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SUMMARY

The intricate development and functionality of the mammalian heart are influenced by the heterogeneous na-
ture of cardiomyocytes (CMs). In this study, single-cell and spatial transcriptomics were utilized to analyze
cells from neonatal mouse hearts, resulting in a comprehensive atlas delineating the transcriptional profiles
of distinct CM subsets. A continuum of maturation states was elucidated, emphasizing a progressive devel-
opmental trajectory rather than discrete stages. This approach enabled the mapping of these states across
various cardiac regions, illuminating the spatial organization of CM development and the influence of the
cellular microenvironment. Notably, a subset of transitional CMs was identified, characterized by a transcrip-
tional signature marking a pivotal maturation phase, presenting a promising target for therapeutic strategies
aimed at enhancing cardiac regeneration. This atlas not only elucidates fundamental aspects of cardiac
development but also serves as a valuable resource for advancing research into cardiac physiology and pa-

thology, with significant implications for regenerative medicine.

INTRODUCTION

Cardiac development and maturation are essential processes
during the neonatal period, characterized by the precise orches-
tration of cellular differentiation and maturation. Central to this
developmental process, cardiomyocytes (CMs) undergo differ-
entiation through a series of transcriptional and epigenetic
modifications, resulting in distinct cellular phenotypes within
the cardiac environment.”?> The nascent post-natal phase is
crucial as it establishes the foundational heart function and
structure that persist into adulthood.® Disruptions in these devel-
opmental sequences contribute to congenital heart diseases, a
primary cause of neonatal morbidity and mortality, emphasizing
the need to understand and address these defects.”

Recent advancements in high-throughput sequencing tech-
nologies have revolutionized our ability to deconstruct the
heart’s cellular composition with remarkable detail and preci-
sion. Notably, single-cell RNA sequencing (scRNA-seq) has
been transformative, uncovering cardiac cell types and eluci-
dating the intricate transcriptional networks underlying their
functional characteristics.>® For instance, previous studies
have profiled CMs at various developmental stages in both
mouse and human models, significantly enhancing our under-
standing of cardiac biology.” These investigations have pro-

vided extensive data on the transcriptional identities and func-
tionalities of CMs, particularly during the pivotal postnatal day
1 (P1) stage in mice.

Complementing scRNA-seq, spatial transcriptomics adds a
layer of anatomical specificity, linking gene expression profiles
with specific regions of the heart.'® " Together, these methodol-
ogies offer a comprehensive view of the cardiac cellular
ecosystem from the earliest stages of life. Our previous 2023
JAHA publication focused more on the developmental changes
in heart cell proportions across days 1, 2, 4, and 6. In contrast,
the present study aims to reveal the physiological status of heart
cells specifically on the first day of postnatal development. By
combining scRNA-seq with spatial transcriptomics, we can not
only identify distinct cell types and their transcriptional profiles
but also map these profiles to their precise anatomical locations
within the heart. This integrated approach allows us to better un-
derstand the spatial organization and functional heterogeneity of
CMs, offering insights that would be unattainable with either
method alone.'?

Despite the substantial body of published work, our current
study aims to expand upon these foundations by integrating
scRNA-seq with spatial transcriptomic analyses to map the
multifaceted nature and maturation trajectory of CMs within
neonatal mouse hearts. Our focus on P1 C57BL/6 mice aims
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to elucidate whether there are significant findings from this crit-
ical developmental period and how our dataset compares to pre-
viously published datasets.

Previous investigations have highlighted the diversity of
CMs during heart development, revealing subpopulations with
transcriptional identities that fulfill specialized myocardial func-
tions, including contraction, conduction, and metabolic hom-
eostasis.'>'® Recognizing this CM diversity underscores the
complexity of cardiac ontogeny and suggests potential for tar-
geted therapeutics for pediatric cardiac disorders.

Our study categorizes the distinct clusters of CMs that emerge
during this critical developmental period, revealing their tran-
scriptional signatures and spatial organization. This enhanced
understanding of the roles these subpopulations play in shaping
cardiac structure and function can pave the way for innovative
treatments targeting congenital heart disease and strategies
for cardiac regeneration.

An integral component of cardiac maturation is the complex
network of intercellular communication that orchestrates the
harmonious integration of varied cell types.'®"'® This investiga-
tion delves into the intricacies of this communicative network,
particularly within the ventricular and atrial chambers, high-
lighting the signaling pathways pivotal for cardiac development
and CM maturation.

In summary, our research enriches our comprehension of the
cellular landscape of the neonatal heart. By applying cutting-
edge transcriptomic technologies and comprehensive data anal-
ysis, we delineate the principal elements and processes involved
in the maturation and spatial coordination of CMs. This approach
not only builds upon existing knowledge but also propels ad-
vancements in the field of cardiac developmental biology, poten-
tially leading to therapeutic strategies.

