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regulatory cascades. Pitx2, a bicoid-related homeodomain transcription factor, is

asymmetrically expressed in the left lateral plate mesoderm and mesoderm-
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axial and cardiac malformations and arrest of organ development. By analyzing

Pitx2 expression pattern and phenotype of Pitx2 null mice, we have established

that (1) Pitx2 is a universal muscle marker, because it marks the muscle lineage

more completely that any of the known markers, (2) expression of Pitx2 precedes

the onset of myogenic progression in the cephalic mesoderm and mesodermal

core of first BA and activates the transcription factors Tbx1, Tcf21, and Msc, (3)

Pitx2 follows the onset of myogenic progression in the somitic mesoderm, (4)

loss of Pitx2 leads to absence of extraocular, mastication and abdominal muscles

and distortion in trunk muscles. In addition, DNA microarray analysis of limb pre-

myogenic progenitor cells indicates that Pitx2 regulates several transcription

factors and structural proteins. These observations support the idea that Pitx2
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SUMMARY

The morphological events forming the body's musculature are sensitive to

genetic and environmental perturbations with high incidence of congenital myopathies,

muscular dystrophies and degenerations. Pattern formation generates branching series

of states in the genetic regulatory network. Different states of the network specify pre-

myogenic progenitor cells in the head and trunk. These progenitors reveal their

myogenic nature by the subsequent onset of expression of the master switch gene

MyoD and/or Myf5. Once initiated, the myogenic progression that ultimately forms

mature muscle appears to be quite similar in head and trunk skeletal muscle. Several

genes that are essential in specifying pre-myogenic progenitors in the trunk are known.

Pax3, Lbx1, and a number of other homeobox transcription factors are essential in

specifying pre-myogenic progenitors in the dermomyotome, from which the epaxial and

hypaxial myoblasts, which express Myogenic Regulatory Factors (MRFs), emerge. The

proteins involved in specifying pre-myogenic progenitors in the head are just beginning

to be discovered and appear to be distinct from those in the trunk. The homeobox gene

Pitx2, the T-box gene Tbx1, and the bHLH genes Tcf21 and Msc encode transcription

factors that play roles in specifying progenitor cells that will give rise to branchiomeric

muscles of the head. Pitx2 is expressed well before the onset of myogenic progression

in the 1st branchial arch mesodermal core and is essential for the formation of 1st

branchial arch derived muscle groups. Anterior-posterior patterning events that occur

during gastrulation appear to initiate the Pitx2 expression domain in the cephalic and

branchial arch mesoderm. Pitx2 therefore contributes to the establishment of network

states, or kernels, that specify pre-myogenic progenitors for extraocular and mastication

muscles. A detailed understanding of the molecular mechanisms that regulate head

muscle specification and formation provides the foundation for understanding congenital

myopathies. Current technology and mouse model systems help to elucidate the

molecular basis on etiology and repair of muscular degenerative diseases.

Key words: embryonic developemnt, muscle, transctiption factor, homeobox, branchial

arch, somites
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GLOSSARY

CEPHALIC MESODERM: Head mesenchymal cells located beneath the rostral neural
plate, followed caudally by the notochord.

PARAXIAL MESODERM: Un-segmented embryonic tissue that forms in both sides of
the notochord and gives rise to somites.

PRE-CHORDAL MESODERM: Embryonic tissue that is contiguous laterally with the
paraxial mesoderm.

SOMITES: Metameric condensations of paraxial mesoderm that develop stepwise, are
located in both sides of the neural tube and give rise to ventral mesenchymal
SCLEROTOME and dorsal epithelial DERMOMYOTOME from which they delaminate to
form the skeletal muscle of the MYOTOME.

BRANCHIOMERIC MESODERM: The mesodermal core of branchial arches derives
from the paraxial mesoderm and anterior occipital mesoderm and gives rise to the
branchiomeric skeletal muscles of head and neck.

EPAXIAL MUSCLES: Muscles of the back that develop from the dermomyotome.

HYPAXIAL MUSCLES: Majority of body and limb muscles that derive from the venro-
lateral somites.

PRIMAXIAL MUSCLES: Somitic derived ribs and intercoastal muscles.

ABAXIAL MUSCLES: Somitic derived limb, abdominal and pectoral muscles.

APPENDICULAR MUSCLES: Control the movements of the upper and lower limbs and
stabilize and control the movements of the pectoral and pelvic girdles.
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Trunk Myogenesis

Skeletal muscles of the trunk derive from paraxial somitic mesoderm, whereas

skeletal muscles of the head derive mostly from the pre-chordal and non-somitic paraxial

head mesoderm. Somites are epithelial structures derived from the paraxial mesoderm

that receive signals from the local environment and differentiate into the dorsal

dermomyotome and the ventral sclerotome (Aoyama and Asamoto, 1988; Denetclaw et

al., 1997; Cheng et al., 2004). The dermomyotome appears to be further subdivided by

partially overlapping expression patterns of homeodomain transcription factors. The

dorsomedial dermomyotome gives rise to the epaxial, or primaxial, muscles, which

include the deep muscles of the back. The ventrolateral dermomyotome gives rise to the

hypaxial, or abaxial, muscles, which include the appendicular and abdominal body wall

muscles (Christ and Ordahl, 1995; Burke and Nowicki, 2003).

Both appendicular and abdominal muscles are derived from molecularly specified

muscle progenitor cells in the ventrolateral dermomyotome that are distinct from those in

the myotome. Specified appendicular pre-myogenic progenitors delaminate from the

ventrolateral dermomyotome of limb level somites, migrate into the lateral plate

mesoderm-derived limb mesenchyme as it is being patterned, and re-aggregate in

specific locations to form the muscle anlagen that presage the distinct muscles observed

in adults. During this process they turn on MyoD and Myf5 to initiate the myogenic

progression. Hypoglossal muscles of the tongue and the diaphragm muscles also come

from this source of migratory progenitors. At abdominal levels the specified pre-

myogenic progenitors proliferate without delaminating and thereby cause the

dermomyotome to expand ventrally into the lateral plate mesoderm-derived

somatopleure. The onset of the myogenic progression occurs during this expansion. The

somatopleure and splanchnopleure are derivatives of the lateral plate mesoderm, which

has been demonstrated to provide inductive cues for hypaxial muscle specification in

chick embryos (Dietrich et al., 1998; Dietrich et al., 1999; Alvares et al., 2003;

Mootoosamy and Dietrich, 2002).

The events that form the epaxial, or primaxial, musculature are less well

characterized, but involve molecular specification in the myotome and dorsomedial

dermomyotome prior to migration and growth (Cheng et al., 2004). A first wave of cells

from the dorsomedial lip of the dermomyotome forms the early myotome, which consists

of post-mitotic cells and which is the first structure of the body to express myogenin
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(Pownall et al., 1996). Cells from the dermomyotome continue to colonize the myotome

in a second wave. These cells proliferate in the myotome, begin to express MyoD or

Myf5, and steadily produce postmitotic muscle cells (Kahane et al., 1998a, b). As the

myotome matures, it gives rise to deep muscles of the back. The intercostal and

suspension muscles, which connect the limbs to the body (rhomboids, trapezii,

pectorals, latissimus dorsii), are thought to be derived from a mixture of primaxial and

abaxial precursors (Burke and Nowicki, 2003).

Head Myogenesis

Head muscles fall into the axial, laryngoglossal, branchial, and extraocular

muscle (EOM) categories (Noden and Francis-Wesr, 2006). The axial muscles derive

from the pre-otic somites, are located in the neck, and move the head. The

laryngoglossal muscles derive from the pre-otic somites and branchial arch (BA)

mesoderm and contribute to the movement of the muscles of larynx, mouth and tongue.

The branchial muscles attach to the mandible, maxilla and pharynx. The 1st BA gives

rise to mandibular adductors, intermandibular muscles, suprahyoid muscles, and at least

two EOMs. The 2nd BA gives rise to mandibular depressors, stapedial muscle and facial

expression muscles. The 3rd BA gives rise to the constrictor and stylopharyngeal

muscles (Noden and Trainor, 2005). The EOMs derive from the prechordal and 1st BA

mesoderm and move the eye.

Myogenic Progression

Networks of transcription factors are required for molecular specification and

myogenic progression in both trunk and head muscle development. The MRFs include

MyoD, Myf5, Myogenin and MRF4/myf6/herculin, are bHLH transcription factors, and

control myogenic progression. MRFs activate transcription by heterodimerizing with

ubiquitously expressed E-proteins to bind a consensus DNA motif (E box) (Lassar et al.,

1991). MyoD and Myf5 have distinct regulatory functions in differentiation and

maintenance of muscle progenitor lineages (Emerson et al., 1990). MyoD expression in

the more lateral region of the myotome is controlled by signals from the dorsal ectoderm

and can promote myoblast differentiation by activating Myogenin and Myocyte

Enchancer Factor 2 (MEF2). Myogenin and MRF4 control the terminal differentiation of

myoblasts into myotubes (Edmonson and Olson, 1989; Wright et al., 1989) and have

cooperative functions with MyoD and Myf5 for the activation of contractile proteins

(Charbonnier et al., 2002). MyoD and MEF2 act cooperatively to regulate the expression
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of skeletal muscle genes. Both these factors are associated with histone

acetyltransferases (HATs) and histone deacetylases (HDACs) to control the activation

and the repression of the muscle differentiation program respectively. Signaling systems

that regulate the growth and differentiation of muscle cells act by regulating the

intracellular localization and associations of these chromatin-remodeling enzymes with

myogenic transcription factors (McKinsey et al., 2001). The acetyltransferase p300

activity is required for the activation of, and cooperates with MyoD and Myf5, to arrest

the cell cycle and to mediate activation of Myogenin and MRF4 (Roth et al., 2003; Puri et

al., 1997; Eckner et al., 1996). MyoD and Myf5 specify myogenic identity of uncommitted

somitic mesoderm cells. Myogenin and MRF4 in conjunction with MEF2 proteins, allow

myoblasts to exit cell cycle and to differentiate into polynucleated myocytes and mature

microfibers (Buckingham, 2001). This process requires both repression of genes

associated with proliferation and activation of muscle specific genes.

Specification of appendicular pre-myogenic progenitors

Although myogenic progression is similar in trunk and head muscle groups,

specification of the myogenic lineage appears to be distinct (Mootoosamy and Dietrich,

2002). Pax3 and Lbx1 have generally been placed prior to myogenic progression in the

embryonic limb because they are expressed earlier and their mutations lead to a loss of

migratory precursors before MRFs are normally expressed (Goulding et al., 1994; Bober

et al., 1994; Mennerich et al., 1998; Schäfer and Braun, 1999; Gross et al., 2000).

Forced expression of Lbx1 and Pax3 increases both proliferation and differentiation in

muscle cell cultures, explants, and limb buds (Mennerich and Braun, 2001; Maroto et al.,

1997, Epstein et al., 1995). Ablation of Pax3 (Bober et al., 1994; Goulding et al., 1994;

Williams and Ordahl, 1994) or Lbx1 (Mennerich et al., 1998, Dietrich et al., 1999; Gross

et al, 2000) leads to the loss of limb muscle precursors and limb muscle. In Pax3

mutants, Splotch (Sp, Spd), migrating pre-myogenic progenitor cells were not observed

between the epithelial somite and the limb bud at early stages and all hypaxial muscles

are missing at late stages (Franz et al., 1993: Goulding et al., 1994). Specification of pre-

myogenic limb muscle progenitors appears to be linked to expression of Lbx1 and c-met

within the ventrolateral Pax3 expression domain of dermomyotomes at limb levels

(Dietrich et al., 1998; Gross et al., 2000). Lbx1 expression in mice begins in the

dermomyotome lips at E9.25 at forelimb levels, and is required for lateral migration

(Gross et al., 2000). These cells also express Msx1, but not MyoD or Myf5, at the
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earliest phase of migration (Houzelstein et al., 1999). Numerous Lbx1+/Pax3+ cells

persist in all limb muscle anlagen until at least E12.5. In the period between E11 and

E12.5 the muscle masses enlarge, split and ultimately become the muscle anlagen,

which resemble the adult muscles in shape and position with respect to bone anlagen.

Thus, the Pax3/Lbx1, MyoD and myogenin proteins mark phases prior to and during

myogenic progression rather than discrete anlagen in the limb bud. In addition to Pax3,

several other homeobox genes including Msx1, Pax7 and Lbx1 can activate myoblastic

differentiation by regulating the MRFs (Epstein et al., 1995: Schafer and Braun, 1999).

Head muscle anlagen do not follow the same specification cues as somite-

derived muscles (Mootoosamy and Dietrich, 2002). Four transcription factors are

currently invoked to explain specification of the head muscles. Initiation of branchiomeric

myogenesis in the 1st BA requires by the homeobox transcription factor Pitx2. Pitx2

mutant mice fail to develop EOM and mastication muscles (MAM). Pitx2 is required for

the expression of the pre-myogenic specification markers Tbx1, Tcf21 and Msc in the 1st

but not 2nd BA (Shih et al., 2007b). Initiation of the branchiomeric myogenesis in the 2nd

BA is regulated by Tbx1, which regulates Myf5 and MyoD and maintains Fgf10

expression. The absence of Tbx1 results in sporadic branchiomeric myogenesis (Kelly et

al., 2004). Both bHLH repressors Tcf21 and Msc are also required for activation of Myf5

in the head muscles. Double Tcf21 and Msc mutants (Tcf21-/-/Msc-/-) fail to develop MAM

(Lu et al., 2002). The phenotype observed in the head musculature in the Tcf21-/-/Msc-/-

mice resembles the MyoD-/-/Myf5-/- phenotype in all skeletal muscles (Rudnicki et al.,

1993).

During development, a variety of inductive cues initiate transitions between the

network states that define cell types. It appears that the distinct network states that

define pre-myogenic progenitors in the head and trunk are set up by different inductive

cues, as one would expect. Signals from the neural tube and notochord, including Wnt

and Shh can activate Myf5 and MyoD in the epaxial myotome (Munsterberg et al., 1995;

Tajbakhsh et al., 1998; Gustafsson et al., 2002). Signals from the lateral plate, BMP, can

delay the activation of MRFs in the hypaxial lineages (Pourquie et al., 1996). However,

head myogenesis is blocked by these signals. Formation of head muscle is inhibited in a

trunk context and formation of trunk muscles is inhibited in a head context. Myogenesis

can by induced in the head by the BMP inhibitors Noggin and gremlin, and the Wnt

inhibitor Frzb (Tirosh-Finkel et al., 2006).
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Pitx2 and Myogenesis

Pitx2 is a bicoid–related homeobox gene that is asymmetrically expressed in the

lateral plate mesoderm and is regulated by the Nodal/lefty pathway (Gage and Camper

1997; Campione et al., 1999; Piedra et al., 1998; Logan et al., 1998;Yoshioka et al.,

1998; Meno et al., 1998; Ryan et al., 1998). Pitx2 mutations (4q25-q26) cause Axenfeld-

Rieger (AR, RIEG1) syndrome, an autosomal-dominant disorder, characterized by

ocular abnormalities, dental hypoplasia, craniofacial dysmorphism, umbilical and heart

defects (Semina et al., 1996) and myopathy (Summit et al, 1971). Ablation of all three

Pitx2 isoforms (Pitx2abc-/-) (Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu

et al., 1999) causes lethality in mouse at E10.5-E14.5 with axial malformations, open

body wall, laterality and heart defects, and arrest of organ development. Pitx2 appears to

be a downstream target of general growth factor signaling pathways that mediate cell-

type specific control of proliferation. The Wnt1/Dvl2/ß-catenin/Pitx2 pathway controls

proliferation of myoblasts by regulating the expression of critical G1 cell cycle control

genes. Growth factor-dependent signaling results in release of Pitx2-associated co-

repressors and mediates recruitment of specific co-activator complexes (Kioussi et al.,

2002; Baek et al, 2002). Three independent events underlie Pitx2-specific activation of

myoblast proliferation, Wnt-dependent activation of Pitx2, Wnt and growth factor-

dependent relief of Pitx2 repression activity and serial recruitment of series of specific

coactivator complexes that act in a promoter manner. Pitx2 is a positive regulator of

FGF8 and a repressor of BMP4 signaling during mandibular organogenesis (Liu et al.,

2003).

Formation of the Extraocular Muscles (EOM)

Pre-myogenic markers are distinct not only between trunk and head muscles but

also amongst head muscles. EOM include the levator palpebrae superioris, which

elevates the upper lid, and six muscles capable of rotating the eye in all directions.

These include the four recti, ventral, medial, lateral and dorsal, and two obliqui, superior

and inferior. The levator palpebrae superioris, obliquus inferior, and recti superior,

inferior and medialis are innervated by the occulomotor nerve, the obliquus superior by

the trochlear, and the rectus lateralis by the abducent nerve. All EOM work together for

the continuous movement of the eye that is essential for vision. The lateral rectus and

the dorsal oblique derive from the unsegmented paraxial head mesoderm, while the

remaining recti and obliqui derive from the prechordal head mesoderm. EOM are
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characterized molecular profiles that are distinct from other head muscle groups (Porter

et al., 2001; Mootoosamy and Dietrich, 2002).

Pitx2abc-/- mice characterized by loss of EOMs, agenesis of corneal endothelium

and stoma (Kitamura et al., 1999; Gage et al., 1999; Lu et al., 1999). Pitx2 is expressed

strongly at E8.25 in the cephalic mesenchyme (Shih et al, 2007a; Fig. 1-3), which is the

primordium for the cephalic and 1st BA mesoderm. Cephalic mesoderm gives rise to

EOM anlagen. At later developmental stages, Pitx2 is expressed both in the mesoderm

and neural crest cell populations that surround the eye, (Gage et al., 2005). Later still, it

marks all EOM anlagen (Kitamura et al., 1999; Gage et al., 2005). Pitx2 is co-expressed

with the myogenic bHLH marker myogenin (Fig. 1-1A) in newly formed EOM in Pitx2LacZ/+

E12.5 mouse embryos. Myogenin+/Pitx2+ EOM cells are not observed in Pitx2LacZ/LacZ

mutants (Fig. 1-1B), which do not develop EOM at later stages. The homeodomain

proteins that contribute to specification of pre-myogenic progenitors of trunk hypaxial

muscles, Pax3 and Lbx1, were not observed in head mesoderm and derived muscles

(Fig. 1-1C) and, as expected, Pax3 mutant mice, Pax3Sp/Sp, appear to have normal EOM

development (Fig. 1-1D). However, Pax3Sp/Sp are characterized by absence of all

hypaxial muscles (Tremblay et al., 1998) and Lbx1 mutants are characterized by loss of

limb muscles (Gross et al., 2000).

The two obliqui, superior and inferior are more sensitive to Pitx2 signals than the

rectii. Microarray analysis form Pitx2abc mutants and wild type EOM indicated the Pitx2

acts upstream of the muscle-specific transcription factor genes Myf5, Myog, Myod1,

Smyd1, Msc, and Csrp3 (Diehl et al., 2006). The forkhead transcription factor Foxc1 is

also expressed in the cranial mesoderm and neural crest cells (Gage et al., 2005). Pitx2

expression in the periocular mesoderm precedes Foxc1, which begins to be expressed

at E9.5 (Kume et al., 1998). Foxc1 mutant mice are characterized with a disorganized

cornea (Kume et al., 1998; Smith et al., 2000). Foxc1 lies in the 6p25 forkhead cluster

and is associated with ocular anterior segment developmental defects (Lehmann et al.,

2000). Thus, Pitx2 marks the EOM lineage and is essential for its specification and

maintenance by controlling the myogenic gene network in the periocular mesenchyme.

Formation of the Mastication Muscles (MAM)

Some EOM and the MAM that connect maxilla and mandible to other regions of

the skull are derived from the 1st BA. Mandibular muscles or jaw closure muscles

became specialized later in evolution and operate in capturing and manipulating food.
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They include the masseter, temporalis, lateral and medial pterygoid in mammals. MAMs

derive from the first branchial arch mesoderm and are innervated by the trigeminal

ganglion.

Distinct transcription factors have been identified as specific regulators of head

but not trunk myogenesis. The bHLH repressor Msc and Tcf21 are transiently expressed

in migratory paraxial mesodermal cells of 1st and 2nd BA. Double mouse mutants, Tcf21-/-

/Msc-/- are characterized by absence and severe reduction of early Myf5 and MyoD

expression in the 1st BA, respectively. They fail to develop MAM (Lu et al., 2002). The

homeobox transcription factor Tbx1 is expressed in the premyogenic mesoderm of the

first and 2nd BA, before the onset of MRF expression (Kelly et al., 2004; Fig. 1-3). Tbx1-/-

mice characterized by loss of the Myf5+/MyoD+ cells but not Tcf21+ cells, suggesting that

Tbx1 affects the maturation of the BA myoblasts and formation of some head muscles

by activating MRFs (Kelly et al., 2004). Tbx1 is activated by retinoic acid and Shh signals

via Fox transcription factor, and regulates Fgf10 (Garg et al., 2001).

