope equipped with phase optics and a
cooled CCD CH350 Roper camera (DeltaVision System,
Applied Precision, LLC Issaquah, Washington). Cells were
maintained while filming at 37 °C under a CO2- and humidity-
controlled environment chamber unit (Pathology Devices Inc.,
Westminster, MD). Images were collected using the DeltaVi-
sion software, SoftWoRx, and imported into Image Pro Plus
(Media Cybernetics, Bethesda, MD) or Image J (National Insti-
tutes of Health, Bethesda, MD) for further processing. Cells
were observed for 24–48 h, and the time for fusion events to
occur between cells was determined using the Image Pro Plus
software and Image J software (National Institutes of Health).
Co-immunoprecipitation—Co-immunoprecipitation of Barx2

with MyoD, CREB-binding protein (CBP), and PGC-1 from
cells was performed as essentially as described in Ref. 33.
Briefly, C3H10T1/2 or COS1 cells were co-transfected with the
Myc-tagged Barx2:pcDNA3 expression plasmid (28) and either
Myc-tagged MyoD:pcDNA3, hemagglutinin (HA)-tagged-
CBP, or HA-tagged PGC-1 in the pCMV5 expression vector
using Lipofectamine 2000 (Invitrogen). COS1 cells were used
for co-activator experiments because of their high transfection
efficiency. The CBP and PGC-1 expression plasmids were gifts
of Dr. Michael Downes. Cell lysates were prepared 48 h after
transfection, precleared with either Protein A- or G-Sepharose,
and then incubated overnight at 4 °C with 5 �g of the appropri-
ate antibodies or rabbit IgG (Jackson ImmunoResearch Labo-
ratories). Complexes were precipitated with Protein A- or
G-Sepharose and washed four times with an Nonidet P-40-
containing buffer (33). All complexes were resolved by SDS-
PAGE (Novex) and immunoblotted with appropriate antibod-
ies as described below.
Co-immunoprecipitation of MyoD with Barx2 was per-

formed using a custom made Barx2 anti-peptide polyclonal
antibody or rabbit IgG (Covance), and gels were immuno-
blotted with mouse monoclonal MyoD antibodies (clone
MoAb5.8A; BD PharMingen). Coimmunoprecipitation of
Barx2 with HA-tagged CBP and PGC-1 was performed using
monoclonal HA antibodies (F-7; Santa Cruz Biotechnology)
and immunoblotted with polyclonal Barx2 antibody (M-186;
SantaCruzBiotechnologies). Additional experimentswere per-
formed in which Barx2 was immunoprecipitated with chicken
(59268, ICN Pharmaceuticals, Inc.) or mouse (clone 9E10;
Sigma) anti-c-Myc antibodies and probed with HA antibodies,
yielding similar results.
For in vitro co-immunoprecipitation, Barx2 and MyoD pro-

teins were generated using the Promega TNT Quick Coupled
transcription/translation kit. Co-immunoprecipitation was
performed using 5 �g of custom Barx2 polyclonal antibody or
rabbit IgG as described previously (34). Gels were immuno-
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blotted with monoclonal MyoD antibody (clone D7F2; Devel-
opmental Studies Hybridoma Bank).
Transfections and Promoter Assays—The wild type (WT)

SMA promoter construct was generated by cloning a 264-bp
segment of themurine SMA promoter into the pGL3Basic fire-
fly luciferase reporter vector (Promega). In addition, a variant of
this construct was generated in which the HBS motif was
mutated (�HBS-SMA). Limb budmesenchymal cells or C2C12
cells were plated in Dulbecco’s modified Eagle’s medium sup-
plemented with 20% fetal bovine serum and glutamine or in
24-well tissue culture plates at an initial density of 2 � 104
cells/well and co-transfected with SMA promoter constructs
and either Barx2:pcDNA3, MyoD:pcDNA3, or empty pcDNA3
expression plasmids alone or in combination, as described
under “Results” (600 ng of DNA/well total) using Lipo-
fectamine 2000. Either the LacZ reporter CMV�gal (Clontech)
or the Renilla luciferase reporter pRLCMV (Promega) was
included at one-tenth of the total DNA amount to provide an
internal reference for transfection efficiency. All experiments
were performed in duplicate, and the data shown were derived
from at least three independent experiments. The statistical
significance of the differences in promoter activity was
assessed using the nonparametric Wilcoxon signed rank test
(35). p � 0.01 was considered to reflect a statistically signif-
icant difference.
Gel Shift Assay—Oligonucleotide probes were designed that

