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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 Tbx4 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 Pitx1−/− 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 Six1. 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.
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1. Introduction

The Pitx1 gene encodes a bicoid-class homeodomain transcription factor that plays a central 

role in growth and patterning of the vertebrate hindlimb (Lanctôt et al., 1999; Szeto et al., 

1999). The complete ablation of Pitx1 function in mice results in reduced hindlimb size and 

the loss of hindlimb-specific features, as well as developmental defects of the mandible, 
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teeth, palate, and pituitary gland. Haploinsufficiency for Pitx1 in mice and humans can result 

in clubfoot and other malformations of the leg, demonstrating that hindlimb development is 

sensitive to Pitx1 dosage (Alvarado et al., 2011; Gurnett et al., 2008). Since ectopic 

expression of Pitx1 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 Pitx1 in hindlimb 

formation extends to the control of limb-type identity. Furthermore, reductions in Pitx1 
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, Pitx1 is not only important for the formation of the hindlimb, but changes 

in Pitx1 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 Pitx1 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 evident in Pitx1 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 (Lanctôt 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 Pitx1 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 Pitx1 mouse mutants determined that hindlimb expression of the Tbx4 gene 

is significantly reduced in the absence of Pitx1 function (Lanctôt et al., 1999; Szeto et al., 

1999). Additional work showed that the ectopic expression of Pitx1 in the embryonic 

forelimb is sufficient to induce Tbx4 expression (Delaurier et al., 2006; Logan and Tabin, 

1999). Our further investigations revealed that PITX1 binds to and regulates hindlimb 

enhancers of the Tbx4 gene, demonstrating that Tbx4 is a direct transcriptional target of 

PITX1 (Infante et al., 2013). Since Tbx4 encodes a T-box transcription factor that is critical 

for hindlimb bud outgrowth (Naiche and Papaioannou, 2003), it was proposed that reduced 

Tbx4 expression contributes to the hindlimb phenotypes found in Pitx1 knockout mice. 

Consistent with this hypothesis, subsequent work demonstrated that restoration of Tbx4 
expression in Pitx1 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 Tbx4 expression does not rescue other hindlimb patterning 

defects of the skeleton, muscles, and tendons. Therefore, the misregulation of additional 

PITX1 transcriptional targets likely contributes to Pitx1 mutant phenotypes. While we have 
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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, Tbx4 
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 Pitx1 
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.

2. Materials and methods

2.1. Animals

Pitx1 knockout mice were previously described (Szeto et al., 1999). The Pitx1 knockout 

allele was maintained on a 129/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 and Use Committees (IACUC) at the University of Georgia under 

approved Animal Use Protocols (mouse protocol A2014 06-019; Anolis protocol A2015 

02-020).

2.2. 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 Anolis 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 μg 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).
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2.3. 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 

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 (mm9) 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.

2.4. 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 

Pitx1 null embryos since expression of Pitx2 on the left side of embryos can partially 

compensate for the loss of Pitx1. 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 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 Illumina. 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).

2.5. 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 
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(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”.

2.6. 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 Pitx1−/− hindlimbs 

based upon the “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.

2.7. Whole-mount In Situ Hybridization and qRT-PCR

Whole-mount mRNA in situ hybridization was performed as described previously 

(Wilkinson, 1992). A minimum of three wild-type and three Pitx1−/− 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 500–640 

bp 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 

Pitx1−/− 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 as the internal control for normalization. The 2−ΔΔCt 

method was used to detect expression fold change for each target gene with three biological 

replicates. The primers used in qPCR were as follows: Alx3-F: 5′-
CTATGACATCTCCGTACTGCC-3′; Alx3-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′; Col2a1-F: 

