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Abstract | The primary goal of mouse mutagenesis programmes is to develop a
fundamental research infrastructure for mammalian functional genomics and
to produce human disease models. Many large-scale programmes have been
ongoing since 1997; these culminated in the International Knockout Mouse
Consortium (IKMC) in 2007 with the aim to establish knockout and conditional
mouse strains for all mouse genes. This article traces the origins and rationale
of these large-scale mouse mutagenesis programmes.

Genetics directly associates changes in
DNA (that is, mutations) to biological func-
tion at the organism level (that is, pheno-
types). In nature, however, mutants arise at
extremely low frequency. To make genetic
approaches to functional genomics feasible
and practical, effective mutagenesis tech-
nologies are indispensable, accompanied
by comprehensive methods to detect and
score phenotypes. By harnessing a high-
throughput, genome-wide mutagenesis
system on a large scale, mouse genetics has
become a fundamental means of carrying
out functional genomics research. Indeed,
the mouse is the organism with the oldest
history in mutagenesis. The fact that X-rays
could induce mutations was first shown in
the mouse in 1923 (REF. 1), before the report
of a similar phenomenon in fruitflies by
Muller in 1927 (REF. 2). Later, in the 1980s,
Russell and his colleagues® conducted
extensive chemical mutagenesis studies in
mice that included the use of the alkylating
agent N-ethyl-N-nitrosourea (ENU).

The idea of starting a large-scale mouse
mutagenesis project was raised in the 1990s.
The human genome sequencing project was
underway and was expected to reveal many
candidate genes for human diseases and
their putative biological functions. By the
time this was achieved, technologies for gen-
erating transgenic® as well as gene-targeted
or knockout mice” had become available
(TIMELINE). Thus, experimental manipulation
of human-homologous genes in the mouse
was deemed indispensable for characterizing
such candidates. Large-scale mouse muta-
genesis projects began in 1997 (REFS 8,9),
starting with ENU mutagenesis, and quickly

spread over the world. The first phase of
mouse mutagenesis — consisting of forward
genetics or phenotype-driven mutagenesis'’
— corresponded to a classical mutagenesis
approach: a mutant mouse is first recognized
by its phenotype after random mutagenesis,
and the causative mutation is subsequently
mapped by positional cloning.

In 2006, international mouse knockout
projects were initiated!! for two main rea-
sons. The first was to supplement the muta-
genesis programme with reverse genetics
(that is, gene-driven) mutagenesis. In this
approach, a target gene is first disrupted by
site-specific homologous recombination in
embryonic stem (ES) cells, followed by the
functional analysis of the mutation at
the organismal level. The second reason
was that the number of genes deduced
by the completion of the human genome
projects'>'* was smaller than expected, which
made it plausible to construct knockout
mice for every gene in the genome.

This Timeline article describes the
progress that has been made in large-scale
mutagenesis in the mouse model, focusing
principally on the past decade. I describe
the key innovations that have made this
progress possible, the benefits that the cur-
rent generation of screens can offer and the
challenges that they face. This article also
highlights the importance of an interdisci-
plinary integration of expertise to further
advance functional genomics.

Advantages of mouse as a model system
The mouse is chosen not only because it is
closely related to humans but also because
it has more than 100 years of history in
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genetic analysis'. Over this period many
mutants were identified, a number of inbred
lines were established and gene mapping
had been conducted more extensively than
in any other mammalian species — that is,
until the completion of the Human Genome
Sequencing Project made the human
genome the most extensively mapped mam-
malian species. The well described syntenic
relationships between human and mouse
genomes imply that whenever candidate
genes for human diseases are found, their
homologues usually exist and are quickly
identified in the mouse genome.

In addition, the mouse is currently the
only species for which embryos can be
manipulated using available ES-cell tech-
nologies. By merging these technologies
with genetic engineering, the transgenic
mouse® and then the knockout mouse” were
developed in the 1980s. Chromosomal
engineering technologies were also devel-
oped", which allowed balancer chromo-
somes (chromosomes with recessive lethal
mutations and inverted segments that sup-
press recombination) to be constructed*®.

Technologies for freezing embryos!’
and gametes'® are well established in the
mouse, allowing in vitro fertilization to be
combined with embryo transfer methods.
Thus, valuable mouse lines can be easily
and stably maintained in liquid nitrogen for
many years while requiring minimal space
and manpower.

The elucidation of the human genome
sequence aided the genotyping and posi-
tional cloning of mouse genes, for instance,
by comparative genomics. To facilitate the
identification of human homologues in
the mouse genome, mouse geneticists
proposed the immediate establishment of
the mouse genome sequencing project. It
was finished in 2002 (REF. 19), soon after the
human genome sequencing project'>'.

