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Congenital myopathies are caused by heritable mutations in particular genes. Genes 

mutated in congenital muscular dystrophies often encode cytoskeletal proteins, which 

contribute to the shape and movement of cells. We would like to know how such 

molecular defects lead to the muscle weakness in patients. It is therefore important to 

understand the molecular and cellular mechanisms by which muscle cells form, grow, 

and assemble into functional muscles. The bicoid–related homeobox gene Pitx2 is 

expressed in the developing embryo, regulates organogenesis, and is associated with 

several human congenital diseases. Pitx2 specifies and maintains several cell 

populations as they form specific organs by acting as a node within individual distinct 

network kernels. We hypothesize that lack of functional Pitx2 results in major changes 

in the gene regulatory networks involved in skeletal myogenesis. Pitx2 is expressed 

in all muscles during development, and thus the Pitx2-null mouse is an informative 

model to study myogenesis. Absence of Pitx2 results in an open abdominal wall 

followed by absence of abdominal musculature. Gene expression microarrays of 

E10.5 wild type and mutant Pitx2 mouse body wall have shown that Pitx2 can act as 

an inhibitor of protein transport and cell apoptosis. Loss of Pitx2 results in the altered 

specification of the abdominal Hox network that is involved in patterning, of which the 

Hox genes are normally occupied, positively regulated, and stabilized by Pitx2 

function in the abdomen. The loss of proper Hox patterning results in the loss of the 

somatopleure and thus loss of somite-derived musculature. In the somites, the 



initiation and maintenance of the myogenic program is independent of Pitx2 function, 

in lieu of Pitx2 occupancy on the myogenic regulatory factors (MRFs). Absence of 

functional Pitx2 in the limbs results in muscle malformation with defects in the higher 

order assembly, including adhesion molecules and cytoskeletal proteins. The 

chromatin state of normal and Pitx2 mutant limbs as a whole at E12.5 indicated no 

significant difference between genes involved in transcription, transcriptional 

regulation, or organ development. However, genes involved in myogenic networks 

are bivalently marked and thus likely being poised for activation or repression. Future 

work will focus on identifying differences in the chromatin state of myogenic cells as 

they progress to make a functional muscle.  
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Pattern formation and subsequent organ development in the mammalian embryo 

involves orchestrated transitions between transiently stable network kernels formed 

by specific combinations of 5-10 sequence specific transcription factors (SSTFs) that 

maintain the identity of a cell type. Individual homeodomain proteins are top-level 

SSTFs and essential for several different aspects of organ formation in mammals. 

Pitx2 is a bicoid-related homeodomain transcription factor that plays essential roles 

during embryogenesis and organogenesis. 

Pitx2 is genetically mapped in the 4q21-22 locus in humans (Semina et al., 1996) and 

in chromosome 3 (57.84cM) in mouse (Gage and Camper, 1997). Pitx2 exhibits high 

degree of homology to P-OTX/Ptx1/Pitx1 (Lamonerie et al., 1996; Szeto et al., 1996) 

and to Pitx3 and, to a lesser extent, unc-30, Otx-1, Otx-2, otd, and goosecoid 

(Semina et al., 1996). There are four splice variants in humans (Pitx2a, b, c, d) and 

three in mice (Pitx2a, b, c), all sharing the same C-terminal region and homeobox. 

Pitx2 specifically binds a TAATCY consensus sequence (Amendt et al., 1998; Wilson 

et al., 1996). The murine homolog Pitx2 shares 85-97% sequence identity to human, 

with an overall protein homology of 99.2% and a 100% protein homology through the 

homeodomain. The Pitx2c isoform plays a role in left/right (L-R) asymmetry of non 

cranial structures as it is first expressed at embryonic day (E) 8.0 in the left lateral 

plate mesoderm (LPM) (Hjalt et al., 2000). Pitx2 acts downstream of the Shh/Nodal 

signaling pathway (Yoshioka et al., 1998) and regulates the L-R axis in chick and frog 

(Levin et al., 1995; Logan et al., 1998; Piedra et al., 1998).  

Pitx2 is involved in the organogenesis of multiple organs (Kioussi et al., 2002; Lin et 

al., 1999; Ryan et al., 1998). Expression of Pitx2 in lateral plate mesoderm (LPM) 

begins at E8.0, and by E9.0, its expression is distinct in stomodeum and cephalic 

mesoderm and in the abdominal area. A day later its expression is prominent in the 

developing somites, hypothalamic-pituitary axis, ocular mesenchyme, nasal 

epithelium, intestinal tissue and cardiac outflow tract. The role of Pitx2 as an 

important node in multiple organs/tissues leads to the hypothesis that it regulates a 

different and distinct developmental network at each anatomical location. 

Understanding this network on the developmental level can provide the framework to 

understanding the diseases that result from aberrant Pitx2 expression.  
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Myogenesis  

Pitx2 null mice fail to develop extra-ocular and mastication muscles. Pitx2 specifies 

muscles derived form the 1st BA by regulating the expression of the pre-myogenic 

markers Tbx1, Tcf21 and Msc (Shih et al., 2007b). Pitx2 mutant mouse embryos 

exhibit smaller eyes with an unusual rotation of the cornea towards the nose (Diehl et 

al., 2006; Gage et al., 1999b; Kitamura et al., 1999). Pitx2 specifies the anterior 

segment of the eye and ocular blood vessels, and regulates extrinsic factors 

surrounding the optic nerve, as ablation of Pitx2 in the Wnt1+ neural crest cells affects 

the anatomy of the optic nerve (Bohnsack et al., 2012; Evans and Gage, 2005). RA 

signaling in the perioptic mesenchyme induces Pitx2 expression that in turn 

represses Wnt signaling (Kumar and Duester, 2010), indicating the presence of a 

regulatory feedback loop, in which Pitx2 expression goes to suppress its own 

expression in the developing eye. Pitx2 is required for the commitment and survival of 

all extra-ocular muscles (Gage et al., 2005; Kitamura et al., 1999; Shih et al., 2007b; 

Zacharias et al., 2011) by activating Myod1 and subsequently MyoG (Diehl et al., 

2006).  

Trunk myogenesis is a complex process, and is discussed in Chapter 2. Pitx2 

contributes to all states of myogenic cells and adult muscles (Shih et al., 2007b). 

Pitx2 null mice fail to develop abdominal wall muscles, despite establishment of the 

myogenic fate in somites. The absence of somatopleure prevents the somitic-derived 

myoblasts from populating the abdominal area and forming the ventral musculature. 

Pitx2 differently regulates the Hox genes in the lateral body wall and the Muscle 

regulatory proteins (MRFs) in the somites (Eng et al., 2012a). Muscles of the back 

and the limbs are present but severely malformed. Forelimb muscles fail to establish 

a higher order assembly as Pitx2 null myoblasts exhibit motility issues due to 

perturbations in their adhesion molecules and cytoskeletal proteins (Campbell et al., 

2012). 
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Cardiogenesis 

Ablation of Pitx2 results in a non-septated atrium, valvular and persistent truncus 

arteriosus (PTA), double-outlet right ventricle (DORV) and transposition of the great 

arteries (TGA) (Gage et al., 1999b; Kioussi et al., 2002; Kitamura et al., 1999; Lin et 

al., 1999; Lu et al., 1999). Pitx2 represses the expression of Fgf10 and together with 

Isl1 guide the second heart lineage progenitor cells to transform into atrial cells (Galli 

et al., 2008). Pitx2 binds and regulates Tbx1 (Harel, 2012), Isl1 and Mef2c (Ma et al., 

2013). Pitx2 acts upstream of the Wnt11/TGFß2 signaling pathway that regulates 

extracellular matrix composition, cytoskeletal rearrangements and polarized cell 

movement required for cardiac cushion morphogenesis (Tessari et al., 2008; Zhou et 

al., 2007).  

 

Neurogenesis 

Pitx2 is necessary for the formation of the mammillothalamic tract in the 

hypothalamus, and for neuronal migration and GABAergic neuron differentiation in 

the midbrain (Waite et al., 2011, Skidmore et al., 2012). As a downstream gene of a 

GABAergic cell-fate signaling pathway, Pitx2 may act as a GABA terminal 

differentiation factor via activating Gad1 expression of GABA synthesis (Chen et al., 

2011; Miyoshi et al., 2004; Nakatani et al., 2007; Westmoreland et al., 2001). 

Overexpression of Pitx2 in cortical neural stem cells promotes G1 arrest and entry 

into S phase. Pitx2 occupies the p21Cip1 promoter and activates its expression that 

results in maintenance of stem cell potency and self renewal (Heldring et al., 2012). 

In spinal cord, motor programs are controlled by networks of spinal interneurons that 

set the rhythm and intensity of motor neuron firing. Pitx2 was reported to define a 

small set of excitarory interneurons V0C (cholinergic population) indicating that Pitx2 

may have a role in modulating locomotor activity (Zagoraiou et al., 2009).  

The anterior pituitary serves as a central mediator to transmit signals from the brain to 

peripheral organs and is defined by five cell types descending from a common 

population of progenitors. Pitx2 is expressed in the somatotroph, lactotroph, 
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thyrotroph and gonadotroph cell lineages (Gage and Camper, 1997; Gage et al., 

1999b; Lin et al., 1999). Specific deletion of Pitx2 in gonadotrophs showed that Pitx2 

is dispensable in differentiated gonadotrophs (Charles et al., 2008). Pitx2 regulates 

the commitment and/or expansion of the thyrotroph lineage and can activate the 

promoters of pituitary-specific transcription factor (Poulf1) and Thyroid stimulating 

hormone (Tshb), which are critical for their development (Gage et al., 1999b; Suh et 

al., 2002).  

 

Odontogenesis 

Pitx2 is expressed in the developing dental epithelium and its absence results in 

arrested tooth development at the bud stage (Gage et al., 1999a; Lin et al., 1999). 

Pitx2 is essential in a dose dependent manner for the maintenance of Fgf8 

expression in the oral ectoderm and the repression of Bmp4 signaling in distal 

portions of the maxillary process (Liu et al., 2003). The Wnt/Lef1/ß-catenin signaling 

pathway is also implicated in tooth development, with Lef1 being expressed in the 

dental epithelium and mesenchyme. Pitx2 regulates Lef1 expression through direct 

binding to its promoter and by forming a complex with ß-catenin and Lef1 (Amen et 

al., 2007).  

 

Pitx2 and Human Related Disease 

Axenfeld-Rieger Syndrome - Axenfeld-Rieger Syndrome (ARS) is an autosomal 

dominant disorder that is characterized by ocular abnormalities, dental anomalies, 

and umbilical defects. Two major genes are linked to ARS, PITX2(4q-25) or 

FOXC1(6p25) (Gould et al., 1997; Semina et al., 1996; Tumer and Bach-Holm, 2009). 

Ocular abnormalities include improper iris extensions, iridocorneal attachment, 

aniridia, improper insertions of the extraocular muscles and a malformed trabecular 

meshwork that lead to a high incidence of glaucoma. Craniofacial defects include 

midface hypoplasia, maxillary hyplasia, and maldevelopment of the teeth. Abdominal 

defects are most commonly characterized by excess periumbilical skin, a protruding 
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umbilical stump and hernias, with severe cases having omphaloceles or failure of 

abdominal wall closure (Hjalt and Semina, 2005).  

Cardiac Arrythmias - Genome wide association studies have identified the genetic 

bases of arrhythmogenic syndromes located at 9p21, 1q21, 16q22 and 4q25 loci, with 

variants on chromosome 4q25 adjacent to PITX2 (Larson et al., 2007). Furthermore, 

genomic screens for inherited atrial fibrillation (AF) patients have found deficiencies in 

the Pitx2 locus (Schnabel, 2011). AF is the most prevalent type of cardiac arrhythmia 

in humans and is characterized by an uncoordinated atrial activation, with consequent 

weakening of atrial mechanical functions, despite intact atrioventricular conduction 

(Gussak I., 2008). Pitx2 modulates cardiac action potentials via regulating essential 

ion channel proteins (Chinchilla et al., 2011; Kirchhof et al., 2011).  

Cancer - Gene profiling studies have found Pitx2 to be up regulated in pituitary 

adenomas (Moreno et al., 2005), childhood kidney cancer (ß-catenin mutated Wilms 

tumor) (Zirn et al., 2006), node-positive colorectal cancer (Meeh et al., 2009), 

follicular cell-derived thyroid cancer (Huang et al., 2010), advanced ovarian cancer 

(Fung et al., 2012), and esophageal squamous cell carcinomas (Zhang et al., 2012). 

Other studies based on DNA methylation have identified Pitx2 to be involved in non-

small-cell lung cancer (Dietrich et al., 2012), metastatic prostate cancer (Schayek et 

al., 2012) and node-negative breast cancer (Harbeck et al., 2008; Maier et al., 2007; 

Nimmrich et al., 2008). In general, Pitx2 is associated with high-grade cancers (Fung 

et al., 2012). Overexpression of Pitx2 in ovarian cancer cell lines increased the cell 

proliferation, migration, and invasion. This increase in proliferation and migration was 

also found in Pitx2 overexpressing thyroid cancer cell lines, where non-cancerous 

thyroid tissue do not express Pitx2 (Huang et al., 2010).  

Pitx2 has also been studied as a prognostic biomarker in various types of cancer. In 

node negative colorectal cancer, the expression of Pitx2 has been correlated with an 

increased risk of reoccurrence after treatment (Meeh et al., 2009). A similar 

correlation was found in the case of esophageal cancer. Tumor samples showed a 

significantly higher Pitx2 expression than in adjacent non tumor tissue, with the level 

of Pitx2 expression positively correlating with larger tumor size, increasingly 

advanced T and M cancer stages, and an overall decrease in survival of patients 
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(Zhang et al., 2012). In embryonic colorectal cancer stem cells, the knockdown of 

Pitx2 expression was able to enhance the sensitivity of both chemotherapy and 

radiotherapy treatments in vitro. A common theme in many cancers is aberrant DNA 

methylation. A hypermethylated Pitx2 promoter is linked to a poor rate of metastasis-

free survival (Maier et al., 2007). Methylation rates of Pitx2 are higher in larger/more 

aggressive tumors and in numerous breast cancer cell lines, methylation of Pitx2 did 

indeed result in a decrease of Pitx2 expression (Nimmrich et al., 2008). By identifying 

markers which may indicate a particular cancer is particularly aggressive or resistant 

to a particular type of treatment, a more aggressive or alternative plan of treatment 

can be initially taken to increase overall patient outcome. 
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Abstract 

Mammalian skeletal muscles are derived from mesoderm segments flanking the 

embryonic midline. Upon receiving inductive cues from the neural tube and surface 

ectoderm, muscle precursors start to delaminate, migrate and proliferate to further 

form the differentiated muscle cells. Muscle is comprised of a set of cells, which are 

proliferating and differentiating during development, and are also capable of 

regeneration and repair of local injuries. Understanding the developmental program of 

muscle at the genetic, cellular and molecular levels has become a major focus of 

skeletal muscle regeneration research in the last few years. 
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Movement and locomotion are a common characteristic of all living animals. The 

vertebrate musculature system that includes cardiac, smooth, and skeletal muscles, 

makes both activities possible. Skeletal muscle is the dominant type of musculature 

making up about 40% of adult human body weight and is a key player in energy 

metabolism. Skeletal muscles are attached to bones in the body and their 

contractions are under voluntary control, unlike cardiac and smooth muscles. Skeletal 

muscles are composed of many bundles of long thin multinucleated myofibers that 

are made up from cells that systemically proliferate and differentiate throughout 

development. Adult mature muscles maintain a population of self-renewing cells, 

which are capable of regeneration and repair.  

 

The Genesis of the Muscle 

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 develop in a rostral (head) to caudal (tail) order as 

a result of the segmentation of the pre-somitic (paraxial) mesoderm that lies on each 

side of the neural tube and notochord (Christ and Ordahl, 1995). Somites give rise to 

the progenitor cells of muscle, cartilage, bone, connective tissue and dermis, forming 

between embryonic day (E) E8.0 and E13.0 in mice. As individual somites mature, 

they receive signals from the adjacent notochord, neural tube, ectoderm and lateral 

plate mesoderm (LPM) (Munsterberg and Lassar, 1995). 

In the trunk, the medial and lateral somites give rise to the hypaxial and epaxial 

muscles. Hypaxial muscles develop in the context of LPM and include the ventral 

muscles of the body, the appendicular and abdominal body wall muscles. Epaxial 

muscles develop outside of the LPM and include the deep muscles of the back. 

Hypaxial muscles are derived from molecularly specified muscle progenitor cells in 

the ventrolateral dermomyotome. Appendicular muscle precursors delaminate from 

limb level somites, migrate into the LPM-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.  



17 

The ventral-medial part of the somite, the sclerotome, receives signals from the 

paracrine factor Sonic hedgehog (Shh), which is secreted by the notochord and the 

floor plate of the neural tube (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994). 

The sclerotome breaks up into the mesenchyme, begins to express Paired box 

protein 1 (Pax1), and forms the cartilage and the axial skeleton (Wallin et al., 1994). 

The dorsal part of the somite becomes the dermomyotome that retains its epithelial 

structure, gives rise to the dermis and is the source for body musculature (Bryson-

Richardson and Currie, 2008; Huang and Christ, 2000). The myotome located 

underneath the dermomyotome is formed by dermomyotomal delaminated cells. The 

epaxial myotome is specified by a combination of Wnt1 and Wnt3a from the dorsal 

neural tube, and Shh from the floor plate of the neural tube and notochord, to give 

rise to the muscle groups of the back (Borycki et al., 1999a; Munsterberg and Lassar, 

1995; Tajbakhsh et al., 1998). The hypaxial myotome, is specified by bone 

morphogenetic protein 4 (BMP4) signals from the LPM and Wnt7a signals from the 

surface ectoderm, to give rise to the limb and ventral trunk musculature (Fig 1A) 

(Cheng et al., 2004). Limb muscles originate from progenitors that delaminate from 

the ventrolateral lip of the dermomyotome and migrate into the pre-patterned limb 

(Christ and Brand-Saberi, 2002; Kardon et al., 2003). The most rostral somites 

contribute to the skull and some musculature of the head and neck, but for the most 

part, craniofacial musculature is derived from the cranial mesoderm (Sambasivan et 

al., 2011). Abdominal muscle precursors proliferate without delaminating and thereby 

expand ventrally into the LPM-derived somatopleure. The somatopleure and 

splanchnopleure are derivatives of the LPM, which provide inductive cues for hypaxial 

muscle specification (Alvares et al., 2003b; Dietrich et al., 1999; Dietrich et al., 1998; 

Mootoosamy and Dietrich, 2002)  

 

Gene Regulatory Networks in Myogenesis 

Sequence specific transcription factors (SSTFs) or nodes 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 myogenic progression (Cheng et al., 2004).  
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The cell types of myoblasts are specified by a different combination of SSTFs; yet, 

the timing, location, and nature of this specification process are not yet known. The 

paired domain homeobox transcription factors Pax3 and Pax7 are expressed in 

somitic cells, and the Pax3+Pax7+ cells form the muscle progenitor pool of the limb 

(Kassar-Duchossoy et al., 2005; Relaix et al., 2005). Pax3 is required for somite 

segmentation and formation of the dermomyotomal lips (Goulding et al., 1994; Relaix 

et al., 2004; Schubert et al., 2001). When Pax3 is mutated or absent, dermomyotomal 

cells fail to delaminate and hypaxial muscles fail to form (Bober et al., 1994b). Pax7 is 

required for maintenance of adult satellite cells (Relaix et al., 2005). The sine oculis-

related homeobox family members Six1 and Six4 are expressed in overlapping 

domains in the dermomyotome, myotome and limb buds (Fig 1A). Double mutant 

Six1/4 mice exhibit complete lack of musculature in the limbs and abdomen, with 

gross deep back muscle defects (Grifone et al., 2005). Similarly, double mutant 

Eya1/2 mice exhibit muscle-less limbs (Grifone et al., 2007). This phenotype is a 

result of the necessary interaction of the Six and Eya proteins for the expression of 

Pax3 in the dermomyotome. Six1/4 and Eya1/2 are involved in the developmental 

network of fast versus slow adult muscle types (Niro et al., 2010). The four Myogenic 

Regulatory Factors (MRFs) are highly conserved basic helix-loop-helix transcription 

factors and include the Myogenic factor 5 (Myf5), Myogenic differentiation 1 (Myod), 

Myogenic factor 6 (Mrf4), and Myogenin (MyoG). They are most notably associated 

with myogenesis because of their ability to transform non-muscle cell lines into a 

muscle cell fate, albeit being downstream of the Pax and Six genes (Weintraub et al., 

1991).  