5′-GGTTCACATACACTGCCCTG-3′; Col2a1-R: 5′-AAATTCCTGTTCAGCCCCTC-3′; 
Runx2-F: 5′-GTAGCCAGGTTCAACGATCTG-3′; Runx2-R: 5′-
CCGTCCACTGTCACTTTAATAGC-3′; Six1-F: 5′-CAGGTCAGCAACTGGTTTAAG-3′; 
Six1-R: 5′-CAGAGGAGAGAGTTGATTCTGC-3′; Mef2c-F: 5′-
CCAGATCTCCGCGTTCTTATC-3′; Mef2c-R: 5′-CCTCCCATTCCTTGTCCTG-3′; 
Myod1-F: 5′-CAGAATGGCTACGACACCG-3′; Myod1-R: 5′-
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ATGCGCTCCACTATGCTG-3′; Gapdh-F: 5′-AAGGTCGGTGTGAACGGATTTG-3′; 
Gapdh-R: 5′-GTCGTTGATGGCAACAATCTCC-3

3. Results

3.1. 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. S1). 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) (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 10−986; 61% of target sequences) and mouse (p-value = 1 x 10−1044; 

69% of target sequences) PITX1 peaks (Fig. 1A and Table S1). Moreover, we found that 

both mouse and Anolis PITX1 peaks are significantly enriched near genes associated with 

limb development (Fig. 1D, G, and J and Fig. S2).

To identify deeply conserved enhancers that are bound by PITX1 in the developing 

hindlimbs of mouse and Anolis 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). We intersected the mouse genome coordinates of these 2479 conserved 

sequences with the coordinates of the 10,625 mouse PITX1 ChIP-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 
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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 Anolis 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 

exhibit primary sequence conservation between mouse and Anolis and that are bound by 

PITX1 in both species (Table S2).

The majority of the mouse/Anolis 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. 1A and 1B). As expected, the top ranked de novo motif found within the mouse/

Anolis PITX1 regions matches the known PITX1 motif (Fig. 1B and Table S1). 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. 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. 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. 1K). For PITX1 peaks that are mouse-

specific, enrichments for similar sets of limb-related and signaling pathway GO terms were 

observed (Fig. 1F, I and L). Thus, mouse/Anolis conserved and mouse-specific PITX1 

binding events display similar gene associations.

3.2. Genes related to patterning, chondrogenesis, and myogenesis are misregulated in 
Pitx1−/− hindlimbs

In order to identify genes with PITX1-dependent expression, we performed global gene 

expression comparisons between the developing hindlimbs of Pitx1−/− 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 Pitx1 (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 Pitx1 mutants (Fig. 

2A and Table S3). In contrast, several hundred genes are misregulated at E11.5 and E12.5. 
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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 Tbx4 expression is reduced in the hindlimb buds of 

Pitx1 knockout embryos and that Tbx4 is a direct regulatory target of PITX1 (Infante et al., 

2013; Lanctôt et al., 1999; Szeto et al., 1999). Consistent with these earlier findings, our 

RNA-seq analyses demonstrate that Tbx4 expression is significantly reduced in the absence 

of PITX1 (expressed at 34% and 56% of wild-type at E11.5 and E12.5, respectively; Table 

S3). Prior work also established that the expression of hindlimb-specific HoxC10 and 

HoxC11 genes can be induced in the forelimb through ectopic expression of Pitx1 (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 Isl1, a gene that is 

essential for hindlimb bud formation but plays no role in forelimb development (Kawakami 

et al., 2011). In wild-type embryos, Isl1 is expressed transiently in the hindlimb field and 

early hindlimb bud but is down-regulated by E10.5. In E9.5 Pitx1−/− embryos, we find that 

Isl1 is expressed at significantly higher levels than wild-type (1.5x higher; Table S3). 

Therefore, of the known transcription factors with robust, hindlimb-biased expression, only 

Tbx4 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 Pitx1 mutants (Huang 

et al., 2009). Among the categories of genes that are misregulated in Pitx1−/− hindlimb field 

at E9.5, the top ranked cluster relates to limb morphogenesis and pattern specification (Fig. 

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. 

2C). Similar enrichments are observed at E12.5, with significant associations with genes 

related to extracellular matrix, cell adhesion, collagen, and muscle function (Fig. 2D). Thus, 

in Pitx1−/− 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 gene expression are apparent with genes related to extracellular matrix, 

cartilage and skeletal muscle being enriched among misregulated genes.