correspond to the HBS and flanking CArG boxes from the
murine SMAgene aswell asmutant versions of these sequences
in which the core motifs were disrupted. Sequences were as
follows: wild type SMA probe, 5�-TGCAGTGGAAGAGACC-
CACGCTCTGGCCACCCAGATTAGAGAGTTTTGTGC-
TGAGGTCCCTATATGGTTGTGT-3�; �CArG probe, 5�-
TGCAGTATAAGAGATTCACGCTCTGGCCACCCAGAT-
TAGAGAGTTTTGTGCTGAGGTCATTATATTTTTGTGT-
3�; �HBS probe, 5�-TGCAGTGGAAGAGACCCACGCTCT-
GGCCACCCAGACGAGAGAGTTTTGTGCTGAGGTCCC-
TATATGGTTGTGT-3� (Fig. 1B). Probes were end-labeled
with polynucleotide kinase and [�-32P]ATP, as described pre-
viously (36). Nuclear extracts were prepared as described pre-
viously (37) from E12.5 mouse limbs. Equal amounts of nuclear
protein were used in each binding reaction, as described previ-
ously (36). For antibody blockade experiments, 2 �g of poly-
clonal rabbit Barx2 antibody (M-186; Santa Cruz Biotechnol-
ogy), polyclonal rabbit SRF antibody (G-20; Santa Cruz
Biotechnologies), or preimmune rabbit serumwas added to the
binding reaction, as indicated under “Results.”
ChIP—Primary limb bud mesenchymal cultures (27) and

C3H10T1/2 mesenchymal cells were used for ChIP.
C3H10T1/2 cells were transfected with Barx2:pcDNA3 and
MyoD:pcDNAs plasmids using Lipofectamine 2000 (Invitro-
gen) and then grown for an additional 48 h. ChIP was per-
formed as previously described (27, 38). Briefly, equivalent
amounts of precleared, cross-linked chromatin were precipi-
tated with 5 �g of polyclonal rabbit Barx2 antibody (M-186;
Santa Cruz Biotechnology), polyclonal rabbit MyoD antibody
(C20; Santa Cruz Biotechnology), polyclonal rabbit SRF anti-
body (G-20; Santa Cruz Biotechnology), or preimmune rabbit
serum and captured with Protein A beads. After precipitation,

the cross-links were reversed, and the DNA was recovered.
Enrichment of genomic DNA corresponding to the SMA pro-
moter region was determined by PCR amplification of equal
aliquots of ChIP-derived DNA using SMA promoter-specific
primers (forward, 5�-ccagtgtctgggcatttgag-3�; reverse, 5�-gatc-
ccctcccactcgcttcc-3�). Quantification was performed using gel
densitometry. To test whether Barx2, SRF, and MyoD bind to
the SMA promoter in vivo, we performed double ChIP as fol-
lows. After the first precipitation, the eluted protein-DNA
complexes were divided into two aliquots and reprecipitated
with either a second antibody or with preimmune serum. The
remaining steps were as for single ChIP.
Immunoblotting—Total protein was prepared from Barx2�/�

and Barx2�/� primary myoblast cultures using Nonidet P-40
lysis buffer and sonicated. Equal aliquots of protein were
resolved by SDS-PAGE, transferred to polyvinylidene difluo-
ridemembrane, and probedwith antibodies to SMAor to�-ac-
tin, which acted as a reference. The bands were quantified by
densitometry, and the ratio of SMA/�-actin was calculated.
Two experiments were performed, and the results were nor-
malized to the values from the Barx2�/� cultures.
Quantitative Reverse Transcription-PCR—RNA was pre-

pared fromBarx2�/� andBarx2�/� primarymyoblast cultures
using TRIzol, and DNA was removed using the Ambion DNA-
free kit. Five micrograms of RNA were used for reverse tran-
scription using Moloney murine leukemia virus reverse tran-
scriptase (New England Biolabs) and random primers. Real
time reverse transcription-PCRwas performed on anABL 7400
gene detection system using the PowerSYBR green reagent and
primers to SMA: forward primer, 5�-CGTGCCTATCTAT-
GAGGGCTATG-3�; reverse primer, 5�-GTGGCCATCT-
CATTTTCAAAGTC-3�.�-Actin was used a reference for nor-
malization. Three independent experiments were performed in
duplicate.

RESULTS

Incorporation of SMA into Filamentous Actin Is Coincident
with Differentiation—When maintained in medium with 20%
serum and basic fibroblast growth factor, primary skeletalmyo-
blasts retained a high proliferation rate and undifferentiated
phenotype for several passages (Fig. 1A). Activation of differen-
tiation by serum withdrawal induced rapid changes in cell
shape and remodeling of the actin cytoskeleton as observed
using rhodamine-phalloidin staining for F-actin (red) (Fig. 1, B
and C). Moreover, formation of prominent actin filaments cor-
related with the expression of the myoblast differentiation
marker myogenin (green) between 3 and 12 h after serumwith-
drawal (Fig. 1, C–E).
Previous studies have indicated that SMA is rapidly assem-

