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ABSTRACT

Upstream open reading frames (UORFs) are initi-
ated by AUG or near-cognate start codons and have
been identified in the transcript leader sequences
of the majority of eukaryotic transcripts. Function-
ally, uORFs are implicated in downstream transla-
tional regulation of the main protein coding sequence
and may serve as a source of non-canonical pep-
tides. Genetic defects in uORF sequences have been
linked to the development of various diseases, in-
cluding cancer. To simplify uORF-related research,
the initial release of uORFdb in 2014 provided a
comprehensive and manually curated collection of
uORF-related literature. Here, we present an up-
dated sequence-based version of uORFdb, acces-
sible at https://www.bioinformatics.uni-muenster.de/
tools/uorfdb. The new uORFdb enables users to di-
rectly access sequence information, graphical dis-
plays, and genetic variation data for over 2.4 mil-
lion human uORFs. It also includes sequence data of
>4.2 million uORFs in 12 additional species. Multiple
uORFs can be displayed in transcript- and reading-
frame-specific models to visualize the translational
context. A variety of filters, sequence-related in-
formation, and links to external resources (UCSC
Genome Browser, dbSNP, ClinVar) facilitate imme-
diate in-depth analysis of individual uORFs. The
database also contains uORF-related somatic vari-
ation data obtained from whole-genome sequencing
(WGS) analyses of 677 cancer samples collected by
the TCGA consortium.

INTRODUCTION

Upstream open reading frames (uORFs) are defined as
ORFs initiated in the transcript leader sequence (TLS) pre-
ceding the main protein coding sequence (CDS). They are

considered to adjust protein expression by translational reg-
ulation in response to changing environmental and global
translational cellular conditions, as reported for GCN4 in
yeasts (1-3), as well as ATF4 (4-6) and ATFS5 (7,8) in
Metazoa. Furthermore, uUOR F-associated genetic variabil-
ity has been attributed to several human diseases, such
as Marie Unna hereditary hypotrichosis (9), Cornelia de
Lange syndrome (10), and several types of cancer (11,12).
The ability of uORFs to regulate translation has been ex-
plained by the scanning model (13): after attaching to
the 5’-end, ribosomes scan the mRNA towards the 3’-
end and start translation at the first suitable initiation
codon (13,14). Ribosome profiling and a neural network
analysis confirmed that ribosomes may initiate translation
at upstream canonical (AUG) and near-cognate (UUG,
GUG, CUG, AAG, AGG, ACG, AUA, AUU, AUCQC)
start codons (uStarts) (15), also referred to as alterna-
tive translation initiation sites (aTISs). Thus, in case of
a transcript containing uORFs, translation would be ini-
tiated at the uStart position which alters the expression
of the main ORF protein (16). As reviewed by Kozak,
the CDS in a uORF-containing transcript can still be
translated, if ribosomes are able to scan through the
uStart site (leaky scanning) or are able to reinitiate at the
main ORF’s start site (17).

The extent of CDS repression by uORFs can be regu-
lated according to cellular conditions by altering the re-
plenishment of lost ribosome co-factors to the pre-initiation
complex (18). Furthermore, ribosome stalling may be in-
duced by the nascent uORF peptide or through specific in-
hibitory sequence contexts at the uORF stop codon. Both
result in reduced downstream translation and potentially
also in decay of the entire transcript (18). The effect of a
uORF on CDS translation is largely dependent on its at-
tributes, such as length (19,20), codon usage (21), peptide
sequence (22), position within the transcript (2,4,5,23), the
Kozak sequence context surrounding the uORF start codon
(24,25), and the sequence context around the uORF stop
codon (uStop) (26). Depending on their number, uORFs
can also form logic circuits in which individual uORFs in-
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fluence translation of downstream uORFs, ultimately reg-
ulating translation of the CDS (1,2,4-8,20,23). An addi-
tional layer of complexity was added only recently by stud-
ies showing that active uORF translation may result in
the expression of functional peptides (uPeptides) (27-31),
which can also be subunits of larger protein complexes (30).
As some uPeptides participate in signaling processes associ-
ated with cancer (28) and others are contributing to the im-
munopeptidome (29,31), uPeptides may represent a source
of potential future therapeutic targets.

