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Abstract

Heart maturation and remodelling during the foetal and early postnatal period are critical for
proper survival and growth of the foetus, yet our knowledge of the molecular processes
involved are lacking for many cardiac cell types. To gain a deeper understanding of the
transcriptional dynamics of the heart during the perinatal period, we performed single-cell
RNA-seq on E14.5, E16.5, E18.5, PO, P4 and P7 mouse hearts to establish a catalogue of
49,769 cells. Gene regulatory network and pathway activity analyses underscored that heart
maturation is strongly associated with regulation of cell growth and proliferation via pathways
such as TGFB. We additionally identified a common, cell type-independent signature for
imprinted genes over time. Surprisingly, bioinformatics analyses and confirmation with
RNAscope confirmed that while IncRNA H19 expression decreased over time in multiple
cardiac cell types, it remained stably expressed in endocardial cells between E14.5 and P7.
This suggests a differential requirement for H19 in the endocardium, and points towards an
endocardium-specific maturation process when compared to other cardiac cell types. We
envision this dataset to serve as a resource for better understanding perinatal heart
maturation at the transcriptomic level, and to help bridge the gap between early
developmental and adult heart stages for single-cell transcriptomics.
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Introduction

The mammalian heart is a complex, multicellular organ, responsible for blood circulation of
deoxygenated blood to the lungs and oxygenated blood to the rest of the body. During early
embryonic development, the heart forms from the first and second heart fields to give rise to
the four chambered heart, through a series of complex morphogenetic changes and
contributions from extracardiac progenitors (Anderson et al.,, 2014; Bruneau, 2013;
Moore-Morris et al., 2018). Heart formation takes place early in embryonic development and
major structures are established around seven weeks of gestational life in humans and about
14 days in the mouse. Although the heart is nearly fully formed and functional at this point, it
still has to undergo extensive growth and cellular changes throughout foetal and postnatal life
(Buckingham et al., 2005; Pervolaraki et al., 2018). The transition from foetal to neonatal life
imposes several major challenges on the young heart. Oxygen availability drastically
changes, as the foetus progresses from a relatively hypoxic intrauterine environment to
atmospheric oxygen levels (Dawson et al., 2010) and the postnatal heart has to adapt to
increased workload due to cessation of foetal blood circulation and start of oxygenation via
the lungs (Morton and Brodsky, 2016; Tan and Lewandowski, 2020). The large physiological
changes imposed on the newborn heart are accompanied by molecular adaptations of the
different cell types (Lai et al., 2008; Piquereau and Ventura-Clapier, 2018; Sim et al., 2015).
Cardiac muscle cells transition from glycolysis to fatty-acid energy metabolism to meet energy
demands (Murphy et al., 2021a, 2021b; Padula et al., 2021; Piquereau and Ventura-Clapier,
2018; Uosaki et al., 2015) and cardiac fibroblasts need to provide structural support via
extracellular matrix (ECM) synthesis (Hortells et al., 2020; Wang et al., 2020). Several studies
have investigated heart maturation using bulk technologies such as RNA-seq and ATAC-seq,
often with a focus on cardiomyocytes (Quaife-Ryan et al., 2017; Talman et al., 2018).
Although these efforts have uncovered important maturation signals for cardiomyocytes, such
as oestrogen-related receptor signalling (Sakamoto et al., 2020), non-myocyte -cell
populations are often neglected.

Single cell RNA-seq has become a powerful tool to interrogate the transcriptome of the
different cell types of the heart (Paik et al., 2020; Yamada and Nomura, 2020). Early studies
investigating heart development in the mouse discovered important transcriptomic changes
across major cardiac cell types, but were limited in throughput and the number of different cell
types identified (DelLaughter et al., 2016; Li et al., 2016). Subsequent technological advances
have enabled much higher throughput for mouse and human heart single-cell transcriptomes
to study cardiac cell diversity and disease models (Asp et al., 2019; Cui et al., 2019;
Litvinukova et al., 2020; Skelly et al., 2018; Tucker et al., 2020). Despite these improvements,
most single-cell studies focused on models of early developmental processes in heart
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formation (de Soysa et al., 2019), postnatal cardiomyocyte maturation and regeneration (Hu
et al., 2018; Kannan et al., 2021; Murphy et al., 2021b; Wang et al., 2020) or acute disease
models like myocardial infarction and cardiomyopathy (Forte et al., 2020; Koenig et al., 2022;
Li et al., 2019; Rizzo et al., 2023; Ruiz-Villalba et al., 2020; Tombor et al., 2021; Vafadarnejad
et al., 2020). This has left a gap in our understanding of the transcriptomic changes in the
heart at the single-cell level during the perinatal window, the time just before and right after
birth, which is a critical period for heart growth. Few studies have covered this period, with
Feng et al. (Feng et al., 2022) being a recent exception.

Here, we generated single-cell transcriptomes from mouse hearts across six time points,
during foetal to neonatal transition (further referred to as the perinatal period, time points
E14.5 to P7) using the droplet-based technology Drop-seq (Macosko et al., 2015). We
identified distinct cardiac cell types and states and investigated the cell-type specific and
common temporal gene expression dynamics. We performed gene regulatory network and
pathway activity analysis to infer specific transcriptional programs associated with heart
maturation. We examined gene expression changes over the perinatal period and identified
the IncRNA H19 as significantly decreasing over time in multiple cell types, except in
endocardial cells. Our data, results and insights reveal transcriptional dynamics during the
perinatal period in all major cardiac cell types and can serve as guidance to identify new
potential targets for cell maturation in in vitro cardiac differentiation protocols.

Results

Single-cell diversity in the mouse heart during the perinatal maturation

To establish a dataset of cardiac cell types throughout the perinatal period in the mouse, we
performed scRNA-seq using Drop-seq on dissociated whole mouse hearts at three foetal
(E14.5, E16.5, E18.5) and three neonatal (PO, P4, P7) time points. After quality control, we
obtained a final merged dataset of 49,769 single-cell transcriptomes (E14.5: 8,889 cells,
E16.5: 8,396 cells, E18.5: 6,058 cells, P0: 9,213 cells, P4: 8,922 cells, P7: 8,291 cells) across
perinatal heart remodelling and maturation stages (Figure 1, Table S1). Seurat clustering and
manual annotation using known markers revealed common cardiac cell types across the six
sampled time points (Figure 2, Table S2).

Cardiomyocytes (CMs) were an abundant cell type in our dataset (35% of all cells), consistent
with relative cell quantities in the heart (Banerjee et al., 2007; Pinto et al., 2016; Zhou and Pu,
2016). Three major cardiomyocyte subtypes, atrial (ACM: Myl7), ventricular (VCM: Myi2,
Myl3, Myh7) and trabecular (TCM: Nppa, Gtsf1) were identified. Trabecular cardiomyocytes
mostly resembled ventricular cardiomyocytes in their transcriptional signature, but share
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several known markers with atrial cardiomyocytes, such as expression of atrial natriuretic
peptide A (Nppa) (Houweling et al., 2005; Seidman et al., 1991). Two atrial cardiomyocyte
subtypes (ACM1 and ACM2) were noted, primarily distinguished by increased expression of
Nppa, Nppb, and Bmp10 in ACM2. High-resolution clustering additionally revealed an
ACM1-like, Nppa-negative cluster of cardiomyocytes expressing genes associated with the
cardiac conduction system such as Vsnl/1, Shox2, and Sic22a1 (Goodyer et al., 2019), likely
containing cells of the sinoatrial node and the rest of the cardiac conduction system
(SAN/CC).

Mural and interstitial cells represented the largest group of cells that were readily sampled at
all time points (41% of cells). These cells were comprised of cardiac fibroblasts (CFIB: Dpf,
Tcf21, Lsp1, Spon2), vascular smooth muscle cells (VSM: Tagln, Acta2, Rgsb5), pericytes
(PERI: Kcnj8, Abcc9, Higd1b) and valvular interstitial cells (VIC: Vcan, Col9a1, Prss35,
Adamts19, Cthrc1). Both CFIB and VSM were subdivided in two clusters, with CFIB2 being
notably enriched for Osr1 and VSM2 being enriched for the contractile gene Myh11. In
contrast to the interstitial and mural cell populations which shared some similarity in their
transcriptional profiles, epicardial cells (EPI) expressed highly specific genes (Upk3b, Upk1b,
Wt1, Msin, Krt19).

