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ABSTRACT

Cardiac malformations affect approximately 1% of human newborns and a large number of
these are due to defects in Heartvalves and septunt.has been suggested that cardiac valve
diseases, which make up about one third ofailiovasular defectsarise from underlying
developmental malformations that occur during embryogemetasestingly, the development

of theheart valves (cardiac cushions) and tissues that form cartilage templates (such as the
limb) share a number &y TFs, such as TWISTSOX9 and NFATC1suggesting that they
have similatranscriptional program# has beeproposé thatregulatory networks involved

in cartilageformation,arealsoactive during valve development and disedbe transcription
factor SOX9 hasn essentiatole inheart valve and cartilage formation and its loss leads to
majorcongenitabnormalitiesn the embryoRegardless of thisritical role, little is known
abouthow SOX9 regulates heart valdevelopmenor its transcriptnal targetsTherefore, to
identify transcriptional targets of SOX9 and elucidate the role of SOX9 in the developing
valves, we have used Chfeq on the E12.5 atrioventricular canal (heart valves) and limb
buds. Comparisons of SOXONA-binding regions amug tissues revealdooth context
dependent and contéxtdependent SOX9 interacting regio@antextindependent SOX9
binding suggests th&0OX9may play a role inegulating proliferatiorassociated genasross
manytissues Generation of two endothelgpecificSox9mutants uncovernwo potential roles

for SOX9 in heart valve formatiofirst in the initial formation oalvemesenchyme and later

in the survival and differentiation of valve mesenchyme. Analysis of tigseeific SOX9

DNA binding regiors with gene expression profiles frédox9mutant heart valves indicates
that SOX9 directly regulates a collection of transcription factors known to be important for
heart development. Taken together, this sideéwtified that SOX9 controlganscriptional



hierarchiesinvolved in proliferationacross tissueand heartvalve differentiation SOX9
transcriptional targets identified in this datauld be used as predictive factordhieartvalve

disease, or as targets for new therapeutic strategies for disehsengenital defects.



PREFACE

The embryonic material for the SOX9 Chromatin Immunoprecipitation coupled with deep
sequencing (ChHSeq) libraries on the Embryonic day (B).5 atrioventricular canal (AVC)
and E12.5 limb buds was collected by ®ullum and he ChlPswere 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 carriedtday R. Cullum (Appedix IID, Appendix Ill). Genomic locations
of SOX9 peakandSOX9 motifs were assigned by bioinformatic analyses completed by R.
Cullum (Figure 33C, D, Table3-1). ChIP-gPCR validation of SOX9 ChiBeq peaks was
executed by R. Cullum (Figure-6C, D). Z-soores for the SOX9 Chi8eq libraries were
calculatedby M. Bilenky (Appendix A, B). The LacZ staining oNE-Cre:LacZmouse E10.5
and E11.5 hearts was performed by ACY Chang (Fig«2B).

All animal protocols were approved by t®8C Animal Care and Eths Committee
(protocols: A120305 and A120297). The UBC Biosafety Committee approved the use of any

biohazardous chemicals and material.
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CHAPTER ONE: Introduction

1.1 General ntroduction

Transcription fators (TFs) are essential for the precise coordination of lineage specification and
differentiation, and ultimately the control of cell identDeveloping an understanding hdks

regulate and integrate many cellutmocesses during development has keeemajor focus of
embryology.Recent advances in sequencing technologge® promptedthe use chromatin
immunoprecipitation coupled witteepsequencing (ChH3eq) to determine the DNArding

sites of TFs on a genorvade level innumerous tissue¥Vith the discovery of technologies like
ChiIP-Seq and/or transcriptome dyms (RNA-Seq) researcherare one step closer to
uncovering the regulatory networks that govehe cellular processes iembryonic
development. However with each technological advamwesdrd in the field, the complexity of

these relationships and networks deep€ramscriptional networks play a major role in guiding

the correct development of the embryonic heart valves and many TFs are essential to this process
during developmenfberrant expression of TFs hbsen 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 mant&nvould be

highly valuable forthe innovation of novel therapeutics and establishment of additional

biomarkers of disease.

1.2Heart valve formation
1.2.1 Embryonic development of the heart valves
The heat is one ofthe first orgas to formand functiorwithin thedevelopingembryo(1). It

delivers suficient oxygen and nutrients throughcanid establishes proper blood flamvthe

1



fetus The first step of heafdrmationis specification of cardiac progenitor cells (CP,@#)ich
takesplaceprior to their ingression through the primitive streak duringrgdation (embryonic
day (E) 67.0 in mouse). Subsequently, CPCs undergo an epith@imésenchymal transition
(EMT) and migrate outrbm the primitive streak to createe left and right heart fields (E7.5)
The heart fieldsvill move laterally and fiesonthemidline of thearterior side of the embryo.
Fusion of the two heart fields fornthe cardiac crescent at E8.0 (reviewed(d)). The
differentiation of the cells whiin the cardiac crescent proésahe endocardial and myocardial
progenitor cells and together they make up the primary heart fidi) (Fhe PHF will gve rise
to the left ventricle, atriogntricular canal (AVC), parts of the right ventricle atda. The
secondary heart field (SHF, seondary population of progenitaells originating from the
splanchnieanesoderm which are locatadterior to the PHFRwill 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 foring the linear heart tube (E8 (). Thelinearheart tube consists of a
monolayer of endothelium and several layers of mydiaen at E9.0 Figure 11) and loops
rightward to formthe chambers of the heaithe process of rightwaroping brings the
chambers into their final positions in the mature heart. Two constrictions appear in the looped
heart, the AVC, between the atead ventricle, and the OFT, between the ventricle and great
arteries Figure 11) and these regions will eventually form the mature vadweiscontribute to
the septaf the heart (additional information on early heart formatiof2id)).

The septum divides the heart into four functional chambers and yahat®n toensure
uni-directional blood fbw. During heartalve development, the AVC and the OFT wilirfo

four sets of heart valves: two sets of atrioventricular (AV) valves and two sets of



Cardiac
cushion;

b

== %

(E10.5-birth)

Linear heart tube, Endocardial cushion formation Endothelial-to-mesenchymal Adult heart
Heart looping E9.5-10.5 transformation (EMT)
E8.5-9.5

Figure 1-1 Mouse heart valve developmentValve development begins at E9.5 as the
atrioventricular canal (AVC) endocardial cells undergo endothislialesenchymal
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 valvechyasenAVCi
atrioventricular canal, RAright atria, LAT left atria, RVi right ventricle, LVi left ventricle,

PAT pulmonary artery.



semilunar (SL) valves, respectively. The AV valves are made up of the mitral valve, which
regulates blood flow fromeft 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 pulmonaey wéiich
regulates blood flow between thght ventricleandpulmonary arteryb).

Heartvalve formation is initiated throudbcally increased production of cardiac jeilhy
the AVC and OFT. The cardiac jelly is comprise@xtiracellular matrixECM) secreted by the
myocardum into the interstitial space between the endocardium and myocardium and creates
swellings known aghe cardiac cushions. Although the cushions are initially acellular,
endocardial cells overlying the cushion undergo EMT (also referred to as Hiedblidtlelial-
to-mesenchymal transitioyp indicate the endothelial origin of the cells) to form mesenchymal
cells(6). In the mouseEMT begins at approximately E9.5 in the AVC and E10.5 in the OFT
(Figure 11). During EMT, endocardial cells lose cebll junctions and cell polarity, transition
into mesenchymal cells, and acquire a migratory phend@p&he mesenchymal cells invad
the ECM and populate the cardiac cushi(®)8). The OFT, which will form the SL valves,
develops similagt with the exception that neural crest cells migrate and contribute to the OFT
cardiaccushions (reviewed i(iL0)).

Following invasionof the mesenchyménto the cardiac cushion, tbe cells will
proliferate, differentiate and remodel to form thin delicate valve leaflets and septal structures of
the mature heaftl1,12). The cardiac cushions form the valves and septa thrivugimajor
steps: remodelling and maturation (El6aglult), and elongation (El4d&dult). Valve
remodelling can be divided into a number of overlapping steps: prolifeeithexpansion of

mesenchyme cells (E10E512.5), differentiation of mesenchyme cells (E121%.5), and valve

4



condensation and maturation (EXadult)(11,13-15). To date, the majority aesearch in the
field hasconcentrated on the initistages of th&MT process since AVC explant cultures
allows for robust measurement of EM(T). In contrast, our understamgi of valve
differentiation, maturation and condensation emerently lacking. This may be due to the
absence of an established culture model system to examine énestages of valve

development.

1.2.2Composition of the adult heart valve

The adult hart valve leaflets are highly organized structures composed of three stratified layers
theatrialis in AV valves or ventricularis inLSvalves, spongiosa and fibroadich are mainly
composed of elastin, proteoglycans, and collagens, respe¢iZglyn AV valves, the fibrosa

layer is located on theentricular side of the valve wheraasSL valves, itidocated away from

the ventricle. The fibrosa layer maamsstrengthand integrity of the valvél6). The atrialis and
ventricularis facehe blood flow and provide the flexibility of valvEl7). The spongiosahe

middle layer of the valve, acts as a sponge and allowgalee compressioto absorb the
pressurs from blood flow. Tle heartvalve 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
embryog@aesis. Lineage tracing studies in mice usimgR, 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 leafB8s20). It was showrhat epicardial
derived cells start to migrate into the lateral AV cushions at E12.5 and selectively contribute to
parietal leaflets of the mouse AValves(20). VICs play an important role in maintaining proper
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valve homeostasis but can be aberrantly activated during valve di{@das®ore recent
research is noocusedon how VICs are generated during development, how they maintain
adult homeostasisind how they beooe activatd during disease progression.

