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Abstract

The use of model organisms to provide information on gene function has proved to be a powerful
approach to our understanding of both human disease and fundamental mammalian biology.
Large-scale community projects using mice, based on forward and reverse genetics, and now the
pan-genomic phenotyping efforts of the International Mouse Phenotyping Consortium (IMPC), are
generating resources on an unprecedented scale which will be extremely valuable to human
genetics and medicine. We discuss the nature and availability of data, mice and ES cells from
these large-scale programmes, the use of these resources to help prioritise and validate candidate
genes in human genetic association studies, and how they can improve our understanding of the
underlying pathobiology of human disease.
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Introduction

The use of non-human species to understand normal and patho-biology, and to create
models of human diseases tractable to experimental investigation, has been a dominant and
successful paradigm in the biomedical sciences for many years [Rosenthal and Brown,
2007]. The combination of this approach with genetics and the ability to manipulate the
genome of vertebrates, particularly the mouse, has signaled a shift in that paradigm, making
it hugely more powerful and scaleable, and now, in what might be termed the post-genomic
phase of biomedical research, we are reaping the fruits of the hypothesis-driven

mani pulation of genesto provide insights into their function.

Completion of thefirst draft of the human genome sequencein 2001 [Lander, 2011] was
closely followed by that of the C57BL/6J mouse strain in 2002 [Waterston et a., 2002]. In
2011, the sequence of 17 strains of mice using next generation sequencing was reported,
capturing the genomic variation from most of the commonly-used strains of laboratory mice.
More than 56 M single nucleotide polymorphisms (SNPs) are now catalogued, together with
8.8M unique indels and 0.28M structural variants including 0.07M transposable element
insertion sites[Keane et al., 2011]. Provision of common frameworks by the reference
sequences of human and mouse genomes coupled with the increasing amounts of
information on genetic variation in both species, (for example, provide through the 1000
genomes project (1000_genomes_consortium, 2010]) gives us powerful tools for the
discovery of relationships between genes and phenotypes, one of the central goals of the
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biomedical sciences. The ability to genetically cross-reference across species allows the
bridging of the biology of model organisms to that of the human, with the attendant richness
of phenotypic information derived from experimental investigation not possible with human
subjects, and the potential to test hypotheses by making the targeted mutations in critical
regions of the genome.

Vital statistics: mouse genome and phenome

The mouse genome closely mirrors that of the human. It contains 2.6 billion nucleotides
assembled in 21 chromosomes (1-19 plusthe X and Y sex chromosomes). Analysis of the
current reference genome release (Build 37) shows 28,947 genes with nucleotide sequence
data and 25,106 genes with protein sequence data. Compared with 30,446 genesin the
human. Human and mouse genes contain on average 8.2 and 8.4 exons respectively and
there are 17,829 mouse genes with identifiable orthologs in humans (data from Mouse
Genome Database (MGD) accessed December 2011 [Blake et a., 2009; Blake et al., 2011].

Of the 28,947 mouse genes, 13,822 have experimentally-based functional annotations, and
to date there are 29,318 mutant alleles in 15,331 genes available in mice. The disparity in
these latter numbers is due to the availability of multiple alleles for many genes. Extending
that to ES cellsthere are 43,237 targeted allelesin total. There are 3,587 mouse genotypes
modeling human diseases as confirmed by direct experimentation, and 1,134 human diseases
with one or more mouse models. Each mouse model may contain one or more mutated

genes on various background strains, and often a human disease has been modeled several
times using different combinations of alleles and backgrounds.

Phenotypic information curated from the literature is available through the MGD for ~8,200
of the 25,000 mouse genes with associated protein sequence data, and is coded using the
Mammalian Phenotype ontology (MP). The mouseis only one of several established model
organisms and the potentia |everage provided by model organism phenotypes, such as those
of zebrafish and flies, towards our understanding of human gene function is extraordinary
[Bult, 2006]. Currently there are 5,392 model organism genes with phenotype data for which
the human ortholog has o phenotype information, and this number will continue to grow.
Model organism databases have therefore the potential to serve not just as data repositories,
but also as research toolsto identify and study human disease.

The corpus of phenotypic data available for the mouse, and that part which is even now
known to reflect human phenotype/genotype correlations, together with the complete
genome sequences and variation available in laboratory strains, makes the mouse an
extremely useful resource for human genetics. High-density polymorphism mapping in
humans, together with genome-wide association studies (GWAS) and next generation
sequencing (NGS) of normal and diseased populations has greatly accelerated the
identification of candidate genes for monogenic and complex diseases. However, despite the
accumulation of huge volumes of data on genetic variation and its phenotypic correlates, the
normal function of most genesis still unknown, candidate genes for rare diseases often
remain unvalidated, and the largest part of the heritability of many complex diseasesis yet
undefined (see below). The availability of forward and reverse genetic resources for the
mouse, together with rapidly increasing volumes of phenotypic data, offer insightsinto all
these problems, and recent devel opments in large-scale community projects promise to
revolutionise our understanding of gene function by taking a pan-genomic and pan-
phenomic approach to data gathering and resource generation on an unprecedented scale.
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Mouse genetic resources

Reverse genetics — the International Knockout Mouse Consortium—The recent
commitment of major funding agencies internationally to the generation of pan-genomic
public resources for the mouse has seen awatershed in the utility of the mouse in the
biomedical sciences. In 2004, the NIH and European Commission jointly spearheaded an
ambitious project, the International Knockout Mouse Consortium (IKMC), to create a
knockout strain for every gene in the mouse genome [Auwerx et a., 2004, Austin et al.,
2004; Collins et a., 2007]. Thiswas joined by other international funding initiatives from
the Wellcome Trust, Genome Canada and the Texas I nstitute of Genomic Medicine (TIGM).
Initially efforts were spread between several strategies for gene knockout — gene targeting
and gene traps - which focused down during the early years of the project asit became
apparent that the efficiency of gene targeting had become high enough to meet the target
number of knockouts in the timeframe of funding. Improvements in automated or semi-
automated targeting construct design, recombineering and high efficiencies of targeting and
transmission facilitated the production of mutant ES at an unprecedented rate, and the target
isnow close to being met [Skarnes et al., 2011].

