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Table S1. Cell composition of the myocardium, as reported from different studies, methodologies, species, developmental stages, and tissue 
types. 

Study Methodology Species Age Tissue CM FB EC SMC Other 
Pinto et al. 1  Immunohistochemistry  Mouse Adult LV 33% 13% 

 
 

55% 6%  9% 
leukocytes
  

Human Adult LV 31% 
 

NA 54% 
 

NA 3% 
leukocytes 

Bergmann et 
al. 2  

Stereology Human Postnatal LV 66%     
Young 
adults 

LV 18%  24%  58% 
mesenchymal 
cells 

Flow cytometry  Human Young 
adults 

LV 33%  24%  43% 
mesenchymal 
cells 

Banerjee et 
al. 3  

Flow cytometry  Mouse E18.5 Whole heart 65% 14%    
P1 Whole heart 60% 10%    
P5 Whole heart 76% 14%    
P15 Whole heart 63% 18%    
Adult Whole heart 56%  27%	 7% 10%  

Rat P1 Whole heart 62% 30%    
P15 Whole heart 30% 64%    

Cui et al. 4  Single-cell RNA sequencing (n = 
3,842 cells) 

Human Embryonic 
and fetal 

Various 
regions  

43% 17% 16%   

DeLaughter 
et al. 5 

Single-cell RNA sequencing (n = 
70 cells) 

Mouse E11.5 LV 86% 0% 14%   

Single-cell RNA sequencing (n = 
138 cells) 

E14.5 LV 63% 22% 15%   

Single-cell RNA sequencing (n = 
53 cells) 

E18.5 LV 51% 26% 23%   

Single-cell RNA sequencing (n = 
124 cells) 

P0 LV 59% 26% 15%   

Single-cell RNA sequencing (n = 
60 cells) 

P3 LV 18% 62% 20%   

Single-cell RNA sequencing (n = 
73 cells) 

P21 LV 88% 8% 4%   

Li et al. 6 Single-cell RNA sequencing (n = 
55 cells) 

Mouse E8.5 LV/RV 76%     
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Single-cell RNA sequencing (n = 
118 cells) 

E9.5 LV 72%  14%  5% 
mesenchymal 
cells 

Single-cell RNA sequencing (n = 
115 cells) 

E10.5 LV 53%  20%  13% 
mesenchymal 
cells 

Xiao et al. 7 Single-cell RNA sequencing (n = 
4,406 cells) 

Mouse E13.5 Whole heart 37% 6% 21% 7%  

Single-cell RNA sequencing (n = 
3,920 cells) 

 E14.5 Whole heart 52% 8% 18% 3%  

Hu et al. 8  Single-nucleus RNA sequencing 
(n = 7,760 control nuclei) 

Mouse P10 LV/RV 59% 19%    

Litvinukova 
et al. 9  

Single-nucleus RNA sequencing 
(n = 363,213 nuclei from six 
anatomical regions) 

Human Adult LV 51% 14% 8% 2% 5% immune 
cells 

Tucker et al. 
10  

Single-nucleus RNA sequencing 
(n = 287,269 nuclei) 

Human Adult Four 
chambers 

36% 32%    

Wolfien et 
al. 11  

Single-nucleus RNA sequencing 
(n = 8,635 nuclei) 

Human Adult Whole heart 23% 25% 30%   

This study Single-nucleus RNA sequencing 
(n = 12,992 control nuclei) 

Lamb 0.84 
gestation 

LV      

Abbreviations: CM, cardiomyocytes; EC, endothelial cells; FB, fibroblasts, SMC, smooth muscle cells; LV, left ventricle; RV, right ventricle. 
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Table S2. Fetal assessments. (a) Gestational age/fraction at coil implantation and harvest. (b) Fetal sex 
and cardiovascular measurements (controls vs. coiled with retrograde AAo flow; and controls vs. coiled 
with no retrograde AAo flow (sham controls)), at 0.84 gestation.  