As shown in the TIMELINE, large-scale
mouse mutagenesis is divided into three
phases. In 1997, ENU mutagenesis began
with the use of forward genetics, primarily
focusing on dominant phenotypes. In 2003,
a knockout mouse mutagenesis programme
was proposed, principally to establish
recessive mutant lines by reverse genetics.
Now, a new reverse genetics that uses ENU
as well as additional genetic tools has also
become available.

Mouse mutagenesis phase |

ENU mouse mutagenesis projects. In 1997,
two large-scale ENU mouse mutagen-

esis programmes were launched, at the
Helmholtz Zentrum Miinchen German
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Timeline | Key events in the history of mouse mutagenesis
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Research Center for Environment and
Health (GmbH, formally the GSF) in
Germany® and at the Medical Research
Council (MRC) in the UK®. Two more
projects followed at RIKEN in Japan and
at the Australian National University
(ANU) in Australia in 1999. In 2000, many
more ENU mouse mutagenesis projects
were funded. Approximately twenty such
projects (see the further information box)
have been organized, each of which set
itself the primary goal to produce and
analyse the phenotypes of~10,000 G1 mice
(see below and FIG. 1a).

All the projects used ENU, which was
chosen because it is the most potent chemi-
cal mutagen® and because it induces single
base-pair substitutions®. ENU is therefore
more likely to induce mutations with partial
function rather than complete null alleles.
Candidate mutant mice are screened by a
series of phenotyping tests, and the inherit-
ance of each identified mutant phenotype
is confirmed through genetic crosses. The
crucial gene with the base-pair substitution
responsible for the mutant phenotype is
then pinpointed by positional cloning or
candidate gene approaches.

Before the mouse mutagenesis projects
began, there were some concerns about
whether the efficiency of ENU mutagenesis
was great enough to produce useful mutant
lines efficiently and cost-effectively. As
summarized in FIC. 1, at first it was practical
to carry out genome-wide dominant-
mutation screens on a large scale; however,

gene-targeting
technologies.

Phase | began
(1997-present)
Large-scale
phenotype-driven
ENU mouse
mutagenesis
projects started.

Completion of the Phase Il began International
mouse genome (2005—-present) Knockout Mouse
sequencing project. ENU-based Consortium

Mouse full-length gene-driven was organized and
cDNA clones and mutagenesis the Banbury |l
sequences also systems were meeting was held in
became available. established. Brussels, Belgium.

Nobel Prize for Physiology and Medicine was awarded for the

development of mouse knockout technologies.

the question remained of how many
dominant mutations would be induced

and what proportion of such mutations
would be useful. Two independent pio-
neering ENU-mutagenesis studies that
identified causative dominant mutations for
tumorigenesis and circadian rhythm by
Dove et al.**** and Takahashi et al.**,
respectively, provided the rationale and
incentive to initiate large-scale ENU mouse
mutagenesis projects. In particular, the
ApcMin mice generated by the Dove group
were a good model for human familial
adenomatous polyposis (FAP)*. The identi-
fication of the Clock gene by the Takahashi
group?* also proved that the ENU-based
phenotype-driven approach allows the
identification of biologically significant yet
unknown genes in the mammalian genome.

Phenotype-driven approach. The most
crucial factor for ENU mutagenesis is a
reliable phenotyping platform, which must
ensure sensitivity and reproducibility. In
most of the projects, first generation (G1)
mice are subjected to a battery of basic
phenotypic assays, which include a series of
quick morphological and behavioural tests
(often referred to as SHIRPA®), and assays
to ascertain haematological and biochemi-
cal values. Each project supplemented these
with its own unique phenotyping assays.
For instance, in-depth analyses of morpho-
logical and/or developmental anomalies
were added by GSEF, tests for sensory defi-
cits or behavioural anomalies by the MRC,

assays for common diseases/late-onset
phenotypes by RIKEN, and assessments for
immunological aberrations by ANU.

The mutagenesis flow is depicted in
FIG. 1a. The choice of generation 0 (GO)
parental strains was occasionally different
among the projects. Each project selected
the strain(s) that empirically was best suited
to identifying a particular phenotype(s).
One advantage of using G1 mice with an
F1 hybrid background (an F1 hybrid is the
offspring of two different inbred lines) is
that the G2 progenies obtained from the
backcrosses between a mutant-candidate
G1 mouse and mouse of the maternal
inbred strain immediately give rise to
the material for genetic mapping (FIC. 1a).
Genetic variations between the GO parental
strains, however, segregate in G2 and in
later generations, potentially complicating
phenotypic assessments.

