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ABSTRACT OF THE DISSERTATION

[lluminating the diversity and organization of cardiovascular lineages forming cardiac
structures during human development
by
Elie Farah
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2022

Professor Neil C. Chi, Chair

The heart, which is the first organ to develop, is highly dependent on its form to
function. Disruption of cardiac structures contributing to this form can lead to a wide
range of adult/congenital heart diseases and possible fetal demise. However, how
diverse cardiovascular cell types spatially interact and organize into complex
morphological communities/structures that are critical for heart function remains to be
fully iluminated. Here, we interrogate the interactive cellular mechanisms that direct the
morphogenesis and remodeling of heterogeneous cellular communities during the

construction of the human heart by providing a high-resolution spatial and single-cell
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transcriptomic human cardiovascular cell atlas. We integrated high-throughput
multiplexed fluorescent in situ hybridization (MERFISH) spatial transcriptomics with
corresponding single-cell RNA-seq and spatially mapped 27 major cardiac cell types
that could be further refined into specialized cellular subtypes and states including
previously uncharacterized cell populations. These major cell types were spatially
organized into unique cellular communities that compose of combinations of specific
cardiac cell types and correspond to distinct anatomic cardiac structures. Detailed
examination of the cardiac ventricles revealed an unexpected cellular heterogeneity and
organization of the ventricular wall, which was composed of at least three regional
cellular communities corresponding to outer-compact, mid, and inner-trabecular layers.
Analysis of these communities uncovered thousands of cellular interactions among 11
cell types within the left ventricular wall, including a Semaphorin-Plexin mediated
cardiomyocyte-cardiac fibroblast-endothelial multi-cellular interaction that coordinates
the precise allocation of migrating ERBB2/4+PLEXINA2/4+ cardiomyocyte subtypes
during the critical cardiac developmental process of ventricular compaction. These
identified morphogenetic events could be recapitulated in a human pluripotent stem cell
(hPSC) cardiac organoid system thus confirming the role of Semaphorin-Plexin during
human ventricular wall morphogenesis. Our findings provide the foundations for
analyzing the morphogenesis of the critical structures comprising the heart and serves
as a guide to improve the construction of complex structures during cardiovascular
development and generate hPSC-derived cardiac tissues composed of multiple cardiac
cell-types for the study of human cardiovascular development, tissue replacement

therapy and disease modeling.
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CHAPTER 1:
Introduction

1.1 Cardiac cells that construct the human heart

The heart is the first organ to form in the developing embryo’. Throughout
development, it continues to grow and function to support the maturing fetus by
circulating nutrients to all of the developing organs. Understanding this process in full
requires knowledge of the individual cell types and states that play a role in cardiac
organogenesis and how those cell types and states are spatially assembled to form the
various structures of the heart, which are important for function. Defects in this process
can lead to congenital heart defects that affect up to 1-3% of all live births?. Recent
advances in quantitative molecular and spatial measurements monitoring global cellular
identity and positioning in thousands to tens of thousands of single cells from an
experiment are allowing for the discovery of cardiac cell types and states as well as the
interactive cellular communities in which they reside®. These recent advances have
contributed to our knowledge of many of the cell types within the human heart, including
the developing heart346.7. Understanding the building blocks of the human heart and
how they are assembled into complex morphological structures will give insights for
therapies to treatments when these structures become disorganized in disease.

Recent advances in high throughput multidimensional tools like single cell
sequencing technologies have characterized many of the cell types within the human
heart, including the developing heart3487. These cell types include many endogenous
to the heart including cardiomyocytes, cardiac fibroblasts, endocardial, and epicardial

cells, as well as others including vascular (smooth muscle and endothelial),



glia/schwann cells, and immune populations. Cardiomyocytes are the engine of the
heart where energy is converted into mechanical work, thereby providing the contractile
force of the heart muscle. Cardiomyocytes are marked by their expression of proteins
involved in the contractile machinery such as troponins (TNNT2, TNNI1, TNNI3),
myosin light (MYL7, MYL9), myosin heavy (MYH6, MYH7), and titin (TTN). Atrial and
ventricular myocardium differs in developmental, structural, hemodynamic, and
physiological characteristics, and this is reflected by distinct gene expression profiles,
with atrial and ventricular cardiomyocytes expressing nuclear receptor subfamily 2
group F member 1 and 2 (NR2F1/NR2F2) and IRX4/MYL2, respectively>#8. Beyond the
specialized contracting cardiomyocytes of the chambers, there are ‘non-chambered’
cardiomyocytes, including those which participate in the cardiac conduction system,
which transduces electrical stimuli to drive cardiac contraction. Conduction system
related cardiomyocytes have traditionally been identified using hyperpolarization-
activated cyclic nucleotide-gated potassium channel 4 (HCN4), ISL LIM homeobox 1
(ISL1), or T-box transcription factor 3 (TBX3), although the expression of these markers
shows significant heterogeneity depending on their anatomical location within the
conduction system (nodes, atrioventricular bundle, Purkinje fiber network)®-'2.

Cardiac fibroblasts provide important biomechanical support to the heart tissue
by synthesizing and remodeling the extracellular matrix, as well as provide signaling
factors to the various cells in the heart’®'4. In adult human heart tissue, canonical
markers for cardiac fibroblasts include many extracellular matrix-related proteins
including decorin (DCN), collagen type | alpha 1 chain (COL1A7), and vimentin (VIM),

as well as receptors (platelet derived growth factor receptor alpha-PDGFRA and Thy-1



cell surface antigen-THY7)3. Fetal-derived cardiac fibroblasts express transcription
factor 21 (TCF21) as well as extracellular matrix protein lumican (LUM)®. Similar to
cardiomyocytes, fibroblasts also exhibit transcriptional differences between the atria and
ventricles, with atrial fibroblasts expressing gelsolin (GSN), and ventricular fibroblasts
expressing complement 7 (C7)3. Consistent with the expression of the complement
system, fibroblasts have been proposed to serve immune-modulatory roles disease'®.

Endothelial cells within the heart line the inner lumen of the cardiac chambers,
blood, and lymphatic vessels, and fulfill many functional roles including regulating the
flow of solutes, fluid, and macromolecules as well as modulating vascular constriction
and relaxation®. Despite the heterogeneity of endothelial cells, these cells can be
identified by platelet and endothelial cell adhesion molecule 1 (PECAM1), and further
subdivided into lymphatics by prospero homeobox 1 (PROX17) and endocardial cells by
natriuretic peptide receptor 3 (NPR3)*. Further classification of blood endothelial cells
between arterial and venous is possible in the adult heart with the examination of EPH
receptor B4 (EPHB4), NR2F2, HEY1/2%8, This granularity of endothelial cell definition
requires further investigation within the fetal human heart to confirm if these markers
can be used throughout human cardiac development.

Smooth muscle cells support the extensive vasculature of the heart and are
mainly divided into pericytes (which reside within micro vessels) and vascular smooth
muscle cells (which reside in the vascular wall of larger vessels). In adult human hearts,
pericytes are classically marked by the expression of platelet-derived growth factor
receptor beta (PDFRB), ATP binding cassette subfamily C member 9 (ABCC9), and

potassium voltage-gated channel subfamily J member 8 (KCNJ8). Proteins related with



contractile function such as MYH11 and Smooth muscle aortic alpha-actin 2 (ACTA2)
are used to identify vascular smooth muscle cells.

Peripheral glial cells, such as Schwann cells, have been particularly difficult to
analyze in the heart until the development of sScRNA-seq methodology due to their low
abundance and density. In the adult human heart, these Schwann cells express
proteins related to the myelin sheath including proteolipid protein 1 (PLP1), while in the
fetal heart these cells can be identified with the expression of aldehyde dehydrogenase
1 family member A1 (ALDH1A1)38,

Immune populations within the heart have been investigated more frequently
recently, due in part to the ease of isolating blood cells that do not require complex
dissociation strategies. Practically all known types of blood cells have been described
within the heart including monocytes, macrophages, T-cells, B-Cells, and mast cells,
although their exact roles are yet to be fully defined'’. In both adult and fetal human
hearts, myeloid related populations represent the highest proportion of blood cells within
the heart>*®. Monocytes are identified by the expression of basic leucine zipper ATF-
like transcription factor 3 (BATF3) and lysozyme (LYZ), while macrophages can be
identified by the expression of interleukin 18 (/L71B), lymphatic vessel endothelial
hyaluronan receptor 1 (LYVET), and proteins involved in the complement system
(including complement C1q B Chain — C71QB). The knowledge about the significance of
these blood populations during development and disease is still limited and is under
active investigation'”.

Recent advances in spatial transcriptomic technologies have expanded our

knowledge of multiple organ systems, including the developing human heart. Cardiac



development is a spatially complex process and comprehensive understanding of
regional and structural changes in gene expression during heart maturation is of great
interest. Recently a study by Asp et al. combined RNA-seq data of spatial
transcriptomics (ST-seq) of human fetal tissues, scRNA-seq data of human fetal cardiac
cells, and in situ sequencing data to map cell type distribution and spatial organization
in the developing human heart and generate a 3D gene profile atlas®. Utilizing their
spatial atlas, they were able to map the cell types identified within their scRNA-seq data
to single cell resolution within the developing human heart. This investigation led to the
discovery of distinct spatial locations of certain cell types including epicardial-derived
cells (EPDCs), Schwann progenitor cells, and cardiac neural crest cells, with the former
residing primarily within the atrioventricular sub-epicardial mesenchyme, and the latter
two mainly located near the outflow tract (OFT) and atria. Several limitations of the
study restrict further insights into the cellular composition and spatial organization of the
heart, including lack of spatial resolution of the transcriptome-wide sequencing (ST-
seq), which limits the unbiased spatial identification of cells on a single cell level. The in
situ sequencing study addresses some of these limitations (e.g. resolution), but does
not allow for identification of cell types beyond those identified in the scRNA-seq (15 cell
types), partially because of the limited gene panel (only probed for 69 genes). Further
work is necessary to spatially identify cell types at a high resolution (single cell) and in a
more unbiased approach to allow for cell type discovery and analysis of spatial

organization into cardiac structures.



1.2 Ventricular wall development and semaphorin signaling

The heart is composed of four chambers that have different structural,
physiological, as well as developmental origins. The ventricle in particular undergoes
trabeculation and compaction during development. Trabeculation in particular is one of
the first signs of ventricular chamber development and starts around E8.5 in mice.
During this developmental process, cardiomyocytes form protrusions toward the
ventricular lumen that eventually form a complex meshwork lining the inner ventricular
chamber'®'° Trabeculae are present in all vertebrate hearts and are necessary to
increase the surface area of the early myocardium to aid oxygen and nutrient exchange
before coronary vascularization. The formation of trabeculae is dependent on the
interaction between the endocardium and myocardium, and includes signaling pathways
such as a neuregulin 1 (NRG1)-ERBB?2 interaction. Functional studies in mice, chick,
and zebrafish have provided a great deal of knowledge of the signaling pathways and
transcription factors involved in trabeculation, however how all of the precise cellular
processes such as oriented cell division, delamination, EMT-like processes, migration
and proliferation coordinate and give rise to the trabecular network is still under intense
investigation?%-21,

As the ventricle continues to develop, the trabeculae compress and become
integrated within the ventricular wall through the process of compaction, which functions
to thicken the myocardial wall. This process coincides with the vascularization of the
myocardial wall by the coronary vessels, and in mice, this process starts around E13.5
and lasts well after birth, while in humans it starts around week 12 of gestation?2.

Defects in this chamber maturation process may lead to various cardiac disorders,



including left ventricular noncompaction (LVNC), which is characterized prominent
trabeculae and thin myocardium?3. Lineage-tracing studies in mice utilizing Cre
recombinase under the control of genes specific to either trabeculae (Nppa) or compact
(Hey2) have shown contribution to the endocardial zone and epicardial zone of the
postnatal ventricular wall, respectively?*. These lineage-tracing studies further identified
a heterogeneous region between the endocardial and epicardial zone termed the hybrid
myocardial zone, which was composed of cardiomyocytes derived from both Nppa+ and
Hey2+ cardiomyocytes. Therefore, the compacting myocardial wall contains at least
three separate zones: 1) a subendocardial inner myocardial wall, or trabecular
myocardium, 2) a mid myocardial zone, or hybrid myocardium, and 3) a outer
myocardial wall, or compact myocardium. Defects in either the contribution of Hey2+
cells or Cx40+ cells (marker of trabecular cardiomyocytes) results in the persistence of
trabeculae in the postnatal heart, suggesting that both the expansion of the compact
myocardium as well as the coalescence of trabecular myocardium contribute to the
process of compaction?*2°,

Signaling pathways that regulate the process of compaction are poorly
understood, with recent studies suggesting that Notch and semaphorin signaling
contribute to this process?®. Semaphorins are a large family of secreted or membrane-
bound proteins that bind to either plexin receptors or plexin-neuropilin receptor
complexes to propagate their signal. Semaphorin signaling has been extensively
studied in nervous system where it has a well established role in axon guidance. Within
the cardiovascular system, defects in semaphorin signaling lead to various

cardiovascular defects, mainly related to the migration of cardiac neural crest cells, and



include persistent truncus arteriosus, ventricular septal defects, and coronary and aortic
arch defects?’. However, a recent study identified that an endothelial specific plexin
receptor PLXND1 plays a role in ventricular compaction, and loss of function of this
gene within endothelial cells causes a noncompaction phenotype in mice?®. The authors
suggest that the possible mechanism is that the semaphorin signaling modulates
extracellular matrix dynamics and Notch signaling. Whether semaphorin signaling plays
additional roles in ventricular compaction, and whether these pathways are conserved
in human heart development is incompletely understood.