In 2014, we released the initial literature-centric version
of uORFdb in order to compile and categorize the cur-
rent knowledge on uORF biology (32). With the accu-
mulating evidence for uORF and uPeptide functions in
(patho-)physiological systems, uORF analyses require ei-
ther sound bioinformatics skills or a sequence-centric
database. Without these, investigators would have to manu-
ally scan all three reading frames from all transcripts be-
longing to their genes of interest by eye; a tedious, but
manageable, task for single genes. Using a uORF-centric
database, researchers can easily conduct uORF studies of
any size. To the best of our knowledge, the plant-focused
database uORFlight is the only uORF-centric database
that attempts to integrate sequences, variants, and literature
(33). However, a comprehensive resource for clinicians and
researchers from other fields is still lacking.

Here, we present a substantial update of uORFdb, which
is accessible at https://www.bioinformatics.uni-muenster.
de/tools/uorfdb. The new uORFdb now provides uORF-
related nucleotide and amino acid sequences, informa-
tion on the sequence context, >1 040 manually curated
uORF-related publications, as well as genetic variation
data from the general population and somatic variation
data from six major types of cancer within one central
hub. The current release of uORFdb includes >6.6 mil-
lion predicted uORFs from 13 eukaryotic species, includ-
ing >2.4 million human uORFs. Individual and multi-
ple uORFs can be inspected in two types of visualiza-
tions, which aim at simplifying functional analyses and pre-
dictions: in a streamlined transcript- and reading-frame-
specific model of each uORF’s translational context and
in a customized link to the UCSC Genome Browser (34).
The latter aids with in-depth analyses, such as the com-
parison between uORFs in uORFdb and established foot-
prints from ribosome profiling. All uORFs are supple-
mented with downloadable metadata, including uORF se-
quences, UORF length, position within the transcript, and
the Kozak sequence. The graphical displays and the imme-
diately available sequence and context-related information
allow for instant preliminary functional predictions by the
users in a fraction of the time required for manual data
generation.

MATERIALS AND METHODS
Taxonomy data for the database

In order to resolve the taxonomy IDs associated with
the genes and publications in the database, we sought to
insert the current version of the NCBI taxonomy (35).
Thus, we downloaded and decompressed the NCBI taxon-
omy dump (ftp://ftp.ncbi.nih.gov/pub/taxonomy/taxdump.
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tar.gz; accessed May 6, 2022) and extracted the taxon-
omy IDs and scientific names from the ‘names.dmp’ file.
TaxonKit v0.10.1 (36) and a custom script were used to add
the full lineage to each entry. If multiple entries had the same
lineage and name, only one of the entries was kept (Supple-
mentary Methods).

Literature preparation

We extracted the publications from the database file of
the original version of uORFdb. These publications had
already been manually curated as described before (32).
Briefly, publications had been identified based on a PubMed
(35) query and annotated according to a defined set of cri-
teria. For each criterion, publications received either a plus
(check mark in the original publication), a minus (cross
in the original publication), or no entry (dash in origi-
nal publication) indicating positive, negative, or no evi-
dence for the feature, respectively (32). This allowed users
to search and select for specific features of their inter-
est. Using a custom script, we retrieved additional pub-
lication metadata, such as abstract, title, and doi from
NCBI’s (35) Literature Citation Exporter application pro-
gramming interface (API) (https://api.ncbi.nlm.nih.gov/lit/
ctxp/vl/pubmed/?format=ris). We queried multiples of the
E-utilities (35) for the gene symbol, symbol aliases, gene
names, assembly, chromosome, and taxonomy ID of each
gene associated with a publication (Supplementary Meth-
ods).