The IKMC alleles are either null/conditional (“knockout first”) or null aleles removing the
entire locus (Figure 1). A description of the strategies used by the Consortium can be found
on; http://www.knockoutmouse.org/about/targeting-strategies. The “knockout-first” aleles,
from which conditional mutations can be obtained following exposure to a site-specific
recombinase, are very useful for the study of lethal mutations, where constitutive mutation is
incompatible with survival, and for the study of gene function in tissue specific and
temporally restricted contexts. The knockout-first/conditional constructs can also act asa
landing site for recombinase-mediated cassette exchange, which can be used to insert other
coding, sequences into these alleles [Osterwal der et al., 2010; Schebelle et al., 2010;
Schnutgen et al., 2011]. In some cases problems with construct design required the different
approach offered by Regeneron’s Velocigene (LacZ knock-in) platform. These lacZ-tagged
nulls are constructed as large deletions removing all or most of the locus [Valenzuelaet d.,
2003]; this has been necessary for 3,500 of the 8,500 targets selected for NIH knockout
mouse project (KOMP) as part of the IMPC effort. All of the constructs, ES cells and, where
made, mice are available at anominal charge from the consortium, providing avaluable
bioresource for the community (see Table 1).

IKMC ES cell and mouse resour ces. Currently the IKMC ES cell resource contains
targeted and trapped alleles for about 17,912 unique genes (Figure 2). The ES cell gene
targeted resource contains mutations in approximately 12,189 unique genes of which around
10,500 are conditional. The ES cell gene trap resource contains mutations in about 9,638
unique protein-coding genes of which 4,396 are conditional, Due to the random nature of
gene trapping, there is some overlap between the resources and redundancy within each
resource with a median of 4 independent mutations per gene which provides useful alelic
series and arange of options for further experimentation. To date, more than 1,454 mutated
alleles have been established in mice, which are held either live or as germ plasm in the
repositories; see Table 1.

The generation of mice on this large scale has taken place in centres carrying out systematic
phenotyping programmes, including those in EUMODIC (The European Mouse Disease
Clinic; http://www.eumodic.org), the Wellcome Trust Sanger Institute’'s Mouse Genetics
Programme (MGP), and at the University of California at Davis, following funding from
NIH to create and characterize 312 unique mutant lines from targeted ES cells devel oped by
the CHORI-Sanger-UC Davis and Regeneron consortium. These coordinated efforts have
enabled these genetic resources to be efficiently archived, and the mice are distributed
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through the European Mutant Mouse Archive (EMMA) and the Mutant M ouse Regional
Resource Centers (MMRRC), the European and USA mouse repositories respectively. Large
numbers of IKMC strains have already been distributed and, for example, 70% of mice
distributed by the European mutant mouse archive [Wilkinson et al., 2011] in 2011 were
derived from IKMC resources.

Accessing mice, ES cellsand data: Information on the data and resources of the IKMC is
available through the official IKMC web portal (http://www.knockoutmouse.org) devel oped
and maintained by the KOMP-DCC (KOM P-Data Coordination Center) and the [-DCC
(International-Data Coordination Center) funded by the NIH and the European Commission
respectively [Ringwald et a., 2011]. The IKMC web portal and database facilitate
nomination of genes by the community for prioritisation and coordination of work and
progress tracking of knockout projects within the IKMC. Datais made readily accessible to
the research community together with pointers to the repositories which distribute IKMC
products. Table 2 provides alist of selected mouse genome and phenotype resources.

Going conditional - developing the Cre zoo—The ahility to carry out conditional
knockouts from ES cells carrying the fm1a“knockout-first” allele (Figure 3) provides
valuable opportunities to analyze knockouts which are congtitutively developmental lethal or
where tissue or time-specific analysisis required. The scope of such studies depends on the
Credriver strains available for breeding with mice carrying the allele. Major efforts are
currently underway to catalog, locate and make available all Cre driver strains currently
extant, and to identify and create strains that have desirable patterns of temporal or tissue-
specific expression.

Three Cre databases are currently available and likely to converge on asingle or linked
resource [Smedley et al., 2011]. The Cre-X-mice database (http://www.mshri.on.ca/nagy/)
was originally developed in Andras Nagy’ s laboratory and contains information on more
than 500 Cre lines. The CREATE portal (www.creline.org) was developed as part of the
CREATE project funded by the European Commission, and provides an aggregating data
resource through a BioMart, integrating data from several distributed Cre databases
including the MGI Cre portal (www.creportal.org), [Blake et al., 2010], which usesthe
resources of GXD and MGI (GXD; [Finger et a., 2010] to provide a comprehensive
catalogue of al Cre aleles currently available, and where possible the precise patterns of
reporter gene deletion or Cre expression.

Mice may be obtained from avariety of resources using the FIMRe (Federation of
International Mouse REsources) portal (http://www.fimre.org/; [Davisson, 2006] but a
specific Cre mouse repository has also been established at the Jackson Laboratory which
currently distributes more than 250 Cre strains ( http://cre.jax.org/).

