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ABSTRACT

In multicellular organisms, cell fates are established through precise patterns of gene
expression. This requires a complex set of interactions among cis-regulatory elements and
transcription factors. Enhancers, in particular, play a central role in driving cell-type specific
gene expression patterns and are capable of activating transcriptional target genes. Both the limb
and the mandible are classic model systems for the study of developmental regulation. In mouse,
the hindlimb and mandible share similar developmental processes, including specification of the
prospective field, induction of tissue outgrowth, maintenance of the outgrowth and patterning
tissue along different axes. Many major signaling pathways contribute to the development of
both organs, including FGF, SHH, BMP and WNT. Beyond signaling pathways, there is a
relatively narrow network of hindlimb-restricted or mandible-restricted regulators, such as
PITX1, TBX4, ISL1, DLX5/6 and HAND1/2. PITX1 is a tissue-specific transcription factor,
which is encoded by the paired-like homeodomain 1. Strong Pitx/ expression is found in both
the hindlimb and mandible mesenchyme. Haploinsufficiency for Pitx/ in mice and humans can
result in clubfoot, mandibular hypoplasia and other hindlimb- or jaw-related malformations.

However, the hindlimb and mandible PITX1-transcriptional targets that are misregulated in the



absence of PITX1 remain largely unknown. In this work, I have applied a combination of
comparative genomics, epigenetic profiles and functional analyses to study the regulatory
network of PITX1 transcriptional targets that direct mouse hindlimb and mandible development.
I performed a genome-wide ChIP-seq analysis to identify the location of cis-regulatory elements
bound by PITX1 during embryonic development of the mouse hindlimb and mandible. The
transcriptional targets of PITX1 in developing hindlimbs and mandibles are revealed by
performing RNA-seq. PITX1-dependent enhancers and target genes of hindlimb and mandible
are defined with the combination of sequence conservation, ChIP-seq, RNA-seq and functional
analyses. The results support the conclusions that PITX1 can promote chondrogenic and
myogenic differentiation in mouse hindlimb through conserved regulatory targets, and modulate

both hindlimb and mandible development through the shared regulatory network.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Limb Development and Major Genetic Mechanisms

Vertebrate limbs, including forelimbs and hindlimbs, are paired appendages that rise from
lateral plate mesoderm (LPM) at fixed positions along the rostrocaudal axis of the body (Fig.
1.5). The genes of the Hox clusters have restricted expression patterns along the LPM and are
thought to specify the level of which limb buds will appear (Cohn et al., 1996; Cohn and Tickle,
1999). HoxC4 and HoxC35 are expressed in the presumptive forelimb region and HoxC9, 10, and
11 are expressed in the presumptive hindlimb area (Duboc and Logan, 2011).

Fgf10 serves as an early marker in the prospective limb fields, where it exhibits restricted
expression in the lateral plate mesoderm (Ohuchi et al., 1997). Fgf10 expression acts to induce
Fgf8 expression in the apical ectodermal ridge (AER) (Fig. 1.1), a specialized epithelial surface
along the dorsoventral (DV) boundary (Niswander, 2003). Figf§ expression in the AER, in return,
maintains Fgf10 expression in the mesenchyme of the growing limb. The mesenchymal-
epithelial feedback loop plays an important role in limb outgrowth (Saunders, 1948; Sekine et
al., 1999). In addition to controlling proper limb outgrowth, AER-FGF is required for
proximodistal (PD) patterning in the limb (Niswander et al., 1993). Retinoid acid (RA), which is
produced in the proximal mesenchyme, and AER-FGF have opposing activities. RA signal
specifies the proximal fates and AER-FGF signal specifies the distal fates in the PD axis at early
developmental stages (Mercader et al., 2000). AER-FGF keeps distal mesenchymal cells in an

undifferentiated state. Once proximal cells are no longer under the exposure of AER-FGF, they



are determined and fated to give rise to proximal structures. This is the “differentiation-front
model” in the PD patterning (Tabin and Wolpert, 2007).

The zone of polarizing activity (ZPA) is an organizer located in the posterior limb
mesenchyme. The ZPA patterns the anteroposterior (AP) axis of the limb by producing sonic
hedgehog (SHH) (Riddle et al., 1993). The determination of AP patterning has been proposed as
the “spatial and temporal gradient model” (Harfe et al., 2004). In mouse, digit 2 and anterior
digit 3 are specified by long-range SHH signaling. Posterior digit 3, digit 4, digit 5 and the ulna
(or fibula in the hindlimb) are derivatives of mesenchymal cells that previously expressed Shh.
The AP patterning of the humerus (femur), radius (tibia) and digit 1 are SHH-independent. AER-
FGF and ZPA-SHH are reciprocal. Expression of S4/ is maintained by FGFs in the AER, and
SHH, the other way round, feeds back to maintain AER-FGF signal (Sun et al., 2002).

The WNT signaling pathway is necessary for the dorsoventral patterning (Kengaku et al.,
1998). The canonical WNT pathway (Wnt3, p-catenin) acts to establish ventral limb identity by
acting upstream of Engrailed 1 (Enl) (Barrow et al., 2003). En/ is essential for the specification
of the ventral limb (Loomis et al., 1996). Another WNT ligand, Wnt7a, is necessary for the
specification of dorsal limb through the B-catenin independent pathway (Logan et al., 1997). The

activity of Wnt7a is restricted in the dorsal ectoderm by the presence of Enl.

Mandible Development and Major Genetic Mechanisms

The head ectoderm is subdivided into neural ectoderm and non-neural ectoderm. At the
boundary of neural and non-neural ectoderm, a small subset of epithelial cells adopts a
mesenchymal character and gives rise to neural crest cells (NCCs) (Trainer et al., 2003). Several

signaling centers are involved in and are crucial to this process, such as BMP, WNT signals and



Sox transcription factors (Szabo-Rogers et al., 2010). After the formation of the neural tube,
NCCs lie sandwiched between neural ectoderm and facial ectoderm.

Cranial NCCs follow stereotypical migratory pathways that are conserved among
vertebrates. The hindbrain is segregated into rhombomeres (r). NCCs derived from posterior
mesencephalon, r1 and r2 fill in the 1* pharyngeal arch (PA1) (Kimmel et al, 2001). PA1 will
finally develop into maxillary and mandibular in mammals. The homeodomain transcription
factors of the Hox gene family provide a nested and combinatorial expression along the AP axis
of PAs (Minoux and Rijli, 2010). Hox gene expression controls the NCC pre-migrating identity
along the AP axis (Krumlauf, 1993). PA1 is devoid of Hox gene expression (Prince and
Lumsden, 1994). Hoxa? is expressed in the 2™ pharyngeal arch (PA2). When Hoxa? is
inactivated in PA2, it will result in the homeotic transformation of PA2 to PA1-like elements
(Ryli et al., 1993). The Hox-free ground pattern is the “default” state and is shared in all
pharyngeal arches. It is concluded that the distal PA1 structures are specified from anterior to
posterior in a Hox-independent pattern system. The patterns in other PAs are modified by
expression of Hox genes. In PA2, Hoxa?2 can repress several downstream genes, such as Pitx1,
Lhx6, Alx4 and Bapx1. These genes are normally expressed in PA1 (Bobola et al., 2003; Kanzler
et al., 1998; Minoux et al., 2009; Santagati et al., 2005).

The mouse has six Dix genes (DIx1/2, Dix3/4, DIx5/6). They exhibit nested expression
patterns. In PA1, Dix1/2 is expressed in maxillary and mandibular regions. DIx5/6 is only
restricted to the distal region of mandible (Stock et al., 1996). Two expression domains (D/x1/2
and DIx1/2/5/6) actually extend the boundary to the hinge of the upper jaw and the lower jaw.
Mouse Dix1/2 7~ double mutants present with malformations of the upper jaw and upper

components of the hinge (Depew et al., 2005). DIx5/6 "~ double mutants have homeotic



transformations of the lower jaw to the upper jaw (Depew et al., 2002). These phenotypes led to
the conclusion that DIx code specifies spatial identity along the DV axis in PA1. DIx1/2 is the
default and DIx5/6 is the selector for the mandibular process (Jeong et al., 2008). There are about
20 genes downstream of DIx5/6 in the mandibular region, and they are classified into three
groups. DIx5/6 induce and maintain the expressions of Group A genes (DIx3/4, Handl/2, Gbx2,
Gsc, Alx3/4 and Pitx1) in the mandibular region, while repressing Group B (Pou3f3) and Group
C (FoxI2) genes so that their expressions are confined to the maxillary region (Funato et al.,
2016). DIx1/2, on the other hand, induce and maintain Group B genes in the maxillary region.
There are currently two models related to the D/x code that support the DV patterning of
mammalian jaw. The qualitative hypothesis supports the unique activities of DLX1/2 versus
DLXS5/6 proteins in specifying each domain of PA1. The quantitative hypothesis proposes that
the higher level of total DLX proteins in the mandible differentiates it from the maxillary. It is
still unclear which hypothesis is correct.

Endothelin 1 is expressed in the ventral surface ectoderm of pharyngeal arches, as well as
endoderm and mesoderm. Experiments on Ednl”" and Ednra” mice show that the loss of these
genes results in a homeotic transformation of a mandibular to a maxillary state, which is similar
to phenotype in DIx5/6" mice (Ruest et al., 2004). Ectopic expression of Ednra or Hand1/2
results in the homeotic transformation of the maxilla to a mandibular state. The above results led
to the proposal Ednl-ventralizing activity acts through Ednl/ Ednra --- DIx5/6 --- Hand1/2
signaling pathway (Sato et al., 2008). Edn/ has a very important role in the development of
intermediate arches (primary articulation, jaw joint). EDN1 can regulate the restricted expression
of Bapx1 at an intermediate DV position by inducing the expression of Hand1/2 (Miller et al.,

2003). This Bapx1 expression defines where the jaw joint will form. Jagged-Notch signaling has



a dorsal specification ability. Ednl can repress dorsal fate in ventral skeletal precursors by
inhibiting Jagged-Notch signaling (Zuniga et al., 2010).

Shh i1s another environmental cue in PA1 formation. Shh expression has several sources.
However, the foregut endoderm-expressed Sk is the key source in PA1 development (Couly et
al., 2002). The activation of S/ in foregut endoderm can result in the death of facial
skeletogenic neural crest cells (FSNC) and then leads to phenotypes that are similar to
holoprosencephaly (Cordero et al., 2004). One phenotype is the complete absence of the lower
jaw. In the normal development, Sh/ expression in the foregut endoderm results in the survival
of FSNC cells. FSNC cells will migrate to their destination and contribute to the proper PA1
formation (Hu and Helms, 1999; Jeong et al., 2004).

Ffg8 expression is also found in different regions. Ffg8 expressed from the PA ectoderm is
a NCC survival factor (Abu-Issa et al., 2002). The loss of Ffg8 function can cause the apoptosis
of NCC cells (Trumpp et al., 1999). Ffg8 expression in mid- and hindbrain directs pharyngeal
ectodermal cells to migrate laterally (Creuzet et al., 2004). This is essential for the formation of
pharyngeal pouch and the generation of PA cartilages. Ffg8 expressed in the oral epithelia
participates in the AP polarizing of PA1. High level of Ffg8 expression causes the expression of
Lhx6/7 in the oral domain and restricts Gsc expression to the aboral domain (Grigoriou et al.,
1998). Ffg8 can also restrict the expression of Bapx to the aboral domain through induction of
Ednl expression (Wilson and Tucker, 2004). Bmp4 is expressed in the PA1 ectoderm. Msx1 is
expressed in the underlying mesenchyme in response to the higher level of Bmp4. Msx1
expression can repress and restrict Bapx ! expression in PA1 as well (Shigetani et al., 2000).

The molecular network that controls PA1 patterning is very complex and dynamic. As

mentioned earlier, the epithelial-mesenchymal interactions are crucial for specifying the identity



of the pre-mandibular and maxillary-mandibular regions. The positional identity of PA1 forming
NCCs can be specified at pre-migratory stages by intrinsic programs. Positional identity is plastic
and can be altered by environmental signals. Both the intrinsic transcription factors and the
environmental cues are involved in the development of 1% pharyngeal arch (Minoux and Rijli,

2010; Abbasi, 2001; Meideros and Grump, 2012).

Chromatin Landscape and Epigenetic Regulation

Gene expression can be regulated through the binding of transcription factors to cis-
regulatory elements. There are several types of cis-regulatory elements within the genome:
promoters, promoter-proximal elements, silencers, enhancers and insulators (Spitz and Furlong,
2012). Transcription factors can recognize small 6-12bps degenerate DNA sequence motifs. This
intrinsic DNA affinity has relatively low specificity and can be altered by the control of DNA
sequence accessibility. The most important mechanism that controls the transcription factor-
binding site is the chromatin state. Eukaryotic DNA is packed into chromatin. The nucleosome,
as the basic unit, usually becomes the barrier for transcription factor binding (Adams and
Workman, 1995; Mirny, 2010). Euchromatin and heterochromatin are the most common
chromatin states. Euchromatin is also called “open chromatin”. It has lower DNA density, high
accessibility and higher rate of gene transcription. On the other hand, heterochromatin is
associated with high DNA density, increased resistance and lower rate of gene transcription
(Meister et al., 2011). The chromatin state holds the key to permit or repress gene expression in
the right cell type and at the right time point.

There are different processes involved in the changing chromatin landscape during

development and differentiation. The first step is to open the chromatin and create space for



transcription factors to bind. One of the most well known models for establishing an open
chromatin state is the action of pioneer factors (Cirillo et al., 2002). Pioneer factors can directly
bind at the DNA sites in the compacted nucleosomes while other factors are inaccessible at these
closed chromatin sites. This distinguishes pioneer factors from regular transcription factors
(Iwafuchi-Doi and Zaret., 2014). The characteristics of pioneer factors are well studied in FOXA
proteins (Cirillo et al., 2002). The pioneer function of FOXA was first discovered through its
binding activity at a silent liver enhancer (Gualdi et al., 1996). This binding interaction allows
the activation of the nearby liver gene and induces the commitment of a liver cell fate. Genome-
wide ChlIP-seq analysis has shown that FOXA binds mostly in regulatory enhancer regions and
to a lesser extent at promoters (Motallebipour et al., 2009). Through the binding at enhancer
regions, FOXA proteins can open up the targeted silent chromatin and enable the occupancy of
these regions by other transcription factors. The recruitment of other transcription factors always
requires additional chromatin remodeling and chromatin modification. The initiated regulatory
events can then induce either gene activation or repression (Zaret and Mango, 2016).

Other than pioneer factors, there are at least two more ways of triggering the chromatin
accessibility at the enhancer regions: cooperative binding and incorporation of histone variants.
Many transcription factors cannot bind their sites because of the nucleosome barriers. However,
cooperative interactions among multiple factors can allow their binding events (Adam and
Workman, 1995). The binding events and activation of enhancers are often associated with
protein-protein interactions between transcription factors bound to adjacent sites. Transcription
factors (TFs) can also bind through a cofactor, which may lead to an increase in the affinity of
each transcription factor for their binding sites (Lin et al., 1990). Many studies have shown that

the histone variants H2A.Z and H3.3 are present at both active enhancers and promoters (Jin and



Felsenfeld, 2007). In most cases, canonical histones are replaced by H2A.Z and H3.3 with the
help of TIP60 and HIRA (Goldberg et al., 2010; Jin et al., 2009). H2A.Z or H3.3-containing
nucleosomes are less stable. It creates the nucleosomal hypermobility to facilitate the initial
transcription factor binding events (Svotelis et al, 2009).

Once the chromatin is accessible, the next step is to recruit nonhistone proteins (remodeling
ATPases and other transcription factors) through the function of histone modification. Chromatin
remodeling can enzymatically change the distribution of nucleosomes. There are basically four
subfamilies of ATP-dependent remodeling complexes: ISWI, CHD, SWI/SNF and INO80
(Clapier and Cairns, 2009). Depending on the composition of remodelers, these complexes can
uncover enhancers by sliding or relocating nucleosomes to activate transcription, as well as hide
or close the sites to repress transcription (Clapier et al., 2017). Histone modifications can affect
chromatin structure by altering the association between different histones in nucleosomes or the
interaction of histones with DNA (Kouzarides, 2007). Acetylation is strongly associated with the
activation of transcription. For example, H3K27ac usually marks the nucleosome that directly
flanks the transcription factor-binding region (Fig. 1.3). This modification has been widely used
as a readout of active enhancers within the whole genome (Creyghton et al., 2010). Other than
H3K27ac, H3K4mel is also enriched at flanking regions around transcription factor binding sites
and is absent from the nucleosomal depleted regions within enhancers. Bivalent domains are
identified with coexisting methylation sites that have opposing modification functions (Bernstein
et al., 2005). One of the classical examples is the coexistance of H3K4mel and H3K27me3 on a
subset of enhancers (Fig. 1.3). The H3K27me3 modification is generally enriched on silent
chromatin. Regions marked by both H3K4mel and H3K27me3 are though to represent poised

enhancers that have not yet been activated. Another important function of histone modification is



to maintain the domains of euchromatin and heterochromatin. Euchromatin has higher level of
acetylation, while heterochramatin has lower level of acetylation and higher level of methylation.
The boundary between euchromation and heterochromatin is marked by the methylation at H3K4
and H3K9, where H3K4mel/H3K4me3 antagonize de novo DNA methylation and H3K9me3
contributes to heterochromatin compaction (Kouzarides, 2007; Rose and Klose, 2014; Becker et

al., 2017).

