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ABSTRACT  

Cardiac malformations affect approximately 1% of human newborns and a large number of 

these are due to defects in the heart valves and septum. It has been suggested that cardiac valve 

diseases, which make up about one third of all cardiovascular defects, arise from underlying 

developmental malformations that occur during embryogenesis. Interestingly, the development 

of the heart valves (cardiac cushions) and tissues that form cartilage templates (such as the 

limb) share a number of key TFs, such as TWIST1, SOX9, and NFATC1 suggesting that they 

have similar transcriptional programs. It has been proposed that regulatory networks involved 

in cartilage formation, are also active during valve development and disease. The transcription 

factor SOX9 has an essential role in heart valve and cartilage formation and its loss leads to 

major congenital abnormalities in the embryo. Regardless of this critical role, little is known 

about how SOX9 regulates heart valve development or its transcriptional targets. Therefore, to 

identify transcriptional targets of SOX9 and elucidate the role of SOX9 in the developing 

valves, we have used ChIP-Seq on the E12.5 atrioventricular canal (heart valves) and limb 

buds. Comparisons of SOX9 DNA-binding regions among tissues revealed both context-

dependent and contextïindependent SOX9 interacting regions. Context-independent SOX9 

binding suggests that SOX9 may play a role in regulating proliferation-associated genes across 

many tissues. Generation of two endothelial specific Sox9 mutants uncovers two potential roles 

for SOX9 in heart valve formation: first in the initial formation of valve mesenchyme and later 

in the survival and differentiation of valve mesenchyme. Analysis of tissue-specific SOX9-

DNA binding regions with gene expression profiles from Sox9 mutant heart valves indicates 

that SOX9 directly regulates a collection of transcription factors known to be important for 

heart development. Taken together, this study identified that SOX9 controls transcriptional 
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hierarchies involved in proliferation across tissues and heart valve differentiation. SOX9 

transcriptional targets identified in this data could be used as predictive factors of heart valve 

disease, or as targets for new therapeutic strategies for disease and congenital defects. 
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PREFACE 

 

The embryonic material for the SOX9 Chromatin Immunoprecipitation coupled with deep 

sequencing (ChIP-Seq) libraries on the Embryonic day (E) 12.5 atrioventricular canal (AVC) 

and E12.5 limb buds was collected by R. Cullum and the ChIPs were also performed by 

R.Cullum. Library construction, sequencing, and initial bioinformatics for peak generation 

were performed by the Michael Smith Genome Sciences Centre. SOX9 peak to gene 

associations were carried out by R. Cullum (Appendix IID, Appendix III). Genomic locations 

of SOX9 peaks and SOX9 motifs were assigned by bioinformatic analyses completed by R. 

Cullum (Figure 3-3C, D, Table 3-1). ChIP-qPCR validation of SOX9 ChIP-Seq peaks was 

executed by R. Cullum (Figure 6-1C, D). Z-scores for the SOX9 ChIP-Seq libraries were 

calculated by M. Bilenky (Appendix IA, B). The LacZ staining on VE-Cre:LacZ mouse E10.5 

and E11.5 hearts was performed by ACY Chang (Figure 2-2B). 

 All animal protocols were approved by the UBC Animal Care and Ethics Committee 

(protocols: A12-0305 and A12-0297). The UBC Biosafety Committee approved the use of any 

biohazardous chemicals and material. 

 

Portions of this thesis are modified from: 

Victoria C. Garside, Alex C. Chang, Aly Karsan, and Pamela A. Hoodless (2013) Co-

ordinating Notch, BMP, and TGF-ɓ signaling during heart valve development. Cellular and 

Molecular Life Sciences 70(16):2899-917. 

Chapter 1 Introduction text and Figure 1-1 and 1-2. 

 

Victoria C. Garside, Rebecca Cullum, Olivia Alder, Daphne Y. Lu, Ryan Vander Werff, 

Mikhail Bilenky, Yongjun Zhao, Steven J. M. Jones, Marco A. Marra, T. Michael Underhill, 

Pamela A. Hoodless (2015) SOX9 directly modulates the expression of key transcription 

factors required for heart valve development. Submitted. 

Chapter 3,5,&6 including Figures 3-3, 5-2A, B, 5-8A, B, 6-1, 6-5A, B, and 6-6. 
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CHAPTER ONE: Introduction  

1.1 General introduction  

Transcription factors (TFs) are essential for the precise coordination of lineage specification and 

differentiation, and ultimately the control of cell identity. Developing an understanding how TFs 

regulate and integrate many cellular processes during development has been a major focus of 

embryology. Recent advances in sequencing technologies have prompted the use chromatin 

immunoprecipitation coupled with deep sequencing (ChIP-Seq) to determine the DNA binding 

sites of TFs on a genome-wide level in numerous tissues. With the discovery of technologies like 

ChIP-Seq and/or transcriptome analysis (RNA-Seq) researchers are one step closer to 

uncovering the regulatory networks that govern the cellular processes in embryonic 

development. However with each technological advance forward in the field, the complexity of 

these relationships and networks deepens. Transcriptional networks play a major role in guiding 

the correct development of the embryonic heart valves and many TFs are essential to this process 

during development. Aberrant expression of TFs has been linked to a number of congenital heart 

valve defects and adult heart valve diseases and therefore, a more complete picture of how these 

TFs function during normal heart valve development and adult valve maintenance would be 

highly valuable for the innovation of novel therapeutics and establishment of additional 

biomarkers of disease. 

 

1.2 Heart valve formation 

1.2.1 Embryonic development of the heart valves 

The heart is one of the first organs to form and function within the developing embryo (1). It 

delivers sufficient oxygen and nutrients throughout and establishes proper blood flow in the 
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fetus. The first step of heart formation is specification of cardiac progenitor cells (CPCs), which 

takes place prior to their ingression through the primitive streak during gastrulation (embryonic 

day (E) 6-7.0 in mouse). Subsequently, CPCs undergo an epithelial-to-mesenchymal transition 

(EMT) and migrate out from the primitive streak to create the left and right heart fields (E7.5). 

The heart fields will move laterally and fuse on the midline of the anterior side of the embryo. 

Fusion of the two heart fields forms the cardiac crescent at E8.0 (reviewed in (2)). The 

differentiation of the cells within the cardiac crescent produces the endocardial and myocardial 

progenitor cells and together they make up the primary heart field (PHF). The PHF will give rise 

to the left ventricle, atrioventricular canal (AVC), parts of the right ventricle and atria. The 

secondary heart field (SHF), a secondary population of progenitor cells originating from the 

splanchnic mesoderm which are located anterior to the PHF, will contribute to parts of the right 

ventricle and atria and the outflow tract (OFT). The two arms of the cardiac crescent fuse along 

the embryonic midline forming the linear heart tube (E8.5) (2). The linear heart tube consists of a 

monolayer of endothelium and several layers of myocardium at E9.0 (Figure 1-1) and loops 

rightward to form the chambers of the heart. The process of rightward looping brings the 

chambers into their final positions in the mature heart. Two constrictions appear in the looped 

heart, the AVC, between the atria and ventricle, and the OFT, between the ventricle and great 

arteries (Figure 1-1) and these regions will eventually form the mature valves and contribute to 

the septa of the heart (additional information on early heart formation in (2-4)). 

 The septum divides the heart into four functional chambers and valves function to ensure 

uni-directional blood flow. During heart valve development, the AVC and the OFT will form 

four sets of heart valves: two sets of atrioventricular (AV) valves and two sets of  
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Figure 1-1 Mouse heart valve development. Valve development begins at E9.5 as the 

atrioventricular canal (AVC) endocardial cells undergo endothelial-to-mesenchymal 

transformation (EMT) to create the valve mesenchyme. Following EMT, the valve mesenchyme 

undergoes remodeling and differentiation to generate the adult heart valve leaflets. Cells 

depicted in green are endocardial cells, and cells in orange are valve mesenchyme. AVC ï 

atrioventricular canal, RA ï right atria, LA ï left atria, RV ï right ventricle, LV ï left ventricle, 

PA ï pulmonary artery. 
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semilunar (SL) valves, respectively. The AV valves are made up of the mitral valve, which 

regulates blood flow from left atrium to left ventricle; and the tricuspid valve, which prevents 

blood backflow between right atrium and right ventricle. The two SL valves are the aortic valve, 

which regulates blood flow from the left ventricle into the aorta; and the pulmonary valve, which 

regulates blood flow between the right ventricle and pulmonary artery (5). 

 Heart valve formation is initiated through locally increased production of cardiac jelly in 

the AVC and OFT. The cardiac jelly is comprised of extracellular matrix (ECM) secreted by the 

myocardium into the interstitial space between the endocardium and myocardium and creates 

swellings known as the cardiac cushions. Although the cushions are initially acellular, 

endocardial cells overlying the cushion undergo EMT (also referred to as EndMT (endothelial-

to-mesenchymal transition)) to indicate the endothelial origin of the cells) to form mesenchymal 

cells (6). In the mouse, EMT begins at approximately E9.5 in the AVC and E10.5 in the OFT 

(Figure 1-1). During EMT, endocardial cells lose cell-cell junctions and cell polarity, transition 

into mesenchymal cells, and acquire a migratory phenotype (7). The mesenchymal cells invade 

the ECM and populate the cardiac cushions (8,9). The OFT, which will form the SL valves, 

develops similarly with the exception that neural crest cells migrate and contribute to the OFT 

cardiac cushions (reviewed in (10)). 

 Following invasion of the mesenchyme into the cardiac cushion, these cells will 

proliferate, differentiate and remodel to form thin delicate valve leaflets and septal structures of 

the mature heart (11,12). The cardiac cushions form the valves and septa through two major 

steps: remodelling and maturation (E10.5-adult), and elongation (E14.5-adult). Valve 

remodelling can be divided into a number of overlapping steps: proliferation and expansion of 

mesenchyme cells (E10.5-E12.5), differentiation of mesenchyme cells (E12.5-E16.5), and valve 
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condensation and maturation (E15.5-adult) (11,13-15). To date, the majority of research in the 

field has concentrated on the initial stages of the EMT process since AVC explant cultures 

allows for robust measurement of EMT (7). In contrast, our understanding of valve 

differentiation, maturation and condensation are currently lacking. This may be due to the 

absence of an established culture model system to examine the later stages of valve 

development. 