Forward Genetics - Genetic reference populations and the Collaborative Cross

Panels of mouse recombinant inbred lines (RIL) have been used for some time to investigate
the genetics of complex phenotypic traits, but their power has been restricted by the lack of
variation present in laboratory mice as a consequence of the historical development of the
inbred strains. It was proposed in 2002 to address the need for a genetic reference panel with
alarge genetic diversity and high resolution for the analysis of complex traits, by creating a
large multiparental RIL panel using 8 founder strains — five inbred laboratory lines and three
wild-derived strains. The number and combination of founders allows the capture of a much
greater level of genetic diversity than existing mouse RIL panels, and variation is much
more evenly spread across the genome than in previous panels or reference populations. The
resulting Collaborative cross (CC) project was set up in 2005 and is how being carried out in
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the US, Australiaand Israel [Threadgill et a., 2011; Threadgill and Churchill, 2012;
Collaborative Cross Consortium, 2012]. Diversity is generated and then captured in the CC
population by a special funnel breeding program where in the first three generations all eight
founder genomes are mixed together then, in a second step, progressive inbreeding by
sibling mating is performed to generate hundreds of inbred lines capturing novel alelic
combinations. Around 700 inbred lines are planned, and the CC is now at the stage where
the first lines are completely inbred and therefore beginning to be of use for genetic mapping
studies [Callaway, 2011].

The variation captured in these inbred lines allows the identification of individual genesand
variants contributing to complex traits, QTLs and diseases. The genotyping of the individual
lines has to be performed only once and then the hapl otype structure allows determination of
the associ ation between the genotype and the phenotype of interest. The phenotypic traits to
be studied can be as diverse as predisposition to cancers, infectious disease [Durrant et al .,
2011] physiology [Mathes et al., 2011], behaviour [Philip et al., 2011] or anatomy (e.g. tall
length], and reproduction. The phenotype in question can be first measured in alimited
number of strains -250 lines permits accurate high resolution mapping using small groups of
mice per line - then the mapping resolution can subsequently be increased by selecting lines
with recombinations in the critical intervals for additional phenotype analysis.

The CC strains model the complexity of the human population [Threadgill et al 2011], and
will provide insights into common human diseases with complex etiologies, especially those
originating from interactions between combinations of alleles and the environment. Thiswill
impact on approaches to personalised medicine as well as our understanding of complex
diseases, such as cancer, diabetes and cardiovascular disease, and will extend our knowledge
of both normal physiology and gene function. For example pre-CC lines are already being
used to look at gene/environment interactions in asthma and to dissect the complex genetic
contributions to human psychiatric disease. The huge advantage of the CC approach isthat it
provides an unbiased forward genetics approach to the relations between genotype and
phenotype, allowing the discovery of the contributions of many genes and alleles to complex
phenotypes and underlying molecular networks. Thisistruly “systems genetics' providing
an integrated view of the genome and phenome, which has enormous potential. For example
as the CC strains are characterized, transcriptomics, metabolomics and proteomics profiling
datawill become available which will build a reference resource linking tissue-specific
systems data to genetic variation. Importantly it is a genetically stable resource, allowing
replication of experiments on unique combinations of alelesin different laboratories and
facilitating the discovery of correlations between phenotypes measured in separate studies.

A recently devel oped approach which makes use of the CC resource is the use of a
“Diversity Outcross’ population (DO) for high resolution mapping [Svenson et al. 2012].
The DO population is an eight-way heterogeneous stock population derived from incipient
CCllines at early stages of inbreeding. This population is then maintained by a randomized
outbreeding strategy, making each DO animal a unique individual carrying one of an
enormous number of possible combinations of the segregating alleles derived from the
original CC founder strains.

The combination of the IKMC with the IMPC phenotyping efforts (see below) and the CC
panel is potentially extremely powerful, allowing fine mapping of phenotypes together with
direct validation of candidate genes through the knockout phenotype. The allelic variantsin
the CC are likely to be much less del eterious than engineered null aleles with the result that
more extreme phenotypes, for example those giving rise to embryonic lethality, do not
reduce the phenotypic variation available for study. The additional advantages of the mouse
as an experimental organism open up the possibilities of examining the impact of
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environment on multi-gene traits and of experimental challenge to expose underlying
phenotypes.

Using mouse genetic and phenotype data for human genetics

Three methods are currently in widespread and increasing use to identify the relationship
between genotype and phenotype. Dominant are classical linkage mapping which examines
genetically well-characterized populations, such as individuals related through a known
pedigree, to identify loci that contain mutations contributing to the phenotype, and genome-
wide association studies (GWAS) in which thousands of single-nucleotide polymorphisms
(SNPs) are tested for association with a disease, using less well characterized populations, to
identify common loci or variants associated with a phenotype. To date many hundreds of
GWAS and pedigree studies have been carried out, resulting in the identification of
thousands of loci associated with phenotypes and diseases [Feero et al., 2010; Hindorff et
al., 2009; Manalio, 2010].

Despite obvious successes, both pedigree and GWAS approaches suffer from intrinsic
limitations [Cantor et a., 2010]. Population structure, selection of patient and control
groups, and accurate phenotyping are problems for many GWAS, while linkage
disequilibrium and limited genetic diversity are challenges for many QTL studies. Many
QTL studies lack the statistical power to narrowly define implicated loci, often resulting in
poor resolution and association with intervals which contain contain large numbers of
candidate genes. Discriminating causative genes within such intervalsis often deeply
problematical, and the amount of heritable variation explained by these loci tendsto be
small. Similarly, regions of copy number variation (CNV) might include large numbers of
genes within the minimum region of overlap between patients, and it is difficult to attribute
changes in dosage of specific genes within the interval to aspects of the overall phenotype.
Consequently association studies of individual rare CNV's generally have insufficient power
to discriminate benign from pathological variants. High resolution microarrays and
seguencing approaches have identified up to 600900 CNVsin asingleindividual,
apparently unassociated with pathology [Pinto et al., 2007], and the assumption that
common and inherited CNV s are benign, and rare and de hovo CNV s are causative is no
longer sustainable as discriminating criterion for pathogenicity [Hehir-Kwa et al., 2011].