A complex set of genetic interactions has been well documented between different 

MRFs and between Pax3 and MRFs in anatomically distinct muscle groups (Fig 1B) 

(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 in limbs proceeds from 

Pax3 and Lbx1 expression (Gross et al., 2000), to Myod or Myf5 expression, and then 

to MyoG expression. MyoG expression is required for classic muscle differentiation 

(Hasty et al., 1993) and precedes the expression of proteins of the contractile 

apparatus. Pax3 and Pax7 (Relaix et al., 2004) or Myod and Myf5 (Kablar et al., 

1997) can contribute to different muscle lineages. These genes mark progression of 
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different muscle lineages that get incorporated into most, if not all, muscle anlagen, 

rather than different muscle lineages that each creates different anlagen. Myf5 and 

Myod are first expressed in the myogenic network to specify the myogenic fate during 

embryonic development, while MyoG is expressed later to control differentiation. The 

Myod/Myf5 double knock out mice completely lack skeletal muscle despite having 

Pax3 progenitors, verifying the redundancy of Myod and Myf5 and their role in 

myoblast specification (Rudnicki et al., 1993). MyoG is considered to be a 

differentiation factor, as KO mice have myoblasts, but these fail to differentiate and 

fuse (Hasty et al., 1993). When MyoG is placed in a context of commitment as driven 

by Myf5 in Myod/Myf5 knock out mice, muscle development was rescued but there 

was an overall reduction in myofiber size (Wang and Jaenisch, 1997).  

Most SSTFs regulate gene expression by interacting with transcriptional co-

regulators, and remodel the chromatin structure. During myogenesis, Myod and Myf5 

are cooperating with histone acetyltransferase (HAT) p300 and CBP to mediate 

activation of MyoG and Mrf4 (Eckner et al., 1996). Myod directly binds the HAT p300, 

and p300 recruits another HAT, the p300/CBP associated factor (PCAF), to form the 

Myod complex with two distinct HAT activities (Puri et al., 1997; Sartorelli et al., 

1999). Myod negatively regulates the transcription of some genes in the myoblast 

stage and muscle differentiation is initiated when Myod switches from its association 

with repressive factors to activating factors. 

Fibroblast growth factors (FGFs), Bone morphogenetic proteins (BMPs), BMP 

inhibitors, Sonic hedgehog (Shh), Hepatocyte growth factor (SF/HGF), and Wingless-

related MMTV integration site proteins (Wnts) have all been implicated in balancing 

differentiation and proliferation in limb muscle precursors. A general consensus 

suggests that BMPs, FGFs, Shh, and SF/HGF inhibit differentiation and promote 

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

of inductive molecules has also been invoked in patterning the limb bud itself. The 

precise spatial distributions of all specific members of these inducer families together 

produce a set of molecularly defined networks into which limb muscle precursors 

migrate and grow into muscles. Cells of the muscle lineage appear to retain a 

common ability to balance growth and differentiation within the individual molecular 
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networks. The complex set of positive and negative cues from both the growing 

muscle anlagen itself and its local environment influence this balance.  

 

The Growth of a Muscle 

All muscle precursor cells undergo a specification event to become myoblasts, which 

will differentiate into myocytes, that later fuse to become myofibers or myotubes. In 

mice, there are four stages of skeletal myogenesis, embryonic (E10.5-E12.5), fetal 

(E14.5-P0), postnatal (P)/neonatal (P0-P21), and adult (>P21) (Murphy and Kardon, 

2011).  

Abdominal muscles do not start to form until E8.5 when a thin sheet of LPM derived 

cells cover the abdomen. LPM cells express the paired-like homeodomain 

transcription factor 2 (Pitx2) (Gage et al., 1999b; Kitamura et al., 1999; Lin et al., 

1999; Lu et al., 1999; Shih et al., 2007b). By E9.5 the Pitx2+ ventrally located 

somatopleure cells will give rise to the abdominal wall musculature (Shih et al., 

2007b). Shortly after, at E10, the Pax3+ cells of the ventrolateral lip of the inter-limb 

somites begin to proliferate and migrate toward the embryo’s midline and start to 

express Pitx2 (L'Honore et al., 2010). The Pax3+Pitx2+ cells begin to express MRFs 

and expand ventrally around the abdomen. Pitx2 represses T-box genes by recruiting 

co-repressors and HDACs and activates Hox genes during abdominal wall 

development (Eng et al., 2012b; Hilton et al., 2010). Pitx2 enables growth factor 

dependent control of myoblast proliferation by altering the chromatin state of these 

genes from a repressed to an activate-able state (Kioussi et al., 2002). Pitx2 mutant 

mice develop limb muscles but failed to form the high order muscle assembly 

(Campbell et al., 2012).  

Limb muscles derive from a similar population of migratory Pax3+ cells in the limb 

level somites that do not express MRFs until reaching the limb bud. They delaminate 

from the ventrolateral lip of the dermomyotome upon activation of the Met proto-

oncogene (c-Met) and the associated ligand hepatocyte growth factor (HGF/SF). 

Without either of these signaling factors cells are unable to delaminate (Birchmeier 
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and Brohmann, 2000; Dietrich et al., 1999). These migratory cells require the proper 

expression of Lbx1 to properly locate and move into the limb buds (Gross et al., 

2000) and start to express Pitx2 (Shih et al., 2007b). The delamination process 

begins at E9.5 in the forelimb where Pax3+Lbx1+ migratory muscle precursors reach 

the limb buds, begin to express Myod and Myf5, proliferate, and position themselves 

along the developing bone anlagen. Soon thereafter, a subpopulation of muscle 

precursors begin to express Mrf4 and MyoG, differentiate, and fuse into myofibers 

that form pre-muscle clusters in the shape and position of adult musculature. Pitx2 

assists the expression of Pax7 in a subset of the of the post migratory Pax3+ cell 

population (Lozano-Velasco et al., 2011).  

At E14.5, all pre-muscle clusters have formed from embryonic myoblasts. The 

differentiation and fusion of fetal myoblasts with each other or with the primary fibers 

contributes to the growth and maturation of skeletal muscles. Instead of 

synchronously withdrawing from the cell cycle, fetal myoblasts proliferate as they 

deposit postmitotic cells onto secondary myofibers that form on the surface of primary 

myotubes from E14.5 to E17.5 (Harris et al., 1989). Secondary myofibers are 

composed of 10-50 nuclei and expand around the innervation zones. Their nuclei are 

located at the cellular periphery, around a central core of myofibrils. In this process, 

Pax3 expression is declining while Pax7 is taking over as an important node in this 

stage of development. Genetic ablation of Pax7 expressing cells does not affect the 

formation of primary myotubes, but it does lead to a nearly complete loss of 

secondary myofibers, showing that Pax7+ cells are absolutely required for fetal 

myogenesis (Hutcheson et al., 2009). Pax7 activates the transcription factor Nuclear 

factor 1/X (Nfix) that in turn, activates fetal specific genes, including Muscle creatine 

kinase (MCK) and ß-enolase, while repressing embryonic genes, such as slow 

myosin (Messina et al., 2010). In Pax7 null mice, satellite cells progressively die and 

Pax3 is not able to compensate for the loss. However, despite Pax3 not being 

absolutely required after establishment and execution of the embryonic myogenic 

network, both Pax3+ and Pax7+ cells contribute to fetal myofibers.  
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The Architecture of a Muscle 

Fetal myoblasts have arrived in the pre-muscle clusters by E12.5. However, the 

secondary myofibers that derive from them only become anatomically detectable after 

a two-day delay, at E14.5. Neuromuscular contacts develop on primary embryonic 

myotubes during this delay. Secondary myofibers then gradually expand over the site 

of the initial neuromuscular interaction to form syncytia of up to 50 nuclei. These 

nuclei are placed peripherally around the centrally developing molecular contractile 

apparatus. Each myofiber expresses myofilaments (actin, myosin) and assembles 

them into myofibrils along its longitudinal core (Fig 1C). It uses other specialized 

cytoskeletal components to bundle myofibrils and create an interwoven sarcoplasmic 

reticulum that can uniformly deposit Ca2+ ions onto the myofibrils once a neural 

stimulus arrives. Myofibers are bundled and surrounded by a perimysium and these 

bundles are further bundled and surrounded by the epimysium. During this process, 

collaterals sprout from the primary innervating axons and establish the motor units by 

making neuromuscular junctions on affiliated secondary myofibers. In addition, 

spindle cells must be incorporated into the muscle to provide somatosensory 

feedback and the muscle must be integrated with the tendon on either end. In 

response to physiological stimuli, the muscle alters its myofiber composition. Skeletal 

muscles are characterized by the tandem arrangements of individual sarcomeric 

contractile units (Fig 1C). The sarcomere is a highly ordered cytoskeletal structure 

composed of skeletal muscle myosin, actin, and a set of regulatory proteins, which 

include the troponins and tropomyosin. Contraction of the sarcomere occurs when the 

thick filament myosins bind the actin thin filaments and hydrolyze ATP to generate a 

stroke. This activity is regulated by the calcium-dependent troponin-tropomysin 

complex. Skeletal muscles consist of heterologous populations of slow and fast 

myofibers. Slow type I myofibers express slow isoforms of myosin heavy chain 7 

(Myh7) and exhibit oxidative metabolism. Fast type Ia, IIx/d and IIb myofibers express 

fast myosin heavy chain isoforms Myh2, Myh1 and Myg4 respectively, and exhibit 

glycolytic metabolism. Muscle activities are determined by genetic and epigenetic 

mechanisms that control their development and postnatal remodeling.   
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The Repair of a Muscle 

After birth, muscles follow the body’s growth and become adult muscles. The 

maintenance and repair of adult muscle depend on satellite cells. Satellite cells reside 

around the fibers in a quiescent state, and stay poised for muscle homeostasis and 

regeneration. The fetal Pax3+Pax7+ myoblasts can further give rise to Myf5+Myod+ 

cells or to Pax3+Pax7+MRF-cells.  The Pax3+Pax7+MRF- cells align with the nascent 

myotubes and these satellite cells develop in the sub-laminar position (Relaix et al., 

2005) and become Pax3-Pax7+Myf5+ (Kassar-Duchossoy et al., 2005). Pax7 recruits 

the histone methyltransferase complex to promoter elements of myogenic genes for 

their activation (McKinnell et al., 2008).  

Similar to embryonic myoblasts, these adult satellite cells also express c-Met and 

associated ligand HGF/SF, of which HGF can induce exit from quiescence in vitro 

(Allen et al., 1995). Their expression in adult satellite cells likely allows for the 

delamination and migration of activated cells from the basal lamina of adult muscle 

fibers, to the site of injury. When activated, these satellite cells become Pax7-, 

proliferate, relocate, begin to express Myod and proceed down the path of terminal 

differentiation and fusion with existing muscle. As a self-renewing population, a 

subset of these activated cells returns back to an undifferentiated Pax7+Myod- state 

(Kassar-Duchossoy et al., 2005). When Pax7 is ablated in juvenile mice, Pax3 does 

not compensate for Pax7 in maintaining a satellite cell state, as seen during fetal and 

early postnatal myogenesis (Lepper et al., 2009). Dual inactivation of Pax3 and Pax7 

in adult mice did not affect their muscle regenerative capacity, suggesting the network 

regulating satellite cell state changes depending on the level of maturation.  

Mobility disabilities can be caused by genetic (dystrophies) and environmental insults 

(injuries). The repair mechanism uses the same nodes involved during myogenesis. 

The source of adult muscle progenitors is the satellite cells. In response to injury, 

skeletal muscle undergoes an orderly process of regeneration that results in the 

reformation of an orderly and functional contractile tissue. The trigger for regeneration 

is inflammation due to death of existing muscle cells that compromise the muscle 

fiber integrity and release muscle specific proteins into the extracellular space (Yin et 

al., 2013). As a result, satellite cells are activated, proliferate, differentiate, and fuse 
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with existing muscle. Regeneration of adult muscles relies on the activation of 

satellite cell precursors for integration into existing muscle structure, which is similar 

to the transition between embryonic and fetal myogenesis. Thus, clarifying the 

molecular and cellular mechanisms that govern skeletal muscle development, with an 

emphasis on this transition stage, can be very useful in developing feasible ways to 

repair debilitated muscles of patients with myopathies or injuries for which one’s own 

system cannot compensate.  
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Figure 1. Skeletal Myogenesis. (A) Induction of Myogenesis. Somites form in a 

rostral to caudal manner as a result of segmentation of the paraxial mesoderm. They 

lie on each side of the neural tube and notochord and are the source of body 

musculature. As somites mature, they receive signals from the adjacent neural tube 

(NT) and notochord (NC). These signals result in the division of the somite into the 

sclerotome (S), dermomyotome (DM) and myotome (M). Cells in the epaxial region 

will give rise to the muscles of the deep back, while cells in the hypaxial region will 

give rise to muscles of the abdomen and limbs. Shh from the floor plate of the neural 

tube and from the notochord, and Wnt1 from the dorsal neural tube activate Myf5, 

which in turn activates Myod. Wnt7 and Pax3 from the dorsal neural tube also 

activate Myod to initiate myogenesis of the epaxial somites. Activation of Pax3, by 

Pitx2 and Six/Eya, activates Myf5 and Myod for initiation of hypaxial myogenesis. (B) 

Gene Regulatory Networks. Interactive networks of SSTFs in anatomically distinct 

muscle groups as modeled in Biotapestry (Longabaugh et al., 2009). Developmental 

networks regulating myogenesis depend on the anatomical location of the myogenic 

population. The MRFs are universal nodes in muscle development, but the upstream 

effectors are what define each population. Myogenesis of the head and neck depend 

on MyoR and Pitx2 and is distinct from the myogenesis of the trunk which all depend 

on the genes Six1/4 or Eya1/2. Within the trunk, the abdomen, limb, and back can be 

considered distinct regulatory regions, each with their own set of upstream regulators. 

Green arrows indicate a positive downstream effect, while red arrows indicate a 

negative downstream effect. (C) Contractile Apparatus of the Muscle. Myoblasts fuse 

to form a multinucleated muscle fiber, the smallest complete contractile system. 

Muscle fibers or muscle cells consist of many contractile unites, the myofibril. 

Myofibrils consist of an ordered arrangement of long molecules, the thick (myosin) 

and thin (actin) myofilaments, called sarcomeres. Myosin is responsible for force 

generation. Actin is responsible for motion generation. Titin maintains the order of the 

striation patterning by anchoring the myosin network to the actin network. 
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Abstract 

Sequence specific transcription factors are essential for pattern formation and cell 

differentiation processes in mammals. The formation of the abdominal wall depends 

on a flawless merge of several developmental fields in time and space. Absence of 

Pitx2 leads to open abdominal wall in mice, while mutations in humans result in 

umbilical defects, suggesting that a single homeobox transcription factor coordinates 

the formation and patterning of this anatomical structure. Gene expression analysis 

from abdominal tissue including the abdominal wall after removal of the major organs, 

of wild type, Pitx2 heterozygote and mutant mice, at embryonic day 10.5, identified 

275 genes with altered expression levels. Pitx2 target genes were clustered using the 

“David Bioinformatics Functional Annotation Tool” web application, which bins genes 

according to gene ontology (GO) key word enrichment. This provided a way to both 

narrow the target gene list and to start identifying potential gene families regulated by 

Pitx2. Target genes in the most enriched bins were further analyzed for the presence 

and the evolutionary conservation of Pitx2 consensus binding sequence, TAATCY, on 

the -20kb, intronic and coding gene sequences. Twenty Pitx2 target genes that 

passed all the above criteria were classified as genes involved in cell transport and 

growth. Data from these studies suggests that Pitx2 acts as an inhibitor of protein 

transport and cell apoptosis contributing to the open body wall phenotype in E10.5 

mutant mice. Our work provides the start of the framework to which the 

developmental network leading to abdominal wall syndromes can be built. 
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Introduction 

The abdominal wall holds in the intestinal organs and provides stability to the trunk. 

Classic ventral body wall defects are characterized by a thin body wall, muscular 

dysplasia and/or absence of midline fusion (Brewer and Williams, 2004a). Congenital 

abdominal wall defects such as gastroschisis or omphalocele, and abdominal injuries 

can be a challenge to be repaired due to the musculofascial continuity and the 

complex vascular supply (Chang et al., 1992). 

The molecular mechanisms involved in the developmental processes that occur 

during the formation of the abdominal wall are not well understood. Cells from the 

definitive endoderm and lateral plate mesoderm migrate to form the abdominal wall. 

Abdominal level somites extend ventrally and form the abdominal muscles. In the 

mouse, ventral abdominal wall formation is initiated at embryonic day 9, (E9.0) when 

the primary ventral body forms, consisting of a thin epithelial peridermal membrane. 

The secondary body wall begins to form at E12.0 in both the thoracic and abdominal 

areas, with the primary contributor being cells from the somites (Christ et al., 1983; 

Ogi et al., 2005). The developing abdomen is composed of mesenchymal connective 

tissue and somatic-derived muscles which converge to enclose the internal organs 

(Brewer and Williams, 2004a, b). The genes and factors that regulate these genes, 

which mediate the cell growth, apoptosis, and migration essential to the formation of 

the secondary body wall, are still largely uncharacterized.  

Signaling molecules assist communication between cells and initiate the activation of 

certain sequence specific transcription factors (SSTFs) in the cells that receive the 

signal. The combination of active SSTFs at a given time and location defines the 

regulatory state of the cell. The complementary part of the regulatory apparatus is the 

regulatory genome that is common to all cells. Expression of each gene is controlled 

by regulatory sequences, the cis-regulatory modules (CRM) that contain clusters of 

different transcription factor binding sites. A regulatory gene (node) contains 

numerous CRMs that control its expression in a spatiotemporal manner during 

development. Signaling molecules and SSTFs form a network that is essential for 

pattern formation and cell specification. The identification of gene regulatory networks 

during abdominal wall development will provide a better understanding of how cells 
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from the mesendoderm will differentiate to form the lining of the abdominal wall and 

the intestinal tissue.  

Several SSTFs are involved in the pathogenesis of congenital body wall defects. The 

homeobox transcription factor Pitx2 regulates body wall formation and muscle 

specification (Gage et al., 1999b; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 

1999). Mutations in human Pitx2 contribute to Axenfeld-Rieger syndrome and 

Omphalocele and VATRE-Like syndrome (Katz et al., 2004), which are characterized 

by umbilical abnormalities. Pitx2 functions upstream of several growth factor signaling 

pathways, that regulate cell-type specific proliferation.  

In this study we performed a systems biology approach to identify Pitx2 target genes 

during mouse abdominal wall development. Gene expression data from microarray 

experiments were integrated with online gene ontology databases and in house CRM 

prediction scripts. Abdominal wall tissue from Pitx2 mutant, heterozygote and wild 

type E10.5 mice were prepared for analysis on Mouse Genome 430 2.0 microarrays, 

with RMA normalized data (Kioussi and Gross, 2008) and analyzed with SAMExcel 

(Tusher et al., 2001). This resulted in 324 probe sets, representing 275 unique genes 

that were differentially expressed. Genes were placed into functional bins such as 

“differentiation”, “migration”, “adhesion”, and “signaling” based on their gene ontology 

annotations using DAVID Bioinformatics Functional Annotation Tool (Dennis et al., 

2003; Huang et al., 2009). This tool bins genes based on the frequency of occurrence 

of ontology key words between our genes of interest versus the entire database of 

known genes. The most enriched bin (Bin1), containing 87 genes, was further 

analyzed for predicted Pitx2 binding sites in the -20kb region. Genes with a minimum 

of two Pitx2 binding sites conserved in at least 3 and 4 species respectively narrowed 

the list to 25 genes. Target genes containing a second gene with Pitx2 biding sites in 

both intronic and/or exonic sequences in this -20kb region were eliminated. This 

resulted in 20 genes that were further analyzed for conserved Pitx2 sites within the 

gene itself, which included the coding and intronic sequences. These CRM prediction 

scripts were used to place Pitx2 and its targets in contact to specific tissues of 

interest. A predicted network model was constructed by using BioTapestry Version 4 

to visually link the Pitx2 with its target genes. 
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Materials and Methods  

Mice  

The Pitx2+/LacZ mice (Lin et al., 1999) were used. Female mice were checked for the 

presence of vaginal plug (E0.5). Embryos were isolated at E10.5 and yolk sacs were 

used for genotyping. Tissue from the abdominal wall from each genotype was 

isolated by cutting across embryos behind the forelimb and in front of the hindlimb, 

with removal of the neural tube and obvious internal organs. 

RNA Preparation and Microarray Analysis  

Abdominal wall tissue was dissected from E10.5 Pitx2+/+ (Wild Type, WT), Pitx2+/LacZ 

(Heterozygote, HET) and Pitx2LacZ/LacZ (Homozygote, MUT) mice. Total RNA was 

prepared using Qiagen RNeasy Mini kit, labeled using Affymetrix one-step labeling, 

and used to probe the Affymetrix Mouse Genome 430 2.0 array. The raw *.cel files 

were normalized by RMA using RMAExpress (Bolstad et al., 2003; Kioussi and 

Gross, 2008). The data sets were further processed with SAMExcel with a delta value 

of 4 and a minimum fold change of 1.5. The significantly differentially expressed 

genes were analyzed with DAVID Bioinformatics Functional Annotation Tool (Dennis 

et al., 2003; Huang et al., 2009). The DAVID Functional Annotation Clustering 

application provided functional clusters of genes that were individually searched for 

the Pitx2 binding sites. 

Pitx2 Binding Site Analysis and Biotapestry 

For initial screening, genomic sequences with -20kb flanking each gene were 

downloaded from MGI’s link to the mouse reference genome (NCBI v37, mm9). 