A number of studies have suggested that crucial developmental signalling pathways,
involved in normaémbryonicv al ve f or mati on, such as transfo
bone morphogenetic protein (BMP), and Notch,aseactivated during het valve disease
(3,22). Thus, advaring our understanding of how these signalling pathways function and
interact during heart valve developmeiilt provide key insights into mechanisms of adult heart

valve disease.

1.2.3Maj or signalling events during heart valve development
Many signalling pathways are implicated in fieemation of the cardiac valves howeveree
critical signalling pathways are required for early specification and initiation of EMT in the
cardiac cushiong o createghe appropriatenvironment for EMTin the cushionsBMPs from
the myocardium signal to the overlying endocardidar the initiation of EMT Notch
signalling isalsorequired and togethewith BMP and TGFDb si @gstey | i ng
synergizeto transformthe endothelial cellsito mesenchyme argromotemesenchymal cell
invasiveness. Together, these three crucial signalling pathways create the cardiac cushions and
populate them with mesenchyme cells, setting off the cascade of events regiaredmature
heart valves and septa.

BMPs and TGFbs are part of the TGFDb supe
ligands that can be categorized iswverakubgroups: activins/inhibins, nodals, BMPs, growth

and differentiation factordMullerian inhibiting substan@n d T GF b s esigfaling,ahet i v at
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ligands bind to a tetrameric, transmembrane receptor complex that contains two type | and two
type Il receptors. In mammals, there are five distinct type Il receptors and seven type | receptors,
which form specific combinations that ditgdigand binding specificity. Thesceptorswill
phosphorylate and activate an intracellular canonical signalling pathway that is mediated by
receptosregulated Smad proteins{Hnads). Following phosphorylation;$nads interact with
the binding partneiSmad4, and move into the nucleus where they interact with-BiN&ing
proteins to regulate transcr i @324 @iguredt?A).TGF b
There are two major phases whBMP signalling issssentiafor valve formationFirst,
BMP signallingsets up a permissienvironment that allows endocardium to become activated,
andsecondlytogeher withboth Notcta n d T GF b psoma@esEMT &and megenchyme
invasion. Together, these two roles of BMP signalling ensesenchyme growtkurvival, and
eventually leading to valve remodellinch@ majority of the mouse models for BMP signalling
result in defects durg early cardiac cushion formatigreviewed in(22)), and thereforethe
essential role of BMP signalling in the early stages of cardiac @ughrmation are well
documented. However, due to early letlyailit mouse models the rotd the BMP signalling
molecules durg valve remodellingdifferentiation and adult homeostassless understood.
Emerging data suggests tiBIP signalling may be abnormally activated during valve disease.
To corroborate thiBMP2 is increased in calcified regions in diseased valve legiteps) and
there are higher levels of BMitgnalling in fibrosa endothelium of human diseased aortic valves
(27). This suggests that\BP signalling may be involved in the process of calcification during

adultvalve diseasand 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. TGFb
superfamly signalling. TGFb signalling initiates as aTGHigand binds to the heterodimeric
receptor (containing twoTGBR1 and twoTGFbR?2) leading to activation of SMAD2/3.
SMAD?2/3 then binds to its efactor SMAD4 and enters the nucleus to activate @@Bponsie

genes. BMP signaling functions similarly where a BMP ligand bindshé 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 geBedNotch signalling pathwapegins as a sigha
sending cell expressing Jag binds to Notch on a signal receiving cells which leads to a cleavage
event that releases Notch intracellular domain (NIG®)jlowing this,NICD moves to the
nucleus and together with its-actors activates Notch responsiyenes.




of embryonic valve formation and in adult valve maintenance
TGFb signalling plays an essential role in

in cushion mesenchyme proliferation and differentiation during heart valve development. Tissue
specific knockout mouse model sydigesgygspesiic t hat
roles dependent on the tissue and time point in which they are exgresgaded in(22)). This
makest difficult to determine thexact roleof TGFb signalling molecules 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 @fiducible knockout systems will be highly valuable in teasing out the
exact rol es of Thets Guring hegrndevelbpmeny ¢ o mp o

Furt her mor e, Ts@aBifnificant mlaia mdintainingy adulaheart health by
regulating cardiac fibrosisd hypertrophy after injury and hypertensior§23,28). In a normal
adult valve, VICs, the main cellulaomponent, are quiescent and maintain the integrity of the
valveleaflet Followinginjury, T GF Db sdtivgatesdCsl(29),suptains VIC activation and
regulatesn vitro valve repair via activated VIG80). Persistent activation of VICs can alter the
medanical properties of the valve through changds@M composition and thuacreasing
susceptibilitytad i sease. TGFb si gnal | numigerdivalge dbeasesn as s
(31-33) and suggestthat aberrant activation/inhibition of this pathway during embryonic
development maincrease the probability eflve disease later in lifd.o aid in the discovery
and design of new potential therapeutics for congenital heart defects and valveadiditiasel
studiesare requiredexaminingther ol e of TGFb staged helart valge i n |

development and adult VIC activation.



Notch signalling is involved in numerous developmaérvents and processes including
formation of the heart valvelotch signallings an essential driver of EMandits components
are widely expressed throughout heart valve developf@2niActivation of Notch requires the
binding of a transmembrane Notch ligand on a signalling cell to a transmembrane Notch recept
on a signakeceiving cell. Inmammals there are four Notch receptors, NotcH,land five
Notch ligands, Deltdike (DIl) 1, 3, 4 and Jagged (Jag) 1, 2. Activation of Notch signalling has
three major steps: ligand binding, release of the Notch iflintszedomain (NICD) via two
proteolytic cleavages of the Notch receptor, and finally translocation of NICD into the nucleus to
function asatranscription factoalong with its binding partners RBPJ addML (Figurel-
2B).

To examine the functions of Nibt 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 los 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 sigr@fingf
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 +iowasive EMT and upon additioof BMP2,
ventricular explants can undergo a full invasive Ei&#). This data indicates that Notch
signalling plays an important role in endocardial patteyof the AVC and chambers of the
heartand that BMP2 has a role in inducing invasive EM®wever, constitutive activation of

NICD may not recapitulate normial vivoactivities of Notch signalling and it should be noted
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that some phenoptypes may be drfieect. Conversely, absence of RBPJ causes a loss of cushion
mesenchyme in valve regions, EMT defects, and collapsed endocardium in the developing heart
(35). Overall, thedata suggests that Notch activation and signalling via RBPJ is essential for the
endothelial cell lineage and EMT in tleardiaccushions.Mouse Notch receptor knockout
studiegeveal thaiNotch1 is essential for cardiac valve formatidotch ligand mutant mice do

not show abnormalities in cardiac valves, suggesting tdahoancy may plag rolefor Notch
ligands during valve formationAdditionally, theloss of Notch target genes has further
emphasizethe significance of Notch signallirduring cardiac developmem numberof the
complete and endothelial specifimouse knockout studie®r Notch signallingresult in
embryorc lethality at E10.Freviewed in(22)) and suggesthat Notch sigalling has a critical

role in early phases of cardiac valve formation following EMT. However, the oblestch
signallingin later valve development and in the adult eatirsease are not fully understood
Notch signalling has also been implicated inlatheart valve calcificatior{36) and valve
diseases share many similarities with carélamd bone formation in the developing limbs

(37,39).