a 

  Days Fraction of gestation 
  Median (IQR) Mean ± SD Median (IQR) Mean ± SD 
Implant 76 (75, 80) 77 ± 2.36 0.52 (0.51, 0.54) 0.52 ± 0.02 
Harvest 124 (123, 125) 123.1 ± 2.6 0.84 (0.84, 0.85) 0.84 ± 0.02 
Harvest-implant interval 46 (45, 48) 46.1 ± 2.47 0.31 (0.31, 0.33) 0.31 ± 0.02 

 

b 

 Controls (n = 12) 
Mean ± SD 

Retrograde AAo 
flow (n = 9) 
Mean ± SD 

p value 

Fetal sex 
Female: 7 
Male: 3 
ND: 2 

Female: 3 
Male: 4 
ND: 2 

 

Fetal body weight 3.0 ± 0.78 kg 3.28 ± 0.68 kg 0.39 
Aortic / pulmonary valve diameter* 0.87 ± 0.12 0.54 ± 0.11 0.00015 
AAo / pulmonary artery diameter* 0.83 ± 0.14 0.58 ± 0.07  0.00036 
LV / RV end-diastolic diameter* 1.07 ± 0.09 0.49 ± 0.16 0.00002 
LV / RV end-diastolic length* 1.16 ± 0.09 0.82 ± 0.21 0.00041 
LV free wall / total heart weight# 0.23 ± 0.04 0.14 ± 0.01 0.008 

  

 Controls (n = 12) 
Mean ± SD 

Sham controls (n = 
5) 
Mean ± SD 

p value 

Fetal sex 
Female: 7 
Male: 3 
ND: 2 

Female: 1 
Male: 3 
ND: 1 

 

Fetal body weight 3.0 ± 0.78 kg 4.0 ± 0.78 kg 0.04 
Aortic / pulmonary valve diameter* 0.87 ± 0.12 0.72 ± 0.17 0.09 
AAo / pulmonary artery diameter* 0.83 ± 0.14 0.76 ± 0.08 0.3284 
LV / RV end-diastolic diameter* 1.07 ± 0.09 0.89 ± 0.15 0.09 
LV / RV end-diastolic length* 1.16 ± 0.09 1.0 ± 0.26 0.07 
LV free wall / total heart weight# 0.23 ± 0.04 0.19 ± 0.08 0.5714 

 

Due to fetal size variations, left heart echocardiographic measurements were normalized to the 
corresponding right heart structures. The weight of the LV free wall was normalized to the total heart 
weight. No differences were found between the total fetal body weight of cases vs. controls. 

* Echocardiographic measurements. 
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# Autopsy measurements. 

Abbreviations: AAo, ascending aorta; IQR, interquartile range; LV, left ventricle; ND, not documented; 
RV, right ventricle; SD, standard deviation.  

 

 

 

 

 

Figure S1. Echocardiographic imaging of a control (upper panel) and a hypoplastic left heart (0.84 
gestation; lower panel). Four chamber view (left panel). M-mode (right panel): Longitudinal display of 
left and right ventricular contractions. 

Abbreviations: LV, left ventricle; RV, right ventricle. 
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Figure S2. Histology (elastic trichrome stain) of ovine fetal left ventricular free-wall tissue (0.84 
gestation). Control: a, b, c, d (same sample at different magnifications and regions). Coiled (severe 
hypoplasia): e, f, g, h (same sample at different magnifications and regions).    

a + e: Overview: Epicardial surface (top), endocardial surface (bottom). b + f: Epicardium and 
myocardium, with adipocytes. c + g: Myocardium, compact layer. d + h: Myocardium, subendocardium 
and endocardium. 
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Figure S3. Endo-/subendocardial thickness in controls (n = 7) and severely hypoplastic left ventricular 
myocardium (n = 4). Each datapoint represents one measurement. Sample size: n = 7 biologically 
independent controls, n = 4 biologically independent coiled lambs. 

 

  

0

50

100

150

200

250

300

350

400

450
Th

ick
ne

ss
 (µ

m
)

Co
nt

ro
l_

1

Co
nt

ro
l_

2

Co
nt

ro
l_

3

Co
nt

ro
l_

4

Co
nt

ro
l_

5

Co
nt

ro
l_

6

Co
nt

ro
l_

7

Co
ile

d_
1

Co
ile

d_
2

Co
ile

d_
3

Co
ile

d_
4



 8 

 

Figure S4. Histology (Picro-Sirius Red staining) of ovine fetal left ventricular free-wall tissue (0.84 
gestation). Control: a, b, c. Coiled (severe hypoplasia): d, e, f.     

a + d: Epicardium and myocardium. b + e: Myocardium, compact layer. c + f: Myocardium, 
subendocardium and endocardium. 