Several different subtypes of endothelial cells (ECs, 17% of cells) were additionally present in
our dataset. ECs were generally identifiable by canonical markers VE-Cadherin (Cdh5) and
CD31 (Pecam1), and further subdivided into vascular (VASCE: Fabp4, Cav1), endocardial
(ENDO: Npr3, Mmrn2, Emcn), lymphatic (LYMPHE: Ccl21a, Mmrn1) and valvular endothelial
cells (VEC: Hapin1, Cldn11, Lsamp, Cd24a). An additional endothelial cluster was classified
as arterial (ARTE) based on strong expression of Gkn3 (Vanlandewijck et al., 2018) in
addition to Gja4, Fbin5, Bmx, and Elin.

Macrophages were the predominant immune cell subtype found among cardiac cells. We
identified three Cd14+ macrophage subsets: MAC1 (C1qa, Mrc1, Pf4, Ccl2), MAC2 (Plac8,
S100a8, Thbs1) and MAC3 (H2-Eb1, H2-Aa, H2-Ab1, Cd74). Other myeloid and lymphoid cell
types were seen at later developmental stages representing B-cells (BCELL: Cd79a, Ighm,
Ly6d), T-cells (TCELL: Trbc2, Ms4a4b, Cd3d) and Mast cells (MAST: Cpa3, Hdc, Il1rl1).

Finally, we identified small but clearly distinct clusters of melanocytes (MELA: Pmel, Mlana,
Dct, PIp1), Schwann cells (SCH: Erbb3, Mal, S100b, Plp1) and neuronal cells (NEURO: Nefi,
Nefm, Elavi2). Lastly, a small cluster of E14.5-E16.5 cells enriched for Col2a1, Mia, and Wif1
was identified as probable chondrocytes (CHON), and thus likely of tracheal rather than
cardiac origin. These cells were therefore excluded from subsequent analysis. While most cell
types were found in all biological replicates at all time points, rare cell types such as neuronal
cells, melanocytes, B- and T cells were only sampled in some of the biological replicates we
used, owing to their low relative abundance in each isolated heart.
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To experimentally validate the cell specificity of our markers, we performed RNAscope using
probes for Myl2, Myl7, Upk3b, Tcf21, Myh11, Kcnj8, Fabp4, Npr3, Cdh5, and Cthrc1 (Figure
3). VCM, ACM, and EPI cells were especially well stained by Myl2, Myl7, and Upk3b
respectively. While no truly unique markers (i.e., not shared by other mesenchymal cell types)
covering all time points could be found for VICs, Cthrc1 was fairly specific to valves up to PO,
after which significant Cthrc1 expression was observed in non-VIC fibroblasts. We were
particularly interested in Npr3, which prior studies had found to be an endocardial marker
(Feng et al., 2019; Zhang et al., 2016). Our RNAscope showed Npr3 to specifically outline
atrial pectinate and ventricle trabecular endocardial cells without staining VECs, lending
credence to Npr3 being a strong marker for non-valve chamber endocardium. Overall, the
RNAscope staining validated the markers used for annotating our scRNA-seq clusters.

Gene regulatory network and pathway activity analyses underscore
common importance of cell proliferation regulation across cardiac cell

types

Following identification of distinct cell types in our dataset, we used the tool decoupleR
(Badia-I-Mompel et al., 2022) to analyse gene regulatory network and pathway activity
changes across developmental timepoints. Cell types with sufficient population and
representation from E14.5-P7 were each isolated from the main dataset and analysed
separately. Altogether we obtained separate results for four cardiomyocyte populations (ACM,
VCM, TCM, SAN/CC), five endothelial populations (ENDO, VASCE, VEC, LYMPHE, ARTE),
cardiac fibroblasts, epicardial cells, valve interstitial cells, vascular smooth muscle, pericytes,
and macrophages.

Gene regulatory network analysis

The decoupleR package was used to infer transcription factor (TF) activity scores from a
curated collection of TFs and their transcriptional targets (CollectTRI, see Methods). For each
cell in a dataset representing a single cardiac cell type, a positive score indicated a TF was
active, a negative score indicated the TF was inactive and O indicated lack of regulation by
the TF. The mean activity scores for each timepoint were then calculated and standard
deviation was used to assess which TFs showed the greatest variation in scores across time.
The mean scores per time point for these top TFs were then plotted as a heatmap, with red
and blue representing increased and decreased TF activity respectively (Figure 4a, Figure
S1). A notable shift in TF activity was found to occur from 18.5 to PO (i.e. pre- to postnatal) in
most cell types, indicating that postnatal maturation in those cells is associated with
significant changes in molecular pathways requiring the activation of distinct TFs.
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Interestingly, this transition occurred much earlier in VICs, consistent with their relatively early
initiation and completion of development (E9.0 to E14.5) compared to other cardiac cell types.
In many cases higher postnatal activity predominated among the top TFs (with fibroblasts and
VICs being extreme examples), but cardiomyocyte, macrophage, and pericyte TFs were more
evenly split between foetal and postnatal activity. Arterial endothelium and trabecular
cardiomyocytes showed particularly extreme change in TF activity from P4 to P7.

Overall, the top TFs were less cell type specific and more general than anticipated. Two
proto-oncogenes, Myc and Skil, were repeatedly detected among the top hits showing
significantly decreased activity across time. Skil was particularly interesting as Smad2-3,
members of the TGFB pathway and known to be inhibited by Skil (Luo et al., 1999), were also
often among the top hits with increased activity across time. Correlation analysis of Skil vs
Smad3 activity indeed showed a clear strong negative correlation between the two
transcription factors (Figure 4b). The balance between Skil and Smad2-3 in turn likely plays a
role in regulating TGF.

Other common TFs directly regulating growth and proliferation included Fos/Jun family
members, which were among the top results in fibroblasts, VICs, vascular smooth muscle,
and endothelial cells. Finally, peroxisome proliferators including Ppara/g were identified by
decoupleR in pericytes, vascular endothelium, vascular smooth muscle, and all
cardiomyocytes; the latter consistent with their known shift to fatty acid oxidation. In addition
to regulating metabolism, PPARYy inhibits cell proliferation via decrease in c-Myc, whereas
PPARa induces apoptosis (Martinasso et al., 2007).

Parallel to using decoupleR, we performed gene regulatory network analysis using SCENIC
(Aibar et al., 2017; Van de Sande et al., 2020). Briefly, regulon specificity scores (RSS) for
both foetal and postnatal timepoints were calculated for each cell type. The resulting scores
were then placed in descending order to obtain the top foetal and postnatal TFs (Table S3).
Foetal timepoints showed some enrichment for TFs known to be expressed or significantly
associated with their respective cell type development, ex. Nkx2-5 and Hand1/2 in
cardiomyocytes (Lints et al., 1993; McFadden et al., 2005), Etv2 in endocardial cells (Ferdous
et al.,, 2009), /s/1 in arterial endothelium (Cai et al., 2003; Sun et al., 2007) and HesT in
epicardium (del Monte et al., 2011). While Wt1 was not among the top TFs in epicardial cells,
it was enriched at foetal timepoints in a number of other cell types including arterial
endothelium, fibroblasts, vascular smooth muscle, and cardiomyocytes, consistent with Wt1
expression in non-epicardial cells at later developmental stages (Rudat and Kispert, 2012).
Postnatal time points were commonly enriched for Fos and Jun as well as KIf factors,
particularly KIf2 and KIf9. cJun regulates cell cycle progression and apoptosis and is required
for normal heart development (Eferl et al., 1999; Zhang et al., 2013), while KIf2 is a key shear
stress response agent required for normal valve development (Chiplunkar et al., 2013;
Goddard et al., 2017). Taken together it appears that cell-specific GRNs are more likely to be
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active during lineage specification early in development (prior to the majority of time points
studied here), while heart maturation is a more common and non-cell specific process. This
would be consistent with Cui et al.’s finding that cardiomyocytes from 5-7 week human
embryos were enriched for HAND1/2, NKX2-5, and TBX5 and already had chamber-specific
expression profiles (Cui et al., 2019).