Prediction of uORFs

We predicted uORFs using a custom program called
uORF finder. It analyzed genome and transcriptome
files from 13 candidate species obtained from the UCSC
Genome Browser database (37): Homo sapiens, Drosophila
melanogaster, Mus musculus, Danio rerio, Rattus
norvegicus, Bos  taurus, Xenopus laevis, Xenopus
tropicalis, Macaca mulatta, Gallus gallus, Pongo abelii,
Sus scrofa, and Pan troglodytes (Supplementary Table
S1). The uORF finder first removed transcripts without
an annotated CDS or TLS. Transcripts from non-regular
chromosomes (names containing ‘alt’, ‘fix’, ‘random’ and
‘chrUn’) or from chromosomes that were not present in the
respective genome FASTA file were filtered out. Addition-
ally, only transcripts with non-redundant IDs were kept.
The program then scanned all three reading frames from
the TLS of each protein-coding transcript (NM accessions
(38)) and predicted uORFs starting with canonical and
aTIS codons. The extracted nucleotide sequences (based
on the genome, thus they contain thymine instead of
uracil) and the translated amino acid sequences were
supplemented with metadata supporting estimations on
the functionality of each uORF, including uORF length,
distance from the 5’-cap structure and the CDS, as well as
the Kozak context around the uStart. Moreover, a separate
file with transcript and exon metadata was created. We
subsequently reformatted the uORF file and the file with
the transcripts and exons and annotated them with the gene
metadata from NCBI (accessed May 4, 2022). During this
process, we discarded any transcript (and all of its exons
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and uORFs) if the related gene was a pseudo gene or the
transcript accession had been withdrawn, suppressed, or
renamed by NCBI. A detailed description of the pipeline is
available in the Supplementary Methods.

Somatic variant calling in TCGA patients with regard to
uORF regions

For patient cohorts of breast invasive carcinoma
(BRCA), colon adenocarcinoma (COAD), acute
myeloid leukemia (LAML), lung adenocarcinoma

(LUAD), prostate adenocarcinoma (PRAD), and skin
cutaneous melanoma (SKCM) a total of 129 TB of
alignments between older assemblies of the human
genome and sequencing reads were provided by the
TCGA Research Network (https://www.cancer.gov/tcga)
and downloaded from the GDC (39) Legacy Archive
(https://portal.gdc.cancer.gov/legacy-archive). For ev-
ery patient, there was at least one BAM file with
reads from normal tissue and at least one BAM file
with reads from the tumor. First, we selected one of
the normal files for each patient, following guide-
lines adapted from GDC (https://docs.gdc.cancer.gov/
Data_Submission_Portal/Users_Guide/Best_Practices/
#specifying-tumor-normal-pairs-for-analysis;  accessed
May 28, 2021). We then used a variant calling work-
flow that was based on the GDC pipeline (https:
//[docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/

DNA _Seq_Variant_Calling_Pipeline/; accessed June 1,
2021) and the Genome Analysis Toolkit’s (GATK’s) (40)
best practices (https://gatk.broadinstitute.org/hc/en-us/
articles/360035894731-Somatic-short-variant-discovery-
SNVs-Indels-; accessed June 1, 2021). Briefly, after
realignment of the BAM files to GRCh38.p13 (https:
/Iwww.ncbi.nlm.nih.gov/assembly/GCF_000001405.39;
downloaded June 15, 2021), quality control and somatic
variant calling in Mutect2 (41) (GATK v4.1.4.1) followed.
If a patient had multiple tumor alignments, we performed
variant calling on each of them using the same normal file.
Subsequently, variants were filtered and annotated with
dbSNP (35) and ClinVar (35) (by position and allele or
by position only). We only retained variants from uORF
regions and kept only the ‘best’ VCF file for every patient,
as defined by containing the highest number of variants,
being of non-metastatic origin, and being generated based
on the largest tumor BAM file of an individual patient
(proxy of coverage). We assigned uORF variants with allele
counts of the reference populations derived from gnomAD
(42) version three (genome study), EXAC (43) version one,
and TOPMed (44) version three (version two, if three was
not available for the individual variant), which we retrieved
from dbSNP. We only did this for uORF variants that
matched a variant in dbSNP by position and by allele.
Next, we separately predicted the variant effects on the
uORF start codon, the Kozak sequence (including the start
codon), the uORF sequence (including the start and stop
codons), and the uORF stop codon. Moreover, we evalu-
ated the variant effects on the uORF length and the uORF
distance from the CDS. To avoid issues with frameshifts,
we excluded insertions and deletions and only focused on
substitutions of one or multiple base pairs. Additionally,

variants were not allowed to overlap with introns. Ref-
erence allele frequencies were calculated for gnomAD,
ExAC, and TOPMed based on the aforementioned raw
allele counts. We calculated the allele frequency of a variant
in each cancer type using the tumor genotypes of all
patients that were affected by the same variant (defined
by chromosome, position, and alleles) and the total allele
count for the respective cancer type (Supplementary Table
S2). Total allele counts and the allele count derived from
the individual patient’s genotype were corrected by patient
sex for variants on the sex chromosomes (Supplementary
Table S2). A detailed description of the pipeline is available
in the Supplementary Methods.