PITX1 in Organ Development and Human Malformations

PITX1 is a paired-like homeodomain transcription factor. It was first discovered when
analyzing the mechanism for pituitary-specific transcription of the POMC gene (Lamonerie et
al., 1996). PITX1 acts as a transcriptional activator and binds the core motif TAA(T/G)C(C/T).
The PITX1 homeodomain contains a lysine at position 9, which defines it as a member of the
bicoid subfamily (Hanes and Brent, 1989). There are two domains (posterior lateral mesoderm
and stomodeum) that have early Pitx/ expression. For the posterior lateral mesoderm, in mouse,
the expression starts at E6.5. Its expression is maintained in all derivatives including hindlimbs
and external genitalia (Lanctot et al., 1997). At E9.5, Pitx! is expressed in the lateral plate
mesoderm at the level at which hindlimbs will emerge. From E10.5-E13.5, Pitx! is robustly
expressed in hindlimb buds. At later stages, Pitx/ is absent from the center of chondrogenesis
and is restricted in the perichondral region and soft tissues in hindlimbs, and the downregulation
of Pitx1 expression in the hindlimbs occurs in a proximal to distal fashion.

In order to study the function of Pitx/ in hindlimb development in mice, the whole exon 3
of Pitx1 was deleted to generate a Pitx/ null allele (Szeto et al., 1999). In Pitx] null mutants, the

ilium of the pelvis fails to form and the femur is much shorter. The patella is also missing, and



the knee joint morphology more closely resembles that of the elbow joint in the forelimb. In
addition, the tibia is reduced in size and fibula is enlarged with the morphology of these bones
becoming more similar to the radius and ulna, respectively. These phenotypes suggest a partial
hindlimb-forelimb (HL-FL) transformation and the loss of hindlimb features (Szeto et al., 1999;
Lanctot et al., 1999). When Pitx] expression is ectopically induced in chick wings with the
Pitx]-expressing virus, the infected wings develop a hindlimb-like morphology, including
changes in the flexure, the absence of the patagium and reduced featherbuds (Logan and Tabin,
1999). However, the most obvious change is in the skeletal pattern induced by Pitx/
misexpression. The infected wing forms digit I1, III and IV with similar lengths. The fourth digit
is usually formed by the bifurcation of the digit III. The infected wing morphologically
resembles the wild-type leg. Both loss- and gain-of-function studies show that Pitx/ directs
normal 7bx4 expression in the hindlimb and is necessary for hindlimb outgrowth (Duboc and
Logan, 2011). TBX4 is another hindlimb-specific transcriptional factor (Fig. 1.4). On the other
hand, Pitx] can shape and determine hindlimb morphology independent of TBX4, including HL
buds, muscles, tendons and bones (DeLaurier., 2006). When Pitx1 expression is induced in
embryonic mouse forelimbs using a transgene driven by the Prx/ limb enhancer, it leads to a
partial transformation of forelimb structures towards hindlimb morphology. The wrist bones in
the Prx1-Pitx] mouse transgenic embryos are transformed to resemble the bones in the foot and
ankle. The forelimb extensor carpi radialis muscle is transformed and the extensor indicis
proprius muscle is translocated to reflect the tibialis muscle and the extensor digitorum brevis
muscle in the hindlimb.

Pitx2 is a paralog of Pitx/. Mutation of human PITX2 results in the Rieger syndrome

(Semina et al., 1996). Pitx2 has a left-side specific expression and is involved in the asymmetric
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development of internal organs including the heart and stomach (Yoshioka et al., 1998). The first
asymmetric expression is detected in left lateral plate mesoderm at E8.0 in mouse. This
expression pattern only lasts from E8.0 to E9.5. The relationship between Pitx/ and Pitx2 in
hindlimb development is partially redundant (Marcil et al., 2003). In Pitx/ " mouse embryos, the
ossification process of the hindlimb bones is much delayed and more affected than the left side
of the embryo due to partial compensation by Pitx2 (Fig. 1.4). When Pitx/ and Pitx2 are both
knocked out, it results in a more extreme phenotype in pelvis and hindlimb than the phenotypes
observed in the single mutant.

Clubfoot is a congenital birth defect in the lower limbs of humans. It affects 1 in 1000 live
births and is characterized by the misalignment of bones and joints in the foot and ankle (Brewer
et al., 1998). Though not common, Pitx/ is one of the causative genes for clubfoot (Gurnett et
al., 2008). A missense mutation (E130K) was identified at the conserved homeodomain region of
PITX]I locus (Gurnett et al., 2008) within a multigenerational family exhibiting lower extremity
abnormalities including clubfoot. A separate novel microdeletion (chromosome 5q31) within the
PITX]I locus was identified in a family with bilateral clubfoot and short stature (Alvarado et al.,
2011). The PITXI haploinsufficiency can cause defects in lower legs and produce morphological
defects resembling clubfoot. Liebenberg syndrome is another human limb syndrome caused by
sequence alterations at the PITX locus (Spielman et al., 2012). In this syndrome, the patients’
arms undergo a partial transformation to legs. In these patients, the distal humerus is broadened
at the elbow to resemble the femur and the proximal ulna is enlarged to resemble a tibia. The
boundary between the PITX1 topologically associating domain (TAD) and the nearby TAD is
deleted, so the two TADs are fused into one single TAD (Petit et al., 2017). Due to deletions and

structural rearrangements, three enhancers with limb activity are relocated and surround the
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PITX1 locus. This leads to the misexpression of P/7X/ in the forelimb, and results in the
acquisition of hindlimb morphological characteristics and the arm-to-leg homeotic
transformation.

Outside the hindlimb, Pitx/ is also expressed in the first branchial arch in E9 mouse
embryos (Lanct6t et al., 1997). During later stages, Pitx/ is expressed in the derivatives of the
first branchial arch, including portions of Meckel’s cartilage and the mandible mesenchyme.
Pitx]”” mouse embryos exhibit severe mandible malformations, such as much reduced mandible
bones, which resembles human mandibular hypoplasia. There are other defects, including cleft
palate and bifurcate tongue (Lanctot et al., 1999). The bHLH transcription factor HAND?2 is
required for the maxilla-to-mandible transformation (Funato et al., 2016). When Hand?2
expression is induced in the neural crest cells of the branchial arches, both Hand?2 and Pitx] are
ectopically expressed in the maxilla. On the other hand, when Hand?2 expression is disrupted,
Pitx1 expression is also down-regulated in the mandible. In HAND2 ChIP-qPCR analysis,
HAND2-binding complexes are enriched in the regulatory domain of PITX1 (Osterwalder et al.,
2014). There is a possibility that Hand2 could directly regulate PITX1 through HAND2-
mediated signaling pathways. It has been shown that the expression of Pitx/ depends on the
presence of Fgfs in the epithelium (Bobola et al., 2003). Hoxa? is involved in the specification of
2" pharyngeal arch (PA2). It can repress the FGF-dependent Pitx] expression in PA2. In Hoxa2"
" mice, Pitx] expression is not only maintained in PA1 but also expanded in the PA2

mesenchyme. This provides an explanation of why Pitx/ expression is restricted in PA1.
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Figure 1.1. Three axes involved in limb patterning. Adapted from (Petit et al., Nature Genetics
2017). The limb is patterned along three different axes (anterior-posterior, proximal-distal,

dorsal-ventral). AER: apical ectodermal ridge; ZPA: zone of polarizing activity.
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Figure 1.2. Signaling and patterning during craniofacial development. Adapted from (Minous
and Rijli, Development 2010). A sagittal section through the vertebrate embryo showing the
frontonasal process, the first and second pharyngeal arches. Genes and signals that are involved

in the craniofacial development are listed.
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Figure 1.5. Specification of forelimb and hindlimb. Adapted from (Petit et al., Nature Genetics
2017). Genes and signaling pathways that are involved in the specification of forelimbs and
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CHAPTER 2
PITX1 PROMOTES CHONDROGENESIS AND MYOGENESIS IN MOUSE HINDLIMBS

THROUGH CONSERVED REGULATORY TARGETS'

]Wang, J.S., Infante, C.R., Park, S., Menke, D.B., submitted to Developmental Biology, 10/01/17.
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Abstract

The PITX1 transcription factor is expressed during hindlimb development, where it plays a
critical role in directing hindlimb growth and the specification of hindlimb morphology. While it
is known that PITX1 regulates hindlimb formation, in part, through activation of the 7hx4 gene,
other transcriptional targets remain to be elucidated. We have used a combination of ChIP-seq
and RNA-seq to investigate enhancer regions and target genes that are directly regulated by
PITX1 in embryonic mouse hindlimbs. In addition, we have analyzed PITX1 binding sites in
hindlimbs of Anolis lizards to identify ancient PITX1 regulatory targets. We find that PITX1-
bound regions in both mouse and Anolis hindlimbs are strongly associated with genes implicated
in limb and skeletal system development. Gene expression analyses reveal a large number of
misexpressed genes in the hindlimbs of Pitx/ " mouse embryos. By intersecting misexpressed
genes with genes that have neighboring mouse PITX1 binding sites, we identified 440 candidate
targets of PITX1. Of these candidates, 68 exhibit ultra-conserved PITX1 binding events that are
shared between mouse and Anolis hindlimbs. Among the ancient targets of PITX1 are important
regulators of cartilage and skeletal muscle development, including Sox9 and Six/. Our data
suggest that PITX1 promotes chondrogenesis and myogenesis in the hindlimb by direct

regulation of several key members of the cartilage and muscle transcriptional networks.

Keywords: Hindlimb, Anolis, Mouse, Chondrogenesis, Myogenesis
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Introduction

The Pitx1 gene encodes a bicoid-class homeodomain transcription factor that plays a
central role in growth and patterning of the vertebrate hindlimb (Lanctot et al., 1999; Szeto et al.,
1999). The complete ablation of Pitx/ function in mice results in reduced hindlimb size and the
loss of hindlimb-specific features, as well as developmental defects of the mandible, teeth,
palate, and pituitary gland. Haploinsufficiency for Pitx/ in mice and humans can result in
clubfoot and other malformations of the leg, demonstrating that hindlimb development is
sensitive to Pitx] dosage (Alvarado et al., 2011; Gurnett et al., 2008). Since ectopic expression of
Pitx] in the developing forelimbs of chickens, mice, and humans results in the forelimb
developing a more hindlimb-like morphology (Delaurier et al., 2006; Logan and Tabin, 1999;
Spielmann et al., 2012), it is apparent that the role of Pitx/ in hindlimb formation extends to the
control of limb-type identity. Furthermore, reductions in Pitx/ expression have been linked to the
evolution of pelvic fin loss in natural populations of threespine sticklebacks and to the formation
of wing-like feathers on the hindlimbs of certain breeds of domesticated pigeon (Chan et al.,
2010; Domyan et al., 2016; Shapiro et al., 2004). Thus, Pitx! is not only important for the
formation of the hindlimb, but changes in Pitx/ hindlimb expression have contributed to the
evolution of differences in hindlimb morphology.

In Pitx1 knockout mice, impaired hindlimb development is apparent by embryonic day
10.5 (E10.5), by which point there is a clear reduction in hindlimb bud size relative to wild-type
embryos (Marcil et al., 2003). In Pitx/ null embryos, this reduction in hindlimb size is more
severe in the right hindlimb than the left due to partial compensation by Pitx2, a paralog of Pitx1
which is expressed in the left lateral plate mesoderm during early embryogenesis. At later stages

of hindlimb development, dramatic morphological alterations to the hindlimb skeleton are
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evident in Pitx/ null embryos. For instance, the ilium of the pelvis is either completely missing
or present as a small rudiment, femur and tibia dimensions are greatly reduced, the patella is
absent, and the relative proportions of the fibula and tibia are shifted to become more similar in
size (Lanctot et al., 1999; Szeto et al., 1999). Moreover, alterations to the hindlimb skeleton of
Pitx1 knockout mice are not limited to changes in the position, shape, and size of the hindlimb
bones, but also include a decrease in mineralization and reduced formation of extracellular
matrix. Finally, the development of soft tissues is also impacted in the Pitx/ knockout embryos
with patterning alterations that include shifts in the size and position or even the complete loss of
certain hindlimb muscles and tendons (Delaurier et al., 2006).

Initial studies of Pitx/ mouse mutants determined that hindlimb expression of the 7hx4
gene is significantly reduced in the absence of Pitx/ function (Lanctot et al., 1999; Szeto et al.,
1999). Additional work showed that the ectopic expression of Pitx/ in the embryonic forelimb is
sufficient to induce 7hx4 expression (Delaurier et al., 2006; Logan and Tabin, 1999). Our further
investigations revealed that PITX1 binds to and regulates hindlimb enhancers of the 7hx4 gene,
demonstrating that 7hx4 is a direct transcriptional target of PITX1 (Infante et al., 2013). Since
Thx4 encodes a T-box transcription factor that is critical for hindlimb bud outgrowth (Naiche and
Papaioannou, 2003), it was proposed that reduced 7hx4 expression contributes to the hindlimb
phenotypes found in Pitx/ knockout mice. Consistent with this hypothesis, subsequent work
demonstrated that restoration of 7bx4 expression in Pitx/ null embryos is sufficient to rescue
hindlimb growth defects and restore femur length, tibia length, and formation of the ilium
(Duboc and Logan, 2011; Ouimette et al., 2010). However, restoring 7hx4 expression does not
rescue other hindlimb patterning defects of the skeleton, muscles, and tendons. Therefore, the

misregulation of additional PITX1 transcriptional targets likely contribute to Pitx/ mutant
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phenotypes. While we have shown that the PITX1 transcription factor binds to a large number of
limb cis-regulatory elements and may promote hindlimb formation by regulating many different
genes, 7bx4 remains the only well-validated direct, regulatory target of PITX1 (Infante et al.,
2013).

In this study, we apply a comparative ChIP-seq approach to discover deeply conserved
PITX1 binding events that occur in the embryonic hindlimbs of mice and Anolis lizards. We find
that ancient PITX1 binding sites are enriched near many limb patterning genes and near
components of the Hedgehog, BMP, and WNT signaling pathways. We also find that PITX1
binding events are enriched near genes that are misregulated in the hindlimbs of Pitx/ knockout
mice. We compare the location of PITX1 binding events to the position of genes that exhibit
PITX1-dependent expression to reveal putative direct transcriptional targets of PITX1. Our
results suggest that PITX1 promotes hindlimb development through ancient regulatory

interactions with several key members of the chondrocyte and muscle transcriptional networks.

Materials and Methods
Animals

Pitx1 knockout mice were previously described (Szeto et al., 1999). The Pitx/ knockout
allele was maintained on a /29/Sv background but outcrossed onto an outbred ICR background
(Envigo) for the generation of embryos for RNA-seq and in situ hybridization experiments.
Adult Anolis carolinensis were purchased from Candy’s Quality Reptiles (Reserve, LA, USA),
housed at the University of Georgia, and bred to produce embryos. All procedures involving

animals were performed in accordance with guidelines issued by the Institutional Animal Care
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and Use Committees (IACUC) at the University of Georgia under approved Animal Use

Protocols (mouse protocol A2014 06-019; Anolis protocol A2015 02-020).

ChIP-seq

PITX1 ChIP-seq data for E11.5 mouse hindlimbs was previously described (GEO
accession GSE41591; (Infante et al., 2013)). For PITX1 ChIP-seq on 4Anolis carolinensis
hindlimbs, embryos were staged according to Sanger (Sanger et al., 2008) and hindlimbs from
stages 6 to 7 were collected. Two independent Anolis ChIP-seq replicates and input control
libraries were generated, using two separate pools of chromatin collected from embryonic lizard
hindlimbs (50 pairs of hindlimbs per replicate for a total of 700 pg of chromatin in each ChIP).
PureProteome™ Protein G Magnetic Beads (Millipore) were pre-incubated with PITX1 antibody
(Santa Cruz Biotechnology, sc-18922) before incubating overnight with chromatin. All ChIP and
input chromatin control libraries were produced using the NEBNext Ultra DNA Library Prep Kit
for Illumina as previously reported (Infante et al., 2015). Libraries were submitted to the Georgia
Genomics Facility and sequenced on the NextSeq 500 platform. Anolis PITX1 ChIP-seq data
generated for this work have been deposited in the Gene Expression Omnibus (GSE104460)

(Edgar et al., 2002).

ChIP-seq Data Analysis

Sequencing read quality was evaluated using FastQC (version 0.5.1, https://
www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). ChIP-seq reads were aligned to the mouse
genome (mm9) or Anolis carolinensis genome (anoCar2) using bowtie v1.1.0 (Langmead et al.,

2009) with the parameters described previously (Infante et al., 2013). PITX1 peaks were
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identified using MACS2 with default parameters except for the effective genome size, which was
set for either mouse (mm9) or lizard (anoCar2). Peaks were associated with Gene Ontology (GO)
terms using the Genomic Regions Enrichment of Annotation Tool (GREAT) (Mclean et al.,
2010). The assignment of target genes was performed by associating PITX1 peaks with
neighboring genes using GREAT. Anolis enhancer coordinates (anoCar2) were translated to the
mouse genome (mm?9) using the UCSC liftOver Tool. Only the Anolis enhancer regions that
were successfully lifted-over to the mouse genome were used to compare PITX1 signal at
orthologous enhancers between two species. The significance of PITX1 peak enrichment near
putative targets was evaluated using Pearson’s Chi-Square Test. A permutation test was used to
determine significant overlap between enhancer datasets. A distribution was created by randomly
reshuffling genomic region coordinates 1000 times and performing overlaps using BEDTools
v2.26.0 (Quinlan and Hall, 2010). A p-value was calculated by ranking the observed number of

overlaps within the number of overlaps from the random distribution.