 

1.2.2 Composition of the adult heart valve 

The adult heart valve leaflets are highly organized structures composed of three stratified layers: 

the atrialis in AV valves or ventricularis in SL valves, spongiosa and fibrosa which are mainly 

composed of elastin, proteoglycans, and collagens, respectively (12). In AV valves, the fibrosa 

layer is located on the ventricular side of the valve whereas in SL valves, it is located away from 

the ventricle. The fibrosa layer maintains strength and integrity of the valve (16). The atrialis and 

ventricularis face the blood flow and provide the flexibility of valve (17). The spongiosa, the 

middle layer of the valve, acts as a sponge and allows for valve compression to absorb the 

pressures from blood flow. The heart valve leaflets are enclosed in a sheath of valvular 

endocardial cells (VECs) with valvular interstitial cells (VICs) dispersed throughout the valve 

leaflet. VICs are descendants of the mesenchymal cells found in the cardiac cushions during 

embryogenesis. Lineage tracing studies in mice using Tie2, which is expressed in endocardial 

cells prior to EMT, shows that the bulk of cells present in the valves after birth are derived from 

endocardium with the exception of the AV parietal leaflets (18-20). It was shown that epicardial-

derived cells start to migrate into the lateral AV cushions at E12.5 and selectively contribute to 

parietal leaflets of the mouse AV valves (20). VICs play an important role in maintaining proper 
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valve homeostasis but can be aberrantly activated during valve disease (21). More recent 

research is now focused on how VICs are generated during development, how they maintain 

adult homeostasis, and how they become activated during disease progression. 

 A number of studies have suggested that crucial developmental signalling pathways, 

involved in normal embryonic valve formation, such as transforming growth factor beta (TGFɓ), 

bone morphogenetic protein (BMP), and Notch, are also activated during heart valve disease 

(3,22). Thus, advancing our understanding of how these signalling pathways function and 

interact during heart valve development will provide key insights into mechanisms of adult heart 

valve disease. 

 

1.2.3 Maj or signalling events during heart valve development 

Many signalling pathways are implicated in the formation of the cardiac valves however three 

critical signalling pathways are required for early specification and initiation of EMT in the 

cardiac cushions. To create the appropriate environment for EMT in the cushions, BMPs from 

the myocardium signal to the overlying endocardium. For the initiation of EMT, Notch 

signalling is also required and together with BMP and TGFɓ signalling pathways as they 

synergize to transform the endothelial cells into mesenchyme and promote mesenchymal cell 

invasiveness. Together, these three crucial signalling pathways create the cardiac cushions and 

populate them with mesenchyme cells, setting off the cascade of events required to form mature 

heart valves and septa. 

 BMPs and TGFɓs are part of the TGFɓ superfamily. This family comprises over 30 

ligands that can be categorized into several subgroups: activins/inhibins, nodals, BMPs, growth 

and differentiation factors, Müllerian inhibiting substance and TGFɓs. To activate signalling, the 
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ligands bind to a tetrameric, transmembrane receptor complex that contains two type I and two 

type II receptors. In mammals, there are five distinct type II receptors and seven type I receptors, 

which form specific combinations that dictate ligand binding specificity. The receptors will  

phosphorylate and activate an intracellular canonical signalling pathway that is mediated by 

receptor-regulated Smad proteins (R-Smads). Following phosphorylation, R-Smads interact with 

the binding partner, Smad4, and move into the nucleus where they interact with DNA-binding 

proteins to regulate transcription of TGFɓ superfamily responsive genes (23,24) (Figure 1-2A). 

 There are two major phases where BMP signalling is essential for valve formation. First, 

BMP signalling sets up a permissive environment that allows endocardium to become activated, 

and secondly, together with both Notch and TGFɓ signalling promotes EMT and mesenchyme 

invasion. Together, these two roles of BMP signalling ensure mesenchyme growth, survival, and 

eventually leading to valve remodelling. The majority of the mouse models for BMP signalling 

result in defects during early cardiac cushion formation (reviewed in (22)), and therefore, the 

essential role of BMP signalling in the early stages of cardiac cushion formation are well 

documented. However, due to early lethality in mouse models the role of the BMP signalling 

molecules during valve remodelling, differentiation, and adult homeostasis is less understood. 

Emerging data suggests that BMP signalling may be abnormally activated during valve disease. 

To corroborate this, BMP2 is increased in calcified regions in diseased valve leaflets (25,26) and 

there are higher levels of BMP signalling in fibrosa endothelium of human diseased aortic valves 

(27). This suggests that BMP signalling may be involved in the process of calcification during 

adult valve disease and that there may be additional roles for BMP signalling in the later stages 
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Figure 1-2 Major signalling pathways during heart valve development. A. TGFɓ 

superfamily signalling. TGFɓ signalling initiates as aTGFɓ ligand binds to the heterodimeric 

receptor (containing twoTGF ɓR1 and twoTGF ɓR2) leading to activation of SMAD2/3. 

SMAD2/3 then binds to its co-factor SMAD4 and enters the nucleus to activate TGFɓ responsive 

genes. BMP signaling functions similarly where a BMP ligand binds to the receptor 

(BMPRII/ALK2/3/6) and activates SMAD1/5/8. SMAD1/5/8 binds to SMAD4 and moves to the 

nucleus to activate BMP responsive genes B. Notch signalling pathway begins as a signal 

sending cell expressing Jag binds to Notch on a signal receiving cells which leads to a cleavage 

event that releases Notch intracellular domain (NICD). Following this, NICD moves to the 

nucleus and together with its co-factors activates Notch responsive genes. 



9 

 

of embryonic valve formation and in adult valve maintenance. 

 TGFɓ signalling plays an essential role in the initial promotion and cessation of EMT, and 

in cushion mesenchyme proliferation and differentiation during heart valve development. Tissue-

specific knockout mouse models suggest that the TGFɓ receptors have very diverse yet specific 

roles dependent on the tissue and time point in which they are expressed (reviewed in (22)). This 

makes it difficult to determine the exact role of TGFɓ signalling molecules in developing heart 

valves. Moreover, early lethality of many of the mouse models precludes our understanding of 

the potential roles of these signalling components in later stages of valve remodelling and 

differentiation. The use of inducible knockout systems will be highly valuable in teasing out the 

exact roles of TGFɓ signalling components during heart development. 

Furthermore, TGFɓ signalling has a significant role in maintaining adult heart health by 

regulating cardiac fibrosis and hypertrophy after injury and in hypertension (23,28). In a normal 

adult valve, VICs, the main cellular component, are quiescent and maintain the integrity of the 

valve leaflet. Following injury, TGFɓ signalling activates VICs (29), sustains VIC activation and 

regulates in vitro valve repair via activated VICs (30). Persistent activation of VICs can alter the 

mechanical properties of the valve through changes in ECM composition and thus increasing 

susceptibility to disease. TGFɓ signalling has been associated with a number of valve diseases 

(31-33) and suggests that aberrant activation/inhibition of this pathway during embryonic 

development may increase the probability of valve disease later in life. To aid in the discovery 

and design of new potential therapeutics for congenital heart defects and valve disease additional 

studies are required examining the role of TGFɓ signalling in later stages of heart valve 

development and adult VIC activation. 
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 Notch signalling is involved in numerous developmental events and processes including 

formation of the heart valves. Notch signalling is an essential driver of EMT and its components 

are widely expressed throughout heart valve development (22). Activation of Notch requires the 

binding of a transmembrane Notch ligand on a signalling cell to a transmembrane Notch receptor 

on a signal-receiving cell. In mammals, there are four Notch receptors, Notch 1-4, and five 

Notch ligands, Delta-like (Dll) 1, 3, 4 and Jagged (Jag) 1, 2. Activation of Notch signalling has 

three major steps: ligand binding, release of the Notch intracellular domain (NICD) via two 

proteolytic cleavages of the Notch receptor, and finally translocation of NICD into the nucleus to 

function as a transcription factor along with its binding partners RBPJ and MAML (Figure 1-

2B). 

 To examine the functions of Notch signalling during valve development, transgenic mouse 

models have been generated for downstream, intracellular effectors, such as NICD, RBPJ and 

MAML. Of note, not all of these Notch intracellular effectors are specific to only Notch 

signalling. The loss of Notch intracellular effectors can lead to a complete block in Notch 

signalling, while overexpression of NICD leads to constitutive activation of Notch signalling. 

This allows examination of effects in the presence or absence of Notch signalling. Gain of 

function experiments with constitutive endocardial Notch activation using NICD leads to the 

activation of a mesenchymal gene program in the ventricular endocardium and ventricular 

explants have the ability to undergo a non-invasive EMT and upon addition of BMP2, 

ventricular explants can undergo a full invasive EMT (34). This data indicates that Notch 

signalling plays an important role in endocardial patterning of the AVC and chambers of the 

heart and that BMP2 has a role in inducing invasive EMT. However, constitutive activation of 

NICD may not recapitulate normal in vivo activities of Notch signalling and it should be noted 
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that some phenoptypes may be an artifact. Conversely, absence of RBPJ causes a loss of cushion 

mesenchyme in valve regions, EMT defects, and collapsed endocardium in the developing heart 

(35). Overall, the data suggests that Notch activation and signalling via RBPJ is essential for the 

endothelial cell lineage and EMT in the cardiac cushions. Mouse Notch receptor knockout 

studies reveal that Notch1 is essential for cardiac valve formation. Notch ligand mutant mice do 

not show abnormalities in cardiac valves, suggesting that redundancy may play a role for Notch 

ligands during valve formation. Additionally, the loss of Notch target genes has further 

emphasized the significance of Notch signalling during cardiac development. A number of the 

complete and endothelial specific mouse knockout studies for Notch signalling result in 

embryonic lethality at E10.5 (reviewed in (22)) and suggests that Notch signalling has a critical 

role in early phases of cardiac valve formation following EMT. However, the roles of Notch 

signalling in later valve development and in the adult valve disease are not fully understood. 

Notch signalling has also been implicated in adult heart valve calcification (36) and valve 

diseases share many similarities with cartilage and bone formation in the developing limbs 

(37,38). 

 

1.3 Embryonic limb development and shared features of limb and heart valve formation 

1.3.1 Development of the cartilage template in the developing limb 

The development of the bones of the vertebrate skeleton is derived through two different 

processes: intramembranous ossification, which forms flat bones; and endochondral ossification, 

which forms long bones (39). Endochondral ossification requires the formation of a cartilage 

template prior to bone formation whereas intramembranous ossification does not form a cartilage 

template and forms directly from mesenchymal condensations (reviewed in (40)). During the 
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process of endochondral ossification, the undifferentiated mesenchyme cells will migrate into 

regions that are fated to become bone. These cells will become packed in this locale (without 

proliferating) triggering condensation, which signifies the start of cartilage formation. 

Undifferentiated mesenchyme secretes a primitive ECM enriched with collagen type I, tenascin, 

hylauronan, and fibronectin (41) but as condensation commences, the mesenchyme in the core 

differentiate and alter the composition of the ECM. To date, little is known about what drives the 

process of mesenchymal condensation, however, it is known that BMPs are critical for the 

formation of chondrogenic condensations (39). The differentiated mesenchyme in the core of the 

condensation develop into chondrocytes (cartilage cells) and secrete ECM rich in collagen type 

II, IX, and XI, aggrecan and link protein (41). Chondrocytes start proliferating, then undergo 

further differentiation, and turn into hypertrophic chondrocytes. During this time, these cells 

reduce production of collagen type II and start to secrete collagen type X (41). Hypertrophic 

chondrocytes enlarge, terminally differentiate, and exit cell cycle to become terminally 

differentiated chondrocytes. Simultaneously, blood vessels start to invade the cartilage template 

and bring in the osteoblast cells (bone forming cells). Following this, the terminally 

differentiated chondrocytes undergo apoptosis to allow the osteoblasts to fill this area and 

replace cartilage with bone (reviewed in (42)). Any alterations in the process of endochondral 

ossification lead to major abnormalities of the skeleton such as achondroplasia and 

osteochondrosis. 