bled into actin filaments in differentiating smooth muscle cells
(11); however, its distribution with respect to the F-actin net-
work during differentiation of skeletal myoblasts has not been
described. To examine this distribution, we co-stained differ-
entiating primary myoblasts with rhodamine-phalloidin and
SMA antibodies and collected confocal optical sections (Fig. 1,
F–L). Before activation by serum withdrawal, SMA expression
(green) was found throughout the cell, whereas F-actin (phal-
loidin staining; red) was foundpredominantly at the cell periph-
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ery with little or no overlap between the two signals, suggesting
that most SMA was not yet assembled into a filamentous net-
work (Fig. 1F).Overlap of SMAandphalloidin staining (appear-
ing yellow/orange) increased between 1 and 18h after activation
and as cells elongated and fused. Interestingly, a fibroblast in
the culture shown in Fig. 1I does not show SMA staining and
F-actin overlap, and its stress fibers are exclusively red. These
data suggest that assembly of SMA into actin filaments in skel-
etal myoblasts is strongly correlated with differentiation, as
indicated by elongation, fusion, and myogenin expression.
Loss of Barx2 Function Alters SMA Expression and Distribu-

tion inMyoblasts—Wepreviously found that overexpression of
the Barx2 homeobox gene can increase SMA expression in
C2C12 cells (27). To better understand the role of Barx2 in
SMA expression and remodeling, primary myoblast cultures
were established from P4 Barx2�/� and Barx2�/� mice. Cells
were stained with SMA antibodies and examined using serial
optical sections that were reconstructed into three-dimen-
sional images. In undifferentiated Barx2�/� myoblasts, SMA

was expressed throughout the cyto-
plasmandat the cell periphery inpro-
cesses that were particularly abun-
dant on the upper surface of the cells
(Fig. 2, A and C). In contrast,
Barx2�/� myoblasts had fewer and
smaller processes (Fig. 2, compare A
andCwith B andD). Consistent with
the appearance of reduced SMA
expression in Barx2�/� myoblasts,
immunoblotting and quantitative
reverse transcription-PCR revealed
30% less SMA protein and 50% less
SMA mRNA in undifferentiated
Barx2�/� myoblasts compared with
Barx2�/� cells (Fig. 2,G andH).After
12–24 h of differentiation, Barx2�/�

cells elongated and fused, and SMA
expression was reduced in longer
myotubes and redistributed to the
periphery of the cells (Fig. 2E). In con-
trast, elongation and fusion of
Barx2�/� cellswasdelayed, andSMA
appeared to persist throughout the
cytoplasm (Fig. 2F). At 48–72 h,
Barx2�/� myoblasts did form myo-
tubes (not shown), indicating that loss
of Barx2 leads to a delay, rather than a
block, in differentiation.
Barx2 Null Cells Show Delayed

Migration and Fusion—Alter-
ations in SMA expression and dis-
tribution in Barx2�/� myoblasts
could delay the cell spreading and
migration events that are required
for myoblast fusion. To examine
whether Barx2�/� myoblasts have
impaired migration, we measured
migration using collagen-coated

cellmigration chambers (Oris) as described under “Experimen-
tal Procedures.” Nearly 2-fold fewer Barx2�/� myoblasts
migrated into the clear detection zone of the chamber than
Barx2�/� myoblasts within 48 h of seeding (Fig. 2I), indicating
that Barx2�/� myoblasts are indeed slower to migrate.
To investigate myoblast migration and fusion in more

detail, we used time lapse microscopy to measure the time
for fusion events to occur after removing serum. We
observed and measured fusion of mononucleated cells to
each other (mono-mono fusion), fusion of mononucleated
cells to nascent myotubes containing two nuclei (mono-
poly(2) fusion), and fusion of mononucleated cells to myo-
tubes with three or more nuclei (mono-poly(3) fusion).
Mononucleated Barx2�/� cells fused to each other nearly 3
times more slowly than Barx2�/� cells (Fig. 2J). Consistent
with this delay in fusion, we observed no fusion events
involving cells with three or more nuclei in Barx2�/� cul-
tures within the observation period (Fig. 2J). Overall, these
results suggest that regulation of SMA expression and redis-

