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Abstract 

Unraveling the Role of Endocardial Heterogeneity in Post-EMT Valvulogenesis  

via Single-Cell Multi-omic Analysis 

Alexander Merriman 

 

Valvular heart disease is a major source of morbidity and mortality with an anticipated 

increase in prevalence secondary to an aging population and increase in survivorship for patients 

with congenital disease. Living tissue engineered heart valves are a promising regenerative 

medicine-based therapeutic objective, but require further developmental studies to become a 

clinical reality. While many of the molecular regulators of endocardial cushion formation via 

endocardial-to-mesenchymal transition (EMT) have been identified, much remains to be 

understood about post-EMT valvulogenesis. In this study, we have interrogated the later stages of 

valvulogenesis to understand the molecular mechanisms of valve formation and how these 

mechanisms are disrupted in the context of disease. Leveraging a combination of single-cell RNA 

and chromatin accessibility sequencing in the developing mouse heart, we identified a novel, rare 

valvular endocardial subpopulation with a unique transcriptional profile comprised of highly 

specific developmental signaling pathway genes. These cells are first detectable after valve 

primordia formation at embryonic day 12.5 and are spatially localized at the leading edge of the 

developing leaflets. Temporally-restricted ablation of this rare subpopulation results in perinatal 

lethality and dysplastic valve development, characterized by thickened, immature leaflets 

associated with valvular stenosis and regurgitation. These dysplastic features are consistent with 

the features of several congenital valvulopathies including Ebstein’s anomaly, and pulmonary or 

aortic valve stenosis. Lineage tracing analysis revealed that these cells are neural crest-derived, 



 v 

providing the first evidence of a neural crest-to-endocardial transition. Neural Crest-specific 

deletion of Pthlh, a marker gene for this rare subpopulation, similarly results in perinatal lethality 

and dysplastic valve development, implicating a previously undescribed neuroendocrine peptide 

hormone signaling pathway in the regulation of valvulogenesis. Loss of neural crest-derived Pthlh 

signaling was associated with a cell autonomous down-regulation of several marker genes and a 

disruption in valvular myocardial BMP signaling, a previously described pathway required for 

valvular growth and remodeling. Single-cell RNA sequencing analysis of a human fetal heart with 

hypoplastic left heart syndrome and critical aortic stenosis demonstrated a depletion of this cell 

population in the diseased aortic valve relative to the other three healthy valves, suggesting these 

cells may be required for human valvular development. This study establishes that this rare, highly 

secretory neural crest-derived endocardial subpopulation and the Pthlh signaling pathway are 

critical to valve morphogenesis and provide new avenues for investigation into the pathogenesis 

of human congenital heart defects.  
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1.1 Congenital Heart Disease 

Congenital heart disease (CHD) refers to a wide array of structural abnormalities present 

at birth that impact cardiac function1. It is the most common congenital anomaly with a prevalence 

of approximately 1% of live births, increasing to 2.5% of live births when including bicuspid aortic 

valves2,3,4. Despite vast improvements in medical and surgical management of these patients, CHD 

continues to be a major source of morbidity and mortality5,6,7. Congenital heart defects can range 

from a simple septal defect to complex lesions that require multipart reconstructions or 

transplantation, in some cases. Congenital valve defects, accounting for approximately 20-30% of 

CHD cases, are often associated with the some of the highest morbidity and mortality rates8,9.  

Heart valves are complex structures within the heart that serve the critical function of 

maintaining unidirectional blood flow throughout the cardiac cycle. The adult heart has two sets 

of valves, the atrioventricular valves and the semilunar valves. The atrioventricular valves are 

positioned between the atria and ventricles with the mitral valve on the left side of the heart and 

the tricuspid valve on the right side of the heart. Similarly, the semilunar valves are positioned 

between the ventricles and great vessels with the aortic valve on the left side of the heart and the 

pulmonary valve on the right side of the heart. Developmental errors can result in a spectrum of 

valve disease that include stenosis, regurgitation, or atresia. Valvular stenosis occurs with the valve 

opening is narrowed, preventing blood from easily flowing through the valve. Regurgitation occurs 

when the valve fails to close properly, leading to backflow of blood to the preceding cardiac 

chamber. The last and most severe development defect is atresia, where the valve fails to form 

entirely.  

One such example of a severe congenital valvulopathy is hypoplastic left heart syndrome 

(HLHS), characterized by the underdevelopment of the left side of the heart, including the left 
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ventricle, aortic valve, and mitral valve10. The ‘no flow, no grow’ hypothesis proposes the notion 

that improper development of the aortic and/or mitral valve results in poor flow through the left 

ventricle11. This hemodynamic disruption subsequently results in ventricular hypoplasia, leaving 

the patient with a single developed, functioning ventricle that postnatally needs to be surgically 

attached to systemic circulation in a series of three open-heart surgeries12.  

Unfortunately, treatment options for valvular CHD are limited, often requiring surgical 

replacement with suboptimal prostheses that can require chronic anticoagulation, increase risk of 

infection, and often require re-replacement13. Children who undergo surgical valve replacement 

often require numerous open-heart procedures by the time they reach adulthood, secondary to the 

failure of the valve prosthesis to grow with the patient14. Tissue engineering has emerged as a 

promising strategy for generating living valve replacements; however, the optimal cellular source 

remains to be identified15. To advance this therapeutic to the clinic, further developmental studies 

of valvulogenesis are required that will aid in the elucidation of pathogenic mechanisms of 

congenital valvulopathies which may be leveraged in regenerative medicine-based therapies.  

While it is known that genetic factors, environmental factors, and their interaction play an 

important role in the development of CHD, the precise etiology of most cases remaining 

unknown16,17. Environmental contributors to CHD include maternal diabetes18, rubella infection19, 

smoking20, obesity21, vitamin deficiencies22, and fetal teratogen exposures such as thalidomide23, 

alcohol24, and lithium25. Genetic causes of CHD are numerous and include chromosomal 

abnormalities (e.g. trisomy 21, trisomy 18), copy number variants (e.g. 22q11.2 deletion 

syndrome, 1p36 deletion), and monogenic etiologies16,17,26,27. Pathogenic variants have been 

identified in a number of molecular regulators including cardiac transcription factors (e.g. TBX528, 

GATA429, NKX2.530), cell signaling pathways (e.g. NOTCH31, BMP32, VEGF33), and structural 
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proteins (e.g. MYH634, MYH735). Improvements in next generation sequencing technologies have 

resulted in decreased sequencing costs and increased collection of significant amounts of genomic 

information from thousands of patients with CHD36,37,38. Despite the increase in availability of 

these data, limitations still exist in the prioritization and functionalization of these variants, both 

coding and non-coding. As such, further developmental studies that provide critical spatiotemporal 

information about transcriptional states and chromatin accessibility would aid tremendously in 

elucidating the molecular mechanisms of CHD.  

 

1.2 Overview of Valvulogenesis 

Valvulogenesis is the complex process by which the heart valves develop during 

embryonic development. During murine development, at approximately embryonic day (E) 8.5, 

the primitive heart tube forms which consists of an inner layer of endocardial cells surrounded by 

an outer layer of myocardial cells39. By E9.5, not long after primitive heart tube formation, 

valvulogenesis commences as endocardial cushions begin to form in the atrioventricular (AV) 

canal and outflow tract regions of the heart tube through myocardial secretion of proteoglycan-

rich extracellular matrix, known as the cardiac jelly (Fig. 1.1 A, B)40,41. These endocardial cushions 

are subsequently cellularized via a process of endocardial-to-mesenchymal transition (EMT).  

In the atrioventricular canal, there are a total of four endocardial cushions: the superior, 

inferior, left lateral, and right lateral cushions. All four of these cushions will undergo proliferation, 

differentiation, compaction, delamination and ultimately remodel giving rise to the valve leaflets, 

chordae tendineae, and annulus fibrosus of the mature atrioventricular valves, with some caveats 

(Fig. 1.1 C, D)42. By E10.5, the superior and inferior (major) cushions are mostly formed, 

populated by endocardial-derived cells (ENDCs) and will fuse to form the atrioventricular 
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mesenchymal complex that contributes to septation at the core of the heart, the septal leaflet of the 

tricuspid 

 

Figure 1.1 Overview of valvulogenesis. 



 6 

A, Cartoon representation of atrioventricular valvulogenesis beginning with emergence of cardiac 
jelly between the endocardium and myocardium of the primitive heart tube, cellularization of the 
cushion via endocardial-to-mesenchymal transition (EMT), remodeling and delamination into 
leaflet and chordae tendineae structures, completed by postnatal remodeling. B, Cartoon 
representation of semilunar valvulogenesis, which follows a similar pattern as atrioventricular 
valvulogenesis, but differs in the excavation stage, notably lacking chordae tendineae. C, Cartoon 
representation of the endocardial cushions prior to fusion. D, Cartoon representation of the 
endocardial cushion derivatives following fusion and remodeling. AVC, atrioventricular cushion; 
s, superior; i, inferior; rl, right lateral; ll, left lateral; CTC, conotruncal cushion; ICC, intercalating 
cushion; AoV, aortic valve; PV, pulmonary valve; MV, mitral valve; TV, tricuspid valve. (Fig 1.1 
A, B Adapted from Rosenthal & Harvey, 201041; Fig. 1.1 C, D Adapted from MacGrogan et al., 
201442)  
 
valve, and the aortic leaflet of the mitral valve. The mesenchyme of lateral cushions will continue 

to receive additional input from epicardial-derived cells (EPDCs) through E12.5; however, these 

cushions do not contribute to the atrioventricular mesenchymal complex, but rather give rise to the 

anterior and posterior leaflets of the tricuspid valve and the mural leaflet of the mitral valve43.  

The semilunar valves form in a very similar process as to the atrioventricular valves, with 

some notable differences. By E11.5, the outflow tract has a total of four cushions: two cono- 

truncal cushions that fuse to form the aortico-pulmonary septum and two intercalating cushions 

that do not fuse but do contribute to semilunar leaflet formation. These cushions are populated by 

mesenchymal populations derived from both the endocardium and cardiac neural crest cells 

(CNCCs)44. Rather than delaminating from the underlying myocardium with sub-valvular chordae 

tendineae, the semilunar valves undergo a poorly understood process of excavation that yields free 

leaflets and the sinuses of Valsalva – the future location of the coronary artery ostia. 

At the conclusion of valvulogenesis, all four valves contain mature, highly organized 

leaflets with a trilaminar extracellular matrix structure surrounded by an endocardial layer. Valve 

leaflets are composed of three layers: the atrialis (atrioventricular) or ventricularis (semilunar) 

layer, the spongiosa layer, and the fibrosa layer45. These layers have distinct ECM compositions 
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and mechanical properties, which contribute to the overall function of the valve. The 

atrialis/ventricularis layer is an elastin-rich layer on the inflow side of the leaflet subjected to 

laminar flow. The spongiosa layer is rich in proteoglycans that provide the valve with 

compressibility and cushioning. Lastly, the fibrosa layer is composed of collagen and elastin fibers 

that provide the valve with mechanical strength and durability.  

In addition to the complex cellular and molecular processes involved in valvulogenesis, 

mechanical forces also play a critical role in valve development46,47. Hemodynamic flow through 

the developing heart provides mechanical cues that influence the differentiation and remodeling 

of endocardial cushions, valve leaflets, chordae tendineae, and annulus fibrosus. It has been shown 

sheer stress responsive transcription factor, Klf2, is required in a subset of inflow-sided valvular 

endocardial cells that are subject to laminar flow48. This mechanosensitive transcription factor up-

regulates Wnt9b that mediates paracrine signaling between these endocardial cells and the 

underlying mesenchymal cells. Deletion of these transcription factors or loss of downstream Wnt9b 

leads to improper mesenchymal compaction and valvular morphogenesis resulting in 

midgestational demise. Moreover, ectopic valvulogenesis has been induced with modulation of 

mechanical forces during zebrafish heart development49.  As such, disruptions in hemodynamic 

flow can lead to valve malformations and other congenital heart defects. 

In summary, valvulogenesis is a complex process that involves the coordinated 

differentiation, proliferation, and remodeling of cells and ECM to form functional heart valves. 

Disruptions in valvulogenesis can lead to congenital heart defects, including valve malformations, 

that can have significant clinical consequences. Additionally, congenital valve defects can 

predispose patients to VIC dysfunction during tissue homeostasis as contributory to the 

pathogenesis of degenerative valvulopathies31,50,51. 
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1.3 Molecular Regulators of Valvulogenesis 

 Endocardial cushion formation is the first and most well-studied stage of valvulogenesis. 

