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Abstract

GENCODE produces comprehensive reference gene annotation for human and mouse. Entering its twentieth year, the project remains highly
active as new technologies and methodologies allow us to catalog the genome at everincreasing granularity. In particular, long-read transcriptome
seguencing enables us to identify large numbers of missing transcripts and to substantially improve existing models, and our long non-coding
RNA catalogs have undergone a dramatic expansion and reconfiguration as a result. Meanwhile, we are incorporating data from state-of-the-art
proteomics and Ribo-seq experiments to fine-tune our annotation of translated sequences, while further insights into function can be gained from
multi-genome alignments that grow richer as more species’ genomes are sequenced. Such methodologies are combined into a fully integrated
annotation workflow. However, the increasing complexity of our resources can present usability challenges, and we are resolving these with the
creation of filtered genesets such as MANE Select and GENCODE Primary. The next challenge is to propagate annotations throughout multiple
human and mouse genomes, as we enter the pangenome era. Our resources are freely available at our web portal www.gencodegenes.org,
and via the Ensembl and UCSC genome browsers.
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Graphical abstract

Introduction to GENCODE

Ensembl-GENCODE (henceforth GENCODE) produced its
first gene annotations in 2005 as part of the pilot phase of
the nascent human ENCODE project (1), building on the ini-
tial annotation efforts of the Human Genome Project (2).
Having established the feasibility of using a largely manual
approach to gene annotation (1,3), the first full human and
mouse GENCODE ‘genebuilds” were released to the public
in 2009 and 2011, respectively. Today, following substantial
progress across all branches of ‘omics, annotation is a signifi-
cantly more advanced process compared with the early days.
The situation in transcriptomics is especially striking; a sin-
gle run on a PacBio or Oxford Nanopore (ONT) flow cell can
now generate more complementary DNAs (cDNAs) than were
present in the whole of the INSDC Human sequence databases
in 2009 (4). Meanwhile, our project now has access to tech-
nologies that did not exist 20 years ago, such as Ribo-seq,
which in effect sequences RNA undergoing translation (5).
However, although such advances allow us to probe deeper
into the functional secrets of the genome, the sheer scale of
data availability produces significant methodological hurdles
for our project, especially given our historical deployment of
expert human annotation to produce ‘reference-quality’ mod-
els. Our challenge then is how to capture this staggering com-
plexity in our genebuilds, and also how to help our users plot
their pathway through this.

Our central goals have remained essentially unchanged
since the beginning. We aim to annotate all human and
mouse protein-coding genes, long non-coding RNAs (IncR-
NAs), pseudogenes and small RNAs (these are annotated by
a computational pipeline linked to external databases and are
not discussed further). In practice, the majority of genes pro-
duce a series of distinct transcripts, which differ primarily in
terms of their exon-intron structures due to alternative splic-
ing. Thus, our process is better understood in many respects
as transcript annotation, and the ‘biotype’ of the gene, i.e. the
functional classification we set, is defined by the biotype of
the transcripts it contains. A protein-coding gene, for exam-
ple, includes at least one protein-coding transcript, and the ac-
curate annotation of coding sequences (CDSs) remains a core
drive of our project given the special importance of these re-
gions in genomic and clinical science. GENCODE annotations
contain rich information beyond these basic gene and tran-
script ‘biotypes’. In particular, we use an ‘attribute’-tagging
system to highlight specific functional insights that can be
made for given models, such as CDS that are subject to partic-
ular phenomena such as stop codon readthrough or transla-
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tional initiation via non-ATG codons. A full list of these tags,
as well as comprehensive descriptions for each gene or tran-
script ‘biotype’, can be found on the GENCODE website (gen-
codegenes.org).

An overview of progress in GENCODE

Table 1 summarizes the annotation statistics from the most
recent GENCODE genebuild releases for human and mouse,
compared against equivalent data from ~2 years ago as pre-
sented in our previous report by Frankish et al. (6). The major
trend over this time for both species is the substantial addi-
tion of new IncRNA genes and transcripts, while changes in
protein-coding gene and transcript counts are more incremen-
tal. We discuss both of these aspects in detail below. However,
we note that these values report net changes, and emphasize
the fact that annotation is not simply a case of adding new
models. Thus, over 37 000 existing models have been modi-
fied for human and mouse combined in the last two years. This
process may involve the switching of biotypes where this is
deemed appropriate, e.g. a non-coding model may be changed
to coding or vice versa. Also, exon structures can be adjusted.
In particular, models are often not ‘full-length’ with respect
to the cellular transcript they represent, and the completion
of ‘partial’ models is currently a major drive of the project.
Indeed, the extension of a given model often changes its bio-
type, for example, when the full-length CDS can then be iden-
tified. Overall, close to a quarter of human and mouse protein-
coding genes, IncRNA genes or pseudogenes that existed in
GENCODE annotations two years ago have been modified in
some way over the intervening period.