RESULTS

Single-cell transcriptomic analysis unveils cardiac cell
diversity

To elucidate the cellular heterogeneity and molecular underpin-
nings governing early cardiac ontogeny, myocardial specimens
from C57BL/6 mice at P1 were incorporated into our scRNA-
seq framework. This assay facilitated the dissection of transcrip-
tional landscapes within nascent cardiac cell subtypes, thereby
exposing the intricate gene regulatory networks presiding over
this essential phase of cardiac maturation (Figure 1A). For quality
control (QC) in our study, cells with fewer than 200 or more than
6,000 detected genes were excluded. Additionally, cells with
mitochondrial gene expression exceeding 10% were removed.
After removal of low-quality cells, 8,652 cells were retained for
biological analysis, which detected a median of 2,699 genes
and 8,337 transcripts per cell (Figure S1). Subsequent normaliza-
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tion of gene expression levels and principal-component analysis
(PCA) preceded the adoption of a graph-based clustering algo-
rithm (Figure 1B), which segregated the cellular array into 10
discernible clusters. Marker gene expression facilitated the
assignment of these clusters to ten well-established cardiac cell
lineages (Figures 1C-1E): CMs (3,409 cells, 39.40%, identified
by Ttn, Ryr2, and Mybpc3), fibroblasts (2,366 cells, 27.30%,
marked by Dcn, Pdgfra, and Col1a1), endothelial cells (1,787
cells, 20.70%, distinguished by Vwf, Cdh5, and Pecam1), smooth
muscle cells (221 cells, 2.60%, labeled with Acan, Myh11, and
Lmod1), mesothelial cells (209 cells, 2.40%, characterized by
Msin, Bnc1, and Lrrn4), pericytes (196 cells, 2.30%, indicated
by Rgs5, Kcnj8, and Pdgfrb), myeloid cells (264 cells, 3.10%,
recognized by Cd14, Cd68, and C1iga), neutrophils (94 cells,
1.10%, detected by Cd177, Cxcr2, and Ly6g), B cells (59 cells,
0.70%, marked with Cd79b, Ms4a1, and Cd79a), and neuronal
cells (47 cells, 0.50%, identified by Gfra3, Plp1, and Kcna1).

Transcriptional heterogeneity in cardiomyocyte
clusters
Building upon this comprehensive cellular characterization,
further in-depth analysis was conducted to probe the trans-
criptional and functional nuances of the CM cluster, which
comprised 39.40% of the total cell population. t-stochastic
neighbor embedding (t-SNE) dimensionality reduction was
applied to delineate distinct CM subpopulations. Six clusters
emerged, each marked by distinctive gene expression signa-
tures indicative of their specialized roles within the cardiac land-
scape (Figure 2A). Detailed analysis revealed a set of core genes
for each subtype, which were subsequently correlated to their
specialized functions (Figures 2B and 2C). Representative genes
for these clusters included Lars2 for cluster C1, S100a10 for C2,
Abcc9 for C3, Bmp10 for C4, Sfrp1 for C5, and Ube2c¢ for C6.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional enrichment analyses were utilized
to clarify the function profiles of each cell cluster (Tables ST,
S2, S8, S4, S5, and S6), with the involvement of core genes in bio-
logical processes detailed in Figure 2D. Lars2 primarily partici-
pated in functions related to the mitochondrial proton-transport-
ing ATP synthase complex and mitochondrial matrix. S100a10
was linked to the collagen-containing extracellular matrix, ubiqui-
tin ligase inhibitor activity, Salmonella infection in Mus musculus,
and the regulation of supramolecular fiber organization. Abcc9
contributed to the generation of precursor metabolites and en-
ergy, contractile fiber, sarcolemma, regulation of heart contrac-
tion, intracellular chemical homeostasis, and cardiac conduction.
Bmp10 was implicated in contractile fiber, heart development,
regulation of system process, cellular anatomical entity mor-
phogenesis, regulation of heart growth, regulation of develop-
mental growth, and tissue morphogenesis. Sfrp1 participated in

Figure 1. Cardiac cellular atlas of postnatal day 1

(A) Schematic diagram for the generation of single-cell RNA sequencing (scRNA-seq) data. Nine C57/BL6 mouse hearts were collected.
(B) t-stochastic neighbor embedding (t-SNE) plots showing cell types for the cells.

(C) The proportion of each cell type in 9 samples.

(D) Dot plot illustrating the expression levels and patterns of selected cell-type-specific genes of major clusters. Three signature genes were shown for each

cluster.

(E) t-SNE plots showing the expression levels of canonical marker genes for ten cell types. See also Figure S1.
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Figure 2. Single-cell transcriptomic analysis identified multiple cell types in postnatal day 1

(A) t-SNE visualization of cardiomyocytes, colored by cell types. (cluster 1, C1; cluster 2, C2; cluster 3, C3; cluster 4, C4; cluster 5, C5; cluster 6, C6.)

(B) Dot plot showing the smoothed expression distribution of marker genes in six cell types.

(C) t-SNE plots showing the expression levels of canonical marker genes for nine cell types.

(D)The lollipop chart illustrating the biological processes and related functions associated with the core genes of each subtype. See also Tables S1, S2, S3, S4,
S5, and S6.

myofibril formation, regulation of monoatomic ion transmem-  of cell cycle processes, regulation of chromosome organization,
brane transporter activity, and positive regulation of the apoptotic  positive regulation of chromosome separation, and cell cycle ph-
process. Ube2c¢ was involved in the mitotic cell cycle, regulation  ase transition. These analyses provided a detailed understanding
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Figure 3. Transcriptomic profiling of neo-
natal cardiomyocyte subpopulations

(A) Pseudotime analysis visualization of neonatal
cardiomyocyte differentiation pathways, high-
lighting the distinct maturation trajectory of the
subgroup.