No statistical difference was found in Picro-Sirius Red staining in n = 4 coiled samples vs. n = 6 controls 
(controls: 5.32%, coiled: 5.79%; Wilcoxon rank sum test (Mann-Whitney) p = 0.48), however there were 
various regions with increased subendocardial staining in coiled tissues (f).  
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Figure S5. Histology (TUNEL stain) of ovine fetal left ventricular free-wall tissue (0.84 gestation). 
Control: a, b, c. Coiled (severe hypoplasia): d, e, f.     

a + d: Epicardium and myocardium. b + e: Myocardium, compact layer. c + f: Myocardium, 
subendocardium and endocardium. 
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Figure S6. Principle component analysis of bulk RNA sequencing data. Expression profiles clustered by 
tissue, however there was considerable inter-sample variation. 

 

 

 

Figure S7. Volcano plot of differentially expressed genes in ascending aorta (AAo; a) and left ventricle 
(LV; b), from bulk RNA-seq data (coiled versus control tissue). Gene lists are provided in Supplementary 
Data 1. Sample size AAo: n = 2 biologically independent controls, n = 4 biologically independent coiled 
lambs. Sample size LV: n = 4 biologically independent controls, n = 4 biologically independent coiled 
lambs. 
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Figure S8. Differentially expressed microRNA (miRNA) in ascending aorta (AAo), from bulk RNA-seq 
data (coiled versus control tissue). (a) Volcano plot. Scattered points represent miRNA: the x-axis 
represents the log 2 fold change (log2FC), whereas the y-axis represents the -log10 false discovery rate. 
Orange dots are miRNA significantly upregulated after coil treatment. The table lists upregulated miRNA 
(for novel miRNA, homologs from other species were determined based on sequence similarity). (b) 
Upregulated miRNA and downregulated target genes, coiled (T; treatment) versus control tissue (C). 
Sample size: n = 2 biologically independent controls, n = 4 biologically independent coiled lambs.  
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Figure S9. Differentially expressed microRNA (miRNA) in left ventricle (LV), from bulk RNA-seq data 
(coiled versus control tissue). (a) Volcano plot. Scattered points represent miRNA: the x-axis represents 
the log 2 fold change (log2FC), whereas the y-axis represents the -log10 false discovery rate. Orange 
dots are miRNA significantly upregulated after coil treatment, purple dots are significantly 
downregulated miRNA. The table lists up- and downregulated miRNA (for novel miRNA, homologs from 
other species were determined based on sequence similarity). (b) Upregulated miRNA and 
downregulated target genes, coiled (T; treatment) versus control tissue (C). (c) Downregulated miRNA 
and upregulated target genes. Sample size: n = 4 biologically independent controls, n = 4 biologically 
independent coiled lambs. 
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Figure S10. Number of genes or unique molecular identifiers (UMIs) for control (a) and coiled (b) 
samples. In the violin plots (left panel), each nucleus is represented by a dot. The blue violin represents 
the distribution. In the Uniform Manifold Approximation and Projection (UMAP) plots (right panel), each 
nucleus is represented by a dot. The colors correspond to the number of genes or UMIs measured per 
nucleus.  
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Figure S11. Uniform Manifold Approximation and Projection (UMAP) plots of selected marker genes. 

Panel a. Cardiomyocyte markers: RYR2 (ryanodine receptor 2; required for cardiac muscle excitation-
contraction coupling), TTN (titin; key component in the assembly and functioning of striated muscles), 
NEXN (nexilin; essential role in the sarcomere integrity of cardiac muscle). 

Panel b. Endothelial cell markers: PECAM1 (platelet endothelial cell adhesion molecule; expressed in 
endothelial cells and leukocytes), EGFL7 (epidermal growth factor-like protein 7; expressed in 
endothelial cells and progenitors during development), FLT1 (vascular endothelial growth factor 
receptor 1; important role in angiogenesis and vasculogenesis). 