Pathway analysis

Pathway analysis was also performed in decoupleR using the Hallmark geneset collection
from the Molecular Signatures Database (MSigDB, (Castanza et al., 2023; Subramanian et
al., 2005). Similarly to the GRN analysis, for each cell, an overrepresentation score for each
Hallmark pathway was inferred (see Methods). The mean score per time point was then
calculated and standard deviation used to assess which pathways showed the most variation
across time. Heatmap plots of the mean overrepresentation scores per time point of these top
pathways for each respective cell type were then generated (Figure 5, Figure S2).

A shift in pathway activity was again noted as cell types progressed in development,
particularly going from foetal to postnatal (with VICs again showing an earlier shift). It's worth
noting that the pathways did not always show straight increases or decreases from E14.5 to
P7. In fact, in many cases a “reversal” from PO to P4 or P4 to P7 occurred. Myc and the
Pi3K-Mtor pathway were the main pathways commonly downregulated with developmental
time. Upregulated pathways included Tnfa via Nfkb, IL6 Jak-Stat3, and the p53 and TGFp
pathways. These are known to be associated with hypertrophic cell growth (Dobaczewski et
al., 2011; Kodama et al., 1997; Mak et al., 2017; Purcell et al., 2001) and apoptosis (Dhingra
et al., 2009) in cardiomyocytes. The TGFB pathway was additionally found upregulated with
time across multiple cell types when using the PROGENy dataset (Schubert et al., 2018)
(Figure S3), lending further credence to the previous TF activity analysis results. While the
referenced studies involved cardiomyocytes, our results would suggest that regulation of cell
growth is an important aspect of maturation across all cardiac cell types. Evidence of the
known switch from glycolysis to aerobic respiration and fatty acid metabolism in
cardiomyocytes (Padula et al., 2021; Uscategui Calderon et al., 2023) could be seen in the
results for ACM, VCM, and TCM, with the former being downregulated and the latter two
upregulated with time.

Cell-type specific gene expression dynamics during cardiac foetal to
postnatal transition

We next aimed to determine the genes involved in driving heart maturation during perinatal
development. We utilised a semi-supervised approach termed psupertime (Macnair et al.,
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2022), which used known time-series labels (in our case E14.5, E16.5, E18.5, PO, P4, P7) as
input to assign cells a quantitative pseudotime score per cell type. The use of pseudotime
was important, as not all cells progress through development at the same rate. An ordinal
logistic regression model identified genes for each cell type showing differential expression
across the pseudotime trajectories during foetal to neonatal transition. Any gene with a
non-zero beta coefficient was considered by psupertime to be relevant to the pseudotime
ordering of the cells, and thus significantly vary in expression with time (also referred to as
showing “dynamic” expression).

Our analysis identified known isoform switches from alpha- (Myh6) to beta-myosin heavy
chains (Myh7) as well as the switch from foetal to adult Troponin | genes (Thni1 to Tnni3) in
ventricular cardiomyocytes, in line with previous observations (Bedada et al., 2014;
DelLaughter et al., 2016; Siedner et al., 2003) (Figure 6a). These positive control genes
indicate that our approach is able to confidently identify known, biologically relevant signals
with temporal dynamic expression. We applied the same strategy to all major cell types,
excluding those with inconsistent sampling across time or very few total cells in the dataset
(Table S4).

The number of dynamic genes per cell type varied significantly, ranging from 27 (LYMPHE) to
1556 (CFIB1). Fibroblasts and atrial/ventricular cardiomyocytes showed by far the most
genes with dynamic expression over pseudotime, potentially reflecting a greater degree of
perinatal development compared to other cell types. Fibroblasts are known to have extensive
postnatal proliferation and involvement in ECM remodelling, while cardiomyocytes undergo
significant changes previously discussed including hypertrophic cell growth with concomitant
cell cycle arrest, sarcomeric protein isoform switching, and a transition to aerobic respiration
(Padula et al., 2021; Uscategui Calderon et al., 2023). Caution must be taken with this
interpretation however, as we noted positive correlation between cell number and the number
of dynamic genes found per cell type (Figure S4). This is not unexpected as greater sample
numbers generally allow for more statistically significant results.

On average we detected 404 genes with dynamic expression over pseudotime per cell type.
Of the 4,886 genes identified in total, 3,737 (76%) were unique to one cell type and 234
(4.8%) were present in >= 3 cell types. The latter included mitochondrial genes, ribosomal
genes, solute carrier (Slc) proteins, genes associated with metabolic pathways such as
cyclooxygenase (Cox) and fatty acid binding protein (Fabp) family members, and some
sarcomere genes. Low-level expression of Mic2a, Nkx2-5, and cTnt has been previously
observed in the pro-epicardial organ during development (Filipczyk et al., 2007,
Mommersteeg et al., 2007) and could help explain the latter finding. The genes that most
stood out overall in their prevalence across diverse cell types included H19 (9 types), mt. Nd1
(9 types), Calm1 (8 types) and Cd9 (7 types) (Table S4). Of those, the IncRNA H19 was the
top psupertime hit (based on absolute beta coefficient scores) for epicardial cells, vascular
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endothelium cells, vascular smooth muscle cells, and macrophages, and in the top 5 for atrial
cardiomyocytes, fibroblasts, and valve interstitial cells (Figure 6b).

Decrease in INcRNA H19 expression is a common feature of cardiac
cell maturation, with the exception of endocardial cells

Given the psupertime results, we further examined H19 expression patterns during cardiac
cell maturation. H19 expression decreased strongly in most cell types, of distinct origins, from
E14.5 to P7 (Figure 7a). Interestingly, endocardial and valve endothelial cells (known to be
derived from endocardial cells) were the notable exception to this pattern, showing relative
maintenance of H19 expression. To validate this finding, we also analysed a recently
published, independent dataset (Feng et al., 2022) generated using a different single-cell
technology called MULTI-seq. The same pattern was indeed replicated in this dataset, which
included an expanded series of timepoints from E10.5 to P9. In most cases an initial increase
in H19 expression peaking around E14.5 and decreasing thereafter could be seen. Consistent
with our data, H19 expression was substantially maintained in endocardial cells and VECs
(Figure 7b). We additionally analysed only male or female samples to verify that this pattern
was not sex-dependent (Figure S5).

To experimentally validate these in-silico results, we performed RNAscope staining using our
earlier cell type specific markers alongside H19 (Figure 8). H19 expression was generally
diffuse but most highly expressed in endothelial cells, as expected from the scRNA-seq
analysis. In each case a substantial decrease in H19 was seen over time in non-endocardial
cells, with the greatest drop occurring from P1 to P7. Notably, by P7 H19 appeared to only
remain in endocardial and valve endothelial cells, confirming maintenance of expression.

Interestingly, the RNAscope analyses showed valve H19 expression becoming more spatially
localised over time. At E14.5, H19 was diffusively expressed in VICs and present in VECs on
both sides of the valve. However, at P1 and P7, H19 appeared to be specifically expressed in
VECs and only at the coapting interface. This highlights the importance of supplementing
scRNA-seq data with staining when analysing gene expression in order to obtain precise
spatial information.