The third method relies on novel “next-generation sequencing” (NGS) technology such as
whole-exome sequencing (WES) which is, for the first time, enabling comprehensive
screening of genetic variants to identify disease candidates [Robinson et al., 2011]. Aswith
the interpretation of classical GWAS studies, however, amajor problem isthat all
individuals have been found to carry large numbers of missense, nonsense, and insertion/
deletion variants, many of which are not known common variants. Initial reports suggesting
that every genome carries around 165 homozygous protein-truncating or stop-loss variants
in awide range of genes [Pelak et al., 2010] have been recently revised by MacArthur and
co-workers [MacArthur et al 2012]. In this study they systematically investigated the
presence of loss of function (LoF) mutations in normal individuals using pilot datafrom the
1000 genomes project and a single european individual. They concluded that each normal
individual probably contains between 103-121 L oF alleles with around 20% being
homozygous. Overall they identified around 1000 “natural knockout™ allelesin the human
genome, many of which are in protein coding genes whose normal function is completely
uncharacterized, but whose bearer is apparently disease-free. The insights into gene function
provided by the IMPC results will be invaluable in identifying the normal function and the
role of such genesin disease, and will assist in the discovery of potential new phenotypesin
the human popul ation.
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Finally, an additional problem with establishing pathogenicity is the existence of pathogenic
synonymous “silent mutations'; those which are seemingly innocuous to gene function but
carry serious functional consequences [Katsnelson, 2011]. Evidence of such pathogenic
“silent” mutations is now accumulating, and more than 50 disorders including depression,
schizophrenia, Crohn’s disease and cystic fibrosis and have now been linked to synonymous
mutations.

Mouse genetic data help interpret human GWAS

Mouse QTL studies on well-characterized phenotypes are extremely helpful in prioritization
of candidate genes identified in humans. For example the use of nested congenic strains has
been exploited to decompose the genetic complexity of orthologous gene-rich regions
associated in mouse and human with regulation of bone mineral density [Beamer et al.,
2011]. Further examples abound; in arecent elegant study the mouse QTL map has been
used to interpret results from a GWA study for genes associated with plasma HDL
cholesteral levels[Leduc et al., 2011], and in a cross-species genetic mapping strategy,
comparing data from gene mapping in human patients with functional data obtained by QTL
mapping in highly diverse mouse genetic reference panels, a single locus associated with the
development of the corpus callosum was identified [Poot et al., 2011].

Combination of the mouse QTL map and the IKMC knockout resource has proved to be
very powerful in accelerating the discovery of gene/phenotype associations for complex
diseases. In atherosclerosis 21 QTLs have been identified in the mouse. Among the 27
human atherosclerosis QTLs reported, 17 (63%) are located in regions homologous
(concordant) to mouse QTLSs, suggesting that these mouse and human atherosclerosis QTLSs
share the same underlying genes. A combination of QTL concordance and then phenotypic
examination of candidate gene mutants provides a powerful route into causation and the
underlying biology [Wang et al., 2005]. The IKMC resource now provides knockout and
conditional mutations, which can be used to take such studies rapidly to the identification of
causative genes. An excellent summary of the availability of complex trait resources for the
mouse can be found in [Peters et al., 2007].

Functional genomic approaches complement those of human genetics

The approaches of functional genomics are now being applied to complement some of the
weaknesses in human genetic studies with considerable success. Model organism derived
knowledge of the underlying pathobiology of disease is often key information in deciding on
the importance of candidate genes for orphan diseases and discriminating between different
candidates highlighted by GWAS. There are many examples of thisin the literature and it
remains one of the most important uses of model organism datain the generation and
validation of hypotheses [Cox and Church, 2011]. More sophisticated computation on
phenotypic data has been made possible as the model organism, and now human, databases
have begun to code their phenotype data using formal ontologies and ontol ogy-based
semantics. The adoption of formal phenotype semantics, specifically here focussing on the
mouse and human, the mammalian phenotype [MP; Smith and Eppig, 2009] and human
phenotype [HPO; Robinson et al., 2008] ontologies, by key databases, MGD [Blake et al.,
2011], OMIM [Amberger et a., 2011] and Orphanet [Weinreich et al., 2008] has for the first
time allowed a genome-scal e phenotypic approach to integrating phenotypic and genotypic
data across two species, making use of the rich phenotypic data now available. The
problems of coding, integrating and computing on phenotype annotations from multiple
species are discussed in [Schofield et al. 20114)].

OMIM and Orphanet are currently the easiest knowledge bases from which to extract high-
resolution human genotype/phenotype data. Although there are many other databases and
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resources with valuable information, thisis often not structured or coded in standard ways,
and is scattered. The problem of integrating and standardizing data resources in human
geneticsis currently atopic of lively and important discussion [e.g. Oti et al., 2009]. The
data used for the mouse are the gold standard, manually-curated phenotype data set from the
mouse genome informatics database (MGD). Currently, for reasons discussed by Kitsios and
co-workers [Kitsios et d., 2010], the utility of these data are limited by their derivation from
experimentsin the literature. Kitsios et al. analyzed human GWAS data from the National
Human Genome Research Institute (NHGRI) catalog comparing human against mouse
phenotype data and concluded that while there is an excellent concordance between human
and mouse phenotypes associated with orthologous loci, a significant number of GWAS
associations do not have mouse mutants annotated to equivalent phenotype descriptors. This
is almost certainly due to the fact that curated mouse data are derived from reports of
hypothesis-driven science, often incomplete, driven by the interests and competence of the
investigators, and underlines the need for the systematic, agnostic phenotyping of the mouse
genome which will be provided by the IMPC. Despite this, the successes resulting from
Ccross-speci es phenotype integration and mining are impressive and we will return to this
below.