(B) Heatmap representation of gene expression
dynamics across cardiomyocyte subgroups C1-
C6, pinpointing essential genes that mark diff-
erent phases of cardiomyocyte maturation and
specialization.
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of the complex transcriptional landscape and functional hetero-
geneity present within the CM population, emphasizing the
specialized roles played by individual subclusters in cardiac func-
tion and health. The identification of these specialized functions
suggests the potential for targeted therapeutic strategies tailored
to address the specific demands of CM biology. It is important to
note that while Lars2 appears to be broadly expressed across the
CM subclusters, additional markers and functional validation are
necessary to fully elucidate the roles of each sub-cluster.

L]

Insights into neonatal cardiomyocyte differentiation and
maturity

Expanding upon the foundational transcriptional characteriza-
tions established through t-SNE analysis for CM subpopulations,
a subsequent pseudotime analysis was conducted, revealing a
subtle yet significant finding: differentiation pathways among
neonatal CMs, with the notable exception of the C2 subgroup,
appeared to converge, suggesting a continuum of maturation
rather than discrete differentiated states at the time of birth (Fig-
ure 3A). To interrogate this continuum further, a heatmap was
constructed to elucidate the expression dynamics of character-
istic genes within subgroups C1 to C6 (Figure 3B). This analysis
uncovered key genes instrumental to the maturation of CM func-
tionality. Notably, the C6 subgroup expressed genes such as
Mki67 and Top2a, hallmarks of an immature CM phenotype,
potentially signifying a propensity for continued cellular prolifer-
ation. In contrast, the C3 subgroup demonstrated enhanced
expression of genes relevant to sarcomere architecture, meta-
bolic proficiency, and mechanisms of excitation-contraction
coupling, indicative of a more mature phenotype with the estab-
lishment of quintessential CM functions. These comprehensive
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analyses collectively illuminate the com-
plex developmental landscape of neo-
natal mouse CMs, thereby advancing
our understanding of their maturation
continuum and the nuances of functional
specialization. Additionally, the conclu-
sions drawn from trajectory analysis
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Cardiomyocyte cluster C3: A

central role in cardiac function and
metabolism

Given the subtle differences presented by the pseudotime anal-
ysis, we redirected our focus toward a comparative intersec-
tional gene analysis among the cell groups. This strategic shift
aimed to elucidate both shared and distinct elements of gene
expression that may define common developmental pathways
or subgroup-specific traits. Specifically, C4, C5, C3, C1, and
C6 demonstrated concordance in over 20 differentially ex-
pressed genes (Figure 4A; Table S7). Cluster C3 has been
identified as a potential transcriptional nexus, with preliminary
findings indicating overlaps in gene expression profiles. None-
theless, further empirical validation is requisite to substantiate
its functional role. (Figure 4B). The shared biological processes
involving C3 were manifold: “heart process” and “heart develop-
ment” pathways were commonly expressed with C4 and C5,
suggesting C3'’s integral role during the early developmental
orchestration of cardiac functionality and structure. The process
of “striated muscle cell differentiation,” shared with C5, further
highlighted C3’s contribution to the differentiation and matura-
tion of cardiac muscle fibers. Moreover, metabolic pathways
such as “oxidative phosphorylation” and “generation of precur-
sor metabolites and energy,” shared with clusters C1 and C6
respectively, implicated C3 in the metabolic circuitry essential
for cardiac energetics and function (Figure 4C).

Pertinently, our analysis identified a cohort of genes ex-
pressed in C3, revealing a transcriptional signature that poten-
tially confers distinct functions to this cluster within the cardiac
cellular network (Figure 4D). This CM subpopulation exhibits a
distinct gene expression profile indicating a potent capacity for
energy metabolism, primarily through optimized beta-oxidation
of fatty acids and enhanced ATP production. Specific genes
such as Mybpc3 and Des are directly linked to myocardial

iScience 28, 111596, January 17, 2025 5




¢? CellPress

6

OPEN ACCESS

iScience

A B )
500-
& 250
@ 400-
(7
c3 g 350/
= 300
Q 2501
2004 168
E} 150
£ 100+
50 43 38 292721
o e =
18l C1 . I
BO5EN C2 ° I I
418 C5 . I I
e HG2ZENENC3 - o I { I
5230 c4 ° I
G330 c6 o
800 400 200 b
Set Size
C Count
4
heart process —® * |6
o 8
protein maturation by [4Fe-4S] cluster transfer4—— [ ] 10
PY 12
14
Oxidative phosphorylation - Mus musculus L X )
heart development +———e @®csandcs
®c1andce
@c3and c1
striated muscle cell differentiation +—e ®c3andCc4
@c3andC5
C3 and C6
generation of precursor metabolites and energy
T T T T T
0 10 20 30 40 50
GeneRatio
D E
=1
=
Des (Degpyy,
Mybpe3
|
NDUFAL
Nourst
Function
2o
AP =
@ Energy Metabolism
K @ Mitochondrial Function
@ Cardiac Structure and Contraction
@ Lipid and Fatty Acid Metabolism
Ion Channels and Transport Proteins
5 @ Signaling and Intercellular Communication
F o g Stress Response