Pitx2 is expressed in the muscle anlagen in all stages of myogenic progression

(Shih et al., 2007a). Pitx2 can regulate cell proliferation in myoblast cells lines by

controlling the cell cycle machinery (Kioussi et al., 2002) and modulating MRFs

expression cell autonomously (Diehl et al., 2006; von Scheven et al., 2006). Pitx2 is

expressed in the Myogenin+ cells in the jaw (Fig. 1-2A, arrows) and when Pitx2 is

mutated these muscles are missing (Fig. 1-2B, arrows). These Pitx2+/Myogenin+ jaw

muscles do not express Pax3 nor Lbx1 and as expected Pax3 and Lbx1 do not

contribute to their formation (Fig. 1-2C, D, arrows). Pitx2 is expressed prior the onset of

cephalic myogenesis but after the onset of somitic myogenesis (Shih et al., 2007b). The

BA mesoderm gives rise to the non-somite-derived branchiomeric muscles. Pitx2 is

expressed in the 1st BA mesoderm (Pitx2+/Tbx1+) at E9.5 before the onset of MyoD (Fig.

1-2G). At E10.5 Pitx2 is co-expressed with Tbx1 and MyoD (Pitx2+/Tbx1+/MyoD+) in the

1st and 2nd BA (Fig. 1-2H). Pitx2 specifies the 1st BA prior to the specification of muscle

anlagen from the mesodermal core by activating Tbx1, Tcf21 and Msc (Shih et al.,

2007b). Loss of Pitx2 results to loss of 1st BA and deformation of the 2nd BA muscle

anlagen, which results to loss of MAM (Dong et al., 2006; Shih et al., 2007b; Fig. 2A, B).

Both Pax3 and Lbx1 do not contribute to the formation of head muscles. The

Pitx2+/MyoD+ MAM are present in the Pax3Sp/Sp (Fig. 1-2F) and Lbx1 (Brohmann et al.,

2000; Gross et al., 2000; and data not shown) mutant mice. However, both genes
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contribute to the formation of tongue muscles (Fig. 1-2C, D; Franz et al., 1993; Bladt et

al., 1995; Tajbakhsh et al., 1997). Pitx2 and Tbx1 are molecular partners in different

developmental fields including cranial, limb and heart muscle lineages and they are in

the same genetic pathway during cardiac development (Nowotschin et al., 2006). Pitx2

is not only required but is also sufficient to activate Tbx1 in the 1st BA (Shih et al.,

2007b).

Different pre-myoblastic regions of the embryo require different combinations of

transcription factors to activate either Myf5 or MyoD and initiate myogenic progression.

Myogenic progression appears to be a common process, or plug-in, that cells can

activate if the pattern formation process creates appropriate network states in them.

Various distinct network states have the ability to activate either MyoD or Myf 5 and

thereby initiate the plug-in called the myogenic progression. Myf5, the first myogenetic

marker, employs different enhancer elements for head and trunk myogenesis

(Summerbell et al., 2000; Hadchouel et al., 2000). Pitx2 specifies the specifies pre-

myoblast mesoderm and initiates myogenic progression in the cephalic mesoderm and

1st BA mesoderm by activating the pre-myoblast specification markers, Tbx1, Tcf21 and

Msc and contributes to the earliest specification of jaw and development of EOM and

MAM (Fig. 1-3, Table 1-1).

Conclusions and Perspectives

Mammalian skeletal muscles derive from mesoderm segments flanking the

embryonic midline. Trunk muscles derive from the paraxial somitic mesoderm and serve

in locomotion. Head muscles derive from the pre-chordal and paraxial head mesoderm

(referred as cranial mesoderm) and control mastication, breathing, eye movement and

facial expression. In both trunk and head, myogenic progression is the same and

followed by the expression of MRFs. Proliferating myoblasts express Myf5 and MyoD.

Later myogenic differentiation is marked by the expression of myogenin, cell exit the cell

cycle and terminally differentiate to contractile muscles. Trunk muscles require the

expression of paired homeobox gene Pax3 for activation of myogenesis. Limb muscles

require both Pax3 and Lbx1. However, the specification of trunk and head muscles is

significantly different. The proteins involved in specifying pre-myogenic progenitors in the

head are just beginning to be discovered. Head muscles are more diverse. Pitx2

specifies and marks the EOM and the 1st BA derived MAM and is expressed after the

onset of myogenic commitment in the trunk. Tbx1 is expressed in the premyogenic
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precursors in both 1st and 2nd BA and required for the development of some head

muscles and similarly to Pitx2, in the myogenic trunk precursors. The availability of new

gene-driven lineage-tracing mouse systems allow us to better understand the

developmental program of muscle at the genetic, cellular and molecular levels to serve

the need for skeletal muscle regeneration research. A more detailed picture of how

muscle cell lineages diverge and assemble to form complex systems, such the skeletal

muscle groups is now available and we expect that the lineage roadmaps and gene

functions elucidated for mouse muscle development will be closely relevant to human

muscle development and regeneration. They will provide the basic scientific knowledge

to understand congenital myopathies at the cellular and molecular level, which ultimately

will lead to treatment and cure.



13

Figure 1-1. Loss of Extraocular Muscles in Pitx2 Mouse Mutants. Triple and double

labeling immunohistochemistry visualized by confocal miscroscopy on cross sections of

E12.5 Pitx2LacZ/+, Pitx2LacZ/Lacz and Pax3Sp/Sp mutant mice. (A) Extraocular muscles are

positive for Pitx2 and Myogenin in Pitx2 heterozygote mice Pitx2LacZ/+. (B) The same

cells are absent in the Pitx2 mutant mice Pitx2LacZ/Lacz. ( C ) Pitx2 is expressed in

extraocular muscles but neither Lbx1 nor Pax3. (D) Pax3 does not affect the formation of

extraocular muscles. The Pax3 mutant mice Pax3Sp/Sp exhibit normal extraocular

muscles. The MyoD+(green) /Pitx2+(ß-galactosidase, blue) cells are present in the

mutant mice. Arrows indicate the same muscle in all sections.
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Figure 1-2. Loss of MAM in Pitx2 Mutants. Triple and double labeling

immunohistochemistry visualized by confocal miscroscopy on frontal head sections of

E12.5 Pitx2 heterozygote Pitx2LacZ/+, Pitx2 mutant Pitx2LacZ/Lacz, Lbx1 mutant Lbx1-/- and

Pax3 mutant Pax3Sp/Sp mice. (A) Pitx2 positive (ß-Gal) and Myogenin positive cells are

present in mastication (arrows) and tongue muscles in the Pitx2 heterozygote mice

Pitx2LacZ/+. (B) the same cells are absent in the mastication muscles of the maxilla region

in the Pitx2 mutant Pitx2LacZ/LacZ mouse. Additionally, some of the tongue muscles are

distorted. (C) Lbx1 and Pax3 are not expressed in the Pitx2+(ß-Gal) mastication muscles

but are co-expressed in some of the tongue muscles. (D) Loss of the mastication

muscles in the double mutant mice for Pitx2 and Lbx1, Pitx2LacZ/Lacz/Lbx1-/- mice is due to

Pitx2 function. However, the loss of some tongue muscles is due to Lbx1 function

(asterisk). (E, F) The Pitx2 positive and MyoD positive (Pitx2+/MyoD+) mastication

muscles are present in the Pax3 mutant Pax3Sp/Sp mice. (G) Pitx2 is co-expressed with

mesodermal markers Tbx1 and Islet1 in the 1st BA at E9.5. (H) Pitx2 is co-expressed

with the muscle markers Tbx1 and MyoD in the 2nd BA at E10.5. V: trigeminal ganglion;

tg: tongue.
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Figure 1-3. Model for the specification of EOM and MAM. Schematic representation

of an E8.0 mouse embryo (6 somites) with the expression domains of Pitx2 (red) in the

cephalic mesoderm and 1st BA and Tbx1 (blue) in the 2nd BA predominantly. Pitx2 is

required for the EOM anlagen formation. Msc and Tcf21 are expressed in both 1st and

2nd BA. Pitx2 activates Tbx1, Msc and Tcf21 in 1st BA mesodermal core for the

development of MAM. At this developmental stage, Pax3 and Myf5 (green) are

expressed in the somites. Myf5 will be expressed in the head muscles around E9.0.

Pax3+/Myf5+ somatic derived myoblasts will differentiate to myogenin+ and Myhc+ muscle

cells. (BA) branchial arch, (cm) cephalic mesoderm, (S) somites.
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Table 1-1: Transcription Factors in Muscle Lineages

Transcription

Factor

Family Expression Pattern Function Reference

Pitx2

Otlx2, Brx1, Ptx2

HD muscle anlagen

1st and 2nd BA muscles (E8)

body and limb muscles (E10)

specification of EOM

specification of MAM

Kitamura et al., 1999

Dong et al., 2006

Gage et al., 2005

Shih et al., 2007a, b

Tbx1

T-box protein 1

T-box 1st and 2nd BA muscles (E9)

limb muscles (E10)

formation of 1st and

2nd BA muscles

Kelly et al., 2004

Tcf21

capsulin, Pod-1

bHLH 1st and 2nd BA muscles (E9) formation 1st BA

muscles

Lu et al., 2002

Msc

MyoR, musculin

bHLH 1st and 2nd BA muscles (E9)

limb muscles (E10)

formation 1st BA

muscles

Lu et al., 2002

En2

engrailed 2

HD 1st BA muscles (E9.5) ND Joyner and Martin, 1987

Degenhardt et al., 2001

Degenhardt et al., 2002

Pax3

paired box gene 3

HD somitic muscles specification of

somitic muscles

delamination of limb

muscle progenitors

Franz et al., 1993

Goulding et al., 1994

Bober et al., 1994

Williams and Ordahl, 1994

Bladt et al., 1995

Tajbakhsh et al., 1997

Lbx1

ladybird

homeobox

homolog 1

HD migratory limb muscle

progenitors

hypoglossal muscles

delamination of limb

muscle progenitors

Mennerich et al., 1998

Dietrich et al., 1999

Gross et al., 2000

Myf5

Myogenic factor 5

bHLH muscle anlagen initiation of

myogenic

progression

Emerson et al., 1990

Rudnick et al., 1993

MyoD

myogenic

differentiation 1

bHLH muscle anlagen initiation of

myogenic

progression

Emerson et al., 1990

Rudnick et al., 1993

Myog

myogenin

bHLH muscle anlagen post-mitotic muscle

differentiation

Edmonson and Olson,

1989

Wright et al., 1989

Emerson et al., 1990

HD: Homeodomain, bHLH: Basic helix-loop-helix, BA: branchial arch, EOM: extraocular muscles, MAM: mastication muscles, ND: not

determined
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SUMMARY

Late-stage Pitx2+/LacZ mouse embryos stained with x-gal appeared to have blue

muscles, suggesting that Pitx2 expression specifically marks some phase of the

myogenic progression or muscle anlagen formation. Detailed temporal and spatial

analyses were undertaken to determine the extent and onset of Pitx2 expression in

muscle. Pitx2 was specifically expressed in the vast majority of muscles of the head and

trunk in late embryos and adults. Early Pitx2 expression in the cephalic mesoderm, first

branchial arch and somatopleure preceded specification of head muscle. In contrast,

Pitx2 expression appeared to follow muscle specification events in the trunk. However,

Pitx2 expression was rapidly upregulated in these myogenic structures by E10.5.

Upregulation correlated tightly with the apposition of a non-myogenic, Pitx2-expressing,

cell cluster lateral to the dermomyotome.  This cluster first appeared at the forelimb level

at E10.25, gradually elongated in the posterior direction, appeared to aggregate from

delaminated cells emanating from the ventrally located somatopleure, and was named

the dorsal somatopleure. Immunohistochemistry on appendicular sections after E10.5

demonstrated that Pitx2 neatly marked the areas of muscle anlagen, that Pax3, Lbx1,

and the Muscle Regulatory Factors (MRFs) stained only subsets of Pitx2+ cells within

these areas, and that virtually all Pitx2+ cells in these areas express at least one of these

known myogenic markers. Taken together, the results demonstrate that, within muscle

anlagen, Pitx2 marks the muscle lineage more completely that any of the known

markers, and are consistent with a role for Pitx2 in muscle anlagen formation or

maintenance.
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INTRODUCTION

Skeletal muscles of the trunk derive from paraxial somitic mesoderm, whereas

skeletal muscles of the head derive mostly from the pre-chordal and non-somitic paraxial

head mesoderm. In the trunk, the medial and lateral somites give rise to the primaxial

and abaxial muscles, respectively (Burke and Nowicki, 2003). Most abaxial muscles,

which include the appendicular and abdominal body wall muscles, have traditionally

been referred to as hypaxial muscles because of their ventral location in embryos and

because they develop in the context of lateral plate mesoderm. Most primaxial muscles,

which include deep muscles of the back, have traditionally been referred to as epaxial

muscles because of their dorsal location and because they develop outside of the lateral

plate mesoderm.

Hypaxial muscles, including appendicular and abdominal muscles, are derived

from molecularly specified muscle progenitor cells in the ventrolateral dermomyotome.

Appendicular muscle precursors delaminate from limb level somites, migrate into the

lateral plate mesoderm-derived limb mesenchyme as it is being patterned, and re-

aggregate in specific locations to form the muscle anlagen that presage the distinct

muscles observed in adults. Hypoglossal muscles of the tongue and the diaphragm

muscles also come from this source of migratory progenitors. Abdominal muscle

precursors expand ventrally into the lateral plate mesoderm-derived somatopleure. The

somatopleure and splanchnopleure are derivatives of the lateral plate mesoderm, which

has been demonstrated to provide inductive cues for hypaxial muscle specification in

chick embryos(Alvares et al., 2003; Dietrich et al., 1999; Dietrich et al., 1998;

Mootoosamy and Dietrich, 2002). The events that form the epaxial musculature are less

well characterized, but involve molecular specification in the myotome and dorsomedial

dermomyotome prior to migration and growth (Cheng et al., 2004). The intercostal and

suspension muscles, which they connect the limbs to the body (rhomboids, trapezii,

pectorals, latissimus dorsii) are thought to be derived from a mixture of hypaxial and

epaxial precursors(Burke and Nowicki, 2003).

Head muscles are traditionally grouped into the axial, laryngoglossal, branchial,

and extraocular categories. Axial and laryngoglossal muscles are derived from the

cervical and occipital somites, branchial arch (BA) muscles are derived from the

unsegmented head mesoderm and the occipital somites, and most extraocular muscles

develop from the pre-chordal mesoderm. The branchial and extraocular muscles appear
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to be specified in non-somitic structures in a way that is not fully understood. Branchial

muscles are first observed in the early BA, whereas extraocular muscles first appear in

the mesoderm anterior to the 1st BA (Noden and Francis-West, 2006).

Specific transcription factors are required for molecular specification, movement

and myogenic progression during muscle development. Combinatorial codes of

transcription factors mark specific regions of the somite and dermomyotome before the

onset of the myogenic progression(Cheng et al., 2004). Their role is perhaps best

understood in limb level somites, where ablation of Pax3 (Bober et al., 1994; Goulding et

al., 1994; Williams and Ordahl, 1994) or Lbx1 (Dietrich et al., 1999; Gross et al., 2000;

Mennerich et al., 1998) leads to the loss of limb muscle precursors. Pax3 and Lbx1

expression in the dermomyotome precedes the expression of the Muscle Regulatory

Factors (MRFs) in the hypaxial lineages derived from the dermomyotome. MRFs are a

family of four transcription factors, MyoD, Myf5, Myogenin, and Mrf4. The onset of MRF

expression was the classic benchmark for the onset of muscle development because

ectopic expression of MRFs can force cultured cells into a myogenic program

(Weintraub et al., 1991). A complex set of genetic interactions has been well

documented between the different MRFs and between Pax3 and the MRFs (Braun et al.,

1992; Maroto et al., 1997; Rudnicki et al., 1992; Rudnicki et al., 1993; Tajbakhsh et al.,

1997). In general, the myogenic progression proceeds from Pax3 and Lbx1 expression,

to MyoD or Myf5 expression, and then to myogenin expression. Myogenin expression is

required for muscle differentiation (Hasty et al., 1993) and precedes the expression of

proteins of the contractile apparatus. Pax3 and Pax7 (Relaix et al., 2004; Relaix et al.,

2005) or MyoD and Myf5 (Kablar et al., 1997) can contribute to different myoblast

lineages. However, as anlagen of the limb that coalesce from migrating limb muscle

precursors at E10.5, most appear to incorporate representatives of subtypes of the

above lineages. Thus, it is likely that these genes mark progression of different myoblast

lineages that get incorporated into most, if not all, muscle anlagen, rather than different

myoblast lineages that each creates different anlagen. The failure of single MyoD or

Myf5 knockouts to ablate specific muscle anlagen is consistent with this view.

Head muscle anlagen do not follow the same specification cues as somite-

derived muscles (Mootoosamy and Dietrich, 2002). Initiation of the branchiomeric

myogenesis is regulated by the homeobox Tbx1, which regulates Myf5 and MyoD and

maintains Fgf10 expression in the 1st BA. The absence of Tbx1 results in sporadic
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branchiomeric myogenesis. Two bHLH repressors, Tcf21 and Msc, are also required for

activation of Myf5 in the head muscles (Lu et al., 2002).

In this study, we show that Pitx2 marks almost all muscle anlagen during

development and almost all muscles in adults. Expression the Pitx2 is tightly restricted to

the muscle lineage. In the somite-derived muscle lineages, the onset of Pitx2 expression

rapidly followed the specification of the myogenic lineage in the somite and was

maintained throughout muscle anlagen to adulthood. After E11, the vast majority of

Pitx2+ cells in the muscle anlagen expressed either Pax3, MyoD, myogenin or Myosin, or

some combination of these. Conversely, extremely few cells expressing any of these

three markers lacked Pitx2. Thus, Pitx2 expression appears to mark the early, middle

and late phases of the myogenic progression and provides a more universal marker of

the myogenic lineage in muscle anlagen than, either Pax3, Lbx1, or any of the MRFs

alone.  Pax3, Lbx1 and the MRFs are phase specific markers of the myogenic

progression and are expressed only subsets of cells in the muscle anlagen. Unlike Pax3,

Lbx1, Msx1, or MRFs, Pitx2 is expressed at all stages of myogenic development and it is

therefore the most uniform marker of the muscle lineage that is currently known in non-

somite-derived muscles, Pitx2 expression preceded the onset of myogenesis in the 1st

BA mesenchyme and was maintained through all myogenic stages.

EXPERIMENTAL PROCEDURES

Mice

C57/B6 Pitx2+/LacZ mouse embryos (Lin et al., 1999) were used. Pitx2+/LacZ mice

were bred and females were checked for vaginal plugs (E0.5). Embryos were isolated at

different developmental stages. Genomic DNA extracted from yolk sacs was used for

PCR genotyping (Lin et al., 1999). Pitx2+/LacZ and Pitx2LacZ/LacZ embryos were embedded

in pairs in OCT for cryosections.

Whole mount X-gal staining

Mouse embryos of different stages and adult tissues were fixed in 1%

formaldehyde, 0.2% gluteraldehyde and 0.02% NP40 in PBS at 4oC for 0.5-4 h

depending on the size. Embryos and tissues were washed with PBS and incubated with
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1mg/ml x-gal in 2 mM MgCl2, 0.02% NP40, 5 mM K3F4(CN)6, 5 mM K4F3(CN)6 in PBS at

30oC for 1 h to overnight. Samples were washed with PBS and placed in 30%, 50% and

80% glycerol/PBS for several hours for clarification. Samples were preserved and

photographed in 80% glycerol/PBS.

Eosin/Hematoxylin Staining

Cryosections of 12µm were incubated in hematoxylin solution (Fisher) for 30 sec,

washed with running tap water, and incubated in Blueing reagent (Fisher) for 1 min.

Slides were transferred into 95% ethanol, eosin, 95% ethanol, 95% ethanol, 100%

ethanol and xylene, for 1 min each step. Slides were mounted with DPX for microscopy.

Immunohistochemistry

Mouse embryos were dissected free of membranes, and fixed with 4%

paraformaldehyde/0.1M Na3PO4 pH 7.4 for 45 min at 4°C. Tissues were then rinsed

extensively with PBS, and cryopreserved with 25% sucrose/PBS for 16 h before

embedding in OCT (Tissue Tek; Sakura). Cryosections (12 or 16 µm) were dried, rinsed

with PBS (3 times for 5 min), and treated with ice-cold methanol for 2 min. Air dried

sections were incubated with Blocking Buffer (0.3% blocking reagent (Boehringer), 5%

heat inactivated bovine serum, 5% heat inactivated donkey serum, 0.3% Triton in PBS)

for 1h at RT prior to overnight incubation with primary antibodies at 4°C. Specific primary

antibodies were diluted in the blocking buffer and were applied to the sections.

