
 

 

Specific Aims: Provide aims that address the overall goals of the project, including all the components (1 page) 

Overall Specific Aims 
The overall goal of the GENCODE consortium is to annotate all evidence-based gene features in the 
human and mouse genomes with high accuracy and release these annotations for the greatest possible 
benefit to biomedical research and genome interpretation.  

Aim 1: Extend the human and mouse GENCODE gene sets to as near completion as possible 
given current experimental technology 

This aim will focus on the incorporation of additional tissue-specific isoforms, novel features and 
extending partial and incomplete transcript annotations to full length as the primary methods to increase 
the quality and completeness of the protein-coding and non-coding annotation. Key well-established 
technologies for this aim include manual annotation and functional validation based on protein, cDNA, 
EST, RNA-seq and mass spectrometry data as well as core informatics methods for gene annotation, 
coding potential and quality control. We will incorporate RNA capture and long read transcriptome data 
and other relevant technologies for discovery and annotation. Human and mouse annotation benefit 
strongly from shared methods with the primary initial goals of extending human partial models to full 
length and completing the initial full pass of mouse for coding, non-coding and pseudogene annotation.  

Aim 2: Population based genome annotation 

The overall goal of this aim is to ensure that any transcript expressed in a human individual will be 
present in the reference annotation set. We will apply a similar goal to a set of key mouse strain 
genomes. GENCODE will also actively annotate the increasing number of alternative haplotypes that 
are a part of the genome assemblies maintained and distributed by the Genome Reference 
Consortium. We will extend our methods for automatic discovery/prioritization of variable transcripts 
from population transcriptomics datasets such as GTEx. Finally, as graph genome representations 
mature, GENCODE will pilot methods to annotate graph genomes and present its annotation on a 
graph representation of the genome. The tools generated in this aim are likely to be useful for creating, 
in effect, a personalized GENCODE.  

Aim 3: Extend annotation to a definition of the gene that include core regulatory regions and 
tissue specific enhancers from selected datasets 

This aim will begin as a pilot project that seeks to integrate and annotate data types that directly 
connect transcripts to relevant regulatory regions and thus annotate a more comprehensive definition of 
what a gene is. We will proceed as a series of pilot activities GENCODE using a combination of 
computational and manual approaches within and focused on data generated to initially identify 
regulatory activity such as polymerase recruitment, transcription initiation, epigenomes, cis-regulatory 
interactions and physical interactions. The results of the pilot project will inform our decision about how 
the most informative of these datasets will be incorporated into the GENCODE annotations. 

Aim 4: Distribute GENCODE annotation and engage with community annotation efforts  
We will maintain current popular distribution channels for GENCODE data including the GENCODE 
web site and the Ensembl and UCSC Genome Browsers, while developing support for distribution of 
GENCODE annotation via Global Alliance for Genomics and Health (GA4GH) compatible APIs. We will 
establish new mechanisms for prioritizing genes for manual annotation and for community input. Our 
goal is to firmly establish GENCODE as the standard annotation set used in all research and clinical 
genomics efforts. 

  



 

 

Significance 
The sequencing of the human genome and the resulting reference human assembly is one of the 
greatest scientific achievements of the 21st century. We are now apparently entering the promised new 
era in medicine where genomics will play a much larger and possibly game changing role. 

As we have sequenced and analyzed the genomes of more and more people, a better understanding of 
a ‘normal’ genome has emerged, and determining the range of normal is potentially an important part of 
defining what it means to have a genetic disease. Indeed, the variety of the genome has surprised 
many. We have discovered that structural and copy number variation is pervasive and consequential 1, 
we have found that everyone’s genome contains a significant number of protein truncating or loss of 
function mutations2 and we are only beginning to understand the spectrum of functional sequence 
changes that occur in and modify disease causing pathways3,4. At the same time, the genome 
sequences of the most commonly used mouse strains facilitate the most effective use of these key 
models for large-scale knockout analysis5 and disease-specific research6. 

Highly accurate genome annotation is a vital foundation to these studies and other efforts including, for 
example, CRISPR/Cas9 based genome editing. Accurate genome annotation is critical to the planned 
large-scale initiatives to sequence humans for research and clinical care including the US national 
Precision Medicine Initiative and the UK’s 100,000 Genomes Project. The size and scope of these 
efforts brings into sharp relief the resources required for them function effectively and deliver the 
promised results7,8. Specifically, the annotation of the genome is the primary interpretation substrate for 
both genomic medicine and genome research, and every error in the annotation will eventually lead to 
an error in interpretation. Many of these interpretation errors will be inconsequential, some will not. 

Overall goals 
The objective of the GENCODE consortium is to create a foundational reference genome annotation. 
Our overall goal is to identify and classify all gene features in the human and mouse genomes with high 
accuracy and based on defined biological evidence, and then to release these annotations for the 
benefit of biomedical research and genome interpretation. GENCODE focuses on protein-coding and 
non-coding loci including their alternatively spliced isoforms and pseudogenes. To achieve this, we will 
continue our successful approach of leveraging computational and experimental methods to identify 
new genes and new transcript isoforms, directing manual annotation to regions requiring expert 
annotation. The GENCODE consortium has established workflows and years of demonstrated 
achievement. While GENCODE’s goal is resource generation, to remain efficient and current we will 
adopt improved sequencing technologies such as PacBio and provide annotation on the full reference 
genomes as they move toward a graph 
structure. We will use our expertise to extend 
GENCODE genes into their regulatory regions. 

GENCODE today 
The GENCODE annotation is highly used in both 
large-scale and small projects. GENCODE is the 
default human and mouse gene set at Ensembl 
and the default human gene set for the UCSC 
Genome Browser (UCSC also provides the 
mouse GENCODE set and plans to switch to it 
as default). GENCODE is the gene set used for 
major projects including the Exome Aggregation 
Consortium (EXAC), GTEx9, 1000 Genomes 
Project, TCGA, ICGC and ENCODE. GENCODE 
engages directly with the Mouse Genome 
Informatics (MGI) resource at the Jackson 
Laboratory and with NCBI as part of the 

 
Figure 1: Number of times per year that the text 
"GENCODE" appears in PubMedCentral (PMC).  The full 
text search of only the articles that are in PMC 
undercounts usage because only a fraction of papers are 
contained in PMC. Note that before the GENCODE 
project, there is apparently only one mention in PMC. 



 

 

Consensus Coding Sequence (CCDS) project and one result of this is the comprehensive MGI mouse 
gene set used by the International Mouse Phenotyping Consortium (IMPC). 
The growth of GENCODE usage has been dramatic over the past four years (Figure 1), and Google 
scholar has more than 2200 citations for the main GENCODE papers. These numbers are an 
underestimate of the true usage of GENCODE: many papers using the GENCODE annotation do not 
formally cite it and other cite the data source as a genome browser (Ensembl or UCSC) instead of the 
GENCODE project.  

There have been several evaluations conducted by independent groups comparing the GENCODE 
genes to other gene sets for various purposes, and they have universally recommend the use of 
GENCODE as the best and most comprehensive human annotation10,11. We have also done specific 
comparisons and published our results12. These efforts have helped us understand exactly how the 
GENCODE annotation is used and 
catalyzed improvements such as the 
introduction of GENCODE Basic, a subset 
of the complete GENCODE annotation 
containing only full-length transcripts and 
described in more detail below, which 
addressed a concern that the number of 
GENCODE transcripts may make RNA-seq 
analysis more complicated. 

Despite the large strides made by the 
GENCODE consortium and others since 
the completion of the human genome 
sequence, the identification and 
representation of the genes and transcripts 
they encode remain incomplete (see 
Progress Report). All classes of gene loci 
are affected including protein-coding 
genes, pseudogenes, long non-coding 
RNAs (lncRNAs) and small RNAs. The 
deficit manifests at multiple levels: 
complete absence of annotation, partial 
annotation, underannotation and 
misannotation. A gene locus may be 
completely absent where no transcripts 
associated with it are annotated. Given the 
relative stability in the total protein-coding 
gene and pseudogene numbers for recent 
GENCODE releases, it is likely that the 
majority of unannotated loci are lncRNAs. 
Partial annotation may occur where either 
alternatively spliced (AS) transcripts are 
absent from a locus which has some 
representation or where transcript annotation is not extended to its full length, almost certainly because 
it is based on non-full-length evidence such as ESTs. Underannotation occurs where a transcript is 
annotated with the correct structure but has suboptimal functional annotation. Given our role as a 
reference annotation resource, GENCODE do not include unsupported features. For example if a 
transcript in a protein-coding locus starts at a novel internal exon, no CDS is added due to uncertainty 
over whether the true start of the transcript has been found. Misannotation occurs where incorrect 
structural or functional annotation is present. This can be attributable to error, although GENCODE’s 
extensive QC seeks to minimize this, but is more likely to be caused by the absence of a required 

 
Figure 2: A simplified schematic of the core GENCODE 
processes, data and analysis flow. Full integrative uses of the 
various GENCODE and external data sets are described in the 
text. 



 

 

orthogonal dataset at the time of annotation. For example, a locus may be initially classified as a 
lncRNA until mass spectrometry data generated later demonstrates protein-coding potential.  

We have now entered an era where technological improvements in transcriptomics and proteomics 
offer the possibility of complete annotation of all gene loci. For example, the emergence and 
improvement of third generation sequencing technologies such as PacBio and Synthetic Long Read 
RNA-seq (SLRseq)13 together with the extension of recent techniques based on second generation 
short-read sequences such as ribosome profiling (Ribo-seq)14, Cap Analysis of Gene Expression 
(CAGE)15, RNA annotation and mapping of promoters for analysis of gene expression (RAMPAGE)16, 
polyAseq17 and shotgun proteomics will individually allow us to reduce the degree of error and to target 
incompleteness. However, GENCODE’s strength is its ability to integrate multiple different data-types to 
achieve the best possible annotation of gene and transcript structure and function. Going forward, it is 
by building on this established expertise and utilizing multiple orthogonal datasets in combination that 
we will be able to shrink the gaps in annotation. Furthermore, GENCODE will be able to generate the 
data it needs to enrich gene annotation for clinically important genes and resolve annotation problems. 

Innovation 
Advancing toward a fully complete and correct genome annotation requires integration of a diverse set 
of evidence data and the application of well-established and proven processes (Figure 2). 
Computational methods are extremely rapid, consistent and informative, but to date no automatic 
approach is able to achieve the depth of integration provided by an experienced and trained manual 
annotator, especially in biologically complex regions. That a manual approach must be employed for at 
least part of the process is hardly surprising: while the practice of medicine has seen tremendous 
automation over the last half century, a future of automated computer diagnosis for every patient 
remains distant.  

Since its inception, GENCODE has developed into a combination of well-established and conservative 
core procedures supplemented by targeted investigations (“pilot projects”) into the value of new 
technologies, new data and new sources of evidence. For example, short read RNA-seq data was 
found to be largely inappropriate for exact isoform definition, but very useful for supporting intron 
locations in transcripts defined by other evidence (see QC procedures section). These pilots are a 
major source of innovation in the project and critical for ensuring that GENCODE remains up-to-date 
and in line with relevant technologies (see below). Over the course of this proposal we will follow major 
directions in genomics including graph-based genome representations, long-read transcriptome 
sequencing, connecting genes and regulatory regions affecting their transcription, and identifying genes 
that are not present on the current reference assembly. These pilots will determine whether and how 
each of these technologies contribute to the GENCODE reference annotation and, as appropriate, will 
be integrated into the core GENCODE processes.  

Approach 
The GENCODE consortium convened thirteen years ago with the aim of annotating gene regions for 
the ENCODE project and has resulted in an invaluable resource that is widely used (see above and in 
the Management, Dissemination and Training section). This enduring collaboration has four 
fundamental components: (1) a comprehensive gene annotation pipeline leveraging manual 
annotation; (2) an integrated approach to pseudogene identification and classification; (3) a set 
of computational methods to evaluate and enhance gene annotation; and (4) complementary 
experimental pipelines for validation and functional annotation. These fundamental components 
work in concert through various defined feedback loops to ensure that the right information is used in 
the right part of the project at the right time. The individual components and their integrated connections 
will be leveraged for the continued annotation of human and mouse and extended as appropriate based 
on the outcomes of the pilot projects. For all activities the focus and overall goal of GENCODE is the 
annotation of all evidence-based gene features at high accuracy. 



 

 

Our experimental validation pipeline, pilot projects and resulting annotation approaches will be 
designed specifically to further the goals of GENCODE. However, the experimental design, methods 
and software are more widely applicable and can be leveraged for annotation groups working on other 
organisms. For example, we have shared expertise and annotation tools with annotators working on 
zebrafish, pig, rat and other species. 

Over the last four years, GENCODE completed a full first pass manual annotation of the human 
genome, conducted extensive QC on the annotation, including extensive experimental validation, and 
investigated promising novel data types and datasets (see Progress Report). Going forward, the 
annotation of the human genome sequence will follow a similar path of testing new data types and 
extending the existing data types into new cell-lines, tissues, and developmental stages generated 
within the GENCODE consortium, by select other collaborators and deposited in the public repositories. 
GENCODE will develop annotation strategies to utilize them optimally and integrate them into our 
workflows to identify missing features and improve and update the existing annotation. Combining 
multiple novel datasets will allow us to formalize our guidelines for data integration, while the large 
volumes of new data with direct relevance to gene annotation will require continued development of 
new methods to prioritize data for use in annotation. 

The GENCODE annotation of the mouse reference genome is less complete than that of the human 
reference genome due to an initial concentration of effort on human. As such, mouse will benefit from 
continued traditional manual annotation, both chromosome-by-chromosome and from targeted lists of 
genes and gene families, to ensure consistency with human annotation and support comparative 
analysis between the two species. However, we will also be able to rapidly adopt the updated methods 
piloted in human in order to retain as similar standards of annotation as possible for the two genomes, 
given the likely differences in the experimental datasets that are produced for them. In particular, 
human has much more experimental data, but mouse has access to tissues and developmental 
datasets unavailable in human research. 

Comprehensive gene annotation pipeline 
The GENCODE gene sets for human and mouse comprise a core of manual annotation for protein-
coding, long non-coding RNA and pseudogene loci18-20. These are supplemented by Ensembl 
GeneBuild annotation as described below for small ncRNA genes, novel transcripts, and mouse genes 
in regions that are not yet manually annotated21. Experienced human annotators from the Human and 
Vertebrate Analysis and Annotation (HAVANA) team use the ZMap/Otter annotation toolkit (described 
below) to define transcript structure and function by integrating a large number of orthogonal data 
types, computational predictions of genic features and literature (Figure 2). Transcript structures are 
predominantly determined based on refined alignments of transcriptomic data generated by first, 
second and third generation sequencing technologies. Transcription start sites are identified using 
CAGE and RAMPAGE data, while polyAseq performs the same role for transcription termination sites. 
The protein-coding potential of transcripts is investigated using protein homologies from reference 
databases, cross-species conservation as defined by PhyloCSF22 and PhastCons23, and alignment of 
shotgun proteomics and Ribo-seq data. Loci where no transcripts show evidence of protein-coding 
potential are classified as lncRNAs. Pseudogene transcript models are annotated based on support 
from protein homologies and the identification of disabling mutations or retrotransposition and lack of 
locus-specific transcription. Manual annotators are partly guided by computational approaches that 
report new data or highlight inconsistencies. These include Ensembl, PhyloCSF and predictions of 
pseudogenes and retrotransposed loci (see below). Where a data type is not available to be displayed 
locally in ZMap, annotators access via UCSC, Ensembl or specialized browsers such as Zenbu24. 