GENCODE initially approached human and mouse gene
annotation using a ‘chromosome by chromosome” workflow.
In effect, expert manual annotators moved along each chro-
mosome 5’ to 3/, one locus at a time, building transcript mod-
els as required. Once the ‘first pass’ manual annotations of
these genomes were completed several years ago, our process
became more modular and focused on specific sub-projects.
These may consider the whole genome, for example, incor-
porating new transcriptomics datasets, or alternatively iden-
tify particular genomic regions or gene classes for improve-
ment. Here, we will outline progress in GENCODE in re-
cent months according to the deployment of such work-
flows. However, we emphasize that a major strength of our
project is that such efforts are not individualized; rather, each
can be seen as an integrated part of our wider annotation
drive.
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Total numbers of genes and transcripts in the GENCODE 47 (human) and GENCODE M36 (mouse) releases (October 2024), compared against

previous releases v41 and M30 (April 2022). Counts are separated into gene and transcript functional biotypes. Readthrough loci that span multiple
individual protein-coding genes are excluded from these counts. For pseudogenes and soluble RNAs (sRNAs), a gene by definition contains a single

transcript model

Protein coding IncRNA Pseudogene sRNA IG/TR

Human GENCODE 47 Genes 19 433 35934 14 703 7565 411
Transcripts 170 270 191 106 / / /

GECODE 41 Genes 19 370 19 095 14 737 7566 410
Transcripts 167 599 54291 / / /

Mouse GENCODE M36 Genes 21 470 36172 13 769 6105 493
Transcripts 101 225 156 135 / / /

GENCODE M30 Genes 21 668 14 525 13 468 6105 494
Transcripts 101 716 25419 / / /

Annotating transcript models

The major focus in GENCODE human and mouse transcript
annotation over the last five years has been developing and
deploying the Capture Long-read Sequencing (CLS) pipeline
(7). We recently completed the third phase of this project—
CLS3—to expand and improve IncRNA annotations in both
species. Briefly, this project started with the design of cap-
ture arrays, targeting over 300 000 regions of the human
and mouse genomes for which a deeper appraisal of their
transcriptional potential was considered promising. PacBio
and Oxford Nanopore (ONT) long-read sequencing was per-
formed at CRG, integrating the CapTrap cDNA library prepa-
ration method (8) with the CLS approach to produce over 1.5
billion raw reads, which were processed using the CRG LyRic
pipeline (https://github.com/guigolab/LyRic) to generate a col-
lection of full-length transcript models for potential integra-
tion into GENCODE annotation (see Data Access). This re-
quired the development of an annotation workflow that could
create thousands of transcript models at a level of quality
that approached that of manual annotation. Thus, we created
TAGENE, a manually supervised annotation pipeline that was
fine-tuned via extensive iterative testing. In this way, over
140 000 and 132 000 novel IncRNA transcripts were added to
human and mouse— ~3- and 6-fold increases in these respec-
tive counts—with the vast bulk first appearing in versions v47
for human and M36 for mouse (Table 1). TAGENE is now be-
ing further developed to facilitate the annotation of long-read
data within protein-coding genes and will be redeployed on
additional long-read datasets as they emerge.

In parallel to our in-house work, GENCODE is also help-
ing the wider community coalesce to find the best meth-
ods for long-read alignment, quantification and quality con-
trol. Our project—particularly the UCSC, CRG and EMBL-
EBI groups—played a significant role in the recently com-
pleted Long-Read RNAseq Genome Annotation Assessment
Project (LRGASP) (9), an international ‘bake-off’ challenge
whereby independent groups tested their methods for pro-
cessing standardized sets of transcriptomics data. We aided in
the project’s design, the generation of sequencing data, and
experimental validation and contributed to the supporting
infrastructure. Furthermore, the ‘ground truth’ annotations,
which served as the benchmark for evaluating all submissions
in specific challenges, were provided by expert annotators at
EMBL-EBI.