iScience 28, 111596, January 17, 2025

]
&
£
=

(legend on next page)



iScience

contraction and structural integrity, ensuring the heart muscle
operates efficiently. lon channels and transport proteins, exem-
plified by Gja1, facilitate effective electrical signal transmission
between heart muscle cells. Additionally, genes like Nppb and
Prkaa2 play roles in blood pressure regulation and energy
sensing, while stress response proteins like Hspa9 underscore
this subgroup’s ability to manage cellular stress. Ultimately,
this highlights the critical role of this CM subpopulation in heart
physiology, especially in sustaining heartbeats and maintaining
cardiac structural stability. While our current study provides
compelling bioinformatic evidence, additional validation and
functional experiments are required to support the argument
that subcluster 3 is a transcriptional nexus in cardiac develop-
ment and function. Future investigations are planned to incorpo-
rate targeted gene knockdown or overexpression experiments,
contingent upon the identification of specific markers for the
C3 cluster, to rigorously validate our findings.

Spatial transcriptomic analysis elucidates
cardiomyocyte distribution and function

To dissect the intersection of transcriptional identity and spatial
localization within the cardiac landscape, we expanded our res-
earch framework to integrate spatial transcriptomic sequencing.
This additional analytical dimension enabled a nuanced correla-
tion between gene expression signatures and the anatomical
positioning of CM subtypes. The resulting spatial transcriptomic
data disclosed a distinct cellular topography within the heart,
with certain regions showcasing specific subtype enrichments
(Figure 5A).

The ventricular myocardium, particularly at the apex, was
characterized by a high density of subtype C3 cells (Figure 5B).
This local predominance aligns with the subtype’s transcriptional
propensity for contractile functionality, implicating C3 as a key
player in myocardial contraction. The interspersion of subtype
C2 cells and fibroblasts throughout these ventricular zones sug-
gests an auxiliary role in sustaining structural support and
ensuring ventricular resilience.

A transition to the atrial sections revealed a more diverse
cellular composition. Notably, the presence of subtype C5
cells, along with a higher abundance of subtype C2 cells, fibro-
blasts, and endothelial cells, suggested a multifaceted invo-
Ivement in atrial-specific functions, potentially encompassing
contributions to atrial contraction, structural integrity, and
vascular maintenance.

In the atrial upper chambers, the cellular constituency was
marked by a decline in C3 and C2 cells, while subtype C5 and
C4 cells, along with fibroblasts, displayed an increased preva-
lence. This distribution pattern may denote specialized regulato-
ry functions tailored to the electrophysiological and hemody-
namic requirements of the upper atria (Figure 5C).
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Collectively, these spatially resolved patterns of cellular distri-
bution, detailed in Figure 4, illuminate the intricate dependency
of cell type and function on anatomical location within the heart.
The consonance between cellular specialization and topological
placement supports the notion that cardiac anatomy is a key
determinant of functional zonation—an essential aspect of the
heart’s complex physiology. This integrative analysis under-
scores the significance of anatomical context in shaping the car-
diac cellular milieu and contributes to our holistic understanding
of cardiac structure and function.

Intercellular communication networks and cardiac
functional maturation

The spatial transcriptomic analyses of cardiac slices have illumi-
nated the prominent role of the C3 CM cluster, which is abun-
dantly present across the heart and likely essential for postnatal
cardiac functional maturation. In an attempt to delineate the
intercellular communication networks within the heart, we
focused on the terminal sections of each cardiac region, hypoth-
esizing that interactions involving C3 cells are pivotal to this pro-
cess (Figure 6A).

Within the ventricular apex, the communication network is
dominated by interactions between C3 and C2 cells. Specif-
ically, signaling in the apex is orchestrated through the Ptn-Ncl
receptor-ligand pair, emanating from C2 cells and implicated in
the regulation of local growth and structural organization. In
the ventricular myocardium, C3 cells utilize the AplIn-Apinr
pathway to communicate with C2 cells, a pathway known to
modulate cardiovascular development and cardiac contractile
dynamics (Figure 6B).

As the analysis extends to the atrial compartments, marked by
increased cellular heterogeneity, the complexity of intercellular
communication proportionally increases. C3 cells engage in
signaling with the C5 subtype and endothelial cells through the
Igf2-Igf2r axis, a pathway crucial for cellular proliferation, differ-
entiation, and angiogenesis (Figure 6C). In the atria’s upper
chambers, the Igf2-lgf2r pathway continues to facilitate commu-
nication between C3 and C5 cells (Figures 7A-7C), while endo-
thelial cells and fibroblasts join this communicative circuit,
potentially coordinating the nuanced electrophysiological and
contractile functions of the atria.

