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Supplementary Fig. 1. RNF20 expression levels in donor and TOF patients.

a Volcano plot of differentially expressed data taken from 47 (GSE256516). Dots representing
RNF20 as well as CHD-related genes, such as JAG1, NOTCH1, NOTCH2, and TBX5 are
highlighted.

b UMAP of donor and TOF patients from GSE203274, colored by cell type. CM, cardiomyocytes,
EC, endothelial cells, CF, cardiac fibroblasts, M$, macrophages.

¢ UMAP plot grouped by patient category: Donor, representing healthy donor heart samples; and
TOF, right ventricular heart samples from patients aged 3-8 months.

d Bar plot showing the percentage of cells within the different clusters colored by cell type. Data
are shown as the frequency of the different cardiac cell types in donor and TOF samples. P-values
were calculated using a two-sided exact binomial test. Statistical significance is indicated as
follows: n.s., not significant (p > 0.05); *p <0.05; **p < 0.01; *p < 0.001.

e Violin plot displaying expression levels of selected marker genes across eight annotated cell
types.
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Supplementary Fig. 2. Function of RNF20 in SHF Development.

a Gross appearance of control and Is/1°®*Rnf20"" embryos at E10.5. Scale bars, 1 mm.

b Contingency table showing the incidence of single vessel in control and /s/1¢*Rnf20"" hearts.
Statistical significance was assessed using Fisher’'s exact test (p = 0.0022).

¢ Contingency table showing the incidence of arrhythmic behavior in control and Is/1¢®*Rnf20""
hearts. Statistical significance was assessed using Fisher’s exact test (p = 0.0039).

d, e TUNEL analysis to detected apoptotic cells on sections of control and /s/1¢%*Rnf20"" E10.5
(d) and E11.5 (e) embryos. Nicked DNA was visualized by HRP staining. Methyl green staining
was used to visualize nuclei.

f, g Immunostaining for H2Bub1, catalyzed by RNF20, MF20 and anti-IB4 of E10.5 control (n=6)
and Is/1°**Rnf20"" (n=6) hearts (f) and quantification of H2Bub1-positive CMs (H2Bub1+/MF20+
cells) and H2Bub1-positive ECs (H2Bub1+/IB4+ cells) in the LV and the RV (g). Scale bars in f,
50 ym.

h Relative Rnf40 mRNA expression in RV and LV of E10.5 control (n=6) and Is/1¢®*Rnf20™" (n=6)
hearts.

Statistical analysis between two groups in g, h, was performed using an unpaired two-tailed
Student’s t-test. Data are shown as means + SEM. *p<0.05, **p<0.01, ***p<0.001.
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Supplementary Fig. 3. Single cell analysis of control and Is/1°"®*Rnf20"" hearts.

a tSNE plot separated by genotype and colored according to cell type.
b Heatmap showing the top 3 markers for each cell type on the left, and markers used to define
the cell populations from Fig. 3b on the right.

¢ Dot plot illustrating the expression of Is/1 and Rnf20 across various cell types. Size of the dots
reflects the percentage of cells expressing Is/1 or Rnf20 and color represents the average
expression level in the different cell types in control (n=5) and Is/71¢**Rnf20™" (n=5) E10.5 hearts.
d UMAP plot depicting cell clusters within the [s/7 lineage in E8.75 embryos.
e Dot plot displaying marker genes for CMs, ECs, and proliferative populations. Dot size indicates
the percentage of cells expressing Is/1, Rnf20, and the respective marker genes, while color

represents the average expression level.
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Supplementary Fig. 4. Cardiomyocyte and endothelial clusters in control and
Is11°**Rnf20"" hearts.
a t-SNE plot separated by genotype and colored according to CM subtype.

b Heatmap showing the top 3 markers for each CM subtype on the left, and markers used to
define the cell populations from Fig. 3f on the right.

t-SNE plot EC subtype.
d Heatmap showing the top 3 markers for each EC subtype on the left, and markers used to define
the cell populations from Fig. 3h on the right.

c separated by genotype and colored according to

e Violin plots visualizing expression levels of selected up- and downregulated genes in the
different EC populations in control and Is/1¢*Rnf20"" hearts.
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Supplementary Fig. 5. Function of endothelial RNF20 in cardiac development.

a, b Gross appearance of control (Tie2¢®*Rnf20*") and Tie2¢*Rnf20"" embryos at E10.5 (a) and
of dissected hearts (b). Scale bars in a, 1 mm. Scale bars in b, 200 um.