Annotating coding sequences

Our ultimate goal in protein annotation is to classify all bona
fide CDSs in human and mouse. It can be assumed that GEN-

CODE is missing CDS in both species and also includes CDS
annotations that will subsequently be judged as false. Tra-
ditionally, our project has appraised potential CDS accord-
ing to experimental data and evolutionary arguments, and
the prospects for both methods continue to advance. Within
GENCODE, the CNIO evaluates mass spectrometry support
for existing proteins and prospective new annotations for
both human and mouse. We are also now working closely
with HUPO-HPP (10) and PeptideAtlas (11) in the charac-
terization of non-canonical translations, as discussed below.
Meanwhile, GENCODE evolutionary analyses are centered
around the resources produced at MIT, especially in deploy-
ing the PhyloCSF algorithm (12,13). We emphasize that—in
our experience—these analytical strands are best employed in
conjunction and considered in collaboration.

The drive towards complete CDS annotation happens at
two levels. Firstly, we aim to identify all protein-coding genes
in both species; secondly, we aim to classify all genuine pro-
tein isoforms within these loci. The latter remains a trickier
proposition. For example, while proteomics data can confirm
that a given locus is protein-coding, the supporting peptides
might not distinguish putative isoforms. Meanwhile, evolu-
tionary analysis can provide strong support for the coding
potential of a given isoform. However, the rate and extent
to which additional isoforms arise as evolutionary novelties
remains unclear. For these reasons, we have to date pursued
a permissive annotation policy regarding isoforms, whereby
alternative transcripts will generally be annotated as coding
where the translation appears to be mechanistically plausible.
Ultimately, we are often essentially certain that a given gene
is protein-coding, but substantially less confident in assessing
the true complement of isoforms.

Thus, progress here is more easily measured by tracking
changes in gene-level annotation. Over the last 20 years, the
number of human protein-coding genes annotated by GEN-
CODE has gradually reduced, with 19 433 in v47. This largely
reflects the removal or recharacterization of protein-coding
genes that first appeared as ab initio predictions during the
earliest years of genome annotation and which were subse-
quently reappraised as containing no merits as such based on
experimental data or evolutionary analysis. For human, our
major drive in this regard was carried out several years ago
(6), and in fact the count of protein-coding genes now shows
a modest increase over the last few releases; this results from
targeted efforts which are discussed below. The situation in
mouse is similar, although here the drive to remove bogus
protein-coding genes was more recently instigated, and this
explains the net fall of 198 protein-coding genes between re-
leases M30 and M36 (Table 1).
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Today GENCODE continues to work closely with Ref-
Seq (14), UniProtKB (15) and the HUGO Gene Nomencla-
ture Committee (HGNC) (16) as part of a shared annotation
‘ecosystem,” whereby we are actively aiming to standardize
our protein catalogs, leading with human efforts. Thus, dis-
cordant entries come forward for discussion during projects
such as MANE (discussed below) and GIFTS (a ‘behind the
scenes’ drive aiming to harmonize GENCODE annotations
with UniProt proteins).

Protein coding versus pseudogenes

We can identify two modes by which protein-coding genes
are added to GENCODE. First, certain loci are previously an-
notated as pseudogenes before new evidence shifts the bal-
ance of probability toward them being protein coding. Fig-
ure 1 represents the intriguing case of myosin heavy chain 16
(MYH16), a long-time human pseudogene recently adjudged
as protein coding. The loss of function of this muscle protein
via a disabling mutation was previously identified as a key
step in reducing jaw size in our species compared to other apes
(17). However, modern datasets indicate that MYH16 is tran-
scribed and translated from a modulated CDS significantly
truncated at the 5’ end. While the functionality of this pro-
tein remains obscure, we consider the locus to be most likely
protein coding, noting that we make decisions in this regard
not as an appeal to certainty rather as to how we assess the
balance of probability.