Dominant phenotype screens. As depicted
in FIG. 1a, in ENU dominant-mutation
screens the mutagen is administered to GO
males; each mutagenized sperm transmits
many ENU-induced mutations to the G1
progeny. To obtain as many candidate
mutants as possible, the maximum number
of G1 mice are produced and the primary
phenotype screen is conducted in the G1
population as thoroughly as possible. The
detection rate of mutants depends upon
the number, type and accuracy of the
phenotypic parameters, the observation
period, and also on the environmental
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and genetic background. In both the
pioneering projects at GSF and MRC,
approximately 2-3% of the G1 progeny
exhibited some dominant phenotypes
during basic screening within 3 months

of birth. RIKEN extended the screening
period to 18 months of age, and as a result
the overall mutant detection rate in the

G1 mice was slightly higher (about 3-4%).
Even early in the mutagenesis projects quite
a few dominant mutants were reported,
including those affecting eye or whole-body
morphology**¥, immunological function®,
erythrocyte enzymatic activity in blood
cells®, and metabolism™.

Recessive phenotype screens. ENU induces
roughly 1,000-fold more recessive muta-
tions than dominant ones. Only 2-4%

of G1 mice carry dominant mutations;
however, 20-40 recessive mutations per G1
mouse are expected to be induced by ENU,
based on the specific-locus test’™ and on
the estimated number of mouse genes'.
The specific-locus test is used to easily
detect newly arisen recessive mutations in
specific loci by looking for mutations in
genes that lead to recessive visible pheno-
types, such as coat colour, in homozygotes.
The early success of the dominant pheno-
type screens encouraged many projects to
carry out recessive phenotypic screens as
well, because many human genetic diseases
are recessive. To assess recessive pheno-
types, it is necessary to have a G3 genera-
tion (FIG. 1b). In this scheme, it is difficult to
handle a large number of G1 strains owing
to space limitations in the mouse facility;
thus, some elaborate schemes have also
been developed. One is a chromosomal
region-specific screen, in which recessive
hemizygous mutations are recovered as

a result of loss of heterozygosity against a
deletion-carrying chromosome*"** or
against an inversion-carrying balancer
chromosome that contains a dominant
visible marker'®. However, the usefulness
of recessive mutants encouraged most of
the ENU mouse projects to conduct the
laborious but straightforward genome-wide
recessive screens by randomly generating
G3 mice as illustrated in FIG. 1b, at least

as a feasibility study.

In the course of carrying out phenotype-
driven mutagenesis, an ENU-based
gene-driven mutagenesis system has also
been developed specifically for recessive
screening. This paradoxical approach will
be discussed later in this article as a com-
plementary system to the knockout mouse
mutagenesis project.

a Dominant-mutation
screening scheme Q
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b Recessive-mutation Q
screening scheme

Figure 1| Mating scheme of ENU-mutagenesis protocols in the mouse. Genome-wide dominant
and recessive protocols for phenotype-driven mutagenesis screens. In both screening strategies,
N-ethyl-N-nitrosourea (ENU) is administered to generation 0 (G0) males; the crucial step is to detect
amutant phenotype in the mice, indicated by blue rectangles. a | In the dominant-mutation screen-
ing scheme, G1 mice are subjected to a series of phenotypic tests. Any G1 animal that has a pheno-
typic anomaly is a mutant candidate, and is mated to produce G2 mice. When the candidate G1 has
a heritable mutation, it is expected to segregate in a 1:1 ratio in the G2 progeny. Mutant animals are
indicated by an orange coat and a red cross on the chromosome. When the GO0 parental strains
are different to each other, a G1 candidate can be mated to the GO maternal strain to produce G2
backcross progeny. In this case, segregation of the mutant phenotype and of genetic markers, such
as SNPs, gives direct genetic linkage information for mapping the identified mutation. b | In recessive-
mutation screening, mutant phenotypes are only recognized in the G3 population. Each G1 mouse
is expected to carry ~30 recessive mutations (Supplementary information S1 (box)); in this mating

scheme, therefore, half of the 30 mutations in any G1 animal are transmitted to the G2. These muta-
tions then become homozygous in a Mendelian 3:1 ratio in G3 mice; alternatively, any G3 mouse
might carry ~4 recessive homozygous mutations (Supplementary information 1 (box)). In the
recessive-mutation screening scheme the parents usually come from the same strain: if different
parental GO strains were used, the recessive traits in the parental strains would also co-segregate
in G3, making the G3 phenotype data complicated to interpret.
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Mouse mutagenesis phase Il

Knockout mouse mutagenesis. Gene
targeting, also called knockout mouse
technology, made it possible to conduct
site-directed mutagenesis in a mammalian
genome for the first time. Before 1990, gene
targeting required a high degree of exper-
tise and so was practiced by only a handful
of laboratories. Knockout mice had been
contributing to the functional analysis of
genes on a one-by-one basis since the early
1990s; however, generating knockout mice
on a large-scale was thought to be impossi-
ble because of the required throughput and
consequent high costs.

The crucial factor that drove knockout
projects to be performed on a genome-
wide scale was the fall in the estimated
number of genes in the mammalian
genome. After the completion of the
human genome sequencing project in
2002 (REFS 12,13) the predicted number
of human genes dropped suddenly from
between 100,000 and 150,000 (REF. 33)
to less than 30,000. The reduction in
the technical hurdles associated with
knockout-mouse construction and the
sudden decrease in the total gene number
in the human'>"and mouse genomes'"
synergistically promoted the genome-wide
knockout mouse project, particularly with
the aim of generating recessive human
disease models.