Panel c. Lymphatic endothelial cell markers: MMRN1 (multimerin 1; lymphatic endothelial marker), RELN 
(reelin; characteristic for the lymphatic lineage), FLT4 (vascular endothelial growth factor receptor 3; 
involved in lymphangiogenesis and maintenance of the lymphatic endothelium). 
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Panel d. Fibroblast markers: PDFGRA (platelet-derived growth factor receptor A; required in developing 
cardiac fibroblasts), DCN (decorin; extracellular matrix protein, considered a pan-fibroblast marker), 
COL1A1 (collagen type 1, alpha 1; component of connective tissues, secreted by fibroblasts). 

Panel e. Leukocyte markers (including macrophages): C1QA (complement C1q subcomponent subunit A; 
major constituent of the human complement system), CSF1R (macrophage colony-stimulating factor 1 
receptor; essential roles in mononuclear phagocytes, such as macrophages and monocytes), CD14 
(cluster of differentiation 14; expressed mostly by macrophages as part of the innate immune system) 

Panel f. Leukocyte markers (including T-cells, natural killer cells): CD3E (T-cell surface glycoprotein CD3 
epsilon chain; essential role in correct T-cell development), CD96 (cluster of differentiation 96; 
immunoglobulin superfamily, expressed on T cells and NK cells), NKG7 (Natural killer cell granule protein 
7; integral membrane protein on cytotoxic granules of quiescent NK and CD8 T cells). 

Panel g. Smooth muscle cell makers: ACTA2 (actin alpha 2, smooth muscle; smooth muscle actin), RGS5 
(regulator of G protein signaling 5; abundantly expressed in vascular smooth muscle cells), NOTCH3 
(Notch receptor 3; key role in the function and survival of vascular smooth muscle cells). 

Panel h. Neural cell markers: NGFR (nerve growth factor receptor; receptor subunit for multiple 
neurotrophins), CHL1 (cell adhesion molecule L1 like; expressed in the peripheral and central nervous 
systems, plays a role in nervous system development and synaptic plasticity), GFRA2 (GDNF family 
receptor alpha-2; glial cell line-derived neurotrophic factor with key roles in neuron survival and 
differentiation). 

Panel i. Adipocyte markers: PPARG (peroxisome proliferator activated receptor gamma; transcriptional 
regulator of adipocyte differentiation), UCP1 (thermogenin; mitochondrial protein responsible for 
thermogenesis by uncoupling oxidative phosphorylation), FASN (fatty acid synthase; multi-enzyme 
protein that catalyzes fatty acid synthesis). 

Panel j. Cell cycle marker genes: CCNF (G2/mitotic-specific cyclin-F; regulator of cell cycle transitions), 
CDK1 (cyclin-dependent kinase 1; serine/threonine kinase and key player in cell cycle regulation), ECT2 
(epithelial cell transforming 2; important role in the regulation of cytokinesis), MKI67 (marker of 
proliferation Ki-67; commonly used to detect and quantify proliferating cells), TOP2A (DNA 
topoisomerase 2-alpha; maximally expressed in the G2 and M phases of the cell cycle), CKAP2 
(cytoskeleton-associated protein 2; involved in mitotic progression). 
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Table S3. Nucleic numbers, per cluster and sample/condition. Cell type assignments as per Gene Set 
Variation Analysis (GSVA) and the expression of characteristic marker genes. 

