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Abstract

The mouse is central to the goal of establishing a comprehensive func-
tional annotation of the mammalian genome that will help elucidate
various human disease genes and pathways. The mouse offers a unique
combination of attributes, including an extensive genetic toolkit that
underpins the creation and analysis of models of human disease. An
international effort to generate mutations for every gene in the mouse
genomeisa firstand essential step in this endeavor. However, the greater
challenge will be the determination of the phenotype of every mu-
tant. Large-scale phenotyping for genome-wide functional annotation
presents numerous scientific, infrastructural, logistical, and informat-
ics challenges. These include the use of standardized approaches to
phenotyping procedures for the population of unified databases with
comparable data sets. The ultimate goal is a comprehensive database of
molecular interventions that allows us to create a framework for biolog-
ical systems analysis in the mouse on which human biology and disease
networks can be revealed.
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INTRODUCTION

The sequencing of the human and mouse
genomes has transformed the landscape of
mammalian biology, providing a fundamen-
tal underpinning to ongoing developments in
functional, population, and evolutionary ge-
nomics. The mouse and human genome se-
quences have allowed us to determine a fairly
accurate picture of the nature and content
of protein-coding genes in these two mam-
malian genomes (70, 89). These analyses rein-
force the high levels of similarity between the
two genomes—approximately 99% of mouse
genes have homologues in the human genome
(25). Recent analyses have also revealed the ex-
traordinary breadth of noncoding transcripts in
mammalian genomes (11, 29) and have under-
lined that a much larger fraction of the genome
is transcribed than had heretofore been real-
ized. Despite the extensive sequence and tran-
scriptannotation that has taken place, the extent
of our knowledge of the function of both coding
and noncoding loci in the mammalian genome
is woeful. Studies of the role and function of the
various classes of noncoding transcripts are in
their infancy. But even for protein-coding loci,
we are some way from developing a compre-
hensive picture of gene function.

Undertaking a comprehensive functional
annotation of the mouse genome will be pivotal
to developing a systems biology of mammals—
which in itself will be critical if we are to un-
derstand how transformations in genetic net-
works lead to disease. We need to establish
through model organisms, such as the mouse,
the functions and interactions of genetic loci,
carry out perturbations, by mutation or other
approaches, and investigate the phenotypic out-
come. The ultimate goal is to create a compre-
hensive database of molecular interventions in
vivo. This database will be a central, though not
the only, elementin developing a framework for
biological systems in the mouse through which
human biology and disease networks can be
revealed.

The mouse is the organism of choice to un-
dertake a comprehensive functional annotation
of a mammalian genome. It has a number of
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distinctive attributes that underline its role as
a key model organism in functional genomic
studies (42). First, an extensive genetic toolkit
has been developed that allows the generation
of a wide variety of mutational lesions. This
adaptability in generating a range of mutant al-
leles underpins recent efforts to establish muta-
tions for every gene in the mouse genome (38).
Ultimately, we can expect to produce a resource
with multiple mutant alleles at every mouse lo-
cus. Second, the mouse has been an important
experimental organism for over a century, re-
sulting in a depth and breadth of knowledge of
developmental, physiological, behavioral, and
biochemical mechanisms that underpins con-
tinuing investigations as a model for human
biological processes. Third, given its relatively
small size and short generation time, the mouse
remains the most economically viable mam-
malian organism for large-scale functional ge-
nomic studies. This combination of features
means that the mouse is uniquely placed for
the development and analysis of models for
human disease, particularly for systems that
are not possible or relevant to model in other
organisms.

The first step in addressing the challenge of
delivering a functional annotation of the mouse
genome has been to put in place programs to
generate comprehensive mutant resources (4,
5): A worldwide effort is now under way to gen-
erate new libraries of mutantalleles for the bulk
of mouse genes. However, this effort, which
should be substantially realized in the next five
years, is only the beginning. The biggest ob-
stacle to undertaking a comprehensive deter-
mination of the function of genes remains the
determination of phenotype. In this article, we
review the complementary approaches that are
critical for generating a rich diversity of alle-
les at mouse loci. However, we pay consider-
able attention to the many and formidable chal-
lenges that need to be metif these extensive mu-
tant resources are to be characterized in a man-
ner that will contribute to a profound knowl-
edge of mammalian biological systems. There
need to be considerable developments in the
science of phenotyping as well as significant
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advancesin technologies, infrastructure, and lo-
gistics that underpin phenotyping. We review
and discuss current progress in mouse pheno-
typing as well as future areas for development,
including the many critical informatics chal-
lenges that lie ahead.

GENE-DRIVEN MUTAGENESIS

Gene Targeting in Embryonic
Stem Cells

Gene targeting allows the introduction of pre-
designed, site-specific modifications into the
genome of embryonic stem (ES) cells by ho-
mologous recombination (28). It is extensively
used for the preplanned disruption of genes in
the murine germline resulting in mutant knock-
out mouse strains. Since the first demonstra-
tion of homologous recombination in ES cells
in 1987 (137), more than 4000 knockout mouse
strains have been generated. Gene inactivation
is achieved through the insertion of a selectable
marker into an exon of the target gene or the
replacement of one or more exons. The mu-
tant allele is initially assembled in a specifically
designed gene targeting vector such that the se-
lectable marker is flanked at both sides with ge-
nomic segments derived from the target gene
that serve as homology regions to initiate ho-
mologous recombination. Upon electropora-
tion of such a vector into ES cells and the selec-
tion of stable integrants, clones that underwent
homologous recombination can be identified
through the analysis of genomic DNA using
polymerase chain reaction or Southern blot-
ting. Upon the isolation of recombinant ES cell
clones, modified ES cells are injected into blas-
tocysts to transmit the mutant allele through
the germline of chimeras and to establish a mu-
tant mouse strain.

Using this classical gene targeting approach,
researchers can obtain germline mutants that
harbor the knockout mutation in all cells
throughout development. Approximately 30%
of all targeted genes are essential for embry-
onic development such that their inactivation
leads to lethality, precluding further analysis in

adult mice. To avoid embryonic lethality and to
study gene function only in specific cell types,
Gu et al. (64) introduced a modified, condi-
tional gene targeting scheme that allows re-
searchers to restrict gene inactivation to specific
cell types or developmental stages. In a condi-
tional mutant, gene inactivation is achieved by
the insertion of two 34-base pair (bp) recogni-
tion (loxP) sites of the DNA recombinase Cre
into introns of the target gene such that recom-
bination results in the deletion of loxP-flanked
exons (113). Recombination and gene inactiva-
tion are achieved by crossing the strain harbor-
ing the conditional (loxP-flanked) allele with a
transgenic strain expressing Cre recombinase
in one or several cell types. Target gene in-
activation occurs in a spatially and temporally
restricted manner, according to the pattern of
Cre expression. More than 100 Cre transgenic
strains with tissue-specific recombinase expres-
sion have been generated covering a large range
of cell types (101). In addition, gene inacti-
vation can also be induced in adult mice us-
ing Cre transgenes activated by small molecule
inducers (16, 53, 86). The generation of con-
ditional alleles involves the same technology
as the production of germline knockouts (87,
139). For a conditional gene targeting vector,
a selection marker and a loxP site are inserted
into one intron of the target gene while a sec-
ond loxP sequence is placed into another intron
(Figure 1a). Upon homologous recombination
and germline transmission of the modified al-
lele, the selection marker gene, flanked by FLP
recombinase recognition (FRT) sites, can be re-
moved by a cross with a strain that expresses
FLP in germ cells (118). Upon removal of the
selection marker, the loxP-flanked conditional
allele can be bred to the required Cre trans-
gene to obtain conditional mutants for pheno-
type analysis (Figure 14).

