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Despite significant computational challenges, a num-

ber of tools have been developed recently to leverage

the mouse to model human disease. Here we review

these tools and show how they can be applied in the

identification of candidate genes and therapeutic tar-

gets as well as mouse models for mechanistic studies

and drug validation.
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Introduction
The first step towards understanding the aetiology of human

heritable diseases and developing potential new treatments

is to unravel the relationship between genotype and phe-

notype. Despite new sequencing technologies leading to an

explosion in the number of diseases for which we now know

the causative variant [1] and the efforts of the Gene Ontolo-

gy consortium [2][GO; 2], for many human genes we do not

have functional or phenotype data. The International

Mouse Phenotype Consortium (IMPC) aims to complete

the functional catalogue of all protein-coding genes in the

genome by 2020 [3], making the mouse an invaluable re-

source for understanding human disease and developing

new therapies. However, until recently this data has been

under-utilised due to the challenges of comparing human

and mouse phenotypes and the lack of tools allowing

researchers to perform these comparisons [4]. Here we dis-

cuss these challenges and some of the solutions that have

been developed.

Sources of phenotype data
The Online Inheritance in Man (OMIM) knowledgebase cat-

alogues almost 8000 known genetic human diseases along

with any known associated genes [URL: http://www.omim.

org]. Orphanet focuses on the rare disease component and

orphan drugs that could potentially be used to treat them [5]

[5,URL: http://www.orpha.net]. Both resources contain sub-

stantial amounts of descriptive signs and symptoms data for

diseases. The development of the Human Phenotype Ontol-

ogy (HP) to describe phenotypes in OMIM and Orphanet in a

standardised manner has made such descriptions amenable

to computational analysis [6]. HP now contains almost
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12,000 phenotype terms and HP annotations exist for 7927

OMIM and Orphanet disorders.

The Mouse Genome Database (MGD) curates phenotype

associations for mouse mutants described in literature and

makes these annotations publically available [7]. MGD con-

tains some 304,000 phenotype annotations for over 59,000

different mouse lines involving disruptions in some 12,000

genes. Although this phenotype data is fairly comprehensive

across organ systems, phenotypes that were not the focus of

any given published study can obviously be missing. The

IMPC is attempting to counteract this by performing a stan-

dardised pipeline of phenotyping assays on all mouse lines

and currently contains phenotype data for 3868 genes. The

Mouse Phenome Database (MPD) is a complementary data-

base that assembles the results of quantitative assays on

standard (non-mutagenized) laboratory mouse strains, mea-

suring both baseline phenotypes and effects of drug, diet,

disease, and aging. MPD contains more than 1,206,730 quan-

titative measurements on nearly 1549 strains. All three

resources, MGD, IMPC, and MPD, annotate phenotypes using

the Mammalian Phenotype ontology (MP), which contains

almost 12,000 terms [8].

Currently around 3400 human genes have HP annotations

via their association to one or more diseases. In contrast,

mouse mutants involving only a single gene disruption and

with MP annotation exist for 11,155 genes, with only 2597

overlapping with the human set. Therefore even in these

early stages of the IMPC project, there is an abundance of

genotype-phenotype information that is available only in the

mouse and potentially translatable to human disease studies.

Cross-species phenotype mapping
The major challenge in using the mouse genotype-phenotype

associations in the context of human disease research comes

from the fact that the human and mouse communities use

different vocabularies, as evidenced by the content of the MP

and HP ontologies. For example, a computer or even a non-

specialist researcher would typically not know that the HP

term craniosynostois (HP:0001363) is equivalent to the MP

term premature suture closure (MP:0000081). An approach

termed decomposition has been developed to logically define

these species-specific phenotype terms as a combination of an

entity (E), representing the anatomical structure or biological

process, and a quality (Q), representing what is abnormal

about the entity [9,10]. These EQ statements use species-

agnostic terms from standardised ontologies such as GO,

CHEBI or the UBERON multi-species anatomy ontology

[11] for the entities and the Phenotype and Trait Ontology

(PATO) for the qualities. In the above example, both the HP

and MP terms are represented by the premature closure

(PATO:0002166) of the suture (UBERON:0000969).

Taking the annotated human and mouse phenotype data-

sets and these EQ statements, software can automatically

detect the similarities between a human disease and mouse

mutant [9,12]. The hierarchical structure of the ontologies

can be taken advantage of to detect non-exact matches; e.g. a

clinical phenotype of speech articulation problems and a mouse

mutant exhibiting abnormal larynx morphology would share a

common phenotype of abnormality of the larynx. Finally,

measures of semantic similarity [13] such as the Jaccard index

can be combined with the Information Content of the match

to score the similarity between a pair of human and mouse

phenotype terms. Further, these can be aggregated to com-

pare how similar a human disease and mouse mutant are,

based upon their sets of phenotypes.

Tools for finding mouse models of human disease
Publically available websites utilise the above approach to

generate a ranked list of mouse models for a chosen human

disease e.g. MouseFinder [14], PhenoDigm [15], Phenom-

eNET [16], and the Monarch Initiative [URL: http://

monarchinitiative.org; 17]. In the context of diseases with

no known molecular association, these tools can suggest

candidate disease genes based upon comparing a set of pa-

tient phenotypes against mouse models. Where the gene is

known these sites can be queried to see if a mouse model

exists that closely phenocopies the clinical phenotypes or

contains specific phenotypes of interest (Fig. 1). This compu-

tational approach to compare patient phenotypes against

mouse models enables visualization tools illustrating the

ways in which a model recapitulates disease (Fig. 2). Further-

more, one can similarly compare mutants involving different

alleles, zygosity, and genetic backgrounds to optimize

model selection. Many of these mouse models can then be

ordered from public repositories for mechanistic studies and

therapeutic target validation experiments e.g. European

Mouse Mutant Archive [URL: https://www.infrafrontier.eu/

resources-and-services/access-emma-mouse-resources] or JAX

mice [URL: http://jaxmice.jax.org].

Another study used the cross-species phenotype compari-

son approach to assess the contribution of multiple genes

within copy number variation (CNV) regions to the disease

phenotype [18]. Evidence was presented for multi-gene con-

tributions to certain CNV syndromes as well as examples

where a single-gene was responsible as has traditionally been

described for CNV disorders. A Cytoscape plug-in has now

been developed for researchers to explore their own CNV

patients using this approach [URL: http://compbio.charite.

de/contao/index.php/phenoviz.html]

Disease models from the International Mouse
Phenotyping Consortium
As described elsewhere in this issue, the IMPC is performing a

standardised pipeline of phenotyping experiments on mouse

knockouts for every protein-coding gene. These assays are

tightly controlled with numerous controls and a robust
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