Sample Cluster Nuclei number 
per sample 

Nuclei number 
per condition 

LV_1_control 

c0 
cardiomyocytes  

1728 
6044 LV_2_control 2357 

LV_3_control 1959 
LV_1_coiled 1206 

5705 
LV_2_coiled 337 
LV_3_coiled 2375 
LV_4_coiled 1787 

LV_1_control 

c1 
fibroblasts 

464 
1342 LV_2_control 494 

LV_3_control 384 
LV_1_coiled 789 

2348 
LV_2_coiled 257 
LV_3_coiled 799 
LV_4_coiled 503 

LV_1_control 

c2 
fibroblasts 

302 
1043 LV_2_control 317 

LV_3_control 424 
LV_1_coiled 404 

2472 
LV_2_coiled 618 
LV_3_coiled 665 
LV_4_coiled 785 

LV_1_control 

c3 
cardiomyocytes 

584 
1266 LV_2_control 484 

LV_3_control 198 
LV_1_coiled 770 

1335 
LV_2_coiled 93 
LV_3_coiled 302 
LV_4_coiled 170 

LV_1_control 

c4 
leukocytes 

225 
814 LV_2_control 239 

LV_3_control 350 
LV_1_coiled 337 

1042 
LV_2_coiled 189 
LV_3_coiled 269 
LV_4_coiled 247 

LV_1_control 

c5 
endothelial cells 

239 
639 LV_2_control 194 

LV_3_control 206 
LV_1_coiled 308 

1183 
LV_2_coiled 309 
LV_3_coiled 196 
LV_4_coiled 370 

LV_1_control c6 
smooth muscle cells 

168 
425 

LV_2_control 122 
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LV_3_control 135 
LV_1_coiled 169 

632 
LV_2_coiled 105 
LV_3_coiled 247 
LV_4_coiled 111 

LV_1_control 

c7* 
undefined 

(mitosis-related) 

69 
360 LV_2_control 96 

LV_3_control 195 
LV_1_coiled 109 

405 
LV_2_coiled 90 
LV_3_coiled 88 
LV_4_coiled 118 

LV_1_control 

c8 
adipocytes 

5 
149 LV_2_control 27 

LV_3_control 117 
LV_1_coiled 0 

467 
LV_2_coiled 332 
LV_3_coiled 19 
LV_4_coiled 116 

LV_1_control 

c9 
adipocytes 

1 
91 LV_2_control 0 

LV_3_control 90 
LV_1_coiled 5 

491 
LV_2_coiled 484 
LV_3_coiled 1 
LV_4_coiled 1 

LV_1_control 

c10 
cardiomyocytes 

47 
228 LV_2_control 72 

LV_3_control 109 
LV_1_coiled 60 

316 
LV_2_coiled 98 
LV_3_coiled 89 
LV_4_coiled 69 

LV_1_control 

c11 
leukocytes 

90 
201 LV_2_control 78 

LV_3_control 33 
LV_1_coiled 99 

215 
LV_2_coiled 23 
LV_3_coiled 61 
LV_4_coiled 32 

LV_1_control 

c12 
lymphatic endothelial 

cells 

24 
163 LV_2_control 53 

LV_3_control 86 
LV_1_coiled 16 

234 
LV_2_coiled 61 
LV_3_coiled 47 
LV_4_coiled 110 

LV_1_control c13 77 138 
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LV_2_control neural cells 37 
LV_3_control 24 
LV_1_coiled 81 

187 
LV_2_coiled 48 
LV_3_coiled 27 
LV_4_coiled 31 

LV_1_control 

c14 
undefined 

5 
52 LV_2_control 11 

LV_3_control 36 
LV_1_coiled 28 

157 
LV_2_coiled 54 
LV_3_coiled 54 
LV_4_coiled 21 

LV_1_control 

c15 
endothelial cells 
(mitosis-related) 

12 
37 LV_2_control 13 

LV_3_control 12 
LV_1_coiled 14 

56 
LV_2_coiled 16 
LV_3_coiled 13 
LV_4_coiled 13 

LV_1_control 

total 

4040 
12992 LV_2_control 4594 

LV_3_control 4358 
LV_1_coiled 4395 

17245 
LV_2_coiled 3114 
LV_3_coiled 5252 
LV_4_coiled 4484 

* c7 subclusters in Figure S12, Table S4. 
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Figure S12. UMAP cluster 7, re-clustered and displayed with new coordinates: Expression of cell cycle-
related genes (G2 phase and mitosis; left panel) and colour-coded subclusters (right panel). Tentative 
cell type assignments as per Gene Set Variation Analysis (GSVA): adipocytes (7.4), cardiomyocytes (7.0, 
7.3), fibroblasts (7.1, 7.5), undefined (7.2). 
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Table S4. UMAP cluster 7, re-clustered: Nucleic numbers, per cluster and sample/condition. Tentative 
cell type assignments as per Gene Set Variation Analysis (GSVA) 