RNA-seq

In order to minimize variation in RNA-seq data collected from E9.5 embryos we collected
the entire hindlimb field (ectoderm and underlying lateral plate mesoderm) together with the
paraxial and axial mesoderm from both wild-type and Pitx1 - embryos. For E11.5 and E12.5
RNA-seq, only the hindlimb buds on the right side were collected from wild-type and Pitx/ null
embryos since expression of Pitx2 on the left side of embryos can partially compensate for the
loss of PitxI. Embryos were sexed via PCR and only XY embryos were used. All embryos used
in RNA-seq were staged based on the forelimb morphology as described previously (Wanek et

al., 1989). For each developmental stage and each genotype, RNA-seq libraries were made from
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three separate embryos. Total RNA was isolated using the mirVana RNA Isolation Kit
(ThermoFisher Scientific). RNA quality was evaluated on an Agilent 2100 Bioanalyzer, and only
samples with RIN values >8 were used. Libraries were constructed with TruSeq Stranded mRNA
Sample Prep Kit for [llumina. For construction of E9.5 libraries 250 ng of total RNA was used.
500 ng of total RNA was used to construct E11.5 and E12.5 hindlimb libraries. Libraries were
submitted to the Georgia Genomics Facility and sequenced on the Illumina NextSeq platform to
produce approximately 50 million, single-end, 75bp reads per library. Mouse RNA-seq data

generated for this work have been deposited in the Gene Expression Omnibus (GSE104460).

RNA-seq Data Analysis

Sequenced libraries were evaluated and trimmed with FastQC. R package (https://www.r-
project.org/) was used to calculate the correlations among libraries. Sequenced reads were
aligned to mm9 using Tophat2 on the Galaxy platform (Kim et al., 2013). Cuffdiff was used to
generate qualified RPKM and to identify differentially expressed genes and transcripts (Trapnell
et al., 2012). GO Analysis was performed with DAVID Bioinformatics Resources 6.7 (Huang et
al., 2009). DAVID annotation categories that were applied to identify functional annotation

clusters include “Functional Categories”, “Literature”, “Pathways” and “Tissue Expression”.

Comparison of PITX1 Binding to PITX1-depedent Transcription

To examine the correlation of mouse PITX1-enriched regions with the transcriptional
regulation of neighboring genes, we compared the genomic distribution of PITX1 peaks with the
location of the misregulated genes that we identified through RNA-seq analysis. We defined the

regulatory domains of 976 misexpressed genes from E11.5 Pitx/”" hindlimbs based upon the
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“Basal plus extension” approach using GREAT (Mclean et al., 2010). Each gene was assigned a
basal regulatory domain with the minimum distance both upstream (5 kb) and downstream (1 kb)
of the gene’s transcription start site (TSS). The whole gene regulatory domain was then extended
in both directions to the nearest gene’s basal domain but no more than the maximum extension
(1000 kb), and intersections between mouse PITX1 ChIP-Seq peaks and gene regulatory
domains were performed. We used the same approach to search for overlapping regions between
mouse/Anolis conserved PITX1-bound regions and the regulatory domains of misexpressed

genes.

Whole-mount In Situ Hybridization and gRT-PCR

Whole-mount mRNA in situ hybridization was performed as described previously
(Wilkinson, 1992). A minimum of three wild-type and three PitxI”" embryos were stained for
each gene, and all replicates showed similar expression patterns. Embryos were staged based on
the forelimb morphology. Riboprobes were generated by synthesizing a 500-640bp template
using gBlocks Gene Fragments (Integrated DNA Technologies), amplifying the template by
PCR, and transcribing with T3 RNA polymerase (Jarvis and Condie, 2017). Quantitative real
time-PCR was used to verify expression differences between wide-type and Pitx/ “ hindlimbs
that were detected by RNA-seq. E11.5 and E12.5 right hindlimb total RNA was isolated with the
mirVana RNA Isolation Kit (ThermoFisher Scientific) and cDNA was synthesized using the
ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs). qPCR assays were
performed on a LightCycler” 480 using SYBR Green I Master reagent (Roche). Gapdh was used

—AA Ct

as the internal control for normalization. The 2 method was used to detect expression fold

change for each target gene with three biological replicates. The primers used in qPCR were as
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follows: Alx3-F: 5’-CTATGACATCTCCGTACTGCC-3’; 4Ix3-R: 5°-
TCTGGAGACATGAGACAGGG-3’; Pax9-F: 5’~-GTGAATGGATTGGAGAAGGGAG-3’;
Pax9-R: 5’-CATGTAGGGTGACACTTGGG-3’; Cxcl12-F: 5’-CGCTCTGCATCAGTGACG-
3’; Cxcl12-R: 5’-GTTTGGAGTGTTGAGGATTTTCAG-3’; Sox9-F: 5°-
GCCGACTCCCCACATTC-3’; Sox9-R: 5’-CGCTTCAGATCAACTTTGCC-3’; Col2al-F: 5°-
GGTTCACATACACTGCCCTG-3’; Col2al-R: 5-AAATTCCTGTTCAGCCCCTC-3"; Runx2-
F: 5>-GTAGCCAGGTTCAACGATCTG-3’; Runx2-R: 5°-
CCGTCCACTGTCACTTTAATAGC-3’; SixI-F: 5’-CAGGTCAGCAACTGGTTTAAG-3’;
Six1-R: 5’-CAGAGGAGAGAGTTGATTCTGC-3’; Mef2c-F: 5°-
CCAGATCTCCGCGTTCTTATC-3’; Mef2c-R: 5°-CCTCCCATTCCTTGTCCTG-3’; MyodI-F:
5’-CAGAATGGCTACGACACCG-3’; MyodI-R: 5’-ATGCGCTCCACTATGCTG-3’; Gapdh-
F: 5’>-AAGGTCGGTGTGAACGGATTTG-3’; Gapdh-R: 5°-

GTCGTTGATGGCAACAATCTCC-3
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Results
Conserved PITX1 Binding Events are Enriched Near Limb Genes

In previous work, we performed PITX1 ChIP-seq on mouse E11.5 hindlimbs (Infante et al.,
2013). These experiments revealed the genome-wide distribution of mouse PITX1 binding sites
during hindlimb development. While many of these PITX1-associated regions fall within well-
conserved non-coding sequences, DNA sequence conservation is not sufficient to conclude that
PITX1 is actually bound to orthologous cis-regulatory elements that are conserved in other
species. In order to identify deeply conserved PITX1-binding events, we performed PITX1
ChIP-seq on embryonic hindlimb chromatin from the green anole lizard, Anolis carolinensis. The
common ancestor of mammals and lizards lived more than 300 million years ago (Pyron, 2010).
Therefore, PITX1-binding events that are shared between these species are likely to represent
ancient binding interactions that are common to diverse species of limbed amniotes.

Anolis PITX1 ChIP-seq was carried out on chromatin isolated from the hindlimbs of stage 6
to 7 lizard embryos (Sanger et al., 2008). At these embryonic stages, Anolis hindlimbs are
roughly comparable in development to E11.5 mouse hindlimbs. We determined that the PITX1-
specific antibody that we previously used for mouse PITX1 ChIP-seq, also cross-reacts with
Anolis PITX1 (Fig. S2.1). Therefore, we were able to use the same PITX1 antibody for mouse
and Anolis ChIP-seq experiments. Analysis of our Anolis hindlimb PITX1 ChIP-seq replicates
resulted in the identification of 11,090 peaks, a number similar to the 10,625 PITX1 ChIP-seq
peaks that we identified in mouse hindlimbs (Table S2.2) (Infante et al., 2013). De novo motif
searches performed within +/- 50 bps of PITX1 peak summits revealed that TAATCC, the core
PITX1 binding motif, was significantly enriched in both Anolis (p-value=1 x 10°*%; 61% of

target sequences) and mouse (p-value=1 x 107'%**; 69% of target sequences) PITX1 peaks (Fig.
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2.1A and Table S2.1). Moreover, we found that both mouse and Anolis PITX1 peaks are
significantly enriched near genes associated with limb development (Fig. 2.1D, G, and J and Fig.
S2.2).

To identify deeply conserved enhancers that are bound by PITX1 in the developing
hindlimbs of mouse and 4nolis embryos, we began by determining the fraction of Anolis PITX1
peaks that have sequence orthologs in the mouse genome. Of 11,090 Anolis peaks, 2479 (22.4%)
exhibit DNA sequence conservation between the Anolis and mouse genomes (Table S2.2). We
intersected the mouse genome coordinates of these 2479 conserved sequences with the
coordinates of the 10,625 mouse PITX1 ChlP-seq peaks to reveal 574 overlapping regions.
These 574 regions represent the subset of putative cis-regulatory elements that exhibit sequence
conservation between mouse and Anolis and that are bound by PITX1 in the developing
hindlimbs of both species. The degree of overlap between mouse peaks and Anolis peaks is
significantly higher than expected by chance (p < 0.001). Prior work has demonstrated that
binding site turnover is a common feature of enhancer evolution, and individual binding sites for
a transcription factor can be lost and then compensated for by the gain of new binding sites for
the same transcription factor (Hare et al., 2008). Therefore, we extended our search for putative
cis-regulatory elements that are bound by PITX1 in mouse and Anolis by identifying regions
where the sequence underlying an Anolis PITX1 peak is conserved in mouse and occurs within
500 base pairs of a neighboring mouse PITX1 peak. This led to the identification of an additional
87 putative cis-regulatory regions that are conserved between mouse and 4Anolis but where the
location of the PITX1 binding event within the region differs between the mouse and Anolis

orthologs. Together, our analyses revealed a total of 661 putative cis-regulatory elements that
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exhibit primary sequence conservation between mouse and 4Anolis and that are bound by PITX1

in both species (Table S2.2).

The majority of the mouse/4nolis PITX1-bound regions are located within 100 kb of
transcription start sites with a distribution that is similar to the larger set of all mouse PITX1
peaks (Fig. 2.1A and 2.1B). As expected, the top ranked de novo motif found within the
mouse/Anolis PITX1 regions matches the known PITX1 motif (Fig. 2.1B and Table S2.1).
Notably, this motif is essentially indistinguishable from the top motif found in “mouse-specific”
PITX1 peaks, the subset of regions that are bound by PITX1 in mice but that are not bound by
PITX1 in Anolis or that do not have detectable sequence conservation in Anolis (Fig. 2.1C). To
determine whether conserved PITX1 binding events are enriched near particular gene categories,
we used GREAT (Mclean et al., 2010). This analysis demonstrated that mouse/Anolis PITX1
bound regions are significantly enriched near genes that are expressed in developing limbs, with
5 of the top 10 ranked gene expression GO terms associated with embryonic limb expression
(Fig. 2.1E). Examination of signaling pathway GO terms showed that genes associated with the
Hedgehog, WNT, and BMP signaling pathways are also enriched near conserved PITX1 bound
regions (Fig. 2.1K). For PITX1 peaks that are mouse-specific, enrichments for similar sets of
limb-related and signaling pathway GO terms were observed (Fig. 2.1F, I and L). Thus,
mouse/Anolis conserved and mouse-specific PITX1 binding events display similar gene

associations.

30



Genes Related to Patterning, Chondrogenesis, and Myogenesis are Misregulated in Pitx] -
Hindlimbs

In order to identify genes with PITX1-dependent expression, we performed global gene
expression comparisons between the developing hindlimbs of Pitx/ " and wild-type mouse
embryos. For our analyses, RNA-seq was carried out separately on E9.5 hindlimb fields, E11.5
hindlimbs, and E12.5 hindlimbs. Given the small size of the E9.5 hindlimb field, we collected
the prospective hindlimb region (ectoderm and underlying lateral plate mesoderm) together the
associated paraxial and axial mesoderm. This helped to decrease variation in the tissue samples
that we collected. Because the E9.5 samples contained a substantial amount of tissue outside of
the prospective hindlimb, we deeply sequenced the RNA-seq libraries that we generated to
improve our ability to detect differentially expressed genes (~50 million reads were sequenced
per library). Since Pitx2 expression on the left side of embryos can partially compensate for the
loss of Pitx] (Marcil et al., 2003), we exclusively used right hindlimb buds to prepare RNA-seq
libraries at E11.5 and E12.5 as the hindlimbs can be precisely dissected at these stages. In the
early hindlimb field, we found that a relatively modest number of genes (55 in total) are
significantly misregulated in Pitx/ mutants (Fig. 2.2A, Table S2.3). In contrast, several hundred
genes are misregulated at E11.5 and E12.5. At these later stages, we also observed that a greater
portion of misregulated genes are down-regulated than up-regulated, consistent with PITX1
acting predominantly as a transcriptional activator.

Previous studies have demonstrated that 7hx4 expression is reduced in the hindlimb buds of
Pitx1 knockout embryos and that 7hx4 is a direct regulatory target of PITX1 (Infante et al., 2013;
Lanctot et al., 1999; Szeto et al., 1999). Consistent with these earlier findings, our RNA-seq

analyses demonstrate that 7bx4 expression is significantly reduced in the absence of PITX1
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(expressed at 34% and 56% of wild-type at E11.5 and E12.5, respectively; Table S2.3). Prior
work also established that the expression of hindlimb-specific HoxC10 and HoxC11 genes can be
induced in the forelimb through ectopic expression of Pitx/ (Delaurier et al., 2006; Logan and
Tabin, 1999; Park et al., 2014). However, we found that the expression levels of HoxC10 and
HoxC11 are not significantly reduced during hindlimb development of Pitx1 " embryos,
indicating that PITX1 function is not essential for expression of these genes. Finally, we
examined the expression of Is//, a gene that is essential for hindlimb bud formation but plays no
role in forelimb development (Kawakami et al., 2011). In wild-type embryos, Is/] is expressed
transiently in the hindlimb field and early hindlimb bud but is down-regulated by E10.5. In E9.5
PitxI”” embryos, we find that Is/] is expressed at significantly higher levels than wild-type (1.5x
higher; Table S2.3). Therefore, of the known transcription factors with robust, hindlimb-biased
expression, only 7bx4 exhibits reduced expression in the absence of PITX1.

We next used the DAVID functional annotation tool to determine whether specific
pathways or gene categories are enriched among genes that are misexpressed in Pitx/ mutants
(Huang et al., 2009). Among the categories of genes that are misregulated in Pitx!”" hindlimb
field at E9.5, the top ranked cluster relates to limb morphogenesis and pattern specification (Fig.
2.2B). By E11.5, the top ranked terms that are associated with misregulated genes include
extracellular matrix, cartilage and bone development, and skeletal muscle development (Fig.
2.2C). Similar enrichments are observed at E12.5, with significant associations with genes
related to extracellular matrix, cell adhesion, collagen, and muscle function (Fig. 2.2D). Thus, in
PitxI”” embryos we find evidence of altered transcription of limb patterning genes in the early

hindlimb field by E9.5, just prior to hindlimb bud outgrowth. By E11.5 large-scale alterations in
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gene expression are apparent with genes related to extracellular matrix, cartilage and skeletal

muscle being enriched among misregulated genes.

PITX1 Binding Events are Enriched Near Misregulated Genes

To examine the relationship between PITX1-bound regions and the transcriptional
regulation of neighboring genes, we compared the genomic distribution of PITX1 peaks with the
location of the misregulated genes identified through RNA-seq on Pitx/” hindlimbs. Since our
PITX1 ChIP-seq data was collected from E11.5 hindlimb chromatin, we compared PITX1
binding sites with our list of E11.5 misregulated genes. We began by associating the 10,625
mouse PITX1 ChIP-seq peaks with gene locations using GREAT (Mclean et al., 2010). We
found that PITX1 binding sites are significantly enriched near genes that are misexpressed in
Pitx]”” hindlimbs (2.45-fold enriched; p-value < 2.2 x 107'%) (Fig. 2.3C). In addition, the
association between PITX1 binding events is stronger with down-regulated genes (2.98-fold
enriched; p-value < 2.2 x 107'®) than up-regulated genes (1.65-fold enriched; p-value = 8.97 x 10"
%). When we limited our analysis to the PITX1 binding events that are shared between mouse and
Anolis, we observed that these sites are also enriched near genes that are misregulated in the
absence of PITX1 (2.82-fold enriched; p = 2.8 x 107').

In order to identify direct transcriptional targets of PITX1, we next compared the genomic
positions of misexpressed genes to the location of PITX1 bound regions. Since precise maps of
gene regulatory domains are not currently available for embryonic limbs, we associated PITX1
peaks with specific genes by using GREAT (Mclean et al., 2010). GREAT operates by assigning
each gene a basal regulatory domain around the gene’s transcriptional start site and then extends

the regulatory domain to the nearest upstream and downstream genes to a maximum of 1

33



megabase. Therefore, each PITX1 binding site has the potential to be assigned to more than one
gene. Using this approach, we identified 440 genes as candidate, direct transcriptional targets of
PITX1 (Table S2.4). Among the candidate targets of PITX1, the expression levels of 121 are
increased and the levels of 319 are decreased in hindlimbs of Pitx/ knockout embryos. Of the
440 putative transcriptional targets of PITX1, 68 are associated with one or more neighboring
mouse/Anolis conserved PITX1 binding event. The PITX1 dependent expression of these 68
genes coupled with the presence of conserved PITX1 binding events suggests that these genes

are ancient transcriptional targets of PITX1 (Table S2.4).