Human pluripotent stem cell (hPSC)-derived cardiomyocytes are a powerful
system to study the mechanisms of human cardiomyocyte development and disease in
a controlled setting in a reproducible way. Protocols have been established for more
than a decade and used by many labs to test various aspects of cardiomyocyte
development and function. To test how certain semaphorin signaling pathways may be
regulating the migration and organization of cardiomyocytes during human ventricular
wall development, my co-authors and | created a multilayered hPSC cardiac organoid
system to model aspects of the developing ventricular wall. We demonstrate that
SEMAS3C acts as an attractive signaling cue to direct the migration of PLXNA2/A4
expressing trabecular-like cardiomyocytes toward the source of SEMAS3C. Additionally,
we find that SEMAG6A/B act as a repulsive cue that blocks the migration of PLXNA2/A4
expressing trabecular-like cardiomyocytes. Taken together, our results support a model
of cardiomyocyte organization where SEMA3C/D-expressing compact ventricular
fibroblasts attract PLXNA2/A4 expressing trabecular (and hybrid) cardiomyocytes to the

Mid/Outer myocardial community layers, whereas SEMAG6A/B-expressing blood



endothelial cells may prevent these trabecular (and hybrid) cardiomyocytes from further
migrating by repelling them when contacting blood endothelial cells, and that this may

be what is happening in vivo during compaction of the ventricular wall in humans.



CHAPTER 2:
Single-cell transcriptomic analysis reveals diverse cell lineages constructing the
developing human heart
2.1INTRODUCTION

In the developing embryo, the heart is the first organ to form. By week 3 itis a
linear heart tube, and between weeks 3 and 8 it undergoes a complex looping process
to form the four chambers of the heart, the (Left Atrium (LA), Right Atrium (RA), Left
Ventricle (LV), Right Ventricle (RV)). These chambers are separated by the interatrial
and interventricular septa, which prevent the mixing of oxygenated and deoxygenated
blood. A conduction system rapidly propagates electrical impulses from the sinoatrial
node (SAN) to the atrioventricular node (AVN), and along His-Purkinje fibers to the
ventricular apex where contraction starts. Between weeks 8 up until birth, the heart
undergoes a period of rapid growth and expansion as the various cardiovascular (CV)
lineages mature and organize to support the developing fetus by continuously
circulating the blood supply. Understanding how the different CV cell-types develop
during this critical period has been difficult to determine in bulk analysis of
heterogeneous tissue samples.

Here, we characterize the developing heart at an unprecedented resolution,
combining scRNA-seq data and an imaging based spatial transcriptomic technique
called multiplexed error-robust fluorescence in situ hybridization (MERFISH) that allows
for the spatial identification of cells at single cell resolution. By sequencing more cells
within developing human hearts than previous studies®’:2°, we identified 75

subpopulations of cardiac cells, including many known in addition to previously
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uncharacterized cell types within the developing heart, such as non-chambered
cardiomyocytes. Spatial mapping validates and resolves many of the cell types at high
resolution, and we find that chamber distinct cardiomyocyte populations co-localize with
chamber distinct non-cardiomyocyte counterparts. To understand how they are spatially
organized, we identified cellular communities that correspond to cardiac structures,
including the inner and outer layers of the ventricle, and the left and right atria. These
cellular communities are composed of distinct cell types, suggesting that these
specialized communities influence not only the specialized functionalization of the
cardiac cells, but also direct the formation of anatomic structures critical for regulating

overall cardiac function.
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2.2 RESULTS
Single-cell transcriptomic analysis reveals diverse cell lineages constructing the
developing human heart

To examine how diverse cardiovascular cell types coordinate to form complex
structures critical for regulating human heart function, we initially investigated and
identified the specific cell lineages comprising the developing human heart. To this end,
single-cell RNA sequencing (scRNA-seq) was analyzed from human hearts between 9
to 15 weeks of gestation in replicate, using droplet-based methods (Figure 1a).
Because these developing hearts were substantially smaller than adult human hearts,
each collected heart was dissected into intact cardiac chambers and the interventricular
septum (IVS), which were then dissociated into single cells for examination of all
potential cell lineages within these hearts by RNA-sequencing (Figure 1a). As a result,
we collected and analyzed the transcriptomes of 142,946 individual cardiac cells, which
grouped by cell identity rather than donor sample after graph-based clustering®® (Figure
1b-d). Detected cell clusters primarily consisted of cells from each donor and were
classified into five major developmental cell populations including cardiomyocyte,
mesenchymal, endothelial-like, blood and neuronal-like cell lineages (Figure 1a).
Further clustering of these major cell populations uncovered 12 subclasses comprising
75 subpopulations (Figures 2-7), which were typically defined by combinations of genes
rather than by single markers (Figures 2-7). Consistent with their overall contributions
to the heart (Figure 1b), cardiomyocyte and mesenchymal-related lineages displayed
the highest number of subpopulations (22 of 75 each), whereas neuronal-like lineages

contained the fewest (7 of 75).
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Figure 1. Developing human heart scRNA-seq experimental details show the
sequencing and quality control for scRNA-seq datasets.

a, Single-cell RNA sequencing (scRNA-seq) experimental design illustrating sample
collection over time (9, 11, 13, and 15 weeks of gestation) and region (LA, RA, LV, RV,
IVS) during human heart development. b, Scatterplot of ~143k cells after principal
component analysis and Uniform Manifold Approximation and Projection (UMAP),
colored by major cell type (left), region (middle), and developmental age (right). c,
Heatmap of marker gene expression and relative contribution of Age and Region to
each cluster. aCM, atrial cardiomyocyte; BEC, blood endothelial cell; CMs,
Cardiomyocytes; DMP, dorsal mesenchymal protrusion; Endo, endocardial; Epi,
epicardial; LEC, lymphatic endothelial cell; Neuro, neuronal-like; ncCM, non-chambered
cardiomyocyte; Peri, Pericyte; RBC, Red Blood Cell; vCM, ventricular cardiomyocyte;
VICs, valve interstitial cells; VSMC, vascular smooth muscle cells; WBC, white blood
cell.
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Although cardiomyocytes displayed diverse cellular heterogeneity, they grouped
into three major subclasses which included not only distinct cardiomyocytes from the
atrial and ventricular cardiac chambers as previously described®~’, but also non-
chambered cardiomyocytes (Figure 2a). A large proportion of the cardiomyocyte
diversity was observed unexpectedly in atrial and ventricular cardiomyocyte
subpopulations, which consisted of more specific cell types and cell states that were
associated with developmental stages or regions of the heart (Figure 2d,e). In
particular, NRF2F2 expressing atrial cardiomyocytes segregated into non-proliferating
left and right atrial cardiomyocytes, as detected by PITX2/PANCR and ANGPT1/ADM
markers, respectively, as well as MKI/67+ proliferative cardiomyocytes that were present
in both left and right atria but lowly expressed either left or right atrial markers (Figure
2d,e). In contrast to the proliferative atrial cardiomyocytes, these left and right atrial
cardiomyocytes further subdivided into several cell states that corresponded to
developmental ages, suggesting their continuing differentiation during heart
development (Figure 2d,e). On the other hand, MYL2/IRX4-expressing ventricular
cardiomyocytes initially clustered into subpopulations correlating to developmental age
and the differential expression of maturity-related sarcomeric and metabolic genes such
as LMOD3 and CKMT2, which are involved in cardiomyocyte actin filament organization
and oxidative phosphorylation3'3? (Figure 2d,e). Finally, our examination of all regions
of the heart combined with our relatively high number of cells sequenced compared to
prior cardiac developmental studies®’, enabled the identification of more rare
cardiomyocyte populations including BMP2+ non-chamber cardiomyocytes and an

unknown non-descript TTN+ cardiomyocyte subpopulation that may correspond to the
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recently reported MYOZ2-enriched cardiomyocyte® (Figure 2d,e). These non-
chambered cardiomyocytes primarily segregated into RSPO3/MSX2+ atrioventricular
canal/node and SHOX2/TBX18+ inflow tract/pacemaker cardiomyocytes, which
differentially expressed ISL1, PITX2 and TBX3, known transcription factors involved in
regulating pacemaker sinoatrial node versus inflow tract development®334. Thus, these
findings provide new developmental insight into not only previously reported chamber-
related cardiomyocytes®*%7 but also more specialized cardiomyocyte subtypes critical

for regulating electrical cardiac conduction.
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Figure 2. Single-cell transcriptomic profiling reveals heterogeneity within the
cardiomyocyte partition of the human heart.

a-c, UMAP of subclustered cardiomyocyte cells colored by cluster b, Region, and c,
Age. d, Dotplot of marker gene expression and relative contribution of Age and Region
to each cluster, labeled by putative cell types and states. e, Heatmap of marker gene
expression and relative contribution of Age and Region to each cluster, showing the
information on a single cell level. Prolif., proliferating.
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The mesenchymal population exhibited cellular heterogeneity comparable to the
cardiomyocyte population and clustered into three major subclasses: epicardial,
fibroblast-like and vascular support cells. In particular, these cells displayed
transcriptional similarity with each other as visualized by Uniform Manifold
Approximation and Projection (UMAP) (Figure 3a), suggesting that many of them are
developmentally related and may derive from epicardium-derived progenitor cells
(EPDCs) as previously reported’. Consistent with this notion, EPDCs, vascular support
cells, and many fibroblast-like cells expressed TBX18 and FRZB, and could be
partitioned into TCF21+/PDGRFA+ EPDCs and fibroblast-like cells versus TCF21-
/PDGFRB+ vascular support cells (Figure 3d,e). While vascular support cells (4
subclusters) were composed of MYH11+ vascular smooth cells and MYH11-/KCNJ8+
pericyte subgroups, fibroblast-like cells exhibited greater cellular complexity (8
subclusters) and segregated into DPT+ fibroblasts and HAPLN1+ valvular interstitial
cells (VICs). These fibroblasts clustered primarily based on their anatomic location
(atrium, TNC+/MSC+/FDNC1+; ventricle, HHIP+/TNC-/MSC-/FDNC1-) and expression
of proliferative markers (MKI67+/PCNA+), whereas VICs clustered into subpopulations
correlating to developmental age (Figure 3d,e). In contrast, a subset of
HAPLN1+/PENK+ VICs as well as OSR1+/TECRL+ dorsal mesenchymal protrusion
(DMP) cells were also discovered that transcriptionally differed from the aforementioned
EPDC-related fibroblasts and VICs, particularly by their lower expression of TBX78 and
TCF21 (Figure 3d,e), suggesting that these VICs and DMP cells may derive from
alternative sources such as endocardial cells and the second heart field, respectively,

as described" 3536, Supporting their transient developmental role in creating the atrial
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septum and atrioventricular cushions®>3¢, these DMP cells were observed in the atria
and only at 9 and 11 weeks of gestation, (Figure 3c,d,e). On the other hand, all VICs
were mainly observed in the ventricle but a small proportion of TBX718+ EPDC-related
VICs could be detected in the atria, suggesting differing roles and contributions between
TBX18+ versus TBX18- VIC subpopulations. Despite these mesenchymal cells
displaying transcriptional overlap and potential functional similarity, our detailed single
cell analysis provides new insight into the developmental complexity of these similar cell

types.
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Figure 3. Single-cell transcriptomic profiling reveals heterogeneity within the
mesenchymal partition of the human heart.

a-c, UMAP of subclustered mesenchymal cells colored by cluster b, Region, and c, Age.
d, Dotplot of marker gene expression and relative contribution of Age and Region to
each cluster, labeled by putative cell types and states. e, Heatmap of marker gene
expression and relative contribution of Age and Region to each cluster, showing the
information on a single cell level. aFibro, atrial fibroblast; DMP, dorsal mesenchymal
protrusion; EPDC, epicardial-derived cell; Prolif., proliferating; vFibro, ventricular
fibroblast; VICs, valve interstitial cells; VSMC, vascular smooth muscle cells.
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Finally, endothelial-like, blood and neuronal-like cell populations together
contributed to ~40% of the observed cardiac cellular heterogeneity but each displayed
distinctive cellular diversity (Figures 4-6). PECAM1+ endothelial/endocardial cells
grouped into three major subclasses including CLDN5+/L EPR-/LYVE- blood endothelial
cells (BECs), CLDN5+/LEPR-/LYVE 1+ lymphatic endothelial cells and CLDN5-
ILEPR+/LYVE1-endocardial cells. While BECs subdivided into HEY 1+ arterial, NR2F2+
venous, PGF+ capillary and MKI67+ proliferative endothelial cells, we also observed a
spectrum of endocardial cell subpopulations that in many cases were enriched in either
the atrium or ventricle. In line with these regional findings, neuronal-like lineages, which
clustered into Schwann-like and neural crest-like cells, were primarily observed in the
atria. On the other hand, many known blood cell lineages were discovered throughout
all regions of the heart®-6, but macrophages represented the highest population of blood
cells, supporting their tissue resident-like role in heart homeostasis as recently

reported?.
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Figure 4. Single-cell transcriptomic profiling reveals heterogeneity within the
endothelial partition of the human heart.

a-c, UMAP of subclustered endothelial cells colored by cluster b, Region, and c, Age. d,
Dotplot of marker gene expression and relative contribution of Age and Region to each
cluster, labeled by putative cell types and states. e, Heatmap of marker gene
expression and relative contribution of Age and Region to each cluster, showing the
information on a single cell level. aEndocardial, atrial endocardial; BEC, blood
endothelial cell; LEC, lymphatic endothelial cell; Prolif, proliferating; vEndocardial,
ventricular endocardial.
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Figure 5. Single-cell transcriptomic profiling reveals heterogeneity within the
neuronal-like partition of the human heart.

a-c, UMAP of subclustered neuronal-like cells colored by cluster b, Region, and c, Age.
d, Dotplot of marker gene expression and relative contribution of Age and Region to
each cluster, labeled by putative cell types and states. e, Heatmap of marker gene
expression and relative contribution of Age and Region to each cluster, showing the
information on a single cell level. Prolif., proliferating.
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Figure 6. Single-cell transcriptomic profiling reveals heterogeneity within the
blood partition of the human heart.