1.3 Embryonic limb developmentand shared featuresof limb and heart valve formation
1.3.1Development of the cartilage template in the developing limb

The developmenif the bones of the vertebrate skeletordésived through two different
processesntramembranous ossificationhichforms flat bonesand endochondral ossification,
which forms long bone§9). Endochondral ossification requires the formation of a cartilage
template prior to bone formation whereas intramembranous ossification does not form a cartilage

templateand forms directlfrom mesenchymal condensatigmneviewed in(40)). During the

11



process of endochondral ossification, the undifferentiated mesenchyme cells will migrate into
regions that are fated to become bone. These cells will become packedlacdle (without
proliferating) triggering condensatiprwhich signifies the start of cartilage formation.
Undifferentiated mesenchyme secretes a primitive ECM enriched with collagen type |, tenascin,
hylauronan, and fibronectidl) but as condensation commendégs mesenchyme in the core
differentiate and alter thcomposition 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 condensati¢d9). The differentiated mesenchyme in theeoof the
condensation develop inthhlondrocytes (cartilage cellshd secrete ECM rich in collagen type

I, IX, and XI, aggrecan and link prote(d1). Chondrocytestart proliferatingthenundergo
further differentiation, and turn into hypertrophic chondrocylaging this time, these cells
reduce production of caben type Il and start to secrete collagen tygd . Hypertroghic
chondrocytesenlarge, terminally differentiate, and exit cell cycle to become terminally
differentiated chondrocyteSimultaneously, blood vessels start to invade the cartilage template
and bring in the osteoblast cel{pone forming cells) Following this, the terminally
differentiated chondrocyseundergo apoptosis to allow tbhsteoblasts to fill this area and
replace cartilage with bone (reviewed42)). Any dterations inthe process aéndochondral
ossification lead to major abnormalities of the skelesuth as achondroplasia and

osteochondrosis

1.3.2Functional similarities between the developing heart valveand limbs
Thecomposition of the developing lindartilageis similar to that odeveloping heart valves

where both tissues are largely composehigiily organized ECM anthesenchymal celkhat
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undergo proliferation, condensation and oeleling to formheart valves odimb buds.
Moreover, heart valve anigsues that form cartilage templaggsch as the limlghare a number
of key TFs, such as TWISTBEOX9 and NFATC1(43) suggesting that their transcriptional
programs areomparabl€37,38,44). Furthermore, heart valves ambues made up of cartilage
have functionally similar tissue composition in ttretyboth differentiate from SOX9 positive
mesenchyme and produce comparable ECM structlicesupport thesimilarity seen in the
transcriptional programs of developing heart and limbs, loss of the transcription $52X$,
prior to mesenchymal condensation during limb formation leadgenesis of the cartilage and
bone(45) and loss of SOX9 in the heart valve endotheliasults ilfmajor abnormaties in the
heart valvegaudingembryonic deatf46). This suggests that SOX9 is essential for heart valve
and limb development and that SOX9 plays a key role in tbewation, differentiation and

organization.

1.4 The roleof the sex determining region Y (SRY) box 9 (SOX9) during embryonic
development

Signalling pathways play a crucial role during developnaewlinitiate a cascade of events that

can lead to the aettion of TFsthat coordinate gene expressidime SRY (sex determining

region Y) box (SOX) TFs playa key role in the formation of numerous organs during
development and receive signals fromnys i gnal | i ng pat hways such
Notch.

1.4.1 SOXtranscription factors

The SOX TF family is subdivided into groups-t8 based on their sequence similarity in the

high mobility group (HMG) domain that is required for DNA binding (revieweg@if). The
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SOXA subgroup only has one member, SRY, while the SOXB group is further divided into
SOXBL1 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 nember each, SOX15 di5OX30 respectively. SGhave been shown to bind to the DNA
sequencATTGTT or similar motifsvia the HMG domair{reviewed in(47)) and it has been
suggested that the HMG do macanmrésglin DNAbending.ct i on
This DNA bending capabilitynay be another regulatory role for SOX factors during
development although this exact function remains to be sirownwo.

SOXfactors require the binding of other additionaHeator TFs on the nearby DNA and
form TF complexeto efficiently regulatetteir target gene@7). Of note the SOXD subgroup
contains a coiledoil dimerization domain that allows these factors to bind with other SOXD
proteins. The SOXE TFs consist of a s#itherization domain that could aid in the formation of
these TF complexes with itself and other parpmeteins. 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 g&w241) but it also works
together with SOXD factor§OX5 and SOX6, as a SOX trio to regulate chondogenic genes like
Aggrecan(48). During successive developmental events, several SOX TFs along with their
binding parters are known to bind and regulate their futoactors. Two examples of these
types of interactiors are foundduring melanocyte developmeror exampleSOX10 birds
togethemwith PAX3 to activatethe Mitf gene following this activation MITRhen bind with
SOX10 to activate other melanocygpecific gene§t9,50). Thenextexample illustrates when a

SOXfactor activates another SOX factor and then both SOX factors work togettegulate
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additionaldownstream genes. In sex determination, SRY and its binding partner SF1 activate
SOXO9. Following that, SRY and SOX9 make afaotor complex that regulatdsetAmhgene

which is essential for male gonad developn(&ht 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 @S3ugEor
example, all of the SOXE TFs haveeaslinvolved in neural crest cell development and SOXF
factors have important functions in the developing vasculgtdyeT his suggests that there may

be some level of redundancy between SOX factors within a subgroup. However this is not
always the casasit has been demonstrated tbae member i SOX factor subgroup may be

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

1.4.2 The many roles of SOX9 during development

The SOXETFs have importanbles in gene regulation durirtige developmenbf numerous
organ systms,in sex determination, anth the neural crest (reviewed i(47,5152). In
particular, SOX9 plays a critical role in the developmenttestis, pancreas, limb, heart,
intestine, liver, andhanyothergreviewed in(53)). In humans, mutations in the SOX9 locus that
generate haploinsufficency cause a disorder called campomelic dyg§glRagiahich includes
skeletal abnormalities, sex reversal, and in some cases heart (fefefds further details on
CD seeSection 1.5. Loss of one allele ddox9in miceis lethal at perinatal stages amdtant
embryos havelefects such as cleft palate and bending and hygiaptd cartilagederived
skeletal structures resembling theepotype of COn humans To bypass thisSox9and its
functions during developmeriiave been examined using the Cre/Lox syst&ndelete

specifically within different subsets of cellshas ben described that SOX9 has three general
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roles during development: proliferation of progenitor c&l§IT, and inECM differentiation

including ECMorganizatioranddeposition(53).

1.4.3 The role of SOX9 improliferation , EMT, and ECM

The role of SOX9 in progenitor cegfoliferationhas been described in the developing pancreas
where SOX9 is expressed in all early pancreatic epithelial cells and ssgaigmtly down
regulated upon commitment (reviewed(#8)). Pancreata from CD patits & hypoplastic
consistent with a potential role in prolife@i(55). Mouse studies where SOX9 was specifically
deleted in the developing pancreas also predwsevere hypoplasticiip6), confirming the
importance of SOX9 inthe maintenance obpancreatic progenitofate andproliferation
Intriguingly, numerous SOX9 mutant orgaare hypoplastiandhavedefects in proliferation
(46,57-59) and yet to dateno direct SOX9 targagenes involved imegulating proliferation or

cell cycle have been identified amy ofthese system3he direct relationship between S@X

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 le¥agclin D1 and p21,
delayed Sohase progression, and increased stability of the cyclin D1 p(6@iThis suggests

that SOX9 plays an essential role time progressionof cell cycle throughS-phase via
degraation of cyclin D1 in rat MSCNot only does SOX9 have a role in proliferation in
progenitor/stem cells but it hdgeen shown to have important functions in stem cell maintenance
(61,62). In adult hair follicle stem cellsgenes bound by SOX9 are requirethintain stemness

via secreted factors in the nicf@) and regulatehromatin dynamics at super enhan¢ésy.
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Moreover, altered levels of SOX9 have been associated with many c¢8;é43, and
altered SOX9evelsare linkedto poor prognosis, increasedliferation and invasiveneds
many cancersn breast cancer, SOX9 associated with more aggressive cancer sub{gpgs
and incolorectal cancer, SOX9 promotesnour growth and progressi¢4). 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 stieal epithelium and SOX9 deficient crypts have
increased levels of proliferatiqi6). These differences in the proliferative role of SOX9 in the
intestinal epithelium may be duditferences irexpressionevelsin different subsets of cells
within the crypts. Overall his shows tht SOX9 is an extremely contesépendentF and
therefore this complexity must be taken into account when ttgingderstandhe function of
SOX9 in a given tissu®verall, SOX9 plays a cidal but contexspedfic role in maintaining
appropriate levels of proliferation and sustaining cell cycle progressiorgdievelopment, in
stem/progenitor cells, and in cancer.

SOX9 has also been implicated in the process of EMT in neural crest (N@esedie/ed
in (53)). During development, NC cells undergo EMT and migrate out frorddhgal neural
tubeto populate multiple regions within the embryo. NC cells cbatg 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 demonstthsg SOX9 is important for neural crest cell
formation(53). SOX9 has been shown to activanscriptionfactors likeSnai2and together
they can induce EMT{67). Several other SOX8xpressing cells undergo EMike 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 develophhergrocess 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 SOX@68). SOX9 is highly expressed as the condensing meserehy
is becomingcommitted to chondroprogenitaadtheexpressiomf SOX9is not down regulated
until they become terminally differentiated chondrocyé8). The ECM environment is
constantly changing during cartilage formation and SOX9 contributes to this process by
regulating genes like the collage@o(2al, Col9al, Coll1a2 Col27al and key matrix proteins
(Aggrecan, Matrilinl and COMP) in chondrocyt€S3). The composition of the ECM is also
important for the formation of the developing heart valves where SOX9 is highly expressed in
thevalvemesenchyméollowing EMT) throughout their developméeand suggests that SOX9

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

1.5S0X?9 is essential for the development of theeart valvesand limb.