Shared expression dynamics highlight imprinting as an important
regulator of perinatal growth

Having identified H19 as a potential regulator of maturation in the heart, we wanted to
investigate potential downstream effects of H19 and other genes showing dynamic
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expression during the perinatal period. We thus performed enrichment analysis of 1,149
genes identified by psupertime as showing significant dynamic expression in at least 2
different cell types, using the MGl Mammalian Phenotype 2021 library. This analysis revealed
significant (Benjamini-Hochberg adjusted p-value <0.05) enrichment for 37 terms (Table S5).
The top three terms in order of descending p-value were cardiac hypertrophy (MP:0001625),
increased heart weight (MP:0002833), and dilated heart left ventricle (MP:0002753), with
many of the remaining significant terms also referencing dilation or hypertrophy. These results
are consistent with the cell growth-related TFs and pathways found in the decoupleR
analysis. While these terms reference pathological processes, many of the genes driving the
results are necessary for normal heart development. One example from our analysis is Cav1,
which is expressed primarily in fibroblasts and endothelial cells and is required for normal
formation of vesicular invaginations of the plasma membrane called caveolae (Liu et al.,
2008). Cav1 null mouse hearts demonstrate significant cardiac hypertrophy, likely due to
hyperactivation of the p42/44 MAP kinase cascade which Cav1 negatively regulates (Cohen
et al.,, 2003). A number of cardiac developmental genes are also in fact known to cause
hypertrophic pathology when improperly reactivated (referred to as the “foetal gene program”)
(Kuwahara et al., 2012; Olson and Schneider, 2003).

A search for H19 within the Enrichr results found it to be associated with decreased body
weight (MP:0001262) (p=0.013). It was also associated with increased placenta weight
(MP:0004920), paternal imprinting (MP:0003123) and genetic imprinting (MP:0003121), all of
which had high-ranking enrichment scores (combined p-value/odds ratio). The latter terms
reflect that H19 is known for being part of the major imprinted H19/IGF2 locus, with H19 being
expressed exclusively from the maternal allele and IGF2 from the paternal allele. Maternal
imprinting (MP:0003122) was itself significant (p=0.03) in the enrichment analysis. We
therefore reviewed the psupertime expression patterns of imprinted genes from both sets and
found that VECs also showed remarkably less change in expression in many of these genes
compared to other cell types such as epicardial cells, fibroblasts, and ventricular
cardiomyocytes (Figure 9). This suggests that maintenance of imprinted genes may be of
particular importance for VEC maturation.

Discussion

In this study we performed high-throughput, droplet based single-cell transcriptomics of
mouse hearts at six different time points throughout the perinatal period (E14.5 to P7). We
identified major cell types such as cardiac fibroblasts, cardiomyocytes, and endothelial cells,
but were also able to sample much less frequent cells, such as melanocytes, neuronal cells,
and lymphatic endothelial cells. Our dataset vastly increases the number of cell
transcriptomes and cell types characterised compared to previous studies that included foetal
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to neonatal transitions. This largely increased sample size allowed us to determine the
common transcriptional response of cardiac cells during the transition to neonatal life. We
found that the great maijority of enriched GRNs and pathways were related to regulation of
cell growth and proliferation. Notably Fos/Jun, STAT3, KLF, and NF-KB (upregulated in
maturation) are all known to directly modulate transcription of Cyclin D1 (Duronio and Xiong,
2013), a nuclear protein required for cell cycle progression in G1. Cyclin D1, along with other
positive cell cycle regulators such as Rb, is known to be highly expressed in foetal
cardiomyocytes but significantly downregulated in neonatal cardiomyocytes, coinciding with
postnatal cell cycle arrest (Zhao et al., 2020). c-MYC (downregulated with maturation) forms a
heterodimeric complex with the protein MAX which activates a variety of known target genes
essential for cell-cycle progression and growth including Cyclin D2, CDK2, and the translation
initiation factors elF4 and elF2 (Pelengaris et al., 2002).

We observed a decrease in Skil activity over time across many cardiac cell types
corresponding with increased Smad2/3 and resulting TGFB pathway activity. The TGFp
pathway is highly important for development and multifunctional, with context-dependent
effects on cell growth (Massagué, 2012). A prior study found that a small set of master
transcription factors direct Smad3 to cell type-specific binding sites and determine cell
type-specific responses to TGFB signalling (Mullen et al.,, 2011). Similar cases for other
pathways may help explain why our results appeared less cell-specific than perhaps
anticipated, given the number of distinct cardiac cell types that must be specified in
development. Given the known association of TGFB with heart disease (Frangogiannis,
2022), it is of high interest to further study the impact of increased TGFf activity on each cell
type throughout cardiac maturation.

It is worth stressing that the Hallmark pathways identified by decoupleR do not act in isolation,
and can in fact regulate each other. For example, the IL-6-STAT3 pathway is known to
mediate the prevention of apoptosis induced by TGF (Hirano et al., 2000). Interestingly, both
STAT3 and NF-KB target and drive expression of c-Myc (Duyao et al., 1990; Kiuchi et al.,
1999) and may thus be necessary to prevent complete downregulation of c-Myc during
maturation.

Analysis of time-varying genes via psupertime likewise showed a common enrichment in
terms relating to cell growth. Given the relative commonality seen in the pathway results, it is
curious that most of the dynamic genes were actually cell-specific. It must be kept in mind
though that high-level pathways (as used by decoupleR and prevalent in development) are
themselves rarely specific and typically associated with a large number of genes, thus
increasing statistical significance. The overall top time-varying gene was the IncRNA H19,
part of a major imprinting locus with IGF2. H19 significantly decreased across multiple cell
types in our analysis as well as in an independent dataset, and this was further verified
experimentally via RNAscope.
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The identification of a signature for imprinted genes suggests that common gene expression
changes across cell types in the murine heart during perinatal development are involved in
regulation of cell and organ growth after birth. While the downregulation of imprinted genes
across different organs postnatally has been shown previously (Lui et al., 2008), to the best of
our knowledge this is the first observation of this mechanism across different cell types in the
mouse heart during development. The reason for the downregulation of imprinted genes such
as H19 in many organs postnatally is still strongly debated (Moore et al., 2015; Moore and
Haig, 1991). Our findings indicate that downregulation of imprinted genes can be observed
across multiple cell types in the newborn heart and coincides with transition from foetal to
neonatal growth in the heart.

The H19/IGF2 locus has been well studied and known to be involved in foetal programming
through DNA methylation. In brief, the locus is regulated by an imprinting control region (ICR)
containing binding sites for the insulator protein CTCF (Szab¢ et al., 2004). Unmethylated
ICR on the maternal allele allows binding of CTCF, which blocks transcription of IGF2 and
activates H19, whereas on the paternal allele, ICR methylation activates IGF2 transcription
and silences H19. Misregulation of this locus causes growth disorders in humans including
Beckwith-Wiedemann syndrome and Silver-Russell Syndrome (Bliek et al., 2006; Brunkow
and Tilghman, 1991; Gabory et al., 2010; Sparago et al., 2004). These conditions, particularly
the former, are known to be associated with cardiovascular defects including congenital heart
disease (Ghanim et al.,, 2013; Greenwood et al., 1977). In general, IGF2 has a growth
promoting effect while H19 has a growth restraining effect. H19 was in fact highlighted as
anti-hypertrophic by a study in which ectopic induction of H19 expression was sufficient to
suppress cardiomyocyte hypertrophy in vitro (Viereck et al., 2020). In recent years one study
has positively linked cardiovascular pathology in mouse loss of imprinting models to
misexpression of H19 and specifically reduction of H19 binding to Mirlet7 (Park et al., 2021).
However, the molecular disease processes of the above growth syndromes have not yet been
extensively studied or examined in the context of perinatal heart maturation.

