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GENCODE: reference annotation for the human and
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ABSTRACT

GENCODE produces high quality gene and transcript
annotation for the human and mouse genomes. All
GENCODE annotation is supported by experimen-
tal data and serves as a reference for genome bi-
ology and clinical genomics. The GENCODE consor-
tium generates targeted experimental data, develops
bioinformatic tools and carries out analyses that,
along with externally produced data and methods,
support the identification and annotation of tran-
script structures and the determination of their func-
tion. Here, we present an update on the annotation
of human and mouse genes, including developments
in the tools, data, analyses and major collaborations
which underpin this progress. For example, we report
the creation of a set of non-canonical ORFs identi-
fied in GENCODE transcripts, the LRGASP collabo-
ration to assess the use of long transcriptomic data
to build transcript models, the progress in collab-
orations with RefSeq and UniProt to increase con-
vergence in the annotation of human and mouse
protein-coding genes, the propagation of GENCODE
across the human pan-genome and the development
of new tools to support annotation of regulatory
features by GENCODE. Our annotation is accessi-
ble via Ensembl, the UCSC Genome Browser and
https://www.gencodegenes.org.

INTRODUCTION

GENCODE builds reference quality human and mouse an-
notation of protein-coding genes, long non-coding RNAs
(IncRNAs) and small non-coding RNAs (sRNAs), as well
as pseudogenes of protein-coding genes and immunoglob-
ulin and T-cell receptor segments (1,2). GENCODE an-
notation is rich in its representation of alternative splic-
ing within protein-coding and IncRNA loci, its assignment
of ‘biotypes’ describing biological function at the tran-
script level, and the usage of ‘attributes’ to add further in-
formation (3,4). We make all our annotation freely avail-
able to support genome interpretation and biomedical re-
search. The GENCODE consortium also produces tar-
geted transcriptomic data, and develops and refines bioin-
formatic tools and analysis for the annotation of genes and
transcripts. The work of the consortium drives updates to
genes of every biotype, including (i) the identification of
novel protein-coding genes, IncRNAs and pseudogenes; (ii)
capturing novel alternatively spliced transcripts at protein-
coding and IncRNA loci; (iii) the iterative reassessment of
existing genes and transcripts that can lead to their update
or removal; (iv) the identification and integration of novel
biological features into the annotation. In addition, GEN-
CODE is developing methods and workflows for the anno-
tation of regulatory features and the physical connections
between them.

The progress made by GENCODE over the last two
years includes the migration of mouse gene annotation from
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GRCm38 to the new mouse reference assembly GRCm39
and the update of 44 protein-coding genes that were only
present or intact on the new assembly. Mouse also bene-
fited from the first application of manually supervised auto-
mated annotation of IncRNAs using data generated by the
Capture long-seq (CLS) method. We have continued joint
efforts with RefSeq (5) and UniProt (6) to drive towards
convergence on the annotation of protein-coding genes. We
have essentially completed the project to annotate a sin-
gle representative ‘MANE Select’ transcript for every hu-
man protein-coding gene as part of the Matched Anno-
tation from NCBI and EMBL-EBI (MANE) collabora-
tion (7), thus ensuring that its structure and sequence is
identical in the GENCODE and RefSeq genesets. As part
of a community driven effort to support the annotation
of ORFs whose translation has been validated by experi-
mental data but whose protein-coding potential is uncer-
tain (8) we have created the first set of Ribo-seq ORFs
linked to GENCODE genes and transcripts and distributed
it via gencodegenes.org. Similarly, we have played a lead-
ing role in the Long-read RNA-seq Genome Annotation
Assessment Project (LRGASP) (9) to identify the state of
the art in the computational creation of transcript mod-
els from long transcriptomic data and their quantification.
We have also worked to map GENCODE genes to newly
sequenced, high quality human genome assemblies pro-
duced by the Telomere-to-Telomere (T2T) (10) and Hu-
man Pangenome Reference Consortium (HPRC) (11) con-
sortia to provide high quality reference annotation. We have
also started to develop computational tools to support the
annotation of regulatory features within GENCODE, al-
lowing us to move towards the annotation of an extended
model of the gene, including its associated regulatory
features.

GENE ANNOTATION

The GENCODE consortium has improved and extended
the annotation of the human and mouse reference genomes,
producing seven human (GENCODE 35-41) and seven
mouse (M24-M30) GENCODE releases since June 2020,
with M26 being the first release on the GRCm39 mouse as-
sembly. Table 1 contains annotation statistics from the most
recent GENCODE releases. For both species, the addition
of new transcript models remains the dominant source of
change between releases. To a large extent, the increases
in transcript counts reflect our continued development of
the TAGENE pipeline, which we devised to aid the in-
corporation of long-read datasets—including our in-house
CLS data—into transcript models. Following iterative test-
ing led by manual annotators, we have implemented the use
of the tmerge pipeline (https://github.com/julienlag/tmerge)
within TAGENE as a replacement for PASA (12) for the
clustering of reads into prospective transcript models; hav-
ing tested over 1000 TAGENE models, we found tmerge to
produce notably fewer clustering errors.