Gene targeting has largely progressed in a
one-by-one manner by the contributions of a
large number of laboratories. As technology ad-
vanced, it became possible to produce targeted
mutants more quickly and at a larger scale.
Via the use of DNA-engineering strategies
that rely on homologous recombination in
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bacteria, conditional gene targeting vectors
can be assembled in a high-throughput format.
Starting from genomic BAC (bacterial artificial
chromosome) clones, this technology, termed
ET cloning or recombineering (41, 100),
allows researchers to derive gene targeting
vectors in a multiwell format within a few days
(32). Furthermore, the modified gene targeting
strategy, termed targeted trapping, allows for
the isolation of recombined ES cell clones at
a much higher frequency (~50%) versus that
obtained with the traditional vector design. As
shown in Figure 14, a targeted trapping vector
combines gene homology arms with a pro-
moterless selection/reporter cassette flanked
by FRT sites. The selection cassette is preceded
by a splice acceptor sequence that traps the
gene’s mRNA such that drug resistance is
acquired upon successful targeting but only
rarely by random integration. It has been esti-
mated that 60-70% of all genes are sufficiently
expressed in ES cells to support mutagenesis by
targeted trapping. These developments and the
availability of reliable ES cell lines of C57BL/6
origin enable the pursuit of gene targeting at a
large scale in the preferred genetic background.
As part of the International Knockout Mouse
Consortium, three international collabora-

tion projects (see http://www.eucomm.org,
http://www.knockoutmouse.org, and http://
www.norcomm.org) using a combination of
gene traps, targeted trapping, and gene target-
ing are progressing to provide a resource of
mutant ES cell clones for every gene within
the next several years (38).

Gene-"Trap Mutagenesis
in Embryonic Stem Cells

Gene-trap mutagenesis is based on the ran-
dom integration of a gene-trap vector across
the genome of ES cells and the disruption of
genes through vector-specific elements. Such
vectors mutate a gene at the site of insertion,
provide a sequence tag for the identification
of the disrupted gene, and mimic the expres-
sion of the tagged gene by a reporter gene. A
typical gene-trap vector contains a promoter-
less reporter-selector cassette that functions by
generating a fusion transcript with the endoge-
nous gene. The most widely used Bgeo cassette
contains an AT'G-less hybrid coding region for
the -galactosidase reporter and the neomycin
phosphotransferase selection marker preceded
by a splice acceptor element. If the transla-
tional reading frames of the trapped transcript

Figure 1

Conditional gene targeting and gene-trap mutagenesis in embryonic stem (ES) cells and mice. (2) Vector for
targeted trapping mutagenesis, including a gene disruption cassette (SA-Bgeo) flanked by FLP recombinase
recognition target (FRT) sites (green triangles) and a loxP site (red triangle), inserted upstream of the exon of
interest (square), and a second loxP site of the same orientation inserted downstream of the exon. The SA-
Bgeo cassette consists of a splice acceptor (SA) sequence, a fusion protein of 3-galactosidase and the
neomycin phosphotransferase (3geo), and a polyadenylation signal sequence (not shown). Upon the isolation
of drug-resistant colonies and the identification of homologous recombined ES cell clones, knockout mice
harboring the null allele can be established. Upon deletion of the SA-Bgeo cassette by FLP-mediated
recombination, a new allele for conditional mutagenesis is established. In combination with a strain
expressing Cre recombinase in a specific cell type, conditional knockout mice are obtained. Transcribed
exons are shown as shaded squares; exons silenced by the gene disruption cassette are shown as open squares.
() Vector for conditional gene-trap mutagenesis that includes a SA-Bgeo cassette flanked by a pair of
(incompatible) FRT and F3 recognition sites for FLP recombinase and a pair of (incompatible) loxP and
lox5171 recognition sites for Cre recombinase (FLEx strategy) (123). The pairs of recognition sites are
placed in opposite orientation to each other. Vector integration into an intron creates a standard gene-trap
(null) allele. The SA-Bgeo cassette can be inverted by FLP-mediated inversion and deletion between the
pairs of FRT and F3 sites, creating a conditional allele. Mice harboring the conditional allele can be crossed
with a strain expressing Cre recombinase in a specific cell type to generate conditional knockout mice via
recombination between the pairs of loxP and lox5171 sites. Transcribed exons are shown as shaded squares;
exons silenced by the gene disruption cassette are shown as open squares.
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and the Bgeo cassette are in line, a fusion pro-
tein is produced that confers drug resistance to
the ES cell clone. Upon vector introduction,
ES cell cultures are selected for drug resistance
such that only clones harboring a productive
vector integration into an active gene can sur-
vive. This stringent selection scheme and the
use of a single vector to hit a large number
of genes are the basis for the high efficiency
of the gene-trap approach because each resis-
tant colony represents an independent integra-
tion event into a gene (55, 57, 68, 131, 153).
Thus, libraries of mutant ES cell clones can
be established rapidly and at low costs per mu-
tant. The resulting collections of mutant genes
provide the basis for the establishment of mu-
tant mouse strains through germline chimeras
raised from selected ES cell clones. The over-
all analysis of homozygous mouse mutants de-
rived from gene-trap ES cell clones revealed
obvious phenotypes and embryonic lethality at
a frequency comparable to mutants generated
by gene targeting, indicating that gene-trap in-
sertions typically result in null alleles (68, 131).

Classical gene-trap vectors irreversibly
modify target genes and create germline null
mutations that can lead to embryonic lethality.
A new type of gene-trap vector also allows
conditional gene inactivation by Cre/loxP
recombination (Figure 14) and combines
the advantages of gene-trap and conditional
mutagenesis. A conditional gene-trap vector
is designed like a classical vector, except that
the Bgeo reporter-selector cassette is flanked
with two pairs of loxP and two pairs of FRT
sites that enable it to independently invert the
cassette and provide a switch to activate or
inactivate its function (122, 123). In its original
orientation, the cassette disrupts the expression
of the trapped gene, whereas the inverted
cassette is nonmutagenic and enables gene
expression. Irreversible inversion is obtained
in a two-step recombination process that uses
pairs of incompatible wild-type and mutant
loxP/lox5171 as well as FRT/F3 sites, which
must be ordered and oriented in a specific way
(Figure 1b). In its initial configuration, the
cassette disrupts the target gene and enables the
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isolation of drug-resistant ES cell clones. Mice
established with such an allele can be studied as
null mutants and crossed to a strain expressing
FLP recombinase in the germline to inactivate
the mutagenic cassette by inversion, thus creat-
ing a conditional allele (Figure 154). The silent
gene-trap cassette can then be reactivated in
vivo by crossing to a strain expressing Cre in a
specific cell type, representing the conditional
mutant for phenotyping. In addition, further
modifications at the gene-trap locus in ES cells
can be made to drive the expression of any
foreign cDNA from the the trapped gene.
Several centers within the academic research
community currently run gene-trap screens
that are combined in the International Gene
Trap Consortium (http://www.genetrap.org).
At present, this collection includes 380,863 ES
cell clones, which represent 36% of all mouse
genes (127). The sequence tags of all insertions
are mapped on the Ensembl mouse genome
server, providing a direct link to any gene of
interest. Gene-trap mutagenesis has proven to
be the most effective strategy to mutate a sub-
stantial fraction of all mouse genes. Therefore,
gene trapping is an essential component of the
European as well as the North American Con-
ditional Mouse Mutatgenesis initiatives for the
complete mutagenesis of all mouse genes (38).

Transposon-Based Mutagenesis
in Embryonic Stem Cells and Mice

‘Transposons are mobile genetic elements that
have been used for many years as a tool for ge-
netic analysis in prokaryotes and flies. The syn-
thetic Tel-like transposon Sleeping beauty (SB)
(81) was first used in mice for gene-trap mu-
tagenesis (36, 59) and to discover cancer genes
(51, 52). To achieve insertional mutagenesis in
vivo, gene disruption cassettes flanked with SB
terminal repeats are first introduced as multi-
copy transgenes into the mouse germline. Upon
cross of such mice with a transgenic strain ex-
pressing SB transposase, the vector can be mo-
bilized in somatic cells and inserted into new
genomic sites. Such double-transgenic mice are
highly prone to tumor development (51), and
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the analysis of chromosomal integration sites in
tumor cells revealed new cancer-related genes.
To achieve high rates of germline mutants
through transposition of gene-trap-like vec-
tors, the utility of the SB system is restricted by
its low efficiency. To enable transposon-based
genome-wide screens in mice, the insect-
derived piggyBac (PB) system is more efficient
in mammalian cells and can mobilize up to
9 kb of foreign sequence (48, 150). In double-
transgenic mice with male germ cell-specific
expression of PB transposase and a reporter
gene flanked with PB recognition sites, one
new insertion was found per gamete (48).
The vector integration sites that are accessible
through the PB mice database (132) show a
wide chromosomal distribution and a prefer-
ence for transcription units. The PB system has
been further adapted to distribute a gene-trap
vector together with a single loxP site across
the genome of male germ cells (149). While
this vector disrupts a single gene at the site of
insertion, a collection of such mouse strains
harboring loxP sites at various chromosomal
positions provides a resource to manipulate
chromosome segments (149). A Tamoxifen-
inducible PB transposase fusion protein has
been recently developed enabling the addi-
tional control of the timing of in vivo vector
mobilization (27). Although the PB system was
developed primarily for in vivo mutagenesis,
it also offers new possibilities to mutagenize
the genome of ES cells in vitro (144). Thus,
gene-trap libraries established by retroviral
delivery vectors may be complemented in the
future by transposon-based technologies.