Integrated approach to pseudogene identification and classification 
The Yale group has substantial experience in pseudogene annotation and analysis. In collaboration 
with the UCSC and HAVANA groups, Yale have developed a variety of methods to identify 
pseudogenes20,25,26. These include PseudoPipe, which takes as input all known protein sequences in 



 

 

the genome and uses homology search to identify disabled copies of functional paralogs (referred to as 
pseudogene parents). Based on their formation mechanism pseudogenes are classified into 2 main 
types: processed and unprocessed. A second method, RCPedia, focuses on the annotation of 
retrotransposed (processed) pseudogenes27. The UCSC retrocopy annotation pipeline and Ensembl 
GeneBuild will supply additional supporting evidence for the annotated pseudogene models. These 
pipelines and extended versions of them will be used to essentially complete the annotation of 
pseudogenes in the mouse genome including annotation of both the mouse reference and the recently 
available mouse strain assemblies. The pseudogene collection will be characterized by expression 
activity across mouse tissues and in the mouse strain collection and further classified to identify unitary 
and polymorphic pseudogenes across the strains. Finally, these methods will be extended to support 
the annotation pseudogene variability across human individuals and, in doing so, help to refine our 
understanding of the boundary between protein-coding genes and pseudogenes. 

Computational methods to evaluate and enhance gene annotation  
The Ensembl GeneBuild provides an automated, independent method to identify and annotate all 
protein-coding genes, small and long non-coding RNA genes, and pseudogenes. Ensembl gene 
annotation is high quality, as judged by community assessments of computational annotation methods, 
and is based on a well-established core data flow that integrates alignments of expressed protein, 
cDNA and other biological sequences28. The primary data used to inform gene annotation are: protein 
sequences from UniProt, full-length mRNA and transcriptome sequences from ENA, and Rfam 
resources for small non-coding RNA genes. The Ensembl GeneBuild is merged with the HAVANA 
manual annotation to create the full GENCODE gene set and is especially valuable for filling in 
transcripts that may be expressed in difficult to access human tissues and for regions of the mouse 
genome that have not yet had comprehensive manual annotation. Ensembl is also the sole source for 
small noncoding RNA genes in both human and mouse.  

The Ensembl RNA-seq pipeline29 provides identification of transcribed regions and in particular has 
provided the basis for much of the lincRNA annotation in GENCODE, as well as providing an additional 
level of support for regions that otherwise have limited or inconclusive data from other sequencing 
technologies. A particular advantage of the RNA-seq pipeline is that it provides tissue-specific 
expression information.  

Additional computational methods have proved highly valuable for evaluating, classifying and 
prioritizing gene annotations and these serve both as input to inform the main annotation pipeline as 
well as important information that is added to the transcripts of the final GENCODE set. Specifically, we 
use the current version of PhyloCSF to help identify the thousands of estimated novel protein-coding 
exons that remain unannotated within existing human protein-coding loci. Simultaneously, PhyloCSF 
will be updated to be more effective at finding protein-coding loci that have non-typical signatures of 
conservation. The CNIO isoform annotation pipeline (APPRIS)30 and UCSC’s Transcript Support Level 
(TSL) method add valuable and complementary information about the depth and type of experimental 
support of the transcripts in the final GENCODE set and will continue to be developed.  

Experimental validation 
Complementary experimental approaches at CRG, CNIO and WTSI will be used to discover, verify and 
validate various annotations within the GENCODE project. Specifically, CRG will use the targeted 
annotation of known and novel RNA transcripts by “Capture Long-Seq” (CLS): RNA capture followed by 
PacBio third generation sequencing31. This approach enables us to focus new transcript discovery on a 
candidate genomic locus and achieve complete or almost complete transcript models for each region 
(see Progress Report). CLS will be deployed to both complete existing annotation and to map new 
transcribed loci for a series of complex human and mouse tissues in both adult and embryonic time 
points. In addition, CNIO and WTSI will use high resolution tandem mass spectrometry shotgun 
proteomics to validate protein-coding potential for newly annotated transcripts and novel protein-coding 
genes from our core annotation pipeline as well as confirm transcribed pseudogenes, identify 



 

 

alternative isoforms and nonsense-mediated targets. This will be extended to include targeted analysis 
approaches to be able to specifically focus on genes or features of interest. 

Adapting to advances in genomics 
Over the past decade, as both experimental technology and computational methods have advanced, 
new types of evidence supporting genome annotation have become widely available. In some cases, 
these represent incremental changes in accuracy or efficiency, while in other cases fundamentally new 
data types are used to assay existing or newly discovered phenomenon. For example, RNA-seq has 
become a primary method for transcriptome quantification and ribosome profiling, while noisy32,33, 
provides insight into which mRNA transcripts are being actively translated. New data will likely also lead 
to new computational approaches for comparing genomes, integrating data or assessing its quality and 
consistency across experiments.  
GENCODE has responded to these advances by a careful process of evaluation in pilot mode to 
determine whether and how a specific technology can benefit its annotation goals. For example, 
proteomics data and computational methods have been instrumental in decisions identifying and 
classifying protein-coding loci (see Progress Report). Once these annotation processes have been 
evaluated and the most efficient approach determined, they are made part of the main annotation 
production and become part of GENCODE’s established procedures. As described above, we will 
follow this pilot project style approach to determine how best to incorporate new data types and 
changing understandings about the extent to which regulatory regions are, in fact, actually a part of the 
genes that they regulate. We will report progress on our pilot projects to the GENCODE Scientific 
Advisory Board and seek their input on required future directions throughout the duration of the grant. 
We anticipate that this approach will ensure that GENCODE is as valuable as possible for genome 
interpretation well into the future. 

Meeting the community’s needs 
Most members of the community want to be able to access, view, download and use the GENCODE 
annotation as part of their work. Our deep integration with the Ensembl and the UCSC Genome 
Browser helps to make this easy in a wide variety of ways that suit many existing and common 
workflows. However, changes anticipated in this application including the growth of population 
transcriptomic data and a possible wider adoption of graph-based genome representations will require 
significant development in both visualization methods and data access tools for the genome browsers 
to continue to serve data to in an efficient and meaningful way. Although the browsers are funded 
almost totally outside of this proposal as part of the core UCSC and Ensembl funding, we describe 
these below for completeness and to give a sense of the synergy between GENCODE and other 
genomics resources. 
Finally, because the GENCODE gene sets are foundational to so much of genomics, GENCODE has 
established mechanisms for responsive engagement with the community and many people use them. 
We commonly accept specific feedback, conduct targeted reannotation and answer questions 
concerning GENCODE tools and processes both for individual user requests and in more formal 
training sessions. In fact, we have made significant changes and additions to GENCODE over the past 
four years in response to community requests including the creation of the GENCODE Basic set and 
the display and distribution of specific supporting and QC data alongside the transcript annotations. 

We will also describe steps to support and appropriately credit annotation done by experts outside the 
GENCODE consortium. We anticipate that most external annotation that we incorporate will arise from 
researchers whose work focuses on no more than a few loci. To help these experts contribute 
annotation, will we intended to conduct workshops and training as requested. Of course, researchers 
may prefer to email us with reference to a paper containing updated annotation and, when this 
happens, these will be accepted and prioritized as a targeted annotation request by the GENCODE 
team. 



 

 

GENCODE 
A comprehensive knowledge of the location, structure, and expression of genes in the human genome 
is central to our understanding of human biology and the mechanisms of disease. Similarly for mouse, 
a comprehensive high quality gene set will aid in the design of experiments and the interpretation of the 
effects of gene knockouts and resulting phenotypes. Also, since mouse is used as a model of human, 
knowledge of its genes and their relationship to human genes will help inform human gene function.  

The GENCODE consortium has assembled a team of world experts in a variety of fields related to gene 
annotation to create and distribute this gold standard. We have been collaborating since 2003, and 
have expertise in: gene and transcript isoform identification, pseudogene evolution, sequence 
conservation, gene expression, proteomics and post-translational modifications, gene regulatory 
elements, development and maintenance of the infrastructure required to create genome annotation at 
scale, and demonstrated community engagement and leadership. 

Progress report  
Since April 2013 we have made eight GENCODE releases for human (referred to by version numbers 
v17 to v24) and nine for mouse (M1-M9). A history of GENCODE releases and supporting information 
is available at gencodegenes.org. 

Comprehensive annotation of 
the human and mouse gene 
sets Human updates have 
focused on targeted lists of 
features identified as requiring 
manual annotation, while 
mouse updates have focused 
on chromosomes lacking 
comprehensive manual 
annotation, with an emphasis 
on extending the annotation of 
pseudogene and lncRNAs. 
Manual annotation has been 
enhanced by integration of 
novel data types such as 
polyAseq, FANTOM CAGE34 
and Ribo-seq to correctly 
identify transcription start 

sites, re-evaluate 3’ UTR extensions and investigate translation. ENCODE 45435 and PacBio36,37 data 
are beginning to be incorporated to improve the annotation of lncRNAs. Figure 3 shows annotation 
completed since the start of the grant against our milestones, categorized by protein-coding, lncRNA 
and pseudogene. 

The number of human protein-coding genes decreased significantly from v19 to v21 due to reanalysis 
done by the CNIO group in collaboration with HAVANA38. More recently, protein-coding gene numbers 
have increased through two analyses. First, a reannotation of putative coding features generated by 
PhyloCSF, which, aided by the CodAlignView visualization tool, added more than 100 novel protein-
coding loci. Second, a reprocessing of three large-scale publicly available human proteomics datasets, 
made up of over 54 million mass spectra39-41, found evidence to confidently support the addition of only 
16 novel proteins to GENCODE and evidence for alternative splicing in 867 genes42 that are under 
further investigation.  

 
Figure 3: Annotation completed since the start of the grant against our 
milestones. 



 

 

The review of changes to the human and mouse protein coding set continues to utilize the forum 
provided by CCDS collaboration between WTSI, EBI, HGNC, MGI and RefSeq. Around 50 protein-
coding genes are re-examined by the teams each month and discussed. 

Pseudogene analysis We conducted systematic analyses of human pseudogenes focusing on large 
pseudogene families43-45 and particular types of pseudogenes such as unitary46 and polymorphic 
pseudogenes47. The latter are peculiar pseudogenes with a dual behavior – the sequence is disabled in 
the reference genome but in some individuals, it encodes a functional gene. Using the RNA-seq data 
from the 16 tissues in Human BodyMap48, we investigated the expression pattern of pseudogenes and 
found that only 3% of transcribed pseudogenes are expressed in all the 16 tissues, while the other 
pseudogenes show different degrees of tissue specificity. More than 50% of them are transcribed in 
one tissue only.  

Experimental validation To systematically assess the quality of the GENCODE human gene set, we 
experimentally verified the structure of transcripts rated as novel or putative using RT-PCR-Seq. We 
tested 1,243 exon-exon splice junctions not supported by ENCODE or GTEx RNA-seq data, confirming 
support for 53%. In an equivalent analysis for 3,148 exon-exon junctions in mouse we confirmed 49% 
of targeted exon-exon structures.  

To assess the completeness of lncRNA annotation using 3' and 5' RACE followed by 454 sequencing 
(RACE-seq), we initiated a pilot experiment targeting 400 GENCODE-annotated lncRNA loci lacking 
CAGE and GIS-PET support for 5’ and 3' ends in seven different human tissues. This led to the addition 
of approximately 2,600 previously unknown alternatively spliced transcripts with nearly 48% of the 5'-
extended transcripts overlaping a CAGE cluster, and 51% of 3’ extended transcripts containing polyA 
sites. Together this indicated that RACE-seq is successful in identifying TSS and TTS. A later effort 
modified the RACE-seq protocol with PacBio long read sequencing and preliminary analysis of a pilot 
experiment targeting 541 loci from the UK Genetic Testing Network (UKGTN) in human testis and brain 
showed presence of approximately 8% novel canonical splice junctions in targeted genes. 

To extend this workflow we used RNA Capture-LongSeq, a methodology based on RNA capture 
coupled with PacBio long read sequencing31. We targeted the entire set of GENCODE annotated 
lncRNAs in human and mouse plus a substantial number of other genomic elements, including other 
ncRNA classes (miRNAs, snoRNAs and snRNAs), enhancer elements and ultraconserved elements. 
Using RNA from 4 common tissues in both species (brain, heart, testis and liver), two ENCODE cell 
lines (HeLa and K562), and two mouse fetal time points (embryo 7d and 15d), we generated Circular 
Consensus (CCS) PacBio reads that led to the discovery of almost 100,000 completely novel, high-
quality canonical introns in human, and more than 50,000 in mouse. These data increased the number 
of splice junctions in the lncRNA target annotations by 173% in human and 133% in mouse. We 
developed a novel analysis method to combine the CCS reads with polyA maps with FANTOM CAGE 
data, which has contributed to confident annotation of full-length lncRNA transcripts. All together there 
are 65,000 full-length human transcript models (42% novel) and 45,000 full-length mouse transcript 
models (33% novel). In other words, with unique transcripts, we have increased the GENCODE 
intergenic lncRNA annotations 136% in human and 140% in mouse. The median spliced length of 
lncRNA transcript annotations ranges from 600 to 1,120 bp. These have been passed on to HAVANA 
for manual assessment. Inspection of the data confirms that we have discovered a wealth of new 
structures even in deeply studied and functionally validated lncRNA loci such as XIST, Jpx and MIAT.  

Ensuring quality The annotation described above is further analyzed and tagged before public release. 
Together with Ensembl, UCSC has produced a set of Transcript Support Levels (TSL) based on whole 
transcript support from sequences from the International Nucleotide Sequence Database Collaboration 
(INSDC). Both BLAT and Exonerate alignments of the INSDC mRNAs and ESTs are utilized and 
annotations are assigned one of five levels, where level 5 is the lowest and indicates no support.  In 
GENCODE v24, 215,072 of the 218236 transcripts have a TSL annotated, including 45,610 (21%) at 
TSL level 1 and 35,244 (16%) at TSL level 5. These levels are provided to HAVANA to prioritize review 
or removal of transcript models as appropriate and can also be viewed in Ensembl’s Transcript Table 



 

 

on each Gene Summary page or highlighted in the UCSC Genome Browser and used for filtering the 
annotation. Ensembl and HAVANA also collaborate to improve the quality of GENCODE, particularly by 
identifying and removing low quality models generated through automatic annotation. 

Annotation of the new human reference assembly Following the release by the Genome Reference 
Consortium of the GRCh38 reference human genome, GENCODE v20 was created by merging 
Ensembl’s full re-annotation of the new assembly with HAVANA’s mapping of GENCODE v19 to the 
new assembly, including manual annotation of the 261 alternative loci that are part of GRCh38. To 
address the slow migration of researchers from GRCh37 to GRCh38 and provide those still using 
GRCh37 access to improvements in the GENCODE gene annotation, UCSC and HAVANA developed 
a methodology for mapping the GENCODE gene set to previous assemblies. We have made releases 
of GENCODE v23 and v24 mapped to GRCh37 and these can be downloaded from gencodegenes.org. 

Improving usability of GENCODE Ensembl added support for the GENCODE Basic gene set as well as 
TSL and APPRIS tags from GENCODE v21 and M3. From GENCODE v22, the UCSC Browser 
adopted GENCODE as their primary human gene set to replace “UCSC genes.” Other improvements 
include updates to the cross-referencing system to UniProt to increase accuracy, adding functionality to 
the Ensembl BioMart (www.ensembl.org/biomart/martview) so that APPRIS data can be queried, and a 
simplification of Sequence Ontology terms linked to each gene/transcript.  

