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Abstract 

Non-canonical small open reading frames (sORFs) are among the main regulators of gene e xpression. T he most studied of these are upstream 

ORFs (upORFs) located in the 5 ′ -untranslated region (UTR) of coding genes. Internal ORFs (intORFs) in the coding sequence and downstream 

ORFs (dORFs) in the 3 ′ UTR ha v e receiv ed less attention. Different bioinformatics tools permit the prediction of single nucleotide variants (SNVs) 
altering upORFs, mainly those creating AUGs or deleting stop codons, but no tool predicts variants altering non-canonical translation initiation 
sites and those altering intORFs or dORFs. We propose an upgrade of our MORFEE bioinformatics tool to identify SNVs that may alter all types 
of sORFs in coding transcripts from a VCF file. Moreo v er, w e generate an e xhaustiv e cat alog , named MORFEEdb, reporting all possible SNVs 
altering existing upORFs or creating new ones in human transcripts, and provide an R script for visualizing the results. MORFEEdb has been 
implemented in the public platform Mobidet ails. Finally, the annot ation of ClinVar variants with MORFEE re v eals that > 45% of UTR-SNVs can 
alter upORFs or dORFs. In conclusion, MORFEE and MORFEEdb ha v e the potential to impro v e the molecular diagnosis of rare human diseases 
and to facilitate the identification of functional variants from genome-wide association studies of complex traits. 
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on-canonical small open reading frames (sORFs) located in
ntranslated regions (UTRs) surrounding the coding sequence
CDS, main ORF) of mRNAs are the main regulators of trans-
ation and can themselves be translated [ 1 , 2 ]. Upstream ORFs
upORFs) located in the 5 

′ UTR have been the most studied
ORFs for their role in the regulation of translation initiation.
he number of identified disease-causing variants creating
ew upORFs or altering existing ones has increased in the last
ears [ 3 , 4 ]. Different kinds of variants have been identified in
 wide range of rare genetic diseases, most of which are as-
ociated with decreased protein levels, characterizing them as
oss-of-function (LOF) mutations. These variants can (i) cre-
te a new upstream translation initiation site (uTIS) [ 3–5 ], (ii)
elete upstream stop codons (uStops) [ 3 ], and / or (iii) create
ew upstream stop codons [ 6 ]. The presence of downstream
RFs (dORFs) in the 3 

′ UTR of mRNA as regulators of CDS
ranslation has also been described [ 7 ]. Even though less stud-
ed than variants affecting upORFs, variants creating or al-
ering dORFs have also been associated with rare human dis-
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eases [ 8 ]. Different bioinformatics tools have been developed
to annotate UTR variants from high-throughput sequencing
(HTS) data, primarily aimed at aiding the molecular diagno-
sis of rare genetic diseases [ 3 , 9–11 ]. These tools focus on the
annotation of 5 

′ UTR variants creating or disrupting upORFs
[ 3 , 9 , 11 ] and / or 3 

′ UTR variants altering different regulatory
elements (i.e. polyadenylation sites) [ 10 , 11 ]. Despite signifi-
cant efforts to study non-coding variants in human diseases
[ 12–14 ], no bioinformatics tools were specifically designed to
annotate variants that can create or disrupt dORFs or those
that could create near-cognate TISs. Near-cognate TISs, also
referred to as non-canonical TISs, are those differing by one
nucleotide from the AUG codon. However, different studies
have demonstrated that translation can be initiated with near-
cognate TISs, with CUG being the most efficient one (i.e. the
closest translation efficiency to AUG) [ 2 , 15 , 16 ]. There is,
moreover, increasing evidence for the implication of variants
creating near-cognate TISs in human diseases [ 4 , 17 ]. In ad-
dition to upORFs and dORFs, ribosome profiling analyses
have identified small ORFs located within the coding sequence
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[internal ORFs (intORFs)], but their role in the regulation of
translation and their implications in diseases are still unknown
[ 1 ]. 

Creation or disruption of non-canonical ORFs in rare dis-
eases has been associated not only with rare constitutional
variants but also with somatic and de novo variants [ 14 , 18 ].
Moreover, several examples of common variants altering non-
canonical ORFs and associated with complex traits have been
reported [ 19–21 ]. Altogether, these observations illustrate the
necessity of revealing DNA variants that could be able to cre-
ate or to disrupt small ORFs along a given transcript and to
characterize them in order to help in understanding gene reg-
ulation in rare and common diseases. 