SOX9 has been shown to haverucial role during heart valve developm@,69). SOX9 is

highly expressed in the developimgouseendocardial cushions (E9EL6.5) within the
mesenchyme cel($9-71) and in the remodelling and maturing heart valve leaflets (E4féeb
birth)(46,72). Sox9ull embryos coultbe generated by conditionally deleting one allefeat9

in oocytes @singZona pellucid 3 (Zp3Lre) and one allele in spermatidss(ngProtamine 1
(Prm21)Cre) followed by crossing these mice together to obtain completely null em@&3)os
Embiyos that completely lacBox9die at E11.512 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 E88J. Using aLacZ
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reporter mouse to examis®x9expression, Akiyamat al found thatSoxSturns on in newly
transformed mesenchymal cells that have migrated into the cardiac c{@iand it has been
shown that itsexpression is directlglownstream of Notclsignalingin endothelial cells
transduced with NICP73). EndotheliaSox9deletion using th&ie2-Credriver strainwhich is
a receptor tyrosine kinasigat is expressed iall endothkal cells and its descendents including
the valve mesenchymejth theSox9 floxnousewas embryonic lethal jugtrior to E14.5 with
hypoplastic endocardial cushions, reduced mesenchymal cell proliferation and alterations in
ECM composition(46). These data indicatehat 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 hagen demonstrated to haae essential role in
lateheartvalve formation, where the loss of SOX9 usgj2al-Cre,which deleteSox9n the
fibrosa layer of the valve, causes abnormal ECM patterning, loss of cag#isgeiated proteins
and thickened valve leafle{d6). These findings demonstratihat SOX9 ha multiple roles
during cardiac valve formation, initially during the expansion of the valve precursors and later
for the proper expression and distributiortted ECM in the valve leaflets.

The loss of one allele &ox9n mice usingCol2al-Cre promotesalcification of the heart
valve leaflets, increased matrix remodelling and inflammatidime heart valvesuggesting that
SOX9 may also play a role in heart valve dis€d6¢'2). In addition, SOX9 hadseen associated
with valve calcification in human aortic valve dise&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 insightthieforogression afardiac valve

disease and may lead to thevelopment of novel therapeutics.
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SOX9 is essential forhmndrogenesig78) 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 formttioocur(68).
SOX9 is known to bind to the DNA sequence WWCAAWG in promoters ahdrneersof
cartilagespecific geneg79-84) and can bind and regulate DNA as monomers and dimers
(85,86). The loss of SOX9 before mesenchymal condensafuasing Prx1-Cre) in the
developing limb buddeads to cartilagagenesisand subsequent bone formatialthough
paterning of the limb axes remainsatact (45). The loss of SOX9 prior to mesenchmyal
condensationgroducesn expanded apoptotiomain in the limb and indicatagpotential role
for SOX9 in suppression of apoptesin addition, SOX5 and SOX6 (knovranscriptional
targets and céactors of SOX9 in the limb) expression was lost in the mutant li@5s
Furthermore, deletion of SOX9 after mesenchymal condensatioatiormfusingCol2a%Cre,
which allows the initial formation of chondrocyjdeads to chondrodysplasia.eUs failed to
fully differentiate into chondrocyteandhad decreasqatoliferation resulting imbnormal 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 arenly afew geneknownto be directlytransciptionaly regulated by
SOX9 and most of thegtarged genes have been identified in the developing limb. Some of the
identified cartilagespecific targets of SOX9 a@ol2al Col9al, Coll11a2 Acan HapIn1(CLP),
Comp andMial (Cd-rap)(79-84,87,88) with Col2albeing the most well characterized to date.
Althoughafew genes have been speculated to be SOX9 targtse developing heart valves
none have been shown to be diré@he study demonstrated thHa©X9 represss Spplin

maturing heart valves and chondrocytes to inhibit matrix mineralizg®8nMoreover, SOX9
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knockdown in primary valve explants lead to an increaSppiltranscripts and a decrease in
Col2alandHapinl(cartilageassociated@nes) whereas an ovexpression of SOX9 leads to
the inverseThissuggests the@pplexpression is required for matrix mineralization following
the loss of SOX9 in primary heart valve explaB8). This may indicatevhy the loss of SOX9
can lead to caification as seen in mice witieterozygous loss of SOX9 usi@gl2alCre. In
summary, SOX9 plays an essential rioléhe formation of the latvalvesand limb budsnd
identification of theglobaldownstream transcriptional targets of SOX9 during heart \aaide
limb development will provide a better understanding of the exact role of SI0M8g the
expansion, differentiation, remodellingcdamaturation of the valvesd limbsandin congenital

defects andlisease.

1.6 Campomelic dysplasia

Campomelic dysplasigCD)is characterized by the bowing of long bones, facial abnormalities,
pelvic and vertebral defects, hypoplastic scapulae, clutgstdabsence of a set of rib bones,
and sex determination defe¢t!). Overall, CD is usually lethal but there is a small subset of
patients that survive. Acampelic 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, potendilly disrupting regulatory elements, rather than alterations i8daikécoding
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 patienthat did not have sex reversal and suggests that the dimerization capability of

SOXJ9 is necessary for chondrogenesis and not for sex determig@gioRurthermore,dss of
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one allele o50x9n 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 diffesen
chondrocytes to hypertrophic chondrocy{®@8). Since SOX9 takes a central role in multiple
abnormalities found in CD these mice can be used as a model tstandenow 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 heean affect 15% of human newborrend approximately a

third of these cardiac defects are due to heart valve malform@&ib@g). The mosprevalent

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 theirmal position into the left atrium. Reports

on the prevalence of congenital heart defects vary w{gel$5% of newbornsgince BAV and

MVP are not usually included. BAV affects 2% of the general population but the consequences
are rarely seen until adbbod(91,92) whereas MVP affects up to 5% of the general population
but is rarely detected in newbornssgsptoms are frequently not sevédé). However, hese
congenital anomalies can leadattincreased pressure on the heart and predispose these patients
to valve disease later in life. Tetralogy of Fallot, hypoplastic left heart syndrome, and Ebstein's
anamaly areother examples ofongenital heart defects that includeart valve and septal
abnormalitiesThere are a number of syndromes that also include heart valve and septal defects

such as Williams, Marfan, Trisomy 21, Alagille, Turner, and Noonan synel{92).
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1.7.2 Adult heart valve disease
According to thaVorld Health Organizatigrcardiovascular diseases dre humber 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, approximabéty &
cardiovascular deaths are due to valve dis€3eAdult 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 casdsckflow 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 activadd@gfwhich
leads to abnanal 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 fibriladeiad
Afl oppyo valves and regurgitation, while fib
along with increased levels of collagen and elastin fibre fragmentation resulting in stiffening of
the valve leaflets known as valve sten@$i594,95). Valve fibrosis can often progress further,
leadirg to valve calcificatior3). Accumulation of calciunn the valve causes them to stiffen,
which i mpacts the valveds ability to Topen an
date, little is known about the pr@gsion of valve calcification, myxomatous and fibrotic valve
disease.

Many cases ofalve disease in adults involve pegisting defects in the heart valves and
suggest that abnormalitighat occurduring embryonic valve development may lead to
susceptibility to valve disease later in I{&96-99). Theliterature suggests that key pathways

and factors regulating valve development are also implicated in valve disease and congenital
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heart de¢cts(37,74). Unfortunatelythere are limited options for treatmentvalve disease and

the current treatmemmption 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 treatiwigmart valve disease drives the need

for further investigabn of heart valve development and disease arnduheerlying biology

1.7.3The involvement of SOX9%and signaling pathwaysin heart valve disease
Sox%expressiomas beeshown to be upegulated irhuman myxomatous mitrahlve disease
(31,76). Scleraxismutant mouse AV valves displayed characteristics of human valve disease and
it was found that both SOX9 altCM proteins were upegulated in the mutant valv€s01).

Heart valves from mice with a mutation@olla2(Osteogenesis imperfecta muringce) share

a numbeiof characteristics with myxomatous valve disease including increased expression of
Sox9(77). In addition,SOX9 has been linked tumanaorticvalve stenosis and pediatric and

adult aortic valve diseag@4,75). In mouse, heterozygous lossSixusing a flox allele with
Col2al-Cre resulted in thickened heart vahleaflets and deposits of calcium on the valves
similar to the calcification seen reart valvaliseas€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 beegplated along with RUNX2, a known
osteogenic marker that is indicatiwecalcification(75,77). To date, upregulation ofSox%has

been implicated in both myxomatous and calcifalve 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 pathwag also play a key role in the progression of heart valve disease. For
exampleNotch has been implicated in valve calcification, a common form of heart valve disease
(36), and mutations iINOTCH21have been linked with familial, nesyndromic, autosomal
dominant calcific aortic valve disease (CAVD) and associated with B2). To further
support a role for Notch signalling during valve disease, heterozigtaisor Rbpjmice have a
higher risk of developing calcification of the aortic va(¥83104). Inhibition of Notch in rat
aortic valve interstitial cells causes a significant decrease in SOX9 (already koadven
involved in aortic valve calcification) and cartilagesociated factor@6). Using anin vitro
valve calcification model, loss of Notdbead to highlevels of calcification and conversely,
increased levels of Notch signalling reddcalcification(36). Of note the addition of SOX9
could rescue the accelerated calcificatitggeredby theloss of Notch(36) anddemonstrates
that Notch signallingnay be regulatin@OX9 in VICs This data suggests that fbss ofboth
Notch and SOX9 in the cardiac valves colddd toadult valve disease andubsequent
calcificationof the valvesTherefore, understanding the role of Notch signakingd the role of
SOX9during valve formation maprovide key insights into theinvolvement during valve

disease.