High throughput phenotyping of mutant mice

The development of large-scale phenotyping strategies grew out of the phenotype-driven
ENU mutagenesis [Acevedo-Arozenaet al., 2008; Munroe, et a., 2000], gene-trapping
[Hansen et ., 2008] or insertional mutagenesis[lvics et al., 2009] functional genomics
programmes initiated more than a decade ago. The idea that it would be possible to apply
these techniques to a reverse genetics approach had always been regarded as hopelessly
ambitious given the scale of resources, the cost and the complexity of the undertaking, but
since 2004 the issues of feasihility, reproducibility of distributed phenotyping assays and
aggregation and analysis of data have been addressed in a series of international
programmes and projects.

The earliest project, EUMORPHIA (European Union Mouse Research for Public Health and
Industrial Applications; [Gates et a., 2010]) began the integration of the Mouse Clinics
across Europe and established the first phenotyping pipeline (EMPReSS [Brown et &,
2005] involving, amongst others the Mouse Clinics at MRC Mammalian Genetics Unit, UK,
GSF - National Research Center for Environment and Health, Germany (how Helmholtz-
Zentrum), Ingtitute Clinique de la Souris, France, and the Wellcome Trust Sanger Institute
(WTSI), UK. Specialist technologies and contributors were recruited throughput Europe
[Brown et &, 2006]. The resulting network formed the basis of the subsequent EUMODIC
programme. Integrated with the IKMC, the role of EUMODIC (European Mouse Disease
Clinics) was to phenotype 500 mutant lines derived from the IKMC project (EUCOMM) as
proof of principle for the full-scale genome-wide phenotyping of al the mutant lines
produced. Primary phenotype assessment using EMPReSS-dlim (arefined version of the
EMPReSS pipeline) was undertaken in the four large-scal e phenotyping centres and then
made publicly available on the EuroPhenome database; (http://www.europhenome.org/). A
distributed network of centres with in-depth expertise in a number of phenotyping domains
undertook more complex, secondary phenotyping screens and applied them to atriaged
subset of the mice which have shown interesting phenotypes in the primary screen. The
EuroPhenome database now contains phenotyping data from 407 strains of mutant mice
corresponding to 3, 416 annotations on 25, 500 mice. The database is accessible through a
web interface or through the EuroPhenome biomart [Mallon et a., 2008; Morgan et al.,
2010] and programmatic access is planned. Complementary phenotype datais available
through the database of the WTSI Mouse Genetics Programme (M GP) mouse resource
portal (MRP; http://www.sanger.ac.uk/mouseportal/). To date, primary pipeline phenotypes
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are available for 372 lines and 290 lines have been characterised for their phenotypes under
infection challenges. Phenotyping under challenge is an area under active development and
one which islikely to be increasingly important in establishing the phenotypic repertoire of
mutants [Beckers et al., 2009]. The WTSI MGP phenotyping pipelines contain two
challenges, one for infection challenge using Citrobacter and Sa/monella and a second for
high fat diet. Data from both MRP and EuroPhenome is being compiled with the knockout
gene allele record, and coded to the mammalian phenotype ontology in the MGD database.

Phenotyping pipelines

Phenotyping pipelines comprise a series of assays carried out on the same cohort of mice;
these assays are designed to characterise large numbers of animals for awide range of
phenotypic parameters; for example, the German Mouse Clinic measures more than 550
parameters in two cohorts of 10 mice of each sex and genotype [Fuchs et al., 2010; Fuchs et
al., 2009; Gailus-Durner et al., 2009; Gailus-Durner et al., 2011]. The breadth of these,
predominantly /n7 vivo, assaysis key to the pipeline approach, which is designed to detect a
wide spectrum of phenotypes ranging, for example, from behaviour to dysmorphology,
clinical chemistry and immune responses [Brown et a., 2009; Gates et al., 2010; Justice
2008; Mandillo et al., 2008]. The pipelines currently under discussion for the IMPC are
shown in Figure 3 and discussed below. The complexity of phenotypes assayed is directly
proportional to the cost and inversely proportional to throughput; as assays become more
labour-intensive, the number of mice that can feasibly be examined decreases. Thisthen
requires the stratification of assaysinto primary, secondary and tertiary phenotyping efforts,
whereby mice from the primary pipeline are selected for additional in-depth analysis on the
basis of phenotypes uncovered in the first battery of assays. In EuroPhenome the current
dataset contains significant annotations (phenodeviants) for clinical chemistry (more than
100 strains), haematology (92), body weight (61), behaviour (modified SHIRPA
(SmithKline Beecham, Harwell, Imperial College, Royal London Hospital, Phenotype
Assessment)) (52), to give someidea of the highest assay hit rates.

The International Mouse Phenotyping Consortium

With the completion of the IKMC project the International Mouse Phenotyping Consortium
(IMPC) was launched in September 2012 with the aim of phenotyping 20, 000 mutant lines
from the IKMC resource [Abbott, 2010]. The Consortium currently consists of 22 Academic
and Governmental Institutes across the world, ranging from North America, through Europe
to Australia, China, and Japan. Details of the partners, their funding and distribution can be
found on the IMPC website; http://www.mousephenotype.org. The KOMF initiative,
funded by the United States NIH though the Common Fund (http://commonfund.nih.gov/

K OMP2/) includes three aspects of work, mouse production and distribution, phenotyping
and informatics. Three consortia have been created, BASH (Baylor College of Medicine,
WTSI, Harwell), DTCC (University of Californiaat Davis, Toronto Centre for
Phenogenomics, Charles River Inc.), and The Jackson laboratory, with a data coordination
centre being provided by MRC Harwell, WTSI and, through additional funding, the Jackson
Laboratory based MGI. More than $110M has been provided by NIH with the additional
partners and clinics being funded by national and international agencies. In all agrowing
number of more than 12 clinics will take part, with commitment to funding of additional
clinics being made by national agencies in Europe and elsewhere. Efforts will be extensively
coordinated with the European Commission funded Infrafrontier ESFRI project for mouse
functional genomicsinfrastructure (http://www.infrafrontier.eu). Infrafrontier isan
infrastructure-building project for mouse phenotyping and distribution, which aims at
mobilizing resources from national governments and already has commitments of more than
135M from European national governments and more promised. The InfraCOMP project
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(http://www.infrafrontier.eu/infracomp.php) will provide a coordination framework for the
cooperation of Infrafrontier and the IMPC.