Technical implementation

The uORFdb website is hosted on an Apache 2.4.48 server
running on FreeBSD 13 and uses in-house JavaScript and
CSS. Communication between the website and its users is
protected by HTTPS. Internally, the uORF data is retrieved
from a PostgreSQL database (version 14beta2) using in-
house Perl scripts, making heavy use of the DBI module
(https://dbi.perl.org/). To execute our internal Perl scripts
based on user selections on the website, we use the Apache
module mod_perl (https://perl.apache.org/). The input data
(see previous sections) was inserted into the database with
custom Perl scripts (Supplementary Methods). The web in-
terface is based on so-called views. Views represent a collec-
tion of related data, for example genes, transcripts, uUORFs,
and variants. Views can be queried from a central search
page and users can switch freely between views without fol-
lowing a hard-coded path.

Based on user selection, a custom script extracts the
citation metadata for one or multiple publications from
uORFdb and creates a RIS citation file. The keyword
(KW) section contains the category names from our man-
ual annotations for which positive or negative evidence ex-
ists. We tested the RIS citation files with Zotero 6.0.12,
Endnote 20.4, and Citavi 6.7.0.0. In order to inform users
once new publications are added to the database, we cre-
ated an RSS feed which contains our manual annotations
and is updated once a day (Supplementary Methods). The
RSS feed was verified using the W3C Feed Validation
Service3 (https://validator.w3.org/feed; accessed August 24,
2022) and the integration of the feed with reference man-
agers was tested using Zotero. We also regularly export
the database contents and provide them as separate down-
loads. For every download, a reduced example file is pro-
duced to facilitate exploration of the file format. All down-
loads are accompanied by MD5 checksum files, so that
users are able to verify the downloads (Supplementary
Methods).

If the user clicks on a gene, transcript, or uORF, the
user is referred to the UCSC Genome Browser, which
will display the tracks of all transcripts and uORFs
for the gene associated with the selected entry. We cre-
ate custom tracks in BED detail format on the fly,
which contains HTML for custom track details pages
with links to the UCSC Table Browser (45) (Supplemen-
tary Methods). All features of the web interface were
tested on desktop computers with Firefox 91.13.0esr,
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Edge 105.0.1343.27, Chrome 105.0.5195.102, and Safari
15.6.1.

DATABASE CONTENTS AND FEATURES
Manually curated uORF-related literature

Initially, uORFdb was designed to allow researchers to
conveniently find publications addressing specific uUORF-
related topics by selecting manually curated categories. The
first release of uUORFdb contained >450 publications (32).
Since then, we have continuously updated the literature part
of the database, now covering over 1 040 publications. To
further improve the usability of uORFdb’s indexed collec-
tion of publications, users can now download citations in
RIS format directly from the uORFdb website. The cita-
tions are supplemented with our manual annotations. We
also make all publications and manual annotations avail-
able as an RSS feed, which sends a notification once a new
publication has been added to the database. RSS readers
are designed to work well on almost any screen size, allow-
ing users to conveniently explore publications even on the
relatively small screens of tablets and mobile phones. Ad-
ditionally, some reference managers allow users to import
publications directly from the RSS feed and to add them to
a collection of references.

