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1. INTRODUCTION

1.1. Background

The availability and agreement llge scientific community on standards including standard
reference sequences has been fundamental to the advancement of genomic science over the last
decade. Standard reference sequences including those for genome assemblies and mMRNA are
normally producedby the research community and then archived and provided by central
database providers such as the European Bioinformatics Institute (EBI) and the National Center
for Biotechnology Information (NCBI). Two such resources include the
GenBank/EMBL/DDBJ se@nce archivegl, 2] and the RefSeq proje[3].

1.1.1. Use and variation of reference sequences

Although references sequences have been successful it has long been ackndhaédgsdgle
reference sequence is not appropriate for all applications (i.e. it is impossible to create a one
sizefits-all solution). There are a number of reasons for this. For example, the entire genome
assembly may be updated several times (ankd #@e change the chromosomal coordinates of

a specific gene), while the region containing the gene itself does not change. In this case,
researchers working only on the gene in question will find it much more convenient to work
within the content of a ference sequence that is specific to the gene and does not change with
the updates to the genome assembly. In other cases, a gene sequence may have existed
historically for many years before the genome sequence was completed and a significant amount
of published literature refers to the coordinate system and the genetic sequence as it was
originally determined. Many other examples could be given including situations related to
sequence and copy number variation, rare alleles, and so on.

1.1.2. Reference sequences for clinical diagnostics and locus specific databases (LSDBS)

For maximal use in research related to the connections between genotype and phenotype,
reference sequences must address the specific situation presented by the needs of both diagnostic
laborabries and locus specific databafe$]. To address these needs and provide a foundation

for the incorporation of data from LSDBs into other resources developed within the Gen2Phen
project we have created a new data standard called the Locus Reference Genomic (LRG).
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1.2. LRG standard reference sequences

1.2.1. Description of the standard

The LRG standard is described in the following sections, which include the LRG specification
document (section)2and a manuscript that has been submitted to Nature Genetics describing the
LRG standard reference sequences (section 3).

1.2.2. Implementation of the LRG standard

We describe some details of the LRG implementation including the XML file format and
software spport for the standard (see appendix I). Use of the LRG standard for the
incorporation of LSDB data into Ensembl is described in detail in Deliverable &gradtion of
LSDB data and Genomics genotype to phenotype databases into Ensembl.

1.2.3. Dissemination of the LRG standard

In addition to the specification document presented above and the anticipated publication, we
have created a web site specific for the LRG standard at http://wwsedpgence.org which is
presented and described. We also provide sietals regarding the presentation of the LRG
project and major national and international meetings, although because of the number of
partners within and beyond the Gen2Phen project the list of dissemination activities regarding
the LRG standard is almosgrtainly incomplete.

2. Document: Specification for LRGs: Locus Reference Genomic
Sequences

The incorporated document is maintained primarily by Raymond Dalgleish (University of
Leicester)and the most up to date version of the specification which maypoi@ie changes
not represented in this deliverable is available at http://wwagdggence.org/docs/LRG.pdf.

Survey information on which the standard is based is included within the LRG specification at
the above URL as Appendix 2 in that document. hla tleliverable, this information is included

as Appendix Il. References to Appendix 3 within the specification are also not included in this
section, but instead included within Appendix Il to this deliverable.
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Specification for LRGs: Locus Reference Genomic Sequences

Background

A meeting sponsored by GEN2PHEN (http://www.gen2phen.org) was held at the European
Bioinformatics Institute (EBI), Hinxton, UK on 24-25 April 2008 to discuss a specification for stable
reference genomic DNA sequences suited to the task of reporting variations. Attendees at the EBI
meeting and their affiliations are listed in Appendix 1. The discussions took place within the
context that NCBI, in collaboration with stakeholders, has already begun to provide gene-specific
genomic sequences (RefSeqGene) that exactly complement its RefSeq mRNA and protein
sequences.

In advance of the meeting, a survey was conducted by GEN2PHEN with the help of HGVS to assess
the views of the curators of Locus-Specific Databases (LSDBs). The results of this survey are
summarized in Appendix 2.