PITX1 Directly Influences Hindlimb Development through Essential Regulators of Cartilage and
Muscle Development

Our initial DAVID analysis of genes that are misregulated in Pitx/ null embryos included
both direct transcriptional targets of PITX1 and genes that are misregulated as a secondary
consequence of Pitx/ inactivation (see section 3.2). We revisited this analysis by focusing
exclusively on our list of putative direct transcriptional targets of PITX1 and by performing
separate DAVID analyses on up-regulated and down-regulated PITX1 targets. This revealed that
up-regulated targets are enriched for terms related to cell cycle control, limb
morphogenesis/patterning, homeobox genes, and components of the BMP and Hedgehog
signaling pathways (Fig. 2.3A). The up-regulated genes underlying these enriched GO terms
include a large number of factors with well-established roles in the initiation of limb bud
formation and early patterning of the limb buds and include Alx3, Bmp2, Bmp4, Bmp7, Fgf10,
Greml, HoxA9, HoxD10, Irx3, Irx5, Meis2, and Tbx2 (Table S2.4). In contrast, the PITX1 target

genes that are down-regulated in Pitx/ mutants are strongly enriched for terms related to
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extracellular matrix, cell adhesion, cartilage/bone development, and skeletal muscle development
(Fig. 2.3B). The cartilage and bone related genes include FoxP4, Snail, Sox6, Sox8, and Sox9
(Table S2.4), which are all transcription factors that regulate chondrogenesis (Bi et al., 1999;
Chen and Gridley, 2013; Smits et al., 2001; Zhao et al., 2015). In addition, multiple collagens
and other extracellular structural protein important for cartilage and bone formation have reduced
expression in the absence of PITX1. Further examination of down-regulated PITX1 targets
revealed multiple regulators of myogenesis including Cxcl/12, Eyal, Mef2c, Nfatc2, and Six1
(Table S2.4; (Daou et al., 2013; Grifone et al., 2007; 2005; Molkentin et al., 1995; Vasyutina et
al., 2005)). We also found that the Dcn, Lum, and Mkx genes, which are all important for tendon
development (Danielson et al., 1997; Ito et al., 2010; Jepsen et al., 2002), were among the
putative PITX1 transcriptional targets that we identified. In order to gain a better understanding
of the Pitx]”" expression defects we detected, we generated time-course charts from our RNA-
seq data. This allowed us to examine the expression of misregulated genes at different
developmental stages. We found that HoxD 10 expression is significantly elevated in both E11.5
and E12.5 Pitx!”" hindlimbs (Fig. 2.4). Similar patterns of elevated expression were observed for
Alx3 and Meis2 (Table S2.4). These genes were up-regulated by 1.3x-2x in PitxI”” hindlimbs
relative to wild-type at E11.5. Other early patterning genes, including Grem 1, Bmp2, Bmp4,
Bmp7, Fgfl10, and Thx2 (Fig. 2.4 and Table S2.4), exhibited transient up-regulation in Pitx/
mutants hindlimbs at E11.5 before returning to normal or near normal expression levels at E12.5.
In contrast, chondrogenesis and myogenesis PITX1 target genes exhibited a delay in their up-
regulation with decreased expression apparent at E11.5 (Fig. 2.4 and Table S2.4).

We characterized the expression patterns of several misregulated genes by whole-mount in

situ hybridization (Fig. 2.5). In general, the overall pattern of up-regulated genes was very
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similar between the hindlimbs of Pitx/”" and wild-type embryos, though we did find that A/x3
expression was expanded towards the center of Pitx/ " hindlimb buds (Fig. 2.5A-B). In situ
hybridization for genes associated with cartilage and muscle development produced more
dramatic differences. For instance, Sox9 displayed altered expression in the proximal portion of
the hindlimb bud at E12 (Fig. 2.5G-H), and Mef2c and other markers of myogenesis had

qualitatively less staining by in situ hybridization at E11.5-E12.5 (Fig. 2.5M-R).

PITX1 Binding Profiles at Conserved Transcriptional Targets

To explore the ancient transcriptional targets of PITX1 in hindlimbs, we performed a final
DAVID analysis on the 68 putative conserved targets of PITX1. This analysis shows that
skeletal- and muscle-related GO terms (“Mesenchyme/Bone development”, “Skeletal system
development” and “Muscle organ development’) are enriched among these 68 genes (Fig.
S2.2A). Patterning-related terms (“Transcription factor activity” and “Pattern specification™) are
also significantly enriched in the conserved target gene set (Fig. S2.2A). Thus, the functional
terms associated with these 68 conserved PITX1 targets are similar to the terms enriched in the
larger set of 440 putative PITX1 targets.

One of the predicted ancient regulatory targets of PITX1 is 7hx4. In mice, we previously
demonstrated that PITX1 regulates 7hx4, at least in part, through binding of the HLEA cis-
regulatory element (Infante et al., 2013; Menke et al., 2008). While HLEA is not conserved in
Anolis, we find that there are two conserved PITX1 binding events downstream of 7bx4 (Fig.
2.6C). Therefore, in the mouse hindlimb there are both conserved and mouse-specific binding
events occur at the 7hx4 locus. A further examination of the 68 predicted ancient targets of

PITX1 showed that this group includes Sox9 and Six/, important regulators of cartilage and
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skeletal muscle development, respectively. In the case of Sox9, a significant PITX1 peak is
identified 232 kb downstream of its transcription start site (Fig. 2.6A). The sequence of this
binding region is conserved in the Anolis genome, and a PITX1 peak is also located at the
orthologous sequence located near the Anolis sox9 gene. Similarly, there is a strongly enriched
PITX1 peak located just upstream of Six/ in mouse (Fig. 2.6B). This region is conserved in the
Anolis genome and is bound by PITX1 in embryonic Anolis hindlimbs. These results are
consistent with the idea that PITX1 promotes chondrocyte and myoblast differentiation in the
hindlimb by direct regulation of key factors involved in the chondrogenic and myogenic
regulatory networks. Moreover, some of these factors are likely to be ancient regulatory targets

of PITX1.

Discussion

Nearly two decades ago functional studies of PITX1 demonstrated that this transcription
factor performs pivotal roles in promoting hindlimb growth and specifying hindlimb morphology
(Delaurier et al., 2006; Lanctot et al., 1999; Logan and Tabin, 1999; Szeto et al., 1999). Yet the
direct regulatory targets of PITX1 have remained largely unknown. Our previous work
demonstrated that PITX1 is bound to thousands of different sites during mouse hindlimb
development, including many known limb enhancers. However, the presence of a PITX1 binding
interaction does not itself prove that the interaction directly influences gene expression or
enhancer activity. Since it is not practical to perform direct functional tests on each of the
thousands of different PITX1 binding sites that occur in developing mouse hindlimbs, we have
used ChIP-seq combined with expression analyses to identify putative regulatory targets of

PITXI.
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Our RNA-seq analyses of early and later stages of hindlimb development revealed that
many genes important for the initial stages of limb growth and patterning are up-regulated in the
hindlimbs of Pitx1”" embryos. The expression of several of these genes, including Bmp7, Fgf10,
Meis2, and Thx2, have previously been analyzed in Pitx]™ “Pix2”* embryos by whole-mount in
situ hybridization and were found to have grossly normal patterns of expression (Marcil et al.,
2003). However, our quantitative RNA-seq analyses show that the expression of these genes is
elevated in the absence of PITX1. All four of these genes have neighboring PITX1 ChIP-seq
peaks and are putative direct transcriptional targets of PITX1. Prior work has suggested that
PITX1 can act as a transcriptional repressor in some contexts (Qi et al., 2011), but additional
studies will be required to determine whether the binding of PITX1 is directly acting to reduce
gene expression of certain limb-patterning genes.

Previous anatomical and histological analysis of Pitx/ knockout mice showed that the
hindlimbs are reduced in overall size and the relative size and shape of hindlimb skeletal
elements are altered. Lanctot and colleagues also demonstrated that skeletal elements of Pitx/
knockout hindlimbs exhibit impaired ossification as evidenced by abnormal mineralization of the
femur and tibia at E16.5 (Lanctot et al., 1999). Therefore, the reduced and delayed expression of
chondrogenesis genes that we have detected in Pitx]”” hindlimbs aligns well with earlier
histological studies. However, it has remained unclear whether the ossification defects of Pitx/
knockout embryos are directly due to a role of PITX1 in cartilage and bone differentiation or are
a secondary consequence of growth and patterning defects that occur earlier in hindlimb
development. Our mouse PITX1 ChIP-seq data strongly suggest that PITX1 directly influences
the differentiation of skeletal tissues by regulating several factors that are involved in cartilage

and bone development (Fig. 2.7A). For instance, we found that Sox9, an early chondrogenic

38



marker necessary for mesenchymal condensation and early chondrocyte differentiation
(Akiyama et al., 2002; Bi et al., 1999), has significantly reduced expression at E11.5 in the
absence of PITX1. We also identified a strong PITX1 binding site downstream of Sox9’s
transcription start site (Fig. 2.6A). This PITX1-bound element is a known limb enhancer (VISTA
enhancer mmo636; (Visel et al., 2007)) that is conserved among amniotes, and we found that
PITX1 is bound to the orthologous Anolis sequence during embryonic development of lizard
hindlimbs. Additionally, our ChIP-seq data revealed a series of PITX1 binding sites located
within a large (>1MB; mm9 chr11:111,424,585-112,518,902) region upstream of Sox9. This
region contains 12 mouse/Anolis conserved PITX1 binding events, and this genomic domain has
previously been identified as an extended transcriptional control region for Sox9 (Gordon et al.,
2009; Pfeifer et al., 1999; Wunderle et al., 1998). A number of distinct, tissue-specific enhancers
have been found in this interval, including three limb enhancers (Gordon et al., 2014; Visel et al.,
2007), and we have found that each of these limb enhancers overlaps with a conserved PITX1
binding event. We therefore hypothesize that that the Sox9 gene is an ancient, direct
transcriptional target of PITXI1.

In addition to Sox9, our ChIP-seq and RNA-seq data suggest that FoxP4, Mef2c, Snail, and
Sox6 are all direct targets of PITX1 during hindlimb development. Each of these genes has been
implicated in chondrogenesis or osteogenesis (Arnold et al., 2007; Chen and Gridley, 2013;
Smits et al., 2001; Zhao et al., 2015), and two of these loci (FoxP4 and Sox6) have conserved
non-coding sequences that are bound by PITX1 in mouse and Anolis. Although we detected no
conserved PITX1 binding events near Mef2c or Snail, the mouse and Anolis orthologs of these
genes both have species-specific PITX1 peaks (Fig. S2.2D and data not shown). Therefore,

despite the apparent absence of conserved PITX1 bound sequences, Mef2c and Snail may also
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be ancient regulatory targets of PITX1. We also note that Runx2 and Osterix have reduced
expression in Pitx/ ” hindlimbs by E12.5 (>2x reduced; Table S2.3). Both of these genes encode
transcription factors that have well-established functions in promoting chondrocyte hypertrophy
and osteoblast differentiation, and these genes are normally up-regulated shortly after Sox9
(Komori et al., 1997; Nakashima et al., 2002; Otto et al., 1997; Yoshida et al., 2004). Though we
detected conserved PITX1 binding events adjacent to Runx2 and Osterix genes, our ChIP-seq
data was collected at E11.5 rather than at E12.5, the stage at which we detected significant
misregulation of the Runx2 and Osterix genes in Pitx] knockout mice. Therefore, while we have
not included these genes in our list of putative PITX1 targets, it remains possible that Runx2 and
Osterix are directly regulated by Pitx1.

Prior studies established that the Pitx2 gene is expressed in muscle progenitors throughout
the developing embryo, including those that contribute to the limb musculature (L'Honor et al.,
2007; Shih et al., 2007). Further investigations by L’Honoré demonstrated that PITX2 is required
for the onset of MyoD expression in muscle precursors of the forelimbs and hindlimbs and
showed that PITX2 directly binds to the MyoD core enhancer to activate MyoD expression
(L'Honore et al., 2010). In contrast to Pitx2, the Pitx] gene is expressed throughout the hindlimb
mesenchyme and can be detected in both muscle progenitors and cells that give rise to the
hindlimb skeleton (Marcil et al., 2003). Though Pitx/ is expressed in hindlimb muscle
progenitors, a direct role for PITX1 in promoting myogenesis has not previously been
demonstrated. Our expression analyses reveal that MyoD expression is delayed and decreased in
Pitx]”" hindlimbs in a manner similar to the MyoD expression defects observed in Pifx2 mutants
(Fig. 2.5Q-R; Table S2.3). However, unlike PITX2 we find no evidence of PITX1 binding at the

MyoD core enhancer or any other location within 600kb upstream or downstream of the MyoD
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locus. Instead, we have identified direct myogenic targets of PITX1 that include Six/, Eyal and
Mef2c (Fig. 2.7B). The SIX1/EY AL transcriptional complex functions as an upstream activator
of myogenic determination genes, including MyoD, as evidenced by the loss of all hypaxial
dermomyotome derived muscles in Six//4 and Eyal/2 double mutants (Grifone et al., 2007;
2005). We found that Six1 is significantly down-regulated in E11.5 Pitx/ null hindlimbs (Fig.
2.4; Fig. S2.2B), and conserved PITX1 peaks are located in its regulatory domain (Fig. 2.6B).
Eyal also shows significantly reduced expression in E11.5 Pitx/”" hindlimbs (Table S2.3) and
has species-specific PITX1 binding events in both mouse and Anolis hindlimbs (Table S2.2). In
addition to the function of Mef2c in skeletal development (see above), this gene also promotes
myogenic differentiation (Molkentin et al., 1995). Thus, we believe the reduced MyoD
expression in Pitx/ knockout hindlimbs is a secondary consequence of the absence of PITX1.

Beyond myogenesis genes that encode transcription factors, we also identified Cxc//2 as a
candidate PITX1 regulatory target. CXCL12 (also known as SDF1) is a secreted chemokine that
acts as a ligand for the chemokine receptor CXCR4 (Vasyutina et al., 2005). CXCR4/CXCL12
signaling plays an important role in the migration of muscle progenitor cells into the limb buds
with the Cxcr4 gene expressed in migrating muscle progenitors and Cxc/12 in the developing
limbs. Taken together, we find strong evidence that PITX1 promotes myogenesis through direct
regulation of multiple myogenesis genes that include transcriptional regulators and the Cxc/12
chemokine.

In conclusion, we have found significant delays in the expression of important cartilage,

bone, and muscle genes in the absence of PITX1. While the relative importance of individual

PITX1-binding sites remains to be tested, the presence of deeply conserved binding events that
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are shared between mammals and reptiles strongly suggests that PITX1 directly regulates the

transcription of key components of the chondrogenesis and myogenesis regulatory networks.
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Figure 2.1. Genome-wide enrichment of PITX1 binding in mouse and Anolis hindlimbs. A - C)
Distribution of PITX1 peaks relative to transcription start sites (TSSs) and top two de novo
motifs enriched within +/- 50 bps of A) mouse, B) mouse/4nolis conserved and C) mouse-
specific PITX1 peak summits and their best matches to known motifs using HOMER. D - F) The
top 10 MGI (Mouse Genome Informatics) Expression terms associated with D) mouse, E)
mouse/Anolis conserved and F) mouse-specific PITX1 peaks. G - I) The top 10 Human
Phenotype terms associated with G) mouse, H) mouse/Anolis conserved and I) mouse-specific
PITX1 peaks. J - L) The top 10 MSigDB (Molecular Signature Database) Pathway terms

associated with J) mouse, K) mouse/Anolis conserved and L) mouse-specific PITX1 peaks.
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Figure 2.2. Misregulated genes in the hindlimbs of Pitx]”" mice at different stages of embryonic
development. A) The number of misexpressed genes in Pitx!”" compared to wild-type mouse
hindlimbs at E9.5, E11.5 and E12.5. Red shading in cartoons represents the Pitx/ expression
domain in the hindlimbs. Solid lines indicate where cuts were made for collection of tissue for
RNA-Seq. B - D) The top scoring gene clusters associated with misexpressed genes in Pitx]”

hindlimbs at B) E9.5, C) E11.5, and D) E12.5.
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Figure 2.3. Putative direct targets of PITX1 are strongly associated with limb patterning,
chondrogenesis and myogenesis in mouse hindlimbs. A-B) The top 10 enriched clusters
associated with A) up- and B) down-regulated candidate targets of PITX1 in mouse hindlimbs. C)
Mouse and mouse/Anolis conserved PITX1 binding sites are both significantly enriched near

genes that are misexpressed in Pitx/” mouse hindlimbs.