FIGURE 1. Assembly of SMA into actin filaments is an early event in the differentiation of primary post-
anatal myoblasts. A–D, cells were activated by serum withdrawal and fixed after 0, 3, 6, or 12 h for staining with
rhodamine-phalloidin to visualize F-actin (red), antibodies to myogenin (green), and 4�,6-diamidino-2-phenyl-
indole (blue). Cells begin to show increased F-actin assembly and onset of myogenin expression within 3– 6 h
of activation (C). Optical section through the nuclei of fusing myoblasts showing strong expression of myoge-
nin (D). E, transverse view of activated myoblasts at 6 h. Cells with strong phalloidin staining indicating F-actin
assembly also show myogenin expression (yellow arrow), suggesting that actin remodeling is involved in
myoblast differentiation. F–L, cells were co-stained with rhodamine-phalloidin (red), antibodies to SMA (green),
and 4�,6-diamidino-2-phenylindole (blue). There is no overlap of SMA and phalloidin staining in proliferating
myoblasts (F); however, F-actin is colocalized with SMA and visible as a ring (white arrow) around the nuclei at
1 h after activation by serum withdrawal; from 3 to 18 h after activation, the majority of SMA becomes incor-
porated into actin filaments of differentiating myotubes (H–L). Interestingly, a fibroblast found within the
myoblast culture does not show incorporation of SMA into F-actin stress-fibers (I, white arrowheads), whereas
myoblasts do (I, yellow arrow). Scale bars (A–K), 25 �m; L, 10 �m.
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tribution by Barx2 is required for efficient cell migration and
cell fusion during myoblast differentiation.
SMA Promoter Activity Is Reduced in Barx2 Null Cells—The

observation that SMA mRNA levels are reduced in Barx2 null
myoblasts prompted us to investigate whether Barx2 directly
regulates the SMA gene. This possibility was suggested by anal-
ysis of the SMA promoter sequence. The proximal SMA pro-
moter contains recognition motifs for MRFs and SRF (39) as
well as a potential HBS. TheHBS is conserved in themouse, rat,
and human genes and is flanked by two conserved SRF binding
sites (CArG-boxes) (Fig. 3A). We generated a luciferase
reporter construct that contains a 264-bp segment of the SMA
promoter upstream of the predicted transcription start site.
This construct was transfected into mesenchymal progenitor
cell cultures prepared fromBarx2�/� andBarx2�/� embryonic
limbs (E11.5) (27, 40). The promoter construct was�3-fold less
active in Barx2�/� cells than in Barx2�/� cells (Fig. 3B),
strongly suggesting that Barx2 regulates the SMA promoter.
To determine whether Barx2 works in cooperation with

othermyogenic regulatory factors in activation of the SMApro-

moter, we performed co-transfec-
tion experiments in which C2C12
cells were co-transfected with the
SMA reporter construct and with
either a Barx2 or MyoD expression
plasmid or with both MyoD and
Barx2 plasmids. Barx2 alone had lit-
tle effect on the promoter, increas-
ing its activity less than 2-fold.
MyoD activated the promoter
�9-fold, and the combination of
both factors increased activity
nearly 25-fold (Fig. 3C). This sug-
gests that Barx2 cooperates with
MyoD in regulation of the SMA
expression.
To verify the role of the HBS ele-

ment in regulating SMA activity, we
generated a mutated version of the
reporter, which contained a GC for
TT nucleotide substitution within
the ATTA core motif (�HBS). The
activity of the �HBS-SMA reporter
plasmidwas comparedwith theWT
SMA promoter in cotransfection
experiments in C2C12 cells The
�HBS-SMA promoter had �3-fold
lower activity than the WT SMA
promoter (not shown), and
although MyoD activated the
�HBS-SMA promoter construct
�8-fold, there was no further
increase when MyoD and Barx2
were co-expressed (Fig. 3C). Thus
theHBS is required for the synergis-
tic response to MyoD and Barx2.
Barx2 Binds to the HBS Element

in the SMA Gene Promoter—To
determine whether Barx2 binds directly to the SMA pro-
moter HBS, we prepared a 73-bp probe spanning the HBS
and downstream SRF binding site and a mutant version of
this probe in which the HBS was mutated as shown in Fig.
4A. Binding of embryonic limb nuclear extracts to these ele-
ments was tested using gel mobility shift assays, and the
specificity of the interactions was examined by antibody
blockade (Fig. 4B).
The wild type probe formed an intense complex with the

nuclear extract that migrated as a broad band (Fig. 4B, lane 1,
arrow). The addition of antibodies to Barx2 or SRF reduced
formation of the complex (Fig. 4B, lanes 2 and 3), whereas a
preimmune serum did not (lane 1). Moreover, we found that
Barx2 antibodies inhibited mainly the upper part of the com-
plex, whereas SRF antibodies mainly inhibited the lower part of
the band, indicating that the complex is heterogeneous. Muta-
tion of the HBS motif (�HBS) essentially abolished binding to
the probe (Fig. 4B, lanes 4–6), suggesting that theHBS element
may be important to recruit or stabilize a complex containing
both Barx2 and SRF.