Lessons from ENU mutagenesis. The
ENU mouse mutagenesis programme pro-
vided several lessons and resources to the
knockout mouse project. The phenotype-
driven dominant ENU screens proved
that mutant mice are indeed indispensable
for the functional analysis of the gene.
In addition, the basic infrastructure
required for phenotyping, archiving
mutant strains, managing databases and
handling mice were well developed
and were directly transferable to the
knockout mouse mutagenesis projects.
The ENU mouse mutagenesis community
also established core centre systems for
routine mutant production and phenotype
screening as well as many specialized
satellite researchers and laboratories to
functionally analyse the mutants.
Conversely, some of the limitations that
were identified during the early phase of
the ENU-mutagenesis programme were
resolved by the knockout mouse project.
For instance, many recessive mutations
segregate in each G1 animal in subsequent
crosses, making it necessary to conduct
complicated phenotype analyses. A second

limitation to ENU mutagenesis is that

G1 mice are expected to carry quite a few
recessive lethal mutations, which make the
litter size of G3 colonies much smaller than
expected and necessitate more space and
time for phenotyping and mapping. Finally,
even when a recessive mutation is stably
and reproducibly inherited in offspring,
the phenotype occasionally disappears
during the outcross, making mapping and
positional cloning impossible.

Overall, knockout mouse mutagenesis
seemed to be better for genome-wide
recessive screening, and so in 2003 mouse
geneticists working on projects such as
ENU mutagenesis, gene targeting and trap-
ping, and genetic and embryonic engineer-
ing gathered at the Banbury Center at the
Cold Spring Harbor Laboratory, USA, to
discuss the feasibility of this project.

The crucial factor that
drove knockout projects to
be performed on a genome-
wide scale was the fall in the
estimated number of genes in
the mammalian genome.

Banbury Meeting. After the Banbury
Meeting®**, an ES-cell-based mutagenesis
project in the mouse was officially pro-
posed by two consortia — the Knockout
Mouse Project (KOMP)** in the United
States and the European Conditional
Mouse Mutagenesis (EuCOMM)*. Both
groups emphasized that the technologi-
cal advancements and needs of recessive
mutants by research communities justified
a knockout mouse mutagenesis pro-
gramme. Both consortia proposed a stand-
ardized knockout procedure by using the
same ES-cell line (C57BL/6N) in addition
to targeting or trapping vector(s)***’ that
carried an expression marker gene such as
f-galactosidase or GFP.

KOMRP initially proposed a pyramidal
approach because of the limited funds,
facilities and manpower. At the bottom of
the pyramid were all the available knock-
out mouse lines. If knockout mice did not
exist, then the corresponding genes would
be knocked out one by one in a high-
throughput pipeline. All the knockout
ES-cell lines would be archived and freely
distributed to the research community. A
portion of the ES-cell lines would be used
to create live mice through germline

transmission; these mice would be
subjected to a series of basic phenotypic
tests (tier 1 phenotyping). Transcriptome
analysis would be conducted on a subset of
tier 1 lines. A further round of basic phe-
notypic tests (tier 2 phenotyping) and spe-
cialized phenotyping would be applied to
a further subset. Therefore, at the bottom
of the pyramid the full set of genome-wide
knockout ES-cell lines are archived and,

at the top, some pioneering functional
analyses are conducted. Decisions are
often peer reviewed; for example, to estab-
lish which gene to target first or which
knockout ES-cell line to subject to tier 2
phenotyping.

In addition to this strategy, EuCOMM
emphasized that the efficiency of trapping
mutagenesis in ES cells with a standardized
conditional vector***” could be maximized
by using the Cre—loxP or the Flp-FRT
recombination system, so that the targeted
or trapped gene can be turned off in a
specific cell type at a certain developmental
stage®. Such temporal and spatial control
of the gene knockout is particularly useful
when the knockout allele is embryonic
lethal.

Banbury II Meeting in Belgium. Another
contributor to the large-scale knockout
mouse project — the North American
Conditional Mouse Mutagenesis
(NorCOMM) in Canada — joined the field
just after the Banbury Meeting. Eventually,
three knockout and conditional mouse
mutagenesis projects were officially started
in 2006 and funded as 5-year projects;
KOMP (funded by the US National
Institutes of Health (NIH)), EuCOMM
(funded by the European Commission) and
NorCOMM (funded by Genome Prairie/
Genome Canada). The overall number of
genes to be knocked out, the budgets and
the main participants are summarized in
TABLE 1. The core of the large-scale knock-
out mouse project is to archive knockout
ES-cell lines for all the 22,000 mouse genes
by collecting existing knockout mice and by
conducting targeting and trapping over

5 years'!. For the functional analysis, the
three consortia proposed to revive 920
ES-cell lines to live mice'.