Since June 2020, ~37 000 genes (~27 000 human and
~10 000 mouse) and ~61 000 transcripts (~49 000 human
and ~11 000 mouse) have either been created or updated in
the GENCODE geneset. Table 2 contains a breakdown of
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Table 1. Total numbers of genes and transcripts in the GENCODE 41 (human) and GENCODE M30 (mouse) releases by gene functional biotype.
Readthrough loci that span multiple individual protein-coding genes are excluded from this count

Protein-coding IncRNA Pseudogene sRNA 1IG/TR
Human GENCODE 41 Genes 19370 19095 14737 7566 410
Transcripts 167599 54291 19737 7566 420
Mouse GENCODE M30 Genes 21668 14525 13468 6105 494
Transcripts 101716 25419 15026 6105 656

Table 2. Numbers of genes and transcripts that have been added to or updated in GENCODE human and mouse annotation since June 2020

Human New Updated New and updated Mouse New Updated New and updated

Protein-coding 179 10539 10718 133 3960 4093
Genes IncRNA 2448 7344 9792 1580 2711 4291

Pseudogene 23 6065 6088 40 2101 2141

Total 2650 23948 26598 1753 8772 10428

Protein-coding 20296 8972 29268 1603 553 2156
Transcripts IncRNA 6233 3997 10230 6603 1953 8556

Pseudogene 1553 1338 2891 542 200 742

Total 28082 20978 49060 8748 2706 11454

new and updated genes and transcripts by their functional
biotype.

Although the primary annotation effort has been con-
centrated on the human genome, we have lifted-over mouse
gene annotation from GRCm38 to the new mouse reference
genome assembly GRCm39, checking and updating genes
that were not mapped correctly and annotating 44 new
genes. In addition, this period has seen the first manually su-
pervised automated annotation of IncRNA genes and tran-
scripts in mouse using the TAGENE pipeline. TAGENE
updates alone added 1573 novel genes and updated a fur-
ther 1479. In total, 6591 novel transcripts were added and
1824 updated (almost all of which were extensions to former
partial transcripts).

While the headline counts of protein-coding genes re-
main relatively stable for both human and mouse, the actual
protein-coding gene set has been subject to continual re-
view and update over this period. In human, 90 completely
new protein-coding genes have been identified and anno-
tated, with 30 pre-existing protein-coding genes deleted;
in mouse 36 were added and 49 removed. In addition,
another 89 human genes have been made protein-coding
that were previously annotated as other functional bio-
types (97 in mouse), while 63 human protein-coding genes
have been reannotated as other functional biotypes (135 in
mouse). LncRNAs continue to show the largest increase in
number at the gene level in both human and mouse, and
at the transcript level in mouse. This reflects our ability
to use TAGENE to add high confidence transcript mod-
els based on targeted sequencing experiments, especially
CLS (13).

GENCODE continues active collaborations with other
reference annotation databases, especially in order to drive
convergence in the annotation of protein-coding genes in
human and mouse. Such work also identifies loci for which
convergence is not yet possible. The MANE (7) collabo-
ration was initiated to annotate an agreed transcript (la-
belled as MANE_Select) for every human protein-coding
gene. All MANE transcripts are a 100% match for se-
quence and structure (splicing, UTR and CDS) in both

the Ensembl/GENCODE and RefSeq annotation sets. We
have achieved the essential completion of the first phase of
the project: to annotate a MANE Select transcript at ev-
ery protein-coding gene on the human reference genome.
This has been released as MANE v1.0. Over the last
2 years ~3000 MANE Select transcripts have been an-
notated, increasing coverage to 99.1% of human protein
coding genes and 99.8% of clinical genes. In addition,
we have annotated 58 MANE Plus Clinical transcript
models, which are alternatively spliced transcripts within
genes where a single transcript does not support the de-
scription of all known and likely pathogenic variants in
ClinVar(14).

We work with the UniProt project to improve the com-
patibility of our annotations of human and mouse protein-
coding genes and proteins via the Genome Integration with
FuncTion and Sequence (GIFTS) project (https://www.
ebi.ac.uk/gifts). UniProt proteins that do not map to En-
sembl genes are flagged for investigation, with an addi-
tional ~500 human and ~400 mouse UniProt accessions
undergoing manual review. In addition, the protein transla-
tions of MANE Select transcripts have been compared with
UniProt canonical isoforms, with 267 MANE Select mis-
matches identified, most which have now been updated by
UniProt to match GENCODE annotation.