The molecular regulation of endocardial cushion formation is complex and involves the interplay 

of various signaling pathways, transcription factors, and extracellular matrix components. Some 

of the most well-studied regulators include bone morphogenetic protein (BMP) signaling, 

transforming growth factor (TGF)-β signaling, Notch signaling, and vascular endothelial growth 

factor (VEGF) signaling.  

Initiation of valvulogenesis begins with cardiac jelly secretion by the valvular myocardium, 

giving rise to the endocardial cushions. This cardiac jelly secretion is secondary to AVC and OFT 

myocardial-derived Bmp2 signaling, which promotes expression of hyaluronan synthase 2 

(Has2)52,53. Loss of BMP ligands (e.g. Bmp2, Bmp4) or receptors (e.g. Alk2, Bmpr1a, Alk5) have 

resulted in impaired or absent cushion formation and midgestational lethality54. Moreover, in the 

AVC, Bmp2 signaling through its receptor Bmpr1a also promotes AV myocardial identity through 

the upregulation of AVC-specific transcription factors Tbx2/Tbx3 and repression of chamber-

specific gene programs55,56,57,58. 

Following the establishment of a competent valvular myocardium and cardiac jelly 

swelling, several signaling mechanisms have been identified that induce endocardial cells to 

undergo epithelial-to-mesenchymal transition (EMT). One of the signaling pathways that has been 

linked to EMT-initiation is TGF- β59.  This process involves the loss of cell-cell contacts and the 

acquisition of migratory and invasive properties through upregulation of Twist1 and Snai1, 

allowing the endocardial cells to transform and migrate into the cardiac jelly60. Similar to loss of 

BMP signaling genes, loss of TGF-β ligands (e.g. Tgfb261), receptors (Tgfbr262), or intracellular 
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signaling mediators (e.g. Smad463) result in incomplete cushion formation and midgestational 

lethality, highlighting this critical signaling pathway’s role in the initiation of EMT. Notch has 

also been implicated as a signaling pathway necessary for promoting EMT gene programs in 

endocardial cells, where it has been speculated that Notch may act to sensitize cells to receiving 

TGF- β signals64.  

While TGF-β signaling appears to promote EMT, VEGF signaling has been demonstrated 

to be a negative regulator of EMT, where premature induction of myocardial VEGF signals 

inhibited cushion formation65. It was subsequently shown that endocardial cells upregulate Nfatc1 

secondary to received VEGF signals66. Nfatc1 has been demonstrated to broadly mark the valve 

endocardium; however, not all of these cells undergo EMT. The mechanism regulating which 

endocardial cells undergo EMT is not fully understood; however, several regulators of this process 

have been defined. A more recent study elegantly demonstrated that a subset of cells have open 

chromatin in an enhancer within the Nfatc1 gene body, where Nfatc1 acts to suppress EMT gene 

programs67.  

Unlike the EMT phase, many of the molecular regulators of post-EMT valvulogenesis are 

largely unknown. During post-EMT valvulogenesis, the cushions fuse and the cushion 

mesenchyme undergoes further proliferation, differentiation, delamination or excavation into free 

leaflets, and proceed to mature into the postnatal period. Studies have implicated some of the 

pathways that have been implicated in the EMT phase of valvulogenesis such as VEGF68 and 

BMP69. In fact, it is for this exact reason that much remains to be understood about this stage of 

valvulogenesis. If there are stage-specific roles for the same genes, then these previous studies 

lacking temporally-inducible models of gene function would fail to characterize their prospective 

role at later stages of valve development. Understanding molecular regulators of post-EMT 
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valvulogenesis is a critical objective, as it is thought that defects impacting this stage could underly 

the pathogenesis of congenital valvulopathies.  

 

1.4 Lineage Heterogeneity in Valvulogenesis 

In addition to the aforementioned open questions related to molecular regulators of post-

EMT valvulogenesis, there also exists a long-standing question related to the potential functional 

significance of differential lineage contribution to the leaflet mesenchyme. As summarized in 

section 1.2, it is known that epicardial-derived cells preferentially colonize and give rise to the 

parietal leaflet mesenchyme of the atrioventricular valves43, while the neural crest contributes 

mainly to the semilunar valves44. There is some controversy in the field regarding neural crest 

contributions to the atrioventricular valve mesenchyme, with several studies coming to opposite 

conclusions44,70,71. The functional significance of these differential lineage contributions remains 

uncharacterized; however, given the predisposition of certain valves and leaflets to congenital and 

degenerative disease, the etiology of the mesenchyme likely plays a role. Recent technological 

advancements have made answering these long-standing questions possible.  

 

1.5 Single-cell Genomics 

Historically, researchers have performed studies on large groups of cells in bulk assays, 

providing an average view of gene expression and molecular events occurring within a tissue or 

organ. However, advances in single cell sequencing technologies have allowed for the generation 

of high-resolution transcriptomic and epigenomic data from individual cells72. The advent of high-

throughput single-cell (sc) sequencing technologies has permitted the unbiased measurement of 

thousands of features per cell for thousands of cells at a time, enabling the generation of high-
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dimensional transcriptional data (scRNAseq), epigenetic data (scATACseq)73, and spatiotemporal 

data (spatial transcriptomics)74, defining individual cell states at previously unavailable 

resolutions75. These novel single-cell assays can be readily combined with existing prospective 

lineage tracing approaches, permitting the association of cell state information with cell fate 

determinations76,77. Furthermore, these data can be integrated with human genetics analyses, in 

which genomic mutations are mapped onto the biological networks constructed from our multi-

omic profiling strategies, permitting a dissection of the underlying biological architecture of 

human disease78.  In this thesis, we have leveraged novel multi-omic technologies in concert with 

existing lineage tracing methods to address longstanding questions in the field of developmental 

cardiac biology.  

One of the primary benefits of single cell technologies is the ability to identify and 

characterize previously unknown cell types within a tissue or organ. For example, recent studies 

have identified a rare cell type implicated in cystic fibrosis pathogenesis79. Thus, single cell 

technologies have allowed for the characterization of rare cell types that may be missed in 

traditional bulk sequencing approaches. In the context of developmental biology, another key 

benefit of single cell technologies is the ability to track developmental trajectories of individual 

cells. This has been particularly useful in studying zebrafish gastrulation80. Single cell technologies 

have also allowed for the study of cellular heterogeneity in disease states. For example, single cell 

sequencing has revealed significant heterogeneity in cancer cell populations, providing insights 

into tumor development and progression81,82. Similarly, single cell technologies have been used to 

study immune cell function in autoimmune disease83. 

One of the challenges of single cell technologies is the generation of large amounts of data. 

A single experiment can generate thousands or even millions of data points, which requires 
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sophisticated computational and bioinformatics tools to analyze85,86. To overcome these 

challenges, many computational pipelines have been developed which have been used in this thesis 

to study valvulogenesis. We have used these novel technologies to explore novel cellular 

heterogeneity, previously undescribed signaling pathways, and molecular mechanisms of disease, 

all in the context of valvulogenesis. 

 

Fig 1.2 Cellular heterogeneity in the postnatal remodeling valve 
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A, Cartoon representation of a postnatal aortic valve displaying heterogenous endocardial, 

interstitial, and immune cell populations. (Adapted from O’Donnell et al., 2020)88 

As it pertains to the application of single-cell technologies to study valvulogenesis, a recent 

study characterized novel heterogeneity in postnatal aortic and mitral valves at P7 and P30 (Fig 

1.2)87,88. This critical study identified subpopulations of valvular endocardium, valvular interstitial 

cells, and immune cells. The onset and functional significance of this heterogeneity remains to be 

understood; however, these questions can be addressed with the additional resolution afforded by 

single-cell genomic technologies. Gaining a deeper understanding of the mechanisms underlying 

the specification of distinct valvular subpopulations during development and how they contribute 

to the formation of mature, competent valve structures could offer valuable insights that may be 

relevant to a broad array of disease states.  

 

1.6 Specific Aims   

It is clear that valvular heart disease presents a serious public health issue given the highly 

morbid and mortal nature of the disease and raising prevalence secondary to an aging population 

and an increase in survivorship of patients with congenital disease. As such, I have chosen to focus 

my thesis work on the molecular mechanisms of valvulogenesis. The advent of single-cell 

sequencing technologies has enabled the study of cellular phenotypes at a previously unavailable 

resolution, presenting an opportunity to re-visit and address longstanding questions in the field of 

developmental biology. My aim has been to utilize these innovative technologies to gain a better 

understanding of post-EMT valvulogenesis, a developmental stage that still holds many 

unanswered questions, and to identify new molecular regulators in this process.   
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In this thesis, we have leveraged a combination of scRNAseq and scATACseq to study 

both murine and human valve development. We have identified a novel, rare cell type whose 

specification is spatiotemporally restricted to post-EMT valvulogenesis. This cell type is present 

in human valve development and appears to be depleted in the context of human disease. Ablation 

of this population during development results in congenital valvulopathy phenotypes. Moreover, 

we have demonstrated that this novel cell type is derived from the neural crest, representing the 

first evidence of neural crest-to-endocardial transition. Furthermore, loss of neural crest-derived 

Pthlh signaling, a marker gene for this rare population, similarly results in a congenital 

valvulopathy phenotypes. Multi-omic analysis of neural crest Pthlh-deficient embryos revealed 

dysregulated BMP signaling in the valvular myocardium, providing a mechanistic framework for 

Pthlh regulation of valvulogenesis. The definition of this novel cell type and signaling pathway in 

the context of valve development opens new avenues of investigation into the pathogenesis of 

congenital valvulopathies and could lead to improvement in our capacity to diagnose, treat, and 

prevent human disease.   
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Chapter 2 

Analysis of wild-type murine post-EMT Valvulogenesis 
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2.1 Rationale 

There exist many longstanding questions related to the molecular regulation of post-EMT 

valvulogenesis. While it is known that the endocardium, epicardium, and neural crest contribute 

to the valvular mesenchyme, the functional significance of this differential lineage contribution 

remains to be determined43,44,71. Moreover, an initial single-cell study of postnatal valvular 

remodeling revealed heterogeneity in several cell types, raising new questions about the onset and 

distinct roles of these subpopulations87. Single cell genomic tools enable the dissection of cellular 

heterogeneity and the study of rare cell types, and in doing so, allows us to begin answering these 

questions. The first objective of my thesis was to develop a wild-type single cell transcriptional 

atlas at E12.5 and E17.5, in an effort to define cellular heterogeneity and identify novel molecular 

regulators of post-EMT valvulogenesis. 

 

2.2 Identifying Embryonic Day 12.5 Endocardial Cushion Cell Populations via scRNAseq 

To generate an atlas of post-EMT valvulogenesis, we began by performing single cell RNA 

sequencing (scRNA-seq) on two micro-dissected C57BL6 whole mouse hearts at embryonic day 

12.5 (E12.5). This time point coincides with the end of EMT and the transition to post-EMT growth 

and remodeling, with ENDCs, EPDCs, and CNCCs populating the endocardial cushion 

mesenchyme89. The two biological replicates were sequenced, processed, and filtered for quality 

control metric resulting in a 13,926 cell Seurat object85. This object subsequently underwent 

normalization via cell cycle regression and unsupervised clustering into sixteen distinct clusters 

(Fig. 2.1A). Amongst these sixteen clusters, we identified four main ‘super-clusters’ representative 

of known cardiac cell types including: myocardium, endocardium, epicardium, and mesenchyme. 
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Fig 2.1 Identification of Cardiac Cell Types at Embryonic Day 12.5 
A, UMAP plot of all captured cardiac cell populations colored by cluster. B, UMAP plot of all 
captured cardiac cell populations colored by biological replicate. C, Expression heatmap of top 5 
marker genes for each cluster. Myo, myocardium; Endo, endocardium; Epi, epicardium; VEC, 
valvular endocardial cell; EPDC, epicardial-derived cell; CoEC, coronary endothelial cell. 
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Within these super-clusters we identified five myocardial, four endocardial, four mesenchymal, 

two epicardial, and one immune cell cluster. Both biological replicates contributed roughly equally 

to each cluster, indicating low sample-to-sample variability during sample and sequencing library 

preparation (Fig. 2.1B). To broadly annotate each of the sixteen clusters, we identified marker 

genes for each cluster and cross-referenced the literature for prior cell type annotations (Fig 2.1C).  

 

Fig 2.2 Computational dissection of valvular cell types 



 19 

A, UMAP plot of valvular endocardial cell markers, Nfatc1 and Wnt4. B, UMAP plot of 
mesenchymal cell markers, Sox9 and Twist1. C, UMAP plot of valvular myocardium markers, 
Rspo3 and Bmp2. D, Computational sub-setting of whole heart Seurat object into valvular cell type 
Seurat object. VMyo, valvular myocardium; VEC, valvular endocardial cell; VIC, valvular 
interstitial cell; ENDC, endocardial-derived cell; EPDC, epicardial-derived cell. 
 