1.8 Hypothesisand aims of this study

My hypothesisis that SOX9 regulates the same criticenesin both heart and limb
developmenand by identifying unique and shared SOX9 target gend provide novel
insights into similarities and differences between valveliaml regulatory networkand will
determine genes essential for heart valve formafiorexplore then vivo functionalrole of

SOX9 invalve and limb development, | hawmalyzel and characterizkthe transcriptional
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targets of SOX%dentified by chromdin immunoprecipitation coupled wittheepsequencing
(ChIP-Seqg)on E12.5 mouse embryonic AVC and liniriefly, ChIP-Seq is a technique that
will identify TF DNA binding sites on a genomic level within a given tig90%5106). The ChIP
pullsdown (enricleg DNA sequences th&0X9antibodiedhindto andthese areequenced and
mappedackto the genome. Regionsthie genome that are enriched with DNA sequences are
call ed Opeaks 6SOXNDINA bindiegegionwithip theegsnenre t This method
allows for the identification ah vivotranscriptional targts of SOX9 in developing vahand
limb on a genora wide level.

To identify the critical of role ofSOX9 in the heart valves, | hawyeneratd and
characterizdthe phenotype of a novel endothelial specWiagcular Endothelial cadheri{vE)
Cre crossed with thesox9 floxmice) SOX9 mutant mouse and tlpeeviously described
endothelial specific SOX9 mutant mou3&e@-Cre crossed with th&ox9 floxmice). After the
proper characterizatnmof the SOX9 mutant micegikamin& gene expression alterations in the
absence of SOX®&y comparing WT and SOX9 mutaheart valvesusing RNASeq. To
determine the ritical targets of SOX9, | havemployed various bioinformatic analyses to
compare the SOX9 ChiBeq libraries to the RN/&eq libraries generated from WT and SOX9
mutant heart valves. Lastly, | haweleced several candidate genes from the list of genes
discovered by comparing ChiBeq and RNASeq libraries based on differential expression and
gene function for further examination in the developing valRe#iectively, this workwill help
to elucidate novednd keyfactors involved in the regulatory networks requiredhieart valve
formation, andimprove our understanding of heart development and -helated 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 GI8Bq libraries. ICRutbredmice were used for
ChIP-gPCR validation. To genera@®x9fl/f(WT) andSox9fl/flVE-Creor So9fl/fl; Tie2Cre/+
(Sox9cKO) embryos Sox9fl/flfemale mice were crossed wh-Cre/Tie2Cre male mice to
generat&ox9fl/+VE/Tie2Cremalemiceand therthesemalesvere matedvith Sox9fl/fifemale

mice. All mice were backcrossed more than seven gemesa Sox9fl/fl (B6.129S7
Sox9tm2CrmMJandTie2Cre (B6.CgTg(Tekcre) 12Flv/J)mice were obtained from Jackson
Laboratories (Sacramento, USA). THE-Cre mice were a kind gift from the Karsan lathe
Sox9flallele was genotyped using primers specifidhe flox region and&/E/Tie2Cre was
detected using primers specific@oe recombinaséTable 21). Embryos from timed matings
were considered embryonic day (E) 0.5 at noon of the day a vaginal plug was observed. For the
SOX9 ChIRSeq libraries, the abventricular canal (AVC) and limb buds were manually
dissectedn cold phosphate buffered saline (PRS)ng forceps and a dissecting microscope.
Whole hearts and heart regions including the AVC, atria, ventricles, and outflow tract were
manually dissectettom Sox9fl/fland Sox9fl/flVE-Cre or Sox9fl/flTie2-Cre/+ embryos for
immunofluorescence, gPCHR situhybridization and/or RNASeq libraries. Littermates were
used forexperiments comparing WT ai@bx9cKO and at the least an n of 3 was used for all
experiments.Sox9fl/fl Sox9fl/flVE-Cre and Sox9fl/+Tie2Cre mice were maintained on a

C57BL6 background.
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Table 2-1 Primer sequences

Primers for Genotyping

Name
Sox9fl/fl
Cre

Forward 5'to 3' Reverse 5'to 3'
AGACTCTGGGCAAGCTCTGG GTCATATTCACGCCCCCATT
CGTACTGACGGTGGGAGAAT CCCGGCAAAACAGGTAGTTA

Primers for gqRT-PCR

Name
Sox9
Fgfr2

Trp53
Akt2

Prkaca
Cdknlb
Rfwd3
Junb

Hdac?2

Sox4
Mecom/Ev
i1

Pitx2
Hand?2
Nfia

Vim

Cdh2
Cdh1
Cdh5

Postn
Eln

Fbnl

Mgp

b-actin

Forward 5'to 3' Reverse 5'to 3'
CAGCAAGAACAAGCCACACGT

CAA TTGTGCAGATGCGGGTACTGGTCT
TAGTCATGGCTGAAGCAGTGG(

AA TCTGATACCAGATCAGACAGGTCC
ACAAGAAGTCACAGCACATGA

CGG TTCCTTCCACCCGGATAAGATGCT

GGAGGTCATGGAGCATAGATTC AAGTACCTTGTGTCCACTTCTG
ATGTAGCTGGTGGCGAGATGT1

CT TGAGAAGATTCTCGGGCTTCAGGT
AAACTCTGAGGACCGGCATTTC

GT TCTTCTGTTCTGTTGGCCCT
AAAGTGCCATCTTCCAAAGCCC

AG AGGTGGCCAGATAGCTGTTCTGAT
CTTTAAAGAGGAACCGCAGAC

CGT TTTGATGCGCTCCTGGTCTTCCAT
TACAACAGATCGCGTGATGACC

GT TCCCTTTCCAGCACCAATATCCCT

GCCCGACTTCACCTTCTTT AAGGACAGCGACAAGATTCC
TCCTCCTCATCCAACAACACCT
CA ATCCGCAATTTCATCGGGAACAGC

GGAAGCCACTTTCCAGAGAA CGGCGATTCTTGAACCAAAC
CACCAGATACATCGCCTACCTC
AT GGTCTTCTTGATCTCCGCCTTGAA

GTCACAAACACCAATAGCTGC AGACTTGAGGCGCTTTGTAG
GACCTTGAACGGAAAGTGGA AGCCACGCTTTCATACTGCT

AGGGTGGACGTCATTGTAGC CTGTTGGGGTCTGTCAGGAT
ACGACACAGCCAATGGACCAA
GAT TCGGGCATATACTCCTGCAGTGT

ACCGAGAGAAACAGGCTGAA AGACGGGGAAGTTGTCATTG
TGTGTATCGGACGGCTATCT  CTCTGCTGGTTGGATGATTTCT

CTCATCCATCCATCCATCCATC GACAGGTGAACCAGGTTGATAG
ATGAATGCAACCAGGCTCCCA#

AC AGCTCCTTCCATCCTCTTGCAGAA
ACCCTGTGCTACGAATCTCACC

AA TGTTGATCTCGTAGGCAGGCTTGT
CCAGAGCAAGAGAGGTATCCT

GAC CATTGTAGAAGGTGTGGTGCCAG
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Primers for luciferase vector cloning

Name Forward 5'to 3'

Mecom CAGAAGGTTCTAGAAGCAAGGCAC

Prkaca TGTCTCCGCCAATCGACGGCTT
Rfwd3 AGAAGAAGCAGGGAGCAGCCTCA

Trp53 ACTAGCGGTGCTAGCCAGAAGTAT

Reverse 5'to 3'
CCCAGGTATCCAGTACAAAGTAA
ATTATCA

TGCTTCCCGGTCTCTCT
CCTGAGATTAAAGGCGTGAGCCA
T
ACGATGTCTGGTGCGCGATAAGA
A

Junb AGAAACAGGCTAGGGAAAGAGAGC TTCCTGTGCCCTAATATGGGTGCT
CCGTCCAGCTCCAGTGAATAATG

Nfia TGCAAACGATGAGGGTACTGGACT GAA

Fgfr2 TCTCTGCCCTTTE@CCTTTG TCTGTGTGCTTCCATGTTCC

Cbyl/Fam

227a CATTTTTAACACAACAAAGC GCCTGCAGCTTTCTGCAAGG

Wasf1/Cdc

40 TCATCTTCCCTCATTCCCGAGCC ACCCGCGCCTGCAGCAGGGGGA

Primers for site directed nutagenesis

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

Hdac2 ' GGGGCTAAAGTCCGCTTGTEGCA GCGGACTTTAGCCCCGCGCTCAG

M CCTCCG AGACCCG

Hdac2 2 GGGGCTAAAGTCCGCCGGTGCGC/ GCGGACTTTAGCCCCTTGCTCAG,

M CCTCCG GACCCG

Hdac2 GGGGCTAAAGTCCGCCGGTGCGCt GCGGACTTTAGCCCCGCGCTCAC

DM CCTCCG AGACCCG

Flanking GGCTAGCGACGGCCGGTGCTGC:

Primers CGAGCTCTAGACTGCCCGGGATTCC GC

Primers for Tagman gRT-PCR

Name Company, Catalog #

Sox9 ABI, Mm00448840_m1

Gapdh ABI, MmM99999915 g1

Lefl ABI, MmM00550265_m1

Twistl ABI, MmM00442036_m1
Thx20 ABI, Mm00451515_m1
Ccndl IDT, Mm.PT.58.28503828

Primers for ChIP-gPCR

Cops5 AAACACTTCCTTAGGGTTGGCTCG
Eed GGGAGGAAAGAGAAGTCACCT
Fos ATCTCCGAATCCTACACGCGGAA
Hdacl TGGGCCTGTACCAAAGTCCG
Hdac2 AACCAGTGCGCGTAAGACCGA

CTCGCAGTTCACACGAACGGATTT
TAACTCGAAGTTGTTCTCCCGAGC
CCGTCTTGGCATACATCTTTCACC
TGTGAAGCGGGCTGCAGAGTTTA
TTCTACGGGTAGTCACACACAGTC

Primers for ChIP-qPCR

Name Forward 5'to 3'

Reverse 5'to 3'

Junb CCAGCTACAGACGCTTCTAGTCAT AGGCTTATTAGTCGCCGATGGTTG
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Primers for ChIP-gPCR

Name
Srpk2
Timp2
Ctgf
Mecom/Ev
il

Fgfr2

d3

Trp53
Prkaca

Rfwd3
Culda

Fgfll
Col2al
Apoc3
Hnfl
Tat

Wasti

Wasf2

Forward 5'to 3'

GCTACAACACAAACACGAAATGCT

CCATTCACGTGCCGCTGAATCATTT

G

TAAGCATGCACTGCTCACTCCAGA

TGTCCAGGGCATGCTTCTGACTAA

ACCTCTGTGCGACGCAGGAAATAA

TTCCCACACATTCGCCATCAAAGC

GCAGGAGCATTTCCGGTTTCTTGT
TCACTCATCCAGGAGCCTATGGT

ACGGCGACCAATCTCTTCTCTTCT
TACTGGTTAATGGTGATGTGCGCC

GGGACTCCCTAACTGTCGT
AGAGCTGTGAATCGGGCTCTGTAT

CGTGAAAAGCATGGGCAAATC
CATGAGGCCTGCACTTGCAA
GAGTCAGGCTTCAAATCTCTGGTC

AAAGTGCGGATCGGGCAATACC

AAGTTCATAGGCTCGGCCTGTTCT

Reverse 5'to 3'
GGACAAATCAAATAGAAGCAGCC
AGGG

TGGCTTCTTGGCATAGAAACTGCG
AAACACATGGCAGCTCCCTAAAG
C

CTGGCTGCTAAACCTGCTTACACA
TGGCAGGAGACACGGAACTAAAC
A
CCACAACAGATTAAAGACCAGGA
GGG
TCCTCAAACCACAGAACCAGCCT
A

ATTGGTTCAGGCCTCCCTGACTGA
CTCGCCCAGAAATGTATCAAAGG
C

AACCAACGTGCAGAGGTTACCGT
AACAGGGAAATCGGCAGAGAGCA
A

AGGCTGTGCATTGTGGGAGA

AGGGATAAAACTGAGCAGGC
GGGAAATTCTCCAAGGTTCA

GGGAAATTCTCCAAGGTTCA
AGAATGAGCATCCACCCACTTAC
C
ACAGGGAAAGACCTCGGCTAACA
T
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2.2Immunofluorescence cell counts in situ hybridization and H&E staining

Hearts were fixed in 4% paraformaldehyde (PFA, Sigma) overnight anel subjected to a
sucrose gradier({tt5%, 30%, 65%) prior to embeidd. Hearts were embedded in TissueTek
O.C.T. (Sakura) in cryomolds and were cryosectioned ubsgeica CM3050S cryostat6-

8 ¢ m t h iFarik sitehgbsidization (ISH) slides wereestioned at 18 nthicknessSlides
were maintainedaB 0 e C unt i | i mowing emava of slidea fgom th& 6 ke IC
freezer slides weraried for 10 minutes at room temperature. Borders were drawand
sectionswith a wax penDiagnostic Biosgtems)andwerere-fixed with 4% PFAfor 10-20
minutes atoom temperatureSlides were washed with 1X PBS three times for 5 minutes each.
A blocking solution of 5% Bovine Serum Albumin (BSA, Roche) with 0.1% TritehOR
(Sigma)diluted in PBS was addedtthe sectios for 1 hour at room temperatuerimary
antibodies were diluted in blocking solution (see antibody dilutiohalie 22) and placed into
ahumi di fied chamber overnight at 4eC. The f ol
and washed with 1XPBS three times for 5 minutes@in temperature.€gondary antibodies
were diluted in blocking solution at 1:5@®e Tabl@-2 for secondary antibaeb) andincubated

for one hour atoom temperatureSections were washed with 1X PBS three times for 5 minutes
each. 4',@iamidinc-2-Phenylindole, Dihydrochloride (DAPL, ug/mL, Sigma) wasdded to

the last PBS wash for 10 minutes at room temperatlabébnuclei. DAPI was washed off with
PBS. Slides were mounted with -800 pL of 20 mg/mL DABCO 1,4
diazabicyclo[2.2.2]octane&igma) and coverslips were added and sealed with nail polish for
visualization.Images were captured with OpenLab v@@rkirElmer)on a Zeiss Axioplan 2
compoundnicroscope or TCS SR&ica confocal microscope with the Leica Application suite

software.Forimmunofluorescence 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
EVIl 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 Scientifi 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 afSbi@a€Os hearts (N=8

using ImageJ software or by manually countinH was performed as described
previously107). Hemotoxylin and Eosin (H&E) stainin@igma)was performed according to

the manufacturerds protocol s.

2.3RNA isolation

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

or sngle AVCs atria, ventricles and OF{generated from crossin§ox9fl/fl females and
Sox9fl/+;Tie2Creor Sox9fl/+,VE-Cremale micg were dissected ofrom the heart of embryos.

Tissues from ICR and C57BL6 were pooled together an®do®©/Crecrosses only single

tissues were used for RNA isolation. Tissues vagrectly placed into Trial (ThermoFisher

Scientific). For tissues frol8ox9/Crecrosses,ie samples wergtoredat8 0 e C unt i | e mb
were genotyped (Sesection2.7) . RNA was isolated with Trizc
protocol. Briefly, tissues were homogenized in Trizol and incubated for 5 minutes at room
temperature. ChloroformEMD Biosciencey was added at 1/5 the volenof Trizol and

vigorously agitatedlor 20 seconds. Samples were ccentrifuggddgh spee@13000rpm¥or 10

minutes at €C. The aqueous layer was taken and RNA was precipitated with an equal volume of
isopropanol EMD Biosciencels Samples wereentrifugeddown at high spegg13000 rpmapt

4eC to collect precipitates for at least 10 minutes. Isopropanol was removed and pellets were
washed with 70% ethandtMD Biosciencel The ethanol was removed and samples were air

dried for 10 minutes at room temperature. Pellets wesaspended in RNase and DNAse free

water ThermoFisher Scientifjc The quality of the RNA was assessed using the Nanodrop 1000
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(RNA with approximately OD260/280= £30, OD260/230= 22.2 was cosidered good

quality) and RNA was stored a8 0 ¢ C

2.4RT-PCR, gRT-PCR, and ChIP-gPCR

RT-PCR was performed as previously descrifd€B with a several modifications. cDNAag
synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche) and HIFI Taq
polymerase (ThermoFisher Scientific) wased for RTPCR and for initial steps of cloning
gPCR was performed with FastStart Universal SYBR Master (sRox, Roche&jliagco the
manufacturer ds pr ot oc oTimedEBR Sydieen. Carilitionsf®PCRHT F a
were as describgd09). Primers used in RPCR, gRFPCRand ChIPgPCRare found inrable

2-2. Relative quantitation was used for gRIPCR. Hbusekeeping gesewere used as
endogenous contrlor all Tagman assay&apdh and cRT-PCR Actb). For single heart part
specific gRFPCR analysis on AVQrentriclesand atria, mous8ox9 Lefl, Twistl, Tbhx20and
GapdhTagman primers and probes (ThermoFishee@dic) were used on WT ar&bx9cKO
embryonic heart parts. For CRtfPCR fold enrichment was calculated by 27(Ct difference
between SOX9 and IgG ChlIP). Regions tested for enrichment indFHIIR were within SOX9

peak regiongsee Table A for primer sequencel multiple peaks were presentin heart or limb

for shared targejenes then the most likely candidate was chosen badedsiional Weight

Matrix (PWM) score and proximity to the gene.