¢ Schematic representation of the experimental setup.

d Immunostainings of H2Bub1 in control and Rnf20CX0 hearts at E11.5 (bottom), showing loss
of Rnf20 specifically in endothelial cells. For this experiment and all other studies, control
(Cdh5CeERT2neg-Rnf20"") and Rnf20'FCKO (Cdh5C°ER™pos-Rnf20™") embryos were exposed to
tamoxifen from E8.5. Scale bars, 50 um.

e Contingency table showing the incidence of arrhythmic behavior in control (Cdh5¢eER™neg-
Rnf20"") and Rnf20'C-XO (Cdh5°ERT2pos-Rnf20™") hearts. Statistical significance was assessed

using Fisher’'s exact test (p = 0.0011).
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f Gross appearance of control (Cdh5¢tR2neg-Rnf20"") and Rnf20C-XC (Cdh5CERT2pos-Rnf20™"")
embryos (left panels) and dissected hearts (right panels) at E12.5. Scale bars for left panels, 1
mm; Scale bars for right panels, 200 ym.

g TUNEL analysis performed on sections of control and Rnf20¥¢-X° E11.5 embryos. Scale bars,
200 um.

h, i Representative image of ECs morphology in P7 control and Rnf20%CK0 hearts (h) and
quantification of normal versus abnormal EC morphology (arrows) normalized to the total EC count
per field (i) (n=3 per group). Scale bars, 10 um. Statistical significance was assessed using
Fisher’s exact test.

j Quantification of CM showing organized versus disorganized sarcomeres in P7 control (n=3) and
Rnf207ECK° (n=3) hearts normalized to the total number of CM per field. Statistical significance was

assessed using Fisher’s exact test.
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Supplementary Fig. 6. Single cell analysis of control and Rnf20'E°K° hearts.
a tSNE plot separated by genotype and colored according to cell type.
b Heatmap showing the top 3 markers for each cell type on the left, and markers used to define

the cell populations from Fig. 5b on the right.
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Supplementary Fig. 7. Cardiomyocyte and endothelial clusters in control and Rnf20¢-K°
hearts.

a t-SNE plot separated by genotype and colored according to CM subtype.
b Heatmap showing the top 3 markers for each CM subtype, and markers used to define the cell
populations from Fig. 5e on the right.

¢ tSNE plot separated by genotype and colored according to EC subtype.
d Heatmap showing the top 3 markers for each EC subtype, and markers used to define the cell
populations from Fig. 5h on the right.

e Representative GO terms in the different EC populations. Dot size indicates the proportion of
genes associated with given GO, while color represents the significance of enrichment.

f Violin plots visualizing expression levels of selected up- and downregulated genes in the different
EC populations in control and Rnf20FCKO hearts. Values correspond to normalized gene

expression counts across cell populations.
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Supplementary Fig. 8. Impact of RNF20 loss on ECs.

a Representative images of a scratch assay with HUVECs transfected with control and siRNA
against RNF20 taken immediately after scratch (0Oh) and after 7h. Scale bars, 150 pym.

b Representative images of the tube formation assay with control and siRNF20 transfected
HUVECSs after 24h. Scale bars, 10 um.

¢ Gating strategy of the FACS sorting, illustrating sequential steps to exclude debris (FSC-A vs
SSC-A), select singlets (FSC-A vs FSC-H), and identify viable cells (Sytox Blue—negative). Within
the live singlet population, endothelial cells were defined as CD31* and CD31Ms", Only the

CD31high positive fraction was sorted for downstream applications.
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Supplementary Fig. 9. Genes negatively correlated with RNF20 levels in TOF patients.

a GO analysis of genes exhibiting significant negative correlation (based on Spearman correlation)
with RNF20 levels. P-values were calculated using a hypergeometric test as performed by
Metascape (v.3.5).

b Example showing significant negative correlation between RNF20 levels and GPX1 expression
in samples from TOF patients. Each black dot represents an independent biological sample. The
blue line corresponds to the linear regression fit, while the surrounding gray area denotes the 95%
confidence interval, indicating the range within which the true regression line is likely to lie with
95% certainty. Spearman correlation was used to assess correlations between gene expression
levels and clinical data, and p-values were estimated using a two-tailed test based on a t-

distribution approximation.
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Supplementary Fig. 10. Effects of altered angiocrines on CM proliferation and contractility.
a Percentage of EdU-positive CMs in co-cultures with HUVECs transected with control siRNA
(n=3), siRNA against RNF20 (siRNF20, n=3), or siRNF20 together with siRNAs against MIF (n=3),
determined by EdU-incorporation for 24 hours.

b Plot of contraction amplitude and beating speed of rat CMs co-cultured with control HUVECs or
HUVECSs overexpressing NPPA and MIF extracted from video sequences using MYOCYTER.

¢ Poincaré plot derived from image sequences of beating rat CMs co-cultured with control
HUVECs or HUVECs overexpressing NPPA and MIF.

d Frequency and amplitude of image sequences recorded on rCMs co-cultured with control
HUVECs or HUVECs overexpressing NPPA and MIF.