To focus our analysis on valvular cell types, we used previously annotated marker genes 

computationally subset valvular cell types from the other cardiac cells present in the Seurat object. 

We identified the valvular endocardium via expression of Nfatc190 and Wnt491, the valvular 

mesenchyme via expression of Sox992 and Twist193, and the valvular myocardium via expression 

of Rspo394 and Bmp252 (Fig 2.2 A, B, C). Following identification of these cell types, we 

computationally subset these cells into a new valvular cell type Seurat object (Fig 2.2D). This 

process was performed to enrich our downstream analysis for valve-related molecular regulators, 

given the relatively low number of valve cells relative to the whole heart. Notably, despite a priori 

knowledge that there are multiple lineage origins for the cardiac mesenchyme, we were unable to 

transcriptionally distinguish which cluster originated from which lineage. Thus, to be safe not to 

exclude potentially relevant mesenchymal subpopulations, we included all four mesenchymal 

clusters in the valvular cell type Seurat object. This new valvular Seurat object was then re-

clustered and revealed eight distinct cell type populations. The valvular myocardium and one of 

the mesenchymal clusters, VIC, each generated two transcriptionally similar clusters that differed 

mainly by cell cycle gene expression. As such, they were annotated as the same cell type and given 

the suffix state 1 or state 2. 
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2.3 Identifying Novel Cell – Cell Interactions during Post-EMT Valvulogenesis  

To identify novel signaling interactions regulating post-EMT valvulogenesis, we applied 

the computational pipeline CellChat to the valvular cell type Seurat object95. CellChat infers 

statistically and biologically significant cellular communication by leveraging single cell 

expression data of ligand – receptor combinations between and within clusters to identify paracrine 

and autocrine signaling interactions, respectively. We first performed cellular communication 

analysis that sorted the ten clusters into four secretory patterns based on the similarity and level of 

expression of ligands in each cluster (Fig 2.3 A). A river plot was generated to graphically 

demonstrate the sorting of clusters into secretory patterns and then identify the signaling pathways 

that define each of these four patterns. To validate this computation pipeline, we first searched for 

previously annotated signaling pathways that have been implicated in the regulation of 

valvulogenesis near this timepoint. Indeed, Cellchat identified the Notch and Wnt signaling 

pathways as high confidence marker pathways for patterns 4 and 2, respectively64,91. Network 

centrality analysis of the Notch pathway identified a distinct mesenchymal ligand secreting 

population, ENDC, with the primary receiver as the VEC cluster (Fig 2.3 B). Analysis of the Wnt 

pathway identified the VECs as the sole Wnt secreting population, with several receiving clusters 

– the highest being the valvular myocardium and a subset of the mesenchyme, VIC_State_2. These 

analyses are consistent with numerous studies that have previously implicated these pathways in 

the regulation of valvulogenesis, as was reviewed in Chapter 1.3.  

To identify novel regulators of post-EMT valvulogenesis, we manually examined the 

marker pathways for each pattern, prioritizing non-ECM, paracrine pathways without prior 

annotation in valve development. Two pathways caught our attention – the parathyroid hormone 
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Fig. 2.3 E12.5 Valvular Cell – Cell Communication Analysis  
A, River plot showing the inferred outgoing communication patterns of secreting cells (L), and the 
signaling pathways that define each communication pattern (R). B, Heatmap showing the relative 
importance of each cell group based on the computed four network centrality measures of 
previously annotated valvulogenesis-regulating signaling pathways, Notch (L) and Wnt (R). C, 
Heatmaps showing the relative importance of each cell group based on the computed four network 
centrality measures of novel putative valvulogenesis-regulating signaling pathways, PTH (L) and 
CALCR (R). PTH, parathyroid hormone; CALCR, calcitonin receptor. 
 

(PTH) pathway and the calcitonin receptor (CALCR) pathway, which marked pattern 2 and 3, 

respectively. Network centrality analysis of the PTH pathway identified a putative interaction 

between the VEC-derived parathyroid hormone-like hormone (Pthlh) ligand and parathyroid 

hormone 1 receptor (Pth1r)-expressing valvular myocardium and mesenchyme (Fig 2.3 C). 

Analysis of the CALCR pathway identified a reciprocal putative interaction between the valvular 

myocardium-derived adrenomedullin (Adm) ligand and the Calcrl/Ramp2 co-receptor expressing 

VECs. Interestingly, the paralogous of Pthlh and Adm, parathyroid hormone and calcitonin, play 

an important antagonist role in calcium and bone homeostasis systemically96,97. These proteins are 

thought to have evolved for local paracrine tissue effects; the role of these neuroendocrine peptide 

hormones in valvulogenesis remains to be understood.  

Despite both pathways being attractive candidates to pursue, we ultimately chose to pursue 

studying Pthlh+ cells and the PTH signaling pathway for several reasons. First, in the context of 

mammary bud outgrowth, Pthlh has previously been annotated as modulating mesenchymal cell 

responsiveness to BMP signaling via upregulation of Bmpr1a leading to an increase in Msx2 

expression, thus driving mesenchymal cell maturation98,99. Both BMP signaling and Msx2 have 

been demonstrated as being important regulators of valvular mesenchyme differentiation69,100. 

Importantly, a mouse model of Ebstein’s anomaly, a congenital valvulopathy with a specific defect 

in post-EMT valvulogenesis, was generated through AV myocardial deletion of Bmpr1a57. 
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Second, this gene has been shown to be an important regulator of endochondral bone formation101. 

Much work has been done to understand the gene regulatory network in bone development 

involving feedback loops between Pthlh and Ihh, mediated by Gli3 and Trps1. It is known that 

there exists considerable overlap between the gene regulatory networks regulating bone and valve 

development102,103. Moreover, whole organism knockout of Pthlh results in perinatal cyanosis and 

lethality. The cause of this lethality was initially attributed to some form of mechanical failure 

inhibiting respiration given the expression of Pthlh in the developing ribs104. However, congenital 

heart defects would present in a very similar manner and would be difficult to rule out without a 

functional assay, such as fetal echocardiography, to assess valve function.  

Another recent study found a Pthlh+ skeletal stem population in the resting zone of 

developing long bones that gives rise to osteoblasts and marrow stromal cells105. These skeletal 

stem cells have been shown to require a Wnt inhibitory environment to function properly and give 

rise to columnar chondrocytes; Wnt agonism results in decreased progeny from the Pthlh+ stem 

cell population106. This again forms an interesting corollary with valve development, in which 

maternal exposure to lithium, a Wnt agonist, results in a 1000x increase in risk of having a child 

with Ebstein’s anomaly25. Furthermore, the expression of the Pthlh receptor, Pth1r, has previously 

been shown to be highest in the endocardial cushions in the developing heart, suggesting this 

candidate signaling pathway may play a role in the regulation of valvulogenesis107. 

Lastly, recent studies of human congenital heart defects have placed an emphasis on 

endocardial dysfunction playing an important role in the pathogenesis of human disease108. With 

the recent discoveries of postnatal valvular endocardial heterogeneity and biomechanical 

endocardial patterning during development, we elected to focus our attention on this novel 

endocardial ligand and the cell type that expresses this gene. 
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2.4 Pthlh+ Valvular Endocardial Cells are Highly Secretory and Spatiotemporally Restricted 

To identify which cells express Pthlh during cardiogenesis, we queried our whole heart 

Seurat object for Pthlh expression and, much to our surprise, found that only 0.84% (117 cells) 

express this novel gene (Fig. 2.4 A). All of these cells exist in the cluster we annotated as valvular 

endocardium via Nfatc1+/Wnt4+ co-expression. To identify when Pthlh+ cells are first observed 

during cardiogenesis, we assembled and queried an atlas of wild type scRNAseq datasets at seven 

time points during cardiogenesis from three studies: E7.75, E8.25, and E9.25 from De Soysa et 

al.109, E10.5 and E11.5 from Ranade et al.110, and E12.5 and E17.5 from our study presented here. 

We found there to be a robust increase in Pthlh+ cells between E11.5 and E12.5, temporally 

coinciding with the end of EMT and the progression into post-EMT valvulogenesis (Fig. 2.4 B). 

To better understand how these cells differ from other endocardial cells, we performed differential 

gene expression analysis between Pthlh+ and Pthlh- endocardium (Fig 2.4 C). We found that these 

cells are marked by the expression of a number of highly specific signaling ligands including: 

Wnt9b, Dhh, Nppc, Wnt4, Jag1, Wnt11, in addition to several retinoic acid signaling genes (Fig 

2.4 D). Notably, these cells are also marked by down-regulation of important endocardial genes 

such as Emcn111 and Ednrb112. The unique transcriptional signature of this cell population raises 

many interesting questions related to its function during development. 
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Fig 2.4 Pthlh+ cells represent highly secretory, temporally-restricted subpopulation 
A, UMAP plot of Pthlh expression at E12.5. B, Violin plot of Pthlh expression during 
cardiogenesis. C, Volcano plot of differentially expressed genes between Pthlh+ and Pthlh- 
Endocardium (FCcutoff = 0.75). D, UMAP expression plots for co-expressed developmental 
signaling ligands, Wnt9b(L), Dhh (C), and Nppc (R), in Pthlh+ cells. 
 

One of the limitations of scRNAseq is the loss of spatial information during sample 

preparation. Therefore, to validate our single cell findings and identify the spatial localization of 

Pthlh+ cells, we performed fluorescent in situ hybridization (FISH) for Pthlh mRNA via RNAscope 

on E12.5 and E18.5 heart sections113. At E12.5, we identified Pthlh+ cells on the endocardial 

surface of the atrioventricular and outflow tract cushions, localized to the cushion endocardium 

most distal to the valvular myocardium and nearest the opposing cushion (Fig. 2.5 A). At E18.5, 

we identified Pthlh+ cells highly localized to the coaptation surface of the valve leaflets across all 

four valves (Fig. 2.5 B). We further validated our scRNAseq data by performing FISH for Dhh 

and Wnt9b at E12.5 on both atrioventricular and outflow tract cushions, where we visualized an 

overlapping, yet broader, expression domain with Pthlh expression (Fig. 2.5 C). Thus, through a 

combination of scRNAseq and traditional FISH, we have identified a rare, highly secretory 

subpopulation that is spatially-restricted to the valve leaflet and temporally-restricted to post-EMT 

valvulogenesis (Fig. 2.5 D). 
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Fig 2.5 Pthlh+ cells represent spatially-localized valvular endocardial subpopulation 
A, Pthlh expression via in situ hybridization in the OFT and AVC cushions at E12.5 with 
accompanying H&E stained section. B,  Pthlh expression via in situ hybridization in the OFT and 
AVC cushions at E18.5 with accompanying H&E stained section. C, Dhh and Wnt9b expression 
via in situ hybridization in the OFT and AVC cushions at E12.5. D, Cartoon representation of 
Pthlh+ valvular endocardial cells interacting with underlying mesenchyme and myocardium at 
E12.5. E, Marker genes and accompanying immunofluorescence staining of a single marker gene 
for each endocardial subpopulation for both P30 aortic (AoV) and mitral (MV) valves. (Adapted 
from Hulin et al., 2019)87 
 

Furthermore, to determine if Pthlh+ VECs are a transient developmental population or if 

they persist into the postnatal period, we cross referenced our E12.5 and E17.5 scRNA-seq data 

with previously published P7 and P30 data (Fig. 2.5 E)87. We found that the marker genes for 

E12.5 Pthlh+ VECs display a high degree of concordance with the marker genes for the coaptation 

VECs found at P7 and P30, implying that these cells are developmentally established at the 

completion of endocardial cushion formation and persist late into postnatal remodeling and into 

adult life.  

 

2.5 Exploring the chromatin accessibility signature of Pthlh+ VECs 

 Given the unique transcriptional signature and spatiotemporal specificity of this novel, rare 

cell type, we next sought to characterize the chromatin accessibility landscape and identify 

candidate transcription factors that aid in the specification of Pthlh+ VECs. To accomplish this 

objective, we used the 10X gene expression and chromatin accessibility co-assay (10X multi-ome). 

The advantage of this assay is that it measures both transcriptional and chromatin accessibility data 

from the same cells, rather than independently performing scRNAseq and scATACseq on different 

cells from the same sample. This experimental feature thus avoids the need for computational 

imputation of cluster identities from transcriptional data onto the chromatin accessibility data, an 

imperfect process that has variable success rates dependent upon the biological context. This is 
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especially advantageous when studying a rare cell type, as is the case here with Pthlh+ VECs, as 

ATAC data is notoriously sparse and we want to be certain we have identified the correct cell 

population.  