This dissection of the cardiac intercellular communication
networks, supported by precise anatomical localization, under-
scores the importance of cellular dialog in the refinement of car-
diac functions. These findings highlight the complex interplay
between localized cell populations and their signaling path-
ways, which collectively contribute to the regional specializa-
tion and functional maturation of the heart. The integration of
spatial and molecular dimensions in our analysis offers a sop-
histicated understanding of how cell-to-cell interactions are

Figure 4. Intersectional gene expression analysis reveals cardiomyocyte subpopulation C3 as a transcriptional nexus in cardiac develop-

ment and function

(A) Venn diagram showcasing shared and distinct gene counts across cardiomyocyte subgroups C1, C2, C3, C4, C5, and C6.
(B) Bar chart ranking of shared gene counts among cardiomyocyte subgroups C1, C2, C3, C4, C5, and C6.
(C) Detailed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of shared biological processes between C3 and other

clusters.
(D) Key genes and their functional roles in C3. See also Table S7.
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Figure 5. Spatial transcriptomic profiling of
cardiomyocyte subtypes across the cardiac
landscape

(A) Schematic cross-section of the heart illustra-
ting anatomical regions for spatial transcriptomic
analysis. The diagram visually delineates the
heart’s anatomical regions—apex, ventricle, atr-
ium, and upper atrium.

(B) High-resolution spatial transcriptomic images
depicting cellular composition in heart regions.
The images are accompanied by a color-coded
key that identifies the distribution and localization
of different types of cardiomyocytes and other
cardiac cells across the segmented areas.

(C) Bar graph depicting cell population changes in
the final sections of each cardiac region.
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The concept that the heart comprises
specialized cells, each fulfilling an impor-
tant role within the cardiac apparatus, is
further refined by our observations, align-
ing with the emerging consensus from
single-cell cardiac studies.®?° The dy-
namic continuum of developmental sta-
tes among neonatal CMs underscores
the fluid nature of cardiac maturation.
Particularly noteworthy is the transcrip-
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choreographed within the cardiac microenvironment, exempli-
fying the intricate relationship between anatomical structure
and cellular function. Functional validation of the results concer-
ning the signaling pathways communicating between different
subclusters is essential for a complete understanding. Future
studies should include evidence that the relevant encoded pro-
teins are expressed as predicted by the transcriptomic data, us-
ing methods such as western blotting or flow cytometry.

DISCUSSION

This investigation has substantially enhanced our comprehen-
sion of CM heterogeneity and spatial organization in the devel-
oping cardiac milieu of the neonatal murine heart. By utilizing
scRNA-seq in conjunction with spatial transcriptomics, we
have elucidated the diverse transcriptional states of CMs and
their correlation with specific anatomical regions, which are
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tional maturity and specialized function
of the C3 cluster, highlighting its signifi-
cant role in cardiac performance due to
its enhanced contractile and metabolic capabilities. This finding
is consistent with the insights of Guo Y et al., who also empha-
sized the cardinal role of mature CMs in heart development.?'
Our spatial transcriptomic analysis offers critical insights into
the interplay of transcriptional diversity and anatomical localiza-
tion. Specifically, the spatial distribution of the C3 cluster, with its
prominent presence in the ventricular apex, underscores its role
in meeting the mechanical demands of the myocardium, thus
supporting the concept of functional myocardial zonation.?*?®
This spatial organization suggests that specific CM subpopula-
tions are strategically positioned to optimize cardiac efficiency
and resilience. Furthermore, this study illuminates the intricate
intercellular communication networks that drive cardiac devel-
opment and maturation. Pathways such as Pin-Ncl and Apin-
Aplnr were particularly notable, exemplifying the complex sig-
naling interactions necessary for coordinated heart function.?*°
The intercellular communication in the atrial compartments,
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Figure 6. Spatial transcriptomics uncovers intercellular communication networks in the apex, ventricle, and atrium of the heart
(A) Cardiomyocyte diversity, intercellular communication networks, and ligand-receptor relationships at the cardiac apex.

(B) Cardiomyocyte diversity, intercellular communication networks, and ligand-receptor relationships at the ventricle.

(C) Cardiomyocyte diversity, intercellular communication networks, and ligand-receptor relationships at the atrium.
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facilitated by pathways such as the Igf2-Igf2r axis, highlights the
complexity of cardiac signaling networks (Figures 7A-7C). The
importance of the Igf2-Igf2r axis in vascular development is
further supported by studies highlighting its critical function in
placental microvasculature expansion and the recruitment of
endothelial progenitor cells.”®?” These mechanisms likely paral-
lel those in cardiac tissue, where IGF2 may regulate essential
vascular and cellular growth for heart development. These path-
ways not only elucidate the regulatory mechanisms of heart dev-
elopment but also suggest potential therapeutic targets. For
instance, targeting specific metabolic pathways within the C3
cluster could enhance cardiac regeneration and address heart
failure, providing an avenue for therapeutic intervention.?®=°

Regarding sequencing methodologies, scRNA-seq provides a
comprehensive view of the entire transcriptome within individual
cells, capturing detailed gene expression profiles. However, due
to the large size of CMs, scRNA-seq may introduce biases in the
selection of cells, as larger cells can be more challenging to cap-
ture and analyze. This can lead to an underrepresentation of
certain CM subpopulations. On the other hand, snRNA-seq,
which isolates and sequences RNA from the nuclei of cells,
can mitigate some of these biases. This approach is particularly
advantageous for CMs, as it allows for the analysis of transcrip-
tionally active regions while avoiding the technical difficulties
associated with the large size and structural complexity of whole
cells. By focusing on nuclear RNA, snRNA-seq can provide com-
plementary insights into the transcriptional landscape of the
heart, enhancing our understanding of gene expression regula-
tion, especially in large and complex cells like CMs. Future stu-
dies should consider integrating both scRNA-seq and snRNA-
seq to obtain a more comprehensive and unbiased view of the
cardiac transcriptome. One of the major strengths of our study
is the integration of scRNA-seq with spatial transcriptomics,
which allowed us to resolve the identity of various cardiac cell
types and map them spatially within the neonatal murine heart.
This dual approach enabled us to elucidate how diverse cardiac
cell types spatially coordinate to create the complex morpholog-
ical structures crucial for heart function. Similar methodologies
have been employed in earlier studies to map the human heart,*’
revealing cell subpopulations exclusive to specific anatomical
regions and their roles in forming cellular communities. Our find-
ings align with these studies, particularly in identifying special-
ized subpopulations of ventricular CMs that display complex
organizational patterns akin to those observed in human heart
development. These findings underscore the significance of
spatial organization in the functional specialization of cardiac
tissues.