In collaboration with external partners, GENCODE
launched LRGASP (Long-Read Genome Annotation As-
sessment Project) (9), a challenge-style experiment to ex-
amine the utility of-and to identify current best practice
for-long-read transcriptomic methodologies for transcript
annotation and quantification. GENCODE has led or con-
tributed to project planning, the management of data sub-
mission, data visualisation and analysis, the generation of
novel CapTrap_PacBio and CapTrap ONT datasets, and
the experimental evaluation of submitted transcripts. In
particular, we manually created reference annotation of
~1300 transcripts supported by reads generated by the LR-
GASP consortium; these are being used as ‘ground truth’
in the assessment of transcript models submitted by partic-
ipants.


https://www.ebi.ac.uk/gifts

PROTEIN-CODING GENES

Ribosome profiling (Ribo-seq) experiments identify many
thousands of translated open reading frames (OR Fs) within
what were previously believed to be untranslated regions
of protein-coding genes and IncRNAs. These ORFs are of
increasing interest due to their potential to encode unan-
notated functional proteins, and they can also represent
aberrant translations limited to disease states. Furthermore,
translation can also impart function at the regulatory level.
Upstream ORFs (uORFs) are of particular interest due
to their suspected widespread occurrence in 5 UTRs, as
well as their implication in disease whereby disrupting vari-
ants can affect the translation of the downstream canoni-
cal CDS. The creation of new uORFs by gain of function
variants may also affect downstream translation. Ribo-seq
ORFs have previously not been included in reference gene
catalogues, which hinders their investigation and character-
isation. To address this, a community-led effort organised
by GENCODE and supported by HGNC (15), UniProt
and HUPO has produced an initial consolidated catalogue
of 7264 annotated human Ribo-seq ORFs without func-
tional characterisation (8). GENCODE released this cata-
logue mapped to GENCODE 35. The GENCODE Ribo-
seq ORF set has now been taken forward by PeptideAtlas
(16) on behalf of HUPO (https://hupo.org/) in order to ex-
amine their protein-coding potential with proteomics data.

We have used PhyloCSF (17) to assess the protein-coding
potential of over 230 000 novel unannotated ORFs found
by analysis of Ribo-seq data alongside another analysis of
mass spectrometry of MHC Class I-bound peptides (18).
While the vast majority of these ORFs were found not to
be under detectable constraint at the protein level, ~70 were
shown to include regions possessing strong signals of evo-
lution as all or part of protein-coding genes, including a
translated uORF within MIDI (Figure 1). This work has
led to the annotation of novel protein-coding regions, in-
cluding complete ORFs as CDS, as well the annotation of
N-terminus CDS extensions, alternative 3’ ends, and exon
extensions in the GENCODE annotation.

We have developed a process to identify potentially im-
portant missing transcript models within protein coding
genes. Based on an integrated analysis of RefSeq and
UniProtKB annotations, predictions from publications,
peptides from large-scale proteomics experiments, human
variation data (19), conflicting structural and functional
data in the APPRIS database (20), and evolutionary his-
tory of coding exons (21,22), we have identified 895 putative
missing human transcripts with 441 added during ongoing
manual review. We have developed TRIFID (https://github.
com/fpozoc/trifid), a machine learning model based on
cross-species conservation, GENCODE annotations, pro-
tein structural and functional features and experimental evi-
dence that predicts the functional importance of the protein
isoforms encoded by GENCODE transcripts (23). TRIFID
v1.0.0 has been incorporated into the updated APPRIS
database of principal splice isoforms (24) from 2020_06.v31.

GENCODE annotation continues to use proteomics
data to validate predictions of protein-coding potential and
identify unannotated protein-coding genes. We have gener-
ated synthetic peptides for targeted validation and quantifi-
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cation of proteins, developing a pipeline to select peptides
with the highest specificity and mass spectrometry viabil-
ity for synthesis. Experimental data has been used to build
spectral libraries to identify peptides in large sets of public
spectra in the PRIDE (25) repository, finding 88 peptides
with a significant identification.

We have continued to upgrade infrastructure support-
ing protein-coding annotation, updating tools to work with
new alignments and assemblies. For human we have in-
tegrated the 241-mammal zoonomia alignment (26) into
the CodAlignView tool (https://data.broadinstitute.org/
compbiol/CodAlignViewUsersGuide.html), leveraging its
more comprehensive genome alignment for assessing
protein-coding potential of ambiguous human exons and
short ORFs. For the mouse, we have incorporated the
GRCm39 assembly using the 35 vertebrate alignment into
CodAlignView and created PhyloCSF browser tracks for
the UCSC(27) and Ensembl (28) Genome Browsers. We
have further developed PhyloCSF-Psi (https://github.com/
mlin/PhyloCSF/wiki), a version of PhyloCSF that adjusts
for region length, and enhanced CodAlignView to better
handle alignment gaps, to display phylogenetic trees, and
to provide better feedback about splice site predictions. We
have updated the PhyloCSF Candidate Coding Region list
for GENCODE versions 35-41 and M24-30, to help guide
the HAVANA expert-annotation team to the most promis-
ing genomic regions for new protein-coding and pseudo-
gene annotations. We also applied our comparative tools
to improve annotation of genes in the SARS-CoV-2 virus
(29,30), in the process improving methods for distinguish-
ing overlapping protein-coding ORFs, which are common
in viruses and also present in some human and mouse genes.