Summary of GENCODE data types and plans 
GENCODE is the reference annotation for the human and mouse genomes. As just described, huge 
strides have been made by the consortium, including the completion of first-pass manual annotation of 
the human genome. However, there is still much more to be done for both human and mouse. Many of 
the annotated human genes are necessarily incomplete because the sequence data available at the 
time of annotation was incomplete. In particular, the CDS of over 30% of the annotated protein-coding 
transcript isoforms are known to be 5-prime or 3-prime incomplete. New transcriptome data types such 
as SLRseq and RAMPAGE (including unpublished data available from the ENCODE portal) are able to 
identify many novel splice junctions that have yet to be annotated, including which tissue they are 
functional in and which regulatory mechanisms control their expression. Non-protein-coding genes are 
poorly understood in comparison to protein-coding genes: many loci are still missing from the 
annotation set and those that are there tend to suffer from underannotation and misannotation (see 
Partial annotation and underannotation section below). Beyond the coding and non-coding genes, 
GENCODE creates reference pseudogene annotation. Pseudogenes have long been considered 
nonfunctional elements, however recent studies indicate that they can be transcribed, translated and 
can play key regulatory roles. In particular some pseudogenes regulate the expression of functional 
protein-coding genes by serving as a source of siRNAs, antisense transcripts, microRNA binding sites, 
or competing mRNAs49,50. These data types, including completing full first-pass manual annotation of 
the reference mouse genome assembly, are the focus of Aim 1. 

The pseudogenization process is also closely linked to loss-of-function (LOF) events such as premature 
truncation of proteins, disruption of splicing and loss-of-functional or structural domains2,47,51. 
Pseudogenes thus provide valuable opportunities to study the dynamics and evolution of gene 
functions. The annotation of pseudogenes is important in the analysis of personal genomes as they 
provide a means to avoid errors in genotyping assays and variant calling. In addition, we know from the 
1000 Genome Project that the current reference human genome is unable to describe the full 
complexity of variation observed across all human populations and, therefore, unable to represent the 
full complexity of transcripts and gene elements present in human populations. Efforts are underway in 
the Genome Reference Consortium (GRC) to expand the definition of the reference human genome to 
include genomic sequence for all haplotypes and gene alleles. GRC have already committed to 
supporting the genomes of a collection of 16 representative strains, thus effectively replacing the linear 
genome with a “graph-like” structure of 16 separate haplotypes. GENCODE already annotate the full 
reference genome for human and mouse, including all available alternate sequences. As this reference 



 

 

genome expands, GENCODE will continue to provide annotation appropriate to these new genomic 
sequences. This is the focus of Aim 2. 

In addition to genomic mutations that impair gene product function, many diseases are actually caused 
by the faulty regulation of an otherwise healthy gene product Therefore, as our goal of completely 
annotating all transcript isoforms nears completion, the next step is to identify the regions regulating 
each gene. We will pilot the annotation of tissue-specific gene regulatory regions in our Aim 3. 

The GENCODE data production and curation processes 
Comprehensive gene annotation pipeline 
The manual gene annotation process remains central to the GENCODE project. Manual annotation of 
protein-coding, long non-coding RNA and pseudogene loci for the GENCODE human and mouse gene 
sets is carried out according to the guidelines of the HAVANA group52. Historically the HAVANA group 
produced transcript models largely based on the alignment of EST and cDNA sequences from the 
INSDC and protein sequence data from UniProt. These sequences were aligned to the individual BAC 
clones that make up the reference genome sequence using BLAST53, with a subsequent splice-aware 
realignment of transcriptomic data by Est2Genome54. The core GENCODE process (Figure 2) builds 
on this established method, and starts with a diverse set of data types that have either been aligned to 
the reference genome assembly or calculated via one of the several comprehensive annotation 
pipelines viewed in the ZMap annotation interface (http://www.sanger.ac.uk/science/tools/zmap). 
Depending on the species and the locus there may be more than 400 datasets available to manual 
annotators including: gene and pseudogene predictions (including pseudogene predictions from the 
PseudoPipe25 and Retrofinder55 pipelines), cross-species conservation, transcription start and 
termination sites, regulatory features, mass spectrometry and Ribo-seq data, second (i.e. Illumina) and 
third (i.e. PacBio) generation RNA-seq data and transcript models and splicing feature predicted from 
them. Although the output of GENCODE is the final set of annotations, this collection of supporting 
evidence represents the full breadth of the data currently available within the GENCODE resource. 

Functional classification GENCODE genes are assigned a “biotype” associated with one of four 
broad categories; protein-coding gene, lncRNA gene, small ncRNA gene or pseudogene. Genes derive 
their biotype from the biotypes assigned to their constituent transcripts and are assigned based an 
defined series of rules52. Briefly, all newly created transcripts and loci are initially assessed to determine 
their protein-coding potential and the assignment of a non protein-coding biotype is only made when 
the possibility of coding potential is eliminated. The protein-coding potential of transcripts is determined 
on the basis of similarity to known protein sequences, the sequences of orthologous and paralogous 
proteins, the presence of Pfam functional domains56, clear support of high quality peptides from mass 
spectrometry (MS) experiments and good evidence of translation from Ribo-seq data. The broad 
pseudogene biotype definition has multiple subdivisions that describe the mechanism of creation and 
transcriptional status of the locus. Long non-coding RNA loci are generally more than 200 bases long 
and require evidence of transcription from EST, cDNA or RNA-seq datasets. They lack any features 
associated with protein-coding potential described above. Given our current inability to infer the 
functional potential or mode of action for most lncRNA loci, biotypes are assigned on the basis of 
genomic position relative to protein-coding loci. For example, antisense transcripts overlap the genomic 
span of a protein-coding locus on the opposite strand, and lncRNA transcripts are intergenic to protein-
coding loci. The lncRNA annotation produced by GENCODE represents a core dataset underpinning 
the RNA Central lncRNA dataset57. 

We use a controlled vocabulary of attributes to describe important features of transcript and gene 
annotation that are not captured in other fields. For example, a transcript supported by transcriptional 
evidence not derived from the same organism is tagged with the attribute ‘non-organism supported’, 
while a transcript that contains a non-canonical splice site that has been checked and retained in the 
gene set because it is supported by cross-species conservation, is tagged with the attribute ’non-



 

 

canonical conserved’. All attributes may be queried to facilitate the filtering of their associated 
transcripts and loci. 

Updates to annotation: missing loci One of the key objectives of GENCODE to represent all gene 
loci in human and mouse. Transcriptomics and proteomics data are the predominant data types used to 
identify previously unannotated loci. Transcribed loci are identified by RNA-seq based gene annotation 
from Ensembl, ENCODE collaborators and good quality public methods such as PLAR58, and targeted 
for manual annotation. Given questions over quality of RNA-seq based transcripts59, we initially look for 
intersection of ≥1 intron between RNA-seq based transcripts and splicing ESTs, cDNAs or third 
generation RNA-seq transcripts. Where this is absent overlap between introns from ≥2 independently 
created RNA-seq based transcripts is sufficient to support annotation. We will continue to investigate 
transcription identified in RNA-seq datasets from previously inaccessible tissues and development 
stages, public third generation transcriptional evidence such as SLRseq13 and Capture-Seq PacBio 
data.  

We use cross-species conservation information from PhastCons23 and specific conservation of protein-
coding sequence from PhyloCSF22 to identify novel gene loci. For example, detailed investigation of a 
refined set of thousands of high scoring PhyloCSF regions generated across the whole human genome 
yielded more than 100 novel protein-coding loci, many of which had very low expression support in 
human RNA-seq datasets. We are currently investigating the equivalent dataset in mouse and expect it 
to be more fruitful given the less complete state of the mouse annotation. Although many of the novel 
loci have orthologs in both species, we have identified instances where a gene has been lost in one 
lineage, emphasizing the importance of independent analysis in both species. PhyloCSF frequently 
highlights unannotated pseudogene loci. More than 200 unitary and unprocessed pseudogenes have 
been identified suggesting that there remain many unannotated pseudogenes in both human and 
mouse genomes. Protein-coding loci are also identified by analysis of reprocessed MS data from large-
scale public shotgun proteomics datasets. In human this has led to the identification of 16 novel protein-
coding loci42. Mouse shotgun proteomic datasets are significantly smaller than human but the 
availability of samples in tissues and developmental stages inaccessible in human may support 
identification of novel loci. We will continue to use large public proteomics datasets and cross-species 
conservation information to identify putative novel protein-coding loci and pseudogenes.  

Partial annotation and underannotation In GENCODE v24 there are more than 10,000 alternatively 
spliced (AS) transcripts at annotated protein-coding genes tagged with the “processed transcript” 
biotype signifying that they cannot be annotated with certainty as protein-coding or nonsense-mediated 
decay (NMD). A further 33,000 partial protein-coding transcripts are tagged as incomplete (either start 
or end not found). For non-coding genes, all evidence suggests that the vast majority are currently 
incomplete19. For example, the expected 5’ CAGE clusters were found for only 15% of annotated 
lncRNA genes compared to 55% of annotated protein-coding genes, a difference that persists, albeit 
reduced, when gene expression is controlled for. Both RACE-seq and CaptureSeq will improve this. 

Addressing the annotation of these missing AS transcripts at annotated loci and extending partial AS 
transcripts to reflect their full length thus remains an important goal of Aim 1. Moreover, adding missing 
exons and splice junctions is essential in providing the best possible foundation for downstream 
analysis and interpretation including for applications to population transcriptomics in Aim 2. Even 
where all exonic sequence is annotated, the accurate extension of all transcripts to full-length is 
essential to describe their connections. It is also vital to extend all transcripts to full length to allow the 
proper interpretation of the functional potential of a transcript and promoter. Those transcripts 
associated with protein-coding loci but lacking a CDS are considered underannotated, in that their 
structures are correctly described but functional annotation not added. Full-length transcripts combined 
with knowledge of transcript start sites (TSS) and transcript termination sites (TTS) give all the required 
information to make a determination of biotype. Specifically, certainty over the TSS allows the 
translation initiation site (TIS) to be determined and identification of the TTS provides important context 



 

 

for the position of the stop codon and whether any premature stop codon (PTC) would be likely to 
trigger NMD. 

It is difficult to estimate the precise number of unannotated AS transcripts even within protein-coding 
loci although it is likely to be large. Recent reannotation of 70 genes on a clinical panel for Early 
Infantile Epileptic Encephalopathies (EIEE) using PacBio, SLRseq13 and RNA-seq60 datasets from 
brain led to the annotation of 1092 novel AS transcripts, 706 novel exons, 224 novel splice sites in 
annotated exons and more than 141kb of additional exonic sequence, of which 15.2kb was novel CDS. 

It is also essential to extend transcripts of all biotypes to full-length, including transcripts with NMD and 
retained_intron biotypes as recent studies have shown that transcripts of both these biotypes have 
been implicated in the post-transcriptional regulation of the genes with which they are associated61-64 
and disruption of their splicing has been associated with disease 65. 
While almost all protein-coding loci have at least one full-length transcript, many annotated lncRNA loci 
do not19. Extending transcripts at lncRNA loci allows additional exons to be identified, and allows a 
more informed determination of transcript and locus biotype, for example confirming that currently 
annotated lncRNAs are fully intergenic. 

Many missing and partial AS transcripts will be detected using third generation transcriptomic data 
such as Capture LongSeq (see below). However, second generation RNA-seq, with its wider pool of 
cell-lines, tissues and developmental stages remains useful in identifying and annotating novel splicing 
features, particularly in combination with PhyloCSF, CAGE/RAMPAGE, and polyAseq data.  

One consequence of the addition of a great many more transcript models and the extension of all 
transcript models to full-length is that the definition of the GENCODE Basic set, which currently 
contains only full-length transcripts, will need to be redefined. Additionally, we will annotate transcripts 
or individual exons (where the data may be more reliable) to allow identification and ranking of those 
most likely to have functional potential. To do so we will integrate multiple datasets: transcriptomic and 
CAGE/polyAseq data to determine expression level by tissue/cell type/developmental stage; Ribo-seq, 
targeted and shotgun MS datasets will be used to confirm translation; individual components of the 
APPRIS pipeline will be used to support protein-coding potential; while cross-species sequence 
conservation and variation data can be used to identify transcripts that include regions under 
selection/constraint. 

Annotation toolkit The manual annotation toolkit (Figure 2) comprises four main components: ZMap, 
Otter66, Annotrack67 and Seqtools68. The ZMap annotation tool is the primary interface annotators 
create models based on primary evidence alignments and stacked displays to a genomic region. The 
Otter database stores and tracks manually annotated gene models. Annotrack is a system for recording 
and prioritizing genes that require manual annotation. Blixem and Dotter from Seqtools provide 
interactive analyses of sequence alignments to the genome.   
ZMap is being extended to support attachment of large data files (BAM, BigBED, BAM, CRAM, VCF 
and BCF) and will result in a reduction in time required to integrate new data sources. In addition ZMap 
supports the UCSC Track Hub format so that providers can create data collections alongside valuable 
metadata used to flag the source and type of data. We also plan extensions to the Blixem software to 
support additional alignment views including sashimi plots. ZMap will also be expanded to display 
additional data types such as cis-regulatory and physical interactions in support of Aim 3.  

Integrated approach to pseudogene identification and classification 
Depending on their formation mechanism, pseudogenes can be referred to as unprocessed (originating 
through a gene duplication event) or processed (originating through a retrotransposition event). A 
functional gene may also become a pseudogene by acquiring a disabling mutation, if its function no 
longer confers a fitness advantage to the organism due to a change in the environment or genetic 
background. Such pseudogenes are called unitary pseudogenes.  



 

 

The Yale group has substantial experience in pseudogene annotation and analysis. In collaboration 
with the UCSC and HAVANA group, we use a variety of methods to identify pseudogenes20,25,26. 

PseudoPipe Yale’s automatic annotation 
pipeline, is fast and accurate20 (Figure 4). 
The pipeline takes as input all known 
protein sequences in the genome and 
using a homology search is able to 
identify disabled copies of functional 
paralogs (referred to as pseudogene 
parents). There is a good consensus 
overlap between the human pseudogene 
prediction set obtained with PseudoPipe 
and the set manually curated by the 
GENCODE annotators. Even more, the 
PseudoPipe predictions fueled the 
manual curation of pseudogenes in 
GENCODE20. 

RCPedia the newest pseudogene annotation pipeline focuses on the annotation of retrotransposed 
(processed) pseudogenes27 (Figure 4). This pipeline takes as input all known protein-coding RNA 
transcripts and using sequence alignment is able to identify all possible retrocopies of protein-coding 
genes. Putative retrocopied sites are identified based on exon-exon junction information and direct 
repeats flanking the event. In the human genome there is an over 85% consensus between processed 
pseudogenes predicted by RCPedia and those annotated using PseudoPipe. 

Retrofinder is the UCSC retrocopy annotation pipeline. Retrocopies can be functional genes that have 
acquired a promoter, non-functional pseudogenes, or transcribed pseudogenes. Retrofinder finds 
retrotransposed messenger RNAs (mRNAs) in genomic DNA55. Candidate retrocopies overlapping by 
more than 50% with repeats identified by RepeatMasker69 and Tandem Repeat Finder70 are removed. 
Retrocopies are identified based on a scoring function using a weighted linear combination of features 
indicative of retrotransposition. 

The 3 pipelines will continue to be used to identify pseudogenes in human, mouse and other model 
organisms20,26,71 and the structural and functional relationships between the pseudogenes within a gene 
family described by a pseudogene ontology72.  