We here updated our bioinformatics tool MORFEE [ 22 ]
to predict single nucleotide variants (SNVs) that could create
or disrupt non-canonical ORFs along a given transcript. In
its initial version, MORFEE was used to identify pathogenic
uAUG-creating variants in the 5 

′ UTR of PROS1 and ENG
in protein S deficiency and hereditary hemorrhagic telangiec-
tasia (HHT), respectively [ 5 , 23 ]. It is here extended to pre-
dict the creation of non-canonical TISs and of non-canonical
ORFs in 5 

′ UTRs but also in the CDS and the 3 

′ UTR of human
transcripts. Furthermore, we applied this updated version on
all possible SNVs in 5 

′ UTRs resulting from an in silico muta-
tional saturation of all human transcripts to build the MOR-
FEEdb database cataloging all SNVs that could alter upORFs.
MORFEE was also deployed on a set of variants from the
ClinVar database. 

Materials and methods 

MORFEE workflow 

MORFEE is written in R and can run on all operating sys-
tems that have an R interpreter (including Linux, macOS, and
Windows). First, MORFEE uses ANNOVAR [ 24 ] to anno-
tate minimal VCF files (i.e. with at least the *chr*, *posi-
tion*, *reference allele*, and *alternate allele* fields) contain-
ing SNVs in order to obtain the information needed about
the variants (i.e. gene, transcript, or nomenclature). Then,
the sequence of all transcripts is downloaded from GEN-
CODE (GRCh37 or GRCh38) and variants are set on cor-
responding transcripts. At this step, MORFEE extracts all
TISs and stop codons existing on transcripts in the absence
or presence of the annotated variants and compares the in-
formation between both sequences to identify (i) newly cre-
ated canonical and non-canonical TISs; (ii) newly created stop
codons; and (iii) deleted stop codons, along a given tran-
script (Fig. 1 A). It is worth noting that alterations of AUGs
are also annotated by MORFEE, and are noted as “canoni-
cal_to_non_canonical_TIS”. Finally, MORFEE provides spe-
cific characteristics such as sORF type, size, position on the
transcript, and Kozak sequence {together with its strength
and Kozak similarity score (KSS) [ 17 ]}, among others. MOR-
FEE annotations, as detailed in the readme available on https:
// doi.org/ 10.5281/ zenodo.14864790 , are assembled in an ex-
cel file. 

Annotation of all possible upORF-SNVs in the 

5 

′ UTR of human transcripts 

In order to generate an exhaustive database containing
all possible SNVs creating or altering upORFs (upORF-
SNVs), we performed a mutational saturation of the 5 

′ UTR
of 55 304 transcripts from ∼17 000 coding genes (DOI 
10.5281 / zenodo.14604077). First, the most recent version of 
the Ensembl database (GRCh38.p14) was downloaded by us- 
ing BioMart package version 2.50.0 to extract the identity 
of all transcripts (ENST). The sequence of all transcripts was 
then extracted from Gencode (release 43, GRCh38.p13), and 

5 

′ UTRs were defined based on the position of the main AUG.
Finally, each position in the 5 

′ UTR was in silico mutated with 

the three alternative nucleotides, and the generated VCF files 
for all transcripts were annotated with the MORFEE work- 
flow described above. 

Annotation of all ClinVar variants 

All variants reported in the ClinVar database by September 
2023 were downloaded. Variants were filtered to keep only 
SNVs in the 5 

′ UTR, CDS, and the 3 

′ UTR (i.e. in coding and 

non-coding exons; n = 1 048 573 SNVs; Supplementary 
Tables S1 and S2 ), which were annotated with MORFEE as 
described above. 

Results and discussion 

MORFEEdb, an exhaustive database for 
upORF-SNVs in the 5 

′ UTR of coding genes 

While most available tools mainly focus on upORFs initiated 

with a canonical TIS [ 9 , 11 ], there is accumulating evidence 
that some non-canonical TISs (at least CUG, GUG, UUG, and 

ACG) can initiate translation [ 6 , 25 ] and be associated with 

disease [ 4 , 6 ]. We have upgraded the MORFEE tool, which 

was initially developed to annotate SNVs that create uAUG 

or delete uStop in the 5 

′ UTR. We used MORFEE to gener- 
ate the MORFEEdb database reporting all possible SNVs pre- 
dicted to create upORFs (i.e. creation of canonical and non- 
canonical uTISs and of uStop) or to modify existing ones (i.e.
uAUG and uStop deletion). 