 

1.3.2 Functional similarities between the developing heart valves and limbs 

The composition of the developing limb cartilage is similar to that of developing heart valves, 

where both tissues are largely composed of highly organized ECM and mesenchymal cells that 
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undergo proliferation, condensation and remodeling to form heart valves or limb buds. 

Moreover, heart valve and tissues that form cartilage templates (such as the limb) share a number 

of key TFs, such as TWIST1, SOX9, and NFATC1 (43) suggesting that their transcriptional 

programs are comparable (37,38,44). Furthermore, heart valves and tissues made up of cartilage 

have functionally similar tissue composition in that they both differentiate from SOX9 positive 

mesenchyme and produce comparable ECM structures. To support the similarity seen in the 

transcriptional programs of developing heart and limbs, loss of the transcription factor, SOX9, 

prior to mesenchymal condensation during limb formation leads to agenesis of the cartilage and 

bone (45) and loss of SOX9 in the heart valve endothelium results in major abnormalities in the 

heart valves cauding embryonic death (46). This suggests that SOX9 is essential for heart valve 

and limb development and that SOX9 plays a key role in their formation, differentiation and 

organization. 

 

1.4 The role of the sex determining region Y (SRY) box 9 (SOX9) during embryonic 

development 

Signalling pathways play a crucial role during development and initiate a cascade of events that 

can lead to the activation of TFs that coordinate gene expression. The SRY (sex determining 

region Y) box (SOX) TFs play a key role in the formation of numerous organs during 

development and receive signals from many signalling pathways such as TGFɓ, BMP and 

Notch. 

1.4.1 SOX transcription factors 

The SOX TF family is subdivided into groups (A-H) based on their sequence similarity in the 

high mobility group (HMG) domain that is required for DNA binding (reviewed in (47)). The 
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SOXA subgroup only has one member, SRY, while the SOXB group is further divided into 

SOXB1 containing SOX1, 2, and 3 and SOXB2 containing SOX14 and SOX21. The SOXC 

subgroup contains SOX4, 11, and 12 and the SOXD group is comprised of SOX5, 6, and 13. 

SOXE includes SOX8, 9, 10 and SOXF has SOX7, 17, 18. Lastly, SOXG and SOXH only have 

one member each, SOX15 and SOX30 respectively. SOXs have been shown to bind to the DNA 

sequence ATTGTT or similar motifs via the HMG domain (reviewed in (47)) and it has been 

suggested that the HMG domainôs interaction with the DNA itself can result in DNA bending. 

This DNA bending capability may be another regulatory role for SOX factors during 

development although this exact function remains to be shown in vivo. 

 SOX factors require the binding of other additional co-factor TFs on the nearby DNA and 

form TF complexes to efficiently regulate their target genes (47). Of note, the SOXD subgroup 

contains a coiled-coil dimerization domain that allows these factors to bind with other SOXD 

proteins. The SOXE TFs consist of a self-dimerization domain that could aid in the formation of 

these TF complexes with itself and other partner proteins. In addition, different SOX subgroups 

can work together to form TF complexes to regulate their target genes. For example, during 

chondrogenesis SOX9 can dimerize with itself to regulate genes (Col2a1) but it also works 

together with SOXD factors, SOX5 and SOX6, as a SOX trio to regulate chondogenic genes like 

Aggrecan (48). During successive developmental events, several SOX TFs along with their 

binding partners are known to bind and regulate their future co-factors. Two examples of these 

types of interactions are found during melanocyte development. For example, SOX10 binds 

together with PAX3 to activate the Mitf gene, following this activation MITF then binds with 

SOX10 to activate other melanocyte-specific genes (49,50). The next example illustrates when a 

SOX factor activates another SOX factor and then both SOX factors work together to regulate 
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additional downstream genes. In sex determination, SRY and its binding partner SF1 activate 

SOX9. Following that, SRY and SOX9 make a co-factor complex that regulates the Amh gene 

which is essential for male gonad development (51). Additionally, SOX proteins within the same 

subgroup often have similar functions and are expressed in the same developing tissues, although 

exact expression patterns of each individual SOX factor can vary within the tissue (47). For 

example, all of the SOXE TFs have roles involved in neural crest cell development and SOXF 

factors have important functions in the developing vasculature (47). This suggests that there may 

be some level of redundancy between SOX factors within a subgroup. However this is not 

always the case, as it has been demonstrated that one member of a SOX factor subgroup may be 

more critical than the others for a specific developmental process or function (reviewed in (47)). 

 

1.4.2 The many roles of SOX9 during development 

The SOXE TFs have important roles in gene regulation during the development of numerous 

organ systems, in sex determination, and in the neural crest (reviewed in (47,51,52). In 

particular, SOX9 plays a critical role in the development of testis, pancreas, limb, heart, 

intestine, liver, and many others (reviewed in (53)). In humans, mutations in the SOX9 locus that 

generate haploinsufficency cause a disorder called campomelic dysplasia (CD) which includes 

skeletal abnormalities, sex reversal, and in some cases heart defects (54) for further details on 

CD see Section 1.6). Loss of one allele of Sox9 in mice is lethal at perinatal stages and mutant 

embryos have defects such as cleft palate and bending and hypoplasia of cartilage-derived 

skeletal structures resembling the phenotype of CD in humans. To bypass this, Sox9 and its 

functions during development have been examined using the Cre/Lox system to delete 

specifically within different subsets of cells. It has been described that SOX9 has three general 
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roles during development: proliferation of progenitor cells, EMT, and in ECM differentiation 

including ECM organization and deposition (53). 

 

1.4.3 The role of SOX9 in proliferation , EMT, and ECM 

The role of SOX9 in progenitor cell proliferation has been described in the developing pancreas 

where SOX9 is expressed in all early pancreatic epithelial cells and is subsequently down 

regulated upon commitment (reviewed in (53)). Pancreata from CD patients are hypoplastic, 

consistent with a potential role in proliferation (55). Mouse studies where SOX9 was specifically 

deleted in the developing pancreas also produced severe hypoplasticity (56), confirming the 

importance of SOX9 in the maintenance of pancreatic progenitor fate and proliferation. 

Intriguingly, numerous SOX9 mutant organs are hypoplastic and have defects in proliferation 

(46,57-59) and yet to date, no direct SOX9 target genes involved in regulating proliferation or 

cell cycle have been identified in any of these systems. The direct relationship between SOX9 

and proliferation has been somewhat tenuous but several studies have attempted to draw a more 

mechanistic link between the two. For instance, in rat mesenchymal stem cells (MSCs), a stable 

knockdown of SOX9 caused reduced proliferation, increased levels of cyclin D1 and p21, 

delayed S-phase progression, and increased stability of the cyclin D1 protein (60). This suggests 

that SOX9 plays an essential role in the progression of cell cycle through S-phase via 

degradation of cyclin D1 in rat MSC. Not only does SOX9 have a role in proliferation in 

progenitor/stem cells but it has been shown to have important functions in stem cell maintenance 

(61,62). In adult hair follicle stem cells, genes bound by SOX9 are required to maintain stemness 

via secreted factors in the niche (62) and regulate chromatin dynamics at super enhancers (63). 
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 Moreover, altered levels of SOX9 have been associated with many cancers (53,64), and 

altered SOX9 levels are linked to poor prognosis, increased proliferation and invasiveness in 

many cancers. In breast cancer, SOX9 is associated with more aggressive cancer subtypes (65) 

and in colorectal cancer, SOX9 promotes tumour growth and progression (64). The majority of 

studies demonstrating a link between SOX9 and proliferation have suggested that SOX9 

positively affects proliferation. On the contrary, SOX9 has also been shown to have a 

suppressive role on proliferation in the intestinal epithelium and SOX9 deficient crypts have 

increased levels of proliferation (66). These differences in the proliferative role of SOX9 in the 

intestinal epithelium may be due todifferences in expression levels in different subsets of cells 

within the crypts. Overall, this shows that SOX9 is an extremely context-dependent TF and 

therefore this complexity must be taken into account when trying to understand the function of 

SOX9 in a given tissue. Overall, SOX9 plays a critical but context-specific role in maintaining 

appropriate levels of proliferation and sustaining cell cycle progression during development, in 

stem/progenitor cells, and in cancer. 

 SOX9 has also been implicated in the process of EMT in neural crest (NC) cells (reviewed 

in (53)). During development, NC cells undergo EMT and migrate out from the dorsal neural 

tube to populate multiple regions within the embryo. NC cells contribute to a diverse number of 

tissues such as the cartilage, skin and the heart. Premigratory and migratory NC cells express 

SOX9 and loss of function studies demonstrate that SOX9 is important for neural crest cell 

formation (53). SOX9 has been shown to activate transcription factors like Snai2 and together 

they can induce EMT (67). Several other SOX9-expressing cells undergo EMT-like processes 

such as astrocytes, pancreatic progenitors, cartilage, and cardiac valves and further support the 

notion that SOX9 may be important for the process of EMT during development. The process of 
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EMT is central to cancer metastasis and SOX9 may be playing an important role in driving cell 

invasiveness via EMT. 

 The regulation of ECM organization and differentiation in chondrogenesis is one of the 

well known functions of SOX9 (68). SOX9 is highly expressed as the condensing mesenchyme 

is becoming committed to chondroprogenitors and the expression of SOX9 is not down regulated 

until they become terminally differentiated chondrocytes (68). The ECM environment is 

constantly changing during cartilage formation and SOX9 contributes to this process by 

regulating genes like the collagens (Col2a1, Col9a1, Col11a2, Col27a1) and key matrix proteins 

(Aggrecan, Matrilin-1 and COMP) in chondrocytes (53). The composition of the ECM is also 

important for the formation of the developing heart valves where SOX9 is highly expressed in 

the valve mesenchyme (following EMT) throughout their development and suggests that SOX9 

has a necessary role in regulating ECM components during valve formation. 

 

1.5 SOX9 is essential for the development of the heart valves and limb. 

SOX9 has been shown to have a crucial role during heart valve development (46,69). SOX9 is 

highly expressed in the developing mouse endocardial cushions (E9.5-E16.5) within the 

mesenchyme cells (69-71) and in the remodelling and maturing heart valve leaflets (E16.5-after 

birth)(46,72). Sox9 null embryos could be generated by conditionally deleting one allele of Sox9 

in oocytes (using Zona pellucid 3 (Zp3)-Cre) and one allele in spermatids (using Protamine 1 

(Prm1)-Cre) followed by crossing these mice together to obtain completely null embryos (69). 