Antibodies against Pax3 (Rat, 1:200, Gross et al., 2000), Lbx1 (rabbit, 1:100, Gross et

al., 2000), MyoD (rabbit 1:100, Santa Cruz; mouse, 1:50, Developmental Hybridoma

Bank), Myogenin (rabbit, 1:100, Santa Cruz; mouse, 1:100, Developmental Hybridoma

Bank), ß-Galactosidase (rat, 1:1000, Cappel; rabbit, 1:2000, Cappel; mouse, 1:500,

Promega), Myosin Heavy Chain (MF20 mouse, 1:50, Developmental Hybridoma Bank),

and Pitx2 (guinea pig, 1:400) (Kioussi et al., 2002) were used. After primary antibody

incubation, sections were washed 3 times for 10 min with PBST (0.1% Tween20/PBS).

Secondary antibodies conjugated with Cy2, Cy3 or Cy5 (donkey antibodies against

specific IgG species, 1:400 dilution in the blocking buffer) (Jackson Immunochemicals)

were applied for 2h at RT. Sections were washed three times for 10 min with PBST,

dehydrated by ethanol, and mounted in DPX for microscopy in Zeiss LSM510 Meta

confocal microscope.
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RESULTS

Pitx2 Expression in Developing Muscle Anlagen

X-gal stains of Pitx2+/LacZ mouse embryos appear to recapitulate in situ

expression patterns produced by RNA probes (Lin et al., 1999) and revealed spatial

specific staining in most muscle anlagen. The Pitx2-driven LacZ expression pattern was

therefore further examined in whole mount stains of Pitx2+/LacZ mouse embryos during the

emergence of muscle anlagen of somitic or non-somitic origin. At E8.5 (Fig. 2-1A, 2-1A’)

weak x-gal staining was detected in the somatopleure and amnion. By E9.5, strong x-gal

staining was observed in the ventrally located somatopleure (smpv), which will become

the abdominal body wall (Fig. 2-1B). No x-gal staining was observed in somites at this

stage (Fig. 2-1B’). Thus, Pitx2 was not expressed at the time when the earliest known

somite-derived muscle lineage, the myogenin+ myotome, has been observed. Between

E9.75 (Fig. 2-1C) and E10.0 (Fig. 2-1D) the scattered x-gal positive cells above the smpv

appeared to coalesce into a elongated structure in the dorso-medial margin of the limb

bud and the first x-gal staining was observed in the somites. The anterior boundary of

the elongated structure corresponded to the anterior boundary of the smpv. The

elongated structure was also the only Pitx2+ structure in the limb bud that failed to

express Pax3, Lbx1, or MRFs (Fig. 2-3). Tracing experiments will be needed to test this

hypothesis. The emergence of the smpd was tightly correlated with the onset of Pitx2

expression in the somites. Between E10 and E10.5 x-gal staining in the elongating smpd

and the somites became more pronounced and a few scattered cells in the limb bud

were first observed (Fig. 2-1D, E). At E11.5, strong staining was observed all somites

and in what appeared to be the developing muscle groups of the fore- and hindlimbs

(Fig. 2-1F). Between E12.5 and E14.5, the staining more obviously resembled the

increasingly complex muscle anlagen in the limbs, diaphragm, abdomen, back and head

(Fig. 2-1G-I).  A complete set of serial horizontal sections through x-gal stained E12.5

and E13.5 embryos was also examined. These sections showed staining in regions

resembling muscle anlagen throughout the body and head. A few representative

sections, with staining in the extensor and flexor muscles of the forelimb, are shown at

E12.5 (Fig. 2-2A, C) and E13.5 (Fig. 2-2B, D). This staining pattern was maintained into

adulthood (Fig. 2-5 and Table 2-1).

Between E11.5 and E13.5, the initially strong expression in the somatopleure

appeared to weaken. The x-gal serial sections were examined to determine if body wall,
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abdominal muscle anlagen, or both expressed Pitx2(ß-gal) at these later stages. At

E12.5, a strong blue stain was observed in the diaphragm and in the abdominal body

wall (Fig. 2-2A, E). The stain was not clearly restricted to abdominal muscle anlagen,

which are not very clear at this stage. Immunohistochemistry with muscle markers

demonstrated that Pitx2(ß-Gal) is expressed in both somatopleure and nascent muscle

anlagen in the body wall at this stage (Fig. 2-4C, D). By E13.5, the muscle anlagen in

the body wall are more distinct, and the x-gal stain appeared to be stronger in these

anlagen than in the surrounding body wall (Fig. 2-2B, F). Taken together, these

observations indicate that the initially strong somatopleure expression wanes as the

muscle anlagen mature. The transition lies between E11.5 and E13.5.

At E8.25 (Fig. 2-2G) and E8.5 (Fig. 2-1A, A’) x-gal staining was also detected the

cephalic mesenchyme near the prospective midbrain, which is the primordium for the 1st

BA. By E9.5, strong x-gal staining was observed in the 1st BA region (Fig. 2-1B). X-gal

staining was first detected in the 2nd BA at E9.75 (arrowhead, Fig. 2-1C) and expanded

at subsequent stages (arrowheads, Fig. 2-1D, E). By E10.5 staining was observed in the

1st through 3rd BA, suggesting that Pitx2 was expressed at very early stages of non-

somite-derived muscle development (Fig. 2-1E). By E11.5, 1st and 2nd BA staining

became patchy and foreshadowed the emergence of discrete muscle groups of the head

(Fig. 2-1F). Between E12.5 and E14.5 the x-gal stain appeared to trace the emergence

of muscles with high fidelity (Fig. 2-1G-I). Pitx2(ß-gal) expression in most of these

muscles was maintained until adult hood (Fig. 2-5; see description below). Pitx2(ß-Gal)

expressing muscles that could be identified on the basis of morphology and/or

connectivity at various late stages were summarized (Table 2-1). Taken together these

results suggest that Pitx2 is expressed in almost all head and trunk muscles from very

early stages, prior to anlagen formation, until adulthood. Pitx2 expression is largely

absent from the tissues surrounding the muscle. Notable exceptions are the body wall,

midbrain, and some other ectodermal derivatives of the head. Thus, the Pitx2+/LacZ

mouse may provide a useful tool to study muscle ontogeny anatomy. In the sections

below, we examine the muscle specificity of this marker in detail with respect to other

known muscle markers and try to itemize constraints on its use.

Pitx2 Expression in Somites and Limb Muscles

The lack of x-gal staining in somites at E9.5 suggested that the expression of

Pitx2 in skeletal muscles begins after the specification of the hypaxial and epaxial
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lineages. Hypaxial lineage specification occurs at or before E9.25 when cells of the

ventrolateral edge of the dermomyotome express both Pax3 and Lbx1 (Gross et al.,

2000).The myotome expresses myogenin at this stage. The expression of Pitx2(ß-Gal)

was therefore compared to the expression of these markers at E9.5 using triple labeling

immunohistochemistry (Fig. 2-3A, B). Pitx2(ß-Gal) expression was not detected in

somite-derived cells expressing Pax3, Lbx1, or myogenin but was detected in the smpv

in the same sections (Fig. 2-3A’). The specification of the epaxial and hypaxial muscle

lineages in somites therefore occurs before Pitx2(ß-Gal) expression can be detected in

somites. Pitx2(ß-Gal) was observed less than one day later in the dermomyotome,

myotome, and in migrating limb muscle precursors that were marked by Pax3 or MyoD

(Fig. 2-3D-F). The onset of Pitx2 expression was examined in detail in cross sections

taken at the center of the forelimb in staged embryos. Cross sections of E10 mice

indicated that Pax3+ limb muscle precursors have begun to migrate into the limb bud.

However, no Pitx2+ cells were detected in the somites or among the migratory Pax3+

cells found in the limb bud (Fig. 2-3C, arrowhead). This was not due to an antibody

detection artifact since Pitx2+ cells were detected in the gut of the same section (Fig. 2-

3C’). At E10.25, the Pax3+ migratory pool and the Pax3+ ventromedial lip of the

dermomyotome contained less than 1% Pitx2+ cells (Fig. 2-3D). At E10.5, approximately

20% of Pax3+ migratory muscle precursors cells and the entire myotome appeared to be

Pitx2+ (Fig. 2-3F). Pitx2 expression in somite-derived muscle lineages was increased

dramatically in approximately 6 h. It is therefore unlikely that the sudden appearance of

many Pitx2+ cells is due to proliferation of the small initial pool of Pitx2+ cells. The

sudden onset of Pitx2(ß-Gal) expression in many cells of the muscle lineages is more

likely to be due to inductive events. Studies in chick have shown that both somatopleure

and splanchnopleure derivative from the lateral plate mesoderm and in turn provide

inductive cues for hypaxial muscle specification (Alvares et al., 2003; Dietrich et al.,

1999; Dietrich et al., 1998; Mootoosamy and Dietrich, 2002). This hypothesis will need to

be tested by grafting experiments. By E12.5, it was difficult to find any cells in the limb

that expressed any of our six muscle markers and did not express Pitx2(ß-gal). Fig. 2-3

also illustrates the emergence of the smpd in cross section and with myogenic markers.

Between E10 and E10.5, a cluster of Pitx2+ Pax3- cells, the smpd, emerged and enlarged

just ventral and lateral to the lip of the dermomyotome (Fig. 2-3D, E). This population

also did not express MyoD and therefore did not belong to the muscle lineage. Isolated
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Pitx2+ Pax3- or Pitx2+ MyoD- cells were observed along the trajectory between the smpv

and smpd, but no where else in the limb bud.

Once Pitx2 expression was upregulated in the migratory limb muscle precursors,

it was maintained as myogenesis progressed from Pax3+/Lbx1+ cells to MyoD+ or Myf5+

cells, and finally to myogenin+ cells. Virtually all cells in the E12.5 limb that expressed

Pax3 (Fig. 2-3G, G’, 2-4C, E), Lbx1 (Fig. 2-4D, F), MyoD (Fig. 2-3H, H’, 2-4C, E), and

Myosin Heavy Chain (Fig. 2-4D, F) also expressed Pitx2(ß-Gal). These six proteins mark

all known phases of the myogenic progression in the limb. Furthermore, very few cells

that expressed any of these six proteins lacked Pitx2(ß-gal) expression. Within individual

anlagen there appeared to be non-homogeneous distributions of Pax3 and MRF

staining. This was due both to different proportions of cells in different phases of the

myogenic progression and due to varying expression intensities of the markers. The

asymmetric distributions of cells in the early (Pax3+ or Lbx1+), middle (MyoD+), and late

(myogenin+ or Myhc+) phases of the myogenic progression appeared to vary from

anlagen to anlagen.

Pitx2(ß-Gal) expression was not observed in limb structures outside of the

muscle anlagen at E12.5.  In order to identify possible non-myogenic structures in the

limb that expressed Pitx2, the limbs of Splotch delayed (Spd) (Vogan et al., 1993) mutant

embryos were analyzed. Spd mutants have a defect in the Pax3 gene and limb muscle

precursors fail to colonize their limb buds (Epstein et al., 1995; Tremblay et al., 1998).

No Pitx2(ß-gal) expressing cells were detected in serial sections through the limbs of

Pitx2+/LacZ|Pax3Spd/Spd mutants (Fig. 2-3K). Control sections on the same slide from a

Pitx2+/LacZ|Pax3+/+ littermate stained normally (Fig. 2-3J).  These data are consistent with

the idea that Pitx2 expression in limbs is confined to the muscle lineages. Pax3

antibodies detected one structure located at the position of the ulna nerve. Pitx2(ß-gal)

was not expressed in this structure. The Pitx2(ß-Gal) expression profile faithfully

recapitulates the Pitx2 expression pattern. Cells positive for ß-Gal specific antibody were

also positive for the Pitx2 specific antibody in cross sections (Fig. 2-3I), which represent

the same muscle groups identified as Pitx2+(ß-Gal+) in transverse (Fig. 2-4C, E) and

frontal sections (Fig. 2-4D, F) of E12.5 limbs.

Pitx2 Expression in Craniofacial Muscles

Recent studies have shown that Pitx2 is essential for initiating the myogenic

regulatory cascade in extraocular muscle (Diehl et al., 2006). The cephalic mesoderm
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gives rise to both the extraocular and branchial muscles. Pitx2 was first observed in the

region of the cephalic mesoderm at E8.5 (Fig. 2-1A, A’), in the 1st BA before E9.5 (Fig. 2-

1B), and in the 2nd BA at E9.75 (Fig. 2-1C).  Staining in these x-gal stained whole

mounts appeared to be superficial in these regions. Sections through the cephalic region

at E8.5 revealed x-gal staining in the internal mesenchyme, or cephalic mesoderm, as

well as in the overlying ectoderm (Fig. 2-2G). Sections through the early branchial

arches at E9.75 also revealed internal and ectodermal x-gal staining in the 1st and 2nd

BA (Fig. 2-2H) as well. Internal staining in the BA was restricted to a central pocket of

cells that appeared to correspond temporally and spatially with published expression

patterns of Tbx1 (Kelly et al., 2004; Noden and Francis-West; 2006; Lu et al., 2002; Shih

et al., 2007b, and Chapter 3). Tbx1 expression in the 1st and 2nd BA precedes the onset

of Myf5 and MyoD expression at E10 in these mesodermal cores (Kelly et al., 2004).

Thus, Pitx2(ß-gal) precedes the expression of MRFs in this structure and may therefore

be involved in specification of the muscle lineages in the BA.

The smooth surface x-gal stain observed at early stages in the BAs gradually

morphs into the shapes of muscle anlagen as whole mounts x-gal stains are examined

at daily intervals between E10.5 and E14.5 (Fig. 2-1E-I). Immunohistochemistry was

used to determine if these x-gal positive shapes corresponded the muscle anlagen (Fig.

2-4A, B). All MyoD or Myhc expressing cell clusters also expressed Pitx2(ß-gal). In

addition, it appeared that several ectoderm derived structures, that lacked MyoD or

Myhc expression, also expressed Pitx2(ß-gal). These were generally distinctive in shape

and/ or location and did not interfere greatly with the use of Pitx2(LacZ) as marker of the

muscle anlagen. Pax3 and Lbx1 expression was not observed in the muscle anlagen for

the branchial arch derived mastication and hyoid muscles. In contrast, Pax3 and Lbx1

expression was observed in the anlagen for the intrinsic tongue muscle, which forms

from a somite derived lineage. Both types of anlagen express Pitx2 uniformly at late

stages, suggesting that the non-specifying role that Pitx2 plays in trunk muscle anlagen

may also be relevant to cranial muscle anlagen as they develop into adulthood.

Pitx2 Expression in Adult Muscles

X-gal stained adult tissue indicated that Pitx2 was expressed in the majority of

adult skeletal muscles (Fig. 2-5 and Table 2-1). Pitx2(ß-Gal) expression was detected in

the all craniofacial (Fig. 2-5A), shoulder (Fig. 2-5B), and trunk muscles (Fig. 2-5E).

Pitx2(ß-Gal) expression was also detected in the mastication and jaw muscles including
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the temporalis, sternomastoid, sternohyoid, digastric and masseter. Pitx2(ß-Gal)

expression persisted in the extraocular and orbicularis eye muscles (Fig. 2-5A) and

external ear muscles. The majority of hypaxial somite-derived migratory muscles in both

forelimb and hindlimb expressed Pitx2(ß-Gal) (Fig. 2-5B, C, E). Pitx2(ß-Gal) robust

expression was detected in most, if not all, shoulder and hip muscles. However the

lateral head of triceps brachii in the upper forelimb (Fig. 2-5B) and the tensor fasciae

latae in the proximal hindlimb (Fig. 2-5C) showed no sign of Pitx2(ß-Gal) expression.

Similarly, the majority of abdominal muscles were strongly x-gal stained (Fig. 2-5F-H)

with only one exception in the transverse abdominus. The continuous expression of

Pitx2 to virtually all muscle groups from early embryonic anlagen to adult skeletal

muscles suggests that this homeodomain protein plays some role in maturation or

maintenance of muscle anlagen.

DISCUSSION

Pitx2 is a Universal Muscle Marker

Although many studies assume that Pitx2 plays important roles during skeletal

muscle development, the function of Pitx2 for muscle development remained enigmatic.

In this study we showed that Pitx2 was expressed in all muscle lineages and in muscle

anlagen as early as E10.25 in mouse. Pitx2 was expressed in virtually all muscle

precursors, regardless of their differentiation status, but was not expressed in the

surrounding non-muscle mesenchyme. Pitx2 expression remained in all adult skeletal

muscles with a distinct expression pattern in all muscle groups (Table 2-1).

Expression of Pitx2 in Muscle Lineages Deriving from Different Origins

Primaxial muscle formation in the myotome occurs in successive waves (Nowicki

et al., 2003). The primary myotome is the first location in the body to express one of the

four basic helix-loop-helix muscle MRFs. Myf5 begins to be expressed in the

dorsomedial lip of the somite-derived dermomyotome as it curls inward and creates the

primary myotome underneath it. This epaxial contribution to the myotome constitutes the

first wave of myogenesis in the primaxial domain. These early cells are already

postmitotic before they delaminate, migrate, and elongate to the to the rostral and caudal

edges of the somite (Denetclaw et al., 1997; Gros et al., 2004; Kahane et al., 1998). A
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second wave of myotome progenitors originating in all four lips of the dermomyotome

becomes postmitotic at the rostral and caudal edges of the somite prior to colonizing the

myotome (Kahane et al., 2002). Consequently, neither of these waves can contribute to

later intrinsic growth of the myotome as the dermomyotome disappears.  Rather, a third

wave of mitotically active progenitors arrives at cervical levels in 30 somite stage

embryos (HH18) (Kahane et al., 2001). Unlike the first two populations, the third wave

population maintains an intrinsic proliferative precursor pool that prolongs its ability to

grow and shed postmitotic muscle cells. Initially, these cells express the fibroblast

growth factor receptor, FGFR4 (FREK), but not the myogenic determination genes MyoD

and Myf5.

Formation of abaxial limb muscle precursors begins when inductive cues from

the lateral mesoderm and surface ectoderm synergistically induce the expression of

Lbx1 within the ventrolateral Pax3 expression domain of dermomyotomes at limb levels

(Dietrich et al., 1998).  The lateral mesoderm also provides signals that repress

myogenesis in limb level dermomyotomes (Venters et al., 2004) and promote their

delamination (Bladt et al., 1995; Dietrich et al., 1998) and migration (Hayashi and

Ozawa, 1995) into the limb bud. In chick embryos, upregulation of the Lbx1 at forelimb

levels is first observed in the ventrolateral dermomyotome lips at late HH16 (26-28

somites) just prior to the onset of limb muscle precursor migration (HH18; 30-36

somites) (Dietrich et al., 1998). Similarly, in mice, Lbx1 expression begins in the

dermomyotome lips at forelimb levels at E9.0-E9.25, just prior to the onset of

delamination/migration at E9.5 (Gross et al., 2000). By HH22 and E10.5, Lbx1+/Pax3+

limb muscle precursors are observed in the dorsal and ventral muscle masses of chick

and mouse limb buds, respectively. Migratory limb muscle precursors express FGFR4,

but not MyoD or Myf5 in the initial phases of migration (Marcelle et al., 1995) and in this

respect resemble third wave myotome progenitors. Upon delaminating from the

dermomyotome, the limb muscle precursors migrate to a prepattern of muscle anlagen

that is generated in the somatopleure derived mesenchyme and is marked by TCF-4

(Kardon et al., 2003). In mouse forelimb buds, numerous myogenin positive cells are

generated within the Pax3+ muscle masses as early as E11 (Gross et al., 2000),

suggesting that some postmitotic myogenic cells are rapidly deposited on the pre-pattern

of limb muscle anlagen. Thus, an early scaffold of postmitotic muscle cells exists in both

the myotome and in some limb muscle anlagen.
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Expression of Pitx2 in Somatopleure and Somitic Muscle Lineages

Pitx2 was neither detected in the dermomyotome during the earliest stages of

limb muscle specification nor in a small first wave of migratory muscle precursors to

enter the limb bud. However, many cells in the myotome, most cells in the ventrolateral

dermomyotome, and practically all migratory limb muscle precursors upregulate Pitx2 as

a group of Pitx2+ cells from the somatopleure appears to migrate dorsally and forms a

cluster in close apposition with the ventrolateral dermomyotome. We name this Pitx2+

cluster of cells the dorsal somatopleure (smpd) to distinguish it from the Pitx2+ ventral

somatopleure (smpv) and Pitx2- limb somatopleure. The establishment of a dorsal

somatopleure population in close apposition to the early migratory cells and the later

dermomyotome is tightly correlated, in both time and space, with the induction of Pitx2 in

these structures. Thus, the somatopleure, a derivative of lateral plate mesoderm, may

induce Pitx2 expression in derivatives of the paraxial mesoderm, such as limb and

epaxial muscle precursors. In contrast, it fails to induce Pitx2 in the ectoderm or

mesenchyme of the limb bud. As a consequence, the only non-cell autonomous models

that can be proposed to account for limb muscle defects in Pitx2 mutants must invoke

the somatopleure at very early stages. At later stages, the Pitx2+ limb muscle precursors

are likely too far away from the Pitx2+ somatopleure cells to be continuously influenced

by them.