FIGURE 2. Barx2 null myoblasts show altered SMA expression and distribution and delayed migration
and fusion after serum withdrawal. A–D, undifferentiated primary myoblast cultures from Barx2�/� (A and C)
and Barx2�/� (B and D) mice were stained with antibodies to SMA (green) and 4�,6-diamidino-2-phenylindole
(blue) and examined using serial optical sections that were reconstructed into three-dimensional images.
Higher magnification images are shown in C and D. G and H, undifferentiated Barx2�/� myoblasts show lower
SMA expression than Barx2�/� myoblasts. SMA expression was examined by immunoblotting (G) and by
quantitative reverse transcription-PCR (H). Results are the average of 2–3 experiments. E and F, Barx2�/�

myoblasts differentiate more slowly than Barx2�/� myoblasts. Cells were induced to differentiate by serum
withdrawal. By 24 h, Barx2�/� cultures have differentiated into myotubes and show reduced SMA expression
(E) whereas differentiation of Barx2�/� cultures is delayed and strong SMA expression persists (F). I and J,
Barx2�/� myoblasts show slower migration and fusion relative to Barx2�/� myoblasts. I, cells were seeded in
Oris migration chambers and counted after 24 h (n � 3). J, time lapse analysis was performed as described
under “Experimental Procedures.” The time until fusion occurred between two mononucleated cells (mono-
mono) or between a mononucleate cell and a myotube containing either 2 or 3 nuclei (mono-poly(2) or mono-
poly(3)) was recorded. Average fusion times were derived from six different experiments per condition and
observing 20 –30 cells/field/experiment.
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Barx2, SRF, and MyoD Simultaneously Occupy the SMA
Promoter—To investigate whether Barx2 binds to the endoge-
nous SMA promoter, we performed ChIP using limb bud cell
cultures (Fig. 4C). Chromatin was immunoprecipitated using
antibodies to Barx2 orMyoD or mock precipitated using a pre-
immune rabbit IgG (27, 38). The recovered DNAwas subjected
to PCR amplification using primers that span the region of the
SMApromoter shown in Fig. 1A. ChIP using either theBarx2 or
MyoD antibody significantly enriched the SMA sequence,
whereas the preimmune serum did not. Thus, both MyoD and
Barx2 can bind to the endogenous SMA promoter (Fig. 4C).
To test whether Barx2, MyoD, and SRF simultaneously

occupy the SMA promoter, we performed sequential or double
ChIP either in limb bud cell cultures (Fig. 4D) or in C3H10T1/2
cells that were transiently transfected with Barx2 and MyoD
expression plasmids (Fig. 4E). Chromatin was immunoprecipi-
tated with the first antibody, eluted, and then reprecipitated
with the second antibody or with preimmune rabbit serum as
indicated in each lane of the gel. Double ChIP using combina-
tions ofMyoD and Barx2 antibodies or Barx2 and SRF antibod-
ies enriched the SMApromoter in both cellular contexts (Fig. 4,
D and E), suggesting that Barx2 binds to the promoter together
withMyoD and SRF. The enrichment of the SMA promoter by
double ChIP (calculated by densitometry and presented as a
ratio between the PCR amplification from the antibody sample
and the preimmune serum sample) was between 2.5- and 3.3-
fold (Fig. 4E). Primers to a control nontarget genomic sequence
(tRNA gene) did not generate a product from any sample, indi-
cating that the precipitation was specific (not shown). Overall,
the results suggest that Barx2, MyoD, and SRF simultaneously
occupy the SMA promoter in both limb bud and C3H10T1/2
mesenchymal cells. These data together with the gel shift data
shown in Fig. 4B suggest that Barx2 binds to the HBS element
within the SMA promoter and is associated with a complex of
factors that can regulate SMA expression.

The HBS Controls Binding of
Barx2 and MyoD to the SMA
Promoter—To test the role of the
HBS element in recruiting MyoD to
the SMApromoter, C2C12 cells were
transfected with either the WT or
mutated (�HBS) SMA promoter
reporter constructs, and ChIP was
performedusingBarx2orMyoDanti-
bodies. Control samples were mock-
precipitated with preimmune serum.
Precipitated chromatin was analyzed
by PCR using primers that are
anchored in the reporter plasmid as
described in the legend to Fig. 4.
Mutationof theHBSreducedbinding
of Barx2 to essentially background
levels, as might be expected; more-
over, it also significantly reduced
MyoD binding (Fig. 4F). Thus, the
HBS not only binds to Barx2 but may
also help to recruitMyoD to the SMA
promoter.