Functional characterization of pseudogenes By integrating functional genomics data such as that 
generated by ENCODE, with available annotation we will obtain a comprehensive map of pseudogenes 
activity in mouse including transcription signals for some pseudogenes and other biochemical activity 
such as presence of transcription factor or polymerase II binding sites in the upstream region, active 
chromatin, etc. Based on previous analysis only 5% of the total number of pseudogenes are broadly 
expressed in human although, in general, transcribed pseudogenes show higher tissue specificity than 
protein-coding genes71, but given the variability of pseudogenes across species, mouse may have 
different patterns. 

Computational methods to evaluate and enhance gene annotation 
The Ensembl GeneBuild In parallel to the manual annotation process described above, the Ensembl 
gene set is created and updated. The Ensembl GeneBuild creates genome-wide annotation quickly and 
consistently, with thousands of genes annotated in parallel28. The GeneBuild contributes gene 
annotation for regions of the genome that have not benefited from manual curation, gene types that are 
not manually annotated e.g. small non-coding RNA genes, and provides rapid access to novel 
transcript isoforms that are identified from new data in the archives. 

 
Figure 4: Automatic pseudogene annotation pipelines 



 

 

The Ensembl annotation for human and mouse will be updated when the GRC release a major or minor 
assembly update or when there are new data sets of major importance. Major assembly updates, such 
as the update from GRCh37 to GRCh38 result in a change of the chromosome coordinate system, and 
will trigger a comprehensive update. Minor assembly updates, such as the update from GRCh38.p7 to 
GRCh38.p8, simply add additional alternate sequence alongside the primary assembly. These minor 
updates will be annotated quickly and are valuable for providing new genomic sequence that corrects 
errors identified on the primary chromosomes or novel haplotype sequence not represented on the 

primary chromosomes.  

Ensembl/HAVANA Merge. We will 
continue to create the final, 
comprehensive GENCODE gene set by 
supplementing manual annotation from 
HAVANA with Ensembl annotation 
described above. This merge process, 
described in detail by Harrow et al18, is 
performed genome-wide and involves 
pre-merge quality checks and comparison 
of all Ensembl transcripts against all 
overlapping HAVANA transcripts (Figure 
5). Where the splicing structure of the 
Ensembl transcript matches the HAVANA 
transcript, they are merged and the 
alignments supporting the Ensembl 
annotation are combined with the 
HAVANA data. Novel genes and 
transcripts contributed by Ensembl are 
added. The HAVANA biotype takes 
precedence where data are inconsistent. 

PhyloCSF We will seek unannotated 
protein-coding regions and recent 
pseudogenes using PhyloCSF, a 
phylogenetic model based on codon 

substitution frequencies22. In contrast to experimental techniques, PhyloCSF recognizes evidence of 
functional translation based on its evolutionary signature of selection at the protein-coding level. We 
achieve this by modeling codon substitution frequencies (CSF), which are highly distinct between true 
codons in protein-coding exons vs. nucleotide triplets in non-coding regions22. PhyloCSF evaluates 
these codon substitution frequencies in a phylogenetic setting to appropriately account for the 
relatedness of different mammalian species. Our PhyloCSF pipeline is described as follows. 
Annotate putative novel protein-coding regions We will run PhyloCSF on every codon in every frame in 
the human and mouse genomes, resulting in genome-wide PhyloCSF scores (higher/positive for 
protein-coding regions, lower/negative for non-coding regions). We will translate these scores into 
protein-coding intervals using a 4-state Hidden Markov Model (HMM), whose emissions are the 
PhyloCSF score, and whose hidden states consist of a single protein-coding state (emitting higher 
PhyloCSF scores) and three non-coding states representing introns, nonconsecutive introns, and 
intergenic regions. We will calculate the most likely sequence of these hidden states (i.e. the Viterbi 
path) and report putative novel protein-coding regions those sections of the genomes that do not 
overlap pseudogenes or previously-annotated coding exons in the same reading frame.  
Identification of putative novel protein-coding genes and exons for manual curation In collaboration with 
HAVANA, we have found features of putative coding exons that are more likely to be biologically 
meaningful. These will be used to develop a machine-learning framework based on four features: the 

 
Figure 5: For both Ensembl and HAVANA models, transcripts 
with overlapping exons are grouped together into genes. A: If the 
intron-exon boundaries, excluding UTRs, of a transcript from 
HAVANA completely match those one from Ensembl the result is 
a merged transcript model based on the HAVANA annotation. B: 
Exons for a HAVANA gene overlap with those for an Ensembl 
gene. All transcripts are grouped together in the same merged 
gene. C: No transcripts with complete matching intron-exon 
boundaries results in transcripts together into a merged gene but 
no transcripts are merged. 



 

 

average PhyloCSF score per codon; the length of the region; the phylogenetic evidence quantified as 
the branch length of the aligned species in the region; the difference between the average PhyloCSF 
score per codon in predicted frame vs. in the antisense frame. We will then train a discriminative 
machine learning model (a support vector machine, SVM73) to discriminate coding regions vs. non-
coding regions that do not overlap pseudogenes or antisense exons, and a second SVM to distinguish 
coding regions vs. antisense regions. We will the group the annotated protein-coding exon predictions 
into new genes and new exons of existing genes based on their clustering properties on chromosomal 
segments, and their relationship with existing gene and transcript annotations for GENCODE. We will 
specifically annotate multiple criteria that distinguish novel coding genes, novel coding exons, and 
pseudogenes, including: the distance to the nearest annotated coding gene; the branch length of the 
alignment, which helps distinguish coding genes vs. pseudogenes; the presence of in-frame stop 
codons far from the exon boundaries, which is more likely in pseudogenes.  
Prioritization of novel exons/genes, known exons/genes and pseudogenes Lastly, to help guide the 
manual annotation process for incorporating new predictions, and also refining existing annotations and 
potential misannotation, we will calculate the distribution of ranks that already-annotated coding exons 
would have gotten if not annotated. We will use that distribution to determine a scale factor between 
known and novel exons, and use them to: (i) set priority thresholds for the manual curation process, (ii) 
flag potential mistakes in the existing annotations, (iii) estimate the number of novel genes and exons 
that have not been found after manual examination of first few thousand ranks; (iv) estimate the likely 
false positive and false negative rate at different rank thresholds. 
Isoform analysis The CNIO isoform annotation pipeline (APPRIS; http://appris.bioinfo.cnio.es) uses 
protein structural and functional features and information from cross-species alignments to annotate 
alternative splice isoforms30,74. APPRIS annotates the likely effects of alternative splicing on protein 
features, and will select a single CDS as the main (principal) isoform based on these annotations75. To 
date, there data have prompted changes to gene models in more than 300 human genes. The APPRIS 
principal isoform is generally the isoform with the most conserved protein features and the most 
evidence of cross-species conservation. APPRIS selects a principal isoform for 73.4% of human genes 
and 82.1% of mouse genes. For genes in which APPRIS cannot choose a main variant, it selects the 
main isoform based on CCDS annotations76 and UCSC TSL. Using information from these two methods 
APPRIS is able to select a principal isoform for 95.5% of human genes and 96.4% of mouse genes. 
APPRIS principal isoforms coincide overwhelmingly with the main protein isoform detected in 
proteomics experiments77.  
Coding gene analysis pipeline The CNIO has developed a methodology for the detection of protein-
coding genes with atypical characteristics based on annotations from the APPRIS, Ensembl, 
GENCODE and UniProt78 databases. Nineteen features that correlated with lack of protein-level 
expression, including poor conservation, recent origin, poor supporting evidence and contradictory 
annotations were used to flag 2,001 coding genes from GENCODE v12 as potentially not coding38. 
Manual annotators have since revisited these genes and 1,026 have been reclassified as either non-
coding or pseudogene. The CNIO carried out a similar analysis on coding genes added between 
GENCODE v12 and v19, leading to the reclassification of almost 500 automatically predicted coding 
genes. In the most recent analysis (GENCODE v23) a further 2,050 protein-coding genes were labeled 
as unusual. The pipeline has also been applied to the mouse annotation and the initial analysis 
identified 4,841 mouse protein-coding genes that were potentially not coding. The CNIO will automate 
the identification of these unusual coding genes and run the pipeline for each new release of 
GENCODE.  
Transcript support level The Transcript Support Level (TSL) calculation is based on orthogonal 
sources of information to those used for creating the transcript. This includes comparison drawn from 
primary data sources, such as GenBank, gene-ortholog comparisons and evolutionary assessment of 
gene features using conservation patterns. Manual annotations are produced over time, looking at 
snapshots of evolving primary evidence. By doing a comprehensive, consistent evaluation given the 



 

 

latest evidence, we will flag and help prioritize problematic transcripts and genes to revisit in the manual 
annotation process. The orthogonal evidence evaluations we will continue to develop and produce are 
provided to the manual annotators and the community as TSL scores for each transcript and serve as a 
metric for users of the GENCODE data set to easily understand the support for a given transcript. We 
have recently extended this approach to incorporate RNA-seq evidence, which provides a metric for the 
support of exons in a transcript.  

Experimental annotation and discovery 
High throughput, complete annotation of novel non-coding RNA transcripts The combination of 

manual, computational and 
experimental approaches is a key 
feature of GENCODE and has been 
important to its adoption as the 
reference gene annotation of the 
human genome. During the initial 
phases of GENCODE, experimental 
methods were exclusively aimed to 
the validation of manually annotated 
protein coding transcripts. More 
specifically, splice junctions labelled 
as putative by the HAVANA team 
were systematically tested using 
multiplexed RT-PCR. In the current 
phase of GENCODE, experimental 
methods that had been traditionally 
limited to validation of annotated 
transcripts have been 

complemented with discovery methods aimed to recover the full-length structure of genes/transcripts 
likely to be partially annotated. Thus, in a pilot study (see Progress Report), RACE-seq was employed 
to target 400 lncRNA loci, leading to the discovery of about 2,600 previously unannotated transcripts.  
For the next phase of GENCODE we will further prioritize the use of experimental methods for transcript 
discovery rather than validation. The large and increasing number of RNA-seq data sets available 
obtained from multiple individuals, tissues and conditions, makes RT-PCR validation increasing 
dispensable. We found for instance, that most GENCODE putative junctions validated by RT-PCR are 
also supported by short RNA-seq reads, from the GTEx and ENCODE projects. Building on the results 
of the current phase, we plan to base the experimental effort of GENCODE on long read sequencing of 
targeted loci with the aim of inferring the full-length structure of the transcripts encoded in the human 
and mouse genomes. Towards that end we plan to fully scale the CLS methodology that we have 
pioneered in the current phase of GENCODE and that combines capture of targeted loci with long read 
sequencing (see Progress Report).  
RNA Capture-LongSeq of GENCODE annotated and unannotated transcripts RNA capture 
sequencing is a recently-developed method that enables the targeted sequencing of rare transcripts in 
a complex RNA sample31. Starting with a target set of candidate transcribed regions, either previously-
annotated or completely novel, researchers can deeply sample their transcripts at a depth that would 
be impossible with unbiased sequencing. Capture sequencing has huge potential in streamlining the 
annotation process. The few published methods to date have captured fragmented cDNA libraries, and 
used Illumina short read sequencing as a readout79,80. The consequent reliance on de novo transcript 
assembly methods means that the quality of the resulting “novel” transcript structures is unclear. We 
have solved this problem by creating a protocol for capturing full-length cDNAs and using third 
generation long-read Pacific Biosciences sequencing. Our bioinformatics pipeline will filter, demultiplex 
and map these data, as well as estimate quality metrics for each experiment. Results from this pilot 

 
Figure 6: Overview of the RNA Capture LongSeq (CLS) components 
including complete annotation in matched human / mouse tissues at 
embryonic and adult time points for Aim 1 and personal annotation of 4 
human individuals for Aim 2. 



 

 

constitute the most extensive and reliable set of transcript sequences from targeted loci obtained so far, 
a unique resource towards high quality annotation.  
For the next phase of GENCODE, we will perform CLS with the following specific objectives: 1) 
exhaustively annotate of all protein-coding and non-protein-coding RNA transcript structures, in human 
and mouse, at adult and foetal time points, and in all transcript length ranges 200nt and above, in four 
complex organs; 2) exhaustively annotate of personal/private gene structures within disease-related 
genes in seven organs from four human individuals (see Annotation of individual and population 
data section). Our plans are shown schematically (Figure 6) and described as follows. 
Target annotation definition and capture library design We will target GENCODE annotated loci, with 
emphasis on lncRNAs, as well genome regions with evidence of transcription and/or protein-coding 
capacity. Specifically, evidence of transcription will be based on short RNA-seq data from GTEx, 
ENCODE and other projects, while PhyloCSF regions will be used to define protein-coding potential.  
CLS capture and sequencing Custom capture libraries will be designed for the annotations above, and 
used to capture in RNA samples from brain, heart and liver in human and mouse, as well as in white 
blood in human, and embryonic stem cells in mouse. Full length, captured sequences will be 
sequenced by PacBio and Nanopore technologies. For the case of PacBio, this process will be carried 
out on a yearly basis, using updated and refreshed annotations based on external input and the capture 
results themselves. Depending on performance of the Nanopore sequencing, we may decide to divert 
resources from PacBio to Nanopore in later years of the project. For PacBio, we plan 25 SMRT cells 
per individual sample, equivalent to approximately 950,000 reads based on our previous experience of 
on average 38,000 reads per SMRT. For libraries targeting 200,000 candidate loci, we estimate this 
would equates to an average of 5 reads per locus. Given that a significant fraction of loci in our 
candidate set will not be transcribed in any given sample, and given that eight distinct cell samples will 
be probed per feature, we believe this approve adequate will provide adequate read depth. 
Bioinformatics analysis Reads will be filtered and aligned to extract TSS and TTS information, compare 
splice junctions to Illumina short reads, and merge putative transcript models. The resulting models will 
be to HAVANA for incorporation into GENCODE. The transcript models thus generated will be sorted 
into categories of confidence. High confidence structures, with identified 5’ and 3’ ends, and all splice 
junctions supported by Illumina short reads, will require minimal annotation effort. Novel structural 
features with lower confidence will be flagged and annotated with more care. This experimental effort 
represents an intermediate step in the GENCODE annotation process, and the two parts together will 
create a cycle of annotation extension and refinement that can be carried out multiple times. We 
believe that the CLS approach will greatly facilitate the work of the annotators and enhance the 
GENCODE annotation in a very cost effective and comprehensive way. 
Proteomics Proteogenomics, in which proteomics data from mass spectrometry is used to interrogate 
genomic sequence data for genome annotation, is a growing field81-83. GENCODE will apply 
quantitative shotgun tandem mass spectrometry to characterize the proteome using established 
protocol, workflow and analysis methods. To attain deep sequencing and accurate quantitation we will 
apply approaches for sample fractionation, together with multiple enzymatic digestions for peptide 
generation and repeat mass spectrometry analysis such that we will quantify  >10000 proteins per 
proteome. We will use synthetic peptides as reference standards to align and compare between sample 
sets as well as to target specific gene features.  

The complementary proteomics expertise and pipelines from the CNIO and the WTSI, together provide 
experimental confirmation by generating dataset internally as well as dedicated capacity for analyzing 
data sets external to the consortium. All GENCODE proteomics data generation will be on the same 
biological samples as the CLS study described above. Protein samples will be processed according to 
established shotgun proteomics protocols and analyzed by high-resolution tandem mass spectrometry. 
These analyses feedback to improve annotation in Aim 1and will be valuable for components of Aim 2. 