These were processed with a script, binding_site_search.pl that was generated by 

our lab to determine the location of Pitx2 binding sites, TAATCY, relative to the start 

of the gene (Amendt et al., 1998; Wilson et al., 1996). For identifying the evolutionary 

conservation of these Pitx2 binding sites, the -20kb region of selected genes as 

defined by the gene entry locations in the UCSC Genome Browser on Mouse July 

2007 (NCBI37/mm9) Assembly available at http://genome.ucsc.edu/, was 

downloaded and formatted for binding_site_compare.pl. The script concatenated the 

alignments from the UCSC Genome Browser, identified the absolute Pitx2 binding 

http://genome.ucsc.edu/
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site locations for each gene based on the mouse sequence, and reported the species 

for which each binding site was conserved within. Cytoscape 2.6.3 was utilized for 

composing visualizations of gene expression data (Shannon et al., 2003). 

BioTapestry Version 4 was utilized for composing the predicted gene network in the 

abdominal wall (Longabaugh et al., 2005). 

 

Results and Discussion  

Pitx2 Target Gene Clusters in Abdominal Wall 

Gene expression analysis was used to identify Pitx2 target genes during abdominal 

wall development. Total RNA was prepared from tissue of three biological replicates 

for WT, HET and MUT embryos. Probed RNAs were applied to nine Mouse Genome 

430 2.0 microarrays. Scatter plot comparisons (data not shown) within each of the 

biological triplicates indicated that one of the three array sets was inconsistent with 

the other two. Thus, results from the six comparable arrays were normalized by RMA. 

Array results have been deposited for public access at ArrayExpress under the 

accession number E-MEXP-2332, (Hilton et al., 2010). 

Data represented by 45,101 probes and >39,000 transcripts were processed with 

SAMExcel (Tusher et al., 2001). Pitx2 target genes were selected based on a Δ of 4 

and a minimum fold change of 1.5. These thresholds identified with a 1.5% false 

discovery rate, 324 statistically significant altered probe sets based on t-tests, 

representing a total of 275 known unique genes. The DAVID Functional Annotation 

Clustering tool was applied to the above genes and generated 31 bins that covered 

265 of the above unique genes. The first 10 bins, with enrichment scores greater than 

2.0, can be seen as an example of DAVID output in Table 1. Selected key terms 

(GOTERMs) such as signal, cell differentiation, organ development etc, were ranked 

according to their relative frequency of occurrence in the Pitx2 target genes gene-

ontology, as compared to their occurrence in all genes identified in the mouse 

genome. These classifications helped categorize the types of Pitx2 target genes in 

the developing abdominal wall. The most enriched cluster contained the GOTERM 

“signal” and “secreted” (Table 1), which include regulatory genes, signaling molecules 
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and sequence specific transcription factors (SSTF) that represent the regulatory 

apparatus of the cell.  

Evolutionarily conserved Pitx2 Binding Sites 

To evaluate the Pitx2 target genes, comparative genome analysis was preformed, 

which included the identification of Pitx2 binding sites in promoter sequences, coding 

and intronic regions. Initially, the 20kb region upstream of the transcription codon in 

the genomic sequences of all 265 Pitx2 target genes from Bin1 to Bin10 were 

searched for the presence of the TAATCY motif in order to confirm suspicions of 

direct regulation by Pitx2. The number of Pitx2 binding sites varied from 6 to 33 per 

gene (Table 2). If genes were directly regulated, one would expect that bins with the 

highest enrichment score would have the highest number of potential Pitx2 binding 

sites. Indeed, a decrease of the average number of sites was observed as the 

enrichment score was decreased. Indirect regulation through the recruitment of co-

factor binding complexes however cannot be dismissed, and would likely account for 

the non linear correlation of average binding sites and enrichment scores. However, 

we chose to focus on the direct regulation of genes by Pitx2 interaction with predicted 

binding sites. Because Bin1 was the most significantly enriched as determined by 

significant P-values from David bioinformatics tools and contained a greater than 

average number of Pitx2 binding sites, it was chosen for further analysis of Pitx2 

binding site conservation. A Perl script was developed that could take in the 

alignment output for each gene from the UCSC Genome Browser on Mouse July 

2007 (NCBI37/mm9) Assembly, and identify the absolute location of each binding 

site, along with the species that the site was conserved (Kent et al., 2002). 

All Pitx2 target genes with at least 2 Pitx2 biding sites were originally selected based 

on having one site conserved in 3 species (rat, human, orangutan) and an additional 

second site conserved in 4 species (rat, human, orangutan, dog), resulting in a total 

of 25 genes. Within these genes, 5 genes were eliminated because of the existence 

of another gene within the -20kb sequences. All Pitx2 target genes that passed all the 

above criteria were summarized in Table 2. The top three genes, Hepatocyte growth 

factor (Hgf), Sulfatase1 (Sulf1) and Thansthyrenin (Ttr) were characterized by up to 

eight Pitx2 binding sites conserved in up to eight species, while the majority of the 
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target genes had an average of 2-4 conserved Pitx2 binding sites. Almost all of the 

Pitx2 target genes had multiple highly conserved Pitx2 binding sites at proximal 

promoter sequences (Fig 1). 

Comparative analysis of the predicted Pitx2 genes based on the evolutionary 

conserved binding sites was further analyzed in the intronic and coding sequences 

(Fig 1). When Pitx2 target genes were placed in order based on the number of Pitx2 

binding sites per gene length, the order did not change significantly, when compared 

to the order based on the number of Pitx2 binding sites within the promoter 

sequences. The top and bottom genes remained at their respective locations, with 

some rearrangements occurring in the middle.  

Function of Pitx2 Target Genes  

The order of Pitx2 target genes based on the absolute fold change of the Affymetrix 

gene expression array data was different than the one based on the number of 

conserved Pitx2 binding sites (Table 3). However, genes at the low end of Table 2 

were also positioned at the end of Table 3 suggesting that genes with <2 fold change 

harbored less Pitx2 binding sites. This group included the chemokine ligand 12 

(Cxcl12), cysteine rich transmembrane BMP regulator 1 (Crim1), follistatin-like 1 

(Fstl1), phospholipase A2 receptor 1 (Pla2r1), laminin gamma1 (Lamγ1) and tissue 

inhibitor of metalloprotease 2 (Timp2). Laminins, a family of adhesive glycoproteins, 

are involved in cell attachment, differentiation and migration (Timpl et al., 1979). Fstl1, 

an extracellular glycoprotein with antiproliferative effects, acts as a muscle-derived 

secreted factor with favorable actions on the heart and vasculature (Oshima et al., 

2008). Pla2r1, a transmembrane glycoprotein related protein, is involved in cell 

proliferation, cell migration, lipid mediator production and smooth muscle contraction 

(Hanasaki et al., 1997). The majority of the Pitx2 target genes with 1.5-2.0 fold 

change are glycoprotein type proteins involved in vascular development and 

maintenance (Hanasaki et al., 1997; Jaworski et al., 2006; Lieberam et al., 2005; 

Wilkinson et al., 2007; Yang et al., 2009).  

Pitx2 target genes with a fold change between 2.0 and 2.5 were more in order 

compared the number of Pitx2 binding sites. The genes of this group glypican (Gpc4), 

Insulin growth factor binding protein 1 (Igfbp2), podocalyxin-like 1 (Podx1) and 
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gelsolin (Gsn) are involved in cell growth and apoptosis (Kleffens et al., 1999; Maltby 

et al., 2009; Mejillano et al., 2004; Ybot-Gonzalez et al., 2005). Deletions in the Gpc4 

gene, a heparan sulfate proteoglycan, are associated with the gigantism syndrome 

Simpson-Gobaldi-Behmel (SGBS, OMIM: 312870), (Veugelers et al., 2000). Gpc4 is 

part of the Wnt/planar cell polarity pathway for convergence and extension during 

zebrafish gastrulation (LeClair et al., 2009).Gsn promotes apoptotic resistance and 

epithelia mesenchymal transformation via actin filament remodeling (Silacci et al., 

2004). Mutation in Gsn is associated with the Familial Amyloid, Finish type 

polyneuropathy (FAF, OMIM: 105120), (Levy et al., 1990). These genes are also cell 

cycle related genes, which is significant as Pitx2 regulates organ development upon 

binding and activation of cell cycle control genes, such as cyclins (Kioussi et al., 

2002). Collectively, the gene expression array data and the bioinformatics analysis of 

the evolutionary conserved Pitx2 binding sites suggest that Pitx2 binds to CRMs of 

these genes and inhibits tissue specific cell cycle (Fig. 3). 

Pitx2 target genes with a fold change >3 were the ones with the highest number of 

conserved Pitx2 conserved binding sites in coding and non-coding sequences. Hgf, 

commonly known as scatter factor (SF), is a secreted protein that functions as a 

mitogen with morphogenetic activities in a variety of epithelial cells (Soriano et al., 

1995). Hgf is mediated by the Met tyrosine kinase receptor for paracrine signaling 

during placenta, liver, muscle and neuron moprhogenesis (Ebens et al., 1996; Maina 

et al., 1997; Schmidt et al., 1995; Uehara et al., 1995). Hgf mutant mice exhibit 

impaired migration of the myotome towards the forelimbs (Schmidt et al., 1995). Pitx2 

mutant mice exhibit severe muscular malformations in head, abdomen and limbs 

(Hilton et al., 2010; Shih et al., 2007a). Met induces Wnt signaling that activates Pitx2 

in several tissues. The strong presence of Pitx2 binding sites suggests that Pitx2 

promotes Hgf expression in the migrating myotome to the abdominal wall and limbs. 

Sulfatases (Sulf1, 2) are essential regulators of cellular heparan sulfate-6-O-sulfation 

for matrix transmission and reception of GDNF signal from muscle to innervating 

neurons (Ai et al., 2007). Pitx2 can act as a repressor of Sulf1 expression in the 

abdominal wall tissue (Table 3), and inhibit the GDNF signaling cascade from 

muscles to neurons. Sulf1 regulates Wnt signaling by modulating sulfation state of 

cell surface heparin surface proteoglycans (Lin and Perrimon, 2002). A possible 
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mechanism is that Pitx2 inhibits Sulf1 expression that activates Wnt to stimulate Pitx2 

expression (Fig. 3). Transthyrein (Ttr), a transporter of hormones and proteins in the 

plasma is expressed in the visceral endoderm and degraded in the adult liver, kidney 

and muscle (Kwon and Hadjantonakis, 2009; Makover et al., 1988). The clinical 

syndromes associated with TTR aggregation are familial amyloid polyneuropathy 

(FAP) and cardiomyopathy (FAP), in which mutant TTR protein aggregates in 

peripheral and autonomic nerves and heart (Saraiva, 2001). Pitx2 is highly expressed 

in the endoderm derived intestinal tissue, and Pitx2 mutants exhibit hypocellular and 

severely malformed intestines. Pitx2 might act as a repressor to Ttr and further inhibit 

the transportation of critical molecules for the intestinal growth and development. The 

Dikkopf homolog 1 (Dkk1), a secreted extracellular protein acts as inhibitor of the Wnt 

signaling pathway, with high levels in the abdominal organs. A proposed mechanism 

is that the Wnt/ß-catenin pathway activates Pitx2 (Kioussi et al., 2002), which inhibits 

Dkk1, which in turn negatively regulates Wnt1. Fibulin (fbln-5) is an elastin-binding 

protein required for assembly and organization of elastic fibers. Fbln-5 is an inhibitor 

of vascular smooth muscle cell proliferation and migration (Spencer et al., 2005). 

Pitx2 can inhibit Fbln-5 and promote indirectly the smooth muscle cell proliferation. 

Interaction of Pitx2 with its target genes is demonstrated in Fig 2. The strength of 

Pitx2 interactions with its target genes is demonstrated in Fig 2. Stronger interactions 

as defined by a high number binding sites or a large fold change are represented as 

genes positioned closer to the core, while weaker interactions are displayed further 

away. Targets such as ttr, sulf, and hgf remain close to the core, while targets such 

as Pla2r1, Tmp2, Cxcl12  and Fstl remain far from the core, when comparing their 

strength of interaction as defined by binding sites or fold change. Genes in the middle 

rankings of either method of ordering tend to shift within in the middle regions, with a 

notable exception being Albumin (Alb).  

The Albumin (Alb) gene exhibited a lower number of conserved binding sites with a 

higher fold change when compared to the other genes that were selected for 

analysis. One might explain this discrepancy to the different developmental fields 

involved in the abdominal wall development. Gene expression analysis was 

performed in a mixed cell population rather than a specific cell lineage. Another factor 

might also be the fact the bioinformatics approach is based on direct protein DNA 
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interactions of Pitx2 to its target genes. This is not always the case, as co-regulatory 

complexes are usually present for the SSTF activation in specific cell lineages. 

Biological validations should verify the expression profiles of all identified Pitx2 target 

genes, from which predicted network models as developed in programs such as 

BioTapestry can be revised. A proposed regulatory network model has been 

generated based on the network data from these studies and the current literature 

(Fig 3). This model indicated Pitx2 as a key node for abdominal wall development. 

Furthermore, we suggest that Pitx2 regulates cell growth and migration by regulating 

the expression of genes involved in Wnt trafficking. Twenty percent of the target 

genes discussed previously in this study have been shown to be involved in the Wnt 

pathway including Gpc4, HGF, Sulf1, and Dkk1.  Pitx2 binding sites might represent 

CRMs that control gene expression in abdominal wall developmental fields, including 

skeletal and smooth muscle and endoderm-derived cells. The Pitx2-dependent gene 

expression can be regulated by modification of the local chromatin due to the 

presence of coactivator and/or corepressor complexes that have been initiated by 

Pitx2. Pitx2 occupies cell cycle specific genes, upon Wnt/ß-catenin activation, 

releases the histone deacetylase 1 (HDAC1) and promotes proliferation in muscles 

(Kioussi et al., 2002). Pitx2 can also occupy and suppress the transcriptional activity 

of several members of the T-box family in the abdominal wall, by changing the 

acetylation state of their chromatin (Hilton et al., 2010). Pitx2 may link Wnt signaling 

to changes in developmental fields involved in abdominal wall development through 

the regulation of genes involved in enzymatic activities for transporting information to 

the cell membrane that can influence cell specification and migration.  

 

Conclusion 

These studies introduced a systems biology approach to predict the Pitx2 target 

genes during abdominal wall development. Pitx2 is required for abdominal wall 

closure and organ formation. We used SAMExcel to analyze microarray data from 

Pitx2 mutant, heterozygote and wild type mouse embryos to extract significantly 

altered transcripts. DAVID Functional Annotation Clustering Tool identified genes 

grouped according to enrichment of reported gene ontology keywords. This provided 

a lead to investigate the Pitx2 dependent cellular/biological processes in the 
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developing abdominal wall. Our studies suggest that Pitx2 regulates abdominal wall 

development by regulating the expression of genes encoding for cell surface 

glycoproteins involved in transporting molecules into the cell, genes involved in 

enzymatic activities that determine cell specification, and genes involved in cell 

migration; all which are essential in being able to coordinate the closure of the 

abdominal wall. This study helps form the transcriptional network for abdominal wall 

development, placing Pitx2 as an essential node in the developmental circuit.  Further 

biological validations should follow to confirm the predicted network at E10.5, with 

future studies performed at earlier and later stages to widen the breadth of the 

network in a temporal manner.  
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Table 1. Functional Annotation Clusters for Pitx2 Target Genes in the 

Abdominal Wall 

Annotation 

Bin 

Enrichment 

Score 

GOTERM # of 

Genes 

P-Value 
Benjamini 

corrected 

P-Value 

Average # 

Pitx2 

Binding 

Sites 

1 7.7 
Signal 

Secreted 
86 
33 

8.89E-14 
2.00E-12 

7.60E-11 
8.70E-10 

17.7 

2 6.5 
Developmental Process 

Organ Development 
86 
49 

1.49E-10 
2.20E-08 

2.90E-05 
2.70E-01 

16.6 

3 5.3 
Extracellular Matrix 

Basement Membrane 
19 
7 

7.03E-07 
4.90E-04 

9.50E-05 
4.70E-02 

16.0 

4 4.8 
Biological Adhesion 

Cell Adhesion 
28 
28 

2.30E-06 
2.26E-06 

1.70E-03 
5.50E-02 

17.7 

5 2.4 
Enzyme Regulatory 

Activity 
Protease Inhibitor 

23 
10 

7.00E-04 
9.60F-04 

3.20E-01 
2.50E-01 

17.1 

6 2.3 
Cell Proliferation 
Regulator of Cell 

Proliferation 

19 
15 

9.60E-04 
1.20E-03 

2.50E-01 
2.90E-01 

15.3 

7 2.2 
Embryonic Development 

Appendage 
Morphogenesis 

14 
6 

1.50E-05 
4.8-E-03 

8.30E-01 
5.40E-01 

14 

8 2.18 
Regulation of Biological 

Quality 
Growth 

20 

11 

9.70E-03 

8.90E-03 

6.90E-01 

6.70E-01 
15.6 

9 2.1 
Vitamin Binding 
Cofactor Binding 

11 
6 

2.80E-06 
1.40E-01 

2.60E-03 
1.00E00 

19.8 

10 2.04 
Actin Binding 

Cytoskeleton 
6 

4 

9.30E-06 

1.30E-02 

1.60E-3 

6.30E-1 
12.7 

Significantly differentially regulated probe sets as identified by SAMExcel were entered into DAVID Functional 
Annotation Clustering tool. Selected GO terms from the first 10 bins with at minimum of a 2.0 enrichment score. 
Annotation Bin1 exhibited the most significant P values. 
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Table 2. Pitx2 Signaling Target Genes With Evolutionary Conserved Binding 
Sites 

Gene 
Gene 
Location 

Site 
Location 

Species Function Bibliography 

Hgf 
hepatocyte 
growth factor 

Chr5: 
16059368-
16125257 

16044545 
16047737 
16050952 
16051906 
16052042 
16052047 
16052876 

M, R, H, O, D, Ho 
M, R, O, D, Ho 
M, R, H, O, D, Ho 
M, R, H, O, D, Ho 
M, R, Ho 
M, R, H, O, D, Ho 
M, R, H, O, D 

Organogenesis 
Placenta, Liver, 
Muscles, 
Neurons 

(Dietrich et al., 1999; 
Ebens et al., 1996; 
Maina et al., 1997; 
Schmidt et al., 1995; 
Uehara et al., 1995) 
 

Sulf1 
sulfatase 1 

Chr1: 
12708626-
12850453 

12689935 
12690965 
12694348 
12700950 
12703579 
12703612 
12704923 
12705011 

M, D, Ho 
M, R, H, O, D, Ho 
M, H, O 
M, R, H, O, D 
M, H, O 
M, R, H, D, Ho 
M, R, H, O, D, Ho 
M, R, H, O, D, Ho 

Adult Muscle 
Development 

(Langsdorf et al., 
2007) 

Ttr 
transthyretin 

Chr18: 
20823914-
20832383 

20805080 
20816233 
20816262 
20816278 
20818368 
20819472 
20819896 
20823753 

M, R, H 
M, R, H, O, Ho 
M, H, O 
M, R, H, O, Ho 
M, H, O, D, Ho 
M, R, Ho 
M, R, H, O 
M, R, H, O, D, Ho, 
C, Op 

Visceral 
Endoderm 
Development 
Nerve 
Regeneration 

(Fleming et al., 2007; 
Kwon and 
Hadjantonakis, 2009) 

Dkk1 
dickkopf 
homolog 1 

Chr19: 
30620353-
30624155 

30625758 
30629096 
30639102 
30643643 

M, D, Ho 
M, R, H, O, Ho 
M, R, H, O, D, Ho 
M, H, O 

Limb 
Development 
and Patterning 

(Verani et al., 2007)  

Sema3d 
semaphorin 3D 

Chr5: 
12383556-
12587058 

12367488 
12369334 
12370226 
12383276 

M, R, H, O 
M, R, D, Ho 
M, H, O, Ho 
M, R, H, O, Op 

Spinal Motor 
Neuron 
Development 

(Cohen et al., 2005) 

Tnc 
tenascin C 

Chr4: 
63620819-
63681759 

63683738 
63689818 
63690696 
63696163 

M, H, O, D 
M, H, O, D, Ho 
M, H, O, Ho 
M, H, O, D 

Neuron Axon 
Guidance 
Myoblast Fusion, 
Tendon 
Formation, 
Sarcomere 
Assembly 

(El-Karef et al., 2007) 

Apcdd1 
adenomatosis 
polyposis coli 
down-regulated 
1 

Chr18: 
63081981-
63112849 

63062451 
63062984 
63068603 
63075658 

M, H, O, D, Ho 
M, H, D 
M, H, O, D, Op 
M, H, O 

Bone 
Development 

(Hecht et al., 2007) 

Fbln5 
Fibulin5 

Chr12: 
102988153-
103057298 

103058272 
103068145 
103071053 
103075085 

M, R, H, O, Ho 
M, R, H 
M, R, H, O, Ho 
M, H, O 

Smooth Muscle 
and Vascular 
Development 

(Spencer et al., 2005) 

Gpc4 
glypican 4 

ChrX: 
49406198-
49518429 

49522591 
49530364 
49535530 
49537545 

M, D, Ho 
M, R, H, Ho 
M, R, Ho 
M, R, H, O, D 

Cell Growth  
(Ybot-Gonzalez et al., 
2005) 