Embryos that completely lack Sox9 die at E11.5-12 due to congestive heart failure and have 

severely hypoplastic endocardial cushions and authors suggest that SOX9 may play a role in the 

proliferation and differentiation of the endocardial cushions during EMT (69). Using a LacZ 
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reporter mouse to examine Sox9 expression, Akiyama et al. found that Sox9 turns on in newly 

transformed mesenchymal cells that have migrated into the cardiac cushion (69) and it has been 

shown that its expression is directly downstream of Notch signaling in endothelial cells 

transduced with NICD (73). Endothelial Sox9 deletion using the Tie2-Cre driver strain (which is 

a receptor tyrosine kinase that is expressed in all endothelial cells and its descendents including 

the valve mesenchyme) with the Sox9 flox mouse was embryonic lethal just prior to E14.5 with 

hypoplastic endocardial cushions, reduced mesenchymal cell proliferation and alterations in 

ECM composition (46). These data indicate that SOX9 expression is turned on in the 

mesenchyme (the valve precursor cells) and is involved in proliferation of these cells during 

early valve formation. Additionally, SOX9 has been demonstrated to have an essential role in 

late heart valve formation, where the loss of SOX9 using Col2a1-Cre, which deletes Sox9 in the 

fibrosa layer of the valve, causes abnormal ECM patterning, loss of cartilage-associated proteins 

and thickened valve leaflets (46). These findings demonstrate that SOX9 has multiple roles 

during cardiac valve formation, initially during the expansion of the valve precursors and later 

for the proper expression and distribution of the ECM in the valve leaflets. 

 The loss of one allele of Sox9 in mice using Col2a1-Cre promotes calcification of the heart 

valve leaflets, increased matrix remodelling and inflammation of the heart valves suggesting that 

SOX9 may also play a role in heart valve disease (46,72). In addition, SOX9 has been associated 

with valve calcification in human aortic valve disease (36,74,75) and in mouse valve disease 

models (76,77). Therefore, understanding the role of SOX9 and its downstream target genes 

during heart valve development may give us better insights into the progression of cardiac valve 

disease and may lead to the development of novel therapeutics. 
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 SOX9 is essential for chondrogenesis (78) and is highly expressed in mesenchmyal 

condensations, maintained in differentiated chondrocytes but is eventually silenced at terminal 

differentiation in hypertrophic chondrocytes in order for proper bone formation to occur (68). 

SOX9 is known to bind to the DNA sequence WWCAAWG in promoters and enhancers of 

cartilage-specific genes (79-84) and can bind and regulate DNA as monomers and dimers 

(85,86). The loss of SOX9 before mesenchymal condensation (using Prx1-Cre) in the 

developing limb buds leads to cartilage agenesis and subsequent bone formation although 

patterning of the limb axes remains intact (45). The loss of SOX9 prior to mesenchmyal 

condensations produces an expanded apoptotic domain in the limb and indicates a potential role 

for SOX9 in suppression of apoptosis. In addition, SOX5 and SOX6 (known transcriptional 

targets and co-factors of SOX9 in the limb) expression was lost in the mutant limbs (45). 

Furthermore, deletion of SOX9 after mesenchymal condensation formation (using Col2a1-Cre, 

which allows the initial formation of chondrocytes) leads to chondrodysplasia. Cells failed to 

fully differentiate into chondrocytes, and had decreased proliferation resulting in abnormal joint 

formation (45). SOX9 limb mutant mouse models demonstrate that SOX9 is essential for the 

formation of cartilage and subsequent development of bone in the developing limb buds. 

 Surprisingly, there are only a few genes known to be directly transcriptionally regulated by 

SOX9 and most of these ñtargetò genes have been identified in the developing limb. Some of the 

identified cartilage-specific targets of SOX9 are Col2a1, Col9a1, Col11a2, Acan, Hapln1 (CLP), 

Comp, and Mia1 (Cd-rap) (79-84,87,88) with Col2a1 being the most well characterized to date. 

Although a few genes have been speculated to be SOX9 targets in the developing heart valves, 

none have been shown to be direct. One study demonstrated that SOX9 represses Spp1 in 

maturing heart valves and chondrocytes to inhibit matrix mineralization (89). Moreover, SOX9 
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knockdown in primary valve explants lead to an increase in Spp1 transcripts and a decrease in 

Col2a1 and Hapln1 (cartilage-associated genes) whereas an over-expression of SOX9 leads to 

the inverse. This suggests that Spp1 expression is required for matrix mineralization following 

the loss of SOX9 in primary heart valve explants (89). This may indicate why the loss of SOX9 

can lead to calcification as seen in mice with heterozygous loss of SOX9 using Col2a1-Cre. In 

summary, SOX9 plays an essential role in the formation of the heart valves and limb buds and 

identification of the global downstream transcriptional targets of SOX9 during heart valve and 

limb development will provide a better understanding of the exact role of SOX9 during the 

expansion, differentiation, remodelling and maturation of the valves and limbs and in congenital 

defects and disease. 

 

1.6 Campomelic dysplasia 

Campomelic dysplasia (CD) is characterized by the bowing of long bones, facial abnormalities, 

pelvic and vertebral defects, hypoplastic scapulae, clubbed feet, absence of a set of rib bones, 

and sex determination defects (54). Overall, CD is usually lethal but there is a small subset of 

patients that survive. Acampomelic CD, a variant of CD is also due to mutations in the SOX9 

locus and has all of the same clinical phenotypes except the bowing of the long bones. 

Interestingly, mild versions of CD tend to be associated with rearrangements within the 

chromatin, potentially disrupting regulatory elements, rather than alterations in the Sox9 coding 

region (85). This indicates that mild forms of CD are likely due a decreased dosage of SOX9 

during development. A mutation that disrupts the dimerization domain of SOX9 was identified 

in a CD patient that did not have sex reversal and suggests that the dimerization capability of 

SOX9 is necessary for chondrogenesis and not for sex determination (85). Furthermore, loss of 
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one allele of Sox9 in mice results in perinatal lethality with defects resembling the phenotype of 

CD (90). The mouse model of CD indicates that dosage of SOX9 is critical at two major steps 

during cartilage formation: mesenchymal condensation and the transition of differentiated 

chondrocytes to hypertrophic chondrocytes (90). Since SOX9 takes a central role in multiple 

abnormalities found in CD these mice can be used as a model to understand how the loss of one 

TF affects the formation numerous organs during development. 

 

1.7 Congenital heart defects and heart valve disease 

1.7.1 Congenital heart valve abnormalities 

Congenital abnormalities of the heart can affect 1-5% of human newborns and approximately a 

third of these cardiac defects are due to heart valve malformations (91,92). The most prevalent 

heart valve malformations are bicuspid aortic valve (BAV), in which patients exhibit two aortic 

valve cusps instead of three; and mitral valve prolapse (MVP), in which patients suffer from 

floppy mitral valve leaflets that can slip past their normal position into the left atrium. Reports 

on the prevalence of congenital heart defects vary widely (ie. 1-5% of newborns) since BAV and 

MVP are not usually included. BAV affects 2% of the general population but the consequences 

are rarely seen until adulthood (91,92) whereas MVP affects up to 5% of the general population 

but is rarely detected in newborns as symptoms are frequently not severe (91). However, these 

congenital anomalies can lead to an increased pressure on the heart and predispose these patients 

to valve disease later in life. Tetralogy of Fallot, hypoplastic left heart syndrome, and Ebstein's 

anomaly are other examples of congenital heart defects that include heart valve and septal 

abnormalities. There are a number of syndromes that also include heart valve and septal defects 

such as Williams, Marfan, Trisomy 21, Alagille, Turner, and Noonan syndrome (92). 
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1.7.2 Adult heart valve disease 

According to the World Health Organization, cardiovascular diseases are the number one cause 

of death worldwide; in 2008 approximately 17.3 million people died from cardiovascular 

disease, which accounts for 30% of global deaths. In the US, approximately 3-5% of 

cardiovascular deaths are due to valve disease (93). Adult valve disease can become evident as 

stenosis, a narrowing of the valve opening resulting in less blood flow; or as regurgitation, an 

incomplete closure of the valve causes backflow of blood in the heart. If valve disease goes 

undiagnosed it can lead to secondary effects, such as improper ventricular function and 

eventually heart failure. Initial stages of heart valve disease involve activation of VICs, which 

leads to abnormal ECM deposition and disorganization. There are two types of ECM changes 

that can occur in the heart valves during valve disease: myxomatous disease involves increased 

deposition of proteoglycans, loss of collagen, and destruction of elastin fibrils leading to 

ñfloppyò valves and regurgitation, while fibrotic disease involves degradation of proteoglycans 

along with increased levels of collagen and elastin fibre fragmentation resulting in stiffening of 

the valve leaflets known as valve stenosis (11,94,95). Valve fibrosis can often progress further, 

leading to valve calcification (3). Accumulation of calcium in the valve causes them to stiffen, 

which impacts the valveôs ability to open and close and can eventually lead to heart failure. To 

date, little is known about the progression of valve calcification, myxomatous and fibrotic valve 

disease. 

 Many cases of valve disease in adults involve pre-existing defects in the heart valves and 

suggest that abnormalities that occur during embryonic valve development may lead to 

susceptibility to valve disease later in life (3,96-99). The literature suggests that key pathways 

and factors regulating valve development are also implicated in valve disease and congenital 
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heart defects (37,74). Unfortunately, there are limited options for treatment of valve disease and 

the current treatment option is valve replacement using either mechanical or prosthetic valves 

(100); however, a major fault with replacement surgery is that additional surgeries are often 

required. Consequently, the search for alternate treatments of heart valve disease drives the need 

for further investigation of heart valve development and disease and their underlying biology. 

 

1.7.3 The involvement of SOX9 and signaling pathways in heart valve disease 

Sox9 expression has been shown to be up-regulated in human myxomatous mitral valve disease 

(31,76). Scleraxis mutant mouse AV valves displayed characteristics of human valve disease and 

it was found that both SOX9 and ECM proteins were up-regulated in the mutant valves (101). 

