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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Translation and evolution of sORFs during cardiac 
development. a) Number of Ribo-seq reads mapped to features of protein-
coding and non-coding genes (annotated and unannotated). b) Number of 
predicted ORFs per sample and dataset, divided by ORF biotype and including 
CDSs. c) Histogram depicting the number of human, chimp, and rhesus sORF 
sequences with young translation mappable by reads of 29 bp (average size of 
ribosome-protected fragments) across the other primate genomes considered 
in the study. The accompanying text describes the count of young sORFs that 
remain unmappable or unaligned to any other primate genome. d) Distribution 
of human sORF lengths for each biotype. e) Fractions of cognate (n = 905) and 
non-AUG (n = 1,358) human sORFs per ORF biotype. f ) Distribution of human  
ORF lengths and P-sites per nucleotide for cognate and non-AUG sORFs.  
g) Cumulative density of the replicability of CDSs, cognate AUG sORFs, and non-
AUG sORFs across human samples. h) Cumulative density of the fraction of intact 
frame in human recent and preserved sORFs with mutated or preserved initiation 
codon in the other species. i) Proportion of initiation codons in human ORFs with 

recent and preserved translation and their counterpart regions in rhesus.  
j) Fraction of counterpart ORF regions transcribed in other species based on  
RNA-seq data, divided by levels of ORF age. k) Top: Number of primate uORFs/
uoORFs with or without preserved translation in other species. Bottom: 
Distribution of pairwise TE variance of human CDSs hosting uORFs/uoORFs 
preserved or not preserved in chimp or in rhesus. Two-sided Wilcoxon rank-sum 
test adjusted p-values are displayed. l) Number of sORFs tested in published 
CRISPR screens, including cases that showed a significant effect on cell 
viability. ORFs are separated by the age of translation. m) Number of predicted 
InterproScan motifs in sORFs by signature and species. n) Two examples of  
de novo sORFs with predicted alpha helices by ESMFold in human and rhesus.  
o) Fraction of shuffled amino acid sequences with predicted InterproScan motifs 
and ESMFold structures. In panels d), f ), and k), boxes indicate interquartile 
range (IQR; 25th and 75th percentiles); center line indicates median ; whiskers 
indicate minimum to maximum.
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Extended Data Fig. 5 | Dysregulation of recently evolved or recently enriched 
cardiac genes and sORFs in disease. a) Left: Fraction of ubiquitous preserved 
genes, preserved cardiac-enriched genes, recent cardiac-enriched genes, and 
evolutionarily young genes that are differentially expressed in hypertrophic 
cardiomyopathy (HCM, 9 controls and 28 disease donors) in humans. Right: 
Correlation between the log2 FoldChanges of mRNA abundance between dilated 
cardiomyopathy (DCM) and controls, and between HCM and controls, for both 
analyzed cohorts. Spearman’s rank correlation coefficients by gene group are 
also displayed. b) Box plots with normalized RNA-seq expression values of seven 
selected genes in a cohort of 97 control and 108 dilated cardiomyopathy (DCM) 
donors (Biological replicates, analysis performed using data from Heinig et al. 
44). Boxes indicate interquartile range (IQR; 25th and 75th percentiles); center line 
indicates median (50th percentile); whiskers indicate minimum to maximum. 
MARCH11-AS1 is regulated in the same direction as its sense gene MARCH11, 

whereas SRP14-AS1 and its sense gene SRP14 show opposite regulation in DCM, 
pointing to different locus-specific regulatory mechanisms. Adjusted p-values 
are calculated by DESeq2. c) Box plots with normalized expression values of 
SLC5A1 in HCM and in a cohort of 15 control and 65 dilated cardiomyopathy 
(DCM) donors (Biological replicates, analysis performed using data from 
Van Heesch et al. 15). Boxes indicate interquartile range (IQR; 25th and 75th 
percentiles); center line indicates median (50th percentile); whiskers indicate 
minimum to maximum. Adjusted p-values are calculated by DESeq2. d) Genomic 
tracks of Ribo-seq, RNA-seq, and RNA-seq junctions for SLC5A1 in human, chimp, 
gorilla, rhesus, mouse and rat. Pooled data of iPSC-CM and LV samples are shown. 
e) Pearson’s correlation of the Deseq2-normalized levels of ribosome occupancy 
between SLC5A1 uORF and CDS for iPSC-CM, adult LVs, and DCM samples.  
The uORF and the CDS show a significant positive one-sided correlation.
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