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But wait, there’s more…

5’ UTR CDS



But wait, there’s more…

upstream Open Reading Frames (uORFs)

An uORF can start with an AUG with a strong or weak Kozak context 
or 
with an alternative initiation codon: AAG, AUU, UUG, AGG, AUC,  
GUG, ACG, CUG, AUA



Post-transcriptional gene expression 
regulation

Upstream open reading frames in 5’-UTR 

• Exhaust the ribosome 

• Mostly suppressive 

• Adaptations and diseases

Wethmar, Klaus. 2014. „The Regulatory Potential of Upstream Open Reading Frames in Eukaryotic Gene Expression“. Wiley Interdisciplinary Reviews: RNA 5: 765–68. https://doi.org/10.1002/wrna.1245.



How frequent are uORFs in different 
species?

Homo 
sapiens

Mus 
musculus

Gallus 
gallus

Xenopus 
laevis

Danio  
rerio

Drosophila 
melanogaster

Total number of genes 18,941 19,536 5,319 9,607 13,310 13,445

Total number of transcripts 60,217 36,414 5,665 9,617 13,965 30,085
Fraction of transcripts with 

canonical uORFs 0.593 0.559 0.332 0.728 0.592 0.615
Average number of cano- 
nical uORFs per transcript 2.54 1.93 0.83 2.41 1.76 2.68
Fraction of transcripts with 

uORFs 0.992 0.991 0.937 0.976 0.98 0.994
Average number of uORFs 

per transcript 33.82 55.9 15.17 22.13 23.95 50.66
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uO

RF
 c

ou
nt

 p
er

 tr
an

sc
rip

t

0

15

30

45

60

5’ UTR median length
80 110 140 170 200

R² = 0.8494

canonical uORFs all uORFs

canonical uORFs start with  
AUG

non-canonical uORFs start with  
AAG, AUU, UUG, AGG, AUC,  
GUG, ACG, CUG, AUA 



Hypothesis

uORF mutations may lead to a 
gene over-translation and 
consequent tumorigenesis

Credit: Eye of Science/SPL



Whole exome sequencing from TCGA 

Type of cancer Number of patients analyzed

Breast invasive carcinoma (BRCA) 1044

Colon adenocarcinoma (COAD) 433

Acute myeloid leukemia (LAML) 149

Lung adenocarcinoma (LUAD) 569

Prostate adenocarcinoma (PRAD) 498

Skin cutaneous melanoma (SKCM) 470

Total 3163



Study set up

5’ UTR 
extraction and 
uORF finding

Variant calling 
at uORFs

Selection of 
variants for 

functional studies





SNVs affecting uStart, and uStop 
codons

Type of cancer
Recurrent 
somatic 
SNVs

Affected 
patients

More 
frequent 
variants*

Affected 
patients New SNVs

BRCA 1029 68.0% 94 35.1% 80
COAD 339 67.4% 37 40.4% 45
LUAD 494 68.0% 75 31.1% 56
PRAD 114 38.8% 14 20.9% 3
SKCM 3748 86.8% 241 61.7% 2112
LAML 258 75.2% 258 75.2% 72
Total 5277 66.5% 567 38.7% 2363



Recurrent somatic uORF-associated SNVs



Variants in Start codons
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Variants in STOP codons
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Jürgens et al.  Biomedicines 2021, 9(6), 618



Vast majority of 
SNVs are cancer 

specific

Jürgens et al.  Biomedicines 2021, 9(6), 618



Wet lab analysis



Dataset selected for luciferase 
experiments (24 genes)
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The selected genes possessed the whole spectrum of 
different uORFs



Nineteen SNVs caused significant 
alteration of translation level

Different effect for different transcripts and 
mutations 

• 1.7-fold induction for the AUG.1 > UUG 
variant in SET Domain Containing 4 
(SETD4) 

• 0.006-fold repression caused by the CUG.6 
> GUG variant Major Histocompatibility 
Complex Class II DR Beta 1 (HLA-DRB1)

Jürgens et al.  Biomedicines 2021, 9(6), 618
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Conclusions
• Our analysis revealed recurrent somatic uAUG, aTIS, or uStop mutations in a large proportion of 

cancer patients 

• Individual uORF variants caused a wide range of activating and repressing effects on 
downstream translation 

• We extended the catalog of translationally active uORFs by 19 somatic variants observed in 
patient-derived malignant tissues 

• Besides the uORF-mediated impact on CDS translation, recent work of others and of our group 
revealed that a substantial fraction of canonical and non-canonical uORF start sites serve to 
initiate uORF-encoded peptides. Those uORF-peptides may form direct complexes with the 
associated main protein and can act in both, cis- and trans-regulatory ways. 

• The read coverage analysis of current WES datasets at uORFs underlines that available WES 
data still cover less than half of all potential uORF-associated initiation and termination codons, 
leaving room for future genome-wide analyses.



Follow up study - whole genome 
sequencing data

Type of cancer Number of patients Analyzed

Breast invasive carcinoma (BRCA) 119 117

Colon adenocarcinoma (COAD) 118

Acute myeloid leukemia (LAML) 50

Lung adenocarcinoma (LUAD) 152 151

Prostate adenocarcinoma (PRAD) 122 122

Skin cutaneous melanoma (SKCM) 138 135

Total 699 525



uORFdb - a gene-centric database of 
upstream Open Reading Frames



A Bit of Statistics
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uORFs per taxon
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uORFdb - a gene-centric database of 
upstream open reading frames
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uORFdb - a gene-centric database of 
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uORFdb - a gene-centric database of 
upstream open reading frames
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