IncRNAS

In addition to generating CapTrap ONT and PacBio Se-
quel IT datasets for LRGASP, we have developed and tested
two broad custom RNA capture designs with the goal of ex-
panding human and mouse IncRNA gene and transcript an-
notations. These designs, designated Hv3 and Mv2, target
80 Mb and 64 Mb, respectively in human and mouse. These
panels target a large number of GENCODE-unannotated
elements in external ncRNA catalogues such as Bigtran-
scriptome (31), FANTOMCat (32) and miTranscriptome
(33) and computational predictions. We prepared pre- and
post-CLS capture libraries, generating Illumina Hi-Seq,
PacBio Sequel IT and ONT sequence from 22 human tissues,
6 human cell lines, 20 mouse tissues and 1 mouse cell line,
which is analysed using an updated LyRic workflow (https:
/lgithub.com/julienlag/LyRic) and fed into downstream an-
notation processes.

PSEUDOGENES

We have continued to evaluate the coding potential and con-
servation of putative unitary pseudogenes to generate can-
didate lists for manual review. We have investigated both the
original loss of function event and the most recent specia-
tion event preserving the functional homolog, along with
the transcriptional activity and selection profile of puta-
tive unitary pseudogenes. For mouse we have used the 241-
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Figure 1. Upstream open reading frames in MIDI. GENCODE 41 annotation includes five distinct transcript start site regions within midline 1 (MID]I), a
TRIM-family protein-coding gene. Five representative transcripts are shown here; additional transcriptional complexity has been omitted for clarity. Three
replicated Ribo-seq ORFs are located on three transcripts: cXriboseqorf7, cXriboseqorf6 and cXriboseqorf5 found respectively on ENST00000380787,
ENST00000317552 (the MANE Select transcript) and ENST00000317552. Each is a translated uORF, with three distinct first exon ORF portions being
linked to a shared second exon ORF portion. The shared ORF portion has a positive PhyloCSF score, indicating that it has evolved as a protein-coding
sequence. However, PhyloCSF only supports the protein-coding potential of one of the three alternative first exons, cXriboseqorf5 on ENST00000317552.
A multispecies protein alignment (inset) finds that cXriboseqorf5 has intact orthologs across tetrapods with accompanying transcript support; beyond the
five representative species shown, the ORF appears potentially conserved across vertebrates. This ORF has thus been annotated as the new protein-coding
gene ENSG00000291314. In contrast, the first exon ORF portions of cXriboseqorf7 and cXriboseqorf6 present equivocal evolutionary signatures, lacking
PhyloCSF support to indicate protein-level function. Nonetheless, cXriboseqorf7 at least is conserved as an ORF in mammals as well as reptiles and avians,
and if this ORF is not protein-coding it may turn out to have a regulatory function that is evolving under a different mode of selection. This may also be
true of cXriboseqorf6, and in fact, we do not rule out the possibility that both cXriboseqorf7 and cXriboseqorf6 encode functional proteins in spite of the
lack of PhyloCSF support.

mammal Zoonomia alignment to compile a list of candi-
date unannotated mouse unitary pseudogenes with func-
tional orthologs in human(26). We have extended our pseu-
dogene annotation in non-human primates (NHPs), sys-
tematically annotating the processed and duplicated pseu-
dogenes for 15 species using their latest high-quality as-
semblies. We then identified the human-specific pseudo-
genes via a comparative analysis and applied a computa-
tional framework to accurately estimate the expression of
the pseudogenes in human and macaque brain. We iden-
tified a set of tissue-specific and region-specific pseudo-
genes and showed that they exhibit higher tissue and re-
gional specificity than protein-coding genes. Finally, we ob-
served different patterns of expression changes in psychi-
atric disorders between pseudogenes and protein-coding
genes.