In other cases, GENCODE has switched protein-coding
genes to pseudogenes, as the coding status of the locus is reap-
praised as being against the balance of probability. Such deci-
sions are made in collaboration with our allied reference anno-
tation projects. While removing false proteins is of clear prac-
tical value, annotating pseudogenes is also important when
understanding organismal biology. Thus, annotating human
and mouse pseudogenes remains a core GENCODE activ-
ity led by computational work at Yale University. A present
drive is the characterization of pseudogenes in the genomes
of mouse laboratory strains (18). It is becoming clear that
pseudogenes are an excellent marker for genome changes at
the structural level, exhibiting—for example—high dynamic-
ity within complex regions, including segmental duplications.
This has clear implications for pangenome annotation, as will
be discussed below. Our work also indicates that pseudogenes
also have the potential to act as functional elements driven by
their transcription. Taking advantage of the large-scale RNA-
seq datasets from PsychENCODE (19), we are examining the
possibility that differentially expressed pseudogenes may be
relevant to psychiatric disorders.

In practice, there are many loci where it is uncertain
whether they are protein-coding or pseudogenic. For example,
the enzyme ureidoimidazoline (2-oxo-4-hydroxy-4-carboxy-
5-) decarboxylase (URAD) plays a key role in uric acid degra-
dation in mammals. Nonetheless, this metabolic pathway is
known to be completely absent in human (20) and there is
no evidence for the existence of the protein. However, the
CDS of the URAD gene is fully intact in our genome, and
the locus is transcribed. Thus, URAD remains protein-coding
in GENCODE, according to the possibility that the locus im-
parts some unknown, modulated function. This position could
change in the future, although we recognize the philosophical
difficulty in proving that a gene has no function.
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Annotating non-canonical translation

Other new protein-coding genes were previously unknown in
any sense. We have had great success identifying missing pro-
teins using PhyloCSF (13), which, in effect, scores the protein-
coding potential of a DNA sequence according to the likeli-
hood that it has evolved as coding versus non-coding. Today,
there are unlikely to be any large proteins remaining to be
directly identified by this method in human or mouse. How-
ever, the discovery of ‘microproteins’ (CDS under 100aa) is
potentially a different story. This topic is of rapidly growing
interest in the genomics community (21), and is a major facet
of the drive to characterize non-canonical (i.e. unannotated)
translation more broadly. The need for progress in annota-
tion is demanded by the increasing usage of Ribo-seq, where a
given assay typically finds thousands of translated open read-
ing frames (ORFs) not annotated by GENCODE. We have
now produced an initial consensus catalogue of 7264 human
Ribo-seq ORFs using a collaborative community model (22),
and these efforts are continuing in new phases.

PhyloCSF analysis indicates that very few Ribo-seq ORFs
are under selective pressure as CDS within the mammalian
order, and indeed, the majority are conserved only between
higher primate lineages (23). While making this catalog, we
annotated just 10 Ribo-seq ORFs as new protein-coding
genes. At the same time, we find low support for the protein-
coding potential of Ribo-seq ORFs based on proteomics data
from whole-cell tryptic digests. However, working with the
HUPO-HPP project, PeptideAtlas and other experts in the
field, we are now examining the coding potential of Ribo-seq
ORFs based on immunopeptidomics data; peptides that are
naturally presented on the cell surface by the major histocom-
patability complex following cellular digestion in situ (24).
We are helping to develop a community-standard methodol-
ogy for using such data in reference annotation and find that
over 1000 translations present preliminary evidence of sup-
port (manuscript under review). Nonetheless, the biological
interpretation of these findings is not straightforward (25), as
the data demonstrate protein existence but not actual func-
tion. Thus, GENCODE does not currently annotate Ribo-seq
ORFs as novel protein-coding genes when the only support
comes from immunopeptidomics data.

It could, therefore, be that certain Ribo-seq ORFs have no
real physiological importance. Alternatively, it is now clear
that translation has alternative modes of function that must be
appraised through other methods. In particular, there is now
a well-developed understanding of the role of upstream ORFs
(uORFs) in the control of protein-coding gene expression (26),
and GENCODE is building a new infrastructure for such an-
notations. To accompany this work, building on observations
that many Ribo-seq ORFs are deeply conserved and yet lack
PhyloCSF or proteomics evidence to support their protein-
coding nature (22), we are now developing an algorithm to
measure evolutionary constraint on an ORF independent of
constraint on its encoded amino acid sequence.