We micro-dissected two C57BL6 whole mouse hearts at E12.5 as a pilot multi-ome 

experiment. Following nuclei isolation, gem preparation, and library construction, the pooled 

library for the two biological replicates was sequenced, processed, and filtered for quality control 

metric resulting in a 7,844 nuclei ArchR object86. Latent semantic indexing dimensionality 

reduction was performed to identify a total of fifteen distinct clusters in this ArchR object, 

represented in UMAP space incorporating both RNA and chromatin accessibility information (Fig. 

2.6 A). Cluster-specific transcriptional and chromatin accessibility features were identified and 

cell types were annotated using the same marker genes as used in the annotation of the E12.5 

scRNAseq Seurat object (Fig. 2.6 B).  

While we found expression of Pthlh to be restricted to a small subset of cluster 9, we were 

surprised to find a broader degree of accessibility for the Pthlh gene body outside of cluster 9 (Fig. 

2.7 A, B). It can be difficult to interpret scenarios when transcriptional state and chromatin 

accessibility state do not align. In the case of cluster 9, we find a high degree of accessibility in 

the subset of cells that express Pthlh. However, in clusters 15 and 16 we identify a high degree of 

Pthlh gene body accessibility in mesenchymal cells that do not express Pthlh. One could 

hypothesize that the Pthlh gene body accessibility in these cells could precede expression of the 

gene; however, both our scRNAseq and in situ hybridization data indicate that the valve 

mesenchyme does not express Pthlh at later timepoints during valvulogenesis. Conversely, this 

Pthlh gene body accessibility could be a remnant of a past transcriptional state. Again, this 

hypothesis does not seem likely as previously published scRNAseq data of cardiogenesis fails to  
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Fig 2.6 Identification of cardiac cell types via single-cell Multi-ome 
A, UMAP plot representing captured cardiac cell types colored by cluster, incorporating both 
chromatin accessibility and gene expression data. B, Marker peak heatmap and gene score heatmap 
for each cluster. 
 
identify Pthlh+ populations prior to E12.5. This remains an open question in our analysis of wild-

type valvulogenesis, as to the potential significance of Pthlh-accessible populations that do not 

express Pthlh. 

 

Fig 2.7 Transcription factor motif enrichment analysis of Pthlh+ VEC Marker Peaks 
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A, UMAP plot of Pthlh expression. B, UMAP plot of Pthlh gene body chromatin accessibility. C, 
Heatmap plot of transcription factor motif enrichment in marker peaks for the valve mesenchyme, 
Pthlh+ endocardium, and Pthlh- endocardium. 
 

To identify prospective lineage-defining transcription factors that aid in the specification 

of Pthlh+ VECs, we performed transcription factor motif enrichment analysis on the differentially 

accessible regions of chromatin for each cluster. This analysis revealed an enrichment for Nfatc1 

motifs and a stark decrease in fox-family transcription factor accessibility within Pthlh+ 

endocardium relative to Pthlh- endocardium (Fig. 2.7 C). Moreover, Pthlh+ VECs shared motif 

enrichment for a number of transcription factors that are also enriched within the valvular 

mesenchyme clusters including Fos/Jun, Smarcc1, and Bach1. Using our E12.5 wild-type 

scRNAseq data to validate these findings, we identified a lack of Foxc1 expression and a high 

level of Bach1 expression within the Pthlh+ VECs (Fig. 2.8 A). Moreover, we took an orthogonal 

approach to validate our scRNAseq data with fluorescent in situ hybridization and found a lack of 

overlap in the Pthlh and Foxc1 expression domains, both at E12.5 and E18.5 (Fig. 2.8 B). Bach1 

has previously been demonstrated to impede angiogenesis in vivo, and was mechanistically 

characterized to be a Wnt signaling repressive transcription factor in vitro114. This forms yet 

another interesting connection both with prior studies of Pthlh+ skeletal stem cells in mice that 

require Wnt inhibitory environments and the wealth of literature related to Wnt-mediated 

regulation of valvulogenesis. Thus, Bach1 and absence of Foxc1 serve as interesting candidate 

transcriptional regulators that may play a role in the specification of Pthlh+ VECs.  
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Fig 2.8 Identification of candidate lineage-specifying transcription factors 
A, UMAP plot of Foxc1 and Bach1 expression at E12.5. B, Pthlh and Foxc1 expression via in situ 
hybridization in the OFT and AVC cushions at E12.5 and E18.5. 
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2.6 Dissecting Embryonic Day 17.5 Mesenchymal Cell Heterogeneity  

To complete our atlas of post-EMT valvulogenesis, we performed scRNAseq on two 

micro-dissected C57BL6 whole mouse hearts at embryonic day 17.5 (E17.5). This time point 

coincides with the end of end of embryonic valvulogenesis characterized by fully formed, mobile 

valve leaflets that will subsequently undergo postnatal remodeling71. Similar processing as before 

was applied to this timepoint and resulted in a Seurat object of 10,286 cells from which we 

identified nineteen distinct clusters (Fig. 2.9A). Given prior annotation of Pthlh signaling 

modulating mesenchymal and chondrocyte differentiation, we focused our attention on the 

identification of mesenchymal subpopulations that may be impacted in perturbation models of this 

novel neuroendocrine hormone signaling pathway.  
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Fig 2.9 Identification of Cardiac Cell Types at Embryonic Day 17.5 
A, UMAP plot of all captured cardiac cell populations colored by cluster. B, UMAP plot of all 
captured mesenchymal cell populations colored by cluster. C, Expression heatmap of top 5 marker 
genes for each mesenchymal cluster. 
 

Using Col1a1 expression as a broad mesenchymal cell marker, we subset clusters 1, 2, 6, 

7, and 11 into a separate mesenchymal Seurat object containing 3,637 cells. We re-clustered this 

new mesenchymal Seurat object and identified 11 distinct clusters with unique transcriptional 

marker genes (Fig 2.9 B, C). We cross referenced these marker genes with prior bulk RNAseq 

data that compared the transcriptional profile of E17.5 valves with E12.5 endocardial cushion 

tissue115. We then leveraged fluorescent in situ hybridization on E18.5 aortic valve sections to 

spatially localize these genes in search of leaflet-specific mesenchymal marker genes. To our 

surprise, several of the genes previously annotated as most-upregulated in the E17.5 had little to 

no expression in the leaflet and were mainly in the valve annulus or great vessel media including 

Aspn, Ptprz1, and Sfrp2 (Fig. 2.10 A). Of the genes we identified as being expressed within the 

leaflet mesenchyme, we found Cthrc1 to have the highest level of expression within the hinge 

region of the leaflet, proximal to the annulus (Fig. 2.10 B). Moreover, Dpt appeared to robustly 

label both the leaflet mesenchyme in addition to the epicardium, while Col14a1 appeared to mark 

the leaflet, annulus, and great vessel mesenchyme. Of all of the genes we tested, the most specific 

valve leaflet mesenchymal marker was Adamts19, a gene that has previously been implicated as a 

genetic cause of progressive human valve disease and as a novel marker of valvular interstitial 

cells. Identification of these validated marker genes for heterogeneous mesenchymal populations 

will enable us to interrogate mesenchymal cell maturation in future Pthlh signaling perturbation 

models.  
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Fig 2.10 Validation of mesenchymal subpopulations via in situ hybridization 
A, Aspn, Ptprz1, and Sfrp2 expression via in situ hybridization in the Aortic valve at E18.5. A, 
Cthrc1, Dpt, and Col14a1 expression via in situ hybridization in the Aortic valve at E18.5. A, 
Adamts19 expression via in situ hybridization in the Aortic valve at E18.5. D, UMAP plot of 
Adamts19 expression at E17.5 in mesenchymal cell populations.  
 
2.7 Conclusions 

Through the application of single-cell technologies to a poorly understood stage of valvular 

development, we were able to fill several important knowledge gaps and identify interesting, new 

questions to pursue. First, we identified novel cellular heterogeneity in the valvular endocardium 

at E12.5 that persists long into the postnatal period in mice. The rare nature of this novel 

population, representing less than 1% of cells in the developing heart, highlights the need for single 

cell genomics to detect and study rare populations of cells. Previous bulk assays easily would have 

been unable to detect such a small signal, as compared to more abundant cell types.  

This subpopulation is temporally-restricted to post-EMT valvulogenesis and spatially-

restricted to the leading edge of the developing cushion endocardium and is further restricted to 

the coaptation surface of the leaflet later in development. This is a unique microenvironment that 

experiences not only laminar sheer stress from blood flow, but also the mechanical stimulus of 

leaflet coaptation, when the valve closes each cardiac cycle. This highly degree of spatial 

localization to such a unique biomechanical niche opens many interesting questions related to the 

specification of this cell type. While the role of the sheer stress-responsive Klf2 and downstream 

target, Wnt9b, have been described, the functional role of this cell type during later stages of 

valvulogenesis and postnatally remains to be understood48. Moreover, we identified candidate 

transcription factors that may play a role in the specification of this unique cell type through 

integrated scRNA/ATACseq analysis with the 10X multi-ome assay. 
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Secondly, we succeeded in our objective of identifying two new candidate molecular 

regulators of post-EMT valvulogenesis, both previously undescribed neuroendocrine peptide 

hormones, Pthlh and Adm. Ultimately, we have focused our studies on the former; however, both 

present interesting new avenues of investigation. Functional characterization of Pthlh+ valvular 

endocardial cells and the Pthlh signaling pathway will be the focus of the subsequent chapter. 
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Chapter 3 

Perturbation of Pthlh-positive Valvular Endocardial Cells 
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3.1 Rationale 

 My next objective was to define the role of Pthlh-positive valvular endocardial cells during 

development for several important reasons. First, the marker gene, Pthlh, exhibits a high degree of 

spatio-temporal specificity to the process we are attempting to study, post-EMT valvulogenesis. 

Moreover, this gene has prior annotation as a modulator of BMP signaling, a pathway well 

annotated in the formation and maturation of the endocardial cushion69, further making this an 

attractive candidate to characterize. As such, we sought to characterize the role of this population 

using a combination of mouse genetic models, single-cell multi-omics, and traditional lineage 

tracing techniques.  

 

3.2 Ablation of Pthlh-positive Valvular Endocardial Cells 

To test the requirement of Pthlh+ VECs during valvulogenesis, we devised an ablation 

experiment using a tamoxifen-inducible PthlhCreER mouse line in conjunction with a RosaDTA 

mouse line (Fig. 3.1 A)105,116. We induced ablation of Pthlh+ VECs beginning at E10.5 and 

continued daily until E14.5. Our rationale was that we would pre-load the tamoxifen to initiate 

ablation of these cells as soon as Pthlh begins to be transcribed. To balance ablating this population 

without causing too much tamoxifen-induced toxicity, we ceased injection at E14.5, which 

produced a temporally-restricted, transient ablation of the population centered on the time at which 

these cells first appear based on our scRNAseq atlas data. Initial litters displayed perinatal cyanosis 

and lethality, consistent with the whole-organism Pthlh knockout phenotype104. After determining  
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Figure 3.1: Pthlh+ valvular endocardial cells are essential for post-EMT valvulogenesis 
A, Cartoon representation of the Pthlh+ valvular endocardial cell ablation model. B, H&E stained 
sections of PthlhCreER-/+;ROSADTA/+ (control) and PthlhCreER+/+;ROSADTA/+ (ablation) pulmonary 
valves (PV). C, fetal echocardiograms of developing semilunar valve function from control and 
ablation littermates at E18.5. D, 3-D reconstructions of E18.5 mouse heart micro-CT scans from 
control and ablation littermates. Aortic Valve, red; Pulmonary Valve, purple; Mitral valve, yellow; 
Tricuspid Valve, green; Right Ventricle, blue; Left Ventricle, pink. E, 3-D reconstruction of E18.5 
mouse heart micro-CT scan demonstrating VSD.  F, Cartoon representation of dysplastic valve 
development secondary to loss of Pthlh+ valvular endocardial cells.  
 
perinatal lethality, we subsequently screened for functional valvular phenotypes via fetal 

echocardiography at E18.5, and then micro-dissected and sectioned the embryonic hearts to screen 

for histologic phenotypes. Histologic analysis revealed that ablation of Pthlh+ VECs resulted in 

valvular dysplasia characterized by thickened, “immature”-appearing leaflets, most severely 

impacting the semilunar valves (Fig. 3.1 B). Subsequent review of fetal echocardiograms of 

ablation and control littermates revealed turbulent flow across the aortic valve in 4-chamber view, 

suggestive of a functional valvular phenotype that is concordant with the histologic phenotype we 

observed (Fig. 3.1 C). To gain a better understanding of the 3-dimensional morphometric changes 

to the semilunar valves, E18.5 mouse hearts were stained with phosphotungstic acid and imaged 

via microCT117, which subsequently were transformed into 3-dimensional models from which 

surface area to volume ratios were derived (Fig. 3.1 D). We found that Pthlh+ VEC ablated 

pulmonary valves had a 1.6x-fold increase in surface area to volume ratio as compared to control 

littermates. Additional phenotype outcomes we observed include sub-aortic VSD, over-riding 

aorta, tricuspid valve tethering, and secondary ventricular remodeling (Fig. 3.1 E). Thus, loss of 

Pthlh+ VECs induce features of several human congenital heart defects such as congenital aortic 

stenosis, tetralogy of Fallot, and Ebstein’s anomaly, suggesting this perturbation model may be 

well-suited to study the pathogenesis of congenital heart defects. This experiment established that 
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these cells are essential during valve development and loss of Pthlh+ VECs results in dysplastic 

valvulogenesis (Fig. 3.1 F).  