THE HUMAN PANGENOME

We have participated in the annotation of the develop-
ing human pangenome (e.g. 34), supporting the annota-
tion of the T2T consortium’s CHM13 human cell line as-

sembly. Using human GENCODE transcripts as a refer-
ence, CHM13 was annotated with the Comparative An-
notation Toolkit (CAT) (35) combined with LiftOff (36).
GENCODE is also actively participating in the HPRC, pro-
viding an initial set of population gene annotations on 47
high-quality diploid human genome assemblies. We have
provided one gene annotation set using CAT with GEN-
CODE as the reference gene set and assisted in the creation
of a second GENCODE-derived annotation set by Ensembl
(11). Annotation of the pangenome creates different alleles
of the same gene on different assemblies and it is essential
that these different alleles can be easily identified, whether
they represent functional or non-functional copies. Histori-
cally GENCODE has annotated protein-coding genes with
loss-of-function (LoF) mutations on the reference genome
as polymorphic pseudogenes (3). From GENCODE 40 on-
wards we have updated their annotation to better reflect
their status in the pangenome; these loci are now anno-
tated as protein-coding genes (rather than pseudogenes)
with their transcripts flagged as ‘protein-coding LoF’. The
identification of these transcripts in the Ensembl browser is
shown in Figure 2.
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REGULATORY FEATURE ANNOTATION

GENCODE aims to broaden the annotation of genes to in-
clude the proximal and distal regulatory elements that con-
trol their expression. We will annotate the ‘extended gene’
where transcript models are connected to annotated pro-
moter features and promoters connected to enhancer an-
notation. To this end, we have developed computational
methods that utilise nascent transcriptomic data to iden-
tify and define regulatory regions and their connections
to genes. We have been developing deep learning models
of nascent transcription assays such as PRO-seq, GRO-
seq and PRO-cap in order to decipher the cis-regulatory
syntax of transcription initiation at single base resolution.
We extended BPNet (37) neural networks to accurately
map DNA sequence to base-resolution profiles from EN-
CODE PRO-cap experiments and applied the DeepLIFT
(38) feature attribution method to these trained models
to infer the importance/contribution scores of individual
bases to model’s predictions of profiles in each peak se-
quence across the genome. We then summarised predictive
motif patterns across all peaks using TF-Modisco (https:
/Igithub.com/kundajelab/tfmodisco), which learns a non-
redundant set of motifs from predictive subsequences across
all PRO-cap peak regions. We have also used EpiMap (39),
an integrative epigenomic reference map of human cells

and tissues to annotate high-resolution gene-regulatory re-
gions and their tissue-specific target genes, enhancing each
gene annotation with its regulatory elements. These links
were further extended using single-cell accessibility infor-
mation (sScATAC-seq) and the integration of coding and
non-coding annotations with disease associated variation.
Candidate regulatory regions and connections defined by
this approach will be manually reviewed and the results fed
back into the automatic annotation process.

DATA ACCESS

GENCODE gene sets are currently updated up to four
times each year for both human and mouse. Each re-
lease is versioned and made available immediately upon
release from Ensembl and https//www.gencodegenes.org
with release on the UCSC Genome Browser normally fol-
lowing shortly thereafter. The current human release is
GENCODE 41 (July 2022) and the current mouse re-
lease is GENCODE M30 (July 2022). Additional informa-
tion and previous releases can be found at https//www.
gencodegenes.org.

GENCODE is the now the standardised default human
and mouse annotation for both the Ensembl and UCSC
genome browsers. Data is presented through all of the stan-
dard interfaces from both resources.
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To expedite public access to updated annotation be-
tween releases, all annotation changes are made freely
available within 24 h via the ‘GENCODE update’ Track
Hub, which can be accessed at both the Ensembl and
UCSC genome browsers. In the Ensembl browser, the hub
has been added to the Track Hub Registry (accessed via
the ‘Custom tracks’ section), and can be connected to
by searching for ‘'GENCODE update’. Alternatively, the
data can be added as a custom track in both Ensembl
and UCSC browsers (http:/ftp.ebi.ac.uk/pub/databases/
gencode/update_trackhub/hub.txt).

We have made available the public ‘Synonymous
Constraint’ track hub in the UCSC Genome Browser
that shows protein-coding regions under synonymous
constraint, indicating an overlapping function, and
synonymous accelerated regions, indicating a high mu-
tation rate (https://data.broadinstitute.org/compbiol/
SynonymousConstraintTracks/trackHub/). PhyloCSF and
APPRIS Principal Splice Isoforms are also available via
UCSC'’s Public Hubs.

Other interfaces include the Ensembl FTP site (ftp://ftp.
ensembl.org/pub/), which includes gene sets in GFF3, Gen-
bank and GTF formats and full download of the complete
Ensembl databases. More complex and customizable gene
set queries can be created via the Ensembl Biomart (https:
/Iwww.ensembl.org/biomart/). Biomart also allows queries
based on MANE annotation.

Programmatic access to the GENCODE gene sets is pos-
sible via the extensive Ensembl Perl API and the language-
agnostic Ensembl REST API (40). Programmatic access fa-
cilitates advanced genome-wide analysis such as retrieval of
supporting features and associated gene trees. Examples of
REST endpoint usage and starter scripts in different lan-
guages are at https://rest.ensembl.org.