2.5Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIRSeq)
Three independent ChlPs generated from pooldaryrs were combined for SOX9 Chieq

libraries (total: 164 E12.5 AVCs and 39 E12.5 limb bu#sy. a simplistic illustration of the
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ChIP-Seq protocol see Figureld. For the ChlPtissues were homogenized in 1% formaldehyde

and ircubated at room tempeuaé for 10 mirutes Samples were intated with 0.125 M

glycine at room temperatufer 5 mirutes Following pelleting and washing, samples were re
suspended in 5 volumes of ChIP cell lysis buffer (10 mMiGispH 8.0, 10 mM NaCl, 3mM

MgCl2, 0.5% NP40)with a protease inhibitor cocktail (Roche). Cells werbaomogenized and

put on ice for 5 min. Cells were pelleted again arsugpended in 3 volumes of ChIP nuclear

lysis buffer (1% SDS, 5 mM EDTA, 50 mM Tri€l, 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 @a@ndson, 40 gcondsoff. Sonicated chromatin was

diluted with ChIP dilutim b uf f e r, 0.01%0SD2, 5.0 Taitbn-X00, 167 mM NaCl,

16.7 MM TrisCl, pH 8.1).3 e g of r ab bi-mouge®cOX9antibodys(illipora nt i
AB5535) or negative control of 3eg of rabbit
samplesath i ncubated overnight while rocking at
(ThermoFisher Scientific) were blocked witimg/mL BSA and 0.1 mg/mherring sperm DNA

in ChIP dilution buffer overnight. The following day, samples were incubated with blocked
Protein A/G beads for four hours rockingdae C . Beads were precipita
several buffers. The washes are as follows: low salt bi@f&% SDS, 1% Triton XL00, 2 mM

EDTA, 20 mM Trig Cl, pH8.1, 150 mM NacCl), high salt buffer (low salt befixith 500 mM

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

mM Trisi Cl, pH 8.1) and two final washes with TE buffer. For theietutof the bead
compl e x eehution Buffer (£%4.SDS, 0.1 M NHCO3) was added anapéas were rotated

at room temperaturéor 15 mirutes twice. Proteinase K with RNAse A (ThermoFisher

Scientific) and 0.1921 NaCl (reverse crosslinking) werdded to samples and incubated
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(5-15ug of DNA, d@am
3 pooled ChIPs) MM

Crosslinking: Protein:DNA

Sonication

Immunoprecipitation A
Protein A/G capture @

Reverse Crosslinking

Purification, Isolation
of 100-300bp DNA

PCR Analysis

SET (Single End Tag)
Sequencing (lllumina)

Tag Extension, mapping
to genome

Building of peaks

Figure 2-1 Generation of SOX9 ChIRSeq libraries fromE12.5 AVCand E12.5 limb buds.
Approximately 515ug of total DNA was collected frothe E12.5 AVC and limb budsissues

were homogeneized and subjected to crosslinking (protein:DNA). Crosslinked protein:DNA was
sonicated and immunoprecipitated using the SOX9eayiProtein:DNA @mplexegshown in
different colours:red, green, yellowkre 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 65eC over ni gh waspeffarmed With twa rounds of preesfibilomfir
extraction and ethanol precipitation. Samples were spun dowredets pvere resuspended in
5 0 d#20.A sample of genomic DNA was extracted as input for sequencing. Limb ChIP was
performed alongsidéhé heart ChIP to confirm enrichment of known target genes via-ChlP
gPCR.

ChIP DNA was sent to the Genome Sciences Centre (Vancouver, BC) for library
generation. DNA was purified usingl®2% PAGE to isolate 16800bp fragments for short read
(50 bp) sequeaing onan lllumina Genome Analyzer & described previous({t10). The
BurrowsWheelerAligner (111) aligned reads to the mouse genome (mm9) and unmapped reads
were removed. Firfteaks3.1112) created virtual fragments by directionally extending uniquely
mapped reads to a constant length (@00 Virtual fragments were profiled across the genome
to identify regions of enrichmento ipeakso. A Fal se Discovery
threshold ChiPSeq data as describétl3) and false positives were limited using sequenced
control datainput DNA). For each ChHSeq peak that passed the FDR ~0.01 threshold, we
found the maximal coverage of the control sample in the regi806ip. A local zscore was
calculated between the peak height and control coverage and peaks below the thweshold
filtered out. Peaks that passed filteringgcore, peak height, FDR based peak heighvitsiand
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 htgtetermine 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 beelgposited to the GEO databa$&SE73225)
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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.edy/ and

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

SOX9 bound regions (peaks) were associated with genesthrbughea® 0 pthab c e s s
ensured transcriptional start site (TSS) proximity was weigiriedto distance from either end
of a gengAppendix 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 kB from a TSS; wtal promoter (510 kb from a TSS); proximal
promoter (less than Eb from a TSS); at a TSS (00 bp); within the first 1kb of a gene,
within the first 25 kb of a gene; migjene (greater thankh from either end of a gene); within
the last &b of agene; at a transcription termination site (TTS); withkab of t he 30 e
gene; and greaterthakS f rom t he 306 end of a gene. SOX9
regions using Ci st r ¢ldtgeand SCrees Matifoool wedeusedferm®iio s t o
analysis of SOX9eaks.PWMsfor the SOX monomer and dimer motifs were generated by
SegPos. PWMs used in Screen Motif were based on highest enrichwedoe pnd top-acore.

Gene Ontology (GO) analysis was performed us@yilla (117). Lists were ranked
using pvalue and top categories were filtered for rethnty Co-factor analysis on SOX9 peaks

was performed using oPOSSUMtif://opossum.cisreqg.ca/oPOSSUMA/18).

2.7 GenotypingSox9mutant embryos
Sox9mutant/cKO crosses were setup as mentioned above (for funfthienation see Figure-2

2). Genomic DNA was collected from mouse ear punches or embryonic tissue (limb and hind
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torso) and extracted using the KAPA mouse genotyping kit (Kapa Biosystems) according to the
manufacturer ds pr ot o qb(forembryomictisshepor PSQuR(foreara ct i o
punches) was used as template for the genotyping PCR reddtieinTaq polymerase
(ThermoFisher Scientific) wassed for the PCR reaction acco
protocol. Theeonditions used for theax9fl/fiPCRareone st ep of Jdollogw&l f or 3
by94eC for 30o0sed80nsdgsc¢ob s Crefgedtedd 35fcyxlesar®Bl@n s ec on
final extensiorstepo f 7 2 enhutésolhe PER program fGre primers is similar with the
exception of the 35 c¢yes whichhav® 4 e C f or 30 secombd2e65e€r fbd
minute. The expected sizes of the bands foSiwedfl/flprimers for WT were 250 base pairs

(bp), heterozygous 300 bp and 250 bp and mutant 300bp. See genotyping primersiTable 2

2.8 RNA-Seq and bioinformatic analysis

RNA from singleAVCsfor each genotype (WT ar®@bx9cKO hearts) werased to synthesize
cDNA (see RTPCR method section) for Tagman assays to confirm efficient |&sx&n the
Sox9cKO (VE/Tie2Cre) AVCs. For the RIA-Seq libraries: RNA from two or three littermate
AVCs with enrichment (WTSox9fl/f) or loss §0x9cKO) of Sox9in the AVC were pooled
together. Pooled AVC RNA samples were further purified by GenelJet clean up and
concentration micro kit (ThermoFisherci€ntific). RNA quality was assessed on the
BioAnalyzer (Agilent Technologies) and all samples had scores over 8.7 with a required passing
score of 7. DuplicatBNA-Seq libraries for each genotype were generated and sequenced using
lllumina Mi-Seq. Sequercreads were aligned with the Tophat2 {ad9) on Galaxy using the

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

1st cross éz)x(ﬁz)

VE/Tie2-Cre Sox9fl/fl

2nd cross Q X Q

Sox9fl/+;Cre/+ Sox9fl/fl

50% Sox9fl/+:Cre/+
50% Sox9fl/+:+/+

25% Sox9fl/fl:Cre/+ (Sox9 cKO)
25% Sox9fl/fl:+/+

25% Sox9fl/+:Cre/+

25% Sox9fl/+:+/+

Courtesy of A. Chang, 2011

Figure 2-2 Generation of the Sox9fl/fl;VE-Cre and/or Sox9fl/fl;Tie2-Cre mice. A. The
crosses neatl to generatesSox9mutant miceB. Lineage tracing with th&E-cadherintTA
(VELTA) strain(a gift from L. Benjamin, Harvard Medical Schpotossedvith TetOSlacZ(a

gift from D. Dumont, Samuel Lunenfeld Research Institiitastrating the cell types in the
E10.5 and E11.5 heart tR&E will deletein. 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 Cufiks(120). Differential expression between WT &oxcKO RNA-
Seq libraries was determined using Cuff(ift0. Gene FRMs from Cufflinks were an average
of the duplicate libraries for each genotgoel only included genes represented in both duplicate
libraries Separate from Cuffdiff outputs, fold change was determioetateen WT an®ox9
cKO gene FPKMs to assess diffetial expression. For genes to be included for downstream
analyses several criteria needed to be met: greater than or equal to 1 FPKM in eith&oWaT or
cKO and greater than or equal to 1.5 fold change bet®ea@cKO and WT AVC gene
expression. Cistromand Galaxy were used to determine differentially expressed genes that
were associated with SOX9 peaks.