48



Expression (FPKM)

50.00

40.00

30.00

20.00

10.00

0.00

25.00

20.00

15.00

10.00

5.00

0.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

——Wildtype
Hoxd10

E9.5 E11.5 E12.5

E9.5 E11.5 E12.5

Tbx4

E9.5 E11.5 E12.5

== @-==Up-regulated Mutant
60.00 Sox9

50.00
40.00
30.00
20.00
10.00

0.00

E9.5 E11.5 E12.5

Col2a1

200.00

150.00

100.00

50.00

0.00

E9.5 E11.5 E12.5

180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00

0.00
E9.5 E11.5

Embryonic Stages

E12.5

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00

0.00

80.00

60.00

40.00

20.00

0.00

==@-==Down-regulated Mutant

Six1

E9.5 E11.5 E12.5

Mef2c

T a0

*

E9.5 E11.5 E12.5

Cxcl12

E9.5 E11.5 E12.5

49




Figure 2.4. Expression levels of putative PITX1 transcriptional targets in wild-type and Pitx™
hindlimbs at different developmental stages. Time charts display the average RNA-Seq
expression level from three independent biological replicates. Asterisks represent developmental
stages with significantly different expression in Pitx]”" compared to wild-type hindlimbs (FDR-

adjusted p-value < 0.05). Error bars represent the standard error of the mean.
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Figure 2.5. Whole-mount in situ hybridization of PITX1-dependent genes in wide-type and
Pitx]”” mouse embryos. A-F) The expression pattern of limb patterning genes (4/x3, HoxD10
and Bmp4). G-L) The expression pattern of genes related to cartilage development (Sox9,
Col2al and Pax9). M-R) The expression pattern of genes related to muscle development (Mef2c,
MyoD and Myogenin). Red arrowheads point to regions with increased expression while blue
ones point to regions with decreased expression in PitxI”” mouse embryos. All images were

taken at the same magnification. Scale bar = 500 pum.
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Figure 2.6. PITX1 ChIP-seq profiles in mouse and Anolis hindlimbs at putative PITX1
transcriptional targets. A) Sox9, B) Six/ and C) Thx4. Blue bars denote mouse PITX1 peaks and
red bars denote Anolis PITX1 peaks. Conserved binding events identified in both species are
highlighted in pink. I and II are used to distinguish two different pairs of conserved peaks at the
Tbx4 locus. The location of known 7hx4 hindlimb-specific enhancers, HLEA and HLEB, are

outlined by black boxes.
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Figure 2.7. Proposed PITX1 regulatory interactions with components of the chondrogenesis and
myogenesis regulatory networks. Solid arrows represent direct regulatory interactions and
dashed arrows represent indirect or unproven regulatory interactions. Red arrows highlight
PITX1 regulation of downstream targets identified from our data and black arrows represent
interactions identified from the published literature. Genes in shaded boxes are down-regulated

in PitxI1”” hindlimbs.
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Figure S2.1. PITX1 antibody specificity and sequence alignment of mouse and Anolis PITX1.
A) Western blot analysis of PITX1-specific antibody against protein extracts from mouse and
Anolis hindlimbs. The antibody recognizes a hindlimb-specific protein in the embryonic
hindlimbs of both species. 20 micrograms of protein were loaded onto each lane. B) Western blot
using PITX1 antibody on HEK293T cells transformed with expression constructs containing
GFP (lane 1) or the full ORF of Mouse PITX1 (lane 2) or Anolis PITX1 (lane 3). Mouse and
Anolis PITX1 proteins exhibit different migration sizes despite having similar molecular
weights. 10 micrograms of protein were loaded onto each lane. C) Sequence alignment of
predicted mouse and Anolis PITX1 open reading frames (ORFs). The overall amino acid identify

is 73%. Identical amino acids are highlighted in color.
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Figure S2.2. Gene ontology associations of PITX1 binding sites in Anolis hindlimbs. The top 10
GO terms associated with the subset of Anolis PITX1 peaks that have detectable sequence
conservation in the mouse genome for the following gene ontology databases: A) Mouse
Genome Informatics (MGI) Expression, B) Human Phenotype and C) MSigDB (Molecular

Signature Database) Pathway. Analysis was performed using GREAT (McLean et al., 2010).
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Figure S2.3. The binding activities and expression analyses of PITX1 putative direct targets. A)
The top 10 enriched clusters associated with conserved targets of PITX1 in developing mouse
hindlimbs. B) qRT-PCR of limb patterning, chondrogenesis- and myogenesis-related genes in
wide-type versus Pitx1-/- mouse hindlimbs at E11.5. Asterisks indicate p < 0.05 (Two-tailed t
test). C-D) Comparison of PITX1 binding profiles in mouse and Anolis hindlimbs showing the
positions of mouse, mouse/Anolis conserved and Anolis PITX1 peaks in the neighboring regions
of putative direct targets C) Runx2 and D) Mef2c. Blue bars underline identified mouse PITX1
peaks and red bars underline identified Anolis PITX1 peaks. Conserved peaks identified in both
species are highlighted in pink. I and II are used to distinguish two different pairs of conserved

peaks at the Runx2 and Mef2c loci.
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Table S2.1. Top 10 enriched motifs identified in mouse, Anolis, conserved, and mouse-specific

PITX1 peaks.

Rank | Mouse De Novo Motif P-value Log P- % of % of STD(Bg | Best Match
value Targets Background | STD)
1 TCcco | le-1389 | -3.2E+03 58.79% 18.52% 22.4bp Pitx1(Homeobox)/Chicken-
*TAATCCESS
(44.5bp) | Pitx1-ChIP-
Seq(GSE38910)/Homer(0.94
8)
2 C C TT le-569 -1.3E+03 31.02% 10.05% 27bp Ascll(bHLH)/Neural Tubes-
ACATA Ir=A
. B (46.3bp) | Ascll-ChIP-
Seq(GSES55840)/(0.957)
3 CA AMAATTA | led52 -1.1E+03 | 43.76% 21.28% 27.2bp ERG(ETS)/VCaP-ERG-
(45.6bp) | ChIP-
Seq(GSE14097)/(0.842)
4 N A le-371 -8.6E+02 | 45.98% 25.01% 27.5b ZFX(Zf)/mES-Zfx-ChIP-
CHC=IeTwt0 AN
(45.9bp) | Seq(GSE11431)/Homer(0.66
5)
5 o0 le-342 -7.9E+02 | 62.54% 41.15% 28.2bp CDC5(MYB)/Arabidopsis
SCIchCEs
(46.7bp) | thaliana/AthaMap(0.729)
6 le-340 -7.8E+02 42.7% 23.05% 26.6b HOXDI13(H box)/Chick
_ﬁfC?EHA AA e o o P (Homeobox)/Chic
(42.8bp) | en-Hoxd13-ChIP-
Seq(GSE38910)/Homer(0.82
2)
7 C T ACACTTA 1e-280 -6.5E+02 28.34% 13.2% 27.1bp ADRI1/Literature(Harbison)/
(45.0bp) | Yeast(0.627)
8 le-207 -4.8E+02 | 24.4% 12% 28.4bp RIM101/Literature(Harbison
CTITCCAS
(46.0bp) | )/Yeast(0.746)
9 TTTT le-146 -3.4E+02 | 6.77% 1.68% 28.6bp CG7056/dmmpmm(Noyes_h
TCEATIZAATIA
(39.3bp) | d)/fly(0.779)
10 TTC A le-142 -3.3E+02 14.15% 6.22% 27.3bp EBF1(EBF)/Near-E2A-
Q;TCQ\QEAA
(46.1bp) | ChIP-
Seq(GSE21512)/(0.873)
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Rank | Anolis De Novo Motif P-value Log P- % of % of STD(Bg | Best Match
value Targets | Background | STD)
1 TAATCCAC;:Q_; le-1434 -3.3E+03 | 46.17% | 16.9% 22.7bp Pitx1(Homeobox)/Chicken
(42.7bp) | -Pitx1-ChIP-
Seq(GSE38910)/Homer(0.
920)
2 Q-ArTQITEQii 1e-683 -1.6E+03 | 45.62% | 24.39% 26.6bp SCL(bHLH)/HPC7-Scl-
(45.4bp) | ChIP-
Seq(GSE13511)/Homer(0.
919)
3 QT AAATS};"‘é le-573 -1.3E+03 | 32.53% | 15.38% 27.2bp EWS:ERG-
- (44.1bp) | fusion(ETS)/CADO_ESI-
EWS:ERG-ChIP-
Seq(SRA014231)/Homer(
0.847)
- B 0 o - -
4 lTSQéAA 1e-499 1.2E+03 | 52.41% | 33.35% 27.8bp RIM101/Literature(Harbis
(44.4bp) | on)/Yeast(0.729)
5 TTCAA S AG le-491 -1.L1E+03 | 36.25% | 19.42% 27.7bp Smad3(MAD)/NPC-
Rrsehislaz (44.6bp) | Smad3-ChIP-
Seq(GSE36673)/(0.689)
6 TIQC(A:QAAiA le-401 -9.2E+02 | 31.49% | 16.98% 27.3bp EBF1(EBF)/Near-E2A-
(43.9bp) | ChIP-
Seq(GSE21512)/Homer(0.
801)
7 ggiATAAA le-377 -8.7E+02 | 36.17% | 21.21% 27.3bp CDX1/MA0878.1/Jaspar(0
(42.5bp) | .888)
8 QXAA gl$ le-319 -1T4E+02 | 24.77% | 13.01% 26.8bp POL010.1_DCE_S_IIl/Jas
(45.8bp) | par(0.732)
9 C le-225 -5.2E+02 | 31.32% | 20.12% 28.6bp CST6(Maclsaac)/Yeast(0.9
AAAAT eA (44.9bp) | 61)
10 CCCCCCCC le-222 -5.1E+02 | 20.88% | 11.61% 27.8bp SeqBias: G/A bias(0.968)
9TTTTTTTTg (50.4bp)
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Rank Conserved De Novo Motif P-value Log P- % of % of Best Match
value Targets | Background
1 le-72 -1.7E+02 | 53.56% | 17.71% Pitx1(Homeobox)/Chicken-
ZGCATTR:
Pitx1-ChIP-
Seq(GSE38910)/Homer(0.962)
2 AC A CT -r-rT le-49 -1.1E+03 | 34.34% | 9.63% E2A(bHLH)/proBcell-E2A-
Tra | Zecca
ChlIP-
Seq(GSE21978)/Homer(0.914)
3 A le-35 -82E+01 | 49.17% | 23.59% EWS:FLI1-
FITTSCAG
fusion(ETS)/SK_N_MC-
EWS:FLI1-ChIP-
Seq(SRA014231)/Homer(0.813)
4 A CA ACACC le-28 -6.6E+01 35.85% | 15.47% Meis1(Homeobox)/MastCells-
T=TESFXT=x
Meis1-ChIP-
Seq(GSE48085)/Homer(0.744)
_ - ) o _
5 QCIITAA le-23 SA4E+01 | 41.3% 21.5% Abd
B/dmmpmm(Bergman)/fly(0.70
9)
6 AA CAATAAA le-20 -4.7E+01 | 6.35% 0.41% CDX2/MA0465.1/Jaspar(0.848)
7 CACA CCC le-17 -4.1E+01 15.28% | 4.78% POL009.1_DCE_S_II/Jaspar(0.
= =) &
800)
8 CAAACA le-16 -3.9E+01 11.8% 3.07% PHA-4(Forkhead)/cElegans-
o Embryos-PHA4-ChIP-
Seq(modEncode)/(0.787)
9 T le-15 -3.6E+01 | 3.78% 0.1% SeqBias: polyC-repeat(0.849)
AMUMVEZAYVUMVUE
10 CTCA le-13 -3.1E+01 | 4.99% 0.53% REI1/MA0364.1/Jaspar(0.802)
Ié‘:ITgééAA
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Rank | Mouse-specific De Novo Motif | P-value Log P- % of % of STD(Bg | Best Match
value Targets | Background STD)
1 T A ATQCCT le-1286 -3.0E+03 | 52.61% | 14.42% 22.0bp Pitx1(Homeobox)/Chicken-
c TSE
~A -t - ~
(44.3bp) | Pitx1-ChlIP-
Seq(GSE38910)/Homer(0.9
56)
2 C C T™T le-479 -1.1IE+03 | 28.71% | 9.41% 26.9bp Ascll(bHLH)/NeuralTubes-
ACATAT Iss
(45.7bp) | Ascll-ChIP-
Seq(GSE55840)/Homer(0.9
46)
3 CA AAAE le-465 -1.1E+03 | 58.95% | 33.47% 27.6bp EWS:FLI1-
XTSRS
(46.4bp) | fusion(ETS)/SK_N_MC-
EWS:FLI1-ChIP-
Seq(SRA014231)/Homer(0.
872)
4 1e-398 -9.2E+02 | 51.95% | 28.88% 28.2b CDC5(MYB)/Arabidopsis
PaeCleRzls ° ° " e "
(44.8bp) | thaliana/AthaMap(0.622)
5 CTTTAAA le-310 S12E+02 | 47.71% | 27.6% 27.2bp LIN54/MA0619.1/Jaspar(0.
=EX A 1= =
(44.3bp) | 791)
6 TTTAT A le-208 -4.8E+02 | 18.48% | 7.5% 27.2bp Abd-
N T (41.7bp) | B/MAO165.1/Jaspar(0.929)
7 AT Toale-199 -4.6E+02 | 43.71% | 27.75% 26.3bp MET28/MA0332.1/Jaspar(0
o] PYRELESI S,
(43.0bp) | .732)
8 T A le-146 -3.4E+02 | 20.34% | 10.3% 27.8bp Tbx20(T-box)/Heart-
TCET<SCA
(46.8bp) | Tbx20-ChIP-
Seq(GSE29636)/Homer(0.7
66)
9 AAAI gg le-142 -3.3E+02 | 15.15% | 6.7% 27.4bp Kr/dmmpmm(SeSiMCMC)/
23 = A S
(41.5bp) | fly(0.710)
10 ICCI-.—?' Igcéc le-129 -3.0E+02 | 9.46% 3.29% 27.8bp Tbx20(T-box)/Heart-
(47.8bp) | Tbx20-ChIP-
Seq(GSE29636)/Homer(0.7
10)
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Table S2.2. Representatives of PITX1 peaks identified in mouse and Anolis hindlimbs.
Coordinates of PITX1 mouse peaks (mm9), Anolis peaks (anoCar2), Anolis lifted-over peaks

(mm9) and mouse/Anolis conserved peaks (mm9) are listed.

Mouse

Chromosome start end

chrl 3641251 3641880
chrl 4833459 4834433
chrl 4847289 4847891
chrl 4900698 4901098
chrl 7300850 7301432
chrl 7686479 7686824
chrl 9573461 9574408
chrl 10000552 10001016
chrl 10074353 10074946
chrl 11017007 11017583
chrl 11320090 11320743
chrl 11734890 11735431
chrl 11990451 11990985
chrl 12041970 12042369
chrl 12446916 12447405
chrl 12500159 12500862
chrl 12511078 12511778
chrl 12561859 12562554
chrl 12605244 12606069
chrl 12680516 12681224
chrl 12682323 12682838
chrl 12804908 12805367
chrl 13362533 13362974
chrl 13592921 13593334
chrl 13719989 13720552
chrl 13761132 13761645
chrl 13772607 13772903
chrl 13836622 13837073
chrl 13849779 13850460
chrl 13850891 13851938
chrl 13917842 13918614
chrl 13921229 13921903
chrl 14026183 14026692
chrl 14135938 14136565
chrl 14297021 14297744
chrl 14334446 14334968
chrl 14347592 14348321
chrl 14412502 14413053
chrl 14419325 14419831
chrl 14480148 14480591
chrl 14557084 14557682
chrl 14625538 14626422
chrl 14790420 14790849
chrl 14831376 14833009
chrl 15024070 15024612
chrl 16238873 16239722
chrl 16283183 16283973
chrl 16596716 16597267
chrl 16999499 17000031
chrl 18096151 18096674
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Anolis

Chromosome Start End

chrl 592459 592744
chrl 620893 621112
chrl 665027 665480
chrl 683795 684413
chrl 707810 708028
chrl 906229 906651
chrl 933517 934253
chrl 937943 938796
chrl 1150909 1151116
chrl 1327621 1327790
chrl 2376710 2377119
chrl 2694855 2695253
chrl 2810959 2811460
chrl 3549579 3549984
chrl 3590607 3590898
chrl 3882897 3883109
chrl 4357540 4357718
chrl 4640235 46404383
chrl 4707999 4708406
chrl 4717027 4717371
chrl 4717437 4718074
chrl 4720218 4720393
chrl 4758441 4758704
chrl 4760258 4760678
chrl 5042037 5042352
chrl 5093193 5093688
chrl 5143272 5143761
chrl 5148523 5149056
chrl 5164365 5164552
chrl 5230271 5230510
chrl 5266374 5266694
chrl 5289840 5290685
chrl 5469268 5469680
chrl 5505953 5506442
chrl 5509158 5509591
chrl 5537037 5537254
chrl 5914715 5914963
chrl 6347879 6348361
chrl 6535921 6536424
chrl 6631103 6631668
chrl 6671678 6672577
chrl 6760836 6761121
chrl 6769742 6770473
chrl 6786785 6787398
chrl 6824388 6825177
chrl 6833477 6834441
chrl 6853257 6853699
chrl 6868783 6868976
chrl 6882888 6883214
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Conserved

Chromosome Start End

chrl 12500159 12500862
chrl 14831376 14833009
chrl 48316517 48317019
chrl 56890186 56890661
chrl 61168474 61169309
chrl 62678366 62678981
chrl 76968936 76969520
chrl 76978526 76979093
chrl 77137302 77138063
chrl 81740730 81741882
chrl 82199283 82200204
chrl 92015584 92016285
chrl 140988641 140989102
chrl 140989229 140989833
chrl 164146757 164147313
chrl 164147333 164151771
chrl 169732556 169733495
chrl 170226367 170226756
chrl 186128577 186129211
chrl 186158575 186159607
chrl 186177765 186178336
chrl 186236466 186236864
chrl 186236866 186237191
chrl 187657960 187658621
chrl 190550577 190551449
chrl 194625523 194626453
chrl0 17446626 17448163
chrl0 23281953 23282570
chrl0 23430326 23432276
chrl0 29392337 29392841
chrl0 37841749 37842166
chrl0 42890445 42891517
chrl0 50483166 50483901
chrl0 52811249 52811867
chrl0 56759953 56760818
chrl0 59342033 59342497
chrl0 66648107 66649225
chrl0 67670509 67671465
chrl0 67671508 67671999
chrl0 67817170 67817790
chrl0 83867918 83868201
chrl0 95942360 95942854
chrl0 98725158 98726347
chrl0 98727435 98728889
chrl0 98731082 98732182
chrl0 115309429 115310058
chrl0 119854933 119856684
chrl0 119884867 119885438
chrl0 119885451 119886126
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Table S2.3. Transcriptome analyses (RPKM) between the developing hindlimbs of wild-type

and Pitx]”" in mouse embryos. E9.5, top E11.5 and E12.5 DE genes are listed.