In conclusion, our study offered a comprehensive view of CM
diversity and maturation within the neonatal mouse heart, setting
a foundation for further investigations into cardiac regeneration
and disease. Through integrated cellular and molecular ana-
lyses, we had revealed key aspects of CM heterogeneity, devel-
opmental trajectories, and spatial distribution. These findings

¢ CellP’ress

OPEN ACCESS

collectively contribute to our understanding of cardiac function
maturation and suggest avenues for therapeutic interventions.

Limitations of the study

However, our study has certain limitations. While the integration
of scRNA-seq and spatial transcriptomics offers high-resolution
insights, the reliance on neonatal murine models may not fully
encapsulate the complexity and diversity of human cardiac
development. Furthermore, our study predominantly empha-
sizes transcriptional profiles and spatial mapping, with less focus
on functional validation through in vivo models or in vitro sys-
tems, such as human pluripotent stem cell-derived CMs.

At present, the experimental validation of the C3 cluster’s role
presents challenges due to the incomplete characterization of
specific markers. The dependence on a singular marker compli-
cates the precision of cell sorting. In light of these obstacles, we
are undertaking additional bioinformatics analyses utilizing exist-
ing datasets to reinforce our conclusions. These efforts will
inform and facilitate the design of future experimental valida-
tions. Future research should prioritize validating these findings
in human tissues and delving into the molecular mechanisms
driving the differentiation and functional specialization of C3
CMs. Incorporating genetic mouse models and human cell sys-
tems could yield deeper insights into the multicellular signaling
pathways and their roles in cardiac morphogenesis. Additionally,
investigating how these cells adapt to various physiological chal-
lenges, such as hypoxia or increased energetic demands, is
imperative. Such studies will pave the way for developing tar-
geted therapies that harness the properties of specific CM clus-
ters to enhance heart function under pathological conditions.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Collagenase/Dispase Roche 11097113 001
Red Blood Cell Lysis Solution Thermo Fisher 00-4333-57
Trypan Blue Thermo Fisher 14190144
TissueTek O.C.T. Compound SAKURA 4583
Methanol,for HPLC, >99.9% Millipore Sigma 34860

Tris Base Thermo Fisher Scientific BP152-500
Acetic acid, >99.9% Millipore Sigma A6283
Hematoxylin, Mayer’s Agilent S330930-2
Bluing Buffer, Dako Agilent CS70230-2
Sodium dodecyl sulfate (SDS) Millipore Sigma 71736
solution, 10% in water

Hydrochloric Acid Solution, 0.1N Fisher Chemical SA54-1
Critical commercial assays

Chromium Next GEM Chip G Single Cell Kit 10xGenomics 1000120
Chromium Next GEM Single Cell 3’ 10xGenomics 1000121
GEM, Library & Gel Bead Kit v3.1

Chromium i7 Multiplex Kit 10xGenomics 120262
SPRIselect Reagent Kit Beckman Coulter B23318
ExKubit dsDNA HS ExCell Bio NGS00-3012
High Sensitivity DNA Kit Agilent 5067-4626
Visium Spatial Gene Expression 10xGenomics 1000184
Slide & Reagents Kit

Visium Spatial Tissue Optimization 10xGenomics 1000193

Slide & Reagents Kit

Deposited data

Single-cell RNA-sequencing datasets
Spatial transcriptomics data

The R code

This paper
This paper

This paper

GEO: GSE232466
https://data.mendeley.com/
datasets/4zfdygb9bz/1
https://github.com/Lizhiyongjuan/
scRNA_ST.git

Software and algorithms

Cell Ranger (version 2.1.0)

Seurat (version 3.1.2)

scDblFinder (version 1.8.0)

Harmony (version 0.1.0)

spacexr (version 2.2.1)
Monocle (version 2.22.0)

CellPhoneDB (version 1.6.1)

10x Genomics

Stuart et al.*?

Germain et al.*®

llya Korsunsky et al

Cable et al.’®

Rao et al.*®

Liu et al.*®

https://www.10xgenomics.com/
support/software/cell-ranger

https://github.com/satijalab/
seurat/releases/tag

https://github.com/orgs/catg-umag/
packages/container/package/scdblfinder

https://github.com/immunogenomics/
harmony

https://github.com/dmcable/spacexr

https://cole-trapnell-lab.github.io/
monocle-release/papers/

https://github.com/ventolab/CellphoneDB
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

A total of 10 C57BL/6 mice (Postnatal Day 1) were purchased from Shanghai Slake Experimental Animal Co, Ltd. All animal exper-
iments in this study have been approved by the Shanghai University of Medicine and Health Sciences under the approval number
2021-SZR-05-410482. The mice were maintained under strict laboratory conditions, adhering to the highest standards of animal wel-
fare. All experimental procedures involving mice were conducted in accordance with ethical guidelines and approved by the relevant
institutional animal care and use committee.