a-c, UMAP of subclustered blood cells colored by cluster b, Region, and c, Age. d,
Dotplot of marker gene expression and relative contribution of Age and Region to each
cluster, labeled by putative cell types and states. e, Heatmap of marker gene
expression and relative contribution of Age and Region to each cluster, showing the
information on a single cell level. Prolif., proliferating; RBC, red blood cell.
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Overall, our comprehensive human heart cell atlas uncovered a multitude of
abundant and rare (<1%) cell subpopulations creating the human heart (Figures 2-7).
Because our tissue dissection and single-cell isolation protocol provided the opportunity
to examine the entire heart, our single cell analyses identified additional cardiac cell
subpopulations beyond those recently reported®-637. As a result, we not only annotated
new cell populations but also discovered other populations that remain to be defined.
Interrogating each dissected cardiac chamber/IVS revealed that many identified cardiac
lineages, particularly those inherent to the heart (cardiomyocytes, mesenchymal and
endocardial), were region/chamber specific, suggesting that these distinct cardiac
lineages are cell types that become specialized during development to accommodate
the function of each cardiac structure (Figures 2-4). Consistent with this notion, these
specialized cardiac subpopulations expressed combinations of genes specific to each
cardiac structure but typically no proliferative markers, and further segregated in many
instances according to developmental age, thus supporting that these cells may have
differentiated and acquired specific cellular roles based on their regional environment
(Figures 2-4). In contrast, cardiac subpopulations expressing proliferative markers were
frequently observed across regions/structures, but expressed lowly all cardiac structure-
specific genes, suggesting that these cells may be progenitor-like with the potential to
expand and then further differentiate into more refined cell subpopulations within
specific cardiac structures. While these scRNA-seq findings provide new developmental
insights into the diverse cell populations creating the heart, how these cells interact and
organize into complex morphologic communities/structures crucial for heart function and

cell specialization remains to be illuminated.
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Figure 7. Single-cell transcriptomic profiling reveals a multitude of diverse
cellular populations in the developing human heart.

a, Heatmap of the 75 subpopulations across all of the subclustered partitions, with
marker gene expression defined by NS-Forest3%, and relative contribution of Age and
Region to each cluster. aCM, atrial cardiomyocyte; BEC, blood endothelial cell; CMs,
Cardiomyocytes; DMP, dorsal mesenchymal protrusion; Endo, endocardial; Epi,
epicardial; LEC, lymphatic endothelial cell; Neuro, neuronal-like; ncCM, non-chambered
cardiomyocyte; Peri, Pericyte; RBC, Red Blood Cell; vCM, ventricular cardiomyocyte;
VICs, valve interstitial cells; VSMC, vascular smooth muscle cells; WBC, white blood
cell.
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MERFISH imaging reveals spatial organization of cardiac cell types and their
unanticipated specialization within specific cardiac structures/regions.

To explore the interactive cellular mechanisms directing cardiac morphogenesis
and remodeling, we interrogated the spatial organization of cardiovascular cell types
that we characterized by scRNA-seq using multiplexed error-robust fluorescence in situ
hybridization (MERFISH)%®. To this end, we identified a list of 238 cell-type/cell-state
specific genes after applying a NS-Forest3 classifier®® on our scRNA-seq analysis
(Figure 7). In particular, these genes were selected based on, but not limited to the
following strategies: 1) cell-type marker genes that are based on prior knowledge®-7, 2)
differential/specific gene expression of more refined subpopulations identified by
scRNA-seq and 3) transcription factors that play a role in cardiac development. Using
smFISH probes designed for these selected genes, we performed MERFISH studies on
a series of coronal slices at approximately 600 mm along the anterior-posterior axis of
12-13 weeks of gestation human hearts which captured all major cardiac structures
(Figure 8c-e). Distinct RNA molecules were clearly identified and assigned to individual
cells as segmented by total polyadenylated RNA staining and 4',6-diamidino-2-
phenylindole (DAPI) staining, which allowed for the detection of cellular boundaries*°
(Figure 9a). After segmentation and adaptive filtering, we obtained 108.2 million
transcripts from 258,237 cells across three experiments. On average, 365 transcripts
from 85 genes per cell were detected from this analysis, whereas only 208 transcripts
from 51 genes per cell were discovered by scRNA-seq using the same target gene list,
highlighting the high RNA capture efficiency of MERFISH3°. Additionally, the levels of

RNA transcripts identified by each MERFISH experiment showed high correlation
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(Pearson correlation coefficient > 0.95) between experimental replicates (Figure 9b)
and our scRNA-seq datasets (Figure 9c).

To discover cell populations from these MERFISH studies, a semi-unsupervised,
community-detection-based clustering algorithm3® was applied to MERFISH single cell
expression data. This analysis identified 27 cell clusters that grouped into subclasses
closely correlating to the major developmental subclasses discovered by scRNA-seq,
except for red blood cells, potentially because of the exclusion of their marker genes
from the MERFISH gene library (Figure 8f). These 27 cell clusters were defined by

marker gene expression as well as spatial location (Figure 10, 11).
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Figure 8. Molecular and spatial atlas reveal a multitude of diverse cellular
populations cooperating in the human heart during development

a, Single-cell RNA sequencing (scRNA-seq) experimental design during human heart
development, with b, Uniform Manifold Approximation and Projection (UMAP) of ~143k
cells colored by major cell type. ¢, Schematic of MERFISH measurements, where
combinatorial smFISH imaging was used to identify 238 genes, with pseudo-colored
dots marking localizations of individual molecules of ten example RNA species marking
distinct major cell populations. d, UMAP of ~250k imaged cells colored by major cell
type. e, (Left) Spatial distribution of all cell types across the heart. (Right) Spatial
distribution of major cell classes the heart. Cells are marked with cell segmentation
boundaries and colored by cell types as indicated. f, Heatmap of Pearson correlation
between the expression profiles of major cell classes within the scRNA-seq and the
MERFISH datasets. aCM, atrial cardiomyocyte; AVC, atrioventricular canal; avCM,
muscular leaflet of the valve cardiomyocyte; BEC, Blood Endothelial cell; CMs,
Cardiomyocytes; Endo, endocardial; EPDC, epicardial-derived cell; Epi, epicardial; IFT-
like, inflow tract-like; LA, left atrium; LEC, lymphatic endothelial cell; LV, left ventricle;
MV, mitral valve; Neuro, neuronal-like; ncCM, non-chambered cardiomyocyte; OFT,
outflow tract; Peri, Pericyte; RA, right atrium; RBC, Red Blood Cell; RV, right ventricle;
TV, tricuspid valve; vCM, ventricular cardiomyocyte; vEndocardial, ventricular
endocardial; VICs, valve interstitial cells; VSMC, vascular smooth muscle cells; WBC,
white blood cell. Scale bar, 250 uym.
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Figure 9. Cell segmentation of MERFISH images and replicate reproducibility of
MERFISH data

a, Example images of cell segmentation after MERFISH imaging. Cell boundaries were
defined using CellPose*® with DAPI and polyA staining as input images. b, Pearson
correlation of the counts of each of the 238 target genes for each of the three replicate
sections used for MERFISH. ¢, Pearson correlation between each of the MERFISH
replicate sections and the scRNA-seq timepoints of the counts of each of the 238 target
genes. Scale bar, 50 pym.
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Figure 10. Identification of the 27 populations identified in the MERFISH dataset
a, Dotplot of marker gene expression for each cell type identified in the MERFISH
dataset. b, Spatial plots of the three replicate MERFISH sections, ordered left to right
from posterior to anterior, colored by identified MERFISH cell types. Scale bar, 250 um.
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MERFISH dataset

MERFISH clusters individually mapped back onto the heart for a, cardiomyocyte related
clusters, b, epicardial, EPDC, and vascular support related clusters, ¢, endothelial
related clusters, d, a neuronal-like cluster, and e, a blood related cluster. Scale bar, 250
um.
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Specific cardiomyocyte lineages are spatially localized to specific anatomic
cardiac structures.

In line with our scRNA-seq data, cardiomyocyte lineages represented the largest
portion of major cell clusters identified from MERFISH analyses (12 of 27 clusters).
Spatial mapping of these transcripts revealed that identified cardiomyocyte clusters
displayed distinct regional and structural distributions across the heart, corroborating
our scRNA-seq regional findings (Figure 10b, 11a). Unlike recent in situ RNA-seq
studies of the heart®*'!, these MERFISH results additionally provided high-resolution
spatial imaging that enabled tracking of individual cells to detailed structures of the
heart. Combined with gene marker analyses, this spatial anatomic and histologic
information not only confirmed cardiomyocytes identified from scRNA-seq analysis but
also resolved the classification of others not clearly defined (Figure 10b, 11a). As a
result, we discovered that these cardiomyocyte clusters populated distinct anatomic
domains of chambered and non-chambered regions of the heart and frequently did not
spatially overlap with each other (Figure 11a).

Chambered cardiomyocytes were broadly divided into NR2F1+ and IRX4+
cardiomyocytes that contributed mutually exclusively to the atrial and ventricular
chambers, respectively (Figure 10b, 11a). Atrial cardiomyocytes spatially segregated
into those residing in the left and right atria which were transcriptionally distinguished by
ANGPT1 as observed in our scRNA-seq analyses (Figure 3d,e). On the other hand,
ventricular cardiomyocytes displayed more cellular complexity than observed in the
scRNA-seq analysis, and clustered into those specifically occupying not only the left

and right ventricles but also more distinct anatomic subdomains within the outer and
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inner layers of the ventricles (Figure 11a). Both known and new markers were
discovered to be enriched in these ventricular cardiomyocyte clusters including SLC71A3
and PRRX1/IGFBP4, which were expressed in the left and right ventricular
cardiomyocytes, respectively, as well as HEY2 and IRX3, which marked outer and inner
layer ventricular cardiomyocytes, thus resolving them as compact and trabecular
cardiomyocytes, respectively*?=44. Within the inner ventricle layer, we discovered an
additional cardiomyocyte class not defined by scRNA-seq analyses, that extended
along the luminal portion of the ventricle to the atrioventricular canal (AVC), and co-
expressed IRX3, TBX3 and HCN4 known markers of the His-Purkinje fast cardiac
conduction system of the ventricle®?, as well as IRX7 and /IRX2, which have been
observed along the subendocardial layer of the interventricular septum of mouse
hearts*® (Figure 10a). Although most ventricular cardiomyocyte populations were
observed in specific regions of the ventricle, we discovered a cardiomyocyte population
that was present throughout the ventricle and displayed moderate expression of
proliferative markers but diffuse expression of cardiac-structure specific genes (Figure
10a), suggesting that these cardiomyocytes may be progenitor-like with the capacity to
further specialize within specific cardiac structures.

While our scRNA-seq uncovered cardiomyocyte populations (i.e., BMP2+ non-
chambered) beyond those of the atrial and ventricle chambers as previously reported®#,
our MERFISH analyses further resolved and confirmed the identification of these
relatively rare but diverse specialized cardiomyocytes. In particular, we discovered that
these distinct cardiomyocyte populations were located above the atria within the

presumptive inflow tract as well as between the atria and ventricle where the
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atrioventricular canal (AVC) typically resides'334% (Figure 11b). Inflow tract-like
cardiomyocytes above the right atria co-expressed ISL1 and SHOX2, known
transcriptional regulators of inflow tract development and more specifically the sinoatrial
node (SAN) pacemaker'33, whereas AVC cardiomyocytes co-expressed TBX3 and
RSPO3, which regulate AVC and atrioventricular node development333445 (Figure 10a).
Additionally, a class of CNN1+/CRABP2+ cardiomyocytes that was also identified in our
scRNA-seq analysis (Figure 2d,e) but not well defined*®, was spatially resolved, and
observed specifically within the atrioventricular valve leaflets. These cardiomyocytes
further subdivided to those specifically populating the tricuspid and mitral valves of the
right and left ventricles, respectively, suggesting that these cardiomyocyte subclasses

may exhibit functional differences between valves (Figure 10, 11a).

Non-cardiomyocyte populations display distinct spatial regionalization and co-
localization with specialized cardiomyocyte lineages.

Although displaying less diversity than cardiomyocytes, MERFISH imaging
revealed that non-cardiomyocyte cell populations, particularly those endogenous to the
heart, also further segregated and contributed to specific regions/structures of the heart,
supporting similar observations from our scRNA-seq analysis. However, MERFISH
analyses provided additional detailed spatial information at single-cell resolution that
further resolved the identity of other less well-defined cell populations by scRNA-seq
(Figure 8e, 10a-b, 11a-e). For the fibroblast class, we observed distinct
PDGFRA+/TCF21+ fibroblast clusters populating specifically either the atria or the

ventricle which expressed TNC and HHIP, respectively, as well as VICs contributing to
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the cardiac valves (Figure 10a, 11b). Similarly, we unexpectedly discovered three
distinct LEPR+ endocardial populations that particularly lined the luminal surfaces of the
atria, ventricle or cardiac valves and could be molecularly distinguished by SHISA3+,
NSG1+/COL26A1- and NSG1+/COL26A1+ genes, respectively (Figure 10a, 11c).
Vascular-related cell populations including CLDN5+/LYVE1- blood endothelial cells,
MYH11+ vascular smooth muscle cells and KCNJ8+ pericytes were widely distributed
throughout the ventricle revealing vessels in some cases but less so within the atria,
supporting that the atria may be less vascularized possibly due to its thin myocardial
walls (Figure 10a, 11b). On the other hand, PRPH+ neuronal-\like populations were
primarily observed in the outflow tract and atria, particularly near the inflow tract,
consistent with their role in outflow tract development and innervation of the venous
pole of the heart' (Figure 11d). CLDN5+/LYVE 1+ lymphatic, MOXD1+/MMP11+ EPDC
and ITLN1+ epicardial cell populations were localized on the surface of the heart, and
EPDCs were particularly enriched within the AVC regions as previously observed®.
Finally, many of these non-cardiomyocyte cell populations exclusively co-localized with
each other as well as corresponding cardiomyocyte counterparts within distinct cardiac
regions, suggesting that they may assemble into cellular communities, which not only
influence their specialized cellular functionalization but also form anatomic structures

critical for regulating overall cardiac function.