Just after the launch of the three
knockout mouse projects, the International
Knockout Mouse Consortium (IKMC) was
organized' and the first IKMC meeting
(also called the Banbury II Meeting) was
held in 2007 in Brussels, Belgium®. One of
the key issues was how to avoid duplication
between the mutagenesis projects.
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Table 1| Key features of the International Knockout Mouse Consortium

KOMP
8,500

Feature

Number of ES-cell
lines created by gene
targeting (2006-2010)"*

Number of ES-celllines -
created by gene trapping
(2006-2010)*

Number of mouse lines 500
revived from ES cell lines

(2006-2010)"
Funding agency*

million)

Main participants*
Institute

* UK: Wellcome Trust Sanger Institute

e USA: Children’s Hospital Oakland
Research Institute, University
of California (Davis), Regeneron
Pharmaceuticals, The Jackson
Laboratory, University of Pennsylvania,
National Institute on Drug Abuse, 19
National Institues of Health institutions,
Deltagen Inc., Lexicon Genetics, Mutant
Mouse Regional Resource Centers

US National Institutes of Health (US$68.8

e Canada: Samuel Lunenfeld Research

EUCOMM
8,000

12,000

320

Commission (EUR13 million)

Technology (Dresden),

Ricerche

Research Council (Harwell)

Sixth Framework Programme (FP6), European

e France: Institut Clinique de la Souris (Strasbourg)

e Germany: Helmholtz Zentruem Muenchen
German Research Center for Environment and
Health (GmbH; formerly GSF), University of
Frankfurt, Charité — University Medical Berlin,
Center for Cardiovascular Research, University of

e |taly: European Molecular Biology Laboratory
(Monterotondo), Consiglio Nazionale delle

* UK: Wellcome Trust Sanger Instititute, Medical

NorCOMM
2,000

10,000

100

Genome Prairie (part
of Genome Canada)
(CAD$33.8 million)

¢ Canada: Univeristy of
Manitoba, University
of Toronto, Samuel
Lunenfeld Research
Institute, Hospital for
Sick Children (Toronto),
University of
Calgary, University
of Alberta, University of
British Columbia,
Toronto Centre for
Phenogenomics

*Information is taken from the web sites of the Knockout Mouse Project (KOMP), European Conditional Mouse Mutagenesis (EUCOMM) and North American
Conditional Mouse Mutagenesis (NorCOMM). ES, embryonic stem.

The IKMC decided to apply the ‘knock-
out first and conditional ready’ strategy'"*.
In this approach, each gene is disrupted
by a vector containing loxP elements,
giving rise to a null allele. Then, variously
engineered patterns of Cre expression allow
the gene to be turned on or off, or even to
replace the knockout allele with a designed
sequence.

Another issue discussed at the IKMC
meeting was how best to integrate the
various mutagenesis schemes — those car-
ried out by the members of knockout and
conditional projects and ENU-mutagenesis
projects as well as those by researchers
conducting insertional mutagenesis with
transposons. Recently, transposon-mediated
insertional mutagenesis has become avail-
able and large-scale insertional mutagen-
esis projects with piggyBac® or sleeping
beauty" transposons have been proposed.

Consortia for the infrastructures that
are affiliated to the IKMC have also been
organized. These consortia manage pheno-
typing*? (EuroPhenome; European Mouse
Phenotyping Resource of Standardized
Screen, EMPReSS; The European Mouse
Disease Clinic, EUMODIC), archiving and
resourcing® (Federation of International
Mouse Resources, FIMRe), and database
management and informatics* (Mouse
Genome Informatics, MGI; Coordination
and Sustainability of International Mouse

Informatics Resources, CASIMIR; and the
Mouse Phenome Database). The frame-
work of the project is depicted in FIC. 2.

Mouse mutagenesis phase Il
Concurrently with the genome-wide
knockout mouse projects, many dominant
mutations (and some recessive ones) that
were established by phenotype-driven
mutagenesis with ENU are being subjected
to gene identification by positional clon-
ing. The phenotyping platform — which
includes a standardized protocol, a database
system to describe phenotypes using
ontological labels, and an archiving and
distribution system for mutant lines — is
also being developed, mainly using already
established ENU mutant mice. All of
these infrastructures will be synergisti-
cally orchestrated for functional genome
research, together with the recessive alleles
that will be produced by the knockout

and conditional mutagenesis programme.
However, another resource for the func-
tional annotation of the mouse genome is
becoming available from the ENU mouse
mutagenesis projects, this is known as
mouse mutagenesis phase III.

ENU mutagenesis for a new reverse genet-
ics. ENU randomly induces mutations in
the whole genome; thus, in principle it can-
not be used for site-specific mutagenesis.