 

 

Although comparisons between GENCODE and known coding databases such as UniProt and RefSeq 
suggest that relatively few coding genes are still missing from the human reference set, this approach 
remains a profitable strategy: 61 missing coding genes have been added to the reference set from the 
CNIO proteomics analysis that uses established sequence databases and a further 16 coding regions 
were added by WTSI using a compendium of genomics and prediction databases42. More generally, 
while recent large-scale experiments have identified peptides for more than two thirds of genes84,85, 
reliable proteomics data identifies only a fraction of annotated alternative isoforms, which suggests that 
most protein-coding genes have a single main protein isoform77, although a systematic search for 
alternative isoforms has not yet been conducted. 

The WTSI have used OpenMS as a platform on which to build pipelines for the analysis of large-scale 
proteomics datasets42 and will deploy their pipeline to process public data focusing on the mouse 
tissues in the first instance. The pipeline can also be used for personal annotation by uploading 
associated DNA or RNA sequencing files as reference database (see below) and includes a priority 
annotation score to identify peptides that are more likely to lead to novel annotation42. The output 
results can be formatted in common genomics file formats (GTF, GFF, BAM, BED) that are directly 
useful to the manual annotators. These peptide mappings, which can additionally include peptide 
abundance, modification, and uniqueness information, can be then loaded into Ensembl or UCSC or 
used within a proteomics Track Hub.  

The CNIO proteomics analysis has been run for the GENCODE v3C, v7, v12, v20 and mouse M2 
releases and will continue to be run on a regular basis in the future. In each case, spectra from multiple 
different experiments and databases are analyzed with stringent filters to improve the reliability of the 
identifications. For example, the GENCODE v20 analysis85 employed eight datasets (including the 
spectra from the recent Nature papers39,40) and to identify 277,244 peptides that mapped to 12,716 
coding genes (64%). The mouse M2 analysis used three datasets and identified 12,000 genes85.  

Coordination with related data resources  
RefSeq We coordinate with RefSeq, HGNC and MGI via the CCDS collaboration (LOS Pruitt). This 
forum holds monthly conference calls to discuss release cycles and difficult annotation cases. 

UniProt The UniProt archive hosts the current protein sequences records for human and mouse and is 
updated on a monthly basis. GENCODE and UniProt have a close collaboration including an active 
mailing list where we share information regarding missing proteins, protein variants, and dubious 
protein records with no support. In this way, GENCODE and UniProt are working to converge on an 
agreed proteome for human and mouse, with results to be stored in a database hosted at EMBL-EBI. 

Gene Expression Atlas GENCODE and EMBL-EBI Expression Atlas team have a history of 
collaboration (LOS Brazma). The Gene Expression Atlas imports GENCODE annotation and 
processes transcriptome data from large published datasets, the results of which are provided back to 
GENCODE and can be used directly to provide support for GENCODE’s annotation. 

Sequence Ontology We are currently working with the Sequence Ontology (SO) consortium86 to 
identify the best SO terms relating to our broad gene biotypes. Having achieved this, we will extend our 
integration with SO to our more detailed locus and transcript level biotypes and then to attributes, using 
appropriate existing SO terms where possible but modifying current or creating new SO terms as 
necessary. Integration with SO will enable computational reasoning across GENCODE annotations 
and make it easier to integrate them with other information described with compatible ontologies. 

 
  



 

 

Creating the GENCODE resource 
The creation, advancement and maintenance of the GENCODE resource requires both adherence to 
and optimization of defined processes that ensure the genome annotation created going forward 
remains at or above the high standards that we already achieve. We must also be attuned to the new 
technologies and opportunities that arise as the field of genomics evolves. The GENCODE consortium 
is extremely well equipped for this task. Over the past 13 years from before the commercialization of 
next generation sequencing and through the enormous growth in genomics over the last decade, the 
GENCODE annotation has moved continually forward becoming more complete and simply better with 
time. This section will describe our plans to continue this trajectory and ensure that GENCODE in 2020 
will be significantly more valuable for research and clinical applications in genomics than it is today. 
We will start with a description of our quality control (QC) process that extend across all activities in 
GENCODE and support all four Aims and then describe how we maintain infrastructural and data 
stability. We will spend the majority of this section describing our plans for improving GENCODE, which 
include continuing our world leading manual annotation pipeline with additional input from newly 
generated experimental data (Aims 1 and 2). We will also describe two pilot projects that will help 
define the most effective way to support future GENCODE annotation: a graph genome representation 
as part of Aim 2 and a effort to connect genes to regulatory regions that is the whole of Aim 3. We will 
end this section with plans to ensure that GENCODE scales to meet the project requirements. 

Quality control  
Manual annotation QC To assess possible structural misannotation (i.e. inclusion of unsupported 
introns or exons) HAVANA confirm the structure of features from aligned transcriptomic datasets. 
Manual confirmation is particularly important when supporting sequence evidence is limited or does not 
align perfectly to the genome. While cDNAs and ESTs were traditionally used to identify introns with 
little or no support, we are now using RNA-seq data from multiple tissues produced by the GTEx 
project. We will tag transcripts containing these introns and remove them from the gene set. As the 
project progresses, will use the increasing amounts of third generation transcriptomic data to confirm 
complete transcript structures as the scope and depth of such datasets permits. 

The quality of functional annotation (i.e. the biotype that is assigned to transcripts and loci) is assessed 
in three ways. Biotypes of all transcripts are compared to other transcripts at the same locus to identify 
aberrant combinations. To identify unannotated protein-coding transcripts, PhyloCSF regions and 
proteomics data intersecting with lncRNA annotation are checked as part of CCDS discussions or 
following literature review. To confirm true protein-coding functionality of annotated transcripts we will 
utilize coverage by shotgun and targeted proteomics and ribosome profiling data. Quantitative 
proteomics will also give insight into the likely functional significance of loci. 

Validating protein-coding genes The CNIO will continue to validate coding genes by searching 
against databases of known coding sequences (UniProt, RefSeq) to which we will add small numbers 
of likely coding variants. This protocol generates small numbers of novel coding genes with a high hit 
rate and employs manual inspection to separate spectra that identify novel coding regions from false 
positive matches. While the protein-coding set of GENCODE human genes is close to complete, the 
isoform annotation is not. A comparison of the UniProt and GENCODE reference sets showed that only 
half the genes had the same main isoform. For the analysis of human genes and isoforms CNIO will 
employ a pipeline that reanalyses spectra from eight different large-scale proteomics using two different 
search engines and rigorous quality controls that we have already published77,85. Peptide-spectrum 
matches that identify novel coding isoforms (such as isoforms present in databases other than 
GENCODE, alternative isoforms not previously recognized in proteomics experiments or isoforms 
predicted from PacBio transcripts) will be validated manually.  

Proteomics QC The CNIO has shown that great care must be taken to avoid false positives when 
using data from large-scale proteomics experiments38,77,87, although there is currently no reliable 
strategy to estimate false positive rates in large-scale proteomics experiments88 for technical reasons 



 

 

such as the narrowness of the mass precursor windows in the newest high-resolution mass 
spectrometers89,90, the difficulty of identifying post-translational modifications90 and the multiplication of 
errors when smaller experiments are combined into one91. These problems are especially critical when 
the experimental evidence is used to verify variant translation. The CNIO’s partner, the Spanish 
National Center for Cardiovascular Research – CNIC, is investigating the feasibility of improving 
methods for calculating false positive identifications in large-scale proteomics experiments. In the 
meantime, we feel there is no substitute for the manual inspection of all spectra that identify previously 
unidentified genes and variants. The CNIO and CNIC will perform this manual verification, in order to 
guarantee the reliability of peptide detection in proteomics experiments. 

Final GENCODE gene set QC Before final release, Ensembl compares the GENCODE gene set to 
other sets (UniProt and cDNA alignments, and imported RefSeq data) to check for missing genes or 
transcripts. GENCODE is also compared to the most recent CCDS release to ensure that it is a proper 
superset of the CCDS models. The alignments of cDNAs in the INSDC are updated ever 2.5 months for 
each Ensembl release and if any annotation in these external datasets is missing and requires manual 
annotation, it will be stored in AnnoTrack to ensure the HAVANA annotators inspect these loci. 

Maintaining GENCODE’s infrastructure 
GENCODE stability applies at multiple levels. At the most fundamental level we ensure our 
computational infrastructure is well maintained to support our efforts, that adequate processes are in 
place to ensure the highest possible quality and that annotation is made freely available in easy to 
consume high value formats. Continued stability is key to all of GENCODE’s overall goals. 
Data release We will continue our current release schedule of 4-5 releases per year. Each release will 
represent a merge of frozen data sets from the GENCODE consortium members. All models will be 
cross-referenced and assigned stable IDs according to Ensembl’s rule set92 before release. Briefly, 
stable ID mapping involves identifying overlapping models, transferring identifiers and incrementing ID 
versions if changes have occurred in the resulting sequences or splicing models. If ambiguity in a 
transfer target appears new identifiers are created and the ambiguous one retired. These events are 
tracked by the Ensembl infrastructure. Annotation metadata, including TSL, APPRIS, and GENCODE 
Basic assignment, is also frozen with each release and made available with the gene sets.  Periodically 
releases will be flagged as “reference” indicating their use in large consortia or marking the last 
annotation release on an assembly. For example, GENCODE v7 was used for the 2012 ENCODE 
analysis93 and GENCODE v19 was the last release native to the GRCh37 human assembly.  
Data access GENCODE makes its annotation available through as many data providers as possible. 
We will to continue these mechanisms of distribution to maximise the annotation’s value. Annotation is 
available through the GENCODE Genes website (genocodegenes.org), Ensembl and UCSC Genome 
browsers and all of their tools. In addition the primary distribution sites (GENCODE Genes and 
Ensembl) also provide archival access to each data freeze in the form of flat-files on our FTP servers 
and archived Ensembl websites. GENCODE annotation will also be made available over GA4GH APIs 
as these develop. Most of the data formats used by GENCODE are amenable to representing the 
newer annotations we will make available and when this is not the case additional metadata is made 
available as tab-separated files. All data freeze files are also versioned. Further information is provided 
below in the Management, Dissemination and Training section. 
Cross-referenced resources GENCODE annotation is cross-referenced to major bioinformatics 
resources including HGNC, UniProt and RefSeq with every annotation merge as part of the Ensembl 
release cycle using the Ensembl cross references system. This system can link annotation based on 
sequence alignment, coordinate overlap and direct assertions; other manual annotation groups such as 
HGNC and UniProtKB extensively use the latter strategy. Annotation is also linked to GO terms via 
GOA and by transferring terms from homologues genes as predicted by the Ensembl Compara 
GeneTrees pipeline94. We also cross-reference to disease phenotype data including OMIM, Orphanet 
and IMPC via transitive mappings to nomenclature committees and then to the GENCODE annotation. 



 

 

Software All components of the main annotation toolkit (ZMap, Otter, Annotrack and Blixem) are held 
in source code control repositories from which all development takes place using standard software 
development methodology for controlled introduction, release or (if necessary) rollback of new features 
and bug fixes. These will be migrated into the popular source management system GitHub making 
external contributions to the projects easier. All software is made available under open source licenses. 
Each release of the annotation tools is extensively tested on Unix/Linux and OSX. Annotation is stored 
in the Otter database with access controlled via a Single Sign On and will migrate to OAuth2 enabling 
authentication via ORCID. An audit trail is kept for all database edits allowing roll back in case of error.  
Annotation consistency To ensure consistency across the different manual annotators, all new 
annotators go through a process of training, feedback and mentoring in their first year. Extensive 
guidelines are available to ensure consistent SOPs and annotation procedures. Periodically we 
perform consistency checks where a single region is annotated by all annotators and compared for 
consistency and accuracy with results fed back into the annotation SOPs. 

Improving the GENCODE annotation 
We will take two major approaches to improve the GENCODE annotation. These will be applied both to 
the human and the mouse annotation, but from slightly different perspectives. The first major approach 
(corresponding to Aim 1) will complete human and mouse annotation to the extent technically and 
operationally possible (see Milestones) with a focus on extending existing human partial models to full 
length, expanding the improvement of human lncRNA annotation and completing the initial full pass of 
mouse. The second major approach (corresponding to Aim 2) will be to incorporate individual genome 
representation and population data represented by available human variation data at the sequence and 
transcriptomic level and by the 16 mouse strain genomes produced by the Mouse Genomes Project. 
Two planned pilot projects, one in Aim 2 and one in Aim 3, will be undertaken with the goal of improving 
the process of annotation and to expand the overall utility of GENCODE. 

Aim 1: Toward completing GENCODE’s reference gene annotation 
Supplementing manual annotation with validated automatic models The scale of data available 
from second and third generation transcriptomic datasets (RNA-seq, CaptureSeq, SLR-seq, PacBIO) 
necessitates an alternative strategy to annotation. We will automatically create “pre-GENCODE” 
models and prioritize them for manual evaluation. All pre-GENCODE transcripts will be excluded from 
the GENCODE gene set until an annotator evaluates them. Second and third generation based 
transcripts will be intersected with spliced RNA-seq reads, sequence conservation, complete protein 
domains, APPRIS, and the UniProt canonical isoform. Where available CAGE and polyAseq data will 
be used to identify the ends of the novel transcript. Transcripts at protein-coding loci will have a biotype 
assigned and CDS added based on the existing CDS annotation at the locus where appropriate 

Annotation of novel features Extending annotation to full-length models provides the opportunity to 
annotate additional features at the level of the transcript. Upstream open reading frames (uORFs) are 
particularly relevant as they regulate the passage of the ribosome along the mRNA and play a role in 
controlling translation initiation95-97. Variation affecting uORFs can have adverse effects on translational 
regulation98,99, and creating high quality annotation for them is related to our pilot project annotating 
regulatory features. uORFs are not comprehensively represented in any other gene set and the quality 
of their annotation is directly affected by the annotation of TSS and 5’ UTR. Annotating uORFs in 
conjunction with such features adds considerable benefit over methods lacking the same contextual 
information. Integration of uORF annotation with other datasets such as CAGE and RNA-seq data will 
allow us to potentially capture the consequences of alternative TSS usage on the gene regulation. By 
integrating Ribo-seq and MS data we will build on the initial annotation of uORFs to provide information 
relevant to their functionality such as translation initiation efficiency and encoding of stable proteins. 

Finishing the Mouse Pseudogene Annotation We will complete the mouse reference genome 
pseudogene annotation as part of Aim 1 and have plans to develop customized pseudogene 
annotations for the available mouse strains within Aim 2. At present, prior to the refinement of the 



 

 

pseudogene annotation anticipated from more accurate protein-coding gene annotation, PseudoPipe 
identifies 18,627 putative pseudogenes on GRCm38, RCPedia finds 9,755 processed pseudogenes 
and Retrofinder predicts 18,467 retrocopies. The tri-way consensus between the pipelines is  
approximately 80% for processed pseudogenes. We will evaluate the annotation accuracy of our 
pipelines and refine the pseudogene identification and characterization process using the manually 
annotated pseudogenes as a gold standard and comparing them with the automatic predictions. 

Annotating loss-of-function events We will build on our experience in identifying and analyzing loss 
of function events in human46, to develop a reliable annotation framework for unitary and polymorphic 
pseudogenes and LOF variants in mouse. We will also develop a specialized tool to annotate the 
impact of LOF variants on gene function.  