PHENOTYPE-DRIVEN
MUTAGENESIS

Traditionally, geneticists have used phenotype-
driven approaches to generate new mutant re-
sources and to explore the relationship between
gene and phenotype. Thisis sometimes referred
to as forward genetics, but we prefer the term
phenotype-driven genetics, which emphasizes
the key nature of the approach. In contrast
to the gene-driven approach where the gene

is the starting point, phenotype-driven muta-
genesis employs efficient chemical mutagens
or radiation to induce DNA lesions at ran-
dom in the organism of interest. Mutagenized
animals are screened for phenotypes of inter-
est, and once the relevant phenotype has been
identified, the mutation is then identified us-
ing a combination of genetic techniques, in-
cluding mapping and sequencing. Mutation dis-
covery in the phenotype-driven approach is not
always straightforward. However, phenotype-
driven mutagenesis has one important advan-
tage: Unlike in the gene-driven approach, no
a priori assumptions are made about the rela-
tionship among genes, genetic pathways, and
a particular phenotype (24). The phenotype
is the starting point in the discovery process,
and having identified a relevant mutant phe-
notype, researchers characterize the underly-
ing gene or genetic pathway. In this way, the
phenotype-driven approach provides a power-
ful tool for identifying novel genes and genetic
pathways associated with diverse physiological
or disease states. For these reasons, a number of
large-scale phenotype-driven mutagenesis pro-
grams have been initiated in the mouse over the
past few years, focusing largely on the use of
the chemical mutagen N-ethyl-N-nitrosourea
(ENU) (20, 83).

ENU: A Powerful Chemical Mutagen

ENU is a chemical mutagen that acts as an
alkylating agent, transferring its ethyl group
to nucleophilic nitrogen or oxygen sites on
the deoxyribonucleotides (8, 82, 104). The
vast majority of ENU-induced variants are
point mutations, but there is a nucleotide
bias. Most commonly, mutations occur in A-T
base pairs. Seventy to eighty-five percent of
all ENU-induced nucleotide substitutions are
either A-T to T-A transversions or A-T to G-C
transitions (104). Conversely, the G-C to C-G
transversion event is rarely seen (3). Following
translation into proteins, these substitutions
result in approximately 70% nonsynonymous
changes, of which approximately 65% are
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missense changes and the remainder are
nonsense or splice mutations (82, 128).

ENU is administered as a series of intraperi-
toneal injections to male adult mice. Effective
dose and injection regimes that optimize muta-
tion rate vary according to genetic background
(73, 82, 145). ENU acts on spermatogonial
stem cells. Following ENU treatment, mice un-
dergo a period of sterility due to depletion of
differentiated spermatogonia. Following recov-
ery of fertility, male mice are bred to produce
progeny carrying ENU mutations. ENU has
a high specific locus mutation rate that with
optimum dose regimes is approximately 0.0015
(73). Given the high locus mutation rate, we can
extrapolate that each gamete will carry ~30-
50 functional mutations in coding sequences
around the genome. In addition, each gamete
will carry numerous other point mutations
at other noncoding sequences with potential
functional consequences. However, sequence-
based approaches provide an increasingly clear
picture of the power and spectrum of ENU
mutagenesis across the genome. A number of
studies indicate that ENU changes occur on
average at a frequency of one mutation every
1-1.5 Mb (37, 39, 84, 95, 112, 120). In addition
to its efficiency, the value of ENU lies in its
ability to generate point mutations. It is possi-
ble to recover mutations demonstrating the full
range of phenotypic effects from null mutations
to partial loss of function (hypomorphs), gain
of function (neomorphs), and dominant nega-
tives (antimorphs). Indeed, ENU mutations in
either coding or noncoding sequences will in
many cases reflect more closely the kind of ge-
netic variation found to be contributing to com-
plex disease in humans. We return to this point
below.

Dominant and Recessive Pipelines:
From Mutagenesis to Gene

ENU mutagenesis can be used to uncover both
dominant and recessive mutant phenotypes (23,
83). In the most simple strategy, mutagenized
male mice are bred to generate G1 offspring
that can be analyzed for dominant phenotypes.

Brown et al.

"To screen for recessive mutations, pedigrees are
bred by intercrossing the offspring of a G1 indi-
vidual (G2s) or crossing them back to the origi-
nal G1, thus homozygozing mutations in a pro-
portion of the resultant G3 offspring. Recessive
mutations at specific chromosome regions can
also be revealed by strategies involving crosses
incorporating chromosome deletions (13, 115,
116) or balancer chromosomes (71, 85).
Following identification of a new phenotype
and confirmation via inheritance testing, the
mutation is mapped, usually to a relatively small
chromosome region of a few megabases or less
and positionally cloned. Identification of the
underlying mutation from the mapped chro-
mosomal region is now relatively trivial given
the annotated mouse genome sequence and
the availability of high-throughput sequenc-
ing technologies. In addition, the advantage of
ENU is that mutagenesis is carried out on an
inbred background and the underlying muta-
tion will represent the only coding sequence
change in the mapped region—the likelihood of
two ENU mutations occurring close together
in the same region, for example, within SMb, is
low (84).

ENU Mutagenesis
and Phenotyping Screens

Perhaps more than any other mouse mutage-
nesis approach to date, the phenotype-driven
nature of ENU mutagenesis pipelines has fo-
cused attention on the phenotyping platforms
that are best suited for the efficient identifica-
tion of mutant phenotypes. Although a single
limited test may be employed to mutant mice
emerging from dominant or recessive mutage-
nesis screens, there are economies of scale to
be had from applying a battery of tests covering
a variety of phenotypes and disease states. In-
deed, the major ENU centers worldwide have
driven much of the development in the thinking
and application of mouse phenotype screens.
We discuss these developments in phenotyping
in detail below, but suffice it to say at this point
that a wide diversity of systems have been as-
sessed in ENU mutagenesis screens.
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ENU screens have ranged broadly from
developmental phenotypes to adult late-onset
phenotypes, encompassing diverse systems and
disease pathologies. Some of the early ENU
screens applied relatively broad batteries of
tests, aiming to identify large numbers of mu-
tants across several phenotypic areas (35, 77,
92,103, 136). Other mutagenesis pipelines have
focused on particular phenotype domains or
disease areas including immunological condi-
tions (40, 142), bone (7, 76), circadian rhythms
(6, 61), deafness and middle ear disease (69,
107, 126), and metabolic phenotypes (75, 79).
Much effort has also been extended toward
the use of recessive mutagenesis pipelines to
identify developmental phenotypes (13, 72, 85).
Some screens have applied challenges, such
as an infection challenge, to reveal pheno-
types (46). Overall, a plethora of novel pheno-
types has been revealed. More importantly, a
large number of these novel mutations has now
been cloned, identifying novel gene function
in many cases. In summary, ENU phenotype-
driven screens have been a powerful tool for
revealing novel gene function, and they can be
expected to continue to play a role in adding to
the diversity of mutant alleles from the mouse
genome. Nonetheless, exciting opportunities
remain for utilizing ENU in novel modalities
that depend on recently developed approaches
to ENU gene-driven mutagenesis.