 

3.3 Determination of Pthlh+ Valvular Endocardial Cell Origin 

Given the striking phenotype we observed secondary to ablation of this rare subpopulation, 

we next sought to determine what is the cellular contribution of Pthlh+ VECs during development 

and test the extent of our ablation. With this objective, we crossed the PthlhCreER mouse line to an 

Rosa26Ai6/Ai6 (ZsGreen) fluorescent reporter line118, using the same TAM injection scheme as for 

the ablation model. To our surprise, the PthlhCreER mouse line labeled not only the anticipated 

mesodermal structures (e.g. extremity long bones), but also a number of neural-crest derived 

structures including dorsal root ganglia, craniofacial derivatives, and midbrain (Fig 3.2 A, B). This 

unexpected result raised the interesting possibility that the endocardial population we are studying 

is neural crest-derived. A re-evaluation of the differentially expressed genes between Pthlh+ and 

Pthlh- VECs revealed an up-regulation of a number of nervous system-specific genes including 

Stmn2119, Nts120, Prnp121. This is in addition to the previously recognized down-regulation of 

endocardial/endothelial markers such as Emcn and Ednrb (Fig. 2.4 C). Notably, stathmin 2, Stmn2, 

is a microtubule-associated protein that has been annotated as playing a role in neural growth122, 

in addition to osteogenesis123, and has been associated with Down’s syndrome124 – a chromosomal 

aneuploidy associated with a 40-50% incidence of congenital heart disease125. Review of our 

scRNAseq data for Stmn2 expression demonstrated restriction of Stmn2 expression to the same 

valvular endocardial cell cluster as Pthlh (Fig. 3.2 C). Fluorescent in situ hybridization for Stmn2 

expression at E12.5 demonstrated localization to both central and peripheral nervous system 

(neural crest-derived) structures, in addition to the cushion endocardial overlapping with the Pthlh 
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expression domain (Fig 3.2 D). Furthermore, this lineage tracing result provides a new perspective 

from which to view the multiomics data and transcription factor motif enrichment analysis of cell 

type-specific marker peaks derived from our E12.5 wildtype single cell chromatin accessibility  
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Figure 3.2: Pthlh expression marks both mesodermal and neural crest-derived tissues  
A, Lightsheet image of a cleared PthlhCreER+/+;ROSAAi6/+ E14.5 embryo. B, ZsGreen and Pthlh 
expression via in situ hybridization of axial sections at multiple levels from a 
PthlhCreER+/+;ROSAAi6/+ E14.5 embryo. C, UMAP plot of Stmn2 expression at E12.5. D, Stmn2 
expression via in situ hybridization in the OFT and AVC cushions at E12.5 at 4x and 20x 
magnification. 
 
and gene expression data. We had originally hypothesized that the chromatin accessibility 

differences we observed were secondary to specification of Pthlh+ VECs from an endocardial 

precursor and acquiring some mesenchymal transcriptional and chromatin accessibility traits. It is 

entirely possible that the opposite is true, in that Pthlh+ VECs had mesenchymal characteristics as 

a neural crest-derivative and acquired endocardial traits as this population migrated and 

incorporated into the valvular endocardium. Taken together, these data raise the interesting 

possibility that Pthlh+ VECs have a distinct neural crest origin as compared to the other valvular 

endocardial cells.  

To test this hypothesis and determine the origin of Pthlh+ VECs, we performed a lineage 

tracing experiment with the Wnt1Cre2 line that has been shown to be more neural-crest specific 

than previous Wnt1Cre lines126. We found co-localization of Pthlh and ZsGreen expression, 

providing further evidence of a neural crest origin for Pthlh+ VECs (Fig. 3.3 A). Furthermore, to 

test for endocardial contributions to this lineage, we are currently in the process of leveraging a 

tamoxifen-inducible Cdh5CreER mouse line and are pulsing tamoxifen for transient induction at 

E8.5 and E9.5, before Pthlh+ cells co-express Cdh5127. To further validate our lineage tracing 

results, we reprocessed two previously published independent FACS-sorted neural crest-derived 

scRNA-seq datasets generated using a different Wnt1Cre mouse line128 than the one we used in 

our own lineage trace experiment, and a tdTomato reporter129. The first dataset we analyzed 

prepared their samples by FACS-sorting tdTomato+ cells from pooled, microdissected embryonic 

hearts at several developmental timepoints129. We focused our analysis on the E17.5 timepoint, 
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searching for cells with a similar transcriptional identity to the Pthlh+ VECs we identified in our 

own scRNAseq experiment. Analysis of the E17.5 neural crest pulse-seq data revealed a subset of 

cells to be dual positive for Pthlh and Stmn2 (Fig. 3.3 B). The second dataset we re-processed 

differed from the first, in that the authors focused on early cardiogenesis timepoints E8.5, E9.5, 

and E10.5. Furthermore, in their sample preparation they purposefully included extra-cardiac 
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Figure 3.3: Pthlh+ valvular endocardial cells are neural crest-derived 
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A, Pthlh and ZsGreen expression via in situ hybridization on Wnt1Cre/+;ROSAAi6/+ E18.5 mouse 
heart sections displaying the pulmonary valve. B, UMAP of Pthlh and Stmn2 expression in FACS-
sorted neural crest-derived cardiac cells at E17.5. C, UMAP of Pthlh and Dhh expression in FACS-
sorted neural crest-derived cardiac and extra-cardiac cells at E8.5, E9.5, and E10.5. 
 

tissue to capture neural crest progenitor populations130. Thus, in our focused re-analysis of these 

data, we identified Pthlh+/Dhh+ precursor cells that lacked Cdh5 expression (Fig 3.3 C). These 

results, in concert with our scRNAseq and RNAscope data, are highly suggestive that Pthlh+ VECs 

are neural crest-derived. 

 

3.4 Characterization of neural crest-specific deletion of Pthlh  

To test the requirement of neural crest-derived Pthlh signaling during valvulogenesis, we 

performed tissue-specific deletion of Pthlh using the Wnt1Cre mouse line126,131. Similar to the 

whole organism knockout, neural crest-specific deletion resulted in perinatal lethality, with zero 

Wnt1Cre/+, Pthlhfl/fl (ΔNC-Pthlh) animals surviving to weaning age, where as normal Mendelian 

ratios were observed at E18.5. Histologic analysis of ΔNC-Pthlh E18.5 embryonic hearts revealed 

a valvular dysplasia phenotype similar to that of the Pthlh+ VEC ablation phenotype, characterized 

by thickened, “immature”-appearing leaflets, most severely impacting the semilunar valves (Fig. 

3.4 A). Moreover, fetal echocardiography of ablation littermates also demonstrated turbulent flow 

through the aortic valve in 4-chamber view, suggestive of congenital aortic stenosis (Fig. 3.4 B) 

The 3-dimensional reconstruction of microCT data from ΔNC-Pthlh and control littermates 

revealed a highly dysplastic pulmonary valve phenotype (Fig. 3.4 C). Thus, loss of neural crest-

derived Pthlh signaling phenocopies a significant portion of the phenotype observed in the Pthlh+ 

VEC ablation model, providing the first evidence of Pthlh-mediated regulation of valve 

development (Fig. 3.4 D).  
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Figure 3.4: Neural crest-derived Pthlh signaling is required for post-EMT valvulogenesis 
A, H&E-stained sections of Wnt1Cre/+; Pthlhfl/fl (ΔNC-Pthlh) and Pthlhfl/+ (control) E18.5 
pulmonary valves (PV). B, Fetal echocardiograms of developing semilunar valve function from 
control and ΔNC-Pthlh littermates at E18.5. C, 3-D reconstructions of E18.5 mouse heart micro-
CT scans from control and ΔNC-Pthlh littermates. D, Cartoon representation demonstrating loss 
of Pthlh+ VECs or Pthlh signaling resulting in dysplastic valve development. E, Cartoon 
representation of single-cell multi-omic analysis of E13.5 and E18.5 ΔNC-Pthlh vs control 
embryos.  
 
3.5 Multi-omic analysis of neural crest-specific loss of Pthlh signaling at Embryonic Day 13.5 

To interrogate the cell and non-cell autonomous transcriptional and chromatin accessibility 

changes secondary to neural crest-specific deletion of Pthlh, we employed the 10X Chromium 

Next GEM Single Cell Multiome ATAC and Gene Expression Assay (10X Multiome). To begin, 

we applied the multiome to three Pthlh delta-NC and two control embryonic hearts at both E13.5 

to detect early transcriptional and epigenomic changes secondary to the loss of Pthlh signaling 

(Fig. 3.4 E). The hearts were micro-dissected, dissociated into single-cells, and nuclear isolation 

was performed. Following GEM generation, library preparation, sequencing, and quality control 

filtering, we generated a 33,248 nuclei Seurat object. Unsupervised clustering yielded sixteen 

distinct clusters of give main cell types: myocardium, endocardium, mesenchyme, epicardium, and 

hematopoietic (Fig. 3.5 A). From gross observation, it appears that both the control (CREneg) and 

ΔNC-Pthlh (CREpos) conditions contributed equally to each cluster, implying low sample-to-

sample variability during sample and library preparation (Fig. 3.5 B). Each cluster was 

appropriately annotated using previously annotated marker genes and cross-referencing with our 

wild-type cardiogenesis atlas (Fig. 3.5 C). 
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Figure 3.5: Identification of cardiac cell types at embryonic day 13.5 
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A, UMAP plot of all captuered cardiac cell populations colored by cluster. B, UMAP plot of all 
captured cardiac cell populations colored by genotype, CREneg vs CREpos. C, Expression 
heatmap of top 5 marker genes for each cluster.  
 

 To focus our analysis on transcriptional and chromatin accessibility changes in the 

developing valvular cell types, a computational dissection of these populations was performed as 

before using identical marker genes (Fig. 3.6 A, B, C). Computational sub-setting of these cell 

types into a new valvular cell Seurat object of 12,564 nuclei. Re-clustering resulted into a total of 

sixteen distinct clusters, each named based on expression of the aforementioned marker genes (Fig 

3.7 A, B). Pthlh expression was restricted to the VEC_2 cluster, while Stmn2 expression was 

observed in both VEC_1 and VEC_2 clusters (Fig 3.8 A). Differential gene expression analysis  

 

Figure 3.6: Identification of valvular subpopulations at embryonic day 13.5 
A, UMAP plot of valvular endocardial marker genes, Nfatc1 and Wnt4. B, UMAP plot of 
mesenchymal marker genes, Sox9 and Twist1. C, UMAP plot of valvular myocardial marker genes, 
Rspo3 and Bmp2.  
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Figure 3.7: Computational sub-setting of valvular cell types at embryonic day 13.5 
A, UMAP plot of valvular cell types at E13.5. B, Heatmap plot of top 5 marker genes for each 
cluster.  
 
within the Pthlh+ VEC_2 cluster between CREpos and CREneg condition yielded a total of 149 

differentially expressed genes with a log fold-change greater than 0.5x (Fig. 3.8 B). Interestingly, 

loss of neural crest-derived Pthlh was associated with the loss of several cell type-specific marker 

genes including Stmn2, Aqp1, Rbp7. This suggests that Pthlh may play a cell autonomous role in 

the specification and maintenance of the unique transcriptional identity of Pthlh+ VECs. Moreover, 

we also observed a down-regulation of Jarid2, a transcriptional repressor that has been 

demonstrated to interact with the Polycomb repressive complex 2 to regulate gene expression132. 