We in silico mutated the 5 

′ UTR of 55 304 transcripts,
among which 16 981 are considered as MANE Select in the 
Ensembl database GRCh38.p14 ( Supplementary Table S3 ),
from 17 281 coding genes ( Supplementary Table S4 ). We 
annotated the resulting file containing 41 536 234 SNVs with 

MORFEE and identified 18 886 702 upORFs as the result of 
uTIS creations, uStop creations, and / or uStop deletions in the 
totality of transcripts ( Supplementary Table S5 ). The identity 
of transcripts, the size of their 5 

′ UTR, the number of variants 
from the mutational saturation, and MORFEE annotations 
are detailed in Supplementary Table S4 . According to the re- 
sults of MORFEE, 14 338 457 upORFs could result from the 
creation of a new uTIS, 2 788 881 from the creation of a new 

stop codon in the 5 

′ UTR, and 4 798 264 from the deletion 

of a stop codon. This means that at least 2 503 387 upORFs 
are annotated on two or more isoforms and / or are generated 

from SNVs with multiple consequences (i.e. uTIS creation,
uStop deletion, and / or new stop creation). While 1 472 

632 of the uTIS-creating variants annotated with MORFEE 

could be at the origin of uAUGs in the annotated transcripts,
13 615 818 create non-canonical uTISs. The annotated 

variants constitute the MORFEEdb database, henceforth 

available on Zenodo at DOI 10.5281 / zenodo.14604077 

and via this link from the Mobidetails platform ( https: 
// mobidetails.iurc.montp.inserm.fr/ MD/ static/ resources/ 
morfeedb/morfee.20231213.txt.gz ). MORFEEdb has been 

implemented in the public database Mobidetails and is 

https://doi.org/10.5281/zenodo.14864790
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MORFEEdb for upORF-SNVs 3 

Figure 1. Description of the MORFEE tool and its associated database MORFEEdb. ( A ) Annotations of single nucleotide variants (SNVs) dedicated to 
small open reading frames (sORFs) along a given human transcript available in MORFEE tool. The first line corresponds to a wild-type (WT) transcript 
sequence containing sORFs in the 5 ′ -untranslated region (UTR), the coding sequence (CDS), and the 3 ′ UTR. MORFEE annotates SNVs that could create 
new translation initiation sites (TIS-SNVs), delete stop codons (Stop-SNVs), or create new stop codons (NewStop-SNVs). These types of variants can 
create new sORFs or modify existing ones. ( B ) MORFEEdb output as illustrated in the public database MobiDetails. The example of the c.-127C > T 
variant located in the 5 ′ UTR of ENG is sho wn. T his v ariant is predicted to create an upstream AUG resulting in an o v erlapping upstream ORF (upORF) on 
the MANE transcript as shown on the red bar. A table containing detailed information about the created uAUG and upORF can also be found on 
MobiDetails. ( C ) Illustration of upORFs resulting from all possible uTIS-SNVs on a given transcript extracted from MORFEEdb. A specific script allowing 
this graphic presentation to be obtained for all human transcripts is available on https:// doi.org/ 10.5281/ zenodo.14864790 . The shown example 
corresponds to the MANE transcript (ENST0 0 0 0 0388922.9 / NM_0 0 0 020.3) of the ACVRL1 gene. The total number of annotated upORFs and those 
resulting from variants reported in the dbSNP database ( https:// www.ncbi.nlm.nih.gov/ snp/ ) are indicated. The frame and position of stop codons 
associated with the different upORFs are shown. TSS, transcription start site; uORF, fully upstream ORF; uoORF, upstream o v erlapping ORF; eCDS, 
elongated CDS. 