Heart valves from mice with a mutation in Col1a2 (Osteogenesis imperfecta murine mice) share 

a number of characteristics with myxomatous valve disease including increased expression of 

Sox9 (77). In addition, SOX9 has been linked to human aortic valve stenosis and pediatric and 

adult aortic valve disease (74,75). In mouse, heterozygous loss of Sox9 using a flox allele with 

Col2a1-Cre resulted in thickened heart valve leaflets and deposits of calcium on the valves 

similar to the calcification seen in heart valve disease (46,72). Generally, the literature suggests 

that the loss of SOX9 in the heart valves results in calcification, however in human and mouse 

diseased aortic valves, SOX9 was found to be up-regulated along with RUNX2, a known 

osteogenic marker that is indicative of calcification (75,77). To date, up-regulation of Sox9 has 

been implicated in both myxomatous and calcific valve diseases which have very different 

disease processes and reveals conflicting roles for SOX9 in the progression heart valve disease 

and consequently additional studies are required to tease out the role of SOX9 in valve disease. 
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 Signalling pathways also play a key role in the progression of heart valve disease. For 

example, Notch has been implicated in valve calcification, a common form of heart valve disease 

(36), and mutations in NOTCH1 have been linked with familial, non-syndromic, autosomal-

dominant calcific aortic valve disease (CAVD) and associated with BAV (102). To further 

support a role for Notch signalling during valve disease, heterozygous Notch or Rbpj mice have a 

higher risk of developing calcification of the aortic valve (103,104). Inhibition of Notch in rat 

aortic valve interstitial cells causes a significant decrease in SOX9 (already known to be 

involved in aortic valve calcification) and cartilage-associated factors (36). Using an in vitro 

valve calcification model, loss of Notch lead to high levels of calcification and conversely, 

increased levels of Notch signalling reduced calcification (36). Of note, the addition of SOX9 

could rescue the accelerated calcification triggered by the loss of Notch (36) and demonstrates 

that Notch signalling may be regulating SOX9 in VICs. This data suggests that the loss of both 

Notch and SOX9 in the cardiac valves could lead to adult valve disease and subsequent 

calcification of the valves. Therefore, understanding the role of Notch signalling and the role of 

SOX9 during valve formation may provide key insights into their involvement during valve 

disease. 

 

1.8 Hypothesis and aims of this study 

My hypothesis is that SOX9 regulates the same critical genes in both heart and limb 

development and by identifying unique and shared SOX9 target genes I will  provide novel 

insights into similarities and differences between valve and limb regulatory networks and will 

determine genes essential for heart valve formation. To explore the in vivo functional role of 

SOX9 in valve and limb development, I have analyzed and characterized the transcriptional 
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targets of SOX9 identified by chromatin immunoprecipitation coupled with deep sequencing 

(ChIP-Seq) on E12.5 mouse embryonic AVC and limb. Briefly, ChIP-Seq is a technique that 

will identify TF DNA binding sites on a genomic level within a given tissue (105,106). The ChIP 

pulls down (enriches) DNA sequences that SOX9 antibodies bind to and these are sequenced and 

mapped back to the genome. Regions of the genome that are enriched with DNA sequences are 

called ópeaksô and these represent SOX9 DNA binding regions within the genome. This method 

allows for the identification of in vivo transcriptional targets of SOX9 in developing valve and 

limb on a genome wide level. 

 To identify the critical of role of SOX9 in the heart valves, I have generated and 

characterized the phenotype of a novel endothelial specific (Vascular Endothelial cadherin (VE) 

Cre crossed with the Sox9 flox mice) SOX9 mutant mouse and the previously described 

endothelial specific SOX9 mutant mouse (Tie2-Cre crossed with the Sox9 flox mice). After the 

proper characterization of the SOX9 mutant mice, I examined gene expression alterations in the 

absence of SOX9 by comparing WT and SOX9 mutant heart valves using RNA-Seq. To 

determine the critical targets of SOX9, I have employed various bioinformatic analyses to 

compare the SOX9 ChIP-Seq libraries to the RNA-Seq libraries generated from WT and SOX9 

mutant heart valves. Lastly, I have selected several candidate genes from the list of genes 

discovered by comparing ChIP-Seq and RNA-Seq libraries based on differential expression and 

gene function for further examination in the developing valves. Collectively, this work will help 

to elucidate novel and key factors involved in the regulatory networks required for heart valve 

formation, and improve our understanding of heart development and heart-related disease 

processes. 
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CHAPTER TWO : Material and methods 

 

2.1 Mice strains and tissue dissection 

All animal protocols were approved by the Animal Care Committee at the University of British 

Columbia. C57BL/6J mice were used for all ChIP-Seq libraries. ICR outbred mice were used for 

ChIP-qPCR validation. To generate Sox9fl/fl (WT) and Sox9fl/fl;VE-Cre or Sox9fl/fl;Tie2-Cre/+ 

(Sox9 cKO) embryos, Sox9fl/fl female mice were crossed with VE-Cre/Tie2-Cre male mice to 

generate Sox9fl/+;VE/Tie2-Cre male mice and then these males were mated with Sox9fl/fl female 

mice. All mice were backcrossed more than seven generations. Sox9fl/fl (B6.129S7-

Sox9tm2Crm/J) and Tie2-Cre (B6.Cg-Tg(Tek-cre) 12Flv/J) mice were obtained from Jackson 

Laboratories (Sacramento, USA). The VE-Cre mice were a kind gift from the Karsan lab. The 

Sox9fl allele was genotyped using primers specific to the flox region and VE/Tie2-Cre was 

detected using primers specific to Cre recombinase (Table 2-1). Embryos from timed matings 

were considered embryonic day (E) 0.5 at noon of the day a vaginal plug was observed. For the 

SOX9 ChIP-Seq libraries, the atrioventricular canal (AVC) and limb buds were manually 

dissected in cold phosphate buffered saline (PBS) using forceps and a dissecting microscope. 

Whole hearts and heart regions including the AVC, atria, ventricles, and outflow tract were 

manually dissected from Sox9fl/fl and Sox9fl/fl;VE-Cre or Sox9fl/fl;Tie2-Cre/+ embryos for 

immunofluorescence, qPCR, in situ hybridization and/or RNA-Seq libraries. Littermates were 

used for experiments comparing WT and Sox9 cKO and at the least an n of 3 was used for all 

experiments. Sox9fl/fl, Sox9fl/fl;VE-Cre and Sox9fl/+;Tie2-Cre mice were maintained on a 

C57BL6 background. 
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Table 2-1 Primer sequences 

 

Primers for Genotyping   

Name Forward 5'to 3'  Reverse 5' to 3' 

Sox9fl/fl AGACTCTGGGCAAGCTCTGG GTCATATTCACGCCCCCATT 

Cre CGTACTGACGGTGGGAGAAT CCCGGCAAAACAGGTAGTTA 

Primers for qRT-PCR 

Name Forward 5'to 3'  Reverse 5' to 3' 

Sox9 

CAGCAAGAACAAGCCACACGT

CAA TTGTGCAGATGCGGGTACTGGTCT 

Fgfr2 

TAGTCATGGCTGAAGCAGTGGG

AA TCTGATACCAGATCAGACAGGTCC 

Trp53 

ACAAGAAGTCACAGCACATGA

CGG TTCCTTCCACCCGGATAAGATGCT 

Akt2 GGAGGTCATGGAGCATAGATTC AAGTACCTTGTGTCCACTTCTG 

Prkaca 

ATGTAGCTGGTGGCGAGATGTT

CT TGAGAAGATTCTCGGGCTTCAGGT 

Cdkn1b 

AAACTCTGAGGACCGGCATTTG

GT TCTTCTGTTCTGTTGGCCCT 

Rfwd3 

AAAGTGCCATCTTCCAAAGCCC

AG AGGTGGCCAGATAGCTGTTCTGAT 

Junb 

CTTTAAAGAGGAACCGCAGAC

CGT TTTGATGCGCTCCTGGTCTTCCAT 

Hdac2 

TACAACAGATCGCGTGATGACC

GT TCCCTTTCCAGCACCAATATCCCT 

Sox4 GCCCGACTTCACCTTCTTT AAGGACAGCGACAAGATTCC 

Mecom/Ev

i1 

TCCTCCTCATCCAACAACACCT

CA ATCCGCAATTTCATCGGGAACAGC 

Pitx2 GGAAGCCACTTTCCAGAGAA CGGCGATTCTTGAACCAAAC 

Hand2 

CACCAGATACATCGCCTACCTC

AT GGTCTTCTTGATCTCCGCCTTGAA 

Nfia GTCACAAACACCAATAGCTGC AGACTTGAGGCGCTTTGTAG 

Vim GACCTTGAACGGAAAGTGGA AGCCACGCTTTCATACTGCT 

Cdh2  AGGGTGGACGTCATTGTAGC CTGTTGGGGTCTGTCAGGAT 

Cdh1  

ACGACACAGCCAATGGACCAA

GAT TCGGGCATATACTCCTGCAGTGTT 

Cdh5  ACCGAGAGAAACAGGCTGAA AGACGGGGAAGTTGTCATTG 

Postn TGTGTATCGGACGGCTATCT CTCTGCTGGTTGGATGATTTCT 

Eln CTCATCCATCCATCCATCCATC GACAGGTGAACCAGGTTGATAG 

Fbn1 

ATGAATGCAACCAGGCTCCCAA

AC AGCTCCTTCCATCCTCTTGCAGAA 

Mgp 

ACCCTGTGCTACGAATCTCACG

AA TGTTGATCTCGTAGGCAGGCTTGT 

ɓ-actin 

CCAGAGCAAGAGAGGTATCCT

GAC CATTGTAGAAGGTGTGGTGCCAG 
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Primers for luciferase vector cloning 

Name Forward 5'to 3'  Reverse 5' to 3' 

Mecom CAGAAGGTTCTAGAAGCAAGGCAC 

CCCAGGTATCCAGTACAAAGTAA

ATTATCA 

   Prkaca TGTCTCCGCCAATCGACGGCTT TGCTTCCCGCGTCTCTCT 

Rfwd3 AGAAGAAGCAGGGAGCAGCCTCA 

CCTGAGATTAAAGGCGTGAGCCA

T 

Trp53 ACTAGCGGTGCTAGCCAGAAGTAT 

ACGATGTCTGGTGCGCGATAAGA

A 

Junb AGAAACAGGCTAGGGAAAGAGAGC TTCCTGTGCCCTAATATGGGTGCT 

Nfia TGCAAACGATGAGGGTACTGGACT 

CCGTCCAGCTCCAGTGAATAATG

GAA 

Fgfr2 TCTCTGCCCTTTGTCCTTTG TCTGTGTGCTTCCATGTTCC 

Cby1/Fam

227a CATTTTTAACACAACAAAGC  GCCTGCAGCTTTCTGCAAGG 

Wasf1/Cdc

40 TCATCTTCCCTCATTCCCGAGCC ACCCGCGCCTGCAGCAGGGGGA 

Primers for site directed mutagenesis 

Name Forward 5'to 3'  Reverse 5' to 3' 

Hdac2 1
st
 

M 

GGGGCTAAAGTCCGCTTGTGCGCA

CCTCCG 

GCGGACTTTAGCCCCGCGCTCAG

AGACCCG 

Hdac2 2
nd

 