In our study, endocardial cells appeared to be an exception to the observed overall
downregulation of H19, instead showing relative maintenance of H19 expression. The
majority of heart valve development takes place between E9.5 and E14.5 (Feulner et al.,
2022) and previous reports suggested that subsequent endocardial contributions are
restricted by a VEC-specific Nfatc1 enhancer (Zhou et al., 2005). Nfatc1 modulates
endothelial-to-mesenchymal transition (EndoMT) in a cell-autonomous manner by
suppressing transcription of Snail1/2 (Wu et al., 2011). This is relevant as interaction of H19
with the polycomb repressive complex 2 suppresses H3K27 tri-methylation of the Tescalcin
locus, leading to reduced NFAT expression and activity (Viereck et al., 2020). H19 may thus
play a role in limiting Nfatc1 signalling by the autoregulated enhancer in VECs, ensuring
normal balance between EndoMT and valve elongation. H19 also helps to prevent EndoMT

12


https://doi.org/10.1101/2024.03.05.583423
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.583423; this version posted March 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

via TGFB (Thomas et al., 2019) and has specifically been found to inhibit TGFB2-induced
EMT of the eye lens by suppressing Smad-dependent signalling (Xiong et al., 2022). We
therefore propose that stable H19 expression in VECs is required for maintenance of the VEC
phenotype, and that misregulation of H19 might thus lead to reduced valve endothelium.
Further experimental validation is required to determine whether H19 and Nfatc1-mediated
regulation of VEC phenotypes and foetal valve maturation are related. In contrast,
downregulation of H19 in other cell types is likely required for the continuous contributions of
these cell types to early postnatal cardiac growth. Additionally, H19 overexpression in VICs
has been found to alter the Notch1 pathway, leading to increased expression of Runx2 and
development of an osteoblastic VIC phenotype resulting in calcific aortic valve disease
(CAVD) (Hadiji et al., 2016). The downregulation of H19 seen in VICs is thus likely important in
maintaining their quiescence and preventing improper activation.

The results from our scRNA-seq dataset illustrate the complex interplay of GRNs and
pathways necessary to balance proliferation (via modulation of cell cycle progression vs
apoptosis) and hypertrophic cell growth during cardiac cell maturation. Multifaceted pathways
like TGFB that are capable of modulating all these functions in various contexts are thus
understandably key. Our study additionally suggests that modulation of imprinted genes, in
particular the IncRNA H1719, is important for cardiac cell maturation. The overall
downregulation of H79 that we observed likely plays a hitherto-unappreciated role in
maintaining normal proliferative levels and phenotype of many cell types including valve
interstitial cells, with disease implication in cases of dysregulation. Conversely, our results
suggest that stable H719 expression is specifically required for phenotype maintenance of
endocardial and especially valve endothelial cells.

Limitations

Our study validated known cardiac cell types and markers, and we additionally identified
novel candidate genes and pathways involved in the transition from foetal to neonatal life.
However, our analyses (and those in other scRNAseq studies that require tissue dissociation)
may be affected by capturing cardiomyocytes at a lower rate with increasing age, while less
fragile cells, such as stromal and interstitial cells are relatively enriched. Consequently,
maturing binucleated or multinucleated cardiomyocytes may be underrepresented. Another
factor hindering capture of maturing cardiomyocytes is their increasing size, which can make
them too big to be captured in droplet based single-cell applications.
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Materials and Methods

Animal ethics and collection of heart tissue

All experiments involving mice were performed according to the Canadian Council on Animal
Care (CCAC) guidelines and were approved by the ethical committee of the CHU
Sainte-Justine Research Centre. Mice acquired from Jackson Laboratory (C57BI/6NJ, stock
nr.:005304) were maintained on a C57BI/6NJ background at the CHU Sainte-Justine animal
facility. Mice were kept on a 12 hour light/dark cycle (6.a.m to 6p.m.) under
specific-pathogen-free (SPF) conditions, with ad libitum access to water and food on a
standard chow diet (2918 Teklad global 18% protein rodent diets (Supplier Envigo)). Room
temperature was maintained between 20-24°C with 40-70% humidity, according to CCAC
guidelines. Mice breedings were set up between wild-type C57BI/6NJ mice. Matings were
checked in the morning and if a copulation plug was present, noon of that day was counted as
EOQ.5 of the pregnancy.

Methods for extracting foetal hearts were the same as in Winnemann et al. (Winnemann et
al., 2020). Briefly, pregnant females were sacrificed by injection of Pentobarbital followed by
cervical dislocation of the female. The uterus containing foetuses was extracted and kept on
ice in DPBS during dissection. Fine dissection of individual foetuses was performed in cold
DPBS under a stereoscopic microscope. For postnatal time points, the morning of birth was
considered as PO and pups were processed the same day, while P4 and P7 were processed
four days and seven days following the morning of birth respectively. For all time points, the
heart was extracted by cutting the abdominal aorta using scissors and carefully pulling out the
lungs together with the connected heart. Any remaining lung tissue, trachea, fat or
non-cardiac tissue was removed. The pulmonary veins and the inferior vena cava were cut as
close to the base of the heart as possible and the pulmonary artery and aorta were cut close
to the pulmonary valve and aortic valve, respectively, to exclude the majority of these two
large vessels from the tissue dissociation.

Single cell dissociation of heart tissue

Dissected hearts were cut into small pieces using fine dissecting scissors and transferred to
gentleMACS C-tubes (Miltenyi Biotec, Cat-Nr:130-093-237) containing enzymatic digestion
solution according to manufacturer’s protocol for the Neonatal Heart Dissociation Kit (Miltenyi
Biotec, Cat-Nr: 130-098-373). Two mouse hearts were processed in separate C-tubes at the
same time for all experiments presented in this manuscript. C-tubes were subsequently fitted
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onto a gentleMACS Octo Dissociator (Miltenyi Biotec, Cat-Nr: 130-095-937) using the
program 37C_mr_NHDK_ 1, which performs enzymatic and gentle mechanical tissue
dissociation at 37°C according to manufacturer's protocol. Following completion of the
dissociation program, C-tubes were briefly centrifuged at 400g to collect all liquid and cells
from the lid and walls of the tube. Cells were then treated according to the manufacturer’s
protocol. Briefly, 7.5m| of DMEM High Glucose medium without phenol red (Thermo Fisher,
Cat-Nr.: 21063029) containing 10% foetal bovine serum (FBS) preheated to 37°C was added
to the cells followed by resuspension by mild pipetting (5-10 times using a 10ml pipette). Cells
in DMEM+FBS were subsequently filtered through a 70uM filter (Miltenyi Biotec, Cat-Nr:
130-098-458) and transferred to 15ml conical Falcon tubes. Filters were washed with 3ml
warm DMEM+FBS.

Following filtration, cells were pelleted for 5 min at 600g at room temperature. Supernatant
was removed and cell pellets were resuspended in 1 ml PEB buffer (DPBS pH 7.4, 0.5%
bovine serum albumin (BSA), 2mM EDTA) followed by addition of 10ml 1x red blood cell lysis
(RBC) buffer (Miltenyi Biotec, Cat-Nr.: 130-094-183). Cells were incubated in RBC lysis buffer
for 2 min at room temperature and then centrifuged at 600g for 5 min at room temperature.
Supernatant was removed and cell pellets resuspended in 10mlI DPBS + 15ul of Enzyme A of
the dissociation kit. Cells were then centrifuged for a last time at 600g and resulting pellets
were resuspended in 1ml of DPBS + 0.01% BSA for counting. Cells were counted using a
disposable Fuchs-Rosenthal hemocytometer (INCYTO C-Chip Disposable Hemocytometer)
with trypan blue to assess viability. Following counting, cells were diluted to a final
concentration of 140 to 160 cells/ul and processed using Drop-seq.