Pitx2 expression in the dermomyotome begins well after limb muscle precursor

migration has begun and is correlated with the juxtaposition of dorsal somatopleure and

dermomyotome. Once delaminated, virtually all limb muscle precursors may migrate into

the limb by passing somatopleure cells, either by intermingling with them or via the gap

between the dorsal and ventral somatopleure.  Thus it is possible that they receive

instructive cues from these cells that may be defective in Pitx2 mutants. A scattered

population of x-gal stained cells was observed in E10.5 forelimb buds of Pitx2-lacZ

heterozygote mice.  In mutant embryos, this population was also observed but appeared

to be delayed in x-gal expression or migration, suggesting that Pitx2 may have a role

very early in limb muscle development.

Function of Pitx2 in myoblast proliferation

The limb muscle anlagen between E11.5 and E14.5 consist of a mixture of

proliferative and postmitotic cells that are marked by the expression of the transcription

factors Pax3, MyoD/Myf5, and myogenin. These three factors have all been
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demonstrated to be essential to the formation of limb muscle. Pax3 functions genetically

upstream of MyoD/Myf5 and myogenin Pax3 and MyoD/Myf5 expression is typically

associated with proliferative myoblasts, whereas myogenin expression is associated with

postmitotic myotubes that have withdrawn from the cell cycle and are expressing muscle

specific proteins. For the purpose of our discussion we will omit Myf5 and consider that it

has redundant roles with MyoD (Rudnicki et al., 1993). The decay and onset of these

factors does not appear to be sudden and synchronous (i.e. Pax3+/MyoD-/myogenin-

becomes Pax3-/MyoD+/Myogenin- becomes Pax3-/MyoD-/Myogenin+). Instead, transition

populations that are Pax3+/MyoD+, MyoD+/Myogenin+, and even Pax3+/Myogenin+ are

observed in developing limb muscle anlagen.

Loss of limb musculature in the Lbx1 mutant does not result in total

disorganization of limb structures (Gross et al., 2000). Instead, bones and tendons

appear to be relatively normally organized at birth, when Lbx1 mutants die. This

observation indicates that muscle plays relatively little role in creating the limb structure,

and makes it likely migratory limb muscle precursors are responding to instructive cues

from the ectoderm-derived limb bud when deciding where to settle and form a limb

muscle anlage. This model is entirely consistent with the idea that Hox genes pattern the

developing limb bud by forming nested expression patterns in the limb bud mesenchyme

at stages when muscle precursors have just begun to invade the limb bud. As a

consequence, each muscle anlage in the limb forms when migratory muscle cells settle

or gets trapped in a region of the developmental field that will eventually need a muscle

to connect two bones. The free migratory precursors move on to new regions of the

developmental field that become available as the limb bud grows at the distal end. Pitx2

marks all three types of muscle cells and the Pitx2-lacZ is therefore the best tool

available to view the establishment of muscle anlagen in whole mounts. At E10.5, the

muscle precursors are scattered fairly evenly in the dorsal and ventral muscle masses.

However, by E11.5 and E12.5 one observes distinct clustering patterns that represent

the earliest muscle anlagen. These anlagen grow and split into sub-clusters in a very

organized fashion, so that by E14.5 one observes, by outward appearance, a miniature

set of muscles that look like adult muscles. This is particularly evident around the long

bones and is slightly delayed in the paws. As each anlage grows it must generate more

cells to fill the appropriate space.
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Two basic models can be proposed for how this happens. First, a proliferative

pool of cells enlarges until a cue tells them to differentiate. Second, a proliferative

progenitor pool constantly sheds committed cells that then differentiate. In limb muscle

anlagen the second model appears to be operative and we propose that Pitx2 may plays

a role that balances the relative numbers of migratory, committed, and myogenic cells in

an anlage at each stage, so that the anlage as a whole develops an appropriate shape

with respect to bone and skin structures. Indeed, under the Wnt1 signaling pathway,

Pitx2 exerts key actions in early to mid G1 and stimulates expression of specific growth

control genes exemplified by Cyclin D2 (Kioussi et al., 2002a). Pitx2 regulates cell-

autonomous proliferation acting in G1 phase. In addition, recent study also suggest that

Pitx2c can promote cell proliferation and arrests differentiation in myoblasts by ectopic

over-expression studies (Martinez-Fernandez et al., 2006).

Pitx2 and Signaling Pathways

FGFs, IGFs, BMPs, BMP inhibitors, shh, SF/HGF, and Wnts (Clase et al., 2000;

Drucker and Goldfarb, 1993; Foulstone et al., 2001; Kengaku et al., 1997; Ridgeway et

al., 2000; Yoshiko et al., 2002) have all been implicated in balancing differentiation and

proliferation in muscle precursors. In the interlimbs area, these signaling molecules are

secreted from the surrounding limb bud environment and/or from cells in the limb muscle

lineage and therefore control the balancing process in a non-cell autonomous manner. A

general consensus suggests that BMPs, FGFs, shh, and SF/HGF inhibit differentiation

and promote proliferation (Francis-West et al., 2003; Christ and Brand-Saberi, 2002).

Cells of the muscle lineage appear to retain a common ability to balance growth and

differentiation within the individual molecular expression stages. The complex set of

positive and negative cues from both the growing muscle anlagen itself and its local

environment influence this balance. Pitx2 might be the link of the Wnt1, BMP4 and FGF8

signaling pathway (Kioussi et al., 2002; St Amand et al., 2002) during muscle

development.
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Figure 2-1. Pitx2 Expression in Muscle Anlagen. (A-I) ß-Gal+(Pitx2+) tissues were

visualized by x-gal-staining of Pitx2+/LacZ embryos from E8.5 to E14.5. (A dorsal view, A’

left lateral view) Whole mount x-gal staining of E8.5 Pitx2+/LacZ mouse indicated strong

expression of Pitx2 in the cephalic mesoderm, primordium of 1st BA, and somatopleure,

which is in continuation to the amnion. (B) X-gal staining in the 1st BA and in the ventral

somatopleure rather than in the dermomyotomes at E9.5. A few isolated x-gal positive

cells were observed just dorsal smpv (arrows)(B’) Dorsal view of the same embryo

illustrated no staining in the somites. (C) E9.75. (D) E10.0. At (E) E10.5, x-gal staining

was detected in 1st-4th BA (arrowhead indicate 2nd BA), somites and forelimb bud. (F) At

E11.5, ß-Gal(Pitx2) was strongly expressed in somites. Robust ß-Gal(Pitx2) expression

also remained in the somatopleure and presumptive branchiomeric muscle precursors.

(G) At E12.5, the presumptive muscle anlagen were visible and distinguishable with fiber

like texture (arrowheads) and were ß-Gal+(Pitx2+) (G’) High magnification view of the

right forelimb.  (H) At E13.5 and (I) E14.5, most muscle groups had formed with fine and

well organized fiber like texture and remained ß-Gal+(Pitx2)+. 1-4: 1st-4th BA, at:

acromiotrapezius; cm: cutaneous maximus, h: heart, ld: latissimus dorsi, ms: masseter,

oa: oblique abdominis; oo: orbicularis oculi, pl: platysma, st: spinotrapezius, te:

temporalis, tg: tongue; gt: gluteus, smpd: dorsal somatopleure; smpv: ventral

somatopleure; FL: forelimb; HL: hindlimb.
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Figure 2-2. Pitx2 Expression in Somite-derived and Non-Somite-derived Muscles.

X-gal/Eosin/Hematoxylin stained frontal and transverse cryosections of Pitx2+/LacZ mice

from E8.25 to E13.5. (A-F) Somite-derived muscles. X-gal staining was observed in the

entire body wall (somatopleure), intercostal, extensor, and flexor muscles at E12.5 and

E13.5. The extensor and flexor muscles were ß-Gal+(Pitx2+) at E12.5 (C) and E13.5 (D).

(E) X-gal staining in somatopleure and diaphragm at E12.5. (F) The cutaneous maximus

(cm) and oblique abdominis (oa) were ß-Gal+(Pitx2+) at E13.5. (G-J) Non-somite-derived

muscles (G) x-gal staining was observed in the cephalic mesenchyme and the

primordium of the 1st BA at E8.25. (H) x-gal staining was observed in the 1st and 2nd BA

at E9.75. X-gal staining was observed in the 1st BA derived masseter (ma) at E12.5 (I)

and e13.5 (J). 1-2: 1st-2nd BA, cm: cutaneous maximus, d: diaphragm, ex: extensor

muscles, fx: flexor muscles, nt: neural tube, h: heart, ic: intercostal muscles, ms:

masseter, oa: oblique abdominis, ra: radius, smp: somatopleure, ua: ulna, A: anterior, P:

posterior.



37



38

Figure 2-3. Pitx2 Expression in Limb Muscle Precursors. Triple labeling

immunohistochemistry on transverse mid-forelimb sections of E9.5 Pitx2+/LacZ mice

showed that specification of the limb muscle lineage preceded the onset of Pitx2

expression. Pax3 (A) was expressed in the dermomyotome at E 9.5. Lbx1 (B) was

detected in scattered cells in the ventrolateral lip of dermomyotome (arrows) at the

forelimb level while myogenin marked the myotome at E 9.5. ß-Gal+(Pitx2+) cells were

detected only in the smpv (A’, B’) and 1st BA (not shown) in both sections. (C) Double

labeling immunohistochemistry for Pax3 and Pitx2 at E10 indicated no expression of

Pitx2 in the limb muscle precursors (arrowhead). (C’) Specificity of the Pitx2 antibody

was indicated with detection of Pitx2a in the gut of the same section. (D, E) At E10.25,

ß-Gal+(Pitx2+) cells were detected in ventrolateral lip of dermomyotome, myotome

(asterisk), smpd, and smpv. ß-Gal(Pitx2) were coexpressed with Pax3 and MyoD in limb

muscle precursors (arrowheads). (F) At E10.5, 20% of the Pax3+ migrating limb muscle

precursors were ß-Gal+(Pitx2+)  (arrowheads) .  (G-H) Double labeling

immunohistochemistry of right forelimb frontal sections from E12.5 Pitx2+/LacZ mice

showed that virtually all (>95%) Pax3+ (G) or MyoD+ (H) muscle precursors expressed ß-

Gal(Pitx2). (I) Double labeling immunohistochemistry for Pitx2 and ß-Gal on E12.5

Pitx2+/LacZ frontal forelimbs sections indicated colocalization of both proteins. (J-K)

Immunohistochemistry on transverse right forelimb sections from E12.5 Pitx2+/LacZ and

Pitx2+/LacZ|Spd/d embryos. Pitx2 was not detected in the Pitx2+/LacZ|Spd/d forelimb, although

Pax3 was still detected in ulnar nerve (arrow) (G’-K’) Higher magnification view of

outlined areas. s m pd: dorsal somatopleure, smpv: ventral somatopleure, dm:

dermomyotome, m: myotome, g: gut, nt: neural tube, ex: extensor muscles, fx: flexor

muscles, ra: radius, ua: ulna, hu: humerus, tc: triceps.
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Figure 2-4. . (A-F) Triple labeling immunohistochemistry on transverse (A, C, E) and

frontal (B, D, F) sections of E12.5 Pitx2+/LacZ embryos. ß-Gal(Pitx2) was colocalized with

muscle markers in head, trunk and limb muscle groups. ß-Gal(Pitx2) was detected in the

MyoD+ cells in the masseter (ms) and in the tongue muscle anlagen (tg) (A, B), but not

in the Pax3+ cells (A) which represent neural crest cells in the maxilla component. (C) ß-

Gal(Pitx2) was detected in the MyoD+ cells in the deep back muscles(db), intercostals

muscle (ic), latissimus dorsi (ld), abdominal muscles (ab), extensor muscles (ex), and

flexor (fl) muscles. (D) ß-Gal(Pitx2) was detected in the Lbx1+ or Myosin heavy chain

(Myhc)+ biceps branchii (bb), latissimus dorsi, extensor muscles, and flexor muscles.

Ventral somatopleure (smpv) and dorsal (smpd) somatopleure also expressed ß-

Gal(Pitx2). (E, F) ß-Gal(Pitx2) was detected in the Pax3+ or MyoD+ (E), Lbx1+ or Myhc+

(F) cells in the hindlimb muscles. ab: abdominal body wall, d: diaphragm, db: deep back

muscles, ex: extensor muscles, fe: femur,  fx: flexor muscles, h: heart, ic: intercostal

muscles, ld: latissimus dorsi, ms: masseter, gt: gluteus, lu: lumbar muscles, nc:

notochord, nt: neural tube, rd: radius, un: ulna,
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Figure 2-5. Pitx2 Expression in Adult Muscles. ß-Gal+(Pitx2+) muscles were

visualized by x-gal-staining on Pitx2+/LacZ 3 month old female mice. Whole mount x-gal

staining indicated strong expression of Pitx2 in: (A) craniofacial muscles, (B) shoulder

and forelimb muscles, (C) hindlimb muscles, (D) tongue muscles, (E, F) trunk muscles,

(G, H) the abdominal muscles. Few muscles with no x-gal staining were found in

different areas. Those ß-Gal-(Pitx2-) muscles are lateral head of triceps brachii (latc) in

the forelimb (B), tensor fasciae latae (tfl) in the hindlimb (C) and transverse abdominal

muscle (ta) in the abdominal body wall (H). adt: acromiodeltoid, at: acromiotrapezius, cf:

caudofemoralis muscle, cb: clavobrachialis, ct: clavotrapezius, di: digastric, eo:

extraocular, eoa: external oblique abdominis, ex: extensor, gma: gluteus maximus gme:

gluteus medius, ic: intercostal muscles, ioa: internal oblique abdominis, ld: latissimus

dorsi, lotc: long head of triceps brachii, ms: masseter, oa: oblique abdominis, ra: rectus

abdominis, se: semitendinosus, sm: sternomastoid, sdt: spinodeltoid, st: spinotrapezius,

sdo: serratus dorsalis, te: temporalis, tg: tongue muscles.
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Table 2-1: Analysis of Muscles in the Pitx2+/LacZ mice

Origin Muscles E12.5a E13.5 E14.5 Adult

Biceps brachii bb ++ +++ +++ ++
Cutaneous maximus cm ++ +++ +++ ++++

Diaphragm d + +++ +++ ++
Extensor ex ++ +++ +++ +++

Flexor fx ++ +++ +++ ++
Hindlimbc hm ++ +++ +++ +c

Gluteus gt + +++ +++ +
Latissimus dorsi ld ++ +++ +++ ++++

Oblique abdominis oa ++ +++ +++ ++++
Pectoralis pe + +++ +++ ND

Rectus abdominis ra ++ +++ +++ ++++
Semitendinosus se + +++ +++ +++

Spinodeltoid sdt ++ +++ +++ ++
Tibialis anterior tba + + + ++

Hypaxial
Somite-derived

Migratory

Triceps brachii tc ++ +++ +++ +

Acromiotrapezius at + +++ +++ +++
Deep backb db + ++ +++ +
Intercostal ic + +++ +++ +++
Serratus ser ++ +++ +++ ++++

Hypaxial
Somite-derived
Non-migratory

Spinotrapezius st ++ +++ +++ +++

Digastric di ++ +++ +++ ++++
Ear external ee ++ +++ +++ +++

Orbicularis oculi oo + +++ +++ +++
Masseter ms ++ +++ +++ +++
Platysma pl + +++ +++ ++++

Sternohyoid sh + +++ +++ ++++
Sternomastoid sm ++ +++ +++ ++++

Temporalis te ++ +++ +++ ++
Extraocular eo ++ +++ +++ +++

Head
Non-Somite

derived

Tongue tg + +++ +++ ++

Migratory and non-migratory muscles have been classified according to Prunotto
et al., 2004. All muscles are by alphabetical order. (+) Pitx2(ß-gal) expression
levels; (ND) not determined

a Most muscle groups were not well formed in this stage. Pitx2+(ß-gal+) cells were
detected in the majority of premature presumptive musculature.

b  Deep back muscles are non-migratory but of epaxial origin
c The cavdofemoralis, semiteninosus, and biceps femoris in the adult hindlimb

express Pitx2(ß-gal).
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SUMMARY

Pitx2 expression is observed during all states of the myogenic progression in embryonic

muscle anlagen and persists in adult muscle. Pitx2 mutant mice form all but a few

muscle anlagen. Loss or degeneration in muscle anlagen could generally be attributed to

the loss of a muscle attachment site induced by some other aspect of the Pitx2

phenotype. Muscles derived from the 1st branchial arch were absent, whereas muscles

derived from 2nd branchial arch were merely distorted in Pitx2 mutants at mid gestation.

Pitx2 was expressed well before, and was required for, initiation of the myogenic

progression in the 1st, but not 2nd, branchial arch mesoderm. Pitx2 was also required for

expression of pre-myoblast specification markers, Tbx1, Tcf21 and Msc in the 1st, but not

2nd, branchial arch. First, but not 2nd, arch mesoderm of Pitx2 mutants failed to enlarge

after E9.5, well before the onset of the myogenic progression. Thus, Pitx2 contributes to

specification of 1st but not 2nd arch mesoderm. The jaw of Pitx2 mutants was vestigial by

mid gestation, but significant size reductions were observed as early as E10.5. The

diminutive 1st branchial arch of mutants could not be explained by loss of mesoderm

alone, suggesting that Pitx2 contributes to the earliest specification of jaw itself.
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Introduction

Craniofacial skeletal muscles include four groups, the branchial, extraocular,

laryngoglossal and axial (Noden and Francis-West, 2006). Vertebrate craniofacial

muscles originate from pre-otic somitic, un-segmented cranial paraxial, and prechordal

mesoderm. Axial muscles derive from the pre-otic somites and move the head with

respect to the body. Laryngoglossal muscles arise from pre-otic somites and Branchial

arch (BA) mesoderm and move the larynx and tongue. Extraocular muscles are derived

from prechordal and 1st BA mesoderm and move the eye. Other BA derived muscles are

associated with jaw, hyoid cartilage and caudal BA derivatives (Couly et al., 1992;

Noden, 1983; Trainor et al., 1994). The 1st BA gives rise to mandibular adductors,

intermandibular muscles, suprahyoid muscles, and at least two extraocular muscles. The

2nd BA gives rise to mandibular depressors, stapedial muscle and facial expression

muscles.

Trunk muscles are derived from a relatively uniform source, the somites,

whereas head muscles are of diverse origin. Despite these varied origins, the classic

myogenic progression appears to be quite similar for most, if not all, muscles. In both

trunk and head, early stages of the myogenic progression can be followed by observing

the expression of the MRFs. Proliferative myoblasts, which have undergone initial

myogenic commitment, are marked by the expression Myf5 or MyoD. Later myogenic

differentiation is marked by myogenin.  Myogenin expression marks the stage of the

myogenic progression when cells pull out of the cell cycle and terminally differentiate into

contractile cells. More mature stages can be followed by proteins specific to the

contractile apparatus.

Although myogenic progression is similar in all developing muscle groups, it

appears that the specification of cells just prior to the myoblast differs significantly

between head and trunk (Gross et al., 2000; Mootoosamy and Dietrich, 2002). The

transcription factors which mark progenitor cells just prior to the expression of MyoD or

Myf5 differ greatly in different parts of the embryo. In limb level somites, Lbx1 and Pax3

mark the pre-myoblast cells that will enter the limb, diaphragm or intrinsic tongue (Gross

et al., 2000). Somites, that produce body wall muscles are marked by Pax3 but not Lbx1.

Both Lbx1 and Pax3 are required for limb muscle formation. Pax3 is required for

activating the myogenic progression in this developmental field. However, these two

factors are not required for head muscle formation and do not appear to be expressed
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the pre-myoblast mesoderm that gives rise to the head musculature (Goulding et al.,

1994; Gross et al., 2000; Kelly et al., 2004).

In contrast, Tbx1 is expressed in the pre-myoblast mesoderm in the 1st and 2nd

BA and is required for the development of some head muscles. Tbx1 is required for

activating the myogenic progression in this developmental field but is only expressed

after the onset of myogenetic commitment in the trunk (Dastjerdi et al., 2007; Kelly et al.,

2004). Similarly, expression of at least one of the bHLH repressors Tcf21 (Capsulin) or

Msc (MyoR) is required for activation of Myf5 in the pre-myoblast BA mesoderm that

gives rise to facial muscles. Double mutant mice lack 1st BA derived muscle groups,

such as the temporalis, masseter and pterygoids (Lu et al., 2002). It appears that

different pre-myoblastic regions of the embryo require different combinations of

transcription factors to activate either MyoD or Myf5, and thereby initiate the myogenic

progression (von Scheven et al., 2006). The myogenic progression can be viewed as a

plug-in module that can be accessed by cells with various specifications. Specifications

are defined by combinatorial codes of expressed transcription factors.  Indeed, different

elements control Myf5 expression in trunk and head muscle consistent with the view that

different combinations of transcription factors activate this plug-in to the myogenic

progression (Carvajal et al., 2001; Hadchouel et al., 2003).