We will annotate unitary pseudogenes by creating a global inventory of orthologs between the mouse 
strains using the multi sequence alignment data from UCSC, annotating the syntenic regions, surveying 
gene disablements. To identify polymorphic pseudogenes, we will extend the Variant Annotation Tool 
(VAT)100 to annotate variants that revert disabling stop codons. We will create a universal framework to 
identify putative LOF variants by combining function based annotation, evolutionary conservation and 
biological networks data. For this we will integrate resources such as Pfam domains, signal peptide, 
transmembrane annotations, post-translational modification sites, NMD prediction, and structure-based 
features (e.g. SCOP domains) and calculate variant position-specific GERP scores and dN/dS values.  

We will build a LOF variants characterization module that will include network features to predict 
disease causing variants by using a proximity parameter that gives the number of disease genes 
connected to a gene in a protein-protein interaction network and the shortest path to the nearest 
disease gene. We will also develop a prediction model to classify premature stop causing variants into 
those that are benign, those that lead to recessive disease and those that lead to dominant disease 
using the annotation output as predictive features. We will validate our classifier using LOF from 
Mendelian Diseases, Cancer samples and healthy control datasets such as 1000 Genomes and ExAC. 

Annotating pseudogene activity We will leverage our experience in pseudogene transcription 
analysis, using RNA-seq data to calculate a RPKM value for each pseudogene as an indicator of 
transcriptional activity in mouse. We will highlight tissue and strain specific transcribed pseudogenes. 
We will also integrate evolutionary and regulatory data to further characterize pseudogene activity. We 
will significantly improve on our annotation of human pseudogene activity to understand the regulatory 
potential of human transcribed pseudogenes by leveraging manual annotators experience and focusing 
on the transcriptomics (ENCODE, BrainSpan, TCGA), epigenomics (ENCODE, Roadmap Epigenomics) 
and cis-regulatory interaction data (GTEx, PsychENCODE). 

Aim 2: Annotation of individual and population data 
Current human genome annotations are based on the reference genome, which does not provide a full 
representation for the large genomic diversity of the human population. Personal annotation will allow 
us to account for differences due to individual variation in genes and other genomic elements. Further, 
it has been demonstrated that using the diploid genome with an individual’s variants improves both 
mappability of the reads101 and downstream analysis results1.  

We will develop an individual genome GENCODE annotation resource containing a number of tools 
and utilities to identify GENCODE-annotated features characteristic to an individual, such as a 
distinctive set of functional genes or the structures of variant-affected transcripts. We will detect and 
annotate novel sequence in the individual genomes and will experimentally validate the consequences 
of this variation. 

As the international community is providing more and more genomic data, in the form of haplotypes and 
strain genomes, there is a general push to define a broader reference genome that incorporates all 
known variants. We already have significant experience annotating alternate sequences in non-linear 
genomes: the GRC, who maintain the human and mouse reference genomes, has been releasing both 



 

 

haplotypes and fix patches for several years now 
and we annotate all of them (Figure 7). An 
advanced representation of genome assemblies 
and variation, known as a graph genome, will 
require us to adjust our methods accordingly. 
Pilot project 1 will explore this question further. 

Protein-coding gene annotation in the mouse 
strains As part of the Mouse Genomes Project, 
UCSC has developed gene and transcript sets 
for sixteen mouse strains. We have improved 
three interrelated and interdependent problems 
of genome assembly, genome alignment and 
genome annotation, iterating on each repeatedly 
and progressively to create a gene set for Mus 
musculus with several hundred new genes (see 
Figure 8 for an example of a substantial new 
gene), thousands of new isoforms and tens of 
thousands of novel gene haplotypes. This is 
helping to improve the existing mouse 
GENCODE reference set: identifying 
polymorphic pseudogenes, finding unannotated 
loci in the C57/BL6 reference genome and 
identifying reference assembly errors. It is also 
providing new insights about gene variation present across Mus species and, in conjunction with RNA-
seq data, is allowing us to assess differential expression between strains using more accurate 
transcript sets. We have created a new, general purpose Clade Genomics Toolkit, which provides a 
range of tools that together provide a pipeline for simultaneous and consistent comparative annotation 
of many genomes, leveraging existing annotations and RNA-seq data.  

HAVANA has also manually annotated regions of specific interest on genome sequences unique to 
individual mouse strains102. Where lineage specific regions of the genome are identified, an automatic 
gene prediction pipeline is run and those regions with potentially interesting genic features are targeted 
for manual annotation. The target regions are passed through the standard analysis pipelines to 
ensure a comparable annotation to the reference genome and where strain-specific transcriptomic 
evidence is available it can also be used to aid specific annotation. 
Annotation of individual human genome sequence As high quality personal genome sequence 
becomes available, either publicly or via collaboration, we will apply our pipelines to regions distinct to 
the human reference genome sequence, allowing us to identify and capture all novel loci.  

Currently, alternative sequences to the reference genome are passed through our standard analysis 
pipelines and manual annotated using the same guidelines to ensure the annotation is equivalent. 
Manual annotation has proven essential for difficult regions such as the leukocyte receptor complex 
(LRC) haplotypes, where there is a combination of tandem gene duplication and pseudogenization 
events. The repetitive nature of the DNA underlying these biologically complex regions pose particular 
challenges for alignment algorithms; for this reason the automated pipelines are prone to misannotate 
transcript structures, join distinct loci together and misannotate pseudogenes as protein-coding. 

For small variants, the Ensembl, Yale and HAVANA groups have considerable experience in 
identifying variants and building specialised annotation pipelines such as the Ensembl Variant Effect 
Predictor (VEP)103, VAT and ZMap. In particular HAVANA have developed experience in annotating 
LOF variation2,47, however, the constraints of annotating on the reference genome made capturing and 
storing insights gained from manual annotation problematic. Recent updates to the ZMap annotation 
software now enable viewing variation and annotation on non-reference genome sequence, allowing 

 
Figure 7: Patch annotation in GENCODE. A: GRC provide 
two types of patches: fix patches are integrated at the 
GRC’s next major version of the assembly and novel 
patches will remain as alternative sequence. B: When 
annotating a novel patch we copy gene models from the 
primary assembly onto the patch. In this example, the red 
yellow genes are copied to the patch. The blue gene is 
not copied because the underlying genomic DNA is too 
different to enable the projection process. After 
projection, a patch will be annotated fully using the 
Ensembl annotation pipeline. In this case two new gene 
models (green) have been annotated on the novel patch. 



 

 

us to represent the functional effect of the 
variant in its correct context within the transcript. 
This is significant as a variant consequence 
pipeline might indicate a nonsense codon as 
having a significant functional impact, whereas 
annotation of the same variant in the context of 
a CDS and transcript structure might modify that 
prediction if, for example, the LOF variant was 
close to the 5’ or 3’ end of the CDS. We are 
developing the ZMap software to make this 
annotation process more straightforward and 
are investigating alternative ways to save and 
distribute this information. 

We have developed approaches and tools101 to 
integrate personal variation data into the 
reference genome and produce an individual 
diploid genome, which can be annotated by 
mapping GENCODE annotations onto it. We 
have a large experience with constructing 
personal genomes, splice-junction libraries and 
personalized annotations and using them in 
functional genomic analyses104-107. A key aspect 
of personalized annotation is correctly adjusting 

the annotation for loss-of-function events, polymorphic and unitary pseudogenes. We have explored in 
detail their implications for the reference annotation47 and observed that, in general, LOF events and 
polymorphic pseudogenes are just different versions of the same event, mostly depending on the major 
allele frequency. We characterized putative LOF events in individuals using the 1000 Genomes Phase 
3 data108. Some LOFs may impact only one individual, resulting in the inactivation of an essential gene 
and leading to disease, while other LOFs can become fixed in the population as nonfunctional relics 
through pseudogenization. We also surveyed the impact of LOFs on personal annotation47 and found 
that LOF variants that introduce premature stop codons resulting in a gene truncation in the reference 
genome can lead to an incorrect annotation of the gene. This highlights the importance of correct LOF 
identification for accurate annotation47. To this end, we developed a pipeline to identify unitary 
pseudogenes in human46 and explored the functional constraints faced by different species and the 
timescale of functional gene loss46. These results along with fully annotated pseudogene sets are 
deposited at gencodegenes.org. 

We will use the newly constructed personal annotations to identify LOF and pseudogenization events 
by comparison with the reference genome. We will use the personal protein coding annotation as input 
in our pseudogene annotation pipelines to create a comprehensive personal pseudogene complement. 
We will assess the annotated personal SNPs for allele specific expression using the data from 
AlleleDB107, a repository of genomic annotation of cis-regulatory single nucleotide variants associated 
with allele-specific binding and expression. Next, by integrating Mendelian disease and cancer data we 
will use our variant annotation tool and the proposed LOF analysis pipeline to filter the LOF and 
pseudogenization variants and characterize them with respect to their disease driver potential. 

Experimental validation of individual variation We will use variation and transcriptomic data from 
the same individuals to capture TSS, alternative splicing and TTS and construct representative 
transcripts associated with specific variants. In this way we can investigate variants tagged as eQTLs, 
sQTLs, and LOF variants and describe them in their proper transcript context. Furthermore we will 
work with WTSI to integrate ENTEx proteomics data from the same samples, to compare the impact of 
variation on proteins and transcripts with particular reference to protein and transcript abundance. 

 
Figure 8: Comparative Augustus identified a 138 exon 
transcript in a locus not previously annotated in 
mouse. This transcript has varying splice junction 
support, with the most coming from Mus castaneus. 
The function of this transcript is being investigated. 

 



 

 

We plan to carry out a pilot CLS to investigate to what degree the human gene and transcript set varies 
between individuals (see section High throughput, complete annotation of novel non-coding RNA 
transcripts).Little information exists about variation in gene and transcript number among individuals, 
and about the number of transcript isoforms private to an individual or individuals—possibly to escape 
LOF mutations. We will target specifically a small subset of genes of medical relevance, the 541 protein 
coding genes in the UKGTN data set. We will design a smaller library to capture these genes in RNA 
samples from seven organs from four individuals that have been deeply-characterised as part of the 
ENTEx project. At the sequencing depth we propose, we expect to analyse approximately 100 PacBio 
reads per gene, in each individual and organ. The analysis of this data will provide the first estimation of 
the level of variation in the gene and transcript set among individuals. This has practical consequences, 
since if this variation is not negligible it could impact gene expression estimates from RNA-seq data.  
Another workflow within our pipeline focuses on personal proteomics, whereby we compare samples 
from multiple individuals to identify differences in gene and transcript expression, determine allele 
specific expression, differences in alternate splicing of genes, and to identify sequence variation. We 
will use multiplex TMT labeled ENTEx tissues samples to enable direct comparison of peptide 
abundance within a spectrum and highlight cases where a peptide is not present in an individual. 

Pilot project 1: Graph genomes representation 
This pilot project will explore the 
value for genome annotation and 
GENCODE in the use of a graph-
based representation of the reference 
genome. Graphs potentially provide a 
universal structure for genomics with 
our early applications focused on 
human and mouse. They would be an 
elegant alternative to the current 
process of adding large alternative 
loci to the genome, which cannot 
easily scale to include a significant 
fraction of human variation because it 
would take the equivalent of 
hundreds of complete human 
genomes to do so. In a graph 
representation, the variation can be 
added in a fine-grained manner to 
create a structure that can represent 
multiple sequence “paths” 
simultaneously (Figure 9). A number 
of groups in the context of the Global 
Alliance for Genomics and Health 
(GA4GH) are now collaborating to construct complete reference graph genomes, annotated with rich 
haplotype information, and we expect them to be available in late 2016. This pilot will build on our 
existing work to develop a tool chain for graph genomes. We are working actively with Erik Garrison, 
the lead developer of vg109 a sequencing read mapper, genetic variant caller, to create an efficient path 
indexing scheme that can be used to store thousands of haplotypes of complete genomes using a 
positional Burrows-Wheeler Transform (PBWT) encoded against a graph within a small amount of 
memory110. We believe this index will form the basis for storing and referencing isoforms compactly 
against a population graph.  

Mapping evidence to the graph To pilot the approach, starting with a small number of genes, we 
envisage storing the isoforms collected across many individuals (see Aim 2) efficiently against a 

 

 
Figure 9: Example graph genomes: Each segment (node) holds some 
number of bases. A join (edge) can connect, at each of its ends, to a 
base on either the left (5’, blue) or the right (3’, yellow) side of the 
base. When reading through a thread to form a DNA sequence, you 
leave each base on the opposite side from which you entered, and 
reverse complement it if you enter on the 3’ side and leave on the 5’ 
side. The graph at the top shows these capabilities: one thread spells 
out (reading from left to right, along the nodes drawn in the middle) 
the sequence “GATTACACATTAG”. Straying from this path, there are 
three variants available: a substitution of “G” for “T”, a deletion of a 
“C”, and an inversion of “ATTA”. If all of these detours are taken, the 
sequence produced is “GAGTAACTAATG”. All 8 possible threads 
from the leading G to the trailing G are allowed. The graph at the 
bottom is the beginning of the genome graph for BRCA2 derived from 
the 1000 Genomes phase 3 data, with long sequences elided. Only the 
first few nodes of the graph are shown. (Adapted from Novak et al, A 
Community Evaluation of Reference Genome Graphs, submitted) 



 

 

reference graph genome. Establishing means to store other sources of GENCODE evidence such as 
CAGE tags for TSS against the graph will use similar mechanisms. Mapping the evidence onto a graph 
can be done quickly110 and has the key advantage of removing reference bias as it has been 
demonstrated that sequencing reads that overlap variants to the reference are statistically prone to be 
left unmapped, biasing allele specific quantification and reducing sensitivity to rare gene products101.  

Analyzing and annotating the graph Having projected the experimental evidence onto the graph, we 
will want to provide analysis and visualization tools to explore and synthesize the data. Some variants 
affect transcription, splicing or translation in significant ways, although most are functionally neutral. It 
will therefore be necessary to map the data across haplotypes and compare the results. In some cases, 
the evidence will be mapped across alleles, sometimes not. Determining a precise and reliable method 
for doing so will be imperative for efficient and robust graph-based annotation. As an output, each gene 
annotation will itself be a sub-graph that covers a subset of haplotypes. At the moment, the GENCODE 
annotation assigns a new locus ID for every occurrence of a gene on an alternative reference 
sequence. This cannot scale up to a graph and its astronomical number of possible haplotypes. 
Conversely, explicitly listing all possible mappings of a single gene, across all known variants of that 
region would be impractical. We will therefore require automated methods to define when an annotation 
and its identifier can implicitly be projected across alleles or not. In particular, we will take advantage of 
the knowledge GENCODE accumulated over the years to define valid gene sequences. 

Pilot project 1 reporting and plans We define success in this pilot project initially as mapping of a set 
of GENCODE transcripts within the graph. Secondary success will be marked by efficiently reading 
annotation from the graph for display or analysis purposes. We have no plans to convert GENCODE’s 
Annotation Toolkit to work directly on a graph data structure, but if early parts of this pilot are 
successful, we may consider software to transform annotation in a graph representation to a linear 
representation in support of Aim 2. 

We plan for roughly 1 FTE effort with the majority at UCSC and the remaining at EMBL-EBI over the 
first two years of GENCODE for this pilot project. Progress will be discussed by the GENCODE 
investigators and also within the GA4GH as appropriate and formally presented each year to the SAB 
for comments (see Milestones). After year 2, we will ask the SAB for their recommendation to continue, 
expand or end this pilot project. 