Barx2 Interacts with MyoD—The ChIP studies show that
Barx2, SRF, and MyoD bind simultaneous to the SMA pro-
moter (Fig. 4,D and E). It has been previously shown that Barx2
and SRF interact directly (26). To testwhether Barx2 andMyoD
can also interact, we performed co-immunoprecipitation from
C3H10T1/2 cells transfected with Barx2 andMyoD expression
plasmids. Barx2 antibodies co-immunoprecipitated MyoD,
whereas preimmune rabbit serum did not (Fig. 4G), suggesting
that Barx2 can form a complex with MyoD. To assess whether
this interaction is direct, we generated proteins by in vitro tran-
scription/translation and performed co-immunoprecipitation
with Barx2 antibodies. Similarly to the results obtained in cell
lysates, Barx2 antibodies co-immunoprecipitated MyoD,
whereas preimmune rabbit serum did not (Fig. 4G). Thus, the
interaction of Barx2 and MyoD appears to be direct and not
mediated solely by co-interacting proteins, such as SRF.
Barx2 contains a C-terminal activation domain (36) thatmay

recruit a variety of co-activators. To determine whether Barx2
can interact with known coactivators of myogenesis (41–45),
we performed co-immunoprecipitation from COS1 cells that
expressed Myc-tagged Barx2 and either HA-tagged CBP or
proliferator-activated receptor �-coactivator 1 (PGC-1) pro-
teins. In both cases, antibodies to the HA tag co-immunopre-
cipitated Barx2 (Fig. 4H), suggesting that it interacts with both
coactivators; however, the low intensity of the band may indi-
cate that only a portion of expressed Barx2 interacts with these
proteins. A similar result was obtained by immunoprecipitating
with anti-Myc antibodies and immunoblotting with anti-HA
antibodies (not shown). Overall, these data suggest that Barx2
could interact directly withMyoD and coactivators to promote
SMA gene activation.
ManyMuscle-specific Genes Contain HBS Binding Sites That

Are Occupied by Barx2—MRFs cooperate with SRF and MEF
proteins to regulatemanymuscle-specific genes, and clusters of
their cognate binding motifs (E-box, CArG-box, and the MEF-

FIGURE 3. Barx2 and the HBS potentiate activation of the SMA promoter by MyoD. A, sequence of the
300-bp proximal SMA promoter region used in SMA promoter-luciferase reporter constructs. B, luciferase assay
of the SMA promoter construct transfected into primary limb bud cells from Barx2�/� and Barx2�/� mice
shows that Barx2 is required for full promoter activity. C, co-transfection of the SMA promoter construct with
Barx2:pcDNA3, MyoD:pcDNA3, or both MyoD:pcDNA3 and Barx2:pcDNA3 plasmids in C2C12 cells shows that
Barx2 cooperates with MyoD to increase SMA promoter activity. Co-transfection of the �HBS-SMA promoter
construct with the same effector plasmids shows that mutation of the HBS element prevents cooperative
activation by Barx2 and MyoD. Promoter activity is in arbitrary units, and experiments were performed at least
four times. All values are significant at p � 0.05.
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binding AT-rich box) can be identified within such gene pro-
moters. For several of these genes, potential HBSs have also
been observed within these motif clusters (see Fig. 5). We used
the ChIP assay to test whether Barx2 might also bind to these
muscle-specific promoters. C3H10T1/2 cells were co-trans-
fected with MyoD and Barx2 expression plasmids and allowed

to differentiate. ChIP was then per-
formed using Barx2 antibodies as
shown in Fig. 4. Barx2 antibodies
enriched the HBS-containing pro-
moter regions of three of the genes
tested: myogenin, myosin heavy
chain II (MyHCII), and myosin light
chain I (MyLCI) (Fig. 5). Thus, the
binding of Barx2 and possibly other
homeodomain transcription factors
to HBS elements that are proximal
to binding sites for othermuscle-ex-
pressed transcription factors may
occur in many muscle-specific
genes. This could represent an
important general mechanism for
coordinating the activities of the
various homeobox, bHLH, and
MADS family proteins that control
muscle development.

DISCUSSION

SMA is one of the earliest genes
to be induced when skeletal myo-
blasts begin to differentiate; how-
ever, its role in differentiation is not
well understood. Our data suggest
that in the early steps of myoblast
differentiation, SMA is rapidly
assembled into the F-actin network
at the cell periphery and into stress
fibers. This remodeled cytoskeleton
may promote cell spreading and
migration, which are important for
cells to find, contact, and eventually
fuse with their neighbors. Consist-
ent with this notion, Barx2�/�

myoblasts, which have reduced
expression of SMA, migrate more
slowly and showdelayed fusion after
serum withdrawal. Interestingly, we
have previously shown a role for
Barx2 in migration of mammary
epithelial cells (46), indicating that
thismay be a conserved function for
Barx2 in different contexts.
It is not clearwhether delayed dif-

ferentiation of Barx2�/� myoblasts
is due to reduced expression of SMA
alone, particularly since SMA null
mice (47) were not reported to have
an overt skeletal muscle defect,

although, given that down-regulation of SMA can inhibit car-
diomyocyte differentiation (10), this remains a possibility. It is
likely, however, that differentiation of Barx2�/� myoblasts is
delayed due to the misregulation of multiple muscle-expressed
Barx2 targets. For example, our earlier work has shown that
Barx2 regulates the expression of the actin binding protein fil-

