
Supplementary Figures and Tables for Disrupting upstream translation in mRNAs is 
associated with loss-of-function in human disease 
 

Supplementary Figure 1​: Distribution of protein coding ORFs, uORFs, and other non-canonical 
ORFs mapped by ribosome profiling from Ji et. al paper​16​. dORFs represent ORFs mapped in 
3’UTRs, lncRNAs represent ORFs mapped in long-noncoding RNAs, and pseudogenes 
represent translated pseudogenes respectively. 
 
  

https://paperpile.com/c/pQMsQz/seIW5


 
Supplementary Fig. 2​: Points showing MAPS scores for uORF UTC-creating and 
stop-strengthening variants compared to non UTC-creating or stop-strengthening uORF variants 
matched by trinucleotide mutation context. Error bars represent bootstrapped 90% confidence 
intervals.  



Supplementary Fig. 3​: PhyloP scores for possible UTC-creating positions in translated uORFs 
(red) compared to 5’UTR sequences (black) across all sextiles of gene constraint as determined 
by gnomAD LOEUF scores (1 being least constrained, 6 being most constrained).  
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Fig. 4: ​Optimality changing MAPS scores for SNVs in dORFs (3’UTRs), 
pseudogenes, and long-noncoding RNAs (lncRNAs).  Error bars represent bootstrapped 90% 
confidence intervals.   



Supplementary Fig. 5​: MAPS score dependence on whether a SNV increases or decreases 
codon optimality in uORFs is robust to changing CSC-scores used to calculate codon optimality 
across 293 cell lines using the orfome approach, and from retinal pigment epithelium cells with 
CSC-scores calculated using endogenous mRNAs ​35​.  Error bars represent bootstrapped 90% 
confidence intervals.   

https://paperpile.com/c/pQMsQz/T3Zb9


 
Supplementary Figure 6:​ PheWAS plot of ​VPS53 ​stop-strengthening variant. The solid red line 
represents the threshold for Bonferroni-adjusted significance (P=6.25e-6) and the red dashed 
line represents the FDR threshold (P=1.25e-4) adjusted for multiple hypothesis testing. The 
direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). 
P-values are derived from a logistic regression model. Red solid line indicates Bonferroni 
significance threshold (P=6.25e-05). Red dashed line represents the FDR < 0.1 threshold.  



Supplementary Figure 7:​ Change in PMVK 5’UTR annotation as of September 2019 Gencode 
32 release. The longer 5’UTR isoform for PMVK is supported by transcription start-site mapping 
from FANTOM5, and by the remapped ribosome-profiling reads (top, black) from ​GSE65885​.  

https://www.ncbi.nlm.nih.gov/gds/?term=GSE65885[Accession]


 

 
Supplementary Figure 8:​ PheWAS plot of ​BCL2L13 ​stop-strengthening variant. The solid red 
line represents the threshold for Bonferroni-adjusted significance (P=6.25e-6) and the red 
dashed line represents the FDR threshold (P=1.25e-4) adjusted for multiple hypothesis testing. 
The direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). 
P-values are derived from a logistic regression model. Red solid line indicates Bonferroni 
significance threshold (P=6.25e-05). Red dashed line represents the FDR < 0.1 threshold. 
  



 
Supplementary Figure 9​: PheWAS plot of ​NALCN ​UAA UTC variant. The solid red line 
represents the threshold for Bonferroni-adjusted significance (P=6.25e-6) and the red dashed 
line represents the FDR threshold (P=1.25e-4) adjusted for multiple hypothesis testing. The 
direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). 
P-values are derived from a logistic regression model. Red solid line indicates Bonferroni 
significance threshold (P=6.25e-05). Red dashed line represents the FDR < 0.1 threshold.  



 
Supplementary Figure 10​: PheWAS plot of ​SHMT2 ​stop-strengthening variant. The solid red 
line represents the threshold for Bonferroni-adjusted significance (P=6.25e-6) and the red 
dashed line represents the FDR threshold (P=1.25e-4) adjusted for multiple hypothesis testing. 
The direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). 
P-values are derived from a logistic regression model. Red solid line indicates Bonferroni 
significance threshold (P=6.25e-05). Red dashed line represents the FDR < 0.1 threshold.  



 

 
Supplementary Figure 11​: PheWAS plot of ​MOAP1 ​UAA UTC variant. The solid red line 
represents the threshold for Bonferroni-adjusted significance (P=6.25e-6) and the red dashed 
line represents the FDR threshold (P=1.25e-4) adjusted for multiple hypothesis testing. The 
direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). 
P-values are derived from a logistic regression model. Red solid line indicates Bonferroni 
significance threshold (P=6.25e-05). Red dashed line represents the FDR < 0.1 threshold.  