E9.5 DE Genes WT RPKM Mutant RPKM

Cwc22 30.5897 88.6103
Nitrk2 0.459703 1.16248
Hoxd12 3.03072 7.53455
Cxcll4 8.90267 213072
Gnpdal 2.07765 4.89893
Lrrn3 2.08189 4.72683
Msx3 1.93099 4.31589
Gprl137b 2.20342 4.58121
Ckb 31.205 63.9681
Hdhd3 5.79958 11.4809
Cabpl 6.17091 12.046
Aldh1bl 4.26914 8.27561
Col23al 8.75142 15.9479
Miat 1.95565 3.53924
Rpsl15a 15.2481 24.1864
Rabl2 13.7092 21.7302
Hba-al,Hba-a2 865.124 1368.94
Hoxd]1 10.1825 15.3615
Is1 15.0243 22.6326
Alad 26.6519 39.4395
Fam181b 32.3672 46.4324
Ldhb 47.2719 66.9844
Aldhla2 77.1618 107.497
Efcab9 0 0.743611
1700017J07Rik 0.753254 0
Gm7244 0.773053 0
Prtg 29.0388 21.2068
Colla2 34.2969 24.1526
Dusp6 68.6996 48.0477
Sgce 39.4617 27.0543
Amot 292119 19.8739
Haplnl 29.1789 19.7094
Acta2 75.0798 46.4861
Mbnl3 3.11254 1.83359
Steap2 2.44875 1.42998
Hoxc8 16.4609 9.53272
Cbl 9.30667 5.262
Phlda2 54.4413 29.708
Tubb2a 28.8684 15.2509
Postn 43.8099 23.0097
Gm15772 393.19 203.979
Cdx4 19.7112 9.42677
Lhx2 6.15045 2.8231
Nfam1 1.80229 0.772171
Rgs9bp 1.46873 0.621175
Pitx|1 54.7924 22.5044
Dcn 4.17128 1.70544
Afp 5.17829 2.03612
Deaf1211 424132 1.6654
Gm7120 20.5291 7.35507
Lum 7.55861 2.63739
Ahcy 6.89368 2.27906
Rgn 2.97905 0.962457
Amph 5.02575 1.26837
Gprl37b-ps 3.66223 0.572625
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E11.5 DE Genes WT RPKM Mutant RPKM

Gpx6 0.123836 2.50368
AA388235 0.899564 4.38258
Zfp42 0.185373 0.898901
Xlr3a 0.41979 1.95116
Gbx2 0.438629 1.90423
Bco2 0.121492 0.506394
Lbx2 0.498235 2.04662
Myl4 1.77474 0.438993
Mylpf 23.0776 5.64899
Vgll2 4.06698 0.994768
Tmem8c 2.3782 0.575498
Hre 0.735877 0.175308
Zicl 0.662055 0.155466
Dok7 0.316239 0.0709495
Gmnc 0.818283 0.182208
Tnc 5.29093 1.16917
Myog 20.3572 4.40807
T 0.775334 0.167593
Atp2al 3.35543 0.691147
Fitm1 2.81556 0.545998
Rapsn 1.14683 0.219753
K1hl41 2.72152 0.520168
Arpp21 1.36336 0.2562
Faml55a 0.338274 0.062701
Tnnil 4.39654 0.8131
Collla2 3.28854 0.606641
Zp429 3.25466 0.593001
Chrng 1.2889 0.227618
Trim55 0.75871 0.132487
Cntnap3 0.283745 0.04887
Pitx 1 119.705 20.1692
Acta2 16.965 2.80056
Alpk2 0.460704 0.0741868
Mylk4 0.57292 0.0918443
Tnncl 8.43364 1.29744
Crhbp 0.918598 0.139248
Handl 0.883962 0.133735
Asb2 0.278211 0.0407787
Eci3 0.666236 0.0961995
Gm7325 3.93141 0.53095
Apobec2 0.95319 0.127463
Actg2 0.675778 0.0882698
Pax7 0.414831 0.0516825
Actn2 1.75892 0.215423
E130114P18Rik 6.76123 0.819635
Smydl 1.72708 0.207884
Lectl 8.70069 1.02733
Mip 1.16066 0.134733
Neb 0.35508 0.0395189
Ablim3 0.532497 0.0584637
Myll 3.13834 0.338199
Unc45b 0.999196 0.103853
Tnnt2 3.19537 0.313995
Tnnc2 2.77563 0.247112
Actcl 44.5338 3.89511
Matn4 14.9946 1.06035
Casq2 1.06624 0.070556
B3galt5 0.266473 0.0169028
Afp 4.23262 0.260381
Acan 0.782567 0.0438972
Erv3 0.532137 0.0198609
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E12.5 DE Genes WT RPKM Mutant RPKM

Kirrel2 0.0675347 0.564369
A530016L24Rik 0.0660723 0.433277
Anxa8 0.671731 3.77352
Mpo 0.0908115 0.395144
Sbspon 0.912329 0.220942
Oprk1 0.375426 0.0905448
Chodl 15.997 3.84472
Lypdl 4.29085 1.01786
Slc26a7 6.37609 1.4657
Tcf24 0.536491 0.122608
Aqp3 1.7787 0.405177
C3 1.52637 0.343915
Cytll 22.0629 4.92166
Slc27a2 0.466744 0.100845
Lgals3 2.52703 0.540976
Napsa 1.47568 0.311875
Acan 6.40981 1.35113
Steap4 0.942286 0.198461
Adralb 0.597122 0.122387
Tac2 8.38631 1.69331
Prapl 72.8807 14.705
Cpa3 2.90645 0.584632
Cfb 0.388025 0.0751552
Dhrs7c 1.75346 0.331964
F2 0.793165 0.143844
Htr7 0.374673 0.066299
Smpd3 0.732436 0.127654
Haverl 0.605897 0.105594
Calca 1.5341 0.267082
Lrat 0.425908 0.0736345
Myh8 6.00316 1.03731
Mfap5 0.904956 0.152463
H60c 0.510959 0.0808335
Ankrd2 0.983329 0.155158
Lectl 22.1906 3.38413
1500015010Rik 2.75425 0.401714
Apom 3.86361 0.560745
Trf 27.5728 3.91002
Scrgl 7.06889 0.998335
Apoal 20.9207 2.90693
I11rn 0.435793 0.0586958
Apoc2 2.25905 0.301127
Pitx 1 90.4245 11.9324
Slc17a6 0.396657 0.043761
Dpt 2.58004 0.271616
Fgg 1.55527 0.163481
Alb 2.04718 0.208035
Plg 0.499157 0.0502891
Ano5 0.464633 0.0453527
Ttr 8.76092 0.84508
Tnmd 7.54371 0.635057
Apoa2 7.40444 0.620402
Calbl 1.98668 0.153524
Comp 2.36525 0.179473
Afp 98.3084 7.03809
Apoa4 8.18427 0.565502
Fgb 1.7473 0.116907
Fga 1.3852 0.0857986
Matnl 12.9749 0.696121
Apob 0.785626 0.0333467
Rps3al 96.3858 2.58277
Zp429 3.66996 0.0740512
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Table S2.4. Top putative and conserved targets of PITX1 in mouse and Anolis hindlimbs.

Putative_Targets WT_RPKM Mutant RPKM

Z{p42 0.185373 0.898901
Ahcy 2.91864 8.9065
Z{p804a 0.384559 0.966646
Alx3 5.92269 13.6907
Rps3al 109.153 225.71
Pmaip1 57.5102 118.244
Cbln4 5.64022 2.43223
Myof 1.18361 0.482221
Wtl 0.967013 0.387018
Cybrdl 1.22337 0.489297
Grik1 0.539423 0.215697
Rprm 25.7932 10.2257
Prelp 0.929198 0.364542
Sfmbt2 0.474757 0.184857
Rxrg 1.0034 0.389757
Hist1h4i 13.1762 5.10603
Colgalt2 1.12239 0.432804
FamlOla 4.6263 1.78378
Ntrk2 0.559348 0.214402
Rgs8 0.50563 0.193335
Msc 8.65239 3.29362
Myo18b 0.314682 0.119648
Rbfox1 0.588566 0.222817
Galntl3 0.346786 0.129878
Luzp2 0.749047 0.279505
Creb3l1 1.02929 0.375363
D113 1.15619 0.409497
Tbx4 63.5552 21.9857
Pax9 5.14146 1.75997
Osmr 0.465421 0.159083
Sytl2 1.83745 0.590728
Tbx5 0.896295 0.277732
Pde8b 0.516244 0.158868
Hfe2 1.29535 0.396371
Nkx3-2 1.43415 0.425299
Rgsll 0.484756 0.142691
Nfatc2 10.3929 3.03548
Lypdl 0.591135 0.172484
Syt6 0.220996 0.0606483
Tlrl 0.511427 0.137316
Cntn4 0.774592 0.197705
Tmem8c 2.3782 0.575498
Gmnce 0.818283 0.182208
Tnc 5.29093 1.16917
Arpp21 1.36336 0.2562
Faml55a 0.338274 0.062701
Acta2 16.965 2.80056
Alpk2 0.460704 0.0741868
Mylk4 0.57292 0.0918443
Hand1 0.883962 0.133735
Apobec2 0.95319 0.127463
E130114P18Rik 6.76123 0.819635
Lectl 8.70069 1.02733
B3galt5 0.266473 0.0169028
Erv3 0.532137 0.0198609
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Conserved Targets WT RPKM Mutant RPKM

Rps3al 109.153 225.71
Tfap2c 2.15604 3.80622
Elav]2 1.8794 2.95496
Irx5 5.79053 8.85749
Meis2 19.7131 29.1234
Emx2 6.45033 9.47438
Chordcl 62.7232 87.5323
Bmp2 5.21626 7.16325
Etaal 12.1443 16.6486
Bmp7 18.6723 25.4532
Irx3 10.2082 13.8434
Tbca 251.19 340.532
Fam107b 28.628 38.5512
Topl 122.516 163.28
1d2 108.463 143.812
Pricklel 14.8676 19.5063
Hoxa9 36.9536 48.069
Bmp4 35.6604 46.0218
Tbx2 20.3265 26.2276
Zfthx4 27.44 35.2491
Dab2 23.9038 18.0753
Tshz2 8.05828 6.06511
Nfatc]l 8.16233 6.11076
Sulfl 38.6293 28.8892
Pknox2 11.0126 8.10715
Tcf711 29.9719 21.9642
Lrigl 18.4208 13.2909
Six1 31.9197 22.9497
Sema3d 6.47787 4.54272
Rgmb 10.2904 7.21622
Mpped2 35.7919 25.0055
Ebfl 15.1716 10.4679
Meox|1 10.5321 7.24331
Foxp4 33.9251 23.3248
Hicl 10.894 7.41835
Nav2 3.38355 2.29433
Nfia 3.79449 2.56491
Neurlla 4.89519 3.28814
Sobp 3.81109 2.54894
Foxcl 8.28319 5.50017
Tcf712 16.0114 10.472
Sema6a 10.1826 6.57234
Tbx18 43.4143 27.8003
Hs3st3bl 7.97933 4.89371
Plcel 3.36703 2.05769
Dctd 36.7541 22.4506
Col25al 15.1507 9.24137
Mkx 6.74459 3.94767
Sox9 47.6136 27.5962
Slc35f1 1.91773 1.11074
Kirrel3 1.74951 0.959135
Creb5s 2.19827 1.19778
Hlx 3.99852 2.10187
Sox6 6.09323 3.03038
Dmrt2 6.45683 3.18506
Glis3 1.06264 0.518861
Jph2 0.805717 0.380846
Pmp22 18.5116 8.14517
Car8 0.342092 0.139856
Msc 8.65239 3.29362
Tbx4 63.5552 21.9857
Pax9 5.14146 1.75997
Nkx3-2 1.43415 0.425299
E130114P18Rik 6.76123 0.819635
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CHAPTER 3
PITX1 MODULATES MOUSE HINDLIMB AND MANDIBLE DEVELOPMENT THROUGH

SHARED REGULATORY NETWORK?

? Wang, J.S., Menke, D.B., to be submitted to Development Biology.
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Abstract
Both the forelimb-hindlimb (FL-HL) and maxilla-mandible (MX-MD) have been

considered to be two series of morphologically and developmentally homologous structures. The
forelimb and maxilla have sometimes been regarded as the default state, while the hindlimb and
mandible are diverged anatomically and functionally. Pitx/, a transcription factor gene, has a
hindlimb- and mandible-restricted expression patterns. The genomic mechanisms underlying
how PITX1 regulates hindlimb- or mandible-specific development remain poorly understood.
We first applied a combination of ChIP-seq and RNA-seq to investigate enhancer regions and
target genes that are directly regulated by PITX1 in embryonic mouse hindlimb and mandible
separately. We further compared the role of PITX1 in embryonic hindlimb and mandible
development from the transcriptome and genome-wide binding levels. We found that PITX1-
dependent expressed genes shared between hindlimb and mandible are strongly associated with
limb and craniofacial development. PITX-bound enhancer regions that are identified both in
hindlimb and mandible are significantly enriched near genes implicated in hindlimb, craniofacial
and skeletal system development. Both Sox9 and G#f2ird] are among the putative direct targets
of PITX1 in the developing hindlimb and mandible. Our data suggest that PITX1 modulates
mouse limb and craniofacial development through shared transcriptional targets, including

enhancer regions and target genes.

Keywords: PITX1, Mandible, Hindlimb, ChIP-seq, RNA-seq, Shared cis-regulatory network
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Introduction

In vertebrates, both the limb and jaw are great model systems to study evolution and
development (evo-devo). From the aspect of evo-devo, both forelimb-hindlimb (FL-HL) and
maxilla-mandible (MX-MD) belong to the model of “homologous structure followed by
functional and anatomical divergence” (Young and Hallgrimsson, 2005; Beverdam et al., 2002).
The hypothesis is that both forelimb and maxilla are the default states during organ development,
where hindlimb and mandible are shaped via the transcription of HL- and MD-specific genes
(Duboc and Logan, 2011; Depew et al., 2002). Similar developmental processes are involved in
the development of limb and jaw, including initiation, outgrowth, patterning and differentiation.
Both organs develop complex musculoskeletal structures within their common frameworks. It all
supports the parallel comparison between the limb and jaw development in the genomic and
molecular mechanisms.

The Pitx1 gene encodes a bicoid-class homeodomain transcription factor that plays a
central role in growth and patterning of the vertebrate hindlimb (Lanctot et al., 1999; Szeto et al.,
1999). The complete ablation of Pitx/ function in mice results in reduced hindlimb size, the loss
of hindlimb-specific features, as well as developmental defects in the mandible, teeth, palate, and
pituitary gland. Since ectopic expression of Pitx/ in the developing forelimbs of chickens, mice,
and humans results in the forelimb developing a hindlimb-like morphology (Delaurier et al.,
2006; Logan and Tabin, 1999; Spielmann et al., 2012), it is apparent that the role of PITX1 in
hindlimb formation extends to the control of limb-type identity. We further identified the core
regulatory network of PITX1 that underlies hindlimb development, and proved that PITX1 can
promote chondrogenic and myogenic differentiation through direct regulation of the transcription

of key conserved genes (Wang et al., under review).
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Other than expressed in the derivatives of the posterior lateral mesoderm, Pitx/ is
expressed in the first branchial arch mesenchyme and its derivatives, including mandible
(Lanctot et al., 1997). When knocked out in mice, the PitxI”" embryos exhibit severe mandible
malformations, which resembles human mandibular hypoplasia. The bHLH transcription factor
HAND?2 is essential for the maxilla-to-mandible transformation (Funato et al., 2016). When
Hand?2 expression is induced in the neural crest cells of the branchial arches, both Hand?2 and
Pitx1 are ectopically expressed in the maxilla. On the other hand, when Hand?2 expression is
disrupted, Pitx] expression is also down-regulated in the mandible. It supports that PITX1 could
regulate mandible outgrowth and direct mandible-specific identity.