The IMPC project will have two phases Phase | (2011-2016): phenotype up to 5,000 lines,
and Phase |1 (2016-2021) to phenotype 15,000 mutants. Primary phenotype data will be
made publicly available on the IMPC website asit is created and quality controlled, and will
be migrated to MGD to be integrated with all of the other phenotype information already
available. Integrated datasets all coded to standard MP semantics will be available from the
beginning of the project, and primary data will be available for download.

The primary IMPC phenotyping pipeline is currently under discussion (see Figure 3) and
further details may be found on the IMPC website. Derived principally from the EMPReSS
pipeline this covers a broad range of phenotypes. Homozygous null mice in cohorts of 7
males and 7 females will be /n vivo phenotyped up to 16 weeks of age, followed by terminal
phenotyping including, in some centres, detailed necropsy and histopathology. Because
primary phenotyping will end at 16 weeks, mainly because of the cost of keeping mice for
longer, it will therefore be expected to skew phenotyping results against finding
degenerative and neoplastic diseases which are predominantly age-related [Sundberg et al
2011]. Some centres will, however, be undertaking limited aging studies, and it is expected
that many of these diseases, important sources of morbidity and mortality in humans, will be
detected earlier in life using histopathology [Schofield et a. 2011]. Where there is poor or
no viahility, heterozygous animals will be phenotyped and subviable lines will be subjected
to embryonic phenotyping to determine reasons for embryonic or perinatal lethality. Around
30% of homozygotes are expected to show sub-viability so embryonic phenotyping is going
to be an important contributor to our understanding of gene function.

Secondary and tertiary phenotyping are expected to provide detailed descriptions of the
phenotypes identified by the primary pipeline. In many casesthiswill be carried out outside
the IMPC partners by groups with special clinical or biological interests. The UK Medical
Research Council has created a mouse network (http://www.har.mrc.ac.uk/

MRCM ouseNetwork/) which will coordinate basic research and training around the IMPC
resourcesin the UK, providing an potentially useful model for the engagement of the whole
research community.

Computational use of model organism phenotype/genotype associations

Only about half (3710, corresponding to approximately 2000 genes) of the diseases listed in
OMIM have been linked to a causative gene, and most approaches using model organism
phenotypes, particularly the mouse, have addressed the problem of identifying causative
genes for these rare diseases. This has become a mgjor policy goal of research for the
European Commission and the United States NIH, as well as atarget for other national and
international funding agencies. These aims are represented by the International Rare Disease
Research Consortium (IRDIRC; http://ec.europa.eu/research/health/medical -research/rare-
diseased/irdirc_en.html ). IRDIRC has two goals by 2020; to produce diagnostic tests for
most rare diseases and to develop new therapies for 200 rare diseases. Diseases caused by
copy number variation (CNV) are less well documented in OMIM and the more recent
resource, Orphanet, and present a subtly different problem in that the region of variationis
known but it can contain in some cases many hundreds of genes where one, or a small
number of which, might be responsible for the overall phenotype.

Approaches to the identification of candidate genes for human diseases can be broadly
separated into two categories; those which are orthol ogy-dependent and those which are
purely phenotype based.
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Orthology-dependent candidate gene discovery

Inference of gene function and disease implication may be made through orthology, often as
part of awider range of functional and sometimes structural criteria, and often including
phenotype information from both species. This includes “ guilt-by-association” studies where
functions and disease involvement are inferred across functional networks built in both
species from avariety of dataincluding, for example, phenotypes, gene expression, or
pathway involvement. These approaches are all predicated on the assumption that
orthologous genes are involved in orthol ogous pathways and therefore likely to produce
similar phenotypes when mutated; the “phenologs’ of McGary et a. [McGary et a., 2010]
which represent phenotypes related by the orthology of the associated genesin two
organisms. In this model two phenotypes are said to be orthologous if their genetic
associations are enriched for the same orthologous genes, even if the phenotypes are
superficially dissimilar. Using this method they were able, for example, to predict novel
genes involved in angiogenesis from considering yeast, human and mouse phenologs.

Orthology has also been used by Espinosa and Hancock [ Espinosa and Hancock, 2011] to
map mouse phenotype annotations onto OMIM diseases to create a phenotype-genotype
network and is also used for integration of phenotype datain Phenomic DB [Groth et al.,
2011] where text-mined phenotype data from the literature is captured into a cross-species
database from OMIM and model organism databases. Zhang et a. [Zhang et al., 2010]
group human disease and mouse phenotype-associated gene sets into disease and phenotype
groups. Using data from the gene association database (GAD) [Becker et a., 2004] and
MGD, they generated disease-based genes sets for 1,317 human disease phenotypes as well
as 5,142 mouse experimentally determined phenotypes and showed a striking concordance
between human disease phenotypes and mouse mutant phenotypes. Orthol ogy-based
approaches are also described by Hu et a. [Hu et a., 2010] and an interesting approach by
Sardana et a where they establish phenotypic “homology” using UMLS as a bridge between
organism phenotype annotations (see below) and compare this with the expected
“phenologs’ using genetic orthology [Sardanaet al., 2010].