The primary goal of the meeting was to create a universally acceptable standard: a new
specification for human genomic DNA Reference Sequences that addresses the primary
shortcomings of existing systems, viz.:

* The lack of universally agreed genomic Reference Sequences for certain genes

s Inconsistent and incomplete (and sometimes outdated and inappropriate) annotation of
the existing ‘ad hoc’ reference sequences

* DNA sequence inconsistencies between existing genomic reference sequences and their
NCBI RefSeq mRNA sequence counterparts

e The lack of long-term stability of reference sequences

e Confusion in end-users’ minds concerning ‘versioning’ of DNA sequences

Principles

The primary principles guiding the discussions with respect to the specifications for genomic
reference sequences were:

* The sequences need not represent real alleles of genes: they can be composites that
provide a practical working framework for the reporting of variations

+ The community (e.g. research or diagnostic labs, LSDB curators, variation consortia, etc.)
will have the final say in defining the sequences and their annotation

s Stability of the sequences, their core annotation, and their identifiers is paramount to
ensure consistency of variation reporting over time frames of many decades

The Solution

The agreed solution was the concept of an LRG (Locus Reference Genomic), which builds on the
initial ideas from NCBI for RefSeqGene. Specifically:

+ LRGis a system for providing a genomic DNA sequence representation of a single gene that
is idealised, has a permanent ID (with no versioning), and core content that never changes
(i.e. nucleotide sequence, transcripts, exons, start & stop codon positions)

¢ LRGis not a nomenclature system (that is provided by the HGVS variation nomenclature)

¢ More than one LRG could be created for a region of interest, should that need arise

19 June 2009 1 Document version 12
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e Additional annotations will be present that may change with time (each item carrying its
own date stamp), so that the latest ancillary knowledge about a gene is directly available.
In other words, an LRG sequence and its core annotation are not meant to represent
current biology knowledge, but to provide a standard for reporting variation in a stable
coordinate system. The combination of the LRG plus the updatable-annotation layer will be
used to support the biological interpretation of variants

The Details

A. Sequence Coordinates and Annotation
An LRG will be assigned a permanently stable identifier for the combination of a genomic
sequence plus its core ‘locked” annotation.
1. What defines the sequence content and coordinates?
e the sequence presented in transcriptional orientation

¢ sufficient 5" and 3’ flanking sequence for unique placement in the genome

¢ by default, flanking sequences will be 5 kb upstream and 2 kb downstream of the identified
transcript start and end points, although this can be made shorter or longer based on the
wishes of the community requesting the sequence definition

¢ only one DNA strand will be represented in an LRG, the first base of which is numbered ‘1’
¢ no nucleotide ambiguity codes are allowed in the DNA sequence

e overlapping LRGs may be generated for any particular genome region, if good reason for
this exists (e.g., to support overlapping genes, or to accommodate newly identified nearby
exons)

¢ after an LRG is produced for a gene, if a new exon for that gene happens to be identified
that resides a long way outside the bounds of that LRG, it is proposed that a new LRG
should be produced that spans just the extent of the new exon plus sufficient flanking
sequence to place it in the genome

2. What is in the fixed-annotation layer in an LRG?

LRGs will be written in the DNA alphabet and will encompass a single gene. Overlapping genes
encoded on the other strand, and hence transcribed in the opposite direction, will require their
own separate LRGs.

A gene might give rise to one or more transcripts. In the context of an LRG, the term “transcript”
means a fully processed functional RNA that is either coding (i.e., an mRNA) or is non-coding (e.g.,
tRNA or long & short ncRNAs). To avoid any confusion, “transcript” is not synonymous with a
primary transcription product (e.g., hnRNA). Different transcripts from a gene might share exons,
or regions of exons, in common. Stakeholders will decide which transcripts are annotated in the
fixed-annotation section of the LRG.