The regulatory networks of PITX1-directed hindlimb and mandible programs still remain
unclear. Here, we performed the global gene expression analyses in embryonic hindlimbs and
mandibles in both wild-type and Pitx1 " mice. We also incorporated the chromatin profiles of
PITX1 and p300 of mouse hindlimb and mandible. Both putative enhancers and target genes that
are shared between hindlimb and mandible are isolated from the combination of ChIP-seq and
RNA-seq datasets. Based on the strong enrichment of PITX1 binding activity and PITX1-
dependent genes, it suggests that PITX1 can direct hindlimb and mandible development by
regulating the transcription of shared target genes through the binding interactions in shared

enhancer regions.
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Materials and Methods
Mice

Pitx1 knockout mice were previously reported (Szeto et al., 1999). The Pitx] knockout
allele was maintained on a /29/Sv background but outcrossed onto an outbred ICR background
(Envigo) to generate embryos for mandible RNA-seq. ICR mice were purchased to generate
embryos for mandible ChIP-seq. All procedures involving animals were performed in
accordance with guidelines issued by the Institutional Animal Care and Use Committees
(IACUC) at the University of Georgia under approved Animal Use Protocols (mouse protocol

A2014 06-019).

ChIP-seq

PITX1 ChIP-seq data for E11.5 mouse hindlimbs was performed as previously described
(GEO accession GSE41591; (Infante et al., 2013)). For ChIP-seq on mouse E11.5 mandible, two
independent ChIP-seq replicates and input control libraries were generated. Two separate pools
of chromatin collected from embryonic mouse mandibles were used (70 mandibles per replicate
for a total of 500 pg of chromatin in each ChIP). PureProteome™ Protein G Magnetic Beads
(Millipore) were pre-incubated with PITX1 antibody (Santa Cruz Biotechnology, sc-18922)
before incubating overnight with chromatin. All ChIP and input chromatin control libraries were
produced using the NEBNext Ultra DNA Library Prep Kit for Illumina as previously reported
(Infante et al., 2015). Libraries were submitted to the Georgia Genomics Facility and sequenced
on the NextSeq 500 platform. The mouse mandible PITX1 ChIP-seq data generated for this work

will be deposited in the Gene Expression Omnibus (Edgar et al., 2002).
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ChIP-seq Data Analysis

ChIP-seq data for E11.5 hindlimb was analyzed and described previously (Infante et al.,
2013). For E11.5 mandible, sequencing read quality was evaluated using FastQC (version 0.11.2,
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). ChIP-seq reads were aligned to the
mouse genome (mm9) using bowtie v2 (Langmead and Salzberg, 2012) with the default
parameters. PITX1 peaks were identified using MACS2 with the effective genome size set for
mouse (mm9) (Zhang et al., 2008). Peaks were associated with Gene Ontology (GO) terms using
the Genomic Regions Enrichment of Annotation Tool (GREAT) (Mclean et al., 2010). The genes
that are associated with PITX1 binding activities are assigned by searching PITX1 peaks in the

cis-regulatory domains of neighboring genes using GREAT.

Additional Mouse ChlP-seq Data

Aligned reads from p300 ChIP-seq experiments in mouse E11.5 limb was downloaded
from the Gene Expression Omnibus (GEO) database (GEO: GSM348066; Visel et al., 2009).
p300 ChIP-seq aligned read dataset for E11.5 facial tissue was downloaded from the GEO

database (GEO: GSM1199037; Attanasio et al., 2013).

RNA-seq

RNA-seq data for E11.5 mouse hindlimbs have been described previously and deposited in
the Gene Expression Omnibus (GSE104460; (Wang et al., under review)). For E11.5 mandible,
embryos were sexed via PCR and only XY embryos were used. All embryos used in RNA-seq
were staged based on the forelimb morphology as described previously (Wanek et al., 1989). For

each genotype, RNA-seq libraries were made from three separate embryos. Total RNA was
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isolated using the mirVana RNA Isolation Kit (ThermoFisher Scientific). Libraries were
constructed with TruSeq Stranded mRNA Sample Prep Kit for [llumina. 500 ng of total RNA
was used to construct E11.5 mandible libraries. Libraries were submitted to the Georgia
Genomics Facility and sequenced on the [llumina NextSeq platform to produce approximately 50
million, single-end, 75bp reads per library. Mouse RNA-seq data generated for this work will be

deposited in the Gene Expression Omnibus (Edgar et al., 2002).

RNA-seq Data Analysis

RNA-seq dataset of E11.5 mouse hindlimb was analyzed and described previously (Wang
et al., under review). For E11.5 mandible data, sequenced libraries were evaluated and trimmed
with FastQC (version 0.11.2, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). R
package (https://www.r-project.org/) was used to calculate the correlations among libraries.
Sequenced reads were aligned to the mouse genome (mm9) using Tophat2 on the Galaxy
platform (Kim et al., 2013). Both Cuffdiff and DESeq2 were used to detect differentially
expressed genes. Cuffdiff was used to generate qualified RPKM and to identify differentially
expressed genes and transcripts (Trapnell et al., 2012). htseq-count was used to calculate the
number of reads that maps to each feature (gene) (Anders et al., 2014). Followed by DESeq2,
differentially expressed genes were determined from the count tables generated from htseq-count
(Love et al., 2014). GO Analysis was performed with DAVID Bioinformatics Resources 6.7
(Huang et al., 2009). DAVID annotation categories that were applied to identify functional
annotation clusters include “Functional Categories”, “Literature”, “Pathways” and “Tissue

Expression”.
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Results
Genes Related to Musculoskeletal Development are Misregulated in Pitx1 " Mandibles

In order to identify genes with PITX1-depedent expression, we performed global gene
expression analyses between E11.5 Pitx]/” and wild-type mouse mandibles. 113 genes are
significantly mis-regulated in Pitx/ " mandible (Table S3.1). Among those, 57 of them are up-
regulated and 56 are down-regulated. We then used the DAVID functional annotation tool to
determine whether specific gene categories are enriched among genes that are misexpressed in
Pitx1 mutants (Huang et al., 2009). Among the categories that are enriched, the top ranked
clusters relate to chromatin assembly, skeletal system development, muscle organ development
and Homeobox (Fig. 3.1). Thus, in Pitx/”” embryonic mandible, we find clear evidence of altered
expressions in the genes that are related to organ bone and muscle development.

Published literature has demonstrated that the DIx code provides the spatial identity along
dorsal-ventral axis in the first branchial arch. DIx1/2 are factors that are involved in the default
setting and their expressions are consistent with maxillary development. In the meantime, DIx5/6
are the selectors for the determination and development of mandibular process (Jeong et al.,
2008). Our RNA-seq analyses demonstrate that D/x2 expression is significantly up-regulated in
Pitx]”” mandible (Table S3.1). It shows that the expression of maxilla-related genes has
increased when Pitx] expression is disrupted. We also examined the expression of G#f2irdl, a
gene that is required for mammalian mandible development (Tassabehji et al., 2005). In wild-
type embryos, Gtf2ird] is expressed in the mandible mesenchyme. In Pitx/ - embryos, we find
that Gtf2irdl expression level is significantly reduced (Table S3.1). When G#f2ird1 is knocked
out in mouse embryos, the null mice exhibit abnormal skeletons both in the skull and jaws,

which resembles human disorder Williams-Beuren syndrome (WBS).
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Mouse PITXI1 Binding Events are Involved in Craniofacial and Skeletal Development

To examine the binding activity of PITX1, two ChIP-seq replicates and input control
libraries were constructed in E11.5 mouse mandible. Significant PITX1 peaks were identified
using MACS?2 peakcalling (Zhang et al., 2008). 2,518 highly reproducible PITX1 binding sites
were yielded from two replicates using BEDTools v2.26.0. (Table S3.2; Quinlan and Hall,
2010). De novo motif searches was performed within +/- 50 bps of PITX1 peak summits using
HOMER and revealed that TAATCC, the core PITX1 binding motif, is significantly enriched in
mouse mandible (p-value = 1 x 10%°"; 50.63% of target sequences) PITX1 peaks (Fig. 3.2A;
Table S3.3; Heinz et al., 2010). Other than the core PITX1 binding motif, the known binding
motif of MSX1 is also enriched among the top de novo motifs of PITX1 mandible peaks and
could be mapped to 11.65% of targeted sequences (Table S3.3). Msx! is expressed in the
mesenchyme of the 1¥ branchial arch (BA1) in response of Bmp4 signal in the BA1 ectoderm
(Shigetani et al., 2000). PITX1 and MSX1 core motifs share three same bases AAT. This could
be the evidence that PITX1 and MSX1 are co-factors or somehow related in regulating mouse
mandible development. In Mouse Genome Informatics, we found that mandible PITX1 peaks are
significantly enriched near genes that are expressed in limb and 1* branchial arch (Fig. 3.2B).
Moreover, these PITX1 binding events are also strongly enriched near genes that are functioning
not only in abnormal limb development, but also craniofacial and skeletal development (Fig.
3.2C). The binding activity of PITX1 in mandible suggests that PITX1 is required for

craniofacial development, especially in skeletal development.
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Transcriptome Analyses Identify Shared PITXI-dependent Genes in Hindlimb and Mandible

In order to identify shared regulatory network of PITX1, we started by comparing the gene
expression profiles from different tissues to examine the shared function of PITX1 during organ
development. For the hierarchical clustering, we included the whole transcriptome data of wild-
type E11.5 hindlimbs, E11.5 mandibles and E12.5 genital tubercles. It can calculate the distances
between different samples based on the similarity of the whole transcriptome. To begin with,
wild-type replicates are closely related and they were clustered within each tissue. The mandible
transcriptome is more similar and closer to the hindlimb transcriptome, which is consistent with
that hindlimb and mandible share more similarity during organ patterning and differentiation
(Fig. 3.3A). In contrast, the mouse genital tubercle transcriptome is a more different and distinct
from the hindlimb and mandible transcriptomes, highlighting a possible separate developmental
process of genitalia at this stage. To assess the genes that are differentially expressed in Pitx/ " in
both hindlimb and mandible, we further re-analyzed our RNA-seq data from E11.5 hindlimb and
mandible. Of the 1044 genes that are differentially misexpressed either in mutant hindlimb or
mandible, three distinct groups were clustered based on log2 fold change (Fig. 3.3B). Genes
within the first cluster have hindlimb-specific expression and they are significantly mis-regulated
only in hindlimb. Though not significant, most of these genes have a trend of down regulation in
Pitx]”” mandible. 45 genes are significantly misexpressed in both PitxI”" hindlimb and mandible
(Table S3.4). For most of these genes, their expression patterns are altered in the same direction
in both organs. 14 genes are up-regulated both in Pitx/ “ hindlimb and mandible, and 25 are
down-regulated in both mutant tissues. It suggests that PITX1 could regulate the expressions of

target genes through consistent activation or repression in the developing hindlimb and mandible.
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Shared PITXI Binding Activities are Revealed in Mouse Hindlimb and Mandible

In order to identify PITX1 binding sites that are shared between developing hindlimb and
mandible, we intersected PITX1 peaks from hindlimb against PITX1 peaks from mandible. We
were able to identify 1160 PITX1 peaks that are shared between hindlimb and mandible (Table
S3.5). The shared binding sites are significantly enriched near genes that are expressed in the
limb and genes that are involved in the craniofacial and limb development (Data not shown).
Since the binding activity identified from PITX1 ChIP-seq is the combination of promoters and
enhancer regions, we decided to extract specifically the enhancers that are bound by PITX1 in
both organs. We examined the pattern of enhancer activity in embryonic mouse hindlimb and
mandible using p300, which deposits histone acetylation and marks the enhancer region (Visel et
al., 2009). p300 ChIP-seq aligned read datasets from mouse E11.5 limb and facial tissue were
downloaded from the Gene Expression Omnibus (GEO) database (Visel et al., 2009; GEO:
GSM348066; Attanasio et al., 2013; GEO: GSM1199037). PITX1 binding sites that were
identified either from embryonic hindlimb or mandible were further grouped by the relative p300
signal using k-mean clustering (Ye et al., 2011). Five major groups of loci could be distinguished
(Fig. 3.4A). The first and second clusters have p300 signal in both limb and mandible, with the
first cluster has a relative stronger p300 signal. It means that the enhancer regions from the first
two clusters are bound by PITX1 in both hindlimb and mandible. The third group contains loci
that are hindlimb-specific, while the fourth group contains loci that are mandible-specific. These
two groups represent the enhancers that are bound by PITX1 either in hindlimb or in mandible.

We were able to further extract 847 enhancers from the first cluster (Table S3.6). These
enhancers are strongly bound by PITX1 in both organs. The de novo motif search performed

with +/- 50bp of the peak summit of these enhancers reveals that the top de novo motif (p-value
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=1x 10%; 12.63% of target sequences) matches to the known PITX1 binding motif, TAATCC
(Fig. 3.4B). These organ-shared enhancers are strongly enriched near genes that are involved in
two major clusters: appendage/limb development and craniofacial development (Fig. 3.4C). We
then searched the genes that are associated with shared enhancers using GREAT “Basal plus
extension” approach (Mclean et al., 2010). Each gene was assigned a basal regulatory domain
with the minimum distance both upstream (5 kb) and downstream (1 kb) of the gene’s
transcription start site (TSS). The whole gene regulatory domain was then extended in both
directions to the nearest gene’s basal domain but no more than the maximum extension (1000
kb). 927 genes have shared enhancer regions that fall in their cis-regulatory domains (data not
shown). These associated genes are more specific and precisely enriched in clusters like skeletal
development, hindlimb morphogenesis and cranial skeletal morphogenesis (Fig. 3.4D). In
summary, the comparisons performed in ChIP-seq and RNA-seq between hindlimb and mandible
support our conclusion that PITX1 can modulate hindlimb and mandible development through

shared cis-regulatory elements and target genes.

Mouse PITXI1 Binding Profiles at Shared Putative Transcriptional Targets

Within the shared regulatory network of PITX1, we further examined PITX1 binding
profiles at several putative direct targets that are involved in the development of both hindlimb
and mandible, including G#f2ird1 and Sox9. Gtf2ird] is significantly down-regulated in both
PitxI”” hindlimb and mandible (Table S3.4). A significant PITX1 peak is identified at the
promoter region of G#f2irdl at E11.5 mouse hindlimbs (Fig. 3.5A). Significant PITX1 peaks are
also identified at the G#f2ird] promoter in both E11.5 mouse mandible and E12.5 genital

tubercle. There is strong evidence that PITX1 could regulate G#f2ird1 expression in both
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hindlimb and mandible via direct binding events at the Gtf2irdl promoter. Sox9 expression is
significantly reduced in both Pitx/”" hindlimb and mandible (Table S3.4). In our previous work,
there is a strongly enriched PITX1 peak located about 232 kb downstream of Sox9 transcription
start site (TSS) in mouse (Wang et al., under review). This region has sequence conservation in
the Anolis lizard genome and is also bound by PITX1 in Anolis embryonic hindlimbs. At the
same region, a significant PITX1 peak was identified in mouse mandible (Fig. 3.5B). This
PITX1-bound region has been experimentally verified with gene enhancer activity in VISTA
Enhancer Browser (Visel et al., 2007). Other than strong staining in forelimbs and hindlimbs, it
can also drive lacZ staining in the mandible in transgenic mouse embryos. PITX1 could direct
Sox9 expression in both hindlimb and mandible through this conserved and shared enhancer
region. These results strongly suggest that PITX1 can directly regulate mouse hindlimb and
mandible development through the shared regulatory network, including enhancer regions and

target genes.
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Discussion

There are a few reasons of comparing PITX1 function between the mouse hindlimb and
mandible. Pitx/ is robustly expressed in the hindlimb and mandible mesenchyme (Lanctot et al.,
1997), and its expression is absent from the forelimb and maxilla. In Pitx/”" mouse embryos,
there is a series of complex skeletal defects in the hindlimb and mandible, including shorter
femur, reduced pelvis, absent of patella, alterations in tibia and fibula, and undersized mandible
bone (Szeto et al., 1999; Lanctot et al., 1999). In mouse, both hindlimb and mandible share
similar developmental processes, including specification of the prospective field, induction of
initiation, maintenance of the outgrowth and patterning (Zeller et al., 2009; Minoux and Rijli,
2010). Many major signaling pathways contribute to the development of both organs, including
FGF, SHH, BMP and WNT. For example, the FGF signaling in the hindlimb and mandible
shares both similarities and differences. In hindlimb, Figf8 is expressed in the apical ectodermal
ridge (AER) and the AER-FGF signaling is required for both limb outgrowth and proximodistal
(PD) patterning (Niswander, 2003; Sekine et al., 1999; Niswander et al., 1993). In mandible,
Ffg8 is expressed in the ectoderm of the 1% pharyngeal arch (PA1) and its expression is essential
for the formation of PA1, which is similar to hindlimb (Abu-Issa et al., 2002). Ffg8 is also
expressed in a different region, the oral epithelia, to participate in the anteroposterior (AP)
polarizing of PA1 (Grigoriou et al., 1998).