ENU Gene-Driven Screens

In a seminal paper in 2002, researchers at MRC
Harwell (37) demonstrated that ENU could be
effectively employed in a gene-driven approach
by identifying specific ENU changes in a gene
ofinterest. Parallel archives of DNA and frozen
sperm were generated from male mutants from
the Harwell ENU mutagenesis pipeline. From
these, an initial archive of 2230 mice was es-
tablished. Via mutation scanning of the DNA
archive, ENU mutants in a gene of interest
are identified and the relevant mutant mouse
can then be recovered by IVF from the sperm
archive. Coghill etal. (37) applied this approach

to the recovery and characterization of several
mutant alleles from the Connexin 26 gene.
Key goals in applying this technique were
to establish the likely mutation rates and the
size of the archive that would be required to
recover a given number of alleles at any locus.
Given a specific locus mutation rate of 0.0015,
extrapolating genome-wide, we would expect
a functional change of approximately 1 in ev-
ery 2 Mb of coding sequence screened. Indeed,
both Coghill etal. 37) and Quwailid etal. (112)
in screening a much larger archive of approxi-
mately 6000 DNAs found a rate of functional
mutations close to this predicted level: The mu-
tation rate for all mutations was in the region of
1 in IMb (also see discussion above). Moreover,
the probabilities of finding 7 or more mutant al-
leles of a gene in varying numbers of DNAs may
be calculated from F1 offspring of male muta-
genized mice (see Figure 2) (37). An archive
of 5000 DNAs provides a very high frequency
(>99%) of identifying a single allele, and the
probability of recovering four or more alleles
is significant (around 90%). A number of cen-
ters have established ENU DNA and sperm
archives (3, 95, 120, 134), and overall, the num-
bers of alleles identified in screens to date bears
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Summed probabilities of finding 7 or more mutant alleles of a gene in varying
numbers of DNAs from F1 offspring of ENU mutagenized male mice. Adapted

from Reference 37. Curves were calculated using BINOM version 1.72

(courtesy of J. Ott), assuming a mutation rate of 0.0015 mutations per locus

that was corrected for a mutation detection rate of 90% (i.e., 0.00135 mutants/

locus).

www.annualreviews.org o Functional Annotation of the Mouse Genome 313



Annu. Rev. Genet. 2009.43:305-333. Downloaded from www.annualreviews.org
Access provided by WIB6385 - GSF-Forschungszentrum fur Umwelt und Gesundheit on 02/17/16. For persona use only.

314

out these calculations. It can be extrapolated
that an archive of 10,000 mice would provide
1 ENU change every 100 bp on average across
the mouse genome.

In parallel, a number of groups have also
demonstrated the utility of the ENU gene-
driven approach in ES cell lines (33, 99), par-
ticularly in recovering large allelic series at
loci of interest (143). The advantages here
are the ability to optimize dose without giv-
ing consideration to animal welfare and, most
importantly, the ability to generate large li-
braries of mutations without extensive animal
breeding.

The utility of ENU gene-driven screens is
thrown into fresh perspective by the success and
scope of the recent plethora of genome-wide
association studies in humans (26, 50, 56, 117,
138). These investigations are revealing a host
of potential regions and genes that may under-
lie common, complex human disease states such
as diabetes, Crohn’s disease, obesity, autoim-
mune disease, and others. Providing a variety of
mouse mutant alleles both in coding and non-
coding sequences surrounding these loci will
be imperative in order to validate loci and their
involvement in the disease process. Generating
null alleles via gene targeting will be an impor-
tant first step in terms of assessing the func-
tion of these candidate loci. However, generat-
ing a variety of point mutations in both coding
sequences and in surrounding promoter and
regulatory sequences is likely to recapitulate
better the genetic variation that segregates in
the human population and that contributes to
disease phenotypes. Screening of ENU archives
can provide the necessary allelic variants.
Moreover, as the throughput of sequencing
technology improves and costs plummet, it is
not fanciful to consider a major initiative to un-
dertake the comprehensive genome resequenc-
ing of ENU archives. Th aim would be to short-
circuit the somewhat laborious process of mu-
tation scanning and provide an in silico process
of scanning for relevant mutations in any se-
quence of interest that can then be followed
by the trivial and rapid recovery of the rele-
vant mutant mouse from the sperm archive.

Brown et al.

Although complete resequencing of all the
thousands of DNAs in the current archive may
be too ambitious (and too costly), a current al-
ternative is to consider applying present devel-
opments in selection technologies (1, 74, 105,
111) toward, for example, capturing and rese-
quencing all coding exons or some other se-
lection of sequences. However, ultimately, the
aim must be to generate complete genome se-
quences for all animals from the ENU archives,
providing a unique and unparalleled database
and genetics resource. Effectively, the user
would be able to recover mutant alleles for any
sequence within the mouse genome, includ-
ing not only coding sequences but also point
mutations within enhancers and other regula-
tory motifs as well as transcribed noncoding
sequences. This resource would transform the
functional annotation of the mouse and hu-
man genomes and provide a new modality for
the functional assessment of any mammalian
sequence.

Transposons and
Phenotype-Driven Screens

Above, we discuss the utility of transposon-
based systems (48, 49) for mouse mutagene-
sis. We can expect this approach to make a
distinctive contribution to phenotype-driven
screens. The efficient generation of mutant
mice by transposon-based mutagenesis fol-
lowed by their analysis using comprehensive
phenotype screens has the potential to uncover
a large range of novel mutant phenotypes. Most
importantly, the identification of the underly-
ing locus will be relatively trivial.

THE CHALLENGES OF
PHENOTYPING: DELIVERING
FUNCTIONAL ANNOTATION
FROM THE MOUSE MUTANT
RESOURCE

What is a Phenotype?

Phenotype comprises a complex biological out-
put of gene allele, the genetic background,
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environment, and, importantly, the test uti-
lized to measure the phenotype. This can
be visualized as a three-dimensional matrix
(Figure 3) consisting of data points that reflect
in one dimension the genetic context and or-
thogonally the environment in which the phe-
notype has been measured (22). We need to
assess phenotypes in many different mutations
carried on diverse genetic backgrounds if we
are to explore fully phenotype space. At the
same time, phenotype outcome will be affected
by the environmental conditions in which an-
imals were raised and in which the phenotype
test has been carried out. We can expect many
environmental parameters to have a significant
impact upon phenotype measurements (151)
including, for example, home cage environ-
ment, environmental enrichment, diet, and the
pathogenic load on the animal. To some extent,
these parameters can be controlled, but their
obvious impact on phenotypic outcome identi-
fies them as critical data components for phe-
notype databases (see discussion below). The
third dimension of our phenotype data ma-
trix is the phenotype test itself. For each al-
lele, genetic background, and environmental
condition, multiple tests or even variants of
tests can be carried out. Different variants of
a phenotype test may measure different phe-
notypic parameters, and this richness or gran-
ularity in phenotyping must be recognized and
taken into account in the three-dimensional
data sets that are generated. The major chal-
lenge of mouse phenotyping is to populate this
three-dimensional matrix, delivering a unified
and integrated data set. This is indeed a phe-
nomenal goal, especially if we were to con-
sider an early ambition to phenotype 20,000
mouse lines on two genetic backgrounds, re-
quiring 100 phenotype tests, each measuring
five parameters. Further consider that these
tests are carried out under a minimum of five
environmental conditions. Thus, we need to ac-
crue 5 x 107 phenotype data points. However,
even this limited goal represents a very mini-
mal data set for detailed downstream systems
analysis.

Figure 3
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Test3
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Test5

Test6
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Phenotype data comprises a complex three-dimensional matrix of outputs

reflecting multiple phenotype tests, the genetic lesion, genetic background, and

the environmental conditions under which the tests were undertaken.
Populating this matrix is the key challenge that faces mouse geneticists.

What is a Phenotype Test?

"This may seem a trite query, but within this sim-
ple question lies a fundamental quandary about
the nature of the mouse phenotyping project,
its aims, and its early directions. Phenotypes
can be measured at the molecular (transcrip-
tomic, proteomic, and metabolomic), the cellu-
lar, and physiological levels. In addition, anal-
ysis at these various hierarchies can be carried
out at different developmental stages and dif-
ferent time windows within adults, thereby en-
compassing phenotypes from early-onset dis-
ease to age-related conditions. If we add these
complexities to our phenotyping programs, the
size of the data sets that need to be accrued sig-
nificantly increases.

Enormous progress in mouse phenotyping
has been made at all levels. Most recently,
considerable emphasis has been placed on
the development and application of mouse
phenotyping platforms for observational,
physiological, and biochemical screens to study
diverse features such as dysmorphology, neuro-
logical, metabolic, cardiovascular, behavioral,
and sensory disease states. The strength of these
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phenotype platforms is that they determine
phenotypic parameters that may be mapped to
human disease features. However, as discussed
below, in many cases these phenotype platforms
offer only modest throughput. In contrast,
molecular phenotypic analysis (for example,
transcriptomic arrays) is more immediately
scalable to the analysis of thousands of mutant
lines. However, algorithms that would allow for
the accurate relation of transcriptomic or pro-
teomic data to disease conditions are currently
lacking. This reflects our lack of understanding
of genetic systems and their networks—the very
problem that we are trying to solve. For this
reason, early large-scale efforts in mouse phe-
notyping have focused their efforts on acquir-
ing substantive data sets from observational,
physiological, and biochemical platforms.
Nevertheless, it will be important to populate
and integrate phenotype databases with molec-
ular phenotyping data as it becomes available if
we are to make a profound analysis of genetic
systems from the molecular to the organismal.