Genomic position, sequence, and context information for all
predicted uORFs

In 2020, we started to extend uORFdb into a central hub
for uORF research by adding sequence-based information
for all computationally predicted ATG and aTIS uORFs
from 13 eukaryotic species, including humans. The uORFs
were predicted based on the sequences extracted from the
respective genomes, thus the reported sequences contain
thymine instead of uracil bases. The extracted nucleotide
and the translated amino acid sequences were supplemented
with metadata supporting estimations on the functionality
of each uORF, including length, distance from the 5’-cap
structure and the CDS, as well as the Kozak context around
the uStart. After exclusion of uORFs in pseudo genes or
withdrawn transcripts, all identified ATG and aTIS uORFs
added up to a total of 6 693 228 uORF sequences across
all analyzed transcriptomes, including 2 422 112 uORFs
identified in the human transcriptome (Supplementary Fig-
ure S1). The majority of uORFs were aTIS uORFs (Sup-
plementary Figure S2). The metadata for different uORF-
associated features are presented as tables on the website.
While this is ideal for an in-depth analysis, it hampers eval-
uation of uORFs at a glance. Therefore, we implemented
two types of graphical displays to aid with quick visual eval-
uations of the uORF’s context and its potential function.
Starting with a selection of genes, transcripts, or uUORFs, a
click on the ‘Model’ button returns a scaled graphical dis-
play of the key features of the utORF’s translational context
(Figure 1). At a glance, users can assess and compare the
distance between the start of the transcript and the uORF,
the distance between the uORF and the CDS, the length
of the uORF, and its position related to other surround-
ing uORFs in a reading-frame-specific manner. Inside the
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model display, uUORFs can be filtered based on the tran-
script or the start and stop codon (Figure 1). Each tran-
script variant of a gene is displayed in a separate panel. The
panels can be independently enlarged and exported as PNG
or SVG files (Figure 1). By clicking on a single uORF, an
overlay window opens. It contains a table with nucleotide
and peptide sequences, as well as other related metadata,
similar to the data contained in the table when opening the
‘UORFs’ view (Figure 2).

The second visualization type in uORFdb uses the UCSC
Genome Browser, which allows for additional sequence
analyses. Users can inspect all transcripts and uORFs of
a single gene by clicking on the respective gene symbol
(‘Genes’ and “Transcripts’ view) or the uORF ID (‘uORFs’
view). The link in the gene view is only available if the
database contains transcripts for the respective gene. If the
selected item was a transcript or uORF, it will be automat-
ically highlighted in the Genome Browser. Users can then
perform a functional evaluation by comparing the uORF
tracks to the multitude of tracks hosted by UCSC, for ex-
ample ribosome profiling tracks. Clicking on a single u"ORF
or transcript track will open a custom track details page.
On this page, we directly link to the UCSC Table Browser
where users can either download the sequences (including
advanced options, such as repeat masking) or directly im-
port their sequences into the Galaxy platform (46) for easy
online analysis. When using our links, all the fields are al-
ready filled in, except for the track and table fields, which
depend on user selections.

Users who want to perform local analyses can export the
entries of the ‘UORFs’ view as CSV or Excel files. Addi-
tionally, the nucleotide or amino acid sequences for each
uORF, as well as the alternate full sequences for each ge-
netically variant uORF, are available for download as sin-
gle FASTA files. Database exports are available from the
download tab in the website’s menu. Exports can be veri-
fied using the associated MDS5 checksum files and are doc-
umented in a README file in the same directory. Since
some database exports are several gigabytes in size, we also
provide example files, which only contain a limited num-
ber of records and can be safely opened in any spreadsheet
software.

uORF-related genetic variability

All uORF sequences in uORFdb are connected to ge-
netic variability data obtained from general populations,
as well as from disease-related patient cohorts: links in
the ‘uORFs’ view will redirect users to variants in the re-
gions of UORF exons listed in dbSNP and ClinVar (‘Exon
variants in dbSNP’” and ‘Exon variants in ClinVar’, respec-
tively). Additionally, we analyzed whole-genome sequenc-
ing (WGS) data from patient cohorts with six major can-
cer types provided by the TCGA Research Network and
GDC with respect to somatic variants affecting the pre-
dicted human uORFs in uORFdb. In total, we detected
129 299 unique putative variants affecting uORF sequences.
The “Variants’ view reports the variant effect on the re-
spective UORF codon or region. This includes the variant-
associated changes with respect to start or stop codon,
uORF length, uORF distance from the CDS, and the
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Figure 1. Scaled graphical model for the human MIEF1 TLS and uORFs in the transcript NM_019008.6. The image shows all ATG and aTIS uORFs
in uORFdb in the three reading frames (RF1 to RF3) of the transcript. Canonical ATG uORFs with an AUG uStart codon are highlighted in orange
by default. The CDS is depicted as a bold blue bar, the TLS as a thin blue bar. The scale of 100 base pairs (BP) is indicated at the top, but only applies
to the TLS. The uORF ATG.3 in reading frame three of NM_019008.6 encodes the uPeptide predicted by Vanderperre and coworkers (48). Note that in
the MIEF]1 transcript NM_001394030.1 the main protein is initiated by the ATG.3 uORF, indicated here by the asterisk symbol. Additionally, the image
shows the view buttons and filters at the top that can be used to adjust the display.