One approach to distinguishing regulatory short ORFs
from ones that function at the protein level is by compar-
ing the predicted biophysical properties of their hypothetical
translations to those of known short proteins. Still, past stud-
ies of such properties have typically used long lists of can-
didate proteins that include many false positives. To address
this, we generated a ‘gold standard’ list of 173 proteins of
no >70 amino acids with high confidence of function at the
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Figure 1. An example of a new protein-coding gene annotation was added from a former pseudogene annotation. Myosin heavy chain 16 (MYH16) is a
former pseudogene that has now been annotated as protein-coding in GENCODE. The ancestral copy of the locus (center image, top model) has 43
exons, all of which are present in the human genome. However, exon 16 contains a fixed 2bp deletion at chr7:99 265 138-99 265 139 on GRCh38
(asterisk), which introduces a frameshift into the CDS and would thus be anticipated to be a loss of function mutation. Transcriptomics data (not shown)
indicate that the human locus is nonetheless transcribed almost exclusively via an alternative first exon within intron 19-20 (lower model in upper inset
image). This transcript is predicted to have a CDS based on an ‘internal” ATG initiation codon found within the ancestral CDS (light shading for UTR
sequence; dark for CDS), giving an 1143aa translation. This translation product—highly similar to UniProt human entry QOH6N6—can be seen to have
entirely lost the myosin head domain in the predicted Alphafold structure, leaving only the myosin tail (lower panel). The ancestral protein structure is
illustrated by the dog UniProt entry F1PT61, with the head domain arrowed. Nonetheless, the human translation is well supported by proteomics data,
with 36 unique mapping peptides corresponding to the UniProt entry in PeptideAtlas build 2024-01 (not shown). As such, GENCODE now annotates this

locus as protein-coding. Its functionality remains obscure, however.

protein level based on evolutionary or experimental evidence,
and reported statistics on their biophysical properties (27).
This could help in the identification and annotation of pu-
tative microproteins, especially those for which experimental
evidence currently proves elusive.

The extended gene

In clinical science, variant interpretation pathways are still pri-
marily centered around CDS annotated by GENCODE and
RefSeq. However, non-coding regions of the genome are also
highly important in function and relevance to disease, and
clinical workflows are now taking them into account (28).
GENCODE has always placed a strong focus on the anno-
tation of the untranslated regions (UTRs) of protein-coding
gene transcripts, which can be complex due to both alterna-
tive splicing and the usage of variable transcript start sites
(TSSs) and polyadenylation (pA) sites. We are now working
to improve UTR annotation further. First, many models are
incomplete at their 5’ and 3’ ends; they do not contain true
TSS and/or pA sites and so also lack accurate UTRs. This is
problematic along several lines. When a transcript structure
is incomplete, it can be difficult to judge the correct biotype
of the model, especially if it contains a valid CDS. Similarly,
our work on cataloguing uORFs as part of the study of non-
canonical translation is undermined by incomplete 5 UTR
annotations. Also, the truncation of 3’ UTRs can have spe-

cific consequences for RNAseq quantification based on poly-
A priming, whereby entire genes can incorrectly show up as
non-expressed (29).

The MANE Collaboration (see below) has led to improve-
ment here, as almost all MANE Select transcripts have ac-
curately called TSS and pA sites as part of the process (30).
Nonetheless, it is clear that the genome contains substantial
amounts of UTR sequences that are not captured by MANE
at present, and we are working to improve this situation.
For 3’ UTRs, the study by Pool et al. led us to develop a
workflow that leverages long-read datasets—especially from
CLS—and pA-seq libraries to identify 3’ UTRs that can be
extended in a semi-supervised computational manner; over
a hundred extensions have been made during preliminary
work. Similar efforts are being made at the 5" ends, here us-
ing CAGE (31) and RAMPAGE (32) data to accompany the
long-read libraries. Furthermore, we are also now deploying
deep-learning models developed by the team at Stanford Uni-
versity, to assist annotation for the first time. We initially fo-
cused on improving TSS annotations using ProCapNet, a neu-
ral network that can accurately predict base-resolution initi-
ation profiles from PRO-cap experiments using local DNA
sequence (33). ProCapNet’s powerful interpretation frame-
work reveals a comprehensive sequence motif lexicon of tran-
scription initiation that includes known and novel variants of
core promoter motifs and other specific TF motifs. It enables
the identification of predictive motifs in actively transcribed
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regulatory elements, including enhancers, thereby guiding
higher-resolution annotation of TSSs based on sequence
elements.