3.3. 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 Pitx1−/− 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 Pitx1−/− hindlimbs (2.45-fold enriched; p-value < 2.2 x 10−16) (Fig. 3C). In 

addition, the association between PITX1 binding events is stronger with down-regulated 
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genes (2.98-fold enriched; p-value < 2.2 x 10−16) than up-regulated genes (1.65-fold 

enriched; p-value = 8.97 x 10−6). 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 

10−16).

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 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 S4). Among the candidate targets of PITX1, 

the expression levels of 121 are increased and the levels of 319 are decreased in hindlimbs of 

Pitx1 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 S4).

3.4. PITX1 directly influences hindlimb development through essential regulators of 
cartilage and muscle development

Our initial DAVID analysis of genes that are misregulated in Pitx1 null embryos included 

both direct transcriptional targets of PITX1 and genes that are misregulated as a secondary 

consequence of Pitx1 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. 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, Grem1, HoxA9, HoxD10, Irx3, Irx5, Meis2, and Tbx2 (Table S4). In contrast, the 

PITX1 target genes that are down-regulated in Pitx1 mutants are strongly enriched for terms 

related to extracellular matrix, cell adhesion, cartilage/bone development, and skeletal 

muscle development (Fig. 3B). The cartilage and bone related genes include FoxP4, Snai1, 

Sox6, Sox8, and Sox9 (Table S4), 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 Cxcl12, Eya1, Mef2c, Nfatc2, and Six1 (Table S4; (Daou et al., 2013; Grifone et 

al., 2007; 2005; Molkentin et al., 1995; Vasyutina et al., 2005)). We also found that the Dcn, 
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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 Pitx1−/− 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 HoxD10 expression is significantly elevated in both E11.5 and E12.5 Pitx1−/− 

hindlimbs (Fig. 4). Similar patterns of elevated expression were observed for Alx3 and 

Meis2 (Table S4). These genes were up-regulated by 1.3x–2x in Pitx1−/− hindlimbs relative 

to wild-type at E11.5. Other early patterning genes, including Grem1, Bmp2, Bmp4, Bmp7, 

Fgf10, and Tbx2 (Fig. 4 and Table S4), exhibited transient up-regulation in Pitx1 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. 4 and Table S4).

We characterized the expression patterns of several misregulated genes by whole-mount in 
situ hybridization (Fig. 5). In general, the overall pattern of up-regulated genes was very 

similar between the hindlimbs of Pitx1−/− and wild-type embryos, though we did find that 

Alx3 expression was expanded towards the center of Pitx1−/− hindlimb buds (Fig. 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. 5G–H), and Mef2c and other markers of 

myogenesis had qualitatively less staining by in situ hybridization at E11.5–E12.5 (Fig. 5M–

R).

3.5. 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. 

S2A). Patterning-related terms (“Transcription factor activity” and “Pattern specification”) 

are also significantly enriched in the conserved target gene set (Fig. S2A). 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 Tbx4. In mice, we previously 

demonstrated that PITX1 regulates Tbx4, 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 Tbx4 
(Fig. 6C). Therefore, in the mouse hindlimb there are both conserved and mouse-specific 

binding events occur at the Tbx4 locus. A further examination of the 68 predicted ancient 

targets of PITX1 showed that this group includes Sox9 and Six1, important regulators of 

cartilage and skeletal muscle development, respectively. In the case of Sox9, a significant 

PITX1 peak is identified 232 kb downstream of its transcription start site (Fig. 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 
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strongly enriched PITX1 peak located just upstream of Six1 in mouse (Fig. 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.

4. 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; Lanctôt 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 PITX1.

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 Tbx2, have previously been analyzed in Pitx1−/−;Pitx2−/+ 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 Pitx1 knockout mice showed that the 

hindlimbs are reduced in overall size and the relative size and shape of hindlimb skeletal 

elements are altered. Lanctôt and colleagues also demonstrated that skeletal elements of 

Pitx1 knockout hindlimbs exhibit impaired ossification as evidenced by abnormal 

mineralization of the femur and tibia at E16.5 (Lanctôt et al., 1999). Therefore, the reduced 

and delayed expression of chondrogenesis genes that we have detected in Pitx1−/− hindlimbs 

aligns well with earlier histological studies. However, it has remained unclear whether the 

ossification defects of Pitx1 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. 7A). For 

instance, we found that Sox9, an early chondrogenic marker necessary for mesenchymal 
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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. 6A). This 

PITX1-bound element is a known limb enhancer (VISTA enhancer mm636; (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 PITX1.