METHOD DETAILS

Cell preparation for single-cell sequencing

In preparing cells for scRNA-seq from the hearts of C57BL/6 neonatal mice, tissues were finely minced and subjected to enzymatic
digestion using 0.75% Collagenase/Dispase (Roche, 11097113 001). This method facilitates the release of individual cells while pre-
serving cell surface markers essential for downstream applications. Post-dissociation, we applied 1x Red Blood Cell Lysis Solution
(Thermo Fisher, 00-4333-57) to remove erythrocytes, which could otherwise interfere with the accurate identification and sorting of
target cell populations. Following RBC lysis, cells were washed with phosphate-buffered saline (PBS) containing 2% FBS, pelleted
via centrifugation, and resuspended in a sorting buffer to maintain cell viability and minimize nonspecific binding. Cell viability was
assessed using Trypan Blue (Thermo Fisher, 14190144) staining. Cells were prepared with a viability of 90% as measured using the
Countess Il Automated Cell Counter. Regarding the cell count, the single-cell suspension contained approximately 844,000 viable
cells. Achieving a viability of over 90% made the cells suitable for proceeding with the single-cell sequencing steps.

Single-cell RNA sequencing

Sorted cells were prepared for scRNA-seq by encapsulating them into droplets using the Chromium Next GEM Chip G Single Cell Kit
(10xGenomics, 1000120) and Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v3.1 (10xGenomics, 1000121). Each
droplet contained a barcoded bead for capturing mRNA from individual cells. Following cell lysis within the droplets, mRNA was
reverse-transcribed into cDNA, which was subsequently amplified and prepared into sequencing libraries. The Chromium i7 Multi-
plex Kit (10xGenomics, 120262) was used during library preparation. The heart cells from the 9 mice used in our single-cell
sequencing were combined and captured in a single run to ensure consistency and reduce batch effects.

The quality of the sequencing libraries was assessed using bioanalytical instruments, such as the Agilent Bioanalyzer 2100 with the
High Sensitivity DNA Kit (Agilent, 5067-4626). Libraries that passed QC were sequenced on an lllumina NovaSeq 6000 platform using
2 x 150 chemistry. The total number of targeted reads was approximately 15,000. Raw reads were processed using the Cell Ranger
(2.1.0), which included demultiplexing, alignment to the GRCm38 mouse genome using the STAR algorithm, and UMI-based
quantification of transcripts. QC measures were taken to exclude low-quality cells and doublets, ensuring a dataset composed of
high-quality single-cell transcriptomes. Cells with fewer than 200 or more than 6,000 detected genes were excluded, and cells
with mitochondrial gene expression exceeding 10% were removed, based on ref.°”*® and the characteristics of our own data.
Initially, 14,684 cells were captured, and after QC, 8,652 cells were retained for analysis. Additionally, the scDblFinder package
(version 1.8.0) was used to identify doublets. Raw sequencing data were preprocessed using a standardized pipeline that included
trimming, alignment, and quantification of gene expression levels. Batch effects were minimized, and data normalization was carried
out to allow comparison across cells.

Heart tissue section preparation for spatial transcriptomic analysis

Heart was excised from euthanized neonatal C57BL/6 mice following approved institutional protocols for animal care and use. The
excised heart was immediately rinsed in cold phosphate-buffered saline (PBS) to remove excess blood and maintained on ice to pre-
serve tissue integrity. Immediately after extraction, the heart tissue was fixed to preserve cellular structure and prevent degradation.
The tissue was submerged in 4% paraformaldehyde (PFA) for 48 h at room temperature. Subsequently, the heart tissue was dehy-
drated and embedded in paraffin, after which the paraffin block containing the tissue was sectioned using a microtome.

The heart was anatomically divided into four regions: apex, ventricle, atrium, and upper atrium. Each region was sectioned into six
pieces, resulting in a 24-piece heart model for comprehensive spatial analysis. Each tissue section was first subjected to histological
staining using TissueTek O.C.T. Compound (SAKURA, 4583) to preserve and highlight cellular and structural features, thus facilitating
the identification of distinct anatomical areas for subsequent transcriptomic profiling. Following staining, each piece underwent care-
ful processing for spatial transcriptomic sequencing.

Spatial transcriptomic sequencing

Tissue sections were mounted on spatially barcoded microarray slides, specifically the Visium Spatial Gene Expression Slide & Re-
agents Kit (10xGenomics, 1000184), designed for capturing mRNA transcripts while retaining their spatial information. The slides
featured an array of oligo-dT primers, each carrying a unique spatial barcode and a poly (T) sequence to capture polyadenylated
mRNA molecules directly from the tissue. Before sequencing, an in situ reverse transcription reaction was performed on the slides,
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converting the captured mRNA into cDNA while preserving the spatial barcodes. This step was followed by the amplification of the
cDNA directly on the slide, ensuring that sufficient material was generated for high-quality sequencing without the loss of spatial
resolution.