This gene has also been implicated as playing an important role in murine heart development, and 

putative pathogenic variants have been identified in humans with left-sided obstructive cardiac 

lesions such as aortic and pulmonary stenosis133,134. Furthermore, down-regulation of elastin (Eln) 

may have significance for two reasons. First, several studies have associated pathogenic variants 

in this gene with autosomal dominant inherited forms of inherited aortic stenosis135,136,137. Second, 

elastin is the predominant ECM component of the atrialis (AV valves)/ ventricularis (semilunar 

valves) layer of the adult valve leaflet, which is precisely where Pthlh+ VECs are located. We had 

hypothesized that disruption of Pthlh signaling may alter ECM composition and maturation 

through disruption of interaction with VICs, and this Eln downregulation may be supportive of 

this hypothesis. 
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Figure 3.8: Cell autonomous transcriptional dysregulation in Pthlh+ valvular endocardium 
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A, UMAP plot of Pthlh and Stmn2 expression at embryonic day 13.5. B, Volcano plot of 
differentially expressed genes between CREpos and CREneg VEC_2 cells. (FCcutoff = 0.5) 
 
 We next sought to understand how loss of neural crest-derived Pthlh signaling impacted 

valvular cell-cell communication at E13.5. We again leveraged the CellChat computational 

pipeline to perform this analysis, comparing the CREpos and CREneg conditions to identify lost 

or gained cell-cell interactions. Gross comparison across all clusters identified numerous changes 

both in the number and strength of signaling interaction (Fig. 3.9 A). Notably, VMyo_1 appears 

to have had the largest increase in both number and strength of outgoing interactions, while VEC_1 

had the largest decrease in number and strength of outgoing interactions. VIC_10 appears to have 

had the largest increase in number and strength of incoming interactions, while VEC_2, the Pthlh-

expressing cluster, had the largest decrease in strength of interactions. From this analysis, we first 

focused our attention on VMyo_1, a population predicted to receive the Pthlh signal from our wild-

type signal-ome analysis based on high expression of Pth1r.  
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Figure 3.9: Neural Crest-specific Pthlh-deficient Differential Cell – Cell Communication 
Analysis 
A, Heatmap plot of number (L) and strength (R) of valvular cell – cell interactions between 
Wnt1Cre/+; Pthlhfl/fl (CREpos) and Pthlhfl/+ (CREneg) conditions at embryonic day 13.5. B, Volcano 
plot of differentially expressed genes between CREpos and CREneg VEC_2 cells. (FCcutoff = 
0.5) 
 

Differential gene expression analysis between CREpos and CREneg conditions in VMyo_1 

revealed a total of 150 differentially expressed genes with a log fold-change greater than 0.5x (Fig. 

3.9 B). We were astonished to find that amongst the most highly differentially expressed genes 

were within the BMP signaling pathway: Bmp2, Bmp5, Rspo3, and Tbx3. As previously reviewed, 

Pthlh signaling has previously been shown to modulate BMP signaling in the context of mammary 

bud outgrowth. In this context, paracrine Pthlh signals up-regulate Bmpr1a in the mammary 

mesenchyme, sensitizing the population to Bmp4 signaling and leading to increased Msx2 

expression, driving mesenchymal maturation. In the context of valve development, autocrine BMP 

signaling has been shown to be essential in the specification and maintenance of valvular 

myocardium to repress chamber-specific gene programs and promote Tbx2/Tbx3 expression. Loss 

of neural crest-derived Pthlh signaling is associated with an up-regulation in these BMP pathway 

genes (Fig. 3.10 A).  

Furthermore, CellChat analysis revealed a reduction in Bmpr1a expression in several 

mesenchymal clusters including VIC_7, VIC_8, and VIC_11 (Fig. 3.10 B). BMP signaling has 

also been implicated in the regulation of valvular mesenchymal growth and maturation69. Small 

increases in expression of several BMP ligands, in addition to changes in expression of the receptor 

in target mesenchymal populations, could cumulatively have a profound impact on valvular 

morphogenesis. This initial timepoint may also only reflect early changes that may be more 

pronounced later in valvular development. Multi-omic characterization of a later stage of 
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valvulogenesis at E18.5 in the setting of loss of neural crest-derived Pthlh signaling are currently 

underway.  
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Figure 3.10: BMP signaling dysregulation is associated with loss of Pthlh signaling 
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A, Violin plots of Bmp2, Rspo3, Bmp5, and Tbx3 expression in the VMyo_1 cluster between 
CREneg and CREpos conditions. B, Violin plots of Bmpr1a expression in the VIC_7, VIC_8, and 
VIC_11 clusters between CREneg and CREpos conditions.  
 
 Having identified transcriptional dysregulation in the BMP signaling pathway secondary 

to loss of neural crest-derived Pthlh signaling, we next investigated if we could identify any 

chromatin accessibility changes in the developing valvular subpopulations. One of the main 

advantages of using the 10X Multi-ome platform is that the RNA and ATAC data are derived from 

the same cell with the same cell barcode, avoiding the need for computational integration of cell 

type annotations, which historically are not always accurate. This is particularly of importance 

when studying rare populations of cells, as is the case here. We began our analysis of chromatin 

accessibility changes by re-clustering our cells based on their chromatin accessibility state and 

transferring annotation from our transcriptional Seurat object (Fig. 3.11 A). Of note, when 

clustering based on chromatin accessibility state, we observed the two endocardial clusters 

collapse into a single cluster, C4. We then identified marker peaks for each cluster (Fig. 3.11 B).  
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Figure 3.11: Chromatin accessibility-based clustering of valvular cell types 
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A, UMAP plots of RNA-based (L) and chromatin accessibility-based (R) clustering of valvular 
cell types at E13.5. B, Heatmap plot of marker peaks for each cluster.  
 

To identify chromatin accessibility changes secondary to loss of neural crest-derived Pthlh, 

searched for differentially accessible regions (DARs) between the CREpos and CREneg 

conditions. From these DARs, we then performed transcription factor motif enrichment analysis 

to identify which transcription factors are likely to bind within these DARs. Within the DARs that 

are closed in the CREpos condition, we identified enrichment for Egr, Ets/Etv, and Bach family 

transcription factors (Fig 3.12 A). We found these to be of particular interest due to prior 

annotations in cardiac development and our own wild-type chromatin accessibility data. In our 

wild-type E12.5 multi-ome transcription factor enrichment analysis, we demonstrated that increase 

in accessibility to peaks with Ets/Etv/Bach binding sites were important differentiating markers 

for Pthlh+ cells relative to valvular mesenchyme and Pthlh- endocardium. Thus, in the setting of 

loss of Pthlh, it was intriguing to observe loss of accessibility to these sites for candidate lineage-

specifying transcription factors. Furthermore, it is known that the mid-region of Pthlh contains a 

nuclear localization signal138, and prior studies have shown Pthlh to reside within the nucleoplasm 

of cells. This result raises interesting questions about Pthlh intracrine signaling and the role it may 

play in regulating genome architecture to regulate gene expression. Moreover, loss of Egr2 sites, 

previously known as Krox20, was an interesting result as this gene has previously been shown to 

be present in a subset of neural crest cells and is important for valve development139. Loss of this 

gene is associated with thickened, immature semilunar valve leaflets, and in situ hybridization of 

Egr2 mRNA revealed spatial localization that highly resembles the expression domain of Pthlh. 

These results provide several candidate transcription factors to study in this rare population that 

may play an important role in the specification and maintenance of this rare cell type’s identity.  
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Figure 3.12: Chromatin accessibility dysregulation secondary to loss of Pthlh 
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A, Transcription factor motif enrichment for closed DARs in the CREpos condition in the valvular 
endocardium. B, Transcription factor motif enrichment for closed (L) and open (R) DARs in the 
CREpos condition in the VMyo_1 cluster. 
 

Given the transcriptional changes in the VMyo_1 cluster, we performed a focused analysis 

on this population for potential chromatin accessibility dysregulation. The top transcription factor 

motif enrichment in the closed DARs was for Pbx3. Loss of this gene is associated with cardiac 

malformations resembling tetraology of Fallot, overriding aorta with ventricular septal defect, and 

bicuspid aortic valves140. The top transcription factor in the open DARs was for Hes7, a known 

target of the Notch signaling pathway141. Notch signaling has been broadly implicated in post-

EMT valvulogenesis; however, no specific-role for Hes7 has been delineated as of yet. 

 

3.6 Conclusions 

 Given the high spatiotemporal specificity of Pthlh+ valvular endocardial cells and unique 

transcriptional and chromatin accessibility signature, we set out to functionally characterize this 

cell type and its marker signaling peptide. We demonstrated that Pthlh+ valvular endocardial cells 

are essential for post-EMT valvulogenesis, loss of which is associated with valvular dysplasia and 

perinatal cyanosis and lethality. We further established that this cell type is derived from the neural 

crest, providing the first evidence of a neural crest-to-endocardial transition. We then demonstrated 

that loss of Pthlh from the neural crest recapitulates the Pthlh+ valvular endocardial cells ablation 

phenotype, implicating a previously undescribed neuroendocrine peptide hormone signaling 

pathway in the regulation of post-EMT valvulogenesis. Lastly, we leveraged scRNAseq and 

scATACseq to identify cell autonomous loss of Pthlh+ VEC marker gene expression and marker 

peak accessibility, in addition to BMP signaling dysregulation in the valvular myocardium. In the 
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subsequent chapter, I will explore the role of this novel cell type in the context of human 

development and disease.  
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Chapter 4 

PTHLH+ Valvular Endocardial Cells in Human Development and Disease 
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4.1 Rationale 

 Single-cell analysis of murine development revealed a novel, rare valvular endocardial 

subpopulation that is highly secretory. This population is developmentally established and, from 

existing murine single-cell data, appears to persist long into postnatal valvular remodeling. We 

further demonstrated that (1) Pthlh+ VECs are required for proper valvulogenesis, (2) Pthlh+ VECs 

are derived from the neural crest, and (3) that neural crest-derived Pthlh signaling is a novel 

molecular regulator of valvulogenesis. If PTHLH+ VECs are present in human development, this 

would substantially increase the importance of functionally characterizing this novel cell type in 

the context of human development and disease. To address the prospective role of these cells in 

humans, we leveraged both existing human fetal heart scRNAseq data and generated new data 

from a 20-week human fetal heart with hypoplastic left heart syndrome (HLHS) and critical aortic 

stenosis. We used these data to assess the role of PTHLH+ valvular endocardial cells in human 

development and disease.  

 

 4.2 Congenital Heart Disease Genetic Associations with PTHLH-positive Valvular 

Endocardial Cell Marker Genes 

Before analyzing scRNAseq data for this population of cells, we began with a 

comprehensive literature review for genetic associations between Pthlh+ VEC marker genes we 

identified from our murine valvulogenesis atlas and congenital heart disease.  Interestingly, recent 

clinical genetics studies have implicated rare variants in multiple marker genes including Ptprb 

and Wnt9b with CHD phenotypes142,143,144. In the case of PTPRB, a recent case report documented 

an inherited homozygous rare variant in a highly conserved region of the gene at the exon-intron 

border predicted to impact splicing142. Mechanistic studies of the variant in vitro demonstrated 
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alternative splicing that results in a single glutamine deletion predicted to interfere with the signal 

peptide of the gene. Furthermore, a recent study correlating magnetic resonance images 

measurements of right-sided heart structures with genetic variants in 40,000 individuals in the UK 

Biobank identified a number of variants in the WNT9B locus, a gene that has previously been 

implicated in valvular mesenchymal compaction during murine valve development143,48. 

Additional human genetic associations between CHD and Wnt9b were identified in a recent 

GWAS study of CHD in a European cohort144. Our single cell data indicates that Ptprb and Wnt9b 

have greater than a 2.5x and 1.5x log-fold upregulation in Pthlh+ VECs relative to Pthlh- 

endocardium, respectively. The presence of genetic associations of multiple murine Pthlh+ VEC 

marker genes with CHD raises the interesting prospect that these cells may play a critical role in 

human valve morphogenesis and may contribute to valvular CHD pathogenesis. 

 

4.3 Identifying Pthlh-positive Valvular Endocardial Cells during Human Development 

To determine if this novel subpopulation of cells has any role in human valvulogenesis, we 

began by consulting previously published human fetal heart scRNA-seq data. We identified two 

independent studies that performed scRNAseq on healthy human fetal hearts across a range of 

developmental timepoints. In the first study, we re-processed and analyzed 146,111 cells from nine 

samples ranging from 90 to 122 days gestation145. In the second study, we re-processed 13,569 

cells that were FACS-sorted for CD144, an endothelial marker, from a single 83 days gestation 

human fetal heart108. From both studies, we were able to identify a PTHLH+/NPPC+ dual positive 

endocardial subpopulation with a transcriptional signature very similar to the one we defined in 

Pthlh+ VECs during murine development (Fig. 4.1 A, B). This demonstrated the presence of a rare, 

PTHLH+ endocardial subpopulation during human development. The timepoints represented in 
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these studies would correspond roughly to the end of embryonic valvulogenesis and long into the 

postnatal remodeling period for the murine developmental timeline71,146. This is consistent with 

prior single-cell studies of murine postnatal valvulogenesis from which we were able to identify 

Pthlh+ VECs.  
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Fig 4.1 Identification of PTHLH+ Endocardium during Human Fetal Heart Development 
A, UMAP plot of PTHLH and NPPC expression in endocardial cells from 9 human fetal heart 
samples ranging from 90 to 122 days gestation. B, UMAP plot of PTHLH and NPPC expression 
in CD144+ FACS-sorted endocardial cells from an 83 days gestation human fetal heart. 