For each transcript “t” (numbered, sequentially, with an Arabic numeral (e.g., t1, t2, t3, etc.)) the
following information will be annotated:

. The sequence coordinates comprising the transcript

. For coding transcripts, amino acids will be numbered sequentially from the start codon
with:

o coordinates for the start codon

19 June 2009 2 Document version 12
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o indication of selenocysteine (U) and pyrrolysine (O) codons

o coordinates for the stop codon
. The conceptual translation protein sequence
. Non-coding transcripts (ncRNAs) will be annotated consistently with INSDC standards

. Species /tax_id (the LRG concept is currently motivated by the needs of human
geneticists, but other species may subsequently be supported)

. Translation table (if different from standard translation table)

. Creation date

. Molecule type

. Plus any other standard attribute used by INSDC to define a sequence
. URL for LRG home page (i.e. http://www.Irg-sequence.org

In the fixed layer, the gene will be defined by placement of standard transcripts. The exons so
placed will not be assigned explicit identifiers (labels or names), but will be defined by their
coordinates on the LRG, the cDNA, and the coding region. The updatable layer, however, can be
used to represent additional information about the same exons, or additional exons, thus allowing
for both systematic and legacy numbering according to the needs of the stakeholders.

In summary, the fixed-annotation layer contains just the DNA sequence, the coordinates and
sequence of the major transcripts, the coordinates of the exons that comprise these transcripts
and the sequence of each conceptual translated protein. No other information concerning the
biology of the gene is recorded in the fixed-annotation layer.

3. What is in the updatable-annotation layer in an LRG?

This layer, which will be updated when necessary, provides coordinates to map the LRG onto the
current genome build, onto legacy reference sequences and to support legacy exon- & amino-acid-
numbering systems.

The sequence of an LRG is intended to be stable and not change whenever human genome
assemblies are revised and updated. In addition, the sequence of an LRG may be a composite of
several natural alleles. Hence, it will be necessary to provide:

. coordinates and other information to map an LRG onto the human genome to allow for
changes to reference genome builds:

o for different assemblies (reference, HuRef, Celera)
o history of versions of these assemblies (NCBI35/HG17 |NCBI36/HG18)
o these alignments and placements to be agreed on by NCBI/EBI/UCSC

. exon numbering scheme: Exons will be numbered according to the needs of the
stakeholders by reference to the exon coordinates in the fixed-annotation layer. Ideally,
the numbering will be sequential with Arabic numerals beginning at 1. Individual exons
may be divided into sub-regions (e.g., 2a, 2b, 2¢, etc.) to allow for complex RNA splicing
events where splice donor or acceptor sites for certain transcripts lie wholly within
complete exons of other transcripts (see Appendix 3 for a simple theoretical example)

. legacy DNA reference sequences and legacy exon- & amino-acid-numbering systems: It is
important to recognise that variations may have already been described in the literature
using legacy DNA reference sequences and legacy exon- & amino-acid-numbering
systems. Coordinates will be included to map such legacy systems onto an LRG. This will

19 June 2009 3 Document version 12
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allow gene viewers to be developed that will ease the inter-conversion of variation data
between legacy and LRG nomenclatures and coordinates

In addition, the updatable-annotation layer will contain:
. Audit data for each feature (creation date/modification date/data source)
. Chromosome number and location
. Additional features to be included
s HGNCID
o HGNC gene symbol
s ENSEMBL Gene
o Entrez GenelD
o OMIM genelD
o regulatory regions
o cross reference to RefSeqGene NG
o cross references to RefSeq & ENSEMBL NM, NP, NR, ENST, ENSP by t{n} label
o cross reference to any other legacy reference sequences
o stakeholder contribution (attribution to LSDBs and contacts at LSDBs)

o coordinates of additional genes, or parts of genes, that overlap, lie adjacent to, or
are encoded on the opposite strand, relative to the primary gene of the LRG

o inter-LRG tracking when regions overlap or LRGs are added
o citations explicitly related to the LRG development

As new biological information becomes available, it may be necessary to annotate additional
functional transcripts for the purposes of variation description. In the first instance, such
transcripts will be added to the updatable-annotation layer. If these transcripts subsequently
prove to be essential for variation description, they might be promoted to fixed-annotation layer.