Accurate TSSs can also anchor gene promoters, which are
ubiquitous in controlling gene expression and are substan-
tially important in phenotype and disease. Furthermore, pro-
moters are the genomic sites contacted by long-distance en-
hancer elements, which are themselves also of major scien-
tific and clinical interest. Until now, GENCODE has not an-
notated regulatory elements, and we consider that this may
be one reason why downstream interpretative projects typi-
cally remain transcript-focused. Instead, projects such as EN-
CODE (34) and Ensembl Regulation (35) annotate promoters
and enhancers in parallel, largely via the processing of mas-
sive datasets produced by genomic assays such as ChIP-seq
and ATAC-seq. ‘Experiment-based” annotations of this kind
provide vital insights into the regulome, but our view is that
the reach and utility of such resources would be expanded
if they were tied directly into gene annotation. Our route to
this is the new concept of the GENCODE ‘promoter window,’
and the first public catalog has now been finalized. Briefly, the
promoter window for each protein-coding gene is defined and
fixed as the 1000 bp immediately upstream of the MANE Se-
lect TSS. While promoter regions are of variable size in re-
ality, this window was chosen as any promoter annotations
for a given gene provided by Ensembl Regulation and EN-
CODE are highly likely to overlap with this sequence. Also,
as noted, a ‘true’ TSS should in theory always colocalize with
a promoter element. The GENCODE promoter thus provides
a ‘window’ into the experimental data, and represents a new
gene-centric gateway for the user to access this rich knowl-
edge. These windows can also offer stability and standardiza-
tion, as they are tied to the MANE Select transcript, which is
unchanging.

The definition of promoters windows will then help us
achieve the next goal of our work to catalog the ‘ex-
tended gene,” which is to produce gene annotations integrated
with their cell-type-specific regulatory circuitry. A necessary
first step towards this goal is to comprehensively catalog
enhancer—gene interactions (36). Several automated methods
for enhancer-gene linking, including enhancer activity/gene
expression correlations (37) and the activity-by-contact model
(38,39), show promise for elucidating complex interactions.
At present, MIT has made significant advancements on be-
half of GENCODE by developing and utilizing resources
such as EpiMap (37), which catalogs tissue and cell-type-
specific enhancer—gene interactions, and by developing meth-
ods to integrate these enhancer-gene interactions with single-
cell ATAC-seq.

Developing GENCODE for the user

Ultimately, the success of GENCODE is judged according to
the scientific and clinical insights gained by those studies that
use our resources. For this potential to be maximized, we are
required to consider deep questions of usability. This is chal-
lenging; as the complexity of our resources increases, the nat-
ural tendency will be for usability to move in the opposite
direction. The point is especially relevant to transcriptomics,
where—according to our view of the data—it will soon be-
come routine for protein-coding genes in human and mouse
to contain tens or even hundreds of transcripts, many of un-
certain functionality. Figure 2 presents an Ensembl genome

D971

browser view of the human WEE1 gene, used here to illus-
trate certain solutions to this problem.

As noted, the improvement of CDS annotation represents
ongoing work for GENCODE. Meanwhile, users typically,
in practice, choose to work with a smaller number of tran-
scripts per protein-coding gene, with a view to only includ-
ing models of known or suspected functionality. Working with
RefSeq, we released the first human MANE Select transcript
set into the public domain in 2018 (30). These represent the
choice jointly made by the two projects of the transcript for
each protein-coding gene that is recommended for those sit-
uations where only a single transcript is needed. This choice
was made according to a series of metrics, including transcrip-
tomics support, evidence of evolutionary protein constraint
via PhyloCSFE, and knowledge of clinical relevance. At the time
of release v47, all but a handful of protein-coding genes have
a MANE Select transcript.