GENCODE-specific training materials and GENCODE
focused workshops from the Ensembl Outreach team are
available via the Ensembl Training portal (http:/training.
ensembl.org).

CONCLUSION

The GENCODE consortium aspires to drive improvement
in the gene annotation of the human and mouse refer-
ence and pan-genomes. We continue to develop new com-
putational and manual approaches to leverage increasing
quality and volume of transcriptomic data and integrate it
with orthogonal data and analysis to increase the breadth
and depth of our annotation. Our targeted generation of
long transcriptomic data—for example at IncRNA genes -
combined with use of public data to the same end for al-
ternatively spliced transcripts of protein-coding genes sup-
ports our progress towards a more complete catalogue of
genes and transcripts. This is assisted by our participation
in community projects, like LRGASP, that investigate the
best ways to utilise transcriptomic data and, like the Ribo-
seq consortium, work to identify and annotate the novel
functional features they encode. Ultimately, the extension
of the gene model to include proximal and distal regulatory
features will provide the gene and its transcripts with more
complete contextual information that will support detailed
downstream analysis.

DATA AVAILABILITY

No new data were generated or analysed in support of this
research.

FUNDING
National Human Genome Research Institute of
the National Institutes of Health [U41HG007234,

ROTHGO004037]; Wellcome Trust [WT222155/72/20/Z];
European Molecular Biology Laboratory. The content
is solely the responsibility of the authors and does not
necessarily represent the official views of the National
Institutes of Health. Funding for open access charge:
National Institutes of Health.

Conflict of interest statement. Paul Flicek is a member of the
Scientific Advisory Boards of Fabric Genomics, Inc., and
Eagle Genomics, Ltd.

REFERENCES

1. Frankish,A., Diekhans,M., Jungreis,I., Lagarde,J., Loveland,J.E.,
Mudge,J.M., Sisu,C., Wright,J.C., Armstrong,J., Barnes,l. et al.
(2021) gencode 2021. Nucleic Acids Res., 49, D916-D923.

2. Frankish,A., Diekhans,M., Ferreira,A.-M., Johnson,R., Jungreis,I.,
Loveland,J., Mudge,J.M., Sisu,C., Wright.J., Armstrong.J. et al.
(2019) GENCODE reference annotation for the human and mouse
genomes. Nucleic Acids Res., 47, D766-D773.

3. Harrow,J., Frankish,A., Gonzalez,J.M., Tapanari,E., Diekhans,M.,
Kokocinski,F., Aken,B.L., Barrell,D., Zadissa,A., Searle,S. et al.
(2012) GENCODE: the reference human genome annotation for the
ENCODE project. Genome Res., 22, 1760-1774.

4. Frankish,A., Uszczynska,B., Ritchie,G.R.S., Gonzalez,J.M.,
Pervouchine,D., Petryszak,R., Mudge,J.M., Fonseca,N., Brazma,A.,
Guigo,R. et al. (2015) Comparison of GENCODE and refseq gene
annotation and the impact of reference geneset on variant effect
prediction. BMC Genomics, 16(Suppl. 8), S2.

5. O’Leary,N.A., Wright, M.W.,, Brister,J.R., Ciufo,S., Haddad,D.,
McVeigh,R., Rajput,B., Robbertse,B., Smith-White,B., Ako-Adjei,D.
et al. (2016) Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Res., 44, D733-D45.

6. UniProt Consortium (2021) UniProt: the universal protein
knowledgebase in 2021. Nucleic Acids Res., 49, D480-D489.

7. Morales.J., Pujar,S., Loveland,J.E., Astashyn,A., Bennett,R.,
Berry,A., Cox,E., Davidson,C., Ermolaeva,O., Farrell,C.M. et al.
(2022) A joint NCBI and EMBL-EBI transcript set for clinical
genomics and research. Nature, 604, 310-315.

8. Mudge,J.M., Ruiz-Orera,J., Prensner,J.R., Brunet,M.A., Calvet,F,,
Jungreis,I., Gonzalez,J. M., Magrane,M., Martinez, T.F., Schulz,J.F.
et al. (2022) Standardized annotation of translated open reading
frames. Nat. Biotechnol., 40, 994-999.

9. Pardo-Palacios,F., Reese,F., Carbonell-Sala,S., Diekhans,M.,
Liang,C., Wang,D., Williams,B., Adams,M., Behera,A., Lagarde,J.
et al. (2021) Systematic assessment of long-read RNA-seq methods
for transcript identification and quantification. Res. Square
doi: https://doi.org/10.21203/rs.3.rs-777702/v1, 03 August 2021,
preprint: not peer reviewed.

10. Nurk,S., Koren,S., Rhie,A., Rautiainen,M., Bzikadze,A.V.,
Mikheenko,A., Vollger, M.R., Altemose,N., Uralsky,L.,
Gershman,A. et al. (2022) The complete sequence of a human
genome. Science, 376, 44-53.