Igfbp2 
insulin growth 
factor binding 
protein 2 

Chr1: 
72871077-
72899048 

72852648 
72860887 
72867615 
72870401 

M, Ho, Op 
M, O, D, Ho, Op 
M, H, D, Ho 
M, H, O 

Cell Growth (Kleffens et al., 1999) 
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Table 2. Pitx2 Signaling Target Genes With Evolutionary Conserved Binding 
Sites (Continued) 

Gene 
Gene 
Location 

Site 
Location 

Species Function Bibliography 

Lamγ1 
laminin, gamma 
1 

Chr1: 
155066052-
155179916 

155181670 
155184013 
155193997 

M, R, H, O, Ho 
M, R, H, D 
M, R, H, O, D, Ho 

Muscle and 
Vascular 
Development 

(Bader et al., 1998; 
Tiger and Gullberg, 
1997) 

Podxl 
podocalyxin-
like 

Chr6: 
31469488-
31513981 

31515298 
31521648 
31525429 
31526653 

M, H, O, Ho 
M, R, H, O, Ho 
M, R, O 
M, R, Ho 

Glycosylation (Maltby et al., 2009) 

Alb1 
albumin 

Chr5: 
90889929-
90905627 

90873620 
90878108 
90879959 

M, R, H, O, H 
M, D, Ho 
M, R, H, O, D, Ho 

Serum Transport 
Carrier Protein 

(Jin et al., 2009) 

Gsn 
gelsolin 

Chr2: 
35135183-
35163412 

35124567 
35125503 
35128519 
35132821 

M, H, O 
M, R, Ho 
M, H, O, Ho 
M, H, O, Ho 

Cell Growth and 
Apopotosis 

(Mejillano et al., 2004) 

Crim1 
cysteine rich 
transmembrane 
BMP regulator 
1 

Chr17: 
78596408-
78773654 

78580487 
78582857 

M, R, H, O, D, Ho 
M, R, H, O 

Vascular 
Endothelial 
Development 

(Wilkinson et al., 
2007)  

Cxcl12 
chemokine 
ligand 12 

Chr6: 
117118553-
117131385 

117101734 
117102255 

M, R, H, O, D, Ho, 
Op 
M, R, D 

Angiogenesis in 
Early 
Development 
Motor Axon 
Patterning 

(Lieberam et al., 
2005) 

F3 
coagulation 
factor III 

Chr3: 
121426527-
121437960 

121423171 
121424657 

M, R, H, O, Ho 
M, H, O 

Vascular 
Development 

(Ong et al., 2000) 

Fstl1 
follistatin-like 1 

Chr16: 
37776959-
37836600 

37757499 
37762158 

M, R, H, O 
M, H, O 

Nervous System 
Mesenchyme 
Development 

(Yang et al., 2009) 

Pla2r1 
phospholipase 
A2  
receptor 1 

Chr2: 
60255600-
60391365 

60392795 
60400516 

M, H, O, H 
M, R, D 

Lipid Metabolism 
(Hanasaki et al., 
1997) 

Timp2 
tissue inhibitor 
of 
metalloproteina
se 2 

Chr11: 
118162383-
118217054 

118224740 
118233948 

M, R, D, Ho 
M, R, O 

Extracellular 
Matrix 
Maintenance  

(Jaworski et al., 2006) 

M, mouse; R, rat; O, orangutan; D, dog; H, human; Ho, horse; Op, opossum, C, chicken 
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Table 3. Gene Expression Profile of Pitx2 Target 
Genes 

Gene WT HET MUT ΔFold 

Alb 2533±202 2146±48 497±58 -5.1±0.2 

F3 122±31 220±3 435±25 3.6±0.7 

Tnc 836±76 923±48 3029±113 3.6±0.5 

Fbln5 247±15 395±47 785±57 3.2±0.0 

Ttr 884±62 520±40 2750±212 3.1±0.0 

Hgf 329±39 181±14 126±1 -2.6±0.3 

Dkk1 87±1 85±0 224±3 2.6±0.0 

Gsn 307±11 431±44 761±39 2.5±0.0 

Igfbp2 2443±152 4593±645 5580±180 2.3±0.2 

Sulf1 470±28 732±80 1034±21 2.2±0.1 

Podxl 202±2 529±155 446±236 2.2±1.2 

Gpc4 741±6 1588±11 1472±9 2.0±0.0 

Cxcl12 1478±1 2509±167 811±75 -1.8±0.2 

Apcdd1 461±12 800±9 832±37 1.8±0.0 

Crim1 233±1 322±37 428±5 1.8±0.0 

Lamc1 691±49 819±42 1173±28 1.7±0.1 

Fstl1 4861±177 5925±34 7884±572 1.6±0.1 

Pla2r1 157±5 220±8 252±1 1.6±0.1 

Timp2 1016±44 1321±123 1656±65 1.6±0.1 

Sema3d 219±7 210±19 330±6 1.5±0.1 
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Figure 1. Evolutionary Conserved Pitx2 Binding Sites. Comparative analysis of 
Pitx2 consensus binding sites in the Pitx2 target genes. Genomic consensus 
sequences 20kb upstream of the transcriptional start site were mapped against the 
aligned sequences in the top twenty Pitx2 target genes. Red dots indicate a predicted 
Pitx2 binding site. Vertical red dots indicate the number of species the motif was 
found. 
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Figure 2. Pitx2 Target Genes Visualized with Cytoscape. Each circle represents 
an individual gene with Pitx2 as the core regulator. Red and green lines represent 
repressed and activated Pitx2 target genes respectively. The length of the lines 
represents the strength of their relationships. (A) Representation of target gene 
relations to Pitx2 based on the sum of binding sites and number of species conserved 
from Table 2. Genes with a greater net number of sites and species are mapped 
closer to the Pitx2 core. (B) Representation of target gene relations to Pitx2 based on 
fold change. The greater the fold change the closer the mapping of the gene to Pitx2. 
It appears that Pitx2 is a general repressor for the majority of our target genes.  
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Figure 3. Predicted Pitx2 Network Model in Abdominal Wall. BioTapestry was 
used to create a model of the Pitx2 regulatory network in the abdominal wall. Genes 
within the nested regions are identified as different gene regulatory components. Red 
and green links represent repressed and activated interactions from pitx2 as found in 
this study, while blue links represent interactions identified from literature.  
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 Abstract 

Sequence specific transcription factors (SSTFs) combinatorially define cell types 

during development by forming recursively linked network kernels. Pitx2 expression 

begins during gastrulation, together with Hox genes, and becomes localized to the 

abdominal lateral plate mesoderm (LPM) before the onset of myogenesis in somites. 

The somatopleure of Pitx2 null embryos begins to grow abnormally outward before 

muscle regulatory factors (MRFs) or Pitx2 begin expression in the 

dermomyotome/myotome. Abdominal somites become deformed and stunted as they 

elongate into the mutant body wall, but maintain normal MRF expression domains. 

Subsequent loss of abdominal muscles is therefore not due to defects in 

specification, determination, or commitment of the myogenic lineage. Microarray 

analysis was used to identify SSTF families whose expression levels change in E10.5 

interlimb body wall biopsies. All Hox9-11 paralogs had lower RNA levels in mutants, 

whereas genes expressed selectively in the hypaxial dermomyotome/myotome and 

sclerotome had higher RNA levels in mutants. In situ hybridization analyses indicate 

that Hox gene expression was reduced in parts of the LPM and intermediate 

mesoderm of mutants. Chromatin occupancy studies conducted on E10.5 interlimb 

body wall biopsies showed that Pitx2 protein occupied chromatin sites containing 

conserved bicoid core motifs in the vicinity of Hox 9-11 and MRF genes. Taken 

together, the data indicate that Pitx2 protein in LPM cells acts, presumably in 

combination with other SSTFs, to repress gene expression, that are normally 

expressed in physically adjoining cell types. Pitx2 thereby prevents cells in the 

interlimb LPM from adopting the stable network kernels that define sclerotomal, 

dermomyotomal, or myotomal mesenchymal cell types. This mechanism may be 

viewed either as lineage restriction or specification.  
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Introduction 

Mesodermal cells are formed and positioned along the anterior-posterior (AP) axis 

during gastrulation.  At each successive axial level, the earlier ingressing cells will 

become the LPM whereas the later ingressing cells will become the more medial 

presomitic, or paraxial, mesoderm. Somites formed by segmentation of the paraxial 

mesoderm, are further divided into the outer dermomyotome/myotome and inner 

sclerotome (Christ et al., 1998). The dermomyotomes/myotomes give rise to all 

skeletal muscle precursors. Cells from the dorsomedial lip of the dermomyotome give 

rise to epaxial muscles, whereas cells from the ventrolateral lip of the dermomyotome 

give rise to hypaxial muscles (Ordahl and Le Douarin, 1992). The LPM is subdivided 

into an outer, more lateral somatopleuric, and inner, more medial splanchnopleuric 

mesenchyme, which combine respectively, with the surface ectoderm or endoderm to 

give rise to the somatopleure (SMP) and splanchnopleure (SPP). The SMP forms an 

outer mesenchymal layer that resides under the epithelial ectoderm, and together 

with it forms the body wall. Hypaxial muscle progenitor cells are specified in the 

dermomyotome, well before these move into the SMP. Muscles of the abdominal wall 

also derive from somites (Christ et al., 1983). The SMP cells at abdominal levels 

delaminate and migrate individually, and the muscle progenitor cells, at least initially, 

remain locked within the dermomyotomal epithelia as they grow and extend ventrally 

into the SMP (abdominal wall). The molecular specifications, of both somites and 

SMPs, differ between axial levels. Consequently, the interactions between somites 

and SMP produce different outcomes, in terms of muscle development, at each axial 

level.  

The complex interactions between genes and their associated regulatory factors can 

be modeled with gene regulatory networks (GRNs) (Davidson and Erwin, 2006). 

These networks consist of genes (nodes) and functional relationships (links) they 

have with other genes that they regulate or regulate them. Within a specific 

developmental domain, there are evolutionarily conserved combinations of nodes and 

links creating the “kernels.” These kernels often consist of SSTF nodes, which can act 

on other nodes or themselves to stabilize the developmental state of the cell, often 

through cis-regulatory modules (CRMs) of each gene involved. This self-stabilization 
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of the nodes within each kernel defines a recursively-linked network. When a single 

node within a kernel is disrupted, the function of the kernel as a whole is altered and 

is likely to cause a significant change in the body part in which the specific cell type 

was required. One notable feature of using kernels to define a cell types, is that the 

nodes within the kernels are not restricted solely to that kernel, but can be involved in 

numerous different kernels that make up an organism’s GRN. 

Pitx2 is essential for proper organogenesis and myogenesis during mouse 

development (Gage et al., 1999b; Kitamura et al., 1999; Lin et al., 1999; Lu et al., 

1999). Pitx2 is involved in many developmental kernels, as the first branchial arch 

(BA)-derived structures, abdominal wall, and internal organs are particularly strongly 

affected. Muscles within the first BA fail to develop, while those in the adjoining 

second BA become malformed. The early first BA defects result from a specification 

defect in early gastrulation (Shih et al., 2007a). This is consistent with the rostral 

bilateral stripe of Pitx2 expressing cells that is first observed in gastrulae and which 

gradually changes into the first BA as development proceeds (Campione et al., 1999; 

Piedra et al., 1998). A second, more posterior, bilaterally asymmetric, zone of Pitx2 

expression is also observed in the vertebrate gastrulae (Campione et al., 1999; 

Piedra et al., 1998). This zone gradually changes into the body wall/SMP and SPP as 

development proceeds. Pitx2-dependent changes to the abdominal body wall are 

subtle at E9.5 (Kitamura et al., 1999). They become severe and obvious by E10.5 

(Lin et al., 1999; Lu et al., 1999). Similar to the first BA, muscles fail to develop in this 

region, and form abnormally in closely adjoining regions (Shih et al., 2007a). A third 

major zone of Pitx2 expression is the muscle lineage (L'Honore et al., 2007; Shih et 

al., 2007a). The Pitx2LacZ knock-in allele is expressed in most, if not all, muscle 

anlagen at E12.5 and muscles in adults (Shih et al., 2007b). Pitx2 gene expression is 

first observed in somites at forelimb levels at E10 (Kioussi et al., 2002). Pitx2 

expression dynamically expands to more rostral and caudal somites during the E10-

E10.5 interval, and is observed robustly in all somites by E11.5 (Kioussi et al., 2002; 

Shih et al., 2007b). The expansion of Pitx2 expression to more rostral somites is 

closely correlated with the rostral expansion of Pitx2-expressing SMP. Thus, the 

onset of Pitx2 expression in somitic cells is juxtaposed with the Pitx2-expressing SMP 

(Shih et al., 2007b). Myogenic cells and recognizable muscle anlagen develop, albeit 
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somewhat abnormally, in the skeletal muscles of Pitx2 mutants. This occurs despite 

the fact that Pitx2 is expressed at all stages of the myogenic progression, from 

migratory Pax3+/Lbx1+ (at limb levels), to Myod1+ or Myf5+ determined myoblasts to 

Myogenin+ committed myocytes. The restriction of Myf5, Myod1 and Myogenin 

expression to Pitx2 expressing cells in the limb muscle anlagen, suggests Pitx2 is 

engaged in recursive interactions with the MRF genes in the context of several 

network kernels that establish a set of interacting cellular states that locally control 

muscle fiber growth. Pitx2 is also involved in several network kernels that establish 

the state of myoblast adhesion, migration and motility (Campbell et al., 2012). 

Network kernels represent a recursively-linked, rather than sequential, hierarchical 

regulatory model of development (Bolouri and Davidson, 2002; Davidson et al., 

2002). Genes involved in establishing the axially restricted Pitx2 expression domains 

during early gastrulation would also receive recursive input from Pitx2. Axial 

specification along the trunk is controlled by sequential deployment of Hox genes in a 

rostral to caudal direction. Nested sets of Hox genes are expressed, in both ectoderm 

and mesoderm, in a staggered fashion along the body axis (Kessel and Gruss, 1991).  

Expression of each Hox gene suppresses the previous, in a more rostral 

specification. This principle of posterior dominance of Hox genes is well established 

in mammals (Capecchi, 1997). Hox genes are well known for their roles in axial 

specification during gastrulation, and those Hox genes that are critical for specifying 

first BA and abdomen could reasonably be expected to receive recursive input from 

Pitx2. 

We are interested in discovering the architecture of Pitx2-dependent network kernels. 

We hypothesize that Pitx2 is involved in the gene network of the LPM that specifies 

the abdominal muscles. We expect that a variety of Pitx2-dependent network kernels 

functionally define cell types (states) within the first BA, LPM, and muscle anlagen. 

We therefore must gather molecular interaction data between the Pitx2 protein and 

CRMs in other SSTF genes to build a sufficiently detailed network model that allows 

the particular architectures of each recursive network kernel to be recognized. SSTF 

genes that change their expression in a Pitx2-dependent manner at relevant times 

and places of development are therefore of particular interest. We have previously 
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used high-throughput expression analyses to compare the expression levels of all 

SSTF genes in the body wall/somites of normal and Pitx2 mutant embryos at E10.5 

(Hilton et al., 2010). These studies, which focused on Pitx2-dependent T-box genes, 

also identified many other SSTF genes that changed their expression levels in a 

Pitx2-dependent manner. These included several Hox genes and Myf5, which 

seemed directly relevant to abdominal wall development. The “genetic” SSTF target 

genes identified by the microarrays could involve direct physical interactions between 

the Pitx2 protein and a CRM in target genes. Here, we report the abdominal muscle 

phenotype of Pitx2 mutants and examine Pitx2 protein occupancy at evolutionarily 

conserved bicoid core motifs in the MRF and Hox loci in embryonic body wall 

biopsies. Pitx2 protein physically occupies a large fraction of these sites in the 

chromatin of the embryonic body wall. The data demonstrate that physical 

interactions between Pitx2 protein and the regulated “genetic” target genes occur in 

vivo.  

 

Results 

A detailed analysis of the body wall muscle phenotype of late stage Pitx2 mutants 

has, to our knowledge, not yet been reported. Whole mount X-gal stains of 

heterozygote (Pitx2LacZ/+) and homozygote (Pitx2LacZ/LacZ) mice were therefore 

compared at E14.5, the latest stage that mutant embryos could be effectively 

obtained. The severe bending of mutant bodies to their right at abdominal levels 

made it difficult to compare the muscle anlagen. However, by focusing on attachment 

points and consulting a comparative anatomy laboratory textbook, we identified the 

anlagen in E14.5 mice that appear to be present, absent, or modified in mutants. The 

attachment points of each muscle are indicated by sets of colored dots that should be 

compared between the corresponding heterozygote and mutant embryos. The 

muscles of the body wall can be roughly divided into two categories. The trunk axial 

musculature connects non-limb bones, or fascia, with each other and consists of both 

abdominal wall and non-abdominal muscles (vertebral/epaxial). The limb-suspension 

musculature consists of muscles that connect limb bones with axial fascia or bones. 

Only a subset connects to abdominal fascia or extends through the abdominal region. 
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Pitx2-Dependent Defects in the Abdominal Axial Trunk Musculature - The abdominal 

muscles consist of three muscle sheets within the lateral body wall and one long 

cord-like muscle, the rectus abdominus, which runs along the ventral midline. These 

four muscles were stained by X-gal in heterozygotes but were difficult to photograph, 

even in skinned embryos, because the non-muscular layers derived from SMP and 

SPP also stain with X-gal (Fig 1G). The open abdominal body wall of mutants was 

also deeply stained by X-gal, but this was an amorphous blue staining in which 

muscle anlagen were not evident (Fig 1F, H). The outer abdominal muscle sheet, or 

external oblique muscle was absent on the left side and appeared to consist of three 

vestigial straps on the right side (Fig 1C, D; white dots). The three vestigial straps of 

muscle retained on the right side may also be interpreted as displaced versions of the 

serratus dorsalis. No evidence could be obtained to support the existence of possible 

vestigial forms of the internal oblique muscle (middle sheet), the transversus muscle 

(deep sheet), and the rectus abdominus. 

The non-abdominal axial musculature of the trunk consists of deep back, superficial 

back, and intercostal muscles. Deep back musculature consists of the many small 

muscles that attach the vertebrae to each other and includes more superficial 

muscles that are located outside of the vertebrae and ribs but do not connect to limb 

bones. The vertebral arches have not closed dorsally at E14.5. The anlagen for the 

deep back muscles that connect the vertebrae are just beginning to split off the 

dorsomedial edge of the expanding myotome at this stage (Deries et al., 2010) and 

could therefore not be specifically delineated in our whole mount X-gal stains. Dorsal 

views showed similar levels and distribution of intervertebral staining intensity in 

mutant and heterozygote embryos. No apparent differences were observed in serial 

paraffin sections either (data not shown).  

The external and internal intercostal muscles slant in opposite directions and connect 

the ribs. Although they are hypaxial muscles by innervation, they embryologically 

derive from the dorsomedial myotome and therefore should be grouped with the 

epaxial deep back muscles as primaxial muscles (Burke and Nowicki, 2003). Mutant 

embryos developed both layers of intercostal muscles, but these appeared reduced 

and distorted (data not shown). The superficial back muscles could be examined by 
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dissecting away the skin and suspension muscles of X-gal stained E14.5 embryos 

(Fig 1C, D). A dark longitudinal blue muscle, the sacrospinalis, is observed 

dorsolateral to the neural tube along the rostrocaudal axis of heterozygotes. It has a 

region of intense staining just above the last ribs and appears to split into two 

components at thoracic levels. One component consists of a strap-like muscle that 

tracks along the vertebral column toward the skull and one component consists of a 

muscle that fans out over the ribs at thoracic levels (Fig 1C; red dots). The region of 

intense staining above the last ribs appears to persist in mutants, and a reduced strap 

of muscle extends along the vertebral column toward the skull. However, the muscle 

that fans out over the ribs appears to be replaced by a strap that does not fan out 

over the ribs (Fig 1D; red dots). The sacrospinalis is reduced and can no longer make 

proper anterior connections. Another superficial back muscle, the serratus dorsalis 

connects the lateral aspects of the ribs to an aponeurosis. Three X-gal stained bands 

of muscle that interdigitate with the external oblique attachment points on the ribs and 

extend dorsally and rostrally at an oblique, were observed in heterozygotes (Fig 1C; 

black dots). They were not observed at this location in mutants. However, three 

bands extending in the same direction from the ribs were observed at a more 

posterior location (Fig 1D; white dots). These may be either vestigial external oblique 

muscles with abnormally dorsal attachment points, or altered serratus dorsalis without 

an appropriate dorsal aponeurosis connection point. 

Pitx2-Dependent Defects in the Limb Suspension Musculature - Lateral aspects of 

the forelimb are connected to vertebrae and dorsal fascia by the trapezius, lattissimus 

dorsi and levator scapulae ventralis.  Medial aspects of the forelimb are connected to 

the ribs, sternum and vertebrae by the pectoralis, xiphihumeralis, serratus ventralis, 

and rhomboidius. Clavobrachialis connects the clavicle to the forelimb bone. Lateral 

aspects of the hindlimb are connected to the vertebrae and pelvis by the gluteal, 

tenuissimus, and caudofemoralis muscles. Medial aspects of the hindlimb are 

attached to the trunk by the iliopsoas.  