Gene imputation of MERFISH data provides spatial map of inferred gene

expression of the heart.
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While our MERFISH studies have enabled the detailed examination of the spatial
expression of specific genes that mark identified cardiac cell types, extending such
spatial information beyond these genes would provide the opportunity to interrogate
how all expressed genes may influence specific cell types and their spatial allocation
during cardiac development and particularly heart morphogenesis. However, measuring
the entire transcriptional profile of each cell would be challenging to accomplish with
current multiplexed RNA FISH strategies. Thus, to create a spatial map of expressed
genes for the human heart, we inferred the full transcriptome for each spatially mapped
MERFISH cell by matching similar gene expression profiles between MERFISH cells
and cells from corresponding age-matched scRNA-seq data (Figure 12a, 13a). Toward
this end, we initially constructed a shared embedding space between cells of these
datasets based on the 238 MERFISH target genes using Harmony, an algorithm that
integrates multi-modal datasets to facilitate their joint analyses*’. Nearest neighbor
mapping of cells within the joint embedding matched MERFISH cells with similar
scRNA-seq cells, thus allowing for the imputation of the expression of missing genes in
MERFISH cells using transcriptomic data from corresponding scRNA-seq cells, as well
as transfer of cell type annotations between datasets (Figure 12a, 13a). Comparing the
cell type annotations assigned to the MERFISH cells de novo to those transferred from
the scRNA-seq in the joint embedding revealed a strong correspondence of related cell
populations between MERFISH and scRNA-seq datasets (Figure 12b), supporting that
these datasets are well integrated.

To determine the proficiency of our algorithm to infer the expression of each

gene, we analyzed how accurately the transcriptome for any particular cell identified by
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scRNA-seq could be predicted by extrapolating the scRNA-seq gene expression profiles
of its nearest cell neighbor in the shared embedding space (Figure 13b). To this end,
we used this imputation strategy to predict the transcriptome for each cell identified by
scRNA-seq and then tested the accuracy of this prediction by calculating the Pearson
correlation between the imputed and the measured scRNA-seq gene expression levels
for each analyzed cell (‘scRNA-seq gene predictability score’). We observed that when
predicting the entire transcriptome for these cells, scRNA-seq gene predictability scores
were generally low (median = 0.024). This outcome may be expected, as many genes
are either not appreciably expressed in the heart or are housekeeping genes with little
variation in expression, and therefore most of the variability in their observed expression
is likely due to technical variables (variation in sequencing depth per cell, drop-out rate,
etc.) rather than biological variation. However, when considering only the 3,000 most
highly variable genes in the scRNA-seq dataset, thus enriching for genes more relevant
to the heart, the scRNA-seq gene predictability scores were markedly higher (median =
0.276) (Figure 13b). This result highlights the importance of developing a confidence
metric to assess how well the expression of each gene can be imputed based on the
238 MERFISH target genes, as only a subset of the full transcriptome can be imputed
with accuracy.

To determine how well this imputation method can accurately infer gene
expression in MERFISH cells, we imputed the expression of the 238 genes imaged by
MERFISH using this algorithm and compared these imputed values to corresponding
MERFISH imaged expression data. Pearson correlation was then calculated between

the imputed expression and measured image expression for all MERFISH cells to
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determine the MERFISH gene predictability score. Because the shared embedding is
constructed using these 238 genes, it is expected that these genes would be imputed
more accurately than genes not used in the construction. To avoid this bias, 10-fold
cross-validation was used to calculate independently the MERFISH and scRNA-seq
gene predictability scores. To this end, a new shared embedding utilizing only 90% of
the 238 MERFISH target genes was used to calculate the MERFISH and scRNA-seq
gene predictability scores for the remaining 10% of genes that were not included for
constructing the embedding. This process was repeated 10 times with a different 10%
of genes being imputed by a different shared embedding each time to cover the full set
of 238 genes. The median MERFISH and scRNA-seq gene predictability scores for the
238 MERFISH target genes was 0.247 and 0.416, respectively (Figure 13c). To further
determine how well the scRNA-seq gene predictability score estimates the MERFISH
gene predictability score, we calculated the Pearson correlation between these
predictability scores, which was determined to be 0.71 (Figure 13d), thus, while we
observed a disparity in the magnitude of predictability scores between MERFISH and
scRNA-seq, genes with higher scRNA-seq predictability were strongly correlated with
higher MERFISH predictability scores. Therefore, scRNA-seq gene predictability scores
can be a useful metric for determining which genes are the most predictable in
MERFISH cells. Supporting this analysis, the spatial patterns of imputed and measured
MERFISH genes that were specifically examined displayed both high correspondence
visually (Figure 12¢c) and high MERFISH gene predictability scores (Figure 13e). To
further validate the approach, we re-integrated the scRNA-seq and MERFISH datasets

using several quantities of genes (25, 50, 75, 100, 150, and 200 genes) and compared
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the MERFISH gene predictability score for each quantity. We discovered that increasing
the number of genes used for the integration improved the MERFISH gene predictability
score up to 150 genes, after which the Pearson correlation plateaus (Figure 13f),
suggesting that the number of genes used for MERFISH is sufficient to maximize the
accuracy achievable by this method to impute the spatial expression of genes not
imaged in the MERFISH.

Thus, utilizing MERFISH we were able to construct a spatial cell atlas of the
developing human heart and spatially validate many of the cell types identified in
scRNA-seq as well as further refine other cell type definitions using single-cell-resolved
spatial information. By integrating the MERFISH and scRNA-seq datasets, we were
able to impute and spatially map additional genes in the transcriptome, and developed a
metric, scCRNA-seq predictability score, which can be used as a confidence measure for
the imputation of these genes, providing a valuable resource for the field. While
interrogating the spatial patterns of cell types and gene expression, we noticed
substantial spatial intermixing of different cell populations across the various regions of
the heart. This spatial intermixing appeared highly organized, suggesting that there was

a network of complex structures across the entire heart.
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Figure 12. Integration of scRNA-seq and MERFISH datasets and gene imputation

validation

a, Schematic representation of the cell type label transfer and gene imputation strategy.
Both datasets were put into a joint embedding space based on the expression of the
238 MERFISH genes, and then the transcriptome of each MERFISH cell was inferred
from the nearest scRNA-seq cell b, Heatmap of a co-occurrence matrix showing the
count of cells in MERFISH with corresponding scRNA-seq labels. ¢, Validation of gene
imputation performance by comparing normalized gene expression profiles of marker
genes measured by MERFISH with the corresponding imputed gene expression

profiles.
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Figure 13. Validation and QC of gene imputation by predictability scores

a, scRNA-seq data from 13W heart re-clustered and relabeled with refined cell type
labels. b, Violin plots showing the scRNA-seq predictability score of expression in each
scRNA-seq cell with its nearest neighbor scRNA-seq cell in the Harmony integrated
PCA space for all 26,581 and the 3,000 highest variable genes. ¢, Violin plots showing
the predictability score measured in (b) and the predictability score of expression in
each MERFISH cell with its nearest neighbor scRNA-seq cell in the Harmony integrated
PCA space for the 238 genes from the MERFISH gene panel. d, Scatterplot where each
dot is a gene from the MERFISH gene panel. The x-axis is the MERFISH predictability
score of the imputed expression of the gene in the MERFISH cells with the expression
measured by imaging, while the y-axis is the scRNA-seq predictability score of the
imputed expression in sScCRNA-seq cells with the expression measured by scRNA-seq.
The Pearson correlation shown by the trendline was 0.706. e, The correlation values
from (b) for the ten marker genes whose imputed values were used for validation with
spatial expression plots. f, Violin plots of the calculated predictability scores for the 238
MEFISH genes after performing the integration with different number of genes.
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Diverse cardiac cell types organize into cellular communities that form the
morphologic structures of the human heart.

Cardiac development is a spatially complex process and comprehensive
understanding of regional and structural changes in cellular organization and gene
expression during human development is important for understanding cardiac function.
To understand how the cardiovascular cell populations are spatially organized across
the heart into specific cardiac structures, we performed a previously published analytical
framework?*® to detect cellular communities across the entire heart. Cellular communities
(CCs) are identified as regions of the heart with a specific local composition of
neighboring cardiac cell types. For every cell, its nearest spatial cellular neighbors
within a 150 pym radius is identified, which we label as a ‘zone’. Zones were defined as a
150 ym radius around a cell, representing a typical diffusion distance for extracellular
signaling molecules for which the cell would be interacting with*°. The zones were
clustered based on their cell type composition to identify CCs (Figure 14a), using a
statistically determined number of clusters (Figure 14c).

We identified thirteen distinct CCs that corresponded to cardiac structures and
thus were labeled as: Left and Right Atria, Outer-LV and Inner-LV, Outer-RV and Inner-
RV, the Subepicardium, the Outflow Tract (OFT), the Atrioventricular Node/Ring
(AVN/AV Ring-like), the Inflow Tract (IFT), His-Purkinje, the Valves, and the Muscular
Leaflet of the Valve. We visualized the relative cell type composition of each community
(Figure 14b). The atria consisted of two main communities (Right Atria CC and Left
Atria CC) corresponding to the left and right atria, while the ventricles each contained an

Inner and Outer CC, with a Subepicardial CC and a Valve CC spanning both ventricles
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(Figure 14b). The left ventricle contained a subendocardial community corresponding to
the developing His-Purkinje fast conduction system of the ventricle (Figure 14b). The
absence of this community from the right ventricle suggests that the fast conduction
system of the ventricle develops earlier on the left side. The Valve CC spatially
encompassed the mitral and tricuspid valves within the ventricles, with the mitral valve
region containing a CC that corresponded to the muscular valve leaflet (Muscular
Leaflet of the Valve CC), which may also reflect that cell types within the left ventricle
are specializing earlier in development than the right ventricle (Figure 14b). Near the
right atrium, there is a CC consisting mainly of IFT-like cells and due to its location
above the right atria, corresponds to the superior vena cava may contain the SAN
(Figure 14b). Furthermore, a CC flanking the AVC may correspond to the AV ring,
which is developmental structure that gives rise to the atrioventricular node (AVN)
(Figure 14b). The Subepicardial CC correlates well with the AV mesenchyme
previously reported to be present within the heart around this time in development®.
These analyses revealed diverse cellular communities that correspond to morphological
structures in the heart and uncover complex substructure within the ventricles,
particularly around the valves.

We noticed that certain CCs were composed of only one or two cell types, such
as the His-Purkinje which is composed of just one main cell type (the His-Purkinje cells),
whereas other communities like the Outer-LV are composed of many different cell types
(Figure 14b). To further assess the differences in cell type composition between the
CCs, we quantified cellular complexity by defining a complexity metric as the number of

unique cell types in the zone around each cell (Figure 15a). Zones containing many
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unique cell types are considered to be more complex, and vice versa. The distribution of
zone complexities in each of the CCs was calculated and visualized (Figure 15b). On
average, the communities within the ventricles including the Subepicardial and Outer
communities are more cellularly complex, whereas the Atrial and OFT CCs are less
cellularly complex (Figure 15b). Zone complexity was also spatially visualized on the
MERFISH data, which revealed that the ventricle wall exhibited high cellular complexity
compared to the atria. Comparison of the ventricles and atria uncovered that the
ventricular wall is more cellularly complex where it is composed of many different cell
types, and appears to increase in complexity going from the Inner to the Outer
ventricular wall (Figure 15b), suggesting that the cell type composition changes across

the ventricular wall, which may lead to differences in cell interactions and function.
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Figure 14. Cellular communities illuminate the spatial organization of cell types
coordinating in the formation of cardiac structures.

a, Schematic of the cellular community identification illustrating the definition and
clustering of cell zones. b, Spatial distribution of 13 distinct CCs corresponding to
cardiac structures. (Bottom right) The spatial neighborhood frequencies (enrichment
score) of each of the MERFISH identified cell types within each CC. ¢, Average
silhouette score calculated for a range of K, which is the parameter used in K-means
clustering to determine the number of communities detected, with the highest value
being 13. aCM, atrial cardiomyocyte; AVC, atrioventricular canal; avCM, muscular
leaflet of the valve cardiomyocyte; BEC, Blood Endothelial cell; CMs, Cardiomyocytes;
Endo, endocardial; EPDC, epicardial-derived cell; Epi, epicardial; IFT-like, inflow tract-
like; LA, left atrium; LEC, lymphatic endothelial cell; LV, left ventricle; MV, mitral valve;
Mus. Leaf. Valve, muscular leaflet of the valve; Neuro, neuronal-like; ncCM, non-
chambered cardiomyocyte; OFT, outflow tract; Peri, Pericyte; RA, right atrium; RBC,
Red Blood Cell; RV, right ventricle; TV, tricuspid valve; vCM, ventricular cardiomyocyte;
vEndocardial, ventricular endocardial; VICs, valve interstitial cells; VSMC, vascular
smooth muscle cells; WBC, white blood cell. Scale bar, 250 um.
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Figure 15. Cellular complexity of cardiac communities

a, Analysis of spatial mixing of distinct cell types within each zone. We define the
complexity of a zone surrounding any given cell as the number of unique cell types
present within that zone. b, (Left) Distribution of zone complexities within each
community, displayed both spatially and plotted. (Right) Examples of two regions (one
in the atria and one in the ventricle) with high and low complexity zones, colored by
complexity and cell type. Scale bar, 100 pm.
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2.3 DISCUSSION

Understanding the cell type composition, their spatial organization, and how that
forms structures to regulate organ function requires both cellular information and spatial
context. Recent work done on the developing human heart has made progress in our
understanding of these aspects, limitations in both cellular and spatial resolution
hindered further understanding of the complex network of cells and structures that the
developing heart is composed of. Here, we investigate the developing heart at single
cell resolution, combining a larger scRNA-seq and spatial dataset than previously
reported to construct a comprehensive molecular and spatial atlas.