However, some feasibility studies*>* indi-
cate that ENU-induced mutations could
be identified in a target gene by sequence-
based screens. Such new reverse genetics
systems have already been expanded and
implemented by several centres to provide
ENU-based gene-driven mutagenesis to
the research community*~". The overall
scheme of ENU-based gene-driven
mutagenesis is depicted in FIC. 3.

ENU mutant mouse library for reverse
genetics. A total of ~40,000 G1 mouse lines
have been cryopreserved by ENU muta-
genesis in frozen sperm archives’->°. The
archives encompass ~1.2 x 10® base substi-
tutions, because each G1 line carries ~3,000
ENU-induced mutations**-*°. Summing

up the published data*-°, the 272 ENU-
induced base-substitution mutations that
were identified in protein-coding and splic-
ing donor or acceptor sequences revealed
that 182 (66.9%) were missense mutations,
26 (9.6%) were knockout-equivalent muta-
tions and 64 (23.5%) were synonymous
mutations. In this context a knockout-
equivalent mutation is a nonsense muta-
tion or a mutation in a splice donor or
acceptor sequence that is likely to produce
a truncated protein or no mRNA owing to
nonsense-mediated decay. If we assume
that a target gene consists of 2,000 base
pairs of protein-coding sequences then, on
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Restore to live mouse (920 strains)

Phenotyping platform
(EUMODIC and GMC)

[
Informatics/database
(MGI and CASIMIR)

I
Resource/distribution
(FIMRe and IMSR)

Gene targeting

Gene trapping

Create ES-cell lines for
all 22,000 genes

Collection of cell and mouse lines

Knockout ES-cell bank

International Knockout Mouse Consortium (IKMC)
(KOMP, EULCOMM and NorCOMM,)

Figure 2 | Knockout and trapping mutagenesis and related infrastructures. Through collabo-
rative efforts, knockout mouse strains for all 22,000 mouse genes will be archived as embryonic
stem (ES)-cell lines. The International Knockout Mouse Consortium (IKMC)!!, the main members
of which are the Knockout Mouse Project (KOMP) in the United States, European Conditional
Mouse Mutagenesis (EUCOMM) in the European Union and North American Conditional Mouse
Mutagenesis (NorCOMM) in Canada, plans to accomplish this in its 5-year programme. The first
step was to collect existing knockout and trapped mouse lines. The research community can
nominate genes to be prioritized for targeting, subject to review by the working groups. New
mutants will be constructed using gene trapping with a standardized conditional vector.
Remaining genes will then be targeted by a standardized conditional-ready targeting vector. In
this 5-year period, a part of the collected and constructed knockout ES-cell lines will be restored
to live mice, which will be subjected to some pioneering phenotyping. To succeed, the knockout
project requires phenotyping platforms, the construction of informatics resources and databases
and of resource and distribution infrastructures; examples of groups involved in setting up these
requirements are shown in the figure. Some of the consortia and projects that are affiliated with
mutagenesis platforms are summarized in TABLE 1. CASIMIR, Coordination and Sustainability of
International Mouse Informatics Resources; EUMODIC, European Mouse Disease Clinic; FIMRe,
Federation of International Mouse Resources; GMC, German Mouse Clinic; IMSR, International
Mouse Strain Resource; MGI, Mouse Genome Informatics.

average, 80 point mutations exist per gene
in the frozen sperm archives. This is large
enough to be considered the ‘mutant mouse
library’®. Assuming that 1% of the

mouse genome is protein-coding, then

the 40,000 frozen G1 mouse lines already
encompass 800,000 missense mutations and
115,000 knockout-equivalent alleles.

Cataloguing the ENU mutant mouse
library. Useful mutations in the ENU
mutant mouse libraries are currently
screened by constructing PCR primer
pairs for one target gene at a time. In the
near future it will be possible to catalogue
all the ~1.2 x 10® base substitutions in the
archives of 40,000 G1 mouse lines by using
next-generation sequencing or US$1000
resequencing technology. The estimated
cost is simply $1000 multiplied by 40,000
G1 genomes; however, at the initial stage it
is sufficient to resequence only the whole

protein-coding complement (1-2%)" of the
genome, at a cost of $400,000-$800,000.
This catalogue will provide 115,000
knockout-equivalent mutations in addition
to 800,000 missense mutations genome-
wide. The sequence-based screening of
the worldwide collection of ENU mutant
mouse libraries might identify an average of
one base substitution every 25 base pairs.

It is noteworthy that the large-scale
detection of ENU-induced mutations in
the mouse genome revealed no mutation
hot spots or cold spots®. ENU mutations
therefore occur randomly in the genome.
By contrast, the efficiency of gene targeting
varies from gene to gene, and insertional
trapping or transposon mutagenesis is also
significantly biased towards some genomic
regions. So far, ENU-induced mutation bias
has been found only between transcribed
and non-transcribed strands of genomic
sequences’.