The spinotrapezius of heterozygotes was seen just under the skin as a blue stripe 

that extended caudally from the spine of the scapula along the ventral edge of the 

vertebral column (Fig 1A; red dots).  A similar stripe was observed in mutants, but the 
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stripe did not extend as far caudally (Fig 1B; red dots). The acromiotrapezius attaches 

the scapular spine with more rostral vertebrae and was observed as a superficial blue 

fan with neat striations in heterozygotes (Fig 1A; white dots). A similar blue fan was 

observed in mutants, but it lacked the smooth striation of the normal muscle (Fig 1B; 

white dots). The levator scapulae ventralis attaches the scapula to the atlas and 

occipital bone of the skull.  It was seen as a narrow blue strap with fine striations in 

heterozygotes (Fig 1A; blue dots).  A condensed blue cord with no visible striations 

was observed in mutants (Fig 1B; blue dots). The latissimus dorsi connects the 

posterior aspect of the humerus with the body wall fascia and was seen as a blue fan 

in the most superficial view of X-gal stained heterozygotes (Fig 1A; orange dots). This 

muscle attached to the humerus in mutants but was stunted and knotty in appearance 

as it fanned out towards the body wall fascia (Fig 1B; orange dots). Other suspension 

muscles of the limb were also stained by X-gal in heterozygotes, and corresponding 

patterns of muscle anlagen were observed in mutants (Fig 1E, F; data not shown). 

The contrast between the smooth texture and lighter staining of the latissimus dorsi in 

heterozygotes and the knotty texture and deeper staining in mutants exemplifies a 

qualitative difference that appears in all the muscles examined.  This is likely to be 

caused directly by Pitx2 functions in the kernel defining the muscle cell lineage. The 

absence or stunting of muscles occurred only in those muscles that had both or one 

attachment point in the abdominal region. Thus, Pitx2-dependent loss or stunting of 

muscle occurs secondarily due to loss of the abdominal body wall.  

Onset of Body Wall Phenotype - The initially subtle, morphological defects associated 

with defective abdominal wall closure have been well quantified at E9.5 (Kitamura et 

al., 1999). The left body wall of Pitx2 mutants begins to bend outward rather than 

inward at this stage. Pitx2 is robustly expressed in the body wall, but no expression is 

observed in any presomitic mesoderm or somites at this early stage (Shih et al., 

2007b). The outward bend was accompanied by abnormal rightward bending of the 

main body axis (Fig 2C-F), became more severe as development proceeded (Fig 1-

3), and prevented the body wall closure. This may cause the rightward bend of the 

body axis secondarily due to the absence of physical counterpull by a left body wall.  

Alternatively, the left body wall may grow too quickly longitudinally because it is not 

growing ventrally. 
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Expression of the Pitx2 Gene Does not Require Pitx2 Function - The onset of 

Pitx2LacZ expression in mutant somites is still tightly correlated with juxtaposition of 

Pitx2+ SMPd (Fig 2A, B). The onset of Pitx2 gene expression in somites is therefore 

Pitx2-independent. The onset and maturation of the Pitx2LacZ expression pattern 

within individual somites appears normal in mutants. This is best seen by comparing 

the Pitx2LacZ expression in successive somites, proceeding from caudal to rostral at 

E10 (Fig 2A-D) and E10.5 (Fig 2E, F). Pitx2 expression in each somite began at the 

rostral and caudal edges at the level covered by the SMPd stripe (Fig 2C, D). 

Expression expanded along the somite edges in both dorsal and ventral directions. 

Expression between the two edges lagged somewhat behind, but expanded in a 

similar fashion (Fig 2E, F). Cross sections at forelimb limb levels at E10.5 indicate 

that Pitx2 expression expands mainly into Pax3+ cells located on the medial surface 

of the dermomyotome and to a lesser extent on the lateral surface of the 

dermomyotome, so that a central Pax3+ region remains free of Pitx2 expression (Shih 

et al., 2007b). Pitx2LacZ expression in the most dorsal aspect of the myotomes (black 

dots) can be seen in whole mount X-gal stains at E10.5, because the more superficial 

dorsal dermomyotomes lack Pitx2 (Fig 2E, F).  

Onset of Somite Phenotype - Pax3 expression in the paraxial mesoderm initiates as 

somites formed from the segmental plate become restricted to the dermomyotome 

prior to E9.5, and begins to show higher levels in the ventrolateral dermomyotome at 

E9.5 (Bober et al., 1994a; Daston et al., 1996; Goulding et al., 1994). The first 

embryonic expression of Myod1 occurs in the ventral tip of interlimb dermomyotome 

at E9.5-10 (Borycki et al., 1999b; Chen et al., 2001). Neither of these dermomyotome 

markers showed obvious deficiencies in their expression level in the abdominal 

somites of Pitx2 mutants at E10.5 (Fig 2G-J; K-N). Dermomyotomes, just caudal to 

the forelimbs extend their ventrolateral lips into the abdominal body wall as early as 

E9.5, prior to the onset of Pitx2 expression in the paraxial mesoderm. By E10.5, the 

abdominal somites expressed Myod1 robustly (Fig 2G, I), even though little or no 

Pitx2 expression was observed at this location (Fig 2A, C).  Morphological differences 

in the shape of the ventral extensions were observed in both Myod1 RNA (Fig 2G-J) 

and Pax3 lineage trace (Fig 2K-N) staining. These differences were observed on the 

left side, and indicated that the dermomyotomal components of the abdominal somite 
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extensions had entered the abnormally turned body wall at E10.5. The degree of 

body wall turning differed significantly between mutant littermates, indicating a 

variable penetrance of this phenotype (compare Fig 2L and H).  

Myf5 and Myf6 RNA expression begins at the dorsal and ventral myotome-forming 

lips of the dermomyotome respectively, soon after somites come off the segmental 

plate. Both RNAs are expressed throughout the myotome at interlimb levels by E9.5. 

Myf5 expression extends slightly further ventrally than Myf6 (Summerbell et al., 

2002). The abdominal extensions continue to actively express Myf5 at E10.5 and 

E11.5 (Sporle et al., 1996). Loss of Pitx2 function had an effect on the Myf5 

expression levels at E10.5 in the dorsal aspect of the myotome and in the abdominal 

extensions (Fig 2O-P1). Quantitative analysis of MRF expression indicated increased 

expression levels in the abdominal wall biopsies (Fig S1), which was in accord with 

the microarray data of Table 1. The outward curl of the ventral half of the Myf5 

expression domain on the left side indicated that the hypaxial myotome had also 

extended into the abnormal body wall by E10.5 (Fig 2P, P1). Pitx2 function had little 

to do with the initiation of Myf5, Pax3, or Myod1 expression in the abdominal somites. 

This was not surprising, because Pitx2 expression in somites begins at E10.5, as 

somites just come into contact with the Pitx2+ somatopleure (Fig 2A, C; (Shih et al., 

2007b)) and is not likely a part of the network kernel that initially defines muscle 

progenitors in somites.  

Abdominal somites were severely deformed one day later at E11.5, in Pitx2 mutants. 

Deformation was of an entirely different character on the left and right sides of the 

body. Somites were bent upward and outward with the left body wall, whereas they 

became thickened, shortened and compacted within the right body wall, which was 

sharply kinked to the right at this stage (Fig 3). Myod1 and Myogenin RNAs at E11.5 

are normally expressed in the dorsal myotome and the ventral extension of 

abdominal somites (Fig 3E, G, G1, G2, I, I1, I2).  However, both domains were 

slightly further apart, or embedded deeper into the body, in the right body wall of 

mutants (Fig 3H2, J2), whereas the ventral extension was curled outward, over the 

dorsal myotome and dermotome, in the left body wall of mutants (Fig 3H, H1, J, J1).  

The left somites of mutants appeared to be abnormally bifurcated. Double labeling 
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immunohistochemistry for antibodies against ß-Gal(Pitx2) and Myogenin in the 

abdominal somites at E11.5 (Fig 3E, F) further support the above observations. Pitx2+ 

somites were also Myogenin+. The most posterior dorsal somites were not well 

defined and were irregularly embedded into the SMP (Fig 3F). The continued 

expression of the MRFs in the abdominal extensions of mutants at E11.5 indicates 

that Pitx2 is not required for maintenance of MRF expression in abdominal somite 

extensions at later stages. Pitx2 was therefore not required for establishment or 

maintenance of MRF expression in the abdominal somite extensions. The somite 

malformations at E11.5 and later abdominal muscle defects therefore do not result 

from defects in specifying the muscle lineage per se. Instead, they appear to result 

secondarily from severe Pitx2-dependent defects of the SMP context into which these 

somites normally grow. This is consistent with the complete loss of abdominal 

muscles and the single-ended stunting of suspension muscles at the end that 

attaches to the abdominal wall. It is also consistent with the phenotypic differences 

observed, in both somites and muscles, between the left and right body walls. The 

abdominal extensions of mutants were stunted close to the edge of the left (Fig 3H, 

H1, J, J1) and right (Fig 3H2, J2) body wall. 

Selective Regulation of Hox9, 10, 11 Paralogs in the Abdominal Wall - The molecular 

events that lead to the deformation of the body wall are not understood. We have 

used microarrays to compare gene expression in the abdominal body walls of normal 

and Pitx2 mutant embryos at E10.5 (Hilton et al., 2010). Abdominal wall tissue was 

obtained by cutting across embryos between the limbs and removing the neural tube 

and viscera. The body wall with some somitic tissue was extracted. Total RNA 

preparations from three pools of Pitx2+/+, three pools of Pitx2LacZ/+ and three pools of 

Pitx2LacZ/LacZ embryos were used to prepare the probes for nine Affymetrix Mouse 

Genome 430 2.0 gene expression microarrays. This analysis revealed several 

families of SSTFs regulated by Pitx2 (Hilton et al., 2010).  Here we present an 

analysis for Pitx2-dependent Hox and MRF genes (Table1). 

Hox gene expression was collectively compared between wild type (WT) and mutants 

(MUT) by 53 probe sets. Eleven of these (20%) changed more than 1.4 fold. At this 

fold cut off, only 1% of all probe sets (450 of 45,101) on the array are “regulated” with 
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a false discovery rate of 11.5%, as measured by fold-scanning analysis (Kioussi et 

al., 2006). The fact that 20% of Hox probe sets were “regulated” at the same 

threshold indicates that Pitx2 modulates expression from Hox clusters selectively. 

One of the three sets of biological replicates considered above was an outlier (Hilton 

et al., 2010). If the arrays from this set are not considered, then 18 of the 53 Hox 

probe sets (34%) changed more than 1.4 fold. Approximately half of these were 

probe sets for Hox 9, 10, and 11 paralogs. The probe sets with the greatest fold 

changes among all the Hox probe sets were in this set (Fig 4A). In addition, all Hox 9, 

10, and 11 probe sets registered lower expression levels in mutants (Table1). This 

was confirmed by qPCR analyses (Fig 4B). Loss of Hox 9, 10, and 11 paralogs leads 

to deficits in ribs and in lumbar and sacral vertebrae (Table1). These structures occur 

at approximately the same axial levels as the abdominal body wall. 

Loss of Small Hox 9, 10, and 11 Expression Domains in Abdominal Body Wall - 

Whole mount in situ hybridization (WISH) was used to determine if Hox 9, 10, or 11 

expression declines in Pitx2 mutants, in at least a subset of the structures that 

normally express Pitx2 (Fig 5). Expression of Hox9, 10, and 11 paralogs at E10.5 

occurs in neuroectoderm, somites, and LPM. Pitx2 expression was readily observed 

in the most anterior interlimb somites at E10.5 using whole mount analyses (Fig 2). 

However, expression of the Hox 9, 10, and 11 paralogs was not apparent in these 

somites, or indeed in any interlimb somites, in control embryos (Fig 5). This was not 

due to a lack of signal, because somitic expression was observed at hindlimb levels, 

and was often strong in another domain. Published E10.5 whole mount data for the 

expression profiles of Hoxa9 (Chen and Capecchi, 1997), Hoxb9, Hoxa10, Hoxc10, 

Hoxa11 (Gray et al., 2004), and Hoxd11 (Spitz et al., 2001) show that the anterior 

boundary of somitic expression for these genes lies at the hindlimb level. Hox gene 

expression begins in the presomitic mesoderm and is generally observed throughout 

a particular somite at the time it buds off the presomitic mesoderm. However, Hox 

expression tends to be restricted to the interior sclerotome by the time that 

myotome/dermomyotome form. Thus, the bone-forming sclerotomes lack Pitx2 

expression, while the muscle forming myotome/dermomyotome lacks Hox 

expression.  
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Pitx2 expression in the LPM begins several days prior to E10.5 and was still robust in 

the interlimb region. Hox9, 10, and 11 expression domains were identified in the 

interlimb body wall at E10.5 (arrows in Fig 5A, C, E, G, I, K, M). These domains are 

difficult to visualize because they are in thin layers of tissue (either SPP or SMP). 

Little is known about Hox expression in the LPM, and from anatomical assignment of 

these domains is not yet possible. However, it appeared that some of these domains 

were lost or altered in mutants (arrows in Fig 5 B, D, F, H, J, L, N). Side by side 

comparisons of control and mutants were complicated because the left body wall of 

the mutant (outlined in gray) is abnormally averted (indicated by swooshes). Hox RNA 

expression was lost from elongated domains (Hoxa9, Hoxd10, Hoxa11) and from 

broad layered domains (Hoxb9, Hoxa10, Hoxc10, and Hoxd11). 

Pitx2 Protein Occupancy at MRF and Hox Loci in the Abdominal Body Wall - 

Chromatin occupancy analyses provided another means to assess the interaction 

between Pitx2 and the Hox and MRF gene families in vivo at E10.5.  Embryos from 

approximately 3 to 4 synchronous litters were rapidly genotyped by observation in 

each of 14 separate experiments. Tissue biopsies dissected from 8-11 embryos, for 

each genotype, were pooled for single experiments. The same type of biopsies was 

used as for the expression microarray analysis above. Each experiment generated a 

pair of chromatin extracts, WT and MUT, with sufficient material for one 

immunoprecipitation with either the anti-Pitx2, anti-HDAC1, or anti-HDAC3 antibodies. 

Each immunoprecipitate provided enough material for 6-12 triplicate qPCR analyses. 

A total of 49 triplicate analyses, with different antibody/extract/primer pair 

combinations provided usable qPCR data. The ratio of WT to MUT input signals, the 

normalization coefficient, was used to obtain normalized signals for the WT 

precipitate (WtPPTNorm) and thereby insured that the equivalent amounts of chromatin 

were being compared (Fig 6, 7). Normalization coefficients were determined by 

dividing the average signal of three WT replicates by the average signal of three MUT 

replicates. The normalization coefficients over the entire range of experiments had an 

average of 1.2±0.7, and ranged from 0.6 to 1.55, indicating that MUT and WT extract 

pairs never differed more than 1.7 fold in the amount of chromatin that was 

immunoprecipitated and processed in parallel. 
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Amplicons within the MRF and Hox loci were identified as described previously for the 

T-box genes (Hilton et al., 2010). Core motifs for bicoid class homeodomains 

(TAATCY) that were embedded in evolutionarily conserved non-coding regions, and 

were themselves evolutionary conserved, were identified (Figs 6, 7).  Each diamond 

represents a different species in which the core motif was conserved. Core motifs that 

were conserved more deeply in evolution were expected to be more essential for 

biological function. Core motifs with the most diamonds were selected as candidate 

CRMs, and primers pairs were designed to encompass a 70-150 bp context around 

these sites. The initially selected primer pairs were tested by endpoint PCR on 

purified genomic DNA.  Amplified pairs were selected for Pitx2, HDAC1, and HDAC3 

chromatin occupancy analyses by ChIP-qPCR (Sup Table 1). 

The MUT extract lacks Pitx2 protein and is therefore expected to have 0% 

occupancy. The signal measured in the MUT precipitate, for any given amplicon, is a 

direct measurement of the background produced by the immunoprecipitation for that 

amplicon. The MUT precipitate signal was therefore subtracted from the WT 

precipitate signal (normalized for overall input) to calculate the signal produced from 

Pitx2-occupied fragments (Fig 8A). This difference was positive for 32 out of 33 

triplicate assays, suggesting that Pitx2 occupies all the fragments tested at some 

level. The P value, which indicates the chance that the WT and MUT signals differ by 

chance alone, is negatively correlated with the magnitude of the difference between 

wild type and mutant signals.  In contrast, the error of measurement (error bars) 

appears to be similar at all P values. The error bars cross the zero line as P values 

become greater than 0.1 and these sites are marked as no evidence (ne; Fig 6, 7). 

The fact that precipitated signals of WT and MUT extracts are correlated along a line 

suggests that almost all sites tested show some level of Pitx2 occupancy. The slope 

of the line indicates that WT precipitates produced, on the average, 2.4 fold more 

signal than MUT precipitates, regardless of the particular set of sites tested in any 

given extract. The average input signals of WT and MUT extracts were correlated 

along a line with slope 1.1 (R=0.95), showing that the systematically higher signals in 

WT precipitates were not due to systematically more WT tissue (Fig 8B). Quantitative 

comparisons required that both of the compared sites showed significant occupancy 

in the same extract. In general, the sites that had significant measurable occupancy 
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appeared to have similar absolute occupancy levels. The fraction of genomes 

occupied in the biopsy was computed for each site by dividing the Pitx2-specific 

signal (normalized WT precipitate - MUT precipitate) by the normalized input signal 

(Fig 8B). This operation normalizes for differential efficiencies in PCR amplifications. 

The computed percent occupancy (Fig 8B) generally correlated with the strength of 

the Pitx2-specific signal (Fig 8A), suggesting that most amplifications worked with 

similar efficiency. Both the quality of the extracts and the physical properties of the 

primers/amplicons appear to noticeably influence signal production efficiency. 

HDAC Occupancy at MRF sites - Significant Pitx2 occupancy was observed for at 

least one of the sites tested for each MRF gene. Significant occupancy of the M1 site 

of Myf5, and Md1 site of Myod1, and Mg1 site of Myogenin were demonstrated in 

extract I, H and J, respectively. No significant evidence of occupancy was obtained 

for M2, M3, Md2, and Mg2 in the same three extracts. Pitx2 therefore selectively 

occupied at least one of the sites selected for each MRF gene. All of the MRFs 

showed higher expression signals on triplicate arrays when Pitx2 function was lost. 

Pitx2-dependent repression of Myf5 expression was significant (P=0.029) and larger 

fold than repression of the other two MRFs. Chromatin immunoprecipitations with 

anti-HDAC1 and anti-HDAC3 antibodies were used to determine if corepressors 

selectively associate with the sites that were selectively occupied by Pitx2 on these 

genes. No significant increases in HDAC3 occupancy were observed at any of the 

MRF sites (Fig 6D, H, L).  

HDAC1 showed significant higher occupancy at the M1 site in WT biopsies than in 

MUT biopsies, indicating that loss of Pitx2 occupancy was associated with the loss of 

corepressor occupancy at this site (Fig 6C). The loss of corepressor along the Myf5 

locus was not uniform in mutants because no significant difference was observed at 

the M3 site in the same extract. HDAC1 occupancy at the Md1 and Mg1 sites, which 

are normally occupied by Pitx2, did not change significantly in mutants (Fig 6G, K), 

indicating that Pitx2 occupancy alone does not necessarily increase HDAC1 

occupancy levels. The Pitx2-dependent HDAC1 occupancy at a Pitx2 occupied site in 

Myf5 correlates well with the Pitx2-dependent repression of Myf5, and indicates that 

Pitx2 plays a required role in recruiting corepressors at the M1 site. Pitx2 may be 
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similarly required at the Md1 and Mg1 sites, but this requirement may only become 

measurable at these sites as they come into use during another phase of 

development.  

 

Discussion 

Pitx2 Role in Abdominal Wall Development - The abdominal walls of Pitx2 mutant 

mice do not fuse, and abdominal muscles do not form within them. At the anatomical 

level, it is easier to explain the abdominal muscle deficits of Pitx2 mutants as 

secondary consequences of SMP defects, than by invoking abdomen-specific 

regulatory circuits for the muscle lineage itself. The expression domains of Pax3 and 

MRFs, which play key roles in specification, determination and commitment, appear 

to be normally initiated and maintained in the abdominal somites that give rise to the 

abdominal muscles.  Moreover, Pitx2 is not expressed in the myotome or 

dermomyotome until a later stage, and its expression is neither restricted to 

abdominal somites along the anterior-posterior axis nor to the abdominal extensions 

of the somites in the dorsal-ventral axis. A simpler model (Fig. 9A) can be developed 

by noting that Pitx2 is robustly expressed in an axially-restricted, and ventrally-

restricted fashion in abdominal LPM, in an expression domain that begins in early 

gastrulation along with those of the Hox and T-box genes.  The genetic regulatory 

interactions of Pitx2 with both T-box (Hilton et al., 2010) and Hox genes (this report) 

may therefore become established as network kernels well before E10.5. 