Pitx2 is a bicoid–related homeobox gene that is specifically expressed in all

MyoD+, Myf5+ and Myogenin+ cells of embryonic muscle anlagen. Pitx2 therefore marks

the myogenic progression more completely than any of the MRFs alone and provides

the most comprehensive marker of muscle anlagen to date. Pitx2 labels virtually all

muscle anlagen throughout embryogenesis and muscles in adults. Regions surrounding

the anlagen generally lack Pitx2 (Shih et al., 2007b). However, unlike the MRFs, Pitx2

also has expression domains outside of the muscle lineage where it plays critical roles in

development. Ablation of all three Pitx2 isoforms (Pitx2abc-/-) causes lethality in mouse

at E10.5-E14.5 with axial malformations, open body wall, laterality and heart defects,

and arrest of organ development (Gage et al., 1999a; Gage et al., 1999b; Kioussi et al.,

2002b; Kitamura et al., 1999; Lin et al., 1999; Liu et al., 2003).

In this study, we examine the muscle anlagen of Pitx2 mutant embryos to

determine what function is associated with the near universal expression of Pitx2 in

muscle anlagen. Surprisingly, Pitx2 null mutants form all but a few muscle anlagen.

Many muscle anlagen are distorted and these distortions are generally associated with
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the malformation of a body part onto which the muscle attaches. Loss of muscle anlagen

was observed only in the eye, jaw, and body wall. Much of the periocular and jaw

musculature is derived from the 1st BA. The 1st BA of mutants was reduced at E10.5 and

vestigial by mid-gestation indicating that muscle loss was due to the loss of this

structure. Pitx2 was expressed in the mesodermal cores of all BA at E10.5 when the first

myoblasts were detected. However, it was only expressed prior to the onset of the

myogenic progression in the 1st BA. Pitx2 was required for initiation of the myogenic

progression in the 1st but not the other BA. Furthermore, Pitx2 was required for the

expression of the pre-myoblast specification markers Tbx1, Tcf21, and Msc in the 1st BA,

but not in the 2nd BA. Thus, Pitx2 is required to set up the pre-myoblast specification in

the 1st BA. It is also required for proper development of teeth, which derive from the

Pitx2 expressing surface ectoderm that covers the early mesodermal core of the 1st BA

(Lin et al., 1999). Pitx2 therefore appears to be involved in specifying the 1st BA itself,

prior to the specification of muscle anlagen from the mesodermal core or teeth from the

overlying ectoderm.

EXPERIMENTAL PROCEDURES

Mice

Pitx2-LacZ knock-in mice (Lin et al., 1999) on ICR background were used.

X-gal Staining, Immunohistochemistry, BrdU labeling, TUNEL Staining

Embryos were dissected, fixed and stained with X-gal solution as previously

described (Shih et al., 2007a). For general immunohistochemical studies, mouse

embryos were dissected free of membranes, and proceed as previously described (Shih

et al., 2007a). Specific antibodies against MyoD, Myogenin, Myf5 (Santa Cruz), ß-

galactosidase (Cappel), PH3 (Upstate), BrdU (ACSC), and EGFP (Shih, OSU) were

applied at empirically determined optimal titers. BrdU/PBS solution (50 µg/g of body

weight) was injected intraperitoneally 2h prior to sacrifice. BrdU immunohistochemistry

was performed in post-fixed immuno-labeled tissue followed by acid depurination and

neutralization. TUNEL assay was also performed in post-fixed immuno-labeled tissue as

recommended by the manufacturer (Dead End kit, Promega). Sections were dehydrated
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by ethanol, and mounted in DPX for microscopy in Zeiss LSM510 Meta confocal

microscope.

RNA Whole Mount In Situ Hybridization

RNA in situ hybridization was performed in according to standard procedures

(Shih et al., 2007b). E9 and E10 mice were fixed with 4% PFA, dehydrated with

methanol, and treated with proteinase K. DIG labeled antisense RNA riboprobes were

generated by in vitro transcription kit (Boehringer Mannheim). AP-conjugated anti-DIG

antibody was used to detect the in situ hybridization signals. (Boehringer Mannheim).

Tissue Culture and Transient Transfections

C2C12 murine myoblast cells were grown on 10-cm dishes in DMEM (Cellgro)

supplement with 10% FBS (HyClone), 5mM glutamine, penicillin and streptomycin. The

C2C12 cells were then seeded onto Poly-L-Lysine (0.1mg/ml) coated glass cover slips in

12 well plates. Cells at 50% confluence were transfected then maintained in the medium

without antibiotics according to the instructions of the manufacturer (lipofectamine 2000,

Invitrogen). After 24 hours, the transfected cells were examined by

immunohistochemical staining.

In vivo ChIP Assays

BAs were dissected and collected from E12.5 embryos. Dissected BAs were

mechanically triturated several times using 1 ml tip on ice to dissociate the tissue.

Dissociated cells were cross-linked with 1% formaldehyde/PBS solution for 10 min at

250C, re-suspended in lysis buffer and then sonicated (average length of sheared

fragments is about 300-1,000bp). 10% of the soluble chromatin complex was saved for

positive control. Soluble chromatin complex were diluted then incubated with specific

IgGs against Pitx2a (15, 20) O/N at 40C. Chromatin/antibody complexes were pull down

by protein-A sepharose beads then eluted. Eluted immunoprecipitates was heated at

650C for 6-18 hrs to reverse the formaldehyde cross-linking. DNA fragments were

purified with a QIAquick spin kit (Qiagen, Chatworth, CA).
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RESULTS

Loss of 1st Branchial Arch and Deformation of 2nd Branchial Arch Muscle Anlagen

The morphology of muscle anlagen in Pitx2 mutant embryos was examined in

detail to discover defects in muscle formation. Whole mount X-gal staining of Pitx2LacZ

mice provided a convenient means to compare muscle anlagen at many stages of

development. Mutant (Pitx2LacZ/LacZ) and heterozygous (Pitx2+/LacZ) embryos were initially

compared at E13.5. Anlagen for the deep back musculature showed no apparent

defects. Muscles associated with the body wall, which fails to form in Pitx2 mutants,

were deformed or absent (data not shown). Limb muscle anlagen also showed apparent

morphological defects. The distortion of limb muscle anlagen was greater in those limbs

that showed larger overall malformation due to failed body wall closure. Thus, the left

hindlimb, which projected dorsally and caudally from the body of mutants, showed the

greatest distortion in anlagen shapes. In contrast, the right forelimb, which was situated

quite normally with respect to the body, showed no significant distortions of anlagen

shapes. Although many limb muscle anlagen were distorted in mutants, no loss of

anlagen was apparent (data not shown). Muscle anlagen in the head and neck appeared

grossly distorted, particularly in the region between the eye, otic vesicle, and jaw.  The

digastrics, masseter, platysma and temporalis branchiomeric muscles were significantly

smaller in mutants (Fig. 3-1E, 3-1J; Table 3-1). It was difficult to associate the defects in

head muscle anlagen with defects in body wall closure.

The ontogeny of head muscle anlagen was therefore compared in mutant and

heterozygote embryos between E9.5-E13.5 to determine how the apparent anlagen

defects observed at E13.5 arise (Fig. 3-1A-1J). The severe deformity and complexity of

the anlagen defects made it difficult to identify corresponding anlagen in mutants and

heterozygous at E13.5 (Fig. 3-1E, 3-1J). At E12.5, the pattern of X-gal staining was

simpler and allowed equivalent anlagen staining to be traced in the areas posterior and

anterior to the jaw. However, the mandibular and maxillary components of the jaw were

vestigial in mutants and only a few residual blue spots were observed in these regions,

indicating that most jaw-associated muscle anlagen were absent. A fan shaped anlage

originating ventral to the otic vesicle and inserting on the ventral aspect of the mandible,

appeared to be the anlage for a mandibular depressor, which derives from the 2nd BA

(Kelly et al., 2004). This anlage was present but is no longer fan-shaped in mutants (Fig.
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3-1D, 3-1I). One crescent shaped anlage just anterior to the eye appeared to extend

toward the dorsal aspect of the jaw. This anlage was significantly shorter in mutants.

At E11.5, it was still possible to identify the mandibular and maxillary components

of the developing jaw, or 1st BA, in mutants. However, both components were much

smaller than normal. In contrast, the size of the 2nd, or hyoid, arch showed no significant

reduction (Fig. 3-1C 3-1H, asterisk). Pitx2 was normally expressed in a broad domain in

the posterior half of the maxillary component and in a smaller more dorsal domain

between the maxillary and mandibular components. These expression domains were not

or were vestigial in mutants (Fig. 3-1C, 3-1H, arrow). Instead, the maxillary component

showed ectopic expression that resembled second arch expression. The Pitx2

expression domains in the second BA showed no significant defects in mutants.

At E10.5, the 1st BA of mutants was only slightly smaller, but striking differences

in the X-gal stain were still observed (Fig. 3-1B, 3-1G). Some of the X-gal stain at E10.5

is likely to correspond to muscle anlagen. However, the broad diffuse staining observed

at E9.5 (Fig. 3-1A, F) was due to Pitx2 expression in surface ectoderm. Ectoderm

expression has also been reported at E10.5 in this region. The loss or malformation of

jaw associated muscle anlagen was obvious at later stages when the jaw was vestigial.

The 1st BA was still present at earlier stages but showed striking changes in the pattern

of Pitx2 expression, suggesting that muscle anlagen were defective prior to loss of the

structure. In contrast, hyoid-arch associated muscle anlagen, which only showed

deformities at later stages, were not absent. No significant changes in the 2nd BA size or

Pitx2 expression were observed at earlier stages. Taken together, these RESULTS

suggest that 2nd BA anlagen were formed and became distorted, whereas 1st BA muscle

anlagen were not properly formed in Pitx2 mutants.

Pitx2 is Required for Initiation of Myogenic Progression in the 1st but not 2nd

Branchial Arch

The expression of Pitx2 in non-myogenic tissues of the 1st BA at the earliest

stages suggests that the whole mount X-gal analysis may not show a true picture of

muscle anlagen in the developing jaw. No clusters of Myogenin+ cells that lacked

Pitx2(ß-gal) expression were observed in serial sections of the head (data not shown).

Thus, Pitx2 still marked the muscle anlagen of the jaw. However, immunohistochemical

studies at E12.5 revealed that the 1st BA contained many Pitx2+ cells outside the

Myogenin+ territories (Fig. 3-2I). These may be either surface ectoderm or neural crest



51

derivatives. Pitx2 expression in neural crest derivatives has also been observed in other

regions of the head (Ai et al., 2006; Gage et al., 2005; Kioussi et al., 2002a). Pitx2

expression was generally not observed in non-myogenic territories surrounding anlagen

in other regions of the body (Chapter 2; Shih et al., 2007a). Severe losses in

Myogenin+/Pitx2+ territories were observed in the region adjacent to the tongue that

represents the vestigial jaw (Fig. 3-2I, M). Thus, muscle anlagen of the 1st BA were

severely reduced or absent in Pitx2 mutants.

The severe reduction in 1st BA size was associated with the loss of 1st BA muscle

anlagen. Arch size reduction could result from decreased proliferation or increased cell

death in either the muscle anlagen, the non-myogenic components of the arch or both. If

the loss of 1st BA muscle anlagen was due to reduced cell proliferation or increased

apoptosis, then one should observe decreased BrdU incorporation and PH3+ cells or

increased TUNEL in the relevant Myogenin+/Pitx2+ territory. Section across the jaw at

E9.5 (Fig. 3-2A, B, E, F) and E10.5 (Fig. 3-2C, D, G, H) showed increased TUNEL

staining in the mutants (Fig. 3-2E-H). No change in the PH3 staining was detected.

Matched sections across the jaw at E12.5 show Myogenin+/Pitx2+ territories that

represent muscle anlagen in the tongue and the surrounding jaw. No significant

difference in BrdU labeling was observed in these territories. In contrast, the regions

outside these territories showed a slightly higher density of BrdU labeling in

heterozygotes (Fig. 3-2I, M, asterisk). TUNEL staining showed no significant differences

inside or outside of these territories (Fig. 3-2J, N). Thus, the reduction in 1st BA size in

Pitx2 mutants was likely caused by increased cell death inside and outside of the muscle

anlagen at E9.5-E10.5. The reduction in size of Myogenin+ muscle anlagen did not

appear to be proportional to the overall size reduction. The loss of muscle cannot alone

account for the deformation of jaw. The shape of the Myogenin+ muscle anlagen was

also very different in mutants and heterozygotes. Taken together, these observations

indicate that the jaw was incorrectly patterned and all components were smaller. The

loss of Pitx2 resulted increased cell death and in the loss of nearly all Myogenin+ cells, or

muscle anlagen, in the 1st BA.

Loss of Myogenin+ muscle anlagen in the 1st BA may have resulted from a failure

to specify a population of myoblasts in this region. Myf5 and MyoD label the onset of

myogenic progression and their expression in the 1st BA begins at E10 and E10.5,

respectively. Immunohistochemical analyses of the 1st BA at E10 and E10.5



52

demonstrate that heterozygotes produce Myf5+ and MyoD+ cells in the core of the 1st BA

(Fig. 3-2K, L) where X-gal staining was observed (Fig. 3-2B). Both MyoD and Myf5 label

subpopulations of the Pitx2+ cell cluster at the mesodermal cores of both the 1st and 2nd

BA, consistent with previous studies (Chapter 2; Shih et al., 2007a). Pitx2 staining was

also observed in the overlying ectoderm of the 1st but not 2nd BA (Fig. 3-2I, K). At E10,

the Pitx2(ß-Gal)+ 1st BA core was already much smaller in mutants and Myf5+ cells were

not detected in it (Fig. 3-2L, P). A few MyoD+ cells were observed in the 1st BA core of

mutants at E10.5, but their total number and the fraction of Pitx2(ß-Gal)+ cells that was

MyoD+ was dramatically reduced (Fig. 3-2L, P). Drastic reduction of MyoD expression

was also observed by whole mount RNA in situ (Fig. 3-3E, J). In contrast, the Pitx2+ core

of the 2nd BA of mutants was normal in size and no defects in MyoD or Myf5 expression

were observed in them (Chapter 4). These observations indicate that Pitx2 lies

genetically upstream of the myoblast markers Myf5 and MyoD in the 1st, but not 2nd, BA

and that it plays a role in initiating myogenic progression only in the 1st BA.

Pitx2 Regulates Transcription Factors that Specify First Branchial Arch Myoblasts

Pitx2 expression precedes and is required for the expression of both Myf5 and

MyoD in the mesodermal core of the 1st BA. Several other transcription factors have

similar properties. Tcf21(capsulin) and Msc(MyoR) appear to encode a somewhat

redundant pair of bHLH transcription factors, for which at least one needs to be present

to form 1st BA associated mastication muscles(masseter, pterygoid, and temporalis).

Loss of both genes results in absence of Myf5 and severe reduction of MyoD in the 1st

BA. Tbx1 is required for Myf5 and MyoD expression in the 1st and 2nd BA and its loss

leads to defects in first and second arch associated muscles. Six2 is specifically

expressed in the 1st BA core at E9 and in the 2nd BA core at slightly later stages.

Functional analyses for this gene in the BA regions have not been reported. The

expression of these four markers was examined in Pitx2 mutants.

Tbx1 was expressed in most, if not all, Pitx2(ß-Gal)+ cells in the mesodermal

cores of the 1st and 2nd BA of heterozygotes at E10.5 (Fig. 3-2Q, R). Similarly, virtually

all Tbx1+ cells were Pitx2+ (ß-Gal)+. Pitx2 and Tbx1 therefore label identical cell

populations in these two regions. This cell population was severely reduced in size in the

1st BA of mutants. Furthermore, the level of Tbx1 expression in the residual population,

which could still be identified by X-gal staining, was only barely detectable at high gain.

In contrast, the core Tbx1+/Pitx2(ß-Gal)+ cell population showed no significant difference
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in size or Tbx1 expression in the 2nd BA (Fig. 3-2U, V). The size of the Pitx2+ core

populations was more similar in the 1st BA of heterozygotes and mutants at E9.5 (Fig. 3-

1A, E). Whole mount RNA in situ analyses indicated that Tbx1 RNA was expressed in

stripes of similar intensity in the 1st and 2nd BA (Fig. 3-3A). In mutants, the stripe

representing the mesodermal core of the 1st BA was not detected when the stripe

representing the mesodermal core of the 2nd BA was clearly visible (Fig. 3-3F).

Tcf21 was co-expressed with Pitx2(ß-Gal)+ cells of the BA cores in a manner

similar to Tbx1, indicating that Tcf21 and Pitx2 also label the same mesodermal cells.

One important difference was noted. Tcf21 also labels the neural crest derived cells that

reside inside the mesoderm core (Fig. 3-2S, W). Pitx2(ß-Gal)+ Tcf21+ cells were not

detected in the residual ß-Gal+ core of the 1st BA of mutants (Fig. 3-2W, X). However, a

group of Pitx2(ß-Gal)-/Tcf21+ cells that expressed the neural crest lineage tracer were

detected. No significant changes in Tcf21 were observed in the 2nd BA core of mutants.

Whole mount RNA in situ analyses at E9.5 indicated that Tcf21 RNA was expressed in

stripes of similar intensity in the 1st and 2nd BA (Fig. 3-3B). In mutants, Tcf21 was still

expressed in the 1st and 2nd BA however the expression pattern in the 1st BA became

thinner (Fig. 3-3B, G, arrow), consistent with the maintenance of Tcf21 in the neural

crest derived population at the center of the mesodermal core.

Msc and Six2 RNAs were also expressed in a central stripe in the 1st BA at E9.5

(Fig. 3-3C, D). A weak central stripe was observed for Msc, but not for Six2, in the 2nd

BA.  Expression of Msc and Six2 RNA were not observed in the 1st BA core of mutants

(Fig. 3-3C, H). The weak Msc expression was not significantly altered in the 2nd BA.

Functional Pitx2 was cell autonomously required for proper Tbx1, Tcf21, Msc, and Six2

expression in the pre-myoblast precursors of 1st, but not 2nd, BA. Pitx2 acted genetically

upstream of all four transcription factors in the1st BA.  Three of these factors have been

invoked in the specification or commitment of 1st BA myoblasts.

Pitx2 specifies pre-myoblast mesoderm in 1st branchial arch

Immunohistochemical detection of the mesodermal core of the 1st BA currently

requires expression of either Tbx1, Tcf21, or Pitx2(ß-Gal) in the core. The RESULTS

above indicate that loss of Pitx2 RESULTS in severe reduction or loss of Tbx1 and Tcf21

expression. They also show that the ß-Gal labeled area, referred to as the residual

mesodermal core, was severely reduced in mutants. However, it is possible that Pitx2

was also required for its own expression in a positive feedback loop and that the
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reduced number of ß-Gal+ cells in mutants reflected a loss of Pitx2(ß-Gal) expression

rather than a loss of the mesodermal core itself. A Pitx2 independent means to detect

the mesodermal core was needed to test this hypothesis.

In the developing BA, neural crest cells fill the space between the surface

ectoderm and the enclosed mesoderm at early stages. Neural crest cells generate bone,

cartilage, and neuronal cells, but not muscle cells, in the developing jaws. The Wnt1-

Cre|Rosa-EGFP system indelibly labels the neural crest lineage from the time it is

created. Examination of embryos bearing this tracing system revealed GFP- holes in the

BA. Double labeling with GFP and Tbx1, Tcf21, or Pitx2(ß-Gal) showed that these holes

were filled by the mesodermal cores (Fig. 3-2J, L). If the loss of Pitx2 function merely

resulted in down-regulation of Pitx2, then one would expect to see a Pitx2(ß-Gal)- hole

defined by the neural crest lineage tracing system. This was not observed. The simplest

interpretation of the data is therefore that the mesodermal cores of Pitx2 mutants are

severely reduced between E9.5 and E10.5. Myogenic progression normally begins at

E10 to E10.5. Thus, Pitx2 appears to be required for specification pre-myoblast

mesoderm in the 1st but not 2nd BA.

Pitx2 Directly Interacts with Tbx1 Regulatory Elements

Chromatin immunoprecipitation using BA tissue and Tbx1 expression in myoblast

cell cultures were used to test if the regulation of Tbx1 by Pitx2 was due to a direct

molecular interaction between Pitx2 protein and Tbx1 regulatory sequences. Five

potential Pitx2 binding sites were identified in the 3 kb of genomic sequence that lie

between the transcription initiation site of the Ensembl gene model for Tbx1 and the

initiation site of a gene model for a divergent transcript of unknown function (Fig. 3-3K).