 

4.4 Analysis of 20-week Human Fetal Heart with Hypoplastic Left Heart Syndrome and 

Critical Aortic Stenosis 

 Given we were able to establish the presence of an analogous rare PTHLH+ cell type in 

human development, we next set out to determine if this cell type had any role in the pathogenesis 

of human disease. As discussed briefly in Chapter 1, hypoplastic left heart syndrome (HLHS) is a 

severe congenital heart defect characterized by underdevelopment of left-sided heart structures 

including the left ventricle, aortic valve, and mitral valve. A commonly proposed hypothesis 

related to the pathogenesis of this syndrome, the ‘no flow, no grow’ hypothesis, suggests that 

valvular stenosis or atresia during cardiogenesis and fetal growth restricts blood flow through the 

developing left ventricle. The altered hemodynamics, secondary to failures in valvulogenesis, then 

render a hypoplastic left ventricle and downstream aorta. As a result, patients are left with a single 

functioning ventricle, the right ventricle, that must be surgically reconnected to systemic 

circulation, with venous return being re-routed to the lungs in a series of three operations. 

Clinically, it is common to assign subtypes of HLHS patients into three categories based on valve 

patency: aortic atresia/ mitral atresia (AA/MA), aortic atresia/ mitral stenosis (AA/MS), and aortic 

stenosis (AS/MS). These clinical subtypes have differing prevalence and clinical prognoses147; 

however, they serve to highlight how valvular morphology and the degree to valvulogenesis 

dysfunction can play a significant role in the pathogenesis of this highly morbid condition.  

To assess the role of PTHLH+ endocardial cells in the setting of disease, we performed 

scRNAseq on a 20 week (140 days) gestational age human fetal heart with a prenatal diagnosis of 
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HLHS and critical aortic stenosis via fetal echocardiography. Each of the four cardiac valves was 

dissected from the heart, followed by enzymatic and mechanical digestion to yield single cell 

suspensions (Fig. 4.2 A). Gem preparation was performed independently on cells from each valve 

to retain the critical valve-specific identity of each cell for downstream analysis. Following gem 

generation, library construction, pooled library sequencing, we computationally processed, quality 

control filtered and normalized our data to produce a 36,416 cell Seurat object containing twenty-

two distinct clusters (Fig. 4.2 B). Clusters were annotated using previously known marker genes, 

and represented known valvular cell types including valve endocardium, valve mesenchyme, and 

resident immune cell populations. While we observed a high degree of overlap of the cells in 

UMAP space when displayed by valve identity, suggesting low sample-to-sample preparation 

variability, we did observe some clusters with valve-specific enrichment (Fig. 4.2 C). This could 

be suggestive of potential valve-specific transcriptional signatures that could be leveraged for 

future studies to understand valve-to-valve heterogeneity. We were successfully able to identify a 

PTHLH+ subset of the valvular endocardium in this sample, further validating our re-analysis of 

other human fetal heart scRNAseq datasets (Fig. 4.2 D).  

To our surprise, we observed a substantial depletion in the percentage of cells expressing 

PTHLH in the critically stenosed aortic valve, relative to the percentage of cells expressing 

PTHLH in the other three non-diseased valves within the sample (Fig. 4.2 E). When comparing 

the transcriptional signature of diseased aortic valve PTHLH+ VECs against the other three valves, 

we observed a statistically significant downregulation of NPPC, an additional marker gene for this 

rare subpopulation. In the absence of a true healthy control, the best comparison we could make is 

between the two semilunar valves: the diseased aortic valve versus the healthy pulmonary valve. 

This PTHLH+ cell depletion in the diseased valve is an intriguing observation that may implicate 
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this cell type in the pathogenesis of human congenital valve disease; however, this preliminary 

result requires validation with additional biological replicates and proper control samples prepared 

in a similar fashion with preserved valvular identity information, as done in this experiment. 
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Fig 4.2 PTHLH+ Valvular Endocardial Cells Depleted in Critical Stenosed Aortic Valve 
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A, Cartoon representation of a scRNAseq experiment performed on each of the four cardiac 
valves from a 20-week human fetal heart with HLHS and critical aortic stenosis. B, UMAP plot 
of all captured valvular cell populations colored by cluster. C, UMAP plot of all captured 
valvular cell populations colored by cardiac valve sample identity. D, UMAP plot of PTHLH 
expression. E, Bar plot representing the percentage of cells in each valve expressing PTHLH.  
 
4.5 Conclusions 

 Here, we sought to relate our findings related to Pthlh+ VECs during murine development 

to human development and disease. Through an extensive literature review, we identified several 

case reports and GWAS studies linking Pthlh+ VEC marker genes to human congenital heart 

defects. Moreover, using previously published scRNAseq data of human fetal heart development, 

we demonstrated that PTHLH+ endocardium exists during human development. To evaluate the 

role of PTHLH+ endocardium in the context of human disease, we generated a scRNAseq dataset 

from a 20-week human fetal heart with HLHS and critical aortic stenosis, preserving the identity 

from which each cell was derived. Our data both validated previous studies in demonstrating the 

presence of PTHLH+ VECs during human valve development, and identified a depletion in this 

rare subpopulation in the diseased aortic valve relative to the other valves in the samples. Future 

studies in this context would necessitate more biological replicates to validate that this depletion 

is a feature of HLHS pathogenesis. 
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Chapter 5 

Summary and Future Directions 
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5.1 Summary 

 In the hopes of supporting novel therapeutic development for valvular heart disease – a 

serious and growing health problem globally – we sought out to apply novel single cell genomic 

tools to better understand a poorly characterized stage of valvular development, post-EMT 

valvulogenesis. We began with characterization of wild-type development and, in doing so, 

identified previously undescribed cellular heterogeneity at the onset of this stage of development.  

In our search for novel molecular regulators of post-EMT valvulogenesis, we identified 

two neuroendocrine peptide hormone pathways that had not been implicated in valve development. 

The ligand for one of these pathways, parathyroid hormone-like hormone (Pthlh), unexpectedly 

marked a rare population of cells accounting for less than 1% of the developing mouse heart at 

E12.5, underscoring the need for single-cell tools to make this discovery. We found that Pthlh+ 

cells are spatially localized to the leading edge of the developing cushion at E12.5 and are further 

restricted to the coaptation surface of the valve leaflets at E18.5. Leveraging an atlas of wild-type 

cardiogenesis, we demonstrated that these cells are temporally restricted to post-EMT 

valvulogenesis. Transcriptionally, these cells were shown to be highly secretory marked by the 

expression of numerous highly-specific developmental signaling ligands. The transcriptome of this 

developmentally established rare cell type remains relatively stable and persists long into the 

postnatal remodeling period. As such, we sought to functionally characterize this cell type during 

development.  

 We established that Pthlh+ valvular endocardial cells are essential for post-EMT 

valvulogenesis. Ablation of this population resulted in valvular dysplasia characterized by 

thickened, immature leaflets, and resulted in perinatal cyanosis and lethality. A combination of 

traditional lineage tracing approaches and re-processed previously published scRNAseq datasets 
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revealed that this cell type is derived from the neural crest, providing the first evidence of a neural 

crest-to-endocardial transition. We were then able to subsequently show that loss of Pthlh from 

the neural crest recapitulates the Pthlh+ valvular endocardial cells ablation phenotype, implicating 

a previously undescribed neuroendocrine peptide hormone signaling pathway in the regulation of 

post-EMT valvulogenesis.  

To mechanistically dissect how neural crest-derived Pthlh signaling regulates post-EMT 

valvulogenesis, we leveraged scRNAseq and scATACseq. We identified cell autonomous loss of 

Pthlh+ VEC marker gene expression and marker peak accessibility, in addition to valvular 

myocardial BMP signaling dysregulation. These findings provide an important, substantive 

advance in our understanding have post-EMT valvulogenesis regulation and provide a number of 

future investigative questions that I will outline in remainder of this chapter.  

Moreover, a literature review revealed that multiple marker genes for this valvular 

subpopulation are associated with human congenital valvulopathies. Re-processing of previously 

published scRNAseq human fetal heart data demonstrated that this population exists during human 

fetal heart development. To interrogate these cells in the setting of disease, we generated a 

scRNAseq dataset for each valve from a 20-week human fetal heart with HLHS and critical aortic 

stenosis, where we detected a depletion of this rare cell population in the diseased aortic valve with 

a downregulation of another marker gene. In this chapter, I will outline future avenues of 

investigation to carry this work forward and further uncover how these cells regulate development 

disease.  
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5.2 Mechanistic Validation of Multi-omic profiling of neural crest-specific Pthlh signaling-

deficient valves 

 First, much of our analysis from the multi-omic profiling of neural crest Pthlh-deficient 

embryos centered on cell autonomous transcriptional and chromatin accessibility dysregulation. 

There are several experiments I propose to investigate this further. First, I discussed the prospect 

of Pthlh intracrine signaling playing a role in this dysregulation. The prospect of this intracrine 

signaling is suggested mainly due to the nuclear localization signal in the retained mid-region of 

the mature Pthlh peptide. Study of a novel Pthlh allele that lacks this nuclear localization signal in 

vivo could shed light on the requirement of intracrine signaling in the specification and 

maintenance of this cell type’s identity. Conversely, generation of a Pthlh over-expression allele 

that could be driven in other valvular endocardium with an inducible Nfatc1CreER could 

demonstrate that ectopic Pthlh expression is capable of driving the gene programs we observed 

being downregulated in the setting of neural crest-specific deletion.  

 Second, we detected BMP signaling dysregulation in the valvular myocardium. To validate 

this finding, we could specifically delete Pth1r from the valvular myocardium using a Tbx3CreER, 

and assess for a similar pattern of BMP signaling dysregulation. Moreover, in our current 

perturbation model, we could perform assays for phosphorylation and nuclear localization of 

SMAD, the end target of BMP signaling to validate that the transcriptional changes that we have 

identified have a protein level consequence. 

 Lastly, for both of these mechanistic insights, we need to validate at a later time point. As 

previously mentioned, experiments are already underway to assess for transcriptional and 

chromatin accessibility changes at E18.5, which will help us to validate our preliminary findings 

at E13.5 and may provide new insights into Pthlh-mediated mesenchymal cell maturation.  
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5.3 Investigating the role of additional Pthlh-positive Valvular Endocardial Cell Marker 

Genes During Murine Development 

 Beyond Pthlh, there exist a number of potentially interesting, highly-specific genes 

marking this rare population. Several marker genes converge on the retinoic acid signaling 

pathway including Cyp26b1, Crabp2, Rai14, Nr2f2, Rbp7, and Rbp1. There exist extensive studies 

implicating retinoic acid-mediated regulation of cardiogenesis and valvulogenesis148,149. Notably, 

Cyp26b1, a gene that acts to metabolize and repress retinoic acid signaling, only exists within 

Pthlh+ VECs in the developing heart (data not shown). With the PthlhCreER mouse line in hand, 

we could perform tissue-specific deletion of a number of genes to characterize their function within 

this cell type and, in a greater context, valvulogenesis. Another gene that is high priority for 

characterization is Ptprb, given the recent case study identifying a likely pathogenic variant in this 

gene strongly associated with hypoplastic left heart syndrome.  

 

5.4 Exploring the role of Pthlh+ Valvular Endocardial Cells in Human Development and 

Disease 

 While we have plenty of suggestive evidence that this population is important in human 

valvular development, we have yet to definitely demonstrate that this is the case. To do so would 

require the acquisition and single-cell interrogation of healthy and diseased human fetal heart 

samples. We are currently in the process of gaining access to such precious samples. In the absence 

of these samples, an indirect way to study this population is through histologic analysis of 

previously preserved samples, performing immunohistochemistry for PTHLH and other marker 

genes and assessing for changes in cellular metrics such as distribution and quantity.  
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4.5 Exploring the role of Pthlh-positive Valvular Endocardial Cells during adult homeostasis 

and disease 

 A preliminary analysis of the adult human heart atlas revealed that there exists a subset of 

PTHLH+ cells present in the adult human heart150. Given that Pthlh+ VECs exist long into the 

postnatal period during mouse development, it is a natural extension of this work to investigate the 

role of this population in adult homeostasis and disease. Prior studies have demonstrated that 

genetic mechanisms leading to congenital valve disease pre-disposes the tissue to accelerated 

degenerative valve disease. There exist multiple models of bicuspid aortic valve disease and 

calcific aortic valve disease that would serve as great models to interrogate the function of this 

novel population during degenerative valve disease.  