The Importance of Standardization

Given the scale of the data sets that need to
be acquired, mouse mutant phenotyping is
being carried out across multiple centers. The
distributed nature of the mouse phenotyping
effort underlines the need for standardization.
As discussed above, there is enormous potential
for variation in the use of phenotype tests as
well as disparities in environmental conditions
that may introduce unwanted variability into
phenotype outcomes. Indeed, considerable
discussion has ensued as to the benefits of stan-
dardization in contrast to a more systematic but
inevitably laborious approach to analyzing ge-
netic and environmental variables and detecting
gene-environment interactions (108, 114, 151,
152). For example, it has recently been pro-
posed that standardization of the environment
may reduce the external validity of phenotyp-
ing data contributing to poor reproducibility
and that systematic environmental hetero-
genization approaches be used to minimize
spurious and conflicting findings. However, to
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carry out phenotype analyses in this way on
any comprehensive scale is impractical given
the scale of the endeavor. A contrasting view is
that standardization ensures that strain ranking
(for example, between controls and mutants)
measured among centers is consistent (even
though absolute values may vary), and this has
been the focus of several labs’ efforts (91).

Opverall, standardization of phenotyping
procedures will be critical if we are to popu-
late unified and integrated databases with com-
parable data sets. Data sets must help answer
questions such as, Is the phenotype of allele 1
(measured in center 1 with respect to the back-
ground control) the same or similar to the phe-
notype of allele 2 (measured in center 2 with
respect to the same background control)? Or,
for example, Is the phenotype of allele 3 (mea-
sured in center 3) different from the phenotype
of allele 4 (measured in center 4)? In the latter
case, we need to be sure that differences do not
reflect trivial variations in test procedure or en-
vironmental conditions that may result in un-
expected outcomes in test output. The use of
robust, validated phenotyping platforms gen-
erating data that is comparable across time and
place will be integral to populating unified phe-
nome databases. The need for standardization
in mouse phenotyping, as well as standardiza-
tion in data acquistion, storage, and annotation,
reflects a wider concern in developing a systems
biology for any organism (18, 30).

Standardization of Mouse
Phenotyping Procedures:
The Importance of Standard
Operating Procedures and
Environmental Standards

We need to adopt standard operating proce-
dures (SOPs) that deliver comparable pheno-
type outputs across time and place if we are to
undertake a comprehensive functional annota-
tion of the mouse genome. Developing robust
procedures requires us to assess how the opera-
tion of the tests along with associated environ-
mental conditions, such as cage environment or
diet, impact the test output. A landmark study
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by Crabbe and colleagues (43) examined the
reproducibility of a battery of neurobehavioral
tests across three laboratories. Each laboratory
carried out a series of six tests on a panel of sev-
eral inbred strains. Despite rigorous efforts to
standardize protocols, test apparatuses, and en-
vironmental conditions, significant variations
in phenotype output were found among the
centers. These results may support the idea that
standardization of phenotyping platforms, par-
ticularly for behavior, is fraught with difficulty.
More likely, the poor reproducibility arose be-
cause of unrecognized factors in test procedure
or environment that were not taken into ac-
count, which underlines the need to undertake
deep and extensive analyses of the sources of
variation contributing to test output. One re-
cent study (31) investigated the effects of a wide
variety of handling and housing test procedures
[such as cage density, diet, gender, length of fast,
site of bleed (retro-orbital versus tail), timing,
and anesthesia] on biochemical, hematological,
and metabolic/endocrine parameters. Although
many parameters yielded no significant effects
on phenotype output, other minor changes in
procedures had dramatic impacts.

It will be imperative to develop a strong evi-
dence base for the reproducibility of phenotype
platforms across diverse systems, requiring the
researching and cataloging of the many vari-
ables that may confound test standardization.
An understanding of the impact of environ-
mental conditions, particularly the impact of
environmental enrichment, will be critical to
ensure test reproducibility. This need is well ex-
emplified by recent studies that have examined
the effect of environmental enrichment on the
behavioral analysis of inbred strains. Wolfer and
colleagues (148) found that environmental en-
richment had no significant effect on the repro-
ducibility of data acquired in replicate studies,
and concluded that the introduction of enrich-
ment has little impact upon the standardization
of results. They also found that enrichment
conditions did not affect the strain ranking
observed in the tests utilized. This study
examined only two inbred strains and used a
limited battery of tests. In contrast, a study

carried out by the EUMORPHIA project (see
below) examined a larger number of inbred
strains with a more extensive battery of behav-
ioral tests (141). A complex picture emerges
showing that for some phenotypes strain
ranking is clearly affected by the enrichment
conditions, whereas for other tests no effect on
strain ranking is seen.

These results underline the complexities
and potential pitfalls as we aim to develop and
utiltize SOPs to populate unified phenome
databases. Nevertheless, these have not pre-
vented a major drive to define a comprehensive
set of standardized and validated SOPs for
wide use across the mouse genetics community.
EUMORPHIA, a consortium of European
laboratories, recently completed a program to
develop standardized phenotyping platforms.
The consortium comprised 18 research insti-
tutes working on establishing and validating
new phenotyping methods. EUMORPHIA
has developed a new robust primary screening
protocol, EMPReSS (21, 91). EMPReSS in-
corporates more than 150 SOPs and associated
annexes and appendixes, many validated on
a cohort of inbred strains across a number of
laboratories. Importantly, as discussed above,
consideration was given to the impact of
animal handling and environmental conditions
(31, 141). EMPReSS SOPs are available
for all the major body systems and include
SOPs for generic approaches such as imaging,
pathology, and gene expression. Ultimately,
we need to enlarge the resource of SOPs to
provide an even more comprehensive catalog
of standardized and validated screens, bringing
further comparability and reproducibility to
phenotyping platforms.

Phenotyping Pipelines:
Development of New Platforms
and Hierarchies of Tests

There is a continuing need to develop new
phenotyping platforms, first to assess pheno-
type domains for which tests are currently not
available and second to satisfy the demand for
faster and cheaper phenotyping approaches.
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Phenotype test development continues apace
with a number of new modalities being added to
the classic batteries. A few examples are useful.

In the areas of neurological and behavioral
disorders, there is an ongoing requirement
to develop new tests that explore novel do-
mains. For example, a new test of motor
coordination—the MoRaG (mouse reaching
and grasping) test—was recently described
(140) and can be used to assess the skilled
movements of reaching and grasping previously
thought to be confined to primate lineages.
The MoRaG test is a useful tool to uncover
motor deficits in complex neurological, neuro-
muscular, neurodegenerative, and behavioral
disorders. Within neurology, there has been
considerable discussion of the platforms used
to assess pain in the mouse (147). Phenotyping
development is also addressing the need for
models of complex human behavioral disor-
ders. Standardized behavioral assays have now
been developed to examine mice’s preference
for social interactions with novel conspecifics
(97). Procedures to quantify sociability and
social preference are important for assessing
social avoidance tendencies and identifying
models of autism.

Combining or juxtaposing existing pheno-
typing tools is also advantageous to bring a
new dimension to uncovering novel pheno-
types. For example, combining MRI with high-
resolution episcopic microscopy provides a
valuable high-resolution, high-throughput tool
for accurately determining phenotypes in trans-
genic and mutant embryos (110). Phenotyp-
ing tools such as these have wide application
ranging from the discovery of cardiac develop-
ment disorders (121) to more esoteric pheno-
types such as left-right asymmetry.