M 

GGGGCTAAAGTCCGCCGGTGCGCA

CCTCCG 

GCGGACTTTAGCCCCTTGCTCAGA

GACCCG 

Hdac2 

DM 

GGGGCTAAAGTCCGCCGGTGCGCA

CCTCCG 

GCGGACTTTAGCCCCGCGCTCAG

AGACCCG 

Flanking 

Primers CGAGCTCTAGACTGCCCGGGATTCG 

GGCTAGCGACGGCCGGTGCTGCA

GC 

Primers for Taqman qRT-PCR 

Name Company, Catalog # 

 Sox9 ABI, Mm00448840_m1 

 Gapdh ABI, Mm99999915_g1 

 Lef1 ABI, Mm00550265_m1 

 Twist1 ABI, Mm00442036_m1 

 Tbx20 ABI, Mm00451515_m1 

 Ccnd1 IDT, Mm.PT.58.28503828 

 Primers for ChIP-qPCR 

Cops5 AAACACTTCCTTAGGGTTGGCTCG CTCGCAGTTCACACGAACGGATTT 

Eed GGGAGGAAAGAGAAGTCACCT TAACTCGAAGTTGTTCTCCCGAGC 

Fos ATCTCCGAATCCTACACGCGGAA CCGTCTTGGCATACATCTTTCACC 

Hdac1 TGGGCCTGTACCAAAGTCCG TGTGAAGCGGGCTGCAGAGTTTA 

Hdac2 AACCAGTGCGCGTAAGACCGA TTCTACGGGTAGTCACACACAGTC 

Primers for ChIP-qPCR 

Name Forward 5'to 3'  Reverse 5' to 3' 

Junb CCAGCTACAGACGCTTCTAGTCAT AGGCTTATTAGTCGCCGATGGTTG 
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   Primers for ChIP-qPCR 

Name Forward 5'to 3'  Reverse 5' to 3' 

Srpk2 GCTACAACACAAACACGAAATGCT 

GGACAAATCAAATAGAAGCAGCC

AGGG 

Timp2 

CCATTCACGTGCCGCTGAATCATTT

G TGGCTTCTTGGCATAGAAACTGCG 

Ctgf TAAGCATGCACTGCTCACTCCAGA 

AAACACATGGCAGCTCCCTAAAG

C 

Mecom/Ev

il  TGTCCAGGGCATGCTTCTGACTAA CTGGCTGCTAAACCTGCTTACACA 

Fgfr2 ACCTCTGTGCGACGCAGGAAATAA 

TGGCAGGAGACACGGAACTAAAC

A 

Id3 TTCCCACACATTCGCCATCAAAGC 

CCACAACAGATTAAAGACCAGGA

GGG 

Trp53 GCAGGAGCATTTCCGGTTTCTTGT 

TCCTCAAACCACAGAACCAGCCT

A 

Prkaca TCACTCATCCAGGAGCCTATGGT ATTGGTTCAGGCCTCCCTGACTGA 

Rfwd3 ACGGCGACCAATCTCTTCTCTTCT 

CTCGCCCAGAAATGTATCAAAGG

C 

Cul4a TACTGGTTAATGGTGATGTGCGCC AACCAACGTGCAGAGGTTACCGT 

Fgf11 GGGACTCCCTAACTGTCGT 

AACAGGGAAATCGGCAGAGAGCA

A 

Col2a1 AGAGCTGTGAATCGGGCTCTGTAT AGGCTGTGCATTGTGGGAGA 

Apoc3 CGTGAAAAGCATGGGCAAATC AGGGATAAAACTGAGCAGGC 

Hnf1 CATGAGGCCTGCACTTGCAA GGGAAATTCTCCAAGGTTCA 

Tat GAGTCAGGCTTCAAATCTCTGGTC GGGAAATTCTCCAAGGTTCA 

Wasf1 AAAGTGCGGATCGGGCAATACC 

AGAATGAGCATCCACCCACTTAC

C 

Wasf2 AAGTTCATAGGCTCGGCCTGTTCT 

ACAGGGAAAGACCTCGGCTAACA

T 
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2.2 Immunofluorescence, cell counts, in situ hybridization  and H&E staining 

Hearts were fixed in 4% paraformaldehyde (PFA, Sigma) overnight and were subjected to a 

sucrose gradient (15%, 30%, 65%) prior to embedding. Hearts were embedded in TissueTek 

O.C.T. (Sakura) in cryomolds and were cryosectioned using the Leica CM3050S cryostat at 6-

8ɛm thickness. For in situ hybridization (ISH) slides were sectioned at 10 ɛm thickness. Slides 

were maintained at -80ęC until immunostaining. Following removal of slides from the -80ęC 

freezer, slides were dried for 10 minutes at room temperature. Borders were drawn around 

sections with a wax pen (Diagnostic Biosystems) and were re-fixed with 4% PFA for 10-20 

minutes at room temperature. Slides were washed with 1X PBS three times for 5 minutes each. 

A blocking solution of 5% Bovine Serum Albumin (BSA, Roche) with 0.1% Triton X-100 

(Sigma) diluted in PBS was added to the sections for 1 hour at room temperature. Primary 

antibodies were diluted in blocking solution (see antibody dilutions in Table 2-2) and placed into 

a humidified chamber overnight at 4ęC. The following day, the primary antibody was removed 

and washed with 1XPBS three times for 5 minutes at room temperature. Secondary antibodies 

were diluted in blocking solution at 1:500 (see Table 2-2 for secondary antibodies) and incubated 

for one hour at room temperature. Sections were washed with 1X PBS three times for 5 minutes 

each. 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, 1 µg/mL, Sigma) was added to 

the last PBS wash for 10 minutes at room temperature to label nuclei. DAPI was washed off with 

PBS. Slides were mounted with 50-100 µL of 20 mg/mL DABCO (1,4-

diazabicyclo[2.2.2]octane, Sigma) and coverslips were added and sealed with nail polish for 

visualization. Images were captured with OpenLab v5.0 (PerkinElmer) on a Zeiss Axioplan 2 

compound microscope or TCS SP5 Leica confocal microscope with the Leica Application suite 

software. For immunofluorescence images, cell counts for SOX9 positive nuclei or phospho 
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Table 2-2 Antibodies for immunostaining 

 

Primary  antibodies 

NAME  HOST SPECIES COMPANY & CATALOG  DILUTION  

SOX9 rabbit Millipore  1/600 

PHOSPHO HISTONE 

H3 (PHH3) rabbit AbCam 1/100 

CYCLIND1 mouse Santa Cruz 1/100 

EVI1 rabbit Santa Cruz 1/100 

PERIOSTIN rabbit Abnova 1/100 

CD31 rat BD Biosciences 1/100 

Desmin Mouse Medicorp 1/100 

Secondary antibodies 

NAME  HOST SPECIES COMPANY & CATALOG  DILUTION  

ALEXA FLUOR 488 rabbit ThermoFisher Scientific,  1/500 

ALEXA FLUOR 594 rabbit ThermoFisher Scientific, 1/500 

ALEXA FLUOR 488 mouse ThermoFisher Scientific,  1/500 

ALEXA FLUOR 594 mouse ThermoFisher Scientific, 1/500 
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histone H3 (pHH3) positive nuclei in the AVC and/or the eipcardium (epi) were performed on 

three to five sections and averaged between at least three WTs and three Sox9 cKOs hearts (N=3) 

using ImageJ software or by manually counting. ISH was performed as described 

previously(107). Hemotoxylin and Eosin (H&E) staining (Sigma) was performed according to 

the manufacturerôs protocols. 

 

2.3 RNA isolation 

Atrioventricular canals (AVCs), atria, ventricles and outflow tracts (OFT) from ICR or C57BL6 

or single AVCs, atria, ventricles and OFT (generated from crossing Sox9fl/fl females and 

Sox9fl/+;Tie2-Cre or Sox9fl/+;VE-Cre male mice) were dissected out from the heart of embryos. 

Tissues from ICR and C57BL6 were pooled together and for Sox9/Cre crosses only single 

tissues were used for RNA isolation. Tissues were directly placed into Trizol (ThermoFisher 

Scientific). For tissues from Sox9/Cre crosses, the samples were stored at -80ęC until embryos 

were genotyped (See section 2.7). RNA was isolated with Trizol using the manufacturerôs 

protocol. Briefly, tissues were homogenized in Trizol and incubated for 5 minutes at room 

temperature. Chloroform (EMD Biosciences) was added at 1/5 the volume of Trizol and 

vigorously agitated for 20 seconds. Samples were ccentrifuged at high speed (>13000rpm) for 10 

minutes at 4ęC. The aqueous layer was taken and RNA was precipitated with an equal volume of 

isopropanol (EMD Biosciences). Samples were centrifuged down at high speed (>13000 rpm) at 

4ęC to collect precipitates for at least 10 minutes. Isopropanol was removed and pellets were 

washed with 70% ethanol (EMD Biosciences). The ethanol was removed and samples were air 

dried for 10 minutes at room temperature. Pellets were re-suspended in RNase and DNAse free 

water (ThermoFisher Scientific). The quality of the RNA was assessed using the Nanodrop 1000 
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(RNA with approximately OD260/280= 1.8-2.0, OD260/230= 2.0-2.2 was considered good 

quality) and RNA was stored at -80ęC. 

 

2.4 RT-PCR, qRT-PCR, and ChIP-qPCR 

RT-PCR was performed as previously described (108) with a several modifications. cDNA was 

synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche) and HIFI Taq 

polymerase (ThermoFisher Scientific) was used for RT-PCR and for initial steps of cloning. 

qPCR was performed with FastStart Universal SYBR Master (sRox, Roche) according to the 

manufacturerôs protocol on the ABI 7900HT Fast Real-Time PCR System. Conditions for qPCR 

were as described (109). Primers used in RT-PCR, qRT-PCR and ChIP-qPCR are found in Table 

2-2. Relative quantification was used for qRT-PCR. Housekeeping genes were used as 

endogenous controls for all Taqman assays (Gapdh) and qRT-PCR (Actb). For single heart part 

specific qRT-PCR analysis on AVC, ventricles and atria, mouse Sox9, Lef1, Twist1, Tbx20 and 

Gapdh Taqman primers and probes (ThermoFisher Scientific) were used on WT and Sox9 cKO 

embryonic heart parts. For ChIP-qPCR, fold enrichment was calculated by 2^(Ct difference 

between SOX9 and IgG ChIP). Regions tested for enrichment in ChIP-qPCR were within SOX9 

peak regions (see Table 2-1 for primer sequences. If multiple peaks were present in heart or limb 

for shared target genes then the most likely candidate was chosen based on Positional Weight 

Matrix (PWM) score and proximity to the gene. 