 

 
Supplementary Figure 12​: Luciferase experiments for ​PMVK​ and ​VPS53 ​plasmid Constructs 
showing similar direction of effect for UTC and stop-strengthening variants using HeLa cells for 
transfection. Results displayed are from independent biological replicates. P-values from 
one-sample T-test for each condition are displayed above each column. Error bars represent 
standard error of the mean. Source data are included in the Source Data file.  



Supplementary Table 1: uORF UTC / Stop-strengthening MAPS analysis with all 
CDS-overlapping variants removed. 

 



Supplementary Table 2: Relative frequencies of TGA, TAG, and UAA trinucleotides 
across different 5’UTR sequence contexts 

  



Supplementary Table 3: Minor allele frequencies for all PheWAS-significant variants 
tested in discovery and replication analyses 

 
 
 
Supplementary Table 4: PheWAS replication analyses phenotypes tested 

 
 
 
  



 
Supplementary Table 5: 5’UTR Fragments used in expression constructs 

Gene 
(Transcript) 

Mutation Sequence 

PMVK 
(​ENST0000
0368467​) 

WT TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGAGAAGGTTCTGGGCGGGGCTGGACTGTTCTA
AGTGAGTTCGGGTGGGGGAGCTTCACGAGGGGAGGCTGCT
CTGTGAAGGAACCGCCTTTCTCTCCGCGTGTCTCACCCTTT
TCTCCCCATATCTGTTTGGACATGAGCTGAGGGCACGGTCG
CGGGCGGTCAGCCCTGTTCGCAGCTACGGCGAGGAGGGG
CGCGATTGTTCCTTGTTGCCGCTCCGCTTAGTGGCCGCGTC
CATTCCGCGCG​GTGTCCCGATTTTAG​GGGTAGGGAGAAGT
GTCAGCTTCAGGCATCGCGAGGCGTGGCGGCCCCATGGAA
GATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCC
ACTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCC
ATGA 

PMVK 
(​ENST0000
0368467​) 

KO TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGAGAAGGTTCTGGGCGGGGCTGGACTGTTCTA
AGTGAGTTCGGGTGGGGGAGCTTCACGAGGGGAGGCTGCT
CTGTGAAGGAACCGCCTTTCTCTCCGCGTGTCTCACCCTTT
TCTCCCCATATCTGTTTGGACATGAGCTGAGGGCACGGTCG
CGGGCGGTCAGCCCTGTTCGCAGCTACGGCGAGGAGGGG
CGCGATTGTTCCTTGTTGCCGCTCCGCTTAGTGGCCGCGTC
CATTCCGCGCG​TTT​TCCCGATTTTAG​GGGTAGGGAGAAGTG
TCAGCTTCAGGCATCGCGAGGCGTGGCGGCCCCATGGAAG
ATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCA
CTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCCA
TGA 

PMVK 
(​ENST0000
0368467​) 

TAG>TAA TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGAGAAGGTTCTGGGCGGGGCTGGACTGTTCTA
AGTGAGTTCGGGTGGGGGAGCTTCACGAGGGGAGGCTGCT
CTGTGAAGGAACCGCCTTTCTCTCCGCGTGTCTCACCCTTT
TCTCCCCATATCTGTTTGGACATGAGCTGAGGGCACGGTCG
CGGGCGGTCAGCCCTGTTCGCAGCTACGGCGAGGAGGGG
CGCGATTGTTCCTTGTTGCCGCTCCGCTTAGTGGCCGCGTC
CATTCCGCGCG​GTGTCCCGATTT​TAA​GGGTAGGGAGAAGT
GTCAGCTTCAGGCATCGCGAGGCGTGGCGGCCCCATGGAA
GATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCC
ACTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCC
ATGA 

VPS53 
(​ENST0000
0437048​) 

WT TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGA​CTGGGGCCTGGGTGGCGGCTGGAGGCCTG
A​GTTGGGCTCGCGGCGGGGGTCGGCAGGGGGCCGGGTGG
CGGAATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCG
CCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGC
TGCACAAAGCCATGA 

https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000368467
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048


VPS53 
(​ENST0000
0437048​) 

KO TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGA​CAG​GGGCCTGGGTGGCGGCTGGAGGCCTG
A​GTTGGGCTCGCGGCGGGGGTCGGCAGGGGGCCGGGTGG
CGGAATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCG
CCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGC
TGCACAAAGCCATGA 

VPS53 
(​ENST0000
0437048​) 

TGA>TAA TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGA​CTGGGGCCTGGGTGGCGGCTGGAGGCC​TA
A​GTTGGGCTCGCGGCGGGGGTCGGCAGGGGGCCGGGTGG
CGGAATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCG
CCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGC
TGCACAAAGCCATGA 