Single-cell RNA-seq of mouse hearts using Drop-seq

Dissociated cells were captured in nanoliter droplets using a custom Drop-seq setup at the
CHU Sainte-Justine Research Center in the Andelfinger laboratory. The custom Drop-seq
setup and protocol closely followed the originally published protocol, with a few minor
differences (https://mccarrolllab.org/dropseq/) (Macosko et al., 2015). We utilised Smith’s
Medical Medfusion 2500 pumps in place of KD Scientific Legato 100 pumps as described in
the original article. Cell dissociations were run through PDMS chips ordered with aquapel
treatment from FlowJEM. To capture single cell transcriptomes, cells were run alongside
droplet generation oil (Bio-Rad,Cat-Nr.: 186-4006 and barcoded beads (Chemgenes,
CS0-2011) which were suspended in cell lysis buffer (see original Drop-seq protocol)
supplemented with 50 pl of RNAse inhibitor (SuperASE, Cat-Nr.: AM2694) per ml of lysis
buffer. The barcoded beads contain oligos with a bead-specific cell barcode, an oligo-specific
uniqgue molecular identifier (UMI) and a polyT sequence to capture polyadenylated RNA. Cells
and beads were run at speeds of 4 ml/h, while oil was run at 15 ml/h. During each Drop-seq
run, the aqueous flows from 1 ml of beads and cells were collected. Following droplet capture,
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droplets were diluted in in 30 ml 6x SSC (Thermo Fisher, Cat-Nr.: AM9763) and broken by
shaking after adding 1ml of Perfluorooctanol (PFO, Fisher Scientific, Cat-Nr: AAB2015618).
Beads were spun down and washed twice in 6x SSC and once in a home-made RT buffer.
Beads were resuspended in RT mix (same reagents as original Drop-seq protocol) and
subjected to reverse-transcription for 30 minutes at room temperature followed by 90 minutes
at 42°C in a rotating hybridization oven. After reverse transcription, beads were washed, and
treated with Exonuclease | for 45 minutes at 37°C with rotation. Following exonuclease
treatment, beads were washed and counted using a Fuchs-Rosenthal hemocytometer in a 1:1
ratio with bead counting solution (10% PEG, 2.5M Nacl, as described in Gierahn et al 2017
(Gierahn et al., 2017).

To amplify single-cell transcriptomes, 4000 beads (~200 single-cell transcriptomes attached to
microparticles (STAMPS)) were used as input for individual PCR reactions as described in the
original Drop-seq protocol. 10 PCR reactions were performed in parallel, for a total of 2000
STAMPs per biological sample. PCR reactions were pooled post-PCR for desired final
number of STAMPS in the library and cleaned up twice using AMPure XP beads at 0.6x
concentration. Quantity and size distribution of cleaned cDNA was checked using the
Bioanalyzer High Sensitivity Assay (Agilent Genomics, Cat: 5067-4626). Libraries for
sequencing were prepared from 600pg cDNA input using Nextera XT library preparation kit
(lumina, Cat: FC-131-1096) with i7 primers from lllumina (N70X) together with a custom P5
primer (see Drop-seq protocol). Quality control of libraries was performed using the
Bioanalyzer High Sensitivity Assay. Libraries were quantified and quality controlled using the
Universal Library Quantification Kit (KAPA) and were sequenced on an lllumina NExtseq 500
at the Institute for Research in Immunology and Cancer (IRIC) in Montreal. Read settings for
sequencing were: R1 = 20bp, R2=63bp and index = 8bp.

Processing and annotation of single-cell RNA sequencing data

Raw lllumina sequencing data was demultiplexed using bcl2fastq (v2.17). Fastq files for
E14.5 are publicly available (GSE150817 (Wunnemann et al., 2020)) and were downloaded
from the sequence read archive (SRA) using SRA explorer (https://sra-explorer.info/). Raw
FASTQ files for each sample were processed using kallisto and bustools (kb-python, v0.24.4)
against the ensemble reference release 98 for Mus musculus (GRCm38, primary assembly,
see Colab notebook) (Melsted et al., 2021). We utilised emptyDrops from the DropletUtils
package in R to call cells from the raw, unfiltered matrices from kb-python (FDR threshold <=
1%) (Lun et al., 2019). Genes expressed in less than 5 cells per sample were subsequently
filtered out. To detect potential cell doublets, UMI matrices filtered based on emptyDrops were
analysed per time point, using the scrublet package (v.0.2.3) in R via reticulate with default
parameters and an expected doublet rate of 5% to calculate doublet scores. We subsequently
removed cells with a scrublet doublet score over 0.25 as predicted doublets.
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After sample level QC filters, sample matrices were merged into one joined Seurat object. We
then applied general QC filters, removing cells with more than 10k UMIs and with less than
500 total genes detected. To exclude stressed and dying cells, we also excluded cells with
more than 15% mitochondrial gene expression. After quality control steps, we ended up with
a set of 68,912 cells that we used for a first round of clustering. We utilised sctransform
(Seurat_4.0.0) via the SCTransform function in Seurat to normalise UMI counts for
sequencing depth (Hafemeister and Satija, 2019). We included the percent of mitochondrial
gene expression, cell cycle, and sex as variables to regress out in the sctransform
normalisation and scaling step. For calculating cell cycle scores for regression, we translated
human gene symbols from Nestorowa et al. (Nestorowa et al., 2016) to mouse gene symbols
using the bioconductor biomaRt R package (Durinck et al., 2005) and subsequently assigned
cell cycle scores and predicted cell cycle phase for all cells. We used S and G2M scores for
each cell in the SCTransform step from Seurat to remove potential cell cycle effects from the
dimensional reduction. After SCT normalisation, principal components (PC) were calculated in
Seurat based on the 3000 most highly variable genes. We used 50 PCs for Uniform Manifold
Approximation and Projection (UMAP) embedding of all cells into 2 dimensions (Mclnnes et
al., 2020). Unsupervised cell clusters were identified using a shared-nearest neighbour (SNN)
graph followed by the original Louvain clustering algorithm as implemented in Seurat
FindNeighbors() and FindClusters() functions.

Potential marker genes in clusters assigned by Seurat were calculated using the wilcoxauc()
function from the presto package (llya Korsunsky et al., 2019). After the first round of
clustering, we removed additional cell clusters from the dataset. First, we noted one cluster of
cells that mostly consisted of cells from 1 sample and expressed high levels of genes not
generally expressed in the heart, but in the lung (marked by Wfdc2 (L Bingle et al., 2020) and
Scgb3a2 (Naizhen et al., 2019)). These cells likely present contamination from non-cardiac
tissue during dissection and were therefore removed from the final dataset. We further
identified a cluster that was clustered with cardiomyocytes in high dimensional space but
expressed a mix of many different cell type markers, showed low UMI content and high
percent mitochondrial gene expression. We classified these to either be cell damaged cell
multiplets or empty droplets with high ambient RNA content and therefore manually removed
them. Finally, two clusters represented foetal and postnatal red blood cells (marked by
gamma-globin (Hbb-y) and Haemoglobin subunit epsilon-Y2 (Hbb-bs), respectively) that
remained after red blood cell lysis. Since red blood cells are not of interest in this study, we
excluded them from the final dataset. 67,330 cells remained following the initial filter.

A second more stringent round of QC was subsequently performed using parameters specific
to each timepoint and in some cases replicate, with the goal of eliminating remaining outliers.
In particular, it could be seen that while a mitochondrial cutoff of 15 was often appropriate for
postnatal cells, a lower cutoff was more optimal for earlier cells. Overall E14.5 cells were
filtered for 500-2500 genes, 1000-5000 counts and percent mito 0.5-5; while P7 cells were
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filtered for 500-2000 genes, 1000-8000 counts and percent mito 0.5-8/15. This additional
filtering resulted in a final dataset of 49,769 cells covering six time points (each with six
replicates), from which we ran SCTransform normalisation again on raw UMI counts and
re-calculated the clustering to compute final cell embeddings. Our final clustering was derived
using RunUMAP with dims 1:83 and FindClusters at various resolutions ranging from 0.3-10.
Stable marker genes for major cell types across the sampled time points were calculated
using Seurat’'s FindMarkers() function with min.pct = 0.25, min.dif.pct=0.2, only.pos=T,
assay="RNA".

Subsetting and reclustering of cell types

Each respective cell type was subsetted from the final Seurat dataset and converted to raw
data using the DropletUtils package, which was then re-clustered to verify cell type purity and
manually remove any outlying noncorresponding (ex. Myl2 containing) clusters before
continuing analysis. For each cell type, PCA DimPlots grouped by time point were examined
and used to guide whether to merge subtypes for further downstream analysis. Because
CFIB2 and VSM2 populations were primarily postnatal and appeared to form different
trajectories on PCA plots (Figure S6), CFIB1 and VSM1 clusters alone were used for analysis
of fibroblast and smooth muscle populations. ACM1 and ACM2 populations however
appeared to form a more continuous trajectory. This could be due to fewer transcriptional
differences between the two subtypes throughout maturation, and possibly indicating cell
state changes, as opposed to the more substantial changes in fibroblasts or smooth muscle
subtypes. Therefore, we merged ACM1 and ACM2 for further analysis. MAC1-3 were likewise
merged. While there was some separation between the three macrophage populations, it was
felt that this cell type was sufficiently distinct from the rest and thus combining them would not
skew the downstream results.