Interrogation of the molecular atlas uncovered 75 subpopulations across time
and space of the developing heart, and included many known cell populations, in
addition to previously uncharacterized cell populations within the developing heart such
as the non-chambered cardiomyocyte populations (IFT-like and AVC-like). These
populations are a small proportion of the heart, and so have not been captured in any
human heart datasets®#6. Cardiomyocytes and mesenchymal populations were the
most prevalent cardiac cells within the developing heart, with both containing
subpopulations exhibiting transcriptional differences between regions of the heart (atrial
and ventricular cardiomyocytes and fibroblasts), indicating different developmental
origins and specialized functions in cardiac chambers. This regionalization was further
displayed by cell types not previously described to be region specific before, such as
the atrial and ventricular endocardium, suggesting that the endocardial layer is
specialized for the function of each chamber. Much of the cellular diversity correlated

with region and age of the heart, suggesting that as these distinct cardiac lineages
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mature, they are becoming specialized during development to accommodate the
function of each cardiac structure

Spatial mapping of cardiac cells with a high resolution spatial transcriptomic
technique (MERFISH) validated and resolved many of the cell populations at high
resolution, and in general we see specialization for the regions and structures in the
heart in which the cells are located. We found that cardiomyocytes display a high
amount of molecular diversity, particularly within the ventricles where molecularly
distinct populations were seen within the ventricular walls and valves.

Finally, to understand how the cardiac cell types are spatially organized, we used
a community detection to identify 13 structures across the heart, including the inner and
outer layers of the ventricle, as well as the subluminal structure of the Purkinje fiber
ventricular conduction system. Many of these structures have been defined
morphologically in the past, however with our MERFISH dataset, we were able to
identify the structures with high molecular detail, which was previously unattainable with
existing technologies. Investigation of the cellular complexities within the communities
showed that the ventricle has high cellular complexity, suggesting it may be undergoing
developmental changes.

In conclusion, we have generated a molecular and spatial atlas of the developing
human heart that is the most comprehensive to date. We identified known, as well as
previously uncharacterized cell types, spatially mapped them, and identified cardiac
structures with unprecedented molecular and spatial detail. Our approach makes it

possible to explore the cellular heterogeneity and organization of cardiac structures,
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which will provide meaningful insights for understanding the human heart during

development and disease.
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2.4 MATERIALS AND METHODS
Tissue samples

De-identified tissue samples were collected with previous patient consent in strict
observance of the legal and institutional ethical regulations. Protocols were approved by

the #101021X (Institutional Review Board) at the University of California, San Diego.

Tissue Processing
Tissue samples were dissected in buffer containing 125 mM NaCl, 2.5 mM KCl,

1mM MgClz, and 1.25 mM NaH2PO4 under a stereotaxic dissection microscope (Leica).

For single cell dissociation, tissue samples were further cut into small piec
es and enzymatically digested by incubating with collagenase type IV (Gibco) and
Accutase (ThermoFisher) at 37°C for 60 min. After removing the dissociation
media, cells were resuspended in PBS supplemented with 5% FBS and sorted on a
Sony sorter. Samples were diluted to approximately 1,000 cells per ul before processing
for scRNA-seq. Single-cell droplet libraries from this suspension were generated in the
10X Genomics Chromium controller according to the manufacturer’s instructions in the

Chromium Single Cell 3' Reagent Kit v2 User Guide.

Samples for MERFISH were washed 1 time with ice-cold PBS, then fixed in 4%
PFA at 4°C overnight. On the second day, the sample was washed in ice-cold PBS
three times, 10 minutes each, and were incubated in 10% and 20% sucrose at 4°C for 4

hours each, and in 30% sucrose overnight, followed by immersion with OCT (Fisher,
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cat# 23-730-571) and 30% sucrose (1 vol:1 vol) for 1 hour. The sample was then

embedded in OCT and stored at -80°C until sectioning.

Single-cell transcriptome library preparation and sequencing.

Libraries were prepared according to the manufacturer’s instructions using the
Chromium Single Cell 3' Library and Gel Bead Kit v2 (PN-120237) and Chromium i7
Multiplex Kit (PN-120262). All libraries were sequenced on the HiSeq 4000 to a mean

read depth of at least 75,000 total aligned reads per cell.

Processing of raw sequencing reads.

Raw sequencing reads were processed using the Cell Ranger v3.0.1 pipeline
from 10X Genomics. In brief, reads were demultiplexed, aligned to the human hg38
genome and UMI counts were quantified per gene per cell to generate a gene-barcode

matrix.

Cell quality control and filtering

After generating the gene-barcode matrix file from cellranger, the individual count
matrices were merged together and processed using the Seurat v4.0.1 R package®®
(https://satijalab.org/seurat/). Further filtering and clustering analyses of the scRNA-seq
cells were performed with the Seurat package, as described in the tutorials
(https://satijalab.org/seurat/). Cells with at least 1000 genes detected, and a
mitochondrial read percentage of less than 30% were used for downstream processing.

Potential doublets were removed using DoubletFinder®° (https://github.com/chris-
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mcginnis-ucsf/DoubletFinder), using an anticipated doublet rate of 5%, which is the
expected rate reported by 10X Genomics for the amount of cells loaded onto the 10X
Controller. For the aggregated dataset, gene expression was normalized for genes
expressed per cell and total expression by the NormalizeData function. The top 3000
variable genes were detected with the FindVariableFeatures function with default
parameters. All the genes were subsequently scaled using the ScaleData function,
which utilizes a linear regression model to eliminate technical variability due to number
of genes detected, replicate, and mitochondrial read percentage. Principal components
were calculated using RunPCA and the 50 significant principal components (determined
by ElbowPlot) were used for creating the nearest neighbor graph utilizing the
FindNeighbors function with k.param = 50. The generated nearest neighbor graph was
then used for graph-based, semi-unsupervised clustering (FindClusters, default
resolution of 0.8) and uniform manifold approximation and projection (UMAP) to project
the cells into two dimensions. Marker genes were identified using a Wilcoxon rank-sum
test (FindAllMarkers, default parameters) for pairwise comparisons between cell
clusters. Cell identities were assigned to the clusters by cross-referencing their marker
genes with known cardiac cell type markers from both human and mouse studies, in
addition to in situ hybridization data from the literature. Typically one cell cluster would
emerge that expressed marker genes representing multiple populations, as well as
contained cells with low UMI and gene counts that escaped the first filtering step. These
cells were removed from downstream analyses. The clustering approach was then
repeated for each partition of cell types (Cardiomyocyte, Mesenchymal, Endothelial,

Neuronal-like, Blood) as described above.
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MERFISH gene selection

To identify the transcriptionally distinct subpopulations identified in the scRNA-
seq dataset, we designed a panel of 238 genes to be imaged with combinatorial
barcoded imaging. We first identified differential gene markers for each of the 75
subpopulations in the scRNA-seq with NS-Forest338, combining all markers from the
binary gene analysis. The list was then filtered for genes that were either not long
enough to construct 60 target regions (each 30-nucleotide long) without overlap or
whose expression levels were outside the range of 0.01 to 300 average UMI per cluster,

as measured by scRNA-seq.

MERFISH imaging

MERFISH measurements of 238 genes with 10 non-targeting blank controls was
done as previously described, using the encoding sequences and published readout
probes®!. Briefly, 12-um-thick tissue sections were mounted on 40 mm #1.5 coverslips
that are silanized and poly-L-lysine coated®? and subsequently pre-cleared by
immersing into 50% (vol/vol) ethanol, 70% (vol/vol) ethanol. 100% ethanol, each for 5
minutes. The tissue was then air dried for 5 minutes prior to be treated with Protease Il|
(ACDBio), at 40 °C, for 30 minutes prior to be washed with PBS for 5 minutes. Then the
tissues were preincubated with hybridization wash buffer (30% (vol/vol) formamide in 2x
SSC) for ten minutes at room temperature. After preincubation, the coverslip was
moved to a fresh 60 mm petri dish and residual hybridization wash buffer was removed

with a Kimwipe lab tissue. In the new dish, 50 uL of encoding probe hybridization buffer
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(2X SSC, 30% (vol/vol) formamide, 10% (wt/vol) dextran sulfate, 1 mg/ml yeast tRNA,
and a total concentration of 5 uM encoding probes and 1 uM of anchor probe: a 15-nt
sequence of alternating dT and thymidine-locked nucleic acid (dT+) with a 5"-acrydite
modification (Integrated DNA Technologies). The sample was placed in a humidified
37C oven for 36 to 48 hours then washed with 30% (vol/vol) formamide in 2X SSC for
20 minutes at 37°C, 20 minutes at room temperature. Samples were post-fixed with 4%
(vol/vol) paraformaldehyde in 2X SSC and washed with 2X SSC with murine RNase
inhibitor for five minutes. To anchor RNAs in place, the encoding-probe—hybridized
samples were embedded in thin, 4% poly-acrymide gels as described®?. Briefly, the
hybridized samples on coverslips were first washed with a de-gassed 4% poly-
acrylamide solution, consisting of 4% (vol/vol) of 19:1 acrylamide/bis-acrylamide
(BioRad, 1610144), 60 mM Tris-HCI pH 8 (ThermoFisher, AM9856), 0.3 M NaCl
(ThermoFisher, AM9759), and a 1:1,000 dilution of 0.1-um-diameter blue beads (Life
Technologies, F-9800). The beads served as fiducial markers for the alignment of
images taken across multiple rounds of imaging. The coverslips were then washed
again for 2 min with the same 4% poly-acrylamide solution gel solution supplemented
with the polymerizing agents ammonium persulfate (Sigma, A3678) and TEMED
(Sigma, T9281) at final concentrations of 0.03% (wt/vol) and 0.15% (vol/vol),
respectively. The gel was then allowed to cast for 1.5 h at room temperature. The
coverslip and the glass plate were then gently separated, and the PA film was incubated
with a digestion buffer consisting of 50 mM Tris-HCI pH 8, 1 mM EDTA, and 0.5%

(vol/vol) Triton X-100 in nuclease-free water and 1% (vol/vol) proteinase K (New
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England Biolabs, P8107S). The sample was digested in this buffer for >36h in a
humidified, 37°C incubator and then washed with 2x SSC three times.

The samples were finally stained with a Alexa 488-conjugated anchor probe-readout
oligo (Integrated DNA Technologies) and DAPI solution at 1 ug/ml. MERFISH

measurements were conducted on a home-built system as described®".

Processing of MERFISH images

Individual RNA molecules were decoded using MERIin v0.6.1 as previously
described®3. Images were aligned across hybridization rounds by maximizing phase
cross-correlation on the fiducial bead channel to adjust for drift in the position of the
stage from round to round. Background was reduced by applying a high-pass filter and
decoding was then performed per-pixel. For each pixel, a vector was constructed of the
16 brightness values from each of the 16 rounds of imaging. These vectors were then
L2 normalized and their euclidean distances to each of the L2 normalized barcodes
from MERFISH codebook was calculated. Pixels were assigned to the gene whose
barcode they were closest to, unless the closest distance was greater than 0.512, in
which case the pixel was not assigned a gene. Adjacent pixels assigned to the same
gene were combined into a single RNA molecule. Molecules were filtered to remove
potential false positives by comparing the mean brightness, pixel size, and distance to
the closest barcode of molecules assigned to blank barcodes to those assigned to
genes to achieve an estimated misidentification rate of 5%. The exact position of each

molecule was calculated as the median position of all pixels consisting of the molecule.
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Cellpose v1.0.2%° was used to perform image segmentation to determine the
boundaries of cells and nuclei. The nuclei boundaries were determined by running
Cellpose with the ‘nuclei’ model using default parameters on the DAPI stain channel of
the pre-hybridization images. Cytoplasm boundaries were segmented with the ‘cyto’
model and default parameters using the polyT stain channel. RNA molecules identified
by MERIin were assigned to cells and nuclei by applying these segmentation masks to
the positions of the molecules. Any segmented cells that did not have any barcodes

assigned were removed before constructing the cell-by-gene matrix.

Cell clustering analysis of MERFISH

With the cell-by-gene matrix, we followed a standard procedure as suggested in
the Scanpy version 1.8% tutorial using python version 3.9 for processing MERFISH
data. Count normalization, Principal Component Analysis (PCA), neighborhood graph
construction, and Uniform Manifold Approximation and Projection (UMAP) were
performed with SCANPY’s default parameters. We performed Leiden clustering utilizing
a resolution of 2. The top 20 differential genes identified by the rank_gene_groups()
function were used to annotate each cluster. We further subclustered the ventricular
cardiomyocytes (VCM) clusters using Leiden clustering at a resolution of 1. This allowed
us to further annotate vCM cells as Compact and Trabecular vCMs for both the left and
right ventricles. After manually defining the ventricular region, we subset the MERFISH
dataset to the ventricular cells and performed Leiden clustering at a resolution of 5.
Again, the top 20 genes identified by the rank_gene_groups() function were used to

annotate each cluster.
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Integration of single-cell RNA-seq and MERFISH

We first subsetted both the scRNA-seq and MERFISH to only genes interrogated
by both modalities. We then utilized SCANPY’s implementation of Harmony to project
both the scRNA-seq and MERFISH dataset into a shared PCA space. The
dimensionality of the joint embedding was further reduced using UMAP (min_dist=0.3)
to visualize the space in two dimensions using a k-nearest neighbor graph constructed
with a k of 30 and the Pearson correlation distance metric to match the parameters

used by the Harmony authors*’.