Phenotyping tests are not always used
in isolation. Indeed, as we aim for a broad
determination of mouse phenotypes, the use of
batteries of tests, or phenotyping pipelines, will
become increasingly common. As new SOPs
are developed and validated, they need to be
incorporated within phenotyping pipelines in
a way that ensures the impact of preceding
tests on subsequent assays is minimized (94)
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and that intertest intervals are appropriate
(109). This is particularly true for neurological
and behavioral tests. In the EUMORPHIA
program, considerable attention was paid to
defining an appropriate order of tests within
the neurobehavioral battery (21, 91; also see
http://empress.har.mrc.ac.uk/). Age is also
an important consideration in the design of
phenotyping pipelines, and it needs to be rec-
ognized that certain phenotypes, such as bone
mineralization deficits (7), may emerge only
at later time points. Factoring in test age and
test order will be critical if we are to develop
robust, efficient pipelines and move beyond
the application of individual, standardized
phenotyping tests to pipelines that offer a more
comprehensive assessment of gene function.
The development of phenotyping pipelines
or batteries of tests brings into focus the
considerable variation in the sophistication and
speed of different phenotyping tests—a factor
that has underlined the adoption of hierarchical
approaches to phenotype assessment. Given
the large numbers of animals that need to be
analyzed in phenotype screens, there has been
considerable emphasis on the development
of batteries of tests for primary, broad-based,
high-throughput screens that provide an
initial, but superficial, phenotype assessment.
Subsequently, more sophisticated secondary
or tertiary tests may be applied depending
on the outcome of the primary screen. The
advantages of a hierarchical approach to
screening has stimulated the development
of a number of primary screening pipelines.
The SHIRPA (SmithKline Beecham, Harwell,
Imperial College, Royal London Hospital Phe-
notype Assessment) test is a simple and rapid
primary phenotyping tool (119) that provides
a semiquantitative assessment of muscle and
lower motorneuron, spinocerebellar, sensory,
neuropsychiatric, and autonomic function.
The test protocol is adapted from early work
by Irwin (80) on phenotype assessment of phar-
macological and toxicological responses. The
simple design of SHIRPA, employing relatively
unsophisticated equipment and allied to the
range of phenotypes assessed, has resulted in its
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wide usage. SHIRPA was a critical component
of the primary screen used to identify a variety
of novel disease models in one of the first
large-scale phenotype-driven ENU mutage-
nesis programs (103). Since its introduction,
SHIRPA has evolved and been improved, and
a modified version of the protocol is often uti-
lized (92). The hierarchical screening approach
has also been adopted for pipelines in specific
phenotyping domains such as behavior (44, 45).

However, it is important to emphasize that
there is no simple relationship between test
sophistication and throughput. Increasingly,
we find that technically sophisticated tests,
such as MRI, are being used as a primary
screen (110, 121). If we are to increase the
breadth and depth of the phenotype space that
can be captured in a primary screen, then it
will be necessary to continue this trend and
reverse the traditional relationship between
test sophistication and throughput. This will
require investment in new technology that
enables us to ally speed and sophistication
while realizing potential cost benefits.

Bringing Technology Developments to
Bear: Speeding Phenotyping Pipelines

Complex behavioral assays, including, for ex-
ample, circadian rhythm analyses, have been a
focus of technology development and are al-
ready benefiting from automation in data cap-
ture (6, 97). The increase in throughput that
this brings allows an increasing number of be-
havioral phenotypes to be assessed at the pri-
mary level. Moreover, assays that are tradition-
ally primary in scope, such as blood analyses
(75), are also benefiting from improved tech-
nologies and automation. For example, clinical
chemistry screens have been revolutionized by
the Luminex system, which enables multiplex
analysis of a wide range of blood proteins (47).

However, some areas of phenotyping, i.e.,
techniques that require direct human inter-
vention, will continue to be refractory to dra-
matic shifts in speed, even when more so-
phisticated techniques are brought to bear.
This is especially true for pathology analysis.

Comprehensive pathological analysis is vital for
identifying and validating disease models (124).
Yet, the process from necropsy to sectioning,
staining, and interpretation is highly labor in-
tensive and depends on direct observational
skills. Not much prospect of automating or
streamlining pathology analysis appears in the
foreseeable future. However, one aspect that
can improve the accessibility and standardized
recording of pathology results is the develop-
ment of tools that record results using stan-
dard vocabularies, such as the MPATH pathol-
ogy ontology (124), and export them in formats
that can be imported into phenotype databases.
One such tool that has recently been published
is MoDIS (133), and it is likely that this will
become an area of intensive research over the
next few years.

Genes and Environment: Employing
Challenges in Phenotype Platforms

Despite the emphasis on controlling environ-
ment as we standardize test output and populate
integrated databases, it will also be increasingly
important to determine the effects of specific
and disease-related challenges on phenotype
outcome. Challenges that are critical to under-
standing disease development and will be a fo-
cus of future efforts include infection, diet, and
exercise (for a discussion of the influence of en-
vironment on phenotype outcome, see above).
Indeed, it will be important to explore in more
depth how the richness of the environment im-
pacts disease development, particularly in terms
of behavioral and neurodegenerative diseases,
given existing evidence that environmental en-
richment can influence disease progression
(54, 102).

RECENT SIGNIFICANT
PROGRESS IN LARGE-SCALE
MOUSE PHENOTYPING

Mouse Phenome Project

Inbred strains play a number of critical roles in
mouse genetics, including providing uniform
genetic backgrounds on which to generate
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mutant resources. For example, the new
mutant libraries from the International Mouse
Mutagenesis Consortium are being generated
on a C57BL/6N background. Inbred lines also
display a wide range of phenotypic variation
that can be utilized in genetic crosses, recom-
binant inbred crosses, or consomic lines to
reveal genetic loci underpinning the variant
phenotypes (34, 42, 63, 93). It is therefore
important to determine systematically the phe-
notype of key inbred strains, thereby providing
baseline data for mutant resources as well
as cataloging the inherent variation between
inbred strains that may be utilized in genetic
studies.

In 2000, the Jackson Laboratory in Bar
Harbor, Maine, initiated the Mouse Phenome
Project to undertake the systematic phenotypic
characterization of a group of 40 mouse inbred
strains (14). The strains were chosen on the ba-
sis of their popularity and utility in mouse ge-
netics, and they included not only household
strains, for example, C57BL/6, but also a num-
ber of wild inbred strains, such as Mus casta-
neus, which were employed because of their ge-
netic divergence from the standard laboratory
strains. The Mouse Phenome Project was not
a directed effort involving one or a few labo-
ratories. Rather, the program was initiated as a
distributed effort, whereby investigators were
encouraged to contribute phenotyping data on
inbred strains to a central database. A large
amount of data has been acquired from di-
verse sources, including internal programs from
the Jackson Laboratory and other laboratories
worldwide, and deposited in the Mouse Phe-
nome Database (15). This database provides a
variety of tools to download and view phenome
data, offering a useful basis for strain selec-
tion when carrying out diverse mouse genetic
experiments.

Development of Mouse Clinics

Some diverse data sets on mouse inbred strains
and mutants are emerging from centers with
a breadth and depth of expertise in mouse
phenotyping, so-called mouse clinics (58). The
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emergence of mouse clinics will enhance the
community’s ability to address
the challenge of large-scale phenotyping. It

scientific

would be unrealistic to expect mouse clinics
to undertake or have expertise in all of the
more sophisticated physiological, biochemical,
and developmental platforms. Rather, it is
envisaged that these clinics will sit at the hub
of a network of centers, each of which has
close links to a clinic and can offer a range of
specialist phenotype platforms not available at
the actual clinic. There are important scientific,
economic, and translational arguments for
the development of the clinic concept and its
associated networks. First, the scale of the
phenotyping effort required to develop a com-
prehensive functional annotation of the mouse
genome is beyond any individual laboratory.
Instead, a global network of mouse clinics is
required, each able to undertake a broad-based
phenotyping pipeline and work together
toward common integrated goals. Second,
the clinic concept, bringing diverse platforms
to efficient phenotyping pipelines, provides
economies of scale. Moreover, clinics are
efficiently scalable as we aim to tackle the char-
acterization of increased numbers of mutant
lines. Finally, as centers for mouse biology and
phenotyping, mouse clinics will be able to offer
numerous opportunities for the identification,
application, and translation of preclinical dis-
ease models. For example, the clinics will be in
an ideal position to work with diverse partners
investigating the efficacy and phenotypic out-
comes of small molecules or other therapeutic
interventions on appropriate disease models.