The severe deformities of the body wall begin well before the hypaxial extensions of 

the abdominal somites are formed and are therefore unlikely to be due to secondary 

consequences of somite deficiencies per se. They are far more likely to result from 

misspecification of the abdominal LPM early in gastrulation. This code is apparently 

defective in the abdominal SMP of Pitx2 mutants and does not support appropriate 

muscle development. Pitx2 also exerts a strong influence on jaw development. The 

first BA, from which the jaw derives, is also a hypaxial structure filled with 

mesenchyme derived from the LPM. The Pitx2 expression domain in this zone begins 

during early gastrulation and loss of Pitx2 causes reduced and altered growth of the 

first BA prior to loss of muscle (Shih et al., 2007a). The striking parallels suggest that 



76 

Pitx2 normally contributes to the specification of cellular states in the LPM at two 

specific axial levels, representing two distinct network kernels. Pitx2 is very likely to 

play a significant role in the myogenic lineage, but that role is different from 

specification, determination, or commitment. The phenotype associated with the 

myogenic role of Pitx2 is not loss or displacement of muscle. It is the alteration of 

texture that is associated with all muscle anlagen in the Pitx2 mutant, even at 

locations distant from the gastrulation-associated expression domains of Pitx2.  

Pitx2-dependent Regulation of Hox 9-11 Paralogs in Lateral Plate and Intermediate 

Mesoderm - Our data indicate that Pitx2 consistently upregulates Hox genes of the 9, 

10, 11 paralog groups in abdominal biopsies taken at E10.5, while having few 

significant effects on Hox genes in other paralog groups. The Hox 9, 10, and 11 

paralogs generally have anterior expression boundaries and phenotypes in the 

abdominal region, where Pitx2 is expressed and where Pitx2 mutants also have 

phenotypes (Alexander et al., 2009; Mallo et al., 2010; Wellik, 2007). Hox 9, 10, and 

11-dependent axial phenotypes are described in terms of vertebral morphology 

(McIntyre et al., 2007; Wellik and Capecchi, 2003) or neural tube patterning (Misra 

and Matise, 2010; Wu et al., 2009), and arise from changes in the nested expression 

patterns, or Hox codes (Kessel and Gruss, 1991) in the paraxial mesoderm and 

neuroectoderm, respectively.  

Hox expression begins during gastrulation, as ingressing cells form mesoderm, well 

before the formation of presomitic mesoderm and gradually sharpens to form anterior 

boundaries in the presomitic mesoderm (Deschamps and van Nes, 2005; Forlani et 

al., 2003). The Hox genes are not robustly expressed in the more exterior 

compartments of the maturing somite, the myotome and dermomyotome (Graham et 

al., 1991). The mesodermal signal observed in Hox whole mount in situ hybridizations 

diminishes as vertebrae mature and become more internal (Chen and Capecchi, 

1997). At E10.5, the anterior boundary of somitic expression of Hox 9 paralogs has 

been marked at somite 23, which is just in front of the hindlimb bud (Chen and 

Capecchi, 1997; McIntyre et al., 2007). The anterior boundaries of Hox10 and 11 

paralogs in the paraxial mesoderm are more posterior (Gray et al., 2004; Montavon et 

al., 2011). Pitx2 protein only just begins to be expressed in somites at the posterior 
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margin of forelimb buds at E10.5. Mutations of Hox genes often lead to defects in 

vertebrae and ribs, which are sclerotome derivatives. Few, if any, Hox phenotypes 

have been discussed in terms of muscle specification. It is therefore unlikely that 

Pitx2, which is expressed later, in the dermomyotome/myotome compartments of the 

somite, and at more anterior levels, exerts positive regulatory influence over the 

Hox9-11 paralogs. The Pitx2-dependent Hox expression that we observe is therefore 

unlikely to occur in the paraxial mesoderm portion of our biopsies.   

The anterior expression boundaries for individual Hox genes occur at different axial 

levels in the ectoderm, paraxial mesoderm and lateral plate mesoderm. The Hox9 

paralogs are expressed in the interlimb LPM and have well characterized anterior 

expression boundaries that are close to the posterior margin of the forelimb in both 

chick (Cohn et al., 1997) and mice (Chen and Capecchi, 1997; McIntyre et al., 2007). 

The expression and boundaries of Hox10 and 11 in the LPM have, to our knowledge, 

not yet been reported. Hoxa9, b9, a10 and c10 were expressed in the interlimb flank 

and Hoxa9, c10, d10, a11, and d11 were expressed in an elongated structure at the 

position where the kidney develops from the intermediate mesoderm. Hox9 gene 

expression in LPM has been implicated in positioning of limb bud outgrowth (Cohn et 

al., 1997) and in early anterior-posterior patterning of the forelimb (Xu and Wellik, 

2011), whereas Hox10 (Yallowitz et al., 2011), Hox11 (Wellik and Capecchi, 2003) 

have been implicated in intermediate mesoderm/kidney development.  Pitx2 has been 

also implicated in kidney development, suggesting that it may also influence the 

intermediate mesoderm. The Pitx2-dependent regulation of Hox9, 10, and 11 genes 

therefore occurs in either LPM or intermediate mesoderm derivatives.  

The body wall clearly behaves aberrantly in the Pitx2 mutant. The principle of 

posterior dominance would suggest that the purpose of Hox9 and Hox10 expression 

is to suppress a more anterior, or earlier, Hox code in the LPM. The LPM just anterior 

to the flank normally gives rise to the forelimb bud. The Pitx2 mutant body wall grows 

outward rather than inward, but we do not observe an ectopic limb bud emerging from 

the flank. Formation of limb bud requires induction of FGF10 (Min et al., 1998) and 

FGF8/FGF4 (Boulet et al., 2004) by cues that are thought to come from the adjacent 

intermediate mesoderm. The abdominal LPM of mutants is not adjacent to the limb 
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bud inducing signals and therefore we do not expect ectopic limb buds to form. The 

levels of the three critical FGFs are unaffected by the loss of Pitx2 in our array 

measurements (data not shown), consistent with the lack of an ectopic limb bud. 

Ventral muscle progenitors at limb levels normally become migratory, but the 

abdominal somite extensions in Pitx2 mutants remain intact, indicating that they do 

not adopt the limb level characteristics as they come into contact with the respecified 

LPM. However, delamination requires SF/HGF signaling from the limb bud 

mesenchyme, which does not form (Dietrich et al., 1999) and requires paraxial Hox 

specification (Alvares et al., 2003a). The lack of limb buds and migratory muscle 

precursors therefore does not exclude the idea that abdominal LPM is re-specified to 

an earlier/more anterior form of LPM that does not support abdominal muscle 

extensions. We have previously shown that Pitx2 also exerts significant regulatory 

control over the T-box genes in the abdominal wall at this stage (Eng et al., 2010; 

Hilton et al., 2010).  It represses Tbx5, which marks LPM of the presumptive forelimb, 

and activates Tbx4, which marks the LPM of the presumptive hindlimb. Axial 

specification of the LPM involves both T-box and Hox genes and appears to be 

important in positioning hypaxial structures (limbs, jaws) in correct relationships with 

axial structures (Coates, 1995). 

Pitx2-dependent Regulation of Myf5 - Pitx2-dependent repression of Myf5 was 

observed in arrays and by qPCR, and Pitx2-dependent HDAC1 recruitment was 

observed at the Pitx2-occupied M1 site between the Myf5 and Myf6 genes. The SMP 

and SPP play host to developing MRF+ muscle anlagen, but lack MRF expression 

themselves. The M1 element on the Myf5 gene may be used to insure that Myf5 

expression stays off in cells that surround the muscle anlagen. A similar logic appears 

to apply to other genes that distinctly mark structures, such as ribs and muscles that 

develop within the body wall (Table 1). The other MRFs are all slightly repressed by 

Pitx2 in array analysis (Henderson et al., 1999). Pdgfc (Aase et al., 2002) specifically 

marks the myotome and was repressed. Markers of the hypaxial sclerotome, such as 

scleraxis, Pax1, and tenascin C are also repressed. Consequently, Pitx2 protein in 

abdominal LPM cells appears to suppress genes that are expressed in the cells of 

adjoining structures. Pitx2 therefore seems to be defining, or specifying, the body wall 

mesenchymal cell type by insuring that it does not become any other, neighboring 
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cell. This is similar to the situation we have described for Lbx1 in the neural tube 

(Kioussi and Gross, 2008). 

Draft Regulatory Network - The process of establishing a transcriptional regulatory 

network can be considerably accelerated if Pitx2-dependent effects on gene 

expression are measured on a genome wide basis in embryo biopsies using 

expression microarrays. While this approach gives many more gene expression 

changes than one can deal with at once, these changes are generally real and 

biologically significant when interpreted in light of available expression patterns. The 

myotome, dermomyotomes, and LPM are each likely to be composed of several 

cellular states, for which the same argument holds. We have now demonstrated that 

Pitx2 regulates and Pitx2 occupies sites in, T-box genes, Hox genes, and MRF genes 

in the abdominal wall biopsies. More experiments will be required to establish in 

which Pitx2-expressing populations of the biopsy these genetic and physical 

interactions occur.  This will allow the draft “view from the genome” model (Fig 9B) to 

be converted to a “view from the cell” model (Bolouri and Davidson, 2002; Davidson 

et al., 2002). This can be more feasible by using tissue specific mouse models. The 

ocular and umbilical deficiencies observed in the autosomal dominant disorder 

Axenfeld-Rieger syndrome associated with Pitx2 mutations (Semina et al., 1996) 

further supports the idea of the involvement of Pitx2 in different network kernels.  

 

Materials and Methods 

Mice – All research was conducted according to the protocols reviewed and approved 

by the Oregon State University Institutional Animal Care and Use Committee. The 

Pitx2+/LacZ mouse line was maintained on an outcrossed ICR background. Noon on 

the day of a vaginal plug was considered embryonic day (E) 0.5.  Yolk sacs of 

embryos were used for genotyping. 

Microarray Analysis - Total RNA was prepared using Qiagen RNeasy Mini kit.  

Microarray probes were created using Affymetrix one-step labeling, and used to 

probe the Affymetrix Mouse Genome 430 2.0 gene expression array. Array results 

have been deposited for public access at ArrayExpress under the accession number 

E-MEXP-2332.  The raw *.cel files were normalized by RMA using RMAExpress, and 
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data was analyzed using conventional spreadsheet (Excel), graphing (Kaleidagraph), 

and relational database (Filemaker Pro) software.  Fold scanning analysis was used 

to determine the false discovery rate as a function of fold cutoff [58].  

X-gal Staining, Whole Mount In Situ Hybridization, Immunohistochemistry - The X-gal 

staining procedure was as previously described [9]. Embryos for whole mount in situ 

hybridization were fixed overnight at 4°C in 4% paraformaldehyde/ 0.1M NaPO4 pH 

7.4 and washed twice for 5 min in phosphate buffered saline (PBS) containing 0.1% 

Tween 20 (1xPBST). Embryos were dehydrated, 5 min each in 25%, 50%, and 75% 

methanol (diluted with 1xPBST) and twice for 5 min in 100% methanol, before being 

stored at -20°C in 100% methanol. Embryos were rehydrated as needed by reversing 

the methanol series for 5 min each in 75%, 50%, and 25% methanol before washing 

twice for 5 min with 1xPBST.  Embryos were bleached in freshly prepared 6% 

H2O2/1xPBST for 1h, washed 3 times 5 min in 1xPBST, and permeabilized by 

proteinase K treatment at room temperature (RT). A frozen Proteinase K stock (10 

mg/ml) was diluted 1:500 in 1xPBST and applied until embryos were transparent by 

visual inspection. This takes approximately 20 min for E10.5 and 25min for E11.5 

mice. Glycine was added to 2 mg/ml, from a 40 mg/ml stock, to stop the proteinase 

reaction and embryos were washed twice for 5 min in 1xPBST prior to fixing in 4% 

paraformaldehyde/0.1% glutaraldehyde (from frozen 25% stock)/1xPBST. Fixative 

was removed by two 5 min 1xPBST washes before embryos were prehybridized at 

65°C for 1h in hybridization buffer (50% deionized formamide, 5XSSC, 0.1%SDS, 50 

µg/ml Heparin, 0.2mg/ml yeast tRNA). Denatured DIG probes were added for 16-18 

hours at 65°C with agitation. Embryos were transferred to 6-well dishes, washed 3 

times 20 min with pre-warmed prehybridization buffer at 65°C, washed twice for 30 

min at RT with MABT (333 mM NaCl, 2% blocking solution, 0.5% Tween20; 100 mM 

maleic acid pH7.0), treated 1 h with 100 µg/ml RNaseA at 37°C in RNase buffer 

(0.5M NaCl, 10mM TisHCL pH7.5, 1 mM EDTA), washed 3 times 5 min with MABT, 

blocked 1h in 10% heat inactivated horse serum in MABT, and incubated overnight at 

4°C with anti-DIG antibody (1:2,000).  Embryos were washed 8-16 times over the 

course of 24-48 h with MABT and three times 10 min at RT with color reaction buffer 

(0.1M NaCl, 50 mM MgCl2, 0.1 MTris-HCl pH 9.5, 0.1% Tween20, 2 mM levamisole) 

before starting the color reaction by adding NBT to 0.03% and BCIP to 0.015%. Color 
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reactions were stopped with 1xPBST. A Discovery V8 Zeiss microscope with an 

Axiocam system was used to photograph the processed embryos. Wild type and 

mutant embryos were processed and IHC was performed on 14μm sections as 

previously described (Shih et al., 2007a). Primary antibodies listed as follows: ß-

galactosidase (Rabbit, 1:1000, Cappel), Myog (mouse, 1:100, Pharmagen). 

Quantitative Real - time PCR (qPCR) - cDNA or Immunoprecipitated (IP) DNA from 

wild type and Pitx2 mutant mice were analyzed by qPCR on the ABI 7500 machine 

using SYBR Green 1 methodology as previously described [20]. Samples were run in 

technical triplicates from pooled tissue preparations from 3-4 E10.5 Pitx2 litters 

containing on average 16 embryos each. Expression analysis was normalized against 

glyceraldehyde-3-phosphate dehydrogenate expression levels, while IPs were 

normalized against input. All primers were tested for specificity with standard PCR 

and indicated in SUP Table 1. 

Pitx2 Binding Site Analysis - The absolute location and evolutionary conservation of 

potential Pitx2 binding sites, with consensus sequence TAATCY, was identified by 

the use of an in house Perl script, Binding_site_compare.pl (Amendt et al., 1998; Eng 

et al., 2010; Wilson et al., 1996). Individual gene alignments, along with the -20kb 

upstream region were downloaded from the UCSC Genome Browser on Mouse July 

2007 (NCBI37/mm9) Assembly available at http://genome.ucsc.edu/, and formatted 

for our script. The script concatenated the alignments from the UCSC Genome 

Browser, identified the absolute Pitx2 binding site locations for each gene based on 

the mouse sequence, and reported the species for which each binding site was 

conserved within. Excel was used to map binding site locations to each gene cluster. 

Pitx2/HDAC Occupancy Validation by ChIP (Chromatin Immuno-Precipitation) – 

Abdominal wall tissues from 8-11 embryos, pooled from 3-4 litters of E10.5 Pitx2 WT 

and MUT mice were harvested per ChIP. Samples were processed as previously 

described (Hilton et al., 2010). Small portions of the extract pairs were compared by 

electrophoresis to confirm that the size distributions of chromatin fragments were 

similar. The size distribution of sheared fragments was typically between 200 and 500 

bp, and was centered at approximately 300 bp. Further small portions of each extract 

pair, the input fractions, were subjected to qPCR in parallel to their precipitated 

http://genome.ucsc.edu/
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counterparts to determine the relative proportions of genomes in each extract pair. 

Primers were designed for binding sites identified as conserved within a minimum of 6 

species. Control primers were designed for regions on the genome with no putative 

binding site within a minimum of a 1kb window on the mouse genome. All ChIP-

qPCRs were performed in technical triplicates. Threshold cycles (Ct values) were 

taken as output from the qPCR software and processed further in a relational 

database (FilemakerPro). Ct values should not be averaged directly because they are 

logarithmic in nature. They were therefore converted to signals (arbitrary units) by the 

equation (signal = 1010 E-Ct), where E is the PCR efficiency (between 1 and 2).  
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Figure 1.  Body Wall Muscle Defects in Pitx2 Mutants. Whole-mount X-gal staining 
to compare nascent abdominal and limb suspension musculature at E14.5 in 
heterozygote, Pitx2+/LacZ (A, C, E, G) and mutant, Pitx2LacZ/LacZ (B, D, F, H) mouse 
fetuses. Mutant fetus has a sharp rightward kink in the body axis that was 
straightened somewhat to allow visualization. Right sides are shown because they 
are less malformed than left sides. Colored dots indicate approximate location of the 
attachment points from which were used to identify muscle anlagen. (A, B) Skinned 
fetuses show the most superficial muscles beneath the skin. Spinotrapezius (red 
dots) and latissimus dorsi (orange dots) were truncated at the abdominal attachment 
end and had faulty texture. Acromiotrapezius (white dots) and levator scapulae 
ventralis (blue dots) were of normal length but faulty texture. Scale bar, 1mm. (C, D) 
Muscles identified in outer layer have been dissected away. Serratus dorsalis (black 
dots) was not detected in the mutant or was displaced (white dots). Two straps of 
sacrospinalis (red dots) appeared to reach the vertebral column, but were abnormally 
shortened and of incorrect texture. External oblique (white dots) muscle anlagen in 
heterozygotes are either absent or severely truncated on their abdominal end. Scale 
bar, 1mm. (E, H) Ventral view of the abdominal wall shows complete collapse of 
musculature (white dots). Scale bar, 1mm. (G, H) Frontal sections through the 
abdomen of X-gal stained and paraffin embedded fetuses, counterstained with 
eosin/hematoxylin. The left side of the embryo is shown in both panels. The residual 
muscle fragment cannot be definitively identified.  Scale bar, 200μm. de, dermis; pc, 
panniculus carnosus; spp, spachopleural mesenchyme; eo, external oblique; io, 
internal oblique; tv, transversus. 
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Figure 2. Somitic MRF Expression Precedes the Onset of Somitic Pitx2 
Expression. (A-D) A lateral stripe of X-gal staining the dorsal somatopleure (smpd; 
black dots), forms from the X-gal stained ventral somaopleure at the posterior 
forelimb level prior to the 28 somite (E10.5) stage shown here and extends in both 
the rostral and caudal direction. Underlying somites become X-gal positive as the 
smpd forms over them. This happens equivalently in mutants and heterozygotes. The 
second somite behind the left forelimb (asterisk) is enlarged and outlined. Note that 
somitic X-gal staining is not concentrated at the hypaxial tip. Scale bar, 200μm. (E, F) 
X-gal staining of late E10.5 embryos is similar in the epaxial myotomes (black dots), 
but large deformities already exist in the body walls of mutants. Scale bar, 1mm. (G-
J) Expression domains of Myod1 in hypaxial myotomes of interlimb somites are not 
altered. The second somite behind the left forelimb (asterisk) is enlarged and 
outlined, for direct comparison with A-D panels. Note the modest deformity imposed 
by the outward turn of the body wall. Scale bar, 200μm. (K-N) Pax3CRE|ROSAEGFP 
was used to visualize the entire dermomyotome lineage on the left (K, L) and right 
(M, N) side of E10.5 mice. Note the distortion of somite structure behind the left, but 
not right, forelimb. Scale bar, 400μm. (O, O1, P, P1) Myf5 expression domains in 
mutant somites show no apparent difference. The fourth somite behind the forelimb is 
identified by an asterisk. Black arrows point to the ventral edge of the hypaxial 
compartment, white arrow and swooshes indicate dorsal to ventral trajectories. Scale 
bar, 200μm 
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Figure 3. Maintenance of MRF Expression. (A-D) X-gal staining of E11.5 embryos 
reveals the persistence of ß-Gal protein in the SMP and somites. Note that hypaxial 
somites are now buried in ventral abdominal SMP. Note the thinning of ventral body 
wall, the rightward kink in the body axis, and the abnormal upward turn of the left 
body wall in mutants (white arrows vs. swooshes). Scale bar, 1mm. (E-F) Double 
labeling immunohistochemistry of sagittal sections of E11.5 heterozygote and mutant 
Pitx2 mice indicated colocalization of ß-Gal(Pitx2) with Myogenin in somites, as they 
get embedded into the SMP. Note the misshaped mutant posterior abdominal 

somites. Scale bar, 200μm. (G-H2) Whole mount in situ hybridization of E11.5 
embryos with Myod1 probe. (G, G1, H, H1) Left body walls; abnormal outward turn of 
body wall is indicated by white arrows and swooshes. Black arrows indicate the 
ventral tips of the hypaxial abdominal extensions of the fourth somite behind the 
forelimb. Note that normal internal bifurcations have become visible in mutants 
because of somite distortion. Note that the tips of the somite extensions are stunted 

and do not extend to the extreme edge of the upturned body wall. Scale bar, 
500μm. (G2, H2) Right body walls; Embryos need to be pinned to straighten the 

rightward kink in the body axis so that the anatomy of right side somites can be 
examined. The right body wall also turns upward slightly during this pinning process. 
Note that the apparent distance between the epaxial and hypaxial expression 
domains appears to widen in mutants, likely due to pile up of dermatome over the 
central somitic region. Expression domains are similar and stunting near the ventral 
edge of body wall is also observed. (I-J2) Whole mount in situ hybridization of E11.5 