FIGURE 4. Barx2 binds to the SMA promoter in cooperation with MyoD and SRF. A, schematic of 73-bp wild
type and mutated probes containing the SMA CArG box and HBS motifs. B, gel mobility shift analysis of
complexes formed between wild type and mutated 32P-labeled probes and nuclear extracts from embryonic
limbs. Antibody blockade was performed by the addition of 2 �g of polyclonal antibodies to Barx2 or SRF or
rabbit preimmune serum (pre). C, single ChIP in limb bud cell cultures. Sheared cross-linked chromatin was
immunoprecipitated with antibodies to Barx2 (Bx2) or MyoD or with preimmune serum. Equal aliquots of each
precipitated DNA sample were used in PCR assays with primers corresponding to the SMA promoter region. �,
positive control (input chromatin). D, double ChIP analysis in limb bud cell cultures. Complexes that were
immunoprecipitated as in D were eluted and reprecipitated with antibodies as described in each lane. E, dou-
ble ChIP analysis in C3H10T1/2 cells transfected with Barx2 and MyoD expression vectors. As a control for
nonspecific enrichment during double ChIP, we performed PCR amplification of each sample using primers to
a nontarget sequence (tRNA gene), which consistently gave no detectable product (not shown). F, ChIP anal-
ysis of wild type and �HBS-SMA promoter plasmids in C3H10T1/2 cells using Barx2 and MyoD antibodies. To
ensure that we measured enrichment of the plasmid rather than the endogenous gene, PCR assays used a
forward primer that binds in the SMA promoter and a reverse primer (GL2) that binds in the pGL3basic vector
sequence downstream of the cloning site. In C, E, and F, amplification of SMA promoter DNA was quantified by
densitometry of PCR products, and the enrichment using each specific antibody was calculated by normalizing
to the background level of amplification in samples that were mock precipitated. n � 3. G, left, immunoblot
analysis of co-immunoprecipitation (IP) from COS1 cells transfected with plasmids expressing Barx2 and MyoD.
Right, immunoblot analysis of co-immunoprecipitation using in vitro transcribed/translated Barx2 and MyoD
proteins. In both panels, complexes were immunoprecipitated with either Barx2 antibodies or preimmune
serum and immunoblotted with MyoD antibodies. Expressed MyoD is slightly larger than native MyoD due to
the presence of an epitope tag and additional amino acids encoded in the vector sequence. The asterisk
indicates cross-reacting IgG. H, immunoblot analysis of co-immunoprecipitation from COS1 cells transfected
with plasmids expressing Barx2 and either HA-tagged human CBP or PGC-1. Complexes were immunoprecipi-
tated using either HA antibodies or preimmune serum and immunoblotted with Barx2 antibody. The asterisk
indicates cross-reacting IgG.
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amin (38), which mediates actin cross-linking and is associated
with cortical F-actin and stress fibers (48). Moreover, in addi-
tion to cytoskeletal targets, such as actin and actin remodeling

factors, Barx2 may regulate other muscle structural and regu-
latory genes either directly or indirectly, as discussed below.
The SMA proximal promoter contains an HBS that is cen-

trally located within a cluster of binding sites forMRFs and SRF
(23), and we found that mutation of the HBS prevented syner-
gistic activation by Barx2 and MyoD. Our ChIP data indicate
that Barx2, MyoD, and SRF simultaneously occupy the SMA
promoter. In this context, mutation of the HBS strongly inhib-
ited binding of Barx2 to the promoter and also modestly
reduced binding of MyoD. One interpretation of this result is
that binding of Barx2 to the HBS helps to recruit or stabilize a
complex that includes MyoD. We also found that Barx2 co-
immunoprecipitates with MyoD from cells and in vitro. Given
that Barx2 can also bind directly to SRF (26), andMyoDbinds to
SRF (49), we propose the existence of a Barx2-MyoD-SRF com-
plex at the SMA promoter that is important for full activation
(see Fig. 6A).
There are similarities between our findings and those of pre-

vious studies on the Pbx homeodomain protein (50). The Pbx-
Meis heterodimer was shown to form a constitutive complex
adjacent to the E-box in the myogenin promoter that could act
as a nucleus for assembly of an active transcription complex
that includes MyoD (50). A mechanism was proposed in which
Pbxmarks the promoter with specific chromatinmodifications
for later activation by MyoD (50). Barx2 may have a function
analogous to that of Pbx, although determination of whether
they share similar mechanisms will require further studies of
chromatin states at the SMA promoter in the presence and
absence of Barx2.
Interestingly, Berkes et al. (50) reported putative Pbx recogni-