Kozak sequence. Users can export the resulting alternate
uORF sequences, further investigate the somatic variants
on dbSNP and ClinVar, and compare the frequencies of
the somatic variants in the individual cancer types to vari-
ant frequencies in the general population (gnomAD, ExAC,
and TOPMed).

Revised more flexible search field and web interface

The new uORFdb can be explored from a central search
bar on the utORFdb home page. It now allows a much more
flexible search as compared to the initial release, covering
numerous categories of search terms including taxon, gene
name or symbol, transcript ID, author, PubMed ID, dbSNP
or ClinVar IDs, and more. By default, queries address all
searchable fields from all views at once. By (un)checking
the checkboxes in front of the view and field names, the
search can be conveniently adjusted for more specific re-
sults. Numbers behind the view names indicate how many
hits were found and users can directly access further details
for the results in a specific view by clicking on the arrow but-
ton next to the view name. In order to ensure good perfor-

mance for all users, the maximum number of hits per view is
1 000.

PRACTICAL APPLICATION OF uORFdb

In the following section, we give an example of a practical
use of uUORFdb with a focus on bench scientists and clin-
icians. In this example, we investigate the human MIEF1
gene (also known as SMCR7L and MID51) and the uPep-
tide produced by one of its uUORFs. The uPeptide SMCR7L
(GenBank (47) accession: CCO13821.1) (48) is more abun-
dant than the main protein translated from the CDS (49)
and is functional in the context of mitochondrial translation
(27). In this exemplary analysis, uORFdb is used to collect
more information on this specific UORF and its sequence
context.

To start our analysis, we search for the term ‘MIEF1’ in
the ‘Genes’ view by using the search bar on the uUORFdb
start page. By default, all searchable fields from all views
listed in the grey panels below the search bar are queried.
‘MIEF1’ is a gene symbol, thus we only choose to search in
the ‘Gene symbol’ field of the ‘Genes’ view by deselecting
the other checkboxes. In the ‘Genes’ view, we see that genes
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Figure 2. Screenshot of the ‘uORFSs’ view showing details for the five ATG uORFs in uORFdb in transcript NM_019008.6 of the human gene MIEF1.
Views can be freely changed using the view buttons (red box). The “Variants’ view is greyed out, as there were no somatic cancer variants associated with
the displayed uORFs. uORFs can be filtered by start and stop codon (blue box). The uORF ATG.3 encodes the uPeptide predicted by Vanderperre and
coworkers (48). Note that in the MIEF1 transcript NM_001394030.1, the main protein is initiated by ATG.3, as indicated by the asterisk symbol in the
‘Start codon’ column. The image also shows the export options to Excel and CSV format and the blue ‘Model’ button that can be used to display the utORF
model of all uORFs in the current view. The start codon inside each Kozak sequence is highlighted in red. For convenience, we cropped the screenshot

after the ‘Reading frame’ column.

from nine taxa in uORFdb matched our case-independent
search. This was expected, as MIEF1 is an important pro-
tein in the context of mitochondrial fission and elongation
(50).

We select the human MIEF1 gene by ticking the check-
box in front of the row, followed by a click on ‘Apply.” From
this moment on, all items in the other views are only related
to the human MIEF1 gene. Next, we try to identify the tar-
get uUORF among all 170 uORFs reported in uORFdb for
human MIEF1. In uORFdb, uORFs are named following
the scheme: ‘[transcript ID]_[type of start codon].[numerical
index]’. Starting from one, uORFs on the same transcript
variant (TV) and with the same start codon are indexed ac-
cording to their position on the respective TV, irrespective
of reading frame.