Nonetheless, a single transcript will often not capture the
full suite of functionally important and potentially clinical rel-
evant sequences in a given gene. Thus, MANE is expanding
to include additional MANE Plus Clinical transcripts, which
is necessary to allow the reporting of all known pathogenic or
likely pathogenic clinical variants; 64 transcripts have been
annotated so far. In the meantime, GENCODE is offering a
new option for users who do not wish to include the full tran-
scriptional complexity in their workflow but do want to try
and maximize the inclusion of known or suspect functional
elements. GENCODE Primary includes all MANE Select and
MANE Plus Clinical Transcripts, together with a minimal set
of additional transcripts that have been computationally iden-
tified as having features of interest not represented by MANE.
In particular, this includes additional exons and splice junc-
tions that are highly expressed as judged by the recount3 re-
source (a massive, standardized reprocessing of publicly avail-
able RNAseq datasets) (40) and CDS regions with conserva-
tion evidence from PhastCons (41) or protein constraint ev-
idence from PhyloCSF (13). GENCODE Primary has been
made initially available for human (v47), with mouse to fol-
low, and it at present considers only full-length protein-coding
transcripts for inclusion. This first human release contains an
average of two transcripts per protein-coding gene and will
now become the default annotation view in the UCSC and
Ensembl genome browsers. An alternative solution is offered
by the GENCODE Basic set, which includes all models anno-
tated as protein-coding that are considered as full-length, i.e.
with a complete CDS. Finally, the CNIO continues to develop
its APPRIS pipeline (42), which advises users on transcript and
protein isoform prioritization for human and mouse (as well
as other species) based on functional scores predicted by the
TRIFID algorithm (43). The APPRIS ‘principal isoforms’ set
for human protein-coding genes show high concordance with
the MANE Select catalogue (44). As illustrated in Figure 2,
MANE, Primary, Basic and APPRIS information is included
in the Ensembl Transcript table for WEET as for every gene,
and these tags are also present in the annotation files offered
for download.

Towards pangenome annotation

GENCODE human annotation efforts remain focused on the
reference genome GRCh38. However, for each release we also
provide ‘liftover’ annotations to the previous GRCh37/hg19
assembly, produced computationally at UCSC. Note, however,
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Figure 2. An Ensembl genome browser view of human protein-coding gene WEET. Certain sections of the webpage have been omitted for clarity.
Here, the Basic set is displayed within the annotation view (top), which thus shows only the four transcripts within the locus that have been annotated
with full-length CDS. However, as the transcript table shows (bottom), WEET contains ten transcript models, six of which are annotated as
protein-coding. WEE1-202 is the MANE Select choice, with its RefSeq match displayed, and as such it is automatically considered as the single Ensembl
Canonical model by the Ensembl project. WEE1-202 is also included in the GENCODE Primary set, as are additional models WEE1-210 and WEE1-207 In
contrast, the fact that models WEE1-204 and WEE1-205 have partial CDS keeps them out of both the Basic set and GENCODE Primary, while the other
four models (WEE1-203, WEE1-206, WEE1-208 and WEE1-209) are annotated as either nonsense mediated decay candidates or else models that
contain retained introns (i.e. introns that have not been spliced out). Tags pertaining to APPRIS support are also visible (P for principal, ALT for alternative
isoform; see https://apprisws.bioinfo.cnio.es/). Finally, the TSL tag refers to Transcript Support Level, which we consider in the process of being
superseded by the functionality of Basic and GENCODE Primary. It highlights the level of support for a transcript model according to information from

traditional MRNA and expressed sequence tag evidence sets.

that MANE transcripts are only available on GRC38. Mean-
while, for mouse, we have now completed the move of our
annotations from GRCm38 to GRCm39. In the last couple of
years, our focus has started to shift to other genomes of these
species. For human, we now have full availability of the gap-
free CHM13 genome produced by the T2T consortium (45).
Moreover, the T2T genome is now one of many high-quality
human genomes produced based on modern sequencing pro-
tocols; in particular, the Human Pangenome Reference Con-
sortium (HPRC) has now released the first draft pangenome
assembly, which is based on 47 phased, diploid assemblies
from a cohort of genetically diverse individuals (46). The num-
ber of assemblies in the human pangenome is expected to
grow substantially. For mouse, high-quality genomes are now
becoming available; mouse has its own T2T project nearing
completion, while the Mouse Genomes Project has produced
numerous high-quality builds for various laboratory strains
(47).

We are now making substantial efforts to understand how
to produce reference annotations for such genomes. It is not
practical to manually annotate additional genomes like the
human and mouse reference assemblies were annotated. Nei-
ther is it necessary; initial efforts by GENCODE using the
Comparative Annotation Toolkit (CAT) developed at UCSC
(48) and Ensembl liftover tools indicate that computational
mapping of annotations between same-species genomes is
broadly effective. The major questions concern what to do
in regions that are not amenable to computational anno-

tation, which include—for example—segmental duplications
that exhibit copy number variation, as well as regions that
were not present on the reference assembly, such as the p-
arms of human acrocentric chromosomes. Preliminary man-
ual annotation efforts by GENCODE in collaboration with
the HPRC are helping to illuminate the problem. For exam-
ple, our first analysis of the T2T assembly revealed that this
genome contains the actual protein-coding gene for WASHC1,
and it now appears that the various paralogs found on the
GRCh38 assembly are potentially pseudogenic (49). There is
also the question of which transcriptomics datasets to use for
pangenome annotations. Here, CRG is starting to work on the
generation of full-length transcripts from a diversity of genetic
backgrounds linked to HPRC.