To impute a complete expression profile and cell type for each MERFISH profile,
we assigned the expression profile and cell type of the closest scRNA-seq cell in the

Harmony PCA space using the euclidean distance metric.

Identifying cellular communities

We sought to define cellular communities which represented unique shared
cellular signaling environments defined by the neighboring cell types in close proximity.
To this end, we clustered each MERFISH cell based on the cell type composition of
neighboring cells within 150 um, representing a typical diffusion distance for
extracellular signaling molecules. This radius sampled approximately 300 neighbors.
Each cell's community was therefore represented by a vector of length 27, containing
the relative proportions of each of the 27 previously identified cell types. We then

clustered the zones using Python’s scikit-learn version 0.22 implementation of KMeans

65



with k = 13, chosen by silhouette score. Thus, each MERFISH cell was assigned to one

of the 13 cellular communities.

Chapter 2, in full, is currently being prepared for submission for publication of the
material. Farah, Elie N.; Hu, Robert K.; Kern, Colin; Zhang, Qingquan; Lu, Ting-Yu;
Zhang, Bo; Carlin, Daniel; Li, Bin; Blair, Andrew P.; Ren, Bing; Evans, Sylvia M.; Chen,
Shaochen; Zhu, Quan; Chi, Neil C. “Cardiac Single Cell Ecology Reveals Interactive
Cellular Construction and Remodeling of the Human Heart”. The dissertation author

was the primary investigator and author of this paper.
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CHAPTER 3:
Uncovering mechanisms of ventricular wall organization utilizing bioprinted
multilayer cardiac organoids
3.1INTRODUCTION
The heart contains four chambers that serve different physiological functions and
decades of research have uncovered that the different chambers have distinct
developmental origins and processes. The ventricles specifically undergo structural
changes during development known as trabeculation and compaction. Trabeculation is
the process where cardiomyocytes form a meshwork of long finger-like projections into
the lumen of the heart known as trabeculae, which function to provide increased
oxygenation to the growing myocardium?°2'5%_ As the heart grows, the trabeculae
compress and integrate into the thickening myocardial wall in the process known as
compaction. The wall thickening serves to increase the contractile force of the heart to
be able to circulate blood through the growing body. Defects in either process
(trabeculation or compaction) is extremely detrimental to the function of the heart and
leads to early fetal demise?®.
Various signaling pathways have been discovered to play a role in ventricular

wall development, including Notch and semaphorin signaling?”-55. Semaphorins are a
class of both secreted and membrane-bound signaling molecules that bind to their
cognate receptors (plexins or plexin-neuropilin complexes)?’-%6:57 Semaphorin signaling
canonically play a role in axon guidance within the nervous system, although within the
cardiovascular system it is thought to direct the migration of cardiac neural crest cells?’.

Defects in many semaphorin signaling molecules result in cardiac defects including
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persistent truncus arteriosus, ventricular septal defects, and aortic arch defects?’.
Recently, loss of function of an endothelial specific plexin (PLXND1) has been shown to
cause defects in compaction?®. Whether semaphorin signaling serves other functions
during heart development remains unclear.

Here, we uncover a potential role of semaphorin signaling in the developing heart
in the organization of cardiomyocytes within the ventricular wall. Subclustering of spatial
transcriptomic data within the developing human ventricle identified that ventricular
cardiomyocytes (CMs) display a gradient of distribution across the ventricular wall, with
correlated gene expression profiles and wall depths of individual CMs. This further
identified a molecularly distinct ‘hybrid’ cardiomyocyte that displays gene expression
that are a mix of compact and trabecular CM markers, and may correspond to the CMs
present in the recently described Mid/hybrid myocardium?*. To understand how the cell
types are spatially organized into structures, we performed our community detection
algorithm and discovered that the left ventricular wall contains Inner, Mid, and Outer
cellular communities with distinct cellular compositions. Investigating cell-cell
interactions may be influencing the organization of the cardiomyocytes within each of
these communities revealed semaphorin signaling to be specific and diverse within the
Mid community, and included SEMA3C/D-expressing compact ventricular fibroblasts,
SEMAG6A/B-expressing blood endothelial cells, and PLXNA2/A4 expressing trabecular
(and hybrid) cardiomyocytes to the Mid/Outer myocardial community layers. To test how
these interactions may regulate the migration and organization of these cardiomyocytes,

we created an in vitro hPSC cardiac trabecular system, and discovered that SEMA3C
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acts as an attractive signaling cue to PLXNA2/A4 expressing trabecular-like
cardiomyocytes, whereas SEMAG6A/B act as a repulsive cue. These data suggest that
whereas SEMAG6A/B-expressing blood endothelial cells may prevent these trabecular
(and hybrid) cardiomyocytes from further migrating by repelling them when contacting
blood endothelial cells. These results support a model cardiomyocyte organization
within the ventricular wall during compaction where SEMA3C/D-expressing compact
ventricular fibroblasts attract PLXNAZ2/A4 expressing trabecular (and hybrid)
cardiomyocytes to the Mid/Outer myocardial community layers, whereas SEMAGA/B-
expressing blood endothelial cells may prevent these trabecular (and hybrid)
cardiomyocytes from further migrating by repelling them when contacting blood

endothelial cells.
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3.2 RESULTS
Cardiomyocytes Within the Ventricular Wall Display a Spatial and Molecular
Gradient

During heart development, the ventricular wall contains an inner sponge-like
network of cardiomyocytes known as trabeculae. These structures are critical for
contraction and conduction, ventricular septation, and wall thickening through the
process of compaction®®. In the human, this process of compaction starts around week
12-13 of gestation??, which corresponds well with our MERFISH sample. Defects in the
development of the ventricular wall, including the compact and trabecular layers, lead to
serious cardiomyopathies, including non-compaction cardiomyopathy®®. Recent studies
in model organisms have elucidated initializing events in the process of trabeculation
and compaction, however the how compaction happens in humans remains elusive
20.21 Toward this end, subclustered the MERFISH cells within the ventricular and
reidentified the cell populations. Subclustering uncovered new sub-populations
corresponding to cell types and possibly cell states of vCM and vFibro populations
(Figure 16a). Cardiomyocytes, which constitute approximately 60% of all cells in the
ventricle, were classified into 6 populations within the LV, and appeared to display a
spatial gradient across the wall depth (Figure 16b). Notably, MERFISH identified a
cluster residing between the compact and trabecular populations that may correspond
to the transient hybrid myocardial zone?*, therefore we named it hybrid vCM (Figure
16b). Gene expression analyses of these new populations revealed that the populations
of vFibros were both spatially and molecularly distinct, with trabecular vFlbros

expressing a transcriptional repressor MSC (musculin), and compact vFibros
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expressing HHIP, an inhibitor of hedgehog signaling (Figure 17a,b). A third population
of vFibros expressed markers consistent with a proliferating population, including MKI67
and PCNA (Figure 17a,b). Conversely, for the cardiomyocytes we observed a largely
gradual transition of gene expression profiles (Figure 17b). All vCMs expressed the
known markers of IRX4 and MYH7. Compact vCM populations were marked by their
expression of a known marker HEY2, while trabecular and purkinje fiber populations
appear to express IRX3 and GJAS. The hybrid vCM population expressed markers of
both the compact and trabecular vCMs (Figure 17b). Corresponding ventricular
populations were identified in the scCRNA-seq dataset that displayed similar gene
expression patterns (Figure 18a,b). The spatial and molecular heterogeneity among the
CM clusters led us to further investigate whether the CMs have a gradient of spatial and
molecular profiles.

To this end, we measured the connectivity between CM clusters using PAGA and
found that the CM populations formed highly connected networks with populations that
were spatially close, meaning that cells that were spatially close had the highest
similarity in gene expression (Figure 19a,b). By using a spatial distance metric for wall
depth, defined as distance away from the epicardium, we ordered the cardiomyocytes
by their relative position in the wall and identified genes whose expression changed
substantially with wall depth (Figure 17¢, 19¢). This analysis further supported a
gradual change of gene expression profiles of cells along the wall depth. Using a
pseudotime analysis that approximates the distance between cells within expression
space by walking along the nearest neighbor graph to order the CMs on the basis of

their expression profiles (using Compact vCM-LV Il as the starting point), we observed
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that the expression distance of cells was highly correlated with their wall depth (Figure
19d). We observed more substantial separation in expression distance between
Trabecular I/ll and Purkinje Fiber populations, when compared to other CM populations.
Because of the gradient of expression within the CMs of the wall, we can use
combinations of markers to define populations that are spatially adjacent, one example
being the hybrid CM population that can be visualized by the co-expression of HEY?2
and IRX3, where cells that exhibit high expression of both correspond well to the cells
defined as the Hybrid vCM population (Figure 19e). Taken together, these results
suggest that CMs within the ventricle form a continuous distribution across the
ventricular wall, with correlated molecular profiles and wall depths. But how these
cardiomyocytes organize to form the distinct layers across the ventricle and why that is
important for compaction and ventricular wall development is still unclear, therefore we

looked at what interactions may be influencing the organization of the cardiomyocytes.
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Figure 16. Subcluster analysis of the cardiac cells within the ventricles reveals
new cardiomyocyte and fibroblast subpopulations

a, (Left) Cells selected as spatially located within the ventricle to perform subcluster
analysis on. (Right) UMAP and corresponding spatial plot of re-identified clusters,
colored by cell type. b, Spatial distribution of major cell types within the left ventricular
free wall. (Bottom right) Plot of each cell’'s distance metric defined as a cell’s distance to
the epicardium. avCM, muscular leaflet of the valve cardiomyocyte; BEC, blood
endothelial cell; EPDC, epicardial-derived cell; LEC, lymphatic endothelial cell; vCM,
ventricular cardiomyocyte; VEC, valve endocardial cell; vEndocardial, ventricular
endocardial; VICs, valve interstitial cells; VSMC, vascular smooth muscle cells; WBC,
white blood cell. Scale bar, 250 pym.
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Figure 17. Identification of subclustered ventricular MERFISH cell types

a, Dotplot of marker genes identifying subclustered MERFISH populations within the
developing ventricle. b, Dotplot of differentially expressed genes for the newly identified
cell populations not originally identified in the overall heart MERFISH dataset. ¢, Spatial
gene expression plots of twelve genes that correlate with ventricular wall depth.
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Figure 18. Integration of scRNA-seq and MERFISH can identify corresponding
ventricular cell types in the transcriptomic dataset

a, Co-occurrence heatmap showing the counts of MERFISH identified ventricular
subpopulations and nearest scRNA-seq cell (labeled by original label in Figure 13) in
joint embedding space. b, Dotplot of marker gene expression for scRNA-seq cells
grouped by transferred labels from MERFISH identified ventricular subpopulations,
using the same gene markers as in Figure 17 to compare expression between
MERFISH and scRNA-seq datasets.
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Figure 19. Cardiomyocytes within the ventricular wall are organized into a spatial
gradient with correlated gene expression

a, UMAP of vCMs within the LV colored by cell type identity b, The degree of
connectivity between cell types in a k-nearest neighbor graph for the vCM cells, with
each cell type represented as a node colored as in a, and the weighted edges between
nodes representing their connectivity. ¢, Heatmap of normalized expression of
differentially expressed genes across ventricular wall depth. Differentially expressed
genes refer to genes which the expression correlated substantially with wall depth
(Methods). The colored bar at the bottom indicates the wall depth of the cell, calculated
as the distance from the nearest epicardial cell. d, Scatter plot of the pseudotime versus
ventricular wall depth for individual vCMs in the LV, exhibiting a Pearson correlation of
0.6. e, Spatial plots of zoomed in regions of the LV, with each of the six vCM
populations colored separately by cell type, two gene markers (expression of gene 1 in
green and expression of gene 2 in red), and the merge of the expression of the two
marker genes.
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Cell-Cell Communication Analysis Reveals Community Specific Interactions
Mediating the Organization of Cardiomyocytes Along the Ventricular Wall

To further understand how the human ventricular wall is formed, we further
investigated how distinct cardiac cell types coordinately interact to organize into the
ventricular cardiac chambers. Toward this end, we defined communities of cardiac cell
types which may be interacting with each other within the ventricle. By using a 150 ym
distance for the zone, we allow for the detection of juxtacrine, autocrine, and paracrine
signaling (Figure 20a). We discovered that the ventricular walls comprise at least three
major cellular communities (Outer, Mid, Inner), with the left ventricle also containing a
fourth subendocardial community that consists of purkinje fibers forming the fast cardiac
conduction system of the ventricles (Figure 20a). Focusing on the left ventricle, we
observed a broad range of specific cardiac cell types spatially located in these
communities (Figure 20b). By measuring the spatial distribution of cell types within the
ventricular wall in the context of the cellular communities, we discovered that the Mid
community contained the highest number of unique cell types, and therefore exhibited
the highest cellular complexity and potentially the most complex interactions. Because
of our interest in compaction of the ventricular wall, we decided to focus on the Outer,
Mid, and Inner communities because of their demonstrated roles in the process of
compaction?341.95,

By utilizing the integrated MERFISH and scRNA-seq data (Figure 18a,b), we
were able to run a cell-cell communication pipeline called CellChat®® on the full
transcriptome between cell types within the same community. Supporting the finding

that the mid community was most cellularly complex, these cell-cell signaling analyses
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revealed that the Mid community also displayed the highest number of cell-cell signaling
interactions, nearly four times that of the next highest community (Outer) (Figure 21a-
d).

As distinct cardiomyocyte cell types are spatially layered along the myocardial
wall (Figure 20b), we further examined signals within these ventricular communities
that may organize the spatial distribution of these cardiomyocytes (Figure 22). We
discovered a wide array of cardiac cell types signaling to distinct cardiomyocytes with
fibroblast subtypes displaying the strongest and highest number of interactions with
these cardiomyocyte populations (Figure 23a). Consistent with these findings, we
observed that the highest number of signaling pathways received by these
cardiomyocytes were growth and ECM-related pathways that were broadly derived from
fibroblast subtypes across the ventricular wall communities (Figure 21b-d, 22).