According to Vanderperre and coworkers, the ATG
uORF encoding the SMCR7L uPeptide was located in the
transcript NM_019008 (48). In order to identify the uORF
in uUORFdb, we first select the respective transcript in the
‘Transcripts” view. Then, we move on to the ‘uUORFs’ view,
removing all non-ATG uORFs using the filter panel at the
top of the page (Figure 2, blue box). By comparing the given
uPeptide sequence (48) to the five remaining ATG uORFs
in the table (Figure 2), we identify NM_019008.6_ATG.3
as the uORF of interest. Next, we want to compare the
transcript NM_019008.6 and the uORF of interest with
the other two TVs of MIEF]1 to check whether the ATG.3
start site is present in all TVs or if it is exclusively found in
NM_019008.6. Therefore, we go back to the ‘Genes’ view
and then enter the graphical display via the blue ‘Model’
button at the top of the page. Looking at the graphical
model, the ATG.3 uORF appears to be present only in
NM_019008.6 and NM_001304564.2 (Figure 1 and Sup-

plementary Figures S3 and S4). The asterisk symbol next
to ATG.3 indicates that it appears to be the start site of
the CDS in NM_001394030.1 (Figure 1 and Supplemen-
tary Figure S3). This is an important feature of the model,
as it allows to distinguish between a ‘pure’ uORF and a
uORF that is annotated as the CDS in a different TV.
By clicking on the tracks of NM_001304564.2_ATG.3 and
NM_019008.6_ATG.3, windows with further details simi-
lar to the ‘uUORFs’ view open and we confirm that both
uORFs have identical sequences. Additionally, the uORF
model provides a quick overview of the uORF’s context
within the transcript: CDS overlap, uORF length, position
of the uORF in the TLS, number of additional ATG and
aTIS uORFs in the TLS or in the same reading frame are
reported (Figure 1 and Supplementary Figures S3 and S4).
Comparing NM_019008.6 and NM _001304564.2, the TLS
downstream of the ATG.3 uORF appears to be mostly iden-
tical, while the upstream sequences are clearly distinct (Fig-
ure 1 and Supplementary Figure S3), despite both of them
contain two additional (yet distinct) upstream ATG.1 and
ATG.2 uORFs. This observation may lead to the assump-
tion that ATG.3 could be differently translated in the two
TVs.

By clicking on the uORF ID NM_019008.6_ATG.3 in
the ‘uORFs’ view, a separate tab with the UCSC Genome
Browser opens. The Genome Browser shows all uORFs
from all TVs of the human MIEF1 gene with the selected
uORF NM_019008.6_ATG.3 highlighted in red. Next, we
set the display of the ribosome profiling track ‘GWIPS-viz
Riboseq’ (51) to full. As accessed on August 30, 2022, the
track shows ribosome footprint sequence reads over most
of the length of all three ATG uORFs mentioned above
(ATG.1 to ATG.3). When we now perform the same analysis
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for NM_001304564.2, we do not find evidence of ribosome
binding to ATG.1 and ATG.2.

At this point we may decide that these observations
would be worthwhile to be further experimentally investi-
gated, for example by analyzing differential expression of
the MIEF1 TVs or by checking the uORFs’ translational
impact in a luciferase reporter experiment. To simplify ex-
perimental designs, all information required for uORF se-
quence analysis and expression vector design is immediately
available by selecting the respective uUORF in the ‘UORFs’
view and exporting the related metadata in Excel or CSV
format (Figure 2).

In addition, we now want to look for variants that may
affect the translation of the main protein or of the uPeptide
itself, both in the general population and in tumor patients.
To assess the variant status in the general population, we
display all utORFs of NM_019008.6 and NM_001304564.2
in the ‘uORFs’ view. Each uORF has links to dbSNP and
ClinVar that query the databases for variants inside the
uORF exons (‘Exon variants in dbSNP’ and ‘Exon variants
in ClinVar’, respectively). For example, the ATG.3 uORF
sequence in both TVs is linked to 94 dbSNP variants, but
has no variants annotated in ClinVar (as of August 30,
2022). Two variants are of particular interest, since they
affect the start and stop codon, respectively. One variant
changes the AUG start codon to an aTIS (rs1367587204:
AUG > GUQG) and another one deletes the uORF stop
codon (rs1235943987: UAG > UGG). The ‘Variants’ view
displays a WGS analysis-derived somatic C > G variant in
NM_001304564.2 upstream of the ATG.3 uORF detected
in 0.43% of alleles in the TCGA BRCA cohort. The ta-
ble contains further information on this variant, includ-
ing the effects on the initiation and termination codons,
as well as on the Kozak contexts and uORF sequences.
There are no dbSNP or ClinVar IDs reported in the
‘Variants’ view, implying that the exact variant (position
and allele) has not yet been identified. Furthermore, the
links to dbSNP and ClinVar (‘Position-related variants in
dbSNP’ and ‘Position-related variants in ClinVar’, respec-
tively) (accessed August 30, 2022) revealed that there was no
report of a variant at the same position (irrespective of base
change) in neither of the databases. While six uORFs are af-
fected by this variant, only for the NM_001304564.2_ATC.2
uORF the initiation site is altered, leading to the generation
of a new ATG uORF, potentially affecting the downstream
ATG.3 and MIEF1 main protein translation.