Conclusion

In 2025 GENCODE may be considered as a mature gene
annotation project. Nonetheless, we expect it will remain a
work in progress for years to come. New technologies and
methodologies have the potential to aid the annotation pro-
cess greatly, but their application also presents challenges to
our project. In particular, it is now clear that both the human
and mouse genomes express far more transcripts than are cur-
rently annotated, while the substantial majority that have been
or can be annotated remain obscure regarding their function-
ality. We see the route to progress via an integrated approach,
whereby any useful, high-quality data from disparate sources
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can be brought together into a unified annotation workflow.
Furthermore, it is now evident that new computational meth-
ods based on machine learning will have a crucial role to play,
and we have already taken the first steps in this regard. How-
ever, while GENCODE remains a highly dynamic project un-
der the surface, our users naturally favor stability and—in
general—simplicity. Thus, the current drive for GENCODE
is not just to capture genomic and cellular complexity i sil-
ico but also to produce a resource that parses the most rel-
evant information in a manner that is easily understood and
accessible.

Data availability

A new GENCODE release is produced up to four times
each year for both human and mouse. Each release is made
freely available immediately upon release from the Ensembl
website (https://www.ensembl.org) and the GENCODE web-
portal (https//www.gencodegenes.org), with a release on the
UCSC Genome Browser shortly after that (https:/genome.
ucsc.edu/). GENCODE is currently the default annotation
in both genome browsers, and is embedded in numerous
genomics and clinical projects. The current human release
is GENCODE 47, and the current mouse release is GEN-
CODE M36 (October 2024). Additional information and pre-
vious releases can be found at https//www.gencodegenes.org.
MANE annotations are available from the Ensembl and Ref-
Seq NCBI websites and can be viewed on both the Ensembl
and UCSC genome browsers. To expedite public access to up-
dated annotation between releases, all annotation changes are
made freely available within 24 h via the ‘GENCODE An-
notation Updates’ Track Hub, accessed at both the Ensembl
and UCSC genome browsers. GENCODE has been desig-
nated a Global Core Biodata Resource by the Global Biodata
Coalition.

GENCODE produces the human and mouse gene annota-
tion for the Ensembl project, in collaboration with Ensembl.
Human 47 and mouse M36 are contained within Ensembl
release e113. Programmatic access to the GENCODE gene
sets is possible via the extensive Ensembl Perl API and the
language-agnostic Ensembl REST API (50). Programmatic ac-
cess facilitates advanced genome-wide analysis such as re-
trieval of supporting features and associated gene trees. Ex-
amples of REST endpoint usage and starter scripts in different
languages are at https://rest.ensembl.org. Other interfaces in-
clude the Ensembl FTP site (ftp://ftp.ensembl.org/pub/), which
includes gene sets in GFF3, Genbank and GTF formats and
full download of the complete Ensembl databases.

GENCODE-specific training materials and GENCODE-
focused workshops from the Ensembl Outreach team are
available via the Ensembl Training portal (http://training.
ensembl.org) and EMBL-EBI (https://www.ebi.ac.uk/training/
on-demand), and are regularly presented at online and in-
person training events.

Further information on the results of the GENCODE CLS
pipeline to produce a collection of full-length high-quality
transcripts—including access to the human and mouse mas-
ter tables of transcript models prior to full annotation—
is available here: https:/github.com/guigolab/gencode-cls-
master-table. All raw transcriptomics data produced by GEN-
CODE to support the CLS work have been uploaded to the
ENCODE data repository (see https://www.encodeproject.
org/about/data-access/) and will be made publicly available
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as part of a manuscript describing this work, currently in
preparation.

Our resources are freely available at our web portal, www.
gencodegenes.org, and via the Ensembl (https://www.ensembl.
org) and UCSC genome browsers (https://genome.ucsc.edu/).
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