On the other hand, we also identified specific interactions differentially received
by cardiomyocytes between these communities (Figure 22, 23b). Specifically, we
observed Neuregulin-ErbB signaling between NRG 1+ endocardial cells and ERBB2/4+
trabecular cardiomyocytes in the Inner community as previously reported?’?' (Figure
22). Interestingly, we discovered Plexin-Semaphorin axon guidance signaling pathways
as specific interactions within the Mid community, directing interactions between not
only PLXNA2/A4+ trabecular cardiomyocytes and SEMA3C/D+ compact fibroblasts but
also PLXNAZ2/A4+ trabecular cardiomyocytes and SEMA6A/B+ blood endothelial cells
(Figure 23c). Supporting that these signaling pathways may mediate a complex multi-
cellular interaction among cardiomyocytes, fibroblasts and endothelial cells in the Mid

community, hybrid cardiomyocytes also receive these Plexin-Semaphorin signaling
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pathways from the same corresponding cell types (Figure 23c). The strongest
interactions appear to be between the Compact vFibro and Trabecular vCM-LV |l and
the VE and Trabecular vCM-LV |l (Figure 23c, 24).

In line with these analyses, we observed that cell types participating in these
signaling interactions are spatially co-localized (Figure 23d). Furthermore, by using our
integrated dataset, we can spatially visualize the localization of specific semaphorins
and plexins, and find that the corresponding ligands and receptors are expressed in
both complementary and overlapping domains in the Mid community, consistent with a
ligand-receptor interaction (Figure 23e). As SEMA3C/D and SEMAG6A/B have been
shown to attract and repel PLXNAZ2/A4 expressing cells via paracrine and juxtacrine
signaling pathways, respectively®®-%4 we hypothesize that SEMA3C/D-expressing
compact ventricular fibroblasts attract PLXNAZ2/A4 expressing trabecular (and hybrid)
cardiomyocytes to the Mid/Outer myocardial community layers, whereas SEMAGA/B-
expressing blood endothelial cells may prevent these trabecular (and hybrid)
cardiomyocytes from further migrating by repelling them when contacting blood
endothelial cells. This interaction may be influencing cardiomyocyte organization within
the ventricular wall. To further explore this possibility, we created an in vitro hPSC

multilayer cardiac organoid system.
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Figure 20. Identification of cellular communities within the ventricles reveals a

Mid community within the left ventricular wall

a, (Left) Spatial distribution of nine distinct cellular communities within the ventricle
identified based on the ventricle subset defined cell types. (Right) The spatial
neighborhood frequencies (enrichment score) of each of the MERFISH identified
ventricular cell types within each ventricular cellular community. b, Violin plots showing
the distribution of wall depths for all of the cell types within the ventricular wall of the LV,
with dashed lines denoting the approximate wall depth of each cellular community
identified within the LV. (Right) Spatial plot of the LV, colored by cell type, with black
lines marking the cellular community. Scale bar, 250 ym.
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Figure 21. Cell-cell signaling analysis of Inner-LV, Mid-LV, and Outer-LV
communities

a, Chord diagrams of the cell-cell signaling interactions detected in the Inner, Mid, and
Outer communities of the left ventricle. The size of the node represents the size of the
cluster, and the width of the edge represents the number of interactions between a pair
of clusters. b-d, Heatmaps of the signaling strength of each signaling pathway for each
pair of clusters within the b, Mid-LV community, ¢, Inner-LV community and d, Outer-LV
community. Signaling pathways are ordered by overall strength of signaling. The left
side of the heatmap represents outgoing (ligand) signaling and the right side represents
incoming (receptor) signaling.
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Figure 22. Interactions regulating cardiomyocytes in Inner-LV, Mid-LV, and Outer-

LV communities
Heatmaps of the incoming (receptor) signaling strength of the major signaling pathways

received by cardiomyocyte populations within the Mid-LV, Inner-LV, and Outer-LV
communities. Each row is labeled by a separate signaling pathway received by the
cardiomyocyte populations within the LV.
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Figure 23. Semaphorin interactions are specific for the Mid-LV community

a, (Top) Chord diagrams of the cell-cell signaling interactions received by
cardiomyocytes in the Inner, Mid, and Outer communities of the left ventricle. The size
of the node represents the size of the cluster, and the width of the edge represents the
strength of interaction between a pair of clusters. (Bottom) Bar chart showing the
number of interactions received by cardiomyocytes from other cell populations within
the LV, separated by community. b, Venn diagram of the cell-cell interactions received
by cardiomyocytes within the Inner-LV, Mid-LV, and Outer-LV communities, showing
that most are common between the communities but a few are specific. ¢, Dotplot of
specific significant semaphorin interactions within the Mid-LV community. The dots are
colored by communication probability, based on the expression of the ligand and
receptor. The x-axis shows the specific ligand-receptor interactions, and the y-axis show
the pair of cell populations involved in the cell-cell interaction. d, Spatial plots of a region
within the left ventricle showing the close proximity of cells involved in the semaphorin
interaction, colored by all cells, cardiomyocytes, and non-cardiomyocytes. Scale bar, 50
um. e, Spatial gene expression plots of the ligands and receptors of the semaphorin
interaction, inferred by the integrated scRNA-seq and MERFISH datasets. Scale bar,
250 pym.
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Figure 24. Expression of semaphorin ligands and receptors

Violin plots of major semaphorin ligands and receptors detected within the Mid-LV
community, showing the expression of SEMA3C, SEMA3D, SEMAGA, SEMAGB,
PLXNAZ2, and PLXNA4 across all cell types in the Mid-LV community. The cells grouped
based on the predicted cell type labels from Figure 18.
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PLXNA2/PLXNA4+ hPSC Trabecular-like cardiomyocytes can migrate toward
SEMA3C in a bioprinted model of the ventricular wall

To test the how semaphorin signaling may be influencing cardiomyocyte
organization, we utilized a highly efficient monolayer cardiac differentiation®® system to
create human pluripotent stem cell derived cardiomyocytes (hPSC-cardiomyocytes) to a
stage where ventricular cardiomyocytes can be identified®. To this end, we
differentiated H9 hPSCs containing the TNNT2:EGFP cardiomyocyte-specific transgene
to Day 25 of differentiation and performed scRNA-seq (Figure 25a). Gene expression
analyses revealed that the majority (>80%) of the cells were TTN+/TNNT2+
cardiomyocytes, with a smaller subpopulation of fibroblasts (Figure 25a). Of the
cardiomyocytes, the vast majority (>90%) were IRX4+ ventricular cardiomyocytes, and
these ventricular hPSC-cardiomyocytes weakly expressed markers of compact (HEY?2)
and trabecular (/RX3) cardiomyocytes, suggesting that these may correspond to ‘hybrid’
vCMs, potentially because of a lack of signaling to specify these cardiomyocytes
(Figure 25a). To investigate how these hPSC-cardiomyocytes compare to those found
in vivo, we utilized our Harmony integration method to project both datasets into the
same embedding space and found that the majority of hPSC-derived cells are
transcriptionally similar to in vivo vCMs but do not overlap, suggesting that the hPSC-
cardiomyocytes are not fully in vivo-like, consistent with their low level of expression of
compact (HEY?2) and trabecular markers (IRX3) (Figure 25b). Closer examination of
marker expression of in vivo vs hPSC-cardiomyocytes revealed that hPSC-

cardiomyocytes express lower levels of lineage specific and semaphorin signaling
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specific markers compared to their in vivo counterparts, suggesting a lack of maturity
within the hPSC system which has been well documented (Figure 25¢).

To differentiate trabecular-like hPSC-cardiomyocytes, we utilized a published
protocol that employs NRG1 treatment®8, an established signaling pathway influencing
trabecular development?®2! and one that we also find as specific to the Inner-LV
community between endocardial cells and Trabecular CMs (Figure 22). Using this
method, hPSC-cardiomyocytes displayed an upregulation of markers of trabecular
vCMs (/RX3) and downregulation of markers of compact vCMs (HEY2), which is
consistent with previous studies®® (Figure 25d). Consistent with this, trabecular-like
hPSC-cardiomyocytes also upregulated the expression of plexin receptors expressed
by in vivo trabecular vCMs, PLXNAZ2 and PLXNA4, suggesting that there is a general
trabecular vCM program that may be activated on in these cells upon treatment with

NRG1 (Figure 25d).
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Figure 25. NRG1 treatment can differentiate Trabecular-like cardiomyocytes that
express the receptors PLXNA2 and PLXNAA4.

a, Schematic of differentiation of hPSC-cardiomyocytes using the Wnt-based protocol,
with scRNA-seq performed at Day 25 of differentiation. (Bottom) UMAP plots showing
the expression of genes related to ventricular cardiomyocytes showing that most hPSC-
cardiomyocytes are ventricular (IRX4+). b, UMAP of integrated scRNA-seq datasets of
the Day 25 hPSC-cardiomyocytes with the 13W in vivo dataset from the developing
human heart, colored by (Left) in vivo cell type and (Right). ¢, Violin plots showing the
expression of key marker genes of ventricular cardiomyocyte populations and plexin
receptors showing that hPSC-cardiomyocytes express lower levels of IRX3, PLXNAZ2,
and PLXNA4 compared to in vivo trabecular cardiomyocytes. d, Gene expression
analysis (RT-gPCR) of IRX3, HEY2, PLXNA2, PLXNA4, and TNNT2 performed on Day
25 hPSC-cardiomyocytes treated with 50 ng/ml NRG1 for 10 days (Day 15 to 25 of
differentiation), showing that the expression of IRX3, PLXNA2, and PLXNA4 increases
with NRG1 treatment. N = 4 per condition. Error bars are SEM. *p < .05 by Student’s t-
test, N.S., not significant.
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To investigate whether these trabecular-like hPSC-cardiomyocytes could migrate
in response to semaphorin guidance cues, we utilized a rapid 3D bioprinting technique.
To this end, we bioprinted hPSC-cardiomyocytes into a multi-layered cardiac organoid
to model the ventricular wall, with 3 separate layers mimicking the inner (300 um), mid
(150 um), and outer (150 um) layers of the ventricular wall (Figure 26a). Within the top
‘inner’ layer, we bioprinted either control (PBS) or NRG1 treated hPSC-cardiomyocytes
to examine whether NRG1-treated hPSC cardiomyocytes specifically migrate in
response to semaphorin guidance cues (Figure 26a). This was done by adding purified
semaphorin signaling factors (either SEMAS3C or a mixture of SEMAG6A/SEMAG6B) to
either the ‘mid’ layer, the bottom or ‘outer’ layer, or both. In contrast to organoids with
bioprinted control hPSC-cardiomyocytes, which do not migrate out of the ‘inner’ layer,
organoids with NRG1-treated hPSC-cardiomyocytes consistently migrate out of the
‘inner’ layer, through the ‘mid’ layer, and into the ‘outer’ layer of the organoid (248 um by
Day 5) (Figure 26b,c). Neither control nor NRG 1-treated hPSC-cardiomyocytes
migrated in response to the printing matrix alone or to SEMA6A/SEMAG6B, suggesting
that SEMAG6A/SEMAG6B may be blocking migration (Figure 26b,c). To test whether
SEMAG6A/SEMAG6B can block the migration towards SEMA3C, we printed control and
NRG1-treated hPSC-cardiomyocytes with two different combinations of semaphorins
across the ‘mid’ and ‘outer’ layer: 1) SEMA3C in the ‘mid’ layer and SEMAGA/SEMA6B
in the ‘outer’ layer, 2) SEMAG6A/SEMAG6B in the ‘mid’ layer and SEMA3C in the ‘outer’
layer. When NRG1 treated hPSC-cardiomyocytes are printed in condition 1), they are
able to migrate to the ‘mid’ layer but do not migrate to the ‘outer’ layer containing

SEMAG6A/SEMAG6B (110 um by Day 5) (Figure 26b,c). On the other hand, when NRG1
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treated hPSC-cardiomyocytes are printed in condition 2), they are not able to migrate at
all, supporting the model that SEMAS3C acts as an attractive guidance cue for migrating
trabecular cardiomyocytes, whereas SEMA6A/SEMAG6B acts as a repulsive cue to block
this migration (Figure 26b,c). Organoids with bioprinted control hPSC-cardiomyocytes
do not migrate in either condition 1) or 2), consistent with their low level of
PLXNAZ2/PLXNA4 expression (Figure 26b,c). Altogether, these results reveal that
hPSC-derived trabecular-like cardiomyocytes that express PLXNA2/PLXNA4 migrate
towards an attractive SEMA3C guidance cue, and that this migration is blocked by
SEMAG6A/SEMAG6B, suggesting that this interaction may be what is happening during
human development to integrate the trabecular cardiomyocytes within the Inner layer
with the compact cardiomyocytes within the Outer layer to contribute to ventricular wall

thickening during ventricular compaction (Figure 27).
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Figure 26. Trabecular-like CMs differentiated from human pluripotent stem cells
(hPSCs) migrate toward an attracting semaphorin signal.

a, Schematic of the bioprinted multilayered cardiac organoid, with a layer of printed
cardiomyocytes (Cell layer, 300 um), followed by two layers of extracellular matrix
(Ligand layer, 150 um each) that can be mixed with recombinant proteins. b, Bioprinted
multilayered cardiac organoid of GFP+ cardiomyocytes that have been either treated
with NRG1 or PBS (control), with fluorescent images showing the position of the printed
cardiomyocytes on the day of printing (Day 0) and five days after printing (Day 5), with
the red dashed lines showing the extracellular matrix layers with either (Top) one
semaphorin protein added or (Bottom) a combination of semaphorin proteins added to
each of the extracellular ligand layers. ¢, Quantification of the distance migrated by the
different conditions shown in b. Cardiomyocytes treated with NRG1 that express
PLXNAZ2/PLXNA4 migrate the furthest when the ligand layer with mixed with SEMA3C
protein, and this migration is reduced when a layer of SEMAG6A/SEMAG6B is added. N =
3 per condition. Error bars are SEM. Scale bar, 250 ym.
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Model of Semaphorin interactions
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Figure 27. Model of semaphorin signaling regulating Trabecular and Hybrid vCM
organization within the ventricular wall of human heart development

Model depicting how semaphorin signaling may influence cardiomyocyte organization
within the ventricular wall during ventricular compaction. As compaction proceeds and
trabecular vCMs within the inner layer become integrated into the outer layer, there is a
gradient formed by the attractive SEMA3C/D guidance cue for trabecular and hybrid
vCMs to migrate down into the mid community secreted by compact vFibro. As these
vCMs migrate down into the mid layer, they encounter SEMAG6A/B-expressing blood
endothelial cells, and this interaction may prevent these trabecular and hybrid vCMs
from migrating further into the outer layer.
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3.3 DISCUSSION

Overall, through identifying multiple communities within the ventricular wall, and
the cell interactions within those communities, we discover that semaphorin signaling is
active in the Mid community of the left ventricular wall, which instructs the allocation of
trabecular cardiomyocytes to migrate from the Inner layer and integrate with the
developing Mid and Outer layers. In addition to the semaphorin signaling within the Mid
community, we also find that in general across the ventricle, the highest number of
signaling pathways received by these cardiomyocytes were growth and ECM-related
pathways that were broadly derived from fibroblast subtypes across the ventricular wall,
which is consistent with the fact that the human heart is undergoing rapid expansion
during this time in development. Specific to the Inner community, we observed
Neuregulin-ErbB signaling between NRG 1+ endocardial cells and ERBB2/4+ trabecular
cardiomyocytes, which is consistent with previous reports in other model systems?-2".