embryos with myogenin probe. Scale bar, 500μm. (I, I1, J, J1) Left body walls; 
descriptions are as for Myod1 above. (I2, J2) Right body walls; descriptions are as for 
Myod1 above. 
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Figure 4. Expression Levels of Hox Genes in E10.5 Abdominal Wall Biopsies. 
(A) Fold changes in Hox expression levels in total RNA from E10.5 interlimb 
abdominal wall biopsies. The average signals from two biological replicate arrays, 
each made from pools of several embryos, are compared. Positive fold change 
indicates higher expression levels in mutants, or genetic repression by Pitx2. 
Negative fold change indicates lower expression levels in mutants, or genetic 
activation by Pitx2. The dashed lines indicate a false discovery rate of 11.5% at the 
±1.4 fold threshold, determined by fold scanning analysis for three biological 
replicates, prior to removing the outlier set. The false discovery rate at this threshold 
is expected to be lower without the outlier. If multiple probe sets on the arrays 
monitored the expression of individual genes, then the probe set that produced the 
highest average signal intensity over all arrays is shown. This is generally the 3’ most 
probe set on the transcription unit. (B) qPCR measurements on total RNA from E10.5 
inter-limb body wall biopsies.  
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Figure 5. Loss of Abdominal Hox 9-11 Expression Domains in Pitx2 Mutants. In 
situ hybridization with indicated Hox probes on heterozygote (A, C, E, G, I, K, M) and 
mutant (B, D, F, H, J, L, N) E10.5 mice. Left sides are shown, with head to the left. 
Limb buds are traced in black and the upturned body walls (swooshes) of mutants are 
traced in grey. The anterior expression boundary in the neuroectoderm/DRG is 
indicated by an asterisk, except in panels G and H where the asterisk indicates 
equivalent axial levels at which expression in the dorsal midline converges. Black 
arrowheads indicate the approximate expected anterior expression boundary in the 
sclerotome compartment of the paraxial mesoderm. Based on phenotypic 
considerations, this boundary lies just behind the forelimb, just behind the ribs, and 
just prior to the hindlimbs for Hox 9, 10, and 11 paralogs, respectively. Black arrows 
indicate zones of expression in heterozygoetes and equivalent positions in the 
upturned body walls of mutants, or in the intermediate mesoderm where expression is 
not observed. Note that expression of Hoxd11 in the caecum is still present in 
mutants (N), but cannot be seen in heterozygotes (M) because it is inside the intact 
body wall. All embryos are positioned with head to the left. Scale bar, 1mm. 
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Figure 6. Pitx2 Protein Occupancy at MRF Loci in E10.5 Body Wall Chromatin. 
The Myf5/Myf6 (A-D), Myod1 (E-H), Myogenin (I-L), and Tcfap2 (M, N) loci were 
examined for Pitx2 (B, F, J, N), HDAC1 (C, G, K), and HDAC3 (D, H, L) occupancy in 
sonically sheared chromatin isolated from E10.5 body wall biopsies. PCR amplicons 
of 70-150 bp (red boxes) were designed around evolutionarily conserved bicoid core 
motifs.  Each red diamond indicates a separate vertebrate species, which contains 
the bicoid core motif. Bar graphs show the average amount of signal precipitated from 
wild type (black) and mutant (white) biopsies, normalized by the ratio of input 
chromatin between wild type and mutant (Amountnorm). Error bars indicate the 
standard deviation in triplicate measurements made from individual biopsy pools.  All 
comparisons are between pairs (WT, MUT) of biopsy pools processed in parallel on 
the same day. If a particular amplicon was examined in several pairs of biopsies, data 
from the pair with the highest significance of occupancy is shown. Pitx2-ChIP 
Analysis. (A-B; E-F; I-J; M-N). The probability that Pitx2 occupies the site in wild type 
tissue is indicated by asterisk code above the site and the bar graphs of the 
measurement; **** (>99.99%), ***(>99%), **(>95%), *(>90%), ±(>70%), ne (no 
evidence), nd (not detected). One code is shown for each extract pair measured.  The 
significance of occupancy indicated by the code was established by the Student’s test 
between triplicate measures taken on mutant and wild type samples. P-values were 
looked up from computed t-values for a two-tailed test, and indicate the probability 
that the observed difference (in either direction) is due to measurement error. Note 
that the size of the bars does not directly indicate occupancy levels for the simple 
reason that mutants lack Pitx2 protein and therefore de facto have zero occupancy. 
The size of white bars therefore only indicates total noise of measurement, using 
exactly the same antibody preparation as the parallel wild type measurement, and 
must be subtracted from that measurement to obtain a direct measure of occupancy 
(Fig 8). HDAC-ChIP Analysis (C-D; G-H; K-L) Significance of difference was 
measured and is encoded as for Pitx2 ChIP analysis. In these experiments, the 
significance code indicates the chance that the HDAC occupancy differs between WT 
and MUT.  
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Figure 7. Pitx2 Protein Occupancy at Hox Loci in E10.5 Body Wall Chromatin. 
The Hox 9-11 paralog regions of the Hoxa (A), Hoxb (B), Hoxc (C), and Hoxd (D) 
clusters were examined for Pitx2 occupancy in sonically sheared chromatin isolated 
from E10.5 embryonic body wall biopsies. Bar graphs show the average amount of 
signal precipitated from wild type (black) and mutant (white) biopsies, normalized by 
the ratio of input chromatin between wild type and mutant (Amountnorm). The 
probability that Pitx2 occupies the site in wild type tissue is indicated by asterisk code 
above the site and the bar graphs of the measurement; **** (>99.99%), ***(>99%), 
**(>95%), *(>90%), ±(>70%), ne (no evidence), nd (not detected). Error analysis was 
done as described in the legend to Fig 6. 
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Figure 8. Determination of Absolute Pitx2 Occupancy Levels in Embryonic 
Biopsies. (A) Normalized WT chromatin immunoprecipitate signals (WTPPTnorm) 
were obtained by dividing signals from wild type precipitates by the ratio (WT/MUT) of 
input signals. Mutant chromatin immunoprecipitate signals (MUTPPT) represent 
collective measurement noise, with the identical antibody preparation, and were 
therefore subtracted to obtain the absolute amount of signal due to Pitx2 occupancy, 
which is plotted on the Y-axis. Error bars were calculated, by standard error 
propagation techniques, from the standard deviations in the measurements of both 
the wild type and mutant signals. The primer pair and extract pair used for each 
measurement is indicated on the X-axis. Data was sorted by significance of 
occupancy computed as described in legend to Fig 6. Significance coding thresholds 
are indicated by vertical dashed lines, with associated P-values. Note that the Pitx2-
specific signal approaches zero as the significance of occupancy approaches 

accepted scientific standards (P<0.05 or P<0.1). (B) The percent of genomes in the 

biopsy that were occupied by Pitx2 was calculated, for each particular primer-
pair/extract combination, by dividing the Pitx2-specific signal by the average input 
signal (wild type input measurements were normalized by the overall input ratio 
before being averaged together with the mutant input measurements). Error bars 
were calculated directly from measurement errors by standard error propagation 
techniques executed at each step in the calculation. Data is sorted in the same order 
as in panel A. Gaps on the x-axis indicate a primer pair that was tested in more than 
one extract pair; only the measurement of highest significance is shown. Note that 
there is an approximate correspondence between the amount of Pitx2-specific signal 
(Panel A) and the percentage of genomes occupied (Panel B) at low P-values. This 
correspondence breaks down as P-values rise above accepted scientific norms 
(P<0.05 or P<0.1). Within the significant zone, the correspondence between absolute 
Pitx2-specific signal and calculated percent occupancy appears to be determined by 
the efficiency of particular probe sets in generating signal. 



105 

Chapter 4 - Figure 9  

 

 

 

 



106 

Figure 9. Developmental and Draft Transcriptional Network Models (A) Hypaxial 
Pitx2- somites (yellow) become embedded in the Pitx2+ SMP (blue) prior to the onset 
of Pitx2 expression in the somites.  The SMP expresses an abdominal lateral plate 
mesoderm Hox code (bright pink). Loss of Pitx2 alters the Hox code in the abdominal 
wall (dull pink), but does not affect expression levels of MRFs in somites (still yellow).  
The altered surroundings stunt the somites and ultimately prevent muscle 
development in the abdominal wall. (B) Draft network model shows that Pitx2 
normally activates Hox9-11 paralogs in their abdominal domains and represses MRFs 
in somite-derived structures such as the myotome, and dermomyotome in the 
abdominal wall cells.  Interactions of Pitx2 in somatic cells are not depicted in this 
model. 
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Supplemental Figure 1. Quantitative Analysis of MRFs in Abdominal Wall 

Biopsies. RNA qPCR analysis from abdominal wall biopsies from WT and MUT 

E10.5 mice, by using specific primers for Myod1, Myf5 and Myogenin. The relevance 

abundance was calculated. Absolute RNA levels were increased in MUT biopsies. 
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Abstract 

Identifying the developmental networks involved in the growing embryo will assist in 

the understanding of the mechanisms involved during organogenesis. The chromatin 

state in developing body parts provides a zip code to cellular populations that direct 

their cell fates. In the developing forelimb, the homeodomain transcription factor Pitx2 

is predicted to regulate muscle development as cells progress from the myoblast to 

myotube identity, through modifying the chromatin state. We were able to 

characterize the genome wide map of two histone marks, H3K4me3 and H3K27me3, 

and RNA Pol2, in both wild-type (WT) and mutant (MT) mice lacking functional Pitx2. 

It was found that on a whole limb level, the marks throughout the genome were not 

significantly different between these two groups of biopsies. However, the families of 

genes marked included those related to transcription, transcriptional regulation, and 

embryonic organ development.  
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Introduction 

One of the challenges in biology is understanding how one genome can generate an 

organism composed of hundreds of distinct cell types. The gene expression programs 

that specify and maintain cell states are controlled by thousands of transcription 

factors, cofactors and chromatin modifiers. Misregulation of these gene expression 

programs can lead to cellular transformation, organ malfunction and disease. 

Identifying the cell state (type) based on the specific combinatorial gene regulatory 

networks can allow for cell reprogramming when a cell fails to follow the correct route 

or has lost its molecular memory over time. Embryonic development is the process 

that normally creates “cell types.” In mammals, the process of specifying “cell types” 

occurs during pattern-formation events that require highly complex spatial and 

temporal gene regulatory networks. A cell can execute the process of staying in or 

exiting the cell cycle and entering the post-mitotic differentiation state by using 

specific cis-regulatory modules (CRMs). CRMs are several hundred base pairs long, 

can exert their influence over distances as long as 100kb, are comprised of multiple 

sequence-specific transcription factor (SSTF) binding sites and can direct the 

expression of developmental SSTFs and signaling molecules (Davidson et al., 2002). 

CRMs act as boolean logic switches to determine “availability” of associated loci for 

expression (Bolouri and Davidson, 2010; Longabaugh et al., 2005). SSTFs initiate 

lineage-specific gene expression programs, and epigenetic regulation contributes to 

stabilization of expression patterns.  

Homeodomain proteins are well known to cause drastic developmental transitions at 

the locations where they are removed or ectopically deployed, termed homeosis, or 

re-specification (Tschopp and Duboule, 2011). Homeodomain proteins “re-specify” in 

abnormal test situations, or “specify” in the normal situation. Binding sites for these 

factors are widespread throughout the genome. The homeodomain transcription 

factor, Pitx2, is expressed in all muscle anlagen of the developing embryo and is 

involved in many aspects of embryonic development (Gage et al., 1999b; Kitamura et 

al., 1999; Lin et al., 1999; Lu et al., 1999; Shih et al., 2007a, b). Pitx2 acts 

downstream of Wnt signaling in skeletal muscles and regulates cyclin-dependent 

kinases (Kioussi et al., 2002). Pitx2 also represses T-box and muscle regulatory 
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factors (MRFs) by recruiting co-repressors and HDAC’s (Hilton et al., 2010), while 

activating Hox genes during abdominal wall development (Eng et al., 2012b). During 

limb muscle development, Pitx2 regulates the motility of muscle precursor cells by 

influencing extracellular matrix, adhesion molecule, and cytoskeleton genes that are 

involved in the higher order muscle assembly (Campbell et al., 2012). 

The combination of chromatin immunoprecipitation (ChIP) and massive parallel 

sequencing, ChIP-Seq, allows the thorough detection of protein-DNA interactions and 

enables the identification of regulatory events central to biological processes and 

disease states (Barski et al., 2007; Johnson et al., 2007; Mikkelsen et al., 2007; 

Robertson et al., 2007). Histone modifications modulate transcriptional initiation, 

elongation and enhancer activity or repression (Birney et al., 2007). Commonly 

studied interactions utilizing ChIP-seq include RNA polymerases, transcription 

factors, and histone marks (Park, 2009). The advantage of this system is its high-

throughput nature and ability to identify genome wide de-novo molecular interactions. 

ChIP-seq is one of the primary techniques used in the various Encyclopedia of DNA 

Elements (ENCODE) projects, with the goal of identifying functional elements in the 

genomes of humans, with similar consortiums focusing on model organisms such as 

mouse (ENCODE mouse), fly and worm (mod ENCODE) (Dunham et al., 2012). 

From these large data sets, algorithms have been developed to classify and predict 

cell differentiation status based on histone marks (Larson and Yuan, 2012).  

As stem cells progress toward different developmental paths, the relatively open 

chromatin undergoes high rates of histone protein exchange to acquire a generally 

more closed and regulated state (Meshorer et al., 2006). Open chromatin is 

characterized by the presence of histone modifications, such as Histone H3 Lysine 4 

trimethylation (H3K4me3), Histone H3 Lysine 9 acetylation (H3K9ac) and Histone H4 

acetylation (H4ac), while closed chromatin is characterized by the presence of 

Histone H3 Lysine 9 trimethylation (H3K9me3) and Histone H3 Lysine 27 

trimethylation (H3K27me3). The presence of H3K4me3 on a promoter is a hallmark of 

active genes, open chromatin, and is highly correlated with the presence of RNA 

polymerase II (Pol2) (Heintzman et al., 2007). Inversely, H3K27me3 is a marker of 

repressed genes, which negatively regulates transcription by promoting 
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heterochromatin formation (Ringrose and Paro, 2004). The methylation of H3K4 and 

H3K27 are catalyzed by the highly conserved Trithorax (TrxG) and Polycomb (PcG) 

groups of proteins respectively, and act as opposing forces to regulate transcription 

(Boyer et al., 2006; Ringrose and Paro, 2004). However, H3K4me3 or H3K27me3 are 

not mutually exclusive and can bivalently mark chromatin. Bivalent genes are poised 

for activation or repression, are often expressed at a low level, and tend to lose 

H3K27me3 marks as they differentiate from a stem cell state to a committed cell state 

(Bernstein et al., 2006). Broad H3K27me3 marks on bivalent genes are associated 

with a general repression of expression and more “peak like” marks on the promoter 

region is often correlated with active gene expression (Young et al., 2011). Thus, 

bivalently marked regions are of particular interest when studying developmental 

networks.  

Because all muscle anlagen display disorganized myofibers with impaired motility 

(Campbell et al., 2012), it is predicted that deployment of Pitx2 alters the chromatin 

state as myogenesis proceeds (Fig 1). Pitx2 as a SSTF can adjust the sets of genes 

that are “available” and/or “unavailable” for transcriptional activation, which occurs at 

each step of limb muscle development.  

In the limb, embryonic myogenesis establishes the muscle pattern (E10.5-E12.5), 

followed by fetal (E12.5-P0) and neonatal (P0-P21) myogenesis critical for muscle 

growth and maturation. During embryonic myogenesis, myoblasts differentiate into 

primary fibers, while during fetal myogenesis the “fetal” myoblasts fuse into primary 

fibers that then fuse with each other to form the secondary fibers. Pax3+ myoblasts 

(“embryonic”) give rise to all myoblasts required for fetal and neonatal myogenesis, 

differentiate and form a fiber, upon activation of the MRFs, MyoG, Myod1 or Mrf4. 

The Pax7+ myoblasts (“fetal”) differentiate upon activation of MyoG and either Mrf4 or 

Myod1, when they receive a positive signal from ß-catenin (Hutcheson et al., 2009). If 

Pitx2 establishes early chromatin competence by interacting directly with 

evolutionarily conserved CRMs near these genes, then we expect these genes to 

have an altered chromatin state when it is (WT), or is not (MT), present in the 

developing limb. 
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Results and Discussion 

Multiple litters of wild type (WT) and Pitx2 knockout mutant (MT) mouse forelimbs at 

embryonic day 12.5 (E12.5) were collected and processed for ChIP-seq. Sequencing 

produced between 37 and 57 million reads for each of the six ChIP samples, and 

between 74 and 97 million reads for each of the three input control samples. After 

chastity filtering, about 96% of all reads were successfully mapped to the Mouse July 

2007 (NCBI37/mm9) Assembly using Bowtie v0.12.9 (Langmead et al., 2009). 

Removing duplicates and reads with a minimum of a mapq of 20, resulted in 21-37 

million uniquely mapped reads for ChIP samples and 45 to 66 million uniquely 

mapped reads for input samples. On average, after filtering, 65% of the total raw 

reads were used for analysis (Table 1). When visualizing mapped reads on the UCSC 

genome browser, the first observation was made on the difference in mapping on the 

Pitx2 gene between WT and MT samples. MT samples lacked any reads, which 

would have aligned to the homeodomain region, which was replaced with the LacZ 

reporter (Fig 2) (Lin et al., 1999). This confirmed that the MT samples were indeed 

missing the homeodomain, and that the sequenced samples were not contaminated 

with WT mouse tissue. When inspecting the other Pitx genes, Pitx1 and Pitx3, they 

were found to be complete as expected. For Pitx1, the body of the gene is highly 

marked with H3K27me3, which is concurrent with the fact that Pitx1 is expressed 

primarily in the hindlimb and would not be available in the forelimbs. Alternatively, 

Pitx3 has a similar chromatin state as that of Pitx2, which is not unexpected, as there 

is evidence that in absence of Pitx2, Pitx3 can have a compensatory effect in 

development (L'Honore et al., 2007). However, at E12.5, it does not appear Pitx3 is 

active at the chromatin level due to lack of Pol2 marks, which has been also observed 

by gene expression analysis of E12.5 forelimb myoblast biopsies available online 

through GEO Series accession number GSE31945 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31945) (Campbell et al., 

2012).  

To identify peaks or regions that were enriched in each data set, MACS 2 was utilized 

with the input as the control to account for local sequencing bias of the genome 

(Zhang et al., 2008). Since histone-marks are known to appear over broad regions 
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compared to transcription factors, the broad peak calling option was turned on for 

analysis. In the case of Pol2, broad peak calling was also turned on, as the size of 

their peaks are often wider than that of transcription factors for which peak calling 

algorithms are commonly optimized. For WT samples, this resulted in 16234, 4442, 

and 11425 broad peaks in H3K4me3, H3K27me3, and Pol2 respectively. For MT 

samples, this resulted in 16339, 3215, and 10609 broad peaks in H3K4me3, 

H3K27me3, and Pol2 respectively (Table 1). The greater number of total peaks in 

H3K4me3 was expected, as this trend can be seen on the publicly accessible 

datasets on the UCSC Genome Browser for various cell and tissue types. 

Utilizing Homer tools to characterize the found peaks, the distance to the nearest 

transcriptional start site (TSS), as defined as the start of a Refseq gene, and the 

region in which the peak occurred were observed (Fig 3) (Heinz et al., 2010). The 

profiles of the proximity of H3K4me3, H3K27me3, and Pol2 binding with respect to 

the TSS were nearly identical between the WT and MT samples. For all three marks, 

centers of the peaks tended to occur at or downstream of the TSS, which was 

expected, as these marks are known to occur over the genes they participate in 

regulating. It could also be noted that the Pol2 marks were more tightly distributed 

near the TSS while H3K27me3 marks often covered a much broader region over a 

gene. When looking at the types of regions the peaks fell on, about 60% of the 

H3K4me3 and H3K27me3 peaks occurred over the body of a gene (intron, exon, 

3’UTR, 5’ UTR), while in the case of Pol2, nearly 60% occurred on the promoter. 

Homer tools were then used to characterize the occurrence of co-bound peaks, 

where one or more mark(s) overlapped (Fig 4a). It was first noted that there were 

about 3 and 2.5 thousand bivalent peaks on the genome of WT and MT mice 

respectively. Since bivalent peaks are likely those being poised for activation or 

repression, we utilized DAVID Bioinformatics Clustering tools to categorize and 

identify what bivalently marked families of genes were most enriched (Huang da et 

al., 2009a, b). To filter out potential false positives, bivalent marks with their centers 

within 20kb of a transcriptional start of a gene were used for analysis, leaving about 

2.8 and 2.2 thousand bivalent marks for WT and MT samples respectively. It was 

found that the gene ontology clusters between the WT and MT samples were nearly 
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identical (Table 2). This is not completely unexpected because the embryonic limb is 

a heterogeneous population of cells with less than 10% being Pitx2 expressing 

myoblasts. The enriched families of genes are consistent with what would be 

expected in the developing limb, as the top three families of genes include 

transcription factor activity, the regulation of transcription and embryonic organ 

development.  