EUMODIC

In 2007, the EUMODIC (European Mouse
Disease Clinic) program was initiated. The
program is a major pilot program for large-
scale phenotyping, aiming to undertake the
broad-based phenotyping of 500 mouse
mutant lines from the EUCOMM project.
EUMODIC comprises four mouse clinics
(Helmholtz Zentrum, Munich in Germany,
ICS in France, as well as MRC Harwell and the
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Sanger Institute in the United Kingdom), each
of which is carrying out a primary screen of a
proportion of the mutants. The primary screen,
EMPReSSslim, comprises a subset of the EM-
PReSS protocols organized into two pipelines
of tests carried out on mice aged 9-15 weeks
and encompassing a wide diversity of disease
systems (Figure 4). A cohort of 10 age-matched
females and 10 age-matched males enters each
of the pipelines. A proportion of mutants with
interesting phenotypes will undergo more de-
tailed secondary/tertiary phenotyping at other

phenotype data will be made publicly available
through the FEuroPhenome database (see
Reference 90 and below). The EUMODIC
program will provide a stern test of the logistics
and infrastructure required for large-scale,
broad-based phenotype screens and forms a
foundation for the continued development
of improved approaches that will allow us to
scale mouse phenotyping from hundreds to
thousands of mutants. Moreover, it will enable
us to assess the merits of distributed networks
of clinics and associated specialist phenotyping

centers within the EUMODIC consortium. All  partners.
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The EMPReSSslim phenotyping pipeline utilized by the EUMODIC consortium. EMPReSSslim comprises two pipelines covering a

wide variety of body systems. Age-matched cohorts of 10 males and 10 females enter each of the pipelines at 9 weeks of age, and
screening is completed by 15-16 weeks. Smaller cohorts enter some of the test platforms later in the screening process as indicated.
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XML (eXtensible

markup language): a
document-processing
standard that describes
the structure of data,

widely used in
computer science
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BIOINFORMATICS FOR
HIGH-THROUGHPUT
PHENOTYPING PROJECTS

Bioinformatics plays an integral part in any
large-scale/high-throughput phenotyping pro-
gram because of the need to track large num-
bers of mice, including their breeding histo-
ries, genotyping records, and progress through
phenotyping pipelines, and in order to acquire,
store, present, and analyze data in the best pos-
sible way. The exciting challenges for the phe-
notype bioinformatics community lie in two
directions. First, there is a need for pheno-
type data and databases to make the transition
from the relatively ad hoc and ill-structured
state of today to one in which standards for
data, operating procedures, and data transfer
are consistently implemented, similar to the
way that members of consortia such as caBIG
(106) demand implementation of certain stan-
dards. Implementation of such standards will al-
low seamless integration of different phenotype
data types, originating from different sources,
into a single phenotype data network. This will
lead to a second, as yet less well-defined set
of challenges: how to analyze these disparate
data sets to obtain novel insights into the origin
of phenotypes and their relationship to human
disease.

Phenotyping Procedures

The primary message from the EUMORPHIA
project (19) was that standardization of meth-
ods was an essential prerequisite for compa-
rability of phenotype data. This has driven a
movement within the bioinformatics commu-
nity to develop standards in a number of ar-
eas related to phenotype data. From an ex-
perimental perspective, the most immediately
obvious of these has been the development
of a standard format for the representation of
SOPs for phenotyping. The first version of the
EMPReSS database (62) used a simple
XML (eXtensible markup language) schema
(SOPML) to represent SOPs. XML is a doc-
ument processing standard that describes the
structure of data (17). It allows users to define
their own elements and is widely used as an open

Brown et al.

standard for exchanging information, struc-
tured documents, and data across different in-
formation systems, particularly over the Inter-
net. XML defines the data contained within the
tagged elements so that a computing applica-
tion “reading” that file then “knows” what kind
of information is held in it. XML data can be
described, constrained, and validated within an
XML environment by way of an XML schema.
The original EMPReSS XML schema was de-
signed to describe and constrain the informa-
tion within the EMPReSS SOPs. It was ade-
quate for storing the SOPs and allowing them
to be regenerated in a number of file formats,
but in a broader context, a more sophisticated
structure is needed. As discussed above, the
EUMODIC project will capture phenotyping
data using the same SOPs in four major Eu-
ropean centers. To do this, standardization is
required beyond the experimental SOPs, and
in particular, agreement is required on exactly
which parameters for each SOP will be mea-
sured by the centers and in which units such
parameters will be expressed. The SOPML
schema has therefore been extended to in-
clude this information. Additionally, as part
of international discussions on interoperabil-
ity and integration of phenotype databases and
data (96), a more general list of requirements
for SOPs (in this context known as pheno-
typing procedures) has been drawn up to al-
low all participating institutions to describe all
the features of their phenotyping procedures.
The outcomes of a preliminary meeting to de-
fine the contents of this schema can be found
at http://tinyurl.com/2db6u9. The schema is
currently being refined as PPML (phenotyping
procedure markup language). A first version for
general use is planned for release later in 2009
or early in 2010 as part of a broader minimum
information standard for the description of phe-
notyping experiments (135).

Ontological Description
of Phenotypic Observations

A significant issue for the bioinformatics com-
munity is how to represent phenotype data in
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a way that is comprehensible to the user, ma-
chine readable, and able to convey information
at a range of depths from general summaries of
the characteristics of mouse lines to detailed de-
scriptions of phenotype data on individual mice
as they come out of high-throughput phenotyp-
ing experiments. Since the advent of the gene
ontology in the late 1990s (2), ontologies have
been the preferred form of data representation
in the bioinformatics community (12). Ontolo-
gies have the advantages of containing not only
a list of defined standard terms that can be used
to annotate data but also information about the
relationships between terms. An anatomy on-
tology, for example, may contain terms such as
eye, head, and visual system as well as the in-
formation that the eye is “part of ” the head and
“part of” the visual system. The property that
a term can be linked to multiple higher level
(parental) terms is known as multiple parentage,
which is a particularly useful feature in biology
where there are multiple points of reference.
The first and best known attempt to represent
mouse phenotypes is the mammalian pheno-
type (MP) ontology developed at the Jackson
Laboratory (130). This ontology is a power-
ful resource that currently contains 9354 terms
(version 11.03.09), which can be used to anno-
tate abnormal phenotypes of mouse lines and
individual mice. However, it is not designed to
capture quantitative or qualitative data in de-
tail. An approach to this latter problem that is
gaining favor is to use the extended EQ (entity
plus quality) formalism and the quality ontology
(60, 129).

The EQ approach (Figure 5) represents the
phenotypic character thatis being observed as a
combination of terms from at least two ontolo-
gies. The entity (E) may be an element of an
anatomy ontology (such as eye) or from another
relevant orthogonal ontology (which describe
domains of knowledge that do not overlap). The
aim is that all properties of an organism should
be describable by a set of nonoverlapping on-
tologies so that it should never be necessary
to choose between two ontologies that contain
the same term, or terms with the same defini-
tion. The quality (Q) is an element from the

Parameter Phenotyping procedure

E: tail + Q: length [ [assayed by] [ measurement of tail length by ruler [ [unit]cm

Rel‘!_.‘l ns
Inferred value
value

Q: increased length

A

5
Inference of qualitative description t

<

! t

Long tail Normal value, e.g.,
MP:0002758 from EuroPhenome
MP term

Baseline data

Figure 5

Representation of phenotype data using the EQ (entity plus quality) approach
and inference of the mammalian phenotype (MP) terms. A parameter to be
measured in a phenotyping experiment is represented by an entity (E) and an
associated quality (Q), in this case the tail and its length, respectively. The
measurement is carried out according to a specified assay (in this case,
measurement of tail length by ruler), which provides a result in units specified
by the assay. This value is compared with baseline data for the same age, sex,
and strain to infer whether it is abnormal, which in this case is a tail length of
5 em. Two qualitative descriptions are then inferred from the quantitative data:
(@) a revised quality (i.e., increased length), which can be associated with the
entity “tail” in the database, and (b) the MP ontology term “long tail.”

quality ontology (129). This contains proper-
ties of things that can be observed, associated
by “is a” relationships with the type of property
they represent, for example, red is a color. Thus,
eye (E) + red (Q) describes a particular observa-
tion about an eye. However, as described here,
this formalism is not sufficient to detail the re-
sults of phenotyping experiments because ob-
servations can depend on the procedure used
to obtain them. Thus, a fuller and more use-
ful approach is to combine an E + Q statement
with additional information on the procedure
used to obtain the value and the value of the pa-
rameter (specified in a structure such as PPML;
see above) and a statement of the quantitative
or qualitative value that the procedure returned
with appropriate units (60). The following is an
example:

tail (E') + length(Q)[tail length measured

using a ruler] = 5 cm
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Additional parameters may also need to be as-
sociated with such a statement, including for
example, the environmental conditions under
which mice were kept. Presently, no ontology of
phenotyping procedures exists. It remains to be
established whether such an ontology is needed
and whether its structure would need to mir-
ror that of other ontologies, such as MP or the
quality ontology, or if its relationships might
differ and reflect the types of techniques used.