The combination of ChIP-seq and RNA-seq has provided ways to identify PITX1-related
enhancer regions and target genes at the whole-genome level. From the RNA-seq analyses
performed in wild-type and Pitx/”” mandible, several genes related to jaw development have
significantly altered expressions in the mutant, including up-regulated Dix/as, DIx2, Dix6os1

and down-regulated Six2 (Table S3.1). Dix/as is the antisense RNA of D/x/ and can modulate
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DIx1 transcript level and stability (Kraus et al., 2013). DIx1/2 is expressed in maxilla and
mandible, and is the default setting for both organs to develop (Depew et al., 2005; Jeong et al.,
2008). Dix6os1 is also known as Evf]. It is a non-coding RNA transcribed upstream of DIx6 gene
and has an important role in ventral forebrain and craniofacial development (Kohtz and Fishell,
2004). The comparison between hindlimb and mandible transcriptomes shows that many genes
involved in skeletal development are significantly misexpressed in both tissues, including Sox9,
Sox10, Lectl, Matn4 and Thx22 (Table S3.4). With the incorporation of PITX1 ChIP-seq
datasets, we were able to identify putative direct targets of PITX1 during hindlimb and mandible
development, such as Sox9 and Gtf2irdl (Fig. 3.5). Sox9 is the early marker of chondrogenic
differentiation and is strongly tied to skeletal phenotypes and morphogenesis (Akiyama et al.,
2002; Gordan et al., 2014). Gtf2ird] is required for mammalian mandible development. When
Gtf2ird1 1s knocked out in mouse embryos, the null mice exhibit skeletal abnormalities both in
the skull and jaws, which resembles the human disorder Williams-Beuren syndrome (WBS)
(Tassabehji et al., 2005). Our work has provided an integrative method to study the role of
PITX1 in limb and craniofacial development by introducing the whole-genome level

comparative approaches.
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Figure 3.1. Misregulated genes in mouse Pitx]”" mandible. The top 10 scoring gene clusters

associated with misexpressed genes in Pitx/”” mandibles at E11.5.
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Figure 3.2. Genome-wide enrichment of PITX1 binding activity in mouse mandible. A) Top de
novo motif enriched within +/- 50 bps of mouse PITX1 peak summits and its best match to the
known motif using HOMER. B) The top 10 MGI (Mouse Genome Informatics) Expression terms
associated with mouse mandible PITX1 peaks. C) The top 10 Mouse Phenotype terms associated

with mouse mandible PITX1 peaks.
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Figure 3.3. Transcriptome analyses between mouse hindlimb, mandible and genital tubercle. A)
Hierarchical clustering between E11.5 hindlimb, mandible and E12.5 genital tubercle based on
wild-type RNA-seq datasets. B) PITX1-dependent genes are clustered into hindlimb-specific,

hindlimb-mandible and mandible-specific groups based on log2 fold change of RN A-seq data.
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Figure 3.4. Enrichment analyses of shared enhancers of PITX1 in developing hindlimb and
mandible. A) K-mean clustering of PITX1 peaks based on p300 ChIP-seq signal. B) Top de novo
motif enriched within shared PITX1 enhancers and its best match to the known motif. C) The top
10 Mouse Phenotype terms associated with shared PITX1 enhancers. D) The top 10 enriched

clusters of genes that are associated with shared PITX1 enhancers.
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Figure 3.5. PITX1 ChIP-seq profiles in mouse hindlimbs and mandible at putative PITX1

transcriptional targets. A) Sox9 and B) Gtf2ird|.
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Table S3.1. Transcriptome analyses (RPKM) between the developing mandible of wild-type and

Pitx]”" in mouse embryos. E11.5 differentially expressed genes are listed.

E11.5 DE Gene WT RPKM Mut RPKM

Klk1 0 1.2587
Rmrp 20.7626 242.982
Hist4h4 0.770436 6.42085
Rpphl 13.5325 111.919
Hist1h4k 0.988043 6.33522
Hist2h2bb 1.63355 9.84551
Lars2 81.873 427.162
Prap] 7.65701 37.9904
3110099E03Rik 0.589917 2.90013
Histlhla 1.17093 5.35808
Hist1h3e 2.27077 8.50814
Ahcy 2.24902 8.39224
Histlhlb 1.06326 3.95146
Sim2 3.18343 10.1804
Sstrl 0.558825 1.78142
Histlhle 1.36813 4.33551
Galnt13 0.216026 0.613719
Dlxlas 13.563 37.2338
Lyrm7 0.958872 2.49024
Grik1 0.663668 1.52575
AA388235 1.16419 2.66565
Rps2 31.5085 69.9673
Rps18 52.6766 115.602
Ppplcc 3.23724 6.80145
Stmn2 3.32828 6.21257
Zfp708 3.19817 5.89209
Avprla 2.14966 3.93093
DIx60s1 13.0555 23.8585
Slitrk5 1.13061 2.04426
Tptl 17.4278 31.3071
Rps7 19.5913 35.0919
Cap2 3.79422 6.42227
Bbs2 4.98261 8.30197
Ptx3 10.3159 16.7315
Ebf2 6.7333 10.7917
4833420G17Rik 13.8926 21.6916
Tbx22 9.911 15.3113
Hicl 11.3052 17.0543
Efempl 12.1754 18.2243
Coq2 17.4478 25.8405
Myh3 4.43931 6.51218
Glol 60.39 87.001
Pcdh10 15.8067 22.7697
Cox7b 175.603 251.739
Actcl 61.4351 87.3569
Crabpl 329.45 465.162
Myog 26.8851 37.8263
DIx2 12.1255 17.0356
MpzI2 11.1864 15.7049
Rgs2 16.395 22.9924
Seppl 27.2635 38.1919
Cdk2apl 56.4965 78.5794
1810011010Rik 35.4314 48.6552
Nr2fl 35.3384 48.1732
Cited] 143.496 195.236
Bod1 62.3951 82.7952
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Table S3.2. Representatives of PITX1 peaks identified in mouse mandibles. Coordinates of

PITX1 mouse peaks (mm9) are listed.

Chromosome Start End

chrl 7649998 7650114
chrl 9573871 9574084
chrl 10272215 10272319
chrl 11320410 11320596
chrl 12275628 12276088
chrl 12562237 12562382
chrl 12804844 12805391
chrl 13485273 13485384
chrl 14026568 14026687
chrl 14297342 14297611
chrl 14480194 14480433
chrl 14611210 14611351
chrl 15168421 15168572
chrl 17708128 17708326
chrl 19166358 19166447
chrl 21511677 21511987
chrl 21810355 21810443
chrl 22311294 22311384
chrl 22562726 22562826
chrl 24791828 24792056
chrl 30594252 30594753
chrl 36360384 36360500
chrl 36458575 36458690
chrl 38745094 38745383
chrl 38821245 38821408
chrl 41949359 41949549
chrl 42828998 42829144
chrl 44258081 44258191
chrl 45100176 45100465
chrl 45817551 45817818
chrl 45817930 45818632
chrl 46789391 46789501
chrl 46959110 46959345
chrl 47564755 47564979
chrl 52628734 52628819
chrl 54275521 54275660
chrl 56258208 56258321
chrl 56307441 56307627
chrl 56596588 56596837
chrl 56839133 56839238
chrl 56863027 56863244
chrl 56922265 56922401
chrl 57137382 57137492
chrl 57545997 57546481
chrl 59327392 59327522
chrl 59367151 59367351
chrl 59391497 59391923
chrl 59944846 59945002
chrl 61290297 61290845
chrl 61388848 61388996
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Table S3.3. De novo motifs enriched in mouse mandible PITX1 peaks.

Rank | Conserved De Novo Motif P-value Log P- % of % of STD(Bg | Best Match
value Targets | Backgroun STD)
d
1 C (-FTT A ATQQC le-251 -5.7E+02 | 41.83% | 12.12% 11.9bp Pitx1(Homeobox)/Chicken-
A T
T
AKADNG ~ (17.9bp) | Pitx1-ChIP-
Seq(GSE38910)/Homer(0.96
3)
2 A CA AT le-50 -1.2E+02 | 12.19% | 4.16% 12.8bp Bhlhal5/MA0607.1/Jaspar(0.
L ,,,,,;IQ(§9 (14.6bp) | 876)
3 I 'I"I"I'QAAATIA le-23 -5.4E+01 | 0.92% 0.02% 10.7bp CHR(?)/Hela-CellCycle-
= o (10.6bp) | Expression/Homer(0.696)
4 ACI A | 1e-20 -4.7E+01 | 7.01% 2.94% 12.7bp NFATC2/MAO0152.1/Jaspar(0
L <
S (14.8bp) | .709)
5 TAA T le-19 -4.6E+01 | 16.59% | 9.98% 12.7bp POL009.1_DCE_S_II/Jaspar(
~ QCCIX (15.3bp) | 0.655)
6 IA n QICATAAT le-17 -4.0E+01 | 0.97% 0.06% 12.1bp PHO152.1_Pou6f1_2/Jaspar(0
. T (11.6bp) | .695)
7 C TA le-14 -34E+01 | 11.65% | 6.84% 12.8bp MSX1/MA0666.1/Jaspar(0.9
T%(,Z ATT (17.1bp) | 22)
8 A CT A AQC AC AT le-14 -34E+01 | 0.44% 0.01% 8.9bp RUNX(Runt)/HPC7-Runx]1-
Sh A A
(4.9bp) ChIP-
Seq(GSE22178)/Homer(0.82
9)
9 CQ A TIT A T T le-14 -3.3E+01 | 0.53% 0.01% 8.3bp MF0008.1 MADS_class/Jasp
a A 3 _4
(7.7bp) ar(0.727)
10 QAA TTCA C le-13 -3.2E+01 | 0.63% 0.03% 11.0bp ETS:E-
ACAvaenia=
(10.7bp) | box(ETS,bHLH)/HPC7-Scl-
ChIP-
Seq(GSE22178)/Homer(0.65
6)
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Table S3.4. Genes with PITX1-dependent expression in both mouse hindlimb and mandible.

Gene_ID HL_log2(FC) MD_log2(FC)

2610203C20Rik -0.545282 -0.553868
4833420G17Rik 0.798858 0.642856
AA388235 2.28493 1.1952
Acan -4.15171 -2.72257
Actcl -3.46846 0.507893
Adamtsl3 -1.1062 -1.3804
Ahcy 1.61177 1.89979
Alpkl -0.965198 -1.05472
Aphlb -0.464836 -1.01191
Bbs2 0.789873 0.736585
C130046K22Rik -1.37301 -1.3957
Cdk2apl 0.399188 0.476031
Col9a3 -1.51623 -1.23906
Coq2 0.475178 0.566638
Cox7b 0.994276 0.51941
Crabpl 0.366629 0.497713
Crispld2 -0.805215 -0.885958
Galnt13 -1.41565 1.50642
Glol 1.07481 0.526986
Grik1 -1.3025 1.20103
Gtf2ird1 -0.465413 -0.471046
H2-Q7 1.24961 1.47527
Hicl -0.551907 0.593188
Igfbp5 -0.431954 -0.452795
Kif27 -1.04409 -1.79342
Lars2 0.537165 2.38334
Lectl -3.06869 -2.31126
Malatl1 -0.478372 -0.669214
Matn4 -3.81821 -3.05599
Miat -0.944688 -0.938831
Myog -2.20236 0.492614
Nfatc2 -1.77459 -1.00308
Pitx1 -2.5669 -2.23662
Postn -0.59825 -0.553372
Ppplcc 1.40165 1.07112
Prrt2 -0.794778 -0.789668
Rps18 1.89479 1.13396
Rps2 1.072 1.15056
Slcl5a2 -0.738264 -1.15644
Sox10 -0.975112 -1.95262
Sox9 -0.784984 -0.973009
Susd5 -1.8467 -2.24749
Tbx22 -1.1511 0.627534
Zp429 -2.4277 -2.04196
Zfp459 -0.820253 -1.35959
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Table S3.5. Representatives of PITX1 peaks identified in both hindlimb and mandible.

Coordinates of PITX1 mouse peaks (mm9) are listed.

Chromosome Start End

chrl 9573461 9574408
chrl 11320090 11320743
chrl 12561859 12562554
chrl 12804908 12805367
chrl 14026183 14026692
chrl 14297021 14297744
chrl 14480148 14480591
chrl 21511506 21512150
chrl 22310934 22311517
chrl 24791758 24792143
chrl 30594064 30594875
chrl 38744927 38745427
chrl 41949182 41949688
chrl 42828588 42829288
chrl 45817292 45818654
chrl 52628573 52628930
chrl 54275404 54275756
chrl 56307356 56307770
chrl 56922066 56922546
chrl 59326533 59327690
chrl 59391118 59391903
chrl 59944460 59945269
chrl 61290179 61291449
chrl 62062840 62063514
chrl 63609907 63610337
chrl 64034180 64034766
chrl 65081912 65082621
chrl 66377707 66378084
chrl 72048982 72049689
chrl 72098473 72098979
chrl 72534117 72534600
chrl 75454390 75454817
chrl 75555904 75556534
chrl 75829028 75830407
chrl 75982267 75982722
chrl 77103970 77104537
chrl 77223438 77224157
chrl 77224461 77224803
chrl 78936324 78936825
chrl 90716955 90717361
chrl 93849458 93850004
chrl 122611641 122612526
chrl 122902618 122903057
chrl 128579985 128580815
chrl 129339293 129340018
chrl 134521537 134522199
chrl 135016307 135016828
chrl 135492737 135493635
chrl 136413148 136413668
chrl 137926854 137927286
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Table S3.6. Representatives of PITX1-bound enhancers that are shared in both mouse hindlimb

and mandible. Coordinates of PITX1 mouse peaks (mm9) are listed.

Chromosome Start End

chrll 4208627 4209470
chrll 32825228 32826375
chrll 44950204 44951278
chrll 51203153 51204391
chrll 62780161 62781061
chrll 64464099 64464956
chrll 68567578 68568630
chrll 85445329 85446720
chrll 108808502 108809608
chrll 112273482 112274359
chrll 112875451 112876351
chrl6 34935745 34936440
chrll 11708588 11709881
chrll 11754840 11755821
chrll 11778714 11779127
chrll 11837136 11837762
chrl6 44531067 44531849
chrll 19333840 19334365
chrl6 44615863 44616962
chrl6 44632640 44633330
chrl6 50753890 50754306
chrll 28635007 28635552
chr6 91185837 91186889
chrl6 63451908 63452708
chr6 93862429 93863440
chr2 152564093 152565376
chrl6 67251436 67252542
chrl6 74092936 74094447
chr2 165974117 165974948
chr2 166005082 166006235
chr2 167994201 167995562
chrl6 77329019 77330742
chrl6 77636269 77637346
chrll 47192554 47193225
chr6 98643091 98643963
chr6 100371756 100372521
chrll 61298528 61299074
chr6 100926803 100927876
chrll 64781936 64783098
chrll 67876168 67876852
chrll 68451275 68452262
chr2 57481884 57482146
chr2 66027265 66027512
chr2 91933758 91933918
chrll 78410163 78410908
chrll 81262592 81263536
chr6 124690608 124691827
chr6 124869659 124870607
chr2 181747448 181747990
chr6 127000716 127001278
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CHAPTER 4
CONCLUSIONS

In this dissertation I investigated on the regulatory network of PITX1 during limb and
craniofacial development. The majority of previous publications have been focused on
understanding the function of PITX1 from the traditional way, which is by elucidating the
regulation between PITX1 and another particular gene or a specific pathway. This could narrow
our thoughts and findings since it is much more complex to orchestrate organogenesis. Therefore,
my dissertation aimed to take an integrative view to study the role of PITX1 in limb and
craniofacial development by introducing the whole-genome level comparative approaches.

In Chapter 2, I started by applying PITX1 ChIP-seq in embryonic mouse and Anolis
hindlimbs. Since the common ancestor of mammals and reptiles lived more than 300 million
years ago, I was able to identify the ancient binding interactions, which are the common binding
sites that are shared between mouse and green anole lizard. The conserved PITX1 binding events
are strongly enriched near genes that are involved in limb morphogenesis. I further performed
the globel gene experssion comparisons and identified a large number of misexpressed genes in
Pitx1-/- hindlimbs. I revealed 440 putative targets of PITX1. They are significant misexpressed
in the mutant hindlimb and have mouse PITX1 peaks that fall into their cis-regulatory domains.
Up-regulated putative targets are enriched in limb patterning while down-regulated putative
targets are enriched in cartilage and muscle development. 68 putative targets are ultra-conserved.

They have conserved PITX1 binding sites in both mouse and Anolis hindlimbs. Our findings
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conclude that PITX1 could promote chondrogenesis and myogenesis in the hindlimb by direct
regulation of several key members of the cartilage and muscle transcriptional networks.

Chapter 3 of this dissertation provided a direction of comparing PITX1 function between
developing hindlimb and mandible. I first performed ChIP-seq and RNA-seq in mouse
mandibles. Both PITX1 binding events and PITX1-dependent expressed genes are strongly
involved in craniofacial and skeletal development. I then compared the function of PITX1 in
developing hindlimb and mandible at the transcriptome and the genome-wide binding levels. |
successfully extracted both shared enhancer regions and PITX1-dependent genes that are
significantly enriched in limb and craniofacial morphogenesis. These initial analyses suggest that
PITX1 could modulate mouse hindlimb and mandible development through shared cis-reguatory
elements and downstream targets.

Collectively the datasets presented in Chapter 2 and 3 provide for the importance of
applying transscriptome and epigenetic analyses in studying the function of transcription factors
and their associated cis-regulatory networks during embryonic development. Future directions of
studying cis-regulatory elements and transcriptional complexes will be mainly focus on the
application of high-throughput approaches during functional analyses, such as Genome-scale

CRISPR-Cas9 knockout and transcriptinal activation screening.
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