Primers were designed to encompass these putative binding sites. Chromatin prepared

from the BA of heterozygotes and mutants at E12.5 was sheared and

immunoprecipitated with anti-Pitx2a antibodies. Tbx1 promoter fragments were amplified

from heterozygote, but not from mutant precipitates (Fig. 3-3K). Pitx1 promoter

fragments were also selectively amplified in heterozygous precipitates. Pitx1 is

expressed in the 1st BA and is down regulated in Pitx2 mutants. These data indicate that

Pitx2 occupies sequences upstream of Tbx1 in BA. A bicistronic expression vector

containing the Pitx2a cDNA and IRES-GFP under the control of the CMV promoter was

used to transiently over-express Pitx2a in the C2C12 mouse myoblast cell line.

Transfected cells that over-expressed Pitx2a were identified by GFP expression. These



55

cells expressed high levels of Tbx1 that were not detected in cells transfected by the

control plasmid, CMV-IRES-GFP (Fig. 3-3L-Q). Taken together, the results are

consistent with the idea that the Pitx2 transcription factor regulates Tbx1 by directly

interacting with its promoter.

DISCUSSION

Function of Pitx2 During Myogenic Progression

Homeobox genes generally display discrete zones of expression and are thought

to engage in different molecular mechanisms in each of the zones. Pitx2 is strongly

expressed in muscle, neural crest (Kioussi et al., 2002; Evans et al., 2005; Gage et al.,

2005), cardiac fields (Ai et al., 2006) and brain cell lineages. Mutants of the Pitx2

homeobox gene have phenotypes in body parts corresponding to each of the gene’s

embryonic expression domains. However, the reported muscle phenotypes in Pitx2 mice

have defied a consistent explanation. While it is clear that virtually all muscle anlagen in

embryos express Pitx2 in all stages of the myogenic progression, only a few muscles

show an apparent phenotype. Most of these phenotypes are shape distortions. The most

expedient explanation is that anlagen distortions are induced by the loss or distortion of

one muscle insertion point.

The loss of body wall and jaw in Pitx2 mutants leads to deformation but not loss

of muscle anlagen that insert with only one end into these structures (latissimus dorsi,

mandibular depressor). Muscle anlagen that are entirely associated with the missing

structures are absent (body wall muscles, mandibular adductors, intermandibular). Some

extraocular muscle precursors fail to condense in Pitx2 mutants and their expression of

myogenic markers is aborted. Some extraocular muscles and the mastication muscles

that connect maxilla and mandible to other regions of the skull are derived from the 1st

BA, which is vestigial in Pitx2 mutants by E13.5. The Pax3Spd/Spd or the Myf5-/-|Pax3-/-

double mutant mice exhibit severe muscle phenotype, however the head muscles are

not affected (Tajbakhsh et al., 1997). We found that the limb muscles, which are totally

eliminated in the Pax3Spd/Spd, have no obvious phenotype in the Pitx2 null mutants (Fig.

3-1). Interestingly, the non-existing muscles in the Pitx2 mutants are mostly located in

the head, where Pax3 is not strongly expressed. These observations suggested that
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Pitx2 is required for the specification of the Pax3-independent muscles. Pax3 might

compensate the Pitx2 function in these head muscles.

In this study we examine the loss of 1st BA muscles by tracking the earliest

known muscle specification events and find that there is a drastic reduction of 1st BA

mesoderm, and in the expression of the pre-myogenic markers Tbx1, Tcf21, Msc and

Six2, that happens prior to the normal onset of MyoD and Myf5 expression. Thus, the

muscle phenotypes in this region are most simply explained by the loss, or re-

specification, of the structure itself and have nothing to do with the any role of Pitx2 in

MRF expressing cells. It is likely that Pitx2 plays some, as yet undiscovered, roles in

MRF expressing cells or in mature muscle, but we expect that this phenotype will be

seen in all muscle groups of the body.

Jaw Specification

By E11.5 and E12.5 the jaw reduction clearly demonstrated that the Pitx2

homeodomain protein was essential for the development of 1st BA structures besides the

muscle lineage. Underdevelopment of 1st BA in Pitx2 mutant was not due solely to loss

of mesoderm components.  Indeed, tooth morphogenesis in Pitx2 mutants is also

impaired at early stages and involves the 1st arch surface ectoderm, which also

expresses Pitx2. The neural crest cell lineage is also a major contributor to the jaw

structures but these cells enter the BA well after the onset of Pitx2 in the mesodermal

core and surface ectoderm. At E10.5 and11.5, when the mutant 1st BA is smaller but still

apparent, the muscle anlagen of the 1st BA resemble those of the 2nd BA, suggesting

that the mutant 1st BA exhibits 2nd BA characteristics. Pitx2 was expressed as early as

E8.5 in two broad patches corresponding to somatopleure and 1st BA progenitors

(Chapter 2; Shih et al., 2007a). These are the two regions of the body where muscle

anlagen are lost rather than just distorted. We suspect that the anterior-posterior

patterning events that occur during gastrulation may initiate these two early Pitx2

expression domains and that Pitx2 may contribute to the combinatorial transcription

factor codes, or network kernels, that specify jaw and abdominal body wall very early in

ontogeny. As Pitx2 is a homeobox gene, we would predict that its loss will result to a re-

specification event, perhaps to a primordial, less elaborate arch that more closely

resembles the early 2nd BA.

The 1st BA derived mandibular muscles developed late during evolution

compared with the trunk muscles. These muscles operate in breathing movements and
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in capturing and manipulating food and are therefore under strong selective pressure

that depends greatly on the habitat of the animal. The adductors mandibulae in

amphibians and reptiles exhibit many forms and appear to have evolved specializations

corresponding to feeding behavior. The temporalis, masseter and pterygoid appear to be

the corresponding muscle groups in mammals. The intermandibularis helps pump air to

the lung in amphibians and is thought to correspond to the mylohyoid and anterior

digastic in mammals. Grafting studies suggested that development of mastication

muscles shared distinct and highly conserved genetic pathways from fish to mammals.

Interestingly, in lamprey, a jawless fish with strong mastication muscles, the Pitx2 and

Tbx1 orthologous genes are also expressed in 1st BA mesodermal core.

Pitx2 and Tbx1 Interactions in Myogenesis

Pitx2 and Tbx1 are molecular partners in different developmental fields including

cranial, limb and heart muscle lineages. Recent studies indicated that Tbx1 and Pitx2

are in the same genetic pathway during cardiac development. Tbx1 is expressed in both

1st and 2nd BA at E9.5 and when mutated leads to severe perturbation or absence of

both 1st and 2nd BA muscles. Tbx1 also maintains the number of myocytes in the head

and limb. Interestingly, like Pitx2, expression of Tbx1 follows the onset of myogenic

commitment in the limb muscle anlagen but precedes the speciation event in the 1st BA

muscle precursors. Our data show that Pitx2 is not only required but is also sufficient to

activate Tbx1. Therefore it is possible that Pitx2 controls the number of muscle

precursors through Tbx1 in the 1st BA mesodermal core (Fig. 3-4). Furthermore, our

microarray and realtime-PCR data from myoblasts indicated that Tbx1 was down-

regulated in the limb muscle anlagen of Pitx2 mutant (Chapter 4) and places Pitx2

upstream of Tbx1 in the skeletal muscle lineages.
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Figure 3-1. Loss of Head Muscle in Pitx2 Mutants. Whole mount X-gal staining was

performed to trace and compare the head muscle anlagen in Pitx2+/LacZ (A-E) and

Pitx2LacZ/LacZ (F-J) mouse embryos. Branchial arch structures are outlined. (A, F) At E9.5,

Pitx2 was expressed in the 1st BA. No significant anatomical change was observed in the

mutants. (B, G) At E10.5, Pitx2(ß-Gal) was detected in both 1st and 2nd BA (B, arrows

and asterisk). In the Pitx2 mutant, the size of 1st BA was slightly smaller but X-gal

positive area was largely reduced (G, arrow). No significant changes in the 2nd BA size

or Pitx2 expression were observed (G, asterisk). (C, H) At E11.5, Pitx2 mutants were

characterized by hypocellular 1st BA. No significant changes in the 2nd BA were observed

(H, asterisk). Only a residual presumptive muscle anlage was found in 1st BA of the

mutant (H, arrow). (D, I) At E12.5, 1st BA derived muscles were absent (arrow) and the

2nd BA derived muscles were deformed in the mutant (arrowheads). (E, J) At E13.5,

severe deformity and complexity of muscle anlagen was observed in the mutant. The

maxillary and mandibular muscles were not properly formed (asterisks), and the 2nd BA

derived muscles were significantly deformed in the mutant (arrows). e: eye; mb:

mandibular component; mx: maxillary component; ov: otic vesicle; 1: 1st BA; 2: 2nd BA.
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Figure 3-2. Pitx2 Specifies 1st BA Myoblasts. (A, B, E, F) TUNEL/PH3/ß-Gal(Pitx2)

triple labeling immunohistochemistry on transverse head sections of E9.5 Pitx2+/LacZ (A,

B) and Pitx2LacZ/LacZ (E, F). TUNEL/PH3 double labeling on frontal head sections of E10.5

Pitx2+/LacZ (C, D) and Pitx2LacZ/LacZ (G, H). Significant programmed cell death increase

was observed in the mutant mice at E9.5 and E10.5 (E- H). (B, F, D, H) High

magnification images. ( I -P)  BrdU/Myogenin/ß-Gal(Pitx2) triple labeling

immunohistochemistry on frontal head sections of E12 Pitx2+/LacZ (I) and Pitx2LacZ/LacZ (M).

Muscle anlagen were outlined by Pitx2(ß-Gal)+ territory. No significant difference of BrdU

labeling was observed in this territory. Myogenin was expressed only in a residual

Pitx2+(ß-gal+) territory in the mutant, indicating a massive muscle reduction in the jaws

(M, arrow). (J, N) TUNEL/Pitx2(ß-Gal) double labeling immunohistochemistry on frontal

head sections of E12.5 Pitx2+/LacZ (J) and Pitx2LacZ/LacZ (N). No significant change of

TUNEL signal was observed within the outlined Pitx2(ß-Gal)+ territory in the

heterozygote and mutant mice. (K, O) Myf5/ß-Gal(Pitx2) double labeling

immunohistochemistry on transverse head sections of E10 Pitx2+/LacZ ( K )  and

Pitx2LacZ/LacZ (O). In the heterozygote, Myf5 was colocalized with a Pitx2(ß-gal)+ cell

subpopulation in the 1st BA muscle anlagen (K, arrow). Expression of Myf5 was not

observed in the residual Pitx2(ß-gal)+ territory in the mutant (O, arrow). Six2/MyoD/ß-

gal(Pitx2) triple labeling immunohistochemistry on sagittal head sections of E10.5

Pitx2+/LacZ (L)  and Pitx2LacZ/LacZ (P). EGFP/Tbx1/Pitx2(ß-Gal) (Q, R, U, V) and

EGFP/Tcf21/ß-gal(Pitx2) (S, T, W, X) Triple labeling immunohistochemistry on

transverse head sections of E10.5 Wnt1Cre|R26EGFP|Pitx2+/LacZ (Q-T )  and

Wnt1Cre|R26EGFP|Pitx2LacZ/LacZ (U-X). Tbx1+ cells were colocalized with the Pitx2(ß-Gal)+

cells in the mesodermal cores of the 1st and 2nd BA in the heterozygote mice (R, arrows).

These cells were surrounded with the GFP+ neural crest cells. Expression of Tbx1 was

barely detectable in the mesodermal core of 1st BA in the mutant mice (U, V).

Tcf21+/Pitx2(ß-Gal)+ cells were detected in the mesoderm core of the 1st BA in the

heterozygote mouse (S, T). This cell population was not observed in the mutant mouse

(W, X). Expression of Tcf21 was also observed in the ectoderm-derived component of

the 1st BA, which was located inside the core (S, W arrow). (R, T, V, X) Higher

magnification images of outlined area. 1: 1st BA; 2: 2nd BA; V: trigeminal ganglion; tg:

tongue.
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Figure 3-3. Pitx2 Regulated Transcription Factors in 1st BA. (A-J) RNA whole mount

in situ hybridization for tbx1 (A, F), tcf21 (B, G), msc (C, H), six2 (D, I) and myod1 (E, J)

in Pitx2+/LacZ (A, B, C, D, E) and Pitx2LacZ/LacZ (F, G, H, I, J) E9.5 or E10.5 mice. The

expression of tbx1 RNA was not observed in the 1st BA in the Pitx2 mutants (F, arrow),

but no significant change was observed in the 2nd BA (F, asterisk). The expression of

tcf21 RNA was reduced in the 1st BA (G , arrow),  but no significant change was

observed in the 2nd BA (G, asterisk). The expression of msc (C, H) and six2 (E, J) RNA

was not observed in the 1st BA of the Pitx2 mutants. (K) In vivo ChIP assays from 1st and

2nd BA chromatin extracts of E12 heterozygote mice indicated the presence of Pitx2a on

the Pitx1 and Tbx1 promoters. The chromatin extracts from Pitx2LacZ/LacZ mice were used

as a negative control. (L-Q) Over-expression of Pitx2a-IRES-EGFP under the control of

CMV resulted in activation of Tbx1 expression (L-N, arrows). Nuclear staining of Tbx1

was not observed in C2C12 myoblasts transfected with an empty vector (O-Q). 1: 1st BA;

2: 2nd BA
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Figure 3-4. Model of Pitx2 Roles in the 1st BA Muscle Development. Pitx2 is

expressed in the oral ectoderm and 1st and 2nd BA. Pitx2 was expressed before the

myogenic onset in the 1st BA mesodermal core and was required for the 1st BA muscle

specification by modulating pre-myoblast specification markers, such as Tbx1, Tcf21,

and Msc in early stages. These transcription factors are required for the Myf5 and MyoD

activation in the 1st BA muscle precursors. Pitx2 may also directly control the expression

of MRFs and regulate the differentiation of the muscle in later stages. Pitx2 was not

required for the 2nd BA specification.
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Table 3-1

Analysis of Branchial Arch Muscles in the Pitx2+/LacZ and Pitx2LacZ/LacZ mice.

E11.5a E12.5 E13.5

Muscle

Origin

Migration
Pitx2+/LacZ Pitx2LacZ/LacZ Pitx2+/LacZ Pitx2LacZ/LacZ Pitx2+/LacZ Pitx2LacZ/LacZ

Digastric (di) 2nd + Normal ++ RE +++ RE

Masseter (ms) 1st + RE ++ DF, RE +++ DF, RE

Platysma (pl) 1st + RE ++ DF, RE +++ DF, RE

Temporalis (te) 1st + RE ++ DF +++ DF

a  Most muscle groups were not well formed in this stage. Pitx2+(ß-Gal+) cells were detected in the most
premature presumptive musculature. + levels of Pitx2(ß-Gal) expression, DF: deformed; RE: reduced.
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SUMMARY

Pitx2 is a homeodomain transcription factor that is required for 1st branchial

muscle and extraocular muscle formation. Although Pitx2 is also strongly expressed in

developing limb muscle anlagen, little is known for its function during limb muscle

development. We first compared limb muscle anlagen in Pitx2 heterozygous and

mutants but we found that Pitx2 mutant mice displayed non-significant alterations in limb

muscle formation. In order to further investigate the function of Pitx2 during limb muscle

development, we performed DNA microarray comparisons in migratory limb muscle

precursors of three different genetic backgrounds (wild type, heterozygote and mutant)

to screen potential target genes of Pitx2 during limb muscle development. The migratory

limb muscle precursor pool were purified and enriched by partitioning EGFP labeled

Lbx1+ cells through Fluorescent-Activated Cell Sorting (FACS). Microarray analysis data

showed that Pitx2 mediates the expression of many other transcription factors,

suggesting a tissue specific role of Pitx2 during muscle development. Loss of Pitx2

resulted to upregulation of the premyogenic progenitor markers Pax3 and Lbx1, which in

turn lead to alteration of myogenic progression within the limb. Loss of Pitx2 resulted to

upregulation of adhesion and structure proteins, which might lead to the general limb

muscle deformities. Thus, Pitx2 can regulate early and late stages of myogenesis.
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INTRODUCTION

Formation of limb muscle precursors begins when inductive cues from the lateral

mesoderm and surface ectoderm synergistically induce the expression of Lbx1 within the

ventrolateral Pax3 expression domain of dermomyotomes at limb levels (Dietrich et al.,

1998). The lateral mesoderm also provides signals that repress myogenesis in limb level

dermomyotomes (Venters et al., 2004), and promote their delamination (Bladt et al.,

1995; Dietrich et al., 1999) and migration (Hayashi and Ozawa, 1995) into the limb bud.

Lbx1 expression in mice begins in the dermomyotome lips at E9.25 at forelimb levels,

and is required for lateral migration (Gross et al., 2000). The dorsal and ventral muscle

masses of E10.5 mouse limb buds consist of Lbx1+/Pax3+ limb muscle precursors

(Gross et al., 2000).

Muscle precursors also express the homeobox transcription factor Msx, but not

MyoD or Myf5, at the earliest phase of migration (Houzelstein et al., 1999). However,

numerous myogenin positive cells are generated within the muscle masses as early as

E11 (Gross et al., 2000), indicating that some postmitotic myogenic cells are rapidly

deposited. Msx1 expression in muscle masses ceases, as MRFs are upregulated

(Houzelstein et al., 1999). Numerous Lbx1+/Pax3+ cells persist in all limb muscle anlagen

until at least E12.5. In the period between E11 and E12.5 the muscle masses enlarge,

split and ultimately become the muscle anlagen, which resemble the adult muscles in

shape and position with respect to bone anlagen. Thus, the Pax3, Lbx1, MyoD and

Myogenin proteins mark myogenic progression rather than discrete populations in the

limb bud.

Pitx2 is a bicoid–related homeobox gene that is specifically expressed in all

MyoD+, Myf5+ and Myogenin+ cells of embryonic muscle anlagen. Pitx2 therefore marks

the myogenic progression more completely than any of the MRFs alone and provides

the most comprehensive marker of muscle anlagen to date (Chapter 2; Shih et al.,

2007a). Pitx2 labels virtually all muscle anlagen throughout embryogenesis and muscles

in adults. Regions surrounding the anlagen generally lack Pitx2 (Shih et al., 2007b).

Ablation of all three Pitx2 isoforms (Pitx2abc-/-) causes lethality in mouse at E10.5-E14.5

with axial malformations, open body wall, laterality and heart defects, and arrest of organ

development (Gage et al., 1999a; Gage et al., 1999b; Kioussi et al., 2002; Kitamura et

al., 1999; Lin et al., 1999; Liu et al., 2003). Although many limb muscle anlagen were

distorted in mutants, no loss of anlagen was apparent (Chapter 3; Shih et al., 2007b). In
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addition, Pitx2 is not required for muscle precursor delamination and migration to the

limbs because no significant change of Pax3 or Lbx1 expression pattern is observed in

the Pitx2LacZ/LacZ embryos in these early developmental events of myogenesis. These

data suggest that Pitx2 is not required for limb muscle specification but is involved in

their shape formation. The exact source, timing, and migration patterns of the myoblasts

have recently been described using classic lineage tracing techniques in embryos.

Lbx1EGFP knock-in mice were initially developed for the analysis of limb muscle and

neural tube development (Gross et al., 2000). EGFP sequences are knocked-in so that it

is under the control of endogenous Lbx1 control elements and tightly reproduces the

expression pattern observed with anti-Lbx1 antibodies (Gross et al., 2000).

In this study, we used flow sorting to separate Lbx1EGFP limb pre-myogenic

progenitor cells from E12.5 Pitx2 wild type, heterozygote and mutant mice, and used

Affymetrix microarrays to compare the pattern of gene expression mediated by Pitx2.

Pitx2 expression in the Lbx1+muscle precursor lineage represents a distinct temporal

phase. We identified many genes that are activated or suppressed by Pitx2, including

transcription factors and gene families involved in the formation of myotube and muscle

contraction. Pitx2 might be a key component of the late stage of muscle development.

EXPERIMENTAL PROCEDURES

Mice

ICR Pitx2+/LacZ mouse embryos (Lin et al., 1999) and Lbx1+/EGFP (Gross et al.,

2000) were used. Pitx2+/LacZ mice were bred with Lbx1+/EGFP to generate Pitx2+/LacZ

|Lbx1+/EGFP double heterozygote mice. Genomic DNA was extracted from tail and used

for PCR genotyping (Lin et al., 1999; Gross et al, 2000). For cell flow sorting, embryos

were rapidly genotyped under a fluorescent microscope to identify Lbx1+/EGFP

heterozygote mice. To identify the Pitx2 genotypes, only Lbx1+/EGFP heterozygote

embryos were subjected to X-gal staining.

X-gal Staining for Genotyping

For quick genotyping, dissected E12.5 embryo heads were washed with PBS

and incubated with 1mg/ml x-gal in 2 mM MgCl2, 0.02% NP40, 5 mM K3F4(CN)6, 5 mM
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K4F3(CN)6 in PBS at 37oC for at least 0.5 h. Samples were washed with PBS and

genotyped by microscopy examination.