The amplified cDNA was then subjected to library preparation using the Visium Spatial Tissue Optimization Slide & Reagents Kit
(10xGenomics, 1000193), where sequencing adapters and additional indexes were added. The prepared libraries were quantified,
and their quality was validated using a high-sensitivity DNA chip on a Bioanalyzer or a similar instrument. Once verified, the libraries
were pooled and sequenced on a next-generation sequencing platform capable of reading the spatial barcodes along with the tran-
scriptomic information.

Post-sequencing, the raw data were processed using specialized bioinformatics pipelines. This involved demultiplexing the reads
according to their spatial barcodes, aligning the sequences to the reference genome, and annotating the transcripts to their respec-
tive genes. The resulting data provided a gene expression profile for each spatially barcoded spot on the microarray slide.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA data analysis

The single-cell data processing was accomplished using the Seurat package (version 3.1.2). Initially, for the entire heart dataset, the
data were normalized, and principal components (PCs) were selected using an Elbow Plot, focusing on PCs 1 to 26. These PCs were
then used to construct a nearest neighbor graph. During clustering analysis, resolution values ranging from 0.1 to 1.2 were explored,
with a final resolution of 1.2 being chosen. Based on this, t-SNE and UMAP were performed for nonlinear dimensional reduction, and
the results were visualized by both cluster and sample grouping (Figures 1 and S1).

For the CM subpopulations, data normalization and feature selection were similarly conducted, with 2000 highly variable genes
identified using the FindVariableFeatures function. Subsequently, PCA was performed, and batch effect correction was applied using
the Harmony package (version 0.1.0). An Elbow Plot was used again to select PCs 1 to 20, which were utilized to build a nearest
neighbor graph. During clustering, resolution values from 0.1 to 1.2 were tested, with a final choice of resolution at 0.1. Using the
harmony corrected results, t-SNE and UMAP analyses were conducted, and visualizations were created based on clustering and
sample groupings (Figure 2).

Spatial gene expression mapping and integration with single-cell RNA sequencing data

Initially, the expression matrix and spatial image data were loaded using the Read10X and Read10X_Image functions to create a
Seurat object. The SpatialFeaturePlot function was then employed to visualize the spatial expression of specific genes. Subse-
quently, the gene expression matrix from the "Spatial" assay was extracted, and the number of locations with non-zero expression
for each gene was calculated. As part of QC, genes expressed in more than 10 locations were retained. The percentage of mitochon-
drial gene expression was also calculated, and both mitochondrial and ribosomal genes were removed. Thereafter, data normaliza-
tion was performed using the SCTransform function, followed by PC analysis with RunPCA. Clustering analysis was conducted using
FindNeighbors and FindClusters, while dimensionality reduction and visualization were achieved with RunUMAP, dividing the data
into several cell subpopulations. Deconvolution with single-cell RNA-seq data was then used to annotate the cell types within the
spatial transcriptomics data.

The spacexr package (version 2.2.1) was employed for deconvolution analysis, aiming to determine the cellular composition in
spatial transcriptomics data. Initially, sScRNA and stRNA data were loaded. A reference object was constructed by extracting RNA
counts and cell type information from the scRNA data. Spatial coordinates and count matrices were obtained from the stRNA
data, and a spatial RNA object was created using the SpatialRNA function. Finally, deconvolution analysis was performed with
the create. RCTD and run. RCTD functions to infer the cell type composition at each spatial location, and the SpatialDimPlot function
was used to visualize the spatial distribution of different cell types.>°

This integration of spatial and scRNA-seq data provided a multi-layered understanding of the cellular composition, gene expres-
sion patterns, and functional states within the neonatal mouse heart. This combined approach enabled the exploration of intricate
relationships between gene expression, cell type distribution, and anatomical organization, offering insights into the developmental
and functional architecture of the heart (Figure 5).

Pseudotime trajectory analysis

To infer the developmental trajectory of CM subtypes in the neonatal mouse heart, we employed the Monocle package (version
2.22.0) to construct pseudotime trajectories. This computational approach allows for the ordering of individual cells based on their
transcriptional profiles, thus providing insights into the temporal progression of cellular differentiation. By aligning single-cell tran-
scriptomic data along a constructed trajectory, we can observe the emergence of distinct cellular states and the functional special-
ization of CMs (Figure 3).

Analysis of intercellular communication

The elucidation of ligand-receptor interactions among cell types and subtypes was performed using the CellPhoneDB package
(version 1.6.1). This computational method predicts potential intercellular communications by identifying significant ligand-receptor
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pairs. The analysis was conducted by collating single-cell transcriptomic data, which provided a detailed expression profile for each
cell type present in the developing murine heart. Subsequently, the inferred interactions were overlaid onto spatial transcriptomic
maps, allowing for the localization of these interactions within the tissue architecture. This integrative approach enabled the identi-
fication of spatially resolved communication networks, which are crucial for understanding the functional specialization and hetero-
geneity of cells in the neonatal mouse heart (Figures 6 and 7).

Functional enrichment and pathway analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were executed to interpret the bio-
logical functions and processes associated with the identified gene expression profiles (Figures 2 and 4).
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