In addition to Sox9, our ChIP-seq and RNA-seq data suggest that FoxP4, Mef2c, Snai1, 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 Snai1, the mouse and Anolis 
orthologs of these genes both have species-specific PITX1 peaks (Fig. S2D and data not 

shown). Therefore, despite the apparent absence of conserved PITX1 bound sequences, 

Mef2c and Snai1 may also be ancient regulatory targets of PITX1. We also note that Runx2 
and Osterix have reduced expression in Pitx1−/− hindlimbs by E12.5 (>2x reduced; Table 

S3). 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 Pitx1 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 Pitx1 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 Pitx1 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 
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delayed and decreased in Pitx1−/− hindlimbs in a manner similar to the MyoD expression 

defects observed in Pitx2 mutants (Fig. 5Q and R; Table S3). However, unlike PITX2 we 

find no evidence of PITX1 binding at the MyoD core enhancer or any other location within 

600 kb upstream or downstream of the MyoD locus. Instead, we have identified direct 

myogenic targets of PITX1 that include Six1, Eya1 and Mef2c (Fig. 7B). The SIX1/EYA1 

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 

Six1/4 and Eya1/2 double mutants (Grifone et al., 2007; 2005). We found that Six1 is 

significantly down-regulated in E11.5 Pitx1 null hindlimbs (Fig. 4 and Fig. S2B), and 

conserved PITX1 peaks are located in its regulatory domain (Fig. 6B). Eya1 also shows 

significantly reduced expression in E11.5 Pitx1−/− hindlimbs (Table S3) and has species-

specific PITX1 binding events in both mouse and Anolis hindlimbs (Table S2). 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 Pitx1 knockout hindlimbs is a secondary consequence of the absence of 

PITX1.

Beyond myogenesis genes that encode transcription factors, we also identified Cxcl12 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 Cxcl12 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 Cxcl12 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 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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Highlights

• ChIP-seq on mice and Anolis hindlimbs revealed ancient PITX1 binding 

events

• PITX1 binding is enriched near genes misregulated in Pitx1−/− mouse 

hindlimbs

• Loss of PITX1 causes reduced expression of key chondrogenesis and 

myogenesis genes

• Deeply conserved PITX1 transcriptional targets include Sox9 and Six1

Wang et al. Page 18

Dev Biol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Genome-wide enrichment of PITX1 binding activity 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/Anolis 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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Fig. 2. 
Misregulated genes in the hindlimbs of Pitx1−/− mice at different stages of embryonic 

development. A) The number of misexpressed genes in Pitx1−/− compared to wild-type 

mouse hindlimbs at E9.5, E11.5 and E12.5. Red shading in cartoons represents the Pitx1 
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 Pitx1−/− hindlimbs at B) E9.5, C) E11.5, and D) E12.5.
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Fig. 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 Pitx1−/− mouse hindlimbs.
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Fig. 4. 
Expression levels of putative PITX1 transcriptional targets in wild-type and Pitx1−/− 

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 Pitx1−/− compared to wild-

type hindlimbs (FDR-adjusted p-value < 0.05). Error bars represent the standard error of the 

mean.
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Fig. 5. 
Whole-mount in situ hybridization of PITX1-dependent genes in wide-type and Pitx1−/− 

mouse embryos. A–F) The expression pattern of limb patterning genes (Alx3, HoxD10 and 

Bmp4). G–L) The expression pattern of genes related to cartilage development (Sox9, 
Col2a1 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 Pitx1−/− mouse embryos. All 

images were taken at the same magnification. Scale bar = 500 μm.
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Fig. 6. 
PITX1 ChIP-seq profiles in mouse and Anolis hindlimbs at putative PITX1 transcriptional 

targets. A) Sox9, B) Six1 and C) Tbx4. 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 Tbx4 hindlimb-specific enhancers, HLEA and 

HLEB, are outlined by black boxes.
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Fig. 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 Pitx1−/− hindlimbs.
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