Pseudotime analysis of single-cell data

To identify genes that are relevant for the progression of cells from E14.5 to P7, we used
ordinal  logistic  regression, as implemented in the psupertime package
(https://github.com/wmacnair/psupertime) (Macnair et al., 2022) and followed a similar
approach as presented by Cook and Vanderhyden (Cook and Vanderhyden, 2020). We first
estimated pseudotime using standard log-normalised UMI counts (RNA@data slot) from the
Seurat object as input for psupertime. Pseudotime was calculated separately for each cell
type that had at least 10 cells per time point sampled and cells identified in at least 5 out of 6
time points. This filter excluded neuronal cells, B-cells and T-cells from the time series
analysis. Psupertime was run with penalization = “best”, testing all genes identified by Seurat
in the given cell-type. The result was an R psupertime object in which the genes showing
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significant dynamic change in expression over time were contained (specifically,
psuper_object$beta_dtdsymbol). These genes could be shown using the function
plot_identified_genes_over_psupertime.

Enrichment testing for a common maturation signature was performed on genes that were
significantly differentially expressed in more than 2 different cell types against the Enrichr
(Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021) MGl Mammalian Phenotype Level
4 2021 library at https://maayanlab.cloud/Enrichr.

decoupleR transcription factor and pathway activity analysis

The tool decoupleR was used to infer transcription factor activity across time for each cell
type using CollectTRI, a curated database of TFs and their downstream targets. We
performed a univariate linear model analysis using the run_ulm function, with the “mat”
parameter being the log-normalized data matrix and the “net” (network) parameter being the
CollectTRI database. This fit a linear model for each cell in our dataset and each TF in our
network that predicted the observed gene expression based solely on the TF’'s TF-gene
interaction weights. The obtained t-value of the slope after fitting was the activity score.
Positive scores indicated the TF was active while negative scores indicated the TF was
inactive and 0 indicated lack of regulation by the TF. These scores were then imported into
the corresponding seurat object as a separate assay and scaled. The mean scores for each
timepoint per cell type were calculated and standard deviation was used to assess TF activity
variation across time. The mean activity scores per time point of the TFs with the greatest
standard deviation (ie. showing the most variation in activity) were then plotted using Complex
Heatmap.

A similar process was used for pathway analysis. In this case, an overrepresentation analysis
was performed using the run_ora function, with “mat” being the log-normalized data matrix
and “net” being the Hallmark dataset from msigdb. For each cell and Hallmark pathway, an
overrepresentation score was obtained corresponding to the -log10 p-value from a one-tailed
Fisher’s exact test. These scores were added to the Seurat object for the cell type as a new
assay and scaled. As with the TF analysis, the mean scores for each timepoint per cell type
were calculated and standard deviation was used to assess pathway activity variation across
time. The mean overrepresentation scores per time point of the top resulting pathways
(showing greatest variation across time) were plotted using Complex Heatmap. An additional
analysis using the PROGENy database was likewise performed, in this case using a
multivariate linear model via the run_mim function.
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SCENIC gene regulatory network analysis

Gene regulatory networks were constructed using the SCENICprotocol nextflow pipeline
(https://github.com/aertslab/SCENICprotocol, Pipeline version: 0.2.0, pyscenic_container =
aertslab/pyscenic:0.9.19) (Aibar et al., 2017; Van de Sande et al., 2020). The corrected UMI
counts from the seurat object were converted to a loom object using the Convert() function
from the loomR package and used as input for SCENIC using three cisTarget databases of
TF binding motifs for scoring regulons (mm9-tss-centered-10kb-7species.mc9nr,
mm9-tss-centered-5kb-7species.mc9nr, and mm9-500bp-upstream-7species.mc9nr).
Regulon specificity scores (RRS) were calculated using the regulon_specificity_scores
function in pySCENIC, which is based on Jensen-Shannon Divergence and described in Suo
et al 2018 (Suo et al., 2018). The RSS measures how close the Regulon AUC score is to the
case where it is only active in one cell type, ie. fully specific.

Data and statistical analysis

Data analysis and statistical tests in this work were performed using R (<=4.2.3) and Rstudio
(<=2023.06.0+4.1) (©Rstudio Inc).

RNAscope

Preparation of samples and pre-treatment were performed according to the instructions in the
RNAscope Multiplex Fluorescent Reagent Kit v2 user manual
(https://acdbio.com/documents/product-documents). C57BL/6 hearts were collected and fixed
overnight for paraffin embedding. Paraffin sections of 5um thickness were heated for 1 h at 60
°C. Paraffin was removed from the slides by two Histo-Clear washes for 5 min and were
dehydrated twice in 100% ethanol for 5 mins. Slides were incubated with hydrogen peroxide
for 10 min at room temperature and a manual target retrieval (Appendix B of the protocol) was
performed for 15 min at 95°C and then slides were left to dry. RNAscope Protease Plus was
added for 30 min and incubated at 40 °C in the HybEZ Humidifying System Oven (Advanced
Cell Diagnostics). Slides were washed twice for 2 min with distilled H20. The probes were
heated to 37 °C for 30 min and cooled down to RT. One volume of C2, C3, and/or C4 probes
were added to 50 volumes of C1 probe or TSA Buffer. The probe mixes were incubated for 2
h at 40 °C and the slides were washed twice for 2 min with Wash Buffer. All probes used were
manufactured by Advanced Cell Diagnostics for the Manual Assay RNAscope and included:
Adamts19 (500981; C4), Cdh5 (312531; C1), Cthrc1 (413341; C4), Fabp4 (884621; C2), H19
(423751; C3), Hapin1 (448201; C2), Kcnj8 (411391; C1), Myh11 (316101; C2), Myl2 (527951;
C2), Myl7 (584271; C1), Npr3 (502991; C2), Tcf21 (508661; C1), Upk3b (568561; C1). All
ensuing incubations were made at 40°C in the HybEZ oven; RNAscope wash buffer was used
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between each step. Incubation for AMP1 and AMP2 was 30 min, followed by AMP3 for 15
min. The horseradish peroxidase (HRP) was developed by using the RNAscope Multiplex FL
V2 HRP-C1, -C2, -C3, and/ or -C4 reagent for 15 min followed by incubation with an opal dye
(Opal 570; FP1487001KT; Perkin Elmer, Opal 620; FP1488001KT, Perkin Elmer, or Opal 690;
FP1497001KT; Perkin Elmer). The HRP signal was blocked by adding the RNAscope
Multiplex FL V2 blocker for 15 min. After washing, slides were counterstained with DAPI for 1
min at RT and mounted with Fluorescence Mounting Medium (S3023; Dako). Fluorescence
was observed with a SP8-DLS confocal microscope (Leica Microsystems). Images were
taken with the 20X objective and 2X zoom (final 40X magnification), total Z-size of 12uym
(number of steps: 7; Z-step size: 2um) and were tiled with 20% overlap. Image merging and
projection was done with LASX imaging software (Leica, version 3.3.0.16799).

Data and code availability

Raw FASTQ files and a processed, joined data matrices of all final cells used in the
manuscript are to be available from NCBI Geo (GSE150817). Raw data for E14.5 hearts has
been published previously (GSE109247) (Wunnemann et al., 2020). We selected six
wild-type replicates (GSM2935824, GSM2935825, GSM2935826, GSM2935827,
GSM3677518, GSM3677519) from the E14.5 dataset for equal number of replicates across
all time points. Our data will be uploaded to Chan Zuckerberg CELLXGENE Discover
(https://cellxgene.cziscience.com) for visual exploration. Code scripts and R files will
additionally be available in future at https://github.com/larafeulner.
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Figure and Table Legends

Main Figures

Figure 1:

A) Two dimensional UMAP embedding of 49,769 cardiac cells from E14.5, E16.5, E18.5, PO,
P4 and P7 mice. Six replicates were used per timepoint for a total of 36 different samples.