Flow-Sorting EGFP+ Limb Pre-Myogenic Progenitor Cells

Limbs from E12.5 mice were isolated by dissection, enzymatically dissociated,

and sorted. Synchronous Lbx1+/EGFP containing litters were removed at E12.5 and rapidly

genotyped under a fluorescent microscope to identify Lbx1+/EGFP heterozygote embryos.

X-gal staining was then used as genotyping method to identify the Pitx2 mutants and

heterozygotes. Limb buds and ventral body wall compartments between the caudal edge

of the shoulder and lumbar region were dissected from the embryos and stored on ice

until dissociation. For enzymatic dissociation, 1 ml of dissociation buffer was added to 40

limb buds in the 4 ml polystyrene tube prior to 3 min incubation in 370C water bath.

Large tissues were disrupted by repeating up and down pipeting (10 times) through 1ml

blue tips prior to another 3 min incubation in 370C water bath. Another cycle of up &

down pipeting through 1ml blue tips followed by adding 1ml of quench buffer. After

passing through 30µm2 Nifex filter, samples were centrifuged down (1400g, 1min at RT).

Sample pellets were recompensed by 15 cycles of repeating up and down pipeting

through 1ml blue tips with 1ml quench buffer and subjected to load to the flow sorter.

Extraction of Total RNA

After FACS, EGFP+ cells (green) and EGFP- cells (white) were lysed with RLT

buffer (Qiagen) and kept in -80°C until the day of RNA extraction. 350µl of RLT buffer

was used for up to 2x106 cells. In general, 105 EGFP+ cells were obtained from pooling

3-4 different sorting batches of cell lyses. For extraction of total RNA, RNeasy Micro Kits

(Qiagen) were used according to manufacture protocols.

Immunohistochemistry

Mouse embryos were dissected free of membranes, and fixed with 4%

paraformaldehyde/0.1M Na3PO4 pH 7.4 for 45 min at 4°C. Tissues were then rinsed

extensively with PBS, and cryopreserved with 25% sucrose/PBS for 16 h before

embedding in OCT (Tissue Tek; Sakura). Cryosections (12 or 16 µm) were dried, rinsed

with PBS (3 times for 5 min), and treated with ice-cold methanol for 2 min. Air dried

sections were incubated with Blocking Buffer (0.3% blocking reagent (Boehringer), 5%

heat inactivated bovine serum, 5% heat inactivated donkey serum, 0.3% Triton in PBS)

for 1h at RT prior to overnight incubation with primary antibodies at 4°. Specific primary
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antibodies were diluted in the blocking buffer and were applied to the sections.

Antibodies against Pax3 (Rat, 1:200, Gross et al., 2000), Lbx1 (rabbit, 1:100, Gross et

al., 2000), MyoD (rabbit 1:100, Santa Cruz; mouse, 1:50, Developmental Hybridoma

Bank), Myogenin (rabbit, 1:100, Santa Cruz; mouse, 1:100, Developmental Hybridoma

Bank), ß-Galactosidase (rat, 1:1000, Cappel; rabbit, 1:2000, Cappel; mouse, 1:500,

Promega), were used. After primary antibody incubation, sections were washed 3 times

for 10 min with PBST (0.1% Tween20/PBS). Secondary antibodies conjugated with Cy2,

Cy3 or Cy5 (donkey antibodies against specific IgG species, 1:400 dilution in the

blocking buffer) (Jackson Immunochemicals) were applied for 2h at RT. Sections were

washed three times for 10 min with PBST, dehydrated by ethanol, and mounted in DPX

for microscopy in Zeiss LSM510 Meta confocal microscope.

RESULTS

Deformed Appendicular Muscle Anlagen in Pitx2 Mutants

Strong Pitx2 expression in the developing and adult limb muscles (Chapter 2,

Shih et al., 2007a) indicated that Pitx2 is involved in all myogentic phases. To test this

hypothesis, limb muscle anlagen of Pitx2+/LacZ and Pitx2LacZ/LacZ mice were compared at

the latest stage possible, E14.5. At this stage, mutants were grossly malformed because

the body wall had failed to close. Limb muscle anlagen appeared to be present but most

were slightly malformed (Fig. 4-1A-H). It was possible that the altered shape of many of

these muscle anlagen was a secondary consequence of failed body wall closure, which

lead to overall compaction of right forelimb structures and expansion of left forelimb

structures. In addition, the right hindlimb projected caudally along the body axis and left

hindlimb projected dorso-laterally away from the body axis (Fig. 4-1G, H). Muscle

anlagen would therefore have to assume a different shape if they were still to make

proper connections at each end. At this crude level of analysis, it appeared that most, if

not all, limb muscle anlagen had formed. Thus, Pitx2 was therefore not essential for the

gross patterning of limb muscle anlagen. Anlagen for the deep back musculature

showed no apparent defects. However, muscles associated with the body wall, which

fails to form in Pitx2 mutants, were deformed or absent (Fig. 4-1J, N).
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Isolation of Limb Pre-Myogenic Progenitor Cells

Pitx2 mutant mice showed no significant limb muscle phenotypes and it is

unclear for the function of Pitx2 during limb muscle development. Study for the change in

globe gene expression profile in the Pitx2 mutant would provide insightful information for

investigating the possible functions of Pitx2 in muscle development. Expression DNA

microarray technology has became a great tool to examine and compare globe gene

expression profile at once. However, gene expression comparisons by the expression

DNA microarray have also been noisy and inconsistence, probably due to the impurity of

the material pools. We have successfully isolated Lbx1EGFP spinal cord neurons from

different embryonic stages and compared the pattern of gene expression in the Lbx1 wild

type , heterozygote and mutants (Kioussi et al., 2006). We therefore adapted the same

approach to isolate Lbx1EGFP pre-myogenic progenitor cells and compare gene

expression profiles between Pitx2wild type, heterozygote and mutant mice.

All Pitx2 genotypes were generated in the mutants in the Lbx1EGFP background.

Pitx2LacZ/+ mice (Lin et al., 1999) were initially crossed with the Lbx1EGFP/+ mice (Gross et

al., 2000) to generate Pitx2LacZ/+/Lbx1EGFP/+ double heterozygote mice (1/8), which were

healthy and fertile. Pitx2LacZ/+/Lbx1EGFP/+ 8 weeks old females were crossed with

Lbx1EGFP/+ males. Half of the offsprings were EGFP+ and the occurring rate of

Pitx2LacZ/+|Lbx1GFP/+, Pitx2LacZ/lacZ|Lbx1GFP/+ and Pitx2+/+|Lbx1GFP/+ appeared to follow the

Mendelian ratio (Table 4-1), consisted with the idea that both Pitx2 and Lbx1 were not

haploid insufficient for the survivability. The expression pattern of EGFP in the Pitx2

heterozygote and mutant E12.5 mice appeared to be unaffected as wild type (data not

shown). These data consisted with the observation that the loss of Pitx2 does not affect

delamination and/or migration of the pre-myogenic progenitor in the limb.

Limbs from E12.5 mice were then dissected and dissociated prior to FACS

sorting scheme in order to partition the EGFP+ pools. Sorting of 2x106 green cells takes

approximately 30 minutes. Aliquots of each sorted cell pool were reanalyzed at the end

of each sort to establish the purities. In general, the EGFP+ population in E12.5 limbs

represented roughly 5-6% of the total population (Fig. 4-2A). The ratio of EGFP+ to

EGFP- cells seemed to be lower than the EGFP expression observed in histology,

suggested that the sorting might only partially recover the EGFP population. The purity

of EGFP population varied from 70% to over 99% and appeared to be highly depending

on sample dissociation quality and sorting stringency (Table 4-1). Sorted cells were
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harvested by centrifugation and processed to recover total RNA. RNA samples were

quantified and ran on an Agilent Bioanalyser 2100 to assess RNA quality prior to

microarray analysis (Fig. 4-2B). By this experimental scheme, approximately 4 pg of total

RNA were recovered from every one pre-myogenic progenitor cell. This number was

substantially lower than the estimated amount of total RNA from a typical mammalian

cell (10-30 pg total RNA; Alberts, et al. 1994), which suggests that an embryonic cell

contains less total RNA than a matured cell. Two measures were used to compare

transcripts between samples from different genotypes. Microarray experiment 1 and 2

used total RNA samples that were collected from 4 and 3 independent FACS sorted cell

lyses, respectively. Data were normalized using GCRMA on Genespring software. The

statistics data is summarized in Table 4-1.

Analysis of Gene Expression in the Limb Pre-Myogenic Progenitor Cells

Although no significant difference in the muscle phenotype of E12.5 Pitx2 mutant

mice was observed, expression level of many genes was largely altered in the limb pre-

myogenic progenitors of the Pitx2 mutants (Fig. 4-2C). Affymetrix 430 microarray chip

contains 45,000 probe sets analyzing the expression level of over 39,000 transcripts. In

Experiment 1, 134 transcripts with the expression a >2.0 fold change were identified and

58 (40%) were down-regulated in the mutant. In Experiment 2, 605 transcripts were

identified with a > 2.0 fold change, and 65 (10%) were down-regulated in the mutant.

These data suggest that Pitx2 acts as a transcription repressor for most of its target

genes. We selected and listed 49 up-regulated genes (Table 4-2) and 19 down-

regulated genes (Table 4-3) in Pitx2 mutants by the following criteria: (1) Genes are

present in at least one genotype in both experiments, (2) Gene exhibit a minimum of a 2

fold increase or decrease in gene expression in either experiment except for the

transcription factors (1.5 fold), (3) Genes were categorized as ambiguous when

exhibited inconsistency in the direction of up- or down-regulation. The results indicated

that loss of Pitx2 affects transcription factors, cell cycle, cell signaling, adhesion,

structural proteins and axon guidance genes.

Pitx2 Regulates the Pax3/Lbx1 Myogenetic Pathway

Numerous transcription factors are activated in the limb pre-myogenic progenitor

and are required for myogenic progression (Chapter 1). At E12.5, limb muscle anlagen

consist of a mixture of proliferative and postmitotic cells that are marked by expression

of combinations of Pax3, Lbx1, MyoD, Myf5 and myogenin. Because the strong
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expression of Pitx2 is observed during all phase of myogenic progression, one would

propose that Pitx2 may be essential for regulating myogenic progression. We therefore

compared the expression level of those myogenic transcription factors in the wild type

and Pitx2 mutant. The two essential genes for trunk muscle development, Pax3 and

Lbx1, were significantly up-regulated in the Pitx2 mutants (Table 4-2; Pax3 (+4.7), Lbx1

(+1.7)) but not the later myogenic markers MyoD, Myf5, and myogenin. The increased

levels of Pax3 and Lbx1 in the Pitx2 mutant limb pre-myogenic progenitor cells might be

due to extended proliferation stages. To test this hypothesis, expression of Pax3 and

Lbx1 within the Pitx2+(ß-gal) territory was compared in heterozygote and mutant

embryos by immunohistochemistry on E12.5 limb sections. Anti-ßgal antibodies were

used to visualize the territories of relevant muscle anlagen and were applied in

combination with other antibodies against Pax3, MyoD, or myogenin. These analyses

demonstrated that virtually all cells (>95%) in the limb that expressed Pax3, MyoD, or

myogenin, also expressed Pitx2 (Fig. 4-3G). In Pitx2 mutants, virtually all Pitx2(β-gal)+

cells still expressed either Pax3, MyoD, myogenin or a combination of these markers

(data not shown). However it appeared that there was a difference in the co-expression

of the Pax3, MyoD and myogenin markers in some regions of the limb anlagen. Pax3

was detected in many but not in the large pool of MyoD+cells of normal limb muscle,

suggesting that Pax3 gradually declined as MyoD expression was established (Fig. 4-

3A, A’). The relative proportion of MyoD+ cells that also expressed Pax3 appeared to be

significantly increased in mutant distal forelimbs (Fig. 4-3A, B). This effect appeared to

be most pronounced in the anterior side (Fig. 4-3A’, B’). Similarly, the relative proportion

of myogenin+ cells that expressed Pax3 appeared to increase throughout the forelimb

(Fig. 4-3C, D) and this effect was also pronounced in the anterior side (Fig. 4-3C’, D’).

MyoD expression appeared to persist in myogenin+ cells in distal anlagen of both

heterozygote (Fig. 4-3E, E’) and mutant mice (Fig. 4-3F, F’). Our microarray data

indicated no change of expression of late myogenic markers in Pitx2 mutants, which

might be the result of the persistence of the Pax3 in the pre-myogenic progenitor cells.

Expression of Pax3 also appeared more robust and enlarged rounds in the affected

areas in the Pitx2 mutant mice (Fig. 4-3A’ and 3B’, Fig. 4-3C’ and 3D’). Surprisingly, this

effect was not universal, and there are localized differences in myogenic progression in

the distal muscle anlagen of mutants. These observations support the idea that the pre-

myogenic progenitor cells persist longer in the proliferating stages.
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DISCUSSION

Gene expression profiling using DNA microarrays is powerful tool which in

combination with gene perturbation studies, results to the generation of a gene network

(Amati et al., 2007; Ivins et al., 2005; Prescott et al., 2005). However, the quality of

microarray data may be low, if variable frequencies of non-target cells are present in the

starting material (de Ridder et al., 2005). Data quality is high when microarray

experiment samples should be at least 90%. In our study, we used flow sorting to purify

and enrich the limb pre-myogenic progenitor cells. After cell sorting, the purity of muscle

precursor cell pool was substantially increased from 6% to 75% in Experiment 1 and to

90% for Experiment 2. At least two sets of data required for a well founded conclusion.

In Experiment 1, Pitx2 was down-regulated 67 fold and Corl1 was up-regulated 6.6 fold.

In Experiment 2, Pitx2 was down-regulated 150 fold and Corl1 was up-regulated 62 fold.

In addition, expression levels of many genes (ambiguous transcripts in Table 4-2 and

Table 4-3) were significantly altered in Pitx2 mutants in Experiment 2, however

expression levels of the same genes showed less or no changes in Experiment 1. Thus,

the purity of target cells (GFP+ cells) does affect the significance of gene expression

differences.

Reported Pitx2 direct downstream genes from cell culture studies such as PLOD

(procollagen lysine, 2-oxoglutarate 5-dioxygenase) (Hjalt et al., 2001), cyclin D1 and D2,

c-Myc, and LEF-1 (Baek et al., 2003; Kioussi et al., 2002), prolactin (Quentien et al.,

2002), or indirect targets Shh, Fgf8, fgf18, Bmp4, Bmp2, and Fgf18 which are involved in

mouse pituitary development (Lin et al., 1999), were not affected in the pre-myogenic

progenitor cells in the Pitx2 mutants. In addition, expression levels of most of these

genes were substantially low in the limb pre-myogenic progenitor cells. On the other

hand, expression levels of Tbx1 and Pitx1 were remarkably reduced in the Pitx2

mutants. These data are in accord with previous in vivo studies showing that Tbx1 and

Pitx1 are down-regulated in during muscle (Shih et al., 2007a) and hindlimb

development (DeLaurier et al., 2006; Lanctot et al., 1999; Lin et al., 1999; Marcil et al.,

2003). These data suggest that Pitx2 differentially regulates the development of tissues

of the same origin in a spatial and temporal manner, depending of the combinatorial

gene network that is involved at the time.

Pitx2 heterozygote mice are viable and do not display significant malformations

during muscle development (Shih et al., 2007a; Shih et al., 2007b). Despite only one
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functional allele, Pitx2 expression in heterozygote mice was compensated to more than

70% of wild type. This compensation (>70% versus the theoretical 50%) effectively

restored the Pitx2 function and also suggested an active auto-regulatory feedback. This

hypothesis is consisted with the observation that Pitx2 may function as a general

transcription repressor for most of its target genes. If Pitx2 regulatory activity is restored

in heterozygote mice, one would predict that all downstream targets of Pitx2 would have

nearly normal expression levels in heterozygous mice. We therefore compared the

expression level of 49 increased and 19 decreased transcripts that were listed in table 4-

2 and table 4-3 between wild type and heterozygous.  Indeed, very few (Fig. 4-2B; Table

4-2, Table 4-3) target genes showed over 1.5 fold change in Pitx2 heterozygote mice.

This result consisted with that Pitx2 heterozygocity is sufficient to compensate its

regulatory function by normalizing the expression to over 70% of normal expression

level.

Pitx2 has a Distinct Role in the Limb Pre-Myogenic Progenitor Cells

Pitx2 is required for 1st BA and EOM muscle specification (Chapter 3; Shih et al.,

2007b). Microarray studies showed that expression of muscle-specific genes including

the muscle-specific transcription factor genes Myf5, Myod1, Myog, smyd1, Msc, and

Csrp3 was sensitive to Pitx2 gene dose, in the extraocular muscles. These muscle-

specific transcription factors are down-regulated in the embryonic EOM in Pitx2 mutants

(Diehl et al., 2006). However, only the expression of Csrp3 was affected in the pre-

myogenic progenitor cells in the Pitx2 mutants (+2.2 fold; Table 4-2, ^15). This

inconsistency supports our earlier hypothesis that Pitx2 has distinct roles not only within

different tissues but also within different cell lineages of the same tissue, or even within

different stages of the same cell lineage. Therefore, Pitx2 target genes at different

stages of a cell lineage are necessary for building the gene network for head and/or

trunk muscles.
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Figure 4-1. Deformed Appendicular Muscle Anlagen in Pitx2 Mutants. Whole mount

x-gal staining of E14.5 Pitx2+/LacZ and Pitx2LacZ/LacZ mice indicated that Pitx2 was

expressed throughout muscle anlagen (A-H) Limb muscle anlagen were formed in all

four limbs at E14.5 mutant mice. Arrowheads indicate shortened or condensed muscles.

Asterisks indicate distorted or malformed muscles. Major muscle groups were as

labeled. (I-P) Pitx2LacZ/LacZ mice exhibited deformed body wall muscle groups. The

acromiotapezius (at), spinotrapezius (st), latissimus dorsi (ld), obliquus abdominis (oa),

cuteneus maximus and gluteus muscles (gt) were deformed and had irregularity fiber

like texture. Close up view of acromiotapezius, spinotrapezius, latissimus dorsi (I, M),

cutrneus maximus and obliquus abdominis (J, N) after peering skin. The altered texture

of acromiotapezius and Latissimus dorsi were indicated (I, M; arrowheads). The right

side uteneus maximus was largely reduced in the mutants (N, asterisks). The obliquus

abdominis aggregated into a clumpy shape rather than a round sheet surrounds the

belly (J, N asterisks). Dissected right side latissimus dorsi from x-gal stained Pitx2+/LacZ

(K) and Pitx2LacZ/LacZ (O) embryos at E14.5. Arrowheads indicated abnormal focal

adhesion points in two connection ends of latissimus dorsi in the Pitx2LacZ/LacZ (O).
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Figure 4-2. Flow-Sorting GFP-labeled cells from Solid Tissue. (A) FACS analysis of

sorter Lbx1+ cells. The limbs of E12.5 Lbx1-GFP embryos were isolated by dissection,

dissociated enzymatically, and sorted. The automated multiwell plating function on the

MoFlo was used to test a variety of substrate and media at systematically controlled

plating densities. Cells in this way was sorted at a rate of 10,000 cells/s with a purity of

95-99+%, depending on the stringency of gating. Cell number (Y axis, log scale) vs.

florescence intensity (X axis, FL1) plot. GFP+ cells could be effectively separated from a

pool of trypsinized limb bud cells based on their florescence intensity. The “a” peak

represented GFP- cell population, and the “b” peak represented the GFP+ cell

population. The GFP+ population represents 5-6% of the total limb bud cellular pool. (B)

RNA samples were quantified and ran on an Agilent Bioanalyser 2100 to assess RNA

quality prior to microarray analysis (C) Comparison of expression of total RNA from

Pitx2+/- vs WT. Each dot in both axes represents relative RNA expression levels for an

individual gene in WT vs. Pitx2+/- respectively. If a dot is perfectly located in the diagonal

line, then the relative gene expression level for the representing gene exhibits no

difference within Pitx2+/- and WT. Virtually there were no many genes that exhibited large

expression differences when Pitx2+/- and WT were compared. (C) Comparison of

expression of total RNA from Pitx2-/- vs. Pitx2+/-. Each dot in both axes represents

relative RNA expression levels for an individual gene in Pitx2+/- vs. Pitx2-/- respectively.