RNA Pol2 is the primary enzyme responsible for transcription. The presence of Pol2 

on specific genes is often correlated with active transcription, which requires the 

chromatin to be open and accessible. This can be seen in both the WT and MT 

samples as over 95% of all Pol2 marks occurred with the H3K4me3 mark (Fig 4a). 

Accordingly, there were only five occurrences where a Pol2 mark occurred in 

association with only an H3K27me3 mark, in both our WT and MT sets combined. 

However, it must be taken into consideration that the presence of Pol2 does not 

mean that it is transcriptionally engaged, and additional assays can be included such 

as RNA-seq, to verify the actively transcribed genes. The peaks of the differentially 

marked Pol2 genes between WT and MT data sets on the genome browser were only 

slightly above the background, and thus called as positive in the MACS peak finding 

algorithm.  

The majority of called peaks between WT and MT samples were found to overlap (Fig 

4b). Approximately 95 % of all MT peaks called in H3K4me3, H3K27me3, and Pol2 

were found to also occur in WT samples. Similarly, about 90% of WT peaks were 

found to overlap with the MT peaks. The only major difference was that only 66% of 

the WT H3K27me3 peaks were covered in the MT H3K27me3 peaks. This is likely 

due to the fact that there were over a thousand fewer called peaks in the MT 

samples. However, manual inspection of these differential peaks revealed many of 

the non-shared peaks occurred in regions of high background. 

As Pitx2 is primarily expressed in myoblasts at E12.5, the chromatin state of genes 

involved in myogenesis was investigated. The Six1/2 transcription factors and their 

Eya1/2 cofactors are required for proper limb muscle formation and act upstream of 

Pax3. The Six1|Six2 and the Eya1|Eya2 null mice are characterized by muscle-less 

limbs (Grifone et al., 2007; Grifone et al., 2005). At E12.5, all four genes are 
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bivalently marked, and likely poised for activation or repression (Fig 5). Since it is 

known the genes are required early in development for migratory muscle precursors, 

they are likely being poised for repression during the beginning of fetal 

embryogenesis. However, due to the cell heterogeneity in the forelimb biopsies, it is 

possible that some of the chromatin marks seen are from other developmental zip 

codes within the limb.  

Cells expressing Pax3 and Pax7 make up the progenitor pool of the limb, and are 

bivalently marked at E12.5, but are not marked by Pol2 (Fig 6) (Kassar-Duchossoy et 

al., 2005; Relaix et al., 2005). Pax3 is required for the delamination of muscle 

precursors from the dermomyotome, and at this stage of development, it is likely that 

Pax3 is no longer being actively transcribed, but rather being repressed, so 

myogenesis can proceed. Similarly, Pax7 only begins to be expressed at this stage of 

development, and is found to be essential for postnatal myogenesis (Murphy and 

Kardon, 2011). Thus the bivalent marks may indicate Pax7 is being poised for 

activation later in development, such as during fetal myogenesis. However, the 

absence of Pol2 marks may be due to how the Pax3+ and Pax7+ cell populations at 

this stage is relatively small compared to the total tissue in the limb biopsies. Of 

interesting note are the bivalently marked regions upstream of Pax3 and Pax7. These 

sites each likely lie on enhancer or regulatory regions, as the marked region 7kb 

upstream of Pax3 is a known enhancer/regulator region involved in Pax3 expression 

in the ventral-lateral lip of interlimb somites (Brown et al., 2005). Furthermore, the 

H3K27me3 mark in the 4th intron of Pax3 also lies on a known regulatory region 

(Degenhardt et al., 2010). 

The four Myogenic Regulatory Factors (MRFs), Myogenic factor 5 (Myf5), Myogenic 

differentiation 1 (Myod), Myogenic factor 6 (Mrf4), and Myogenin (MyoG), only Myod 

is bivalently marked with Pol2 (Figure 7). The other three factors are marked with 

H3K4me3, indicating the genes may be available for transcription, but are not yet 

actively being transcribed, which is in accord with their expression profiles (Hasty et 

al., 1993). At E12.5, a subset of the muscle progenitor pool has begun to commit to 

the myogenic fate and have formed primary muscle fibers. Commitment of 

myogenesis first occurs with Myod expression in hypaxial muscles, while in epaxial 
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muscles, this commitment is first signaled by Myf5 expression (Kablar et al., 1997). 

The chromatin state of Myod in the E12.5 forelimb supports this view, as it appears to 

be regulated and actively transcribed unlike Myf5 which is secondary to Myod in this 

region. 

Comparison of Pitx2-dependent gene expression, Pitx2-chromatin occupancy, and 

Pitx2-dependent chromatin modifications will identify the developmental switches 

during myogenesis. These efforts will serve as the foundation for development of 

future strategies that will be designed to influence the maintenance and differentiation 

potential of myogenic progenitor cell populations, and the application of these 

strategies in muscle-related diseases.  

 

Materials and Methods 

Mice - All research was conducted in accordance with Oregon State University 

Institutional Animal Care and Use Committee (IACUC) approval, under ACUP# 4227. 

ICR mice from Harlan Laboratories were bred and females were checked for the 

presence of a vaginal plug (E0.5). Multiple litters, each containing 6-15 embryos were 

isolated at E12.5 and dissected for forelimbs in ice cold 1xPBS. Biopsies were pooled 

with at least 10 embryos per 1.5ml tube and immediately fixed.   

ChIP - Biopsies from embryos were cross-linked for 20 minutes in freshly made 

fixation buffer (1% formaldehyde 100mM NaCl, 0.5mM EGTA, 50mM HEPES, pH8.0) 

and quenched by the addition of glycine (125mM). Tissue was washed twice with ice 

cold phosphate-buffered saline and snap-frozen in LiqN2 prior to sonication (14x, 

10sec at 20% output, 60sec on ice, Branson digital sonifer) in lysis buffer (1% SDS, 

10mM EDTA ph8.0, 50mM Tris-HCl pH 8.0, protease inhibitors) to achieve an 

average sheared fragment size of 300bp, with the primary smear between 200-

450bp. A portion of sheared chromatin from each preparation was reserved as the 

input control. Protein G magnetic beads (NEB S1430S) were prepared by washing 3x 

in PBS w/.05% BSA, bound overnight to rabbit anti-H3K4Me3 (Abcam, ab1342), 

rabbit anti-H3K27Me3 (Millipore, 07-449), or  mouse anti-Pol2 (Millipore, 17-672) at 
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2ug/20ul beads, and washed 3x in PBS-BSA. Material for IP was diluted 1:10 in 

dilution buffer (1% Triton X-100, 150mM NaCl, 2mM EDTA pH 8.0, 20mM Tris-HCl 

pH8.0, protease inhibitors) and 20ul of ProteinG magnetic beads were added to each 

ml of sheared chromatin (about 200μg each) and allowed to rotate overnight at 4C. 

The following day, samples were washed 1x in low salt wash (1% Triton X-100, 0.1% 

SDS, 150mM NaCl, 2mM EDTA pH8.0, 10mM Tris HCl pH 8.0, protease inhibitors), 

2x in high salt wash (1% Triton X-100, 0.1% SDS, 500mM NaCl, 2mM EDTA pH8.0, 

10mM Tris HCl pH 8.0, protease inhibitors), 2x in Li wash (100mM Tris HCl pH 9.0, 

500mM LiCl, 1% NP40, 1% deoxycholic acid), 3x in TE (10 mM Tris-HCl pH 8.0, 1mM 

EDTA), and eluted in 100ul of elution buffer containing RNaseA and Prot K (1% SDS, 

100mM NaHCo3, 10mg/ml RNaseA, 5M NaCl, 0.2mg/ml Proteinase K). Elutants and 

respective input controls were de-crosslinked overnight, at 65C, purified on Qiagen 

Miniprep columns and eluted in ddH20.  

ChIP-seq - One set from each condition was reserved for qPCR validation and the 

remaining ChIP DNA were speed-vac dried. DNA was resuspended in 15ul of ddH20, 

quantified with the qbit fluorometer or the nanodrop, until at least 10ng was collected 

and for each sample. Single-end libraries were then generated using the Illumina 

TruSeq ChIP seq library prep kit, with the only protocol modification being size 

selection after fragment amplification. The library size selected was 200-300bp in 

length, and after gel purification, sent for analysis on bioanalyzer to confirm library 

size. These libraries were then loaded on a 50bp run on the Illumina HiSeq 2000. 

Two runs were performed: (1) WT input, WT H3K4me3, and WT H3K27me3; (2) WT 

input, WT Pol2, MT input, MT H3K4me3, MT H3K27me3, and MT Pol2. 

qPCR - DNA from matching input and ChIP samples were analyzed by qPCR on the 

ABI 7500 machine using SYBR Green 1 methodology. Each pooled set of samples 

were run in technical triplicates and percent input was calculated for selected sites 

expected to be and not to be enriched.  

Data Analysis - Sequence read quality was first accessed with FastQC (version 

0.10.0) to determine if the run was successful and then chastity filtered to remove 

reads with high signal to noise ratios. Sequencing reads from the ChIP and input 

control libraries were aligned to the mouse genome (NCBI37/mm9) using Bowtie 
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0.12.9 (Langmead et al., 2009). Peak calling was done with MACS 2.0, with input as 

background and “broad peaks” mode on for histone marks (Zhang et al., 2008). The 

UCSC Genome Browser was used to visualize the mapping data and peak calls. 

Homer Tools were utilized for gene ontology annotation and comparisons of found 

peaks (Heinz et al., 2010). DAVID Bioinformatics Tools was used for gene ontology 

clustering (Huang da et al., 2009a, b).  
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Table 1. Sample Statistics 

 MT 

input 

MT 

H3K4me3 

MT 

H3K27me3 

MT 

Pol2 

WT 

Input 

WT 

Pol2 

WT* 

Input 

WT* 

H3K4me3 

WT* 

H3K27me3 

Total 

Reads (M) 
96.7 50.0 56.6 56.8 89.8 47.4 74.0 38.6 37.3 

Mappable 

Reads (M) 
94.0 48.1 54.0 53.6 87.4 45.2 72.1 37.5 36.2 

MACS 

Mapped 

(M) 

65.9 32.8 36.3 37.2 65.7 32.9 45.9 23.0 21.2 

% Mapped 68% 66% 64% 65% 73% 69% 62% 60% 57% 

Peaks -- 16339 3215 10609 -- 11425 -- 16234 4442 
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Table 2. Functional Annotation Clustering for Bivalent WT and MT Genes  

Annotation 

Category 

Enrichment 

Score (WT/MT) 
GOTERM 

# of Genes 

(WT/MT) 
P-value (WT/MT) 

1 34.3/41.5 

Transcription factor activity 255/248 6.1 E-58/6.8E-69 

Transcription regulator activity 327/309 2.7 E-53/9.5E-62 

2 24.5/26.4 

Regulation of RNA metabolic process 328/306 8.4 E-31/5.6E-37 

Regulation of Transcription, DNA-dependent 324/302 1.1E-28/1.2E-36 

3 19.6/23.7 

Embryonic organ development 94/92 1.9 E-26/1.2E-30 

Embryonic morphogenesis 114/114 3.5 E-23/1.5E-29 
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Figure 1. Regulation of Limb Muscle Anlagen by Pitx2. Whole mount X-gal 
staining of Pitx2LacZ/+ (A) and Pitx2LacZ/LacZ knock-in (B) mouse forelimbs at E12.5. 
Pitx2 was expressed throughout muscle anlagen, but not in the epidermis, 
mesenchyme or bone anlagen. Muscle anlagen of WT mice show normal 
organization of precursors as indicated by clean grouping of embryonic muscles. 
Muscle anlagen of MT mice are clumpy and appear disorganized.  
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Figure 2. Pitx2 Mouse Mutants Lack The Homeodomain. The MT mice clearly lack 
the sequence containing the homeodomain (blue arrows) verifying mutant tissues 
were indeed MT tissues and not contaminated. The missing segment of the Pitx2 
gene does not seem to have an obvious effect on the immediate chromatin state 
profile. Black bars above peaks indicate the “called peaks” as determined with MACS 
2.0. Thick bar segments are subpeaks, with adjoining lines indicating a merge of 
subpeaks that make up a marked region. It can also be seen that of the Pitx family, 
Pitx1 and Pitx3 are also bivalently marked. However, Pitx1 has heavy H3K27me3 
marks, which is consistent with the fact that it is primarily expressed in the hindlimb, 
while Pitx3 has a chromatin state more similar to that of Pitx2. The strongly marked 
region upstream of Pitx3, with H3K4me3 and Pol2 marks is on the start of a different 
gene. Red arrows under gene names indicate the direction of the gene, and yellow 
highlighted areas are regions of interest with marks for H3K4me3, H3K27me3, and/or 
Pol2. 
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Figure 3. Characterization of H3K4me3, H3K27me3, and Pol2 Marks with 
Respect to Location on the Genome and Nearest Gene. Red bars represent the 
relative location of the transcriptional start site (TSS), which is defined as the UCSC 
RefSeq start position of genes. (A) H3K4me3 peaks occur mostly in close proximity to 
known genes, with a slight bias downstream from the TSS indicating marks occur 
along the gene body. This can also be seen as indicated by Homer annotation, where 
60% of peaks occur on the gene (intron, exon, 3’UTR, 5’ UTR), with a good portion 
occurring on a region considered as the promoter region. (B) H3K27me3 peaks occur 
with a bias to the downstream region of the TSS similar to that of H3K4me3 marks. 
However, it can be seen that the regions marked by H3K27me3 are broader and 
many are categorized into intergenic regions. (C) RNA Pol2 binding occurs in a 
sharper peak that is also slightly bias downstream of the TSS of genes. Nearly 60% 
of these marks occur on a region considered a promoter. It is important to note that 
the Homer peak annotation script annotated peaks according to the center of the 
region marked. With broad regions marked that are 1-3kb in length, although a region 
can be called intergenic, a portion of said peak may occur on a gene body. These 
figures should only be considered a general representation that can be compared 
only with each other.  
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Figure 4. Venn Diagrams (not to scale) Illustrating Co-occurance of Marked 
Sites Within WT or MT Biopsies and Overlap of Marked Sites Between WT and 
MT Biopsies. (A) WT and MT samples had a very similar co-occurance of marked 
peaks. Most notably is the large overlap of Pol2 marks with H3K4me3 peaks in both 
sets of biopsies. Pol2 requires genes to be accessible and the presence of H3K4me3 
is an indicator of accessible regions of the genome. Very few Pol2 peaks were found 
to be associated with H3K27me3, as it is associated with inactive regions of the 
genome. Bivalent genes are often of interest, as they are poised for either activation 
or repression. (B) Similarity of marked regions between WT and MT biopsies is very 
high in all sets of data. For the most part, WT and MT biopsies shared over 90% of 
their marked regions. The only exception was with H3K27me3 marks, where only 
66% of the WT peaks were shared with MT peaks (94% of MT peaks were shared 
with WT peaks). This can be potentially explained by how there were 25% fewer 
called peaks in MT than in WT biopsies. It is important to note for these figures, that 
with use of Homer tools, mergePeaks.pl, it is possible for two peaks in one sample to 
overlap with a single peak in a second sample, thus be combined and considered one 
overlap instead of two. 
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Figure 5. Chromatin State of the Six1/4 and Eya1/2 Genes. The Six1/4 and Eya1/2 
genes that are necessary for limb muscle development are bivalently marked in both 
the WT and MT biopsies and are also marked by Pol2 at some level. This indicates 
that they are likely active nodes in the developmental network of the limbs. Red 
arrows under gene names indicate the direction of the gene, and yellow highlighted 
areas are regions of interest with marks for H3K4me3, H3K27me3, or Pol2. It is 
important to note that the Eya proteins lie on a large genomic region, thus accounting 
for the much more compact view of the gene. 
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Figure 6. Chromatin States of the Pax 3 and 7 Genes. Pax3 is necessary for the 
delamination of muscle precursors from the dermomyotome and Pax7 is necessary 
for fetal myogenesis. At E12.5 in the limb, both genes are bivalently marked in both 
the WT and MT biopsies, but not marked by Pol2. This indicates that they are likely 
regulated nodes where Pax3 is likely poised for repression and Pax7 is being poised 
for activation. The bivalently marked regions upstream of Pax3 and Pax7 likely lie on 
enhancer or regulatory regions of each respective gene. Red arrows under gene 
names indicate the direction of the gene, and yellow highlighted areas are regions of 
interest with marks for H3K4me3 and/or H3K27me3. 
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Figure 7. Chromatin State of the MRFs. Muscle regulatory factors are best known 
for their ability to induce the myogenic fate in non myogenic cell lines. Although all 
MRFs may be available for transcription, only Myod is being regulated and likely 
actively transcribed. This is consistent with work identifying Myod as the primary and 
initial MRF to be expressed in hypaxial musculature. Red arrows under gene names 
indicate the direction of the gene, and yellow highlighted areas are regions of interest 
with marks for H3K4me3, H3K27me3 and Pol2. 
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Diseases or injury of skeletal muscle is often a debilitating problem for affected 

individuals. Muscular dystrophy, sarcopenia (geriatric muscular atrophy), or traumatic 

injuries can lead to conditions in which large portions of one or more anatomical 

muscles are lost. These disabilities cause individuals to lose the ability to perform 

normal daily tasks, and they bring undue hardship to themselves and their families. 

Designing treatments to help rebuild muscle to replace damaged or diseased tissue 

would improve patient mobility and increase the well being of afflicted individuals. 

However, before this can be done, the molecular mechanisms of myogenesis must be 

understood.  

The developmental networks surrounding the many stages and levels of myogenesis 

are still being elucidated as new nodes and node regulators are being discovered. 

There is and will be no single treatment for the various myopathies that exist because 

defects in many different pathways cause them. However, the molecular mechanisms 

of muscle regeneration in adults share many characteristics with the myogenic 

programs that generate skeletal muscle during development. Our long-term goal is to 

clarify the molecular and cellular mechanisms that govern skeletal muscle 

development and regeneration, and to use this knowledge to develop medically 

feasible ways to repair debilitated muscles of patients. We have addressed the 

understanding of muscle development using genetic and genomic approaches.   

The loss of muscle observed in the body wall is closely associated with defects of the 

lateral plate mesoderm (LPM) that arise prior to MRF expression (Chapter 2; (Eng et 

al., 2012b), Chapter 3; (Eng et al., 2010)). This is similar to the phenotype observed 

from musculature derived from the 1st BA, as the pharyngeal mesoderm also 

expresses Pitx2 prior to MRF expression (Shih et al., 2007a). We suggest that Pitx2 

contributes to spatial-specific information during an “early” myogenic specification 

process at these two anatomical locations. These are the two distinct areas that Pitx2 

is first expressed during development, the LPM and the pharyngeal mesoderm. Pitx2 

perturbation in both anatomical locations results in loss of muscle progenitors and 

absence of muscle. The gene regulatory network that specifies cells to become 

muscle is not active. 
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In anatomical locations such as limbs, where muscle precursor cells have been 

specified, the muscle was initiated but failed to build high order assembly in absence 

of functional Pitx2 (Campbell et al., 2012). Thus, the late muscle phenotype in the 

Pitx2-null mice is the result of cell-autonomous defects within the myogenic lineage 

itself, where Pitx2 is universally expressed (Chapter 1; Eng et al 2013 Submitted). 

To better understand the late function of Pitx2 in muscle development, the chromatin 

state of E12.5 forelimb muscle was investigated by ChIP-seq in normal and Pitx2-

mutant mice. The onset of the Pitx2 expression suggests that Pitx2 might act as a 

switch from embryonic to fetal myogenesis during limb muscle development. We 

expected Pitx2 to act broadly on the chromatin to reset the cell type networks at each 

developmental stage by altering which sets of genes are “available” or “unavailable” 

for transcription. In using whole forelimbs, we found that the vast majority of cells 

remain in a “normal” developmental state. Any changes in the chromatin state of the 

muscle progenitor pool within the limb were hidden in the homogenous cell 

population. However, this does support the idea that the Pitx2-null muscle phenotype 

is due to a cell-autonomous effect (Chapter 4; Eng et al, 2013 To be Submitted).  

We will further investigate the involvement of Pitx2 as a cell developmental stage 

switch during forelimb muscle development. The availability of muscle specific mouse 

models will determine its cell-autonomous effect and time of action. The use of a flow 

sorted population for the ChIP-seq analysis for various histone-marks will allow for 

detection of changes in the chromatin map of the genome specific to these cells. The 

generation of a monoclonal antibody against Pitx2 will facilitate the identification of 

the loci affected by Pitx2 and the cis-regulatory modules (CRMs) occupied by Pitx2. 

By analyzing embryonic and fetal myoblasts, we will be able to identify genomic 

locations that are differentially regulated and we expect that Pitx2 will be associated 

with the affected loci. Our long-term goal is to identify genes and pathways that are 

involved in embryonic, fetal and adult myogenesis. This information can be further 

used to de-differentiate adult muscle cells to earlier stages, and reprogram them to 

follow the proliferation cues. This know-how will be the basis for muscle repair and 

regeneration.  
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