Sample Cluster Nuclei number 
per sample 

Nuclei number 
per condition 

LV_1_control 

C7.0 
cardiomyocytes 

24 
88 LV_2_control 30 

LV_3_control 34 
LV_1_coiled 12 

77 
LV_2_coiled 8 
LV_3_coiled 28 
LV_4_coiled 29 

LV_1_control 

C7.1 
fibroblasts 

10 
50 LV_2_control 21 

LV_3_control 19 
LV_1_coiled 17 

105 
LV_2_coiled 15 
LV_3_coiled 31 
LV_4_coiled 42 

LV_1_control 

C7.2 
undefined 

3 
89 LV_2_control 2 

LV_3_control 84 
LV_1_coiled 7 

63 
LV_2_coiled 51 
LV_3_coiled 2 
LV_4_coiled 3 

LV_1_control 

C7.3 
cardiomyocytes 

15 
57 LV_2_control 19 

LV_3_control 23 
LV_1_coiled 23 

60 
LV_2_coiled 4 
LV_3_coiled 10 
LV_4_coiled 23 

LV_1_control 

C7.4 
adipocytes 

6 
41 LV_2_control 8 

LV_3_control 27 
LV_1_coiled 28 

49 
LV_2_coiled 9 
LV_3_coiled 5 
LV_4_coiled 7 

LV_1_control 

C7.5 
fibroblasts 

11 
35 LV_2_control 16 

LV_3_control 8 
LV_1_coiled 22 

51 
LV_2_coiled 3 
LV_3_coiled 12 
LV_4_coiled 14 
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Table S5. Nucleic counts per cell type, in control and coiled fetuses. Per sample (n = 7 samples). Include 
tentatively assigned cell types from cluster c7. Sample LV_2_coiled was considered an outlier and not 
included in Figure 4. 

Counts Adipo Cardio Endo Fibro Leuko Lymph Neural Smooth Undef Total 
LV_1_control 12 2398 251 787 315 24 77 168 8 4040 
LV_2_control 35 2962 207 848 317 53 37 122 13 4594 
LV_3_control 234 2323 218 835 383 86 24 135 120 4358 
LV_1_coiled 33 2071 322 1232 436 16 81 169 35 4395 
LV_2_coiled 825 540 325 893 212 61 48 105 105 3114 
LV_3_coiled 25 2804 209 1507 330 47 27 247 56 5252 
LV_4_coiled 124 2078 383 1344 279 110 31 111 24 4484 

Adipo, adipocytes; cardio, cardiomyocytes; endo, endothelial cells; fibro, fibroblasts; leuko, leukocytes; 
lymph, lymphatic endothelial cells; neural, neural cells; smooth, smooth muscle cells; undef, undefined; 
LV, left ventricle.  

 

 

Figure S13. (a) Boxplots (proportions of nuclei) in coiled (hypoplastic) and control left ventricles. Sample 
LV_2_coiled, containing a disproportionately large fraction of adipocytes, was included in the analysis. 
(b) Proportions of cardiomyocyte nuclei, fibroblast nuclei, and “rest” (adipocytes, endothelial cells, 
lymphatic endothelial cells, leukocytes, neural cells, smooth muscle cells; Table S3). In a ternary plot of 
proportions, each point has three coordinates which sum up to one. Lines of constant values (isolines) 
from the “cardiomyocytes” axis run diagonally to the “fibroblast” axis, whose isolines run diagonally to 
the “rest” axis. The isolines of the “rest” axis are horizontal lines to the “myocyte” axis. Sample 
LV_2_coiled is a clear outlier: it has a similar “fibroblast” proportion to the other three coiled samples, 
but has a much lower proportion of cardiomyocyte nuclei and much higher proportion of “rest” nuclei. 
This high value for “rest” nuclei was mainly due to adipocytes. Numerical data in Table S5.  
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Table S6. Fisher’s exact test, differential abundance of nuclei in pooled control (n = 3) versus pooled 
coiled (n = 3) samples. 