https://doi.org/10.5281/zenodo.14864790
https://www.ncbi.nlm.nih.gov/snp/
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Figure 2. Summary of ClinVar UTR annotations with MORFEE. ( A ) Single nucleotide variants (SNVs) annotated with MORFEE to create or alter 
upstream ORFs (upORFs-SNVs) among 5 ′ UTR variants reported in ClinVar by September 2023 ( n = 14 233). Variants creating new upstream translation 
initiation sites (uTISs), new stop codons (New_uStop), or deleting stop codons (uStop) are indicated. Variants of unknown significance (VUS) were then 
filtered among each category, as indicated. Strong Kozak corresponds to ClinVar SNVs classified as VUS and creating uTISs surrounded with a strong 
Kozak sequence and a KSS score ≥ 0.6. Overlapping corresponds to ClinVar SNVs classified as VUS and transforming fully upstream ORFs into 
o v erlapping ones by deleting stop codons. ( B ) Filtered 5 ′ UTR SNVs classified as VUS and predicted to create canonical and non-canonical upstream 

translation initiation sites (uTISs) with a strong Kozak sequence and a KSS score ≥ 0.6. ( C ) Single nucleotide variants (SNVs) annotated with MORFEE to 
create or alter downstream ORFs (dORF-SNVs) among 3 ′ UTR variants reported in ClinVar by September 2023 ( n = 52 297). A similar analysis to that of 
5 ′ UTR variants described in (A) was performed. dTIS, variants creating downstream translation initiation sites; dStop, variants deleting downstream stop 
codons; new_dStop, variants creating new stop codons. Overlapping corresponds to ClinVar 3 ′ UTR SNVs deleting stop codons and associated with 
o v erlapping dORFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

represented schematically under the IGV panel and in a ded-
icated table with detailed information about the associated
upORF(s) ( https:// mobidetails.iurc.montp.inserm.fr/ MD/ ,
Fig. 1 B). Some characteristics of the corresponding upORF(s),
including the position and sequence of the uTIS and uStop,
the nature of the upORF (i.e. overlapping or not overlap-
ping), and the strength of the Kozak sequence surrounding
the uTIS, are provided. Although these parameters are not
exhaustive, they should help to predict the potential func-
tional effect of upORF-SNVs. For example, 5 

′ UTR SNVs
creating overlapping upORFs are the most frequent com-
pared with those creating other types of upORFs [ 3–5 , 23 ].
Also, uTISs surrounded with strong Kozak sequences are
more likely to be translated and then alter the translation 

of the main ORF [ 4 , 5 , 26 ]. While Whiffin et al. [ 3 ] have
already annotated all possible uAUG-creating variants and 

uStop-deleting variants in human canonical gene transcripts,
our work is the first to annotate all types of upORF-altering 
SNVs including those creating non-canonical uTISs. More- 
over, a graphic presentation of all upORFs resulting from 

uTIS SNVs can be generated by using a specific script 
available on https:// doi.org/ 10.5281/ zenodo.14864790 . Fig- 
ure 1 C shows the example of upORFs in the 5 

′ UTR of 
ACVRL1 . 

By making MORFEEdb available, with a visual and facil- 
itated presentation on the popular Mobidetails platform, we 

https://mobidetails.iurc.montp.inserm.fr/MD/
https://doi.org/10.5281/zenodo.14864790
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ontribute to improving the identification of upORF-SNVs in
ny gene of interest associated with human diseases. 

 high proportion of ClinVar SNVs can alter or 
reate non-canonical ORFs 

espite increasing success [ 14 , 18 , 27 ], the identification and
haracterization of non-coding variants causing rare genetic
iseases or responsible for statistical associations observed
n genome-wide genotyping / sequencing studies of complex
raits remains challenging. Recent advances in ribosome pro-
ling techniques and functional assays shed light on the role
f disease-associated sORFs in translation and / or RNA sta-
ility [ 2 , 18 ]. The improved version of MORFEE now an-
otates all types of sORF-altering SNVs along a given cod-
ng transcript and is the first tool annotating dORFs and
ntORF-SNVs. This aims to contribute to resolving molecu-
ar challenges in genetic diseases and to facilitating the iden-
ification of variants responsible for genetic association sig-
als. This updated version of MORFEE has already enabled
s to identify disease-causing uTIS-creating variants in the
 