tion motifs adjacent to E-boxes in several muscle-specific genes,
suggesting a conserved mechanism for marking genes for later
activation by MRFs. Our bioinformatic searches also identified
ATTA-containing HBS elements flanked by binding sites for
bHLHfactors,MEF2, and/orSRF invariousmuscle-specificgenes,
andwe found thatBarx2 couldbind to at least three of these genes:
twomuscle myosins andmyogenin (see Fig. 5). However, the Pbx
recognition motif (TTGAT) is different from the antennapedia
family homeodomain recognition motif (ATTA), and thus the
HBS-containing motif clusters that we have studied appear to be
different from those involving Pbx binding sites. However, in the
myogeningene, thePbx recognitionmotif (50) is only14bpdown-
stream from the E-box and ATTA motifs (see Fig. 5), raising the
possibility that bothBarx2 andPbx could influenceMyoDrecruit-
ment to this particular promoter. Mechanistically, it is unclear
how Barx2, Pbx, andMyoDmight interact. Pbx is known to form
complexes with antennapedia family Hox proteins (51); however,
it does so via the same domain that binds to bHLH proteins (52),
which would seem to preclude the interaction of Pbx-Hox het-
erodimers withMyoD. Thus, a Pbx-Barx2-MyoD complex would
be unlikely unless Barx2 interacts with a different domain of Pbx
than the Hox proteins. It is also possible that Pbx-MyoD and
Barx2-MyoD complexes are exclusive and have different functions.
In our earlier work, we showed that myogenin can regulate

the Barx2 gene promoter (27), suggesting the possibility of a
regulatory loop between these genes.We have summarized the
known and predicted interactions of Barx2 with other regula-
tors of myogenesis and their shared target genes in Fig. 6B.

FIGURE 5. Many muscle-specific gene promoters contain HBS motifs and can
bind to Barx2. The promoter regions of several muscle-specific genes were
examined for consensus recognition sites for homeodomain proteins (ATTA).
Information about binding sites for MRFs, MEFs, and SRF was obtained from pub-
lished sources or from the Catalogue of Muscle Specific Regulatory Elements
(available on the World Wide Web). A–C, ChIP analysis of Barx2 binding to the
MyLC1 (A), fast MyHCII (B), and myogenin (C) promoters in C3H10T1/2 cells that
were induced to differentiate after transfection with Barx2 and MyoD expression
plasmids. Chromatin was immunoprecipitated with either Barx2 antibodies or
preimmune serum (pre) and analyzed by PCR using promoter-specific primers.�,
input chromatin control. D, the average amplification of each promoter DNA
sequence was measured as described in the legend to Fig. 4 (n � 2).

FIGURE 6. A, the SMA gene acts as an exemplar for how Barx2 may interact with
other muscle regulatory factors at target genes. The proximal SMA promoter
region is modeled as a looped structure that brings the binding sites for Barx2,
MyoD, and SRF into close proximity, consistent with the ability of these factors to
physically interact. B, summary of interactions between Barx2 and muscle regu-
latory factors. Gray lines denote physical interactions, and black lines/arrows
denote regulatory interactions; interactions demonstrated here or in previous
studies are indicated by solid lines, whereas hypothesized interactions are indi-
cated by dashed lines. Thus, MyoD, myogenin, SRF, and MEF2 factors have phys-
ical and/or regulatory interactions with one another, as indicated by the nested
gray and black boxes. These factors also have binding sites in the Barx2 promoter
and MyoD and myogenin were previously shown to induce Barx2 promoter
activity. In this study, we showed that Barx2, MyoD, and SRF bind simultaneously
to the SMA promoter and hypothesize that similar complexes could regulate
other target genes, such as muscle myosins and myogenin.
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MyoD,myogenin, SRF, andMEF2 are known to participate in a
complex network of regulatory interactions, and these factors
have been variously shown to have binding motifs in the Barx2
promoter and/or regulate the promoter (27). Barx2 can interact
with MyoD and SRF, and formation of a regulatory complex
involving these three proteins was shown here for the SMA
promoter and hypothesized for other muscle-specific genes,
including muscle myosins and myogenin. In addition, such
complexes may recruit co-activators, such as CBP/p300 and
PGC-1, which are known to cooperate with MRFs and MADS
domain factors (44, 45).
Recently the aristaless-related homeobox protein Arx was

reported to have cooperative activities with classical muscle regu-
latory factors during myoblast differentiation similar to those
described here for Barx2 (53). Specifically, Arx interacts with
MEF2C and indirectly withMyoD. It also binds and regulates the
myogenin promoter and is itself regulated by myogenin. Thus,
interactions among homeobox, bHLH, and MADS domain
proteins may be a general phenomenon mediating the coop-
erative and reciprocal regulation of a diverse set of genes that
are required for skeletal muscle differentiation and function.
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