ENU and knockout come together. The

two mutagenesis systems complement
each other in many ways in phase III. For
instance, the lethality problem of knocking
out essential genes might well be evaded
by analysing compound heterozygotes
between a knockout allele and an ENU-
induced allele derived from sequence-based
screening. This is equivalent to a classical
complementation test between recessive
alleles at a locus.

The analysis of knockout alleles using
conditional alleles and/or compound hetero-
zygotes after phase II mutagenesis helps to
elucidate the function of a single gene, and
therefore contributes to our understanding
of human monogenic traits and diseases. An
allelic series of ENU-induced mutations in
G1 mouse lines might provide a good tool to
dissect gene function to the base-pair level
at alocus. Modifier genes, suppressor genes
and epistatic interactions might well be
reflected in the ENU-induced mutant lines,
as suggested by the disappearance of reces-
sive phenotypes when they are outcrossed
to other inbred strains, as described above.
Sensitized screens that combine knockout
and ENU-mutagenized mice have already
provided a series of modifier mutations®>*.
Strain-specific SNPs, 8.27 million of which
have been identified™, are yet another
resource for the genome-wide discovery
of modifier mutations. Such modifier
mutations have also been identified in
inbred and outbred strains by crossing them
to ENU-induced ApcMin mice®.

Conclusions

Based on the current progress of the world-
wide knockout mouse project, monogenic
traits and related diseases will initially be
elucidated as a function of individual genes.
Such an approach is supported by the
site-directed nature of the gene knockouts
created in the uniform C57BL/6N genetic
background. In the near future, multigenic
effects among several mutations will

be better understood by combining an
identified mutation, generated either by
knockout or ENU reverse genetics, with
other background ENU mutations or even
strain-specific SNPs. Several other research
resources are available for the mouse;

for instance, chromosome substitution
strains®®*” (strains that contain an entire
chromosome of a donor parent placed in
the genetic background of the recipient
parent; often called consomic strains)

and collaborative crosses® (a series of
recombinant inbred lines each derived from
randomized crosses between strains) take
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advantage of strain-specific SNP variations.
The elucidation of epistatic interactions

is the ultimate challenge in genetics and
functional genomics.

Such interdisciplinary studies should
lead to a better understanding of many
human diseases, because most of them have
a complex genetic basis. One important
challenge will be to produce mouse models
of human psychiatric diseases. As reviewed
recently®’, many human psychiatric diseases
are affected by the subtle effects of alleles
at many genes in combination with vari-
ous environmental factors. Some human
psychiatric diseases, however, exhibit high
heritability; for instance, the heritability for
schizophrenia, bipolar disorder and autism
is 80% or more®. Such diseases might be
well modelled by mutant mice. Indeed,

mice carrying an ENU-induced mis-
sense mutation in the DiscI gene showed

schizophrenia-like behaviour®. In addition,

another missense mutation in the Discl
gene resulted in mice with depression-like
symptoms®. The compound heterozygotes
that are created by placing the knockout
allele opposite a series of ENU-induced
missense alleles should allow us to dissect
the molecular functions of DiscI in depth.
Outcrossing Discl mutant mice to other
inbred strains as well as changing environ-
mental factors (including drug administra-
tions) should give us many clues about
the mechanisms of schizophrenia and
depression and inform the development of
preventive or therapeutic interventions.

As extrapolated from the above exam-
ple, knockout and ENU mutant alleles

Figure 3 | Outline of ENU-based gene-driven
mutagenesis. N-ethyl-N-nitrosourea (ENU) muta-
genesis provides a platform for gene-driven
mutagenesis*’~° In several ENU-mutagenesis
projects*~°, the sperm of many G1 males is cryo-
preserved. The primary purpose of the G1 frozen
sperm archive is to securely maintain a G1
mutant that was unique to begin with. In the
course of the phenotyping and inheritance test
(FIC. 1a), some G1 candidates might die owing to
tumorigenesis or might become sterile owing
to diabetic symptoms; thus, cryopreservation of
G1 mutant sperm is necessary for ENU mutagen-
esis. The G1 frozen sperm archive is also
expected to contain a large number of recessive
mutations (Supplementary information 1 (box)).
To detect such recessive mutations, the genomic
DNA of G1 mice is also extracted and archived.
The ENU-based gene-driven mutagenesis
scheme is as follows*’*%: design PCR primers for
the target gene or the target genomic sequence
(top right); screen the genomic DNA archive with
the designed primers (middle right); identify the
G1 spermin the archive that contains the muta-
tion of interest (middle left); revive G1 mouse
lines that carry the desired mutation, indicated
here by animals that are homozygous for the red
‘m’ allele, highlighted by a blue rectangle; then
phenotype the mice and functionally analyse the
gene or genomic sequence. If there are 40,000
G1 mice in the mouse archive, screening all the
protein-coding sequences will identify 800,000
missense mutations, which equals 26 per gene,
and 115,000 knockout-equivalent mutations,
which equals 4 per gene (Supplementary
information S1 (box)).