VPS53 
(​ENST0000
0437048​) 

TGG>TAG TATAGGGAGACCCAAGCTGGCTAGTTAAGCTTAGATCTTGA
TATCCTCGAGA​CTGGGGCCTGGG​TAG​CGGCTGGAGGCCTG
A​GTTGGGCTCGCGGCGGGGGTCGGCAGGGGGCCGGGTGG
CGGAATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCG
CCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGC
TGCACAAAGCCATGA 

BCL2L13 
(​ENST0000
0543133​) 

WT TCGGAGCACTCACCGCCGCTGGGGGACCCTGTCGGAAGCA
ACTGCCGCCGCCGCCTCTTTCATCTCTTCTGGGGCAGGGG
CCAGGGCCAGGTTTTACACATCCATAAGTAGACCTTTTTGG
AGCCTCACCAGCCAATTCA​ATGGCGTCCTCTTCTACTGTGC
CT 
CTGGGATTTCACTATGAAACAAAGTATGTTGTTCTCAGCTAC
TTGGGACTCCTCTCTCAAGAGAAGCTGCAAGAGCAACATCT
TTCCTCACCCCAAGGGGTTCAACTAGATATAGCTTCACAATC
TCTGGATCAAGAAATTTTATTAAAAGTTAAAACTGAAATTGAA
GAAGAGCTAAAATCTCTGGACAAAGAAATTTCTGAAGGCCA
GTGA​CATATCAGGCATTTCGGGAATGTACACTGGAGACCAC
AGTTCATGCCAGCGGCTGGAATAAGATTTTGGTGCCTCTGG
TTTTGCTACGACAA 

BCL2L13 
(​ENST0000
0543133​) 

ATG>ATA TCGGAGCACTCACCGCCGCTGGGGGACCCTGTCGGAAGCA
ACTGCCGCCGCCGCCTCTTTCATCTCTTCTGGGGCAGGGG
CCAGGGCCAGGTTTTACACATCCATAAGTAGACCTTTTTGG
AGCCTCACCAGCCAATTCA​ATA​GCGTCCTCTTCTACTGTGC
CT 
CTGGGATTTCACTATGAAACAAAGTATGTTGTTCTCAGCTAC
TTGGGACTCCTCTCTCAAGAGAAGCTGCAAGAGCAACATCT
TTCCTCACCCCAAGGGGTTCAACTAGATATAGCTTCACAATC
TCTGGATCAAGAAATTTTATTAAAAGTTAAAACTGAAATTGAA
GAAGAGCTAAAATCTCTGGACAAAGAAATTTCTGAAGGCCA
GTGA​CATATCAGGCATTTCGGGAATGTACACTGGAGACCAC
AGTTCATGCCAGCGGCTGGAATAAGATTTTGGTGCCTCTGG
TTTTGCTACGACAA 

BCL2L13 TGA>TAA TCGGAGCACTCACCGCCGCTGGGGGACCCTGTCGGAAGCA

https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000437048
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133


 
 
Supplementary Table 6: Nominal cardiac and movement disorder associations with 
SHMT2 stop-strengthening variant uncovered through PheWAS in Penn Medicine 
Biobank. 

 
 
Supplementary Data 1: Spreadsheet detailing all potential uORF stop creating positions 
identified in this analysis. 
 
Supplementary Data 1 is provided as a text file accessible at 
https://doi.org/10.5281/zenodo.4536050​ ​71 

(​ENST0000
0543133​) 

ACTGCCGCCGCCGCCTCTTTCATCTCTTCTGGGGCAGGGG
CCAGGGCCAGGTTTTACACATCCATAAGTAGACCTTTTTGG
AGCCTCACCAGCCAATTCA​ATGGCGTCCTCTTCTACTGTGC
CT 
CTGGGATTTCACTATGAAACAAAGTATGTTGTTCTCAGCTAC
TTGGGACTCCTCTCTCAAGAGAAGCTGCAAGAGCAACATCT
TTCCTCACCCCAAGGGGTTCAACTAGATATAGCTTCACAATC
TCTGGATCAAGAAATTTTATTAAAAGTTAAAACTGAAATTGAA
GAAGAGCTAAAATCTCTGGACAAAGAAATTTCTGAAGGCCA
G​TAA​CATATCAGGCATTTCGGGAATGTACACTGGAGACCAC
AGTTCATGCCAGCGGCTGGAATAAGATTTTGGTGCCTCTGG
TTTTGCTACGACAA 

https://doi.org/10.5281/zenodo.4536050
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133
https://grch37.ensembl.org/Homo_sapiens/transview?transcript=ENST00000543133