 

2.5 Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-Seq) 

Three independent ChIPs generated from pooled embryos were combined for SOX9 ChIP-Seq 

libraries (total: 164 E12.5 AVCs and 39 E12.5 limb buds). For a simplistic illustration of the 
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ChIP-Seq protocol see Figure 2-1). For the ChIP, tissues were homogenized in 1% formaldehyde 

and incubated at room temperature for 10 minutes. Samples were incubated with 0.125 M 

glycine at room temperature for 5 minutes. Following pelleting and washing, samples were re-

suspended in 5 volumes of ChIP cell lysis buffer (10 mM TrisïCl, pH 8.0, 10 mM NaCl, 3 mM 

MgCl2, 0.5% NP-40) with a protease inhibitor cocktail (Roche). Cells were re-homogenized and 

put on ice for 5 min. Cells were pelleted again and re-suspended in 3 volumes of ChIP nuclear 

lysis buffer (1% SDS, 5 mM EDTA, 50 mM TrisïCl, pH 8.1) containing a protease inhibitor 

cocktail (Roche). For sonication (Sonicator 3000, Misonix), samples were placed in an ice water 

bath and sonicated for 20 cycles of 30 seconds on, 40 seconds off. Sonicated chromatin was 

diluted with ChIP dilution buffer (to 250 ɛL, 0.01% SDS, 1.1% Triton X-100, 167 mM NaCl, 

16.7 mM TrisïCl, pH 8.1). 3ɛg of rabbit polyclonal anti-mouse SOX9 antibody (Millipore 

AB5535) or negative control of 3ɛg of rabbit polyclonal IgG antibody (Santa Cruz) was added to 

samples and incubated overnight while rocking at 4ęC. Simultaneously, Protein A/G beads 

(ThermoFisher Scientific) were blocked with 1 mg/mL BSA and 0.1 mg/mL herring sperm DNA 

in ChIP dilution buffer overnight. The following day, samples were incubated with blocked 

Protein A/G beads for four hours rocking at 4ęC. Beads were precipitated and washed with 

several buffers. The washes are as follows: low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 20 mM TrisïCl, pH 8.1, 150 mM NaCl), high salt buffer (low salt buffer with 500 mM 

NaCl), lithium chloride buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 

mM TrisïCl, pH 8.1) and two final washes with TE buffer. For the elution of the bead 

complexes 125 ɛL elution buffer (1% SDS, 0.1 M NHCO3) was added and samples were rotated 

at room temperature for 15 minutes, twice. Proteinase K with RNAse A (ThermoFisher 

Scientific) and 0.192 M NaCl (reverse crosslinking) were added to samples and incubated 
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Figure 2-1 Generation of SOX9 ChIP-Seq libraries from E12.5 AVC and E12.5 limb buds. 

Approximately 5-15ug of total DNA was collected from the E12.5 AVC and limb buds. Tissues 

were homogeneized and subjected to crosslinking (protein:DNA). Crosslinked protein:DNA was 

sonicated and immunoprecipitated using the SOX9 antibody. Protein:DNA complexes (shown in 

different colours:red, green, yellow) were reverse crosslinked and DNA was isolated. DNA was 

sent for sequencing and bioinformatic analyses were performed to determine SOX9 peaks. 
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at 65ęC overnight. Purification of DNA was performed with two rounds of phenol-chloroform 

extraction and ethanol precipitation. Samples were spun down and pellets were re-suspended in 

50 ɛL dH2O. A sample of genomic DNA was extracted as input for sequencing. Limb ChIP was 

performed alongside the heart ChIP to confirm enrichment of known target genes via ChIP-

qPCR. 

ChIP DNA was sent to the Genome Sciences Centre (Vancouver, BC) for library 

generation. DNA was purified using 8-12% PAGE to isolate 100-300 bp fragments for short read 

(50 bp) sequencing on an Illumina Genome Analyzer 2 as described previously (110). The 

Burrows-Wheeler Aligner (111) aligned reads to the mouse genome (mm9) and unmapped reads 

were removed. FindPeaks3.1 (112) created virtual fragments by directionally extending uniquely 

mapped reads to a constant length (200 bp). Virtual fragments were profiled across the genome 

to identify regions of enrichment or ñpeaksò. A False Discovery Rate (FDR) was applied to 

threshold ChIP-Seq data as described (113) and false positives were limited using sequenced 

control data (input DNA). For each ChIP-Seq peak that passed the FDR ~0.01 threshold, we 

found the maximal coverage of the control sample in the region +/-300bp. A local z-score was 

calculated between the peak height and control coverage and peaks below the threshold were 

filtered out. Peaks that passed filtering, z-score, peak height, FDR based peak height cut-offs and 

did not overlap with control peaks (height over 30) were retained for analysis. Peak edges were 

refined by using a percentage of the maximum peak height to determine the peak edge cut off 

point. For each dataset, different criteria were used due to differences in sequencing depth and 

background noise. For screenshots and visual comparisons, we used unthresholded big wig or 

bed files. The data has been deposited to the GEO database (GSE73225). 
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2.6 Bioinformatic analysis of ChIP-Seq 

Wig and BED files generated by FindPeaks3.1 were analyzed using tools in UCSC Genome 

browser (114) (http://genome.ucsc.edu/), Galaxy (115) (http://main.g2.bx.psu.edu/), and 

Cistrome (116) (http://cistrome.dfci.harvard.edu/). 

SOX9 bound regions (peaks) were associated with genes through a ñyes-noò process that 

ensured transcriptional start site (TSS) proximity was weighted prior to distance from either end 

of a gene (Appendix IID). This mapping system ensured that most peaks were only associated 

with one gene. The distribution of SOX9 peaks was analyzed by dividing the genome into 

categories: greater than 10 kb from a TSS; distal promoter (5-10 kb from a TSS); proximal 

promoter (less than 5 kb from a TSS); at a TSS (+/-100 bp); within the first 1 kb of a gene, 

within the first 1-5 kb of a gene; mid-gene (greater than 5 kb from either end of a gene); within 

the last 5 kb of a gene; at a transcription termination site (TTS); within 5 kb of the 3ô end of a 

gene; and greater than 5 kb from the 3ô end of a gene. SOX9 peaks were assigned to one of these 

regions using Cistrome. Cistromeôs SeqPos tool (116) and Screen Motif tool were used for motif 

analysis of SOX9 peaks. PWMs for the SOX monomer and dimer motifs were generated by 

SeqPos. PWMs used in Screen Motif were based on highest enrichment, p-value and top z-score. 

Gene Ontology (GO) analysis was performed using GOrilla (117). Lists were ranked 

using p-value and top categories were filtered for redundancy. Co-factor analysis on SOX9 peaks 

was performed using oPOSSUM (http://opossum.cisreg.ca/oPOSSUM3/) (118). 

 

2.7 Genotyping Sox9 mutant embryos 

Sox9 mutant/cKO crosses were setup as mentioned above (for further information see Figure 2-

2). Genomic DNA was collected from mouse ear punches or embryonic tissue (limb and hind 

http://genome.ucsc.edu/
http://main.g2.bx.psu.edu/
http://cistrome.dfci.harvard.edu/
http://opossum.cisreg.ca/oPOSSUM3/
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torso) and extracted using the KAPA mouse genotyping kit (Kapa Biosystems) according to the 

manufacturerôs protocol. For the PCR reaction, 0.5 µL (for embryonic tissue) or 1.5 µL (for ear 

punches) was used as template for the genotyping PCR reaction. HIFI Taq polymerase 

(ThermoFisher Scientific) was used for the PCR reaction according to the manufacturerôs 

protocol. The conditions used for the Sox9fl/fl PCR are: one step of 94ęC for 3 minutes, followed 

by 94ęC for 30 seconds, 60ęC for 30 seconds, 72ęC for 30 seconds repeated for 35 cycles and one 

final extension step of 72ęC for 2 minutes. The PCR program for Cre primers is similar with the 

exception of the 35 cycles which have 94ęC for 30 seconds, 55ęC for 1 minute, and 72ęC for 1 

minute. The expected sizes of the bands for the Sox9fl/fl primers for WT were 250 base pairs 

(bp), heterozygous 300 bp and 250 bp and mutant 300bp. See genotyping primers Table 2-1.  

 

2.8 RNA-Seq and bioinformatic analysis 

RNA from single AVCs for each genotype (WT and Sox9 cKO hearts) were used to synthesize 

cDNA (see RT-PCR method section) for Taqman assays to confirm efficient loss of Sox9 in the 

Sox9 cKO (VE/Tie2-Cre) AVCs. For the RNA-Seq libraries: RNA from two or three littermate 

AVCs with enrichment (WT, Sox9fl/fl) or loss (Sox9 cKO) of Sox9 in the AVC were pooled 

together. Pooled AVC RNA samples were further purified by GeneJet clean up and 

concentration micro kit (ThermoFisher Scientific). RNA quality was assessed on the 

BioAnalyzer (Agilent Technologies) and all samples had scores over 8.7 with a required passing 

score of 7. Duplicate RNA-Seq libraries for each genotype were generated and sequenced using 

Illumina Mi-Seq. Sequence reads were aligned with the Tophat2 tool (119) on Galaxy using the 

mouse reference genome mm9 (NCBI build 37) to generate BAM files. Aligned data from all  
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Figure 2-2 Generation of the Sox9fl/fl;VE-Cre and/or Sox9fl/fl;Tie2-Cre mice. A. The 

crosses needed to generate Sox9 mutant mice. B. Lineage tracing with the VE-cadherin-tTA 

(VEtTA) strain (a gift from L. Benjamin, Harvard Medical School) crossed with TetOS-lacZ (a 

gift from D. Dumont, Samuel Lunenfeld Research Institute) illustrating the cell types in the 

E10.5 and E11.5 heart that VE will delete in. These images are shown with permission from Dr. 

A. Chang during his time at Dr. Aly Karsan's laboratory (unpublished). 
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four libraries were analyzed and Fragments per Kilobase of exon per Million reads (FPKMs) 

were calculated using Cufflinks (120). Differential expression between WT and Sox9 cKO RNA-

Seq libraries was determined using Cuffdiff (120). Gene FPKMs from Cufflinks were an average 

of the duplicate libraries for each genotype and only included genes represented in both duplicate 

libraries. Separate from Cuffdiff outputs, fold change was determined between WT and Sox9 

cKO gene FPKMs to assess differential expression. For genes to be included for downstream 

analyses several criteria needed to be met: greater than or equal to 1 FPKM in either WT or Sox9 

cKO and greater than or equal to 1.5 fold change between Sox9 cKO and WT AVC gene 

expression. Cistrome and Galaxy were used to determine differentially expressed genes that 

were associated with SOX9 peaks. 

GO analysis was performed using GOrilla (117). Mouse genes from RNA-Seq were used 

as background. Lists were ranked using p-value and top categories were filtered for redundancy. 

Ingenuity Pathway Analysis (Qiagen) biofunctions was used for GO analysis on SOX9 target 

genes overlapping in all libraries and to generate an interaction network of the biofunctions: 

transcription, cardiogenesis, and abnormal morphology of the heart on down-regulated SOX9 

targets in the heart. Heat maps of gene expression data was generated using TM4 meV.  

 

2.9 Cell culture, transfection, cloning and luciferase assays 

Cells were maintained in an incubator at 37ęC with 20% oxygen and 5% carbon dioxide. HEK 

293T cells were maintained in normal growth medium (DMEM (Stemcell) + 10%FBS + 

Penstrep, ThermoFisher Scientific). Growth medium for the cells was changed every two to 

three days. HEK 293T cells were transfected at 60-70% confluency using polyethylenimine 

(PEI, Polysciences Inc) following a published protocol(121). Luciferase assays were performed 
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two days following transfection using the Dual-Luciferase Reporter Assay System (Promega). 