 
Odds 
ratio p-value 

Nuclei 
coiled 

Nuclei 
controls FoldChange 

Absolute 
FoldChange Bias Cell type 

Bonferroni 
corrected 
p-value Significance 

Cardio 0.669372 1.87E-60 6953 7683 -1.49394 1.493938 cn 
Cardiomyocytes 
(14636 cells) 1.68E-59 coil biased 

Undef 0.747822 0.023491 115 141 -1.33722 1.337216 cn 
Undefined (256 
cells) 0.211423 

not 
significant 

Fibro 1.730952 3.92E-81 4083 2470 1.730952 1.730952 coil 
Fibroblasts 
(6553 cells) 3.53E-80 coil biased 

Smooth  1.145471 0.040662 527 425 1.145471 1.145471 coil 
Smooth muscle 
cells (952 cells) 0.365959 

not 
significant 

Endo 1.259887 9.55E-06 914 676 1.259887 1.259887 coil 
Endothelial cell 
(1590 cells) 8.59E-05 coil biased 

Lymph 0.975497 0.826271 173 163 -1.02512 1.025118 cn 
Lymphatic cells 
(336 cells) 1 

not 
significant 

Neural  0.925344 0.545689 139 138 -1.08068 1.080679 cn 
Neural cell (277 
cells) 1 

not 
significant 

Adipo 0.590221 2.7E-08 182 281 -1.69428 1.694282 cn 
Adipocytes 
(463 cells) 2.43E-07 coil biased 

Leuko 0.942337 0.198926 1045 1015 -1.06119 1.061191 cn 
Leukocytes 
(2060 cells) 1 

not 
significant 

Adipo, adipocytes; cardio, cardiomyocytes; endo, endothelial cells; fibro, fibroblasts; leuko, leukocytes; 
lymph, lymphatic endothelial cells; neural, neural cells; smooth, smooth muscle cells; undef, undefined; 
cn, control. 

 

 

Figure S14. Fisher’s exact test, differential abundance of nuclei in pooled control (n = 3) versus pooled 
coiled (n = 3) samples. The change in endothelial cells, cardiomyocytes and adipocytes was not 
significant by scCODA or DirichletReg. Numerical data in Table S6.  
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Table S7. Nucleic proportions per cell type, in pooled control versus pooled coiled samples 
(multinomial proportion analyses). n = 6 samples: Sample LV_2_coiled contained a disproportionately 
large fraction of adipocytes, and was therefore excluded; see above. Undefined nuclei were excluded. 
(a) Empirical proportions. (b) ScCODA predicted proportions. 

a 

Empirical 
proportions (%) 

Adipo Cardio Endo Fibro Leuko Lymph Neural Smooth Total 

LV_control 2.178 59.947 5.239 19.143 7.866 1.263 1.070 3.294 100 
LV_coiled 1.289 49.975 6.474 28.918 7.401 1.225 0.984 3.733 100 

 

b 

ScCODA 
predicted 
proportions (%) 

Adipo Cardio Endo Fibro Leuko Lymph Neural Smooth Total 

LV_control 1.287 59.105 5.676 20.092 7.904 1.265 1.144 3.527 100 
LV_coiled 1.148 52.733 5.064 28.707 7.052 1.129 1.020 3.146 100 

 