Aim3 and Pilot Project 2: Connecting regulatory regions to regulated genes 
This pilot project will determine the scope and parameters of Aim 3.  It is based on the concept that the 
regions of the genome that regulate genes should be considered as part of the genes they regulate. 
Therefore, where possible, these regions should 
be directly connected to and annotated with the 
genes themselves. We believe that a 
comprehensive solution to this problem in all 
tissues and conditions is some distance into the 
future; however, we also believe that the state of 
our knowledge about links between regulatory 
regions and genes in 2016 is similar to the state of 
our knowledge about genes in the early 2000s, 
when GENCODE was established, and thus this 
pilot is warranted and necessary.  

For a gene to function effectively, it has to produce 
the right molecular product in the right cell at the 
right time. The regulatory regions that modulate its 
expression are therefore key components of the 
proper function of a gene (Figure 10). 
GENCODE’s gene annotations provide little 

 
Figure 10: A prototype gene annotation. RP11-87C12.2 
is currently represented as a set of exons and UTRs 
along the genome, however it is surrounded by cell 
type dependent regulatory elements. In addition, the 
ties between these regulatory elements and promoters 
(represented as arches) are also tissue dependent. 



 

 

indication of the dynamic function of genes although alterations of these regulatory mechanisms have 
been shown to play significant roles in health, phenotype and evolution111-113. Genome regulation 
depends on many factors including cell type, developmental stage and environmental conditions, and it 
is estimated that a large fraction of the genome is directly involved in modulating gene expression114. 
Although understanding is incomplete, we are able to create useful computational maps of genome 
regulation115-117 based, in part, on molecular details of how regulatory regions are associated with 
genes118. Connections between regulatory variation and gene expression and the ability to measure 
them are increasingly clear119-121.  

Currently, detecting regulatory elements in a reasonably comprehensive manner requires collecting 
many datasets across many conditions. Large consortia, which pool and coordinate resources, 
including ENCODE93,122, FANTOM5123, Epigenomics Roadmap124 and Blueprint125 have successfully 
collected these data and done an initial analysis. Having identified possible regulatory regions, various 
strategies have been adopted to attach target genes to these regulatory regions including correlation of 
dynamic signal123,126, genetic association127,128 and physical proximity129-132. Despite their potential, 
these results have led to many separate maps of gene regulation rather than few integrated ones and 
no careful approach has considered how to evaluate and integrate the variety of evidence that would 
enable reliable annotation of the connection between genome regulatory regions to the genes they 
regulate. This pilot will do so in a deliberate and limited way. If successful, we will incorporate our 
methods more widely into the GENCODE annotation. 

Collecting relevant regulatory datasets We will collect regulatory regions, define the attributes of 
these elements and attempt to annotate their target genes depending on tissue. The initial pilot will a) 
leverage the cis-regulatory datasets already collected and uniformly stored by Ensembl133 and in the 
ENCODE Encyclopedia117; b) analyze them with appropriate machine learning methods; then c) 
manually review selected regions and compare them to reported regulatory variants134 to better 
understand the limitations of the automatic pipelines and feedback improvements into the automatic 
annotation process. 

The Ensembl Regulatory Build116 already incorporates ChIP-Seq datasets segmented across the 
genome and annotated with transcription factor binding site motifs. It will expand via separate funding 
from the Ensembl core grant to DNA methylation135, enhancer RNA (eRNA)123 and other relevant data 
types in 2016 and 2017. GTEx eQTLS (expanding this to all available eQTL datasets in late 2016) are 
also available within Ensembl. We will further access the ENCODE Encyclopedia and FANTOM5 data 
and collect physical proximity measurements, including Hi-C, Chia-PET or Promoter Capture Hi-C121. 

Integration of experimental evidence We will link these regulatory annotations to GENCODE gene 
and transcript annotations using three lines of evidence: functional links, based on activity correlation; 
genetic links based on eQTL information; and physical links based on 3D conformation. For functional 
links, we and others have previously developed correlation-based links across many cell types115,136 to 
find potential targets of regulatory regions, and we showed that the predicted links are supported by 
eQTL information115. We have recently extended this work in the context of a probabilistic model that 
links enhancers and genes into modules of similar activity patterns using Latent Dirichlet Allocation 
(LDA), which results in less noisy predictions than simple correlation. Briefly, we use the matrix R of 
enhancer activity signals and matrix T of gene expression signals cell types, and assume there are K! 
enhancer modules and K! gene modules. The cell type specific activity of each enhancer and gene 
module is expressed probabilistically as p E! t  and p G! t  respectively for cell type t. We then 
calculate the probability of linking each enhancer module to each gene module, using a diffusion model, 
so that modules correlated with many other modules are inherently less probable to be linked to any of 
them. In preliminary work, we applied this probabilistic model on 56 tissues (Figure 11a), resulting in 
290,561 statistically-significant interactions (FDR<0.01), involving 21% of enhancers and 88% of genes 
at a median distance of 50kb (up to 1Mb was allowed). The resulting links showed strong agreement 
with eQTLs across lymphoblastoid, blood, brain, fat, skin and liver studies137-140 (22%-42% eQTLs 



 

 

overlap with our activity links), Hi-C datasets in six 
cell types141 (28%-35% overlap), and ChIA-PET 
datasets (26.5% of links overlap) (Figure 11b)).  

The interaction data will finally be integrated across 
evidence types using a Bayesian model that takes 
into account all the available data: sequence, 
epigenome, genetics, Hi-C-based, ChIA-PET, etc. 
We could combine these datasets using a number of 
machine learning approaches that use cross 
validation as well as experimental validation through 
targeted mutagenesis using technologies as 
CRISPR134. We are concurrently collaborating with 
Oliver Stegle whose group is developing such 
methods (See Letter of Support). This will produce 
an automatic gene assignment for all enhancers 
depending on tissue and cell type.  

Manual curation of results and feedback process 
GENCODE has demonstrated the importance of 
manual annotation for creating gene annotation 
based on a diverse collection of evidence. Just as 
genes that were annotated genome-wide using systematic prediction algorithms were shown to have 
blind spots at non-typical loci, detailed examination of a subset of the current computationally-based 
regulatory and cis-regulatory annotations will reveal, we are certain, critical unexpected biases and 
edge-cases leading to errors. Feedback from manual annotation will improve existing computational 
processes and create a trusted “gold standard” data set connecting genes to regulatory regions that 
has the potential to encourage considerable innovation in the bioinformatics community. 

Manual annotators have various tools available to detect possible annotation errors. The planned 
developments for ZMap and the other components of the annotation toolkit (see below) to support new 
file formats will enable the display of diverse additional data types such as cis-regulatory and physical 
interactions. We will pilot the integration of these data types with those used currently to annotate 
regulatory features, annotate the connection of regulatory feature to genes and annotate transcripts 
and genes associated with regulatory features such as elncRNAs, bidirectional lncRNAs, alternative 5’ 
UTRs originating from alternative promoter and enhancer sequences. 

Pilot project 2 reporting and plans We define success in this pilot project as successful 
computational integration of the functional, genetic and physical data sets linking regulatory regions to 
genes and the ability of select manual annotators to evaluate the collection of available evidence at key 
loci. Our effort will be collaborative and complementary (not competitive) to the ongoing work to create 
the ENCODE Encyclopedia: several of us (Kellis, Gerstein, Flicek, Zerbino) are long-term members of 
the ENCODE consortium. 

We plan for between 1 and 1.5 FTE effort split roughly as 20% at MIT and 80% at EMBL-EBI (and as 
70% computational and 30% manual annotation) over the first two years of GENCODE for this pilot 
project. Progress will be evaluated by the GENCODE investigators during our regular phone calls and 
formally presented each year to the SAB for comments (see Milestones). After year 2, we will ask the 
SAB for their recommendation to continue, expand or end the pilot project. 

GENCODE scalability 
Wide-scale adoption of automatic methods of annotation is essential to increasing the throughput of 
manual annotation. Without this the comprehensive annotation described in Aim 1, population 
annotation of Aim 2 and regulatory annotation of Aim 3 will be impossible to achieve. We envisage 
solutions where annotators are directed towards locus needing attention rather than methods relying on 

 
Figure 11: Linking regulatory variants to their target 
genes. a. Top. Module-based linking of distal 
enhancer regions (orange heatmap) to their target 
genes (green heatmap) based on clustering of both 
enhancers and genes into modules (left) and then 
linking modules to each other based on correlated 
activity (purple links). Bottom. The resulting activity-
based links are strong predictors of chromatin 
conformation capture by Hi-C (left) and ChIA-PET 
(middle) in matched cell types (colors), and of eQTLs 
(right), establishing their biological relevance. 



 

 

de novo manual model creation. Automatic methods will annotate new models for manual verification 
and supplement existing models with additional information. 
Our current baseline manual annotation rate is approximately 23,000 loci per year. Our first year 
annotation efforts will focus extensively on mouse with a rebalancing to focus strongly on human in 
years two to four. We do not expect the number of unannotated transcript loci to be the rate-limiting 
figure and so increases beyond this 23,000 loci figure will depend on the methods detailed below to 
scale up the annotation process. 
Driving manual annotation from automatic methods Volumes from second and third generation 
transcriptomic methods must be manageable by a manual annotator to achieve Aim 1’s goal of 
comprehensive annotation. To assist, we will automatically create models from these data sets and 
supplement them with additional annotation. These will be included into the final GENCODE gene sets 
only after manual review. For example, Ensembl already posses methods for predicting RNA-seq 
derived models and for the case of SLR-seq, CaptureSeq and PacBio data, these results can be plotted 
to the genome using modified versions of the existing cDNA alignment infrastructure. In all cases these 
models will flow into the automatic annotation sets, be flagged for inspection, 
corrected/rejected/accepted and be given a functional assignment. Manual annotators will verify 
splicing and functional assignment and (for pilot 2) the assignment of regulatory annotation of a model. 
In addition, automatic QC will be run on models previously annotated and used to flag additional 
suspect models such as detecting split-genes from comparative genomics data. Key to this will be 
ensuring that any QC system does not repeatedly raise issues a manual annotator has deemed 
acceptable and does correctly identify when an issue should be re-raised. We will extend the existing 
Ensembl QC systems to provide this functionality. 
These events will flow into Annotrack and will drive the opening of regions in the ZMap tool. ZMap’s 
quick region open will be enhanced to respond to the type of issue raised. This allows the tool to 
display those data sets essential for the QC process required such as RNA-seq model verification with 
the selected data sets driven by manual annotator experience. This will have the effect of using 
Annotrack as a central repository of issues raised by GENCODE collaborators and a hit list of loci 
requiring annotation.  
Efficient and directed mouse strain annotation The small divergence time frame142 among the 16 
mouse strains facilitates the dependable transfer of annotation across genomes. The current volume 
and expected increase of strains available mean that population based annotation as describe in Aim 2 
requires supplementing manual methods with of automatic ones. 
Possible transfer targets will be informed by alignments of the strains back to the reference mouse 
assembly. We envisage two complementary methods tuned to the type of annotation being transferred. 
In the case of non-pseudogene loci, we elect to use the Clade Genomics Toolkit in conjunction with 
primary evidence such as RNA-seq. Annotation, which has been found to be significantly different from 
the reference mouse strain, will be flagged via Annotrack for manual review. When working with 
pseudogene annotation we will use UCSC’s LiftOver tool to perform the annotation transfer. In addition, 
we will extend our pseudogene annotation pipelines to produce an accurate map of pseudogenes in 
mouse strains. 
We also will need to extend our pseudogene detection pipelines to enable novel detection in the mouse 
strains. We will use the conserved protein-coding genes between each strain and the reference 
genome as input for identifying pseudogenes. The extended PseudoPipe workflow is summarized in 
the following steps: 1) identify and extract consensus proteins from Ensembl; 2) mark the coordinates 
of protein-coding genes; 3) six frame blast homology search to match the consensus peptides to the 
strain sequence; 4) refine results and eliminate redundant hits; 5) merge hits and identify parents; 6) 
align parents and pseudogenes and check for disablements (e.g. premature stop codons); 7) assign 
pseudogene biotype.  



 

 

RCPedia will also be adapted to integrate gold standard transcript annotation, such as GENCODE 
mouse annotation and strain annotation. The extended RCPedia pipeline is summarized as follow: 1) 
Merge multiple annotations using an hierarchical prioritization; 2) align transcripts sequences to the 
target genome and extract alignments; 3) prioritize intronless alignments; 4) remove alignments 
parental introns and remove putative genomic duplications; 5) rank parental transcripts; 7) calculate 
properties of the putative pseudogene, such as target site duplication sequence, identity and polyA 
length.  
Improvements to the manual annotation toolkit ZMap represents the primary analysis platform used 
by the manual annotators. It is a fast application written in C++ capable of displaying hundreds of tracks 
of related data and coordinating data set loads across multiple remote resources. A number of features 
in ZMap require the accompanying Otter tool including annotation remapping between assemblies and 
transcript model storage. To improve annotation workflow, we will extend ZMap to support “on the fly” 
remapping of annotation when remapping alignments are available between two genome assemblies 
allowing manual annotators to interactively load any data they require.  

In addition we will support the UCSC developed Track Hub format to access more primary annotation 
data sets in the manual annotation process. This will accompany developments to support compressed 
file formats (CRAM, BigBED, BigWig) so that ZMap will be capable of handling any source data set 
from our annotation pipelines. As new formats are created, including those from GA4GH, we will 
continue to extend ZMap’s support for external annotation. In addition we will re-code portions of 
ZMap’s display and data fetching code into the modern Qt GUI toolkit to take advantage of desktop 
advances such as OpenGL for display and faster rendering of dense data sets. We will transfer these 
enhancements to the accompanying tools including Blixem to ensure a consistent interface between 
tools and to support new data views. 

Finally we aim to help manual annotators by automating a number of processes performed in ZMap. 
We will augment the current gene model building process to aggregate isoform predictions and to 
automatically add supporting evidence metadata. This is essential to ensuring that the correct 
supporting evidence is included with the model and to reducing potential misannotation of loci. 

Incorporating community annotation  
Supporting external annotation efforts 
Although we have described plans to provide both reference and individual genome annotation, 
demand for the manual annotation of transcripts in specific situations across individuals, strains and 
species dramatically outstrips our ability to provide such services using the mechanisms described 
here. Thus, we will offer a two-tier system combined with workshops and training described below for 
those wanting to use the world-leading GENCODE infrastructure for the manual annotation of genome 
sequences.  

General Submission System We will support the submission of external annotation back to a new 
Transcript Archive at EMBL-EBI, developed separately to this application. This archive will make use of 
existing Otter technology to allow the archive to trace annotation calls back to individual submitters or 
consortia and as a way for automated processes to retrieve annotation. This linking will be 
accomplished via ORCID or another suitable authentication/authorization system. Annotation will be 
QC’d upon submission and then, should it pass, integrated into annotation builds as merge annotation. 
ZMap can already be used standalone and will have basic QC integrated to support allow for high-
quality annotation to be generated for submit to archives. Annotators can choose to use ZMap or to 
supply submissions from their own software. 

“Trusted” Submission System Otter uses a “Single Sign On” system to give access to its editing 
system to trusted users. These users can directly edit gene models whether working at the EMBL-EBI 
or remotely. To support this, we will develop Otter servers for cloud-based platforms. 

  



 

 

Organizational structure and staff responsibilities 
The GENCODE consortium arose from groups that started working together during the initial 
sequencing and annotation of the human genome and has evolved to encompass major informatics, 
annotation and genome browser groups. The GENCODE wiki page provides an uncommonly useful 
view of this history: https://en.wikipedia.org/wiki/GENCODE. The current application represents 
continuity even as GENCODE moves its lead institute from the Wellcome Trust Sanger Institute (WTSI) 
to the European Molecular Biology Laboratory’s European Bioinformatics Institute (EMBL-EBI) 
concurrent with the 2017 move of the Human and Vertebrate Analysis and Annotation (HAVANA) 
group. The current move from represents a gradual change that is also reflective of the project’s 
history: Ensembl has been a part of 
GENCODE since the beginning and 
was a joint project of WTSI and 
EMBL-EBI until 2014 when Ensembl 
consolidated EMBL-EBI. This 
renewal application will also see a 
change in the GENCODE lead PI to 
Paul Flicek (EMBL-EBI), who has led 
Ensembl since 2007 and been active 
in genome annotation for 15 years.  