Hehir Kwa[Hehir-Kwa et al., 2011] reported a Bayseian tree classification approach,
GECCO, using thirteen structural and functional genomic features to establish pathogenicity
of human copy number variations. GECCO perfectly classifies CNVs causing known mental
retardation-associated syndromes and achieves high accuracy (94%) and negative predictive
value (99%) on a blinded test set of more than 1,200 CNV's from alarge cohort of
individuals. The orthologous mouse phenotypes were found to be one of the most important
classifiers. Given that the genomic and phenotypic coverage of the current mouse dataset are
limited, the contribution to classification can only be expected to increase as data flows from
the IMPC efforts together with further hypothesis driven research. This study provides an
extremely useful insight into the kind of power we should expect when there is data on the
complete mouse phenome.

Similar approaches to determining the pathogenicity of components of CNV's have been
previously reported. Shaikh et a [Shaikh et al., 2011] used mouse phenotypic annotation of
orthologs contained within the CNV s of 87 patients clinically diagnosed with arange of
developmental delay (DD) syndromes. They then identified phenotypic classes of genes
enriched in these DD-associated CNV's, and investigated whether the mouse orthol ogs of
genes contained within the CNV s were significantly enriched in any of 147 nervous system
phenotypic terms selected from the MP ontology. Four mouse phenotypes were identified
that were each significantly enriched among all DD-associated CNV Rs. Such genes are
therefore strong candidates for causative mutations whose copy number change underlies the
DD disorder for individual patients. This represented an 86% increase over the number
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expected by chance, and is an excellent example of the use of mouse phenotypes to prioritise
causative disease candidates.

The use of orthology in mapping between human and mouse phenotypes has proved to be
extremely robust and iswidely used as the basis of, or as an important contributor to,
establishing gene function or involvement in disease in humans. An important caveat
however isthat thereis some evidence for functional divergence of orthologs. How
important this is on a genomic scale remains to be seen — a question that can only be even
approached when we have the genome-wide survey of phenotypes promised by the IMPC. A
survey by Liao and Zhang [Liao and Zhang, 2008] suggested that >20% of essential human
genes are non-essential in the mouse. Whilst essentiality is something of an acid test, the
problem with attempting to make this comparison is confounded by the differing effects of
modifiers and background on lethality and that most of the mouse data is based on arange of
inbred lines, many of which show differencesin the essentiality of specific mutant alleles
themselves [Y oshiki and Moriwaki, 2006]. Comparing this rather heterogeneous data with
known confounding factors with human clinical datait israther surprising that we find a
concordance as high as 80%, suggesting that the true figure may be much higher. Patterns of
gene expression are a so well-conserved; this was indicated by the study of Liao and Zhang
and consistent with the global study of mouse and man carried out by Zheng-Bradley et al
who found that global patterns of tissue-specific expression of orthologous genes are
conserved in human and mouse and that expression of groups of orthologous genes co-varies
in the two species [Zheng-Bradley et al., 2010].

Phenotype-based candidate gene discovery

The ability to establish candidate genes for a phenotype, for example looking for genes for
rare diseases or prioritizing candidates for pathogenicity using only phenotypic data, has
been hampered by the problem of comparing different phenotypes in different organisms,
both because of lack of common semantics but also because of intrinsic differences between
the way often fundamentally common phenotypes can be expressed in the different
organisms. These issues are discussed in [Schofield et al. 2010] and [Schofield et al 20114].
Two approaches have been taken to this; the first is to use a bridging terminology such a
UMLS or MeSH. [Burgun et al. 2009] successfully used an approach involving lexical
matching to map the MP ontology to UMLS permitting interrogation of OMIM and other
clinical datasets using one of the more than 100 terminologies integrated into UMLS.
However, more recently, an approach (termed EQ) using the matching of logical definitions
of pre-composed phenotype ontol ogies has been devel oped which overcomes the intrinsic
semantic problems in integrating phenotype ontologies from different species. In the EQ
method, a phenotype is characterized by an affected Entity (from an anatomy or process
ontology) and a Quality [from the Phenotype And Trait Ontology (PATO)) that specifies
how the entity is affected [Gkoutos et a., 2004]. The affected entity can either be a
biological function or process as specified in the Gene Ontology (GO), or an anatomical
entity. Whilst the ontologies used to create the definitions are largely species-agnostic, such
as GO, CheBl, MPATH, anatomical entities are almost exclusively specified using species-
specific anatomy ontologies. In order to make mappings between these vertebrate anatomies
the metazoan, species-independent UBERON ontology is used in constructing anatomically-
based cross-products [Mungall et al., 2012]. This method was used by Washington et al.
[2010] who annotated the phenotypes of 11 gene-linked human diseases from OMIM and
computationally compared these with other ontol ogy-based phenotype descriptions from
model organisms.

Two further approaches using logical definitions of pre-composed ontologies have been
recently developed. Mousefinder [Smedley et a. 2012. Thisissue] exploits new semantic
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matching software [OWLSim] to identify new candidate genes for orphan human diseases
using inferred phenotype information alone. A second recent approach using EQ,
PhenomeNET, integrates multiple species-specific pre-composed phenotype ontologies to
generate a single cross-species phenotype ontology [Hoehndorf et al., 2011]. Efficient
automated reasoning over the PhenomeNET is enabled through ontology modularization and
design patterns for expressing phenotypes and their links to anatomy and physiology
ontologies [Hoehndorf et a 2010, 20114]. Once data from the model organism databasesis
integrated into the network this allows the direct comparison of phenotypes of multiple
species, and PhenomeNET is able to perform a pairwise comparison of phenotypes using a
measure of semantic similarity. PhenomeNET can rank phenotypes for diseases as well as
phenotype annotations from model organism databases and can predict genes that participate
in the same pathway, orthologous genes (on the basis of shared phenotypes) as well as gene—
disease associations based on comparing phenotypes alone.