Semaphorin signaling has been reported to regulate multiple aspects of cardiac
development, mainly through the regulation of cardiac neural crest cell migration, and
more recently through endocardial regulation of ECM dynamics?7-28. PLXNA2 and
PLXNA4 have been previously reported to be expressed in cardiac neural crest cells,
regulating their migration to the outflow tract®®. The expression of these plexin receptors
have not been reported in trabecular cardiomyocytes previously, and therefore suggests
a new role of semaphorin signaling in regulating trabecular cardiomyocyte migration in
developing human hearts. This attractive signaling cue of SEMA3C supports a model
where trabecular cardiomyocytes migrate to the Mid/Outer layers of the ventricular wall,

causing the trabeculae to integrate with the growing compact myocardium and
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supporting that the process of compaction whereby trabecular cardiomyocytes
contribute to the thickening myocardium does happen in humans, which has been an
area of great debate recently®®. The thickening of the myocardial wall through
compaction is composed of multiple processes including the expansion of the compact
myocardium as well as the coalescence of trabecular myocardium?*2%. More studies will
be required to fully understand the contribution of each process to the thickening of the
ventricular wall in humans. Within the mouse heart, the proliferation of compact
cardiomyocytes is major contributing factor to the thickening ventricular wall?4, but
whether this process is enough to support the size of the human ventricular wall
warrants further investigation. Conversely, further investigation is needed to confirm if
the process of semaphorin regulated organization of cardiomyocytes is an evolutionarily
conserved pathway regulating compaction in mouse hearts.

In conclusion, we have uncovered a spatial and cellular diversity of
cardiomyocytes within the ventricular wall and discovered a new role of semaphorin
signaling in regulating the organization within the developing human ventricle that may
play a role in ventricular compaction. Our findings support a model where PLXNAZ2 and
PLXNA4 expressing trabecular (and hybrid) cardiomyocytes migrate into Mid and Outer
myocardial layers, attracted by a secreted SEMAS3C ligand that is expressed by
compact ventricular fibroblasts. These migrating cardiomyocytes are then come into
contact with SEMAG6A/B-expressing blood endothelial cells may prevent these
trabecular (and hybrid) cardiomyocytes from further migration by the juxtacrine

mediated repulsion (Figure 27).
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3.4MATERIALS AND METHODS
Cell clustering analysis of ventricular cells in MERFISH

After manually defining the ventricular region, we subset the MERFISH dataset to
the ventricular cells and performed Leiden clustering at a resolution of 5. The top 20
genes identified by the rank_gene_groups() function, as well as the spatial information,

were used to annotate each cluster.

Integration of single-cell RNA-seq and MERFISH on ventricular dataset

We first subsetted both the scRNA-seq and MERFISH to only genes interrogated
by both modalities, as well as to only cells within the ventricles of the heart. We then
utilized SCANPY’s implementation of Harmony to project both the scRNA-seq and
MERFISH dataset into a shared PCA space. The dimensionality of the joint embedding
was further reduced using UMAP (min_dist=0.3) to visualize the space in two
dimensions using a k-nearest neighbor graph constructed with a k of 30 and the
Pearson correlation distance metric to match the parameters used by the Harmony

authors*’.

To impute a complete expression profile and cell type for each MERFISH profile,

we assigned the expression profile and cell type of the closest scRNA-seq cell in the

Harmony PCA space using the euclidean distance metric.

Ventricular wall depth measurement
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Each MERFISH cell's ventricular wall depth was determined as the distance to

the nearest epicardial or EPDC cell, which both lie on the outer layer of the heart.

Connectivity and pseudotime analyses of ventricular cardiomyocytes

To visualize the similarity in the gene expression profiles of the ventricular
cardiomyocyte subclusters, we isolated the Compact-vCM |, Compact-vCM Il, Hybrid
vCM, Trabecular-vCM I, Trabecular-vCM Il, and Purkinje Fiber clusters, reperformed
PCA, nearest neighbor graph construction, and UMAP utilizing SCANPY with default
parameters. We then used Scanpy’s implementation of Partition Based Graph
Abstraction (PAGA) to construct a graph where the nodes represent different ventricular
cardiomyocyte clusters, and the edges represent the degree of connectivity between the
clusters in the neighborhood graph. This captures the a measure of similarity between

the cell type clusters.

To identify depth correlated genes, we computed the Pearson correlation
coefficient between expression and ventricular wall depth for each gene. We considered

genes with a correlation greater than 0.2 to be depth correlated.

Next, the diffusion pseudotime distance on the vCM nearest neighbor graph from
the Compact-vCM | were calculated using Scanpy’s scanpy.il.dpt() function with default
parameters. We chose the Compact-vCM | cell with the highest HEY2 expression as the

root cell for the pseudotime calculation. We note that this metric is often reported as
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pseudotime to represent developmental changes, but in this case we use it simply as a

metric for expression similarity to Compact-vCM | cells.

Cell-cell interaction analysis of ventricular wall communities

We applied CellChat to our scRNA-seq dataset to identify community specific
cell-cell interactions. Community annotations derived above for each MERFISH cell
were transferred to the nearest scRNA-seq profile in the Harmony shared embedding
space. The ventricular communities Inner-LV, Mid-LV and Outer-LV were each
analyzed separately, by analyzing the scRNA-seq profiles assigned to those
communities. For each ventricular cellular community we only considered cell types that
represented at least 3.5% of the community in the MERFISH dataset. We followed
CellChat’s suggested workflow, using CellChat’s database of human ligand-receptor
interactions, identifying overexpressed genes, computing interaction probabilities, and

identifying significant interactions, utilizing default parameters.

hPSC culture and cardiac differentiations

The H9-hTnnTZ-pGZ-D2 (WiCell) human embryonic stem cell line (hPSCs) was
cultured in E8 medium and grown on Geltrex (Gibco) coated plates. Differentiation of
hPSCs from this line into cardiomyocytes was performed using established protocols as
previously described’®. Briefly, hPSCs were grown to 80% confluency, and on DO, cells
were cultured with RPMI/B27 without insulin (B27-insulin) containing 10 mM CHIR. 24
hours post CHIR application, the media was replaced with fresh B27-insulin and the

cells were cultured for another 48 hours. Next (D3), 5 mM IWP2 was supplemented to
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B27-insulin and cultured for another 48 hours. Following this (D5), the B27-insulin with
IWP2 was replaced with fresh B27-insulin for another 48 hours. From D7 onwards, cells
were maintained in RPMI/B27 with insulin (B27+insulin). On D15, this B27+insulin
media was then either supplemented with NRG1 (50 ng/ml) or PBS, and further cultured

until D30+, refreshing the media every 3 days.

RNA expression was measured by real-time quantitative polymerase chain
reaction (RT-gPCR). RNA was extracted using the TRIzol Reagent (ThermoFisher) and
Direct-zol RNA MiniPrep Kit (Zymo Research). Next, the cDNA was generated using
1000 ng RNA and iScript Reverse Transcription Supermix (Bio-Rad), then diluted 1:10
in UltraPure DNase/RNase-Free Distilled Water (ThermoFisher). RT-gPCR was
performed using Power SYBR Green Master Mix (ThermoFisher) according to the
manufacturer’'s recommendations, and a two-step amplification CFX_2stepAmp protocol
on a Bio-Rad CFX Connect Real-Time PCR Detection System. Data was analyzed
using the 222t method. All gene expression was normalized to the expression of TATA
box binding protein (TBP). The following RT-gPCR primers were used (Gene ID,

forward primer, reverse primer):

HEY2, GGGTAAAGGCTACTTTGACG, GCAACTTCTGTTAGGCACTC

IRX3, TCTGCCTTTGTGTGTGTG, GTGGCAGCAGCTCATTTA

PLXNAZ2, AAGTATAGTGAGGAGCTCATCG, CTGCTCCACCTTATAAGCCA
PLXNA4, AATGACCGCATTAAGGAGC, AATGGTTAAGAGCGCACTG

TBP, TGAGTTGCTCATACCGTGCTGCTA, CCCTCAAACCAACTTGTCAACAGC

TNNT2, GGAGGAGTCCAAACCAAAGCC, TCAAAGTCCACTCTCTCTCCATC
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Single cell isolation and sequencing of D25 hPSC cardiomyocytes

Single cell RNA-sequencing (scRNA-seq) analyses were performed as
previously described in Chapter 2. Briefly, D25 hPSC-cardiomyocytes were
enzymatically digested by incubating with collagenase type IV (Gibco) and Accutase
(ThermoFisher) at 37°C for 60 min. After removing the dissociation media, cells were
resuspended in PBS supplemented with 5% FBS and sorted on a Sony sorter. Single-
cell droplet libraries from this suspension were generated in the 10X Genomics
Chromium controller according to the manufacturer’s instructions in the Chromium
Single Cell 3' Reagent Kit v2 User Guide. Raw sequencing reads were processed using
the Cell Ranger v3.0.1 pipeline from 10X Genomics. Cell quality control, filtering,
clustering, and downstream analyses were performed utilizing the Seurat v3.1 R
package. The integration of the hPSC-cardiomyocyte and in vivo datasets was

performed as described in the integration of single-cell RNA-seq and MERFISH section.

3D Bioprinting

To bioprint multilayered organoids constructs, we first differentiated TNNT2:GFP
hPSCs into D30+ cardiomyocytes that were either treated NRG1 or PBS, as described
in the hPSC studies section. These hPSC-cardiomyocytes (90%+ efficiency by flow
cytometry) were then enzymatically dissociated and resuspended at 100 million
cardiomyocytes/ml. The method to bioprint multilayered organoid construct involved
printing D30+ hPSC-cardiomyocytes that were treated with NRG1 or PBS into a

rectangle-shape that was 500 um x 700 ym x 300 um (H x W x L), followed by printing
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an adjacent rectangular structure (500 um x 700 um x 150 ym) containing GelMA’"
mixed with either 1) 100 ng/ml SEMA3C (R&D Systems) 2) 100 ng/ml each SEMAGA
(R&D Systems) and SEMAG6B (R&D Systems), or 3) PBS (control). The cell-
encapsulated layer was fabricated using 6.25% GelMA and 0.33% LAP with 15s
exposure time, and the cells were added directly before printing. The adjacent layer
containing the signaling factors was printed using 4% GelMA, 0.4% LAP with 15s
exposure time. Using a methacrylated coverslip fixed to the controller stage, a 20 pl cell-
material mixture was placed into the space between the coverslip and a
polydimethylsiloxane (PDMS) film attached to a glass slide. This cell-material mixture
was then exposed to UV light (365 nm, 88 mW/cm2) to fix the first pattern into a digital
micromirror device (DMD) chip. After printing each layer, the construct was washed
three times with warm PBS and aspirated dry. After printing, the multilayered organoid
construct was washed in both PBS and media, and then stored in a cell culture

incubator (37°C, 5% CO>). Media was refreshed every other day.

Migration distance measurement

The distance traveled by the printed hPSC-cardiomyocytes was measured using
the Day 0 position as the starting point, and the distance migrated was calculated daily.
Briefly, brightfield and green fluorescent confocal images were taken on a Leica SP5 of
the GFP+ hPSC-cardiomyocytes, with the brightfield used to visualize the construct.
The length of the construct divided into 10 blocks, and we used the top 10 farthest
hPSC-cardiomyocyte positions migrated from the Day 0 position to each block and

averaged those distances to calculate the migration distance.
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Chapter 3, in full, is currently being prepared for submission for publication of the
material. Farah, Elie N.; Hu, Robert K.; Kern, Colin; Zhang, Qingquan; Lu, Ting-Yu;
Zhang, Bo; Carlin, Daniel; Li, Bin; Blair, Andrew P.; Ren, Bing; Evans, Sylvia M.; Chen,
Shaochen; Zhu, Quan; Chi, Neil C. “Cardiac Single Cell Ecology Reveals Interactive
Cellular Construction and Remodeling of the Human Heart”. The dissertation author

was the primary investigator and author of this paper.
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