 

4.6 Translational Directions to Overcome Congenital Heart Disease 

 Lastly, the discovery of this cell type could help advance the care of patients with 

congenital disease in the near future. First, we have defined a transcriptional signature for a novel 

population of cells that we have shown to be critical to valve development. It is now possible to 

use this cell signature to help prioritize variants for functionalization, which has been a major 

bottleneck in determining new genetic etiologies of CHD. Furthermore, we have identified 

pathways and epigenomic regions that are dysregulated secondary to loss of Pthlh. These 

dysregulated genes and epigenomic regions could similarly function as a new lens through which 

to filter and prioritize functionalization of coding and noncoding variants. Through this work, we 

have established two new models of congenital valvulopathy that could be leveraged for 

pharmacologic agent screening that could aid in prevention of valvular CHD. Albeit one of the 
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more difficult future aims to achieve, one could consider in vitro experiments to differentiate 

PTHLH+ valvular endocardial cells and interrogate their potential therapeutic application to living 

tissue engineered heart valves. 
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Chapter 6 

Materials and Methods 
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Animal Models  

All mouse studies were carried out as stated our animal use protocol (AN189140) in accordance 

with all applicable ethical regulations including UCSF animal use guidelines, and the NIH Guide 

for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee 

granted approval for our animal use protocol. C57BL/6J wild type (JAX stock no. 000664), B6.Cg-

Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (Ai6) (JAX stock no. 007906), B6.Cg-Tg(Pthlh-

cre/ERT2)909Nono/J (PthlhCreER) (Jax stock no. 032873), B6.Cg-E2f1Tg(Wnt1-cre)2Sor/J (Wnt1Cre) 

(JAX stock no. 022501) mice were purchased from Jackson Laboratory (Bar Harbor, ME), Pthlh 

flox allele mice1 were provided by Andrew Karaplis’ lab.  

 

Single-cell Isolation, Library Generation, and Sequencing 

For all timed mating experiments, male and female mice were housed overnight and female mice 

were visually inspected for a vaginal plug in the morning. Embryos at date of plug were considered 

E0.5. Embryos from E12.5, E13.5, and E17.5 were prepared in the same manner. Embryos were 

dissected in cold PBS (Life Technologies, 14190250) with 1%FBS (ThermoFisher Scientific, 

10439016). Dissected cardiac tissue was mechanically torn into several pieces with forceps prior 

to incubated at 37˚C in 200 µl 0.25 mg/mL Liberase (Roche, 05401020001) for 5 min, triturated 

with a 1000-µl pipette tip, and incubated for an additional 5 min, triturated with a 200-µl pipette 

tip, incubated for a final 5 min, and quenched with 600 µl PBS with 1% FBS. Cells were filtered 

through a 70-µm cell strainer (BD Falcon, 08-771-2), centrifuged at 150g for 3 min, and 

resuspended in PBS with 1% FBS. For scRNAseq, the cell suspension was prepared to recover 

10K cells per sample according to the manufacturer's instructions (Chromium Single Cell 3' 

Reagent Kit v.3, 10X Genomics). For the 10X Genomics Gene Expression and Chromatin 
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Accessibility Co-Assay (scMultiome), the single-cell suspension was subjected to nuclear 

isolation according to the 10x nuclei isolation protocol (Nuclei Isolation for Single Cell ATAC 

Sequencing, CG000169, 10X Genomics). GEM generation for both assays was performed on the 

Chromium controller, using Chip G (PN-1000120) for scRNAseq and Chip J (PN-1000234) for 

scMultiome. The scRNAseq and scMultiome library preparations were performed according to the 

protocols described above using Chromium Single Cell 3ʹ Reagent Kits v3.1 (PN-1000121) and 

Chromium Next GEM Single Cell Multiome ATAC + Gene Expression Reagent Bundle (PN-

1000283), respectively. All libraries were sequenced on the NovaSeq S4 200, in accordance with 

the manufacturer’s protocol.  

 

For the Wnt1Cre;Pthlhfl/fl Multiome experiment, embryo tails were dissected placed in QuickExtract 

DNA Extraction Solution (Lucigen, QE09050) and processed according to manufacturer’s 

protocols. Genotyping was performed by PCR using Phire Green Hot Start II DNA Polymerase 

(Thermo Fisher Scientific, F124L), according to manufacturer’s protocols, using JAX protocol 

primers for Wnt1Cre and the following for Pthlhfl allele: 

P1: GAGGCTAAGCCAGGAGGATT 

P2: CCCCATCCTCTCTCCTCTCT 

The band size for the wild type gene is 150bp and the band size for the floxed gene is ~270bp.  

 

Single-cell Seurat Object Preparation  

Raw sequencing data were preprocessed with the Cell Ranger v.5.0.0 pipeline for scRNAseq or 

Cell Ranger Arc for scMultiome (10X Genomics). Data from all samples, per experiment, was 

merged via cellranger-aggr or cellrangerarc-aggr and normalized to the same sequencing depth, 
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resulting in a single gene-barcode matrix. Further analysis was performed using Seurat v4.0 R 

package. Quality control metrics used to remove low quality cells were: number of genes per cells 

between 4,000 and 9,500, UMI count per cell between 10,000 and 100,000, and mitochondrial 

gene percentage between 1 and 6%. Cell cycle scores were calculated and added to the metadata 

for each cell and the SCTransform function was used for normalization against cell cycle score. 

Clustering of cells was performed with the following commands: RunPCA, RunUMAP, 

FindNeighbors, and FindClusters. To identify marker genes, the clusters were compared pairwise 

for differential gene expression using the FindAllMarkers function (min.pct = 0.45, 

logfc.threshold=0.4, and return.thresh (p-value cut-off) = 1 × 10−10). Annotation of clusters was 

achieved via cross-referencing the resulting cluster-specific marker genes with known cell type-

specific maker genes in the literature, we classified them into clusters of seven cell types. For 

visualization of gene expression data, the following Seurat functions were used: FeaturePlot, 

VlnPlot, DotPlot, and DoHeatmap. 

 

CellChat 

Cell-cell communication analysis was performed using the R package CellChat. Seurat objects 

containing specific cell types and time points of interest were imported to CellChat using the 

function GetAssayData and createCellChat. All ligand-receptor and signaling pathways within the 

CellChatDB.mouse were kept for analysis. Initial pre-processing to identify over-expressed 

ligands and receptors was performed using the functions identifyOverExpressedGenes and 

identifyOverExpressedInteractions with the same settings as stated in the tutorial. Inference of cell 

communication was calculated with computeCommunProb and filtered by filterCommunication. 

Pathway level cell communication was calculated with computeCommunProbPathway and 
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aggregated networks were identified with aggregateNet, using standard settings. Network 

centrality scores were assigned with the function netAnalysis_computeCentrality. This workflow 

was run for both control and neural crest-specific Pthlh-knockout datasets independently and 

differential signaling analysis was then run by merging the objects with mergeCellChat. A heatmap 

of differential signaling, based on significantly identified pathways from above, was generated 

using the function netAnalysis_signalingRole_heatmap and restricting the visualization to selected 

pathways. 

 

scATACseq Data Preparation 

The Cell Ranger ARC workflow was used for all Multiome samples post sequencing (10X 

Genomics). Samples were first demultiplexed and fastq files were generated using the command 

cellranger-arc mkfastq. The command cellranger-arc count was then run to filter cell barcodes 

against a whitelist and align filtered fastq files to the mouse reference genome Mm10. PCR 

duplicates and gel bead/cell multiplets were then removed (v1.2) and transposase cut sites were 

counted for each sample. Unlike scRNA-seq analysis, cellranger-arc aggr was not run and instead 

the indexed fragments files (fragments.tsv.gz and fragments.tsv.gz.tbi) output from cellranger-atac 

count served as the inputs for computational analysis in ArchR8. Subsequent analyses were 

performed using ArchR v1.0.1 R package with reference to the ArchR web tutorials. For each 

experiment, an ArchRproject was generated through via importing the ATAC matrix and 

generation of an arrow file. Addition of paired transcriptional information for each cell was 

achieved through importing the transcriptional feature matrices per sample 

(import10xFeatureMatrix), altering the matrix to be compatible with ArchR 

(SummarizedExperiment) and appending the expression matrix onto the existing ArchRproject 
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(addGeneExpressionMatrix).  Low quality cells were removed based on TSS enrichment score and 

the number of fragments per nuclei (createArrowFiles function with minTSS=7, minFrags=19952, 

maxFrags=1E+6), and nuclei doublets were removed through addDoubletScores and 

filterDoublets functions, resulting in making an ArchRproject to be analyzed. Dimensionality 

reduction was performed using the addIterativeLSI function. Then, clustering and the 2D 

embedded visualization in UMAP space were performed using the addClusters function, and the 

addUMAP and plotEmbedding functions, respectively. Gene body scores (GS), which were 

calculated by the accessibility of promoter and gene body regions of each gene and can be treated 

as a proxy of expression levels of a corresponding gene, were extracted to identify the cluster 

features using the getMarkerFeatures with useMatrix=”GeneScoreMatrix”. For peak calling per 

cluster, the addGroupCoverages and the addReproduciblePeakSet functions with peakMethod = 

"Macs2" were used. Peak-to-gene linkage analysis was performed in ArchR using the 

addPeak2GeneLinks command. Furthermore, to identify the cluster specific feature peaks, the 

getMarkerFeature functions with useMatrix=”PeakMatrix” was used, and transcription factor 

binding site motif enrichment analysis on the resultant peaks was performed using HOMER8. For 

differential accessible region (DAR) analysis, peak calling was performed for each condition 

(CREneg or CREpos) in each cluster and differential analyses were performed using the 

getMarkerFeatures function by setting a cluster from CREpos as useGroups and a corresponding 

cluster from CREneg as bgdGroups. The statistically significant DARs were defined with FDR 

less than 0.05 and Log2 fold change greater than 1. Motif enrichment analyses on the detected 

DARs were performed using the peakAnnoEnrichment function. 
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Embryo Dissection for RNAscope Assay 

Embryos used for RNAscope assay were collected through timed mating similar to methods for 

single cell assays. Dissected tissues were fixed overnight with 4% paraformaldehyde (50-980-487, 

Fisher Scientific). Tissues were subsequently washed in PBS and dehydrated in 70% EtOH 

overnight. Tissues were processed in paraffin overnight and sectioned onto glass slides at 5 um 

thickness.  

 

RNAscope In Situ Hybridization  

Section RNA in situ hybridization was performed in using Multiplex Fluorescent Reagent Kit v2 

(Advanced Cell Diagnostics, 323100) as previously reported. Each experiment was repeated using 

at least three biological replicates. The in situ hybridization probes used in this study are as follows: 

Pthlh (Advanced Cell Diagnostics, 456521), Dhh (Advanced Cell Diagnostics, 415031), Wnt9b 

(Advanced Cell Diagnostics, 405091), Aspn (Advanced Cell Diagnostics, 502051), Ptprz1 

(Advanced Cell Diagnostics, 460991), Col14a1 (Advanced Cell Diagnostics, 581941), Cthrc1 

(Advanced Cell Diagnostics, 413341), Dpt (Advanced Cell Diagnostics, 561511), Sfrp2 

(Advanced Cell Diagnostics, 400381), Adamts19 (Advanced Cell Diagnostics, 500981), ZsGreen 

(Advanced Cell Diagnostics, 461251), and Stmn2 (Advanced Cell Diagnostics, 498391). All slides 

were imaged on Olympus FV3000RS confocal microscope. 

 

Light sheet Microscopy 

For light sheet microscopy imaging, the whole mount samples were microdissected to keep the 

area of interest. Samples were fixed in 1% paraformaldehyde for 15 minutes at room temperature. 

Samples were then washed three times in PBS. Samples were incubated overnight at 37˚C in 
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CUBIC-L solution (TCI chemicals, T3740). After validating that the sample had adequated 

cleared, samples were washed three times for one hour in PBS at 37˚C. Samples were then 

incubated overnight in 50% PBS/ 50% Cubic R+ (M) solution (TCI chemicals, T3741). Samples 

were subsequently placed in 100% Cubic R+ (M) solution in a dark area until imaging. Samples 

were then imaged on a Zeiss Z.1 Lightsheet microscope. Images were processed with Fiji and 

Imaris. 
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