At EMBL-EBI, GENCODE will be part 
of the Genes, Genomes and 
Variation (GGV) cluster and the 
various project components will be 
managed by four key personnel: 
Adam Frankish, Bronwen Aken, 
Andrew Yates and Daniel Zerbino. 
These managers already work 
closely together to deliver several GGV resources including Ensembl. They are responsible for different 
activities within GENCODE and are therefore well-placed to ensure that the aims are met. Specifically, 
Frankish will lead the manual annotation activities within GGV and report to Flicek. Note that Frankish 
is currently an employee of WTSI and will not become an EMBL-EBI employee until 1 April 2017 (see 
HAVANA transition plan below). Software pipelines supporting HAVANA will be maintained and 
developed by Zerbino synergistic with his current responsibilities for Ensembl core software and overall 
GGV genome analysis pipelines. Zerbino will also be involved in the regulatory pilot. Data access, 
distribution and training will be led by Yates who is also responsible for the Ensembl web site, Ensembl 
release process and GGV outreach and training. Aken will lead the Ensembl GeneBuild and QC 
activities. A half time research manager will assist Flicek in the administrative and reporting aspects of 
the grant. The PIs at each of the performance sites will be responsible for project management and 
reporting for their site (Figure 12). 

Among the other partners, Mark Gerstein (Yale) will be primarily responsible for pseudogene 
annotation; Benedict Paten (UCSC) for engagement with the UCSC Genome Browser group and the 
graph genome pilot project; Manolis Kellis (MIT) for comparative genomics algorithms and be involved 
in the regulatory pilot; Roderic Guigo (CRG) for transcript validation and analysis; Michael Tress (CNIO) 
and Jyoti Choudhary (WTSI) for proteomics data generation and analyses. We have also engaged Tim 
Hubbard, Professor of Bioinformatics and head of the department of Medical and Molecular Genetics 
and King’s College London and former GENCODE PI and head of informatics at WTSI as a special 
advisor to the project for the sake of continuity and for his experience in genome annotation and clinical 
applications of genomics. 

We will continue with the current methods that we have successfully used in GENCODE for monitoring 
progress and ensuring that partners are up to date over the past four years:  

 
Figure 12: The GENCODE management structure with principal 
investigator names for each of the partner institutions.  



 

 

• A research support assistant to coordinate formal progress reports, calls, and the annual 
meeting 
• A dedicated “closed” mailing list to communicate progress 
• Bi-weekly teleconferences between the consortium members to monitor actions and discuss 
issues and to provide progress updates 
• A password-protected internal wiki site to maintain internal progress documentation 
• An external public website highlighting major updates (gencodegenes.org) 
• An annual GENCODE consortium meeting to discuss progress and report to the SAB 
• Annual formal progress reports to NHGRI 

Conflict resolution and transition planning All of the investigators have significant experience 
working together in a variety of projects over the last 13 years and no major conflicts are anticipated. 
Should any arise, we will aim to resolve any differences of opinion regarding the direction, process or 
strategy of GENCODE informally; if this is not possible, issues will be escalated first to the group of 
investigators and the lead PI (Flicek), then our SAB and the NHGRI. As PI transitions were required 
twice in the current GENCODE funding due to staff departures at WTSI, we have an established model 
in the unlikely event this is needed. Should Flicek no longer be able to carry out the responsibilities of 
PI, a transition plan would be developed by the EMBL-EBI team and presented to the other 
investigators and then to NHGRI.  

HAVANA transition plan The intent to transition the HAVANA project from WTSI to EMBL-EBI was 
announced in early 2014 and the planning to ensure a smooth transition both scientifically and 
administratively has been actively underway since then. Flicek, Aken, Yates and Zerbino were all 
directly involved with the transition of Ensembl and have used this experience in the planning. The date 
of final transition is set for 1 April 2017 coincident with the start of the proposed funding from this 
application and will follow an orderly process informed by previous resource transitions from WTSI to 
EMBL-EBI. Specifically, we will incorporate HAVANA into the Genes, Genomes and Variation cluster of 
resources (http://www.ebi.ac.uk/services/dna-rna), which is led by Paul Flicek and with the scientific 
responsibilities divided as described above. As the technical transition proceeds, we will move 
computational and software infrastructure from WTSI to EMBL-EBI through 2016 and early 2017 and 
provide HAVANA staff with guest logins to for testing and use before they physically move between 
institutes. The staff and physical transition will occur in 2017 although Adam Frankish has already been 
offered an EMBL contract with start date of 1 April 2017 underwritten by EMBL core funds to facilitate 
necessary his necessary administrative tasks. Because WTSI and EMBL-EBI are separated by less 
than 100 feet the physical transition will incur a disruption of no more than 1 day.  

Scientific Advisory Board 
GENCODE will receive advice from a planned six member scientific advisory board (SAB) covering 
essentially all aspects of the project. The SAB will include three members of the SAB from the current 
iteration of the project for continuity and three new members. The fourth member of the current SAB, 
Steve Brown, MRC Harwell, was asked to step down due to his status as co-PI with Flicek on another 
grant. The role of the SAB will be to provide advice on progress, priorities, new technologies, 
operational processes of the consortium and serve as representatives of our user community. The SAB 
will also assist in evaluating the progress of the GENCODE pilot projects. They will also provide advice 
on any other improvements within their areas of expertise including operating in a cost-effective 
manner. The returning members of the SAB are Tom Gingeras, Cold Spring Harbor Laboratory; Ross 
Hardison, Penn State University; and John Rinn, Harvard University. In accordance with guidance, new 
SAB members have not been asked, but are expected to represent proteomics, mouse informatics and 
population transcriptomics. 

The SAB will meet annually over the course of two days with the project PIs and may be called upon at 
other times for specific advice. The SAB meeting agenda will be set in discussions between the 
GENCODE PIs and the chair of the SAB. The format and process of the SAB meetings will follow a 



 

 

similar pattern to other EMBL-EBI project SABs including Ensembl and the NHGRI-EBI GWAS Catalog. 
In both of these cases, the SAB report is responded to formally via conference call six months after the 
SAB meeting (or sooner if required) and further updates are provided as part of the following SAB 
meeting. 

Aim 4: Access and dissemination 
It is paramount to the project’s impact that GENCODE be made available to as many researchers as 
possible. This includes both making the annotation easily available and consumable and making all 
GENCODE developed software 
available for offsite use. In this 
section, we describe current 
methods for GENCODE data 
access as well as future plans 
intended to make GENCODE more 
accessible and, together with the 
Training section below, easier to 
use. 

Genome browser access 
Access to the GENCODE 
annotation is primarily though the 
Ensembl and UCSC Genome 
Browsers, two of the most widely 
used resources for genome 
science. Both are funded 
separately for the majority of their 
activities and through this grant 
only for specific additional details 
directly related to GENCODE.  

As both Ensembl and UCSC use 
GENCODE as their default human 
annotation, GENCODE is deeply 
imbedded into the tools and 
interfaces that biologists and 
bioinformaticians use everyday. 
The Ensembl and UCSC genome 
browsers each serve approximately 
150,000 active individual users per month and a combined total of well more than 1 million unique 
users each year. Many researchers use both browsers as part of their workflow. Together we believe 
that UCSC and Ensembl reach essentially all researchers in vertebrate genomics and are used 
regularly by the overwhelming majority of all researchers, clinicians and even interested members of 
the public working in genomics. This grant also supports an interface between the UCSC Browser 
group and Ensembl, helping to ensure data consistency between the two browsers. 

Integration with other datasets and tools As the primary human gene set in the UCSC and Ensembl 
browsers, the GENCODE track is displayed by default when either browser is first visited. GENCODE 
annotations now serve as the linkage from a locus in the genome to a number of external resources, 
including OMIM, GTEx, RefSeq, and UniProt. The UCSC GENCODE group recently computed GTEx 
expression quantifications of GENCODE genes and isoforms as individual tissue expression profiles for 
the GENCODE sets (Figure 13) and Ensembl will add GTEx data later in 2016. In the proposed project 
period we will update these quantifications with the growing GTEx dataset and recompute the 
quantifications for each updated GENCODE release and then provide them to the community. 

 
Figure 13: Gencode and GTEx in the UCSC Browser. View of a 56 Kbp 
region of human chromosome 17 where GENCODE annotates one non-
coding and 5 protein-coding genes.  Two genes in the region display 
tissue-specific gene expression as evidenced by GTEx RNA-seq 
including TCAP (titin cap protein) in muscle tissue and PP1R1B (a 
therapeutic target for neurologic disorders) in brain basal ganglia but 
not muscle. In this UCSC Genome Browser view, the main UCSC genes 
track (based on GENCODE v22, and colored by evidence strength) is 
configured to show a single isoform, while the earlier GENCODE v19 
(used as the basis of the GTEx analysis shown here) shows all isoforms 
in the basic annotation set.   



 

 

GENCODE is also incorporated into the specific and distinctive tools of the browsers including 
Ensembl’s BioMart, Perl and REST APIs, TreeFam orthology and paralogy annotation and the Variant 
Effect Predictor (VEP) and well as UCSC’s Table Browser, Gene Sorter and Variant Annotation 
Integrator. 

Ensembl is responsible for the data merge to create the comprehensive GENCODE annotation set from 
HAVANA manual annotation and Ensembl GeneBuild automatic annotation. Thus GENCODE 
annotation is fully integrated at every step. The UCSC GENCODE group directly handles the ingestion 
of GENCODE data into the UCSC Browser, which frequently involves updating the browser source 
base to support GENCODE requirements. 

To support users who have not migrated to the new human genome assembly, the UCSC and the 
HAVANA groups developed a methodology for mapping GENCODE from GRCh38 to GRCh37. This 
data set is distributed both via UCSC and the genecodegenes.org web site. We will continue to support 
and enhance this approach and apply it to the next and subsequent versions of the mouse genome 
assembly. 

New interfaces for genomic annotation display and access 
Interactive web interfaces To fully utilize the annotation of multiple mouse strain genomes as well as 
the annotation of a graph-based genome representation, a way of visually highlighting the differences 

and similarities in annotation is 
required. Ensembl has a number 
of static views to view synteny 
data and viewing smaller regions 
of differences and will develop 
these into new dynamic interfaces 
capable of quickly switching 
between the various strains 
(paths) and anchor regions. The 
goal is to extend the Genoverse 
scrollable genome browser, which 
was built for and has been a part 
of Ensembl since 2012 
(www.genoverse.org), to make 
possible navigation of multiple 
regions simultaneously (Figure 
14). 

In addition to the comparison view, we will add the ability in Genoverse to focus on dominant isoforms 
while greying out hiding others from the display. This will require the ability to select a panel of tissues 
calculate comparisons among these within the Genoverse web code via metadata attached to the 
isoforms indicating their status and read by the client web application. Other Ensembl tools will use the 
same metadata regarding tissue-specificity and isoform dominance. For example, the VEP will be 
update to prioritize variants according to tissue, as will our sequence searches. Finally our supporting 
evidence interfaces will be modified to keep pace with the new sources of evidence being generated 
from this proposal. 

Programmatic data distribution We seek to provide the GENCODE annotation through as many 
sustainable and modern distribution methods as practical. This will require the development of new 
publicly accessible APIs in addition to continued support for our more traditional pre-generated flat file 
freezes of the datasets. For example, to support interactive queries we will distribute GENCODE 
annotation via Global Alliance for Genomics and Health (GA4GH) compatible APIs integrated into the 
suite of APIs that are funded separately and will be developed at EMBL-EBI. We will also enhance 
these APIs where appropriate to distribute additional metadata, such as links between genes and 

 
Figure 14: A view of mouse strain supported views moving from high-
level synteny views to a configurable client side genome browser. Non-
dominant tissue specific isoforms are greyed out. 



 

 

regulatory elements and tissue specific isoforms, as required. GENCODE annotation data freezes will 
be accompanied by unique identifiers based on annotation checksums generated separately as part of 
the Transforming Genetic Medicine Initiative (http://www.thetgmi.org). These checksums are intended 
to become the global unambiguous identifier for these sets. Change sets will also be released 
identifying new, retired and modified models with every GENCODE release.  

We will maintain the current dedicate GENCODE portal (http://www.gencodegenes.org) for dedicated 
data download and specific project news. Annotation will continue to be made available over FTP and 
HTTP using common bioinformatics formats including GTF, GFF3, BED and BigBED. In addition we will 
continue to provide metadata as tab-delimited datasets and as structured JSON. New data will be 
promoted using the UCSC developed Track Hub system and made available through the EMBL-EBI 
hosted Track Hub Registry (http://www.trackhubregistry.org).  

Software release 
The primary output of GENCODE is genome annotation and not software. All annotation will be 
released without restriction in accordance with EMBL-EBI’s terms of use 
(http://www.ebi.ac.uk/about/terms-of-use). All software developed by Ensembl grant will be released 
publicly and generally via GitHub including via the existing Ensembl GitHub 
(https://github.com/Ensembl). Support for the use of the software will be though our existing our RT 
services linked from the GENCODE portal. The portal will be expanded to provide in-depth 
documentation and details of the processes used within the GENCODE consortium. We also plan to 
incorporate information on our software into face-to-face workshops and meetings. All GENCODE 
software produced by EMBL-EBI is open source and this will continue with the distribution of all project 
software under the Apache 2.0 license.  

Training and outreach 
GENCODE will leverage the established Ensembl and EMBL-EBI active worldwide outreach program 
primarily funded by the core Wellcome Trust Ensembl grant. Ensembl hosts over 100 workshops a year 
across the US, Europe and Asia. Due to the highly integrated nature of the GENCODE annotation its 
teaching is integral to all Ensembl workshops. These workshops include details of the GENCODE 
annotation as well as tools for working with GENCODE datasets for downstream analysis. The UCSC 
Genome Browser operates a similar worldwide training program including details of the GENCODE 
annotation and how it can be used within the wider ecosystem of UCSC-developed tools.  

We will establish a program presenting one-day workshop per year on GENCODE annotation. These 
will target researchers in all communities utilizing gene annotation. Our training will cover the various 
methods of access, including their appropriateness, as well as information on evidence behind 
annotation calls and utilizing GENCODE annotation in downstream applications such as expression 
quantification. Training would include promoting the new data types provided by GENCODE and how to 
best use new annotation such as tissue specificity and population differences between transcripts and 
the possible impacts on analysis. The location of this workshop would alternate between the US 
(hosted by UCSC, Yale or MIT) and Europe (hosted by EMBL-EBI) each year. 

We will host a one-day workshop in year one and year three on how to use GENCODE annotation tools 
to annotate genomes and how to submit annotation back to archives. This will be hosted in year one at 
EMBL-EBI where facilities exist to deliver a workshop to 30 people and may be at EMBL-EBI or other 
location in year three. We would also supplement this by offering a shorter workshop at the Biocurators 
conference consisting of a 2-hour program to briefly describe the tools and practices employed when 
performing manual annotation. This will serve partly as an introduction to the in-depth workshop. 

In addition user support will be made available via RT hosted at EMBL-EBI. Consortium members will 
have access to this  
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