The number of cells of a particular cell type in a sample has an upper limit imposed by the total number 
of cells that were sequenced. For common cell types this will be of the same order of magnitude as the 
total number of cells sequenced. One assumption of modelling counts, using Poisson or Negative 
Binomial (Gamma-Poisson) distributions, is that there is, in principle, no upper limit to the counts that 
may occur. Hence the counts of different cell types are best represented as a proportion of the total 
number of cells sequenced in the sample, i.e., as compositional data/proportion of the total, rather than 
pure counts. Two methods were used to analyze the composition of myocardium, based on the different 
cell types being modelled by a multinomial distribution that was converted to multinomial proportions 
by being represented by a Dirichlet-Multinomial distribution. Endothelial cell abundance was similar 
between controls and coiled samples, but there was wider variation in the other three cell types. In the 
case of adipocytes this may be a sampling issue, due to true regional variation in adipose tissue 
distribution in large mammalian heart that can often be seen by direct inspection of the surface of the 
heart. Mice have only minor amounts of epicardial adipose tissue 12. Sample LV_2_coiled was atypical 
with the smallest number of total nuclei, largest number of adipocytes and fewest cardiomyocytes. The 
limited number of replicates (3 controls, 4 coiled) mean we cannot be certain if sample LV_2_coiled 
(Figure S13, ternary diagram) represents the effects of the underlying disease process or is just a 
consequence of a spatial sampling issue resulting in many adipocytes and few cardiomyocytes. We have 
adopted a conservative approach and treated this sample as a likely outlier representing a region with a 
deposit of adipose tissue, and excluded it from inferences on changes in cell composition that could be 
attributed to changes secondary to low left heart flow. Results from scCODA show a credible log2-fold 
change of 0.515, i.e., a 1.43 fold increase in fibroblasts. This was with a reference cell type of neural 
cells, but the estimate was similar (log2-fold change 0.49, in absolute terms 1.41 fold) if smooth muscle 
was used as the reference. DirichletReg using a maximum likelihood procedure, estimated a 1.48 fold 
increase in fibroblasts (95% confidence intervals 1.1 - 2.0). Hence using different reference cell types 
and a different estimation technique are reassuringly consistent in predicting a ~1.4 fold increase in 
fibroblasts. 
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Abbreviations: Adipo, adipocytes; cardio, cardiomyocytes; endo, endothelial cells; fibro, fibroblasts; 
leuko, leukocytes; lymph, lymphatic endothelial cells; neural, neural cells; smooth, smooth muscle cells; 
LV, left ventricle.  
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Figure S15. Fibroblast manifold associated gene expression. Heatmaps representing gene trends over 
pseudotime c1 to c2: (a) Transcription factor expression profiles. (b) Top expressed genes in human fetal 
heart stromal cells (https://descartes.brotmanbaty.org/bbi/human-gene-expression-during-
development/cell/stromal/in/heart).  
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Figure S16. Cardiomyocyte manifold associated gene expression. Heatmaps representing gene trends 
over pseudotime from c10 to c0: (a) Transcription factor expression profiles. (b) Top expressed genes in 
human fetal cardiomyocytes (https://descartes.brotmanbaty.org/bbi/human-gene-expression-during-
development/cell/cardiomyocytes/in/heart).  
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Figure S17. Endothelial manifold (a) associated gene expression. Heatmaps representing gene trends 
over pseudotime from c15 to c5: (b) Transcription factor expression profiles. (c) Heatmap representing 
differentially expressed genes over pseudotime, controls (left) and coiled (hypoplastic) left ventricles 
(right). (d) Gene ontology (GO) enrichment analysis of differentially expressed genes. 
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Figure S18. Scatter plots of genes of interest. (a) Fibroblast manifold. (b) Cardiomyocyte manifold. (c) 
Endothelial manifold. Yellow: coiled samples; black: controls. 
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Supplementary discussion: 

Our CellChat 13 analysis suggested important changes in FGF and VEGF signaling (Figure 7). FGF2 
signaling through FGFR1 has been found to be protective against endothelial-to-mesenchymal transition 
(endMT) in a wide range of endothelial cells 14, 15 and inhibit endMT in the context of fibrosis 16 and 
atherosclerosis 17. The molecular basis for this FGF2 antagonism of endMT, even TGF-beta/Smad driven, 
remains to be determined. In our samples, the target of this FGF2 antagonism of endMT was particularly 
focused on endothelial cells (Figure 7). The importance of endMT was first demonstrated in embryonic 
cardiac valve formation 18 and the role of VEGFA in this process was determined later 19. Subsequently 
VEGFA’s antagonism of TGF-beta 20 and Notch1 21 endMT signaling was demonstrated in valve 
progenitors. In our samples, lymphatic endothelial cells had a decrease in VEGFR3 (FLT4) and an increase 
in VEGFR1 (FLT1), whereas endothelial cells had an increase in VEGFR2 (KDR) in response to the lower 
fluid shear stress. VEGFA acting through VEGFR2 is anti-endMT 22-24. The subtle increase in VEGFA 
expression in cardiomyocytes could further enhance anti-endMT signaling in endothelial cells.  

Hence, in our hypoplastic myocardial samples, which have features of endMT already having occurred, 
the CellChat algorithm has detected anti-endMT responses, in the form of changes in FGF and VEGF 
signaling. 
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