11. Liao,W.-W., Asri,M., Ebler,J., Doerr,D., Haukness,M., Hickey,G.,
Lu,S., Lucas,J.K., Monlong,J., Abel,H.J. et al. (2022) A draft human
pangenome reference. bioRxiv doi:
https://doi.org/10.1101/2022.07.09.499321, 09 July 2022, preprint: not
peer reviewed.

12. Haas,B.J., Delcher,A.L., Mount,S.M., Wortman,J.R., Smith,R.K Jr,
Hannick,L.I., Maiti,R., Ronning,C.M., Rusch,D.B., Town,. C.D.
et al. (2003) Improving the Arabidopsis genome annotation using


http://ftp.ebi.ac.uk/pub/databases/gencode/update_trackhub/hub.txt
https://data.broadinstitute.org/compbio1/SynonymousConstraintTracks/trackHub/
ftp://ftp.ensembl.org/pub/
https://www.ensembl.org/biomart/
https://rest.ensembl.org
http://training.ensembl.org
https://doi.org/10.21203/rs.3.rs-777702/v1
https://doi.org/10.1101/2022.07.09.499321

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

maximal transcript alignment assemblies. Nucleic Acids Res., 31,
5654-5666.

Lagarde,J., Uszczynska-Ratajczak,B., Carbonell,S., Pérez-Lluch,S.,
Abad,A., Davis,C., Gingeras, T.R., Frankish,A., Harrow,J., Guigo,R.
et al. (2017) High-throughput annotation of full-length long
noncoding RNAs with capture long-read sequencing. Nat. Genet., 49,
1731-1740.

Landrum,M.J., Lee,J.M., Benson,M., Brown,G.R., Chao,C.,
Chitipiralla,S., Gu,B., Hart,J., Hoffman,D., Jang,W. et al. (2018)
ClinVar: improving access to variant interpretations and supporting
evidence. Nucleic Acids Res., 46, D1062-D1067.

Tweedie,S., Braschi,B., Gray,K., Jones, T.E.M., Seal,R.L., Yates,B.
and Bruford,E.A. (2021) Genenames.org: the HGNC and VGNC
resources in 2021. Nucleic Acids Res., 49, D939-D946.

Desiere,F., Deutsch,E.W., King,N.L., Nesvizhskii,A.I., Mallick,P.,
Eng,J., Chen,S., Eddes,J., Loevenich,S.N. and Aebersold,R. (2006)
The peptideatlas project. Nucleic Acids Res., 34, D655-D658.
Lin,M.E,, Jungreis,I. and Kellis,M. (2011) PhyloCSF: a comparative
genomics method to distinguish protein coding and non-coding
regions. Bioinformatics, 27, 1275-182.

Ouspenskaia,T., Law,T., Clauser,K.R., Klaeger,S., Sarkizova,S.,
Aguet,F., Li,B., Christian,E., Knisbacher,B.A., Le,P.M. et al. (2022)
Unannotated proteins expand the MHC-I-restricted
immunopeptidome in cancer. Nat. Biotechnol., 40, 209-217.

1000 Genomes Project Consortium, Abecasis,G.R., Auton,A.,
Brooks,L.D., DePristo,M.A., Durbin,R.M., Handsaker,R.E.,
Kang,H.M., Marth,G.T. and McVean,G.A. (2012) An integrated map
of genetic variation from 1,092 human genomes. Nature, 491, 56-65.
Rodriguez,J. M., Maietta,P., Ezkurdia,l., Pietrelli,A., Wesselink,J.-J.,
Lopez,G., Valencia,A. and Tress,M.L. (2013) APPRIS: annotation of
principal and alternative splice isoforms. Nucleic Acids Res., 41,
D110-D117.

Rodriguez,J.M., Pozo,F., di Domenico,T., Vazquez,J. and Tress,M.L.
(2020) An analysis of tissue-specific alternative splicing at the protein
level. PLoS Comput. Biol., 16, ¢1008287.

Martinez Gomez, L., Pozo,F., Walsh,T.A., Abascal,F. and Tress,M.L.
(2021) The clinical importance of tandem exon duplication-derived
substitutions. Nucleic Acids Res., 49, 8232-8246.

Pozo,F., Martinez-Gomez,L., Walsh,T.A., Rodriguez,J.M., Di
Domenico,T., Abascal,F., Vazquez,J. and Tress,M.L. (2021) Assessing
the functional relevance of splice isoforms. NAR Genom Bioinform, 3,
lqab044.