Statistical analysis between multiple groups in b, was performed using one-way-ANOVA with
Sidak's correction. Statistical analysis between control versus NPPA or MIF overexpressing
group, in d, was performed using an unpaired two-tailed Student’s t-test. Data are shown as
means + SEM. *p<0.05, **p<0.01, ***p<0.001.
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Specimen's ID Age BSA Sp02 RVP
2 96 0.31 95 77
5 116 0.33 94 70
6 120 0.3 70 80
7 120 0.27 72.5 77
8 162 0.33 92 77
9 164 0.32|NA 77
10 212 0.26 90 93
13 253 0.37 92 920
15 287 0.44 95 81
16 371 0.37 |[NA 72
17 385 0.42 96 80
18 406 0.48 95 91
20 727 0.54 87 80
22 224 0.27 84 50
23 134 0.26 95 18
27 253 0.32 95 84
28 208 0.23 75 60
29 119 0.22 87 60
32 51 0.21 78 43
37 195 0.33|NA 62
38 189 0.39 88 77
40 218 0.27 82 87
44 231 0.33|NA 60
48 194 0.35 88 72
49 245 0.41 99 95

Dou, Tetik-Elsherbiny, Gao et al.

Supplementary Table 1. Clinical features of TOF patients used in the study.
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Dou, Tetik-Elsherbiny, Gao et al.

SD1 SD2
Control1 0.059 0.037
Control2 0.0378 0.0327
Control3 0 0
Control4 0.0655 0.0824
Control5 0.071 0.085
Control6 0.137 0.079
Control7 0.107 0.065
Control8 0.0452 0.0452
Control9 0 0
Control10 0.071 0.071
Control11 0.156 0.145
Control12 0.0378 0.0535
Isl1ere*Rnf201/ 1 0.093 0.038
Isl1ore*Rnf201/ 2 0.113 0.07
Isl1cre*Rnf20%f 3 0.417 0.372
Isl1ere*Rnf207 4 0.522 0.412
Isl1ere*Rnf20 5 0.159 0.254
Isl1cre*Rnf207" 6 0.141 0.282
SD1 SD2
p value 0.0055 0.0013

Supplementary Table 2. SD1 and SD2 representing short- and long-term heart rate variability in
Poincaré plots of control (n=12) and /s/1°®*Rnf20"" (n=6) hearts. Statistical analysis between two

groups was performed using an unpaired two-tailed Student’s t-test.
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SD1 SD2
Control1 0.0535 0.0378
Control2 0.15 0.106
Control3 0.093 0.035
Control4 0.0612 0.0306
Control5 0.0378| 0.0327
Control6 0.0354 | 0.0306
Control7 0.0612| 0.0354
th5CreERT2_Rnf20fI/fl 1 0222 0143
Cdh5CreERT2_Rn 201/ 2 0.519 0412
Cdh5CreERT2_RNnf201f 3 0539 0495
th5CreERT2_Rnf20fI/fI 4 0339 0465
Cdh5CreERT2_RNn 201 5 051 6 0506
Cdh5CreERT2_Rn 201 6 041 7 0358
th5CreERT2_Rnf20fI/fI 7 01 73 0 1 2
Cdh5CreERT2_RNn 201 8 0787 0546
Cdh5CeERT2.Rnf2011 9 0.0378 | 0.0535

SD1 SD2
p value 0.0024 0.001

Dou, Tetik-Elsherbiny, Gao et al.

Supplementary Table 3. SD1 and SD2 representing short- and long-term heart rate variability in

Poincaré plots of control (n=7) and Rnf20CXC (n=9) hearts. Statistical analysis between two

groups was performed using an unpaired two-tailed Student’s t-test.
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Dou, Tetik-Elsherbiny, Gao et al.

SD1 SD2 SD1 SD2
Control 1 0.118 0.121 siControl 1 0.173 0.171
Control 2 0.204 0.203 siControl 2 0.048 0.032
Control 3 0.173 0.113 siControl 3 0.123 0.131
Cdh5CreERT2.RNf20%1 1 213 3.16 siRNF20-1 0.921 0.615
Cdh5CreERT2_RN201f 2 1.479 1.152 siRNF20-2 0.697 0.813
Cdh5CreERT2-Rnf201 3 1.736 1.557 siRNF20-3 0.554 0.488
p value 0.0011]0,042 RNF20 OE 1 0.0558 0.0373
RNF20 OE 2 0.0752 0.0824
RNF20 OE 3 0.0577 0.488

p value SD1 SD2
siRNF20 vs siControl 0.0057 0.0069
RNF20 OE vs siControl 0.2327 0.5738

Supplementary Table 4. SD1 and SD2 representing short- and long-term beating rate variability
in Poincaré plots of rat cardiomyocytes co-cultured with ECs isolated from control (n=3) and
Rnf20'FCX0 (n=3) hearts or HUVECs following overexpression or silencing of RNF20 (n=3 for all
groups). Statistical analysis between two groups was performed using an unpaired two-tailed
Student’s t-test.

18