The tools and approaches for mobilizing data on gene/function relationships from model
organisms have only recently become available, and are already showing how useful and
powerful cross-species studies can be. The model organism databases, particularly that for
the mouse, MGD, have lead the way in data formalisation and integration and the human
genetics community now stands to reap many benefits from that. Coding of human
phenotypic data to the Human Phenotype ontology has provided a watershed in the
convergent flow of datafor humans and model organisms and asits use is adopted by other
resources they too will yield up their datato semantic integration with all the power that
brings to the study of human genetics and disease.

Both the devel oped and incipient resources for the mouse discussed here are landmarks in
experimental biology and genetics. The availability of mutants for every coding genein a
mammal, designed in the same way and on the same genetic background is an unparalleled
resource, and the prospect of systematic phenotype data for all these mutants opens up the
ability to carry out computational analysis unbiased by partial phenotyping, background
strain differences and the interests of the investigator. The amount of biological datawhich
will flow from the International M ouse Phenotyping Consortium’ s activities will be huge —
we know nothing about nearly half of the predicted protein coding genes in the mammalian
genome — the ignorome - is now very much the target of our efforts. The challenge now is
for the human genetics community to take up the data, materials and computational
resources offered by these projects and apply them to the understanding of disease. Thisisa
familiar paradigm for some investigators but novel for others. One driving imperative for the
work carried out on the mouse community projects over the last decade and forward into the
next is that data and resources should be made as widely and freely available as possible and
that the groups involved in these programmes interact with and respond to the wider
scientific community. With energetic and open communications we can expect the synergy
between human and mouse genetics to accelerate in an unprecedented manner as data flows,
with both basic biology and medicine being the beneficiaries.
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Figure 1.

Knockout strategies used by the IKMC. A. EUCOMM/KOMP-CSD knockout-first allele; B.
KOMP-Regeneron null allele; C. NorCOMM promoter-driven targeting vector. Allele tmia
(D) contains an IRES:lacZ cassette and a floxed promoter-driven neo cassette inserted into
the intron of the target gene knocking out gene function. Flp converts the tmiaallele to the
conditional alele (tmIc), restoring gene function. Cre del etes the promoter-driven selection
cassette and floxed exon of the fmlaallele to generate alacZ-tagged alele (im1b) or deletes
the floxed exon of the fmZcallele to produce a frameshift mutation (#m1ad).
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Conditional alleles

Gene Trap alleles

Deletion Alleles

Figure 2.
Number of genes for which IKMC ES cells with a given allele type are available. (Redrawn
from http://www.knockoutmouse.org/ December 20. 2011)
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Figure 3.

Draft in vivo and post mortem phenotyping pipelines for the IMPC. Mandatory tests will be
carried out by all of the mouse clinics, with some non-mandatory tests such as
histopathology being carried out in only afew centres. The details, order and density of
assays may change as discussions progress. Details can be found on http://
www.mousephenotype.org/workgroups/impc-phenoty ping-work-group.
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Resource

URL

Resour ce content

Mouse genome
informatics (MGI)

http://www.informatics.jax.org/

Thisistheinternational database resource for the laboratory
mouse, providing integrated genetic, genomic, and
biological datato facilitate the study of human health and
disease. Contains information from several projects: Mouse
Genome Database (MGD) Project, Gene Expression
Database (GXD) Project, Mouse Tumor Biology (MTB)
Database Project, Gene Ontology (GO) Project at MGI
MouseCyc Project at MGI

Wellcome Trust Sanger
Ingtitute (WTSI) Mouse
Portal

http://www.sanger.ac.uk/mouseportal/

One-stop access to the different resources available from the
WTSI. The resourcesinclude: 129S7 and C57BL6/J
bacterial artificial chromosomes (BACs), MICER gene
targeting vectors, knock-out first conditional- ready gene
targeting vectors, embryonic stem (ES) cells with gene
targeted mutations or with retroviral gene trap insertions,
mutant mouse lines, and phenotypic data generated from the
Institute’s primary screen.

Europhenome http://www.europhenome.org/ Provides access to raw and annotated mouse phenotyping
data generated from primary pipelines such as EMPReSSlim
and secondary procedures from specialist centres.

Mouse Phenome http://phenome.jax.org/ Contains comprehensive phenotypic information on

Database (MPD) hundreds inbred mouse strains and analytical tools

European mouse http://www.eumodic.org/ Project site for EUMODIC which contains projects details

disease clinic and access to information on the EMPReSS slim

(EUMODIC) phenotyping pipeline and Europhenome.

CREATE (Coordination
of resources for
conditional expression
of mutated mouse
aleles project)

http://www.creline.org

Unified portal for worldwide access to Cre mice with
expression patterns and gene details

MGI Cre Porta

http://www.creportal .org/

Collection and annotation of expression and activity data for
recombinase-containing transgenes and knock-in alleles by
MGI at the Jackson Laboratory.

International Knockout
Mouse Consortium
(IKMC)

http://www.knockoutmouse.org

Contains all the details for the IKMC (Eucomm, Norcomm,
KOMP and TIGM) ES cells, knockout alleles, vectors and
mice. Pointers to ordering resources.

International Knockout
Mouse consortium
(IMPC)

http://www.knockoutmouse.org

The web site of the IMPC. Information on the project, news
and in the future links to the phenotype data asit is
acquired.

International Mouse
Strain Resource (IMSR)

http://www.findmice.org/

A searchable online database of mouse strains and stocks
available worldwide, including inbred, mutant, and
genetically engineered mice.

NCBI guide to mouse

genome resources

http://www.ncbi.nlm.nih.gov/genome/guide/mouse/

Further mouse on-line resources can be found in [Peters et a., 2007], [Zouberakis et al., 2010] and on the mouse resource browser, (http://

bioit.fleming.gr/mrb/).
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