with chromosome substitution strains
and collaborative crosses, which have
been developed only in the mouse, will
together decode the 3 billion base pairs
in the mammalian genome. This is the
reason that the mouse has been chosen as
the model system for functional genomics
and human diseases. To realize this goal it
is necessary to promote interdisciplinary
collaborative efforts among researches
in many disciplines, including genetics,
physiology, pathology, molecular biology
and informatics.
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FURTHER INFORMATION

AMMRA, Asian Mouse Mutagenesis and Resource
Association: http://www.ammra.info

APF, Australian Phenomics Facility: http://www.apf.edu.au
Baylor College of Medicine ENU mouse mutagenesis:
http://www.mouse-genome.bcm.tmc.edu/ENU
MutagenesisProj.asp

CARD, Center for Animal Resources and Development:
http://cardb.cc.kumamoto-u.ac.jp/transgenic/index.jsp
CASIMIR, Coordination and Sustainability of International
Mouse Informatics Resources: http://www.casimir.org.uk
CMHD, Center for Modeling Human Disease:
http://www.cmhd.ca

DBCLS, Database Center for Life Sciences:
http://dbcls.rois.ac.jp/en

EMMA, European Mouse Mutant Archive:
http://www.emmanet.or

EMPReSS, European Mouse Phenotyping Resource of
Standardized Screen (SOP database):
http://empress.har.mrc.ac.uk

EuCOMM, European Conditional Mouse Mutagenesis:
http://www.eucomm.org

EUMODIC, The European Mouse Disease Clinic:
http://www.eumodic.org

Eumorphia, European Phenotyping Consortium 2002-2006:
http://www.eumorphia.org

EURExpress Il, gene expression atlas by RNA in situ:
http://www.eurexpress.org/ee

EuroPhenome, Europhenome Mouse Phenotyping
Resource: http://www.europhenome.org

Experimental Animal Division, RIKEN BioResource Center:
http://www.brc.riken.jp/lab/animal/en

FIMRe, Federation of International Mouse Resources:
http://www.fimre.org

GMC, German Mouse Clinic:

http://www.mouseclinic.de

Helmholtz Zentrum Munchen German Research Center
ENU mouse mutagenesis: http://www.helmholtz-muenchen.
de/en/ieg/group-functional-genetics/enu-screen/index.html
IGTC, International Gene Trap Consortium:
http://www.genetrap.org

IMSR, International Mouse Strain Resource:
http://www.informatics.jax.org/imsr/index.jsp
INGENOtyping for ENU gene-driven mutagenesis:
http://www.ingenium-ag.com

JAX Mice, The Jackson Laboratory:
http://jaxmice.jax.org/index.html

JAX Mouse Heart, Lung, Blood and Sleep Disorders Center:
http://pga.jax.org/index.html

JAX Mouse Phenome Database: http://aretha.jax.org/pub-
cgi/phenome/mpdcgi?rtn=docs/home

JAX Neuroscience Mutagenesis Facility: http://nmf.jax.org
JMSR, Japan Mouse/Rat Strain Resource Database:
http://shigen.lab.nig.ac.jp/mouse/jmsr/strainsList.jsp
KOMP, Knockout Mouse Project: http://www.komp.org
McLaughlin Research Institue ENU mouse mutagenesis:
http://www.montana.edu/wwwmri/enump.html

Medical Research Council, archive for ENU gene-driven
mutagenesis:
http://www.har.mrc.ac.uk/services/dna_archive

Medical Research Council ENU mouse mutagenesis:
http://www.mut.har.mrc.ac.uk/research/mutagenesis

MGI, Mouse Genome Informatics:
http://www.informatics.jax.org

MMRRC, Mutant Mouse Regional Resource Centers:
http://www.mmrrc.org

NorCOMM, North American Conditional Mouse
Mutagenesis:
http://norcomm.phenogenomics.ca/index.htm
Northwestern University ENU mouse mutagenesis:
http://genomics.northwestern.edu/neuro

Oak Ridge National Laboratory Mutant Mouse Database:
http://mouse.ornl.gov/mmdb

PBmice, PiggyBac Mutagenesis Information Center:
http://www.idmshanghai.cn/PBmice

RIKEN ENU mouse mutagenesis:
http://www.brc.riken.go.jp/lab/gsc/mouse/index.html
RIKEN Mutant Mouse Library, ENU-based gene-driven
mutagenesis:
http://www.brc.riken.go.jp/lab/mutants/genedriven.htm
TCP, Toronto Centre for Phenogenomics:
http://www.phenogenomics.ca/services/phenotyping.html
Tennessee Mouse Genome Consortium ENU mouse
mutagenesis: http://www?2.tnmouse.org
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