B) The fraction of cells across cell types and time. Cell types are ordered by the total number
of cells from top to bottom. Numbers in the right-side bars represent total cell count, while
x-axis is on a log10 scale.

C) UMAP embedding plots for individual timepoints. Known biological progression can be
observed, for example the lack of fibroblasts at E14.5 with extensive proliferation thereafter.

Figure 2:

A) Dotplot of marker genes for specific cardiac cell types used to guide cluster annotation.

B) Feature plots of selected marker genes (Myl2: VCM, Myl7: ACM, Upk3b: EPI, Cdh5:
Endothelial, Col1a1: CFIB, Cd14: MAC, Kcnj8: PERI, Vcan: VIC).

Figure 3:

RNAscope stains for selected marker genes across E14.5, P1 and P7 timepoints. My/2 and
Myl7 stain for ventricular cardiomyocytes and atrial cardiomyocytes respectively. Tcf21 and
Upk3b stain for cardiac fibroblast and epicardial cells. Kcnj8 and Myh11 stain for pericyte and
vascular smooth muscle. Npr3 and Fabp4 stain for endocardial cells and vascular endothelial
cells. Lastly, Cthrc1 and Cdhb5 stain for valve interstitial cells and endothelial cells.

Figure 4:

A) Transcription factor (TF) activity heatmaps for fibroblasts, ventricular cardiomyocytes,
endocardial cells, valve interstitial cells, epicardial cells, and vascular smooth muscle cells.
Numbers in legend represent the mean TF activity scores inferred by decoupleR for each time
point in that cell type, with positive scores (red) indicating increased activity and negative
scores (blue) indicating decreased activity. The TFs shown are those with the greatest
variation in activity scores across time per standard deviation analysis. A foetal-postnatal shift
in TF activity can be seen, with this transition occurring notably earlier in VICs. Note the
prevalence of Skil (blue, downregulated with age) and Smad3 (red, upregulated with age) in
multiple cell types.

B) Scatter plots showing an inverse relationship between Skil activity and Smad3 activity
levels, consistent with Skil being a direct inhibitor of Smad2/3 and thus the TGF pathway.
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Figure 5:

Hallmark pathway activity heatmaps for fibroblasts, ventricular cardiomyocytes, endocardial
cells, valve interstitial cells, epicardial cells, and vascular smooth muscle cells. Numbers in
legend represent the mean pathway overrepresentation scores inferred by decoupleR for
each time point in that cell type, with positive scores (red) indicating increased pathway
activity and negative scores (blue) indicating decreased activity. The pathways shown are
those with the greatest variation in scores across time per standard deviation analysis. Similar
foetal-postnatal shifts as noted from the TF activity analysis can be seen. Note the increased
oxidative phosphorylation and fatty acid metabolism over time in VCMs, consistent with
known postnatal changes. The Myc pathway (blue) commonly decreases with time while
TGFB, Stat3, TNFa and p53 pathways (red) increase.

Figure 6:

A) Plots of gene expression for Myh6, Myh7, Tnni1 and Tnni3 against pseudotime scores
learned by psupertime in ventricular cardiomyocytes. x-axis = pseudotime score for each cell,
y-axis = z-scored log2 gene expression values. All cells are ordered by pseudotime score and
coloured by their known time point so as to easily visualise changes in gene expression
across time. For example, a notably sharp drop in expression of Myh7 can be seen from
E18.5-P7, while Myh6 steadily increases in expression from E16.5 to P4. This is consistent
with known expression patterns.

B) Plots as in Figure 6A of gene expression for H19 against pseudotime scores learned by
psupertime in multiple cardiac cell types. x-axis = pseudotime score for each cell, y-axis =
z-scored log2 gene expression values. H19 expression decreases consistently across time in
cell types of distinct lineages including cardiomyocytes, epicardial cells and valve interstitial
cells.

Figure 7:

A) Seurat violin plots of H19 gene expression per time point in multiple cardiac cell types. H19
decreases in the majority of cell types, but appears to maintain expression in endocardial and
valve endothelial cells.

B) As above, but from the public dataset by Feng W. et al. spanning a wider developmental
time period. H19 initially increases early in development, peaks around E12.5-E14.5 and
decreases thereafter in most cell types, but again is maintained in endocardial and valve
endothelial cells.

Figure 8:

RNAscope stains across E14.5, P1 and P7 timepoints for H19 and the same cell type marker
genes as in Figure 3. At E14.5, H19 expression is relatively high and is co-expressed with all
eight markers. A significant decrease in H19 expression thereafter is consistently seen, with
the largest drop from P1 to P7. Note that the remaining expression of H19 at P7 corresponds
to endocardial and valve endothelial cells, consistent with apparent maintenance seen in our

33


https://doi.org/10.1101/2024.03.05.583423
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.583423; this version posted March 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

scRNA-seq data. RA = right atrium, RV = right ventricle, LA = left atrium, LV = left ventricle,
TV = tricuspid valve.

Figure 9:

Plots as in Figure 6 of gene expression for H19, Igf2, Grb10, Peg3 and Gnas against
pseudotime scores learned by psupertime in multiple cardiac cell types. x-axis = pseudotime
score for each cell, y-axis = z-scored log2 gene expression values. These genes were
identified from the imprinted gene sets found to be highly enriched over maturation (Table
S5). In most cell types a notable change in expression of these genes can be seen, often
decreasing over time. However by comparison, less variation in expression is seen in
endocardial and especially valve endothelial cells.

Supplementary Figures

Figure S1: decoupleR TF activity heatmaps as in Figure 4a for all analysed cell types.

Figure S2: decoupleR Hallmark pathway activity heatmaps as in Figure 5 for all analysed cell
types.

Figure S3: Compiled heatmap of TGF@ pathway activity generated by decoupleR using the
PROGENYy database. TGF pathway increases with developmental time across most cardiac
cell types.

Figure S4: Scatter plot showing positive correlation between the number of cells in a cell type
and the number of time-varying genes identified by psupertime.

Figure S5: Seurat violin plots of H19 gene expression as in Figure 7A for male and
female samples only. The expression pattern of H19 does not appear to be
sex-specific.

Figure S6: PCA plots of all atrial cardiomyocytes and all cardiac fibroblasts. The ACM1 and
ACM2 clusters combine to form a continuous trajectory, while CFIB1 and CFIB2 appear to be
divergent.
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Supplementary Tables

Table S1: Metadata information for all cells in final single-cell dataset.

Fastq files for E14.5 samples were previously published (Winnemann et al.) and reanalyzed
from raw data using the same pipeline used for all other samples. Six replicates were used
per time point for a total of 36 mice as indicated in the Sample column (ex. E14.5 r1).
nCount: number of unique molecules (UMls), nFeature: number of genes per cell,
SCT _snn_res: cell cluster number for various resolutions.

Table S2: Cell-type marker genes for all cell types in the global cell clustering.

Marker genes that identify cell types were identified using the Seurat function FindMarkers().
avg_log2FC: log2 fold change, pval: p-value, p_val_adjusted: Benjamini-Hochberg adjusted
p-value, pct.1: percent of observations in given cell types, pct.2: percent of observations in all
other cell types.

Table S3: Foetal and postnatal regulon specificity scores (RSS) from SCENIC analysis
ranging from O (least specific) to 1 (most specific) for all regulons and all cell types.

Table S4: Differentially expressed genes across pseudotime for all cell types.
psupertime results for all individual cell types analysed. abs_beta: absolute beta coefficient, a
score >0 indicates significant variance across time. H19 was among or the highest scoring in
numerous cell types.

Table S5: Results from enrichment analysis using enrichR against the MGl Mammalian
phenotype level 4 2021 database.

Genes with significant differential expression across pseudotime per psupertime (abs_beta>0
from Table S4) in more than 2 cell types were tested as one gene list. The p-values were
computed using Fisher’s exact test, while the combined enrichment scores were calculated by
multiplying the log of the p-value with the odds ratio.
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