There are less than 5% genes located outside of 2 folds gene expression change

diagonal area. Pitx2 expression levels were indicated by arrow. Pitx2 was strongly down

regulated in the Pitx2 mutants.
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Figure 4-3 Myogenic progression is locally alter in Pitx2 mutants. (A-F; A’-F’) Triple

labeling immunohistochemistry in horizontal sections right distal forelimbs at E12.5 using

antibodies to ß-gal(Pitx2) (blue channel not shown for clarity) and a combination of two

other markers of the myogenic progression (red and green). Pax3/MyoD stains (A, A’, B,

B’) revealed more robust Pax3 staining and decreased nuclear MyoD staining in

mutants. Similarly, Pax3/myogenin stains (C, C’, D, D’) revealed more robust Pax3

staining and decreased nuclear myogenin staining in mutants.  MyoD/myogenin double

stains appeared similar in low magnification survey images (E, F). (G) Representative

triple labeling showing all three channels.  In general, all (>90%) Pax3, MyoD, or

myogenin expressing cells also expressed Pitx2(ß-gal), in heterozygotes and in mutant,

in this section and in A-F above. (H) Quantitative comparison of myogenic progression

shows only a slight shift in the relative population distribution between heterozygotes

and mutants. Pax3+/Myogenin-, Pax3+/Myogenin+(yellow), and Pax3-/Myogenin+ cells

were counted in the anlagen territories of three sections of distal right forelimb at E12.5

to obtain the data shown by each bar. Each bar represents the distribution in a different

embryo. Three heterozygous and two mutant embryos were evaluated.
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Table 4-1: Statistic Analysis of Flow Sorted EGFP+ Cells ^1

Microarray Genotype^2 Number
of

embryos
^3

Genetic
ratio

(%) ^4

GFP+/total
cells (%)

^5

Number of
GFP+

cells
(x103)^5

Populatio
n Purity
(%) ^6

Total RNA
yield

(µg) ^7

RNA(ng
)/ cell
(x103)

Pitx2+/+

(WT)
30 30.3 6.0 820 >75 3.5 4.26

Pitx2+/LacZ

(Het)
48 48.5 5.5 1540 >75 6.7 4.35

Experiment 1

1.9µg total RNA

Pitx2LacZ/LacZ

(Mut)
21 21.2 6.2 650 >70 1.9 2.92

Pitx2+/+

(WT)
17 28.3 5.2 500 >92 1.4 2.8

Pitx2+/LacZ

(Het)
26 43.3 5.4 550 >90 1.8 3.27

Experiment 2

1.4µg total RNA

Pitx2LacZ/LacZ

(Mut)
17 28.3 5.1 660 >95 2.8 4.42

1. Limb buds and ventral body wall compartments between the caudal edge of the shoulder and lumbar region
were dissected and stored on ice until dissociation. Limb buds were dissociated 6 ± 1 min, sorted 30-45 min
and were lysed within 1 h from beginning of the dissociation. Whole process stated from dissection to sorted
cell lyses took less than 3 hours

2. Embryos were rapidly genotyped under a fluorescent microscope to identify Lbx1+/GFP heterozygotes. To identify
the Pitx2 genotyping, only Lbx1+/GFP heterozygotes will be exam by X-gal staining. Few (usually less than 3)
Lbx1+/+ embryos were dissected and subjected to sort as a blank sample in order to calibrate the fluorescence
background.

3. Number of the total embryos was only counted success sorting. For experiment 1 and 2, total number embryos
from 4 and 3 sortings were counted, respectively.

4. The ideal Mendelian ratio is as followed: WT:25%, Het: 50%, Mut:25%. In general, the actual occurring rate of
Pitx2 mutant is slightly lower than Mendelian ratio.

5. The total cell number and the percentage of EGFP+ cells in total cell pool were obtained from the reading of
FACS.

6. Purity test was performed by re-sort the sorted EGFP+ cells in fluorescence flow cytometry. The same
stringency setting was adapted from FACS to count EGFP+ cells in purity test.

7. Total RNA was purified from lysed cells stored in –80. Different baths of cell lyses were pooled together prior to
the RNA extraction.
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Table 4-2

Increased transcripts in the limb pre-myogenic progenitor cells in the Pitx2
mutants

Description Experiment 1 Experiment 2

GenBank
acc. no. WT Het Mut WT Het Mut ΔFold

Transcription Factors

Corl1^1 Lbx1 nuclear corepressor AV273001 25 31 166 15 49 940 +62
Lhx1^2 LIM homeobox protein 1 AV335209 7 6 13 11 11 210 +20
Hoxb6^3 homeo box B6 BC016893 34 34 49 8 9 70 +8.4
Nhlh2 nescient helix loop helix 2 AV322710 37 35 140 31 39 198 +6.4
Hoxb9 homeo box B9 AA386586 32 21 168 27 41 162 +5.9
Idb4^4 inhibitor of DNA binding 4 BB121406 284 314 447 62 91 356 +5.7
Hoxb7^5 homeo box B7 X13721 31 30 73 32 45 170 +5.3
Pax3^6 paired box gene 3 AK012493 69 101 201 30 61 133 +4.5
Hoxb3 homeo box B3 BG073383 544 479 795 222 275 878 +4.0

Nr2f1^7
nuclear receptor subfamily 2,
group F, member 1 COUP-TF1

NM_010151 644 487 708 177 233 526 +3.0

Zic1^8 Zic family member 1 BB361162 997 1010 1581 408 436 1149 +2.8
Hoxd4 homeo box D4 J03770 93 107 129 57 72 151 +2.6
Hoxb2 homeo box B2 NM_134032 118 109 157 63 65 137 +2.2
Sox11^9 SRY-box containing gene 11 BB656631 5152 4497 5668 2582 2505 5281 +2.0
Foxp1^10 forkhead box P1 BB554776 279 280 362 96 117 181 +1.9
Hoxa5 homeo box A5 BC011063 1327 1160 1593 544 631 982 +1.8
Ebf3 early B-cell factor 3 NM_010096 1765 1864 2069 715 886 1252 +1.8
Atbf1 AT motif binding factor 1 BB626695 649 633 752 286 326 521 +1.8

Lbx1h^11
lady bird-like homeobox 1
homolog

NM_010691 298 376 504 560 674 612 +1.7

Meis1^12
myeloid ecotropic viral
integration site 1

BB055155 1274 1085 1485 468 526 764 +1.6

Nr4a2
nuclear receptor subfamily 4,
group A, member 2

BB322941 82 121 102 64 79 99 +1.5

Cell Cycle and Cell Signaling Pathways

Gng3
guanine nucleotide binding
protein, gamma 3 subunit

NM_010316 129 132 164 22 43 128 +5.9

Crmp1
collapsin response mediator
protein 1

AB006714 201 195 300 84 94 402 +4.8

Nrxn1 neurexin I BB336165 95 64 140 14 22 54 +3.9
Fgf5^13 fibroblast growth factor 5 AV240088 89 124 218 76 82 148 +1.9

Axon Guidance Related

Dcc deleted in colorectal carcinoma BE824778 53 38 134 7 23 398 +60
Rtn1 reticulon 1 BF455257 96 61 273 29 54 238 +8.3
Npy neuropeptide Y NM_023456 170 108 217 80 138 251 +3.2
Cbln2 cerebellin 2 precursor protein BQ175551 111 93 141 39 41 103 +2.6
Scg3 secretogranin III NM_009130 25 24 78 33 33 87 +2.6

Snap91
synaptosomal-associated
protein 91

NM_013669 94 109 180 66 81 172 +2.6

Cacna2d
calcium channel, voltage-
dependent, alpha 2/delta
subunit 2

AF247139 65 74 135 43 75 98 +2.3

Adhesion and Structure Proteins

Ina
internexin neuronal
intermediate filament  α

BC018383 29 9 265 21 32 632 +30

Stmn2^14 stathmin-like 2 BM115022 65 42 180 16 32 308 +20
Mapt microtubule-associated protein

tau
M18775 88 48 252 27 65 403 +15

Stmn3^14 stathmin-like 3 AV007850 88 47 254 53 65 356 +6.7
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Tubb3 tubulin, beta 3 NM_023279 208 155 448 69 89 438 +6.4
Cspg3 chondroitin sulfate

proteoglycan 3
BM939365 20 22 48 12 16 126 +11

Gpm6a glycoprotein m6a BB348674 42 29 66 16 36 157 +10
Kif5c kinesin family member 5C B698320 297 269 382 99 138 357 +3.6
Cntn1 contactin 1 NM_007727 46 61 61 44 45 119 +2.7

Mtap2
microtubule-associated protein
2

AV337593 436 446 627 219 288 579 +2.6

Itga6 integrin alpha 6 AW549928 1991 1829 3104 463 755 1167 +2.5
Astn1 astrotactin 1 NM_007495 166 166 194 62 66 148 +2.4
Dcx doublecortin BB418548 330 283 671 208 353 488 +2.3

Csrp3^15
cysteine and glycine-rich
protein 3

NM_013808 114 206 205 82 82 103 +2.2

Other

Elavl2
ELAV (embryonic lethal,
abnormal vision, Drosophila)-
like 2 (Hu antigen B)

BB105998 164 185 273 151 189 518 +3.4

Eva1 epithelial V-like antigen 1 BC015076 153 188 188 139 182 349 +2.5

Fez1
fasciculation and elongation
protein zeta 1 (zygin I)

AU067669 229 192 308 67 78 168 +2.5

Ambiguous fold change transcripts

Insm1 Insulinoma-associated 1 BB468410 20 19 22 14 15 85 +6.1

Tcfap2b transcription factor AP-2 beta AV334599 111 111 111 24 51 95 +4.0
Bnc1 basonuclin 1 U88064 146 140 149 18 38 70 +3.9
Mrg1 myeloid ecotropic viral

integration site-related gene 1
U68384 272 206 262 193 359 726 +3.8

Hoxc8 homeo box C8 BB283726 442 314 455 139 234 469 +3.8

Tgfb1i4
transforming growth factor
beta 1 induced transcript 4

AW413169 104 86 27 34 44 113 +3.3

Ebf2 early B-cell factor 2 U71189 567 389 576 89 121 274 +3.1
Ebf1 early B-cell factor 1 BB125261 286 366 310 61 99 172 +2.8

Cbfa2t1h
CBFA2T1 identified gene
homolog

X79989 348 348 348 132 199 473 +3.6

Tnnt3^16 troponin T3, skeletal, fast NM_011620 148 300 483 103 103 103 +3.3
Rbm5 RNA binding motif protein 5,

Zn finger protein
BE446879 624 565 644 264 337 606 +2.3

Hoxc6 homeo box C8 BB440143 135 135 135 42 62 101 +2.2

Crabp1
cellular retinoic acid binding
protein I

NM_013496 1926 1429 1891 404 461 852 +2.1

Col1a1 procollagen, type I, alpha 1 U08020 2423 1827 2044 604 1043 1470 +2.4
Rtn4 reticulon 4 BG072267 562 572 245 377 363 796 +2.1
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Annotations:

1. Corl1 acts as a transcriptional corepressor for Lbx1 and regulates cell fate determination in the dorsal spinal cord
(Mizuhara et al., 2005).

2. Lhx1 is a member of the LIM homeodomain family. Lhx1 null mutant mice are small, fail to develop head structures
anterior to rhombomere 3 in the hindbrain, lack kidneys and gonads, and show aberrant trajectories of limb motor
axons. Most mutants die around E 10 (MGI 3.5.2) (Shawlot and Behringer, 1995).

3. Hoxb6 overexpression results hematopoietic stem cell expansion and acute myeloid leukemia in vitro (Fischbach et
al., 2005).

4. Idb4 overexpression induces cells to round up and die by apoptosis in astrocyte cell line (Andres-Barquin et al.,
1999).

5. Mice expressing PAX3-FKHR exhibit defects in ectopic delamination and migration of muscle precursors and display
over-activated MyoD expression (Relaix et al., 2003).

6. Hoxb7 overexpression promotes differentiation smooth muscle cell line in vitro (Bostrom et al., 2000).

7. Nr2f1, a C2H2 zinc finger protein, is one of the chicken ovalbumin upstream promoter-transcription factors (COUP-
TFs, orphan members of the nuclear receptor superfamily) and functions as a transcriptional repressor (Avram et al.,
2000; Avram et al., 2002; Leid et al., 2004).

8. Zic1 and Pax3 could synergistically determine the neural crest fate in the amphibian ectoderm.(Sato et al., 2005)

9. Sox11 null mice display neonatal lethality with impaired ossification and impaired development of the heart, lung,
spleen, stomach, skeleton, and pancreas (MGI 3.5.2) (Sock et al., 2004).

10. Foxp1 null mice have severe defects in cardiac morphogenesis, including outflow tract septation and cushion
defects, a thin ventricular myocardial compact zone caused by defects in myocyte maturation and proliferation, and
lack of proper ventricular septation (Wang et al., 2004).

11. Overexpression of Lbx1 in chick results activation of cell proliferation and expression of muscle markers (Mennerich
and Braun, 2001).

12. Meis1 overexpression induces apoptosis in vitro through a caspase-dependent process via a functional Hoxa9
(Wermuth and Buchberg, 2005).

13. FGF5 is expressed in the mesenchyme and skeletal muscle of developing and adult mouse limbs. FGF5 is a major
muscle-derived survival factor for cultured spinal motor neurons (Hughes et al., 1993). Ectopic expression of FGF5
activates proliferation and expansion of the connective-tissue fibroblast lineage throughout the developing chick
limbs. FGF5 also acts as a mitogen to stimulate the proliferation of mesenchymal fibroblasts, and inhibits the
development of differentiated skeletal muscle (Clase et al., 2000).

14. Stathmin proteins are small regulatory phosphoproteins involved in the microtubule assembly dynamic (Gavet et al.,
1998).

15. Expression of Csrp3 is sensitive to Pitx2 dose in the embryonic extraocular muscles (Diehl et al., 2006).

16. Tnnt3b is a fast-muscle specific marker in Zebrafish (Hsiao et al., 2003).
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Table 4-3

Decreased  transcripts in the limb pre-myogenic progenitor cells in the Pitx2
mutants

Description Experiment 1 Experiment 2

GenBank
acc. no. WT Het Mut WT Het Mut ΔFold

Transcription Factors

Pitx2^1 paired-like homeodomain
transcription factor 2

AB006320 1796 1322 27 1329 981 9 -150

Sox6^2 SRY-box containing gene 6 AJ010605 217 224 146 98 98 42 -2.3
Tbx1^3 T-box transcription factor 1 AF326960 195 182 78 104 89 48 -2.1

Pitx1^4
paired-like homeodomain
transcription factor 1

NM_011097 371 298 234 165 137 84 -2.0

Zfp64 zinc finger protein 64 BC004695 143 86 66 59 40 35 -1.7

Six2^5
sine oculis-related homeobox 2
homolog

D83147 1399 1324 894 895 730 531 -1.7

Etv1 ets variant gene 1 NM_007960 515 463 400 345 279 213 -1.6

Isl1^6
ISL1 transcription factor,
LIM/homeodomain

BQ176915 495 311 418 328 271 203 -1.6

Stab1 stabilin 1 NM_138672 299 276 239 235 186 148 -1.6
Zfp161 zinc finger protein 161 NM_009547 161 143 119 182 158 119 -1.5
Lhx9 LIM homeobox protein 9 NM_010714 657 712 515 132 141 87 -1.5

Cell cycle and Cell Signaling pathways

Pik4cb
phosphatidylinositol 4-kinase
beta subunit

BB371241 446 449 382 304 248 59 -5.1

Cdk6 cyclin-dependent kinase 6 NM_009873 82 72 77 72 56 25 -2.9
Rprm reprimo, TP53 dependant G2

arrest mediator
NM_023396 1036 965 674 715 614 342 -2.1

Adhesion and Structural Proteins

Actn3^7 actinin alpha 3 NM_013456 1188 1214 871 1052 841 422 -2.5

Fscn1
fascin homolog 1, actin bundling
protein

NM_007984 323 323 290 192 187 86 -2.2

Cdh13 cadherin 13 BB776961 204 276 178 155 115 71 -2.2
Acta2 actin, alpha 2, smooth muscle AW214292 61 77 44 68 58 33 -2.0

Metabolism Related

Hnrpl
heterogeneous nuclear
ribonucleoprotein L

BC027206 2601 2262 2223 1503 1391 811 -1.9

Ambiguous fold change transcripts

Hmox1 heme oxygenase (decycling) 1 NM_010442 121 186 200 148 68 36 -4.1
Sox8^8 SRY-box containing gene 8 AV345303 704 704 704 421 347 181 -2.3

Apobec2
apolipoprotein B editing complex
2

NM_009694 641 794 628 547 339 246 -2.2

Dyrk1a
dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase
1a

U58497 515 515 527 393 398 192 -2.1

Ccnf cyclin F BB089717 262 262 262 205 214 118 -1.7

Pfn1
profilin 1 NM_011072 1481

9
1464

6
1482

2
1032

7
9961 6018 -1.7

Mybph myosin binding protein H NM_016749 207 207 207 381 300 217 -1.8

Lmyc1
lung carcinoma myc related
oncogene 1

BI687857 281 281 281 188 170 119 -1.6

Lef1
lymphoid enhancer binding factor
1

AV156352 341 341 341 168 170 109 -1.5

Ctsz cathepsin Z NM_022325 4819 4819 4591 2835 2406 1858 -1.5
Myo10 myosin X AV297945 858 840 853 328 306 223 -1.5
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Annotations:

1. Pitx2 absolute level of expression of is highest in the group of homeodomain transcription factors in the WT green

cell pool.

2. Sox6 is a candidate gene for p100H myopathy and is required in muscle maintenance(Hagiwara et al., 2000). Slow

and fast fiber isoform genes are altered in Sox6 mutant mice (Hagiwara et al., 2005).

3. Tbx1 is required for BA muscle formation (Kelly et al., 2004). Overexpression of Tbx1 leads to an increased number

of developing limb muscle progenitor cells (Nowotschin et al., 2006).

4. Pitx1 specifies hindlimb formation (Lanctot et al., 1999; Szeto et al., 1999). Pitx1 and Pitx2 together regulate

development hindlimb bud development (Marcil et al., 2003). Forelimb in which Pitx1 ectopic misexpression in the

forelimb generates a pattern with hindlimb characteristics in tendons and muscles in chick  (Logan and Tabin, 1999)

and mice (DeLaurier et al., 2006).

5. Six2 null mice display (1) premature and ectopic differentiation of mesenchymal cells into epithelia and (2) depletion

of the progenitor cell population within the metanephric mesenchyme (Self et al., 2006).

6. Isl1 marks and specifies anterior/secondary heart field lineage. Isl1 null mutant mice do not develop cardiac outflow

tract, right ventricle, and much of the atria (Cai et al., 2003).

7. Alpha-actinin 3 (ACTN3) gene encodes a protein of the Z disk of myofibers (Clarkson et al., 2005). Many different

forms of muscular dystrophy characterized with deficiency of ACTN3 (North and Beggs, 1996; Vainzof et al., 1997).

8. SOX8 is expressed in the somitic derived muscles, developing heart, pancreas, enteric peripheral neurons, and

neural tube in chick (Bell et al., 2000). Sox8 also is expressed in cultured muscle satellite cells. Sox8 acts as a

specific negative regulator of skeletal muscle differentiation by interfering with the function of MyoD (Schmidt et al.,

2003).
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General Conclusion
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Figure 5-1. Functions of Pitx2 during Myogenesis

A. Pitx2 specifies cephalic and 1st BA derived muscles. Pitx2 is strongly expressed

in head and 1st BA mesoderm, in the pre-myogenic progenitors before muscle

specification at E8. Pitx2 controls the transcription factors Tbx1, Tcf21, and Msc, which

specify the pre-myoblast precursors and activate myogenic progression in head

mesoderm. Loss of functional Pitx2 results in downregulation of these transcription

factors in the 1st BA mesoderm and failure of muscle specification. Consequently, un-

specified pre-myoblast precursors undergo into apoptosis, which leads to the loss of

most, if not all, 1st BA muscles.

B. Pitx2 regulates somatic-derived muscles. Pitx2 is expressed in somites at E10,

after the muscle precursor specification and the onset of Pax3, indicating it is not

required for muscle specification. Although the formation of limb muscles seems to be

unaffected in Pitx2 mutant mice, Affymetrix microarray studies show that Pitx2 represses

expression of Pax3 and Lbx1 and activates expression of Tbx1, Pitx1, Six2, and Sox6 in

pre-myogenic progenitors in the developing limbs. Consequently, myogenic progression

is locally altered in Pitx2 mutants. It suggested that Pitx2 mediates a potential pathway

that is parallel with classic myogenic progression pathway in controlling myogenesis

transition. The majority of intercostal, diaphragm, and abdominal muscles are

remarkably deformed suggesting that Pitx2 palys an important role in forming these

muscles. However, it is unclear whether Pitx2 manipulates muscle formation by

controlling myogenesis in this area. Because Pitx2 mutant mice also display severe body

wall and body axial turning phenotypes, the deformities of body wall muscles could also

due to a secondary effect of global patterning defect.

C. Pitx2-modulated head and trunk muscles. Pitx2 has distinct functions in different

muscle groups related to their embryonic origin. Not affected muscles in Pitx2 null

mutant mice, Pitx2 independent, are indicated in grey. Affected muscles in Pitx2 null

mutant mice are indicated in magenta and blue. The Pitx2-dependent specification

muscles including exraocular and mastication muscles are indicated in magenta. The

Pitx2-dependent formation muscles including intercostal, diaphragm, and abdominal

muscles are indicated in blue.
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