′ UTR and 3 

′ UTR of TP53 (Li–Fraumeni syndrome) [ 28 ],
n the 5 

′ UTR of CDKN1C with isoform-dependent effects
Beckwith–Wiedemann syndrome) [ 29 ], and in the 5 

′ UTR of
NG (HHT) [ 4 ]. We here used MORFEE to annotate all pos-

ible sORF-SNVs among ClinVar variants. 
Overall, 1 048 573 SNVs were reported in ClinVar by

eptember 2023 in CDSs and UTRs of human transcripts
 Supplementary Tables S1 and S2 ). MORFEE annotated 6
76 upORF-SNVs in the 5 

′ UTR, among which 5 452 cre-
te new uTISs, 341 delete upstream stop codons, and 783
reate new stop codons ( Supplementary Table S6 ). Around
0% (3 202 / 6 576) of these variants are of unknown sig-
ificance (VUS), reflecting the lack of information about this
ind of variant in human diseases (Fig. 2 A). For instance, 15%
 n = 495 variants, Supplementary Table S7 ) of the identi-
ed VUS among upORF-SNVs create uTISs encompassed by
 strong Kozak sequence (i.e. when it contains a purine at po-
ition –3 and a guanine at position +4) and with high Kozak
cores (KSS score from TIS predictor ≥ 0.6). Only 38 of the
reated uTISs correspond to AUG and 457 correspond to non-
anonical uTISs, including 87 CUGs (Fig. 2 B). In addition,
0 VUS are predicted to delete existing stop codons and are
t the origin of overlapping upORFs. Of note, while the ma-
ority of pathogenic / likely pathogenic upORF-SNVs in Clin-
ar create uAUGs, the second most frequent pathogenic / likely
athogenic upORF-SNVs are those creating uCUG. 
In parallel, MORFEE identified 28 868 dORF-SNVs from

linVar 3 

′ UTR variants ( Supplementary Table S8 ). These vari-
nts correspond to 22 658 dTISs, 2524 dStop SNVs, and 3686
ew_dStop-SNVs among which 60% ( n = 17 609 variants)
re VUS with 1805 variants creating dTISs (277 dAUG and
528 non-dAUGs) surrounded with strong Kozak sequences
Fig. 2 C). 

Finally, 995 770 intORFs have been annotated with MOR-
EE from coding ClinVar variants ( Supplementary Table S9 ).
It is worth noting that some of the annotated variants are

redicted to have multiple consequences (TIS creation, stop
eletion, and / or stop creation) ( Supplementary Table S10 )
r isoform-dependent consequences resulting from alterna-
ive 5 

′ UTRs [ 3 ] (i.e. alternative transcription start sites or
lternative non-coding exons) and / or alternative main AUG
 Supplementary Table S11 ). 
As a side note, it has been shown that variants that could
directly alter Kozak sequences are also able to alter transla-
tion efficiency [ 26 ]. Furthermore, the presence of single nu-
cleotide polymorphisms could also modify the access of ribo-
somes to the 5 

′ UTR [ 30 ]. In consequence, it would be very
useful to add new functions to MORFEE to annotate variants
that could alter Kozak sequences of a given TIS on one hand,
and the potential modification of the effect of an sORF-SNV
by a nearby second sORF-SNV (i.e. haplotype effect) on the
other hand. Finally, while MORFEE has been developed to an-
notate variants on existing transcripts reported in the Ensembl
database, it needs to be updated to also cover newly identified
unannotated transcripts (e.g. resulting from long-read RNA
sequencing). 

Conclusion 

We here propose an exhaustive catalog of all possible
upORF-SNVs in human 5 

′ UTRs and an easy-to-use tool to
guide experimental analysis contributing to determining the
pathogenicity of disease-associated variants. This would im-
prove the molecular diagnosis of rare human diseases and
would also identify potential common variants in complex
diseases. 
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Data availability 

The used version of the MORFEE tool is available at https:
// doi.org/ 10.5281/ zenodo.14864790 . 

SNVs resulting from the in silico mutational saturation of
human 5 

′ UTRs from 55 304 transcripts and the MORFEEdb
database are available on Zenodo, under the following DOI
10.5281 / zenodo.14604077. 

SNVs reported in ClinVar and annotated with MORFEE to
possibly create or alter internal ORFs in the coding sequence
are available at 10.5281 / zenodo.13872114. 
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