As demonstrated above for the example of the MIEF1
uPeptide reported by Vanderperre and colleagues (48),
uORFdb enables users to collect basic and in-depth uORF-
related information for further investigations in a fraction
of the time compared with manual structure, literature, and
variant analysis.

DISCUSSION

Genetic variability of uORFs has been attributed to many
diseases (9-12) and current research is just beginning to rec-
ognize UORFs as potential treatment options. For example,
uORFs contribute to the immunopeptidome (29,31) and
the uPeptide uPEP2 from one of the protein kinase C-eta
(PKC-m) uORFs has been shown to reduce the growth of

breast cancer and the development of metastases in lung
and liver, in vivo (28). However, more research needs to be
performed to elucidate the role of uORFs in both health
and disease. In order to conduct uORF research at scale,
dedicated uORF-centric resources for humans and other
animal species are needed. Some other databases contain
non-canonical proteins, also including uORFs. However,
they were not specifically designed for uORF research and
lack the ability to make uORF-related publications, graph-
ical visualizations, sequences, sequence contexts, and vari-
ations readily accessible from one central hub (52-55). To
the best of our knowledge, the only uORF-centric database
is uORFlight, but it focuses on plants (33). This moti-
vated us to substantially update uORFdb by adding >6.6
million uORFs from 13 animal species, including >2.4
million human uORFs detected based on individual TVs.
uORFs from different TVs may actually represent the same
genomic entity, but as explained in the introduction, the
uORF function largely depends on its transcript context. In
the future, we want to perform comparative genomics on the
uORFsin uORFdb and make the results accessible from the
web interface. It would be beneficial to know which uORFs
are conserved across species, since these are more likely to be
functionally relevant (7,15,56,57). In this context, a deeper
future integration of sequences, mass spectrometry, and ri-
bosome profiling data in the tables on the website and in the
graphical model, may help to select high-confidence uUORFs
for experimental investigation.

As reviewed by Schuster and Hsieh, ‘untranslated’ re-
gions, such as the TLS, present promising, yet largely un-
explored, regions of variation (58). With more variation
screenings focusing on uORFs (12,59-61), this is about to
change. We aim to support this new development by mak-
ing uORF-associated somatic mutations and their effects
publicly available in uORFdb. Researchers can freely se-
lect variants for confirmation in the lab without restric-
tions imposed by bioinformatic skills or by access to high-
performance hardware. Despite the computational power
needed to create the data, the cohort size of 677 patients
does not compare to resources such as dbSNP and ClinVar.
To provide a bigger picture, we added direct links from
uORFdb to both databases, allowing users to query vari-
ants in the uUOR F-associated regions.

An accessible and modern web interface integrates the
new data with the original set of publications, which we ex-
tended to over 1 040 in the last 9 years. In order to facili-
tate the use of literature outside of the web interface, users
can subscribe to an RSS feed or download citations con-
taining our annotations. This can be useful when working
with reference managers or on the relatively small screens
of mobile phones and tablets. Users can visually collect the
relevant information for functional evaluation of uUORFs in
a fraction of the time needed for manual analyses: Using
the uORF model, uORFs can be graphically explored in
the context of their specific transcript and reading frames.
Using the UCSC Genome Browser, the uORF's can be com-
pared to the multitude of other tracks hosted by UCSC, for
instance ribosome profiling tracks. In conclusion, we devel-
oped uORFdb to serve as a central hub for uORF research,
paving the way for both novices and experts towards a
hassle-free experimental analysis of tORF-mediated trans-



lational control mechanisms and wORF-encoded peptide
functions.
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