Rodriguez,J.M., Pozo,F., Cerdan-Vélez,D., Di Domenico,T.,
Vazquez,J. and Tress,M.L. (2022) APPRIS: selecting functionally
important isoforms. Nucleic Acids Res., 50, D54-D59.
Perez-Riverol,Y., Bai,J., Bandla,C., Garcia-Seisdedos,D.,
Hewapathirana,S., Kamatchinathan,S., Kundu,D.J., Prakash,A.,
Frericks-Zipper,A., Eisenacher,M. et al. (2022) The PRIDE database
resources in 2022: a hub for mass spectrometry-based proteomics
evidences. Nucleic Acids Res., 50, D543-D552.

Zoonomia Consortium (2020) A comparative genomics multitool for
scientific discovery and conservation. Nature, 587, 240-245.

Nucleic Acids Research, 2023, Vol. 51, Database issue D949

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lee,B.T., Barber,G.P., Benet-Pages,A., Casper,J., Clawson,H.,
Diekhans,M., Fischer,C., Gonzalez,J.N., Hinrichs,A.S., Lee,C.M.

et al. (2022) The UCSC genome browser database: 2022 update.
Nucleic Acids Res., 50, D1115-D1122.

Cunningham,F., Allen,J.E., Allen,J., Alvarez-Jarreta,J., Amode,M.R.,
Armean,].M., Austine-Orimoloye,O., Azov,A.G., Barnes,I.,
Bennett,R. et al. (2022) Ensembl 2022. Nucleic Acids Res., 50,
D988-D995.

Jungreis,I., Sealfon,R. and Kellis,M. (2021) SARS-CoV-2 gene
content and COVID-19 mutation impact by comparing 44
sarbecovirus genomes. Nat. Commun., 12, 2642.

Jungreis,I., Nelson,C.W., Ardern,Z., Finkel,Y., Krogan,N.J., Sato,K.,
Ziebuhr,J., Stern-Ginossar,N., Pavesi,A., Firth,A.E. ef al. (2021)
Conflicting and ambiguous names of overlapping ORFs in the
SARS-CoV-2 genome: a homology-based resolution. Virology, 558,
145-151.

. You,B.-H., Yoon,S.-H. and Nam,J.-W. (2017) High-confidence coding

and noncoding transcriptome maps. Genome Res., 27, 1050-1062.
Hon,C.-C., Ramilowski,J.A., Harshbarger,J., Bertin,N.,
Rackham,O.J.L., Gough,J., Denisenko,E., Schmeier,S., Poulsen,T.M.,
Severin,J. et al. (2017) An atlas of human long non-coding RNAs
with accurate 5’ ends. Nature, 543, 199-204.

Iyer,M.K., Niknafs,Y.S., Malik,R., Singhal,U., Sahu,A., Hosono,Y.,
Barrette, T.R., Prensner,J.R., Evans,J.R., Zhao.S. et al. (2015) The
landscape of long noncoding RNAs in the human transcriptome.
Nat. Genet., 47, 199-208.

Wang,T., Antonacci-Fulton,L., Howe,K., Lawson,H.A., Lucas,].K.,
Phillippy,A.M., Popejoy,A.B., Asri,M., Carson,C., Chaisson,M.J.P.
et al. (2022) The human pangenome project: a global resource to map
genomic diversity. Nature, 604, 437-446.

Fiddes,I.T., Armstrong,J., Diekhans,M., Nachtweide,S.,
Kronenberg,Z.N., Underwood,J.G., Gordon,D., Earl,D., Keane,T.,
Eichler,E.E. et al. (2018) Comparative annotation toolkit
(CAT)-simultaneous clade and personal genome annotation. Genome
Res., 28, 1029-1038.

Shumate,A. and Salzberg,S.L. (2020) Liftoff: accurate mapping of
gene annotations. Bioinformatics, 37, 1639-1643.

Avsec,Z., Weilert,M., Shrikumar,A., Krueger,S., Alexandari,A.,
Dalal, K., Fropf,R., McAnany,C., Gagneur,J., Kundaje,A. ef al.
(2021) Base-resolution models of transcription-factor binding reveal
soft motif syntax. Nat. Genet., 53, 354-366.

Shrikumar,A., Greenside,P. and Kundaje,A. (2019) Learning
Important Features Through Propagating Activation Differences.
arXiv doi: https://arxiv.org/abs/1704.02685, 12 October 2019,
preprint: not peer reviewed.

Boix,C.A., James,B.T., Park,Y.P., Meuleman,W. and Kellis,M. (2021)
Regulatory genomic circuitry of human disease loci by integrative
epigenomics. Nature, 590, 300-307.

Yates,A., Beal, K., Keenan,S., McLaren,W., Pignatelli,M.,
Ritchie,G.R.S., Ruffier,M., Taylor,K., Vullo,A. and Flicek,P. (2015)
The ensembl REST API: ensembl data for any language.
Bioinformatics, 31, 143-145.


https://arxiv.org/abs/1704.02685