The two approaches to representing phe-
notypes using ontologies are superficially very
different, and there has been some discussion
as to whether they can be made compatible
so that automatic conversions can be made
between them. Recently, significant effort has
been put into describing MP terms in EQ
terms with considerable success (G.V. Gkoutos,
personal communication). Although this pro-
cess is not complete, if a full description of
MP terms in terms of EQ could be achieved
(and maintained through appropriate curation),
the problem of interconversion would be es-
sentially solved. Recent developments in the
EuroPhenome database include the develop-
mentof amethod to generate MP terms directly
from data held in the EQ format, making use
of data on normal mouse lines also held in the
database (10).

Beyond the relationship between MP and
EQ descriptions of mouse phenotypes, more
fundamental issues arise. To make maximal use
of mouse phenotype data, it will be important to
make the best possible linkage between mouse
and human phenotypes and disease. Currently,
the standard approach is to link mouse pheno-
types to OMIM (Online Mendelian Inheritance
in Man) (65) terms and identifications. Apart
from the fact that OMIM represents only dis-
eases showing Mendelian inheritance, the pri-
mary weakness of this approach is that disease
terms as used by OMIM are not phenotypes:
Human diseases are complex assemblages of
phenotypic observations, and labeling of an in-
dividual with a given disease term may be a
probabilistic inference based on the presence
of some, but not all, of the abnormal pheno-
typic observations associated with the disease.

Brown et al.

It is therefore important to be able to distin-
guish between the phenotypic characteristics
of a particular mouse or mouse line and the
human diseases with which these characteris-
tics may be associated (125). An example is
type 2 diabetes. Mouse models of type 2 dia-
betes are often identified using the intraperi-
toneal glucose tolerance test. However, type
2 diabetes in humans has many features that
go well beyond glucose tolerance, and a mea-
sure is needed for how well a particular mouse
model mimics the human disease in question.
Such a measure may be based on the number
of shared phenotypic characteristics and how
similar they are between the mouse model and
human disease state, perhaps also taking into ac-
count phenotypic characteristics shown by the
mouse model that are not features of the human
disease.

Beyond Description:
The Phenotype Superhighway

As standards emerge to describe mouse pheno-
types in ways that can be implemented by both
database managers and Web page developers, a
remaining challenge is how to establish a wider
international network of phenotype databases
that can provide researchers with access to all
the richness of phenotype data in its various
forms (66). To enable this exchange, a file for-
mat, probably XML, is needed to represent the
wide variety of current and future phenotype
data (96). The development of such a format
will require the intensive effort of the interna-
tional mouse phenotype database community.
The EUMODIC community has taken some
first steps in this direction. The structure of the
EUMODIC project, with a single core database
including data from four primary phenotyping
centers and numerous secondary phenotypers,
required the development of an XML schema
for the transport of phenotype data (A. Mallon,
H. Morgan, & ]J.M. Hancock, unpublished
manuscript) (Figure 6). Further work is needed
to make this format suitable for the transfer of
the wide range of phenotype data, but such an
aim seems achievable within the next few years.
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After this, it should be possible for individual
databases to return subsets of the data they hold
to query or analysis software located anywhere
in the world, thus opening up an entire new
field of phenotype bioinformatics. To realize
this vision, mechanisms must be established to
enable the programmatic recall of data. Cur-
rently, two main ways of achieving this exist,
both of which fall under the general heading of
Web services: (#) direct programmatic access to
databases by SQL queries (e.g., remote proce-
dure call) and (§) the use of an application pro-
gramming interface, which allows access to un-
derlying data using a set of predefined functions
(e.g., service-oriented architecture). A recent
questionnaire (67) investigating the implemen-
tation of Web-based access to mouse databases
carried out by the Coordination and Sus-
tainability of International Mouse Informat-
ics Resources (http://www.casimir.org.uk;
http://www.i-mouse.org/) consortium indi-
cated that, although the penetration of Web-
service implementation is still relatively low
(40%), a significant number of databases (33 %)
are considering adopting Web services in the
foreseeable future, suggesting that the infras-
tructure for such a phenotype data network is
coming into existence. A number of higher level
entities will probably be necessary before ready
access to all mouse phenotype data resources is
available—in particular, some form of registry
regarding which types of data each database
holds and what sorts of Web services are avail-
able to recall or process the data. Some Web-
service integration projects, such as TAVERNA
(78) and BIOMOBY (146), currently host their
own registries, but an open resource that could
be easily accessed by anyone wishing to design
their own Web services—based analysis platform
would be a welcome addition.

...AND BEYOND!

Currently, it is not possible to carry out com-
plex queries on phenotype data from differ-
ent sources and extract novel information from
them. We have only glimpses of the kinds of ap-
plications that will emerge once the phenotype

Valid files sent
for processing

/{euroéhenome)

Figure 6

Centers’ LIM systems

Validate and store

XML files for
FTP retrieval

Retrieve
files

The EUMODIC data-collection process. Data collection takes place in
individual phenotyping centers according to common standard operating
procedures using the individual laboratories’ information systems. These
systems export the data in a commonly accepted XML format. These files are
validated locally and placed on file transfer protocol servers. These servers are
accessed by the central site, uploaded, validated again, and processed. The data
are then loaded into the central database EuroPhenome.

data network has started to emerge. Many of the
techniques that will be applied to these data sets
are likely to be well-established data-mining
techniques such as cluster and correlation anal-
ysis, although such approaches will need to be
enhanced to take into account the large amount
of qualitative and categorical data in the pheno-
type data set, much of which is described using
ontologies. An approach that may yield signifi-
cant dividends is Inductive Logic Programming
(98), which is a form of machine learning that
aims to learn logical rules describing the classi-
fication of a particular subset of the data. This
could lead to the learning of new features of
the phenotype data set. Unsupervised, as well as
supervised, modes of machine learning are also
likely to play a significant role. Borrowing from
experiences in sequence analysis and genomics,
rapid techniques for finding similarity between
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phenotype data sets, e.g., a PhenoBLAST
algorithm that can take into account various
types of data rather than the single data type
represented by sequences, may need to be
developed. The phenotypes an organism ex-
hibits are ultimately functions of the underly-
ing genetic, signaling, and metabolic networks
that are instantiated in the various tissues of
the living organism [and during its develop-
ment (9)]. Thus, it will be important to re-
late phenotype data to underlying genetic net-
works both to better understand the origins of

SUMMARY POINTS

the phenotypes and to understand other gene
products and metabolites that may be involved
in producing them. Finally, a failing of much
early genomic analysis resulted from not tak-
ing into account phylogenetic relationships be-
tween species. Hence, approaches for the anal-
ysis of phenotype data must be developed to
take phylogeny into account (88). The next ten
years will see exciting developments in the field
of phenotype bioinformatics that will make it
unrecognizable to those of us working in the
area today.

1. The laboratory mouse is a key organism in the functional annotation of mammalian

genomes because of its ease of use, short generation time, and genetic toolkit.

2. There are now international efforts to generate a wide variety of different kinds of mu-

tations in the mouse genome.

3. A concomitant effort is now under way to generate phenotype information on mutant

mouse lines.

4. Standardization of phenotyping approaches will be essential to this project to allow
comparability of phenotype data across lines, and the first steps in this direction have

been taken.

5. A major requirement for this project will be the establishment of new international mouse

clinics and the expansion of existing ones to provide the needed capacity.

6. Advances in phenotype bioinformatics will also be required, ranging from the establish-

ment of databases through the design of advanced description frameworks using ontolo-

gies and data-exchange formats leading to a phenotype semantic web. The first steps in

this direction have also been taken.

FUTURE ISSUES

1. The first phase of functional annotation of the mouse genome is the completion of the

international project to generate mutations of every gene in the mouse genome.

2. Determining the phenotypic outcomes of each of these mutations will be a much greater
challenge, and it will be necessary to develop the necessary phenotyping pipelines and

clinic facilities to carry this out.

3. The bioinformatic challenges associated with obtaining phenotype data are also complex
and manifold and will require the development of new approaches to data representation,

exchange, and analysis.

Brown et al.
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