4. Scope
. LRGs are nuclear only, because MitoMap manages the mitochondrial genome

. LRGs can be generated for isolated, proven regulatory regions (i.e. without a gene
feature)

5. Scenarios demanding a new LRG: (rare, if a well-designed LRG already exists for a locus}
. Need to change genomic sequence
. Need to represent a different structural haplotype

. Error made in identifying any core ‘locked’ annotation

B. Implementation

There will be joint EBI/HGNC/NCBI implementation of LRGs to ensure that gene IDs and symbols
are correctly assigned. Journal editors and LSDBs curators will be informed of LRGs with the
intention of raising awareness of the advantages of using LRGs as reference sequences. It is hoped
that journals might mandate the use of LRGs in the description of gene variants.

19 June 2009 4 Document version 12
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C. LRG numbering and reporting conventions

. LRGs will be numbered sequentially with Arabic numerals with no leading zeros to pad
the number to a fixed length (i.e. LRG_1, LRG_2, LRG_3, etc.)

. There will be no versioning of LRGs

. For transcripts, even if only 1 is known, indicate this by LRG_{n}t1

. If no transcripts are known, then LRG_{n}t1 is not required

. Additional transcripts named by sequential integers (i.e. LRG_{n}t2, LRG_{n}t3, etc.)

. Reporting conventions, using HGVS nomenclature:

(@}

LRG_1:8.4G>C (genomic position numbering)

LRG_1t1:c.24C>T (cDNA position numbering, relative to first nucleotide of start
codon)

LRG_1t2:63T>A (non-coding transcript position numbering, starts at first nucleotide
of transcript: only allowed when no CDS present)

People may also want to report the protein variant. The recommendation is that
this be reported along with a nucleotide report,
e.g. LRG_1t1:c.572G>A (p.Gly191Asp)

D. Outline of LRG production process

A. ldentify data stakeholders (hope many are self-identifying), and with them generate an initial
LRG proposal. If disagreement results in trying to achieve the initial definition, one will be
selected by the LRG production committee

B. Provide all stakeholders with information about the proposed LRG and request review of
proposed sequence and associated annotations

C. Once everyone is happy with the proposal, identify the next available LRG number and assign

D. Generate LRG formats for download:

. LRG: LRG DNA sequence and core (stable) annotations

. LRGplus: LRG DNA and protein sequences, and core and updateable annotations

o]

all old releases maintained in archive

. Formats:

o

O

Tools

XML based on the INSDSeq XML standard by INSDC

other useful formats, e.g. genbank, embl, fasta, gff, etc. might be generated, if
necessary, by transformation using XSL style sheets

. Tools will be required to visualise LRGs and their relationship to previous reference
sequences (e.g. RefSeq and RefSeqGene entries) and to other related LRGs, otherwise the
community acceptance of the LRG standard might be limited. Decisions about tool
features ought to be informed by community requests and the primary goal should be
ease of use. Such tools could be based on NCBI Genome Workbench, Ensembl or the
NGRL variant browser, but a tool dedicated to LRGs and variation reporting would be
desirable. Functionality should include:

19 June 2009
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o Display of alignment of previous reference to current
o Alignment of DNA and protein sequences

o Ability to edit sequence in a “what if” fashion and view the consequences in terms
of alterations to translation and/or splicing using HGVS-compliant nomenclature

Mutalyzer, Mutation Checker and other similar tools will need to be adapted to parse
LRGs

Glossary of Abbreviations and Terms
The following abbreviations and terms have been used:

EBI: European Bioinformatics Institute (http://www.ebi.ac.uk/)
ENSEMBL: The EBI/Sanger Institute genome browser (http://www.ensembl.org/)

GEN2PHEN: Genotype-To-Phenotype Databases: A Holistic Solution; European
Community Seventh Framework Programme, HEALTH Theme — Contract No. 200754
http://www.gen2phen.org/)

HGNC: HUGO Gene Nomenclature Committee (http://www.genenames.org/)
HGVS: Human Genome Variation Society (http://www.hgvs.org/)