SOX9 peak regions of interest were cloned into pGL3 vector with a minimal promoter (E1B) or 

pGL4b promoter-less vector to test luciferase activity for individual enhancers/promoters in the 

presence or absence of SOX9 (pcDNA3-SOX9 over-expression vector). 

 

2.10 Site directed mutagenesis 

Primers were designed to mutate the putative SOX9 dimer site in the SOX9 peak associated with 

the Hdac2 promoter region. The first SOX9 site the CAA portion was mutated to ACC and the 

second site of TGG to GGT similar to other studies to generate mutant constructs. Smaller 

fragments with homologous regions were generated and melted together. See primers in Table 2-

1. The PCR conditions used to generate mutant sequences were 94ęC for 3 minutes for one cycle, 

94ęC for 30 seconds, 60ęC for 30 seconds, and 72ęC for 1 minute for all for 10 cycles. There was 

a 20 minute hold at room temperature to allow for the addition of flanking primers followed by 

35 cycles of 94ęC for 30 seconds, 60ęC for 30 seconds, and 72ęC for 1 minute. There was one 

extension cycle of 72ęC for 10 minutes. HIFI Taq was used to maintain high fidelity and 

decrease random mutation. Mutant sequences were cloned into the pGL4b vector and sent for 

sequencing to confirm the mutations in the SOX9 dimer site. Mutant vectors were used in 

luciferase assays to assess the effect on the activity of SOX9. 
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CHAPTER THREE: Identification and characterization of SOX9 binding sites in the 

developing heart valve and limb genome. 

 

The goal of this analysis was to determine where SOX9 binds within the genome of the E12.5 

AVC and limb buds to identify potential transcriptional targets of SOX9 and ultimately 

understand the function (through its gene targets) of SOX9 within these tissues. To do this, 

ChIP-Seq was performed on E12.5 AVC (primitive heart valves) and limb buds with an antibody 

that recognizes the SOX9 protein. This analysis identified the genomic locations of SOX9 

binding in these two tissues and based on the genomic location of SOX9 bound regions, we 

determined the potential SOX9 target genes. SOX9 bound regions and transcriptional targets 

were compared among different tissues to determine tissue-specific and context-independent 

functions of SOX9. Furthermore, bioinformatic analyses of SOX9 bound regions can reveal 

tissue-specific co-factors of SOX9. However, this analysis is entirely dependent of the specificity 

of the SOX9 antibody and therefore I decided first to characterize SOX9 expression using this 

antibody during heart valve development using this antibody. 

 

3.1 Sox9 mRNA and protein is enriched in the mouse heart valves throughout development 

At E12.5, SOX9 has been reported to be widely expressed in mesenchyme throughout the 

developing mouse heart valves (69) and condensing mesenchyme in the developing limb (122). 

To confirm the enrichment of Sox9 mRNA in the developing heart valves, qRT-PCR and in situ 

hybridization were used (Figure 3-1). Sox9 mRNA levels were enriched in the AVC region at 

E10.5, E12.5, and E14.5 from 3-12 fold over the atria (Figure 3-1 part A-C). Sox9 mRNA levels 

were also enriched in the OFT region at E10.5 and E12.5 which will form the aortic and  
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Figure 3-1 Sox9 mRNA is enriched in the developing heart valves. A-C. A representative 

qRT-PCR for Sox9 on E10.5 (A.), E12.5 (B.) and E14.5 (C.) valves (AVC), ventricles (V), atria 

(A), and outflow tract (OFT) relative to ɓ-actin. D-F. Whole mount in situ hybridization with a 

probe specific for Sox9 on E12.5 hearts. D-E. Highlight valve (AVC) specific expression in 

cross-section (D.) and saggital section (E.) F. Shows both AVC and OFT Sox9 expression in the 

cardiac cushions. 



45 

 

pulmonary valves (Figure 3-1A, B). Similar to the qRT-PCR results, Sox9 transcripts were found 

in the valve forming regions of the E12.5 heart by in situ hybridization (Figure 3-1D). Since 

mRNA transcripts and protein levels do not necessarily correlate, I wanted to examine SOX9 

protein levels in the embryo. To ensure that the SOX9 antibody (Millipore, AB5535) binding 

was specific to locations in the embryo known to express SOX9 protein, immunofluorescence 

was performed on E12.5 whole embryo sections (Appendix IA, B, E) and E10.5 heart sections 

(Appendix IC, D, F). In the E12.5 embryo SOX9 protein was found in locations previously 

demonstrated to express SOX9 such as the limb buds (arrowhead Supplemental Figure 1 part A) 

and somites. SOX9 protein was highly expressed in the E10.5 heart valves as expected 

(Appendix I). 

 To determine how SOX9 protein is expressed throughout heart valve development, 

embryonic hearts from E9.5 (when the valves first form via EMT) through to E16.5 (during 

remodeling and differentiation stages) were examined using immunofluorescence (Figure 3-2). 

SOX9 protein was found to be enriched in the heart valves at all stages examined. Overall, this 

data suggests that SOX9 plays an important role in heart valve development during initial valve 

formation, remodeling and differentiation. SOX9 was also expressed in another subset of cells 

within the developing heart called the epicardium (Figure 3-2, see arrowheads). The epicardial 

progenitor cells are a thin layer of cells found on the outside of the heart (E10.5-E14.5) and a 

subset of these cells will undergo an EMT at around E14.5 and invade the myocardium to give 

eventually give rise to the coronary vasculature and aid in myocardial growth (reviewed in 

(123)). However, epicaridal progenitor cells are not derived from endocardial EMT (124) like 

the AV valves. 
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Figure 3-2 SOX9 protein is enriched in the heart valves during heart development. Immunofluorescence on embryonic hearts at E9.5 

(A, B), E10.5 (C, D), E12.5 (E, F), E13.5 (G, H), E13.5-14.5 (I, J), and E16.5 (K, L) with an antibody specific to SOX9 (red). Panels A, C, 

E, G, I, and K illustrate SOX9 staining only and panels B, D, F, H, J, L show the merged image of SOX9 and DAPI (blue). For later stage 

hearts the image is focused in on the AV valve region of the heart. 
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3.2 SOX9 directly binds thousands of DNA regions in the developing heart and limb 

One way to determine the function of a TF is to analyze the genes that this TF controls in a given 

context. Therefore to investigate the role of SOX9 in heart valve development, genome-wide 

profiles of SOX9 DNA-binding sites were generated for E12.5 heart valves (AVC) and limb 

buds using ChIP-Seq. The SOX9 genome-wide profiles for the E12.5 limb buds were generated 

to illustrate the similarities of the SOX9 initiated transcriptional programs in the developing 

heart valves and limbs. It has been suggested that developing valves and limbs share many 

similarities to one another and SOX9, and its transcriptional target genes, have been most well 

characterized in the developing limb. Thus, the limb provides a method of validating the SOX9 

ChIP-Seq data by detecting previously identified SOX9 transcriptional target genes and an 

excellent tool to identify similarities between heart valve and limb SOX9-initiated transcriptional 

programs. Embryonic tissues were manually dissected out of the E12.5 embryo. Limb buds were 

pinched off the embryo. The E12.5 hearts were taken out of the embryo and further dissected to 

obtain only the AVC region by removing the ventricles, atria and OFT. A total of 164 E12.5 

AVCs and 39 E12.5 limb buds were pooled in separate groups and used for three independent 

SOX9 (Millipore AB5535) ChIPs. The SOX9 antibody used for immunofluorescence analysis 

was also used for ChIP. Dissections and ChIPs were performed by R. Cullum in the Hoodless 

lab. The DNA from the three ChIPs was sent to the Genome Sciences Center for sequencing. 

Sequenced reads for each library were mapped to the mouse genome (mm9, NCBI build 37) and 

SOX9 peaks (regions of the genome where SOX9 is binding) were identified using a false 

discovery rate (FDR) of 0.01 followed by subtraction of an input DNA control. A local z-score 

was calculated between SOX9 peak height and control coverage for each library and SOX9 

peaks below the threshold were filtered out (Appendix IIA, B). Peaks that passed filtering, z-
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score, FDR based peak height cut-offs and did not overlap with control peaks were retained for 

analysis. This identified a total of 2607 and 9092 SOX9 peaks in the E12.5 AVC and limb, 

respectively (Figure 3-3A, Appendix III ). To validate the specificity of the SOX9 peaks in the 

limb, SOX9 binding was confirmed at the exact same regions as previously identified to be 

regulated by SOX9 in Col2a1, Acan, and Col11a2 (79,80,82) target genes (Appendix IIC). 

 To determine the degree of similarity in SOX9 binding between the AVC and limb, ChIP-

Seq libraries were compared using a Venn diagram and identified 782 SOX9 peaks that were 

shared (29.8% of E12.5 AVC peaks) (Figure 3-3A). This data supports that there are similarities 

between the SOX9 initiated transcriptional programs in the valves and limb. Although there are 

similarities between the libraries, there were 1825 and 8310 unique SOX9 peaks in the E12.5 

AVC and limb, respectively and indicate that SOX9 also has many tissue-specific binding sites. 

The increased number of unique SOX9 peaks in the limb is likely due to the heterogeneity of the 

limb buds at this time point and may reflect the diverse transcriptional programs in each different 

type of chondorcyte. To determine the potential target genes of SOX9, SOX9 peaks for each 

library were associated with genes through a ñyes-noò process that ensured transcriptional start 

site (TSS) proximity was weighted prior to distance from either end of a gene (Appendix ID). 

This mapping system ensured that most peaks were only associated with one gene. From peak-

to-gene associations, 2453 and 5750 potential gene targets of SOX9 were identified in the E12.5 

AVC and limb respectively. Notably, 1605 genes were targeted by SOX9 in both tissues; this 

was more than double the shared SOX9 binding sites (Figure 3-3B) and suggests SOX9 targets 

similar genes in the valves and limb by using tissue-specific regulatory elements. 

 To determine how many SOX9 peaks contain a consensus SOX motif, de novo motif 

analysis was performed on SOX9 peaks with SeqPos (116). SeqPos is a program that identifies 
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Figure 3-3 Comparison of SOX9-initiated transcriptional programs in developing limb and 

heart and genomic peak locations. A. Venn diagram of peaks and B. targeted gene overlap 

between the E12.5 valve (AVC) and limb ChIP-Seq libraries. Note: SOX9 peaks overlap and 

SOX9 target gene overlap are completely separate from one another. ie. 782 peaks do not 

correspond to 1605 genes in the Venn diagram overlap. C. Positional weight models for the SOX 

monomer and dimer binding sites as identified from the ChIP-Seq data. Letter height indicates 

importance of the base for SOX9 binding. D. Distribution of SOX9 peaks across the genome in 

E12.5 AVC, E12.5 limb and shared binding sites in both tissues. 






































































































































































