GOanalysis was performed usi@grilla(117). Mouse genes from RN&eq were used
as background. Lists were ranked usingafue and top categories were filtered for redundancy.
Ingenuity Pattvay Analysis (Qiagen) biofunctions was used for GO analysis on SOX9 target
genes overlapping in all librariemdto generate an interaction network of the biofunctions:
transcription, cardiogenesis, and abnormal morphology of the heart orrdgulated X9

targets in the heantleat maps of gene expression data was generatedlidigeV.

2.9Cell culture, transfection, cloning and luciferase assays

Cell s were maint ai ne d20%axygenand 5%ncarlboh dioxideiEK a t
293T cells wee maintained in normal growth medium (DMEM (Stemcell) + 10%FBS +
Penstrep, ThermoFisher Scientifi§rowth medium for the cells was changed every two to
three daysHEK 293T cells were transfected at-80% confluency using polyethylenimine
(PEI, Polysciaces Inc) following a published proto¢b21). Luciferase assays were performed
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two days following transfection using the Dualciferase Reporter Assay System (Promega).
SOX9 peak regions of interesere cloned into pGL3 vector with a minimal promoter (E1B) or
pGL4b promotetless vector to test luciferase activity for individual enharipsseotersn the

presence or absence of SOX9 (pcDN3BGX9 overexpression vector).

2.10Site directed mutagenesis

Primerswere designed to mutate the putative SOX9 dimer site in the SOX9 peak associated with
theHdac2promoter region. The first SOX9 site the CAA portion was mutated to ACC and the
second site of TGG to GG3imilar to other studies to generate mutanhsioucts.Smaller

fragments with homologous regions were generated and melted to§etprimers in Table 2

1. The PCR conditions used to generate mutant sequencéswegeC f or 3 mi nut es
94eC for 30 seconds, f6rQmiduteffooatl ford@cyctee Theravhs , an
a 20 minute hold at room temperature to allow for the addition of flankimgs followed by
35cyclesoP4eC for 30 seconds, 60eC for 30 seconc
extensi on Cdoy t0lnenutesHlIFl Ta? gvas 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 asays to assess ta#ect on theactivity of SOX9
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CHAPTER THREE: Identification and characterization of SOX9binding sitesin the
developingheart valve and limb genome

Thegoal of this analysis was to determine where SOX9 binds within the gendheei2.5

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)iemaiduds 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. SOX@dboegions and transcriptional targets
were compared among different tissues to determine t&gsemfic and contexhdependent
functions of SOX9. Furthermore, bioinformatic analyses of SOX9 bound regions can reveal
tissuespecific cefactors of SOX9. Havever, this analysis is entirely dependent of the specificity

of the SOX9 antibody and therefore | decided first to characterize SOX9 expnesisigthis

antibodyduring heart valve development using this antibody.

3.1Sox9mRNA and protein is enrichedin the mouseheart valvesthroughout development

At E12.5, SOX9 has been reported tovindely expressed in mesenchyme throughout the
developingnouse heastalves(69) andcondensing mesenchyme in the develofimg (122).

To confirm the enrichment &ox9mRNA in the developing heart valvegR T-PCR andn situ
hybridization were used (Figureld. SoxXO9mRNA levels were enriched in the AVCgien at
E10.5, E12.5, and E14.5 froml2 fold over the atria (Figure Bpart AC). SOoxX9mRNA 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 SoxX9mRNA is enriched in the developing heart valvesA-C. A representative
gRT-PCR forSox%n E10.5A.), E12.5B.) and E14.5C.) valves (AVC), ventricles (V), atria
(A), and outflow tract (OFT) relative f®actin.D-F. Whole mounin situhybridization with a
probe specific foSox9on E12.5 heartdD-E. Highlight valve (AVC) specific expression in
crosssection D.) and saggital sectiok() F. Shows both AVC and OFFox%xpression in the
cardiac cushions

44



pulmonary valves (Figure-BA, B). Similar to the gRIPCR resultsSoxQranscripts were found

in the valve forming regions of the E1hBart byin situhybridization (Figure 3.D). Since

MRNA transcripts and protein levels do not necessarily corrélat@nted to examine SOX9
protein levels in the embryo. To ensure that the SOX9 antibody (Millipore, AB5535) binding
was specific to locations in the embryo knowrexpressSOX9 protein, immunofluorescence

was performed on E12.5 whole embryo sectidypéndixIA, B, E) and E10.5 heart sections
(AppendixIC, 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 Higlexpressed in the E10.5 heart valves as expected
(Appendix ).

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 differgiation stages) were examined using immunofluorescence (Fig)re 3
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 duringingial
formation, remodeling and differentiation. SOX9 was also expressed in another subset of cells
within the developing heart called the epicardium (FiguPe $e arrowheads). The epicardial
progenitor cells are a thin layer of ceitaindon the outsie of the heart (E10-814.5) 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 (R4 like

the AV valves.
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E13.5-14.5 . .3 E13.5-14.5

Figure 3-2 SOX9 protein is enriched in the heart valves during heart developmenimmunofluorescence on emjanic heartatE9.5
(A, B),E10.5(CD), E12.5 (EF), E13.5(GH), E13.514.5(I,J), and E16.5 (KL with anantibody specific to SOX9 (redfanels AC,
E, G, |, and K illustrate SOX9 staining only and panel®BF, H, J,L show the merggimageof SOX9 and DAP(blue). For later stage
hearts the image is focused in or tV valve region of the heart.
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3.2S0X9 directly binds thousands of DNA regions in the developing heart and limb

One way to determine the function of a TF is to analyze thesgbat this TF controls in a given
context. Therefore to investigate the role of SOX9 in heart valve developyeeonimewide

profiles of SOX9 DNA-binding sitesvere generatetbr E12.5 heart valves (AVC) and limb

buds using ChIPSeq.The SOX9 genomevide 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 @other 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 identifis@X9 transcriptional target genes aaml
excellent tool to identify similarities between heart valve and limb StdiX@ted transcriptional
programs. Embryonic tissues were manually dissected out of the E12.5 embryo. Limb buds were
pinched off the embryo. The E12.5 heavese taken out of tfiembryo and further dissected to
obtain only the AVC region by removing the ventricles, atria and @Hbtal of 164E12.5

AVCs and 39 E12.5 limb budsgere pooled in separate groups and used for three independent
SOX9 (Millipore AB5535) ChIPs. The SOX%tbody used for immunofluorescence analysis

was also used for ChlP. 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 librasgre mapped to the mouse genome (mm9, NCBI build 37) and
SOX9 peaks (regions of the genome where SOX9 is binavegg identified using a false
discovery rat¢FDR) of 0.01 followed by sulpaction of an input DNA controA local zscore

was calculated hereenSOX9 peak height and control coverafpe each libraryand SOX9

peaks below the threshold were filtered (Appendix IIA, B). Peaks that passed filtering, z
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score, FDR based peak height-offs and did not overlap with control peaks were retafoed
analysis.This identified a total 02607 and 9095 0X9 peaksin the E12.5AVC and limb,
respectively (Figure-3A, Appendixlll). To validate the specificity of the SOX9 peaks in the
limb, SOX9 binding was confirmed #he exact sameegionsaspreviausly identified to be
regulated by SOX9 i€ol2al, Acan andCol11a2(79,80,82) targetgenegAppendixII C).

Todetermine the degree of similarity in SOX9 binding between the AVC and limb; ChIP
Seq libraries were compared using a Venn diagram and identifieHGZ2 peaks that were
shared (29.8% of E12.5 AVC aks)(Figure 33A). This datasupports that thee similarities
between the SOX9 initiated transcriptional programs in the valves and limb. Although there are
similarities between the libraries, there w&825 and 831@niqueSOX9 peaksn the E12.5
AV C and limb, respectively and indicate that S@¥&hasmanytissuespecific 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 transergbprograms in eadhifferent
type of chondorcyte. To determine the potential target genes of SOX9, SOXYqreaksh
library were associated with genes throughp-@ ® 0 p thai ensused transcriptional start
site (TSS) proximity was weightedipr to distance fsm either end of a gene (Appendix ID)
This mapping system ensured that most peaks were only associated with ofreayempeak
to-gene associations, 2453 and 5750 potential gene targets ofdei@entified in the E12.5
AVC and limbrespectivelyNotably, 1605 genes were targeted by SOX9 in both tistuss;
was more than double thieaged SOX9 binding sites (Figure3B) and suggests SOX9 targets
similar genesn the valves and limby using tissuepecific regulatory elements.

To determine how many SOX9 peaks contain a consensus SOX deotijvomotif
analysiswvas performed oB80OX9 peaks with SeqP¢k16). SeqPos is a program that identifies
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Figure 3-3 Comparisonof SOX%initiated transcriptional programs in developing limb and

heart and genomic peak locatios. A. Venn diagram of peaks amd targeted gene overlap
between the E12.5 valve (AVC) and limb C¥8Rq librariesNote: SOX9 peaks overlap and
SOX9 target gene overlap are completely separate from one another. ie. 782 peaks do not
correspond to 1605 gesin the Venn diagram overl&p.Positional weight models for the SOX
monomer and dimer binding sites as identified from the 3@ data. Letter height indicates
importance of the base for SOX9 bindilg Distribution of SOX9 peaks across the genome i
E12.5 AVC, E12.5 limb and sharbthding sites in both tissues.

50









































































































































































































































































