HUGO: Human Genome Organisation (http://www.hugo-international.org/)

INSDC: International Nucleotide Sequence Database Collaboration
(http://www.insdc.org/}

INSDSeq: An XML-based sequence format
(http://www.ebi.ac.uk/embl/dtd/INSD V1.4.dtd)

LRG: Locus Reference Genomic

NCBI Genome Workbench: an integrated application for viewing and analysing sequence
data (http://www.ncbi.nlm.nih.gov/projects/gbench/)

NCBI: National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/)

NGRL: National Genetics Reference Laboratory, Manchester
(http://www.ngrl.org.uk/Manchester/)

Mutalyzer: a tool for checking sequence variant nomenclature
(http://www.lovd.nl/mutalyzer/)

Mutation Checker: a tool to verify the effects of DNA-level sequence variation
(http://mutation.sanbi.ac.za/checker)

Pyrrolysine: the 22™ amino acid (http://www.ncbi.nlm.nih.gov/pubmed/12029131)

RefSeq: NCBI Reference Sequence (http://www.ncbi.nlm.nih.gov/RefSeq/)

RefSeqGene: NCBI Reference Genomic Sequence
(http://www.ncbi.nlm.nih.gov/RefSeq/RSG/)

Selenocysteine: the 21" amino acid (http://www.ncbi.nlm.nih.gov/pubmed/12524431)

UCSC: UCSC Genome Bioinformatics (http://genome.ucsc.edu/)
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Appendix 1: Meeting Attendees

University of Leicester, Leicester
Raymond Dalgleish

Anthony J Brookes

EBI, Hinxton

Ewan Birney
Paul Flicek
Glenn Proctor

Elspeth Bruford

NCBI, Bethesda
Donna Maglott

Steve Sherry
Mike Feolo

INSERM, Montpellier

Marine Lalande

Frangois-Olivier Desmet

Leiden University Medical Centre, Leiden
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Final

3. Submission to Nature Genetics

Locus Reference Genomic (LRG) sequences: a better basis for the description
of diseaseassociated DNA variants

The incorporated document was submitted to Naturee@ss on 2 July 2009. Further
information (and any possible modifications requiretérapotential peer review) has not yet
been received.
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Abstract

As our knowledge of the complexity of gene architecture swells, and we increase our understanding
of the subtleties of gene expression, the process of accurately describing disease-causing gene
variants has become increasingly problematic. In part, this is due to current reference DNA sequence
formats that do not fully meet present needs. Here we present the Locus Reference Genomic (LRG)
sequence format which has been designed for the specific purpose of gene variant reporting. The
format builds on the successful NCBI RefSeqGene project and provides a single-file record containing
a uniquely stable reference DNA sequence along with all relevant transcript and protein sequences
essential to the description of gene variants. In addition, we acknowledge the need to respect legacy
numbering systems for exons and amino acids and the LRG format takes account of these. We hope
that widespread adoption of LRGs along with consistent use of the HGVS-approved variant
nomenclature will reduce errors in the reporting of variants in the literature and increase

understanding in readers' minds.

Introduction

In 1993 Ernest Beutler wrote an eloquent letter to the editor of American Journal of Human Genetics
highlighting the deficiencies of the systems then used to describe DNA variants®. That same year, the
editor of Human Mutation invited Arthur Beaudet and Lap-Chee Tsui to produce a nomenclature for
variants in genes and proteins’. From these simple beginnings, the last sixteen years have borne
witness to the steady development of the nomenclature used to describe sequence variation that is
now maintained under the auspices of the Human Genome Variation Society (HGVS)

{http://www.hgvs.org/mutnomen/)®. To the casual onlooker, the present nomenclature may seem

like an arcane art-form that is the province of a small cadre of zealots. This may have been a valid
criticism in the past, but advances in human genetics mean that embracing the nomenclature fully is
now essential, not simply de rigueur. With the completion of the human genome sequence, the

number of known variants has expanded dramatically with many identified as being associated with
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